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ABSTRACT

The harmful diatom Pseudo-nitzschia produces the neurotoxin domoic acid (DA), threatening human health and seafood safety
in a changing climate. However, global patterns of Pseudo-nitzschia abundance and the responses of DA production to un-
derlying environmental drivers remain poorly understood, hindering accurate projections of their responses to environmental
change. Using global meta-omics data from Tara Oceans, alongside field survey data from the Chinese coasts and the Southern
Ocean, we present the first evidence that four of the most toxic species—Pseudo-nitzschia multiseries, Pseudo-nitzschia multist-
riata, Pseudo-nitzschia delicatissima, and Pseudo-nitzschia pungens—are prevalent not only in coastal ecosystems but also in
open ocean environments, spanning from pole to pole. We identify rising temperatures are recognized as a key driver of Pseudo-
nitzschia's spatial distribution, DA production, and biosynthetic metabolism. Global models suggest that by 2100, under the
SSP2-4.5 climate scenario, the abundance of P. multiseries will increase by approximately 75.4%, while toxin production will be
even more significantly enhanced, rising by up to 200.4%. This study significantly expands the known global distribution of these
neurotoxin-producing diatoms and predicts their increasing prevalence and toxicity under future global changes.

1 | Introduction distribution of HABs are expected to increase across aquatic

environments under future global change, becoming a major
Oceanic harmful algal blooms (HABs) and their associated tox- problem worldwide (Hallegraeff et al. 2021). Among the most
ins pose a severe threat to human health (Dai et al. 2023). Across hazardous HABs are those formed by the marine diatom genus
the globe, the frequency, duration, severity, and geographical Pseudo-nitzschia, a genus in which 29 of the 71 known species
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produce the potent neurotoxin domoic acid (DA) (Guiry and
Guiry 2021; Lundholm et al. 2009; Supporting Information S1).
DA acts as a glutamate analog, affecting the central nervous
system and causing severe health impacts (Brunson et al. 2018).
High-dose acute DA exposure in humans can cause symptoms
of nausea, diarrhea, confusion, and even death. This neuro-
toxin can also lead to kidney damage, cognitive deficits, and
impairment of fetal development in birds and marine mam-
mals through chronic exposure (Lefebvre and Robertson 2010;
Scholin et al. 2000). The first toxic Pseudo-nitzschia multiseries
bloom-associated amnesic shellfish poisoning (ASP) incident
was recorded on Prince Edward Island in 1987 when the con-
sumption of blue mussels led to an incident of severe poison-
ing and human fatalities (Lelong et al. 2012). More recently, the
largest recorded toxic Pseudo-nitzschia bloom swept the North
American Pacific coast in the summer of 2015, causing geo-
graphically extensive and prolonged closures of razor clam, rock
crab, and Dungeness crab fisheries (McCabe et al. 2016). While
such events highlight the diatom's impact, current knowledge of
its biogeography is based predominantly on coastal observations
(Bates et al. 2018). This focus creates a critical knowledge gap,
as the distribution and prevalence of toxigenic Pseudo-nitzschia
species in the open ocean remain largely unknown, hindering
our ability to forecast their global response to climate change.

Overcoming this limitation require new approaches, as ac-
curate identification of phytoplankton taxa, including HAB
species, is fundamental to understanding marine biodiversity,
primary productivity, and ecosystem responses to environmen-
tal change. Traditionally, taxonomic classification has relied
on microscopy-based morphological analysis, which provides
valuable insights into cell size, structure, and abundance (Wang
et al. 2022). However, this approach is limited by its resolution
and the need for expert knowledge, particularly when distin-
guishing morphologically cryptic or fragile taxa (Esenkulova
et al. 2020; Rynearson et al. 2020). Advances in molecular tech-
niques have led to the widespread adoption of high-throughput
sequencing of marker genes, particularly the 18S rRNA gene,
enabling a broader and more sensitive view of community com-
position (De Vargas et al. 2015). Yet, amplicon-based methods
are inherently biased by primer selection and often constrained
by short read lengths, impeding species-level resolution and
comparative abundance estimates (Wang et al. 2022). Shotgun
metagenomics offers a complementary, amplification-free strat-
egy that retrieves both taxonomic and functional information
across the eukaryotic microbial community (Obiol et al. 2020).
Despite its potential, metagenomics remains analytically com-
plex and cost-intensive, with taxonomic inference limited by in-
complete reference databases. As each approach offers distinct
strengths and limitations, integrative frameworks combining
microscopy, metabarcoding, and metagenomic data are increas-
ingly recognized as essential for comprehensive and accurate
phytoplankton community profiling. Meta-omics datasets, for
example, Tara Oceans (Ibarbalz et al. 2019; Pierella Karlusich
et al. 2025) have revolutionized our understanding of marine
microbes in the world's ocean and provide opportunities to ex-
plore global distribution patterns of the harmful bloom-forming
alga Pseudo-nitzschia.

Although environmental factors such as rising temperatures, el-
evated CO, levels, and nutrient limitation are thought to promote

growth and DA production by Pseudo-nitzschia in coastal eco-
systems (Kelly et al. 2023; Sun et al. 2011; Trick et al. 2010;
Xu et al. 2023), our understanding of the main environmental
drivers influencing the geographic distribution of toxic Pseudo-
nitzschia remains limited, preventing us from accurately fore-
casting their spatial distribution under future global change.
We explored the oceanic distribution of toxic Pseudo-nitzschia
along Chinese coasts and the Southern Ocean using historical
data and our field surveys. To identify environmental drivers
of toxic Pseudo-nitzschia abundance at a global scale, we ana-
lyzed meta-omics datasets from Tara Oceans and the Southern
Ocean (our field survey project Southern Ocean Phytoplankton
in a Changing Climate (SOPICC) from 2021 to 2023) using cor-
relation analysis. Furthermore, we isolated the model toxic dia-
tom P. multiseries from the Yellow Sea of China and maintained
cultures for more than 2years across a range of temperatures
(5°C, 10°C, 15°C, 20°C, 25°C, and 30°C). Leveraging results
from these laboratory simulation experiments, we conducted
a logistical model to predict the growth and DA production of
P. multiseries under the SSP2-4.5 climate condition from the
Coupled Model Intercomparison Project Phase 6 (CMIP6) mod-
els (Eyring et al. 2016). This study thus addresses two funda-
mental questions: (1) What are the main environmental drivers
for the global geographic distribution of toxic Pseudo-nitzschia?
and (2) How will toxic Pseudo-nitzschia respond to current and
future global climate change?

2 | Methods

2.1 | Meta-Omics Analysis of Global Distribution
of Toxic Pseudo-nitzschia

To obtain a comprehensive understanding of the biogeographi-
cal distribution of Pseudo-nitzschia (at the genus level) and the
four model toxic species—P. multiseries, Pseudo-nitzschia mul-
tistriata, Pseudo-nitzschia delicatissima, and Pseudo-nitzschia
pungens (at the species level)—as well as the processes govern-
ing abundance and gene expression, we utilized metabarcod-
ing (MetaB), metagenomic (MetaG), and metatranscriptomic
(MetaT) datasets from Tara Oceans samples and field survey
samples in the Southern Ocean. Meta-omics data from Tara
Oceans are available at the European Nucleotide Archive under
the project identifier PRTEB402. To supplement the omic data-
sets from Tara Oceans samples in the Southern Ocean, we con-
ducted the field survey project Southern Ocean Phytoplankton
in a Changing Climate (SOPICC) from 2021 to 2023. All phyto-
plankton samples from subsurface seawater (5m) were collected
using a submerged pump and removed large plankton by prefil-
tering through a 2000 um filter membrane. Then, 1000, 4000,
and 4000mL filtered samples were passed through 0.22pum
polycarbonate membranes (Millipore, USA) in triplicate, stored
at —80°C, and used for MetaB, MetaG, and MetaT analysis.
The data of MetaB, MetaG, and MetaT have been deposited in
the Sequence Read Archive (SRA) at the National Center for
Biotechnology Information (NCBI) and are accessible through
accession numbers PRINA1286142, PRINA1286158, and
PRINA1286141.

MetaB survey was based on the hypervariable V4 region of the
18S ribosomal RNA gene. 18S rRNA gene sequence data were
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processed using a custom script with the QIIME software suite
(Masella et al. 2012). First, forward and reverse reads were
merged using FLASH (Mago¢ and Salzberg 2011). Following
the merging of paired-end reads, sequences with a mean qual-
ity score>20 were retained using fastp v0.20 (Chen 2023).
Potential chimeric sequences were identified and removed
using VSEARCH v1.11.1 (Edgar 2013). Next, quality-checked
sequence reads were clustered into operational taxonomic
units (OTUs) using DADA?2 (Callahan et al. 2016). Finally, all
OTUs were classified to the lowest possible taxonomic rank
using the QIIME2 vsearch plugin based on the SILVA v138 da-
tabase, using default parameters. OTUs represented by fewer
than two sequence reads or without taxonomic assignment
were discarded. Percentile normalization was applied to cor-
rect for batch effects in microbiome studies. The abundance
of the Pseudo-nitzschia genus was extracted from the Meta B
datasets and normalized to the barcode abundance of eukary-
otic phytoplankton.

All metagenomic sequences were generated for 562 sam-
ples during the Tara Oceans expedition and were accessed
from the European Molecular Biology Laboratory-European
Bioinformatics Institute (EMBL-EBI). The raw reads were
trimmed for quality using Fastp (v0.23.4) (Chen 2023). The
clean data obtained from this process were used for subse-
quent analysis. To classify the largest possible number of algae
species, all 278 algal reference genomes were obtained from
the RefSeq database, and an algal library was constructed
from these genomes. We constructed a custom Kraken2 (Lu
et al. 2017) database incorporating standard reference ge-
nomes (including bacteria, archaea, viruses, protists, fungi,
and plants) along with specialized algal genomic libraries
(including Bacillariophyta, Charophyceae, Chlorophyta,
Chrysophyceae, Cryptophyceae, Dinophyceae, Euglenozoa,
Glaucocystophyceae, Phaeophyceae, Rhodophyta,
Xanthophyceae). Finally, all clean reads were taxonomically
classified using Kraken2 based on the custom database, and
species-level abundance was estimated with Bracken. The
abundance of microbial sequence read counts was normalized
for each taxonomic group to account for varying sequencing
depths across samples. The abundance information for P.
multiseries, P. multistriata, P. delicatissima, and P. pungens
was extracted from the MetaG datasets and compared with
all eukaryotic phytoplankton. The relative strength of sig-
nificant environmental variables in explaining the bioabun-
dance was analyzed by generalized additive models (GAMs)
(Hastie 2017).

We used metatranscriptomics data to estimate gene transcript
detection associated with the domoic acid biosynthetic pathways
in Tara Oceans samples. First, the UniGene catalog sequence
from Tara Oceans samples was downloaded from EMBL-EBI.
Genes related to domoic acid biosynthesis, dabA, dabB, dabC,
dabD, and slc6, were extracted from the whole genome of P.
multiseries, P. multistriata, P. delicatissima, and P. pungens.
To calculate fragments per kilobase per million mapped reads
(FPKM), the number of fragments aligned to a transcript is first
divided by the transcript length in kilobases to normalize for
gene length, then divided by the total number of mapped frag-
ments (in millions) to account for sequencing depth. This metric
is primarily used for intrasample gene expression comparisons

in eukaryotic organisms. For quantification, we used the hisat2
(v2.2.1) software to align the clean data of Tara Oceans to the
reference genes and stringtie (v2.2.1) software to calculate the
FPKM value.

We correlated the abundance of the Pseudo-nitzschia genus
and four toxic species—P. multiseries, P. multistriata, P. deli-
catissima, and P. pungens with—environmental data collected
during the Tara Oceans expeditions. Contextual environmental
data, including sea surface temperature (SST), pCO,, salinity,
Chlorophyll a (Chla), nitrate (NO,~), phosphate (PO,*"), and sil-
icate (Si0,>"), were inferred for the surface layer of the sampling
station. We complemented these measurements with (i) SST,
SSS, NO,~, PO,*7, and SiO,*” from the World Ocean Atlas 2013
(WOA13) database (Garcia et al. 2013), (ii) Chla concentration
and pCO, data extracted from CMIP6 (Eyring et al. 2016). If
data were unavailable for the latitude and longitude coordinates
of the sample, mean values of a 2° square around the sampling
location were used.

2.2 | Data Search, Cruise Survey, and Sampling
of Pseudo-nitzschia Along Chinese Coasts

We carried out a systematic literature review in China
National Knowledge Infrastructure (CNKI), Web of Science,
and Google Scholar to identify all data documenting the geo-
graphic distribution or algal abundance of Pseudo-nitzschia
along the Chinese coasts from 1997 to 2023 (Supporting
Information S2, Figure S1). To investigate the effect of envi-
ronmental factors on the spatial and temporal dynamics of
Pseudo-nitzschia abundance in natural phytoplankton com-
munities among different oceans along Chinese coasts, we
conducted cruise surveys in Spring (April 12-27), Summer
(July 12-29), and Autumn (October 19-November 4) in the
Bohai and Yellow Seas in 2022. We collected surface seawater
samples from a depth of 2.0m using a submerged pump and
removed large plankton by prefiltering through a 2000 um
filter membrane. A 1000mL filtered sample was fixed with
2% buffered formalin and stored in darkness for further mi-
croscopic observation. Due to the difficulty of visually iden-
tifying Pseudo-nitzschia at the species level by microscopic
observation, the morphologically based abundance (MorP)
of Pseudo-nitzschia was identified at the genus level and enu-
merated under an inverted Nikon Eclipse Ti-U microscope
(Nikon, Tokyo, Japan) at magnifications of 400-600x with
a known volume (0.1 mL) of fixed water samples. Additional
filtered samples (1000 and 4000mL) were passed through
0.45um polycarbonate membranes (Millipore, USA), stored
at —80°C, and used for metabarcoding (MetaB) and metage-
nomic (MetaG) analysis, the data of which have been depos-
ited in SRA at the NCBI and are accessible through accession
number PRINA1286164 and PRINA1286163.

The MetaB-based abundance of the Pseudo-nitzschia genus was
normalized to eukaryotic phytoplankton. We also calculate the
relative abundance of four toxic species—P. multiseries, P. mul-
tistriata, P. delicatissima, and P. pungens relative—to eukary-
otic phytoplankton based on metagenomic sequencing using
Kraken?2 classifier (Lu et al. 2017). Moreover, to analyze Pseudo-
nitzschia community composition, we used all sequences of
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Pseudo-nitzschia species in Genbank, including nuclear ribo-
somal RNA (18S, 28S, ITS1-5.8S-ITS2), chloroplast and mito-
chondrial genes, complete organelle genome sequences, as well
as transcriptome and whole genome sequences as reference
dataset to annotate Pseudo-nitzschia species sequences from
metagenomic data.

Atsampling stations, we monitored annual changesin SST, salin-
ity, pH, and Chlorophyll a (Chla) using a conductivity-tempera-
ture—depth recorder (CTD SBE-911 plus, Sea Bird Electronics
Inc., USA) and a Multiparameter Sonde YSI 6600. We collected
and filtered 100mL seawater through 0.45um polycarbonate
membranes (Millipore, USA) and determined the nutrient con-
centration of total dissolved inorganic nitrogen (DIN), phospho-
rus (PO,*"), and silicate (SiO,*") using an AutoAnalyzer (BRAN
and LUEBBE AA3, Germany). We then conducted analyses with
GAMs to assess the relative strength of significant environmen-
tal variables in explaining the morphological-based abundance
(MorP), MetaB-based abundance, or MetaG-based abundance of
various Pseudo-nitzschia species.

2.3 | Laboratory Experiment to Study Physiological
Responses of P. multiseries to Ocean Warming

As the most abundant among the four toxic Pseudo-nitzschia
species at the global level, we studied the evolutionary re-
sponses of P. multiseries to ocean warming. Algal cultures were
maintained under semi-continuous culture conditions at six
temperature levels (5°C, 10°C, 15°C, 20°C, 25°C, and 30°C) in
a programmed chamber (HP1000G-D, China) to achieve the
desired temperature treatments. The low and high tempera-
tures of 5°C and 30°C were chosen to coincide with the lower
and upper thermal tolerance limits for P. multiseries. Pilot ex-
periments revealed that growth almost ceased below 5°C or
above 30°C, while the selected experimental temperatures were
within the environmental range for this widely distributed spe-
cies. Triplicate populations were maintained in 800 mL of ad-
justed f/2 medium (with 100um NO,~, 6 um PO,*~, and 100 um
Si0,%7) in 1000mL Schott Duran flasks for each selection regime
(6 x3=18 cultures). The standard culture condition at 20°C was
defined as the control. The selection temperatures at 5°C, 10°C,
15°C, 20°C, 25°C, and 30°C were gradually adjusted by 1°C per
day. The selection experiment lasted for 800days (160 batch cy-
cles), with the corresponding generations ranging from 249 +3.1
to 621 +3.1 in different selection groups (Table S1). During the
acclimation phase, 2x 10* cells were transferred into fresh me-
dium every 5days to initiate the next batch cycle. The algal spe-
cific growth rate (SGR, day!), particulate organic carbon (POC),
particulate DA (pDA) and dissolved DA (dDA) were determined
on the fourth day of each batch cycle. The DA production rate (y,
expressed as [ug C~'day~']) was calculated as follows:

y=e'xc (6}

where u is the specific growth rate (SGR, day!) and c is DA con-
centration (the sum of the pDA and dDA, pugC™"). The average
values of these traits across 20days (four batch cycles) were cal-
culated and presented as the evolutionary responses to different
selection treatments.

2.4 | DA Determination

Based on the MorP-based or MetaB-based biogeography of
Pseudo-nitzschia in the Bohai and Yellow Seas of China, 171
samples were collected in triplicate for DA determination
in dissolved seawater (dDA), suspended particulate matter
(SPM), and phytoplankton. We filtered 2000mL seawater
using a 0.7 um glass microfiber (GF/F, Whatman) to separate
the dDA and SPM, which were stored at —20°C in the dark. An
additional 500 L of seawater was pumped and filtered through
a 20 um pore size net, condensed to 500 mL, and subsequently
filtered through 1.6 um GF/A filters (Whatman), then stored at
—20°C until DA analysis. DA determination in dDA, SPM, and
phytoplankton was conducted using liquid chromatography-
high resolution mass spectrometry and liquid chromatogra-
phy-tandem mass spectrometry (an online SPE-LC-MS/MS
system) following the method described by Wang et al. (2021).
However, we found that DA was predominantly in a dissolved
phase (>99.5%) in seawater, and DA levels in SPM and phyto-
plankton were consistently below the limit of detection (LOD)
(Figure S2). As a result, only the dDA results are presented
in our study. In the laboratory selection experiment, algal
cellular DA was extracted using 10% methanol/water (8 mL
methanol: water, 1:9, v/v) according to the method of Wang
et al. (2012) with minor modifications. Whatman GF/F glass
fiber filters (0.45um, 25mm diameter, Whatman, Germany)
were used to collect cells and filtrate from the cultures to de-
termine cellular and dissolved DA. The LC-MS/MS method
was used to determine DA at the Key Laboratory of Testing and
Evaluation for Aquatic Product Safety and Quality, Ministry
of Agriculture and Rural Affairs, P. R. China (Qingdao). LC-
MS/MS analysis was performed using a U3000 HPLC system
(Thermo Scientific, USA) coupled to a Thermo TSQ Endura
mass spectrometer equipped with an ESI source operated in
positive ionization mode.

2.5 | Illustrative Global Models

To illustrate the global distribution map and changes in the
abundance and DA production rates of toxic P. multiseries under
the SSP2-4.5 climate scenario, we used and compared two mod-
eling approaches in the present study. First, we applied a ma-
chine learning method, the generalized additive model (GAM),
to generate global maps using MetaG datasets from Tara Oceans
and key environmental factors, including only significant driv-
ers of algal abundance (p <0.05) across different size fractions
in the model. Second, to depict the spatial and temporal dynam-
ics of P. multiseries in response to ocean warming, we used a
data-derived statistical model relating SGR and DA production
rate to temperature from the laboratory experiment. Projected
changes through the 21st century were modeled using outputs
from CMIP6 (Eyring et al. 2016), under the SSP2-4.5 scenario
of SST. Based on data from laboratory selection experiments,
response curves of growth rates and DA production rates to dif-
ferent temperatures were estimated as the best-fit polynomial
formulae. Since DA production rate varied significantly across
experimental temperature ranges, we log-normalized DA pro-
duction rate (LgDA production rate). We modeled the changes
in specific growth rate (ASGR) and Lg (DA production rate)
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(ALgDA) as the difference between 2015 and 2100 on a global
map. Temporal variation in SGR and Lg (DA production rate)
was modeled using the mean SST from four global climate mod-
els from CMIP6 for the periods 2010-2100.

3 | Results

3.1 | Global Distribution of Four Toxic
Pseudo-nitzschia Species and Potential
Environmental Drivers

We investigated the global distribution patterns of four toxic P.
multiseries, P. multistriata, P. delicatissima, and P. pungens—
along with Pseudo-nitzschia community composition (Figure 1,
Figures S3-S5), using meta-omics datasets from the Tara Oceans
project and field surveys conducted during the Southern Ocean
Phytoplankton in a Changing Climate (SOPICC) expedition from
2021 to 2023. We found that these species are widely distributed
from pole to pole and across coastal to open ocean environments,
spanning a broad temperature range from —1.81°C to 31.2°C
(Figure 1, Figures S3 and S4). Among the four species, P. multi-
series exhibits the highest relative abundance (Figure 1a), being
3.03,1.06, and 1.02 times greater than P. multistriata (Figure 1b), P.
delicatissima (Figure 1c), and P. pungens (Figure 1d), respectively.

We found evidence of species-specific distribution patterns at
the global scale, along with species-specific responses to en-
vironmental variables. Comparing polar and nonpolar eco-
systems, the four toxic species—P. multiseries, P. multistriata,
P. delicatissima, and P. pungens—show notably higher abun-
dances in the Southern Ocean (SO) than in the Arctic Ocean
(AO) and nonpolar oceans. Due to differences in survey years
and methodologies among the datasets, we categorized samples
broadly as either polar or nonpolar when analyzing correlations
between species abundance and environmental variables. In
nonpolar oceans, SST shows a significant positive correlation
with the abundance of P. multiseries (p <0.001 for 0.8-5 um size
fraction and p <0.01 for 0.8-2000 um size fraction), P. multistri-
ata (p<0.05 for 0.8-5um size fraction, p<0.001 for 20-180 um
size fraction, and p <0.001 for 180-2000 um size fraction), and
P. pungens (p<0.05 for 0.8-5um size fraction), but no signifi-
cant effect on P. delicatissima (p>0.05 for all size fractions). By
contrast, in polar oceans, SST does not show a significant cor-
relation with algal abundance, either in the Arctic Ocean (AO)
(Figure S3) or the Southern Ocean (SO) (Figure S4).

To further explore toxin contamination in natural ocean envi-
ronments, we analyzed DA biosynthesis gene expression across
the global ocean using metatranscriptome datasets from Tara
Oceans (Figure 2). Our analysis revealed discrepancies between
species abundance and the expression of core genes involved in
the DA metabolic pathway on a global scale (Figures 1 and 2).
We found that slc6 exhibited a broader regional transcript detec-
tion compared to dabA, dabB, dabC, and dabD. For example, the
dabB transcript was only detected in P. multistriata at one station
in the Northwest Atlantic (NWA, Taral45). The dabA transcript
was detected in P. multiseries at two stations in the Southwest
Atlantic (SWA, Tara80) and Southeast Pacific (SEPC, Tara92),
and in P. multistriata at three stations in the Mediterranean—
East Pacific Convergence (MEPC, Taral35), NWA (Taral45s),

and AO (Tara205). The dabC transcript was detected in P. multi-
series at three stations in the Middle East Pacific (MEP, Taral23)
and AO (Taral88 and Tara205), and in P. multistriata at one
station in NWA (Taral45). The dabD transcript was detected in
P. multiseries at one station in AO (Taral88), in P. multistriata
at three stations in NWA (Taral45) and Eastern Atlantic (EA,
Tara65 and Taral51), in P. delicatissima at three stations in SWA
(Tara80) and AO (Taral96 and Tara206), and in P. pungens at
one station in SEPC (Tara92). By contrast, the slc6 transcript
was widely detected in P. multiseries, P. multistriata, and P. del-
icatissima at 12 stations in MEP, NWA, SWA, EA, AO, and SO.

3.2 | Seasonal Patterns in DA Contamination
and Pseudo-nitzschia Distribution Along
the Chinese Coast

We determined the spatial and temporal variation of DA concen-
trations dissolved in dDA, SPM, and phytoplankton in the Bohai
and Yellow Seas of China (Figure 3a, Figure S2). We found that
the detection rate of DA in SPM (9%) and phytoplankton (3%) was
significantly lower than in dDA (99%) indicating that DA in the
environment was primarily preserved in the dissolved phase.
dDA exhibited a clear seasonal variation pattern, being highest in
summer (ranging from 0.8 to 16.2ngL~!, mean: 3.3+0.4ngL™),
intermediate in autumn (ranging from 0.7 to 12.7ngL~!, mean:
3.1%+0.3ngL7Y), and lowest in spring (ranging from 0.3 to
1.6ngL~!, mean: 0.6+0.1ngL"), with the mean sampling tem-
perature at 24.9°C+1.6°C, 17.5°C%0.8°C, and 9.8°C+2.0°C,
respectively (Figure 3a). Variation in dDA (ranging from 0.3 to
16.2ngL~") was driven by temperature (F=33.81, p<0.001) and
pH (F=6.44, p<0.001, Figure 3b). Moreover, temperature was the
most important environmental factor for its spatial and temporal
variation, accounting for 66.7% of the total explained variances.

To further determine the regional distribution of toxic Pseudo-
nitzschia, we collected and analyzed the relative abundance of
Pseudo-nitzschia within eukaryotic phytoplankton communities
on interannual timescales in the Bohai and Yellow Seas using
Morp, MetaB, and MetaG data. Based on morphological count-
ing, algal abundance was highest in summer (319.7 + 1016.6 cells
LY, compared to autumn (122.7+198.5 cells L) and spring
(14.2+17.2 cells L) (Figure 4a). Consistent with morpholog-
ical data, the highest Pseudo-nitzschia abundance based on
metabarcoding data was also observed in summer (Figure 4b).
However, the relative abundance of Pseudo-nitzschia based on
metabarcoding data in spring was higher than in autumn.

Based on the four publicly available sets of Pseudo-nitzschia
genome and metagenomic data, we found that all four bloom-
forming toxic species (P. multiseries, P. multistriata, P. deli-
catissima, and P. pungens) were simultaneously distributed
along the Chinese coast (Figure 4c). Furthermore, metage-
nomic sequencing indicates that the species composition of
the Pseudo-nitzschia community was more complex than ex-
pected, with 25 toxic Pseudo-nitzschia species and 27 nontoxic
species detected (Figure S6a). Consistent with the morpho-
logical data, the highest algal abundances of P. delicatissima
(F=6575.86, p<0.001) based on MetaG were observed in the
warmer summer months and the lowest in the colder spring
months. However, the highest abundances of P. multiseries
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FIGURE1 | Geographic distribution of four toxic Pseudo-nitzschia species across the global ocean based on MetaG datasets from polar and non-

polar oceans and potential environmental drivers. Global distribution of toxic P. multiseries (a), P. multistriata (b), P. delicatissima (c), and P. pungens

(d) and correlation of contextual variables with their abundances. The
Arctic Ocean, and Southern Ocean, respectively. The bubble size varie

blue, light red and deep red bubbles represent samples in nonpolar oceans,
s according to the abundance gradient, while crosses indicate absence. The

color of the tiles indicates the correlation coefficient and asterisks represent the statistical significance (***p <0.001, **p <0.01, *p <0.05). The indi-
vidual explained deviance and additive contribution of the seven main contextual variables normalized to the total explained deviance in GAMs.
The abbreviations of NEP, MEP, SEP, MEPC, SEPC, and WP represent Northern East Pacific, Middle East Pacific, Southern East Pacific, Middle East
Pacific Coast, Southern East Pacific Coast, and Western Pacific; NWA, SWA, and EA represent Northern West Atlantic, Southern West Atlantic, and
Eastern Atlantic; AO, SO, and IO represent Arctic Ocean, Southern Ocean, and Indian Ocean; MS represents Mediterranean Sea. Map lines delineate

study areas and do not necessarily depict accepted national boundaries.

(F=21.34, p<0.001), P. multistriata (F=329.85, p<0.001),
and P. pungens (F=101.75, p<0.001) were observed in the
relatively cooler autumn months, suggesting species-specific
optimum growth temperatures (Figure 4d,e).

SST emerged as the most dominant environmental pre-
dictor, accounting for 47.8%, 32.3%, 47.5%, and 47.4% of the

total explained variance for MorP-based abundance, MetaB-
based abundance, MetaG-based P. multiseries abundance,
and MetaG-based P. delicatissima abundance, respectively
(Figure 4d,e). To identify environmental drivers of Pseudo-
nitzschia distribution, we conducted a correlation analysis
between algal abundance and field measurements of physi-
cal parameters (SST and salinity), chemical parameters (total
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FIGURE 2 | Relative expression of core genes involved in the DA metabolic pathway of toxic P. multiseries, P. multistriata, P. delicatissima, and

P. pungens using metatranscriptomics datasets from Tara Oceans and field survey project Southern Ocean Phytoplankton in a Changing Climate
(SOPICC). The five core genes involved in DA metabolic pathway include dabA, dabB, dabC, dabD, and slc6. The abbreviations of NEP, MEP, SEP,
MEPC, SEPC, and WP represent Northern East Pacific, Middle East Pacific, Southern East Pacific, Middle East Pacific Coast, Southern East Pacific
Coast, and Western Pacific; NWA, SWA, and EA represent Northern West Atlantic, Southern West Atlantic, and Eastern Atlantic; AO, SO, and 10
represent Arctic Ocean, Southern Ocean, and Indian Ocean; MS represents Mediterranean Sea. Map lines delineate study areas and do not neces-

sarily depict accepted national boundaries.

dissolved inorganic nitrogen concentration (DIN), PO",
Si0,*~, and pH), and a proxy for the trophic status of the system
(Chlorophyll a, Chl a). We found that SST (F=24.27, p<0.01),
pH (F=2.02, p<0.05), PO,3~ (F=3.92, p<0.001), and SiO,>"
(F=13.85, p<0.05) all showed significant positive effects on
MorP-based abundance, whereas SST (F=10.16, p<0.01) and
PO 3~ (F=10.18, p <0.05) showed significant positive effects
on MetaB-based abundance (Figure 4d). At the species level,
SST (F=15.69, p<0.01), salinity (F=0.07, p<0.01), PO43‘
(F=12.19, p<0.05), and SiO32‘ (F=2.79, p<0.01) showed
significant effects on MetaG-based P. multistriata abundance;
DIN (F=3.45, p<0.05) and pH (F=10.72, p<0.01) showed
significant effects on MetaG-based P. multiseries abundance;
SST (F=4.20, p<0.001) and Chl a (F=3.59, p<0.01) showed
significant effects on MetaG-based P. delicatissima abun-
dance, and salinity (F=9.56, p<0.01) showed significant ef-
fects on MetaG-based P. pungens abundance.

3.3 | Modelling Projections of Toxic P. multiseries
Dynamics and DA Production Under Further
Climate Change

We used two modeling approaches to project changes in the
abundance and DA production rate of the most globally abun-
dant toxic Pseudo-nitzschia species, P. multiseries, under the
SSP2-4.5 climate scenario (Figure 5). We found that although P.
multiseries abundance decreased in the tropical Western Pacific
and tropical Atlantic, it increased by 31.2% in the 0.8-5um size
fraction (Figure 5a) and 75.4% in the 0.8-2000 um size fraction
(Figure 5b) at the global scale by the end of the century under
the SSP2-4.5 climate scenario.

To assess long-term temperature effects on P. multiseries
physiology, we conducted an experimental evolution study
using isolates from southeast Sungo Bay in the Yellow Sea,
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China (37°02’N, 122°33’E). Cultures were maintained at 5°C,
10°C, 15°C, 20°C, 25°C, and 30°C for approximately 800days
(Figure S7). Consistent with the observed effect of SST on P. mul-
tiseries distribution in the Chinese coastal and global oceans,
our results revealed significant shifts in specific growth rate
(SGR) and DA production (Figure S7a; F=714.7, p<0.0001 and
Figure S7b; F=17,204, p<0.0001). P. multiseries SGR peaked at
20°C, while DA production spiked at 30°C.

Projecting these findings under future warming, we utilized
statistical relationships to forecast growth and DA produc-
tion under the SSP2-4.5 scenario. Our global model projec-
tions showed that the absolute magnitude of changes in SGR
(Figure 5c¢) and DA production rate (AlgDA, the change in the
log of DA production rate, Figure 5d) varied across different cli-
matic zones in the global ocean. The SGR generally decreased
in tropical oceans but increased in subtropical, temperate, and
high-latitude oceans (Figure 5c). This trend mirrored the gen-
eralized additive model (GAM)-based algal abundance changes
(Figure 5a). Conversely, DA production rates are expected to
increase globally, with the sharpest increases in tropical and
temperate waters (Figure 5d). By 2100, under SSP2-4.5, SGR
may experience a modest 0.5% increase (Figure 5e). In contrast,
our model predicts significant DA production increases of up to
200.4% by the end of this century (Figure 5f), relative to present
levels.

4 | Discussion

4.1 | Widespread Distribution of Toxic
Pseudo-nitzschia Across Coastal and Oceanic Waters

With increasing discovery and reporting of new Pseudo-
nitzschia species, the known global distribution of this genus
has expanded significantly (Bates et al. 2018; Jabre et al. 2021;
Zhu et al. 2017). Our results offer a unique and comprehen-
sive perspective on the global distributions of four of the model

toxic Pseudo-nitzschia species using field survey data along the
Chinese coasts and from the Southern Ocean Phytoplankton
in a Changing Climate (SOPICC) project (the first systematic
survey around the Antarctic Circle from 2021 to 2023), cou-
pled with global meta-omics data from the Tara Oceans sur-
vey (Figure 1). Although previously they have been considered
largely from a local coastal bloom perspective (Bates et al. 2018;
Silver et al. 2010; Zhu et al. 2017), our results demonstrate that
these four toxic species are, in fact, abundant worldwide in both
coastal and open oceanic ecosystems and are present from pole
to pole. This underscores the fact that toxic Pseudo-nitzschia are
not confined to coastal upwelling zones or temperate shelves but
are instead a pervasive component of phytoplankton communi-
ties throughout the global ocean.

Several studies have highlighted regional differences in spe-
cies composition and potential environmental drivers (Bowers
et al. 2018; Chen et al. 2023; Clark et al. 2019; Lundholm
et al. 2010; Radan and Cochlan 2018). However, through metag-
enomic sequencing and marker gene blasting, we found that 22
toxic Pseudo-nitzschia species co-occurred globally (Figure S6).
This evidence underscores the need to expand biological mon-
itoring capacities and sampling methods to obtain more com-
prehensive information on the global distribution of toxic
Pseudo-nitzschia species (Bowers et al. 2018). Thus, virtually
the entire ocean is at potential risk if climate change drives an
increase in Pseudo-nitzschia growth and toxicity.

4.2 | Molecular Forecasting of Domoic Acid
Contamination Risk

Five key genes—dabA, dabB, dabC, dabD, and slc6 are—impli-
cated in the DA biosynthesis and transport pathway (Brunson
et al. 2018; Boissonneault et al. 2013). Notably, only the highly
toxic P. australis has been reported to express the dab genes in
natural environments (Brunson et al. 2018). Recently, Brunson
et al. (2024) reported that the co-expression of the dabA and sit1
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FIGURE4 | Legend on next page.

genes could serve as a robust predictor of DA 1week in advance
of toxicity, potentially enabling the forecasting of DA-producing
HABEs. By contrast, we found that the slc6 transcript was widely

detected in P. multiseries, P. multistriata, and P. delicatissima at
12 stations of Tara Oceans in MEP, NWA, SWA, EA, AO, and SO
(Figure 2), regions where toxic Pseudo-nitzschia species have been
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FIGURE4 | Biogeography and environmental drivers of Pseudo-nitzschia in the Bohai and Yellow Seas of China. (a) Biogeography and cell abun-
dance of Pseudo-nitzschia based on morphological data (MorP). The blue bubble size varies according to the abundance gradient (log-normalized cell
concentration), while crosses indicate absence. (b) Biogeography and algal abundance of Pseudo-nitzschia based on metabarcoding data (MetaB). (c)
Biogeography and algal abundance of toxic P. multiseries, P. multistriata, P. delicatissima, and P. pungens based on MetaG datasets. (d) Correlation
of contextual variables with algal abundance based on MorP, MetaB, and MetaG. The color of the tiles indicates the correlation coefficient and as-
terisks represent statistical significance (***p <0.001, **p <0.01, *p <0.05). (¢) The individual explained deviance and additive contributions of the
four main contextual variables normalized to the total explained deviance in GAMs. Map lines delineate study areas and do not necessarily depict
accepted national boundaries.
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FIGURES5 | Global model projections of changes in abundance and DA production rate of toxic P. multiseries under the SSP2-4.5 climate scenario
based on MetaG datasets from Tara Oceans and 800-day laboratory culture experiments. Illustrative global models of changes in algal abundance of
P. multiseries in the 0.8-5um size fraction (a) and in the 0.8-2000 um size fraction (b) using a generalized additive model (GAM). Illustrative global
models of changes in P. multiseries specific growth rate (SGR) (c) and DA production rate (log-normalized DA) (d) based on the statistical relation-
ships between SGR or DA production rate and temperature from a long-term acclimation experiment of 800 days. Time series of P. multiseries SGR
(e) and DA production rate (f) from present day to the end of the century. Map lines delineate study areas and do not necessarily depict accepted
national boundaries.

shown to produce DA (Bates et al. 2018). Since the SLC6 acts as However, global gene expression in Tara Oceans exploration was
the DA transporter from inside to outside the cell (Boissonneault not detected in the Indian Ocean or the Mediterranean Sea, de-
et al. 2013), we propose that the gene expression of slc6 be further spite the abundant distribution of the four toxic species in these

investigated to determine its potential as a genetic marker for mon- areas. The evidence suggests that caution is needed when linking
itoring DA exposure risk in natural environments. Pseudo-nitzschia abundance with DA contamination, as not all
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strains produce the toxin, and those that do may do so intermit-
tently (Bates et al. 2018). Moreover, phylogenetic analysis indicated
that several core genes dabA, dabC, dabD, and slc6 (Figure S8) in-
volved in the DA metabolic pathway were not specific to Pseudo-
nitzschia, but are widely detected in other species, such asred algae
and bacteria. Therefore, further research is essential to clarify the
functional specificity and expression dynamics of these genes in
Pseudo-nitzschia and to establish more precise molecular tools for
predicting DA contamination events in marine environments.

4.3 | Multi-Omics Integration Reveals DA
Contamination Risk in Chinese Coastal Waters

Historical records show the widespread distribution of Pseudo-
nitzschia along the Chinese coast over the past 30years (see
Supporting Information S2, Figure S1), but few DA records are
available from natural communities due to limited monitoring
and analysis. In this study, we integrated traditional morpho-
logical counting methods with meta-omics approaches for the
first time to analyze the abundance and distribution of Pseudo-
nitzschia in the Bohai and Yellow Seas of China (Figure 4). The
inconsistency between MorP and MetaB in spring and autumn
could be attributed to substantial variation in 18S rDNA copy
number among phytoplankton species, which can range from one
to more than 12,000 copies (Wang et al. 2022; Zhu et al. 2005) or
to misidentification by microscopy or an incomplete rDNA ref-
erence database. Our field survey data confirm that multiple de-
tection methods are necessary to assess the blooming potential
of toxic Pseudo-nitzschia assemblages. Previous reports identi-
fied P. simulans, P. fukuyoi, P. cuspidata, P. pseudodelicatissima,
P. fraudulenta, P. multiseries, and P. lundholmiae as the primary
toxigenic species in Chinese coastal waters (Dong et al. 2020; Lii
et al. 2012; McCabe et al. 2016; Huang et al. 2019). By contrast,
our results based on metagenomic sequencing further indicated
that 25 toxic Pseudo-nitzschia species and 27 nontoxic species
were simultaneously detected in the Bohai and Yellow Seas of
China (Figure S6a).

DA phase partitioning analysis further found that dDA dom-
inated the DA pool in the Bohai and Yellow Seas (Figure 3),
diverging from patterns in some temperate systems where par-
ticulate DA is more prevalent during Pseudo-nitzschia blooming
(Delegrange et al. 2018; Schnetzer et al. 2007). However, previ-
ous studies also demonstrated that dDA is commonly released
by toxic Pseudo-nitzschia (Sekula-Wood et al. 2009; Trainer
et al. 2012). Therefore, establishing an integrated three-tier
monitoring network encompassing the environment, seawater,
phytoplankton, and seafood is essential for the early warning of
domoic acid (DA) contamination risk.

4.4 | Sea Surface Temperature Drives
Pseudo-nitzschia Distribution and DA Production

Environmental correlation analysis using both global data and
regional data indicated that SST acts as the most dominant envi-
ronmental driver for Pseudo-nitzschia distribution and DA pro-
duction (Figures 1, 3, and 4). Numerous studies have reported
the influence of changing temperature on various Pseudo-
nitzschia species, although some found contradictory results

(Zhu et al. 2017; Kelly et al. 2023; Xu et al. 2023). Importantly,
few studies have systematically examined the temperature-
dependent dynamics of growth and DA production across the
full range of environmental temperatures. Zhu et al. (2017)
assessed the thermal responses of a P. australis isolate from
Southern California across a temperature range from 12°C to
30°C and found that maximal growth rates occurred at 23°C
(~0.8day™!). However, cellular DA concentration became de-
tectable only at 23°C and increased to maximum levels at 30°C,
despite a decrease in the specific growth rate (SGR) due to ther-
mal inhibition (Zhu et al. 2017). These results demonstrated
that cellular toxicity was directly influenced by temperature,
rather than being an indirect function of growth rate. Compared
with P. australis, the P. multiseries isolate from the Yellow Sea,
China, could grow across a broader temperature range from 5°C
to 30°C, exhibiting a similar maximum growth rate at 20°C and
the highest DA production at the highest temperature of 30°C
(Figure S7). This broad growth temperature range aligns with
its cosmopolitan distribution and higher abundance across trop-
ical, temperate, and polar ecosystems (Bates et al. 2018).

The importance of temperature for Pseudo-nitzschia distribu-
tions is supported by previous studies showing that increasing
ocean temperatures are expected to modify the seasonal changes
in phytoplankton diversity and alter the supply of nutrients
to surface waters (Chen et al. 2023; Ibarbalz et al. 2019; Kling
et al. 2020). Given the role of nutrient conditions, many studies
have shown that the dynamics of Pseudo-nitzschia blooms and
DA production are consistently correlated with nitrogen or sil-
icate sources in coastal ecosystems such as in Chesapeake Bay,
the Southern North Sea, the Sea of Marmara, and Mariager Fjord
(Delegrange et al. 2018; Lundholm et al. 2010). A few studies
found that phosphate concentration and Si/N/P ratios influence
Pseudo-nitzschia growth and DA production, such as during
blooms in the Southern California Bight (Trainer et al. 2012).
Our study found that phosphate concentration was more import-
ant than nitrogen concentration in driving changes in Pseudo-
nitzschia abundance along the Chinese coasts (Figure 4d). This
could be due to phosphorus limitation in the sampling seawater,
as no significant differences were found in nitrogen and silicate
availability between sampling stations (Moon et al. 2021).

5 | Conclusions

Our findings confirm that temperature is a key driver of do-
moic acid (DA) contamination and support the notion that
toxin-producing Pseudo-nitzschia species are nearly ubiquitous
across global ocean basins. Thus, virtually the entire ocean
is potentially at risk if climate change promotes increases in
Pseudo-nitzschia growth and toxicity. Global models warn that
increasingly prolific and toxic bloom events must be expected
under a continuously warming ocean. These results are con-
sistent with previous studies indicating that temperature plays
a fundamental role in shaping latitudinal diversity patterns,
species distributions, and metabolic activity across marine mi-
crobial communities. However, caution is warranted, as not all
Pseudo-nitzschia species or strains produce more toxin under
a warming ocean. For example, a strain of P. australis isolated
from Washington state, USA, with an ambient seawater tem-
perature of 14°C, showed higher toxin levels under cool water
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conditions simulating upwelling (13°C, 900 patm pCO,, replete
nutrients) than during heatwaves (19°C or 20.5°C, 900 patm
pCO,, replete nutrients) (Zhu et al. 2017). In contrast, another
strain of P. australis isolated from Southern California exhibited
maximum toxin levels at 30°C (Sun et al. 2011). These varia-
tions likely stem from adaptation to local temperature regimes.
To make accurate global predictions about DA production and
harmful blooms, we need more research on the thermal re-
sponses of toxic P. multiseries strains from diverse geographical
groups. Even so, our study provides a new basis for global assess-
ments of toxic DA contamination risk to seafood safety under
future climate change.
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