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A B S T R A C T

Diatoms of the genus Pseudo-nitzschia, known for their potential toxicity, are integral to the phytoplankton
community of the Southern Ocean, which surrounds Antarctica. Despite their ecological importance, the di-
versity and toxicity of Pseudo-nitzschia in this region remain underexplored. Globally, these diatoms are notorious
for forming harmful algal blooms in temperate and tropical waters, causing significant impacts on marine life,
ecosystems, and coastal economies. However, detailed information on the diversity, morphology, and toxicity of
Pseudo-nitzschia species in Antarctic waters is limited, with molecular characterizations of these species being
particularly scarce.

During three research expeditions to the Southern Ocean, monoclonal strains of Pseudo-nitzschia were isolated
and cultivated. Stored samples from a fourth expedition, the Brategg expedition, were used to complete the
description of particularly P. turgidula. Through electron microscopy and molecular analysis, two novel species
were identified—Pseudo-nitzschia meridionalis sp. nov. and Pseudo-nitzschia glacialis sp. nov.—alongside the
previously described species P. subcurvata, P. turgiduloides, and P. turgidula. Toxin assays revealed no detectable
levels of domoic acid in P. turgiduloides, P. turgidula, P. meridionalis sp. nov. and P. glacialis sp. nov. Conversely,
P. subcurvata was reported in a related study to produce domoic acid and its isomer, isodomoic acid C.

These findings emphasize the need for comprehensive research on the phytoplankton of Antarctic waters,
which is currently a largely uncharted domain. With the looming threat of climate change, understanding the
dynamics of potentially harmful algal populations in this region is becoming increasingly critical.

1. Introduction

The Southern Ocean (the Antarctic Ocean) is a unique environment.
It comprises about 10 % of the global ocean surface, covering an area of
approximately 35 million square kilometers north of the Antarctic
coastline (Griffiths, 2010; David and Saucède, 2015). The northern
boundary is somewhat dynamic and defined by cold northbound Ant-
arctic water meeting the warmer subtropical waters of the Pacific,
Atlantic, and Indian Ocean. The wind-driven Antarctic Circumpolar
Current is unrestrained by land and encircles Antarctica between

latitudes 45◦S and 55◦S. This powerful and continuous current is a
defining feature of the Southern Ocean, strongly influencing the regional
climate and biodiversity (David and Saucède, 2015). The Southern
Ocean is known for extreme seasonal fluctuations, from winter, when
direct sunlight is entirely absent from 66◦S and southwards, to spring,
when sunlight initiates an explosive growth of phytoplankton that
constitutes the basis of the entire ecosystem’s annual cycle (Smith et al.,
2007; David and Saucède, 2015; Jabre et al., 2021).

Within the Antarctic phytoplankton community, the average size of
primary producers is larger than e.g. in subtropical and tropical regions.
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Diatoms are one of the dominating groups (Smith et al., 2007; Armbrust
2009; David and Saucède, 2015) contributing 50–90 % of the biomass in
the Southern Ocean in January and December (Arrigo et al., 1999;
Alvain et al., 2008; Costa et al., 2020). Together with the haptophyte
Phaeocystis antarctica, diatoms account for 75–95 % of the primary
production, forming the basis of the Antarctic food webs (Fryxell and
Kendrick 1988; Smith et al., 2007; Rousseaux and Gregg, 2014). In
Antarctic waters, diatoms frequently bloom in the stratified waters
adjacent to sea ice floes, where they may account for > 90 % of the
phytoplankton community (Andreoli et al., 1995; Garrison et al., 2003).
Like some other diatoms, the potentially toxic diatom genus Pseudo--
nitzschia plays a prominent role in the marine environment, especially in
the nutrient-rich waters of the polar regions (Andreoli et al., 1995;
Malviya et al., 2016; Mangoni et al., 2017). Pseudo-nitzschiaH. Peragallo
is among the most commonly encountered and dominant diatom genera
in Antarctic waters, e.g. contributing 13–70 % of diatom densities in the
Weddell Sea and Ross Sea (Fryxell and Kendrick, 1988; Garrison et al.,
2003; Almandoz et al., 2008; Saggiomo et al., 2021). Despite the critical
role of diatoms in Antarctic ecosystems and their contribution to marine
nutrient cycles, there remains a notable gap in our understanding of
their taxonomy, diversity, distribution, and ecology in Antarctic waters
(Costa et al., 2020; Saggiomo et al., 2021).

Decades ago, Pseudo-nitzschia came into the spotlight when it was
discovered to form harmful algal blooms (HABs) capable of producing
the neurotoxin domoic acid (DA) (Bates et al., 1989). Domoic acid has
been detected in a variety of marine organisms across benthic and
planktonic food webs ranging from polychaetes (Baustian et al., 2018)
and cephalopods (Lopes et al., 2013) to marine mammals (Jensen et al.,
2015; McHuron et al., 2013; McCabe et al., 2016). Monitoring efforts
have since linked Pseudo-nitzschia blooms to unusual mortality events of
a wide range of marine mammals (sea otters, seals, sea lions, porpoises,
dolphins, toothed and baleen whales) and seabirds (See Lelong et al.,
2012, Trainer et al., 2012 and Bates et al., 2018 for references). The
presence of DA in all 13 examined marine mammal species from Arctic
and subarctic Alaska (Lefebvre et al., 2016) is especially concerning in
relation to polar regions. With global warming leading to decreased sea
ice and increased light penetration, the conditions for growth of Pseu-
do-nitzschia in both Arctic and Antarctic waters may be enhanced,
raising concerns for future polar ecosystems.

The intensified global focus on Pseudo-nitzschia has led to an increase
in the number of recognized Pseudo-nitzschia species, escalating from 20
species in 1994 (Hasle, 1994) to 37 in 2012 (Lelong et al., 2012) and
approximately 60 by 2024 (Bates et al., 2018; WoRMS, 2024). Since
then, at least four additional species have been identified, though de-
scriptions are pending publication (Lundholm, unpublished). In
contrast, the number of described species in the Southern Ocean
remained unchanged for decades. This stagnation illustrates the lack of
knowledge on the distribution, diversity, and toxicity of Pseudo-nitzschia
spp. in Antarctic waters, despite their recognized importance to the re-
gion’s phytoplankton community (Estrada and Delgado, 1990; Kang and
Fryxell, 1993).

1.1. Antarctic Pseudo-nitzschia

Presently, seven Pseudo-nitzschia species are known from the Ant-
arctic region (Table 1, Scott and Thomas, 2005; Hasle 1964, 1965; Hasle
and Medlin 1990; Kang et al., 1993,2001; Ferrario and Licea 2006;
Almandoz et al., 2008; Saggiomo et al., 2021). Among these,
P. subcurvata (Hasle) G.A.Fryxell, P. prolongatoides (Hasle) Hasle and
P. turgiduloides Hasle are endemic to Antarctic waters, while P. heimii
Manguin, P. lineola (Cleve) Hasle, and P. turgidula (Hustedt) Hasle are
more widely distributed but common in the region (Hasle and Syvertsen,
1997). The seventh species, P. antarctica, has only been detected once in
the Southern Ocean, and nothing is known about the species beyond the
original type description (See Bates et al., 2018). Phylogenetic studies
and species delineation within Pseudo-nitzschia often utilize the

ITS1–5.8S-ITS2 rDNA. However, sequences from Antarctic waters are
currently only available for two taxa; one strain of P. turgiduloides
(Lundholm et al., 2003), and three strains of P. subcurvata (Lundholm
et al., 2006; Hamsher et al., 2011).

The same lack of knowledge exists regarding the toxicity of Pseudo-
nitzschia. The number of known toxic species is increasing in many re-
gions of the world (Bates et al., 2018) whereas strains from Antarctic
waters were first proven toxic in 2021 (Olesen et al., 2021). Prior to this
discovery, toxicity tests on seven Antarctic strains, representing
P. lineola, P. subcurvata, and P. turgiduloides; yielded no evidence of toxin
production (Table 1). Consequently, four Antarctic species have yet to
be examined for domoic acid (DA) production. Among the species
tested, P. heimii and P. lineola have not been found to produce toxins
elsewhere in the world (Marchetti et al., 2008; Lundholm et al., 2012).
In contrast, P. turgidula strains from the Gulf of Maine have tested pos-
itive for DA (Fernandes et al., 2014), while strains from the Northeast
Pacific were negative for DA (Marchetti et al., 2008).

Recent findings suggest that DA is present in or close to Antarctic
waters, and possibly already affects animals in the Southern hemisphere.
High levels of DA were detected in fecal samples of southern right
whales (Eubalaena australis) while feeding on calving grounds at the
Argentinian east coast with copepods being the most likely vector of DA
(D’Agostino et al., 2017). Furthermore, DA was detected in the water
column of the Antarctic Pacific during a large-scale iron fertilizer
experiment in 2002 reaching levels up to 220 ng L-1 (Silver et al., 2010).
Similar DA levels have been linked to animal mortalities off the coast of
California (Schnetzer et al., 2007; Scholin et al., 2000).

When comparing with the Arctic, a region with characteristics like
the Southern Ocean in terms of temperature, solar radiation and sea ice
cover, the finding of DA in all 13 examinedmarine mammal species from
Arctic and subarctic Alaska (Lefebvre et al., 2016) is especially con-
cerning (Lefebvre et al., 2016). Furthermore, Arctic Pseudo-nitzschia

Table 1
Distribution and toxicity of Pseudo-nitzschia species recorded in Antarctic waters.
nd = no data. Limit of detection was between 1.38 × 10–5 and 2.75 × 10–5 pg
cell-1 in Olesen et al. (2021), and 3.28 10–3 pg cell-1 in Fryxell et al. (1991).
Similar specific detection levels were not given in the other publications.

Species Global
Distribution

Toxicity in
Antarctica

Toxicity
elsewhere

P. antarctica Antarctic nd ​
P. glacialis sp.
nov.

Subantarctic No: present study (3
strains)

nd

P. heimii From Subarctic
to Antarctic

nd No: Marchetti
et al., 2008

P. lineola Global, except
Arctic and
Subarctic

No: Kang et al., 1993
(1 strain)

No: Lundholm
et al., 2012

P. meridionalis
sp. nov.

Antarctic No: present study (2
strains)

​

P. prolongatoides Antarctic nd ​
P. subcurvata Subantarctic

and Antarctic
Yes: Olesen et al.,
2021 (3 strains)
No: Fryxell et al.,
1991 (1 strain), Kang
et al., 1993 (2
strains), Lundholm
et al., 2018 (1 strain),
Olesen et al., 2021
(12 strains), present
study (2 strains)

​

P. turgidula From Subarctic
to Antarctic

No: present study (1
strain)

No: Marchetti
et al., 2008);
Yes: Fernandes
et al., 2014 (from
North Western
Atlantic)

P. turgiduloides Antarctic No: Kang et al., 1993
(2 strains), present
study (4 strains)

​
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species like P. seriata (Cleve) H.Peragallo and P. obtusa (Hasle) Hasle &
Lundholm contain high cellular amounts of DA (Hansen et al., 2011;
Harðardóttir et al., 2015; Tammilehto et al., 2012). These findings un-
derscore the urgency to intensify efforts of exploring taxonomy, biodi-
versity and toxicology of potentially DA-producing Pseudo-nitzschia in
Antarctic waters. These efforts are essential to understand the potential
for harmful algal blooms, and for understanding ecosystem dynamics
and the effects of environmental factors.

Utilizing strains of Pseudo-nitzschia collected during three Antarctic
cruises as well as older field material from Antarctic waters, we con-
ducted an in-depth study of the taxonomy, biodiversity and toxin con-
tent of Pseudo-nitzschia in Antarctic waters. Here, we revise the present
morphological descriptions and describe two new species. Furthermore,
we review the present knowledge on diversity, morphology, toxicology,
and distribution of Antarctic Pseudo-nitzschia species. This will provide a
future baseline for expanding our knowledge on these ecologically
important phytoplankton species. In our evaluation of the literature
regarding the composition of the Pseudo-nitzschia community, we
considered only descriptions that include identification by electron
microscopy (EM) of the species, except for the type descriptions. Pseudo-
nitzschia species are notoriously difficult to identify. Reliable identifi-
cation therefore requires either EM or molecular data and in some cases,
a combination of both.

2. Materials and methods

Water samples were collected at 10 to 15 m depth during two ex-
peditions to the Southern Ocean (PS103 and PS117) in 2016 and 2018/
2019, as well as an expedition to the Ross Sea, Jan.–Feb. 1999. A review
of the present diversity of Pseudo-nitzschia revealed the presence of seven
species some endemic to Antarctic waters others more widespread
(Fig. 1, Table 1). A total number of 48 strains were successfully estab-
lished into monoclonal cultures by isolating single cells or chains
(Table S1). From the Southern Ocean expeditions in 2016 and 2018/
2019, 24 strains originate from 11 different sample stations between
44.4◦S – 69.3◦S and 7.5◦E – 17.23◦W, including a Subantarctic locality
as the northernmost station (Fig. 1). Another 24 strains were established

from four stations in the Ross Sea, spanning 66.98◦S – 75◦S and 140◦W –
150◦W (Table S1). Finally, preserved field samples of the Brategg
expedition Dec 1947-Feb 1948 from 53◦S – 70◦S and 60◦W – 174◦W
were kindly provided by Grethe Rytter Hasle, and usedmainly for details
on P. turgidula (Table S2).

2.1. Morphological analyses

The cultures were studied by light microscopy using an Olympus
BX53 microscope with an Olympus DP10 camera (Olympus, Tokyo,
Japan), as well as electron microscopy. For the latter, strains were rinsed
according to Lundholm et al. (2002), drops of the rinsed material were
mounted on carbon-coated grids and left to dry. The grids were
inspected in a transmission electron microscope (TEM) (JEOL 1010,
Tokyo, Japan). For SEM, a few drops of rinsed material were added to
round cover glasses and left to dry. The glasses were glued to metal stubs
with double-sided tape, sputter-coated with gold/palladium and exam-
ined using a SEM (JEOL JFC 2300HR, Tokyo, Japan). Morphological
analyses of the strains included assessments of valve shape and size,
along with detailed morphometric characteristics of the valve and
girdle.

2.2. Molecular analyses

DNA was extracted from cell pellets using the CTAB method (See
Lundholm et al., 2002). For amplification of the ITS1–5.8S-ITS2 region
of the nuclear rDNA, the primers ITS1, ITS4 (White et al., 1990) or
ITS4Ps (5′-TCCTCCGCTTAATTATATGC-3′) were used. PCR reactions
were performed in 25 µl reactions containing 1.5 mM MgCl2, 0,8 mM
dNTPs [VWR #733–1363], 0.5 units of polymerase [VWR #733–1301]
and 0.4 µM of each primer. The PCR protocol consisted of 36 cycles: 95
⁰C for 30 s; 55 ⁰C for 30 s; 72 ⁰C for 50 s (initial 2 min at 95 ⁰C, final
extension 5 min at 72 ⁰C). The PCR products were sent to Macrogen
(Macrogen Europe, Amsterdam, NL) for purification and bidirectional
sequencing. Sequence analysis (trimming, assembly, BLAST) was con-
ducted using Geneious version 2022.1.1.

Sequences of ITS rDNA of Pseudo-nitzschia species were retrieved

Fig. 1. Map of Antarctic waters with sampling stations as well as records of Pseudo-nitzschia species in present and previous studies (Hustedt, 1952, Manguin, 1957,
1960, Hustedt 1958, Hasle 1964, 1965, Fryxell et al., 1991, Kang et al., 1993, 2001, 2003, Lundholm et al., 2003, Ferrario et al., 2004, Riaux-Gobin et al., 2003, Scott
and Thomas 2005, Ferrario and Licea, 2006, Almandoz et al., 2008, Rigual-Hernández et al., 2015) based on map from https://www.nature.com/articl
es/s41597–022–01366–7.
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from GenBank and aligned using MAFFT with subsequent alignment
masking, as implemented in GUIDANCE2 (Landan and Graur, 2008; Sela
et al., 2015). GUIDANCE alignment score was 0.80. The masked align-
ment (columns below confidence score of 0.93 were removed) was
trimmed by hand and included 571 characters. Bayesian Inference was
performed with MrBayes 3.2.6 using a GTR + I + Γ model as imple-
mented in Geneious® 2023.2.1 (Biomatters Ltd., Auckland, New Zea-
land) (Huelsenbeck and Ronquist, 2001). The following settings were
used: four simultaneous Markov chain Monte Carlo (MCMC) run for
1000,000 generations, sampling every 1000 generations. The first 25 %
of trees were discarded as burn in In addition, an RAxML tree was build
using Geneious and the same model of DNA evolution (version 8.2.11,
start with complete random tree, 1000 bootstrap replicates)
(Stamatakis, 2014).

2.3. ITS2 secondary structure comparisons

For ITS2 secondary structures prediction, the ITS2 region was iden-
tified in sequences downloaded from GenBank and in sequences
generated for this study by using the ITS2 Annotation tool (model: Eu-
karyotes, Maximum E-value: E < 1.0, Minimum size of ITS2: 150 nt) on
the Internal Transcribed Spacer 2 Ribosomal RNA Database (The ITS2
Database (uni-wuerzburg.de)). This tool could in most cases only iden-
tify the 5.8 motif of the sequences. After deletion of the 5.8S motif and
subsequent alignment, a conserved motif of CCC[A/C]CTCA at the
beginning of the ITS2 region and T[T/A]TGCTAT at its end could be
identified for all sequences considered. ITS2 structures were subse-
quently predicted for P. meridionalis sp. nov., P. glacialis sp. nov.,
P. arenysensis, and P. uniseriata, using the Model tool on the ITS2 Data-
base (Reuter and Mathews, 2010) and the published structure of P. qiana
as template (Huang et al., 2019). The predicted structures were written
as dot bracket files and visualized with VARNAv3.9 (Darty et al., 2009).
Compensatory base changes (CBSs) detection was performed with
4SALE v.1.7 (Seibel et al., 2006), hemi-compensatory base changes
(h-CBCs) were observed manually.

2.4. Toxin analyses

A subset of the strains were tested for DA content. For each strain, 45
mL of culture in stationary growth phase were centrifuged at 4 ◦C, 1811
g for 15 min and the resulting cell pellet stored at − 20 ◦C until further
analysis. Cell pellets were extracted with 200 µL of a 1:1 (V/V) mixture
of methanol and 0.03 M acetic acid. The extraction procedure followed
Krock et al. (2008) and the filtered solution was transferred to HPLC
glass vials, sealed and frozen until analysis. DA contents were measured
with liquid chromatography coupled to a tandem mass spectrometer
(LC-MS-MS) as detailed in Geuer et al. (2020). The detection limit for DA
in the samples ranged between 0.9 and 200 fg cell-1 (Table S1)
depending on available biomass.

3. Results

Through the integration of morphological data from electron mi-
croscopy (EM) and molecular analyses of ITS rDNA sequences, 48
Pseudo-nitzschia strains were classified into five distinct species. Three of
these species are already known from Antarctic waters: P. subcurvata (34
strains), P. turgiduloides (8 strains) and P. turgidula (1 strain). More
detailed and precise emended descriptions of these three species are
provided below. Two novel species have been identified and are
described for the first time: P. meridionalis sp. nov. (2 strains) and
P. glacialis sp. nov. (3 strains) based on differences in morphology,
phylogenetic inferences as well as the presence of compensatory base
changes (CBC) between the new species and the most closely related
taxa. Toxicity of the tested strains are included along with the de-
scriptions below, except for the P. subcurvata strains for which toxicity
has previously been reported by Olesen et al. (2021).

3.1. Pseudo-nitzschia subcurvata (Hasle) G.A.Fryxell, 1993 in Hasle,
1993; Hasle, 1964, Pl. 12 fig. 16

Fig. 2, Table 2.
Holotype. IMBB (Institute of Marine Biology, section for Marine

Botany) slide no 10. "Brategg" material (Hasle 1974: 426) stored at
Natural History Museum, University of Oslo. Notes: "Brategg" samples
(INA). Illustration: Hasle 1964, Pl. 12 fig. 16.

Type locality. Antarctic waters (62◦30′S, 19◦42′W), January 31,
1957.

Homotypic Synonym. Nitzschia subcurvata Hasle 1974
Taxonomic remarks. The detailed description below is based on 34

strains of P. subcurvata, encompassing 15 strains from the Southern
Ocean and 19 from the Ross Sea (Table S1), in combination with field
material from the Brategg expedition. The morphometric data on valve
dimensions as well as stria and fibula density were in accordance with
the type description of Hasle (1964), and later reports on the taxon
(Table 2).

Morphology. The cells appeared in stepped chains with an overlap
of 8–16 % of the cell length and with each cell being lanceolate with
more or less truncate ends in girdle view (Fig. S1A-B). The valve was
narrow (1.4–2.6 µm, Table 2) with a dilated middle part and with long
slender rostrate ends, which were slightly enlarged at the tips (Fig. 2A-
D). The valve was more or less subcurvate, but always with one margin
being straighter than the other more or less convex margin. The fibulae
were more or less regularly spaced, 12–20 in 10 µm. No central nodule
was present (Fig. 2A-D, F-H). The interstriae, 39–50 in 10 µm, contained
one row of hymenate complex poroids with a density of 5–8 in 1 µm
(Fig. 2E-F). Each poroid comprised between 3 and 9 sections, with a
mean of around 5 sectors (Fig. 2F). Sometimes, some or all poroids were
lacking in some or all striae of the valve, with the stria perforation being
more or less scattered pores, mainly close to the valvar margins of the
striae (Fig. 2G-H). The mantle was 1–2 poroids high. The girdle was
composed of three bands, the first band with 49–63 band striae in 10 µm
and each stria being 1–2 poroids wide and 1–3 poroids high (Fig. 2I-J).
The second band had a similar stria density, but with each stria
comprising only 1–2 poroids. The third band was lacking or had scat-
tered poroids. Sometimes a fourth band similar to the third band was
present.

Molecular signatures. Genbank accession numbers OP137100,
OP137103–4, OP137107, OP137109 of ITS1–5.8S-ITS2 rDNA.

Toxicity. Three of the P. subcurvata strains (31–7, 35–12 and
M11–04) have previously been described to be toxic, containing domoic
acid and isodomoic acid C: 3.09–7.28 10–5 pg cell-1 and 3.76–8.54 10–5

pg cell-1, respectively (Olesen et al., 2021). The remaining 12 strains
from the Southern Ocean and strains 2-D and 3–21 from the Ross Sea
were all tested negative (Limits of detection were between 0.010 and
1.814 pg cell-1, see Table S1 for details).

Distribution. Pseudo-nitzschia subcurvatawas observed from stations
spanning a broad area of the Southern Ocean (51.99◦S - 69.3◦S and
2.10◦E - 17.23◦W), and in the Ross Sea (66.98◦S – 75◦S and 140◦W –
150◦W)(Fig. 1), but the species has essentially been recorded from all
over Antarctic waters including adjacent to, on and in sea ice (Fig. 1,
Table S2; Hasle, 1964).

3.2. Pseudo-nitzschia turgiduloides Hasle, 1995

Fig. 3, Table 2
Hasle, 1965, plate 12, figs 9–10
Holotype. IMBB slide No 105, “Brategg” St. 8 material (Hasle,

1995:357). Stored at the Natural History Museum, University of Oslo.
Type locality. Antarctic waters 60◦26′S, 90◦W, 16. December 1947.
Basionym. Nitzschia turgiduloides Hasle, 1965
Homotypic synonym. Pseudonitzschia turgiduloides (Hasle)

Hasle, 1993
Heterotypic synonym. Pseudo-nitzschia barkleyi var. obtusa
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Manguin, 1960
Taxonomic remarks. The description is based on eight strains

identified as P. turgiduloides, three from the Southern Ocean and five
from the Ross Sea, in combination with the Brategg field material
(Table S1). The morphology of the strains was in accordance with the
type description by Hasle (1995) (Table 2), and previous technically
invalid descriptions of the species (Hasle, 1965, plate 12, figs 9–10,
Manguin, 1960).

Morphology: In girdle view, the cells were linear with truncated
ends, and the overlap between cells in chains was around 15–23% of the
cell length (Fig. S1 C-D). The valves were almost linear, 1.9–2.9 µmwide
(Table 2), very slightly lanceolate, sometimes slightly enlarged in the
middle, and with broadly rounded ends (Fig. 3A-C). A central nodule
was present, and the fibulae had a density of 9–13 in 10 µm (Fig. 3A-C,
G-I). The interstriae were broad and coarsely silicified, 16–22 in 10 µm.
The striae comprised 1–2 rows of poroids, sometimes varying within a
single stria and sometimes striae in part of the valve all had the same
number of rows of poroids (Fig. 3E-I). The poroids were simple, with a
hexagonal perforation pattern of the poroid hymen (Fig. 3D). The
mantle was very narrow and rarely seen, and with a poroid pattern as
the valve. The three girdle bands all completely lacked poroids or any
other perforations (Fig. 3J).

Molecular signatures. Genbank accession number OP137111 of
ITS1–5.8S-ITS2 rDNA.

Toxicity. Strains 13–50, 13–59, 13–60 and 3–19 were tested nega-
tive for toxins (Limit of detection was 175 pg sample-1, but was not
calculated per cell).

Distribution. Pseudo-nitzschia turgiduloides was identified at station

13 in the Southern Ocean (51◦S, 3.59◦E), and at station 105 in the Ross
Sea (74.98◦S, 145.01◦W) (Fig. 1). Except for a few cases, it has only been
found in Antarctic waters, where it is widely distributed and particularly
abundant near or beneath sea ice (Fig. 1, Hasle 1965).

3.3. Pseudo-nitzschia turgidula (Hustedt) Hasle, 1993

Fig. 4, Table 3
Simonsen, 1987 vol 3, plate 672, figs 7–15
Holotype. Slide 276/48b in the Hustedt collection. Stored at the

Alfred-Wegener Institute.
Type locality. South Atlantic 46◦32′S, 0◦02′W, 1938–1939

(Simonsen, 1987, vol 1, 452).
Basionym. Nitzschia turgidula Hustedt, 1958
Homotypic synonym. Nitzschia turgidula Hasle, 1993
Taxonomic remarks. The description is based on a strain (34–6)

from the Southern Ocean, in combination with field material from the
Brategg expedition, close to the type locality. The morphometric data of
the strain agreed with the type description (Hustedt, 1958; Hasle, 1965)
and other previous descriptions (Table 2). We excluded the larger cells
described as P. turgidula in Hasle (1965), as these cells were longer, and
had more linear valves with a distinct expansion in the middle - in
agreement with a discussion with G.R. Hasle before she died. Addi-
tionally, such larger cells were not observed during the analysis of the
Brategg material.

Morphology: The cells were symmetric, lanceolate and rhomboid in
valve view with rounded ends (Fig. 4A), as presented in the type
description in Hustedt (1958) and as the smaller cells in Hasle (1965). In

Table 2
Morphometric data for the three previously recorded Pseudo-nitzschia species: P. subcurvata, P. turgidula and P. turgiduloides. Data are given as min-max, mean ± SD for
n number of strains in the present study. For comparison, morphometrics of other studies are given. * indicates type description; ** indicates first detailed description; ‘
indicates cultured material, nd indicates no data available.

Species Fibulae in
10 µm

interstriae in
10 µm

Rows of
poroids

Poroids
in1 µm

Sectors in
poroids

Valve
length
(µm)

Valve
width
(µm)

Band
striae/10
µm

Band
structure

P. subcurvata’
(present study:
n ¼ 11–112)

12 - 20
16.3 ± 2.0

39 - 50
45.2 ± 2.1

1 5 - 8
6.5 ± 0.6

3 - 9
5.4 ± 1.1

27 - 80
55.6 ±
11.0

1.4 – 2.6
1.9 ± 0.3

49–63
56.8 ± 3.7

1–2 £ 1–3

P. subcurvata
(Hasle, 1964)*

12 - 18 44 - 49 1 nd nd 47 - 90 1.5 - 2.0 nd nd

P. subcurvata’
(Fryxell et al., 1991)

14 - 17 42 - 46 1 nd nd 46 - 92 2.1 – 2.5 nd nd

P. subcurvata
(Ferrario and Licea 2006;
Almandoz et al., 2008)

12 - 22 43 - 55 1 6 - 8 nd 48 - 86 1.3 - 2.0 nd nd

P. turgiduloides’
(present study:
n ¼ 16–98)

9 – 13
11.0 ± 1.2

16 – 22
19.1 ± 1.7

1 - 2 7 – 10
8.0 ± 0.7

None 61 - 128
88.5 ±
25.9

1.9 - 2.9
2.4 ± 0.3

None None

P. turgiduloides
(as P. barkleyi var. obtusa:
Manguin 1960)

12 16–20 nd nd nd 82 1.5 nd nd

P. turgiduloides
(Hasle 1965)**x

10 - 13 17 - 21 1 - 2 8 - 10 nd 63 - 126 1.8 - 2.7 nd nd

P. turgiduloides
(Hasle, 1965)*

10 - 13 17 - 21 1 - 2 nd nd 63 - 126 1.8 - 2.7 nd nd

P. turgiduloides
(Ferrario et al., 2004; Ferrario and
Licea 2006; Almandoz et al.,
2008)

10 - 16 17 - 25 1 - 2 7 - 10 nd 81 - 126 1.7 - 2.9 nd nd

P. turgidula’
(present study: n ¼ 8–15)

13 - 18
15.5 ± 1.6

23 - 28
25.7 ± 1.5

2 7 - 8
7.7 ± 0.5

None 35 - 77
51.5 ±
17.9

2.5 - 3.5
2.8 ± 0.4

34–40
36.8 ± 2.8

2 £ 2–3

P. turgidula
(Hustedt 1958)*

15 - 18 24 - 26 nd nd nd 32 - 48 3.0 - 3.5 nd nd

P. turgidula
(Hasle, 1965)**

13 - 18 23 - 28 2 7 - 9 nd 30 - 80 2.5 - 3.5 nd nd

P. turgidula
(Ferrario et al., 2004, Ferrario and
Licea 2006; Almandoz et al.,
2008)

13 - 18 20 - 28 2 7 - 9 nd 41 - 79 2.3 - 3.5 nd nd
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girdle view, the sides were almost parallel and slightly lanceolate close
to the truncated ends, and with an approximate overlap of 20 %. The
valves were 2.5–3.5 µm wide and 35–77 µm long (Table 2). The fibulae
were relatively regularly spaced, and separated in the middle of the
valve by a central nodule (Fig. 4B-C). The striae contained two rows of
small round poroids. The poroid rows were often incomplete towards
the middle of the valve, where poroids were mainly present at the edges
of each stria (Fig. 4B-C). The size of the poroids varied. Sometimes they
were relatively small in two distinct rows separated by a space, whereas
at other times, often towards the valve ends, they filled out most of the
space between the two interstriae. The mantle structure was similar to
the valve and 1–2 poroids high. The first girdle band had band striae at a
density of 34–40 in 10 µm, with each band striae being 2 poroids wide
and 2–3 poroids high (Fig. 4D-E). The second band had a single row of
scattered poroids or band striae with two poroids, and the third band

lacked poroids.
Molecular signature. Genbank accession number OP137105 of

ITS1–5.8S-ITS2 rDNA.
Distribution. P. turgidula was identified in a strain from the South-

ern Ocean (65.58◦S, 12.13◦W) and in field material from the area (53◦S
– 63◦S and 60◦W – 90◦W) (Table S2), and more rarely further south. It
thus mainly belongs to the Subantarctic flora. Additionally, it has been
recorded in the southern part of the Pacific Ocean, as well as in the
Northern Pacific and Atlantic waters (Fernandes et al., 2014; Hasle,
2002).

Toxicity. Strain 34–6 did not contain DA above the limit of detection
(Limit of detection was 175 pg sample-1, but was not calculated per cell).

Fig. 2. Pseudo-nitzschia subcurvata. TEM. A: Whole cell, strain 1-F. B: Whole cell. Strain 5–19. C: Whole cells, strain 6–1. D: Whole cell strain 6–1. E. Tip of cell, strain
1-F. F: Middle of valve, strain 5–19. G: Middle of valve note reduced poroids, strain 1-F. H: Middle of valve, note almost no poroids, strain 6–5. I: valvocopula, strain
5–19. J: Second and third girdle band, strain 6–5. Scale bars: A-D = 10 µm, E-J = 1 µm.
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3.4. Pseudo-nitzschia glacialis sp. nov. Lundholm, Christensen, Olesen

Fig. 5, Table 3
Diagnosis. Overlapping cells in colonies. Cells in valve view lance-

olate with rounded tips, 33 – 37 µm long and 3.4 – 3.9 µm wide.
Eccentric raphe divided in the middle by central nodule. Fibulae more or
less regularly spaced, 14 – 18 in 10 µm, interstriae 28 – 32 in 10 µm.
Striae with mainly 2 (sometimes 1–2) rows of simple non-divided
poroids, 5 - 9 poroids per µm. Valve mantle structured as valve. Three

girdle bands; valvocopula with 38–40 band striae each with 2 × 2–3
poroids, second band with band striae of 2× 2 poroids or 1 poroid, third
band lacking poroids.

Holotype. Fixed material of strain 13–54 deposited at the Natural
History Museum of Denmark in Copenhagen, Denmark, registered as
CAT99714 illustrated in Fig. 5C, F-H.

Isotype. Material of frustules of strain 13–54 deposited at the Nat-
ural History Museum of Denmark in Copenhagen, Denmark, registered
as CAT99715.

Fig. 3. Pseudo-nitzschia turgiduloides. TEM. A: Whole cell, strain 4–16. B: Whole cell, strain 3–19. C: Whole cell with three girdle bands, strain 3–19. D: Hexagonal
pattern of poroids, strain 3–19. E: Tip of valve, strain 4–16. F: Other tip of same cell as E, strain 4–16. G: middle of valve with central nodule and two rows of poroids,
strain 4–17. H: Middle of valve, one to two rows of poroids, strain 6–1. I: Middle of valve, one row of poroids, strain 4–6. J: valve, valvocopula and other girdle bands,
strain 3–19. Scale bars: A-C = 10 µm, D = 0.1 µm, E-I = 1 µm, J = 2 µm.

Fig. 4. Pseudo-nitzschia turgidula. TEM. A: Whole valve. B: Tip of valve. C: Middle of valve. D: Valvocopula. E: Valvocopula. All field material from Brategg expe-
dition, st. 4 (56◦S, 90◦W) . Scale bars: A = 10 µm, B-E = 1 µm.
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Table 3
Morphometric data for P. meridionalis sp. nov. and P. glacialis sp. nov., each compared with morphologically similar taxa. Data are given as min-max, mean ± SD.
1Lundholm et al., 2012; 2Dong et al., 2020; 3Huang et al., 2019; 4Lundholm et al., 2006; 5Chen et al., 2021; 6Teng et al., 2016; 7Gai et al., 2018; 8present study.

Fibulae in
10 µm

Interstriae in
10 µm

Central
nodule

Rows of
poroids

Poroids in
1 µm

Sectors in
poroids

Valve
length (µm)

Valve
width (µm)

Band striae/
10 µm

Band
structure

P. meridionalis
sp. nov. (n =

4–104)

10 – 17
12.9 ± 1.5

25 - 36
30.7 ± 2.6

Yes 1 – 2 4 – 8
5.2 ± 1.0

1 – 3 62 – 77
67.9 ± 5.1

2.1 – 2.8
2.5 ± 0.2

32 – 35
33.3 ± 1.3

1–2 £ 2–3;

P. lineola1 11 – 16
13.2 ± 1.0

22 – 31
25.0 ± 2.4

Yes 1 – 2 3 – 7
4.3 ± 0.7

1–2 56 – 112
83.2 ± 5.9

1.8 – 2.8
2.4 ± 0.2

22 – 34
25.4 ± 2.8

2–3 × 2–3

P. uniseriata2 14 − 17
15 ± 2

23 − 27
25 ± 2

Yes 1 3 - 4 1–5 82 − 90
86 ± 4

3.1 − 3.6
3.3 ± 0.2

23 − 26
24 ± 2

2 × 2–3

P. qiana3 15 – 23
19 ± 1.9

36 – 42
39 ± 1.6

Yes 1 4 – 6
5 ± 1

1 – 3 (4) 49− 66
59 ± 6.8

1.3 – 1.5
1.4 ± 0.1

36 - 43 2 × 3–4

P. chiniana3 17 – 22
19.3 ± 1.8

30 – 34
32.8 ± 1.3

Yes 1 - 2 4 – 6
5 ± 1

None 42 – 58
49.7 ± 1.5

2.3 – 2.6
2.4 ± 0.1

38 – 40 1–4

P. dolorosa4 18 – 22
20.0 ± 1.0

30 – 36
34.5 ± 1.4

Yes 1 - 2 5 – 8
6.6 ± 0.8

None 30 - 59 2.5 – 3.0
2.6 ± 0.2

40 – 44
42.0 ± 1.4

1–4

P. glacialis sp.
nov.
(n = 4–108)

14 - 18
16.7 ± 1.2

28 – 32
29.7 ± 1.2

Yes 2 (1) 5 - 9
6.5 ± 0.9

None 33 - 37
34.0 ± 1.4

3.4 - 3.9
3.6 ± 0.2

38 – 40
39.0 ± 0.8

2 £ 2–3

P. chiniana3 17 – 22
19.3 ± 1.8

30 – 34
32.8 ± 1.3

Yes 1 - 2 4 – 6
5 ± 1

None 42 – 58
49.7 ± 1.5

2.3 – 2.6
2.4 ± 0.1

38 – 40 1–4

P. taiwanensis5 15 – 18
15.9 ± 0.9

26 – 28
27.2 ± 0.9

Yes 1 3 – 4
3.8 ± 0.2

0–3,
usually 2

101 – 105
103 ± 1.3

2.9 – 3.1
3.0 ± 0.1

33 – 36
34.2 ± 0.9

2 × 2–4

P. bipertita6 14 - 20 23 - 28 Yes 2 (1) 5 - 8 1 - 3 65 – 106.6 2.6 – 4.2 31 - 36 2–3 × 3–5
P. bucculenta7 16 - 21

18.4 ± 1.2
28 - 35
31.4 ± 1.7

Yes 2 (1) 5 - 7.5
6.7 ± 0.6

None 19 - 31
24.9 – 3.6

2.7 – 3.6
3.0 ± 0.3

38 - 39
38 ± 0.6

2 × 2–4

P. turgidula8 13 - 18
15.5 ± 1.6

23 - 28
25.7 ± 1.5

Yes 2 7 - 8
7.7 ± 0.5

None 35 - 77
51.5 ± 17.9

2.5 - 3.5
2.8 ± 0.4

34–40
36.8 ± 2.8

2 × 2–3

Fig. 5. Pseudo-nitzschia glacialis. TEM. A: Whole valve, strain PS117–7–39. B: Tip of valve, one to two rows of poroids, strain PS117–7–39. C: Tip of valve, two rows of
poroids, strain PS117–13–54. D: Middle of valve with central nodule, strain PS117–7–39. E: Hexagonal pattern and shape of poroids, PS117–7–39. F: Valvocopula,
strain PS117–13–54. G: Valvocopula, strain PS117–13–54. H: second girdle band, strain PS117–13–54. I: Almost complete valvocopula, strain PS117–4–39. Scale
bars: A = 5 µm, B-D, F-H = 1 µm, I = 0.2 µm.
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Molecular signature. Nucleotide sequences of rDNA ITS region
(ITS1–5.8S-ITS2) of holotype strain 13–54 is deposited at Genbank with
accession number OP137106. Additional molecular signatures have
been deposited under accession numbers OP137108 and OP137110.

Type locality. The Southern Ocean, 51◦S, 3.59◦E, strain 13–54
(Fig. 1).

Etymology. The epithet glacialis is derived from Latin meaning ‘ice’,
or ‘frozen’ and refers to the cold waters where the species is found.

Morphology. The cells typically formed stepped chain colonies.
They were symmetric and lanceolate in valve view with rounded tips, 33
– 37 µm long and 3.4 – 3.9 µm wide (Table 3, Fig. 5A-C). The eccentric
raphe was divided in the middle by a central nodule with a larger
interspace between the two central fibulae spanning 3–5 striae (Fig. 5A,
D). The fibulae were regularly spaced, 14 – 18 in 10 µm fibulae. The
density of the interstriae was 28 – 32 in 10 µm. The striae contained
mainly 2, sometimes 1–2, rows of simple non-divided poroids with
hexagonal pores and with 5 - 9 poroids in 1 µm (Fig. 5A-E). The size of
the poroids varied from small poroids making up two rows separated by
a space, to two rows of large poroids taking up most of the stria space
(Fig. 5B-E). The valve mantle was structured as the valve and two
poroids high (not shown). The girdle comprised three bands, a valvo-
copula with 38–40 band striae each being 2 poroids wide and 2–3
poroids high (Fig. 5F, I). The second band had band striae of 2 × 2
poroids or only 1 poroid (Fig. 5G-H), while the third band lacked
poroids.

Distribution. P. glacialis was recorded from two stations in Sub-
antarctic waters (Table S1).

Toxicity. Strains 7–39, 7–41 and 13–54 did not contain DA above
the limit of detection (Limit of detection was 175 pg sample-1, but was

not calculated per cell).
Secondary structure comparisons of ITS2. The secondary struc-

ture analyses of the ITS2 region revealed four compensatory base
changes (CBCs) between P. glacialis and P. chiniana C.X.Huang& Yang Li
(Fig. S2). Two consecutive CBCs in helix I with T-A and G-C base pairs in
P. glacialis, but A-T and T-A, respectively, in P. chiniana. One CBC in helix
II, with G-C in P. glacialis, but T-G in P. chiniana. Finally, a fourth CBC
was found in helix III with T-A in P. glacialis, but C-G in P. chiniana.
Additionally, ten hemi-CBCs were found scattered in helices I, II and III
(See Table S4).

Taxonomic remarks. The description is based on material of the
three strains 7–39, 7–41 and 13–54 (Tables 3, S1).

3.5. Pseudo-nitzschia meridionalis sp. nov. Lundholm, Christensen,
Olesen

Fig. 6, Table 3.
Diagnosis. Overlapping cells in colonies. Cells in valve view sym-

metric, linear-lanceolate, 62 – 77 µm long, 2.1 – 2.8 µm wide. Eccentric
raphe divided in the middle by a central nodule. Fibulae irregularly
spaced, 10 – 17 fibulae in 10 µm, 25 – 36 interstriae in 10 µm. Large
variation in stria structure: either two clearly defined rows of poroids,
only one row of larger poroids, or a transition from one to two rows
within the same stria; 4 – 8 poroids in 1 µm. No sectors in poroids pre-
sent, except with 1 row of larger poroids where poroids may be divided
in two parts. Valve mantle structured as valve. Girdle with three bands;
valvocopula with 32–35 band striae each with more or less clear 2× 2–3
poroids, second band with longitudinal row of single poroids or band
striae with two poroids. Third band lacking poroids.

Fig. 6. Pseudo-nitzschia meridionalis. TEM, all strain PS117–35–1. A: Whole valve. B: Tip of valve, large poroids. C: Tip of valve, small poroids. D: Part of valve with
mantle and two rows of poroids. E: Middle of valve, one to two rows of poroids. F: Middle of valve with central nodule and one row of poroids. G. Hexagonal pattern
of poroids. H: Valvocopula. I. Valvocopula and second girdle band. Scale bars: A = 10 µm, B-F, H-I = 1 µm, G = 0.2 µm.
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Holotype. Fixed material of strain 35–1 has been deposited at the
Natural History Museum of Denmark in Copenhagen, Denmark, regis-
tered as CA99716. Illustrated in Fig. 6A-I).

Isotype. Material of rinsed frustules of strain 35–1 deposited at the
Natural History Museum of Denmark in Copenhagen, Denmark, regis-
tered as CA99717.

Molecular signature. Nucleotide sequence of rDNA ITS region
(ITS1–5.8S-ITS2) of strain 35–1 has been deposited in Genbank with
accession number OP137102. Another deposited molecular signature is
OP137101.

Type locality: Southern Ocean, 69.4◦S, 17.18◦W
Etymology. The species epithet meridionalis (= southern) refers to

the Southern Ocean/Southern Hemisphere where the organism was
discovered.

Morphology. The cells usually formed stepped chain colonies. In
valve view, the cells were linear-lanceolate with relatively pointed tips,
62 – 77 µm long and 2.1 – 2.8 µmwide (Table 3, Fig. 6A-C). The eccentric

raphe was divided in the middle by a central nodule spanning 4–5 striae
and with a larger space between the two central fibulae (Fig. 6A, E, F).
The fibulae were irregularly spaced with 10 – 17 fibulae in 10 µm. The
regular interstriae had a density of 25 – 36 interstriae in 10 µm. A huge
variation in stria structure was initially very confusing. The striae either
comprised two clearly defined rows of poroids (Fig. 6D), only one row of
poroids of varying size (Fig. 6F), or a transition from one to two rows of
poroids, even within the same stria (Fig. 6E); 4 – 8 poroids in 1 µm. The
poroids were often simple but were in some cases divided in 2 (3) sectors
in striae with 1 row of larger poroids, as if the two poroids from two rows
merged into 1 row (Fig. 6G). The valve mantle was structured as the
valve, and two poroids high. The girdle comprised three bands; a val-
vocopula with 32–35 band striae in 10 µm each with a more or less clear
structure being two poroids wide and 2–3 poroids high (Fig. 6H, I), a
second band with a longitudinal row of single poroids or band striae
with two poroids (Fig. 6I), and a third band lacking poroids.

Toxicity: Strains 35–1 and 35–4 did not contain DA above the limit

Fig. 7. Phylogenetic BI tree of Pseudo-nitzschia spp. interrelations inferred from analyses of ITS1, 5.8S, ITS2 rDNA with support values from BI and RAxML.
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of detection (Limit of detection was 175 pg sample-1, but was not
calculated per cell).

Distribution. P. meridionalis was recorded from a single station
(69.3◦S, 17.18◦W) in the Southern Ocean.

Secondary structure comparisons of ITS2. The structural com-
parisons of ITS2 revealed two consecutive CBCs in helix III (positions
117–215, 118–214) between P. meridionalis and P. qiana C.X.Huang &
Yang Li, with G-C and T-A in P. meridionalis and A-T and G-C, respec-
tively, in P. qiana (Fig. S3). A single CBC between P. meridionalis (C-G)
and P. lineola (T-A) was found in helix III (position 116–216). Finally two
CBCs in helix III (positions 116–216 and 118–214) differentiated
P. meridionalis and P. uniseriata H.C.Dong & Yang Li, with C-G, T-A in P.
meridionalis and T-A, G-C, respectively, in P. uniseriata (Fig. S3). In
addition, four, eight and six hemiCBCs differed between P. meridionalis
and P. qiana, P. lineola and P. uniseriata, respectively (Table S5).

Taxonomic remarks. The description provided above pertains to
strains 35–1 and 35–4 (Tables 3, S1).

3.6. Phylogenetic inferences

The phylogenetic analyses based on ITS rDNA showed P. turgiduloides
to cluster with another Antarctic strain of the same species (clone 3–19),
and with P. fryxelliana Lundholm as sister taxon (Fig. 7). Strains of
P. subcurvata formed a clade with the morphologically similar P. granii
(Hasle) Hasle and P. arctica Percopo& Sarno. Analyses of a subset of taxa
focusing on the P. subcurvata/P. granii/P. arctica clade showed the three
taxa each forming a monophyletic group, with the Antarctic
P. subcurvata strains clearly separate from the Subarctic/Arctic P. granii
with a clade of the Arctic P. arctica positioned in between them (Fig. 8).
The position of the single P. turgidula strain appeared in a clade with
other strains of P. turgidula/P. cf. turgidula, with the Antarctic P. turgidula
in a separate position. The sister group was a clade comprising
P. turgiduloides and P. fryxelliana (Fig. 7).

The newly described species, P. meridionalis and P. glacialis, each
formed a separate well-supported monophyletic clade consisting of their

Fig. 8. Phylogenetic BI tree inferred from analyses of ITS1, 5.8S, ITS2 rDNA focusing on P. subcurvata and P. granii with support values from BI and RAxML.
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respective strains. The taxon closest to P. glacialis was P. chiniana, and
together they formed a clade with P. taiwanensis X.M.Chen & Yang Li as
sister taxon. Whereas P. meridionalis was found in a clade with
P. uniseriata and P. lineola forming a sister clade and with P. qiana in a
basal position relative to these three taxa.

4. Discussion

Previous research has documented the presence of six different
Pseudo-nitzschia species in the Southern Ocean, namely P. subcurvata, P.
turgiduloides, P. prolongatoides, P. lineola, P. turgidula and P. heimii
(Almandoz et al., 2008; Hasle and Medlin 1990; Kang and Fryxell, 1993;
Kang et al., 2001; Cremer et al., 2003; Scott and Thomas, 2005; Sag-
giomo et al., 2021). An additional species, P. antarctica, was described
by Maguin in 1960 but has not been observed since its original
description (Manguin, 1960). We found three of the six species in the
sample area: P. subcurvata, P. turgiduloides and P. turgidula. Furthermore,
two new species, P. meridionalis sp. nov. and P. glacialis sp. nov., were
identified based on a combination of morphological and molecular an-
alyses, differentiating them from previously described species. The
species P. antarctica remains elusive, with no molecular or electron
microscopic information available. The type description, and the only
record, of P. antarctica, describes it as having linear valves with
sigmoidal and rounded ends, a width of 3–4 µm, and with a central
nodule present (Manguin, 1960). It was noted to have 14 fibulae in 10
µm, and the interstriae were invisible under light microscopy, indicating
a density greater than 25 per 10 µm. A valve width of >3 µm and the
sigmoid ends of the valves clearly differentiates P. antarctica Manguin
from P. meridionalis. Additionally, the valve shape differentiates
P. glacialis from P. antarctica, as P. glacialis has symmetric and lanceolate
valves, whereas P. antarctica has linear and slightly sigmoidal valves. It
is therefore unlikely that any of the two herein newly described species
are P. antarctica.

4.1. Pseudo-nitzschia glacialis sp. nov and comparison with similar
species

Pseudo-nitzschia glacialis differs from most Pseudo-nitzschia species by
a unique combination of morphological characters: the presence of a
central nodule, two rows of poroids, and a valve width of approximately
3–4 µm. While most Pseudo-nitzschia species with a central nodule and
two poroid rows tend to have a narrower valve width, there are ex-
ceptions such as P. bipertita S.T.Teng, H.C.Lim & C.P.Leaw (Teng et al.,
2016), P. bucculenta Gai, Hedemand, Lundholm & Moestrup (Gai et al.,
2018) and P. turgidula (Hasle 1965). However, this combination of
morphological characters is only informative for identification, rather
than for making evolutionary inferences, as these species are not closely
related according to the phylogenetic analysis (Fig. 7). The two latter
species differ from P. glacialis by having a smaller valve width (Table 4).
In addition, P. turgidula has a lower density of interstriae (23–28 as
opposed to 28–30 in P. glacialis). The differences between P. bipertita and
P. glacialis are poroids divided into 1–3 sectors in P. bipertita whereas
P. glacialis has simple poroids, and longer cells, as well as a lower density
of band striae in P. bipertita (Table 4). The phylogenetically closest
related taxa, P. chiniana and P. taiwanensis, mainly differ from P. glacialis
by having a narrower valve width, fewer rows of poroids, and either 1–2
or 2 rows of poroids, respectively (Huang et al., 2019). In addition,
P. chiniana differs by having a higher density of fibulae, and
P. taiwanensis differs by having a lower density of interstriae (Table 4).
Considering the known distribution of these species, only P. turgidula has
been recorded in cold polar waters. The other species have so far only
been found in temperate (P. bucculenta) (Gai et al., 2018; von Dassow
et al., 2023) or subtropical-tropical waters (P. bipertita, P. chiniana and
P. taiwanensis) (Teng et al., 2016; Huang et al., 2019; Dong et al., 2020).
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4.2. Pseudo-nitzschia meridionalis sp. nov and comparison with similar
species

The morphology of the valves of P. meridionalis was quite variable,
and the strains were at first thought to belong to two different species.
The structure of the striae varied from two rows of simple poroids to one
row of poroids comprising 1–3 sectors in the poroids. Both strains
showed, however, the same variation, and we realized that within a
single valve the same variation in stria structure can be present (Fig. 6E);
thus a species encompassing a large variation of the striae structure. A
similar variable stria structure has been documented in P. lineola
(Lundholm et al., 2012; Fig. 3) and P. uniseriata (Dong et al., 2020;
Fig. 5) both of which are phylogenetically close to P. meridionalis. The
more distantly related species P. dolorosa (Lundholm et al., 2006; Fig. 2)
and P. chiniana (Huang et al., 2019; Fig. 2) also exhibit a variable stria
structure. The presence of this morphological trait in both closely
related and more distantly related species within the phylogenetic tree
suggests that the genus Pseudo-nitzschia possesses a limited number of
morphological characters, which exhibit a high degree of variability.
This variability in inherent character states makes the morphological
identification of Pseudo-nitzschia species particularly challenging.

Among the species that P. meridionalis is evolutionary and morpho-
logically most closely related to is P. lineola where the main difference is
a smaller density of interstriae and band striae in P. lineola (Table 4)
(Lundholm et al., 2012). Otherwise, the two taxa are very similar, but
form distinctly separate clades in the phylogenetic analyses. The other
closely related species, P. qiana and P. uniseriata, exhibit several differ-
ences from P. meridionalis, including the densities of interstriae and band
striae, valve width, and in the case of P. qiana, the density of fibulae
(Table 4). Differences between P. meridionalis and two other species
known for having a variable number of poroids rows, P. chiniana and
P. dolorosa, are apparent in the densities of fibulae and band striae
(Table 4). Other species that P. meridionalis can be confused with are
P. kodamae S.T.Teng, H.C.Lim, C.P.Leaw & P.T.Lim (Teng et al., 2014),
which has one row of poroids, but sometimes a tendency to two rows.
P. kodamae is differentiated by having poroids with 2–4 (5) sectors and a
slightly lower density of interstriae (Teng et al., 2014). In terms of dis-
tribution P. lineola is the only one among these closely related or
morphologically similar species that has been found in polar waters
(Lundholm et al., 2012). P. dolorosa has been recorded in cold-warm
temperate waters (Lundholm et al., 2006), while the other species
(P. chiniana, P. qiana and P. uniseriata) have only been documented in
subtropical waters (Huang et al., 2019; Dong et al., 2020).

4.3. Pseudo-nitzschia distribution in Antarctica

The distribution patterns of Pseudo-nitzschia species in Antarctic
waters reveal ecological preferences and potential temperature toler-
ances among different species. The discovery of two new Pseudo-nitz-
schia species in the Southern Ocean suggests that the region’s diatom
diversity is larger than hitherto considered. The new P. meridionalis
was discovered only from station 35 (Fig. 1, Table S1), indicating, based
on this very restricted information, that it is adapted to cold-water
conditions. In contrast, P. glacialis was found at two different sta-
tions: one in the northern part of the Southern Ocean and, the other near
the Antarctic Convergence zone (Fig. 1, Table S1). This distribution
suggests that P. glacialis may have a broader range, extending beyond
just Antarctic waters, and probably more widespread in the Southern
Ocean.

P. turgidula and P. heimii are predominantly found in the northern-
most regions of the Antarctic, which are warmest and farthest from the
sea ice, and not in the coldest, most southern waters (Fig. 1). This dis-
tribution supports findings from previous studies (Hasle, 1965; Alman-
doz et al., 2008). P. glacialis is likely part of this flora that prefers slightly
warmer Antarctic waters. Conversely, other species like P. subcurvata, P.
turgiduloides, P. prolongatoides and P. lineola have been found throughout

Antarctic waters, indicating a broader ecological range and possibly a
higher tolerance for colder conditions. It is also evident that
P. turgiduloides and P. subcurvata are the most frequently recorded spe-
cies. The present, as well as several studies found P. subcurvata and
P. turgiduloides to be the most abundant species, often found in high
densities (Hasle 1965; Ferrario and Licea, 2006; Almandoz et al., 2008).
The species P. subcurvata, P. turgiduloides, P. prolongatoides and P. lineola
have been found in ice, whereas P. turgidula and P. heimii have not
(Garrison et al., 1987; Hegseth and Von Quillfeldt, 2002), aligning with
their occurrence in slightly warmer waters.

Pseudo-nitzschia subcurvata stands out as one of the most prevalent
species in Antarctic waters, particularly in the southernmost regions (Fig
1, Table S3; Garrison et al., 2003). The geographical distribution of
P. subcurvata supports the idea that P. subcurvata is an endemic Antarctic
species (Almandoz et al., 2008; Hasle and Syvertsen, 1997), although it
has been recorded in and north of the Polar front in the Drake Passage
(Ferrario and Licea, 2006). It has been shown to have optimal growth at
8 ◦C, supporting it as a real cold-water species.

P. subcurvata is known to reach high densities in various parts of the
Southern Ocean, especially in the Ross Sea during spring and summer,
where it becomes the most abundant phytoplankton species with
recorded densities between 19 and 35.5 × 106 cells L-1 (Saggiomo et al.,
2021). It often reaches high densities in spring and summer in the sur-
face waters, but may be dominant as early as December in the brine
channels of sea ice (Garrison et al., 2003; Thomson et al., 2006).
P. subcurvata tolerates huge variations in salinity, as it seems to be well
adapted to meltwater conditions (Petrou and Ralph, 2011), correlating
with its distribution in Antarctic waters where it is found in highest
abundance near the ice edge and in shallow water (Almandoz et al.,
2008). High abundances of P. subcurvata have also been associated with
regions characterized by long photoperiods, heavy ice cover and high
salinity, similar to P. turgiduloides (Almandoz et al., 2008), illustrating
the physiological flexibility of the species.

Similar to P. subcurvata, P. turgiduloides is one of the most widely
distributed and frequently encountered diatom species in Antarctic
waters (Fig 1, Table S3). Both species are considered endemic to
Antarctica (Hasle and Syvertsen, 1997). In the Weddell Sea,
P. turgiduloides has been found throughout the sampling area (60.54◦ –
67.07◦S) and was most abundant in areas with long photoperiods, heavy
ice cover, and high salinity conditions that are also favorable for
P. subcurvata (Almandoz et al., 2008). P. turgiduloides may occur in high
densities, e.g. in the Ross Sea reaching up to 2.4 × 106 cells L-1. This
species is frequently reported in high concentrations (Andreoli et al.,
1995; Nuccio et al., 2000; Garrison et al., 2003; Mangoni et al., 2017;
Saggiomo et al., 2021)

Compared to the previous two species, P. prolongatoides is less
commonly observed (Fig. 1, Table S3) but is also considered endemic to
Antarctic waters (Hasle and Syvertsen, 1997). This species can form
dense populations, particularly in spring, where it often co-dominates
with Phaeocystis in regions with ice (Garrison et al., 2003). In the
Weddell Sea, it has been observed in bloom proportions, accounting for
>70 % of the diatom cells and reaching concentrations of 7.2× 105 cells
L-1. It is also recognized as one of the five dominating phytoplankton
species in the Weddell Sea, both within sea ice and adjacent waters
(Garrison et al., 1987; Almandoz et al., 2008). Additionally, its presence
has been documented in various other parts of Antarctic waters (Kang
and Fryxell, 1993; Kopczynska et al., 1986) suggesting that it is probably
a common species in the region (Hasle, 1965).

P. lineola and P. turgidula are considered cosmopolitan species not
exclusive to Antarctic waters (Hasle and Syvertsen 1997). P. lineola is
well-represented in Antarctic waters (Fig. 1) and has been reported to be
abundant in the Ross Sea with concentrations of up to 2.4 × 106 cells L-1

(Saggiomo et al., 2021). However, it is typically not as abundant in other
parts of the Southern Ocean. P. turgidula, on the other hand, tends to be
found at lower latitudes within the Antarctic region (Fig. 1).

P. heimii, is not endemic to Antarctica but is frequently found in sub-
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Antarctic waters (Hasle and Syvertsen, 1997). This species is primarily
observed at lower latitudes, extending as far north as the Weddell Sea,
according to Almandoz et al. (2008). While mapping the phytoplankton
community during a spring bloom in the Southern Ocean (south of
Australia), P. heimii was recorded common in an area between 46.9◦ –
56.9◦S and 60.9◦ - 64.9◦S (Kopczynska and Fiala, 2003). Additionally, a
spring bloom of P. heimii at the Polar Front (56◦S-58◦S) was documented
in 2001 (Ferrario and Licea, 2006). These observations suggest that
P. heimii is widely distributed in the Southern Ocean and sub-Antarctic
waters.

4.4. Potential for toxic blooms of Pseudo-nitzschia in Antarctic waters

Pseudo-nitzschia plays a prominent role in the marine environment,
especially in the nutrient-rich waters of the polar regions (Malviya et al.,
2016). Numerous studies have documented the high densities of Pseu-
do-nitzschia in Antarctic waters, where it frequently outnumbers other
phytoplankton taxa (Hasle 1969; Steyaert 1973; Kopczynska et al.,
1986, 2001; Kang et al., 2001; Parslow et al., 2001; Smetacek et al.,
2002; Kang et al., 2003; Kopczynska and Fiala, 2003; Fiala et al., 2004;
Thomson et al., 2006; Kopczynska et al., 2007; Lange et al., 2015;
Rigual-Hernández et al., 2015). Consequently, Pseudo-nitzschia can
contribute significantly to the vertical flux of biological material, either
as intact cells or within fecal pellets (Smith and Dunbar 1998; Accornero
and Gowing 2003; Saggiomo et al., 2021). The toxins produced by some
Pseudo-nitzschia species can enter the food web in several ways, poten-
tially impacting marine life at multiple trophic levels.

Climate change models forecast increased average sea surface tem-
peratures in Antarctic waters (IPCC, 2019). The IPCC (2019) presented a
linkage between increasing temperatures and the occurrence of harmful
algal blooms. Pseudo-nitzschia is an integral part of the phytoplankton
community in the Southern Ocean, and experimental studies suggest
that Pseudo-nitzschia in the Southern Ocean are well suited for domi-
nating the phytoplankton community in a warmer ocean, in contrast to
e.g. Fragilariopsis, another diatom genus of the central phytoplankton
taxa (Jabre et al., 2021). Warmer Antarctic waters will, for example,
benefit the growth of P. subcurvata, which has been shown to increase
growth with temperatures and have maximum growth rates at 8 ◦C (Zhu
et al., 2017). A potential shift in the phytoplankton community
composition favoring Pseudo-nitzschia raises concerns regarding the
production of domoic acid and its impacts on marine ecosystems,
including marine mammals. While only a few Antarctic Pseudo-nitzschia
strains have been examined for domoic acid production (Table 1),
P. subcurvata has been confirmed to produce the toxin (Olesen et al.,
2021). It is hypothesized that all Pseudo-nitzschia species may be able to
produce DA under the right growth conditions (Lelong et al., 2012; Bates
et al., 2018). Future research focusing on the genetic potential for
domoic acid production (Brunson et al., 2018; Harðardóttir et al., 2019)
could shed light on the prevalence of this trait. Given these factors,
continuous research into the diversity, distribution, and toxicity of the
Pseudo-nitzschia in the Southern Ocean is crucial for environmental and
public health monitoring.

Dissolved domoic acid has been reported in the Southern Ocean at
concentrations up to 220 ng L-1, and moderately high quantities of
cellular domoic acid reaching 0.85 ± 0.23 pg cell-1 have been found in
cells of Pseudo-nitzschia spp. (Silver et al., 2010; Geuer et al., 2019).
Specifically, P. subcurvata has been found to contain lower quantities
ranging from 3.09 to 7.28 10–5 pg domoic acid cell-1 (Olesen et al.,
2021). Otherwise, the few Pseudo-nitzschia species tested have been
found non-toxic (present study, Fryxell et al., 1991, Kang et al., 1993).
When interpreting toxin analyses, it should be taken into consideration
that older studies likely used methods with less sensitivity compared to
current standards (See also Table 1). It is also important to note that
toxin production in non-toxic Pseudo-nitzschia can be induced by biotic
factors such as copepod grazing (Harðardóttir et al., 2015), and that
toxin production is known to vary immensely depending on chemical,

physical and biological parameters (e.g. Lundholm et al., 2018). This
potential for toxin production in Pseudo-nitzschia species, including
those previously considered non-toxic, warrants continuous monitoring
under varying environmental conditions.

To the best of our knowledge, domoic acid has not been found in
higher trophic levels in the Southern Ocean, but in waters nearby, the
toxin was found in high levels in four feces samples of the southern right
whale Eubalaena australis (D’Agostino et al., 2017). Globally, domoic
acid is known to cause both acute and chronic symptoms in marine
mammals (Scholin et al., 2000; Goldstein et al., 2008; Rust et al., 2014;
Cook et al., 2015;) and it can also impact other organisms in the food
web like seabirds and copepods (Harðardóttir et al., 2018; Gibble et al.,
2021; Olesen et al., 2022). Given the projected warming of the Southern
Ocean, it is plausible to hypothesize the emergence of toxic diatom
blooms with potentially severe impacts on marine life. It will therefore
be essential to explore the toxic potential of the resident Pseudo-nitzschia
species under different environmental conditions and whether more
northern toxic species could be considered migrating south into a
warmer Southern Ocean, as well as the presence of domoic acid in the
Southern Ocean food web.
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2012. Cryptic and pseudo-cryptic diversity in diatoms—With descriptions of Pseudo-
nitzschia hasleana sp. nov. and P. fryxelliana sp. nov. J. Phycol. 48, 436–454.

Lundholm, N., Krock, B., John, U., Skov, J., Cheng, J., Pančić, M., Wohlrab, S., Rigby, K.,
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