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ARTICLE INFO ABSTRACT
Keywords: Understanding the origin and maintenance of genetic diversity is crucial to elucidate population dynamics of
Diatom unicellular microalgae, their microevolutionary history and their adaptive ability. The planktonic, domoic acid-

Pseudo-nitzschia multistriata
Genome resequencing
Population genomics

producing diatom Pseudo-nitzschia multistriata has a ubiquitous distribution in the world oceans and past pop-
ulation genetics studies, based on few genomic loci, have shown a clear temporal structure over different years in
Genetic variation the Gulf of Naples (Italy). Despite the ecological and toxicological importance of this organism, detailed infor-
Domoic acid mation on its diversity across the whole genome and at the population level is still lacking. We collected
Dab genes P. multistriata strains in the Gulf of Naples in five different years, obtained strains from the Adriatic Sea, the Gulf
of Mexico and New Zealand coasts, and resequenced the whole genomes of a total of 28 strains at high coverage.
While strains from the first three geographical areas were capable of producing the toxin domoic acid, the New
Zealand strains had been reported to be non-toxic. A comparison of the domoic acid biosynthetic (dab) genes
sequences between toxic and non-toxic strains showed very little variation among the strains, and no disrupting
mutation was found in the dab genes in the non-toxic strains. On the other hand, the dab genes showed higher
levels of expression in toxic strains than in non-toxic strains, suggesting that, in this species, absence of toxicity is
explained by gene regulation rather than dab sequence divergence. Variant analysis showed stronger spatial than
temporal genetic structuring and a clear separation was observed between the New Zealand strains and the
others, the former having a greater content of genes under selection. Overall, the genomes of the different groups,
including strains from a clonal bloom, did not appear to contain major rearrangements. Our findings contribute
to enlarging our understanding of diatom diversity, a key factor underlying diatom success, and provide novel
data on the longstanding problem of Pseudo-nitzschia toxicity.

* Corresponding author.
E-mail address: mariella.ferrante@szn.it (M.I. Ferrante).
1 S. Mager, F. Manfellotto and A. Ruggiero contributed equally.

https://doi.org/10.1016/j.hal.2024.102791
Received 8 August 2024; Received in revised form 21 November 2024; Accepted 20 December 2024

Available online 22 December 2024
1568-9883/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


https://orcid.org/0000-0002-3562-7992
https://orcid.org/0000-0002-3562-7992
https://orcid.org/0000-0002-9191-9957
https://orcid.org/0000-0002-9191-9957
https://orcid.org/0000-0002-1134-7849
https://orcid.org/0000-0002-1134-7849
https://orcid.org/0009-0005-1469-022X
https://orcid.org/0009-0005-1469-022X
https://orcid.org/0000-0001-6108-0217
https://orcid.org/0000-0001-6108-0217
https://orcid.org/0000-0002-5588-1226
https://orcid.org/0000-0002-5588-1226
https://orcid.org/0000-0003-2756-2743
https://orcid.org/0000-0003-2756-2743
https://orcid.org/0000-0002-5047-9713
https://orcid.org/0000-0002-5047-9713
https://orcid.org/0000-0002-7462-5922
https://orcid.org/0000-0002-7462-5922
https://orcid.org/0000-0002-2475-1787
https://orcid.org/0000-0002-2475-1787
https://orcid.org/0000-0002-8102-8018
https://orcid.org/0000-0002-8102-8018
mailto:mariella.ferrante@szn.it
www.sciencedirect.com/science/journal/15689883
https://www.elsevier.com/locate/hal
https://doi.org/10.1016/j.hal.2024.102791
https://doi.org/10.1016/j.hal.2024.102791
http://crossmark.crossref.org/dialog/?doi=10.1016/j.hal.2024.102791&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Mager et al.

1. Introduction

Diatoms are a highly diverse group of microscopic single-celled algae
that play an important role as primary producers in the oceans
(Benoiston et al., 2017; Tréguer et al. 2018). In the last decades, several
studies mainly based on genotyping approaches of microsatellite
markers showed that species of unicellular microalgae are not always
panmictic. Instead, they include genetically distinct populations at a
spatial, i.e., different geographical locations/sites (Benoiston et al. 2017;
Casteleyn et al. 2010; Sefbom et al. 2018; Ruggiero et al. 2024), and
temporal scale, i.e., within a single bloom season or between blooms
occurring in different years (Godhe et al. 2016; Sassenhagen et al. 2018).
Population genetics studies have been carried out since 2008 also with
the marine planktonic diatom Pseudo-nitzschia multistriata, recorded
regularly in the Gulf of Naples during summer and autumn (D’Alelio
et al. 2010; Tesson et al. 2014; Ruggiero et al. 2018, 2024). As most of
the pennate diatoms, P. multistriata has a heterothallic mating system,
with separate sexes called mating types (MT) (D’Alelio et al. 2010;
Scalco et al. 2016). Analyses based on microsatellites indicated that
different populations appeared in the Gulf of Naples over the years and
the genetic loci tested in those studies were generally in linkage equi-
librium, suggesting that sexual reproduction contributes to maintaining
genetic homogenization. These studies also revealed occasional clonal
expansions, and the occurrence of two cases in which an unbalance in
the sex ratio was observed. Specifically, a P. multistriata bloom in 2013
was shown to be dominated by a single genotype (Ruggiero et al. 2018;
2024), while in general diatom blooms often maintain high genotypic
diversity (Rynearson and Armbrust 2005; Tesson et al. 2014; Godhe
et al. 2016; Ruggiero et al. 2024).

P. multistriata has been selected as a model for studies on sexual
reproduction (Bilcke et al. 2022), and a reference genome and several
transcriptomics datasets are available for the species (Basu et al. 2017;
Annunziata et al. 2022; Ferrante et al. 2023), yet detailed data on ge-
netic diversity at the population level is still lacking. Here we aimed at
assessing the relationships at the genomic level by obtaining and
analyzing whole genomes of multiple strains from different geographic
sites: New Zealand, the Gulf of Mexico and the Adriatic Sea (Mediter-
ranean Sea), that derived from opportunistic sampling with different
purposes. Additionally, we included the Gulf of Naples and sampled it
repeatedly over different years, providing also a temporal resolution to
our study. While the generally low levels of P. multistriata abundance
worldwide, the narrow temporal windows of presence at the LTER
MareChiara in Naples, and the difficulty of maintaining many strains in
axenic conditions for long enough to obtain high quality DNA did not
allow to obtain large sample sizes generally used for population geno-
mics, our resequencing dataset currently represents one of the largest for
diatoms.

Pseudo-nitzschia species are regarded as harmful microalgae, with
half of the 60 putative species capable of producing the neurotoxin
domoic acid (DA) (Bates et al. 2018). DA can have detrimental effects on
various marine organisms as well as on human health (Petroff et al.
2021), causing a syndrome known as Amnesic Shellfish Poisoning (ASP).
Pseudo-nitzschia cell content of DA can be variable and in the same strain
DA production can be stimulated by different triggers, such as phosphate
or silica limitation, or the presence of grazers (Bates et al. 2018; Hard-
ardottir et al. 2019). P. multistriata is one of the toxic species, with its
strains capable of producing variable levels of toxin (Orsini et al. 2002;
Turk Dermastia et al. 2022) even though there are reports of non-toxic
strains (Rhodes et al. 2000; Amato et al. 2010). DA is a small mole-
cule synthesised from the precursors L-glutamic acid and geranyl
diphosphate, a C10 isoprenoid (Chekan et al. 2020). Biochemical and
transcriptomic studies had indicated that enzymes belonging to the
isoprenoid pathway, specifically those involved in the methyl-erythrito
phosphate (MEP) route, are implicated in the toxin biosynthesis
(Douglas et al. 1992; Hardardottir et al. 2019). The identification of a
four-genes genomic cluster for DA biosynthesis (dab), highly conserved
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between P. multistriata and its sister species P. multiseries, was crucial to
refine the DA biosynthetic (dab) pathway (Brunson et al. 2018). How-
ever, the underlying differences between toxin- and
non-toxin-producing Pseudo-nitzschia strains, and the relation to the dab
pathway, are not yet understood.

In this study, we aimed at exploring intraspecific diversity at the
genomic level, and in toxin production related genes. Specifically, we
explored dab genes sequence conservation at a large spatial scale across
the Gulf of Naples, New Zealand, Adriatic Sea and the Gulf of Mexico
populations, including toxic and non-toxic strains, revealing the pres-
ence of intact dab genes in all samples. We tested gene expression levels
on a subset of these samples and show that non-toxic strains have very
low expression of their potentially functional dab genes. Using the whole
genomes of 28 natural strains, we also aimed at following up past
population genetics studies, looking at whether a genetic structure could
be found on a temporal and/or spatial scale, and at identifying major
rearrangements and genes and genomic regions under selection, with a
special focus on genomes from strains collected during the 2013 clonal
bloom. Knowledge of diatom gene function, still limited for a large
fraction of genes, is gradually improving, and our dataset will serve for
many purposes, including a better refinement of the relationship be-
tween traits and their genetic basis. Our findings provide answers to
fundamental questions on Pseudo-nitzschia biology and ecology.

2. Materials and methods
2.1. Strain collection, culture conditions and crosses

For this study, 15 Pseudo-nitzschia multistriata wild strains were
collected between 2013 and 2020 at the LTER site MareChiara in the
Gulf of Naples, Italy (DEIMS iD: https://deims.org/0b87459a-da3c-45a
f-a3e1-cb1508519411). Five strains were obtained from the Adriatic
Sea, along the Italian, Slovenian (Turk Dermastia et al. 2022) and
Croatian coasts, two from the Gulf of Mexico, US (Russo et al. 2021), and
six from the coasts of New Zealand (Nishimura et al. 2021) (Table 1).
The strain B856, used to generate the reference genome, is an F2 strain
derived from a cross of two strains isolated at LTER-MC in the Gulf of
Naples in 2009 (Basu et al. 2017). One additional strain (1364-5)
collected at LTER-MC in 2020 was used only for domoic acid (DA)
assessment and for gene expression analysis. Individual cells were iso-
lated with a micropipette and grown in f/2 medium supplemented with
silicates (Guillard 1975) at a temperature of 18 °C, an irradiance of 50
pmol photons m~2s~! and a photoperiod of 12 L:12 D h. We adjusted the
f/2 medium salinity according to the strains’ isolation place (36 ppt for
the Gulf of Naples and Adriatic Sea populations; 33 ppt for the Gulf of
Mexico and New Zealand populations). To test sexual compatibility and
assess the mating type in the collected strains, they were crossed both
with MT- and MT+ strains isolated at LTER-MC (Table S1) using the
same procedure described in (Scalco et al. 2016). For genome rese-
quencing, strains were grown in f/2 medium supplemented with anti-
biotics, as described in the protocol “Axenic Diatoms cultures protocol”
(dx.doi.org/10.17504/protocols.io.bgudjws6). The absence of bacteria
was tested as described in the protocol “Detection of bacteria in
antibiotic-treated diatom cultures and cell harvesting” (dx.doi.
org/10.17504/protocols.io.btt5nng6).

2.2. DNA extraction, genome sequencing and mapping

DNA was extracted following the protocol “Genomic DNA extraction
from the diatom Pseudo-nitzschia multistriata for Illumina sequencing” (dx.
doi.org/10.17504/protocols.io.byk7puzn). Nucleic acids quantification
was done by Qubit® 2.0 Fluorometer (Life Technologies) while integrity
was assessed by 1 % agarose gel electrophoresis. The ITS sequence for
strain 1020F was obtained in this study (Supplementary Fig. S1), while
barcoding information for some of the other strains is provided in
Nishimura et al. (2021), Turk Dermastia et al. (2022) and Russo et al.
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(2021).

All strains were sequenced through Illumina Nextseq, producing 100
bp paired-end reads for strains 1119-15,1078-25, 1078-30, 1120-32 and
1120-47 and 150 bp paired-end reads for all other strains. The reference
genome was assembled from three different Illumina libraries of strain
B856 as described in (Basu et al. 2017). To add the reference B856 as an
additional sample for variant calling, original Illumina HiSeq 100 bp
paired-end reads were used and treated in the same way as the other 28
strains. The raw sequencing data of the newly sequenced strains are
available under the accession number PRJNA882609. Filtering, map-
ping and quality controls were done as outlined in Note S1 in Supple-
mentary Materials.

2.3. Variant calling

The identification of genetic polymorphisms in comparison to the
reference genome B856 was done using gatk v4.2.3.0 (Poplin et al.
2018). For several analyses a file containing the variant sites among all
29 strains (including the reference B856) was used. Several multisample
vcf files were produced including varying sets of strains, depending on
the downstream analysis performed as described in Supplementary Note
S2. In short, a GATK pipeline was used by first running Haplotypecaller
to identify variants in individual samples. With combinegvcf the single
gvcf files of the desired strains were combined and the combined data
was then jointly genotyped via genotypegvcfs, producing the multi-
sample vcf files that were used in the respective downstream analyses.
All sets of variants were filtered to get high quality variant sets as
described in Note S2.

Table 1
Information on the 29 genomes analysed in the study.
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2.4. Domoic acid quantification

DA production was assessed for the P. multistriata strains grown
under the same condition stated above, with different methods since
experiments were performed at different times during the project
(Table 2). Data for strains 1119-15, 1120-32 and 1120-47 were obtained
from cells collected in the stationary phase with an ELISA kit (Euro-
proxima®©) following manufacturer instructions. DA cellular content (fg

Table 2

DA content (fg cell™) in P. multistriata strains.
Strain DA concentration (fg/Cell") Test method
1119-15 3.47 TOF-MS
1119-15 8.04 ELISA
1120-32 26.55 ELISA
1120-47 40.11 ELISA
1364-5 0.926 HPLC
1365-11 0.97 HPLC
P4c2 4.35 HPLC
P4C5 0.255 HPLC
NZ5 N.D. HPLC
NZ1 N.D. LC-MS/MS*
NZ3 Trace LC-MS/MS*
NZ11 Trace LC-MS/MS*
MS3-SLO up to 20.7 ELISA/HPLC/LC-MS ™
A4-SLO up to 114 ELISA/HPLC

* Nishimura et al. 2021.
# Turk Dermastia et al. 2022
In bold are strains used for the gene expression analysis. TOF-MS =
Time-of-flight mass spectrometry, ELISA = ELISA kit (Europroxima®©), HPLC =
High-pressure liquid chromatography, LC-MS/MS = liquid
chromatography-tandem mass spectrometry. N.D., not detected.

Strains Isolation Geographic location of origin MT  Coverage®  Mapping Rate Reference bases covered by > 10 Reads
Date [%]" [%]"
B856 02/08/2011 B855 x B854, Italy, Gulf of Naples, LTER-MC + 246 74 90
1119-15 02/09/2014 Italy, Gulf of Naples, LTER-MC + 23 73 81
1078-25 08/10/2013 Italy, Gulf of Naples, LTER-MC + 56 76 85
1078-30 28/10/2013 Italy, Gulf of Naples, LTER-MC + 70 73 86
1120-32 09/09/2014 Italy, Gulf of Naples, LTER-MC - 73 70 86
1120-47 02/09/2014 Italy, Gulf of Naples, LTER-MC - 87 71 86
1264-D1 29/08/2017 Italy, Gulf of Naples, LTER-MC - 37 30 85
1264-D5 29/08/2017 Italy, Gulf of Naples, LTER-MC + 29 18 85
1334-1 21/06/2019 Italy, Gulf of Naples, LTER-MC - 123 75 87
1334-4 21/06/2019 Italy, Gulf of Naples, LTER-MC ND 93 65 87
1334-5 21/06/2019 Italy, Gulf of Naples, LTER-MC + 116 77 87
1340-6 05/08/2019 Italy, Gulf of Naples, LTER-MC ND 23 17 81
1342-30 03/09/2019 Italy, Gulf of Naples, LTER-MC + 109 65 87
1343-46 10/09/2019 Italy, Gulf of Naples, LTER-MC + 107 70 87
1364-6 07/07/2020 Italy, Gulf of Naples, LTER-MC + 172 63 87
1365-11 14/07/2020 Italy, Gulf of Naples, LTER-MC - 173 70 88
NZ1 (PA014Ps09) 14/01/2020 New Zealand, Kerikeri, Far North, Northland + 191 75 86
NZ3 (G027Ps06) 06/07/2020 New Zealand, Brightlands Bay, Marlborough + 167 70 84
NZ5 (G013Ps22) 30/06/2020 New Zealand, Oyster Bay, Marlborough + 171 73 85
NZ7 (PB024Ps02) 20/07/2020 New Zealand, Bream Bay, Whangarei, Northland - 197 72 84
NZ10 20/07/2020 New Zealand, Bream Bay, Whangarei, Northland - 180 73 83
(PB024Ps08)
NZ11 (GO01Ps01) 21/06/2020 New Zealand, Collingwood Farms, Tasman Bay - 195 72 87
0OGS-PS62 09/12/2019 Italy, Adriatic Sea, Gulf of Trieste, LTER-C1 - 56 66 85
MS3-SLO 16/12/2019 Slovenia, Adriatic Sea, OB2 aquaculture site + 82 72 85
(MS3)
A4-SLO 13/01/2019 Slovenia, Adriatic Sea, Slovenian LTER station - 92 70 85
(119 A4) 00F
1020F 19/10/2020 Italy, Adriatic Sea, Ancona coast ND 154 64 87
IOR20-05 01/12/2020 Croatia, Adriatic Sea, Krka River estuary ND 161 60 85
P4C2 25/07/2018 Texas US, Gulf of Mexico, Surfside Beach + 14 13 38
P4C5 25/07/2018 Texas US, Gulf of Mexico, Surfside Beach + 39 31 81

# Numbers depict mapping information after quality filtering.

Abbreviations: MT = Mating type, LTER = Long-Term Ecological Research, MC = MareChiara, ND = MT could not be determined by experimental crosses as the

strains failed to produce sexual stages.
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cell'!) was assessed using the following formula:
DA = [(Ev)(CV)']10°

E is the DA concentration determined by ELISA kit, v is the volume of
solvent used for extraction, C is the culture concentration expressed in
cells/ mL™, V is the culture volume used for DA assessment. DA content
for strain 1119-15 was also assessed by time-of-flight mass spectrometry
(TOF-MS) assay for a comparison with the ELISA data. Cellular content
of DA for strains 1365-11, 1364-5, NZ5, P4C2 and P4C5 was measured
from cells collected in the late exponential phase via high-performance
liquid-chromatography (HPLC) of the fluorenylmethoxycarbonyl de-
rivative as described by (Pocklington et al. 1990). RNA samples used for
DA genes expression analysis were collected simultaneously with sam-
ples for DA quantification.

2.5. Protein alignment and modelling

To investigate sequence variation for the DA biosynthetic pathway
genes, as well as for the gene MRP3, consensus sequences were isolated
with beftools v1.14 (Danecek et al. 2011) from genome sequencing data
of the 29 strains. Corresponding amino acid sequences were obtained
using the EditSeq®, Version 5.00 (DNASTAR. Madison, WI) software
and were aligned using the multiple sequence alignment online software
Clustal Omega (Sievers and Higgins 2018).

Uncertain residues (X and B on the original sequences) were changed
to the smallest amino acid possible, alanine, based on the consensus in
the assembled sequences. Sequences were annotated using InterPro scan
(https://www.ebi.ac.uk/interpro/). Signal peptide was cleaved from
Daba and Dabd, and sequences submitted to Colabfold v1.5.5 (Mirdita
et al. 2022) to predict protein fold. The shallowness of the
mmseq2-based MSA (<5 sequences) was balanced by the increase of the
number of recycles for Dabb and Dabc. Structures were visualised with
ChimeraX v1.7 (Meng et al. 2023).

2.6. RNA extraction and genes expression analysis

To compare the levels of dab and selected isoprenoid biosynthetic
genes expression among selected strains, RNA extractions were per-
formed as described in the protocol “RNA extraction from the diatom P.
multistriata” (dx.doi.org/10.17504/protocols.io.261gen627g47/v1). 0.5
pg of total RNA was reverse-transcribed using the QuantiTect® Reverse
Transcription Kit (Qiagen) following manufacturer’s instructions. dab
and isoprenoid genes expression levels were evaluated by qPCR. Gene
primers, designed on the P. multistriata genome, are reported in
Table S2.

The qPCR experiments were performed in triplicate in a ViiA 7 Real-
Time PCR System (Applied Biosystems, Foster City, CA, USA) using Fast
SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA),
following manufacturer instructions. The reference gene used was TUB-
A (Adelfi et al. 2014). The relative gene expression was calculated with
the following formula: relative expression ratio of the gene of interest is
274CT with ACT = Ct(target gene) Minus CT(reference gene)- The results SD are
the mean of at least three separate experiments, measuring each
parameter by triplicate (n = 3).

2.7. Genetic diversity in space and time

A pairwise distance matrix (using absolute distance between the two
vectors as distance measure) based on the called genomic variants of all
29 strains was produced in R v4.2.0 (R Core Team, 2021) with vcfR v.
1.12.0 (Knaus and Griinwald 2017) and adegenet v. 2.1.3 (Jombart and
Ahmed 2011) and a clustering tree deduced from the distance matrix
with MEGA v11.0.11 with the neighbor joining tree function (Tamura
et al. 2021). The distance scale of the tree indicates the dissimilarity for
the specified length of a branch. The sum of all branch lengths between
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each two strains is the dissimilarity between these two strains.

A Pearson’s test was done in R 4.2.0 using the cor.test function of the
ggpubr package v. 0.4.0 to test for correlation between genetic distance
and geographic distance at a large scale (among the four major sampling
sites: Gulf of Naples, Adriatic Sea, New Zealand and Gulf of Mexico) as
well as smaller spatial scale (New Zealand, four sampling sites).
Geographic distances were measured in Google Maps by measuring the
length of the shortest water route between two sampling sites.

A principle coordinate analysis was performed for the 15 strains from
the Gulf of Naples in Genalex v. 6.5 (Peakall and Smouse 2006).

For the ADMIXTURE analysis, the vcf file was further filtered to
remove singletons, retain only biallelic and unlinked (LD pruning r? <
0.6) SNPs, and a minor allele frequency higher than 0.05 using vcftools
v. 0.1.16 (Danecek et al. 2011) and bcftools v. 1.15.1 (Danecek et al.
2021). Strain ancestries were estimated through a maximum likelihood
approach and cross validation procedures using ADMIXTURE v. 1.3.0,
PLINK v. 2.00a3.7 (Purcell et al. 2007) and custom scripts. K values
ranging from 1 to 15, corresponding to the number of geographic areas
and sampling years in the dataset, were tested. To investigate the in-
fluence of large spatial scale divergence, this analysis was repeated after
excluding the New Zealand strains.

The genome-wide heterozygosity rate was calculated by counting the
total number of heterozygous sites in the set of high-quality variants
among the 29 strains for each sample and dividing the number by the
callable genome size as described in Note S3. To see whether charac-
teristics of subgroups of strains, especially the dominance of the two
strains from the 2013 bloom and strains from different populations,
could be attributed to differences in the heterozygosity level in certain
scaffolds, the heterozygosity level of each scaffold was compared be-
tween pairs of subgroups (Note S3).

2.8. Determination of genes under selection

To better understand the adaptation of populations and influences on
structuring, the selective pressure acting on genes was measured
applying the aN/xS ratio (Note S4), which determines the rate of sub-
stitutions at nonsynonymous (missense) sites to the rate of substitutions
at synonymous (silent) sites. It is a measure to investigate the mode of
selection acting on a gene, with values < 1 indicating more constraint
(purifying selection) while values > 1 indicate positive selection
(Jeffares et al. 2015). It has to be noted that positive selection can also
lead to reduction of polymorphism at non-silent sites (and linked silent
sites) when an adaptive allele is spreading, and higher polymorphism at
non-silent sites may be created by other specific types of selection, such
as balancing selection at a set on non-synonymous sites. SNPs were
annotated with snpEff v5.0 (Cingolani et al. 2012) and the N/zS ratio
calculated for callable genes as described in Note S4.

The overlap between these genes and the genes under selective
pressure determined by (Basu et al. 2017) for orthologous genes be-
tween P. multistriata and P. multiseries (Ka/Ks > 1) was determined and a
Fisher’s exact test applied to test for significance in the overlap. For the
statistical test to be meaningful, genes had to be filtered to take into
account only genes considered as callable in both studies.

Callable genes as well as nucleotide diversity and genes under se-
lection were determined for several subsets of strains among our dataset
besides for the whole set of 29 strains, namely for the strains from the
Gulf of Naples (excluding 1078-30 to include only one of the two highly
identical strains from the bloom in 2013), the strains from New Zealand
as well as for the strains from the Adriatic Sea (Note S4).

2.9. Determination of dispensable genes

Since homozygous high impact mutations can cause disruption of a
gene, this gene can be considered as not crucial for the survival of the
strain. To identify the fraction of dispensable genes, high impact vari-
ants showing a homozygous genotype in at least one strain among the
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variant dataset of the 29 strains were determined as explained in Note
S5. With the list of dispensable genes, a GO enrichment analysis was
done with TOPGO v2.44.0 (Alexa 2019) to determine overrepresented
gene categories.

2.10. Determination of candidate loci under selection

Since regions under selection are key determinants of genetic vari-
ation that influences fitness in different environments, we identified
such regions in the P. multistriata genome using differences in allele
frequencies between the Gulf of Naples, the Adriatic Sea, the Gulf of
Mexico and New Zealand (i.e., excluding the reference strain) in
BayeScan v2.1 (Fischer et al. 2011) as outlined in Note S6. Although
ideally more strains would have been needed, the BayeScan analysis was
repeated on the strains from the Gulf of Naples only, specifying the two
dominant strains as one population and the other strains as another
population, to check if outlier sites varying in the allele frequency be-
tween the two defined populations could be found, potentially
contributing to understanding the dominance of the 2013 genotype.

To check if there are genes with both aN/aS > 1 and outlier loci
determined with Bayescan, solidifying the presumed selective pressure,
a Fisher’s exact test applied to test for significance in the overlap. For the
statistical test to be meaningful, the genes with outlier sites had to be
filtered for retaining only callable genes as was done for determination
of genes with aN/aS > 1.

3. Results
3.1. Strain collection and genome resequencing

We resequenced the genomes of 28 P. multistriata strains isolated
between 2013 and 2020 from different sites (Fig. 1, Table 1).

P. multistriata cells can be easily recognised in natural samples
examined in light microscopy due to their distinctive sigmoid shape
(Orsini et al. 2002). In order to confirm that all the strains collected
belonged to the same ‘biological’ species sensu (Mayr 2000), we set up
crosses and demonstrated sexual compatibility among them. Crosses

2013 —>

2019
2020
Adriatic Sea
5
2018
Gulf'of Mexico
2 15
° Gulf of Naples
2014
2017
2019
2020
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with reference strains of known MT from the Gulf of Naples and strains
from the other geographic locations also allowed MT assignment
(Table 1, Table S1).

3.2. Sequences and expression of domoic acid biosynthetic genes

P. multistriata strains from the Gulf of Naples are known to produce
domoic acid (Orsini et al. 2002; Amato et al. 2010). The toxin was also
detected in Adriatic strains (Turk Dermastia et al. 2022), but not in
strains from New Zealand (Nishimura et al. 2021) (Table 2). We tested
DA production in five strains from the Gulf of Naples, in the strains from
the Gulf of Mexico and in the New Zealand strain NZ5, confirming that in
this last strain the toxin was undetectable, while all the other tested
strains were moderately toxic (Table 2).

We found minor differences in the amino acid sequences of the four
dab genes (Brunson et al. 2018) among the 29 strains (including the
reference strain used for genome sequencing (Basu et al. 2017)) but none
that could suggest loss of function (Fig. 2B, Figs. S2-S5). It is interesting
to highlight that variations in dabd are all in the peptide signal and
transmembrane regions. We measured the dab genes expression in two
toxin-producing (1365-11, 1364-5) and three non- or trace-producing
(NZ1, NZ3 and NZ5) strains, the only three NZ strains that survived
long enough to carry out this study. A positive trend between daba, dabb,
dabc and dabd genes expression levels and toxin production was detec-
ted, with an upregulation ranging between 5 and 14 folds in toxic strains
with respect to non-toxic strains (Fig. 2C). In addition to the dab genes,
we measured expression levels of four genes belonging to the isoprenoid
pathway, shown to be upregulated when toxicity is induced by grazers
cues (Hardardottir et al. 2019) and to be coregulated with the dab genes
in in situ data (Brunson et al. 2024). We found that DXS and HDR have
higher expression levels in the toxic strains than in the non-toxic ones,
whereas the expression levels of HDS and IDI were similar in all strains
(Fig. 2D).

The expression of these eight genes was also tested in an independent
set of four Neapolitan strains collected and analysed together in a pre-
vious experiment, confirming a general trend of higher dab genes
expression levels in the two strains with high DA production compared

two dominant
MT+ from bloom

New Zealand
6
2020

re

Fig. 1. Sampling locations of 28 P. multistriata strains isolated from the Gulf of Naples (15 strains collected between 2013 and 2020, blue dot), the Adriatic Sea (five
strains collected in 2019 and 2020, purple dots), New Zealand (six strains collected in 2020, orange dots) and the Gulf of Mexico (two strains collected in 2018,

green dot).
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to the two with low DA production (Figure S6).

3.3. Genetic divergence across space and time

The P. multistriata reference genome was assembled from strain B856
using five different Illumina sequencing datasets (Basu et al. 2017). In
order to include the reference strain B856 in the variant analysis, we
mapped part of the original Illumina data against the reference assem-
bly, leading to a total number of 29 strains for the variant calling
(Table 1). We obtained a mapping rate of at least 60 % for 24 of the 29
strains, while values were lower than 31 % for three strains from the
Gulf of Naples and two from the Gulf of Mexico (details in Table 1 and
Note S2). Unmapped reads were mainly represented by bacterial se-
quences, and to a minor extent by sequences of the organelles, not
included in the reference assembly (Table S3).

Filtering resulted in a high quality, reliable set of 385 029 variants
across the 29 genomes with a read depth between 23 and 137. More
SNPs and Indels were found in New Zealand and Gulf of Mexico strains
than in the other two locations (Fig. 3A) and, as expected, fewest vari-
ants in the reference strain. New Zealand strains showed a high vari-
ability in the number of heterozygous SNPs. The number of strain
private SNPs tended to be higher in locations with a small sample size
(Fig. 3B).

A clustering tree based on the variant sites detected across the 29
strains showed that strains clustered mostly according to their
geographic distance, with the reference B856 expectedly closest to the
Gulf of Naples strains (Fig. 3C). Note that the sum of all branch lengths
between each two strains is the dissimilarity between these two strains,
therefore New Zealand and the Mexican strains are among those more
distant from the rest.

After further stringent filtering to fit the model’s assumptions, a total
of 27 323 SNPs were used for ADMIXTURE analysis. The cross-
validation results indicated the occurrence of two distinct genetic clus-
ters, corresponding to New Zealand and the other strains (Fig. 3D), in
line with the clustering tree (Fig. 3C). The Gulf of Naples did not show
temporal structuring, as indicated by a PCoA analysis of samples isolated
between the 2013 and 2020, with the exception of the two clonal strains
(1078-25, 1078-30) from the 2013 bloom (Fig. 4).

The Gulf of Naples did not show evidence of admixture with the
Adriatic and Mexican population, although it was not clearly supported
as a distinct genetic group. This result remained consistent after
removing the New Zealand strains, which led to the identification of a
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single cluster in the remaining dataset (Fig. S7).

The pairwise comparison between the four groups of strains from the
same geographic area showed that genetic distance (based on the
variant sites) increased with increasing geographic distance (Fig. S8),
verified by a Pearson’s test showing highly significant correlation
(correlation coefficient 0.99, p-value 0.0001) (Fig. S8). On a regional
scale, among the strains sampled around New Zealand, no significant
correlation (p-value 0.69) was found (Fig. S8C). A pairwise distance
matrix applied between all 29 strains showed that the two genetically
closest strains were expectedly those isolated from the clonal bloom in
2013 (Ruggiero et al. 2018) (Fig. S9). Calculating from the distance
matrix (Fig. S9), the lowest average genetic distance for all pairs of
strains in one location was found in the Gulf of Naples (average distance
73 452), the highest (112 041) within the Adriatic Sea, while the
average distance was 95 515 within New Zealand.

The range of genome-wide heterozygosity level was broad in the
Adriatic Sea and especially in New Zealand strains (Table S4), which
showed both the highest and the lowest values. A much narrower range
was detected in the Gulf of Naples, while the two strains from the Gulf of
Mexico showed both a relatively high heterozygosity level (Fig. 2E,
Table S4). The time spent in culture since the date of strain isolation has
been suggested to cause ample changes in the genome structure of model
diatom P. tricornutum (Bulankova et al. 2021). In our study, months of
cultivation before DNA collection did not seem to correlate with het-
erozygosity nor to influence clustering (Fig. 2E).

3.4. Heterozygosity, genetic diversity and dispensable genes

We were interested in exploring major genomic changes and varia-
tions that could be distinctive of the different geographic groups, with a
specific interest in the genomes of the non-toxic strains and in the two
clonal strains isolated from the clonal bloom from 2013.

To determine if the two dominant clonal strains showed localised
enrichment in heterozygosity in specific genomic regions compared to
other strains, we determined scaffolds with diverging (higher/lower)
heterozygosity level from other strains for different subgroups,
including comparing the two dominant strains to the other strains from
the Gulf of Naples (Fig. S10). No specific enrichment of regions with
diverging heterozygosity level was found for the two dominant clonal
strains when comparing to other combinations of strains (Table S5).

The comparison of multiple strains for a species allows to define core
genes that are necessary to allow survival, and dispensable genes that
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Fig. 4. Principal coordinates analysis for the 15 strains from the Gulf of Naples based on the high confidence set of variant sites. The two strains isolated from the
clonal bloom of 2013 are circled and in black, other colours indicate samples from 2014, in red, from 2017, in brown, from 2019, in blue, and from 2020, in grey.
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are not necessary and can therefore be lost in some of the strains. We
used two approaches to define dispensable genes in P. multistriata. In one
case, dispensable genes were determined based on a horizontal exon
coverage of <5 % in at least one of the strains (Osuna-Cruz et al. 2020).
A significant negative correlation (Pearson’s correlation coefficient =
-0.38, p-value = 0.04) between the number of lost genes and the number
of mapped reads was found (Fig. S11), indicating a technical bias in this
approach. As an alternative, genes with a homozygous high impact
mutation, rendering the gene non-functional in at least one of the 29
strains, were considered as dispensable. A total of 1 257 genes were
found with this criterion (Table S6). The dispensable genes were slightly
enriched in non-annotated genes (about 44 % in comparison to 38 %
genes without functional annotation among the reference genes). GO
enrichment analysis indicated 14 significantly overrepresented cate-
gories in the dispensable genes set (Table S7). Like in S. robusta
(Osuna-Cruz et al. 2020), we found the occurrence of several transporter
proteins among the dispensable genes. Repeating the analyses for indi-
vidual groups, we found that the highest percentage of unique
dispensable genes was found in the New Zealand strains (~45 %)
compared to the Gulf of Naples (23 %) and the Adriatic Sea (20 %). We
then assessed the mN/zS as a measure of the level of selective pressure
acting on the species. The tN/xS ratio calculates the rate of substitutions
at nonsynonymous (missense) sites to the rate of substitutions at syn-
onymous (silent) sites. For the 6 685 callable genes (~56 % of the ~12
000 reference genes, see Materials and Methods) across all 29 strains,
P. multistriata was found to have a non-synonymous pairwise diversity
(nN) value of 0.012, a synonymous diversity (nS) value of 0.035 and a
©N/=S ratio of 0.34 (Table 2).

A total of 194 genes (2.9 % of the callable genes) with aN/zS > 1
were found. Like dispensable genes, they were found to be enriched in
genes without annotation (56 % in comparison to 36 % among the
callable reference genes) but no overrepresented GO category with more
than one gene was found among the annotated genes. When comparing
different species instead of strains of the same species, Ka/Ks is used,
which measures the ratio of the number of nonsynonymous substitutions
per non-synonymous site (Ka), in a given period of time, to the number
of synonymous substitutions per synonymous site (Ks), in the same
period. In a previous study, genes under potential selective pressure
were determined measuring the Ka/Ks ratio for orthologous genes be-
tween P. multistriata and P. multiseries, finding 131 genes to have a Ka/Ks
ratio > 1 (Basu et al. 2017). Among the 3590 reference genes deter-
mined as callable in both studies, nine overlapped between the sets of
genes, with a highly significant overlap indicated by a Fisher’s exact test
(p-value = 1.6) (Table S8). Four out of these nine genes have no
annotation and the others cannot be linked to specific functions.

We tested if nucleotide diversity varied among different populations
of P. multistriata. This was also useful to discern whether the higher 1N/
7S diversity in P. multistriata compared to other single-celled algal spe-
cies (Table S9) might be caused by the higher number of strains

Table 3
Nucleotide diversity, tN/zS ratio and the number of genes under selection for
different P. multistriata groups of strains.

P. multistriata aN 7S aN/ Genes with tN/nS > 1

subset 7S

All 29 strains 0.012 0.035 0.34 194 (2.9 % of 6685 callable
genes)

GoN, 14 strains 0.008 0.023 0.35 269 (2.6 % of 10,295 callable
genes)

NZ, 6 strains 0.010 0.026 0.38 356 (3.2 % of 11,069 callable
genes)

AS, 5 strains 0.010 0.027 0.37 316 (2.9 % of 10,888 callable
genes)

a

excluding 1078-30 to include only one of the two highly identical strains
from the bloom in 2013
Abbreviations: GoN = Gulf of Naples, NZ = New Zealand, AS = Adriatic Sea.
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considered in our study. naN/znS was found to be comparable when
testing subsets of strains (Table 3), moreover among the New Zealand
strains, the highest N /xS ratio as well as the highest percentage of genes
with =N/xS > 1 (Table 3, Table S10) were found.

Loci under selection are a key for the genetic variation that in-
fluences fitness in different environments. Therefore, we did a genome
scan for outlier candidates based on differences in allele frequencies
between the four groups of strains from the different geographic areas to
identify regions of the genome under purifying or diversifying selection.
By analyzing the Bayscan Fixation index values (Fst), a total of 49 out-
liers were detected (Fig. 5), located in or very close to 30 different genes
(Table S11).

About 60 % (29) of the outliers were distributed on only three
scaffolds (Fig. 5), all but one being under positive diversifying selection
as indicated by the positive alpha value, comprising three larger variable
regions harboring 10 genes (Table S11). The remaining 20 outliers were
scattered along different scaffolds. When comparing the set of 30 genes
on and around the 49 outliers a significant overlap (nine genes) was
found with the 1257 dispensable genes among all strains (Fisher’s exact
test with a p-value of 0.003) (Table S12).

No significant candidate outlier sites between the dominant strains
from the 2013 clonal expansion event and the other 13 strains collected
in the Gulf of Naples could be found.

It is interesting to note that the list of genes with aN/aS > 1 in the
Adriatic strains (Table S10) contains the mating type determining gene
MRP3. This gene is expressed only in MT+ strains, from only one of the
two alleles, and is required for the specification of the MT+ identity
(Russo et al., 2018a). The alignment of the MRP3 protein product ob-
tained from the coding sequence extracted from each genome indeed
showed more amino acid changes in the Adriatic strains (Fig. S12).
Changes in the gene sequence include a nucleotide change generating a
stop codon, leading to a truncated protein product in the MT- strains
OGS-PS62 and A4-SLO, and small deletions in the A4-SLO and in the
NZ5 strains causing a frameshift and leading to a truncated protein
product (Fig. S13).

4. Discussion

The exploration of differences in the genomic structure of microalgal
populations isolated from distinct geographic regions is still in its in-
fancy. Here we explored the extent of similarity in the genomic features
of P. multistriata strains from multiple locations around the world,
revealing i) overall high levels of variation in this species, compared to
other phytoplankton taxa, ii) a clear differentiation of strains sampled in
New Zealand, the most distant geographic site, and iii) a weaker pop-
ulation structuring when excluding these from the analysis. The New
Zealand strains were reported to be non-toxic, offering the opportunity
to address the pending question of whether the genetic potential for
toxin biosynthesis is present or not in non-toxic cells. Moreover, ge-
nomes of strains sampled from a rare clonal bloom detected in the Gulf
of Naples in 2013 did not show signs of loss of heterozygosity nor of
major rearrangements which could explain their sudden dominance.

4.1. Dab genes sequence variation and expression levels in different
strains

Not all Pseudo-nitzschia species can produce DA, and in the species
reported to be toxic, such as P. multistriata, non-toxic strains can also be
found (Amato et al. 2010). In the set used for this study, either no DA
production or only traces were reported for the New Zealand strains
(Nishimura et al. 2021). The mechanism underlying this difference is
still unknown. The dab gene cluster has been identified as responsible for
toxin production (Brunson et al. 2018). The comparison of the dab genes
sequences among the 29 strains did not show any gene-interrupting
mutations that could explain lack of DA production in the New Zea-
land strains. Instead, we found that the dab genes expression levels were
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Fig. 5. Outlier sites determined among all strains (excluding the reference) with their alpha and Fst values. In the top part of the figure the location (scaffold and
basepair position in the respective scaffold) is reported. Three scaffolds have more than two outlier sites, indicating larger regions under positive selective pressure as
suggested by the positive alpha values (except for a negative alpha in one outlier on scaffold 33 far away from the other sites) in these outlier sites.

lower in the non-toxic strains compared to the DA producing strains
1364-5 and 1365-11, suggesting that the dab genes expression is
modulated by still undescribed regulatory mechanisms. A tendency to
have higher dab genes expression in high DA producing strains versus
low DA producing strains was also observed in another set of Neapolitan
strains, although we note that in general the dab genes expression levels
are never very high when compared to other P. multistriata genes (see
Figure S6 as example). The methyl-erythrito phosphate (MEP) route for
isoprenoids has been shown to be implicated in DA levels increase under
condition of phosphate limitation and elevated pCO5 in P. multiseries
(Brunson et al. 2018), and upon grazer exposure in P. seriata
(Hardardottir et al. 2019). Although physiological metabolic differences
among strains could determine differences in the expression of MEP
genes, required for the synthesis of many other compounds, we note that
in the P. multistriata strains examined, the MEP gene HDR showed a
remarkable difference in the expression levels between the two groups,
coherently with the fact that it is one of the isoprenoid genes induced in
all three conditions mentioned above (Hardardottir et al. 2019). DXS,
encoding the first enzyme in the MEP pathway, also displayed higher
levels of expression in the DA producing strains, while the HDS and IDI
genes had comparable levels among strains. Our data demonstrate that
P. multistriata strains for which DA production was undetectable have
the genetic potential to produce DA. Whether this can be extrapolated in
general to non-toxic Pseudo-nitzschia species remains to be assessed, but
the hypothesis of dab genes transcriptional repression would be coherent
with the finding that the putatively non-toxic species P. obtusa unex-
pectedly began to produce DA when exposed to copepod cues
(Hardardottir et al. 2019; Tammilehto et al. 2015). The production of
Pseudo-nitzschia genomes from toxic and non-toxic species will confirm
presence/absence and sequence variation of the dab cluster. We note a
very recent study on the topic (He et al., 2024). Additional studies on
gene expression regulation are needed to refine the regulatory mecha-
nisms, including experiments where DA production in multiple toxic and
non-toxic P. multistriata strains is stimulated by external cues, such as
copepodamides from copepod grazers (Grebner et al. 2019), or by spe-
cific growth conditions. Combined with studies aimed at following toxin
levels and gene expression in situ, results of such studies will contribute
to a better understanding of toxic Pseudo-nitzschia blooms and will be
instrumental for the implementation of bioassays needed for improved
monitoring and forecasting of harmful events (Brunson et al. 2024). As

far as questions related to the dab gene cluster evolution, additional
sequence data from this and other Pseudo-nitzschia species will allow to
explore evolutionary rates and selection forces acting on the four genes.

4.2. Genetic structuring in P. multistriata

Variant analyses showed that the sampling location has a bigger
influence on the genomic differences between strains than the sampling
date or culture age.

Past studies of population genetic structure in diatoms relied on
microsatellites, neutral markers with high mutation rates. With this tool,
genetic structures were recorded at various spatial scales for planktonic
diatom species, e.g., Pseudo-nitzschia pungens (Casteleyn et al. 2010) and
Skeletonema marinoi (Sjoqvist et al. 2015). More recent analyses
explored genetic variation and the basis of adaptation to different
environmental conditions with genome-wide approaches coupled with
ecophysiological tests. Populations of the pelagic diatom Fragilariopsis
kerguelensis sampled across the Southern Polar Front showed the pres-
ence of two ecotypes apparently adapted to the different environmental
conditions above and below the Polar Front and a third ecotype with a
broader distribution. Results suggested adaptive expansion and an
incipient speciation of the northern and southern ecotypes supported by
reproductive isolation (Postel et al. 2020). The combination of
high-resolution population genomics and transcriptomics data showed
evidence that the salinity gradient of the Baltic Sea is a major driver of
adaptive change in the diatom Skeletonema marinoi, but also highlighted
the complex role of additional metabolic processes in shaping popula-
tion structure in this highly variable environment (Pinseel et al. 2023).

Chaetoceros genetic diversity has been assessed using metagenome
assembled genomes (MAGs). Single-nucleotide variants identified
within the different MAG populations indicated the presence of genetic
structure in some Arctic Ocean populations, and distinct abiotic factors
shaped populations more than geographic distance (Nef et al. 2022),
supporting previous results in Thalassiosira rotula, indicating that dis-
tance and time can have equally strong influences on genetic struc-
turing, but that environmental selection can play an important role in
maintaining genetic divergence (Whittaker and Rynearson 2017).

In P. multistriata, different analyses supported the differentiation
between the samples collected in New Zealand compared to the other
samples. Without taking into account currents, mixing between
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populations from the different locations would require overcoming
distances of about 25 000 km for the most distant sites, suggesting that
the gene flow between the different populations could be limited. The
Neapolitan strains showed lower intra-population diversity despite
strains having been isolated along a time span of several years, than the
ones from the Adriatic Sea and New Zealand, possibly due to the more
dispersed sampling sites accompanied by wider range of environmental
conditions in the latter two. Reference strain B856 was a lab strain ob-
tained by crossing P. multistriata strains from 2009 (Tesson et al. 2014)
and thus expectedly has the greatest distance from the other Gulf of
Naples strains.

Previous studies based on microsatellite data identified four distinct
genetic clusters in the Gulf of Naples using a total of over 1100 strains
isolated during the years 2008 to 2020. These populations appeared
over different time intervals, one was dominant in 2008-2010, three
appeared in 2013-2014, one of which became dominant in 2017-2020
(Ruggiero et al. 2024). Our genome-wide data including strains from
2013, 2014, 2017, 2019 and 2020 are coherent with this separation,
with most of the Neapolitan strains from those last four years clustering
together in a PCoA analysis, and a clear separation of only the two clonal
strains from 2013. The Admixture analysis, conducted with stringent
filtering to fit the model predictions, did not pick up this separation, but
strongly supported a different genetic makeup in the New Zealand
strains. If the New Zealand strains are excluded from the analysis,
ADMIXTURE still supports the inclusion of all other strains in one
population. As for the reason why the Gulf of Mexico strains appear close
to some of the Adriatic strains, we excluded major technical issues, we
note that many invasive species arrive in the North Adriatic Sea thanks
to ballast waters (Gollasch et al. 2019) but suggest that the sample size
should be increased before we can draw any definite conclusions on
these observations. The Adriatic samples showed high diversity, with
the greatest average genetic distance. A possible explanation lies in the
fact that the North Adriatic Sea, despite being a relatively small basin, is
exposed to a strongly fluctuating nutrient concentrations due to the Po
River freshwater input, resulting in very dynamic and variable envi-
ronmental conditions (Zavatarelli et al. 1998). In addition to individual
strain variability (Lema et al. 2019; Kremp et al. 2012), culture age is
another factor to be considered when assessing ecophysiological re-
sponses or microevolution dynamics, for instance time spent in culture
explained part of the transcriptomic differences in Leptocylindrus aporus
strains exposed to different temperature (Pargana et al. 2020). For our
study, strains were collected after a variable number of months from
initial isolation, spanning from one to over 20 months for some of the
Neapolitan strains, and we note that there is no specific effect of the
culture age on clustering based on variants.

Finally, mapping rate for the strains in this study was generally
around 70 %, lower than 94-99 % reported for 17 P. tricornutum strains
(Chaumier et al. 2024), and more similar to values found for the hap-
tophyte Emiliania huxleyi (now Gephyrocapsa), which were reported
around 95-65 % (Read et al. 2013) and 25-69 % (Bendif et al. 2023).
Bacterial sequences appeared to be the major source for unmapped
reads, suggesting the presence of bacterial strains resistant to the anti-
biotic cocktail used to treat cultures. We note that it is not possible to
maintain P. multistriata in axenic conditions for longer than a few weeks,
due either to toxicity of the antibiotics or perhaps to the need of
P. multistriata cells for the presence of bacterial compounds.

4.3. Genomic features in the different groups

In the diatom Thalassiosira pseudonana regional loss of heterozygos-
ity was found in isolates from several locations (Koester et al. 2018). Our
exploration of the genome in search of regions with distinctive features,
such as areas with loss of heterozygosity, could not point to any specific
event, although these analyses will be more sensitive when a more
refined genome with improved contiguity is available.

In line with what mentioned above, we could not find any specific
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genomic feature associated with cultivation time. The few studies in
which the genome structure was studied in strains kept in clonal culture
for variable periods of time provide contrasting results. Genome-wide
data for 10 P. tricornutum strains, where the sampling time spanned
almost one century and the strains were kept in culture for extended
times, showed temporal stability (Rastogi et al. 2020). A more recent
analysis with seven additional P. tricornutum strains, for a total of 17
strains, failed to establish a clear link between age of the strain and the
extent of genetic diversity (Chaumier et al. 2024). As in our case, the loss
of heterozygosity in cultured strains over time was not supported.
However, in a comparison between a wild type and a mutant
P. tricornutum strain separated for over one year of cultivation, major
loss of heterozygosity events were observed (Russo et al. 2018b).
Another report indicated that P. tricornutum clonal cultures rapidly
accumulate genomic diversity, with increased copy number variation
and loss of heterozygosity (Bulankova et al. 2021). Dedicated experi-
ments, with repetitive sampling of selected strains along longer culti-
vation times, would add more on genome stability in P. multistriata.

Non-synonymous to synonymous substitution ratio was determined
for orthologous genes between P. multistriata and P. multiseries in our
previous study, in which 131 genes had a Ka/Ks ratio > 1 (Basu et al.
2017). Here we focused on finding genes with a high rate of non-
synonymous polymorphisms within the dataset of P. multistriata strains.
The comparison of two species considers mainly substitutions (muta-
tions) that got fixed in the genome. Within-species comparison regards
polymorphisms that will not necessarily get fixed (Rocha et al., 2006;
Kryazhimskiy and Plotkin, 2008) and allows insights into population
dynamics on a short time-scale. The significant overlap of genes under
selection found in the interspecific analysis of (Basu et al. 2017) and the
genes under selection found in our intraspecific analysis indicates that
looking at a “snapshot” view of nucleotide diversity can give hints also
on long-term evolutionary aspects of a species. The availability of both
kinds of analyses indicated that the set of constraint genes was rather
stable in P. multistriata, considering the significant overlap of genes
under selection between both studies.

The relatively high 7N and =S values for P. multistriata among other
diatoms and single-celled marine organisms (Table S10) was interpreted
as indication for a small effective population size and/or a low sexual
reproduction rate since a high recombination rate is linked to stronger
purifying selection (Rastogi et al. 2020; Osuna-Cruz et al. 2020; Cav-
assim et al. 2021).

Genes tend to be less constrained and consequently more variable if
they are non-essential for the survival of a species (Jordan et al. 2002;
Osuna-Cruz et al. 2020). Dispensable genes are therefore more
frequently found to be evolving than essential core genes, presumably to
increase the possibility for beneficial new characteristics to be devel-
oped. In the P. multistriata strains analysed in this study, a few
dispensable genes were significantly overlapping with genes in which
candidate sites under diversifying selection were located.

Overall, the New Zealand strains showed highest variability in het-
erozygosity levels, the highest aN/xnS ratio, the highest number of genes
with aN/xS > 1 as well as the highest number of unique dispensable
genes, and together with the results of the ADMIXTURE analysis, appear
to be distinct from the other samples obtained for this study. This
probably is due to the geographic distance limiting the genetic flow, and
while there are differences in the specific environmental conditions, the
four sites selected were all from comparable coastal sites and from
temperate areas. We expect that part of the adaptive response of these
strains relies on gene expression modulation. Future metagenomics and
metetranscriptomics studies will help in confirming this idea and in
providing more information on the role of the putative genes under
selection identified in this study.

Interesting results have been obtained with the coccolithophore
E. huxleyi (now Gephyrocapsa huxleyi), where a study based on the
analysis of the genome of 17 isolates first showed that all strains shared a
core-genome but also harbour considerable genome variability (Read
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et al. 2013). In this case the variability was supported by the presence of
different metabolic repertoires and a further study led to the description
of three distinct species for which authors could also depict the tempo of
speciation. In the case of P. multistriata, we could identify regions that
appear under selection, but not relevant differences at the level of genes
or gene families. Nevertheless, having a statistically significant sample
size of sequenced genomes for the different geographic regions,
analytical tools are available to address relevant questions for under-
standing the mechanisms that drive diversification of unicellular
microalgae.

4.4. Sequence variation in the MT determining gene

P. multistriata is the only diatom for which a sex determination
mechanism has been described. The MRP3 gene responsible for MT+
specification is expressed from only one of the two alleles in MT+, and is
not expressed in the MT- (Russo et al., 2018a). Resequencing strains of
both MTs provided new opportunities to add information on the sex
determination system, another key trait which is still vastly unexplored
in diatoms. While long reads sequencing will be needed to resolve the
putative 34 kb MT locus structure in opposite MTs, availability of the
new sequencing data provided new insight into the MRP3 sequence
variation. We observed three cases (Figure S11) in which non expressed
alleles accumulated mutations that would translate into mutated protein
products. Moreover, MRP3 appeared to be enriched in non-synonymous
changes in the Adriatic population. Without data on sex determination
mechanisms from any other diatom species, comparisons are currently
not possible but the lack of conservation of MRP3 outside of the Pseu-
do-nitzschia and Fragilariopsis genera (Russo et al., 2018a) suggests that
more than one solution for determining the MT has evolved in diatoms.
Therefore, the P. multistriata MT locus is predicted to be young and
evolving. Our results, showing accumulation of mutations on alleles
where the gene is inactive, are coherent with this hypothesis. Indeed, in
systems with genetic sex determination, one of the two sex chromo-
somes often degenerates over time, losing gene function and accumu-
lating repetitive elements, due to the lack of genetic exchange between
the regions involved in sex determination (Bachtrog et al. 2014). We
hypothesise that this is happening in the P. multistriata MT determining
region.

5. Conclusions

Whole-genome resequencing of several P. multistriata strains
sampled over many years in various sampling sites allowed a simulta-
neous investigation of the spatial and temporal effect on genetic di-
versity in diatoms, indicating spatial structure in the four groups and no
temporal structure in the Gulf of Naples over a five years interval. Two
dominant strains from the 2013 clonal bloom were expectedly separated
but did not show specific genomic features, such as LOH events or outlier
sites differing in the allele frequency, suggesting that the explanation for
their sudden increase does not lie in major changes in their genome
structure, at least at the resolution level currently possible with existing
resources. Plasticity at the regulatory level is a likely alternative
explanation. The investigated SNP dataset creates an important baseline
for projects following phytoplankton at sea over time, like the Naples
Ecological Research Augmented Observatory (NEREA, (Campese et al.
2024)), as it will allow to follow the fate of P. multistriata in the Gulf of
Naples and add observations of the evolution and long-term dynamics of
this species. The rare availability of non-toxic strains allowed to show
that dab genes are present and potentially functional, but are expressed
at very low levels when compared to toxic strains. Dedicated experi-
ments will be needed to explore the mechanisms for dab gene expression
modulation. Mutations accumulating in the non-transcribed copies of
the sex determination gene MRP3 are in line with what is expected for
evolving sex determination regions and calls for additional exploration
of the Pseudo-nitzschia genus to define emergence, evolution and
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conservation of the MT determination system found in P. multistriata.
Overall, our findings will enable deeper investigations of adaptation and
genetic regulatory mechanisms in a toxic species.
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