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Abstract 

Diatom resting stages can remain viable in sediments for decades and germinate when exposed to suitable environmental 
conditions, inoculating the water column and the surface sediments with new populations of cells. Classical methods, based on 
acid-cleaning of diatom frustules in sediment samples, do not discriminate between living and dead cells and may destroy the 
more fragile taxa. We used a metabarcoding dataset based on the V9 region of the 18S rRNA (20,602 reads, 102 diatom Amplicon 
Sequence Variants (ASV)) coupled with the Serial Dilution Culture method to assess diversity and viability of resting stages in 
a heavily polluted sediment core from the Bay of Bagnoli (Tyrrhenian Sea) spanning approximately two centuries. Our results 
indicate that planktonic centric diatoms dominated the sediment layers, but ASVs of benthic pennates were also present, especially 
in older layers. High densities (up to ~2·106 cells g-1 wet sediment) of viable cells were recorded in the surface layer (dated to 
2013) for Nanofrustulum shiloi and for a small unidentified pennate diatom. Concentrations of living cells decreased towards older 
layers, but cultures of Chaetoceros curvisetus were still generated from a layer dated to 1954. Selected strains were characterized 
morphologically, in light and electron microscopy, and molecularly, confirming the records of N. shiloi, Psammogramma sp. and 
Plagiogramma sp. The results of our study highlight the capability of several centric and pennate diatom species to ‘rest’ alive in 
severely polluted sediments for decades. This calls for future studies aimed at understanding the mechanisms that regulate dorman-
cy and the adaptation to harsh environmental conditions, which have potential biotechnological applications. 

Keywords: Diatoms; Bay of Bagnoli; metabarcoding; resting stages; sediment core; resting stage germination; taxonomy.
Abbreviations: ASV: Amplicon Sequence Variant; eDNA: environmental DNA; SDC: Serial Dilution Culture; LM: Light 
Microscopy; EM: Electron Microscopy. 

Introduction

Many species of microalgae are capable of produc-
ing resting stages, which can survive buried in sediments 
and resume growth once incubated at favourable environ-
mental conditions. Examples are diatom spores and rest-
ing cells (McQuoid et al., 2002; Härnström et al., 2011), 
dinoflagellate cysts (Lundholm et al., 2011; Kremp et al., 
2018) and cyanobacterial akinetes (Legrand et al., 2019; 
Wood et al., 2021). Many diatoms – predominantly cen-

tric planktonic taxa - are known to form physiologically 
and morphologically differentiated resting stages, called 
spores. Others can form resting cells, which are mor-
phologically indistinguishable from vegetative cells but 
have the capability of surviving conditions unsuitable for 
growth, e.g., low temperatures or darkness (Ellegaard & 
Ribeiro, 2018). Both centric and pennate diatoms have 
been reported to produce resting stages (McQuoid and 
Hobson, 1996), but information on the survival capability 
of pennate taxa is extremely scanty. The long-term per-
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sistence of alive resting stages in undisturbed sediment 
layers represents an archive of historical populations, 
and allows tracking changes in their population genetic 
structure over time and their adaptations to environmen-
tal changes (Hattich et al., 2024).

Surface sediments integrate the signal of the plank-
tonic microalgae sinking to the bottom at the end of their 
growth season with that of the benthic ones living in 
sediments of coastal areas. Information on the taxonom-
ic composition of microalgal assemblages in sediment 
samples is challenging and requires specific methods for 
concentrating cells and separating them from sediment 
grains. An alternative approach is provided by their DNA 
signature obtained by the amplification and sequencing 
of specific barcode regions from environmental DNA 
(eDNA). The DNA signature of unicellular organisms can 
be preserved in sediments for up to thousands of years 
(Ellegaard et al. 2020) and metabarcoding approach-
es enable obtaining temporal datasets to reconstruct the 
dynamics of natural communities and their response to 
environmental changes and anthropogenic disturbances 
(e.g., Capo et al., 2019; Keck et al., 2020; Siano et al., 
2021; Barrenechea Angeles et al., 2023). Metabarcod-
ing approaches have been successfully applied to study 
natural diatom populations in sediment cores collected 
in marine and freshwater sites at different latitudes (e.g., 
Zimmermann et al., 2021; Anslan et al., 2022; Singh et 
al., 2024). This technique has the potential to detect the 
whole diatom community, including rare species, small 
and fragile species that do not preserve well, and cryptic 
species that share very similar morphological characters 
and are thus difficult to study via traditional light mi-
croscopy techniques. The resulting taxonomic coverage 
is thus much higher, only constrained by the marker of 
choice and the availability of reference sequences (van 
der Loos & Nijkand, 2021). Metabarcoding approaches 
are less time-consuming than microscopy, and potentially 
allow unbiased comparisons between sites, thus facilitat-
ing monitoring programs over large temporal and spatial 
scales (Pawlowski et al., 2022). 

A sediment core spanning ca. two centuries was col-
lected in the Bay of Bagnoli (Gulf of Pozzuoli, Mediter-
ranean Sea, Italy), a heavily polluted industrial area north 
of the city of Naples, declared Site of National Interest 
(SIN) in 2000 (Law 388/2000). The sediments contained 
very high concentrations of heavy metals and polycyclic 
aromatic hydrocarbons (PAHs) due to now discontinued 
industrial activities (production of steel, asbestos and 
cement) and the disposal of contaminated soil close to 
the coast (Armiento et al., 2020; Armiento et al., 2022; 
Barrenechea Angeles et al., 2023). PAH concentration at 
the peak of the industrial activity (1950-1992) was com-
prised between 144 and 301 mg kg-1 and average concen-
trations of heavy metals - Cd, Cu, Hg, Pb, and Zn – were 
above regulatory limits (see Armiento et al., 2022).

A metabarcoding study of eDNA samples (Barrene-
chea Angeles et al., 2023) allowed reconstructing the 
temporal dynamic of biological communities - from 
bacteria to metazoa – highlighting the dominance of the 
seagrass Posidonia oceanica in the oldest layers (1832–

1851), which persisted until the beginning of industrial 
activities in 1911. The signature of unicellular eukary-
otes gradually replaced the plant e-DNA and metazoan 
sequences dominated the assemblage in the most recent 
layers, from 2007 to 2013.

Here we focus on the diatom community of the Bag-
noli sediment core. Changes in the species composition 
over time, inferred from the V9 rRNA barcoding marker, 
were coupled with an assessment of the survival capa-
bility of diatom resting stages in the polluted sediments 
by means of the Serial Dilution Culture (SDC) method 
(Andersen & Throndsen, 2003). The latter provides an 
estimate – the Most Probable Number - of alive cells in 
sediment samples. We expected to find changes in the di-
atom community composition between the pre-industrial 
period and the period with the highest pollution loads and 
we hypothesized that species forming heavily silicified 
resting spores would dominate in the most polluted sed-
iment layers. 

Materials and Μethods

Sediment core collection and sed-DNA analysis

A 110 cm long sediment core was collected at 55 
m water depth in the Bay of Bagnoli (Gulf of Pozzuo-
li, Tyrrhenian Sea; 40.8025° N, 14.1486° E; Fig. S1) on 
December 5th, 2018, with an SW-104 corer Carma®, 
equipped with a liner of 10.4 cm in diameter. The core 
was dated and processed as illustrated in Barrenechea 
Angeles et al. (2023). For each of the 20 sediment lay-
ers considered in this study, i.e. from 2013 down to 1822 
(Figs S2a, b), DNA was extracted from 5 g of sediment 
using the DNeasy® PowerMax® Soil kit (QIAGEN©, 
Düsseldorf, Germany) following the manufacturer’s in-
structions. Eukaryotes were targeted by amplifying the 
V9 region of 18S rRNA (~150 bp) with 1389F -1510R 
primers (Amaral-Zettler et al., 2009). Sequencing and 
data processing to obtain ASVs were carried out as de-
scribed in Barrenechea Angeles et al. (2023). ASVs as-
signed to diatoms were recovered and a new taxonomic 
assignment was performed using standalone blast in the 
blast + suite (Camacho et al., 2009) with the newest ver-
sion of PR2 database version 5.0.0 (Guillou et al., 2012) 
integrated with private reference sequences from diatom 
strains collected in the region. Taxonomic assignment 
was manually curated by further blast in NCBI and notes 
are reported in the Supplementary data file. We kept the 
assignments with similarity ≥ 90%, and a query coverage 
> 90 bp. For the analyses conducted at species and genus 
levels, the dataset was restricted to ASVs showing simi-
larity with the reference ≥ 95% and with total abundance 
of reads ≥ 3. The most ancient sample (corresponding to 
1822) was excluded from the analyses due to the very low 
number of total reads (n = 29). 

Alpha-diversity was explored using several descrip-
tors, including Richness (Observed ASVs), Chao1 and 
Shannon index, generated using the R package phyloseq 
(McMurdie & Holmes, 2013). The Non-metric Multi-
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dimensional Scaling analysis (NMDS) was performed 
based on a Bray-Curtis dissimilarity matrix, using se-
quences with 90% similarity to the reference database; 
bar plots and heatmaps were plotted using microeco (Liu, 
et al. 2021) and ggplot2 (Wickham, 2016) R packages.

Quantification of alive diatom resting stages 

The concentration of alive diatoms in 12 sediment 
layers, from 2013 down to 1911, was assessed using 
a modified version of the SDC method (Andersen & 
Throndsen, 2003; Montresor et al.,  2013). A portion of 
sediment (Fig. S2b) was collected with a sterile spatula 
and placed in an airtight plastic bag that was stored in a 
black bag at 4 °C. Serial dilution experiments were per-
formed within 4 months from sediment collection. One 
gram (wet weight) of sediment was transferred into a 15 
ml Falcon tube containing 9 ml of f/4 medium (sea water: 
f/2 in a 1:1 ratio) to make the first dilution step (1:10) 
(Fig. S2c). The Falcon tube was gently shaken until all 
particles of sediment were thoroughly dispersed in the 
medium. A 24-well culture plate was filled with 1.8 ml f/4 
medium and 200 μl of sample from the first dilution were 
transferred into each of the first 6 wells (row A) to make 
up the second dilution step (0.2 ·10-1). From the sixth well 
of row A, 200 μl of sample was used to inoculate the 6 
wells of the following row (row B). This procedure was 
repeated for rows C and D creating four dilution steps. 
The well-plates were sealed with parafilm and placed at 
a temperature of 20 °C, under a combination of natural 
and artificial light regime (12L:12D) provided by cool 
white fluorescent tubes. Plates were covered with a neu-
tral screen and incubated at an irradiance of ~ 10 μmol 
photons m-2 s-1 for one week, followed by two weeks at ~ 
50 μmol photons m-2s-1 irradiance. Plates were inspected 
once every week, using an inverted microscope (Leica 
DMIL LED, Leica Microsystems, Wetzlar-Germany). 
Diatom cells were identified to the species or genus lev-
el; several pennate diatoms were classified based on their 
size and shape.

Ultrastructure and molecular characterization of select-
ed strain of benthic diatoms

To improve the identification of pennate diatoms, a 
number of clonal cultures were established and prepared 
for ultrastructural analysis in electron microscopy. Indi-
vidual cells were isolated from the Serial Dilution Cul-
tures with a sterile drawn Pasteur pipette and placed into 
a 12 well culture plate containing f/4 medium; plates 
were incubated at a 12:12 h dark:light photocycle at a 
temperature of 20 ºC. Micrographs of cells that germinat-
ed in the SDC and of the isolated strains were taken with 
an Axiophot light microscope (Carl Zeiss, Oberkochen, 
Germany) equipped with a Zeiss Axiocam digital cam-
era. For transmission and scanning electron microscopy 
(TEM and SEM) observations, clean diatom frustules 
were obtained after removal of the organic matter with 

nitric and sulfuric acids and prepared as illustrated in 
(Sarno et al., 2005). Samples were observed with a JEOL 
JSM-6500F SEM (JEOL-USA Inc., Peabody, MA, USA) 
and with a Philips 400 TEM (Philips Electron Optics BV, 
Eindhoven, Netherlands). Unfortunately, due to the lack 
of access to the lab during the COVID pandemic, several 
strains were lost.

For the isolated strains, the DNA barcode was generat-
ed by sequencing of V4 region of 18S rRNA. This region 
was selected since many 18S reference sequences availa-
ble in GenBank lack part or all of the V9 region, thus im-
pairing their use for taxonomic assignment of V9 barcode 
data. Genomic DNA was extracted with a CTAB extrac-
tion protocol as described in Gaonkar et al. (2018).  PCR 
amplification was performed using the primers Ch-300F 
5’-ATTAGGGTTTGATTCCGGAGAGG-3’ (Gaonkar et 
al., 2018) and the 1147R 5’-AGTTTCAGCCTTGCGAC-
CATAC-3’ (Alverson et al., 2007) producing PCR prod-
ucts of approximately 550 bp. The PCR reaction mixture 
(25 μl in MilliQ water) contained 0.4 μM of each primer, 
200 μM of each dNTP, 0.25 µl of Xtra Taq Polymerase 
and 5 μl 5x Xtra buffer (GeneSpin, Milano, Italy), and 
20-70 ng of DNA. PCR was conducted as follows: initial 
denaturation at 95 °C for 2 min, 35 cycles at 95 °C for 
20 s, annealing at 56 °C for 30 s and extension at 72 °C 
for 1 min, and a final extension at 72 °C for 7 min. PCR 
products were visualised using low melting agarose TAE 
(Tris-acetate-EDTA) buffer gel electrophoresis and puri-
fied using DNA Isolation Spin Kit Agarose (PanReac Ap-
plichem GmbH, Darmstadt, Germany) following manu-
facturer’s instructions. Resulting products were then 
sequenced with a BigDye Terminator Cycle Sequencing 
technology (Applied Biosystems, Foster City, CA, USA), 
purified using a ‘Biomek FX’ (Beckman Coulter, Fuller-
ton, CA, USA) robotic station, and analysed on an Auto-
mated Capillary Electrophoresis Sequencer ‘3730 DNA 
Analyzer’ (Applied Biosystems). Forward and reverse 
sequences were combined into contigs and aligned using 
BioEdit v7.0.0 (Hall, 1999). Any site showing an ambi-
guity in the forward and reverse sequence was recorded 
as such, if the surrounding sites read without difficulties.  

Results

Metabarcoding

A total of 102 diatom ASVs assigned to diatom refer-
ence sequences with similarity ≥90%, corresponding to 
20,602 reads, were retrieved from the total eukaryote da-
taset included in Barrenechea Angeles et al. (2023). (Sup-
plementary data). These ASVs were found to belong to a 
total of 23 genera and 44 species. The Non-metric Mul-
tidimensional Scaling analysis (NMDS, Fig. 1) revealed 
the presence of a temporal gradient grouping diatom 
communities of the recent period (including the samples 
from 1967 to 2013) clearly separated from those in the 
oldest samples (1842 - 1911), while differences between 
samples from the intermediate (1921 - 1954) and old pe-
riods were more nuanced. The three alpha diversity inde-
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ces (Richness, Chao index and Shannon index) showed 
that diversity was higher in the most recent periods and 
then decreased in the older ones (Fig. S3).

To identify taxa that characterized the diatom commu-
nity through time, we selected from the taxonomically cu-
rated dataset the 87 ASVs assigned to reference sequenc-
es with similarity ≥95% (Supplementary data; Fig. 2). 
The most recent samples (1967 to 2013) showed high rel-
ative abundances of centric planktonic diatoms belonging 
to the genera Chaetoceros, Skeletonema and Thalassio-
sira  together with the tychoplanktonic Neobrightwellia, 
which was represented by the species Neobrightwellia al-
ternans (valid new name of Biddulphia alternans, (Sims 
et al., 2023)). However, the temporal trends among gen-
era were different: Chaetoceros showed the highest rela-
tive abundances in the samples corresponding to the old 
and intermediate periods (> 50% of the total reads in the 

period 1954-1842), while Neobrightwellia was mainly 
detected in the most recent samples (>20% in the peri-
od 2013-1967 and in 1860). Skeletonema (>10% in the 
period 2013-2003 and in 1890) and Thalassiosira (≥ 4% 
in the period 2013-1954) were recorded in almost all lay-
ers, but their relative abundance was slightly higher in the 
most recent ones. ASVs assigned to the benthic araphid 
genus Nanofrustulum showed high abundance percent-
ages in several old layers (generally >10% in the period 
1911-1851) but also in the four most recent ones (≥7% in 
the period 2013-1997), while percentages were lower in 
the intermediate period.

Most ASVs of the planktonic genera Chaetoceros, 
Skeletonema and Thalassiosira could be attributed at 
the species level with similarity values between 98 and 
100% (Supplementary data, Fig. S4). ASVs of Chaeto-
ceros socialis and C. curvisetus 1 (Gaonkar et al., 2018) 

Fig. 1:  Non-metric Multidimensional Scaling (NMDS) of sediment samples of core AB01 based on Bray-Curtis dissimilarity 
matrix (stress=0.11). All points belonging to the same cluster/period were linked to their group centroid with line segments and 
enclosed by an ellipse. Sample from 1860 (pink) is an outlier of the old period.

Fig. 2: Relative abundance of the most abundant diatom genera or families recorded in the sediment layers of core AB01.
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were the most abundant of their genus; Skeletonema was 
mainly represented by ASVs of S. menzelii and S. pseu-
docostatum. The ASVs annotated as Thalassiosira sp. 1 
matched at 100% with a private sequence of a small Thal-
assiosira (strain C2-A1) isolated from surface sediments 
collected at LTER-MC on February 2014, whose descrip-
tion as a new species is in progress. 

The manual curation of the taxonomic assignment 
highlighted, in several cases, that the V9 region exhibit-
ed low discrimination power at species or even genus lev-
el. Indeed, a single ASV could be attributed to more than 
one taxon with identical similarity values (Supplementary 
data). A case was represented by the 20 ASVs matching 
with high similarity values (99.2-100%) to N. shiloi and 
to ‘endosymbiontic Fragilariales diatoms isolated from 
Foraminifera’; we assigned these ASVs to cf. N. shiloi. 
In cases in which the ASVs were assigned to species be-
longing to different genera, the ASVs were assigned to the 
higher common taxonomic rank, i.e., family. These were 
the cases of ASVs assigned to: i) Craticula pseudocitrus 
(a freshwater diatom) and different species of Stauroneis, 
which we assigned to Stauroneidaceae; and ii) Eolimnia 
and Sellaphora cf. seminulum, which we assigned to Sel-
laphoraceae. After the manual curation the total number of 
genera and species was reduced to 18 and 37, respectively, 
plus 4 taxa identified only at the family level.

Serial Dilution Cultures

We tested the presence of alive diatom resting stages 
in twelve sediment layers from 1911 to 2013 with the Se-
rial Dilution Culture method. Alive vegetative cells were 
detected in the four most recent layers up to a depth of 8 
cm, corresponding to the year 1997 (Table 1, Fig. 3). No 
germination was observed in the older layers, with the ex-
ception of the 16 cm depth (dated to 1954), where only C. 
curvisetus was detected with concentrations of 3·103 cells 
cells · g-1 of wet sediment. A marked quantitative differ-
ence was observed between the most recent layer (dated 
to 2013), where cell density of ~2 · 106 cells · g-1 wet 
sediment was estimated, and the older layers where alive 
diatom abundances were considerably lower (Table 1). 
The two most abundant taxa recorded in the 2013 layer 
were a small (cell width < 5 µm), chain-forming diatom 
identified as cf. Nanofrustulum sp. (Fig. 3A) and a very 
small benthic pennate diatom (pennate sp. 2, probably a 
Nitzschia) that we failed to bring in culture (Fig. 3C); the 
estimated cell concentration of the two taxa were >106 
and 3.2·104 cells · g-1 of wet sediment, respectively. 

Chaetoceros socialis (Fig. 3K) and C. curvisetus (Fig. 
3G) were the most abundant species of this genus, repre-
sented also by C. protuberans (Fig. 3H), C. constrictus 
(Fig. 3I), and C. diadema (Fig. 3J). Very small taxa at-

Table 1. Most Probable Number (MPN) of alive diatom taxa (cells · g-1 of wet sediment) recorded with the SDC method in the 
sediment layers of core AB01. Pictures of a selection of taxa are provided in Figure 3.

Layer depth: 2 cm 4 cm 6 cm 8 cm 16 cm
Layer age: 2013 2007 2003 1997 1954

Cf. Nanofrustulum sp. 1200000

Pennate diatom sp. 2 460000 13000 1000
Chaetoceros  socialis 65000 5500

Chaetoceros curvisetus 32000 7000 8500 3050

Thalassiosira sp. 1  35000 7000 900

Colonial benthic diatom square cells 32000

Undetermined small (< 10 µm) pennates 23500 2250 1000

Colonial benthic diatom elongate cells 7500 16500 1000

Pennate diatom sp. 3 11000 13000

Biddulphioid diatom 3900 17000 1000

Odontotella aurita 13500 2000
Undetermined large (> 10 µm) pennates 11500 2250

Pennate diatom sp. 1  10500

Thalassiosira sp. 2 8500
Skeletonema cf. pseudocostatum 1000 3900

Chaetoceros diadema 3400

Asterionellopsis sp. 1850 900

Chaetoceros protuberans 2250

Cf. Melosira 1000 1000

Chaetoceros constrictus 900 900
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tributed to the genus Thalassiosira were also abundant: 
a solitary species (Thalassiosira sp. 1) (Fig. 3M) and a 
morphotype forming short chains (Thalassiosira sp. 2) 
(Fig. 3N). The genus Skeletonema was represented by 
S. cf. pseudocostatum (Fig. 3L). Taxa identified in light 
microscopy as Odontella aurita (Fig. 3O) were detect-
ed together with smaller colonial biddulphioid diatoms, 
loosely defined as bipolar centric taxa with elevated api-
ces with pseudocelli (Sims et al 2023), (Fig. 3P); unfor-
tunately cultures of both species/morphotypes were lost. 
Two benthic diatoms forming ribbon chains were rela-
tively abundant in different sediment layers: they were 
distinguished by the shape of cells and were identified 
as “colonial benthic diatom elongate cells” (Fig. 3B) and 
“colonial benthic diatom square cells” (Figs 3D, E). Fi-
nally, unidentified pennate diatoms were placed in two 

categories based on their size because it was impossible 
to identify them even at the genus level in light microsco-
py (e.g., Fig. 3C, F).

Frustule ultrastructure and barcodes of selected diatom 
strains 

With the aim to improve the identification of taxa de-
tected in the SDCs, we established clonal cultures of some 
pennate benthic diatoms and in the following we illustrate 
their morphology and ultrastructure and provide partial 18S 
rRNA reference sequences, which include the V4 region.

Nanofrustulum shiloi (J.J.Lee, Reimer & McEnery) 
Round, Hallsteinsen & Paasche

Fig. 3: Light micrographs of diatom taxa recorded from serial dilution cultures. Cf. Nanofrustulum sp. (A). Colonial benthic 
diatom elongate cells (B). Pennate diatom sp. 2 (C). Colonial benthic diatom square cells (D, E). Pennate diatom sp. 3 (F). Chae-
toceros curvisetus (G). Chaetoceros protuberans (H). Chaetoceros constrictus (I). Chaetoceros diadema (J). Chaetoceros socialis 
(K). Skeletonema cf. pseudocostatum (L). Thalassiosira sp. 1 (M). Thalassiosira sp. 2 (N). Odontella aurita (O). Biddulphioid 
diatom (P). Scale bars = 20 µm (B, G); 10 µm (A, C-J, L-O); 5 µm (K, P).
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Class: Bacillariophyceae; Order: Fragilariales; Family: 
Staurosiraceae; Genus: Nanofrustulum
Strains examined: BD9, LR13, LR26, (LR21 only for 
morphology)
Molecular characterization: Partial 18S sequences: 
GenBank Accession numbers PP808715, PP808714, 
PP808716, respectively. Note: the sequences contain a 
short insertion of an unknown nature.
References: Sar & Sunesen, 2003; Li et al., 2018.

Cylindrical cells forming chains (Fig. 4A) linked by 
interlocking marginal spines (Fig. 4B). Circular valves 
2.4 – 3 μm in diameter. Valve surface flat or slightly 
domed, mantle curved or vertical (Fig. 4B). Central elon-
gate sternum (Figs 4B, C) in some cases not well defined. 
Uniseriate striae, ~25–30 in 10 μm, each consisting of ra-
dial to elongate areolae of size decreasing gradually from 
valve margin to central sternum. Areolae with branching 
cribra (Fig. 4C), also present on the valve mantle (Fig. 
4D). Valve face with small warts or spines (not shown). 
Apical pore field present at both apices, both composed of 
a single small pore (Fig. 4D). Marginal spines positioned 
on the striae near the junction of the valve and mantle 
(Fig. 4B), variable in shape and length. Girdle bands are 
plain, without perforations, valvocopulae consisting of 
two segments and copulae composed by a series of scale-
like segments (not shown). 

The partial 18S rRNA gene sequences were within 
99% similarity of N. shiloi strain CCMP1306 (GeneBank 
accession number: MF093126) and a distance tree of 
BLAST results resolved these sequences in a clade with 
other sequences of this species. The identification of sev-
eral strains as N. shiloi supports the abundance of this 
species in the sediment core as suggested by metabarcod-
ing data and the observations of the SDC material in light 
microscopy (Table 1).

Psammogramma sp. 
Class: Bacillariophyceae; Order: Plagiogrammales; Fam-
ily: Plagiogrammaceae; Genus: Psammogramma S. Sato 
et Medlin
Strains examined: BD2, BD4, BD11
Molecular characterization: Partial 18S sequences: Gen-
Bank Accession numbers PP808717, PP808718 and 
PP808719, respectively.
Reference: Sato et al., 2008; Li et al., 2020.

Cells attached in chains by valve faces (Figs 4E, F). 
Valves linear-elliptical (Figs 4G, H) to elliptical (Fig. 
4I), tending to become round (Figs 4J, K) when they re-
duce their size. Valves 2.7–15 µm long and 2.7–3.0 µm 
wide. Barely visible sternum (Figs 4G-I). Transapical 
striae uniseriate and parallel throughout along the indis-
tinct sternum (20–22 in 10 µm) (Figs 4G-I). Round are-
olae occluded by fine rotae (Fig. 4L). Short projections, 
granules or spinules, on the valve face-mantle junction 
(Figs 4I-K). Well-developed apical pore fields (Figs 4H, 
J) sometimes ornamented externally with silica granules 
around and between the pores (Fig. 4J). Internally, apical 
pore fields plain and composed of several vertical rows 
of small pores (Fig. 4L) Girdle composed by open and 
unperforated bands (Figs 4H, J). 

The genus Psammogramma includes only two spe-
cies, P. vigoensis and P. anacarae. The two species can 
be distinguished by the presence of linear valves in P. an-
acarae vs. linear-elliptical valves in P. vigoensis, alternat-
ing striae in P. vigoensis vs. parallel striae in P. anacarae 
and the occasional presence of spines near the apices in 
P. vigoensis. Our strains resemble but are not identical to 
P. vigoensis.

The partial 18S rRNA gene sequences of strains BD4 
and BD11 were within 98% similarity of those of Ne-
ofragilaria nicobarica and N. montgomeryii, and only 
within 97% similarity of that of P. vigoensis, the only 18S 
sequence of this genus available in GenBank. A distance 
tree of BLAST results resolved the sequences in a clade 
with those of Neofragilaria and Psammogramma, but not 
particularly close to any of these. The sequence of strain 
BD2 was very short, and BLAST results inconclusive. 
The cells identified as “colonial benthic diatoms elongate 
cells” in serial dilution cultures may correspond to spe-
cies of the genus Psammogramma.

Plagiogramma sp.  
Class: Bacillariophyceae; Order: Plagiogrammales; Fam-
ily: Plagiogrammaceae; Genus: Plagiogramma Greville, 
amend Chunlian Li, Ashworth & Witkowski
Strain examined: BD15 
Molecular characterization: Partial 18S sequence: Gen-
Bank accession number PP808720 
Reference: Li et al., 2020.

Cells attached in chain by valve faces (Figs 4M, N). 
Valves elliptical (Fig. 4P), about 27 µm long, 8 µm wide, 
with 7 striae in 10 µm. Striae uniseriate and continuous 
on the mantle, containing round areolae. Cribra not vis-
ible, probably destroyed by the cleaning. Sternum cen-
trally expanded (Figure 4P). Valve face-mantle junction 
bearing siliceous spines externally (Fig. 4N, O). Apical 
pore fields extending from the valve face onto the mantle. 
Apical pore fields with minute granules externally (Fig. 
4O) and plain internally (Fig. 4Q). Valvocopula plain and 
wider than copulae. Copulae narrow and perforated by a 
single row of pores (Fig. 4N). Based on these morpho-
logical features the strain BD15 belongs to the Plagiog-
ramma-Dimeregramma complex proposed by (Li et al., 
2020). These authors suggested that there is no evidence 
to keep Plagiogramma and Dimeregramma as separate 
genera and proposed merging Dimeregramma with Plag-
iogramma, because the latter has the priority.

The partial 18S rRNA gene sequence of strain BD15 
exhibited 99.7% similarity with the one of Dimere-
gramma sp. strain HK377 (GenBank accession number 
KF701597). Cells identified as “colonial benthic diatoms 
square cells” in serial dilution cultures may correspond to 
species of the genus Plagiogramma.

Nitzschia adhaerens Mucko & Bosak
Class: Bacillariophyceae; Order: Bacillariales; Family: 
Bacillariaceae; Genus: Nitzschia 
Strain examined: LR40
Molecular characterization: Partial 18S sequence: Gen-
Bank accession number PP808721.
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Fig. 4: Micrographs of diatom strains: LM (A, E-F, M); SEM (B, G-L, N-Q); TEM (C-D). Nanofrustulum shiloi (A-D); strains: 
LR26 (A, D), LR21 (B-C). Cells in chains (A). Valves in valve view and in girdle view with marginal spines arrowhead (B). Valve 
with central sternum, uniseriate striae and areolae with branching cribra (C). Detail of the valve mantle with the single apical 
pore arrowed (D). Psammogramma sp. (E-L); strains: BD2 (F, K); BD4 (E, G-H, L); BD11 (I-J). Chains of larger (E) and smaller 
(F) cells. Internal view of the valve with uniseriate striae and apical pore fields (G). External view of linear (H) and elliptical (I) 
valve with the central sternum (arrowhead). External view of round valves with spinules on the valve face-mantle junction and 
ornamented apical pore (arrow) (J-K). Detail of the internal view of a valve showing the apical pore field and the round areolae 
occluded by fine rotae (arrowhead) (L). Plagiogramma sp. (M-Q, strain BD15). Cells in chain (M). External view of a chain show-
ing the wide and plain valvocopula (arrow) and the narrow copulae perforated by a single row of pores (arrowhead) (N). Detail of 
the frustule, showing the siliceous spines and the apical pore fields with minute granules (O). Internal view of the elliptical valve 
(P). Detail of the internal view of a valve showing the apical pore field (Q). Scale bars = 10 µm (E-F, M-N), 5 µm (A, P), 1 µm 
(G-L, O, Q), 0.5 µm (B-D).
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Reference: Mucko et al., 2021.
Cells with two chloroplasts (Fig. 5A). Valves lance-

olate, 27–34 μm long and 2.5–3 μm wide (Figs 5B, C). 
Raphe slightly eccentric/almost central, without a cen-
tral nodule (Figs 5C, D). Relatively dense and regular-
ly spaced fibulae (23-24 in 10 μm) (Fig. 5D). Uniseriate 
striae (47-58 in 10 μm) composed of tiny round to rectan-
gular areolae (Fig. 5D); areolae (ca 6 in 1 μm) occluded 
by finely perforated hymens (Fig. 5E). Valvocopula open, 
with two or three rows of round pores enclosed by finely 
perforated hymens (Fig. 5F).

Results of a Blast search with the partial 18S of strain 
LR40 showed 100% identity with that of N. adhaer-
ens isolate BIOTAII-60 (GenBank accession number 
MH734167), one of the strains of this species in the orig-
inal species description. The morphological and molecu-
lar data show that strain LR40 belongs to N. adhaerens.

Nitzschia traheaformis Chunlian Li, Witkowski & Yu
Class: Bacillariophyceae; Order: Bacillariales; Family: 

Bacillariaceae; Genus: Nitzschia 
Strains examined LR43, NAMC3, PN11 (this strain was 
isolated in Portonovo along the Adriatic coast of Italy).
Reference: Witkowski et al., 2016.

Molecular characterization: Partial 18S sequence: 
GenBank accession numbers PP808722, PP808723 and 
PP808724, respectively.

Cells with two chloroplasts (Figs 5G-H). Linear-lan-
ceolate valves, 22-48 μm long and 3.8-6 μm, wide with 
cuneate, slightly capitate apices (Figs 5G, I). Valves con-
stricted in the centre on the raphe side where the opposite 
side is nearly straight. Raphe strongly eccentric with a cen-
tral nodule (Figs 5I, J, M, L) and hooked terminal ends 
(Fig. 5K). Canal raphe with 1 or 2 rows of relatively large 
poroids (Fig. 5L). Fibulae (15-17 in 10 μm) form simple 
arches bridging the two sides of valves (Fig. J). Uniseriate 
striae (31-32 in 10 μm) composed of circular areolae (ca 
5 in 1 μm) located in shallow grooves (Fig. 5L). Girdle 
bands open with 1 or 2 rows of round poroids (Fig. 5N). 

The partial 18S rRNA gene sequences of strains LR43, 

Fig. 5: Micrographs of diatom strains: LM (A, G-H); SEM (B-C; I-N); TEM (D-F). Nitzschia adhaerens (A-F, strain LR40). 
Group of cells with two chloroplasts (A). Lanceolate cell (B). External view of a valve with the slightly eccentric raphe (C). Part 
of a valve showing the raphe with fibulae and lacking a central nodule (D). Detail of a valve with round areolae occluded by finely 
perforated hymens (E). Detail of girdle bands with two or three rows of round pores (F). Nitzschia traheaformis (G-N); strains 
LR43 (H), NAMC3 (L, N), PN11 (G, I-M). Cells with two chloroplasts (G-H). External view of a valve with a central constriction 
on the raphe side (I). Detail of the internal view of a valve showing fibulae and uniseriate striae (J). Detail of the external view of 
a valve showing the hooked terminal end (K). External view of the valve showing central nodule and canal raphe with 1-2 rows of 
poroids. Note that striae are composed by a single row of areolae located in shallow grooves (L). Internal view of the raphe with 
fibulae and central nodule (M). Detail of girdle bands with 1 or 2 rows of round poroids (N). Scale bars = 10 µm (G-H), 5 µm 
(A-C, I), 1 µm (D, F, J-N), 0.5 µm (E).
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NAMC3 and PN11 were identical to that of the type ma-
terial of N. traheaformis, i.e., strain SZCZCH971 (Gen-
Bank accession number KT943643). Morphological and 
molecular data fit the original description of the species.

Discussion

The results of our metabarcoding study show a di-
verse assemblage of diatom ASVs in the sediment core 
collected in the Bay of Bagnoli, in spite of the high lev-
els of contamination by heavy metals and toxic organic 
compounds both at the surface (Sprovieri et al., 2020) 
and in the deeper layers (Armiento et al., 2022; Barre-
nechea Angeles et al., 2023). ASVs attributed to centric 
planktonic diatoms were dominant, but pennate benthic 
taxa were represented particularly in the deeper layers. 
As expected, the structure of the diatom community was 
different in the period with the highest pollution level 
(from 1950 to the present) as compared to the older, less 
impacted layers. The SDC experiments show that not all 
these ASVs represent cells able to resume growth when 
exposed to favourable conditions. A considerable fraction 
of alive cells consisted of benthic araphid diatoms diffi-
cult to identify at the species or even genus level in light 
microscopy. Ultrastructural and genetic characterization 
of strains isolated from SDCs helped at identifying some 
of these pennate taxa. 

Metabarcoding diversity in the sediment core

The V9 universal primers used here for the metabar-
coding assessment were designed for amplifying the 
whole eukaryotic community, including metazoans, high-
er plants and protists, hence determining a relatively lim-
ited number of reads attributed to diatoms (Barrenechea 
Angeles et al., 2023). Nevertheless, the NMDS cluster-
ing generated using only diatom ASVs could resolve dis-
tinct assemblages characterizing the pre-industrial period 
from the most recent polluted ones, confirming the results 
obtained in a previous study based on a multi-proxy ap-
proach of the whole eukaryotic and prokaryotic commu-
nities (Barrenechea Angeles et al., 2023). The observed 
pattern may reflect different DNA preservation, with the 
most recent layers showing a higher alpha diversity and a 
more diversified assemblage of diatom genera. The high 
relative abundance of ASVs attributed to species of the 
genus Chaetoceros may be due to the fact that these spe-
cies produce heavily silicified spores (Ishii et al., 2011) 
that may allow a better preservation of the DNA. Sedi-
ment samples showed high relative abundances of plank-
tonic genera, such as Skeletonema and Thalassiosira, 
capable of forming resting cells, i.e. stages that are mor-
phologically undistinguishable from the vegetative cells, 
suggesting that also these stages have ultrastructural fea-
tures that can improve DNA preservation. However, this 
can be the case also for pennate taxa with different size 
and level of silicification, which persisted alive for years 
in polluted sediments. The high percentages of the genera 

Chaetoceros, Thalassiosira and Skeletonema, confirm re-
sults obtained with metabarcoding approaches on marine 
sediments from temperate regions (e.g., Piredda et al., 
2018; Dzhembekova et al., 2018; Liu et al., 2020). 

A number of studies on the morphological and gene-
tic diversity of planktonic diatom genera (Chaetoceros: 
Kooistra et al., 2010; Gaonkar et al., 2018; Skeletonema: 
Sarno et al., 2005; Sarno et al., 2007; Leptocylindrus: 
Nanjappa et al., 2013), including strains from our stu-
dy area, provided curated reference sequences required 
for an accurate taxonomic assignment of metabarcoding 
data. Indeed, ASVs of these genera could be assigned at 
the species level with high similarity values.  The most 
abundant planktonic species recorded in this study – C. 
socialis, C. curvisetus, C. costatus, S. pseudocostatum 
and Thalassiosira sp. 1 - matched those dominating the 
diatom seed banks at the LTER site MareChiara in the 
nearby Gulf of Naples (Montresor et al., 2013; Piredda et 
al., 2017). Relatively high percentages of ASVs assigned 
with a similarity of 99.1% to Neobrightwellia alternans 
(= Biddulphia alternans) were recorded in the most re-
cent sediment layers, i.e., from 1967 onwards. Opera-
tional taxonomic units (OTUs) attributed to this species 
were also recorded in the sediments of the nearby Gulf of 
Naples (Piredda et al., 2017; Piredda et al., 2018) but this 
species is not included in the >30 years long dataset of 
planktonic diatoms, confirming its presence close to the 
benthic environment. Alive unidentified ‘biddulphioid 
diatoms’ germinated from different sediment layers sug-
gesting that the diversity of these bipolar centric diatoms 
is higher than currently known. The molecular signature 
of pennate diatoms in the V9 metabarcoding dataset was 
relatively limited; a possible explanation may be the re-
duced capability of this barcode region to detect pennate 
diatoms and/or the restricted number of reads in the dia-
tom dataset. 18S-V9 and rbcL are the most widely used 
barcode region for the study of diatoms in freshwater and 
marine environments and there is some evidence that 
rbcL performs better for the identification of pennate taxa 
(Rimet et al., 2019; Armbrecht et al., 2022; Turk Dermas-
tia et al., 2023). 

The most abundant ASVs of pennate diatoms were 
those assigned to cf. N. shiloi, which is reported from 
shallow coastal sediments e.g., (Pérez-Burillo et al., 
2022) and can be an endosymbiont of benthic foraminif-
era (Lee, 2011; Prazeres & Renema, 2019). ASV of this 
species were present in almost all layers of the sediment 
core and their relative abundance was higher in the pre-in-
dustrial period. Its importance was confirmed by the re-
sults of the SDC experiment in which this small sized 
diatom reached very high ‘most probable abundances’ in 
the surface layer. 

The living diversity in the sediment core 

To assess if all the different ASVs merely represent 
extracellular DNA molecules preserved in sediments or 
actually DNA present in living cells, we applied the SDC 
method to induce germination of resting stages under ex-
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perimental conditions. The SDC method has been applied 
for different purposes in phycological research: i) for the 
assessment of diversity and abundance of phytoflagellates 
in natural water samples (e.g., Haraguchi et al., 2022), ii) 
to test the success of ballast water treatments by enumer-
ating alive microalgae (Cullen & MacIntyre, 2016), and 
iii) to estimate the number of alive diatom resting stages 
in sediment samples (Imai et al., 1984; McQuoid et al., 
2002; Montresor et al., 2013). Diatom spores and resting 
cells are very small with sizes often similar to those of the 
sand grains; this makes it impossible to recognize them 
in natural sediment samples. The SDC method provides 
an indirect assessment, being based on the detection of 
living vegetative cells that germinate once the sediments 
are transferred to a fresh culture medium and exposed to 
light. 

It has been suggested that the time elapsing from core 
slicing can affect survival capability due to the negative 
impact of the exposure to oxygen and it has been recom-
mended to carry out these experiments within a relative-
ly short time interval (Lundholm et al., 2011). To mini-
mize these effects, we have stored the sediment samples 
in tightly closed plastic bags in dark and cold conditions 
and have carried out the germination trials within five 
months from the slicing of the core. Another important 
methodological aspect to be considered is to minimize 
cross contamination between sediment layers. It has been 
shown that, spiking the core surface with fluorescent mi-
crospheres, cross contamination can occur during the re-
trieval and processing of the sediment cores (Andersson 
et al., 2023). To minimize these effects, we processed the 
cores the same day in which they were collected and dis-
carded the outermost portion of the sediment layers to 
avoid the smear against the liner and possible cross con-
taminations of the different layers.

A number of studies applying the SDC method to 
assess diatom viability in sediment samples show that 
planktonic taxa of centric diatoms producing resting 
stages represent the largest fraction of the community 
(e.g., Itakura et al., 1997; McQuoid, 2002; McQuoid et 
al., 2002; Montresor et al., 2013; Piredda et al., 2017; 
Andersson et al., 2023), thus supporting the findings of 
metabarcoding studies. Yet, in the Bay of Bagnoli, ben-
thic diatoms represent the most important fraction of the 
resurrected diatom population reaching concentrations 
>1.5 106 cells g-1 of wet sediment in the layer dated to 
2013 and thousands of cells in older layers. These re-
sults demonstrate that also several pennate diatoms can 
survive in conditions not optimal for growth in a resting 
state. The diversity and abundance of alive diatoms in 
sediments depends on the species-specific capability to 
persist viable in the absence of light and high pollutant 
concentration, and from differences in the propensity to 
form resting stages, which is evident when comparing the 
abundances of vegetative cells in the water column with 
the number of viable resting stages in the sediments esti-
mated by the SDC method (Montresor et al., 2013).

In studies based on the SDC method, benthic pennate 
diatom taxa present in sediments are generally identified 
at the genus level or sorted in groups based on cell size 

(e.g. McQuoid, 2002; Montresor et al., 2013; Piredda et 
al., 2017). This is due to the difficulty of identifying these 
taxa at the species level when observing full living cells 
in light microscopy. Cleaning the frustules allows a much 
better resolution of the ultrastructural characters used 
for species identification (e.g., Martínez, et al., 2021; 
Pérez-Burillo et al., 2022), but this method does not pro-
vide a quantitative estimate of the different taxa and it 
does not discriminate between living and dead cells. 

The ultrastructural investigation in electron micros-
copy, coupled with barcoding of a region of 18SrRNA 
that includes the V4 marker, confirmed the presence of N. 
shiloi as shown by the results of the metabarcoding anal-
ysis. This study also suggests that two relatively abundant 
chain-forming taxa identified as ‘colonial benthic diatom 
square cells’ and ‘colonial benthic diatom elongate cells’ 
can be attributed to species of the genera Dimeregramma 
and Psammogramma, respectively. The ultrastructural 
study on culture material also shows that Psammogram-
ma presents a broad cell size range and that the smallest 
cells could be misidentified for N. shiloi when examining 
alive material in light microscopy. Two Nitzschia species 
(N. traheaformis and N. adhaerens) were also identified 
thanks to the ultrastructural and molecular characteriza-
tion, showing that these analyses are required to achieve a 
better picture of the diversity of benthic pennate diatoms 
and provide reference sequences for the interpretation of 
metabarcode data.

Research perspectives

Besides benthic pennate diatoms, also several plank-
tonic centric taxa – e.g., Chaetoceros species, Odontella 
aurita, Skeletonema pseudocostatum, two Thalassiosira - 
could be resurrected from polluted sediments dating back 
~ 20 years and up to ~ 60 years for the record of Chaetoc-
eros curvisetus in 1954. Core AB01 was sampled in front 
of the old docks of the decommissioned industrial area of 
Bagnoli; PAH concentration at the peak of the industrial 
activity (1950-1992) was between 144 and 201 mg · kg-1 
and average concentrations of heavy metals - Cd, Cu, Hg, 
Pb, and Zn – were above regulatory limits (Armiento et 
al., 2022; Barrenechea Angeles et al., 2023). Concentra-
tions of both heavy metals and PAHs in the recent lay-
ers, corresponding to the post-industrial years, indicate 
a persistent contamination. Planktonic taxa spend their 
growth season in the water column and sink to the bottom 
at the end of the blooms. Indeed, a study carried out on 
the planktonic communities of the study area in different 
seasons did not provide evidence for degraded ecological 
conditions (Margiotta et al., 2020). In surface sediments, 
some species transform into resting stages that could per-
sist for longer time thanks to their heavily silicified cell 
walls, reduced metabolic activity and specific physiolog-
ical adaptations (Ellegaard & Ribeiro, 2018). Benthic di-
atoms, however, spend their whole life on the sediments 
and should have developed specific adaptations to grow 
and rest in such a hostile environment. Laboratory studies 
indeed demonstrate that some species have the capabili-
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ty to tolerate high concentrations of heavy metals (Mišić 
Radić et al., 2021; Andersson et al., 2022; ) and PAH 
(Othman et al., 2023). However, these experiments test 
relatively short-term exposure to contaminants in culture. 
Our study shows that several benthic taxa have the capa-
bility to live and survive for decades in contaminated en-
vironments. It will be worth studying the biological basis 
of these specific adaptations that may be employed for 
phytoremediation purposes (Marella et al., 2020; Blag-
inina et al., 2024). Our study also highlights the diversi-
ty of diatom resting stages present in marine sediments, 
from the heavily silicified spores, to the resting cells of 
both centric and pennate diatoms, which are capable to 
‘rest’ alive for years in the dark. The functional mecha-
nisms allowing this long term survival are still complete-
ly unknown.
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Fig. S1: Map of the Bay of Pozzuoli (Tyrrhenian Sea, Mediterranean Sea) with the location of the site at which core AB1 was 
collected (red dot).
Fig. S2: a) Sediment layers of core AB01 on which sedDNA barcoding analysis was carried out. For each layer are indicated: the 
year (210Pb and 226Ra dating, see (Barrenechea Angeles et al., 2023) and the three periods identified by Multidimensional Scaling 
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analysis (see Fig. 1). b) Partition of the individual 1-cm sediment layers into subsamples for different biological analyses: protist 1 
and 2 for eukaryotic metabarcoding, R for SDC analyses. c) Schematic representation of the Serial Dilution Culture (SDC) setup.
Fig. S3:  Estimates of alpha diversity: Richness (Observed ASVs), Chao1 and Shannon index.
Fig. S4: Heath-map illustrating relative abundance of the most abundant diatom ASVs assigned to the species level.
Excel file: Dataset of the ASVs (V9 region of the 18S rRNA) matching at ≥90% similarity a diatom reference sequence recorded 
on 19 sediment layers


