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Abstract

The mucilage phenomenon consists of the appearance of large gelatinous aggregates
floating in the water column. In summer 2024, this event has reappeared in the Northern
Adriatic Sea (NAS) on a large scale. This study provides an integrated characterization of
the microalgal community within mucilage aggregates and surrounding waters in two NAS
areas (Gulf of Trieste and Conero Riviera) using light microscopy (LM), metabarcoding
(MB) based on ribosomal 18S V4 and V9 markers, and scanning electron microscopy (SEM)
for selected taxa identification. Mucilage aggregates acted as dynamic microbial hotspots,
hosting a rich diatom community, with abundances 1-2 orders of magnitude higher than in
the surrounding water. Dominant diatom species were Cylindrotheca closterium, Nitzschia
spp., Nitzschia gobbii, and Thalassionema nitzschioides. Some phytoflagellates (e.g., Tetraselmis
spp.) and dinoflagellates (e.g., Karlodinium veneficum, Pseliodinium fusus, and Wangodinium
sinense) were detected exclusively by MB, while LM and SEM revealed species missed by
other approaches. Gonyaulax fragilis, one of the species indicated as an important mucus
producer, was present at the onset and throughout the phenomenon, as detected by LM
and MB. The integrated approach improves knowledge of microalgal communities in
NAS mucilage.

Keywords: mucilage; Northern Adriatic Sea; phytoplankton; microalgae; metabarcoding;
microscopy; Gonyaulax fragilis; Harmful Algal Blooms

1. Introduction

The Northern Adriatic Sea (NAS) is the northernmost basin of the Mediterranean Sea.
Its productivity varies across the basin and is strongly influenced by inputs of nutrient-
rich riverine waters, primarily the Po River [1-4], resulting in conditions ranging from
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eutrophic to oligotrophic [5]. Moreover, it is characterized by a dominant cyclonic circu-
lation and a shallow depth [6]. This area has been historically characterized by a number
of harmful events related to microalgal communities including Harmful Algal Blooms
(HABs), with proliferations of toxic microalgal species [7] and associated shellfish contami-
nation by toxins [8,9], red tides [10], eutrophication, oxygen depletion, and the mucilage
formation [5,11-16].

Mucilage occurrence, also known as the “dirty sea” phenomenon, consists of the
appearance of huge gelatinous aggregates of microalgal origin in the water column (pelagic
mucilage). Although mucilage aggregates are not toxic, they can negatively impact marine
ecosystems [17] and economic activities, as they smother benthic species, hinder fisheries
and aquaculture by clogging nets, and affect tourism by discouraging bathing [18]. More-
over, sometimes mucilage phenomena have been associated with benthic hypoxia [2], and
recent studies suggest they can also induce oxidative stress in marine organisms, affect-
ing key antioxidant defenses [19]. Mucilage aggregates can be very different in size and
morphology and have therefore been classified according to their structural form and
their spatial distribution along the water column into five stages: marine snow (flocs and
macroflocs), stringers, clouds, creamy surface layer, and gelatinous surface layer [14,15].

The occurrence of mucilage was first reported in the NAS in 1729 [20], followed by
further occurrences in 1872, 1880, 1891, 1901, 1903, 1905, 1920, 1921, 1924, 1927, 1929,
1930, 1941, 1949, 1973, 1983, 1984, and 1986 [18,21]. More recently, events of mucilage
macroaggregate formation occurred in 1988, 1989, 1991, 1997, 2000, 2002, 2004, 2014, and
2018 [18,22]. Documented occurrences over time are summarized in Figure 1.

Figure 1. Historical occurrences of mucilage events in the NAS (1729-2024) based on published
records. Red dots indicate the years in which mucilage events occurred.

Initially, it was suspected that the species that were most abundant in the mucus under
the microscope were responsible for the phenomenon, although the composition of the
samples varied greatly among areas, and several species have been considered potential
producers, including benthic diatoms, pelagic diatoms, and dinoflagellates [20].

An enormous study program occurred in the 2000s, to study this phenomenon from
different points of view [18], and many interrogatives were resolved. Mucilage composition
consists mainly of water (90-99%); the remaining dry mass consists of 30-60% organic mat-
ter such as polysaccharides (the primary component), proteins and lipids, and an inorganic
fraction made up of salts containing macroelements and trace microelements [23-25].

It is noticeable that mucilage aggregates are refractory to the degradation, and this
explains their long persistence [26-28]. As regards the biological component, mucilage
aggregates represent optimal microenvironments that support a rich community of microor-
ganisms like diatoms, dinoflagellates, bacteria, cyanobacteria, etc., which reach abundances
1-2 orders of magnitude higher than in the surrounding water [29,30].

Mucilage production is a complex phenomenon that has been widely reviewed in the
literature and has been linked to a combination of causes, including the oceanographic con-
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ditions that take place in the NAS during late-spring /summer, such as a reduced circulation,
strong stratification of the water column and high atmospheric pressure, which facilitate
mucilage aggregate accumulation and stabilization [11,14,31,32]. Rising sea temperatures
due to global warming could exacerbate the phenomenon [32,33]. Atmospheric factors
such as strong winds or storm surges can interrupt or reduce mucilage development [31].

Many studies converged in recognizing that the mucilage formation is mainly
due to the excretion of polysaccharides by microalgae under stressed environmental
conditions [34-38]. Diatom species have been suspected as possible causes of the phe-
nomenon, as they occur abundantly in mucilage and have been reported to produce high
amounts of extracellular polysaccharides, especially under an unbalanced N /P ratio [39,40].
However, many authors have increasingly recognized the important role of the dinoflagel-
late Gonyaulax fragilis (F. Schiitt) F. Kofoid (Dinophyceae) in the phenomenon. Pompei et al.
(2003) [41] reported that NAS mucilage is correlated mainly with the presence and growth
of Gonyaulax fragilis considering that just a few thousand Gonyaulax fragilis cells release
the same amount of carbohydrates as that excreted by tens of millions of Cylindrotheca
closterium (Ehrenberg) Reimann and J.C. Lewin (Bacillariophyceae) cells [42,43].

Pelagic mucilage occurrence is well documented not only in the NAS but also in other
areas worldwide. In the Sea of Marmara, where such events have been frequently reported
(e.g., in 2007 and, more recently, in 2021 as a very large event [34]), Gonyaulax fragilis is
indicated among the suspected species [34,36,44]. In the Aegean Sea, mucilage has been
linked to blooms of Gonyaulax fragilis [45]. In New Zealand, this phenomenon, reported as
marine slime [35,46], has also been linked to polysaccharide exudates released by Gonyaulax
hyaline, a species now synonymized with G. fragilis [35].

Similar events, though with a completely different origin, are the benthic mucilage
events reported in the Tyrrhenian Sea since 1991, which have been produced by benthic
chrysophytes and/or ectocarpalean brown algae [47].

Since the initial observations of mucilage events, considerable attention has been given
to the composition of microalgal communities within mucus compared to the surrounding
water, as these organisms may play a role in the early stages of the phenomenon [20]. Com-
parative analysis using metagenomic approaches have also been conducted to characterize
the microbial community inside and outside the aggregates [48].

In actuality, a number of studies about the diversity of microalgae associated with mu-
cilage based on microscopic observations are available [13-15,21,25,29,34-36,41,45,49-53],
but there are few studies using metabarcoding approaches [54,55]. Indeed, traditionally,
microalgal communities have been studied through inverted light microscopy. This method
is important because it provides information about community composition, abundance,
and biomass. Nevertheless, this approach presents some limitations: it is time-consuming,
requires an expert taxonomist and shows difficulty in distinguishing morphologically cryp-
tic, rare, or small species. This can be compensated for by the metabarcoding approaches;
however, they provide only relative abundance information, and the accuracy of the taxo-
nomic assignment depends on the completeness and accuracy of the available reference
databases [56]. Therefore, an increasing number of studies have integrated microscopy and
metabarcoding approaches to study the phytoplankton biodiversity [57-59].

During the summer of 2024, a new event of mucilage phenomenon reoccurred in the
NAS. The first appearance was observed in early June along the western Istrian coastline
(from Brijuni to Piran) [32]. Then, following the counterclockwise circulation, it moved
through the Gulf of Trieste, the Venice Lagoon, and the coasts of Emilia Romagna and
Marche, reaching as far south as Apulia.

This study, conducted in two areas of the Northern Adriatic Sea (Conero Riviera and
Gulf of Trieste) affected by the 2024 mucilage event, aims to (i) investigate the abundance
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and biodiversity of microalgae in the mucilage and surrounding water samples by com-
bining microscopy and metabarcoding analysis to gain a deeper understanding of the
dynamics of microalgal communities during the appearance of mucilage aggregates and
(ii) assess the evolution of microalgal composition during the mucilage event.

2. Materials and Methods
2.1. Sampling Area and Sample Collection

Sampling was conducted in the NAS, specifically in the Gulf of Trieste and in the
Conero Riviera (Figure 2), between June and August 2024 (Table 1). In the Gulf of Tri-
este, sampling was carried out at 00BF (45°32'55.8” N, 13°33/1.8" E), C2 (45°34'48.0"” N,
13°36’48.0"” E), and C1-LTER (45°42/2.99" N, 13°42'36.0"” E), while in the Conero Riv-
iera samples were collected at Portonovo (43°36'12.06” N, 13°36'42.3"” E) and Passetto
(43°37'09" N, 13°31'54" E).

Table 1. Overview of sampling activities conducted during the mucilage phenomenon. For each
sample the sampling date, station name, type of sample collected (mucilage or surrounding water),
and type of analysis performed (LM, SEM, MB) are reported.

Date Station Sample Type Analysis
27 June 2024 Portonovo (Conero Riviera) Mucilage LM and MB V4-V9
1 July 2024 Passetto (Conero Riviera) Mucilage MB V4-V9
5 July 2024 00BF (Gulf of Trieste) Mucilage MB V4
5 July 2024 00BF (Gulf of Trieste) Surrounding water LM
9 July 2024 C2 (Gulf of Trieste) Mucilage MB V4
11 July 2024 Passetto (Conero Riviera) Mucilage LM and MB V4-V9
11 July 2024 Passetto (Conero Riviera) Surrounding water LM and MB V4-V9
12 July 2024 Passetto (Conero Riviera) Mucilage LM and MB V4-V9
12 July 2024 Passetto (Conero Riviera) Surrounding water LM and MB V4-V9
16 July 2024 C1-LTER Mucilage LM and MB V4
16 July 2024 C1-LTER Surrounding water LM and MB V4
19 July 2024 00BF Mucilage MB V4
19 July 2024 00BF Surrounding water LM and MB V4
21 July 2024 Passetto (Conero Riviera) Mucilage LM and MB V4-V9
21 July 2024 Passetto (Conero Riviera) Surrounding water LM and MB V4-V9
9 August 2024 Passetto (Conero Riviera) Mucilage LM, SEM and MB V4-V9
9 August 2024 Passetto (Conero Riviera) Surrounding water LM, SEM and MB V4-V9

During each sampling, the mucilage and /or surrounding water were collected for light
microscopy (LM), metabarcoding (MB), and/or scanning electron microscopy (SEM) as
summarized in Table 1. Samples of both matrices were taken at different depths depending
on the position of mucus aggregates in the water column, eventually with the assistance of
SCUBA divers using syringes. Mucilage samples were then transferred to sterile Falcon
tubes for MB analysis.

All samples for LM, whether mucilage or seawater, were fixed with prefiltered and
neutralized formaldehyde at a final concentration of 0.8-2% [60] and stored in the dark until
analysis. For MB, both the sample types from Conero Riviera and C1-LTER stations, 50 mL
of the samples were filtered using cellulose nitrate filters (47 mm diameter, 1.2 um pore-size,
Sartorius) and stored in the laboratory at —20 °C until DNA extraction. The samples from
00BF and C2 stations were processed differently: two replicates of 1 L surrounding water
were filtered through 0.8 pm polycarbonate filters, while three 1.8 mL replicates of mucilage
were pipetted as accurately as possible into microcentrifuge tubes without filtration. All
samples were stored at —80 °C until DNA extraction.
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Figure 2. Map of the study area in the Northern Adriatic Sea with the following sampling sites:
Conero Riviera including Portonovo and Passetto (Ancona, Italy) and 00BF and C2 (Piran, Slovenia)
and C1-LTER (Trieste, Italy) in the Gulf of Trieste.

2.2. Metabarcoding Analysis

DNA was extracted using the DNeasy PowerWater Kit (QIAGEN, Hilden, Germany)
following the manufacturer’s instructions. The filters were cut in half, each half was ex-
tracted separately and then pooled after elution based on Neri et al. [58]. Mucilage samples
from stations 00BF and C2, which were pipetted (1.8 mL) and stored in microcentrifuge
tubes, were homogenized in the tubes using a hand-held homogenizer and sterile plastic
pestles. DNA was extracted from the resulting homogenate using the E.Z.N.A. Mollusc
DNA Kit (Omega-Biotec, Norcross, GA, USA) according to the manufacturer’s guidelines.
The concentration of all DNA extracts was measured using a NanoDrop spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). For amplification, the hypervariable V4
and V9 regions of the universal 185 rRNA gene were selected, as they are widely used in
microalgal metabarcoding studies due to their broad taxonomic coverage and resolution,
which typically allows identification at genus level and/or species level for some taxa, ow-
ing to their high representation in reference databases [58,59,61,62]. For samples collected
at the Conero Riviera station, both the V4 and V9 regions were targeted, while for the Gulf
of Trieste stations, only the V4 region was targeted. PCR amplification and sequencing for
samples from Conero Riviera stations and from 00BF and C2 stations of the Gulf of Trieste
were carried out by Beijing Novogene Biotechnology Co., Ltd. (Beijing, China) using the
INlumina paired-end sequencing (PE250, 2 x 250 bp) format. Instead, samples from the
C1-LTER station of the Gulf of Trieste were processed by BMR Genomics (Padova, Italy)
using MiSeq platform in the paired-end 2 x 300 bp format. For PCR amplification, primers
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from Piredda et al. (2017) [59] were used (V4 18S F: CCAGCASCYGCGGTAATTCC and
V4185 R: ACTTTCGTTCTTGATYRATGA; V9 185 F: TTGTACACACCGCCCGTCGC and
V9 185 R: CCTTCYGCAGGTTCACCTAC) [58], giving amplicons of ~230 bp for V4 and
~130 bp for V9.

The quality of each raw read and presence of adapter sequences were assessed using
FASTQC (v. 0.11.9) [63]. Primer trimming was performed using cutadapt (v. 4.5) [64]. The
processing and analyzing of raw reads from all the sampling stations were performed
using QIIME2 (v. 2024.2) [65] and a quality control step, including filtering, denoising,
and merging of paired-end reads, was conducted with the DADA?2 plugin implemented
within QIIME2 [66]. Denoising and quality filtering of each dataset were performed
independently due to differences in sequencing providers and run-specific conditions.
After denoising, representative sequences were merged in QIIME 2 to allow consistent
taxonomic assignment of amplicon sequence variants (ASVs) across all datasets. Taxonomic
classification was carried out in QIIME 2 using a Naive Bayes classifier [67] with default
parameters trained on 185 rRNA gene target regions (V4 and V9), using reference sequences
from the PR2 database (v5.1.0) [68] and SILVA database (v138.2) [69].

2.3. Microscopy Analysis

Microalgae identification and counting of both sample types (mucilage and surround-
ing water) were conducted using an inverted light microscope equipped with phase con-
trast, following the Utermohl method [70]. Cell counts were performed at 400X mag-
nification in variable number of random visual fields or in transects, depending on cell
abundance. To improve the detection of larger and less abundant species, one half or the
entire Utermohl chamber was analyzed at 200 x magnification. A different approach was
used for mucilage samples collected at stations 00BF and C2. As the material was very
dense and gelatinous, settling in a Utermohl chamber was not possible. Instead, a drop
or piece of mucilage was placed on a microscope slide, covered with a cover slip, and
observed under an inverted microscope. Magnifications ranged from 200x to 1000 x using
immersion oil. A few sub-samples from each sample were qualitatively analyzed, with
annotations for the most abundant species.

Taxa were identified to the lowest possible taxonomic level and subsequently grouped
into four phytoplankton groups: diatoms, dinoflagellates, coccolithophores, and phytoflag-
ellates. The category ‘phytoflagellates” included all flagellate groups that could not be
identified under LM, often not even to the class level, including haptophytes (excluding
coccolithophores), cryptophytes, chrysophytes, dictyochophytes, raphidophytes, chloro-
phytes, and euglenophytes. Most taxa within these groups have been always classified as
‘undetermined phytoflagellates” and could include also heterotrophic taxa, as LM analysis
does not allow one to discriminate between autotrophic and heterotrophic organisms.

To identify problematic taxa, sub-samples from the Passetto station (Conero Riviera)
collected on 9 August 2024 were used for ultrastructural analysis by scanning electron
microscopy (SEM). For diatoms, preserved sub-samples were acid-cleaned following the
von Stosch protocol [71] and a drop of the cleaned suspension was placed on a stub. For
dinoflagellates, preserved sub-samples (1 mL) were filtered on a Nucleopore polycarbonate
filter using a Swinnex filter holder and a syringe. The filters where then dehydrated by
immersion in ethanol increasing gradations (10, 30, 50, 70, 80, 90, 95, and 100%). After 1 day
in absolute ethanol, the dehydrated samples were treated in a Critical Point Dryer (Polaron
CPD7501, Quorum Technologies, Newhaven, UK) and filters were mounted on stubs. Both
stubs, for diatom and dinoflagellate samples, were sputter-coated with gold-palladium in a
Sputter Coater (Polaron SC 7640). Both samples were visualized under a scanning electron
microscope, specifically, a Zeiss Supra 40 FE-SEM (Carl Zeiss AG, Oberkochen, Germany).
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2.4. Data Analysis

Taxonomic names in the datasets obtained with both methods were corrected and
updated by cross-referencing with AlgaeBase [72] to ensure accuracy and consistency.
Additionally, the dataset obtained through MB was curated by removing taxa irrelevant
to our study objectives, such as fungi, bacteria, and other non-target taxonomic groups
(e.g., Metazoa and macroalgae), using the R package phyloseq (version 4.3.1) [73]. In cases
of taxonomic uncertainty, such as ASVs corresponding to unusual or unexpected species
not previously recorded in the study area, identifications were validated using the NCBI
nucleotide database (Genbank) with BLASTn online tool (https:/ /blast.ncbinlm.nih.gov,
accessed on 1 November 2025) [74] with default parameters, and any incorrect assignments
were either corrected or excluded. To improve consistency and comparability between
MB and LM, the ‘phytoflagellates’ category in the MB dataset was expanded to include
additional taxa that, under LM, are morphologically indistinguishable from phytoflagellates.
This adjustment accounts for the fact that LM may also include small heterotrophic cells
with a similar morphology in the phytoflagellates counts.

Due the stochastic nature of this phenomenon, the sampling design was not fully
balanced. Therefore, comparisons between mucilage and surrounding water were restricted
to sampling dates for which both sample types were available. Specifically paired samples
for LM were collected at Passetto (11 July, 12 July, 21 July, and 9 August) and at C1-
LTER (16 July). LM data obtained from these paired samples were used to estimate total
microalgal abundance, calculate alpha diversity indices, and generate Venn diagrams of
unique and shared species between the mucilage and surrounding water. Alpha diversity
was estimated using the Shannon and Simpson diversity indices computed with the vegan
package in R [75]. Differences between the two sample types were visualized using boxplots
and statistically tested with the Wilcoxon rank-sum test with a p-value < 0.05 considered
statistically significant. For MB data, comparative Venn diagram analyses were conducted
using mucilage samples collected at 00BF (19 July), C1-LTER (16 July), and Passetto (11 July,
12 July, 21 July, and 9 August), together with the corresponding surrounding water samples
collected on the same dates.

Bar plots were used to show changes in the most abundant species identified by LM
and in phytoplankton groups in the two study areas based on MB data, while bubble plots
were used to visualize the most abundant species detected by MB. All bar and bubble plots
based on LM and MB data were generated using all the available mucilage and surrounding
water samples.

All statistical analyses were performed using RStudio (version 4.3.1) [76] and all
graphics were generated with the ggplot2 package [77].

3. Results

Qualitative and quantitative analysis of the mucilage under LM revealed a high
abundance of Gonyaulax fragilis at the onset and during the phenomenon (Figure 3a),
whereas towards the end, many of its broken thecae or only few were observed. The
abundances of Gonyaulax fragilis were 6.93 x 10° cells/L on 27 June at Portonovo station,
reaching a maximum of 2.16 x 10° cells/L at of Passetto station on 12 July. Among di-
atoms, several species dominated in mucilage samples, mainly Thalassionema nitzschioides
(Grunow) Mereschkowsky, (Bacillariophyceae), Nitzschia gobbii (Accoroni, Romagnoli, Giuli-
etti and Totti), (Bacillariophyceae), Nitzschia spp. (Bacillariophyceae), and Cylindrotheca
closterium (Figure 3b). These most abundant diatoms reached their highest abundances in
the mucilage at Passetto station on 21 July. Specifically, Thalassionema nitzschioides reached
1.97 x 107 cells/L in the mucilage (compared to 2.63 x 10* cells/L in the surrounding
water), Nitzschia gobbii reached 3.57 x 107 cells/L in the mucilage (versus 8.54 x 10* cells/L
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in the surrounding water), and Cylindrotheca closterium reached 5.14 x 10° cells/L in the
mucilage (compared to 2.50 x 10° cells/L in the surrounding water). Other species ob-
served at lower abundances included Cerataulina pelagica (Cleve) Hendey (Mediophyceae),
Chaetoceros diversus Cleve, (Mediophyceae), Dactyliosolen blavyanus (H. Peragallo) Hasle
(Coscinodiscophyceae), Dactyliosolen fragilissimus (Bergon) Hasle (Coscinodiscophyceae),
Gephyrocapsa huxleyi (Lohmann) P. Reinhardt (Coccolithophyceae), Gonyaulax polygramma F.
Stein (Dinophyceae), Leptocylindrus danicus Cleve (Mediophyceae), Licmophora abbreviata C.
Agardh (Bacillariophyceae), Licmophora flabellata (Greville) C. Agardh (Bacillariophyceae),
Nitzschia longissima (Brébisson ex Kiitzing) Grunow (Bacillariophyceae), Oxytoxum scolopax
E. Stein (Dinophyceae), Paulinella ovalis PW. Johnson, Hargraves and Sieburth (Imbricatea),
Podolampas bipes F. Stein (Dinophyceae), Proboscia alata (Brightwell) Sundstrém (Medio-
phyceae), Prorocentrum micans Ehrenberg (Dinophyceae), Protoperidinium bipes (Paulsen)
Balech (Dinophyceae), Pseudo-nitzschia pseudodelicatissima complex, Skeletonema marinoi
Sarno and Zingone (Mediophyceae), Striatella unipunctata (Lyngbye) C. Agardh (Bacillar-
iophyceae), and several Tripos species. Their abundances were generally lower than the
dominant species, ranging from 4.17 x 10? cells/L to 4.60 x 10° cells/L, depending on the
species and sampling date.

Figure 3. LM images of mucilage samples: (a) sample collected on the Conero Riviera on 6 June 2024
showing Gonyaulax fragilis and (b) sample collected on the Conero Riviera on 9 August 2024 showing
a very diversified diatom community (mainly Thalassionema nitzschioides, Nitzschia gobbii, Nitzschia
spp.). Scale bars: 50 pm.

The taxa examined with SEM, both in the surrounding water and mucilage samples
(Figure 4), confirmed the identification of the most abundant species, i.e., Cylindrotheca
closterium, Nitzschia sp., Thalassionema nitzschioides, and, in addition, Nitzschia longissima.
Furthermore, some less abundant taxa found in both sample types were Amphora sp.
(Bacillariophyceae), Cyclotella sp. (Bacillariophyceae), Cocconeis euglypta Ehrenberg (Bacillar-
iophyceae), Diploneis sp. (Bacillariophyceae), Licmophora sp. (Bacillariophyceae), Navicula
perminuta Grunow (Bacillariophyceae), Pleurosigma sp. (Bacillariophyceae), Scrippsiella
rotunda (Dinophyceae), and Nanofrustulum sp. (Bacillariophyceae) (Figure 5).

3.1. Comparison Between Mucilage Aggregates and Surrounding Water

Microalgal total abundances obtained by LM in mucilage samples showed val-
ues 1-2 orders of magnitude higher (Wilcoxon test, p < 0.05) than in the surround-
ing water (Figure 6). The lowest mucilage abundance was later recorded on 16 July
(4.53 x 100 cells/ L) at the CI1-LTER station, when the surrounding water contained
1.08 x 10° cells/L. The maximum abundance in mucilage was recorded at Passetto sta-
tion on 21 July (1.37 x 108 cells/L), while the surrounding water on the same date had
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3.48 x 10° cells/L. Finally, the highest abundance in the surrounding water was measured
at Passetto station on 9 August (1.91 x 107 cells/L).

Figure 4. SEM images of most abundant taxa from mucilage and surrounding water samples from
Conero Riviera: (a) = Nitzschia sp., scale bar = 2 um; (b) = Nitzschia longissima, scale bar = 10 pm;
(¢) = Thalassionema nitzschioides, scale bar = 2 um; and (d) = Cylindrotheca closterium, scale bar = 10 pm.

Figure 5. SEM images of less abundant taxa from mucus samples (a—f) and from surrounding
water samples (g-1) from Conero Riviera: (a) Cyclotella sp. internal valve view, (b) Cyclotella sp.
external valve view, (¢) Nanofrustulum sp., (d) Diploneis sp. internal valve view, (e) Scrippsiella rotunda,
(f) Pleurosigma sp., (g) Pleurosigma sp., (h) Cyclotella sp. external valve view, (i) Cocconeis euglypta
(j) Amphora sp., (k) Navicula perminuta, and (1) Licmophora sp. (a) Scale bar = 1 pm; (b,d,e,i-k) scale
bar = 2 um; (c) scale bar = 200 nm; (f-h,1) scale bar = 10 pm.
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Figure 6. Boxplots of the total microalgal abundance (cells L) in mucilage aggregates (orange) and
surrounding seawater (light blue) samples. Data from LM analyses.

LM showed that diatoms and phytoflagellates were the most abundant groups in both
sample types (Supplementary Table S1). In the mucilage samples diatoms ranged from
4.38 x 107 cells/L (43.2%) to 6.58 x 107 cells/L (66.8%), whereas in the surrounding water
they ranged from 8.23 x 10* (47%) to 1.40 x 107 (73.39%). Phytoflagellates abundances in
the mucilage ranged from 5.54 x 107 (54.4%) to 3.19 x 107 cells/L (32.4%), while in the
surrounding water they ranged from 6.20 x 10* (35.5%) to 4.87 x 10° (25.4%).

Both Simpson (Figure 7a) and Shannon diversity indices (Figure 7b) showed no
statistically significant differences in diversity between the mucilage samples and the
surrounding water (Wilcoxon test, p > 0.05).

Venn diagrams, obtained by LM analyses, identified 35.3% of unique species in the
surrounding water, 17.6% unique in the mucilage, and 47.1% of species shared between the
two sample types (Figure 8a). Specifically, 34 species were found, including 19 diatoms,
9 dinoflagellates, 2 coccolithophores, and 4 phytoflagellates (Supplementary Table S2).
These results are consistent with those obtained through MB. Venn diagrams based on
MB showed the overlap in terms of microalgal species (Figure 8b) and genera (Figure 8c)
identified in mucilage and surrounding water samples, using the V4 and V9 markers
and PR2 and SILVA databases. A higher number of unique species were detected in the
surrounding water compared to mucilage, with 124 and 67 species, respectively. Also at
the genus level, higher number of unique genera was detected in the surrounding water
compared to mucilage, with 86 and 62 genera, respectively. A total of 105 species and
155 genera were shared between the two sample types. Overall, 294 species (67 diatom:s,
71 dinoflagellates, 5 coccolithophores, and 151 phytoflagellates) (Supplementary Table S2)
and 303 genera (55 diatoms, 63 dinoflagellates, 4 coccolithophores, and 181 phytoflagellates)
(Supplementary Table S3) were identified across all methodological MB approaches.

3.2. Evolution of Microalgal Composition in Mucilage and Surrounding Water

LM analyses focusing on the 10 most abundant species in mucilage (Figure 8a) and
surrounding water samples (Figure 9b) highlighted the presence of Gonyaulax fragilis in
mucilage on the first weeks of the phenomenon. After, a decrease over time was observed,
accompanied by an increase in the relative abundance of Nitzschia gobbii at the beginning
and of Thalassionema nitzschioides towards the end. This trend was clearly observed in
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both mucilage and water samples, with the only difference being that in the water column
abundances were much lower. It is noteworthy that Gonyaulax fragilis was not found among
the 10 most abundant species in the surrounding water samples.

Figure 7. Simpson (a) and Shannon (b) diversity indices of microalgae in mucilage samples (orange
plot) and surrounding water (light blue) observed by LM. Although higher values were observed in
mucilage samples, the differences were not statistically significant.

Figure 8. Venn diagrams showing the number (and percentage) of shared and unique microalgae
species from LM analysis (a) and shared and unique microalgae species (b) and genera (c) based on
results integrating all metabarcoding approaches, V4 and V9 markers and PR2 and SILVA databases
for taxonomic assignment, between mucilage (orange) and surrounding water (light blue) samples.
Brown areas indicate taxa shared between the two sample types.
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Figure 9. Relative abundance of the ten most abundant species identified by LM in mucilage (a) and
surrounding water (b) samples.

Metabarcoding analysis of the 185 rRNA V4 region, using PR2 (Figure 10a) and SILVA
(Figure 10b) as taxonomic reference databases, revealed that the species with the highest
relative abundance in mucilage samples were represented by Cylindrotheca closterium (PR2
and SILVA), Cyclotella choctawhatcheeana Prasad (Mediophyceae) (SILVA), and Pleurosigma
planctonicum A. Cleve (Bacillariophyceae) (SILVA). Among dinoflagellates, both databases
assigned sequences to Alexandrium margalefii Balech (Dinophyceae) and Gonyaulax fragilis
as most abundant. Other identified dinoflagellates species included Pelagodinium bei (H.].
Spero) Siano, Montresor, Probert and Vargas (Dinophyceae) (PR2), Pseliodinium fusus (F.
Schiitt) F. Gémez (Dinophyceae) (PR2 and SILVA), Wangodinium sinense Z. Luo, Zhangxi Hu,
Yingzhong Tang and H.F. Gu (Dinophyceae) (PR2 and SILVA), and Karlodinium veneficum
(D. Ballantine) J. Larsen (Dinophyceae) (SILVA). Among phytoflagellates, PR2 enabled the
identification of Mamiella gilva Parke and Rayns (Mamiellophyceae), Tetraselmis convolutae
(Parke and Manton) R.E. Norris, Hori and Chihara, (Chlorodendrophyceae), and Tetraselmis
verrucosa f. rubens (Butcher) Hori, Norris and Chihara (Chlorodendrophyceae), whereas
SILVA assigned sequences to Picochlorum maculatum (Butcher) Henley, Hironaka, Guillou,
M. Buchheim, J. Buchheim, M. Fawley and K. Fawley (Trebouxiophyceae), and Tetraselmis
marina (Cienkowski) R.E. Norris, Hori and Chihara (Chlorodendrophyceae).

3.3. Comparison Between Gulf of Trieste and Conero Riviera

Temporal changes in microalgae community composition were investigated in the
Gulf of Trieste (Figure 11) and the Conero Riviera (Figure 12) both in the mucilage and
surrounding water samples. These analyses were performed through MB of the V4 region,
and, additionally, only for the Conero Riviera samples, of the V9 region.
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Figure 10. Relative abundance of dominant species in mucilage (orange) and surrounding water
(light blue) samples obtained with MB using V4 marker and PR2 (a) and SILVA (b) databases.

Figure 11. Relative abundance (%) of phytoplankton groups in mucilage and surrounding water
samples from the Gulf of Trieste based on metabarcoding analyses using the V4 region and the two
reference databases, PR2 (a) and SILVA (b), across sampling dates.
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Figure 12. Relative abundance (%) of phytoplankton groups in mucilage and surrounding water
samples from the Conero Riviera based on metabarcoding obtained with two genetic markers V4
(a,b) and V9 (c,d) with two reference databases (PR2 and SILVA) across sampling dates.

In the mucilage samples collected from the Gulf of Trieste it was observed that the
relative abundance of phytoflagellates and diatoms increased over time. The abundance of
phytoflagellates increased from 30-38% to 57-58% (depending on the database used), while
diatoms increased from 12% to 32-34%. Conversely, dinoflagellates, which were dominant
in the early sampling (until ~90% on 9 July), declined to 9% at the end. Coccolithophores,
on the other hand, were consistently detected at very low proportions throughout the
sampling period.

Similar trends were observed in the Conero Riviera where phytoflagellates generally
increased over time (from 17 to 90%), with no substantial differences between the two
markers and databases. Although a prominent peak occurred on 1 July (94%) the overall
temporal pattern was characterized by a progressive increase in phytoflagellate relative
abundance toward the end of the sampling period. Dinoflagellates and phytoflagellates
were the dominant groups in both sample types; however, diatoms reached their maximum
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relative abundance on the 27 June (60%). This pattern differs from that observed in the
Gulf of Trieste. In contrast, and consistently with the findings in the Gulf of Trieste,
coccolithophores occurred only at very low relative abundances across all samples. No
substantial differences were observed in the composition of the samples when the V9
marker was used.

4. Discussion

In this study, an integrated approach that combines microscopy and metabarcoding
was used for the first time to characterize microalgal communities within the mucilage ag-
gregates of the Northern Adriatic Sea. The microalgal group composition as obtained by the
two methodological approaches was different: LM identified phytoflagellates and diatoms
as the most abundant groups, whereas phytoflagellates and dinoflagellates dominated
according to MB. This discrepancy can be attributed first to methodological biases. MB
may overestimate dinoflagellate relative abundance due to their high gene copy numbers
related to their large genome [59,78], while LM analyses may underestimate them because
formalin fixation often damages the thecae, making microscopic identification difficult.
Moreover, MB revealed a greater diversity within phytoflagellates group compared to LM,
as expected, since LM identification for this artificial group is generally limited to the class
level. Nevertheless, LM remains essential for quantifying microalgal abundance. Some
taxa clearly observed by LM, such as Dactyliosolen blavyanus, Gonyaulax fragilis, Podolam-
pas palmipes F. Stein (Dinophyceae), Protoperidinium bipes, and Tripos fusus (Ehrenberg) F.
Goémez (Dinophyceae), were not detected by MB. This detection failure can be linked to
the high concentration of Extracellular Polymeric Substances (EPS) that form the mucilage,
which significantly interferes with DNA extraction efficiency, purification, and PCR am-
plification [79]. Conversely, MB detected several additional taxa that were not observed
by LM, including cryptic, small, or low abundance taxa that are difficult to identify with
microscopy. Given that mucilage acts as an aggregator of organic material, it is possible
that the detection of some species can be related to the presence of detrital DNA only, as
also suggested by the numerous broken thecae, attributed to G. fragilis, that were found
in the mucilage. Indeed, extracellular DNA, including detrital DNA, is known to persist
in marine environments and can contribute to eDNA signals even in the absence of living
cells [80,81].

The presence of mucus, besides interfering with MB analysis, hinders the counting
under LM as it can cover the cells, change the microscopic focal plane, and impose the
analysis of low-volume sub-samples. In this context, SEM observations provided addi-
tional support for species identification, particularly for critical genera or species that are
difficult to resolve with LM alone, by revealing fine taxonomic characters and clarifying
morphological features obscured also by the mucus.

The temporal trend of microalgal composition was similar in both sampling areas,
where it was observed that phytoflagellates tend to increase over time. This pattern may
be linked to the senescence of the aggregates, which can release nutrients and promote
taxa with faster growth rates [29]. Indeed, microalgal communities are highly dynamic
and likely respond to environmental drivers such as nutrient availability, hydrodynamics,
and the aging of mucilage aggregates [53,82]. The very low relative abundance of coccol-
ithophores across all stations, as observed through MB, may reflect the methodological
limitations of MB, specifically the underrepresentation of these organisms in the reference
databases used (SILVA and PR2) [58]. Species detected by MB such as Alexandirum margale-
fii, Cylindrotheca closterium and Gonyaulax fragilis have also been reported in mucilage of the
Sea of Marmara using the same approach [54,55]. Furthermore, MB confirmed the presence
of most abundant species already detected by microscopy analysis such as Cylindrotheca
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closterium and Gonyaulax fragilis, which are identified at the species level by both methods.
However, MB did not identify Nitzschia gobbii at the species level, only confirming the pres-
ence of the genus Nitzschia. This absence is most certainly linked to the lack of the V4 and
V9 regions of the 185 rRNA gene for this species in the reference database. MB with SILVA
as the taxonomic reference database also revealed a high relative abundance of Pleurosigma
planctonicum, as LM and SEM only allowed for the identification of Pleurosigma at genus
level. Moreover, MB provided higher taxonomic resolution within specific groups such as
dinoflagellates, revealing species undetected by microscopy (e.g., Karlodinium veneficum,
Pseliodinium fusus, and Wangodinium sinense). The same applies to phytoflagellates, with
MB revealing a high relative abundance of chlorophytes such as Tetraselmis spp., which
cannot be identified by LM. Differences were observed depending on the markers and
databases used, likely due to differences in coverage and reference completeness among
methods, especially at species level.

In agreement with previous findings, the mucilage aggregates exhibited significantly
higher microalgal abundance than the surrounding water [29,49,53]. This has been ex-
plained considering that mucilage not only acts as a trap for detritus and microorganisms
but also creates a favorable microenvironment for the active proliferation of protists and
bacteria [29,36,53,82,83]. In this study, we further showed that in mucilage, species compo-
sition partially overlaps with that in the surrounding water. However, a clear imbalance
was observed, with a higher number of genera and species in the surrounding water. These
observations are consistent with previous studies reporting higher microbial diversity in
the water than in mucilage [54]. This pattern may be explained, on the one hand, again by
the polysaccharidic nature of the mucilage matrix which can interfere with the molecular
procedures in MB and hinder accurate identification and counting at LM, potentially lead-
ing to an underestimation of diversity in mucilage samples. On the other hand, mucilage
aggregates tend to become dominated over time by a limited number of opportunistic
species, such as Thalassionema nitzschioides [84], resulting in reduced biodiversity.

Overall, all these methodological biases and complementarity highlighted the necessity
of adopting an integrated approach to describe microalgae diversity and dynamics within
mucilage aggregates. Each method alone provides a partial perspective, whereas their
integration allows cross validation of results, improves taxonomic resolution, and enhances
understanding of species dynamics linked to this complex phenomenon in agreement with
studies that have previously used MB and LM to investigate mucilage [54].

Since the first studies in the 18th century, researchers have tried to identify the organ-
isms responsible of the mucilage phenomenon by observing samples at the microscope, and
in turn, many species have been suspected as main actors [20]. During the huge episodes in
the 2000s in the NAS, it was indicated that Gonyaulax fragilis played a key role in mucilage
formation through the production of extracellular polysaccharides, the main component
of the mucus, which are released following the fragmentation of the thecae [41,85]. The
hypothesis about a primary involvement of G. fragilis in mucus production is sustained by
(i) the observation of its cells in the very early stage of the phenomenon, (ii) the occurrence
of blooms of G. fragilis only in the years when mucilage appeared (in the past it has reached
concentrations up to 3,400,000 cells/L) [85], (iii) the chemical composition of mucus pro-
duced by G. fragilis in culture conditions corresponds to that of mucilage [85], and (iv) the
quantity and the aspect of mucus produced by G. fragilis under experimental conditions
does reflect that of natural mucilage samples (Pistocchi pers. comm.). From this study, LM
analysis revealed a high abundance of Gonyaulax fragilis at the beginning and throughout
the mucilage event, while only a few cells or fragmented thecae were observed at the end
of the sampling. Notably, the presence of this species was also detected by MB, but not at
the onset of the phenomenon, as clearly observed through LM.
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Although it is not possible to demonstrate beyond any reasonable doubt the functional
role of Gonyaulax fragilis in mucilage formation, our results confirm its presence within
mucilage aggregates throughout the event. However, to confirm the hypothesis of a possible
involvement of this species in the mucilage production, sampling should ideally start just
before the onset of mucilage formation to capture potential community shifts in the initial
bloom dynamics.

Among diatoms, in both study areas, Cylindrotheca closterium, Nitzschia gobbii, Nitzschia
spp., and Thalassionema nitzschioides were the dominant species, especially in older aggre-
gates, in agreement with previous observations [36,53,84,86]. These species have been
previously reported as mucus producers [37,86,87], and some authors considered them as
potential contributors to mucilage formation [86]. Furthermore, it is widely recognized that
mucilage aggregates offer a substratum very suitable for microalgal growth, favoring the
development of a rich diatom community. We hypothesize that the presence of such di-
atoms could be explained considering that they find optimal growth conditions within the
aggregates [29] and /or as they are physically trapped in the mucus. In our study, although
we observed an increase in the relative abundance of these species in the days following
the onset of the mucilage event, they were already present in significant numbers from
the very beginning, alongside Gonyaulax fragilis, suggesting that the presence of mucilage
benefits these species, as they become dominant over time [34,36,41,84-86].

5. Conclusions

This study represents the first characterization of mucilage-associated microalgal com-
munities in the NAS using an integrated methodological approach. Although the sampling
design was affected by the unpredictable nature of the phenomenon, our results high-
lighted the utility of adopting multidisciplinary and integrative approaches to investigate
microalgal composition, abundance, and temporal dynamics within mucilage aggregates,
particularly considering the analytical challenges caused by the mucilaginous matrix, which
can interfere with single methods. By integrating complementary approaches, methodolog-
ical limitations were mitigated leading to more robust and reliable results. Our findings
confirm the dominance of key microalgal species previously associated with mucilage and
provide new insights into their temporal succession. Given the ecological and economic
impacts of mucilage events on marine ecosystems, fisheries, and coastal activities, fur-
ther multidisciplinary studies will be crucial to unravel the mechanisms driving mucilage
development and its ecological implications.
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