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Abstract

The aim of this study is to characterise the diatom Pseudo-nitzschia community during a bloom period in relation to environ-
mental conditions. High proliferation of Pseudo-nitzschia spp. was observed in September 2017 at the shellfish breeding area in
Krka River estuary (Central eastern Adriatic Sea). The peak of abundance (1.8 x 10° cells L) was recorded at 7 m depth, and the
increased abundance persisted for four weeks. Morphological analyses of field samples based on scanning electron microscopy
(SEM) revealed that Pseudo-nitzschia cf. arenysensis prevailed (94%) in the Pseudo-nitzschia assemblage. Several strains were
successfully isolated from net samples in order to better define morphological features and phylogenetic characterisation. The
isolated Pseudo-nitzschia strains corresponded morphologically to P. cf. arenysensis from the field samples, based on our SEM
observations. Phylogenetic analysis demonstrated that the Croatian strains grouped with P. arenysensis using the ITS and LSU
rDNA sequences.

The Spearman rank correlation showed that salinity was an important environmental factor affecting the vertical distribution
of Pseudo-nitzschia spp. in this highly variable area. Availability of increased concentration of orthophosphates and ammonium

and a low Si:TIN ratio may have promoted the bloom of P. cf. arenysensis in the estuary.

Keywords: Adriatic Sea; Pseudo-nitzschia bloom; SEM; ribosomal genes.

Introduction

To date, the genus of marine diatoms Pseudo-nitzs-
chia H. Pergallo consists of 54 described species (Bates
et al., 2018; Huang et al., 2019). Pseudo-nitzschia spe-
cies are distributed worldwide, from tropical to polar ar-
eas (Lelong ef al., 2012; Trainer et al., 2012; Bates et
al., 2018). This genus received significant attention from
the scientific community after 1987, when the first ASP
(Amnesic Shellfish Poisoning) outbreak was caused by
a bloom of P. multiseries Hasle (Hasle) (Wright et al.,
1989). Since then, the number of toxic Pseudo-nitzschia
species that produce domoic acid (DA) increased to 26
(Bates et al., 2018; Lundholm, 2019). Domoic acid is a
potent neurotoxin, found in various marine organisms
such as zooplankton, shellfish, crustaceans, echinoderms,
worms, marine mammals and birds, which can cause se-
vere human intoxication and harmful impact on marine
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wildlife (Trainer et al., 2012; La Barre et al., 2014). The
genus Pseudo-nitzschia is a common member of the phy-
toplankton community in the Adriatic Sea (Vili¢i¢ et al.,
2007; Buzanci€ et al., 2012; Mari¢ et al., 2012; Skeji¢ et
al., 2014; NincCevi¢ Gladan ef al. 2020; Turk Dermastia et
al. 2020). Previous taxonomical studies of Pseudo-nitzs-
chia diversity from the central part of the Eastern Adri-
atic coast were mainly based on morphological data and
included reports on species, such as: P. pseudodelicatis-
sima, P. delicatissima, P. subfraudulenta, P. calliantha,
P. fraudulenta, P. pungens, P. mannii (Buri¢ et al., 2008;
Mari¢ Pfannkuchen, 2013; Arapov et al., 2016; Arapov et
al., 2017). A phylogenetic description of Croatian Pseu-
do-nitzschia spp. was found only in the study of P. mannii
(Grbin et al., 2017).

Regular toxin analyses of shellfish samples indicat-
ed that domoic acid had been sporadically determined
at shellfish breeding areas along the Eastern Adriatic
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Coast (Ujevié et al., 2010; Ljubesi¢ et al., 2011; Arapov
et al., 2016; Arapov et al., 2017). Reported concentra-
tions of DA were always far below regulatory limits, as
well as are reported values from other Adriatic regions
(EU, 2004; Ciminiello et al., 2005; Ujevi¢ et al., 2010;
Ljubesi¢ et al., 2011; Pistocchi et al., 2012; Penna et al.,
2013; Arapov et al., 2016; Arapov et al., 2017).

Despite significant interest in this genus, determina-
tion to species level remains challenging. The existence
of cryptic and pseudo-cryptic species within this genus
makes their identification, based solely on morphological
characteristics, inadequate. Therefore, identification of
Pseudo-nitzschia species, especially those belonging to
the P. pseudodelicatissima and P. delicatissima groups,
requires an integrated approach of morphological stud-
ies using light and electron microscopy with molecular
phylogenetic analysis. Detailed taxonomic studies of
Pseudo-nitzschia species can contribute to a better under-
standing of genus diversity and toxicity issues.

The aim of this study was to characterise Pseudo-nitzs-
chia species composition during a high abundance peri-
od and to describe environmental conditions that enable
Pseudo-nitzschia blooms in the Krka River estuary.

Material and Methods
Study area and sampling

The Krka River estuary is one of the major aquacul-
ture areas along the Eastern Adriatic coast that, since
2000, is included in the National Monitoring Programme
of regular shellfish and seawater quality controls. It is a
highly stratified, 25 km long estuary, located in the central
part of the Eastern Adriatic coast. A sharp halocline exists
throughout the whole year in layers of 1m to 4m depth.
Previous studies have confirmed that the halocline plays
an important role in biogeochemical processes (Svensen
et al., 2007) and represents an accumulation layer for
freshwater and marine phytoplankton species (Vilici¢
et al., 1989). Sampling was conducted in the middle es-
tuary, at station Strmica (43.776320°N, 15.848007°E,
depth 28 m, Fig. 1), over a two-month period, on the fol-

lowing sampling dates: 30" August, 13™ September, 27"
September, 2™ October, 10" October, 16" October and
25" October 2017.

Environmental parameters and shellfish toxin analyses

During the sampling period, seawater temperature
and salinity were measured using a YSI Pro 1030 probe
at four depths (surface, halocline, 5 m, 7 m). Concurrent-
ly with temperature and salinity measurements, phyto-
plankton and nutrient samples were collected using Nan-
sen bottles at the same depths, except for 5 m (surface,
halocline and 7 m depth).

Water samples for nutrient analyses were stored in
the freezer immediately after sampling and transferred
to the laboratory for further analyses. Concentrations of
nitrates (NO,"), nitrites (NO,"), ammonium(NH,"), total
nitrogen (Ntot), orthophosphates (PO,*), total phosphates
(Ptot) and orthosilicates (SiO,*) were determined by a
Seal Analytical Autoanalyzer III, according to the modi-
fied method used for nutrient determination in seawater
(Grasshoff et al., 1999). Total inorganic nitrogen (TIN)
was calculated as a sum of nitrates (NO,"), nitrites (NO,")
and ammonium(NH,"). Organic nitrogen (Norg) was cal-
culated as a difference between concentrations of total ni-
trogen (Ntot) and total inorganic nitrogen (TIN), whereas
organic phosphates (Porg) were calculated as a difference
between total phosphates (Ptot) and orthophosphates
(PO,*) concentrations.

For the toxin analyses, samples of the mussel Myti-
lus galloprovincialis were collected concurrently with
sampling of all other previously mentioned parameters
throughout the investigated period. Domoic acid (DA)
and epi-DA in shellfish samples were analysed by HPLC-
DAD-UV system (Varian ProSTAR) according to Quil-
liam et al. (1995). Approximately 100 g of soft shellfish
tissue was homogenised, and then a subsample of 8 g was
prepared following the protocol proposed by Quilliam
et al. (1995), including strong anion exchange (SAX) to
avoid interference with tryptophan. A volume of 20 pL
of sample was injected into the HPLC-DAD-UYV system.
The retention time of DA was close to 13 min. The limit

Strmica

Fig. 1: Study area; the arrow indicates the Strmica sampling station, located in the Krka river estuary.
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of detection (LOD) was 0.1025 pg DA g and the limit
of quantification was determined as 3 x LOD and was
found to be 0.3415 ug DA g'. A detailed description of
the HPLC method and composition of the mobile phase
has been specified by Ujevic et al. (2010) and Arapov et
al. (2016).

Phytoplankton analyses (LM and SEM)

Phytoplankton composition and abundance were an-
alysed using a Leica DMI4000B inverted light micro-
scope(LM), according to the Utermdhl method (Uter-
mohl, 1958). After collection, the seawater samples (250
mL) were preserved with Lugol’s solution and stored in
the dark until the analyses. Subsamples of 25 mL were
settled in counting chambers for at least 24 h, and then the
cells were counted in one transect at 400x magnification
and in half of the chamber bottom at 200x magnification.

The composition of Pseudo-nitzschia species was
analysed using Field Emission Scanning Electron Mi-
croscopy (SEM, Tescan MIRA3), at the depth with the
highest Pseudo-nitzschia spp. abundance determined by
LM. Organic material from the valves was removed by
adding 10% hydrochloric acid (HCI), 30% sulphuric acid
(H,SO,), concentrated potassium permanganate (KMnO,)
and, after 24 h, concentrated oxalic acid (COOH),. Sub-
sequently, the sample was rinsed three times in distilled
water, as described by Arapov et al. (2017). In each sam-
ple, the first 50 valves were measured: the length, width,
number of fibulae and interstriae in 10 pum, as well as
the number of poroids in 1 pm and number of sectors
observed within poroid. The observed morphological
characteristics were compared to the data available in the
literature in order to determine Pseudo-nitzschia species.

Samples for morphological analyses of established
Pseudo-nitzschia cultures were prepared according to
Hasle & Fryxell (1970) in order to observe the charac-
teristics of the girdle band. Subsamples of 500 pL of the
cleaned samples were filtered through polycarbonate
membrane filters (pore size 1 um, Nucleopore, What-
man), dried for at least 24 h in a desiccator, coated with
gold and examined with SEM. The first twenty intact
valves of each cultured strain were measured.

Cell isolation and molecular analyses

Pseudo-nitzschia strains were isolated from field sea-
water samples collected with a plankton net (20 pm pore
size), towed from 7 m to the surface. Single-cells or a
chain was isolated under a Leica DMI4000B inverted
light microscope using a sterile glass micropipette. Iso-
lated cells were transferred to a 24-well tissue culturing
plate, containing 1 mL of f/2 medium and kept at 21°C,
with a 12:12 (light:dark) photoperiod at 108 umol pho-
tons m? s'. Upon the observed growth, isolates were
transferred to culturing flasks containing 30 mL of /2
medium and were further analysed. Isolated strains were
fixed with Lugol’s solution on the seventh day of transfer
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of the strains to a culturing flask for detailed morpholog-
ical analyses by SEM, as described above.

Morecover, two cultured strains of Pseudo-nitzschia
spp. were analysed for species-specific taxonomical as-
signment by LSU and ITS- 5.8S rDNA sequence align-
ment. The sequences of ribosomal genes obtained from
two Pseudo-nitzschia cultured isolates were deposited in
the NCBI GenBank. The accession number of P2B5 and
P2ES strains are MN545365 and MN545366 for the LSU
gene, respectively and MN545442 and MN545443 for
the ITS-5.8S gene, respectively. For genomic DNA ex-
traction, the exponential phase cultures of Pseudo-nitzs-
chia spp. were harvested by centrifugation at 4,000xg
for 20 min at room temperature. Total genomic DNA
was extracted from cell pellets using a DNeasy Plant Kit
(Qiagen, Valencia, CA, USA), according to the manufac-
turer’s instructions. Quantification was performed using
a Qubit fluorometer with a Quant-iT dsSDNA HS Assay
Kit (Invitrogen, Carlsbard, CA, USA). Then, the LSU
rDNA was amplified and sequenced using DIR and D2C
primers (Scholin et al., 1994) targeting the D1-D2 region.
The ITS-5.8S region of the rDNA was amplified and se-
quenced using the universal primers ITSA and ITSB (Ad-
achi et al., 1994). The PCR reaction for LSU rDNA and
ITS-5.8S rDNA was as follows: tubes contained 25 ul of
1X reaction buffer (Hot Start Taq DNA Polymerase 5U/
ul, Biotechrabbit GmbH, Germany), 2.5 mM of MgCl,,
0.75X PCR Enhancer, 200 uM of dNTPs, 200 nM or 400
nM of each primer for ITS and LSU, respectively, 1U Taq
DNA Polymerase and 0.5-1 ng of DNA template. PCR
thermal cycling conditions were the same as reported in
Pugliese et al. (2017). All amplified PCR products were
purified using a MinElute Gel Extraction Kit (Qiagen),
and the products were directly sequenced with the ABI
PRISM BigDye Terminator Cycle Sequencing Kit v. 1.1
on an ABI 310 Genetic Analyzer (Applied Biosystem,
Foster City, CA, USA). Standard thermal cycling condi-
tions were used for both templates, setting the annealing
temperature according to the template (60° C and 50° C
for ITS and LSU PCR specific primers, respectively).
Difficult templates and repeated regions were solved by
increasing initial denaturation time and modifying the
thermal cycling condition as follows: 40 cycles of dena-
turation at 96° C for 10 s and annealing/extension at 50°
C for 4 min.

Phylogenetic analyses

Analyses on the D1-D2 region of LSU rDNA and
ITS-5.8S were conducted separately. The LSU and ITS-
5.8S sequences were aligned using MAFFT software.
Short aligned sequences and ambiguously aligned po-
sitions were excluded from the alignment, manually or
using Gblocks (http://molevol.cmima. csic.es/castresana/
Gblocks.html) with default settings. The neighbor-join-
ing (NJ), maximum parsimony (MP) and maximum like-
lihood (ML) analyses were performed in MEGA v. 7.0.
The robustness of the NJ, MP and ML trees was tested by
bootstrapping using 1000 pseudo-replicates. Distance and
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maximum likelihood trees were built based on the sub-
stitution model selected through the Akaike Information
Criterion option implemented in MEGA v. 7.0 (Kumar et
al., 2016). The most appropriate evolutionary models for
LSU and ITS-5.8S gene rDNA alignment were found to
be HKY + G + I and Tamura-Nei + G, respectively, with
gamma distribution values of 0.59 and 0.35, respectively.
The MP analyses were performed using the Tree-Bisec-
tion-Redrafting (TBR) algorithm with search level 1, in
which the initial trees were obtained by the random addi-
tion of sequences (10 replicates). All positions containing
gaps and missing data were eliminated. Bayesian analy-
ses were performed using MrBayes ver. 3.2.6 (Ronquist
& Huelsenbeck, 2003) as implemented in Genious Prime
2019.2 (Kearse et al., 2012) using the GTR + G model
for all analyses. Four independent Markov Chain Monte
Carlo simulations were run simultaneously for 2,000,000
generations. Trees were sampled every 100 generations,
and 2,001 trees were discarded as burn-in. The sequences
of Fragilariopsis rhombica 5-17 AF7656 and Fragilar-
iopsis sp. NL2010 GU170665 were used as an outgroup
for the Pseudo-nitzschia LSU and ITS-5.8S gene phylo-
genetic analyses, respectively.

Statistical analyses

Vertical distribution of temperature and salinity
were presented using Ocean Data View software-ODV
(Schlitzer, 2018), while nutrient concentrations were
presented with graphs created using the Statistica 13.0
software package. The Pairwise Spearman rank correla-
tions were performed using the Statistica 13.0 software
package on non-transformed data of Pseudo-nitzschia
spp. abundance and environmental data and between sa-

o
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Depth [m]
£

linity and nutrient concentrations. In order to explore the
relationship between Pseudo-nitzschia abundance and
environmental parameters Principal Component Anal-
ysis (PCA) was performed on a transformed (log(x+1)
for Pseudo-nitzschia abundance) and normalized dataset,
using the PRIMER 6 (Clarke & Warwick, 2001) software
package.

Results
Description of environmental parameters

The highest seawater temperature (24° C) was record-
ed in the surface layer at the beginning of sampling (30®
August). On the following sampling date (13™ Septem-
ber), seawater temperature was uniform at all sampling
depths, while afterwards a cooling of the surface layer
was noticed. Salinity in the upper two sampling layers
was very variable, and an halocline was continuous-
ly present in the layer between 1 m to 3 m depth. The
most pronounced halocline was recorded at the end of
September, when the lowest value of surface salinity was
measured (14.3). Salinity values at 7 m depth were rather
constant, ranging from 37.7 to 38.7 (Fig. 2).

The pre-bloom period was characterised by the high-
est concentration of ammonium (6.51 pM), orthophos-
phates (0.26 uM) and organic phosphates (0.69 uM). The
elevated concentrations and maximum values of other in-
organic nitrogen forms were: NO,=9.61 uM; NO,=0.24
uM, organic nitrogen 15.80 pM, and orthosilicates 31.96
uM. These values were determined at the end of Septem-
ber and thereafter, coinciding with a period of decreased
surface salinity due to higher river discharge (https://hi-
dro.dhz.hr/) (Fig. 3).
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Fig. 2: Vertical profile of temperature and salinity at Strmica sampling station during the investigated period.

762

Medit. Mar. Sci., 21/3 2020, 759-774



NOy (uM) NO, (uM)
0 2 4 6 8 10 0. 0.3
0 +— - - 0
1 | “, g 1
2 /i 2
E3 7 Ej
© 5 © 5
6 6
7 7
NH." (uM)
0 1 2 3 4 5 6 7 0 12
0y 0
11 1
2 2
E 3 § £3
g 4 \ % 4
< 5 © 5
6 6
7 7
Norg (uM) Ntot (M)
0 3 6 9 12 15 18 0 5 10 15 20 25
0 — 0
1 1
2 2
Eg3 E3
54 £
© 5 © 5
6 6
7 7
PO.* (uM) Porg (uM)
0.0 0.3 0.0 0.2 0.4 0.6 0.8 1.0
0 0 -
1 1
2 2
Egs Es
£ £¢
© 5 S
6 6
7 7
Ptot (uM) Si0s* (uM)
0ao 0.2 0.4 0.6 0.8 1.0 d 20 25 30 35
1 1
2 2
Egs £3
?‘-& 4 ﬁi 4
© 5 © 5
6 6
7 7

—=— 30thAug —+ 13th Sept -+--27th Sept —— 2nd Oct - 10th Oct —=— 16th Oct —=— 25th Oct

Fig. 3: Vertical distribution of nutrient concentrations (nitrates (NO,"), nitrites (NO,"), ammonium (NH,"), inorganic nitrogen
(TIN), organic nitrogen (Norg), total nitrogen (Ntot), orthophosphates (PO,*), organic phosphates (Porg), total phosphates (Ptot)
and orthosilicates (SiO,")) at Strmica sampling station during the investigated period.

Pseudo-nitzschia spp. assemblage composition and tox-
in analyses

Light microscopy analyses demonstrated that diatoms
were dominant at the sampling depth of 7 m, representing
77.8-96.3% of the phytoplankton community throughout
the investigated period. In the upper two sampling layers
(surface and halocline), intense coccolithophore blooms
were recorded in August and October, representing 72.6
and 90.6% of the phytoplankton assemblage, respectively
(data not shown).

Medit. Mar. Sci., 21/3, 2020, 759-774

The highest abundance of Pseudo-nitzschia spp. was
recorded on the 13™ of September at 7m depth, reaching
1.8 x 10° cells L', at a temperature of 21.8°C and and a
salinity of 37.9. Within the following four weeks, abun-
dance decreased, but it was still high, in the range of 3.0 x
10°to 7.2 x 10° cells L. At the end of October, abundance
notably dropped to 2.8 x 103 cells L', and was recognised
as the end of blooming. Comparing the sampling layers,
the highest abundance of Pseudo-nitzschia was recorded
at 7 m depth, except at the end of August when slightly
higher values were recorded at the surface and halocline,
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copy.

which was at 2 m. The contribution of Pseudo-nitzschia
spp. to the diatom community showed a similar pattern
to that of abundance. The maximum percentage, above
90%, was recorded on the 13™ of September at all sam-
pling depths, and remained high during the following
three weeks, representing over 85% in 7 m deep layer
(Fig. 4A).

Toxin analyses of shellfish samples confirmed that
concentrations of DA and epi-DA were always below
LOD, throughout the entire investigated period.

Pseudo-nitzschia species composition and morphology

Morphological characterisation by Scanning Electron
Microscopy analyses revealed that P. cf. arenysensis con-
tributed to 94% of the Pseudo-nitzschia community at
the peak of abundance. During the investigated period,
P cf. arenysensis mostly dominated over the other spe-
cies, except in the pre-bloom period (30" Aug) and at the
end of October when P. pseudodelicatissima/cuspidata
prevailed. Besides the mentioned species, other taxa of
Pseudo-nitzschia were identified in low contribution, in-
cluding P. lundholmiae, P. multistriata, P. fraudulenta, P.
subfraudulenta and Pseudo-nitzschia sp.-a morphotype
similar to P. pseudodelicatissimal/cuspidata (Fig. 4B).
The species P. lundholmiae was documented for the first
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time in the Adriatic Sea, as well as P. multistriata along
the Eastern Adriatic coast. The morphological character-
istics of the species observed in the field samples are pre-
sented in Table 1.

Pseudo-nitzschia cf. arenysensis

In valve view, the cells are lanceolate and symmetric,
gradually tapering towards the round apices. The eccen-
tric raphe is divided by a central interspace with a central
nodule. The central interspace occupies two to almost
five striae. Fibulae are irregularly spaced. Each stria con-
tains two rows of rounded poroids, located close to the
interstriae (Fig. 5A).

Pseudo-nitzschia lundholmiae

The cells are lanceolate with rounded apices (Fig. 6
A, C). A central interspace with central nodule is present
and occupies four to five striae. The fibulae are irregu-
larly spaced. Usually twice more interstriae than fibulae
were observed in 10 um. Each stria comprises of one
row of poroids or two rows of small poroids (Fig. 6B). In
general, poroids at uniseriate striae were mostly divided
into two sectors (69.7%) and rarely three (23.6%) or four

Medit. Mar. Sci., 21/3 2020, 759-774



Table 1. Morphological features of the observed Pseudo-nitzschia species obtained by SEM. Number of measured cells are given
in parentheses (n), minimum and maximum values are given in bold, while the average + standard deviation are specified below.

Species (@) Wdth ) engen umy CN Fibulac - Interstrine - Porod - Poroids Spd

P. cf. arenysensis (246) 0.99-1.77 44.39-76.87 + 20-26 37-42 2 9-12 /
1.28+0.12  52.3543.97 22.4+1.12 38.5+0.75

P, lundholmiae (7) 1.62-2.04 52.56-68.76  + 16-18 33-35 1-2 5-6 2-4 (208)
1.83+0.13  59.61+8.31 17+0.82 33.7+0.75

P. multistriata (10) 1.97-2.30 63.89-77.18 - 24-25 38-41 1-3 10-12 /
2.13+0.11  71.04+4.59 24.84+0.42 39.2+1.03

Ppseudodelicatissima/ 1.1-1.48 75.24-134.83 + 16-22 32-37 1 4-6 1-5

cuspidata (125) (1076)
1.26+0.07 105.57+12.08 19.2+1.28 35.5+0.79

P. fraudulenta (4) 4.22-4.92 87.10-102.92 + 21-23 23-24 2-3 5-7 several
4.50+0.32  97.63+7.41 21.75+0.95  23.5+0.58

P, subfraudulenta (13) 3.16-3.93 100.66-139.40 + 14-16 23-26 1-3 5-6 2-7 (102)
3.57£0.24 114.87+12.13 17.77+0.60 24.76+0.83

Pseudo-nitzschia sp. (17) 1.01-1.40 48.29-63.52  + 21-24 40-41 1 5-7 1-2 (78)
1.17+£0.09  56.124+3.84 22.82+0.73 40.35+0.49

(6.3%). In biseriate striae sectors within poroids were not
observed.

Pseudo-nitzschia pseudodelicatissima /cuspidata

In the valve view, the cells are linear and symmetric
with short tapering ends. A central interspace with cen-
tral nodule is present and corresponds to 3 to 6 striae.
On the eccentric raphe, the fibulae are irregularly spaced.
The striae compose one row of large rounded to squared
poroids, divided mainly in two (56.7%) or three (26.6%)
sectors. Poroids that were not divided into sectors (2.9%)
or comprising four (13.0%) or five sectors (0.8%) were
rare.

Pseudo-nitzschia multistriata

In the valve view, the cells are slightly asymmetric and
linear in the middle part, sharply tapered toward the ends
(Fig. 6 D). The central nodule is absent. The frustules are
weekly silicified, with wide striae and narrow interstriae.
Furthermore, irregular interstriae are noticed where some
neighbouring interstriae merge into one, close to the ra-
phe canal (Fig. 6 E). The striae are composed of mainly
two (occasionally one or three) rows of small rounded
poroids, placed close to the interstiae (Fig. 6 E). Opposite
ends of the same valve differ in their ultrastructure (Fig.
6 F, G).
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Pseudo-nitzschia fraudulenta

The cells are symmetric and lanceolate, in valve view.
A central interspace with central nodule is present. The
central interspace occupies three to five striae. The num-
ber of fibulae corresponds to the observed number of stri-
ae. Each stria usually has two rows of poroids, but occa-
sionally one or three rows were also noticed. The poroids
are usually divided into several irregular sectors.

Pseudo-nitzschia subfraudulenta

In the valve view, the cells are symmetric and linear
in the middle part, with pointed ends. A central nodule is
present, and the central interspace occupies three to five
striae. Each stria usually consists of two rows of poroids,
rarely one or three rows. The poroids are mainly divided
into three to five sectors (83.4%) but poroids with two
(6.9%), six (8.8%) or seven (1.0%) sectors were ob-
served, albeit rarely.

Pseudo-nitzschia sp.

The cells are symmetric, linear to lanceolate, gradual-
ly tapering toward pointed apices (Fig. 6 H, J). A central
nodule is present and the central interspace occupies three
to five striae, while the fibulae are irregularly spaced (Fig.
61, J). Each stria contains one row of big squared poroids,
which are mostly undivided into sectors or, occasionally,
two sectors were noticed (Fig. 6 I).
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Fig. 5: A-C) Pseudo-nitzschia cf. arenysensis in field samples obtained by SEM: A) whole valve; B) central part of the valve
showing central interspace and structure of the striae; C) valve end. D-G) Pseudo-nitzschia cf. arenysensis (P2ES5) in culture: D)
whole valve; E) central part of the valve showing central interspace with central nodule; F) end of the valve; G) structure of cin-
gulum. Scale bars represent: A, D =10 um; B, C, E, F, G =1um.

Fig. 6: A-C) Pseudo-nitzschia lundholmiae in SEM: A) whole valve; B) central part of the valve showing central interspace and
structure of the striae; C) valve end. D-G) Pseudo-nitzschia multistriata in SEM: D) whole valve; E) central part of the valve
showing the irregular structure of the striae; F-G) opposite ends of the same valve. H-J) Pseudo-nitzschia sp. observed by SEM: H)
whole valve; I) central part of the valve showing central interspace with central nodule; J) end of the valve. Scale bars represent:

A,D,H=10 um; B,C,E, F, G, L, J =1pm.

Morphological description of the cultured strains of P.
cf. arenysensis

The valves of both isolated strains (P2B5 and P2ES)
are lightly silicified and lanceolate with slightly rounded
and blunt ends (Fig. 5 D). Morphologically, the valves
of cultured strains showed minor differences in the mea-
sured valve length, minimum number of fibulae, max-
imum number of interstriae (Table 2). The cingulum is
composed of three bands. The first band, valvolcopula,
consists of one row of large rectangular poroids, divided
mostly into 3-4 sectors, in general, two poroids wide and
two high (2x2). The second band is perforated, and the
third unperforated (Fig. 5 G). The morphological charac-
teristics of the P, cf. arenysensis isolated strains observed
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by SEM are presented in Table 2, including data of other
morphologically similar Pseudo-nitzschia species ob-
tained from the literature.

Phylogenetic analyses of Pseudo-nitzschia spp. LSU
and ITS-5.8 S ribosomal genes

The final alignment of Pseudo-nitzschia spp. ribo-
somal gene sequences, such as LSU and ITS-5.8S, with
Fragilariopsis as an outgroup, were as follows: LSU was
794 bp in length (A = 21.2%, T = 29.7%, C = 18.2%,
G = 30.6%) with 777 total informative sites, excluding
gaps, and 552 polymorphic sites, of which 529 were par-
simony sites. ITS-5.8S was 1020 in length (A = 23.08%,
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T=30.3%, C=22.9%, G=23.71%) with 521 total infor-
mative sites excluding gaps and 244 polymorphic sites,
of which 198 were parsimony sites. Based on single LSU
and ITS-5.8S rDNA sequences, only minor differences
among NJ, MP, ML and Bayesian inference analyses were
found; therefore, only ML phylogenetic trees are present-
ed. The LSU rDNA phylogeny that was obtained from
43 isolates of Pseudo-nitzschia spp. showed that Croatian
strains, P2B5 and P2ES5, grouped with isolates of P. areny-
sensis, a sister clade of P. delicatissima/micropora/dolo-
rosa. The clade was supported by high bootstrap and pos-
terior probability values (Fig. 7 A). The ITS-5.8S rDNA
phylogeny obtained from 34 isolates of Pseudo-nitzschia
spp. showed similar topology to the LSU rDNA phylog-
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eny, confirming that the Croatian strains identified as P,
cf. arenysensis by microscopy analysis grouped into the
clade of P arenysensis, which segregated after P. deli-
catissima. These two clades diverged after P. micropora.
All the clades were supported by high bootstrap and pos-
terior probability values (Fig. 7 B).

Statistical analyses

Single Spearman rank correlations showed that Pseu-
do-nitzschia spp. abundance significantly correlated with
salinity and inorganic nutrients. A positive correlation
was recorded with salinity and orthophosphates and a
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Fig. 7: A) Maximum likelihood phylogenetic tree of the genus Pseudo-nitzschia inferred from LSU rDNA. The tree was rooted
with Fragilariopsis rhombica 5-17 as outgroup. Numbers of the major nodes represented from left to right NJ, (1000 pseudorep-
licates), MP (1000 pseudoreplicates), ML (1000 pseudoreplicates), bootstrap and Bayesian posterior probability values. Only
bootstrap values > 50% were shown. B) Maximum likelihood phylogenetic tree of the genus Pseudo-nitzschia inferred from ITS
-5.8S rDNA. The tree was rooted with Fragilariopsis sp. NL2010 as outgroup. Numbers of the major nodes represented from left
to right NJ, (1000 pseudoreplicates), MP (1000 pseudoreplicates), ML (1000 pseudoreplicates), bootstrap and Bayesian posterior
probability values. Only bootstrap values > 50% were shown. Sequences of bold isolates were obtained in this study.
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negative correlation with nitrates and orthosilicates (Ta-
ble 3).

Principal Component Analysis (PCA) showed that
the first two principal components PC1 (40.3%) and PC2
(17.7%) explain 58.0% of total variance within the data-
set (Fig. 8). The first one (PC1) showed a positive asso-
ciation with orthosilicates (0.481), nitrates (0.462) and a
negative one with salinity (-0.448). The second principal
component (PC2) showed the strongest association with
organic phosphorus (-0.602).

In the investigated area, the Krka River is the main
source of nitrogen and silicates (Cetini¢ et al., 2006).
Therefore, to determine the origin of nutrients, the Spear-
man rank correlation was performed between salinity and
nutrient concentrations. A statistically significant nega-
tive correlation was confirmed for salinity with nitrates,
TIN, Norg and orthosilicates and a positive correlation
with orthophosphates (Table 3).

Discussion
Morphology of Pseudo-nitzschia spp.

In this study, the Pseudo-nitzschia assemblage was
morphologically characterised before and during the
blooming period in the Krka River estuary. Scanning
Electron Microscopy and phylogenetic analyses con-
firmed P. cf. arenysensis as the dominant species in the
Pseudo-nitzschia community during this bloom event.
Although Pseudo-nitzschia species are abundant and of-
ten represent the majority of a diatom community along
the eastern Adriatic coast, species composition during
high proliferation events include only bloom report (>10°
cells L) for P. calliantha (Buri¢ et al., 2008; Ljubesi¢ et
al., 2011; Mari¢ et al., 2011). In the majority of the pre-
vious studies, due to the limitation of the commonly used
light microscopy technique (LM), bloom events were re-
ported as a complex of Pseudo-nitzschia species (Vilici¢
et al., 2009; Ujevi¢ et al., 2010; Buzanci¢ et al., 2012;
Maric et al., 2012).

Throughout the investigated period, seven Pseu-

Table 3. Spearman rank correlation coefficients between salinity and Pseudo-nitzschia spp. abundance with physical and chemical
parameters. Statistically significant correlations (p<0.05) are presented in bold; *p<0.01; **p<0.001.

T S NO, NO; NH;/ TIN Norg PO> Porg SiO*
Salinity / / 0.59%  -0.14 0.1 046 -055* 048  -0.09 -0.82%*
Pseudo-nitzschia spp.  0.12 052  -0.59* -024  -027 -049  -035  0.61*  -0.14 -0.72%*
4- Pseudo ab.
O 2x10°
a1
Osxms
S ol O1.4x106
Q.
2.0x10°
-2——
(=]
4 : : : |
4 2 0 2 4

PC1

Fig. 8: Scatterplot of the first two principal components, following PCA of environmental parameters and the abundance of

Pseudo-nitzschia spp. (cells L.
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do-nitzschia species were morphologically determined.
Besides the previously reported P. pseudodelicatissima
and P. subfraudulenta (Arapov et al., 2016), species P,
cf. arenysensis, P. multistriata, P. lundholmiae and P,
fraudulenta are newly described from Krka river estuary.
The finding of P. multistriata is a new record for Central
Adriatic waters, while P. lundholmiae morphologically
corresponds to Pseudo-nitzschia sp. formerly described
from Kastela Bay (Arapov et al., 2017).

The dominant species P. cf. arenysensis, based on its
morphological features, belong to the P. delicatissima
species complex. Morphologically, the only difference
between P. arenysensis and P. delicatissima is the range
of the valve width. According to the data available in the
literature (Table 2), the thicker specimens are reported for
P arenysensis, while the width range of P. delicatissima
is much wider, including the minimum value (0.8 pm)
documented from the Adriatic Sea (Mari¢ Pfannkuchen,
2013). Considering that in this study the maximum mea-
sured valve width was greater than previously reported
from the Central Adriatic Sea (Arapov et al., 2017), this
species was characterised as P. cf. arenysensis. Phyloge-
netic analysis based on the ITS and LSU rDNA sequenc-
es confirmed that the Croatian strains grouped with P,
arenysensis.

Specimens of P. cf. arenysensis from the field samples
and cultures displayed similar morphological character-
istics. Slightly larger valve width and a lower number of
fibulae were observed in cultures (18 fibulae for cultured
strain P2ES; Table 1, Table 2). In general, the number of
fibulae for P. arenysensis ranges from 20 to 28 (as speci-
fied in Table 2), but a minimum of 17 fibulae has been re-
ported by Orive et al. (2013). The number of bend striae
in our cultured strains (43-46) perfectly fits the reported
range for P. arenysensis from the Western Mediterranean:
40-50 (Quijano-Scheggia et al., 2009; Quijano-Scheggia
et al., 2010) and south-east Australia: 40-46 (Ajani et al.,
2013). The observed differences in morphology of cul-
tured Pseudo-nitzschia cells and those observed in field
samples could be due to the growing conditions. The
morphology of diatom frustules can be affected and con-
trolled by environmental conditions, such as temperature,
salinity, light, pH, light, heavy metals, biotic factors, etc.
(Su et al., 2018). In Pseudo-nitzschia seriata, an increase
in temperature caused a decrease in the number of rows of
poroids within striae and the density of poroids. Howev-
er, no changes were observed in the density of interstriae
and fibulae per 10 pm and in valve width (Hansen et al.
2011). Authors Montages & Franklin (2001) showed that
cell size (volume) decreased with increasing temperature,
while Marchetti & Harrison (2001) demonstrated that the
valve transapical axis decreased in several Pseudo-nitzs-
chia under iron-deficiency conditions.

The morphological features of P. pseudodelicatissi-
ma/cuspidata, P. subfraudulenta, P. fraudulenta, are con-
sistent with those previously reported from the Adriatic
Sea and worldwide (Ljubesi¢ et al., 2011; Moschandreou
et al.,2012; Mari¢ Phannkuchen, 2013; Teng et al., 2013;
Arapov et al., 2016; Arapov et al., 2017; Turk Dermastia
et al., 2020).
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A comparison of the morphometry of P. multistriata
from Krka river estuary with the data available in the
literature, showed that the specimens found differ as to
the length of the transapical axis. In our study, the mea-
surements of valve width ranged between 1.97 and 2.30
um, which corresponds to the range reported by Teng et
al. (2013) but is narrower in comparison to 2.2-4.6 um
range reported by the majority of other authors (Orsini
et al., 2002; Orlova et al., 2008; Quijano-Scheggia et al.,
2008a; Moschandreou & Nikolaidis, 2010; Sahraoui et
al., 2011; Stonik et al., 2011; Ajani et al., 2013; Rive-
ra-Vilarelle et al., 2013; Stonik et al., 2018; Turk Der-
mastia et al., 2020).

The morphology of Pseudo-nitzschia lundholmiae
corresponds to the original description (Lim et a/., 2013),
including valve shape, length, width and number of fib-
ulae and interstriae measured (10 wm). The main differ-
ence concerns the number of sectors within poroids. In
specimens from our study, four sectors were observed
in a low percentage of poroids (6.3%) as opposed to the
three sectors at the most reported by Lim ez al. (2013) and
Teng et al. (2016).

In addition, undetermined Pseudo-nitzschia sp. mor-
phologically resemble P. pseudodelicatissima/cuspida-
ta, a species that commonly occurrs in the waters of the
central Adriatic. As it fits within the reported ranges of
morphometric values for P. pseudodelicatissima/cuspi-
data, it could easily be included in this species complex.
The main differences observed that distinguish Pseu-
do-nitzschia sp. from P. pseudodelicatissima/cuspidata
were: shape of poroids that are mostly squared without
sectors; larger number of interstriae, 40-41 in compari-
son to 32-37 observed for P. pseudodelicatissima/cuspi-
data; shorter transapical axis (Table 1, Fig 6 H-J). Apart
from morphological characterisation, one of our future
research focuses will be a confirmation of these species,
combining morphology with molecular methods.

The majority of Pseudo-nitzschia species found are
confirmed as potentially toxic, but the dominant P. cf.
arenysensis is considered as non-toxic (Lundholm, 2019).
Accordingly, toxin analyses of shellfish samples conduct-
ed throughout the investigated period confirmed that the
concentration of toxins was always below the limit of de-
tection (LOD=0.1025 ug DA g'). Low levels of domoic
acid have been reported in shellfish tissue and plankton
net samples from this area but in the winter period (Uje-
vic et al., 2010; Arapov et al., 2016).

Distribution of Pseudo-nitzschia spp. in relation to en-
vironmental parameters

The bloom that occurred in the Krka River estuary was
almost monospecific, involving P. cf. arenysensis (94%).
The period with increased abundance lasted for one month.
In the Mediterranean Sea, no P. arenysensis bloom has been
recorded to date although this species has been originally
described from the NW Mediterranean (Quijano-Schegia
et al., 2009) and later confirmed in Greek coastal waters
(Moschandreou et al., 2012), the NW Adriatic Sea (Penna
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et al., 2013; Pugliese et al., 2017) and the Gulf of Naples
(Quijano-Schegia et al., 2010).

In this study, the highest abundance of Pseudo-nitzs-
chia spp. and its ratio in the diatom community was found
in a less variable layer, below the halocline. Statistical
analyses (PCA and Spearman rank correlation) indicated
that Pseudo-nitzschia spp. abundance was positively cor-
related with salinity and orthophosphate concentrations
but negatively correlated with nitrates and orthosilicate
concentrations. In the Krka River estuary, concentrations
of nitrates and orthosilicates are mainly related to river
inflow (Cetini¢ et al., 2006) as confirmed by a negative
correlation with salinity.

Surface salinity was highly variable throughout the
investigated period, but generally low due to increased
river inflow (DHMZ, 2019). The highest abundance of
Pseudo-nitzschia was found with higher salinities, at 7
m sampling depth. We believe that the distribution of
Pseudo-nitzschia is strongly affected by salinity. A recent
study by Nincevi¢ Gladan et al. (2020) notes the highest
abundance of Pseudo-nitzschia spp. in this area during
the weakest halocline period. Pseudo-nitzschia species
are considered as euryhaline species, occurring over a
broad salinity range, but some studies have shown that
better growth is obtained with higher salinities values
(Thessen et al., 2005; Lelong et al., 2012). In agreement
with our results, Pseudo-nitzschia species were positively
associated with salinity in the studies of Caroppo et al.
(2005) and Sahraoui et al. (2009). Regarding other envi-
ronmental parameters, Pseudo-nitzschia was negatively
correlated with nitrate and orthosilicate concentrations as
observed in the southwestern Mediterranean (Sahraoui et
al., 2012). In contrast, Quijano-Scheggia et al. (2008a;
2008b) found that high abundances of P. delicatissima
were associated with a high concentration of nitrates
while according to Macintyre et al. (2011) submarine
groundwaters, rich in nitrate, are potential hot-spots for
Pseudo-nitzschia blooms.

In this study, the peak of Pseudo-nitzschia spp. abun-
dance coincided with the minimum value of Si:TIN ratio
(0.34). At that time, the highest nitrate and the lowest or-
thosilicate concentrations were recorded for a layer at 7 m
depth. We assume that in our study, the low Si:TIN ratio
was a consequence of decreased orthosilicates concen-
tration due to nutrient uptake for cell growth during the
bloom and that nitrates were available for Pseudo-nitzs-
chia development. A low Si:N ratio has been previously
associated with Pseudo-nitzschia blooms in the Adriatic
Sea and worldwide (Buri¢ et al., 2008; Ljubesi¢ et al.,
2011; Thorel et al., 2017).

Furthermore, the intense proliferation of Pseudo-nitzs-
chia spp. observed in our study may have been triggered
by an increased concentration of ammonium and ortho-
phosphates that characterised the pre-bloom period. Lou-
reiro et al. (2009) showed that P. delicatissima success-
fully utilise ammonia and urea as a source of nitrogen for
growth. Similar results were obtained for P. multiseries,
which grow equally well on different N substrates: ni-
trates, ammonium, and urea (Radan & Cochlan, 2018).
According to Klein ef al. (2010) a sudden increase of
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nutrients, PO4* in particular, may promote the develop-
ment of Pseudo-nitzschia blooms. A positive correlation
of Pseudo-nitzschia abundance with phosphates concen-
tration was found in several studies (Buri¢ et al., 2008;
Bosak et al., 2009; Ljubesi¢ et al., 2011; Trainer et al.,
2012; Nincevi¢-Gladan et al., 2015). The above results
and our findings indicate that not only the availably of
nutrients, but also the variation in their ratio can stimulate
and cause a bloom of different Pseudo-nitzschia species.

Regarding the short sampling period in which seven
Pseudo-nitzschia species were morphologically deter-
mined, the Krka river estuary can be characterised as a
highly diverse and suitable environment for the develop-
ment of Pseudo-nitzschia blooms.

Conclusion

Intense proliferation of Pseudo-nitzschia species oc-
curred in a middle Adriatic estuary, an important aqua-
culture area. Morphological and phylogenetic analyses
identified P. cf. arenysensis as the bloom-forming spe-
cies but despite its high abundance no shellfish toxicity
was recorded. In this highly variable environment, salin-
ity was recognised as an important environmental factor
affecting the vertical distribution of Pseudo-nitzschia
species. The availability of the increased ammonium and
orthophosphate concentrations, and the low Si:TIN ratio
may have stimulated the bloom of P. cf. arenysensis. We
believe that our results present valuable in-situ data on
the distribution of this highly diverse diatom genus.
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