ARTICLE

First detection of the bloom forming Unruhdinium penardii (Dinophyceae)
in a Mediterranean reservoir: insights on its ecology, morphology and genetics

Cecilia Teodora Satta,' Albert Refié,? Bachisio Mario Padedda,' Silvia Pulina,' Giuseppina Grazia Lai,' Oriana Soru,’>
Paola Buscarinu,® Tomasa Virdis,® Salvatore Marceddu,* Antonella Lugli¢!

"Department of Architecture, Design and Urban Planning, University of Sassari, Via Piandanna 4, Sassari, Italy; “Institut de Ciéncies
del Mar-CSIC, Dpt. Biologia Marina i Oceanografia, Passeig Maritim de la Barceloneta 37—49, 08003, Barcelona, Spain; *Ente Acque
della Sardegna (ENAS), Via Mameli 88, Cagliari, Italy; “Institut of Sciences of Food Production, National Research Council (CNR),

Li Punti, SS, Italy

ABSTRACT

The freshwater genus Unruhdinium includes dinoflagellates hosting a tertiary diatom endosymbiont. Some of the species belonging
to this genus form high-biomass blooms. In this study, data on the ecology, morphology and molecular identity of Unruhdinium
penardii were reported for the first time from a Mediterranean reservoir (Cedrino Lake, Sardinia, Italy). The ecology of the species
and its bloom events were examined along a multiannual series of data (2010-2017). Cell morphology was investigated using field
samples and six cultures established by cell isolation. A molecular identification of the six strains was performed. Wild and cultured
cells shared the same morphology, showing a prominent apical pore complex and two/three more or less prominent hypothecal spines
as distinctive characters in light microscopy. Molecularly, the six cultured strains corresponded to the same taxonomic entity with
sequences only differing in a few polymorphic positions for the studied markers SSU rDNA, LSU rDNA, ITS and endosymbiont SSU
rDNA. All markers showed 99.5%—100% similarity with the available U. penardii sequences. Seasonality of U. penardii revealed its
preference for the colder semester (from December to June) with bloom events restricted to late winter/early spring months. Three
blooms resulting in reddish water discolorations were observed along the study period (2011, 2012 and 2017). GLMs revealed a
significant role of water depth, temperature, and reactive phosphorous in determining the highest cell densities (>5 x 10 cells L™).
The results obtained contribute to the increase of field ecology knowledge on this species, demonstrating it is well established in the

Mediterranean area, and being able to produce recurrent high biomass blooms in the studied reservoir.

INTRODUCTION

The genus Unruhdinium was erected in 2017 by
Gottschling et al. (2017) encompassing species previously
included in the genus Peridiniopsis (Gottschling et al.,
2017; Moestrup and Calado, 2018). It belongs to the
monophyletic family of Kryptoperidiniaceae (Kretschmann
et al., 2018 and references therein), which includes
dinoflagellates hosting a tertiary diatom endosymbiont (i.e.,
dinotoms; Imanian et al., 2011). The Unruhdinium genus
includes 7 freshwater species usually hosting Cyclotella-
like diatoms as endosymbionts. The morphological
diagnostic traits of Unruhdinium species are the reduced
number of epithecal plates and the presence of five cingular
plates (Gottschling et al., 2017; Moestrup and Calado,
2018). All the species included in the genus were
previously included in the genus Peridiniopsis (Gottschling
et al., 2017; Moestrup and Calado, 2018).

All Unruhdinium species except U. jiulongensis (Gu)
Gottschling and U. armebeense (Ten-Hage, K.P. Da, Couté)
Moestrup et Calado, were reported as high biomass bloom
formers in various lakes and reservoirs worldwide
(Rodriguez et al., 1999; Liu et al., 2008; Takano et al., 2008;
Zhang et al., 2011; Zhang et al., 2014), including some
Italian alpine lakes (Hansen and Flaim, 2007). In
Mediterranean reservoirs, dinoflagellate blooms have been
detected since the seventies and they have been mainly
caused by Ceratium hirundinella (Muller) Dujardin (Lugli¢
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et al., 2001; Pérez-Martinez and Sanchez-Castillo, 2001;
Fadel et al., 2015; Mariani et al., 2015) and Gymnodinium
uberrimum (G.J. Allman) Kofoid and Swezy (Fadda et al.,
2016). In the last decade, intense blooms accompanied by
reddish-brown water discolorations were recorded in the
Cedrino Lake (Sardinia, Mediterranean region; Padedda et
al.,2017). On those occasions, the responsible dinoflagellate
was first recognized as a Peridinium species. A subsequent
more accurate identification attributed the observed
specimens to the genus Peridiniopsis. In this study, the
morphological and molecular identification of the species
involved in the Cedrino Lake blooms were investigated on
field samples and on cultured strains and thus determined
as Unruhdininium penardii (Lemmermann) Gottschling.
The morphology and abundance of resting cysts from the
sediments were also determined. Furthermore, the field
ecology of the species was explored.

METHODS
Study area, sampling strategy and analyses

Cedrino Lake is located in the central-eastern Sardinia
(western Mediterranean, Italy; Fig. 1). Its surface area is
1.5 km? and the mean depth is 26.5 m. The lake is eutrophic
and its waters are exploited for potable and agricultural uses
(Padedda et al., 2015, 2017). Cyanobacteria, including
potentially toxic species, dominate the phytoplankton
composition especially in summer (Messineo et al., 2009;
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Padedda et al., 2017). Cedrino Lake belongs to the Italian
Network of Long Term Ecological Research (LTER-Italy;
deims.org/9010f9db-3d6b-4253-9604-4¢10£6714000). The
Regional Sardinian Agency ‘Ente Acque della Sardegna’
(ENAS) is the manager of the Cedrino Lake since 2006.
Samplings were conducted from July 2010 to May
2018 at one station close to the deepest part of the lake (Fig.
1) following different patterns (Supplementary Tab. 1). In
fact, the data collection activities were carried out under
various projects with different objectives. Consequently,
samplings were conducted monthly in 2010 and 2011 and
bi-monthly from 2012 to 2018 (Supplementary Tab. 1).
During the sampling period several interruptions occurred,
mainly due to adverse weather conditions or sampling
difficulties. Water samples were collected from selected
water depth layers using a Niskin bottle. Samples for
phytoplankton and chlorophyll a (Chla) analyses were
collected from 0, 1, 2.5, 5, 7.5 and 10 m water depth layers.

Phytoplankton samples were immediately fixed in Lugol’s
iodine solution (1% final concentration) for the cell density
estimate, determined following Utermchl (1958) under an
inverted microscope Axiovert 25 (Carl Zeiss, Oberkochen,
Germany) at 200x magnification. Further non-fixed
samples were taken for the observation of live cells, for cell
culturing and for formalin-fixation. Cell counts were made
for each of the six depths from 2010 to 2013, whereas only
one sample corresponding to the depth with the highest
Chla was counted from 2014 to 2018. Chla was determined
as described by Goltermann ef al. (1978).

Water temperature (Temp), conductivity (Con),
dissolved oxygen (DO) and pH were measured in situ
with multi-parameter probes (YSI 6600 V2 and Hydrolab
DSS5). Transparency was measured with a Secchi disk
(SD). Euphotic zone depth was calculated using SD
measures (Zeu: 2.5 times the SD depth; Poikane, 2009).
Water samples for nutrient analyses were collected from
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Fig. 1. Geographical location of the Cedrino Lake (Sardinia, Italy) and sampling station placement.
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each of the selected water depth layers (0, 1, 2.5, 5, 7.5, nitrogen (TN), were determined according to the methods
and 10 m) plus further depth layers along the entire water of Strickland and Parsons (1972). Total dissolved
column (15, 20, and 30 m). Concentrations of nutrients inorganic nitrogen (DIN) was calculated as the sum of N-
such as reactive (P-PO,) and total (TP) phosphorus, NH,, N-NO;, and N-NO,.

ammonium (N-NH,), nitrate (N-NO,), (N-NO,) and total Surface sediment samples were taken with a grab at

Tab. 1. Unruhdinium penardii cell densities in the samples corresponding to the highest chlorophyll a values at each data sampling in
the photic zone and U. penardii cell densities and chlorophyll a values calculated as weighted average in the photic zone. Data
corresponding to U. penardii cell densities higher than 5 x 10* cells L' are reported in bold.

U. pen Chla U. pen WA Chla WA
(cells x 10° L) (mg m>) (cells x 10° L) (mg m>)
2010 Jul 0 2.5 17.5 0 19.6 1.0
Aug 0 1 18.5 0 17.3 1.5
Sep 0 0 56.9 0 51.1 1.5
Oct 0 0 14.6 0 11.5 1.2
Dec 5.8 1 0.6 3.5 0.3 2.5
2011 Jan 0 1 0.6 0 0.3 3.0
Feb 0 7.5 1.1 2.1 0.7 1.1
Mar 758.2 2.5 21.9 710.9 18.3 2.0
Apr 5.9 5 24.1 16.6 18.8 1.7
May 0 0 0.9 1.6 0.6 3.0
Jun 0 1 4.9 0 4.2 2.3
Jul 0 1 8.2 0 7.0 1.7
Aug 0 1 29.2 0 27.4 1.5
Sep 0 0 58.8 2.6 50.9 1.0
Dec 4.0 2.5 0.1 2.3 0.1 1.6
2012 Feb 25,632 0 359.7 9380.9 151.92 0.7
Apr 1.9 1 1.0 0.8 0.4 7
Jun 10.1 0 101.8 10.5 99.0 0.6
Aug 0 2.5 78.2 0 70.2 0.5
Oct 0 1 29.1 0 24.7 1.8
Dec 0 0 14.4 0.5 13.0 3.2
2013 Feb 0 5 13.5 29.2 10.1 1.5
May 6.0 0 39.0 6.0 37.5 1
Jul 0 2 14.6 0 9.9 1.4
Sep 0 0 8.6 0 7.4 2.6
2014 Jan 88 2.5 8.5 - 7.9 1.7
Mar 32 2.5 29.7 - 27.0 1.7
May 0 9.4 - 9.1 2.5
2015 Jan 3 1 1.9 - 1.6 1.7
Mar 6 0 1.5 - 1.5 0.8
May 16 7.5 9.2 - 8.9 2.5
Jul 0 7.5 5.4 - 3.7 2.6
Oct 0 1 66.2 - 60.1 1.0
Nov 0 2.5 6 - 53 32
2016 Jan 0 2.5 1.7 - 1.6 3.0
Mar 0 1 4.5 - 3.7 3.5
May 0 7.5 8.5 - 7.7 2.8
Jul 0 5 9.9 - 6.9 2.0
Sep 0 1 4.0 - 3.1 3.5
Nov 0 7.5 7.6 - 5.8 2.6
2017 Mar 4160 0 72.1 - 63.6 1.0
May 0 0 4.7 - 2.7 7.5
Jul 0 2.5 30 - 27.8 1.8
Nov 0 1 1.5 - 1.4 1.9
2018 Jan 0 2.5 1.8 - 1.5 4.0
Mar 0 7.5 6.4 - 4.7 4.4
May 32 0 342 - 25.2 1.2

U. pen, Unruhdinium penardii; depth, sampling water depth; Chla, maxima chlorophyll a; U. pen WA, U. penardii weighted density; Chla WA, weighted
chlorophyll a; disc, Secchi disc.
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the same station of water samples in May 2013. Sediment
samples were processed following the methods reported
in Satta et al. (2014), using filtered deionized water
instead of filtered seawater. The resulting sample was
counted in a 3-mL sedimentation chamber with a Zeiss
Axiovert 10 inverted microscope at 400x magnification.
Cyst photographs were taken with a Zeiss Axiocam (Carl
Zeiss, Oberkochen, Germany). Cyst measurements were
obtained from the photographs using the ImagelJ software
(1.47v; W. Rasband, USA). Cyst abundances were
expressed as the number of cysts per gram dry weight of
sediment. Dry weight (DW) was obtained by drying wet
sediment subsamples (2-3 cm?) at 105°C for 24 h.
Germination experiments were conducted in order to
identify Unruhdinium penardii cysts. Single cysts and 1
mL of the sieved (100-10 um; as described in Satta et al.,
2014) sample were placed in tissue culture multiplates
filled with the abovementioned culture medium. The
plates were incubated at 12+1°C, with 10:14 light:dark
cycle, under an irradiance of 100 pmol m2 s™'. Plates were
verified every 2—4 days to check cyst germination.

Strain origin and morphological and molecular
characterization of vegetative cells

Six Unruhdinium penardii strains (from Upenl Uniss
to Upen6 Uniss) were obtained from water samples
collected in March 2017. The strains were cultured at a
temperature of 12+1°C with an approximate illumination
of 100 umol photons m2 s and a photoperiod of 10:14 h
light:dark (L:D). The cells were grown and maintained in
L1-Si medium (Guillard and Hargraves, 1993) prepared
with filtered deionized water and supplemented by a soil
extract (Watanabe, 2005).

The morphology of living and fixed cells from cultures
and from the field was determined using Axiovert 100 and
Axiovert 10 (Carl Zeiss) inverted microscopes equipped with
epifluorescence and differential interference contrast optics.
Light microscopic (LM) examination of the thecal plate
tabulation was performed on fixed cells (Lugol’s iodine, 1%
final concentration) stained with Calcofluor white (Fritz and
Triemer, 1985). Chloroplast autofluorescence was examined
in live cells. The shape and location of the nuclei were
determined after staining 2% formalin-fixed cells for 10 min
with 4’-6-diamidino-2-phenylindole (DAPI).

LM photographs were taken with a Zeiss Axiocam
(Carl Zeiss; Axiovert 10) and a Spot Flex digital camera
Spot imaging (Sterling Heights, MI, USA; Axiovert 100).
Living and fixed cells from cultures and from the field
were also observed under Scanning Electron Microscopy
(SEM). Cells were filtered into a 3.0-5.0 um
polycarbonate filter, and washed in distilled water for 15
min. A subsequent dehydration was carried out in a 25,
50, 75, 90, 95, and 100% cthanol series for ca. 10 min.
The final step of 100% ethanol was repeated twice. The

filters were critical-point dried in liquid CO, using a
Polaron Jumbo (Quorum Technologies Ltd, Laughton,
England) critical-point drying apparatus. The dried filters
were then mounted on stubs, sputter coated with gold-
palladium and viewed under a SEM Zeiss-EVO (Carl
Zeiss, Oberkochen, Germany). SEM micrographs were
presented on a black background using Adobe Photoshop
6.0 (Adobe Systems, San Jose, CA, USA). Cell size from
cultured and wild fixed material was determined at 400x
microscopic magnification using a calibrated eyepiece
micrometer and from the LM and SEM photographs using
the Image] software (1.47 v).

Genomic DNA of the six strains (from Upenl Uniss to
Upen6_Uniss) was extracted from ~15 mL of exponentially
growing cultures. The cells were harvested by
centrifugation at 3,000 rpm for 15 min. The pellet was
transferred to a 2-mL microcentrifuge tube and centrifuged
at 10,000 rpm for 5 min. Total genomic DNA was extracted
from the final pellet using the UltraClean Microbial DNA
Isolation kit (Mo Bio Laboratories, Inc., Carlsbad, CA,
USA), following the manufacturer’s instructions.

PCR amplifications followed standard protocols that are
described in detail in Satta et al. (2020). Briefly, for SSU
and LSU rDNA, a first PCR was conducted to amplify the
region of interest using EukA-EukB (Medlin et al., 1988)
and DIR-D2C (Scholin et al., 1994) primers respectively.
The PCR products were used as a template for a subsequent
nested PCR to obtain the dinoflagellate SSU rDNA
sequence, using Dinol18SF1-18ScomR 1 primers (Lin et al.,
2006; Zhang and Lin, 2005), the endosymbiont diatom SSU
rDNA sequence, using DiaF-DiaR primers (Zhang et al.
2011), and the dinoflagellate LSU rDNA sequence using
DinFi-DinRi primers (Logares et al., 2007). The ITS region
was directly amplified using ITSA-ITSB primers (Adachi
et al., 1994). Purification and Sanger sequencing were
conducted by an external service (Genoscreen, Lille,
France). The lengths of the sequences obtained were
approximately 1,750 bp (SSU rDNA), 550 bp (LSU rDNA),
520-650 bp (ITS) and 1,400 bp (endosymbiont SSU rDNA).
The GenBank accession numbers are: MW194105 —
MW19410 (SSU rDNA), MW 194984 — MW 194988 (ITS)
and MW195006 — MW195011 (LSU rDNA) and
MW217557 — MW217562 (endosymbiont SSU rDNA).
The sequences generated in this study were aligned with
sequences obtained from GenBank belonging to the genus
Unruhdinium, Kryptoperidiniaceae representatives, and
other dinoflagellate species used as outgroups. The dataset
for each sequenced rDNA region was aligned separately
using MAFFT v. 7 (Katoh et al., 2002) and manually
verified using Geneious v. R6 (Biomatters Ltd., New
Zealand). The SSU and LSU rDNA datasets were trimmed
using TrimAL (Capella-Gutiérrez et al., 2009). The ITS
dataset, which is less conserved than previous regions, was
trimmed using Gblocks v0.91b (Castresana 2000) using less
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stringent parameters to avoid an excessive shorten of the
alignment. For the endosymbiont sequences obtained, a
dataset was constructed including available Unruhdinium
endosymbiont sequences and Stephanodiscaceae diatoms
sequences following Calasan et al. (2018) and aligned as
previously described.

The resulting alignments had 1695 (SSU rDNA), 611
(ITS), 607 (LSU rDNA) and 1432 (endosymbiont SSU
rDNA) positions. Phylogenetic analyses were performed
for each region using maximum likelihood (ML) and
Bayesian approaches. For the ML tree, the MPI version of
RAXML (Randomized Axelerated Maximum Likelihood;
Stamatakis 2014) was used. The best-fit model of
nucleotide substitution was estimated using jModelTest 2
(Darriba et al., 2012). For all four alignments, the GTR
model with a GAMMA distribution was selected, as it
showed the best likelihood score (LSU and SSU rDNA),
or not significantly different than the best one (ITS,
endosymbiont SSU rDNA). The most likely tree was
established from 1,000 searches. The ML bootstrap support
(BS) was analyzed with 1,000 replicates. The Bayesian
analysis was carried out with MrBayes v. 3.2 (Ronquist ez
al.,2012) using the same evolutionary model, four MCMC
chains and 1,000,000 generations. The consensus tree was
obtained from post burn-in trees. Statistical support was
evaluated by calculating the bootstrap values (%BS), and
Bayesian posterior probabilities (BPP) for all tree
topologies.

Statistical analyses

Interactions between Unruhdinium penardii data and
the available environmental variables were analysed
applying Generalized Linear Models (GLMs). U. penardii
observations in field samples were transformed to binary
data (presence/absence) consequently the logit-link
function for binomial distribution was applied (McCullagh
and Nelder, 1989). A first model was conducted on the
basic presence/absence set of data. A second one was
realized using an arbitrary threshold of U. penardii cell
density set at 5 x 10* cells L. The fixed terms (predictor
variables) of GLMs were the water collection depth layer
(water depth), Temp, Cond, P-PO,, TP, N-NO,, N-NH,, N-
NO, and TN.

Analyses were performed in the statistical and
programming software R version 3.3.3 using the package
stats (R Development Core Team, 2017).

RESULTS

Morphological characterization of vegetative cells
and cysts

Vegetative cells from field samples and cultures
showed a conical epitheca and a hypotheca from conical

to rounded (Fig. 2 A,B). Cell length and width ranged
from 25 to 42.5 pm (mean of 31.4 um =+ 4.5, n=20) and
from 23.8 to 35 um (mean of 29.3 um =+ 3.9, n=20),
respectively. The observations in LM showed the presence
of two-three more or less prominent spines (Fig. 2 A-C)
and further shorter spines around the hypothecal plate
borders (Fig. 2 D,E). A distinct eyespot was observed in
the sulcal area (Fig. 2C). Chloroplasts were numerous and
discoid in shape (Fig. 2F). Nuclear staining with DAPI
showed the presence of two rather equal in size, rounded
nuclei in equatorial position, one of which clearly
showing condensed chromosomes (dinokarion) (Fig. 2G).

The plate formula was Po, x, 4°, 0a, 6, 5C, 58S, 5°”
and 2 (Fig. 3 A-G). Theca ornamentation consisted in
numerous scattered pores (Fig. 3 A-D). Moreover,
numerous cells also showed an irregular vermicular
ornamentation (Fig. 3 A,D,E,G). The apical pore complex
(APC) was fairly in the centre of epitheca, showing two
protruded rims on its sides (Fig. 3 A,B,D). The pore plate
(Po) and the canal plate (x) formed the APC (Fig. 3B). Po
was comma-shaped, 1.6+0.1 pm long (n=8), with the
upper edge oriented towards the right side of the cell. The
x canal was rectangular and 1.7+0.2 um long (n=8).

The apical plate series was symmetrical, without
intercalary plate (Fig. 3B). The first apical plate (1°) was
pentagonal and contacted to APC, the fifth cingular plate
(C5) and the sulcal anterior plate (Sa) (Fig. 3A). The 3’
plate was six sided (Fig. 3B). The precingular plates
(from 1”’ to 6”) were four or five-sided (Fig. 3 B,C). The
cingulum was descending, displaced 1 time its width and
provided of thorny rims more or less protruded (Fig. 3 A,
D). There were 5 cingular plates, of which C1 was the
narrowest (Fig. 3A). Five plates formed the sulcus (Fig.
3E): the sulcal anterior plate (Sa), the posterior sulcal
plate (Sp), the right sulcal plate (Sr), the left sulcal plate
(S1) and the median sulcal plate (Sm). Sa was the
smallest, whereas Sp the largest (Fig. 3A). Sr was
elongated and supported a sulcal list. S and Sm were
slightly smaller than Sr and they were both almost hidden
by the Sr list (Fig. 3E). A ventral pore was visible at the
base of Sa (Fig. 3A). The two antapical plates (1" and
2°**) were rather centred with respect to the five
postcingular plates (1°’=5"") and the Sp (Fig. 3G). The
antapical plates supported a series of spines (Fig. 3G).
The most prominent spines ranging from 0.7 to 1.8 um
in length (mean = 1.2+0.3 um, n=20) were located along
the edges adjacent to the sulcal area (Fig. 3 A,E). This
type of ornamentation, although less prominent, was also
present along the postcingular plates (Fig. 3 A, E-G).
Cysts were oval in shape, 29.64+2.2 um long and 28.7+2.2
um wide (n=11). The cyst content was grainy with
yellowish to reddish accumulation bodies (Fig. 4 A,B).
Most of the cysts maintained the external theca (Fig. 4A).
Cysts with theca were more abundant in the sediments
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Fig. 2. Morphology of Unruhdinium penardii cells in light and epifluorescence microscopy from the Cedrino Lake (Sardinia, Italy).
A,B) Ventral and dorsal view of alive cells (A-B); C) eyespot localization; D,E) hypothecal spines arrangement; F) shape of chloroplasts;
Q) position of the nuclei, showing the dinokarion (N) and the diatom nucleus (n). Scale bars: 10 pm.

Fig. 3. Scanning electron micrographs showing the tabulation of Unruhdinium penardii from the Cedrino Lake (Sardinia, Italy): ventral view
(A), apical view showing the APC structure (B), dorsal view (C), latero-apical view (D), sulcal plates arrangement (E), dorsal view showing
the dorsal post cingular plates (F), and antapical view (G). Scale bars represent 10 um for A-D and F-G. Scale bar of E represents 2 um.
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showing a cyst density of 2807 cysts gr! DW, whereas
the other smooth, oval cysts were detected at a cyst
density of 792 cysts gr' DW.

The incubation of sieved sediment samples produced
Unruhdinium penardii vegetative cells. The single-cyst
germination experiments were unsuccessful.

Molecular characterization

All six cultured strains produced almost identical
sequences for the three rDNA regions analysed (99.8%
pairwise identity for SSU rDNA sequences, 100% for
LSU rDNA and 99.8% for ITS rDNA, respectively). Most
differences were found related to polymorphic positions.
For SSU rDNA phylogeny (Fig. 5), a cluster including all
Kryptoperidiniaceae members, i.e. Galeidinium,
Kryptoperidinium, Durinskia, Blixaea and Unruhdinium
genera, was obtained with moderate/high support
(88%/1). Sequences representing Unruhdinium species
formed a highly supported clade (99%/1). Sequences from
this study clustered with U. penardii sequences available
from China (HM596543) and Japan (AB353771), even
though under moderate support (73%/0.96). The sequence
available for U. niei (Liu et Hu) Gottschling was at the
base of this cluster, and the sequences of U. minimum
(Zhang, Liu et Hu) Gottschling, U. cf. kevei and U.
Jiulongensis  clustered independently. The same
phylogenetic relationships were obtained for ITS
(Supplementary Fig. 1) and LSU rDNA (Supplementary
Fig. 2), with all Unruhdinium sequences forming a well-
supported clade (97%/1 for ITS and 94%/1 for LSU
rDNA). The sequences from this study clustered with U.
penardii sequences available from China (100%/1 for
ITS, 92%/- for LSU rDNA). The sequence available for
U. penardii var. robustum (Zhang, Liu et Hu) Gottschling
clustered at the base of the previous clade (85%/0.98) in
the ITS phylogeny, and U. niei sequences forming a sister
branch (-/0.93). For the LSU rDNA phylogeny, the U.
penardii var. robustum sequence formed a sister branch

Fig. 4. Morphology of Unruhdinium penardii cysts in light
microscopy from the Cedrino Lake (Sardinia, Italy): cyst with
theca (A) and without theca (B). Scale bars: 10 um.

with U. niei sequences (-/0.99) clustering with U. penardii
sequences (78%/0.99). In both phylogenies, sequences of
U. jiulongensis and U. minimum clustered more distantly.

For the endosymbiont SSU rDNA, all sequences were
also almost identical (99.7% pairwise identity) and
differences corresponded to polymorphic positions. The
constructed phylogeny (Supplementary Fig. 3) showed the
sequences obtained were included in a well-supported
cluster (95%/1) containing all the endosymbiont sequences
available for Unruhdinium representatives, together with
the diatoms Discostella/Cyclotella. However, the genetic
distance between members of the clade was low, resulting
in several polytomies in internal branches and the
relationships within this cluster were not well resolved. The
sequences from this study clustered with sequences
corresponding to U. cf. kevei and U. jiulongensis
endosymbionts and two Discostella/Cyclotella sequences,
but showing no statistical support (72%/-). Instead,
available U. penardii endosymbiont sequences clustered
together with Discostella nipponica in a sister clade, but
again showing moderate statistical support (89%/-).
Polymorphic positions detected in the generated sequences
mostly coincided with the differences between sequences
available for U. penardii and U. cf. kevei endosymbionts,
resulting in the observed topology.

Unruhdinium penardii dynamic and relationship with
the environmental conditions along the study period

Unruhdinium penardii was detected in a wide
seasonal time-frame (from December to June),
embracing winter-cold and spring-mild months. On the
contrary, its blooms were limited to a restricted seasonal
period (February-March; Tab. 1). U. penardii specimens
were prevalently recorded in more surface samples (from
0 to 2.5 m). The three most relevant bloom events
accompanied by reddish water discolorations were
detected, in March 2011, February 2012 and March 2017
(Tab. 1). The highest cell density was recorded in
February 2012 (25.6 x 10° cells L™).

During the bloom events, Chla values were among the
highest found in the sampling period (maximum of 360
mg m~ in the surface sample, in February 2012; Tab. 1).
The three bloom events corresponded to late winter-early
spring environmental conditions in Cedrino Lake
(Supplementary Tab. 2). Temp values ranged from 11.1
°C to 15 °C, Cond values from 313 pS cm™ to 349 uS
cm™! and the lake was in mixing (Supplementary Tab. 2).
Nutrient concentrations revealed values among the lower
of the entire dataset for P-PO, and intermediate for TP and
DIN (Supplementary Tab. 2).

The first GLM regression revealed that Temp and
Cond had significant effects on the presence of
Unruhdinium penardii along the study period (Tab. 2).
The second GLM regression showed a significant effect
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of water depth, Temp and P-PO, on the presence of the
species at the highest cell densities (Tab. 2).

DISCUSSION

Data collected in this study contribute to increase the
information on the ecology, morphology and phylogeny
of Unruhdinium penardii. This work signals for the first
time in a Mediterranean reservoir, its well-established
presence and its bloom forming behaviour. The collection
of new morphological and molecular data is particularly
of interest for freshwater dinoflagellates, many of which
were described before electron microscopy and molecular

MW194109 Unruhdinium penardii Upen5 Uniss

MW194107 Unruhdinium penardii Upen3 Uniss

MW194105 Unruhdinium penardii Upen1 Uniss
MW194106 Unruhdinium penardii Upen2 Uniss
MW194110 Unruhdinium penardii Upen6 Uniss
73/0.96 MW194108 Unruhdinium penardii Upen4 Uniss
: AB353771 Unruhdinium penardii

HM596542 Unruhdinium niei strain Donghu
JQ639767 Unruhdinium minimum

96/1, AB353770 Unruhdinium cf. kevei

95111 AB353770 Unruhdinium cf. kevei
100111 | c054936 Unruhdinium cf. kevei HG327
LC054935 Unruhdinium cf. kevei DA08

991

KM217384 Unruhdinium jiulongensis

HM596543 Unruhdinium penardii strain Jiulongjiang

—~ 86/1, MH022942 Uncultured Unruhdinium clone OTU159
AB246744 Blixaea quinquecorne
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genetic methods became available (Annenkova, 2013). In
addition, deepening the knowledge on the ecology of
bloom-forming dinoflagellate species can be useful to
manage events that may adversely affect water quality in
Mediterranean reservoirs, especially for their strategic
role as drinking water resources in this semi-arid climate
region (Mariani ef al., 2015).

Morphology and phylogeny

In recent years, the combination of morphological and
genetic studies allowed to identify and delineate the main
characteristics of the peculiar freshwater dinoflagellates
now included in the genus Unruhdinium, formerly

Unruhdinium

LC192320 Durinskia capensis strain Kommetjie 2-A
AB271107 Durinskia capensis

LC192322 Durinskia capensis strain Kommetjie 2-B
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JF514515 Durinskia agilis strain IFR10-452
JF514516 Durinskia agilis strain IFR10-453

A
100/1[_E
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100/-1{

63/0.92

. 99/1

AY443017 Peridiniopsis polonicum
KR362906 Ensiculifera imajjriensis strain GeoB 284

EF058241.1 Peridiniopsis borgei strain PBSK

JX262492.1 Pentapharsodinium dalei

AF274270 Pentapharsodinium sp. strain CCMP 771
HQ845328 Ensiculifera aff. loeblichii isolate D153
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Fig. 5. Maximum likelihood phylogenetic tree inferred from the S

Kryptoperidiniaceae and other sequences used as outgroups. Unruhdi

73/-; MN963958 Kryptoperidinium sp. KryCA
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ascribed to Peridiniopsis (Gottschling et al., 2017). These
new data derived from the description of new species
(Zhang et al., 2014; You et al., 2015) and from insights
on known species (Takano et al., 2008; Zhang et al., 2011)
underlining the growing interest and study effort on
freshwater  dinoflagellates  belonging to  the
Kryptoperidiniaceae family. Following the collected
morphological information, other dinoflagellates
previously ascribed to the genus Peridiniopsis were also
recently included in the genus Unruhdinium (U.
armebeense and U. durandii (Rodriguez, Couté, Ten-
Hage et Mascarell) Moestrup et Calado; Moestrup and
Calado, 2018). Morphological and molecular data
obtained in this study allowed the determination of the
species U. penardii from the field samples and from
cultures of Cedrino Lake. Consequently, data reported in
this study are the first obtained on U. penardii from the
Mediterranean area.

U. penardii from Cedrino Lake showed a prominent
apical pore complex, clearly visible also in LM, four
apical plates, no epithecal intercalary plates, five cingular
plates and two or three antapical spines. This thecal plate
pattern coincided with the recent published observations
(Hansen and Flaim, 2007; Takano ef al., 2008; Zhang et
al., 2011, 2013). The presence of additional shorter spines
along the antapical plate borders was not reported prior
to this study, although Hansen and Flaim (2007) described
the presence of small antapical spines in their material.
Spine lengths in the Cedrino Lake material were variable
(maximum length of 1.8 pm) and spines were sometimes

Tab. 2. Results of the generalized linear models (GLMs) applied
on selected environmental variables and on 1) the
absence/presence data of Unruhdinium penardii and 2) the
absence/presence data using an arbitrary threshold of U.
penardii cell density set at 5 x 10* cells L. Significant effects
are shown in bold.

1 GLM - absence/presence

Estimate Standard error Z value Pr (>Z)
(Intercept) 10.68 2.73 391 <0.0001
depth -0.06 0.06 -1.09 0.28
Temp -0.37 0.09 -4.35 <0.0001
Cond -0.01 0.01 -2.09 <0.05
P-PO, -0.03 0.02 -1.69 0.09
2 GLM - absence/presence (threshold: 5 x 10* cells L™)

Estimate Standard error Z value Pr (>Z)
(Intercept) 81.67 34.86 2.34 <0.05
depth -0.80 0.39 -2.04 <0.05
Temp -3.98 1.82 -2.17 <0.05
Cond -0.08 0.05 -1.67 0.09
P-PO, -0.54 0.23 -2.31 <0.05

Depth, sampling water depth; Temp, water temperature; Cond,
conductivity; P-PO,, reactive phosphorus.

difficult to be observed in LM. The presence of small
antapical spines differentiated the specimens from
Cedrino Lake from those of U. penardii var robustum,
whose morphological description indicated a large
number of rather prominent spines (mean length: 2.8 um;
Zhang et al., 2011). The other two characteristics already
found in U. penardii and also observed in the cells from
Cedrino Lake were the presence of an eyespot and a
second eukaryotic nucleus.

The morphological features of U. penardii (especially
cell shape, size and presence of antapical spines) appeared
to be quite specific in respect to the other Unruhdinium
species. On the contrary, these features were shared with
U. durandii morphology. The main differences between
the two species appeared to be the shape of the cell (ovoid
in U. penardii and rhomboid in U. durandii) and the
ornamentation of the plates (clearly reticulated in U.
durandii). However, Hansen and Flaim (2007) reported a
certain variability in U. penardii cell shape (from ovoid
to rhomboid) and plate ornamentation (from smooth to
slightly reticulated surface) suggesting U. durandii as
junior synonymous of U. penardii. The cells from Cedrino
Lake showed certain variability in the shape of the cells
and a pseudo-reticulated ornamentation of the thecal
plates. In addition, the distribution pattern of U. durandii
spines and their lengths (maximum of 2 pm; Rodriguez
et al., 1999) matched with the observations obtained in
this study. Further data from the type locality of U.
durandii are certainly needed to completely understand
and describe the relationship between these two species.
U. penardii cysts from Cedrino Lake sediments were oval
in shape resembling those described by Sako et al. (1987)
from cultures. However, the most abundant cysts retained
the theca, therefore closely resembling vegetative cells.
Similar benthic stages were described for Blixaea
quinquecornis (Abé) Gottschling (as Peridinium
quinquecorne; Satta et al., 2010), Bysmatrum subsalsum
(Ostenfeld) Faust et Steidinger (Anglés et al., 2017) and
from other both planktonic and benthic dinoflagellate
species (Bravo and Figueroa, 2014 and references
therein). The role and the origin of these ‘thecate cysts’
have yet to be investigated.

Unruhdinium penardii sequences from Cedrino Lake
were identical or really close (>99.5% similarity) to those
from Chinese and Japanese isolates. While some of the
genetic markers used in this study, i.e., SSU rDNA,
correspond to conserved regions, LSU rDNA and ITS
regions are considered as more variable, and have been
commonly used to determine intraspecific variability and
speciation processes in dinoflagellates (Penna et al., 2008;
Lin et al., 2020). The ITS sequences obtained for U.
penardii  were 100% identical to those from
geographically distant locations (China and Japan),
suggesting a low intraspecific genetic variability, even
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though inhabiting isolated environments also very far
from each other. The sequences obtained were clearly
differentiated from those available for U. penardii var.
robustum, in agreement with morphological differences
described. In all rDNA regions, the species showed the
closest phylogenetic relationship with U. niei, rather than
the other Unruhdinium species, even though they did not
show apparent morphological similarities supporting it.
Regarding the phylogenetic  relationships  of
Kryptoperidiniaceae, all sequences formed a well-
supported cluster for all regions, as also observed for the
other genera of the family. However, the phylogenetic
relationship among the different genera was not resolved.
The information retrieved from the diatom endosymbiont
SSU rDNA sequences was not conclusive, even though it
was in agreement with previous knowledge on the identity
of the diatom endosymbiont of Unruhdinium. The low
genetic distance found for the different Unruhdinium
endosymbiont species and the presence of several
polymorphic positions impeded a clear discrimination
between U. penardii, U. cf. kevei and U. jiulongensis
endosymbionts and to determine their phylogenetic
relationships.

Ecology

Reservoirs are man-made ecosystems assuring
important goods and services to local human populations
(e.g., they are sources for drinking and irrigation water,
energy production, aquaculture exploitation, flood
management, touristic and leisure activities; Padedda et
al., 2017). Their role as the main source of water supply
for human populations was reported to be even more
important in semi-arid regions, such as those of the
Mediterranean climate (Marcé and Armengol, 2010).
Eutrophication was indicated as the main issue impacting
on reservoirs (Smith et al., 1999) also in the
Mediterranean region (Marchetto ef al., 2009). Among the
detrimental effects of eutrophication, the occurrence of
harmful algal blooms represented a consistent threat,
especially for drinking and irrigation uses when the
causative organisms were toxic (Codd 2000). Generally,
the organisms involved in this kind of events belonged to
Cyanobacteria (Paerl and Otten, 2013; Meriluoto ef al.,
2017). However, dinoflagellates were also frequently
reported to cause blooms in reservoir ecosystems causing
water discoloration and increase in water turbidity (e.g.,
Ceratium hirundinella, Lugli¢ et al., 2001; Pérez-
Martinez and Sanchez-Castillo, 2001; Fadel et al., 2015;
Mariani et al., 2015). Some species belonging to the
Unruhdinium genus, including U. penardii, were reported
as high biomass bloom-forming species often causing
dark or reddish water discolorations (Javornicky 1972;
Leitdo et al., 2001; Rodriguez et al., 1999; Hansen and
Flaim, 2007; Liu et al., 2008; You et al., 2015). The same

typology of events was observed in Cedrino Lake during
U. penardii blooms. However, ecological data describing
the adverse events are today limited. Field observations
collected in this study allowed defining the ecological
conditions during the presence of the species and at the
highest densities. The species was detected along a fairly
large temporal period (about coinciding with the first
semester of the year) but it was never detected in summer.
Blooms exhibited strong seasonality restricted to the late
winter and early spring months (February and March).
GLMs revealed the significant role of temperature on U.
penardii presence and blooms in the Cedrino Lake,
underlining a preference of this species for colder months.
The same seasonal behaviour was reported for U. niei in
Lake Donghu (Liu et al., 2008). In the Cedrino Lake, U.
penardii produced blooms in a temperature range between
11.1°C and 15°C, whereas the same species was reported
to bloom at lower temperature in the Black Sea (Terenko
2017). U. durandii in the Voiglans reservoir (Rodriguez
et al., 1999) showed the same temperature bloom range
of U. penardii in the Cedrino Lake.

Investigating the role of nutrients is a challenge and
must takes in consideration the possible mixotrophy of
dinoflagellates in freshwater ecosystems (e.g., Carrias et
al.,2001; Tardio et al., 2003; Pélsson and Granéli, 2004).
Anyway, the Cedrino Lake showed a high nutrient
availability being classified from eutrophic to hyper-
eutrophic (Padedda et al., 2015, 2017). Data from the
present study revealed a significant association of U.
penardii with low phosphate values, especially during
blooms. Kawabata and Hirano (1995) observed a
reduction of the cellular phosphorus content during the
growth of U. penardii in the Ishitegawa Reservoir,
hypothesizing a use of the stored phosphorus during the
population growth phase. Maximum cell densities of U.
penardii in the Cedrino Lake could be indirectly explained
by the ability of dinoflagellates to use organic sources of
phosphorus (e.g., DOP) as already revealed for U. niei
(reported as Peridiniopsis sp.; Cao et al., 2019). These
species, in this way, could acquire an advantage over the
other phytoplankton species in low phosphate conditions.
In addition, a strong significant correlation between
Unruhdinium cell density and the phosphatase alkaline
activity was demonstrated from the Three Gorges
reservoirs (reported as Peridiniopsis sp.; Wu et al., 2018).
The same study revealed the ability of the species to
migrate in deeper layers during the night in relation to the
availability of dissolved organic phosphorus (Wu et al.,
2018). Diel vertical migrations of U. niei were also in
relationship to light radiation (Xu et al., 2010). In fact,
maximum cell densities of U. niei were recorded during
the day and at the surface water layers (Xu ef al., 2010).
Similarly, U. penardii at the highest cell densities in the
Cedrino Lake showed a significant inverse relationship
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with water depth as revealed by GLM. Taking into
account these observations, further investigations are
required to completely understand the dynamics of the U.
penardii blooms in the Cedrino Lake and to assess the role
of the different environmental variables.

In any case, data collected in this study provide a
useful base of knowledge for further insights on this
harmful species in the Mediterranean area.

CONCLUSIONS

In the scenario of global climate change underway, the
Mediterranean area was indicated as one of the most
vulnerable (Erol and Randhir, 2012) and the aquatic
resources of this area are reported to be very sensitive to
these changes (Garcia-Ruiz et al., 2011). In particular,
further water restrictions are expected. The impact of high
biomass bloom forming dinoflagellates (as U. penardii)
could be deleterious in drinking water plants. Numerous
species could cause unpleasant taste and odour of water,
but also accelerate clogging of filter systems in drinking-
water treatment. They could also break through these
filters with the consequence of elevating the dissolved
organic carbon (DOC) concentrations of the purified
water and thus enhancing microbial growth (Niesel et al.,
2007). In this context, acquiring ecological data on
potentially harmful species is mandatory in order to be
able to manage adverse events maximizing the sustainable
use of resources.
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