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The cosmopolitan distribution of the marine planktonic diatom Chaetoceros socialis
Lauder is generally interpreted as a case of wide ecological plasticity. However,
cryptic diversity has recently been observed within this taxon and this genetic
diversity could extend to phenotypic differences between allopatric populations.
Monoclonal strains of C. socialis isolated from NE Atlantic/Arctic and Tyrrhenian
Sea waters were cultivated at 2.5, 8 and 13°C, and analysed for morphological,
phylogenetic (LSU rRNA gene) and physiological (growth rate, photosynthetic
yield) traits. The molecular analysis indicated an unequivocal divergence between
the southern and the northern strains. Clear differences in spore morphology
between the two groups were also observed, despite their morphological similarity
in vegetative form. The physiological data demonstrated a functional partition
between the northern and southern strains. The northern strains showed signifi-
cantly higher growth rates than the southern ones at the lower temperatures, and
vice versa at 13°C. Differences between the groups were also observed in the
photosynthetic yields. These results reveal the expression of allopatric speciation in
several phenotypic characters, providing a functional dimension to the cryptic, or
rather pseudo-cryptic, diversity observed within C. socialis. We believe that such an
integrated approach is useful for robust taxonomic and functional delimitations of
presumed cosmopolitan microorganisms.
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INTRODUCTION

Cosmopolitan marine phytoplankton species occurring
over wide geographical ranges often show considerable
ecological plasticity (Smayda, 1958; Hasle, 1976).
Random dispersal of abundant species in concert with
low speciation rates may also contribute to the seeming-
ly ubiquitous distribution of many species (e.g. Finlay,
2002; Finlay et al., 2004). The identification of a species

and its geographical distribution is, however, tightly
linked to the applied species concept and the criteria
used for delineating the species in question. Evolution 1s
assumed to be continuous and not all characters will
reflect the on-going differentiation processes at a similar
pace (de Queiroz, 2007). Different sets of criteria will
therefore yield different species delineations and the
taxonomic concepts in use are highly variable (e.g
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Mann, 1999). It appears that intraspecific genetic vari-
ability 1s much higher than formerly assumed for
marine diatoms (Kooistra e/ al., 2007) and other phyto-
plankton groups (Montresor et al., 2003; Saez et al.,
2003), even among populations living in sympatry
(Rynearson and Armbrust, 2004; Amato et al., 2007).
The emergence of a phylogenetic species concept has
revealed unexpected diversity (e.g. Sarno el al., 2005,
2007), with consequences also for our knowledge of
species distribution and biogeography (Kooistra et al.,
2008). The disclosure of cryptic diversity, i.e. genetic dif-
ferentiation contrasted with morphological similarity, in
several phytoplankton genera thus challenges the valid-
ity of the traditional morphological species concept as
well as the existence of ubiquitous (or cosmopolitan)
species.

The ecological plasticity observed in so-called mor-
phospecies may turn out to be physiological diversity
expressed by a collection of phylogenetically distinct
2011).
Though useful for species delimitation, phylogenetic

phytoplankton species (e.g. Balzano et al,

data, as such, do not reflect the phenotypic properties
of the organism. Sometimes, functional approaches,
such as metabolic or trancriptomic profiling studies, can
elucidate phenotypic variability for the same species in
different environments, not evident in genomic se-
quence data (Rossello-Mora et al., 2008; Maumus et al.,
2009). Functional diversity arises as a consequence of
genetic variability within a taxon, environmental effects
on gene expression, and ecological interactions among
taxa (Zak et al., 1994). However, the degree to which
genetic diversity is translated into taxonomic diversity is
not fully understood, and even less is known about the
manner in which genetic diversity affects functional di-
versity or ecosystem adaptability. Integrated approaches
can therefore be useful when exploring the extent of
phenotypic variability and allopatric differentiation
expressed in so-called cosmopolitan species.

Chaetoceros  socialis Lauder is a marine planktonic
diatom commonly found from the cold waters of the
Arctic to the much warmer waters of the Mediterranean
Sea or the Gulf of California (Hasle and Syvertsen,
1997). The species was originally described by Lauder
(Lauder, 1864) on material from waters close to Hong
Kong (South China Sea). Further information on the
smooth spores formed inside vegetative cells was pro-
vided by Cleve (Cleve, 1896) and Gran (Gran, 1897).
Chaetoceros radians Schiitt was formerly regarded as a sep-
arate species and was distinguished from C. socialis
merely on the basis of its spiny resting spores. Chaetoceros
radians was later reduced in rank to a form of C. socialis
by Proschkina-Lavrenko (Proschkina-Lavrenko, 1953),
who judged the separation of the two taxa not supported
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by the variability in spore morphology. Cryptic and
pseudo-cryptic diversity within the genus Chaetoceros was
recently described by Kooistra et al. (Kooistra et al.,
2010), who also found indications of cryptic diversity in
C. socialis between strains from the Gulf of Naples
(Tyrrhenian Sea) and a strain isolated from the Strait of
Georgia (North Pacific Ocean). The wide ecological
plasticity expressed by this species may therefore be the
consequence of intraspecific variability in allopatric
populations, so far confirmed only for genetic data, i.c.
the large-subunit ribosomal RNA (LSU rRNA) gene.
Information on the ecology of C. socialis is available from
numerous field surveys (e.g. Bode and Varela, 1998;
Booth et al., 2002; Rines et al., 2002; Tomaru et al.,
2009), while some experimental studies have been per-
formed on strains from different geographical areas, e.g
Tokyo Bay (Kudo, 2003), Sea of Japan (Shevchenko
et al., 2008), Tyrrhenian Sea (Dimier e al., 2007) and the
Arctic Ocean (Leu et al., 2007). To increase the value of
such ecological and physiological studies, we need
knowledge of whether the genetic variation in C. socialis
1s reflected in phenotypic diversity. Do we see different-
ation in phenotypic characters other than morphological
ones? And, most important, does the genetic differenti-
ation observed for cryptic species have any measurable
functional dimension?

The present study addresses the phenotypic and
genotypic variability of cryptic species of C. socialis. By
examining monoclonal strains of C. socialis from the
northern and southern sections of its distribution area,
we provide a confirmation of the molecular and mor-
phological diversity indicated in previous studies. A
comprehensive view of the diversity is given using an
integrated approach that combines phylogenetic, mor-
phometric and physiological tools.

METHOD

Strain cultivation

The study was performed with monoclonal strains of C.
from NE Atlantic/Arctic
Mediterranean (Gulf of Naples, Tyrrhenian Sea) waters,

soctalis  isolated and
hereafter referred to as ‘northern’ and ‘southern’ strains
(Table I). The southern strains (SZN-B382 —SZN-B475)
were all isolated from seawater samples, whereas all but
two (AMB-66, AMB-80) of the northern strains derived
from the germination of spores contained in sediment
samples. The northern strains were isolated in the
spring, as this is the time when C. socialis 1s particularly
abundant in this region (Eilertsen e al, 1981;
Degerlund and Eilertsen, 2010). In the Gulf of Naples,

417



JOURNAL OF PLANKTON RESEARCH

VOLUME 34

NUMBER 5 | PAGES 416-431 | 2012

Table I: Information on strains of C. socialis used in Experiments I (8°C), Il (2.5°C) and III

(15°C)
Species Strain code Collection site® Position Isolation Exp. Accession no.
Chaetoceros socialis Lauder AMB-33.2 Fin 25.1.2007 I HE573571
AMB-41 Fin 25.1.2007 I, 1l HE573572
AMB-66 BaS 77.8°N, 12.3°E 27.6.2007 | HE573573
AMB-80 BaS 77.8°N, 12.3°E 27.6.2007 I, 1 HE573574
AMB-92 Kra 69.4°N, 19.0°E 26.2.2009 I, 1 HE573575
AMB-93 Mal 69.4°N, 18.4°E 24.2.2009 | HE573576
AMB-94 Mal 69.4°N, 18.4°E 24.2.2009 Il HE573577
AMB-95° Mal 69.4°N, 18.4°E 24.2.2009 HE573578
AMB-96 Mal 69.4°N, 18.4°E 24.2.2009 ll HE573579
AMB-97 Kra 69.4°N, 19.0°E 26.2.2009 Il HE573580
SZN-B382 GoN 40.8°N, 14.3°E 23.9.2008 I, 1 HE573581
SZN-B386 GoN 40.8°N, 14.3°E 14.10.2008 I, 1 HE573582
SZN-B388 GoN 40.8°N, 14.3°E 21.10.2008 | HE573583
SZN-B390 GoN 40.8°N, 14.3°E 6.11.2008 I, 1010 HE573584
SZN-B392 GoN 40.8°N, 14.3°E 12.11.2008 I, HE573585
SZN-B459 GoN 40.8°N, 14.3°E 6.5.2008 11010 HE573586
SZN-B460 GoN 40.8°N, 14.3°E 6.5.2008 I, 1
SZN-B470 GoN 40.8°N, 14.3°E 29.4.2008 I, HE573587
SZN-B473 GoN 40.8°N, 14.3°E 29.4.2008 | HE573588
SZN-B475 GoN 40.8°N, 14.3°E 29.4.2008 I, 1 HE573589
SZN-B423° GoN 40.8°N, 14.3°E EF423468
C. costatus Pavillard DH18 GoN 40.8°N, 14.3°E EF423473
NAOS17 GoP EF423474
SZN-B404 GoN 40.8°N, 14.3°E GU911463
C. compressus Lauder SZN-B402¢ GoN 40.8°N, 14.3°E GU911462
DH22¢ GoN 40.8°N, 14.3°E EF423429
C. debilis Cleve CCMP1578 Nar 41.6°N, 71.4°W EF423430
Hel2 Hel EF423482
SEED-2 Pac 48.5°N, 165°E EF423483
C. brevis Schutt CCMP163 SO 61.3°N, 64.7°W EF423469
Bacteriastrum hyalinum Lauder DH13 GoN 40.8°N, 14.3°E EF423442

Other Chaetocerotaceae species listed were included in the phylogenetic analysis.

#Collection sites: Fin, Finnmark coast, NE Atlantic; BaS, NW Barents Sea; Kra, Krabbenes, Troms coast, NE Atlantic; Mal, Malangen fjord, Troms
coast, NE Atlantic; GoN, long-term ecological research station MareChiara in the Gulf of Naples, Tyrrhenian Sea; GoP, Gulf of Panama; Nar,
Narragansett Bay; Hel, Helgoland; Pac, Pacific Ocean, NW; SO, Southern Ocean.

PAMB95 was not used in the experiments, but was sequenced as an additional northern strain.

°B423 is genetically identical to the other southern strains and was only used for morphological analyses and pictures.

9S7N-B402 and DH22 are referred to as C. compressus in GenBank, but listed with the synonym name C. contortus in the reference publication of
Kooistra et al. (Kooistra et al., 2010). According to Guiry (Guiry, 2011) in the World Register of Marine Species, the synonym C. compressus is the

accepted version per today.

C. soctalis occurs over multiple seasons (Ribera D’Alcala
et al., 2004; Zingone et al., 2010), and therefore, strains
from the spring as well as the autumn were included
(Table I). The monoclonal cultures of each strain were
started from single cells or colonies transferred by
micropipettes from cultivation plate chambers to plastic
40 ml Nunc cell cultivation flasks or 20 ml Duran glass
tubes under an inverted microscope. The monoclonal
cultures were cultivated in pasteurized /2 or {/10
growth medium (Guillard and Ryther, 1962) with add-
itional silicate [12.3 wmol Si(OH), L."'] in temperature-
and irradiance-controlled rooms. Cultivation conditions
for the stock cultures aimed at simulating ambient en-
vironmental conditions of their respective geographical
regions, starting out with low temperatures (2—6°C) and
long photoperiods (14 h) for the northern strains, and
higher (18-23°C) and  shorter

temperatures

photoperiods (12 h) for the southern strains. Light was
provided by Osram L 58W/954 Daylight tubes at a
20 wmol 27!

scalar 1irradiance of ca. quantam s
irradiance  meter,

(QSL-100

Instruments Inc.).

scalar Biospherical

Experimental set-up

A strain was considered unique when isolated from dif-
ferent locations or at variable dates from the same loca-
tion (Table I). In order to include as many strains as
possible in each experiment, several clones of each
unique strain were maintained throughout the adapta-
tion process. Clones originating from the same water
sample (e.g. AMB-66 and AMB-80, Table I) were
treated as identical, and during set-up of experiments,
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each unique strain was generally represented by one
clone only (Table I).

Three series of experiments were run on altogether 19
strains of C. socialis at three different temperatures: 2.5, 8
and 13°C (Table I). Cultivation temperatures were chosen
according to normal ranges in each geographical area,
with the aim that both groups of strains would also be
exposed to temperatures outside their ordinary range.
Annual sea surface temperatures range between 12.4 and
28.5°C in the Gulf of Naples (Zingone et al., 2010),
whereas NE Atlantic/Barents Sea waters vary between
—1.8 and +9.4°C (Eilertsen and Skardhamar, 2006;
Degerlund and Eilertsen, 2010). Prior to each experiment,
strains were gradually adapted to the desired cultivation
temperature and kept there for at least 2 weeks before
start-up. We were unable to adapt the northern strains to
temperatures higher than 13°C, while few of the southern
strains were able to grow at 2.5°C, and the limits for the
temperatures were chosen accordingly. It should be
pointed out that 13°Ci is indeed in the lower extreme of
the normal temperature range of the southern strains, as
C. socialis experiences far higher temperatures during
summer and autumn in the Mediterranean Sea (Ribera
D’Alcala et al., 2004). However, C. socialis is frequently
abundant during late winter and early spring when water
temperatures in the Gulf of Naples are low (Zingone ¢t al.,
2010). Strains were cultivated in 600 ml Nunc cultivation
flasks in /10 nutrient-enriched medium, at scalar irradi-
ance 30 pmol quantam™ *s™' and 12:12 (Exp. III) or
14:10 (Exp. I and II) L:D photoperiods. All other factors
considered to affect phytoplankton growth (e.g nutrients,
irradiance) remained the same. In all three experiments,
cach strain was cultivated in three replicate units distribu-
ted randomly in front of the light source. From start con-
centrations of ca. 1 g chlorophyll « L™', each
experimental run was continued until the strain had
reached a minimum of a 30-fold increase in biomass,
measured as chlorophyll a concentration. All strains were
in exponential growth phase when cultivation was termi-
nated and final chlorophyll ¢ concentrations were in the
range 30-40 wg L™ (Exp. T and II) or 100 pg L™ (Exp.
III). During the entire experimental period, the cultivation
units were stirred and randomized daily. Samples for mor-
phological, physiological and molecular analyses were
taken at start and/or stop of each run. Physiological sam-
pling for monitoring purposes (PAM fluorescence and
chlorophyll « filtrations) was conducted regularly, i.e.
weekly or more often, during the experiments.

Morphology

Samples for morphological analysis were collected in
100 ml glass bottles after each experimental run and
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preserved with hexamine-buffered formaldehyde to a final
concentration of 4%. Observations of general morpho-
logical characters and morphometric measurements were
performed in Tromse with inverted light microscopes
(LM) (Leica Leitz DM IL or Leica DMIL, 400X or in
(Leica DM 2500, 1000 x)
equipped with phase contrast and bright field optics. LM

compound microscopes

photographs were taken with a Leica DFC 320 micro-
scope camera, controlled with Leica firecam v 3.0 software
(Leica Microsystems Ltd.). In Naples, LM observations
were made with a Zeiss Axiophot microscope (Carl Zeiss,
Oberkochen, Germany) equipped with Nomarski differen-
tial interference contrast, phase contrast and bright field
optics. Micrographs were obtained with a Zeiss Axiocam
digital camera. For electron microscopy observations (EM),
cultures were treated with acids (1:1:4, sample:
HNO3:HSOy), boiled for a few seconds and then washed
with distilled water, in order to remove organic matter. For
scanning electron microscopy (SEM), the acid-cleaned ma-
terial was mounted on stubs, sputter-coated with gold or
platinum and examined using a SEM JEOL JSM-6500F
(JEOL-USA Inc., Peabody, MA, USA). For transmission
electron microscopy (TEM), the same material was
mounted on Formvar-coated grids and observed using a
TEM LEO 912AB. Spores were observed from two north-
ern strains used in the experiments (strain AMB-33.2 and
AMB-94) and from a strain genetically identical to the
southern material (strain SZN-B423, Table I). The morph-
ology of the spores was described following the termin-
ology of Ishii et al. (Ishii et al., 2011).

In addition to species-specific characteristics, mor-
phological observations included the number of cells
per colony and the percentage of empty frustules and
spores in each strain. Morphometric data such as length
of apical axis (cell valve diameter or AA), pervalvar axis
(cell valve length or PA), transapical axis (shorter diam-
eter of the elliptic cell valve) and apertures (space
between two cells in a colony) were only obtained from
the first experimental run at 8°C. The number of cells
measured was >90 per strain. The biovolume of the
measured cells was calculated according to Olenina
et al. (Olenina et al., 2006), with the correction for a
transapical axis considerably larger than half of the
apical axis, i.e. estmated to ca. 3/4 of AA in our
C. socialis strains (Fig. 1C and J; Table II). Carbon
content was calculated using the formula recommended
for diatoms by Menden-Deuer and Lessard (Menden-
Deuer and Lessard, 2000).

Phylogenetic analysis

Cells from at least 150 ml dense culture in exponential
growth were collected for molecular analysis by filtration
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Fig. 1. Morphology in LM, TEM and SEM of northern (A—G) and southern (H—L) material of C. soctalis. (A) Curved chain in broad girdle
view, strain AMB-93, LM. Scale bar: 10 pm. (B) Two cells in colony, strain AMB-94, LM. Scale bar: 5 wm. (C) Valve with broken setae, strain
AMB-33.2, TEM. Scale bar: 2 pm. (D) Two spores inside vegetative cell frustules, strain AMB-94, LM. Scale bar: 5 pum. (E): Secondary valve of
a spore, strain AMB-33.2, SEM. Note the row of puncta (arrow) on the advalvar margin of the mantle. Scale bar: 1 pm. (F) Primary valve of a
spore in the internal view, strain AMB-33.2, SEM. Note the sheath (collar) perforated by fissures (arrow). Scale bar: 1 wm. (G) Primary valve of
a spore with marginal knobs, strain AMB-33.2, SEM. Scale bar: 1 pm. (H) A spherical colony from a spring strain during the isolation process
in Naples, not named at the time, LM. Scale bar: 100 wm. (I) Curved chain in broad girdle view, strain SZN-B460, LM. Scale bar: 10 pm. (J)
Two valves, natural material from the Gulf of Naples, TEM. Scale bar: 2 wm. (K) Two cells containing spores, strain SZN-B423, LM. Scale bar:
10 pm. (L) Complete spiny spore, strain SZN-B423, SEM. Scale bar: 2 pm.

onto 1.0 pm pore-size polycarbonate membrane filters
(Nucleopore®) supported by GF/C filters pre-heated to
450°C for 8 h. Filters were frozen in liquid N, and
stored at —78°C. Total DNA was extracted from the
filters using a DNeasy™ Blood and Tissue Extraction kit
(Qiagen, Hilden, Germany) which has proven efficient
for extraction of DNA from algal material (Simonelli
et al., 2009). The hypervariable D1-D4 region of the
nuclear LSU rRNA gene was amplified with the forward

primer DIR (5-ACCC GCTGAATTTAAGCATA-3')
and the reverse primer D3Ca (5-ACGAACGATTTGC
ACGTCAG-3') (Leaners et al., 1989; Scholin et al., 1994).
The polymerase chain reaction (PCR) was performed
with an Applied Biosystems 2720 Thermal Cycler using
a ReddyMix PCR Master Mix (Thermo Fisher
Scientific, Epson, Surrey, UK) with an additional 1.5
mM MgCl,. Thirty-five cycles (45s at 94°C, 90s at
55°C, 90s at 72°C) were run, with an initial step of
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Table II: Descriptive and non-parametric statistics_for morphological data on northern (N) and southern

(S) strains of C. socialis cultivated at 8°C

N S P(N vs. S)
Apical axis (um) Min—max 1-10 2-10
Median; quartile range 3.75;2.5 3.0;1.75 <0.001
Mean + SD 4.22+1.79 3.21+ 1.41
n 694 1028
Pervalvar axis (wm) Min—max 3.75-15 3.75-19
Median; quartile range 7.50; 3.0 8.0; 3.0 <0.001
Mean + SD 713+ 214 7.94 4+ 2.08
n 688 1024
Transapical axis (um) Min—max 2.5-8 2-7
Median; quartile range 4.0;1.6 4.0;2.0 0.016°
Mean + SD 4.82 +1.42 3.91 +1.06
n 24 79
Apertures (um) Min—max 1-6 1-6.25
Median; quartile range 2.50; 0.5 3.0; 1.75 <0.001
Mean + SD 25408 2904+ 1.0
n 559 384
Cells per colony® Min-max 2-13 2-10
Median; quartile range 2.0;1.0 2.0;1.0 <0.001
Mean + SD 293 +1.48 2.514+0.89
n 2133 2885
Biovolume (pm?) Min—max 4.71-442 9.4-451
Median; quartile range 62.1;78.2 37.1,34.8 <0.001
Mean + SD 79.4 +62.7 54.2 4+ 57.7
n 688 1024
Carbon content (pg cell ") Min—max 1.01-40.2 1.78-40.9
Median; quartile range 8.20; 8.26 5.40; 4.05 <0.001
Mean + SD 9.60 + 6.06 6.96 + 5.47
n 688 1024

2Pvalue from the Kruskal-Wallis test on data from three groups: northern strains, southern autumn, and southern spring strains, where the
differences in transapical axis size were significant only between northern and southern autumn strains.

®Data on cells per colony are from all three experiments.

180 s at 94°Ci and a final one of 420 s at 72°C, after
which the samples were kept at 4°C. Correctly sized
PCR products were confirmed by agarose gel electro-
phoresis (1% Sea Kem LE Agarose gel with ethidium
bromide as stain) and purified by the QIAquick® PCR
purification kit (Qiagen). The amplified partial genes
were sequenced from both ends by employing the same
primers as in the PCR reaction. The sequencing reac-
tion was performed according to the BigDye® v3.1
Sequencing Protocol (PE Biosystems, Foster City, CA,
USA), followed by a fragment separation on an Applied
Biosystems 3130 x 1 Genetic Analyzer.

End-trimmed and quality-checked partial LSU
rRNA gene sequences obtained in the present study
were uploaded to the European Nucleotide Archive
(ENA; www.ebi.ac.uk/ena) with accession numbers
HE573571-HE573589 (Table I). A sequence alignment
including the 19 sequences from this study, 3 from C.
soctalis and 10 from related (Chaetocerotaceae) species,
downloaded from GenBank (www.ncbi.nlm.nih.gov),
were aligned by the Clustal W algorithm (Higgins et al.,
1994), with default settings as implemented in the
MEGA 5.0 program package (Tamura e al., 2011).
Phylogenetic inferences, based on 671 unambiguously
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aligned positions, gaps not included, were obtained by
employing the Bayesian analysis program MrBayes 3.1
(Ronquist and Huelsenbeck, 2003) and by the MEGA
5.0 implementation of maximum likelihood (ML) ana-
lysis. The Bayesian analysis was done under the pre-
sumption of a general time-reversible model with
invariable sites and gamma distribution of rates across
sites  (GTR 41+ G). Otherwise, default single-
nucleotide prior settings were employed. Two independ-
ently seeded chains, 1000000 generations each, were
run to secure average standard deviation of split fre-
quencies <0.01. In the ML analysis, the Tamura-Nei1
substitution model, gamma rate distribution across
sites + invariant sites was implemented. Bootstrap
values were calculated from 1000 re-samplings.

Physiology

Growth rates [ or doublings day™' =logy (t5/1,)/1] of
the strains were calculated on the basis of both cell
abundance and chlorophyll ¢ concentrations which
were measured at the start (/1) and end (/) of each ex-
periment. The duration of experiments ({) varied in the
range of 9-27 days for all the experiments, since the
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purpose was to reach a certain increase in biomass level
in every cultivation unit. Cell abundance was assessed
on 5 ml samples preserved with acid Lugol’s solution
(250 wL sample mL ") and kept refrigerated until ana-
lysis. Cell counts were performed with inverted micro-
scopes
chambers, allowing samples to settle for at least 2 h

on 2ml Nunclon 4-well cell cultivation
prior to the analysis. At least 100 cells per sample were
counted. Chlorophyll @ concentrations (ug L™') were
measured from algal material filtrated on GF/C filters
and extracted in methanol for 24 h (Holm-Hansen and
Riemann, 1978), using a Turner Designs TD-700 fluor-
ometer (Exp. II and III) or a Turner Designs 10-AU
fluorometer (Exp. I). Filters from Experiment II were
kept frozen (—20°C) for 2 months prior to extraction
and subsequent analysis. Photosynthetic efficiency or
maximum quantum vyield in Photo System II, ®pgy,
was measured using a Water-PAM  (Pulse Amplitude
Modulated) fluorometer (Water-ED/B, Heinz Waltz
GmbH). Three minutes of dark adaptation (5 ps meas-
uring light pulses applied at a frequency of 18 Hz) was
applied and a saturation light pulse peaking at 660 nm
was modulated at a frequency of 20 kHz. ®pgpy was cal-
culated as @pgyy = (F,,— Fo)/F,, where F,, is the
maximum fluorescence from the saturating light pulse
in dark-acclimated cells and F, the initial fluorescence
(from the measuring light) in dark-acclimated cells.

Statistical analysis

Descriptive statistics and the Shapiro—Wilk W-tests for
normality were performed on all morphometric and
physiological data in the STATISTICA 7.1 software
package. Non-parametric data were compared using the
Kruskal—Wallis analysis of variance (ANOVA) for data
from multiple independent groups (northern, southern
autumn and southern spring strains). As autumn and
spring strains were indivisible, 1.e. multiple comparisons
of P-values = 1.00, these two subgroups were merged
into one and compared with the northern group by a
Mann—Whitney U-test on data from two independent
groups (northern and southern). Non-parametric tests
were run both on raw data and on mean values of the
three replicate units. Within-group or intra-strain vari-
ability was also tested with the Kruskal—Wallis ANOVA.

RESULTS

Morphological and morphometric traits

No differentiation in vegetative morphology was

apparent between the northern and southern strains of
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C. socialis (Fig. 1). In both groups of strains, vegetative
cells have one large chloroplast and one straight seta,
longer than the other three, converging to a common
point on one side of the colony, thus forming chains
curved in broad girdle view (Fig. 1A and I). The colo-
nial apertures are hexagonal (Fig. 1B and K), as the
setaec emerge internally from the cell corners and merge
with those of the sibling cell beyond the lateral margin
of the colony. Under TEM, valves show a pattern of
delicate costae which do not differ significantly between
the two groups of strains (Fig. 1C and J). In natural
and

samples carly

second-order colonies are at times present, with several

cultivation  phases, spherical,
different first-order colonies connected in the centre of
the colony through the tips of the long setae (Fig. 1H).

However, differentiation in spore morphology was
observed between the two geographical groups (Fig. 1).
In both northern and southern strains, spores are highly
silicified and heterovalvate, with dome-shaped valves of
different curvature (Figz 1D—G, K and L). On the
advalvar margin of the secondary valve mantle, a single
row of puncta is present (Fig. 1E, not shown for south-
ern strains), which is covered by the mantle of the
primary valve. In northern strains, spore valves are
deprived of spines (Fig. 1D—G) and can bear a silica
sheath (collar). The sheath can be perforated by scat-
tered holes or fissures (Fig. 1F), or can be notably
reduced or absent within the same strain, at times being
replaced by crests (not shown) or knobs (Fig. 1G). In
southern strains, both spore valves lack a sheath and
are covered with spines over the whole surface (Fig. 1L),
with palisade spines often present at the margin. Spines
are hardly visible in LM (Fig 1K) and can vary in
length also between the valves of the same spore.

When analysed statistically, morphometric data from
northern and southern strains used in the experiment at
8°C showed significant differences in the size of the cell
valves and the distance between colonial cells (aper-
tures) (Table II). In the southern group of strains, the
apical axis was smaller, whereas the pervalvar axis and
the apertures were larger (Table II; P<<0.001). The
transapical axis also differed in size, but significantly
only between the northern strains and the
southern autumn (SZN-B386-B392) strains (Table II;
P =0.016). Numbers of cells per colony were statistical-
ly different for the two groups in all three experiments;
the northern strains on average having 0.4 more cells
per than the (P<<0.001).
Percentages of empty frustules and spores were general-
three
Morphometric differences were reflected in the calcu-

chain southern ones

ly low in all experiments (not shown).

lated biovolume and carbon content (from experiment
at 8°C) of the cells, the southern strains being slightly
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smaller in volume and hence with smaller amounts
of carbon per cell than the northern ones (Table II,
P<0.001).

Phylogenetic position

Phylogenetic inferences based on the partial LSU
rRNA gene by the Bayesian (Fig 2) and ML
approaches produced identical tree topologies, with
similar branch lengths and levels of support for the
individual bipartitions. The same tree topology was
also confirmed with the neighbour-joining algorithm
(not shown). The analyses showed an unambiguous
divergence between the southern and the northern
strains of C. socialis by placing the geographically dis-
tinct groups of the species into confidently separated
clades. On the other hand, the C. socialis strains
jointly constituted a statistically robust monophyletic
group relative to the other Chactocerotaceae species

C. brevis (CCMP163)

C. costatus (DH18)
mwl C. costatus (NAOS17)

C. costatus (SZN-B404)
C. socialis (SZN-B459)
socialis (SZN-B382)
socialis (SZN-B386)
socialis (SZN-B388)
socialis (SZN-B390)
socialis (SZN-B392)
socialis (SZN-B470)
socialis (SZN-B473)
socialis (SZN-B475)
socialis (MC260104)
socialis (MC171105)
C. socialis (CCMP172)
. socialis (AMB-33.2)
. socialis (AMB-41)
. socialis (AMB-66)
. socialis (AMB-80)
. socialis (AMB-92)
. socialis (AMB-93)
socialis (AMB-94)
socialis (AMB-95)
socialis (AMB-96)
socialis (AM-B97)

54/61

100/100)
99/91

84/75)

100/100

POOO00O0O00O0

98/85

99/100

0000000000

97/74
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included in the analysis (Fig. 2). The estimated mean
pairwise evolutionary distance between the two C.
soctalis clades was 0.046 (corresponding to 29 different
nucleotide positions, on average, in the 671 bp align-
ment), while the distance
between all C. socialis strains and the representatives
of their closest relative, C. costaius Pavillard, was 0.096
(60 different nucleotides, on average). The strain
CCMP172 [GenBank, accession no. EF423466 sub-
mitted as a representative of C. debilis, but identified
as C. socialis by Kooistra et al, 2010, and correctly
named in the CCMP collection] proved a sister taxon
to the NE Atantic/Arctic clade of strains. The LSU
rRNA sequence data of the strains from the Gulf of
Naples did not show differences between the spring
(SZN-B459—-B475) (SZN-B382—-B392)
1solates, and neither did sequence data on the hyper-

corresponding mean

and autumn

variable I'TS gene region analysed for these two sea-
sonal groups in Naples (A.Z., unpublished data).

0.1

B. hyalinum (DH13)

100/96 [ C. compressus (SZN-B402)
C. compressus (DH22)
86/88 1 ¢ debilis (CCMP1578)

100/100 C. debilis (Hel2)

L . debilis (SEED2)

Fig. 2. Bayesian consensus tree, based on 671 unambiguously aligned positions of the D1-D4 region of the LSU rRNA gene. Partitions with
posterior probabilities <50% are kept unresolved. Internal labels show posterior probabilities (%) ahead of slash (/) and % bootstrap values for

ML tree of identical topology behind slash.
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Growth rate and photosynthetic efficiency

Growth rates (as doublings day ™', based on cell abun-
dance and chlorophyll a) were significantly different
between northern and southern strains of C. socialis at
all three cultivation temperatures (Fig. 3, Table III). The
northern strains showed higher growth at the two lowest
temperatures (P <<0.001), while the southern strains
had higher growth rates at 13°C (P<<0.001; Fig. 3,
Table III). There was no significant difference in growth
rate between the spring (SZN-B459—-B475) and autumn
(SZN-B382—-B392) strains from the Gulf of Naples (not
shown). Within the southern group of strains, a
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Fig. 3. Growth rate (doublings day ', abundance based) of C. socialis
cultivated at 2.5, 8, and 13°C. Medians displayed with filled circles
(northern strains) and squares (southern strains). Raw data are
displayed with open circles (northern strains) and open squares
(southern strains). Whiskers display 25th and 75th percentiles.
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maximum for chlorophyll a-based growth rate was
observed at 13°C, while growth rates at the two lower
temperatures were significantly lower (P < 0.01). The
growth rates of the northern strains did not show signifi-
cant differences among temperatures, being only slightly
higher at 8 than at 2.5 and 13°C when calculated from
cell abundance values. Differences in growth rates cal-
culated on the basis of abundance and chlorophyll «
measurements were largely related to the higher repro-
ducibility of the latter (not shown) and to the difference
in the nature of these two parameters (abundance uvs.
biomass proxies). Chlorophyll-based growth rates could
also be affected by the change in chlorophyll content
per cell during the time period of growth rate measure-
ment. This change was significant in the southern
group of strains at 8°C.

The differences observed between groups of strains
were also observed in the PAM-estimated maximum
quantum vyields measured at the start and stop of
experiments (Fig. 4, Table III). At 8°C, ®pgy was
higher in the southern strains, even though growth was
slower compared with the northern strains at this tem-
perature (Table III). Maximum quantum yields for the
northern strains were at their highest at 2.5°C, whereas
the southern strains had maximum vyields at 13°C.
Results at 8°C were intermediate for both groups.
Physiological differences between the two groups were
statistically significant (P << 0.05) also when tested on
mean values of the three replicate cultivation units, i.c.
considering the intra-strain variability before comparing
the geographical groups (not shown). Cultivation unit
94C (Exp. II at 2.5°C) was identified as an outlier on
the basis of the physiological monitoring performed

Table I1I: Descriptive and non-parametric statistics for physiological data on northern (N) and southern

(S) strains of C. socialis cultivated at 2.5, 8 and 13°C

T(°C) 2.5 8 13

Group N S P-value N S P-value N S P-value
w_abund

Median 0.382 0.224 0.000032 0.386 0.248 0.000027 0.310 0.495 0.000008
Mean + SD 0.38 + 0.06 0.22 +£0.02 0.42 +£0.12 0.25 +0.05 0.31+£0.10 0.51 +0.07

n 12 12 12 24 12 24

w_chl

Median 0.543 0.272 0.000532 0.502 0.413 0.000223 0.489 0.709 0.000005
Mean + SD 0.53+0.10 0.274 £ 0.01 0.49 £+ 0.06 0.41 +0.03 0.47 £0.13 0.70 £ 0.05

n 12 12 12 24 12 24

(DPSH_start

Median 0.621 0.597 0.009375 0.618 0.708 0.000019 0.598 0.726 0.000001
Mean + SD 0.62 +0.02 0.59 +0.03 0.62 + 0.05 0.70 £ 0.03 0.60 +0.03 0.72 +£0.03

n 12 12 12 24 12 24

(DPSH_stop

Median 0.677 0.626 0.000123 0.675 0.714 0.000001 0.641 0.737 0.000001
Mean + SD 0.67 +0.02 0.63 +0.01 0.67 £ 0.01 0.72 £ 0.01 0.64 +0.02 0.74 +£0.01

n 12 12 12 24 12 24
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Fig. 4. Photosynthetic efficiency or maximum PAM estimated
quantum vyield (®pgyy) of C. socialis measured at the start of
experiments run at 2.5, 8, and 13°C. Medians displayed with filled
circles (northern strains) and squares (southern strains). Raw data are
displayed with open circles (northern strains) and open squares
(southern strains). Whiskers display 25th and 75th percentiles.

during the experiment (not included in calculations of
intra-strain mean values, but included in the statistical
analyses on all units).

DISCUSSION

Cryptic diversity in C. socialis

The northern (NE Atantic/Arctic) and the southern
(Tyrrhenian Sea) strains of C. socialis used in the present
study formed two separate phylogenetic groups in the
analysis of partial sequences of the LSU rRNA gene.
This result consolidates previous indications of cryptic
diversity in C. socialis (Kooistra et al., 2010) based on the
phylogenetic  difference between C.  socialis  strain
CCMP172 from the Strait of Georgia (North Pacific
Ocean) and strains collected in the Gulf of Naples. In
addition, the present phylogenetic analysis affiliated
strain CCMP172 to our northern group of strains, indi-
cating that the C. socialis strain from the North Pacific is
more closely related to the NE Atlantic and Arctic
strains than to the southern strains of C. socialis. Only
three additional partial LSU rRNA gene sequences of
C. soctalis were available in public databases, restricting
the possibility to compare sequence data from diverse
geographical regions. An extensive comparison across
the whole distribution range of C. socialis would be ne-
cessary for a proper evaluation of the phylogeographic
status of the species. Such a comparison should prefer-
entially also include the Internal Transcribed Spacer 2
and the 5.8S regions of the rRNA gene complex.
Moniz and Kaczmarska (Moniz and Kaczmarska,

FUNCTIONAL DIVERSITY IN CRYPTIC SPECIES

2010) have provided strong arguments for the ITS-2
region (combined with the 5.8S gene) as the preferred
candidate for DNA barcoding of diatoms. Furthermore,
Coleman (Coleman, 2009) has demonstrated the pres-
ence of compensatory base substitutions in the highly
conserved secondary structure of helix III of the ITS-2
domain as an unequivocal indicator of reproductive iso-
lation in a wide range of Eukarya.

Though appearing similar in vegetative morphology,
C. socialis strains from the two geographical regions
showed clear differences in spore morphology when
examined with LM and SEM. These differences were
consistent with observations on field samples from both
regions collected over several years (data not shown).
Thus, the limitation of having examined only a few
strains from each geographical region in the present
study is moderated by earlier reports on C. socialis spores
confirming the same pattern. Northern C. socialis spores
were smooth, matching the descriptions of C. socialis
given by Cleve (Cleve, 1896) and Gran (Gran, 1897)
and observations of the form C. socialis f. socialis
Proschkina-Lavrenko (Proschkina-Lavrenko, 1963) from
waters close to Trondheim, Norway (e.g. Figs 36—38 in
Evensen and Hasle, 1975; Figs 48—50 in Hargraves,
1979). In contrast, spores observed in cultured and
natural material from the Gulf of Naples had spines on
their surface, confirming previous observations from the
same area (Kooistra et al., 2010). These spores were
similar to those described for C. radians Schutt (Schiitt,
1895), later transferred to C. socials f. radians by
1953,
1963). Morphometric features of the northern and

Proschkina-Lavrenko  (Proschkina-Lavrenko,
southern groups of C. socialis also differed when both
were cultivated at 8°C. Though within reported ranges
for cell diameters (apical axis) of C. socialis (apical axis
2-14 pm in Hasle and Syvertsen, 1997), population
medians (and means) of several morphometric features
were significantly different between the northern and
southern groups (Table II). Are these observations then
an expression of evolutionarily established phenotypic
differences between the two groups of strains and are
the observed morphometric differences important for
species delimitation in C. socialis?

In diatoms, a reduction in cell diameter is the inevit-
able result of each mitotic cell division untl the
maximum size of the cell is restored during sexual re-
production. Cell size 1is therefore highly variable
(Armbrust and Chisholm, 1992; Jewson, 1992). We do
not know if all size or age classes were adequately repre-
sented in the random selections of measured cells in
our study, thereby keeping the nature of the diatom life
cycle from interfering with the morphometric results
obtained (e.g. Mann, 1988). Based on microscopic
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inspection of our strains, no signs of sexual stage forma-
tion were visible, and the numbers of measured cells
(90—150

replicate cultures

were relatively  high strain”'; numbers

included

However, we lack morphometric data from the two

three of each strain).
other experimental temperatures employed in the
present study, and therefore refrain from assigning the
differences observed at one temperature any taxonomic
significance. Nevertheless, the observed differences in
spore morphology coupled with the considerable phylo-
genetic distance indicate that the northern and the
southern groups of C. socialis strains belong to two dis-
tinct allopatric taxa. Rather than cryptic species, the
two taxa should be defined as pseudo-cryptic (Alverson,
2008), considering that spore morphology could be a
discriminative character among taxa hitherto lumped
together under the name C. socialis. Four different types
of C. socialis spores have been observed by Hargraves
(Hargraves, 1979), suggesting the possible existence of
more than two pseudo-cryptic species within this taxon.

According to the current taxonomic status of C. socia-
s, the southern strains examined in this study should
be attributed to C. socialis f. radians. In the light of our
results, however, the reduction in rank of C. radians
Schiitt to a form of C. socialis (Proschkina-Lavrenko,
1953) is questionable. In fact, this taxonomic change
was motivated by the lack of good illustrations and
smooth spores in C.
(Proschkina-Lavrenko,  1953).  Proschkina-Lavrenko
(1953) also acknowledged the fact that misidentifications
of spores were common using microscopy (LM) where
spiny spores may appear smooth at an carly stage of
their development. In a study of material from the
Black Sea (Proschkina-Lavrenko, 1953) and the Sea of
1963), spore
morphology was observed in spring and autumn popu-

sound evidence of socialis

Azov  (Proschkina-Lavrenko, identical
lations of what was first interpreted as the allochronic
species C. radians Schiitt and C. socialis Lauder, respect-
ively. Due to the absence of smooth spores in the
autumn population, the author concluded that the two
species were actually one, but, following the taxonomic
nomenclature rules, attributed the two seasonal forms

to C. socalis instead of C. radians, subsequently naming

them C. socialis . socialis and C. socalis f. radians
Proschkina-Lavrenko  (Proschkina-Lavrenko, — 1963).
However, in both seasonal populations from the Black
and  Azov  Seas, the spores were  spiny

(Proschkina-Lavrenko, 1953, 1963) and very similar
to the spores of C. radians Schiitt. The latter taxon (as
C. socials f. radians) appears highly ecologically variable
(Proschkina-Lavrenko, 1953, 1963; Jensen and
Moestrup, 1998; Shevchenko et al., 2008), which is also
manifested by C. socialis f. radians occurring during
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multiple seasons in the Gulf of Naples (Ribera D’Alcala
et al., 2004; Zingone et al., 2010). The southern strains
used in our study were also collected and isolated in
different periods of the year, but all showed similar
morphological and phylogenetic characters (Fig. 2). In
other words, populations found in different seasons
need not be considered taxonomically different at any
taxonomic level solely on the basis of their seasonality.
We can conclude that both seasonal populations studied
by Proschkina-Lavrenko (Proschkina-Lavrenko, 1953,
1963) probably belonged to C. radians, whereas no C.
socialis £. socialis (nor C. socialis Lauder) was observed in
that material. We believe that C. radians Schiitt should
be reinstated at the species level, but we refrain from
introducing this change due to a lack of a thorough
phylogeographical investigation that can resolve the
taxonomic position of the possibly numerous pseudo-
cryptic species now referred to as C. socialis.

Functional diversity in C. socialis

The physiological data on C. soctalis showed clear differ-
entiation between the northern and the southern
groups of strains at 2.5, 8 and 13°C. The two groups
showed significantly different growth rates and
PAM-estimated maximum quantum yields (Figs 3 and
4, Table III), implying that they are physiologically dif-
ferent. This functional diversity is also supported by me-
tabolite profile data from the same two groups of strains
(S.H., unpublished data).

Allometric relationships have frequently been pro-
posed for several groups of organisms and observations
of size-dependent maximum growth rates in diatoms
(e.g. Sarthou et al., 2005) predict a higher growth rate
for smaller cells. In contrast, growth rates in diatoms
have been found to be higher in cells recently formed
by sexual reproduction, i.e. in cells larger than the cells
from which they originated (Costello and Chisholm,
1981). Maximum growth rates at intermediate cell size
are also reported in diatoms (Amato e al., 2005;
D’Alelio et al., 2009) which may relate to the size
window for spermatogenesis in a strain (von Dassow
et al., 2006). In other words, the life cycle of a diatom is
expected to interfere with its physiological performance,
but the quality and extent of this interference appear
highly variable. Observations of cell size in relation to
growth phase in C. socialis f. radians showed a rather con-
stant cell size during exponential phase, whereas it
stationary  phase

(Shevchenko et al., 2008). In our experiments on C. socia-

changed  considerably  during
lis, the larger northern cells had higher growth rates
than the smaller southern ones at 8°C. We cannot draw

definite conclusions on the life cycle phase of the strains

426



M. DEGERLUND ET AL.

used in this experiment, but the differences in cell size
(apical axis) did not show any relationship with the
observed differences in growth rate between the north-
ern and southern groups of strains at 8°C (not shown).
We believe the adaptive strategy of the species in its re-
sponse to different environmental conditions was more
important for physiological performance than the mor-
phometric features of the cell (e.g. Kagami and Urabe,
2001).

High adaptability to changing light conditions has
been observed for photosynthetic activity of C. socialis
from the Tyrrhenian Sea (Dimier ¢t al., 2007). At 8°C,
PAM-estimated quantum yields were significantly higher
in the southern group of strains than in the northern
group, despite the higher growth rates of the latter at this
temperature (Table III, Figs 3 and 4). This mismatch
was also reflected in increased chlorophyll content per
cell in the southern strains (not shown), possibly interfer-
ing with our calculations of abundance-based growth
rates at this temperature. High photosynthetic activity or
carbon production in concert with low growth rate has
been observed in phytoplankton as a response to low
temperature (McBride e al., 2009) or nutrient limitation
(Thingstad et al., 2008). This response was, however, not
observed in the southern strains at 2.5°C,, a temperature
even further beyond the range normally experienced by
southern C. socialis in its natural habitat (Ribera D’Alcala
et al., 2004; Zingone et al., 2010). Perhaps some other
factors than temperature limited the production of
southern C. socialis at 8°C. However, this lack of consist-
ency in our results does not undermine our overall con-
the
geographical groups, as both chlorophyll-based and

clusion on functional diversity between two
abundance-based growth rate differences between the
two groups were significant at 8°C, despite the small nu-
merical differences of the former, and the possibly
biased estimations of the latter (Table III).

Our data strongly indicate that the two groups of
C. socialis strains are functionally different, reflecting
distinct adaptive strategies. The observed differences
may well be species-specific, but can also be an expres-
sion of intraspecific variation. Species-specific growth
rates are difficult to establish (Gilstad and Sakshaug,
1990) and the variation among clones may be high
(Brand, 1981; Wood and Leatham, 1992). Also, the dif-
ferent adaptive strategies of so-called ecological groups
are not always evident (Gilstad and Sakshaug, 1990), as
the within-group variation tends to overshadow the vari-
ation between ecological groups. The theoretical eco-
logical niche of a species may often be far greater than
required in the habitat from which a particular strain is
isolated (Fenchel, 2005). This is often clearly demon-
strated by the cases where ranges of optimal growth

FUNCTIONAL DIVERSITY IN CRYPTIC SPECIES

under laboratory conditions do not match those at
which a species grows in nature (e.g. Baker et al., 2009).
Data on functional diversity in cryptic or pseudo-cryptic
phytoplankton species are, however, relatively scarce.
Physiological differences in terms of growth rates
among different populations of the diatom Ditylum bright-
wellii (West) Grunow have been reported to occur in
genetic
(Rynearson and Armbrust, 2004), genome size as well
as cell size (Koester et al., 2010). Phenotypic (morph-
ology, growth rate) and genotypic heterogeneity has
been observed in Skeletonema marinor Sarno et Zingone
(Ellegaard et al., 2008; Saravanan and Godhe, 2010;
Balzano et al., 2011), a pseudo-cryptic diatom which is

concert with differentiation 1in structure

also reported as highly variable in terms of intracellular
metabolites (Vidoudez and Pohnert, 2011). Ecological
diversity has been reported for genetically distinct
Pseudo-nitzschia species (Orsini et al., 2004; McDonald
et al., 2007) and also among morphs of the same species
(Cerino et al., 2005) occupying different seasonal niches.
High levels of functional diversity have also been
observed in concert with high genetic differentiation,
e.g. in the cryptic Oxhyrns
Dujardin, but there is not always an obvious correlation

dinoflagellate marina
between these levels of diversity (e.g. Lowe et al., 2005,
2011). Cases where the biological species concept, i.c.
the reproductive isolation of cryptic species, has been
tested are more straightforward (Amato et al,, 2007).
This method, however, is difficult to apply to homothal-
lic diatoms, such as Chactocerotaceae (Chepurnov et al.,
2004 Assmy et al., 2008). Secondary structures of I'TS
transcripts have proven indicative of reproductive isola-
tion in ecukaryotes (Coleman, 2009), and perhaps this
could be an approach to resolve the speciation processes
acting on the C. soctalis complex.

Towards a functional species concept

In order to describe the geographical distribution of a
species, a precise identification is crucial. The species
concept and the methodology applied will naturally
affect the outcome of the identification, the precision of
which may be of variable importance to different fields
of biological research. In a strict ecological context, it is
evident that physiology is closely tied to species.
Morphological plasticity, in particular variability in
species-specific characters, makes the use of morpho-
logical species concepts difficult (Sharma and Rai,
2011). Such variability is often connected to environ-
mental factors, as in the case of the closely related
diatoms 7Thalassiosira gravida Cleve and Thalassiosira rotula
Meunier, where species-specific differences in girdle
seem  to  be

band morphology dependent on
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temperature and nutrient conditions (Syvertsen, 1977,
Sar et al., 2011). Morphological variability in diatoms
may also relate to life cycle characteristics (e.g. D’Alelio
et al., 2010). In pseudo-cryptic species that are phylogen-
etically different but show only subtle morphological
differentiation, morphological plasticity may be particu-
larly problematic, as in Skeletonema dohrnii Sarno et
Kooistra and S. marinoi Sarno et Zingone where the
ultrastructural species-specific features of the girdle
bands sometimes overlap (Ellegaard et al., 2008). The
morphological species concept also forms the founda-
tion for the hypothesis on low diversity and ubiquitous
distribution of eukaryotic microorganisms (e.g. Finlay,
2002; Finlay et al., 2004; Fenchel, 2005). The develop-
ment of molecular techniques and a phylogenetic
species concept with the concomitant detection of
cryptic and pseudo-cryptic diversity (i.e. increased diver-
sity) have clearly challenged the cosmopolitan species
hypothesis in microalgae.

The broad ecological tolerance exhibited by morpho-
logically determined species within phylogenetically
diverse species complexes is not necessarily possessed by
the individual taxa comprising the complex, as exempli-
fied by the Sellaphora (Poulickova et al., 2008; Evans et al.,
2009) and Skeletonema complexes (Sarno et al., 2007;
Kooistra et al., 2008). Cryptic or pseudo-cryptic species
within such species complexes may of course, in their
turn, be cosmopolitans or have wide geographical distri-
butions. This applies to certain members of the pseudo-
cryptic Navicula cryptocephala complex (Poulickova et al.,
2010) or some of the pseudo-cryptic Pseudo-nitzschia species
(Hasle, 2002). Examples of limited dispersal and possibil-
ities for allopatric (Evans ez al., 2009) and even sympatric
speciation (Amato et al., 2007) are found in diatoms, often
in concert with demonstrations of functional diversity in
pseudo-cryptic species (Rynearson and Armbrust, 2004
Koester et al., 2010). The present study also contradicts the
assumed cosmopolitan distribution (e.gz Hasle and
Syvertsen, 1997) of C. socialis. More likely, allopatric speci-
ation has given rise to at least two pseudo-cryptic species
of C. socialis, and a thorough biogeographic investigation is
needed to clarify the taxonomy and the ecological prefer-
ences of all the members of this species complex.

Although providing a lot of information on the
biology of the species, traditional morphological species
descriptions have proven insufficient in delineating
marine microbial species (e.g. Sarno et al., 2005, 2007).
A combined approach applying a phylo-phenetic
species concept that considers morphological as well as
genetic species data seems more appropriate (McManus
and Katz, 2009). The fundamental value of a species
concept should be to provide information on the
phenotypic properties of the organism (e.g. Fenchel,

VOLUME 34

NUMBER 5 | PAGES 416-431 | 2012

2005), and from an ecological point of view, an inte-
grated approach is needed where genetic information is
combined with several aspects of the phenotype. This
would be particularly useful when studying cryptic
species, possibly supplementing the genetic different-
ation with a functional dimension which is not necessar-
morphological The
recognition of cryptic species in ecological studies may
perhaps also be facilitated through a functional ap-

ily reflected in characters.

proach, thereby improving the value of such work sig-
nificantly. Attempts in this direction have been made in
studies where functional diversity has been described in
terms of so-called ecotypes of eukaryotes, e.g 1In
Ostreococcus, Mamiellophyceae (Rodriguez et al., 2005).
Integration of genetic and ecological information has
also been suggested to define bacterial species (Fraser
et al., 2009 and references therein). There is, however,
no straightforward single method to achieve a functional
species concept, and such an integrated approach
would probably need the combined resources of several
biological fields. The call for a so-called integrative tax-
onomy has been made by others (Dayrat, 2005; Will
et al., 2005; Valdecasas et al., 2008; Schlick-Steiner ¢t al.,
2010), and if a universal definition of the term could be
agreed upon (Yeates ¢t al., 2010) and followed up in
future taxonomical studies, this seems a promising ap-
proach towards a functional species concept.

CONCLUSION

The functional and morphological diversity observed in
the present study among genetically distinct strains of
different provenance raises the need for a revision of the
taxonomy of C. socialis. We argue that the monophyletic
genetic differentiation observed between northern and
southern strains, reflected in several phenotypic charac-
ters, indicates the existence of at least two allopatric
species in C. socialis. A broad study of the C. socialis
complex is needed to resolve the number of cryptic or
pseudo-cryptic species hidden therein. Investigations of
more strains from a wider geographical area are neces-
sary for a proper revision of the biogeography of this
species. Integrated approaches, combining genetic, mor-
phological and functional traits, are suggested for future
taxonomical studies.
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