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ABSTRACT: Eukaryotic ultraphytoplankton (<5 pm) are an important component of phytoplankton
populations. Dot blot hybridisation analysis using class level 16S rRNA gene probes as well as clone
libraries were used to investigate the diversity of these ultraphytoplankton during a 15 mo period
(2003 to 2004) in the Gulf of Naples. Hybridisation data showed the presence of 3 main classes, Cryp-
tophyceae, Chrysophyceae and Prymnesiophyceae, along with lower signals from the Pelago-
phyceae. Clone libraries also contained these 4 classes as well as sequences from the Dictyo-
chophyceae, Bacillariophyceae and Prasinophyceae. However, the Prymnesiophyceae gave the
dominant hybridisation signal and constituted the majority of each clone library. Their diversity, with
a total of 190 sequences belonging to 114 operational taxonomic units (OTUs), probably allows them
to dominate the ultraphytoplankton throughout the whole year under differing environmental condi-
tions. Over 100 of these OTUs were unique to different libraries, suggesting a succession of different
taxa during the year. The Cryptophyceae were present most of the year with 1 OTU, corresponding
to a Plagioselmis prolonga strain from the Gulf of Naples, being the dominant taxon (28% of
sequences). A striking result was the high hybridisation signal from the Chrysophyceae, which
showed a preference for the summer months. The Pelagophyceae were present between December
and March. Most (80%) of the sequences found in the clone libraries were not identical to available
16S rRNA gene sequences, indicating a high amount of hidden diversity for these algal classes. How-
ever, sequences from Prasinophyceae Clade Il (Mamiellales) were not detected in the clone libraries.
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INTRODUCTION

Published December 12

Autotrophic eukaryotic cells <5 pm in size (ultraphy-
toplankton) have been observed in the plankton for
more than a century (see Johnson & Sieburth 1982 and
references therein) and their importance in primary
production has been recognised in vast areas of the
world's oceans (Li et al. 1983). Assessment of diversity
within this fraction is difficult for a number of reasons.
Ultraphytoplankton morphology is simple; most cells
are little 'balls' (Potter et al. 1997) and many are
destroyed or distorted by fixation. Although their pig-
ments can give some idea of taxonomic class, diagnosis
using chemotaxonomy is often equivocal (Sym & Pien-
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aar 1993, Jeffrey & Wright 1994, Andersen et al. 1996).
Enrichment and serial dilution cultures can give a
biased view of diversity as they detect only those
organisms that grow well in culture (Johnson &
Sieburth 1982). Recent genetic studies have high-
lighted the taxonomic diversity of these small cells
(Rappé et al. 1995, Potter et al. 1997, Diez et al.
2001a,b, Moon-van der Staay et al. 2001, Medlin et al.
2006), including revealing new classes and novel lin-
eages (Guillou et al. 1999, Massana et al. 2002). Most
of these studies have assessed diversity along tran-
sects, giving snapshots of the presence of major groups
and showing spatial patterns in their distribution. Tem-
poral variations of eukaryotic ultraphytoplankton have
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thus far received meagre attention, the only exception
being a molecular study on material from the Helgo-
land Time Series (Medlin et al. 2006).

The Mediterranean Sea has been the site of numer-
ous early investigations on ultraphytoplankton, with
many species having been described from the area and
never recovered again (Throndsen & Zingone 1994).
The importance of small eukaryotic algae has been
shown at different sites (Bec et al. 2005, Charles et al.
2005), including the Gulf of Naples where 'undeter-
mined phytoflagellates <10 pm' have been quantified
during various studies within the MareChiara (MC)
Long-Term Ecological Programme (LTEP) conducted
since 1984 (Carrada et al. 1980, Marino et al. 1984, Rib-
era d'Alcald et al. 2004). In terms of biomass, these
small flagellates comprise the third largest contribu-
tion after the diatoms and the dinoflagellates and,
along with diatoms, dominate throughout the year at
the MC station, where they exhibit wide fluctuations
on a weekly scale (Ribera d'Alcala et al. 2004). Previ-
ous investigations (e.g Throndsen & Zingone 1994,
Zingone et al. 1999a,b, Cerino & Zingone 2006) have
focused on restricted groups using serial dilution cul-
tures, while flow cytometry was used to quantify the
eukaryotic fraction without identifying the major
groups (Casotti et al. 2001).

In this study we assessed the genetic diversity of
ultraphytoplankton in the Gulf of Naples using 16S
rRNA gene probes (Fuller et al. 2006a) during a 15 mo
period with 2 main questions: (1) What are the most
abundant groups of ultraphytoplankton? and (2) Are
there any changes in the class composition of this frac-
tion over time? Clone libraries were also constructed to
explore the diversity of this size fraction at the species
level and to investigate whether the same species were
present at different times of the year. Since the aver-
age cell size of the undetermined flagellates observed
in the Gulf of Naples is around 4 pm, but most are
smaller, we chose the size fraction <5 pm and referred
to this as the ultraphytoplankton following the defini-
tion used by Liet al. (1993) to avoid confusion with the
term picoplankton that is usually defined as <2 pm.

MATERIALS AND METHODS

Sampling. Stn MC (40°48.5'N, 14°15'E) was sam-
pled weekly from July 2003 to September 2004 as part
of the MC LTEP (Ribera d'Alcala et al. 2004). Surface
samples were collected using 12 1 Niskin bottles
mounted on a Carousel sampler. Salinity and tempera-
ture data were obtained using a SBE 911plus CTD pro-
filer (SeaBird). Nutrient data, kindly provided by the
Office of Management and Ecology of Temperate and
Polar Coastal Areas, were obtained as described in

Ribera d'Alcala et al. (2004). For phytoplankton enu-
meration, samples were fixed using a final concentra-
tion of 0.8% neutralised formaldehyde. Depending on
the richness of the samples, cells from samples be-
tween 1 and 50 ml were viewed under an inverted
light microscope at 400 x magnification and counted by
means of the method outlined in Ribera d'Alcala et al.
(2004). For molecular analyses, 5 1 of seawater were
pre-filtered through a 90 mm diameter, 5 pm pore
size, polycarbonate (PC) filter using a vacuum pump at
200 mm Hg. The filtrate was filtered through a 90 mm
PC filter of 0.2 pm pore size for 1 h. The 0.2 pm filter
was cut into sections, placed in Eppendorf micro-
centrifuge tubes, frozen immediately in liquid nitrogen
and stored at -80°C.

DNA extraction and amplification. DNA was ex-
tracted from the stored filter using N-cetyl N,N,N-
trimethylammonium bromide (CTAB) extraction buffer
(2% CTAB, 200 mM Tris HCI pH 8.0, 50 mM EDTA,
1.4 M NaCl and 2.5% polyvinyl pyrrolidone [PVP])
incubated at 65°C for 45 min before protein removal
using at least 2 extractions with chloroform-isoamyl
alcohol (24:1) (Doyle & Doyle 1987, McDonald et al.
2007). DNA was precipitated using isopropanol at
-20°C for 1 h. Approximately 830 bp of the 16S rRNA
gene of marine algal plastids was amplified using
PLAA491F (Fuller et al. 2006b), which is designed to be
biased towards photosynthetic eukaryotes and exclude
cyanobacteria, and the oxygenic phototroph reverse
primer OXY1313R (West & Scanlan 1999).

Amplification was carried out in a total reaction
volume of 50 pi containing 1 pi of environmental DNA
(approximately 40 ng), 200 pM deoxynucleoside
triphosphates, 1.1 mM MgCl2, 1 mg ml4 bovine serum
albumin (BSA) (Sigma), 1 pM each primer and 2.5 U
Taq polymerase in Ix enzyme buffer -Mg (Roche
Diagnostics). The reaction conditions comprised 80°C
for 4 min followed by 30 cycles of 94°C for 30 s, 62°C
for 30 s and 72°C for 40 s, with a final extension of
5 min at 72°C. PCR products were purified using a
QIAquick PCR purification kit (Qiagen) following the
manufacturer's instructions, quantified on an agarose
gel and stored at -80°C.

The 16S rRNA gene from taxa belonging to the
Cryptophyceae, Prasinophyceae clade II (Mamiellales)
and Prymnesiophyceae (Table 1) was sequenced using
the OXY359F (West & Scanlan 1999)-OXY1313R
primer pair because this gives a slightly longer frag-
ment than PLA491F and allowed the region of the
PLA491F primer to be checked for mismatches. DNA
extraction, PCR mix and cycle were identical to those
for the environmental samples, except that the con-
centration of MgCl2 was 1.5 mM and the annealing
temperature was 55°C. Sequencing reactions were
performed as described in 'Clone libraries' below.
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Table 1. Cultures sequenced during this study. DNA forthe Cryptophyceae cul-
tures was provided courtesy of Federica Cerino. Bente Edvardsen supplied the
DNA for the Prymnesiophyceae indicated with an asterisk (*). The other cul-
tures were held within the SZN culture collection. DNA was extracted using
the CTAB method outlined in the section 'DNA extraction and amplification'.
GON = Gulf of Naples

bridisation was quantified using a Fuji-
film FLA-5000 phosphorimager and
Total Lab software (Phoretix). Relative
hybridisation (%) was calculated as
previously described (Fuller et al.
2003). The relative hybridisation of a
given specific probe compared with
that of the eubacterial probe (EUB90S,
Edwards et al. 1989) to the control
DNAs was averaged where more than
1 control DNA was used. Any sample
giving a signal above 2% was consid-
ered as being above background.
Clone libraries. Six clone libraries
were constructed from PCR products ob-
tained with the PLA491F-OXY1313R
primer pair using a TOPO TA Cloning®
kit (Invitrogen™ Life Technologies) for
28 October (library MC597) and 1 De-
cember 2003 (MC601), and 9 February
(MAMAG64), 25 March (250304), 17 May
(MC615) and 6 July (MC622) 2004.
These PCR products were from different
reactions than the products used for
the dot blot hybridisations. The MC615
May library corresponded to the period
of maximum total phytoplankton species
abundance for Stn MC (Ribera d'Alcala
et al. 2004). The remainder of the li-
braries corresponded to dates when the
sum of the signals from the specific
probes was the lowest in comparison

Species Strain Collection location and date
Cryptophyceae

Cryptochloris sp. C94 Salerno 8 Jul 2002
Hemiselmis sp. C15 Naples, MC 28 Oct 2003
Plagioselmis prolonga C27 Naples, MC 18 Jun 2002
Proteomonas sulcata C28 Salerno 8 Jul 2002
Rhinomonas pauca Cs5 Naples, MC 4 Sep 2002
Rhodomonas sp. 3 C42 Naples, MC 18 Dec 2001
Prasinophyceae Clade II

Micromonas pusilla PART Stn Partenope, GON 8 Jan 1997
M. pusilla MPI MC 8 Apr 1993

M. pusilla MP2 MC 24 Nov 1993

M. pusilla MPCO Stn Castel dell'Ovo, GON 21 Nov 1996
M. pusilla P7/1 Sicily 15 May 1992

M. pusilla Norbal Stn 14S N Balearles 9 Mar 2003
Prymnesiophyceae

Chrysochromulina acantha' UIO T20 S Norway 1994

C. aff. polylepis’ PLY200 English Channel 1958

C. campanulifera’ UIO J10 Skagerrak, S Norway 1984

C. cymbium’ UIO R18 Ott Arendal, S Norway 1992
C. herdlensis’ CCMP284 North Pacific 21 Apr 1976

C. hirta' hi-1 Off Austevoll, W Norway 1989
C. leadbeateri’ UIO TIJE Lotten, N Norway 1991

C. rotalis’ UIO TH2 Skagerrak, S Norway 1990

C. simplex' UIO JomfB  Oslofjord, S Norway 1989

C. throndsenii' UIOK11 Off Arendal, S Norway 1989
Dicrateria inornata’ CCMP355 Unknown 1962

Emiliania huxleyi' UIO BOF Oslofjord, S Norway
Imantonia rotunda ' UIO 101 Off Arendal, S Norway 1994
Isochrysis cf. galbana’ UIO Rytylke Rytylke, W Norway 1990
Phaeocystis cordata Phaeonap 1 MC 15 Mar 1991

P. globosa Naples MC 16 Mar 1999

P jahnii B5 MC 6 Mar 1996

Phaeocystis sp. MC679 MC 30 Aug 2005

Dot blot hybridisations. Control DNA for the dot blot
hybridisations was prepared from PCR products from
strains corresponding to each specific probe obtained
from the Provasoli-Guillard National Center for Cul-
ture of Marine Phytoplankton (CCMP) and the Roscoff
Culture Collection (RCC) (purified 16S rRNA gene
PCR products were kindly provided by Dr. Nick Fuller;
for a list of strains used see Fuller et al. 2006b) and
amplified using the same primer pair and PCR condi-
tions as for the environmental samples before purifica-
tion in the same manner.

Dot blot hybridisations were carried out using the
method outlined in Fuller et al. (2003) and the follow-
ing algal class-specific 16S rRNA gene oligonucleotide
probes: CHLA768, CHRY1037, CRYP862, EUSTI8S5,
PAVL665, PELA1035, PING1024, PRAS826, PRYM666
and TREB708 (see Fuller et al. 2006a for details of
probe sequence and dissociation temperature). Hy-

with the eubacterial probe. Each library

was constructed using 96-well plates

(see Table 2 for numbers of useful se-

quences). Plasmid purification was ob-

tained in high throughput using the Mil-
lipore Montage Plasmid Miniprep Kit and a robotic
station, Beckman Coulter's Biomek® FX Laboratory Au-
tomation Workstation, equipped with ORCA® robotic
arm. Sequence reactions were obtained with the BigDye
Terminator Cycle Sequencing technology (Applied
Biosystems), purified in automation using the Millipore
Montage SEQg6Sequencing Reaction Cleanup Kit and
the Biomek FX. Products were analysed on an Auto-
mated Capillary Electrophoresis Sequencer 3730 DNA
Analyzer (Applied Biosystems). Coverage of each clone
library (Romari & Vaulot 2004) was calculated using
1- (N¢/N), where Ncis the number of cumulative unique
sequences and N is the number of useful sequences (ex-
cluding primer dimers, chimeras, those clones for which
there was no reliable sequence and prokaryote se-
quences). Rarefaction curves (Romari & Vaulot 2004)
were plotted to illustrate how accurately each library
sampled the diversity of each sample.



78 Aquat Microb Ecol 50: 75-89, 2007

Phylogenetic analyses. Contigs from forward and
reverse sequences were constructed using Seqman II
3.61 (DNASTAR) and aligned using ClusterW in Bio-
Edit 7.0.1. Alignments of sequences from each clone
library, including the sequences from the control DNA,
were analysed using preliminary neighbour joining
(NJ) trees with uncorrected 'p' distances to identify the
class of each library sequence and the proportion of
each class found in the libraries. The more obvious
chimeric sequences, detected by examining the align-
ment by eye, were removed from the analysis. Sepa-
rate analyses were carried out for sequences for the
Chrysophyceae, Cryptophyceae and Prymnesiophyceae
and finally the remaining sequences, including addi-
tional sequences from members of those classes from
both the GenBank and the ARB databases and from
the newly sequenced species in an attempt to identify
the sequences to species. The respective alignments
were analysed in PAUP* using the modelblock PAUP-
blO from Modeltest 3.7 to assess the best-fit substitu-
tion model. The likelihood settings generated by
Modeltest for the best-fit model were used to construct
NJ trees using PAUP*. Trees were rooted at the mid-
point. Bootstrap analyses were performed using 1000
replicates and the same likelihood settings. Long
branches were suspected to be chimeric and so inves-
tigated by analysing sections of the sequences using
BLAST to check for regions that aligned to different
organisms. In some cases, only short sections of the
sequence, which were difficult to align, blasted to a
phylogenetic group significantly different from the rest
of the sequence. These sequences were removed from
the analysis. Sequences were grouped into the same
operational taxonomic units (OTUs) if they had more
than 99 % similarity.

The sequences reported in this paper have been
deposited in the GenBank database under accession
numbers EF051737 to EF051766 for algal cultures, and
EF051767 to EF052253 for environmental clones.

RESULTS
Phytoplankton counts and environmental data

Total eukaryotic phytoplankton abundance was
rather low in winter (Fig. 1A), with peaks of abundance
during the summer months that generally coincided
with low salinity values and peaks in nutrient concen-
trations. During these peaks, a considerable fraction of
the populations comprised small sized (5 to 15 pm)
diatoms and naked dinoflagellates. The abundance of
eukaryotic ultraphytoplankton followed the same
pattern, but this fraction formed a greater proportion of
the total in winter than in summer. For example, the
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Fig. 1. (A) Eukaryotic phytoplankton abundance, (B) CTD
measurements and (C) nutrient concentrations in the Gulf of
Naples showing the variation during the study period, July
2003 to September 2004, courtesy of the Office of Manage-
ment and Ecology of Temperate and Polar Coastal Areas
SZN. Vertical dashed lines indicate the dates for which
clone libraries were constructed. The only groups (<5 pm)
easily identified and significantly abundant in the eukaryotic
phytoplankton counts are 'flagellates' and diatoms

eukaryotic ultraphytoplankton accounted for 96% of
the total on 17 December 2003, but only 20% on 17
May 2004. The abundance of small diatoms showed
peaks during the year, e.g. in August and October
2003, which were mainly due to Skeletonema men-
zelii, Cyclotella atomus, Minidiscus sp. and other cen-
tric species <5 pm. These small diatoms, along with a
general group 'flagellates', are the only small cells that
can be identified using light microscopy. During the
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study period, the Stn MC was characterised by temper-
ature and salinity values ranging from 12.98 to 28.55°C
and 36.84 to 38.05, respectively, with frequent fluctua-
tions in salinity (Fig.
showed large variations during the year, with dis-
solved inorganic nitrogen (DIN) and Si044~ minima
generally found in summer (Fig. 1C). However, during
the summer months, there were frequent peaks of
nutrient input, for example on 17 May, 22 June, 20 July
and 25 August when nutrient levels were comparable
with those in December.

IB). Nutrient concentrations

Dot blot hybridisations

Of the 10 algal class-specific oligonucleotide probes
used, only 4 gave percent relative hybridisation values
above background. These were probes PRYM666 (Prym-
nesiophyceae), CRYP862 (Cryptophyceae), CHRY 1037

79

(Chrysophyceae) and PELA1035 (Pelagophyceae)
(Fig. 2). The PRYMG666 probe gave a signal in all samples
throughout the sampling period with a minimum signal
of 1.7 % on 28 October 2003, a maximum signal of 61 %
on 16 February 2004 and an average of 35% relative
hybridisation over the year. Similarly, cryptophytes were
detected in most samples with the highest relative
hybridisation signal of45 % on 4 March 2004 and a gen-
erally low signal during the summer and early autumn of
2003 that was not repeated the following year. Peaks in
relative hybridisation were also seen during November,
March, May, July and the end of August. Chrysophytes
were most readily detected during the summer months
of both years, with the highest relative hybridisation
signal of 64 % during September 2003 and a general low
during the winter. The Pelagophyceae probe gave
hybridisation signals above background on only 6 dates
between December 2003 and late March 2004 (Fig. 2),
with a peak of 6.75 % on 2 February 2004.
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Fig. 2. Dot blot hybridisation data for the 4 algal class-specific 16S rRNA gene oligonucleotide probes that gave signals above
background (presented as a proportion of all amplified by primers PLA491F and OXY1313R). Error bars indicate SD between
triplicate samples and vertical dashed lines indicate the dates for which clone libraries were constructed
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Fig. 3. Proportions of each taxonomic class found in the 6 libraries displayed
above the abundance of ultraphytoplankton; arrows point to the dates of
each library. 'Others' category includes Dictyochophyceae, Pelagophyceae and

Prasinophyceae
Clone libraries

The classes found within clone libraries were very
similar to those found using the class-specific oligonu-
cleotide probes (Fig. 3). Higher class level taxonomic
diversity was found during winter when total abun-
dance was lower. The reverse occurred during summer,
with dominance by only 3 classes: Chrysophyceae,
Cryptophyceae and Prymnesiophyceae. Chrysophyceae
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sequences were not present in the 2
winter libraries (MC601 and MAMAG64),
but were well represented in spring
and summer. Pelagophyceae sequences
were only found in the February library,
corresponding to the period in which
the PELA1035 probe gave the highest
hybridisation signal. Sequences from
classes for which 16S rRNA probes are
not currently available were also found,
for example, for Prasinophyceae clades I
(Pyramimonadales) and for Dictyocho-
phyceae. The presence of diatom se-
quences in the October library reflected
the peak detected by cell counts
(Fig. 1A).

Rarefaction curves (Fig. 4) indicated
how well the diversity within a sample
was assessed by the number of clones
examined. None of the libraries reached

MCe622
6 Jul 2004

saturation, meaning that the diversity
within each sample was not fully sampled. However,
the curves for the autumn and winter libraries were
less steep, whereas that for the February and March
libraries (MAMAG64 and 250304), corresponding to the
period of the spring bloom, was the steepest. The cov-
erage values (Table 2) also indicated that the March
library was the least well covered, as the number of
OTUs recovered was high in relation to the number of
clones examined.

MC597 28 Oct 2003
MC601 1 Dec 2003
MAMAG64 9 Feb 2004
—=- 250304 25 Mar 2004
MC615 17 May 2004
MC622 6 Jul 2004

1 4 7 10 13 16 1922 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82 85 88 91 94
Number of clones examined

Fig. 4. Rarefaction curves for each of the 6 clone libraries calculated using the cumulative number of unique operational
taxonomic units (OTUs) found against the number of clones examined to assess the saturation of each library
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Table 2. Clone library details, including the number of clones sequenced per

library, the number of useful sequences per library, the number of operational

taxonomic units (OTUs) identified and the coverage value for each library indi-

cating how well the diversity within each sample was estimated by the library.
Nce:number of OTUs; N: number of useful sequences

Library Date No. ot clones N Nc
sequenced
MC597 28 Oct 2003 96 86 30
MC601 1 Dec 2003 47 41 10
MAMAG64 9 Feb 2004 47 36 19
250304 25 Mar 2004 96 79 55
MC615 17 May 2004 104 92 46
MC622 6 Jul 2004 96 82 42
Total 674 487 234

The class Prymnesiophyceae showed the greatest
diversity in the clone libraries, with 114 distinct
OTUs in 190 sequences (Table 3). Sequences similar
to Emiliania huxleyi, Imantonia rotunda, Isochrysis
cf. galbana, Phaeocystis cordata, P. jahnii, P. globosa
and the genus Chrysochromulina could be identified
(Figs. 5 & 6). However, most of the sequences re-
mained cryptic since phylogenetic analysis, which
included known sequences from GenBank and sev-
eral Chrysochromulina sequences obtained during
this study, failed to identify close cultured relatives.
Some distribution of the
OTUs emerged, e.g. sequences belonging to P cor-
data, P. jahnii and P. globosa were not found in the 2
summer libraries. Each library contained OTUs that
were only found in that library (unique OTUs). Of
the 167 OTUs found, 129 were unique. The spring/
summer libraries (250304, MC615 and MC622)
had higher numbers of unique OTUs, with the March
and July having 33 unique OTUs each
(Table 3).

For the cryptophytes, many of the clone library
sequences had close matches to known cultures, par-
ticularly those isolated from the Gulf of Naples (Cerino
& Zingone 2006) (Fig. 7). Sequences matching Crypto-

indication of seasonal

libraries

Coverage value
1- (Nc/N) (%)

chloris sp. strain C94, Plagioselmispro-
longa strain C27, Hemiselmis sp. strain
C15, Rhodomonas sp. 3 strain C42, and
Proteomonas sulcata strain C28 were
all found in the various libraries. There
were 7 unique cryptophyte OTUs, with
the autumn library (MC597) containing
the highest number (Table 3).

05 Several of the chrysophyte OTUs
75 appeared to be closely related to
:3 previously described environmental
50 sequences from Helgoland (HE 17) and
49 the Arabian Sea (Fuller et al. 2006b)

(Fig. 8). Unfortunately marine Chryso-

phyceae are little studied, and the lack

of 16S rRNA gene sequences from
plastids of this class makes identifying most of the
OTUsdifficult if not impossible. The MC615 library
contained the most OTUs, 9 of which were unique
(Table 3).

Phylogenetic analysis of OTUs from other algal
classes (Fig. 9) identified diatoms related to Skele-
tonema in the winter libraries (MC597 and MC601).
The remaining diatom sequences could not be specifi-
cally identified. A dictyochophyte sequence, MC615-
64, identified from the May clone library clustered
within a clade that included several sequences found
in clone libraries from a recent AMTI1S5 cruise in the
mid-Atlantic Ocean (A. Kirkham & D. Scanlan pers.
comm.) as well as with a strain of Mesopedinella arc-
tica. In the February library there was 1 pelagophyte
sequence, identical to a strain of Pelagomonas calceo-
lata, RCC100, isolated from the North Pacific Ocean. A
number of Prasinophyceae clade I sequences were also
found that fell into 2 clades, one of which was not
closely related to any known taxa and the other differ-
ing at only one position from the environmental clone
OCS162 from an Oregon Coast study (Rappé et al.
1998). One sequence, MC622-32, which is closely
related to the Cape Hatteras sequence OM270, formed
a separate clade.

Table 3. Number of sequences per class per library (regular text) with the number of distinct operational taxonomic units (OTUs)
per library (bold text) and the number of OTUs found in that particular library and not in the other 5 (italics)

Class

MC597 MC601 MAMAG64
Bacillariophyceae 5/2/1 1/1/0 1/1/1
Chrysophyceae 10/7/5 - E
Cryptophyceae 50/11/4 31/8/2 10/4/0
Dictyochophyceae
OM270 - . .
Pelagophyceae . . 1/1/1
Prasinophyceae I 7/2n 1/1/0 .
Prymnesiophyceae 15/10/6 8/6n 24/17/10

Library
250304 MC615 MC622 Total
1/1/1 1/1/1 1/1/1 10/6/5
5/3/1 25/14/9 21/6/4 61/26119
10/6/1 33/3/0 10/2/0 144/16/7
1/1/1 - 1/1/1
1/1/1 1/1/1
1/1/1
. : . 8/2/1
63/43/30 31/26120 49/31/27 190/114194
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Fig. 5. Prymnesiophyceae neighbour-joining (NJ)
tree (top half only, continues to Fig. 6 from black
circle) with Maximum Likelihood (ML) parameter
settings calculated by Modeltest (best fit model
TIM+1+G A =0.2792, C =0.1734, G =0.2621 and T
=0.2854; A«C =1,A«G =6.1016, A«T = 1.4199,
C«G =1.4199, C«T = 9.0539 and G «T = 1; the
positional rate variation across the alignment y =
0.3418 and the proportion of invariable sites I =
0.3162) showing the phylogenetic position of the
Prymnesiophyceae genotypes found. Asterisked (*)
sequences are those from the 6 Gulf of Naples li-
braries. Numbers in brackets refer to the total num-
ber of sequences corresponding to that genotype.
Sequences with 2 asterisks refer to culture material
sequenced during this study. Boxes indicate a
grouping with a sequence from a known taxon.
Bootstrap values are from 1000 replicates
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DISCUSSION
Ultraphytoplankton at Stn MC

The present study reiterates the observation of
higher eukaryotic ultraphytoplankton abundance in
the summer months, already described for the Gulf of
Naples in previous studies (e.g. Ribera d'Alcala et al.
2004). The high phytoplankton biomass in surface
waters during the period of thermal stratification (April
to October) presumably reflected the lateral advection
of eutrophic waters from the littoral area (Ribera d'Al-
cala et al. 2004), as shown by peaks in total eukaryotic
phytoplankton abundance matching low salinity val-
ues and high nutrient concentrations. On these occa-
sions, flagellates (<5 pm), small diatoms (5 to 15 pm)
and naked dinoflagellates (<15 pm) constituted the
bulk ofthe population, possibly in response to the high
availability of nutrients and light (Zingone et al. 1990).
Results at our study site compare well with work car-
ried out in the Thau Lagoon (NW Mediterranean Sea),
where a high abundance of small eukaryotes (<3 pm)
in the summer months was also found (Bec et al. 2005).
In contrast, in the Bay of Banyuls-sur-Mer (NW Medi-
terranean), small eukaryotes were more abundant in
winter than in summer (<21 000 cells ml-1in January),
which coincided with the influx of nutrient-rich waters
into the study area (Charles et al. 2005). Hence, con-
trols on eukaryotic ultraphytoplankton abundance in
the Mediterranean Sea appear to be somewhat site
specific and may be related to the dynamics of nutrient
supply in the different areas.

Fig. 6. Prymnesiophyceae NJ tree (bottom half) continued

from Fig. 5. Boxes indicate the association between the clone

library sequences and those from Phaeocystis, Imantonia,
Isochrysis, Emiliania and Chrysochromulina spp.
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Fig. 7. Cryptophyceae NJ tree con-
structed using ML settings (best fit
model K81uf+I+G A = 0.2735, C =
0.2126, G = 0.2821 and T = 0.2319;
A«C =1, A«G = 58410, A«T =
0.3832, C«G = 0.3832, C«T =
5.8410 and G<=>T = 1, the positional
rate variation across the alignment
y = 0.9072 and the proportion of in-
variable sites I = 0.802) of 16S rRNA
gene sequences and using the OTUs
from the 6 clone libraries (single as-
terisk). Numbers in brackets refer to
the totalnumber of sequences corre-
sponding to each OTU. Bootstrap
values 1000 replicates.
Boxes indicate where there is a cor-

are from

—Storeatula major CCMP320

-Rhinomonas pauca C5%*

Dot blot hybridisations

The use of dot blot hybridisation probes on samples
from the Gulf of Naples confirmed results from several
previous studies and also highlighted the presence of
groups that have not been previously detected. Both
the Prymnesiophyceae and Cryptophyceae are abun-
dant both in studies in the Gulf of Naples and else-
where; however, the Chrysophyceae have been over-
looked at sea. Relative hybridisation data for the
Prymnesiophyceae showed this class to be present in
the Gulf of Naples all year round, with no preference
for any particular season. This class has previously
been reported to be important in the Gulf of Naples
(Zingone et al. 1990, 1999a, Ribera d'Alcala et al.
2004), as well as in other regions (Thomsen et al. 1994,
Moon-van der Staay et al. 2000, Fuller et al. 2006a,b).

respondence between the Cerino &
Zingone (2006) cultures and the
sequences from the clone libraries

Cryptophytes are also recognised as an important
group in the marine environment. Their frequent
recognition in fixed samples from Stn MC and results
of a previous study based on serial dilution cultures
(Cerino & Zingone 2006) give support to the dot blot
hybridisation data presented here. The only difference
between the hybridisation data and those of the serial
dilution cultures and phytoplankton counts is the high
hybridisation signal in winter, when both the other
methods show low abundance. It should be noted,
though, that the hybridisation data reflect the percent-
age of PCR amplicons recognised by the Crypto-
phyceae-specific probe, and hence gives only a mea-
sure of relative abundance. Nonetheless, they show
that Cryptophyceae are a significant proportion of the
winter ultraphytoplankton community in the Gulf of
Naples despite their low abundance. It is, therefore,
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Fig. 8. Chrysophyceae NJ tree constructed using ML settings (best fit
model TIN+1+G A =0.2896, C =0.1789, G =0.2739 and T = 0.2576; A «C
=1LA«G =39412,A«T =1,C«G =1,C«T =5.7361 and G «T = 1; the
positional rate variation across the alignment y =0.6965 and the propor-
tion ofinvariable sites I=0.6104) of 16S rRNA gene sequences from the
6 Gulf of Naples clone libraries (single asterisk) including sequences from
GenBank corresponding to cultures and clone libraries. Numbers in
brackets refer to the total number of sequences corresponding to that
genotype. Uppermost box shows the exact match between a Gulf of
Naples sequence and a Helgoland clone library sequence. Other boxes
indicate the groups containing sequences from the Gulf of Naples and
Arabian Sea clone libraries

likely that the other methods underestimate this group;
serial dilution cultures are affected by cultivation prob-
lems, and fixatives may poorly preserve cells of
selected species of Cryptophyceae that may be present

in winter.

Perhaps the most interesting result of this
study is the unexpected importance of Chryso-
phyceae and the prevalence of this group in
summer. This class is generally regarded as be-
ing more important in freshwater environments
(Thomsen 1986) than at sea. In fact, in a rela-
tively recent study (Sandgren et al. 1995) the
only marine 'chrysophyte' discussed as being
of any importance at sea was Aureococcus
anophagefferens (Nicholls 1995), a species that
has subsequently been transferred to the class
Pelagophyceae (DeYoe et al. 1997). It is possible
that this oversight is due to the fact that the pig-
ment signature for the Chrysophyceae is the
same as the diatoms and Prymnesiophyceae, all
of which contain fucoxanthin and chlorophyll
(chi) ¢, making it difficult to distinguish these
classes in oceanographic studies that rely on
pigments. A recent study along an Arabian Sea
transect using both dot blot hybridisation and
clone library data also revealed a dominance of
chrysophytes along the whole length of the
transect, but especially in more mesotrophic
areas towards the Gulf of Oman and the Straits
of Hormuz (Fuller et al. 2006a,b). Another re-
cent study in Helgoland also recovered chryso-
phyte sequences (Medlin et al. 2006). It is
possible that, with more extensive use of the
Chrysophyceae probe, this group will be shown
to be more widespread in the marine environ-
ment than previously thought.

Clone libraries

Overall, the clone library results closely
matched the dot blot hybridisation data, in that
the same 3 classes were recognised to be
important at the study site by both methods.
The sequence libraries were intentionally con-
structed from the selected samples to under-
stand whether the rather low hybridisation
values for those samples were due to an abun-
dance of groups for which probes were not
available. However, only a few sequences from
groups lacking specific probes were present in
the libraries, suggesting this was not the case.

The Prymnesiophyceae include approximately
280 described species (Graham & Wilcox 2000),
which is reflected in the high diversity found

within the clone libraries for this class, and is also in
keeping with other genetic studies from the Pacific
Ocean (Moon-van der Staay et al. 2000) and the coast
of Oregon (Rappé et al. 1998), where high numbers of
prymnesiophyte OTUs were found. The total number of
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Fig. 9. NJ tree constructed using ML settings (best fitmodel GTR+I+G A =0.2877, C =0.1958, G =0.2724 and T=0.2441; 4 "C =

0.8922, A<r$G =4.8909, A<ii>T = 1.6615, C<r$G =0.5882, C<ii>T = 6.9923 and G<ii>T = I; the positional rate variation across the align-

menty = 0.7228 and the proportion of invariable sites I = 0.4321) showing the remaining 16S rRNA gene sequences from the 6

clone libraries (single asterisk), with representatives from cultures and other clone libraries from GenBank and ARB and from

newly sequenced cultures from the Gulf of Naples (2 asterisks). Numbers in brackets refer to the total number of sequences
corresponding to that genotype. Bootstrap values are from 1000 replicates

prymnesiophyte species seen in the Gulf of Naples is rRNA gene sequences for Prymnesium, and only around

around 100 (A. Zingone unpubl. data), of which only
Phaeocystis has been studied in any detail (Zingone et
al. 1999a). Many of the sequences from the Gulf of
Naples could not be identified below class level, which
suggests a high number of undescribed taxa. However,
the high number of unknown taxa seen in the clone li-
braries could well be a reflection of the lack of 16S rRNA
gene sequences for known species. There are no 16S

5 % of the heterococcolithophores have been established
in culture (Thomsen et al. 1994). In addition, the actual
number of Chrysochromulina species may be more than
100 (Thomsen et al. 1994), of which several are pico-
planktonic (e.g. C. apheles, C. minor, C. elegans and
C.pyramidosa; see Thomsen et al. 1994). No 16S rRNA
gene sequences are available for these species, and a
culture is available for only one of them, C. minor.
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The presence of cryptophytes in all libraries concurs
with data from the phytoplankton counts (data not pre-
sented) and from the dot blot hybridisations. This is the
only class that had been studied previously in detail
based on serial dilution cultures in the area (Cerino &
Zingone 2006), which allows for a comparison at the
species level with results from different methods.
Interestingly, the different OTUs found throughout the
year matched the timing of species-specific blooms
observed by Cerino & Zingone (2006). The findings of
‘Cryptochloris sp. C94-like' sequences in the winter
libraries, Hemiselmis sp. C15-like sequences in July
and Plagioselmis prolonga C27-like' sequences in all
libraries, with highest numbers in October (MC597)
and May (MC615), all perfectly match the information
gathered through cultivation, supporting the idea that
a succession of different cryptophyte species occurs
in the Gulf of Naples throughout the year (Cerino &
Zingone 20006).

It is especially difficult to determine whether the
diversity detected for the Chrysophyceae in the
libraries reflects new diversity or a lack of sequences
from known species. There are very few chrysophyte
sequences available and only 3 autotrophic chryso-
phyte taxa have been previously identified in the
MC LTEP: Ochromonas spp., retrieved using serial
dilution cultures during summer months; Dinobryon
coalescens, present in March and April; and D. fac-
uliferum, found between April and September (D.
Sarno & A. Zingone unpubl. data). The latter 2 species
are unlikely to pass through a 5 pm filter due to the
presence of a lorica much wider than the flagellated
cells. The genus Ochromonas has been found to be
polyphyletic and could include several different taxa,
so it is possible that this group may account for some
of the diversity encountered in the libraries. The fact
that several Gulf of Naples chrysophyte OTUs show
similarity to other available clone library sequences is
interesting, particularly since they are from such dif-
ferent regions. MC615-92 shows 100% identity to a
sequence from Helgoland (North Sea), where physical
and biological conditions are markedly different from
those found in the Mediterranean Sea. Other Gulf of
Naples sequences show some similarity to Arabian
Sea sequences (Fuller et al. 2006b), but not exact
identity. The discovery of these sequences highlights
the need for a more in-depth investigation of this class
at sea.

The other classes found within the clone libraries
shed light on the high taxonomic diversity within the
ultraphytoplankton fraction. Interestingly, in both
samples where the Skeletonema OTU was detected,
the light microscopy counts show a high abundance of
S. menzelii, which is generally solitary with a cell size
between 2 and 5 pm. The distribution of OTUs belong-

ing to other classes that are little studied within the
Gulf of Naples is a stimulus for further study.

Where is Micromonas?

The widespread dominance of members of the
prasinophyte order Mamiellales (clade II) (Not et al.
2004, 2005, Bec et al. 2005, Medlin et al. 2006) con-
trasts with the absence of this group in the present
study. Micromonas pusilla, one of the most important
and abundant species in the Mamiellales, has been
shown to be abundant in the Gulf of Naples in studies
using serial dilution cultures (Throndsen & Zingone
1994, Zingone et al. 1999b) and epifluorescence micro-
scopy (Zingone et al. 1999b). The lack of sequences
from this group in the clone libraries may be due to
either sampling or molecular detection problems. The
fact that 2 clone libraries constructed using the
PLA491F-1313R primer pair and 3 mM MgCl2concen-
tration for the PCR reaction found several Mamiellales
sequences (data not shown) suggests that the latter is
probably the case. As increased MgCIl2 concentration
decreases the specificity of the PCR primers, these
libraries also contained cyanobacterial and bacterial
sequences. However, the implication is that clade II
prasinophytes may not be well represented using this
primer pair, and that there is some trade-off between
excluding cyanobacteria and bacteria and including
all eukaryotes.

There is evidence that other green algae are also
important between May and July in surface waters of
the Gulf of Naples as shown by higher concentrations
of chi b and violaxanthin (Santarpia 2005), 2 pigments
that are found in all groups of Prasinophyceae and
Chlorophyceae (Sym & Pienaar 1993). The fact that
Prasinophyceae sequences were only detected in the
winter libraries (October and December) does not help
clarify what these green algae are.
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