
Vol. 50: 7 5 -8 9 , 2007
doi: 10.3354/ame01148

AQUATIC MICROBIAL ECOLOGY 
Aquat M icrob Ecol Published D ecem ber 12

OPEN
ACCESS

Genetic diversity of eukaryotic ultraphytoplankton 
in the Gulf of Naples during an annual cycle

Sarah M. McDonald1,3 *, Diana Sarno1, David J. Scanlan2, Adriana Zingone1

1 Stazione Z oolog ica  A nton Dohrn, V illa C om unale, 80121 N ap les, Italy 
2Departm ent of B io log ica l Sciences, University of W arwick, G ibbet H ill Road, C oventry CV4 7AL, UK

3 P resen t address: M onterey Bay Aquarium  Research Institute, 7700 Sandholdt Road, M oss Landing, California 95039-9644, USA

ABSTRACT: Eukaryotic ultraphytoplankton (<5 pm) are an im portant com ponent of phytoplankton 
populations. Dot blot hybridisation analysis using class level 16S rRNA gene probes as well as clone 
libraries w ere 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, C ryp­
tophyceae, Chrysophyceae and Prymnesiophyceae, along w ith 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 Prym nesiophyceae gave the 
dom inant 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 dom inate the ultraphytoplankton throughout the w hole year under differing environm ental condi­
tions. Over 100 of these OTUs w ere unique to different libraries, suggesting a succession of different 
taxa during the year. The Cryptophyceae w ere present most of the year w ith 1 OTU, corresponding 
to a Plagioselmis prolonga  strain from the Gulf of Naples, being the dom inant 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 w ere present betw een Decem ber 
and M arch. Most (80%) of the sequences found in the clone libraries w ere not identical to available 
16S rRNA gene sequences, indicating a high am ount of hidden diversity for these algal classes. How­
ever, sequences from Prasinophyceae Clade II (Mamiellales) w ere not detected  in the clone libraries.

KEY WORDS: Photosynthetic eukaryotes • U ltraphytoplankton • Plastid 16S rRNA gene • Gulf of 
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INTRODUCTION

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 im portance in primary 
production has been  recognised in vast areas of the 
world's oceans (Li et al. 1983). Assessment of diversity 
w ithin this fraction is difficult for a num ber of reasons. 
U ltraphytoplankton morphology is simple; most cells 
are little 'balls' (Potter et al. 1997) and many are 
destroyed or distorted by fixation. Although their p ig ­
m ents can give some idea of taxonomic class, diagnosis 
using chemotaxonomy is often equivocal (Sym & Pien­

aar 1993, Jeffrey & Wright 1994, A ndersen et al. 1996). 
Enrichm ent and serial dilution cultures can give a 
biased view  of diversity as they detect only those 
organism s that grow well in culture (Johnson & 
Sieburth 1982). Recent genetic studies have h igh­
lighted the taxonomic diversity of these small cells 
(Rappé et al. 1995, Potter et al. 1997, Diez et al. 
2001a,b, M oon-van der Staay et al. 2001, M edlin et al.
2006), including revealing new  classes and novel lin­
eages (Guillou et al. 1999, M assana 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 m eagre attention, the only exception 
being a molecular study on m aterial from the H elgo­
land Time Series (Medlin et al. 2006).

The M editerranean Sea has been  the site of num er­
ous early investigations on ultraphytoplankton, with 
m any species having been described from the area and 
never recovered again (Throndsen & Zingone 1994). 
The im portance of small eukaryotic algae has been 
shown at different sites (Bec et al. 2005, Charles et al. 
2005), including the Gulf of Naples w here 'undeter­
m ined phytoflagellates <10 pm' have been quantified 
during various studies w ithin the M areC hiara (MC) 
Long-Term Ecological Programme (LTEP) conducted 
since 1984 (Carrada et al. 1980, M arino et al. 1984, Rib­
era  d 'Alcalá et al. 2004). In term s of biomass, these 
small flagellates comprise the third largest contribu­
tion after the diatoms and the dinoflagellates and, 
along w ith diatoms, dom inate throughout the year at 
the MC station, w here they exhibit w ide fluctuations 
on a w eekly scale (Ribera d 'Alcalá 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 w ithout 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 w ith 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 w ere also constructed to 
explore the diversity of this size fraction at the species 
level and to investigate w hether the same species were 
present at different times of the year. Since the aver­
age cell size of the undeterm ined flagellates observed 
in the Gulf of Naples is around 4 pm, but most are 
smaller, w e chose the size fraction <5 pm and referred 
to this as the ultraphytoplankton following the defini­
tion used by Li et al. (1993) to avoid confusion w ith 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 w eekly from July 2003 to Septem ber 2004 as part 
of the MC LTEP (Ribera d 'Alcalá et al. 2004). Surface 
samples w ere collected using 12 1 Niskin bottles 
m ounted on a Carousel sampler. Salinity and tem pera­
ture data w ere obtained using a SBE 91 lp lus CTD pro­
filer (SeaBird). N utrient data, kindly provided by the 
Office of M anagem ent and Ecology of Tem perate and 
Polar Coastal Areas, w ere obtained as described in

Ribera d'A lcalà et al. (2004). For phytoplankton en u ­
meration, samples w ere fixed using a final concentra­
tion of 0.8% neutralised formaldehyde. D epending on 
the richness of the samples, cells from samples b e ­
tw een 1 and 50 ml w ere view ed under an inverted 
light microscope at 400 x magnification and counted by 
m eans of the m ethod outlined in Ribera d'A lcalà et al. 
(2004). For molecular analyses, 5 1 of seaw ater w ere 
pre-filtered through a 90 mm diameter, 5 pm pore 
size, polycarbonate (PC) filter using a vacuum  pum p 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 m icro­
centrifuge tubes, frozen im m ediately 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 HC1 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 w ith chloroform -isoam yl 
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 m arine algal plastids was amplified using 
PLA491F (Fuller et al. 2006b), w hich is designed to be 
biased towards photosynthetic eukaryotes and exclude 
cyanobacteria, and the oxygenic phototroph reverse 
prim er OXY1313R (West & Scanlan 1999).

Amplification was carried out in a total reaction 
volume of 50 pi containing 1 pi of environm ental DNA 
(approximately 40 ng), 200 pM deoxynucleoside 
triphosphates, 1.1 mM M gCl2, 1 mg ml4  bovine serum 
album in (BSA) (Sigma), 1 pM each primer and 2.5 U 
Taq polym erase in lx  enzyme buffer -M g  (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, w ith a final extension of 
5 min at 72°C. PCR products w ere purified using a 
QIAquick PCR purification kit (Qiagen) following the 
m anufacturer'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 Prym nesiophyceae (Table 1) was sequenced using 
the OXY359F (West & Scanlan 1999)-OXY1313R 
prim er pair because this gives a slightly longer frag­
m ent than  PLA491F and allowed the region of the 
PLA491F prim er to be checked for mismatches. DNA 
extraction, PCR mix and cycle w ere identical to those 
for the environm ental samples, except that the con­
centration of M gCl2 was 1.5 mM and the annealing 
tem perature w as 55°C. Sequencing reactions w ere 
perform ed as described in 'Clone libraries' below.
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T able  1. C u ltu res se q u e n c e d  du rin g  th is study. DNA for th e  C ry p to p h y ceae  cu l­
tu re s  w as p ro v id ed  courtesy  of F ed erica  C erino. B en te  E d v ard sen  su p p lied  th e  
DNA for th e  P ry m n esiophyceae  in d ica ted  w ith  a n  aste risk  (*). T he o ther cu l­
tu re s  w e re  h e ld  w ith in  th e  SZN cu ltu re  collection. DNA w as ex trac ted  u sin g  
th e  CTAB m eth o d  ou tlined  in  th e  sec tion  'DN A ex traction  a n d  am plification '.

G O N  = G ulf of N aples

Species Strain Collection location and  date

C ryptophyceae
Cryptochloris sp. C94 Salerno 8 Ju l 2002
H em iselm is  sp. C15 Naples, MC 28 Oct 2003
Plagioselmis prolonga C27 Naples, MC 18 Jun  2002
Proteomonas sulcata C28 Salerno 8 Ju l 2002
Rhinom onas pauca C5 Naples, MC 4 Sep 2002
Rhodomonas sp. 3 C42 Naples, MC 18 Dec 2001
Prasinophyceae C lade II
M icromonas pusilla PART Stn Partenope, GON 8 Jan  1997
M. pusilla M PI 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 M ay 1992
M. pusilla Norbal Stn 14S N Balearles 9 M ar 2003
Prym nesiophyceae
Chrysochromulina acantha' UIO T20 S Norw ay 1994
C. aff. p olylep is ' PLY200 English C hannel 1958
C. cam panulifera' UIO J10 Skagerrak, S Norw ay 1984
C. cym bium ' UIO R18 O tt Arendal, S Norw ay 1992
C. herd lensis' CCMP284 North Pacific 21 Apr 1976
C. h irta ' hi-1 Off Austevoll, W Norway 1989
C. leadbeateri' UIO TJE Lotten, N Norw ay 1991
C. rotalis' UIO TH2 Skagerrak, S Norw ay 1990
C. sim plex' UIO JomfB Oslofjord, S Norw ay 1989
C. throndsenii' UIOK11 Off Arendal, S Norw ay 1989
Dicrateria inornata' CCMP355 Unknown 1962
Emiliania h u x ley i' UIO BOF Oslofjord, S Norway
Imantonia rotunda ' UIO 101 Off Arendal, S Norw ay 1994
Isochrysis cf. galbana ' UIO Rytylke Rytylke, W Norw ay 1990
Phaeocystis cordata Phaeonap 1 MC 15 M ar 1991
P. globosa Naples MC 16 M ar 1999
P. jahnii B5 MC 6 M ar 1996
Phaeocystis sp. MC679 MC 30 Aug 2005

Dot blot hybridisations. Control DNA for the dot blot 
hybridisations was p repared  from PCR products from 
strains corresponding to each specific probe obtained 
from the Provasoli-G uillard National C enter for Cul­
ture of M arine Phytoplankton (CCMP) and the Roscoff 
Culture Collection (RCC) (purified 16S rRNA gene 
PCR products w ere kindly provided by Dr. Nick Fuller; 
for a list of strains used see Fuller et al. 2006b) and 
amplified using the same prim er pair and PCR condi­
tions as for the environm ental samples before purifica­
tion in the same manner.

Dot blot hybridisations w ere carried out using the 
m ethod outlined in Fuller et al. (2003) and the follow­
ing algal class-specific 16S rRNA gene oligonucleotide 
probes: CHLA768, CHRY1037, CRYP862, EUST985, 
PAVL665, PELA1035, PING1024, PRAS826, PRYM666 
and TREB708 (see Fuller et al. 2006a for details of 
probe sequence and dissociation tem perature). Hy­

bridisation was quantified using a Fuji­
film FLA-5000 phosphorim ager and 
Total Lab software (Phoretix). Relative 
hybridisation (%) was calculated as 
previously described (Fuller et al. 
2003). The relative hybridisation of a 
given specific probe com pared with 
that of the eubacterial probe (EUB908, 
Edwards et al. 1989) to the control 
DNAs was averaged w here more than 
1 control DNA w as used. Any sample 
giving a signal above 2 % was consid­
ered  as being above background.

Clone libraries. Six clone libraries 
w ere constructed from PCR products ob­
tained w ith the PLA491F-OXY1313R 
prim er pair using a TOPO TA Cloning® 
kit (Invitrogen™ Life Technologies) for 
28 O ctober (library MC597) and 1 De­
cem ber 2003 (MC601), and 9 February 
(MAMA64), 25 M arch (250304), 17 May 
(MC615) and 6 July (MC622) 2004. 
These PCR products w ere 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'Alcalà 
et al. 2004). The rem ainder of the li­
braries corresponded to dates w hen the 
sum of the signals from the specific 
probes w as the lowest in comparison 
w ith the eubacterial probe. Each library 
w as constructed using 96-well plates 
(see Table 2 for num bers of useful se ­
quences). Plasmid purification was ob­
tained in high throughput using the Mil- 

lipore M ontage Plasmid M iniprep Kit and a robotic 
station, Beckman Coulter's Biomek® FX Laboratory Au­
tomation Workstation, equipped with ORCA® robotic 
arm. Sequence reactions w ere obtained with the BigDye 
Terminator Cycle Sequencing technology (Applied 
Biosystems), purified in autom ation using the Millipore 
M ontage SEQg6 Sequencing Reaction Cleanup Kit and 
the Biomek FX. Products w ere analysed on an Auto­
m ated Capillary Electrophoresis Sequencer 3730 DNA 
Analyzer (Applied Biosystems). Coverage of each clone 
library (Romari & Vaulot 2004) was calculated using 
1 -  (Nc/N ), w here N c is the num ber of cumulative unique 
sequences and N is the num ber 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) 
w ere plotted to illustrate how accurately each library 
sam pled the diversity of each sample.



78 A q u a t M icrob Ecol 50: 7 5 -8 9 , 2007

Phylogenetic analyses. Contigs from forward and 
reverse sequences w ere constructed using Seqm an 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, 
w ere analysed using prelim inary neighbour joining 
(NJ) trees w ith 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 exam ining the align­
m ent by eye, w ere rem oved from the analysis. Sepa­
rate analyses w ere carried out for sequences for the 
Chrysophyceae, Cryptophyceae and Prymnesiophyceae 
and finally the rem aining sequences, including addi­
tional sequences from m em bers of those classes from 
both the GenBank and the ARB databases and from 
the newly sequenced species in an attem pt to identify 
the sequences to species. The respective alignm ents 
w ere analysed in PAUP* using the modelblock PAUP- 
blO from M odeltest 3.7 to assess the best-fit substitu­
tion model. The likelihood settings generated  by 
M odeltest for the best-fit model w ere used to construct 
NJ trees using PAUP*. Trees w ere rooted at the m id­
point. Bootstrap analyses w ere perform ed using 1000 
replicates and the same likelihood settings. Long 
branches w ere 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 w ere difficult to align, blasted to a 
phylogenetic group significantly different from the rest 
of the sequence. These sequences w ere rem oved from 
the analysis. Sequences w ere 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 
num bers EF051737 to EF051766 for algal cultures, and 
EF051767 to EF052253 for environm ental clones.

RESULTS 

Phytoplankton counts and environmental data

Total eukaryotic phytoplankton abundance was 
rather low in w inter (Fig. 1 A), w ith peaks of abundance 
during the summer m onths that generally coincided 
w ith 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 g reater proportion of 
the total in w inter than in summer. For example, the
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Fig. 1. (A) E ukaryo tic  p h y to p lan k to n  a b u n d an ce , (B) CTD 
m easu rem en ts  a n d  (C) n u trien t concen tra tions in  th e  G ulf of 
N ap les  sh ow ing  th e  va ria tio n  d u rin g  th e  study  p eriod , Ju ly  
2003 to S ep tem b er 2004, courtesy  of th e  Office of M a n a g e ­
m en t a n d  E cology of T em p era te  a n d  Polar C oasta l A reas 
SZN. V ertical d a sh e d  lines in d ica te  th e  d a te s  for w h ich  
clone lib raries w e re  constructed . T he only g roups (<5 pm) 
easily  iden tified  a n d  significantly  a b u n d an t in  th e  eukaryo tic  

p h y to p lan k to n  counts a re  'f lag e lla tes ' a n d  d iatom s

eukaryotic ultraphytoplankton accounted for 96% of 
the total on 17 D ecem ber 2003, but only 20% on 17 
M ay 2004. The abundance of small diatoms showed 
peaks during the year, e.g. in August and October 
2003, w hich w ere mainly due to Skeletonem a m e n ­
zelii, Cyclotella atomus, M inidiscus sp. and other cen ­
tric species <5 pm. These small diatoms, along w ith 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 tem per­
ature and salinity values ranging from 12.98 to 28.55°C 
and 36.84 to 38.05, respectively, w ith frequent fluctua­
tions in salinity (Fig. IB). N utrient concentrations 
showed large variations during the year, w ith dis­
solved inorganic nitrogen (DIN) and S i0 44~ minima 
generally found in summer (Fig. 1C). However, during 
the summer months, there w ere frequent peaks of 
nutrient input, for exam ple on 17 May, 22 June, 20 July 
and 25 August w hen nutrient levels w ere com parable 
w ith those in December.

Dot blot hybridisations

Of the 10 algal class-specific oligonucleotide probes 
used, only 4 gave percent relative hybridisation values 
above background. These w ere probes PRYM666 (Prym­
nesiophyceae), CRYP862 (Cryptophyceae), CHRY1037

(Chrysophyceae) and PELA1035 (Pelagophyceae) 
(Fig. 2). The PRYM666 probe gave a signal in all samples 
throughout the sampling period w ith 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 of 45 % on 4 M arch 2004 and a g en ­
erally low signal during the summer and early autum n of 
2003 that was not repeated  the following year. Peaks in 
relative hybridisation w ere also seen during November, 
March, May, July and the end  of August. Chrysophytes 
w ere most readily detected  during the summer months 
of both years, w ith the highest relative hybridisation 
signal of 64 % during Septem ber 2003 and a general low 
during the winter. The Pelagophyceae probe gave 
hybridisation signals above background on only 6 dates 
betw een D ecem ber 2003 and late M arch 2004 (Fig. 2), 
w ith a peak of 6.75 % on 2 February 2004.
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Fig. 2. Dot b lo t h y b rid isatio n  d a ta  for th e  4 a lg a l class-specific  16S rRNA g e n e  o ligonucleo tide  p ro b es th a t gave  signals above 
b ack g ro u n d  (p resen ted  as a  p ro p o rtio n  of all am plified  by  p rim ers PLA491F a n d  OXY1313R). E rror b a rs  in d ica te  SD b e tw e e n  

trip lica te  sam ples an d  v e rtica l d a sh e d  lines in d ica te  th e  d a te s  for w h ich  clone lib raries w e re  co nstructed
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eac h  library. 'O th e rs ' ca teg o ry  in clu d es D ictyochophyceae, P e lag o p h y ceae  an d

P rasinophyceae

Clone libraries

The classes found w ithin clone libraries w ere very 
similar to those found using the class-specific oligonu­
cleotide probes (Fig. 3). H igher class level taxonomic 
diversity was found during w inter w hen  total abun­
dance was lower. The reverse occurred during summer, 
w ith dom inance by only 3 classes: Chrysophyceae, 
Cryptophyceae and Prymnesiophyceae. Chrysophyceae

sequences w ere not present in the 2 
w inter libraries (MC601 and MAMA64), 
but w ere well represen ted  in spring 
and summer. Pelagophyceae sequences 
w ere only found in the February library, 
corresponding to the period in which 
the PELA1035 probe gave the highest 
hybridisation signal. Sequences from 
classes for w hich 16S rRNA probes are 
not currently available w ere 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 w ithin a sample 
was assessed by the num ber of clones 
examined. None of the libraries reached 
saturation, m eaning that the diversity 

w ithin each sample was not fully sampled. However, 
the curves for the autum n and w inter libraries w ere 
less steep, w hereas that for the February and M arch 
libraries (MAMA64 and 250304), corresponding to the 
period of the spring bloom, was the steepest. The cov­
erage values (Table 2) also indicated that the M arch 
library was the least well covered, as the num ber of 
OTUs recovered w as high in relation to the num ber of 
clones examined.
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Fig. 4. R arefaction  curves for e ach  of th e  6 clone lib raries ca lcu la ted  u s in g  th e  cum ulative  n u m b er of u n iq u e  operationa l 
taxonom ic u n its  (OTUs) fo u n d  again st th e  n u m b er of clones ex am in ed  to  assess th e  sa tu ra tio n  of e ach  lib ra ry
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T able  2. C lone lib ra ry  details , in c lu d in g  th e  n u m b er of clones se q u e n ce d  p e r 
library, th e  n u m b er of u se fu l seq u en ces  p e r  library, th e  n u m b er of operationa l 
taxonom ic un its  (OTUs) iden tified  a n d  th e  coverage  v a lu e  for eac h  lib ra ry  in d i­
ca tin g  how  w ell th e  d iversity  w ith in  e ach  sam ple  w as estim a ted  by  th e  library.

N c: n u m b er of OTUs; N: n u m b er of u sefu l seq u en ces

Library Date No. ot clones 
sequenced

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

MC597 28 Oct 2003 96 86 30 65
MC601 1 Dec 2003 47 41 10 75
MAMA64 9 Feb 2004 47 36 19 47
250304 25 M ar 2004 96 79 55 30
MC615 17 M ay 2004 104 92 46 50
MC622 6 Ju l 2004 96 82 42 49

Total 674 487 234

The class Prym nesiophyceae 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 ­
m ained 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 indication of seasonal distribution of the 
OTUs em erged, e.g. sequences belonging to P. cor­
data, P. jahnii and P. globosa w ere not found in the 2 
summer libraries. Each library contained OTUs that 
w ere only found in that library (unique OTUs). Of 
the 167 OTUs found, 129 w ere unique. The spring/ 
summer libraries (250304, MC615 and MC622)
had  higher num bers of unique OTUs, w ith the M arch 
and July libraries having 33 unique OTUs each 
(Table 3).

For the cryptophytes, m any of the clone library 
sequences had  close m atches to known cultures, p ar­
ticularly those isolated from the Gulf of Naples (Cerino 
& Zingone 2006) (Fig. 7). Sequences m atching Crypto­

chloris sp. strain C94, Plagioselmis p ro ­
longa  strain C27, H em iselm is sp. strain 
C15, Rhodomonas sp. 3 strain C42, and 
Proteomonas sulcata strain C28 w ere 
all found in the various libraries. There 
w ere 7 unique cryptophyte OTUs, with 
the autum n library (MC597) containing 
the highest num ber (Table 3).

Several of the chrysophyte OTUs
appeared  to be closely related  to
previously described environm ental 
sequences from Helgoland (HE 17) and 
the Arabian Sea (Fuller et al. 2006b) 
(Fig. 8). Unfortunately m arine Chryso­
phyceae are little studied, and the lack 
of 16S rRNA gene sequences from 

plastids of this class m akes identifying most of the 
OTUs difficult if not impossible. The MC615 library
contained the most OTUs, 9 of w hich w ere unique
(Table 3).

Phylogenetic analysis of OTUs from other algal 
classes (Fig. 9) identified diatoms related  to S ke le ­
tonema  in the w inter libraries (MC597 and MC601). 
The rem aining diatom sequences could not be specifi­
cally identified. A dictyochophyte sequence, MC615- 
64, identified from the May clone library clustered 
w ithin a clade that included several sequences found 
in clone libraries from a recent AMT15 cruise in the 
mid-Atlantic O cean (A. Kirkham & D. Scanlan pers. 
comm.) as well as w ith a strain of M esopedinella arc­
tica. In the February library there w as 1 pelagophyte 
sequence, identical to a strain of Pelagomonas calceo­
lata, RCC100, isolated from the North Pacific Ocean. A 
num ber of Prasinophyceae clade I sequences w ere also 
found that fell into 2 clades, one of w hich was not 
closely related  to any known taxa and the other differ­
ing at only one position from the environm ental clone 
OCS162 from an Oregon Coast study (Rappé et al. 
1998). One sequence, MC622-32, w hich is closely 
related  to the C ape H atteras sequence OM270, formed 
a separate clade.

T able  3. N u m b er of seq u en ces  p e r  class p e r  lib ra ry  (regu lar text) w ith  th e  n u m b er of d istinct o p erationa l taxonom ic u n its  (OTUs) 
p e r  lib ra ry  (bold text) a n d  th e  n u m b er of OTUs fo u n d  in  th a t p a rticu la r lib ra ry  a n d  no t in  th e  o ther 5 (italics)

C lass  L ibrary
M C597 M C601 M AM A64 250304 M C615 M C622 Total

B acillariophyceae 5/2/1 1/1 /0 1/1/1 1/1/1 1/1/1 1/1/1 1 0 /6 /5
C hrysophyceae 10 /7 /5 - - 5/3/1 25/14 /9 2 1 /6 /4 61/26119
C ry p to p h y ceae 50/11 /4 3 1 /8 /2 10/4 /0 10/6/1 33 /3 /0 10/2 /0 144/16 /7
D ictyochophyceae - - - - 1/1/1 - 1/1/1
OM 270 - - - - - 1/1/1 1/1/1
P e lag o p h y ceae - - 1/1/1 - - - 1/1/1
P rasin o p h y ceae  I 7/2 n 1/1 /0 - - - - 8/2/1
P rym nesiophyceae 15/10 /6 8/6 n 24/17 /10 63/43/30 31/26120 49 /3 1 /2 7 190/114194
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—  Environmental clone OCS50 AF001656

NJ

Ï
250304-51 (12)*
Emiliania huxleyii AY702115 
Emiliania huxleyii UIO BOF**

-LOO-
MC622-38 (1)*
___________ |/sochrys/s sp. X75518

Dicrateria inornata CCMP355** 
g1 rMC622-2 (6)* 
r"T_rMC615-22 (1)*

—  “ ------MC615-77 (1)*
'—MC615-36 (1)*

MC615-5 (1)*
Ochrosphaera neapolitana X99077

-MC622-58 (1)*

r f t
-Chrysochromulina polylepis AF17271 £ 

-MC601-136 121*__________________________
MC622-90 (1)*

-250304-49 (1)*

-250304-50 (1)*
— Isochrysis cf. galbana UIO Rytylke*’

MC615-6 (1)*
¡-Chrysochromulina sp. AB 196966 
'MC615-103 (6)*_________________

- c
Chrysochromulina aff. polylepis PLY200** 
-P haeocystis  sp.**

—Platychrysis sp. AB196968
— MC615-26 (1)*
■MC615-1 (1)*
-----------250304-38 (1)*
----------------MC622-19 (1)*
r Chrysochromulina herdlensis CCMP284*’ 

J- Chrysochromulina hirta h i -1 **
IChrysochromulina rotalis UIO TH2** 
MC622-81 Ml*

■Chrysochromulina sp. AB196967 
-M C597-29 Ml*

100
— MAMA64-126 (6)* 
■Imantonia rotunda UIO 101** 
Imantonia rotunda AY702150

MAMA64-131 (1)* 

—25------ 1—^MC
MC622-10 (8)* 

MC597-22 (1)*
MC597-11 (1)*

-MC622-80 (1)*

£

 250304-42 (1)*
 MC622-31 (1)*
-MC622-67 (1)* 
 250304-28 (1)*

MC615-100 (4)* 
250304-90 (1)*

 MC615-104 (1)*
------------------- MC615-10 (1)*
—UC PPE He3 AY702175 
-MC622-26 (2)*

-MAMA64-138 (1)*
MAMA64-129 (1)*

 MAMA64-117 (1)*

f Chrysochromulina sp. AB200263 
■Chrysochromulina simplex  UIO JomfB*’ 
Chrysochromulina throndsenii UIO K11 *

 Un identified eukaryote OM21 U32671
MAMA64-102 (4)*

-MC622-35 (1)*
— MC622-16 (1)*

i— MC622-52 (1)*
_P MC622-61 (1)*

I 80 I— MC622-82 (1)* 
1----------- MC615-6

M

-MC615-20 (1)* 
MAMA64-118 111*

1 (1)*

MAMA64-139 (1)*
Chrysochromulina campanulifera U IO J10*

j ---------- -MC622-27 (2)’
J-1---- MC622-56 (1)*
P -M C 601-123 (1)*
1 MC597-67 (1)*
 MC622-3 (1)*
----------- MC622-62 (1)*

i--------------- MC622-71 (3)*
•----------MC601-114 (1)* 0.005 substitutions/site

Fig. 5. P ry m n esiophyceae  n e ig h b o u r-jo in in g  (NJ) 
tre e  (top h a lf only, con tinues to Fig. 6 from  b lack  
circle) w ith  M axim um  L ikelihood (ML) p a ram ete r 
se ttin g s ca lcu la ted  by  M odeltest (best fit m odel 
T IM + l+ G  A = 0.2792, C = 0.1734, G = 0.2621 a n d  T 
= 0.2854; A « C  = 1, A « G  = 6.1016, A « T  = 1.4199, 
C « G  = 1.4199, C « T  = 9.0539 a n d  G « T  = 1; th e  
p ositiona l ra te  va ria tio n  across th e  a lig n m en t y  = 
0.3418 a n d  th e  p ro p o rtio n  of in v ariab le  sites I = 
0.3162) sh ow ing  th e  p h y lo g en e tic  position  of th e  
P ry m n esiophyceae  geno ty p es found. A ste risk ed  (*) 
seq u en ces  a re  th o se  from  th e  6 G ulf of N ap les li­
b raries. N u m b ers in  b ra ck e ts  re fe r  to th e  to ta l n u m ­
b e r  of seq u en ces  co rresp o n d in g  to th a t genotype. 
S eq u en ces w ith  2 asterisks re fe r  to  cu ltu re  m ate ria l 
se q u e n ce d  d u rin g  th is study. Boxes in d ica te  a 
g ro u p in g  w ith  a  se q u e n ce  from  a  k n o w n  taxon.

B ootstrap  v a lu es a re  from  1000 rep lica tes
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i—Uncultured plastid pT-411 AY095882 
- UC PPE AS2-50C19 AY702195 
MAMA64-114 (1 )*

—  UC PPE AS2-50C41 DQ013162 
86i—MC615-8 (2)*

Lr^MC615-87 (1)*
•-------25030-9^1]*

250304-41 (2 
>-25030-57 (1)*

MC622-69 (1)*
UC PPE DYF45 AY702174 

250304-44 (1)*

|M

250304-94 (1)*
|—250304-3 (1)*

1-250304-11 (4)*
H j —— 250304-29 (1)*
^ --------- 250304-92 (2)*

---------------MC615-42 (1)*
~l92|-Chrysochromulina leadbeateri UIO TJE*

Chrysochromulina cymbium  UIO R1? 
MAMA64-123 (8)*
 250304-77(1)*
— 250304-79 (1)*

■IS. _|— MC622-76 (2)’
UC PPE AS10-50C7 

'DQ013168
250304-75 (1)* 

250304-48 (1)*

99 j

-MAMA64-141 (1)* 
-250304-65 (1)* 

-250304-91 (1)*
Chrysochromulina acantha RCC339*’ 
Chrysochromulina acantha UIOT20** 
— MC615-72 (1)*

-MC622-72 (1)*
-250304-10(1)*
 250304-16(1)*
 MC622-18 (1)*
 MC615-41 (1)*
 UC PPE AS10 50C3 AY702193

1-250304-53 (1)*
” >-250304-82 (1)*
 250304-32 (1)*
MC622-63 (2)*

Environmental clone OCS31 AF001655
I IVIUO¿

f e 250304-81 (1)* 
MC615-66 (1)*

I MC615-95 (1)*
'----- 250304-22 (1)*

-MC622-8 (3)*
—  MC597-51 (1)* 
_Q2_rMC615-38 (1)*

_| 1------ 250304-86 (1)*
I MC622-55 (1)*

MC615-74 (1)*
250304-21 (1)*

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'A lcalà et al. 
2004). The high phytoplankton biomass in surface 
w aters during the period of therm al stratification (April 
to October) presum ably reflected the lateral advection 
of eutrophic w aters from the littoral area (Ribera d 'A l­
calà et al. 2004), as shown by peaks in total eukaryotic 
phytoplankton abundance m atching 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 of the population, possibly in response to the high 
availability of nutrients and light (Zingone et al. 1990). 
Results at our study site com pare well with work car­
ried out in the Thau Lagoon (NW M editerranean Sea), 
w here a high abundance of small eukaryotes (<3 pm) 
in the summer m onths was also found (Bec et al. 2005). 
In contrast, in the Bay of Banyuls-sur-M er (NW M edi­
terranean), small eukaryotes w ere more abundant in 
w inter than in summer (<21 000 cells ml-1 in January), 
which coincided with the influx of nutrient-rich w aters 
into the study area (Charles et al. 2005). Hence, con­
trols on eukaryotic ultraphytoplankton abundance in 
the M editerranean Sea appear to be som ewhat site 
specific and may be related  to the dynamics of nutrient 
supply in the different areas.

Fig. 6. P ry m n esiophyceae  N J tre e  (bottom  half) con tin u ed  
from  Fig. 5. Boxes in d ica te  th e  association  b e tw e e n  th e  clone 
lib ra ry  seq u en ces  a n d  th o se  from  P haeocystis, Im antonia, 

Isochrysis, E m iliania  an d  C hrysochrom ulina  spp.

M .

_LQ£L
MAMA64-113 (6)*

Phaeocystis globosa Napoli** 
Phaeocystis cordata RCC186 
Phaeocystis globosa RCC187H

-MC615-61 (2)*
-250304-33 (1)*

 PLm<

UC PPE DYF25 AY702172 
Phaeocystis cordata Phaeonap 1* 
250304-14(12)*

MAMA64-103 (4)*
MC597-49 (1)*
MAMA64-112 (1)*

MC622-21 (1)*
_LQ£L Lnhaeocystis jahnii B5*’ 

250304-67 (2)*

_22_ hE
I M A M

UC PPE AS2-50C11 AY702194 
■250304-24 (1)*

-MC622-64 (1)*
MAMA64-106 (2)*

UC PPE 
-AS10-50C6 

DQ013167

MC615-31 (3)* 
---------------- MC615-14 (1 )* 0.005 substitutions/site



84 A q u a t M icrob Ecol 50: 7 5 -8 9 , 2007

NJ

_S5_

_25_

m

Environmental clone OCS20 AF001654 
Dinophysis norvegica AB073116
------------------------ Teleaulax sp. TUC-2AB164407
Dinophysis acuminata  AB073114 
— Uncultured phototroph DYF18 AY702171 
Dinophysis tripos AB 164405 
MC601-127 (11)*
Dinophysis fortii AB073115 
Teleaulax amphioxeia  AY453067

 Plagioselmis sp. TUC-1 AB164406_S5_
MC601-98 (1)*

— MC597-64 (2)*
■MC615-58 (13)*
 Geminigera cryophila AB073111
— 250304-19 (1)*

-M C601-137 (8)* 
-MC597-6 (7)*

Plagioselmis prolonga  C27* 
MC615-76 (52)*

r  MC597-27 (2)*
MC597-47 (1)*

• Cryptochloris sp. C94*
■ MC597-73 (32)*

■ MC597-18 (1)*

100
Hemiselm is virescens AB073112 

—  Hemiselm is sp. C15** 
MC622-13 (10)*

_2Q_
_ZS_

• P roteom onas sulcata C28*’
■— MC601-141 (1)* 

L MC597-35 (1)*
• Proteom onas sulcata CCMP1175 
—  Unidentified cryptomonad OM283 U70724

_S2_

— Pyrenomonas helgolandii AF545626 
 Storeatula  sp. CCMP1868

_2fi__ - R hodom onas  sp. 3C42*
■ MC597-74 (1)*

— Storeatula major CCMP320 
- R hinom onas pauca  C5**

0.005 substitutions/site

Fig. 7. C ry p to p h y ceae  N J tre e  con­
stru c ted  u s in g  ML se ttin g s (best fit 
m odel K81uf+I+G A = 0.2735, C = 
0.2126, G = 0.2821 a n d  T = 0.2319; 
A « C  = 1, A « G  = 5.8410, A « T  = 
0.3832, C « G  = 0.3832, C « T  = 
5.8410 a n d  G<=>T = 1; th e  positional 
ra te  va ria tio n  across th e  a lignm en t 
y = 0.9072 a n d  th e  p ro p o rtio n  of in ­
v a riab le  sites I = 0.802) of 16S rRNA 
g en e  seq u en ces  a n d  u s in g  th e  OTUs 
from  th e  6 clone lib raries (single a s­
terisk). N um bers in  b ra ck e ts  re fe r  to 
th e  to ta l n u m b er  of seq u en ces  co rre ­
sp o n d in g  to e ach  OTU. B ootstrap 
v a lu es a re  from  1000 rep lica tes . 
Boxes in d ica te  w h e re  th e re  is a  cor­
re sp o n d en c e  b e tw e e n  th e  C erino  & 
Z ingone (2006) cu ltu res a n d  th e  
se q u e n ce s  from  th e  c lone lib ra ries

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 Prym nesiophyceae 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 
Prym nesiophyceae showed this class to be present in 
the Gulf of Naples all year round, w ith no preference 
for any particular season. This class has previously 
been  reported to be im portant in the Gulf of Naples 
(Zingone et al. 1990, 1999a, Ribera d'A lcalà et al. 
2004), as well as in other regions (Thomsen et al. 1994, 
M oon-van der Staay et al. 2000, Fuller et al. 2006a,b).

Cryptophytes are also recognised as an im portant 
group in the marine environm ent. 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  p resen ted  here. The only difference 
betw een the hybridisation data and those of the serial 
dilution cultures and phytoplankton counts is the high 
hybridisation signal in winter, w hen both the other 
m ethods show low abundance. It should be noted, 
though, that the hybridisation data reflect the p ercen t­
age of PCR amplicons recognised by the Crypto- 
phyceae-specific probe, and hence gives only a m ea­
sure of relative abundance. Nonetheless, they show 
that Cryptophyceae are a significant proportion of the 
w inter ultraphytoplankton community in the Gulf of 
Naples despite their low abundance. It is, therefore,
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NJ
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SÊ. Uncultured eukaryote HE17 AY702176 

MC615-92 (D*______________________
100 -c -UC PPE AS10-50C25 DQ013169

MC615-89 (13)*
-MC615-96 (1)*

93

100 LLUC PPE AS10-50C29 DQ013170 
MC597-21 (1)*________________
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82[ UC PPE AS2-50C23 AY702190 
'— UC PPE AS2-50C87 

j — MC615-34 (1)*
|8 |— MC622-17 (4)* 
^ -2 5 0 3 0 4 -3 0  (5)*

------------ MC615-19 (1)*
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-Unidentified eukaryote OM81 U70717
i UC PPE AS10-50C50 DQ013171
P- UC PPE AS2-50C84 DQ013164 

MC615-39 (1)*
77

87

100

99

MC615-83 (2)*
L MC615-90 (3)* 
MC622-41 (3)*

UC PPE AS2-50C13 
MC615-35 (5)* 

250304-89 (1)* 
MC615-97 (I)»_________

93|
84

100

82 J t

76 r

UC PPE AS2-50C34 AY702197 
MC615-9 (2)* 

l-M C615-13(1)*
UC PPE AS2-50C82 DQ013163 

MC597-75 (1)*
MC597-82 (1)*_______________

Unidentified rhodophyte PRD01a010B AF289158
-----------Uncultured eukaryote TLM14 AF534438
------------------------Ochromonas distigma RCC21 AY702136
--------------------------- Chrysosphaera sp. CCMP296 AY702107

76 100

76

MC622-11 (6)*
MC622-29 (1)* 
MC622-85 (1)* 

MC597-85 (1)*
■250304-46(2)* 
MC597-76 (1 )*

r M CI MC
1— n

98

-MC615-49 (1)* 0.005 substitutions/site

Fig. 8. C hry so p h y ceae  N J tre e  co n stru c ted  u s in g  ML se ttin g s (best fit 
m odel T rN +l+ G  A = 0.2896, C = 0.1789, G = 0.2739 an d  T = 0.2576; A « C  
= 1, A « G  = 3.9412, A « T  = 1, C « G  = 1, C « T  = 5.7361 a n d  G « T  = 1; th e  
positiona l ra te  va ria tio n  across th e  a lig n m en t y = 0.6965 a n d  th e  p ro p o r­
tio n  of in v ariab le  sites I = 0.6104) of 16S rRNA g en e  seq u en ces  from  th e  
6 Gulf of N aples clone libraries (single asterisk) includ ing  seq u en ces from  
G enB ank  co rresp o n d in g  to cu ltu res a n d  clone lib raries. N u m b ers in 
b ra ck e ts  re fe r  to  th e  to ta l n u m b er of seq u en ces  co rresp o n d in g  to th a t 
g eno type . U pperm ost box  show s th e  exact m a tch  b e tw e e n  a G ulf of 
N ap les se q u e n ce  a n d  a H e lg o lan d  clone lib ra ry  seq u en ce . O th er boxes 
in d ica te  th e  g roups co n ta in in g  seq u en ces  from  th e  G ulf of N ap les an d  

A rab ian  S ea  clone lib raries

likely that the other methods underestim ate 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 im portance of Chryso­
phyceae and the prevalence of this group in 
summer. This class is generally regarded  as b e ­
ing more im portant in freshw ater environm ents 
(Thomsen 1986) than  at sea. In fact, in a re la ­
tively recent study (Sandgren et al. 1995) the 
only marine 'chrysophyte' discussed as being 
of any im portance 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 p ig ­
m ent signature for the Chrysophyceae is the 
same as the diatoms and Prymnesiophyceae, all 
of w hich contain fucoxanthin and chlorophyll 
(chi) c, m aking 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 dom inance 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 r e ­
cent study in Helgoland also recovered chryso­
phyte sequences (Medlin et al. 2006). It is 
possible that, w ith more extensive use of the 
Chrysophyceae probe, this group will be shown 
to be more w idespread in the marine environ­
m ent than previously thought.

Clone libraries

Overall, the clone library results closely 
m atched the dot blot hybridisation data, in that 
the same 3 classes w ere recognised to be 
im portant at the study site by both methods. 
The sequence libraries w ere intentionally con­
structed from the selected samples to u n d er­
stand w hether the rather low hybridisation 
values for those samples w ere due to an abun­
dance of groups for w hich probes w ere not 
available. However, only a few sequences from 
groups lacking specific probes w ere present in 
the libraries, suggesting this was not the case.

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

within the clone libraries for this class, and is also in 
keeping w ith other genetic studies from the Pacific 
O cean (Moon-van der Staay et al. 2000) and the coast 
of O regon (Rappé et al. 1998), w here high num bers of 
prym nesiophyte OTUs w ere found. The total num ber of
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co rresp o n d in g  to th a t genotype . B ootstrap  v a lu es a re  from  1000 rep lica tes

prym nesiophyte species seen in the Gulf of Naples is 
around 100 (A. Zingone unpubl. data), of which only 
Phaeocystis has been  studied in any detail (Zingone et 
al. 1999a). M any of the sequences from the Gulf of 
Naples could not be identified below class level, which 
suggests a high num ber of undescribed taxa. However, 
the high num ber of unknow n 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

rRNA gene sequences for Prymnesium, and only around 
5 % of the heterococcolithophores have been established 
in culture (Thomsen et al. 1994). In addition, the actual 
num ber of Chrysochromulina species may be more than 
100 (Thomsen et al. 1994), of w hich several are pico- 
planktonic (e.g. C. apheles, C. minor, C. elegans and 
C. pyramidosa; see Thom sen 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 
w ith data from the phytoplankton counts (data not p re ­
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 w ith results from different methods. 
Interestingly, the different OTUs found throughout the 
year m atched the timing of species-specific blooms 
observed by Cerino & Zingone (2006). The findings of 
‘Cryptochloris sp. C94-like' sequences in the w inter 
libraries, H em iselm is sp. C 15-like sequences in July 
and ‘Plagioselmis prolonga  C27-like' sequences in all 
libraries, w ith highest num bers in O ctober (MC597) 
and May (MC615), all perfectly m atch 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 2006).

It is especially difficult to determ ine w hether 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 M arch and April; and D. fac­
uliferum, found betw een  April and Septem ber (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 w ider 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 H elgoland (North Sea), w here physical 
and biological conditions are m arkedly different from 
those found in the M editerranean Sea. O ther 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 w ithin the clone libraries 
shed light on the high taxonomic diversity w ithin the 
ultraphytoplankton fraction. Interestingly, in both 
samples w here the Skeletonem a  OTU was detected, 
the light microscopy counts show a high abundance of 
S. menzelii, w hich is generally solitary w ith a cell size 
betw een 2 and 5 pm. The distribution of OTUs belong­

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

Where is M icrom onas?

The w idespread dom inance of m em bers of the 
prasinophyte order M amiellales (clade II) (Not et al. 
2004, 2005, Bec et al. 2005, M edlin et al. 2006) con­
trasts w ith the absence of this group in the present 
study. M icromonas pusilla, one of the most im portant 
and abundant species in the M amiellales, 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 m icro­
scopy (Zingone et al. 1999b). The lack of sequences 
from this group in the clone libraries may be due to 
either sam pling or molecular detection problems. The 
fact that 2 clone libraries constructed using the 
PLA491F-1313R primer pair and 3 mM M gCl2 concen­
tration for the PCR reaction found several M amiellales 
sequences (data not shown) suggests that the latter is 
probably the case. As increased M gCl2 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 represen ted  using this 
prim er pair, and that there is some trade-off betw een 
excluding cyanobacteria and bacteria and including 
all eukaryotes.

There is evidence that other green  algae are also 
im portant betw een M ay and July in surface w aters of 
the Gulf of Naples as shown by higher concentrations 
of chi b and violaxanthin (Santarpia 2005), 2 pigm ents 
that are found in all groups of Prasinophyceae and 
Chlorophyceae (Sym & Pienaar 1993). The fact that 
Prasinophyceae sequences w ere only detected  in the 
w inter libraries (October and December) does not help 
clarify w hat these green  algae are.
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