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Summary

Protistan diversity was characterized at three loca-
tions in the western North Atlantic (Sargasso Sea and
Gulf Stream) by sequencing 18S rRNA genes in
samples from euphotic (= 125 m) and bathypelagic
depths (2500 m). A total of 923 partial-length protistan
sequences were analysed, revealing 324 distinct
operational taxonomic units (OTUs) determined by an
automated OTU-calling program set to 95% sequence
similarity. Most OTUs were comprised of only one or
two sequences suggesting a large but rare pool of
protistan diversity. Many OTUs from both depth strata
were associated with recently described novel alveo-
late and stramenopile lineages while many OTUs from
the bathypelagic were affiliated with Acantharea,
Polycystinea and Euglenozoa and were not observed
in euphotic zone libraries. Protistan assemblages
from the euphotic zone and the deep sea were largely
composed of distinct OTUs; only 28 of the 324 pro-
tistan OTUs were detected in both shallow and deep
sea clone libraries. The diversity of protistan assem-
blages in the deep sea was distinctly lower than the
diversity of euphotic zone assemblages. Protistan
assemblages from the Gulf Stream were the most
diverse for either depth strata. Overall, protistan
assemblages from different stations but comparable
depths were more similar than the assemblages from
different depths at the same station. These data
suggest that particular groups of protistan OTUs
formed distinct ‘shallow’ and ‘deep-sea’ assemblages
across widely spaced oceanic locales.
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Introduction

Microbial eukaryotes (protists) fulfil diverse functional
roles and are essential members of marine microbial food
webs (Pomeroy, 1974; Azam et al., 1983). Protists have
been found at virtually all depths in the water column from
the surface to the deepest reaches of the oceans. Pho-
totrophic protists make significant contributions to global
carbon fixation (Cullen, 2001) while phagotrophic forms
consume large amounts of microbial biomass, serving as
energetic links to higher trophic levels (Sanders et al.,
2000; Sherr and Sherr, 2002). Substantial fractions of the
biomass consumed by phagotrophic protists are returned
to the environment as labile compounds, which are uti-
lized by bacteria, archaea and phytoplankton to fuel
further production (Caron etal., 1988; Barbeau etal.,
1996). Most ecological studies of marine protistan assem-
blages have focused on the protists inhabiting the
euphotic zone while deep-sea protistan assemblages
remain largely uncharacterized. Although protistan
primary production is limited to the euphotic zone, delivery
of fixed carbon to the deep sea via sinking provides a
link between surface-associated and deep-sea detritus-
based, microbial food webs (Gooday, 2002).

Protistan assemblages in the deep sea are poorly char-
acterized with respect to species diversity and abundance
estimates. The earliest studies of these communities indi-
cated very low abundances of small protists at great
oceanic depths (Lighthart, 1969; Burnett, 1981; Alongi,
1987). More recent studies have confirmed these low
abundances (generally < 100 cells mI™") in various deep-
sea samples from meso- to abyssopelagic depths (Cho
et al., 2000; Yamaguchi et al., 2002; Arndt et al., 2003).
However, it is unclear whether the generally lower abun-
dance of deep-sea protists equates to lower biodiversity.

Until recently, the composition of protistan assemblages
in the deep sea was known largely from studies at hydro-
thermal vents (Small and Gross, 1985) or that focused on
specific groups, primarily foraminifera (Gooday, 1986).
Deep-sea foraminifera have received considerable atten-
tion because of their geological significance and morpho-
logical diversity. More recently, genetic approaches have
begun to document the presence of previously unknown
protistan lineages in the deep sea (Lopez-Garcia et al.,
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2001; Edgcomb et al., 2002; Lépez-Garcia et al., 2003;
Stoeck et al., 2003). Although interest in deep-sea protists
is increasing, direct comparisons of deep-sea and
surface-dwelling protistan assemblages have yet to be
performed.

The diversity of natural protistan assemblages from the
deep sea and the overlying euphotic zones at stations in
the Western North Atlantic were compared by the analysis
of 18S rRNA gene sequences obtained by environ-
mental polymerase chain reaction (PCR), cloning and
sequencing. Our results indicated that the protistan
assemblages of the euphotic zone and deep sea were
dominated by distinctly different taxa. Additionally,
euphotic-zone assemblages from a particular site were
more similar to euphotic-zone assemblages from the
other sites than they were to the deep-sea assemblages
from the same site. The overall protistan diversity in
samples from surface waters was higher than diversity in
deep-sea samples, presumably due in part to the pres-
ence of phototrophs in surface waters (largely absent
from deep-sea samples) and the generally higher rates of
energy transfer and biological activity in surface waters.

Results
Taxonomic distribution of clones

The focus of this study was to investigate the depth and
breadth of protistan diversity at the sampling sites by
sequencing a relatively large number of clones for each
sample. A total of 1098 partial-length rRNA gene
sequences were obtained from six clone libraries (3 sta-
tions x 2 depths) after removing poor-quality and poten-
tially chimeric sequences (Table S1). Three sequences
were removed from further consideration because of their
similarity to streptophytes. The remaining 1095 se-
quences were deposited in GenBank (accession numbers
DQ917930-DQ919024). These 1095 sequences grouped
into 344 operational taxonomic units (OTUs) representing
approximately species-level distinctions (D.A. Caron
etal., in preparation). The vast majority of sequences
revealed in this study were protistan in origin but meta-
zoans were also detected in all libraries (Fig. 1). Meta-
zoan sequences comprised only ~6% (20 OTUs) of the
total OTUs. Removal of metazoan OTUs from the data set
resulted in a collection of 324 protistan OTUs (Table 1).
The number of protistan sequences in each of the six
libraries was fairly constant, ranging from 136 to 170
sequences, depending largely on the sequencing success
rates for individual libraries (Table 2).

Protistan sequences from each station and depth were
assigned to one of 18 higher-level taxonomic groups
based on their BLAST (Altschul et al., 1997) identification
(Fig. 1; Table 1). Each group comprised no more than

Table 1. Higher-level taxonomic distribution of protistan OTUs
(defined by 95% sequence similarity) and the number of sequences
comprising each taxonomic group.

Protistan taxonomy OTUs Sequences
Fungi 4 5
Choanoflagellida 1 1
Chlorophyta 4 7
Stramenopiles 24 42
Haptophyceae 4 6
Alveolata; Ciliophora 17 58
Alveolata; Dinophyceae 37 145
Alveolata; group | 38 102
Alveolata; group Il 24 71
Alveolata; unclassified 70 138
Rhodophyta 2 3
Cryptophyta 3 4
Cercozoa 1 1
Acantharea 30 68
Polycystinea 24 173
Euglenozoa 34 72
Sticholonchidae 5 18
Telonema 2 9
Total 324 923

Taxonomic arrangement within the table follows the clockwise
arrangement of groups depicted in the pie-charts (Fig. 1). Table does
not include metazoan sequence data presented in the pie-charts.

25% of the sequences in a particular library with the
exception of polycystines in the deep-sea library from
station 1 (Fig. 1A). The distribution of the 324 protistan
OTUs in these taxonomic groups ranged from 1 to 70
OTUs per group (Table 1). Alveolate lineages including
ciliates, dinoflagellates, group I, group Il and unclassified
alveolates made up large percentages of most of the
shallow and deep libraries (Fig. 1), representing 57% of
the detected diversity (186 of 324 OTUs). ‘Unclassified
Alveolata’ contained 70 OTUs, the largest single collec-
tion of OTUs identified by BLAST analysis. Stramenopiles
were a sizeable component of each shallow library, rep-
resented by 42 sequences and 24 OTUs, reflecting the
large amount of diversity within this group. The sarcodine
groups Acantharea (30 OTUs) and Polycystinea (24
OTUs) were detected at all stations and both depths, but
were particularly well-represented in the deep libraries
(Fig. 1, Table 1). Euglenozoa were also well-represented
in deep libraries (34 OTUs). The remaining groups con-
tained five or fewer OTUs (Table 1) comprising a diverse
list of relatively rare phylotypes including members of the
newly described protistan phylum, Telonemia (Shalchian-
Tabrizi et al., 2006).

Rank abundance of OTUs

A rank abundance curve representing the frequency dis-
tribution of OTUs was constructed to examine the species
richness and evenness of protistan assemblages for the
entire set of shallow and deep sequences (Fig. 3). This
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Table 2. Protistan diversity estimates for various combinations of the six clone libraries, ranging from the total database of 923 sequences
comprising 324 operational taxonomic units (OTUs) to each of the six (station/depth) clone libraries.

Sample set N OTUs H’ Ds™ Chaol (95% Cl) ACE (95% Cl)
Total 923 324 4.9 413 694 (574-873) 773 (648-946)
Stn. 1 294 137 4.1 20.1 366 (265-547) 392 (292-555)
Stn. 2 335 154 4.4 38.2 417 (302-620) 391 (299-542)
Stn. 3 294 162 46 54.5 629 (423-999) 719 (500—1080)
Shallow 465 217 48 51.1 490 (388-652) 572 (456-745)
Deep 458 135 3.9 16.2 326 (237-494) 321 (247-445)*
Stn. 1 Shallow 142 94 42 457 247 (173-390) 301 (200-498)§
Stn. 1 Deep 152 50 2.9 6.4 119 (76-234)** 105 (75-171)§,1,f
Stn. 2 Shallow 165 97 42 51.1 267 (182-439) 264 (185-415)t
Stn. 2 Deep 170 66 3.5 16.9 146 (101-251) 152 (107-250)11
Stn. 3 Shallow 158 105 43 56.1 376 (242-641)** 433 (280-719)1,1t
Stn. 3 Deep 136 65 3.6 20.1 171 (111-308) 236 (147-424)

N is the number of sequences, H’ is the Shannon diversity index, and Ds™" is Simpson’s diversity index. Chaol and ACE are non-parametric species
(OTU) richness estimators calculated from the OTU rank abundance data for each set of sequences. Paired symbols (*, **, §, 1, 1, or 11) represent
significant differences between diversity estimates for specific, paired samples (P < 0.05) based on the non-overlap of the 95% confidence intervals

).

curve was a typical shape for a diverse assemblage (Lunn
et al., 2004), with 311 of the 324 OTUs containing fewer
than 10 sequences per OTU (Fig. 3). Thirty-eight per cent
of the sequences belonged to 13 common OTUs (= 10
sequences per OTU) while singletons represented 62% of
all OTUs but only 22% of the protistan sequences. The
three most common OTUs included a polycystine from
deep-sea libraries (101 sequences) and a dinoflagellate
(77 sequences) and ciliate (36 sequences), both of which
were found in euphotic-zone and deep-sea libraries. A
total of 189 OTUs were only detected in shallow libraries
while 107 OTUs were unique to deep-sea libraries. Only
28 OTUs were detected in both shallow and deep libraries
and included seven of the 10 most abundant OTUs
described above. See Table S1 for a complete listing of all
OTUs.

Diversity indices and richness estimators

Univariate diversity indices (Shannon’s H” and Simpson’s
Ds™") were calculated for all clone libraries (Table 2). Both
indices account for OTU evenness and richness but Sim-
pson’s index uses a wider numerical scale, making differ-
ences in observed diversity more apparent. The overall
diversity for pooled libraries (923 sequences) was high
(e.g. Ds' = 41.3, Table 2). Protistan assemblages, pooled
for each station across depths, revealed increasing diver-
sity from station 1 to station 3 (e.g. 20.1, 38.2 and 54.5 for
Ds™"). Diversity indices were higher for pooled shallow
stations (Ds™' = 51.1) compared with pooled deep stations
(e.g. Ds™' = 16.2). Comparisons of each of the individual
libraries revealed remarkably similar levels of protistan
diversity in euphotic-zone assemblages that were sub-
stantially higher than diversity estimates of the deep-sea
assemblages. Highest diversity for both shallow and deep

© 2007 The Authors

sea protistan assemblages occurred at station 3 (Fig. 2,
Table 2).

Total protistan diversity was estimated by application of
non-parametric richness estimators (Chaol and ACE) to
data depicted in OTU rank abundance curves (Fig. 3)
following procedures outlined in the study by Hughes and
colleagues (2001). Specifically, these estimators and their
95% confidence intervals (Cl) were calculated from the
abundance of each OTU in the ‘rare’ classes, defined as
singletons and doubletons for Chaol and all OTUs with 10
or fewer members for ACE (Chao and Shen, 2003-2005).
Chaol and ACE (with 95% CI) were calculated for the
entire data set and indicated that the total protistan diver-
sity from which the observed OTU distribution was drawn
ranged from 694 (574-873) OTUs for Chaol to 773 (648—
946) OTUs for ACE (Table 2). Chaol, ACE and the
number of observed OTUs (Soss) were calculated for all
possible sample sizes using EstimateS 7.5 (Colwell,
2005), set for 100 randomizations and sampling without
replacement. Plots of Chaol and Spss deviated strongly
from a 1:1 relationship but failed to reach saturation and
increased continuously over the entire sample size
(Fig. 4).

Estimates of total protistan diversity were not statisti-
cally different based on the overlap of their 95% CI
(Hughes etal,, 2001) when samples were pooled by
station (e.g. all shallow and all deep sequences at a
particular station) for both Chaol and ACE estimators
(Table 2). Chaol and ACE richness estimates ranged from
~400 to 700 OTUs for each station, whereas pooling the
samples by depth (across stations) resulted in estimates
ranging from ~300 to 600 OTUs (Table 2). Chaol esti-
mates were not significantly different for pooled-shallow
versus pooled-deep samples; however, ACE estimates
indicated a significant difference between pooled-shallow
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Fig. 1. Higher-level taxonomic distribution of microbial eukaryotes from shallow (integrated euphotic zone depths) and deep (2500 m)
sampling depths based on putative identifications of partial-length 18S rRNA gene sequences resulting from BLAST searches of NCBI and ARB
databases for station 1 (A), station 2 (B) and station 3 (C). Charts represent the entire data set of 1095 eukaryote sequences (both metazoan

and protistan) that were submitted to GenBank.

and pooled-deep libraries (Table 2, *). Richness estimates
for individual clone libraries indicated a total diversity in
each sample ranging from ~100 to 400 OTUs. Highest
diversity estimates occurred using shallow data sets;
however, the only Chaol estimates that were statistically
different between depths were the estimates for shallow
samples of station 3 and deep samples of station 1
(Table 2, **). ACE estimates were generally higher for all
shallow assemblages, with significant differences occur-
ring between the shallow and deep samples of station 1
(Table 2, §). Several additional significant differences
between ACE diversity estimates of individual clone librar-
ies were detected (Table 2, 1, £ and tt). Overall, Chaol
and ACE estimates suggested two- to fourfold higher pro-
tistan diversity in the original seawater samples compared
with the observed number of OTUs for each of the clone
libraries.

Similarity of protistan assemblages

Protistan OTUs were normalized to relative abundances
within a clone library and transformed by calculating the
square-root of each value. Data transformation minimized
the effect that OTUs with high relative abundance had on
the comparisons of assemblage similarities while allowing
the evenness of OTUs to factor into comparisons. Cluster
analysis of Bray—Curtis coefficients for each pairwise
comparison of libraries indicated significant (P < 0.05) dif-
ferences in the composition of protistan assemblages
from shallow (euphotic zone) and deep sea (2500 m)
ecosystems (Fig. 5A). Overall, shallow and deep assem-
blages from different stations were ~30—-40% similar
within depth strata (Fig. 5A). The similarity value dropped
to ~10% when shallow assemblages were compared with
deep-sea assemblages (Fig. 5A). Analysis of the Bray—
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Curtis resemblance matrix by non-metric multidimen-
sional scaling (MDS) revealed trends similar to those
resulting from cluster analysis, with differences among
assemblages highlighted in three-dimensional space
(Fig. 5B). Cluster analysis similarities were overlaid on the
MDS plot (ovals in Fig. 5B) to accentuate the similarities
and differences of the six clone libraries. The stress value
for the three-dimensional MDS plot was zero, indicating a
very strong correspondence between the distances on the
plots and the original distances in the Bray—Curtis resem-
blance matrix (Clarke and Warwick, 2001).

Discussion

Taxonomic diversity and distribution of protistan
assemblages

Molecular surveys of protistan assemblages have only
recently begun to reveal the extent of protistan diversity
and the distribution of similar phylotypes across the globe
(Diez et al., 2001a; Lépez-Garcia et al., 2001; Moon-van
der Staay etal, 2001; Edgcomb etal., 2002; Lopez-
Garcia et al., 2003; Stoeck et al., 2003; Gast et al., 2004;
Massana et al., 2004a; Romari and Vaulot, 2004; Count-
way et al., 2005; Behnke et al., 2006; Lovejoy et al., 2006;
Worden, 2006; Zuendorf et al,, 2006). Many 18S rRNA
surveys have almost exclusively focused on identifying
phylotypes via tree-building, without considering the
quantitative diversity of protistan assemblages or their
relative similarities. Two significant issues have impeded
progress on making such comparisons. First, most
molecular surveys have been conducted on relatively
small scales because of the effort and cost of carrying out
such work; and second, difficulties have arisen in

Fig. 2. Station locations and bottom depths in
the western North Atlantic; station 1:
33.0168°N, 71.4552°W (~5300 m); station 2:
34.6667°N, 69.3000°W (~5200 m); station 3:
34.7325°N, 73.9468°W (~3600 m). Contours

represent 200 m depth intervals with the
deepest contour line (nearest stations 1 and
2) representing a depth of 5000 m. Map
created with the ‘Online Map Creation’

tool designed by M. Weinelt
(http://www.aquarius.geomar.de/omc/).
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Fig. 3. Protistan rank abundance curve for

the pooled data set of 923 sequences
(metazoan sequences removed), depicting
324 unique operational taxonomic units
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(inset).
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establishing practical, widely adopted demarcations for
defining protistan OTUs that would otherwise facilitate the
kind of comparisons discussed above (D.A. Caron et al.,
in preparation).

Despite these limitations, recent culture-independent
protistan surveys have started to include estimates of
diversity (Massana et al., 2004a; Countway et al., 2005;
Behnke et al.,, 2006; Zuendorf et al., 2006) and biogeo-
graphic patterns; subjects that have received more atten-
tion in the bacterial and archaeal literature (Martiny et al.,

229
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2006). Plankton are distributed heterogeneously over
short scales of time and space (Scheffer et al., 2003),
which may lead to differences in local estimates of
diversity. Differences in protistan diversity and assem-
blage composition over tens to hundreds of metres in the
water column (Stoeck et al., 2003; Lovejoy et al., 2006)
and spanning time scales of days (Massana and Jurgens,
2003; Countway et al., 2005) are now being confirmed
using high-resolution molecular approaches. The expan-
sion and concerted application of these approaches have
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Fig. 5. A. UPGMA cluster diagram of Bray—Curtis similarities
calculated from square-root transformed relative OTU abundances
for each clone library. The asterisk at the node in the dendrogram
separating shallow and deep libraries indicates significant
compositional differences between shallow and deep protistan
assemblages (P < 0.05) determined by the SIMPROF test.

B. Three-dimensional non-metric multidimensional scaling (MDS)
plot constructed from a Bray—Curtis similarity matrix of square-root
transformed relative OTU abundances. Ellipses around data points
indicate similarities of protistan assemblages determined by cluster
analysis.

begun to provide new insights into the global diversity and
distributions of microbial eukaryotes.

The best BLAST matches for many of the sequences in
the present study were sequences detected at diverse
sites around the world; a result supporting the hypothesis
that many protistan taxa are globally distributed (Fenchel
and Finlay, 2004). Alveolates comprised major fractions of
most clone libraries, with a high proportion putatively
attributed to known ciliate and dinoflagellate lineages. A
substantial number of representatives from newly discov-
ered and largely uncultured protistan lineages were also
observed. These phylotypes included novel group | and

© 2007 The Authors
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group Il alveolates (Moreira and Lépez-Garcia, 2002),
novel stramenopiles (Massana et al., 2002) and an array
of novel phylotypes previously from a variety of diverse
habitats (Dawson and Pace, 2002; Edgcomb et al., 2002;
Stoeck and Epstein, 2003).

Novel alveolate groups | and Il were routinely detected
in both shallow and deep-sea libraries, with group | alveo-
lates generally more abundant. Amoebophrya (a parasitic
protist) has been reported as one of the only described
members of the novel alveolate groups (Moreira and
Lépez-Garcia, 2002). Groisillier and colleagues (2006)
summarized 18S sequence data from a large number of
environmental clone libraries and concluded that group Il
alveolates belong to the Syndiniales and that both novel
alveolate groups form distinct lineages. Recent surveys
have determined that the group Il alveolate lineage is
more diverse than the group | lineage (Groisillier et al.,
2006; Lovejoy et al., 2006; Worden, 2006). We detected
large numbers of these novel alveolate phylotypes,
including 38 group | OTUs (102 clones) and 24 group I
OTUs (71 clones). Group | and Il alveolates have been
reported from diverse habitats including the Antarctic
Polar Front (Lopez-Garcia et al., 2001), Mediterranean
Sea (Massana et al., 2004a), English Channel (Romari
and Vaulot, 2004), North Pacific (Worden, 2006), North
Atlantic (Countway etal, 2005) and Arctic oceans
(Lovejoy et al., 2006).

‘Unclassified alveolate’ sequences had closest BLAST
matches to unidentified taxa from previous culture-
independent studies, but these clones clearly grouped
within alveolate lineages when higher-level taxonomic
affinities were considered. Many of the best BLAST
matches to ‘unclassified alveolates’ sequences were
sequences recovered from the English Channel (Romari
and Vaulot, 2004), providing further evidence for the
hypothesis of widespread distributions of undocumented
protistan taxa.

Stramenopile sequences were present in all clone
libraries except the deep-sea library from station 1.
Although the total number of stramenopile sequences
was relatively small (42 sequences) the observed diver-
sity of this group was quite high (24 OTUs). Many stra-
menopile sequences in the present study were closely
related to novel lineages that may include heterotrophic
forms (Diez et al., 2001a; Massana et al., 2002; Massana
et al., 2004b; 2006). Detection of these novel lineages in
geographically distinct ecosystems including the North
Atlantic (this study), Arctic Ocean (Lovejoy et al., 2006)
and coastal North Pacific (Worden, 2006) supports specu-
lation on the ‘global distribution’ and potential ‘ecological
significance’ for many of these novel phylotypes.

Three major protistan groups (Polycystines, Acantharea
and Euglenozoa) were well represented in the deep-sea
libraries. The best BLAST matches for many of these deep-
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water OTUs were sequences obtained from other deep-
sea ecosystems including an anoxic basin in the
Caribbean Sea (Stoeck et al., 2003), hydrothermal vents
at Guaymas Basin (Edgcomb et al., 2002) and the deep
sea near Antarctica (Lopez-Garcia et al., 2001). Polycys-
tines represented nearly 20% of the total number of
sequences but comprised only 7% of the total OTU count
(Table 1). Despite high abundances of polycystine
sequences in clone libraries it is not clear how effective
our sampling approach was for this group because many
polycystine species form large mineralized tests and
gelatinous structures that might be removed by prefiltra-
tion (Caron and Swanberg, 1990). Acantharean OTUs
were more abundant than polycystine OTUs even though
fewer Acantharean sequences were obtained suggesting
high Acantharean diversity. Many of the OTUs from these
two major heterotrophic groups were not present in
euphotic-zone clone libraries and it is presently unknown
if these deep-sea phylotypes represent living, growing
populations, or sinking populations from surface waters
that were missed by our sampling.

Euglenozoan OTUs were more abundant in deep-sea
than euphotic-zone clone libraries and represented a
diverse protistan group. Euglenozoa have proven to be a
more diverse group than previously believed (Von Der
Heyden etal.,, 2004) with newly described members
found in anoxic ecosystems (Stoeck and Epstein, 2003;
Behnke et al., 2006; Stoeck et al., 2006; Zuendorf et al.,
2006), the deep sea near Antarctica (Lopez-Garcia et al.,
2001) and Monterey Bay (Buck et al., 2000). The ecologi-
cal roles and precise phylogenetic affinities of these
predominantly deep-sea euglenozoa remain to be
characterized.

Observed and estimated protistan diversity

Cloning and sequencing revealed a total of 324 protistan
OTUs in the present study. Operational taxonomic unit
abundance ranged from 94 to 105 OTUs in shallow librar-
ies and from 50 to 66 OTUs in deep libraries (Table 2).
Most protistan OTUs were present as singletons (200
OTUs) or doubletons (54 OTUs) indicating a large number
of rare taxa (Fig. 3), a characteristic of many protistan
assemblages (Countway et al., 2005; Pedros-Alid, 2006;
Zuendorf et al., 2006). This result demonstrates the need
for sequencing even larger clone libraries to reveal the
many taxa present at very low abundance (Sogin et al.,
2006). Discrete sampling at a single time point typically
underestimates protistan diversity, with additional OTUs
detected from the same sample subjected to repeated
sampling (Countway et al.,, 2005). The previous study
demonstrated the utility of environmental perturbations as
a mechanism for revealing a greater proportion of rare
OTUs in a parcel of water.

Rarefaction curves have indicated continuously
increasing numbers of OTUs with increasing numbers of
clones sequenced, implying that much of the microbial
diversity is not captured by routine sampling approaches
(Massana et al., 2004a; Romari and Vaulot, 2004; Coun-
tway et al.,, 2005; Behnke et al., 2006; Zuendorf et al.,
2006). This trend was observed in the present study for
individual clone libraries (data not shown) and for the
entire data set of 923 sequences (Fig. 4) suggesting that
larger libraries must be analysed or new approaches
taken to reveal all of the diversity at a particular time and
place.

The high diversity observed for natural microbial
assemblages has resulted in the application of diversity
estimations to bacterial studies (Hughes etal.,, 2001;
Martin, 2002; Hill et al., 2003) and more recently to pro-
tistan studies (Massana et al.,, 2004a; Countway et al.,
2005; Behnke et al., 2006; Zuendorf et al., 2006). To date,
most studies of protistan diversity have sequenced repre-
sentative clones from restriction fragment length
polymorphism-based OTUs to investigate the breadth of
diversity (Stoeck and Epstein, 2003; Massana et al.,
2004a; Romari and Vaulot, 2004). The previous studies
represent ground-breaking work and arrive at the same
conclusion of ‘high diversity’ as the present study;
however, the restriction fragment length polymorphism-
based approach to OTU calling may have underestimated
the overall protistan diversity.

Univariate diversity statistics (H' and Ds™') have been
applied previously to OTU data from bacterial clone librar-
ies (Dunbar et al., 1999; Hill et al., 2003). These statistics
do not permit comparisons of the specific types of OTUs
in different samples, but are useful for summarizing the
overall diversity in an ecosystem resulting from changes
in environmental conditions or biological interactions. The
scale of the Simpson index was better at highlighting the
differences among samples in the present study and is
generally thought to be more biologically meaningful than
the Shannon index because the Simpson index is a
probability of encounter rather than a measurement of
‘information’ (Brower et al., 1998).

Non-parametric richness estimators (Chaol and ACE)
were first applied to molecular surveys of bacterial assem-
blages (Hughes etal, 2001; Hill etal, 2003). More
recently these diversity estimators have begun to appear
in studies of protistan diversity (Massana et al., 2004a;
Countway et al., 2005; Behnke et al., 2006; Zuendorf
et al., 2006). Countway and colleagues (2005) reported
an overall eukaryote Chaol diversity estim