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Protists are unicellular eukaryotes that have conquered 
almost any habitat on our planet. The vast majority thrives 
in the oceanic realm, where they together with bacteria 
and archaea account for the majority of the biomass: The 
entire microbial food web, including protozoan micro-
zooplankton, is typically fi ve to ten times the mass of all 
multicellular marine organisms (POMEROY et al. 2007). 
Also the ecological importance of protists becomes obvi-
ous when we consider their key position in pelagic food 
webs. As emphasized earlier, the pelagic food-web is actu-
ally microbe centric whereas the ‘diatom-copepod-fi sh’ 
food web is a relatively minor component (BARBER 2007). 
Autotrophic protistan plankton belongs to major light har-
vesters driving primary productivity in open oceans (LIU 
et al. 2009): (i) by grazing phagotrophic protists control the 
dynamics of bacteria and archaea; (ii) by selective feeding 
on functional bacterial and archaeal taxa indirectly infl u-

ence global biogeochemical cycles. Furthermore, pro-
tists are of critical importance to sustain higher life in the 
oceans by transferring energy and matter to higher trophic 
levels. These examples demonstrate that an adequate func-
tion and functioning of the oceans is strongly infl uenced 
by protistan biodiversity. In order to maintain a function-
ing ecosystem, a better knowledge and understanding of 
this biodiversity is essential.

Protists are probably the most abundant and diverse 
eukaryotes on Earth (PATTERSON 1999). However, even 
though they constitute the majority of phylogenetic groups 
in the eukaryotic tree of life (Fig. 1), our current knowl-
edge of protistan diversity is decidedly incomplete, mainly 
due to methodological reasons.

Traditionally, protistan diversity research relies on 
cultivation or manual single cell collection and subse-
quent microscopy analyses. However, many, if not most, 
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Fig. 1. Eukaryotic tree of life. Supergroups according to http://www.tolweb.org, modifi ed. Unicellular organisms are represented in 
all major evolutionary lineages with the exception of plants and animals. Most lineages are composed entirely of protists.
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 protists belong to the picoplankton size class ranging in 
size from 2 to 5 μm. Such small cells are easily overlooked 
in natural samples and often times have only few mor-
phological characters that allow taxonomic identifi cation. 
Numerous of these specifi cally small protists have body- 
doubles, so called “cryptic species” (BICKFORD et al. 2006; 
HAUSMANN et al. 2006; STOECK et al. 2008). As evolution 
is not necessarily accompanied by morphological altera-
tion, many different evolutionary lineages or sexually iso-
lated taxon groups are morphologically indistinguishable. 
 Cultivation of protists is often very diffi cult, because we 
simply do not know the growth requirements of most free- 
living microbes. Similarly unfruitful is direct accessibility 
of individual cells. The abundances of specifi c taxa may 
be as low as one cell per liter of seawater, which makes 
some taxa diffi cult to fi nd and restricts manual collections 
to the most abundant morphotypes. Furthermore, protists 
from extreme environments, that are highly adapted to 
their natural habitat, hardly survive manual collection and 
microscopy.

A fi rst promising tool to overcome these diffi culties 
was a cultivation-independent molecular strategy (for 
a review see EPSTEIN & LÓPEZ-GARCÍA 2008). Originally 
developed to bypass the inability to cultivate most bacte-
ria and archaea and to reconstruct evolutionary histories 
of microbes, this approach amplifi es taxonomic marker 
genes (predominantly the small subunit of the ribosomal 
RNA gene, SSU rRNA) from genomic DNA (or RNA) 
that was extracted from environmental samples. Ampli-
fi ed marker genes are then cloned into plasmids, in which 
they are multiplied using bacteria as incubators for sub-
sequent Sanger sequencing. The obtained sequences are 
then placed into a phylogenetic context by construct-
ing evolutionary trees using a variety of algorithms and 
evolutionary models. This strategy changed our view of 
protistan diversity and revealed that what we knew thus 
far, was only the tip of the iceberg of a yet undiscovered 
richness of protists (EPSTEIN & LÓPEZ-GARCÍA 2008). This 
approach detected formerly unknown groups of organ-
isms up to the highest taxonomic levels in the eukaryotic 
tree of life (DAWSON & PACE 2002) and uncovered an unex-
pectedly high richness of protists in even the most extreme 
habitats surveyed to date (EPSTEIN & LÓPEZ-GARCÍA 2008). 
As a matter of fact, protistan communities emerged as so 
rich in phylotypes that even the largest molecular clone 
library surveys were not able to sample these communi-
ties entirely to saturation (STOECK et al. 2007). Thus, even 
though this molecular strategy evolved to the gold-stan-
dard in microbial diversity research complementing tra-
ditional microscopy-based approaches, it certainly is no 
panacea because a number of central questions in ecol-
ogy and evolution still remain unresolved. Such questions 
include for example:

 

– What is the true richness of protists in natural habitats?
– What is the cellular identity of organisms behind 

novel sequences?
– What is the abundance and geographic distribution 

of these organisms?
– What are their physiological capabilities?
– What are their ecological roles in an ecosystem?
 
Following we will succinctly discuss some recent meth-

odological developments that may be helpful to address 
these questions.

In order to reveal the organism behind an environmen-
tal sequence, one can take advantage of the primary struc-
ture of the respective sequence. A number of different 
tools like, for example, implemented in the ARB software 
package (LUDWIG et al. 2004) compares the query SSU 
rDNA sequence (or a group of query sequences) to a large 
database of SSU rDNA sequences in order to identify a 
short nucleotide region, usually ranging between 18 and 
24 bases, that is unique to the query sequence. An oligo-
nucleotide (probe) consisting of this stretch of bases with 
a fl uorochrome attached to its 5’-end is then hybridized to 
fi xed cells from an environmental sample, usually drawn 
on a membrane. In presence of the organism of desire, the 

Fig. 2. Epifl uorescence microscopy pictures from a fl uorescence 
in situ hybridization (FISH) of the dinofl agellate  Gymnodinium 
sp. with a universal eukaryote oligonucleotide probe labeled 
with the fl uorochrome FITC (green). – a. Counterstaining with 
the fl uorochrome DAPI, staining DNA structures in the nucleus 
of the target cell. DAPI can be visualized at excitation of 365 nm. 
At this wavelength the chla autofl uorescence showing in red in 
the cytoplasm. b. Excitation with a FITC-specifi c wavelength 
(450–490 nm) indicates a positive FISH signal in the target cell 
showing in bright green. c. Chla autofl uorescence: excitation of 
a pigmented organism with a wavelength of 546 nm activates 
electrons of pigments (chla) emitting their energy in the reddish 
spectrum (ca. 650–750 nm).
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probe anneals to its complementary target in this organism 
resulting in a fl uorescence signal under excitation. Subse-
quently, epifl uorescence microscopy will detect this signal 
(Fig. 2). Using this so called Fluorescence In Situ Hybrid-
ization (FISH, PERNTHALER et al. 2001) strategy MASSANA 
and colleagues visualized a novel stramenopile organism 
that was formerly known exclusively from environmental 
sequencing (MASSANA et al. 2002). At the same time, epi-
fl uorescence microscopy allows to distinguish pigmented 
from non-pigmented protists, because chlorophyll a (chla) 
displays a strong autofl uorescence signal under UV-exci-
tation (Fig. 2).

Taking advantage of this chla autofl uorescence, it is 
possible to assign a trophic mode to a previously unknown 
and uncultivated protist (MASSANA et al. 2002). STOECK et 
al. (2003) developed this approach a step further, namely 
by preparing an environmental sample in a way that 
allows subsequent scanning electron microscopy of the 
same individual cell that was previously identifi ed using 
FISH. This strategy allowed the morphological descrip-
tion of a novel MAST-organism (uncultured marine stra-
menopile) from an intertidal microbial mat (KOLODZIEJ & 
STOECK 2007). Furthermore, FISH enables to survey the 
abundance, and spatial and temporal dynamics of a spe-
cifi c target organism by screening a large number of sam-
ples in a relatively short period of time. For example, FISH 
revealed the abundance and distribution of heterotrophic 
fl agellates (uncultured marine stramenopiles) in a vari-
ety of oceanic provinces (MASSANA et al. 2006). In another 
application, a specifi c FISH probe may be helpful in fi nd-
ing the appropriate enrichment strategy of a natural sam-
ple in order to stimulate growth of the targeted organism 
in this sample. Such a targeted enrichment may ultimately 
lead to the isolation and pure culturing of organisms that 
were previously known exclusively by their SSU rDNA 
sequences, enabling detailed ultrastructural descriptions 
and physiological profi lings. As an example, STOECK et 
al. (2005) succeeded to characterize a novel kinetoplastid 
(Actuariola framvarensis) from oxygen-depleted waters of 
a Norwegian Fjord.

Natural microbial communities harbor many more 
organisms than can actually be detected at reasonable 
efforts and costs. In order to assess the extent of protistan 
diversity in a specifi c sample, statistical techniques are 
available for extrapolating the total number of taxa (phy-
lotypes, genotpyes, operational taxonomic units) from 
a fi nite sample. Generally, these techniques apply non-
parametric estimators like ACE or Chao (CHAO & SHEN 
2003–2005) or parametric models like inverse Gaussian or 
mixed-Pareto (HONG et al. 2006). Because non-paramet-
ric estimators only perform well, when a large proportion 
of a community’s richness has been detected, parametric 
models are more appropriate for estimating taxon richness 
based on clone library data (CHAO et al. 2006; JEON et al. 

2006). However, this argument is largely ignored by most 
microbial ecologists and due to its ease of use, non-para-
metric estimators are most commonly employed. A more 
direct way to access the unseen majority of taxa in natu-
ral microbial communities are high throughput sequenc-
ing strategies like massively parallel tag sequencing 
(454 sequencing, pyrosequencing). This strategy allows 
the analysis of millions of short sequence reads (current 
sequencing platforms read up to ca. 500 bp) in a reasona-
ble amount of time and at a fraction of the costs of the tra-
ditional cloning and Sanger sequencing strategy. For the 
fi rst time, this approach was applied in 2006 for the diver-
sity and richness analyses of bacterial communities in 
oceanic systems (SOGIN et al. 2006). Recently, this strategy 
has been adopted for microbial eukaryotes (STOECK et al. 
2009, 2010). Even though pyrosequencing detected many 
more organisms and taxon groups in an individual sample 
compared to the clone library approach, a number of (pre-
sumably low-abundance) populations still remained unde-
tected even after sequencing more than 400,000 tags in an 
individual sample. Thus, a combination of statistical tools 
with high-throughput sequencing data currently seems to 
be the most effi cient combination to assess protistan taxon 
richness in natural samples.

The examples mentioned above demonstrate that the 
technologies are available to close the protistan gap in the 
eukaryotic tree of life and to address the ecological and 
evolutionary signifi cance of microbial biodiversity. The 
resurgence of the “organismic discovery era” makes it a 
very exciting time to be a microbial ecologist.
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