
Conventional wisdom dictates that life on Earth began as
single-celled, microscopic forms nearly 4 billion years ago.

These minute forms constituted all life on the planet for
roughly half of Earth’s biological history, and microbes have
remained important determinants of organic matter pro-
duction, trophic transfer, and degradation throughout Earth’s
entire history, although more attention and research tend 
to be focused on charismatic macrofauna. It therefore seems
fitting, albeit overdue, that characterizing and understanding
the importance of microbial diversity and function in natural
ecosystems has become a focal point of ecological research in
the 21st century.

Microbial ecology has risen to prominence in ecological 
research from its rather meager status as recently as the 
middle of the last century. Awareness of the diversity and 
importance of the larger phytoplankton (e.g., diatoms, dino -
flagellates) increased rapidly in the early 20th century. 
However, even for this conspicuous component of aquatic
food webs, studies throughout the latter half of that century
significantly added to our knowledge of the standing stocks
and diversity of these assemblages and initiated our aware-

ness of the presence and importance of cyanobacteria and
minute eukaryotic phototrophs (Malone 1971, Olson et al.
1990). Our knowledge of the ecological niches of aquatic
bacteria and protozoa progressed more slowly, and with a few
notable exceptions, these assemblages remained an ecologi-
cal footnote relegated to vaguely defined decompositional
processes until the last few decades of the 20th century
(Pomeroy 1974, Sieburth 1979). Similarly, the ecological roles
of soil bacteria and protozoa have been documented for
more than a century, yet recognition of the central role that
they play in organic matter degradation and nutrient uptake
by plants did not improve dramatically until the latter half of
the last century (Alexander 1961).

Today, microbes in the ocean and in freshwater ecosystems
are widely recognized as essential participants in global bio-
geochemical cycles. These taxa constitute the bulk of the
standing stock of biomass in most of the world’s oceans
(Caron et al. 1995), and primary production by cyanobac teria
and eukaryotic phytoplankton is responsible for roughly half
of the organic carbon and oxygen produced on Earth (and for
removal of a commensurate amount of carbon dioxide).
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Micro organisms are also important agents for the trophic
transfer of energy and carbon. Protists dominate herbivory
and bacterivory in the ocean and many freshwater environ-
ments, and bacteria, phagotrophic protists (protozoa), and
their viruses together process more than half of the total or-
ganic matter produced in the ocean, passing a significant
fraction on to multicellular organisms and higher trophic lev-
els. In addition, marine archaea, bacteria, protists, and viruses
are collectively responsible for the remineralization of non-
living organic matter and the essential nutrients that fuel
primary productivity (Suttle 2005, Karl 2007, Sherr et al.
2007). In soils, the activities of bacteria and heterotrophic pro-
tists exercise strong control over the decompositional rates of
nonliving organic matter and nutrient availability to plants
(Bonowski 2004). Disparate recent findings now support the
emerging view that macroscopic species on Earth constitute
only one aspect of what has been, and continues to be, a
largely microbial world.

Protistan phylogeny
Depictions of the phylogeny and diversity of microscopic
eukaryotes have changed dramatically and often during the
past few decades; several issues remain volatile. These taxa are
dominated by single-celled species formerly grouped within
a single biological kingdom, the Protista, in
the five-kingdom system of Whittaker
(1969). Protists were separated from other
kingdoms of eukaryotes in that scheme on
the basis of their ability to exist as unicells.
Within this kingdom, they were subdivided
into two large collections of taxa, primar-
ily in accordance with their mode of nu-
trition (phototrophy versus heterotrophy).
This latter division possessed many artifi-
cialities, including numerous examples of
the separation of morphologically similar
taxa into different subkingdoms on the 
basis of the presence or absence of chloro-
plasts. This scheme also separated some
multicellular forms from single-celled forms
(e.g., some of the algal groups), even though
they appeared to share a close evolutionary
history.

The obvious evolutionary inconsistencies
of the Whittaker scheme have motivated
several recent reclassifications of protists,
and the five-kingdom system has been re-
placed in recent years with a succession of
hypotheses regarding eukaryote evolution
and phylogenetic relationships (figure 1;
Simpson and Roger 2004, Adl et al. 2005).
Not surprisingly, genetic information (DNA
sequence information) has played and 
continues to play an important role in these
reorganizations. Protistan evolutionists are
still debating some of the details of these

new schemes, but there is general agreement that the emerg-
ing classification will emulate phylogeny more accurately
than does the Whittaker scheme. Meanwhile, the term “pro-
tist” remains in common use for all eukaryotic taxa that are
capable of existence as single cells and display phototrophic
nutrition, heterotrophic nutrition, or some combination of
these modes (Caron and Schnetzer 2007).

New approaches yield new views on protistan diversity
Wholesale reorganizations of the major groups of protistan
taxa have captured considerable attention and stimulated
animated discussions in the recent literature, but these activities
have not overshadowed other significant advances in protis-
tan ecology. Chief among these other breakthroughs have been
(a) the discovery of several new lineages of protists that had
previously gone undetected using traditional approaches of
microscopy and culture, and (b) the detection of substantial
cryptic diversity within presumably well-described lineages
of minute protists.

The application of DNA sequencing to natural samples col-
lected from a wide range of terrestrial and aquatic ecosystems
has played a central role in these discoveries. The presence of
DNA signatures representing novel microbial eukaryotes 
has been established primarily through the cloning and 

Figure 1. Changes in the generalized scheme of eukaryote phylogeny. (a) The
scheme of Whittaker recognized five major kingdoms, with the protists (Protista)
occupying one kingdom. The prominence of multicellular organisms was
implied by the relative sizes of the balloons forming the Plantae, Fungi, and
Animalia; redrawn from Whittaker (1969). (b) A modern hypothesis on the
phylogeny of major eukaryote lineages as depicted in a basic biology textbook;
redrawn from Campbell and Reece (2007). Note the placement of the plants,
fungi, and animals (in gray) as relatively minor branches within the domain
Eucarya. Details of the phylogenetic relationships among the major taxa have
changed repeatedly in basic texts during the last decade. Many protistan taxa
have not yet been placed with confidence within these schemes, and the
evolutionary relationships of some taxa (even major lineages) are still debated.



sequencing of small subunit (18S) ribosomal RNA (rRNA)
genes extracted directly from environmental samples from a
wide variety of geographical locations and depths (figure 2).
These studies have indicated the presence of groups of se-
quences that have relatively low sequence similarity to any
known, sequenced lineages of eukaryotes, although they
clearly have their closest affinities with other unicellular eu-
karyotic (i.e., protistan) taxa.

Two such major clades of sequences representing previously
undescribed protists have been documented. One group is
composed of several small clades of sequences that show
close affiliation to a number of lineages of Stramenopila
within the Chromalveolata (Massana et al. 2004a). The stra-
menopiles are a diverse and abundant collection of taxa that
include the diatoms (phototrophs bearing siliceous coverings),
bicosoecids (small heterotrophic flagellates), chrysomonads
(small phototrophic and heterotrophic flagellates), and a va-
riety of other small phototrophic and heterotrophic forms. The
novel environmental sequences that align with the stra-
menopiles were first observed in marine samples (and thus
named MArine STramenopiles, or MAST, cells), and at least
some of these taxa appear to be small heterotrophic forms
(Massana et al. 2006). These cells have remained undetected

until lately presumably because of their small sizes, non -
distinctive morphologies, and inability to compete with other
protists in enrichment cultures that are often used to isolate
small heterotrophic flagellates. 

A second major clade of novel 18S rRNA sequences ob-
tained directly from environmental samples has phyloge-
netic affinity with the Alveolata of the Chromalveolata
(López-García et al. 2001a, 2001b), but these sequences ap-
pear to be distinct from the ciliates, apicomplexans, and most
dinoflagellates that make up the known lineages of alveolates.
The novel alveolate sequences fall into two distinct groups
(designated marine alveolates group I and group II). Recent
evidence indicates that the group II alveolates may be re-
lated to a group of previously described but poorly charac-
terized parasitic dinoflagellates (Groisillier et al. 2006), but the
morphology and ecology of the protists in the group I alveo -
lates are currently unknown. Indeed, DNA sequences are 
virtually the only form of information for these entities at the
present time. Both the MAST sequences and the unknown
alveolate sequences have been shown since their initial 
discoveries and descriptions to have widespread geographi-
cal distributions (Lovejoy et al. 2006, Stoeck et al. 2006,
Countway et al. 2007).
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Figure 2. Remarkably diverse assemblages, many previously undescribed taxa, and even novel lineages of protists have
recently been documented from a wide variety of aquatic and terrestrial ecosystems worldwide. Pictured are (a) the
evaporative Mono Lake, California; (b) the open North Pacific Ocean; (c) the Ross Sea, Antarctica; (d) an East Pacific 
Rise hydrothermal vent; (e) a stream in Death Valley, California; and (f) Huntington Lake, California.



The discovery of truly novel lineages of protists has been
accompanied by the documentation of a tremendous breadth
of diversity within lineages of protists previously thought to
be well characterized through the traditional approaches of
microscopy and culture. An excellent example is the ex-
tremely high diversity of minute chlorophytes documented
within some freshwater ecosystems (Fawley et al. 2004), and
the very large and diverse assemblages of minute protists
from a wide variety of marine ecosystems (López-García et
al. 2001b, Bass and Cavalier-Smith 2004, Massana et al. 2004b,
Romari and Vaulot 2004, Countway et al. 2005, Lovejoy et al.
2007). In marine ecosystems, molecular phylogenetic studies
based on sequences obtained from environmental samples
have displayed sufficient sequence dissimilarity that several
new algal classes have been erected to support the distinctions
among these minute photosynthetic forms (Guillou et al.
1999, Kawachi et al. 2002). Subsequent ultrastructural, bio-
chemical, and physiological information have generally sup-
ported these new classifications.

Why are we discovering so many previously undocu-
mented phylotypes, and even novel protistan clades, through
DNA sequencing campaigns? One contributing factor is that
morphological characters have traditionally been the pri-
mary taxonomic criteria for defining protistan species, yet pro-
tists are extremely morphologically diverse. Their identification
depends on a wide variety of methods for their collection,
preservation, processing, and observation, and taxonomic
criteria vary greatly among the different groups. It is there-
fore not surprising that much of the taxonomic breadth
within some protistan groups has not yet been adequately de-
fined. The existence of many small, morphologically amor-
phous species could easily explain why recent sequencing
studies might reveal an enormous protistan diversity among
these forms. While the presence of cryptic species has been
known for many years, genetic methods are now allowing the
rapid identification of physiologically distinct entities within
morphospecies of protists. Fawley and colleagues (2004) re-
cently documented extensive DNA sequence diversity among
morphologically similar chlorophytes (“little green balls”)
within several lakes. Several studies revealing the different pho-
tosynthetic capabilities of these morphologically indistin-
guishable strains supported distinctions found through DNA
sequencing.

In a similar sense, parasitic protists that have very limited
or morphologically nondescript, free-living life stages com-
plicate the identification of species and the assessment of
protistan diversity using traditional approaches (microscopy
and culture). Interestingly, it has been proposed that the un-
known alveolate lineages may represent parasite taxa whose
free-living stages have gone undetected by traditional meth-
ods (Moreira and López-García 2003). This hypothesis seems
plausible, given the phylogenetic affinity of some of these alve-
olate sequences to known dinoflagellate parasites (Dolven et
al. 2007). In addition, only relatively few of the myriad num-
ber of protistan species that exist in nature have ever been cul-
tured and examined in detail, in part because of the highly

selective nature of culture media and culture conditions. It is
probable that a significant fraction of total protistan diversity
remains to be documented, given the limitations of culture
and direct microscopical observation to document the exis-
tence of these species.

Hurdles in estimating protistan 
diversity from genetic diversity 
The assessment of protistan species diversity through DNA
collection and sequencing is immune to the complications that
assessment by morphological criteria imposes. The extraction,
cloning, and sequencing of protistan genes are not believed
to be taxon- or life-stage–dependent a priori. Therefore, the
discovery of a diverse, and in many instances novel assemblage
of protists might have been foreseen. However, genetic ap-
proaches may be influenced by a variety of problems such as
gene copy number, extraction efficiency, efficiency of ampli-
fication of genes using the polymerase chain reaction (PCR),
and the choice of cloning and sequencing primers. These 
issues may produce artifactual data, which has led some re-
searchers to question whether many of the sequences obtained
in environmental clone libraries actually represent the genetic
signatures from real organisms. In addition, it is not yet clear
how much of the genetic diversity observed within natural 
assemblages represents information that has morphological
or physiological significance. Thus, at least two basic types of
potential issues complicate the deduction of protistan diver-
sity from DNA sequence information: the interpretation of
species diversity from gene sequence diversity, and identifi-
cation of methodological artifacts within molecular data-
bases, such as chimeric sequences and sequencing artifacts
(von Wintzingerode et al. 1997, Berney et al. 2004).

A fundamental assumption for applying genetic informa-
tion to the study of protistan diversity is that the DNA se-
quences observed in environmental samples can be correlated
directly to protistan species. This correlative task is not as triv-
ial as many believe. Genetic dissimilarity exists between every
two nonclonal organisms, and this dissimilarity confounds 
attempts to estimate protistan species diversity from sequence
data. Even populations of protists in nature that might be 
expected to be homogeneous exhibit genetic diversity. For 
example, considerable genetic diversity has been documented
within a single bloom population of the marine diatom 
Ditylum brightwellii (Rynearson and Armbrust 2004). Con-
sequently, the use of DNA sequence information to document
diversity must allow for an acceptable level of intraspecific se-
quence dissimilarity. Much of the resistance for accepting a
molecular taxonomy for protists arises from disagreement over
the definition of a reasonable boundary between intra- and
interspecific variation for any given gene or genes.

Unfortunately, the problem of defining intra- and inter-
species sequence variability is complicated by the confused
species concept applied to protists. As noted above, protistan
species traditionally have been defined on the basis of mor-
phological characters, but reproductive and physiological
criteria have also been used in species descriptions (Modeo
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et al. 2003). For example, mating type compatibility, infectivity
among opportunistically pathogenic protists, different feed-
ing or nutrient-uptake kinetics, and the ability of certain
phytoplankton taxa to produce toxins constitute ecologically
important activities that have been employed as characters in
defining species among strains that are sometimes morpho-
logically indistinguishable, or nearly so. The tendency to 
employ multiple species concepts has increased in recent
years, complicating the interpretation of protistan diversity
in nature based on genetic information because these differ-
ent species concepts present a moving target, so to speak, for
ground-truthing a DNA-based taxonomy. The use of multi-
ple species concepts of protists also affects our views regard-
ing the geographical distributions of these species (see
“Protistan distributions and biogeography,” below).

The choice of a particular gene for establishing a molecu-
lar taxonomy useful for investigating protistan diversity is also
not straightforward and it may not be universally applicable
to all protistan taxa. Different protistan genes evolve (i.e.,
their sequences diverge) at different rates, and the rate for a
given gene may not be the same for all protistan lineages
(Sáez et al. 2003). The use of a rapidly evolving gene for
molec ular taxonomy may result in a single species being
characterized as multiple entities, whereas the use of slowly
evolving genes might group individuals that are generally
accepted as different taxa. The potential for defining syn-
onymous and cryptic species using sequence information is
acute, given our limited state of available sequence informa-
tion for protists and our meager knowledge of how that 
sequence information relates to traditional taxonomies.
Never theless, although this state of our collective knowledge
may limit the usefulness of molecular taxonomy for micro-
bial ecologists now, it does not undermine the contribution
that this approach will make in the future.

The use of DNA barcodes as a taxonomic scheme has de-
tractors as well as strong proponents (Ebach and Holdrege
2005, Rubinoff et al. 2006); most of the detractors recognize
the current limitations or complications with this approach,
as noted above.  Therefore, numerous refinements of a molec -
ular taxonomy will assuredly take place (as they have for
protistan molecular phylogeny) as more sequence informa-
tion is amassed and combined with protistan species’ de-
scriptions based on traditional approaches. Ultimately,
sequences of many genes may be employed to derive a robust
DNA-based taxonomy (Blaxter 2004) in the way that mul tiple
gene phylogenies are now used to provide multiple perspec-
tives on the evolutionary history of protists (Harper et al.
2005). Progress is already being made in reconciling 
sequence-based phylogenies and taxonomies with more 
traditional species identifications for numerous taxa (Chan-
tangsi et al. 2007, Evans et al. 2007, Hoef-Emden 2007). These
refinements should greatly improve ecologists’ ability to study
protistan diversity in nature, because they will augment 
the tools presently available for conducting these studies.
The incredible rate at which molecular analyses are being 

automated will also facilitate the processing of large numbers
of samples, which are typical for ecological studies.

Among the methodological issues that challenge the use of
DNA sequence information for estimating protistan diversity
in natural microbial communities are the variable consis-
tency and efficiency of DNA extraction, and the dependence
on PCR amplification of DNA for cloning and sequencing
studies. The latter artifacts include PCR primers and proto-
cols that may fail to amplify a particular gene from all pro-
tistan species in a sample (Dawson and Pace 2002), and the
generation of chimeric sequences during amplification.
Chimeric sequences, or DNA strands produced from the 
fusion of two pieces of DNA from different species, are 
proposed as a possible explanation for the presence of unique
sequences of microorganisms in environmental clone librar -
ies (Berney et al. 2004). In addition, when using newly emerg-
ing DNA sequencing approaches, care must be taken to avoid
errors that might generate spurious estimates of microbial 
diversity (Sogin et al. 2006).

Sequencing errors and the formation of chimeric sequences
during sample processing create the possibility that at least
some of the DNA sequences attributed to previously unde-
tected protists are not valid sequences, but instead represent
artifacts of the genetic approaches. However, it is highly un-
likely that this problem could explain more than a small por-
tion of the many unique sequences emerging from molecular
ecological studies of microbial eukaryotes, because many of
these novel sequences have now been recovered from nu-
merous locales using slightly different cloning and sequenc-
ing approaches (López-García et al. 2001b, Fawley et al. 2004,
Massana et al. 2004a, Groisillier et al. 2006, Countway et al.
2007, Lovejoy et al. 2007). Moreover, poor nucleic acid ex-
traction efficiencies and PCR biases generally would tend to
underestimate rather than overestimate the overall sequence
diversity in a sample. It therefore seems clear that the use of
genetic approaches to investigate the diversity of natural pro-
tistan assemblages is providing remarkable, believable new 
insights into the complexity and composition of microbial
communities.

Estimating total protistan diversity
Protistan diversity is a very active research area, and molec-
ular biological approaches play an important role in most of
these studies. A rapidly growing number of protistan ecol ogists
are involved in extensive cloning and sequencing campaigns
whose overarching goal is the estimation and characterization
of protistan diversity in natural microbial communities. As
noted above, many previously undetected, undescribed 
protistan taxa have been discovered in the course of these 
studies. These studies are also beginning to alter our com-
prehension of the overall diversity, composition, and function
of protistan assemblages, and they are generating new hy-
potheses on the relationship between diversity and the stability
and resilience of microbial communities. The enormous 
diversity that is characteristic of natural protistan assem-
blages challenges even the considerable investigative power 
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afforded by molecular methods, but the constant and sub-
stantive advances in DNA sequencing and computational
methods for exploiting sequence information are rapidly
changing this situation.

Most molecular diversity studies have focused on the ex-
traction, amplification, cloning, and sequencing of 18S rRNA
genes because of the extensive public databases that exist for
these genes, although other genes and intergenic spacers have
also been employed. DNA sequences arising from these 
studies are compared in pairwise alignments to determine 
the number of operational taxonomic units (OTUs; i.e., the
number of unique phylotypes, after a reasonable amount of
intraspecific sequence dissimilarity has been determined)
and the number of sequences that fall within each OTU. 
Sequences are routinely submitted to public databases to 
obtain as much taxonomic and phylogenetic information
on OTUs as possible. The databases for protists are not yet as
well developed as those for bacteria, and these databases 
contain many eukaryotic sequences that have not yet been re-
lated to specific taxa. For these reasons, submitted sequences
are often identified as “unknown environmental” sequences.
The capacity to obtain taxonomic and phylogenetic infor-
mation on sequences is growing steadily and being refined
constantly as databases expand and sequence information is
linked to traditional taxonomic descriptions (Ludwig et al.
2004).

Cloning and sequencing DNA is a powerful approach for
assessing the diversity of natural assemblages of protists, but
it is costly and labor intensive. An alternative approach for large
sequencing efforts is the extraction, amplification, and di-
gestion of genes (usually 18S rRNA genes) into fragments, and
the analysis of the number and size of these fragments as a
means of examining changes in microbial community com-
position. This approach uses the digestion by endonucleases
of the amplified genes to create a pattern of DNA fragments
that provide information on the number of taxa in an assem -
b lage. The underlying assumption is that the cleavage sites for
an endonuclease are unique for each taxon in the assem-
blage, and thus the number and sizes of the fragments pro-
vide an indication of the species richness of the assemblage.

Many variations on this basic approach have been em-
ployed in DNA fragment analyses for protists, but the two most
commonly used for protistan taxa are denaturing gradient gel
electrophoresis (DGGE) and terminal random fragment
length polymorphism (T-RFLP). These techniques provide
a relatively rapid and inexpensive “snapshot” of community
composition, and thus they have been applied for conduct-
ing comparative studies of multiple protistan assemblages
from different sampling sites, temporally at a given location,
or in response to environmental or experimental perturba-
tions. Fragment patterns generated by these methods gener-
ally provide only fragment sizes and number, but it is possible
to obtain some level of taxonomic information either by 
calibrating specific fragment sizes to microbial taxa (Kent et
al. 2003) or by eluting and sequencing bands from a gel (Gast
et al. 2004).

The use of fragment analysis for assessing the diversity of
natural microbial communities has its detractors. Criticisms
of the utility of these approaches have included the relatively
low sensitivity of these methods (i.e., the ability to detect
only the dominant taxa present in a sample), the potential for
a single fragment to be composed of multiple taxa (i.e., the
inability to discriminate between some taxa), and the inabil-
ity to extrapolate from a particular fragment size to a named
taxon (Bent et al. 2007, Danovaro et al. 2007). It is because of
these criticisms, which are true in large part, that most genetic
studies of protistan diversity have relied on gene sequencing.
Nevertheless, fragment analysis is one of the easiest and least
costly genetic ways to characterize the dominant taxa in an
assemblage and to compare differences in the dominant taxa
of the samples. Another common use of fragment analysis is
the grouping of clones from a clone library on the basis of frag-
ment lengths, and subsequent sequencing of one or a few
clones from each group to reduce overall sequencing cost. This
approach assumes that the different taxa in an assemblage all
yield DNA fragments of unique length.

Emerging patterns in protistan diversity
The number of studies examining protistan diversity derived
from gene sequences in samples collected across diverse 
natural communities is rapidly expanding (López-García et
al. 2001a, 2001b, Dawson and Pace 2002, Moreira and López-
García 2003, Fawley et al. 2004, Massana et al. 2004a, 2004b,
Romari and Vaulot 2004, Countway et al. 2005, 2007, O’Brien
et al. 2005, Groisillier et al. 2006, Lovejoy et al. 2007). Con-
clusions drawn from this research are predicated on the 
assumption that patterns of gene diversity obtained from
molecular approaches can be extrapolated directly to species
richness and the relative abundance of protistan species in 
nature. Although the validity of that assumption requires
further testing, the results of these groundbreaking studies are
providing new insights and stimulating novel hypotheses
into protistan diversity, community composition, and com-
munity function. Through these studies it has been revealed
that a relatively small number of taxa numerically dominate
each assemblage, and that the dominant taxa appear to 
differ markedly among samples collected at different depths,
locations, or sampling dates at a particular site. In addition,
these assemblages are characterized by an extremely large
(as yet undetermined) number of taxa at very low abun-
dance. These features result in rank abundance curves for 
protistan communities whose overall shapes appear re-
markably similar for numerous environmental samples 
(figure 3a), although the specific taxonomic composition of
these curves differs greatly. In general, this pattern of protis-
tan community structure is strongly analogous to the situa-
tion for bacterial assemblages in nature (Pedrós-Alió 2006,
Sogin et al. 2006).

The tremendous diversity of phylotypes in natural eco -
systems is easily visualized in a rarefaction curve, which
graphically depicts the number of unique taxonomic units 
observed in a community as a function of individuals 
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sampled (figure 3b). These curves approach a maximal value
(total species richness) asymptotically as sampling effort
reaches a point where most species have been observed at least
once (Hughes and Hellmann 2005), but rarefaction curves
constructed for protistan assemblages from clone libraries 
often show little, if any, inflection toward an asymptote (fig-
ure 3b; Countway et al. 2005, O’Brien et al. 2005, Stoeck et al.
2007). Our inability to exhaustively sample most natural 
assemblages of protists has led to the application of a num-
ber of diversity estimators to extrapolate from the available
sequence information to the total diversity of the assemblage

(Chao and Lee 1992, Hughes et al. 2001, Schloss and 
Handelsman 2004, Epstein and López-García 2007). These 
diversity indices use the shape of the rank abundance curve
(or a portion of the curve) to estimate total species richness.
These statistical estimators cannot account for PCR bias or
poor extraction efficiencies, however, and thus diversity esti -
mates based on these indices will probably increase as genetic
methods provide a more accurate sampling of total protistan
diversity and rank abundances of protists. The degree of 
uncertainty associated with these estimators is quite high 
at present, and the reality is that our knowledge of the over-
all diversity of most natural assemblages of protists is still 
rudimentary.

Protistan assemblage composition and reassembly
An interesting feature of the information now available re-
garding the rank abundance curves for natural assemblages
of protists is the existence of very large numbers of rare
phylo types. This situation also typifies bacterial assemblages
(Pedrós-Alió 2006, Sogin et al. 2006). What is the signifi-
cance of this rare biosphere that appears to characterize mi-
crobial assemblages? Clearly, some of the sequences on which
these claims are based could be the result of methodological
artifact. The extraction and sequencing of genes from envi-
ronmental samples does not preclude the inclusion of dead
or moribund cells, or inactive (encysted) cells that may have
been transported into a region but have no ecological func-
tion there. In addition, the complexities associated with de -
fining species (i.e., OTUs) from sequence data may create
“microdiversity” that is below the level that is ecologically 
relevant or taxonomically accepted, and true methodological
issues such as the formation of chimeric sequences and se-
quencing artifacts may occur. Regardless, the sheer magnitude
of rare taxa argues that this general pattern is real.

One hypothesis that was offered long ago as an explanation
for the presence of rare microbial phylotypes is based on the
assumption that small microbes are ubiquitous. Their small
size and high abundances afford easy transportation, and
thus one might expect global dissemination of these taxa. Baas
Becking (1934) proposed the popular explanation that “every-
thing is everywhere, but, the environment selects” to suggest
that although microbes might be omnipresent (or constantly
reintroduced) in all of Earth’s ecosystems, local conditions pro-
vide strong selective pressure to maintain the vast majority of
these species at very low abundances, which cannot be detected
by most methods of observing microbes. This enduring par-
adigm has been recast many times and in slightly different ways
to explain the apparent endemism of bacteria despite their
global distribution (de Wit and Bouvier 2006). It is possible
that we are now simply more aware of the huge “background”
of rare microbial taxa in natural communities because molec -
ular methods provide a means of detecting the presence of
many taxa (i.e., phylotypes) that were previously below the
limits of detection for microscopy and culture. Perhaps it is
because we can now perceive these taxa that the issue of the
rare biosphere has captured so much recent attention.
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Figure 3. Idealized rank abundance curve (a) and rare -
faction curve (b) of a natural protistan assemblage based
on DNA sequence information. These assemblages typi-
cally are dominated numerically by relatively few taxa,
but an extremely large number of rare taxa are also pre-
sent (as shown on the right side of the rank abundance
curve). These rare taxa exceed the ability of extant meth-
ods of microscopy, culture and genetics to assess total
species richness. The inability of present methods to assess
protistan diversity is indicated by the fact that rarefaction
curves (b) often do not approach an asymptote, the total
species richness of the assemblage (heavy dotted line). 
Abbreviation: OTUs, operational taxonomic units.



Many investigators have interpreted Baas Becking’s sug-
gestion to mean that rare taxa generally have little or no eco-
logical purpose. It is possible that this supposition is true and
that the vast abundances of protists in any given ecosystem
make complete extinction of these populations difficult if not
impossible (Fenchel 2005). If true, however, then it is not easy
to explain why some species of small protists can be enriched
to high abundances in cultures from undetectable abun-
dances in natural samples collected from many regions of the
globe (Finlay and Clarke 1999). Clearly, these species are 
viable and capable of growth even if they constitute part of
the rare biosphere in most situations. It is also hard to 
explain the persistence of such a significant fraction of the 
total microbial biomass as rare taxa. Although each rare
phylo type may appear only once or twice in a large clone 
library, collectively these taxa can constitute 20% to 30% of
the total number of clones in the library (Caron et al. 2004,
Countway et al. 2005, 2007). It is difficult to rationalize the
existence of such a large fraction of total diversity as inactive
microbes, given the strong predation pressure on microbes that
is believed to typify most aquatic ecosystems (Sherr and
Sherr 2002). At least two simple explanations seem plausible:
either the transport of taxa over great distances is extremely
common and extensive (and so rapidly replaces losses due 
to predation), or the rare taxa in ecosystems are occasionally
active, and therefore autochthonous growth plays a role in
maintaining their presence.

Do rare protistan taxa play a role in community function?
Recent evidence suggests that the rare biosphere might play
an important role by serving as a source of microbial taxa that
can rapidly increase in abundance and take over important
ecological activities when environmental conditions no longer
favor the dominant species. As an example, a simple con-
tainment experiment conducted in the coastal North At-
lantic in which ocean water was placed into containers
maintained at ambient light and temperature, and sampled
initially and after 24 and 72 hours of incubation, showed re-
markable changes in the protistan assemblage composition
(Countway et al. 2005). Sequencing of 18S rRNA genes re-
vealed that only 18% of a total of 165 protistan OTUs observed
in the study were present at all three time points, while 
65% of the OTUs observed in the study were detected at
only one of the three sampling times. These findings, al-
though preliminary, have at least three potentially important
implications for the diversity and composition of natural
protistan assemblages. First, the composition of at least some
protistan assemblages is extremely dynamic, much more dy-
namic than had been known or thought possible for micro-
bial eukaryotes. Second, taxa that are below the limits of
detection using extant methodology for assessing diversity and
species composition are capable of becoming important
components of the protistan assemblage in a short time.
Third, very subtle changes in environmental conditions may
result in major differences or rapid changes in the overall 
composition of a protistan assemblage.

It is also possible that rare taxa play important roles at 
low abundance (i.e., they need not be dominant to play piv-
otal ecological roles). This situation would be true if rare
species fulfilled essential ecological roles that could affect
overall system function (e.g., an important role has been
proposed for nitrogen-fixing bacteria in many ecosystems,
even though the bacteria may have low relative abundance).
Similar situations exist for keystone predators among macro-
scopic communities, which exert considerable control over
community structure and function at relatively low numer-
ical abundance or biomass. The converse situation is also
possible: high abundance of a taxon does not always indicate
a pivotal ecological role. It can often indicate the relative
nonparticipation of a species in ecosystem function (e.g.,
the accumulation of inedible algae in some aquatic ecosytems).
Future studies must strive to look beyond the general patterns
of community structure and interpret these patterns with
knowledge of the ecological roles of the taxa present.

Notwithstanding these limitations of interpretation, initial
studies to investigate protistan community structure make it
clear that there is a critical need for methodologies that will
enable researchers to sample much more deeply into the 
total species richness present in natural assemblages in order
to better understand the dynamics of these assemblages.
Early results indicate that many of the rare taxa can and do
play significant ecological roles, and that relatively minor
shifts in environmental conditions are sufficient to bring
about dramatic changes in species composition. In addition,
these changes occurred at rates that were much faster than
might have been expected.

The implications of these results for biogeochemical cycles
in natural microbial communities may be considerable. Many
of the rate processes that are measured in aquatic ecosystems
(e.g., rates of primary productivity, rates of herbivory or bac-
terivory) are obtained in experiments that involve the incu-
bation of samples. These incubations may last from one to a
few days and derive rates on the basis of changes in conditions
in the bottles from the beginning to the end of the incuba-
tions (e.g., changes in chlorophyll concentration). One under -
lying assumption in these approaches has been that the
microbial assemblages and their activities are not altered
substantially by containment in bottles over the duration of
the experiment. The results of Countway and colleagues
(2005) raise questions as to whether this assumption is valid.
On the other hand, it is possible that community functions—
primary production, consumption, respiration—remain 
relatively unchanged during the incubations, even though 
the species conducting these processes change significantly.
Therefore, characterizing and understanding both the changes
occurring in microbial communities and the community 
activities during these experiments are fundamental to under -
standing the degree to which measurements of microbial 
activity in containers are representative of these processes in
nature.
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Protistan distributions and biogeography
Protistan biogeography is presently a contentious issue. If
protistan species obey the line of reasoning asserted by 
many microbiologists that “everything is everywhere” (Baas
Becking 1934), then many (perhaps most) protists should 
not demonstrate biogeography. At some point, however, size
and other factors such as environmental tolerances present
barriers to propagation that are sufficient to suppress global
dissemination of organisms. There are, of course, many ex-
amples of endemism among macroscopic species, although
human activities have changed the global distribution of
many species during the past millennium.

Despite considerable rhetoric and highly divergent views
on this topic in recent years, the available data would seem to
argue that both the proponents for limited distributions of
protists and those for ubiquitous distributions have valid
cases. Some protistan species do appear to be globally dis-
tributed, judging from observations of these species from
very disparate ecosystems around the world (Finlay and
Clarke 1999). Nevertheless, many larger protists appear to have
limited geographical ranges. For example, the utility of some
diatoms, radiolaria, and foraminifera for studies of paleo -
climatological reconstruction are predicated on the existence
of geographically restricted distributions of these species as
indicators of specific water masses in the world’s oceans 
(Bé 1977). In an attempt to extend these observations, some
researchers have argued recently that many protists display 
endemicity (Boenigk et al. 2006, Foissner 2006).

Both sides of this debate may have credible arguments 
because both claims may be true in part. Protistan species 
encompass a tremendous size range (< 1.0 to > 10,000 micro -
meters). It is probable that these species collectively span the
critical size above which transport is restricted but below
which global dissemination can take place easily. In addi-
tion, Fenchel (2005) estimated that beneath a 1-hectare 
surface area of shallow water there may be as many as 1016

protists, and as many as 107 individuals that are undetectable
to observers using extant methodology. The vast abundances
of protists (even rare taxa) in a large volume of water or
large expanse of soil might make the complete removal of
competitive inferiors a very long process, much longer than
the temporal scales for microbes to be introduced into 
these regions, or for environmental conditions to remain
unfavorable for their growth. Therefore, although many
species cannot be observed in a given environment, they may
still be present. This argument seems particularly convincing
for protists that produce cysts and for small protists that
might go undetected because they possess unremarkable
morphologies.

The morphological and genetic distinctions that have been
documented within protistan morphospecies over relatively
short geographical distances indicate that some degree of
spatial heterogeneity or discontinuity exists for the distribu-
tions of many protistan taxa (Rynearson and Armbrust 2004,
Foissner 2006). The degree to which these distinctions indi-
cate endemism as opposed to intraspecific variability is 

not yet clear. Different researchers accept different levels of
variability in the characters that are employed to describe 
protistan species, and therefore some nonsignificant com-
ponent of this argument is probably semantic, a result of
disagreement over what constitutes species-level distinctions.
As a result, arguments regarding the ubiquity or endemism
of protistan species have been intermingled with debates
over the somewhat variable species concept employed for
protists. Even so, not all species of protists can possibly be 
present in all habitats, especially unique, remote, or minute
habitats, and not all species have sizes or life stages that would
facilitate worldwide dispersal.

The debate regarding protistan biogeography has been
pursued with vigor in the literature, and its outcome has im-
portant consequences for interpreting protistan diversity and
protistan community structure. High levels of endemism
among protistan species would imply that total protistan 
diversity might be extraordinarily high (Foissner 2006), while
ubiquitous dispersal would imply a much lower overall 
diversity of protists (Finlay and Clarke 1999, Finlay and
Fenchel 1999). Moreover, if protistan species are never truly
driven to extinction in most ecosystems, then the rare bio -
sphere may indeed play an important function as a source 
of species that can take on important ecological roles when
environmental conditions no longer favor the growth of the
dominant taxa. In that way, the ecological function of com-
munities may be preserved, even though the species con-
ducting these processes may change. The general tenets that
species diversity and ecological redundancy among species
have stabilizing effects on community function are common
themes in both classical and protistan ecology (Naeem and
Shibin 1997, Griffiths et al. 2004).

Autecological studies of protists
Although modern molecular biological methods and ap-
proaches are only beginning to modify our views of protis-
tan species diversity, these techniques have already become
immensely important for studying the autecology of some
protistan species that have exceptional ecological importance
or relevance to human health. Studies focused on species
that are pathogens (e.g., Giardia, Cryptosporidium, Perkinsus)
or toxic algae (e.g., Alexandrium, Pseudo-nitzschia, Karenia)
have improved through the application of genetic and im-
munological methods that allow identification and enumer-
ation of these species at relatively low abundances, thus
enabling studies of the environmental factors that lead to
their occurrence and activities in nature (Caron et al. 2004).
These studies strive to understand the distributions and
abundance of these species, and ultimately to develop a 
predictive understanding of their ecology. New tools that al-
low differentiation of target species from among a myriad of
co-occurring protists are vital to improving our knowledge
of these taxa.

Molecular approaches employed for these purposes have
included immunological methods (immunofluorescence
micro scopy, immunofluorescence flow cytometry, enzyme-
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linked immunosorbent assay), and genetic methods (fluo-
rescence in situ hybridization, quantitative real-time PCR) to
target individual protistan taxa in natural samples (Scholin
et al. 1996, Vrieling and Anderson 1996, Popels et al. 2003,
Countway and Caron 2006). These methods routinely 
provide much greater sensitivity than can the traditional 
approaches of microscopy and culture, and they typically
are applicable over large ranges of abundance. For example,
real-time PCR approaches can quantitatively measure the
signal from a molecular target at concentrations ranging
over several orders of magnitude. Additionally, the formats for
some of these approaches allow the processing of multiple
samples simultaneously or in a short period of time relative
to traditional approaches, and thus enable ecological studies
that typically involve large numbers of samples.

Emerging frontiers
Several research areas lie on the immediate scientific frontier
of protistan biology and ecology, and molecular approaches
will feature prominently in these ventures. Protistan phy-
logeny has been a focal point for this work for nearly two
decades, and this work has changed our view of the evolution
of eukaryotes dramatically in recent years (figure 1). Several
higher-level reorganizations have taken place, but the valid-
ity of a number of these groupings, some of the evolutionary
relationships among them, and most of the details regarding
relationships of many smaller groups of protists to or within
these higher-level groupings still require resolution. One re-
cent opinion predicts that new, previously undetected clades
of protists will continue to appear as sequencing campaigns
continue, but that these clades will fall into well-established
higher taxonomic groups (Richards and Bass 2005). Novel hy-
potheses on eukaryote evolution will certainly continue to
emerge and be tested, and we can expect that protistan evo-
lutionary schemes in basic biology texts will continue to
change in the foreseeable future.

The application of molecular biological approaches to
studies of protistan diversity now dominates the current 
discovery phase of ecological research on these species. 
Several dozen recent studies on this topic have focused on 
documenting protistan phylotype diversity in a wide assort-
ment of environments. These studies have established the 
existence of enormous diversity, and many novel DNA 
sequences. This work must continue to garner attention as we
delve deeply into natural protistan assemblages. New, high-
throughput sequencing approaches will lead the way in this
work.

In addition, these benchmark surveys of environmental
DNA sequences are opening several new avenues of protis-
tan research. Cloning and sequencing of DNA sequences has
yielded information on putative protistan taxa, but inherent
in this approach is the assumption that each phylotype rep-
resents a protist, and an active or potentially active microbe
of a microbial community. That assumption is probably not
completely valid. A concentrated effort is needed (a) to relate
DNA sequences obtained from environmental samples to

morphological entities, (b) to establish which of these taxa are
active within a given sample and which are not, and (c) to em-
ploy this knowledge to ascertain the physiologies, ecological
roles, and life histories of novel protistan taxa. The first of these
goals will determine which of the many novel sequences that
have been observed are actually protists, and which are the 
result of artifact (e.g., pseudogenes, chimeras, sequencing
artifacts). The second will help establish which protistan taxa
are contributing to community function at a given time and
place. To date, functional contribution has largely been inferred
from the most abundant taxa in rank abundance curves 
(figure 3a), and that is an unsatisfactory oversimplification of 
nature. Stoeck and colleagues (2007) reported substantial
differences between sequences obtained from rDNA clone 
libraries and rRNA libraries obtained from the same samples.
The latter clone libraries were constructed from ribosomal
RNA, and therefore it was concluded that the rRNA libraries
represented the metabolically active protistan taxa in the 
assemblage at the time of collection. The differences observed
using these two methods of inferring protistan community
compo sition imply that we still have much to learn regarding
the active component of these assemblages in nature.

The third goal of extending the discovery of new phylotypes
to assessments of the ecological roles of novel and uncultured
taxa constitutes much of the present emphasis in bacterial and
archaeal ecology. The discovery of novel DNA sequences 
representing new, previously undetected lineages of protists
and the true breadth of species richness within known lineages
has now begun to entrain studies utilizing traditional meth-
ods of culture and microscopy to establish the morphology
and general biology of these taxa. These efforts will benefit
from genomic and gene expression studies that are now be-
ginning to focus on ecologically important protists (Wahlund
et al. 2004, Lidie et al. 2005, La Claire 2006). These genetic cam-
paigns will greatly expand our now limited knowledge of
the physiological potential of protists in nature and enable 
unprecedented insights into their physiological response to
environmental influences.

Researchers studying microbial eukaryotes are only now 
beginning to employ metagenomic and transcriptomic 
approaches to better understand protistan activities in nature.
The scientific contribution of this work is still in its infancy,
but its application in the future will doubtless be widespread.
This research has gained momentum in ecological studies of
bacteria and archaea because it provides a mechanism for ex-
ploring the physiology of microbial species that have not yet
been brought into culture, thereby providing insight into
the nutritional requirements and ecological roles of these
species. Studies of bacteria and archaea have been facilitated
by the relatively small size of their genomes relative to many
eukaryotes. Technological advances of the future will un-
doubtedly sweep these methodological limitations aside,
making our imaginations the only limiting step for applica-
tion and exploitation of genomic information on protists.

Another main avenue for protistan ecological research will
be employing new molecular methods to understand changes
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in assemblage structure, and how these changes relate to
overall protistan diversity and community function. Do
changes in the composition of a protistan assemblage result
in shifts in community function, or is community function
relatively unchanged in the face of substantial reassembly of
the dominant and rare taxa? An answer to this fundamental
and long-standing question in ecology is now within 
the grasp of protistan ecologists as powerful new molecular
approaches come on line.

Finally, microbial communities sensu latu represent ex-
cellent model systems for testing hypotheses concerning 
basic ecological principles. Microbes are eminently suited
for studies of community function and response because
they are easily contained and manipulated, although changes
in community structure and function that might take place
with containment will need to be characterized. Microbes have
been employed for many years to test ecological theories,
but their widespread use has been thwarted by the immense
complexity of microbial assemblages and our limited ability
to delineate community composition and response. Research
under way at this time, and described in part in this article,
will pave the way for a much better understanding of protis-
tan community composition and dynamics, and the use of
these assemblages as experimental model systems to under-
stand evolution, ecological interactions among species, and
biogeochemical processes.

Protists contribute meaningfully to the biomass and ac-
tivities of microbial communities on a global scale. Together
with bacteria, archaea, and viruses, they are the primary dri-
vers of the production, utilization, and degradation of much
of the organic matter on our planet and the cycling of many
elements. Understanding their diversity of form and function
is scientifically fascinating, and it is also fundamental to
under standing how biological communities on our planet
function today and how they have functioned throughout
much of our planet’s history.
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