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ABSTRACT

The increasing use of genetic information for the development of methods to
study the diversity, distributions, and activities of protists in nature has spawned
a new generation of powerful tools. For ecologists, one lure of these
approaches lies in the potential for DNA sequences to provide the only immedi-
ately obvious means of normalizing the diverse criteria that presently exist for
identifying and counting protists. A single, molecular taxonomy would allow
studies of diversity across a broad range of species, as well as the detection
and quantification of particular species of interest within complex, natural
assemblages; goals that are not feasible using traditional methods. However,
these advantages are not without their potential pitfalls and problems. Conflicts
involving the species concept, disagreements over the true (physiological/
ecological) meaning of genetic diversity, and a perceived threat by some that
sequence information will displace knowledge regarding the morphologies, func-
tions and physiologies of protistan taxa, have created debate and doubt regard-
ing the efficacy and appropriateness of some genetic approaches. These
concerns need continued discussion and eventual resolution as we move
toward the irresistible attraction, and potentially enormous benefits, of the appli-

cation of genetic approaches to protistan ecology.

PROTISTAN taxonomy provides a rich and complex field
of study for scientists attempting to organize and classify
the incredible diversity that exists among single-celled,
eukaryotic taxa. For ecologists, taxonomy provides a tool
with which to group individuals into ecological and hope-
fully evolutionary entities that represent the basic units of
physiological ability and genetic inheritance within protis-
tan lineages. Ecological studies are complicated by the
complexity of taxonomies that have been and continue to
be applied to protists, a historical consequence of the
adoption of morphological characters as the “gold stan-
dard” for identifying and cataloging these species. The
huge breadth of morphological diversification present
among protistan taxa has resulted in multiple procedures
and protocols for collecting, preserving, staining, observ-
ing, and enumerating protists to distinguish the different
morphological characters used to characterize these spe-
cies (Adl et al. 2005). This morphology-based species con-
cept has expanded in recent decades to include
ultrastructural features enabled by the use of electron
microscopy, physiological and ecological criteria, and most
recently DNA sequence information for defining and identi-
fying protists.

The last of these criteria, gene sequencing, has begun
to spawn a variety of important approaches and tools for
the study of protistan ecology. Numerous applications are
now emerging for assessing the presence and abundance
of particular species, examining community structure, and
for estimating the total species richness of natural protis-
tan assemblages (see below). These successes have
encouraged the development of an informal molecular tax-
onomy for protists as a means of normalizing collection,
processing and analysis of samples across all taxa,
thereby reducing or eventually eliminating the difficulties
of applying multiple traditional taxonomies when examin-
ing complex, natural assemblages of protists (Caron
2009b). This movement towards a molecular taxonomy is
not unigue to protistan researchers, but has also been pro-
posed for bacteria, plants, and animals (Blaxter 2004; He-
bert et al. 2003; Tautz et al. 2003). The development of a
molecular taxonomy has been welcomed by many ecolo-
gists eager to obtain new tools for their studies, but it also
has raised objections among many biologists (Ebach and
Holdrege 2005).

Resistance to a molecular taxonomy has been based
largely on the argument that traditional taxonomies for
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microbes might not be adequately or accurately captured
by DNA sequence analysis. This argument has been par-
ticularly strong regarding a molecular taxonomy based on
a single gene, the most studied of which has been the
small subunit ribosomal RNA gene (ssu rDNA, the 16S
and 18S genes for bacteria and eukaryotes, respectively).
This gene is considered inappropriate by some research-
ers as the basis for establishing a bacterial molecular tax-
onomy because bacterial taxonomy has historically been
based primarily on a complex array of physiological abili-
ties, and 16S sequences do not necessarily map well or
consistently to these abilities due to multiple occurrences
of lateral gene transfer in evolutionarily time. A DNA tax-
onomy for protists has begun to attract attention by a
number of researchers, but the development and applica-
tion of such a scheme is still in its infancy (De Jonckheere
2004).

Why bother with a molecular taxonomy for protists?
Ecological studies typically require the analysis of large
numbers of samples. This expectation, coupled with the
extremely high species diversity of most natural microbial
assemblages and the complexity of methods employed
for identifying and enumerating these species (and the
taxonomic expertise required), make it difficult to charac-
terize even a few of the protistan groups in a sample. A
single approach that could be employed across all taxo-
nomic groups of protists would be a tremendous boon for
ecological studies.

BENEFITS AND APPLICATIONS

Sequence data have been used extensively in recent dec-
ades to aid in testing hypotheses regarding the phyloge-
netic relationships among eukaryotes. The evolutionary
insight resulting from these endeavors has been nothing
short of profound. The emergence of the large amounts
of sequence information that have supported studies of
phylogeny subsequently enabled the development of
approaches and methods that have begun to dramatically
improve the performance of ecological observations and
experimental studies of protistan assemblages.

Facilitating “discovery”

Sequencing of environmental samples has been used
extensively within the last decade to investigate species
richness of natural protistan assemblages. These studies
have documented the presence of extraordinarily large
numbers of species comprising natural protistan assem-
blages, particularly in the marine pelagic realm (see
reviews by Vaulot et al. 2008; Caron and Gast 2008; Caron
et al. 2012). Large numbers of previously unknown or
uncultured taxa or whole lineages have been identified
within a number of protistan groups (Guillou et al. 2008;
Massana etal. 2006; Not etal. 2009). Molecular
approaches have been particularly effective for demon-
strating the presence of morphologically nondescript, but
potentially ecologically important taxa such as a number of
previously unknown species of small, phototrophic, and
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heterotrophic flagellates (Massana et al. 2006; Shi et al.
2009). In addition, DNA sequencing coupled with physio-
logical studies has revealed the presence of apparent cryp-
tic species within various morphospecies of small protists
(Boenigk et al. 2006; Fawley et al. 2006; Stoeck et al.
2008; Yubuki et al. 2010).

High specificity of species identification

The rapid expansion of databases resulting from the
sequencing of cultured protists and environmental sam-
ples has provided the fodder for the development of tools
that can differentiate and identify specific protistan taxa
within mixed, natural assemblages. These tools have been
applied to monitor the presence and abundance of species
of ecological interest, greatly facilitating autecological and
biogeographical studies of these taxa. DNA probes
adapted to various fluorescent in situ hybridization
approaches are now used extensively for the detection of
various noxious and toxic algal taxa (Greenfield et al.
2008; Medlin et al. 2010). These methods have been par-
ticularly useful for protistan species that lack distinctive
morphological features such as minute eukaryotic algae
and small heterotrophic flagellates, and thus cannot be
easily differentiated from co-existing taxa (Fuller et al.
2006; Thaler and Lovejoy 2012). Species-specific oligonu-
cleotides have also been adapted for use in microarrays,
expanding the number of species that can be character-
ized at one time from a given sample, although microarray
approaches have not been as commonly applied to eukary-
otes as they have to bacteria (Ahn et al. 2006; Gentry
et al. 2006; Medlin et al. 2006; Metfies and Medlin 2007).

High sensitivity of detection

Other methodologies, developed in conjunction with spe-
cies-specific probes and primers, have leveraged species-
specific DNA signatures to dramatically improve the sensi-
tivity with which targeted protistan taxa can be identified
and counted. A number of quantitative polymerase chain
reaction methods have been developed that allow detec-
tion of protistan species at extremely low abundances.
Detecting protistan taxa with very high sensitivity in com-
plex, natural microbial assemblages is particularly useful
for some toxic algae that produce powerful neurotoxins,
or parasitic taxa that might be difficult to detect using
microscopy or culture methods (Andree et al. 2011; Au-
demard et al. 2004; Bowers et al. 2006; Garneau et al.
2011; Hosoi-Tanabe and Sako 2005; Howard et al. 2012;
Zamor et al. 2012). The ability to follow the population
dynamics of targeted species at sub-bloom abundances
greatly facilitates our ability to investigate the environmen-
tal conditions leading to the success of these species in
microbial communities.

Community-level analyses

One of the most significant contributions of genetic
information to protistan ecology is the potential for the
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development of new approaches that will enable commu-
nity-level studies of these species. This level of analysis is
presently unattainable, given the vast diversity of species
(and their attendant taxonomies) in most ecosystems. The
full potential of this approach will not be realized until a
method for assessing all protistan taxa in a natural sample
is fully validated (i.e. addressing issues of PCR bias,
extraction, amplification efficiency, etc.), but the potential
to eventually be able to examine the response of whole
assemblages of protists to environmental forcing factors
is exciting. These approaches are enabling studies that
examine the biogeographic patterns of protists (Bass et al.
2007; Countway et al. 2007; Salani et al. 2012), and they
are providing a means of testing hypotheses regarding
protistan community structure and reassembly in
response to environmental change or alterations in trophic
structure (Caron and Countway 2009). Examining the rela-
tionship between diversity and ecosystem function (Cardi-
nale 2011) will enhance our understanding of the role of
protistan species diversity in energy production and flow.

High sample throughput

The potential to rapidly analyze large numbers of samples,
coupled with whole-community analysis, make the lure of
a DNA taxonomy almost irresistible to many protistan
ecologists. To be sure, these methods are still emerging
and rapidly evolving. This work was initiated with cloning
and sequencing surveys of environmental samples (gener-
ally targeting 18S genes) approximately a decade ago, but
these studies were rather limited due to the prohibitive
cost of the approach. More cost-efficient approaches such
as DNA fragment analysis, and lower costs associated
with high-throughput DNA sequencing (e.g. 454 pyrose-
quencing or lllumina sequencing) have begun to greatly
expand the depth of sequencing that can be obtained for
natural samples. The latter approaches will undoubtedly
increase, improve, and become less expensive in the
future.

RISKS AND PROBLEMS OF A MOLECULAR
TAXONOMY

The potential benefits of employing genetic signatures in
protistan ecology are not without significant caveats,
especially at the present time. Some of these concerns
and/or shortcomings will wane as sequence databases
expand and methodological improvements and innovations
progress, but some issues (e.g. the species concept for
protists) present fundamental stumbling blocks that thwart
widespread acceptance and application of a molecular tax-
onomy and its application to protistan ecology.

Overestimating or underestimating species richness

The use of DNA sequences as proxies for the identifica-
tion of protistan species presently suffers from the poten-
tial for significantly underestimating or overestimating the
total species richness of natural communities of microbial
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eukaryotes. This problem stems from the present
approaches for grouping DNA sequences into “operational
taxonomic units” (OTUs). On one hand, underestimation
of species richness can occur if OTUs are constructed in
such a way that multiple species (defined by the classical
standards of morphology or physiology) are condensed
into a single OTU. Underestimation of species richness
can also result if sample coverage is simply too sparse to
allow reasonable estimates of total species richness. In
this regard, the inadequacies of some approaches, particu-
larly DNA fragment analysis, to adequately describe com-
munity diversity have been clearly stated (Bent and
Forney 2008; Bent etal. 2007). Fragment analysis
approaches can provide useful assessments of the domi-
nant taxa within an assemblage, and it remains a viable
and cost effective approach for examining changes in the
dominant taxa of assemblages when large numbers of
samples must be processed. However, fragment analysis
is inappropriate for estimating total species richness due
to a limited ability of these approaches to detect sub-dom-
inant taxa in an assemblage.

Cloning and sequencing of genes from environmental
samples, and more recently high-throughput sequencing
approaches, have provided more robust assessments of
species richness, but even these methods may be unable
to plumb the full depths of many natural microbial assem-
blages. Therefore, a number of species richness estima-
tors have been developed and applied to extrapolate from
limited sample coverage to the total estimated species
richness in a sample (Bunge 2011; Schloss et al. 2009).

The potential for overestimating total species richness
of protistan assemblages has clearly created more contro-
versy in microbial ecology than the possibility of underesti-
mating this feature. Overestimating richness using
sequence information results from the separation of
slightly dissimilar DNA sequences arising from a single
species into more than one OTU. The potential for overes-
timation of richness in this manner is significant, given
that individuals within any population will harbor some
degree of DNA sequence dissimilarity. What constitutes
meaningful sequence variability (i.e. is indicative of differ-
ent species) and what is neutral mutation among individu-
als within a single species? The answer to that question is
not clear at this time, and it has been argued that much of
the sequence variability observed in a protistan morpho-
species might be intraspecific, neutral mutation, and of no
ecological importance (Fenchel 2005). Disagreement over
the significance of sequence variability as an indicator of
cryptic species of protists within morphospecies is at the
heart of a significant debate in protistan ecology relating
to the biogeography of these species (Caron 2009a).

Algorithms for calling OTUs are still relatively uncon-
strained because the relationship between sequence vari-
ability and traditional protistan species identifications are
not yet well defined (Caron et al. 2009; Jones et al. 2011;
Powell et al. 2011; Schloss and Westcott 2011), and the
efficacy of different genes or gene fragments is still being
examined (Dunthorn et al. 2012). Converting short DNA
sequences presently provided by high throughput
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seqguencing methods into OTUs is particularly problematic.
Approaches for how to interpret short DNA sequences
vis-a-vis microbial species richness are just appearing
(Amaral-Zettler et al. 2009; Huse et al. 2008), as are cau-
tions on the limitations and improvements in these
approaches (Huse et al. 2007; Kunin et al. 2009; Quince
et al. 2009).

Loss of information on the activities of protists

Concern over a molecular taxonomy among some protis-
tologists derives from an apprehension that DNA
seqguence information will displace knowledge of protistan
morphology and physiology. This concern seems
unfounded for protistan ecologists because ecologists are
innately interested in the morphology, behavior, and physi-
ology of these species. For ecologists, DNA sequences
simply represent additional approaches (and potentially
more rapid and powerful ones) for characterizing the pres-
ence and abundance of species of protists. Sequences, by
themselves, have little meaning unless they are linked to
traditional taxonomies, behaviors, and physiologies of
these species. In short, there is little fear that protistan
ecologists will forget what protists look like or what they
do simply because sequences might be employed to tell
which species are present in a sample.

Fear of unfulfilled expectations

Could a molecular taxonomy clarify the species concept
for protists? Molecular approaches and methods are
becoming so integrated into modern biology that there is
an expectation among some investigators that sequence
information will eventually solve all extant issues relating
to the species concept for microbes. To be sure, the use
of sequence data has helped resolve taxonomic impasses
for some protistan taxa, and our understanding of many
aspects of protistan ecology have been significantly
expanded through the exploitation of sequence data. How-
ever, it may be unrealistic to expect that sequence infor-
mation alone will resolve the present debate over the
species concept, and it would be unfortunate to find that
this unfulfilled expectation thwarts enthusiasm for the
integration of sequence information into the species con-
cept, and consequently delays the development of new
genetic methods that can be applied in ecological studies.

MOVING FORWARD WITH A MOLECULAR
TAXONOMY FOR PROTISTS

The application of genetic approaches to the study of pro-
tistan ecology is still an emerging field, but many tech-
niques for identifying and quantifying protistan taxa, or
whole assemblages, have emerged within the last several
years. Many limitations and caveats involving these
approaches remain to be resolved, but these advance-
ments are quite astounding given that DNA sequence
information for protists has become commonplace only
within the last decade while the taxonomy of these spe-
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cies began approximately 350 yr ago. A few guiding
principles that might hasten the development of a protis-
tan molecular taxonomy, and application to studies of
protistan ecology, are given below.

Choosing the best gene(s)

Small subunit ribosomal RNA genes (18S) have received
the most attention with respect to developing a molecular
taxonomy for protists, although cytochrome oxidase | and
other genes have also received attention, particularly for
barcoding animals and plants (Hebert et al. 2003). The
choice of a gene to serve as a basis for a taxonomic
scheme must fundamentally account for the rate of muta-
tion of the gene relative to the rates of speciation among
the taxa. Sequence dissimilarity between species must be
sufficient to allow separation into different OTUs but not
so great as to cause ambiguity in defining OTUs. How-
ever, the rate of mutation of a given gene is not necessar-
ily constant for different groups of protists (Pawlowski
et al. 1997). For that reason, genes may differ in their
appropriateness for establishing OTUs for different protis-
tan groups, and an appropriate molecular taxonomy will
have to take this fact into account (De Jonckheere et al.
2012). Genes other than 18S have been employed for bar-
coding diatoms (Hamsher et al. 2011), amoebae (Nassono-
va et al. 2010) and heterotrophic flagellates (Wylezich
et al. 2010) with success. These studies indicate that we
are still early in the development of a DNA taxonomy, that
there are many useful candidate genes or genomic
regions that might be more informative as taxonomic tools
for specific groups of protists, and that as a community
we are probably moving toward the adoption of a multi-
gene taxonomy, as has been the case with phylogenetic
studies of protists (Riisberg et al. 2009; Santoferrara et al.
2012a).

It is also important to recognize that the present state
of high-throughput sequencing technology still yields rela-
tively short sequences that can be problematic when
attempting to demarcate OTUs. There is a need to map
gene fragments onto whole genes to improve taxonomic/
phylogenetic informational content (Dawson and Hagen
2009). These new technologies can yield enormous num-
bers of sequences, allowing the detection of many, many
OTUs. However, more work is needed to ensure that the
sequences are grouped into OTUs that have ecological
meaning and are not simply the result of intraspecific
sequence variation.

Standardizing, bench-marking, cross-checking

The most expeditious way to ensure that OTUs derived
from DNA sequences constitute ecologically relevant infor-
mation is to directly compare and map sequence data
against traditional morphological and physiological charac-
ters and features. The application of a DNA taxonomy to
protists is useful to ecologists only if the genetic signa-
tures can be interpreted in a manner that links those
signatures to behavior, ecology, and biogeochemistry.
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A number of comparisons of different genetic
approaches or genes have been undertaken recently in
part to identify useful genes or gene fragments for use as
taxonomic characters (Edgcomb et al. 2011; Marie et al.
2006; Stoeck et al. 2010). Work has also begun in earnest
to incorporate sequence information into taxonomic
descriptions of a number of protistan groups including cili-
ates (Xu et al. 2012), amoebae (De Jonckheere 2004; Lahr
et al. 2008), diatoms (Moniz and Kaczmarska 2010) and
other taxa. These studies are essential for integrating
DNA sequence information into the fabric of protistan tax-
onomy. However, there are still relatively few direct com-
parisons of protistan species richness employing both
morphological and molecular approaches (Medinger et al.
2010; Santoferrara et al. 2012b). Such comparisons are
necessary to establish the nature and magnitude of the
mismatch between these approaches and to eventually
merge them into a single (and hopefully more effective)
tool for protistan ecology.

CONCLUSION

Protistan ecologists are faced with a daunting, multi-fac-
eted species concept in conducting their research: gross
morphological features of the cell augmented by ultra-
structure and physiology. More recently, DNA sequencing
has been employed as a means of resolving conflicts or
inadequacies relating to these latter features, with the
expectation that ultimately these approaches will merge
to provide a more robust taxonomy (Schlegel and Meister-
feld 2003). Concurrently, DNA sequence information has
become extremely useful in protistan ecology because it
provides a huge set of characters for developing methods
that can specifically detect and count protistan taxa in nat-
ural samples. These methods offer the potential to be uni-
versally applicable across protistan lineages, obviating the
need for different procedures and taxonomic schemes
that are presently required for the many disparate groups
of protists. Molecular approaches will enable much more
holistic assessments of natural protistan assemblages,
enhancing observational and experimental studies to
understand microbial community structure and its relation-
ship to ecosystem function. The time is right for consen-
sus building to arrive at a species concept that integrates
DNA sequence information with morphological and physio-
logical features.
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