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1. Main objective of the research programme of the Institute for Limnology

The study of “Ecophysiology and evolutionary ecology of aquatic organisms
and communities” shall remain the primary research objective of the Institute for
Limnology. We aim, however, at some modifications with regard to its content and
structure. Based upon the focus of the Mid-term Research Programme (MRP) 2001-
2005 and taking into consideration some structural changes in the course of the
extension of the Institute and the replacement of four research positions within the
next three years, we will modify the existing research programme within MRP 2006-
2010. Two new research areas were developed within the previous programme
“Formation and maintenance of diversity at the level of individuals,
populations, species, and ecosystems”: (1) A formerly unknown intraspecific
diversity was demonstrated within microbial ecology and (2) climate-related algal and
paleolimnological research revealed the importance of catchment area and long-
range climatic effects for lake ecosystems. Within the MRP 2006-2010 we aim at a
synthesis of these two subject areas by complementing the existing limnological
research with investigations in terrestrial ecology and theoretical evolutionary biology.
The perspective is a forward-looking research orientation under a changing socio-
economic context, which requires increased public awareness of our research and
demands for a more direct applicability of the results of basic research. These topical
and structural changes may suggest a change of the Institute’s name into ‘Institute
for Aquatic and Evolutionary Ecology’. A further goal of this change of name is the
signalling effect with regard to the development of a new, interdisciplinary research

area.

2. Catalogue of priorities

The former research focus is replaced by the modified objective, to investigate the
“Extent, origin and ecological significance of intraspecific diversity of aquatic
micro- and macroorganisms”. This theme shall have the highest priority in all

research fields of the Institute. The principle differences between prokaryotic and



eukaryotic organisms shall be illuminated. Genomes of microorganisms often differ
considerably within one species, whereas such differences are smaller in higher
organisms (e.g. vertebrates); however, intraspecific differentiation is also known for
the latter (e.g. ecotypes). The obvious, fundamental differences between micro- and
macroorganisms gained only minor importance in ecological research. The ecological
significance of the intraspecific genetic diversity (microdiversity) shall be investigated
in our laboratory for aquatic macroorganisms (e.g. coregonids in fish ecology) and
microorganisms (heterotrophic bacteria, phototrophic cyanobacteria, fungi and
protists). All the organisms shall be investigated by means of novel molecular and
genetic methods; furthermore the effects of catchment area shall be investigated,
specifically for microorganisms, because a global and ubiquitous distribution is
currently assumed for the latter. The main challenge of such a research program is to
link intraspecific molecular diversity with ecological aspects. With respect to
biogeography this has already been investigated in microbial ecology within the MRP
2001-2005. Does high intraspecific genetic diversity correspond to a high ecological
potential, i.e. a wide ecophysiological reaction norm? Or do, in contrast, only a few
key genes determine the ecological amplitude? Different time scales, ranging from
short-term, reversible acclimations to evolved and genetically fixed adaptations need
to be considered for answering these key questions. Palaeolimnology offers the
opportunity to analyse long-term variation, which is not accessible from evolutionary
and ecological research with extant organisms.

The research programme outlined above is at the cutting edge within aquatic
ecology, linking limnology with terrestrial and evolutionary ecology. The new research
programme continues the scientific demand of the former, i.e. to recognise limnology
as a sub-discipline of ecology and to give impulses for the higher research field. We
will continue to use aquatic organisms and ecosystems to address general ecological
and evolutionary issues. Even though these research issues are primarily related to
basic research, there is a gradual transition to applied limnology, for instance with
respect to the toxin production of cyanobacteria and the ecology of groundwater
organisms. Groundwater resources will increasingly become important for
maintenance of the human population in the 21 century, and microorganisms are
responsible for element flow and detoxification of xenobiotics. Still, the genetic
diversity and physiological capacity of groundwater organisms are largely unknown.

The unity of basic and applied limnology is further demonstrated by the evaluation of



the ecological integrity of inland waters as demanded by the EU water framework
directive. As a second priority, the Institute will try to keep a broad professional
expertise to act as consultant for regional and federal agencies. In third priority, the
Institute will continue its educational efforts. The International Postgraduate
Programmes in Limnology (IPGL) has a leading role at the interface between
research and education. The IPGL has an excellent national and international
reputation regarding the transfer of knowledge to African and Asian (mainly China)
countries. Several current and future research projects are based upon the long-term
cooperation with former IPGL students. The qualified senior scientists will continue
their lecturing at the universities of Salzburg, Vienna, and Innsbruck. Graduate and
post-graduate students shall be integrated more closely into the institute’s research

activities than it is usual and feasible at most Austrian universities.



6. Mid-term Research Programme 2001-2005



Institute for Limnology - Mid-term Research Programme 2001-2005

Necessity of a new research focus

Limnology is the comprehensive study of biological properties of inland waters in
their physical-chemical context. As a scientific discipline in the modern sense,
limnological research has been conducted for approximately 100 vyears.
Traditionally, limnology investigates, as a subdiscipline of ecology, the interactions
determining the occurrence and abundance of organisms in inland waters; the
cycling of matter and the energy budget of waters are studied holistically. The
hitherto existing research approach, as formulated in the foregoing Mid-term
Research Programme 1996-2000 (MRP 1996-2000), stressed this ecosystem
oriented approach. The primary goal was "The study of aquatic ecosystems, in
particular, stagnant and running waters including ground water". The study of the
following questions were listed as the most important research tasks in the MRP
1996-2000:

» Structure, function, and long-term changes of inland waters

» Autecology of aquatic organisms and their interactions with their environment
including their adaptations to changing environmental conditions

The hitherto existing research approach was too broad, considering the
existing infrastructure and the staff resources; a corporate identity of the Institute,
which would render it discernible from similar research institutions and from
university departments, could not be developed to a desirable extent; this was
regretted by the reviewers during the last evaluation. The decision by the Austrian
Academy of Sciences to close the Institute’s “Lunz Department” in 2003 at the
latest, the appointment of a new director, and the retirement of several scientists in
the mid-term, will lead to personal and structural changes in the near future; the
new research approach shall account for these changes. A new approach appears
also necessary in view of a rapidly changing scientific and social environment at
the start of a new century.

The institute intends to focus the resources towards a realistic, common goal.
This will necessarily imply diminution of some hitherto conducted research topics;
that is, stream ecology, which was one of the Institute's foci and the only focus of
the Department Lunz, will have to be largely given up. The research programme
outlined in the following refers, therefore, mainly to the Institute’s “Mondsee
Department”.



Ecophysiology and Evolutionary Ecology as the primary research topics

The previous research approach shall be replaced by the new approach
"Ecophysiology and Evolutionary Ecology of aquatic organisms and communities”.
In pursuit of this task, scientists at the Institute will be encouraged to address
fundamental ecological processes and principles, and to better exploit the specific
advantages of limnology, such as the comparatively easy access to its research
objects and the short time scales of essential processes, relative to the related
disciplines of marine and terrestrial ecology.

The “origin and maintenance of diversity and complexity at the levels
of the individual, population, species and ecosystem” has been chosen as the
central theme of the new research focus. This research theme shall integrate the
ongoing and, for the near future, planned projects of the existing working groups
and shall serve as a framework for the appointment of new personal.

Microorganisms as primary research objects

Whilst, during the past century, limnological research concentrated on higher
organisms, which contribute less than ten percent to the cycling of matter in
aquatic ecosystems, microorganisms (bacteria and protists) will be a focus of the
Institute's research in the future; the latter are responsible for over ninety percent
of the transfer of matter and are, therefore, more important than macroorganisms
for biogeochemical cycling. These investigations shall be linked to complementary
studies of macroorganisms. Essential phenomena, e.g., the significance of clonal
differences for the maintenance of genotypic and phenotypic diversity within an
exclusively or primarily asexually reproducing population, can be studied
particularly well with short-lived microorganisms. Evolutionarily ancient predator-
prey interactions between heterotrophic flagellates and bacteria have resulted in
various mutually-adaptive survival strategies, which we have only begun to
understand. These strategies are certainly not limited to aquatic organisms, yet
they can be studied in relatively simple cultures in suspension. Macroorganisms
will be further studied as objects of biodiversity and evolutionary ecology, for
example those living in ground water and in the River Danube. Fish and the fish
communities will be further investigated as indicators of the ecological status of
lakes and as objects of behavioural physiology. Enhanced application of novel
techniques from molecular biology, hydroacoustics, and flow cytometry will be
inherent to the new approach. These novel methods will enable, to a large extent,
automatic quantification of processes and structures at the individual and



population levels. Analytical, experimental work shall be supported, while largely
descriptive field work shall become of minor importance.

It is an outstanding aspiration of the future research of the Institute to
perceive limnology as a subdiscipline of ecology and to provide stimuli to the field
of ecological research as a whole. In this context, aquatic organisms and
ecosystems can be seen as comparatively accessible subjects for the study of
ecological and evolutionary questions of general relevance. The primary goal is no
longer to analyse an aquatic ecosystem in all its complexity, but rather to
recognise and characterise key cross-system processes and structures. Such an
approach needs to consider the varying time scales. It is the aim of the Institute's
paleolimnological research, by selecting sensitive groups of organisms
(bioindicators), to analyse the significance of past environmental parameters for
the historic changes of organisms and communities and to come up with
predictions on the significance of climatic factors for future developments.
Similarly, ground water crustacea will be used to analyse the factors which caused
morphological adaptations of individual species and led to phylogenetic shifts in
the species spectrum. In both cases, reconstruction of historic processes shall
lead to conclusions about the most important long-term factors, which are not
amenable to experimental manipulation but which impact extant communities.
Medium-term processes including critical periods in the life cycle of fish or
macrozoobenthos populations will also be studied. The effect of short-term
processes, including the important issue of the organisms' physiological adaptation
to short-term environmental changes (e.g., nutrient pulses, temperature changes),
is being studied by several working groups with unicellular organisms. As a part of
this, theoretical approaches from network thermodynamics will be pursued further
to understand physiological adaptations of organisms as a complex interplay of
energy converting subsystems in a single cell. In this respect, it will be of major
interest in the years to come to analyse how a given adaptational event results
from the organisms' previous history.

In all cases, basic biological phenomena and processes are being studied,
with different temporal resolution, with respect to the overall research goal outlined
above. In all probability, these phenomena and processes are not only specific for
aquatic ecosystems. Taken together, the conclusions, primarily obtained
independently from each other in the different research projects, will potentially
lead to the discovery of new, general rules, which may explain the origin and/or
the maintenance of diversity and complexity in (aquatic) ecosystems. The new
research approach and the main research subject of the next five years are in



accordance with research priorities, which have been named recently by some
leading authorities for the limnological research in the 21 century.

Although the research subjects belong primarily to basic research, there is a
transition towards applied limnology. This holds true, for example, for microbial
ecology of ground waters. The ground water stocks will become increasingly
important for the human water supply during the 21% century, and microorganisms
are primarily responsible for the turnover of matter including detoxification of
harmful xenobiotics. In spite of this significance, genetic diversity and physiological
capacities of ground water microbes are almost unknown. The interaction between
basic research and applied limnology is also illustrated by the evaluation of the
ecological functioning of inland waters, as it is postulated within the water directive
of the European Union by its member states. Maintenance of diversity and
complexity at the level of the ecosystem is an inherent criterion of this directive,
although a causal analysis of the respective environmental factors is not intended.
Our research shall contribute to the causal understanding of the origin and
maintenance of diversity and complexity, i.e., investigate system properties
beyond the individual case studies.
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8. Supplementary material to the Annual Reports



8.1 Keynote presentations at international meetings 2006-2008

Boenigk, J.: The past and present dilemma with protist species, diversity and
ecophysiological differentiation. Annual Meeting of the British Society for Protist

Biology, Gregynog, UK, 2008

Boenigk, J.: Summary and future directions. Symposium of Aquatic Microbial Ecology -

Workshop on new insights in selective feeding in protists. Faro, Portugal, 2007

Boenigk, J.: Protist microdiversity: Implications for the interpretation of protist ecology,
biogeography and taxonomy. Annual meeting of the scandinavian section of

Protozoologists, Helsingor, Denmark, 2006.

Boenigk, J.: Survival and predation strategies: Different levels of phylogenetic resolution
uncover a cryptic diversity of strategies. Gordon Research Conference, Marine
Microbes: Activities and interactions, Biddeford, USA, 2006

Danielopol, D.L. et al.: Groundwater ecology as a necessary link to the EU Water Framework

Directive. European Groundwater Conference, Vienna, 2006.

Dokulil, M.T. & Kaiblinger, C.: Assessment of potamoplankton and primary productivity in the

River Danube: A review. 37" IAD Conference, Chisinau, Moldova, 2008.

Dokulil, M.T.: Longterm Monitoring in the European Water Framework Directive
Implementation, International Workshop Sustainability of Lake Restoration and

Interventions, Hyderabad, Indien, 2008.

Dokulil M.T. & Herzig A.: Long term winter data on phyto- and zooplankton from a shallow
lake in Austria. 1°" International Symposium on Winter Limnology, Kilpisjarvi, Finnland
2008

Dokulil, M.: Eutrophication and restoration of Austrian Lakes, Taal, World Lake Conference,
Jaipur, India, 2007.

Dokulil, M.T.: Climate impacts on Lakes in Central Europe. 5" Symposium for European
Freshwater Sciences (SEFS 5), Palermo, Italy, 2007.



Dokulil, M.T. & Kaiblinger, C: Effects of eutrophication, oligotrophication and climate change

on phytoplankton dynamics in a large shallow lake, Neusiedlersee, Austria: A review of

long-term variability. European Large Lakes Symposium, Tartu, Estonia, 2006.

Kurmayer., R.: Application and validation of gPCR methods for the monitoring of toxin-
producing cyanobacteria in freshwater. Plenary lecture. Experts Scientific Workshop on
Development, Validation and Implementation of gPCR and PCR methods for use in
recreational waters, 12 May-16 May 2008, Cincinnati, Ohio, USA:

Kurmayer, R.: Cyanobacteria and toxin production in freshwater: research priorities from a
limnological perspective. Plenary lecture. 5™ Symposium for European Freshwater
Sciences (SEFS 5) , Palermo, Italy, 2007.

Kurmayer, R.: Phylogenetic and geographic distribution of transposases inactivating the
synthesis of the toxic heptapeptide microcystin in cyanobacteria, Gordon Research

Conferences, Mycotoxins & Phycotoxins, 17-22 June 2007, Waterville, Maine.

Lamatsch DK: Genetic variability in an freshwater ostracod with mixed reproduction modes.
Autumn Meeting of the Genetic Society, Bath, UK, 2008

Leichtfried, M.: The Energy Basis of the Consumer Community in Streams Yesterday, Today
and Tomorrow.... — International Conference “River Bottom VI” in Brno, Czech Rep.
2006

Weisse, T.: Biodiversity and ecology of freshwater ciliates. XX™ International Congress of
Zoology, Paris, 2008.

Weisse, T., Scheffel, U., Stadler, P.: Significance of pH as environmental factor limiting the
distribution of freshwater protists. V European Congress of Protistology and Xl

European Conference on Ciliate Biology, St. Petersburg (Russia), 2007.



8.2 Editors and Editorial Board Members 2006-2008

Dokulil, M.: Editorial Board Member of Algological Studies, Limnologica, Journal of Lake
Science (China), Aquatic Ecosystem Health and Management;

Archiv fur Hydrobiologie — Large Rivers, Editor

Hahn, M.\W: Applied and Environmental Microbiology, Editorial Board Member

Humpesch, U.: Archiv fir Hydrobiologie — Large Rivers, Editorial Board

Leichtfried, M.: - International Revue of Hydrobiology, Special Issues “River Bottom” and
“Plant Litter Processes in Freshwater” , Editorial Board
- Annals of Tropical Research, Editorial Board

Schmidt, R.: Journal of Palaeolimnology, Editorial Board Member

Weisse, T.: Journal of Eukaryotic Microbiology, Associate Editor;
Journal of Plankton Research, Editorial Board;
Limnologica, Editorial Board

Protozoologiacal Monographs, Associate Editor



8.3 Portraits of Working Groups

WG “Physiology and Molecular Ecology of secondary metabolite synthesis in
algae” - Rainer Kurmayer (head), Guntram Christiansen; Technical assistance:
Johanna Schmidt, Josef Knoblechner; Graduate Students: William Okello, Veronika
Ostermaier, Nadja Straubinger

Microorganisms are rich in their metabolic capacity and are of profound importance for the
functioning of ecosystems. The production of secondary metabolites — defined as those that
are not required for primary metabolism and growth — has been found to be particularly
intriguing. The production of toxins by algae in fresh water and in marine water affects the
ecosystem on all trophic levels. For the vast majority of secondary metabolites their function
is unknown, and the understanding on their regulation in the ecosystem is poor.
Consequently we lack the ability to predict conditions and thresholds for the occurrence of
catastrophic changes, such as the occurrence of toxic algal blooms. Our research seeks to
overcome fragmented research areas by combining different disciplines such as genetics,
(bio)chemistry and molecular biology, evolutionary biology, and ecology. Research is
performed on cyanobacteria that are (i) of quantitative importance in water, (ii) show high
metabolic diversity in the production of toxins and other bioactive peptides, (iii) have been
sequenced in total and information on peptide synthesis pathways is available (iv) are
amenable to genetic manipulation. During the last years insights were obtained on the

e Significance of random drift for the innovation of metabolic pathways*

o Plasticity of secondary metabolite synthesis due to various recombination
processes’®

o Diversification of secondary metabolite synthesis due to relaxation of selective
constraints vs. purifying selection®

e Structural elucidation of non-ribosomal and ribosomal peptides including elucidation
of their metabolic pathways?®

o Time scales in the evolutionary diversification of genotypes carrying major mutations
in non-ribosomal metabolic pathways'

e |dentifaction of factors influencing the net synthesis rate of the toxic metabolite
microcystin®

e Methodology to quantify toxic and non-toxic genotypes in water’

Key publications

'Christiansen G., Kurmayer R., Liu Q., Bérner T. (2006) Transposons inactivate the biosynthesis of
the nonribosomal peptide microcystin in naturally occurring Planktothrix spp. Applied and
Environmental Microbiology 72: 117-123.

“Christiansen G, Molitor C, Philmus B, Kurmayer R (2008): Non-Toxic Strains of Cyanobacteria are
the Result of Major Gene Deletion Events Induced by a Transposable Element. Molecular Biology
and Evolution 25, 1695-1704.

3Christiansen, G., Yoshida, W., Blom, J., Portmann, C., Gademann, K., Hemscheidt, T., Kurmayer,
R. (in press) Isolation and Structure Determination of Two Microcystins and Sequence
Comparison of The McyABC Adenylation Domains in Planktothrix species. Journal of Natural
Products




4Kurmayer R., Gumpenberger M. (2006) Diversity of microcystin genotypes among populations of the
filamentous cyanobacteria Planktothrix rubescens and Planktothrix agardhii. Molecular Ecology
15: 3849-3861.

5Kurmayer R., Christiansen G., Gumpenberger M., Fastner J. (2005) Genetic identification of
microcystin ecotypes in toxic cyanobacteria of the genus Planktothrix . SGM Microbiology 151:
1525-1533.

GPhiImus, B, Christiansen, G., Yoshida, W., Hemscheidt, T (in press) Posttranslational Modification in
Microviridin Biosynthesis. Chembiochem

’Schober E., Werndl M., Laakso K., Korschineck I., Sivonen K., Kurmayer R. (2007) Interlaboratory
comparison of Taq Nuclease Assays for the quantification of the toxic cyanobacteria Microcystis
sp. Journal of Microbiological Methods 69: 122-128.

WG “Environmental Microbiology” - Martin W. Hahn (head), Jitka Jezberova, Jan
Jezbera; Technical assistance: Ulrike Brandt; Graduate Students: Thomas Scheuerl,
Sophia Scharfl

Knowledge on diversity and ecological function of freshwater bacteria is still superficial,
which stands in strong contrast to their role in the metabolism of natural freshwater systems?.
The research of the working group ‘Environmental Microbiology’ is addressing basic
questions regarding ecology, diversity, and biogeography of planktonic freshwater bacteria.
Research on these topics is strongly hampered by the fact that the majority of the prokaryotic
diversity on earth is still not represented by cultivated strains, and hence, is not taxonomically
described. Thus, almost the whole recent prokaryotic diversity is represented by undescribed
species. Even the described prokaryotic species represent taxonomic units, which are
incomparable to species of eukaryotes (fundamentally differing species definitions).
Furthermore, evaluation of many current hypotheses on diversity and biogeography of free-
living bacteria (e.g. “everything (microbe) is everywhere”) requires detailed knowledge on
their phylogenetic diversity (especially microdiversity, = intra-"specific’ diversity) and the
ecological diversification within evolutionary lineages.

Laying the foundations. Our solution for the above-mentioned basic problems is to focus
on model taxa, for which we establish the required knowledge on taxonomy, genetic and
ecological diversity, etc. We developed a method enabling the cultivation of (so far
uncultured) bacterial strains representing abundant planktonic freshwater bacteria™®. Our
model taxa are

e Polynucleobacter spp. (Betaproteobacteria) (major model group)

o Freshwater Actinobacteria (taxonomic description in process)

e Haliscomenobacter spp., Candidatus Aquirestis spp. (Bacteroidtes)

Especially for the taxon Polynucleobacter, we have established a large collection of cultured
strains (> 300 strains) and characterized them genetically (SSU rRNA gene, 16S-23S ITS,
glnA). A free-living and an endosymbiotic Polynucleobacter strain were genome-sequenced
by the Joint Genome Institute, USA (proposed by Hahn et al.). Based on the revealed
genetic diversity of Polynucleobacter spp., molecular tools for detection of species-like
groups and for “intraspecific” subgroups were developed (FISH, RLBH, gPCR, etc.).

Microdiversity, ecology, and biogeography. We demonstrated inter-“specific’ and intra-
“specific” ecological differentiations (habitat preferences, thermal adaptation, mode of
lifestyle) (e.g., Hahn & Pockl, 2005; Vannini et al., 2007). We revealed an unexpected intra-
“specific” ecological diversity of P. necessarius strains, which seems to result from an
adaptive radiation.



Evolution of microdiversity. A future goal is the understanding of the evolution of
microdiversity in the context of ecological differentiation. Genomes of free-living P.
necessarius strains adapted to various habitat types shall be sequenced and analysed. What
is the role of horizontal gene transfer?

Evolution of populations. Another future goal is the investigation of the evolution of
Polynucleobacter populations®. What is the role of geneflow between populations for the
development of structure and diversity of populations?

Cooperation, internal, Jens Boenigk, Gerold Winkler (IPGL); international, USA, Canada,
Czech Republic, Italy, Spain, Sweden, Germany, China, Japan

Key publications

'Hahn, M.W. (2003) Isolation of strains belonging to the cosmopolitan Polynucleobacter necessarius
cluster from freshwater habitats located in three climatic zones. Appl. Environ. Microbiol. 69:5248-
5254.

’Hahn, M.W. (2006) The microbial diversity of inland waters. Current Opinion in Biotechnology
17:256-261.

*Hahn, M.W., and M. Péckl. (2005) Ecotypes of planktonic Actinobacteria with identical 16S rRNA
genes adapted to thermal niches in temperate, subtropical, and tropical freshwater habitats. Appl.
Environ. Microbiol. 71:766-773.

*Hahn, M.W., M. Péckl, and Q.L. Wu. (2005) Low intraspecific diversity in a Polynucleobacter
subcluster population numerically dominating bacterioplankton of a freshwater pond. Appl.
Environ. Microbiol. 71:4539-4547.

*Hahn, M.W., Stadler, P., Wu, Q.L. and Pdckl, M. (2004) The filtration—acclimatization method for
isolation of an important fraction of the not readily cultivable bacteria. Journal of Microbiological
Methods. 57: 379-390

6Vannini, C., M. Péckl, G. Petroni, Q.L. Wu, E. Lang, E. Stackebrandt, M. Schrallhammer, P.M.
Richardson, and M.W. Hahn. (2007) Endosymbiosis in statu nascendi: Close phylogenetic
relationship between obligately endosymbiotic and obligately free-living Polynucleobacter strains
(Betaproteobacteria). Environ. Microbiol. 9:347-359.

WG “Diversity and Ecology of Flagellates & Microalgae“ — Jens Boenigk (head),
Technical Assistance: Liselotte Eisl, Anneliese Wiedlroither; Graduate Students:

Barbara Findenig, Steffen Jost

The working group ,Diversity and Ecology of Flagellates & Microalgae“ integrates different
aspects of limnology and of molecular and organismic diversity research. This comprises
specifically aspects of ecology, evolutionary biology, phylogeny, biogeography, and —
increasingly — also aspects of population genetics. Up to recently, our research focus was
the diversity and biogeoraphy as well as the ecophysiological basis of the formation and
maintenance of diversity — with a focus on interorganismic interactions, specifically on
predator-prey interactions®. Our research interest generally focusses on conceptual aspects
at the interface between ‘established’ disciplines — for instance between botany and zoology,
between bio- and geosciences, or between aquatic and terrestric ecology.



Assessing the diversity both, in a regional and in a global context. JB is currently
integrated in several aquatic and terrestrial diversity projects. These currently include
investigations within alpine gradients with a focus on lakes and their catchment areas as well
as antropogenic land-use gradients within the Biodiversity Exploratories of the DFG. These
regional studies are complemented by global studies with a focus on the tropical and
subtropical Africa and Antarctica. Future studies will comprise population studies based on
individual cells by means of competitive single cell PCR" and, second, by means of massive
parallel sequencing of more than 100,000 sequences per sample (pyrosequencing, ‘454’-
technology). These field studies are complemented by the isolation, cultivation, and
characterisation of the target organisms®. Whereas the focus is currently on ribosomal genes,
other gene loci such as COX1 as used in the barcoding initiatives will be in the focus of
future seasonal and spatial screening approaches.

Formation and maintenance of diversity: Mechanisms of inter-specific interactions
and evolutionary and functional differentiation. A further research focus is the functional
and ecological differentiation between autotrophic microorganisms and colourless algal
lineages as well as to the evolutionary scenarios yielding in such a differentation*. The
ecophysiological advantages and disadvantages of such a shift in ‘strategy’ are a basic
component for assessing the evolutionary scenarios. My studies so far demonstrate a
complex interplay between the basic mode of nutrition and selective predator-prey
interactions. The ongoing research projects focus on ecophysiological experiments as well
as on ultrastructural and phylogenetic analyses. Future issues comprise the analysis of
genomic data and EST-libraries (sequencing scheduled for 2009 by DOE-JGI). A detailed
analysis of the plastid genomes and the reduction of plastid genomes in different lines of
protist will be a future issue.

Species concept, microoevolution, history of biological theory. The observed variation
between organisms affiliated with the same species was one main agent triggering the idea
of evolution — a theory yielding in fundamental conflicts with the ‘traditional’ concept of
species as always existing and unchanging units (based on the ideas of the greek
philosophers, e.g. Aristotle). The judgement of morphospecies in the context of ecology and
evolution and the search for suitable units below morphospecies level is a further aspect of
our research?. Our studies demonstrate the discrepancy between morphology and molecular
phylogeny; but they also demonstrate the strenght of both approaches. In my future
research, and with regard to conceptual research questions (species concept, biodiversity), |
would like to focus on comparative analyses on different organisms, specifically between
plants, animals, and microeukaryotes.

Based on the above research subjects there are several synergies and joint research
projects with other working groups at the Institute. Current cooperations specifically comprise
the working groups Hahn (Grazing on bacteria, ecology of small ponds) and Schmidt
(Relating vegetative chrysomonad taxa to stomatocysts).

Key publications

'Auinger BM, Pfandl K, Boenigk J (2008) An improved methodology for the identification of protists
and microalgae from Lugol-fixed plankton samples: Combining microscopical analysis with single
cell PCR. Appl Environ Microbiol 74:2505-2510

*Boenigk J (2008) The past and present classification problem in nanoflagellates. Protist 159:319-337

*Boenigk J, Jost S, Stoeck T, Garstecki T (2007) Differential thermal adaptation of clonal strains of a
protist morphospecies originating from different climatic zones. Environ Microbiol 9:593-602

*Boenigk J, Pfandl K, Hansen P (2006) Exploring strategies for nanoflagellates living in a ‘wet
desert’. Aquat Microb Ecol 44:71-83

*Montagnes DJS, Barbossa A, Boenigk J, Davidson K, Jiirgens K, Macek M, Parry J, Roberts E,
Simek K (in press) Selective grazing behaviour of free-living protists: views on and avenues for
continued study. Aquat Microb Ecol



WG “Quantitative Algal ecology” — Martin Dokulil (head), Christina Kaiblinger

The three-years EC-Research Project Climate and Lake Impacts in Europe (CLIME) which
followed and expanded the EC-project Response of European Freshwater Lakes to
Environmental and Climatic change (REFLECT) terminated by the end of 2005 and most
collaborators left the WG. In these projects we used long-term data from Austrian lakes to
analyse impacts of climate change and to develop a suite of methods and models that can
be used to manage lakes and catchments under future as well as current climatic conditions.
The most up-to-date regional climate scenarios, and existing catchment and lake models
were used to address issues that are central to the implementation of the Water Framework
Directive. In this context, we deployed an automatic water quality monitoring systems on
Mondsee. We recorded increasing water temperatures at the lake surface as well as in
the hypolimnion®°. The trends were related to climate signals such as the North Atlantic
Osillation (NAO) indicating teleconnections between weather situations across the Atlantic
and effects on Central European lakes. We also observed changes the timing and extent of
thermal stratification, ice conditions and the composition, timing and growth of algae. We
also studied processes which might become increasingly important such as increased
productivity due to increased erosion and nutrient transport from the catchment (Climate
induced Eutrophication)"?. Measurements were made using a novel in-situ technique, the
Fast Repetition Rate Fluorometry (FRRF)*.

During a short-term project financed by the Burgenlandische Landesregierung in 2007
we studied the impact of physical forcing on photosynthetic rates in a highly turbid
environment. During the observations on Neusiedler See we used high resolution, high
frequency techniques such as FRRF, delayed fluorescence (DF), light sensors and multi-
probe sensors to get in-sight into short term changes in phytoplankton composition, biomass
and related physiological processes. Results indicate a very rapid fine tuning of the
photosynthetic rates following rapid changes turbidity, wave action and algal re-suspension
from the bottom.

We continued our long-term investigation of the River Danube’. Participation in the 2"
Joint Danube Survey (JDS) organized and financed by the ICPDR, Vienna in August and
September 2007 allowed the detailed analysis of the river plankton. During the seven-week
research trip from Regensburg in Germany down to the Danube Delta we investigated
phytoplankton composition, biomass and photosynthetic rates at over 100 sites. Results
show shifts in the composition and a reduction in the quantity of the phytoplankton indicating
an improvement in water quality. Rates of primary production calculated from FRRF
measurements are highest in the middle section of the Danube between Budapest and
downstream Novi Sad.

Key publications

'Dokulil, M.T. (2006). Short and long term dynamics of nutrients, potamoplankton and primary
productivity in an alpine river (Danube, Austria). Arch. Hydrobiol. Suppl. 158/4 (Large Rivers
16), 473 — 493.
*Dokulil, M.T., Donabaum, K. & Pall, K. (2006). Alternative stable states in floodplain ecosystems.
Ecohydrology & Hydrobiology 6, 37-42.
3Doku|i|, M.T., Jagsch, A., George, G.D., Anneville, A., Jankowski, T., Wahl, B., Lenhart, B.,
Blenckner, T. & Teubner, K. (2006). Twenty years of spatially coherent deep-water warming in
lakes across Europe related to the North Atlantic Oscillation. Limnol. Oceanogr. 51, 2787-
2793.
4Kaib|inger, C., Greisberger, J., Teubner, K. & Dokulil, M.T. (2007). Photosynthetic efficiency as a
function of thermal stratification and phytoplankton size structure in an oligotrophic alpine lake.
Hydrobiologia 578, 29-36.
®Livingstone, D.M. & Dokulil, M. T. (2001). Eighty years of spatially coherent Austrian lake surface
temperatures and their relationship to regional air temperatures and to the North Atlantic
Oscillation. Limnol. Oceanogr. 46: 1220-1227.




WG " Diversity and Ecology of Ciliates & Picocyanobacteria“® — Thomas Weisse
(head); Technical Assistance: Ulrike Scheffel & Peter Stadler; Graduate Student:

Michael Moser

Within the initial phase of MRP 2001-2006, we studied the Distribution, diversity, and
population dynamics of autotrophic picoplankton (APP) in the lakes of the
‘Salzkammergut’ area (FWF Project). We used flow cytometry and cell sorting in
combination with molecular techniques to characterize the genetic and ecological diversity of
picocyanobacteria in our deep lakes. We recorded a highly diverse and dynamic
assemblage’. Some of the new strains and clusters were found in the Salzkammergut lakes
only, others were hitherto known from very different environments such as shallow Japanese
lakes. We found significant differences in growth and grazing rates among genetically closely
related strains, i.e. there was no close match between the genetic identity and
ecophysiological performance of the isolates. The results of this study demonstrated that the
biodiversity of aquatic microorganisms is considerably higher than previously recognized.

More recently, we studied the Ecological significance of phenotypic and
genotypic variability in freshwater protists, using the oligotrich ciliate Meseres corlissi as
model organism for rare species (FWF project, in collaboration with colleagues from
Salzburg, Konstanz, and Guelph, Ontario). We combined molecular genetic, morphological
and ecophysiological methods to investigate the extent of genetic and phenotypic variability
among isolates of M. corlissi originating from different habitats on 4 continents. Our results
demonstrated that a low variablity (0-4 %) of the genes studied corresponded to a moderate
morphological (5-15 %) and to a high ecophysiological (10-100 %) variablity*®. One Meseres
clone isolated from China differed significantly at all study levels from all other isolates, while
other clones, even between geographically distant localities such as Austria and Australia,
were virtually identical. These findings suggest a potentially wide dispersal of some clones
within this species, but also a locally limited dispersal and the establishment of habitat-
specific, local adaptations of other clones.

We continued to study the temperature and pH sensitivity® of small prostome
ciliates and used them as model microbes for evolutionary aspects® and for assessing the
likely consequences of global climate change on microbial food webs?.

The current FWF project on Patterns and processes of adaptation and tolerance
to low pH of freshwater plankton (in collaboration with U. Gaedke & G. Weithoff, Potsdam,
and T. Berendonk, Leipzig) investigates the causes of strongly reduced biodiversity in acid
mining lakes. We aim to differentiate between genetically fixed, physiological adaptation to
acidic conditions (at the species level) and site-specific traits in similar habitats resulting from
historic events, i.e. small-scale genetic shifts below the species level (microevolution).

Key publications

'Crosbie, N.D., Péckl, M. & Weisse, T. (2003). Dispersal and phylogenetic diversity of non-marine
picocyanobacteria, inferred from 16S rRNA gene and cpcBA-intergenic spacer sequence
analyses. Appl. Environ. Microbiol. 69: 5716-5721.

2Montagnes, D.J.S., Morgan, G., Bissinger, J.E., Atkinson, D. & Weisse, T. (2008). Short-term
temperature change may impact freshwater carbon flux: a microbial perspective. Global Change
Biology 14: (in press).

*Weisse, T. (2008) Distribution and diversity of aquatic protists: an evolutionary and ecological
perspective. Biodivers. Conserv. 17:243-259.

*Weisse, T., Scheffel, U., Stadler , P. & Foissner, W. (2007). Local adaptation among geographically
distant clones of the cosmopolitan freshwater ciliate Meseres corlissi. 1l. Response to pH.
Aquat. Microb. Ecol. 47: 289-297.

*Weisse, T. & Stadler , P. (2006) Effect of pH on growth, cell volume, and production of freshwater
ciliates, and implications for their distribution. Limnol. Oceanogr. 51: 1708-1715.

®Weisse, T., Striider-Kypke, M., Berger, H. & Foissner, W. (2008). Genetic, morphological, and
ecological diversity of spatially separated clones of Meseres corlissi Petz and Foissner, 1992
(Ciliophora, Spirotrichea). J. Eukaryot. Microbiol. 55: 257-270.



WG “Molecular & Cytogenetic Evolution of Asexual Aquatic Organisms® —

Dunja K Lamatsch (head); Technical assistance: Maria Pichler

The coexistence of sexual and asexual reproduction is one of the long-standing problems in
evolutionary biology. Asexual organisms are expected to have short evolutionary persistence
due to the absence of recombination resulting in low genetic variation. However, recent
studies have found evidence that asexual lineages may occasionally engage in sexual
processes. This may be a way of increasing their genetic variation and reducing their
reproductive isolation from their sexual relatives. The evolutionary importance of these
processes on species integrity and formation is still little understood.

I have been working with sperm-dependent teleost fishes (Poecilia formosa), as well
as with non-marine ostracods (Eucypris virens) to investigate some of the major questions
regarding the evolution and maintenance of sexual and asexual reproductive modes. | am
embedded in an EU Research Training network and have fruitful collaborations with highly
recognized researchers throughout Europe.

Consequences of paternal leakage in sperm-dependent parthenogenetic organisms

| have been modelling the consequences of Muller’s ratchet (accumulation of slightly
deleterious mutations due to absence of recombination) for the sperm-dependent teleost fish
Poecilia formosa. The results show that the Amazon molly should have gone to extinction
within the time of its existence. Therefore, a genomic decay paradox exists for this species
when using a simple model of Muller's ratchet with realistic values. This means that some
escape mechanisms have evolved, and we hypothesize that one form of occasional sex -
“paternal leakeage” - might be the reason for the longevity of the species.*

Under the assumption that paternal leakage might be an escape mechanism for the
parthenogens, | have been investigating whether triploid asexuals would show higher fithess
than diploid asexuals in clonal competition experiments. The additional genetic material from
the sexual host is expected to result in heterosis and/or gene redundancy. We found,
however, that the opposite is true: diploids outcompete triploids under laboratory conditions?.

Under natural conditions triploids are actually found in mixed schools with diploids.
Therefore, we have to assume that there are environmental conditions that stabilize this co-
existence of different ploidy levels. We are currently testing for possible microhabitat
segregation among the different types of females (Lamatsch & Schlupp et al. in preparation).

My research has lead to the invitation to write two book chapters. One chapter
reviews current hypotheses on the prevalence of sex in the eukaryotic world and presents
examples of putative ancient asexuals. We evaluate theoretical and practical concepts on
how to demonstrate long-term asexuality’. The other chapter resumes the different asexual
teleost complexes and discusses the evolutionary consequences of paternal leakage®.

From Sex to Asex: a case study on interactions between sexual and asexual
reproduction

The freshwater ostracod, Eucypris virens, is the primary model species in the current
SexAsex Research Training Network (ends November 2008). SexAsex projects have
concentrated on the relationship between sexual and asexual lineages and, in the process,
have developed valuable tools including microsatellites, allozyme and mtDNA markers,
cDNA libraries and an EST collection. | am currently continuing my work on mutation
accumulation, allelic divergence and homogenizing effects in this cryptic species complex to
explore the inter-related problems of describing the diversity within such a taxon and of
understanding the evolutionary origins and ecological forces maintaining this diversity. Four
publications are currently in preparation.

Based on the above mentioned research subjects, within the Institute for Limnology
joint research projects are envisioned with working group Stelzer (Experimental Evolutionary
Ecology).



Key publications

' Loewe L & Lamatsch DK. (2008) Muller’s ratchet may threaten the Amazon molly and other ancient
asexuals, BMC Evolutionary Biology, 8:88-108

’Lamatsch DK, Fischer P, Geiger M, Lampert KP, Schlupp I, Schartl M (in press): Diploids Amazon
mollies (P. formosa) show a higher fitness than triploids in clonal competition experiments,
Evolutionary Ecology

®Schon |, Lamatsch DK, Martens K (2008). Lessons to Learn from Ancient Asexuals. In: Genome
Dynamics & Stability 3 (eds. D. Lankenau, R. Egel), Springer Berlin/Heidelberg.

*Lamatsch DK & Stock M (accepted). Paternal leakage in unisexual fishes. In: Lost sex! (eds. I.
Schon, K. Martens & P.Van Dijk, Springer Berlin/Heidelberg.

WG “Experimental Evolutionary Ecology” - C.P. Stelzer (head); Technical
Assistance: J. Schmidt (since March 2007), A. Wiedlroither (since Sept. 2008)

The working group “Experimental Evolutionary Ecology” focuses on evolutionary changes
within populations and their feedback on ecological processes. Our main model organism is
the rotifer Brachionus calyciflorus, a widespread zooplankter that occurs in small ponds and
reservoirs. Rotifers of the genus Brachionus are sometimes called the “metazoan microbes”,
since their growth rates are among the highest of all metazoans. In that respect, our model
system bridges the gap between microbial and animal studies of ecology and evolution.
Currently there are two main avenues in our research: First, in the recently funded FWF-
project P20735-B17 we have started to investigate the mechanisms and evolutionary
consequences of transitions from cyclical to obligate parthenogenesis. Such transitions have
high general relevance as they occur in many other cyclical parthenogens (e.g. Daphnia) and
because they provide a valuable model system to investigate the “paradox of sex”, one of the
big unsolved problems in evolutionary biology. Second, we are developing and refining the
“toolbox” for experimental evolution using Brachionus. Such efforts comprise the
development of automated counting systems, experimental setups for long-term evolution,
cryopreservation, and the development of molecular markers. Such tools will allow, for the
first time, to experimentally study evolution in a metazoan and will therefore provide a
valuable extension to the existing microbial model systems.

Evolution of obligate parthenogenesis. Monogonont rotifers normally reproduce by
cyclical parthenogenesis. However, some clones of Brachionus calyciflorus have completely
lost their ability to reproduce sexually. Our preliminary results suggest that this may be
caused by a recessive allele. Such a “loss-of-function mutation” would be consistent with our
recent findings on sexual communication in Monogononts’® and the physiological
mechanism of obligate asexuality®. To understand how cyclical parthenogenetic populations
may be buffered against invasions by obligate parthenogens, we have started to analyze the
fitness and population consequences of both reproductive modes. So far, our results indicate
that obligate parthenogens enjoy a consistent reproductive advantage and can also reach
higher carrying capacities, which indicates superior competitive performance under resource
limitation. In the near future, we will examine fitness of obligate vs. cyclical parthenogens
under more natural conditions (e.g., field enclosures) and screen for obligate parthenogens
in the field.

Toolbox for experimental evolution. Rotifers are among the few multicellular organisms
that are suitable for experimental evolution. Our goal is to add further tools to this advantage.
Recently we have developed an image analysis system, which automatically samples up to
12 laboratory populations, counts rotifers, and detects males (i.e. sexual reproduction). This
system allows to track chemostat populations over long periods of time, as well as to keep
laboratory populations at a constant density (similar to turbidostats in bacteria). Both culture
systems, chemostats and turbidostats, have interesting properties since they provide
opposed selection regimes: Chemostats select for the most efficient resource use, whereas
turbidostats select for high maximum growth rates. In addition to these tools, we are currently



refining methods for rotifer cryopreservation and develop microsatellites for B. calyciflorus (in
collaboration with Prof. C. Schlbtterer, Vienna). We also participate in a collaboration to
establish a genomic library of B. calyciflorus (together with J. Logsdon, University of lowa
and D.B. Mark Welch, MBL, Woods Hole).

Within the Institute of Limnology, joint research projects are envisioned with the working
group Lamatsch (Molecular and cytogenetic evolution of asexual aquatic organisms).

Key publications

' Stelzer, C.P. & T.W. Snell (2006) Specificity of the crowding response in the Brachionus plicatilis
species complex. Limnology and Oceanography 51: 125-130.

2Timmermeyer, N. & C.P. Stelzer (2006) Chemical induction of mixis in the rotifer Synchaeta tremula.
Journal of Plankton Research 28: 1233-1239.

® Stelzer, C.P. (2008) Obligate asex in a rotifer and the role of sexual signals, J. Evol. Biol., 21: 287-
293.



WG “Palaeolimnology” - Roland Schmidt (head); Technical Assistance: Johann
Knoll; Graduate Student: Kerstin Huber

Long-term series play an important role in the present intensive debate about the impact of
climate change (global warming) on aquatic and terrestrial ecosystems and for the
establishment of future climate impact scenarios. The palaeolimnology, using lake archives,
provides long-term series on different time scales and proxies such as indicator species of
siliceous algae (diatoms, chrysophytes), populations and processes.

Developments and modern innovative approaches

Palaeolimnology has a long tradition in Austria, especially at our institute. In the past, lake
developments with respect to climate, eutrophication, and meromixis, were the primary
interest of our working group®*. With the development of quantitative inference models for
climatic and environmental variables and the application of multidisciplinary (multi proxy)
approaches, the focus has changed, influenced also by the increasing interest on processes
related to modern climate change starting in the 1990s°. Today we learn that we can
understand climate dynamics only when we split down at least to seasonal patterns’. Hence,
we have developed calibration tools for siliceous algae, which now allow us to reconstruct
seasonal (autumn, spring) lake mixing dates and their “translation” into seasonal temperature
anomalies®. This innovative approach is of importance when we know that the North Atlantic
Oscillation (NAO) is mainly a winter signal and when we hypothesize that climate change is
also a matter of changing long-term circulation patterns. Highlights, for example, were the
reconstruction of spring temperatures for Roman and High Medieval warming close to
present and the decoupling of both during the climate deterioration of Little Ice Age (LIA).
When we combined these seasonal temperature signals with other proxies such as
geochemistry, mineralogy and pollen, this multi proxy approach enabled us recently to
disentangle the complex interactions between climate, catchment processes, and human
impacts on alpine lakes during the past 4000 years.

Where can we go, how can we can proceed, and how we can interfere within the MFP?
Ten years ago we have collected a huge data set of biological, water chemical and
temperature measurements from 45 lakes in the Central Austrian Alps, which is worth re-
investigating with respect to all the questions that are related to climate warming/change. In
the recent project CLIM-LAND we started a joint-venture program with colleagues from our
institute to relate chrysophyte resting stages with species using molecular genetic
techniques. Molecular genetics tools gain also on importance when we go into morphological
details of diatoms, as we do at present for selected “problematic” taxa (morphotypes) from
this alpine data set, and their possible splitting. In sum, we suggest that combining the
palaeolimnological (time series) and taxonomical (classical and molecular) data with recent
ecology (field and cultures), this interdisciplinary approach could be helpful to improve
substantially the understanding of evolutionary processes.

Key publications

'Schmidt R., M. Roth, R. Tessadri, K. Weckstrém 2008. Disentangling late-Holocene climate and land
use impacts on an Austrian alpine lake using seasonal temperature anomalies, ice-cover,
sedimentology, and pollen tracers. J. Paleolimnol. 40: 453-469.

’Schmidt, R., C. Kamenik, M. Roth 2007. Siliceous algae-based seasonal temperature inference and
indicator pollen tracking ca. 4,000 years of climate/land use dependency in the southern Austrian
Alps.

3Schmidt, R., C. Kamenik, R. Tessadri, K.A. Koinig 2006. Climatic changes from 12,000 to 4,000
years ago in the Austrian Central Alps tracked by sedimentological and biological proxies of a lake
sediment core. J. Paleolimnol. 35: 491-505.

*Schmidt R., C. Kamenik, C. Kaiblinger, M. Hetzel 2004. Tracking Holocene environmental changes
in an alpine lake sediment core: application of regional diatom calibration, geochemistry, and
pollen. J. Paleolimnol. 32: 177-196.

°Psenner R., R. Schmidt 1992. Climate-driven pH control of remote alpine lakes and effects of acid
deposition. Nature 356: 781-783.



WG "Ecology of Freshwater Fish* — Josef Wanzenbdck (head); Technical
Assistance: Maria Pichler & Karl Maier; Graduate Students: Barbara Pamminger-

Lahnsteiner, Martin Finster, Patrick Schottl,.

During the early phase of MRP 2001-2006 the focus of our research was on Temporal
dynamics of fish communities and species diversity in Austrian lakes. Lake wide
quantification of fish stocks was realized by adopting modern hydroacoustic methodology
and combined with active and traditional, passive netting methods we characterized the fish
communities and species diversities encountered in Austrian lakes. These studies addressed
basic methodological aspects, i.e. repeatability of hydroacoustically derived estimates of fish
density and biomass within and between different echosounding systems®, which recently
are becoming important for the standardisation of hydroacoustic methods within Europe
(CEN-standard). Furthermore our studies addressed temporal changes in fish communities,
identifying anthropogenic impacts as the main reason for diversity changes during the last
centuries® which connects to reference conditions for the ecological status of Austrian lakes
according to the European Union Water Framework Directive.

During the later phase of the MRP our research was broadened by including the
individual behavioural variability of larval and juvenile fish and its relationship with
predation threat and with impacts on zooplankton prey. Close cooperation with guest
scientists (Anna Pasternak and Victor Mikheev, Moscow, Russia) enabled us to highlight the
role of “personality”, i.e. individual behavioural differences in foraging when faced with
various cues of predation threat. We showed that indirect cues of predation threat (daylight
conditions associated with elevated predation risk) can elicit a more “cautious” foraging
behaviour compared to twilight conditions (associated with low predation risk?) and this can
have similar effects on foraging behaviour compared to direct (olfactory and visual) cues of
predation risk®.

Our recent research activities focus on the relationship between genetic and
ecological variability in Austrian whitefish populations (FWF project L229-B12). The
cooperation project with Steven Weiss (University of Graz, Austria) analyses the enormous
phenotypic and ecological sub-specific variability of whitefish (Coregonus lavaretus)
populations seen in Austrian lakes (and world-wide) in relation to genetic diversification. An
important aspect is the possible human interference with microevolution by stocking non-
native fish from Baltic populations. The basis for this analysis was laid by developing specific
microsatellite markers® as well as mitochondrial DNA markers to reveal genetic structuring in
relation to ecological niche partitioning of adult and larval stages of whitefish?

Key publications

'Mikheev, V.N., J. Wanzenbock & A.F. Pasternak (2006): Effects of predator-induced visual and
olfactory cues on 0+ perch (Perca fluviatilis L.) foraging behaviour. Ecology of Freshwater Fish
15:111-117.

’Pamminger-Lahnsteiner, B., K. Winkler, S. Weiss & J. Wanzenbock (submitted to Hydrobiologia):
Screening lineage specific mtDNA haplo-groups in the larvae of putatively native and introduced
stocks of whitefish (Coregonus sp.) in two Austrian lakes.

*Wanzenbock, J., Mehner, T., Schulz, M., Gassner, H., and Winfield, 1.J. (2003) Quality assurance of
hydroacoustic surveys: Repeatability of fish abundance and biomass estimates in lakes within and
between hydroacoustic systems. - ICES Journal of Marine Science 60: 486-492.

*Wanzenbock, J., V.N. Mikheev & A.F. Pasternak (2006): Modification of 0+ perch foraging behaviour
by indirect cues of predation risk. Ecology of Freshwater Fish 15:118-124.

*Winkler, K. & S. Weiss (2008) Eighteen new tetranucleotide microsatellite DNA markers for
Coregonus lavaretus cloned from an alpine lake population. Molecular Ecology Resources 8,
1055-1058.

6Zick, D., H. Gassner, P. Filzmoser, J. Wanzenbdéck, B. Pamminger-Lahnsteiner, & G. Tischler
(2006): Changes in the fish species composition of all Austrian lakes >50 ha during the last 150
years. Fisheries Management and Ecology 13: 103-111.



WG “Stream Ecology” - Maria Leichtfried (head), Technical assistance:, Anneliese

Wiedlroither, with cooperative partners from outside)

Coming to Mondsee from the Biological Station Lunz, which was focusing on lotic
ecosystems for 25 years, | was and am interested to continue my work on stream
ecosystems. Through my coordination of the “Stream & River Ecology” module within IPGL,
the most important long-term project of the Institute for Limnology (see next section), |
developed valuable scientific friendships and research cooperations that led to the project

IRESA (Initiative in River Ecology in Sri Lanka: from Science to Application)

The ecologically diverse island of Sri Lanka is drained by 103 river systems and has a
multitude of man-made lakes, both ancient and recent. Although ecological research on
reservoirs started early, rivers and streams have received less attention in ecological studies
with no adequate investigations into functional relationship of the aquatic fauna and the
dynamics of their environment. IRESA was designed as a cooperation between the
University of Kelaniya (Sri Lanka), ILIM in Mondsee and the University of Innsbruck (Austria);
we intend to develop a) the installation of river ecology at an international scientific level, b) a
nucleus for follow-up research and education in river ecology, c) a network between
scientists and end-users involved in freshwater affairs, and d) awareness of endangering and
conservation of natural resources in freshwater policies. In a pilot study we investigated the
structure and function of two river ecosystems, including several trophic levels like organic
matter food base, macroinvertebrates and fish, as well as the decomposition processes’%*°.
The various trophic interactions will be explained in relation to catchment properties (land
use, catchment and riparian vegetation), environmental dynamics and human impacts. As all
the project activities involve the Sri Lankan scientific and social environment this initiative
furthers public awareness on these precious tropical river systems. The project will be
finished this year. Beside scientific publications, a TV film will be produced in Sri Lanka and
made available to all local schools and educational institutions. We want to continue our
research on tropical streams®*, where most of the basic research is still to be done.

Freshwater Fungi

Investigations on leaf litter decomposition processes in streams showed the generally high
importance of biofilms and of aquatic hyphomycetes, in particular. In order to learn more
about freshwater fungi, | want to apply, together with my expert colleague and teacher of the
TU Berlin, for a project on “Freshwater fungi and interactions with bacteria in aquatic
decomposition processes”. Nearly nothing has been done in this area in tropical countries.

Climate Change — Biodiversity Change — Genetic Change?

Long-term insect emergence and its relevancy to climatic change, insect populations or
biodiversity changes questions is the matter of this planned project. A treasure of a long-term
(25 years) series of insect emergence samples is stored in Austria and well maintained, but
has not yet been analysed. It provides a unique basis to explore insect populations in relation
to global warming, genetic changes and biodiversity in stream ecosystems. As an active
member in the managing committee of the “Long-term Ecological Research Association”, |
want to initiate a cooperation project within this framework in near future.

Key publications

'Fleituch, T., Leichtfried, M. (2007) Electron Transport System (ETS) Activity in Alder Leaf Litter in
Two Contrasting Headwater Streams. - Internat. Rev. Hydrobiol. 92 (4 - 5): 378 - 391

*Leichtfried, M. (2007) The Energy Basis of the Consumer Community in Streams Yesterday, Today
and Tomorrow.... - Internat. Rev. Hydrobiol. 92 (4-5): 363 - 377

3Statzner, B., Mérigoux, S., Leichtfried, M., 2005: Mineral grains in caddisfly pupal cases and
streambed sediments: Resource use and its limitation through conflicting resource requirements. -
Limnol. Oceanogr. 50 (2): 713 - 721

4Weliange, W.S., Leichtfried, M., Amarasinghe, U.S., Fireder, L. (in press) Structure and function of
benthic invertebrates in two contrasting tropical streams in Sri Lanka. - Aquatic Ecology



*Weliange, W.S., Pogosa, J., Lankaadikara, C., Leichtfried, M., Géltenboth, F. (2007) Guide to fresh
water fishes in Tubod River, Lake Danao and Inawasan River in Leyte, Philippines. — Ann. Trop.
Res. 29 (2): 1-27

6Weliange, W.S., Vijverberg J., Amarasinghe, U.S., Leichtfried, M. , Flreder, L. (in press) Potential
effects of discharge in food web properties and trophic interactions in two Sri Lankan streams. —
Hydrobiologia

IPGL-Office — Gerold Winkler (head), Regina Brandstatter

IPGL — (International Post-Graduate Training Programmes in Limnology) aims to strengthen
scientific capacity of developing countries to support local in-house expertise on the
conservation and sustainable management of inland aquatic ecosystems. Capacity building
measures are implemented via a multi-level approach, from individual to institutional and
international networking level. Support of research institutions in developing countries is
done in terms of human resource development, improved research facilities and
strengthened international networking, which will enable institutions in developing countries
to develop and implement solutions adapted to local situations. IPGL concentrates on the
Eastern African region to gear activities to local conditions and to maximize impact efficiency.
More than 500 young scientists from developing countries have attended IPGL-training
programmes. Training and research activities within IPGL-programmes include both
fundamental and applied science, whereby the following subjects are prioritised:

¢ Biodiversity, Conservation Biology and Evolution Ecology,
e Fish Ecology and Aquaculture,
o Water Quality, Risk Assessment and Aquatic Resource Management.

An international network in freshwater ecology and freshwater ecosystem management has
been established within the last 30 years. The global network is based upon the exchange of
scientists, collaboration in M.Sc. and Ph.D. training programmes, joint organisation of
workshops and conferences and joint research and development projects. A formalized
network has been founded in 2003 (EAWA - Eastern African Water Association), which is
interlinking 186 association members from research, management, private, NGO and policy-
making sectors.

The European Union funded research project “BOMOSA” has been initiated by IPGL-M.Sc.
research projects and is developing aquaculture techniques to utilize small water-bodies for
sustainable fish production in Eastern Africa.

IPGL Milestones 2006-2008

¢ 91 young scientists have attended IPGL training programmes from 2006 to 2008.
¢ 13 M.Sc. theses have been co-supervised by Austrian/African scientists and organized by
IPGL.
e The joint M.Sc. programme with UNESCO-IHE has been restructured and accredited in
The Netherlands.
e The 3-weeks course module “Tropical Limnology” has been established at Egerton
University, Kenya.
e Projects:
o IPGL 2005-2007: OEZA-Project via Austrian Development Agency (ADA):
International Post-Graduate Training Programmes in Limnology (Project duration
01.01.2005 — 31.03.2008; € 985,433.-).



o BOMOSA: EU-Project, FP-6, INCO-Dev, STREP: Integrating BOMOSA cage fish
farming system in reservoirs, ponds and temporary water bodies in Eastern Africa
(Project duration 01.10.2006 - 30.09.2009; € 1,499,998.-).

0 Mombasa Workshop: OEZA-Project via Austrian Development Agency (ADA) and
African Water Facility (AWF): “Mombasa Workshop — Bridging Research, Technology
& Development - Sustainable Water Resource Management in Eastern Africa”
(Project duration 01.08.2006 — 30.06.2008; € 160,000.-).

o IPGL 2008-2009: OEZA-Project via Austrian Development Agency (ADA):
International Post-Graduate Training Programmes in Limnology (Project duration
01.04.2008 — 30.09.2009; € 699,700.-).

o Two trans-disciplinary conferences with 270 participants from 16 countries have been
organized in Kenya with the goal of enhancing the impact of research and technology
towards sustainable management of aquatic ecosystem resources in Eastern Africa
(Conference titles: “Bridging research, technology & development: sustainable water
resource management in Eastern Africa; “Bridging research, technology & development:
initiating an interactive stakeholders’ partnership for sustainable water resource
development”).

Core funding of IPGL is provided by the Austrian Development Cooperation for more than 30
years via 2 to 3-years project contracts. Specific project activities are funded by international
agencies. The IPGL-Office is situated at the Institute for Limnology due to historical reasons
(Prof. H. Loffler was both founder of the Institute for Limnology and IPGL). The competitive
advantage of integrating IPGL into the Academy of Sciences is the autonomy to integrate
various research institutions and universities into IPGL activities, whereas Austrian
Universities would emphasize on its own staff-members, which may limit inter-institutional
involvement in training and research.

Key publications (*IPGL students underlined and personnel of the Institute of Limnology in bold letters)

Ajith Kumara P.A.D., Amarasinghe S.U., Schiemer F., Winkler G., & M. Schabuss (in press):
Distribution and abundance of unexploited fish species in three Sri Lankan reservoirs, Asian
Fishery Science.

Christiansen, G., Kurmayer, R., Liu, Q. & T. Bérner (2006). Transposons inactivate the biosynthesis
of the nonribosomal peptide microcystin in naturally occurring Planktothrix spp. Appl. Environ.
Microbiol. 72: 117-123.

Liti D.M., Fulanda B., Munguti J.M., Straif M., Waidbacher H. & G. Winkler (2005). Effects of open-
pond density and caged biomass of Nile Tilapia (Oreochromis niloticus L.) on growth, feed
utilization, economic returns and water quality in fertilized ponds, Aquaculture Research 36, 15,
1535-1543.

Liti D., Munguti J., Kreuzinger N. & H. Kummer (2005). Effects of sodium chloride on water quality
and growth of Oreochromis niloticus in earthen ponds, African Journal of Ecology 43, 3, 170-
176.

Schauer, M., J. Jing, & M.W. Hahn. (2006). Recurrent seasonal variations in abundance and
composition of filamentous SOL cluster bacteria (Saprospiraceae, Bacteroidetes) in
oligomesotrophic Lake Mondsee (Austria). Appl. Environ. Microbiol. 72: 4704-4712.

Sekadende B., Lyimo T. & R. Kurmayer (2005). Microcystin production in the Mwanza Gulf (Lake
Victoria, Tanzania), Hydrobiologia 543, 299-304.

Waidbacher, H., Liti, M.D., Fungomeli, M., Mbaluka, K.R., Munguti, M.J., M. Straif (2006). Influence of
pond fertilization and feeding rate on growth performance, economic returns and water quality in
a small-scale cage-cum-pond integrated system for production of Nile tilapia (Oreochromis
niloticus L.). Aquaculture Research 37: 594-600.

Winkler, G. (2006). Sustainability as added-value of integrated capacity enhancement programmes
for approaching MDG’s: IPGL - freshwater ecosystem research & management in developing
countries. Artikel in ,Conference proceedings — A Critical Look at the Role of Research in
Achieving the MDGs*, Editor B. Habermann, Verlag der Osterreichischen Akademie der
Wissenschaften, ISBN13: 978-3-7001-3770-2;
http://www.oeaw.ac.at/kef/millennium_dev_goals.htm.




8.4 Collected Reprints

The following publications in alphabetical order are provided for
somebody interested in specific aspects of our research. Please note
that some recent publications are not available as pdf files or cannot be
copied due to copyright restrictions. In some cases, you will find links to
download the most recent papers from the Institute’s homepage
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Here we introduce a method for quantitative analysis of planktonic protists and microalgae from preserved
field samples combining morphological and small-subunit (SSU) rRNA gene sequence analysis. We linked a
microscopic screening with PCR of single cells using field samples preserved with Lugol’s iodine solution. Cells
possessing a rigid cell wall were incubated with Viscozyme and subsequently with proteinase K for cell
disruption; this was unnecessary for fragile cells. The addition of sodium thiosulfate to the PCR tube
considerably decreased the inhibiting effect of the fixative (iodine) on the PCR and thus allowed for successful
single-cell PCR even of long DNA fragments (up to as many as 3,000 base pairs). We further applied the
protocol to investigate the dominant SSU rRNA genotypes in distinct flagellate morphospecies originating from
different samples. We hypothesized that despite the morphological similarity, protist morphospecies in differ-
ent habitats or sampled during different seasons are represented by different genotypes. Our results indicate
species-specific differences: the two species Ochromonas sp. and Dinobryon divergens were represented by several
different genotypes each, and for the latter species, the dominating genotype differed with habitat. In contrast,
Dinobryon pediforme, Dinobryon bavaricum, and Synura sphagnicola were exclusively represented by a single
genotype each, and the respective genotype was the same in different samples. In summary, our results

highlight the significance of molecular variation within protist morphospecies.

Linking a specific protist or microalgal small-subunit (SSU)
rRNA gene sequence from environmental surveys to a specific
morphotype is often problematic. Molecular surveys do not
usually provide any information on the morphology of the
organism (see references 19, 25, and 27 but compare with
reference 10), whereas morphological surveys concentrate on
preserved samples, which are usually not considered for mo-
lecular analyses (7). One main way to overcome these prob-
lems is to link sequence analysis with morphological investiga-
tions from preserved plankton samples on a per cell basis.

Successful sequence analysis has already been demonstrated
for preserved specimens, but it has various shortcomings. Most
methods either require relatively large amounts of template
DNA (i.e., cultured material, preserved tissues, or environ-
mental DNA collected on filters or by centrifugation [18]) or
amplification is limited to short fragments or both (2, 4, 6). It
is therefore no coincidence that attempts to analyze the DNA
sequence from preserved microplankton samples focused
mainly on alveolate taxa, i.e., organisms presumably with a
high copy number of the SSU rRNA gene (dinoflagellates [5,
11, 13, 29]; ciliates [9]). Still, despite the presumably high gene
copy number in the alveolates investigated so far, success with
field samples is usually low.

Among the most common fixatives for microalgae and pro-
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tists are formaldehyde and Lugol’s iodine solution (12, 20, 32).
Formaldehyde-preserved samples are generally problematic
for molecular analyses, as formaldehyde may cause severe cell
loss (e.g., reference 20 and references therein). Formaldehyde
may further reduce the PCR efficiency in a storage time-de-
pendent manner (17) and can alter the DNA structure and
may thus cause sequencing errors, specifically C-T and G-A
mutations during PCR (8, 26).

Lugol’s iodine solution seems less problematic with respect
to sequence analysis but still seems to require at least a 10-
fold-higher cell concentration in the PCR compared to unpre-
served PCR (5, 13, 30; see reference 6 for successful amplifi-
cation of short fragments of around 200 base pairs).

We propose an optimized protocol combining microscopic
screening with direct PCR of single protist and microalgal cells
using field samples preserved with Lugol’s iodine solution. We
also successfully applied the protocol to investigate the dominant
SSU rRNA genotypes in distinct flagellate taxa affiliated with the
same morphospecies but originating from different samples. We
hypothesized that despite the morphological similarity, protist
morphospecies in different habitats or sampled during different
seasons would be dominated by different genotypes.

MATERIALS AND METHODS

Media and stock solutions. The following media, stock solutions, and chemicals
were used in our study. NSY-IB medium is an inorganic basal medium for the
maintenance of cultured strains. It contains the following substances: 75 mg of
MgSO, - 7TH,0 liter !, 143 mg of Ca(NO3), - 4H,0 liter !, 16 mg of NaHCO,
liter !, 5 mg of KCl liter !, 2.8 mg of K,HPO, liter !, 4.4 mg of Na,EDTA liter ',
3.2 mg of FeCl, - 6H,0 liter !, 1.0 mg of H3;BO; liter !, 0.2 mg of MnCl, - 4H,0
liter 1, 0.02 mg of ZnSO,, - 7H,0 liter !, 0.01 mg of CuSO, * 6H,0 liter !, 0.01 mg
of CoCl, - 6H,O liter™!, 0.006 mg of Na,MoO,:2H,O liter™!, 0.1 mg of
NiCl, - 6H,0 liter ! (15); thiosulfate stock solution (62 g Na,S,05 - SH,0 liter');
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TABLE 1. PCR yield with different concentrations of Lugol’s iodine solution and sodium thiosulfate in the PCR mix

Lugol’s iodine solution
concn (! of stock

PCR efficiency with the following sodium thiosulfate concn (g ml™')%:

solution ml~ 1) 0 39 195 390 975 1,950
0 44.8 (100) 47.3 (105.6) 45.1 (100.9) 45.4 (101.5) 16.8 (37.6) 23(52)
0.088 1.5(3.3) 44.8 (100) 32.4(72.4) 33 (73.7) 27.7 (61.8) 15(3.4)
0.44 0 (0) 41.6 (92.9) 26.1 (58.3) 37.2(83.2) 24.1 (53.9) 1.4(3.1)
0.88 02 (0.5) 1.5(33) 42.8 (95.6) 31.2(69.6) 20 (44.7) 0.7 (1.5)
2.64 0.1 (0.1) 1.8 (4.1) 37.1(82.8) 26 (58.1) 15.3 (34.3) 1.6 (3.6)
5.8 0.5 (1.1) 1.1(2.5) 1.3 (2.8) 33.6 (75.1) 21 (47) 0.9 (2)
7.92 0.6 (1.3) 0.1(0.3) 0.3 (0.6) 0.6 (1.4) 14.8 (33) 0.8 (1.8)
132 0.7 (1.5) 1.8 (3.9) 0.4 (0.8) 2.7 (6.1) 0.7 (1.6) 0.7 (1.5)

“ The efficiency or yield of the PCR is shown as the amount of PCR product (ng of DNA ul~!) based on a constant amount of template DNA. The relative efficiency,
i.e., the relative amount of DNA gained during PCR as a percentage of total DNA gained without the addition of the respective chemicals, is given in parentheses.

thiosulfate working solution (50 pl of thiosulfate stock solution added to 1 ml of
NSY-IB medium); Lugol’s iodine stock solution (100 g K1 liter ! and 50 g L, liter ~");
Lugol’s iodine working solution (2 ml of Lugol’s iodine stock solution added to 98 ml
of filtered NSY-IB medium (using 0.2-pm syringe filters).

Overcoming PCR inhibition caused by Lugol’s iodine solution. We tested the
concentration-dependent inhibition of the PCR by Lugol’s iodine solution and
the effect of thiosulfate. Thiosulfate is commonly used to remove the dark stain from
organisms preserved with Lugol’s iodine solution for better identification of inner
cell structures (21, 24, 31). We suspect that molecular iodine embedded in DNA is
(partly) removed as the thiosulfate reduces the molecular iodine. We expected,
therefore, that the fixation-related inhibition of the PCR would be partly neutralized.

(i) General setup. Two axenic strains of chrysomonad flagellates were used as
test organisms during the development of the method: Poterioochromonas mal-
hamensis strain DS and Spumella sp. strain JBCO7 (3). The flagellates were kept
in axenic cultures. For the experiments, they were transferred to inorganic
NSY-IB medium and fed with the bacterial strain Listonella pelagia CBS (cf.
reference 3). If not stated otherwise, 10 pl of dense flagellate cultures (corre-
sponding to 100 to 200 cells) was used as the template for PCR without prior
extraction of DNA.

In the first experiment, we tested for the effect of Lugol’s iodine solution on the
PCR at different thiosulfate concentrations: we investigated the effects of all com-
binations of 0, 0.09, 0.44, 0.88, 2.6, 5.3, 7.9, and 13.2 pl Lugol’s iodine stock solution
(corresponding to 0, 4.5, 22, 44, 130, 265, 395, and 660 g I, ml™!, respectively) and
0, 39, 195, 390, 975, and 1,950 ug sodium thiosulfate ml~! on the PCR.

In a second experiment, the final concentrations of iodine in the PCR mix
ranged from 0.0009 to 13.2 pl Lugol’s iodine stock solution ml~! (corresponding
to 0.045 and 660 pg I, ml~ !, respectively); experiments were run in the absence
and presence of 390 pg Na,S,0; ml~! (corresponding to the recommended
concentration [see “Recommended protocol” below]). In addition, control treat-
ments without fixative were tested.

(ii) DNA amplification and sequence handling. Flagellate 18S rRNA was
amplified with the following broad eukaryotic SSU rRNA targeting primers: the
forward primer EK82f (5'-GAAACTGCGAATGGCTC-3") and the reverse
primer Proto5r (5'-GACGGGCGGTGTGTAC-3).

Each PCR mixture contained 1.25 U of Taq polymerase (Qiagen), 5 pl of 10X
PCR buffer, 200 nM of each primer, 200 uM of each deoxynucleoside triphos-
phate, 21.75 wl of water, and 20 pl of liquid containing the template DNA. The
water for the PCR was distilled, then filtered using a 0.2-pm syringe filter, and
finally autoclaved. Reactions were carried out in an Eppendorf Mastercycler
gradient starting with a denaturation step of 3 min at 94°C, followed by 35 cycles,
with 1 cycle consisting of denaturation (94°C for 1 min), annealing (52°C for 1
min), elongation (72°C for 2 min), and a final extension step of 5 min at 72°C.
PCR products were checked on an agarose gel.

The PCR products were purified using the QIAquick PCR purification kit
(Qiagen), following the instructions of the supplier. Subsequently, the products
were quantified (Spectrophotometer Nano Drop ND-1000; program ND-1000
V3.3.0) and commercially sequenced (SMB, Berlin, Germany). The sequences
were processed as previously described in reference 3, using the program BioEdit
5.0.9. The SSU rRNA gene sequences have been deposited in the National
Center for Biotechnology Information (NCBI) database (for accession numbers,
see Table 2 and see Table S1 in the supplemental material). Sequences were
submitted to the BLAST search program at the NCBI.

Application to field samples. (i) Dealing with free DNA in plankton samples.
Preserved plankton samples often contain dissolved DNA due to disintegration
of (some) cells during net sampling and sample processing (later on referred to

as free DNA). We tested several protocols to prevent amplification of such free
DNA in the PCR, specifically washing the whole plankton sample, washing
individual cells, and combinations of these two approaches. For description of
the washing steps, see “Recommended protocol” below. After each washing step,
10 pl of the fluid was taken and handled as described for the single cell up to the
seminested PCR.

(ii) Quantitative analysis and applicability to different taxonomic groups. An
optimized protocol (see “Recommended protocol” in the Results and Discus-
sion) was applied to organisms affiliated with different taxonomic groups in order
to test for broad applicability of the proposed method. The main focus was on the
Chrysophyceae and Synurophyceae (both stramenopiles) and the Dinozoa and
Ciliophora (both alveolates) following the higher-level classification of Adl and
coworkers (1). Field samples were taken from ponds and lakes in the Salzkam-
mergut area in Austria, specifically from the ponds Loibersbacher Teich 1 and
Loibersbacher Teich 2 and from the lakes Fuschlsee and Wallersee. Plankton
samples were preserved with Lugol’s iodine solution (20 pl Lugol’s iodine stock
solution ml~") and stored at 4°C in the dark until further processing.

Primers and PCR protocols were chosen based on the morphological analysis
of video recordings taken before picking the cells. In general, we used the
primers and PCR conditions as stated above (see “DNA amplification and
sequence handling”). For organisms that are not targeted by broad eukaryotic
primers, a preliminary test was included, i.e., several cells were picked, and
different primers and PCR protocols were tested until suitable protocols for all
target organisms were discovered. In all cases, an additional negative control was
taken from the remaining 400-ul drop after the last washing step and tested to
check for contamination by free DNA. If there was too little PCR product for
sequencing, a subsequent seminested PCR was conducted using 1 pl of the initial
PCR product and appropriate primers, i.e., usually the forward primer Sogin 2f
(5'-AGGGTTCGATTCCGGAG-3") and the reverse primer Proto5r.

(iii) SSU rRNA genotype distribution within and among samples. We further
applied the proposed method to investigate the dominant SSU rRNA genotype
within distinct microalgal morphospecies. We compared the genotype composition
in samples originating from different locations and/or seasons (see Table 2). Specif-
ically, we selected the chrysophyte taxa Dinobryon divergens and Dinobryon pediforme
for spatial comparisons and D. pediforme, Dinobryon bavaricum, Synura sphagnicola,
and Ochromonas sp. for seasonal analysis. For each of these species, we analyzed at
least three individuals per sample (if present). This was done in order to determine
the dominant genotype of the respective morphospecies.

RESULTS AND DISCUSSION

Overcoming PCR inhibition caused by Lugol’s iodine solu-
tion. Successful single-cell PCR from preserved plankton samples
has been demonstrated for cultured strains using ethanol or
methanol fixation (18), formalin or methanol fixation (13), os-
mium tetroxide fixation (29), and Lugol’s iodine solution (14). All
these methods are generally problematic for low concentrations
of template DNA. The above studies therefore focused on alve-
olate taxa (dinoflagellates and ciliates), i.e., on taxa that presum-
ably have a relatively high copy number of the SSU rRNA gene.

Accordingly, in our experiments, Lugol’s iodine solution in-
hibited the PCR already at levels corresponding to less than 0.1
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FIG. 1. Inhibition of the PCR by Lugol’s iodine solution. The PCR
yield is expressed as a percentage of the control treatment (DNA yield
of the control without Lugol’s iodine solution, 100%). The black circles
indicate the PCR yield in the absence of thiosulfate, and the white
symbols indicate the PCR yield in the presence of thiosulfate. Cultures
of Poterioochromonas (circles) and Spumella (squares) were used as
template in these experiments.

wl stock solution ml~" (Table 1). Simple dilution, i.e., repeated
washing in sterile media did not solve this problem for two
reasons. First, the preserved cells still did not allow for suc-
cessful PCR unless high concentrations of template DNA were
used (i.e., many cells per PCR), and second, particularly fragile
cells tended to burst in medium free of Lugol’s iodine solution
(data not shown).

To solve this problem, we applied an alternative approach.
By adding thiosulfate to the PCR master mix, the iodine fixa-
tion was (partly) reversed, allowing for successful PCR in the
presence of much higher concentrations of Lugol’s iodine so-
lution (Table 1). A final concentration of 390 pug Na,S,0; ml '
in the PCR mix counterbalanced iodine concentrations of
more than 600 pg I, ml~! (i.e., covering the usual range of
iodine concentrations in preserved samples; Fig. 1). We did not
observe any fixation artifacts during PCR, i.e., the SSU rRNA
gene sequence using single cells of the flagellate strain JBC07
was identical for preserved and unpreserved cells and identical
to the published sequence of that strain (GenBank accession
number EF577165). The method was suitable for neutral,
acidic, and alkaline Lugol’s solution (data not shown).

Recommended protocol. Prior to the analysis, the plankton
samples preserved with Lugol’s iodine solution were washed as
follows (Fig. 2). First, we washed the whole sample, i.e., 100-ml
portions of the preserved samples were transferred to fresh flasks,
and the cells were allowed to settle. Subsequently, the liquid was
gently removed with a pipette, leaving roughly 5 ml of residual
material (0.5 cm of the water column at the bottom). Afterwards,
95 ml of the washing solution was added, and the sample was
mixed. This procedure was repeated a second time.

Afterwards, we washed individual target cells. One milliliter
of the preserved sample was transferred to a cover slide and
inspected for target cells at a total magnification of X200
(Zeiss Axiovert 200). Target cells were then checked at a
magnification of X400 or X630, and digital recordings were
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Preparation of stock solutions,
1 working solutions and washing solutions;
prepare PCR tubes, i.e. Add 10ul of thiosulfate
working solution to each tube

e S

2 Transfer 100 ml of preserved sample lo a
sterile flask and allow celis to settle

N
) e ——

ek Remove supematant with pipette !
——

Add 100 ml of the washing sclution, mix,
and again allow 1o seltle L

Repeat steps 2 to 4 for a second time |

under the microscope (including video

Transfer one drop lo a cover slip and inspect
recordings if required)

Pick up to & cells and transfer them to a 400ul
drop of the washing solution on a separale slide
THIS STEP MAY BE SKIFPED IF YOU USE

SPECIFIC PRIMERS DURING PCR &

Pick cells and transfer them to separate
400pl drops of washing solution

Pick cell again (in approximately 10yl) and
transfer to a PCR tube containing the thiosulfate

worklf solution

Heat the PCR lube at 95°C for 5 min and
subsequently freeze at -80°C
(the samples can now be stored for longer)

Add master mix and run PCR (see methods) !

Centrifuge PCR tubes and remove 40pl of supernatant
for sequencing or nested PCR if necassary,;
the remaining 10yl containing skeletal elements
may be used for electron microscopical investigations.

depicted with a white background, those with a gray background may
be skipped depending on the level of contamination/cell concentra-
tions in the original sample and the specificity of the primers used
during PCR (indicated by the dotted arrows marked with an asterisk).
For an explanation, see the text. Examples of the morphological anal-
ysis are shown on the left for three species. For Synura sphagnicola, a
scanning electron microscopy image of the scales, which can be ex-
tracted from the PCR tubes after running the PCR, is also shown.

made for later morphological analysis (Panasonic KR222E
with Dazzle Video Creator 150; program Pinnacle Studio Ver-
sion 9.4.3.). After inspection and video recording, the single
cells were picked at X200 magnification with a glass pipette,
and up to six cells (corresponding to 5 to 50 wl) were trans-
ferred to a 400-pl drop of Lugol’s iodine working solution on
a separate slide. These cells were picked again and separately
transferred to one drop (400 pl) of Lugol’s iodine working
solution each. From this final drop, the cells were picked again
and (in a drop of approximately 10 pl) transferred to a 200-p.l
PCR tube already containing 10 pl of the thiosulfate working
solution (corresponding to 390 pg Na,S,0; ml~'). For a neg-
ative control for free DNA, 10 pl of the remaining fluid was
transferred to a second PCR tube and processed the same way.
The PCR tubes were subsequently heated at 95°C for 5 min in
an Eppendorf Mastercycler gradient and immediately after-
wards shock frozen at —80°C in order to break cells and to
denature proteins (Fig. 2).

Organisms possessing a rigid cell wall (e.g., dinoflagellates,
cryptophytes, and diatoms) were treated in a slightly different
way in order to break the cell wall. For the last washing step of
the individual cells, we used NSY-IB medium instead of
Lugol’s iodine working solution. After the cells were picked,
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TABLE 2. Genotypes of individual cells affiliated with selected morphospecies originating from different habitats or seasons”

. . GenBank Sampling date Abundance
Species and strain Genotype” accession no. Lake (dal})/.m%).yr) (no. of cells ml™")
Dinobryon bavaricum
FU28-11 Bavaricum 1 EU024971 Fuschlsee 10.07.06 1.7
FU28-13 Bavaricum 1 EU024972
FU28-14 Bavaricum 1 EU024973
FU44-4 Bavaricum 1 EU024979 Fuschlsee 30.10.06 5.9
FU44-14 Bavaricum 1 EU024982
FU44-61 Bavaricum 1 EU076735
Dinobryon divergens
FU28-24 Divergens 1 EU024976 Fuschlsee 10.07.06 9.3
FU28-25 Divergens 1 EU024977
FU28-27 Divergens 1 EU024978
WA28-6 Divergens 2 EU025019 Wallersee 10.07.06 240
WA28-7 Divergens 3 EU076736
WA28-8 Divergens 4 EU025020
WA28-34 Divergens 4 EU076737
WA28-35 Divergens 4 EU076738
WA28-37 Divergens 4 EU076739
Dinobron pediforme
LO128-14 Pediforme 1 EU005402 Loibersbacher Teich 1 10.07.06 3,650
LO128-16 Pediforme 1 EU024992
LO128-17 Pediforme 1 EU024993
LO134-9¢ Pediforme 1 EU024998 Loibersbacher Teich 1 21.08.06 820
LO134-19 Pediforme 1 EU025000
LO134-20 Pediforme 1 EU025001
L0O228-51 Pediforme 1 EU025007 Loibersbacher Teich 2 10.07.06 27
L0228-76¢ Pediforme 1 EU025008
L0O228-77 Pediforme 1 EU025009
L0O234-1 Pediforme 1 EU025013 Loibersbacher Teich 2 21.08.06 7,750
L0O234-4¢ Pediforme 1 EU025014
L0O234-5¢ Pediforme 1 EU025015
Ochromonas sp.
LO128-108 Ochromonas 1 EU024995 Loibersbacher Teich 1 10.07.06 7
LO128-155¢ Ochromonas 1 EU024996
LO128-157 Ochromonas 1 EU076740
LO128-158 Ochromonas 2 EU076741
LO128-159 Ochromonas 3 EU076742
LO128-160¢ Ochromonas 1 EU076743
LO128-161°¢ Ochromonas 1 EU076744
LO128-162 Ochromonas 1 EU076745
LO134-4 Ochromonas 4 EU024997 Loibersbacher Teich 1 21.08.06 5,720
LO134-15¢ Ochromonas 1 EU024999
LO134-23 Ochromonas 5 EU025002
LO134-25 Ochromonas 1 EU025003
Synura sphagnicola
L0O228-6 Sphagnicola 1 EU025004 Loibersbacher Teich 2 10.07.06 525
LO228-7 Sphagnicola 1 EU025005
L0O228-33 Sphagnicola 1 EU025006
LO234-7 Sphagnicola 1 EU025016 Loibersbacher Teich 2 21.08.06 1,470
L0O234-8 Sphagnicola 1 EU025017
LO234-9 Sphagnicola 1 EU025018

“ The strain number of the isolated cells, genotype, and GenBank accession number are shown for each investigated cell. The place of origin (lake) and the respective

abundance is given for each morphospecies in the respective sample.

® The same genotype number corresponds to 100% similarity between the investigated cells, different genotype numbers within a morphospecies indicate a difference
of a single base pair (within the analyzed sequence) from the sequences of other cells of the same morphospecies. Only the sequences of Dinobryon divergens cells
originating from Lake Fuschlsee differed in two positions from sequences of D. divergens cells originating from Lake Wallersee.

¢ The sequences obtained from these strains have one mixed base site, but we assume that the base in question corresponds to that present in the other strains at

the respective position.

@ This strain represents probably a different genotype, but the three base positions in question could not be unequivocally identified (i.e., K instead of A, R instead

of T, and N instead of A).

they were incubated in a 200-ul PCR tube with 1 pl of 1:100
diluted Viscozyme L solution (Sigma-Aldrich) in a total vol-
ume of ~20 pl at 37°C for 2 h in an Eppendorf Thermomixer
comfort. Afterwards, 1 pl of 1:10 diluted proteinase K solution

(proteinase K [>600 X 1073 absorbance units/ml]; Qiagen)
was added. The tubes were incubated at 55°C for 50 min and
subsequently heated at 95°C for 10 min (16). Afterwards, the
samples were further processed as described above.
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Application to field samples. (i) Dealing with free DNA in
plankton samples. As most eukaryotic cells contain many cop-
ies of the rRNA genes (specifically, ciliates and dinoflagellates
may contain up to several hundred or thousand copies), even
the disintegration of only a few cells may cause a serious
contamination of the sample. The application of the two wash-
ing methods as applied in our protocol sufficiently excluded
such background contamination even when broad eukaryotic
primers were applied. Using more specific primers circum-
vented the amplification of free DNA even without washing
single cells (data not shown). However, we recommend picking
several cells from any morphospecies under investigation as an
internal control and testing a negative control from the sur-
rounding fluid of the cell.

(ii) Quantitative analysis and applicability to different tax-
onomic groups. We recommend the proposed method for a
quantitative analysis of protist and microalgae communities com-
bining morphological and molecular investigations. Our protocol
allowed for amplification of the nearly full-length SSU rRNA
gene from single cells for any protist and algal taxon tested (see
Table S1 in the supplemental material). We successfully and
quantitatively analyzed DNA fragments of up to 3,000 (data not
shown) even though we concentrated on a fragment of between
1,200 and 1,500 base pairs for analysis. All tested morphospecies,
including several fragile taxa, were successfully investigated by the
proposed method (GenBank accession numbers EU005402,
EU024970, EU024971, EU024974, EU024975, EU024977,
EU024980 to EU024984, EU024986 to EU024991, EU024994,
EU025002, EU025010 to EU025012, EU025018, EU025021, and
EU025022 [see Table S1 in the supplemental material]). The
combination of washing protocols with the addition of thiosulfate
in the PCR therefore significantly improved the single-cell PCR
from preserved plankton samples.

Other molecular standard methods are limited in linking
morphology and full sequence information; while providing
sequence data, clone libraries provide mostly presence-ab-
sence information and are severely biased by primer specificity
and taxon-specific differences in gene copy number (28). In
contrast, fluorescence in situ hybridization targets only short
oligonucleotide sequences and requires a detailed a priori
knowledge of the sequence and probe specificity.

In contrast to conventional molecular surveys, the proposed
method allows the linking of morphological and molecular
screening approaches directly and quantitatively based on pre-
served plankton samples (see Table S1 in the supplemental
material). Further, not only abundant taxa but also compara-
tively rare ones, taxa with a low gene copy number and taxa
that are negatively selected by broad eukaryotic primers, can
easily and quantitatively be analyzed by the proposed method
(see Table S1 in the supplemental material).

(iii) SSU rRNA genotype distribution within and among
samples. The proposed method is particularly well suited to
detect minute genotypic differences between individuals of the
same morphospecies. Genotypic variation within nominal pro-
tist taxa is of special interest with respect to the debate on
microbial distribution and biogeographies (3, 22, 23, 33). We
applied our method to check for differences in the dominant
genotypes in protist taxa affiliated with the same morphospe-
cies but originating from different habitats or seasons. We
tested specifically for spatial differences for Dinobryon pedi-
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forme and Dinobryon divergens (both Chrysophyceae) and, in
addition, for seasonal differences for Ochromonas sp., D. pedi-
forme, Dinobryon bavaricum (Chrysophyceae), and Synura
sphagnicola (Synurophyceae). The results indicate consider-
able differences between the tested morphospecies (Table 2).
For some species, i.e., Dinobryon bavaricum, Dinobryon pedi-
forme, and Synura sphagnicola, we found no intraspecific vari-
ation in the SSU rRNA gene sequence between individuals.
This was independent of the time and place of origin.

In contrast, for other species, e.g., Ochromonas sp. and
Dinobryon divergens, the morphospecies were represented by
different SSU rRNA genotypes. For these latter morphospe-
cies, our data indicate a different genotype composition in the
different samples. For instance, the dominant genotype of D.
divergens from Lake Fuschlsee was not found in Lake Waller-
see. A high molecular variation has also been demonstrated for
other nominal nanoflagellate taxa (e.g., for Spumella sp. [K.
Pfandl et al., submitted for publication], Paraphysomonas ves-
tita [2], Neobodo designis [33], and Rhynchomonas nasuta [22]).
A conclusive judgment would require in-depth investigation of
the respective morphospecies, which was, however, not in the
scope of this study. It remains a future challenge to identify
those species in which the morphotype corresponds to a spe-
cific phylotype and to separate those in which this is not the
case.
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During the period of protistology, i.e., from the first
descriptions of microorganisms by van Leeuwen-
hoek in 1674 until today, the classification of
nanoflagellates (and protists in general) changed
several times depending on the available metho-
dology (Corliss 1986, 2001). Scientific dispute
focused on the general relationship of nanoflagel-
lates with multicellular organisms, specifically
regarding the plant—animal distinction, and the
differentiation of distinct nanoflagellate species.
| will briefly outline the advances in the conceptual
background, i.e., protist megasystematics and
species concept, and further portray the past
and present classification problem in hetero-
trophic nanoflagellates. | will pay special atten-
tion to the genus Monas Mdiller 1773, as this
genus can be considered the ‘oldest’ nanoflagel-
late genus and is therefore specifically better
suited to illustrate the historical development
of nanoflagellate classification than any other
taxon.

Conceptual Background

Megasystematics

Regarding protist megasystematics, motility was
the main or only criterion for the first observers to
place these organisms within the animal kingdom;
any signs of internal organization were also
considered sufficient proof of the animal nature
of these organisms (e.g. Ehrenberg 1838; von
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Gleichen 1778; Table 1). In general, the scientists
of the early 19th century were still mostly
convinced of the animal nature of these organisms
(see also Bory (18244, b), ‘animals invisible to the
naked eye’; Dujardin (1841)). However, from the
mid 19th century onwards the mode of nutrition,
i.e. heterotrophy and specifically particulate food
uptake versus autotrophy, became the dominating
criterion in differentiating animals from plants
(e.g. Butschli 1880—82; Kent 1880—81; Stein
1878; Table 1).

Perty (1852) was one of the first who discussed
the problem of animal/plant affiliation thoroughly
and his proposal of the order Phytozoa illustrates
the problem of the animal—plant distinction.
he increasing problems in differentiating animal-
like and plant-like forms, i.e., to place microorgan-
isms within the historic kingdoms Animalia
and Plantae (cf. Linnaeus 1758), provided a basis
for the proposal of the kingdoms’ Protoctista
(Hogg 1860) and Protista (Haeckel 1866). How-
ever, most of the time zoologists and botanists
followed, and still follow, separate approaches,
largely ignoring alternative concepts (cf. the
Flagellata/Protozoa of Kent (1880—81), Butschli
(1880—89), and Doflein (1916) with the micro-
algae of Pascher and Lemmermann (1914) and
Pringsheim (1963).

Whereas similar suggestions to expand the
historic kingdom system succeeded in separating
the prokaryotes (first suggested by Chatton (1925)
and formally accepted in the 1960s (e.g. Stanier
and van Niel 1962)), it is only recently and based
largely on molecular evidence that the general
view on the higher level taxonomy of protists
has become largely harmonized, i.e., Unikonts
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Table 1. Protist megasystematics and the animal—plant distinction in the course of time. Angular brackets
are used for either the omission of text [...] or for additional comments, numbers in rounded brackets refer to

page numbers in the original document.

Original text

Translation

von Gleichen 1778
Man vermisset aber die vorzlglichen
Eigenschaften, die der Herr Professor und die
Erfahrung, als untriigliches Kennzeichen der
Animalitdt des Thieres bestimmen, nemlich: ,die
freiwillige Bewegung; die Kraft der Bewegung
Einhalt zu thun; sich zu widersetzen; Ueberlegung
anzuzeigen; Leidenschaften zu offenbahren u. d.
gl.“keineswegs auch an diesen Thierchen nicht,
dann es ist ihre eigenthimliche freiwillige
Bewegung, wie wir gesehen haben, so wenig als
bei den Fischen zu ldugnen, und sie haben die
Kraft, mitten in ihrer Fahrt Halt zu machen, sich
um, und von der einen Seite zur anderen, zu
werfen und zu wenden, wovon man verschiedene
Beispiele bei den Beobachtungen finden wird;
einen anderen Weg zu nehmen; das Vermdgen
sich den hindernden Schleimtheilchen zu
widersetzen, sie zu bewegen und fortzustossen;
Ueberlegung, ihren Kérper zusammen zu ziehen,
und schmaéler zu machen, wenn sie einen engen
Durchgang zwischen zweien Schleimtheilchen
antreffen; sich zu krimmen, wenn ihnen
hervorstehende Theile derselben, im Weg
kommen, endlich Leidenschaften zu erkennen zu
geben, wenn sie sich truppweise versammeln,
gesellschaftlich miteinander fortgehen, und sich
wieder trennen, oder sich paarweise vereinigen
(98/99)
Aber das wichtigste Unterscheidungszeichen der
Pflanze von dem Thiere ist wohl ihr fester Stand
auf und ihre Verbindung mit der Erde durch ihre
Wourzeln, und bei den Wasserpflanzen, durch
diese mit dem Wasser. Dahingegen das sich von
diesen Elementen losgerissene Thier, das
Vermogen hat, Stand und Ort nach Willkiihr zu
verandern. (100)[...]
[Wir] wollen alle ein thierisches Leben durch
freiwillige Bewegung und thierische Handlungen,
zu erkennen gebende Wesen, flr dasjenige, was
sie sind, nemlich flrr Thiere halten. (101)

Ehrenberg 1838
Alle Infusorien sind organisierte, zum grossen
Theil, wahrscheinlich alle, hoch organisierte
Thiere. Dass alle mikroskopischen Organismen
nur Thiere, nicht Pflanzen wéren, wie Buffon
meinte, ist irrig; viele Pflanzen bestehen deutlich
aus mikroskopischen Einzelformen (XIII)
Alle selbstbewegten Kdrperchen, welche das
Mikroskop im Wasser zeigt (1)

One does not miss at all in these animalcules the
excellent characters, which the Professor [meant
is Phillip Ludwig Stanius Muller] and the
experience determine without any doubt the
characteristics of the animal nature of animals,
i.e., “voluntary movement; the power to stop
movement; to resist; to show consideration; to
reveal passion and so on”. Their peculiar voluntary
movement cannot be more denied than for fish,
and they have the power, to stop on the move, to
turn and throw themselves from one side to the
other — several examples will be found in the
observations, to take another route; the ability to
defy hindering slime particles, to move them and
to push them away; the consideration to contract
and to thin their body whenever they come across
a narrow passage between two slime particles; to
bend themselves around protruding parts of these
particles, finally to show passion when they
assemble in groups, corporately go away
together, and separate again, or unite pairwise
(99/98)

But the most important differential character of
plants (from animals) is probably their firm stand
on and their connection with the earth by their
roots, and in the case of water plants, the
connection of their roots with water. In contrast,
the animal (which is cut loose from these
elements) has the ability to change site and place
deliberately. (p. 100) [...]

We will regard all beings, which show animal-like
life by voluntary movement and animal-like action,
for that what they are, i.e. animals. (101)

All Infusoria are organised, most and possibly all
of them, highly organised animals. Buffon’s view
that all microscopic organisms are animals is
erroneous; many plants are composed of
microscopic items (XII)

All particles, which move on their own and which a
microscope shows in the water (1, [referring to the
Monadina as animals])
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Table 1. (continued)

Original text Translation

Wo keine innere Organisation nachzuweisen, fehlt
es jedem Urtheil Gber Aehnlichkeit mit Thieren am
ersten und wichtigsten Grunde (38)

Perty 1852

Die zweite Ordnung [der Infusorien] kann den
Namen Phytozoidia erhalten, weil unter ihnen sehr
viele Formen sich befinden, welche in ihrem
Lebenscyklus in Wahrheit bald dem Thier- bald
dem Pflanzenreiche angehéren, zwischen beiden
oscilliren, wahrend andere, bei denen dies nicht
der Fall ist, so sehr in Gestalt, Bau, Bewegung und
sonstigem Verhalten mit ihnen Ubereinstimmen,
dass an eine voéllige Trennung nicht zu

denken ist. (22)

Wenn Ciliata und Phytozoidia hier zu einer Klasse
der Infusionsthierchen vereinigt werden, so scheint
dieses bei all ihrer Verschiedenheit doch durch
einige gemeinschaftliche Merkmale gerechtfertigt zu
sein. Alle bestehen aus zarter protoplasmatischer
Substanz, alle ermangeln differenzirter organischer
Systeme, alle kdnnen sich durch Theilung
fortpflanzen, allen ist Spiralbewegung eigen. Wer
solche Zusammenfassung der einfachsten, in
diesen hochst wichtigen Merkmalen
Ubereinstimmenden organischen Wesen
schlechterdings nicht annehmen will, der mag die
Ciliata zum Thierreich, die Phytozoidia (aber dann
alle) zum Pflanzenreich stellen. (136)

Biitschli 1880—82

Als Protozoen bezeichnen wir die Organismen,
welche einfache Zellen oder Verbande
gleichgebildeter, einfacher Zellen sind und sich in
ihren physiologischen Lebensédusserungen
(Erndhrung und Stoffwechsel Gberhaupt,
Reizbarkeit und Beweglichkeit) den typischen
mehrzelligen Thieren ahnlich verhalten. (1l)

Dass nun gerade fir die Umgrenzung der
Protozoen ein physiologischer Charakter
nothwendig wurde, beruht auf dem Umstand,
dass von allen Eigenthimlichkeiten der hdheren
Thierwelt nur die physiologischen verwerthbar
erscheinen, um zwischen Lebewesen wie den
Einzelligen [...] und jenen Hoheren eine
Vermittlung herzustellen. (lII—1V)

Pascher and Lemmermann 1914

Vielmehr setzen sich die derzeitigen Flagellaten
aus mehreren Reihen zusammen, von denen nur
wenige einigermaBen verwandtschaftliche Zlige
zueinander zeigen. (19)

Die méglichen Zusammenhange der Flagellaten
mit Organismen, die derzeit gewohnheitsmaBig
von den Zoologen behandelt werden [...] fiele aus
dem Rahmen des ganzen zu weit hinaus. (21)

Where an internal organisation can not be
demonstrated, any judgement (regarding the first
and most important case) about the similarity with
animals is missing (38)

The second order [of the Infusoria] may get the
name Phytozoidia as it contains many forms,
which in their life cycle truly belong at times to the
animal — at times to the plant kingdom; they
either oscillate between both, or, when this is not
the case, are that similar to the former in shape,
structure, motion, and other behavior, that they
cannot be separated. (22)

The combination of Ciliata and Phytozoidia in the
class Infusoria, despite all differences, seems
justified due to several shared characters: All are
composed of a delicate protoplasmatic
substance, all lack differentiated organ systems,
all can reproduce by division, all show spiral
movement. Whoever does not want to accept this
combination of the simplest and in these most
important characters corresponding organic
beings may assign the Ciliata to the animal
kingdom, the Phytozoidia (but then all of them) to
the plant kingdom. (136)

We name those organisms as protozoa, which are
simple cells or aggregations of alike and simple
cells and which physiologically (nutrition and
metabolism in general, sensitivity and motility)
behave like the typical multicellular animals. (Il)
The fact that specifically a physiological character
became necessary for the specification of the
protozoa is based on the circumstance, that from
all the pecuilarities of the higher animals only the
physiological ones seem utilisable for connecting
living beings such as the single cell organisms [...]
with those higher ones. (llI—1V)

Moreover, the flagellates are currently composed
of several lineages and only a few of these show
characters of a certain relatedness. (19)

The possible connections between flagellates and
organisms, which are currently consuetudinarily
adressed by the zoologists [...] would exceed the
present framework by far. (21)
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Table 1. (continued)

Original text

Translation

Baldauf et al. 2004

The integrity of the three domains of life, Archaea,
Bacteria, and Eucarya, is now confirmed by a
tremendous body of data, including 100
completely sequenced genomes. The identities of
most of the major groups within these domains are
also confirmed by many different data. (44) [...]
Fourteen major eukaryotic groups are currently
defined based on molecular phylogenetic

data. (60)

(split into the Amoebozoa and Opisthokonta by
some), Rhizaria, Archaeplastida, Chromalveolata
(split into Chromista and Alveolata by some), and
Excavata are considered equally important major
taxonomic groups (see Adl et al. 2005; Baldauf
et al. 2004; Keeling 2004).

Species Concept

Similar to the conceptual changes in protist
megasystematics, the theoretical background of
the concept of nanoflagellate species underwent
constant dramatic change. The historical idea of
species as unchanging, eternal, and separate
units increasingly came under fire — a process
culminating in the formulation of the evolutio-
nary theory (Darwin 1859). As early as 1682
(i.e., only 6 years after van Leeuwenhoek reported
the first microorganisms in his famous letter to
the Royal Society of London), Ray departed
from the logical philosophical view of species,
defining them genealogically as a group originat-
ing from the same seed (generatio continuata;
Ray 1682).

Following the basic ideas outlined by Ray and
later by Linné, Mayr (1942) proposed the biologi-
cal species concept (i.e., groups of actually
or potentially interbreeding natural populations
that are reproductively isolated from other
such groups). As reproductive isolation is rarely
investigated for most nanoflagellates, species
were, in practice, largely defined based on
morphological characteristics. However, mating
experiments in sexual protist lineages in combina-
tion with the advent of molecular methods in
recent years pushed the discussion towards
concepts corresponding to Mayr’s biological
species concept.

From Pool to Pool: The Nanoflagellates’
Fate of being Lumped

The Onset of Protistology

The era of protistology saw major methodologi-
cal advances starting with the invention of
simple microscopes, which allowed for the first
visualization of individual microbes by Leeuwen-
hoek in 1674 (cf. Dobell 1932). In general,
the diminutiveness of nanoflagellates and the
sparseness of morphologically distinct features
contributed to the tentativeness of nanoflagellate
classification and taxonomy. Early observers
pooled the small microorganisms, for instance
as “Vermis [...] punctiformis” (cf. the genus
Monas Mdller 1773), as “Punktthierchen”,
“Kugelthierchen” and “Ovalthierchen” (von
Gleichen 1778; compare also Monas punctum
Ehrenberg 1838), or in the genus Chaos (Linnaeus
1758). When Linné introduced the modern binary
nomenclature (first in Species Plantarum (Lin-
naeus 1753) and later in various editions of
Systema Naturae (Linnaeus 1758)), he doubted
the living nature of these organisms and consid-
ered them as artifacts such as oil drops. However,
he introduced Chaos Linnaeus 1758 as an
aggregate “genus” for microbial organisms.
Despite the introduction of some further taxa in
later editions of his Systema Naturae, Linné largely
neglected microorganisms.

From Chaos to Complexity: Flagellate
Classification after Linné

The taxonomic resolution improved significantly
with the introduction of new methodologies such
as the development of achromatic lenses and their



application in compound microscopes during the
18th to early 19th centuries (cf. Table 2). These
changes accounted for shifts that were no less
dramatic in classification and diversity estimates,
specifically as they pertained to the nanoflagel-
lates. Mller (1773, 1786) was the first who applied
the Linnéan system to microorganisms. Still, the
smaller forms (including the nanoflagellates) were
pooled by Miller in the newly erected genus
Monas (Vermis inconspicuus, simplicissimus,
pellucidus, punctiformis [inconspicuous, most
simple, transparent, and punctiform worm]).
Most of the organisms which are the focus of this
review have been combined in this genus and
were later successively separated or described as
independent forms (Fig. 1). The taxonomic history
of the genus Monas is therefore a key for under-
standing the development of taxonomy and the
system of the nanoflagellates and for illuminating
scientific advances in this important group of
organisms.

The genus Monas sensu Miuller (1773) roughly
corresponds to the family Monadaires of Bory
(1824a,b). Still, Bory defined the Monadaires
exclusively negatively as having no caudiform
appendages. He already differentiated four genera
within the Monadaires with genus Monas compris-
ing spherical forms. Bory shifted the oblong forms
to the genus Lamellila and other forms such as
Monas ocellus to the genus Ophtalmoplanis.

Ehrenberg, in his pioneering work of 1838,
further split this group in the Monadina and
Cryptomonadina (Ehrenberg 1838) families, defin-
ing the family Monadina as motile organisms
without visible appendages and external organs
at a magnification of at least 300 x . The genus
Monas sensu Ehrenberg was much narrowly
defined as the original genus of Miiller, but it
was still a compilation of organisms of small size
and insufficient morphological features. Ehren-
berg’s genus Monas comprised all Monadina,
which lack a tail (“Schwanz”), a lip (“Lippe”), an
eye “(Auge”) and do not build clusters and do not
aggregate (one or two flagella [misidentified as
“Russel”(trunk) by Ehrenberg] may be present). As
the differentiation to Ehrenberg’s aggregated
genera Uvella and Polytoma is not strict, several
species most probably belonging to Monas were
also placed in the former genera.

With the increasing quality of microscopes, taxon
descriptions of nanoflagellates became generally
narrower (Table 2), and for the first time positive
criteria were used for the taxon diagnoses in these
smallest of eukaryotes. In 1841, Dujardin not only
allowed for the presence of flagella in Monas and in
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the family Monadiens, but also explicitly defined
this genus and the family by the possession of
flagella (Dujardin 1841). With that, he changed the
original negative criterion (no appendages) to a
positive criterion (flagella present in the Monadiens,
and specifically one single anterior flagellum in the
genus Monas). The increased taxonomic resolution
had already led to the segregation of some of the
most prominent of the ‘ubiquitous’ nanoflagellate
taxa, specifically of the genera Bodo Ehrenberg
(1832) and Cercomonas Dujardin (1841).

The Tentative Classification Concept at the
Turn of the Century

With the increasing differentiation of organisms
formerly lumped together, the morphological
identity of the nanoflagellate taxa became increas-
ingly doubtful. Pritchard (1861) had already raised
a question regarding to what extent the named
forms were really different and distinguishable.

Regarding the genus Monas, Stein restricted
the family Monadina to unpigmented forms
(Stein 1878) and considered that all reddish
Monas species belonged to fungi while brownish
Monadines of Ehrenberg belonged to the newly
established family Chrysomonadina. Despite the
increasingly narrower definitions of the nanofla-
gellate taxa (and specifically of the Monadina and
the genus Monas), these taxa were still criticized
as being a collection of indifferently intermingled
flagellate forms. Kent (1880—81) provided a more
detailed subdivision of these simple nanoflagel-
lates. He differentiated the organisms according to
the number of flagella, with the Monadinae (within
the Pantostomata-Monomastiga) having, by defi-
nition, only one flagellum. Therefore, many organ-
isms formerly affiliated with the Monadinae or
even the genus Monas were excluded, specifically
the genera Physomonas Kent 1880—81, Hetero-
mita Dujardin 1841, Polytoma Ehrenberg, 1832,
Goniomonas Stein 1878 (all described as having
two flagella) and the genera Spumella Cien-
kowsky, 1870 and Trichomonas Donné, 1836
(described as having three flagella).

In summary, by the end of the 19th century most
of the abundant and ubiquitous nanoflagellate
genera were described including, for instance, the
genera Ciliophrys Cienkowsky, 1875, Petalomonas
Stein 1878, Goniomonas Stein 1878, Ancyromonas
Kent 1880—81, Actinomonas Kent 1880—81,
Rhynchomonas Klebs, 1892, and Pseudobodo
Griessmann, 1913. Furthermore, prominent genera
were later segregated but were already known



Table 2. Nanoflagellate taxon diagnoses since the onset of protistology. The examples provided are restricted to the model genus Monas and
all diagnoses and descriptions are provided in the language of the original publication. Please note the signifcant improvements in the taxon
diagnoses during the 19th century as compared to the slight changes during the early 20th century. Despite the limited quality of the original
descriptions, many of them are linked to well-known taxa: For instance, M. pulvisculus is assumed to be the type species of Chlamydomonas
reinhardtii and M. truncata to be that of Goniomonas truncata. Please refer to Figure 1 for further information. The affiliation of the organism
described by Leeuwenhoek is less clear but has been synonymised with Spumella vulgaris by Dobell (1932) and with either Monas minima,
Bodo parvus, or Bodo minimus by Schierbeek (1960). Many of the early descriptions can, however not be linked to known species with any
certainty.

An english translation of the species descriptions is provided. In order to largely avoid subjective interpretations, this translation is as literally
as possible. As a side aspect of this approach, technical terms are usually avoided in favor of circumscriptions, which are closer to the original
descriptions.

The description of M. ochraceae was taken from Ehrenberg 1838; the descriptions by Meyer correspond to his summarizing descriptions,
the original description is somewhat longer, the translation is close to the summarizing description but includes some remarks taken from the
full description to be more distinct.

Leeuwenhoek 1676
De vierde soort van diertgens die ick ook sag bewegen, waren so kleijn, dat voor mijn geen figuer te geven sijn, dese
diertgens waren meer als 1000 mael cleijnder, als het oog van een volwassen Luijs want ik oordeel de axe van het
oog vande Luijs, meer als 10 mael soo lang als de axe van hetgeseijde schepsel, deselve gingen in snelheijt, de
voorverhaelde diertgens to boven, ik heb verscheide malen gesien, dat deselve als op een punct bleven staen, en
draeijden haer in sulken snelte om, als of wij voor ons Oog, een sweeptol sagen draeijen, en dan weder een circulare
bewegingh, welkers circumferentie min grooter was, dan de circumferentie van een cleijn santge, en dan weder soo
regt uijt, als crom gebogen (Letter 18, reprinted in Schierbeck 1960)
Translation: The fourth sort of animalcules, which | also saw a-moving, were so small, that for my part | can’t assign
any figure to ‘em. These little animals were more than a thousand times less than the eye of a full-grown louse
(for | judge the diameter of the louse’s eye to be more than ten times as long as that of the said creature), and they
surpassed in quickness the animalcules already spoken of. | have divers times seen them standing still, as ‘twere, in
one spot, and twirling themselves round with a swiftness such as you see in a whip-top a-spinning before your eye;
and then again they had a circular motion, the circumference whereof was no bigger than that of a small sand-grain;
and anon they would go straight ahead, or their course would be crooked. (translation following Dobell 1932)

Miiller 1773, 1786
Monas mica Miiller 1773: Lenticula 3.

No figure

Monas pulvisculus Miiller 1786: Granula,

microsc. simplicis puctulum lucidem
conspicitur, aucta vero magnitudine
animalculum ovale vel sphaericum, nam
utramque figuram pro lubitu assumit,
exhibetur. Hyalina est, circulo ovali intus
inscripta; hic mobilis est, & in medio, vel

“H

& in vivis & in mortuis, sphaerica, pellucida
margine viridi, minora & majora; in his medio
pellucet lineola arcuata virescens, instantem
partitionem indicans. Quaedam ex septem
conflata, quaedam quatuor mentientia, seu
divisionem quadripartitam molientia, ope

versus antica vel versus postica videtur. (s S microscopii compositi vidi. Motus

Motus vacillatorius; saepe eodem in loco, vacillando cursorius. Mensem totum
assumata figura sphaerica, diu gyratur, © € Martium perduravit. Unica guttula myriades
tumque impressio reniformis oculo in medio exhibet; plurima coacervata, uti quoque
corporis sistitur, animalculumque halone, 23 Enchelis pulvisculus, membranulum viridem

absque dubio e ciliis vibrantibus invisibilibus

in margine superficiei aquae diu in vasculo
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orto, pulchre cingitur.

In aquis purioribus passim

Translation: Under the lens 3 of a simple
microscope it is seen as a bright dot, yet at
higher magnification as oval or spherical
animalcule, because it adopts at times the
one, and at times the other shape. It is
hyaline, with an oval shape inside, here it is
motile and seen either in the centre or
anteriorly or posteriorly.

With trembling movement; often rotating in
one place, then with a spherical shape but
with a persisting kidney shaped depression
near the centre of the body, and the
animalcule is surrounded by a nice halo,
which arises without doubt from trembling
invisible cilia. In pure water.

Ehrenberg 1831, 1835

Monas ochracea Ehrenberg 1831: M.
corpore subgloboso, perparvo, 1/500 lineae
partem vix superante, dilute ochraceo, motu
et habitu Monadis Termonis

Description taken from 1838

Translation: Monade with almost spherical
shape, very small, hardly exceeding 5um,
colour ochre, movement and shape like
Monas termo

fervatae constituunt, parietique ab aqua
derelicto adhaerent, pauciora circumnatant.
Huc pertinent phoenomenon a clariff.
Goeze, Neue Mannigfaltigkeiten 4. Band

p. 323 indicatum. Acervulos similium
granulorum viridium Naides Excrementorum
adinstar excernere vidi, hinc iisdem
animalculis nutriri verosimile est. In aqua
palustri passim primo vere.

Translation: Granula, in living as well as in
dead, spherical, with a greenish margin,
smaller and larger; within shines a greenish
arch line, which indicates the immediately
forthcoming division. By means of a
compound microscope | have seen a
certain one confluent from seven, a certain
one appearing as four, or initiating a division
into four parts. The movement is more
vacillating than trembling. Persisting
through the whole of March. A single drop
holds a myriade, most of which are seen
aggregated, as Enchelis pulvisculus, in a
greenish film at the margin of the surface of
water, which has been stored in a vessel for
a long time, and adhering to the wall of an
emptied one, a minor number swimming
around. The phenomenon mentioned by the
much renowned Goeze (Neue
Mannigfaltigkeiten, issue 4, p. 323)
corresponds to this. | have seen Naides
excreting similar greenish granules like
faeces, therefore they probably feed on
these animalcules

Common in boggy water during spring.

Monas vivipara Ehrenberg 1835: Diese
neue Form der bekannten Gattung hat das
schon oben erwéhnte Interesse, dass sie
lebendige Junge mit sich flhrt, was keine
der friiheren zeigte. Sie hat Ubrigens alle
Charaktere der Gattung, auch den
fadenférmigen einfachen Rissel und eine
kugelférmige Samendriise, welche bei der
Selbsttheilung sich spaltet. Formen, welche,
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Table 2. (continued)

Dujardin 1841

Monas globulus Dujardin 1841: Corps
globuleux, de forme presque constante. —
Filament naissant d’un amincissement
antérieur. — Longeur 9—14 um

Translation: Body spherical, body shape
nearly constant, — filament originating from
an anterior dimunition, 9—14 um in length

Perty 1852

Monas cordata Perty 1852: Gestalt von der
breiten Seite herzférmig, von der schmalern
verkehrt oval, abgestutzt, vom Vorderende
gesehen rund;hyalin oder graulich von
innern Molekdlen. L. 1/95 — 1/90™. Bern, in
Sumpfwaéssern, Januar, September,
Dezember. Immer selten und einzeln.
Schwimmt méssig schnell unter zitternder
Bewegung und sehr seltener Axendrehung.

L o5

Ca

zur Selbsttheilung vorbereitet, oft nur erst
leicht eingeschnirt sind, zeigen schon,
anstatt eines Rlssels am Munde, deren
zwei. Sie ist gréBer als Monas guttula und
kleiner als Monas grandis, misst 1/96 bis
1/52 Linie und hat eine kugelige Form
Translation: This new form of the familiar
genus is of the above mentioned interest,
that it carries along alive offspring, which is
not the case in any of the former forms. This
form has, by the way, all characters of the
genus, including the thread-like proboscis
and a spherical sperm gland, which splits
during self-division. Forms, which, prepared
to self-division, are often only slightly
constricted, show already two instead of
one proboscis. The form is larger than
Monas guttula and smaller than Monas
grandis, measures 23—43 um and has a
spherical form.

Monas fluida Dujardin 1841: Corps mou,
demi-fluide, de forme variable,
irrégulierement ovoide, quelquefois rétréci
en arriere, creusé de larges vacuoles. Long.
10 um.

Translation: body soft and semifluid,
variable in shape; irregular contour ovate,
sometimes constricted posteriorly, hollowed
by large vacuoles. 10 um in length.

Monas succisa Perty 1852: Oval, oft hinten
abgestutzt, seltener zugespitzt, manchmal
mit 1-2 kurzen Schwéanzchen; farblos,
durchsichtig, mit grossen Blastien;
Bewegungsfaden doppelt kérperlang. L.
12—15 um. Sehr zahlreich in einem Wasser,
worin Anodonten faulten, Februar, Marz. In
einem faulen Sumpfwasser von Genf, Juli.
Der dicke Theil des Ovals, welches der
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Faden &usserst schwer zu sehen, mehr als
doppelt korperlang.

Translation: Shape cordate as seen from the
broad side, oval and truncate as seen from
the narrow side, rounded anteriorly, hyaline
or granulate from internal molecules. Length
23—25 um. Bern, in swamp ponds, January,
September, December. Always rare and
single. Swims moderately fast with an
oscillating motion, seldom revolving, thread
difficult to discern, more than double the
length of the body.

Fresenius 1858

Monas consociata Fresenius 1858:
Einzelne Monade ohne den Faden 1/100 —
1/75 mm lang, eiférmig, in eine
schnabelférmige Spitze verschmaélert,
welche in einen Flimmerfaden von mehr als
doppelter Kérperlange ausgeht; die untere
Hélfte dieses Fadens wird gewdhnlich steif
gesehen, und nur der obere, deshalb ohne
Jod schwer sichtbare Theil beweglich. Der
Korper ist farblos, zeigt gleichfalls farblose
feine Kérnchen und am hinteren Ende meist
eine runde, optisch-réthliche, Vacuole,
welche aber nicht contractil gefunden
wurde. Zahlreiche Monaden dieser Art sind
in einem glashellen Schleim eingebettet,
welcher durch farblose Kérnchen granuliert
erscheint. Eine Bewegung einer solchen
Monadengesellschaft, welche wohl nicht
zweifelhaft seyn diirfte, habe ich bis jetzt
nicht wahrgenommen. Im gestandenen
Wasser aus dem Walldorfer Sumpfe,

Juni und Juli.

Translation: Single Monade without thread
10—13 um in length, ovoid, narrowed to a

Kérper darstellt, nach vorn gekehrt. Manche
hinten durch Ausfransung wie bewimpert
oder offen. Schwimmt schnell, unter rascher
Léngsdrehung, bleibt manchmal auf
derselben Stelle, sich fortwahrend um die
Léngsachse drehend.

Translation: oval, usually truncate, rarely
pointed behind; sometimes with one or two
short tails, colorless, transparent, with large
vacuoles; agitation thread twice the length
of the body. Length 1/180 — 1/150”. Very
abundant in water with rotting Anodonta
spp., February, March. In a fouling swamp
water near Geneva, July. The thick part of
the oval, which represents the body, turned
anteriorly. Some appearing frayed out or
open. Swimming fast and rapidly revolving,
stays sometimes at the same place while
permanently revolving.

Monas truncata Fresenius 1858: [...] in
verschiedenen gestandenen Wéssern,
mitunter hdufig in stehendem wasser mit
Conferven [...] farblos, hyalin, 1/150-1/
100 mm groB, im Umfang oval-rundlich,
vorn abgestutzt, von zwei Seiten
comprimiert; in der Mitte des Korpers oft ein
grosseres Blaschen (Kernchen), auch
mehrere kleine. Am vordern abgestutzten
Ende sitzen, meist seitlich, zwei Faden an,
welche von der Lange des Kdrpers sind
oder denselben wenig Ubertreffen. Dicht
unter dem vordern Rand sieht man meist ein
schmales querlaufendes Kérperchen,
welches schwach (wohl nur optisch)
grinlich gefarbt ist. Unterhalb dieses
Querbandchens, dasselbe fast beriihrend,
findet sich auf der einen Seite eine kleine
deutliche kontraktile Vacuole. Die
Seitenansicht zeigt, dass der Koérper durch
einen leisen Eindruck in der Mitte schwach
gekrimmt ist. Schwimmt unter einem
Zittern des Korpers ohne Drehung um die
Langsachse nicht rasch und ruht bald aus,
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Table 2. (continued)

beak-shaped cusp ending in a thread of
twice the length of the body, the lower part
of this thread is usually considered to be
inflexible and only the upper (and therefore
without iodine hardly visible) part agile. The
body is colorless, containing colorless
granules and posteriorly a spherical reddish
vacuole, which was found to be not
contractile. Many monads of this species
are embedded in a lucid slime, which
appears granulated by numerous granules.
| have not yet noted any movement of such
a monad community, which should not be
considered questionable. In aged water
originating from the walldorfer swamp, June
and July.

De Fromentel 1874

Monas globosa De Fromental 1874: Corps
sphérique, blanc avec quelques
granulations rouge. Vésicule contractile
trés-visible dans la partie moyenne. Bouche
située a la base du flagellum.

Translation: Body spherical, transparent
with several red granules; contractile vesicle
clearly visible subcentral, oral aperture
situated at the base of the flagellum.

Meyer 1897

Monas minima Meyer 1897: 3—5,
2—3um. Rund bis oval, hinten kérnig. Cilien
sehr dick, etwas kirzer als der Kérper und
ein Drittel des Korpers. Vakuole vorn, 8
sekunden, Kern vor der Mitte. Mundstrich?
Bewegung rasch, oft doppelt. Erndhrung
durch Blasen neben der Geissel. Theilung
meist in rascher Bewegung, 10 Minuten.
Translation: 3—5 x 2—3 um. Spherical to

nachdem es von der geraden Richtung ofter
abbog und umwendete.

Translation: [...] in various aged water,
sometimes abundant in standing water with
Conferva sp. [...] colourless, hyaline,
6—10 um, oval to spherical in shape,
truncate anteriorly, compressed, in the
center of the body a larger vesicle,
sometimes several smaller ones. Two
threads, which are as long or slightly longer
than the body, originate laterally from the
anterior, truncate end. A greenish, band-like
body transversely placed near the anterior
border. Located on one side below this
band, and nearly in contact, is a clearly
visible contractile vacuole. In side view the
body is slightly bent. Swims not fast with an
oscillating motion without revolving, resting
in little while after turning several times.

Monas ovata De Fromental 1874: Corps
ovale, plus large a la base qu’au sommet;
couleur blanche avec des granulations
jaunatres a la partie inférieure. Sommet
rétréci, hyalin, et donnant naissance a un
flagellum long, mince et ondulant.
Translation: body oval, widest posteriorly;
transparent with yellow granulations
towards the porterior part. The anterior end
constricted, hyaline, with a long, slender,
and undulating flagellum.

Monas sociabilis Meyer 1897:
Chromatophoren 12 u. 8 um. Hauptcilie tber
Kdperlange, Nebencilie ein Drittel des
Korpers. fett. Leukosin. Koloniebildung
durch Zusammentreten urspriinglich
getrennter Individuen.

Translation: Lenght 12 um, width 8 pm, main
cilia somewhat longer than the body,
second flagellum one third of the body.
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oval, Posteriorly granulated. Cilia very thick,
somewhat shorter than 1.3 times the body.
Contractile vacuole anteriorly (pulsation:
8s), nucleus nearly central. Thickened area
posterior which is possibly an oral structure.
Fast swimming, often oscillating. Nutrition
by means of vesicles near the flagellum.
Division mostly during fast movements and
completed within 10 min.

Valkanov 1926

Monas bureschii Valkanov 1926: Zellen
mit kugelige bis eiférmige Umriss. Die
Geisseln springen von einem Griibhen
herfér. Hauptgeissel 1% mal und
Nebengeissel % mal Korperlang. Die Vakuole
und der Kern liegen in der vorderen Hélfte
der Belle. Lange 6 um.

Translation: Cells with spherical to ovate
shape. The flagella arise from a groove.
Main flagellum 1.5 times and second
flagellum 0.5 times the length of the body.
The vacuole and the nucleus are situated in
the anterior part of the cell. Length: 6 um.

Skvortow 1932, Dangeard 1934

Monas abrupta Skvortzow 1932: Zellen
breit oval oder verkehrt eiférmig, 7—12 um
lang, vorn etwas gestutzt, freischwimmend.
HauptgeiBel % mal koérperlang. Augenfleck
fehlt. Kontraktile Vakuole neben dem Kern.
Ernahrung animalisch. In verschmutztem
Wasser.

Translation: Cell shape broad oval or ovate.
7—12um in length, anteriorly trunctate,
freely swimming. Main flagellum 0.5 times
the length of the body. Eyespot absent.
Contractile vacuole besides nucleus. Animal
nutrition. In polluted water.

f
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fat and leucosine. Formation of colonies
through aggregation of up to 50 originally
seperated individuals.

Monas sphaericus Valkanov 1926:
Kdrperform kugelig. Hauptgeissel 2%—3 mal
und Nebengeissel fast einmal kérperlang.
Der Kern befindet sich im Vorderende in der
Nahe der Basis der Geisseln. Durchmesser
4—6pum.

Translation: Cell shape spherical. Main
flagellum 2.5—3 times and second flagellum
nearly 1 times the length of the body. The
nucleus is situated at the anterior end near
the basis of the flagella. Diameter 4—6 um.

Monas longicilia Dangeard 1934: ’espece
est trés voisine du Monas vulgaris, mais la
longueur inusitée du flagellum pricipal nous
a conduit a la distinguer sous le nom de M.
longicilia: la longueur de ce flagellum
atteignait 3 ou 4 fois la longeur du corps.
Cette espéece, de forme sphérique, est
dépourvue de stigma et d’échancrure
antérieure: son diamétre est de 10 a 16 um:
a l'avant se trouvent deux vacuoles
contractiles, dont I'une dispara’t
brusquement alors que la seconde appara’t:
parfois, il s’en forme une troisieme: le noyau
nucléolé est visible a I'avant sans I'aide
d’aucune réactif. (...). Dans une infusion de
foin. Marine.

Translation: The species is very close to
Monas vulgaris, but the exceptional length

e,
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Table 2. (continued)

Skuja 1948, Bourelly 1987

Monas affinis Skuja 1948: Monada sat
metabolica, + cylindricea, ellipsoidea vel
clavata, antice oblique truncato-rotundato
cum depressione lata et vadosa, postice
rotundata, acute rotundata vel protracta
extremo subacute rotundato, 17—22 um
longa, 5—8 um lata. Flagella bina in
depressione apicali inserta: flagellum unum
cellulae ad sesquilongius, alterum 1/3 — 1/5
cellulae longitudinis. Periplatis tenuis,
hyalinus levisque. Cytoplasma granulatum,
granulis majoribus sparsis. Vacuolum
contractile unum medio in latere
dispositum. Nucleus nucleolatus in parte
anteriore.

Translation: Monade of quite variable shape,
more or less cylindric, ellipsoid or clavate,
anteriorly oblique truncate-rounded with a
broad and less deep depression, posteriorly
rounded, pointedly rounded or elongated
and half-pointed rounded. 17—22 um in
length, 5—8 um in width. Two flagella insert
in the apical depression: one flagellum is
around 1.5 times as long as the cell, the
other 1/5 to 1/3 of the cell length. The
periplast is thin, hyaline, and plane. The
cytoplasm is granulated with scattered
coarser granules. One contractile vacuole is
lacated laterally in the middle. The nucleus
is located in the anterior part

of the main flagellum was the reason for us
to distinguish it under the name M.
longicilia: The length of this flagellum is up
to 3 or 4 times the length of the body. This
species, of a spherical form, has no stigma
and no anterior groove: its diameter is
between 10 and 16 um: two contractile
vacuoles anteriorly, one of which abruptly
disappearing while the second appears:
sometimes a third vacuole is forming: the
nucleus is visible in the front part without the
help of chemicals. (...). In a hay infusion.
Marine.

Monas captiva Bourrelly 1987: Cellulae
posterior pars longe elongata. Cellula cum
duobus inaequalibus flagellis (longitudo
22—24 y; diametros 3—4 um). Cytoplasma
incolor, cum uno stigmate et una anteriore
contractile vacuola. Colonia cum 16—64
cellulis (18—20 x 4—10 um) posterioribus
partibus conjugatis. Nutricatio animalis cum
pseudopodiale captura. In statione 42,
Lunz.

Translation: The posterior part of the cell is
long elongated.

Cell with two unequal flagella (length
22—24 um; diameter 3—4 um). Cytoplasm
colorless, with one stigma and one anterior
contractile vacuole. Colony with 16 —64
cells (18—20 x 4—10 um) posteriorly
connected. The animal ingests through
capture with pseudopodia. In station 42,
Lunz.
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Classification of Nanoflagellates
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Figure 1. Species associated with the ‘oldest’ nanoflagellate genus, i.e., the genus Monas, in the tree of life.
All Monas spp., for which the taxonomic affiliation seems clarified, are shown. The majority of existing
binomen is, however, not included in this tree, as the cellular identity of the respective organisms is unclear.
Most Monas spp. have meanwhile been synonymised with or integrated in other genera: Those organisms,
which have originally been described as Monas sp. are shown in black letters. Those, which have been
transferred to this genus but have been originally described with a different generic affiliation are shown in red
letters. The respective binomen, which is currently most commonly used, is printed in bold. Please note that
the latter binomen is not necessarily the correct taxonomic designation (modified after Baldauf et al. 2004).
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under different names, for instance the genera
Caecitellus Patterson et al., 1993 and Metromonas
Larsen and Patterson, 1990. According to Patter-
son and Lee (2000), species belonging to all of
these genera are now among the most commonly
reported nanoflagellate species. Still (and possibly
due to the older and thus less detailed taxon
diagnosis), the formerly described taxa Monas,
Bodo, and Cercomonas were the most abundant,
the most commonly reported and the most widely
distributed genera.

The Contribution of Electron Microscopy

The general system achieved by the end of the
19th century (cf. Bltschli 1880—89; Doflein 1916;
Kent 1880—81; Pascher and Lemmermann 1914)
remained in place for most of the 20th century.
The classification and general quality of the taxon
diagnoses of nanoflagellates improved little during
this time and was largely based on light micro-
scopy until the 1980s (Table 2), even though the
invention of electron microscopy in the 1930s
(cf. Agar 1996) further increased taxonomic
resolution. Specifically, the flagellar apparatus
and the fine structure of the flagella, data on
mitosis and cytokinesis, and the organization of
mitochondrial cristae and plastids helped to
resolve the confusion of flagellate classification
(e.g. Andersen 2004; Karpov 2000; Preisig 1995).
Electron microscopic evidence triggered the
rejection of the zoological taxon Mastigophorea
(Flagellata) in favour of many distinct flagellate
groups (such as the alveolates, Euglenozoa, and
stramenopiles: Karpov 2000; Patterson 2000),
and thus initiated a certain approximation of
the zoological and botanical points of view on
flagellate classification.

Electron microscopy further provided morpho-
logical characteristics allowing for a clear separa-
tion of some taxa formerly linked to the genus
Monas (such as Paraphysomonas spp. cf. Preisig
and Hibberd 1982 a, b, 1983). More and more taxa
came into question or were shifted to other
genera. Whereas Reynolds (1934) still accepted
13 species of Monas, only three of the more than
100 binomina affiliated with the genus Monas
were considered to be valid by Silva (1960). Silva
(1960), and later Preisig et al. (1991), proposed the
generic name Spumella instead of Monas, as the
type species of the latter genus is questionable.
But even the genus Spumella is problematic,
for two reasons: first, only very few strains of
Spumella were subject to electron microscopic
investigations (Belcher and Swale 1976; Bruch-

mdaller 1998; Preisig and Hibberd 1983; Mignot
1977; Tanichev 1993), and second, it remained
unclear whether the strains investigated were
identical or even related to the original type
species of Spumella (or Monas). The strains of
Spumella investigated so far were all character-
ized by a naked cell surface; heterokont flagella
emerging from an apical depression with masti-
gonemes on the long flagellum, while the short
flagellum is naked; and mitochondria with tubular
cristae. A number of other structures differed
between strains; for instance, they may or may
not possess a leucoplast, a flagellar swelling, an
eyespot or mucocysts (Bruchmdller 1998; Preisig
and Hibberd 1983).

However, as a result of the breakdown of the
taxon Mastigophorea, affiliation with the genus
Monas became even less clear, as different taxa
formerly affiliated with the genus Monas were now
related to different major taxonomic groups.
Largely due to the observation of siliceous cysts
in Spumella (and in related Monas spp.: e.qg.
Scherffel 1924) and the increasing synonymous
use of both generic names (Preisig et al. 1991;
Reynolds 1934; Silva 1960), a consensus view
emerged placing the genus Monas within the
chrysophytes/chrysomonads despite the lack of
taxonomic evidence.

In summary, electron microscopic studies con-
firmed the great diversity of protists and were thus
a major step towards a separation and character-
ization of major eukaryotic lineages; the phyloge-
netic relationships between these lineages and
their evolution remained, however, ambiguous
(Karpov 2000). Similarly, on the species and genus
level, electron microscopy contributed to the
designation of (new) taxa. However, regarding
the genus Monas/Spumella (and a number of
other flagellate taxa) electron microscopy neither
proved the monophyly of the respective genus nor
clarified the identity of the type species. Even
though electron microscopy may have had the
potential to sufficiently separate paraphyletic
lineages within these aggregate genera, the
sparseness of ultrastructural studies and the
predominance of light microscopic analyses in
environmental studies did not provide a sufficient
database for sound conclusions about phyloge-
netic relationships.

Flagellate Classification in the Molecular Era

The advent of molecular methods and their
establishment as standard tools in recent years
again pushed microbial diversity estimates.



Specifically the invention of the polymerase chain
reaction (PCR) by Mullis in 1983 (cf. Mullis 1990)
yielded considerable advances in estimating the
evolutionary relationships (cf. Adl et al. 2005;
Baldauf 2003; Keeling 2004). Most of the major
protist lineages, which were proposed based on
ultrastructural evidence, could be confirmed by
molecular data. Further, some formerly uncertain
relationships such as the close relationship
between animals and fungi were established
and confirmed by molecular methods (Patterson
2000).

It is now clear that organisms originally affiliated
with Monas spp. truly belong to all major
eukaryotic lineages sensu Adl et al. (2005)
(Fig. 1): the Opisthokonta (e.g. Monas communis
Braune, 1913 that is now known as Caecomyces
communis), the Amoebozoa (e.g. Monas conso-
ciata Fresenius, 1858 now known as Phalanster-
ium consociatum (Fresenius) Cienkowsky, 1870),
the Rhizaria (e.g. several taxa now affiliated with
Heteromita spp.), the Archaeplastida (e.g. Monas
pulvisculus Muller 1786 that is probably identical
to Chlamydomonas reinhardtii cf. Proschold et al.
2001), the Chromalveolata (e.g. the strains now
considered to be affiliated with colorless chryso-
phyte taxa such as Spumella spp.) and the
Excavata (e.g. Monas abscissa Diesing 1850 that
has been transferred to Petalomonas). Even
prokaryotic lineages were originally included in
the genus Monas (e.g. Monas okenii Ehrenberg
1838 and Monas vinosa Ehrenberg, 1832 (now
Chromatium okenii and Chromatium vinosa), and
Monas prodigiosa Ehrenberg, 1848 (now included
in Serratia marcescens).

The General Picture

Looking back, the ongoing transfer of species
affiliated with the genus Monas to other taxa led to
a nearly complete change of meaning of this
generic name. Originally including all small organ-
isms with a simple organization, the genus was
increasingly restricted to small unpigmented fla-
gellates (eukaryotes) and later to flagellates
possessing a single flagellum. This change of
meaning was, however, largely based on the
exclusion of taxa with distinct morphological
features rather than on an increase in scientific
insight about the identity of the genus Monas.
From the early 20th century onwards, the
(questionable) synonymisation of the genus
Monas with the genus Spumella (originally defined
as having three flagella), restricted the genus
Monas in practice increasingly to chrysomonad
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flagellates. The synonymous use of the generic
names Spumella and Monas as unpigmented
biflagellate chrysophytes without surface scales
still reflects the current practice. However, evi-
dence about the synonymy of both genera and
about the identity of the type species of Monas is
missing. Despite the ongoing refinement of fla-
gellate taxon diagnoses, the genus Monas repre-
sented an aggregate genus throughout time. Even
the present-day taxon Monas (mostly used in
the east-Asian literature, cf. Shen et al. 1990)/
Spumella (synonymously used in the European
and American literature, cf. Boenigk 2005) is
polyphyletic comprising at least three to five
lineages (Boenigk et al. 2005, 2006).

Due to the limitations of light microscopy, many
further stramenopile taxa are presumably also still
included in this taxon in morphological surveys,
for instance organisms affiliated with several of the
marine stramenopile clusters (MAST). Based on
the morphological similarity (cf. Boenigk 2005;
Massana et al. 2006), many of these organisms
have probably been placed within the colorless
chrysophyte taxa Monas/Spumella or Oikomonas
in morphological surveys. This may explain the
abundance of Monas/Spumella in some marine
surveys (Bharati et al. 2001; Bersheim and
Bratbak 1987, Dorothy et al. 2003, Kuylenstierna
and Karlson 1994) that could, to date, not be
confirmed by molecular methods (e.g. Massana
et al. 2006).

Similar to the case of Monas/Spumella that was
outlined above, many of the current nanoflagellate
genera and species comprise broad phylogenetic
groups of a certain morphological similarity or
may even be paraphyletic or polyphyletic, for
instance Bodo and Cryptobia (Hughes and
Piontkivska 2003), and specifically the morphos-
pecies Paraphysomonas vestita (Boenigk et al.
2005), Neobodo designis (von der Heyden and
Cavalier-Smith 2005; Koch and Ekelund 2005),
Neobodo curvifilus, Neobodo saliens (Schecken-
bach et al. 2006), and Goniomonas spp. (von der
Heyden et al. 2004). These problems are generally
more pronounced in the first taxa named, i.e.,
are most pronounced in Monas Miller 1773
followed by genera such as Bodo Ehrenberg,
1832 and Cercomonas Durjardin 1841. In turn,
many of the newly discovered and quantitatively
important phylotypes were formerly probably
included in one of the “ubiquitous” taxa. The
current evidence implies that an enormous
‘Chaos’ of possibly convergent phylotypes
affiliated with very similar morphotypes needs to
be resolved in the future.
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Current Perspectives

Diversity and Classification of
Nanoflagellates

Whereas protist megasystematics may approach
a general consensus view in the near future for
most lineages (cf. Adl et al. 2005; Baldauf et al.
2004; Keeling 2004), the process of refinement in
nanoflagellate classification is far from complete
and remains problematic because of the excep-
tional degree of paraphyly displayed by these
organisms (Leadbeater and McCready 2000). The
fact that past centuries of intense research efforts
did not yield sound taxon diagnoses for many
flagellate taxa reflects the overwhelming diversity
of flagellates (and protists in general), which could
not be or could be only partly resolved using
previous methods. In turn, each (historical) metho-
dological progress yielded a new and formerly
unknown diversity within taxa, thus rendering
many of the existing taxa paraphyletic or unsui-
table. However, the molecular data in the genomic
era may presumably set a tentative end-point
for the persistent increase in flagellate diversity
estimates.

The coming years will most certainly provide a
basis for flagellate classification and taxonomy
which qualitatively differs from that of the past
centuries. Whereas flagellate classification in
past centuries largely reflected the limitations of
available methods, the future will most probably
be hallmarked by a conceptual dispute over
the concept and methods of taxon diagnoses,
which — for the first time — may not be restricted
by limitations regarding methodological resolu-
tion. We are already facing an intense and
controversial discussion on the relevant taxo-
nomic and phylogenetic resolution in protist taxa,
which is, however, based on too little data
(cf. Boenigk et al. 2006; Fenchel and Finlay
2006; Foissner 2006, 2007; Slapeta et al. 2006).
Linking molecular and morphological investiga-
tions, both for cultivated strains and for cultiva-
tion-independent environmental surveys, will be
one of the most important research tasks for
future advances.

Towards a Concept of Nanoflagellate
Species

A promising way forward are the attempts to
extend the concept of biological species to
asexual lineages based on the degree of mole-
cular similarity. Even though the biological species

concept does not apply to organisms without
sexuality or parasexuality, the degree of mole-
cular similarity between sexual conspecifics is
increasingly used as a vyardstick for asexual
ones from comparable evolutionary lineages
(Behnke et al. 2004; Coleman 2000; Denboh
et al. 2003; Hoef-Emden 2007). However, the
biological species concept itself has its weak-
nesses, e.g., specifically the postulated separa-
tion of the gene pool between distinct species
(even metazoan species) may not be strict
(e.g. Mallet 2007). Further, owing to the tremen-
dous diversity of protists, it seems unlikely that a
single concept will be applicable to all of the
protist groups.

Despite these uncertainties, the current
attempts may at least contribute to a species
resolution in protists comparable to that of higher
eukaryotes. Adjusting the concepts is a nece-
ssary precondition for drawing conclusions
about derived theories such as flagellate biogeo-
graphy and the ‘everything is everywhere’ debate.
The predominant view of a low to moderate
number of nanoflagellate taxa, most of which
seem to be globally distributed and ubiquitous
(e.g. Fenchel 2005; Finlay and Fenchel 2004), may
well be replaced by the view of a tremendous
number of taxa with a much more restricted
distribution, both with respect to habitat type
and geographic distance (Boenigk et al. 2006;
Slapeta et al. 2006; von der Heyden and Cavalier-
Smith 2005).

In summary, the conceptual progress in flagel-
late (and protist) biology may exceed by far that of
the past decades. The long research tradition,
despite the too often lacking conceptual progress,
should therefore not discourage, but in contrast
stimulate future research on aspects related to the
basic ‘units of biodiversity’ (Claridge et al. 1997)
in the smallest but most abundant eukaryotes
on earth.
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Summary

Eco-physiological variation and local adaptation
are key issues in microbial ecology. Here, we investi-
gated the thermal adaptation of 19 strains of the
same Spumella morphospecies (Chrysophyceae,
Heterokonta). In order to test for local adaptation and
the existence of specific ecotypes we analysed
growth rates of these strains, which originated from
different climate regions. We applied temperature-
adaptation as an eco-physiological marker and analy-
sed growth rates of the different Spumella strains at
temperatures between 0°C and 35°C. The tempera-
tures allowing for maximal growth of strains from
temperate and warm climatic zones ranged between
19.9°C and 33.4°C. Phylogenetically, most of these
‘warm’-adapted strains fall into two different previ-
ously defined 18S rDNA Spumella clusters, one of
them consisting of mostly soil organisms and the
other one being a freshwater cluster. As a rule, the
‘warm’-adapted strains of the soil cluster grew slower
than the ‘warm’-adapted isolates within the freshwa-
ter cluster. This difference most probably reflect dif-
ferent strategies, i.e. the formation of cysts at the
expense of lower growth rates in soil organisms. In
contrast, as expected, all isolates from Antarctica
were cold-adapted and grew already around melting
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point of freshwater. Surprisingly, optimum tempera-
ture for these strains was between 11.8°C and 17.7°C
and maximum temperature tolerated was between
14.6°C and 23.5°C. Our data indicate that despite the
relatively high optimal temperature of most Antarctic
strains, they may have a relative advantage below
5-10°C only. Based on the thermal adaptation of the
flagellate strains the Antarctic strains were clearly
separated from the other investigated strains. This
may indicate a limited dispersal of flagellates to and
from Antarctica. Even if the latter assumption needs
support from more data, we argue that the high levels
of eco-physiological and molecular microdiversity
indicate that the current species concepts do
not sufficiently reflect protist eco-physiological
differentiation.

Introduction

In most protists the species definitions are still largely
based on morphological characters, mostly external char-
acters visible in the light or/and the electron microscope
(morphospecies concept). Even though recent molecular
studies provide increasing evidence for a high microdiver-
sity and even polyphylie of many of these morphospecies
(e.g. Boenigk et al., 2005; von der Heyden and Cavalier-
Smith, 2005; Koch and Ekelund, 2005) and thus increas-
ingly question the appropriateness of this concept, the
morphospecies still is the most widely used basic units in
protist ecology. Current knowledge about the ecology of
flagellate (morpho-)species is largely based on three
approaches: first, field surveys of heterotrophic
nanoflagellate (HNF) diversity (e.g. Arndt et al., 2000; Lee
et al., 2003; Weitere and Arndt, 2003); second, enclosure
experiments based on morphologically defined taxonomic
or functional groups (e.g. Jurgens et al., 1994; Jurgens
and Jeppensen, 2000; Garstecki and Wickham, 2001),
and third, laboratory studies conducted with single
species, mostly with monoclonal cultures (e.g. Eccleston-
Parry and Leadbeater, 1994; Rothhaupt, 1996; Boenigk
and Arndt, 2000; Palsson and Daniel, 2004; Boenigk
et al., 2006a). With the morphospecies concept in mind,
the former two approaches have led to the conclusion that
protist species can be found in geographically distant
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habitats (Fenchel, 1993; Tong et al., 1997; Butler, 1999;
Finlay, 2002). Based on the seemingly ubiquitous distri-
bution of many of these protist morphospecies and on the
assumption that morphology also largely defines ecologi-
cal function (Finlay, 1998), the latter approach (i.e. gen-
eralizations about the ecology of protist species based on
laboratory studies conducted with single populations or
clonal isolates) has become common practice in the field
of protist eco-physiology and food-web ecology (e.g.
Caron, 1990; Ekelund, 1996; Boenigk and Arndt, 2000;
Sanders et al., 2001).

As a consequence, current knowledge about the
ecology of protists is, besides field surveys, largely based
on generalizations from laboratory studies on a very few
species; for these species only single populations or even
clonal strains have been investigated. Within the chryso-
phytes (= chrysomonads), for instance, the vast majority
of controlled laboratory studies were conducted with Pot-
erioochromonas malhamensis (type strain), Ochromonas
danica (type strain), Spumella sp. (few different strains)
and Paraphysomonas vestita. Considering the estimated
number of chrysophyte species [sensu stricto at least 864
species following a conservative estimate (Kristiansen
and Preisig, 2001)], only a miniscule fraction of chryso-
phyte diversity has been subjected to eco-physiological
investigations. On top of this the ecology of the taxa under
study is based on single or very few (clonal) cultures.

To date, generalizations of protist ecology become
increasingly doubtful as, in addition to the low percentage
of investigated morphospecies, molecular studies sug-
gested that protist diversity exceeds the estimated mor-
phospecies diversity for several orders of magnitude.
First indications for such a high diversity were gained
from cultivation-independent molecular SSU rRNA field
surveys that yielded a higher-than-expected diversity
(Diez etal, 2001; Moreira and Lopez-Garcia, 2002;
Stoeck et al, 2003). This was confirmed later by the
analysis of phylogenetic marker genes of cultivated
strains that also indicated polyphyly in many morphologi-
cally defined taxa [for instance Neobodo designis (von der
Heyden and Cavalier-Smith, 2005; Koch and Ekelund,
2005), Ochromonas sp. (Andersen etal.,, 1999) and
Spumella sp. (Boenigk et al, 2005)]. Even within 18S
sequence clades and between strains affiliated with the
same 18S ribotype eco-physiological and molecular varia-
tion (i.e. microdiversity) is high (Boenigk et al., 2004; Jost,
2006). These findings made general conclusions of protist
ecology based on the study of few putatively representa-
tive strains even more questionable.

Eco-physiological investigations have given increasing
evidence for a high functional diversity below the level of
morphospecies (Boenigk et al., 2005; 2006b; Koch and
Ekelund, 2005; Lowe etal, 2005). The investigated
strains differed clearly with respect to habitat preferences,

for instance marine versus freshwater (N. designis: von
der Heyden and Cavalier-Smith, 2005) or freshwater
versus soil (Spumella sp.: Boenigk et al., 2005). In a pre-
vious study we could demonstrate local adaptation and a
certain geographic isolation in ecotypes of Spumella
(Boenigk et al., 2006b). Most of the so far investigated
Spumella strains are affiliated with different subclusters of
the Chrysophyceae sensu stricto and, most probably, are
polyphyletic (Andersen et al., 1999; Boenigk et al., 2005;
2006b): The subcluster C1 comprises mostly soil isolates
(mainly from temperate to warm habitats) whereas the
subcluster C3 comprises exclusively freshwater isolates
from temperate to warm habitats. The subcluster C2 com-
prises soil and freshwater isolates originating mainly from
cold sites or early succession stages (Boenigk etal.,
2006Db).

Thus far, however, eco-physiological and molecular
variation within a morphospecies are rarely correlated.
Here we investigate the temperature adaptation of 19
selected strains of Spumella to further support the hypoth-
esis of local adaptation and to test for the suitability of
molecular signatures as markers of eco-physiological
traits.

Because a general correlation between thermal adap-
tation and environmental temperatures has been sug-
gested for protists (Choi and Peters, 1992; Boenigk et al.,
2006b), we hypothesize that: (i) the optimum temperature
and the maximum growth rate at optimal temperature
increase with decreasing latitude of the sampling site; (ii)
the slopes of growth rates versus temperature are lower
for isolates from cold habitats; and (iii) eco-physiological
adaptation reflects local adaptation of strains. Based on
the hitherto lack of correlation between molecular data
and growth rates of protists in former studies (Koch and
Ekelund, 2005; Lowe et al., 2005) we further hypothesize
that (iv) the resolution of SSU rRNA gene sequences will
not suffice to resolve eco-physiological variation. Thus,
we expect that thermal adaptation eventually will render
generalizations on the function of a given morphospecies
in habitats other than the isolation site impossible. In order
to test these hypotheses we investigated the temperature
adaptation of strains affiliated with the Spumella
morphotype.

Results
General pattern

Growth decreased below and above the optimal tempera-
ture and the change in growth rates was slower below
than above the optimal temperature. Linear regression
yielded in a Ty, between —-3.49°C (Antarctic strain 376)
and 6.26°C (strain JBNA45 from Hawaii), Tmax between
14.6°C (Antarctic strain 1031) and 38.4°C (strain JBCO7
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from China), a Top between 11.7°C (Antarctic strain 1031)
and 33.4°C (strain JBAF32 from Africa), and a pmax at Topt
between 1.03 day~' (Antarctic strain 1031) and 6.72 day™
(strain JBAF32 from Africa) (Table 1, Fig. 1A-C).

Below Top the growth rate increased with temperature
by 0.04 °C~' (Antarctic strain 376) to 0.22 °C™" (strain
JBAF32 from Africa). These slopes were significantly dif-
ferent between the isolates (ANOVA, P < 0.001) and were
negatively correlated with the latitude of the sampling site
(Pearson product moment, r=-0.709, P=0.001). Like-
wise, Tmin, Topty Tmax @nd Umax @t Tope Were negatively cor-
related with the latitude of the sampling site (Pearson
product moment, r=-0.715, P=0.001; r=-0.719,
P=0.001; r=-0.667, P=0.003; and r=-0.805,
P <0.001 for Tmin, Topt, Tmax @nd lmax at Top: respectively).

The strain of Cafeteria showed a very similar thermal
adaptation to strains of Spumella originating from a similar
latitude. The strain grew between 1.6°C and 35.2°C with
an optimum temperature of 30.1°C (Table 1). The
maximal growth rate of the Cafeteria strain was low, but
still in the range of growth rates as observed for Spumella
(Fig. 1A-C).

Isolates from temperate and warm regions

For flagellate isolates from temperate to warm regions,
the molecular affiliation based on SSU rRNA gene
sequence data allowed to differentiate eco-physiologically
different groups. Strains affiliated with the different clus-
ters (see Boenigk etal., 2005) differed significantly in
growth characteristics (ANOVA: P =0.003, P< 0.001 and
P=0.014 for Tmin, Topt @and the slope of the regression
line). Specifically, strains affiliated with cluster C3 showed
generally higher growth rates as those affiliated with
cluster C1 (Fig. 1A-C).

Antarctic isolates

Irrespective of the molecular affiliation, all the Antarctic
strains showed a similar pattern, i.e. they were psychro-
philic with T, between —3.5°C and 1.2°C, T« between
14.6°C and 23.5°C, Ty between 11.7°C and 17.7°C and
Umax @t Topt between 1.03 day~' and 1.93 day~'. Most of the
Antarctic strains grew at the lowest temperature tested
(0.7°C) and interpolation showed that they also would
grow at freezing point (Table 1). Accordingly, the Antarctic
isolates were clearly separated from strains of temperate
to warm regions based on their eco-physiological charac-
teristics (cluster analysis, Fig. 2). All these parameters
were significantly lower as compared with strains from
temperate to warm regions. Maximal growth rates of the
Antarctic flagellates exceeded those of the other isolates
tested only for temperatures below 5-10°C. The regres-
sion analysis supports high relative maximal growth rates
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Table 1. Origin of strains, GenBank sequence accession number and key variables of their thermal adaptation.

Local adaptation within a protist morphospecies

Slope

u at 0°C
(day™)

u at Topt
(day™)

7-min Topt

Tmax

Mean ambient monthly
air temperature (°C)

Accession
number

(1 °C)

°C)  (°0)

(°C)

Latitude/longitude

Place of origin

Isolate
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OANOANANNDDO® | ~rANOT™ T+ M

NN~ 0OOONNNDNDONOOMMD
CArMoONERHRAUBW~S SN MW
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0°37’N/30°16’E
19°33'N/154°53'W
31°30’N/120°20'E
31°6'N/121°22’E
40°20’'N/115°58’E
44°40'S/170°22'E
43°37'S/169°46'E
47°52’'N/13°20'E
47°52’'N/13°20'E
47°52'N/13°20'E
47°47'N/13°23’'E
47°51’N/15°-3’E
57°18'N/19°0'E
60°42'S/45°36'W
60°42'S/45°36'W
71°00’S/68°00'W
82°27’S/51°21'W
82°28'S/50°56'W
82°28'S/50°56'W
57°18'N/19°0’'E

Alexander Island, freshwater
Davis Valley, freshwater
Davis Valley, freshwater

Davis Valley, freshwater
Baltic Sea, Gotland Basin, marine

Signy Island, freshwater

Signy Island, soil

Mondsee, freshwater

Mondsee, soil
Mondsee, freshwater

St Gilgen, freshwater
Lunz, freshwater

New Zealand, Aviemore, freshwater
New Zealand, Karangarua, freshwater
Baltic Sea, Gotland Basin, marine

Uganda, freshwater
Hawaii, freshwater
China, Taihu, freshwater
China, Shanghai, soil
China, Badaling, soil

Austria
Austria
Austria
Austria
Austria
Antarctica
Antarctica
Antarctica
Antarctica.
Antarctica
Antarctica

AY651076
DQ388541
AY651097
AY651082
AY651081
AY651075
AY651088
AY651074
AY651085
AY651098
AY651092
AY651086
EF027354
DQ388563
DQ388558
DQ388551
DQ388557
DQ388553
DQ388552
EF027355

Got180 (Cafeteria)

JBAF32
JBNA45
JBCO7
JBC/S24
JBC/S23
JBNZ41
JBNZ392
JBM10
JBM/S12
JBMO08
JBM18
JBL14
Got220
1031
1006
194f
391f
376hm
199hm

595

a. This strain showed high growth rates at 35°C but high mortality at 37.5°C, i.e. the strain did not grow at the latter temperature. Therefore the mean of these temperatures was assumed as Tmax.

b. As the ambient air temperature is litle meaningful for deep-sea organisms, we provide the actual water temperature at the respective depth for these strains.
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Fig. 1. Absolute and relative growth rates.
A-C. Growth rates of the investigated strains as a function of temperature.
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D-F. Relative growth rates of the strains tested. The regression lines indicate optimum conditions with respect to relative growth. Relative

optimum growth conditions as inferred from these figures differ considerably from the absolute optimum growth conditions, i.e. the Antarctic

Growth efficiency [% of maximal realised p for all strains]

strains have optimum relative growth conditions at temperatures below 5-10°C. As the relative growth rates depicted are regression lines they

may occasionally exceed the theoretical maximum value of 100%.

for Antarctic strains below 5-10°C and high relative
maximal growth rates at warm temperatures for C3 iso-
lates (Figs 1D, E and 3). The C1 isolates show generally
low maximal growth rates but perform best at tempera-
tures around 10°C.

Discussion

The thermal adaptations of the investigated strains
covered the whole range of published growth rates for
colourless chrysophytes (Fig. 4). Thermal adaptation was
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Place of origin Mol. affil. Ecophysiological similarity
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Linkage Distance

Fig. 2. Eco-physiological similarity. The cluster analysis was based on key variables of the thermal adaptation of strains (see text for
explanation) and it is depicted in connection with the molecular affiliation of strains and their place of origin. Eco-physiology is most distinct
between Antarctica and temperate to warm sites. Within the temperate to warm sites isolates affiliated with the C1 and C3 cluster are
separated based on their eco-physiological adaptation. The freshwater isolates are connected to their place of origin by a straight line, soil and

marine isolates by a dashed line.

mainly related to the geographic origin of the strains. The
direct relationship of protozoan growth rates to tempera-
ture has been repeatedly documented (Sherr et al., 1983;
Caron et al., 1986; Choi and Peters, 1992). It is, however,
controversial whether the increase of growth rate with
temperature is exponential or linear (Montagnes and
Franklin, 2001). An exponential or Q10 concept may be a
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Fig. 3. Relative maximal growth of strains originating from Antarctic
(light grey area) and from temperate to warm regions (black and
dark grey area). The dark grey area indicates the relative growth of
strains from temperate to warm regions affiliated with the C1 and
C3 cluster respectively.
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good approximation for certain processes such as photo-
synthesis or ingestion rate (Berges etal., 2002). The
dependence of growth rates on temperature is, however,
more complex as it reflects an integration of several pro-
cesses, which become limiting at different temperatures.
Therefore the Q10 concept may be inadequate (Mon-
tagnes and Franklin, 2001; Berges et al., 2002; Clarke
and Fraser, 2004). Usually, such complex temperature
dependencies cannot be distinguished from linear rela-
tionships in experimental studies. In sum, even though the
temperature response probably is due to several interfer-
ing exponential functions, the linear model may be a close
approximation of the net result (cf. Montagnes and Fran-
klin, 2001).

One of the strains tested, i.e. strain JBMO08, did not
grow with the food bacteria provided. Similarly, this food
source turned out to be suboptimal for the strain JBM18
as this strain did not grow in several subsets during pre-
cultivation (data not shown). Preliminary tests with other
food bacteria provided evidence that Listonella pelagia
was probably too large as prey organism. We infer that the
relatively low growth rate of strain JBM18 at temperatures
exceeding 22.5°C is caused by this basic problem. The
size relation between predator and prey may indeed be a
more pronounced problem at higher temperatures as the
food bacterium had a similar size in all experiments
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8

Growth rate [day™]

Paraphysomonas imperforata

O Ecclestone-Parry & Leadbeater 1994
Caron et al. 1986
Goldman et al. 1985

Choi & Peters 1992 strain "Newfoundland"

Choi & Peters 1992 strain "Arctic"
Fenchel 1982

® 9 > OO0

Monas sp. / colourless chrysophyte

@ Sherretal. 1983
@ Caron 1990

Spumella sp.
A Rothhaupt 1996
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¢ Ekelund 1996
v Zwart & Darbyshire 1992
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Temperature [°C]

30
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40 Grey area: temperate and warm strains
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Fig. 4. Thermal adaptation of colourless chrysophytes. Literature data on Paraphysomonas (white), Spumella (black) and colourless
chrysophytes of unclear affiliation (grey) are shown [either growth rates at (near) satiating food conditions or pmax as calculated from numerical
response data]. The grey shading indicates the spectrum of thermal adaptation of strains originating from temperate to warm sites in this
study, the white area indicates the thermal adaptation of Antarctic strains tested in this study.

(J. Boenigk and S. Jost, unpubl. data) but the flagellate
must be assumed to be smaller at higher temperatures,
according to general temperature—cell size relations
(Atkinson, 1994; Atkinson, 1995; Montagnes and Franklin,
2001). We did not use a different bacterium for these
flagellate strains in order to yield a comparable data set
but these strains were excluded from the comparative
analysis as the observed growth rates are likely to be
related to food suitability rather than temperature.

Intraspecific differentiation

Molecular affiliation with respect to the SSU rRNA gene
indicates eco-physiological differentiation as long as Ant-
arctic isolates are excluded from the analysis. Even
though the temperature range yielding positive growth
rates was similar, isolates affiliated with the C1 cluster
(Boenigk et al., 2005) generally grew slower than isolates
affiliated with the C3 cluster. The isolates within the C1
cluster were mainly isolates from soil samples and most of
these isolates produced cysts in cultures initially. The
difference in observed growth rates may therefore reflect
different survival strategies: production of cysts at the
expense of lower growth rates for those flagellates, which
live in a relatively unstable environment (soil) versus high
growth rates but no or low encystment rates for those
flagellates living in a more stable environment
(freshwater). However, irrespective of encystment pattern,
the observed lower growth rates of terrestric than aquatic
strains is in accordance with generally higher carbon con-
version efficiency and mass-specific growth rates of

aquatic organisms than terrestric organisms (Elser et al.,
2000; Shurin et al., 2006).

The above correlations were, however, only detectable
on a regional scale as (bio-)geographic pattern overlaid
the differentiation between phyolgenetic clades: all Ant-
arctic isolates were psychrophilic with optimum tempera-
tures around or below 15°C. The Antarctic strains further
showed relatively high growth rates at 0°C whereas most
strains from other sites seized to grow below 1.5-6°C.
Thus, the Antarctic strains can already grow at the melting
point of freshwater. Overall, the Antarctic strains per-
formed better below 5-10°C than strains from warmer
habitats. Even though maximal growth rates of the Ant-
arctic strains increased with temperature up to between
11°C and 17°C, strains originating from temperate to
warm habitats showed generally higher growth rates at
temperatures above 5-10°C. This indicates that although
the Antarctic strains can successfully grow at tempera-
tures typical of many temperate lakes they may only suc-
cessfully compete in cold environments. Correspondingly,
a competitive advantage up to c. 15°C has been sug-
gested for psychrophilic Paraphysomonas strains (Choi
and Peters, 1992).

It is currently an open question to what extend these
patterns of regional eco-physiological adaptation reflect a
biogeographic separation. Eco-physiological local adap-
tation may be a much faster process than detectable
changes in the SSU rRNA gene — this may explain for the
general cold adaptation of the Antarctic isolates irrespec-
tive of the molecular affiliation. However, the study of
Boenigk and colleagues (2006b) indicates that geo-
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graphic isolation may support the development of pro-
nounced eco-physiological differences (and thus possibly
support a biogeographic differentiation). Accordingly, a
number of cultivation-independent molecular surveys indi-
cate a certain isolation of Antarctica (Vincent, 2000; Taton
etal, 2003; Lawley et al., 2004), not withstanding the
possibility that future surveys might find related
sequences from geographically distant sites. However,
strains and samples originating from other cold environ-
ments need to be analysed in future studies and molecu-
lar markers allowing for a higher phylogentic resolution
may prove necessary to entirely resolve the question of
biogeographic restriction in protists.

Inferring the ecology of protist species from studies on
single populations or strains

The different studies on molecular and eco-physiological
variation of protist morphospecies (Boenigk et al., 2005;
2006b; Koch and Ekelund, 2005; Lowe et al., 2005; this
study) imply that generalizations on protist ecology can
only be made on the basis of several investigated
populations/strains and that these generalizations prob-
ably only hold true for habitats corresponding to the
places of origin of the respective strains. Generalizations
beyond these limits may be possible but must be
assumed to be highly speculative and should therefore be
regarded with care. Specifically, the optimum conditions
as inferred from laboratory studies may strongly deviate
from the realized niche. For instance, the thermal adap-
tation of the Antarctic strains would indicate optimal
growth conditions similar to those found in temperate
lakes (Fig. 1A—C). However, in these lakes they most
likely would be outcompeted by strains adapted to higher
temperatures (Fig. 1D and E). This highlights the impor-
tance of comparative studies to infer the ecology of protist
species in laboratory experiments.

Conclusions

The following trends may be inferred from our data: (i) the
optimum temperatures increase with decreasing ambient
air temperature (and more generally with latitude) of the
collection sites; (ii) the maximum growth rates at optimal
temperature also increase with ambient air temperature/
decreasing latitude; and (iii) the growth rates decrease
more slowly with decreasing temperature for isolates from
cold sites — thus isolates from cold waters grow faster
below a certain temperature (cf. Choi and Peters, 1992).
In general, the temperature yielding at maximal growth is
misleading, particularly for cold-adapted strains: these
strains showed the highest relative growth below 5-10°C
whereas optimum growth conditions were between 10°C
and 20°C. Soil strains showed generally lower growth
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rates as compared with aquatic strains. Whether the high
relative growth rates of soil strains at temperatures
around 10°C are typical for these flagellates or rather an
artefact due to undersampling of flagellate taxa well-
adapted to temperatures around 10°C remains open for
future studies.

In conclusion, SSU rRNA gene sequence data are
capable of a higher resolving of eco-physiologically dis-
tinct protist groups than morphospecies. However, also in
phylogenetically resolved clades the eco-physiological
variation between the isolates remained high and differ-
entiation between phylogenetic clusters is overlaid by
geographic pattern.

Experimental procedures
Origin of strains and culture conditions

Eighteen flagellate strains affiliated with the Spumella mor-
photype (Boenigk et al., 2006b) were selected for in-depth
investigation. Based on light and electron microscopical
investigations these strains belong to the same morphospe-
cies (data not shown; cf. Boenigk etal.,, 2004). Because
of the current confusion regarding the classification of
‘Spumella-like’ flagellates we abstain from affiliating a more
or less meaningless binomen but refer to these flagellates as
Spumella sp. furtheron. The selection comprised flagellates
affiliated with different SSU rRNA gene sequence clades as
defined earlier (C1, C2, C3 and E; cf. Boenigk et al., 2005;
2006b). Further selection criteria were the place of origin
(strains from distant sampling sites), different habitat types
(soil, freshwater, marine) and different temperature toler-
ances (Boenigk et al., 2006b). We also included a Cafeteria
sp. strain, which was isolated from the same sampling site as
the marine Spumella strain used in this study. This should
help to evaluate if eco-physiological characters may differ
between similar HNF types originating from a highly similar
environment. In a former study we found the mean ambient
air temperature during the month of isolation to be the most
suitable approximation to predict temperature adaptation (cf.
Boenigk et al., 2006b). This environmental temperature was
estimated as outlined by Boenigk and colleagues (2006b)
and the data are provided in Table 1. Only for the strains
Got180 and Got220 we used the measured environmental
temperatures as the ambient air temperature seems less
suitable for marine waters at 180 m and 220 m depth.

We used NSY inorganic basal medium for cultivation of
freshwater and soil strains (Hahn et al., 2003). The marine
strains were cultivated in Schmaltz—Pratt medium (0.01 g I'
K:HPO4,-3H,0, 0.1gl" KNOs; 1.45gl”" CaCl,-2H,0,
6.92 g I MgS0,-7H,0, 5.51 g I MgCl,-6H,0, 0.67 g I' KCI
and 28.15 g I"' NaCl). The gammaproteobacterium L. pelagia
strain CB5 (GenBank synonym Vibrio pelagius) originating
from Lake Constance (Hahn and Héfle, 1998) was supplied
as food source. Cell volume of this large bacterium was
0.38 = 0.2 um?. In former studies the bacterium proved to be
a good prey organism that supports a high flagellate growth
rate (Boenigk et al., 2004; 2006a). The bacteria were grown
in NSY medium (3 g organic matter per litre; Hahn et al.,
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20083) prior to the experiments. During permanent culture the
flagellate strains were held on a mixed bacterial community
on a wheat grain at 16°C but transferred to fresh medium
supplemented with L. pelagia 1 week before the experiments
started.

Growth of Spumella at different temperature

The flagellates were characterized with regard to their
thermal adaptation. During permanent culture, all strains
were acclimatized to the same conditions, i.e. NSY inorganic
basal medium at 16°C and pH 7.8, for at least 3 months. Prior
to the experiments the strains were acclimatized to the
respective temperature in steps of 2.5°C for at least 3 days at
each temperature and eventually transferred to the experi-
mental temperatures 24 h before the start of the experiment.
This general set-up was followed for all temperature condi-
tions at which the flagellates showed growth or low mortality
rates (below 0.5—-1day™"). For temperature treatments at
which the flagellates died at high rates the respective strains
were precultured at lower/higher temperatures and trans-
ferred to the experimental temperature only 12 h prior to
the experiments in order to prevent complete extinction
during precultivation. Listonella pelagia CB5 served as a
food source at near satiating concentrations (above
1-2 x 10° bacteria per millilitre) during acclimatization. Cul-
tures of the strain JBM08 were supplemented with a wheat
grain as it does not grow on L. pelagia alone.

Total flagellate abundance at the start of the experiment
was around 1000 flagellates per millilitre. Bacterial abun-
dance was adjusted to values representing satiating food
concentrations, i.e. 2-3 x 107 bacteria per millilitre [prelimi-
nary experiments proved that an abundance of above
2 x10° L. pelagia per millilitre produced a (near) maximal
growth rate]. All experiments were run in triplicate in 50 ml
Erlenmeyer flasks. Initial experimental volume was 30 ml
and experiments were run in continuous light. We tested the
temperature tolerance between 0.7°C and 37.5°C in steps
of approximately 2.5°C. Subsamples of 5 ml were fixed with
100 ul of Lugol solution every 3-8 h, depending on the
temperature treatment, for a total of five subsamplings.
Flagellates were counted in Lugol-fixed samples using
Sedgewick-Rafter and a ZEISS Axiovert 200 at 200x total
magnification and phase contrast. At least 100 flagellates
were counted per sample except for some samples with
extremely low flagellate abundances (high mortality treat-
ments). Cell densities were In-transformed and the growth
rates were calculated by regressing the linear section of the
In-transformed densities versus time assuming exponential
growth.

Non-linear regression and statistics

For the calculation of the optimal temperature (7o) we
applied linear regression separately for growth rates below
and higher than the highest growth rate observed and calcu-
lated T, from the intersection of both regression lines. Even
though a linear model may not reflect the actual biological
processes, it was found to be a suitable approximation to
describe the data (see Discussion). The maximal tempera-

ture (Tmax), i-€. L = 0, was calculated as the intersection of the
latter regression with the abscissa; the minimal temperature
(Tiin), i.€. =0, was calculated in a similar way but regres-
sion in this case was restricted to the four data points closest
to the intersect. If growth was also positive at the lowest
temperature tested we used only three data points for regres-
sion analysis.

For comparison of the eco-physiological characteristics we
performed a cluster analysis based on key variables charac-
terizing the thermal adaptation of strains. As the food bacteria
were suboptimal for the flagellate strains JBM08 and JBM18
and the growth rate estimates for these strains therefore
probably biased, they were excluded from this analysis. For
cluster analysis, we used the variables T, Topt and the slope
of the regression line. Prior to the calculation of the Euclidian
distances via UPGMA [unweighted pair-group option, Sneath
and Sokal (1973)] using the program package Statistica, all
variables were normalized to values between 0 and 1. Ty
and max Were excluded from these analyses as the variation
of Tmax Was largely similar to that of Toy, and pmax is @ function
of Tmin and the slope.

For comparison of the relative maximal growth rates of
different strains we recalculated growth rates as relative frac-
tion of the maximal realized growth rate in any strain tested
and performed a log-normal regression analysis using the
software package SigmaPlot. This analysis gives an estimate
of the optimal temperature in terms of competitive strength.
Again, the strains JBM08 and JBM18 were excluded for
reasons mentioned earlier. Regression analysis, ANOVA,
t-tests and descriptive statistics were carried out using the
software package SigmaStat.
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The possible existence of endemism among microorganisms resulting from and preserved by geographic
isolation is one of the most controversial topics in microbial ecology. We isolated 31 strains of “Spumella-like”
flagellates from remote sampling sites from all continents, including Antarctica. These and another 23 isolates
from a former study were characterized morphologically and by small-subunit rRNA gene sequence analysis
and tested for the maximum temperature tolerance. Only a minority of the Spumella morpho- and phylotypes
from the geographically isolated Antarctic continent follow the worldwide trend of a linear correlation between
ambient (air) temperature during strain isolation and heat tolerance of the isolates. A high percentage of the
Antarctic isolates, but none of the isolates from locations on all other continents, were obligate psychrophilic,
although some of the latter were isolated at low ambient temperatures. The drastic deviation of Antarctic
representatives of Spumella from the global trend of temperature adaptation of this morphospecies provides
strong evidence for geographic transport restriction of a microorganism,; i.e., Antarctic protistan communities
are less influenced by transport of protists to and from the Antarctic continent than by local adaptation, a

subtle form of endemism.

One hot debate in microbial ecology deals with the geo-
graphic restriction of protistan taxa (8, 10-12, 22, 29). Some
researchers believe that free-living protistan species are essen-
tially ubiquitous and grow wherever suitable habitats exist.
They assume that the microbial community found in any given
habitat is a function of habitat properties only and not of
historical factors, since there is an ubiquitous “seed bank.”
They further argue that geographic barriers to protists do not
exist and consequently cannot contribute to evolutionary di-
versification (10, 12-15).

The basic assumption that microorganisms are easily dis-
persed across the physical and geographic barriers that halt the
migrations of larger animals and plants (12) is, however, con-
troversial and relies largely on the observed ubiquity of mor-
phospecies. It has been challenged by other researchers, who
believe that protists have a biogeography that has been shaped
by geographic barriers (8, 30). The discussion has initiated
much recent research into the existence of endemic species
(10, 16, 28, 38). However, even the definition of a species is
controversial, and the low resolution of the morphospecies
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concept for protists appears to be an obstacle to the settling of
the debate (32).

Fortunately, increasing evidence for phylogenetic and eco-
physiological differentiation below the morphospecies level (4,
21, 22, 26, 29, 38) can theoretically be used to solve the ques-
tion of possible endemism among protists. If there were no
geographic barriers to protists, correlations between the hab-
itat temperature, as a factor selecting certain strains from the
seed bank, and the temperature tolerance of these strains
should be independent of the geographic location. To critically
test the temperature adaptation of a flagellate morphospecies,
we analyzed 54 strains for their phylogenetic relationship and
maximum growth temperatures, the latter as a characteristic
that is easily measurable and likely subject to evolutionary
adaptation to local conditions. Particular attention was paid to
isolates from the geographically most isolated sites, on the
Antarctic continent.

MATERIALS AND METHODS

Media, isolation of strains, and cultivation conditions. The standard medium
for the maintenance of strains and for the isolation process, except for the first
step, was an artificial inorganic basal medium (NSY basal inorganic medium
[18]). The ultramicrobacterial (<0.1-um?) strain MWH-NR1 (Betaproteobacte-
ria; Polynucleobacter group) and the bacterial strain Listonella pelagia CB5 (both
available from M. Hahn [17]), representatives of typical free-living aquatic bac-
teria, were used as food for isolating the flagellates.

Samples originating from terrestrial and aquatic habitats in polar, temperate,
subtropical, and tropical regions (Fig. 1A and B) were collected. Samples were
transported to the laboratory in sealed tubes and processed immediately upon
arrival. All treatments after sampling were carried out under aseptic conditions.
Flagellates were isolated by serial dilution using either sterile filtrated water from
the sampling site or artificial media following an acclimatization approach (4).
The flagellates were counted using a Sedgewick-Rafter chamber, and a sub-
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FIG. 1. Sampling sites. Samples originated from different locations
in Europe, Asia, Australia, New Zealand, Hawaii, and Antarctica (A).
Each dot represents a sampling area comprising several remote sam-
pling sites. For instance, the Antarctic isolates originate from habitats
in three different sampling areas (B). For details, see Table S1 in the
supplemental material.

sample was diluted to a final flagellate abundance of 0.5 to 1 flagellate ml~' and
subsequently transferred to 24-well cell culture plates. Wells were supplemented
with food bacteria at a concentration of 3 X 10° to 5 X 10° bacteria ml~'. Wells
were checked every second day for a period of at least 2 weeks for positive
growth under the microscope, using a total magnification of X200. When flagel-
late growth was detected, the medium was transferred to a 50-ml Erlenmeyer
flask containing inorganic NSY medium and fresh food bacteria. After 2 to 6 days
the subsamples were further diluted to final concentrations of 0.05, 0.1, 0.2, and
0.4 flagellate ml~! and supplemented with the bacterial strain MWH-Mol or
CBS5 at concentrations of 15 X 10° to 25 X 10° bacteria ml~'. Each of these
dilutions was transferred to wells of sterile 24-well cell culture plates (1 ml per
well) and incubated at 15 to 22°C, depending on the origin of the isolates.
Screening of the wells for the growth of flagellates was again performed by direct
microscopic investigation every second day. Finally, flagellates were transferred
to an Erlenmeyer flask containing fresh medium and bacteria. This procedure
was repeated until pure cultures were established, but at least four times. Pure
cultures were acclimatized to 16°C and transferred to permanent culture with
NSY medium supplemented with wheat grains. Flagellates in permanent culture
were grown at 16°C at low light and transferred once a month to fresh medium.
Flagellate strains are available from the authors upon request.

APPL. ENVIRON. MICROBIOL.

Morphological and phylogenetic analyses. Cells were checked for the occur-
rence of chloroplasts. In addition, cells were checked for autofluorescence as
follows. Cells were fixed with formaldehyde (final concentration, 2%) and stained
with DAPI (4',6’-diamidino-2-phenylindole) (final concentration, 10 wg ml~") for 30
min. The cells were then filtered onto a black Nuclepore 0.2-wm filter backed by
a 0.45-pm cellulose nitrate filter and examined under an epifluorescence micro-
scope, using UV and blue light excitation for DAPI and for chlorophyll autofluo-
rescence, respectively. Representative strains were, in addition, checked by scan-
ning electron microscopy (SEM) for tripartite hairs on the long flagellum and for
occurrence of scales. Briefly, cells fixed with a mixture of Lugol’s solution and
formaldehyde were allowed to sediment onto glass coverslips covered with poly-
L-lysine solution (0.1%, wt/vol). The coverslips were then recovered from the
chambers and rinsed in distilled water or sodium cacodylate buffer. Subse-
quently, the slides were fixed for 30 min in an osmium tetroxide solution (2%
final concentration), rinsed again, and subsequently dehydrated using increas-
ingly concentrated ethanol baths and a final wash in hexamethyldisilyazane.
Finally, the slides were glued to an SEM stub with a thin layer of Araldite glue,
metal coated, and inspected. The phylogenetic affiliation of strains based on
small-subunit (SSU) rRNA gene sequences was specified as described in a
previous study (4). PCR products were either directly sequenced or used for
subsequent cloning into the vector pGEM-T Easy (Promega). Sequencing reac-
tions were performed with an ABI Prism BigDye Terminator version 3.0 Ready
Reaction cycle sequencing kit (Applied Biosciences) and an ABI PRISM model
3100 automated sequencer. Sequences were submitted to the BLAST search
program of the National Center for Biotechnology Information (NCBI) to find
closely related sequences. Sequences were aligned using the “CLUSTAL W”
option (34) in the BioEdit 5.0.9 sequence analysis software (19). Where neces-
sary, alignments were subsequently manually processed and corrected. Positions
of unclear homology were excluded from further phylogenetic analysis. The
result was a final alignment of 1,563 positions. The TREECON 1.3b software
package was used to calculate distance matrices by the Kimura algorithm (20)
and to generate phylogenetic trees by the neighbor-joining method (36). Parsi-
mony trees were calculated using the program package PHYLIP (version 3.5; J.
Felsenstein, Department of Genetics, University of Washington, Seattle). One
hundred bootstrapped replicate resampling data points were generated with
SEQBOOT (PHYLIP).

Maximum temperature tolerance. The isolated colorless chrysophytes were
characterized regarding their temperature tolerance. During permanent culture,
all strains were acclimatized to the same conditions, i.e., NSY inorganic basal
medium at 16°C and pH 7.8, for at least 3 months. All experiments were run in
triplicate in 4 ml in 12-well tissue culture plates with the bacterial strain Listonella
pelagia CBS5 as the food source. The strains were transferred to the experimental
conditions, and growth was checked every 2 to 3 days by inverted light micros-
copy at a magnification of X200. The experiments ran usually for 3 days but up
to 8 days until growth was observed. If no growth was observed after 8 days, the
treatment was accepted not to support growth of the tested strain. If growth was
observed, an aliquot was transferred to fresh medium and food at the next-higher
temperature treatment in steps of 1 to 2°C (the temperatures tested were 17.3,
18.0, 19.2, 20.8, 23.0, 24.4, 25.2, 26.7, 28.0, 28.7, 30.7, 31.7, 32.0, 33.6, 34.6, 35.7,
36.4,37.3, and 37.5°C). This general setup allowed for a stepwise acclimatization
of the flagellate strains to the increasing temperatures tested. We generally
followed this acclimatization approach, even though successful direct transfer to
different temperatures provided evidence that acclimatization hardly affected the
tolerance limits. In the context of this work, acclimatization is a physiological or
behavioral adjustment to changes in the environment and adaptation is a trait
that has evolved over a period of time and is based on a molecular mutation. All
experiments were run in triplicate. Using this general strategy, the upper tem-
perature tolerance limit was determined.

Temperature data for the habitats during sampling were not available for all
habitats. Therefore, we used the mean monthly air temperatures in the re-
spective month of sampling based on the data set for the past 10 years of the
nearest weather station data provided by the Goddard Institute for Space
Studies (http://data.giss.nasa.gov/gistemp/station_data/). For some climate sta-
tions recent data were not available, and in these cases temperatures were
estimated by regression of the available data sets. Where necessary, temperature
data were corrected by assuming a mean decrease in air temperature with
altitude of 0.7°C per 100 m (temperature decline usually varies between 0.6 and
0.8°C per 100 m [see, e.g., reference 31]).

Nucleotide sequence accession numbers. The almost-full-length 18S rRNA
gene sequences determined in this study have been deposited in the NCBI
database under accession numbers DQ388538 to DQ388568.



VoL. 72, 2006 GEOGRAPHIC ISOLATION OF PROTISTS 5161

1%

9
S dochhm

it Bhd
Hi0— Spumedla sp Spild
| 1308

1243
pLIES | ‘
— 1027 Lz
1034
92 | e |1 1020
Spumella sp 376G
1026

1013

o

Spumella xp 150G

o HNEI
I — o .!'pum.r}-!u obiligua
JBNA4S

| —— Chrysolepidomonas demdrolepidata

| Chrysoxys sp. CCMPS9]

| Ochromonas sp. CCMPI278

4 Dimalsryon sociale
pipyais puichra

[ roglena amerfcana
1 Ochromonas gp. CCMPSES
— brd mella danica
ﬁ'.ﬁm
- JBC13
kil Jﬂc;fﬂl]

JEMIS12 ’
TBM19 C1
1006

5 ey rl'mlauiu
F’“ﬂﬂl

—@'ﬂ
Ochromamay danica

100 I_— heleromonay sphaerocysiis

Fied EME P‘ulifnmu chromonas srpitala
Puteriochrmmonas mathamensiz

Foed ——— IBNA4S
Ii J'Bar]is
100 | jB"_'jl
[LIRET]
JBAM1D C3

JBNEAL
JHAFR
JBCIT

JBRC2T
Fﬁn:-:mnﬂm mikrokonia

.
| L ooy Ohomenas mussbifi
JBAFIS

Phasoploca thallosa

Chrysosaces :‘p COMPIRS

Dchromonas wherculata
————— IBMI&

JBMOS

I p— Symura spincza
Symura plafbra
Mallomonas splendens

1— Mallcmonas gkrokomos
F‘umph_wﬂmﬂm: Buand aien sis

00

Nammochloropeis Erunufn-ur
FIG. 2. Neighbor-joining tree showing the affiliation of SSU rRNA gene sequences from Spumella isolates with the Chrysophyceae sensu stricto.
The numbers at the nodes of the tree indicate the percentage of bootstrap values for each node out of 100 bootstrap resamplings (values above
50 are shown). The scale bar indicates 2% estimated sequence divergence.

RESULTS These isolates and, in addition, 23 isolates from our culture

collection (4) were included in this study. The Spumella cells

Morphological and 18S rRNA gene analyses. We isolated 31 were colorless and solitary and had a spherical to ellipsoid cell
colorless chrysophyte flagellates identified as Spumella spp. form. From the front end emerged two flagella, both visible in
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the light microscope. SEM investigations proved that the
long one bears tripartite hairs. The cells either swim free in
the medium or attach to the substrate with the posterior
end. The cells feed on small particles, specifically bacteria,
and the general sequence of feeding follows that described
by Boenigk and Arndt (3). The cells were between 4 and 8
pm in diameter. Despite a detailed morphological investi-
gation of our Spumella strains, a classification to one of the
described taxa was not possible due to the poor quality of
the existing taxon descriptions (2). We isolated Spumella
spp. from all continents from contrasting freshwater and soil
sites (Fig. 1). Based on morphology, the investigated species
therefore seem to be ubiquitous, i.e., present in different
habitat types and distributed worldwide. Both neighbor-
joining and parsimony 18S rRNA gene trees showed that
most of our Spumella isolates were affiliated with the clus-
ters C1, C2, and C3 as described previously (4) (Fig. 2; see
Fig. S1 in the supplemental material). As the phylogenetic
analysis indicates polyphyly of Spumella spp., we further use
the term “Spumella-like” flagellates.

Ecophysiological differentiation and indications for geo-
graphic restriction. The “Spumella-like” flagellates differed
significantly regarding their maximum tolerated growth tem-
perature (by analysis of variance, P < 0.001) (Fig. 2), ranging
between 17.3°C for a strain originating from Heywood Lake,
Signy Island, Maritime Antarctic, and 34.6°C for several
strains from Africa and Asia (see Table S1 in the supple-
mental material). Except for one strain originating from
Antarctica and tolerating 24.4°C, all strains affiliated with
the Spumella subclusters C1 and C3 tolerated maximum
temperatures of between 28 and 34.6°C and of between 32
and 34.6°C, respectively. Strains from subcluster C2 were
split between the Antarctic strains, tolerating between 17.3
and 28°C, and strains from other regions, which tolerated
between 30.7 and 32°C (Fig. 2; see Fig. S1 and Table S1 in
the supplemental material).

The temperature tolerance of the isolates was correlated
with the mean monthly and mean annual air temperatures at
the isolation sites (Spearman rank order correlations, r = 0.857
[P < 0.001] and r = 0.867 [P < 0.001], respectively). Similar
correlation with monthly and annual temperatures at the sam-
pling sites indicates little seasonality.

The habitat type had no effect on this correlation (for soil
versus freshwater, by analysis of covariance [ANCOVA], P =
0.624).

The temperature tolerance of the isolates, excluding those
from Antarctica, rose linearly with ambient air temperature
(by linear regression, adjusted 7 = 0.36 [P < 0.001]) (Fig. 3).
Most of the strains from Antarctic samples deviated signifi-
cantly from the global trend in that they were more strongly
adapted to cold conditions (Fig. 3), including several psychro-
philic strains (temperature maxima of <20°C). This was sig-
nificant when assuming either a linear or a logarithmic model
(for a linear model, by ANCOVA, P = 0.003; for log-trans-
formed data, by ANCOVA, P < 0.001). The test for the two
different model assumptions was done because regression anal-
ysis yielded similar regression coefficients for both models
(r* = 0.685; log (X + 5) transformed, r* = 0.729).
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FIG. 3. Geographic pattern of temperature tolerance of Spumella-
like flagellates. Maximum growth temperatures differ between strains
but are generally within certain limits that relate to environmental
temperature. Strains originating from Antarctica are represented by
black symbols; those from other continents are represented by white
symbols. For the latter there is a global linear correlation of increasing
temperature tolerance with increasing environmental temperature
(dashed lines). Antarctic strains deviate from this trend; i.e., the real-
ized temperature adaptation (gray oval) is stronger than expected from
the global trend (white oval). The size of the symbol indicates the
number of strains for the respective condition; i.e., small symbols
represent one strain, medium-sized symbols represent two or three
strains; and large symbols represent five strains.

DISCUSSION

Strains affiliated with the same morphotype differ consider-
ably with respect to ecophysiology. Morphological analysis of
heterotrophic protistan communities from several marine and
freshwater sites around Antarctica yielded taxa of which most
had been previously reported from geographic locations else-
where (6, 35), thus supporting the view that species may be
worldwide distributed. Counter to this view of limited ende-
mism are observations that the Antarctic region is more iso-
lated than other parts of the world and that there has been
environmental selection for specific adaptive strategies over a
period of several million years (37). The morphological ap-
proach, indicating a cosmopolitan and ubiquitous distribution
of most protists (12), may indeed be inadequate, as molecular
studies provide evidence for considerable microdiversity and a
certain geographic isolation of organisms in Antarctica. For
protists (23), cyanobacteria (33), and heterotrophic bacteria
(37), molecular data indicate a high level of geographic isola-
tion. This study provides evidence for ecophysiological differ-
entiation below the level of morphospecies but also below the
level of SSU rRNA clusters. Similarly, a high functional diver-
sity has been demonstrated for several flagellate taxa, specifi-
cally for Oxyrris marina (26), Neobodo designis (21, 38), and
Spumella (5). These studies agree that ecophysiological param-
eters vary within a morphospecies. So far, the available studies
do not support a clear correlation between ecophysiological
and molecular differences, even though several studies indicate
a habitat specificity on the level of SSU rRNA clusters (4, 21,
26, 38). All these studies provide indications that morpholog-
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ical characters may be insufficient for a valid taxonomic clas-
sification.

Based on the current knowledge a solution of the species
problem in protists seems to still be a distant prospect. In the
meantime, we suggest that all available data be considered,
including morphology, molecular data, and ecophysiological
data, to define protistan species. Our data indicate that strains
identical in the SSU rRNA gene sequence seem to have similar
ecophysiological characteristics as well. Ecophysiological vari-
ation, however, seems generally to be high even between
closely related flagellate strains (5; this study). Even slight
differences in the SSU rRNA gene sequence may already be
affiliated with very different ecophysiological adaptations. Fur-
ther, we have to keep in mind that eventually any species
concept, i.e., a classification of organisms in distinct units, may
be inappropriate or at least problematic to describe the con-
tinuous transitions that we observe in the ecophysiology of
protistan strains and taxa.

Antarctic strains are cold adapted. Our data clearly indicate
an adaptation of Antarctic strains to the cold environment,
even though the tolerated temperatures are far above the re-
alized temperatures in the respective environments. We fol-
lowed a conservative protocol; i.e., all strains were acclimatized
to 16°C before the experiments. The deviation of the Antarctic
strains from the global trend is therefore likely to be even
stronger than observed in our experiment. Further, the rela-
tively high tolerated temperatures of the cold-adapted flagel-
lates, i.e., between 17.3 and 28°C, correspond to theoretical
considerations: low-temperature adaptation of enzymes is re-
garded as an ongoing process, and optimal adaptation is there-
fore not to be expected (9). Cold adaptation of Antarctic
chrysophyte flagellates has already been demonstrated for
Paraphysomonas (7) and is further supported by observations
of community growth of Antarctic flagellates at low tempera-
ture (25). In contrast, based on low realized growth rates of the
Antarctic heterotrophic nanoflagellate community in Crooked
Lake at 2°C, Laybourn-Parry et al. (24) concluded that these
flagellates were not adapted. Those authors, however, did not
exclude predation in their experiments, and the bacterial food
concentration was below 5 X 10° bacteria ml~* with a mean
bacterial cell volume of around 0.1 pm?®. Under such condi-
tions our isolates, originating from warmer habitats, would
even die back (5; J. Boenigk et al. unpublished data), and we
therefore do not see a conflict with the earlier study. For the
investigated strains, temperature adaptation seems not to be
linked to habitat characteristics, and SSU rRNA data may not
provide sufficient resolution to separate ecophysiologically dif-
ferent clusters. Even flagellate strains identical in SSU rRNA
sequence (5) and flagellate strains originating from the same
habitat (this study) may differ considerably in their ecophysi-
ology. We therefore advise caution in the ecological interpre-
tation of experiments based on a single strain.

Geographic barriers do matter for the distribution of pro-
tists. The west wind zone and the mainly wind-driven Antarctic
circumpolar current, i.e., the strongest oceanic current (1), are
the main reasons for the (bio-)geographic isolation of Antarc-
tica and its stable cold climate. Thus, if “microbial endemism”
is possible at all, then Antarctica would be a promising place to
find such organisms (37). In fact, the drastic deviation of the
temperature adaptation of Antarctic Spumella morphospecies
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from the global trend provides strong evidence for geographic
transport restriction of evolutionary and, consequently, biogeo-
graphic significance. Assuming unlimited exchange of protists,
one would expect that the global trend of a steady decrease in
temperature tolerance with environmental temperature includes
the Antarctic continent. This does not question the possibility that
protistan cells are transported by air between geographic regions
(37). Intercontinental transport of protists, as proposed by Finlay
and Fenchel (10, 12), is very likely (cf. references 2 and 4) and is
supported by the observation of significant air travel of spores and
pollen to Antarctica (27). Further, the phylogenetic similarity of
isolates from Antarctic and non-Antarctic sampling sites indicates
recent (in evolutionary time scales) exchange. Our data show,
however, that protistan transport to Antarctica is sufficiently re-
stricted to allow the local protistan population to adapt (not only
acclimatize) to local environmental conditions and thus to build
up biogeographically restricted populations. The predominance
of autochthonous strains from Antarctica that are identifiable
from their deviation from the global trend of temperature adap-
tation (Fig. 2) demonstrates that successful colonization of Ant-
arctic habitats by allochthonous strains is rare.

Based on our findings, we expect subtle cases of protistan
endemism to exist also in other isolated habitats shielded by
geographic barriers, as proposed by those critical of the ubig-
uity theorem (8, 16, 29). We assume, however, that the reso-
lution of current taxonomic methods, including molecular
analyses, may overlook endemic ecophysiological traits as well
as variance at the whole-genome level. Applying finer taxo-
nomic resolution, we may eventually find evidence for other
geographic barriers to microbes. The existence of endemic
morphospecies appears unlikely, since rates of global transport
of microorganisms, although restricted, are too much higher
than evolutionary speciation into morphologically distinct or-
ganisms. Whether microbes can be endemic or have a bioge-
ography depends on whether we continue to restrict these
terms to evolutionary distances separating species or higher
taxa. It should be noted, however, that there are less permissive
and durable barriers, such as geological formations or ice caps,
that may give rise to geographic speciation of microbes as is
known for plants and animals.
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Summary

We isolated 28 strains of ‘Spumella-like’ flagellates
from different freshwater and soil habitats in Austria,
People’s Republic of China, Nepal, New Zealand,
Uganda, Kenya, Tanzania and Hawaii by use of a mod-
ified filtration—acclimatization method. ‘Spumelia-like’
flagellates were found in all of the samples and were
often among the dominant bacterivorous flagellates
in the respective environments. The small subunit
ribosomal RNA (SSU rRNA) gene sequence of the
isolates was determined and aligned with previously
published sequences of members belonging to the
Chrysophyceae sensu stricto. Phylogenetic analysis
of the 28 new sequences confirmed their position
within the Chrysophyceae sensu stricto and posi-
tioned them within different clades. Most of the
sequences grouped within clade C and formed sev-
eral subclusters separated from each other by green
taxa including flagellates belonging to Ochromonas,
Dinobryon, Poterioochromonas and others. All soil
isolates clustered together (subcluster C1) with the
soil strain Spumella elongata and the undescribed
soil strain ‘Spumella danica’. Aquatic isolates were
affiliated with at least two branches (C2 and C3).
Sequence similarity to the closest related member of
the Chrysophyceae ranged between 92% and 99.6%,
sequence divergence among the ‘Spumella-like’
flagellates was as high as 10%. We conclude that (i)
the ‘Spumella-like’ flagellates are a diverse group
both in terms of sequence dissimilarity between iso-
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lates and in terms of the number of genotypes, (ii)
Spumella and Ochromonas are polyphyletic, and (iii)
based on the SSU rRNA gene no biogeographical
restriction of certain branches could be observed
even though different ecotypes may be represented
by the same genotype.

Introduction

Since 1983 Azam and colleagues (Azam et al., 1983)
introduced the concept of the microbial loop, the signifi-
cance of heterotrophic single-cell eukaryotes for carbon
transfer through aquatic food webs has become generally
accepted (Wylie and Currie, 1991; Sanders et al., 1994;
Sherr and Sherr, 1994; Arndt et al.,, 2000; Boenigk and
Arndt, 2002). The nanoflagellate genera Spumella/Monas
are among the most important heterotrophic eukaryotes
in many different ecosystems: On annual average 20—
50% of the pelagic heterotrophic nanoflagellate (HNF)
biomass in freshwaters is formed by small heterokont
taxa, mainly colourless chrysophytes (= chrysomonads)
and bicosoecids (Salbrechter and Arndt, 1994; Arndt
et al., 2000). Spumella, which represents a typical colour-
less chrysophyte has been reported to be generally com-
mon in freshwaters (Carrick and Fahnenstiel, 1989;
Sanders et al., 1989; Bennet et al, 1990; Carrias et al.,
1998). Even in benthic sites, colourless chrysophytes
make up to 30%, but usually much less (Arndt et al.,
2000). In addition, the chrysophyte genera Ochromonas
and Poterioochromonas are assumed to be among the
dominant mixotrophs (Bennet et al, 1990). The primary
mode of nutrition of these mixotrophs often is bacterivory
(Andersson etal., 1989). These bacterivorous chryso-
phytes (family Chromulinaceae sensu; Preisig, 1995)
therefore are responsible for a significant part of the bac-
terivory in freshwater systems and are an important link
between bacterial production and higher trophic levels.
Thus far, field investigations and food web models have
been primarily focused on the so-called ‘functional
groups’, i.e. bacteria, heterotrophic nanoflagellates, cili-
ates, etc. It became evident, however, that such models
cannot sufficiently describe the specific interactions and
pathways within the microbial food web. For this reason,
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attention is increasingly drawn towards species- or taxon-
specific investigations and assessing the diversity of the
free-living flagellates is becoming increasingly important
(e.g. Kinner et al., 1998; Cleven and Weisse, 2001).

The attempt for specific investigations is often ham-
pered by the sparseness of diagnostic characteristics for
taxonomic identification. This is valid in particular for the
small heterotrophic chrysophytes which are often
summed up as ‘Spumella-like flagellates’ or Spumella
spp. in many field studies (Weisse, 1997; Auer and Arndt,
2001; Cleven and Weisse, 2001; Weitere and Arndt,
2003). The sparseness of diagnostic features and molec-
ular data does not provide any clarification whether these
organisms form either a mono- or a polyphyletic group:
Spumella is considered to be the colourless counterpart
of Ochromonas (Preisig et al., 1991), but Ochromonas
ssp. have already been reported to cluster in different
branches, i.e. together with Poterioochromonas,
Chrysoxys and Chromulina, and have therefore been
suggested to be polyphyletic (Andersen et al., 1999). In
addition, occasional loss of colour has been indepen-
dently described for several species of Ochromonas
(Bourrelly, 1957) and for these reasons the separation of
Ochromonas and Spumella is doubtful (Fenchel, 1982a,b;
Preisig et al., 1991). Similarly, in ecophysiological labora-
tory investigations, members of the heterotrophic chryso-
phytes have been widely used as model organisms, but
these investigations are based on very few strains (cf.
Cowling, 1991) that often lack precise taxonomic identifi-
cation (Holen and Boraas, 1991; Zwart and Darbyshire,
1992; Rothhaupt, 1997; Boenigk, 2002). In laboratory and
field studies, these organisms are usually treated as a
black box assuming, basically, similar ecological charac-
teristics. Recent studies revealed, however, that even
closely related protist taxa differ in their basic response to
environmental factors (Weisse, 2002; Boenigk et al.,
2004). It is therefore of urgent interest to survey the diver-
sity and the taxonomic and ecological integrity of the so-
called ‘Spumella-like’ flagellates. To minimize confusion
resulting from the different botanical (Chrysophyceae)
and zoological (Chrysomonadida) nomenclatures we will
generally follow the concept of Preisig (1995) throughout
our manuscript and use the term Chrysophyceae.

We isolated 28 strains of ‘Spumella-like’ flagellates from
soil and freshwater habitats in Austria, People’s Republic
of China, Nepal, Uganda, Tanzania, Kenya, New Zealand
and Hawaii, and conducted phylogenetic analysis using
the small subunit ribosomal RNA (SSU rRNA) gene
sequences. We were specifically interested in assessing
the diversity of this taxonomically vague group. We
hypothesized that (i) the diversity of the ‘Spumella-like’
flagellates is dramatically underestimated by means of
conventional light microscopical investigations; (ii) the
‘Spumella-like’ flagellates are not a monophyletic group;

and (i) the ‘Spumella-like’ flagellates do not represent a
consistent ecophysiological group.

Results
Isolation of strains and morphology

‘Spumella-like’ flagellates were present in all of the sam-
ples. Successful isolation was, however, hampered in
some cases by fast growing bodonids, which in some
samples overgrew the colourless chrysophytes. As the
‘Spumella-like’ flagellates could hardly be differentiated by
morphological features during the isolation, only one or
two, i.e. a small and a large forms, were isolated per
sample to avoid multiple isolation of the same clone. All
strains possess a spherical to ovate cell body. The strains
tended to either attach to the substratum when well fed or
to actively swim when starved. Swimming cells tended to
spin in small circles even though swimming behaviour
differed between the strains. Attached cells did not detach
even during cell division, and flagellates were therefore
often found in small colonies.

All isolated strains were between 3.2 and 8.3 um long,
corresponding to a cell volume of 13-292 um® (Table 1).
Two unequal flagella inserted close together at the ante-
rior end of the cell, the long flagellum being about 2—4
times longer than the cell body, the short flagellum around
1/2 to 3/4 of the cell diameter and usually of <4 um length.
Only in the strain JBAF35 we found just one flagellum that
was visible in the light microscope. The isolates originating
from soil (i.e. JBM/S11, JBM/S12, JBC/S23 and JBC/S24)
and the freshwater isolate JBCO7 had the ability to build
cysts, but this ability became weaker in culture and the
strains JBCO7 and JBC/S23 seemed to have lost the
ability to build cysts altogether. Changes in temperature
and food conditions did not induce cyst formation in these
strains. All strains were bacterivorous and no autofluores-
cence could be detected.

Isolation efficiency

For determining the efficiency of the isolation method, i.e.
the fraction of flagellate cells which could be successfully
isolated in percent of the field abundance of flagellates,
filtrated lake water containing the original background
bacterial community at in situ temperatures was used. The
test on isolation efficiency showed that only 1-2% of the
nanoflagellates could be successfully isolated by way of
direct dilution. In contrast, after acclimatization of the fil-
trates, isolation efficiency increased to >80% and was
mostly near 100%. It is not clear as to which extent indi-
vidual cells adapted to the laboratory conditions during
this treatment and to which extent more resistant forms
replaced the original community. The short acclimatization
period of 16—24 h would allow for not more than three to
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four subsequent cell divisions only. This implies that a
significant fraction of at least 10-20% of the original flagel-
lates were able to individually adapt to the laboratory
conditions. Successfully isolated strains could be trans-
ferred to a permanent culture with two exceptions: Two
isolates could be subcultured at least four times but did
finally die back. One of these isolates proved during the
isolation process to be a very fast growing flagellate with
a generation time of less than 4 h (J. Boenigk, unpub-
lished data). Even different treatments during cultivation
such as varying culture media, amounts of wheat grains
and bacterial food sources did not result in any permanent
culture (J. Boenigk, unpublished data).

SSU rRNA gene sequence analysis and phylogenetic
affiliation of strains

The SSU rRNA gene sequence was determined for 28
‘Spumella-like’ isolates originating from freshwater and
soil habitats in Austria, People’s Republic of China, New
Zealand, Nepal, Uganda, Tanzania and Kenya (Table 1).
The results of the phylogenetic analysis of the SSU rRNA
gene sequences showed that the isolates represent a
wide diversity within the chrysophyceae, even though
morphological distinction by way of light microscopy was
in most cases quite difficult or impossible. Sequence dif-
ferences among the SSU rRNA gene sequences from our
‘Spumella-like’ flagellates ranged from 0% to 10%
(excluding the strains JBAS37 and JBNZ43, which had
large A/T-rich insertions). Sequence similarity to the clos-
est-related cultured chrysophyceae was between 92.0%
and 99.6% (Table 1). The highest sequence divergence to
a database rBRNA gene sequence was observed for the
strains JBC27, JBM18 and JBM43 (92.0%, 93.9% and
94.3%). In contrast to that, SSU rRNA gene sequences
of 50% of the isolates were closely related (i.e. >97%
sequence identity) to the known chrysophyceae cultures
(Table 1). No correlation could be found between the dif-
ferent regions from which the flagellates were isolated and
sequence similarity. Soil as well as aquatic organisms with
the same or very similar 18S rRNA gene sequence were
isolated from widely different geographic regions. For
instance, the soil isolates JBM/S11, JBC/S24 and
Spumella elongata showed a sequence similarity of
99.6%, but were isolated from Austria, the People’s
Republic of China and the UK (Tables 1 and 2). Similarly,
the strains JBM10, JBC07, JBNZ41, JBC30, JBC31 and
JBAF32 (sequence identity 100%) originate from loca-
tions in Austria, People’s Republic of China, New Zealand
and Uganda.

The neighbour-joining phylogenetic analysis positioned
the isolates in different clusters (Fig. 1); however, boot-
strap support (bootstrap value, BV >60%) was observed
only for clades A, B1, B2 and E. In general, the clades
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introduced by Andersen and colleagues (1999) were
confirmed by our analysis. The parsimony analysis pro-
duced a tree, which recovered all clades, except clade D
(Fig. 2). However, the placement of the clades was dif-
ferent and bootstrap support was lower for all of the
clades.

The majority, i.e. 19 of our isolates affiliated in both
analyses with clade C, which however, had no bootstrap
support. None of our isolates affiliated with the clade A,
which contains the Synurophycean taxa and with clade
B1, containing taxa belonging to Hibberdia and related
genera (Figs 1 and 2). Sixteen of our clade C isolates
grouped within three subclusters of this clade, i.e. the
‘Spumella-like’ soil cluster C1, and the two ‘Spumella-like’
aquatic clusters C2 and C3. Subcluster C2 had different
bootstrap values in the distance and the parsimony tree,
whereas subcluster C1 showed bootstrap support only in
the distance tree. The ‘Spumella-like’ clusters contain
exclusively non-green ‘Spumella-like’ isolates, and no
green chrysophyceaen strains were affiliated with any of
these clusters. All published sequences from isolates orig-
inating from soils (Table 2), i.e. the strains Spumella elon-
gata (Belcher and Swale, 1976) and ‘Spumella danica’
(I. Bruchmdiller, A. Mylnikov, K. Juergens and T. Weisse,
unpublished), were affiliated with cluster C1. Three
aquatic isolates (JBAS36, JBM19 and JBC13) were also
affiliated with this cluster C1. The aquatic cluster C2 con-
tained both strains from larger lakes, for instance, from
Lake Constance (S. obliqua) and Lake PluBsee in Ger-
many (Spumella spp. SpiG, 15G and 37G) (Table 2), and
strains from small puddles in Mondsee (JBMO09) and Lunz
(JBL14) in Austria. All of the new sequences affiliated with
the ‘Spumella-like’ cluster C3 had identical 18S rRNA
gene sequences and seem to be a sister group to Pote-
rioochromonas spp. A lorica as described for Poterioo-
chromonas spp. has, however, never been observed for
new isolates of the cluster C3. In contrast to the distance
tree, parsimony analysis indicated that Ochromonas dan-
ica and Ochromonas sphaerocystis represent a sister
group to C3.

Five sequences were related to members of the genus
Paraphysomonas. Electron microscopical investigations
of these isolates provided evidence that, in contrast to
isolates affiliated with the C cluster, all these isolates
possessed scales, i.e. morphologically they belong to the
genus Paraphysomonas (G. Novarino, pers. comm.). In
our analysis bootstrap support did not provide significant
measures of confidence that this group is monophyletic.
Both analyses resulted in three well-supported lineages
within the genus Paraphysomonas, with P butcheri diverg-
ing earlier to the other Paraphysomonas species. The two
strains affiliated to the lineage including P, vestita PV10
(Caron et al., 1999) and SOTONT1 (Rice et al., 1997), and
P, foraminifera HT3, were similar to the two P vestita
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Table 1. Origin and characteristics of isolates.

Next known Sequence Latitude Altitude  Date of Cell size
Isolate sequence similarity Origin longitude (m) isolation (umd) Cysts  Autofluorescence
JBMO06 P, foraminifera 99.3% Austria, Lake Mondsee = 47°52'0N 500 17/09/2002 195+ 63 No
TPC2 13°20'60E
JBCO7 P. malhamensis 94.9% Peoples Republic of 31°30'0N 3 17/11/2002 101 +27 X No
China, Lake Tai Hu 120°20°0E
JBMO08 O. tuberculata 95.4% Austria, Lake Mondsee  47°52’0ON 500 14/10/2002 55+13 No
13°20'60E
JBMO09 Spumella sp. 15G~ 99.3% Austria, Puddle in 47°52'0N 500 14/10/2002 85+ 37 No
Mondsee 13°20’60E
JBM10 P. malhamensis 94.9% Austria, Small artificial 47°52’'0N 500 14/10/2002 34+8 No
pond in Mondsee, 13°20’60E
Karlsgarten
JBM/S11 S. elongata 99.6% Austria, Soil, Mondsee 47°52'0N 500 14/10/2002 36 +30 X No
near ‘Rauchhaus’ 13°20’60E
JBM/S12  S. elongata 98.8% Austria, Soil, Mondsee 47°52'0N 500 14/10/2002 41 +18 X No
near ‘Rauchhaus’ 13°20'60E
JBC13 ‘S. danica’ 98.9% Peoples Republic of 39°53'60N 56 14/11/2002 36+ 11 No
China, Pond in 116°24’46E
Beijing, Prince
Gong’s Mansion
JBL14 Spumella sp. 15G~ 99.1% Austria, Puddle in Lunz ~ 47°51’0N 884 24/10/2002 135+t 21 No
15°03'0E
JBM18 O. tuberculata 93.9% Austria, Lake 47°470 N 580 13/11/2002 35+13 No
Krottensee 13°23'20E
JBM19 S. elongata 99.1% Austria, Lake Hallstatt 47°32'60N 556 13/11/2002 164 No
13°39'0E
JBC22 O. sphaerocystis 97.8% People’s Republic of 31°1828N 3 19/11/2002 61+21 No
China, Pond 1 in 120°37'10E
Sushou, The Humble
Administrator’s
Garden
JBC/S23  ‘S. danica’ 98.4% People’s Republic of 40°20"15N 795 14/11/2002 13+3 X No
China, Soil near 115°58"10E
Badaling
JBC/S24  S. elongata 99.6% People’s Republic of 31°06'21N 5 21/11/2002 1516 X No
China, Soil from 121°22’31E
Shanghai
JBC27 C. annularis 92.0% Peoples Republic of 31°20'05N 4 20/11/2002 205+ 22 No
China, Small pond in 120°34'27E
Hugqiu
JBM28 C. dendrolepidota 95.1% Austria, Lake 47°45'0N 716 13/11/2002 31+12 No
Schwarzensee 13°29'50E
JBC29 P, formamifera 95.2% People’s Republic of 31°30'0N 3 17/11/2002 58+ 18 No
SOTON A China, Lake Tai Hu 120°20°0E
JBC30 P. malhamensis 94.9% People’s Republic of 31°30'0N 3 19/11/2002 28+10 No
China, Lake Tai Hu 120°20'0E
JBC31 P. malhamensis 94.9% Peoples Republic of 31°18'28N 3 19/11/2002 27+9 No
China, Pond 2 in 120°3710E
Sushou, The Humble
Administrator’s
Garden
JBAF32 P. malhamensis 94.9% Uganda, Lake Nkuruba  0°37'0N 1400 22/03/2003 66 + 23 No
30°16'0E
JBAF33 P. malhamensis 94.9% Tanzania, Msimbazi 5°150S 151 20/03/2003 68 + 20 No
River 38°49'60E
JBAF35 Oikomonas 98.9% Kenya, River Sagana 0°40'0S 1207 28/03/2003 58+ 13 No
37°12'0E
JBAS36 ‘S. danica’ 98.7% Nepal, Nag Pokhari, 27°43'0N 1298 27/03/2003 35+17 No
Kathmandu 85°19'0E
JBAS37 P, vestita PV10 99.7% Nepal, Ranipokhari, 27°43'0N 1298 30/03/2003 202 £ 52 No
Kathmandu 85°19'0E
JBNZ39 S. obliqua 97.9% New Zealand, Shallow  43°370S 1118 01/02/2003 25+8 No
tarn near 169°46'0E
Karangarua
JBNZ40 P, formamifera 95.2% New Zealand, Small 46°0'0S 104 02/02/2003 119+26 No
SOTON A lake near Mandeville  168°49'0E
JBNZ41 P. malhamensis 94.9% New Zealand, Lake 44°40'60S 212 03/02/2003 62 + 11 No
Aviemore 170°22'0E
JBNZ43 P, vestita 94.3% New Zealand, Small 43°58'0S 60 05/02/2003 292 + 129 No
SOTON 1 stream near 171°46'0E

Ashburton
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Table 2. Known sequences of clade C of the Chrysophyceae (18S rRNA gene) following Andersen and colleagues (1999). The origin of the

strains and the GenBank entry number are shown.
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Strain name

Origin of strain and identification number

GenBank entry

Reference

Spumella danica
nov. sp.

Spumella elongata

Spumella obliqua

Spumella sp. 15G
Spumella sp. 37G
Spumella sp. SpiG

Poterioochromonas
malhamensis
Poterioochromonas
stipitata
Ochromonas
CCMP1278
Ochromonas
CCMP 584
Ochromonas danica

Ochromonas
sphaerocystis

Ochromonas
tuberculata

Uroglena americana

Chrysoxis sp.

Dinobryon sociale
var. americana
Dinobryon
sertularia
Chrysonephele
palustris
Chrysolepidomonas
dendrolepidota
Epipyxis aurea

Epipyxis pulchra

Jutland, Denmark: soil

Type strain

Girton, Cambridgeshire, UK: soil. CCAP strain no. 955/1
Baden-Wirttemberg, Germany: Lake Constance — freshwater
Schleswig-Holstein, Germany: Lake Behler See — freshwater
Schleswig-Holstein, Germany: Pond near PIén — freshwater
Schleswig-Holstein, Germany: Lake PluBsee — freshwater

Freshwater
MCC-NIES strain MBI HT2 (no longer available)
Michigan, USA: roadside ditch — freshwater
CCMP strain 1862
Port Phillip Bay, Melbourne, Australia: marine
CCMP strain 1278
Sargasso Sea: marine
CCMP strain 584
Type strain
Everdrup, Denmark: Bog-pool — freshwater. UTEX strain 1298
Arkansas, USA: small stream — freshwater
CCMP strain 586
lllinois, USA: Volo Bog — freshwater
CCMP strain 1861
Alberta, Canada: Glenmore reservoir — freshwater
CCMP strain 1863
Washington, USA: North Atlantic — marine
CCMP strain 591
Maine, USA: west Boothbay Harbour — marine
CCMP strain 1860
Alberta, Canada: Glenmore reservoir — freshwater
CCMP strain 1859
Tasmania, Australia: Golden Cloud Swamp — freshwater

Michigan, USA: Lake Medora — freshwater
CCMP strain 293

Minnesota, USA: Darling Pond — freshwater
CCMP strain 385

Minnesota, USA: Darling Pond — freshwater
CCMP strain 382

AJ236861 I. Bruchmdiller, A. Mylnikov,
K. Juergens and T. Weisse,
unpublished

AJ236859 Bruchmiiller (1998)

AJ236860 Bruchmiiller (1998)

AJ236857 Bruchmiiller (1998)

AJ236858 Bruchmiiller (1998)

AJ236862 Synonym to Spumella sp. SpG
Bruchmiiller (1998)

AB02307 Andersen et al. (1999)

AF123295 Andersen et al. (1999)

U42382 Andersen et al. (1999)

U42381 Andersen et al. (1999)

M32704 Gunderson et al. (1987)

AF123294 Andersen et al. (1999)

AF123293 Andersen et al. (1999)

AF123290 Andersen et al. (1999)

AF123302 Andersen et al. (1999)

AF123291 Andersen et al. (1999)

AF123302 Andersen et al. (1999)

U71196 Saunders et al. (1997)

AF123297 Andersen et al. (1999)

AF123298 Andersen et al. (1999)

AF123301 Andersen et al. (1999)

CCAP: Culture Collection of Algae and Protozoa UK; CCMP: Provasoli — Guillard National Centre for Culture of Marine Phytoplankton; MCC-
NIES: Microbial Culture Collection at the national institute for environmental studies; UTEX: University of Texas, Culture Collection of Algae.

sequences characterized by the A/T-rich insertion
sequences. The largest A/T-rich insertions as found in
P, vestita PV10 were identically present in JBAS37.

Discussion

Older systems of classification have been based on veg-
etative morphological features and characteristics of the
motile cell, especially the flagellar number and position
(Preisig, 1995). Even though the flagellar number has
been disregarded as a major taxonomic criterion (Kris-
tiansen, 1986, 1990) it is still used for separating genera.
Members of the chrysophycean order Chromulinales (fol-
lowing Preisig, 1995) possess two flagella where the sec-
ond flagellum is short in Chromulina spp. and Oikomonas
spp. and long in Ochromonas spp. and Spumella spp.

Except for this difference Ochromonas and Chromulina on
the one hand, and Spumella and Oikomonas on the other
are similar (Preisig, 1995).

All of our isolates possessed a spherical to ellipsoidal
cell body and attached to the substrate when satiated.
Most strains possessed two flagella, a long and a short
one, emerging from the anterior end. The short flagellum
was several micrometres in length and following the light
microscopical and electron microscopical investigations
the isolates belong to the Spumella/Monas group. The
strains specifically affiliated with cluster F possess scales
and thus belong to the genus Paraphysomonas (G. Nova-
rino, pers. comm.).

Only in the strain JBAF35 was the short flagellum not
visible in the light microscope, or extremely short, and the
strains may therefore be affiliated with Oikomonas. This
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Fig. 1. Neighbour-joining tree showing the affil-
iation of 18S rRNA gene sequences from
‘Spumella-like’ isolates to the Chrysophyceae
sensu stricto. The numbers at the nodes of the
tree indicate percentage of bootstrap values for
each node out of 100 bootstrap resamplings
(values above 60 are shown). The scale bar
indicates 2% estimated sequence divergence.
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conclusion seems to be supported by the high 18S rRNA
gene sequence similarity of JBAF35 and Oikomonas
mutabilis. We observed, however, no consistent trend in
length and visibility of the short flagellum, and a distinction
between Spumella and Oikomonas based on only this
character may be problematic. In general, the lack of
distinctive characters in the ‘Spumella-like’ flagellates, as
discussed above, may not allow for the separation of taxa
based solely on morphological characters.

Paraphysomonas foraminifera SOTON A
Paraphysomonas foraminifera TPC2
Paraphysomonas imperforata VS1
60 JBMO6
Paraphysomonas sp. HD

Paraphysomonas foraminifera HT3
Paraphysomonas vestita SOTON 1

Chrysosaccus sp. CCMP295-11
Chrysosaccus sp. CCMP295-1
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Fig. 2. Parsimony tree showing the affiliation of

18S rRNA gene sequences from ‘Spumella-like’
isolates to the Chrysophyceae sensu stricto.
The numbers at the nodes of the tree indicate
percentage of bootstrap values for each node
out of 100 bootstrap resamplings (values above
A 60 are shown).
F
E
C3
C
C1
C2
B2
B1

Some prominent genera within the chrysophytes seem to
be polyphyletic

In agreement with the study of Andersen and colleagues
(1999) we found indications that Ochromonas is poly-
phyletic and occupied different branches within clade C
and clade E. Polyphylie can also be expected for the
colourless analogue of Ochromonas, i.e. Spumella. In
fact, we found a high 18S rRNA gene diversity of the
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‘Spumella-like’ flagellates, which grouped within different
clades in the class Chrysophyceae sensu stricto
(Andersen et al., 1999). Isolates affiliated with the cluster
F belong to the genus Paraphysomonas as they possess
scales (G. Novarino pers. comm.). The genus Spumella,
however, is polyphyletic and distributed throughout at
least three subclusters which are characterized by iso-
lates of different habitat types. All isolates from soil were
affiliated with cluster C1. There are also three aquatic
isolates grouping within this cluster, but we cannot
exclude the possibility that these strains were introduced
into the aquatic environment from the surrounding soils.
Further studies are required to prove that SSU rRNA
gene sequences are a useful marker to distinguish
‘Spumella-like’ soil flagellates from aquatic strains. Simi-
larly, it may be possible to attribute some rough ecologi-
cal characteristics to the subcluster C3 strains. Most
strains of the C3 cluster originated from shallow, often
eutrophic habitats and our attempts to obtain axenic
flagellate cultures succeeded only with isolates from this
cluster (J. Boenigk, unpublished data). This suggests that
some essential factors can be synthesized by these iso-
lates in laboratory cultures. Specific nutritive require-
ments of chrysophytes are already indicated for the
mixotrophic genera Ochromonas and Poterioochromonas
(cf. Holen and Boraas, 1995).

The ‘Spumella-like’ flagellates are a diverse group both in
terms of sequence dissimilarity between isolates and in
terms of the number of genotypes

The phylogenetic distance to known sequences was high
for many of our isolates and thus the ‘Spumella-like’
flagellates seem to be a very diverse group. Isolation
attempts from samples obtained from 24 ecologically
contrasting freshwater and soil habitats located in six cli-
matic zones resulted in 28 isolates distributed over the
entire SSU rRNA tree of the Chrysophyceae sensu
stricto. Some of these isolates, e.g. JBM18 probably rep-
resent even novel lineages within this group, indicating
that analysis of further isolates is necessary to support
these lineages. Furthermore, we probably even underes-
timated the diversity of these flagellates, as the isolation
approach we used in our study must be assumed to be
selective: isolation efficiency using direct dilution of envi-
ronmental samples was as low as 1—2% only, but could
be increased to >10-20% by way of short-term acclimati-
zation. The isolation procedure we used selected for
small bacterivorous flagellates with medium to high
growth rates, probably resulting in the isolation of only the
fast-growing fraction of the ‘Spumella-like’ organisms.
Long-term controls confirmed that the positive growth of
these flagellates could be definitely detected within the
subculturing periods of 5-7 days and it can be assumed

that at least these acclimatized flagellates in particular
were the only fast-growing strains. Except the bias result-
ing from the initial treatment, i.e. cell losses because of
sampling and shifts during the initial acclimatization
period, a further bias resulting from the isolation protocol
is therefore assumed to be low. The literature data on
isolation efficiency are rare, but low isolation efficiency
has also been observed by other researchers (G. Nova-
rino, pers. comm.). Low efficiency of isolation is also sup-
ported by the contrasting high diversity of free-living
protists and the relatively small group of protists success-
fully cultured in the laboratory (cf. Cowling, 1991).
Recently, culture-independent molecular surveys on
eukaryotic diversity in marine systems suggest that, there
still is undescribed protistan diversity, particularly among
small eukaryotic organisms (Moreira and Lopez-Garcia,
2002 and references therein). As isolation procedures
often include an acclimatization period (Caron, 1993;
Atkins et al., 2000; Lim et al., 2001), the dominance of the
so-called ‘laboratory weeds’ do not, however, necessarily
reflect a differential ability to grow in culture, but may
indicate that these usually fast-growing organisms over-
grow other protists during this acclimatization and con-
sequently are isolated more often. The diversity of the
‘Spumella-like’ flagellates must therefore be assumed to
be even higher than is reported in this study. Given the
fact that such a diverse group as the ‘Spumella-like’
flagellates, which based on our sequence data probably
comprises different independent lineages, is usually
pooled in field investigations it is not surprising that cor-
relations with habitat characteristics and environmental
factors are often weak.

Organisms affiliated with the ‘Spumella-like’ clusters C1
through C3 seem to be distributed worldwide but
ecophysiological characteristics seem to differ

Diversity of protists and protist species richness are
currently controversially discussed, mainly based on
organisms possessing suitable morphological features,
such as ciliates and the colourless chrysophyte genus
Paraphysomonas (Finlay and Clarke, 1999a,b; Finlay and
Fenchel, 1999; Foissner, 1999; Finlay, 2002). For
instance, specific protistan morphotypes and even the
same genotypes have been reported from different loca-
tions all over the world (Finlay, 2002). For the ‘Spumella-
like’ flagellates, because of the scarcity of both morpho-
logical features and molecular data, estimates of the
diversity and their biogeographic distribution are even
more complicated and it has even been proposed that
most described species may belong to other taxa
(Preisig et al., 1991). Consequently, the ‘Spumella-like’
flagellates are mostly pooled in ecological studies
(‘Spumella-like’ flagellates or Spumella spp.) and this
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group often comprises some Paraphysomonas spp. as
well, because these two groups cannot sufficiently be
separated by light microscopy (e.g. Weitere and Arndt,
2003). These ‘Spumella-like’ flagellates are present in
most ecosystems and are of general importance as one
of the main eukaryotic heterotrophs in a variety of
ecosystems often accounting for 20-50% of pelagic
heterotrophic nanoflagellates (Carrick and Fahnenstiel,
1989; Sanders et al., 1989; Bennet et al., 1990; Carrias
et al.,, 1998; Arndt et al., 2000; Weitere and Arndt, 2003).
The ‘Spumella-like’ flagellates therefore are regarded as
a ubiquitous, worldwide-distributed group commonly
found in freshwaters, soils and marine sites (Preisig
etal, 1991). Accordingly, we detected ‘Spumella-like’
organisms in all of the samples. In the 5um fraction
these organisms were among the dominant organisms in
most of the processed samples. Despite the lack of mor-
phological distinctive characteristics we found evidence
for a global distribution of closely related strains: For
instance, the same genotype in terms of the 18S rRNA
gene sequence similarity was successfully isolated from
freshwater habitats located in Austria, China, New
Zealand and East Africa, and very similar genotypes
(>99.6% 18S rRNA gene sequence similarity) were
obtained from soil habitats located in Austria, the UK and
China. On the basis of the 18S rRNA gene sequence
similarity, our findings may support the hypothesis of a
worldwide distribution of microbial species (Finlay, 2002).
Identical and very similar 18S rRNA sequences for
eukaryotic microorganisms originating from geographi-
cally distant sites have been reported also for marine
flagellates and marine clone sequences (Atkins et al.,
2000; Massana etal,, 2004). Although multiple rRNA
gene copies with sequence variations seem to be
present among different taxa of eukaryotic microorgan-
isms (Ward et al., 1997; Rocio et al., 1998), we could not
find any. However, eukaryotic microorganisms with very
similar or identical rRNA gene sequence may show more
differences in the more variable internal transcribed
spacer (ITS) region (Tsuchiya et al., 2003). It remains to
be evaluated if ITS-sequences may also aid in revealing
cryptic speciation in heterotrophic nanoflagellates.
However, despite the high 18S rRNA gene sequence
similarities of strains from geographically remote sam-
pling sites, there are indications for ecological differences
between these isolates. For instance, the isolates JBCO07,
JBM10 and JBNZ41 (18S rRNA gene sequence similarity
100%), respond differentially to ecological factors such
as food concentration, food quality and suspended sedi-
ment concentrations (Boenigk et al.,, 2004; K. Pfandl, J.
Boenigk and A. Wiedlroither, in prep.). These findings
corroborate the idea that molecular data on the basis of
the 18S rRNA gene may not suffice in separating ecolog-
ically different taxa and ecotypes. The above rough
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trends concerning ecological key parameters should
therefore be interpreted carefully.

Conclusions

On the basis of these 18S rRNA gene sequence data,
global distribution of the ‘Spumella-like’ flagellates must
be assumed, but there are indications that even closely
related isolates show different ecophysiological abilities,
which may restrict these organisms to a certain habitat or
geographical region. Following our phylogenetic analysis
we conclude that: (i) the ‘Spumella-like’ flagellates are a
very diverse group, and deduced from the relatively high
phylogenetic distance of many isolates to the next known
organisms, diversity seems to still be strongly under-
estimated; (ii) several chrysophycean genera including
Ochromonas and Spumella are polyphyletic; and (iii)
based on the SSU rRNA gene sequence there are thus
far no indications for a geographic restriction, but there
may be different ecophysiological abilities characterizing
certain branches of ‘Spumella-like’ flagellates.

Experimental procedures
Sampling sites

Samples from 24 ecologically contrasting freshwater and soil
habitats located in six climatic zones were processed in order
to isolate representative ‘Spumella-like’ flagellates (Table 1).
Samples taken from Lake Mondsee and sampling sites in
Mondsee were immediately processed after sampling. Sam-
ples from the other lakes in the Salzkammergut area were
processed within 6 h after sampling. All other samples were
transported to the laboratory in sealed tubes and processed
within a few days after sampling. All treatments after sam-
pling were carried out under aseptic conditions.

Media for isolation and the maintenance of strains

Standard medium for the maintenance of strains and for the
isolation process, except for the first step, was an artificial
inorganic basal medium (NSY medium: Hahn et al., 2003).
Sterile-filtrated lake water for the first isolation step was pre-
pared using water sampled from a depth of 1 m in Lake
Mondsee. Water was filtrated through 0.1 um gauze and sub-
sequently repeatedly heated in the microwave for 7.5 min at
700 W. This procedure killed all of the bacteria that might
have been present in the filtrate. To obtain lake water con-
taining a natural bacterial assemblage as a food source, the
lake water was filtered through 1.2 um filters. This filtrate
contained 2-3 x 10° bacteria per millilitre.

Different bacterial strains, representatives of typical free-
living aquatic bacteria and a natural bacterial community
were used as food for isolating flagellates: The ultra-
microbacterial actinobacterium strain (<0.1 um?® MWH-Mo1
[closest known relative Clavibacter michiganensis (Microbac-
teriaceae); Hahn et al., 2003], the bacterial strain Listonella
pelagia CB5 (Hahn, 1997), and a natural bacterial
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community from Lake Mondsee sampled from a depth of
1 m (for isolation of strains from Lake Mondsee only). The
filtrate was subsequently checked for flagellate contamina-
tion. After successful isolation of the flagellate strains, they
were transferred to permanent culture using NSY medium
supplemented with wheat grain.

Isolation protocol

A modified filtration—acclimatization method (Hahn et al.,
2004) adjusted for the isolation of flagellates was used.
Briefly, 5-20 ml of the sample was filtered through 5 um-
pore-size filters (Minisart syringe filters; Sartorius, Goéttingen,
Germany) and collected in sterile Erlenmeyer flasks. After
16—24 h of acclimatization at 15-25°C depending on the
origin of the samples, subsamples of 5 ml were stepwise
diluted (three subsequent 1:1 dilutions) with sterile-filtrated
lake water. After 2—4 h the flagellates were counted using a
Sedgewick-Rafter chamber, and a subsample was diluted
into a final flagellate abundance of 0.5-1 flagellates per mil-
lilitre and subsequently transferred to two to four 24-well cell
culture plates. Wells were supplemented with food bacteria
at a concentration of 3-5x 10° bacteria per millilitre, i.e.
either a 1.2 um filtrate of freshly sampled lake water (only for
samples from Lake Mondsee), or cultures of the bacterial
strains MWH-Mo1 or L. pelagia CB5.

Wells were checked every second day for a period of at
least 2 weeks for positive growth under the microscope using
a total magnification of 200x. When flagellate growth was
detected, the medium was transferred to a 50 ml Erlenmeyer
flask containing inorganic NSY medium and fresh food bac-
teria. After 2—6 days the subsamples were further diluted to
a final concentration of 0.05, 0.1, 0.2 and 0.4 flagellates per
millilitre and supplemented with the bacterial strains MWH-
Mo1 or CB5 at a concentration of 15-25 x 10° bacteria per
millilitre. Each of these dilutions were transferred to wells of
sterile 24-well cell culture plates (1 ml per well) and incubated
at 15-22°C depending on the origin of the isolates. Screening
of the wells for the growth of flagellates was again performed
by direct microscopical investigation every second day.
Finally, flagellates were transferred to an Erlenmeyer flask
containing fresh medium and bacteria. This procedure was
repeated until pure cultures were established, but at least four
times. Pure cultures were acclimatized to 15°C and trans-
ferred to permanent culture.

Isolation efficiency

The cultivable fraction of HNF was estimated by way of the
direct dilution of freshwater samples. This test was only per-
formed exemplarily for four samples from Lake Mondsee.
Flagellates in the samples were counted using a live counting
technique in a Sedgewick-Rafter chamber. A subsample was
then diluted to a concentration of 0.5—1 flagellate per millilitre
using 1.2 um filtrated water from the same sample. Flagellate
abundance was again checked and 1 ml was transferred to
each well of 24-well cell culture plates and incubated at an
in situ temperature. Altogether 16 plates were used per sam-
ple. The wells were checked microscopically for flagellates
every two to three days for a period of at least 30 days.

DNA extraction and PCR of 185 rRNA genes

DNA was isolated from cell pellets or 0.5 ml cell cultures.
Cells were incubated with 1.5 ml extraction buffer (10 mM
Tris-HCI, 0.4% SDS, 10 mM EDTA) at 65°C, followed by incu-
bation with proteinase K at 60°C (0.2 mg ml™"). DNA was
pelleted with ethanol after phenol-chloroform extraction.
Small subunit ribosomal RNA genes were amplified using
one of the two forward primers CTGGTTGATCCTGCCAG
(Paraphysomonas foraminifera AB022864 position 30) and
GAAACTGCGAATGGCTC (P, foraminifera position 109), and
one of the two reverse primers GTAGGTGAACCTGCAG
(P, foraminifera position 1824) and GTGAACCTGCAGAAG
GATCA (P, foraminifera position 1828). The polymerase chain
reaction (PCR) mixture contained 0.2 uM of each primer,
200 uM of each deoxynucleoside triphosphate, 2 mM MgCl,,
1.25 U of Tag DNA polymerase (Qiagen), and 1x PCR buffer.
Reactions were carried out in a PTC 200 thermocycler (MJ
Research) starting with a denaturation at 94°C for 3 min,
followed by 30 cycles of denaturation at 94°C for 45 s,
annealing at 58°C for 1 min, elongation at 72°C for 2 min,
and a final extension step of 10 min at 72°C. PCR products
were checked on an agarose gel.

Sequencing of 18S rRNA genes and
phylogenetic analysis

Polymerase chain reaction products were either directly
sequenced or used for subsequent cloning into the vector
pGEM-T Easy (Promega) by following the manufacturer’s
recommendations. Putative positive colonies were picked
and directly amplified, using the vector primers T7 and SP6.
The products were checked on an agarose gel. Sequencing
reactions were performed with an ABI Prism® Big Dye™
Terminator v 3.0 Ready Reaction Cycle Sequencing Kit
(Applied Biosciences) and an ABI PRISM model 3100 auto-
mated sequencer. Sequences were submitted to the BLAST
search program of the National Center for Biotechnology
Information (NCBI) to find closely related sequences.
Sequences were aligned using the ‘CLUSTAL W’ option
(Thompson et al., 1997) in the BioEdit 5.0.9 sequence anal-
ysis software (Hall, 1999). Where necessary alignments were
subsequently manually processed and corrected. Positions
of unclear homology and AT-rich insertions were excluded
from further phylogenetic analysis. The result was a final
alignment of 1630 positions (including gaps). Sequence iden-
tities between isolates and the next related sequences were
based on aligned whole gene sequences of equal length, and
were calculated using the ‘sequence identity matrix’ option in
BioEdit. The position of the unclear homology and A/T-rich
insertions were excluded from further phylogenetic analysis.
The TREECON 1.3b software package was used to calculate
distance matrices by the Kimura algorithm (Kimura, 1980)
and to generate phylogenetic trees by the neighbour-joining
method (van de Peer and de Wachter, 1994). Parsimony
trees were calculated using the program package PHYLIP
(version 3.5; J. Felsenstein, Department of Genetics, Univer-
sity of Washington, Seattle). One hundred bootstrapped rep-
licate resampling data were generated with SEQBOOT
(PHYLIP). The full-length 18S rRNA gene sequences deter-
mined in this study have a length of 1695-1803 bp and have
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been deposited in the NCBI database under accession num-
bers AY651071-651098.

Cell size and autofluorescence

Live cells from early stationary growth phase were taken for
measuring cell dimensions. Cells were transferred to obser-
vation vessels (Boenigk and Arndt, 2000) and recorded on
video tape using 500x to 1000x magnification. The length
and width of at least 30 cells was measured directly from the
video screen and the cell volume was calculated assuming
an ellipsoid or a spherical cell shape. Cells were also
checked for the occurrence of chloroplasts.

In addition, cells were checked for autofluorescence: Cells
were fixed with formaldehyde (final concentration 2%) and
stained with DAPI (final concentration 10 pg mi™') for 30 min.
The cells were then filtered onto a black nucleopore 0.2 um
filter backed by a 0.45 um cellulose nitrate filter and exam-
ined under an epifluorescence microscope using UV and blue
light excitation for DAPI and for chlorophyll autofluorescence
respectively.
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More than 20 Synechococcus and Cyanobium isolates were obtained from central European subalpine lakes
and sequenced for their 16S rRNA gene and part of the phycocyanin operon (cpc), specifically the intergenic
spacer (IGS) between cpcB and cpcA, and corresponding flanking regions (cpcBA-1GS). Maximum-likelihood
analyses revealed the existence of at least six to seven clusters of nonmarine picocyanobacteria within the
picophytoplankton clade and support the conjecture of global dispersal for some closely related picocyanobac-

terial genotypes.

Due to their significance for global biogeochemical cycling,
recent research has focused on deciphering the genotypic and
phenotypic diversity of marine picocyanobacteria (17, 30, 38).
Comparatively sparse information is available on the dispersal
and diversity of freshwater picocyanobacteria, although their
genotypic differences and ecological significance have been
studied in great detail for some lakes (4, 35). Recently, Ernst et
al. (10) suggested that strain clusters belonging to the nonma-
rine branch of the picophytoplankton clade sensu Urbach et al.
(38) have undergone ecosystem-dependent adaptive radiations
within several brackish, freshwater and saline (Antarctic) lake
environments. This conclusion is an apparent contradiction of
the common conjecture that many free-living microbial species
have a global distribution because their small size and great
abundance result in dispersal which is rarely (if ever) restricted
by geographical boundaries (13, 14). This argument has been
known for a long time and is commonly referred to as the
“everything is everywhere” hypothesis (2).

It is at present difficult to test this hypothesis for picocya-
nobacteria, because the genetics and ecophysiology of most
picocyanobacteria remain poorly understood, and, further-
more, there is often no simple correlation between genotypic
and phenotypic diversity (10). The phylogenetic analysis of
Ernst and colleagues (10) and their inferences on dispersal and
evolution of freshwater picocyanobacteria were derived from a
limited number of strains.

Based upon a refined analysis originating from a larger da-
tabase (with >20 new rRNA gene sequences), we show that
some closely related forms are widely dispersed and that taxon
undersampling may have resulted in premature phylogenetic
inferences in the analysis of Ernst et al. (10). The implications
of our findings are discussed in relation to the description of
(microbial) ecotypes adapted to environments where the po-
tential for widespread dispersal is high.
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Source, isolation, and maintenance of cultures. To avoid
culture bias resulting from the use of standard plating tech-
niques—these may favor the isolation of, e.g., phycocyanin-rich
strains (9), which comprise a small fraction of picocyanobac-
teria inhabiting subalpine lakes (42)—we used single-cell sort-
ing (MW isolates [7]) and the dilution culture technique (MH
isolates) to obtain isolates from the surface 20-m water column
of the oligo-mesotrophic lakes Mondsee and Hallstittersee,
both deep subalpine lakes located in Upper Austria. The non-
axenic isolates were maintained in BG11 (34) at 15°C and
under low light (white light, 10 wmol quanta m~2 s, contin-
uously supplied by Osram “cool-white” fluorescent tubes)
(henceforth referred to as standard culture conditions).

Assignment to pigment groups. A Zeiss Axioplan micro-
scope was used to differentiate phycoerythrin (PE)- and phy-
cocyanin (PC)-rich isolates based upon their epifluorescent
characteristics under blue (Zeiss filter set 05) and green exci-
tation (Zeiss filter set 14) (21, 43) in comparison to the refer-
ence strains BO 8801, BO 8807, and BO 8809 (11), grown
under standard culture conditions. PE-rich isolates were char-
acterized by their orange-red fluorescence under green excita-
tion and their yellow-orange fluorescence under blue excita-
tion. PC-rich isolates appeared purple-red or red at both green
and blue excitation.

DNA isolation, PCR amplification, and sequencing. Near-
full-length 16S rRNA gene sequences were determined for 21
Synechococcus and Cyanobium isolates sensu Castenholtz (5).
The less conserved intergenic spacer (IGS) between cpcB and
cpcA, and corresponding flanking regions (henceforth referred
to as cpcBA-1GS), were sequenced for 25 Synechococcus and
Cyanobium isolates. These gene sequences have been targeted
in previous phylogenetic studies of picocyanobacteria (29).

DNA was extracted from 10 ml of culture material using the
FastDNA kit and FastPrep instrument (Bio 101). 16S rRNA
gene and cpcBA-IGS sequences were amplified using cya-
nobacterium-specific primer pairs, 16S5'F (AGAGTTTGATC
CTGGCTCAG) and B23S5'R (CTTCGCCTCTGTGTGCCT
AGGT) (19, 32) and cpcBF(UFP) (TAGTGTAAAACGACG
GCCAGTTGYYTKCGCGACATGGA) and cpcAR(URP)
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(TAGCAGGAAACAGCTATGACGTGGTGTARGGGAA
YTT) (29), respectively. PCRs were done in 25-pl volumes,
with final concentrations of reactants as follows: for the 16S
rRNA gene PCR, 0.2 mM (each) deoxynucleoside triphos-
phate, 0.4 uM (each) primer, ca. 100 ng of template DNA, 1
mg of bovine serum albumin ml~*, 1.5 mM MgSO,, and 0.4 to
0.8 U of high-fidelity SuperTaq (Ambion) polymerase; for the
cpcBA-1IGS PCR, 0.3 mM (each) deoxynucleoside triphos-
phate, 0.5 uM (each) primer, 10 to 100 ng of template DNA,
2.5 mM MgCl,, and 0.5 U of Tag (Qiagen) polymerase. Cycling
parameters are given in the work of Scheldeman et al. (32) (for
16S rRNA gene PCR) and Robertson et al. (29) (for cpcBA-
IGS PCR). PCRs were performed in multiples, and products
were pooled, purified using the QIAquick PCR purificaton kit
(Qiagen), and then sequenced (VBC Genomics) bidirection-
ally.

Sequence alignment and phylogenetic analyses. CLUST-
ALX (37) and the ARB (http://www.arb-home.de) automatic
alignment tool (Fast Aligner, version 1.03) were used to pro-
duce working alignments of the c¢pcBA-IGS and 16S rRNA
gene sequences, respectively. The final alignments were ob-
tained by manual refinement, taking into account structural
constraints (16S rRNA gene sequences: secondary structure
models available from the Comparative RNA Web Site (http:
/www.rna.icmb.utexas.edu); cpcBA-IGS sequences: amino
acid alignment given as Table 23 in the supplement to Bickel et
al. (3). After the removal of hypervariable (50% conservation
filter implemented in ARB using the filter by base frequency
function; see Ludwig and Klenk [20] for a discussion on the use
of filters in phylogenetic analysis) and other potentially mis-
leading sites, the alignments used in phylogenetic analyses
consisted of 1,383 (16S rRNA gene sequences) and 362
(cpcBA-1GS sequences) nucleotide positions. Pairwise nucleo-
tide sequence identities were calculated from the full-length
alignments using uncorrected distances and excluding se-
quences from putative coisolates (i.e., isolates originating from
the same water sample and identical in both 16S rRNA gene
and cpcBA-1GS sequence sets), poorly aligned columns (i.e.,
most of the IGS between cpcB and cpcA), and sites with
ambiguous (i.e., codes M, R, W, Y, etc.) bases. Maximum-
likelihood (12) trees were inferred with TREEFINDER (http:
/www.treefinder.de), assuming the GTR + I' model of nucle-
otide substitution. For both the 16S rRNA gene and cpcBA-
IGS data sets, GTR + I'" was the best-fit model of nucleotide
substitution according to analyses performed with ModelTest
27).

Synechococcus PCC 6301 (formerly Anacystis nidulans) was
chosen as the outgroup since it forms, together with PCC 7943
and PCC 7942, a paraphyletic group closely related to but well
separated from the picophytoplankton clade sensu Urbach et
al. (38) (10; N. D. Crosbie, unpublished analyses).

The ¢pcBA-1GS sequence set was examined for recombina-
tion events using a substitution method sensu Posada (26) as
implemented in Geneconv 1.81 (S. A. Sawyer [http:/www
.math.wustl.edu/~sawyer]). The global permutation P values
based on BLAST-like global scores (10,000 replicates) smaller
than 0.05 were considered as evidence of recombination. A
multiple-comparison correction (Bonferroni) is already built
into the P values. The default value of the parameter gscale
(gscale = 0) was used.
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Results of phylogenetic analyses. Phylogenetic analyses of
the 16S rRNA gene sequences revealed a high pairwise simi-
larity for all freshwater picocyanobacteria (Fig. 1). Overall, the
near-full-length 16S rRNA gene sequences obtained from 67
inland water picocyanobacterial isolates differed by a maxi-
mum of 5% in pairwise comparisons (average pairwise se-
quence identity, 98%; calculations excluded isolate PS-845 and
isolates from Antarctic saline lakes). Our cluster designations
(and their nomenclature) are based on the groups proposed
originally by Robertson et al. (29), with modifications accord-
ing to Ernst et al. (10).

Many of our new PE-rich isolates from Lakes Mondsee and
Hallstattersee clustered with isolates obtained from other sub-
alpine lakes, falling into two groups, B (= subalpine cluster I)
and H. The new group, H, consists of seven closely related
(average pairwise sequence similarity for the 16S rRNA gene,
99.9%) isolates from L. Mondsee and one isolate from Japa-
nese Lake Biwa. Additionally we propose the new group I,
which contains three PC-rich isolates from L. Mondsee and
one PC-rich isolate from an Arctic tundra pond. Isolates form-
ing group H and those obtained from L. Hallstdttersee exhib-
ited a greater tendency to form cell aggregations under stan-
dard culture conditions. All isolates obtained in this study were
coccoid with the exception of MH 305, MH 307, and MW
76B2, which formed rods. The latter isolate appears to be
identical to BO 8807, which also exhibits a rod morphology
(10).

A maximum-likelihood tree derived from the cpcBA-IGS
gene sequences of 59 isolates, including 25 new Synechococcus
and Cyanobium isolates from subalpine lakes, was constructed
based upon an unambiguous alignment of 362 nucleotides (nt)
(Fig. 2). The overall pattern was consistent with the 16S rRNA
gene-based phylogeny (Fig. 1)—for example, the new groups H
and I were evident in both trees—but demonstrates, however,
that subalpine cluster I (10) is not exclusive for subalpine
central European lakes (Fig. 2).

Isolates obtained from widely separated locations shared up
to 99.87% identity in 16S rRNA gene sequences (e.g., the
PC-rich isolates P211 and MW 100C3 differed in two nt posi-
tions; Fig. 1, bottom) and up to 99.72% in cpcBA-IGS se-
quences (e.g., the PE-rich isolates PS-714 and BO 8807 dif-
fered in one nucleotide position; Fig. 2, top).

As originally observed by Robertson et al. (29), the length of
the IGS separating cpcB and cpcA exhibited a strong relation-
ship with phylogenetic groups (Fig. 2). Additionally, two iso-
lates (PS-727 and PS-729) having an IGS length inconsistent
with their initial (i.e., in the work of Robertson et al. [29])
classification in group B, were clearly separated in our phylo-
genetic analyses of the larger cpcBA-IGS data set (cf. Robert-
son et al. [29]).

With respect to terminal branching patterns, the results sug-
gest a high degree of congruence between 16S rRNA gene-
and cpcBA-1GS-based phylogenies of the nonmarine members
of the picophytoplankton clade, though with less well delin-
eated subgroups in the more conserved 16S rRNA gene phy-
logeny (29; this study). Contrary to the observations of Ernst et
al. (10) and in agreement with Robertson et al. (29), we found
a moderate and strong correlation between phylogenetic clus-
ters and pigment group assignment in the 16S rRNA gene- and
cpcBA-1GS-based phylogenetic analyses, respectively. We con-
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FIG. 1. Maximum-likelihood tree of the picophytoplankton clade sensu Urbach et al. (38), inferred from 16S rRNA gene sequences (1,383 nt
positions). Terminal branches display isolate and GenBank accession numbers (given in bold font for sequences determined in this study), isolation
details (location, habitat), helix 49 tetraloop motif, and pigment group (@, PE rich; O, PC rich). Numbers at nodes indicate the percent bootstrap
frequency (1,000 replicates) obtained from neighbor-joining (31) trees calculated by TREECON for Windows (39) assuming a Jukes-Cantor model
of nucleotide substitution. Bootstrap values of <50% are not shown. Minimum and mean (parentheses) pairwise percent similarities are shown
on the right-hand side of each group label. Sources: results herein, references 10, 28, 29, and 40; Warwick Vincent, personal communication
(isolation details for P211 and P212); and Watanabe, personal communication (isolation details for NAN, UBR, HOS, T7ccl, TAG, TAGS, IR48
PS-838, PS-840, and PS-845). The Ernst et al. (10) cluster designations subalpine cluster I, Lake Biwa strains, Bornholm Sea strains, Cyanobium
gracile cluster, and subalpine cluster II are also provided. The outgroup was Synechococcus PCC 6301 (formerly Anacystis nidulans).
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FIG. 2. Maximum-likelihood tree of the picophytoplankton clade sensu Urbach et al. (38), inferred from cpcBA-IGS gene sequences (362 nt
positions). Terminal branches display isolate and GenBank accession numbers (given in bold font for sequences determined in this study), isolation
details (location, habitat), IGS length (number of nucleotides), and pigment group (@, PE rich; O, PC rich). Numbers at nodes indicate the percent
bootstrap frequency (1,000 replicates) obtained from neighbor-joining (31) trees calculated by TREECON for Windows (39) assuming a
Jukes-Cantor model of nucleotide substitution. Bootstrap values of <50% are not shown. Minimum and mean (parentheses) pairwise percent
similarities are shown on the right-hand side of each group label. Sources: results herein and reference 29. The Ernst et al. (10) cluster designations
subalpine cluster I and Cyanobium gracile cluster are also provided. The outgroup was Synechococcus PCC 6301 (formerly Anacystis nidulans).

firm, however, that both pigment types (i.e., PE- or PC-rich) isolates BO 8807 and MW 76B2 [group B] with the helix 49
can be found in some closely related isolates (e.g., isolates motif pattern of group H isolates—see Fig. 1), involving the

forming group A).

terminal loop of helix 49 and its closing base pair (reference 10

In the 16S rRNA gene sequence set, a pattern suggesting and results herein), could have resulted from horizontal trans-
motif exchange (e.g., compare the helix 49 motif pattern of  fer (the “simplified complexity hypothesis”; see reference 41)
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and/or from endogenous processes (15). From X-ray struc-
tures, helix 49 appears not to be in contact with any other
molecules within the ribosome and belongs to the group of
rRNA hairpins exhibiting variable length and variable loop
sequences (16).

Deep-branching patterns were sensitive to hypervariable
sites (i.e., those removed by a 50% conservation filter) and the
inclusion or exclusion of the helix 49 tetraloop motif (6 nt
positions in the alignment) in the 16S rRNA gene sequence
matrix subjected to phylogenetic analyses. Notably, PE-rich
Antarctic isolates obtained from marine-derived saline lakes
(28) and PS-845 (isolation details suggest a marine origin;
M. M. Watanabe, personal communication) clustered with PC-
rich freshwater isolates obtained from the Arctic (Bylot Island
ponds) and central Europe (Lakes Mondsee and Constance)
when the motif was included (results not shown). When ex-
cluded (either separately or together with hypervariable sites),
the Antarctic isolates clustered together with PS-845 at the
base of the picophytoplankton clade (Fig. 1). Although we
could find no evidence of recombination in the set of picocya-
nobacterial cpcBA-1GS sequences (P > 0.05), the potential for
spurious phylogenies (18, 22) was minimized by restricting
analyses to an alignment made almost entirely from the flank-
ing regions. A similar approach was taken by Robertson et al.
(29).

Global dispersal versus ecosystem-dependent radiation.
While certain groups of freshwater picocyanobacteria may
have arisen in a specific ecosystem type (e.g., deep subalpine
lakes), the frequency and widespread nature of microbial dis-
persal (13) would all but ensure that newly adapted strains and
their progenitors are dispersed to widely separated locations.
Given conditions suitable for growth, the population of “old”
and “new” arrivals would increase, but bias originating from
selective sampling of picocyanobacterial strains (for example,
by fluorescence in situ hybridization, quantitative PCR, cul-
ture, or clone libraries) must be taken into account before safe
conclusions regarding the geographical restriction of ecotypes
sensu Cohan (6) can be made. Although our analyses confirm
that most gene clusters do contain isolates originating with
nearby locations (10), there is also evidence for widespread
dispersal of some closely related taxa. This is illustrated by
cluster B, the so-called subalpine cluster I (10), which contains
isolates obtained from Irish Lough Neagh (isolate PS-714) and
several Japanese lakes of very different type from the oligo-
mesotrophic, deep subalpine lakes (e.g., Fig. 2). Lake Kasumi-
gaura (from which PS-725 was isolated), for instance, is the
second-largest hypertrophic lake in Japan, with a surface area
of 220 km? and a mean water depth of 4 m (36).

Prokaryote speciation is thought to have produced ecotypes
recognizable as tightly clustered groups in sequence-based
phylogenies (6, 23). Because phylogenetic analyses are sensi-
tive, however, to the character and number of sequences in-
cluded in the analysis and on the particular algorithm used to
perform the clustering (25), robust ecotypes might be defined
from a relatively small number of 16S rRNA gene sequences
originating from a relatively small number of locations and
environments. At the other extreme, the collection of a large
number of more variable sequences [e.g., cpcBA-IGS (29; this
study) or ITS sequences (10)] from a great many locations and
environments will be needed. The present analysis suggests
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that there are at least seven clusters within the nonmarine
picocyanobacteria forming the picophytoplankton clade sensu
Urbach et al. (38). Whether these gene clusters should be given
species rank remains debatable until more ecophysiological
evidence on representative strains has been accumulated.

Although sequence-based clustering methods guide the for-
mulation of testable hypotheses, the practical challenge for
microbial ecologists will be to define ecotypes using methods
which accurately predict ecological equivalence, which in turn
requires careful consideration of the number and nature (ge-
notypic and phenotypic) of arbiters (e.g., growth rate, grazing
susceptibility, subtractive hybridization [1, 33], or gene expres-
sion) chosen to test ecotype boundaries—i.e., which strains
should be included or excluded. This is especially important
given that apparently minor differences in picocyanobacterial
genotypes can obscure ecologically significant differences (8,
10). A quantitative appraisal of the “everything (microbial) is
everywhere” hypothesis will require that putative ecotypes are
empirically defined. Limited phylogenetic information in the
16S rRNA gene (24), taxon undersampling, and the potential
“erosion” of phylogenies due to horizontal transfer of genetic
information mean that a mature understanding of picocya-
nobacterial ecotypes, their effective and potential biogeogra-
phy (or lack thereof), will require that more importance is
given to quantifying the limitations of (i) sequence acquisition,
depending on the extent and nature of sampling, (ii) the num-
ber and choice of gene or gene-fragment(s), and (iii) methods
of phylogenetic analysis.

Nucleotide sequence accession numbers. GenBank acces-
sion codes for sequences determined in this study are
AY151211 to AY151251 and AY224198 to AY224207.
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The filamentous cyanobacteria Planktothrix spp. occur in the temperate region of the Northern hemisphere.
The red-pigmented Planktothrix rubescens bacteria occur in deep, physically stratified, and less eutrophic lakes.
Planktothrix is a known producer of the toxic heptapeptide microcystin (MC), which is produced nonriboso-
mally by a large enzyme complex consisting of peptide synthetases and polyketide synthases encoded by a total
of nine genes (mcy genes). Planktothrix spp. differ in their cellular MC contents as well as the production of MC
variants; however, the mechanisms favoring this diversity are not understood. Recently, the occurrence of
Planktothrix strains containing all mcy genes but lacking MC has been reported. In this study, 29 such strains were
analyzed to find out if mutations of the mcy genes lead to the inability to synthesize MC. Two deletions, spanning
400 bp (in mcyB; one strain) and 1,869 bp (in mcyHA; three strains), and three insertions (IS), spanning 1,429
bp (in mcyD; eight strains), 1,433 bp (in mcyEG; one strain), and 1,433 bp (in mcyA; one strain), were identified.
Though found in different genes and different isolates and transcribed in opposite directions, IS were found to
be identical and contained conserved domains assigned to transposable elements. Using mutation-specific
primers, two insertions (in mcyD and mcyA) and one deletion (in mcyHA) were found regularly in populations
of P. rubescens in different lakes. The results demonstrate for the first time that different mutations resulting
in inactivation of MC synthesis do occur frequently and make up a stable proportion of the mcy gene pool in

Planktothrix populations over several years.

Microcystins (MC) are cyclic heptapetides regularly pro-
duced by cyanobacteria of the genera Anabaena, Microcystis,
and Planktothrix. MCs are known to be toxic to aquatic biota,
livestock, and humans. They are synthesized nonribosomally by
multifunctional enzyme complexes via the so-called thiotem-
plate mechanism (4). The above-mentioned organisms show an
impressive diversity in the production of small bioactive pep-
tides (700 to 1,400 Da) other than microcystins, e.g., anabaeno-
peptins, aeruginosins, microviridins, cyanopeptolines, etc. (6).
Typically, isolates differing in the production of these small
peptides cannot be discriminated under the microscope or by
traditional molecular taxonomic approaches. Our understand-
ing of the mechanisms and recombination processes affecting
existing pathways of secondary metabolite synthesis is rather
poor. Recently, progress has been made in the elucidation of
the genetic basis of MC synthesis for all three main MC pro-
ducers occurring in freshwater, i.e., Anabaena, Microcystis, and
Planktothrix (2,27, 36). Three gene clusters responsible for the
biosynthesis of microcystins, containing 9 or 10 genes (depend-
ing on the genus) and spanning >55 kb, have been sequenced.
Using information obtained from nonribosomal peptide syn-
thetases and polyketide synthases in general (17, 32) and from
tracer feeding experiments (22), the main pathways of MC
biosynthesis could be elucidated (36).
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Because of high sequence similarities between the mcy gene
clusters in the different genera and the coevolution of 16S
rRNA genes and mcy genes, a common ancestor for MC syn-
thesis has been suggested (25). According to this theory, the
patchy distribution of mcy genes among strains of one species
is understood in terms of repeated-loss processes of the mcy
gene cluster during cyanobacterial evolution, albeit the main-
tenance of mcy in some genera points towards an important
but so far unknown function. Our recent report on the occur-
rence of inactive mcy genotypes (i.e., genotypes possessing the
mcy genes but lacking MC production) of Planktothrix spp. in
nature (13) might be understood as support for the mcy gene
loss hypothesis. The inactivation of MC synthesis in an increas-
ing number of strains might be seen as a first step in evolution
towards losing the complete mcy gene cluster. Also, a few
inactive mcy genotypes have been described for Microcystis.
The loss of MC synthesis has been attributed to the accumu-
lation of point mutations (9, 23). However, so far mutations
have not been found among genes of the mcy gene cluster.

The aim of this study was to find out whether the inactiva-
tion of MC synthesis can be explained by mutations within the
mcy gene cluster, and if so, which mutation types can be found
in nature and how frequently they occur or if they should
rather be considered exceptional.

(The field data reported in this study partly originated from
the M.Sc. thesis submitted by L.Q. to the International Insti-
tute for Infrastructural Hydraulic and Environmental Engi-
neering (IHE, Delft, The Netherlands) in the course of the
International Postgraduate of Limnology Course at the Lim-
nological Institute in Mondsee, Austria.)
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TABLE 1. Oligonucleotide primers used for the detection of mutations within the mcy gene cluster?

Prlllréler Base pair no. Forward sequence T, (°C) Reverse sequence T, (°C)
1 452-2022 ATTGATCCCCTGATCAATGATCA 62.5 GCTAAACTGGGGCCATTGAGA 63.5
2 2002-4050 TCTCAATGGCCCCAGTTTAGC 63.5 CGCTGGCTAATACTCCCTCG 62.7
3 4031-6021 CGAGGGAGTATTAGCCAGCG 62.7 TTTGCATGGAAAGGGATCAATC 63.1
4 6000-8002 GATTGATCCCTTTCCATGCAAA 63.1 GATCGCTTCCCTGGGAATAATG 63.9
5 7981-10011 CATTATTCCCAGGGAAGCGATC 63.9 TGACCGATGGGTTTACCTGTG 62.9
6 9991-12009 CACAGGTAAACCCATCGGTCA 62.9 CCCAGTTTTCCCAAACCTCC 62.7
7 11990-13989 GGAGGTTTGGGAAAACTGGG 62.7 TCTCCACGCCCATAGCCAT 63.8
8 13971-16000 ATGGCTATGGGCGTGGAGA 63.8 CTGGCGGATTTCGAGTTGAT 62.3
9 15981-18021 ATCAACTCGAAATCCGCCAG 62.3 GCGGCCAGATTAGACTGCATT 63.6
10 18001-20076 AATGCAGTCTAATCTGGCCGC 63.6 GCGATGAGTGTCTGTTTAGTCCG 63.2
11 20054-21990 CGGACTAAACAGACACTCATCGC 63.2 GATTTCCCGGTTTCATTGAGTG 62.7
12 21969-23983 CACTCAATGAAACCGGGAAATC 62.7 TTAGCAGCATTGGCTAAGACTGC 62.9
13 23961-25999 GCAGTCTTAGCCAATGCTGCTAA 62.9 GTTGTGAGATTGTTGGCGCC 63.8
14 25980-28065 GGCGCCAACAATCTCACAAC 63.8 CTGAAATAACGGTATGTTGATCGGT 62.3
15 28042-30072 CCGATCAACATACCGTTATTTCAG 62.3 GTTGCGCTTGAATGAAACGG 63.8
16 30053-32040 CCGTTTCATTCAAGCGCAAC 63.8 GTCCTTTGGGGTCTGTTGGATAC 62.9
17 32010-34020 GTATCCAACAGACCCCAAAGGAC 62.9 AAGGCTCCCGTTGCTAAAAC 63.1
18 34001-36035 GTTTTAGCAACGGGAGCCTT 63.1 CGGGAATGGGTTCTCCTGTATAA 63.2
19 36013-38042 TTATACAGGAGAACCCATTCCCG 63.2 AGGAAGCCACACTCCAACCAT 63.0
20 38022-40022 ATGGTTGGAGTGTGGCTTCCT 63.0 CTGTTAATTCGGGACGATGGAG 62.8
21 4000142060 CTCCATCGTCCCGAATTAACAG 62.8 TTGTCATGGATGTGACGAGCA 63.3
22 4206044052 TGCTCGTCACATCCATGACAA 63.6 CTGATTGGACAGAACTGCTTGGA 63.7
23 4403046036 TCCAAGCAGTTCTGTCCAATCAG 63.7 GGTAAATGAACGCGGGGAAT 63.0
24 4601748031 ATTCCCCGCGTTCATTTACC 63.0 AATCGTCCCAAGTCTCCGGTA 62.9
25 48011-50000 TACCGGAGACTTGGGACGATT 62.9 GACCGCCCATTCTAGCGATT 63.5
26 49981-51970 AATCGCTAGAATGGGCGGTC 63.5 AAAACCAAGGGCAGGAGGAA 63.0
27 51951-54058 TTCCTCCTGCCCTTGGTTTT 63.0 GTGAGTGCCATCCTGACAGCTAT 62.7
28 54036-55470 ATAGCTGTCAGGATGGCACTCAC 62.7 GCACCCTAACTAACTCTGCAATCG 63.3

“ The primers allow for the amplification of the whole mcy synthetase gene cluster of Planktothrix (2) and were designed during this study.

MATERIALS AND METHODS

Experimental organisms and culture conditions. All nine inactive microcystin
genotypes of Planktothrix rubescens (Lake Irrsee strains 12, 62, 65, 87, 94, and 95;
Lake Worthersee strain 67; and Lake Mondsee strain 91/1) and P. agardhii (Lake
Gjersjoen strain CCAP1459/36), as reported previously (13), and 20 additional P.
rubescens strains (Lake Mondsee strains 40, 110, 120, 130, 135, 137, 154, and 194;
Lake Grabensee strains 139, 145, 161, 166, 168, 169, and 170; Lake Wolfgangsee
strain 160; Lake Fuschlsee strains 165, 167, and 178; and Lake Obertrumer See
strain 197) were isolated and analyzed as described previously (13). All strains
gave positive signals in PCRs with a mcyA- and mcyB-specific primer pair but did
not contain MCs and were screened for DNA mutations as described below. All
strains analyzed contained the internal transcribed spacer region of the phyco-
cyanin operon, detected with primers PcPl+ and PcPl—, specific for Planktothrix
spp. (13). Based on the current taxonomical classification (34), strains were
assigned to either P. agardhii (green pigmented) or P. rubescens (red pigmented).
All strains were cultivated in BG11 medium (26) containing 2 mM NaNOj; and
10 mM NaHCOj at 15°C with continuous light (5 to 10 pmol m~2 s™!; Osram
type L30W/77 Fluora light source). Strains were harvested by incubating 2 ml of
culture for 1 h on ice, subsequent centrifuging at 13,000 rpm for 10 min, and
lyophilizing the pellet in a vacuum centrifuge at 30°C.

Sampling. P. rubescens was sampled from June to October in the years 2001
2004 by pulling a plankton net (30-pm mesh size) from a depth of 20 m to the
surface at the center of a lake. In parallel, quantitative integrated samples were
obtained by collecting 1 liter every meter from the surface to a depth of 20 m.
Lakes Irrsee, Mondsee, Offensee, Schwarzensee, Wolfgangssee (Upper Austria,
Austria), and Worthersee (Carinthia, Austria) are generally deep and stratified
lakes, and except for the oligotrophic Lake Schwarzensee, are classified as me-
sotrophic (7). Filaments were assigned to the genus Planktothrix according to
previously described morphological criteria (1) and counted from Lugol’s solu-
tion-fixed integrated samples. The enumeration of cells was done by means of an
inverted microscope, using the methods of Utermohl (37) as described previously
(13). Aliquots (a few ml from net samples and 3 to 4 liters from integrated
samples) were filtered onto glass fiber filters (BM/C; Ederol, Vienna, Austria)
under vacuum pressure and stored frozen (—20°C) until DNA extraction.

Genetic analysis. DNA extraction from strains and field samples was per-
formed by a standard phenol-chloroform procedure as described previously (12).

PCR amplifications were performed in reaction mixtures of 20 pl containing 2 .l
of QIAGEN PCR buffer (QIAGEN, VWR International, Austria), 1.2 wl MgCl,
(25 mM; QIAGEN), 0.6 pl deoxynucleoside triphosphates (10 mM [each]; MBI
Fermentas, St. Leon-Rot, Germany), 1 pl of each primer (10 pmol pl™"), 0.1 pl
Tag DNA polymerase (QIAGEN), 13.1 pl sterile Millipore water, and 1.0 pl of
genomic DNA (diluted 100-fold). In order to screen the complete Planktothrix
mcy gene cluster (2), 28 primer pairs covering the whole mcy gene cluster were
designed and used to amplify fragments of 2 kb without interruption (Table 1).
DNA mutations were detected via the difference in PCR product sizes in agarose
compared to the corresponding PCR products obtained from strain CYA126/8,
whose the mcy gene cluster has been sequenced (AJ441056) (2). The PCR
thermal cycling protocol included an initial denaturation step at 94°C for 3 min,
followed by 35 cycles at 94°C for 30 s, an annealing temperature of 60°C for 30 s,
and an elongation temperature of 72°C for 2 min. In the case of nonsuccessful
PCRs, a long-range Taq polymerase (Clontech, BD Biosciences, Palo Alto, CA)
was used to amplify PCR products (>4 kb) using adjacent primer pairs following
the manufacturer’s instructions.

In order to detect mutant genotypes directly in the field, primers specific for
the detected mutation events were designed (Table 2). The deletion-specific
primer pairs produced distinctly shorter amplification products than the ampli-
cons resulting from unmutated gene regions (mcyHA deletion in strain 62, 1,869
bp; mcyB deletion in strain CCAP1459/36, 707 bp). In contrast, the insertion
(IS)-specific primer pairs (mcyDIS1, strain 110; mcyAIS, strain 40) consisted of
the forward primer binding to a locus within mcyD or mcyA and the reverse
primer binding to the inserted gene region or vice versa. All five primer pairs
(Table 2) were found to be specific for the corresponding genotype and did not
give PCR products for other typically co-occurring Planktothrix strains and other
cyanobacteria (Aphanizomenon spp., Microcystis sp., Nostoc sp., and Synechococ-
cus spp.). For field analysis, the PCR thermal cycling protocol included an initial
denaturation step at 94°C for 3 min, followed by 35 cycles at 94°C for 30 s, an
annealing temperature of 60°C for 30 s, and an elongation temperature of 72°C
for 30 s. To control for the occurrence of Planktothrix and the mcy gene cluster,
each sample was analyzed with the PcPl+/— primers, amplifying the intergenic
spacer region within the phycocyanin operon (PC-IGS), and the peamso+/—
primers, amplifying a region within the mcyA gene, as described previously (13).
Pilot experiments showed that PCRs using the primer pair PcPl+/— and the
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of only 4 kb instead of the expected 6 kb (data not shown). This
deletion (called the mcyHA deletion) was found in strains 12,

=z g S 5 3 e s mutation-specific primers mcyDIS1 (3" end) and mcy HA (deletion) all had a
(_Z 3 :] =B = ) 25 § f = detection limit of 10 cells per assay. PCR products (4 pl of the reaction mix) were
§ 2z S E 3 3 N 25 = @ visualized by electrophoresis on 1.0% (strains) or 1.5% (field samples) agarose in
cE2 |32 ¢ S 5% s 2 0.5X TBE (Tris-borate-EDTA buffer), with ethidium bromide staining.

g Q (BD =8 § § § § < § Sequence alignment and analysis. The PCR products obtained in field samples
= > i N E zz< s were sequenced directly from PCR products by standard automated fluorescence
B § E techniques (Applied Biosystems, Weiterstadt, Germany). Sequences were
é.& =3 = aligned using multiple sequence alignment (Clustal W 1.8). Similarity values
2 @-.: > 8 8B 8 0B S % =< between nucleotide sequences were calculated using the program DNADIST of
gtg & = = = = = =1 e the PHYLIP software package (version 3.6[alpha3]) (5).
ERE = < Nucleotide sequence accession numbers. The sequence data obtained in this
ib- § % = = z T o = z é study have been submitted to the DDBJ/EMBL/GenBank databases under ac-
PR % % »>Z » 2 >E g > 8 E cession numbers AMO039937 to AMO039947, AMO040461 to AMO040485, and
= % a ® 222 g ‘E 22 22 o | AMO055629 (Tables 2 and 3).
E 2|E% T SFER EEsE SE| & |
3 <L 2 < =
o = N
[R] 8 =3 S
o X = ® §‘
s @ ! < RESULTS
o %] IS
=3 ] =
&z 2 = = = = = < . . . . . . .
R P § 8§ 2.2 .2-2 -2 S Identification of mutations linked to the inactivation of MC
w S|88%% wz_z _zkz Rz 2 synthesis. Sequencing of the PCR amplicons that differed in
§ S| 78288 BEgE £gB8 RE|zg|E : : eree
g Z|E 555 eogc REZE SZ g g’ g size from the expected 2.0 kb revealed deletions and insertions
= — |~ o] =3 ©» . . .
s % | 2E %Q E’é S ’;\S %S %E 2.9 2 (Fig. 1; see the supplemental material). Insertions were de-
5 é, 8358 s a & E = :g =7e tected at three different sites by significantly larger-than-ex-
= 2|8 57 & & g8xz &Z g d PCR prod ing i i ir 6, bindi
EEE A 5 2 g7 2= 5 pecte products, using in one case primer pair 6, binding
O a to mcyD, in the second case primer pair 12, binding to the
- = . . .
g JZ> E JZ> E E DZ> JZ> & | S spacer region between mcyE and mcyG, and in the third case
= S 32 S 32 E S 2 S22 |8 primer pair 21, binding to mcyA. The insertion affecting mcyD
41 g & E & 28 @ IR it
= S 8 S £ 2% B £|28| 8 (mcyDIS1) was 1,429 bp long and found at position 11,918 of
~ [ ~ =) ~ = o o e . . .
E £° 2°|¢g the mcy gene cluster (AJ441056), and it occurred in strain 110.
« . . . .
§ N o~ The insertion sequences observed in strains 139, 145, 161, 166,
QE athalanat B0 e 169, 170, and 178 were located in mcyD at the same position
o} ol 3] .
T|ERESIRES §5Z5| 37 |2 (mcyDIS2). Both mcyDIS1 and mcyDIS2 had a left inverted
el el = . .
e|F B & B = E g |2 repeat (IRL; 5'-CAGGGCTGTTTCA-3") and a right inverted
2|2 8 E 2 - - repeat (IRR; 5-TGAAACAGCCCTG-3') and were highly
o | = ~ ~ o .. . . .
%. v similar (99.0 to 99.4% identity), but mcyDIS2 was transcribed
= 5 5 £ Og OS qé }é =3 in the opposite direction (Fig. 2). The variability among the
5 . L.
g %§gu§; Q5 aé gg38| Z|=2 seven strains containing mcyDIS2 (1,397 bp) was low (0 to
% Q5 Jegulw So85 1 2| 0.6%). Two other insertions with identical IRL and IRR se-
= %8 z > £58 & o Q ) = = § quences affected the spacer between mcyE and mcyG (1,434
22997 3 9 S& g ElEE| g bp; named mcyEGIS) in strain 110 at position 23,822 and
S| 22883 2" SmEmEE |8 ’ ) e :
2|3 % Q $5237 3 ~a > S5 2 affected mcyA (1,433 bp; named mcyAIS) at position 41,274 in
(¢} . .
a 2 § 3 8 E} a E 3 g a al % ] strain 40. All mcyDIS and mcyAIS mutants had short directly
g9 L= 4 & 3 2 | - = repeated sequences (DR) of 10 bp in length at the downstream
8
=S @ - g end (mcyDIS1, 5'-CGT GCA CGG G-3'; mcyDIS2, 5'-CCC
g e GTG CAC G-3'; mcyEGIS, 5'-GGC TGT TCC C-3'; and
g g 2 2 2 A g:gb OE mcyAIS, 5'-CCC AAA ACC C-3'). Consequently, mcyDIS2
g:_ 8 transcribed in the opposite direction but inserted at the same
Z = £ 38 3 F 3 g position should have originated from a second independent
= N = < . . . .
gl agseE 3 = B = JE2% a insertion event. All IS showed 98.5 to 99.4% identity and
glasngaarn ja—]a = | B8 . R . .
2| 8z2o8guin RoAs| ZlE carried a single predicted open reading frame (ORF) (encod-
£. = = 2 AN N Z] . . . . .
5l on 2288 qg Qe | 8 |g ing 363 amino acids [aa]) constituting 76% of mcyDIS1 (bp 237
2|l 2o »azia SxS8 | wg | : ‘ ]
£ > 320
5@ i AR®3Em ; aQe | g o to 1328). The ORF included conserved domains assigned to
g P¥2894500 ParIZ 5% transposase 11 (E value, 7e — 08), a transposase DDE domain
7 Ecw%@—ww 200|828 & p ’ L) p o
=S zarad 38 8 = Q 2ol known to be necessary for efficient DNA transposition (3). We
o N ] . .
g ;3 % o 9 = Q q Q 2 3|~ concluded that all insertions found among the mcy gene cluster
§ a 3 % = (ao al involved this same transposase 11.
ki > > 5 Deletions were identified by shorter-than-expected PCR
e amplicons at two different sites. In one case, PCR amplification
g & 8 % 3 o 8 A constantly failed to give an amplicon with primer pairs 17, 18,
a
= and 19. Subsequently, long-range PCR amplification with
% A s =2 primers 17fwd and 19rev was performed, yielding an amplicon
2
)

(LoL) 10€
(g222) 00€
4(dq) ozis

jonpoid


rkurmay
CCC

rkurmay
GTG

rkurmay
CAC

rkurmay
CCATTTATC

rkurmay
Magnetic

rkurmay
1fwd,

rkurmay
Magnetic

rkurmay
1rev,
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TABLE 3. Sequence accession numbers of mutant mcy genotypes obtained from field samples by sequencing
of PCR products obtained with mutation-specific primers (Table 2)

Sequence accession no.

Sampling

site Date meyDIS1 meyDIS1 meyAIS meyAIS mcyHA
5" end 3" end 5" end 3" end deletion

Irrsee 1 December 03 AMO040466
Mondsee 15 April 03 AMO040471 AMO040478
Mondsee 29 April 03 AMO040472 AMO040476
Mondsee 14 October 03 AMO040473 AMO040479 AMO040482
Mondsee 11 November 03 AMO040468 AMO040461 AMO040474 AMO040477 AMO040483
Offensee 1 July 03 AMO040462, AM040467
Offensee 10 October 02 AMO040465
Worthersee 26 September 01 AMO040469 AMO040463 AMO040480 AMO040484
Worthersee 28 August 03 AMO040470 AMO040464 AMO040475 AMO040481 AMO040485

62, and 65 and spanned 1,869 bp within mcyH and mcyA, from
the Walker motif in mcyH to the core motif A2 of the first
adenylation domain (Ad) of mcyA (Adl). This deletion was
only found in genotypes containing mcyA Adl without the
N-methyltransferase domain and not in genotypes containing
mcyA Adl with the NMT domain (14). The second deletion
(called the mcyB deletion) was identified with primer pair 22
and was located within mcyB Adl of strain CCAP1459/36,
resulting in the loss of 400 bp located before the core motif A2.
For the other 16 strains analyzed, no detectable differences in
PCR product size could be identified.

Frequency of occurrence of mutant mcy genotypes in field
samples. In total, 123 samples from six lakes were analyzed,
and all samples (except for two integrated samples from Lake
Schwarzensee [collected on 15 April 2004 and 8 July 2004])
gave positive PCR signals for PC-IGS and mcyA4, implying that
Planktothrix and mcy gene-containing genotypes were present
(Table 4). The extremely low density (zero filaments in 50 ml
of sedimentation volume) in Lake Schwarzensee was respon-
sible for the two negative sampling dates, since the net samples
taken in parallel gave PCR products indicative of Planktothrix
and mcyA. Otherwise, there was a good correlation between
the frequencies of occurrence of PCR results from net samples

and integrated samples, indicating that the mcy genotype com-
position did not differ between plankton net samples (contain-
ing a >1,000-fold larger sample of the population in terms of
individual numbers) and integrated samples (containing all the
individuals sampled from approximately 4 liters of integrated
lake water).

PCR products indicative of insertions (mcyDIS1 and
mcyAIS) were found to be ubiquitously distributed, i.e., the
mcyDIS1 genotype was found in Lakes Mondsee, Worthersee,
Offensee, and Irrsee and the mcyAIS genotype was found in
Lakes Mondsee and Worthersee (Table 4; see the supplemen-
tal material). The mcyHA deletion was detected in Lakes
Mondsee and Worthersee. The mcyB deletion was not de-
tected in field samples. For Lakes Mondsee and Worthersee,
both insertions (mcyDIS1 and mcyAIS) and the mcyHA dele-
tion were found regularly over 4 years. In net samples from
Lake Mondsee, the mcyHA deletion and mcyDIS1 were found
as frequently as mcyA and PC-IGS. For net samples from Lake
Worthersee, both insertions and the mcyHA deletions occurred
with a 100% frequency of detection. For populations showing
the lowest abundance of Planktothrix throughout the study
period (Lakes Wolfgangsee and Schwarzensee), no mcy muta-
tions were detected.

mcyT mcyD meykE

meyG  meyl meyA

mcyB  mceyC mcyJ

FIG. 1. mcy gene cluster of Planktothrix isolate CYA126/8 (2) and locations of mutations found in inactive mcy genotypes. Strains 110 and 40
were isolated from Lake Mondsee (Austria), strains 139, 145, 161, 166, 169, and 170 were isolated from Lake Grabensee (Austria), strain 178 was
isolated from Lake Fuschlsee (Austria), strains 12, 62, and 65 were isolated from Lake Irrsee (Austria), and strain CCAP1459/36 was isolated from

Lake Gjersjoen (Norway).
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mcy DR
mcyDIS1(110) GTCAGGGAAACTGTTATGGAGCTAGGTTAGTTTCTGCCCCOCCCGTGCACGGGLAGCGCTGTILCA
mcyDIS2(161) GTCAGGGAAACTGTTATGGAGCTAGGTTAGTTTCTGCCCCOCCCGTGCACG--CAGGGCTGTTICA
mcyDIS2 (178) GTCAGGGAAACTGTTATGGAGCTAGGTTAGTTTCTGCCCCOCCCGTGCACG--CAGCGCTGTILC

A mcyDIS2 (166

mcyDIS2 (145
mcyDIS2 (139
mcyDIS2 (170

GTCAGGGAAACTGTTATGGAGCTAGGTTAGT TTCTGCCCCOCCCGTGCACG——-[CAGGGCTGTITCA

GTCAGGGAAACTGTTATGGAGCTAGGTTAGTTTCTGCCCCOCCCGTGCACG--[CAGCGCTGTITC
GTCAGGGAAACTGTTATGGAGCTAGGTTAGTTTCTGCCCCCCCCGTGCACG—-CAGGGCTGTITC

( )
( )
( )
( )
mcyDIS2 (169) GTCAGGGAAACTGTTATGGAGCTAGGTTAGTTTCTGCCCCCOCCCGTGCACG--[CAGGGCTGTTIIC
( )
( )
( ) GTCAGGGARACTGTTATGGAGCTAGGTTAGTTTCTGCCCCCCCCGTGCACG--CAGGGCTIGTITC
( )

TRANSPOSONS INACTIVATE MICROCYSTIN GENES 121

IRL IS

GTTTGAAAATTATAGCC
AGTCAGGTGAARAAGAG
AGTCAGGTGAAAAAGAG
AGTCAGGTGAAARAGAG
AGTCAGGTGAAAAAGAG
AGTCAGGTGAARAAGAG
AGTCAGGTGAARARAGAG
AGTCACGGTGAARAAGAG

mcyEGIS (110
mcyAIS (40)

IS IRR

mcyDIS1 (110

TTCCCTCCCCCCCTAGCCCCCCGTGCACGGGGGGTTTGGGGGGGGCTGTTCCCLAGGECTGTTITC
GGCTTACCAACAATTAGAAAATCAAAAAACAGTTCAACTACICACCCAAAACCCLAGCECTGTITCA]

DR

CTCTTTTTCACCCGACTYILGARACAGCCCTHC--GTGCA-CEGGGGETTTGGGGGGGCTATTCCCGCAGCGCAAAAACAGCAA

AGTCAGGTGAAAAAGAG
GTTTGAAAATTATAGCC

mcy

mcyDIS2 (139

GGCTATAATTTTCAAACATGAAACAGCCCTACCCGTGCA-CEGGGGGTTTGGGGGGGCTATTCCCGCAGCGCAAARACAACAA

B mcyDIS2 (161

GGCTATAATTTTCAAACATGARACAGCCCTGCCCGTTCA-CHGGGGGTTTGGGGGGGTTATTCCCGCAGCGCAAAAACAGCAA

mcyDIS2 (145

GGCTATAATTTTCAAACATGAAACAGCCCTGHCCCGTGCAACHGGGGGTTTGGGGGGGCTATTCCCGCAGCGCAAAAACAGCAA

GGCTATAATTTTCAAACATGAAACAGCCCTGCCCGTGCA-CGGGGGGTTTGGGGGGGCTATTCCCGCAGCGCAAAAACAGCAA

mcyDIS2 (178

GGCTATAATTITCAAACAHTIGAAACAGCCCTHCCCGTGCA-CYGGGGGTTTGGGGGGGCTATTCCCGCAGCGCAAAAACAGGAA

mcyDIS2 (169

GGCTATAATTTTCAAACHIGAAAGAGCCLTOLCCGTGCA-CHGGGGGTTTGGGGGGGCTATTCCCGCAGCGCCARAACAGCAA

mcyDIS2 (166

GGCTATAATTTTCAAACHTGAAACAGCCCTGCCCGTGCA-CGGGGGGTTTGGGGGGGCTATTCCCGCAGCGCAAAAACAGCAA

( )

( )

( )

( )
mcyDIS2(170)
( )

( )

( )

)

mcyEGIS (110
mcyAIS (40)

CTCTTTTCCACCCGACTILGAAACAGCCLIGCCCAAAACCC

GCCTTCCGGGATTGGGCTCTCCTATTAACGACCTCTGCCC

GGCTATAATTTTCARAAC TGAAACAGCCCTGGGCTGTTCCC%gTCTCAACTAGGTAATTTATTTTGTGCAACTACTTACTATG

FIG. 2. Sequence alignment of putative transposases (mcyDIS1 and mcyDIS2, observed in mcyD [at base pair 11,918 of the mcy gene cluster
of Planktothrix; AJ441056], mcyEG [at base pair 23,822], and mcyA [at base pair 41,274]). The 5" end (A) and the 3’ end (B) of each insertion (IS)
and part of the mcy genes (bold) are shown. The short directly repeated sequences (DR) of 10 bp in length (straight lines) and the left inverted
repeats (IRL) and right inverted repeats (IRR) (dotted lines) are indicated.

Similarity of sequences of mcy mutations from field sam-
ples. Twenty-five PCR amplification products of mutant geno-
types from field samples were sequenced in order to validate
the results of PCR detection and to find out whether the
insertion events observed among strains may occur indepen-
dently in nature. In general, the similarity among sequences of
mutations, even if obtained from different populations, was
high. Sequence identities for the sequences obtained from the
5" end and 3’ end of mcyDIS1 were 96.6 to 100% (270 bp; n =
4) and 95.9 to 100% (198 bp; n = 8), respectively. According to
the difference in DR sequences of the mcyDIS1 3" ends, two
independently arisen genotypes occurred in lake samples, and
one mcyDIS1 3’-end genotype was found in Lake Offensee
only (see the supplemental material). In contrast, only one
mcyAIS genotype DR sequence was observed, and sequence

identities for the 5’ end and 3’ end of mcyAIS were 99.5 to
100% (369 bp; n = 6) and 99 to 100% (298 bp; n = 7),
respectively. All mcyHA deletion events occurred at the same
position of the mcy gene cluster, and the sequences flanking
the mcyHA deletion (266 bp; n = 4) were identical. The results
demonstrate that mutations within mcy may arise indepen-
dently and are detectable for years.

DISCUSSION

Types of naturally occurring mutations. Of the 29 strains
that were inactive in microcystin synthesis, 13 were found to
contain mutations within the mcy gene cluster. One strain, no.
110, even contained two mutations (mcyDIS1 and mcyEGIS).
Since mcyEGIS was located in the spacer region between mcyE

TABLE 4. Occurrence of P. rubescens, biovolume and filament abundance in study lakes, and numbers of integrated
and net samples showing specific mutations

o Biovo}ume ﬁg?rie(:fts Integrated  No. of samples with indicated mutation (relative proportion [%])”
Sampling time (mm? liter ') per ml* sample
Lake (day.m;)_‘yr)d(xio. of (mm(ljr_num- (minimum- (I)/nelt euALS ewDIS B eviiA
sampling dates) median- median- sample oGS pepd meyA! meyDl 87 yH
maximum) maximum) N) (insertion) (insertion) (deletion) (deletion)
Irrsee (Austria) 9.9.2002-2.8.2004 (18) 0.001-0.015-0.09  0.04-0.7-3.9 I 18 (100) 18 (100) 0 1(6)* 0 0
9.9.2002-2.8.2004 (18) N 18 (100) 18 (100) 0O 0 0 0
Mondsee (Austria) 25.9.2001-6.8.2004 (23)  0.06-0.31-1.81 5.9-25.9-227.1 I 23 (100) 23 (100) 15 (65) 18 (78) 0 22 (96)
25.9.2001-6.8.2004 (23) N 23(100) 23(100) 14 (61)*  22(96)* 0 23 (100)*
Offensee (Austria)  5.8.2002-13.7.2004 (5) 0.02-0.23-0.54 1.8-5.7-42.9 I 5(100) 5(100) 0O 0 0 0
5.8.2002-13.7.2004 (6) N 6(100) 6(100) 0 2(33)* 0 0
Schwarzensee 10.9.2001-8.7.04 (6) 0-0-0.01 0-0-1.4 I 4(67) 4(67) 0 0 0 0
(Austria) 10.9.2001-8.7.04 (7) N 7(100)  7(100) 0 0 0 0
Wolfgangsee 26.6.2003-21.6.2004 (4) 0 0 I 4(100) 4(100) 0 0 0 0
(Austria) 26.6.2003-21.6.2004 (4) N 4(100) 4(100) 0 0 0 0
Warthersee 16.10.03-23.8.04 (4) = 1.9-22-25 120-185-250 I 4(100)  4(100)  2(50) 4 (100) 0 4 (100)
(Austria) 26.9.2001-23.8.2004 (5) N 5(100)  5(100)  5(100)* 5(100)* 0 5 (100)*

“ For Lugol counting, the detection limit is one filament in 50 ml sedimentation volume.

b, for sequence accession numbers, see Table 3.
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and mcyG, it should not disturb the translation process and
result in a nonfunctional protein as mcyDIS1 does. The other
16 strains without detectable MC did not reveal insertions or
deletions, and consequently, they may have acquired point
mutations within the mcy gene cluster, as suggested by other
authors (9, 23). This study is the first showing that mutations
do occur frequently within the mcy gene cluster and that a
large proportion of mutations are caused by insertion of an IS
element at different sites (observed in 9 of 13 strains). A
relatively large number of genes encoding putative trans-
posases have been reported for sequenced genomes of Nostoc
PCC7120 (10), Nostoc punctiforme (18), and Synechocystis
PCC6803 (11). Transposition has been reported to result in
different Synechocystis PCC6803 genotypes (24) and to affect
gas vesicle genes in Microcystis PCC7806 (20). The IS elements
found in this study contained ORFs that putatively encode a
transposase of 363 amino acids, including the conserved do-
mains assigned to the DDE motif of the active site, which are
involved in DNA cleavage at a specific site followed by a strand
transfer reaction (16). It is obvious from the different insertion
sites and flanking regions that insertion of this IS element
occurred several times. No stop codons were detected within
the ORFs, i.e., transposition activity should still be maintained.
Notably, characterization of the mcy gene clusters from
Anabaena, Microcystis, and Planktothrix and the nda gene clus-
ter from Nodularia revealed associations with transposases (2,
21, 27, 36). Those transposases were members of families dis-
tinct from that of the transposase observed in this study.

Frequency of occurrence of mutations. Although mcyDIS1,
mcyAIS, and mcyHA were found ubiquitously distributed, the
populations investigated in this study were found to differ in
the frequency of occurrence of these mutations. Since PCR
assays for the total population (PIPc+/—) and for the mcyDIS1
3" end and mcyHA were shown to have the same detection
limit, the lower abundance in some populations is considered
unbiased by the PCR approach used in this study. The results
correspond to an earlier quantification of inactive mcy geno-
types (13) in Lake Mondsee (21% inactive genotypes) and
Lake Irrsee (5% inactive genotypes) and may imply that trans-
posase-mediated mutations do occur more frequently in pop-
ulations with a larger number of individuals. The relatively
high proportion of mcy mutants occurring in populations is
surprising since it indicates that MC is not needed for the
survival of individual cells in nature. Moreover, the mutants
have existed for long periods of time, as indicated by the
detection of some of them in different lakes and by point
mutations that allow for discrimination between genotypes
bearing the same mutation. Indeed, directed mutagenesis of
mcy genes in Microcystis PCC7806 revealed no difference in
growth between mutant and wild-type cells under different
light conditions (8). On the other hand, no population has
been found without any MC production, and it may be as-
sumed that MC as a toxin is necessary to keep the ambient
density of a specific group of potential antagonists low (15, 28,
29, 31). Thus, it may be sufficient if some of the genotypes in a
population produce MC in defense against grazers or other
organisms.

Microevolution of mcy genes. The mutants identified during
this study support the idea of a frequent loss of the ability to
synthesize MC during evolution (25). On the other hand, the
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inactivation of the mcy gene cluster by transposable elements
as observed in this study might be seen as an intermediate step
in reorganization of the mcy gene cluster towards cell types
with modified MC synthesis. Typically, organisms that lack an
immune system are prolific producers of secondary metabolites
(33). Recombination has been recognized as a general feature
in the formation of mcy gene clusters for the synthesis of new
structural variants of MC (14, 19, 35) and the related toxic
peptide nodularin (21). Generally, transposases have been rec-
ognized as a major factor in the rearrangement of genes (30).
In this study, mcyE was found flanked by two functional IS
modules resembling transposon elements shown to mobilize
DNA sequences encoding antibiotic resistance. It remains to
be established whether there is a connection between the re-
combination processes observed within mcy genes, resulting in
the formation of new MC variants, and the nonrandom muta-
tions induced by transposable elements observed in this study.
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Nontoxic Strains of Cyanobacteria Are the Result of Major Gene Deletion
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Blooms that are formed by cyanobacteria consist of toxic and nontoxic strains. The mechanisms that result in the
occurrence of nontoxic strains are enigmatic. All the nontoxic strains of the filamentous cyanobacterium Planktothrix that
were isolated from 9 European countries were found to have lost 90% of a large microcystin synthetase (mcy) gene
cluster that encoded the synthesis of the toxic peptide microcystin (MC). Those strains still contain the flanking regions
of the mcy gene cluster along with remnants of the transposable elements that are found in between. The majority of the
strains still contain a gene coding for a distinct thioesterase type II (mcyT), which is putatively involved in MC synthesis.
The insertional inactivation of mcyT in an MC-producing strain resulted in the reduction of MC synthesis by 94 + 2% (1
standard deviation). Nontoxic strains that occur in shallow lakes throughout Europe form a monophyletic lineage. A
second lineage consists of strains that contain the mcy gene cluster but differ in their photosynthetic pigment
composition, which is due to the occurrence of strains that contain phycocyanin or large amounts of phycoerythrin in
addition to phycocyanin. Strains containing phycoerythrin typically occur in deep-stratified lakes. The rare occurrence of
gene cluster deletion, paired with the evolutionary diversification of the lineages of strains that lost or still contain the
mcy gene cluster, needs to be invoked in order to explain the absence or dominance of toxic cyanobacteria in various

habitats.

Introduction

Harmful algal blooms that are formed by cyanobacte-
ria in lakes and rivers frequently contain toxins, such as the
hepatotoxic peptide microcystin (MC), and they pose a se-
rious health risk to livestock and humans (World Health
Organization 2004). It has been known for a long time that
the blooms that are formed by the genera Microcystis sp.,
Planktothrix spp., and Anabaena spp. consist of hepato-
toxic and nonhepatotoxic strains (Carmichael and Gorham
1981). A similar variation has been recorded among dino-
flagellates that produce neurotoxins (Touzet et al. 2007) and
fungi that produce mycotoxins, for example, Aspergillus sp.
that produce aflatoxin (Cary and Ehrlich 2006). The factors
that regulate the ecological success of nontoxic and toxic
strains in cyanobacteria are intriguing. However, no clear
answer has been obtained with regard to the biological
function of the toxins or the factors favoring nontoxic over
toxic strains and vice versa (Orr and Jones 1998; Schatz
et al. 2005; Kardinaal et al. 2007).

For cyanobacteria, it has been found that hepatotoxic
and nontoxic strains differ in their content of microcystin
synthetase (mcy) genes that encode specific peptide synthe-
tases, which have been shown to be involved in the produc-
tion of the toxic heptapeptide MC (Meiiner et al. 1996;
Dittmann et al. 1997). The large gene cluster (~55 kbp)
consists of nonribosomal peptide synthetases (NRPS), pol-
yketide synthases, and tailoring enzymes (Tillett et al.
2000). The gene clusters of species from 3 genera (Micro-
cystis, Planktothrix, and Anabaena) have been sequenced,
and comparisons revealed that the genes mcyA, mcyB,
meyC, meyD, mcyE, mcyG, and mcyJ that are involved
in MC synthesis are always present (Tillett et al. 2000;
Christiansen et al. 2003; Rouhiainen et al. 2004), whereas
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the 3 genera can differ in the presence of tailoring enzymes.
A phylogenetic tree that was calculated from 2 housekeep-
ing genes, the 16S rDNA and rpoCI genes, showed perfect
congruency with the phylogeny that was calculated from
mcyA, mcyD, and mcyE (Rantala et al. 2004). This implies
that the mcy gene cluster is of monophyletic origin and that
several lineages must have lost the mcy gene cluster during
cyanobacterial evolution. On a species level on a much
shorter timescale of evolution, most closely related strains
are observed either containing or lacking the mcy gene
cluster. In blooms that are formed by Microcystis, the
percentage of the strains containing the mcy gene cluster
is low (1-38%, Kurmayer and Kutzenberger 2003). In con-
trast, blooms that are formed by the red-pigmented
(phycoerythrin-rich) populations of Planktothrix rubescens
that occur in deep-stratified lakes in the Alps, Scandinavia
and in reservoirs solely consist of strains that contain the
mcy gene cluster (Kurmayer et al. 2004). Accessory photo-
synthetic pigments, such as the red-colored phycoerythrin,
result in the ability to live under transparent light conditions
in deep water layers. Under specific climatic conditions,
red-colored blooms are observed, which are then called
the “Burgundy-blood phenomenon” (Walsby et al. 2005).
Green-pigmented (phycocyanin-rich) blooms of Plankto-
thrix agardhii that flourish in more shallow and polymictic
lakes (Davis and Walsby 2002) typically show a lower per-
centage of strains containing the mcy gene cluster (Kurmayer
et al. 2004).

The process of the acquisition/loss of mcy genes
among closely related strains is not understood. The se-
quencing of the mcy gene clusters and the closely related
nodularin synthetase gene cluster has revealed the localiza-
tion of open reading frames (ORFs) with a significant sim-
ilarity to transposases at the downstream 3’ end of the gene
clusters (Tillett et al. 2000; Moffitt and Neilan 2004). Re-
cently, a type IV pilus system has been described in Micro-
cystis and has been suggested to allow for the receiving of
the mcy gene cluster via lateral transfer (Nakasugi et al.
2007). The phylogenetic congruence between the 2 house-
keeping genes and the mcy genes rules out the possibility of

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/2.0/
uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Table 1

Planktothrix agardhii and Planktothrix rubescens Strains that Were Used in the Present Study and Grouped According to the

Presence and Absence of the mcy Gene Cluster

Water Depth

Strain Number Species  North(°)  East(°) Origin Zmean/Zmax

Strains not containing the mcy gene cluster
250", 251", 252", 253", 254", 255, 256", 257" P.ag®  39°20 0°21  Albufera Lagune, Valencia, Spain 13
pCC7811" P. ag 48°51 2°20  Vert-le-Petit, France 212
41", 63", 66" P. ag 48°49  15°16 Jagerteich, Austria 12
259", 263", 274", 277", 281" P. ag 52°31 13°20 Wannsee, Germany 6/9
299", 307", 320" P. ag 52°02 5°02 Klinckenberger Plas, The Netherlands -/30
PCC7805" P. ag 52°21 4°52  Veluwermeer, The Netherlands 2/5
SAG5.81™ P. ag 51°32 9°57 Kiessee, Gottingen, Germany 12
CCAP1459/15" P. ag 54°36 6°23 Lough Neagh, North Ireland, United Kingdom 9/34
pH22" P. ag 55°40 12°34 LakeBagsvard Sg, Copenhagen, Denmark 2/3
2A" P. ag 60°14 19°55  Lake Markusbglefjirden, Finland -/9

Strains containing the mcy gene cluster
31/1, 32, 39, 260 P. ag 52°31 13°20 Wannsee, Germany 6/9
SAG6.89 P. ag. 54°10 10°23  PluBsee, Germany 9/30
CCAP1459/11A P. ag 54°21 2°56 Lake Windermere, United Kingdom 21/64
CCAP1459/21 P. ag. 54°21 2°58 Esthwaite Water, United Kingdom -/16
CCAP1459/16, CCAP1459/17 P. ag. 54°40 2°98  Blelham Tarn, United Kingdom 7/15
CCAP1459/31 P. ag. 53°25 7°56  White Lough, United Kingdom -/30
79 P. ag 55°43 12°34 Lake Arresg, Denmark 6/40
CCAP1459/36* P. ag 59°47 10°47 Lake Gjersjoen, Norway 23/64
CYA126/8 P. ag 60°15 19°55 Lake Langsjon, Finland -/18
CCAP1460/5 P. ag 35°41 139°44  Lake Kasumigaura, Japan 4/10
64, 67* ) P. rub® 46°36 14°03  Worthersee, Austria 42/86
1397, 145", 1617, 166, 169", 170", 178" P.rub  47°59  13°05 Grabensee, Austria 7/13
3,40%, 91/17, 97, 110%, 111 P. rub 47°48 13°22  Mondsee, Austria 37/68
108 P. rub 47°56 13°19  Irrsee, Austria 15/32
80 P. rub 47°45 13°30 Schwarzensee, Austria 27/54
82, 83/2 P. rub 47°16 11°04 Ammersee, Germany 47/81
21- P. rub 48°06 16°18  Figur, Austria 8/12
CCAP1459/30 P. rub 54°08 10°25  Ploner See, Germany 16/60
CCAP1459/14 P. rub 54°25 3°0  Loughrigg Tarn, United Kingdom 12/13
PCC7821 P. rub 59°47 10°47 Lake Gjersjoen, Norway 23/64

Note.—International culture collections: SAG, culture collection of algae (Gottingen, Germany); PCC, Pasteur culture collection (Paris, France); and CCAP, culture
collection of algae and protozoa (Windermere, United Kingdom). "™"™VStrains showing mcy gene cluster deletions of types I, II, III, and IV, respectively. *Strains found

inactivated by IS of transposable elements (Christiansen et al. 2006).

& Zmean, mean water depth; Z,,., maximum water depth of the origin of isolation.

" P. ag, P. agardhii, green-pigmented strains.
¢ P. rub, P. rubescens, red-pigmented strains.

the horizontal transfer of the mcy gene cluster between gen-
era (Rantala et al. 2004). However, the frequency of the
transfer of the mcy gene cluster among other closely related
strains remains unclear. In order to find out whether the var-
iation in toxicity among strains in Planktothrix resulted
from gene loss, 25 nontoxic strains were analyzed for rem-
nants of the mcy gene cluster. In all the nontoxic strains,
mcy operon remnants were found that were derived from
a major gene cluster deletion event that succeeded the in-
sertion (IS) of mobile elements.

Materials and Methods
Organisms

The 62 strains that were used for this study were either
isolated from European lakes (44 strains) or obtained from
culture collections (table 1 and fig. 1). The strains originated
from 9 countries and 28 different water bodies. All the
strains were assigned to either P. rubescens or P. agardhii
following the criteria published previously (Suda et al.
2002). All the strains were grown in BG;; medium (Rippka

1988) at 15 °C and under low light conditions (10 pmol m”s ™',
Osram L30W/77 Fluora).

Genetic Analysis of the Strains

In order to search for the remnants of the mcy gene
cluster in nontoxic strains, primer pairs covering the whole
mcy gene cluster were designed and used to amplify frag-
ments of 500 bp without interruption (124 primer pairs,
supplementary table S1, Supplementary Material online).
Polymerase chain reaction (PCR) amplifications were per-
formed in a volume of 20 pl, containing 2 pl of Qiagen PCR
buffer (Qiagen, Vienna, Austria), 1.2 pl MgCl, (25 mM,
Qiagen), 0.6 pl deoxynucleotide triphosphates (10 pM
each, MBI Fermentas, St Leon-Rot, Germany), 1 pl of each
primer (10 pmol pl "), 0.1 ul Tag DNA polymerase (5 units
ulfl, Qiagen), 13.1 pl sterile millipore water, and 1.0 pl of
DNA (50 ng ul™"). The PCR thermal cycling protocol in-
cluded an initial denaturation at 94 °C for 3 min, followed
by 35 cycles at 94 °C for 30 s, at 60 °C annealing temper-
ature for 30 s, and elongation at 72 °C for 30 s. By the use of
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Fic. 1.—Origin of the strains of the cyanobacterium Planktothrix
spp. isolated from European freshwater sites. Red triangles, strains
containing the mcy gene cluster encoding the synthesis of the toxic
heptapeptide MC (37 strains) and black dots, nontoxic strains lacking the
mcy gene cluster (25 strains).

this technique, 8 strains (No4l, 63, 66, PH22, 2A,
SAGS5.81, CCAP1459/15, PCC7805, and PCC7811) were
found to contain mcyT. Seventeen additional nontoxic
strains were used to test for the presence of mcyT by using
the primers mcyTA-Z+: TAATTGATCCCCTGATCAAT-
GATC and mcyTA-Z—: ATGCAAATAGACCAACTA-
AAGCC amplifying 791 bp. The strains containing
meyT were analyzed for the 5" and the 3’ ends using a ge-
nome walking method (Siebert et al. 1995). The same
method was used to sequence the 3" end of the mcy gene
cluster (AJ441056). The total DNA was digested with
EcoRV and Dral at 37 °C overnight, and the DNA was ex-
tracted once by using phenol—-chloroform—isoamyl alcohol
(25:24:1, v/v/v) and once with chloroform and then washed
with ethanol subse(}uent to glycogen-aided precipitation. A
total of 100 ng pl™ " of DNA were then ligated to long sup-
pression adapters at 4 °C overnight. One adapter contained
an amino group at the 3’ end and ligated to any DNA frag-
ment that was generated by restriction enzymes that yielded
blunt ends. During primary PCR, this amino group blocked
the extension of the lower adaptor strand unless a gene-spe-
cific primer extended to the opposite DNA strand. The pri-
mary PCR mixture was then diluted 1:100 and used as
a template for a secondary or “nested” PCR with the nested
adaptor-specific primer and a nested gene-specific pri-
mer. Primary PCR was performed with 2 Step Advantaq
(Clontech, St. Germain-en-Lave, France) at 68 °C anneal-
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ing (30 s) and 68 °C elongation (3 min). Nested PCR was
performed by using Advantaq at 68 °C elongation (3 min).

In addition, all the strains were sequenced for 16S
rDNA and 3 intergenic spacer (IGS) regions: PC-IGS
(the IGS between cpcB and cpcA genes), 16S ITS (the in-
ternal transcribed spacer located between the 16S and 23S
rDNA), and PSA-IGS (the IGS between psaA and psaB
genes). The forward primer (5'-3") 16Sfwd581 “CAGTG-
GAAACTGGAAGACTAGAGTGTA” (63 °C) and the
reverse primer 16Srev999 “GCACCTGTCTTCTGGTTC-
CTTAC” (62 °C) were used to sequence part of the 16S
rDNA (418 bp). The primers that were used to amplify
and sequence PC-IGS (271 bp) have been described previ-
ously (Kurmayer et al. 2004). For 16S ITS, the forward
primer (5'-3") 16SITSneu+ “GCTAGGAAAGAAAG-
GAACTTTCA” (61 °C) and the reverse primer untrans-
lated leader region— “CCT CTG TGT GCC TAG GTA
TC” (59 °C) (394 bp) were used (Janse et al. 2003). For
PSA-IGS, the forward primer psafwd
“GGGTGGTACTTGCCAAGTCTCT?” (58 °C) and the re-
verse primer psarev “CGACGTGTTGTCGGGTCTT” (58
°C) (669 bp) were used. All the PCR products were cloned
and sequenced according to the standard techniques. The
sequences were submitted to GenBank under the following
accession numbers: 16S rDNA (EU266118-EU266179),
PC-IGS (EU266242-EU266303), 16S ITS (EU266180-

EU266241), PSA-IGS (EU258202-EU258263), mcyT
(EU266304-EU266364), mcyT 5’ flanking region
(EU271829-EU271852), mcyl 3’ flanking region

(EU271805-EU271828), mcyJ and flanking regions se-
quenced from strain No252 (EU271803), and the IS ele-
ment sequenced from strain CYA126/8 (EU271804). The
sequence of the IS element that was involved in the deletion
of the mcy gene cluster was submitted to the IS finder da-
tabase and denoted as ISPlagl (Siguier et al. 2006).

Functional Analysis of the Thioesterase Type II mcyT

In order to confirm the involvement of mcyT in the bio-
synthesis of MC, the gene was insertionally inactivated in
the transformable strain CYA126/8 by homologous recom-
bination as described (Christiansen et al. 2003). To build
the transformation construct, mcyl was amplified and
cloned using the pDrive cloning system (Qiagen) and sub-
sequently partially digested using HindIII according to the
standard protocols (Sambrook et al. 1989). The 3’ over-
hangs were blunted using Klenow Polymerase (Fermentas,
Hanover, MD) and ligated with the BsaAl fragment
(1.9 kbp) from pACYC184 containing the chloramphenicol
resistance cassette (Cm®). The mcyTKOCm® construct con-
tained 1.5 kbp of homologous sequence on both 5’ and 3’
ends and was introduced by electroporation as described
(Christiansen et al. 2003). Transformed cyanobacterial cells
were inoculated in BG; medium. After 48 h, chloramphen-
icol was added to the culture medium (1 pg ml™') and re-
sistant clones emerged after 6 weeks. PCR using primers
binding to the flanking regions of the inserted chloramphen-
icol resistance gene showed the stable integration of the
construct mcyTKOCm® at the expected position as a result
of a homologous crossover recombination event. In
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addition, the mcyT gene in the knockout mutant as well as in
the wild-type strain was amplified by PCR using the mcy-
TA-Z primers. The calculated PCR product of 791 bp was
obtained for the wild-type strain only, whereas the AmcyT
mutant showed an amplicon of 2.7 kbp due to the IS of the
Cm® fragment (1.9 kbp). Consequently, the AmcyT mutant
was fully segregated.

The wild-type strain CYA126/8 and the AmcyT mu-
tant were compared in the MC production under semicon-
tinuous culture conditions following the turbidostat
principle (Kohl and Nicklisch 1988) at 20 °C and 40-60
pE m 2 s~ ! (Philips LTD, 36W/965). The growth of the
cells was monitored by measuring the absorbance at 880
nm (5-cm light path) every other day and each time optical
density > 0.1 the culture was diluted to optical density =
0.01 (corresponding to a biomass of 1.44 £ 0.17 [standard
error] mm’ L' of biovolume). The cells were harvested at
optical density = 0.1 onto glass fiber filters (BMC Ederol,
Vienna, Austria) directly in the culture room using low-
vacuum filtration (<—0.4 bar), in which the filters with
the collected cells were flash frozen in liquid nitrogen
for subsequent RNA isolation. Aliquots of the cells were
filtered onto preweighed glass fiber filters and dried at room
temperature in a vacuum centrifuge, reweighed, and stored
frozen at —20 °C. The dissolved MCs were collected from
the filtrate by using solid phase extraction via tC;g car-
tridges (Waters, Sep-Pak Vac lcc [100 mg]) according
to the standard techniques. For cell number determination,
the cells were fixed in 2% formaldehyde and enumerated
using 6-diamidino-2-phenylindole staining following the
standard procedures.

Filters were extracted in 50% methanol (v/v), as de-
scribed (Kurmayer et al. 2004), and the extracts were analyzed
for MCs by using high-performance liquid chromatography
coupled to diode array detection at 240 nm, using a linear gra-
dient from 20% acetonitrile (0.05% trifluor acetic acid) to 50%
acetonitrile on a LiChrosper 100, ODS, 5 pm, LiChroCART
250-4 cartridge system (Merck, Darmstadt, Germany) at 1 ml
min~'. Aeruginosides were identified and quantified at 210
nm under the same conditions (Ishida et al. 2007). The quan-
tification of MCs was achieved by using the calibrated stand-
ards that were obtained from Cyanobiotech GmbH (Berlin,
Germany).

RNA was extracted following the standard protocols
with Trizol reagent under liquid nitrogen as described
(Kaebernick et al. 2000) and converted to cDNA by reverse
transcription. The quantification of mcy transcripts was per-
formed using real-time PCR by using the TagMan assay
(Kurmayer and Kutzenberger 2003). TagMan Probes for
PC-IGS and mcyB were used (Schober and Kurmayer
2006). All the growth experiments were repeated 4 times.

Phylogenetic Analysis

Sequences of mcyT (751 bp) were aligned by using
multiple sequence alignment (ClustalW 1.8). Maximum
likelihood analysis was used in order to estimate the nucle-
otide substitution parameters under a general time-reversible
nucleotide substitution model by estimating the gamma dis-
tribution for the variable rates among the sites. Ambiguous

sites (wherein at least one sequence showed a gap) were
removed (3 sites), and the discrete gamma algorithm was
used to approximate a continuous gamma distribution using
5 categories of rates (ncatG = 5) in the program BASEML
of the PAML software package (version 3.14, Yang 1997).
Phylogenetic trees were also constructed using: 1) Neigh-
bor-Joining from the nucleotide sequences distance matrix
(calculated using Kimura’s substitution model) and 2) max-
imum parsimony from nucleotide sequences by using the
PHYLIP software package (Felsenstein 1993). The statisti-
cal significance of the branches was estimated by bootstrap
analysis in turn generating 100 replicates of the original data
set by using the PHYLIP software package. Finally, consen-
sus trees following the 50% majority rule were computed.

For mcyT, the ratio of nonsynonymous (dy) and syn-
onymous (ds) substitution rates per site was determined by
using maximum likelihood estimates as implemented in
PAML. For the nontoxic and toxic strains separately, the
“one ratio” model, estimating the dy/ds ratio, and the
“fixed-ratio” model, assuming a constant dy/ds ratio as
observed for other mcy genes in the mcy gene cluster
(dn/ds = 0.2), were statistically compared by constructing
a likelihood ratio test (Yang 1998).

For multiple locus sequence typing (MLST), all the
nontoxic (25) and toxic strains (37) were defined by the
alleles (unique genotypes) that were present at 4 additional
sequenced loci (the allelic profile): 16S rDNA, 16S-23S
rDNA-ITS, PC-IGS, and PSA-IGS. Each unique allelic pro-
file was assigned a sequence type (ST). Isolates with the
same ST at all the loci were considered to be members
of a single clone (Feil et al. 2004). The program eBurst
(V3) was used via the MLST Web site (http:/
www.mlst.net/) in order to divide the 62 strains into clonal
complexes. Each of the clonal complexes only contained
strains sharing at least 3 of 4 identical alleles with at least
one other strain in the group. The primary founder of
a group was defined as the ST that differs from the largest
number of other STs at only a single locus (i.e., the ST that
has the greatest number of single locus variants [SLVs]).
The level of confidence in the predicted founding ST
was estimated by using the default settings, that is, 1,000
random data sets of the same size as the original data set
were produced by resampling with replacement, and the
bootstrap values, which were shown for each ST, are the
percentage of times that the ST was predicted to be the pri-
mary founder of the group (Feil et al. 2004).

Results
Characterization of the Remnants of the mcy Gene
Cluster

In 24 out of the 25 nontoxic strains, mcyT (751 bp),
a gene coding for a distinct thioesterase type II (Tell),
was amplified. A distinct Tell has been frequently associ-
ated with NRPS gene clusters and has been shown to pos-
itively influence the synthesis rate of corresponding NRPS
(Mootz et al. 2001; Schwarzer et al. 2002). This is due to the
regeneration of the misprimed 4'-phosphopantetheine
(4'PP) cofactor of the peptidyl carrier protein because
the 4'PP transferases are not able to distinguish between
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FiG. 2.—Growth rate, MC content, and mcy transcripts of the wild-type Planktothrix strain CYA126/8 and its AmcyT mutant grown under
semicontinuous culture conditions. (A) Mean (+1 SD) MC content (per mm” of biovolume, black circles) and growth rates (1 d™!, white circles). (B)
The mRNA contents of mcyB in proportion to PC-IGS (in percentage of mcyB) for the same experiment.

acetylated and free CoA (Quadri et al. 1998). The acetyla-
tion of 4’'PP has the consequence that the biosynthesis is
blocked until a Tell cleaves the acetyl residue from the
4'PP making the biosynthesis possible. In Planktothrix,
the mcyT gene is located at the 5’ end of the micy gene clus-
ter but has not been found in the mcy gene cluster of other
MC-producing cyanobacteria (Christiansen et al. 2003). To
demonstrate the role of McyT in MC synthesis, the mcyT
gene was inactivated by experimental mutagenesis in
P. agardhii strain CYA126/8. The wild-type strain con-
tained 964 *+ 321 ng (1 standard deviation [SD]) of
MC-RR (68 * 3%) and MC-LR (32 + 3%) per mm?® of
biovolume (n = 5). The insertional inactivation of mcyT
resulted in a reduction of MC synthesis by 94 + 2%
(1 SD) compared with the wild type. In contrast, the pro-
portion of MC variants, cellular growth rates, as well as the
transcriptional rates of other mcy genes (mcyB) were not
altered (fig. 2). The synthesis rate of the related, coproduced
nonribosomally synthesized (NRS) peptides such as aeru-
ginoside 126A, 126B (Ishida et al. 2007) was not signifi-
cantly affected (37 = 71% increase compared with the
wild type). It is concluded that mcyT is directly involved
in MC synthesis. In one nontoxic strain, we were unable
to amplify mcyT but detected another mcy operon remnant
at the other (3") end of the mcy gene cluster, mcyJ, which
was an O-methyltransferase that was previously shown to
be involved in MC synthesis (Christiansen et al. 2003).

300 bp 140 by
;{rm:!.'T][—{ meyld

Characterization of the Sequence Breaking Points of the
mcy Gene Cluster

There were identical flanking sequences observed di-
rectly upstream and downstream of all the mcy operon rem-
nants: at the 5" end similarity was 99.0-100% (300 bp, the
strain with the mcyJ remnant only had 219 bp) and at the 3’
end similarity was 98.7-100% (207 bp, the strain with the
mcyJ remnant had 241 bp) (fig. 3, supplementary figs. S1
and S2, Supplementary Material online). Those flanking se-
quences that were found in the nontoxic strains also had the
highest similarity to the corresponding region of the toxic
strain CYA126/8: at the 5’ end similarity was 99.0-99.7%
(300 bp, for AJ441056, Positions 149-449) and at the 3’
end similarity was 93.2-94.2% (207 bp, located 1,406
bp downstream of the stop codon of mcyJ AJ441056). In
between the 2 regions that were originally flanking the
mcy gene cluster, shorter fragments containing the inverted
repeated sequences “CAGGACTTACGCAAGCACGC-
TATATATAG” (29 bp) occurred. These shorter fragments
were found directly adjacent to the mcy operon remnants
(mcyT and mcyJ) and were identified as terminal inverted
repeats, part of the remnants of an IS element (197 bp)
ISPlagl that was sequenced from the toxic strain
CYA126/8 (1,306 bp). ISPlagl encoded a single ORF
(337 aa) with similarity to the IS70/ group that was orig-
inally a part of the heterogeneous IS4 family (Chandler and
Mabhillon 2002): ISMhu9 from Methanospirillum hungatei

meyl 1 406 bp 207 bp

a mey gene cluster meyE
197 bp
o Type | (5 strains) mevl —g—— | _—
- ¥ |
=B 29bp 43 bp
% E + b e
= 3 . B sirains - | i
£2 | o Typell (18 stming) — )
£ 8bp
£ X ® Type 11 (1 strain) Km-}'% 2 I =
A E 197bp 615bp — g
o Type IV (1 strain) . s &b— |
L 3 I ¢
29 bp 29 bp

Fic. 3.—Schematic view of the mcy operon remnants and flanking regions in strains that lost the mcy gene cluster. The 4 types (I-IV) of gene
cluster deletion events are shown. Vertical straight lines enclose the identical 5’ and 3’ ends. The gray gene regions represent the remnants of the IS
elements (197 bp) containing terminal inverted repeats (29 bp or 48 bp) (black boxes). The dotted areas indicate the deletions. Red triangle, strains
containing the mcy gene cluster and black dots, nontoxic strains lacking the mcy gene cluster.
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strain JF-1 (E value 5 x 10~*, YP_501731). Residues
257-270 (CAIRWKIEEFHREIK) corresponded to the
[Y/LI2)RB)[I/L/V]E(6)K signature characteristic of the
C1 domain of bacterial transposases (Rezsohazy et al.
1993). Notably, all the nontoxic strains contained remnants
of the same mobile element that was located between the
former flanking regions of the mcy gene cluster. According
to the presence of the mcy operon remnants and the location
of the remnants of the IS element 4 different types of mcy
gene cluster deletion events were distinguished: types I
(5 strains), II (18 strains), and III (1 strain), all of which
contained mcyT but differed in the remaining intergenic
promoter region between mcyT and mcyD (type I vs. type
ID) or in the sequence length of the remnant of the IS ele-
ment (types I and II vs. type III). In contrast, type IV con-
tained mcyJ instead of mcyT and 1 additional larger remnant
of the same IS element (615 bp) that was inserted in oppo-
site direction to the shorter remnant (197 bp) found also in
types I and II. We conclude, therefore, that the remnants of
the IS element that was found directly adjacent to the mcy
operon remnants were derived from functional IS elements
that were inserted into the mcy gene cluster.

In silico Characterization of the Remnants of the mcy
Gene Cluster

To determine whether mcyT, as a remnant of the mcy
gene cluster, is still a functional gene that is involved, for
example, in the biosynthesis of other NRS peptides occur-
ring frequently in Planktothrix (Fujii et al. 2000; Ishida
et al. 2007), it was sequenced (751 bp) from all the strains
that contained (37 strains) or that had lost the mcy gene clus-
ter (24 strains). The nontoxic strains formed a phylogenetic
lineage that was distinct from the lineage that was formed
by strains containing the mcy gene cluster (fig. 4). The ratio
of nonsynonymous (dy) and synonymous (ds) substitution
rates was used to differentiate between purifying selection
and relaxation of selective constraints (Yang 1998). Typi-
cally, the gene regions that show a high degree of purifying
selection have dy values < dg values (negative purifying
selection), whereas dy values ~ dg values are indicative
of a relaxation of selective constraints (Yang 2005). For
various genes of the mcy gene cluster, a dn/ds ratio = 0.2
was calculated (Tanabe et al. 2004; Kurmayer and Gum-
penberger 2006). A likelihood ratio test was performed
in order to test the hypothesis of the relaxation of selective
constraints against the purifying selection for mcyT of
both lineages. Only for the strains that had lost the mcy
gene cluster (dy/ds = 1.45), the likelihood was signifi-
cantly improved (degree of freedom = 1, P < 0.0001),
whereas for the strains still containing the mcy gene cluster
(dn/ds = 0.46), the estimated likelihood did not differ sig-
nificantly from the null model (dn/ds = 0.2). Thus, it is
concluded that purifying selection for mcyT was lost sub-
sequent to its separation from the mcy gene cluster.

Phylogenetic Origin of the Deletion of the mcy Gene
Cluster

The phylogenetic origin of the mcy gene cluster dele-
tion was identified by sequencing all the strains for gene
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Fi6. 4—Maximum likelihood tree of Planktothrix strains containing
mcyT as part of the mcy gene cluster (red triangles) and as a remnant of
the mcy gene cluster (black dots). The numbers at the nodes indicate the
percent bootstrap frequency (100 replicates) that was obtained from
maximum likelihood—Neighbor-Joining—maximum parsimony calculated
using the PHYLIP package. The tree was rooted using the Nostoc sp.
strain PCC7120 as an outgroup. Only the bootstrap values of >50% are
shown. Asterisks indicate strains that were inactivated by transposable
elements but still contained the whole mcy gene cluster (Christiansen
et al. 2000).

regions that are representative of essential housekeeping
genes, that is, the 16S rDNA region (302 bp), the I1GS
between cpcB and cpcA, PC-IGS (211 bp), the ITS that
is located between the 16S and 23S rDNA, 16S rDNA-
ITS (317 bp), and the IGS between psaA and psaB,
PSA-IGS (615 bp). All the strains shared nearly identical
16S rDNA sequences, in contrast to the number of poly-
morphic sites was higher at the other more variable spacer
regions (table 2). In total, 25 unique genotypes were de-
tected with 19 genotypes occurring only once. By using
MLST (Feil et al. 2004), 2 clonal complexes were observed:
1) lineage 1 was comprised of both the strains that lost and
that contained the mcy gene cluster and 2) lineage 2 was
comprised of the strains containing the mcy gene cluster



Table 2

Number of Unique Genotypes (Alleles) and Variable Sites of
Sequences at the Gene Loci that Were Analyzed in the
Planktothrix Strains that Lack, or Contain, the mcy Gene
Cluster

Maximum Number of
Dissimilarity Variable ~ Number
Locus Bp* (%) N®  Sites  of Alleles
Strains lacking the mcy
gene cluster (n = 25)
meyT 751 0.93 24 36 22
16S ITS 316 2.23 25 10 5
PC-IGS 211 6.16 25 13 2
PSA-IGS 615 0.49 25 5 6
16S 302 1.32 25 4 3
Strains containing the mcy
gene cluster (n = 37)
meyT 751 0.67 37 14 11
16S ITS 317 2.23 37 10 2
PC-IGS 211 7.11 37 17 7
PSA-IGS 615 3.74 37 24 6
16S 302 0 37 0 1
All strains (n = 62)
meyT 751 1.74 61 48 33
16S ITS 317 3.82 62 16 6
PC-IGS 211 7.11 62 17 7
PSA-IGS 615 39 62 28 10
16S 302 1.32 62 4 3

% Bp, base pair number sequenced.
° N, number of sequences.

including all the red-pigmented strains that are assigned to
P. rubescens (fig. 5). In lineage 1, the primary founder (11
strains), which is defined as the ST with the greatest number
of SLVs, contained the 2 most divergent types of mcy gene
cluster deletion (types II and IV). The other types of dele-
tions (I and IIT) were detected as SLVs or double locus var-
iants. Therefore, nontoxic strains are all derived from
a single ancestral strain that became inactive due to IS el-
ement-mediated IS followed by micy gene cluster deletions
and divergence.

Discussion

IS elements are generally recognized as important mu-
tagenic agents (Doolittle and Sapienza 1980; Chandler and
Mahillon 2002). Little is known, however, about the rela-
tive importance of the IS- or excision-induced variation in
natural populations of bacteria as opposed to other mech-
anisms, for example, lateral gene transfer. In the present
study, all the strains that lost the mcy gene cluster still con-
tained inverted terminal repeated sequences between the 5’
and 3’ end mcy operon remnants that were probably derived
from more than one copy of a putative IS element. The most
likely mechanism that caused the mcy gene cluster deletion
in all the strains was conservative site-specific recombina-
tion (Craig 1988), which resulted from the IS of 2 copies of
the IS element at both ends of the mcy gene cluster. Indeed,
in the vast majority of the strains that lost the mcy gene clus-
ter, the inverted repeated sequences showed direct orienta-
tion when flanking the mcy operon remnants at the 5’ and
the 3’ ends. It is, therefore, concluded that the loss of the
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mcy genes is the result of a 2-step process, that is, the in-
activation of the mcy gene cluster via the peripheral IS of 2
copies of an IS element that finally led to its deletion.

It is anticipated that the genotypes that become inac-
tivated in MC synthesis by an IS element must be able to
persist under natural conditions until the inactive mcy gene
cluster is lost due to site-specific recombination. We previ-
ously described the inactivation of the mcy gene cluster by
another IS element among the strains of the second lineage
that always contain the mcy gene cluster (Christiansen et al.
2006). Those mcy genotypes that became inactivated by an
IS element cannot be distinguished from active mcy geno-
types via MLST (figs. 4 and 5) and have been observed to
occur in deep-stratified lakes for at least 5 years. Although
the inactive mcy genotypes make up the minor part of the
population only (e.g., 21% in Lake Mondsee, Kurmayer
et al. 2004), it is obvious that the inactivation of the mcy
gene cluster through IS elements does not imply a selective
disadvantage to the individual. On the other hand, the in-
sertional inactivation of MC synthesis in Microcystis aer-
uginosa did not increase growth under different light
conditions (4-110 pmol m~? s~') compared with the
MC-producing wild type (Hesse et al. 2001). This implies
that the metabolic costs that are attributable to MC synthesis
are not necessarily of relevance for the cell division rate. In
the present study, only those strains that lost more than 90%
of the mcy gene cluster were spread throughout Europe.
One explanation for this could be that only larger gene de-
letion events may provide sufficient selective advantage for
a specific genotype due to the energy requirements that are
involved in the translational machinery (Mira et al. 2001).
Under laboratory conditions, a sudden appearance of mu-
tants that lost a larger part of the mcy gene cluster has in fact
been reported (Schatz et al. 2005). Because the strain
CYA126/8 is the only toxin-producing cyanobacterium that
has been repeatedly transformed in several laboratories
(Christiansen et al. 2003; Ishida et al. 2007), the experimen-
tal deletion of parts or the full mcy gene cluster of this strain
is proposed as a tool for differentiating between the costs
that are attributable to MC synthesis (e.g., AmcyT) and the
costs of the replication/translation of the mcy gene cluster
(e.g., constructing a mutant by deleting larger parts of the
mcy gene cluster) compared with the wild type.

In contrast to observations in the laboratory (Schatz
et al. 2005), the results of this study point to a much slower
replacement of toxic strains by nontoxic strains that lost the
mcy gene cluster under natural conditions. Assuming a ran-
dom spontaneous mutation rate of 4.1 x 10~'° (Drake
1991) along with an annual mean growth rate of 0.14
per day (Davis and Walsby 2002), the time necessary to
create 5 random spontaneous mutations (the minimum
dissimilarity between mcyT [791 bp] of nontoxic strains
compared with toxic strains, fig. 4) was calculated to be
3.6 Myr. It could be argued that, for most of the time, cells
do not grow exponentially but rather linearly, and nontoxic
strains may competitively exclude toxic strains under
nearly exponential growth conditions during prebloom
periods in eutrophic lakes (e.g., Kardinaal et al. 2007). In-
deed, Planktothrix occurring in deep-stratified lakes can
dominate phytoplankton for years without pronounced pe-
riods of exponential growth/decline, whereas Planktothrix
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occurring in more shallow lakes may show an exponential
increase/decline during the season (Salmaso and Padisak
2007). However, even a 1,000-fold underestimation of
a random spontaneous mutation rate for mcyT would imply
that shifts between toxic strains and nontoxic strains as
observed during seasonal succession in lakes cannot be di-
rectly of relevance to the evolution of the mcy gene cluster.
Due to the extremely rare event of the mcy gene cluster de-
letion, the sole occurrence of toxic genotypes in P. rubes-
cens populations in deep-stratified lakes (Kurmayer et al.
2004) can be explained by the evolutionary diversification
of a genotype that still contains the mcy gene cluster. It has
been suggested that P. rubescens diversified from P. agard-
hii due to its pigment adaptation to an underwater light cli-
mate relatively recently (Suda et al. 2002). We anticipate
that evolutionary diversification that is driven by selective

factors other than an underwater light climate, for example
cyanophages or hydrostatic pressure, will lead to a clonal
dependence of MC production also in other taxa. In a recent
study, numerous cyanophages active against Anabaena,
Planktothrix, and Microcystis were reported (Deng and
Hayes 2008). Cyanophage dynamics may further select
phage-resistant genotypes and indirectly affect the shifts be-
tween MC-producing and non—-MC-producing genotypes in
Microcystis (Yoshida et al. 2008). Correspondingly,
Tanabe et al. (2007) by using MLST found a clonal pop-
ulation structure of Microcystis sp., suggesting that each
phylogenetic cluster might represent a “cryptic” ecotype
(Cohan 2002). It is noteworthy that the occurrence of mcyG
showed a clonal dependence, that is, all the strains contain-
ing mcyG were part of 2 lineages (groups A and B), whereas
the other groups (C, D, and E) consisted of strains lacking



the mcyG gene. Consequently, the frequently observed co-
occurrence of toxic and nontoxic strains (Carmichael and
Gorham 1981; Vezie et al. 1998) can only be understood
if it is interpreted in terms of evolutionary diversification
that is driven by selective factors including those not di-
rectly linked to MC production. Future experiments that
aim at a cost—benefit analysis of MC production need to
consider the fact that even closely related strains that differ
in MC production might also differ in other ecological
traits, reflecting the process of adaptation to their respective
environment. For example, it is well known that the natural
isolates of bacteria (Mikkola and Kurland 1992) and cya-
nobacteria (Van Liere and Mur 1980) usually differ widely
in their maximum specific growth rate under standardized
laboratory conditions. This implies that the measured
growth rates of nontoxic and toxic strains under experimen-
tal conditions cannot be used to relate the fitness of a par-
ticular strain to the presence/absence of MC production.

Supplementary Material

Supplementary figures S1 and S2 and table S1 are
available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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‘Candidatus Aquirestis calciphila’ and ‘Candlidatus
Haliscomenobacter calcifugiens’, filamentous,
planktonic bacteria inhabiting natural lakes

Martin W. Hahn and Michael Schauer

Institute for Limnology, Austrian Academy of Sciences, Mondseestrasse 9, 5310 Mondsee,
Austria

Filamentous bacteria frequently occurring in the pelagic zone of natural freshwater lakes and ponds
were previously identified as being related to Haliscomenobacter hydrossis based upon their 16S
rRNA gene sequences. These bacteria exhibit a specific morphology characterized by the formation
of straight, stick-like filaments of variable length (5 to >100 pm) and quite stable, but narrow,
width (0.25 to 0.35 pm). Bacteria with these morphological characteristics form a monophyletic but
broad phylogenetic group with a maximal divergence of 16S rRNA gene sequences of 12.0 %.
This monophyletic group consists of at least three monophyletic subclusters. H. hydrossis is
affiliated to one of these subclusters and represents the sole recognized species affiliated to the
broad monophyletic group. ‘Candidatus Haliscomenobacter calcifugiens’ and ‘Candidatus
Aquirestis calciphila’ are uncultured representatives of the other two subclusters and have 16S

rRNA gene sequence dissimilarities of 5.4 % and 8.2 %, respectively, with the type strain of H.
hydrossis. ‘Candidatus H. calcifugiens’ and ‘Candidatus A. calciphila’ have a 16S rRNA gene
sequence dissimilarity of 8.5 %. These large ribosomal divergences justify the classification of these
environmentally important bacteria as a novel species and a new genus, respectively. Intensive
attempts to cultivate these filamentous bacteria have resulted in the establishment of mixed
cultures, however, attempts to establish pure cultures have failed.

The bacterioplankton of freshwater habitats is mainly
comprised by bacterial groups that do not contain validly
described species or cultivated representatives (Zwart et al.,
2002). One of these groups is the so-called LD2 group which
was described in 2002 based on four environmental 16S
rRNA gene sequences obtained from two Dutch lakes
(Zwart et al., 2002). Phylogenetic analysis of these environ-
mental sequences indicated that the LD2 bacteria were
related to Saprospira grandis and Haliscomenobacter hydros-
sis of the phylum Bacteroidetes (Zwart et al., 2002).
Pernthaler et al. (2004) demonstrated by fluorescent in
situ hybridization (FISH) of samples obtained from a single
lake that bacteria affiliated to the LD2 group share a
characteristic filamentous morphology with H. hydrossis.
We attempted to isolate bacteria possessing this H.
hydrossis-like morphology by utilizing various cultivation

Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; FISH, fluorescent
in situ hybridization.

The GenBank/EMBL/DDBJ accession number for the 16S rRNA
gene sequences of ‘Candidatus Aquirestis calciphila’ and ‘Candidatus
Haliscomenobacter calcifugiens’ are AJ786341 and AJ786327,
respectively.

methods and media. This resulted in the enrichment of the
targeted filamentous bacteria and the establishment of
mixed cultures in which up to 42 % of the total number of
bacterial cells were of the targeted bacterial morphotype.
However, the establishment of pure cultures of the targeted
bacteria failed despite the achievement of enrichments of at
least one order of magnitude (Schauer & Hahn, 2005).

In order to obtain insights into the phylogeny of the
filamentous bacteria characterized by an H. hydrossis-like
morphology, primers for the specific amplification of the
16S rRNA gene sequences of the targeted bacteria were
developed by a step-wise approach (Schauer & Hahn, 2005).
By using these primers, a large number of sequences poten-
tially representing the targeted filamentous bacteria were
obtained from enrichment cultures and from various
samples from freshwater habitats. Based on these sequences,
a suite of five nested FISH probes was developed (Table 1)
and these probes were used for verification that the obtained
sequences originated from the targeted bacteria with the
H. hydrossis-like morphology. By this approach, it was
demonstrated that a broad phylogenetic group, provision-
ally designated the SOL cluster, exclusively harbours bac-
teria possessing the typical H. hydrossis-like morphology
(Schauer & Hahn, 2005).
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Schauer & Hahn (2005)
Schauer & Hahn (2005)
Pernthaler et al. (2004)

GKS2-217 subcluster
LD2 subcluster

LD2 subcluster
HAL subcluster

H. hydrossis

5'-TTCGCTTGG ACACACAATC-3'
5'-GGCTCCGCTTCACAGCTT-3'

GKS-847

LD2-1261

5'-GCGTCAATACAGATCCAG-3’
5'-CGCTTGGACACTCACTCC-3'
5'-CCAGATTTCTTCCCAAGC-3’
5'-GCCTACCTCAACCTGATT-3’
5'-ACGCTTTCGCTTGGACAC-3'

LD2-739

Schauer & Hahn (2005)
Schauer & Hahn (2005)

Wagner et al. (1994)

HAL-844

HHY-441
HHY-655

H. hydrossis, (HAL)*

SOL clustert

Schauer & Hahn (2005)

SOL-852

*The probe matches with H. hydrossis and some other sequences within the HAL subcluster.

1The probe has unspecific matches with strains outside of the SOL cluster (Schauer & Hahn, 2005). The matching organisms outside the SOL cluster differ in morphology from the SOL bacteria.

Phylogeny of bacteria with H. hydrossis-like
morphology

Sequences within the so-called SOL cluster are affiliated with
the phylum Bacteroidetes. The SOL cluster is characterized
by species with a minimum 16S rRNA gene sequence
similarity of 88 % and consists of at least three monophyletic
subclusters, provisionally designated the LD2, HAL and
GKS2-217 subclusters (Schauer & Hahn, 2005). The HAL
subcluster is the only subcluster that contains a recognized
species, H. hydrossis (van Veen et al, 1973). The HAL
subcluster is characterized by a minimum 16S rRNA gene
sequence similarity of 98.7 %, suggesting that all members
of this subcluster belong to the species H. hydrossis
(Rossello-Mora & Amann, 2001). Members of the other
two subclusters are more distantly related to H. hydrossis.
Sequences affiliated with the GKS2-217 subcluster share 16S
rRNA gene sequence similarities of 93.8-95.5% with
members of the HAL subcluster. 16S rRNA gene sequences
affiliated with the LD2 subcluster have sequence similarities
of 90.1-92.7% with those of the HAL subcluster. The
minimal 16S rRNA gene sequence similarities within the
GKS2-217 and LD2 subclusters are 97.6% and 99.7 %,
respectively. The low between-subcluster similarity values
indicate that members of the different subclusters are not
representatives of H. hydrossis and thus justify the proposal
of two novel Candidatus species. Therefore, we propose
to classify one member of the GKS2-217 subcluster
(reference clone MS-oKlaffl1-G) as a candidate for a novel
Haliscomenobacter species and propose the designation
‘Candidatus Haliscomenobacter calcifugiens’. Further-
more, we propose to classify one member of the LD2
subcluster (reference clone MS-Falkl-L) as a candidate for
a novel species in a new genus and propose the designa-
tion ‘Candidatus Aquirestis calciphila’. The novel taxa
‘Candidatus H. calcifugiens’ and ‘Candidatus A. calciphila’
share 91.5% 16S rRNA gene sequence similarity with
each other and 94.6 and 91.8 %, respectively, with the type
strain of H. hydrossis. Phylogenetic analysis of 16S rRNA
gene sequences (Fig. 1) revealed that all three taxa cluster
together within the family ‘Saprospiraceae’ (Garrity et al.,
2004).

Morphological traits

The application of FISH probes specific for the entire SOL
cluster and its three subclusters, respectively, to samples
from the pelagic zones of 115 freshwater habitats located on
four continents and in three climatic zones revealed that all
detected members of the SOL cluster share the same distinct
morphology (Fig. 2). All these bacteria appeared as straight,
stick-like filaments of variable length ranging from 5 to
>100 pum and of quite stable, but narrow, width of 0.25-
0.35 pm. A sheath enclosing the filaments was sometimes
visible in 4’,6-diamidino-2-phenylindole (DAPI)-stained
preparations (epifluorescence microscopy). Branching fila-
ments were never detected with the probes specific for the
SOL cluster or its subclusters.

http://ijs.sgmjournals.org
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Flectobacillus major ATCC 29496" (M62787)
Flexibacter flexilis ATCC 23079" (M62794)
Sporocytophaga myxococcoides DSM 111187 (AJ310654)
Cytophaga hutchinsonii ATCC 33406" (M58768)
Microscilla marina ATCC 23134" (M58793)
Cyclobacterium marinum ATCC 43824 (M62788)

Belliella baltica BA134" (AJ564643)

Flexibacter tractuosus ATCC 231687 (M58789)

Reichenbachiella agariperforans KMM 3525" (AB058919)
Roseivirga ehrenbergii KMM 601 7" (AY608410)

[Flexibacter aggregans] IFO 15974 (AB078038)

[Flexibacter tractuosus] IFO 16035 (AB078073)

Flexibacter aggregans ATCC 23162" {M64628)
Flavobacterium aquatile ATCC 119477 (M62797)
Flavobacterium ferrugineum ATCC 13524" (M62798)
Chitinophaga pinensis ACM 20347 (AF078775)
Saprospira grandis ATCC 231 19" (M58795)

Lewinella cohaerens ATCC 231237 (AF039292)
Lewinella nigricans ATCC 231477 (AF039294)
Lewinella persica ATCC 23167" (AF039295)
'Candidatus Aquirestis calciphila’ (AJ786341)
'Candidatus Haliscomenobacter calcifugiens' (AJ786327)
Haliscomenobacter hydrossis DSM 1100" (AJ784892)

Fig. 1. Neighbour-joining tree based on
almost full-length 16S rRNA gene sequences
of species affiliated with the phylum Bact-
eroidetes. Bootstrap values represent percen-
tage support of the nodes based on 1000
resamplings (only values >60 are shown).
Three sequences of Actinobacteria (GenBank
accession numbers X77435, U09761 and
U09763) served as an outgroup (not shown).
Note that Haliscomenobacter hydrossis,
‘Candidatus H. calcifugiens’ and ‘Candidatus
A. calciphila’ are representatives of the so-
called HAL, GKS2-217 and LD2 subclusters,

respectively, which together constitute the so-
called SOL cluster (Schauer & Hahn, 2005).
Bar, 10% estimated sequence divergence.

We purchased the type strain of H. hydrossis (DSM 1100")
for comparison of morphological traits but found that this
strain had lost its ability to form a sheath (van Veen et al,
1973). It seemed that the loss of this trait resulted in the
formation of erratically curved filaments which lacked the
morphological characteristics originally described for this
strain (van Veen et al., 1973). The filamentous bacteria
detected by the specific FISH probes in the investigated

Fig. 2. Photomicrograph of a DAPI-stained water sample from
the oligotrophic Lake Attersee (Austria). The image shows a
46 um long filament of ‘Candidatus A. calciphila’ surrounded by
several much smaller cells of planktonic bacteria.

freshwater lakes shared several of the morphological char-
acteristics originally described for the H. hydrossis type strain
(van Veen et al., 1973; Eikelboom, 1975), but showed smaller
filament width than that described for the type strain (van
Veen et al., 1973). These differences in the results of filament
width measurements could result from the application of
different sizing methods. Furthermore, we searched for H.
hydrossis filaments in several samples from natural freshwater
habitats with a species-specific probe (Schauer & Hahn, 2005)
but never detected any probe-positive cells.

A morphological comparison of filaments detected by the
different subcluster-specific probes did not reveal any dis-
criminatory features. Thus, bacteria affiliated with the SOL
cluster (including the originally described H. hydrossis
phenotype) can be discriminated from other bacteria by
their unique morphology, but members of the three differ-
ent subclusters cannot be discriminated from each other on
the basis of morphological traits.

Physiology

Little is known about the physiology of these bacteria due to
the lack of pure cultures. In order to estimate the growth rate
of ‘Candidatus A. calciphila’ under natural conditions,
0.2 um-filtered lake water was inoculated with predator-free
(without water fleas and other metazooplankton species)
water from Lake Mondsee, Austria, and incubated at 20 °C.
The growth of the targeted bacteria was monitored by
microscopic observations. ‘Candidatus A. calciphila’ bac-
teria grew in the filtered lake water with doubling times of
3.0 days (growth rate 0.23 day ') which indicates that the
in situ growth rates of these bacteria are low. Growth under
anoxic conditions was not observed, while control treatments
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incubated under oxic conditions showed a clear increase in
cell numbers. These observations may indicate an obligately
aerobic physiology for ‘Candidatus A. calciphila’.

Ecology

A large number of freshwater habitats have been investigated
for the presence of the three SOL subclusters by specific
FISH probes (Schauer et al., 2005). Bacteria affiliated to the
SOL subcluster were detected in 73 % of the 115 investigated
habitats. The LD2 subcluster, which is represented by
‘Candidatus A. calciphila’, was detected in 62% of all
investigated samples, while the GKS2-217 subcluster, repre-
sented by ‘Candidatus H. calcifugiens’, was detected in 12 %
of the investigated samples. The HAL subcluster, repre-
sented by H. hydrossis, was detected in 22 % of the hybrid-
ized samples. Members of the subclusters represented by
‘Candidatus A. calciphila’ and ‘Candidatus H. calcifugiens’
were never observed to co-occur in the same habitat, while
members of the HAL subcluster, represented by H. hydrossis,
usually co-occurred with members of one of the other two
subclusters. Multivariate statistical analyses revealed that
water chemistry parameters mainly control the occurrence
of ‘Candidatus A. calciphila’ and ‘Candidatus H. calcifu-
giens’ in stagnant freshwater habitats. ‘Candidatus A. calci-
phila’ (i.e., subcluster LD2) is restricted to hard-water
habitats characterized by medium to high concentrations
of calcium and magnesium carbonate, with conductivity
values >60 pS cm ™' and pH values >7.7. ‘Candidatus A.
calciphila’ was also observed in the polysaline Lake Qinghai,
China (salinity 20 g17'; Wu et al, 2006), which is the
seventh largest saline lake in the world. Thus, this taxon is
not restricted to freshwater habitats (salinity <1 g17"). In
contrast, ‘Candidatus H. calcifugiens’ is restricted to soft-
water (low concentrations of calcium and magnesium
carbonate) habitats and was never detected in saline
lakes. The stagnant systems inhabited by ‘Candidatus H.
calcifugiens’ are characterized by low concentrations of
calcium and magnesium carbonate with conductivity
values <60 pS cm™ ' and pH values in the range 6.4-7.3.
Members of both groups (as well as members of the HAL
subcluster represented by H. hydrossis) were never observed
in acidic freshwater habitats with pH values <6.

‘Candidatus H. calcifugiens’ is characterized by a narrow
ecological amplitude. The soft-water habitats preferred by
this taxon have been found in the Austrian Alps and in
northern Sweden (Schauer et al., 2005). In contrast, ‘Candi-
datus A. calciphila’ was found over a broad range of habitat
types which indicates a wide ecological amplitude. For
instance, this taxon was detected in a hypertrophic part of
Lake Taihu located in the subtropical part of China, in Lake
Victoria and Lake Tanganjika located in tropical Africa and
in the oligotrophic Lake Attersee in Austria (Fig. 2).

Both Candidatus organisms seem to be restricted to the
pelagic zone of stagnant inland waters and were never
reported from soil or marine habitats. Both organisms were
detected over the entire water column of Lake Mondsee,

which has a maximum depth of 68 m. Furthermore,
‘Candidatus A. calciphila’ was detected year-round in the
same lake, but showed pronounced seasonal differences in
abundance. In two consecutive years differing strongly in
climatic conditions, a very similar seasonal pattern of
population dynamics was observed. Each year, the ‘Candi-
datus A. calciphila’ population formed a strong spring peak
and showed minor population peaks in summer and early
autumn. By contrast, the HAL group (to which H. hydrossis
is affiliated) was detected in the same lake only during a
short period of a few weeks in early autumn.

‘Candidatus A. calciphila’ was also detected in low numbers
in running water systems fed with water from lakes inhab-
ited by populations of these bacteria. On the other hand,
these bacteria were not detected in running waters that
lacked lakes or ponds located upstream. This observation
seems to indicate that the primary habitat of these bacteria is
the pelagic zone of stagnant inland waters.

Both ‘Candidatus A. calciphila’ and ‘Candidatus H. calcifug-
iens’ represent an important part of the freshwater bacterio-
plankton and appear in the water column of freshwater
habitats with relative abundances of <1 % to at least 11 % of
total bacterial numbers (Schauer & Hahn, 2005). The
observed total cell numbers for these taxa ranged from
several hundreds to 2 x 10> cells ml~". Due to their filamen-
tous morphologies and typical mean filament lengths of
20-50 pm, these bacteria contribute over proportionally to
the total bacterial biomass in freshwater habitats. These
bacteria comprise about 40% of the total bacterial
biovolume in some habitats (Schauer & Hahn, 2005).

Recently, water flea (Daphnia spp.) and other metazoo-
plankton species were identified as important predators of a
‘Candidatus A. calciphila’ population in the oligo-meso-
trophic Lake Mondsee (Schauer et al., 2006). On the other
hand, these bacteria were found to be resistant to predation
by bacterivorous protists (flagellates and ciliates) which are
usually the major predators of planktonic bacteria in
freshwater systems (Hahn & Hofle, 2001).

Biogeography

‘Candidatus A. calciphila’ is a cosmopolitan inhabitant of
hard-water lakes. This taxon was detected in habitats located
in Oceania (Australia, New Zealand), Central America
(Mexico), Africa (Lake Victoria, Lake Tanganyika), Eurasia
(Austria, China), as well as in habitats located in the
temperate, subtropical and tropical zones. Furthermore, this
taxon was also detected in a high mountain lake located
at an altitude of 4987 m on the Tibetan Plateau (Schauer
et al., 2005; Wu et al., 2006). Altogether, these observations
indicate that ‘Candidatus A. calciphila’ may inhabit all
appropriate hard-water lakes located on all continents and
in all climatic zones.

‘Candidatus H. calcifugiens’ has so far been exclusively
detected in soft-water lakes located in Austria and Sweden.

http://ijs.sgmjournals.org
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However, soft-water lakes suitable for this taxon located
outside of these two regions have not so far been investigated
for the presence of ‘Candidatus H. calcifugiens’. Thus, a
wider biogeographic distribution for this taxon cannot be
ruled out.

Cultivation

Despite extensive efforts to grow representatives of
subclusters LD2 and GKS2-217 in pure culture by using
various media and isolation methods (Schauer & Hahn,
2005), pure cultures have not yet been successfully
established. However, until cultivation of these important
representatives of freshwater bacterioplankton is achieved
or additional phenotypic data become available, we assign
members of the two species-like subgroups of the SOL
cluster to the provisional Candidatus status as proposed by
Murray & Stackebrandt (1995).

Description of ‘Candidatus Aquirestis calciphila’

‘Candidatus Aquirestis calciphila’ [A.qui.res’tis. L. n. aqua
water; L. fem. n. restis thread, rope; N.L. fem. n. Aquirestis
water thread; cal.ci’phi.la. L. fem. n. calx limestone (calcium
carbonate); Gr. adj. philos loving, friendly to; N.L. fem. adj.
calciphila loving limestone].

[(Bacteroidetes) NC; F; NAS (GenBank number AJ786341),
oligonucleotide sequence complementary to unique region
of 165 rRNA 5-AAGCTGTGAAGCGGAGCC-3'; FL (fresh-
water and saline lakes, planktonic); Aer, long straight fila-
ments with width <0.35 um; M]. Schauer & Hahn, Appl
Environ Microbiol 71:1931-1940, 2005.

Description of ‘Candidatus Haliscomenobacter
calcifugiens’

‘Candidatus Haliscomenobacter calcifugiens’ [cal.ci.fu’-
gi.ens. L. fem. n. calx limestone (calcium carbonate); L.
part. pres. fugiens fleeing, shy; N.L. part. pres. calcifugiens
fleeing from limestone].

[(Bacteroidetes, genus Haliscomenobacter); NC; F; NAS
(GenBank AJ786327), oligonucleotide sequence comple-
mentary to unique region of 16S rRNA 5'-CGGATTGTGT-
GTCCAAGCGAA-3'; FL (freshwater lakes with soft-water,
planktonic); Aer, long straight filaments with width
<0.35 pm; M]. Schauer & Hahn, Appl Environ Microbiol
71:1931-1940, 2005.
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Cultivation-dependent and -independent methods were combined to investigate the microdiversity of a
Polynucleobacter subcluster population (Betaproteobacteria) numerically dominating the bacterioplankton of a
small, humic freshwater pond. Complete coverage of the population by cultivation allowed the analysis of
microdiversity beyond the phylogenetic resolution of ribosomal markers. Fluorescent in situ hybridization with
two probes specific for the narrow subcluster C (PnecC bacteria) of the Polynucleobacter cluster revealed that
this population contributed up to 60% to the total number of bacterioplankton cells. Microdiversity was
investigated for a date at which the highest relative numbers of PnecC were observed. A clone library of
fragments of the ribosomal operon (16S rRNA genes, complete 16S-23S internal transcribed spacer 1 [ITS1],
partial 23S rRNA genes) amplified with universal bacterial primers was constructed. The library was stepwise
screened for fragments from PnecC bacteria and for different ITS genotypes of PnecC bacteria. The isolated
PnecC strains were characterized by sequencing of the 16S rRNA genes and the ITS1. Both the clone library
and the established culture collection contained only the same three ITS genotypes, and one of them contrib-
uted 46% to the entire number of clones. Genomic fingerprinting of the isolates with several methods always
resulted in the detection of only one fingerprint per ITS genotype. We conclude that a Polynucleobacter
population with an extremely low intraspecific diversity and an uneven structure numerically dominated the
bacterioplankton community in the investigated habitat. This low intraspecific diversity is in strong contrast

to the high intraspecific diversities found in marine bacterial populations.

Microdiversity of prokaryotes, i.e., the genetic diversity
within species-like (>97% similarity of 16S rRNA genes) phy-
logenetic groups, receives increasing attention in microbial
ecology (1, 5, 18, 19, 24, 28); however, the ecological signifi-
cance of this diversity is still unknown. The coexistence of
different bacterial genotypes belonging to the same species-like
phylogenetic group is well documented for marine (1, 18, 19,
35, 45) and freshwater habitats (8, 9, 10, 11, 27, 30, 43). Re-
cently, Acinas et al. (1) demonstrated by the construction and
analysis of 16S rRNA clone libraries that a coastal bacterio-
plankton community contained a very high diversity of ri-
botypes, the vast majority of which fell into phylogenetically
microdiverse sequence clusters (<1% divergent 16S rRNA
sequences). Similarly, extensive microdiversities were also ob-
served in populations of sulfate-reducing bacteria inhabiting a
salt marsh (29) and in a Vibrio splendidus population from
coastal bacterioplankton (42). The V. splendidus population
consisted of at least a thousand distinct genotypes, which dem-
onstrated a high variability in genome size and allelic compo-
sition (42).

The major aim of the study presented here was the investi-
gation of the intraspecific structure (microdiversity) of a bac-
terial population occurring in freshwater bacterioplankton
with high numbers. Specifically, we wanted to reveal (i) if
populations of freshwater bacteria share with marine popula-

* Corresponding author. Mailing address: Institute for Limnology,
Austrian Academy of Sciences, Mondseestrasse 9, A-5310 Mondsee,
Austria. Phone: 43 6232 3125-29. Fax: 43 6232 3578. E-mail: martin
.hahn@oeaw.ac.at.
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tions the characteristic of a high intraspecific diversity and (ii)
if a population contributing >50% of the total numbers of
bacterioplankton cells possesses a high genotypic diversity,
which could potentially indicate a high intraspecific ecological
diversity within the population.

A Polynucleobacter subcluster C (PnecC) (23) population
(operationally defined as a narrow ribotype cluster), which
temporarily dominated the bacterioplankton of a small dystro-
phic freshwater habitat, was selected for the study. The mono-
phyletic PnecC cluster is characterized by a high minimum
sequence similarity of 98.5% (23) and resembles in this feature
the microdiverse clusters of marine bacteria (1, 42). Sequences
affiliated with PnecC were previously obtained from endosym-
bionts of aquatic ciliates (40, 44), from many freshwater hab-
itats investigated with culture-independent methods (11, 21,
27, 50), and from strains isolated from several freshwater hab-
itats (23). Reports on the detection of PnecC bacteria in soil or
marine systems are lacking. Due to the differences in origin of
the sequences, it was previously speculated that the species-
like PnecC cluster contains ecologically diverse strains, i.e.,
obligately endosymbiotic, as well as free-living, strains (23);
however, evidence for the fundamental differences in lifestyle
between PnecC strains observed in the cytoplasms of benthic
ciliates (19, 44) and strains isolated from the pelagic zones of
several freshwater habitats (23) is still lacking. Furthermore, it
is not known if the many PnecC sequences retrieved by culture-
independent methods from freshwater habitats, as well as the
isolated strains, originate from cells contained in ciliate cells or
from free-living cells. This knowledge is important for the
interpretation of the ecological role of PnecC bacteria, because
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TABLE 1. Newly designed FISH probes specific for Polynucleobacter bacteria”

Length

» Formamide No. of unspecific

Probe Sequence (n0) Target Position’ conen® (%) Specificity matches?
PnecABD-445 5'-GAG CTG CTG TTT CTT CCC-3’ 18  16S rRNA 445-463 35 Subclusters A, B, and D 0
PnecC-16S-445 5'-GAG CCG GTG TTT CTT CCC-3’ 18  16S rRNA 445-463 35 Subcluster C (PnecC) 1
PnecC-23S-166 5'-GTT CGC TTC TCA TAC CCT-3’ 18 23S rRNA 166-182 35 Subcluster C (PnecC) 0
PnecD1-181 5'-TTT CCC CCT AAG GGA TT-3' 17 16S rRNA 181-197 15 Part of subcluster D¢ 18
PnecD2-181 5'"-TTT CCC CCT TAG GGA TT-3' 17 16S rRNA 181-197 15 Other part of subcluster D¢ 3"

¢ Information on the division of the Polynucleobacter cluster in four subclusters (A to D) can be found elsewhere (23).

b E. coli numbering.
¢ Concentration in hybridization buffer.

4 Number of known sequences which match the probes but do not belong to the target group.

¢ Sequences of isolate MWH-CaK1 (AJ550667) and clone 27 (AF361194) are not targeted by these probes (both belong to subcluster D).
/Uncultured Cytophagales bacterium clone LiUU-1-2B (AF550604). Sequence was published by Eilers et al. (13).

¢ Environmental sequence (AY592152) was obtained by Heijs et al. (unpublished data) from an anaerobic marine site.

" Two Beggiatoa sequences (AF110273, AF110274) and one alphaproteobacterial sequence from a hot spring (AF445716).

free-living and endosymbiotic stages have different ecological
functions and participate differently in carbon and nutrient
fluxes of ecosystems.

The microdiversity of the selected PnecC population was
investigated by construction and analysis of a clone library
containing fragments of the bacterial ribosomal operons. In
order to characterize the microdiversity of the population be-
yond the phylogenetic resolution of ribosomal markers, a cul-
ture collection of PnecC strains was established and analyzed
by way of the sequencing of ribosomal markers and genomic
fingerprinting by five different methods. The combination of
culture-independent and cultivation methods provided deep
insights into the genotypic structure of a bacterial population
numerically dominating a freshwater community.

MATERIALS AND METHODS

Study site. The Polynucleobacter subcluster C (PnecC) population in a perma-
nent, small (surface area, ~150 m?), shallow (maximum depth, 1.3 m), humic
pond called Kleine Lacke was investigated. This fishless pond is located in the
Austrian Alps (13°18'N, 47°44'E) near Salzburg at an altitude of 1,300 m above
sea level. The pond contains acidic water with a brown water color. The entire
shore of the pond is formed by “schwingmoor” (i.e., floating peat moss [Sphag-
num]-dominated vegetation). The pond is lacking a permanent surface inflow
and possesses an almost permanent outflow with low water charge. The sur-
rounding terrestrial area is approximately equally covered by grass, blueberries,
ferns, and coniferous trees. The area is usually used as a pasture, stocked with a
small number of cattle and horses, in the period from June to mid-September. In
the investigation period, the pond was permanently ice and snow covered from
December 2003 to early May 2004. In February, the ice cover was ca. 0.5 m thick
and consisted of several layers of different consistencies.

Sampling. The pond was repeatedly sampled over a period of 13 months
(September 2003 to October 2004). Oxygen concentration, pH, conductivity, and
water temperature were measured on location. For the determination of micro-
biological data, water samples were transported to the lab and immediately
processed upon arrival. Transportation times were usually less than 1 h.

Determination of total bacterial cell numbers. Water samples were fixed with
formaldehyde (2% final concentration), stained with 4',6’-diamidino-2-phenylin-
dole (DAPI; Sigma), and filtered onto black 0.2-pm-pore-size Nuclepore filters
(Millipore). Total bacterial cell numbers were determined with an epifluores-
cence microscope (Zeiss Axioplan) under UV excitation at a magnification of
X1,250. Calculated cell numbers are based on at least 10 counted microscopic
fields.

Development of probes for FISH. A set of five probes specific for subclusters
or for groups of subclusters of the Polynucleobacter cluster (23) was designed by
using the ARB software package (32). Additional theoretical evaluation of the
specificity of probes by the submission of probe sequences to BLAST (http://www
.ncbi.nlm.nih.gov/BLAST) resulted in a few unspecific matches (Table 1); how-
ever, the prokaryotes potentially matching the probes are with one exception not
known from the pelagic zone of freshwater habitats. The results obtained with

the only probe (PnecC 16S-445) unspecifically matching a planktonic freshwater
bacterium were checked by a second probe specific for the same phylogenetic
group. The determination of stringent conditions for fluorescent in situ hybrid-
ization (FISH) was performed by using paraformaldehyde-fixed cells of target
and nontarget strains. These experiments were performed with cultures of
Polynucleobacter strains, as well as with strains not affiliated with this cluster.
Fluorescence intensities of hybridized nontarget and target cells were analyzed in
experiments with a series of increasing concentrations of formamide in the
hybridization buffer. Under stringent hybridization conditions, the subcluster-
specific probes did not hybridize with members of the other subclusters. The
sequences of the five developed probes and their stringent hybridization condi-
tions are provided in Table 1.

Analysis of samples by FISH. Samples (20 ml) were fixed with paraformalde-
hyde solution (2% [wt/vol] final concentration) at room temperature for 2 h.
After fixation, samples were filtered onto 0.2-pm-pore-size Isopore membrane
filters (47 mm; Millipore), rinsed with phosphate-buffered saline buffer and
sterile Milli-Q water, dried at room temperature, and stored at —20°C. Whole-
cell in situ hybridizations of sections from the polycarbonate filters were per-
formed with the five newly designed oligonucleotide probes, as well as with
probes BET2-870 (Polynucleobacter cluster and a few related sequences outside
the cluster, 16S rRNA targeted) (7), BET42a (Betaproteobacteria, 23S rRNA
targeted) (34), GAM42a (Gammaproteobacteria, 23S rRNA targeted) (34),
ALF968 (Alphaproteobacteria, 16S rRNA targeted) (37), CF319a (many Bacte-
roidetes, 16S TRNA targeted) (33), and EUB338 (most bacteria, 16S rRNA
targeted) (3). All probes were obtained as Cy3-monolabeled probes (Thermo-
Hybaid, Ulm, Germany). Hybridization and analysis were performed according
to the protocol by Alfreider et al. (2).

Isolation and cultivation of PnecC strains. For the isolation of PnecC strains
from a water sample taken on 15 October 2003, the acclimatization method (25)
was used in two variations. The first variant, the filtration-acclimatization
method, uses filtration through 0.2-pm-pore-size filters for the enrichment of
Polynucleobacter bacteria, as well as for the exclusion of many bacteria that are
able to overgrow the target bacteria. The second variant, the novel dilution-
acclimatization method (DAM), uses dilution steps for separation of the most
abundant bacteria from the less abundant ones. In general, the cultivation ex-
periments were performed as described previously (25). The only differences
were the dilution steps in DAM, as well as the use of additional media. Three
different dilutions (10~%, 107>, and 10 °) were incubated in the different DAM
experiments. Three different media were used for the initial cultivation steps of
filtration-acclimatization method and DAM experiments. These media were the
artificial inorganic IBM medium (25) enriched with 0.1% NSY medium (25) and
the 0.2-pm-filtered water from the investigated habitat, sterilized either by au-
toclaving or by microwave treatment (39). Cultures were screened by FISH for
the identification of PnecC-positive cultures. Only PnecC strains were further
processed and analyzed.

Phylogenetic analysis of the isolated PnecC strains. Partial (all strains) and
almost complete (12 strains) sequencing of the 16S rRNA gene was performed
as described previously (23). Furthermore, sequencing of the complete 16S-23S
internal-transcribed spacer (ITS) was performed for 10 strains by using the
primers 1406F (31) and 23Sr (16). A set of reference ITS sequences from 20
other PnecC strains and 19 other non-PnecC Polynucleobacter strains was estab-
lished for the proper alignment and analysis of the obtained sequences. Align-
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TABLE 2. Primers developed for the screening of the clone library

Primer Type Sequence (5'-3") L((:;ltg)th MCltl(Iolé)lCmp Target Specificity
19F* Forward MTG GCT CAG ATT GAA CGCT 19 55.6 16S rRNA gene  Many bacteria
PnecCr-4° Reverse  AAC GAG CAC CAT TGC TAG T 19 545 16S-23S ITS PnecC
PnecCr-5° Reverse ~ AAC GAG CAC CAT TGC TAG Y 19 55.6 16S-23S ITS PnecC
PnecCGI1F Forward TAA ATG TCA AAA CTA AGC GAT CTA A 25 54.8 16S-23S ITS ITS genotype 1 (PnecC)
PnecCG1+2strF Forward TAG AGA AAA GAT GCT GAA TCC TA 23 55.3 16S-23S ITS ITS genotypes 1 and 2 and a few

other genotypes (PnecC)

PnecCG2F Forward AGA CCC ACC AAT CAG CGT 18 56.0 16S-23S ITS ITS genotype 2 (PnecC)
PnecCG3F Forward ACC CAC CAT CAG CAG CA 17 55.2 16S-23S ITS ITS genotype 3 (PnecC)

“ Primer targets a conserved sequence close to the 5" end of the 16S rRNA gene. Melting temperature was optimized for combination with primers PnecCr-4 and

PnecCr-5.

® Primers PnecCr-4 and PnecCr-5 differ in only 1 nucleotide and target the same position of the ITS. Primer PnecCr-4 may not work in the case of one PnecC

genotype.

ment of the ribosomal sequences was performed by using the ARB software
package (32). Phylogenetic trees were constructed as described previously (23).

Preliminary taxonomic classification of the isolated strains. The isolated
strains are closely related to the endosymbiotic type strain of Polynucleobacter
necessarius (16S rRNA similarity, 99.2 to 99.4%). This species was described as
an obligate endosymbiont of a ciliate (26). Despite the close phylogenetic rela-
tionship, the isolates were preliminarily not classified as Polynucleobacter neces-
sarius strains due to the potential differences in lifestyle (obligate endosymbionts
versus potentially completely free-living planktonic). Instead, the isolates are
considered members of the subcluster C of the Polynucleobacter cluster (PnecC)
(23). For the sister group of PnecC, the subcluster D of the Polynucleobacter
cluster, the term PnecD is used.

Construction and analysis of a clone library. For construction of a clone
library of fragments of the ribosomal operons of bacteria, water samples (200 ml)
were taken on 15 October 2003, filtered on a membrane filter (pore size, 0.2 pm;
diameter, 47 mm; Millipore), and stored at —70°C until processing. For the
extraction of DNA, the FastDNA kit and the FastPrep instrument (Q-Biogene)
were used. Fragments of the ribosomal operons were amplified with primers 27F
(31) and 23Sr (16). Both primers are universal bacterial primers, which bind to
positions 8 to 27 (Escherichia coli numbering) of the 16S rRNA gene and
positions 130 to 114 (E. coli numbering) of the 23S rRNA gene, respectively.
Amplification was performed in a Primus 967" thermocycler (MWG-Biotech) in
50-pl reaction mixtures containing PCR buffer, approximately 100 ng of DNA,
200 pM concentrations of deoxynucleoside triphosphates (dNTPs), 2 mM
MgCl,, 1.25 U of Tag DNA polymerase (QIAGEN), and 0.2 uM concentrations
of (each) primer. The cycling conditions were initially denaturated at 94°C for 3
min, which was followed by 30 cycles at 94°C for 1 min, 53.0°C for 1 min, and
72°C for 2 min. Cycling was finished with an extension step of 10 min at 72°C. The
PCR products were purified with the QIAquick PCR purification kit (QIAGEN),
ligated in pDrive cloning vector (PCR Cloning plus kit; QIAGEN, Hilden,
Germany), and cloned into competent E. coli cells according to the instructions
by the manufacturer. The harvested clones were screened for the length of the
inserts, and only clones with inserts of >1,500 bp were considered for further
analysis. For the detection of PnecC clones, the library was screened by using
primer pair 19F/PnecCr-4 (annealing temperature, 63.0°C) (Table 2). The re-
verse primer PnecCr-4 is specific for ITS sequences of PnecC bacteria. For
identifying different ITS genotypes, the PnecC clones were further screened by
using the restriction enzyme EcoNI. Only 3 out of the 21 ITS genotypes (strains
with different ITS sequences) known from PnecC bacteria possess one restriction
site (instead of two) in the cloned 27F/23Sr fragment. Two out of these three ITS
genotypes are exclusively known from the investigated pond (isolated strains).
Further differentiation of PnecC ITS genotypes was performed by using ITS
genotype-specific primer pairs (Table 2). The two primer pairs PnecCG1F/23Sr
(annealing temperature, 62.5°C) and PnecCG1+2strF/PnecCr-5 (annealing tem-
perature, 66.0°C) were used for the detection of clones belonging to ITS geno-
types 1. The first primer pair is specific for the ITS genotype 1, while the second
primer pair targets ITS genotype 1 and two more genotypes (out of 21) affiliated
with PnecC. The two forward primers target sequences located at different
positions of the ITS sequences. Primers PnecCG2F and PnecCr-5 (annealing
temperature, 67.0°C) were used for the detection of ITS genotype 2 clones, and
primers PnecCG3F and PnecCr-5 (annealing temperature, 65.0°C) were used for
the identification of ITS genotype 3 clones. Theoretical evaluation of the spec-
ificity of the newly designed primers (by BLAST) revealed for all primers no
100% match to any known sequence. PCR conditions for the newly designed

primers were optimized by using a gradient temperature cycler (Eppendorf) and
template DNA from target and nontarget organisms. Besides the annealing
temperatures, PCR conditions were as described above.

Twenty-five clones, including representatives of all the PnecC genotypes de-
tected in the clone library, were sequenced. The sequences were aligned and
analyzed as described for the sequences of the isolates.

Whole genome fingerprinting of cultured strains. The three different tech-
niques enterobacterial repetitive intergenic consensus (ERIC) PCR, repetitive
extragenic palindromic-PCR (REP-PCR), and random amplification of polymor-
phic DNA (RAPD) were used for fingerprinting of the isolates obtained from the
investigated pond. (i) For ERIC, the primers ERICIR and ERIC2 (12) were
used. The 20-pl PCR mixture contained 0.5 U Tagq, 2.5 mM MgCl,, 200 uM
concentrations of dNTPs, 2 wl 10X PCR buffer, 0.2 uM concentrations of (each)
primer, and 1 ul template DNA. The cycling conditions were 3 min at 94°C; 41
cycles with 1 min at 94°C, 1 min at 50°C, and 2 min at 72°C; and a final cycle at
72°C for 10 min. (ii) For REP-PCR, the primers REP1R1 and REP2-I (12) were
used. The 20-ul PCR mixture contained 2 U Tag, 2.5 mM MgCl,, 200 pM
concentrations of dNTPs, 2 pl 10X PCR buffer, 0.25 pM concentrations of
(each) primer, and 1 pl template DNA. Cycling conditions were 6 min at 94°C;
41 cycles with 1 min at 94°C, 1 min at 45°C, and 2 min at 72°C; and a final cycle
at 72°C for 10 min. (iii) Three different RAPD fingerprintings were performed by
using the primers A, B, and C (49). The PCR conditions were according to the
protocol by Ziemke et al. (49).

Nucleotide i bers. Twenty-five 16S rRNA gene and
ITS1 sequences of clones and isolates obtained from the investigated pond were
deposited under accession numbers AJ879778 to AJ879802. The submission of
10 ITS1 sequences, as well as several partial 16S rRNA sequences identical with
one or more other sequences, was omitted.

'€ ac(

RESULTS

Basic chemophysical characteristics of the investigated
pond. The water of the pond was characterized during the
investigation period by a low conductivity (7 to 52 uS cm™ )
and an acidic pH (4.3 to 6.0). Measured water temperatures
ranged from 0.1 to 17.3°C, and the oxygen satiation was usually
around 100% but dropped during the ice-covered period (Fig.
1) to <1% satiation (February 2004).

Determination of PnecC numbers by FISH. Water samples
taken in the period from September 2003 to October 2004
were investigated by FISH. Probe PnecC-16S-445, which is
specific for the narrow, species-like Polynucleobacter subcluster
C (PnecC, 98.5% minimum 16S rRNA gene sequence similar-
ities), detected cell numbers in the range of 0.02 X 10° to 1.12
X 10° cells mI~* (Fig. 1). These numbers equal the relative
abundances of 4 to 59% of the total numbers of bacterioplank-
ton cells. All of the detected cells were freely suspended plank-
tonic bacteria, and no probe-positive cells were found to be
located inside ciliate cells. Probe PnecC-23S-166, which is also
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FIG. 1. Annual cycle of PnecC population dynamics in the water
column of the investigated dystrophic pond in the period from Sep-
tember 2003 to October 2004. Relative abundances of the PnecC
population were obtained by using probes PnecC-16S-445 (16S rRNA
targeted [black triangles]) and PnecC-23S-166 (23S rRNA targeted
[gray diamond], only data for 2003). The entire Polynucleobacter clus-
ter plus a few related sequences outside the cluster were targeted with
probe BET2-870 (open squares). The absolute numbers of the PnecC
population are based on the data obtained with probe PnecC-16S-445.
The period of ice cover on the pond is depicted by the gray (temporary,
e.g., overnight) and black (presumably permanent-cover) parts of the
horizontal bar. The arrow indicates the date of sampling for construc-
tion of the clone library and the establishment of the culture collection.

PnecC specific but targeting the 23S rRNA, was applied to
samples from 2003 and detected very similar percentages of
total bacterial numbers. Probe PnecABD-445, specific for the
other three subclusters of the Polynucleobacter cluster, de-
tected no bacteria in any of the samples. The two probes
PnecD1-181 and PnecD2-181, which together cover almost the
entire subcluster D, were applied to the sample from 15 Oc-
tober 2003 and also detected no bacteria. Application of the
relatively broad probe BET2-870, targeting the entire
Polynucleobacter cluster and a few related sequences outside

APPL. ENVIRON. MICROBIOL.

the cluster, resulted in very similar data as obtained by probes
PnecC-16S-445 and PnecC-23S-166 (Fig. 1). Obviously, only
Polynucleobacter bacteria belonging to PnecC could be de-
tected in the pond during the 13-month investigation period.
Results from FISH with probes targeting large phylogenetic
groups support the image of the large contribution of PnecC
bacteria to total bacterioplankton (Fig. 2).

Isolation and genotyping of PnecC strains. In total, 22
strains belonging to PnecC were isolated from the water sam-
ple taken on 15 October 2003. The 16S rRNA genes of all
strains were partially or almost completely sequenced. Only
three genotypes could be found among the isolated strains.
The almost complete sequences differed only in four sequence
positions (minimum sequence similarity, 99.80%). Sequencing
of the 16S-23S ITS sequences of representatives of each of the
three genotypes did not further increase the revealed genetic
diversity of the isolates (Fig. 3). All investigated strains of the
same 16S rRNA genotype possessed identical ITS sequences
(including two tRNA genes) of 515 or 519 nucleotides in
length. The ITS sequences of the three genotypes differed in 33
positions (including insertions and deletions). Both the three
16S rRNA gene sequences and the three ITS sequences are
novel genotypes different from the genotypes previously found
among investigated PnecC isolates (23; unpublished data).

By fingerprinting the 22 strains with ERIC, REP-PCR, or
RAPD (three different RAPD primers were used), only three
genomic genotypes could be detected. All applied fingerprint-
ing methods could not reveal any genotypic differences be-
tween strains of the same ITS genotype but always revealed
pronounced differences between strains of different ITS geno-
types (Fig. 4). Thus, the three genomic genotypes revealed by
fingerprinting were in perfect congruence with the ribosomal
genotypes.

Analysis of the clone library. A clone library containing 103
clones of ribosomal operon fragments obtained from the water
sample taken on 15 October 2003 was established. The library
was systematically screened for PnecC sequences, as well as for

100 ~
T «—— other Prokaryotes (including not hybridizable cells)

80 ~ Bacteroidetes (0.9%) [CF319a]
g 1 < Alphaproteobacteria [N F968]
"é’ % - <«—— other Betaproteobacteria

Q — ————————————————
E= :i ITS genotype 3 [EUB338]
=g i [BET42a]
£ % . ITS genotype 2 PnecC
5 8 [PnecC-16S-445,
<3 1 PnecC-238-166]
S PR <—ITS genotype 1
0

FIG. 2. Composition of the bacterioplankton community in the investigated dystrophic pond on 15 October 2003. The presented percentages
are based mainly on results from hybridization with FISH probes. The data for the Polynucleobacter subcluster C population are the average data
from hybridization with two different probes (probe BET2-870 also resulted in the detection of ~60% of the DAPI-stained cells). The percentage
of other Betaproteobacteria is the difference between counts with probe BET42a and the percentage of Polynucleobacter bacteria. The fraction of
other prokaryotes includes bacteria not hybridized with the used group-specific probes and the 19% of DAPI-stained cells which gave no detectable
signals with probe EUB338. Percentages of Polynucleobacter ITS genotypes represent estimates based on the analysis of the clone library.
Gammaproteobacteria were detected but could not be enumerated due to very low cell numbers. Names of probes are shown in square brackets.
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FIG. 3. Neighbor-joining tree showing the phylogenetic relationships

of isolated and uncultured strains affiliated with PnecC and PnecD. The

tree was calculated with complete 16S-23S ITS sequences (511 to 519 nucleotides). The length of the complete ITS sequences (including two tRNA
genes) is indicated for single sequences or for groups of sequences. The two subclusters, PnecC and PnecD, are indicated by the outermost right
brackets. Isolates and clones of the three genotypes found in the investigated pond are indicated by gray boxes. The three ITS genotypes known
from the investigated pond and the other 13 ITS genotypes shown together represent 76% of the currently known ITS genotypes affiliated with
PnecC. The ITS sequence (510 bp) of Ralstonia solanacearum (NC_003295) served as the outgroup (data not shown). Bootstrap (1,000 iterations)
values of >70% are shown. The scale bar indicates 10% estimated sequence divergence. Clone P1-31 (genotype 1) is not shown in the tree. Its

ITS sequence is identical with the sequences of the genotype 1 isolates,

different PnecC genotypes. In total, 56 PnecC clones were
detected. Thus, 54.4% of the total number of clones was com-
prised of PnecC clones, which is close to the 58.8% (standard
deviation, 1.9; results from hybridizations with three different
FISH probes) contribution of PnecC cells to the total number
of bacterioplankton cells.

Screening of the clone library for different PnecC ITS geno-
types by restriction fragment length polymorphism analysis and
by four PCR probes specific for the three ITS genotypes known
from the isolates resulted in the detection of only three ITS
genotypes. Based on this approach, each PnecC clone could be
assigned to one of the three ITS genotypes known from the
isolates obtained from the same habitat at the same time. No
contradiction between the results obtained by the two screen-
ing methods was observed. For further confirmation, 25 PnecC
clones (including all clones assigned by screening to genotypes
2 and 3, as well as 16 clones assigned to genotype 1) were
selected for complete ITS sequencing, as well as partial or
complete 16S rRNA gene sequencing. Sixty-seven percent of

as well as with the majority of the genotype 1 clones.

the analyzed cloned ITS sequences was identical with the se-
quences of isolates obtained from the same water sample. The
other sequences differed in one to three sequence positions
(0.2 to 0.6% of sequence positions). In phylogenetic analysis,
these slightly different sequences clearly clustered with the
three ITS genotypes of the isolates (Fig. 3). None of the ob-
served sequence differences within a group of ITS genotypes
was found in more than one sequence. In order to identify
potential PCR artifacts among the sequence differences be-
tween cloned sequences and directly sequenced isolates of the
same ITS genotype, the cloned ITS sequences were compared
with a large set of PnecC and PnecD reference sequences.
These reference sequences were obtained by direct sequencing
from cultured representatives of the two Polynucleobacter sub-
clusters (Table 3). Only 1 of the 13 identified potential PCR
artifacts was located at a sequence position, which is variable
within PnecC. The other 12 potential artifacts were located in
positions which were found to be invariable within PnecC or
even within both subclusters. Based on this sequence compar-
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FIG. 4. Genomic fingerprints of PnecC strains isolated from the
dystrophic pond. The presented RAPD fingerprints were obtained by
using primer A (49). Use of two other RAPD primers, as well as the
application of two other fingerprinting methods (ERIC and REP-
PCR), did not result in differences in the fingerprints of strains of the
same ITS genotype. The isolates were assigned to the respective ge-
notypes based on their ribosomal sequences. Relatively large amounts
of PCR products were applied to the gel to make weak bands also
visible. Lane 1, negative control (no template DNA); lanes 2 through
4, genotype 1 (G1) strains; lanes 5 through 16, genotype 2 (G2) strains;
lanes 17 through 23, genotype 3 (G3) strains; lane 24, E. coli; outer-
most left and right lanes, lambda ladder.

ison, we assume that the 25 cloned ITS sequences analyzed
represent only three ITS genotypes.

Reconstruction of the PnecC population structure and the
bacterioplankton community structure. The cloned ribosomal
fragments of the three PnecC ITS genotypes differ in length by
only 3 nucleotides (1 bp in 16S rRNA genes and 4 bp in ITS
sequences); therefore, we do not expect significant differences
in PCR amplification of these sequences. If one further as-
sumes for these very closely related strains no pronounced
differences in ribosomal copy numbers per cell, as well as no
genotype-specific differences in the efficiency of DNA extrac-
tion, then the established clone library could be used for the
estimation of the PnecC population structure in the investi-
gated pond. Quantitative analysis of the screening of the
PnecC clones revealed that 84% of the PnecC clones belong to
ITS genotype 1, 14% to ITS genotype 2, and only 2% to ITS
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genotype 3. This indicates a strongly uneven genotypic struc-
ture of the PnecC population at the day of sampling.

For estimation of the contribution of the single PnecC ITS
genotypes to the total bacterioplankton, their potential under
representation in the clone library was estimated by compari-
son of the PnecC percentage determined by FISH (58.8%) and
the PnecC percentage in the clone library (54.4%). This ap-
proach resulted in the estimation that PnecC genotype 1 con-
tributed ca. 50% to the total number of bacterial cells in the
investigated dystrophic pond (Fig. 2).

Comparison of cloned PnecC sequences with sequences ob-
tained from the isolates (Fig. 3) demonstrates complete cov-
erage of the PnecC population by cultivation. Therefore, the
genomic fingerprinting of the isolates provides insights into the
population structure beyond the phylogenetic resolution of
ribosomal markers. The detection of only three genotypes by
fingerprinting indicates a low microdiversity of the PnecC pop-
ulation even on the genome level.

DISCUSSION

In order to verify the surprisingly large contribution of the
PnecC population to the bacterioplankton in the investigated
habitat, a set of nested FISH probes was applied. Two inde-
pendent probes specific for subcluster PnecC, as well as a
broader probe (7) specific for the entire Polynucleobacter clus-
ter (23) and a few sequences outside of this cluster, provided
very similar results. Application of a probe covering the entire
non-PnecC part of the Polynucleobacter cluster resulted in no
detections. These consistent results clearly verify the domi-
nance of the PnecC population; however, we cannot exclude an
underestimation of the PnecC numbers by the presence of
PnecC cells giving only undetectable hybridization signals.

The difference of 4% in the contribution of PnecC to total
bacterial numbers (FISH) and the total number of clones in
the library could be a result of several factors (14, 41, 46). On
the other hand, we do not expect a strongly biased represen-
tation of the different PnecC ITS genotypes in the clone library
because we assume neither significant differences in DNA ex-
traction efficiency for the closely related PnecC strains nor
strong differences in rRNA gene copy numbers, or a strong

TABLE 3. Analysis of the 25 ITS sequences affiliated with PnecC obtained from the established clone library for potential PCR artifacts”

Potential PCR artifacts No. of potential artifacts in positions:

Affiliation of
(no. of sequence

No. of

Analyzed ITS sequences No. of analyzed

Conserved in Conserved in Variable within

(source) sequences  sequences sequence positions .
positions) PnecC and PnecD PnecC PnecC and PnecD
PnecC reference sequences” PnecC 34 17,511 No variation’  No variation® Variable/
PnecD reference sequences® PnecD 18 9,279 No variation’  No variation® Variable
Clones (this study) PnecC 25 12,879 13 11 1 1

“ Sequence positions, which differed in the cloned sequences from sequences of isolates belonging to the same ITS genotype, were considered potential PCR artifacts.
In total 13 positions, i.e., 0.1% of the total number of cloned ITS sequence positions with potential PCR artifacts, were identified. These positions were compared with
the homologous positions in a set of 52 reference sequences affiliated with subclusters C and D of the Polynucleobacter cluster. All reference sequences were obtained
by direct sequencing. Only one potential PCR artifact was found to be located in a variable sequence position. The other sequence differences were located in sequence
positions absolutely invariable in both subclusters or at least within PnecC.

® Sequences from directly sequenced isolates and endosymbionts belonging to Polynucleobacter subcluster C (PnecC), including isolates obtained from the dystrophic
pond.

¢ Sequences from directtly sequenced isolates belonging to Polynucleobacter subcluster D (PnecD).

4 No variation within PnecC and PnecD, and identical in both subclusters.

¢ No variation within PnecC and PnecD, but not identical in both subclusters.

/Variable within PnecC and PnecD.
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difference in the template-to-product ratio in the PCR of
PnecC sequences. Polz and Cavanaugh (38) compared tem-
plate and product ratios in PCR amplifications of the ribo-
somal genes of closely related species and observed shifts by
factors of 1.0 to 1.8. The sequences of the different PnecC ITS
genotypes are much more similar to each other than the se-
quences of these closely related species; however, the frequen-
cies of the ITS genotypes in the clone library differed by factors
of 5.9 and 47.0. Thus, it appears to be unlikely that the uneven
ITS genotype distribution in the clone library is predominantly
a result of PCR bias. We assume that the ITS genotype fre-
quencies observed in the established clone library provide a
semiquantitative image of the genotypic structure of the inves-
tigated PnecC population.

Large PnecC numbers in the pelagic zone of the investigated
pond. To our knowledge, the absolute numerical dominance of
a species-like bacterial population in a nonextreme aquatic
habitat, as well as the occurrence of such a planktonic popu-
lation with cell numbers of >1 X 10° ml~!, was not reported
previously. Bacterial groups demonstrated to occur in nonex-
treme habitats with high relative numbers represented much
broader phylogenetic groups (7, 36). For instance, the well-
investigated SAR11 cluster, which comprises up to 50% and,
on average, 30% of bacterioplankton in marine surface waters
(36), represents a broad phylogenetic group with a minimum
16S rRNA sequence similarity of 88.8% (PnecC, 98.5%). This
low similarity value indicates that this cluster potentially har-
bors several species belonging to one or several genera.

The PnecC group is a phylogenetically narrow, but poten-
tially ecologically diverse, group (23, 26, 44). Strains affiliated
with this group are thought to be obligate endosymbionts of at
least two benthic ciliate species living in fresh and brackish
water (26, 44). We demonstrated by FISH the presence of
free-living PnecC cells in the pelagic zone of a freshwater
habitat. This indicates that many or all of the environmental
PnecC sequences collected from the pelagic zones of freshwa-
ter habitats (7, 10, 11, 21, 27, 50) originate from free-living
cells; however, it is still not known if these cells represent
completely free-living strains or facultative endosymbionts of
ciliates. The numerically significant contribution of free-living
stages of facultative endosymbionts or facultative parasites of
protists (e.g., Legionella spp.) to total numbers of bacterial
communities has not been observed (17). However, detailed
studies on PnecC bacteria have to reveal whether the endo-
symbiotic stages (26, 44) and the observed free-living stages
represent two completely independent lifestyles or only two
stages of the same lifestyle (i.e., facultative endosymbionts).
This knowledge will be essential for the understanding of the
reasons for the observed numerical dominance of the PnecC
bacteria.

Low microdiversity of the PnecC population. Only a few
studies have revealed the microdiversity of free-living bacterial
populations (1, 29, 42, 45). The investigated PnecC population
differed from these populations in a low microdiversity and a
strongly uneven population structure. The observed low mi-
crodiversity may reflect a low overall genotype richness of the
PnecC population in the pond or may be a snapshot of a more
diverse population with a dynamic structure. Low genotype
richness of the PnecC population would be in conflict with the
“everything is everywhere” hypothesis (4, 15), which assumes
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that free-living microorganisms are easily dispersed. There-
fore, the presence of only a small fraction of the existing PnecC
ITS genotypes would not be expected. On the other hand,
dispersal restrictions exist for other aquatic bacteria, which
result in the appearance of biogeography in these species (20,
22); therefore, we cannot exclude the existence of dispersal
restrictions in PnecC bacteria. Further on, the frequencies of
potential invasion and the extinction of genotypes could be of
importance in small habitats occupied by relatively small pop-
ulations. The PnecC population in the pond may get bottle-
necked during ice-covered periods with oxygen depletion.
Bottlenecking in combination with low invasion rates may re-
sult in limited genotype richness. Obviously, insights into the
dynamics of population structures, as well as a detailed knowl-
edge of the dispersal of free-living aquatic bacteria, are neces-
sary for a better understanding of the intraspecific diversity of
bacterial populations in freshwater.

Uneven structure of the PnecC population. Thompson et al.
(42) estimated that a marine V. splendidus population con-
sisted of >1,000 unique genotypes and deduced from allele
frequencies within the investigated sample of 232 cultured
strains a relatively even population structure. The strongly
uneven population structure observed in the PnecC population
could either be the result of genetic drift or be the result of
ecological selection of particular genotypes. Explanation by
genetic drift would require a small effective population size,
which is usually not given in populations of free-living bacteria
but was demonstrated in populations of endosymbiotic bacte-
ria (47). As we do not know the intensity of gene flow (i.e.,
dispersal of genotypes) between the PnecC population of the
investigated pond and the populations of other habitats, it is
not possible to rule out the influence of genetic drift. On the
other hand, the observed uneven population structure could be
explained by genotype-specific selection in predation or geno-
type-specific differences in the ability to utilize available sub-
strates. Pronounced differences in grazing mortality between
four closely related (=99.6% 16S rRNA similarity) strains af-
filiated with the Polynucleobacter subcluster D (PnecD) were
observed (5). Strain-specific grazing mortality differed under
predation by the same flagellate strain by up to threefold, and
the grazing mortality of the same bacterial strain differed un-
der grazing by three closely related flagellates (100% identity
of the 18S rRNA genes) by up to fourfold. Intraspecific differ-
ences in grazing sensitivity were also observed for Hylemonella
gracilis strains (48).

Ecological importance of microdiversity. Thompson et al.
(42) suggested that much of the huge genotypic diversity ob-
served in a V. splendidus population is ecologically neutral, i.e.,
redundant. The observed large contribution of a PnecC pop-
ulation with a low microdiversity demonstrates that ecologi-
cally successful bacterial populations do not need to possess a
high genetic diversity. A high intraspecific diversity could result
in a high degree of ecological differentiation within the popu-
lation, which could contribute to the ecological success of the
population. The observed combination of a low intraspecific
diversity and high contribution to the total bacterioplankton
community may support the assumed ecological redundancy
within genetically diverse populations (42). However, the ob-
served coexistence of only a few of the known PnecC genotypes
leaves the possibility open that some PnecC genotypes differ in
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their ecological adaptation and occupy partially separated eco-
logical niches. Such ecological differences in closely related
bacteria are known from other bacterial groups (6, 24, 28).

For a deeper understanding of the ecology and function of

aquatic bacteria, the ecological meaning of intraspecific diver-
sity (microdiversity) and the potential intraspecific ecological
diversification in bacterial populations and species have to be
fully revealed.
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Seven strains with identical 16S rRNA genes affiliated with the Luna2 cluster (Actinobacteria) were isolated
from six freshwater habitats located in temperate (Austria and Australia), subtropical (People’s Republic of
China), and tropical (Uganda) climatic zones. The isolates had sequence differences at zero to five positions
in a 2,310-nucleotide fragment of the ribosomal operon, including part of the intergenic spacer upstream of the
16S rRNA gene, the complete 16S rRNA gene, the complete 16S-23S internal transcribed spacer (ITS1), and
a short part of the 23S rRNA gene. Most of the few sequence differences found were located in the internal
transcribed spacer sequences. Two isolates obtained from habitats in Asia and Europe, as well as two isolates
obtained from different habitats in the People’s Republic of China, had identical sequences for the entire
fragment sequenced. In spite of minimal sequence differences in the part of the ribosomal operon investigated,
the strains exhibited significant differences in their temperature response curves (with one exception), as well
as pronounced differences in their temperature optima (25.0 to 35.6°C). The observed differences in temper-
ature adaptation were generally in accordance with the thermal conditions in the habitats where the strains
were isolated. Strains obtained from temperate zone habitats had the lowest temperature optima, strains from
subtropical habitats had intermediate temperature optima, and a strain from a tropical habitat had the highest
temperature optimum. Based on the observed temperature responses, we concluded that the strains investi-
gated are well adapted to the thermal conditions in their home habitats. Consequently, these closely related

strains represent different ecotypes adapted to different thermal niches.

Many free-living bacterial, archaeal, and protist species have
a cosmopolitan distribution and differ in this trait from almost
all macroorganisms (9). Closely related strains of several mi-
crobial species have been detected in distant habitats (4, 6, 8,
10, 12, 26). For some free-living bacteria and archaea, re-
stricted geographical distributions have been demonstrated for
strains inhabiting rare, extreme environments (e.g., hot
springs) (17, 24). These distributions might be a result of iso-
lation of populations due to limited dispersal potential result-
ing from small population sizes combined with the rare occur-
rence of appropriate habitats separated by wide distances. In
the case of free-living microorganisms inhabiting nonextreme
environments, the existence of a restricted geographical distri-
bution has rarely been demonstrated (6). For free-living mi-
crobes easy dispersal and frequent population of appropriate
habitats are assumed (2, 9). Intensive gene flux between hab-
itats should prevent the isolation of populations. On the other
hand, local adaptation of populations may prevent coloniza-
tion of a habitat by less adapted competitors originating from
an ecologically different habitat. It is not known, however, if
free-living cosmopolitan microbial species consist of many lo-
cally adapted populations or if they form a single global pop-
ulation with intensive gene flux.

Intraspecific differences in physiological and ecological traits
are well known for free-living microorganisms (3, 14, 18, 21, 22,

* Corresponding author. Mailing address: Institute for Limnology,
Austrian Academy of Sciences, Mondseestrasse 9, A-5310 Mondsee,
Austria. Phone: 43 6232 3125-29. Fax: 43 6232 3578. E-mail: martin
.hahn@oeaw.ac.at.
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23), but so far it has been shown only rarely that this intraspe-
cific variation is linked to local adaptation. For instance, Broni-
kowski et al. (5) demonstrated that there was a positive corre-
lation between the optimal growth temperatures of Escherichia
coli and Salmonella enterica strains and the body temperatures
of their cold-blooded (turtles) or warm-blooded hosts (swine
and squirrels). These findings indicate that there is local ad-
aptation of members of the same species to thermal niches,
which are different due to differences in the body temperatures
of their hosts.

In order to test for local adaptation in free-living bacteria,
we isolated seven Actinobacteria strains with identical 16S
rRNA gene sequences (genotype 1 strains) from freshwater
habitats located in different climatic zones. These habitats pro-
vide different thermal conditions; therefore, bacteria inhabit-
ing these freshwater systems may be differently adapted. We
investigated the thermal adaptation of six of the seven geno-
type 1 strains and found pronounced differences in the thermal
adaptation of the strains investigated. These differences reflect
the different thermal conditions of the habitats from which the
strains originated. Therefore, we concluded that the strains
investigated represent different ecotypes adapted to different
thermal niches.

MATERIALS AND METHODS

Sampling sites and isolation of bacterial strains. The seven strains investi-
gated were isolated by the filtration-acclimatization method (10, 11) from surface
waters (depth, 0.5 to 1 m) of six freshwater habitats located in Austria, Australia,
the People’s Republic of China, and Uganda. Details on the sampling habitats
are shown in Table 1 and elsewhere (10-12).
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Water temperatures. Data for the water temperatures of Lake Mondsee (1999
to 2003), Lake Wolfgangsee (1999 to 2003), Lake Taihu (1991 to 2002), and the
pond in the Sydney Royal Botanic Gardens (2000 to 2004) were analyzed. For
Lake Mondsee depth profiles of the water temperatures that were recorded in
monthly (cold season) to fortnightly (warm season) intervals were available. Data
for Lake Wolfgangsee were obtained at a depth of 0.5 m at 15-min intervals.
Data for Lake Taihu were recorded at several sampling points at a depth of ca.
1 m at monthly intervals. Temperature data for the Huqiu pond, as well as the
pond near Jinja, Uganda, were not available.

Sequencing of 16S rRNA genes and flanking regions. Parts of the ribosomal
operon, including the flanking region (intergenic spacer) upstream of the 16S
rRNA gene, the 16S rRNA gene, the 16S-23S internal transcribed spacer (ITS1),
and a short fragment of the 23S rRNA gene, of eight Luna2 cluster strains (seven
strains with identical 16S rRNA sequences and one reference strain) were di-
rectly sequenced. For sequencing of the 16S rRNA gene, standard primers and
PCR conditions were used (15). Primer LEAD1 (5'-CCT TGA GAA CTC AAC
AGC GTG-3") was designed for amplification and sequencing of parts of the
intergenic spacer (IGS) upstream of the 16S rRNA gene. This primer targets a
conserved sequence located ca. 180 to 300 bp upstream of the 16S rRNA genes,
which was found in Streptomyces spp. (e.g., Streptomyces griseus; accession num-
ber M76388) Microbispora bispora (accession number US83909), Frankia
spp. (accession number M88466), and Clavibacter michiganensis subsp. sepedoni-
cus (ongoing genome sequencing project; http:/www.sanger.ac.uk/Projects/C
_michiganensis/). Amplification with primers LEAD1 and 1492R (15) was per-
formed with Primus or Primus 96" thermocyclers (MWG-Biotech) by using
50-pl reaction mixtures containing approximately 100 ng of DNA, each de-
oxynucleotide at a concentration of 200 uM, 2 mM MgCl,, 1.25 U of Tag DNA
polymerase (QIAGEN), and each primer at a concentration of 0.2 wM. The
cycling conditions were initial denaturation at 94°C for 3 min, which was followed
by 30 cycles at 94°C for 1 min, 54°C for 1 min, and 72°C for 2 min. The cycling
was finished with an extension step of 7 min at 72°C.

For amplification and sequencing of ITS1, primers 1406Fmod (5'-TGT ACA
CAC CGC CCG TCA AG-3'; modified primer 1406F [16]) and L189R (25) were
used. In the case of the Luna2 strains investigated the 3" end of primer 1406F
matched its target sequence in the 16S rRNA gene, as well as a sequence in ITS1.
This resulted in amplification of two fragments that were different sizes. Frag-
ments obtained from one strain were separated and sequenced. Based on the
sequences obtained, primer 1406Fmod specific for the 16S rRNA gene was
designed and used for sequencing ITS1 of all the strains investigated. Amplifi-
cation was performed basically as described above for amplification with primers
LEADI1 and 1492R. The only differences were the MgCl, concentration (3 mM),
the primer concentration (0.3 wM), the annealing temperature (41°C), a shorter
extension time at 72°C (1 min), and a shorter final extension step at 72°C (5 min).
The sequences obtained were aligned and analyzed by using the ARB software
package (http://www.arb-home.de [20]). Phylogenetic analysis was performed as
described previously (10).

Determination of temperature-dependent growth characteristics of tempera-
ture-acclimatized bacterial strains. The growth of six strains was monitored by
spectrophotometric measurement of the optical density at 575 nm. Experiments
were performed at 15, 20, 25, 27.5, 30, 32.5, 35, 36, 37, and 38°C. Prior to the
experiments, bacteria were acclimatized for at least 10 generations to the tem-
perature conditions in the growth experiments. All cultures were grown in liquid
NSY medium (11) (3 g liter ') on a rotary shaker (100 rpm) in the dark.
Precultures of acclimatized strains that were used for setting up growth experi-
ments were grown overnight. Cultures used for growth rate measurement were
adjusted to an initial optical density of 0.015 to 0.02. Experiments were per-
formed in 100-ml Erlenmeyer flasks in triplicate for each strain. The medium
used for the experiments was preincubated for several hours under the same
temperature conditions as the temperature conditions in the experiment. Mea-
surement of the optical density was started 30 to 60 min after inoculation and
then was performed at 30- to 60-min intervals (depending on the growth rates of
the bacteria tested) over a period of 4 to 5 h. Experiments at each temperature
were performed simultaneously for all six strains investigated. Experiments at 30
and 32.5°C were repeated three and four times, respectively, and experiments at
25, 36, and 37°C were repeated two times.

For calculation of growth rates the optical density data were In transformed
and analyzed by linear regression. Only optical density values in the range from
0.02 to 0.1 (at least three measurements) were considered for calculation. For
previous growth rate measurements (10) the data used for calculation were not
restricted to this range of optical density values.

The optimal growth temperature was determined graphically. For all strains
investigated there was a linear increase in the temperature-dependent growth
curves at the temperature range below 25 to 35°C. With further increases in

Yearly
maximum
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26-31
29-34
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of China
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1
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1
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TABLE 1. Characteristics of habitats from which the seven genotype 1 strains were isolated
No. of

Habitat characteristics
Deep submontane lake
in prealpine region
Deep submontane lake
in prealpine region
Artificial shallow pond

Large shallow lake

Small pond, influenced
by a spring

Shallow natural pond

Habitat
“ Lake Mondsee and Lake Wolfgangsee are located in the Salzkammergut area. The distance between the two sampling sites is 10 km.

b Located in the Sydney Royal Botanic Gardens.
¢ The greatest distance between sampling sites in Lake Taihu and the Hugiu pond is ca. 60 km.

@ At locations in the same area as the habitats sampled (Salzburg, Sydney, Nanjing, Kampala).

¢ ND, not determined.
/Maximum temperature measured in another pond in the area of Jinja (data from Asiyo [1]).

Lake Mondsee®

Lake Wolfgangsee®
Pond in Sydney”

Lake Taihu®

Hugqiu (Tiger Hill) pond
Pond near Jinja
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TABLE 2. Characteristics of the seven genotype 1 strains and reference strain MWH-Tana7 (16S rRNA genotype 7)

No. of

Shortest

Strain Habitat Water Season of sequence Optimum Maximum  Highest growth doublin Cell size

temp (°C)*  sampling” diﬁ'grences“ temp (°C)  temp (°C) rate (h™')° time (h)%, (um?y

MWH-Mol Lake Mondsee 4.7 w 28.8 35.0 0.344 2.0 0.062
MWH-Wol Lake Wolfgangsee 4.5 w 3 27.5 37.0 0.352 2.0 0.059
MWH-Aus1 Pond, Sydney 31.0 s 3 25.0 36.0 0.321 22 0.064
MWH-HuqW11 Pond, Huqiu ND“ a 2 31.8 37.0 0.365 1.9 0.057
MWH-Tal Lake Taihu (site 1) 7.2 w 3 34.2 37.0 0.442 1.6 0.055
MWH-TaSIIW17  Lake Taihu (site 2) 14.3 a 2 ND ND ND ND ND
MWH-Uga2 Pond near Jinja >208 T 5 35.6 37.0 0.388 1.8 0.061
MWH-Tana7" Tana River, Kenya >208 r 9 ND ND ND ND 0.065

“ Water temperature at the time of sampling for isolation of bacteria.
b w, winter; s, summer; a, autumn; r, rainy season.

¢ Number of different sequence positions in a 2,310-bp fragment of the ribosomal operon compared with the sequence of MWH-Mol.

4 ND, not determined.

¢ Growth in liquid NSY medium (3 g liter ") at the temperature allowing the highest growth rate.

/ Growth in liquid NSY medium (3 g liter ') at ca. 25°C.

& The temperature was not measured; the temperature usually does not drop below 20°C.
" The genotype I strains and strain MWH-Tana7 have a level of 16S rRNA gene sequence similarity of 99.8%.

temperature the growth curves showed either a plateau or a linear decrease. The
optimal growth temperature was defined as the crossing point of the linear
regression lines of the increasing part of the growth curve and the plateau line or
the decreasing part of the curve.

Determination of minimum and maximum temperatures allowing growth of
nonacclimatized bacterial strains. Bacteria were precultured in liquid NSY
medium on a rotary shaker (100 rpm) at room temperature. Samples (10 wl)
from the precultures were spotted on NSY agar plates, and the plates were
sealed with Parafilm and incubated at 5, 10, 15, 20, 30, 35, 36, 37, and 38°C. The
plates were inspected for growth weekly for 8 weeks. Formation of macroscop-
ically visible colonies was recorded as growth.

Statistical analysis. Two-way analysis of variance (ANOVA) was used to test
for strain-specific differences in temperature response curves, as well as for
interactions of the variables temperature and strain with the temperature re-
sponse. A multiple-comparison procedure was used to test for significant differ-
ences in the growth rates of the strains investigated at a given temperature. These
pairwise comparisons (Tukey test) were restricted to the temperature-specific
data sets, which passed the normality and equal variance tests.

Nucleotide sequence accession numbers. The ribosomal sequences of the eight
isolates obtained in this study have been deposited under accession numbers

Clavibacter michiganensis [L43096]
‘—|———— Clone FukuN101 (uncultured) [AJ289982]
99 Arctic sea ice bacterium ARK10165 [AF468439]

Isolate MWH-Mo3 [AJ507462]
Isolate MWH-Bo1 [AJ507465]
Isolate MWH-Po1 [AJ507461]
Isolate MWH-Mo2 [AJ507461]

Isolate MWH-Ta4 [AJ784401]

Isolate MWH-Ta2 [AJ507467]

84 80

AJ507460, AJ507464, AJ507466, AJ565414, AJ565435, AJ565436, AJ630367,
and AJ630368.

RESULTS

The seven strains isolated with identical 16S rRNA gene
sequences (Table 2) belong to the Luna?2 cluster (Actinobacte-
ria) (10), which contains at least 11 different 16S rRNA geno-
types (Fig. 1). The minimal sequence similarity within the
Luna?2 cluster is 95.9% (Fuku N101 and ARK 10165). Mem-
bers of the cluster were isolated from habitats in Europe,
East Asia, East Africa, Central America, and Australia and
from Arctic sea ice (10, 11). The seven identical strains
represent a 16S rRNA genotype (genotype 1) present in
pelagic freshwater habitats located in at least three climatic
zones on at least three continents. The strains were isolated
from oligotrophic (e.g., Lake Wolfgangsee), oligomesotro-

931 Isolate MWH-Uga1 [AJ784402]
Isolate MWH-Man1 [AJ565412]
Isolate MWH-VicE1 [AJ565413]
Isolate MWH-Tana7
Isolate MWH-Aus1
Isolate MWH-HuqW11
Isolate MWH-Ta1
Isolate MWH-Wo1
Isolate MWH-Uga2
Isolate MWH-Mo1
Isolate MWH-TaSIIW17

Luna—2 cluster

Genotype 1

0.01

FIG. 1. Neighbor-joining tree showing the phylogenetic relationships of Actinobacteria affiliated with the Luna2 cluster. The tree was calculated
by using homologous 1,427-nucleotide sequence fragments (E. coli positions 51 to 1499) of the 16S rRNA genes. Bootstrap values (1,000 replicates)
that are >60% are indicated at the nodes. Scale bar = 1% estimated sequence divergence. The numbers in brackets are accession numbers.
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phic (e.g., Lake Mondsee), and hypertrophic (e.g., Lake
Taihu, Meiling Bay) habitats. The seven genotype 1 isolates
have very similar small cell sizes (Table 2) and identical
C-shaped cell morphologies, and they all produce colonies
with identical coloration, surface, and border characteristics
on agar plates. More detailed descriptions of phenotypic
characteristics of three genotype 1 strains can be found
elsewhere (10).

Sequence analysis. A 2,310-nucleotide sequence stretch
starting 181 or 184 nucleotides upstream of the 16S rRNA
gene and ending 198 nucleotides downstream of the 5" end of
the 23S rRNA gene was obtained for the seven genotype 1
strains, as well as the closest reference strain (MWH-Tana7,
genotype 7). The 1,525-nucleotide 16S rRNA gene sequences
of the genotype 1 strains and MWH-Tana7 differed at three
sequence positions (99.8% sequence similarity). More differ-
ences were found in the parts of the IGS upstream of the 16S
rRNA gene analyzed. The homologous sequences of the seven
genotype 1 strains had the same 181-nucleotide sequence,
while the homologous sequence of MWH-Tana7 was three
nucleotides longer. The partial IGS sequence of MWH-Tana7
differed at 22 to 24 positions (sequence similarity, 87.0 to
88.0%) from the sequences of the other seven strains. The
sequences of six of the seven genotype 1 strains were identical,
while strain MWH-Mol differed at two positions (98.9% se-
quence similarity). The 16S-23S internal transcribed spacer of
the seven genotype 1 strains had the same 406-nucleotide se-
quence, while the sequence of MWH-Tana7 was three nucle-
otides shorter. The internal transcribed spacer sequences of
the seven strains differed at zero to four sequence positions
(sequence similarities, 99.0 to 100%), while the sequence of
MWH-Tana7 differed at 29 to 31 positions (sequence similar-
ity, 92.4 to 92.9%). The partial (198-bp) 23S rRNA gene se-
quences of the seven genotype 1 strains were identical but
differed at one position from the sequence of MWH-Tana7.
For the entire sequenced fragment of the ribosomal operon
the seven genotype 1 strains differed at zero to five positions,
while MWH-Tana7 differed at 55 to 59 positions. Strains
MWH-Wol (Austria) and MWH-Tal (People’s Republic of
China), as well as strains MWH-HuqW11 (People’s Republic
of China) and MWH-TaSIIW17 (People’s Republic of China),
had identical sequences. The sequence differences among the
genotype 1 strains correlated neither with the geographical
origins nor with the climatic conditions in the home habitats.

Thermal adaptation. Due to limited space in the incubator
used, the temperature adaptation experiments were performed
with only six genotype 1 strains. In the maximum and minimum
growth temperature experiments, which were performed with-
out prior temperature acclimatization, no pronounced differ-
ences in the temperature ranges of the strains were found. All
strains grew at 5°C (the lowest temperature tested), but they
performed differently. Very weak growth was observed for
strains MWH-Aus1 and MWH-Uga2, which do not experience
temperatures below 10 and 20°C, respectively, in their home
habitats. The maximum growth temperatures were found to be
in a narrow range, from 35.0 to 37.0°C (Table 2). The maxi-
mum growth temperatures observed in experiments with and
without prior temperature acclimatization were identical.
While the temperature ranges of all the strains were very
similar (=5°C to 35 to 37°C), pronounced differences in the
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optimal growth temperatures and shapes of the temperature
response curves were observed (Table 2 and Fig. 2). Some of
the strains investigated produced response curves with marked
peaks, while other curves had plateau-like shapes. The opti-
mum growth temperatures determined ranged from 25.0 to
35.6°C. With the exception strains MWH-Wol and MWH-
Uga2, all oft the strains had temperature response curves that
were significantly different from each other (as determined by
two-way ANOVA). The curves for strains MWH-Wol and
MWH-Uga2 crossed at 31.5°C and showed that the optimum
temperatures were different (27.5 and 35.6°C). At all temper-
atures less than 31.5°C strain MWH-Wol had higher growth
rates than strain MWH-Uga2, and at all temperatures more
than 31.5°C strain MWH-Wol had lower growth rates than
strain MWH-Uga?2. Furthermore, these two strains had signif-
icantly different growth rates at almost all temperatures (as
determined by one-way ANOVA).

Besides strain-specific differences, there was also a signifi-
cant interaction effect of the variables temperature and strain
on the temperature responses. Thus, the differences in thermal
adaptation of the strains did not simply result from shifts in the
temperature response curves to higher or lower temperatures.
This interaction effect resulted in strain-specific modifications
of the shapes of the temperature response curves.

Growth rates of the strains were also compared separately
for five temperatures by one-way ANOVA (Tukey test). For
the other temperatures, the data did not pass the test for
normality and/or for equal variance; therefore, an ANOVA
could not be performed by the Tukey test. An increase in the
percentage of significantly different pairs with increasing tem-
perature was observed (Fig. 3). At lower temperatures (i.e., 15
and 20°C) the only tropical strain, strain MWH-Uga2, was
involved in the majority of significantly different pairs. At tem-
peratures that were =30°C strain MWH-Uga2 had the lowest
growth rate of all strains, but at 35°C this strain had the highest
growth rate of all strains. At 35°C only 1 of 15 pairs showed no
significant difference in the growth rates. The isolates in this
pair (MWH-Tal and MWH-HuqW11) were from subtropical
habitats.

Water temperatures in habitats from which the bacteria
were isolated. The surface water temperatures in the dimictic
lakes Mondsee (Fig. 4) and Wolfgangsee usually range from
0°C to 22 to 25°. In exceptional years (e.g., 2003) maximum
surface water temperatures of 26 to 28°C were measured. The
water temperatures in the hypolimnion range from 4 to 6°C.
Lake Taihu is a large shallow lake with a maximum water
depth of 2.6 m. The shallowness of the lake prevents any
long-lasting thermal stratification of the water body. The water
temperatures ranged from 1.5 to 34°C (Fig. 4). The tempera-
tures in the pond located in the Sydney Royal Botanic Gardens
ranged from 13 to 31°C. Systematic water temperature records
were not available for the Huqiu pond or for the pond near
Jinja, Uganda. Asiyo (1) reported temperature data for a pond
which is located in the same area as the pond near Jinja. She
measured a minimum water temperature of 24.6°C and a max-
imum temperature of 30.6°C. Due to the short period of mea-
surements (May to August 2003), these data may not reflect
the real maximum and minimum water temperatures in the
pond from which strain MWH-Uga2 was isolated.
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FIG. 2. Temperature response curves for temperature-acclimatized
genotype 1 strains. The graphs are sorted (top to bottom) by increasing
optimum temperature. (A) Strain MWH-Aus] (isolated from a habitat
in a temperate climatic zone); (B) strain MWH-Wol (temperate
zone); (C) strain MWH-Mol (temperate zone); (D) strain MWH-
HuqW11 (subtropical zone); (E) strain MWH-Tal (subtropical zone);
(F) strain MWH-Uga?2 (tropical zone). In panels A to D the crossing
points of the linear regressions of the increasing and decreasing parts
of the curves are indicated by open triangles. The vertical bar at the top
indicates the range of optimum temperatures determined for the six
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FIG. 3. (Top) Distribution of growth rate data measured for the six
genotype 1 strains at different temperatures. Each symbol indicates the
mean and standard deviation measured for one strain at one temper-
ature. The data for tropical strain MWH-Uga2 are indicated by open
squares. (Bottom) Pairwise comparison of strain-specific growth rates
for significant (P < 0.05) differences by a one-way ANOVA (Tukey
test). The percentage of pairs with significant differences increased
with temperature. At lower temperatures the tropical zone isolate
MWH-Uga?2 is involved in the majority of significantly different pairs.

DISCUSSION

We investigated the thermal adaptation of closely related
planktonic freshwater bacteria isolated from habitats located
in three climatic zones. The low numbers of differences in the
IGS and ITS1 sequences demonstrate the close phylogenetic
relationship of the genotype 1 strains. Jaspers and Overmann
(13) demonstrated relatively distant relatedness between two
groups of strains, all of which had identical 16S rRNA gene
sequences. Strains belonging to the two different groups had
low levels of genomic DNA similarity, differences in ITS1 de-
tectable by restriction fragment length polymorphism analysis,
pronounced differences in cell morphology, and different
genomic fingerprints. It is highly likely that these two groups of

strains. The gray part of the bar represents the temperature range in
which the crossing points (A to D) and the optimum temperatures for
strains MWH-Tal (E) and MWH-Uga2 (F) fall. The error bars indi-
cate the standard deviations of the average growth rates from repeated
experiments (only for 30.0 and 32.5°C data).
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FIG. 4. Water temperatures in the nonstratlﬁed Lake Taihu (V)
and surface water (0 m) of Lake Mondsee (m) for 1999 to 2001. The

maximum water temperatures reported for these lakes were observed
during other years.

strains represent two different bacterial species. We did not
perform DNA-DNA hybridization experiments with our
strains; thus, we cannot safely conclude that the genotype 1
strains belong to a single species. On the other hand, bacterial
strains with DNA-DNA homology values of <70% and 16S
rRNA gene sequence similarity values of >97% were found in
only a few cases (19). In contrast to the strains investigated by
Jaspers and Overmann (13), the genotype 1 strains form a
homogeneous group in terms of cell morphology, size, pigmen-
tation, colony characteristics, and several other phenotypic
traits (data not shown). Furthermore, it is highly unlikely that
the few single-nucleotide differences in ITS1 of the genotype 1
strains could be detected by randomly selected restriction en-
zymes. Thus, the group of strains investigated in our study
appears to be a homogeneous group, both in terms of sequence
data and in terms of several phenotypic traits. We tentatively
concluded that these strains belong to the same species.
Thermal adaptation. Bacterial growth rates increase with
temperature up to the optimum temperature, at which the
growth rate is maximal. Enzymatic processes are thought to
limit further increases in growth rates at temperatures above
the optimum temperature. The maximum temperature is
reached immediately before an essential enzymatic process is
inhibited. Temperature response curves that are shown in text-
books always have a clear peak. In contrast, for three of six
strains investigated we observed a plateau-like curve shape
(Fig. 2A, B, and D). For these strains the entire range of the
plateau or a particular temperature within the range of the
plateau could be considered the optimum temperature for
growth. For two reasons we argue that the temperature at the
onset of the plateau is the ecologically relevant optimum tem-
perature for growth. First, we observed that for strains from
temperate zone habitats much larger inoculum volumes were
required for successful growth at higher temperatures. The
inoculum volumes used for subculturing at lower temperatures
(=30°C) frequently did not result in growth after the same
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FIG. 5. Yearly maximum water temperatures of habitats plotted
versus the optimum temperatures of genotype 1 strains obtained from
these habitats. The horizontal bars indicate the ranges of yearly max-
imum water temperatures observed in different years. The average of
the lowest and highest yearly maximum temperatures was plotted
versus the optimum temperatures determined (triangles). The dotted
line indicates a linear regression of the data plotted. Data for the strain
isolated from an artificial pond in Sydney Royal Botanic Gardens are
indicated by an open triangle. Water temperature data for several
years were not available for ponds in the area of Jinja. Therefore, only
the maximum temperature measured by Asiyo (1) in a field study
lasting from May to August 2003 is plotted. No water temperature
records for the Huqiu pond were available.

temperature-adapted strains were subcultured at higher tem-
peratures (=32.5°C). This clearly indicates that temperatures
of =32.5°C are stressful growth conditions for the strains ob-
tained from temperate habitats. In the case of strains MWH-
Ausl and MWH-Wol temperatures of =32.5°C are well within
the plateau ranges of their temperature curves. Stressful
growth conditions and thermally optimal growth conditions are
in clear conflict. Second, a lack of enhanced growth with fur-
ther increasing temperature indicated that one or several en-
zymatic processes were suboptimal, thus reducing the fitness of
the organism. This is also in conflict with the assumption that
the entire range of a temperature curve plateau represents
optimum growth temperatures.

The optimum temperature observed generally corresponded
to the highest water temperatures observed or estimated for
the home habitats of the strains investigated (Fig. 5). For
almost all genotype 1 strains the optimum temperature deter-
mined was a few degrees higher than the average yearly max-
imum water temperature. The only exception, strain MWH-
Ausl from a pond in Sydney Royal Botanic Gardens, had an
optimum temperature that was several degrees lower than the
average and highest observed annual maximum temperature of
its home habitat. This strain was isolated from a shallow arti-
ficial pond, which may heat up more than similar large but
deeper natural ponds having the same area.

Do some features of the temperature curves of genotype 1
strains reflect the temperature adaptation of a common
ancestor? The temperature curves for the six genotype 1
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strains are significantly different from each other, and strains
from different climatic zones clearly have different optimum
temperatures. On the other hand, the temperature response
curves of all strain also have some common features. Obvi-
ously, all genotype 1 strains are able to grow at a similar
temperature range, from at least 5°C to 35 to 37°C. Other
Luna2 strains from tropical habitats (MWH-Manl and MWH-
VicE1) still grow at 40°C. Another common feature is that the
final, linear decreases in the curves to the maximum temper-
ature are very similar for all strains (Fig. 2). Furthermore, for
all strains linear increases in the curves toward the optimum
temperature were observed. For all strains these increasing
lines have similar slopes; thus, the lines have more or less
parallel characteristics. The major differences in the tempera-
ture curves are in the middle parts of the curves (Fig. 3).
Extension of the linearly increasing parts of the curves toward
higher temperatures and extension of the final decreasing lines
toward lower temperatures result in lines that have crossing
points in a narrow temperature range, 32 to 36°C (Fig. 2).
These manipulation for strains MWH-Ausl, MWH-Wol,
MWH-Mol, and MWH-HuqW11 result in curves which are
very similar to the peaked curves for strains MWH-Tal and
MWH-Uga2. Based on these obvious similarities of the curves,
one may speculate on the temperature adaptation of the com-
mon ancestor of the strains. The ancestor would have been
adapted to thermal conditions in subtropical or tropical habi-
tats (i.e., optimum temperature in the range from 32 to 36°C).
After dispersal and population of temperate zone habitats, the
ability to grow at temperatures more than 30 to 31°C provided
no more selective advantage. Therefore, mutations that af-
fected only growth at these higher temperatures may have
accumulated in strains inhabiting temperate habitats.

Evolution of temperature adaptation in E. coli was found to
be slow (7). After 20,000 generations of growth under constant
temperature conditions, only small changes in temperature
adaptation were observed. These adaptations were much
smaller than the differences in temperature adaptations found
in the genotype 1 strains investigated. Under environmental
conditions that result in generation times of several hours to a
few days, the genotype 1 strains may need more than 10 years
for 20,000 generations. Assuming a rate of evolution similar to
that observed for E. coli under constant environmental condi-
tions, the observed thermal adaptations of the genotype 1
strains may be the result of many decades of evolution. Con-
sidering these long time spans, the presence of relicts from the
ancestral thermal adaptation is not unlikely.

Thermal niches of the strains investigated. The different
genotype 1 strains were isolated from water samples with a
broad range of temperatures (Table 2); thus, viable genotype 1
strains were present over a wide range of temperatures. This
and the temperature adaptations observed may indicate that
the genotype 1 strains are well adapted to the entire range of
temperatures that occur in their home habitats. On the other
hand, the strains differ in adaptation at higher temperatures
(Fig. 2, 4, and 6) and potentially also at lower temperatures
(e.g., strains MWH-Ausl and MWH-Uga2). Obviously, the
strains obtained from different climatic zones are adapted to
different thermal niches. For instance, strain MWH-Mo1 from
temperate Lake Mondsee is expected to be the inferior com-
petitor compared to strain MWH-Tal from subtropical Lake
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Taihu when both strains are exposed to temperatures that
typically occur in Lake Taihu during the hot season. Due to the
different thermal adaptations, the strains obtained from differ-
ent climatic zones have to be considered different ecotypes.
These thermal adaptations may hamper the colonization of
habitats by invading strains adapted to habitats with different
thermal conditions. Local adaptation in combination with com-
petition may limit the successful invasion of freely dispersed
microbes and may lead to restricted geographical distributions
of free-living microbes inhabiting nonextreme habitats.
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identification of their closest relatives. Most bacterial
sequences retrieved from freshwater habitats were
neither affiliated with known bacterial species nor repre-
sented those phylogenetic groups previously obtained
from freshwater habitats using cultivation methods.
Further investigations also demonstrated that freshwater
and marine bacterioplankton differ substantially in com-
position [6,7]. Cultivation-independent investigations
showed that, in contradiction to previous assumptions,
Gram-positive bacteria are present in freshwater habitats
[3,8,9]. In fact, Actinobacteria were found to comprise large
fractions of bacterioplankton in many freshwater habitats
[9] and Firmicutes were also detected in some freshwater
systems [10°]. In a meta-analysis of previously published
studies, Zwart and coauthors [11] demonstrated that the
majority of bacterial sequences retrieved from freshwater
habitats were most closely related to other freshwater
clones, whereas relatively few were most closely related
to sequences recovered from soil or marine habitats. They
concluded from the habitat-specific clustering that most
bacteria inhabiting freshwater systems are indigenous to
freshwater, and they coined the term ‘typical freshwater
bacteria’ for these organisms [11]. The authors also pre-
sented 34 phylogenetic clusters of bacteria representing
typical inhabitants of freshwater systems (Table 1). Most
of these genus-like clusters did not contain either
described species or cultivated representatives [11],
and therefore nothing or little is known about the phy-
siology and ecological function of members of these
groups.

Ecological factors shaping the composition
of bacterial communities

Several studies demonstrated that the bacterial commu-
nity composition (BCC) of lakes varies temporarily and
spatially within habitats [12-15], as well as between
habitats [15-18]. Several ecological factors shaping

Table 1
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BCC have been identified so far. Important factors are
water chemistry [19,20,21°], water temperature [21°],
metazooplankton predation [22], protistan predation
[23,24°,25°], phytoplankton composition [13], organic
matter supply [26], intensity of ultraviolet radiation
[27], habitat size [28°] and water retention time
[21°,29°]. Although it is well known that these factors
shape the overall BCC, little is known about those factors
specifically shaping the dynamics of particular popula-
tions of freshwater bacteria. Gray ¢ a/. [30] demonstrated
that redox conditions controlled the distribution of Adkro-
matium spp. in lake sediments. Schauer ¢z /. [31] demon-
strated that mainly water chemistry determined which of
two closely related vicarious _groups of SOL bacteria
appeared in particular lakes. Simek ¢z @/. [24°] demon-
strated that populations of the highly competitive
R-B'T065 bacteria (Betaproteobacteria) were strongly con-
trolled by protistan predation. Wu and Hahn [32]
revealed, for the first time, the recurrent seasonal popula-
tion dynamics of planktonic freshwater bacteria. They
also demonstrated that much of the dynamics of the
investigated Polynucleobacter population could be pre-
dicted from the water temperature. Despite these recent
advances, the prediction of the population dynamics of
free-living bacterial species is currently only possible in a
few exceptional cases.

Cosmopolitan distribution versus local
adaptation

Many groups of typical freshwater bacteria [11] have a
cosmopolitan distribution [5,11,33,34] (i.e. they appear in
freshwater habitats located all over the world) that
includes habitats located in different climatic zones that
consequently differ in their environmental conditions.
Ecophysiological investigations of closely related Aczino-
bacteria strains, isolated from tropical, subtropical and
temperate habitats but characterized by identical 16S

Examples of typical freshwater bacteria.

Group Phylum/class Ecological plasticity Highest relative abundance® Cultivated strains
ACK-M1P Actinobacteria High <70%° Yes
Polynucleobacter Betaproteobacteria High 60% Yes

GKS98 Betaproteobacteria High 5% Yes

R-BT065¢ Betaproteobacteria nk® 50% No

soLf Bacteroidetes High9 11%" Yes'

Zwart and coauthors initially described 34 putative clusters of typical freshwater bacteria [11], additional clusters were then identified

[10°,31,34,51°].

2 Highest relative abundance (expressed as a percentage of total bacterial cell numbers) reported so far.

® The ACK-MT1 cluster is a subgroup of the acl clade [11,35].

¢ The acl clade was found to contribute up to 70% of total bacterial numbers in high mountain lakes [35].
9 The R-BTO065 cluster is a subgroup of the ‘Rhodoferax’ sp. BAL47 cluster [11].

€ nk, not known.
f The SOL cluster includes the previously described LD2 cluster [11].

9 Pronounced subcluster-specific differences in ecological adaptations were reported [31].
" The filamentous SOL bacteria contribute disproportionately highly to total bacterial biovolume because of their large cell size. The highest

observed contribution to bacterial biovolume was 45% [31].
' Only mixed cultures could be established.
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rRNA genes, revealed a temperature adaptation to local
conditions [34]. Members of this cosmopolitan group
were therefore not generally adapted to a wide range
of thermal conditions, but demonstrated a specific adap-
tation to local climatic conditions.

Ecological plasticity of groups versus
ecological diversity within groups

High ecological plasticity was observed for several groups
of typical freshwater bacteria [11,20,21°,33,35]. For
instance, Polynucleobacter bacteria have been detected
in acidic, neutral and alkaline habitats located in different
climatic zones [33], and ACK-M1 bacteria have been
detected in all freshwater habitats investigated for them
so far [20,21°] (Wu e al., personal communication). These
observations lead to the question of whether all members
of such groups have a uniform ecology. Jaspers and Over-
mann [36°] demonstrated that sympatric Brevundimonas
alba strains that did not differ in 16S rRNA genes prob-
ably occupy separate trophic niches, so these strains
probably do not have uniform ecological adaptations.
Observed differences in the predation sensitivity of clo-
sely related bacteria [37], as well as within-group differ-
ences in the salinity adaptation of GKS98 bacteria (Wu
et al., personal communication), also indicate that the
observed ecological plasticity of at least some groups of
typical freshwater bacteria is attributed to ecological
diversity within these groups.

The cultivation of freshwater bacteria

New cultivation strategies [38—41] resulted in the isola-
tion and cultivation of a growing number of typical fresh-
water bacteria. Most of these methods utilized media
mimicking the low substrate concentrations typically
found in inland waters [39,41,42°43]; it was, however,
also demonstrated that an important part of the freshwater
bacterioplankton could be acclimatized to substrate-rich
media [33,38]. Acclimatization has allowed cultivation on
standard agar plates, enabling a more convenient and less
laborious maintenance of cultivated strains.

Strains with interesting traits have been found among the
strains isolated from freshwater. For instance, aerobic
anoxygenic phototrophic Alphaproteobacteria character-
ized by an unusual metabolism [42°] and ultramicrobac-
terial Actinobacteria characterized by very small cell sizes
[38] could be cultivated. Furthermore, an entire Polynu-
cleobacter population, comprising almost 60% of total
bacterioplankton in a humic pond, was successfully cul-
tivated: that is, each ribosomal genotype detected using
cultivation-independent methods could be cultured using
the acclimatization method [44].

Saline inland waters

Despite saline lakes constituting 45% of the total water
volume of inland waters, the diversity of their microbial
inhabitants has received little attention [45—47], whereas

the microbial diversity of dynamic saline systems such as
estuaries (e.g. [8,43,48,49]) and man-made solar saltern
(e.g. [50]) has been studied more intensively (Figure 1).
The currently available data indicate, however, that bac-
terial communities of freshwater and saline lakes show
little taxonomical overlap [45,47] (Wu ez al., personal
communication), that is, typical freshwater bacteria are
absent, or almost absent, from saline inland waters.

Future research on microbial diversity in
inland waters

There is a great ecological diversity of inland waters.
Even stagnant surface waters (lakes and ponds) alone
represent a large ecological diversity of habitats. In com-
parison with marine habitats, stagnant inland waters vary
much more in their water chemistry, hydrological char-
acteristics, productivity and influences from the surround-
ing terrestrial habitats. The number of investigations to
study the microbial diversity of inland waters is far too
low, relative to the large number of different types of
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Undersampling of saline inland waters in cultivation-independent
investigations. Only cultivation-independent investigations, which
described the microbial diversity through the analysis of sequences of
cloned ribosomal genes, were considered; investigations using other
methods (e.g. denaturing gradient gel electrophoresis) or focusing on
selected bacterial groups were not considered for this figure. There have
been no investigations of oligosaline and polysaline stagnant inland
waters. Note that the presented plot reflects only a very small part of the
ecological diversity of inland waters. Eusaline inland waters have
equivalent salinities to those found in marine systems. In the case of
some published investigations, pH or salinity values were not reported
and therefore had to be estimated for the purpose of this schematic
figure.
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inland waters, to even provide an overview of the micro-
bial diversity in these habitats (Figure 1). Therefore, it
has to be assumed that many microbial inhabitants of
inland waters are so far undiscovered. Because most
investigations focused on the diversity of planktonic
bacteria, knowledge on the diversity of Archaea, sedi-
ment-dwelling bacteria, biofilm-forming microorganisms,
and those ecukaryotic microorganisms that cannot be
studied using morphological approaches is scarcer than
for the planktonic bacteria. Even for planktonic bacteria,
however, one has to assume that the relatively small
number of investigations mainly resulted in the discovery
of those bacterial groups characterized by broad ecologi-
cal plasticities. More investigations covering a broader
range of habitats will result in the discovery of more
specialized groups of bacteria that only occur in limited
ranges of habitat types or only appear during temporarily
limited situations. Recent investigations demonstrated
that increased sampling efforts resulted in the discovery
of bacterial groups and genotypes previously not found in
freshwater habitats [10°,51°].

In contrast to surface freshwater habitats, the microbial
diversity in groundwater has received little attention (e.g.
[52°]). Currently, it is not known whether the microbial
communities inhabiting surface and subsurface inland
waters show a significant compositional overlap. The lack
of knowledge of groundwater habitats is in contrast to the
importance of groundwater in drinking-water production.

Conclusions

Our knowledge of the microbial diversity in inland waters
and especially in freshwater habitats has changed funda-
mentally over the past ten years. It was demonstrated that
freshwater and saline inland waters are each populated by
indigenous bacterial communities that almost completely
lack overlap and do not have a significant compositional
overlap with communities of terrestrial and marine habi-
tats. Major bacterial players in freshwater were identified,
their ecological plasticity characterized, and some repre-
sentatives have even been brought into culture. Almost
nothing is known, however, about the ecological function
of these important groups of freshwater bacteria. Despite
the availability of a growing number of cultures, only a
handful of freshwater isolates have been considered for
genome sequencing projects, and only a single strain out
of the groups of typical freshwater bacteria is currently
being subjected to genome sequencing. The lack of
genomic insight into the metabolic capacities of abundant
freshwater bacteria is one of the reasons for the very
limited functional insight into bacterial communities of
freshwater habitats.

The current knowledge of the diversity and function of
microorganisms in freshwater habitats is insufficient for
the sustainable management of freshwater resources. In
particular, the diversity of non-bacterial microorganisms

Microbial diversity of inland waters Hahn 259

and the diversity—function relationship of bacterial com-
munities have to be addressed by future investigations.
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Abstract

Background: The Amazon molly (Poecilia formosa) is a small unisexual fish that has been suspected
of being threatened by extinction from the stochastic accumulation of slightly deleterious
mutations that is caused by Muller's ratchet in non-recombining populations. However, no detailed
quantification of the extent of this threat is available.

Results: Here we quantify genomic decay in this fish by using a simple model of Muller's ratchet
with the most realistic parameter combinations available employing the evolution@home global
computing system. We also describe simple extensions of the standard model of Muller's ratchet
that allow us to deal with selfing diploids, triploids and mitotic recombination. We show that
Muller's ratchet creates a threat of extinction for the Amazon molly for many biologically realistic
parameter combinations. In most cases, extinction is expected to occur within a time frame that is
less than previous estimates of the age of the species, leading to a genomic decay paradox.

Conclusion: How then does the Amazon molly survive! Several biological processes could
individually or in combination solve this genomic decay paradox, including paternal leakage of
undamaged DNA from sexual sister species, compensatory mutations and many others. More
research is needed to quantify the contribution of these potential solutions towards the survival of
the Amazon molly and other (ancient) asexual species.

Background

It is a general observation that asexual lineages do not last
over very long periods of time, but the precise reasons for
this are less clear [1]. Ancient asexuals are the rare excep-
tions to this rule and it is of considerable biological inter-
est to know what mechanisms allow them to survive for so
long. They must have found a way to overcome the long-
term fitness-degrading consequences of genetic processes

like Muller's ratchet and/or ecological processes like Red-
Queen dynamics [1-6]. Muller's ratchet describes the
long-term accumulation of slightly deleterious mutations
in asexual populations and has been suggested as a key
mechanism for the extinction of asexual species on the
long term [3,7,8]. Unfortunately most of these predictions
remain at a stage of verbal argument [1], making it very
difficult to rule out that Muller's ratchet may not have had
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enough time to cause extinction. As the behavior of
Muller's ratchet can be very sensitive to model parameters
[7], realistic values need to be used to predict the conse-
quences of mutation accumulation for a given ancient
asexual species. We employ a simple null hypothesis [see
[7]] for testing the threat of extinction from Muller's
ratchet in the unisexual fish Poecilia formosa, the Amazon
molly.

Overcoming the lack of quantification

Quantifications of the threat of extinction from Muller's
ratchet are often not trivial theoretical work that requires
either challenging mathematics [9] or complex computer
simulations [7] or both [7]. Therefore some adopt the
pragmatic approach that any system with no recombina-
tion and a potential for appreciable slightly deleterious
mutation rates could be driven to extinction by Muller's
ratchet [3]. Such arguments frequently overlook the fact
that the particular combination of parameters in that spe-
cies might not be expected to lead to extinction within the
known time of its existence, even if Muller's ratchet is
clearly operating [1,3,7]. Thus statements about the evolu-
tionary short lives of asexuals are often less quantitative
than would be desirable [1]. In other words there may not
be a genomic decay paradox that calls for any special solu-
tions [7]. We advocate the use of a simple model for pre-
dicting extinction times caused by Muller's ratchet in
order to make current discussions about ancient asexuals
more quantitative [1,7], even if that model cannot capture
the full complexity of our study species and therefore only
leads to tentative predictions. We believe that small steps
in model development will allow future models to benefit
from the experiences with simpler models. Hence our use
of a simple model of Muller's ratchet that ignores all com-
plications like potential Red Queen dynamics that might
accelerate the rate of Muller's ratchet (see discussion
below and [6]). We focus on testing the null hypothesis
that Muller's ratchet could not have led to extinction in a
given time frame, as described by Loewe [7]. While this is
an important advance over the purely verbal stage, we
want to encourage future work to model the various proc-
esses that increase or decrease the predicted speed of
genomic decay. We also want to encourage more empiri-
cal work to establish the precise values of parameters in
these models. Such work is needed for other asexual spe-
cies as well.

The Amazon molly and Muller's ratchet

The fish Poecilia formosa was the first unisexual vertebrate
that was discovered [10]. This all-female species resulted
from hybridization between relatives of Poecilia mexicana
and Poecilia latipinna [11,12] that probably happened
between 40,000 and 100,000 years ago (see section 'Age
..." below and [11,12]). Reproduction normally occurs by
sperm-dependent parthenogenesis, i.e. diploid eggs are

http://www.biomedcentral.com/1471-2148/8/88

produced, which need to be activated for embryonic
development by sperm of closely related species. It has
been argued that paternal leakage, leading to the expres-
sion of paternal genes, plays a pivotal role to stop Muller's
ratchet [13] that otherwise would have driven the species
to extinction in less time than its current estimates of exist-
ence [11]. Paternal leakage and other processes that may
slow down genomic decay are discussed below. We want
to determine if these processes are necessary to explain the
survival of this fish into our times.

Habitat and population structure

The Amazon molly is a small fish (3 - 7 cm) that lives in
a rather limited range from the Nueces River in south-east
Texas southward to the mouth of the Rio Tuxpan, north of
the Sierra del Abra in Mexico. All these river systems flow
from west to east and have no connection other than the
sea. The population on such a large scale may have some
structure, as populations from south Texas, for example,
have no reasonable connection with those in the Rio
Purificacién. However, as the Amazon molly tolerates
marine conditions [14], migration cannot be entirely
excluded. A study of Fg;in subpopulations that span a dis-
tance of about 100 km in the same river system did not
find significant population subdivision [15]. Some simple
models of population subdivision do not affect the effec-
tive population size N, and probabilities of the fixation
[such as some island models [16,17]]. However, more
realistic models of population structure that allow for
extinctions and recolonizations can have a substantial
impact on deleterious mutation accumulation [18,19]. To
simplify our theoretical treatment, we will assume that the
whole species has no substructure that is not already
accounted for by our assumed N,.

Genetics

The Amazon molly reproduces gynogenetically, i.e. its
eggs contain an unreduced set of chromosomes, that need
the sperm of one of the sister species Poecilia mexicana or
Poecilia latipinna as a mechanical trigger to start develop-
ment [20-22]. Usually, only the diploid set of maternal
genes is expressed and the paternal genome is expelled.
However, occasionally, the paternal genome remains, giv-
ing rise to a triploid clone, that reproduces as a triploid
gynogen [15,23]. In other cases, only traces of the paternal
genome (so-called micro-chromosomes) escape the enzy-
matic machinery that clears the egg from the nucleus that
arrived with the sperm [24]. In all cases, the full diploid or
triploid set of chromosomes (with or without micro-chro-
mosomes [24,25]) is clonally passed on to offspring,
without an obvious opportunity for recombination [26].
Based on this lack of recombination it was hypothesized
that Muller's ratchet should have driven the Amazon
molly to extinction within the presumed time of its exist-
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ence, unless processes like paternal leakage would stop
genomic decay [13].

Aims

Here we aim to quantify the verbally predicted effects of
Muller's ratchet in order to see, whether there really is a
genomic decay paradox as defined by Loewe [7] that calls
for an explanation. Results show that indeed a range of
realistic parameter combinations should have led to the
extinction of Amazon molly within the time of its pre-
sumed existence.

Results

We quantified the rate of mutation accumulation due to
Muller's ratchet using the best available analytical approx-
imations [9,27,28] and globally distributed individual-
based simulations run by Simulator005r6 of evolu-
tion@home [7,29-31] assuming our estimates of the most
realistic parameter combinations. To this end we used the
standard null model of Muller's ratchet described else-
where [7] and extended it to accommodate the slowdown
in fitness decay that can be caused by polyploidy and
mitotic recombination. We employ the U-shaped plot of
extinction times against selection coefficients to allow
easy visualization of situations that lead to a genomic
decay paradox. The frequency of these situations can be
measured by specifying the range of critical selection coef-
ficients s, that are defined by the prediction of correspond-
ing extinction times that are below T,,,, the presumed age
of asexuality in an evolutionary line. For more detailed
explanations of this plot see Loewe [7].

The results show that values for U, the slightly deleteri-
ous mutation rate, that are above U, = 0.1, lead to the

extinction of the Amazon molly within the estimated T,
= 81,000 years of its existence, even if lower and upper
limits for T, are considered (see Figure 1 and T, esti-
mates below). This is also true for our best estimate of
U, in the unlikely case of extremely high levels of mitotic
recombination (then Uy, is scaled to 0.2 deleterious
mutations with critical effects/diploid genome/genera-
tion). These findings are rather independent of the effec-
tive population size N,, as even N, = 107 (certainly larger
than the true N, of the Amazon molly) will not help

against Muller's ratchet if mutation rates are too high.

A deleterious mutation rate of about U, = 0.05 per gen-
eration results in extinction times that border with upper
limits of estimates of the age of the Amazon molly of 105
years. At this mutation rate some values of N,, R,,,, and
T,., permit persistence and others cause extinction within
this timeframe, where R,,,, is the maximal reproductive
capacity of the non-degenerated ancestors and T,,, is the
generation time. The variability due to N,, R, and T,,, is

indicated for U, = 0.05 by the dashed black lines in Fig-
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ure 1. These factors lead to similar variability of extinction
times for other mutation rates. If the deleterious genomic
mutation rate were only 0.01, then extinction due to
Muller's ratchet in the known age of the P. formosa lineage
could be excluded, even with the current uncertainty in
other parameters.

If deleterious mutation rates are greater than our best esti-
mate of U, = 0.4, then Muller's ratchet will cause extinc-
tion of the Amazon molly in a few thousand years from
the origin of asexuality under the standard model in the
absence of mitigating forces. Such high mutation rates
seem to be supported by our best approximation of the
genetic architecture in the Amazon molly (many approxi-
mately codominant mutations of small effects in a
genome with very low levels of mitotic recombination
lead to an effective doubling of U, as shown in the
Equal-Contribution-Model in Table 1 and discussed in
the Models section below).

Following Loewe [7], the threat of extinction from
Muller's ratchet in Amazon molly can be quantified in
detail as follows:

Uy, = 0.5 (and a mean of all other values) yields a mini-
mal extinction time, T,,, of T, = 5 Kyr due to most critical
selection coefficients, s, in the range from s, = 0.005 to
0.05. A genomic decay paradox for this mutation rate
exists at T, = 100 Kyr in the range of critical selection

coefficients s,~ 0.0002 to 0.06.

Uy, = 0.1 (and a mean of all other values) yields a mini-
mal extinction time of T,.~ 50 Kyr due to most critical
selection coefficients in the range from s_,,~ 0.005 to 0.01.
A genomic decay paradox for this mutation rate exists at
T, = 100 Kyr in the range of critical selection coefficients
5.~ 0.001 to 0.01.

Lower mutation rates under the same conditions lead to
minimal extinction times that are longer than the
assumed age of the line (U, = 0.05 leads to extinction in
T, .~ 200 Kyr at s, = 0.005 and U, = 0.01 to T,,~ 3 Myr
ats,, ~ 0.001). See the coloured lines in Figure 1 for a vis-

ual overview.

If mutation rates are increased beyond the natural levels
that we estimated (e.g. by mutagenic pollution), then the
most damaging mutational effects are all in the range of
several percent or more and resulting minimal extinction
times can be surprisingly short. For example, U, = 1 can
lead to extinction times of about 300 years by accumulat-
ing deleterious mutational effects of s ~ 10%. If mutagenic
pollution leads to a further 10-fold increase of U, then
extinction times are expected to be less than 30 years, as
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Figure |
Predicted extinction times of the Amazon molly. Muller's ratchet might cause extinctions of the unisexual Amazon

molly due to the accumulation of slightly deleterious mutations. (A) analytical results only, (B) analytical results and simulations
combined. The upper bar denotes the assumed age of the line (70 Ky, min 40 Ky, max 100 Ky). The lower bar marks the bor-
der to neutrality for the effective population sizes (N,) used by spanning the selection coefficients from N,s = | for the largest
(107 females) to the smallest conceivable N, (104females). The lines represent the analytic predictions of the extinction time for
different deleterious genomic mutation rates (U,,,,) with N, = 316,000, generation time T, = | year and maximal reproductive

T €
= 500 offspring/generation. Our current best overall estimate for U, is O.ﬁ critically deleterious mutations/dip-

capacity R,
loid genome/generation. Our upper limit is close to Uy, = |. The dashed lines indicate the variability of the extinction time
estimates for a value that is close to our lowest credible mutation rate estimate (U, = 0.05, green diamantes) using the corre-

sponding upper and lower limits of N, T,.,and R,,,; variability in extinction time is similar for other Uy, Large symbols
denote valid extinction time estimates from simulations with at least 2 observed clicks of Muller's ratchet (usually many more,
up to 500). Small symbols denote lower limits for extinction times from simulations without observed clicks, based on the
(usually wrong) assumption that the ratchet would have clicked just after stopping the simulation. Each symbol denotes an
independent simulation with a different random seed and assumes the same mean T, and R, as analytic predictions (different
N, have been plotted on top of each other to avoid a series of similar plots). This plot contains 24,251 simulations with a total
of 14.78 years of computing time. See main text for a discussion of parameter combinations and Loewe [7] for an in-depth
explanation of the U-shaped plot shown here. The location of the wall of background selection for a particular parameter combi-
nation is approximately given by the vertical part of the corresponding line: all mutations with effects larger than the location of

this wall are removed deterministically.
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Table I: Useful transformations for computing expectations and bounds for the rate of Muller's ratchet in diploids.

Genome type Recessive (h = 0)

Co-dominant (h = 0.5) Dominant (h = 1)

(1) asexual haploid

Usdm
s

Core-Genome-Model
(extreme forms are

unrealistic)

Stage |

(MA is easy, may be

harmless):

(2) asexual diploid

2U sdm 0
sh sk
Stage 2
(MA is harder, may be
impossible):

0 <2Usdm
s(1-h) s(1-h)

intermediate between
genome type (2) and (4)

(3) asexual diploid with mitotic recombination

(4) automictic selfing diploid with free recombination

Usdm Usdm
s s
Every-Allele-Needed-Model

Equal-Contribution-Model
(most unrealistic)

(useful first order

Stage |
approximation) 2Usdm (MA@ is hard, may be
sh impossible):

2U sam N >>0

sh sh
Stage 2
(MA is easier, may be still
hard):
0 <<2U sqm
s(1-h) s(1-h)

intermediate between
genome type (2) and (4)

intermediate between
genome type (2) and (4)

2U sdm (1+sh) (1+5)
2u 25— 2U 25—
2s sdm S(I—Sh) sdm 5(1_5)
N = N . e_Usdm/S
The table gives the variables in the exponent of = 0 ¢ , where Ny is the number of individuals in the population that are in the 'best

class' (has the highest fitness) in mutation-selection balance. Here we propose that Muller's ratchet in a given genome type can be approximated by

using predictions for Muller's ratchet in a haploid asexual genome and applying the scaling given here. U,

am = slightly deleterious mutation rate/

haploid genome, s = homozygous selection coefficient, h = dominance coefficient, sh = heterozygous selection coefficient, where in this table
positive s denote harmful mutations. The two stages for asexual diploids denote the fixation of the first and second deleterious mutation that can

occur at a diploid locus. For individual stages, arrows indicate the change of U,

that mutation rates will remain below or above the indicated level, respectably.

/s with increasing mutation accumulation (= MA). '<' or ">' indicate

increasingly harmful mutations start to accumulate as
well (extrapolation from Figure 1).

Discussion

This is the first detailed assessment of the threat of extinc-
tion from deleterious mutation accumulation through
Muller's ratchet in the Amazon molly. Combining our
best estimates of the haploid deleterious mutation rate
(Uyy, = 0.2) with our best approximation of the genetic
architecture in the Amazon molly (many approximately
codominant mutations of small effects in a genome with
very low levels of mitotic recombination) leads to an
effective deleterious mutation rate of U, ~ 0.4 mutations
with critical effects/diploid genome/generation. In the
absence of significant mitigating forces this would cause
extinction of the Amazon molly in a few thousand years.
More precise results can be taken from Figure 1 if needed.
This represents a big step forward for understanding the
asexuality in the Amazon molly, since never before have

the times to extinction been quantified in such detail for
this fish.

Genomic decay paradox

Combining predicted extinction times with current esti-
mates of the age of asexuality in the Amazon molly leads
to a genomic decay paradox, as defined by Loewe [7].
Thus mechanisms that extend our standard model of
Muller's ratchet are needed to explain why this fish has
thus far escaped extinction. Such mechanisms are not
needed if either our most plausible mutation rate esti-
mates are too high or the Amazon molly is younger than
current age estimates suggest (effective U, = 0.04 - 0.9;
Tage = 40,000 - 100,000 years, see section 'Age..." below
and [11,12]). As current evidence seems hardly compati-
ble with such low mutation rates or such a young age of P.
formosa, the quest for mechanisms that help this fish
escape genomic decay seems to be valid. This is corrobo-
rated by our observation of a fitness correlate, the number
of embryos found in females, which does not show signif-
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icant differences between P. formosa and P. mexicana (one
of its parental species, see section on life history below).
While we have no such information for other correlates
such as longevity, number of broods per life, offspring sur-
vival, etc., our current limited evidence suggests that P. for-
mosa experiences only little or no genomic decay despite
our predictions of substantial deleterious mutation accu-
mulation. Below we will discuss processes that might be
of special importance for maintaining fitness in the Ama-
zon molly.

Mitotic recombination

Some reports of apomixis in the Amazon molly suggest a
little debated potential solution to the mystery of its long-
term survival. Rasch et al. [26] reported low, but consist-
ent, levels of tissue graft rejections after prolonged periods
(up to one year) within certain sibships, suggesting that
not all inheritance is strictly isogenic in the Amazon
molly. In the absence of a meiotic prophase these obser-
vations have been interpreted as the result of either a
mutation rate that exceeds expectations or as the result of
somatic cell crossing-over [26,32]. This process is also
known as mitotic recombination and is most likely an
inevitable result of the way that cells organize mitosis. It
was first discovered in Drosophila [33,34] and has been
intensively studied in yeast [35-37], mice [38], humans
[39] and Daphnia [40]. The frequency of mitotic recombi-
nation in some fungi was found to be between 102 and
10% times less than that of meiotic recombination [41]
and recent experiments in yeast reported a factor of =
25,000 [37]. Estimates suggest that about 10 sister chro-
matid exchanges per cellcycle can occur in mammalian
cells [42]. Such evidence suggests that the Amazon molly
experiences mitotic recombination, even if the effective
rate of segregation of different mutations is probably
much lower than in selfers with meiotic recombination.
The fact that asexual Daphnia have been shown to experi-
ence mitotic recombination [40] means that the Amazon
molly would not be the only asexual to experience mitotic
recombination.

If this is true, the resulting segregation might slow down
Muller's ratchet for some selection coefficients [43-45],
compared to expectations from the Equal-Contributions-
Model described below. However, the fact that the distri-
bution of mutational effects is expected to be very wide on
a log scale [46,47] means that corresponding smaller
selection coefficients will continue to drive Muller's
ratchet. Thus it is difficult to see how mitotic recombina-
tion could stop the ratchet on its own without the contri-
bution of other processes. We can use a simple model to
put an upper limit on the maximal potential of mitotic
recombination to stop Muller's ratchet. Mitotic recombi-
nation cannot possibly do more to stop fitness decay than
in the case of completely free mitotic recombination. This
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allows for mutations to segregate at a maximal rate and
has been used to model Muller's ratchet in selfers [45]. As
shown below (see section on Muller's ratchet with self-
ing), a simple scaling of mutation rate and selection coef-
ficient is enough to extend the standard model of Muller's
ratchet to this case. Applying such a scaling to our results
does not remove the genomic decay paradox that we find
(see Table 1; it is questionable whether mitotic recombi-
nation will have a large effect, since the rates of mitotic
recombination are probably far from free recombina-
tion). Similarly an analysis of the various levels of domi-
nance that are possible for diploids and triploids as shown
in Table 1 does not remove the paradox. Thus we will have
to search for other solutions.

Rare recombination events during oogenesis in the Ama-
zon molly are not conceptually different from mitotic
recombination in the germ line or selfing. To limit the
largest possible contribution of these processes towards
stopping genomic decay we assume the most generous
form of selfing, which is free recombination between both
diploid copies. As our analysis above shows, the largest
possible amount of recombination during oogenesis can-
not stop Muller's ratchet - if no fresh genes are introduced
by outcrossing of some sort.

Paternal leakage

Occasional paternal leakage of fresh genetic material from
sexual sister species could serve as a template for DNA
repair [48] or restore genes that had been destroyed by
Muller's ratchet [13,49]. Paternal leakage has been dem-
onstrated to lead to the expression of paternal genes
[13,50], suggesting a compensatory role in the Amazon
molly [13]. There are two mechanistic scenarios that may
facilitate this.

(i) Micro-chromosomes with a size of about 1% of the
genome have been observed to leak from a sexual sister
species to the Amazon molly [13,24]. If they carry an occa-
sional random sample of genes from the non-degraded
sexual genome into the degrading Amazon molly popula-
tion, then the possibility exists that they might restore an
ancient, non-degraded state of fitness. This could slow
down Muller's ratchet enough to solve the genomic decay
paradox [13,25]. Micro-chromosomes have been demon-
strated to be stably inherited over many generations
[25,51].

(ii) The finding of triploid clones might encourage the
speculation that the third genome copy that is contributed
by the sexual sister species might help restore fitness [49].
One might speculate that triploids should produce more
offspring or survive better and ultimately substitute the
diploid individuals. However, observations suggest the
contrary, as triploids are rather limited in their range,
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young, and much less frequently produced than in other
asexuals [15,23]. An alternative possibility is that triploids
might occasionally lose one of their three genome copies
and give rise to secondary diploids that can carry presum-
ably fitter genes from their sexual sister species. If such a
gene flow exists from the sexual sister species over pater-
nal leakage and an intermediate triploid stage to a final
diploid stage, then such a flow might contribute towards
solving a genomic decay paradox [49]. However, there is
no evidence for such a directed gene flow and triploids are
produced much rarer in the Amazon molly than in other
asexuals or than micro-chromosomes in P. formosa [23].

In any case, paternal leakage should not be confused with
true recombination, which has stimulated discussions
about the ratchet stopping potential of paternal leakage
[52,53]. It has also been speculated that the paternal
genome might be used as a template for DNA repair, but
its precise role remains unclear [48].

Other processes

There is a long list of other potential solutions for the
genomic decay paradox that has been given elsewhere 7]
and thus shall not be discussed in detail here. This list
includes the unlikely possibility that the true deleterious
mutation rate might be much lower, either because muta-
tion rates in the Amazon molly happen to be generally
much lower for yet unknown reasons, or because the dis-
tribution of mutational effects happens to be strongly
bimodal with almost no mutations in the critical interme-
diate range. These hypotheses are not well supported by
comparative analyses of mutation rates and effects in dif-
ferent species (see Parameter Estimates below). Synergis-
tic epistatic effects have also been argued to have the
capacity to stop genomic decay [54,55], but this is only
true in combination with very specific distributions of
mutational effects. If these distributions are reasonably
wide, the potential for epistatic effects to decelerate
Muller's ratchet is virtually non-existent [56].

We have also ignored advantageous and compensatory
mutations, which have a substantial potential to stop
genomic decay completely, if they are frequent enough
[57-59]. Recent work has suggested that a substantial frac-
tion of all mutations is advantageous [47,60]. If the
underlying patterns are not caused by other processes and
the selection coefficients of the corresponding mutations
are large enough, then advantageous mutations can stop
Muller's ratchet. Recent work in viruses has suggested that
the ratio of beneficial to deleterious mutations can
increase as the mean fitness decreases [61]. If similar
dynamics hold for fish then Muller's ratchet may operate
much slower, if at all. A more detailed discussion of back
mutations and compensatory mutations can be found
elsewhere ([7] and references therein).
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To increase the precision of extinction time estimates it
would be desirable to have more direct empirical esti-
mates of mutation rates and effects in the Amazon molly.
Such more precise estimates are needed when specific
potential solutions for this genomic decay paradox are to
be tested. The evidence presented here makes it seem
unlikely that such added information will change our
main conclusion that a genomic decay paradox exists for
the current age estimates. For more details and additional
potential solutions, please see [7].

Red Queen

It is possible that Muller's ratchet is not the only process
that leads to genomic decay and that the speed of Muller's
ratchet may be significantly increased by other processes.
The Amazon molly and its closely related sister species are
known to harbor parasites [62,63]. These parasites proba-
bly decrease the fitness of their host substantially in the
wild and co-evolve with it in an evolutionary arms race for
survival. This scenario is described by the Red Queen
hypothesis [3,5,64,65] and may in itself lead to the extinc-
tion of a species. A Red Queen scenario can also be caused
by antagonistic co-evolution in general, which may occur
in many circumstances, including evolving predator-prey
or plant-herbivore relationships or intra-specific co-evolu-
tion. It is also known that the speed of mutation accumu-
lation caused by Muller's ratchet is enhanced in a
population that experiences Red Queen dynamics [6,66].
Empirical support for a prerequisite of the Red Queen
hypothesis could be found in another member of the fam-
ily Poeciliidae to which the Amazon molly belongs [67].
Thus the Amazon molly might participate in such an arms
race, however we currently do not know the range of bio-
logically realistic parameter combinations that are needed
to quantify Red Queen dynamics here. The Red Queen
Hypothesis predicts an increased load from parasites in
asexuals, because they cannot adapt as fast as sexuals to
newly evolving parasites. Based on this prediction one
might not expect substantial Red Queen dynamics in the
Amazon molly, since it seems to have about as many par-
asites as its sexual sister species [68]. Another attempt to
discover Red Queen dynamics in the Amazon molly was
also negative [69,70]. If the Amazon Molly is forced to
constantly evolve as under Red Queen dynamics, then the
genomic decay paradox might be more extreme.

Implications for the origin of the Amazon molly

Many attempts to produce fertile asexual hybrids in the
laboratory have been unsuccessful [71-73], but under nat-
ural conditions such hybridization attempts between the
sympatric parental species of the Amazon molly, P. mexi-
cana and P. latipinna, might happen occasionally. If such
hybridization events occurred regularly, they could have
led to a stable existence of the Amazon molly form, even
though all individual hybrids are on their way to extinc-
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tion as they will soon be replaced by fresh hybrids. In this
case we expect multiple different young hybrid lines in
random samples from the overall population of the Ama-
zon molly, as each lineage of hybrids will be closer to its
parental species than to other independent hybrids. The
corresponding phylogenetic tree is expected to be
polyphyletic.

Such a scenario is not supported by existing mtDNA data
[12,72]. Amazon molly individuals sampled from a wide
range of locations show a paraphyletic tree that is compat-
ible with a single hybridization event in the distant past.
This is based on the observation that Amazon molly
mtDNA sequences cluster either with each other or with
exactly the same ancestral sequence from the parental spe-
cies [12]. If all sequences sampled in the future follow the
same pattern, this rules out polyphyly and casts serious
doubts over the hypothesis of multiple hybridizations in
the past [12]. Combining this with the difficulties to pro-
duce asexual hybrids in the lab [71-73] suggests that the
Amazon molly probably comes from a singularly rare
hybridization success. This is in marked difference to
some other species, where asexual hybrids are much easier
to obtain [73]. Thus our quantification of Muller's ratchet
only applies to the descendents of this one clone that
appears to have an age of about 80 Ky.

We cannot distinguish whether the Amazon molly origi-
nated by a single ancient hybridization event or whether
there was a small series of such events involving very sim-
ilar parental individuals in the distant past. This is of no
importance for our conclusions, as the subsequent course
of mutation accumulation is not expected to be different
from that in a population that goes back to a single
hybridization event.

In order for other hybridization events to affect our con-
clusions, there would have to be a repeated production of
fresh clones that could then constantly replace the decay-
ing genomes in the population. This is expected to show
in phylogenetic analyses. Current analyses show the
absence of polyphyly and indicate that there is no ongo-
ing hybridization in the wild [12,72]. Thus our analysis is
appropriate for the time that came after the population
was cut off from geneflow. This is the time T, that we esti-
mate as the time that Muller's ratchet had for degrading
the Amazon molly. In the case that future work uncovers
multiple hybridization events, our analysis is valid for the
lifespan of each clone, assuming no additional factors like
interclonal competition that is independent of Muller's
ratchet.

As current genetic data cannot infer what happened before
the origin of our current lineage of the Amazon molly, this
lineage might well be only the last unisexual Amazon
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molly that did not yet go extinct, with many others pre-
ceding it. As we know nothing about potential previous
clones our ability to test the so-called "Frozen-Niche-Var-
iation model" [73,74] is rather limited in this case.

Conservation genetics

Since extinction time is very sensitive to changes in the
mutation rate, it is conceivable that the anthropogenic
release of mutagenic substances could lead to such a
strong increase in mutation rate that extinction times are
predicted to be in time frames that are frequently consid-
ered by conservation biologists. One of us (DKL) could
actually observe a typical Poeciliid habitat that had lost
almost all vertebrate life due to apparent water pollution
(Altamira, Tamaulipas, Mexico, 2002). Although we have
no evidence to decide whether this incident was muta-
genic or not, pollution in general often has mutagenic side
effects. This suggests the possibility of considerable pollu-
tion at least of parts of the habitat of the Amazon molly
and would not be the first instance where pollution in riv-
ers leads to a several-fold increase of mutation rates (see
observations in ferns [75-78]).

Quantifying Muller's ratchet in other ancient asexuals is
easier now

It is well known that asexual lineages are typically short-
lived. While this observation is central to theories about
the origin of sex, it still needs to be properly quantified
[1]. The evolution@home results used in this work make
it manageable to quantify the threat from Muller's ratchet
for the long list of other putatively ancient asexuals that
have been suspected of being threatened by genomic
decay [1,4,79,80], including the Amazon molly's close rel-
ative Poeciliopsis [74,81]. We suspect that it might not be
possible to explain the existence of all these asexuals by
the surprising discovery of a recent ancestor with a very
young age as in the case of the clonal, hybrid, gynogenetic
mole salamander Ambystoma [82-84]. Even if that were
the case, then it would still be interesting to quantify
Muller's ratchet, as this would shed more light on how fast
it actually clicks in clonal lineages, where some evidence
is consistent with its operation [85-89]. Examples of
ancient asexuals that could benefit from a more rigorous
quantification of the effects of Muller's ratchet include:

(i) Darwinula stevensoni, a small non-marine ostracod.
Darwinulidae are believed to have lived for about 200 Myr
without sex as the fossil record shows only females [80] -
but see Smith et al. [90]. The species Darwinula stevensoni
is a member of this group and is thought to exist for more
than 20 Myr now [80,91,92].

(ii) Bdelloid rotifers. The Class Bdelloidea of the Phylum
Rotifera is the largest taxonomic group that has apparently
lived completely without sex for at least 40 Myr [93-95].
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The ancient asexuality of these 0.1 to 1 mm long animals
appears to be as well established as it can possibly be. Var-
ious special features of this group have been discussed as
the reason behind its long-term survival [96-99].

(iii) Oribatid mites. Parthenogenetic automicts are fre-
quent among oribatid mites [100,101]. Current estimates
suggest that some lines have lived parthenogenetically for
perhaps 100 Myr and that their extant distribution was
strongly affected by continental drift [102].

Practical aspects

To quantify the possibilities of extinction from Muller's
ratchet in a given asexual system using the evolu-
tion@home results database, please contact one of us
(LL). You will receive help in completing a survey of vari-
ous details about your study system (see online question-
naire [103]) and if enough data is available, a preliminary
report will be produced (including plots similar to Figure
1). If necessary, the existing evolution@home infrastruc-
ture can be used to compute new parameter combina-
tions. Our experience shows that the prediction of
extinction times in ancient asexuals can often be simpli-
fied by using rough upper and lower limits for important
parameters. For some parameters the lack of precision will
not be critical, where as for others it will help focus further
empirical work towards parameter estimation.

Why quantify the ratchet as often as possible?

There are many open questions that can be asked about
the general accuracy of the simple standard model of
Muller's ratchet used for the quantifications presented
here [7]. We believe that the following reasons justify a
series of analyses of extinction times in various asexuals
based on our null-model. We expect such work to contrib-
ute towards a mature, quantitative discussion about the
evolutionary biology of asexuals.

(i) Critical predictions of extinction time help biologists
to look for the key data that is also needed for more real-
istic quantifications of the effects of mutation accumula-
tion. Therefore such predictions help in the design of
empirical work.

(ii) It can be expected that at least some of the putative
ancient asexuals are not examples of the genomic decay
paradox, because the known age of their asexuality is
smaller than their predicted extinction time. This does not
deny the age of their asexuality, it just takes the 'scandal’
out of the observations [4].

(iii) Those species with an apparent genomic decay para-
dox can be subject to a more detailed search for mecha-
nisms that solve the paradox and help them to avoid
extinction [7].
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(iv) Experiences with the present simple system for pre-
dicting extinction times can be expected to lead to the
development of more realistic systems for the quantifica-
tion of genomic decay paradoxes. Such improved systems
might include the processes discussed here and might
measure their mitigating effects on mutation accumula-
tion.

Conclusion

A genomic decay paradox is predicted by a large number
of biologically realistic parameter combinations for the
unisexual Amazon molly. This is based on a simple model
of Muller's ratchet that accounts for the distribution of
mutational effects on fitness, the availability of multiple
copies of the genome and mitotic recombination. Our
prediction of a genomic decay paradox strengthens the
conclusions of earlier work that suggested the existence of
additional biological processes that slow down or halt the
mutational decay of fitness in this fish. This conclusion is
consistent with our observation that the Amazon molly
carries approximately the same number of embryos per
adult as its sexual sister species. Future work will have to
establish whether paternal leakage of micro-chromo-
somes or still other processes have helped the Amazon
molly to survive until today. If these mitigating processes
are weak enough, an increase of mutagenic substances in
the environment could easily lead to a rate of mutation
accumulation that might allow extinction within time
frames that are frequently of interest to conservation biol-
ogists.

Methods

Standard null model

To test the hypothesis that Muller's ratchet does not
threaten the Amazon molly with extinction during the
known time of its existence, we used the null model for
quantifying the threat of extinction from Muller's ratchet,
as described elsewhere in detail [7]. This model is a simple
extension of the standard model of Haigh [104] com-
bined with mutational meltdowns [105]. In short, we
combined a multiplicative fitness model with an upper
limit for R,,,,, the maximal effective number of offspring
that can be produced by an individual. This allows com-
puting C,,,., the number of clicks of Muller's ratchet that
are needed to start mutational meltdown

Cmm = log(l/Rmax)/log(l - 5)’ (1)

where each click is the stochastic extinction of the geno-
type carrying the fewest deleterious mutations that have
the constant positive selection coefficient s [see [7,105]].
While this extinction does not require the fixation of a
new mutation in the population, such a fixation typically
follows shortly after the loss of the best class [106,107],
unless there are special circumstances. Combining the
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effective population size N, with U, the genomic rate of
the origin of slightly deleterious mutations with effect s,
allows us to compute T, the average effective time
between two clicks of Muller's ratchet in generations that
are assumed to be discrete. Since computation of this click
time is rather difficult, we combine two of the best analyt-
ical approximations [9,27,28] with extensive individual-
based computer simulations that were distributed over
the Internet using evolution@home, the first global com-
puting system for evolutionary biology [7,29-31]. We do
not quantify mutational meltdown, because this demo-
graphic process at the end of genomic decay is so fast that
it can be neglected. Therefore, we approximate T,, the
time to extinction by

Toe=Cpp " Ty ™ Tgen (2)
where T,,, is the time between generations that are
assumed to be discrete [7]. Extinction times are computed
for a large number of parameter combinations that span
the whole realistic range of parameters, to assess how
many parameter combinations could lead to an extinction
by T, the known age of existence of the asexual lines of
descent. Our simplifying assumption here is that no sig-
nificant mutation accumulation had occurred in the sex-
ual ancestors, since regular recombination would have
facilitated the selective removal of all slightly deleterious
mutations of critical effects (i.e. effects that could endan-
ger the long-term survival of the Amazon molly in the
presence of Muller's ratchet). To account for the distribu-
tion of mutational effects we scale the total genomic
mutation rate appropriately to obtain U, [7] and we esti-
mate N, from diversity data [108]. This approach is justi-
fied in the corresponding sections below.

Mutation rate estimates

Before we can estimate U, we need to estimate U, the
mutation rate at all potentially deleterious sites in a hap-
loid genome per generation. To do this we focus on syn-
onymous point mutations for estimating the rate per base
pair and later extrapolate to potentially harmful sites that
change amino acids or affect regulatory functions. We
focus on synonymous point mutations for several rea-
sons.

(i) Synonymous mutations are expected to be mostly
effectively neutral (or only under weak selection) and
therefore their rate of fixation can be predicted from the
neutral theory [109] (the rate is slightly lower if there is
very weak selection). Thus synonymous substitution rates
are probably very close to the true mutation rates of neigh-
bouring non-synonymous sites that accumulate the actual
mutational damage.
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(ii) We cannot apply observations from microsatellites,
since their mutational model is very different from that of
normal point mutations and it is not clear, how an esti-
mate of one rate could be converted to a direct estimate of
the other rate.

(iii) One might want to ignore chromosome rearrange-
ments and frame-shift mutations like indels or TE inser-
tions, if one wants to obtain a conservative estimate of
extinction time. Many of these mutations are so strongly
selected against that they have no chance of accumulating
in a large population (their selection coefficients are
firmly behind the 'wall of background selection’, see Fig-
ure 1 and [7]). Thus, such drastic mutations are probably
only of importance in the context of corrections for poly-
ploidy that were discussed above and if mutation rates are
already very high.

In addition to mutation rates in the nuclear genome, one
might want to consider mutation rates in the mitochon-
drial genome, since mitochondria are probably as essen-
tial to fish as they are to humans [7].

Distribution of mutational effects

To quantify Muller's ratchet in the presence of a distribu-
tion of mutational effects on fitness we partition this dis-
tribution in three as suggested elsewhere [7,108]:

(i) Very deleterious mutations are implicitly dealt with by
our method of determining N,, see below.

(ii) Slightly deleterious mutations with effects in the criti-
cal range or close to the critical range are the main focus
of our attention here, as these contribute most to extinc-
tion, see below.

(iii) Effectively neutral mutations that accumulate like
neutral mutations are ignored, as their effects are too
small for impacting fitness.

In order to quantify Muller's ratchet we need a good esti-
mate of U, the slightly deleterious mutation rate, which
is given by

Usdm = Utot * fsdm’ (8)

where U, is the genomic mutation rate at sites that are in
a functional category with potentially deleterious effects
like non-synonymous mutations, and f,;,, is the fraction of
sites with slightly deleterious, critical selection coefficients
s, among all potentially deleterious mutations (for more
details on this approach, see [7]). The corresponding
range of critical selection coefficients approximates all s
that lead to extinction within a minimal time or within a

given time T,,; this can be determined from Figure 1. To
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compute f,;,, we need to combine the range of all s, with
estimates of the distribution of mutational effects on fit-
ness, which traditionally have been difficult to obtain.
However recent progress has been substantial and we now
know that the distribution of non-synonymous muta-
tional effects is very leptokurtic and spans many orders of
magnitude in many different species [46,47,110-112].

Effective population size
There are three population sizes that are potentially rele-
vant here:

(i) total census population size N,,

(ii) effective population size in the absence of any delete-
rious mutations N,

(iii) effective population size in the presence of back-
ground selection N ;.

Here we argue that N, = N, for the purposes of quantify-
ing the rate of Muller's ratchet; this is how we use N, out-
side of this section. In order to see this, we need to
consider how to approximate the rate of Muller's ratchet
in the presence of a wide distribution of mutational
effects. New work by Soderberg & Berg [108] has shown
that the rate of the ratchet in the presence of such a distri-
bution can be approximated reasonably by dividing
mutational effects into different categories (see above).
Here we consider the category that contains mutations
with very strong effects (see background selection theory
[113,114]). Simulations [108] show that the effect of
these mutations on the rate of the ratchet is well approxi-
mated by using a scaled effective population size N, that
is appropriately reduced by the factor N,/N,, so that it
only contains individuals that are free from strongly dele-
terious mutations (see equation 7 in [108]). This is con-
sistent with classical Hill-Robertson effect theory, which
states that a locus that is linked to another locus under
selection will experience a reduction in effective popula-
tion size [109].

In the absence of deleterious mutations, estimates of N, =
N, can be made from diversity data and mutation rates,
but we cannot estimate N, in our system, since deleteri-
ous mutations are present. Surprisingly, we do not need
such an estimate, since background selection theory pre-
dicts that any estimate of N, based on diversity and muta-
tion rates will in reality be an estimate of N, the effective
size of the class that is free from strongly deleterious muta-
tons [113,114]. This means that two difficulties in our
analysis cancel each other out: we do not need to estimate
N,oand we do not need to simulate background selection
for a population of size N,, to quantify the rate of the
ratchet for mutations with critical effects. We only need to
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use standard approaches for measuring N, from DNA
sequence diversity; this will approximately give us N, for
our simulations, which then have to ignore all mutations
with effects in the background selection range [108]. Thus
our analysis uses information from two categories of sites:

(i) Neutral sites are important for estimating N, = N,
under background selection, but not for the ratchet itself
(ignore when computing U;,,).

(ii) Selected sites contribute towards operating the ratchet
(use for computing U_,,,), but cannot be used to estimate
N,.
Since mtDNA and all nuclear chromosomes are com-
pletely linked with the same selective unit in the absence
of outcrossing, N, is the same for both systems like in pure
selfers [115,116].

Simplifications overview

Here we approximate the effects of Muller's ratchet in a
real diploid genome by proposing to choose (i) effective
deleterious mutation rates that are adjusted for the corre-
sponding ploidy level and exclude mutations with effects
that are either too large to accumulate or too small to
cause effective harm and (ii) effective selection coeffi-
cients that are adjusted for arbitrary levels of ploidy, dom-
inance and mitotic recombination. The corresponding
adjustments are compiled in Table 1 and explained
below. Given the large degree of uncertainty about muta-
tion rates and selection coefficients in our study organism,
the errors from these approximations seem insignificant.
Also, it is not possible to convincingly decide between the
"Core-Genome-Model" and the alternative "Equal-Con-
tribution-Model", although the latter seems to be much
more realistic (both models are explained below). There-
fore all possible options are explored by including a wide
range of possible mutation rates and effects.

Extensions for diploids and polyploids

To apply the model above to non-haploid organisms
requires some adjustments to account for the fact that
duplicate copies of genes can buffer deleterious effects. To
avoid the complexity associated with recent models of the
evolution of gene duplicates [117-121], we propose two
simple models that allow the reduction of polyploids to
an effectively haploid genome model: (i) The Core-
Genome-Model assumes that one functional copy of each
essential gene is sufficient and all other alleles can be dis-
carded without problems, so that fitness degradation from
Muller's ratchet can only start when the 'backup alleles'
have been deactivated. (ii) The Equal-Contribution-Model
assumes that each allelic copy contributes equally to fit-
ness, so that selection coefficients are reduced and muta-
tion rates are increased proportionally to the ploidy level.

Page 11 of 20

(page number not for citation purposes)



BMC Evolutionary Biology 2008, 8:88

Both models are discussed below for diploid and triploid
Amazon molly along with the impact of a variable domi-
nance coefficient h on quantifications of Muller's ratchet.

Core-Genome-Model

One might assume that only one copy of each important
gene is really needed and that all additional copies from
higher ploidy levels of the genome could be regarded as
'neutral backups' that can be deleted without any negative
effect, as long as the last functional copy is still working.
An extreme interpretation of this assumption implies that
all deleterious mutations are completely recessive (domi-
nance coefficient h = 0), which is rather unrealistic in
many settings [122-130]. However, in less extreme cases,
recessivity may be strong enough to reduce the effects of a
complete gene knockout to effective selective neutrality
(Nsh < 1). Under the Core-Genome-Model otherwise
strongly deleterious mutations like indels or transposable
element insertions can disrupt gene function in all addi-
tional copies and thus accumulate effectively like neutral
mutations. Eventually the core genome will be distributed
across all the different haploid copies of the original
genome, as it is really only a combination of all the least
damaged parts of the genome. Since one frame-shifting
mutation is enough to transform a copy of gene i into a
pseudogene, we can approximate its time to inactivation,
Tko/ by

Tkoz 1/(li * pr * fko) (3)

where f,, is the factor that specifies the frequency of frame-
shift or other knock-out mutations relative to p,, the syn-
onymous point mutation rate/basepair/generation, and /;
is the total length of gene i. Lets assume a typical gene has
2,000 base pairs and frame-shifts occur at a rate of , * f;,
~ 1*10- (probably a lower limit if compared to ~ 1*10-8
mutations/bp/generation in mice and f,,,~ 1/3 as observed
in bacteria [see the 'C' parameter in [131,132]]). In this
case one may have to wait on average for about 500,000
generations, before inactivation of such a gene can be
expected. Since these events most probably follow a Pois-
son distribution, it can be expected that a substantial frac-
tion of essential genes would be inactivated very quickly,
leaving only one copy that is then maintained by selec-
tion. It is these last copies that are then slowly degraded by
Muller's ratchet, since they can most probably mutate to
such slightly deleterious states that allow the operation of
the ratchet. Early inactivation of enough 'backup copies'
will give Muller's ratchet extensive periods of time for
degrading the core genome (late inactivation may allow
for slightly deleterious point mutations in the non-deacti-
vated allele). For example, the rates above suggest that
frame-shift accumulation in 20,000 diploid genes would
inactivate on average about 1,000 genes (sd = 32) over
25,000 generations. A precise calculation of extinction

http://www.biomedcentral.com/1471-2148/8/88

time in this model would require the integration of the
effects of increasing mutation accumulation over time,
where the increase is caused by rising deleterious muta-
tion rates due to the progressive inactivation of genes. To
avoid these complex calculations, the following two
extreme simplifications are proposed.

A lower limit of T,, can be obtained by ignoring all addi-
tional copies of the essential core genes. In this case the
resulting U, to use for the computation of click time is
that of the haploid core copy of the genome. An upper
limit can be obtained by partitioning time into (i) the
accumulation of knockouts while ignoring Muller's
ratchet and (ii) the operation of Muller's ratchet while
neglecting any further increase of mutation rates due to
additional knockouts. Testing several possible ratios of
these two times allows minimization of extinction time
between the extreme of no time for frameshifts (no extinc-
tion due to Muller's ratchet, since mutation rates are too
low) and all time for frame-shifts (no extinction, because
Muller's ratchet will always need some time to cause an
extinction, even with high mutation rates).

In the case of triploids or higher ploidy levels, the Core-
Genome-Model needs correspondingly longer for
genomic decay, but in no case can additional copies stop
genomic decay. Higher ploidy levels are not discussed
here, since we assume that the first Amazon molly was
diploid. Triploids lose their advantage in the Core-
Genome-Model, if they occasionally lose one of their
three sets of chromosomes, as they might do [49]. The fact
that this is possible indicates that the lost set of chromo-
somes does not carry any last functional copy of a vital
gene. For more details on triploids see the Equal-Contri-
bution-Model.

Equal-Contribution-Model

Diploids

Many mutations of small effects do not seem to be com-
pletely recessive, but rather close to codominance, espe-
cially if their effects are very small [122-130]. If that is
approximately true for most genes, then both copies in a
diploid genome are actually needed to produce the
required dose of proteins to maintain fitness. In this case,
all copies of the genome of the Amazon molly will con-
tribute approximately the same amount of functionality,
implying that the size of the mutational target increases
two-fold, while effective selection coefficients decrease
two-fold, relative to the haploid case (there are twice as
many sites to hit and selection only operates against het-
erozygotes with strength sh, where h = 0.5).

Triploids
It is not clear whether such reasoning can be extended to
triploids, as ancestral genomes may have been fine-tuned
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for diploidy. The fact that triploids can have significant
disadvantages if compared directly to diploids [133,134]
cautions against a positive functional role of the addi-
tional copy of the genome. On the other hand, one could
argue that the surprising flexibility of fish in tolerating var-
ious ploidy levels [133] allows for an easy incorporation
of an additional dosage of proteins provided by a third set
of chromosomes. This is not contradicted by the fact that
Amazon molly triploids can be observed in the wild [23],
as strong purifying selection would predict vanishing fre-
quencies, since the rates of origin of triploids are rather
low in this fish [23]. Existing data on expression patterns
of muscle proteins in Amazon molly triploids are incon-
clusive [50]. These complications suggest that triploids
may face purifying selection and therefore they are not
likely to reach 100% in a population. Depending on the
specific mechanism of how triploids incur a possible dis-
advantage, the inactivation of one copy might occasion-
ally even be beneficial for triploids. In addition, triploids
may revert back to diploidy by occasionally losing one of
their three sets of chromosomes [49]. The fraction of trip-
loids in the wild seems to fluctuate substantially, but no
population with 100% triploids has been observed. Fre-
quencies of triploids for two different samples were in the
range of 4%-15% (Lamatsch et al., unpublished) and 3%
- 46% [135], indicating that selection against triploids is
probably weak. Therefore, equal-contribution-corrections
to haploid estimates of U, (and s if available) have to be
treated with caution in the case of triploids, but appear to
be reasonable approximations for diploids.

Varying dominance

The two models above assume either complete recessivity
or codominance. Observed dominance levels in other spe-
cies are frequently somewhere in-between, where muta-
tions with smaller effects tend to be closer to
codominance [122-130]. While we know very little about
the precise values of the dominance coefficient, h, and the
selection coefficient, s, in the Amazon molly, it appears to
be highly probable that general findings from other spe-
cies apply here too. Of special interest here is the fact that
the distribution of mutational effects on fitness appears to
be very wide on a log scale [46,47]. Thus we can propose
a simplification that allows for arbitrary dominance coef-
ficients between h = 0 and h = 1 by making slight adjust-
ments to the effective s used in simulations. The
simplification is based on the observation that

(i) deleterious mutations with smaller effects have a
higher probability of accumulating in the population
than those with larger effects and

(ii) mutations with large enough effects do not accumu-
late (see the 'wall of background selection' in Figure 1 and
in [7]).
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To simplify the treatment we speak of the ratchet as if it
fixes mutations, although strictly speaking the ratchet will
only cause the mutation-free class to go extinct and fixing
happens shortly after that by genetic drift (see [106,107]).
The following qualitative analysis is supported by pub-
lished simulation results [106].

We can treat dominant mutations as follows. If and only if
the ratchet can fix the first mutation at a site (i.e. individ-
uals that are homozygous for that size go extinct and all
individuals in the population become heterozygous) then
it will eventually also fix the second mutation (i.e. all indi-
viduals become homozygous for the deleterious allele). If
a heterozygote cannot be fixed, there is no way the
homozygote state can be fixed and the effective mutation
rate used to compute the speed of the ratchet should be
reduced accordingly to exclude such sites.

In the case of recessive deleterious mutations, there are the
two following extremes. If s is small (most mutations),
then click times are hardly affected and almost no correc-
tion is necessary. If s is large enough to prevent fixation of
heterozygotes, then again the effective mutation rate may
be reduced, as fixation of the homozygous state is impos-
sible. Only few intermediate s can become heterozygous
but not homozygous, as they have to be close to the
switch-like transition between 'can accumulate' and 'can-
not accumulate' (see the 'wall of background selection' in
Figure 1 and [7]) and their homozygous effects have to be
too deleterious to accumulate. This simplification relies
on the almost switch-like transition between mutation
accumulation by Muller's ratchet and complete mutation
removal by background selection.

We ignore overdominant sites, assuming that these stay in
their optimal heterozygous state. This will lead to a con-
servative estimate of extinction time, as these sites do not
contribute to fitness decay under this assumption. Future
models will have to investigate to what extent such an
approximation is justified in the presence of a small frac-
tion of overdominant sites [129,130].

Extensions for mitotic recombination

Non-meiotic recombination can play a substantial role in
reducing diversity in asexual lineages [40]. To assess the
extent to which the rate of Muller's ratchet could be
reduced by this process [43,44,136], the following
approach was used. We assume that the maximal possible
rate of mitotic recombination is equivalent to selfing with
free recombination between loci. The true reduction of
the rate of Muller's ratchet is probably much smaller, since
mitotic recombination is certainly not as effective as free
recombination in a selfing population. Thus the strongest
possible reduction of the rate of Muller's ratchet from
mitotic recombination can be estimated from the analyti-
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cal work of Heller and Maynard Smith [45]. As explained
below, a simple scaling of U and s is enough to reduce pre-
dictions to the haploid case.

Muller's ratchet with selfing

Heller and Maynard Smith [45] derived an equation that
describes the distribution of deleterious mutations in a
selfing population under Muller's ratchet. We assume here
that the expectation of the size of the 'best class' in muta-
tion-selection balance mainly determines the rate of
Muller's ratchet. This appears to be supported by some
simulation results [43,44] although Gordo & Charles-
worth [137] found that the ratchet could click at different
rates for the same size of the best class if other parameters
were different. Our assumption allows us to use a simple
scaling of U and s to reduce predictions for diploid selfers
to the haploid case.

In detail, Heller and Maynard Smith [45] show that in a
selfing population x;;, the fraction of individuals carrying
i homozygous and j heterozygous mutations is given by

:l[usdm,d(I*Sh)] . [ Usdm,d(1*5h)]_i[2usdm,d }jlexp[_zusdm,d]
il 2s(1+sh) 2s(1+sh) j'l l+sh 1+sh

(4)
where U, ,is the slightly deleterious mutation rate/dip-
loid genome/generation that changes wildtype homozy-
gotes into heterozygotes, h is the dominance coefficient
and s is the homozygous selection coefficient (positive for
harmful mutations). This equation assumes that (i)
recombination is free between sites, so that the ratchet
only operates at homozygous sites, since selfing can
restore the best class on a heterozygous site, (ii) Uy, 4is
constant and independent from the number of mutations
per individual, (iii) mutations at heterozygous sites are
negligible, since selfing produces many more homozy-
gotes, (iv) the standard model of Muller's ratchet without
back mutations is valid [7,104]. Then the number of indi-
viduals in the 'best class', N, can be computed by adding
up all heterozygotes that are free from homozygous dele-
terious mutations and then scaling by the effective popu-
lation size

xi/

No:Ne'zxo]‘ (5)

=exp(x) (6)

equations (4) - (6) yield

http://www.biomedcentral.com/1471-2148/8/88

NO:Ne'eXp[_W} )

2s(1+sh)

For complete recessivity (h = 0) this reduces to the haploid

= . _Usdm/s
asexual case ( No=N,-e ), because the diploid
mutation rate U, ,;equals twice the haploid rate U,,,. It

is easy to see from (7) that the degree of dominance of
mutations with small selection coefficients does not sig-
nificantly affect numerical values and hence the rate of the
ratchet. Since the ratchet does not click for large s, one
might as well neglect dominance altogether.

Parameter estimates
Effective population size
For our simulations we need an estimate of the effective
population size in the presence of background selection
(N, = N, see above). To arrive at such an estimate we
obtain corresponding diversity data from the control
region of mtDNA, since it is linked to the rest of the
genome by unisexual inheritance (see the Models section
above for a justification of this approach). We use the
DNA sequence diversity data from Moller (see pp. 46, 47
and 55 in [12]), who observed 14 haplotypes with S = 13
sites segregating for single base pair polymorphisms in a
total of n = 63 sequences of length L = 886 bp from 17
geographic locations. Since the control region of mtDNA
is likely to evolve neutrally at most sites, we can use Wat-
terson's [138] equation to compute N, = S/(L * p, * a),
where N, is the effective population size of mitochondrial
DNA in the presence of background selection, py, is the
mutation rate per site/generation anda =1+ 1/2 + 1/3 +
. + 1/(n-1) for n sequences in the sample. Here we
assume an mtDNA divergence rate of 3.6% + 0.46%/site/
Myr as estimated in the species groups of the fish Centro-
pomus [139] from divergence since the Panama seaway
closed 3.0-3.5 Myr ago [140]. This suggests a value for N,
between 153,000 and 198,000 that will have to be scaled
downward, if actual mutation rates are higher, like in
human pedigrees [141]. The nuclear value is identical to
this mtDNA estimate, if there is no outcrossing [115,116].

Comparative analyses suggest that the resulting values are
reasonable. The total population size N, may be used to
place upper bounds on N, in most situations. Some mark
and recapture experiments could only estimate that N, >
10,000 in that local study area (M. Doebler, personal
communication). One may speculate that about 10 mil-
lion individuals of P. formosa may exist in total. If this is
combined with the typical finding that vertebrates fre-
quently have N -values that are about 10% of their census
population sizes [142], then N,would be about a million.
Given that a species as abundant as the fruitfly Drosophila

Page 14 of 20

(page number not for citation purposes)



BMC Evolutionary Biology 2008, 8:88

melanogaster has effective population sizes of little more
than a million [143], suggests that the Amazon molly
probably has N, < 10°. On the other extreme it is highly
unlikely that the Amazon molly would have an effective
population size smaller than that of primates, suggesting
N,> 104

We use deliberately wide upper and lower bounds of N, =
104to 107 to demonstrate that population size has a rather
small influence on the operation of Muller's ratchet in the
presence of a distribution of mutational effects.

Life history

Based on observations we estimate that generation time
T, is between 4 month (min) and 2.5 years (max), so we
assume 1 year as our middle value. The maximal repro-
ductive capacity in the wild with a non-degraded genome
R,,.is assumed to be 50 (min) 500 (mid) and 2000 (max)
offspring per lifetime (see below). While T,,, scales extinc-
tion times linearly, R,,,, has a much smaller effect. It is
possible that our values for R, are too large since they are
more based on the highest possible values conceivable
under laboratory conditions than on any real life survival
situation. Once such data are available, results from Fig-
ure 1 can be easily scaled appropriately (see equation 2).

Unfortunately there is very little information about life
history from natural habitats. Most of the knowledge
about P. formosa comes from extensive aquarium cultures.
In captivity the Amazon molly reaches maturity between
4 and 6 months, produces more offspring at larger body
sizes and may live for up to 3 years under optimal labora-
tory conditions. Here we report that females caught in the
wild contain a mean of 28 embryos (sd + 16; n = 20;
observed maximum in the wild = 70 embryos, slightly less
than the maximum of 90 observed in the lab [144]).
Females will probably produce this number of newborn
fish about every 28 days, depending on water tempera-
ture. They stop reproduction about 3 to 6 months before
death in the lab. The number of surviving newborn fish
can be reduced considerably by predation or disease. Thus
under good conditions R,,,, might be 18 periods * 28 off-
spring = 504, assuming a life span of 2 years. As a lower
limit one might use 50 offspring per lifetime, assuming
that many offspring die due to predation or disease and
many parents are small and frequently trapped in little
ponds without sister species that provide the sperm that
they need as a trigger for development. An upper limit of
R,,... = 2,030 might be derived from combining the maxi-
mal number of offspring-producing periods observed in
the lab (29 = 36-4-3) with the maximal number of
embryos per period observed in the wild (70 in n = 20, the
upper expectation for a fish of this size [10]). We did not
find that the sexual sister species, P. mexicana limantouri
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differs significantly from these values (observed mean =
27 embryos + sd = 13; n = 11).

Age of the evolutionary line

The ancestor of the Amazon molly clone known to us was
formed by a hybridisation event between a Poecilia mexi-
cana female and a Poecilia latipinna male [11,12] and is
believed to have reproduced asexually since then. A date
T, for this event may be derived from comparing alleles
in the Amazon molly with alleles in their corresponding
parent species using a molecular clock. At the moment
there are two datasets that are large enough to infer an
evolutionary age that is different from zero. Comparisons
of 1,377 bp in various nuclear genes (mostly introns) lead
to a point estimate of T,,, = 100,000 years assuming a
divergence rate of 2%/Myr from standard mitochondrial
clocks [11]. This age may be an underestimate, since
nuclear mutation rates are usually much lower than mito-
chondrial rates. However, the confidence intervals for this
estimate range from Tyge = 8,930 to Tp, = 209,000 years
due to the small number of substitutions observed
[69,70]. Thus it is desirable to arrive at a more precise esti-
mate. This can be done using the same set of mtDNA
diversity data that was used to estimate N, above [12].
Analyses of the median joining network show that there is
only one mtDNA haplotype that is shared between P. for-
mosa and P. mexicana and that this haplotype is at the
center of P. formosa diversity (p.49 in [12]). Thus it is rea-
sonable to assume that this haplotype was the most recent
common ancestor (MRCA) of all Amazon mollies and
one can use the number of mutational steps back to the
MRCA as an indicator of the time since divergence of
Amazon mollies from their MRCA. Using the method
described by Saillard et al. [145] and the data of Moller
[see p.69 [12]] leads to an estimate of 1.294 (+ sd =0.159)
mutational steps back to the MRCA in the 886 bp of the
control region of mtDNA that were sequenced for this
purpose. If this is combined with the divergence rate of
3.6% + 0.46%/site/Myr as estimated in the species groups
of the fish Centropomus [139] from divergence since the
Panama seaway closed 3.0-3.5 Myr ago [140], then we
arrive at an estimate of T,,, = 81,000 years for the time to
the MRCA of P. formosa (1.294/(886 * 3.6 *108/2); lower
and upper limits range from 63,000 to 104,000 years).
This time will have to be scaled downward, if actual muta-
tion rates are higher, as has been found in human pedi-
grees [141]. Thus we have marked T, = 40 Kyr, 70 Kyr
and 100 Kyr as estimates of the age of the Amazon molly
in Figure 1. It is easy to check our conclusions, if more pre-
cise information becomes available. A more rigorous
analysis involving multiple genes from multiple individu-
als from each species would be desirable [see [146]].
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Mutation rate estimates

The last decades have seen a large increase of our under-
standing of mutation rates across a wide range of organ-
isms [132,147,148] and we have no reason to assume hat
the Amazon molly might have extraordinarily low muta-
tion rates. Thus it is possible in the absence of more spe-
cific data to extrapolate from other species to arrive at a
credible estimate for the Amazon molly specific mutation
rate at all potentially deleterious sites in a haploid genome
per generation, U,,,.
The size of a haploid genome is about 950 Mbp, as
derived from DNA content of cells [149]. If this is com-
bined with the mutation rate counterpart of the diver-
gence rate that was used to date the age of Amazon molly
[11], then about 9.5 new mutations per haploid genome
can be expected in each new generation (950 Mbp * 0.01
subst/bp/Myr assuming T,,, = 1 year). Since many of these
mutations will be synonymous or affect only non-func-
tional DNA, we have to scale this rate by the effective
genome size [132]. Fish are presumably more complex
than flies. Therefore, we may use the effective genome size
of Drosophila melanogaster as a lower limit (13,379 genes
with 54,934 exons and a total length of 27.8 Mbp in exons
[150] suggest about 19 Mbp as the target size for non-syn-
onymous, non-frameshifting mutations). This is just 2%
of the actual genome size and has to be increased to about
8% to account for non-coding functional sequences that
seem to be about three times as abundant as functional
sequences in exons in organisms as diverse as fruitflies
and mice [151,152]. This would result in U,, ~ 0.74
potentially deleterious mutations/haploid genome/gener-
ation and may be an underestimate, as the amount of cod-
ing DNA in fish might be higher than in Drosophila. If a
similar calculation is based on the 33 Mbp exons that we
can estimate from the Fugu genome project, then U, ~
0.88 seems plausible (all genes occupy 108 Mbp and we
estimate that this includes roughly 75 Mbp introns from
Figure 2 in [153]).

These estimates do not change much, even if we use a
completely different way of obtaining the mutation rate.
Observations in mice have lead to estimates of 1.8 x 10-10/
site/cell replication, respectively [132]. If an estimated 88
Mbp functional sites in P. formosa experience about 25
germ line cell divisions per adult generation (as female
mice [132] that have a similar body weight to the Amazon
molly) then we arrive at U,,, ~ 0.4 potentially deleterious
mutations/haploid genome/generation. Obviously, P. for-
mosa is not a mouse and there is much room for improv-
ing the precision of such mutation rate estimates, even in
mice. Recent high-precision measurements of the deleteri-
ous mutation rate in mutation accumulation experiments
in Drosophila found U, ~ 0.6 deleterious mutations/hap-
loid genome/generation [154]. Scaling this estimate by
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the relative effective genome size of Fugu suggests U, =
0.7.

It is encouraging to find such general agreement between
these estimates that are based on very different
approaches. This suggests that we can have some confi-
dence in our estimates, even in the absence of direct obser-
vations in the Amazon molly. Since mutations are the
inevitable consequence of DNA replication errors and the
number of mitotic cell divisions per generation is a key
determinant of mutation rates per generation [132,155],
we conclude that the absence of recombination in the
Amazon molly is unlikely to cause a major change in
mutation rate when compared to its sexual sister species.

Distribution of mutational effects

Recent progress has shown that the distribution of non-
synonymous mutational effects is very leptokurtic and
spans many orders of magnitude in many different species
[46,47,110-112]. While we have no specific data for the
Amazon molly, we have no reason to believe that this
result does not hold here as well. One can use data on the
ratio of non-synonymous to synonymous substitution
rates, K,/Kj, to infer that the fraction 1-K,/Kj of all muta-
tions must be more deleterious than about s = 1/N,, since
mutations with effects below that threshold accumulate as
if they were neutral [47,156]. If the data in Drosophila can
be used as a landmark in this new territory, then about
90% of all mutations are more deleterious than the limit
of 1/N,~ 10-°[112]. Estimates of the distribution of muta-
tional effects in Drosophila have shown that this distribu-
tion may well follow a lognormal law and there may be
good theoretical reasons for this [46]. Robust features are
its large width on a logscale and the fact that most proba-
bility mass is between effective neutrality and lethality
[46,47]. From this and from Figure 1 we may infer that the
fraction of slightly deleterious mutations, f,;,, could be
perhaps around 30%, probably larger than 10%, but
probably not much larger than 50%. We use these values
as a point estimate with lower and upper bound. Thus
U, probably shares the same order of magnitude with
U,,. As this calculation has large errors, an array of other
mutation rates is included as well when quantifying the
ratchet. We assume that selection coefficients did not
change much for most genes in the time since asexuality
arose in the Amazon molly. This is compatible with the
assumption that most genes in the Amazon molly are
generic to similar fish species and thus well adapted, while
only a small fraction is actually responsible for the specific
adaptations of the Amazon molly.

Deleterious mutation rates summary

As discussed above, our best estimate for the total muta-
tion rate at potentially deleterious sites per haploid
genome per generation is expected to be between U, ,~ 0.4
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and U, = 0.9, while our best estimate of the fraction of
mutations with critical slightly deleterious effects is
expected to be between f,;,, * 10% and f,;,, * 50%. Com-
bining these values makes us expect U, = 0.2 slightly del-
eterious mutations with critical effects/haploid genome/
generation with a lower limit of U, ~ 0.04 and an upper
limit of U, ~ 0.45. These values may have to be doubled,
depending on the genome model that is used for account-
ing for the effects of diploidy. To err on the side of caution
and provide a better feeling for the effects of mutation

rates we plot values from U, = 0.01 to U, = 1 in Figure
1.
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Abstract — Foraging juvenile fish with relatively high food demands are
usually vulnerable to various aquatic and avian predators. To compromise
between foraging and antipredator activity, they need exact and reliable
information about current predation risk. Among direct predator-induced
cues, visual and olfactory signals are considered to be most important.
Food intake rates and prey-size selectivity of laboratory-reared, naive
young-of-the-year (YOY) perch, Perca fluviatilis, were studied in
experiments with Daphnia magna of two size classes: 2.8 and 1.3 mm as
prey and northern pike, Esox lucius, as predator. Neither total intake rate
nor prey-size selectivity was modified by predator kairomones alone (water
from an aquarium with a pike was pumped into the test aquaria) under
daylight conditions. Visual presentation of pike reduced total food intake
by perch. This effect was significantly more pronounced (synergistic) when
visual and olfactory cues were presented simultaneously to foraging perch.
Moreover, the combination of cues caused a significant shift in prey-size
selection, expressed as a reduced proportion of large prey in the diet. Our
observations demonstrate that predator-induced olfactory cues alone are
less important modifiers of the feeding behaviour of naive YOY perch than
visual cues under daylight conditions. However, pike odour acts as a
modulatory stimulus enhancing the effects of visual cues, which trigger an
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innate response in perch.

Introduction

Young fish are continually faced with conflicting time
demands imposed by foraging and predator avoidance
(Werner & Gilliam 1984; Lima & Dill 1990; Mikheev
2000) and often exhibit threat-sensitive trade-offs
between foraging and antipredator responses (Godin
1990; Lima & Bednekoff 1999). Prey may respond to
predation risk by a reduction in time spent foraging
(e.g., hiding); however, this can only be sustained for a
finite period of time before other constraints (e.g.,
hunger) make it necessary to resume foraging activity
(Lima & Bednekoff 1999). Natural selection should
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favour individuals that can reliably assess local current
predation risks, as this would allow them to optimise
the ratio between gains and losses of fitness (Lima &
Bednekoff 1999; Golub & Brown 2003).

For fish, direct predator-induced cues, especially
visual (Karplus & Algom 1981) and olfactory signals
(Chivers & Smith 1998; Wisenden 2000) are consi-
dered to be most important. However, there is still
limited knowledge concerning independent contribu-
tions of both visual and chemical cues (Mathis et al.
1993), as well as their interaction (Bouwma & Hazlett
2001) on foraging characteristics. Moreover, in spite
of the growing number of publications on the role of
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predator-induced chemical cues in fish foraging and
other behaviours, their importance as a factor influen-
cing foraging behaviour is still debatable. Some
studies have shown that fish significantly reduce their
intake rate in response to kairomones released by
sympatric predators (Jachner 1995, 1997; Kats & Dill
1998) and even naive fish could distinguish between
different piscivores on the basis of chemical cues only
(Hirvonen et al. 2000). However, others have shown
that juvenile fish do not respond to chemical stimuli
from piscivores if they had no previous contacts either
with the predators or with alarm substances from
conspecifics (Chivers & Smith 1994; Utne-Palm
2001).

Foraging response to local predation risk is usually
expressed as a reduction of total food intake, which
could be caused either by avoidance of profitable but
dangerous microhabitats (Cerri & Fraser 1983; Fraser
& Gilliam 1987; Utne et al. 1997; Utne-Palm 2001) or
by reducing time spent foraging (Fraser & Hunting-
ford 1986; Jachner 1995, 1997) and engaging in other
activities, e.g., hiding. As a more subtle response, a
shift in prey-size selectivity has been observed in the
guppy, Poecilia reticulata, which changed preference
from large to small prey after visual contact with a
predator (Godin 1990). It is unknown if young-of-the-
year (YOY) perch exhibit similar responses to various
predator-induced cues.

Young-of-the-year Eurasian perch, Perca fluviatilis,
is a daylight forager with relatively high food demands
(Thorpe 1977; Persson 1983). It is vulnerable to
various predators, including fish and birds (Goldspink
1990; Winfield 1990; Eklov 1992). It is a particulate
feeder with pronounced prey-size selectivity that
varies temporally and spatially (Guma’a 1978; Mills
et al. 1986; Bergman 1988; our unpublished data);
however, the behavioural mechanisms of this variab-
ility have received little attention. Differences in the
feeding response to different cues of predation risk
could depend on intraspecific variability in risk taking
(Fraser & Huntingford 1986; Metcalfe 1986; Wilson
1998; Westerberg et al. 2004), or might also be
affected by the type of predator-induced cues available
to foraging fish (Brown et al. 1997).

Our aim was to study the responses in feeding rate
and prey-size selectivity of laboratory-reared, naive
YOY perch subjected to influences of cues induced by
northern pike, Esox lucius. The perch originated from
a lake where it naturally coexists with pike. Specif-
ically, we studied changes in total intake rate and prey-
size selectivity of perch in relation to impacts of pike
kairomones, of visual contact with pike and simulta-
neous presentation of both cues. We expected that a
combination of visual and olfactory cues might elicit
stronger feeding responses than separate cues alone.
We also tested the prediction that reduction in food
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intake rate caused by pike-induced cues was primarily
related to reduced consumption of larger prey.

Materials and methods

Predators and prey

Perch juveniles were obtained from egg strands
collected from Lake Wallersee (Austria). A mass
culture was kept in flow-through tanks at 20 + 1 °C
and a dark-light regime that imitated the seasonal
changes of illumination. The fish were raised on a diet
of living brine shrimp Artemia salina nauplii, lake
zooplankton and Daphnia magna. Fish used in the
experiments had a mean standard length (SL) of
22.1 £ 1.77 mm (mean + SD) and a mean dry weight
(DW) of 39.6 + 9.78 mg. A dense culture of D. mag-
na was maintained in plastic basins on a mixture of
green algae and yeast. Two prey sizes were produced
by sieving: large prey having a mean body length
(£SD) of 2.81 + 0.22 mm and a mean body width of
1.85 £ 0.15 mm and small prey having a mean body
length of 1.35 + 0.24 mm and a mean body width of
0.83 + 0.17 mm. Size distributions of the two classes
did not overlap, and large and small prey were easy to
discriminate visually. DW of D. magna was calcula-
ted from the regression equation, DW = 8.47L*¢
(J. Wanzenbdck, unpublished data, Institute of
Limnology, Austrian Academy of Sciences). Thus,
large prey had an average body weight of 124 ug;
small prey weight was 25 ug. Gape width (GW) of
perch juveniles was calculated using the equation,
GW = —-0.176 + 0.099 SL, where SL (Kurmayer &
Wanzenbock  1996)  equalled 2.21 + 0.18 mm
(mean + SD).

The relative size (the ratio of prey width to mouth
gape of the predator) of large prey (0.84) was slightly
higher than optimal (Werner 1974; Kislalioglu &
Gibson 1976). Handling of a prey of this size takes 14
times longer than handling small prey (relative
size = 0.38). Handling time (HT, s) was calcu-
lated according to the -equation, HT =1+
0.0229 exp(8.061 PS/MS), where PS/MS is the prey
size/mouth size ratio (Werner 1974). HT was 21 s per
large prey and 1.5 s per small one.

Experimental procedures and treatments

Experiments were carried out at the Institute for
Limnology, Mondsee, Austria in 2001. They were run
in glass aquaria of 30 x 20 x 20 cm filled with 10 1 of
filtered lake water at 20 + 1 °C. For each of the three
treatments (where foraging YOY perch were exposed
to either predator-induced chemical and visual cues or
a combination of both), 60 fish were randomly chosen
from the flow-through holding tank and distributed in



groups of three among 20 aquaria (10 test and 10
control aquaria) before experimentation. Fish were
tested in groups of three instead of individually
because pilot observations demonstrated fish in groups
calmed down and started feeding much earlier than
isolated individuals. Overhead lighting was provided
by two 36-W fluorescent tubes on a 16:8 h light:dark
regime providing 400 Ix at the water surface. Aquaria
were permanently aerated except the short periods of
the feeding tests. A day before the test, fish were fed
with D. magna ad libitum for an hour in the experi-
mental aquaria. After that, the rest of prey were
removed and fish were left without food in the same
aquaria for 20 h prior to the treatment.

Consumption of large and small prey was estimated
in 15-min trials with 100 large and 200 small daphnia
per aquarium. The high concentration of prey
mimicked feeding in a dense zooplankton patch
(Mikheev 1987). According to our pilot observations,
consumption rate of hungry YOY perch was highest
during the first 15 min. To test the impact of predator-
induced chemical cues, water from the flow-through
40-1 aquarium with a pike was allowed to drip through
a plastic tube into test aquaria at a rate of 150-200 ml
per 15-min period during the feeding test. The same
amount of pure filtered lake water was introduced in
the same manner into the control aquaria. The pike of
20-cm length had been food deprived for 3 days.
Before that, it was fed with laboratory-reared YOY
roach, Rutilus rutilus. After 15-min feeding, test perch
were removed with a hand net, anaesthetised with
MS-222 and measured. The remaining D. magna were
collected from each aquarium with a sieve of 0.2-mm
mesh and counted under a dissecting microscope. The
impact of visual predator-induced stimuli was tested
using the same experimental procedure and another
group of 60 YOY perch. To produce visual contact, a
small (11- to 12-cm total length) pike, E. lucius, was
kept isolated within a transparent plastic bag in the
corner of the same test aquarium. For controls, the
bags were filled with pure lake water. The last test in
the sequence of treatments was a combination of
visual and olfactory cues. The third group of 60 perch
was treated simultaneously either with visual contact
(pike in the plastic bag) and pike odour in the test
aquaria or with the empty bag and filtered water in the
control. All experiments were run between 11:00 and
17:00 hours at a temperature of 20 °C. The whole
sequence of experiments, together with the periods of
acclimation and starvation between the tests, took
5 days.

Data analysis

The number of consumed prey items was assessed as
the difference between introduced and remaining
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D. magna after perch feeding. Large and small
D. magna were counted separately. In trials without
fish, no losses of either large or small prey caused by
manipulations and sieving were found. Calculated
numbers of large and small prey consumed in each test
and control aquarium were transformed into the intake
rate (DW of prey ingested per individual fish for
15 min). Ivlev’s electivity index (Ivlev 1961) was used
to assess the preference for large prey. Data were
transformed [arcsine transformation for the Ivlev’s
electivity index, E; In(x + 1) for food intake rate data]
to meet the assumption of normality and homogeneity
of variance required by ANOVA tests. Two-way ANOVA
was conducted to assess the effects of predation threat
(predation and no predation) and type of cues (odour,
visual contact and visual + odour) as factors. Diffe-
rences between treatments were assessed using Tukey’s
post hoc honestly significant difference tests. Analyses
of intake rate were performed with large prey, small
prey and with the two sizes of prey pooled. The results
of ANovA and Tukey’s tests in the three sets of
analyses were similar (i.e., effects were identical on
small daphnia, on large daphnia, and on total intake)
and therefore only results of the analyses of total food
intake are presented below.

Results

Food intake rate of YOY perch was significantly
reduced under the impact of predation threat (two-way
ANOVA: F 54 = 47.16, P < 0.0001). The type of pike-
induced cues also significantly influenced food intake
(Fr54 = 16.28, P < 0.0001). Interaction between the
two factors was significant (F,s4 = 15.36,
P < 0.0001; Fig. 1). However, the effect of chemical
cues on the perch intake rate was significant only
when both signals of the predator were present
(Tukey’s test: P = 0.0001; Fig. 1). When chemical
cues were present alone, they produced no noticeable
impact on the intake rate in comparison to the control
(Tukey’s test: P = 0.9989). Visual contact with the
predator significantly reduced perch feeding relative to
the control (Tukey’s test: P = 0.0063) even when it
was present alone, but its impact was much less
pronounced compared with the combined effect of
both predator cues (Tukey’s test: P = 0.0003; Fig. 1).

Preference for large prey assessed by Ivlev’s
electivity index, £, was significantly influenced by
the threat of predation (two-way ANOVA: F'j 54 = 5.57,
P = 0.0218). The type of predator-induced cues had
also significant effects on prey-size selectivity
(F2,54 = 3.24, P = 0.0468). No interaction between
the two factors was observed (Fs4 = 2.66,
P = 0.0786). Neither chemical (Tukey’s test:
P = 0.9892) nor visual (P = 0.9999) cues presented
alone had an effect on prey-size selectivity. The only
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Fig. 1. Intake rate (dry weight of prey ingested per individual fish
for 15 min) of young-of-the-year perch, Perca fluviatilis, for large
(upper panel) and small Daphnia magna (lower panel) under the
impact of pike-induced cues. Black and white bars are the results of
treatments and controls, respectively. Mean and standard error bars
are given (N = 10).

impact, which significantly reduced proportion of
large prey in the diet compared with the control, was
combined presence of visual and olfactory cues
(P = 0.0241; Fig. 2).

Discussion

Our laboratory experiments with naive YOY perch
clearly demonstrated that the presence of predator-
induced chemical cues alone did not cause any
significant changes in foraging behaviour of hungry
fish. Neither total food intake nor proportion of large
and small prey in the diet changed when perch in
groups of three fish were exposed to northern pike
kairomones during 15-min feeding bouts. Although
chemical predator-induced cues are known to elicit
innate antipredator responses for a range of aquatic
animals (Kats & Dill 1998; Tollrian & Harvell 1999),
our naive fish showed no response when first
presented with a novel predator odour (Chivers &
Smith 1994, 1998; Brown et al. 1997; Utne-Palm
2001; but see Hirvonen et al. 2000). However, naive
fish that were exposed simultaneously to novel
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Fig. 2. Changes in prey-size selection of young-of-the-year perch
caused by pike-induced cues. Bars show the values of Ivlev’s
electivity index, E, for large prey in controls (white) and under
impact of pike-induced cues (black). Transformed data, E + 1,
were used to avoid negative values and to make comparisons easier.
Mean and standard error bars are given (N = 10).

predator-induced cues and conspecific alarm cues, or
physical presence of a predator, learned to associate
risk with novel stimuli (e.g., Magurran 1989; Chivers
& Smith 1994; Utne-Palm 2001). In our experiments,
laboratory-reared perch were not familiar with con-
specific alarm cues either before or during tests. Other
chemical cues related to injured or ingested perch
could not be available to experimental fish because the
pike used as a source of predator odour had no food
for 3 days before the experiment, and before that it
was fed with YOY roach from laboratory mass culture.

Visual contact with a predator significantly reduced
consumption of both large and small prey by naive
YOY perch. This finding is consistent with a large
number of previous studies, which have demonstrated
that vision may convey to fish accurate and reliable
information about predator location and behaviour
(e.g., Dill & Fraser 1984; Metcalfe et al. 1987,
Utne-Palm 2001; Kelley & Magurran 2003). There is
some evidence that fish have an innate ability to
respond to particular visual cues and are predisposed
to recognise predatory fish (Utne-Palm 2001; Kelley &
Magurran 2003).

Although chemical cues may be considered more
important in predator detection when vision is
restricted by high turbidity, low illumination or dense
vegetation (Brown et al. 1997; Bronmark & Hansson
2000), it does not seem to be the case with our YOY
perch. At the age they were used in our experiments,
perch inhabit predominantly littoral and sublittoral
zones of Lake Wallersee (Upper Austria) with usually
transparent water; however, dense vegetation and low
illumination during night-time could impair vision.
The upper layer of water, which is mainly used for
foraging, is rather turbulent because of wind-induced



currents. As a result of the turbulent nature of the
water, predator-released odours are dispersed in any
direction and detectable directional gradients of a
chemical signal are unlikely (Moore etal. 1994;
Webster & Weissburg 2001). Determining the relia-
bility of information is recognised as a primary
challenge to foragers (Curaco & Gillespie 1986;
Wiskerke et al. 1993), and if information provided
by the chemical cue is of low quality (no exact
indication on the direction and distance to a predator),
the best choice for a forager may be not to alter its
foraging behaviour (Brown 1988).

The most pronounced changes in foraging caused by
simultaneous introduction of visual and olfactory
stimuli suggest that laboratory-reared perch can detect
kairomones released by pike, but respond to them only
if they are presented in combination with visual
predator cues. In this case, the highest reduction in
total food intake as well as the stronger shift of prey-
size selection towards the smallest prey was observed.
In fish, the combination of chemical and visual cues has
yielded several outcomes compared with single cues.
There are additive effects (e.g., Brown et al. 1997),
hierarchical fashion of interaction (e.g., Hartman &
Abrahams 2000; Smith & Belk 2001) when fish ignore
the cue in the modality that is least salient or reliable
and a synergistic interaction between sensory modal-
ities when the effect of the combination is greater or
different from the sum of effects of the individual
components (e.g., Wisenden et al. 2004). The results of
our experiments demonstrate the synergistic interaction
between visual and olfactory predator cues modifying
foraging of naive YOY perch. Rather than inducing an
immediate behavioural response, the detection of pike
kairomones merely strengthens the feeding response of
perch to visual predator input. Predator odour thus acts
as a modulatory stimulus (Holldobler 1999) affecting
the magnitude of responses to other inputs. However,
the changes in perch foraging behaviour caused by the
combined influence of olfactory and visual pike cues
were not only quantitative, but a significant change in
prey-size selection was also observed expressed in the
marked reduction of the proportion of large prey in the
diet. The disproportional reduction in consumption of
large prey, which is costly in terms of time spent for
their ‘handling’ that included pursuing, capturing and
processing (in our experiments, calculated ‘HT’ of
large prey was 14 times higher than that of small prey),
suggests that under increased safety demands, fish
avoid the most risky activities confronting vigilance.
Because of limited attention and sensory overload
(Milinski 1990; Clark & Ducas 2003), foragers are
most vulnerable while engaged in a difficult behaviour-
al task (Godin & Smith 1988; Krause & Godin 1996),
which in our case is the pursuing, capturing and
processing of large prey. Prey-size selectivity is known
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to be influenced by fish satiation (Hirvonen & Ranta
1996). However, according to our observations with
food-deprived YOY fish (Mikheev & Wanzenbock
1999 for roach; our unpublished data for perch), the
most pronounced changes in prey-size selection
occurred during 5-10 min after the beginning of
feeding. After that, ingestion rate markedly decreased
and selectivity stabilised. Our estimates obtained for
15-min trials can be considered as representative
averages.

Our results suggest that a shift in prey-size selection
towards smaller prey observed in juvenile percids
foraging under daylight conditions (Mills et al. 1986;
our unpublished data — respective: Wanzenbdck et al.
2006) can be related to the impact of predator-induced
cues in a period of high predation risk, rather than
merely to more favourable conditions for vision (Mills
et al. 1986). Our findings are most applicable to the
period of the first summer during the transition of
YOY perch from pelagial to littoral zones when naive
fish encounter large piscivores like northern pike more
often and the contact is closer.
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ABSTRACT: Phagotrophic protists are diverse and abundant in aquatic and terrestrial environments,
making them fundamental to the transfer of matter/energy within their respective food webs. Recog-
nising their grazing impact is essential to evaluate the role of protists in ecosystems, and this includes
appreciating prey selectivity, efforts have been made by groups and individuals to understand selec-
tive grazing behaviour by protists: many approaches and perspectives have been pursued, not all of
which are compatible. This article, which is not a review, is the product of our discourse on this sub-
ject at the SAME 10 meeting. It is the work of individuals, assembled for their breadth of back-
grounds, approaches, views, and expertise. Firstly, to communicate ideas and approaches, we
develop a framework for selective feeding processes and suggest 6 steps: searching, contact, capture,
processing, ingestion, digestion. We then separate study approaches into 2 categories: (1) those
examining whole organisms at the community, population, and individual levels, and (2) those exam-
ining physiology and molecular attributes. Finally, we explore general problems associated with the
field of protistan selective feeding (e.g. linking food selection into food webs and modeling). We do
not present all views on any one topic, nor do we cover all topics; instead, we offer opinions and
suggest avenues for continued study. Overall, this paper should stimulate further discourse on the
subject and provide a roadmap for the future.

KEY WORDS: Amoeba - Ciliate - Flagellate - Grazing - Ingestion - Phagotrophic - Protozoa

Resale or republication not permitted without written consent of the publisher

INTRODUCTION focus on key non-parasitic (i.e. free-living) taxa, with

For the purpose of this dicourse, we operationally
consider all unicellular eukaryotes that ingest (phago-
cytise) organic matter as part or all of their source
of energy as ‘phagotrophic protists'. In particular, we

*Email: dmontag@liv.ac.uk

an emphasis on species that are not strictly associated
with substrates and are mainly pelagic, although some
of our insights may be transferable to other lifestyles.
The phagotrophic protists include a wide range of
taxa generally within the size range of 2 to 200 pm;
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however, some amoeboid forms such as radiolaria
and foraminifera can attain diameters of up to 25 cm
(e.g. DeLaca et al. 2002, Laureillard et al. 2004).
Phagotrophic protists include strictly heterotrophic
taxa as well as mixotrophic taxa that combine
phagotrophy and phototrophy by sequestering plastids
derived from their prey (kleptoplastidy) or by harbour-
ing complete algal endosymbionts (see Stoecker 1998).
The great abundance of phagotrophic protists in
aquatic environments, whether it be in soil interstices,
groundwaters, biofilms, ponds, lakes, the open ocean,
or a myriad of other aquatic ecotones, makes them fun-
damental to the transfer of matter and energy within
their respective food webs. These eukaryotic microbes
exhibit a variety of feeding strategies. This allows them
to ingest a wide range of prey types, such as phyto-
plankton, bacteria, and other heterotrophs, including
protists, whole metazoa, and their products (Sherr &
Sherr 1997, Hansen & Calado 1999). Recognising the
grazing impact of such protists is, therefore, essential
for the evaluation of their contribution to ecosystem
processes, and this clearly includes appreciating prey
selectivity.

Over the last few decades there has been a concerted
effort by many individuals and groups to understand
the selective grazing behaviour of protists. Inevitably,
many approaches and perspectives have been pursued,
not all of which have been compatible. Fortunately, and
appropriately, events such as the 10th Symposium on
Aquatic Microbial Ecology (SAME 10) provide a mech-
anism for discourse and the synthesis of approaches,
both practical and conceptual. This article, which we
expressly state is not a review, is the successful product
of such a discourse. It is the work of individuals, specif-
ically assembled for their breadth of backgrounds, ap-
proaches, views, and expertise. We do not present all
possible views on any one topic, nor do we cover all
topics associated with selective feeding. However, we
do offer opinions on several related topics and show av-
enues that we consider, at present, to provide sensible
future directions of study on this key subject.

We have included key or appropriate references for
each topic. Hence, while our list of citations may occa-
sionally appear unbalanced, our referencing is specifi-
cally designed to place focus on those poorly studied
areas that we consider important. The initiated reader

Searching Contact Capture

will recognise the great wealth of literature on these
subjects and will hopefully excuse our omissions. The
uninitiated reader is encouraged to pursue the topics
below, using this synthesis as a node in the vast web of
knowledge on the subject. In contrast to an exhaustive
survey, we have attempted to place our ideas into a
conceptual framework of protist feeding (Fig. 1). We
anticipate that this will provide focus for future work to
be conducted by ourselves and others.

BACKGROUND AND DIRECTION

It is now well established that prey populations can
be strongly influenced by protistan grazers. Protists
can control or influence distinct attributes of prey pop-
ulations, ranging from the size of the prey standing
stock to its taxonomic composition and to the morphol-
ogy and activity of prey (Hahn & Hofle 2001, Jakobsen
& Tang 2002, Jirgens & Matz 2002, Sherr & Sherr
2002, Pernthaler 2005, Long et al. 2007, Jirgens &
Massana 2008). In studies of protist feeding, it is com-
mon to determine a single parameter, the ‘grazing
rate’, using approaches such as the dilution technique
(Landry & Hassett 1982) and observation of the inges-
tion of fluorescently labelled prey (Sherr et al. 1987),
among others (for reviews see Landry 1994, Sherr &
Sherr 1997). However, while the determination of
grazing rates is invaluable, such measurements do not
improve our understanding of why a prey type is
ingested at a particular rate, or indeed why it might be
rejected. To make simple predictions of how an ecosys-
tem may respond to protistan grazing, we require
an understanding of selectivity. Furthermore, as dis-
cussed below (see section 'Placing the observations in
a larger context'), information on selective grazing is
needed to produce mechanistic mathematical models
that simulate the flux of nutrients within microbial food
webs (Davidson et al. 1995a, Flynn 2006). This area of
work is fundamental.

Our combined expertise leads naturally to the follow-
ing structure. First, to allow us to communicate ideas
and approaches, we develop a common framework for
the processes associated with selective feeding. We
then separate approaches to selective feeding behav-
iours into two categories: (1) those examining whole or-
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Fig. 1. Mechanistic steps in protistan prey capture that will potentially vary due prey to selectivity
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ganisms at the community, population, and individual
levels, and (2) those examining physiology and molecu-
lar attributes. Within each of these categories, we pro-
vide background and then suggest avenues for pro-
gress, using our conceptual framework as a focus.

DEVELOPING AN APPRECIATION FOR THE
MECHANISMS OF PROTISTAN FEEDING

Phagotrophic protists have adopted a variety of
methods to acquire food particles (Fenchel 1986, 1987;
Jirgens & Massana 2008), allowing their classification
as filter feeders (e.g. ciliates and flagellates that pro-
duce feeding currents), diffusion feeders (e.g. heliozoa
that radiate axopods with which prey collide), and rap-
torial-interception feeders (e.g. ciliates, flagellates,
and naked amoebae that actively engulf prey). Once
intercepted or collected, prey are individually ingested
or packaged into food vacuoles, or, in the case of pro-
tists such as naked amoebae (Page 1988, Butler &
Rogerson 1997), foraminifera (Anderson et al. 1991,
Murray 1991), radiolaria (Matsuoka 2007), and some
heterotrophic dinoflagellates (Jacobson & Anderson
1996, Hansen & Calado 1999, Tillmann 2004), captured
by whole cell engulfment using pseudopods that
envelop prey, forming ‘internal’ or 'external’ food vac-
uoles. Some species of dinoflagellates can also extract
contents of their prey cells using a peduncle or feeding
tube (Park et al. 2006, Jeong et al. 2007). Regardless of
the specific feeding process, however, we can recog-
nise several general mechanisms that combine to influ-
ence the selection of prey items by protists. These fun-
damental mechanisms provide us with an underlying
conceptual framework.

Mechanistic steps involved in selective protistan
feeding

Characteristics of prey cells or populations that
potentially influence selective feeding by protists
include the release of dissolved chemical cues, prey
motility, prey biochemical composition or nutrient stoi-
chiometry, cell surface characteristics, and finally prey
size (e.g. Jurgens & Massana 2008). Prey size is per-
haps the most fundamental of these characteristics and
clearly influences ingestion and selection (Andersen et
al. 1986, Fenchel 1986, Epstein & Shiaris 1992). The
role of prey size can be further complicated by aggre-
gation of prey particles, which may increase or
decrease the probability of ingestion, such as in protis-
tan feeding on colony forming Phaeocystis (Jakobsen
& Tang 2002). However, unsuitable prey at the large
and small extremes of the size range are not behav-

iourally deselected per se, as the prey are simply too
big or too small to be available. In contrast, at interme-
diate prey:predator size ratios, prey size may be an
important parameter in selection and capture, as the
relative dimensions of prey and predator will influence
contact probability, suitability for capture, and the food
value of the prey. As substantial previous work has
focused on prey size (e.g. Fenchel 1986, Jonsson 1986,
Sanders 1988, Hansen 1992, Simek & Chrzanowski
1992, Boenigk & Arndt 2002) our focus, which seeks to
identify new insights related to feeding behaviour, will
not re-examine these issues.

As in the case for metazoa, the act of grazing by pro-
tists is also composed of a number of separate but
linked steps, each of which may be governed by one or
many chemical, physical, or biological parameters. The
number of steps could, in theory, be virtually infinite,
but developing a series of discrete measurable points
provides a practical, conceptual framework to base
research on. To this end, we have extended the charac-
terisation of heterotrophic flagellate feeding steps of
Pfandl et al. (2004) to generate a schematic representa-
tion of protist food acquisition, incorporating six dis-
crete steps: searching, contact, capture, processing,
ingestion, and digestion (Fig. 1).

Searching. Searching for prey by motile predators is
influenced by swimming speed and by changes in
direction and frequency of turning, as this will alter the
volume of water encountered. This behaviour may be
affected by the distribution of prey (Fenchel & Black-
burn 1999) or predators (Berryman 1992), or by chemi-
cal cues (Buskey & Stoecker 1988, 1989). Although
chemotaxis and mechanoreception were first recog-
nised in ciliates more than 100 yr ago (Jennings 1906),
and protists are commonly observed to exploit patches
of high prey density in situ (Taylor & Berger 1980,
Fenchel & Jonsson 1988, Menden-Deuer & Grunbaum
2006, Paffenhofer et al. 2007), understanding the role
of chemical-mediated prey location in prey selection,
involving attraction to dissolved cues, remains in its
infancy. Factors important in chemosensory attraction
include proteins, amino acids, and other dissolved
inorganic or organic nutrients (Rassoulzadegan 1982,
Flynn & Davidson 1993, Ferrier-Pages et al. 1998,
Davidson et al. 2005). Alternatively, other prey meta-
bolites may deter grazing, including dimethylsulfide
(Wolfe et al. 1997, Strom et al. 2003), dissolved free
amino acids (Strom et al. 2007), and algal toxins
(Hansen 1989, Kamiyama 1997, Tillmann 2003, Caron
et al. 2004). Conceptually, chemosensory attraction,
particularly to areas of elevated prey density, will re-
duce future searching time by the protist and increase
the potential for predator-prey contact.

Contact. Contact probability between predator and
prey will increase with increasing predator size (Flynn et



4 Aquat Microb Ecol ll l

al. 1996). However, this may be partly offset by reduc-
tions in swimming speed with increasing size (Crawford
1992). Moreover, prey cells are often not passive
particles, and their motility will influence contact
probability.

Capture. Capture (or prey handling) may be unsuc-
cessful and reduce ingestion rates (Matz & Jirgens
2005, Jakobsen et al. 2006). Some prey types can also
exhibit behavioural defensive strategies, such as
exopolymer formation and aggregation, that minimize
contact (Pajdak-Stés et al. 2001). Finally, prey sticki-
ness (Kiorboe & Titelman 1998) and electrostatic or
hydrodynamic factors are important at the micrometer
scale; e.g. hydrophobicity may influence contact prob-
ability (Buskey 1997, Monger et al. 1999, Matz & Jur-
gens 2001, Matz et al. 2002, Matz & Jirgens 2005), as
will the forces generated by the highly viscous, low
Reynolds number environment in which protists exist
(Pettitt et al. 2002).

Flynn et al. (1996) have proposed that it is possible to
calculate the theoretical contact probability between
predator and different prey in multi-species assem-
blages and use this as an index of selection or rejection of
prey. However, the application of such an approach is
made more difficult by the variability in successful prey
capture, which, like searching or ingestion, may be influ-
enced by chemical (receptor-ligand interaction) or me-
chanical factors (Seravin & Orlovskaja 1977, Hausmann
2002, Wildschutte et al. 2004, Jakobsen et al. 2006).

Processing. Processing (or handling) of food, which can
involve receptor-mediated recognition of particles
(Wootton et al. 2007), can be one of the most active steps
in overall food selection (Boenigk 2005, Berge et al. 2008).

Ingestion. Ingestion sensu strictu is limited by the
morphological features of the predator, but unsuitable
prey can be rejected (Stoecker et al. 1995, Boenigk &
Arndt 2000). To (partially) overcome such restrictions, a
predator may have the capacity to enlarge its oral re-
gion (Kopp & Tollrian 2003a, 2003b) or be adapted to
digest cells extracellularly. However, in the case of radi-
olaria, feeding behaviour and diet are clearly related to
skeletal morphology, and multi-segmented spumellari-
ans ingest larger-sized prey compared to solitary
spumellarians (Matsuoka 2007). Spinose species of
planktonic foraminifera can handle and ingest actively
swimming metazoa, whereas non-spinose species may
not be able to capture and hold active metazoa (Ander-
son et al. 1991). The inability of tube-feeding dinofla-
gellates to penetrate rigid cell coverings may explain
their reduced feeding on diatoms and thecate dinofla-
gellates (Berge et al. 2008). In summary, morphology
and structure play a major role in ingestion.

Digestion. Digestion appears to be actively regu-
lated, and unsuitable (possibly indigestible) material
can be prematurely ejected by some protists, such as

flagellates (Flynn & Davidson 1993, Hansen & Calado
1999, Boenigk et al. 2002). For some ciliates, in con-
trast, indigestible material remains within the food
vacuoles for its lifespan (Fok et al. 1982), even though
the lifespan of vacuoles containing high amounts of
indigestible materials may be shorter than that of vac-
uoles containing digestible prey (Boenigk & Novarino
2004). However, the majority of ingested prey is
digested, although differential digestion occurs in pro-
tists: for example, gram-negative bacteria are gener-
ally digested more rapidly than gram-positive cells
(Gonzalez et al. 1990, Weekers et al. 1993, Ronn et al.
2002). As discussed below (see section 'Examining
behaviours at the population and single cell levels'),
although digestion is not strictly part of food selectivity,
for experimental reasons it may alter our perception of
selective feeding and must therefore be considered.

Synthesis

Selective grazing by protists can be represented by
six steps (Fig. 1), each of which can be inferred from
theory. Developments in microscopy and chemistry
have also elucidated their existence, as briefly pre-
sented above. However, the isolation and parameteri-
sation of the mechanisms that underpin selective graz-
ing and its role within microbial food webs remain
major challenges. The design of experiments that can
quantify the response of, for example, prey capture
and processing to external stimuli remains problematic
with the experimental tools currently at our disposal.
With this in mind, we present and discuss some of the
avenues of study that need attention.

EXAMINING BEHAVIOURS AT THE POPULATION
AND SINGLE CELL LEVELS

Two major approaches have been used to investigate
protist feeding behaviours at the organism level: popu-
lation—community studies and single cell observations.
These distinct approaches have their respective
strengths and weaknesses, but there are common ar-
eas for development. In this section, following the ter-
minology and concepts outlined above, we summarize
the main directions that laboratory and field studies
have followed over the last several years and then pro-
vide some suggestions for the direction of future work.

Population studies in the laboratory

Typically, most laboratory experiments have focused
on population responses of easily cultured taxa, using
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batch cultures of varying sizes (but see section ‘Labo-
ratory approaches towards individuals'). Searching
has been explored using preference chambers and
needle assays to demonstrate en masse movement of
protists, either towards or away from stimuli such as
live prey, predators, and chemical cues (Leick et al.
1994, Fenchel 2004, Martel 2006, Leick & Lindemose
2007). An alternative method for the indirect determi-
nation of parameters such as searching rate and han-
dling time (a combination of contact and capture) is to
infer them from the results of experiments that exam-
ine functional responses (i.e. grazing rate vs. prey con-
centration). Response curves are fit to the data, and
grazing parameters are determined from mechanistic
functions (e.g. Fenchel 1984). This indirect approach
can be applied to multiple prey species to assess cap-
ture success, as has been done by Verity (1991). How-
ever, such studies are few, partially because of their
complexity but also because of the difficulty of identi-
fying prey types in mixtures.

The most common laboratory approaches to assess
grazing behaviour have used a variety of natural and
surrogate prey (discussed in more detail in ‘Field ap-
proaches towards estimating population—-community
responses) and have measured either prey removal/
depletion or prey uptake, both of which determine in-
gestion rates. Prey removal is typically measured either
directly (e.g. microscopy, electronic particle counting;
Flynn & Davidson 1993) or indirectly (e.g. using prey
fluorescence as a proxy for prey abundance; Mon-
tagnes & Lessard, 1999). Through such experiments, it
is possible to recognise that protists possess prey-de-
pendent ingestion rates (e.g. Eccleston-Parry & Lead-
beater 1994, Parry 2004), indicating variation in either
contact or capture. However, ingestion rates represent
the end-point of the entire feeding process (Fig. 1);
alone, they do not allow recognition of the stages at
which feeding behaviour changes. Ingestion rates
therefore fail to evaluate the individual processes in-
volved in protist feeding, and like all laboratory work
they do not represent the natural environment and may
mask or fail to include external factors that alter
selectivity (e.g. chemical cues, turbulence regime, light
intensity and composition; see section 'Examining be-
haviours at the molecular and physiological levels').

Field approaches towards estimating
population-community responses

In field experiments, a natural community, or a
defined size-fraction of a community, is typically con-
tained within a chamber that is then incubated in situ.
These chambers may be non-permeable (e.g. bottles,
plastic bags; Sherr & Sherr 1993) or permeable (dialy-

sis bags, diffusion chambers; Ferrier-Pagés & Ras-
soulzadegan 1994, Weisse 1997). In both cases, natural
cues that may alter selectivity are included to a lesser
or greater extent. As with laboratory studies, both prey
depletion and prey uptake approaches have been
applied to examine ingestion and prey selectivity by
natural assemblages, and like laboratory work, the
findings are generally limited to estimates of ingestion,
often obviating the potential to examine the specific
steps (Fig. 1) associated with selectivity. In addition,
the selectivity observed during depletion experiments
obviously represents the sum of specific selectivity
behaviours of all components of the community.

Some experiments examine the reduction in natural
prey (e.g. the dilution approach; Landry & Hassett
1982), where prey depletion is normally observed as a
bulk measurement (e.g. chlorophyll a; Stelfox-Widdi-
combe et al. 2000). In theory, both predators and prey
might be directly identified. Prey selectivity could then
be speculated on. However, such experiments would
be difficult to perform with sufficient resolution to
determine specific behaviours, as it is exceedingly dif-
ficult to assess specific responses of predators and prey
in natural samples, and the discrete processes (Fig. 1)
associated with the end result —ingestion — cannot be
determined.

Other field experiments have measured grazing
through the uptake of inert particles, such as heat-
killed fluorescently-labelled prey (FLP), produced
from either monocultures or a mixed prey community
(Epstein & Shiaris 1992, Sherr & Sherr 1993, Simek et
al. 2000, Cleven 2004). These experiments also mostly
fail to examine prey selectivity, as the resolution pro-
vided by staining specific prey types is insufficient to
resolve preferences (see section 'Identifying prey’).

In the case of larger-sized phagotrophic protists, such
as foraminifera, studies examining fatty acid biomarker
(Suhr et al. 2003) and cell carbon isotopic composition
(Nomaki et al. 2006) of individual cells have demon-
strated that certain taxa feed selectively. However,
these studies do not provide information on why partic-
ular prey types are positively or negatively selected.

Laboratory approaches towards individuals

The observation of individual protistan behaviours
has a long history (Ehrenberg 1838), but it is only rela-
tively recently that observational techniques have
allowed detailed quantitative assessments of prey
selectivity (e.g. Holen & Boraas 1991, Boenigk et al.
2001b, Pfandl et al. 2004). Video observations have
been used to directly measure individual feeding pro-
cess stages, such as contact, capture, processing,
ingestion, and digestion, particularly in sessile flagel-



6 Aquat Microb Ecol ll l

lates (Boenigk et al. 2001a,b, Pfandl et al. 2004,
Boenigk 2005), drifting or substrate-attached protists
(Hausmann 2002), and planktonic tintinnids, which
can be trapped by immobilising their lorica (Taniguchi
& Takeada 1988, Stoecker et al. 1995). However, these
studies are rare and exceedingly difficult to conduct on
most motile species (but see Strom & Buskey 1993,
Berge et al. 2008). Furthermore, few of these studies
have been performed using different live prey organ-
isms (Wu et al. 2004, Jezbera et al. 2005).

An exciting new direction for observations of individ-
uals is the ability to track non-sessile cells. In principle,
the observation of feeding by individual free-swimming
protists has been successfully demonstrated: the feeding
current (searching) of swimming protists has been
analysed for the flagellates Paraphysomonas and Pteri-
domonas (Christensen-Dalsgaard & Fenchel 2003), and
the feeding process and food selection (contact and cap-
ture) have been investigated for Cyclidium glaucoma by
restricting the individual observation time to short inter-
vals (Pfandl 2003). Furthermore, video microscopy, with
computer-aided motion analysis, has indicated that pro-
tist searching behaviour can be both chemotactic (stim-
ulus-oriented, directed movement) and chemokinetic
(stimulus-induced, non-directed movement) (Leick &
Lindemose 2007, Strom et al. 2007), as well as being gov-
erned by fluid mechanics (Jakobsen et al. 2006). Video
microscopy can also be used to observe feeding mecha-
nisms involved in the capture of prey types. For instance,
in the case of 2 mixotrophic dinoflagellates, Gonyaulax
polygramma ingests smaller-sized prey by engulfment
through its apical horn, while employing its sulcal area
for larger-sized prey (Jeong et al. 2005), while Karlo-
dinium armiger uses tube-feeding for larger or thecate
prey and engulfment of prey or an incomplete extension
of the feeding tube for smaller prey (Berge et al. 2008).
Developments in optical and computer-driven technol-
ogy associated with the direct observation of unimpeded
protists should provide exciting avenues for future study.

Finally, although the use of fluid mechanical signals
in prey detection by metazoa (e.g. Gilbert 1987, Kirk
& Gilbert 1988) and fluid mechanical predator detec-
tion by protists (e.g. Jakobsen 2002) is well known,
the role of fluid mechanical prey detection by hetero-
trophic protists is in its dawn. In a recent study, evi-
dence was presented to show that the raptorial ciliate
Mesodinium pulex used equatorial cirri (modified
cilia) as functional fluid mechanical sensors in the
same fashion as the setae on metazoan antennae. In
this way, the ciliate discriminated between prey sizes
and localised the direction of oncoming prey through
fluid mechanical signals (Jakobsen et al. 2006).
Clearly, there is a continued need to discern between
chemical and mechanical cues in the selective feeding
of protists.

Future directions

In studies of selective feeding, as in most field and
laboratory studies, there is a classic dichotomy
between the high precision and poor accuracy of labo-
ratory estimates and the higher accuracy and relatively
poor precision of field estimates. And, as is typical in
most ecological research, it is through a coupling of
both laboratory and field work that a closer approxi-
mation of reality will be found. We have provided an
overview of some of the recent developments in our
understanding of prey selectivity at the population-
community and individual levels; from these we see
the following key issues arising.

Recognising the effect of incubation times. In this
section, we mentioned a number of methods used to
incubate samples to determine ingestion or grazing
rates. Prey-uptake experiments conducted in the field
or laboratory may evaluate intra- and inter-specific
variation within populations and communities, respec-
tively. However, such prey-uptake experiments gener-
ally involve short-term incubations, so prey-induced
changes (e.g. by morphological or chemical factors) in
feeding behaviour (e.g. enzymatic induction mecha-
nisms to detect or digest relatively ‘recent prey') may
not be detected. At present, prey-depletion experi-
ments allow the evaluation of prey selection in popula-
tion—community studies. Because prey-depletion
experiments generally involve long-term incubations,
prey-induced changes in feeding behaviour may
occur, but may not be detected (e.g. switching behav-
iour). Recognising the limitations of these experiments
and potentially developing new means to elucidate
behaviours is clearly an avenue for future work.

Accounting for the effects of digestion. Although
few studies have focused on digestion (the final step in
our process, Fig. 1), it may require careful assessment
for studies of selectivity. Following ingestion, prey will
start to be digested and prey cells will become less vis-
ible and detectable in the protist food vacuoles over
time. This in turn may lead to underestimates of
calculated ingestion rates for highly digestible prey
and the impression that the least digestible prey have
been selected for, because only they are still visible in
the food vacuoles. ‘Short’ incubation periods have
been advocated to prevent such complications, but
these periods will depend on the type of predator and
prey, as digestion will still occur at different rates.
Egestion of indigestible or hardly digestible prey may
occur within minutes after ingestion, reducing the
incubation time for unbiased food uptake experiments
to very short intervals (Boenigk et al. 2001b, 2002).
With so little information regarding the digestive stage
of the protist feeding process (e.g. Fok et al. 1982,
Dolan & Simek 1997, 1999; Boenigk et al. 2001b, 2002;
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Matz et al. 2004, Jezbera et al. 2005), it is currently dif-
ficult to design prey uptake experiments that account
for this parameter effectively; again, we see this as a
valuable avenue for continued study.

Identifying prey. Protists exhibit preferences associ-
ated with surrogate and natural prey. Although some
work has been conducted in this direction (e.g. Mon-
tagnes & Lessard 1999), it is clear that this is also an
avenue for further study, through both laboratory and
field experiments, as outlined. In many instances, sur-
rogate prey such as plastic beads and heat-killed prey
(Fenchel 1986, Sherr & Sherr 1993) are discriminated
against (Pfister & Arndt 1998, Boenigk et al. 2002,
Pickup et al. 2007), and their use will bias selectivity
experiments; consequently, they are not an ideal tool.
However, experiments examining the selection of dif-
ferent live prey items are less common, because pre-
sent means for the identification of prey types are
limited and time-consuming (e.g. microscopy). The
study of selective feeding on live prey with distinct
morphological or fluorescent signatures (e.g. hetero-
trophic flagellates, various distinct algae) is possible
(Verity 1991, Flynn et al. 1996). However, these fea-
tures are not sufficient to resolve all species, and for
small prey of similar shape the problem is even more
severe (Wu et al. 2004).

To resolve this issue, techniques such as density gra-
dient gel electrophoresis (DGGE) and fluorescence in
situ hybridization (FISH) promise to be useful tools to
monitor changes in prey community profiles (Ronn et
al. 2002) or to detect prey species within the protist
food vacuoles (Jezbera et al. 2005, 2006; Simek et al.
2007). Developments in flow cytometry may also allow
the rapid discrimination between prey groups
(Vazquez-Dominguez et al. 2005), and through cell
sorting in combination with molecular or chemical
tracers they may allow the physical separation of prey
and predators. The few studies that have employed
such techniques provide evidence for prey selectivity
or suggest the potential to do so. We see this as a sen-
sible avenue of technological exploration.

Improving video surveillance. As indicated above,
investigations that study selective feeding by individual
protists are largely restricted to sessile or immobilised
protists. Selective feeding in motile individuals, which
is more relevant in freshwater and marine pelagic sys-
tems, has rarely been investigated at the single cell
level, due to methodological limitations (but see Pfandl
2003). Individual observations are, however, crucial for
the assessment of the basic mechanisms of food selec-
tion. A major issue is to overcome the current method-
ological limitations and to extend video observations to
motile species. With recent developments in micro-
processor-controlled automatic imaging systems and
software technologies, we consider the continued ap-

plication of methods presently applied to observing
behaviours of metazooplankton and protists (Kierboe et
al. 1996, 2004; Jakobsen et al. 2006, Strom et al. 2007) to
be an essential future activity.

Determining the relevance of fluid mechanical sig-
nalling. Understanding the role prey behaviour plays
in protist feeding requires broad experimental studies
of swimming behaviour of prey (e.g. bacteria, flagel-
lates), coupled with predator—prey encounter studies.
We suggest that, using recently developed methods
and following the example of others (e.g. Jakobsen &
Hansen 1997, Jakobsen 2002, Jakobsen et al. 2006),
continued emphasis should be placed on distinguish-
ing mechanical signals from other stimuli for selective
feeding. In addition, the evaluation of mechanisms
involved in the sensory transduction of mechanical
stimuli should be addressed.

Examining ecologically relevant species and
conditions. Regardless of whether experiments were
performed on individual cells or populations, most lab-
oratory studies have, pragmatically, used easily cul-
tured predators and prey, and many studies use high
prey abundance relative to in situ levels. Weed species
are ideal for examining variability between individuals
or between populations, as well as for the study of
trends in prey selectivity and major mechanisms
underlying the process (Nanny 1980). However, this
approach does not necessarily lend itself to predicting
trends in natural environments. Furthermore, protists
may exhibit specific patterns of prey selectivity in lab-
oratory experiments when they are acclimated to satu-
rating levels of optimal prey that may not reflect in situ
conditions. It may seem axiomatic, but there is a con-
tinued need to experiment with those species that are
more difficult to culture, which are also often more
typical predator and prey species under near natural
conditions. Continued efforts must, therefore, be made
to develop means to culture these species, and funding
agencies should recognise the need to develop these
fundamental methods.

Coupling lab and field work. Finally, there is a con-
tinued need to critically assess and verify conceptually
correct conclusions based on laboratory cultures with
field measurements. We strongly support the compari-
son of laboratory and field studies, ideally on non-weed
species (see section 'Examining ecologically relevant
species and conditions'), using common methodologies.
To this end, we also suggest that laboratory work
should attempt to better mimic natural abiotic (e.g.
turbulence, temperature, light intensity and spectral
composition) and biotic conditions that might control
selective feeding behaviour; for instance, future labora-
tory studies might examine selective feeding in the
presence of mixed prey, using new methods for prey
identification (see section ‘Identifying prey’).
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EXAMINING BEHAVIOURS AT THE MOLECULAR
AND PHYSIOLOGICAL LEVELS

Experiments examining protist behaviours at the
physiological level have mainly focused on changes in
feeding selectivity associated with predator nutritional
state (Jurgens & DeMott 1995, Christaki et al. 1998,
Boenigk et al. 2002). We concentrate on the results of
these experiments and pay particular attention to both
molecular mechanisms and prey physiological effects
on selective feeding behaviour. We start by introduc-
ing molecular mechanisms potentially involved in
selective feeding, and highlight the difficulty of study-
ing these mechanisms in isolation.

The molecular detection of prey by protists can occur
in the course of 4 of our 6 steps (Fig. 1): during search-
ing in response to dissolved chemical cues and involv-
ing surface recognition of prey during capture, pro-
cessing, and ingestion. We discuss primarily
receptor-mediated processes involved with these 4
steps, although it is worth noting that sensing of dis-
solved chemical stimuli can also involve alternative
mechanisms. For example, rather than binding to cell
surface receptors, the attractant ammonium chloride
diffuses as ammonium across the cell membrane of the
ciliate Paramecium, which results in altered swimming
behaviour (Davis et al. 1998).

Feeding experiments using predatory ciliates de-
monstrate the involvement of molecular mechanisms
in predator—prey interactions: predatory ciliates
locate (search for) their ciliate prey by responding to
dissolved proteinaceous compounds released by the
latter (Morelli & Verni 1996). Prey ciliates can, in
turn, detect predator-released substances that stimu-
late them to transform into predator-resistant pheno-
types by deploying antipredator structures such as
spines, keels, or ridges (Wicklow 1997, Kuhlmann et
al. 1999, Jakobsen & Tang 2002), thus reducing risk
of capture.

Although both carnivorous (Morelli & Verni 1996)
and herbivorous (Strom & Buskey 1993) protists show
behavioural responses to chemosensory signals
released by their prey, it remains difficult to deter-
mine how this type of chemoreception is used to
select between different prey species because other
prey variables may influence prey contact and cap-
ture. For example, Buskey (1997) demonstrated that a
pallium-feeding dinoflagellate exhibits a distinct pref-
erence for diatoms over dinoflagellates when offered
a mixed assemblage. His experiments provide indi-
rect evidence that chemosensory perception influ-
ences the feeding selectivity for this predator, with
the dinoflagellate exhibiting a behavioural response
(searching) to chemosensory signals associated with
the phytoplankton prey. The study also demon-

strated, however, that other factors in addition to
chemosensory behaviour play an important role in
feeding selectivity, with prey motility acting as a key
selection parameter in successful capture: Buskey
(1997) observed that the dinoflagellate frequently lost
contact with the highly motile dinoflagellate prey
before capture occurred, but this was not observed
with the non-motile diatoms. Thus, we still require
methods to dissect the individual feeding processes
(Fig. 1).

Quantifying the extent to which cell surface recogni-
tion (capture and processing) is used to select between
different prey species also remains problematic.
Although the ability of protists to discriminate between
particles based on surface biochemical composition
has been demonstrated using beads coated with differ-
ent compounds (Matz et al. 2002, Wootton et al. 2007),
these experiments fail to indicate the direct use of
these mechanisms in prey selection.

Experimental approaches and interpretations

Unlike community studies, experiments investigat-
ing how predator and prey physiology influences
selective feeding behaviour have focused on protist
cultures rather than natural assemblages, allowing
better assessment of the mechanisms. These studies
can be separated into two main categories, relating to
predator or to prey physiology, depending on the
perspective of the encounter.

Changes in selective feeding relating to predator
physiology. The degree to which predator satiation
and prey concentration affect selective feeding can
vary considerably between different predator species.
For the bacterivorous interception-feeding flagellates
studied by Jurgens & DeMott (1995) and Boenigk et al.
(2001a), increased selectivity occurred after acclima-
tion to higher bacterial concentrations (~107 cells m1™!).
At these high prey abundances, typically greater than
those found in natural pelagic environments, several
flagellate species actively selected for bacteria over
latex beads; however, discrimination was not observed
at lower concentrations. In contrast, Christaki et al.
(1998) observed that two ciliate species exhibited a
higher degree of selectivity at limiting food concentra-
tions. Under these conditions, both ciliates displayed
greater particle discrimination when fed beads with
different surface properties, although the degree and
direction of selectivity differed between species.
Clearly, there is interaction between factors such as
prey concentration and selectivity. In addition, protists
display taxon-specific responses. To evaluate the lat-
ter, it is necessary to examine at which step selectivity
occurs.
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The mechanisms behind changes in feeding selectiv-

ity with predator nutritional state are poorly under-
stood, but could be linked with changes in prey recog-
nition at the capture or processing stages (Boenigk et
al. 2002). Based on the limited work on the biochemical
mechanisms for prey recognition by free-living pro-
tists, carbohydrate—protein interactions appear to play
an important role. In certain amoebae, for example,
galactose/
N-actetyl-galactosamine-binding and mannose-bind-
ing lectins are involved in the attachment (capture)
and uptake (processing and ingestion) of prey (Allen &
Dawidowicz 1990, Venkataraman et al. 1997). Further-
more, the dinoflagellate Oxyrrhis marina can use a
Ca?**-dependent mannose-binding lectin to recognise
(capture) and phagocytise (process and ingest) prey
(Wootton et al. 2007). Now that these receptors have
been identified, the next logical avenue is to determine
their specific role in selective feeding and investigate
changes in receptor expression with predator physio-
logical state.

Changes in selective feeding relating to prey
physiology. The C:N:P ratio is often used to indicate
nutritional stress in phytoplankton and bacteria. Some
protists may discriminate between prey of different
nutritional state and elemental ratio; for example, fla-
gellates may ingest N-replete (low C:N ratio) phyto-
plankton prey at a greater rate than N-deplete cells
(Verity 1991, Flynn et al. 1996, John & Davidson 2001).
Flagellates may also discriminate between bacterial
prey based on different C:P and N:P ratios, with low
C:P bacteria being ingested at higher rates (Shannon
et al. 2007).

Again, the mechanisms behind such selective feed-
ing are poorly understood. Although molecular mecha-
nisms may be involved, there is no direct experimental
evidence to demonstrate this at present. For example,
cell surface N-actetyl-glucosamine expression of a
photosynthetic dinoflagellate changes with N-status of
the cell (Kremp & Anderson 2004). Because cell surface
sugar moieties appear to act as ligands for predatory
protist lectins (Wootton et al. 2007), the variable
expression of cell surface carbohydrate residues by the
prey may affect cell surface recognition (capture and
processing) by the protist predator. This has, however,
yet to be studied experimentally using live prey. The
release of signal molecules, such as amino acids, may
also be expected to change with the nutritional status
of phytoplankton cells (Granum et al. 2002), because
amino acids act as attractants for many protists, includ-
ing flagellates and ciliates (e.g. Sibbald et al. 198%).
However, there is presently no direct evidence demon-
strating that chemoreception (searching) is responsible
for changes in selective feeding in relation to prey
nutrient stoichiometry.

Other prey variables that potentially affect this type
of selective feeding behaviour have been mentioned
above (see section ‘Developing an appreciation for the
mechanisms of protistan feeding') and include the
release of defence metabolites, changes in prey size,
motility, charge, and, hydrophobicity (Matz et al. 2002,
Pohnert et al. 2007). How these factors vary with prey
physiological state, and hence affect selective feeding,
clearly requires further investigation to better under-
stand observed selective feeding behaviour.

Future directions

Itis evident that a better understanding of the under-
lying biochemical mechanisms determining selective
feeding behaviour is required. Within the last 2
decades, substantial progress has been made in identi-
fying molecular aspects of cell recognition and prey de-
tection in model protist species. However, we still have
a limited understanding of the relevance of these mech-
anisms in a broader ecological context. To address this,
we suggest the following avenues for future work.

Understanding the mechanisms behind the detec-
tion of dissolved chemical cues. Biochemical, molecu-
lar, and genomic studies have enabled the identifica-
tion of many molecular components that participate in
the regulation of chemotaxis, e.g. for the social amoeba
Dictyostelium (Parent & Devreotes 1999, Chung et al.
2001, Jin & Hereld 2006) and for the model ciliate Para-
mecium (Van Houten et al. 2000, Bell et al. 2007). A
similar approach needs to be pursued for a broader
range of environmentally relevant protists, focusing on
the determination of the ecological and biogeochemi-
cal relevance of chemosensory behaviour (e.g. Hartz et
al. 2008). We see this cross-disciplinary avenue of
research as an opportunity for future collaboration of
researchers in a variety of fields.

Unravelling the mechanisms involved in cell sur-
face recognition. Initial work has been undertaken to
improve our understanding of cell surface biochemical
prey recognition by protists. Several potential phago-
cytic receptors and prey ligands to which they bind
have now been identified for protists (Allen & Dawid-
owicz 1990, Venkataraman et al. 1997, Sakaguchi et al.
2001, Wootton et al. 2007). Further work should
involve the identification and purification of additional
receptors, and subsequent characterization of their
role in selective feeding. As genomes of an increasing
number of protists are being sequenced, proteomic
analysis of phagosomes and cell surface proteins
should prove useful in revealing potential prey recog-
nition receptors. This technique has already enabled
an increased understanding of the molecular mecha-
nisms behind phagocytosis in the model protists
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Tetrahymena, Entamoeba, and Dictyostelium (Rez-
abek et al. 1997, Okada et al. 2005, Jacobs et al. 2006).
Again, we see the next step as applying and adapting
techniques to more ecologically relevant taxa, first in
the laboratory and then, once appropriate methods are
established, in the field.

Determining the relevance of these mechanisms in
selective feeding. Identification and characterisation of
receptors and ligands involved in the response to dis-
solved chemical cues and in cell surface recognition will
improve our ability to study molecular aspects of feeding
in isolation (Fig. 1). We may find that, for many protists,
molecular mechanisms mainly act to increase feeding ef-
ficiency on live prey in general and do not play a major
role in determining selection between different prey
species. For highly specialized protist predators, how-
ever, biochemical prey recognition is likely to drive feed-
ing behaviour and prey selectivity. For instance, dinofla-
gellates often exhibit a high degree of prey specificity
(Hansen & Calado 1999, Tillmann 2004). For example,
the mixotroph Fragilidium subglobosum feeds exclu-
sively on species from the genus Ceratium, preferring
Ceratium tripos to Ceratium furca or Ceratium fusus
(Skovgaard 1996, Hansen & Nielsen 1997), and the
mixotrophs Ceratium and Dinophysis feed predomi-
nantly on ciliates (Jacobson & Andersen 1994, Smalley et
al. 1999). The mechanisms behind these extreme exam-
ples of selectivity are presently unknown. Planktonic
host—-parasite interactions are also expected to involve
biochemical cell recognition, with one strain of the en-
doparasitic dinoflagellate Amoebophrya sp. only being
capable of infecting species of the genus Alexandrium
when presented with a range of potential dinoflagellate
host species (Kim 2006). Without further knowledge of
the mechanisms involved in prey recognition, we lack a
fundamental understanding of how protist predators
feed and hence will experience difficulties in applying
the findings of isolated laboratory and field experiments
to natural assemblages as a whole. It is clear that the en-
vironmental implications of this research area require
continued consideration.

PLACING THE OBSERVATIONS IN A LARGER
CONTEXT

The past several decades of research on microbial
food webs and, specifically, on protist selective feeding
have dramatically changed our perception of microbial
feeding interactions. Protists are increasingly recog-
nised as highly specialised consumers. Having unrav-
elled so many mysteries of selective feeding by pro-
tists, we are now beginning to place the pieces into
context. In this final section, we have identified several
broad avenues towards this ultimate goal.

Towards a general picture

First, we must identify general patterns and domi-
nant peculiarities related to feeding behaviours. How-
ever, in contrast to our recognition of the great diver-
sity of protists (Vaulot et al. 2002, Baldauf 2003),
current knowledge of different feeding behaviours
remains largely based on limited field and laboratory
experiments, focusing on either functional groups
(Simek et al. 2000) or few laboratory weed species (e.g.
Fenchel 1984, Boenigk & Arndt 2000). The relevance
of the discovered selection mechanisms must be criti-
cally evaluated using prey organisms that are impor-
tant in the field (Wu et al. 2004). Again, there is an ulti-
mate need for isolating and culturing many more
protist strains as a basis for in-depth investigations of
specific behaviours and selection mechanisms. We
encourage culture collections, researchers, and fund-
ing agencies to recognise this need.

Linking food selection with the natural environment

In situfeeding behaviour in phagotrophic protists can
be regulated both by their internal environment (e.g.
feeding ultrastructures, chemoreception capadcities,
physiological state, feeding history) and the external en-
vironment. The external environment includes variables
dependent on the availability and characteristics of prey
(e.g. abundance, size, mobility, biochemical composition,
physiological state, surface characteristics, grazing resis-
tance properties) and variables independent of prey.
Among the latter, temperature (Sherr et al. 1988, To-
biesen 1990), light intensity (Stoecker & Guillard 1982,
Hansen & Nielsen 1997, Strom 2001), ultraviolet radia-
tion (Hessen et al 1997, Ochs & Eddy 1998), nutrient con-
centrations (Ucko et al. 1994, Legrand et al. 1998,
Granéli & Johansson 2003), turbulence (Shimeta et al.
1995, Peters et al. 1996, Dolan et al. 2003), suspended
non-grazable particles (Hansen et al. 1991, Boenigk &
Novarino 2004), and bioactive compounds and parti-
cularly toxic compounds (Hoffman & Atlas 1987, Al-
Rasheid & Sleigh 1994) can regulate feeding activity in
phagotrophic protists, but their role in selective feeding
has rarely been specifically investigated. Most of these
abiotic external variables can either directly affect the
feeding behaviour of phagotrophic protists, or indirectly
influence them through changes upon their prey. These
external variables can potentially impact all 6 discrete
feeding phases of phagotrophic protists (Fig 1), and, in
case theirimpacts are prey-dependent, feeding selectiv-
ity will also be altered. If we plan to extrapolate the
findings of laboratory and field studies on protist selec-
tive feeding to the natural aquatic environment, then
we must attempt to better mimic the variables that con-
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trol selective feeding behaviour. Therefore, although our
assessment has focused primarily on the organisms,
we remind the reader not to forget the external environ-
ment.

Linking food selection with food web effects

Once the key components and controls have been
adequately identified, the next big issue will be to
place food selection behaviours (individual and gen-
eral) into the context of food web interactions. In sity,
the protistan grazer community and related aspects of
its prey selectivity are obviously shaped both by inher-
ent bottom-up factors and predation pressure on pro-
tists themselves. Furthermore, once we recognise the
mechanisms associated with selectivity, we will be bet-
ter prepared to examine how abiotic factors (turbu-
lence, light, temperature, pH) may alter behaviours.
The interplay of these factors can regulate community
dynamics and selectivity of protists in situ (e.g. Simek
et al. 2006). Ultimately, these aspects must not be for-
gotten in either field studies or model simulations of
ecosystem dynamics.

Historically, mathematical ecosystem models have
paid relatively little attention to protist grazing, never
mind selectivity (Davidson 1996), but authors such as
Flynn (2006) argue strongly for the inclusion of mech-
anistic processes such as protist selective grazing in
such models. A small suite of studies have attempted
to use models to examine particular aspects of selec-
tive grazing with a focus on microbial cell size distrib-
ution and predator—prey dynamics (Kiefer & Berwald
1992, Strom & Loukos 1998). Such attempts need to
be extended, specifically considering the molecular
and behavioural basis of food selection as generally
outlined above.

An operational model of selective protist grazing
based on our schematic representation in Fig. 1 would
contain a very large number of parameters, which
would require considerable advances in experimental
technique, as discussed above (see sections 'Examin-
ing behaviours at the population and single cell levels’
and ‘Examining behaviours at the molecular and
physiological levels'). An initial challenge to model-
ling will, therefore, be to conduct sensitivity analyses
of simple models of selective grazing, based on struc-
tures similar to those outlined above (Fig. 1), to assess
the parameters most critical to model performance.
This in turn will guide future experimental efforts.
Therefore, we encourage and applaud the continued
interdisciplinary collaborations of modellers and
experimental scientists who integrate potentially
important subtleties such as feeding behaviour into
the larger ecosystem context.

From behaviour to element flow

Ultimately, many ecosystem studies focus on the flow
of biomass, typically represented by carbon, nitrogen,
or phosphorus. In this paper, we have primarily dealt
with prey selection based on taxa. Even more complex,
however, are the links between protist food selection
and element transfer in food webs. For instance, differ-
ential digestion, element conversion, and metabolic
pathways will further modify the feeding interactions.
With respect to nutrition and element flow, these fac-
tors must ultimately be considered as part of the selec-
tion process (Boenigk et al. 2002, Mitra & Flynn 2005,
Davidson et al. 2007).

Some modelling work has addressed these issues of
element flow with specific relevance to selectivity.
For example, Stolte et al. (2007) modelled the effect of
allochthonous dissolved organic matter on grazing on
poorly edible phytoplankton, and Davidson et al.
(19954, 1995b) used the C:N ratio of prey and predator
as indices of the potential for selectivity. Furthermore,
recent theoretical work has developed models that
incorporate aspects of protistan selective grazing; e.g.
Mitra et al. (2003) and Mitra & Flynn (2005) developed
models that incorporate factors such as variable maxi-
mum ingestion rate, assimilation efficiency, and 'stoi-
chiometric modulations’. We consider the extension of
such approaches to be a logical avenue for future
progress in ecosystem food web ecology. However, we
emphasise two caveats: the modelling must not be con-
ducted in isolation; it requires sound parameterisation
by laboratory work and continued 'ground-truthing’
through field studies.

Experimental design

Underlying laboratory and field studies as well as
model applications of concepts and parameters, we
must remember that there is a need for good experi-
mental design and data analysis. Although not explic-
itly dealt with in this paper, we know, from our collec-
tive experiences, that an unacceptable portion of the
work on selective feeding (some published and much
unpublished) is based on an inadequate foundation
(i.e. poor experimental design and inappropriate
numerical-statistical analysis). Here, we have en-
couraged several avenues for experimentation and
observation on protistan feeding behaviours, in places
suggesting state-of-the-art technologies, many of
which will produce copious data. We also encourage
continued careful design of experiments, e.g. consider-
ing pseudoreplication (Hurlbert 1984), the number of
replicates (Roa 1992), and even whether or not to
replicate at all (Montagnes & Berges 2004).
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From mechanisms towards selection

In conclusion, we emphasise that there is a need to
identify the key processes that are applicable across
systems; i.e. the comparison of free-living protist food
selection with that of metazoa and parasitic protists.
Identifying similarities and dissimilarities and the fun-
damental mechanisms behind these patterns will cer-
tainly reveal key underlying processes and critical dif-
ferences. We have not dwelt on the massive literature
on selective feeding that exists beyond the protists
(e.g. Brooks & Dodson 1965), but this must always be
considered, and the uninitiated reader is encouraged
to do so. However, once general selection mechanisms
(e.g. Fig. 1) are identified, quantified, and considered
in a larger context, the next challenge will be to
analyse their impact on in situ feeding interactions
(Jezbera et al. 2006). Continued interaction and dia-
logue between researchers studying selective feeding
in the laboratory and field is essential, and we thank
SAME 10 for providing the opportunity for such a dis-
course and encourage its continuation, both informally
and formally, through other meetings.
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