PROPOSAL TO SEQUENCE THE GENOME OF DAPHNIA PULEX
Submitted on behalf of the members of the Daphnia Genomics Consortium (DGC)
Recent characterization of the complete genomic sequences of multiple eukaryotes and prokaryotes is
rapidly increasing our ability to understand how genome structure evolves and how gene expression and
individual performance is modified in response to environmental challenges. These advances hold the
promise of making a direct connection between the genome and the phenotype of organisms in
populations and communities, both in natural environments and in settings modified by human
disturbance. However, to bridge the span between genes and ecosystems and to link molecular and
cellular functions to population-level responses in nature, genomic tools must be developed for model
organisms with tractable and well-characterized ecologies. One such system is the planktonic
microcrustacean Daphnia, which plays a central role in the ecology of almost all standing freshwater on
earth.
In an attempt to coordinate and promote recent advances in Daphnia genomics, the first International
Daphnia Genomics Consortium meeting was held at Indiana University in October 2002. The DGC
comprises a diverse group of researchers focused on developing Daphnia as a leading model system for
ecological, ecotoxicological, and evolutionary genomics. The stated goal of the DGC is “to develop the
Daphnia system to the same depth of molecular, cell, and developmental biological understanding as
other model systems, but with the added advantage of interpretability of observations in the context of
natural ecological communities.”
The specific goal of this white paper is to provide the rationale for obtaining the complete genome
sequence of the key species Daphnia pulex.

The importance of ecological genomics to biomedical research
Existing eukaryotic genome projects fall into two broad categories: 1) those involving species with
immediate application to human health, (e.g., human, and the malarial parasite P. falciparum and its
mosquito vector A. gambiae); and 2) those involving previously established model species in molecular,
cell, and developmental biology (e.g., the nematode C. elegans, the fly D. melanogaster, the plant
Arabidopsis, and the mouse M. domesticus). These initial large-scale projects have firmly established the
feasibility and utility of genome sequencing, further guaranteeing a central role for a few select species in
biological research for years to come. However, virtually all of biology’s current model systems have
substantial shortcomings for applications outside the laboratory. In virtually all of these species, we know
close to nothing about the natural environments and associated selective pressures to which individuals
are routinely exposed. This has become a serious impediment to progress in genomics and proteomics,
because up to 50% of the predicted genes of most model organisms have no observed expression. This
huge gap is likely a simple consequence of the fact that many genes have environment-specific expression
patterns that are never elicited in benign laboratory settings.
In order to understand how organisms respond to environmental challenges at the cellular level and adapt
at the population level, there is a clear need for model species that are globally distributed, ecologically
relevant, and experimentally tractable. Because human health, social and economic well-being are
ultimately dependent on the environment, the development of a mature field of ecological genomics will
be of enormous practical value.

As outlined below, the complete sequence of the Daphnia genome will provide an exceptionally powerful
tool for addressing fundamental issues in ecology, ecotoxicology, and evolution. Thus, this project will
play a key role in developing an integrative understanding of the connections between genome structure
and gene expression, individual phenotypes, and population-level responses to environmental change.
Since most of these applications will target proteins, the Daphnia genome sequence will also be an
important first step toward developing the emerging field of ecological proteomics.

Advantages of the Daphnia model system for ecological genomics
Given the ten million or so species on earth and limited resources to study them, a judicious choice is
necessary in developing a new model system for ecological genomics. Here we outline the numerous and
compelling reasons why Daphnia pulex is a logical candidate species for such an endeavor.
ß

Having been the focus of study by limnologists for well over a century, more is probably known
about the ecology of D. pulex than any other eukaryote (Kerfoot 1980; Peters & de Bernardi
1987). The species is globally distributed throughout the temperate zone and has close relatives
in other regions of the world. As dominant members of the planktonic zone of virtually all lakes
and ponds, Daphnia play pivotal roles in aquatic food webs, serving as primary grazers of algae,
bacteria, and protozoans, and as primary forage for fish (Tessier et al. 2000). Thus, Daphnia
have long been considered sentinel species in freshwater lakes throughout the world (Carpenter et
al. 1987; Leibold 1996).

ß

For related reasons, Daphnia are well established internationally as model species in the field of
ecotoxicology, being the most common test organism in aquatic toxicity studies (i.e., U.S. EPA,
OECD). As a result, the reproductive and survival responses of Daphnia to many environmental
pollutants are well characterized (Lilius et al. 1995), and these responses are routinely used to
define regulatory limits (U.S. EPA 1986) and monitor the quality of effluents released into fresh
waters (U.S. EPA 1993). Daphnia are also a key sentinel species for monitoring persistent
pollutants that are transferred and magnified to toxic levels through aquatic food webs (e.g.,
piscivorous fish, which are subsequently consumed by humans).

ß

D. pulex and its close relatives inhabit a remarkably diverse array of environments, ranging from
permanent lakes to temporary ponds, oligotrophic to eutrophic, hypersaline to freshwater, and
extending into the uv-rich settings of coastal dune ponds and high-alpine lakes (Colbourne et al.
1998). Moreover, these radically different environments have been colonized on multiple
occasions with a characteristic pattern of convergence of adaptive traits linked to specific habitat
(Colbourne et al. 1998). This ecological diversity and multiple independent habitat transitions
provide an exceptional opportunity to evaluate the nature of genomic and phenotypic adaptation
to environmental challenges. For example, the rate of molecular evolution is accelerated in
lineages that have invaded hypersaline environments (Hebert et al. 2002).
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ß

The reproductive cycle of D a p h n i a is ideal for
experimental genetics. As cyclical parthenogens,
D a p h n i a are capable of either clonal or sexual
reproduction (Fig. 1). Clonal reproduction allows for
the permanent maintenance of intact genotypes,
providing an effective means for comparison of
various treatments on a defined genetic background.
Utilizing clonal reproduction the genetic background
can be held constant making Daphnia are an ideal
system for molecular biology techniques such as
quantitative real-time PCR and microarray analysis of
gene-expression patterns.
Because sexual
reproduction is environmentally induced, with females
producing sons that are genetically identical to
themselves, inbred lines can be readily produced by
selfing. Additionally, male production can be
hormonally induced in the lab (Olmstead & LeBlanc
2003) and standard genetic manipulation by
outcrossing can be carried out. Moreover, the sexually
produced resting eggs can be stored viably for
decades, allowing for long-term maintenance of stocks.
system makes Daphnia an ideal model organism
quantitative-trait loci (QTL) for complex characters.

Figure 1. D a p h n i a usually reproduce
clonally. Sexual lineages have environmental
sex determination, such that appropriate cues
(e.g., crowding) lead to male and haploid-egg
production; the resultant progeny enter
diapause.

This unusual flexibility in the breeding
for mapping and characterization of

ß

Daphnia provide an unprecedented opportunity for studying historical evolutionary responses to
environmental change. Most of the annually produced diapausing resting eggs are buried alive in
the sediments, where they remain viable for 100 to 200 years. Through the use of dated sediment
cores, the past record of evolutionary change can be resurrected by hatching these eggs, and
maintaining the hatchlings in a clonal fashion. Comparison of such a temporal series of
genotypes in defined environments provides a direct assessment of the past 1000 or so
generations of evolution in response to environmental perturbations such as eutrophication
(Hairston et al. 1999), heavy metal deposition (Pollard et al. 2003) or acid precipitation
(Schindler et al. 1996; Pollard et al. 2003). The molecular record of evolution can be extended
much further, as DNA can be acquired from resting eggs up to 3000 years old (Weider et al.
1997; Caceras 1998; Cousyn et al. 2001; Limburg & Weider 2002).

ß

Daphnia are experimentally tractable. Generation time in the laboratory is only one to two
weeks, rivaling that of most other model eukaryotes, and as filter feeders, the animals are easily
raised on defined media with controlled levels of algae and/or bacteria. Large-scale field
experiments can be implemented as well, using as strategies, enclosed columns of lake water or
subdivision of entire ponds or lakes (Schindler et al. 1985; Carpenter et al. 1995).

ß

Because Daphnia are transparent throughout life, they are particularly amenable to studies of
tissue- specific gene expression and developmental biology (e.g., Shiga et al. 2002).

ß

Finally, the Daphnia genome is relatively small. D. pulex has an estimated haploid genome size
of 240-300 mbp, slightly larger than that of Drosophila melanogaster (Beaton & Hebert 1989;
Korpelainen et al. 1997)

Phylogenetic importance of the Daphnia genome
Comprising some five to ten million species, the phylum Arthropoda represents one of the world’s most
abundant and diverse group of metazoans. Embedded within the Arthropoda are the Crustacea (Nardi et
al. 2003), which comprise some 39,000 known taxa with striking levels of morphological diversity. One
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of the deepest branching crustacean lineages is the class Branchiopoda, which encompasses four orders,
one of which (the Cladocera) contains our study species (D. pulex) and several hundred others. One other
branchiopod, Artemia (a member of the order Anostraca) has been the subject of considerable
physiological and developmental work, but has attracted little attention at the genetic or genomic levels.
While other crustaceans are likely to be sequenced in the near future based on their economic importance
(e.g., penaeid shrimp, which have an annual aquaculture production in excess of 1,000,000 metric tons
(FAO, 1998)), the compact size of the Daphnia genome makes it a far more tractable candidate. For
example, the haploid genome size of Daphnia is approximately 10_ smaller than Artemia (2,900 mbp
(Rheinsmith et al. 1974)) and penaeid shrimp (2,500 mbp (P. D. N. Hebert unpublished data)).
Nearly complete genomic sequences are now available for two arthropods, the dipterans Drosophila and
Anopheles, and the sequences of some economically important lepidopterans (e.g., Bombyx) and
hymenopterans (e.g., Apis) are anticipated in the very near future. However, as members of one of five
major arthropod clades, these three insect orders comprise only a fraction of arthropod diversity. Given
the phylogenetic position of the Crustacea, apparently the closest major clade to the insects (Nardi et al.
2003), the genomic sequence of D. pulex would yield a substantially deeper understanding of the core
attributes of the insect genome by serving as a key out-group. Thus, from a pure evolutionary and
comparative perspective, Daphnia is one of the logical next steps in the line of genomic sequencing
projects.
Although there are dozens of other cladoceran genera, the genus Daphnia is ideally structured for future
comparative genomic work. The genus comprises 150 or so species, with representatives of the major
morphological forms entered into a well-resolved molecular phylogeny (Colbourne & Hebert 1996). Of
special relevance is the fact that the genus is sharply subdivided into three ancient (150-200 MY old)
subgenera. A common subject of study in European and Asian labs is Daphnia magna (subgenus
Ctenodaphnia), which is contained within the most basal clade to D. pulex (subgenus Daphnia). One of
the long-term goals of the DGC is to obtain parallel genomic information on D. magna, as this would
provide key insight into identifying regulatory DNA regions and verifying other aspects of genome
annotation (following, for example, the strategies employed in the comparative analysis of C. elegans / C.
briggsae, and D. melanogaster / D. pseudoobscura, and mouse / human).

Relevance of the D. pulex genome to the DOE mission and stated goals
One of the two central themes of the DOE Mission Statement is environmental clean-up, and a stated goal
of the DOE Genomes to Life Initiative is: “… to develop high throughput, genome-scale technologies
needed to understand the workings of biological systems from the nature of multiprotein molecular
machines to the regulatory networks that control them to the complex workings of natural microbial
communities. A key aspect is the development of the computational capabilities and systems that will be
needed to model complex biological systems.”
Fundamental to the DOE mission is establishing the regulatory genetic and protein network connections
between organismal response and environmental change. Daphnia is unique among model systems in
that its natural environment can be mimicked, perturbed, and replicated in a controlled fashion (in the
laboratory or the field), allowing a precise assessment of these regulatory networks and protein machines
in an ecologically relevant context. A clear understanding of the relationship between genome and
phenotype in a particular environment requires a systems approach utilizing information from the genome
and the proteome. The complete genome sequence of Daphnia will be a critical component of
environmental proteomic investigations.
An extended proteomic-glycomic understanding will complement other functional genomics approaches,
including microarray-based expression profiles, systematic phenotypic profiles at the cell and organism
level, systematic genetics, and small-molecule-based arrays. Integration of these data sets through
bioinformatics will yield a comprehensive database of gene function that will serve as a powerful
reference of protein properties and functions, and a useful tool for the individual researcher to both build
and test hypotheses. Moreover, large-scale data sets will be crucial for the emerging field of systems
biology.
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Given the central role that Daphnia play in the practical field of aquatic ecotoxicology and the exquisite
sensitivity of these organisms to environmental perturbations, it is clear that the genomic sequence would
facilitate enormous advances in the emerging field of ecotoxicogenomics. Most notably, upon
completion of the genomic sequence, the scientific community would have access to a resource that
could: 1) provide an unprecedented mechanistic level of understanding of the gene- and protein-level
responses to environmental perturbations; 2) help elucidate the regulatory gene networks underlying such
responses; and 3) connect the functional biology of organisms to their ability to establish complex
communities in natural environments. All three of these points are stated targets of the Genomes to Life
Initiative.

Resources available to complement the sequence
What sets Daphnia apart from other potential model systems for ecological genomics is the large array of
associated genomic tools that are already under development, mostly with funds from the National
Science Foundation. Through various collaborative efforts of members of the DGC, several large-scale
efforts have been made or are underway to develop the genomic, molecular biological, and bioinformatic
infrastructure prerequisite to the efficient utilization of complete-genome shot-gun sequence. These
genomic tools will provide a seamless interface between the sequence and applications at the regulatory
and protein expression levels.
ß

Arrayed BAC libraries of ~20,000 clones (>10x coverage) are currently under construction for
both D. pulex and its congener D. magna (at the Hubbard Center for Genome Studies, University
of New Hampshire). A multi-investigator proposal recently submitted to the NSF FIBR program
requests funds to fingerprint all of the BACs, computationally assemble them into contigs, and
fully sequence fifty of them (at the Joint Genome Institute). Combined with the fine-scale genetic
map (below), these resources will provide critical information for the assembly of random
shotgun sequences into contigs and their assignment to chromosomes.

ß

Nearly 2,000 microsatellite markers, ~25% physically linked to known protein-coding loci, are
being assembled into a fine-scale genetic map (at Indiana University). When combined with the
complete physical map, this resource will yield valuable information on genome-wide variation in
the recombination rate.

ß

An arrayed library of 40,000 cosmids (~5-fold genomic coverage, with pooled samples for
columns, rows, and plates) allows the rapid isolation and characterization of candidate genes.

ß

50,000 full-length cDNAs are slated to be sequenced from both ends (at the Joint Genome
Institute, ideally within the next six months). For all cDNAs for which the first-pass end
sequences do not intersect, the gap will be closed by designing internal PCR primers for
sequencing (Indiana University). This project is being initiated with a highly refined cDNA
library, screened for nonredundancy by oligo-fingerprinting, and using transcripts derived from a
diversity of developmental stages and environments. Thus, prior to genomic sequencing,
complete cDNA sequences will be available for essentially every expressed gene (and their
alternatively spliced variants). Such information is a key to developing a well-annotated and
organized genomic sequence, as it provides unambiguous information on the positions of
initiation and termination codons and on intron-exon junctions.

ß

Within the next ten months, these cDNAs will be printed onto microarrays for gene expression
studies. Test versions of the microarrays have already been produced (Center for Genomics and
Bioinformatics, Indiana University).

ß

Methods for studying gene function, including genetic transformation, cell culture, and RNAi are
under development (Tulane University, and Indiana University). Recent work showing that
RNAi can be administered to Daphnia by feeding them appropriately transformed bacteria opens
up enormous opportunities for gene-knockdown studies. The cDNA library is being constructed
in a way that will allow immediate transfer of any cloned gene to the feeding vector, allowing the
implementation of high-throughput gene-expression studies.
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ß

An online database WFleaBase (http://daphnia.cgb.indiana.edu/) is under development at Indiana
University to provide the bioinformatic infrastructure for data submission, storage, and accession.
As the major management site for FlyBase (the widely used Drosophila genomic database), IU
provides an ideal setting for the development and maintenance of this resource, and FlyBase will
serve as a model platform. This summer, members of the DGC will be submitting grants to the
NSF Programs on Biological Databases and Informatics and on Resource Coordination Networks
to secure funding for personnel to handle the rapidly expanding workload.

ß

A stock center has been established at Indiana University. The objective of the Daphnia Stock
Center is to provide standard research material for a wide range of applications, including allele
diagnoses in genotyping assays, comparative genomics and functional assays, systematic study,
and QTL analyses.

Size and interest of the research community
The community of scientists working on Daphnia is large and diverse, well in excess of 1,000 individuals
in academic and private laboratories (http://www.cladocera.uoguelph.ca/). The Daphnia Genomics
Consortium (DGC) is dedicated to building a distributed set of genomics resources through international
and multidisciplinary collaboration (http://daphnia.cgb.indiana.edu). At the most recent consortium
meeting, a decision was made to initially focus most of the global efforts on the D. pulex complex, based
on the broad set of genomic tools that have already been developed. There is, however, a strong
sentiment from the community to develop genomic tools for D. magna to a comparable level in the near
future.
The extensive literature on ecological research on Daphnia alone exceeds 4000 articles over the past
century, and over 7000 articles on cladocerans have been published since 1855. The role of Daphnia in
ecotoxicological research is particularly extensive, with over 16,000 records in the U.S. EPA
Ecotoxicology Database (http://www.epa.gov/ecotox/). A search on the Science Citation Index using the
keyword Daphnia for the years 2000-2002 yields an average of 367 new papers per year.

Other funding support for Daphnia genomics
The National Science Foundation has invested heavily in the system over the past 12 months, providing
funding for BAC library construction, cDNA sequencing, microarray production, development of
methods for transformation and cell culture, and assay of genetic variation in natural populations. This
work is supported by four grants with a total budget of approximately $4.3 million: Development of
Methods Linking Genomic and Ecological Responses in a Freshwater Sentinel Species, coPIs Hamilton,
Chen, Folt, and Shaw (Dartmouth College), and Lynch and Colbourne (Indiana University); BAC
Libraries from Diverse Crustacean Taxa, PI Thomas (University of New Hampshire); Retroviral Systems
for the Transgenesis of Invertebrates, PI Isern (Tulane University); and Adaptation and Extinction in
Changing Environments, PI Pfrender (Utah State University). In addition, a $5 million proposal has just
been submitted to the NSF FIBR program to exploit the D. pulex system as a model for studying the
causes and consequences of recombination (PI Lynch, Indiana University, and eight additional coPIs,
with participation from the Joint Genome Institute).
Additional potential sources of funding for the Daphnia genome-sequencing project include NIEHS and
the EPA. Both organizations are interested in linking genomic level responses to environmental agents in
relevant species, and both recently have launched complementary toxicogenomics efforts. Both EPA and
NIEHS are funding current ecotoxicology research using Daphnia, including an EPA- and NIEHS-funded
Superfund Basic Research Program Project grant on toxic metals to the Dartmouth group within the DGC
(http:// www.dartmouth.edu/toxmetals/), which includes a collaborative Daphnia ecotoxicology project
(coPIs Folt, Chen, Hamilton) that incorporates molecular measures of gene expression.

6

Some ways in which the genome sequence would be used
Comparative developmental biology. The complete genome sequence of Daphnia will immediately
impact the field of comparative developmental biology. Developmental evolution in the Crustacea is
characterized by extraordinary diversity in segment specialization and tagmosis (Carroll et al. 2001). For
example, Averhof and Patel (1997) demonstrated that changes in the expression of specific Hox genes
correlate with the modification of anterior thoracic segments to form feeding appendages, a change that
may occur independently, multiple times in Crustacea. Custaceans exhibit greater diversity in body plans
than do insects. The body plans of cladocerans, in particular, encompass a wide range of phenotypic and
developmental diversity. The relatively close phylogenetic relationship of Crustacea to model insect
systems (e.g., Drosophila) renders the Daphnia genome particularly useful for comparative studies in
developmental genetics. Our understanding of the evolution of developmental genes such as the Hox
genes, their regulation and downstream effects, as well as the genomic changes associated with the
evolution of phenotypic diversity will be greatly enhanced by the Daphnia genome sequence. The
complete genome sequence will lead to a greater understanding of the role of gene sequence variation in
development (Shiga et al. 2002). The application of RNAi techniques by feeding will lead to rapid
progress on the developmental effects of virtually any important gene, without the need to isolate knockout mutations.
Ecological and evolutionary genomics. The evolution of genome structure and the relationship between
genome structure and function are still largely unresolved issues. The growing list of genomes available
for comparative studies is leading to profound insights into the evolutionary pressures influencing
genomes. For example, recent comparison of the mouse and human genomes reveals that a substantial
fraction of the non-coding portion of the human genome may be under selection (The MGC 2002).
However, as mentioned above, there is virtually no connection between the genomes of most model
organisms and the environments and selective forces operating on them. Ultimately, the functional
characterization of the human genome relies on the generation of a diversity of genome sequences
(Collins et al. 2003), in particular, genomes from organisms such as Daphnia, with a clear connection to
an environmental context in which the functional relationships of the genome can be unambiguously
interpreted.
The complete genome sequence of Daphnia will facilitate deciphering the genetic basis of complex
phenotypic traits that are the direct target of natural selection. Daphnia have a lengthy history in the
study of the relationship of phenotype to environment beginning with the initial characterization of
phenotypic plasticity (Woltereck 1909). Because of their unique life history (i.e., clonal reproduction)
and ease of laboratory culture, Daphnia are a powerful system for quantitative-genetic studies. The
combination of quantitative genetic analyses and mapping studies in the context of the complete sequence
will lead to rapid localization of the genetic underpinnings to complex adaptive traits. The repeated and
independent evolutionary radiations of Daphnia into diverse ecological settings, coupled with assays of
molecular variation developed from the complete genome sequence have the potential to identify regions
of the genome that have experienced selective sweeps in particular ecological contexts (Schlotterer 2002).
This approach can be combined with the direct comparison of historical and contemporary populations
connecting genome structure and phenotypic variation in complex characters, with the environmental
changes experienced by natural populations. With the complete genome sequence it will be possible to
assess whether responses of natural populations to environmental stimuli are due to short-term
physiological responses or long-term adaptation of genes.
Ecotoxicology applications. The complete sequence of the Daphnia genome will offer unprecedented
power to the field of ecotoxicology, which is charged with defining exposure and predicting effects of
pollutants on the environment and human health. For example, Dr. Kenneth Olden, Director of NIEHS,
recently predicted that the application of toxicogenomics approaches to environmental health sciences
will reduce the time and cost it takes to screen carcinogens and other toxicants from years to days, and
from millions of dollars to hundreds of dollars (NIEHS news release, Dec. 7, 2000).
Genomic tools directly inform both mechanistic and predictive toxicology. NIEHS and EPA have
recognized the promise of toxicogenomics and the need for standardizing protocols and model systems.
Both agencies have established research consortia to identify gene expression profiles (i.e., genomic
“fingerprints”) that result from specific physiological states; define genomic response to environmental
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perturbation; establish common profiles for species-species comparisons; and detect sources of variation
in gene expression studies. Genomic and proteomic level studies of an environmentally relevant
organism provide the means for examining responses at the whole animal level.
The complete Daphnia genome sequence will have immediate impact on the field of toxicogenomics,
facilitating the development of biomarkers for environmental risk assessment, and biological and
ecological monitoring programs. Resolving the genetic basis of response to environmental challenges
requires the complete genome sequence. A fundamental issue is the extent to which variation in
physiological response and susceptibility to environmental challenges is a function of differences in gene
regulation versus gene sequence. Currently, most toxicogenomics studies focus on laboratory animals or
model systems that are not directly relevant to environmental exposures. The ability to rapidly screen, at
the genomic level, responses of a native aquatic organism to environmental levels of toxicants will have
enormous impact on our understanding of natural responses to pollutants including persistent organic and
inorganic agents of natural and anthropogenic origin that are of greatest concern in ecosystems and for
human health. There is also scant information about physiological and toxicological responses to
complex environmental mixtures in intact organisms. Finally, a true understanding of the complex ways
that such environmental agents move through aquatic food webs, and their impact on those food webs, is
also a high priority. But this will also require genomic level investigations using key sentinel species.
Daphnia is ideally suited to such studies, which will require knowledge of the Daphnia genome and
development of genomic tools.
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