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Summary. Freshwater planarians are best known for their ability to regenerate complete animals from tiny
fragments of their bodies. This regenerative ability is based upon totipotent, somatic stem cells present in the adult
planarian. Planarians are free-living representatives of the Platyhelminthes, an understudied yet evolutionarily and
clinically important phylum. Planarians are easily cultured in the laboratory and serve as useful experimental
models for addressing many fundamental problems in biology that cannot be studied in Drosophila or C. elegans,
including: wound healing, regeneration, somatic stem cells, and tissue homeostasis. Schmidtea mediterranea
serves as a model planarian species: it is a stable diploid (2n=8); inbred lines are available for sequencing; 4,500
unique ESTs have already been sequenced; and the genome size of 4.8x108 is approximately half that of other
common planarians. A planarian genome project will provide a critical resource for developing this invertebrate
model system by facilitating: gene identification, microarray experiments, comparative genomics, RNAi screens,
genetic screens, and the identification of promoter sequences. With such tools available, the planarian will serve
as a complementary model invertebrate, allowing functional genomic analyses relevant to studies of metazoan
evolution, developmental biology, and human health.
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Overview: the planarian Schmidtea mediterranea as a model organism

Planarians are free-living representatives of the phylum Platyhelminthes, a group of some 50,000 species of
flatworms. Flatworms are among the simplest bilaterally symmetric animals: they are acoelomates, yet they
possess derivatives of all three germ layers organized into complex organ systems. Thus, Platyhelminthes have
been thought to occupy an important position in Metazoan evolution1-4. Current models place the Platyhelminthes
in a large assemblage of protostome invertebrates, known as the Lophotrochozoa 5, a sister group to the Ecdysozoa
(to which insects and nematodes belong).

Planarians are best known for their capacity to regenerate complete individuals from minuscule body parts6,7, as
well as for their ability to “de-grow” when starved8-13. Such extraordinary plasticity in the adult is in direct
contrast to the rigidity displayed by currently used invertebrate models such as Caenorhabditis elegans and
Drosophila melanogaster. The difference lies in a population of adult somatic stem cells, called neoblasts, that are
distributed throughout the planarian body. Neoblasts are the only mitotically active cells in planarians14, and their
division progeny generate the 30-40 different cell types found in these organisms. In intact planarians these stem
cells replace cells lost to normal physiological turnover; whereas, in amputated animals, they give rise to the
regeneration blastema, the structure in which missing tissues are regenerated.

Until the mid-20th Century, planarians were a key model for studying development and regeneration. Yet, as
attention shifted towards animals amenable to classical genetic analysis, the use of planarians declined15.
Recently, however, the successful introduction of cell14,16, molecular17, and RNAi techniques18 in planarians, along
with heightened interest in stem-cell biology19 and the plasticity of the differentiated state20, has re-kindled interest
in these fascinating organisms21,22. Sequencing the 4.8 x 108 bp genome23 of the sexual, diploid planarian S.
mediterranea will provide a vital resource for the development of a unique model to study metazoan evolution,
regeneration, and the regulation of pluripotentiality. Mechanistic insights into these basic biological problems will
have deep and obvious implications for the improvement of human health.

A. Specific biological rationales for the utility of new sequence data. Comparative genomics has become an
important strategy for identifying candidate genes and regulatory elements underpinning complex biological
problems. However, detailed mechanistic understanding of biological problems can best be obtained through
experimentation. Therefore, it is vital to obtain genome sequences from organisms in which gene function can be
studied and manipulated. The planarian S. mediterranea has emerged as a promising model in which to
functionally address a number of long-standing and fundamental problems relevant to human health and biology
that are not readily studied in well-established models such as Drosophila and C. elegans.

1. Improving human health: Regenerative processes. The human body has considerable capacity for repairing
and replacing some of its tissues, especially those with high rates of cell turnover such as blood and epithelia.
However, all human tissues do not share such regenerative properties. In fact, most debilitating conditions
afflicting Homo sapiens in the developed world result from a failure of many tissues to repair themselves after
injury. Spinal cord injury, for example, affects at least 250,000 Americans24, and stroke and cardiac infarct are
responsible for the death of nearly one million people per year in the U.S. alone, more than the next six leading
causes of death combined25. The ability of planarians to regenerate all tissues after amputation provides unique
opportunities to identify molecular mechanisms allowing muscle and neurons to regenerate. A systematic,
molecular dissection of these processes in the planarian S. mediterranea is currently underway using RNA-
mediated interference and DNA microarrays26. The S. mediterranea genome project (SmedGP) is essential for
efficient gene prospecting and for identifying DNA regulatory regions that choreograph gene expression patterns
driving planarian wound healing and regeneration. Through functional and comparative genomics, these studies
should assist in the rational design of protocols for optimizing tissue repair in H. sapiens.

Stem cell disorders. In humans, a large number of malignancies exist that are caused by defects in stem cell
maintenance, proliferation, and differentiation27. These range from aniridia, leukemias, and myelodysplastic
syndromes to teratocarcinomas, epitheliomas, and neuroblastomas. Understanding the mechanisms that regulate
stem cell function will have profound consequences for the design of effective therapies to treat these and many
other human diseases. Our limited understanding of stem cell biology is mirrored by the relative inefficiency of
clinically available stem cell-based therapies. For instance, only 30-45% of children treated for neuroblastomas by
autologous stem cell rescue (ASCR) after myeloablative chemoradiotherapy achieve long-term, disease-free
survival28-30. Therefore, understanding how stem cell proliferation, pluripotentiality, and differentiation are
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regulated in vivo will improve the efficiency of ASCR and other stem cell-based therapies. Given that all
metazoans depend on stem cells for their survival, it is likely that the mechanisms regulating stem cell biology
have been conserved throughout evolution. Sequence information derived from the SmedGP, along with loss-of-
function and population dynamic studies of the planarian neoblasts31 will help identify key players involved in
stem cell maintenance, proliferation, and differentiation. This information should prove invaluable to the study of
stem cells as causes of human disease and for improving and devising stem cell-based therapies.

Infectious diseases. In addition to free-living forms, the phylum Platyhelminthes includes parasitic organisms,
such as cestodes (Taenia solium) and digenetic trematodes (Schistosoma mansoni and Schistosoma japonicum),
which are responsible for inflicting disabling and often life-threatening diseases upon nearly 300 million people
throughout the world32. Further, it is estimated that about 5 million Americans (including military, diplomatic
personnel, residents of foreign countries, and travelers) each year are at risk of contracting a tropical disease33-36.
Because the life cycles of these parasites may involve as many as three different hosts, as well as both sexual and
asexual reproductive strategies37,38, experimental manipulation of such animals in the laboratory is difficult. The
SmedGP, combined with the ease with which S. mediterranea can be maintained and manipulated experimentally
in the laboratory, will allow functional genomic studies aimed at identifying platyhelminth-specific genes (absent
from the human genome) that are necessary for flatworm survival. Thus, the SmedGP will streamline the
identification of specific pharmacological targets for the prevention and treatment of helminthic infections.

2. Informing human biology: Experimental exploration of the many unique aspects of planarian biology
described below should significantly enhance our understanding of human biology. The SmedGP will greatly
facilitate study of these topics by providing a complete listing of genes and promoter sequences essential for the
utilization of available tools (e.g., RNAi and genetic screens, microarrays, in situ hybridizations) and the
development of new methodologies and resources (e.g., transgenesis, mutation mapping, gene knockouts).

Somatic Stem Cells . A major obstacle hampering progress in the understanding of stem cell regulation lies in the
difficulty of accessing and studying these cells in vivo. This barrier is further compounded by the limitations of in
vitro culture systems, which are unable to emulate the microenvironments in which stem cells reside and that are
known to provide critical regulatory signals for their proliferation and differentiation39. Given the complexity of
vertebrate adult somatic stem cell populations and their relative inaccessibility to in vivo molecular analyses,
studies of somatic stem cells should benefit from analyses of simpler animal models. Study of Drosophila and C.
elegans has provided invaluable contributions to our understanding of genes and pathways involved in a variety
of human diseases. However, most somatic tissues in Drosophila and C. elegans are post-mitotic and, thus, are
devoid of adult somatic stem cells. In contrast, S. mediterranea possesses an experimentally accessible population
of stem cells that play a role in tissue maintenance and regeneration. The ability to label neoblasts with BrdU14,
purify them by fluorescence activated cell sorting40, and silence gene expression by RNAi41 should be very useful
in identifying and functionally testing the mechanisms regulating stem cell activities. Sequence information
derived from the SmedGP will be invaluable in the identification of control regions involved not only in
maintaining the undifferentiated state of stem cells, but also in regulating their differentiation potential.

Germ cells. Germ cells represent an intriguing example of highly differentiated cells that maintain their
totipotentiality and ability to reproduce themselves indefinitely. In the best-studied invertebrates (Drosophila and
C. elegans) and many vertebrates, germ cells are specified early in embryogenesis by maternally supplied,
localized cytoplasmic determinants. In mammals, however, germ cells are specified later in embryogenesis in a
process that requires inductive interactions. The mechanisms that link these two apparently disparate modes of
germ cell specification remain unclear. Unlike Drosophila and C. elegans, and more akin to mammals, planarians
do not segregate their germ cell lineage during early embryogenesis; rather, germ cells are formed from stem cells
post-embryonically. The biology of S. mediterranea is well suited for investigating the mechanisms that specify
germ cell fate. Two strains of S. mediterranea exist: sexual worms that reproduce as cross-fertilizing
hermaphrodites42 and asexual worms that reproduce strictly by transverse fission. The sexual strain has a normal
karyotype, whereas the asexual strain harbors a chromosomal translocation and is unable to differentiate germ
cells. Furthermore, planarian stem cells can be eliminated by irradiation43, resulting in adults devoid of germ line.
Stem cells can be purified and transplanted into irradiated animals, effectively replacing the germline of one strain
with that of another and allowing experiments testing the site (neoblast or soma) of gene function44. The SmedGP
will facilitate analysis of the mechanisms by which cell-cell interactions specify germ cell fates, and should help
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define pathways that have been conserved between this simple invertebrate and higher organisms, including
humans.

Tissue/organ differentiation. During embryogenesis, coordinated morphogenetic movements are responsible for
the formation and distribution of organs. In many cases multiple organogenic events take place simultaneously;
thus it is difficult to identify the molecular mechanisms specific to each event and the extent of interdependency
that may exist between them. Replacing the loss of a specific organ in an adult requires access and deployment of
the specific developmental programs involved in the ontogeny of the missing body part(s). Thus, regeneration
presents us with a unique opportunity to study tissue differentiation and organogenesis in isolation from other
embryonic events. Genome sequence information, combined with functional studies in S. mediterranea should
help identify the mechanisms by which tissues and organs are formed.

Tissue plasticity. Differentiated and regenerating tissues in planarian fragments display a striking ability to reset
their positional values to produce a normal, properly proportioned animal. For instance, a small fragment removed
from the right flank of a planarian is capable of re-specifying its body midline to regain bilateral symmetry, while
simultaneously preserving anteroposterior and dorsoventral polarities and resetting these axes to their appropriate
positional values7,45. Such plasticity illustrates the enormous capacity possessed by planarians to maintain and
regulate form and function. Relevant to human biology, understanding how this plasticity is dynamically
regulated in the adult tissues of planarians should help identify factors that could be manipulated in adult human
tissues to facilitate repair and/or replacement of tissues damaged by injury, degenerative disorders, and aging.

Tissue Homeostasis. The replacement of differentiated cells is a major challenge metazoans must face46,47.
Humans, for example, must replace an estimated 10 billion cells every day48. Despite the importance of tissue
homeostatic processes to human biology and health, relatively little is known about how the genome controls
adult tissue homeostasis. Thus, numerous questions remain unanswered, including: How are cells in intact organs
specified to die during turnover? How does a cell’s death trigger its subsequent replacement by stem cells? How
do organ systems maintain their order and function while in a state of cell flux? How do animals control and
coordinate the size and cell number of multiple organ systems? How are developmental genes re-expressed in the
adult during tissue homeostasis? Adult planarians constantly replace their tissues during normal cell turnover and
regulate their size based upon metabolic conditions13,49-51 through the proliferation and differentiation of the
totipotent neoblasts. By contrast, other invertebrate model systems, such as Drosophila and C. elegans, have a
more determined mode of development and utilize stem cells in the adult primarily for the regulation of the
germline52,53. Planarians provide a unique and experimentally tractable system for studying such homeostatic
processes: all tissues are regulated in the adult, tissue turnover is robust and rapid (as little as 7-10 days14), and
developmental genes can be silenced by RNAi in adult animals18.

Aging and senescence. The use of invertebrate models to study aging has contributed significantly to our
understanding of the mechanisms that regulate lifespan54. Studies in most invertebrates are limited by the fact that
the adult soma is largely or entirely post-mitotic52. For example, mechanisms of aging uncovered in C. elegans are
restricted to those affecting the lifespan and function of non-dividing adult cells55. In S. mediterranea however,
adult tissues are constantly replaced, allowing the study of tissue aging during normal cell turnover. Asexual
metazoans may be immortal, akin to the germ line of sexual metazoans56,57. Individual animals in clonal lines of
some planarian species replicating by fission have been maintained for over 15 years and may indeed prove
immortal45. In the sexual S. mediterranea strain somatic neoblasts may serve as an immortal cell source for
producing germ as well as somatic cells in adults, and these animals do in fact have extremely long lives (greater
than three years58), likely due to the ability of the neoblasts to replace aging cells. By developing assays to
measure the age of cells or tissues59,60 it should be possible to identify genes that: 1) regulate the rate at which
existing cells are lost through cell death; and 2) that promote longevity by controlling cell replacement. These
genes should define mechanisms by which cells determine their age and are specified for replacement. The long
lifespan of planarians, coupled with the utilization of stem cells for the replacement of aged tissues, should
provide a unique model for understanding aging in more complex metazoans, including humans.

Behavior and learning. The evolutionary conservation of mechanisms that control nervous system development
and function has been a notable discovery from studies of invertebrate models61,62. For example, behavioral
studies in Drosophila have uncovered the mechanisms by which mammals regulate circadian rhythms63 and
studies in the mollusk Aplysia have identified genes and mechanisms by which animals, including humans, learn



5

and store memories64,65. Planarians display classical conditioning and memory formation, a phenomenon that has
been reproduced in thousands of high school science fair projects66-68. The robust and complex behavioral
responses of planarians to stimuli, combined with modern methodologies for studying gene function (genome
sequence, RNAi, microarrays, in situs) should allow for the identification of mechanisms underlying how the
planarian nervous system can control learning, memory, social behavior, chemotaxis, rheotaxis, and geotropism.
Given the degree of conservation between planarian and human genes (see sections A.3-4 below), understanding
how the S. mediterranea genome controls behavior should provide insight into how learning and behavior are
controlled in humans.

3. Informing the human sequence. In vivo experimental investigation at the molecular and cellular levels is
easier in S. mediterranea than in higher organisms because of the rapid growth rate and clonal homogeneity of
laboratory strains42. The ability to inhibit planarian genes by RNAi provides a rapid assay for testing the functions
of novel genes. Furthermore, in contrast to C. elegans, the adult planarian nervous system is not refractory to
RNAi41, allowing the functions of neuron-specific genes to be tested rapidly. When comparative BLASTx
analyses between ~3,000 S. mediterranea ESTs and the orfeomes of C. elegans, D. melanogaster, and Homo
sapiens are performed, the predicted proteins of 124 S. mediterranea ESTs have significant similarity only to
proteins encoded by the human orfeome17. Of these, 63 are similar to human proteins of unknown function. RNAi
experiments, combined with whole-mount in situ hybridization data to analyze tissue-specificity, will help
determine the function of these novel human proteins that have been lost from both the Drosphila and C. elegans
genomes. The recent identification and functional analysis of nou-darake41, a planarian ortholog of a human FGF
receptor-like gene not found in the genomes of C. elegans or Drosophila, illustrates the untapped potential of
planarians to provide insight into the human sequence.

4. Providing a better connection between human and non-human sequences. At this time, the only complete
genome sequences from the protostome invertebrates are those of Drosophila and C.elegans. These species are
much more closely related than originally thought: recent molecular studies indicate that they are both members
of the ecdysozoa, a large group of molting invertebrates69. This incomplete phylogenetic representation can lead
to incorrect interpretation of the conservation and evolution of gene families. For example, the identification of
some genes present in the human genome, but absent from Drosophila and C. elegans, has led to the proposal that
these genes arose as a result of direct horizontal gene transfer (HGT) between bacteria and vertebrates70.
However, identification of S. mediterranea homologues of thymidine phosphorylase/endothelial cell growth
factor 1(BLASTx E=5x10-30), acyl-CoA dehydrogenase (BLASTx E=2x10-21), epoxide hydrolase (BLASTx
E=5x10-29), and formiminotransferase cyclodeaminase  (BLASTx E=4x10-42) suggests that these loci are not
shared by bacteria and vertebrates via HGT, but rather by descent through common ancestry71,72. This example
clearly illustrates that even limited sequencing of S. mediterranea DNA can deepen our understanding of the
human sequence. Since planarians reside in a phylogenetically separate position from C. elegans and Drosophila
(see section A.8), sequencing the genome of S. mediterranea will provide critical information on genome
evolution by filling in a major gap in the representation of complete invertebrate genome sequences (see
Appendix, letters by Drs. Carroll, Giribet, and Ambros).

5. Expanding understanding of biological processes relevant to human health: Cancer. Many types of
cancers result from stem cell proliferation gone awry27. During planarian regeneration, the wound epithelium
triggers proliferation of stem cells in the vicinity of the wound; this proliferation is halted when the appropriate
amount of tissue has been regenerated73. The identification of mechanisms underlying this precise control of cell
proliferation during regeneration will illuminate how cell division can be controlled in adult animals and identify
candidate mechanisms that may be misregulated in human cancers.

Neurobiology. The planarian central nervous system consists of a bilobed brain and two longitudinal ventral
nerve tracts connected by commissural neurons. When planarians suffer an injury that severs their nerve tracts,
nerve cells can be repaired. Quite remarkably, when planarians are decapitated they can completely regenerate a
new brain. Importantly, new neurons and axons that replace damaged tissues can functionally integrate with the
pre-existing nervous system. Humans, in contrast, have very limited capacity for the replacement of injured
nervous tissue; in the US alone, spine injuries and dysfunctions affect 250,000-400,000 people24. The SmedGP
will provide a unique opportunity for identifying genes that control nervous system repair, which could serve as
pharmacologic targets for the enhancement of regenerative capacities.
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6. Additional surrogate systems for human experimentation. Ethical/political concerns have resulted in
limitations on research using human embryonic stem cells. Such considerations do not apply to studies of the
planarian stem cells. Because the mechanisms for regulating stem cell maintenance, proliferation, and
differentiation are fundamental for the propagation of species, it is likely that the mechanisms controlling stem
cell populations have been highly conserved. In fact, orthologues of the Drosophila gene, piwi, have been
implicated in stem cell maintenance in divergent species ranging from plants and C. elegans, to planarians and
humans17,74. The accessible stem cell population of S. mediterranea, coupled with RNAi and the SmedGP, will
provide a surrogate system and an excellent model for analyzing the basic mechanisms that control stem cell
behavior (see Appendix, letters by Drs. Spradling, Gage, Kimble, and McLaren).

7. Facilitating the ability to do experiments. The SmedGP will be invaluable for the development of planarians
as experimental models to probe fundamental problems of human biology not readily accessible in current model
organisms. The genome sequence will provide a wealth of information and resources that cannot be obtained by
cDNA sequencing alone.

• Comparative genomics between S. mediterranea and other metazoans will facilitate predictions about how
specific genes and/or pathways control biological processes. The capacity for experimental manipulation of gene
function in planarians will allow the testing of such predictions.

• The SmedGP will identify the complete set of planarian genes. This will include alternatively spliced gene
products and genes that are not easily found in EST collections (e.g., chemoreceptors75).

• Small non-coding RNAs form a surprisingly large family of genes (e.g., >100 in C. elegans 76,77) that can only be
found and studied using a complete genome sequence (see Appendix, letter by Dr. Ambros). The SmedGP will
allow the identification of such RNAs and point to their possible involvement in key aspects of planarian biology,
such as stem cell regulation and regeneration.

• The SmedGP will identify shared regulatory elements in genes found to have similar expression patterns through
large-scale in situ hybridization screens17.

• The genome sequence will be essential for the design and interpretation of comprehensive microarray
experiments.

• The SmedGP will provide promoter sequences for developing transgenesis methodologies and GFP lines for
labeling stem cells and other tissues for lineage and phenotypic analyses.

• The genome sequence will aid in the development of strategies for gene knock-outs (either using PCR screening
of random genomic deletions requiring genomic sequence78 or homologous recombination) and gene replacement.

• Genome sequence will greatly facilitate forward genetic strategies by allowing the development of
polymorphism maps to molecularly identify genes disrupted by mutations79,80 or to clone genes disrupted by
transposons81,82. Such genetic strategies are possible because sexual S. mediterranea are cross-fertilizing
hermaphrodites with a generation time between one and two months83 that can be "selfed" by amputating and
crossing regenerated clones.

8. Expanding our understanding of evolutionary processes.

Phyletic relationships. Flatworms are among the simplest bilaterally symmetrical animals and have served a key
role in the construction of metazoan phylogenies due to their unique body plan. They possess three germ layers
organized into complex organ systems, yet they lack a coelom (mesoderm-lined body cavity) and their digestive
system lacks an anus37. Thus, Platyhelminthes have been thought to occupy an important position in Metazoan
evolution1-4. Recent phylogenetic models have radically revised our views of the relationships between the
protostome invertebrates. The protostomes are now divided into two large groups: the Ecdysozoa (including
arthropods and nematodes) and the Lophotrochozoa (including annelids, mollusks, and flatworms). At this time,
all of the complete genome sequences from protostomes have been obtained from the Ecdysozoa (C. elegans and
Drosophila); thus, the Lophotrochozoa are currently under-represented in current genomic databases. Because of
the evolutionary distance of flatworms from those animals with currently available genomes, the genome
sequence of S. mediterranea will fill a large gap in the metazoan lineage by providing a critical resource for
improving the resolution of phyletic relationships.
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Evolution of human genes. Are all of the genes found in humans, but not in the ecdysozoa, deuterostome
inventions? The SmedGP will identify genes conserved with other protostome taxa and man, but lost in the
ecdysozoa (see section A. 4 for specific examples). These data will have profound impact on our understanding of
the evolution of genes, gene pathways, and biological processes.

Relationships between gene pathways. A complete S. mediterranea genome sequence will allow comparison of
planarian genes with those of humans and model systems such as mouse, Drosophila, C. elegans, and zebrafish.
Such comparisons, established evolutionary relationships between these model systems, and functional data for
gene and pathway function are important factors for testing the universality and relationship to human biology of
discoveries made in model systems. For instance, are stem cell processes primordial or derived in different
systems? If conservation of stem cell regulation is found between the germline of Drosophila and the neoblasts of
S. mediterranea, then depending upon their evolutionary relationship, the shared modes of stem cell regulation are
likely to be shared with humans. In other words, if Drosophila and S. mediterranea were related within the same
bilaterian clade (as current models suggest for Drosophila and C. elegans), then conserved functions may be due
to evolution of the function strictly within that clade. But, if Drosophila and S. mediterranea are as closely related
to each other as either is to humans, then conserved functions have a high probability of existing in man. Thus, the
current position of S. mediterranea in a sister phylum to humans and to Drosophila and C. elegans  places it in a
key position for complementing studies in other invertebrate models for informing the universality of model
organism discoveries.

B. Strategic issues in acquiring new sequence data

1. Demand for platyhelminth genome sequence. Besides planarian researchers, the primary communities that
will directly benefit from the SmedGP include laboratories that study regeneration, stem cells, development,
parasitism, metazoan evolution, platyhelminthes in general, and a much broader community interested in
comparative genomics (see Appendix). In the past two years, the planarian community has published in journals
such as Nature, Nature Reviews Genetics, Development, and PNAS, and the platyhelminth community at large has
published nearly 400 manuscripts (PubMed), suggesting that data obtained from the SmedGP will be used
productively by members of the planarian and the platyhelminth communities. In addition, keen interest in
planarians by other biomedical disciplines is evidenced by the letters of support (see Appendix), and the number
of researchers from the US and abroad (~35 per day and over 4,000 since October 2002) consulting the Schmidtea
mediterranea database (SmedDb; http://planaria.neuro.utah.edu)17. Such interest is bound to expand with a
genome project since SmedGP will aid in making the biology and experimental tools of planarians more
commonplace to fundamental, biomedical, and applied research. For instance:

a. Stem cell researchers: The identification of genes and gene interactions responsible for regulating the
planarian neoblasts will have applications to stem cells in vertebrates, including humans. Having a
complete inventory of S. mediterranea  genes and the ability to rapidly test their function by RNAi will
aid the efforts of stem cell biologists to better understand the regulation of cellular pluripotentiality, and
provide target molecules for regenerative medicine in mammals (see Appendix, letters by Drs. Spradling,
Gage, Kimble, and McLaren).

b. Developmental Biologists: The SmedGP will allow the identification of the planarian homologs to genes
known to play key roles in the development of other model organisms. Many genes in common model
systems such as Drosophila, C. elegans, zebrafish, and mice confer embryonic lethality when mutated,
precluding their study at later developmental stages. Planarians are known to express many
developmentally relevant genes as adults 84. Since RNAi can be used to disrupt gene function in intact and
regenerating adults18, it is possible to perturb genes after embryonic development has proceeded normally,
effectively overcoming embryonic lethality problems. This provides a unique opportunity for
developmental biologists to study the function of key developmental regulators at later stages such as
during morphogenesis and organogenesis (see Appendix, letters by Drs. Gall, Brown, and Ambros).

c. Parasitologists: There is a critical need for a non-parasitic model capable of complementing at the
molecular level studies of the parasitic platyhelminthes. This fact has considerably complicated the
molecular study of diseases such as schistosomiasis and thus hampered the development of therapies for
more than 300 million human beings afflicted by helminthic diseases. The SmedGP will produce new
molecular data that should help identify and functionally assess platyhelminth-specific genes. This will
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allow the design of novel therapeutic strategies and be of great usefulness to researchers engaged in the
study of helminthic parasites (see Appendix, letter by Dr. Day).

d. Evolutionary Biologists: The SmedGP will provide an invaluable resource for comparative genomics and
molecular evolutionary studies since no genome sequence is yet available for any members of the
Lophotrochozoa. We predict that the SmedGP sequencing data will be widely anticipated by taxonomists
and evolutionary developmental biologists engaged in understanding the evolution of body plans and
developmental processes (see Appendix, letters by Drs. Carroll and Giribet).

Finally, the SmedGP will have a tremendous impact on the emerging planarian community. The availability of S.
mediterranea ESTs, microarrays, and RNAi, coupled with the sequencing of its genome, is likely to lead to an
influx of talented young and established investigators (e.g., see appendix, letter by Dr. Vale) to the field to utilize
and expand upon the resources generated by the SmedGP.

2. Suitability of Schmidtea mediterranea for experimentation:
Table 1. Key Features of S. mediterranea

Biological Traits
Haploid Chromosome # 4
Genome Size 4.8x108

Adult Animal Size
    Asexual biotype
    Sexual biotype

1-8 mm
1-3 cm

Cellular Organization Multicellular
Germ layers 3 (triploblastic)
Ploidy Stable diploid
Generation Time
    Asexual biotype
    Sexual biotype

10 days
1 month

Cultivation Freshwater, aquatic animal; easy to rear, expand, and breed in the lab
Genetic Resources/Tools

cDNA/EST resources ~5,000 genes
Gene Inactivation RNAi
Gene Expression Microarrays and whole-mount in situ hybridizations
Immunocytology 20 cell types distinguishable by antibodies
Loss-of-function phenotypes Growing rapidly.  Presently, nearly 20
Spontaneous mutants 3 thus far in sexual strain

Special Strengths Asexual and sexual clonal lines developed
Inbred line available
“Self crossing” by amputation, regeneration, and breeding
Regeneration and stem cell animal model
Ease of transplantation and surgical manipulations
Ability to carry out large-scale gene inactivation screens with RNAi
Ability to study embryogenesis and adult regeneration in same species
Purification of stem cells by FACS
Tissue culture of neurons
Extensive classical literature

Weaknesses Transient transgenesis only; stable transgenesis expected in near future
Stem cell culture poorly developed

Databases EST resource, gene expression data and antibody markers resource
http://planaria.neuro.utah.edu

Number of labs Ca. 30 in planarians; nearly 400 in platyhelminthes

3. The rationale for the complete sequence of the organism. The wealth of information stored in the planarian
genome is reflected by this organism’s remarkable biological properties. Given the powerful tools available in
planarians for post-genomic analyses, a full genome sequence will provide methodologies, resources, and
strategies not provided by cDNAs alone that will help fully exploit the properties of S. mediterranea to address a
broad range of biological and human health-related problems. Among these are:

a. Genomic prospecting of DNA regulatory regions responsible for staging the gene expression
choreography driving planarian wound healing and regeneration.

b. Mapping and identifying genes for complex biological traits such as stem cell maintenance , tissue
homeostasis, aging and senescence, behavior and learning (including regulatory genes normally
expressed at low copy number and thus difficult to obtain by other approaches).
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c. Insights into developmental processes and germline regulation.
d. Increase our understanding of the evolutionary relationships between different phyla.
e. Identification of platyhelminth-specific genes  to develop vaccines and/or treatments for helminthic

diseases.
f. Improve the identification and functional characterization of orthologs of disease genes and

genes of unknown function in humans.

4. Cost and readiness. The S. mediterranea genome is estimated to have 480 Mb, i.e., less than 16% the size of
the human and mouse genomes. The Whitehead Institute Center for Genome Research (WI-CGR) has expressed
strong interest in pursuing the SmedGP (see Appendix, letter by Dr. C. Nusbaum). An inbred line of the diploid
sexual strain of S. mediterranea  will be used to generate genomic DNA for sequencing. Based on the sequence
data obtained from the S. mediterranea EST project17, we estimate an AT content of 40% for the coding regions,
and thus anticipate no significant difficulties in cloning, sequencing, and the eventual assembly of the genome. In
addition, the sequencing of nearly 10,000 cDNAs of S. mediterranea did not identify large numbers of
retrotransposons, and Southern blot analyses have failed to detect large numbers of transposable elements85.
Therefore, the combination of a diploid genome with a notable absence of large numbers of transposable elements
and expressed retrotransposons should make the assembly of contiguous clones and chromosome walking
possible in S. mediterranea.

The following strategy will be used to sequence and assemble the S. mediterranea genome:

a) Whole-genome shotgun (WGS) sequencing. The WI-CGR has extensive experience with WGS sequencing
and has successfully assembled genomes ranging from 5.8 Mb to 2.7 Gb. Standard WGS procedures at the WI-
CGR involve sequence read production from sheared random whole genome inserts of 4 Kb (high copy) and 10
Kb (low copy) plasmids, as well as 40 Kb Fosmids and 50kb “Jumping” clones. For the S. mediterranea project,
this corresponds to a total of approximately 7.5 million attempted reads to deliver 10x coverage of the genome.
We assume a pass rate of 84% and an average Phred 20 read length of 770 b for plasmids and jumping clones, and
75% and 680 Phred 20 read length for Fosmids. This sequence will provide a combined physical coverage of
approximately 69.6 x. Details are shown in Table 2.

Sequence and template coverage of planned whole genome assembly: Table 2
# clones #seq. reads Seq. coverage Physical coverage

  4 kb Plasmids 2,225,000 4,450,000   6.0 x 13.1 x
10 kb Plasmids 1,113,000 2,226,000   3.0 x 23.2 x
40 kb Fosmids    235,000    471,000   0.5 x 19.6 x
50 kb Jumping    186,000    371,000   0.5 x 13.7 x
Totals 3,759,000 7,518,000 10.0 x 69.6 x

b) WGS assembly. WGS sequencing reads will be assembled with Whitehead’s Arachne assembly tool86,87.
Arachne was specifically designed for assembly of large genomes with significant repeat content. The algorithm
takes advantage of subclone read pairing and size information in addition to sequence overlap data. By using
different library types and insert sizes, we minimize the effects of cloning bias and maximize the efficiency of the
Arachne hierarchical linking algorithm to resolve repeat regions and generate long range linking in the assembly
process. Arachne has been extremely effective in assembling at least 15 genomes ranging from 0.8 Mb to 2.7 Gb
in size, including genomes with up to ~40% repeat content. For example, the 7x Arachne assembly of the 2.7 Gb
mouse genome resulted in an assembly consisting of 89 ultracontigs placed on the 20 mouse chromosomes and
covering ~96% of the genome, with an length weighted average (N50) scaffold size of 16 Mb88. Further, 95% of
the bases in the assembly have a calculated base quality of 40 or greater, which approaches the standard of
finished sequence. Since the repeat content of its genome appears modest, and the proposed sequence coverage
higher, we anticipate the S. mediterranea  assembly will have very long range scaffold contiguity and very high
base quality.

c) Closure of the genomic sequence. The knowledge gained from performing closure and finishing at large scale
at WI-CGR has produced new, streamlined approaches to these activities. Expert software now directs much of
the work required to close gaps in a fully automated fashion, evaluating each sequence gap, matching it with the
appropriate laboratory workflow and evaluating gap closure success. All laboratory work is performed by robots.
Finishing is now routinely performed using directed primer walks off Fosmid templates. The nearly 19.6x Fosmid
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template coverage of the S. mediterranea  genome is predicted to cover at least 97% of the genome, and will be
stored in just over 600 384-well plates, vastly simplifying logistics of finishing. It will be straightforward to finish
selected regions of the genome, but significant finishing can be performed of the entire genome for less than 10%
of the cost of the shotgun sequencing.

d) Access to the S. mediterranea genome data. Genome data will be released in accordance with NHGRI rules.
All traces will be submitted to the NCBI trace repository. In addition, the completed genome will be sent to
GenBank. Genomes in progress at the WI-CGR are served on the Whitehead Institute’s website with BLAST
servers, downloadable data, and integration of existing datasets such as ESTs and physical maps. In order to
distribute and display sequence and associated genomic information, the S. mediterranea sequencing consortium
is organizing an S. mediterranea Genome Database to be hosted by the University of Utah Center for High
Performance Computing (see Appendix, letters by Drs. Facelli and Gesteland). The S. mediterranea community
will work closely with WI-CGR and the Center for High Performance Computing to make the data as user-
friendly as possible to the scientific community at large.

Sequencing an entire 480 Mb genome requires approximately 7.5 million attempted reads for a 10x assembly. The
WI-CGR operates the leading low cost facility in genome sequencing, and continues to aggressively pursue
driving down costs. As a result, sequencing costs will be significantly lower at the time of initiation of sequencing
than they are at present, so costs will be negotiated at that time with the NHGRI. The above plan was developed
in close consultation with WI-CGR. Discussions on SmedGP started in October 2002 and culminated in February
2002.

5. Other (partial) sources of funding.
NIH NIGMS award RO-1 GM057260-07 for microarray and automated in situ hybridizations (ASA)
NSF award IBN-0237825 for sexual strain ESTs (PAN)
Riken award for the construction of a physical map for Schmidtea mediterranea (Dr. Kiyokazu Agata)

Letters of Support: Roster (see Appendix 1)

The following individuals have written in support of the SmedGP as nationally and internationally recognized
experts, representatives of specific communities, or both.
C. Nusbaum, Co-director, Genome Sequencing and Analysis, Whitehead Institute Center for Genome Research;
R. F. Gesteland, Vice President for Research, Distinguished Professor, Human Genetics, University of Utah; J.
Facelli, Director, Center for High Performance Computing, University of Utah, and Consortium member; K.
Agata, leading planarian biologist, Group Director, RIKEN Center for Developmental Biology, Kobe, Japan, and
Consortium Member; V. Ambros, leading developmental biologist and non-coding RNA expert, Professor of
Genetics, Dartmouth Medical School; D. D. Brown, leading developmental biologist, Staff Member, Carnegie
Institution of Washington, Dept. of Embryology; S. B. Carroll, leading evolutionary and developmental biologist,
Investigator HHMI, Professor of Genetics and Molecular Biology, University of Wisconsin-Madison; T. Day,
leading helminthic parasitologist, Assistant Professor and Chair Neuroscience Program, Iowa State University of
Science and Technology; F. H. Gage, leading stem cell and regeneration biologist, Adler Professor, Laboratory of
Genetics, The Salk Institute; J. G. Gall, leading cell and developmental biologist, Staff Member, Carnegie
Institution of Washington, Dept. of Embryology, American Cancer Society Professor of Developmental Genetics;
G. Giribet, leading molecular taxonomist, Assistant Professor of Biology and Curator of Invertebrates, Museum
of Comparative Zoology, Harvard University; J. Kimble, leading developmental and stem cell biologist,
Investigator HHMI, Professor of Genetics and Molecular Biology, University of Wisconsin-Madison; A.
McLaren, leading germ and stem cell biologist, The Wellcome Trust/Cancer Research UK Institute of Cancer
and Developmental Biology, University of Cambridge, United Kingdom; A. Spradling, leading developmental
and stem cell biologist, Director, Dept. of Embryology, Carnegie Institution of Washington, Investigator HHMI,
co-PI, Berkeley Drosophila Genome Center; R. Vale, leading biochemist, Investigator HHMI, Professor of
Cellular and Molecular Pharmacology, University of California in San Francisco.

Institutional Affiliations of White Paper Authors: A. Sánchez Alvarado, Dept. of Neurobiology & Anatomy,
University of Utah School of Medicine; P. W. Reddien, Dept. of Neurobiology & Anatomy, University of Utah
School of Medicine; P. A. Newmark, Dept. of Cell & Structural Biology, University of Illinois at Urbana-
Champaign; Chad Nusbaum, Whitehead Institute Center for Genome Research.
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