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SUMMARY 

 
 Phylogenetic trees provide a rigorous framework for all aspects of basic and 
applied comparative biology. They are also having a dramatic impact on biomedical 
research and other problems of direct relevance to human health and well-being, such as 
managing threats from invasive species. Recognition of the important scientific and 
societal benefits arising from phylogenetic knowledge is generating interest in 
reconstructing a comprehensive phylogenetic Tree of Life (TOL), a structure that might 
well include a million species or more. The unprecedented scope of such an enterprise 
prompted us to organize a workshop to address the informatics needs of such an effort. A 
group of 26 phylogenetic biologists and computer scientists met at UC Davis on October 
20-21, 2000 to make specific recommendations about how to proceed. Discussion led to 
broad agreement on the mission and goals of phyloinformatics, the elements needed in a 
Phyloinformatics Infrastructure (PII), and recommendations about implementation 
strategies.  
 
 The primary mission of the PII should be the archiving of phylogenetic knowledge 
and syntheses of alternative views of the Tree of Life. This should permit interactive 
browsing of the TOL by a diverse audience of users with different needs and levels of 
expertise. For research scientists, sophisticated capabilities for phylogenetically driven 
queries should be included to permit prediction and inference in comparative studies. For 
educators and others involved in public outreach, innovative and intuitive visualizations 
of the TOL combined with rich multimedia content should be developed. Finally, 
ongoing assessment of the state of archived phylogenetic knowledge should help optimize 
the efficient reconstruction of the TOL. 
 
 Two main elements should comprise the PII. The first is a centralized primary 
database containing individual phylogenetic trees and the data and metadata that 
generated them. The second is a set of secondary databases and/or toolkits charged with 
the task of constructing synthetic views of the TOL based on the data archived in the 
primary database. The main point of contact of the primary database with the broader 
network of biological databases in the outside world will be through existing and future 
species name databases. However, an additional component of the primary database 
should be a database of higher taxon names (such as “Mammalia” or “mammal”), 
because these are directly associated with phylogenetic relationships. 
 
 Recommendations for implementation strategies that would facilitate the 
establishment of the PII included: 
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• Establishment of a PII Center charged with setting up and curating the primary 

database, and providing supporting staff 
• Support of basic research in several areas that will require significant innovation. 

These include (but are not limited to) the problem of visualization of large trees and 
collections of trees, development of a phylogenetic query language, resolution and 
display of phylogenetic ambiguity and conflict, and development of strategies to 
handle synonymy and resolve conflicts among names for species and higher taxa 

• Sponsorship of graduate and postdoctoral training programs in phyloinformatics, 
modeled along the lines of the NSF IGERT program 

 
 
 
 
I. Background: The Tree of Life 
 

Biology, biomedicine and bioinformatics are relying increasingly on phylogenetic 
trees to provide a common framework for comparative studies across a tremendous 
diversity of organisms. In July 2000 phylogenetic biologists met at Yale University1 for 
the first of a series of workshops on the prospects for building a comprehensive Tree of 
Life (TOL) in the next 10-15 years—with perhaps 75% of living taxa in it (~1-1.5 
million species). In reflecting on this ambitious goal, participants took note of the fact 
that the number of phylogenetic studies is increasing rapidly in response to the demand 
for phylogenies. The number of trees published is doubling every 5 years, and the number 
of sequences in GenBank that might be used to build trees is doubling even faster, 
roughly every year. The size and scope of individual trees are also increasing rapidly, as 
recent publications of trees with hundreds to thousands of species demonstrate.  Both the 
trees and their underlying data comprise a vast and growing resource that, in total, 
represents our current understanding of the Tree of Life.   

 
Unfortunately the informatics infrastructure necessary to support this burgeoning 

database has not kept pace with the rate of data accumulation.  Only a small fraction of 
published trees have been archived, while the remaining trees and their data languish all 
but lost for many purposes.  Necessary software tools have not been developed to take 
full advantage of existing data, and to permit integration with existing biological 
databases.  Significant investment and innovation is crucial merely to keep up with 
current demand and prevent the continued loss of expensive and unique data. If existing 
data sets and trees are to contribute to the much larger project of  building a 
comprehensive Tree of Life, they must be archived in such a way that they are accessible 
and maximally useful to both producers and consumers of phylogenetic trees. To 
accomplish this, a set of essential informatics problems must be solved.   

Compared to other major scientific disciplines, the phylogenetics community has 
invested relatively little effort into database development. The scale of work discussed at 
the first Tree of Life workshop is vastly beyond anything that existing small-scale efforts  
                                                 
1 Final report available at http://research.amnh.org/biodiversity/acrobat/tol_workshop_report.pdf 
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were designed to handle.  For example, in the last 10 years the TreeBASE2 database has 
accessioned about 1300 trees and their supporting data, covering 15,000 species.  Data for 
aligned small subunit ribosomal DNA sequences for about 20,000 taxa are stored in the 
Ribosomal Database Project (RDP II)3.  The Tree of Life Project4 contains over 1700 
pages of phylogenies and more than 11,000 taxa. While each of these projects fills a 
particular informatics niche, these efforts span barely 1% of known biodiversity, and it is 
unclear which, if any, of them might serve as the best model for a dramatically scaled-up 
database that would underlie a truly comprehensive Tree of Life. Following upon the 
recommendations of the first workshop, we organized a second meeting aimed at 
identifying the elements necessary for an appropriately broad informatics infrastructure. 
 
 
II. Description of Workshop and Participants 
 

We held a two day meeting at the University of California, Davis, on October 20-
21, 2000. The purpose of the Davis workshop was to bring together phylogenetic 
biologists, computer scientists, and database experts to discuss the unique informatics 
challenges posed by any attempt to reconstruct the Tree of Life on a truly comprehensive 
scale. 

 
The meeting consisted of a mixture of breakout sessions, brief reports, and 

plenary discussions.  The first morning included reports from the Yale workshop, group 
discussion of the vision behind the Tree of Life initiative and its specific goals, and 
presentations by developers of existing database projects (TreeBASE, Tree of Life 
Project, Ribosomal Database Project [RDP II]), and databases with which phylogenetic 
databases might likely be integrated (National Biological Information Infrastructure5 
[NBII], and Global Biodiversity Information Facility6 [GBIF]). An agenda for three 2-
hour breakout sessions with six specific topics occupied the remainder of the meeting.  
Each topic was covered by two independent groups of 4-6 members, and all groups 
reported back to the entire workshop with brief oral and written summaries of their 
findings. 
 

The following 26 people from disparate fields participated, along with 3 NSF 
observers (James Rodman, Grace Wyngaard, and Terry Yates).  
 
 
 
Organizers 

Michael J. Sanderson, University of California, Davis.  Interests: phylogenetic theory 
Meredith Lane, Academy of Natural Sciences, Philadelphia.  Interests: plant 

systematics, bioinformatics 
                                                 
2 http://herbaria.harvard.edu/treebase 
3 http://www.cme.msu.edu/RDP/html/index.html 
4 http://www.treeoflifeproject.org 
5 http://www.nbii.gov 
6 http://www.gbif.org 
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Systematists 

Joel Cracraft (co-organizer of Yale Workshop), American Museum of Natural 
History.  Interests: avian systematics, large data sets 

Michael Donoghue (co-organizer of Yale workshop), Yale University. Interests: plant 
systematics, large data sets 

Brad Shaffer, UC Davis.  Interests: vertebrate systematics, conservation biology 
Gavin Naylor, Iowa State University.  Interests: vertebrate systematics, molecular 

evolution 
Peter Cranston, UC Davis.  Interests: insect systematics, biodiversity 
Chuck Delwiche, University of Maryland.  Interests: basal eukaryote systematics, 

genome evolution 
Tom Bruns, UC Berkeley.  Interests: fungal systematics 
Mary McKitrick, Smith College.  Interests: bird systematics 
Dirk Redecker, UC Berkeley and UC Davis. Interests: fungal systematics 

 
Phyloinformaticists and authors of phylogenetic software 

Roderick D. M. Page, University of Glasgow.  Interests: phylogenetic software 
(Component, TreeMap, and others) and theory, host-associate evolution 

David R. Maddison, University of Arizona.  Interests: phylogenetic databases and 
analysis (Tree of Life Project, MacClade), beetle systematics 

Emilia Martins, University of Oregon.  Interests: phylogenetic comparative methods 
and software (COMPARE), behavior 

Bill Piel, University of Leiden.  Interests: invertebrate systematics, phylogenetic 
databases (TreeBASE) 

Tim Lilburn, Michigan State University.  Interests: phylogenetic databases 
(Ribosomal Database Project II) 

 
Database and data visualization experts 

Michael Freeston, Kings College, Aberdeen.  Interests: databases 
Jim Gannon, Parabon Computation. Interests: distributed computing platforms 
Susanne Chambers, Parabon Computation. Interests: databases 
Hasan Jamil, Mississippi State University.  Interests: expert systems, artifical 

intelligence 
Peter Karp, SRI International.  Interests: microbial bioinformatics 
Anne Frondorf, USGS.  Interests: biological databases 
Gary Waggoner, USGS.  Interests: biological databases 
Carol Bult, Jackson Labs.  Interests: genome databases 
Chris Henze, NASA Ames Research Labs.  Interests: 3D visualization, large 

databases, algorithms in computational biology 
Tamara Munzner, Stanford University.  Interests:  visualization of large graphs and 

networks 
III. Conclusions and Recommendations of the Workshop 
 
 
A. Mission and Goals of a Phyloinformatics Infrastructure (PII) 
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Significant scientific and societal benefits come from organizing biological 
knowledge according to phylogenetic relationships. Specific examples include 
reconstructing the history of functional changes in gene and protein sequences linked to 
disease, identifying the place of origin of emerging infectious diseases and their vectors 
(e.g., hantaviruses, West Nile Virus) and tracing individual contact histories, identifying 
invasive species and reconstructing their geographic origins, and providing a comparative 
framework for bioinformatic databases such as GenBank. 
 

As a framework for organizing basic information about all biological diversity, the 
potential user community for the PII is extremely broad, including scientists, educators, 
students in K-12, the university, and the general public. Considerable discussion at the 
workshop focussed on enumerating the user communities for the Tree of Life and 
identifying their specific needs. Below we summarize these in a series of mission 
statements. 
 
 
• Archiving of phylogenetic knowledge and syntheses. The basic mission of the PII is 

archiving of phylogenetic trees and the raw data, methods and algorithms used to 
construct them. Every effort should be made to obtain all data already published in the 
literature, and all new data submitted for publication. This fundamental knowledge-
base should be complemented by updated syntheses of the comprehensive TOL, 
derived from expert syntheses, explicit algorithms that continually analyze the data 
archive, or both.  These latter projects will produce a continually expanding, 
constantly-updated TOL as one of its final products 

 
• Browsing the Tree of Life. The most visible product of the PII will be a set of tools 

for interactively browsing the TOL. Interfaces will have to be constructed to provide 
users with vastly different levels of expertise a sense of the information contained in 
the TOL. Interactive and visually creative systems will be needed to permit users to 
navigate across a tree structure that will ultimately encompass a million nodes or 
more. Because the demands of an elementary school user are so different from those 
of a phylogenetics researcher, we anticipate a need for several final TOL’s and 
browsing tools, or several ways of visualizing a single, comprehensive tree. 

 
• Phylogenetically driven data mining. Phylogenetic trees allow predictions about 

poorly known species by virtue of their relationship to better known species. 
Extraction of data about biological diversity should be facilitated by use of queries to 
the TOL. Development of novel means to query phylogenetically organized data is 
essential. The TOL will be the source of phylogenetically driven queries that can be 
distributed to other biological databases or across the internet as a whole. 

 
• Scientific prediction and inference. The PII should provide a simple application 

programming interface (API) to researchers in the scientific community who develop 
phylogenetic tools for inference and prediction. Examples include tools for estimating 
the age and place of origin of viral epidemics, or for predicting functions of genes or 
structures of proteins from information about related genes.  Developing the PII in a 
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flexible, open format to facilitate developers of novel software applications is 
essential. 

 
• Knowledge assessment. As this archive of phylogenetic knowledge catches up with 

our current knowledge, it will be possible to use the database to identify weak links in 
the TOL that need to be strengthened. Poorly sampled groups will be highlighted, 
serving as an essential call for additional research efforts in these groups. This 
knowledge assessment should also identify pivotal points on the tree that require 
particularly intensive research efforts due to their critical information content, their 
lack of phylogenetic resolution, or both. 

 
• Breadth of access. Delivering the Tree of Life in its most informative and inspiring 

form to the most people is a primary goal of this project. This should include but not 
be limited to standard WWW access to the data and trees. The project should strive to 
provide visually stimulating and interactive tools in a variety of venues, including 
public museums and school classrooms. 

 
 
B. Components of a Phyloinformatics Infrastructure (Fig. 1) 
 
 Participants agreed on the broad outline of components needed for an informatics 
infrastructure to support the TOL. Below we describe these components; in the next 
section we discuss their implementation. 
 
 Primary database. A single primary database should form the core of the PII. Its 
responsibility would be archiving of the data associated with published phylogenetic 
studies. For each study this would include the raw data (organized in matrices of taxon 
names by characters) and the phylogenetic trees stemming from analyses of these data. 
We anticipate that ultimately tens- to hundreds of thousands of partially overlapping trees 
will reside in this database, providing the raw material for construction of alternative 
views of the Tree of Life. These individual trees are analogous to the individual 
sequences that must be spliced together to form large “contigs” in the human genome 
project. A subset of the necessary features of this database can be seen in the existing 
TreeBASE archive. 
 
 Various other data associated with these studies would also be included as 
available. Some involve further description of the organisms: images of the whole 
organisms or their features; textual descriptions of the characters or taxa, and so on. Other 
potentially useful data pertain to the trees, such as estimated values of support for various 
parts of the tree(s), lengths of branches, and estimates of the ages of nodes in the tree. 
 
 Data acquisition would emphasize direct electronic submission by authors of 
studies, but also a significant effort to archive a now extensive backlog of published 
studies.  All participants agreed that submission must be a requirement of publication in 
major journals, as is currently the case for publication of DNA sequence data in GenBank 
or EMBL. 
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 Secondary synthetic database. One or more secondary databases would be 
charged with the responsibility of synthesizing and reporting the Tree(s) of Life to various 
user communities. Since the primary database consists of a large number of relatively 
small, unconnected trees, the synthesis of composite trees is a logically separate effort. 
We considered two fundamental ways that such synthetic TOL’s could be constructed.  
One involves explicit algorithms (so-called supertree methods) to construct a 
continuously-updated tree based solely on the input trees from the primary database.  The 
other combines the input data and expert opinion on specific taxa to create a TOL. In 
much the same way as GenBank provides the raw data for more derivative databases like 
the HIV sequence database, or the RDP, which have more specific goals, our secondary 
databases would be designed according to competing strategies for building a TOL, and 
targeted to different end user communities. For example, the design of the existing “Tree 
of Life Project”, which is rich in multimedia content, serves a particular niche of users 
who may want a polished expert perspective about the TOL.  Other users will want trees 
complete with all of the details of their construction, statistical support, redundancy 
between trees, quality of the original data, and a host of other types of data and metadata. 
 
 Data submission gateway. The ultimate success of an archive of phylogenetic 
trees will depend on the commitment of the scientific community to direct electronic 
submission of data, as is the case for the sequence databases.  Tools for electronic 
submission of sequence data have improved dramatically in recent years, and a necessary 
element of the PII must be the development of a simple submission procedure and 
associated software. This is a context in which human curation will be essential (see 
below). 
 
 Interoperability with other biological databases.  The primary and secondary 
databases must interoperate with several important classes of existing biological 
databases (Fig. 1). This will necessitate the invention and refinement of metadata 
standards to permit integration of different types of data. Most important is 
interoperability with species name databases. Species names are the immediate link 
between the PII and virtually all other forms of biological knowledge in the “outside 
world.” These same species name databases are also the resource that allows 
interoperability of other biological databases with each other, emphasizing the critical 
nature of this seemingly simple "list of names".  Strong support was expressed for 
developing partnerships with existing and new databases that archive species names and 
authorities, as opposed to establishing an expensive, redundant species list database 
within the PII. 
 

Connections to other databases would range from relatively simple hypertext links 
to more sophisticated integration via metadata standards. Integration with collections 
databases would provide voucher specimen information. Links to sequence databases 
would provide information about molecular annotation, and links to geographic 
information systems and other databases would add tremendous value to phylogenetically 
driven searches. Finally, internet agents could be designed to scour other databases or the 
World Wide Web as a whole for general information on sets of taxon names generated by 
phylogenetic queries (Fig. 1). 
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 Higher taxon name database and synonymy. Extensive discussion at the workshop 
revolved around the problem of synonymy—two or more names associated with the same 
taxon. Synonymy occurs in names of species and also in names of “higher taxa”, or 
groups of species. Synonymy at the species level is likely to be resolved by external 
databases currently under development. However, higher taxon names are directly 
connected to phylogenetic concepts of relationships (e.g., the name “Mammalia” is a 
statement about the closeness of relationship of all animal species with mammalian 
features), and there was overwhelming support for including a database of higher taxon 
names within the PII. This database is critical because many users’ initial entry into the 
database will be via a higher taxon keyword rather than by a species name such as “Homo 
sapiens”. Many formal higher taxon names have vernacular equivalents, such as 
“mammal” for “Mammalia,” which will have to be included if the database is to be 
broadly accessible. Creating this database will be a major undertaking, and issues 
involved in defining the content of higher taxonomic groups and their synonym with 
other names were all debated by participants. Whatever the final strategy, all agreed that 
it makes practical sense to have a component database for these names directly linked to 
the PII database. 
 
 
 
C. Implementation: Specific Recommendations 
 
The overarching conclusion from the workshop was the need to support a diversity of 
activities to foster the development of a PII, ranging from basic research to targeted 
investment in specific physical and human resources.  
 
 
C.1. Physical Resources 

 
Recommendation. A PII Center should be established.  The center should be 

charged with constructing, maintaining and curating the primary database.  
 

Rationale. Broad support for the establishment of a center for the primary 
database emerged from the workshop. Participants argued that the scope of the primary 
database was far beyond the capabilities of current efforts in the community, and yet 
sufficiently well-defined that it would benefit from being housed in a single center where 
support staff could provide maintenance and curation. Centralization would avoid 
duplication of effort and lessen interoperability problems that fall within the purview of 
the primary archive of data and trees. A single facility would centralize decision-making 
on technical issues, which would facilitate integration with other databases. Intellectual 
synergy would be encouraged by co-locating research scientists, visiting scholars, and 
support staff in one place. Investment in such a center would lead to its establishment as a 
global resource and encourage international cooperation with ongoing biodiversity and 
bioinformatics efforts such as GBIF, the Global Biodiversity Information Facility. 
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Implementation. The PII Center should be associated with an institution that can 
support it on several levels. Institutions with strong libraries, extensive natural history 
collections, and expertise in information technology would be prime candidates. Natural 
history museums or large research universities were viewed as the most likely 
possibilities. The establishment of this center should receive high priority, given that 
many other aspects of the PII are contingent upon it. A strong recommendation was for a 
call for proposals to establish the PII Center. 

 
 
Design of the primary database. The workshop identified several key issues 

related to the design of the primary database. Some of these are fundamental, such as 
reaching consensus on the database schema (“ontology”), including the determination of 
what information should be included in the database. For example, although most 
molecular sequence data can be described by a well-characterized alphabet of symbols, 
the same is not true for morphological data. As discussed in the Yale workshop, a 
morphological database might range from digitized images to high-dimensionality shape 
data, to biochemical structure descriptions. Design of a database that handles such diverse 
data types is a challenge that must be met by the PII. 

 
Decisions about the types of trees to be accessioned must also be addressed. A 

significant fraction of published phylogenies represent gene trees rather than species 
trees. Gene trees may support or conflict with each other or with their corresponding 
species tree. Reticulation and lateral gene transfer, as seen in bacteria and other taxa, 
provides a different kind of conflict in the sense that a single, bifurcating Tree of Life is 
not an accurate  description of relationships. It is essential that decisions on the database 
design reflect the likelihood that both bifurcating and reticulate trees of species and 
characters can all play an important role in the TOL. 

 
Slightly more technical issues also must be resolved, including the establishment 

of metadata standards and the design of a simple application programming interface (API) 
to foster rapid development of tools that take advantage of the primary database.  

 
It is not clear what strategy NSF should take to ensure that these issues are 

resolved in a timely fashion. The overriding concern is that there be significant and 
specific input from the phylogenetics and bioinformatics community on database design 
to construct an optimal database environment. This effort could itself form the basis of a 
targeted call for research proposals on database design prior to a competition for 
establishing a PII Center. Because so much of the PII hinges on deployment of the 
primary database, these would have to have a quick turnaround time (perhaps one year). 
Another strategy would be to require the Center proposals to include specific plans for the 
establishment of collaborative working groups charged with making technical 
recommendations on database design.  

 
C. 2. Human Resources 
 
 Short and long term maintenance. Staffing of the PII Center must be sufficient to 
provide for the initial construction of the primary database, the initial population of the 
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database with data (ported from existing databases like TreeBASE), initiation of 
literature-based data acquisition, and curation of incoming data. 
 
 In the long term, as with other biological databases, support must be found to 
guarantee the continued growth and curation of the databases, mainly in terms of support 
for staff. Support from specific user communities should be sought early in the process. 
For example, the widely acknowledged utility of phylogenies of viruses in human 
epidemiology may help convince funding agencies or private foundations that support 
biomedical research of the need for maintenance of the PII.  Support in perpetuity would 
also be one of the criteria on which the home institution for the PII Center would be 
based. 
 
 Curation. Based on extensive experience with existing small-scale phylogenetic 
database projects (RDP, TreeBASE, and Tree of Life Project), a clear recommendation 
was that human curation will be an absolute necessity during data acquisition and later 
annotation. Many specific problems with data submission can only be resolved by 
communication between authors and PII Center staff. Another  problem requiring human 
intervention is the enforcement of metadata standards necessary for integration of data 
between the PII and external databases. Individuals with experience in the 
aforementioned databases, as well as parallel projects like GenBank and EMBL, should 
be part of a team of experts to help guide staffing recommendations. 
 
 Training. The ultimate success of the phyloinformatics component of building the 
TOL will require participation by individuals well versed in biology, phylogenetic 
methods, and computer science. Although there is growing interest in and commitment to 
multidisciplinary training programs in bioinformatics, many such efforts are focussed on 
applications in molecular biology and genomics rather than phylogenetics. To insure that 
experts are trained in skills necessary to handle the data involved in the TOL we suggest 
the following. Recommendation. NSF should sponsor a competition for establishing 
a graduate and postdoctoral training program in phyloinformatics, modeled along 
the lines of the IGERT program. This should be inaugurated immediately so that 
trained professionals will be able to come into the system as early as possible in the 
process. Another vehicle for training might be the support of postdocs and visiting 
fellows at the PII Center, who could be involved in development and enhancements of the 
databases and associated tools. 
 
 Outreach. As the TOL comes to fruition, it will be increasingly important to insure 
that user communities are educated about its existence and utility. Strategies for 
dissemination of results beyond the research community should be developed. 
Involvement of natural history museums and outreach to K-12 educators seems especially 
important. NSF might well consider sponsoring teacher training workshops, K-12 field 
trips and computer access, and other strategies to ensure that the general public has full 
access to this “ultimate” tool for bringing biodiversity home to the most people. 
 
 Collaboration with scientific journals. Archiving of phylogenetic data in existing 
databases is now recommended by several journals. Journals and funding agencies must 
be encouraged to make data submission a requirement. This will maximize the quality 
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and quantity of data added to the PII. Any reluctance on the part of journals will 
presumably be mitigated by the existence of a PII Center and the perception of 
permanence associated with it.  
 
 
C.3. Basic Research 
 
 Recommendation. Several components of the PII require solutions to 
substantial technical or scientific problems detailed below. These will require the 
kind of innovation fostered by competitive funding programs from NSF. 
  
 Secondary Databases. Several alternative schemes for the construction of 
synthetic and comprehensive TOL’s were discussed at this and the Yale workshop. One 
model is “direct construction” of very large trees based on piecing together the underlying 
data matrices themselves and applying conventional phylogenetic algorithms. Another is 
“supertree construction”, in which large trees are constructed from sets of smaller trees 
(rather than the original data used to construct those trees) using explicit algorithms that 
are now under development. Yet a third approach is “human expert synthesis,” which 
begins with trees in the primary database but relies for synthesis on external knowledge 
supplied by experts in the relevant taxa. The Tree of Life Project has pursued this third 
strategy using trees from the literature. Other strategies are obviously also possible. 
 
 Because much theoretical and empirical work remains to be done in these areas, 
workshop participants agreed that it was far too early to recommend specific strategies for 
the design, content or implementation of the secondary database(s) responsible for 
handling the TOL itself. Moreover, it is unlikely that any one strategy would serve all 
user communities equally well, and therefore a compelling need for multiple secondary 
databases could quickly emerge as the PII develops. NSF-sponsored competition would 
foster innovation in this area and the development of a cogent strategy that guarantees 
success. 
 

Visualization. Effective display of what will ultimately be an extremely large Tree 
of Life (and/or a large collection of smaller trees) is an enormous challenge. However, 
visualization of the results of the growing TOL is also likely to be one of the most 
exciting products to emerge from this effort. Visualization of extremely large graphs is an 
area of active research in computer science today (partly motivated by an interest in the 
complex network of connections in the internet).  Fostering such research and its 
application to large phylogenies should be a high priority. 

 
Among the important elements of a system for visualization of the Tree of Life are 

(1) interactive mechanisms for browsing very large trees ( >1,000,000 taxa); (2) 
highlighting attributes of taxa and branches, including estimates of statistical support, 
indications of ambiguity, character states or geographic ranges; (3) extraction of subtrees; 
(4) comparisons of sets of trees (“forests”) from the primary database and their relation to 
synthesized trees; (5) abstract visualization of arbitrary relationships among trees in the 
primary database including topological similarity, or relationships between host and 
parasite trees, to name just a few possibilities. 
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To make these visualizations stimulating and accessible to both scientists and the 

general public, exploration of 3D, virtual reality, immersive, and even more exotic media 
should be encouraged, as well as alternative representations of trees as Venn diagrams, 
cityscapes, etc.  In other words, creativity should be encouraged, perhaps by enlisting the 
assistance of artists and graphic designers. 

 
 Phylogenetic Query Language (PQL). Queries that might be submitted to the PII 
databases are expected to range from simple ones such as “list all trees that contain 
species of whales” to more complex ones such as “list all flowering plants closely related 
to species that synthesize caffeine”. Even more complex queries might include seemingly 
simple requests, such as “find all ‘living fossils’”, which encapsulates a series of related 
steps—perhaps a living fossil is defined as groups that have only one species but whose 
nearest relative diverged at least 100 million years ago. No existing query language is 
designed to permit searches tailored to the structure of phylogenetic trees. Considerable 
research is needed in this area, both to determine the needs of the user community and to 
develop the tools to fulfill these needs. 
 

Phylogenetic Ambiguity. Significant attention should be paid to representing 
various types of ambiguity in the TOL. Because of the likelihood that conclusions 
reached by users would be tempered by uncertainty in the TOL itself, there was broad 
agreement that the strength of hypotheses about relationships and the existence of 
alternatives should be conveyed to users in creative and informative ways. Navigation of 
alternative trees and visualization of strengths of support were seen as desirable features 
of any research-oriented TOL. Although alternative specific solutions were discussed, it 
was clear that there is a strong need for innovation in this area. Considerable potential for 
interaction with computer scientists and mathematicians exists in the difficult problem of 
describing ambiguity in the sense of differences between trees and graphs. 
 
 Common names and natural language processing. Most users outside the 
phylogenetic systematics community will naturally be inclined to use common names for 
taxonomic groups when working with the Tree of Life. Experience with prototypes like 
TreeBASE indicates that users often begin with common group names like “mammal”, 
“plant” or “mushroom”. Some of these names have precise correspondences to names in 
the Tree of Life; others do not. Suggested solutions to the problem included software that 
would point the user back to a portion of the tree, to allow the user to define the precise 
clade of interest. The translation of these words into non-English languages of the  
international audience of users also represents a daunting task. To realize the PII mission 
of widest possible access to the TOL, significant investment should be made in research 
exploring interfaces that will be truly usable by the nonspecialist and the general public. 
Handling the ambiguity of common names and reducing the obscurity of conventional 
queries by use of natural language should be emphasized. 
 
IV. Conclusion: Sense of the Meeting 
 

Participants in the workshop expressed strong support for building an information 
infrastructure for managing the data associated with a large-scale effort to 



 - 13 - 

reconstruct the Tree of Life (a Phyloinformatics Infrastructure, or PII). Enthusiasm 
on the part of participating biologists was matched by confidence on the part of 
computer scientists that such an enterprise was feasible.  Both research groups 
agreed that interesting and challenging  problems at the intersection of biology and 
computer science would take center stage in a phyloinformatics initiative. Indeed, an 
interdisciplinary approach was viewed as essential to the success of such a project. 
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Fig. 1. Simplified diagram of the main elements of a Phyloinformatics Infrastructure (PII) 
and its relationship to databases outside of it.  
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