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Project Summary: Examining the evolution of morphological, behavioral, geographical,
gendic, biochemical, and physological traits usng methodstha incorporate
phylogenetic information has been an important area of growth in evolutionay biology
for over two decades. As more methodsare made available, the ability to test hypotheses
and infer paternsof trait evolution becomes ever greater. However, thewidevariety of
methodsin the literature and the limited communication between sub-disciplinesin
biology hampers method use and devel opment. Broadly-applicable methodsdevelopel in
onesub-disciplinego unusd in other sub-disciplines; biologists may nottest certain
hypotheses dueto a perceived lack of relevant methods and those who would develop
methodsto meet current needs have difficulty finding which areas require such work. |
intend to develop and implement methodsto hdp undestand trait evolution, first
identifying and communicating areas of need.

This project has four main gods. 1) Describing extant methods A database of
existing phylogenetic methodsfor examining trait evolution, fromfields of genomics,
pdeontology, and comparative biology, will be creating usng information fromthe
literature. 2) Identifying undedevelopel areas: use daabase above These areas will be
communicated througha publication targeted to agenera audience and througha webste
featuring the database and searchable by inpu datatype software availability,
significance criterion, and other factors. Thiswill alow empiricists to find appropriate
methodsquickly and permit theoreticians especially those from fieldsoutside biology, to
identify areas still needing development. 3) Develop new methodsin some of these areas.
4) Implement these new methodsin existing software and integrate this software into
Mesquite and CIPRES/K epler. By theend of this project, empiricists will more easily
identify relevant techniques and software to answer thar questions methodsstill needing
development will be publcized, and asubst of the areas needing development will have
methodscreated and implemented.

Introduction and Goals: Undestanding how morphological, behavioral, and
geographical traits have evolved has been amain god of evolutionay biology since its
inception. As biology has matured, traits of interest nowindudegenetic, biochemical,
and physological traits. Methodsusng phylogenetic information have become powerful
tools for addressing the evolution of such traits. Once an adequae methodis devel oped
and implemented, hypoheses previoudy untestable become tractable, spuring aflurry of
research. Thepotential of phylogenetic methodsfor undestanding trait evolution has
created a large popuktion of empirical biologists eager to use such methodsand an active
popuktion of theoretical biologists seeking to build and implement new methods As new
questionsarise, new methodsneed to bedeveloped. However, thewave of interest in
methodshas actudly madethis difficult: information on therelevant literature and
software iswiddy scattered and often segregated into different sub-disciplines, leading to
empiricists choosng to use subopima methodsor giving up on certain types of
questionsand to theoreticiansfailing to develop modds where needed and occasiondly
duplicating thework of others. For thefield to continueto progress, thereisanesd to 1)



categorize existing methodsof examining trait evolution; 2) identify areas where new
methodsneed to be developed; 3) develop methodsin these targeted areas; and 4)
implement these methodsin user-friendly, open-source, cross-platform, fast software.

1) Categorize existing methods of examining trait evolution: Information about
available methodsis broadly scattered. This problem is made more acute dueto lack of
communication between sub-disciplines. Paleontologists, comparative biologists, and
researchersin the variousnew micsOsub-disciplines (genomics, metabolomics, etc.)
often do notdraw on the same methods For example, Felsengein@ independent contrasts
approach (Felsendein, 1985)has formed the basis for many comparative studies, butis
far lesscommonin other areas of evolutionay biology. From Januay 2000to November
2006,it was cited by 112 pgpersin thejoumd Evolution along jus 9 timesin two major
pdeobiologyjoumds, andjug 8 timesin seven journds dealing largdy with genomic
studies (I1SI Web of Knowledge). Methodsare created redundantly and sometimes
cruddy. Onesuch case was that of Jordan et al. (2005). In this Nature pger, theauthors
look for directiond trendsin amino acid subditutionsby dividing afifteen-taxon tree into
potentially overlapping triplets and then infer direction of changeby assuming the state
possessed by the outgroup and oneof the other two speciesis ancestral. However, there
are at least two existing methodsfor doing this withoutneeding to divide thetree: simple
pasimony recondruction of state changes, and a non-time-reversible likelihoodmethod
tha alows for multiple changes (Pagd, 1994 implemented in the programs Multistate
(Pagd) and BayesTraits (Meade & Pagd). Theauthors indead developad anovd method
withoutany discussion of why this was needed or how this nev methodmight be
supeior to existing methods Had an existing likelihoodmethod been used, the authors
could have made many more inferences aboutrelative trangtion rates, whether amodd
of directiond changewas a better fit to thedaa, and even wha the ancestral amino acid
frequency may have been. While thisis an example of genomicists ignoring methods
from phylogenetics, onecould jug as easily point to examples of phylogeneticists
ignoling methodsfrom pdeontlogy, pdeontologsts ignoting methodsfrom genomics (a
methodfor undestanding evolution of continuouscharacters on a tree may work equdly
well for molar height as for genome size), and so forth. A reference and an online
database could hdp prevent this duplication of effort and missed oppotunities.

2) Identify areaswhere new methods need to be developed: Asbath an empirical and
theoretical biologist, | have been confronted by questionsposed by my study system for
which notools are available and have then been forced to develop such tools. For
example, there are methodsfor investigaing correlationsbeween states of two discrete
characters (Maddison, 1990) rates of two discrete characters (Pagd, 19949, states of two
continuouscharacters (Felsendein, 1985) and, arguably, rates of two continuous
characters (Garland, 19929. Attemptsto correlate state of a discrete character (foraging
periodin my study organism N ants) with state of a continuouscharacter (eye size) and
state changes of a discrete character (changesin foraging period) with rates of a
continuouscharacter (rate of leg length evolution) in my study system have pointed to a
need to develop such modds (I have since developed and implemented these modds).
However, ssimply writing outthe known methods as above would have directly
suggested the need for such modds, aswell as additiond modds, such as onecorrelating
rate of adiscrete character with rate of acontinuots character. Similarly, there are
numerousmethodstha optimize thelikelihoodof a tree by applying oneor more



stretching parameters to theentiretree N the optimized vaue of this parameter may
provideinformation onwhether changes occur early or latein evolution (Blomberg et al.,
2003)or whether trait changes are assodated with speciation events (Pagd, 1994)
Comparing these methodswith methodsthat allow different parameters on different parts
of atree suggests away to further extend the methods allow different stretching on
different parts of atree. New questionstha could be answered could indude QAretrait
changes more closely assodated with speciation events when alineage moves into an
environment where sister species regularly contact oneanother?0or (Does temporal
niche partitioning slow therate at which habitat niches fill 20l dentifying modd
similarities can aso point to new modds: Butler and King (2004 allow attraction
strength and attraction mean values of an Orngein-Uhlenbeck modd to vary on atree
(but each branch may have only onevalue) but force the stochastic parameter to be
congant; modds of OMearaet al. (2006)and Thomas et al. (2006)allow the stochastic
parameter to vary between or even within branches but force the attraction parameter to
be zero. This pointsto agenera modd, as yet unimplemented, that allows al three
parameters to vary between and along branches.

Thepotential modds outlined abovesuggest some of the benefits tha could
accrue fromthoroughcomparison of existing models of character evolution; more such
advances would come once even more modds are compared in an organized manne.

3) Develop methodsin targeted areas Once aneed isidentified, amethodto address
this need mug be developed. Fortunaely, thepool of potential theoreticianshas
expandal from empirical biologists and afew dedicated theoreticiansto also indude
researchers from fields of mathematics, computer science, and statistics. Researchers
from these fieldsoutside of biology have developel interesting new approachesin areas
such as tree search (divide-and-conque method9 and supetree condrudion; onae
clearly-ddineated problemsin trait evolution are described, they, alongwith traditiond
workers, may develop similarly promising solutions in these areas.

4) Implement new methodsin user-friendly, open-sour ce, cross-platform, fas
software: For a software program to be useful to empirical biologists, it mug take
standad file formats, bewell-doaumented, and beavailable on major platforms. As
methodsbecome more complex, and especially asintegration of results across potentially
thousandsof trees (e.g., (Hudsenbeck and Rannda, 2003;Pagd and Meade, 2006)
becomes more popukr, software speed also becomes an issue It isaso important for
scientific software to be open-source. This allows ingection of codefor bugs other
scientists to build onthework of othersin the case of pemissive licensng, and longterm
maintenance and porting of software.

Proposed Activities: This project will have two components. Onewill bea synthetic
literature and software review of available methods from pdeontology, phylogendics,
genomics, and related disciplines tha seek to undestand character evolution usng
phylogenies, thusaddressing Gods 1 and 2. These methodswill be characterized for
required data (character types, topologies or trees with branch lengths measurement of
intrataxon variation or single values pe taxon, etc.), inpu format (Nexus etc.), method
type (nonpaametric, likelihood Bayesian, etc.), meansfor evaluating
significance/meaningfulness of results (likelihoodratio tests, information theoretic
methods Bayes factors, etc.), software platform, software license (GNU Public License,



closed source, etc.), software distribution (by request only, free download, etc.), and
frequency of use (measured by citations weighted by year). Thiswill allow usersto
identify the software they need to answer questions especially approaches from other
fields Theoreticiansand software developes will be able to identify wha methodsstill
need to be created and wha methodsstill need implementation. Thisinformation will be
compiled in an onineMySQL daabase and also described in a publication. By
assembling this information across sub-disciplines, empirical workers with different
backgroundsmay find an approach in another sub-disciplinetha will hdp solve a
problem. Theoreticianswill be able to identify missing tools in the empiricist®
methodobgical toolbox and work to fix this.

Second, | will use informationfrom this andysis to develop and implement new
methodsin a subset of theareas where needsare identified (Gods 3 and 4). Thiswill be
based on my existing C++, cross-platform, open source software Brownie, which uses
open-source codefrom Rod Page, Paul Lewis, andthe GNU Scientific Library. While the
released version of this program can test for different rates of evolution on different parts
of atree, an unreleased version can now also test for changeof therate of acontinuous
character based on the state or the changeof a discrete character, test for an Orngein-
Uhlenbeck modd, estimate the ACDC parameter of Blomberg et a (2003) and
incorporate measurement uncertainty in termind taxa. New modds to be developed and
implemented indudeapplying tree-stretching model s (for example, modds that test for
assodation of speciation events with character change to user-specified, character-
mapped, or time-diced branches (i.e., by auser specifying cladesto examine, or by usng
recongructed character states to assign modds to branches, or by assigning different
moddsto branches before and after atime event).

Centralization of toolsinto a small set of broadly-used and user-friendly
applicationswill reduce learning time for empirica biologists (who will have to learn
howto use jug oneor ahandful of interfaces) and reduce development time for
theoreticians (who will only have to build the core of the methodand rely onalarger
program for inpu and output). Brownie already has some of these advantages, as Paul
LewisONexus Class Library alows theinterface to be similar to tha of popuar Nexus-
inputprograms PAUP and MrBayes. The NSF-funded CIPRES project
(http://mww.phylo.org) is developing libraries that will enable even more centralization.
Once these libraries are released (scheduled to bereleased in 2006) the general
phylogenetic program Mesquite as well as the CIPRES/Kepler workflow tool will beable
to call externd programs. This meanstha Mesquite, which is user-friendly and cross
platform butwritten in therelatively ow-running language Java (Vivanco and Pizzi,
2005)will beable to call thefast routinesfor trait andysisin Brownie withoutthe user
needing to make even theminimal effort to learn the Brownie interface.

Rationale for NESCent support: Many methodobgical advances are prompted by
empirical biologistsOneed to undestand ther study systems. NESCent, with its
assortment of pogdocs and visiting faculty, plusits postionin the Research Triangle,
will providea variety of biologists attempting to answer important questionswho will
know their methodobgcal needs These biologistswill beof paticular hedp when
addressing Gods 1 and 2 of this proposil. NESCent® suppott for open source software
development, god of creating linksacross sub-disciplinesin evolutionay biology, and



indgpendence of poddocs creates an effective environment in which to condud this
work.

Proposed Timetable

Sept. 2007:Begin literature search, compiling database of methodsand software. In
paale, continueimplementation of available methodsin Brownie software and
incorporating this software into Mesquite and the CIPRES/K epler workflow.

Januay 2008:Release a version of the software containing nev methods

May 2008:Finish daabase. Write manu<ript and web interface for database.

June2008: Submit review article manu<cript. Before or with publication of the
manuscript, make database web site live.

June2008Aug. 2009:Develop and implement new modds for investigating character
evolution; continueperiod c software rel eases and webste upddes.

Anticipated Results

Papers. There will beonereview pgoe examining available methodsof evaluaing
character evolution from phylogenetics, pdeontology, and genomics. The pgoer will
betargeted for ajournd with areadership fromall the abovefieldsand will highlight
methodsused primarily in onesub-discipline but applicable to others and areas where
methodshave yet to bedevelopel at all. There will be 2-5 additiond pgpers
introdudng new methodsof investigaing character evolution.

Software: An existing software program (Brownie) will be greatly extended. At least
every eightmonthsthere will bea new release, compiled for Mac OS X and Windows
and with source and amakefile for other systems. By the end of thefirst year, this
software will be connected as a service for Mesguite and the CIPRES-Kepler project.

Web: Thegenerated methodsdatabase will be poded onlineon awebste; the database
will be searchable based on multiple criteriaand will be downloadable.
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