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Abstract

The “Tree-of-Life” is a national and international project to collect information about
the origin, evolution, and diversity of organisms, with the goal of producing a tree of all life on
Earth (Pennisi, 2003). The obstacles to achieving this goal are many. From questions related
to the kinds and number of data to be used, to building that phylogeny, to the methodological
and computational resources required to analyze the massive amounts of data expected to be
necessary to bring this to fruition. The development of efficient methods for phylogenetic
analyses of thousands (hundreds of thousands) of taxa has become increasingly important to
this endeavor, as well as somewhat controversial. Supertree construction is one of these
methods proposed for reconstructing phylogenies on a large scale (Bininda-Emonds, 2004).
This method combines phylogenetic trees (topologies), which overlap taxonomically, rather
than the primary data, to produce a larger tree using standard methods of analyses such as
parsimony. This method also has the advantage of being able to incorporate trees derived from
many different kinds of data into tree estimation. For the study presented here, a
comprehensive literature search identified 185 phylogenetic trees published since 1984 on the
plant family Fabacaeae (the “legumes”). Of these, 68 trees were chosen for supertree analysis
and were divided into three major groups, two of which correspond to strongly-supported
monophyletic groups identified by recent studies that sampled extensively across the family and
are based on standard phylogenetic analyses of single data sets (e.g. gene sequences).
Supertrees of taxa that correspond to the three subfamilies Mimosoideae, Caesalpinioideae, and

Papilionoideae will be presented here.

Introduction
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Phylogenetic analysis allows us to statistically evaluate the differences between species
or comparative analyses between large groups of species. The result of these analyses produce
phylogenies (evolutionary trees), which allow us to visualize the relationships between the
species analyzed (Bininda-Emonds, 2004). The“Tree-of-Life” project isthe ultimate
phylogenetic analysis. The project described in this paper is expected to contribute to the tree
of life by producing alarge-scale phylogeny of the flowering plant family Fabaceae (or
Leguminosae, the legumes). The Fabaceae family was chosen for this analysis because it is one
of the largest families of flowering plants with 750 genera and approximately 18,000 species
(Wojciechowski et a., 2004), and can serve asamodel for such an approach. Fabaceaeisthe
third largest family of flowering plants, it iswidely distributed on every continent and in awide
variety of habitats, and many species are agriculturaly and economically important. The
higher-level phylogenetic analysis of the family has been the subject of on-going investigation
by the project’ s advisor. Approximately 150-200 smaller-scale phylogenetic studies, based on
morphological and molecular evidences, have been published in the primary literature on this
family sincethe late 1980's, but an in-depth analysis comparing all the available data has not
been done.

There are two basic ways to approach this problem of how to construct larger
phylogenies, with hundreds or thousands of taxa. The “total evidence” approach requires the
datathat is being combined to be compatible (at least two taxain common) while the
“taxonomic congruence” approach requires the data to have the same set of taxa. The
concatenation of multiple sequences from a maximal number of taxa from sequence databases
Is an option, but given the current sparse and often incomplete nature of the amount of datain

databases like Genbank (URL, http://www.ncbi.nlm.nih.gov/) on a per taxon basis this

4
Morris, 2004



approach leaves many “gaps’ in coverage (Sanderson et. a., 2003). One approach to this
problem is the construction of a*supertree”.

Supertrees are estimates of phylogeny assembled from sets of smaller estimates (source
trees), which share some but not necessarily al their taxain common (Sanderson et al., 1998).
Informally supertrees have been apart of the methodsfor systematicsfor along time. Small,
nested trees were simply pasted together; this was the only method available to obtain a bigger,
more comprehensive representation of the phylogeny. Now more formal methods are available
that estimate phylogenies more objectively using the widest selection of information (Bininda-
Emonds, 2004). To reconstruct a supertree of legumes, tree topologies rather than primary
character datafrom published phylogenetic studies can be combined using severa of these
formal methods.

Parsimony methods are commonly used in phylogenetic analysis and were the methods
of choice utilized for most analysesincluded in this study. The basic ideaof parsimony isto
find atree that minimizes the number of changes of the state of the characters being analyzed
(Felsenstein, 2004). The agorithm we used for this study is the matrix representation using
parsmony (MRP). This method can combine incompatible source trees using existing
phylogenetic software (Bininda-Emonds, 2004). In MRP, the nodes of each sourcetree are
recoded as a binary character and scored for each taxon. If the taxon is descended from the
focal nodeitisscoredasa“1”; if it is not descended from the focal node but is present in the
same sourcetreeit isscored asa*“0” (zero); all other taxa are considered missing and are

scored as“?” in the new matrix (Bininda-Emonds et & ., 2002).

Materials and Methods
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A thorough literature search was conducted to identify all phylogenetic studies that
have been conducted on the Fabaceae family, essentially since the late 1980s. To store the data
for each of the studies I designed a database in Microsoft Access (see Appendix Figure 1), and
extracted the following information from each study to store in the database: complete
literature citation, the main taxon the study investigated (e.g. the genus Medicago), the total
number of taxa used in the phylogenetic analysis, the outgroup(s) utilized for the phylogenetic
analysis, the kind of characters used to compare taxa (molecular sequences, morphological,
etc), the phylogenetic method used (parsimony, maximum likelihood, neighbor joining, etc.),
the type of statistical support value used in the analyses, if any (bootstrap, jackknife, etc.),
whether data from the study is stored in Genbank or TreeBASE, the types of trees presented in
the paper (strict consensus, single representative tree derived from parsimony, maximum
likelihood, etc.), and whether the data in the study was “independent” or if it had been used in
an analysis that resulted in a tree presented in an earlier paper. We examined each of the
studies to determine which ones would be used for our supertree analysis. We eliminated those
studies in which less than two of the taxa in the study overlapped with taxa in any other studies;
this is a requirement of formal supertree methods (Bininda-Emonds et al., 2002). We also
eliminated those studies with data we considered non-independent, meaning there was overlap
in the primary data used for previous analyses. This is considered an important issue in
supertree construction (Bininda-Emonds et al., 2004) and as more studies are published and the
data is reused for subsequent analyses, it may become more difficult to control for. For
example, many authors publish a study on taxon X and then add more of the same (e.g.,
sampling more taxa) or new data (e.g., another gene sequence) and reanalyze the original data
as part of a larger dataset containing the new data. Thus, these two studies overlap in the

primary data and if used in the supertree construction the shared data sets will effectively be
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weighted and may have more influence on the supertree results (Bininda-Emonds et al., 2004).
It was important to examine studies by the same authors and determine if datasets had been
reused in this fashion and if so, to eliminate the older study from our analysis. Studies
published on hypothetical phylogenetic trees and other non-relevant studies (i.e., not based on
analyses of primary data) were also eliminated from consideration for inclusion in our supertree
analysis.

The next step was to select a representative tree (the “best tree”) from each study and to
obtain the tree descriptions for these trees in Newick format (the standard used in most
phylogenetic analysis/presentation software such as PAUP and PHYLIP, e.g., Maddison et al.,
1997). We obtained these tree descriptions either from TreeBASE (an online phylogenetic tree
database: URL, www.treebase.org), directly from the authors of the studies, or by recreating the
tree topology exactly as it appears in the published figure(s) from the study using MacClade
(Maddison and Maddison, 2003), a program that allows tree topologies to manually be entered
resulting in a tree description.

Once we had collected the tree descriptions the next step was to edit them. Many of the
trees descriptions we obtained contained spelling errors, name standardization errors, and
formatting errors, requiring that they be analyzed word by word in addition to locating missing
commas and additional extraneous punctuation. In addition, many trees contained multiple
accessions of the same species, or included other non-necessary information in the taxon name
(e.g., GenBank accession number). In these situations, the accession numbers were removed
and the duplicate taxa were also removed if their relationship was resolved with respect to the
other accessions of the same taxon.

Once we obtained the tree descriptions and had begun the editing process we began to

consider what programs would be used to construct the actual supertrees. Two online supertree
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programs seemed promising. Rod Page of the University of Glasgow has a supertree website

(http://darwin.zool ogy.gla.ac.uk/cgi-bin/supertree.pl) as does lowa State University

(http://genome.cs.iastate.edu/supertree/userdata_anaysisuserdata andysishtml). Generation of supertree

matrices using these sites proved to have limitations and considering the large number of taxa
we were using they were not appropriate for our analysis. We opted to use different programs
and complete the analyses ourselves.

As we began to decide how to approach the analysis, we realized it made sense to break
the analysis up into smaller more manageable pieces. We divided the studies based on which
subfamily the taxa in the study most represented. Trees files (a file containing tree descriptions
of all the input or source trees) in NEXUS format (Maddison et al., 1997) were created for each
subfamily.

To create the supermatrix from the source trees file, we utilized a program called “r8s”
(Sanderson, 2003). 18s is a program designed for estimating absolute rates of molecular
evolution, but it also has options for phylogenetic analysis. r8s used the source trees in the
trees file and the MRP algorithm to create a supermatrix for subsequent analysis by standard
phylogenetic methods such as parsimony.

At this point, we also decided to add additional characters (equivalent to adding
“topological constraints”) to our analysis. Legumes as a family, as well as the subfamilies
Mimosoideae and Papilionoideae have been highly supported (by nonparametric bootstrap and
Bayesian probabilities) as monophyletic groups in many studies. To give the support for these
groups additional “weight” in our analysis we added extra character(s) in each supermatrix.
For example, in each of the supermatrices for the three subfamilies an additional binary
character was added for all taxa in the legume family. For this character, all outgroups were

scored as 0 and all taxa in the group were scored as 1.
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To minimize the topological problems caused by the various studies using different taxa
as outgroups, we removed taxa in each subfamily supermatrix that represented the other two
subfamilies. For example, in the supermatrix constructed from source trees containing
Mimosoideae taxa, all taxa in the Papilionoideae subfamily were removed and an additional
character was added giving weight only to Mimosoideae. In the Caesalpinioideae supermatrix,
all taxa in the Mimosoideae and Papilionoideae subfamilies were removed and additional
characters were added for monophyletic groups that were highly supported (100% bootstrap
values) in the source trees. This procedure was repeated in constructing the supermatrix
containing the source trees corresponding to the papilionoids. (This method of matrix
representation is described in Bininda-Emonds, 2002).

Once a supermatrix was constructed, edited accordingly, and the appropriate topological
constraints had been added, the matrix was analyzed using the software program PAUP*
(Phylogenetic Analysis Using Parsimony, and other methods*; Swofford, 2002). For each
supermatrix analysis, we conducted three separate heuristic searches using different addition
sequence procedures: simple, closest, and random. For each heuristic search we saved a
maximum of 5000 trees (MAXTREES = 5000), holding five trees at each step, and branch
swapping using the TBR (tree bisection-reconnection) branch-swapping algorithm.

Once the searches were completed, the 5000 stored trees were combined using consensus
methods into a final 90% majority rule consensus tree, and included all other compatible
groupings. The consensus tree was rooted with an outgroup. This consensus tree represents

the supertree for each of the subfamilies.

Results
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The literature search resulted in 185 studies published since 1984. These studies range
in size from 216 to 1797 taxa and use a variety of different characters in their analyses (gene
sequences, non-coding DNA sequences, morphology, binary characters — e.g., loss of one copy
of the chloroplast DNA inverted repeat, or presence/absence of a large inversion). After
eliminating the non-relevant studies, studies without the minimum two overlapping taxa, and
those with data non-independence, the total number of candidate studies remaining for the
analysis was 68.

We began with the tree descriptions for 16 trees that had been utilized in a smaller,
previously published legume supertree on the taxon Hologalegina (Wojciechowski et al., 2000).
Fourteen of the remaining trees were available in TreeBASE, but other tree descriptions,
particularly the larger ones, were requested directly from the authors of the studies. Authors
were generally helpful and contributed 9 tree descriptions to the project. The majority of the
remaining tree descriptions (18 trees) were created using MacClade, a program that allows tree
topologies to be reconstructed manually and then saved in the usual format as a tree description.
Of the 68 trees of interest, we were unable to obtain 11 as of November 15. Hopefully these
trees can be obtained at a later time and incorporated into the final family supertree.

The 57 studies that were obtained and used for my analysis were divided into groups
according to subfamilies and are listed in the Appendix, Tables 1-3. The number of taxa
included in each study is shown to indicate the size of the original author’s analysis. One
study, Wojciechowski et al. (2004) was used as a “backbone” or framework study to provide a
family wide tree for all three subfamilies and is therefore listed in each table.

A supermatrix was constructed for each subfamily using r8s and edited as described
above. Parsimony analyses of the supermatrix for the mimosoid group, containing 216 taxa

and 429 characters, resulted in the consensus supertree which is shown in Figure 2. Parsimony
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analyses of the supermatrix for the caesalpinioid group, containing 343 taxa and 605 characters,
resulted in the consensus supertree, which is shown in Figure 3. Finally, parsimony analyses of
the supermatrix for the papilionoid group, containing 1797 taxa and 2045 characters, resulted in

the consensus supertree, which is shown in Figure 4.

Discussion

The division of a final supertree for the family into three separate, smaller, supertrees,
made sense because the three subfamilies (papilionoids, mimosoids, and caesalpinioids) are
typically studied independently. Mimosoideae and Papilionoideae are both strongly supported
as monophyletic groups nested in the basal grade that contains all taxa of the Caesalpinioideae.
Our plan was to obtain a supertree for each of the subfamilies and then combine them into a
super-supertree, which will be completed at a later time by this project’s advisor.

The supertree method has been applied to studies involving several plant, animal, and
bacterial groups including grasses, Primates, Carnivora, Marsupialia (Bininda-Emonds, 2004).
However, the largest of these previous studies was done on Chiroptera (bats) and contained 916
taxa. Our study currently includes over twice that many taxa and when it is finally completed
will likely include even more. Our study will be useful in evaluating the supertree method as
an option for solving such computationally complex problems. Inferring an optimal
phylogenetic tree becomes NP-complete with 1000’s of taxa causing the possible tree space to
grow exponentially (Page, 2004). The supertree method is one way to make this problem more
approachable.

An additional issue that was not dealt with in this study is the problem of synonymy,

that is, many organisms have more than one accepted scientific name. There are software tools

11
Morris, 2004



and comprehensive taxonomic lists available to deal with this, but it is difficult to deal with and

as the number and sources of data increases the problem becomes more complex (Page, 2004).

Future directions of the project

Our goal is to complete the project by combining the supertrees for each of the
subfamilies into one supertree for the entire legume family. This project is being done in
collaboration with Drs. M. J. Sanderson and M. McMahon at UC Davis who are now compiling
a maximal concatenated dataset (“supermatrix”) of the DNA and protein sequences from
legumes that are currently available in GenBank, using the approach described in Sanderson et
al. (2003). The final supertree obtained at the conclusion of this study and the one obtained
from the supermatrix constructed at UC Davis will be compared to that derived from a recently
completed tree of the family based on standard phylogenetic analyses of a single chloroplast
gene sequence dataset (Wojciechowski et al., 2004). Completion of a supertree will also enable
detailed comparisons of the efficiency and accuracy of tree reconstruction methods of large

clades of the tree of life.
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Appendix

Table 1: Mimosoideae Studies. All the studies used for the construction of the Mimosoid
Supertree and the number of taxa in each one.

Year Published Lead Author Number of Taxa
1 2004 Wojciechowski M.F. 34/330 taxa*
2 2003 Hughes C.E 72 taxa
3 2003 Miller J.T 60 taxa
4 | 2000 Clarke H.D 26 taxa

*Number of mimosoid taxa/total number of taxa

Table 2: Caesalpinioideae Studies. All the studies used for the construction of the
Caesalpinioideae Supertree and the number of taxa in each one.

Year Published Lead Author Number of Taxa
1 2004 Wojciechowski M.F. 33/330 taxa*
2 2003 Haston E.M. 28 taxa
3 2003 Herendeen P.S. 220 taxa
4 | 2003 Schnabel A. 13 taxa
5 2003 Simpson B.B 81 taxa
6 2002 Davis C.C 7 taxa
7 2001 Brouat C. 13 taxa
8 1998 Schnabel A. 13 taxa

*Number of Caesalpinioideae taxa/total number of taxa
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Table 3: Papilionoid Studies. All the studies used for the construction of the Papilionoid
Supertree and the number of taxa in each one.

Year Published Lead Author Number of Taxa
1 2004 Wojciechowski M.F 262/330 taxa*
2 2004 Allan G.J 52 taxa
3 2004 McMahon M. 240 taxa
4 | 2004 Pardo C. 78 taxa
5 2004 Ree R. 15 taxa
6 2003 Ainoche A. 34 taxa
7 2003 Allan G.J 55 taxa
8 2003 Crisp M.D. 66 taxa
9 2003 Dong T.X.X 10 taxa
10 ' 2003 Kang Y. 56 taxa
11 | 2003 Lavin M. 12 taxa
12 1 2003 Schrire B.D. 109 taxa
13 | 2003 Steele K.P. 84 taxa
14 | 2002 Badr A. 37 taxa
15 | 2002 Cubas P. 57 taxa
16 | 2002 Doi K. 23 taxa
17 | 2002 Hu J-M 42 taxa
18 2002 Mayer 12 taxa
19 2002 Percy D.M. 50 taxa
20 2001 Bena G. 77 taxa
21 2001 Chandler G.T. 57 taxa
22 2001 Lavin M. 61 taxa
23 2001 Lavin M. 95 taxa
24 2001 Pennington R.T. 122 taxa
25 2000 Allan G.J. 42 taxa
26 2000 Crisp M.D. 99 taxa
27 2000 Murphy D.J. 19 taxa
28 1999 Ainoche A-K 49 taxa
29 1999 Delgado-Salinas A. 132 taxa
30 1999 Wagstaff S.J. 39 taxa
31 1999 Wojciechowski M.F. 115 taxa
32 1998 Asmussen C.B. 42 taxa
33 1998 Bena G. 13 taxa
34 1998 Downie S.R. 62 taxa
35 1998 Fennel S.R. 10 taxa
36 1998 Lavin M. 34 taxa
37 1997 van Oss H. 8 taxa
38 1996 Sanderson M.J. 4] taxa
39 1995 Pennington R.T 27 taxa
40 | 1994 Liston A. 51 taxa
41 1993 Bruneau A. 66 taxa
42 1993 Doyle J.J. 53 taxa
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43 1993 Sanderson M.J. 33 taxa

44 ' 1992 Liston A. 64 taxa

*Number of Papilionoideae taxa/total number of taxa
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Figure Captions

Figure 2.

Supertree of Mimosoideae subfamily based on MRP analysis of supermatrix of 4 source trees.
Supermatrix contained 216 taxa and 429 characters. Tree shown is a 90% majority rule
consensus of 5000 equally parsimonious trees derived from a heuristic search of the
supermatrix using the closest addition sequence procedure and TBR branch swapping algorithm
holding 5 trees at each step.

Figure 3.

Supertree of Caesalpinioid subfamily based on MRP analysis of supermatrix of 8 source trees.
Supermatrix contained 343 taxa and 605 characters. Tree shown is a 90% majority rule
consensus of 5000 equally parsimonious trees derived from a heuristic search of the
supermatrix using the closest addition sequence procedure and TBR branch swapping algorithm
holding 5 trees at each step.

Figure 4.

Supertree of Papilionoideae subfamily based on MRP analysis of supermatrix of 44 source
trees. Supermatrix contained 1797 taxa and 2045 characters. Tree shown is a 90% majority
rule consensus of 5000 equally parsimonious trees derived from a heuristic search of the
supermatrix using the closest addition sequence procedure and TBR branch swapping algorithm
holding 5 trees at each step.
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