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Building Phylogenies 
from Gene Sequences

• Ideal case:  Use genes common to all the 
taxa (species).

• Reality:  Low sampling density, number of 
common genes is very limited.
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Low Sampling Density

The challenge of constructing large
phylogenetic trees
Michael J. Sanderson and Amy C. Driskell

Section of Evolution and Ecology, University of California, Davis, CA 95616, USA

The amount of sequence data available to reconstruct
the evolutionary history of genes and species has
increased 20-fold in the past decade. Consequently the
size of phylogenetic analyses has grown as well, and
phylogenetic methods, algorithms and their implemen-
tations have struggled to keep pace. Computational
and other challenges raised by this burgeoning data-
base emerge at several stages of analysis, from the opti-
mal assembly of large data matrices from sequence
databases, to the efficient construction of trees from
these large matrices and the piece-wise assembly of
‘supertrees’ from those trees in turn. A final challenge is
posed by the difficulty of visualizing and making infer-
ences from trees that might soon routinely contain
thousands of species.

Much, if not all, of the evolutionary history of genes and
species can be described by a phylogenetic tree [1,2]. A
phylogenetic tree consists of a set of monophyletic groups,
or ‘clades’. All members of a clade share a more-recent
common ancestor with each other than with any species
outside of that clade. Rapid accumulation of molecular
sequence data has spurred increasingly large phylogenetic
analyses across the tree of life. Nowhere is this more
evident than in plants. At one extreme, intensive
collaboration by molecular systematists has generated
large datasets of a few genes sampled from hundreds to
thousands of species [3–5]. The plastid gene rbcL is the
most notable example: it has been sequenced in .5000
species and is included in one of the largest single
phylogenetic analyses to date, containing .2500 species
[6]. Plant phylogenetic analyses have also become large in
the genome ‘direction’. The large number of plant model
systems has spawned numerous EST (expressed sequence
tag) projects, which are now bearing fruit as comparative
phylogenetic data. One recent study [7] combined
sequences from 236 ESTs (123 000 nt) for ten angio-
sperms. Both of these types of ‘extreme’ datasets pose
serious challenges for the available phylogenetic methods.
At the moment – perhaps fortunately – no datasets are
extreme in both directions, but as genomics technology
becomes more commonplace, the size of these datasets is
likely to continue to grow in numbers of species and
nucleotide sites. Here, we outline some of the methodo-
logical challenges associated with the trend toward
increasingly comprehensive phylogenetic analyses. We

emphasize issues arising in tree building per se, at the
expense of the crucially important and, in some respects
equally challenging, problem of multiple sequence align-
ment (see Ref. [8] for an algorithmic treatment).

The sparse and uneven distribution of sequence data
among species places limits on the kinds of strategies that
are useful for constructing large phylogenetic trees. Fig. 1
provides a glimpse of this distribution for all plant proteins
in a recent release of GenBank. A few species have been
sequenced for many genes; a few genes have been
sequenced for many species; but most of the potential
data available for phylogenetic purposes is still missing.

Fig. 1. The ‘data availability matrix’ for green plant protein sequences from Gen-
Bank (release 132). A set of 130 304 sequences for 14 667 species sequences were
clustered into 61 117 groups of homologous proteins by a combination of BLAST
and single-linkage clustering (using the program Blastclust from the NCBI Blast
toolkit: http://www.ncbi.nlm.nih.gov/BLAST/). A column represents a protein or
protein family; a row represents one of the species in the dataset; and a dot indi-
cates the existence of a sequence for that species and protein. Species are sorted
vertically by their number of sequences; the most-represented species (Arabidop-
sis thaliana) is at the top. Proteins are sorted horizontally by the number of taxa for
which they have been sequenced; the most heavily sequenced gene (rbcL) is on
the right. This figure shows the most heavily sampled corner of the data avail-
ability matrix; the remainder of the matrix is even more sparse.
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Agreement Supertrees: 
Definition

An agreement supertree for a profile P = 
(T1, T2, . . . , Tk) of rooted phylogenetic trees on n 
taxa is a tree S such that 

• the leaf set of S is the union of the leaf sets 
of the trees in P and

• for each i, the restriction of S to the leaf set 
of Ti is Ti itself. 
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Achieving Agreement

• Edge contraction (AST-EC):  Can we 
contract q internal edges from P = 
(T1, T2, . . . , Tk) so that P has an agreement 
supertree? 
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• Edge contraction (AST-EC):  Can we 
contract q internal edges from P = 
(T1, T2, . . . , Tk) so that P has an agreement 
supertree? 
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remove q taxa from P = (T1, T2, . . . , Tk) so 
that P has an agreement supertree? 
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Previous Work: AST-TR
• NP-hard (Jansson et al., 2005, Berry & Nicolas 2007).

• Fixed-parameter tractable in k and q for binary input trees 
(Guillemot & Berry 2010).

• Fixed-parameter intractable when parameterized by only k or q 
(Berry & Nicolas 2007)

• Maximum Agreement Supertree:  Find largest subset of taxa on which 
trees agree (Berry & Nicolas 2007, Jansson et al. 2005, Kao 2007).

- Dual of optimization version of AST-TR.

- Exact algorithms:

• Binary: O(6knk) (Guillemot & Berry 2010, Hoang & Sung 2011).

• Maximum degree d: O((kd)kd+32knk) (Hoang & Sung 2011).
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Reduction from Multicut:

Multicut

Input:  G = (V, E), R ⊆ V × V, and integer q.

Question:  Does there exist S ⊆ E, with |S| ≤ 
q s.t. for every uv ∈ R, u and v are in different 
components of G \ S?

AST-EC is NP-complete
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Reduction from 
Multicut

Given G = (V, E), R ⊆ V × V, and q, build an 
instance (P, q) of AST-EC, with two kinds of 
trees:

u v x(i) For every uv ∈ E:

u v x
(ii) For every uv ∈ R:

Claim.  G has a cut of size ≤ q, iff (P, q) has a 
“yes” answer
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Editing and 
Obstructions

• Π is some property

- E.g., agreement.

• Decision problem: Does P satisfy Π?

• Typically, Π is too restrictive to be satisfied by 
most instances.

• Approach:  Edit P to make it satisfy Π.

- E.g., contract edges, delete taxa.
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Editing and 
Obstructions

• Editing problem: Is there a small (size 
≤ q) piece Y of P that can be “deleted” so 
that P\Y satisfies Π? 

• Small obstruction property:  If P 
does not satisfy Π, there is a small subset of 
X of P that also fails to satisfy Π.

- X is an obstruction for Π.
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GenericEdit(P,q):

if P satisfies Π then return “yes”

if q == 0 then return “no”

find an obstruction X

if ∃ e ∈ X s.t. GenericEdit(P\e,q−1) == “yes” then
return “yes”

return “no”
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GenericEdit(P,q):

if P satisfies Π then return “yes”

if q == 0 then return “no”

find an obstruction X

if ∃ e ∈ X s.t. GenericEdit(P\e,q−1) == “yes” then
return “yes”

return “no”

Fact.  If Π can 
be decided in 
nO(1)kO(1) time & 
|X| ≤ ck, then 
GenericEdit runs 
in time 
(ck)q·nO(1)kO(1).
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Strategy
1. Prove that AST-EC and AST-TR satisfy the small 

obstruction property:
If P = (T1, T2, . . . , Tk) has no agreement 
supertree, there is a “subset” X of P of size ≤ 
2k, such that P restricted to X has no 
agreement supertree either.
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Strategy
1. Prove that AST-EC and AST-TR satisfy the small 

obstruction property:
If P = (T1, T2, . . . , Tk) has no agreement 
supertree, there is a “subset” X of P of size ≤ 
2k, such that P restricted to X has no 
agreement supertree either.

2. Give a O(kn2) time algorithm to find an 
obstruction.

3. Use GenericEdit to get O((2k)qkn2) algorithm.
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Obstructions to 
Agreement
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Positions & Agreement

• Lemma.  P has an agreement supertree iff there 
is an agreement supertree for every position π.

• Algorithm (sketch):

- Initially π is the root position.

- If G decomposes nicely, find a successor position 
for each part of the decomposition and recurse.

- If G does not decompose nicely, π encapsulates 
the taxa on which the trees disagree.
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Nice Sets & Successors

• Y ⊆ V is nice if, for each i ∈ [k], Y contains either 
zero, one, or all the elements of Vi.

• The successor of π = (π[1], . . . , π[k]) w.r.t. a nice 
set Y is the vector πY = (πY[1], . . . , πY[k]) where

- πY[i] = ⊥ if  Vi ∩ Y = ∅

- πY[i] = p if Vi ∩ Y = {p}

- πY[i] = π[i] if | Vi ∩ Y| ≥ 2
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Nice Partitions
• Partition R of  V is nice if every set of R is nice, and, for every 

{A, B} ⊆ R, A and B are disconnected. 

• Lemma.   The following are equivalent:

- ∃ an agreement supertree for π.

- ∃ a nice partition R of G where |R| ≥ 2, and, for every Y ∈ 
R, πY has an agreement supertree.

• Partition R is finer than partition Q, denoted R ≤ Q, iff, for 
every C ∈ R, ∃ D ∈ Q s. t. C ⊆ D. 

• Lemma.  The ordering of all nice partitions of G under ≤ 
has a unique minimal element.
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Obstructions
• π is an obstructing position if there exists X ⊆ V s.t. 

- |X ∩ Vi| = 2 for each i, and 

- there is a set F ⊆ E s. t.: 

• |F| ≤ 2|K|−1; 

• for each v ∈ X, ∃ e ∈ F s. t. v ∈ e; and 

• the minimum nice partition of the subgraph of G 
induced by F is a singleton.

• X is an obstruction set for π.
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Algorithms

• An obstruction set X can be found in O(kn2) time.

• For AST-EC, can show that at least one edge {v, 
parent(v)} with v ∈ X must be contracted to 
achieve agreement. 

- At most 2k edges must be considered.

• For AST-TR, can use X to obtain a conflict set of 
at most 2k − 1 taxa. 

• Solve AST-EC and AST-TR using GenericEdit.
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Summary

• AST-EC and AST-TR are fixed-parameter 
tractable in k and p.

- O((2k)p kn2)-time algorithms.

• Bounds of 2k and 2k − 1 on the respective 
sizes of the obstruction sets for AST-EC 
and AST-TR 

• Both bounds are tight.
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Open Problems

• NP-hardness proof for AST-EC is by 
reduction from Multicut. 

- Multicut is fixed-parameter tractable 
(Marx & Razgon 2011),

- Is AST-EC fixed-parameter tractable in p 
only? 

• Are AST-EC and/or AST-TR fixed-parameter 
tractable for unrooted trees?

Thursday, July 5, 2012



Funding

• CCF-106029

• DEB-0829674

Thursday, July 5, 2012



Thank you!

Thursday, July 5, 2012


