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Abstract

Summary: We have developed an efficient program, the Perfect Phylogeny Haplotyper
(PPH), that takes in unphased population genotype data, and determines if that data can be
explained by haplotype pairs that could have evolved on a perfect phylogeny. Availability:
Executable code for four common platforms is available at: wwwecsif.cs.ucdavis.edu/~gusfield
Contact gusfield@cs.ucdavis.edu

1 Introduction

Programs for inferring haplotype pairs from population genotype data are needed in many haplo-
typing efforts and will be increasingly valuable in combination with the proposed NIH Haplotype
Mapping Project. Successful haplotype inferral by computer requires a genetic model of haplotypes
in a population. The perfect phylogeny model i1s a strong model that is justified by recent molec-
ular observations. Program PPH determines whether unphased genotypes in a population can be
explained by haplotype pairs that fit the perfect phylogeny model.

In diploid organisms (such as humans) there are two (not completely identical) “copies” of each
chromosome, and hence of each region of interest. A description of the data from a single copy is
called a haplotype, while a description of the conflated (mixed) data on the two copies is called a
genotype. In complex diseases (those affected by more than a single gene) it is often much more
informative to know the haplotypes (identifying a set of gene alleles inherited together) than to only
know the genotypes. However, it 1s expensive or technically difficult to examine the two copies of
a chromosome separately, and so genotypes rather than haplotypes are obtained. Then one tries to
computationally infer the haplotypes from the genotypes. That goal would be impossible without
the implicit or explicit use of some genetic model, either to assess the biological fidelity of any
proposed solution, or to guide the algorithm in constructing a solution. In [6], we considered the
genetic model where the inferred haplotypes are required to fit a perfect phylogeny, defined below.

Genotype data is represented as an n by m 0-1-2 (ternary) matrix G. Each row is a genotype.
A pair of binary vectors of length m (haplotypes) explain a row i of G if for every position ¢ both
entries in the haplotypes are 0 (or 1) if and only if G(i,¢) is 0 (or 1) respectively, and exactly one
entry is 1 and one is 0 if and only if G(i,¢) = 2.

Let M be an 2n by m 0-1 (binary) matrix, and let V' be an m-entry binary matrix. A perfect
phylogeny for M and V is a rooted tree T with exactly 2n leaves, where each leaf is labeled by one
of the rows of M, and each row labels one leaf. Each column labels exactly one edge of T'. For any
row %, the labels on the edges on the path from the root of T to the leaf labeled i, specify exactly
those positions where an entry in row ¢ differs from the corresponding entry in V. Hence, that path,
along with V| is a representation of row ¢, and 7" with V is a compact representation of M. Tree T is
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a possible explanation for the evolution of the rows of M, under the assumption that each mutation
(change from 0 to 1 in a position) happens exactly once. The justification for the perfect phylogeny
model is based on recent observations of little or no recombination in long segments of DNA (3, 8, 4],
and the standard infinite-sites assumption of population genetics. See [9, 6] for a more complete
justification of this model.

There 1s also a version of perfect phylogeny where no vector V is specified. Then, a binary matrix
M is said to have a perfect phylogeny if there exists a V such that there 1s a perfect phylogeny for
M and V.

Finally, the Perfect Phylogeny Haplotype (PPH) Problem is: Given an n by m ternary matrix of
genotypes (G, produce a 2n by m binary matrix M and a vector V, so that: 1) for each row 7 of G,
rows 2¢ — 1 and 2¢ of M are haplotypes that explain genotype ¢ and 2) there is a perfect phylogeny
for M and V.

The solution to the PPH problem given in [6] is based on reducing it to a
well-studied problem in graph theory, called the Graph Realization Problem. See
wwwesif.cs.ucdavis.edu/ ~gusfield /recomberrata.pdf for a simpler reduction that also fixes a small
problem in the paper. Program PPH implements the details of that reduction. After reducing a
problem instance, the PPH program solves the graph realization instance and translates the solu-
tion back to the PPH problem. There are several efficient solutions known to the graph realization
problem. The method in [2] runs in O(nma(nm)) time, where « is the inverse-Ackerman function,
which grows so slowly that it is taken to be a constant term. Several other methods, which are
simpler to program, solve the graph realization problem in O(n?m) time or O(nm?) time. In the
program PPH, we have used one of the later methods, by Gavril and Tamari [5], which is a variant
of Tutte’s classic algorithm for graph realization [10].

The PPH program solves three variants of the PPH problem: when V is explicitly specified,
when no V' is given; and when V is assumed to be the all-0 vector. The package is mostly written
in C++, but relies on some procedures in Perl. Hence a Perl interpreter is needed, even when
running the compiled C++ code. The reduction phase of the PPH program takes O(nm) time, and
so the program has a theoretical worst case running time of O(nm?). In addition to the proof of
correctness of the algorithm, we tested the program using haplotype data generated by an early
version of R. Hudson’s program ms [7]. Pairs of haplotypes generated by Hudson’s program were
randomly paired in order to create genotype data. The program was tested on tens of thousands
of examples and proved correct in all cases. The program verifies that the haplotypes generated
explain the genotypes, and it also outputs the corresponding perfect phylogeny in New Hampshire
tree format. The program also determines whether the solution is unique or whether there is a
different solution to the same genotype data.

For genotype data with 100 individuals (n) and 100 sites (m), the program typically solves the
problem in under one second on a Powerbook G4 computer. Since the PPH program reduces the
PPH problem to a problem of graph realization, we separated the code into several procedures, one
for the reduction (about one thousand lines of C++), and one to solve the general graph realization
problem with arbitrary input (about four thousand lines of C++). Hence this package is useful not
only for solving PPH problem but for other applications of graph realization.

In [6], we also show how to represent all the solutions to the PPH problem when the solution is not
unique. That algorithm takes linear time once a first solution is known. We have not implemented
that algorithm in the PPH package, but that functionality should be available shortly through a
different algorithm which is presently being implemented [1].

Compiled versions for Sun Solaris, Red Hat Linux 7.1, MS Windows 2000, and MAC Powerbook
G4 are available at: wwwesif.cs.ucdavis.edu/~gusfield
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