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Abstract

Currently, 1000 whole human genomes are being sequenced. It is becoming exceedingly
difficult to extract critical information from such extensive population-level genomic data
reliably to solve pressing biomedical problems. Several approximate methods are being
used without sound statistical justification to extract information from such complex data.
This project aims to develop novel theoretically justified approximate methods for robust
population-level genomic inference.
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5A. ABSTRACT OF RESEARCH PROPOSAL

The 1000 Genomes project1 is yielding massive amounts of data that document genetic di-
versity within human populations. Such population-level genomic data carry vital information
about the genetic basis of disease, the history of the population and the evolutionary process
itself. The sheer volume and complex nature of these data makes it exceedingly difficult to ex-
tract critical information to solve pressing biomedical problems. A new and fast likelihood-free
inference algorithm, known as Approximate Bayesian Computation2–6, has recently gained pop-
ularity to bridge the ever-widening gap between massive data and the computational capability
to analyse it. Such approximate estimators use simulations of sample datasets from the model
to extract partial information about the parameters from various summary statistics of the
data, without making explicit use of the likelihood function. These methods have been proven
to perform well for simple additive models.7 But population genomic models such as the coales-
cent8 (a parametric family of Markov processes with a combinatorially dependent unobserved
space of ancestral histories) are far more complex. Whether the summary statistics used by the
algorithm for such genomic data are approximately sufficient (i.e. contain enough information
about the parameters) for reliable inference is not known. Furthermore, the performance mea-
sures of these estimators for genomic data are assessed exclusively by simulations. Therefore,
sound statistical justification of these likelihood-free approximate estimators for population
genomic inference is urgently needed.

Recent analytic work by PI Sainudiin and AI Thornton9 has produced the first counter-
examples that demonstrate the statistical inconsistency of several likelihood-free approximate
estimators. These estimators rely on linear combinations of a popular summary statistic called
the site frequency spectrum (SFS). To address these issues, the investigators exhaustively in-
tegrated the appropriate resolution of the unobserved space of ancestral histories, conditioned
on the summary statistics, using the theory of lumped10, controlled11 and coalescent8 Markov
chains, and algebraic statistical Markov bases.12 This novel approach is an improvement on
existing approximate estimators, as it is proven to be approximately sufficient and significantly
increases the power of classical genome scans. Currently, this exhaustive method works for sam-
ples of size 10 or less for simple models of ancestral histories. The goal of the proposed research
is to advance this novel approximate estimator to (1) large sample sizes, (2) more realistic
models (3) statistics that are more informative than the SFS and (4) real data analysis.

(1) We will forge sequential importance samplers developed by AI Del Moral13 (a class of
evolutionary algorithms based on genealogical and interacting particle systems14) through a
new refining family of lumped controlled coalescents9 in order to analyse large samples of size
1000. Our basic strategy is to find an increasingly informative family of observed statistics
for which the likelihood depends on a corresponding family of unobserved statistics described
by lumped Markov chains of the coalescent. This will allow us to propagate the information
from the coarsest to the finest statistic via interacting particle systems in the parameter space,
coupled with elements from the appropriate lumped resolution of the unobserved space. (2)
We will extend our samplers to test hypotheses under AI Veber’s more realistic model15 that
incorporates a continuous spatial structure into the coalescent process. We will do this by
generalising the underlying binary coalescent to Λ-coalescent16 (which allows for more than
two lineages to coalesce) and then producing the lumped Markov chains needed for importance
sampling over the sequence of SFS statistics. (3) We will also consistently extract more in-
formation in the data than that provided by the SFS and thereby develop an urgently needed
theory of approximately sufficient samplers. (4) Finally, we will apply our methods to infer the
demography and structure of two fruit fly species from high resolution whole-genome data from
AI Thornton’s laboratory and to the 1000 human genomes currently available at low resolution.

The expertise of the investigators in statistical genetics,9 evolutionary algorithms,13;14 co-
alescent processes15 and molecular population genomics17–19 is ideally suited to address these
research goals and will strengthen approximate methods for population genomic inference.
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