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The goal of the proposed project is to develop new computational methods necessary for successful
design and analysis of whole-genome single-cell sequencing experiments focusing on somatic cell lin-
eage trees. Recent advances in sequencing technology have made it possible to sequence genomes of
individual cells. Single-cell sequencing provides an opportunity to survey the genomic heterogeneity
of cells within an organism, both in healthy development and in cancer. Most cell divisions introduce
mutations as a result of errors during DNA replication [7]. Consequently, the history of cell divisions
in the organism is encoded in the genomes of individual cells. While in principle this history can
be reconstructed with high accuracy by phylogenetic methods [3], many open questions regarding
experimental design and data analysis remain.

Cell lineage trees (CLTs) are becoming an important tool in developmental biology and cancer
research. For example, Navin et al. built trees for several breast tumours to investigate the relation-
ships between metastatic and primary tumour cells [10], and Shlush et al. studied the dynamics of cell
divisions in relapsed acute myeloid leukemia, concluding that relapse was driven by slowly-dividing
tumour cells [18]. CLTs have also been used to study questions in developmental biology, such as
whether oocytes renew in adulthood [13] and the origin of muscle stem cells [16]. Many studies, in-
cluding several by the Tavaré group [11, 23] have investigated the dynamics of tissue renewal in colon
crypts. Given the falling cost of sequencing and recent progress in cell sorting techniques, single-cell
sequencing is likely to become more widely adopted in the next decade [17].

Early work on CLTs focused on hypervariable regions of the genome such as microsatellites [12]
or polyguanine repeats [14]. Targeted sequencing of these regions provides only limited phylogenetic
signal [2], impeding the applicability of this technology. More recently, whole-genome approaches are
becoming popular, as they provide access to far more mutations that can be used for phylogenetic
reconstruction. Whole-genome sequencing also enables the study of distributions of somatic single-
nucleotide variants (SNVs) across cells, which is particularly important in cancer where many somatic
SNVs are believed to have a functional effect.

CLTs can reveal different mutational signatures and cell division dynamics across organs and life
stages of the organism [1]. These characteristics could offer insights into early development, aging,
and cancer risk. Such studies will greatly benefit from robust methods for building and analyzing
CLTs from whole-genome data.

Whole-genome approaches currently suffer from a number of technical issues. Current variant
callers are optimized for bulk sequencing, decreasing their accuracy when applied to single-cell data.
More worryingly, for heterozygous sites, errors in DNA amplification can lead to only one of the
alleles being sequenced, so that the site now appears homozygous. This phenomenon, known as
allelic dropout, poses a serious challenge to phylogenetic reconstruction from whole genome single-cell
data. At present, researchers lack the computational tools to address these issues.

The goal of the proposed project is to develop dedicated computational methods for reconstruct-
ing and analyzing CLTs from whole-genome single-cell sequencing data. Here, we outline the three
major research themes of the project. First, we plan to develop a method for reconstructing CLTs
from whole genome single-cell sequencing data that explicitly models errors arising in DNA ampli-
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fication and sequencing. Current studies reconstruct CLTs using ad hoc methods based on either
parsimony [10] or Neighbour Joining [22]. These methods use simple optimization criteria that fail
to distinguish between somatic mutations and amplification errors. We believe that more careful
probabilistic modelling of the error process will increase the accuracy of produced trees and make
it easier to assess the statistical significance of the results. Given the low per-cell division mutation
rate within one organism, the distribution of true mutations across cells should be consistent with a
perfect phylogeny, where each variant site harbours exactly one mutation across the evolutionary tree.
This property can be exploited to infer the relative order of mutations even in the presence of errors.
The problem of ordering mutations has received some attention recently [5], but not in the context
of phylogenetic reconstruction. An accurate CLT inference method could shed light on the origin of
organs in early embryonic development and provide insights into the developmental trajectories of
different cell types [16].

Second, we plan to develop methods for inferring cell division dynamics from reconstructed CLTs.
A number of the most basic properties of stem cells, such as the rate of divisions in different organs or
the ratio of symmetric to asymmetric divisions, remain unknown except in well-studied small systems
such as colon crypts. CLTs enable researchers to study cell dynamics within and across different
tissues, offering insight into aging and carcinogenesis. Stem cell dynamics are usually modelled as a
branching process [11, 4], where inference is complicated by the fact that we can only observe a tiny
subsample of the full (vast) tree. We will develop methods for estimating various quantities related
to cell turnover, such as the rate of divisions, mutation rates per cell division, and the frequency of
symmetric vs. asymmetric cell divisions across different organs. These methods will be inspired by
similar modelling approaches to studying diversification patterns in ecology [9]. We will also study
the statistical power of these approaches as a function of the number of cells in the CLT. In addition
to being useful in data analysis, such results would enable experimentalists to better estimate the
number of cells needed to reliably answer different biological questions.

Finally, we will collaborate with experimentalists using the new single-cell sequencing facility
that is currently being deployed at the Sanger Institute and the EBI. The Goldman group at EBI
is involved in a joint project between the Sanger Institute and the EBI which aims to reconstruct
large CLTs from several individuals, both mice and humans. This will provide access to a large
amount of single-cell data, in addition to the already available public data sets. The insights from our
computational analyses will inform future experimental designs at the single-cell facility, and might
lead to the development of improved sequencing protocols and experimental designs for single-cell
projects.

The proposed project will build on the strengths and experience of the collaborating groups. The
Goldman group specializes in developing models and algorithms for phylogenetic inference [6, 15,
21], and has considerable experience in modelling sequencing experiments and library preparation
processes [19, 8]. The Tavaré group at CI has published a number of studies on the evolutionary
dynamics of stem cells [11, 23] and tumour cells [20]. The project will also benefit from the proximity
of various single-cell sequencing projects at the facility, which will provide opportunities for validating
and refining the methods on a variety of data sets.

The fellow will gain experience in the rapidly developing field of single-cell sequencing, as well
as broadening their background in phylogenetic modelling and population genetics. They will also
benefit from close interaction with the experimental groups at the Sanger Institute.
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