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Outline of this lecture:

. The history of phylogenetics in biology and epidemiology
. Inferring transmission from phylogenies

. Phylodynamics with BEAST

. Further applications of phylogenetics — Phylogeography, detecting selection
and identifying associated variants




About me:

Consultant Computational Biologist at Yale University
Honorary Research Fellow at UCL
(Former postdoc at SFU & UBC/BCCDC)

Interest in pathogen transmission, bioinformatics, and mathematical modelling
of infectious disease.

Harnessing whole genome sequence data to better understand transmission
and evolution of pathogens — mainly focus on tuberculosis.
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1. The history of phylogenetics

Early concepts

The concept of a "tree of life" predates Darwin, with
early naturalists like Linnaeus (1707-1778)
classifying species based on physical
characteristics.

Charles Darwin, in "On the Origin of Species" (1859),
proposed the idea of common descent and
branching patterns of evolution, laying the
groundwork for phylogenetics.




1. The history of phylogenetics

Phenetics vs cladistics

Cladistics brought a more rigorous and systematic Lizard  Crocodile
approach to phylogenetics.

Focused on shared derived characteristics
(synapomorphies) to infer evolutionary relationships
rather than classifying organisms based on overall
similarity (phenetics).

Cladistics provides a more accurate reflection of the
organism's evolutionary history by understanding the
evolutionary process.
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1. The history of phylogenetics

Morphology-Based Phylogenetics

Initially, phylogenetic relationships were inferred from
morphological (structural) traits.

With the discovery of DNA structure and the development
of molecular biology, scientists began to use genetic
information to infer evolutionary relationships.

In the 1960s brought the "molecular clock” hypothesis,
which suggested that rates of molecular change could be
used to date evolutionary divergences.
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1. The history of phylogenetics

‘Phylogenomics’

The field has entered the era of ‘phylogenomics’,
where entire genomes are used for phylogenetic
analysis, providing unprecedented detail and
accuracy.

Phylogenomics provides more data points so can
explore evolutionary relationships at a higher
resolution (e.g., transmission pairs or recently
diverged individuals)
Yang et al. 2022




1. The history of phylogenetics

Computer-Aided Phylogenetics

Methods like Maximum Parsimony, Maximum
Likelihood, and Bayesian Inference allow more
complex analysis of large datasets.

From simple distance-based methods such as
Neighbour-joining trees to more complex ML and

Bayesian approaches.

Choice of method depends on factors such as the
complexity of data, evolutionary history of the taxa,
computational power and time.




1. The history of phylogenetics

Phylogenetics in genomic epidemiology

A MIRU-VNTR and Social-Network Analysis B Whole-Genome Sequencing and Social-Network Analysis
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2. Inferring transmission from phylogenies

Transmission inference TB 0 e o1

« We can link phylogenetic trees with
transmission to reconstruct transmission trees

« Transmission trees can tell us:
*  Amongst whom transmission is happening and
direction of transmission events
The location of transmission (hotspots?)
The time between infection and transmission
The extent of recent transmission
If there are superspreader events
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2. Inferring transmission from phylogenies

Transmission inference

Phylogenetic tree # transmission tree in all
instances or it might not be clear who-infected-
Wialelng!

Can use computational approaches to
incorporate epidemiological models and
estimate transmission trees from phylogenies
or sequence data directly.

Hall et al, 2015




2. Inferring transmission from phylogenies

Transmission inference

BEASTLIER BEASTLIER_fixed
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Example software to estimate transmission

networks from phylogenies or genomic data
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Employ different underlying models and
parameters that can result in different

inferred transmission networks
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2. Inferring transmission from phylogenies

TransPhylo

Bayesian method for inferring
transmission events from a timed
phylogeny (e.g., created using BEAST)

Epidemiological parameters including:
»  Generation time distribution
«  Sampling time distribution
»  Sampling density
»  Within-host coalescent rate
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2. Inferring transmission from phylogenies

TransPhylo

Colours the phylogeny by transmission
events

Each new sampled or unsampled case is

given a unique colour and transmission
events illustrated with the star

2005 2006 2007 2008 2009 2010
From Didelot et. al. 2017
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3. Phylodynamics

What is phylodynamics?

Phylodynamics is the study of how
epidemiological and evolutionary processes
act to shape phylogenies

Effective Population Size
Effective Population Size

Ural/clade_1 o5, Beijing/clade_3

Phylodynamic approaches typically involve the
reconstruction of phylogenetic trees, combined
with mathematical models that describe
evolutionary processes and population °

dyn a m i CS Ye Pairwise SNP distance
From Yang et. al. 2022

Effective Population Size
Proportion of strains

Many packages directly in BEAST2 (e.g., MSBD,
Epilnf, BASTA)




3. Phylodynamics

What can phylodynamics tell us about disease?
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These analyses can help us to estimate key GUVID—19?

epidemiological parameters:

® O
RO COMMON FLU ﬁ__» w M izR
[ ) [ )

Transmission rate
f . COVID-19 2-3Ro
Force of infection l

Serial intervals . ﬁ
MEASLES K s
Infer past population demographics to estimate "
how lineages or clades on a tree have grown or From endeavor.moffitt.org
shrunk through time




3. Phylodynamics

|dentify rapidly spreading Mtb strains

Large clades of MDR-TB strains identified in
Moldova on an un-timed phylogeny

MDR-TB concerning as difficult to treat

Previously shown one clade is distributed
throughout the country

But is it spreading rapidly? May be a reason to

be concerned! Yang et al. 2022




3. Phylodynamics
|dentify rapidly spreading Mtb strains

Reconstructed past population dynamics
of 9 clusters of Mtb in Moldova.

Found evidence of recent, rapid expansion
of one MDR-TB cluster - strains contain
multiple novel mutations

Concerning and leads to more questions,
what's driving this expansion (mutations,
behaviour etc.)?
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4. Further applications: Phylogeography

What is phylogeography?

Phylogeography allows us to reconstruct when and
where lineages or clades were present

Estimate the location of the emergence of new
strains or lineages

Track the migration of different strains or the flow
of particular genes or traits

Packages in BEAST2 - BREAK_AWAY, GEO_SPHERE




4. Further applications: Phylogeography

Phylogeography

In which location were past ancestors?

Inferred using phylogenetic trees and the location
data at tips using ancestral state reconstruction

Employs probabilistic models to infer the most

likely states of ancestral nodes, considering:
» the observed character at tips
» the topology of the phylogenetic tree
» evolutionary processes governing the character
evolution




4. Further applications: Phylogeography

Phylogeography

« Lemay et. al. 2020 reconstructed the
location of the emergence of the COVID-19
pandemic

« Also inferred the dates in which there were
first introductions to other regions




4. Further applications: Selection

Testing for sites under selection

Selection refers to the process by which certain
heritable traits become more or less common in a
population over time

This process occurs because individuals with
advantageous traits are more likely to survive and
reproduce

Selection can lead to adaptation and the evolution
of new traits or the fixation of particular mutations




4. Further applications: Selection

Convergent evolution of genomic variants
,— Mammals —|

The independent evolution of mutations or traits in cattiaginous fshes whales

(including sharks)  bony fishes amphibians (including dolphins) non-whales reptiles

distantly related individuals due to selective L
pressures or environmental constraints

In genetics, sites under convergent evolution may
represent instances of positive selection

Mutations that enhance the fitness or adaptability
of organisms to similar conditions




4. Further applications: Selection

Homoplasy

Convergent evolution can cause homoplasies on a
phylogenetic tree

Shared traits or mutations among taxa that do not
accurately reflect their evolutionary relationships

Most methods use parsimony to infer the most likely
ancestral states at internal nodes of the tree

Identify branches where reversals or independent
acquisitions occur, indicating homoplasy

Apomorphy Symplesiomorphy Autapomorphy
Synapomorphy Homoplasy

N4

@ Derived trait
QO Ancestral trait




4. Further applications: Selection

Novel mutations in AMR strains PLOS ONE
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4. Further applications: Association between traits and mutations

Genome Wide Association Studies

GWAS is a test to identify genetic variants that are
associated with a particular trait

This may be mutations that cause antibiotic Liian | oo i

resistance, increase virulence or transmissibility, or '
evolve with host adaptation

Advancements in sequencing technologies and
bioinformatics have significantly enhanced the
ability to conduct GWAS in microbial populations




4. Further applications: Association between traits and mutations

Genome Wide Association Studies

The original p value
GWAS statistically analyzes genetic variants to g P

identify any correlations with specific traits or
diseases

Bonferroni-corrected p value =

Multiple testing correction (such as Bonferroni) is

applied to account for potentially thousands of sites /
being tested The number of tests performed

Also need to account for population structure to
remove the confounding effect of genetic
substructure in the population




4. Further applications: Association between traits and mutations

Genome Wide Association Studies

«  GWAS can be complicated in microbial populations Indirect Association
for the following reasons: RTATTTOO IO TP (T ATITOTT O chromosome

Region of High Linkage
Disequilibrium

Complex population structures, including clonal

lineages, recombination events o Ri; zenotype 4SNP
Linkage disequilibrium, where alleles at different loci SNP

are inherited together due to limited recombination From Bush & Moore, 2012
leading to spurious associations

Causal Inference, traits can be caused by multiple

genes and environmental factors




4. Further applications: Association between traits and mutations

PLOS GENETICS
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The BEAST interactive session

1. Full Bayesian reconstruction of timed phylogenies from sequence data with
BEAST2

2. Phylodynamic analysis with BEAST2

Link to practical: bensobkowiak.github.io/Van ML




