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Trees describe patterns of ancestry through
time

We understand sequence data
using trees.

Definition: A phylogeny is a
(rooted, binary) tree in which
tips correspond to organisms
and other nodes correspond
to common ancestors.
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We have sequences
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Transmission tree

Definition: A transmission
tree is a tree in which
nodes are people and
edges (directed)
correspond to infection
events.

Edges may be associated
with times of infection.

TransPhylo: Use phylogeny to understand transmission
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Why do we care about transmission trees?

▶ We care how pathogens evolve. Pathogens’ descendants occur
on transmission trees

▶ We care how pathogens spread. Transmission trees give us
information:
▶ where is transmission happening?
▶ who is infecting whom (schools? hospitals? young? old?)
▶ how soon is transmission happening (after infection)?
▶ what are we going to do about it?
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Example: transmission tree and phylogeny

A infects B and C
Phylogeny
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Purpose of TransPhylo

▶ TransPhylo is a software package that uses phylogenetic trees
from pathogen sequences to infer transmission trees.

▶ We designed it to to infer who infected whom and when in an
outbreak scenario where only partial data is available.

▶ Phylogenetic trees show how different pathogen samples are
related to each other, but they don’t directly show who
infected whom.

▶ In our phylogenetic trees, a pathogen sample from an
individual is represented as a tip, and the interior nodes
represent common ancestors of the samples.

▶ In contrast, a transmission tree explicitly shows the paths of
infection between individuals. Each node in a transmission
tree represents an infected individual, and the branches
represent transmission events from one individual to another.
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Overview of TransPhylo

TransPhylo seeks to infer a posterior collection of transmission
trees, given a timed phylogenetic tree, which includes the times
when each (sampled) individual was sampled.

It uses a probabilistic model that accounts for within-host diversity
in a coalescent model (which describes the relatedness among
different pathogen lineages within a host), transmission, and
sampling.

TransPhylo accounts for these facts:

▶ hosts can have diverse pathogen populations in them

▶ not all cases are sampled

▶ we know something about the generation time and times to
sampling; these are informative about who infected whom
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Overview of TransPhylo, continued

TransPhylo uses a Monte Carlo Markov Chain (MCMC) method to
sample from the posterior distribution of transmission trees, given
the phylogenetic tree and sampling times.

This allows it to infer a collection of transmission trees consistent
with the data, which means we can capture the uncertainty
associated with the inference.

Spoiler: even with genomic data at hand, there is a lot of
uncertainty about who infected whom!
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How it works: colour the phylogeny

Lineage: section of a branch
of a tree.

Reasonable constraints:

▶ Hosts can have more
than one lineage at a
time

▶ Each lineage can only be
in one host at each time

▶ Lineages change hosts at
transmission events.

Colour: which host a lineage is in

Each admissable colouring corresponds to a transmission tree.
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What is an admissible colouring?

▶ Each host has a colour

▶ Not all hosts have to be
sampled

▶ Each lineage is in one host at
each time (one colour)

▶ Colours can’t be broken up
(each colour must be
continuous on the tree)

Admissible colouring:
Each tip has its own colour; colour doesn’t extend after the tip
recovers; colours are connected
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A valid colouring for a TB outbreak in
Kelowna, BC

1990 1995 2000 2005 2010 2015

K35:bwa:895

K38:bwa:1891

K04:bwa:1164

NewK:JLi:2749

K05:bwa:1114

K22:bwa:1059

K33:bwa:1025

K19:bwa:1073

NewK:WTa:2221

K10:bwa:1157

NewK:JBe:2489

K02:bwa:878

K21:bwa:1417

K25:bwa:1787

NewK:RLa:2113
NewK:ARe:2743

NewK:KAn:2268

K16:bwa:1104

K18:bwa:1741

NewK:RMe:2541

K03:bwa:1647

K01:bwa:1346

K29:bwa:911

K20:bwa:1178

K34:bwa:1434
K14:bwa:1626

K36:bwa:1866

NewK:ATu:1902

K24:bwa:1761

K31:bwa:1598

K11:bwa:1696

NewK:AMa:2452

K27:bwa:1367

K15:bwa:1542

K40:bwa:1908

NewK:RYo:2608

K37:bwa:1871

K17:bwa:1503

K06:bwa:1332

NewK:SSm:2600

K30:bwa:1086

NewK:DFa:2217

K39:bwa:1899

NewK:ADy:2580

NewK:GNo:2270

K28:bwa:1599

NewK:DLo:2358

K32:bwa:1766

Caroline Colijn Genomics to transmission 12 / 51



How does the phylogeny constrain
transmission?

There are constraints!

▶ If B infected A, B must have
infected C

▶ If A infects B early, then B infected
C

▶ If C infected A, then C infected B

Phylogeny
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Bayesian approach
TransPhylo is a two-stage approach. Stage A – make a timed
phylogeny. Stage B – do the following:

1. Make a timed phylogenetic tree (later, use many of them), G

2. Layer transmission events (transmission tree T ) on top of it

3. Epi denotes the parameters of the epidemic model

4. Neg : coalescent parameter

Bayes’ theorem gives us (with L = likelihood)

L(Epi ,Neg ,T |G ) ∝ L(G |Epi ,Neg ,T )L(Epi ,Neg ,T )

= L(G |Neg ,T )L(T |Epi)L(Epi)L(Neg)

In words: the transmission tree chops up the phylogeny into little
bits, giving L(G |Neg ,T ). The transmission’s likelihood depends on
the epidemiology.
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We use the colouring to compute the
likelihood

Transmission

▶ Epi : epidemiological parameters defining the transmission
process

▶ T : transmission tree – who infected whom, and when

▶ Colour changes are transmission events – these define T

▶ Likelihood: from a branching process model

Phylogenies

▶ G : the phylogeny (fixed input from data)

▶ Transmissions break G into independent gi , one for each host

▶ We use a coalescent model for gi ; coalescent effective
population size is Neg
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Derivation of the decomposition

Recall conditional probability:
P(A,B) = P(A|B)P(B) = P(B|A)P(A)

L(Epi ,Neg ,T |G ) = L(Epi ,T ,G |Neg)L(Neg)/L(G )

∝ L(Epi ,T ,G |Neg)L(Neg)

= L(T ,G |Neg ,Epi)L(Epi)L(Neg)

∝ L(G |T ,Neg ,Epi)L(T |Neg ,Epi)L(Epi)L(Neg)

G is independent of Epi if you know T . T is independent of Neg
if you know Epi . Last two terms are priors. We have:

L(Epi ,Neg ,T |G ) ∝ L(T |Epi)L(G |Neg ,T )Pr(Epi)Pr(Neg)
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The likelihood has two parts: transmission
tree; little mini-phylogenies

L(Epi ,Neg ,T |G ) ∝ L(T |Epi)L(G |Neg ,T )Pr(Epi)Pr(Neg)

L(Transmissions given epi parameters):

▶ Epidemic model for the system: latency, time to infection,
time to sampling

▶ Finite time due to study end (or the present): this modifies
the distribution secondary cases depending on infection time
and the sampling probability

L(Phylogeny|Transmission events, coalescent parameter) :

▶ Each colour is independent: many little trees

▶ Coalescent for each one
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The epidemiological model (“Epi”) - 1: how
many secondary infections?

▶ We use a negative binomial (r , ρ) distribution for the number
of secondary cases

▶ The probability of k offspring is p(k) =
(k+r−1

r−1

)
ρk(1− ρ)r
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Time to infect others

▶ The generation time density is fg (τ) where fg (0) = 0 and τ is
the time since infection
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Sampling

▶ The probability of sampling someone infected at time t is
ps(t) = ps

∫ T
t fs(τ − t)dτ =

∫ T−t
0 fs(τ)dτ.

▶ The study ends at time T ; after that no one is sampled.
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Probabilities for unknown unknowns

Let p0(t) be the probability of being unsampled and having all
descendants unsampled, having been infected at time t. Suppose
the outbreak started a very long time ago (t → −∞), and
p0(−∞) = p∗o . Then p∗0 should solve this equation :

p∗0 = (1− ps)
∞∑
k=0

p(k)p∗k0

In words: for you to be unsampled and have no sampled
descendants:

1. you have to be unsampled: probability (1− ps)

2. maybe you had k descendants. They all have to be unsampled
(with no sampled descendants) too
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What about when the outbreak was NOT a
very long time ago?

In order to be unsampled and have no sampled descendants:

▶ You need to be unsampled: probability 1− ps(t)

▶ All of your k descendants also need to be unsampled with no
sampled descendants.

▶ But we don’t know when you infected them! Now it matters,
because if you infected them yesterday and the study ends
today, they will not have been sampled. This impacts p0(t).

▶ We integrate out the uncertain time of infection of the
secondary cases. Say the infection was at time τj

▶ The probability of this is fg (τj − t), AND this new infectee
has to be unsampled with no sampled descendants

▶ So there is is a term for each descendant:∫∞
t fg (τj − t)p0(τj)dτj instead of p∗0
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Probability of no descendants: finite time

Integrating out unknown times, we have

p0(t) = (1− ps(t))
∞∑
k=0

p(k)
k∏

j=1

[∫ ∞

t
fg (τj − t)p0(τj)dτj

]
(1)

Let the term in square brackets be p̄0(t). There are k of these, and
they are all the same. We have

p0(t) = (1− ps(t))
∞∑
k=0

p(k)

[∫ ∞

t
fg (τj − t)p0(τj)dτj

]k
= (1− ps(t))

∞∑
k=0

p(k)p̄0(t)
k (2)
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Use generating function

▶ Generating functions are sums just like this.

▶ Definition: g(s) =
∑∞

k=0 p(k)s
k .

▶ We know a LOT about generating functions, including the
form of g(s) for common distributions like the negative
binomial

▶ Negative binomial: g(s) =
(

1−ρ
1−ρs

)r

The previous slide’s equation becomes the integral equation

p0(t) = (1− ps(t))

(
1− ρ

1− ρp̄0(t)

)r

.

We solve it with the trapezoid method and the assumption
fg (0) = 0.
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Probability p(d0) sampled descendants

So we know the probability of having no sampled descendants, if
infected at time t.

Now we condition on the total number of descendants; choose d0
of them who are sampled.

p(d0, t) =
∞∑

k=d0

(
k

d0

)
pk p̄0(t)

k−d0ps(d0)

which we can compute (typically d0 is small and higher k terms
vanish quickly in k).
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Transmission likelihood: components

Now we can build the likelihood for the transmission tree.

For each case i , we use:

▶ Was i sampled? likelihood depends on end time T and time
of infection ti

▶ If not, i contributes a 1− π (π is the overall sampling
probability)

▶ If so, use likelihood for the time of sampling for case i

▶ How many sampled infectees did i have? Use the probability
that i had d0 sampled descendants, ie p(d0, t)

▶ What times did i have these descendants? Use
∏d0

j=1

(likelihood for the time that i had the j ’th descendant)
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Transmission likelihood

Let host i have: si = 0, 1 if unsampled, sampled. The times t iinf
and tsi are times of infection, sampling. Then:

L(T |Epi) =
n∏

i=1

(1− π)1−si (πfs(t
s
i − t iinf))

sip(d i
0, t

i
inf)

d i
0∏

j=1

fg (t
j
inf − t iinf)

For each case i :

▶ Was i sampled? likelihood depends on end time T and time
of infection ti

▶ If so, use likelihood for time of sampling for case i

▶ probability (i had d0 sampled descendants, ie p(d0, t))

▶
∏d0

j=1 (likelihood for the time that i had the j ’th descendant)
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Put it all together

Start with a phylogenetic tree (units of time) and info for the
epidemiological model.

1. Propose a colouring: who infected whom, and when

2. Compute its likelihood L(Trans|Epi) using the epidemiology
model
▶ This uses data on how long between infection and sampling,

natural history, sampling fraction, basic reproductive number

3. Compute the likelihood for the mini-trees inside each host
(coalescent model)

4. Accept or reject the proposal

5. Continue (MCMC)

At the end you have a posterior collection of who infected whom
and when transmission trees.
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All together: sequences to transmission

This approach takes in a fixed phylogenetic tree and priors, and
produces:

- coloured phylogenetic trees

- transmission trees: who infected whom, and when useful!

- how long between infection and infecting others useful!

- how long between infection and sampling useful!

- placement of missing cases useful!

Didelot, Fraser, Gardy, Colijn MBE 2017

TransPhylo:

https://github.com/xavierdidelot/TransPhylo
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What data does TransPhylo need?

▶ A timed phylogenetic tree (or a posterior collection of them)

▶ Sampling dates for the tips (ie the isolates)

▶ A prior for the time between getting infected and infecting
someone else

▶ A prior for the time between getting infected and getting
sampled

▶ A prior for the overall probability of being sampled eventually

▶ The time when sampling stopped. Finite time makes a
difference! (censoring)
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What does TransPhylo produce?

Formally, TransPhylo estimates 3 key parameters: the mean of the
offspring distribution (R0, in epidemiology), the in-host effective
population size, and the sampling fraction.

In practice, we use the posterior
collection of

▶ who infected whom?

▶ generation times

▶ times between infection and
sampling

▶ unsampled cases and their
locations in the phylogeny
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Performance

Didelot et al, MBE, 2017: Genomic Infectious Disease Epidemiology in

Partially Sampled and Ongoing Outbreaks
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A 13-year TB outbreak in Hamburg

▶ Outbreak of 86 tuberculosis cases over 13 years. Roetzer et al
2013.

▶ Active case finding among contacts of cases

▶ Cases also identified for reasons other than TB infection

▶ Generation time and sampling time priors reflect uncertainty
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Time to infection, time to sampling, number
unsampled

Cases infected someone within 2 years (80%) among transmitting
cases. 75% sampled in 2 years.
It is likely that some cases were unsampled.

Prior in blue
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One transmission tree to summarise them all

width: posterior prob. length: SNP distance. colour: time of infection.

grey: unsampled. square: smear-positive
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SNP distances between inferred transmission
pairs
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When and where was each case infected?

TransPhylo combines the priors for generation and sampling time,
plus the genetic data, to give posterior times of infection for each
case.

Data:

▶ Cluster of closely-related cases in Norway

▶ Cases occur among people immigrating to Norway

▶ It is often assumed that they were infected before arriving

▶ But genomic data show signs of recent transmission

We compared time of arrival to posterior time of infection for 13
closely-related cases
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Posterior transmission tree example
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Infected in Norway or not?

Red: Posterior time of infection. Blue: arrival in Norway.

Some cases were very likely infected in Norway.

Ayabina et al, Microb. Genom.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6249437/
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Strengths of this approach

▶ Each transmission tree is consistent with the phylogeny

▶ In-host diversity is allowed, and accounted for
▶ Other approaches limit the possible transmission trees:

▶ pairwise methods do not limit things enough
▶ methods that assume that branching events in the phylogeny

are the same as transmission events limit things too much

▶ Good treatment of the sampling process

▶ Flexible epidemiological model
▶ Even if there is a lot of uncertainty in who infected whom,

useful quantities can be extracted:
▶ Timing of transmission
▶ Areas of the phylogeny with many unsampled cases
▶ Who is a “plausible transmitter”? (e.g. infects someone in

> 50% of the posterior samples?
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Limitations and extensions

▶ The two-stage process: timed phylogeny first, then layer
transmission on top of it
▶ Work by Yuanwei Xu: use many phylogenies, not just one. See

Xu et al, PLOS Medicine 2019
▶ But is that really better than say outbreaker?

▶ Challenging to bring in additional data, due to the way we
treat unsampled cases
▶ Extension: use priors on the transmission tree
▶ Extension: connect posterior transmission trees to extra data

for patients
▶ For example, what could predict whether someone is a

“credible infector”?
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A few more limitations

▶ Does not handle multiple infections, reinfection. Each host is
assumed to be infected precisely once.

▶ Assumes that a single pathogen infects each person
(bottleneck of 1)

▶ Does not infer phylogeny and transmission simultaneously
▶ BEASTLIER (Matthew Hall) does, similar model, but no

unsampled cases
▶ SCOTTI (Nicola de Maio) does, but unsampled cases are more

like an environmental reservoir, convergence issues, hard to use
▶ phybreak (Klinkenberg) does, but no unsampled cases. All in R

and easy to use.
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Applications: Moldova TB
▶ Prospective, genomic analysis conducted on all

culture-positive TB cases in the Republic of Moldova in 2018
and 2019.

▶ Phylogenetic methods: identify putative transmission clusters.
▶ Spatial and demographic data: describe local transmission of

tuberculosis.
▶ 2,236 participants: 779 (36%) had MDR-TB.

▶ 50% of those with MDR-TB had never been treated previously
for TB.

▶ 92% of multidrug-resistant M. tuberculosis strains belonged to
putative transmission clusters.

▶ Phylogenetic reconstruction identified three large clades,
comprised nearly uniformly of MDR-TB.

▶ Spatial and temporal proximity between pairs of cases within a
cluster are associated with greater genomic similarity.

▶ BUT: Only two years of sampling – short for TB. Limits
transmission analysis.
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Moldova summary

▶ We reconstructed transmission networks in the 35 broad
clusters using the multitree TransPhylo approach and inferred
194 person–person transmission events.

▶ Short study period: limited opportunities to capture
transmission chains and pairs. 338/1000 clustered isolates
were predicted to be involved in transmission events in at
least half the posterior transmission trees.

▶ But this supports recent, local transmission between sampled
individuals in the region.

▶ No significant factors were associated with inclusion in these
person-to-person transmission events compared to other
clustered person-to-person pairs.

▶ Some evidence for an increased likelihood of transmission
linkage between hosts in the Transnistria region compared to
the rest of Moldova (OR 1.42, P = 0.02).
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Application: resistance and transmission in
TB in South Africa
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Brief overview

▶ What’s the role of compensatory mutations in TB
transmission?
▶ Compensatory mutations: mutations that compensate for a

fitness cost that comes with resistance-conferring mutations

▶ Genomic epidemiology study: 2161 people w multi-drug
resistance or rifampicin mono-resistance. 1168 sequences.

▶ Time period Jan 2008- Dec 2017

▶ Compensatory mutations were associated with smear-positive
pulmonary disease, and a higher number of resistance
mutations

▶ They used TransPhylo to reconstruct transmission.

▶ They looked at factors associated with being a (plausible)
transmitter
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Transmission analysis in the South Africa
paper (Goig et al)

▶ TransPhylo, separately for each cluster, defined with time to
MRCA <= 15 years; 1M iterations. Used 5000 transmission
trees from the last half of the MCMC.

▶ Transmitter: inferred to have infected at least one other in at
least half of the posterior transmission trees.

▶ Due to right truncation, cannot use most recent data: biased.

▶ 182 of 838 individuals pre-2016 were identified as
“transmitters”
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Factors associated with transmitting
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Thank you. Questions?

▶ Yuanwei Xu (Birmingham) (multi-tree version)
▶ Xavier Didelot (Warwick)
▶ Christophe Fraser (Oxford)
▶ Jennifer Gardy (now at Gates)
▶ Vegard Eldholm (Norway)
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