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Motivation for coalescent methods (Activity A) 

Coalescent basics (Activity B) 

Species tree estimation with summary methods (Activity C) 

Evaluation model fit (Activity D — optional / do tomorrow)

Coalescent Lab — Day 1
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Standard molecular sequence evolution models assume all 
genomic regions evolve down same tree!
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Species A

Species B

Species C

Possible gene trees (genealogies)

However, different 
regions of the 

genome 
can have different  

evolutionary 
histories!

Standard molecular sequence evolution models assume all 
genomic regions evolve down same tree!
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Link

https://doi.org/10.1093/sysbio/46.3.523
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Biological Reasons Gene Trees differ from Species Tree

Image credit: Figure 1a from Mirarab, Nakhleh & Warnow, 2021

https://doi.org/10.1146/annurev-ecolsys-012121-095340


Biological Reasons Gene Trees differ from Species Tree

9Image credit: Figure 1a from Mirarab, Nakhleh & Warnow, 2021

https://doi.org/10.1146/annurev-ecolsys-012121-095340


Figure 1: Diagram illustrating the coalescent process and two sources of incongruence between gene-trees and species-
trees: deep coalescence and incomplete lineage sorting. Tree on the left: each dot represents an individual gene copy
and each line connects a gene copy to its ancestor in the previous generation. Starting with a set of individuals in
a first generation, the second generation is created by randomly selecting a parent from the first population; the
third generation is sampled from the second, and so on. During speciation events (T1 and T2), where populations
become separated by a barrier to gene flow, gene copies will only be sampled from within the same population. This
coalescence process, running inside the species tree, has two important consequences. Middle tree: DNA divergence
times may be much older than speciation times, known as deep coalescence. As illustrated, the most recent common
ancestor (MRCA) of two gene copy samples from species A, B and C is much older than the speciation event T1. Right
tree: deep coalescence in combination with incomplete fixation of gene lineages within species lineages (incomplete
lineage sorting) may result in a gene tree and species tree with di↵erent topologies. For example, the gene tree based
on three randomly sampled alleles would wrongly suggest a sister relationship between species A and B. From Leliaert
et al. [2014].

ILS more frequently when branch lengths are short.

2. E↵ective population size: In large populations alleles are more likely to be carried by
large numbers of individuals, so chance events are less likely to wipe out alleles. In small
populations chance events can wipe out entire alleles, resulting in less polymorphism.
So we can expect deep coalescence and ILS more frequently when e↵ective population
sizes are large.

2.2 A note about “species” trees

In this lab and much of the literature, we talk about gene trees nested within “species”
trees. Note that a species tree could more precisely be called a “population” tree, and
that both populations and species have fuzzy boundaries that may change depending on the
organisms and/or the scientists. Regardless of the term you use, the important point is that
the multispecies coalescent explicitly models polymorphic lineages and ILS.

3 Implementing the multispecies coalescent in RevBayes
Today, we’ll apply the multispecies coalescent model to 10 gene alignments from 23 primate
species.

3.1 Loading our sequence data

Start up RevBayes and load our data:

locus_names = ["COIII", "FGA", "GHRmeredith", "lrpprc_169",
"npas3", "sim1", "tex2", "ttr", "zfy", "zic3"]

2

species tree

time

Image credit: Adapted from Fig. 2 in Leliaert et al., 2014

https://doi.org/10.1080/09670262.2014.904524
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Mutli-Species Coalescent Model

Sequence Evolution Model (e.g. GTR)
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(to be discussed in detail)
Image credit: Figure 1b in  
Mirarab, Nakhleh & Warnow, 2021

https://doi.org/10.1146/annurev-ecolsys-012121-095340


But we don’t 
directly observe 
gene trees… 

Mutli-Species Coalescent Model

Sequence Evolution Model (e.g. GTR)
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GTR Model

Image credit: Figure 1b in  
Mirarab, Nakhleh & Warnow, 2021

https://doi.org/10.1146/annurev-ecolsys-012121-095340


Mutli-Species Coalescent Model

Sequence Evolution Model (e.g. GTR)
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But we don’t 
directly observe 
gene trees… 

Image credit: Figure 1b in  
Mirarab, Nakhleh & Warnow, 2021

https://doi.org/10.1146/annurev-ecolsys-012121-095340


The 
Concatenation 
Approach

Step 0.  
Lots of data processing!!!!

Step 1.  
Concatenate alignments.

Step 2.  
Estimate species 
tree under standard 
models that assume 
all regions evolved 
down the same tree 
i.e. they ignore gene 
tree heterogeneity
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Why not just concatenate?

Sample size 
# of i.i.d. data points  

generated under model

Probability 
of returning 
incorrect tree

1

1. Can be positively misleading 
under the MSC model.         
[Roch & Steel, 2015] 

2. Mixed accuracy in simulations 
[Kubatko & Degnan, 2007] 

3. Model misspecification can 
cause impact branch length 
estimation & uncertainty 
quantification [Slides by Kubatko, 2019] 

4. Can be computationally 
expensive

https://doi.org/10.1016/j.tpb.2014.12.005
https://doi.org/10.1080/10635150601146041
https://evomics.org/wp-content/uploads/2019/01/SpeciesTreeEstimation2019.pdf


1. Can be positively misleading 
under the MSC model.         
[Roch & Steel, 2015] 

2. Mixed accuracy in simulations 
[Kubatko & Degnan, 2007] 

3. Model misspecification can 
cause impact branch length 
estimation & uncertainty 
quantification [Slides by Kubatko, 2019] 

4. Can be computationally 
expensive

Sample size 
# of i.i.d. data points  

generated under model

Probability 
of returning 
incorrect tree

1
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Why not just concatenate?

Anomaly Zone most probable gene tree  
disagrees with species tree!!!!

Image credit: Figure 1c in  
Molloy, Gatesy & Springer, 2021

https://doi.org/10.1016/j.tpb.2014.12.005
https://doi.org/10.1080/10635150601146041
https://evomics.org/wp-content/uploads/2019/01/SpeciesTreeEstimation2019.pdf
https://doi.org/10.1093/sysbio/syab086
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Evidence for rapid radiations and ILS in many major clades

Palaeognathae 
[e.g., Cloutier et al.,    

Syst Biol, 2019]

Neoaves 
[e.g., Jarvis et al., 
Science, 2014]

Placental Mammals 
[e.g., McCormack et al., 

Genome Res, 2012]

Green Plants 
[e.g., Leebens-Mack et al., 

Nature, 2019]

Image Credit: Wikipedia

https://doi.org/10.1093/sysbio/syz019
https://doi.org/10.1093/sysbio/syz019
https://doi.org/10.1093/sysbio/syz019
https://doi.org/10.1126/science.1253451
https://doi.org/10.1126/science.1253451
https://doi.org/10.1126/science.1253451
https://doi.org/10.1101/gr.125864.111
https://doi.org/10.1101/gr.125864.111
https://doi.org/10.1101/gr.125864.111
https://doi.org/10.1038/s41586-019-1693-2
https://doi.org/10.1038/s41586-019-1693-2


Activity A

https://github.com/molloy-lab/ck-phylo-workshop
20 minutes

Check if this model 
species tree is in the AZ

https://github.com/molloy-lab/ck-phylo-workshop
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Motivation for coalescent methods (Activity A) 

Coalescent basics (Activity B) 

Species tree estimation with summary methods (Activity C) 

Evaluation model fit (Activity D — optional / do tomorrow)

Coalescent Lab — Day 1



MSC model has the following 
parameters: 

• species tree topology in this 
case “(((C,H),G),O);” 

• branch lengths                    
(# of generations) 

• branch widths            
(effective population size)

C H G O
Image Credit: Tree from James Degnan 28



C H G
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Consider an MSC model species tree 
with 3 taxa. 

It can generate 3 gene tree topologies.

Image Credit: Tree from James Degnan
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C H G

C H G

C G H H G C

Consider an MSC model species tree 
with 3 taxa. 

It can generate 3 gene tree topologies.

Same topology as species tree Different topologies than species tree



C H G
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Consider an MSC model species tree 
with 3 taxa. 

Q: What is probability of “(H,G),C);”?

H G C



C H G
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This gene tree must be generated with the 
following events: 

(1) Lineages h & c enter internal branch and 
FAIL to coalesce on it 

(2) Lineages h, c, & g coalesce enter above 
root “branch” and h & g coalesce first

Consider an MSC model species tree 
with 3 taxa. 

Q: What is probability of “(H,G),C);”?

H G C



C H G
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This gene tree must be generated with the 
following events: 

(1) Lineages h & c enter internal branch and 
FAIL to coalesce on it 

(2) Lineages h, c, & g coalesce enter above 
root “branch” and h & g coalesce first

Consider an MSC model species tree 
with 3 taxa. 

Q: What is probability of “(H,G),C);”?

What is the probability of (1) and (2)?

H G C



Coalescence

2 lineages enter branch & successfully coalesce

34

Consider population size of  per generation. 

Q: What is the probability 2 lineages coalesce 
after 1 generation? 

Q: What about after exactly 2 generations? 

Q: What about after exactly  generations?

2Ne

t



Coalescence

2 lineages enter branch & successfully coalesce

Imagine rolling a die labeled with 
 possible ancestors.  

The first roll produces an ancestor.  

The second roll produces the same 
ancestor with probability .  

This is the probability of coalescence 
after 1 generation!

x = 2Ne

1/x

35

Consider population size of  per generation. 

Q: What is the probability 2 lineages coalesce 
after 1 generation? 

Q: What about after exactly 2 generations? 

Q: What about after exactly  generations?

2Ne

t



Coalescence

2 lineages enter branch & successfully coalesce

36

Consider population size of  per generation. 

Q: What is the probability 2 lineages coalesce 
after 1 generation? 

Q: What about after exactly 2 generations? 

Q: What about after exactly  generations?

2Ne

t



Coalescence

2 lineages enter branch & successfully coalesce

Again, imagine rolling a die labeled with 
 possible ancestors.  

In order for this to occur, we need  
(1) failure to coalesce after 1 gen &  
(2) success after the next generation  

First event has probability:  

Second event has probability:  

Total probability is 

x = 2Ne

1 − 1/x

1/x

(1 − 1/x) ⋅ 1/x

37

Consider population size of  per generation. 

Q: What is the probability 2 lineages coalesce 
after 1 generation? 

Q: What about after exactly 2 generations? 

Q: What about after exactly  generations?

2Ne

t



Coalescence

2 lineages enter branch & successfully coalesce

38

Consider population size of  per generation. 

Q: What is the probability 2 lineages coalesce 
after 1 generation? 

Q: What about after exactly 2 generations? 

Q: What about after exactly  generations?

2Ne

t



Coalescence

2 lineages enter branch & successfully coalesce

Again, imagine rolling a die labeled with 
 possible ancestors.  

In order for this to occur, we need  

(1) failure to coalesce for  gens &  
(2) success after the next generation  

Total probability is 

x = 2Ne

t − 1

(1 − 1/x)t−1 ⋅ 1/x

Consider population size of  per generation. 

Q: What is the probability 2 lineages coalesce 
after 1 generation? 

Q: What about after exactly 2 generations? 

Q: What about after exactly  generations?

2Ne

t
39



Seem familiar?

40



Geometric Distribution

A discrete r.v.  is a geometrically 
distributed, denoted, , if 
its PMFl 

 

models the number of failures until the 
first success, where  is 
probability of success.

X
X ∼ Geom(p)

fX(x; p) = {(1 − p)x p for x ∈ ℤ≥0

0 otherwise

p ∈ ℝ>0,≤1

Image credit: WikipediaCC BY 3.0

1/30/22, 3:13 PM Geometric_pmf.svg

file:///Users/ekmolloy/Dropbox/teaching/2022_spring_498y_undergrad/module1/lectures/2_prob_randvar_and_dist/images/Geometric_pmf.svg 1/1

41



1/28/22, 9:06 AM Exponential_probability_density.svg

file:///Users/ekmolloy/Dropbox/teaching/2022_spring_498y_undergrad/module1/lectures/2_prob_and_rand_var/images/Exponential_probability_density.svg 1/1

42

Look similar?
1/30/22, 3:13 PM Geometric_pmf.svg

file:///Users/ekmolloy/Dropbox/teaching/2022_spring_498y_undergrad/module1/lectures/2_prob_randvar_and_dist/images/Geometric_pmf.svg 1/1
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Exponential Distribution

Image credit: WikipediaCC BY 4.0

A continuous r.v.  is an exponentially 
distributed, denoted , if its 
PDF 

    

models the waiting time until next rare 
event, where  is the expected 
number of rare events or mean rate.

X
X ∼ Exp(λ)

fX(x; λ) = {λe−λx for x ∈ ℝ≥0

0 for x ∈ ℝ<0

λ ∈ ℝ>0

1/28/22, 9:06 AM Exponential_probability_density.svg

file:///Users/ekmolloy/Dropbox/teaching/2022_spring_498y_undergrad/module1/lectures/2_prob_and_rand_var/images/Exponential_probability_density.svg 1/1



Take-Aways

The probability that 2 lineages coalescence after  generations is modeled as a 
geometrically distributed R.V., where the probability of success is .  

The expected # of generations until coalescence is thus  (so we wait longer for 
larger populations). 

When  is small (i.e.,  is sufficiently large), the geometric distribution can be 
approximated with an exponential distribution, which is done in Kingman’s Coalescent.

t
p = 1/2Ne

2Ne

p 2Ne

44



Coalescence No coalescence

2 lineages enter branch & successfully coalesce 2 lineages enter branch & fail to coalesce

Probability 2 lineages coalescence on branch 
with  genes, each with effective population 
size of  (so ): 

 

t
2Ne p = 1/2Ne

t

∑
i=1

(1 − p)i−1p = 1 − (1 − p)t ≈ 1 − e−tp

Probability that 2 lineages do NOT 
coalescence: 

 (1 − 1/2Ne)t ≈ e−tp

45HINT: Look up CDF ;)



Coalescence No coalescence

2 lineages enter branch & successfully coalesce 2 lineages enter branch & fail to coalesce

Probability that 2 lineages do NOT 
coalescence: 

 (1 − 1/2Ne)t ≈ e−tp

46HINT: Look up CDF ;)

Instead write as  , where  is 
the length of branch in coalescent units!

e−x x = t/2Ne

Probability 2 lineages coalescence on branch 
with  genes, each with effective population 
size of  (so ): 

 

t
2Ne p = 1/2Ne

t

∑
i=1

(1 − p)i−1p = 1 − (1 − p)t ≈ 1 − e−tp



C H G O

Lastly, what happens when 
more than 2 lineages enter a 
branch? 

Every pair coalesces with  
equal probability.

47Image Credit: Tree from James Degnan



General Result
The probability that  lineages coalesce into  lineages on a branch of  coalescent units: 

 

where   [Tavare, 1984; Rosenberg, 2002].  

This result allows us to compute the probability of gene trees given an MSC model 
species tree [Rannala & Yang, 2003; Degnan & Salter/Kubatko, 2005]!  

Also see book chapter by Rannala, Edwards, Leache, and Yang.

i j x

gi, j(x) =
i

∑
k=j

e−k(k−1)x (2k − 1)(−1)k−j

j!(k − j)!( j + k − 1)

k−1

∏
m=0

( j + m)(i − m)
i + m

1 ≤ j ≤ i

48

https://doi.org/10.1016/0040-5809(84)90027-3
https://doi.org/10.1006/tpbi.2001.1568
https://doi.org/10.1093/genetics/164.4.1645
https://doi.org/10.1111/j.0014-3820.2005.tb00891.x
https://hal.archives-ouvertes.fr/hal-02535622


Some useful equations

 

 

g3,1(τ) = 1 −
3
2

e−τ +
1
2

e−3τ

g3,2(τ) =
3
2

eτ −
3
2

e−3τ

g3,1(τ) = e−3τ

 g2,1(τ) = 1 − eτ

g2,2(τ) = eτ

2 lineages enter branch 3 lineages enter branch

Let  be the length of a branch in the species tree in coalescent units. Then, the 

following will be useful for calculating gene tree probabilities:

τ =
t

2Ne

49



Now we are ready to compute the 
probability of a gene tree given an 

MSC model species tree.

50



C H G

51

This gene tree must be generated with the 
following events: 

(1) Lineages h & c enter internal branch and 
FAIL to coalesce on it 

(2) Lineages h, c, & g coalesce enter above 
root “branch” and h & g coalesce first

Consider an MSC model species tree 
with 3 taxa. 

Q: What is probability of “(H,G),C);”?

What is the probability of (1) and (2)?

H G C

τ



C H G

52

This gene tree must be generated with the 
following events: 

(1) Lineages h & c enter internal branch and 
FAIL to coalesce on it 

(2) Lineages h, c, & g coalesce enter above 
root “branch” and h & g coalesce first

Consider an MSC model species tree 
with 3 taxa. 

Q: What is probability of “(H,G),C);”?

Putting it together:

g2,2(τ) = e−τ

1

(3
2)

=
1
3

H G C

τ

P(hg) =
1
3

e−τ



C H G

53
P(cg) =

1
3

e−τ P(hg) =
1
3

e−τ

C G H H G C

Consider an MSC model species tree 
with 3 taxa. 

Continuing in this fashion, we get the 
probability distribution:

τ



C H G
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P(ch) = 1 −

2
3

e−τ P(cg) =
1
3

e−τ P(hg) =
1
3

e−τ

C H G C G H H G C

Consider an MSC model species tree 
with 3 taxa. 

Continuing in this fashion, we get the 
probability distribution:

τ

Same topology as species tree



Definition. A gene tree is anomalous if has higher probability under the MSC than the 
gene tree with the same topology as the species tree.

Anomaly Zone

55

Definition. A species tree is in the anomaly zone if it has an anomalous gene tree.

[Degnan & Rosenberg, 2006; Allman, Degnan, Rhodes, 2011; Degnan, 2013]

Result. No anomalous triplets (rooted 3-leaf trees) or quartets (unrooted 4-leaf trees).

https://doi.org/10.1371/journal.pgen.0020068
https://doi.org/10.1007/s00285-010-0355-7
https://doi.org/10.1093/sysbio/syt023


Triplets vs. Quartets

56

Result. No anomalous triplets (rooted 3-leaf trees) or quartets (unrooted 4-leaf trees).

P(ch) = 1 −
2
3

e−τ P(cg) =
1
3

e−τ P(co) =
1
3

e−τ

Same topology as unrooted 
species tree

A

B D

C A

C D

B A

D C

B
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P(ch) = 1 −

2
3

e−τ P(cg) =
1
3

e−τ P(co) =
1
3

e−τ

A

B D

C A

C D

B A

D C

B

Probability 
distribution for  
both balanced & 
pectinate  
species trees 
 is length of internal branch 

in CUs
τ

Pectinate species tree 
 τ = x

Balanced species tree 
 τ = x + y

A B C D

x y x

A B C D

Image Credit: Rooted species trees adapted from 
 Allman, Degnan & Rhodes, 2011

https://doi.org/10.1007/s00285-010-0355-7
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P(ch) = 1 −

2
3

e−τ P(cg) =
1
3

e−τ P(co) =
1
3

e−τ

A

B D

C A

C D

B A

D C

B

Probability 
distribution for  
both balanced & 
pectinate  
species trees 
 is length of internal branch 

in CUs
τ

τ
Unrooted 

species tree

Pectinate species tree 
 τ = x

Balanced species tree 
 τ = x + y

A B C D

x y x

A B C D

Image Credit: Rooted species trees adapted from 
 Allman, Degnan & Rhodes, 2011

https://doi.org/10.1007/s00285-010-0355-7


How does  
branch  
length (in CUs)  
impact gene 
tree discordance?

Activity B

https://github.com/molloy-lab/ck-phylo-workshop
20 minutes

https://github.com/molloy-lab/ck-phylo-workshop
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Motivation for coalescent methods (Activity A) 

Coalescent basics (Activity B) 

Species tree estimation with summary methods (Activity C) 

Evaluation model fit (Activity D — optional / do tomorrow)

Coalescent Lab — Day 1



Scott Edwards 
championed the 
coalescent in 
systematics 15 years 
ago… 
  

…and now coalescent 
methods are super 
popular!

61Link

https://doi.org/10.1111/j.1558-5646.2008.00549.x


Many 
coalescent 
methods 

have been 
developed 

in last 
decade!

62

Gene tree summary methods for unrooted trees 
e.g. BUCKy (-pop), NJst / USTAR / ASTRID, ASTRAL / 
ASTER, TREE-QMC, wQFM 
  

Gene tree summary methods for rooted trees 
e.g. MDC, STEM, MP-EST 

Site-based methods  
e.g. SNAPP, SVDQuartets, CASTER 

Bayesian co-estimation methods (co-estimate gene trees & species tree) 

e.g. *BEAST, StarBEAST2 

Also see methods based on population allele frequencies 
e.g. PoMo, implemented in RevBayes

https://doi.org/10.1093/molbev/msl170
https://doi.org/10.1093/bioinformatics/btq539
https://doi.org/10.1093/sysbio/syr027
https://doi.org/10.1109/tcbb.2016.2604812
https://doi.org/10.1186/s13015-023-00230-6
https://doi.org/10.1186/s12859-018-2129-y
https://doi.org/10.1093/molbev/msac215
https://doi.org/10.1101/gr.277629.122
https://doi.org/10.1093/bioinformatics/btab428
https://doi.org/10.1371/journal.pcbi.1000501
https://doi.org/10.1093/bioinformatics/btp079
https://doi.org/10.1186/1471-2148-10-302
https://doi.org/10.1093/molbev/mss086
https://doi.org/10.1093/bioinformatics/btu530
https://doi.org/10.1101/2023.10.04.560884
https://doi.org/10.1093/molbev/msp274
https://doi.org/10.1093/molbev/msx126
https://doi.org/10.1093/sysbio/syv048
https://doi.org/10.1093/sysbio/syw021
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Many 
coalescent 
methods 

have been 
developed 

in last 
decade!

Gene tree summary methods for unrooted trees 
e.g. BUCKy (-pop), NJst / USTAR / ASTRID, ASTRAL / 
ASTER, TREE-QMC, wQFM 
  

Gene tree summary methods for rooted trees 
e.g. MDC, STEM, MP-EST 

Site-based methods  
e.g. SNAPP, SVDQuartets, CASTER 

Bayesian co-estimation methods (co-estimate gene trees & species tree) 

e.g. *BEAST, StarBEAST2 

Also see methods based on population allele frequencies 
e.g. PoMo, implemented in RevBayes

https://doi.org/10.1093/molbev/msl170
https://doi.org/10.1093/bioinformatics/btq539
https://doi.org/10.1093/sysbio/syr027
https://doi.org/10.1109/tcbb.2016.2604812
https://doi.org/10.1186/s13015-023-00230-6
https://doi.org/10.1186/s12859-018-2129-y
https://doi.org/10.1093/molbev/msac215
https://doi.org/10.1101/gr.277629.122
https://doi.org/10.1093/bioinformatics/btab428
https://doi.org/10.1371/journal.pcbi.1000501
https://doi.org/10.1093/bioinformatics/btp079
https://doi.org/10.1186/1471-2148-10-302
https://doi.org/10.1093/molbev/mss086
https://doi.org/10.1093/bioinformatics/btu530
https://doi.org/10.1101/2023.10.04.560884
https://doi.org/10.1093/molbev/msp274
https://doi.org/10.1093/molbev/msx126
https://doi.org/10.1093/sysbio/syv048
https://doi.org/10.1093/sysbio/syw021


Step 1.  
Estimate gene trees.

Step 2.  
Estimate species 
tree from gene trees 
under MSC.

The 
Summary  
Method 
Approach

64

Step 0.  
Lots of data processing!!!!



1. Very fast to compute likelihood for 3 or 
4 taxa (unlike larger #’s of taxa) + 
species tree that maximizes pseudo-
likelihood is consistent estimator*                                                                   

2. Species tree that maximizes triplet 
score or quartet score is consistent 
estimator* + fast & accurate heuristics 
for these optimization problems                

65

See MP-EST for triplets & 
PhyloNetworks for quartets!

See STELAR for triplets & 
ASTRAL / ASTER or TREE-QMC 
for quartets.

Many popular coalescent methods 
are based on triplets or quartets

*Assumes error-free gene trees (or sequence length is unbounded); see Roch, Nute & Warnow, 2018

https://doi.org/10.1186/1471-2148-10-302
https://crsl4.github.io/PhyloNetworks.jl/latest/
https://doi.org/10.1186/s12864-020-6519-y
https://doi.org/10.1186/s12859-018-2129-y
https://doi.org/10.1093/molbev/msac215
http://10.1101/gr.277629.122
https://doi.org/10.1093/sysbio/syy061


1. Very fast to compute likelihood for 3 or 
4 taxa (unlike larger #’s of taxa) + 
species tree that maximizes pseudo-
likelihood is consistent estimator*                                                                   

2. Species tree that maximizes triplet 
score or quartet score is consistent 
estimator* + fast & accurate heuristics 
for these optimization problems                

66

See MP-EST for triplets & 
PhyloNetworks for quartets!

See STELAR for triplets & 
ASTRAL / ASTER or TREE-QMC 
for quartets.

Many popular coalescent methods 
are based on triplets or quartets

*Assumes error-free gene trees (or sequence length is unbounded); see Roch, Nute & Warnow, 2018

https://doi.org/10.1186/1471-2148-10-302
https://crsl4.github.io/PhyloNetworks.jl/latest/
https://doi.org/10.1186/s12864-020-6519-y
https://doi.org/10.1186/s12859-018-2129-y
https://doi.org/10.1093/molbev/msac215
http://10.1101/gr.277629.122
https://doi.org/10.1093/sysbio/syy061
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B

Input Data: A 

B EC 
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A,B,C,E

B,C,D,E

A,C,D,E

A,B,D,E

X,Y,Z,W
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B CD 

E
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C AD 

B

Input Data: A 

B EC 

D 

…

X,Y|Z,W X,Z|Y,W X,W|Y,Z

A,B,C,D

A,B,C,E

B,C,D,E

A,C,D,E

A,B,D,E

X,Y,Z,W

3 1 0

B 

D EA

C 
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B

Input Data: A 

B EC 

D 

…

X,Y|Z,W X,Z|Y,W X,W|Y,Z

A,B,C,D

A,B,C,E

B,C,D,E

A,C,D,E

A,B,D,E

X,Y,Z,W

3 1 0
4 0 0
3 0 1
1 3 0
1 3 0

B 

D EA

C 



A 

B CD 

E

E 

C AD 

B

Input Data: A 

B EC 

D 

…

X,Y|Z,W X,Z|Y,W X,W|Y,Z

A,B,C,D

A,B,C,E

B,C,D,E

A,C,D,E

A,B,D,E

X,Y,Z,W

3 1 0
4 0 0
3 0 1
1 3 0
1 3 0

B 

D EA

C 
Solution: A

B E

C

D

Quartet score = 14



At last, let’s  
estimate  
species trees 
from (simulated) 
gene trees!!!

Activity C

https://github.com/molloy-lab/ck-phylo-workshop
20 minutes

https://github.com/molloy-lab/ck-phylo-workshop


Discussion Questions

1. Are you concerned about incomplete lineage sorting 
in your system? 

2. How would you evaluate whether ILS was a potential 
problem?



Don’t forget — we made some assumptions:

• Gene trees evolve independently within the same model species tree (no linkage!!) 

• Coalescent events in different populations are independent 

• All pairs of lineages in a population are equally likely to coalesce 

• Assumptions of Kingman’s coalescent, e.g., no population structure (within a branch), no 
selection, etc. 

• No intra-locus recombination (otherwise evolutionary history for gene is NOT a tree) 

• No gene flow (otherwise evolutionary history of species is NOT a tree) 

• No genome / gene duplication or gene loss 

• Error-free, complete gene trees — perfect data!

74



75

So what’s better concatenation or summary method?

Image credit: Figure 1 in Molloy & Warnow, 2018

https://doi.org/10.1093/sysbio/syx077
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Coalescent Lab — Day 1

Motivation for coalescent methods (Activity A) 

Coalescent basics (Activity B) 

Species tree estimation with summary methods (Activity C) 

Evaluation model fit (Activity D — optional / do tomorrow)



Let’s use 
pseudo-
likelihood to 
evaluate 
model fit!

Activity D (Optional)

https://github.com/molloy-lab/ck-phylo-workshop
remaining time

https://github.com/molloy-lab/ck-phylo-workshop


1. Very fast to compute likelihood for 3 or 
4 taxa (unlike larger #’s of taxa) + 
species tree that maximizes pseudo-
likelihood is consistent estimator*                                                                   

2. Species tree that maximizes triplet 
score or quartet score is consistent 
estimator* + fast & accurate heuristics 
for these optimization problems                

78

See MP-EST for triplets & 
PhyloNetworks for quartets!

See STELAR for triplets & 
ASTRAL / ASTER or TREE-QMC 
for quartets.

Many popular coalescent methods 
are based on triplets or quartets

*Assumes error-free gene trees (or sequence length is unbounded); see Roch, Nute & Warnow, 2018

https://doi.org/10.1186/1471-2148-10-302
https://crsl4.github.io/PhyloNetworks.jl/latest/
https://doi.org/10.1186/s12864-020-6519-y
https://doi.org/10.1186/s12859-018-2129-y
https://doi.org/10.1093/molbev/msac215
http://10.1101/gr.277629.122
https://doi.org/10.1093/sysbio/syy061


Model
Image Credit: Rooted species trees adapted from 

 Allman, Degnan & Rhodes, 2011

A B D E

y
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z

https://doi.org/10.1007/s00285-010-0355-7


Model Rooted sub-models
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x + z
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IMPORTANT: 
First 2 quartets are 

“around” same branch in 
unrooted model tree
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IMPORTANT: 
Second 2 quartets are 
“around” same branch
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Repeat for other sub-models

Plot fit!
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94

Coalescent Lab — Day 1

Motivation for coalescent methods (Activity A) 

Coalescent basics (Activity B) 

Species tree estimation with summary methods (Activity C) 

Evaluation model fit (Activity D — optional / do tomorrow)


