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Gene evolution model
• Incomplete Lineage Sorting (ILS)      MSC, Hudson   
• Duplication and loss                          GDL 
• Horizontal Gene Transfer (HGT)        
• Hybridization, gene flow                                      



OrangutanGorilla ChimpHuman

Orang.
GorillaChimp

Human Orang.
Gorilla ChimpHuman

Orang.
Gorilla

Chimp
Human

Orang.
Chimp Human

ACTGCACACCG  
ACTGC-CCCCG  
AATGC-CCCCG  
-CTGCACACGG

CTGAGCATCG  
CTGAGC-TCG  
ATGAGC-TC-  
CTGA-CAC-G

AGCAGCATCGTG  
AGCAGC-TCGTG  
AGCAGC-TC-TG  
C-TA-CACGGTG

CAGGCACGCACGAA  
AGC-CACGC-CATA  
ATGGCACGC-C-TA  
AGCTAC-CACGGAT

Sequence evolution model

Species tree

Gene tree

Sequence data
(Alignments)

Gene tree Gene tree Gene tree

Sequence data
(Alignments)

3

Gene evolution model
• Incomplete Lineage Sorting (ILS)      MSC, Hudson   
• Duplication and loss                          GDL 
• Horizontal Gene Transfer (HGT)        
• Hybridization, gene flow                                      

• CTMC (JC69, F84, TN93, GTR) 
• Rate variation across sites, branches, or both
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Statistically inconsistent & positively misleading 
  
(Roch and Steel, Theo. Pop. Gen., 2014)

Concatenation is not enough!

Mixed accuracy in simulations 
(Kubatko and Degnan, Systematic Biology, 2007) 
(Mirarab, et al., Systematic Biology, 2014)

Memory can become a bottleneck
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Sensitive to high levels of  
gene estimation tree error

Zhang, C. & Mirarab, S. Weighting by Gene Tree Uncertainty Improves Accuracy of Quartet-based Species Trees. MBE 
(2022). doi.org/10.1093/molbev/msac215 
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Weighting (almost) closes the gap to 
concatenation

Zhang, C. & Mirarab, S. Weighting by Gene Tree Uncertainty Improves Accuracy of Quartet-based Species Trees. MBE 
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Challenges with wASTRAL+ML gene trees: 

A. Long branch attraction can prevent good gene trees
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Challenges with wASTRAL+ML gene trees: 

A. Long branch attraction can prevent good gene trees  
B. Looses theoretical guarantees when used with all loci  

(though in practice it may not be an issue)

http://doi.org/10.1101/2023.10.04.560884
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Recombination simulations 
(msprime; Hudson model) 

201 species, 5Mbp

Does a leading site-based method work better?  
Not always!

http://doi.org/10.1101/2023.10.04.560884
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Challenges with wASTRAL+ML gene trees: 

A. Long branch attraction can prevent good gene trees  
B. Looses theoretical guarantees when used with all loci  

(though in practice it may not be an issue) 
C. High total running time (though parallelizable)

http://doi.org/10.1101/2023.10.04.560884
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We can do better: CASTER 

A. Site-based, thus rescues theoretical guarantees 
B. Total running time a fraction of all other methods 
C. Slightly more accurate 

Recombination simulations 
(msprime; Hudson model) 

201 species, 5Mbp
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And works well with fewer 
loci too
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CASTER works with non-ultra metric trees too!
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How does CASTER work?
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Unrooted quartets under MSC model

For a quartet (4 species), the most probable unrooted quartet 
tree among the gene trees is the unrooted species tree topology 
(Allman, Degnan, Rhodes, J. Theo. Bio., 2011)

19
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d=0.8

The most frequent gene tree  
                        =  
The most likely species tree
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Orang.Gorilla ChimpHuman Rhesus

More than 4 species
For 5 or more species, the unrooted species tree topology can 
be different from the most probable gene tree (“anomaly zone”) 
(Degnan and Rosenberg, 2006) (Degnan, 2013) (Rosenberg, 2013)
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Orang.Gorilla ChimpHuman Rhesus

1. Break gene trees into  quartets of species  

2. Find the dominant tree for all quartets of taxa 
3. Combine quartet trees 

 

(e.g., SVDQuartet, BUCKy-p (Larget, et al., 2010))

(n
4)
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Orang.Gorilla ChimpHuman Rhesus

1. Break gene trees into  quartets of species  

2. Find the dominant tree for all quartets of taxa 
3. Combine quartet trees 

 

(e.g., SVDQuartet, BUCKy-p (Larget, et al., 2010))

(n
4)

More than 4 species
For 5 or more species, the unrooted species tree topology can 
be different from the most probable gene tree (“anomaly zone”) 
(Degnan and Rosenberg, 2006) (Degnan, 2013) (Rosenberg, 2013)

Alternative:  
Give each of  quartet topologies  

a score and find the tree with the 
maximum total score

3(n
4)



ASTRAL: Maximum Quartet Support

• Guarantee: Statistically consistent under the MSC

21

the set of  quartet 
trees induced by 

(n
4)

T

a gene tree

S(T) =
k

∑
i=1

(n
4)

∑
j=1

I(T |qj = ti |qj)

Find the species tree with the maximum number of induced 
quartet trees shared with the input gene trees  
                                                   argmaxT S(T )

=
k

∑
i=1

|Q(T) ∩ Q(ti) |

a quartet of taxa



CASTER: a site-based 
method inspired by ASTRAL

• Each site with site pattern  votes for (or against) 
each quartet topology  with weight  
 

               

s
q w(q, s)

argmaxT

(n
4)

∑
j=1

L

∑
i=1

w(T |qj, si |qj)
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CASTER: a site-based 
method inspired by ASTRAL

• Each site with site pattern  votes for (or against) 
each quartet topology  with weight  
 

               

s
q w(q, s)

argmaxT

(n
4)

∑
j=1

L

∑
i=1

w(T |qj, si |qj)

• What voting scheme  leads to a statistically 
consistent estimator?

w(q, s)

22

Each site
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Jukes-Cantor
Does it work for a gene tree? 
 
   Δ = 𝔼[w(ab |cd)] − 𝔼[w(ac |bd)] > 0? ?
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Jukes-Cantor
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w = − 1/2

Δ = 𝔼[w(ab |cd)] − 𝔼[w(ac |bd)] > 0
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For a quartet gene tree  with topology , terminal branch 
lengths  and internal branch length  in substitution units, 
for some : 
 
  

Gi xy |zw
lx, ly, lz, lw t
α > 0, β > 0, γ > 0

𝔼[wi(xy |zw)] − γe−α(lx+ly+lw+lz)(1 − e−βt) = 𝔼[wi(xz |yw)]

Works for every gene tree quartet!
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For a quartet gene tree  with topology , terminal branch 
lengths  and internal branch length  in substitution units, 
for some : 
 
  

Gi xy |zw
lx, ly, lz, lw t
α > 0, β > 0, γ > 0

𝔼[wi(xy |zw)] − γe−α(lx+ly+lw+lz)(1 − e−βt) = 𝔼[wi(xz |yw)]

For the true species tree  of four leaves with topology , 
for each gene tree : 
 

        

S ab |cd
i

𝔼[wi(ab |cd)] > 𝔼[wi(ac |bd)] = 𝔼[wi(ac |bd)]

CASTER is statistically consistent for JC69!

Works for every gene tree quartet!

Works for a species tree quartet!

Hence:
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Extends to F84 (CASTER-site)
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Beyond F84? CASTER-Pair
• We could not extend these scores beyond F84!   ¯\_(ツ)_/¯
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Beyond F84? CASTER-Pair
• We could not extend these scores beyond F84!   ¯\_(ツ)_/¯

• What if we use a pair of sites?  

• We can use RY coding 

• Consistent under Markovian Reducible (MR) models 
— MR1: a 7-parameter submodule of GTR (2 fewer 
parameters, a generalization of TN93) that remain a 
CTMC after RY recoding
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Optimization
• We can sum  over all  quartets without listing all of them  

(no subsampling needed)
wi(T |qj) (n

4)
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Optimization
• We can sum  over all  quartets without listing all of them  

(no subsampling needed)
wi(T |qj) (n

4)

• Dynamic programming, similar to ASTRAL (identical to wASTRAL)

• Roughly 𝒪(kn2 log(n))

• This algorithm keeps statistical consistency guarantees

28



How well does it work?

29



30

X

XX

X

X

X

X

X

X

XX

X

XX

XX

X

X

X

X

XX

X

X

X

X

X

XX

X

X

X

XXX

X

X

XX

XX X

X

XX

X

X

XXXX
0

2

4

6

8

10

12

10 300 6000
Total running time (core hours)

Sp
ec

ie
s 

tre
e 

er
ro

r (
FN

)

XXCASTER−pair RAxML−ng SVDQuartets wASTRAL

1 2 5 10

0%

10%

20%

30%

Sequence length (Mbps)

Sp
ec

ie
s 

tre
e 

er
ro

r

Species tree
AB|CD

AC|BD

BC|AD

Method
CASTER−pair

RAxML−ng

SVDQuartets

wASTRAL

Felsenstein
Farris

}

Simulations with recombinations!

Zhang, Nielsen, Mirarab, 2024, Unpublished, bioRxiv,  
doi.org/10.1101/2023.10.04.560884 

Recombination simulations 
(msprime; Hudson model) 

201 species, 5Mbp

Recombination simulations 
(msprime; Hudson model) 

4 species, 10Mbp

http://doi.org/10.1101/2023.10.04.560884
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How about Bayesian co-estimation
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Severe mixing issues

Zhang, Nielsen, Mirarab, 2024, Unpublished, bioRxiv,  
doi.org/10.1101/2023.10.04.560884 

http://doi.org/10.1101/2023.10.04.560884
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Same across rates of evolution, population size, 
and ploidy
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Simulations recombination 
(Hudson model) 

201 species, 5Mbp, 
recombination rate = 

substitution rate, 
non-ultra metric,  

rate heterogeneity 

Zhang, Nielsen, Mirarab, 2024, Unpublished, bioRxiv,  
doi.org/10.1101/2023.10.04.560884 

http://doi.org/10.1101/2023.10.04.560884
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Much better running time …
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Simulations recombination 
(Hudson model) 

201 species, 5Mbp, 
recombination rate = 

substitution rate, 
non-ultra metric,  

rate heterogeneity 

Zhang, Nielsen, Mirarab, 2024, Unpublished, bioRxiv,  
doi.org/10.1101/2023.10.04.560884 

http://doi.org/10.1101/2023.10.04.560884


Scalability
# sites analyzed in 2 days (2GB per core)

34

Real genome-
scale data

Zhang, Nielsen, Mirarab, 2024, Unpublished, bioRxiv,  
doi.org/10.1101/2023.10.04.560884 

http://doi.org/10.1101/2023.10.04.560884


Applied to full mammalian genomes

• Data from Foley et al, 2023, Science. 
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Works even for birds!

• Stiller et al, 2024, 64000 intergenic regions, bird genomes

Cuculiformes

Tinamiformes

Strigiformes

Sphenisciformes

Gruiformes

Coraciiformes

Eurypygiformes

Mesitornithiformes

Gaviiformes

Phoenicopteriformes

Procellariiformes

Apterygiformes

Struthioniformes

Bucerotiformes

Pelecaniformes

Leptosomatiformes

Piciformes

Anseriformes

Musophagiformes

Falconiformes

Opisthocomiformes

Pterocliformes

Coliiformes

Otidiformes

Rheiformes

Cariamiformes

Accipitriformes

Trogoniformes

Galliformes

Passeriformes

Charadriiformes

Columbiformes

Psittaciformes

Podicipediformes

Phaethontiformes

Casuariiformes

Strisores

98

99

66

84
89

58

88

a

e

b

d

c

1 2 3 4* 5 6 7 8 9 10 11−28* Z*

a
b

c
d

e

0 50 100 150 0 50 100 0 50 100 0 50 0 50 0 0 0 0 0 0 50 0 50

0.00
0.33

0.67
1.00

0.00
0.33

0.67
1.00

0.00
0.33

0.67
1.00

0.00
0.33

0.67
1.00

0.00
0.33

0.67
1.00

Position (Mbp)

Main Alternative 1 Alternative 2

The subject of a whole separate paper
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Open questions
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Theoretical questions
A. Why  for JC69? We can prove it, but is there a more 

elegant explanation? 
−1/2

B. Using a single site, can we design weights for any model more 
complex than F84? 

C. Using a pair of sites, we could only prove consistency for 
(three) submodels of GTR with two fewer parameters: 

1. Is the pair approach consistent for GTR?  

2. Are there other weight schemes based on pairs that are?  

3. How about if we use more than two sites? 



Future work
• No branch lengths! 

• No duplication and loss! 

• Scores used in moving window analysis; more elegant ways 

• Can we use it to detect introgression?  

• Can we downright poorly aligned sites?  

• Comparing to other site-based methods (METAL, etc.), both 
in simulation but also in sample complexity 

• Amino acid and binary data. 
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