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Phylogenomics through a “bag of genes” model

…

A bag of 
gene trees

Species Tree

Genome

e.g., ASTRAL
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Species Tree

…

Gene Trees

Multi-species coalescent model and violations

Expected discordance: 
incomplete lineage sorting 
‣ Multi-species coalescent
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Errors and artifacts:
• Alignment, paralogy/homology
Biological causes:
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• Dramatic change in parameters 
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Deviations from the species tree are often localized

Signal from non-MSC processes 
concentrates in certain regions:
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Deviations from the species tree are often localized

Signal from non-MSC processes 
concentrates in certain regions:
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Deviations from the species tree are often localized

% of sites supporting each topology

Signal from non-MSC processes 
concentrates in certain regions: 
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Suppressed recombination misleads avian phylogeny
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[Rivas-González et al., 2026]

Stiller et al., 2024  Main topology→

Jarvis et al., 2014  Columbea (alternative)→
Short branch lengths; difficult to resolve:
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[Rivas-González et al., 2026]

Stiller et al., 2024  Main topology→

Jarvis et al., 2014  Columbea (alternative)→
Short branch lengths; difficult to resolve:

How to identify such gene trees systematically?
Even when the signal is subtle…
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Challenge: Distinguishing ILS from real alternative processes

Compare gene trees to each other? 
e.g., [PhylteR - Devienne et al. 2023]

Likelihoods of gene trees under MSC ?( T )

Species Tree

9

Difficult to make a conclusion if you look at a single gene tree at a time…



Challenge: Distinguishing ILS from real alternative processes

Compare gene trees to each other? 
e.g., [PhylteR - Devienne et al. 2023]

Likelihoods of gene trees under MSC ?( T )

Species Tree

Idea: treat gene trees as a sequence & incorporate positions!
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Difficult to make a conclusion if you look at a single gene tree at a time…



Phlag: the problem & the framework

…

Input gene tree sequence (ordered):

X :
...

Genome

Phlag

Species tree

T

Automatic segmentation of regions generated under MSC  or an alternative process( T )
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Phlag: the problem & the framework

…

Input gene tree sequence (ordered):

X :
...

Genome

Phlag …

Decoding of the sequence:

Z :
...

Flagged region(s)

Species tree

T

Automatic segmentation of regions generated under MSC  or an alternative process( T )

10



Detecting deviations through a mixture process

… X
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Marginal distribution: MSC parameterized by the species tree
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Detecting deviations through a mixture process

… X
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Marginal distribution: MSC parameterized by the species tree
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process:

Marginal distribution: unkown model (e.g., gene flow, different pop. size)
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Mixture 
process:

Zi = 1

Zi = 0

P(Xi | θ1)

P(Xi | θ0)

Detecting deviations through a mixture process

… X

Inferring latent variables  for gene tress Z1, …, ZN ∈ {0,1} X1, …, Xn

……MSC :(T)

Marginal distribution: MSC parameterized by the species tree

…Alternative 
process:

Marginal distribution: unkown model (e.g., gene flow, different pop. size)
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Phlag: a hidden Markov model

Zi = 0 Zi = 1

p0 p1

1 − p0

1 − p1

… …

Input gene tree sequence Decoding of the processes

X :

A two-state HMM if we reasonably assume  is to be Markovian:Z

12



Phlag: a hidden Markov model

Zi = 0 Zi = 1

p0 p1

1 − p0

1 − p1

… …
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A two-state HMM if we reasonably assume  is to be Markovian:Z
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Should we directly use gene trees as our emissions?

It is possible [Wu 2012], but not scalable for MSC & unknown for the alternative…



An alternative to gene tree likelihoods

b
Focus on some focal branches:  
where the impact is potentially more palpable

(b1, …, bm)T
Given:
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An alternative to gene tree likelihoods

b

Use a scalable test statistic  instead of gene tree likelihoods :F(Xi, b) P(Xi | θZi
)

Focus on some focal branches:  
where the impact is potentially more palpable

(b1, …, bm)

…
Mixture process:

(Xi, Zi)

Position on chromosome

Castorimorpha.I160
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Emissions:
F(Xi, bj) = Y( j)
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T
Given:
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A B C D E F G

quadripartitions 
around a focal branch:

t1

t3

t2

What about their 
distribution?

t1 > t2 > t3
t1 > t3 > t2
t2 > t1 > t3

. . .

We parameterized 
and approximated:



Simulations with recombination and rate variation

Genealogies under 
coalescent & recombination 
(msprime)

Demographic model: 
Stiller et al. 2024 (363 taxa)
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Simulations with recombination and rate variation

Genealogies under 
coalescent & recombination 
(msprime)

Demographic model: 
Stiller et al. 2024 (363 taxa)

ATTCGTGC… 
ATCCGTCG… 
TTCCGTCG… 
ATTCGTGC…

Alternative process: 
An admixture event 

Change in parameters (  or )


‣ Population size: 10 


‣Recombination rate: 1000

↑ ↓
×

×

Add rate 
heterogeneity

Estimate 
gene trees

Simulate 6Mbp 
alignments
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Segmentation using QQS-based emissions & a vanilla HMM

• Parameters inferred from data 
• No explicit modeling of MSC 

•  is not incorporatedT

population size change recombination rate change
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emission parameterization
Vanilla HMM

emission type
FALSE.Topology order

transition prior
Equation (1) 

1000   or × ↑ ↓10   or × ↑ ↓

one region spanning 5%-25% of the data
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Incorporating priors for emissions and transitions
Preventing rapid state switches & favoring continuity:

A sticky HMM with significantly higher probabilities for the self-transitions!
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Incorporating the species tree and MSC:
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A sticky HMM with significantly higher probabilities for the self-transitions!
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Given correct topology 
but not branch lengths:
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Incorporating priors for emissions and transitions

Incorporating the species tree and MSC:

Preventing rapid state switches & favoring continuity:

A sticky HMM with significantly higher probabilities for the self-transitions!

simulationsT

Given correct topology 
but not branch lengths:

emission prob.

A prior for the emission 
prob. of the MSC state

Empirical Bayes: update branch lengths during EM
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Phlag!

18



PhylteR: deviations from gene-specific distance matrices

Moving average of QQS & -score based outlier detectionz

Phlag

Comparing methods on different types of alternative processes

19

Incorporating positions of the gene trees:

Treating gene trees independently:



PhylteR: deviations from gene-specific distance matrices

Moving average of QQS & -score based outlier detectionz

Phlag

: tested multiple parameters, reporting best

Comparing methods on different types of alternative processes

19

Incorporating positions of the gene trees:

Treating gene trees independently:



Dramatic changes model parameters
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PhylteR moving average Phlag
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Incorporating positions 
makes a difference!
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Detecting deep admixture events

21

10 events 16-70 Mya 
‣Gene flow rate: 90% 

PhylteR degrades if the region is >10%!

Phlag performs well when admixed 
lineages diverge at least several Myrs.

PhylteR moving average Phlag

Divergence time
Low High Low High

one region spanning:
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0.50
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1-10% 10-25%



Applying Phlag on two large empirical phylogenies

• [Stiller et al. 2024] 363-taxon avian dataset


• 39,849 gene trees from five macrochromosomes


• Analyzed 20 branches under Neoaves w/ support  0.5<

• [Foley et al. 2023] 241-taxon mammalian dataset


• 19,465 gene trees from chromosome 3 (unusual ILS)


• Applied to all internal branches — one at a time
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“Columbea” rearrangement & recombination suppression
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Consistent support for 
an alternative topology:
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Phlag flags branches that are difficult to resolve
Branches that were inconclusive in Stiller et al. — potentially reticulate origin:


‣ Phaethontimorphae & Strisores (branches 37 and 39) 

‣ Accipitriformes & Strigiformes (branch 27)

chr1 chr2 chr3 chr4 chr5

0 50 100 150 0 50 100 150 0 50 100 0 50 0 50
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60
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Distance

(0,0.05]
(0.05,0.1]
(0.1,0.2]
(0.3,0.4]
(0.4,0.5]
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Explorative results on mammalian phylogeny & chr3
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Explorative results on mammalian phylogeny & chr3
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Unusual ILS patterns, selection? 
(e.g., primates around 50Mb on chr3)

Many regions across various branches:

Some clades seem to have more 
“phlagged” regions than others
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Explorative results on mammalian phylogeny & chr3
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Explorative results on mammalian phylogeny & chr3
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Chiroptera
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(e.g., primates around 50Mb on chr3)

Some clades seem to have more 
“phlagged” regions than others



Summary
Phlag

• a general framework for detecting deviations from the species tree and MSC


• could help refine the species tree & further inspect alternative processes

‣ scalable & flexible (interpretable hyperparameters)


‣ cannot distinguish between different types of alternatives

29

Future work: 
incorporating synteny, allowing multiple states, exploring different emission types
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Extra Slides
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Finding regions with strong deviations from the species tree model

Not a new notion: Finding changes in locus tree and non-tree like scenarios 
e.g., PhyloNet-HMM, CoalHMM, ERICA, TRAILS, Twisst… 

Chromosome

… usually from 
MSAs

Species Tree

…

Gene Trees

limited to 
small num. 
of taxa

Our problem: For a species tree and gene trees ordered by the positions; 

…

Gene Trees

detect segments(s) with deviations & violations!
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Phlag: a hidden Markov model

Zi = 0 Zi = 1

p0 p1

1 − p0

1 − p1

… …

Input gene tree sequence Decoding of the processes

X :

We are ideally interested in , thus , and  as Viterbi pathP(Z | X, θ0, θ1) P(Xi | θZi
) Z

 emission probabilities are not accessible for the alternative processP(Xi | θ1)

Computing  under MSC is possible [Wu 2012], but not scalableP(Xi | θ0)

A two-state HMM if we reasonably assume  is to be Markovian:Z
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…G1
i

Unkown process:

……G0
i

MSC :(T)

…
Mixture process:

(Xi, Zi)

Position on chromosome

Castorimorpha.I160

3e+07 4e+07 5e+07 6e+07 7e+07
0.00

0.25

0.50

0.75

1.00

Coordinate

QQ
S Topology

Main
Alternative 1
Alternative 2

Emissions:
F(Xi, bj) = Y( j)

i
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Connecting the emission distribution to MSC

,  | , w x y z ,  | , w y x z

,  | , w z y x is unknown 
(estimate  from the data)
Yi |Zi = 1 ∼ Cat(e1)

e1

 follows MSCYi |Zi = 0 ∼ Cat(e0) ( T )

̂T

We have an estimate 

• assuming correct topology

• branch lengths (CU) may differ

̂T

simulate gene trees 
under MSCb

F( ⋅ , b)

0
0.1
0.2
0.3
0.4

estimate 
parameters e0
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Zi = 0 Zi = 1

p0 p1

1 − p0

1 − p1

…

Decoding of the processes
…

Input gene tree sequence

Xi :

X̃

… ẽ∅

0.22 0.34

0.00 0.77

… … …
1.0 0.00

X̃1

X̃2

X̃S

Y ( j)

EM algorithm
Branch length and emission prior updates

E-step
ξ, γ e∅, ea, P, π

M-stepMSC 

simulations

F ML

̂T

Summary of the algorithm
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Summary of the Phlag

bbT

37
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Summary of the Phlag

b

simulate

prior emission params.

bT
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Summary of the Phlag

b

simulate

prior emission params.
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Summary of the Phlag

b

simulate

bT
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prior emission params.

Updating branch lengths (CU)
Repating simulations & updating priors
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Summary of the Phlag

b

simulate

…

Viterbi decoding:

bT

37
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prior emission params.

Updating branch lengths (CU)
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Transition matrix hyperparameters
population size increase population size decrease recombination increase recombination decrease

(0,0.1]
(0.1,0.25]

(0,0.1] (0.1,1] (1,Inf] (0,0.1] (0.1,1] (1,Inf] (0,0.1] (0.1,1] (1,Inf] (0,0.1] (0.1,1] (1,Inf]

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

branch length (CU)

f1
−s

co
re

ρ = 0.95 0.9 0.8 0.7 0.5

Changing ρ (default: 0.90), fixed β = 4
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population size increase population size decrease recombination increase recombination decrease

(0,0.1]
(0.1,0.25]

(0,0.1] (0.1,1] (1,Inf] (0,0.1] (0.1,1] (1,Inf] (0,0.1] (0.1,1] (1,Inf] (0,0.1] (0.1,1] (1,Inf]

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

branch length (CU)

f1
−s

co
re

β = 1 4 20 40

Changing β (default: 4), fixed ρ = 0.9

Transition matrix hyperparameters
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Transition matrix hyperparameters

P = ( p0 1 − p0

1 − p1 p1 ) π* = (ρ,1 − ρ) ρ =
1 − p1

2 − p0 − p1

 yields Nρ(1 − p0) = β p0 = 1 − β/(Nρ)

 and p0 =
Nρ − β

Nρ
p1 =

β − N + Nρ
N(ρ − 1)

, p0 ∼ Beta(α0, β) p1 ∼ Beta(α1, β)

 and 𝔼[p0] =
α0

α0 + β
𝔼[p1] =

α1

α1 + β

 and α0 = Nρ − β α1 = N(1 − ρ) − β
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More on EM and empirical Bayes approach

X̃

… ẽ∅

0.22 0.34

0.00 0.77

… … …
1.0 0.00

X̃1

X̃2

X̃S

Y ( j)

EM algorithm
Branch length and emission prior updates

E-step
ξ, γ e∅, ea, P, π

M-stepMSC 

simulations

F ML

̂T
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More on EM and empirical Bayes approach4 Şapcı et al.

Algorithm 1 Inference of parameters and decoding.

Initialize initailizes parameters. Each EM iteration requires

O(mN). EstimateBranchCU updates CU branch lengths using

Equation (4) in O(nN). Each update of ẽ→ is O(mnS).

1: procedure Phlag(X, B↑, T̂ ; ω, ε, ϑ, L)

2: ϖ → [0, 1]N ↑ 1N ϱ Posterior state prob.

3: T̂ ↑ EstimateBranchCU(X,T, ϖ) ϱ See Equation (4)

4: e→, ea, ẽ→, P,ς ↑ Initialize(T̂ ,B↑
, ω, ε)

5: ↓j : Yj ↑ F (X,B↑
j) ϱ compute statistic (e.g., QQS)

6: for all 1 ↔ l ↔ L do

7: ϖ, φ ↑ E-step(Y, P,ς, e→, ea)

8: if time to update CU lengths then

9: T̂ ↑ EstimateBranchCU(X,T, ϖ)

10: ẽ→ ↑ UpdateEmpiricalDistribution(T̂ )

11: e→, ea, P,ς ↑ M-step(Y, ϖ, φ, ẽ→, ω, ε,ϑ)

12: Z ↑ ViterbiDecoding(Y, e→, ea, P,ς)

13: return Z, T̂

14: procedure UpdateEmpiricalDistribution(T̂ )

15: Simulated X̃ under MSC parameterized by T̂

16: ↓j : Ỹj ↑ F (X̃,B↑
j)

17: ↓j : ẽ(j)→ ↑ ML using Ỹj

18: return ẽ→

the empirical distributions ẽ
(j). After training parameters

using EM, we use the inferred parameters (e→, ea, P,ς) and

decode the Viterbi path for Z (ViterbiDecoding), producing

the decoded null versus alternative inference.

In each iteration, E-step computes the posterior state

probabilities ϖi and pairwise transition probabilities φi,i+1

using the standard forward–backward algorithm. In the M-step,

we update the emission parameters e→ and ea, the transition

matrix P , and the initial distribution ς by maximizing the

expected complete-data log-posterior and the conjugate Beta

priors on P . The initial transition matrix P is sampled from

its conjugate Beta prior, while the initial state distribution

ς and the alternative emission parameters ẽa are initialized

randomly. We always initialize e→ to the simulated ẽ→, except

for the segment mode. In the segment mode, these steps all follow

the traditional BW algorithm. Implementing MSC-fixed and

prior-fixed modes are also straightforward: ẽ→ is precalculated

using T̂ (X) before BW; in the first case, emissions of the null

state are fixed and removed from BW; in the second case, prior

P (e→) is added as a regularization term (see Appendix S2.2).

In the two *-updated modes, we recalculate the CU branch

lengths in O(nN) and redo simulations to update ẽ→ in

O(mnS) [6]. To save computation, we follow an irregular regime

to update more frequently in the early iterations. By default,

we update 5 times, first at the 25th iteration, and doubling

the wait time after each update. Note that from the E-step, we

have the state posterior ϖ = (ϖ1, . . . , ϖN ), each ϖi = P (Zi =

0 |X, ↼→, ↼a) giving the probability of each gene tree being in the

null state according to current parameters. We use these to re-

estimate the branch lengths of T̂ via a weighted quartet-based

estimator approach that extends the MAP estimator of Sayyari

et al. [6] (EstimateBranchCU) to incorporate the posterior ϖi:

↗ ln

[
3

2

(
1 ↗

∑N
i=1 ϖiq

(j)
i

! +
∑N

i=1 ϖi

)]
. (4)

where ! = 1 is the prior on speciation rate according to the Yule

model [6]. Given the updated branch lengths, we resimulate

gene trees to update the prior parameters ẽ→.

3. Experimental setup

3.1. Simulation studies
We first evaluate Phlag modes on simulated gene tree sequences,

with the alternative state changing either population size or

recombination rate (E1). We then extend the simulations to

include admixture and benchmark Phlag, using the default

choice of DY (topology order) in the prior-updated mode,

against alternative approaches (E2). While no other dedicated

tool exists for the exact task studied here, we can compare

with some baselines. i) PhylteR [23] (v0.9.12) treats gene

trees independently (i.e., is not position-aware) and detects

deviations from overall gene tree distribution using gene-

specific distance matrices, without relying on a species tree. We

evaluate di”erent settings of the sensitivity hyperparameter k →
{0.2, 0.5, 1.55, 3.00} and report results at multiple levels. ii)

Bipartition+HMM is similar to Phlag but uses binary emissions

based on the presence/absence of focal branch bipartitions in

each gene tree, using neither priors nor the MSC. iii) Moving

average (MA) computes the MA of the QQS of the dominant

topology [11] and use it to compute a z-score defined as yi↓µ
ω ,

where µ and ↽ are the mean and standard deviation, and yi is

the average of QQS on the window centered at position i. We

use a window size of 100 and mark a position as an outlier if

its z-score > u. We test for u → {0.1, 0.2, 0.3, 0.5, 1}.
In all simulation experiments, we apply Phlag and

bipartition+HMM on a single focal branch of interest if the

estimated branch length is less than 1 CU; for longer branches

where QQS is often 0 or 1, we add adjacent internal branches

to B↑ to increase the signal. We keep Phlag’s hyperparameters

fixed across di”erent scenarios: ε = 4, ω = 0.9, and ϑ =

1.5. Since other methods are not aware of the null model to

distinguish between the two binary states (e.g., bipartition

HMM and segment mode), we assign the majority-predicted

state to 0 and compute evaluation metrics accordingly.

We use msprime [24] to simulate genealogies under the

Hudson coalescent model, following recent work [12]. As

our null demographic model, we choose the avian phylogeny

inferred by Stiller et al. [25], which consists of 363 taxa.

We configure model parameters using empirical branch length

estimates in three units: time, CU, and substitution units (SU).

Each population’s e”ective size (2Ne) is set to t/(G · CU),

where t is the length in time, G is the generation time set

to 10, chosen as an approximate midpoint in compilations of

avian and mammalian generation times [26, 27]. We simulate

6Mbp alignments under the GTR model with rate heterogeneity

across the genome, avoiding unrealistic strict molecular clock

(i.e., ultrametricity) by incorporating realistic rate multipliers,

obtained from empirical SU/t rates. From these alignments, we

estimate gene trees for N = 1500 uniformly spaced 500bp

loci using IQ-TREE [28], skipping 8Kbp after each locus.

See Appendix S2.3 for details. The discordance between the

resulting gene trees and the species tree closely matches that

observed for the real Stiller et al. dataset (Fig. S1).

We create replicates by combining gene trees simulated

under the null model and those from an alternative condition.

We randomly select a starting position and substitute a

subsequence of gene trees with those simulated under the

alternative process. The portion of alternative gene trees

is set to {2%, 5%, 10%, 15%, 20%, 25%}. For the alternative

region, we keep all parameters and the demographic model

unchanged, except for a single branch, on which we introduce

a substantial change to a single model parameter. For 40

randomly selected branches, we either increase or decrease the
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Simulation details
Ancestry simulations:  

• recombination rate to 5 × 10−9, generation time at 10 years across the entire tree

Incorporate variation in rates of evolution: 

• a genealogy node  sampled at time  within population  is assigned a scaled time
y t(y) x

t′￼(y) = t′￼(x) + r(x)(t(y) − t(x))

Alignment simulations: 

• GTR model with a mean substitution rate of 1.909 per bp per generation


• heterogeneity both across genomic regions and across sites using Gamma models
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Mammalian analysis and QQS values
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