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Typical phylogenetic analysis under maximum likelihood

Model selection

Multiple sequence alignment

Phylogenetic tree

Substitution model

Tree
reconstruction

Assessment of branch supports

Tree with branch supports
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We focused on improving all 
three steps for large datasets!

Ultrafast bootstrap (2013, 2018)

ModelFinder (2017)

IQ-TREE (2015, 2020)

iqtree2 -s ALN_FILE -B 1000
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IQ-TREE tree search algorithm

Model selection

Multiple sequence alignment

Phylogenetic tree

Substitution model

Tree
reconstruction

Tree with branch supports
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IQ-TREE (2015, 2020)

Assessment of branch supports



Search heuristics for finding maximum likelihood trees
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Search heuristics for finding maximum likelihood trees

1. Hill-climbing / greedy algorithms: 
Fast but local optimum

2. Genetic algorithm: 
Slow but escaping local optima

3. IQ-TREE: 
Fast and escaping local optima
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Most widely used



likelihood

IQ-TREE: A new stochastic algorithm

Tree space

A

B

C

D

NNI1

NNI2

Nearest neighbor 
interchange

Lam-Tung Nguyen   Heiko Schmidt    Arndt von Haeseler

* 100 starting trees (99 parsimony, 1 NJ)
* Keeping a “population” of 20 best trees
* Stop if unsuccessful for 100 consecutive 
down-hill + up-hill moves



An independent benchmark by Zhou et al. (2018)
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Runtimes:

FastTree is fastest

PhyML is slow/crashed

IQ-TREE & RAxML are equally fast



ACG
GGA

T--C
CCA
TTA
C

ACG
GGA

T--C
CCA
ATA
C

CCG
GGA

TAG
CTT
CCA
TTA
C

ACC
CCC
TAT
CCA
CTG
GAT
TAC

ACG
ACA
TAT
CCA
CTG
GAT
TCC

ACGGCATAGCCGATTAC

ACGGGATAGCCCATTAC

ACGGGAT--CCCATTAC ACGGCATATCCACTGGATTAC

ACG
GGA

T--C
CCA
TTA
C

ACG
GGA

T--C
CCA
ATA
C

CCG
GGA

TAG
CTT
CCA
TTA
C

ACC
CCC
TAT
CCA
CTG
GAT
TAC

ACG
ACA
TAT
CCA
CTG
GAT
TCC

ACGGCATAGCCGATTAC

ACGGGATAGCCCATTAC

ACGGGAT--CCCATTAC ACGGCATATCCACTGGATTAC

IQ-TREE tree search algorithm
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IQ-TREE algorithm efficiently 
explores tree space IQ-TREE (2015, 2020)

Assessment of branch supports



Phylogenomic
Inference

Genome-scale data: Concatenation methods

Species tree of life

30 days of computation and 280 GB 
RAM for an insect data set!

CACCTGTCGT
CAGCTGTCGT
CAGCTGCCGT
CAGCTGCCGC
CTCCTGCCGG
CTCCTGCCGG
CTCTTGCCGG

----------
GCTCTTTCTG
GTTTTCTCTG
GTTCTCTCCG
GTGCTCTCAG
----------
----------

----------
TTGAGCCTGG
TTGAGCCTGG
----------
----------
CTGAGCCGGG
CTGAGCCTTG

TCTGGTGCAG
TCTGGTGCAG
TCTGGTACAG
TCTGGTGCAA
----------
TCTGGTGCAG
----------

Supermatrix
Gene 1                  Gene 2                  ……                   Gene 1,000



Partition model

Substitution
models:                JC             HKY+G         ……          GTR+G

CACCTGTCGT
CAGCTGTCGT
CAGCTGCCGT
CAGCTGCCGC
CTCCTGCCGG
CTCCTGCCGG
CTCTTGCCGG

----------
GCTCTTTCTG
GTTTTCTCTG
GTTCTCTCCG
GTGCTCTCAG
----------
----------

----------
TTGAGCCTGG
TTGAGCCTGG
----------
----------
CTGAGCCGGG
CTGAGCCTTG

TCTGGTGCAG
TCTGGTGCAG
TCTGGTACAG
TCTGGTGCAA
----------
TCTGGTGCAG
----------

Supermatrix
Gene 1                  Gene 2                  ……                   Gene 1,000

iqtree2 -s ALN_FILE 
  –q PARTITION_FILE

iqtree2 -s ALN_FILE 
  –p PARTITION_FILE

iqtree2 -s ALN_FILE 
  –Q PARTITION_FILE



Example partition file (turtle.nex)
#nexus
begin sets;

charset ENSGALG00000000223.macse_DNA_gb = 1-846;
charset ENSGALG00000001529.macse_DNA_gb = 847-1368;
charset ENSGALG00000002002.macse_DNA_gb = 1369-2040;
charset ENSGALG00000002514.macse_DNA_gb = 2041-2772;
charset ENSGALG00000003337.macse_DNA_gb = 2773-3738;
charset ENSGALG00000003700.macse_DNA_gb = 3739-4623;
charset ENSGALG00000003702.macse_DNA_gb = 4624-6168;
charset ENSGALG00000003907.macse_DNA_gb = 6169-6648;
charset ENSGALG00000005820.macse_DNA_gb = 6649-7224;
charset ENSGALG00000005834.macse_DNA_gb = 7225-7920;
charset ENSGALG00000005902.macse_DNA_gb = 7921-8490;
charset ENSGALG00000008338.macse_DNA_gb = 8491-9282;
charset ENSGALG00000008517.macse_DNA_gb = 9283-9822;
charset ENSGALG00000008916.macse_DNA_gb = 9823-10368;
charset ENSGALG00000009085.macse_DNA_gb = 10369-11298;
charset ENSGALG00000009879.macse_DNA_gb = 11299-11895;
charset ENSGALG00000011323.macse_DNA_gb = 11896-12795;
charset ENSGALG00000011434.macse_DNA_gb = 12796-13242;
charset ENSGALG00000011917.macse_DNA_gb = 13243-14223;
charset ENSGALG00000011966.macse_DNA_gb = 14224-14691;
charset ENSGALG00000012244.macse_DNA_gb = 14692-15444;
charset ENSGALG00000012379.macse_DNA_gb = 15445-15963;
charset ENSGALG00000012568.macse_DNA_gb = 15964-16593;
charset ENSGALG00000013227.macse_DNA_gb = 16594-17895;
charset ENSGALG00000014038.macse_DNA_gb = 17896-18456;
charset ENSGALG00000014648.macse_DNA_gb = 18457-18954;
charset ENSGALG00000015326.macse_DNA_gb = 18955-19551;
charset ENSGALG00000015397.macse_DNA_gb = 19552-20145;
charset ENSGALG00000016241.macse_DNA_gb = 20146-20820;

end;



How to reduce potential model overfitting?

CACCTGTCGT
CAGCTGTCGT
CAGCTGCCGT
CAGCTGCCGC
CTCCTGCCGG
CTCCTGCCGG
CTCTTGCCGG

----------
GCTCTTTCTG
GTTTTCTCTG
GTTCTCTCCG
GTGCTCTCAG
----------
----------

----------
TTGAGCCTGG
TTGAGCCTGG
----------
----------
CTGAGCCGGG
CTGAGCCTTG

TCTGGTGCAG
TCTGGTGCAG
TCTGGTACAG
TCTGGTGCAA
----------
TCTGGTGCAG
----------

Supermatrix
Gene 1                  Gene 2                  ……                   Gene 1,000

CACCTGTCGT
CAGCTGTCGT
CAGCTGCCGT
CAGCTGCCGC
CTCCTGCCGG
CTCCTGCCGG
CTCTTGCCGG

----------
GCTCTTTCTG
GTTTTCTCTG
GTTCTCTCCG
GTGCTCTCAG
----------
----------

----------
TTGAGCCTGG
TTGAGCCTGG
----------
----------
CTGAGCCGGG
CTGAGCCTTG

TCTGGTGCAG
TCTGGTGCAG
TCTGGTACAG
TCTGGTGCAA
----------
TCTGGTGCAG
----------

Gene 1+2                  …………                   Gene 200+1,000

PartitionFinder algorithm 
(Lanfear et al. 2012):

1. Evaluate all pairs of genes.
2. Find the pair with best score.
3. If score improves, merge two 

genes and repeat steps 1-3.
4. Otherwise, stop.

iqtree2 … -m MFP+MERGE

PartitionFinder

Substitution
models:                     HKY             ……          GTR+G

Relaxed clustering algorithm 
(Lanfear et al. 2014):

In step 1: only examine the top 
k% of most “promising” pairs.

iqtree2 … -rcluster 10



Tree topology tests

Is the difference 
statistically significant?

Testing two trees (Kishino & Hasegawa, 1989):

1. Statistic: 𝛿 = log 𝑙𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑇% − log 𝑙𝑖𝑘𝑒𝑙𝑖ℎ𝑜𝑜𝑑 𝑇& .
2. Generate distribution of 𝛿 from many “random” data (e.g. by 

10,000 bootstrap resampling).
3. Compare the statistic between original and random data to 

obtain p-value.
4. If p-value < 0.05: YES! two trees are significantly different.
5. If p-value >= 0.05: NO! they are not.

𝛿
iqtree2 -s ALN_FILE –p PARTITION_FILE
  -z TREES_FILE –zb 10000 –au –n 0



Phylogenomic
Inference

Concatenation methods: Limitation

Species tree of life

CACCTGTCGT
CAGCTGTCGT
CAGCTGCCGT
CAGCTGCCGC
CTCCTGCCGG
CTCCTGCCGG
CTCTTGCCGG

----------
GCTCTTTCTG
GTTTTCTCTG
GTTCTCTCCG
GTGCTCTCAG
----------
----------

----------
TTGAGCCTGG
TTGAGCCTGG
----------
----------
CTGAGCCGGG
CTGAGCCTTG

TCTGGTGCAG
TCTGGTGCAG
TCTGGTACAG
TCTGGTGCAA
----------
TCTGGTGCAG
----------

Supermatrix
Gene 1                  Gene 2                  ……                   Gene 1,000

100

100
100

100
100

Bootstrap supports and Bayesian posteriors 
tend to 100% as #genes increases!

Concatenation assumes a single tree 
across all loci

Potential systematic bias

“When the method of inferring phylogenies
is one with undesirable statistical properties 
such as inconsistency, the bootstrap does not 
correct for these” (Felsenstein, 1985)



Coalescent methods

Species tree

Gene tree 1       Gene tree 2                …………          Gene tree 1,000

CACCTGTCGT
CAGCTGTCGT
CAGCTGCCGT
CAGCTGCCGC
CTCCTGCCGG
CTCCTGCCGG
CTCTTGCCGG

----------
GCTCTTTCTG
GTTTTCTCTG
GTTCTCTCCG
GTGCTCTCAG
----------
----------

----------
TTGAGCCTGG
TTGAGCCTGG
----------
----------
CTGAGCCGGG
CTGAGCCTTG

TCTGGTGCAG
TCTGGTGCAG
TCTGGTACAG
TCTGGTGCAA
----------
TCTGGTGCAG
----------

Supermatrix
Gene 1                  Gene 2                  ……                   Gene 1,000

Gene Concordance Factor (gCF):
How often a branch in species 

tree is found among gene trees?
0% ≤ gCF ≤ 100%

Problem: Uncertainties in 
gene trees!

Implementation in IQ-TREE fully 
accounts for missing data



Site Concordance Factor (sCF)
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Site Concordance Factor (sCF):
How often a branch is 

“supported” by alignment sites?
33.3% ⪍ sCF ≤ 100%

CACCTGTCGT
CAGCTGTCGT
CAGCTGCCGT
CAGCTGCCGC
CTCCTGCCGG
CTCCTGCCGG
CTCTTGCCGG

----------
GCTCTTTCTG
GTTTTCTCTG
GTTCTCTCCG
GTGCTCTCAG
----------
----------

----------
TTGAGCCTGG
TTGAGCCTGG
----------
----------
CTGAGCCGGG
CTGAGCCTTG

TCTGGTGCAG
TCTGGTGCAG
TCTGGTACAG
TCTGGTGCAA
----------
TCTGGTGCAG
----------

Supermatrix
Gene 1                  Gene 2                  ……                   Gene 1,000



An example birds data set (Reddy et al., 2017)

King penguin

Emperor penguin

Little penguin

Adélie penguin

Black-footed albatross

Northern fulmar

Wilson’s storm petrel

Storm petrel

Diving petrel

Sooty shearwater

Penguins

Tubenoses

100/86.8/93.1Bootstrap/gCF/sCF (%)

100/90.8/85.8

100/48.6/33.8

100/1.15/37.3

100/29.6/48.5

99/11.5/29.2

100/30.4/43.3

100/81/73.4

100/40/34

Only 1 (of 88) 
gene tree supports 
this branch!

• 131 sites support 
this branch

• 105 sites support 
NNI branch 1

• 114 sites support 
NNI branch 2

Felsenstein (1985): a 
difference of 20 sites 
favouring one topology is 
enough to give 100% 
bootstrap support for that 
one topology!

0.003

Too low sCF!

• gCF and sCF are useful when bootstrap supports reach 100%.
• CAUTION when gCF ~ 0% or sCF ~ 33%, even if BS ~ 100%.
• GREAT  when  gCF and sCF > 50%.



Mixture Across Sites and Trees (MAST) model

iqtree2 -s ALN_FILE –te TREES_FILE –m GTR+G+T

S1: A   A   -   T   A   A   A   T
S2: T   A   A   C   C   T   T   T
S3: T   A   T   A   A   G   T   T
S4: A   C   -   A   C   A   A   A

𝐿!!    𝐿"! 𝐿#!   𝐿$! 𝐿%!   𝐿&!   𝐿'!  𝐿(!

𝐿!"    𝐿""   𝐿#"   𝐿$"   𝐿%"  𝐿&"   𝐿'"   𝐿("

Log-likelihood of the trees: ∑# log 𝐿#

Likelihood for site i: 𝐿# = 𝑤$𝐿#$ +𝑤$𝐿#%  
where 𝑤& represents the portion of sites belonging to tree 𝑗

Concatenated alignment



Toy example: Site log-likelihood 



Toy example: Site log-likelihood 



The classical example of Human, Chimp, Gorilla

Gene tree frequencies: 19.8%    20.1%     60.1%

MAST model weights:   17.9%    17.4%        64.7%

Data: 1,595 genes; 1,618,506 bp (Vanderpool et al. 2020)

https://doi.org/10.1371/journal.pbio.3000954


Gene trees discordance due to deep coalescence

Deep coalescence
(Incomplete lineage 

sorting)

HumanChimp Gorilla



Dataset for IQ-TREE lab: Where is Turtle in the tree?

Thanks Jeremy Brown

Dataset: 16 species, 29 genes, 
20,820 bp
(a subset of Chiari et al. 2012)

Turtle
Crocodile
Bird

Crocodile
Turtle
Bird

Bird
Turtle
Crocodile

2012
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l.

2013 2014
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 et
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.

Lu
 et

 al
.
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 et

 al
.

Different studies led to different trees!



IQ-TREE lab

1. Input data
2. Inferring the first phylogeny
3. Applying partition model
4. Choosing the best partitioning scheme
5. Tree topology tests
6. Tree mixture model (NEW)
7. Identifying most influential genes
8. Removing influential genes
9. Concordance factors (*advanced)

http://www.iqtree.org/workshop/molevol2023

Fill out your answers in a Google form (shared via Slack) 

http://www.iqtree.org/workshop/molevol2023

