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Markov	
  Model	
  of	
  Site	
  Evolu#on	
  
Simplest	
  (Jukes-­‐Cantor):	
  
•  The	
  model	
  tree	
  T	
  is	
  binary	
  and	
  has	
  subs#tu#on	
  probabili#es	
  p(e)	
  on	
  

each	
  edge	
  e.	
  
•  The	
  state	
  at	
  the	
  root	
  is	
  randomly	
  drawn	
  from	
  {A,C,T,G}	
  (nucleo#des)	
  
•  If	
  a	
  site	
  (posi#on)	
  changes	
  on	
  an	
  edge,	
  it	
  changes	
  with	
  equal	
  probability	
  

to	
  each	
  of	
  the	
  remaining	
  states.	
  
•  The	
  evolu#onary	
  process	
  is	
  Markovian.	
  

More	
  complex	
  models	
  (such	
  as	
  the	
  General	
  Markov	
  model)	
  are	
  also	
  
considered,	
  oYen	
  with	
  liZle	
  change	
  to	
  the	
  theory.	
  	
  	
  

	
  
Maximum	
  Likelihood	
  is	
  a	
  sta#s#cally	
  consistent	
  method	
  under	
  the	
  JC	
  

model.	
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(Phylogenetic estimation from whole genomes) 



Not all genes present in all species	
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Combined analysis 	
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Red gene tree ≠ species tree���
(green gene tree okay)	
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Gene	
  trees	
  inside	
  the	
  species	
  tree	
  
(Coalescent	
  Process)	
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Gorilla	
  and	
  Orangutan	
  are	
  not	
  siblings	
  in	
  the	
  species	
  tree,	
  
but	
  they	
  are	
  in	
  the	
  gene	
  tree.	
  



Gene Tree inside a Species Tree	





Incomplete	
  Lineage	
  Sor#ng	
  (ILS)	
  
•  Two	
  (or	
  more)	
  lineages	
  fail	
  to	
  

coalesce	
  in	
  their	
  first	
  common	
  
ancestral	
  popula#on	
  

	
  
•  Probability	
  of	
  ILS	
  increases	
  for	
  

short	
  branches	
  or	
  large	
  
popula#on	
  size	
  (wider	
  
branches)	
  

•  ~960	
  papers	
  in	
  2013	
  include	
  
phrase	
  “incomplete	
  lineage	
  
sor#ng”	
  

for obtaining gene tree probabilities given a species tree.
We discuss implications of gene tree discordance and the
‘multispecies coalescent’ for experimental design, and
review new approaches that allow for high levels of gene
tree discordance when inferring species trees. Finally, we
conclude with a proposed list of questions for framing
future investigations of gene tree discordance, incomplete
lineage sorting and multilocus phylogenetics.

The multispecies coalescent
Coalescent theory [1,2,17], which models genealogies
within populations, can be used to investigate probabilities
that gene trees have branching patterns (topologies) that
differ from a species tree topology. The basic model, which
we call the ‘multispecies coalescent,’ generalizes the
Wright-Fisher model of genetic drift [18–20], applying it
to multiple populations connected by an evolutionary tree.

The coalescent for a single population traces the ances-
tries of a subset of individual copies of a gene backward in
time from the present. Figure 1a depicts a population
shaded in blue with five (haploid) individuals, tracing
the ancestries of three of the individuals back ten gener-
ations. The population is assumed to have constant size
and nonoverlapping generations. Each gene is copied from
a random ‘parental’ gene in the previous generation. The
coalescent model approximates the process of choosing
random parents backward in time when the population
size is large relative to the number of sampled lineages
[18–20].

In population genetics, the coalescent is typically
applied to several individuals sampled from one popu-
lation. In phylogenetics, individuals from the same popu-
lation are usually assumed to be similar compared to
the differences that exist among populations (or species)
and, often, only one individual is sampled per population.

Box 1. Incomplete lineage sorting

‘Lineage sorting’ and ‘incomplete lineage sorting’ are used in
several ways by different authors. Some authors (including us)
use them primarily as descriptions of particular types of genealo-
gical pattern. Other authors use them to describe a process that
explains the gene tree discordance detected in genetic data, and
require that genetic data be investigated before the terms apply. Still
others describe ‘lineage sorting’ as ‘complete’ when polymorphism
no longer exists at a locus in descendant populations [22,75]. The
term ‘hemiplasy’ has been suggested [76] for gene tree incon-
gruence specifically caused by incomplete lineage sorting when
ancestral polymorphism is retained through speciation events.

An important insight from coalescent theory is that ancestry of
lineages can be modeled independently of the process of mutation
[18]. Thus, incongruent gene trees can occur even without ancestral
polymorphism – or without any present-day polymorphism.
Although detecting gene tree incongruence (or incomplete lineage
sorting) does depend on the occurrence of mutations, detectability
is conceptually distinct from whether incongruence (or incomplete
lineage sorting) exists. Because gene trees are expected to some-
times disagree with the species tree independently of the existence
of polymorphism, we suggest that ‘incomplete lineage sorting’ be
used only to refer to failures of lineages in a population to coalesce.
Whether such failures result in incongruent gene trees depends on
coalescences in ancestral populations. With this definition, incon-
gruence is not built into the concept of incomplete lineage sorting,
and the usage parallels the way HGT, gene duplication, hybridiza-
tion, recombination, natural selection and other phenomena are
cited as potential causes of gene tree incongruence.

Figure 1. The multispecies coalescent. Each dot represents an individual gene
copy, with each row representing one generation. Lines connect an individual gene
copy to its ancestor in the previous generation, one row higher. The width of a
population represents the population size, and the height represents time
measured in generations. (a) The coalescent in several populations. The four
populations shaded pink each have only one lineage (gene copy) sampled per
species. (b) Populations arranged by evolutionary relationships. Because the
lineage ancestral to the gene sampled from population C fails to coalesce in the
population in yellow, this lineage can coalesce with the D lineage before
coalescing with the lineage ancestral to the lineages sampled from populations
A and B. Consequently, the gene tree topology is ((AB)(CD)), whereas the species
tree topology is (((AB)C)D). (c) A gene tree in a species tree, obtained by ignoring
individuals that are not ancestral to individuals in the sample.
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Orangutan Gorilla Chimpanzee Human 

From the Tree of the Life Website, 
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Species	
  tree	
  es#ma#on:	
  difficult,	
  
even	
  for	
  small	
  datasets	
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How	
  to	
  compute	
  a	
  species	
  tree?	
  

Techniques:	
  
	
  Most	
  frequent	
  gene	
  tree?	
  
	
  Consensus	
  of	
  gene	
  trees?	
  
	
  Other?	
  



Anomaly	
  Zone	
  

•  Under	
  the	
  mul#-­‐species	
  coalescent	
  model,	
  the	
  
most	
  probable	
  gene	
  tree	
  may	
  not	
  be	
  the	
  true	
  
species	
  tree	
  (the	
  “anomaly	
  zone”)	
  –	
  Degnan	
  &	
  
Rosenberg	
  2006,	
  2009.	
  

•  Hence,	
  selec#ng	
  the	
  most	
  frequent	
  gene	
  tree	
  
is	
  not	
  a	
  sta#s#cally	
  consistent	
  technique.	
  

•  However,	
  there	
  are	
  no	
  anomalous	
  rooted	
  3-­‐
taxon	
  trees	
  or	
  unrooted	
  4-­‐taxon	
  trees	
  –	
  
Allman	
  et	
  al.	
  2011,	
  Degnan	
  2014.	
  gene	
  trees).	
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Anomaly	
  Zone	
  

•  Hence,	
  for	
  every	
  3	
  species,	
  the	
  most	
  frequent	
  
rooted	
  gene	
  tree	
  will	
  be	
  the	
  true	
  rooted	
  
species	
  tree	
  with	
  high	
  probability.	
  

•  (The	
  same	
  thing	
  is	
  true	
  for	
  unrooted	
  4-­‐leaf	
  
gene	
  trees.)	
  



Sta#s#cally	
  consistent	
  method	
  

•  Given	
  set	
  of	
  rooted	
  gene	
  trees,	
  for	
  every	
  three	
  
species:	
  
–  Compute	
  the	
  induced	
  triplet	
  trees	
  in	
  each	
  gene	
  tree	
  
–  Find	
  dominant	
  triplet	
  tree.	
  

•  If	
  the	
  triplet	
  trees	
  are	
  compa#ble,	
  it	
  is	
  easy	
  to	
  
compute	
  the	
  tree	
  they	
  all	
  agree	
  with.	
  

•  Otherwise,	
  apply	
  a	
  heuris#c	
  to	
  find	
  a	
  tree	
  that	
  
sa#sfies	
  the	
  largest	
  number	
  of	
  dominant	
  triplet	
  
trees	
  (NP-­‐hard).	
  



Simple	
  algorithm	
  to	
  construct	
  species	
  
tree	
  from	
  unrooted	
  gene	
  trees	
  

•  Given	
  set	
  of	
  gene	
  trees,	
  for	
  every	
  four	
  species:	
  
– Compute	
  the	
  induced	
  quartet	
  trees	
  in	
  each	
  gene	
  
tree	
  

– Find	
  dominant	
  quartet	
  tree	
  

•  If	
  the	
  quartet	
  trees	
  are	
  compa#ble,	
  it	
  is	
  easy	
  
to	
  compute	
  the	
  tree	
  they	
  all	
  agree	
  with.	
  

•  Otherwise,	
  apply	
  a	
  heuris#c	
  to	
  find	
  a	
  tree	
  that	
  
sa#sfies	
  most	
  of	
  the	
  dominant	
  quartet	
  trees.	
  



Sta#s#cal	
  Consistency	
  

error	
  

Data	
  

Data	
  are	
  gene	
  trees,	
  presumed	
  to	
  be	
  randomly	
  
sampled	
  true	
  gene	
  trees.	
  



Some	
  sta#s#cally	
  consistent	
  methods	
  

•  Rooted	
  gene	
  trees:	
  

–  Simple	
  triplet-­‐based	
  methods	
  for	
  rooted	
  gene	
  trees	
  

–  MP-­‐EST	
  (Liu	
  et	
  al.	
  2010):	
  maximum	
  likelihood	
  es#ma#on	
  of	
  
rooted	
  species	
  tree	
  	
  

•  Unrooted	
  gene	
  trees:	
  

–  Simple	
  quartet-­‐based	
  methods	
  for	
  unrooted	
  gene	
  trees	
  

–  BUCKy-­‐pop	
  (Ané	
  and	
  Larget	
  2010):	
  quartet-­‐based	
  Bayesian	
  
species	
  tree	
  es#ma#on–	
  ?	
  

•  Sequence	
  alignments	
  
–  *BEAST	
  (Heled	
  and	
  Drummond):	
  co-­‐es#mates	
  gene	
  trees	
  and	
  species	
  tree	
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The reconstruction of the Tree of Life has relied almost entirely on
concatenation methods, which do not accommodate gene tree
heterogeneity, a property that simulations and theory have identified
as a likely cause of incongruent phylogenies. However, this in-
congruence has not yet been demonstrated in empirical studies.
Several key relationships among eutherian mammals remain contro-
versial and conflicting among previous studies, including the root of
eutherian tree and the relationships within Euarchontoglires and
Laurasiatheria. Both Bayesian and maximum-likelihood analysis of
genome-wide data of 447 nuclear genes from 37 species show that
concatenation methods indeed yield strong incongruence in the
phylogeny of eutherian mammals, as revealed by subsampling an-
alyses of loci and taxa, which produced strongly conflicting topolo-
gies. In contrast, the coalescent methods, which accommodate gene
tree heterogeneity, yield a phylogeny that is robust to variable gene
and taxon sampling and is congruent with geographic data. The data
also demonstrate that incomplete lineage sorting, a major source of
gene tree heterogeneity, is relevant to deep-level phylogenies, such
as those among eutherian mammals. Our results firmly place the
eutherian root between Atlantogenata and Boreoeutheria and sup-
port ungulate polyphyly and a sister-group relationship between
Scandentia and Primates. This study demonstrates that the incongru-
ence introduced by concatenation methods is a major cause of long-
standing uncertainty in the phylogeny of eutherian mammals, and
the same may apply to other clades. Our analyses suggest that such
incongruence can be resolved using phylogenomic data and coales-
cent methods that deal explicitly with gene tree heterogeneity.

gene tree heterogeneity | incomplete lineage sorting | multispecies
coalescent model | phylogenetic incongruence

To date, phylogenetic studies using DNA sequence data have
been based almost entirely on concatenation methods. Con-

catenation methods infer phylogenies from multilocus sequences
that are combined to form a single supermatrix (1), based on the
assumption that all genes have the same or similar phylogenies (1,
2). However, empirical studies have shown widespread presence
of gene tree heterogeneity within mammals and other clades (3,
4). When a high level of gene tree heterogeneity occurs in mul-
tilocus sequence data, theory and simulations have predicted that
concatenation methods can yield misleading results (5, 6). By
contrast, more recently developed coalescence-based methods
estimate a species phylogeny from a collection of gene trees, an
approach that allows different genes to have different topologies
(4, 7–10). Simulations and theory have shown that coalescent
methods can produce accurate phylogenies from multilocus se-
quence data that are subject to incomplete lineage sorting (ILS),
a major cause of gene tree heterogeneity (4, 7–10). However, the
superior performance of coalescent methods relative to concat-
enation methods in the face of substantial gene tree heterogeneity
remains to be demonstrated in empirical studies.
Resolving the phylogeny of eutherian mammals has been

challenging due to conflicting results from previous studies

(11–20). In the past decade, the division of eutherian mammals into
four superorders—Euarchontoglires, Laurasiatheria, Afrotheria,
and Xenarthra—has been well supported (11–20). However, some
key elements of eutherian mammal relationships, including the
root of the eutherian tree and the interordinal relationships within
Euarchontoglires and Laurasiatheria, remain unresolved or un-
stable (20). Resolving these incongruences is crucial not only for
understanding the evolutionary history and dynamics of Eutheria,
but also for revealing the source of contradictions on eutherian
phylogeny in previous studies. Using a phylogenetic, DNA-based
analysis of eutherian mammal relationships as a case study,
we empirically demonstrate that concatenation methods can
lead to phylogenetic results that are inherently incongruent, in
that different subsamples of the same data set tend to produce
strongly divergent topologies. Analyzing and subsampling the
same data using coalescent methods yield more consistent
results, and the resulting phylogeny suggests possible resolutions
to persistent controversies regarding the position of the root
of Eutheria and key relationships within Laurasiatheria and
Euarchontoglires.

Results
Conflict Between Concatenation and Coalescent Phylogenetic Analyses.
We analyzed sequence data from 447 nuclear genes from 33 eu-
therian species representing 16 of 18 eutherian orders and four
outgroups including two marsupials, one monotreme, and chicken.
The 447 orthologous genes in the data are distributed across all
22 autosomes and the X chromosome in the human genome,
allowing us to access the phylogenetic utility of different parts
across the genome.
Our analyses used two recently developed coalescent methods:

the Maximum Pseudolikelihood Estimation of the Species Tree
(MP-EST) method (8) and the Species Tree Estimation using
Average Ranks of coalescence (STAR) method, used here with
the neighbor-joining algorithm (9). MP-EST uses the frequencies
of gene trees of triplets of taxa to estimate the topology and
branch lengths (in coalescent units) of the overall species tree
(8), whereas STAR computes the topological distances among
pairs of taxa as the average of the ranks (number of nodes to-
ward the root node) of those taxon pairs across nodes in the
collected gene trees (9). MP-EST and STAR are partially
parametric methods that reconstruct species phylogenies using
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  species	
  
and	
  447	
  genes	
  



Song	
  et	
  al.	
  PNAS	
  2012	
  

•  “This	
  study	
  demonstrates	
  that	
  the	
  
incongruence	
  introduced	
  by	
  concatena#on	
  
methods	
  is	
  a	
  major	
  cause	
  of	
  longstanding	
  
uncertainty	
  in	
  the	
  phylogeny	
  of	
  eutherian	
  
mammals,	
  and	
  the	
  same	
  may	
  apply	
  to	
  other	
  
clades.	
  Our	
  analyses	
  suggest	
  that	
  such	
  
incongruence	
  can	
  be	
  resolved	
  using	
  
phylogenomic	
  data	
  and	
  coalescent	
  methods	
  
that	
  deal	
  explicitly	
  with	
  gene	
  tree	
  
heterogeneity.”	
  



Springer	
  and	
  Gatesy	
  (TPS	
  2014)	
  
•  “The	
  poor	
  performance	
  of	
  coalescence	
  methods	
  [5–8]	
  

presumably	
  reflects	
  their	
  incorrect	
  assump#on	
  that	
  all	
  
conflict	
  among	
  gene	
  trees	
  is	
  aZributable	
  to	
  deep	
  
coalescence,	
  whereas	
  a	
  mul#tude	
  of	
  other	
  problems	
  (long	
  
branches,	
  muta#onal	
  satura#on,	
  weak	
  phylogene#c	
  signal,	
  
model	
  misspecifica#on,	
  poor	
  taxon	
  sampling)	
  nega#vely	
  
impact	
  reconstruc#on	
  of	
  accurate	
  gene	
  trees	
  and	
  provide	
  
more	
  cogent	
  explana#ons	
  for	
  incongruence	
  [6,7].”	
  

	
  
•  “Shortcut	
  coalescence	
  methods	
  are	
  not	
  a	
  reliable	
  remedy	
  

for	
  persistent	
  phylogene#c	
  problems	
  that	
  extend	
  back	
  to	
  
the	
  Precambrian.	
  ”	
  



The	
  Debate:	
  	
  
Concatena#on	
  vs.	
  Coalescent	
  Es#ma#on	
  

•  In	
  favor	
  of	
  coalescent-­‐based	
  es#ma#on	
  

–  Sta#s#cal	
  consistency	
  guarantees	
  
–  Addresses	
  gene	
  tree	
  incongruence	
  resul#ng	
  from	
  ILS	
  
–  Some	
  evidence	
  that	
  concatena#on	
  can	
  be	
  posi#vely	
  misleading	
  

•  In	
  favor	
  of	
  concatena#on	
  

–  Reasonable	
  results	
  on	
  data	
  
–  High	
  bootstrap	
  support	
  
–  Summary	
  methods	
  (that	
  combine	
  gene	
  trees)	
  can	
  have	
  poor	
  

support	
  or	
  miss	
  well-­‐established	
  clades	
  en#rely	
  
–  Some	
  methods	
  (such	
  as	
  *BEAST)	
  are	
  computa#onally	
  too	
  

intensive	
  to	
  use	
  



Is	
  Concatena#on	
  Evil?	
  

•  Joseph	
  Heled:	
  
– YES	
  

•  John	
  Gatesy	
  
– No	
  



Evalua#ng	
  methods	
  using	
  simula#on	
  	
  

•  Summary	
  method	
  
– MP-­‐EST	
  (sta#s#cally	
  consistent,	
  increasingly	
  popular)	
  

•  Concatena#on	
  
–  RAxML	
  (among	
  many	
  good	
  tools	
  for	
  ML)	
  



Data	
  quality:	
  the	
  flip	
  side	
  of	
  
phylogenomics	
  

•  As	
  more	
  genes	
  are	
  
sampled,	
  many	
  of	
  
them	
  have	
  low	
  quality	
  
–  Short	
  sequences	
  
–  Uninforma#ve	
  sites	
  

!

8,500	
  exons	
  from	
  the	
  Avian	
  project	
  	
  



Poorly	
  resolved	
  gene	
  trees	
  

•  As	
  more	
  genes	
  are	
  
sampled,	
  many	
  of	
  
them	
  have	
  low	
  quality	
  

	
  
•  which	
  leads	
  to	
  gene	
  
trees	
  with	
  low	
  
support	
  (and	
  hence	
  
high	
  error)	
  

!

8,500	
  exons	
  from	
  the	
  Avian	
  project	
  	
  



Avian-­‐like	
  simula#on	
  results	
  
•  Avian-­‐like	
  simula#on;	
  1000	
  genes,	
  48	
  taxa,	
  high	
  levels	
  of	
  ILS	
  

Be#er	
  gene	
  trees	
   Be#er	
  gene	
  trees	
  




























       



Is	
  Concatena#on	
  Evil?	
  

•  Joseph	
  Heled:	
  
– YES	
  

•  John	
  Gatesy	
  
– No	
  



Objec#ve	
  

•  Fast,	
  and	
  able	
  to	
  analyze	
  genome-­‐scale	
  data	
  
(thousands	
  of	
  loci)	
  quickly	
  

•  Highly	
  accurate	
  
•  Sta#s#cally	
  consistent	
  
•  Convince	
  Gatesy	
  that	
  coalescent-­‐based	
  
es#ma#on	
  is	
  okay	
  



ASTRAL	
  

•  ASTRAL	
  =	
  Accurate	
  Species	
  TRee	
  Algorithm	
  
•  Authors:	
  S.	
  Mirarab,	
  R.	
  Reaz,	
  Md.	
  S.	
  Bayzid,	
  T.	
  
Zimmerman,	
  S.	
  Swenson,	
  and	
  T.	
  Warnow	
  

•  To	
  appear,	
  Bioinforma#cs	
  and	
  ECCB	
  2014	
  
•  Tutorial	
  on	
  using	
  ASTRAL	
  at	
  Evolu#on	
  2014	
  
•  Open	
  source	
  and	
  freely	
  available	
  



Simple	
  algorithm	
  

•  Given	
  set	
  of	
  gene	
  trees,	
  for	
  every	
  four	
  species:	
  
–  Compute	
  the	
  induced	
  quartet	
  trees	
  in	
  each	
  gene	
  tree	
  
–  Find	
  which	
  quartet	
  tree	
  is	
  dominant	
  

•  If	
  the	
  quartet	
  trees	
  are	
  compa#ble,	
  it	
  is	
  easy	
  to	
  
compute	
  the	
  tree	
  they	
  all	
  agree	
  with.	
  

•  Otherwise,	
  apply	
  a	
  heuris#c	
  to	
  find	
  a	
  tree	
  that	
  
sa#sfies	
  most	
  of	
  the	
  dominant	
  quartet	
  trees.	
  



Simple	
  algorithm	
  

•  Given	
  set	
  of	
  gene	
  trees,	
  for	
  every	
  four	
  species:	
  
–  Compute	
  the	
  induced	
  quartet	
  trees	
  in	
  each	
  gene	
  tree	
  
–  Find	
  which	
  quartet	
  tree	
  is	
  dominant	
  

•  If	
  the	
  quartet	
  trees	
  are	
  compa#ble,	
  it	
  is	
  easy	
  to	
  
compute	
  the	
  tree	
  they	
  all	
  agree	
  with.	
  

•  Otherwise,	
  apply	
  a	
  heuris#c	
  to	
  find	
  a	
  tree	
  that	
  
sa#sfies	
  most	
  of	
  the	
  dominant	
  quartet	
  trees.	
  

Problem:	
  loss	
  of	
  informaDon	
  about	
  confidence/support	
  	
  
in	
  the	
  quartet	
  tree	
  



Median	
  Tree	
  

•  Define	
  the	
  cost	
  of	
  a	
  species	
  tree	
  T	
  on	
  set	
  S	
  with	
  respect	
  
to	
  a	
  set	
  of	
  unrooted	
  gene	
  trees	
  {t1,t2,…tk}	
  on	
  set	
  S	
  by:	
  

	
  
–  Cost(T,S)	
  =	
  d(T,t1)	
  +	
  d(T,t2)	
  +	
  …	
  +	
  d(T,tk)	
  

where	
  d(T,ti)	
  is	
  the	
  number	
  of	
  quartets	
  of	
  taxa	
  that	
   	
  	
  	
  
T	
  and	
  ti	
  have	
  different	
  topologies.	
  
	
  

•  The	
  op#miza#on	
  problem	
  is	
  to	
  find	
  a	
  tree	
  T	
  of	
  minimum	
  
cost	
  with	
  respect	
  to	
  the	
  input	
  set	
  of	
  unrooted	
  gene	
  trees.	
  



Sta#s#cal	
  Consistency	
  

•  Theorem:	
  Let	
  {t1,t2,…tk}	
  be	
  a	
  set	
  of	
  unrooted	
  gene	
  
trees	
  on	
  set	
  S.	
  Then	
  the	
  median	
  tree	
  is	
  a	
  
sta#s#cally	
  consistent	
  es#mator	
  of	
  the	
  unrooted	
  
species	
  tree,	
  under	
  the	
  mul#-­‐species	
  coalescent.	
  

•  Proof:	
  Given	
  a	
  large	
  enough	
  number	
  of	
  genes,	
  
then	
  with	
  high	
  probability	
  the	
  most	
  frequent	
  
gene	
  tree	
  on	
  any	
  four	
  species	
  is	
  the	
  true	
  species	
  
tree.	
  When	
  this	
  holds,	
  then	
  the	
  true	
  species	
  tree	
  
has	
  the	
  minimum	
  cost,	
  because	
  it	
  agrees	
  with	
  the	
  
largest	
  number	
  of	
  quartet	
  trees.	
  	
  



Sta#s#cal	
  Consistency	
  

•  Theorem:	
  Let	
  {t1,t2,…tk}	
  be	
  a	
  set	
  of	
  unrooted	
  gene	
  
trees	
  on	
  set	
  S.	
  Then	
  the	
  median	
  tree	
  is	
  a	
  
sta#s#cally	
  consistent	
  es#mator	
  of	
  the	
  unrooted	
  
species	
  tree,	
  under	
  the	
  mul#-­‐species	
  coalescent.	
  

•  Proof:	
  Given	
  a	
  large	
  enough	
  number	
  of	
  genes,	
  
then	
  with	
  high	
  probability	
  the	
  most	
  frequent	
  
gene	
  tree	
  on	
  any	
  four	
  species	
  is	
  the	
  true	
  species	
  
tree.	
  When	
  this	
  holds,	
  then	
  the	
  true	
  species	
  tree	
  
has	
  the	
  minimum	
  cost,	
  because	
  it	
  agrees	
  with	
  the	
  
largest	
  number	
  of	
  quartet	
  trees.	
  	
  



Compu#ng	
  the	
  median	
  tree	
  

•  This	
  is	
  likely	
  to	
  be	
  an	
  NP-­‐hard	
  problem,	
  so	
  we	
  
don’t	
  try	
  to	
  solve	
  it	
  exactly.	
  Instead,	
  we	
  solve	
  
a	
  constrained	
  version:	
  
–  Input:	
  set	
  of	
  unrooted	
  gene	
  trees	
  {t1,t2,…tk}	
  on	
  set	
  
S,	
  and	
  set	
  X	
  of	
  bipar##ons	
  on	
  S.	
  

– Output:	
  tree	
  T	
  that	
  has	
  minimum	
  cost,	
  subject	
  to	
  
T	
  drawing	
  its	
  bipar##ons	
  from	
  X.	
  

•  This	
  problem	
  we	
  can	
  solve	
  in	
  #me	
  that	
  is	
  
polynomial	
  in	
  n=|S|,	
  k,	
  and	
  |X|.	
  



Default	
  ASTRAL	
  

•  The	
  default	
  se�ng	
  for	
  ASTRAL	
  sets	
  X	
  to	
  be	
  the	
  
bipar##ons	
  in	
  the	
  input	
  set	
  of	
  gene	
  trees.	
  

•  Theorem:	
  Default	
  ASTRAL	
  is	
  sta#s#cally	
  
consistent	
  under	
  the	
  mul#-­‐species	
  coalescent	
  
model.	
  

•  Proof:	
  given	
  a	
  large	
  enough	
  number	
  of	
  gene	
  
trees,	
  some	
  gene	
  tree	
  will	
  have	
  the	
  same	
  
topology	
  as	
  the	
  species	
  tree	
  with	
  high	
  
probability.	
  



ASTRAL	
  running	
  #me	
  

•  ASTRAL	
  has	
  O(nk|X|2)	
  running	
  #me	
  for	
  k	
  
genes	
  of	
  n	
  taxa	
  and	
  bipar##ons	
  from	
  set	
  X	
  
– O(n3k3)	
  if	
  X	
  is	
  the	
  set	
  of	
  bipar##ons	
  from	
  gene	
  
trees	
  

	
  

•  Runs	
  in	
  ~3	
  minutes	
  for	
  800	
  genes	
  and	
  103	
  taxa	
  
–  In	
  contrast,	
  MP-­‐EST	
  takes	
  around	
  a	
  day	
  and	
  does	
  
not	
  converge	
  (mul#ple	
  searches	
  result	
  in	
  widely	
  
different	
  trees)	
  	
  

	
  



ASTRAL	
  vs.	
  MP-­‐EST	
  	
  
(mammalian	
  simula#on)	
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ASTRAL	
  vs.	
  Concatena#on	
  
(mammalian	
  simula#on)	
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
























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




















Analyses	
  of	
  the	
  Song	
  et	
  al.	
  Mammalian	
  dataset	
  

The	
  placement	
  of	
  Scanden#a	
  (Tree	
  Shrew)	
  is	
  controversial.	
  	
  
The	
  ASTRAL	
  analysis	
  agrees	
  with	
  maximum	
  likelihood	
  concatena#on	
  analysis	
  of	
  this	
  dataset.	
  





ASTRAL	
  Analysis	
  of	
  Zhong	
  et	
  al.	
  dataset	
  







 







MP-­‐EST	
  analysis	
  supported	
  Zygnematales	
  as	
  the	
  sister	
  to	
  Land	
  Plants.	
  
The	
  ASTRAL	
  analysis	
  leaves	
  the	
  sister	
  to	
  Land	
  Plants	
  open:	
  it	
  produced	
  one	
  low	
  	
  
support	
  branch	
  (18%	
  BS);	
  collapsing	
  that	
  branch	
  rules	
  out	
  Charales	
  as	
  the	
  	
  
possible	
  sister	
  to	
  land	
  plants.	
  



Summary	
  

•  ASTRAL	
  is	
  sta#s#cally	
  consistent	
  under	
  the	
  mul#-­‐
species	
  coalescent	
  model.	
  	
  

•  On	
  the	
  datasets	
  we	
  studied,	
  ASTRAL	
  is	
  more	
  than	
  other	
  
summary	
  methods,	
  and	
  typically	
  more	
  accurate	
  than	
  
concatena#on	
  (except	
  under	
  low	
  levels	
  of	
  ILS).	
  It	
  is	
  also	
  
very	
  fast	
  and	
  can	
  analyze	
  very	
  large	
  datasets.	
  	
  	
  

•  ASTRAL	
  analyses	
  of	
  biological	
  datasets	
  are	
  oYen	
  closer	
  
to	
  concatena#on	
  analyses	
  than	
  MP-­‐EST	
  analyses	
  of	
  the	
  
same	
  datasets.	
  	
  

•  Lots	
  of	
  low	
  hanging	
  fruit.	
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  Website:	
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Impact	
  of	
  using	
  bootstrap	
  gene	
  trees	
  instead	
  of	
  best	
  ML	
  gene	
  trees	
  

Mammalian	
  simulated	
  dataset	
  with	
  400	
  genes,	
  1X	
  ILS	
  level	
  




