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R E V I EW S

Nelumbonucifera ),
w h i c h  w a s  p r e v i o u s l y  t h o u g h t  t o  b e  r e l a t e d  t o  w a t e r
l i l i e s  ( N y m p h a e a c e a e ) , w h e r e a s  m o l e c u l a r  s t u d i e s
unveiled a close phylogenetic affinity with plane trees
(genus Platanus )88 .

A t  a  l a r g e r  s c a l e , s e q u e n c e - b a s e d  p h y l o g e n o m i c  s t u d -
ies ofeukaryotic phylogeny confirmed the MONOPHYLY of
m o s t  p h y l a , w h i c h  w e r e  o r i g i n a l l y  d e f i n e d  o n  t h e  b a s i s
ofultrastructural or rRNA analyses.However,they also
demonstrated the common origin ofa group ofmor-
p h o l o g i c a l l y  d i v e r s e  a m o e b a e , w h i c h  w e r e  p r e v i o u s l y
thought to have evolved independently 17 . P h y l o g e n o m i c
analyses ofnuclear 20,94 and mitochondrial genes 95 have
a l s o  c o r r o b o r a t e d  t h e  l o n g - s u s p e c t e d  s i s t e r - g r o u p  r e l a -
tionship between the unicellular choanoflagellates and
m u l t i c e l l u l a r  a n i m a l s . H o w e v e r , t h e  l a c k  o f r e p r e s e n t a -
t i v e s  f r o m  s e v e r a l  p r i n c i p a l  l i n e a g e s  ( t h a t  i s , R h i z a r i a ,
C r y p t o p h y t e s , H a p t o p h y t e s  a n d  J a k o b i d s )  i n  p h y l o g e -
n o m i c  s t u d i e s  c u r r e n t l y  p r e v e n t s  t h e  s t u d y  o f m o s t  o f t h e
w o r k i n g  h y p o t h e s e s  d e r i v e d  f r o m  d e c a d e s  o f u l t r a s t u c -
t u r a l  a n d  m o l e c u l a r  s t u d i e s . T h e s e  h y p o t h e s e s  h a v e  p r o -
posed the division ofthe eukaryotic world into six main
groups 80,96 :the Opisthokonta,Amoebozoa,Plantae,
Chromalveolata,Rhizaria,and Excavata (FIG.1) .The
validity ofthese proposed ‘kingdoms’represents one
o f t h e  m o s t  i m p o r t a n t  o u t s t a n d i n g  q u e s t i o n s  t h a t
p h y l o g e n o m i c s  h a s  t h e  p o t e n t i a l  t o  a n s w e r .

F i n a l l y , t h e  q u e s t i o n  o f t h e  o r i g i n  o f t h e  e u k a r y o t e s
has been recently addressed 97 using a gene-content
method that allows the modelling ofgenome-fusion
events 60 .The authors proposed that the eukaryotes orig-
i n a t e d  f r o m  a  f u s i o n  e v e n t  b e t w e e n  a  b a c t e r i a l  s p e c i e s
a n d  a n  a r c h a e a l  s p e c i e s , l e a d i n g  t o  a  r i n g - l i k e  s t r u c t u r e
a t  t h e  r o o t  o f t h e  t r e e  o f l i f e97 .This would account for
the chimeric nature ofthe eukaryotes,which has been
inferred from the observation that many eukaryotic
m e t a b o l i c  g e n e s  h a v e  a  g r e a t e r  n u m b e r  o f s i m i l a r
c o u n t e r p a r t s  i n  B a c t e r i a , w h e r e a s  m o s t  o f t h o s e

p h y l o g e n o m i c  a p p r o a c h  t o  s h e d  l i g h t  o n  l o n g - s t a n d i n g
p h y l o g e n e t i c  q u e s t i o n s , s p a n n i n g  a l l  l e v e l s  o f t h e  t r e e  o f
life (FIG.1) . I n  t h i s  s e c t i o n , w e  p r e s e n t  r e c e n t  a d v a n c e s  f o r
e a c h  o f t h e  t h r e e  d o m a i n s  o f l i f e  t h a t  h a v e  b e e n  e n a b l e d
by phylogenomics.

Eukaryotes.The reconstructions ofphylogenies ofpla-
cental mammals and land plants represent the most
spectacular examples ofrecent advances enabled by
p h y l o g e n o m i c s . T h e  e v o l u t i o n a r y  h i s t o r y  o f p l a c e n t a l
mammals was traditionally considered to be irresolv-
a b l e , o w i n g  t o  t h e  e x p l o s i v e  r a d i a t i o n  o f s p e c i e s  t h a t
o c c u r r e d  i n  a  s h o r t  s p a c e  o f t i m e . H o w e v e r , t h i s  h a s  n o w
been elucidated by the analysis ofsupermatrices that
c o n t a i n  a b o u t  2 0  n u c l e a r  g e n e s1 4 , 1 5 , 8 5 , 8 6, a n d  t h e  r e s u l t i n g
p h y l o g e n y  h a s  b e e n  c o n f i r m e d  b y  r e c e n t  a n a l y s e s  o f
c o m p l e t e  m i t o c h o n d r i a l  g e n o m e s30,87 , w i t h  o n l y  a  f e w
n o d e s  l e f t  u n r e s o l v e d . A l l  b u t  1  o f t h e  1 8  m o r p h o l o g i -
c a l l y  d e f i n e d  e x t a n t  m a m m a l i a n  o r d e r s  h a v e  b e e n  c o n -
f i r m e d  b y  m o l e c u l a r  s t u d i e s . T h e  n o t a b l e  e x c e p t i o n  t o
t h i s  i s  t h e  i n s e c t i v o r e s , w h i c h  h a v e  b e e n  s p l i t  i n t o  t w o
d i s t i n c t  o r d e r s  b y  t h e  r e c o g n i t i o n  o f a n  u n e x p e c t e d
g r o u p  o f A f r i c a n  o r i g i n  n a m e d  A f r o t h e r i a14,15,77 . F o u r

MONOPHYLY

M o n o p h y l e t i c  t a x a  i n c l u d e  a l l
t h e  s p e c i e s  t h a t  a r e  d e r i v e d  f r o m
a single common ancestor.
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Figure 1 | Phylogenomics and the tree of life. A schematic representation showing recent

advances and future challenges of the phylogenomic approach for resolving the main branches 

of the tree of life. This tree aims to represent a consensus view on evolutionary relationships within

the three domains — Bacteria, Archaea, and Eukaryota — with hypothetical relationships

indicated as dashed lines. The main branches that have been identified (purple) or confirmed

(yellow) by phylogenomics are indicated. Blue dashed lines underline putative phylogenetic

hypotheses that have been indicated by phylogenomic studies and need further investigation.

The main uncertainties for which the phylogenomic approach might provide future answers are

pinpointed by red circles. Note that most of the progress brought about by the phylogenomic

approach has been realized at a smaller taxonomic scale for land plants, and for placental

mammals within the metazoans (see main text). The two well-recognized endosymbiotic events

involving bacteria that gave rise to eukaryotic organelles (mitochondria and chloroplasts) are

indicated by arrows (blue and green, respectively). Note however, that other horizontal gene

transfers and gene duplication events are not represented in this organismal tree, although they

do constitute important aspects of genome evolution.
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.phylogenomic incongruence 

•  phylogenomics 
has unveiled a 
significant 
amount of 
conflicting 
signal 

5-8 mya 

57-65 mya 

370-390 mya 

>550 mya 

Rokas and Carroll (2006)�
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.why such incongruence? 
•  reconstruction artifacts 

– systematic and random error 
•  substitution model misspecification 

– short branches and bushes 

•  different gene trees do exist within a 
species tree 
–  lineage sorting 

– gene duplication and loss 

– horizontal gene transfer (hybridization, 
recombination) 
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.substitution model partitioning 
N genes : 1 partition  

N genes : 2 partitions  

N genes : K partitions  

N genes : K = N partitions 

20.08.15.barcoding@UGuelph dposada@uvigo 5 



.many solutions 

.for 5 genes there are 52 partitioning 
schemes, for 12, 4 million, for 20, 51×1012. 
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.partitioning scheme identification 
partitiontest (ours) partitionfinder 

hcluster greedy hcluster greedy 

PPR 0.20 0.30 0.01 0.25 

RI 0.97 0.93 0.85 0.95 

ARI 0.78 0.70 0.03 0.77 

Kdiff 2.01 -1.71 13.68 -1.77 

runtime 01:20:25 05:25:50 01:59:00 14:31:20 

Diego Darriba 
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.phylogenetic accuracy 
  a	
  priori	
  par$$ons	
   partitiontest (ours) partitionfinder 

K=1 
(GTR+G) 

K=true  
(GTR+G) 

K=N 
(GTR+G) 

hcluster greedy hcluster greedy 

% true 
topology 

0.787 0.890 0.890 0.892 0.842 0.885 0.820 

RF 0.018 0.007 0.007 0.007 0.012 0.007 0.013 

runtime -- -- -- 01:20:25 05:25:50 01:59:00 14:31:20 
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Species
tree

Gene
tree

FIGURE 1. A gene tree contained within a species
tree leading to three extant species: A, B, and C. Bold
branches of gene tree show relationships among the
sampled copies of the gene (•). Sampled copies from
sister species B and C are sister copies.

tion and recombination within populations
may appear to but actually do not cause
genetic history to be reticulating. Rather,
these processes break up the genomic his-
tory into many small pieces, each of which
has a strictly treelike pattern of descent
(Hudson, 1983; Hein, 1990; Maddison,
1995). Thus, within a species, many tan-
gled gene trees can be found, one for each
nonrecombined locus in the genome.

A phylogenetic (species) tree might be
defined as the pattern of branching of spe-
cies lineages via the process of speciation.
When reproductive communities are split
by speciation, the gene copies within these
communities likewise are split into separate
bundles of descent. Within each bundle, the
gene trees continue branching and descend-
ing through time. Thus, the gene trees are
contained within the branches of the spe-
cies phylogeny (Fig. 1) (note, however, that
this description rests upon certain concepts
of phylogeny and species that I challenge,
or at least reconsider, here).

Gene trees within species trees, there-
fore, are analogous to species trees within
area cladograms in biogeography or to
parasite trees within host trees in coevo-
lutionary studies (Page, 1988, 1993, 1994a;
Doyle, 1992; Maddison, 1996). In each case
a containing tree descends and branches,
while within its branches a contained tree
itself descends and branches. The process-
es involved in the descent and containment
of the contained tree are expected to be dif-

FIGURE 2. Discord between gene and species trees.
At left is the species tree of four species, A, B, C, and
D, and at right is the tree of a gene sampled one copy
per species. Species B and C are sister species, but
their gene copies are not sister copies.

ferent in each case, however. To make his-
torical interpretations about contained and
containing trees, we must take a dose look
at the processes that determine the relation-
ship between trees of these two types.

THE PROCESSES OF DISCORD
A gene tree can disagree in form with

its containing spedes tree. Let us return to
our imaginary example, in which a single
gene copy was sampled from each of sev-
eral spedes. If we knew the true spedes
tree and the true gene tree relating those
gene copies, we might see that sister gene
copies are not in sister spedes (Fig. 2). (I
assume through most of this discussion
that the true gene trees are known without
error. Of course, there will be errors in
practice, and these errors will mean that
reconstructed gene trees and spedes trees
will have additional sources of discord.)

In the simple example of Figure 2 with
one gene copy sampled per spedes, it was
easy to define agreement between the
trees; the gene copies must show predsely
the same branching topology as their con-
taining spedes. Figure 1 shows an exam-
ple of agreement. The gene copy highlight-
ed with a spot in each of the three spedes
is the one sampled. As can be seen from
the gene tree, the two sister gene copies fall
within the two sister spedes (B and C), so
there is agreement between the spedes
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.species trees and gene trees 

•  a species tree represents the 
pattern of branching of 
species lineages via the 
process of speciation. 

•  a gene tree represents the 
pattern of branching of gene 
copies after they replicate 
and are passed on to more 
than one offspring.   

Syst. Biol. 46(3):523-536, 1997

GENE TREES IN SPECIES TREES

WAYNE P. MADDISON
Department of Ecology and Evolutionary Biology, University of Arizona, Tucson, Arizona 85721, USA

Abstract.—Exploration of the relationship between gene trees and their containing species trees
leads to consideration of how to reconstruct species trees from gene trees and of the concept of
phylogeny as a cloud of gene histories. When gene copies are sampled from various species, the
gene tree relating these copies might disagree with the species phylogeny. This discord can arise
from horizontal transfer (including hybridization), lineage sorting, and gene duplication and ex-
tinction. Lineage sorting could also be called deep coalescence, the failure of ancestral copies to
coalesce (looking backwards in time) into a common ancestral copy until deeper than previous
speciation events. These events depend on various factors; for instance, deep coalescence is more
likely if the branches of the species tree are short (in generations) and wide (in population size).
A similar dependence on process is found in historical biogeography and host-parasite relation-
ships. Each of the processes of discord could yield a different parsimony criterion for reconstruct-
ing the species tree from a set of gene trees: with horizontal transfer, choose the species tree that
minimizes the number of transfer events; with deep coalescence, choose the tree minimizing the
number of extra gene lineages that had to coexist along species lineages; with gene duplication,
choose the tree minimizing duplication and/or extinction events. Maximum likelihood methods
for reconstructing the species tree are also possible because coalescence theory provides the prob-
ability that a particular gene tree would occur given a species tree (with branch lengths and
widths specified). In considering these issues, one is provoked to reconsider precisely what is
phylogeny. Perhaps it is misleading to view some gene trees as agreeing and other gene trees as
disagreeing with the species tree; rather, all of the gene trees are part of the species tree, which
can be visualized like a fuzzy statistical distribution, a cloud of gene histories. Alternatively,
phylogeny might be (and has been) viewed not as a history of what happened, genetically, but
as a history of what could have happened, i.e., a history of changes in the probabilities of inter-
breeding. [Biogeography; coalescence; coevolution; evolution; gene duplication; gene genealogy;
gene trees; horizontal transfer; hybridization; lineage sorting; parsimony; phylogeny; species con-
cepts; species trees; tree reconciliation.]

A phylogenetic tree of species contains ilo and Nei, 1988; Doyle, 1992). In this ar-
smaller trees descending within its branch- tide, I review the processes by which
es: the trees of genes. Recently, the rela- discord can arise and then explore how a
tionship between gene trees and species species tree can be reconstructed from
trees has been the focus of some attention gene trees by considering these processes
(e.g., Fitch, 1970; Goodman et al, 1979; Av- of discord. However, discordant gene trees
ise et al., 1983; Tajima, 1983; Pamilo and will also provoke me to reconsider precise-
Nei, 1988; Takahata, 1989; Roth, 1991; Wu, ty what species trees (i.e., phylogenies) are.
1991; Doyle, 1992; Hudson, 1992; Page,
1993; Baum and Shaw, 1995; Maddison, GENE TREES AND SPECIES TREES
1995, 1996). One aspect of this relationship Genes have gene trees because of gene
is the congruence between the species tree replication. As a gene copy at a locus in
and a tree of gene copies sampled from the genome replicates and its copies are
those species. Imagine that one gene copy passed on to more than one offspring,
was sampled from each species, and the branching points are generated in the gene
gene tree relating these gene copies is ex- tree. Because the gene copy has a single
amined. One might expect that two sister ancestral copy, barring recombination, the
species would have sister copies in the resulting history is a branching tree. (Point
gene tree and that other aspects of the gene mutation can cause some of the copies to
tree would be congruent with the species be imperfect representations of the origi-
tree, but this need not be the case (Fitch, nal, but this process does not compromise
1970; Avise et al., 1983; Tajima, 1983; Pam- the existence of the tree.) Sexual reproduc-
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.species tree 

species tree 
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.dominant paradigm 

gene tree 
species tree 
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.gene duplication and loss 
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.horizontal gene transfer 
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.incomplete lineage sorting 
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.incomplete lineage sorting 

(from Avise, 2004, Molecular Markers, Natural History and Evolution, 2nd Ed.) 

~20% 
animal 
mtDNA 



.hybridization 

20.08.15.barcoding@UGuelph dposada@uvigo 16 



.’full’ model 

P(S |D1...Dk )⇐ P(S,G1... Gk, λ, µ,ϕ,N, t |D1...Dk ) =
P(D1... Dk,G1... Gk | S, λ, µ,ϕ,N, t)

P(D1... Dk )

HGT 

duplication 
lineage 
sorting 

loss 
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.species tree methods 

•  supermatrix = concatenation 
–  phylogenetic “trend” 

–  binning 

–  orthologous genes 

•  supertree 
–  supertrees sensu est. : (e.g., MRP, RFst, MLst, GTP, 

ASTRAL,…) 

–  consensus (e.g., BUCKY,…) 

–  parametric (e.g., STEM, STAR, MP-EST,…)  

•  full probabilistic (e.g., *BEAST, PhylDog,…) 
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.multispecies coalescent 
•  ’censored’ coalescence 

of a gene tree g within a 
species tree S. 
–  standard coalescent 

within species 

–  after species splits, 
lineages from descendant 
groups can coalesce 

•  ‘species’ = any diverging 
group of individuals        
or lineage 

 
 Species trees • D. Posada  19 

P(g | S) = P(Lb(g) | Nb(t)
b∈S
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.problems 

•  fully probabilistic models, although more 
realistic, tend to be slow 

•  usually limited to particular sources of gene 
tree / species tree disagreement 
–  the multispecies coalescent assumes that all 

genes from the same species are orthologous 

–  duplication and loss models assume that 
sequences mapped to one species are 
necessarily the product of a duplication 

20.08.15.barcoding@UGuelph dposada@uvigo 20 



Leo Martins 

https://bitbucket.org/leomrtns/
guenomu/ 

20.08.15.barcoding@UGuelph dposada@uvigo 21 



.P(S|D) 

D 

M 

G 
S 

P S D( ) = P D G,M( )P M( )P G S( )P S( )
prob. alignment prob. gene tree posterior 

probability 
species 
tree 
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.P(S|D1,D2,…,Dn) 

S 

D1 

D2 

Dn 

G1 

G2 

Gn 

…
 

…
 

P S D1,D2, ... ,Dn( ) = P Di Gi( )P Gi S( )P S( )
i=1

n

∏

multiple gene 
families 
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.approximating P(G|S) – ML supertrees 

S G 

simplest 
explanation 
for P(G|S): 

P(G|S) 

distance between G and S 

P(
G

/S
) Steel and Rodrigo. 

Syst. Biol.  2008 
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.our approach to P(G|S) 

S G 

•  work with unrooted gene trees 
•  multiple individuals per species 
•  multiple measures of disagreement 

between G and S 

P(G|S) 
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d1(G-S) 
d2(G-S) 

dn(G-S) 

…
 



.measures of disagreement 

•  reconciliation between rooted S and unrooted G 
–  duplication and loss 

–  incomplete lineage sorting 

–  optimal* G root location 

•  non-parametric distances 
–  do not model biological phenomena 

–  mulRF: multilabeled gene trees 

•  each distance can contribute distinctly through 
different penalty parameters 

•  we ignore branch lengths … for now 

20.08.15.barcoding@UGuelph dposada@uvigo 26 



.bayesian hierarchical model 
S 

D1 

D2 

Dn 

G1 

G2 

Gn 

…
 

…
 λdup prior 

λloss prior 
λILS prior 

λdup1 

λloss1 
λILS1 

λdup2 

λILS2 

λloss2 

λdupn 

λlossn 
λILSn 

user 

user 

user 

P S,Θ D( )∝P λ0( )P S( )× P Di,θi Gi( )P Gi λi⋅,S( )P λi⋅ λ0( )
i=1

N

∏
gene-family-specific genome-wide   
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.implementation: guenomu 

S 

G1 distribution 

G2 distribution 

Gn distribution 
…

 

OUTPUT  
species tree posterior distribution 

.2-stage MCMC approach  
simulated annealing to find 
modes 

Importance sampling 

INPUT 
gene tree posterior distributions 

 
 

(MrBayes, PhyloBayes,…) 
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.better species trees 
12,000 simulated data sets 
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.better gene trees 
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.very good speed 

Simulations: 
average run of 
1.5 hours on one 
processor 
(longest took 9 
hours) 

37 mammals, 
447 gene 
families: less 
than 6 hours in 
one processor 

20.08.15.barcoding@UGuelph dposada@uvigo 31 



.but what for barcoding? 

•  ILS increases the 
barcode overlap 

•  ILS can directly 
mislead barcoding 

•  in multigene 
datasets chances 
for ILS are higher 
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.multispecies coalescent for barcoding 
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.quick MSC barcoding? 

•  faster options 
– guenomu + BPP 

– guenomu with query as species X 

 

•  good species trees are important 
–  for MSC delimitation (BPP) 

–  to calibrate the barcode gap for particular 
groups 

– better reference libraries 
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.take home 
•  gene trees are not species trees 

•  best-fit partitioning schemes for multilocus data 
(partitiontest)  
–  do not assume the same model for every partition 

–  GTR+G per partition works well 

•  guenomu can offer sensible estimates of species 
trees (and gene trees) from multilocus data 

–  gene tree uncertainty 

–  multiple individuals from the same species  

–  non-overlapping species across gene families 

–  orthologs AND paralogs 

–  rooted species trees without outgroup 
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.open questions 

•  is ILS relevant for barcoding? 
 
•  are species tree relevant for 

barcoding?  

•  but how much relevant? 
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.open questions 

•  is ILS relevant for barcoding? … i think 
so 

•  are species trees relevant for 
barcoding? … probably in some cases 

•  but how much relevant? … i don’t 
know 
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