
Lecture 19 – Network Based Methods 
 

I. Introduction - Given that there are several evolutionary processes that may generate a 
complex, non-bifurcating history, increasing attention is focused on historical inferences that 
account for this. Specifically, non-vertical transmission can result in reticulating histories. 

 
A. Hybridization – The early species concepts (at least for metazoans) focused on 

reproductive isolation as a criterion. Thus, animal phylogenies at or above the species level 
have classically been assumed to be strictly bifurcating. This is not true for plant 
phylogenies. 
 
However, increasing molecular evidence indicates that hybridization is far more common in 
animals than has traditionally been recognized.  
 

We expect there to be conflicting signal in cases of hybridization between non-sister taxa. 

 
Hybridization between sister-taxa has less impact on expected tree topology, although it will 

certainly lead to conflicting signal with respect to branch lengths and reciprocal monophyly 
between species. It’s a very cool and important topic but doesn’t have the phylogenetic 
implications that hybridization between non-sister taxa has.  

 
Hybridization may be current, or it may be historical. The more recent it is, the easier it is to 

differentiate from incomplete lineage sorting.  
 



B. Horizontal Gene Transfer – There has long been evidence that microbial systems are 
subject to horizontal gene transfer.  

 
This is somewhat analogous to hybridization in eukaryotes, in that it results in some genes 

having a history of the fundamental (vertical) bifurcating relationships and some genes 
having a history of a hetero-specific (horizontal) exchange. 

 
A major difference between these is that HGT is usually used to refer to reticulations among 

potentially strongly diverged organisms (i.e., large spans of evolutionary time). This is 
often plasmid-mediated, so its mechanisms are different than hybridization. 

 
However, the effect is essentially the same in terms of phylogenetics, but it may be easier to 

detect HGT because the conflict should be stronger, at least in some instances. 
 

Since it’s becoming clear that circumstances arise which generate non-tree like histories, 
methods have been developed that try to assess historical signal without imposing a bifurcating 
tree. 

 
 

 
II. Split Decomposition – Network-based methods incorporate reticulations into the network at 

points where the data have conflicting signals. 
 

Split Decomposition was developed by Bandelt & Dress (1993. p. 123 in: Information and 
Classification, Opitz, Lausen, & Klar, ed., Springer-Verlag). 

 
The idea is that the data are not forced into a single tree. Instead, each site is examined for the 

split that it supports.  
 
Let’s take the following example: 
 

Human        T C C T T A A A A 
Chimp        T T C T A T A A A 
Gorilla      T T A C A A T A A 
Oranutan     C C A C A A A T A 
Gibbon       C C A C A A A A T 

 
Site 1 splits {H, C, Go} {O,Gi}: 
 

 



Site 2 splits {C,Go}{H,O,Gi}: 

 
 
Site 3 conflicts with site 2 by splitting {H,C} from the rest, so we introduce a cycle (or 

reticulation) in the graph:  

 
Site 4 does the same: 
 

 
Sites 5 – 9 define terminal splits: 

 

 
The partition that is not conflicted in the data, {H,C,Go} {O,Gi}, is represented by a 

bifurcation, but the conflict regarding resolution of {H,C,Go} is represented by a cycle. 
 



So, there are two trees represented by the network, and the length of the branches represents 
the strength of the support for each (orange tree has more support). 

 
 

 

 
 

In this case, this represents homoplasy, but it the method is very good as detecting conflict 
induced by any of the processes we discussed above.  

 
These can get very complex: NeighborNet from Salmonella 
 

 
 
 

They can be less complicated and locate where the deviation from a bifurcating tree is. 
 
However, the method does not try to infer the processes (i.e., ILS or introgression) of to assess 

concerted homoplasy (systematic error). 
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This network contains two bifurcating trees

Orange tree has more support.
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III. Phylogenetic Networks 
 

An increasing number of studies attempt to use reticulating graphs (networks) to infer 
hybridizations.  
 
The idea is that different parts of the genome may be derived from different parent taxa and a 
network can “contain” several gene trees. 
 
In a parsimony framework, we can search for the network that requires the fewest reticulation 
events but still contains all the gene trees. 
 

                  
Yu et al. (2012. PLoS Genetics) provided the likelihoods for gene trees evolving within a  
phylogenetic network. 

 
 

Of course, adding reticulations will always improve the likelihood score, so some type of 
model selection is required. 

 

 

“The trees within”: methods based on the set 
of trees inside a network 

 
 

 
 
   

“The trees within”: methods based on the set 
of trees inside a network 

 
 

 
 
   



 
Gamma represents proportion of the genome of hybrid taxa that derive from the minor parent, 
and its estimation requires computation of partial likelihoods for all possible pathways on the 
network. 

 
PhyloNET includes a Bayesian implementation (Zhu et al. 2018. PLoS Comp. Biol.) that 
applies the multispecies coalescent that accounts for ILS and therefore estimates a species 
network. 

 
 

If we set the number of reticulations to one, we can estimate variable effective population sizes 
and inheritance coefficients. 
 
The two examples shown are really easy examples, in that there’s just a single reticulation an 
it’s between tip taxa.  
 
It’s possible, but difficult, to estimate more complex histories. One of the best I’ve seen is from 
Diego’s dissertation in Lechemilla (Morales-Biones et al. 2018. New Phytologist). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
IV. Differentiating ILS from Hybridization using quartets. 
 
Remember (from Lecture 18) that, if ancestral polymorphisms persist across two successive 
speciation events, coalescent stochasticity results in three potential gene trees: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ASTRAL SVDQuartets 

Species network – two ancient hybridization events. 

 
II. Lineage Sorting of Ancestral Polymorphisms.  

 
Let’s look at an ancestral population. Some characters will be polymorphic at the time of the 

first speciation event.  
 

Speciation 1

Speciation 2

B C

A B C

A

 
 
If the polymorphism persists through a second speciation event (which is called incomplete 

lineage sorting), there’s a possibility that it will be sorted in a manner that is incongruent 
with the phylogeny.  

 
This is sometimes called incomplete lineage storing, but that’s imprecise. More precise terms 

are anomalous lineage sorting or hemiplasy, the latter of which was coined by Avise & 
Robinson (2008. Syst. Biol., 57:503). 

 
In these cases, we expect there to be more than a single true bifurcating history. One of these 

will represent the sequence of speciation (this is called the species phylogeny) the other is 
the history of lineage sorting for the particular gene. This is called the gene phylogeny. 

 
In such a situation, the probability that there will be a conflict between the gene tree and the 

species tree is proportional to the length of time the polymorphism persists. This is, in turn, 
proportional to population size, so groups with large ancestral populations will be more 
susceptible to this type of conflict.  

Species tree 
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Again, in this situation, we expect some gene phylogenies to reflect the species phylogeny 

and others to conflict with it. This is because even with persistence of ancestral 
polymorphisms, there’s a chance that the polymorphisms will sort in a manner congruent 
with the species phylogeny.  
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So the probability of anomalous lineage sorting is dependent on the persistence of ancestral 

polymorphisms for at least two consecutive speciation events.  
 
So obviously, the length of the internal branch of the species tree will impact this probability. 

If it’s a long branch, the probability of anomalous lineage sorting will be lower than if the 
internal branch is short. 
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Furthermore, if ILS is the only source of gene-tree/species-tree incongruence, these are all 
expected to occur with equal frequency. 
 
A. ABBA/BABA tests 
 

Thus, if we have an outgroup to provide for inference of the states in the ancestor, we can 
make inferences about the frequencies of these gene trees from the site patterns in our data.  

 
Let’s assume that the polymorphism is due to a single mutation (i.e., there have been no 
multiple hits at the polymorphic site). 

 
Under ILS, there should be no asymmetry in frequency of sites with pattern ABBA versus 
those with the pattern BABA. 

 

 
 

Patterson’s D measures the deviation from equal frequencies: 
 

D = CABBA – CBABA/ CABBA +CBABA 

s 
This has become quite widely used, but it carries the requirement that the species tree has 
been estimated, in addition to its inherent assumption of not multiple hits. 

 
 
B. HyDe & SVDquartets 
 
This quartet framework aligns very well with that of the last species-tree estimation approach 
we discussed.  
 
In fact, an intermediate step in species-tree estimation under this approach is to calculate the 
scores for all three resolutions of each quartet, which obviously includes the resolutions that 
are incongruent with the species tree. 

H. timareta ssp. nov. than between H. melpomene aglaope and
H. timareta ssp. nov., which do not overlap spatially (Fig. 1b). On the
basis of these D-statistics, we estimate that 2–5% of the genome was
exchanged21 between H. timareta and H. melpomene amaryllis, to the
exclusion of H. melpomene aglaope. (Supplementary Information,
section 12). Exchange was not random. Of the 21 chromosomes, 11
have significantly positive D-statistics, and the strongest signals of
introgression were found on the two chromosomes containing known
mimicry loci B/D and N/Yb (Fig. 3b and Supplementary Information,
section 15).

Perhaps the best-known case of Müllerian mimicry is the geo-
graphic mosaic of ,30 bold postman and rayed colour-pattern races
of H. melpomene (Fig. 1b and Supplementary Information, section 22),
which mimic a near-identical colour-pattern mosaic in Heliconius
erato (Fig. 1a), among other Heliconius species. Mimicry variation is
mostly controlled by a few loci with strong effects. Mimetic pattern
differences between the postman H. m. amaryllis and the rayed
H. m. aglaope races studied here (Fig. 1a) are controlled by the B/D
(red pattern) and N/Yb (yellow pattern) loci23,24. These loci are located
on the two chromosomes that show the highest D-statistics in our
RAD analysis (Fig. 3b). To test whether mimicry loci might be intro-
gressed between co-mimetic H. timareta and H. melpomene7 (Fig. 1a),
we resequenced the colour-pattern regions B/D (0.7 Mb) and N/Yb
(1.2 Mb), and 1.8 Mb of unlinked regions across the genome, from both
postman and ray-patterned H. melpomene and H. timareta from Peru
and Colombia, and six silvaniform outgroup taxa (Fig. 1a and
Supplementary Information, section 12). To test for introgression at
the B/D mimicry locus, we compared rayed H. m. aglaope and postman
H. m. amaryllis as the ingroup with postman H. timareta ssp. nov.
(Fig. 3a) and found large, significant peaks of shared, fixed ABBA
nucleotide sites combined with an almost complete lack of BABA sites
(Fig. 4b). This provides evidence that blocks of shared sequence vari-
ation in the B/D region were exchanged between postman H. timareta
and postman H. melpomene in the genomic region known to determine
red mimicry patterns between races of H. melpomene23,24 (Fig. 4a).

For a reciprocal test, we used the same H. melpomene races as the
ingroup to compare with rayed Heliconius timareta florencia at the

B/D region. In this case, correspondingly large and significant peaks of
BABA nucleotide sites are accompanied by an almost complete
absence of ABBA sites (Fig. 4c), indicating that variation at the same
mimicry locus was also shared between rayed H. timareta and rayed
H. melpomene. Equivalent results in the N/Yb colour-pattern region,
controlling yellow colour-pattern differences, are in the expected
directions for introgression and are highly significant for the test using
postman H. timareta ssp. nov. (P 5 6 3 10234), but are not significant
in rayed H. t. florencia (P 5 0.13; Supplementary Information, section
17). By contrast, hardly any ABBA or BABA sites are present in either
comparison across 1.8 Mb in 55 genomic scaffolds that are unlinked to
the colour-pattern regions (Supplementary Information, section 21).
These concordant but reciprocal patterns of fixed ABBA and BABA
substitutions occur almost exclusively within large genomic blocks at
two different colour-pattern loci (449 and 99 sites for B/D and N/Yb,
respectively; Fig. 4b, c and Supplementary Information, section 17).
These patterns would be very hard to explain in terms of convergent
functional-site evolution or random coalescent fluctuations. Instead,
our results imply that derived colour-pattern elements have intro-
gressed recently between both rayed and postman forms of
H. timareta and H. melpomene.

To test whether colour-pattern loci might be shared more broadly
across the clade, we used sliding-window phylogenetic analyses along
the colour-pattern regions. For regions flanking and unlinked to
colour-pattern loci, tree topologies are similar to the predominant
signal recovered from the genome as a whole (Supplementary
Information, section 18). Races of H. melpomene and H. timareta each
form separate monophyletic sister groups and both are separated from
the more distantly related silvaniform species (Fig. 4d). By contrast,
topologies within the region of peak ABBA/BABA differences group
individuals by colour pattern, and the species themselves become poly-
phyletic (Fig. 4e, f and Supplementary Information, sections 19 and
20). Remarkably, the rayed H. elevatus, a member of the silvaniform
clade according to genome average relationships (Fig. 1a and
Supplementary Information, section 18), groups with rayed races of
unrelated H. melpomene and H. timareta in small sections within
both B/D and N/Yb colour-pattern loci (Fig. 4e and Supplementary

Gene genealogy 1

Site
pattern

A               B               B              A

H. melpomene
aglaope

H. melpomene
amaryllis

H. timareta
ssp. nov.

Silvaniform

Mutation

Mutation

B              A                 B             A

a b

Null
expectation

Genome-wide
estimate of D

ABBA
excess

BABA
excess

H. melpomene
aglaope

H. melpomene
amaryllis

H. timareta
ssp. nov.

Silvaniform

Significant deviations from 0
†

†

†

Excluding colour-pattern regions

–0.02

0

0.02

0.04

0.06

0.08

0.10

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Z

Chromosome

P
at

te
rs

on
’s

 D
-s

ta
tis

tic

Site
pattern

Gene genealogy 2

Figure 3 | Four-taxon ABBA/BABA test of introgression. a, ABBA and
BABA nucleotide sites employed in the test are derived (– – B –) in H. timareta
compared with the silvaniform outgroup (– – – A), but differ among
H. melpomene amaryllis and H. melpomene aglaope (either ABBA or
BABA). As this almost exclusively restricts attention to sites polymorphic in the
ancestor of H. timareta and H. melpomene, equal numbers of ABBA and BABA
sites are expected under a null hypothesis of no introgression22, as depicted in
the two gene genealogies. b, Distribution among chromosomes of Patterson’s

D-statistic (6s.e.), which measures excess of ABBA sites over BABA sites22,
here for the comparison:H. m. aglaope, H. m. amaryllis, H. timareta ssp. nov.,
silvaniform. Chromosomes containing the two colour-pattern regions (B/D,
red; N/Yb, yellow) have the two highest D-statistics; the combinatorial
probability of this occurring by chance is 0.005. The excess of ABBA sites
(0 , D , 1) indicates introgression between sympatric H. timareta and
H. m. amaryllis.
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We can illustrate this with the chipmunk data you used in the last lab. 
 
HyDe detects no introgression. 
 
 
But BPP (in the hands of its developers) does. 


