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Abstract

Background: A simple and widely wsed approach for detecting hybrdization in
phylogenies is to reconstruct gene trees from independent gene loci, and to look for
gene tree incongruence. However, this approach may be confounded by factors such

a5 poor taxon-sampling and incomplets hneage-sorting,

Resulis: Using coalescent simulations, we investigaled the potential of supernctwork
methods to differentiate between gene tree incongroence arising from taxon sampling
and incomplete linespe-sorting as opposed (o hybridization. For few hybridization
events, a large number of independent locd, and well-sampled taxa across these loci,
we found that it was possible 1o easily distinguish incomplete lineage-sorting from
hybridization wsing the filiered Z-closure and Q-imputation supemetawork methods.
Moreaver, we found that the chaice of supernetwork method was less important than
the choice of filtering, and that count-based filiering was the moat effective filtering

technique.

Conclusions: Filtered supernetworks provide a tool for detecting and identifying
hybridization events in phylogenies, 2 tool that should become increasingly useful in
light of current genome sequencing initiatives and the case with which large numbers
of independent gene loci can be determined using new generation sequencing

technologies,




Background

In recent years thers has been growing interest in the problem of building explicit
maodels of reticulate evolution [1-12]. This work has to a large part been motivated by
biological research highlighting the potential importance of hybridization in the origin

of bintic diversity, biological invasion and rapid adaptation [13-27],

One simple and widely used approach for defecting hybridization has been fo compare
gene trees built from independent gene loci, and to consider gene tree incongruence as
evidence for hybridization [1, 28, 29]. However, hybridization is not the only possible
cause of pene tres incongruence. Other explanations include phvlogenetic error [30],
gene duplication and loss [31], incomplete lineage soating [32] and lateral gene

transfer [33].

In light of current genome sequencing «fforts and the ease of sequencing large
numbers of independent gene loci using new gpeneration sequencing technologies, it is
imperiant to find ways to differentiate between various explanations of gene tree
incongruence before attempting to reconcile gene trees, In this regard, a helpful
congept might be “principal trees”, the evolutionary trees upon which individoal gene
loed have evolved. If a phylogeny contains no hybridization or Lateral gene transfer,
then the expectation is for one principal or “species” tree. However, if hybridization
has ooeurred, then there will be multiple principal trees, each one representing the

evolutionary history for specific gene loci.




Here wie investigate the potential of filtered Z-closure [34] and Q- impotation [35] and
supernetworka to differentiate hetween phylogenctic signals ansing from the principal
trees [rom those caused by taxon sampling, and incomplete lineage-sorting in
evolutionary histories invelving hybridization. In particular, using gene trees
gencrated under a coalescent progess, we test whether these methods can be used to
filter put phylogenetic signals that do not correspond to beanches in principal trees,
signals that have the potential of confounding efforts to reconstruct complex

phylopenies,

Metheds

hverview

Analogous 10 the supertree framework [36] our input is a set of trees on overlapping
but ot necessarily identical taxa. We refer to the coamplete faxa set os the union of the
twxa sets of the input trees; complete splits are bipartitions of the complete taxa set
and frivicl spfits are splits where one part congists of precizely one clement.
Furthermaore pariial trees and povrial spiifs are trees and splits on a subset of the

complete tasa set.

O overall approach is to first generate a collection of partial trees along a
hybridization network in the presence of incomplete lineage-sorting {maodelled by the
coalesgent process), to then apply a supemetwork methed to this cellection of partial
trees to obtain a collection of complete splits, and to then apply a filter to reduce the
complexity of this collection. The reduced collection of complete splits is then
comparad o the splits associated with the hybridization network to determine if they

have been necurately recovered, We use this approach to study two supemetwork




methods - Z-closure [34] and Q-imputation [33], and two tvpes of fler —one
counting-tased and one homoplasy-based [37].

Supermeiwork methody

We bepin with a brief description of the supernetwork methods that will be studied,
The Z-closure supernetwork approach was first deseribed in [34] and is implementad
in SplitsTreed [38]. Our implementation differs slightly from that in SplitsTreed in
that 1t keeps track of multiple copies of partial splits and complete splits, as this
information is required by the counting filter that we apply later. The method begins
with a collection of partial trees from which a list of partial splits is obtained - each
edge in cach partial tree gives e to a partial split in & well-defined way (see .o, [8,
34, 38]). The Z-closure rule (Figure 1} is then iteratively applied 1o this 1ist of partial
splits by taking pairs of partial splits and either overariting them with teo splits on a
more inclusive taxa set, or. if the rule does not apply, returning the same two partial
splits. When the £-closure rule can no longer be applied the method returns the list of
complete splits that have been generated. The output iz dependent on the order of
elements in the list of partial splits, and =0 we repeat the progedure for 10 random

orderings keeping a curnulative count of how many times each complete split appears.

The other supernetwork method we consider, Q-imputation [3 3], also uses partial
tress as input but uses an altemative approach to generating complete splits that is
hazed on the four-taxon subtrees (quartets) of the partial rees. For each partial tree
with missing taxa - that 15, taxa that arc in the complete taxa sel but not in the taxa set
fior that tree — the missing taxa are inserted in the tree. This done by processing the

mizsing taxa in & fixed order and placing each taxon within the partial tree to




maximise the number of quartets that contain the missing taxon amd are also quartets
aof the ather partial input trees, Once all the trees have heen completed the list of
complete splits displaved by the completed trees is retened. (1o the special case
where all the trees ave on identical taxa sets, the Q-imputation method reduces to the

consensus network method [3%]),

Filvering methods

We apply two different kinds of filter to the lists of complete splits obtained from the
twi supiernetwork methods, a homoplasy-based filter and a counting-based filter. The
homoplasy filtee [37] requires two user-defined parameters x and y. The level of
homaoplasy for esch complete split and partial tree 15 detenmined by recoding the split
as a binary character, reducing it to the same taxa set as the partial tree_ and evaluating
the mumber of character state changes required to explain the character on the partial
tree (i.e. the parsimony score). Splits that have a parsimony score preater than a given
number x in maore than a given number v of the partial trecs ane filtered out. The
counting filter has one uscr-defined parameter m, it keeps the n splits that appear most
frequently in the list of complete splits (ties are broken arbitranly). Mote that for (-
irnputation this is equivalent o the filler deseribed in [35] for some choiee of

threshald.

Simelations

The starting point for cech simulation is o hybridization network such as the one
shown in Figure 2a. Formally such networks are rooted. leaf-labelled, directed-
acyclic-graphs in which the nodes are of one of four types: nodes with in-degree 2 and

out=degres | correspond to hybridizations; nodes with in-degree 1 and oot-degree 2




correspond 1o speciation events; nodes with in=degree 1 and out-degree (F correspond
to the extant species; and one special node of in-degree 0 and cut-degree 2 is the root.
Such & network can be thought of a3 a collection of rooted principal trees, where the
trees result from picking one parent at each hybridization node and suppressing all
unnecessary edees and resulting degree 2 nodes (Figure 2b), This leads to a natural
definition of the collecion of splits associated with a hivhridization network as being
the union of the splits associated with each of the principal trees of the network
{Figure 2c). We will refir 1o such splits as the true splits of the hybridization
network. The purpose of the simulations is o assess if filtered supernetworks can
identify the splits present in the principal trees of the hybridization network, To be
successful these splits need to be distinguishable from those ansing from incomplete

linzage-sorting under the coalescent process.

The main flow of our simulation is shown in Figure 3. Given a hybridization netwaork,
a collection of trees was created by sampling with replacernent from the collection of
principal trees (the same tree may appear multiple times). We used the software
package COAL [32] to simulate trees according to the coalescent process given a
principal tree with branch lengths specified in coalescent uniis (the number of
gencrations divided by population size). We employed two different branch length
settings, cither all branch lengths had coalescent units of 1 or all branch lengihs had
comlescent units of 0.5, We also simulated a siuation where there were no lineage-
sorting effects, Each troe was then pruned of m o al random with the restriction that
each taxon in the network must appear in af least one partial tree. These collections of

partial irees were then used as input to cach of the supemetwork methods,




We also applied the counting filter (CF) to both Z-closure and Q-imputation. For cach
hybridization network we selected n splits, where n was fixed to be the number of

unigue non=trivial splits associated with the principal trees of the network (Table 1)

Hesults amd Discussion

Resulis were generated for sach of the hybridization networks given in Table 1, but
for brevity, in Figures 4-7 and Table 2 we only show results for hybridization network
7 (the netwark shown in Figure Za). Results for the other hybridization networks
follow the same general tremds and are given in the other hybridization networks

follow the same general trends and are given in the supplementary data.

Filtering

Figure 4 shows the change in the average number of split false positives and false
negatives with respect to the number of gene trees. The results are averaged over 1)
repetitions and the 12 combinations of number of missing taxa m and coalescent

branch lengths b.

As can be seen in Figure 4, the (HF 1) filter is far (oo stringent in combination with
either F-closure or Q-imputation; it gives almost no false positives but false negatives
increase with increasing @ towards the maximom value of 8. The (HF4) filter is not
atringent enough in combination with either Z-closure or Q-imputation; it gives
almost no False negatives bul false positives increase with increasing g, Moreover,
(HF3) is ineffective in combination with Z-closurs a5 the number of false positives

increases with increasing number of partial trees, in combination with Q-imputation




the average number of false positives stays close to 2 for all values of g. (HF2) is the
most effective of the homoplasy filters, as for both Z-closure and Q-imputation both
types of errors either decrease or stay reasonably constant with increasing g, a
property that we would expect any filtered supernetwork method 1o satisfy. The
counting filter also displays this property for both Z-closure and Q-imputation; both

false positives and false negatives decrease with increasing number of input trees,

Figure 5 is similar to Figure 4 except that rather than averaging over all values of &
and m we focus on the difficult case with the highest number of missing taxa and the
mst incongruence generated by incomplete lineage-sorting (=3, 5=0.5), While all
the filtzred supernetwork methods shown in Figure 5 control false negatives, false

positives increase with increasing g for both Z-closure and Q-imputation vsing (HF3).

For the rest of this section, we restrict our attention o the best homoplasy filter (HF2)

and the counting filter (CF).

Missing faxo

Figure 6 shows the trends in the number of false positives and false negatives as the
number of missing taxa, o, increases from 0 to 3. Results are averaged over the 12
poasible settings for number of partial trees g and coalescent branch lengths . The
(HF2) and (CF) filters exhibit very different behaviour, For (HF2) as m increases the
number of false positives increases, in particular going from 2 to 3 missing taxa
produces a dramatic increase. Conversely the number of false negatives decreases,
this is presumably due to the fact that as the number of missing taxa gets large more

splits meet the requirement of the filter, This effect was not observed for (CF) where




the total nomber of splits is capped; here both false positives and negatives increase

with growing m.

Ineomplete (ineage-soriing

Recall that the parameter b effects the probability that the trees generated by COAL
[32] will match the principal tree sampled from the hybrdization network, b=
corresponds io trees that maich exacily. Figure T shows the trends i the number of
false positives and false negatives for different values of &, Results are averaged over
the 16 possible settings for the number of parial trees g and the number of missing

taxa m. As expected. both methods and flters perfom better when & is large.

Cherall performanee

Table 2 shows the number of false positives [or hybridization network 7 (Figure 2a),
which has 2 hybridization events and 8 true splits, for m=0, 1, 2 or 3, k=05, | 0r =,
and g=3, 10, 15 or 20 for both Z-closure and Q-imputation with (CF). If two oul of
three of the conditions (g, m, or &) are favourable (e, many input trees, few missing
taxa, and the probability that the input trees are congreent with the principal trees is
high} then hoth methods work well. However il two or three of the conditions are

unfavourahle then both methods start 1o break down.

Figures 8a and b show the average number of false positives and false negatives
respectively (averaged over m, g, and &) versus the number of true splits for
hybridization networks 1-%. Hybridization network 1015 not shown in the figures, as
it is an outlier with 24 tre splits, but results for this network follow the same trends

a5 the other hvbridization networks. For (CF) both types of errors increase slowly
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with inereaging number of true splits, For (HF2) false positives appear fairly constant,
bul false negatives increase lincarly with a slope close to one with increasing number

of true splits.

Conclusions

We have evaluated the potential of Z-closure and O)-impuotation filtered supernetworks
to identify splits belonging to the sets of principal trees associated with hybridization
metworks, We have found that this approach can recover these splits when
hybridization number is low. However, our results imply that (1)1 the trees have
many missing taxa then many trees are required; (2) if the trees are frequently
incongrient with the principal trees of the hybridization network due 1o incomplete
lingage-sorting then a large number of near complete trees is required; (3) and if there
arc fow trees available they need to be both near complete and highly congruent with

the principal trees.

Drespite these limitations, with the potential now of obtaining large numbers of splits
from independent gene loct using new generation sequencing technologies, our
findings may nevertheless be applicable for iree like phylogenies where some degree
of hybridization 1s inferred [40]. In such cases, filtered supernetworks can be used to
identify the true splits of the underdying hybridization network. Chnce these arc
obtaincd, the method of Huson et al 2005 [5] can be used to convert the split system

into a hybndization scenario.




Oz of our most interesting findings is that the choice of whether o use Z-closure or
C-impuration seems te have much less impact on accuracy with regards to recovering
the splits in the underlying hybridization network than the choice of filter. The
counting filter has the desirable property that as the amount of data increases (more
renes of more complete gene trees) the rate of hoth false positives and false negatives
goes. down. Several settings were tried for the homoplasy-based filter and these
temded to either suffer from increasing false positives or increasing false negatives as

the number of gene trees increased,

[n cases where there are many hybridization events, especially between individuals
that are not closely related, there will be many principal trees and corresponding splits
{as in hybridization network 107, Many of these splits will occur at low frequencies
making them hard to distinguish from phylogenetic error. This means that
phylogenatic inference will be limited, as gene tree incongruence will be extensive. [n
such cases, rather than attempt to reconstruct a hybridization network, it may be more
appropriate 1o formulate objective tests o better understand the complexity of the data
and the extent 1o which hybridization contributes to this complexity, Joly,

MeLenachan and Lockhan (submitted manuseript) have recently peoposed such a test.

An unexplored idea worthy of study is the investigation of model based, rather than
combinatorial, methods of filtering. One approach might be to congider posterior
probability distributions on species trees [41]. It will be imeresting 1o investigate
whether such postenior distnbubions can also be analysed for evidence of distinet

principal trees in cases where evelutionary relationships are complex.
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Figure legends

Fig 1

An example of two applications of the Z-rule which underpins the Z-closure
supernetwork method, where two partial splits displayed in the input trees {A) are
extended to full splits as shown in (B) and (C). The bold lines that form the *Z” shape
indicate that the intersection of the taxon sets is non-empty, eg in (B) {C.DGO{ILM}
=D}, (D MINEMP.T) = [M}, {METIN{OPRTE={F,T}, but {C.D}N{0OP,T}=

& so the Z-mule ean be applied.

Fig 2

{0 A hybridization network (number 7 from Table 1) with two hybridization nodes.
{B) The principal trees of the hybridization network - these are found by choosing a
single parent at each hybridization node and then suppressing the resulting internal
nodes of depres 2, (C) The splits associated with the hybridization network are those

displayed by the principal trees in (B). (D) A split network displaying the splits in (C).

Fig 3.

Flowchart indicating the steps used in the simulation study.

Fig4.

False positives (A) and false negatives (B) with increasing numbers of input trees for
F-closure (ZC) and Q-imputation () keeping splits with no homoplasy on any tree
{HF1), keeping splits with no homoplasy on 75% or more of the teees (HF2), kecping

splits with no homoplasy on 5084 or more of the trees (HF3), keeping splits with a
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homoplasy score of 1 or less on all of the trees (HF4L or keeping the 8 highest weight
sphits (CF) for hybridization network 7. Values are averages over the 12 combinations

of & and rm.

Fig 5.
False positives {A) and false negatives (B) with increasing number of mput trees for
the highest setting of missing taxa (m=3) and the smallest setting for coalescent

beanch lengths (6=0.5). Abbreviations are as descibed in Fig 4.

Fig &
False positives (A) and false negatives (B) as the number of missing taxa increases
from 1) to 3. Results are averaged aver the 12 possible settings for g and &,

Abbreviations are as descibed in Fig 4.

Fig 7.

Falze positives (A) and false negatives (B) for the two different branch length settings
using in the coalescent simulation (b=0.5 and d=1}, and for the contrel without
incomplete lineage-sorting (b=c). Results are averaged over the 16 possible settings

fior g and m. Abbreviations are as descibed in Fig 4.

Fig 8.

False positives (A) and false negatives (B) averaged over 48 combinations of m, g,

and b versus the number of true splits for hybridization netwaorks 1-9
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Tables

Table 1. Hybridization networks used in simulations. The column H gives the number

of hybridization events, and the column 5 gives the number of unique non-trivial

splits contained in the principal trees.

D [H |8 Principle trees (given in Mewick format)

1 0 |5 (((2.b) (e dip{ieOu(z )

2 1 |3 (k). (edihiefhig.hns (Hab).eh({e.d)ikizh)

3 1 |7 (ifaub). Ce (e Dl b (i badyhe e, De nk

4 0 5 {{({i({a.behde)fhglh)

3 |7 {iCab)e)dye)felby (e bde).f.e)hh

[3 T BT ({(abe) die) bl (({(achdLe)fizb)ih)

7 2 |® ({rabhiedinieDen0k Qiab) el {ietlghhl
(e behdinieDmmk (e ibehd)hilellahhis

B i B ilabhicd (e (abkek((d.e)i.(z )
(b g e d)e )k ((((ab). (g e i(de) )

g R (b fe.dnenhkizhik ({tab)ledhel g
(b (ed ez R (abhiedh e (Eie bk
b, e (d (e Ak (e ks ((ab)e)d edfig iy
(b (e M ey (abhe)((denfiz.hm:

10 |3 |24 (b (e ek (B ae)) (e .0y

((adbeilil{e.drLE e by ({ab)iicd)ieehh.h);
({ae) (e dhfhgnuhy (Hae)i(bdiie.eihh;
(fasfCbe) e, d)) Ehghyhd (o, ((ihfe.d)). B e bl
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Table 2

False p;’p:itiﬁ's‘.'for’ hybridization network 7 using the counting filier to select the B
highest weight i
Qeimpadaticn Z-closure:
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