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Horizontal gene transfer (HGT) may result in genes whose evolutionary histories disagree with each other, as well as with
the species tree. In this case, reconciling the species and gene trees results in a network of relationships, known as the
“phylogenetic network™ of the set of species. A phylogenetic network that incorporates HGT consists of an underlying
species tree that captures vertical inheritance and a set of edges which model the “horizontal” transfer of genetic material.
In a series of papers, Nakhleh and colleagues have recently formulated a maximum parsimony (MP) criterion for
phylogenetic networks, provided an array of computationally efficient algorithms and heuristics for computing it, and
demonstrated its plausibility on simulated data.

In this article, we study the performance and robustness of this criterion on biological data. Our findings indicate that
MP is very promising when its application is extended to the domain of phylogenetic network reconstruction and HGT
detection. In all cases we investigated, the MP criterion detected the correct number of HGT events required to map the
evolutionary history of a gene data set onto the species phylogeny. Furthermore, our results indicate that the criterion is
robust with respect to both incomplete taxon sampling and the use of different site substitution matrices. Finally, our results
show that the MP criterion is very promising in detecting HGT in chimeric genes, whose evolutionary histories are a mix of
vertical and horizontal evolution. Besides the performance analysis of MP, our findings offer new insights into the evo-

lution of 4 biological data sets and new possible explanations of HGT scenarios in their evolutionary history.

Introduction

Whereas eukaryotes evolve mainly though lineal de-
scent and mutations, bacteria obtain a large proportion of
their genetic diversity through the acquisition of sequences
from distantly related organisms via horizontal gene trans-
fer (HGT) (Lake et al. 1999; Eisen 2000a; Kurland 2000;
Ochman et al. 2000; Jain et al. 2002, 2003; Brown 2003;
Doolittle et al. 2003). Views as to the extent of HGT in bac-
teria vary between the 2 extremes (Doolittle 1999a, 1999b;
Welch et al. 2002; Kurland et al. 2003; Hao and Golding
2004; McClilland et al. 2004; Nakamura et al. 2004). There
is a big “ideological and rhetorical” gap between the
researchers believing that HGT is so rampant that a pro-
karyotic phylogenetic tree is useless and those who believe
HGT is merely “background noise” that does not affect
the reconstructibility of a phylogenetic tree for bacterial
genomes. Supporting arguments for these 2 views have
been published. For example, the heterogeneity of genome
composition between closely related strains (only 40% of
the genes in common with 3 Escherichia coli strains [Welch
et al. 2002]) supports the former view, whereas the well-
supported phylogeny reconstructed by Lerat et al. (2003)
from about 100 “core” genes in y-proteobacteria gives
evidence in favor of the latter view.

Nonetheless, regardless of the views and the accuracy
of the various analyses, there is a consensus as to the oc-
currence of HGT and the evolutionary role it plays in bac-
terial genome diversification. Furthermore, recent evidence
shows that HGT also plays a major evolutionary role in
plants (Bergthorsson et al. 2003, 2004; Mower et al. 2004).

HGT is considered a primary explanation of incongru-
ence among gene phylogenies and a significant obstacle to
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reconstructing the Tree of Life (Daubin et al. 2003). A gene
tree is a model of how a gene evolves. As a gene at alocus in
the genome replicates and its copies are passed on to more
than one offspring, branching points are generated in the
gene tree. Because the gene has a single ancestral copy, bar-
ring recombination, the resulting history is a branching tree
(Maddison 1997). Thus, within a species, many tangled
gene trees can be found, one for each nonrecombined lo-
cus in the genome. Exploring incongruence among gene
trees is the basis for phylogeny-based HGT detection and
reconstruction.

The goal of many biological studies has been to iden-
tify genes that were acquired by the organism through hor-
izontal transfers rather than inherited from their ancestors.
In one of the first papers on the topic, Medigue et al. (1991)
proposed the use of multivariate analysis of codon usage to
identify such genes; since then various authors have pro-
posed other intrinsic methods, such as using GC content,
particularly in the third position of codons (e.g., Lawrence
and Ochman 1997). On the basis of such approaches, a da-
tabase of putative horizontally transferred genes in prokar-
yotes has been established (Garcia-Vallve et al. 2003). An
advantage of intrinsic approaches is their ability to identify
and eliminate genes that do not obey a treelike process of
evolution—genes that prevent classical phylogenetic meth-
ods from reconstructing an accurate tree. With the advent of
whole-genome sequencing, more powerful intrinsic meth-
ods become possible, such as those using the location of
suspect genes with each genome: such locations tend to
be preserved through lineages, but a transfer event can place
the new gene in a more or less random location. However,
even advanced approaches are sensitive to differential se-
lection pressures, uneven evolutionary rates, and biased
sampling, all of which can give rise to false identification
of HGT events (Eisen 2000Db).

Nonintrinsic approaches use phylogenetic reconstruc-
tions to identify incongruence that can indicate transfer
events (Daubin et al. 2003). Incongruence identification
has been addressed with phylogenetic reconstruction as



follows: given DNA sequences for several genes, should
the sequence data sets be combined and then analyzed or
should they be analyzed separately and the analyses results
reconciled? (e.g., Bull et al. 1993; Chippindale and Wiens
1994; Olmstead and Sweere 1994; de Queiroz et al. 1995;
Huelsenbeck et al. 1996; Cunningham 1997; Wiens 1998).
The standard conclusion that many genes inherited through
lineal descent would override the confusing signal gener-
ated by a few genes acquired through horizontal transfer
appears wrong (Teichmann and Mitchison 1999; Brown
et al. 2001). Lawrence and Ochman (2002) surveyed some
of these methods.

With whole-genome sequencing, extra information for
resolving gene tree incongruence becomes available. Huynen
and Bork (1998) advocate the use of 2 types of data: the
fraction of shared orthologs and gene synteny. Synteny (the
conservation of genes on the same chromosome) is not
widely applicable to prokaryotes, but its logical extension,
conservation of gene order, definitely is. Huynen and Bork
proposed to measure the fraction of conserved adjacencies,
a notion that had been introduced earlier by Sankoff in a se-
ries of papers defining break points (adjacencies that are not
conserved) and their uses (Blanchette et al. 1997; Sankoff
and Blanchette 1998). Proposing a different approach, Dau-
bin et al. (2002) combined orthology search techniques and
information from the DNA sequences themselves to im-
prove the detection of horizontal transfers. Orthologs are
a phylogenetic notion: 2 homologous genes are orthologs
if they are the product of speciation from a common ancestor;
in contrast, 2 homologous genes are paralogs if they are
the product of duplication. However, determining orthologs
can be difficult and has added to the complexity of the prob-
lem. Other methods, such as “quartet mapping,” have been
proposed recently, but they have been found to significantly
overestimate the extent of HGT (Daubin and Ochman
2004). Finally, from a computational point of view, the
problem can be formulated as a graph-theoretic problem of
reconciling species and gene trees into phylogenetic net-
works (Moret et al. 2004). Computational approaches have
been proposed by Hallett and Lagergren (Hallett and
Lagergren 2001; Addario-Berry et al. 2003), Boc and
Makarenkov (2003), and Nakhleh, Ruths, et al. (2005).
A slightly different approach to the problem was taken
by Kunin et al. (2005), in which they reconstructed the tree
for “vertical inheritance” and used an ancestral state infer-
ence algorithm to map the HGT events to the tree, thus
obtaining a network.

Maximum parsimony (MP) is one of the most popular
methods wused for phylogenetic tree reconstruction.
Roughly this method is based on the assumption that “evo-
lution is parsimonious,” that is, the best evolutionary trees
are the ones that minimize the number of changes along the
edges of the tree. The tree sought is one that minimizes the
total number of mutations along its branches. The MP cri-
terion has been successfully used to study the evolution of
various data sets for almost 30 years, and despite a heated
debate concerning its performance, it is one of the most
commonly used criteria for phylogeny reconstruction. In
the early 1990s, Hein (1990, 1993) introduced an extension
of the MP criterion to model the evolutionary history of
a set of sequences in the presence of recombination. In
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2005 and 2006, Nakhleh and colleagues gave a mathemat-
ical formulation of the MP criterion for phylogenetic net-
works and devised computationally efficient solutions
aimed at reconstructing and evaluating the quality of phy-
logenetic networks under the MP criterion (Nakhleh, Jin,
et al. 2005; Jin et al. 2006b). Furthermore, they investigated
the performance of the criterion on small synthetic data sets.

In this article, we investigate the performance and ro-
bustness of the MP criterion for phylogenetic networks on
real biological data sets. In particular, we study the perfor-
mance of the MP criterion with respect to detecting the ac-
tual number and location of HGT events, the robustness of
the criterion with respect to incomplete taxon sampling and
different site substitution matrices, and the applicability of
the criterion to detecting HGT in chimeric genes.

Our findings indicate that MP is very promising when
extended to the domain of phylogenetic network recon-
struction and HGT detection. In all cases we investigated,
the MP criterion detected the correct number of HGT events
required to map the evolutionary history of a gene data set
onto the species phylogeny. Further, our results indicate that
the criterion is robust with respect to both incomplete taxon
sampling and the use of different site substitution matrices.
Finally, our results show that the MP criterion is very prom-
ising in detecting HGT in chimeric genes, whose evolution-
ary histories are a mix of vertical and horizontal evolution.

Besides the performance analysis of MP, our findings
offer new insights into the evolution of 4 biological data
sets and new possible explanations of HGT scenarios in
their evolutionary history. For the rbcL gene data set of
(Delwiche and Palmer 1996), we identified 7 HGT edges,
resolving some questions left open by the authors regarding
the exact location of some of these edges. For the rpli2e
gene data set, we identified 3 HGT edges, whose addition
to the species tree explain its incongruence with the gene
tree, as reported in Matte-Tailliez et al. (2002). In the case
of the rpsl ] gene data set of Bergthorsson et al. (2003), we
identified 3 HGT edges, including one partial HGT involv-
ing the 3’ half of the gene in the Sanguinaria species. Fi-
nally, for the cox2 gene data set of Bergthorsson et al.
(2004), we identified 2 HGT edges, one which includes
the only well-supported HGT postulated by the authors
and another that is a reflection of the lack of resolution
in the gene tree.

The rest of the paper is organized as follows. In the
Materials and Methods, we briefly review the MP criterion
for phylogenetic networks, describe the data sets we used,
and explain the phylogenetic analyses we conducted and
the questions we attempted to answer. In the Results and
Discussion, we report on our findings and discuss the per-
formance of the MP criterion with respect to 4 different
questions. Finally, we review our recent introduction of
the maximum likelihood (ML) criterion to phylogenetic
networks (Jin et al. 2006a) and compare it with the parsi-
mony criterion.

Materials and Methods
MP of Phylogenetic Networks

Phylogenetic networks model evolutionary histories in
the presence of nontreelike events, such as HGT and hybrid
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FiG. 1.—A phylogenetic network N on 4 taxa, A, B, C, and D, and the 2 trees it contains: 7 (N)={T,T»}.

speciation. In the case of HGT, a phylogenetic network N is
a rooted, directed, acyclic graph, whose leaves are labeled
uniquely by a set of taxa and which consists of an under-
lying species tree augmented with a set of additional HGT
edges. Additionally, the graph must satisfy certain temporal
constraints; a formal description of the model and these
constraints is given in Moret et al. (2004).

We say that a tree is “contained” in a phylogenetic
network if it can be obtained from the network by the fol-
lowing 2 steps: 1) for every node in the network, remove all
but one of the edges incident into it (i.e., the edges whose
head is the node under consideration); and 2) for every node
u with a single parent p and a single child ¢, remove u and
the 2 edges incident to it and add a new edge from p to ¢
(repeat this step as long as such nodes as u exist). Given
a phylogenetic network N, we denote by 7 (N) the set of
all trees contained inside N. Although a phylogenetic net-
work models the evolutionary history of species, the evo-
lution of each individual gene is modeled by some tree
(except for cases we will handle later) contained in the net-
work. Figure 1a shows a phylogenetic network on 4 taxa,
with a single HGT edge that models horizontal transfer
from species B to species C. The evolutionary history of
the genes that evolve vertically is shown in figure 1b,
whereas that of the horizontally transferred genes is shown
in figure lc.

This relationship between a phylogenetic network and
its constituent trees is the basis for the MP extension to phy-
logenetic networks described. We now briefly review the
definitions of Nakhleh, Jin, et al. (2005).

Definition 1. The Hamming distance between 2 equal-
length sequences x and y, denoted by H(x, y), is the number
of positions j, such that xj # yj.

Given a fully labeled tree T, that is, a tree in which each
node v is labeled by a sequence s,, over some alphabet 2, we
define the Hamming distance of an edge e € E(T), denoted
by H(e), to be H(s,, s,), where u and v are the 2 endpoints
of e. We now define the parsimony score of a tree 7.

Definition 2. The parsimony score of a fully labeled
tree Tis ) ,cp(r) H(e). Given a set S of sequences, a max-
imum parsimony tree for S is a tree leaf labeled by S and
assigned labels for the internal nodes, of minimum parsi-
mony score.

The parsimony definitions can be extended in a
straightforward manner to incorporate different site substi-
tution matrices, where different substitutions do not neces-
sarily contribute equally to the parsimony score, by simply
modifying the formula H(x, y) to reflect the weights. Let X
be the set of states that the 2 sequences x and y can take

(e.g., X = {A,C, T, G} for DNA sequences) and W the site
substitution matrix such that W[c, o,] is the weight of re-
placing o, by o, for every o, ¢ € X. In particular, the
“identity” site substitution matrix satisfies W[c,, G5] =
0 when o, = o5, and W[o,, o,] = 1 otherwise. The
weighted Hamming distance between 2 sequence is
H(x,y)=>"1 i« W(xi,y:), where k is the length of the se-
quences x and y. The rest of the definitions are identical to
the simple Hamming distance case.

Given aset S of sequences, the MP problem is to find an
MP phylogenetic tree T for the set S. Unfortunately, this
problem is nondeterministic polynomial (NP)-hard, even
when the sequences are binary (Foulds and Graham
1982; Day 1983). One approach that is used in practice is
to look at as many leaf-labeled trees as possible and choose
one with a minimum parsimony score. The problem of com-
puting the parsimony score of a fixed leaf-labeled tree is
solvable in polynomial time (Fitch 1971; Hartigan 1973).

As described above, the evolutionary history of a sin-
gle (nonrecombining) gene is modeled by one of the trees
contained inside the phylogenetic network of the species
containing that gene. Therefore, the evolutionary history
of a site s is also modeled by a tree contained inside the
phylogenetic network. A natural way to extend the tree-
based parsimony score to fit a data set that evolved on a net-
work is to define the parsimony score for each site as the
minimum parsimony score of that site over all trees con-
tained inside the network.

Definition 3 (Hein 1990, 1993; Nakhleh, Jin, et al.
2005). The parsimony score of a network N leaf labeled by
a set S of taxa is

NCost(N,S) : = Z(minkm\,)TCost(T,si)),

si€S

where TCost(T, s;) is the parsimony score of site s; on tree 7.

This definition is illustrated in figures 2 and 3. Notice
that as usually large segments of DNA, rather than single
sites, evolve together, Definition 3 can be extended easily to
reflect this fact, by partitioning the sequences S into non-
overlapping blocks b; of sites, rather than sites s;, and re-
placing s; by b; in Definition 3. This extension may be
very significant if, for example, the evolutionary history
of a gene includes some recombination events, and hence,
that evolutionary history is not a single tree. In this case, the
recombination break point can be detected by experiment-
ing with different block sizes.

Based on this criterion, we would want to reconstruct a
phylogenetic network whose parsimony score is minimized.
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FiG. 2.—A phylogenetic network N on 4 taxa (@), each labeled by a sequence of length 2 so that there are 2 sites s; and s,. An MP labeling of the
internal nodes of the 2 trees T, (b) and T (c) that are contained inside N are shown. TCost(T';, s;) = 1, TCost(T, s5) = 2, TCost(T5, s;) = 2, and TCost(T>,
s2) = 1. Based on Definition 3, NCost(N, S) = min{TCost(T}, s;), TCost(T,, s;)} + min{TCost(T}, s5), TCost(T,, s5)} = 1 + 1 = 2. In this case, tree T is
the optimal tree for site s; and tree T is the optimal tree for site s,. In other words, under the maximum parsimony criterion, site s; evolved vertically under
tree T and site s, was horizontally transferred according to tree T,. The phylogenetic network in figure 3 is optimally based on Definition 3.

In the case of HGT, a species tree that models vertical in-
heritance is usually known; for example, see Lerat et al.
(2003). Hence, the problem of reconstructing phylogenetic
networks in this case becomes one of finding a set of edges
whose addition to the species tree “best explains” the HGT
events. This is defined as the “fixed-tree MP on phyloge-
netic networks problem” in Nakhleh, Jin, et al. (2005).

Definition 4. Fixed-tree MP on phylogenetic networks
(FTMPPN):

Input: A species tree T leaf labeled by a set S of sequences
and a nonnegative integer k.

Output: A phylogenetic network N, consisting of T and a set
X of additional HGT edges with |X| = &, which mini-
mizes NCost(N, S).

A major challenge for solving the FTMPPN problem,
as formulated in Definition 4, is that the value of k (the num-
ber of HGT edges to be added) is usually unknown and one
of the outcomes sought by a biologist. This challenge is fur-
ther complicated by the following observation.

Observation 1. Let N| and N, be 2 phylogenetic net-
works which are obtained by adding 2 sets X; and X, of
HGT edges, respectively, to a species tree T, such that
X1 <X,. Then,

1. T(N))ET(N,).
2. NCost(Ny,S)=NCost(N,,S).

A A A C G C G A
FiG. 3.—An MP phylogenetic network, with NCost(N, S) = 2 for the
leaf-labeled phylogenetic network in figure 2. The MP tree of the first site is
described by the dash-dot lines, whereas the MP tree of the second site is
described by the dashed lines. Each tree has a single mutation, and they are
both reconciled inside the phylogenetic network with a single HGT edge,
described by the solid lines.

The implication of Observation 1 is that as more edges
are added to species tree 7T in solving the FTMPPN prob-
lem, the parsimony score either improves or remains un-
changed but never gets worse. Therefore, we reformulate
the FTMPPN problem so as to add more HGT edges as long
as the improvement in the parsimony score is beyond a
certain threshold.

Definition 5.
FTMPPN):

Threshold-based FTMPPN  (0-

Input: A species tree T leaf labeled by a set S of sequences
and a positive threshold value 6.

Output: A phylogenetic network N consisting of T and a set
X of HGT edges Ay, hy, ..., hy, such that

1. |[NCost(N;+1,S) — NCost(N;, S)| > 0, for0 <i<m — 1,
where N, i > 1, is the phylogenetic network obtained by
adding the HGT edges hy, h, ..., h; to T, and Ny = T,

2. the order in which the edges in X are added to T does not
matter; and

3. Xis maximal (set X is “maximal,” if every set X', where
X C X', does not satisfy at least 1 of conditions (1) and
(2) in the definition) among all sets of edges that satisfy
(1) and (2).

Whereas it seems that the difference between Defini-
tion 4 and Definition 5 is merely obtained by “shifting the
focus” in input parameter from &, the number of HGT edges
to add, to 0, the threshold beyond which a parsimony im-
provement is considered significant, this shift is significant
from a practical point of view. As we will show later, in-
specting the parsimony improvement as more HGT edges
are added, a clear “stopping rule” is determined for the
most part (whereas such a rule cannot be determined based
solely on the number of HGT edges added). In other words,
0 plays the role of a parameter to control overfitting of the
sequence data to the phylogenetic network.

A natural concern that Definition 5 raises is that the
order in which the m HGT edges are added may affect
the outcome and, hence, condition (2) in the definition.
We conducted extensive studies to investigate this concern,
and in all 4 data sets we analyzed, identical results were
obtained regardless of the ordering of HGT edges that
was employed.
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Therefore, shifting the focus from the number of HGT
edges required to a threshold of improvement significance,
coupled with the empirical observation that the order in which
HGT edges are added does not affect the final outcome, sub-
stantiates the practical applicability of Definition 5.

Nakhleh, Jin, et al. (2005) provided an exhaustive so-
Iution for the FTMPPN. Their algorithm is based on the
empirical evidence that an MP network with kK HGT edges
is obtained by adding an HGT edge to an optimal network
with k — 1 edges (the experiments were conducted several
times, while taking the HGT edges in different orders, and
in all these cases, the same resulting networks were ob-
tained). The algorithm seeks to add an edge in all possible
ways to all optimal networks with £ — 1 network edges.
This approach requires computing the parsimony score,
based on Definition 3, of every phylogenetic network ob-
tained during the search; we refer to this computation as the
parsimony score of phylogenetic networks (PSPN) problem.

Definition 6. PSPN:

Input: A set S of aligned sequences and a phylogenetic net-
work N leaf labeled by S.
Output: NCost(N, S).

Nakhleh et al. provided a straightforward algorithm for
solving the PSPN problem, which enumerates all trees con-
tained inside the network and therefore runs in O(min) time,
where m=|T(N)|, [ is the sequence length, and » is the num-
ber of taxa (leaves) in the phylogenetic network. Because
the number of HGT edges is O(nz) in the worst case, the
number of trees inside a network may be exponential in
the number of leaves, and hence, the running time of the
algorithm is exponential in the number of HGT edges (in
the number of taxa in the worst case). We proved that
the PSPN problem is NP-hard and developed more compu-
tationally efficient algorithms and heuristics for the PSPN
and FTMPPN problems in Jin et al. (2006b).

Data Sets

We analyzed 4 biological data sets with the aim of
identifying the number of HGT events, as well as their re-
spective donors and recipients:

1. The rubisco gene rbcL of a group of 46 plastids, cyano-
bacteria, and proteobacteria, which was analyzed by
Delwiche and Palmer (1996). This data set consists of
46 aligned amino acid sequences (each of length
532), 40 of which are from form I of rubisco and the
other 6 are from form II of rubisco. The first 21 and
the last 14 sites of the sequence alignment were excluded
from the analysis, as recommended by the authors. The
species tree for the data set was created based on infor-
mation from the ribosomal database project (http://
rdp.cme.msu.edu) and the work of Delwiche and Palmer
(1996).

2. The ribosomal protein rpll2e of a group of 14 archaeal
organisms, which was analyzed by Matte-Tailliez et al.
(2002). This data set consists of 14 aligned amino acid
sequences, each of length 89 sites. The authors con-
structed the species tree using ML, once on the concat-
enation of 57 ribosomal proteins (7,175 sites) and
another on the concatenation of small- and large-subunit

rRNA (3,933 sites). The 2 trees are identical, except for
the resolution of the Pyrococcus 3-species group; we
used the tree based on the ribosomal proteins.

3. The ribosomal protein gene rps/ 1 of a group of 47 flow-
ering plants, which was analyzed by Bergthorsson et al.
(2003). This data set consists of 47 aligned DNA se-
quences, each with 456 sites. The authors analyzed
the 3’ end of the sequences separately; this part of
the sequences contains 237 sites. The species tree was
reconstructed based on various sources, including the
work of Michelangeli et al. (2003) and Judd and
Olmstead (2004).

4. The mitochondrial gene cox2 of a group of 25 seed and
nonseed plants, which was analyzed by Bergthorsson
et al. (2004). This data set consists of 28 aligned
DNA sequences including 4 copies of the Amborella
gene. Each aligned sequence is 311 bp long. Ten regions
including primer sites and editing sites were excluded
from the analysis, as suggested by the authors. The au-
thors generated an MP tree from which an ML tree was
built based on estimated parameters. The ML tree was
further refined into a stable state. Seed and nonseed
plants were analyzed separately. We used a species tree
for the data set based on information at National Center
for Biotechnology Information (http://www.ncbi.nih.-
gov) and analyzed the entire data set with both seed
and nonseed plants.

Phylogenetic Analyses

To understand the performance of MP as a criterion for
reconstructing phylogenetic networks, in general, and
detecting HGT, in particular, we investigated the 4 data sets
with respect to 4 different questions.

1. Does the MP criterion correctly identify the number and
location (i.e., donors and recipients) of HGT events
needed to explain the evolutionary history of a gene with
respect to a species phylogeny? To answer this question,
we analyzed the rbcL, rpli2e, and cox2 data sets by run-
ning the methods of Jin et al. (2006b) for solving the
FTMPPN problem. More specifically, for each of the
data sets, we sought a set of edges whose addition to
the species tree yielded an optimal phylogenetic network
under the parsimony criterion. As discussed before, add-
ing more edges to a phylogenetic network either im-
proves the parsimony score of the phylogenetic
network or leaves it unchanged. We analyzed the rate
of improvement as a way to determine when to stop add-
ing extra edges. The quality of the MP criterion with re-
spect to this question (as well as the next 3 questions)
was determined by comparing our findings to the
hypotheses postulated by the authors of the data sets
we considered.

2. How does incomplete taxon sampling affect the perfor-
mance of the criterion with respect to question (1)? To
answer this question, we sampled 15 taxa from the rbcL
data set in such a way to ensure that the donors and re-
cipients of the HGTs detected in the analysis of question
(1) were present among these 15 taxa. We used this
15-taxon data set to study the performance of the MP
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criterion with respect to detecting the number of HGTs
as well as the donor/recipient of these HGTs.

3. Does the site substitution matrix affect the performance
of the criterion? To answer this question, we reanalyzed
the 15-taxon rbcL data set under various amino acid sub-
stitution matrices. Once again, we analyzed the data set
with respect to the number as well as location of the
HGTs.

4. Can the MP criterion help identify partial (chimeric)
HGT? Bergthorsson et al. (2003) analyzed the rps/]
gene in a group of flowering plants and postulated that
not only did this gene involve HGT but also that it was
chimeric: its 5" half was vertically inherited, whereas its
3’ half was horizontally transferred. We analyzed both
the complete rps/1 gene as well as its 3" half.

Results and Discussion
Identifying the Numbers and Locations of HGT Events

In this section, we report on our findings when analyz-
ing the rbcL, rpli2e, and cox2 data sets using our methods
for solving the FTMPPN. For each data set we show the
optimal improvement in parsimony scores as new edges
are added to the species trees, as well as the location of
the edges that correspond to these optimal improvements.
All results in this section are based on the identity substi-
tution matrix (which assigns value 0O to 2 identical sites and
value 1 to 2 different sites).

The rbcL Gene Data Set

We analyzed the rbcL gene data set twice in this con-
text: once with the complete data set of 46 organisms and
another with only 40 organisms; the latter was obtained by
removing the form II rubisco. (The original data set had 48
species, but the 2 species endosymbiont of Alvinoconcha
and Pseudomonas hydrogenothermophila were unclassi-
fied in Delwiche and Palmer (1996); hence, we excluded
them). The optimal improvements in the parsimony score
as 10 edges are added to both species trees of this data set
are shown in figure 4.

We observe that the optimal improvement in parsi-
mony score is always higher than 80 points for every edge
added of the first 7 in the case of the 46-taxon data set and
the first 4 in the case of the 40-taxon data set. The actual
HGT edges that correspond to the first 7 and first 4 of these
optimal improvements for the 46- and 40-taxon data sets are
shown in figure 5a and b, respectively.

The HGT edges H1, H3, and H4 in figure 5a group all
the form II species together; because these species are ex-
cluded from the 40-taxon data set, these edges have no
equivalent ones in figure 5. The remaining 4 HGT edges,
H2, HS5, H6, and H7, in figure Sa achieve the same effect of
the 4 HGT edges H1, H2, H3, and H4 in figure 5b. Edges
H2 and HS in figure 50 and a, respectively, group the 3
Alcaligenes species together with the Rhodobacter sphaer-
oides I and Xanthobacter species, indicating an HGT from
the most recent common ancestor of the latter 2 species to
the most recent common ancestor of the Alcaligenes spe-
cies. Edges H3 and H6 in figure 5b and a, respectively,
group 3 o-proteobacteria with the group of red and brown
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Fi16. 4—Optimal improvement in the parsimony score as extra edges
are added to the species tree to obtain a phylogenetic network on the rbcL
data set. The most significant improvements are obtained by adding the
first 7 HGT edges in the case of the 46-taxon data set and the first 4
HGT edges in the case of the 40-taxon data set.

plastids. Edges H1 and H4 in figure 5b and edges H2 and
H7 in figure Sa indicate different HGTs in the 2 data sets,
yet achieve exactly the same grouping: they group the 2
cyanobacteria Prochlorococcus and Prochloron together
and then group these 2 together with the green plastid
Pyramimonas.

How do these findings compare with the hypotheses of
Delwiche and Palmer (1996)? The authors postulated that at
least 4 independent HGTs were required to explain the di-
vision of plastids and proteobacteria into the greenlike and
redlike groups:

A transfer of redlike rubisco operon from a proteobac-
terium to a common ancestor of red and brown plastids. Our
analysis computed such a transfer, but we found that it is
from a common ancestor of red and brown plastids to a pro-
teobacterium (edge H6 in fig. 5a).

A transfer of a cyanobacterial greenlike rbcL to an an-
cestor of y-proteobacteria early in their evolution (but after
the emergence of the B-proteobacteria from within the -
proteobacteria).

A transfer from this same y-proteobacterial lineage
to ancestor of the o-proteobacterium Nitrobacter
vulgaris.

A transfer from this same y-proteobacterial lineage
to ancestor of the [-proteobacterium Thiobacillus
denitrificans.

In the case of the last 3 transfers, the authors were not
certain about them (even postulating that the incongruence
may be due to inaccurate identification of some of the taxa).
Our analysis, instead, indicates 2 transfers from the (-
proteobacterium Thiobacillus denitrificans II to the o and
v groups of the form II rubisco. Furthermore, they postu-
lated 3 more HGTSs to account for incongruities in the rbcL
phylogeny:

A transfer of the Gonyaulax rubisco (in the gene tree,
it is grouped within the o-proteobacteria of the form II
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(h) Pyrobaculum aerophilum
Aeropyrum pernix
Sulfolobus solfataricus
Pyrococcus furiosus
Pyrococcus abyssi
Pyrococcus horikoshii
H1 Methanocaldococcus jannaschii
/? Methanothermaobacter thermautotrophicus
H3 Archaeoglobus fulgidus
Methanosarcina barkeri

Haloarcula marismortui

HO: 416 \ 4 Halobacterium sp.
+H1: 401 (-15) Thermoplasma acidophilum
+H2: 300 (-11)

+H3: 382 ( -8) Ferroplasma acidarmanus

Fic. 6.—Results of the analysis on the rp//2e gene data set. (¢) The most significant decrease in the parsimony score of the phylogenetic network as
more HGT edges are added. The significant improvement was achieved after adding the first 3 HGT edges. (b) The phylogenetic network with the 3 HGT
edges that resulted in the most significant improvement in the parsimony score. The improvement in the parsimony score per HGT edge is shown next to
the phylogenetic network. “HO: X” indicates that X is the parsimony score of the species tree. “+Hi: X (Y)” indicates that the parsimony score of the
phylogenetic network after adding the ith HGT edge is X, and the decrease in the parsimony score achieved by HGT edge Hi alone is Y.

rubisco). Our analysis indicates an HGT from the common
ancestor of Rhodobacter capsulatus/Rhodobacter sphaer-
oides Il to Gonyaulax (edge H4 in fig. 5a), which results
in a grouping identical to that based on the rbcL gene tree
in Delwiche and Palmer (1996).

A transfer from the greenlike proteobacterial group to
Prochlorococcus. In this case, the authors could not deter-
mine with certainty where the transfer occurred. Our
analysis shows that the transfer occurred from the
cyanobacterium Prochloron to the cyanobacterium Pro-
chlorococcus (edge H2 in fig. 5a).

A transfer involving one of the 3 groups: Rhodobacter/
Xanthobacter, Alcaligenes, and Mn-oxidizing bacterium. In
this case as well, the authors could not determine with cer-
tainty which of the 3 groups involved the transfer. Our anal-
ysis shows that the transfer occurred from the Rhodobacter/
Xanthobacter group to the Alcaligenes group (edge HS in
fig. 5a).

Finally, our analysis gave rise to edge H7 in figure 5a,
which gives indication of a transfer that was not postulated
by the authors, but among all 7 edges found in our analysis,
this edge led to the smallest improvement in the parsimony
score.

Edges H1, H3, and H4 in figure 5a all correspond to
form II rubisco; since these taxa are not present in the 40-
taxon species tree, only the 4 remaining HGT edges were
identified, and they are shown in figure 5h—the correspon-
dence is described above.

The rpli2e Gene Data Set

Our analysis of the data set of (Matte-Tailliez et al.
2002) inferred 3 significant HGT edges, shown in figure

6. Edge HI resulted in the most significant improvement
in the parsimony score and indicated the transfer which
was postulated by the authors. Edge H2 accounts for the
incongruence between the species tree and the tree based
on the rpli2e protein, where the 2 trees differ in the phy-
logenetic pattern of the Aeropyrum pernix/Pyrobaculum
aerophilum/Sulfolobus solfataricus group. Edge H3 indi-
cates a transfer between Methanobacterium thermoautotro-
phicum and the group of Methanosarcina barkeri,
Haloarcula marismortui, and Halobacterium sp.

The cox2 Gene Data Set

We identified 2 HGT edges using the MP criterion, as
shown in figure 7. The most significant improvement in the
parsimony score came from a horizontal transfer between 2
Magnoliid species, Asarum and Laurus. An equally signif-
icantimprovement in the parsimony score was due to a trans-
fer to Amborella from any one of the 3 mosses, namely,
Thuidium, Hypnum, and Brachythecium, or an ancestor of
these 3 mosses. This identification of horizontal transfer
from a moss donor to Amborella matches very well with
the results of Bergthorsson et al. (2004), who mainly studied
HGTs to Amborella. Bergthorsson et al. postulated 3 HGTs
to Amborella and used the SH test procedure (Shimodaira
and Hasegawa 1999) to estimate the support of these 3
events. These 3 HGT edges consisted of 1 from a moss do-
nor, with the strongest evidence and support from the SH
test (<0.001) and bootstrap value (>90%), and 2 from
other angiosperms, which the authors deemed insignificant
based on the SH test (>0.05) and weak bootstrap supports
due to largely poorly resolved trees within angiosperms. As
noted, the HGT edge H1, which was found to be most sig-
nificant under the parsimony criterion, corresponds to the

Fic. 5.—The MP phylogenetic networks of the 7bcL data set obtained by adding 7 edges for the 46-taxon case (a) and 4 edges for the 40-taxon case
(b) to the underlying species tree. Parsimony score improvement after incrementally adding the HGTs are shown at the bottom. Form II rubisco are shown
in bold. The improvement in the parsimony score per HGT edge is shown next to each phylogenetic network. “HO: X” indicates that X is the parsimony
score of the species tree. “+Hi: X (Y)” indicates that the parsimony score of the phylogenetic network after adding the ith HGT edge is X, and the decrease

in the parsimony score achieved by HGT edge Hi alone is Y.
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F1G. 7.—Results of the analysis on the cox2 gene data set. (@) The most significant decrease in the parsimony score of the phylogenetic network as
more HGT edges are added. The significant improvement was achieved after adding the first 2 HGT edges. (b) The phylogenetic network with the 2 HGT
edges that resulted in the most significant improvement in the parsimony score. The circle at the source of the second HGT edge denotes that any of the tree
edges within the circle could be the donor of the HGT, and with the same effect on the parsimony score. The improvement in the parsimony score per HGT
edge is shown next to the phylogenetic network. “HO: X” indicates that X is the parsimony score of the species tree. “+Hi: X(Y)” indicates that
the parsimony score of the phylogenetic network after adding the ith HGT edge is X, and the decrease in the parsimony score achieved by HGT edge Hi

alone is Y.

only well-supported HGT event that Bergthorsson et al.
found. The second HGT edge, H2, that was found by the
parsimony analysis is probably a reflection of the “weak”
phylogenetic signal in these gene sequence data (which is
reflected by the weak support of most branches in the gene
tree of cox2 in Bergthorsson et al. [2004]).

Effects of Incomplete Taxon Sampling

To investigate the effects of incomplete taxon sam-
pling on the performance of the MP criterion for detecting
HGT, we selected 15 taxa from the rbcL data set so as to
cover all the groups in the data set. These 15 taxa are shown
at the tips of the tree in figure 85. The improvement in par-
simony score as extra edges are added to the species tree as
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well as the edges that correspond to the optimal improve-
ments are shown in figure 8@ and b, respectively. The figure
shows clearly that the first 5 added edges lead to significant
improvement in the parsimony score of the resulting phy-
logenetic network, whereas the improvement afterward is
relatively much less significant.

Our results indicate that in this case we observe a sim-
ilar trend to that of the full data set in terms of the improve-
ment in parsimony score, yet slightly different results in
terms of the locations of the HGT edges themselves. Since
Prochloron—the donor in the HGT event H2 in figure
Sa—was not sampled, the analysis did not detect the
HGT event that involved it. Edges H1, H3, and H4 in figure
5a all involved form II species. Their counterparts in the
analysis of the 15-taxon data set are edges H1, H2, and

_— Rhodobacter capsulatus

L - Rhodobacter sphaeroides |
— 1

L—

- Thiobacillus denitrificans Il
é Alcaligenes H16 plasmid

|~ Hydrogenovibrio Il

+H2: 2151 (-210)
+H3: 1991 (-160)
+ H4: 1867 (-124)
+H5: 1762 (-105)

Ho: 2572
+H1: 2361 (-211) I

Cyanidium

Fic. 8.—Results of the analysis on the 15-taxon rbcL gene data set. (a) The most significant decrease in the parsimony score of the phylogenetic
network as more HGT edges are added. The significant improvement in the parsimony score was achieved after adding the first 5 HGT edges. (b) The
phylogenetic network with the 3 HGT edges that resulted in the most significant improvement in the parsimony score. The improvement in the parsimony
score per HGT edge is shown next to the phylogenetic network. “HO: X” indicates that X is the parsimony score of the species tree. “+Hi: X (Y)”
indicates that the parsimony score of the phylogenetic network after adding the ith HGT edge is X, and the decrease in the parsimony score achieved by

HGT edge Hi alone is Y.
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Fi6. 9.—The most significant decrease in the parsimony score of the
phylogenetic network as more HGT edges are added in the analysis of the
15-taxon rbcL data set under 4 different site substitution matrices. In all 4
cases, the significant improvement in the parsimony score was achieved
after adding the first 6 HGT edges.

H3, respectively, as shown in figure 8b. Notice that these
edges in both figures achieve the same result, namely, the
grouping of the form II species, yet they differ in explaining
the donor of the rbcL gene in the Hydrogenovibrio Il spe-
cies (edges H3 and H2 in figs. Sa and 8b, respectively).

Edges H4 and H5 in figure 8b achieve the same group-
ing as edges H5 and H6 in figure 5a, yet they place the
groups in different places in their respective trees. Notice
that since neither the donor nor the recipient of HGT edge
H7 in figure 5a is present in the 15-taxon data set, no coun-
terpart to this edge was found when analyzing the 15-taxon
data set.
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To conclude about the findings in this analysis, incom-
plete taxon sampling does not seem to affect the trend in
parsimony score improvement, whereas it may have an im-
pact on the directions of the HGT edges detected, as illus-
trated in the differences between the phylogenetic networks
of figures S5a and 8b. A very significant implication of the
results of this analysis is that the MP criterion is robust with
respect to incomplete taxon sampling in terms of identify-
ing the number of HGT events, as well the identity of the
donors and recipients, yet it may get the directions of the
HGT edges in reversed order.

Effects of Site Substitution Matrix

To investigate the robustness of the MP criterion for
HGT detection with respect to the site substitution matrix
used in the analysis, we reanalyzed the 15-taxon rbcL data
set using 4 different matrices, in addition to the identity ma-
trix used in the previous section: BLOSUM 45, BLOSUM
62, PAM 250, and PAM 120. The improvements in parsi-
mony scores as extra HGT edges are added are shown in
figure 9, and the phylogenetic networks with the HGT
edges resulting in the optimal improvements are shown
in figure 10.

In terms of the improvement in parsimony scores as
extra HGT edges are added, figure 9 shows trends similar
to that when using the identity matrix, as shown in figure
8a. The only difference is that in the case of these 4 matri-
ces, the trends indicate 6 extra HGT edges, rather than 5
edges, as in the case of the identity matrix.

As for the detected HGT edges themselves, the results
are very similar to those under the identity matrix in terms
of the species grouping they achieve. The HGT edges
detected under both BLOSUM matrices were identical,
whereas these were different from the edges detected under
the 2 PAM matrices, which also differed between them, as
shown in the 3 phylogenetic networks in figure 10. The 3
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Fic. 10.—The MP phylogenetic networks of the 15-taxon rbcL data set obtained with the PAM and BLOSUM matrices. The improvement in the
parsimony score per HGT edge is shown next to each phylogenetic network. “HO: X” indicates that X is the parsimony score of the species tree. “+Hi: X
(Y)” indicates that the parsimony score of the phylogenetic network after adding the ith HGT edge is X, and the decrease in the parsimony score achieved
by HGT edge Hi alone is Y. Having more than one HGT edge Hi in a phylogenetic network indicates that this edge can be added in any of these locations,

yet leading to exactly the same improvement in the parsimony score.



334 Jin et al.

(a)6%
680

670
660
650
640
630 -
620
610
600
590
0

Parsimony score

1 2 3 4 5
Number of HGT edges

(b) 360

350

W W
w0 b
o o

Parsimony score
w
N
o

310 .
300 o
S )
290t TR X |
280 : : : :
2 3 4 5 6

Number of HGT edges

Fic. 11.—The most significant decrease in the parsimony score of the phylogenetic network as more HGT edges are added for the rps// data set.
(a) The complete rpsI ] sequences. (b) The 3’ end of the rps] I sequences. In both cases, the significant improvement in the parsimony score was achieved
after adding the first 3 HGT edges.

edges H1, H2, and H3 in all 3 phylogenetic networks have
exactly the same effect, namely, the grouping of all form II
species. Nonetheless, the phylogenetic networks differ in
the placement of the groups. Edges H4 and HS5 achieve
the same result as that achieved by H4 and HS under the
identity matrix. In conclusion, the first 5 HGT edges
detected under the various site substitution matrices achieve
the same results. The sixth edge detected under the 4 ma-
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trices, but not the identity matrix, involves Prochlorococ-
cus. This edge had the least significant contribution to

improving the parsimony score among all 6 edges.

Detection of Partial HGT

In their analysis of a group of flowering plants,
Bergthorsson et al. (2003) reported on transfers that created
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FiG. 12.—The phylogenetic network with the 3 HGT edges that resulted in the most significant improvement in the parsimony score. (@) The
complete rpsl ] sequences. (b) The 3’ end of the rps/I sequences. The circles at the source of an HGT edge denote that any of the tree edges within
that circle could be the donor of that respective HGT, and with the same effect on the parsimony score. For example, the donor of the HGT event denoted
by edge H1 can be any of the 7 tree edges within the circle, all of which contribute equally to the improvement in the parsimony score. Having more than
one HGT edge Hi in a phylogenetic network indicates that this edge can be added in any of these locations, yet leading to exactly the same improvement in
the parsimony score. The improvement in the parsimony score per HGT edge is shown next to each phylogenetic network. “HO: X” indicates that X is the
parsimony score of the species tree. “+Hi: X (Y)” indicates that the parsimony score of the phylogenetic network after adding the ith HGT edge is X, and
the decrease in the parsimony score achieved by HGT edge Hi alone is Y.
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FiG. 13.—Blockwise analysis of the parsimony scores of the sequences on the species tree (solid line) and the 7 gene trees obtained by using the HGT
edge H1 in figure 12 (dashed line). There are7 possible sources for H1, and hence the 7 possible gene trees. The blocks used in (@)—(e) consist of 200, 100,

50, 25, and 5 sites, respectively.

chimeric, half-monocot, half-dicot genes. In particular, they
showed that Sanguinaria rpsi1 is chimeric: its 5" half is of
expected eudicot, vertical origin, whereas its 3’ half is “in-
disputably of monocot, horizontal origin.”

To investigate the performance of the MP criterion for
detection HGT events in the case of chimeric genes, we an-
alyzed the complete rpsi] gene sequences as well as their
3’ half separately. The improvements in the parsimony
scores as HGT edges are added are shown in figure 11,
and the phylogenetic networks themselves are shown in
figure 12. The parsimony score improvement has almost
identical trends in both cases of the complete and partial
gene data sets, where in both cases it indicates that at most
3 HGT edges need to be added.

A significant observation is that in both cases, the first
2 HGT edges detected in the analysis are identical. Further-

more, the first edge, H1, leads to exactly the same improve-
ment in the parsimony score (the parsimony score drops by
33 points in both cases). This clearly indicates that all the
improvement in the parsimony score results in a transfer
that involves only the 3’ half of the rps// gene. Similarly,
edge H2 leads to almost the same drop in the parsimony
score in both cases: 23 points in the case of the complete
gene and 21 points in the case of its 3’ half, once again
indicating the transfer of the 3’ half only.

In this analysis, we used the knowledge that the 3’ half
was involved in the transfer and hence we were able to con-
duct the analysis on the complete gene as well asonits 3" half.
Aninteresting question is whether the MP criterion could de-
tect that the 3" half was involved in the transfer without hav-
ing the knowledge a priori. To answer this question, we
considered a phylogenetic subnetwork obtained from the
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phylogenetic network in figure 124, by taking only the spe-
cies tree and the HGT edge H1, which is the one that corre-
sponds to HGT in Sanguinaria. Because there are 7 possible
donors for the HGT denoted by HI, this phylogenetic net-
work in fact represents 7 networks, each of which contains
the species tree and the gene tree obtained by moving the San-
guinaria close to the Monocotyledons. For each such phy-
logenetic network, we passed a window of a fixed size across
the sequence alignment and computed the parsimony score
of the block within the window on the species as well as the 7
gene trees inside the network. Figure 13 shows the results for
blocks of sizes 200, 100, 50, 25, and 5 positions.

The position from which the parsimony score on the
gene trees becomes lower than that on the species tree is po-
sition 221. Interestingly, the 3’ half of the rps/ ] gene starts
at position 220, indicating that, indeed, this part of the gene
had evolved down a tree other than the species tree.

The ML Criterion for Phylogenetic Networks

In the context of optimization criteria for phylogeny
reconstruction, we have recently introduced a ML frame-
work for evaluating and reconstructing phylogenetic
networks (Jin et al. 2006a). Like the ML criterion for
phylogenetic trees, this framework views a phylogenetic
network from a probabilistic perspective as a generative
model, and the phylogenetic network that maximizes the
likelihood of the sequences at its leaves is sought. Further-
more, in a similar manner to that of defining the parsimony
of networks, the ML criterion for phylogenetic networks is
defined in terms of the trees contained inside the networks
(maximizing or summing over all trees). Our preliminary
results indicate that the ML framework is a promising ap-
proach as well. Yet, the parsimony criterion currently out-
performs it, in terms of computational requirements as well
as accuracy of the inferred HGT events. However, it is im-
portant to note that the accuracy issue is just an artifact of
our initial (and naive) way of estimating the parameters as-
sociated with the branches of the networks and trees. Once
more appropriate stochastic models of evolution down phy-
logenetic networks are defined and used; we expect the rel-
ative performance of the two criteria to be similar to that in
the context of phylogenetic trees.
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