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Lay summary

Phylogenetics is the study of how species are related through evolution. These relationships are traditionally
represented using branching diagrams called phylogenetic trees. However, certain evolutionary processes,
such as hybridization or horizontal gene transfer, cannot be represented by trees alone. Therefore, phyloge-
netic networks - which allow additional connections between branches - are used to capture more complex
evolutionary histories

As phylogenetic networks become more complex, it becomes harder to determine whether a particular
network can be uniquely reconstructed from observed DNA sequence data. This leads to the concept of
identifiability. A network is said to be identifiable if, in theory, it can be uniquely determined from the data
it generates. If two different networks produce the same data under a given evolutionary model, they are not
identifiable from that data. Identifiability is essential for developing reconstruction methods that aim to infer
evolutionary relationships from DNA.

This thesis investigates a specific class of phylogenetic networks, known as trinets. A trinet is a small sub-
network that describes the evolutionary relationship between just three species. Trinets are useful building
blocks for understanding and reconstructing larger phylogenetic networks. The main question studied in
this work is whether these trinets are identifiable. We investigate whether specific types of trinets can be dis-
tinguished from simpler tree structures, using a mathematical approach based on phylogenetic invariants.
These are special algebraic expressions that relate to the probabilities of observing certain DNA patterns. By
evaluating such invariants, we may be able to detect whether the data came from a network or from a tree.

This thesis provides new insights into the identifiability of trinets. It shows that a specific type of trinet
can be distinguished from a simple tree using an invariant. This is an important step toward understanding
how more complex evolutionary networks can be identified from biological data from genes.
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Introduction

During the past few decades, phylogenetic analysis has become an important tool used in evolutionary biol-
ogy to describe the relationships among genes or species [10]. Until recently, the links in history among a set
of taxa, the species under consideration, are mostly represented in a strictly branching diagram, known as a
rooted phylogenetic tree. However, phylogenetic trees cannot represent reticulate events, which are events
where two evolutionary lineages converge again to create a new species, such as hybridization, horizontal
gene transfer and recombination [9]. Such events cannot be represented by trees since they lead to cycles in
the underlying undirected graphs, which are not allowed in trees. Capturing these special reticulate events
is crucial to understand the evolutionary history of many classes of organisms [19], such as bacteria, viruses,
plants, fish, birds and primates.

Therefore, phylogenetic networks are used to describe a more complicated evolutionary history than por-
trayed by a simple tree diagram [4]. Researchers can estimate these relationships by analyzing the DNA se-
quences of different taxa. By aligning and comparing the DNA sequences, one can attempt to reconstruct
the evolutionary past of taxa [5]. As network structures become more complex, it becomes harder to find out
which network could have produced the observed data [6].

An example of an evolution network, can be found in Figure 1.1. Here, the lines represent evolutionary
relationships among various Xiphophorus species, a group of fishes that includes swordtails and platyfishes.
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Figure 1.1: Phylogenetic network on the genus Xiphophorus. The four major lineages are indicated by the different shaded areas. The
reticulation edges are curved, while the edges leading to the outgroup Pseudoxiphophorus jonesii are in grey. Holtgrefe et al. [11]

Recent studies focus on understanding which classes of networks are identifiable from the type of data



2 1. Introduction

available. Roughly speaking, a network class is said to be identifiable if, in theory, sufficiently large data
sets generated under a given model can distinguish between two different networks in this class. This is an
important characteristic for the development of statistically consistent reconstruction algorithms.

In recent years, an important line of research has focused on reconstructing phylogenetic networks from
smaller substructures. Since networks with many taxa can be complex, subnetworks offer a way to break
down the reconstruction problem into smaller parts. In practice, subnetworks are often used as building
blocks for reconstructing larger networks. Several algorithms and software tools adopt this approach by first
identifying subnetworks from the data and then assembling them into a full network that is consistent with
the inferred local structures [7]. Examples include the methods implemented in Leviathan [12], TriLoNet
[17], Squirrel [11] and NANUQ [2].

In this thesis, we will focus on the identifiability of semi-directed subnetworks. We will consider semi-
directed networks, which are partially directed networks in which the root is suppressed, since the root lo-
cation is not identifiable under many models [18]. The network is a connected semi-directed acyclic graph,
with directed and undirected edges. The directed edges represent the reticulate events. An example of a semi-
directed network with reticulate events can be found in Figure 2.6. This thesis has a special focus on trinets.
Trinets are subnetworks that focus on the relationship between three different species, represented by the
leaves in a network. In the context of this thesis, we call a trinet level-k if it has at most k reticulate events.

1 2 1

a

(a) Tree with three leaves 1, 2, and 3 (b) Symmetric level-3 trinet with three leaves

Figure 1.2: A simple three-leaf tree and a symmetric level-3 trinet on the same set of leaves.

From a biological perception, we want to know whether we can distinguish tree-like from network-like
evolution. In this thesis, we will show that, in theory, for some cases we can. We investigate the identifia-
bility question using phylogenetic invariants, which are, roughly speaking, polynomials that characterize the
probability distributions of observed patterns of DNA nucleotides. We can determine these patterns from
DNA data and evaluate the invariant which may tell us something about the evolutionary relationships. For
phylogenetic trees, invariants have been used successfully to infer evolutionary relationships [1, 20]. More
recently, phylogenetic invariants have also been applied to network models to distinguish specific classes of
networks, such as cycle networks [9]. In a paper by Englander et al. [6] it is shown that invariants can in theory
be used to distinguish between level-1 or level-2 networks and trees under the Jukes-Cantor model, a simple
Markov model of evolution.

This thesis will extend one of the results given in [6], which shows how to distinguish between a three-leaf
tree and a level-1 or level-2 trinet under the JC model. In this thesis, we will look at a specific symmetric strict
level-3 trinet to determine whether we can use the same invariant to distinguish that trinet from a three-leaf
tree, both trinets are given in Figure 1.2. We will show that the symmetric level-3 trinet is distinguishable
from the three-leaf tree, which is a first result considering the distinguishability of level-3 networks. It can
be a first step for extending results to level- k networks. These type of trinet results can also be used to prove
identifiability of n-leaf networks, by using various trinets that are subnetworks of the bigger network (see [6]).
Moreover, we will look at the more general K2P model and whether we can extend the result in [6] using the
K2P model instead of the JC model. Unfortunately, we show that the approach we used for the JC model does
not directly give a similar result for the K2P model.

The outline of this report is as follows. In the next Chapter, we start with a background on graph theory,
phylogenetic trees and networks, Markov models on trees and networks and the Fourier transform used by,
e.g., Ardiyansyah [3]. Then, Chapter 3 starts with two Lemmas showing that two functions are strictly positive



on the interval (0,1). These auxiliary results will be used in Chapter 3 to show that the considered invariant
is strictly positive for a symmetric level-3 trinet and therefore this level-3 trinet distinguishable from a three-
leaf tree. In Chapter 4, we adapt the invariant given in [6] in an attempt to use it for the K2P model and show
that this invariant cannot be used to distinguish between a three-leaf tree and a level-1 trinet. We end with a
discussion.






Preliminaries and definitions

In this Chapter, we introduce some definitions required for the study of phylogenetic networks. These in-
clude definitions from graph theory and phylogenetic trees and networks, mostly following [3, 6, 8, 13].

We start with some basic terms used in graph theory. A graph is a mathematical way of representing
relationships between objects. A graph is a pair G = (V, E), where V is a set of elements called vertices, the
objects, and E is a collection of unordered vertex pairs, {v;, v}, where each pair represents an edge, which
represents a relationship between two vertices. A directed graph is a graph in which all edges have directions.
If the edges do not have any directions, we call it an undirected graph. Lastly, a semi-directed graph has both
directed and undirected edges, see Figure 2.1. In an undirected graph, each edge e € E is a set {v, w} of two
vertices v, w € V. The vertices v and w are called the endpoints of the edge, and we say that the edge connects
v and w. Both vertices are said to be incident to the edge. Two edges are called adjacent if they share a
common endpoint, and two vertices are adjacent if they are connected by an edge. The degree of a vertex v is
defined as the number of edges that are incident to it, see Figure 2.2.

~

(a) Undirected graph with three vertices and three edges (b) Directed graph with three vertices and three edges

(c) Semi-directed graph with two directed edges and one undirected
edge

Figure 2.1: Examples of undirected, semi-directed and directed graphs

In an undirected graph, a pair of two vertices x and y is said to be connected if there exists a path between
them. An undirected graph G = (V, E) is called connected if every pair of distinct vertices v, w € V in the graph
is connected. If there exists at least one pair of vertices that is disconnected, the graph is called disconnected.
A pathin a graph is a sequence of vertices and edges

P =(vy,e1,v1,e,...,ek, Vk)
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such that each edge e; connects the vertices v;_; and v;, and no edge appears more than once in the path. If
a path exists between two nodes v and w, we say the path connects v and w.

A cycleis a path in which the first and last node are the same, i.e., vy = V¢, and no other node occurs more
than once. See figure 2.2 (b) for an example of a cycle. A directed graph is said to be acyclic if it does not
contain any directed cycles.

An edge e in a network N is said to separate two disjoint subsets of vertices A and B if every path between
any vertex a € A and b € B contains e. In this case, the edge e is called a cut-edge, and the network N is said
to have an A-B split.

e e

(a) Connected graph, where the degree of vertex b is three (b) Disconnected graph with a cycle a, b, ¢

Figure 2.2: A connected graph and disconnected graph with cycle

Now that we have the basic graph theory, we can use these terms to introduce definitions that are used to
study phylogenetic networks and trees.

We start with the definition of a tree and some related terms and then we will look at phylogenetic net-
works.

Definition 2.1 (Directed phylogenetic tree). A directed phylogenetic tree is a rooted, directed acyclic graph
that contains no underlying undirected cycles.

A directed phylogenetic tree has a root, which is the distinguished vertex of a graph with in-degree zero
and out-degree two. The tree can be interpreted as a directed graph in which all edges are directed away from
the root. This root represents the most recent common ancestor of all taxa (species) represented in the tree.
The direction of the edges thus indicates the flow of evolutionary time.

The vertices of a tree with in-degree one and out-degree zero are called the leaves of the tree. In the context
of phylogenetics, these leaves typically represent the extant species for which data is available in a phyloge-
netic analysis. Consequently, each leaf is often assigned a unique label from a set of labels corresponding to
the species.

In theoretical settings, we often consider the set of leaf labels to be [n] := {1,2,...,n}, and refer to the
resulting tree as an n-leaf phylogenetic tree. Two such trees are considered distinct if their leaf-labeling differ,
even if the unlabeled graph structures are the same. More formally, two n-leaf phylogenetic trees are regarded
the same if and only if there exists a graph isomorphism between them that also preserves the leaf labels
according to Gross et al. [8].

We often focus on a particular class of trees called binary trees. A binary treeis a tree in which every vertex,
except the root, has a degree of either one or three In such trees, internal vertices with degree three represent
speciation events, indicating a point in time where a single species gave rise to two descendant species. The
structure of the tree captures the timing and pattern of these divergence events.

Example 2.1 (Unrooting a tree). We can unroot a tree by suppressing all degree two vertices. There is only
one 3-leaf binary phylogenetic tree, whereas there are three different rooted 3-leaf binary phylogenetic trees.
See Figure 2.3, where the leaves are labeled.
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Figure 2.3: The three different rooted 3-leaved binary phylogenetic trees are shown on the left. The tree on the most right is the unrooted
3-leaved binary phylogenetic tree obtained by unrooting one of the rooted 3-leaved binary phylogenetic trees.

2.1. Phylogenetic networks

Before formally defining what a phylogenetic network is, we begin by introducing the notion of a blob. Ac-
cording to Englander et al. [6] a blob of a (partially) directed graph is a maximally connected subgraph that
does not contain any cut-edges. That is, edges whose removal would disconnect the graph. A blob is referred
to as an m-blob for some positive integer m, if it connects exactly m vertices outside the blob. If a blob con-
sists of only a single vertex, it is said to be trivial.

Example 2.2. Let G = (V, E) be an undirected graph with vertex set V ={a, b, ¢, d, e} and edge set
E ={{a,b},{b,c},{c,a},{c,d},{d,e}}.

The subgraph induced by vertices {a, b, ¢} forms a blob, as it is maximally connected and does not contain
any cut-edges. Removing any edge within this subgraph does not disconnect it. The edge {c, d} is a cut-edge,
since its removal disconnects vertex d (and e) from the rest of the graph. Thus, the blob {a, b, ¢} connects to
the rest of the graph via a single edge and is therefore a 1-blob.

Figure 2.4: Example of a 1-blob {a, b, c}

Definition 2.2 (Directed rooted binary phylogenetic network). A rooted binary phylogenetic network N on
a set of leaves [n] is a rooted, directed acyclic graph (DAG) without parallel edges, satisfying the following
properties:

¢ The sum of in-degree and out-degree for any vertex is at most three.
¢ The network has a single root with in-degree zero and out-degree two.

¢ Each leaf is a vertex with out-degree zero and in-degree one, and the set of leaves is bijectively labeled
by [n].

* The network contains no 2-blobs and no 1-blobs, except for the leaves.
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Figure 2.5: A rooted binary phylogenetic network with two reticulation vertices a, b in red and four leaves

Figure 2.6: The semi-directed network obtained from Figure 2.5 with two reticulation vertices a, b in red and four leaves

We call a vertex in N with in-degree one and out-degree two a tree vertex, which represents a speciation
event. The vertices with in-degree two and out-degree one are called reticulation vertices since they represent
reticulation events. Additionally, an edge directed into a reticulation vertex is a reticulation edge and the other
edges are called free edges. All edges in N which are not directed into leaves are called internal. Note that the
class of phylogenetic trees is a subset of a phylogenetic networks.

Definition 2.3. The reticulation number of a phylogenetic network N is the total number of reticulation ver-
tices of the network.

Definition 2.4. A semi-directed network N on a set of leaves [n] is a partially directed graph that can be ob-
tained from a rooted phylogenetic network on [n] by suppressing all vertices of degree two, identifying par-
allel edges and removing edge directions of non-reticulation edges. The only directed edges are the edges
representing the reticulation events.

Definition 2.5. Let N be a semi-directed network and k a positive integer. The network is level-k if there
exists a maximum of k reticulation vertices in each blob of the network. Furthermore, we say that N is a strict
level-k phylogenetic network if it is a level-k but not level-(k — 1) network.

Example 2.3 (Unrooting a phylogenetic network). In Figure 2.5, you can find a rooted phylogenetic network
with two reticulation vertices a, b in red. A semi-directed network can be obtained from the rooted network,
the result is shown in Figure 2.6. The only edges with a direction in Figure 2.6 are the reticulation edges. Fur-
thermore, the root has been suppressed because all vertices of degree two have to be removed. This network
is an example of a level-2 network.

When analyzing phylogenetic networks, a useful notion is a subnetwork induced by a subset of the leaves.
Such a subnetwork depicts only the evolutionary relationships between a subset of the species. As mentioned
in the introduction, subnetworks are a useful tool for constructing larger networks.

We can restrict semi-directed networks to a smaller leaf set by taking a subnetwork. Let N be an n-leaf
semi-directed network and S a subset of the leaves. We can obtain a semi-directed network on S by taking
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Figure 2.7: A level-2 trinet of the network in Figure 2.6 induces by a subset S = {1,2,3}

the union of all up-down paths connecting any two leaves in S. According to Englander et al. [6], an up-down
path between two leaves x; and x; of a semi-directed network is a path of k edges where the first / edges are
directed towards x; and the last k — [ edges are directed towards x;. Then, contract all degree two vertices to
one of its neighbors and remove all parallel edges. We will look in this report at three-leaf subnetworks, which
are called trinets.

Example 2.4 (Finding a trinet). We can find a trinet from the network given in Figure 2.6. For example, take
S ={1,2,3} a subset of the leaves. To find the trinet, we only look at the edges making a path from one of the
leaves in S. Therefore, vertex 4 and the connected edge will be removed. We then have a vertex with degree
two, so we can suppress these two edges to one edge. The result can be found in Figure 2.7.

2.2. Markov model on trees

To describe the evolution of characters (such as DNA nucleotides) along the edges of a phylogenetic network,
we use Markov models. We will discuss two different models, the Jukes-Cantor (JC) model, and the Kimura
2-parameter (K2P) model [6]. These models are both reversible, meaning that we can move interchangeably
between rooted networks and semi-directed networks when discussing the parametrization of a phylogenetic
network model. The models are statistical models, describing the probability distribution of the characters
that can be observed at the leaves of a n-leaf network. In these models, characters evolve independently
along the edges of the network according to the transition probabilities.

Formally, for each edge e in the network, a transition matrix M describes the probability of changing
from one nucleotide to another. The resulting probabilities for observed patterns at the leaves can be used to
infer or distinguish between different network topologies. To find these probabilities, we start with defining
the Markov model. Given a rooted phylogenetic network N = (V, E), each v € V is associated with a random
variable X, with state space X = {A, G, C, T}, which are the four DNA bases. We associate for every edge e a4 x
4 transition matrix M¢ € S, where we let S4 be the set of 4 x 4 stochastic matrices. Thus, the transition matrix
is equipped for each edge e = u — w € E such that ij = P(X,, = jIX, = i). Moreover, the root distribution is
given as 7w = (74,7, e, ) < [0,1]%.

Now, we can find the probability for a specific situation. Let T be a tree with vertex set V(T) and edge set E(T)
and ¢ an assignment of V(T) to states . The probability that an assignment ¢ can be observed under our
Markov model is

PP =190 1 Mg pu-
ecE(T)

In this report, we are interested in the states at the leaves. So, we can marginalize the probabilities p(¢)
to find the probability of a specific situation w € =" at the leaves of T. We denote ¢(X) as the restriction of
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assignment ¢ to the leaves X. Then, the probability of observing w in T is given by

pu= 3 p@= 3 790 [ M ew
PpX)=w P:pX=w e€E(T)

Until now, we have looked at trees that enforce a strict branching structure. However, more complex
evolutionary processes, including reticulate events where lineages merge, are not represented in trees. These
changes are taken into account in phylogenetic networks with so-called reticulation points.

2.3. Markov model on networks

In phylogenetic networks, reticulation events model evolutionary processes such as horizontal gene transfer,
hybridization, or recombination. These events introduce cycles into the network structure and are repre-
sented by reticulation vertices. To incorporate such events in a probabilistic model of sequence evolution, we
introduce reticulation parameters.

Let N be a rooted binary phylogenetic network with r = 1 reticulation vertices v,..., v;. Each v; has two
incoming edges, denoted by e? and el@. We assign a probability parameter 6; € (0, 1) to edge el@, and1-6; to
e‘l.). These parameters reflect the probability that a site follows one of the two alternative paths through the
reticulation vertex.

To compute the site pattern probabilities, we consider all 2" possible combinations of choices at retic-
ulation vertices, represented by binary vectors o € {0,1}", where g; = 0 means edge e? was deleted (and e}
kept), and vice versa for g; = 1. In total, there are 2" possible combinations, since for all r vertices, there are
two option (edge e? was deleted and e% kept, or vice versa). Each such configuration corresponds to a tree T,
obtained from the network N by resolving the reticulation choices according to o.

Example 2.5. In Figure 2.8 a 4-leaf semi-directed network is shown. The network has two reticulation vertices

w; and w». There are four possible binary vectors of length two: a = (0,0), 8= (0,1),y = (1,0), and 6 = (1,1).
The four different trees from this network are shown in Figure 2.9 [3].

€3

w2

2 1 2 3

Figure 2.8: A 4-leaf semi-directed network with two reticulation vertices w; and w». The left figure displays the edge labeling, which will
be used in example 2.3.3. The right figure shows the four reticulation edges [3].

Given a site pattern w = (g1, ..., 8n) € X", where X = {A, C, G, T}, the probability of observing w at the leaves
of Nis

.
(PNw= ), (Hﬁﬁ‘”i(l—ai)”i)(pru)w,
oe{0,1}" \i=1

where (p7, ) is the site pattern probability under the corresponding tree T;;, computed using standard
methods for phylogenetic trees as discussed previously.
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2 2 2

Figure 2.9: The trees Ty, Tﬁ, Ts and Ty from left to right obtained from 2.8. For every tree, one of the four binary vectors is used [3].

Example 2.6. Consider a network N with one reticulation vertex v and incoming edges e%el. Let5€(0,1) be
the probability of retaining edge e'. Then the site pattern probability is:

(PN)w =0 (pTo)w +(1-9)- (pTl)a)r

where T and T are the two trees resulting from choosing e' and e° respectively. This model captures the
evolutionary ambiguity introduced by a single reticulation event.

2.3.1.JC model

We will consider two kind of submodels of the general Markov Model obtained by placing restrictions on
the transition matrices. The simplest model is the Jukes-Cantor (JC) model. This model assumes that the
transition probabilities M/, is the same for all i, j € Z,i # j, e € E, meaning that the probability of a transition
or transversion is the same for all bases. This can be seen in the following matrix:

B a a «a
a f a «a

a a p «a

a a a P

Note that the probability of a mutationis @ and f+3-a = 1.

2.3.2. K2P model
For the Kimura 2-parameter model (K2P), we add an extra parameter to differentiate between the probabili-
ties of transitions (changes between either states A and G or C and T) and transversions. This can be seen in
the transition matrix:

'ﬁaya
a p a vy
Yy « f «a
ay a p

Here we have 2a + f+y = 1, with y the transition probability. We can obtain the JC model by setting y = a.

2.3.3. Fourier transform
The Fourier transform is a linear transformation that converts the site pattern probabilities into a new coor-
dinate system, called Fourier coordinates. That leads to a model which is monomial instead of a polynomial
in its parameters, with the advantage of a simplified expression for the site pattern probabilities.

This method applies particularly well to models whose state space can be equipped with the structure of
afinite abelian group. For example, in the JC and K2P models, the DNA bases are identified with the elements
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of the Klein four-group Z, x Z, via the correspondence
A=(0,0,C=(0,1),6=(1,0), T=(1,1).

We associate four Fourier parameters with each edge e € E, denoted by a$, a/,, al. and a}. These param-
eters describe the evolutionary behavior along the edge e in Fourier coordinates and satisfy model-specific
constraints. Under the JC model, we have ag = ag = a‘}, and under the K2P model we have that aé = a?,
distinguishing transitions and transversions. Furthermore, a¢ = 1 for biological parameters. All other param-
eters are in the interval (0, 1). The parameters cannot be one because that would correspond to a zero branch
length, meaning that no evolutionary change or divergence has occurred along that branch.

Then, let w = (g1, 82,--..,8n) be a site pattern across the leaves of a tree 7. Denote by Z(T) the set of splits

induced by the edges of T. For each split A|B € Z(T) we associate parameters ang for each group element
g € Zy x Z, where aéq‘B = ag, for the edge e that induces the split. Then, the Fourier parametrization of p,,(T)
is given by
a)e:ieAgi if Z;Ll 8i=0,
_ ecE(T)
qu(T) = e induces the split A|B

0 otherwise

where addition is in the group Z, x Z,. The condition }.7", g; = 0 ensures that the overall site pattern is
compatible with a tree-based evolutionary history. Note that for a network with r reticulation vertices, each
Fourier coordinate for the model will consist of 2" distinct terms.

Example 2.7 (Fourier parametrization). Suppose that we label the edges of N as displayed on the left in Figure
2.8. We want to compute the Fourier coordinate of observing nucleotides T, G, C, and A at the leaves 1, 2, 3
and 4, respectively. We will denote by a, the parameter ag" to simplify the notation. Then
qreeca = 6152(aéaiaia‘éaﬁcaéa%aé0a¥) + 616'2(aéaiaiaéaecaéa%aéoa;l)
+08102(apdd ap ayal alayal all) + 810y (apad ap ayalalayal alt)
In the above parameterization, the first, second, third and fourth terms correspond to the trees Ty, T, Ts
and T, in Figure 2.9, respectively [3].



Distinguishing symmetric level-3 trinets
from three-leaf trees

In this Chapter, we will give a proof of the following Theorem, which is an extension of the Theorem given
in Englander et al. [6]. We focus on a specific type of level-3 trinet depicted in Figure 3.2, which we refer
to as a symmetric level-3 trinet, due to its rotational symmetry. We will show that we can distinguish the
symmetric level-3 trinet from a three-leaf tree (depicted in Figure 3.1). Before we give the proof of Theorem
3.1in Section 3.2, we will state and prove two Lemmas in Section 3.1. The Lemmas are used to show that an
invariant applied to the symmetric level-3 trinet is strictly positive.

Theorem 3.1. Let Ny and N» be two binary semi-directed level-3 phylogenetic networks on the same three
leaves. Let N be the symmetric level-3 trinet with leaves X = {1, 2,3} from Figure 3.2 and N, the three-leaf tree
with leaves X = {1,2,3} from Figure 3.1. Then, under the JC model and for all parameter values in (0,1), the
polynomial invariant

2
qdo119q1019110 — 4111

evaluates to zero for N» and is strictly positive for Ny. Hence, Ny and N, are distinguishable under the JC model.

Note that we used a simplified notation for the Fourier coordinates under the JC model. For instance,
we write g;19 to denote any of the equivalent values gcca = ggga = gr1a, Since they are all the same under
the Jukes-Cantor. In the same way, we define g;9; and go11. The coordinate g1, refers to any of the values
qgcGt, 9cTG, qceT, 46Te, 9ree, 9rec, which are again equal in this model. This compact notation makes it
easier to visually distinguish between the different g-coordinates.

Figure 3.1: Tree with three leaves 1,2,3

13
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a) ap

Figure 3.2: Symmetric level-3 trinet
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3.1. Auxiliary Lemmas

In this section, we will look at two functions and show that these functions are strictly positive on the interval
(0,1). The first and second order partial derivatives will be calculated, to derive the Jacobian and Hessian
matrix and the critical points. In the next section, we will use these Lemmas to show that the invariant of a
symmetric level-3 trinet is strictly positive.

Lemma3.1. Letx,y € (0,1). Then, the following function is strictly positive in the interval (0,1)?:

2y =2y +1)x?
@y J’)x_w

2 (3.1)

ﬂnw=%+

Proof. To show strict positivity on the interval (0,1), we have to evaluate the function. First, we have to find
the critical points of the function f (given in 3.1) using the Jacobian matrix with the first-order partial deriva-
tives. Then, we find the second-order partial derivatives to obtain the Hessian matrix, which we can use to
determine what type of critical points the function has. In particular, we want to determine where local min-
ima and saddle points occur and what the values of the critical points are. Lastly, we have to find the values
of the boundary points, so that we can show that the function never gets below zero. This will then allow us
to prove that this function is strictly positive in the open interval (0,1).
We first start to compute the first-order partial derivatives:

of 2 _
o Ry =2y+Dx-y (3.2)
% =Q2y-Dx*-x. (3.3)

So the Jacobian matrix is
Jr(x,y) = ((2y2 —2y+Dx-y QRy-1)x*- x).

To find the critical points, we solve:

of
" 3.4
o (3.4
0
of _y (3.5)
dy
That s,
2y*-2y+1x-y=0 (3.6)
Qy-1)x*—x=0. 3.7)
Solving equation 3.7 gives us:
x=0 or 2y-Dx=1.
If x =0, equation 3.6 becomes y = 0. So the first critical point is (0, 0).
IfRy-Dx=1wegetx= 2y+1 Substitute this into equation 3.6:
2y*-2y+1) LS
Yy -2y 2y-1 Y=
@y*-2y+1)-yRy-1)=0, (3.8)
-y+1=0,
y=1

Substituting y =1 into x = ﬁ gives x = 1. So the other critical pointis (1,1).
Now that we have the critical points, we have to find out what kind of points these are. Therefore, we compute
the second-order partial derivatives:
*f_ 2y* -2y +1 3.9
Sz =2 -2y, (3-9)
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Ff_ s
—5 =2x%, (3.10)
0y?
0 f f
= =2Q2y-Dx-1. 3.11
0xd0y 0ydx (@y-Dx G-1D

Thus, the Hessian matrix is:

2y?-2y+1 2Q2y-1x-1
Hy(x,y) = .
22y-1x-1 2x?

Now we can evaluate the critical points with the Hessian matrix.
At (x,y) =(0,0):
L 2
H¢(0,0) = , det(Hf(0,0)=1-0—(-1)"=-1<0.
-1 0

This Hessian is indefinite, so (0,0) is a saddle point.
At (x,y)=(1,1):

11 ) 0°
Hp(1,1) = , det(Hs(1,1))=1-2-(1)*=1>0, and = =1>0.
1 2 o0x

The Hessian is positive definite, so (1,1) is a local minimum.
We fill in the critical points to get the function values.

1
f©0,0= > fan=o.

Then, we have to find and evaluate the boundary points. Since we have x, y € (0, 1), the boundary points
are the following points:

1. x=0,y€(0,1)
2. x=1,y€(0,1)
3. y=0,x€(0,1)
4. y=1,x€(0,1)

The first boundary points give the value f(0, y) = %, which is positive.
The second boundary points give the value f(1,y) = % Y -y+ % —y=y*-2y+1=(y—1)>° This is strictly
positive for y € (0,1), since (y — 1)2is only zero for y = 1.
1+x%

The third boundary points give the value f(x,0) = =5, which is clearly positive.

The last boundary points give the value f(x,1) = % + x; —-Xx= %(x —1)%. We can use the same argument as for
the second boundary points that this is positive for x € (0, 1).

So, the function 3.1 has a local minimum at (1, 1), where it attains the value f(1,1) =0, and a saddle point
at (0,0) where it attains a value of % Moreover, all other boundary points are positive. Since the function is
continuous and the only saddle point has a positive value, the function is strictly positive on the open interval
0,1)%. O

Lemma3.2. Letx,y,ze (0,1). Then, the following function is strictly positive in the interval (0,1)3:

fx,y,2)=

1 1 1 1
(zz+E)yz—yz+izz)x2—yz(y+z)x+ §y2z2+5. (3.12)
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Proof. We use a similar strategy as in the previous Lemma. We first start to compute the first-order partial
derivatives:

0 1 1
—f:2((z2+—)y2—yz+—zz)x—yz(y+z), (3.13)
0x 2 2
g _ .2 2 N 2
dy =x"Q2yz"+y—-2)—xzQ2y+2)+yz", (3.14)
ﬁ 2002, _ 2
52 =x“Q2y‘z-y+z)—xy(y+22)+y°z. (3.15)
So the Jacobian matrix is:
of
ox
Vf(x,y,2) = %
of
9z
To find the critical points, we solve:
of _of _of
i At Al B 3.16
0x 0dy 0z (8.16)

We get the following critical points inside [0, 1]3 using Wolfram Alpha [14],
(0,0, 2),(1,0,0),(0,y,0) where y #0 and (1,1, 1).

We compute the Hessian matrix by taking the second-order partial derivatives of f(x, y, 2):

fxx fxy fxz
He(, 2= |fix fiy fHz|
fzx fzy fzz

where:

w2
6x2 Y yers

aagy ayax: ( ( )

-yz—z(y+2)

*f  0f
0x0z  0z0x =2x(2y2z_y+z)_yz_y(y+z)
0> 1
91 =20 22+—)—2xz+z2
oy 2
g 92
Gy(;cz - dzgy =x*(4yz-1) - x(y+2) - x(y+2) +2yz
2
g—]zc=x2(2y2+1)—2xy+y2,
Z

Now, we can evaluate the critical points inside the interval [0, 1] to see where the saddle points and local
minima and maxima are. First, we fill in the critical points to find the function values.

For (1,1,1) we get f(1,1,1) = 0 and the Hessian is

He(x,y,20=(1 2 1].
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Table 3.1: For every critical point of the function f, the value of the function, the Hessian matrix, its eigenvalues, and the type of the
critical point are listed.

Critical Point | f(x,y,z) | Hessian Matrix | Eigenvalues Type

2 11

(1,1,1) 0 1 2 1 4,1,1} local minimum
1 1 2
0 0 O

(0,0,2) 3 0 22 0 {0,0,2%} inconclusive
0 0 O
y2 0 0

0,y,0) % 0 0 0 {0,¥%, 7% inconclusive
0 0 y?
0 0 0

(1,0,0) 3 0o 1 -1| |10,jB+VI7)} | saddlepoint
0 -1 1

This is a symmetric matrix with eigenvalues A = {4, 1,1}, all of which are positive. Therefore, the Hessian
is positive definite at this point. The function has a local minimum at (1,1, 1).
We do the same for the other critical points. See table 3.1 for an overview of the critical points.

We have to look at the boundary points to check whether all boundary points are non-negative. The
boundary of the open interval (0, 1)2 consist of the six faces of an open cube. The six faces are:

1. x=0,y,z€(0,1)
2. x=1,y2¢€(0,1)
3. ¥y=0,x,2z€(0,1)
4. y=1,x,z€(0,1)
5. z=0,x,y€(0,1)

6. z=1,x,y€(0,1)

1 1 1 1
flx, 9,2 = ((zz + —) y2 -yz+ —zz) X - yz(y+2)x + —y222 +—. (3.17)
2 2 2 2
For the first face, we get the function value f(0, y,z) = % y2z% + % This is always positive for y,z € (0, 1).

For the second face, we get f(1,,2) = 3y*2*+1y?—yz+32°—y*2—yz*+1 = g(y,2). We can find with Wolfram

Alpha that the global minimum of g(y, z) is at (y,z) = (1,1), where g(1,1) = 0. But, (y,2) = (1,1) is not in our
interval, so the boundary points in this face are strictly positive.

For the third boundary points, we get f(x,0,z) = %xz z2+ % This is positive for the third face.

For the fourth face, we get f(x,1,2) = 3x°2® - x*z — xz? — xz + $x* + 2% + 3. This has the same structure as
the second boundary points, so we conclude that the boundary points are strictly positive.

For the fifth face, we get f(x, y,0) = 3x*y + 3, which is positive as well.

For the sixth face, we get f(x,y,1) = gxzy2 - x’y—yz?—xy+ %xz + %yz + % Again, this is the same structure
as the second and fourth boundary points.

Therefore, all boundary points are strictly positive.
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From the analysis of the critical points, we observe that the function attains in the domain (0, 1)3 its min-
imum value f(x,y,z) = 0 only at the point (1,1, 1), where the Hessian is positive definite, confirming a local
minimum. All other critical points yield a strictly positive function value (f = %), with Hessians that are sin-
gular or indefinite. In particular, no other point inside the domain (0, 1)2 results in a function value of zero
or a negative value, because the saddle point is at a positive value and all the boundary points are strictly
negative. Therefore, we conclude that the function f cannot attain a negative value, so f(x,y,z) > 0 for all
(x,9,2) € (0,1)3. O
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3.2. Proof of main theorem

We will now give the proof of Theorem 3.1. We have to show that the invariant is strictly positive for the
symmetric level-3 trinet, which we will do by splitting the invariant up in coefficients. Then, we will show
that all coefficients are strictly positive, where we will use Lemma 3.1 and 3.2 for some of the coefficients.

Theorem (3.1). Let Ny and N be two binary semi-directed level-3 phylogenetic networks on the same three
leaves. Let N\ be the symmetric level-3 trinet with leaves X = {a, b, c} from Figure 3.2 and N, the three-leaf tree
with leaves X = {a, b, c} from Figure 3.1. Then, under the JC model and for all parameter values in (0,1), the
polynomial invariant

qo1191019110 — 6]%11 (3.18)

evaluates to zero for N» and is strictly positive for N,. Hence, N1 and N, are distinguishable under the JC
model.

Proof. We first recall the proof from [6], which shows that gg11 41019110 — qfu equals 0 for the three-leaf tree
Nj,. Let a, b and ¢ be the nontrivial Fourier parameters associated to the three edges of N, (see also Figure 3.1).
Then, under the JC model, the considered Fourier parametrizations of N, are q111 = abc, qi110 = ab, gio1 = ac
and qo11 = be. Clearly, we then get that go11 G101 G110 — 45,; = 0 for No.

Then, consider the symmetric level-3 trinet. See Figure 3.2. Let a;, b;; and c;j, with i, j € {1,2,3}, be the
Fourier parameters associated to the edges of N (see Figure 3.2). Moreover, let §1, 6, and d3 be the reticulation
parameters. The Fourier parametrization for N under the JC model is as follows:

qo11 := a2as(b21b31€12€136283 + b1 32 €120236285 + bogbs1 €13€230203 + bo3b326362)
o1 := a1 as(br2b31¢12¢130185 + b12b32 120230301 + b13b32¢13€236183 + bi3b316103)
G110 := a1 a2 (b12b23c12¢230182 + b13b21 €12¢130182 + b13b23 130236102 + b12b216251)
g1 = a1 azaz(81b1363 b3y c13(ba1€1282 + bog2362) + 63b3281 b13cr13ca3 (ba1 1282 + b23ba)

+081b1212b2182(b31€1303 + b3pc2303) + 81 b12¢1202302 b3 (b31 €1303 + b3283)).

Here we use the shorthand notation é; = (1 -§;) for i € {1,2,3}.
We compute ¢o1191019110 — ‘7%11 and we assume that the parameter values are nontrivial (i.e. they are in
(0,1)). To show that this invariant is strictly positive, we start by looking at the coefficients of the invariant for

63,6161 and &1°. The coefficients are found with the collect function in Maple [15].
To prove that the three coefficients of §2, 5,6 and & 12 are positive, we again split the three corresponding

expressions up by considering their coefficients for 6%, 5,6, and 522. We repeat this a third time for the
last reticulation parameter 63. Then, we have to consider 27 coefficients. This process of splitting up the
coefficients is visualized by a tree diagram in Figure 3.3. In this Figure, the end points are coloured, where the
same colour means that the coefficients are the same, up to labelling the parameters. We will now show that
the coefficients corresponding to each of the endpoints are strictly positive. If all the coefficients are positive,
we can conclude that the invariant go11 41019110 — qfu is strictly positive.

We will explain how to find a specific coefficient, by giving an example. Specifically, we will consider the
path in the middle of Figure 3.3 and then look at the coefficients corresponding to nodes 13, 14, and 15.

First, we split up the invariant over §; and we have to find the coefficient of § 161.

The coefficient for 5,8 is
a5 a3 (ba1b31¢12€136203 + b2y b32C126230263 + bas b3 €13€230203 + bagb320382) af (br2bsi c12€1303 + biabsac1202383)
“(b13b21c12€1382 + b13ba €13€2382)+a5 a (b21b31 €12€130203 + ba1 b3p€12230203 + baz b3 130236203 + b3 b326302)
- a3 (b13b3213¢2303 + b13b3103) (b12b23 1262302 + b12b2182)
—2a% a5 a5 (b12c12b2182(b31¢1383 + b3p€2383) + 121262302 b23 (b3 1365 + b3203))

- (b1363b31 €13 (21 C1202 + b3 c2302) + O3b32b13C13C23 (b21 C1282 + b3 b))

Then we split this up over 5, and look only at the coefficient of §,55.
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Figure 3.3: Tree of all coefficients of the invariant for the symmetric level-3 trinet
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The coefficient of §,55 is
(b23bs1 C13C2303 + basbsa§3) (D12 bs1 1261303 + b12 b3z C12€2363) bisba1 Cr12€13
+ (b21b31€12€1303 + b21 D32 €1262303) (12 b31 €12€1303 + D12 bsa €1262303) bisbosci3cas
+ (bagbs1 €13¢2303 + bo3b3203) (D13b32C13¢2303 + bi3b3183) biabar
+ (b21b31 €12€1303 + b21 b32C12¢2363) (D13 b3z €13¢2305 + b13b3103) b1z basci2c23
- 2(b12€12€23b23(b310135_3 + b3283) (b13b21 b32€12¢13C2383 + b13ba1 b3 €12¢1303)
+ bi2C12b21(b31 01303 + b3z C2383) (b13basb31 €13¢2303 + bisbasbsaci 02353))

Splitting up with respect to the last reticulation parameter 03, gives us:

The coefficient of 55 is (node 13)
2b12b13b21 baz b3, €2y C13Cos — 2b12b13b21 baz b3, ¢, C13Co5 + b1ab13 by oz b3, chyC13Co3

2 2 2
—2b12b13b21 b3 b3, 12013653 + b12b13b21 baz b3, 13623

1 1
=2b3,C13 >t (C3—Co3 + 5)0%2 — 12623 | b1zbo1co3bioboz  (3.19)

The coefficient of 8583 is (node 14)
(b12ba3bs1 b3y 12 13¢5 + brabas bz b3z c12013) bisbai cracis + (D13 D23 b3y bap Chs Cog + bisbag b3y b3) by boy
+ (b13b21 b31 b3pC12C35Co3 + bi3bay b31 b3 C12C23) b1z bozcracos

2 2 2
—2bo1 b31¢15 13012032 €23 D13 D23 — 2b12C12 D21 b31 €13 01323 D32 €23 — 2b12C12 D21 b32 53 b13 bz b3 c13

1 1 1 1
=2b31b32 (((633 + E) 0%3 —C13C3 + 5053 %, — C13C23(C13 + C23)C12 + 56f3C§3 + > b13bz1b12bo3  (3.20)

The coefficient of 55 is (node 15)
2b12b13b21 baz b3, €35 CsCoz — 2b12b13ba1 baz b3, ¢, 5 Cog + brabi3 by bas b3, ciyc13Co3

2 2 2
—2b12b13b21 b3 b3 c12615C23 + b12b13b21 bas b3 €133

1 1
=2b3 c13 (5 + (6%3 -3+ 5) cz,— 012613) b13bz1co3biobos  (3.21)

Using our auxiliary results from Section 3.1, we can prove that the coefficient of 5% (3.19) and 5% (3.21)
is positive. In particular, we can use Lemma 3.1 with y = ¢»3, x = c12 for the part between the brackets in
coefficient 3.19, similarly we have y = c;3, x = ¢ for coefficient 3.21. We can conclude that the coefficients
3.19 and 3.21 are strictly positive, as the part in the brackets is strictly positive and the other parameters are all
strictly positive. We can use Lemma 3.2 for the part in the brackets in coefficient 3.20 with x = ¢12, y =13, 2=
23, and again the other parameters in the coefficient are in (0, 1). So, coefficient 3.20 is strictly positive as well.
We can conclude that these three coefficients are strictly positive in the interval (0, 1) for the symmetric level-3
network.

We can find the other coefficients, which correspond to the coloured leaves shown in Figure 3.1, the same
way as written above. As shown in Appendix A, all these coefficients are strictly positive or do not exist (grey
nodes).

So, all coefficients of the symmetric level-3 trinet are strictly positive. Thus, we can write the invariant as a
sum of positive parts and therefore we conclude that the symmetric level-3 network shown in Figure 3.2 and
the three-leaf tree are distinguishable under the JC model.

O



Negative result for the K2P model

According to Englander et al. [6] we can distinguish a three-leaf tree N; from a strict level-1 trinet under the
JC model by looking at the polynomial invariant

do1191019110 — 5]%11' (4.1)

In this Chapter, we will consider less restrictive assumptions and look at the K2P model. Surprisingly, we will
show that extending invariant 4.1 to a seemingly equivalent polynomial that can be used for a K2P model will
not distinguish between a three-leaf tree and a level-1 trinet.

4.1. Polynomial

Under the JC model, we could use a shorthand notation for the Fourier coordinates since we have a/. = af, =
af, for every edge e. However, under the K2P model we cannot use the shorthand notation as we did for the JC
model, because we only have af. = a, (and for example a{. # a(,). So, we must work with the full base-specific
g-coordinates dijk where i, j, k€ {A,C,G, T}.

If we want to use the original invariant 4.1, we have to replace the notation for the g-coordinates. We
can, for example, replace gg11 with gacc, and similarly for g;0; and g;10. We can change invariant 4.1 to, for
example, gaccqcacqcca — qéGT. However, we cannot use this invariant to distinguish between a three-leaf
tree and level-1 trinet. The invariant does not evaluate to zero for the three-leaf tree, because we do not have
af, = a%. The problem here, is that we do not consider all the bases in the first part of the invariant. For
example, we only have the C base in the first part of the invariant and did not take the other bases (G or T)
into account. This issue does not arise under the JC model, since the parameters corresponding to C, G and
T are identical due to the model’s symmetry assumptions. Thus, we have to extend the invariant 4.1 to a new
form that evaluates to zero for the three-leaf tree under the K2P model.

For the following, note that since ¢o1141019110 — qfu was an invariant for JC, qg’l " qu qf'w - 6/?11 is also
an invariant for JC. For the JC model, we can write qgll = gacc - 9aTT * 4AGG, and similarly for the other g-
coordinates. If we fill this in for the second invariant, we consider all the bases for every leaf (and not only C).
Therefore, we can extend invariant 4.1 to the following polynomial:

qdccA-qacc - qcAc: quTA ' qiTT : q%AT - qéTT : q%TC : quCT (4.2)

Note that grra, garT and grar each occur squared, because they are the same as ggga, Jacc and ggac,
respectively. So, we have replaced q;;¢ in the original invariant by gcca - qZTT 4 and we can do the same for
g101 and qo11. Thus, polynomial 4.2 is an extended version of invariant 4.1 under the K2P model.

4.2. Fourier paramatrization

To define the Fourier parametrization, we use the notation introduced in Section 2.3.3. The tree with three
leaves can be found in Figure 3.1 and the only level-1 trinet is shown in Figure 4.1. For the tree we have the
general Fourier transformation given in formula 4.3, where g; is one of the four DNA bases (A, C, G, T).

__a b ¢
Ag1g283 = g, Ag, Ag, (4.3)

23
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1 2 1 2
. /e o1
Cc c
3 3

Figure 4.1: The only level-1 trinet on the left and its displayed trees with reticulation parameters 57 and 81 on the right

We can find the g-coordinates for the tree. We have the following Fourier parameterizations. We will use
ab=1:
A

dcca = alal
dcac = agag
qacc = dgaé
qrTA = a’;a?
qTAT = d?acT
gATT = al}a%

b a b c
dcer = acagar = agarar
qcrc = “G“l%“c “?ag“CT

b a b c
qgrcG = aragag = aracdy

Now, we can look at the level-1 trinet. For the level-1 network we have the following general Fourier
transform:

Agigog5 = 61(a a “gs“gs g2)+61(a ag, ag3ag3a£1) (4.4)

We can find all the g-coordinates using the Fourier transformation based on the trinet given in Figure 4.1.
That gives us the following:
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b
doca =061(atalalala )+61(a(“3aca2aA C)

= 51(acacac) +61(agagu£) = agaga{;
dcac =01(atat.al) +51(“C“C“c“c)
= atal(61(ad) + 81 (at.al))
dacc = 81 (abat.alal) + 6, (abatal)
= agat.(5,(ad C)+61(ac))
qrra=01(atalaata T)+51(a?al;af{aAaT)
= 51(aTaTaT) +61(ata’ ];) = a‘;a’;af;
qrar = 81(a%a5.ad) + 61 (afas as.al)
=aTaT(61(aT)+61(a ar))
qarr = 51(aTaTaTaT)+61(aTaTaT)

= aTaT((Sl(aT )+61((1T))

b
qgcgr =01(adalasata G)+61(agaGaCTaT C)

= agala©) (abal) + 61 (ata C))
qGTC:61(aGaTacaCaT)+51(ﬂéa?ﬂgac G)
= afabal.al.(61(ad) +5,(af))
qree = 61(af agas.afal) + 6\ (afalafasal)
= af.ap.a$ (61 (af C)+61(aT )

We will use these Fourier transformations to calculate the polynomial.

4.3. Negative result

Now that we have the Fourier transformations, we can have a look at the polynomial. Unfortunately, as stated
in Theorem 4.1 the polynomial 4.2 cannot be used to distinguish between a level-1 trinet and level-0 trinet.

Theorem 4.1. Under the K2P model, a three leaf tree N, and a level-1 trinet N, are not distinguishable with
the polynomial

qcea-qace-qGeac drra- darr rar = docr - dere Iree: (4.5)
The polynomial can be both negative, positive or zero for N, and evaluates to zero for N .

Proof. We will show that the polynomial is zero for the level-0 trinet, a tree. We get the following if we fill in
the g-coordinates, obtained in Section 4.2, in the polynomial 4.5:

a_b_a_c a_b_a_c a,b_c_a,b_c_a_b_c
agagagagagag(ajayajagayag)’ (“C“T“T“TQC“T“T“C“T)
4 2 _
(“cacac) (“T“T“T) _(“c“c“TWT“T“CT) )" =
We see that the polynomial becomes zero, as we expected.
Now, we have a look at the polynomial for the level-1 trinet.

- - 2. - 2
(ag)z(ag)z(al;)‘l(ag)z(a%)“a]cc(a%)‘l(aj;)z (61aga£ +61aec) (61 a?a]; +61a%) (61 agaé +61 aé) (61 aeTa]; +07 a’%)
_ 2 _ 2
—(ag)z(a?)4(a%)4(a¥)4(ag)2(a];)z(ag)z (61a?~a§+61a‘}a£) (61ag+61ag) (61a§i~a£+61ae f) (4.6)

We can find examples in which the polynomial can be positive, negative or zero, for all parametersin (0, 1).
For example, taking all parameters % gives us an polynomial with value 3.947207004- 107!, which is positive.



26 4. Negative result for the K2P model

And changing a]; = 0.9 and keeping all the other variables %, gives a value of —5.3204863 - 10710, which is

negative. This means that the polynomial can become zero, because the polynomial is a continuous function
(Intermediate Value Theorem). In Appendix B we further explore specific parameter values that evaluate at
zero for this polynomial.

We conclude that the polynomial 4.5 cannot be used to distinguish between a level-1 and level-0 zero
trinet under the K2P model, as the polynomial can attain the value zero for both trinets. O



Discussion

We have shown in Chapter 3 that a symmetric level-3 trinet is distinguishable from a three-leaf tree under
the Jukes-Cantor model of evolution. This is a first distinguishability result on phylogenetic networks con-
sidering level-3 trinets. Since we have considered only one specific level-3 trinet, it remains open to prove
a more general statement. We conjecture that all level-3 trinets are distinguishable from level-0 trinets. The
particular case demonstrated in Chapter 3 is, intuitively, the hardest to distinguish as it seems most similar
to the 3-leaf tree. In particular, the other level-3 cases tend to be less symmetric and therefore appear easier
to distinguish. Since the invariant works for this case, we believe it is likely to work for all level-3 trinets. We
expect that we can prove this by considering all level-3 trinet cases and showing that every case can be dis-
tinguished from a three-leaf tree, where we use the polynomial invariant (4.1). The same approach has been
done in [6] for level-2 trinets. However, the number of level-3 trinets is still unclear and we do not know how
they look like. A first step would be to find all level-3 trinets. A way to do this is to look at their generators. All
semi-directed binary level-3 generators are presented by Nipius [16].

Furthermore, we can look at the analog of this result for arbitrary level-k trinets, where k € N. We conjecture
that our result also hold for level- k trinets and it would be interesting to identify this.

Conjecture 5.1. Let N; be a strict, semi-directed level-k trinet with leaves X = {a, b, c} and N, the three-leaf
tree with leaves X = {a, b, c}. Then, under the JC model and for all parameter values in (0,1), the polynomial
invariant

2
qdo119q1019110 — 4111

evaluates to zero for N, and is strictly positive for Ny. Hence, N1 and N, are distinguishable under the JC model.

To prove Conjecture 5.1, analyzing each network on a case by case basis, as it done for level-1 and level-2
trinets, is impossible. Even for small k, the case by case method is not convenient as the number of generators
for level-k networks grows very rapidly, making a similar case analysis impossible in general. Therefore, it
would be interesting to consider an inductive proof. We already know that we can distinguish a level-1 or
level-2 trinet from a level-0 trinet as stated in Englander et al. [6], and our result for a symmetric level-3 trinet
suggests that it is possible that this can be extended to level-3 trinets. In an inductive proof, we would use the
result for level-1 trinets as the base case. Then, we assume that we can distinguish all level-k trinets from a
three-leaf tree, and want to show that this also holds for alevel-(k+1) trinet. We can try to split the level-(k+1)
trinet up into level-k' trinets, where k' < k.

We have not been able to prove distinguishablity of trinets under the K2P model. It is surprising that an
extended invariant for the K2P model compared to the invariant used in the proof for JC model does not
work. The invariant evaluates to zero for the three-leaf tree, but for the level-1 trinet it attains negative and
positive values, and can become zero. It remains an open problem to find another polynomial invariant
that distinguishes trees and networks, or another approach. It is also possible that the two trinets are not
distinguishable at all. This is significantly more difficult to prove. This remains an interesting problem, as
K2P is a more realistic model for phylogenetic analysis.
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Coefficients for symmetric level-3 trinet

In Theorem 3.1 we showed that the invariant gg11 41019110 — qfu evaluates to zero under the JC model for the
three-leaf tree and is positive for the symmetric level-3 trinet. In this appendix we provide all the coefficients
of the invariant and show that they are positive, which is part of the proof of Theorem 3.1. Recall that we
numbered all the coefficients in Figure 3.1.

We can find all coefficients displayed by a node in Figure 3.1, in the same way as we did for nodes 13,14, 15
in the proof of Theorem 3.1. The coefficients are given in table A.1, where the coefficients identical to ea-
chother, up to relabelling the parameters, are given the same colour in the third column.

The coefficients corresponding to a pink node (2,4, 10, 18,24, 26) are strictly positive, since all parameters
are strictly positive and the square (c;; — 1)? is always positive. The same holds for the orange nodes (8,12,22).
The green nodes (5,11,13,15,17,23) are also strictly positive, because we can use Lemma 3.1 for the partin the
brackets. Lastly, the blue node (14) is strictly positive as the part inside the brackets is strictly positive using
Lemma 3.2 and the other parameters are strictly positive. The gray coefficients (1,3,6,7,9,16,19,20,21,25,27)
are zero and thus non-existent.

So, all coefficients are not existing or strictly positive.
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32 A. Coefficients for symmetric level-3 trinet

Table A.1: Coefficients for each coulored node in the tree diagram (Figure 3.1) representing the coefficients of the invariant (equation
3.18). Nodes with the same color share structurally equivalent coefficients.

Node | Coefficient Color

l -

2 b}, b3, b31 b3z 2, c13co3(c13 — 1)

3 -

4 | basbi,bicticazbaicralcas — 1)

5 20122, ba3b31 (3 + (¢, — €13 + $)¢3y — C13C23) C13b21 b2

6 -

7 .

8 | biyblsbsibsacizcas(cizcas — 1)

9 -

10 | b3, b5,c12¢53b13cizbia(cr — 1)

11 | 2bspciabizh3, (3 + (¢, — c12 + 2)c2, — c12c13) a3 brab
3201201305, (5 + (€1, — €12 + 3) €3 — C12€13) C23 D12 D31

12| biabish3, b3, crzci3(ci2013 — 1)?

13 | 2B2,c13(3 + (¢34 — Co3 + )€, — )b13ba1 Ca3b12b
52C13(5 + (€55 — C23 + 5)CT, — C12€23) D13 b21 C23 12 bag

2 L 1y,2 1242
14 | 2b31b32b13b21 br12b23(((c55 + 5)Ci3 — C13C23 + 5C53)Cp, — C13C23(C13 +
12 2 .1
623)612 + 5613023 + E)

15 | 2b3 133 + (c&y — c13+ 3)¢3, — c12¢13) biaba1 cosbi2 bos
16 -

1, 2 1,2 2
17 | 2b32(5 + (¢35 — €23 + 5) €13 — €13C23) C12b13 D54 Co3 D12 b3y
18 | biabisb3, b3, cizci3ca;(c13 — 1)?

19 -

21 -

22 | bagb3,b%,c12c03b1(C12003 — 1)

23 | byscrzca(z +(cfy = C1a + 3)€53 — C12023) bar bos by by
24 | b3, bo1bosb3 craciycos(cio — 1)?

25 -

26 b%z b%g b1 b3, 0%2 C13C23(c23 — 1)?

27 -




Maple code

In Section 4.3 we show in Theorem 4.1 that we cannot use invariant 4.5 to distinguish between a three-leaf
trinet and a level-1 trinet. The invariant evaluates to zero for both trinets. Here we will give an example for
which parameters the invariant for the level-1 trinet is zero.

Let all parameters be %, except for a];. We will find the value of a]; for a zero polynomial with the maple
code below. We use the solve function in Maple [15], see Listing B.1. The only reasonable value, which is
in our interval (0, 1), is a]; = 0.8398428397. This leads to an polynomial that is zero for the level-1 network.
Therefore, we cannot distinguish the network from the tree.

We can use Maple to find general algebraic solutions. One of the solutions is a polynomial of ag, expressed

in the parameters 91, a‘]{, aeT, aé, a];, ag. The other parameters are free to choose. This expression is too long

to write down here, but the maple code can be found in the Listing B.2.

# Define variables

CCA := aCx*bCx*xfC;

CAC := aCxcCx*(ddeltax*xeC*xfC + d1x*dC);

ACC := bCxcC*(d1*dC*xfC + ddeltax*eC);

TTA := aT*bTx*fT;

TAT := aT*xcT*x(ddelta*eT*fT + di1*dT);

ATT := bT*cT*(d1*dT*fT + ddeltaxeT);

CGT := aC*bT*cT*(d1*dT*fT + ddelta*eT*fC);
GTC := aT*bT*cC*(d1*dC*xfT + ddelta*xeCx*fT);
TCG := aT*bC*cT*(d1*xdT*fC + ddelta*xeT*fT);
fC := 0.5;

eC := 0.5;

eT := 0.5;

dT := 0.5;

dC := 0.5;

bC := 0.5;

bT := 0.5;

cC := 0.5;

cT := 0.5;

aC := 0.5;

aT := 0.5;

ddelta := 0.5;

dl := 0.5;

invariant := ACC*xATT " 2*xCAC*CCA*xTAT~2*TTA~2 - CGT~"2*xGTC~2*xTCG~2;
expanded_invariant := expand(invariant);
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34 B. Maple code

solve (invariant = 0);

Listing B.1: Maple code to find the values of fT for an invariant equal to zero under the K2P model for the level-1 trinet

# Define variables

CCA := aC*bCxfC;

CAC := aCxcCx(ddelta*eCxfC + di1*dC);

ACC := bC*xcC*(d1*dC*xfC + ddeltaxeC);

TTA := aT*bT*fT;

TAT := aT*xcT*(ddelta*eT*fT + di1*dT);

ATT := bT*cT*(d1*dT*fT + ddeltaxeT);

CGT := aC*xbT*cT*(d1*xdT*xfT + ddeltaxeT*fC);
GTC := aT*bT*cC*(d1*dC*xfT + ddelta*xeC*fT);
TCG := aT*bC*cT*(d1*dT*fC + ddeltaxeT*fT);
invariant := ACC*xATT ~2*CAC*CCA*TAT~2*xTTA~2 - CGT~2*xGTC~2*xTCG~2;
solve(invariant = 0);

Listing B.2: Maple code to find the zero points for the invariant under the K2P model for the level-1 trinet jajajjaa
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