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ABSTRACT

Aim: The objectives of this study are, first, to investigate a star network analysis of
phylogenetic trees of identified Y. lipolytica strains with or without one out-group, and
secondly, to show the redundancy of the out-groups in phylogenetic tree.

Material and Methods: In this study we used 22 Yarrowia lipolytica strains which were
identified with sequencing of D1/D2 domain of 26S rDNA region, two phylogenetic trees
were reconstructed by the neighbor joining method including an out-group or not. The star-
like weighted network analysis of these two phylogenetic trees was investigated.

Results: The adjacency matrix formalism of our weighted phylogenetic network with the out-
group looks like a directed star graph adjacency matrix. The lowest weight is the edge from
the central node to Candida sake out-group (0.00008) corresponding to the narrowest edge.
However, the edge going from central node to Yarrowia lipolytica TEM YL 19 has a weight
of 0.0825 and the thickest structure.

Conclusion: Thus network analysis show that phylogenetic relationship between close
strain and subspecies can be confirmed and also the out-group in this phylogenetic tree
is unnecessary due to the negligible change in the average weighted degree and its some
statistical computations.

Key Words: Phylogenetic tree, network analysis, star graph, average weighted degree, D1/
D2 domain.
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OZET

Amagc: Bu ¢alismanin amaglari, 6ncelikle dig-grup igeren ve igermeyen tanist yapilmis Y.
lipolytica suslarmin filogenetik agaclarinin yildiz ag analizidir. ikinci olarak filogenetik
agaclardaki out-gruplarin 6nemsizliginin gosterilmesidir.

Materyal ve metotlar: Bu calismada 26S rDNA bolgesinin D1/D2 domainlerinin
sekanslanmasiyla tanilanmis olan 22 Yarrowia lipolytica suslar1 kullanilmis ve dig-grup
iceren ve icermeyen iki filogenetik aga¢ neighbor joining yontemi ile olusturulmustur. Bu
iki filogenetik agacin agirliklandirilmis y1ldiz ag analizi incelenmistir.

Bulgular: Dis-grup iceren agirliklandirilmis filogenetik agimizin bitisiklik matris ifadesi
yonelimli bir yildiz sekilli bitisiklik matrisi ifadesine benzemektedir. En kiigiik agirlik
en ince hatta karsilik gelen, merkezi digiimden Candida sake dig-grubuna gelen hattir
(0.00008). Bununla birlikte, merkezi digiimden Yarrowia lipolytica TEM YL 19 digiimiine
giden hattin agirlig1 0.0825 olup en kalin yapiy: teskil eder.

Sonug: Ag analizi, yakin suslar ve alt tiirler arasindaki filogenetik iliski dogrulanmistir
ve bu filogenetik agacglardaki dis-grup, agirliklandirilmis ortalama derecesinde géz ardi
edilebilir degisiklikten ve bu nicelik tizerinden yapilan bazi istatistiksel hesaplamalardan
dolay1 gerekli degildir.

Anahtar Kelimeler: Filogenetik agag, ag
agirliklandirilmis derece, D1/D2 domain.

Cikar Catismasi: Hicbir ¢ikar catismamiz olmadigini bildiririz.

analizi, yildiz diyagrami, ortalama
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Introduction

In phylogenetic studies, the similarities and differences
in nucleotide sequences of single genes are determined
and compared. Similarity is assumed to reflect
common ancestry, whereas the degree of sequence
divergence marks evolutionary distance. rDNA
sequences are the most important characteristics used
for identification, taxonomic, and phylogenetic studies.
The advantages of the rDNAs are that they are present
in all living organisms, have common evolutionary
origin, occur in multiple copies, and have conserved
and variable parts available both for delineating higher
taxa and differentiating among strains belonging to
a species. For taxonomic purpose and establishing
phylogenetic relationships, two regions of rDNA are
most commonly used, the partial and whole sequences
of the 18S rDNA of the small ribosomal subunit and
the D1/D2 sequences of all ascomycetous yeast species,
and Fell et al. [1] published these sequences for all
basidiomycetous yeasts. In two decades, sequencing
has become the most reliable aid to identification of
species. Complete and partial sequences of rRNA
genes are most widely used in taxonomic studies and
for establishing phylogenetic relations. Currently, the
classification of yeasts is based on the analysis of IDNA
sequences [2].

Following the legacy of Darwin’s Origin of Species [3],
most current methods for phylogenetic reconstruction
depict evolutionary history of organisms as a tree
[4]. Phylogenetic tree data sets are biological complex
data sets having natural representations as networks,
providing a simple analysis of phylogenetic trees within
the frame of some fundamental graph theory features.
A network can be conceived as a set of items which
are composed of vertices or nodes and which includes
connections between them which are called arcs or
edges. As it is well known a biological network is a
network that applies to any biological systems, and
provides mathematical analysis of connections found in
evolutionary studies such as neural networks, metabolic
networks and gene regulatory networks. Most biological
networks display substantial non-trivial topological
features adding them to the class of the complex networks
[5]. On the other hand phylogenetic trees have a common
usage in reconstructing the evolutionary past of species
via molecular data composed of genomes. With this type
of evolutionary tree, relationships between species may
be approximated [6].

Our work includes a phylogenetic tree of Yarrowia
clade and an out-group connected to a single central
node. Equivalently, a star graph consists of a vertex
designated center along with a set of leaves adjacent
to it [7]. A comparative study of the Mycobacterial
DNA promoter prediction using star-graph topological
indices is originated from a prediction just like our
phylogenetic tree topological features are obtained with
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the in-house sequence to star networks [8]. Also in the
manner of some epidemic spreading networks a more
physical insight comes from the analysis of a star graph
with one center connected to leaves [9]. Proteins can be
transformed into a star graph, where the amino acids are
the vertices (nodes), connected in a specific sequence
by the peptide bonds (central node) [10, 11]. In our work,
each of the branches of the star contains the sequences
related to different species and the star center which is
the central node is a non-species vertex.

In our previous work, twenty two Yarrowia lipolytica
strains were identified with sequencing of DI1/D2
domain of 26S rDNA region. The phylogenetic tree
was reconstructed by the neighbor joining method
between twenty two Yarrowia lipolytica strains, Y.
lipolytica CBS6124 reference strain and Candida sake
KBP 3997 as the out-group [12]. The objectives of this
study are, first, to investigate a star network analysis
of phylogenetic trees of identified Y. lipolytica strains
with or without one out-group, and secondly, to show the
redundancy of the out-groups in phylogenetic tree.

Materials and Methods

Experimental section

In our former work, the D1/D2 domain of 26S rDNA
region was amplified using the primers NL1 and NL4
and the partial DNA sequence of 26S rDNA region was
examined using PCR primers described by Arias et al.
[13]. Sequence comparisons were performed using the
basic local alignment search tool (BLAST) program
within the GenBank database. A strain was ascribed
to the species showing the highest matched sequence
identity. Neighbour joining tree method was used
with Mega 5.05 software for phylogenetic trees which
included or excluded Candida sake KBP 3997 as the
out-group. Bootstrap values (expressed as percentages
of 1000 replications) greater than 50% are shown at the
branch points [12].

Definitions for network analysis

Similar to the notation in Huber and Moulton [6], a directed
network D = (N, E') is a finite directed graph with node
and edge sets thatare N = N(D), E = E(D). In the
meaning of directed network edges point in one direction
from one node to another node. Thus an edge € € E
goes from a node 54 € N to another 5, € N, and we
call 54 the tail of € and 55 the head of £. If it is not a
multigraph, no more than one edge between the same
node pair is allowed which shows that there can only be
one edge between the tail 54 and head =,, denoted by
5,5, Directed networks consist of nodes 5 & N having
two different degrees, the in-degree i1y, (5), which is
the number of incoming edges, and the out-degree
outy (), which is the number of outgoing edges. The
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degree of 5 is equal to ing, () + out,(s). A node is
a source if i1, (5) = 0 and sink if out,(s) = 0.

In a network representation of phylogenetic tree, strains
are nodes and phylogenetic connections are edges.

An alternating sequence indicates a walk in I} such
1 Spe11€pe1s Sy , = 1. Since
phylogenetic trees can be counted as evolutionary

as Sy, 4,57, €9, «e

directed networks they flow over time and there is a
very low probability of genetically returning back to the
ancestor (which is known as central node is a common
sequence in phylogenetic tree and network), which is the
former or tail node, in environmental conditions such as

natural selection and adaptation.

Due to these circumstances the phylogenetic network is

acyclic, §; F 5,,, contains no cycles but sources and
sinks. Besides that in an adjacency matrix formalism, in
which the edges as 5,5, may be transformed into A4
, the diagonal of the matrix will be zero. The adjacency

matrix formalism of such a

directed network:

Axn 0 o Agy
4= 5 M
N1 A:-.-‘: 0

where A, s 0 if there is an edge, 0 otherwise

Such biological networks show the small-world
property which implies that the network has an average
topological distance between the various nodes [14],
at least accord the rule of six degrees of separation.
However the small-world network which is sometimes
sighted in cell biology seems not to be fitting exactly
to network patterns of phylogenetic trees, because a
phylogenetic tree, in the manner of topology, does not
contain any closed triads required for those complex
networks’ own specific clustering coefficient properties.
Phylogenetic networks in our study topologically accord
the star graph in the graph theory. A k-dimensional star
graph is an edge and node symmetric graph in general
[15]. Besides the star 5, is the complete bipartite graph,
a tree with one central node and & leaves having totally
k+1 nodes. This structure is commonly found scale-free

networks which is also a type of complex networks.

The inclusion of edge weights into the analysis of network
properties allows a deeper insight into the modular
structure of real-world webs. The most basic properties
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of a node in a weighted network are its degree (number
of neighbors), and its strength (sum of link weights) [16].
When a phylogenetic tree is identified as one of the real
world webs, it should comply with the weighted network
concept, because the sequence compatibility of the
graph with the central node should give the connection
strength.

In the meantime, since the phylogenetic network is
based on the genetic sequence compatibility which adds
weight to inter-species edges, it can also be considered
as a weighted network, which constitutes the edge-
weighted phylogenetic tree [17].

Therefore, due to the degree of this genetic sequence
compatibility, our directed graph I} includes the path
distances between the strain and the central node so as
to exert a non- negative weight on each element of the
edge set [18]. As the species get closer to the central node
so the weight will be larger. In the manner of adjacency
matrix every non-zero A, ; (i,j =1,...,N) element
equals to a positive real number proportional to their
weight or distance as well.

Related to this empirical work, within the comparison of
two weighted directed star networks like phylogenetic
trees there are some basic parameters. The average
degree of a directed network is the mean value of the
number of both incoming and outgoing edges of nodes.

D _ Efil[f-ﬂ}j [Si}+ﬂutp[5i)]
av — 9N @

If we consider the contribution of the edge weights, the
average weighted degree appears.

N N
av N A)

The average weighted degree can be considered as an
expected value for the contributions of nodes on the
weight in a given network. It also makes it possible to

perform variance and standard deviation calculations.
For our adjacency matrix, in terms of average weighted

N
,  Xj—2(wij — Dzy)?
a- = N “)

And the standard deviation is o.

The maximum eccentricity of any node, by other means
the distance of a node pair having maximum distance is
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the network diameter. Graph density refers to the ratio of
the number of edges to the possible maximum number of
the edges in the network at a given time.

E

T N(N-1) ©

where E is the number of edges.

In the case of strongly connected components; each node
within the component can be reached from every other
node in the component by following directed links. In
the case of weakly connected components; every node
can be reached from every other node by following links
in either direction. Star graph is a connected component
itself having 1 weakly and k + 1 strongly connected
components. The characteristic path length of a network,
also known as the geodesic average, is defined as the
shortest path between two nodes.

2
L=Sao2iidi ©

Our phylogenetic weighted and directed networks were
constructed and analyzed using Gephi 0.8.2 beta and
NetworkX 1.7.

Results

As described in the experimental section, phylogenetic
trees with or without Candida sake KBP 3997 as the
out-group were drawn by using the sequence data
obtained from the previous work. Figure 1 and 2 shows
those phylogenetic relations. In Figure 1, Candida sake
KBP3997 indicates an approximately 30% sequence
difference from Y. lipolytica strains and Y. lipolytica
reference strain. In Figure 2, high homology between Y.
lipolytica strains and Y. lipolytica reference strain is in
sight, although the phylogenetic tree does not contain
Candida sake KBP3997 out-group.

Returning to the network representation of two
phylogenetic graphs arising from Figure 1 and Figure
2, the weighted networks are shown in Figure 3 and 4.
Weights are included in the system due to the sequence
compatibility, which means that the higher the number
of the sequences of a node with high homology is, the
greater the thickness of the edge between the central
node and that node is. As seen from the phylogenetic
trees there is a sequence compatibility scale with
distances. Thus the weights are inverse proportional
with that distance scale. In Figure 3 which includes the
out-group, Y. lipolytica TEM YL 19 has the thickest
edge because it has the highest homology with the
central node. However the farthest C. sake KBP3997’s
edge appears to be invisible. Other Yarrowia lipolytica
strains and the reference strain have roughly the same
edge thickness (weights). Their edges are thin related to
the one that Y. /ipolytica TEM YL 19 has, but visible. In
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Figure 4, the network only contains Yarrowia lipolytica
clades and resembles the overall topological structure in
Figure 3 except the node Candida sake.

The adjacency matrix formalism of our weighted
phylogenetic network with the out-group, which looks
like a directed star graph adjacency matrix, is shown in
the Figure 5. In the first row the lowest weight is the edge
from central node to Candida sake out-group (0.00008)
corresponding to the narrowest edge in network in
Figure 3. However, the edge going from central node to
Yarrowia lipolytica TEM YL 19 has a weight of 0.0825
and thickest structure.

In the comparison of two phylogenetic networks the
network diameter, connected components, the average
path length, variance and standard deviation of average
weighted degree have the same results. Table 1 shows
the comparison of two networks based on topological
and statistical parameters described above. While the
network with out-group has higher average degree, the
one without the out-group has higher average weighted
degree and graph density.

Discussion

Phylogenetic  relationships are most commonly
represented by rooted trees. The extant taxa correspond
to leaves of the trees, while internal nodes correspond to
ancestral species [19].

Phylogenetic network representation can be considered
to be useful. This is because different trees constructed
from different datasets often contain parts that contradict
each other and because many tree construction methods
(e.g., bootstrapping) produce collections of trees rather
than a single tree. Hence, development of reliable
and efficient methods for constructing phylogenetic
networks is crucial in the study of phylogenetics [20].

After the construction of our two phylogenetic trees, star
graphs are topologically obtained related to the central
node. In a directed star graph or star network concept
the network diameter, connected components and the
average path length are always equal to 1 independent
of the number of nodes. This is because the central node
and its leaves make the diameter constant and leaves
only connected to the central node, thus there is one
connected component and average path length. Most
of these measures like the diameter, the average path
length, the graph density and connected components are
same for any directed star-like graphs of a given size.
Thus they can be count as trivial topological features
of star-like networks. Additionally, the most common
topological and statistical measures resulting are:
diameter, edge weight variance, and average distance
within the clusters or communities [21].

However the other parameters show more significant
quantities. The average degree D, is higher in the
network with Candida sake out-group since any
additional connected node increases the average
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Yarrowia lipolytica TEM YL 9
Yarrowia lipolytica TEM ORC 9
Yarrowia lipolytica TEM YL 20
Yarrowia lipolytica TEM YL 5
Yarrowia lipolytica TEM YL 17
Yarrowia lipolytica TEM ORC 2
Yarrowia lipolytica TEM ORC 3
Yarrowia lipolytica TEM ORC 11
Yarrowia lipolytica TEM YL 18
Yarrowia lipolytica TEM YL 6
Yarrowia lipolytica TEM ORC 4
Yarrowia lipolytica TEM YL 10
Yarrowia lipolytica TEM YL 21
Yarrowia lipolytica TEM ORC 10
Yarrowia lipolytica TEM ORC 12
Yarrowia lipolytica TEM ORC 13

Yarrowia lipolytica TEM ORC 17
Yarrowia lipolytica TEM ORC 20
Yarrowia lipolytica TEM TAN 10
Yarrowia lipolytica TEM TAN 46
Yarrowia lipolytica CBS 6124
Yarrowia lipolytica TEM YL 3
Yarrowia lipolytica TEM YL 19
Candida sake KBP 3997

L

60

0.10

T
0.05 0.00

Figure 1. The D1/D2 domain of 26S rDNA region sequence based phylogenetic analysis of Yarrowia lipolytica. Phylogenetic relationship
between 22 Y. lipolytica strains, Y. lipolytica CBS6124 reference strain and Candida sake KBP3997 as the out-group.

degree of the star graph or any network, regardless of
the weight. Nevertheless the graph density behaves the
opposite way. If there is an additional node, the graph
density decreases. Therefore the network without an out-
group has higher a graph density. Figure 5 shows the
significant differences between these quantities of the
networks. These quantities are the topological features
present even in the absence of weights. However, the
weighted structure which was created in order to add
a biological meaning to the event indicates whether the
out group is negligible or not when it is dealt with from
the point of view of sequence homology.
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On the other hand, the average weighted degree indicates
whether an out-group is necessary in phylogenetics or
not. Our out-group Candida sake KBP3997 has a weight
of 0.00008 which is a very low value because of very
low sequence homology to the central node. While the
central point of an average distribution is determined,
it should be defined to what extent the variance values
are important. The average weighted degree is the mean
value of weight distribution in this phylogenetic tree. As a
result of the variance and standard deviation calculations
performed to determine each node’s weight contribution
to the system through the average weighted degrees of
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Yarrowia lipolytica TEM ORC 17
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Yarrowia lipolytica TEM YL 21
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Yarrowia lipolytica TEM YL 17
Yarrowia lipolytica TEM ORC 2
Yarrowia lipolytica TEM ORC 11

—— Yarrowia lipolytica TEM YL 9
Yarrowia lipolytica TEM ORC 20

Yarrowia lipolytica TEM YL 19

Yarrowia lipolytica TEM YL 18
Yarrowia lipolytica TEM ORC 4
Yarrowia lipolytica TEM ORC 3
Yarrowia lipolytica TEM ORC 12
Yarrowia lipolytica TEM YL 5
Yarrowia lipolytica TEM YL 20
Yarrowia lipolytica TEM ORC 9
Yarrowia lipolytica TEM ORC 13
Yarrowia lipolytica TEM TAN 10
Yarrowia lipolytica TEM TAN 46
Yarrowia lipolytica CBS 6124

0.005

Yarrowia lipolytica TEM YL 3

Figure 2. Phylogenetic relationship between 22 Y. lipolytica strains, Y. lipolytica CBS6124 reference strain without Candida sake as the out-

group.

the two phylogenetic networks, it was observed that these
values were the same in the networks with and without
out-groups and that there was no statistically significant
change. Although the number of nodes in the networks
with and without out-groups was low, existence of the
out-group did not change the average weighted degrees
in both networks and the related statistical data since the
C. sake in the network with an out-group which included
one more node than in the network without an out-group
was very low. Therefore the change in the D}, values

of the two networks cannot be counted as significant.

Since the difference between the average weighted
degrees of the out-grouped system and those of the non
out-grouped system is in the ten thousands’ place, this
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difference can be considered as negligible, and thus it
is proved that the addition of out-group is unnecessary.
Due to experimental section, out-group choice does not
significantly influence in-group (Y. lipolytica strains)
phylogenetic relationships. Similarly, if an in-group
phylogenetic relationships are correct and strongly
supported changing or neglecting the out-group do not
make much difference.

Our phylogenetic networks provide the knowledge how
an out-group is mathematically unnecessary to add
when constructing any phylogenetic tree. Besides the
out-groups in phylogenetic trees are the indicators of less
homological strains. A strain is a subspecies taxonomic
category having high level phylogenetic relationship.
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Yarrowia Iip@EM ORC'12
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/
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Figure 3. The network representation of Figure 1 with out-group.

Therefore, the phylogenetic relationship between close
strains is mathematically confirmed using star graph
analysis.

Conclusion

As aresult the star network analysis in this work may be
applied to the more complex phylogenetic trees including
a great number of organisms and make contribution to
the determination of the phylogenetic relationships
between them.

As is known, there are an extremely limited number of
topological studies conducted on the network analysis
of phylogenetic trees in the world. Therefore, it is
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considered that this study will provide the basis for the
researchers to work on the subject.
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Figure 5. Adjacency matrix of the phylogenetic directed network with Candida sake as out-group.
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Table 1. Topological data for the analysis of two phylogenetic networks. D _ : average degree; D7, average weighted degree; R: network diam-
eter; #: graph density; . C.: number of connected components; L: average path length; ¢* variance; o: standard deviation.

Networks R C.C. L A D, Dy, o? o
with

1 1 1 0.0400 0.9600 0.0046 0.00027 0.0165

C. sake

without
1 1 1 0.0417 0.9583 0.0048 0.00027 0.0165

C. sake
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