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On the Study of Constructing Genome Trees of Prokaryotes Based

on Overlapping Genes

Student: Li-Wei Jiang Advisor: Dr. Chin Lung Lu

Institute of Bioinformatics
Department of Biological Science and Technology

National Chiao Tung University

ABSTRACT

As more and more complete 'genomes of species are available,
phylogenetic tree inference by comparing whole genome can be helpful for
the reconstruction of evolutionary relationships of species. In addition to
sequence-based phylogenomic approaches, methods based on whole
genomes, like those based on gene content and gene orders, can be used to
construct more precise and robust phylogenetic trees. However, it has been
reported in the literature that the genome trees constructed only based on
gene content or gene order may not be suitable for microbial genomes. To
address these problems, Luo et al. [6, 7] have recently proposed an
alternative way to reconstruct genome trees of bacteria using a measure
based on the presence and absence of overlapping genes. The overlapping
genes (OGs) are defined as adjacent genes whose coding sequences overlap
partially or entirely. Actually, OGs are ubiquitous in microbial genomes and

more conserved between species than non-overlapping genes, implying that



OGs can serve as better phylogenetic characters than non-overlapping genes
for reconstructing the evolutionary relationships among microbial genomes.

In fact, during evolutionary process, species genomes are subject to
genome rearrangements that alter the order and orientation of genes on the
genomes, leading to that the orders of orthologous genes, as well as the ones
of orthologous OG pairs certainly, even between two closely related species
may not be conserved. This suggests that not only OG content but also
orthologous OG order should be considered to reconstruct the genome trees
of prokaryotic species. Therefore, in this thesis, we define a new distance
measure, called as overlapping-gene distance, between two genomes based
on a combination of OG content and OG arder in their whole genomes. We
then use UPGMA, as well as NJ and FM. (Fitch-Margolias), to build the
genome tree of prokaryotic: genomes according to their pairwise OG
distance.

Based on the method described  above, we have implemented a
web-based tool, called OGtree, for constructing the genome trees of
prokaryotes based on OG distance between prokaryotic complete genomes.
In addition, we have tested our OGtree on several Proteobacteria complete
genomes to assess its quality of genome tree reconstruction. Compared with
the phylogenetic trees produced by Luo er al. [6, 7], the genome trees
constructed by our OGtree are quite consistent with those reference trees that
were reconstructed based on 16S rRNAs as well as concatenation of multiple
proteins. All these results have suggested that our OGtree can serve as a
useful tool for constructing more precise and robust genome trees for

prokaryotic genomes.
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Chapter 1

Introduction

The increasing availability of complete prokaryotic genomes provides
us with an opportunity to reconstruct their genome trees based on the whole
genomic information of organisms rather than-based on individual genes or a
small number of genes. In: addition to sequence-based phylogenomic
approaches, methods based on whole“genomes, like those based on gene
content (i.e., the presence and absence of genes) [1, 2] and gene orders [3-5],
can be used to construct more precise and robust phylogenetic trees that are
less influenced by anomalous events. As pointed out in [6, 7], however, the
genome trees constructed only based on gene content or gene order may not
be suitable for microbial genomes, because gene content (respectively, gene
order) might have changed too little (respectively, too much) for biologists
to perform adequate analyses of evolutionary distances between closely
(respectively, distantly) related genomes. More recently, to address these
problems, Luo et al. [6, 7] have proposed an alternative way to reconstruct
genome trees of bacteria based on the presence and absence of overlapping
genes in their complete genomes.

The overlapping genes (OGs) are defined as adjacent genes whose

coding sequences partially or entirely overlap. OGs are ubiquitous in



microbial genomes, because approximately a third of all genes in all the
microbial genomes sequenced to date are overlapping [8, 9]. In fact, there is
a strong relationship between the total number of genes and the number of
overlapping genes [8, 9]. In addition, it has been reported that OGs are more
conserved between species than non-overlapping genes [10-12], because a
mutation in the overlapping region causes changes in both genes and
therefore natural selection against such mutations should be stronger. Based
on these properties, Luo et al. [6, 7] have reported that overlapping genes
can serve as better phylogenetic characters than non-overlapping genes for
reconstructing the evolutionary relationships among bacterial genomes.

For the phylogenetic reconstruction of bacterial genomes, Luo et al. [6]
defined the orthologous overlapping gene pairs between two different
genomes, say i and j, to be pairs of genes that overlap in genome i and have
orthologous counterparts that averlap in‘genome ;. In an analogous method
to that used in the analysis of gene content, they defined a new distance
measure between two genomes based on the normalized number of their
shared orthologous OG pairs. Based on this definition, they utilized current
distance-based approaches of building tree, such as Neighbor-Joining (NJ)
and Unweighted Pair-Group Method using Arithmetic Averages (UPGMA),
to construct the genome trees of many completely sequenced bacterial
genomes. In addition, Luo et al. [7] have further maintained an interactive
database server, called BPhyOG (http://cmb.bnu.edu.cn/BPhyOG/), which
allows the user to browse the genome trees of some bacterial genomes that
were calculated in advance on the basis of shared orthologous OG pairs.
However, their genome trees are not greatly consistent with those produced
by traditional phylogenetic approaches based on 16S rRNAs and

concatenation of multiple proteins (refer to the Experiments section for



details).

In fact, during evolutionary process, species genomes are subject to
genome rearrangements (e.g., reversals and transpositions) that alter the
order and orientation of genes on the genomes, leading to that the orders of
orthologous genes, as well as the ones of orthologous OG pairs certainly,
even between two closely related species may not be conserved. This
suggests that not only OG content but also orthologous OG order should be
considered to reconstruct the genome trees of prokaryotic species. For this
purpose, we define the overlapping-gene distance between two genomes
based on a measure of combining OG content and order in their whole
genomes (refer to the Methods section for:its detailed definition). We then
use UPGMA, as well as NJ and EM (Fitch-Margolias), to build the genome
tree of prokaryotic genomes according to their pairwise OG distance.

We have developed < a ~‘web-based tool, called OGtree

(http://bioalgorithm.life.nctu.edu.tw/OGtree/ ), for constructing the genome

trees of prokaryotes based on OG distance between prokaryotic complete
genomes. In addition, we have tested our OGtree on several Proteobacteria
complete genomes to assess its quality of genome tree reconstruction.
Compared with the phylogenetic trees produced by Luo et al. [6, 7], the
genome trees constructed by our OGtree are quite consistent with those
reference trees that were reconstructed based on 16S rRNAs as well as
concatenation of multiple proteins. All these results have suggested that our
OGtree can serve as a useful tool for constructing more precise and robust

genome trees for prokaryotic genomes.


http://bioalgorithm.life.nctu.edu.tw/OGtree/

Chapter 2

Preliminaries

In this chapter, we shall first introduce basic concept of overlapping
genes, orthologous genes, horizontal gene.transfer and breakpoint. We shall
then describe two approaches, .BBH ‘and INPARANOID, for identifying

putative orthologous genes.

2.1  Overlapping genes

The overlapping genes (OGs) are defined as adjacent genes whose
coding sequences partially or entirely overlap, as shown in Figure 2.1 for an
example. OGs are ubiquitous in microbial genomes, because approximately
a third of all genes in all the microbial genomes sequenced to date are
overlapping [8, 9]. In fact, there is a strong relationship between the total
number of genes and the number of overlapping genes [8, 9]. In addition, it
has been reported that OGs are more conserved between species than
non-overlapping genes [10-12], because a mutation in the overlapping
region causes changes in both genes and therefore natural selection against

such mutations should be stronger. All these properties above may suggest



that overlapping genes can serve as better phylogenetic characters than
non-overlapping genes for reconstructing the evolutionary relationships

among bacterial genomes.

5° DNA sequence 3

ﬁ ﬂ

A B C D

Figure 2.1: Genes A and B and genes C and D are two pairs of overlapping

genes, where A and B overlap partially and. Cand D overlap completely.

2.2 Orthologous Genes-and Haerizontal Gene Transfer

Basically, orthologous genes are in different species that derived from a
single gene in the last common ancestor of these species. By contrast,
paralogous genes are duplicated within a genome. In general, orhologous
genes have the same functions in the respective organisms; however, the
biological functions of paralogous genes are distinct.

Figure 2.2 shows evolutionary process illustrating orhologous genes and
paralogous genes relationships. (i) Initially, there is a gene called A in
species w. (ii) Gene A is duplicated by producing two copies of A in the
same chromosome. (iii) After that, the two copies diverge by evolution,
forming related genes Al and A2. Therefore, these two genes are called
paralogous genes. (iv) Two species x and y evolve from species w, called

last common ancestor of x and y, due to speciation event. The descendants of



the gene Al are denoted by Alx and Aly, and the descendants of the A2 by
A2x and A2y. Therefore, genes Alx and Aly are orthologous genes and

genes A2x and A2y are also orthologous genes.

Ay
i S E b
it +__L-L
R
TR N
‘_‘_/_‘:-"+:.-'~._\_
-
iii. Al S Al and A2 are
aralogous genes.
Speciesw  |A8% P BEIEE
= 5 eciation\\ -
—Lq_lr“l B P L\ AWM
Alx and Aly are orthologous genes. —
X an are orthologous genes.
a2 ¥ gous g L A2y
~ A e o T
Species x Species y

Figure 2.2: Genes Al and A2 are said to be paralogous genes if they are
derived from a duplication event. Genes Alx and Aly are called orthologous

genes if they are derived from a speciation event.

With a rapid enrichment of genome sequences, how to identify
orthologous genes between different genomes becomes an important task.
The simple assumption is that the sequences of orthologous genes should be
more similar to each other than with any other genes in compared genomes.
In the following sections, we shall introduce two methods bidirectional best
hit and INPARANOID, for identifying the orthologous genes with

inparalogs between two give genomes.



Horizontal gene transfer (HGT), the transfer of genes between
different species, is recognized as one of the major forces in prokaryotic
genome evolution [23]. It was reported that HGT might cause a problem in
the determination of orthologous and paralogous relationships [22]. For
example, as shown in Figure 2.3, species A and B may have homologous
genes XA and XB, where in fact gene XA is vertically derived from the
ancestor, but gene XB has been acquired via HGT form an outside species C.
In a careless analysis (e.g., using BBH method, which will be introduced
later), XA and XB would be considered as orthologs. However, these two
genes are not orthologs by definition, because they do not come from an
ancestral gene in the last common ancestor of the compared species. In

prokaryotic genomes, such confusion caused by HGT is very common.

LUCA
Last universal common ancestor

Speciation

Figure 2.3: Effect of HGT on orthology. Gene XB in species B is acquired
by HGT from gene XC in species C.



2.3  Bidirectional Best Hit

A simple method, called the bidirectional best hit (BBH), for prediction
of orthologous genes in two organisms is to search for a pair of sequences by
performing a BLAST. BBH is defined to be a pair of genes a and 5 from two
genomes G; and G; such that b is the best hit (i.e., most similar gene) when a
is compared against all genes of G; , and vice versa (see Figure 2.4 for
illustration). It has been evidenced that such a BBH approach of identifying

putative orthologs works reasonably well for bacterial genomes [15].

gene a
G, — e ——
BBH
G I —
gene b

Figure 2.4: Gene a in genome G; and gene b in genome G; form a BBH, if
gene a is the most similar to gene b than any other gene in genome G;, and

vice versa.

2.4 INPARANOID

Remm et al. [18] have developed a program, called INPARANOID, for
finding orthologs with inparalogs from two species genomes, based on the
following steps.

Given two species genomes, the first step of INPARANOID is to run

BLAST search between all pairs of gene sequences. Consequently, the pairs



with similarity scores above the predefined threshold are reserved for further

analyses on the next step.

Next, INPARANOID continues to find two-way best hits (i.e., BBH) as
potential orthologs and further include inparalogs to form putative
orthologous groups, based on the idea that the main ortholog has more
similarity to inparalogs from the same species than to any sequence from
another species.

Third, INPARANOID applies a clustering algorithm to all the putative
orthologous groups as follows:

(1) Merge two orthologous groups if the symmetric best orthologous genes
are already clustered in the same group:

(2) Merge two orthologous sgroups -if a ‘main orthologous gene in one
genome has equally best hit to two orthologous genes in the other
genome.

(3) Delete a new group if one of the orthologous genes already belongs to a
much stronger (i.e., high similarity) group.

(4) Merge two groups if one gene of the orthologous gene pair has a high
similarity in another group.

(5) All other overlapping groups of inparalogs are separated based on their
similarity to the orthologous gene.

Finally, the confidence values of a set of orthologous groups are
calculated to estimate the reliability of each group (for details, we refer the
reader to [18]). INPARANOID is a free program that can be accessed at

http://www.cbq.ki.se/inparanoid/.



http://www.cbg.ki.se/inparanoid/

2.5 Breakpoint

We shall use the same notation as adopted in Sankoff’s paper [4] to
introduce the breakpoint. Let G and H be two strings (genomes) of signed (+
or -) symbols (representing genes). Consider two strings G = g;2...g, and H
= h; h,...h,, where n is the number of gene families. We say that g; precedes

gi+1In G for each 1 =i<n. If gene a precedes b in G and neither a precedes

b nor —b precedes —a in H, then they produce a breakpoint in G. The number
of breakpoints in G is equal to the number of breakpoints in A.

For example, let G = (-2, -1, -3, 4) and H = (3, 1, 2, 4). Note here that to
calculate the breakpoint between .G 'and,H, it is the convention that an
additional gene O will bee added in the beginnings of G and H, and an
additional gene 5 will be added In the ends of G and H. That is, in this
convention, G = (0, -2, -1, -3,4, ) and ' H = (0, 3, 1, 2, 4, 5). By definition,
the breakpoint between G and H'iS 2;-because the two breakpoints in G are
(0, -2) and (-3, 4).

10



Chapter 3

Methods

In this chapter, we shall first introduce overlapping-gene distance, and
then present our algorithm for. construction.of genome trees based on the

overlapping-gene distance between species whole genomes.

3.1 Overlapping-Gene Distance

As used in the studies of genome rearrangements, we utilize a signed
integer to represent a gene encoded in a chromosome, with its sign
indicating the transcriptional orientation of the corresponding gene
(e.g., ”+” stands for 5 — 3’ and ”—" stands for 3’ «<— 5’ ). Moreover, we
use a pair of signed integers ( x, y ) to represent an OG of x and y. Basically,
there are three possible overlapping types (or structures / directions) of OGs
[11, 13]: (1) unidirectional OGs with sign (+, +) or (—,—), that is, the 3’ end
of one gene overlaps with the 5’ end of the other, (2) convergent OGs with
sign (+,—), that is, the 3 ends of the two genes overlap, and (3) divergent
OGs with sign (—, +), that is, the 5’ ends of the two genes overlap. It has

been reported that in prokaryotic genomes unidirectional OGs are most

11



widespread, convergent OGs are less common, and divergent OGs are rare
[8, 9, 13].

For our purpose, the orthologous OG pairs we considered here are
further restricted to those orthologous OG pairs with the same (i.e.,
conserved) overlapping structures. Let {cy, ¢, . . ., ¢,} denote the set of total
orthologous OG pairs between two given genomes G; and G;. Then we
represent these two genomes by two permutations G; = (ay, a,, . . ., a,) and
G; = (by, by, . .., b,), respectively, on the same set of {cy, co, . . ., ¢,}. We
also say that, for example, a; precedes a.+; in genome G;, where 1 <k < n,
and a, precedes a, if G; is circular. For simplicity of our description, we here
assume G; and G; to be circularyibecause the genomes of prokaryotes are
typically circular. Two consecutive OGs, say (u«, v) and (x, y) with (&, v)
preceding (x, y), in G; determine a breakpoint if neither (u, v) precedes (x, y)
nor (— y, —x) precedes (—v, —u).in"G; . 1t'1s not hard to see that the number
of breakpoints in G; is equal to the‘number of breakpoints in G; . Then we

define the overlapping-gene distance D;; between G; and G; as follows.

In the above formula, b;; denotes the number of breakpoints in genome
G; with respect to genome G;, and x; and x; denote the numbers of total OGs
in G; and G; , respectively. Note that if the considered genomes are linear,
the denominator of the first term in the right hand of this equation should be

n—1, because in this case it is the maximum number of breakpoints between

12



G; and G; . Basically, D,; evaluates the distance between G; and G; by
considering the orthologous OG order measure as defined in the first term
(i.e., the normalized breakpoint distance) and the OG content measure as
defined in the second term (i.e., the sum of the ratios of OGs found in one
genome but not found in another genome to the number of total OGs found
in a genome). Then w, and w. can be considered as the weight of
orthologous OG order and the weight of OG content, respectively, where
both of their defaults are 1’s in OGtree.

3.2  Algorithm

Figure 3.1 shows the flowchart of. our. algorithm for constructing the
genome tree of prokaryotes based on overlapping-gene distance.

Given the accession numbers of several species, the first step of our
algorithm is to download complete’ genomes from the National Centre for
Biotechnology Information (NCBI) according to the accession numbers
specified by the user. The putative genes are then extracted from each of
these genomes on the basis of the coding sequence (CDS) annotation.
Inevitably, some of these putative genes may be misannotated in each
genome downloaded from the NCBI. We may therefore exclude those genes
that were annotated as being unknown, hypothetical or putative for a
stringent analysis. In addition, horizontal gene transfer (HGT), the transfer
of genes between different species, has been reported to be very common in
prokaryotes [14]. It may obscure the OG pairs with which we hope to
reconstruct the genome tree of prokaryotes. Hence, we offer an additional
option in our OGtree to remove those genes that were annotated as

horizontally transferred genes at the HGT-DB database [14], where

13



HGT-DB currently provides the lists of putative horizontally transferred
genes for a large number of prokaryotic complete genomes.

Next, we use BLASTP program to determine putative orthologous genes
between two genomes by using bidirectional best hit (BBH) approach. In
addition, we use Inparanoid [14] as an alternative to identify putative
orthologous genes between any two genomes. It has been demonstrated that
Inparanoid is the best among five currently existing methods of
automatically detecting orthologous genes [16].

After that, two adjacent genes in each genome are identified as
overlapping genes (OGs), or an OG pair, if their CDSs overlap partially or
completely. Two OGs, say (a, ¢).and (b, d), from different genomes are then
considered as an orthologous-OG pair if @.and b, as well as ¢ and d, are
orthologous to each other, and (a, ¢) and (b, d)-have the same overlapping
structure.

Finally, for any two genomes G;‘and'G; , we compute their OG distance
D;;on basis of their OG pairs. Then we apply distance-based approaches of
building trees, such as UPGMA, NJ and FM, to the matrix of
overlapping-gene distance between genomes for constructing genome trees

of the input prokaryotic genomes.

14



/ Input a set of accession numbers of species genomes /

Download these complete genomes form NCBI

.

Extract the ORFs of each genomes

Whether or not to discard ORFs annotated
as horizontally transferred genes?

Yes

Discard ORFs annotated as horizontally
transferred genes.

Whether or not to discard ORFs‘annotated as
“hypothetical” or “putative” genes?

Yes

\ 4

Discard the hypothetical or putative
genes.

A

No

Apply BBH approach or INPARANOID program to each
genome pair for identifying the families of orthologous genes.

A\ 4

Calculate the overlapping-gene distance between any pair of
genomes.

Output the constructed genome tree based on the distance
matrix of overlapping-gene distance.

Figure 3.1: The flowchart of our algorithm.
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Chapter 4

Implementation

Based on the algorithm we described in the previous chapter, we have
implemented a web server called OGtree (short for genome tree based on
Overlapping Genes). The kernel 'programs of OGtree were written in C
and Perl. Its web interface was ,implemented:in PHP. It is available at

http://bioalgorithm.life.nctu.edu:tw/OGtree/ for online analysis and can be

easily accessed via a simple web interface, as shown in Figure 4.1.

4.1  Input of OGtree

1. Enter or paste a set of accession numbers of prokaryotic genomes in
FASTA-like format. The so-called FASTA-like format starts with a
single-line description beginning with a right angle bracket (">"),
followed by a line of accession number of a prokaryotic species. The

following is an input example with 3 y-proteobacterial genomes.

>Ba
NC_002528
SEC
NC_000913
>Hi
NC_000907

16


http://bioalgorithm.life.nctu.edu.tw/OGtree/
http://140.113.239.131/OGtree/help.html#Fastalike#Fastalike

tree: A Tool for Genome Tree of Prokaryotes Based on  verlapping enes (Help)

Input or paste a set of accession numbers of species genomes in FASTA-like format:

Enter your email address:
Email title (optional):

Submit | | Clear

Type of chromosomes: | Circular | - |

Method of phylogenetic reconstruction: UPGMA (Unweighted Pair-Group Method using Arithmetic mean) E
Weight of overlapping-gene order: || and weight of overlapping-gene content: 1
Method of identifying orthologous genes: @ Bidirectional Best Hit (BBH) © Inparanoid
Threshold of E-value: 1e - 9

Threshold of alignment coverage in each sequence: 80 %

Threshold of similarity: = %

Parameters of extracting genes from downloaded genomes:

1 Deletion of all hypothetical, putative and unknown CDSs
w Deletion of possible horizontally transferred genes annotated at HGT-DB database

Submit |

OGtree 1.0 by Li-Wei Jiang, Kuang-Lun Lin and Chin Lung Lu, Institute of Bioinformatics &

=

Department of Biological Science and Technology National Chiao Tung University, Taiwan

Figure 4.1: OGtree web interface.

Then OGtree will automatically download the whole genomes of all the
specified prokaryotes from the NCBI.

2. Enter an email address in the email box, via which the user will be
notified of the result obtained by OGtree when the submitted job is
finished. If necessary, the user can enter a text into the box of email title
that will be served as the subject of the returned email later.

3. Just click "Submit" button, if the user would like to run OGtree with
default parameters; otherwise, the user continues with the following
parameter settings.

4. Choose the chromosomal type of the input prokaryotic genomes, which

currently can be either circular (default) or linear.
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Specify the method used by OGtree to reconstruct the genome tree.
Currently, it can be either UPGMA (default), NJ or FM.

Specify the weight of overlapping gene order (whose default is 1) or
specify the weight of overlapping gene content (whose default is 1).
Note that both of them can be any real numbers.

Choose the method used by OGtree to identify the orthologous genes
between any pair of input genomes. This method can be either
bidirectional best hit (BBH) or Inparanoid. In addition, the user can
further change the default parameters, if necessary, to control the results
of BLASTP for determining the putative orthologous genes. They
include threshold of E-value(whose default is 1e-9) and threshold of
alignment coverage in each sequence (whose default is 80%), and
threshold of similarity (that was disabled indefault).

Check the box that deletion of all*hypothetical genes, if the user would
like OGtree to delete all the ‘CDSs 'whose translated products were
annotated as hypothetical, putative and unknown proteins in the NCBI.
Check the box that deletion of all horizontally transferred genes, if the
user would like OGtree to delete all the CDS that were annotated as

horizontally transferred genes at the HGT-DB database.

10. Click "Submit" button to run OGtree.

Output of OGtree

In the output page, OGtree will first show the input genome data and

user-defined parameters. Next, it will show the overlapping-gene distance

matrix computed according to the downloaded genomes from the NCBI, as

was shown in Figure 4.2.
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Ba Ec Hi Pm Pa St Ve Wb Xa Xc Xt YpK YpC
Ba |564/48 25 9 8 13 24 15 14 10 9 8 20 21
Ec | 1.921 |3978/647| 48 49 80 401 75 27 44 37 26 198 188
Hi | 2437 | 2553 [1584/2u| &1 23 47 33 8 14 13 u 42 44
Pm| 2419 | 2481 | 2048 [1808/205 30 57 34 9 13 12 12 50 51
Pa | 2.329 | 2.528 2.776 2.683 |[5261/815| 82 51 10 55 53 39 75 66
St || 1964 0895 | 2536 | 2425 | 2543 [3097/660 75 24 40 32 27 197 18
Ve | 2121 | 2384 | 2528 | 2582 | 2550 | 2.386 2508/450| 13 30 27 24 7 7
Wb 2017 | 2218 | 2478 | 2499 | 2551 | 2260 | 2332 [6u/73] 8 5 u 24 29
Xa | 2177 | 2.594 2.699 2.764 2.669 2.580 2.589 | 2.754 4036/676| 467 146 30 33
Xc | 2133 | 2.620 2.766 2.6794 2.633 2.625 2.642 | 2.924 | 0.704 [3911/702] 143 32 33
Xf | 2315 | 2631 | 2650 | 2664 | 2658 | 2675 | 2642 |2.551| 2082 | 2014 |2324/430) 18 21
YpK| 2.20 1.860 2.584 2.476 2.445 1.856 2433 | 2.226 | 2.653 2.697 2.715 |4086/833| 351
YpC| 2182 | 1749 2.465 2.401 2.528 1.762 2.316 | 2.089 | 2.604 2.606 2.571 1059 [3581/444

Figure 4.2: An example of OG distance matrix for 13 y-Proteobacteria.

In each entry of the diagonal, the number of the numerator denotes the
number of genes that are extracted from the. corresponding genome, or
remain in the genome after “deleting-those genes that were annotated as
horizontally transferred genes “‘and/or hypothetical, putative and unknown
genes; the number of the denominator denotes the number of OG pairs
identified by OGtree in the corresponding genome. Note that both of
numerator and denominator are associated with a link, via which the user
can further view the details about all the extracted genes or all the identified
OG pairs from each corresponding genome. For example, the numerator link
will show the gene ID, protein ID, gene name, locus-tag, start and end
positions, and strand for each extracted gene, and the denominator link will
display the gene IDs of each GO pair, as well as their overlapping direction.

In the upper triangle, each entry contains an integer denoting the number
of identified orthologous OG pairs between the two corresponding genomes.
Note that the entry link will show the details of each orthologous OG pair,

including its overlapping direction and length, the number of its orthologous
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OG pairs found in other genomes, as well as the details of its component
genes, including gene ID, gene name, location, strand, locus-tag, protein ID
and product, COG ID (if have), and translated protein.

In the lower left triangle, each entry denotes the computed
overlapping-gene distance between the two corresponding genomes. Note
that the user can click the entry link to view the details about the orthologous
OG orders in the two corresponding genomes, their breakpoints, and their
overlapping-gene distance.

Finally, OGtree will show a genome tree according to estimated OG
distance between any pair of genomes using UPGMA, NJ or FM method.
Note that our OGtree also provides in the output page with a text file of
computed OG distance matrix in the PYLIP format and a text file of
constructed genome tree in- the Newick format, so that the user can

download them for post-processing analysis.
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Chapter 5

Experiments

In this chapter, we shall demonstrate the applicability of our OGtree by
carrying out two experiments and compare the genome trees obtained by our
OGtree to the phylogenetic trees predicted by Luo et al. [6] using the trees
constructed based on 16s rRNA and concatenation of multiple genes as

reference trees.

5.1 13 y-Proteobacteria complete genomes

In this experiment, we selected 13 y-Proteobacteria as the testing dataset
that consists of B. aphidicola (abbreviated as Ba, NC_002528), E. coli (Ec,
NC 000913), H. influenzae (Hi, NC_000907), P. aeruginosa (Pa,
NC_002516), P. multocida (Pm, NC_002663), S. typhimuriu (St,
NC_003197), V. cholerae (VMc, NC_002505), W. brevipalpis (Wb,
NC _004344), X. axonopodis (Xa, NC_003919), X. campestris (Xc,
NC_003902), X. fastidiosa (Xf, NC_002488), Y. pestis C0O92 (YpC,
NC _003143), and Y. pestis KIM (YpK, NC_004088). In addition, we used

the phylogenetic trees constructed based on 16S rRNAs and concatenation
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of 205 orthologous proteins [17] as reference trees (see Figures 5.1 and 5.2)
and compared the genome trees obtained by our OGtree to those
phylogenetic tree (see Figure 5.3) predicted by Luo et al. [6]. Basically,
these two references have almost the same tree topology, just with a slight
difference in the position of V. cholerae. The species of V. cholerae was
placed as a neighbor of P. aeruginosa in the reference tree constructed using
the concatenation of 205 proteins, whereas it was placed a little away from P.

aeruginosa in the reference tree of 16S rRNAs.

— [Ec
St
— ¥pC
L YpK
B
—T— W,
VIEI'
—] p,'m
Pa
— Xf

Figure 5.1: The NJ tree proposed by Luo ef al. based on the 16S rRNA

sequences for 13 7 -Proteobacteria (adapted form [6]).
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Figure 5.2: The NJ tree proposed by:L.uosef al. based on the concatenation

of 205 proteins for 13 7 -Proteobacteria (adapted:form [6]).

Ec

St
Ba

Figure 5.3: The UPGMA tree constructed by Luo et al. for 13 7
-Proteobacteria (adapted form [6]).
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As mentioned before, some misannotated genes may be included in the
genomes of public databases. Therefore, we may exclude those CDSs
annotated as being unknown, hypothetical or putative from each downloaded
genome in our analysis, as done in [6]. However, we found that most of the
CDSs in W. brevipalpisa are currently annotated as unknown, hypothetical
or putative, leading us to find no orthologous OG pair between W.
brevipalpisa and other species, if all these CDSs in W. brevipalpisa are
removed from our analysis. Here, instead of this method, we first removed
those genes currently annotated as horizontally transferred genes at the
HGT-DB database [14] and then applied more stringent criteria of
identifying putative orthologous:genes by using BBH and setting the
parameters with at least 80%_:0f each:authentic CDS sequence involved in
the alignment and a minimum-E-value of 10™°.

Consequently, the NJ and “FM"trees: (see Figures 5.4 and 5.5,
respectively) we obtained using OGtree have the same tree topology, which
slightly differ from the one in the UPGMA tree (see Figure 5.6) with respect
to the positions of W. brevipalpis and B. aphidicola. The two endosymbionts
of W. brevipalpis and B. aphidicola were placed as neighbor taxa in the NJ
and FM trees, whereas they were as a sister group in the UPGMA tree.

In the comparison of the phylogenetic trees inferred by Luo et al. [6],
our genome trees show more precise and robust phylogenies for the
completely sequenced genomes of 13 y- Proteobacteria. For instance, the
topology of the UPGMA tree (see Figure 5.4) we constructed here based on
the OG distance is completely consistent with that in the reference tree based
on 16S rRNAs (see Figure 5.1), and nearly consistent with that in the
reference tree constructed using the concatenation of 205 proteins (see

Figure 5.2). It is worth mentioning that the two endosymbionts W.
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brevipalpis and B. aphidicola were separated from each other in the
UPGMA tree (see Figure 5.3) constructed by Luo er al. [6]. In contrast, W.
brevipalpis and B. aphidicola in our UPGMA tree, as well as in both
reference trees, were placed as a sister group, suggesting that there should be
a common origin for these two species both of which are symbiotic and have
reduced genomes.

Among the three tree-building methods in our experiment, the UPGMA
method produced a much more congruent genome tree compared to both the
NJ and FM methods, if they were based on the OG distance we defined in
this study. This characteristic was also pointed out by Luo et al. in their
studies [6, 7] only on the basis.of the content of OG pairs. It has been
reported that evolution of OGS occurs at a universal mutation rate across
bacterial genomes [8, 9]. Perhaps due to this property, the UPGMA method
Is more suitable for the reconstruction of phylogenies particularly based on

OG pairs, when compared to the NJ-and'FM methods.
— Ec

— St
YpC

Figure 5.4: The NJ tree constructed by OGtree for 13 7 -Proteobacteria.
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YpC
YpK
Wh
Ba
Ve
I Hl
! Pm
Pa
Xf
— Xa
L—— Xc

Figure 5.6: The UPGMA tree constructed by OGtree for 13 7

-Proteobacteria.
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5.2 18 Proteobacteria complete genomes

In the second experiment, we reconducted the above experiment but
with including additional two a-Proteobacteria, C. crescentus (abbreviated
as Cc, NC_002696) and R. conorii (Rc, NC_003103), and three
[-Proteobacteria, N. europaea (Ne, NC_004757), N. meningitides MC58
(NmM, NC_003112) and N. meningitidis Z2491 (NmZ, NC_003116). In the
UPGMA tree constructed by Luo et al. [7], as was shown in Figure 5.7, the
species N. europaea, a f-Proteobacteria, was separated from the other two
[S-Proteobacteria N. meningitidis MC58 and N. meningitidis Z2491 and was
placed in the group containing all 13 g¢-Proteobacteria. In contrast, all these
three S-Proteobacteria in our UPGMA: tree, was placed as a sister group, as
illustrated in Figure 5.8. Particularly, the testing «-, - and y-Proteobacteria

correctly form three monophyletic clades-in-our UPGMA tree.
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0.1
Figure 5.7: The UPGMA tree inferred by Luo et al. [7] using 18

Proteobacteria genomes.
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i NmM BETA

Wh GAMMA

Figure 5.8: The UPGMA tree produced by our OGtree using 18

Proteobacteria genomes.
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Chapter 6

Conclusion

In this thesis, we have conducted the study of constructing genome trees
for prokaryotes according to overlapping-gene distance that is based on a
combination of overlapping-gene order and- overlapping-gene content.
Based on this approach, we -have implemented a web server tool, called
OGtree for online analysis.

According to our experiments, the genome trees constructed by our
OGtree are quite consistent with those reference trees that were
reconstructed based on 16S rRNAs as well as concatenation of multiple
proteins, compared with the phylogenetic trees produced by Luo ez al. [6, 7].
Furthermore, among the tree-building methods in our experiments, the
UPGMA method produced much more congruent genome trees compared to
both the NJ and FM methods, if they were based on the OG distance we
defined in this study. This characteristic was also pointed out by Luo et al. in
their studies [6, 7] only on the basis of the content of OG pairs. It has been
reported that evolution of OGs occurs at a universal mutation rate across
bacterial genomes [8, 9]. Perhaps due to this property, the UPGMA method

IS more suitable for the reconstruction of phylogenies particularly based on
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OG pairs, when compared to the NJ and FM methods.

In this study, we have demonstrated that our OGtree was able to
construct more precise and robust genome trees for some prokaryotic
genomes. Therefore, we believe that our OGtree can provide interesting
insights into the study of evolutionary relationships of completely sequenced

prokaryotic genomes.
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