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Two types of gene homology

Paralogous - sequences that diverged as a result of gene duplication (e.g. a-

and 3~ tubulin). Paralogous don't have to carry the same or similar function: due to
lack of the original selective pressure upon one copy of the duplicated gene, this
copy is free to mutate and acquire new functions.

Orthologous - sequences that arose because of speciation (e.g O-tubulin genes in

different species). Orthologoues are genes thought to have evolved by vertical
descent from a common ancestor. Orthologs will typically have the same or similar
biochemical function.

Identification of orthologues is :

- critical for reliable prediction of gene function(s) in newly sequenced
genomes (comparative genomics).

- important in phylogenetics. In order to generate meaningful phylogenetic
hypothesis for species evolution through character-based or distance-based analyses,
it is essential that only orthologous gene sets are aligned and analyzed.
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(a) Probable mechanism giving rise to the tubulin genes found in existing species.
It is possible to deduce that a gene duplication event occured before speciation
because the a-tubulin sequences from different species are more alike than are

the a-tubulinand [-tubulin sequences within a species.
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(b) A phylogenetic tree representing the relationship between the tubulin sequences.
The branch points, indicated by small numbers, represent common ancestral genes
at the time that two sequences diverged.



Orthologs and inparalogs

Gene orthology between two organisms is not necessarily a one-to-one reltion —
it could be a one-to-many and many-to-many relation.

‘inparalogs’ ('recent' paralogs, true orthologs) indicate paralogs that arose

through a gene duplication event after speciation

‘outparalogs’ (‘ancient' paralogs) arise following a gene duplication preceding

speciation

Outparalogs can never be orthologs, while inparalogs can form a group of
genes that together are orthologous to a gene in another species (one-to-many
and many-to-many relationship). Clustering inparalogs together allows proper
identification of both one-to-one and many-to-many orthology cases
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Gene evolution. One gene descending to three organisms A, B and C.

* Two genes whose common ancestor is at a A junction (speciation) are orthologous, e.g. A with
B11, and B21 with C2.

" Two genes whose common ancestor is at a horizontal bar junction (duplication) are paralogs, e.g.
B11 with B13, and B12 with C2.

* Genes B11, B12 and B13 are inparalogs to A (and C) because the speciation event 1 (speciation
event 2, resp.) occurred before the duplication events that gave rise to B11, B12 and B13.

" Genes B11, B12, B13 and C1 are outparalogs to genes B21, B22 and C2, as the initial duplication
occured before B-C speciation.



Methods for finding orthologous genes (based on sequence similarity)

1. Pairwise similiarities

This is all-versus-all sequence comparison between two genomes to detect orthologs.

The principle is that if the sequences are orthologs, they should score higher with each other

than with any other sequence in the other genome.

This method does not use multiple alignments or phylogenetic trees and therefore avoids
potential errors that might be introduced at these steps.

These methods do not attempt to preserve the non-transitivity and hierarchic nature of the
orthology relation. Suits well for comparative genomic analyses for identifying functions of

new genes.

Most common approaches following this idea are based on all-versus-all BLAST searches.

E.g Inparanoid — orthologs and inparalogs from two species (Remm et al., 2001), OrthoMCL (extended
Inparanoid) -orthologs and inparalogs from two and multiple species (Li et al., 2003), COG (Tatusov et
al., 1997, 2000, 2001, 2003)



Methods for finding orthologous genes

2. Phylogenetic approach (1/2)

Orthologs are related through evolutionary history; phylogenetic trees (gene
family trees) are the most natural way to detect orthologs.

Complete genomes from multiple species can be included in the analysis.
The methods following this approach are constructing phylogenetic trees with

some poorly automatable steps and these algorithms demand large resources of
computing power.



Methods for finding orthologous genes

2. Phylogenetic approach (2/2)

Exerting this approach for all genes of two or more genomes would require:

¢ clustering of homologs (problems with separating inparalogs and outparalogs)
?® generation of correct multiple alignment for each group of homologous domains

% construction of a phylogenetic tree for each group (the topology of the
phylogenetic tree is strongly dependent on the choice of tree building method)

? finally extraction of orthologs from these trees.

E.g DomClust (clustering protein sequences at the domain level) (Uchiyama, 2006),
OrthologID (Chiu et al., 2006)



OrthologlID (Chiu et al., 2006)

> Developed as a collaborative project by the New York Plant Genomics
Consortium (NYPG)

> For facilitating the identification of gymnosperm EST sequences that are
orthologous to the sequences in the complete genomes of A. thaliana, O.
sativa, P. trichocarpa and C. reinhardtii

Web application that automates the labor-intensive procedures of gene

orthology determination within a character based phylogenetic framework.

OrthologID can identify diagnostic characters that:

- define each orthologous gene set

- are responsible for classifying query sequences from other genomes into
specific orthologous groups

OrthologID database includes
- several complete plant genomes
- unicellular outgroup



Backend of OrthologlID

Databases of sequences (137,641) and
phylogenetic trees (8,314)

Four interconnected modules:
1. Gene Family Creator (GFC)
2. Alignment Constructor
3. Tree Builder

4. Diagnostic Generator
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Figure. Overview of OrthologlD. Maximum parsimony trees are generated and diagnostic characters are
determined through an automated process:

(1) sequences are retrieved from Orthologl D Database and clustered using the Gene Family Creator and aligned,
using the Alignment Constructor (which interfaces with MAFFT)

(2) Phylogenetic trees are generated using the Tree Builder (which interfaces with PAUP*)

(3) diagnostic characters are ascertained using the Diagnostic Generator (which interfaces with CAQS).

Each OrthologlD module, shown as trapezoids, are designed to function independently and allow the use of any
processing tool (e.g. One could use ClustalW instead of MAFFT for sequence alignment)



Backend of OrthologID: module 1 — Gene Family Constructor, GFC

Clusters genes from complete genomes into gene families.

- Searches each ingroup gene against both ingroup and outgroup genomes using NCBI BLAST.
- Expectation value cutoff of 1e-20 is used

(For a pair of genes g1 and g2, gl is defined as clusterable with g2 if the E-value in the BLAST of gl
against g2 is within the cutoff, and the alignable regions of the two genes are at least 80% of the longer
sequence. A gene g is considered a member of the gene family F if at least one other gene in F is
clusterable with g.)

- After all-against-all BLAST searches, GFC randomly picks a gene g from one of the ingroup
genomes and looks for clusterable genes in the BLAST result of g.

- Each clusterable gene is added to the current family, and this gene’s BLAST result is again
searched for new members.

- Process is repeated until no more genes can be clustered to the current family.

- GFC then starts a new gene family, and the above steps are repeated.

Algorithmically this is realized with graphs.



Backend of OrthologID: module 2 — Alignment Constructor

Creates robust alignments for each gene family.

The multiple alignment program MAFFT version 5 is used for this purpose.
MAFFT is considered one of the most efficient and reliable multiple alignment

programs based on benchmark tests.

3 The Alignment Constructor uses different sets of alignment parameters to

create three different alignments for each gene family (three pairs of gap

open penalty and offset values are used).
a Alignments are compared and alignment-ambiguous regions are culled.

4 The resulting, culled alignment is then passed on to the Tree Builder.



Backend of OrthologID: module 3 — Tree Builder (1/3)

Generates gene family trees within a parsimony framework

Implements the parsimony ratchet (Nixon, 1999) using PAUP*(a
pyhlogenetic tree building algorithm, Swofford, 2003).

For small gene families (with fewer than 13 sequences), exhaustive, branch and
bound tree searches are performed (as implemented in PAUP) — finding the most
parsimonious tree (branch rearrangement on trees are performed and only the most

parsimonious trees or subset of suboptimal trees at each step are kept).



Backend of OrthologID: module 3 — Tree Builder (2/3)

For large gene families, tree space is rigorously explored using the parsimony ratchet:
1. An initial starting tree is generated (each iteration of a ratchet starts with a limited TBR
(“tree bisection and reconnection”) search to generate an initial tree)

2. The tree found in step 1 is used as a starting point for an iterative search strategy
3. A random subset of the characters (10-15%) is selected and perturbed.
4. The current tree is swapped using the perturbed weights to calculate length (typically

TBR swapping will be used). Only one (or few) tree is kept during the search with
perturbed matrix.

5. The weights are reset to the original weights. Using the current tree as a starting point
(this is the final tree found in step 4) swapping proceeds (holding one or few trees) until an
optimal tree is found for the unperturbed data

6. Go to 2 (3).



Backend of OrthologID: module 3 — Tree Builder (3/3)

-Each ratchet consists of 200 such iterations (e.g. if 500 taxons and 266 Mhz
Pentium -> ca 6h).

-The Tree Builder computes 20 ratchets

-Performs a final TBR swap on the best trees, in order to visit multiple
islands (suboptimal trees that are typically very close in both topology and length to
the shortest trees) of tree space.

-Where more than one equally parsimonious tree results from the analysis,
a strict consensus is computed.

-Consensus tree is used to identify orthology relationships in complete
genomes, and used as a gene family guide tree for Query Orthology
Classification.



Backend of OrthologID: module 4 — Diagnostic Generator ()

Identifies diagnostic characters for orthologous groups using the CAQOS

algorithm and 'guide tree' approach

" CAOS is a rapid algorithm for determining gene orthology based on derived
traits shared between orthologous genes

" By the CAOS algorithm, OrthologID classifies new query sequences (full-length
cDNA or EST) from genomes that are not completely sequenced, based on the
phylogenetic and orthology relationships that are already determined through the
analysis of complete genomes



Backend of OrthologID: module 4 — Diagnostic Generator (2/2)

= A complete parsimony gene family tree that is used to identify orthologous
groups from complete genomes is used as a guide tree for classifying query
sequences from other species.

*+ This guide tree (from module 3) is fed to the CAOS algorithm for the
identification of characters that are diagnostic of each node and each orthologous
gene set.

=+ In order to place query sequences into orthology groups assembled from
complete genomes, CAOS screens the query sequence for the presence of
characters that are diagnostic of nodes on the guide tree.

The CAOS algorithm and the use of guide trees are an improvement over
traditional tree building approaches since the guide tree/CAOS approach

eliminates the need to manually rebuild a gene family tree for each new query to

be classified.



Frontend of OrthologID: web interface

http://nypg.bio.nyu.edu/orthologid/

Orthologous groups are presented through the OrthologID Tree and

Diagnostics Viewer in an interacive phylogenetic tree format.

Allows users to:

1. Orthologous group search - search for orthologous gene sets in complete

genomes that are available in the OrthologID database.
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Welcome to OrthologlD

orthologlD automates gene orthology determination within a
character-based phylogensatic framework.

OrthologlD identifies orthologous groups for complete genomes
compiled in our database (Orhologous Group Search), and classifies
User-input query sequences into orthologous groups generated from
complete genomes (Cueny Orthology Classification) . Itidentifies
diagnostic characters that define each orthologous group, as well as
diagnostic characters responsible for classifying query sequences. The
output is presented in phylogenetic tree format.




N OrthologlD

Orthologous Group Search

Orthologous
GT'UUP Search Enter a locus tag (Arsbidopsis thslisns Or Oryzs sstivs

only)
Query e.g. Atd4x15440 or 0s05249290
Orthology
Classification At4g15440 Search |

Abourt
OrthologlD



» QOrthologlD

Tree : 10084

* Click on anode to view diaghostics

* Click on a tazon name to view gene information T = outgroup

—

—

ﬁi
—

i

—f

CADB&482
CACES220
CALBe48E
CACBEER12
Cs02g02000
Poptrl#&88325
Atdgl5440
Qs02gl2680
00212690
Poptrl#593046
Poptrl#55641s
Poptrl#557312
Poptrl#556417
At5ed2850
Poptrl#3s1536
Poptrl#s44172
Poptrl#&77770
Qs03g55800
Cs03g12500

Tree and Diagnostics Viewer

\tree stars CL1 074 RCL 0.54 RL: 0.73 HL: 0.25

{{I{I}I}}[

MDAPRLGTCYRTORRTVVASL GNIETT----53TSTVGOESNLELEETE GSY G IPYL S QLLDREWIF FYREGER QF WO SEMAEY - G STVIRSHM
MOAPRLGTCYRTORRTVVASL GNIETT----5STSTVGOESHLELEEIR GSYG IPYLSLLORWIFFYREGEPOF W SEMAK Y -GSTVIRSHM

s e s e e e e s e s s e e YESSELPLEATPGDYGVEYF CATFIRLOYEWLAGEEQF YRSRMAE Y - M5 TWE EWHI
I e e S e e e VESSELPLEATPGDYGVEYE GATENRLDYFWLACEENE YRSRMARY -HSTVE RWHH

MV e PSFP(PASAAAATRPIPESYGPPLL GPLRDRLIVEVF JGPIDFFRRRAADH-ESTVFRANT
AR RS s Gl S - - - - PR SP AP ABLPLEA TP 5T GEPLL GP IEDRLOVFWF (G PDGF FEER THE T -ESTS FRTHV

e e e e e e S S e S s e ILESSEETSEF SLESIPGDYGLEEE GATRDRLDYEYNOGROEFF STRVEY-ESTTFETHH

M= = m s o e i PSS5SSSESKLPMEP IPGDYGTPFF GATRDRLDYF YNOGKDEFFETRI QKH- NS TV TN
M&-- - -SKPEFRVTRP IKASGSETPDL-- - ~-TYATRTRSEDILE TRNIP GNYGLE IVGR IKDRWDYF YD QG AEEFFESRIREY -NSTVYRVIM
MAQ--PEPTRRFVRP TRAS T SEKP SVPGPPATVSPSEPTELP IRKIP GDHGLPLI GPFKDRMDVF YNOGRIEVFESK T QK.Y - 0 STVE RANM
WA --PKPTRRFVRP TRAS T SEKP SVPGPPATVSP SEPTELP TRK TP GDHGLPL I GPFKDRMDVF YN GRIEYFESK T (KT - 0 STVE RANH
—————————————————————————————————————————————————————————————— MOYF YHOGRONFFESEVLEY - G STVE RANM
M- - --ARV-- -VRROTRASASASATD - - - ~ROEVVSPERRLPLEKVPE DY CPPY¥VGAIRDRYEYF Y GP CRDGEF ARRVRAH-RSTVVELNM
ME === mm = LGVPLPRRPVE GSYGVPFYSAVRIRLIF VYLOGODKYFESRAERY - GSTVVRINY



» QOrthologlD

Tree : 10084

* Click on anode to wiew diagnostics

Tree and Diagnostics Viewer

{free stazs CLOYARCLEOSA BRI 073 HL 025

* Click on & tazon name to view gene information T = outgroup =< | < =] =]
| CATIER489 MOAPRL GTCWRTORRTWWASL GNIETT----5TSTWGOE SHNLPLRE TP GSVGIP YL SOLLOEWTFE YREGEPOF WO SEMARY - GETV IR SHIME]
CaCEas20 MOAPRL GTCWRTORRTWWASLGNIETT----5T5TWGESNLELREIPGSYGIPYL SOLLORWIFF YRE GER OF W] SRMAE Y -G 5TVIRSNHE]
CADSE488 MA———m—mmmmmmm e VPSSELPLEATPGOYGVEYF CATEDRLDVEWL ) GEEQF YRSEMAE Y - NS TVF RVNMET
RO e VESSELPFLEATPGDYGVEYEF GATEDRLDYE WL QGEEQF YRERMAE Y -HSTVE RVHHE]
Cs02 gDEDDD PEFPOPASARBMTRP TPGETCPPLL GPLRORLOVEWE OCPDDEFRRRAANH-KETYERANTE]
_# PQPU‘I#SSBBZS ] : SEGS————PWSPEPBELPLREIPGSYGEPLL GPIEDRLDYFI'JFQGPDEE'FKERI@(Y—KSB-FRWI
SUTET - e

Arabidopsis thaliana FCAALL.125 ! Atdgl 5440 TIGR Annotation Version 3.0
Download sequence Show genomic reqion on FCAALL

Gene Identification
Gene Product Name: hydroperoxide lyase {HPL1)

Lecus MName: FCAALL.125/ Atdg15440 [TAIR] [MIPS]
Comment: identical to hydroperozide lyase GL13822403 from [Arabidopsis thaliana)

Gene Ontology Classification | &
GO id Name Type Code Reference

GO:0015034 cytochrome P450 activity {F) 155 TAIR:Communication: 1674998

Aftributes

Chromosome: 4

- T [— ) m— Y ey _|



Frontend of OrthologID: web interface

2. Query orthology classification - classifies query sequences into existing orthology

groups from complete genomes.

The users query sequence is obtained classification support index (CSI). This is the

difference in the number of diagnostics in the descendent clades.

For every query the diagnostic characters responsible for placing the query into a

particular clade are obtained. Additionally the query placement score is defined

by the function:

S la) =k /(k vk 4k _+...+k |%100 %
a a bl b2 bn

where k_is the number of diagnostic characters shared between the query and the
sequence(s) in clade a and k_ is the number of diagnostic characters shared

between the query and the sequence(s) in one of the n sister clades, b, of a.



50 chars 50 chars

100%

55.6%
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Example 1 Example 2

Fig. 3. Two examples illustrating the calculation of query placement score
given in the pop-up boxes in the Tree and Diagnostics Viewer. In Example 1.,
query sequence Q1 shares 50 characters (k, = 50) with the gene(s) in clade A
and zero characters (k; = ) with the gene(s) in clade B. As a result, Ortho-
loglD places QI into clade A. The query placement score is expressed as (k,/
k, + k) X 100%. The resulting score (100%) and the number of diagnostic
characters responsible for placing Q1 (50) are shown in the pop-up box. In
Example 2, £, = 50 and £, = 40; as a result, the strength of the placement of
query Q2 is weaker than that of QI in Example 1. This is illustrated by the
lower query placement score in Example 2 (55.6%).
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Results of efficacy tests of OrthologID (1/2)

1. The placement of query sequences of OrthologID against the placement
generated using full-scale parsimony analyses were examined:

¢ 36 plant sequences (other than the ones whose genomes are included in OrthologID
database) were randomly selected from NCBI and New York Plant Genome (NYPG)
databases.

¢ These genomes were submitted to OrthologID against the complete genomes of
A.thaliana, O. Sativa, P. Trichocarpa and C. Reinhardtii.

© 77.8% of the 36 plant query sequences OrthologlD and full-scale parsimony analyses

resulted in the same orthology classification.



Results of efficacy tests of OrthologID (2/2)

2. The effectiveness of OrthologlD for identifiyng orthologous
gene sets (orthologs and inparalogs) for query sequences were

examined:

¢ 36 plant query sequences from diverse range of plant species against the

current OrthologID plant database

© 66.7% were placed into orthology groups with single orthologs or groups

of inparalogs



Advantages of OrthologlD:

* Parsimony phylogenetic analysis is a natural way to detect orthologs, thus
using character-based parsimony framework for finding orthologous groups is a
good approach

* QOrthologID can differentiate between inparalogs and outparalogs

# Determines orthology relationsships between more than two complete
genomes simultaneously

* OrthologlD can screen query sequences (cDNA, EST) from new genomes for
diagnostic characters and place them in orthology groups compiled using

completely sequenced genomes (due to CAOS algorithm)

* OrthologlID identifies diagnostic characters of orthologous gene sets



For future purposes:

To increase OrthologID scope and general utility the OrthologID
database will be expanded to include complete genomes from other
phylogenetic lineages, including prokaryotes and non-plant
eukaryotes.



References:

1. Remm M, Storm CEV, Sonnhammer ELL. (2001). Automatic clustering of orthologs and in-paralogs
from pairwise species comparisons. Journal of Molecular Biology. 314(5), 1041-52.

2. Uchiyama I. (2006). Hierarchical clustering algorithm for comprehensive orthologous-domain
classification in multiple genomes. Nucleic Acids Res. 34(2), 647-58.

3. Li L, Stoeckert CJ, Roos Jr, Roos DS. (2003). OrthoMCL: Identification of Ortholog Groups for
Eukaryotic Genomes. Genome Res. 13(9), 2178-89.

4. Jothi R, Zotenko E, Tasneem A, Przytycka TM. (2006). COCO-CL: hierarchical clustering of homology
relations based on evolutionary correlations. Bioinformatics. 22(7), 779-88.

5. Chiu JC, Lee EK, Egan MG, Sarkar IN, Coruzzi GM, DeSalle R. (2006).
OrthologlID: automation of genome-scale ortholog identification within
a parsimony framework. Bioinformatics. 22(6), 699-707.

6. Dutilh BE, Huynen MA, Snel B. (2006). A global definition of expression context is conserved orthologs,
but does not correlate with sequence conservation. BMC Genomics. 7(10), 739-49.

7 Nixon, KC. (1999). The Parsimony Ratchet, a New Method for Rapid Parsimony Analysis. Cladistics. 15,
407-414.



