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Prokaryotic vs  Eukaryotic GenomesProkaryotic vs  Eukaryotic GenomesProkaryotic vs. Eukaryotic GenomesProkaryotic vs. Eukaryotic Genomes

<2% of vertebrate <2% of vertebrate ff
genomes code for genomes code for 
proteins (Venter proteins (Venter 
et al  2001)et al  2001)et al. 2001)et al. 2001)

http://www.nyu.edhttp://www.nyu.ed
u/classes/ytchangu/classes/ytchang
/book/e001.html/book/e001.html



Functional GenomicsFunctional GenomicsFunctional GenomicsFunctional Genomics

http://www.ramaciotti.unsw.edu.au/dire
ctors_report.html





Gene Prediction Programs (1)Gene Prediction Programs (1)



Gene Prediction Programs (2)Gene Prediction Programs (2)

Factors basedFactors based
Compositional biasCompositional bias found in proteinfound in protein--coding regionscoding regions

ll h k  h k  SimilaritySimilarity with known sequenceswith known sequences

B t B t tt t  h  ith t t  h  ith t DNA DNA But But notnot accurate enough, without accurate enough, without cDNA sequencecDNA sequence
datadata

P di ti   hi hl  h th ti lP di ti   hi hl  h th ti lPrediction = highly hypotheticalPrediction = highly hypothetical



Gene Prediction Programs (3)Gene Prediction Programs (3)

Annotation of the human genomeAnnotation of the human genome
Genome Browse Genome Browse (UCSC)(UCSC)

Kent et al. 2002Kent et al. 2002

Ensembl Ensembl (EBI)(EBI)
Bi  t l  2004Bi  t l  2004Birney et al. 2004Birney et al. 2004

Map ViewerMap Viewer (NCBI)(NCBI)Map ViewerMap Viewer (NCBI)(NCBI)



G  P d  h d  G  P d  h d  Gene Prediction Methods Gene Prediction Methods ––
Single vs. CombinatorialSingle vs. Combinatorial (1)(1)gg ( )( )

Searching bySearching by signalsignalg yg y gg
The analysis of sequence signals that are potentially involved The analysis of sequence signals that are potentially involved 
in in gene specificationgene specification

Searching bySearching by contentcontent
The analysis of regions showing The analysis of regions showing compositional biascompositional bias that has that has y g gy g g pp
been correlated with been correlated with coding regionscoding regions

ExampleExampleExampleExample
Ab initioAb initio gene prediction ~ gene prediction ~ intrinsicintrinsic or or templatetemplate gene gene 
predictionpredictionpp



G  P d  h d  G  P d  h d  l   l   Gene Prediction Methods Gene Prediction Methods –– Single vs. Single vs. 
CombinatorialCombinatorial (2)(2)( )( )

HomologHomolog--based gene predictionbased gene predictiongg g pg p
Comparing sequences of interest against Comparing sequences of interest against knownknown coding sequencescoding sequences

C mp ti  n  p di ti nC mp ti  n  p di ti nComparative gene predictionComparative gene prediction
Comparing sequences of interest Comparing sequences of interest anonymousanonymous genomic sequencesgenomic sequences

ExampleExample
ExtrinsicExtrinsic oror llookook--upup gene predictiongene prediction

G  t t  i  di t d th h G  t t  i  di t d th h i  ith th  i  ith th  Gene structure is predicted through Gene structure is predicted through comparison with other sequencescomparison with other sequences
whose whose characteristicscharacteristics are already knownare already known



P k ti   E k ti  G  (1)P k ti   E k ti  G  (1)Prokaryotic vs. Eukaryotic Genes (1)Prokaryotic vs. Eukaryotic Genes (1)



Prokaryotic vs. Eukaryotic Genes (2)Prokaryotic vs. Eukaryotic Genes (2)

Prokaryotic genesProkaryotic genes
By By singlesingle open reading frames open reading frames (ORFs)(ORFs)By By singlesingle open reading frames open reading frames (ORFs)(ORFs)

Usually found Usually found adjacentadjacent to one anotherto one another

Eukaryotic genesEukaryotic genes
Coding sequences (the Coding sequences (the exonsexons) are interrupted by large, non) are interrupted by large, non--

d  d  coding coding intronsintrons



Gene Prediction in Eukaryotes (1)Gene Prediction in Eukaryotes (1)

11 Identifying and scoring suitable Identifying and scoring suitable 1.1. Identifying and scoring suitable Identifying and scoring suitable 
Splice sitesSplice sites, , startstart &  &  stop signalsstop signals along the query sequencealong the query sequence

2.2. Predicting candidate Predicting candidate exonsexons
As deduced through the detection of these As deduced through the detection of these signalssignalsgg gg



Gene Prediction in Eukaryotes (2)Gene Prediction in Eukaryotes (2)

3.3. Scoring these exons as a function of Scoring these exons as a function of both both 
The The signalssignals used to detect the used to detect the exonsexons, as well as on , as well as on 
Coding statisticsCoding statistics computed on the putative exon sequence computed on the putative exon sequence 
itselfitselfitselfitself

In In homologyhomology--based & comparative methodsbased & comparative methodsIn In homologyhomology--based & comparative methodsbased & comparative methods
Exon scores Exon scores factorfactor in the quality of in the quality of the alignmentthe alignment between between 
the query sequencethe query sequence and either and either known coding sequencesknown coding sequences or or 
anonymous genomic sequencesanonymous genomic sequences



Gene Prediction in Eukaryotes (3)Gene Prediction in Eukaryotes (3)

4.4. AssemblingAssembling a subset of these candidates into a a subset of these candidates into a 
predicted gene structurepredicted gene structure

To maximize To maximize a particular scoring functiona particular scoring function
D p nd nt n th  s  f h f th  indi id l x n ndid t s D p nd nt n th  s  f h f th  indi id l x n ndid t s Dependent on the score of each of the individual exon candidates Dependent on the score of each of the individual exon candidates 
that comprise the overall predicted gene structure that comprise the overall predicted gene structure 



Prediction of ExonPrediction of Exon--Defining Signals (1)Defining Signals (1)

Df: sequence signalsDf: sequence signals
Short, function DNA elementsShort, function DNA elements involved in involved in gene gene 
specificationspecification



Four Basic Signals Involved in Gene Four Basic Signals Involved in Gene Four Basic Signals Involved in Gene Four Basic Signals Involved in Gene 
Specification (1) Specification (1) –– PWMsPWMs

1. The translational start 1. The translational start 
 ( (11 G)G)site (site (11AATG)TG)

2.  The 5’ (donor)2.  The 5’ (donor) splicing splicing ( )( ) p gp g
sitesite

3  The 3’ (3  The 3’ (acceptoracceptor) splicing ) splicing 3. The 3  (3. The 3  (acceptoracceptor) splicing ) splicing 
sitesite

U1, U2: ribonucleoproteins 



Four Basic Signals Involved in Gene Four Basic Signals Involved in Gene Four Basic Signals Involved in Gene Four Basic Signals Involved in Gene 
Specification (2) Specification (2) –– PWMsPWMs

4. The stop codon4. The stop codon



P  h   (P )P  h   (P )Position Weight Matrices (PWMs)Position Weight Matrices (PWMs)

A set of A set of known functional known functional 
signalssignals and are used and are used to to signalssignals and are used and are used to to 
computecompute the sequence the sequence 
signal across a sequence of signal across a sequence of 
interestinterestinterestinterest

Transcriptional binding Transcriptional binding p gp g
proteinprotein (TBP) motif(TBP) motif



Prediction & Scoring of Exons (1)Prediction & Scoring of Exons (1)

Sequence signals +Sequence signals +
ContentContent--based features = coding based features = coding 
statisticsstatistics

Three types of exonsThree types of exonsypyp
Initial exonsInitial exons

ORFs delimited by ORFs delimited by a start sitea start site and and 
a a 5’ (donor) site5’ (donor) site

Internal exonsInternal exons
ORFs delimited by a ORFs delimited by a 3’ (acceptor)3’ (acceptor)
site site and and 5’ (donor) site5’ (donor) sitesite site and and 5  (donor) site5  (donor) site

Terminal exonsTerminal exons
ORFs delimited by ORFs delimited by a 3’ (acceptor)a 3’ (acceptor)ORFs delimited by ORFs delimited by a 3  (acceptor)a 3  (acceptor)
sitesite and and a stop codon a stop codon 



CC b d F   C di  S i ib d F   C di  S i iContentContent--based Features = Coding Statisticsbased Features = Coding Statistics

••1761 exons1761 exons

••1753 introns1753 intronsAbsolute 
••Clear triplet Clear triplet 
pattern in pattern in 
coding coding 
regions=the regions=the 
characteristic characteristic 

frequency 

characteristic characteristic 
codon usage in codon usage in 
coding regioncoding region

Coding statisticsCoding statistics
The The likelihoodlikelihood that a given DNA sequence codes for that a given DNA sequence codes for a proteina protein or or protein fragmentprotein fragment

E.g.,E.g., Hexamer frequenciesHexamer frequencies: : in the form of codon positionin the form of codon position--dependent fifthdependent fifth--order order 
M k  d l   t id l  dM k  d l   t id l  dMarkov model:  most widely usedMarkov model:  most widely used

The The unevenuneven distribution of amino acids in proteins, discriminate distribution of amino acids in proteins, discriminate proteinprotein--
codingcoding regions from regions from nonnon--coding regionscoding regionsgg gg g gg g

Fickett & Tung 1992; Gelfand 1995; Guigo 1999Fickett & Tung 1992; Gelfand 1995; Guigo 1999



A Morkov ChainA Morkov Chain A series of observations in A series of observations in 
which the which the probabilityprobability of an of an 
observation depends observation depends on a on a observation depends observation depends on a on a 
number of previous number of previous 
observationsobservations

The number of observations The number of observations 
defines defines the “order” of the the “order” of the 
chainchainchainchain

[Example][Example] in in a firsta first--orderorder
Markov model, the probability Markov model, the probability 
of an observation depends of an observation depends only only of an observation depends of an observation depends only only 
on the previous observationon the previous observation. . 
In a Markov chain of order 5In a Markov chain of order 5, , 
the probability of an the probability of an 
b ti  d d  b ti  d d   th   th  observation depends observation depends on the on the 

five preceding observationsfive preceding observations

An edgeAn edge--labeled labeled directed graphdirected graph; each ; each nodenode: : a “state”;a “state”; edgeedge--labels: labels: probabilitiesprobabilities of of An edgeAn edge labeled labeled directed graphdirected graph; each ; each nodenode: : a state ;a state ; edgeedge labels: labels: probabilitiesprobabilities of of 
moving the state at the end of moving the state at the end of the directed arcthe directed arc. . 



DNA Sequences & Markov ModelsDNA Sequences & Markov Models

The The likelihoodlikelihood of observing a particular base of observing a particular base at a given positionat a given position
may depend on may depend on the base preceding itthe base preceding itmay depend on may depend on the base preceding itthe base preceding it

In particular, in coding regions, it is well known that the probability In particular, in coding regions, it is well known that the probability 
of a given base depends on the of a given base depends on the five preceding basesfive preceding bases, reflecting , reflecting 
observed observed codon biasescodon biases and and dependenciesdependencies between between adjacent codonsadjacent codonsobserved observed codon biasescodon biases and and dependenciesdependencies between between adjacent codonsadjacent codons

In nonIn non--coding regions, such coding regions, such dependencedependence is not observedis not observed

When scanning When scanning an an anonymousanonymous genomic regiongenomic region, one can compute , one can compute 
how well how well the local nucleotide sequencethe local nucleotide sequence conforms to conforms to the fifththe fifth--qq
order dependenciesorder dependencies observed observed in in coding regionscoding regions & assign & assign 
appropriate appropriate coding likelihood scorescoding likelihood scores



Prediction of Genes Through Prediction of Genes Through Ab initioAb initio MethodsMethods

Splicing genesSplicing genes together into together into a putative gene structurea putative gene structure can help can help 
to eliminate to eliminate the prediction of false exonsthe prediction of false exons by simply examining by simply examining pp y p y gy p y g
whether whether adjacent exonsadjacent exons maintain the open reading frame maintain the open reading frame 
established by the initial exonestablished by the initial exon

See next slideSee next slideSee next slideSee next slide

Main difficulty in Main difficulty in exon assemblyexon assembly
Simple Simple combinatioricscombinatiorics: the number of possible exon assemblies : the number of possible exon assemblies 
grows grows exponentiallyexponentially with the number of predicted exons for any with the number of predicted exons for any 
given genegiven gene

SolutionSolution
Dynamic programming techniques (Bellman 1957)Dynamic programming techniques (Bellman 1957)y p g g q ( )y p g g q ( )



http://www.ncbi.nlm.nih.gov/mapview
/maps.cgi?taxid=9606&chr=9&query/maps.cgi?taxid 9606&chr 9&query
=uid(823789,13039333,11092128,14
264426)&QSTR=1761%5Bgene%5F
id%5D&maps=gene set&cmd=focusp g _



http://www.ncbi.nlm.nih.gov/mapview/
modelmaker.cgi?QSTR=1761[gene_id
]&QUERY=uid(823789,13039333,110
92128,14264426)&taxid=9606&contig
=NT_008413.17&gene=DMRT1



P  ith D i  P i  f  P  ith D i  P i  f  Programs with Dynamic Programming for Programs with Dynamic Programming for 
Gene PredictionGene Prediction

The solution of a general problem is obtained by The solution of a general problem is obtained by the recursive the recursive 
solution of smaller versions of the problemsolution of smaller versions of the problem (Gelfand & Roytberg (Gelfand & Roytberg 
1993)1993)1993)1993)

Find the solution Find the solution efficientlyefficiently without having to enumerate or consider each without having to enumerate or consider each 
and every possible combination of exonsand every possible combination of exons

GRAIL2GRAIL2
Xu et al. 1994Xu et al. 1994

FGENESH FGENESH 
Solovyev et al. 1995Solovyev et al. 1995

GENEID GENEID 
Guigo et al. 1992; Guigo 1998Guigo et al. 1992; Guigo 1998



Hidden Markov Models (HMMs) Hidden Markov Models (HMMs) 
in Gene Prediction (1)in Gene Prediction (1)

To define highly complex patterns  e g  To define highly complex patterns  e g  multigenicmultigenic genesgenesTo define highly complex patterns, e.g., To define highly complex patterns, e.g., multigenicmultigenic genesgenes
High High efficiencyefficiency in genome sequencesin genome sequences

ApplicationsApplications
Multiple sequence alignment Multiple sequence alignment (MSA)(MSA)
The classification and characterization of The classification and characterization of protein familiesprotein familiesThe classification and characterization of The classification and characterization of protein familiesprotein families
The comparison of The comparison of protein structuresprotein structures
The The predictionprediction of of gene structuregene structure



Hidd  M k  M d l  (HMM ) Hidd  M k  M d l  (HMM ) Hidden Markov Models (HMMs) Hidden Markov Models (HMMs) 
in Gene Prediction (2)in Gene Prediction (2)

InputInput
A raw A raw nucleotide sequence nucleotide sequence 

From 5’ to 3’ end of the geneFrom 5’ to 3’ end of the gene
The unique  characteristics of The unique  characteristics of A raw A raw nucleotide sequence nucleotide sequence 

To predictTo predict
Whether a given base is most likely Whether a given base is most likely 

The unique  characteristics of The unique  characteristics of 
promoterpromoter regionsregions

Transcription start sites (TSSs), Transcription start sites (TSSs), 
5’ UTRs, start codons, exons, 5’ UTRs, start codons, exons, 

li  d  li   li  d  li   Whether a given base is most likely Whether a given base is most likely 
found in found in 

An intron, An intron, 
An exon, or An exon, or 

splice donors, splice acceptors, splice donors, splice acceptors, 
stop codons, 3’ UTRs, stop codons, 3’ UTRs, polyA polyA 
tailstails

Within an intergenic regionWithin an intergenic region



Hidd  M k  M d l  (HMM ) i  Hidd  M k  M d l  (HMM ) i  Hidden Markov Models (HMMs) in Hidden Markov Models (HMMs) in 
Gene Prediction (3)Gene Prediction (3)

To take into account To take into account 
The The promoterpromoter (& its (& its TATA boxTATA box) must be ) must be appear beforeappear before the the start codonstart codonThe The promoterpromoter (& its (& its TATA boxTATA box) must be ) must be appear beforeappear before the the start codonstart codon
An An initial exoninitial exon must follow must follow the start codonthe start codon
Introns must follow exonsIntrons must follow exons
Introns can only be followed by Introns can only be followed by internalinternal or or terminalterminal exonsexonsIntrons can only be followed by Introns can only be followed by internalinternal or or terminalterminal exonsexons
Stop codons Stop codons cannotcannot interrupt the coding regioninterrupt the coding region
PolyA signalsPolyA signals must appear must appear after the stop codonafter the stop codon (see previous slide)(see previous slide)

  RFRF  b   b  d h hd h h ll   d   ll   d   An An ORFORF must be must be maintained throughoutmaintained throughout actually to produce a proteinactually to produce a protein



Hidden Markov Models (HMMs) in Hidden Markov Models (HMMs) in 
Gene Prediction (4)Gene Prediction (4)

Each of the elementsEach of the elements
Exons, introns…= Exons, introns…= statesstatesExons, introns…  Exons, introns…  statesstates

The sequence characteristics & The sequence characteristics & syntactical constraintssyntactical constraints (above (above 
two slides) allow two slides) allow a transition probabilitya transition probability to be assignedto be assignedtwo slides) allow two slides) allow a transition probabilitya transition probability to be assignedto be assigned

Indicating Indicating how likelyhow likely a change of state is as one moves through the a change of state is as one moves through the 
sequence, sequence, base by basebase by base

HiddenHidden
The user “sees” the nucleotide sequence The user “sees” the nucleotide sequence being analyzedbeing analyzed  but the  but the The user sees  the nucleotide sequence The user sees  the nucleotide sequence being analyzedbeing analyzed, but the , but the 
user doesn’t actually see user doesn’t actually see the statesthe states that the individual bases are that the individual bases are 
inin



Hidden Markov Models (HMMs) in Hidden Markov Models (HMMs) in 
Gene Prediction (5)Gene Prediction (5)

Each state emits a Each state emits a 
particular particular kind of kind of pp
nucleotide sequencenucleotide sequence, with , with 
its own emission its own emission 
probabilityprobability

The The state emittingstate emitting the the 
nucleotide is nucleotide is hiddenhidden
The The sequence itself is visiblesequence itself is visible

The transition & The transition & emission emission 
probabilitiesprobabilities are derived are derived 
f  f  t i i  tt i i  tfrom from training setstraining sets

Sequences for which the Sequences for which the 
correct gene structurecorrect gene structure is is 
already knownalready knownalready knownalready known



Hidden Markov Models (HMMs) in Hidden Markov Models (HMMs) in 
Gene Prediction (5)Gene Prediction (5)

GoalGoal
To develop To develop a set of parametersa set of parameters that allows the method that allows the method To develop To develop a set of parametersa set of parameters that allows the method that allows the method 
to be to be fine tunedfine tuned

Maximizing the chancesMaximizing the chances that that a correct predictiona correct prediction is is pp
generated on generated on a new sequence of interesta new sequence of interest

These parameters differ from organism to organism These parameters differ from organism to organism 

The success of any given HMMThe success of any given HMM--based method depends on based method depends on 
how wellhow well these these parametersparameters have been deduced from have been deduced from the the 

  training settraining set



Programs Based on HMMsPrograms Based on HMMs

To define To define highly complex patternshighly complex patterns, e.g., , e.g., multigenicmultigenic genesgenes
High High efficiencyefficiency in genome sequencesin genome sequencesgg yy g qg q

GENSCANGENSCAN
Burge & Karlin 1997Burge & Karlin 1997Burge & Karlin 1997Burge & Karlin 1997
Annotation of Annotation of eukaryotic genomeseukaryotic genomes

GENIEGENIE
Kulp et al. 1996Kulp et al. 1996

HMM geneHMM gene
Krogh 1997Krogh 1997



Sequences SimilaritySequences Similarity--Based Prediction (1)Based Prediction (1)

Methods based on the Methods based on the comparisoncomparison of of the genomic sequencethe genomic sequence
with with known coding sequencesknown coding sequenceswith with known coding sequencesknown coding sequences

BLASTx (Gish & States 1993)BLASTx (Gish & States 1993)
ORFsORFs in prokaryotic genomes: usefulin prokaryotic genomes: useful

The split nature of eukaryotic genes: BLASTxThe split nature of eukaryotic genes: BLASTx--like searches like searches do do 
notnot resolve resolve exon splice boundariesexon splice boundaries

Solution: Solution: combined BLASTx & combined BLASTx & ab initioab initio methodsmethods
GenomeScanGenomeScan (Yeh et al. 2001)(Yeh et al. 2001)
GeneIDGeneID (Blanco et al. 2002)(Blanco et al. 2002)



S  Si il itS  Si il it B d P di ti  (2)B d P di ti  (2)Sequences SimilaritySequences Similarity--Based Prediction (2)Based Prediction (2)

Expressed sequence tag Expressed sequence tag 
(EST)(EST)

Valuable for identifying Valuable for identifying Valuable for identifying Valuable for identifying 
genes & delineating genes & delineating exonic exonic 
structure structure 

Alternative splicing formsAlternative splicing formsAlternative splicing formsAlternative splicing forms

ExampleExample
h // bi l ih / ih // bi l ih / ihttp://www.ncbi.nlm.nih.gov/mapviehttp://www.ncbi.nlm.nih.gov/mapvie
w/modelmaker.cgi?taxid=9606&cntw/modelmaker.cgi?taxid=9606&cnt
g=cntg&QSTR=1761[gene_id]&QUEg=cntg&QSTR=1761[gene_id]&QUE
RY=uid(823789,13039333,1109212RY=uid(823789,13039333,1109212
8 14264426)& i NT 008413 18 14264426)& i NT 008413 18,14264426)&contig=NT_008413.18,14264426)&contig=NT_008413.1
7&from=831690&to=959090&stran7&from=831690&to=959090&stran
d=plus&with_estd=plus&with_est

http://www.ncbi.nlm.nih.gov/About/primer/est.html



Sequences SimilaritySequences Similarity--Based Prediction (3)Based Prediction (3)

Mapping ESTsMapping ESTs to to genomic DNA sequencesgenomic DNA sequences with stringent with stringent 
parametersparametersparametersparameters

BLAT (Kent 2002) BLAT (Kent 2002) 
BLASTn (Altschul et al. 1990)BLASTn (Altschul et al. 1990)

DisadvantagesDisadvantages
Exon boundaries not perfectly identified: a viable ORF is not identified Exon boundaries not perfectly identified: a viable ORF is not identified 

Specialized programsSpecialized programs
GRAILGRAIL--EXPEXPGRAILGRAIL EXPEXP

Using Using splice site modelssplice site models, provide a more clear solution to the problem, provide a more clear solution to the problem



Sequences SimilaritySequences Similarity--Based Prediction (4)Based Prediction (4)

Spliced alignments Spliced alignments 
Aligning the genomic query against Aligning the genomic query against a protein (or cDNA) targeta protein (or cDNA) target   Aligning the genomic query against Aligning the genomic query against a protein (or cDNA) targeta protein (or cDNA) target, , 
presumably homologous to the presumably homologous to the protein encoded in the genomicprotein encoded in the genomic
sequencesequence

Large gapsLarge gaps corresponding to corresponding to intronsintrons in the query sequence are only in the query sequence are only 
allowed at allowed at “legal” splice junctions“legal” splice junctions

Examples of programs Examples of programs 
SIM4SIM4 (Florea et al. 1998)(Florea et al. 1998)
EST_GENOME (Mott 1997)EST_GENOME (Mott 1997)
PROCRUSTES (Gelfand et al. 1996)PROCRUSTES (Gelfand et al. 1996)
GENEWISE GENEWISE (Birney & Durbin 1997)(Birney & Durbin 1997)



Comparative Gene Prediction (1)Comparative Gene Prediction (1)

RationaleRationale
Functional regions (proteinFunctional regions (protein--coding regions)coding regions) tend to be tend to be moremoreFunctional regions (proteinFunctional regions (protein--coding regions)coding regions) tend to be tend to be moremore
conservedconserved than nonthan non--proteinprotein--coding regionscoding regions

A li iA li iApplicationApplication
To identify To identify proteinprotein--coding regionscoding regions in newly sequenced genomesin newly sequenced genomes



Comparative Gene Prediction (2)Comparative Gene Prediction (2)

ExamplesExamples for for mouse vs. humanmouse vs. human comparative gene predictioncomparative gene prediction
TWINSCANTWINSCAN (Korf et al. 2001)(Korf et al. 2001)( )( )

An extension of GENSCAN (Annotation of An extension of GENSCAN (Annotation of eukaryotic genomes)eukaryotic genomes)

SGPSGP--22 (Parra e tal  2003)(Parra e tal  2003)SGPSGP 22 (Parra e tal. 2003)(Parra e tal. 2003)
An extension of GeneID (dynamic programming)An extension of GeneID (dynamic programming)

SLAMSLAM (Alexandersson et al  2003)(Alexandersson et al  2003)SLAMSLAM (Alexandersson et al. 2003)(Alexandersson et al. 2003)
HMMHMM--based methodbased method: gene predictions & : gene predictions & sequence alignmentssequence alignments are are 
performed simultaneouslyperformed simultaneously

The The probability scoresprobability scores calculated by each of these programs for calculated by each of these programs for 
putative exonsputative exons are adjusted based on are adjusted based on comparative resultscomparative results



Gene Prediction Programs Gene Prediction Programs –– CrossCross--sectionsectionGene Prediction Programs Gene Prediction Programs –– CrossCross--sectionsection



GRAIL (1)GRAIL (1)

The Gene Recognition and Analysis Internet Link (GRAIL)The Gene Recognition and Analysis Internet Link (GRAIL)
Uberbacher & Mural 1991Uberbacher & Mural 1991Uberbacher & Mural 1991Uberbacher & Mural 1991
To calculate the likelihood that a particular position is within a coding region To calculate the likelihood that a particular position is within a coding region 
by computing and integrating seven  separate coding statistic measuresby computing and integrating seven  separate coding statistic measures

GRAIL2 (Xu et al 1994)GRAIL2 (Xu et al 1994)
Incorporation of information about different splice and translational Incorporation of information about different splice and translational 
signalssignalssignals,signals,

GRAILGRAIL--EXPEXP (Xu & Uberbacher 1997)(Xu & Uberbacher 1997)
Incorporation of homology information Incorporation of homology information Incorporation of homology information Incorporation of homology information 

BLASTn searches against a database of partial & complete transcripts (ESTs) BLASTn searches against a database of partial & complete transcripts (ESTs) 



GRAIL (2)GRAIL (2)

OutputsOutputs
A profile along the length of the A profile along the length of the 
query sequence  peaks query sequence  peaks query sequence, peaks query sequence, peaks 
correspond to coding regionscorrespond to coding regions

ExampleExampleExampleExample
The human UROD gene The human UROD gene 
U30787U30787

FASTA formatFASTA format

EMBL annotation and genes predicted by EMBL annotation and genes predicted by 
GrailGrail, , GENSCANGENSCAN, , geneidgeneid and and FGENESHFGENESH in in FASTA formatFASTA format

An SP1 binding site, TATA box, An SP1 binding site, TATA box, 
10 exons have been annotated 10 exons have been annotated 
to this sequenceto this sequence

,, ,, gg
the sequence U30787. the sequence U30787. First exonFirst exon is is 
always missed in the predictions and there always missed in the predictions and there 
are some problems are some problems to detect the donor to detect the donor 
site fr m ex n 5site fr m ex n 5 Detecti n f Detecti n f start start qq

Full length: 4,514 bp Full length: 4,514 bp 
site from exon 5.site from exon 5. Detection of Detection of start start 
codonscodons is a serious drawback in current is a serious drawback in current 
gene finding programs. However, this gene finding programs. However, this 
problem can be overcome by using problem can be overcome by using p y gp y g
homology informationhomology information to complete the to complete the 
gene prediction. gene prediction. 



BLASTn BLASTn 
searches searches 
through through gg
GRAILGRAIL--EXPEXP

5/10 known exons 
+  small internal 
exonexon



EMBL annotation vs. Gene Predicted by EMBL annotation vs. Gene Predicted by yy
GRAIL & GRAILGRAIL & GRAIL--EXPEXP

Five Five 
alternative alternative alternative alternative 
predictions predictions 
supported by supported by 
ESTs ESTs E  E  
information information 



GeneID (1)GeneID (1)

A program that predicts genes A program that predicts genes in in genomic sequencesgenomic sequences using a using a 
hierarchical approachhierarchical approachhierarchical approachhierarchical approach

Guigo et al. 1992; Parra et al. 2000Guigo et al. 1992; Parra et al. 2000

I i  f I i  f  i f i i f i i   l  i  i   l  i  Incorporation of Incorporation of new informationnew information in most recently version in most recently version 
(Blanco et al. 2002)(Blanco et al. 2002)

Sequence Sequence similaritysimilarityqq yy
ExperimentalExperimental datadata
Data from Data from other computational predictionsother computational predictions



GeneID (2)GeneID (2)

Step 1Step 1
Position weight matrices (PWM)Position weight matrices (PWM): prediction of : prediction of splice sitessplice sites, , startstart, , 
stopstop codons  codons  scorescore given given stopstop codons, codons, scorescore given given 

Step 2 Step 2 pp
ExonsExons are built from identified are built from identified “defining sites” “defining sites” (step 1),(step 1), scorescore givengiven
Exons are scored = sum of the scores of Exons are scored = sum of the scores of the defining sitesthe defining sites + the + the 
score of score of their coding potentialtheir coding potentialscore of score of their coding potentialtheir coding potential

Step 3Step 3
Based on the set of Based on the set of predicted exonspredicted exons, the , the gene structure is gene structure is 
assembledassembled, predicting , predicting the most likely gene structurethe most likely gene structure by by maximizingmaximizing
the sum of the scoresthe sum of the scores of the assembled exonsof the assembled exons



GeneID (3)GeneID (3) -- OutputOutput

http://genome.imim.http://genome.imim.
es/courses/Madrid0es/courses/Madrid0es/courses/Madrid0es/courses/Madrid0
4/exercises/genefin4/exercises/genefin
ding1/index.htmlding1/index.html



GENESCAN (1)GENESCAN (1)

A general purpose A general purpose eukaryotic geneeukaryotic gene prediction programprediction program
Hidden Morkov ModelHidden Morkov ModelHidden Morkov ModelHidden Morkov Model

Donor splice site modeling, Donor splice site modeling, maximal dependence decompositionmaximal dependence decomposition
A series of weight matricesA series of weight matrices (instead of just one) are used to capture (instead of just one) are used to capture 
dependenciesdependencies between positions in these splice sitesbetween positions in these splice sitesdependenciesdependencies between positions in these splice sitesbetween positions in these splice sites

Parameters Parameters 
Accounting for many Accounting for many higherhigher--order properties of genomic sequencesorder properties of genomic sequencesAccounting for many Accounting for many higherhigher order properties of genomic sequencesorder properties of genomic sequences

E.g., E.g., typical gene densitytypical gene density, typical number of exons per gene & , typical number of exons per gene & the distribution of exon the distribution of exon 
sizessizes for different types of exonsfor different types of exons

Separate sets of gene model parametersSeparate sets of gene model parameters can be used to adjust for the can be used to adjust for the 
d ff    d  d    d ff    d  d      differences in gene density and G+C composition seen differences in gene density and G+C composition seen across genomesacross genomes

Vertebrate, maize & Arabidopsis sequencesVertebrate, maize & Arabidopsis sequences, p q, p q



GENESCAN (2)GENESCAN (2)

GenomeSCAN GenomeSCAN 
Yeh et al. 2001Yeh et al. 2001
An extension of GENESCAN An extension of GENESCAN 

Incorporations of Incorporations of sequence similarity sequence similarity to to known proteins known proteins using using Incorporations of Incorporations of sequence similarity sequence similarity to to known proteins known proteins using using 
BLASTx BLASTx 

Higher scores for exons exhibiting Higher scores for exons exhibiting similarity to known proteinssimilarity to known proteins
Decreased scores for Decreased scores for predicted exonspredicted exons having little to no similarity with having little to no similarity with Decreased scores for Decreased scores for predicted exonspredicted exons having little to no similarity with having little to no similarity with 
known proteinsknown proteins



••Gn. Ex: gene exon no.; Gn. Ex: gene exon no.; TypeType: exon type or an identified poly A; : exon type or an identified poly A; SS: the strand; Fr: : the strand; Fr: 
frame; several scoring columns; frame; several scoring columns; PP: probability value: P>0.99 are 97.7% accurate : probability value: P>0.99 are 97.7% accurate frame; several scor ng columns; frame; several scor ng columns; PP  probab l ty value  P 0.99 are 97.7% accurate  probab l ty value  P 0.99 are 97.7% accurate 
when the prediction matches a true, annotated exon; when the prediction matches a true, annotated exon; 0.50 to 0.990.50 to 0.99 are deemed are deemed 
to be correct most of the time; to be correct most of the time; 9/10 correct9/10 correct



FGENES (1)FGENES (1)

FGENES=“Find genes”FGENES=“Find genes”
11st st version: Solovyev et al. 1995version: Solovyev et al. 1995
Linear discriminant analysisLinear discriminant analysis to identify to identify splice sitessplice sites, , exonsexons, and , and 
promoterpromoter elementselements

Filtered exonsFiltered exons are assembled using are assembled using a dynamic programming algorithma dynamic programming algorithm
that searches paths of compatible exons, with the goal of maximizing that searches paths of compatible exons, with the goal of maximizing 
the final gene scorethe final gene scoref gf g

FGENESHFGENESH
An An HMMHMM--basedbased variant of FGENESvariant of FGENES



FGENES (2)FGENES (2)

FGENESH+ FGENESH+ 
+ + protein homologyprotein homology (Salamov & Solovyev 2000)(Salamov & Solovyev 2000)

& FGENESH& FGENESH--CC
+ + cDNA homologycDNA homology (Salamov & Solovyev 2000)(Salamov & Solovyev 2000)+ + cDNA homologycDNA homology (Salamov & Solovyev 2000)(Salamov & Solovyev 2000)

Using information of Using information of known genes & DNA sequencesknown genes & DNA sequences
Better powerBetter power



Discriminant Analysis in Gene Prediction (1)Discriminant Analysis in Gene Prediction (1)

To discriminate To discriminate two or more naturally occurring groupstwo or more naturally occurring groups
Zhang 1997Zhang 1997Zhang 1997Zhang 1997

In the area of gene prediction, the In the area of gene prediction, the observablesobservables
Try to discriminate whether a Try to discriminate whether a particular stretch of DNAparticular stretch of DNA is found is found 
in either in either an an intronintron or or an an exonexon could include the presence of putative could include the presence of putative 
acceptor sites, donor sites, or start and stop codonsacceptor sites, donor sites, or start and stop codonsp , , pp , , p

Two observablesTwo observables
Splice site scoresSplice site scores and and exon lengthexon length are plotted against each other on a are plotted against each other on a Splice site scoresSplice site scores and and exon lengthexon length are plotted against each other on a are plotted against each other on a 
simple XY graphsimple XY graph
Two different symbols = Two different symbols = two different groupstwo different groups

X= exon; circle= intronX= exon; circle= intronX= exon; circle= intronX= exon; circle= intron



Discriminant Analysis in Gene Prediction (2)Discriminant Analysis in Gene Prediction (2)

Two different types of discriminant analysisTwo different types of discriminant analysis could be applied to could be applied to 
try try to separate the two states from one anotherto separate the two states from one another

Linear discriminant vs. Linear discriminant vs. quadratic discriminant analysisquadratic discriminant analysis

The relationship between these two sets of observablesThe relationship between these two sets of observablesThe relationship between these two sets of observablesThe relationship between these two sets of observables
Nonlinear or multivariateNonlinear or multivariate,, the resulting graph looks like the resulting graph looks like a swarm of a swarm of 
pointspoints

A linear function L(x) cannot adequately separate the two statesA linear function L(x) cannot adequately separate the two states
An appropriable number of points have been misclassifiedAn appropriable number of points have been misclassified

The quadratic function Q(x) is capable of The quadratic function Q(x) is capable of completely separating the completely separating the 
two groups in this casetwo groups in this case



FGENESHFGENESH O t tO t tFGENESHFGENESH -- OutputOutput

•G=gene number;
•Strand;
•The exon number 
within the gene; 
•The exon type; 
f=first; i=internal;f first; i internal; 
l=last;
•The start and stop 
positions for thepositions for the 
exon;
•An exon score;
•ORF start and stop•ORF start and stop 
positions;



FGENESHFGENESH -- OutputOutput



GENEWISEGENEWISE

To compare To compare a genomic sequencea genomic sequence with with a protein sequencea protein sequence or with or with 
an an HMM representing a protein domainHMM representing a protein domainan an HMM representing a protein domainHMM representing a protein domain

At protein level while maintaining the reading frame, At protein level while maintaining the reading frame, regardlessregardless of of 
intervening introns or sequence errors that may cause frameshiftsintervening introns or sequence errors that may cause frameshifts

Gene prediction + a homology comparisonGene prediction + a homology comparison

Computationally Computationally expensiveexpensive and and accurate predictionaccurate prediction requires the requires the 
presence of presence of a close, homologous proteina close, homologous protein



GFF2PSGFF2PS
softwaresoftwaresoftwaresoftware

The results of GENEWISE predictions The results of GENEWISE predictions when progressively distant when progressively distant The results of GENEWISE predictions The results of GENEWISE predictions when progressively distant when progressively distant 
homologshomologs of the UROD protein are used of the UROD protein are used –– POWERFULPOWERFUL (in EBI)(in EBI)



( ) UCSC b t ti f th i t i i th(a) UCSC genome browser representation of the region containing the gene 
uroporphyrinogen decarboxylase (URO-D)



(b) UCSC genome browser representation of the context (100Kbps) region(b) UCSC genome browser representation of the context (100Kbps) region 
around the gene uroporphyrinogen decarboxylase (URO-D).



How Well Do the Methods Work? (1)How Well Do the Methods Work? (1)

Different methodsDifferent methods can produce different, & sometimes, can produce different, & sometimes, 
contradictorycontradictory resultsresultscontradictorycontradictory resultsresults

Factors affectingFactors affecting
SpeciesSpecies
The sequence The sequence contextcontext
The existence of The existence of experimental evidenceexperimental evidenceThe existence of The existence of experimental evidenceexperimental evidence

Spliced ESTsSpliced ESTs: strong supports: strong supports

C i  di i  b  diff  h dC i  di i  b  diff  h dConsistent predictions by different methodsConsistent predictions by different methods



How Well Do the Methods Work? (2)How Well Do the Methods Work? (2)

The reliabilityThe reliability
The accuracy of gene prediction program is usually determined The accuracy of gene prediction program is usually determined The accuracy of gene prediction program is usually determined The accuracy of gene prediction program is usually determined 
using using controlled, defined data setscontrolled, defined data sets

Comparing the prediction made by a method with Comparing the prediction made by a method with the actual gene the actual gene 
structurestructure  determined  determined experimentallyexperimentallystructurestructure, determined , determined experimentallyexperimentally

Two basic measure, a perfect prediction Sn=1; Sp=1, neither one Two basic measure, a perfect prediction Sn=1; Sp=1, neither one 
alone provide a good measure of global accuracyalone provide a good measure of global accuracy

Sensitivity (Sn) (0~1)Sensitivity (Sn) (0~1)
The proportion of coding nucleotides, exons, or genes that have been The proportion of coding nucleotides, exons, or genes that have been p p g , , gp p g , , g
predicted predicted correctlycorrectly

Specificity (Sp) (0~1)Specificity (Sp) (0~1)p y pp y p
The proportion of predicted coding nucleotides, exons, or genes that are The proportion of predicted coding nucleotides, exons, or genes that are realreal
(the overall fraction of the prediction that is correct)(the overall fraction of the prediction that is correct)



How Well Do the Methods Work? (3)How Well Do the Methods Work? (3)

The The reliabilityreliability
Correction coefficient (CC)Correction coefficient (CC)Correction coefficient (CC)Correction coefficient (CC)

(worst) (worst) --1~1 (perfect 1~1 (perfect 
prediction)prediction)

A combined measureA combined measure of the of the 
Sn and Sp valuesSn and Sp values



Dunham et al. 1999Dunham et al. 1999

Chr. 22Chr. 22
Comparisons of a number of Comparisons of a number of ab initioab initio and and comparative gene finderscomparative gene finders vs  vs  Comparisons of a number of Comparisons of a number of ab initioab initio and and comparative gene finderscomparative gene finders vs. vs. 
curated, manual annotationcurated, manual annotation

Th   f  Th   f  b i itib i iti  fi d  b t ti ll  ff  h   fi d  b t ti ll  ff  h  The accuracy of  The accuracy of  ab initioab initio gene finders substantially suffers when gene finders substantially suffers when 
moving up in moving up in complexitycomplexity from single gene sequence to genomefrom single gene sequence to genome--scale scale 
sequence datasequence data

GENSCAN CC=0.64; SGP2 CC=0.73GENSCAN CC=0.64; SGP2 CC=0.73



How Well Do the Methods Work? (3)How Well Do the Methods Work? (3)

Dunham et al. 1999Dunham et al. 1999



ExerciseExercise

http://genome.imim.es/courses/Madrid04/exercises/genefinding1http://genome.imim.es/courses/Madrid04/exercises/genefinding1
/index.html/index.html/index.html/index.html


