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“ln nature, nothing is
pericet ...

- Alice Walker
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What is Gene Prediction?

Gene prediction 1s the problem of parsing a
sequence 1nto coding
segments (CDSs) consisting of exons
separated by introns.




Signal Sensors

A evaluates fixed-length features
in DNA.
m Start codons
m Stop codons
n Donor sites
s, Acceptor sites
n Promoters

m Poly-A signals




Content Sensors

A evaluates variable-length
features which extend from one signal to
another:

m Exons
= Introns

m Intergenic regions
m UTRS




Gene Prediction Approaches

n [ntrinsic (ab)initio)
s GENSCAN, EGENESH, GeneMark. hmm GlimmerV,
Genie;
s Extrinsic (similarity-based)

s Spliced alignment: GenomeScan, EuGene, EGENESH,
FGENESH C, Geneld+, etc;

s Genomic comparison: TwinScan, TWAIN, SLAM, SGP,
FGENESH-2; etc;

n Integrated

s GeneScope, GeneMachine, JIGSAW, RiceGAAS,
Ensembl, EVM etc.




ab mnitio Gene Prediction

s Adopt a rigorous probabilistic model of sequence
structure and choose the most probable parse
according to that probabilistic model.

s Pros

s [fast and efficient

s Remarkable accuracy at the nucleotide level
m Cons

= [iess than 509 accuracy at the gene level




Development ofia Gene Finder

s Build the model

n Tramn the model to generate the nelated
parameters

s Predict/Evaluate




Imperiect Model

1-bpiintren




Accuracy Evaluation

s Nucleotide level
s Exon level

s Gene level




Nucleotide/Base Level

Prediction accuracy per base coding/non-coding
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Exon Level

= Prediction accuracy with respect to exact prediction of exon start
and end points

Wrong Correct
Exon Exon

PREDICTION : D I:I :

An exon is assumed to be correctly predicted if the overlap between actual
and predicted exon is greater or equal than a given threshold o.

_ number of Correct Exons Sensitivity
number of Actual Exons

_ number of Correct Exons Specificity
" number of Predicted Exons

_ number of Missing Exons (Sensitivity)
number of Actual Exons

number of Predicted Exons

_number of Wrong Exons (Specificity)




Gene/Protein Level

Prediction accuracy with respect to the protem product
encoded by the predicted gene




A Simple Calculation

Given x accuracy at exon level, theraceuracy: of the prediction: at
the gene level 1s:

P = P (all exons correctly predicted) =x",

where 7 18 the number of exons| in thegene.

Typically, x<90% and #n=5, then
£ =0:9%0.9%0.9x0.9%0.9 = 59%




Performance

= SPEcIEs-speciiic seiting
s GC content
n Gene density
n Gene/BExon/Intron length distribution

n Codon usage

n Benchmark
n training data set

m test data set




Maize Gene Prediction
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Gene Finders

Websites Trained Type of prediction Algorithm
organisms <~ —— models
Splice site  Exon  Gene model

FGENESH http://www.softberry.com/ Monocots Yes Yes Yes GHMM*
berry.phtml?topic = fgenesh&group =
programs&subgroup = gfind

GeneMark.hmm  http://opal.biology.gatech.edu/ Maize Yes S s GHMM
GeneMark/eukhmm.cgi?org = H.sapiens

GENSCAN http://genes.mit.edu/GENSCAN.html Maize Yes 2 GHMM

GlimmerR http://www.tigr.org/tdb/glimmerm/ Rice Yes e S IMMP
glmr_form.html

Grail http://compbio.ornl.gov/Grail-1.3/ Arabidopsis  Yes S neural networks

*GHMM, Generalized Hidden Markov Model.
°IMM, Interpolated Markov Model.




Accuracy

Programs Nucleotide level Exon level

SN SP C SN SP (SN + SP)/2 ME% WE%
FGENESH 0.87 . 4.6 3.1
GeneMark.hmm 0.75 19 5.4

GENSCAN 0.68 39 7.0
GlimmerR 0.57 . 23 7.7

Grail 0.31 . 17 31




Challenges of Intrinsic Approaches

Alternative splicing
Nested/overlapped genes
Extremely long/shornt genes
Extremely: long itrons
Extremely: short exons
Non-canonical mitrons
FFrame-shift errors

Split stant.codens (that 1s, the start codon 1s split by an-ntron
1 the genomic sequence)

UTR mtrons
Non-ATG; triplet as the start codon
Polycistronic genes




Gene Prediction Approaches

n [nttinsic (ab) initio)
s GENSCAN, EGENESH, GeneVark. hmm GlimmerVi,
Genie:
m Extrinsic (similarity-based)
s Spliced alignment: GenomeScan, EuGene, EGENESH,
FGENESH C, Geneld+, etc;
s Genomic comparison: TwinScan, TWAIN, SLAM, SGP,
FGENESH-2;¢etc;
n Iniegrated

m GeneScope, GeneMachine, JIGSAW, RiceGAAS,
Ensembl, etc.




Similarity-based Gene Prediction

n EST/cDNA spliced alignment
n Protem spliced alignment

n Genomic comparison
n [ntra-genomic

n [nter-genomic




A . [4 . A
Report for cDNA subcluster: 1258
of cluster: 20541 (annotdb_asmbl id:10197 coords:116784-120621)
Subcluster view.
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Assembly description

(+310197 .m00079 [current(vid1: fgenesh model
(+)asmbl_1573-including gene model

(at/s+)
(at/s+)
(at/s+)
(at/s+)
(at/s+)
Cat/s+)
(at/s+)
(at/s+)
Cat/s+)
(at/s+)
(at/s+)
Cat/s+)
(at/s+)
(at/s+)
Cat/s+)
(at/s+)
(at/s+)
(at/s+)
(at/s+)
(a+/s?)
(a-/3?)
(a+/s?)

asmhl_1573 FL-containing
21132987826 | dbj |AK102617.1] FL Oryz
£1132971071 |db,j |AKO61053.1] FL Oryz
21132970061 |dbj |AKO60043.1] FL Oryz
21125996130 gb | CA766875.1| CA766875
£1129642352 | gh |CB647359 .1 | CBE47359
£11329458412 | gb |BP154954 .1 | BP184954
£1123127131gb|C285865.1|C28868 C2886
21144670232 | gh | CR253666 .1 | CR283666
21132947513 gb|BP154355.1|BP184385
21129642353 gb | CB647360 .1 | CBE47360
21125806693 | gb |CA762648 .1 | CA762645
21125806691 | gh |CA762657 .1 | CA762657
21125806694 | gh |CA762649 .1 | CA762649
21125806692 | gb |CA762647 .1 | CA762647
£1127920725|gb|CBO96533 .1 | CBO9ES33
2118857146 gb |AUOS4464 .1 | AUO94464
21112622130 | gb |AUL72343.1|AUL72343
21127577026 gb |CA999720 .1 | CAS99720
£11329475812 | gb|BP154354 .1|BP184354
21124208723 | gh |AU225750.1 | AU225750
2111632063 |gb|C19792.1|C19792 C1979

T

assembly cdnas

annotations linked

status




Pros and Cons

m Pros
s [High accuracy.

m Cons

s Unavailability or incompletencss of transcuipt sequence
data

s Extra computation to generate alignments

s, Diverse sequence quality
s Incomplete full-length cDNA
= Contamination:
= Incorrect sequence orientations




SIS

1501

0
Hongyan' et aE 2003

5

1

@mwﬁmvi . = 0989651y
ki 028996517 =

oSﬁNE

050% L BpIY ™ f

Oy0¥1 By 06ze20eY

otor By B 008cebeY || f@orezebiy

020t 1 Bry

0l0vibyly i o1gezbely oeezebuy T

000w 1LEp1Y » ONﬂNﬂmm— W RD.v
oLezebLiy

._.8%_?&.._. A 8«%92:..

0861 By

11

e
oy
p -
=] :
o
&

oL68ybrv
s
go6SI0nY I feloesz1Brvil
0S6EL 0PIV, 02LL1BMY z
ovseLbly
0661621y . [ 0189165
OEBEL M2< o 88—WM~<WV
026¢1 6y __ oessibaiviy
o61£621y @ ov89 1By 0
0L6€1L6p1Y ;
006161y
068E1 Bty

085 1By
0/8€1 601y

1C

Genom

Microsynteny between M. truncatula and Arabid




Gene Structure of Syntenic and non-Syntenic
IHomologous Genes

A. Hydroxymethyltransferase (HMT) B. Adenosylhomocysteinase (AHC)
At5g26780 B—m-m - —-———-—— - Mt-AHC2.4 ee——— —
Mt-TC22007 m—m—m - - - Mt-AHC 1.9 ne——— a—
At4g37930 m—a—m—m-m-- - - At3g23810 n——
At4g32520 m——u—-- - - ——— At4g1394( T—E—

At4g13890 mu—-m—

C. Selenium-binding protein (SBP)
Mt-AHC1.14

At4g1 303() —— -
Mt-AHC2 .3 e a———
Mt-AHC 1 . § ————————— ————— -

At3g23800 m—mmm—m———————

Hongyan et al, 2003




Comparative Analysis of Cereal
Gene Structures
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Comparative Analysis of Cereal
Gene Promoters

Adhl DIRE:

element G-box
2m -401 TOCGAGCTAGCGCAGGCGCATCC GAC EGC
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Pros and Cons

m Pros
s Aid to identify low expressed genes
s [dentity genes i multiple species simultancously
s Aid to identily transcription factor bindimg sites

s Uncover non-protein coding genes

m Cons

= Performance will depend on the evolutionary distance
between the compared sequences.

= Exon/intron boundaries may not be conserved




Tiling Array

(a)
Chromosome 10 ( ) 8 Centromere
BGI indica e i wCG =EG » UG
TIGR japonica ~—-—J—.—T—-———-———

BGI japonica

(c) . N TR
BGI indica R — e 5. 1] 1 1 S

TIGR japonica —— : 9638.m02217"
BRI T A T

Oligo index

—
12345




ARTADE

=ARabidopsis Tiling-Array-based Detection of' Exons

Arabidopsis thaliana . 1

»
A

A

8.843,876 bp) 16577 bp

MIPS v11070D

e+ )

ened-) ETTETNN

Flowaor

THing chpd +)
Tiing ohvpd-)

Tiing chipd+)

Tiling chvpd-)

Rusponuon

THing chipd+)

THing chipd-)

Light 7dmy

Tiling chvpd +)
Tiling ohvgd <)




Gene Prediction Approaches

n [nttinsic (ab) initio)
s GENSCAN., FGENESH., GeneMark: himmn GlimmerMV,
Genie:
s Extrinsic (similarity-based)

s Spliced alignment: GenomeScan, EuGene, EGENESH,
FGENESH C, Geneld+, etc;

s Genomic comparison: TwinScan, TWAIN, SLAM., SGP,
FGENESH-2;etc;

i [ntegrated

a GeneScope, GeneMachime, JIGSAW: (combiner),
RiceGAAS, Ensembl ete.




Gene Discovery via Multiple Gene
Finders
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genewise-nr_min

genemark
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TIGR Rice Genome Annotation
Pipeline

IRGSP BACs/PACs
(GenBank)

|

Gene Prediction TIGR Osa1 DB
Programs:

FGENESH ~ ’ L/ PASA & Manual curation on

GeneMark.hmm et :
Genscan Blastp, Pfam, SignalP, _ PASA-failed models

Genscan+ TargetP, TMHMM
GlimmerM l

Other Algorithms Function assignment
tRNAscan-SE l

GeneSplicer
l Gene Index alignments

atabase searches: Protein alignments

in house nraa (protein) GOSlim assignment in ol
Plant Gene Indices (EST) Fs:éq't?'::;) g::g;mems

MarkerRDatabtaSe ) Pseudomolecule Other functional annotations
Oryza Repeat Database Construction

TE annotation




RiceGAAC

Homc;logy Homc;logy
search search
against against
protein DB and protein DB
rice EST DB and

rice EST DB
T

v
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g a‘

Predicted

gene
Gene mnmmn-
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Integration

Keyword
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Exon TTTTT =
prediction

v

and Classification Visualization
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T
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Iinsembl
Gene
Prediction
Procedure

Protein
sequences

Blast results
from pipeline

Database containing genomic sequence

pmatch,
targetted
build

Targetted

Exonerate

genes

Similarity
build

Targetted and
similarity
genes

Aligned cDNAs

cDNA genes

Genewise
genes with
UTRs

GeneBuilder

Preliminary
gene set

Add novel

cDNA gene

Final Ensembl gene build database

cDNA
sequences



Summary

n Nothing is periect

n. Bach gene identification approach has its own
features and limitations:

n Genome annotation 1S an on=going process, and the
accuracy 1S being improved along with the

accumulation of the evidence data;tRINASnoRNA




Case Study

a7k B2k B23k

Rice BAC Tiling Path
POS4AHGL

TIGR Rice Loci
LOC_0=06202400

F-box domain containing protein, expressed
LOC_0s06g02410
L
expressed protein

TIGR Rice Gene Hodels
LOC_O0s06g02d400 .1

LDC_USOG%02410.1

GenBank Annotations

FGenesh Predictions
GeneHarkHHH Predictions
 E——
GlinnerHHH Predictions
 E——

Rice FL-cDNA

TIGR Rice Transcript Assenblies
TAZ5631_4530

LOC_0=06202420
ATOZIL, putative, expressed

LOC_Ds06g02420.1

M B
=

21132969371 |dbj | AKOS9355.1|
21132976789 | dbj | AKOBETTL. 1|

E§100?36
T

TRSTZd_4330

BIG064E5

A223362

ER926593
AOGS445
CY729971
Ex920001
CYF32062

CY724735

D23132

LOC_Q0306202430
[

expressed protein

LOC_Os06g02430 .1

LOC_0s06502440
[

expressed protein

LOC_Os06g02440 .1
I I

- r— T {1 |

O} (- O —— | | | e

ﬁi\3297?990|dbdIHKOS?Q?Z.iI

TAZ1Z32_4530

CFL96602 BM036618
Oo—a

132971570 | dh,j | AKOG1552 . 1]

2137991768 | dbj| AK122142 .1

21132984067 |dhj | AKOSEEAS . 1]

E§100460
T

CF321424
BI735105




Sorghum-

B27k, 28K 20K

Rice BAC Tiling Path
POS41HOL
I

TIGR Rice Loci

LOC_Os08g02d00 LOC_0s06202420 LOC_Os06202430
L

F-box domain containing protein, expressed ATOZIL, putative,
LOC_0s06g02410
Iexpressed protein

TIGR Rice Gene Hodels

LUC_USOE%OZ‘IOOJ LOC_0s06g02420.1 LOC_Os06g02430 .1 LOC_0s06502440,1
B e —— | O O— OO dl:l—l:l—[l:l
LOC_Os06g02410.1

Sorghun Scaffolds
SCEPPD%d_QﬁSS
< T
18k
Syntenic Sorghun Genes
6.600000e-26 1.800000e-32 4.,600000e-1d4 scaffold 95683
=caffold_9568_0 scaffold 9568_5 scaffold 9588_4

LOC_0s08g02d40
L

(4 expreszed protein expreszed protein

5,800000e-11
H-0
scaffold_9568_2

J————_— 4

- gtrand Overlapping pair: CI406891 CIA363Z20
a4

+ gtrand Pair: CI62347d4 CI390303

- strand Overlapping pair: CI411014 CIA39519 + strand Pair: CIG30560 CI406980
44—

- gtrand Overlapping pair: CI421226 CIBGS203 + strand Pair: CIB34295 CI404700
At "

T strand Overlagping pair: C1030382 CIZ96540 ¥ trand Pair: C1642935 tl414sma
+ strand Pair: CI308717 CLOTOL3 + strand Pair: CIGS0679 Cl424051
S trand Pair: CIGA531E C19L7970

Zstrand Pair: CI307770 1626253

- strand Pair: CI328194 CIS77350
et

- strand Pair: CI467360 C1688343
- strand Pair: CI479308 CI699558
- strand Pair: CI389482 CI1622667
- strand Pair: clfoqzsg CIB33248

- strand Pair: CI311390 CIS63424
- strand Pair; CI430167 CIGG0S20

A
- strand Pair: CI025247 CI294592
N ————————a—————————————m

- strand Pair: CI40d4391 CI634439
- strand Pair: CI4085256 CIS37GE30




Create a Gene Model

387k 38 .8k 5392k 5395k B39, 6k B39, 7k 39,0k 401k 8462k

Rice BAC Tiling Path
POS41HOL
I

TIGR Rice Loci
LOC_Ds0Bg02440
[
expressed protein

TIGR Rice Gene Hodels
LOC_Os06g02ddn. 1

GenBank Annotations

FGenesh Predictions
I

GeneHarkHHH Predictions
—
I

THINSCAN Predictions
e

GlinnerHnd Predictions

Assembled Sorghum bicolor sequences {xyplot)

il

Assenbled Zea mays sequences {xyplot) 100
L
40

100

im

()

Arabidopsis thaliana alignments {xyplot}

Rice EST Read Pairs
-
+ strand Pair: CIE36560 CI406950

+ strand Pair: CIG34295 CI404700

+ strand Pair: CI642933 CI414333

+ strand Pair: CI6Z23474 CI390303
-
+ strand Pair: CIGS0679 CI424051
-
+ strand Pair: CIB45372 CI417970

EVH Predictions {Hew}
 E—




Expression Data

Data Type

Data Source

EST/EL-cDNA

PASA/Manual curation

Peptide

Koller etal., PNAS, 2002 (6,296
peptides/2,528 figenesh models)

MPSS

Blake Meyers (http://mpss.udel.edu/rice/)

SAGE

126,663 tags irom MGOS
(http://www.mgosdb.org/sage/)

MicCroarray

NSF Rice Oligonucleotide Array project

(http://Www.ricearrany.ors)

Tiling array.

Deng lab, Yale University:




ression Data in Gbrowse

838.7k 38,8k f3a.0k 391k 8392k 39,3k B394k 39,5 8396k 39,7k 398k 8399k a0k B40.1k 402K 8403k 840, 4k 405k
TIGR Rice Loci

LOC_Os06g02440
[

expreszed protein

TIGR Rice Gene Hodels
LOC_Os06g02440 .1

THINSCAN Predictions
1

Protein Evidence

Yale Tiling Array Profile (GSEG996} Forward

Yale Tiling Array Profile (GSEG6996) Reverse

HP5S Tags
GATCATGCCAGACCTTTGTT
[

GATCATGCCAGACCTTT
]

SAGE Tags
CATGTARAACCTTCAGAATT
|

CATGARCCGGGCARTGT TG
CATGTARAATCGAATAT
|
NSF 28k Rice 0ligo Hicroarray
NSF 45k Rice 0ligo Hicroarray

Affynetrix GeneChip Rice Genone Array

Yale Rice 0ligo Hicroarray
Agilent Rice 0ligo Hicroarray

E¥H Predictions {New}
I




MPSS SEQUENCING
l. Library constructionrr]z('?HlVOI"O(;Y

Brenner et al., PNAS 97:1665-70.

1) Cut w/ Dpnil Each bead
ut w/ Dpn Sk . .

2) Ligate Mmel adapter \.‘g,.) A% L“F’ - contalljl§ e
OS2 e’ Jiad amplified
~ ~eL

S

GATC ol
-=o V9 TTTTT: b | product
vAAAAO » ~* derived from .
\) \'\514 o the 3’ end of
L

3) Cut to capture 21-22 bp “signature” AW
4) Add ‘DNA barcode’, amplify & 3
capture on beads

sa e & a single
o 4 # .
» . transcript.

lll. Sequencing of tags
Brenner et al., Nat. Biotech. 18:630-4.
' t, -.r-l. ‘ '

.'I
o o 4
’ g '\ .
- . .

. S . o I 1
NNNX'm' CODEX1 S 2
2) Sequence by
NNXNTITITIESIOT COPEX2 hybrldlzatlon
- .
NXNNTTTTTIREITIT COPEX3 2%, o0y
XNNN'm' CODEX4

1) Add adaptors

3) Digest with Type IIS enzyme to
uncover next 4 bases, repeat cycle




A Typical Flower
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744,319
702,045
690,560
475119
616,970
549,553
353,788
411,316
399653
544,207
S83.931
236,582
260,120
366,073
S00,054
333441
65,9583
726,299
513,712
868,702
636,111
803,426
552,552
8858823
a
332531
444,641
532,992
443,572
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“IHaye no fear olfperiection -
you'll' never reachit.”

- Salvador Dali




