
 

 
 Contents 

Foreword Steven L. Salzberg      i 
Preface         iii 
1. Introduction       1 

1.1 The Central Dogma of Molecular Biology   1 
1.2 Evolution       12 
1.3 Genome Sequencing and Assembly    15 
1.4 Genomic Annotation      19 
1.5 The Problem of Computational Gene Prediction   25 
Exercises        26 

2. Mathematical Preliminaries     29 
2.1 Numbers and Functions      29 
2.2 Logic and Boolean Algebra     34 
2.3 Sets        36 
2.4 Algorithms and Pseudocode     37 
2.5 Optimization       40 
2.6 Probability       42 
2.7 Some Important Distributions     51 
2.8 Parameter Estimation      57 
2.9 Statistical Hypothesis Testing     58 
2.10 Information       62 
2.11 Computational Complexity     66 
2.12 Dynamic Programming      68 
2.13 Searching and Sorting      71 
2.14 Graphs        72 



 

2.15 Languages and Parsing      79 
Exercises        84 

3. Overview of Gene Prediction     87 
3.1 Genes, Exons, and Coding Segments    87 
3.2 Orientation       91 
3.3 Phase and Frame      93 
3.4 Gene Finding as Parsing      97 
3.5 Common Assumptions in Gene Prediction   103 

3.5.1 No overlapping genes     103 
3.5.2 No nested genes      104 
3.5.3 No partial genes      104 
3.5.4 No non-canonical signal consensuses   104 
3.5.5 No frame shifts or sequencing errors   105 
3.5.6 Optimal parse only     105 
3.5.7 Constraints on feature lengths    105 
3.5.8 No split start codons     106 
3.5.9 No split stop codons     106 
3.5.10 No alternative splicing     106 
3.5.11 No selenocysteine codons    106 
3.5.12 No ambiguity codes     107 
3.5.13 One haplotype only     107 

Exercises        108 

4. Gene Finder Evaluation      109 
4.1 Testing Protocols      109 
4.2 Evaluation Metrics      118 
Exercises        124 

5. A Toy Exon Finder      125 
5.1 The Toy Genome and its Toy Genes    125 
5.2 Random Exon Prediction as a Baseline    128 
5.3 Predicting Exons Based on {G,C} Bias    132 
5.4 Predicting Exons Based on Codon Bias    134 
5.5 Predicting Exons Based on Codon Bias and WMM Score  136 
5.6 Summary       140 
Exercises        141 

6. Hidden Markov Models      143 
6.1 Introduction to HMM’s      143 

6.1.1 An Illustrative Example     145 
6.1.2 Representing HMM’s     146 

6.2 Decoding and Similar Problems     147 
6.2.1 Finding the Most Probable Path    147 
6.2.2 Computing the Probability of a Sequence   151 



 

6.3 Training with Labeled Sequences    153 
6.4 Example: Building an HMM for Gene Finding   155 
6.5 Case Study: VEIL and UNVEIL     165 
6.6 Using Ambiguous Models     167 

6.6.1 Viterbi Training      168 
6.6.2 Merging Submodels     169 
6.6.3 Baum-Welch Training     171 

6.6.3.1 Naive Baum-Welch Algorithm   171 
6.6.3.2 Baum-Welch with Scaling    174 

6.7 Higher-order HMM’s      178 
6.7.1 Labeled Sequence Training for Higher-order HMM’s 179 
6.7.2 Decoding with Higher-order HMM’s   180 

6.8 Variable-order HMM’s      180 
 6.8.1 Back-off Models      181 
 6.8.2 Example: Incorporating Variable-order Emissions  182 
 6.8.3 Interpolated Markov Models    182 

6.9 Discriminative Training of HMM’s    184 
6.10 Posterior Decoding of HMM’s     187 
Exercises        189 

7. Signal and Content Sensors     195 
7.1 Overview of Feature Sensing     195 
7.2 Content Sensors       196 

7.2.1 Markov Chains      196 
7.2.2 Markov Chain Implementation    200 
7.2.3 Improved Markov Chain Implementation   200 
7.2.4 Three-periodic Markov Chains    202 
7.2.5 Interpolated Markov Chains    203 
7.2.6 Nonstationary Markov Chains    204 

7.3 Signal Sensors       205 
7.3.1 Weight Matrices      207 
7.3.2 Weight Array Matrices     209 
7.3.3 Windowed Weight Array Matrices    211 
7.3.4 Local Optimility Criterion     211 
7.3.5 Coding-Noncoding Boundaries    213 
7.3.6 Case Study: GeneSplicer     214 
7.3.7 Maximal Dependence Decomposition   214 
7.3.8 Interpolated Context Models    218 
7.3.9 Case Study: Signal Sensing in GENSCAN   221 

7.4 Other Methods of Feature Sensing    222 
7.5 Case Study: Bacterial Gene Finding    223 
Exercises        225 



8. Generalized Hidden Markov Models    227 
8.1 Generalization and its Advantages    227 
8.2 Typical Model Topologies     232 

8.2.1 One Exon Model or Four?     234 
8.2.2 One Strand or Two?     235 

8.3 Decoding with a GHMM     236 
8.3.1 PSA Decoding      242 
8.3.2 DSP Decoding      252 
8.3.3 Equivalence of DSP and PSA    257 
8.3.4 A DSP Example      260 
8.3.5 Shortcomings of DSP and PSA    262 

8.4 Higher-fidelity Modeling     263 
8.4.1 Modeling Isochores     263 
8.4.2 Explicit Modeling of Noncoding Lengths   265 

8.5 Prediction with an ORF Graph     268 
8.5.1 Building the Graph     268 
8.5.2 Decoding with a Graph     269 
8.5.3 Extracting Suboptimal Parses    270 
8.5.4 Posterior Decoding for GHMM’s    271 
8.5.5 The ORF Graph as a Data Interchange Format  273 

8.6 Training a GHMM      276 
8.6.1 Maximum Likelihood Training for GHMM’s  277 
8.6.2 Discriminative Training for GHMM’s   277 

8.7 Example: GHMM Versus HMM     281 
Exercises        281 

9. Comparative Gene Finding     285 
9.1 Informant Techniques      287 

9.1.1 Case Study: TWINSCAN     287 
9.1.2 Case Study: GenomeScan     289 
9.1.3 Case Study: SGP-2     290 
9.1.4 Case Study: HMMgene     291 
9.1.5 Case Study: GENIE     292 

9.2 Combiners       294 
9.2.1 Case Study: JIGSAW     294 
9.2.2 Case Study: GAZE     296 

9.3 Alignment-based Prediction     296 
9.3.1 Case Study: ROSETTA     297 
9.3.2 Case Study: SGP-1     297 
9.3.3 Case Study: CEM      298 

9.4 Pair HMM’s       300 
9.4.1 Case Study: Doublescan     305 

9.5 Generalized Pair HMM’s     307 
9.5.1 Case Study: TWAIN     308 



 

9.6 Phylogenomic Gene Finding     319 
9.6.1 Phylogenetic HMM’s     320 
9.6.2 Decoding with a PhyloHMM    326 
9.6.3 Evolution Models      328 
9.6.4 Parameterization of Rate Matrices    332 
9.6.5 Estimation of Evolutionary Parameters   335 
9.6.6 Modeling Higher-order Dependencies   339 
9.6.7 Enhancing Discriminative Power    341 
9.6.8 Selection of Informants     341 

9.7 Auto-annotation Pipelines     342 
9.8 Looking Toward the Future     343 
Exercises        344 

10. Machine Learning Methods     347 
10.1 Overview of Automatic Classification    347 
10.2 K-Nearest Neighbors      351 
10.3 Naive Bayes Models      352 
10.4 Bayesian Networks      353 
10.5 Neural Networks      355 

10.5.1 Case Study: GRAIL     359 
10.6 Decision Trees       360 

10.6.1 Case Study: GlimmerM     363 
10.7 Linear Discriminant Analysis     363 
10.8 Quadratic Discriminant Analysis    366 
10.9 Multivariate Regression     366 
10.10 Logistic Regression      367 
10.11 Regularized Logistic Regression    369 
10.12 Genetic Programming      370 
10.13 Simulated Annealing      373 
10.14 Support Vector Machines     374 
10.15 Hill Climbing with the GSL     376 
10.16 Feature Selection and Dimensionality Reduction  377 
10.17 Applications       378 
Exercises        380 

11. Tips and Tricks       383 
11.1 Boosting       383 
11.2 Bootstrapping       384 
11.3 Modeling Additional Gene Features    386 
11.4 Masking Repeats      391 
Exercises        392 

12. Advanced Topics       395 
12.1 Alternative Splicing      395 



12.2 Prediction of Noncoding Genes     399 
12.3 Promoter Prediction      406 
12.4 Generative Versus Discriminative Modeling   408 
12.5 Parallelization and Grid Computing    411 
Exercises        413 

Appendix A – Online Resources     415 
A.1 Official Book Website      415 
A.2 Open Source Gene Finders     415 
A.3 Gene-finding Web Sites      416 
A.4 Gene-finding Bibliographies     416 

References        417 
Index         437 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


