
Hidden Markov Models
Hand In 3 - Gene finding
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R: coding right-to-left
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Even more biology

There can be genes in both directions
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● A gene is a substring of the DNA 
sequence of A,C,G,T's 

● A gene starts with a start-codon atg

● A gene ends with a stop-codon taa, 

tag or tga

● The number of nucleotides in a gene 

is a multiplum of 3

Gene finding

● Select initial model structure (e.g. as done here)

● Select model parameters by training. Either “by counting” 

from examples of (X,Z)'s, i.e. genes with known structure, 

or by EM- or Viterbi-training from examples of X, i.e. 

sequences which are known to contain a gene.

● Given a new sequence X, predict its gene structure using 

the Viterbi algorithm for finding the most likely sequence of 

underlying latent states, i.e. its gene structure
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https://www.birc.au.dk/~cstorm/courses/ML_e21/



Data
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Data
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genome1.fa true-ann1.fa



Start-codon in normal genes:
ATG [8423, 'NCCC']
ATC [3, 'NCCC']
ATA [1, 'RCCC']
GTG [713, 'NCCC']
ATT [3, 'NCCC']
CTG [2, 'NCCC']
GTT [1, 'NCCC']
CTC [1, 'NCCC']
TTA [1, 'NCCC']
TTG [1020, 'NCCC']

Stop-codon in normal genes:
TAG [1949, 'CCCN']
TGA [1531, 'CCCN']
TAA [6686, 'CCCN']

Reversed stop-codon in reversed genes:
TTA (reverse-complement: TAA) [6596, 'NRRR']
CTA (reverse-complement: TAG) [2014, 'NRRR']
TCA (reverse-complement: TGA) [1148, 'NRRR']

Reversed start-codon in reversed genes:
TAT (reverse-complement: ATA) [2, 'RRRN']
ATG (reverse-complement: CAT) [1, 'RRRN']
GAT (reverse-complement: ATC) [1, 'RRRN']
CAT (reverse-complement: ATG) [8077, 'RRRN']
AAT (reverse-complement: ATT) [4, 'RRRN']
TAC (reverse-complement: GTA) [1, 'RRRN']
CAC (reverse-complement: GTG) [715, 'RRRN']
CAA (reverse-complement: TTG) [953, 'RRRN']
CAG (reverse-complement: CTG) [4, 'RRRN']

Length of genome1: 1852441 (1852441)
Length of genome2: 2211485 (2211485)
Length of genome3: 2499279 (2499279)
Length of genome4: 1796846 (1796846)
Length of genome5: 2685015 (2685015)
Length of genome6: 2127839 (2127839)
Length of genome7: 2742531 (2742531)
Length of genome8: 2046115 (2046115)
Length of genome9: 2388435 (2388435)
Length of genome10: 1570485 (1570485)
Length of genome11: 2096309 (2096309)

Analysis of data

We observe

3 typical start-codons

3 stop-codons

We may ignore rare start and stop 
codons, i.e. a gene that starts (or 
ends) with a ignored start (or stop) 
codon does not correspond to a 
path in your model.
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Data
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Problem
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Problem - Selecting an initial model
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Even more biology

There can be genes in both directions
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● A gene is a substring of the DNA 
sequence of A,C,G,T's 

● A gene starts with a start-codon atg

● A gene ends with a stop-codon taa, 

tag or tga

● The number of nucleotides in a gene 

is a multiplum of 3
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“Standard” model

“Codon” model



Problem - 5-fold cross validation
You consider genome 1 to 5 in five rounds. In a each you train your model using Training-by-Counting 
on the remaining 4 genomes, predict the gene structure of the genome you consider, and compute the 
approximate correlation coefficient (AC) between your predicted gene structure and the true gene 
structure using the python program compare_anns.py.
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Round 1 Round 2 Round 3 Round 4 Round 5

Genome 1 Validate Train Train Train Train

Genome 2 Train Validate Train Train Train

Genome 3 Train Train Validate Train Train

Genome 4 Train Train Train Validate Train

Genome 5 Train Train Train Train Validate
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$ python compare_anns.py true-ann6.fa pred-ann6.fa 

Cs   (tp=757332, fp=164766, tn=305197, fn=57217): Sn = 0.9298, Sp = 0.8213, AC = 0.6213

Rs   (tp=715865, fp=127462, tn=304830, fn=57584): Sn = 0.9255, Sp = 0.8489, AC = 0.6603

Both (tp=1473197, fp=292228, tn=247613, fn=114801): Sn = 0.9277, Sp = 0.8345, AC = 0.4520
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compare_anns.py
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compare_anns.py



Problem – Training the model
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Training by counting

In theory, we are given (X,Z) pairs, but we are given (X, “Z”) pairs, where 
the NCR-annotations have to be translated to Zs.

Also, we may ignore rare start and stop codons, i.e. a gene that starts 
(or ends) with a ignored start (or stop) codon does not correspond to a 
path in your model.
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Training by counting – Typical solution
Example: How to to set the transition probabilities: 

N → N N → CCC, where CCC emits ATG N → RRR, where RRR emits TTA
N → CCC, where CCC emits GTG N → RRR, where RRR emits CTA
N → CCC, where CCC emits TTG N → RRR, where RRR emits TCA

We count:

#(N->N) = no. of occurrences of “NN” our annotations.

#(N → CCC, were CCC emits XYZ) = no. of occurrence “NCCC” in our annotations, where CCC 
is an annotation of XYZ (in our training data).

#(N → RRR, were RRR emits XYZ) = no. of occurrence “NRRR” in our annotations where, RRR 
is an annotation of XYZ (in our training data).

We compute:

Total = #(N → N) + #(N → CCC where CCC emits XYZ) + #(N → RRR, where RRR emits XYZ) 

We set:

P(N → X) = #(N → X) / Total for each of the 7 transitions
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A typical model
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A typical model
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A typical model



Problem – Predict on genome 6-10
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Viterbi decoding and 
converting to N, C, R 
annotation



Report
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Report – Transition diagram
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Report - 5-fold cross validation
You consider genome 1 to 5 in five rounds. In a each you train your model using Training-by-Counting 
on the remaining 4 genomes, predict the gene structure of the genome you consider, and compute the 
approximate correlation coefficient (AC) between your predicted gene structure and the true gene 
structure using the python program compare_anns.py.
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Round 1 Round 2 Round 3 Round 4 Round 5

Genome 1 Validate Train Train Train Train

Genome 2 Train Validate Train Train Train

Genome 3 Train Train Validate Train Train

Genome 4 Train Train Train Validate Train

Genome 5 Train Train Train Train Validate



Report - Performance on genome 6-10

https://services.birc.au.dk/genefinder-verifier/
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> pred-ann6
[PREDICTION OF GENOME6]
> pred-ann7
[PREDICTION OF GENOME7]
> pred-ann8
[PREDICTION OF GENOME8]
> pred-ann9
[PREDICTION OF GENOME9]
> pred-ann10
[PREDICTION OF GENOME10]

Input is a fasta-file containing your predictions. It is about 10 Mb big!

$ cat pred-ann6.fa pred-ann7.fa pred-ann8.fa pred-ann9.fa pred-ann10.fa > pred-ann6-10.fa

Beware of the newlines! 

pred-annX.fa should end with a newline in order for the above to work

27/35ML E2021 / CNSP

Report - Performance on genome 6-10



https://services.birc.au.dk/genefinder-verifier/
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Report - Performance on genome 6-10



https://services.birc.au.dk/genefinder-verifier/
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Report - Performance on genome 6-10



Previous results
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ACs between predictions and true annotations sorted by average

Codon-
models

Models 
inspired by 
the model 
presented in 
class 
maybe 
allowing 
more 
start/stop 
codons.

Problems 
with training 
or prediction
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Examples of models
32/35ML E2021 / CNSP

“Standard” model

“Codon” model



ACs between predictions and true annotations sorted by average

Codon-
models

Models 
inspired by 
the model 
presented in 
class 
maybe 
allowing 
more 
start/stop 
codons.

Problems 
with training 
or prediction
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Can you do better than this?



Running time in practice
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Using the 7-state “Codon-Model”, my implementation of Viterbi with 
backtracking on genome1.fa (length 1883386) takes ~23 sec to run on a 
Macbook Pro.

A back-of-the-envelope calculation gives that it is

43^2 / 7^2 ≈ 38

times slower using the 43-state “standard model” (since the running 
time of Viterbi is O(NK2)). I would thus expect it to take about 38 * 23 = 
874 sec ≈ 14,5 minutes to run Viterbi with backtracking on genome1.fa. 
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