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GENE PREDICTION

The process of identifying the regions of genomic DNA that encode genes:

1. Protein-coding genes
• Ahish Sujay

• Pallavi Mishra

• Sonali Gupta

2. Non-coding RNA genes,

other regulatory regions
• Shen-Yi Cheng

• Jie Zhou

• Challenges:
• Sequencing errors

• Quality of assembly

• Frameshift mutations, overlapping genes

Prokaryotic gene structure
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METHODS

1. Ab initio methods
Genomic DNA sequence is systematically 

searched for # of protein-coding genes

Prokaryotic genes have:
• Transcription binding sites

• Promoter sequences

• Contiguous ORFs

• Compositional domain GC composition : Isochores

Limitations:
• Have to rely on extrinsic evidence to determine if a gene is functional
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METHODS

2. Homology based methods
Target genome is searched for sequences that are similar to extrinsic evidence in the form of the known

• Expressed sequence tags

• Messenger RNA (mRNA)

• Protein products

Limitations:

Computationally expensive in complex organisms

Not all genes are expressed at a time; requires an extensive database

Cannot predict Horizontally transferred genes
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HOMOLOGY BASED GENE PREDICTION

1. Based on sequence similarity of query sequence with annotated genes present 
in database

2. Given a database of sequences of the organism, search for a query sequence in 
the database

3.  If the identified sequences are genes, the query sequence is a gene
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TOOLS FOR HOMOLOGY BASED GENE PREDICTION

TOOL YEAR OF PUBLICATION CITATIONS

BLAST 1990 82,373+

HMMER 2011 1,672

PROCRUSTES 1996 381

DIAMOND 2015 1,308

GENEWISE 2004 1,490
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BLAST

1. Before BLAST, alignment programs used dynamic programming 
algorithms, such as the Needleman-Wunsch and Smith-Waterman 
algorithms,  required long processing times

2. instead of comparing every residue against each other, BLAST uses short 
"word" (w) segments to create alignment "seeds." : this reduces the search 
space

3.BLAST extends the alignment in both directions according to a threshold 
(T) that is set by the user
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MAX HSPS & MAX_TARGET_SEQ

• max_hsps = Maximum number of HSPs (alignments) to keep for any 
single query-subject pair.  If this option is not set, BLAST shows all 
HSPs meeting the e value criteria.

• max_target_seq = Number of aligned sequences per query to keep

• E-value = number of expected hits of similar quality (score) that 
could be found just by chance
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HMMER

1. It detects homology by comparing a profile-HMM to either a single sequence 
or a database of sequences

2. Profile HMMs:

• multiple sequence alignment into a position-specific scoring system

• certain positions in a sequence alignment tend to have biases

• one state in HMM corresponds to each consensus column in a sequence 
alignment

• probability of emitting a particular residue is determined by the frequency at 
which that residue has been observed in that column of the alignment

3. Sequences that score significantly better to the profile-HMM  considered to be 
homologous to the sequences
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A comparison of BLAST vs. HMMER for 

the detection of Human klassevirus 1, 

Santeuil nodavirus, and CAS virus.
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DIAMOND

• The program is based on the traditional seed-and-extend paradigm 
for sequence comparison,

• Spaced seeds. A second improvement of the seed step is to use 
spaced seeds—that is, longer seeds in which only a subset of 
positions are used

• Double index:  DIAMOND uses a double-indexing approach in which 
both the queries and the references are indexed
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DATABASES

RefSeq

Title:RefSeq Genome Database

Description:This database contains NCBI Refseq genomes across all taxonomy groups.

It contains only the longest sequences representing any given part of the genomes;

contigs are not included

Molecule Type:Genomic

Update date:2016/12/14

Number of sequences:33120025
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GenBank

The GenBank archival sequence database includes publicly available DNA sequences 

submitted from individual laboratories and large-scale sequencing projects.

GenBank sequence records are owned by the original submitter and cannot 

be altered by a third party.

As an archival database, GenBank can be very redundant for some loci.
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Nr-nt

Title:Nucleotide collection (nt)

Description:The nucleotide collection consists of GenBank+EMBL+DDBJ+PDB+RefSeq

Sequences. The database is non-redundant, annotated and curated. Identical 

sequences have been merged into one entry, while preserving the accession, GI, title 

and taxonomy information for each entry.

Molecule Type:mixed DNA

Update date:2019/10/03

Number of sequences:55908648



Ab Initio Methods

15

Goodswen SJ, Kennedy PJ, Ellis JT. Evaluating high-throughput ab initio gene finders to discover proteins encoded in 

eukaryotic pathogen genomes missed by laboratory techniques. PLoS One. 2012;7(11):e50609. doi: 

10.1371/journal.pone.0050609. Epub 2012 Nov 30. PubMed PMID: 23226328; PubMed Central PMCID: PMC3511556.

https://www.ncbi.nlm.nih.gov/pubmed/23226328/
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Improved Prokaryotic Gene Prediction Yields Insights into Transcription and Translation Mechanisms on Whole Genome Scale-
(Alexandre Lomsadze, Karl Gemayel, Shiyuyun Tang, Mark Borodovsky)



Comparison of Ab Initio tools 

17

Angelova, Mihaela & Kalajdziski, Slobodan & Kocarev, Ljupco. (2010). Computational Methods for Gene 

Finding in Prokaryotes. ICT Innovations. 1. 1857-7288
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Ab Initio Tools Algorithm Citations Basis

GeneMark.hmm HMM 1681 Excellent documentation, most widely used and high number of citations

GeneMarkS HMM 1379 Self training, excellent documentation, most widely used and high 

number of citations

GeneMarkS2 HMM 20 Self training, excellent documentation, most widely used, superior than 

S2 (stated by their paper)

Prodigal DP + Markov 

Model

3440 Self training, excellent documentation, most widely used and high 

number of citations

Glimmer IMM 1212 Self training, excellent documentation, most widely used and high 

number of citations

SNAP Semi-HMM 1251 Algorithm needs to be trained on dataset, ZFF format needed (Nobody 

except the develop uses this format)

AUGUSTUS HMM 952 Algorithm needs to be trained on dataset, need to upload whole genome 

data, has been trained on only 3 species of Bacteria

EasyGene HMM + BLAST 187 Number of citations are low 

ChemGenome Physicochemical 

characteristics 

and MD 

simulation

32 Number of citations are extremely low

MED 2.0 MED Algorithm 

(Non-supervised)

37 Not maintained anymore



PRODIGAL (PROkaryotic DYnamic programming Gene-finding
ALgorithm)

• PRODIGAL scores individual ORFs using 
various features and scoring rules and then 
performs dynamic programming on all 
pairs of start-and-stop triplets to find the 
maximum scoring path.

• The adopted features Prodigal includes are 
GC bias in first, second, and third positions 
of each codon, frequency of hexamers, ORF 
length, upstream sequence resembling 
ORF, etc. 

• The connection of a start node to its 
corresponding stop node represents a 
gene, whereas the connection of a 3' end to 
a new 5' end represents intergenic space. 19

The red arrows represent gene connections, and the black 

arrows represent intergenic connections. 

(a) 5' forward to 3' forward: Gene on the forward strand.

(b) 3' forward to 5' forward: Intergenic space between two 

forward strand genes. 

(c) 3' forward to 3' forward: Overlapping genes on the forward 

strand. 

(d) 3' forward to 5' reverse: Forward and reverse strand genes 

whose 3' ends overlap. 

(e) 5' reverse to 3' reverse: Intergenic space between two 

reverse strand genes. 

(f) 3' reverse to 5' reverse: Gene on the reverse strand. 

(g) 3' reverse to 3' reverse: Overlapping genes on the reverse 

strand. 

(h) 5' reverse to 5' forward: Intergenic space between two 

opposite strand genes. 

(i) 3' forward to 3' reverse: Intergenic space between two 

opposite strand genes.



GLIMMER (Gene Locator and Interpolated Markov ModelER)

• GLIMMER searches for long-ORFs and generates a training data 
set to which it trains all six Markov models of coding and non-
coding DNA from zero to eight order.

• After calculating the probabilities from the above data, GLIMMER 
decides to either use fixed order Markov model or interpolated 
Markov model. Performed by program “build-imm”. 

a. If the no. observation > 400 = Fixed order Markov model 

b. If the no. observation < 400 = Interpolated Markov model

• Obtains score for every long-ORF generated and if score if greater 
than a certain threshold, GLIMMER predicts it as a gene. 
Performed by program “glimmer”. 20



GeneMarkS-2

• It uses a model derived by self-training for finding species-specific 
(native) genes

• Horizontal Gene Transfer detection: It uses precomputed heuristic 
models designed to identify harder-to-detect genes

21

Lomsadze, Alexandre, et al. "Modeling leaderless transcription and atypical genes results in more 

accurate gene prediction in prokaryotes." Genome research 28.7 (2018): 1079-1089.



Workflow for selection of Gene Prediction tools

Evaluation metric used:

• Sensitivity: 
𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒+𝐹𝑎𝑙𝑠𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒

• False Discovery Rate: 
𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒+𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒

• Precision: 
𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒+𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒
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RefSeq Database – Listeria 

monocytogenes CDS

(True Positive + False Negative)

Glimmer/ Prodigal/ 

GeneMarkS-2 Results

(True Positive + False Positive)

BLASTN Result

(True Positive)

Test dataset:
Escherichia coli O15:H18 str. K1516 (E. coli)
Escherichia coli K-12 (E. coli) Strain: C3026
Listeria floridensis FSL S10-1187 (firmicutes)
Listeria kieliensis (firmicutes) Strain: Kiel-L1

• True positive- predicted genes which matched 
with protein database

• False positive- predicted genes which did not 
match with protein database

• False negative- missing protein coding genes 
from the predicted genes

• True negative- non-protein coding genes



Sensitivity
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E_K1516 E_C3026 L_L1187 L_Kiel_L1

Glimmer 1.004919041 0.937346162 0.931129477 0.898598516

Prodigal 0.906743185 0.927724323 0.753443526 0.802143446

GeneMarkS-2 0.899364624 0.916983665 0.745179063 0.806265458
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False Discovery Rate
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E_K1516 E_C3026 L_L1187 L_Kiel_L1

Glimmer 0.05548064 0.120512282 0.191870891 0.151420786

Prodigal 0.127244032 0.116744781 0.324482865 0.231741019

GeneMarkS-2 0.12204882 0.117000646 0.32290363 0.22961796
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Precision
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E_K1516 E_C3026 L_L1187 L_Kiel_L1

Glimmer 0.94451936 0.879487718 0.808129109 0.848579214

Prodigal 0.872755968 0.883255219 0.675517135 0.768258981

GeneMarkS-2 0.87795118 0.882999354 0.67709637 0.77038204
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ARAGORN

• Identify tRNA and tmRNA genes. (Compare to tRNAscan-SE only identify tRNA) 

• The program employs heuristic algorithms to predict tRNA secondary 
structure

• The output of the program reports the proposed tRNA secondary structure

Non-Coding Gene Prediction 



ARAGORN tRNAscan RefSeq

K-12 MG1655 88 87 89

O157:H7 Sakai 105 104 105

IAI39 88 87 88

O83:H1 NRG 857C 84 83 84

O104:H4 2011C-3493 94 93 94



BARRNAP

• Barrnap predicts the location of ribosomal RNA genes in genomes.

• It takes FASTA DNA sequence as input and write GFF3 as output. 

• It uses the new NHMMER tool that comes with HMMER 3.1 for HMM 
searching in RNA:DNA style. 





RNAmmer

• An Ab Initio based tool

• Locate rRNA using HMM

• Accepts both prokaryotic and eukaryotic input

• Drawbacks: can not predict lnc-RNA



RNAmmer



Output



Homology based non-coding prediction

0 500 1000 1500 2000 2500

CSHMM

Infernal(two paper)

ERPIN

QRNA

RNAz

Evofold

MASTR

Citations



Infernal

• A homology tools 

• Can predict many families of non-coding RNA

• Based a database call Rfam

• Use primary and secondary structure to predict



Infernal install

• git clone https://github.com/EddyRivasLab/infernal.git infernal
cd infernal
git clone https://github.com/EddyRivasLab/easel.git
git clone https://github.com/EddyRivasLab/hmmer.git

• ln -s `pwd`/easel/aclocal.m4 hmmer

• ./configure --prefix=`pwd`/../infernal_bin
make 
make install
cd easel; make install

https://github.com/EddyRivasLab/hmmer.git


Infernal database build

• wget ftp://ftp.ebi.ac.uk/pub/databases/Rfam/12.2/Rfam.cm.gz
gunzip Rfam.cm.gz
wget
ftp://ftp.ebi.ac.uk/pub/databases/Rfam/12.2/Rfam12.2.claninfo

• cmporess Rfam.cm

• We can build a local database for infernal to align

ftp://ftp.ebi.ac.uk/pub/databases/Rfam/12.2/Rfam12.2.claninfo


When finished building database

• Working... done.
Pressed and indexed 2588 CMs and p7 HMM filters (2588 names 
and 2588 accessions).
Covariance models and p7 filters pressed into binary 
file: Rfam.cm.i1m
SSI index for binary covariance model file: Rfam.cm.i1i
Optimized p7 filter profiles (MSV part) pressed into: Rfam.cm.i1f
Optimized p7 filter profiles (remainder) pressed 
into: Rfam.cm.i1p



Infernal gene prediction

• cmscan -Z 6 --cut_ga --rfam --nohmmonly --tblout my-genome.tblout
--fmt 2 --clanin Rfam12.2.claninfo Rfam.cm my-genome.fa > my-
genome.cmscan



Output



Format Transform

• awk 'BEGIN{OFS="\t";}{if(FNR==1) print 
"target_name\taccession\tquery_name\tquery_start\tquery_end\tstr
and\tscore\tEvalue"; if(FNR>2 && $20!="=" && $0!~/^#/) print 
$2,$3,$4,$10,$11,$12,$17,$18; }' my-genome.tblout >my-
genome.tblout.final.xls



Final Output



Proposed workflow

42
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