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Computer Software to Find Genes in
Plant Genomic DNA

Ramana V. Davuluri and Michael Q. Zhang

Summary
Gene finding is the most important phase of genome annotation. Eukaryotic genomes con-

tain thousands of protein coding genes, and computational gene prediction would rapidly
increase the pace of experimental confirmation of expressed genes at the bench. The purpose of
this chapter is to discuss the use of different computer programs that identify protein-coding
genes in large genomic sequences. We describe most commonly used gene prediction pro-
grams that are available on the World Wide Web and demonstrate the use of some of these
programs by an example. We provide a list of these programs along with their Web uniform
resource locators (URLs) and suggest guidelines for successful gene finding.

Key Words
gene prediction, protein coding region, gene structure, splice sites, exons, computational

gene finding

1. Introduction
The human (1) and Arabidopsis (2) genome projects and the advancement

of sequencing technologies within the last decade are driving many other
genome projects. The complete genome sequences of more than 800 organ-
isms (many microbes, fungi, plants, and animals) are either complete or being
sequenced (http://www.ncbi.nlm.nih.gov). One of the primary goals of any
genome project is to provide a single continuous sequence for each of the chro-
mosomes and demarcate the positions of all genes (Fig. 1A), along with the
annotation of each component of a gene (Fig. 1B). Furthermore, recent
advances in high-throughput technologies, such as genome-wide micro-array
expression analysis, are starting to provide greater insights into the transcrip-
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tional regulation of eukaryotic cells (3–5). Integrating the genome sequence
information (e.g., gene promoters) and micro-array expression data would pro-
vide an initial link to functional genomics. The identification and annotation of
genes at genome level will contribute to the understanding of genome-wide
gene expression studies. The major focus of this chapter is to introduce differ-
ent bioinformatics tools that identify genes in genomic sequences.

Gene, defined as a transcribed unit, is usually split into pieces (called exons)
that are separated by intervening sequences (called introns) in the eukaryotic
genomes (Fig. 1B). The identification of genes by computational approaches
is relatively straightforward for organisms with compact genomes (such as
bacteria and yeast), because exons tend to be large, and the introns are either
nonexistent or short. The challenge is much greater for larger genomes (such
as those of rice or maize), because the exonic “signal” is buried under nongenic
“noise.” In the past few years, the accuracy and reliability of computational
gene finding programs have improved to a reasonable extent, such that gene
predictions within a genomic region can give valuable guidance to more
detailed experimental studies. Computational sequence analysis methods,
which detect genes in genomic DNA, can be broadly classified into two main
categories: homology-based methods, and ab initio methods, which we discuss
in Subheading 3.

2. Materials
User must have access to a computer with Internet access, e.g., a personal

computer (PC) running Microsoft® Windows™ or Linux, an Apple®

Macintosh®, or a UNIX® workstation. The user should be familiar with the use
of Netscape Navigator or Microsoft Internet Explorer. The list of commonly
used gene finding and sequence alignment programs and their Web uniform
resource locators (URLs) are provided in Table 1.

3. Methods
3.1. Gene Prediction by Homology-Based Methods

Sequence homology is a very powerful type of evidence used to detect func-
tional elements in genomic sequences. The homology-based methods to detect
genes use either intraspecies or interspecies sequence comparison in at least
four different ways, as summarized below.

3.1.1. Comparison with Expressed Sequence Tags/cDNA Database

A direct comparison of a genomic sequence (query) with expressed sequence
tags (ESTs) or cDNA (Fig. 2) can identify regions of the query sequence that
correspond to processed mRNA. BLASTN (6) is a common program that iden-
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tifies similar nucleotide sequences that exist in the databases (nr/EST) to the
query sequence (see Note 2). BLASTN algorithm finds similar sequences by
generating an indexed table or dictionary of short subsequences called words
for both the query and the database (see Basic Local Alignment Search Tool
[BLAST] help at [http://www.ncbi.nlm.nih.gov/BLAST] for further details).
For identification of gene regions in the query sequence, choose low complex-
ity repeat filter and select expected value as 0.1. If the query sequence is very
long MegaBLAST is a better choice, as it is specifically designed to efficiently
find long alignments between very similar sequences. MegaBLAST is also
optimized for aligning sequences that differ slightly as a result of sequencing
errors. The user can select different options. We suggest the use of expected
value (e-value) of 0.1 and choose filter for low complexity repeats. When larger
word size is used (default value is 28), it increases the search speed and limits
the number of database hits. For BLASTN, the word size can be reduced from
the default value of 11 to a minimum of 7 to increase sensitivity.

BLASTN is mainly used to pull out similar sequences from the database,
and most of the times it is hard to interpret the exon boundaries. After finding
a cDNA or EST match to the query sequence, one can use spliced alignment
programs such as SIM4 (7), which efficiently aligns an EST or cDNA with the
genomic sequence. RiceHMM (8) is another program that predicts gene
domains in rice genome sequence, based on a hidden Markov model using a
database of rice ESTs, composed of nearly 15,000 cDNAs.

3.1.2. Comparison with Protein Sequence Databases

Comparison of genomic sequence with protein sequence database by pro-
grams, such as BLASTX, can identify probable protein coding regions. Subse-
quently, spliced alignment programs such as Genewise (9), GeneSeqer (10), or
PROCRUSTES (11) can be used to find the gene structure by comparing
the genomic DNA sequence to the target protein sequences. These programs
derive an optimal alignment based on sequence similarity score of the pre-
dicted gene product to the protein sequence and intrinsic splice site strength of
the predicted introns.

Fig. 2. Sequence alignment. Alignment of a cDNA or protein with a genomic
sequence. In the cartoon showing the DNA, the rectangular boxes represent the exons,
and the straight lines represent the introns.

AU: pls.
callout
Note 1
before
Note 2 or
renumber
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3.1.3. Comparison of a Translated Genomic Sequence with Translated
Nucleotide Database

A comparison of a translated genomic sequence with nucleotide database,
which has been translated in all six reading frames, using TBLASTX can iden-
tify similarities among protein coding regions. TBLASTX can be run by
selecting “Nucleotide query—Translated db [tblastx]” option from the BLAST
Web page. TBLASTX takes a nucleotide query sequence, translates it in all six
frames, and compares the translations to a nucleotide database (e.g., nr, est,
est_human, est_others, etc.) sequences that are dynamically translated in all
six frames.

3.1.4. Comparison of Genomic Sequence with Homologous Genomic
Sequences from Related Species

Protein coding DNA from closely related plant species, such as sorghum
and maize, show considerable sequence similarity (12). With the availability
of genomes of many different organisms, comparative genomic approaches are
gaining importance. VISTA/AVID (13) and PipMaker (14) can be used to com-
pare large genomic sequences to find orthologous genomic sequences from
closely related species. For example, sequence analysis of orthologous genes
from rice, maize, and sorghum showed that the exons are more conserved than
introns (12). The degree of sequence conservation, in terms of sequence iden-
tity, across species has been shown to be consistent with the divergence times
of the respective species. The rice genes are considerably more diverged than
their counterparts in maize and sorghum. For gene prediction programs, it
would be best to compare two genomes that are very closely related, but distant
enough that their intergenic repeat elements differ significantly. As a rule of
thumb, consider two species as closely related, if those two are diverged within
the last 25 million yr. For example, maize and sorghum are closely related
species as they were diverged 15–20 million yr ago. If homologous genomic
sequences from two species are known, then a recently developed gene predic-
tion tool called SGP-1 (15) can be used to find protein-coding genes.

3.2. Gene Prediction by Ab Initio Methods

Homology-based methods provide useful information about gene locations
as well as clues about gene function. Similarity-based methods, such as
BLAST, combined with more sophisticated spliced alignment methods, such
as SIM4, can give most reliable gene structure, provided there exists a full-
length cDNA sequence in the database. However, most of the cDNA or EST
sequences are partial, and these databases are increasing rather slowly. To help
overcome these limitations, several ab initio gene finding programs have been
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developed over the years (Table 1). These programs recognize signals or com-
positional features in an input genomic sequence by pattern matching or statis-
tical methods. The performance of a gene finding program is typically
measured in terms of the sensitivity, defined as the proportion of true signals
(e.g., donor signals, exons) that are correctly predicted, and specificity, defined
as the proportion of predicted signals that are correct. A program is considered
accurate if its sensitivity and specificity are simultaneously high. We describe
some of the most commonly used gene prediction programs trained for plant
genomes. A comprehensive review of these programs can be found at Weintian
Li’s Bibliography on Computational Gene Recognition Web site (http://
linkage.rockefeller.edu/wli/gene/). A recent review by Lincoln Stein (16) sur-
veys the various ways the genome annotation is being carried out.

3.2.1. Splice Site Prediction Programs

Since most vertebrate, invertebrate, and plant genes have several exons; pre-
cise gene structure prediction in these organisms very much depends on the
ability of splice site prediction. Many first generation gene prediction programs
used simple position weight matrix methods to model the compositional biases
present in the 5' and 3' splice sites. Most recent programs have investigated the
correlations between different positions by using Markov models, maximal
dependence decomposition models, decision tree models, and artificial neural
networks. GeneSplicer, Netplantgene, Netgene2, and SplicePredictor are some
of the splice site prediction programs that use splice site models. The specific-
ity of these programs is just around 35% at a 50% sensitivity threshold in large
genomic sequences (17). This is because the selection of splice sites not only
depends on the strength of the splice sites but also on other factors, such as
exonic and intronic enhancer signals located some distance from splice junc-
tions (18). To get an initial assessment of potential splice sites we recommend
the use of GeneSplicer (19), SplicePredictor (20), or NetGene2 (21).

3.2.2. Exon Prediction Programs

Most of the gene prediction programs have been trained to predict protein
coding exons; exons corresponding to the region from translation initiation codon
(ATG) to stop codon (TAA/TAG/TGA). The protein coding exons typically
are of four types: (i) initial exons (ATG to first donor site); (ii) internal exons
(acceptor site to donor site); (iii) terminal exons (acceptor site to stop codon);
and (iv) single exons (ATG to stop codon without introns). The accuracy of
splice site prediction, and hence exon prediction, by second generation pro-
grams (e.g., Genscan [22], GeneMark.hmm [23], MZEF [24], or SPL [25]) is
significantly higher than simple splice site prediction programs, because these
programs integrate splice site models with additional types of information, such
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as compositional features of exons and introns. MZEF, based on quadratic dis-
criminant analysis, was specifically trained to predict internal exons. It was
shown (25) to perform better than FGENESP, GRAIL, Genscan, and
GeneMark.hmm in predicting internal exons for Arabidopsis genome. For pre-
dicting initial and terminal exons, Genscan and GeneMark.hmm are the best
options, even though the accuracy of predicting these exons is significantly
lower than that of internal exon prediction.

3.2.3. Gene Modeling Programs

The accuracy of individual exon prediction further increases by combining
the reading frame compatibility of adjacent exons to make a full coding tran-
script. Probabilistic models, such as Hidden Markov models, have been used to
incorporate this information in Genscan and GeneMark.hmm, which model
different states (exon, intron, intergenic region, etc.) of a gene. In gene model-
ing and predicting multiple genes in large genomic contigs, Genscan and
GeneMark.hmm were shown to give comparable results and by far the best
available programs for plant genomes (25).

3.3. Gene Prediction by Integrated Methods

Gene prediction by homology-based methods is perhaps the most efficient
way of finding genes in genomic sequences, since the evidence of support
(mRNA, EST, protein) was already derived experimentally. On the other hand,
ab initio gene-prediction programs miss some known genes (false negatives)
and predict some that are not real (false positives). Traditionally, ab initio gene
prediction programs and homology-based approaches were used independently
and combined later manually by an annotator. This process has been automated
in recent programs, such as Genomescan (27) and RiceGAAS (8) that combine
gene predictions with similarity comparisons to produce more reliable predic-
tions of protein-coding regions. GenomeScan incorporates protein homology
information (BLASTX hits) with the exon–intron predictions of Genscan. The
input to this program consists of a genomic sequence, a selection of appropri-
ate organism (from vertebrate, Arabidopsis, and maize), and a set of protein
sequences (in fasta format), which may be similar to the genomic sequence.
GenomeScan first masks the interspersed repetitive elements in the genomic
sequence with RepeatMasker and then combines the Genscan predicted pep-
tides with BLASTX hits. The program determines the most likely “parse” (gene
structure), conditional on the given similarity information under a probabilistic
model of the gene structural and compositional properties of genomic DNA for
the given organism.

RiceGAAS runs Genscan (with Arabidopsis, maize models), RiceHMM,
MZEF (with Arabidopsis, model), and SplicePredictor (with Arabidopsis,

AU: pls.
cite ref 26
in text
between
25 & 27
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maize models) programs and combines these predictions with BLASTN
(against MAFFRICE database) and BLASTX (against nr database) homology
comparisons. It also masks the repeats of Arabidopsis thaliana repeats by using
RepeatMasker program. For RiceGAAS, the input is the genome sequence to
be analyzed, which can be pasted in a window or uploaded from a file (as fasta
format).

3.4. Worked Example

We discussed various gene-finding strategies in the previous sections. Now
let us discuss which programs to choose and how to use those programs in a
real practical scenario. Given a large genomic sequence, we suggest the fol-
lowing steps in arriving at probable exons that the sequence may contain.

1. Blast the sequence against nr and EST databases by using BLASTN (Megablast
in case of very long sequence) program. Note the list of accession numbers of
cDNAs or ESTs with “% identity” score ≥99, from the blast output.

2. Use SIM4 program to align each of the cDNA/ESTs with the genomic sequence
so as to identify exons with canonical splice sites.

3. Blast the sequence against nr database by using the BLASTX program. From the
output, note down the BLASTX matches that may belong to genes.

4. Submit the sequence to at least 4 different gene prediction programs and select
the consensus predictions (exons). We consider a prediction as consensus predic-
tion if it is predicted by at least half of the programs either fully (both ends of the
predicted exons are same) or partially (there exists an overlapping region among
the predicted exons).

To demonstrate the above steps, we use the genomic sequence in rice bacte-
rial artificial chromosome (BAC) in GenBank® with Accession no. AP005190,
which has not yet been annotated at the time writing of this chapter. Since the
length of the sequence is very large (138,893 bp), we used Megablast to iden-
tify the homologous sequences from the GenBank. The program was run twice,
each time by choosing nr and EST databases. Table 2 gives the list of high
scoring segment pairs (HSPs) from the Megablast output. As BLAST is mainly
a sequence similarity program, it helps us to identify the regions in the input
sequence (query sequence) that are similar to known sequences (subject
sequences) in the database. As the output suggests, it is hard to interpret the
gene structure (exon–intron boundaries) from the output. Hence, we ran SIM4
program to align each of the EST/cDNA sequences (from the output of
Megablast) with the genomic sequence AP005190. Table 3 gives the list of
exons inferred by combining various EST/cDNA alignments with AP005190
using SIM4.
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Table 3
List of Exons Derived from the Alignments of EST/cDNAs with AP005190
by Using SIM4

Gene Exon Exon begin—
no.  no. Strand exon end Supported EST/cDNA

1 1 + *9475–9658 AU093296, AU183284
2 + 9808–9859 AU093296, AU183284
3 + 11104–11222 AU093296, AU183284
4 + 12464–12704 AU093296, AU183284, AU093845, C97606
5 + 12790–12857 AU093845, C97606, BI798584
6 + 12947–13019 AU093845, C97606, AU031146, BI798584,

AY072931
7 + 13603–13715 AU093845, C97606, AU031146, BI798584,

AY072931
8 + 14463–14778* AU093845, C97606, AU031146, BI798584,

AY072931
2 2 – 24499–24137 AU173465

1 – 25990–25921 AU173465
3 3 – 27370–27214 D39271

2 – 27577–27502 D39271
1 – 27787–27678 D39271

3 1 + 27998–28354 AU166259
2 + 29214–29295 AU166259

5 2 – 43029–42747 C73253
1 – 43355–43215 C73253

6 1 + 46592–46677 AU173904
2 + 47222–47596* AU173904
3 + *48878–48950 BJ450012
4 + 49354–49793* BJ450012

7 1 + *53449–53756* AU090572
8 1 + *81944–82003 AU173536

2 + 82219–82340* AU173536
3 + *82407–82909 D40524, D40946
4 + 83253–83711 BI813425, BI813794

9 7 – 90106–90089* BF430535
6 – 105804–105550 BF430535
5 – 106103–106041 BF430535
4 – 106290–106228 BF430535
3 – 106432–106376 BF430535
2 – 106645–106535 BF430535
1 – *106857–106759 BF430535

10 1 + *120870–121031 AU163696, BQ281772, BG560418
2 + 121229–121436 AU163696, BQ281772, BG560418
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Next, we ran “Nucleotide query—Protein db [BLASTX]” program. Select
“TRANSLATED query—PROTEIN database [BLASTX]” for Choose a trans-
lation options and nr for database options. Since the sequence is very long, we
submitted the sequence as three pieces (1–50 K, 50–100 K, and 100 K to rest)
to save running time, which was done by entering corresponding values of
each subsequence in “from” and “to” windows of Set subsequence options.
The rest of the values were left as default. Table 4 gives the list of HSPs from

Table 4
List of HSPs of AP005190 (Query) against nr Database from BLASTX Output

Subject % Alignment Subject Subject Query Query E-value Bit
ID Identity length start end start end score

AAC19401 27% 212 225 376 16622 15987 4e-24 189
AAC19401 42% 69 371 439 15925 15719 4e-24 62.8
AAC19401 41% 51 66 116 18173 18021 0.11 44.7
AAC19401 38% 39 155 193 17145 17029 0.11 42.4
AAB17501 30% 213 223 377 16625 15987 2e-25 88.6
AAB17501 38% 70 372 441 15925 15716 2e-25 55.8
AAB17501 42% 50 66 115 18170 18021 1e-06 47.0
AAB17501 37% 37 122 158 17318 17208 7e-05 40.0
AAB17501 30% 36 157 192 17136 17029 7e-05 34.7
AAB17501 41% 31 32 62 18360 18268 1e-06 33.5
AAD27547 97% 1520 1 1520 62266 66825 0 2915
AAM08795 98% 1520 265 1784 62266 66825 0 2942
AAM08795 98% 203 1 203 61125 61733 1e-113 414
AAK92543 97% 1520 194 1713 62266 66825 0 2929
AAK92543 97% 140 1 140 61314 61733 7e-73 281
BAB86564 98% 1100 1 1100 86635 83336 0 2175
AAD19359 32% 1065 832 1876 119222 116118 1e-129 466

Table 3
Continued

3 + 121560–121626 BQ281772, BG560418
4 + 122609–122625* BQ281772, BG560418

11 1 + *133895–134146 AU082326
2 + 134200–134215* AU082326

*Might be an incomplete exon due to partial EST/cDNA.

Gene Exon Exon begin—
no.  no. Strand exon end Supported EST/cDNA
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Table 5
List of Consensus Exons Predicted by at Least Two Gene-Pprediction Programs
in the Genomic Sequence with Accession No. AP005190

Ex. Begin–
Strand Type Ex. End Programs predicted

+ Intr 370–459 Genscan (A), Genscan (M), GeneMark.hmm (M),
     Mzef (A)

+ Intr 668–712 Genscan (A), GeneMark.hmm (M)
+ Intr 802–872 Genscan (A), GeneMark.hmm (M)
+ Intr 1501–1633 Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr 1945–2033 Genscan (A), GeneMark.hmm (M), Mzef (A)
– Term 4279–4049 Genscan (A), Genscan (M), GeneMark.hmm (M)
– Init 5382–5320 Genscan (A), Genscan (M), GeneMark.hmm (M)
+ Init 8153–8162 Genscan (A), Genscan (M)
+ Intr 9743–9859 Genscan (A), Genscan (M)
+ Intr 12464–12704 Genscan (A), GeneMark.hmm (M)
+ Intr 12790–12857 Genscan (A), GeneMark.hmm (M)
+ Intr 12947–13019 GeneMark.hmm (M), Mzef (A)
+ Intr 13603–13715 Genscan (A), Genscan (M), GeneMark.hmm (M),

     Mzef (A)
+ Term 14463–14615 Genscan (A), Genscan (M), GeneMark.hmm (M)
– Intr 15500–15279 Genscan (A), Genscan (M), GeneMark.hmm (M)
– Intr 15912–15632 Genscan (A), Genscan (M), GeneMark.hmm (M)
– Intr 16226–16112 Genscan (A), GeneMark.hmm (M)
– Intr 16634–16347 Genscan (A), GeneMark.hmm (M), Mzef (A)
– Intr 16829–16779 Genscan (A), GeneMark.hmm (M)
– Intr 18173–18003 Genscan (A), GeneMark.hmm (M), Mzef (A)
– Intr 20200–19268 Genscan (A), Genscan (M)
– Term 24499–24380 Genscan (A), GeneMark.hmm (M)
– Intr 25684–25613 Genscan (A), GeneMark.hmm (M)
– Intr 25997–25921 Genscan (A), GeneMark.hmm (M), Mzef (A)
– Intr 27571–27141 Genscan (A), Genscan (M), GeneMark.hmm (M)
+ Intr 29214–29427 Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr 30478–30644 Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr 31529–31653 Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr 32807–32902 Genscan (A), GeneMark.hmm (M)
+ Intr 32961–33009 GeneMark.hmm (M), Mzef (A)
+ Intr 33144–33198 Genscan (A), GeneMark.hmm (M)
+ Intr 39059–39180 Genscan (A), Genscan (M)
+ Term 41035–41106 Genscan (A), Genscan (M)
+ Init 43393–43699 Genscan (A), Genscan (M), GeneMark.hmm (M)
+ Intr 44245–44360 Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr 44447–44535 Genscan (A), Genscan (M), GeneMark.hmm (M),

     Mzef (A)
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Table 5
Continued

+ Intr 45293–45338 Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr 46050–46218 Genscan (A), Mzef (A)
+ Intr 46595–46677 Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr 47222–47602 Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr 48259–48950 Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr 49354–49909 Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr 50151–50468 Genscan (A), Genscan (M), GeneMark.hmm (M),

     Mzef (A)
+ Term 50751–50795 Genscan (M), GeneMark.hmm (M)
– Term 53795–53682 Genscan (A), GeneMark.hmm (M)
– Intr 53973–53875 Genscan (A), GeneMark.hmm (M), Mzef (A)
– Intr 54140–54068 Genscan (A), GeneMark.hmm (M)
– Intr 54335–54225 Genscan (A), GeneMark.hmm (M)
– Intr 54605–54432 Genscan (A), GeneMark.hmm (M)
– Intr 55400–54715 Genscan (A), Genscan (M), GeneMark.hmm (M)
– Intr 55547–55402 Genscan (A), Genscan (M)
– Intr 55814–55673 Genscan (A), Genscan (M)
– Intr 57329–55889 Genscan (A), Genscan (M), GeneMark.hmm (M),

     Mzef (A)
– Init 58233–57914 Genscan (A), Genscan (M)
+ Init 60906–60917 Genscan (A), Genscan (M)
+ Intr 61125–61718 Genscan (A), Genscan (M), GeneMark.hmm (M)
+ Intr 62266–66693 Genscan (A), Genscan (M), GeneMark.hmm (M)
+ Intr 67890–67955 Genscan (A), GeneMark.hmm (M)
+ Intr 68046–68188 Genscan (A), GeneMark.hmm (M)
+ Intr 69099–69391 Genscan (A), GeneMark.hmm (M)
+ Intr 72191–73594 Genscan (A), GeneMark.hmm (M)
+ Term 73703–73858 Genscan (A), GeneMark.hmm (M)
– Intr 82264–82166 Genscan (A), Genscan (M)
– Intr 86635–83343 Genscan (A), Genscan (M)
+ Init 94228–94246 Genscan (A), Mzef (A)
– Sngl 98915–97443 Genscan (A), Genscan (M)
+ Intr 103554–103766 Genscan (A), Genscan (M)
– Intr 10103–106041 GeneMark.hmm (M), Mzef (A)
– Intr 106290–106228 Genscan (A), GeneMark.hmm (M), Mzef (A)
– Intr 106432–106376 Genscan (A), Genscan (M), GeneMark.hmm (M)
– Intr 106645–106535 Genscan (A), Genscan (M), GeneMark.hmm (M)
– Init 107034–106759 Genscan (A), Genscan (M), GeneMark.hmm (M)
+ Intr 112457–112600 Genscan (A), GeneMark.hmm (M)

Ex. Begin–
Strand Type Ex. End Programs predicted
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BLASTX output. The values in columns query start and query end would give
the regions in the genomic sequence AP005190 that may belong to probable
genes.

Finally, we submitted the genomic sequence AP005190 to four gene-finding
programs Genscan with Arabidopsis model, Genscan with Maize model,
GeneMark.hmm with rice model, and MZEF with Arabidopsis model. Default
values were selected for other parameters for each of the programs used. As
none of the programs is good enough to predict the complete gene structure,
we considered only the exon predictions. We compiled the list of all consensus
exons that were predicted by at least two programs. We consider an exon as a
consensus prediction if there exists an overlapping region among the predic-
tions of at least two different programs. Table 5 gives the list of all such exons.

4. Notes
1. Despite great progress, gene prediction by computational approaches alone is

still far from perfect. The existing programs have reached a reasonable sophisti-

+ Intr 112696–113452 Genscan (A), GeneMark.hmm (M)
+ Intr 113495–114083 Genscan (A), GeneMark.hmm (M)
+ Intr 114248–114667 Genscan (A), Genscan (M), GeneMark.hmm (M),

     Mzef (A)
+ Intr 114743–114802 Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Term 115053–115739 Genscan (A) GeneMark.hmm (M)
– Term 118976–116094 Genscan (A), GeneMark.hmm (M)
– Init 119460–119294 Genscan (A), GeneMark.hmm (M)
+ Init 120929–121031 Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Intr 121229–121436 Genscan (A), GeneMark.hmm (M), Mzef (A)
+ Term 121560–121680 Genscan (A), GeneMark.hmm (M), Mzef (A)
– Term 126660–126599 Genscan (A), GeneMark.hmm (M)
– Intr 126961–126811 Genscan (A), GeneMark.hmm (M)
– Init 127447–127307 Genscan (A), Genscan (M), GeneMark.hmm (M)
+ Init 129895–131341 Genscan (A), GeneMark.hmm (M)
+ Intr 132275–132331 Genscan (A), Mzef (A)
+ Intr 133577–133610 Genscan (A), Genscan (M)

In the column headings: type stands for type of exon; Init, Intr, and Term stands for Initial,
Internal, and terminal exons, respectively, and ex. stands for exon.

Table 5
Continued

Ex. Begin–
Strand Type Ex. End Programs predicted

AU: Notes
1, 3, 4, &
5 Pls
provide
callouts in
text
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reference
& add to
ref list
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cation in identifying >90% of the nucleotides in a given genome as coding or
noncoding (Stormo, 2000). We suggest using computational tools to identify a
nucleotide as either coding or noncoding. But, identifying the exact boundaries
of all the exons and assembly of the exons into different genes might be much
harder and is not possible by computational approaches alone. However, even
the partial predictions are of immense value to design the experiments that can
determine the complete gene structure faster than would be possible by experi-
mental methods alone.

2. Similarity-based methods (e.g., BLASTN, BLASTX) are perhaps the best to
determine a given region of the genome is transcribed or not. A BLASTN match
to a cDNA/EST or BLASTX match to a protein is good evidence that the region
belongs to a gene. However, these methods have their own limitations. Most of
the cDNAs or ESTs are incomplete and may contain one or more introns, which
could lead to misclassification of intron region as exon. Some cDNA sequences
may contain repetitive elements that will cause false genomic matches. Protein
databases may contain potentially incorrect predicted proteins. BLASTX matches
to predicted protein sequences should be avoided. Partial BLASTX alignment to
a target protein should not be considered, as the protein may not be a true ortholog
of the source gene and only shares some domains. We should note that the simi-
larity data (cDNA/EST data) is never complete. Even the most comprehensive
cDNA projects will miss low copy number transcripts and those transcripts whose
expression is low, cell- or tissue-specific, or expressed only under unusual condi-
tions.

3. Almost all gene finding programs can predict only protein coding regions and
have not been trained to predict untranslated exons and untranslated portion of
first and last coding exons.

4. Before running any gene-finding program, we suggest the use of programs such
as RepeatMasker, which identifies known classes of interspersed repeats, and
LINEs and SINEs, which exist in noncoding regions of the genome.

5. Most of the gene finding programs are based on statistical pattern recognition
methods that require a training data. This makes the program organism-specific
depending on the training data. So, while running a gene prediction program,
select the organism of the genomic sequence. If the program was not trained on
the organism of your choice, select the most closely related one. If the genome of
your choice does not exist and has low gene density, then there may be more false
positive predictions by choosing another genome with high gene density.
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