Guidelines for the tool kit of bioinformatics programs to perform tasks with oligo designs

1. What is this tool kit of bioinformatics programs doing with oligo designs?

It is designed to streamline orf (gene) sequence data collection, classification, analysis, cleaning, purgation,  integration, oligo generation, cross-hybridization elimination, unique oligo construction, and  oligo probe grouping. In addition, it provides on-the-fly data tagging and sequence processing information output throughout the pipelined processes for user information and in-depth research.

2. Design background and thoughts

First, all sequence data collected from various sources (databases and web pages) are of different types or different formats of the same type. For example, the sequence data from NCBI, JGI, EMBL, and the like have different types of FASTA-like file or have different formats of FASTA file, such as varying components and/or their arrangements in the header line of a FASTA file across data sources. These orf (gene) sequences need to be reasonably classified and analyzed, cleaned, purged, and integrated before proper oligo-probes are generated from them. Second, with even the same type or format of data, there may be some of differences among files in the number of nt bases (eg, 50, 60, 70, 80) per line and the capitalization of nt bases (ie, all bases must be uppercased) that might be a hidden problem for a program not taking care of it. Other aspects in structuring a data file (eg. a greater sign '>' missing or spacing around it from the FASTA header lines) could also be pitfalls for a non-robust algorithm and eventually lead to an unsound result of data processing. Therefore, all of this need to be tackled to ensure a reliability of output information. In addition to these issues and snags, other tough and tricky properties of sequence data are discrepancies introduced from among resources and over levels or depths of human working on genomes. They are brought in physically by different labs, depth of genome sequencing, draft forms of  sequence assembly, gene prediction, genomic annotation, and so on, or genetically by mutant strains for microbial genomes, divergent evolutions, and so forth. The orf (gene) sequences produced from these sources increase the difficulties in processing and hence need to be prudently and specially coped with before moving to the next operations on oligo designs.

3. Sequence data collection and classification

Collection of  orf (gene) sequences are made mainly from NCBI and JGI as far as microbial genomics is concerned, or from user own databases, orf finding or gene predicting results, and whole shot-gun genome or individual contig sequence annotations. These sequence data are prepared by classifying them into three major groups: 1) The base data from NCBI that is treated as a standard (norm) whose gene features given in the header line of a FASTA file take precedence to be kept over other sources of data files. Among the gene features, especially, the gene symbol and locus (orf coordinates) are pivotal items (right like primary keys in relational databases) to provide connections of one orf (gene) dataset with another. Since there are possible six reading frames along double DNA strands (three at positive  strand and three at negative strand),  there are possibly discrepant orf coordinates from data files based on annotation of multiple contigs. Essentially they are referring to the loci of the same orf  (gene) that is found or predicted from different ways and only GenBank-based (also one major contig-based) orf coordinates are kept and used as a criterion for later integration of gene symbols across data files. Likewise, there are variants of a gene symbol and only one from GenBank-based data file is kept as a benchmark. By convention, a gene symbol takes the form of a few initial letters of organism name, an underscore, and four digits. 2) The well-established or published sequence data from those well-curated databases such as JGI-IMG. The data of this rank will be input after the base data but before the other lower rank data. 3) The draft-form data from draft genomic assembly and/or annotations. The data of such rank will be input at last, and inclusion of them is just for the purposes of collecting all potential genes available that would yield a maximum number of oligo probes. It is suggested that the draft data file with missing information about multiple gene features be renamed with the last part of name used  to track its identity or to tell it from others. 

4. Sequence data  analysis, cleaning, purgation and integration

After sequence data are properly classified, they are analyzed by a global alignment (orf-long base comparison) and be determined if they are representing the same gene with identical base composition.

Once an identical orf sequence is found (a match) by paired comparison, the second one of pairwise orfs is dropped by not being included in the gene pool. However, the gene features, if any, that come with the dropped orf will be used to merge with the base orf  (the first one; also the kept one) if it lacks in any corresponding gene features. For example, if the base orf has no feature information of protein description (a gene product name) and the dropped orf contains that information, it will be used to make up that deficiency of data in the base orf (gene). This way makes the base composition of data molecularly analyzed and genetically identified, and duplicate orfs are properly filtered out such that the gene pool is cleared of any data redundancy no matter how many sequences are input and where they are collected. And what is more, the missing data  in the base orf have been supplemented with protein information available, which improves data integrity without losing any useful information based on a secured orf-for-orf sequence correspondence (ie, by the mutual nt base identity). After the preliminary purgation, all raw data have been cleaned without redundant orf (gene) entries (only one copy of each distinct gene in the gene pool), without hidden spacings between nt bases, and with all uppercased nt base letters. In addition, the base orf entries have been integrated with complementary information from those removed orf (gene) sequences.

5. Further purgation of invalid orf (gene) sequences

Generally, the orf (gene) sequences obtained from their data sources are those that have been output from orf/gene finder such as GeneMark, Prodigal, and Glimmer, or annotator programs such as JGI-IMG and Magpie pipeline, etc. By convention, all of such orf (gene) sequences should begin with a  

start codon, then orf body, and end with a stop codon. A start codon is a triplet of three bases (ie, ATG, GTG, TTG, CTG and ATT for prokaryotes) functioning as an initiator to begin the protein translation process; an orf body is defined as the segment between start codon and stop codon, exclusive; and a stop codon is a triplet of three bases (ie, TAA, TAG, and TGA) functioning as a terminator to signal the end of protein synthesis. The full-length orf consisting of these two codons and their intervening sequence (orf body) constitutes an in-frame DNA sequence that begins reading a multiple of 3 nt bases until a stop codon is encountered. Some orf definitions do not contain a stop codon in a given reading frame, but for the convenience of our study, a stop codon is treated as if it was a component of  an orf  (gene) sequence throughout. With thses conventions and definitions, inspecting the validity of an orf (gene) sequence is performed by checking if  it has a valid start codon of ATG, GTG, TTG, CTG, or ATT,  a valid stop codon of  TAA, TAG, or TGA, and a valid orf length that should be greater than the length of an oligo by at least six nt bases. Any invalid orf (gene) sequences found against these criteria are taken off from the gene pool.

6. Segmentation of orf (gene) sequences

This is a very important operation we need to carry out in that quality oligos will be constructed from a redefined in-frame DNA segment. With the subjects of microbial genomes, they posess a principal advantage, over eukaryotes, of the RNA splicing-free process as orfs are transcribed. This makes alignment of an orf to its transcript collinear without interference of uncertain gaps (introns). So the base composition of an orf is in synteny with that of mRNA and an orf (gene) sequence is synonymous with its protein sequence simply via direct translation. With this principle, any oligo defined straight from an orf sequence will be of genetic significance to its target with which it is able to hybridize. A broad-sense gene is an orf plus its upstream untranslated region (5'-UTR) and downstream untranslated region (3'-UTR). A narrow-sense gene is its orf per se. Now totally for the purposes of constructing quality oligos from microbial genomes, an orf itself should be subdivided into three segments: start codon, orf body, and stop codon. Since stop codons do not code for an amino acid and hence are 'nonsense' to be included in an orf (gene) sequence from which oligo is generated. Because all start codons are translated ultimately as one amino acid 'methionine' or, in bacteria, as 'formylmethionine', they are regarded as the 'same thing' without contribution to differential gene products. Although these start codons have 'sense' to be included in an orf (gene) sequence, their triplets are simple and constant base compositions and hence are not diverse enough to generate highly gene-specific oligos. It was known that the starting bases of an oligo probe take a critical (or even decisive) role in initiating and determining the ensuing development of  complementary strand duplex as a probe hybridizes with a target. From this perspective, it is safe not to include these initiator codons in an oligo for a DNA microarray experiment. There are two serious consequences of including start codons in an oligo sequence: 1)  These same initiator codons in oligo probes as the ones in off-targets are prone to cross-hybridization and 2) their coexistence reduces the dissimilarity among oligo probes. Especially, the start codon ATG is the most common and sharable initiator (+80%) across orfs (genes), it's most likely to raise a highest risk of  probe cross-hybridization with off-targets. The start codon GTG is the second most sharable initiator (+10%) among orfs (genes) and also a source of more likely cross-hybridization between probe and non-targets. Because of such constructions of oligos beginning with many possibly identical start codons, they are not differential enough to ensure probe's specificity simply from the initiating nt bases and are excluded accordingly. For this reason, only genetically significant and differential segment of orf body is considered to be a proper stretch of bases from which quality gene-specific oligos can be generated. Such stretches of bases or in-frame DNA sequence without start and stop codons are the default segmentation of orf sequences throughout the orf (gene) purgation and are still termed as orfs (genes) hereinafter for short and convenience.

7. Further purgation of identical orf (gene) sequences

After segmentation of orf (gene) sequences, the shorter sequences than originally full-length orfs are exposed to becoming newly, possibly identical orfs when start and/or stop codons, depending on what segmentation, are stripped off. These shorter sequences are subject to a global alignment (base-for-base comparison) again for detection of  orf (gene) identity, and are purged once identical ones are found. That is, only the segments of orf body are regarded as distinct in-frame DNA sequences that are contributing essentially to differential gene products rather than by their full-length orfs. This orf body is treated as a unit of distinct stretches of bases and used throughout the oligo construction in terms of orfs or genes. Again, the base orf entries are updated by integrating with the complementary and meaningful information found from those removed orf (gene) sequences corresponding to them.

8. Further purgation of overlapping orf (gene) sequences

Next we need to clear the gene pool of any overlapping orfs in that any oligos constructed from a  overlapping orf sequence will definitely belong to another orf sequence with which it overlaps. See the documentation coming with the program orf-purger-v.2.0.pl for more details. An overlapping orf is just like a subsequence of another longer orf sequence and looks like something as belows.

Simulated data

------------------

ORF 1 (longer)

AGTTACAAATCGAATTTAGCAGCAAAAGTATTATCAACTCTATTAATCTTCATTTGG

                                                 /\                                                                    /\

ORF 2  (shorter) ===>            GCAGCAAAAGTATTATCAACTCTATTA

Real data

-----------

2360_5342 (longer)

GATGTACTCGGCCTTAAAGGAAAGAAAACAAAGGATGATGCCGAAAAATTTGTTTTACAATATATTAAAAATTCAGGCTTGTATATGGTATTATATACTTGTCAG

JW20_3894 (shorter)

GATGTACTCGGCCTTAAAGGAAAGAAAACAAAGGATGATGCCGAAAAATTTGTTTTACAATATATTAAAAATTCAGGCTTGTATATGGTATTATATACTTGT

The existence of multiple reading frames and different algorithms used in gene prediction lead to the possibility of overlapping orfs, or they may not be detectable but appear after start and/or stop codons are trimmed.  This is just the functionality of orf segmentation that helps discover these overlapping orfs. Overlapping orfs are unwanted sequences that make oligo construction difficult or  have much less room left for searching for the right probes; thus removing them improves the quantity and quality of oligos. These overlapping orfs like ORF 2 and JW20_3894 have no oligo constructible because all possible candidate oligo sequences extracted from them are falling within the regions of ORF 1 and 2360_5342, respectively; therefore they are dropped from the gene pool. However, information about these dropped orfs will be saved in a file and later used to make sure that those oligos constructed from orfs like ORF 1 and 2360_5342 won't be overlapping with (falling within) the dropped orf sequences like ORF 2 and JW20_3894.

8. Further purgation of similar orf (gene) sequences

Occurrence of similar orf (gene) sequences is due to the larger collection of sequence data from various resources that have biodiversity or different methodologies for data acquisition and manipulation. For an individual data file containing a single source (or type) of  sequences such as one organism without multiple species or strains, or one approach used for acquiring data, this is not a big issue. For such data, usually, this procedure of purgation may be unnecessary or doesn't make much difference in improving the quantity and quality of oligos. Currently, as genomics information keeps expanding with more and more genomes sequenced and annotated and data from multiple related strains need to be combined for a joint or comparative study or for a financial reason, sequences with more similarities would grow. For such data, this procedure of purgation becomes necessary. See the documentation coming with the program orf-purger-v.2.0.pl for more details. For a large collection of data sets, the orf (gene) sequences with highly mutual similarity look like something as belows.

Real data

---------------------------------------------------

n=243
m=1
pct=0.00411522633744856

2360_5754

GCGGTAGATTACAATGCGATATCAAAAATATATGATAAAGTAAGGTCGGAAAACAAAA...

/\

642890680

CCGGTAGATTACAATGCGATATCAAAAATATATGATAAAGTAAGGTCGGAAAACAAAA...

/\

where only the first bases ( G and C) of two orf (gene) sequences unmatch and the rest of bases match; the length of either orf = 243, the number of mismatch = 1, and the percentage = 0.004.

The orf 642890680 shown has very limited search room for an oligo, and it makes oligo construction difficult. Since both orfs are of  the same length, chances are they are representing the same gene and are derived from the originally common ancestor. They diverged from each other just because of at least one-time transition and/or transversion mutations between individual bases in the evolutionary process or simply due to errors introduced throughout the processes of genome sequencing, sequence/ contig assembly, and gene prediction. Namely, these orfs are considered multiple copies of one gene without substantial differentiations between them. It would be worse if such a redundant orf entry remains in the gene pool. Thus removing it (eg, orf 642890680) improves the quantity and quality of oligos. 

9. Further purgation of homologous orf (gene) sequences

A homolog for a gene within the same organism in data sets could occur either biotically or abiotically. Biotic homologs are generally derived from historical frameshift mutations, whereas abiotic homologs are probably the artifacts due to different ways for data acquisition. Most of the time, this procedure of purgation may not be necessary unless the following scenario develops.

In case the above similarity-based purgation does not improve a lot the productivity of oligos, the next purgation will be based on the intergenic homology or consensus that would be responsible for less clusters of homologous sequences. As described in the similarity case, different orfs with equal lengths are most likely to be referring to the same gene since the probability of equal-length genes is very small. However, it is also possible for unequal-length genes to refer to the same gene due to at least one-time base addition and deletion mutations in the lengthy evolutionary process and again a discrepancy caused by errors introduced throughout the processes of genome sequencing, sequence/ contig assembly, and gene prediction. That is, these orfs are also considered multiple copies of one gene without substantial differentiations between them. On the other hand, whatever their lengths might be, the orf sequences of this type can be regarded as homologs that also contribute to a small number of oligos as long as they have shown a strong homology among them. Therefore, they are eliminable in order to produce a maximum number of oligos. See the documentation coming with the program orf-purger-v.2.0.pl for additional details.

10. Further purgation of orf (gene) sequences without oligos

An oligo (oligonucleotide) is a DNA/RNA fragment of 20~80 bases (or a 20~80-mer for a short nucleic acid polymer). For oligo probe-based DNA microarray designs, an oligo sequence is extracted from a consecutive stretch of bases within an orf sequence. If an orf sequence has at least one oligo sequence extracted that doesn't overlap all other orf sequences in the gene pool , it is considered an orf (gene)  sequence with an oligo available. If an orf sequence has all oligo sequences extracted each of which overlaps all other orf sequences in the gene pool , it is considered an orf (gene) sequence without an oligo available. Assuming an oligo of 21-mer required to extract, an illustration of the gene pool composed of five orfs with or without an oligo is given below:

ORF 1:  ACAGGTTTGCGTCGGTTTACAGTC

ORF 2:  TCTTATGTTAGGTTTGCGTCGGTTTACAGTCAGTTTAAGGATATA

ORF 3:  GCAAAGCTCAGGTTTGCGTCGGTTTACAGA

ORF 4:  ACAAGGTTTGCGTCGGTTTACAGTATGGACGAGCTTCGCAAGCTTTTAAACGAG

ORF 5:  CGAAATGTGACTAAGGACAGGTTTGCGTCGGTTTACAAGCTGATAGACACT

Oligo 1:  ACAGGTTTGCGTCGGTTTACA

Oligo 2:  CAGGTTTGCGTCGGTTTACAG

Oligo 3:  AGGTTTGCGTCGGTTTACAGT

Oligo 4:  GGTTTGCGTCGGTTTACAGTC

where a total of four possible oligos (Oligos 1, 2, 3, and 4 ) for ORF 1 can be extracted (constructed) but each of them overlaps all other four orf sequences in the gene pool . Then ORF 1 is an orf without oligo available or constructible. Other ORFs 2, 3, 4, and 5 have oligos extracted (constructed) each of which may overlap one or some of other four orf sequences, or overlap none, thus they are orfs with oligos available or constructible. All of those orfs that have no oligos constructible are excluded from the gene pool, as inclusion of them in the purged genes only aggravates the poor searching results for candidate probes when using eArray for preliminary oligo generation.

11. Why do we submit the purged genes to eArray for preliminary oligo generation instead of one-time

      oligo construction using this tool kit of bioinformatics programs?

This is because oligo-probe designs are bundled with Agilent (if clients choose it) that has additional requirements for probe generation with which clients need to comply. In addition, eArray adopts a specific DNA melting temperature calculating approach whose two important parameters of  salt concentration and total strand concentration are unknown until they are computated by the program oligo-maker-v.2.0.pl on an eArray Tm evaluatiuon basis.

12. Prevention of potential nt secondary structures in oligos constructed

The functionality of this procedure has not been implemented in this tool kit out of consideration for producing a maximum number of oligo probes as per the requirements preset by the MGCB2 project.

See the README and documentations coming with all the programs for additional information.

Happy use!
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