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Compression of Biological Compression of Biological 
SequencesSequences by by Greedy OffGreedy Off--line line 

Textual SubstitutionTextual Substitution

AlbertoAlberto Apostolico Apostolico StefanoStefano LonardiLonardi
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Genetic DatabasesGenetic Databases

§§ MassiveMassive
§§ Growing exponentiallyGrowing exponentially

Example:Example: GenBankGenBank
contains contains approximately approximately 
4,654,000,000 bases in 4,654,000,000 bases in 
5,355,000 sequence5,355,000 sequence
records as of December records as of December 
19991999
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DNA Sequence RecordsDNA Sequence Records

>RTS2   RTS2 upstream sequence, from >RTS2   RTS2 upstream sequence, from --200 to 200 to --11
TCTGTTATAGTACATATTATAGTACACCAATGTAAATCTGGTCCGGGTTACACAACACTTTCTGTTATAGTACATATTATAGTACACCAATGTAAATCTGGTCCGGGTTACACAACACTT
TGTCCTGTACTTTGAAAACTGGAAAAACTCCGCTAGTTGAAATTAATATCAAATGGAAAATGTCCTGTACTTTGAAAACTGGAAAAACTCCGCTAGTTGAAATTAATATCAAATGGAAAA
GTCAGTATCATCATTCTTTTCTTGACAAGTCCTAAAAAGAGCGAAAACACAGGGTTGTTTGTCAGTATCATCATTCTTTTCTTGACAAGTCCTAAAAAGAGCGAAAACACAGGGTTGTTT
GATTGTAGAAAATCACAGCGGATTGTAGAAAATCACAGCG
>MEK1   MEK1 upstream sequence, from >MEK1   MEK1 upstream sequence, from --200 to 200 to --11
TTCCAATCATAAAGCATACCGTGGTTTCCAATCATAAAGCATACCGTGGTYYATTTAGCCGGGGAAAAGAAGAATGATGGCGGCTAATTTAGCCGGGGAAAAGAAGAATGATGGCGGCTA
AATTTCGGCGGCTATTTCATTCATTCAAGTATAAAAGGGAGAGGTTTGACTAATTTTTTAAATTTCGGCGGCTATTTCATTCATTCAAGTATAAAAGGGAGAGGTTTGACTAATTTTTTA
CTTGAGCTCCTTCTGGAGTGCTCTTGTACGTTTCAAATTTTATTAAGGACCAAATATACACTTGAGCTCCTTCTGGAGTGCTCTTGTACGTTTCAAATTTTATTAAGGACCAAATATACA
ACAGAAAGAAGAAGAGCGGAACAGAAAGAAGAAGAGCGGA
>NDJ1   NDJ1 upstream sequence, from >NDJ1   NDJ1 upstream sequence, from --200 to 200 to --11
ATAAAATCACTAAGACTAGCAACCACGTTTTGTTTTGTAGTTGAGAGTAATAGTTACAAAATAAAATCACTAAGACTAGCAACCACGTTTTGTTTTGTAGTTGAGAGTAATAGTTACAAA
TGGAAGATATATATCCGTTTCGTACTCAGTGACGTACCGGGCGTAGAAGTTGGGCGGCTATGGAAGATATATATCCGTTTCGTACTCAGTGACGTACCGGGCGTAGAAGTTGGGCGGCTA
TTTGACAGATATATCAAAAATATTGTCATGAACTATACCATATACAACTTAGGATAAAATTTGACAGATATATCAAAAATATTGTCATGAACTATACCATATACAACTTAGGATAAAA
ATACAGGTAGAAAAACTATAATACAGGTAGAAAAACTATA

Composed by annotations (in English) Composed by annotations (in English) 
and DNA bases (on the alphabet and DNA bases (on the alphabet 
{A,C,G,T,U,{A,C,G,T,U,M,R,W,S,Y,K,V,H,D,B,X,NM,R,W,S,Y,K,V,H,D,B,X,N})})

ProblemProblem

Textual compression of DNA data is Textual compression of DNA data is 
difficult, difficult, i.e.i.e., , “standard” methods do not “standard” methods do not 
seem to exploit the redundancies (if any) seem to exploit the redundancies (if any) 

inherent to DNA sequencesinherent to DNA sequences

cfr. C.Nevill-Manning, I.H.Witten, “Protein is incompressible”, DCC99
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Findings and ImprovementsFindings and Improvements

§§ A third scheme (A third scheme (OffOff--lineline33) has been designed) has been designed
§§ Compression time has been improved using Compression time has been improved using 

a few “tuned” heuristicsa few “tuned” heuristics
§§ Compression performance on a single DNA Compression performance on a single DNA 

sequences is substantially better than other sequences is substantially better than other 
generic textual compression methodsgeneric textual compression methods

§§ Compression performance approaches the Compression performance approaches the 
methods specifically designed for DNA methods specifically designed for DNA 
sequencessequences

§§ The best performance is in the compression The best performance is in the compression 
of of familiesfamilies of DNA sequencesof DNA sequences
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Yeast ChromosomeYeast Chromosome--IIIIII
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Results on FamiliesResults on Families
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dataset at http://www.dataset at http://www.cscs..purduepurdue..eduedu/homes//homes/stelostelo/off/off--line/line/
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Overall Structure of OffOverall Structure of Off--lineline

OffOff--lineline ((stringstring xx))
repeatrepeat
§§ build an index build an index TT of the of the substringssubstrings ww of the text of the text x, x, 

andand collect collect ffww (count of non(count of non--overlapping occurrences)overlapping occurrences)
§§ choose choose QQ substringssubstrings ss11,…,,…,ssQQ in in TT which maximize the which maximize the 

gain function gain function GG
§§ substitute the occurrences of substitute the occurrences of ss11,…,,…,ssQQ in in xx with with 

pointerspointers
untiluntil no further compression of no further compression of xx can be obtainedcan be obtained

Data StructuresData Structures

§§ index index TT: min. augmented suffix tree: min. augmented suffix tree
–– construction construction O(n logO(n log22(n)) (n)) 
–– annotation with the count of nonannotation with the count of non--

overlapping occurrences overlapping occurrences O(n)O(n)

§§ text text xx stored in a balanced tree of stored in a balanced tree of 
text fragmentstext fragments
–– frequent deletions and string searchesfrequent deletions and string searches
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Min. Augmented Suffix TreeMin. Augmented Suffix Tree
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OffOff--lineline22

(B + 1) (B + 1) ffww mmww
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OffOff--line Comparisonline Comparison

2.382.3816,08616,0862.382.3830,21930,219OffOff--lineline33

2.242.2417,741 17,741 3.013.0133,75733,757OffOff--lineline22

1.661.6616,426 16,426 3.213.2130,84830,848OffOff--lineline11

MitoMito
time time [min][min]

MitoMito
sizesize

Paper2Paper2
time time [min][min]

Paper2Paper2
sizesize

300 Mhz/128 MB machine running Solaris

HeuristicsHeuristics

§§ Queue Queue –– collect collect QQ substringssubstrings from from T T 
with “high utilization” potentialwith “high utilization” potential

§§ Pruning Pruning –– consider only consider only substrings substrings 
of length < Lof length < L

§§ “Standard” suffix tree “Standard” suffix tree –– faster to faster to 
build but less accurate (i.e., counts build but less accurate (i.e., counts 
overlapping occurrences)overlapping occurrences)
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Size vs. Iterations (Size vs. Iterations (mitomito))
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Final RemarksFinal Remarks

§§ OffOff--lineline appears to be a solid first appears to be a solid first 
step to tackle the problem of step to tackle the problem of 
compression of genetic sequencescompression of genetic sequences

§§ Next:Next: specialize specialize OffOff--lineline for DNA for DNA 
with “biological knowledge” (e.g., with “biological knowledge” (e.g., 
palindromicpalindromic/approximate /approximate 
occurrences)occurrences)
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Dictionary

Complexity HierarchyComplexity Hierarchy

LZ-77 encoding
LZ-78 encoding

Optimal encoding for

Off-Line

Optimal encoding for a

Time ComplexityLinearPolynomialExponential

general macro schemes

given dictionary

encoding


