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* Primarily as data stores
 Retrieve strings into (big) in-memory data structures
» Perform pattern-matching searches

» Look for approximate matches for long-ish DNA strings
» Look for gene patterns

» Typically have simple retrieval queries against the database,
complex external string-matching code

« Genomic data was scarce & expensive

» Thousands of human genomes being sequenced
» Sequencing whole microbial populations (metagenomics)
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» What do these organisms have in common?
« What organisms are living in this environment?
* Inspired by Jim Gray’s work on astronomy databases

» Query optimisation, parallelism, buffering, read-ahead, ...

* Need data base-friendly algorithms or genetics-friendly
databases or both

« Small genomes (~5Mbp), little ‘junk’ or repetition
» ~1000 sequenced, annotated species/strains
* And using ‘# of shared 25-mers’ as a comparison metric
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» Metadata... start, end, length, strand, product, name, ...

ATCGAATTTCGTAATCGTACATGTTTAACCGT
A

. : _ ATCGAATTTCGTAATCGTACATGTT
Every possible 25-mer > TCGAATTTCGTAATCGTACATGTTT

° i I CGAATTTCGTAATCGTACATGTTTA
Species, sequence, location, mer  CCAATTTICGTAATCETACATCTITA

° _ i i AATTTCGTAATCGTACATGTTTAAC
Indexed by mer (non-unique index) = o = o T ARCE

TTTCGTAATCGTACATGTTTAACCG
TTCGTAATCGTACATGTTTAACCGT

. TCGTAATCGTACATGTTTAACCGTA
» Result of cross-matching k-mers from all Bacteria

« Genome to genome, genes
» Gene to gene

» With all DNA sequences as uncompressed ATCG strings...

()

CSIRO




* 10'% 25-mers; 1039 50-mers; even 1012 20-mers

 ‘Unrelated’ organisms share few/none 25-mers
» Apart from some highly conserved fundamental genes/RNA

* And not just for bacteria...

* ... say something interesting about relationships,
conservation or gene-swapping or ...

 Closely related organisms share many 25-mers
« Count of shared 25-mers drops rapidly with taxonomic distance
* ... arelationship metric that can be used in queries
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» Queries on indexed database tables

» 100,000 lookups/second (for dense searches)

* Need to structure DB & lookup code very carefully

» Sparse searches perform less well (fewer buffer hits, random |0)
* In-memory hash tables (quick hack for now)

« Cache parts of database in app (sequential index read)

» 500,000 lookups/second (and improving)

» Dense & sparse searches perform at sequential read speed

» Cross-compare all bacteria
» All k-mers in all sequences compared to all k-mers in all sequences
» Gather comparison counts to support queries...

« Compare metagenomic sample to all bacteria
« What species are present? Partition reads by species, ... GIIIIID
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» Generate (overlapping) k-mer ‘tiles’ from each bacteria
« Compare these to the genomes of all other organisms
» Count various interesting things when we find a match

» About 2.5 billion bases in available sequences
* Double this because matches could be on other strand

« 2.5 billion source k-mers & 5 billion target k-mers

» Use pre-computed indexes, sorting, partitioning, hash caches
 Index looks up against all target genomes at once
 High-level all-to-all comparison in ~3 hours on workstation

* '‘Dense’ search - all k-mers matched at least once
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« Taxonomic groups show up strongly
» Considerable ‘white space’ (few shared 25-mers)
» Distinct ‘shadows’ of other taxonomic groups
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» Answered by looking at gene-level intersections
« Count matches by tracking [source gene, target gene] hits

Deinococcus geothermalis DSM 11300 (1, 200) cobaltochelatase (CobN subunit) 4335bp onto...
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* Less than 0.001% shared 25-mers

 Only significant sharing for close relatives
« Sharing highly non-random, reflecting shared genes
» Genes with shared k-mers normally have same annotations

» Shared k-mers seem to almost always mean something
« Even when only a very few are shared...
 Highly-conserved parts of critical genes?

» Recent horizontal gene transfers??
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* Run all-bacteria-to-all-bacteria comparison
 Track source (gene) and target (gene) for each match

» Load intersections into database as genome-onto-gene &
gene-onto-gene hits tables

* Query to get gene-level matches between organisms

* What genes are shared across families?

« How can we distinguish Citrobacter from its relatives?
* Do the shadows represent shared genes?

« Can we find functions for hypothetical genes?

* What genes are unique to an organism
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-— find most conserved genes

select s.SpeciesID as 'Source Species', g.SequenceNo, t.SpeciesID as 'Target Species’',
gh.targetGeneNo, ¢g.GeneID, gh.MerHits, ¢g.GeneStart, g.GeneEnd, g.GenelLength,
convert (float, gh.MerHits) /convert(float,g.Genelength) as '%hitsz', a.Product

from GeneHits gh, Species s, Species t, Genes g, BacterialAnnotations.dkbo.Annotations a

where gh.sourceSpeciesNo=s.SpeciesNo AND s.SpeciesID in

(select b.SpeciesID from BacteriaAnnotations.dbo.SpeciesNames b where b.OrderID='Enterobacteriales' )

and gh.targetSpeciesNo=t.SpeciesNo and t.SpeciesID in

(select c.SpeciesID from BacteriaAnnotations.dbo.SpeciesNames ¢ where c.GenusID='Citrobacter' )

and g.geneNo=gh.targetGeneNo and g.speciesNo=gh.targetSpeciesNo and g.SequenceNo=gh.targetSeguenceNo

and convert (float, gh.MerxrHits) /convert (float,g.GeneLength) > 0.8 -- more than £€0% shared 25-mers

and g.GenelID=a.PID

and g.GeneLength>=25

order by t.SpeciesID, g.SequencelNo, gh.targetGeneNd

Genes from any of the Enterobacteriales that have matches with any
Citrobacter at better than 80% coverage
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Entero onto Citro 60%
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_'SQLQuery1.sql - not connected*| BacteriaDB qu...not connected™ |
—-- find genes unique to an organism
select s.SpeciesNo, g.GeneNo, g.GeneID, g.GeneStart, ¢.GeneEnd, g.GeneLength, a.Product

from Species s, Genes g, BacteriaAnnotations.dbo.Annotations a

where g.GeneNo in (select gt.GeneNo -- all genes in target organism (species/sequence relative gene no. set)

from Genes gt, Species st
where gt.SpeciesNo=st.SpeciesNo and st.SpeciesID='Citrobacter koseri ATCC BARA-895' and gt.SequenceNo=1

except
select distinct gs.GeneNo -— minus those genes that have sufficient hits from other organisms
from Genes gs, Species ss, GeneHits gh, Species st
where gh.sourceSpeciesNo=ss.SpeciesNo and -- start with gh rows from source organisms
ss.SpeciesID in (select b.SpeciesID from BacteriaAnnotations.dbo.SpeciesNames b where b.OrderID='Enterobacts
gh.targetSpeciesNo=st.SpeciesNo and -- limit to those mapping onto our target organism/sequence

st.SpeciesID="'Citrobacter_ koseri ATCC BAA-895' and gh.TargetSequenceNo=1 and
gs.geneNo=gh.targetGeneNo and gs.speciesNo=gh.targetSpeciesNo and gs.SequenceNo=gh.targetSequenceNo and --
convert (float, gh.MerHits)/convert (float,g.GeneLength) > 0.01 -- and %$hit > 1%
) and

g.S5peciesNo=s.SpeciesNo and s.SpeciesID='Citrobacter_ koseri ATCC BAR-895' and g.SequenceNo=l1 and

g.GeneID=a.PID and

g.GeneID <> 'non-coding' -— only 'genes'

order by g.GeneNo

(All genes in Citrobacter )
— (those Citrobacter genes that have shared 25-mers with
other members of the Enterobacteriales order at more than

1% coverage)
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Sal, Esch, Yers onto Citro Gap 1

+ Salmonella_typhimurium_LT2
+ Salmonella_typhimurium_LT2
+ Escherichia_coli_536

+ Escherichia_coli_536

+ Yersinia_pestis_Angola

1
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380000 390000 400000 410000 420000 430000 440000
Sourc MersHits Target Target Gene GeneStarGeneEn
ﬁﬁ%%%%@rium tumefaciens C58 eSeq MerHits NonrRNASeq GeneNo Length t d gap %hits Product
Cereon 2 35 35 1 700 1896 412547 414442 1.8% hypothetical protein
Bradyrhizobium BTAi1 2 8 8 1 700 1896 412547 414442 0.4% hypothetical protein
Bradyrhizobium ORS278 1 11 11 1 700 1896 412547 414442 0.6% hypothetical protein
Chromobacterium violaceum 1 2 2 1 700 1896 412547 414442 0.1% hypothetical protein
Hahella chejuensis KCTC 2396 1 3 3 1 713 2544 419013 421556 0.1% cAMP phosphodiesterase
Parvibaculum lavamentivorans DS-1 1 2 2 1 703 681 414783 415463 0.3% hypothetical protein
Pseudomonas putida GB 1 1 5 5 1 700 1896 412547 414442 0.3% hypothetical protein
Rhodopseudomonas palustris CGA009 1 5 5 1 700 1896 412547 414442 0.3% hypothetical protein
Rhodopseudomonas palustris TIE 1 1 8 8 1 700 1896 412547 414442 0.4% hypothetical protein
Thiomicrospira crunogena XCL-2 1 2 2 1 713 2544 419013 421556

0.1% cAMP phosphodiesterase ‘llm
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_BacteriaDB qu...\gre403 (54))* |

—-— find shared genes where source is hypothetical but target is known
select s.SpeciesID as 'Source', gh.SourceSpeciesNo, gh.SourceSequenceNo, gh.SourceGeneNo,
sg.Genelength, sg.GeneStart, sg.GenelID, sa.Product,
t.SpeciesID as 'Target', gh.TargetSpeciesNo, gh.TargetSequenceNo, gh.TargetGeneNo,
tg.Genelength, tg.GeneStart, tg.GeneID, ta.Product,
gh.MexrHits
from GeneToGeneHits gh, Genes sg, Genes tg, Species s, Species t,
BacteriaAnnotations.dbo.Annotations sa, BacterialAnnotations.dbo.Znnotations ta
where gh.MerSize=25 and

gh.sourceSpeciesNo=s.5peciesNo AND s.SpeciesID = 'Lactococcus_lactis cremoris SK11' and
sg.SpeciesNo=gh.SourceSpeciesNo and sg.SequenceNo=gh.SourceSequenceNo and sg.GeneNo=gh.SourceGeneNo and

sg.GenelID=sa.PID and
t.SpeciesNo=gh.TargetSpeciesNo and

tg.SpeciesNo=gh.TargetSpeciesNo and tg.SequenceNo=gh.TargetSequenceNo and tg.GeneNo=gh.TargetGeneNo and

tg.GeneID=ta.PID and
sa.Product="hypothetical protein' and ta.Product<>'hypothetical protein'

gh.TargetGeneNo

I3l 1%

A

—_—
—_—

-order by s.SpeciesID, gh.SourceSequenceNo, sg.GeneStart, t.SpeciesID, cgh.TargetSequenceNo, v
< 1 | )f_
[ Resuts | [J3 Messages|

Target TargetSpeciesNo ~ TargetSequenceNo | TargetGeneNo  Genelength  GeneStat = GenelD Product MerH &
1 Leuconostoc_citreum_KM20 335 2 3 522 1425 170016275 RepBdike protein 11
2 Rickettsia_prowazekii 534 1 306 667 203372 noncoding non-coding 1
3 Sulfurihydrogenibium_YO3A0P1 647 1 1365 1773 861804 1885596758  Highly conserved protein containing a thioredox... 2
4 Lactococcus_lactis_cremoris_SK11 321 4 43 3645 27540 noncoding non-coding 6
5 Streptococcus_gordonii_Challis_substr CH1 615 1 1616 174 562683 157150223  HsdD protein 4
6 Streptococcus_gordonii_Challis_substr CH1 615 1 1617 228 562832 157150137  HsdD protein 112
7 Lactococcus_lactis_cremoris_MG1363 320 1 1154 185 656855 non<coding  non-coding 6
8 Qenococcus_oeni_PSU-1 437 1 585 321 346140 noncoding non-coding 18
S Streptococcus_themophilus_CNRZ1066 638 1 1464 237 776000 55822801 dipeptidase. truncated 6
10 Streptococcus_themophilus_CNRZ1066 638 1 1465 250 776237 noncoding  non-coding % @
1T’ |-_
~r
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» Map Salmonella enterica Choleraesuis onto Salmonella
enterica Paratypi ATCC 9150

» Conserved genes, differing/new genes, translocations
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» Generate gigabytes of sequence data ‘quickly’ & ‘cheaply’
» Short strings (35 — 400bp for today)
« Random errors at <1% rate

» How similar is a pure culture of an organism to references?

* What is the composition of a mixed population from an
environmental sample (metagenomics)?

« Organism presence and gene-level sharedness counts
 Finding regions of difference (SNPs etc)
* Filter reads based on taxonomy

* Runs in ‘sparse matching time’
» 3 hours (compared to several days for conventional tools)

)



partition compared to Escherichia_coli_E24377A
ReageB@N46,662/115,646,360 25-mers from partition

seqo

7

7
7
7
7
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7
7
7
7
7
7

genelD
1non-coding
2157158747
3non-coding
4157158096
5157157451
6non-coding
7157156558
8157156183
9non-coding
10157155229
11 non-coding
12157154855

Length Strand Start mers tiles

geneDesc
335
bifunctional aspartokinase I/homeserine dehydrogenase | 2463
1
homoserine kinase 933
threonine synthase 1287
289
hypothetical protein 498
IS621. transposase 981
191
hypothetical protein 777
69
amino acid carrier protein 1431

Lactococcus cremoris SK11 healed 1K
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Kangaroo gut metagenome

B No matches (plant?)
M Enterobacteriaceae
m Bacteroidaceae

B Pseudomonadaceae
m Burkholderiaceae

m Desulfovibrionaceae




» Large number of sparse lookups over large space
« And orders of magnitude more (random) searches useful

 Largely solved by flash etc some time soon?
 Cleverer way of getting DB to do the matches faster?
» Even-cleverer non-DB way of doing the matches faster?

» Matching is ‘easily’ partitionable & distributable problem
 Provide as public service (expected by community)

« Amino acid codings, gene functional groups
» Simple ‘close matching’ (SNPs, indels)
« Additional or very different index structures
* Finding SNPs & other differences ‘“ﬂ“’



» 6Gig each, some internal redundancy
« 25-mer uniqueness property still useful
« Almost identical, but differences are the important thing
» Point mutations, structural differences, epigenetic differences?
« Many differences are irrelevant, but some are not
* Very incomplete understanding of human genome

« Justified by medical diagnosis/prediction applications?

 Finding correlations to disease, functionality, ...
 Storing, querying and analysing deltas?

* Need new statistical analysis techniques as well
« Many questions but the data is coming soon ‘“m’
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« Shared 25-mers turns out to be a useful metric

« Sharing matrix matches taxonomic structure quite well
» Shared 25-mers reflect shared genes

 Applications in microbiology, metagenomics, ...

» Extensive pre-processing to populate tables first
* Queries over all bacteria come back in ‘seconds’

« Comparisons can be fast, but |O-limited in sparse cases
* Low latency storage coming just in time?

* First flood of data is coming soon, real deluge following
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