
Prediction and structural analysis of the 

l ti d hevolutionary conserved enhancers 

in Drosophila genomesosop a ge o es

Nikulova A., Favorov A., Mironov A.

1



Transcriptional Regulation In Eukaryotes
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Motivation

• Transcription factor binding sites tend to cluster along the DNA strand

• In some cases sites form COMPOSITE ELEMENTS (CEs)

C l d h i il l l i h i l i

• Functional regulatory sequences are more conserved

• Co-regulated genes have similar regulatory elements in their regulatory regions

Genome 1
CE 1 CE 2

Genome 2
CE 1CE 2

Regulatory regionRegulatory region

• During the evolution sites can undergo the significant turnover => the regulatory 
elements can move and reshuffle along the DNA strand
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elements can move and reshuffle along the DNA strand



Regulatory Region Structure

• site type and their frequencies

• sites order preferences• sites order preferences

• inter-site distance distributions

Hidd M k M d l (HMM) f l t iHidden Markov Model (HMM) of a regulatory region:
• combines potential sites to form clusters

• takes into account the regulatory region structure
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• takes into account the regulatory region structure



Our program (HMM-based)
Input Output

Site clusters prediction
TF matrices

Co-regulated genes predictionTraining gene

Orthologous 
cluster

+

+

+

Genomes (12 flies)

+

+

+

+-

+

+

!>gi|116010444|ref|NT_033779.4| Drosophila melanogaster chromosome 2L, 
complete sequence 
CGACAATGCACGACAGAGGAAGCAGAACAGATATTTAGATTGCCTCTCATTTTCTCTCCCATATTATAGG 
GAGAAATATGATCGCGTATGCGAGAGTAGTGCCAACATATTGTGCTCTTTGATTTTTTGGCAACCCAAAA 
TGGTGGCGGATGAACGAGATGATAATATATTCAAGTTGCCGCTAATCAGAAATAAATTCATTGCAACGTT 
AAATACAGCACAATATATGATCGCGTATGCGAGAGTAGTGCCAACATATTGTGCTAATGAGTGCCTCTCG 
TTCTCTGTCTTATATTACCGCAAACCCAAAAAGACAATACACGACAGAGAGAGAGAGCAGCGGAGATATT 
TAGATTGCCTATTAAATATGATCGCGTATGCGAGAGTAGTGCCAACATATTGTGCTCTCTATATAATGAC 
TGCCTCTCATTCTGTCTTATTTTACCGCAAACCCAAATCGACAATGCACGACAGAGGAAGCAGAACAGAT 
ATTTAGATTGCCTCTCATTTTCTCTCCCATATTATAGGGAGAAATATGATCGCGTATGCGAGAGTAGTGC
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ATTTAGATTGCCTCTCATTTTCTCTCCCATATTATAGGGAGAAATATGATCGCGTATGCGAGAGTAGTGC 
CAACATATTGTGCTCTTTGATTTTTTGGCAACCCAAAATGGTGGCGGATGAACGAGATGATAATATATTC 
AAGTTGCCGCTAATCAGAAATAAATTCATTGCAACGTTAAATACAGCACAATATATGATCGCGTATGCGA 
GAGTAGTGCCAACATATTGTGCTAATGAGTGCCTCTCGTTCTCTGTCTTATATTACCGCAAACCCAAAAA 
GACAATACACGACAGAGAGAGAGAGCAGCGGAGATATTTAGATTGCCTATTAAATATGATCGCGTATGCG 
AGAGTAGTGCCAACATATTGTGCTCTCTATATAATGACTGCCTCTCATTCTGTCTTATTTTACCGCAAAC 
CCAAATCGACAATGCACGACAGAGGAAGCAGAACAGATATTTAGATTGCCTCTCATTTTCTCTCCCATAT 
TATAGGGAGAAATATGATCGCGTATGCGAGAGTAGTGCCAACATATTGTGCTCTTTGATTTTTTG….



Test Systems: Drosophila Developmental Genes
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Anterior–posterior axis patterning system

maternal genes

Transcription factors (gap genes):

gap genes

•Bicoid(bcd)

•Hunchback (hb) pair-rule genes

•Kruppel (Kr)

•Knirps (Kni)( )

•Caudal (cad)

•Giant (gt)
segment polarity

genes

p ( )

•Tailless (Tll)

•Giant (gt)

homeotic genesFirst run:
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First run:

Train model on gene hairy (h)



Top genes for h-trained model: expression, function
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Top Genes: GO statisticsTop Genes: GO-statistics

GO Term Top 32 genes (26) All genes: 10558 P-Valuep g ( ) g
periodic partitioning by pair rule gene 5 6 1,64E-10
blastoderm segmentation 9 137 4,72E-09
trunk segmentation 5 15 1,81E-08g ,
posterior head segmentation 4 15 1,60E-06
tube morphogenesis 6 102 4,49E-06
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Cluster structure: sites orderCluster structure: sites order

Knirps (kni)
2490

4164 27

45

Hunchback (hb)
13

2082 10

2
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Comparison of the gene lists for different training genes

h

vs

Kr
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Comparison of the gene lists for different training genes

h

vs

Kr

h

vs

eve

vs
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Clusters prediction: hbp

(h – trained model) (Kr – trained model)
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Kr<Kr<Kr<
kni>kni>

kni>cad>
Kr<hb<



Cluster structure: comparison between genesp g
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Cluster structure: comparison between genesp g
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Cluster structure: comparison between genesp g
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Cluster structure: site to site distancesCluster structure: site-to-site distances

hb<hb< : peaks distribution
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Dorsal ventral axis patterning systemDorsal–ventral axis patterning system

Transcription factors:

•Dorsal (dl) •Brinker (brk)( )

•Snail (sna)

•Twist (twi)

( )

•Su(H)

Mad
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•Twist (twi) •Mad



Top genes: expression, function
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Top Genes: GO-statistics

GO Term Top 32 genes (30) All genes: 10558 P-ValueGO Term Top 32 genes (30) All genes: 10558 P Value
organ development 18 1101 2,94E-08
regionalization 10 407 5,49E-06
patten specification process 10 426 7,56E-06

l ti f t i ti DNA d d t 9 390 3 45E 05regulation of transcription, DNA-dependent 9 390 3,45E-05
nervous system development 10 565 7,34E-05
imaginal disc-derived wing vein morphogenesis 4 36 9,53E-05
imaginal disc-derived appendage morphogenesis 7 237 9,64E-05
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THANK YOU ! THANK YOU ! 
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HMM Scheme
NEXT SITE – SITE 1

SPACER: D1(SITE1>SITE1)

SPACER: D2(SITE1>SITE1)
NEXT SITE – SITE 1

SPACER: D1(SITE1>SITE1)

SPACER: D2(SITE1>SITE1)

SITE 1 cluster
elongation

NEXT SITE – SITE 2

…
SPACER D1(SITE1>SITEN)

BEGIN

SPACER: D1(SITE1>SITE2)

SPACER: D2(SITE1>SITE2)SITE 1 cluster
elongation

NEXT SITE – SITE 2

…
SPACER D1(SITE1>SITEN)

BEGIN

SPACER: D1(SITE1>SITE2)

SPACER: D2(SITE1>SITE2)

p clo
se NEXT SITE – SITEN

p

SPACER: D1(SITE1>SITEN)

SPACER: D2(SITE1>SITEN)p clo
se NEXT SITE – SITEN

p

SPACER: D1(SITE1>SITEN)

SPACER: D2(SITE1>SITEN)

BACKGROUND

SITE 2pclose …

BACKGROUND

SITE 2pclose …

…
NEXT SITE – SITE 1

SPACER: D1(SITEN>SITE1)

SPACER: D2(SITEN>SITE1)

…
NEXT SITE – SITE 1

SPACER: D1(SITEN>SITE1)

SPACER: D2(SITEN>SITE1)

SITE N
pclose cluster

elongation

NEXT SITE – SITE 2

…

SPACER: D1(SITEN>SITE2)

SPACER: D2(SITEN>SITE2)
END

SITE N
pclose cluster

elongation

NEXT SITE – SITE 2

…

SPACER: D1(SITEN>SITE2)

SPACER: D2(SITEN>SITE2)
END
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NEXT SITE – SITEN

SPACER: D1(SITEN>SITEN)

SPACER: D2(SITEN>SITEN)

NEXT SITE – SITEN
SPACER: D1(SITEN>SITEN)

SPACER: D2(SITEN>SITEN)



Inter site Model Distance DistributionsInter-site Model Distance Distributions
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Clusters prediction: evep

(h – trained model) (Kr – trained model)

24



Clusters prediction: ftzp

(h – trained model) (Kr – trained model)
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Cluster structure: site to site distancesCluster structure: site-to-site distances

Kr<Kr< : geometric distribution
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Cluster structure: site to site distancesCluster structure: site-to-site distances

Kr<Kr< : geometric distribution
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Cluster structure: site to site distancesCluster structure: site-to-site distances

Kr<Kr< : geometric distribution
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Example: pair rule gene hairy (h)Example: pair-rule gene hairy (h)

stripe 3+7 stripe 6 stripe 1+5

29Kr+(tll+cad+gt) kni+cad+bcd+Kr+tllkni+cad



Example: pair-rule gene runt (run) 

stripe 3+7 stripe 6stripe 1+5
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kni+(cad) Kr+(tll+cad+gt) kni+cad+bcd+Kr+tll



Example: pair-rule gene fushi tarazu (ftz) 

stripe 3+7 ??? stripe 1+5

31
kni+(cad) Kr+(tll+bcd) 


