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Ned Seeman (1990s)
Using DNA to create shapes
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Create complementary strands 
inducing particular shapes

Using DNA to create shapes
Ned Seeman (1990s)
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Paul Rothemund (2006)

DNA origami
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The DNA of a virus is folded by the staples!

Paul Rothemund (2006)

DNA double helix persistence length is ~45nm, that is ~135 base 
pairs (bp) → can be abstracted as cylinder with diameter 2nm

DNA origami

5



DNA Origami
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  < <   < --- <   < --- <   < --- <   < --- <   <CTAACACT---GTTTTATT<   <GAAACGCA---AAGAAAAT<   < --- <   < --- <   < --- <   < --- <   < <
  >        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---  ATGAAT---TTTCTATT---GATTGTGA---CAAAATAA---ACTTATTC-------CGTGGTGT---CTTTGCGT---TTCTTTTA---TATGTTGC---CACCTT  ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        >  
 /   < <   < <   < <   < <   <  TACTTA AAAGATAA<   <TGAATAAG-------GCACCACA<   <ATACAACG GTGGAA <   < <   < <   < <   < <  \ 
|             s-10m1a ) ( s-10m1b                         s-8m1a  ) (  s-8m1b                         s-6m1a  ) (  s-6m1b                         s-4m1a  ) (  s-4m1b                         s-2m1a  ) (                                                                                 s2m1f   ) (   s2m1b                         s4m1a   ) (   s4m1b                         s6m1a   ) (   s6m1b                         s8m1a   ) (   s8m1b                         s10m1a  ) (  s10m1b             |
 \   > >   > >   > >   > >   >  ATGGTT TACCAGCG>   >GACATTCA-------TACGCAGT>   >AAAATACA TACATA >   > >   > >   > >   > >  / 
  <        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---  TACCAA---ATGGTCGC---GGTTTCTG---TTTTCCCG---CTGTAAGT<     <ATGCGTCA---TACAATCG---TTTGCATC---TTTTATGT---ATGTAT  ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        <  

>   > >   > >   > >   > >   >CCAAAGAC AAAAGGGC>  \   /   >ATGTTAGC AAACGTAG>   > >   > >   > >   > >   >
  ( s-11m2b                         s-9m2a  ) (  s-9m2b                         s-7m2a  ) (  s-7m2b                         s-5m2a  ) (                                 s-3m2e  ) (                                 s-1m2e  ) (  s-1m2i             | |             s1m2i   ) (                                 s3m2e   ) (                                 s5m2e   ) (   s5m2b                         s7m2a   ) (   s7m2b                         s9m2a   ) (   s9m2b                         s11m2a  )  

<   < <   < <   < TACCGAGT<   <TTAAGTGG AAATTACT<   <AAATGGAA GGGAGGGA<  /   \   <AGAATTAG TACGGTCA<   <AATAATAA CGCAAAGG<   <TTGAAACA <   < <   < <   <
  >        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---ATGGCTCA---AGTCGGTG---ACGGTGAT---AATTCACC---TTTAATGA---ATAATTTC---CGTCAATA---TTTACCTT---CCCTCCCT---CAATCGGT>     >ATAAGGAG---TCTTAATC---ATGCCAGT---TCTTTTGG---GTATTCCG---TTATTATT---GCGTTTCC---TCGGTTTC---CTTCTGGT---AACTTTGT---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        >  
 /   < <   < <   < <   <TCAGCCAC TGCCACTA<   <TATTAAAG GCAGTTAT<   <GTTAGCCA-------TATTCCTC<   <AGAAAACC CATAAGGC<   <AGCCAAAG GAAGACCA<   < <   < <   < <  \ 
|             s-10m3a ) ( s-10m3b                         s-8m3a  ) (  s-8m3b                         s-6m3a  ) (  s-6m3b                         s-4m3f  ) (                                 s-2m3f  ) (                                                                                 s2m3f   ) (                                 s4m3f   ) (                                 s6m3a   ) (   s6m3b                         s8m3a   ) (   s8m3b                         s10m3a  ) (  s10m3b             |
 \   > >   > >   > >   >TAGAGCCA GCAAAATC>   >CCATTAGC AAGGCCGG>   >ACCATCGA-------AATAATAA>   >AATAGCAA TAGCTATC>   >TAAGAAAA GTAAGCAG>   > >   > >   > >  / 
  <        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---AACCCTTA---ATCTCGGT---CGTTTTAG---TGGTCATC---GTGGTAAT---GGTAATCG---TTCCGGCC---TTTGCAGT---GGTTACTT---TGGTAGCT<     <TTATTATT---CTCGTTCT---TTGTTACT---TTATCGTT---ATCGATAG---AATGGCTT---CGGGAAAA---ATTCTTTT---CATTCGTC---TATCGGCT---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        <  

>   > >   > >   > TTGGGAAT>   >ACCAGTAG CACCATTA>   >AAACGTCA CCAATGAA>  \   /   >GAGCAAGA AACAATGA>   >TTACCGAA GCCCTTTT>   >ATAGCCGA >   > >   > >   >
  ( s-11m4b                         s-9m4a  ) (  s-9m4b                         s-7m4a  ) (  s-7m4b                         s-5m4e  ) (                                 s-3m4e  ) (                                 s-1m4e  ) (  s-1m4i             | |             s1m4i   ) (                                 s3m4e   ) (                                 s5m4e   ) (                                 s7m4a   ) (   s7m4b                         s9m4a   ) (   s9m4b                         s11m4a  )  

<   < <   < <   <CGATACTG GCTTTTAC<   <TGTCAGAC TGCGATTT<   <AGCGATGA CTAATGCC<  /   \   <GAGTTAAG AACACCCA<   <CGCGAGTT AATGGGAG<   <CAAGTCAA TTAAGAGG<   < <   < <   <
  >        ---        ---        ---        ---        ---        ---        ---        ---        ---  ACGCTA---ATAAGGGG---GCTATGAC---CGAAAATG---CCGATGAA---AACGCGCT---ACAGTCTG---ACGCTAAA---GGCAAACT---TGATTCTG---TCGCTACT---GATTACGG---TGCTGCTA>     >GGGCTTAA---CTCAATTC---TTGTGGGT---TATCTCTC---TGATATTA---GCGCTCAA---TTACCCTC---TGACTTTG---TTCAGGGT---GTTCAGTT---AATTCTCC---CGTCTAAT---GCGCTT  ---        ---        ---        ---        ---        ---        ---        ---        ---        >  
 /   < <   < <   <  TGCGAT TATTCCCC<   <GGCTACTT TTGCGCGA<   <CCGTTTGA ACTAAGAC<   <ACGACGAT-------CCCGAATT<   <ATAGAGAG ACTATAAT<   <ACTGAAAC AAGTCCCA<   <GCAGATTA CGCGAA <   < <   < <  \ 
|             s-10m5a ) ( s-10m5b                         s-8m5a  ) (  s-8m5b                         s-6m5a  ) (                                 s-4m5f  ) (                                 s-2m5f  ) (                                                                                 s2m5f   ) (                                 s4m5f   ) (                                 s6m5f   ) (   s6m5b                         s8m5a   ) (   s8m5b                         s10m5a  ) (  s10m5b             |
 \   > >   > >   >  TTGCCA TCTTTTCA>   >AACCAGAG CCACCACC>   >GAGCCGCC ACCCTCAG>   >GCCACCAC-------ACAGCCAT>   >CAAATAAG AAACGATT>   >AAATGAAA ATAGCAGC>   >ACATAAAA ACAGGG >   > >   > >  / 
  <        ---        ---        ---        ---        ---        ---        ---        ---        ---  AACGGT---AGAAAAGT---ATTAGTTT---TAGTGGCC---TTGGTCTC---GGTGGTGG---CCTTGGCG---GAGGGAGT---CTCGGCGG---TGGGAGTC---TTGGCGGT---GGGAGTCT---CGGTGGTG<     <TGTCGGTA---TAATAAAT---AGGGTTAG---GTTTATTC---TTTGCTAA---AAAACAAA---TTGCAGTT---TTTACTTT---TATCGTCG---GAAATGTC---TCTCTTAT---TGTATTTT---TGTCCC  ---        ---        ---        ---        ---        ---        ---        ---        ---        <  

>   > >   > >   >TAATCAAA ATCACCGG>   >GGAACCGC CTCCCTCA>   >AACCGCCA CCCTCAGA>  \   /   >ATTATTTA TCCCAATC>   >TTTTGTTT AACGTCAA>   >CTTTACAG AGAGAATA>   > >   > >   >
  ( s-11m6b                         s-9m6a  ) (  s-9m6b                                 ) (                                 s-5m6e  ) (                                 s-3m6e  ) (                                 s-1m6e  ) (  s-1m6i             | |             s1m6i   ) (                                 s3m6e   ) (                                 s5m6j   ) (                                         ) (                                 s9m6a   ) (   s9m6b                         s11m6a  )  

<   < <   <TAAGACCG AAATTACT<   <CTTATAGT TCCGGTTA<   <TGGAGGAC AGTTACGA<   <CACCAAGA CCACCGCC<  /   \   <ATTGACCG TTTAATCC<   <CAATCGCA ACCATTCT<   <TCGACCCA CGTTTTAT<   <ATTCCGAA GTTTTGGA<   < <   <
  >        ---        ---        ---        ---        ---        ---     TCC---ATTCTGGC---TTTAATGA---GGATTTAT---TTGTTTGT---GAATATCA---AGGCCAAT---CGTCTGAC---CTGCCTCA---ACCTCCTG---TCAATGCT---GGCGGCGG---CTCTGGTG---GTGGTTCT---GGTGGCGG---CTCTGAGG>     >TTATTTTG---TAACTGGC---AAATTAGG---CTCTGGAA---AGACGCTC---GTTAGCGT---TGGTAAGA---TTCAGGAT---AAAATTGT---AGCTGGGT---GCAAAATA---GCAACTAA---TCTTGATT---TAAGGCTT---CAAAACCT---CCC     ---        ---        ---        ---        ---        ---        >  
 /   < <   <      AGG<   <CCTAAATA AACAAACA<   <GCAGACTG GACGGAGT<   <CCGCCGCC GAGACCAC<   <GAGACTCC-------AATAAAAC<   <GAGACCTT TCTGCGAG<   <AAGTCCTA TTTTAACA<   <CGTTGATT AGAACTAA<   <GGG <   < <  \ 
|             s-10m7a ) ( s-10m7b                         s-8m7a  ) (  s-8m7g                         s-6m7g  ) (                                 s-4m7f  ) (                                 s-2m7f  ) (                                                                                 s2m7f   ) (                                         ) (                                 s6m7f   ) (                                 s8m7g   ) (   s8m7b                         s10m7a  ) (  s10m7b             |
 \   > >   > AAG>   >ACCGTTCC AGTAAGCG>   >ATGATACA GGAGTGTA>   >ACGGGGTC AGTGCCTT>   >ATAAACAG-------TTAATGCC>   >ACCTATTA TTCTGAAA>   >GGCTGAGA TAGAAGGC>   >GAACGCGA GGCGTTTT>   >TGC >   > >  / 
  <        ---        ---        ---        ---        ---        ---     TTC---GCGTCAGA---GACTTAAA---TGGCAAGG---TCATTCGC---AGTATGTA---CCGAAAAC---TACTATGT---CCTCACAT---GACCATTA---TTCAAAAT---TGCCCCAG---TCACGGAA---CTCATTGT---CACGGGCA---TATTTGTC<     <AATTACGG---GGGACGGA---TAAAGCCT---TGGATAAT---AAGACTTT---GTACTTTC---ATAATTCT---CCGACTCT---ATCTTCCG---AATAGGCC---ATAAGATT---CTTGCGCT---CCGCAAAA---TCGCTTGG---AGGGCTGA---ACG     ---        ---        ---        ---        ---        ---        <  

>   > >   >CGCAGTCT CTGAATTT>   >TCATACAT GGCTTTTG>   >CTGGTAAT AAGTTTTA>   >GAGTAACA GTGCCCGT>  \   /   >CCCTGCCT ATTTCGGA>   >CATGAAAG TATTAAGA>   >TTATCCGG TATTCTAA>   >AGCGAACC TCCCGACT>   > >   >
  ( s-11m8b                         s-9m8a  ) (  s-9m8b                                 ) (                                 s-5m8e  ) (                                 s-3m8e  ) (                                 s-1m8e  ) (  s-1m8i             | |             s1m8e   ) (                                 s3m8e   ) (   s3m8i                         s5m8i   ) (                                 s7m8e   ) (                                 s9m8a   ) (   s9m8b                         s11m8a  )  

<   < <   <GTTTTTAC TGGAGAAT<   <TTCCATGA GAGATTAG<   <ACGAAGGC CAGACCAA<   <AATTTTGC GAATATAG<  /   \   <GAATAGGC GGACCATG<   <TTAGGATT AGGAAGAG<   <AACGAACG ATAACCCG<   <GCTACTTT TATTTTTG<   < <   <
  >        ---        ---        ---        ---        ---  CTCTAA---GCCATCCG---CAAAAATG---ACCTCTTA---TCAAAAGG---AGCAATTA---AAGGTACT---CTCTAATC---CTGACCTG---TTGGAGTT---TGCTTCCG---GTCTGGTT---CGCTTTGA---AGCTCGAA---TTAAAACG---CTTATATC---AACCCTCT>     >CGACGGCA---CTTATCCG---CCTGGTAC---TGAGCAAA---ACCCCGCT---AATCCTAA---TCCTTCTC---TTGAGGAG---TATCTGAT---TTGCTTGC---TATTGGGC---GCGGTAAT---GATTCCTA---CGATGAAA---ATAAAAAC---GGCTTGCT---TGTTCT  ---        ---        ---        ---        ---        >  
 /   < <   <  GAGATT CGGTAGGC<   <AGTTTTCC TCGTTAAT<   <GACTGGAC AACCTCAA<   <GCGAAACT TCGAGCTT<   <TTGGGAGA-------GCTGCCGT<   <ACTCGTTT TGGGGCGA<   <AACTCCTC ATAGACTA<   <CGCCATTA CTAAGGAT<   <CCGAACGA ACAAGA <   < <  \ 
|             s-10m9a ) ( s-10m9b                         s-8m9a  ) (                                 s-6m9f  ) (                                 s-4m9f  ) (                                 s-2m9f  ) (                                                                                 s2m9f   ) (                                         ) (   s4m9g                         s6m9f   ) (                                 s8m9g   ) (   s8m9b                         s10m9a  ) (  s10m9b             |
 \   > >   >  CTTAAT TGCTGAAT>   >ACATGTTT TAAATATG>   >TCTGGAAG >   > AAGACTTC>   >GGAATAGG-------TGTATCAC>   >AGTACCGC >   > CCAATCAA>   >CTTATCAT TCCAAGAA>   >TACCGCAC TCATCG >   > >  / 
  <        ---        ---        ---        ---        ---  GAATTA---ACGACTTA---TATTACGA---CATCGAGT---TGTACAAA---ATTTATAC---GTTGATTT---CATGCCAC---AGACCTTC---        ---        ---        ---        ---TTCTGAAG---TTTATAGC---ATATCGGG---CCTTATCC<     <ACATAGTG---GCATGAGT---CCTCCAAA---TCATGGCG---        ---        ---        ---        ---GGTTAGTT---ATTAGCCG---ACAGAAAG---GAATAGTA---AGGTTCTT---GCCCATAA---TTTGGTTC---ATGGCGTG---AGTAGC  ---        ---        ---        ---        ---        <  

>   > >   >ATAATGCT GTAGCTCA>   >CAACTAAA GTACGGTG>   > >   >AAATATCG TATAGCCC>  \   /   >CGTACTCA GGAGGTTT>   > >   >TAATCGGC TGTCTTTC>   >CGGGTATT AAACCAAG>   > >   >
  (s-11m10b                         s-9m10a ) (                                 s-7m10e ) (                                 s-5m10e ) (                                 s-3m10a ) ( s-3m10b                         s-1m10i ) ( s-1m10j             | |             s1m10e  ) (                                 s3m10a  ) (  s3m10b                                 ) (                                 s7m10e  ) (                                 s9m10e  ) (  s9m10b                         s11m10a )  

<   < GGTAAACG<   <AGTTTGAT TTAGATGA<   <TTAGTTGA CAATATAC<   < <   <GGAGAATT CACCACCG<  /   \   <GACTCCCA CCGCCAAG<   < <   <ACGAGCAT TTAATCCT<   <AACAAGTC CTGAATAG<   <CGCGCAAG <   <
  >        ---        ---        ---        ---CCATTTGC---GAAATGTA---TCTAATGG---TCAAACTA---AATCTACT---CGTTCGCA---GAATTGGG---AATCAACT---GTTATATG---GAATGAAA---        ---        ---        ---        ---TCGGGCTT---CCTCTTAA---GTGGTGGC---TCTGAGGG>     >TGGCGGTT---CTGAGGGT---GGCGGTTC---TGAGGGTG---        ---        ---        ---        ---TTTCTACA---TGCTCGTA---AATTAGGA---TGGGATAT---TATTTTTC---TTGTTCAG---GACTTATC---TATTGTTG---ATAAACAG---GCGCGTTC---        ---        ---        ---        >  
 /   < <   <CTTTACAT AGATTACC<   <GCAAGCGT CTTAACCC<   <CTTACTTT <   < AGCCCGAA<   <AGACTCCC-------ACCGCCAA<   <ACTCCCAC <   < AAAGATGT<   <ACCCTATA ATAAAAAG<   <ATAACAAC TATTTGTC<   < <  \ 
|             s-10m11a) (s-10m11b                         s-8m11f ) (                                 s-6m11f ) (                                 s-4m11f ) ( s-4m11b                         s-2m11a ) (                                                                                 s2m11f  ) (  s2m11b                         s4m11a  ) (                                 s6m11f  ) (                                 s8m11f  ) (                                 s10m11a ) ( s10m11b             |
 \   > >   >CTGTTTAG CTATATTT>   >CTGAAAAG GTGGCATC>   >GTAGCATT >   > GATTGCAT>   >TCAGGGAT-------AGCAAGCC>   >ACCGTAAC >   > TAAGAGAA>   >AAGGTAAA GTAATTCT>   >TAAACAAC ATGTTCAG>   > >  / 
  <        ---        ---        ---        ---AGTTATTG---GACAAATC---GATATAAA---AGTAAACC---CCGCGCTC---GACTTTTC---CACCGTAG---TTAAGATG---ATTATCAT---CATCGTAA---        ---        ---        ---        ---CTAACGTA---GTTTTTCT---GGAGTAAA---AGTCCCTA<     <TCGTTCGG---GTTATCCT---TGGGTACA---TGGCATTG---        ---        ---        ---        ---ATTCTCTT---ATATTTCA---TGGCTGTT---TTCCATTT---CATTAAGA---CAGGTCTG---CTGCTGTT---ATTTGTTG---TACAAGTC---GATTACGT---        ---        ---        ---        <  

>   > TCAATAAC>   >TCATTTGG GGCGCGAG>   >AATTCTAC TAATAGTA>   > >   >CAAAAAGA CCTCATTT>  \   /   >CAATAGGA ACCCATGT>   > >   >TATAAAGT ACCGACAA>   >GTCCAGAC GACGACAA>   >CTAATGCA >   >
  (s-11m12b                         s-9m12a ) (                                 s-7m12e ) (                                 s-5m12e ) (                                 s-3m12a ) ( s-3m12b                         s-1m12i ) ( s-1m12j             | |             s1m12e  ) (                                 s3m12a  ) (  s3m12b                         s5m12e  ) (                                 s7m12e  ) (                                 s9m12e  ) (  s9m12b                         s11m12a )  

<   < GGCTAAAT<   <GAAATAAC GAATTAAA<   <ACGGACAT ACTAAATA<   < <   <AAGACTGA ACACCTTA<  /   \   <AAACATGA CCACTGCT<   < <   <AGCTTTTA CGGAGACG<   <GCAACAAT TTATACCG<   <GATGACAA <   <
  >        ---        ---        ---        ---CCGATTTA---GCTTTATG---CTCTGAGG---CTTTATTG---CTTAATTT---TGCTAATT---CTTTGCCT---TGCCTGTA---TGATTTAT---TGGATGTT---        ---        ---        ---        ---CGCTTTGC---TTCTGACT---TGTGGAAT---GCTACAGG>     >CGTTGTAG---TTTGTACT---GGTGACGA---AACTCAGT---        ---        ---        ---        ---TTACTGGC---TCGAAAAT---GCCTCTGC---CTAAATTA---CATGTTGG---CGTTGTTA---AATATGGC---GATTCTCA---ATTAAGCC---CTACTGTT---        ---        ---        ---        >  
 /   < <   <CGAAATAC GAGACTCC<   <ACGATTAA GAAACGGA<   <ACCTACAA <   < GCGAAACG<   <CGATGTCC-------GCAACATC<   <TTGAGTCA <   < AATGACCG<   <GATTTAAT GTACAACC<   <CTAAGAGT TAATTCGG<   < <  \ 
|             s-10m13a) (s-10m13b                         s-8m13f ) (                                 s-6m13f ) (                                 s-4m13f ) ( s-4m13b                         s-2m13a ) (                                                                                 s2m13f  ) (  s2m13b                         s4m13a  ) (                                 s6m13f  ) (                                 s8m13f  ) (                                 s10m13a ) ( s10m13b             |
 \   > >   >AAAACATT ATGACCCT>   >AGAAGCCT TTATTTCA>   >TTTTAGAA >   > TTACCCTG>   >TCATAGTT-------AGCGTAAC>   >GTCTTTCC >   > CCGGAATC>   >GCCTGTTT AGTATCAT>   >CTTACCAG TATAAAGC>   > >  / 
  <        ---        ---        ---        ---AACATGGT---TTTTGTAA---TACTGGGA---CATTATGA---AAACGCCC---TCTTCGGA---AATAAAGT---TGCGTTCC---TATTTTTA---AAAATCTT---        ---        ---        ---        ---AATGGGAC---TGATAATA---CTGTCGGG---AGTATCAA<     <TCGCATTG---CTAGATTT---CAAAACAG---CAGAAAGG---        ---        ---        ---        ---GGCCTTAG---TATTAATG---ATCTTTTT---CGGACAAA---TCATAGTA---TACGCAAT---ATGTTTAA---GAATGGTC---ATATTTCG---GTTGCGAG---        ---        ---        ---        <  

>   > TTGTACCA>   >GTAATACT TTTGCGGG>   >ACGCAAGG ATAAAAAT>   > >   >ACTATTAT GACAGCCC>  \   /   >GATCTAAA GTTTTGTC>   > >   >ATAATTAC TAGAAAAA>   >ATGCGTTA TACAAATT>   >CAACGCTC >   >
  (s-11m14b                         s-9m14e ) (                                 s-7m14e ) (                                 s-5m14e ) (                                 s-3m14a ) ( s-3m14b                         s-1m14i ) ( s-1m14j             | |             s1m14e  ) (                                 s3m14a  ) (  s3m14b                         s5m14g  ) (                                 s7m14e  ) (                                 s9m14e  ) (                                 s11m14a )  

<   <TACCACTA AACTGACA<   <GGAAAACT TAGAAATG<   <GTAACGTA AATTTTAT<   < <   <AAAAACTA TTTCAACA<  /   \   <GTCTTTTA AGTAAATG<   < <   <GAATAAAT TGCGGAAT<   <ATAAAGTT TGGTAATT<   <CTTTAATT GATTTTAT<   <
  >        ---        ---     TTG---ATGGTGAT---TTGACTGT---CTCCGGCC---TTTCTCAC---CCTTTTGA---ATCTTTAC---CTACACAT---TACTCAGG---CATTGCAT---TTAAAATA---TATGAGGG---        ---        ---        ---        ---AGACCTGA---TTTTTGAT---AAAGTTGT---TTAGCAAA>     >ATCCCATA---CAGAAAAT---TCATTTAC---TAACGTCT---        ---        ---        ---        ---TGTTTATT---CTTATTTA---ACGCCTTA---TTTATCAC---ACGGTCGG---TATTTCAA---ACCATTAA---ATTTAGGT---CAGAAGAT---GAAATTAA---CTAAAATA---TAT     ---        ---        >  
 /   < AAC<   <GAGGCCGG AAAGAGTG<   <GATGTGTA ATGAGTCC<   <ATACTCCC <   < TCTGGACT<   <AATCGTTT-------TAGGGTAT<   <ATTGCAGA <   < ACAAATAA<   <AAATAGTG TGCCAGCC<   <TAAATCCA GTCTTCTA<   <ATA <  \ 
|             s-10m15a) (s-10m15g                         s-8m15f ) (                                 s-6m15f ) (                                 s-4m15g ) (                                         ) (                                                                                 s2m15f  ) (  s2m15g                                 ) (                                 s6m15f  ) (                                 s8m15f  ) (                                 s10m15g ) ( s10m15b             |
 \   > TAT>   >AGCTGATA AATTAATG>   >TTTTTGAG AGATCTAC>   >TTGCCTGA ATCCCCCT>   >TTCAGAAA ACGAGAAT>   >TCAGCGGA-------GTGAGAAT>   >AGGAATTG CGAATAAT>   >AAATCTCC TAACCTCC>   >TATAACTA TATGTAAA>   >ATCGCAAG ACAAAGAA>   >CAA >  / 
  <        ---        ---     ATA---CTATAAGT---TGGCAAGA---TCGACTAT---TTAATTAC---GGCCTCTC---CCATCGAT---AAAAACTC---TCTAGATG---TTTCCGAT---AGTCCAGT---AACGGACT---TAGGGGGA---GTTTACGA---AATTTGTC---AAGTCTTT---TGCTCTTA---CTGGTATT---GTTGTCAA---AGTCGCCT<     <CACTCTTA---TCTTTCCT---TGTTGATT---TCCTTAAC---GCTTATTA---TTAAAAAA---GTGCAACT---TTTAGAGG---ATTGGAGG---CCGAATCC---AACCCAAT---ATATTGAT---ATACATTT---ACGACTAC---GTTTAGGT---TAGCGTTC---TGTTTCTT---GCGCTCTT---TTGAAAAA---GTT     ---        ---        <  

>   >GATATTCA ACCGTTCT>   >CCGGAGAG GGTAGCTA>   >AAAGGCTA TCAGGTCA>   >CAAATGCT TTAAACAG>   >GACCATAA CAACAGTT>  \   /   >AGAAAGGA ACAACTAA>   >AATTTTTT CACGTTGA>   >GGCTTAGG TTGGGTTA>   >TGCTGATG CAAATCCA>   >CGCGAGAA AACTTTTT>   >
  (s-11m16b                                 ) (                                 s-7m16e ) (                                 s-5m16e ) ( s-5m16i                         s-3m16i ) (                                 s-1m16i ) ( s-1m16j             | |             s1m16e  ) (                                         ) (  s3m16i                         s5m16i  ) (                                 s7m16e  ) (                                 s9m16e  ) (                                 s11m16a )  

<   <CGAAAAGA CTAATAGT<   <AACTGTAC GATCAAAA<   <CTAAGAGA ACAAACGA<   <ATAAATAC TGCTAAGG<   <AGGTCAGA AGTTCGAC<  /   \   <GCTTTCGT TCGACTAT<   <CCGAGGAA AACCTCGG<   <CAGAGAGT CTGGATAC<   <ATAACTGA GAAGAGTC<   <TAGCGATA CAAAAGTT<   <
  >        ---        ---     GGG---GCTTTTCT---GATTATCA---ACCGGGGT---ACATATGA---TTGACATG---CTAGTTTT---ACGATTAC---CGTTCATC---GATTCTCT---TGTTTGCT---CCAGACTC---TCAATGAA---TATTTATG---ACGATTCC---GCAGTATT---GGACGCTA---TCCAGTCT---TCAAGCTG---TTTAAGAA>     >ATTCACCT---CGAAAGCA---AGCTGATA---AACCGATA---CAATTAAA---GGCTCCTT---TTGGAGCC---TTTTTTTT---AAAAGGTA---GTCTCTCA---GACCTATG---ATTTTGAT---AAATTCAC---TATTGACT---CTTCTCAG---CGTCTTAA---TCTAAGCT---ATCGCTAT---GTTTTCAA---GGA     ---        ---        >  
 /   < CCC<   <TGGCCCCA TGTATACT<   <TGCTAATG GCAAGTAG<   <GGTCTGAG AGTTACTT<   <CGTCATAA CCTGCGAT<   <AAATTCTT-------TAAGTGGA<   <TTGGCTAT GTTAATTT<   <AAAAAAAA TTTTCCAT<   <TAAAACTA TTTAAGTG<   <GCAGAATT AGATTCGA<   <CCT <  \ 
|             s-10m17a) (s-10m17g                         s-8m17f ) (                                 s-6m17f ) (                                         ) (                                 s-2m17g ) (                                                                                 s2m17f  ) (                                         ) (                                 s6m17f  ) (                                 s8m17f  ) (                                 s10m17g ) ( s10m17b             |
 \   > AAA>   >AAGCAAAT ATTTAAAT>   >TTGTTAAA ATTCGCAT>   >CAGCTCAT GGCTTTTG>   >AGAGGGGG TAATAGTA>   >GTTGCGCC-------GACAATGA>   >CGCATAAC CGATATAT>   >GCAGGGAG TTTTTTAA>   >ATCAATAT ATGTGAGT>   >GTAAATCG TCGCTATT>   >GAA >  / 
  <        ---        ---     TTT---TTGTCCTT---CTAACATA---TTCGTTTA---TAAATTTA---ACATTTGC---AATTATAA---AACAATTT---TAAGCGTA---ATTTAAAA---ACAATTTA---GTCGAGTA---CCGAAAAC---GTTTTCTT---CAAAACGG---TCTCCCCC---ATTATCAT---TTTACAAA---ATGGCTAT---CAACGCGG<     <CTGTTACT---GTTGTTGG---TAGCGGGT---GCGTATTG---GCTATATA---AGCCAGCG---ACTCCGAA---CGTCCCTC---AAAAAATT---ACCTTTGT---CATGTATT---TAGTTATA---TACACTCA---CTTATTGG---AACGAAGA---CATTTAGC---AGCGATAA---TTAATTAA---AAGGGAAT---CTT     ---        ---        <  

>   >AACAGGAA GATTGTAT>   >TGTAAACG TTAATATT>   >TAAATTTT TGTTAAAT>   >CAAAAGAA GTTTTGCC>   >AAATGTTT TACCGATA>  \   /   >CAACAACC ATCGCCCA>   >TCGGTCGC TGAGGCTT>   >TGGAAACA GTACATAA>   >GAATAACC TTGCTTCT>   >AATTAATT TTCCCTTA>   >
  (s-11m18b                                 ) (                                 s-7m18e ) (                                 s-5m18e ) ( s-5m18i                         s-3m18i ) (                                 s-1m18i ) ( s-1m18j             | |             s1m18e  ) (                                 s3m18e  ) (  s3m18i                         s5m18i  ) (                                 s7m18e  ) (                                 s9m18e  ) (                                 s11m18a )  

<   <AATGAGCG AGTGTAAA<   <CCGATGTC CTTCCGGT<   <CTACCGCA AGGATAAC<   <AAAACCAA AAATAGCA<   <CAATACTA CGGAGACA<  /   \   <CAAGGCTA CGACAGAA<   <GCTAGGGC GTTTTCGC<   <TTTACTTT AACAATTT<   <AAGAACTA CAAACAAA<   <AGTCCATT AACTTTAC<   <
  >        ---        ---     TTG---TTACTCGC---TCACATTT---AATGTTGA---TGAAAGCT---GGCTACAG---GAAGGCCA---GACGCGAA---TTATTTTT---GATGGCGT---TCCTATTG---GTTAAAAA---TCTCGCTA---TTTTGGTT---TTTATCGT---CGTCTGGT---AAACGAGG---GTTATGAT---GCCTCTGT---AGCCGTTG>     >CTACCCTC---GTTCCGAT---GCTGTCTT---TCGCTGCT---GAGGGTGA---CGATCCCG---CAAAAGCG---GCCTTTAA---GGTAATTC---AAATGAAA---TTGTTAAA---TGTAATTA---ATTTTGTT---TTCTTGAT---GTTTGTTT---CATCATCT---TCTTTTGC---TCAGGTAA---TTGAAATG---AAT     ---        ---        >  
 /   < AAC<   <TTACAACT ACTTTCGA<   <CTGCGCTT AATAAAAA<   <CAATTTTT AGAGCGAT<   <GCAGACCA TTTGCTCC<   <TCGGCAAC-------GATGGGAG<   <AGCGACGA CTCCCACT<   <CGGAAATT CCATTAAG<   <ACATTAAT TAAAACAA<   <GTAGTAGA AGAAAACG<   <TTA <  \ 
|             s-10m19a) (s-10m19g                         s-8m19f ) (                                 s-6m19f ) (                                         ) (                                 s-2m19f ) (                                                                                 s2m19f  ) (                                         ) (                                 s6m19f  ) (                                 s8m19f  ) (                                 s10m19g ) ( s10m19b             |
 \   > CCC>   >GAACAAAC GGCGGATT>   >GTCACGTT >   > >   >ACGAGGCA TAGTAAGA>   >CTAAAGAC-------TTTTTCAT>   >AACGGGTA AAATACGT>   > >   > ATAACGGA>   >GAATACCA AGTTACAA>   >ATT >  / 
  <        ---        ---     GGG---CAGCCTAA---GAGGCACC---CTTGTTTG---CCGCCTAA---CTGGCATT---ACCCTATC---CAGTGCAA---        ---        ---        ---        ---        ---  GCGGTT---TTCCTTAA---TGCTCCGT---ATCATTCT---CGTTGTGA---AAACTCCT---GATTTCTG<     <AAAAAGTA---CTCCTTCA---AAGGTAAT---TTGCCCAT---TTTATGCA---TTACGGTG---ATGCTT  ---        ---        ---        ---        ---        ---TATTGCCT---AAGCGGAC---TAACGAAA---CTTATGGT---TCAATGTT---TTAGCGCG---TCTCCGCT---TAA     ---        ---        <  

>   >GTCGGATT CTCCGTGG>   >GACCGTAA TGGGATAG>   > >   >  CGCCAA AAGGAATT>   >GCAACACT TTTGAGGA>  \   /   >GAGGAAGT TTCCATTA>   >AATGCCAC TACGAA >   > >   >TTCGCCTG ATTGCTTT>   >AATCGCGC AGAGGCGA>   >
  (s-11m20b                                 ) (                                 s-7m20e ) (                                 s-5m20a ) ( s-5m20b                         s-3m20a ) (                                 s-1m20i ) ( s-1m20j             | |             s1m20e  ) (                                 s3m20e  ) (  s3m20b                         s5m20a  ) (  s5m20b                         s7m20e  ) (                                 s9m20e  ) (  s9m20f                         s11m20a )  

<   < CAGGGGAG<   <CCAATGCT ACGCGGGT<   < <   <  AATACA TAGACGTA<   <AGGATTTA ATATTAGC<  /   \   <TCACAAAA TCACATAA<   <AAATCCAA CCACGG <   < <   <GGCTACAT TTTCCATG<   <AGACTGCA <   <
  >        ---        ---        ---        ---GTCCCCTC---AAACTGGC---AGATGCAC---GGTTACGA---TGCGCCCA---TCTACACC---        ---        ---        ---        ---        ---  TTATGT---ATCTGCAT---TAGTTGAA---TGTGGTAT---TCCTAAAT---TATAATCG---CTGGGGGT>     >CAAAGATG---AGTGTTTT---AGTGTATT---CTTTTGCC---TCTTTCGT---TTTAGGTT---GGTGCC  ---        ---        ---        ---        ---        ---TGTTTCTC---CCGATGTA---AAAGGTAC---TGTTACTG---TATATTCA---TCTGACGT---        ---        ---        ---        >  
 /   < <   <TTTGACCG TCTACGTG<   <AGATGTGG <   < <   <ATCAACTT ACACCATA<   <GACCCCCA-------GTTTCTAC<   <GAAAACGG AGAAAGCA<   < <   < ACAAAGAG<   <ACAATGAC ATATAAGT<   < <  \ 
|             s-10m21a) (s-10m21b                         s-8m21f ) (                                 s-6m21f ) ( s-6m21g                         s-4m21a ) ( s-4m21g                         s-2m21f ) (                                                                                 s2m21f  ) (                                         ) (  s4m21b                                 ) (                                 s8m21f  ) (                                 s10m21a ) ( s10m21b             |
 \   > >   >TATCGGCC TCAGGAAG>   >CTTTCCGG CACCGCTT>   > GAACTAAC>   >AGGTAGAA AGATTCAT>   >GAAACAAA-------GTACAACG>   >CCTGATAA ATTGTGTC>   >TCCATGTT >   >CAAAATTA TTTGCACG>   >AAATTGCG TAGATTTT>   > >  / 
  <        ---        ---        ---        ---CTGCTGTC---ATAGCCGG---AGTCCTTC---TAGCGTGA---GGTCGGTC---GAAAGGCC---GTGGCGAA---GAC     ---        ---        ---CTTGATTG---CCTTGTTG---TAATAATG---TCCATCTT---TCTAAGTA---GTCAACTC---GGTTCGCG---CTTTGTTT<     <CATGTTGC---CTCTAAAC---ATAGTAGC---GGACTATT---TAACACAG---CTTTAGGC---GCTGGACG---AGGTACAA---        ---        ---     ATA---GTTTTAAT---AAACGTGC---ATTTTGTC---TTTATTTC---TTTAACGC---ATCTAAAA---GTCCAAAT---        ---        ---        ---        <  

>   > GACGACAG>   >ATCGCACT CCAGCCAG>   >CTG >   >GGAACAAC ATTATTAC>   >CAGTTGAG CCAAGCGC>  \   /   >GAGATTTG TATCATCG>   >GAAATCCG CGACCTGC>   > TAT>   >TAAAACAG AAATAAAG>   >CAGGTTTA >   >
  (s-11m22b                         s-9m22a ) (                                 s-7m22e ) (                                 s-5m22g ) ( s-5m22b                                 ) (                                 s-1m22i ) ( s-1m22j             | |             s1m22e  ) (                                 s3m22e  ) (                                 s5m22a  ) (  s5m22g                         s7m22e  ) (                                 s9m22g  ) (  s9m22b                         s11m22a )  

<   < GGGAAGGG<   <CTTACCGC TTACCGCG<   <GTG <   <TTGCATCT AAAAAGAA<   <CATATTAC GTGGCAAG<  /   \   <TCAACCAG TCAAGCCA<   <CAGACGCG GAGCAAGG<   < ACC<   <GTAATAAG TCTTCATA<   <TAATATAA <   <
  >        ---        ---        ---        ---CCCTTCCC---AACAGTTG---CGCAGCCT---GAATGGCG---AATGGCGC---TTTGCCTG---GTTTCCGG---CAC     ---        ---        ---GTTTTATT---AACGTAGA---TTTTTCTT---CCCAACGT---CCTGACTG---GTATAATG---CACCGTTC---ATCTGTCC>     >TCTTTCAA---AGTTGGTC---AGTTCGGT---TCCCTTAT---GATTGACC---GTCTGCGC---CTCGTTCC---GGCTAAGT---        ---        ---     TGG---TAGGTTCT---AACCCTTC---CATTATTC---AGAAGTAT---AATCCAAA---CAATCAGG---ATTATATT---        ---        ---        ---        >  
 /   < <   <TTGTCAAC GCGTCGGA<   <AAACGGAC CAAAGGCC<   < CAAAATAA<   <GGGTTGCA GGACTGAC<   <TAGACAGG-------AGAAAGTT<   <AGGGAATA CTAACTGG<   <CCGATTCA <   <ATCCAAGA TTGGGAAG<   <TTAGGTTT GTTAGTCC<   < <  \ 
|             s-10m23a) (s-10m23b                                 ) (                                 s-6m23f ) (                                 s-4m23a ) (                                 s-2m23f ) (                                                                                 s2m23f  ) (                                 s4m23g  ) (  s4m23b                         s6m23f  ) (                                 s8m23f  ) (                                 s10m23a ) ( s10m23b             |
 \   > >   >GCGGGCCT CTTCGCTA>   >AAGGGGGA TGTGCTGC>   > >   >CTTATGCG ATTTTAAG>   >AGGCGCAT-------AGGCTGGC>   >TAATCTTG ACAAGAAC>   > >   >CCAGAAGG AGCGGAAT>   >ATTATCAG ATGATGGC>   > >  / 
  <        ---        ---        ---        ---GCTAGCCA---CGCCCGGA---GAAGCGAT---AATGCGGT---CGACCGCT---TTCCCCCT---ACACGACG---TTCCGCTA---ATTCAA  ---        ---        ---  AGTAAC---ACTTAATG---GAATACGC---TAAAATTC---TTGACCGA---ATGTCTGG---TCCGCGTA<     <TCCGACCG---ACTGGAAG---TAGTTCTC---ATTAGAAC---TGTTCTTG---GCCTATAA---GTAATG  ---        ---        ---  CTTGTT---TCTTTGGT---GGTCTTCC---TCGCCTTA---ATAGTAGT---ATAAGGAC---TAATAGTC---TACTACCG---TTAAGTAG---        ---        ---        ---        <  

>   > CGATCGGT>   >TTACGCCA GCTGGCGA>   >AAGGCGAT TAAGTT >   >  TCATTG TGAATTAC>   >AACTGGCT TACAGACC>  \   /   >TGACCTTC ATCAAGAG>   >CGGATATT CATTAC >   >  GAACAA AGAAACCA>   >TATCATCA TATTCCTG>   >AATTCATC >   >
  (s-11m24b                         s-9m24a ) ( s-9m24g                         s-7m24e ) (                                 s-5m24e ) ( s-5m24b                         s-3m24a ) (                                 s-1m24i ) (                     | |             s1m24e  ) (                                 s3m24e  ) (  s3m24b                         s5m24a  ) (                                 s7m24e  ) (                                         ) (  s9m24b                         s11m24a )  

<   < <   <CGGCAGCA AAATGTTG<   <GGGACCGC AATGGG <   <  AATTTC AACTTTAA<   <TTAAATGA TGAGCAAG<  /   \   <CCGTTCGG AATAAGTG<   <AATGCAAC TAAACC <   <  GCGTTT TACTATTA<   <TTTAATTA TTGCAAGC<   < <   <
  >        ---        ---        ---        ---        ---  CAAGCT---TGGCACTG---GCCGTCGT---TTTACAAC---GTCGTGAC---TGGGAAAA---CCCTGGCG---TTACCC  ---        ---        ---  TTAAAG---TTGAAATT---AAACCATC---TCAAGCCC---AATTTACT---ACTCGTTC---TGGTGTTT>     >CTCGTCAG---GGCAAGCC---TTATTCAC---TGAATGAG---CAGCTTTG---TTACGTTG---ATTTGG  ---        ---        ---  CGCAAA---ATGATAAT---GTTACTCA---AACTTTTA---AAATTAAT---AACGTTCG---GGCAAAGG---ATTTAA  ---        ---        ---        ---        ---        >  
 /   < <   <  GTTCGA ACCGTGAC<   <CAGCACTG ACCCTTTT<   < <   <TTTGGTAG AGTTCGGG<   <ACCACAAA-------GAGCAGTC<   <ACTTACTC GTCGAAAC<   < <   <CAATGAGT TTGAAAAT<   <CCGTTTCC TAAATT <   < <  \ 
|             s-10m25a) (s-10m25b                         s-8m25a ) (                                 s-6m25f ) (                                         ) ( s-4m25b                         s-2m25f ) (                                 s0m25k                                          s2m25f  ) (                                 s4m25a  ) (  s4m25g                         s6m25f  ) (                                 s8m25f  ) (  s8m25b                         s10m25a ) ( s10m25b             |
 \   > >   >  CATGCC TGCAGGTC>   >CGGGTACC GAGCTCGA>   >ATAGCTGT >   > >   > ------- >   > >   > GAGCCGTC>   >GAGGATTT AGAAGTAT>   >TTCGACAA CTCGTA >   > >  / 
  <        ---        ---        ---        ---        ---  GTACGG---ACGTCCAG---CTGAGATC---TCCTAGGG---GCCCATGG---CTCGAGCT---TAAGCATT---AGTACCAG---TATCGACA---        ---        ---        ---        ---        ---        ---        ---        <     <        ---        ---        ---        ---        ---        ---        ---        ---CTCGGCAG---TTATCTAT---TATGTAAA---CTCCTAAA---TCTTCATA---ATCTGAAA---TGTTTGTT---AAGCTGTT---GAGCAT  ---        ---        ---        ---        ---        <  

>   > >   >GACTCTAG AGGATCCC>   >ATTCGTAA TCATGGTC>   > >   > >  \   /   > >   > >   >AATAGATA ATACATTT>   >TAGACTTT ACAAACAA>   > >   >
  (s-11m26b                         s-9m26a ) ( s-9m26b                         s-7m26e ) (                                 s-5m26e ) (                                 s-3m26a ) ( s-3m26b                         s-1m26a ) ( s-1m26b             | |             s1m26a  ) (  s1m26b                         s3m26a  ) (  s3m26b                                 ) (                                 s7m26e  ) (                                 s9m26a  ) (  s9m26b                         s11m26a )  

<   < <   <CGAAGGCC GAGCATAC<   <CGCCTATT GTTAAAGT<   < <   < <  /   \   < <   < <   <ATCAACAA TCACGAGG<   <TTGGAAGG AGTTAAGG<   < <   <
  >        ---        ---        ---        ---        ---        ---     TAT---GCTTCCGG---CTCGTATG---TTGTGTGG---AATTGTGA---GCGGATAA---CAATTTCA---CACAGGAA---        ---        ---        ---        ---        ---        ---        ---        >     >        ---        ---        ---        ---        ---        ---        ---        ---TAATCTAT---TAGTTGTT---AGTGCTCC---TAAAGATA---TTTTAGAT---AACCTTCC---TCAATTCC---TTT     ---        ---        ---        ---        ---        ---        >  
 /   < <   < ATA<   <AACACACC TTAACACT<   <GTGTCCTT <   < <   < ------- <   < <   < ATTAGATA<   <ATTTCTAT AAAATCTA<   <AAA <   < <  \ 
|             s-10m27a) (s-10m27b                         s-8m27a ) ( s-8m27g                         s-6m27f ) (                                 s-4m27g ) ( s-4m27h                                 ) ( s-2m27g                                                                                 ) (  s2m27g                                 ) (                                 s6m27f  ) (                                         ) (  s8m27b                         s10m27a ) ( s10m27b             |
 \   > >   > AAG>   >CCTAATGA GTGAGCTA>   >TTGCGCTC ACTGCCCG>   >CCTGTCGT GCCAGCTG>   >AACGCGCG-------CACCGCCT>   >GAGAGCCA GCAGCAAA>   >TCACCTTG CTGAACCT>   >AATCAATA TCTGGTCA>   >TTG >   > >  / 
  <        ---        ---        ---        ---        ---        ---     TTC---ACATTTCG---GACCCCAC---GGATTACT---CACTCGAT---TGAGTGTA---ATTAACGC---AACGCGAG---TGACGGGC---GAAAGGTC---AGCCCTTT---GGACAGCA---CGGTCGAC---GTAATTAC---TTAGCCGG---TTGCGCGC<     <GTGGCGGA---CGTTGTCA---CGGTGCGA---CTCTCGGT---CGTCGTTT---ACTTTTTA---GATTTCGT---AGTGGAAC---GACTTGGA---GTTTATAG---TTTGGGAG---TTAGTTAT---AGACCAGT---CAACCGTT---TAGTTGTC---AAC     ---        ---        ---        ---        ---        ---        <  

>   > >   >TGTAAAGC CTGGGGTG>   >ACTCACAT TAATTGCG>   >CTTTCCAG TCGGGAAA>   >CATTAATG AATCGGCC>  \   /   >GCAACAGT GCCACGCT>   >TGAAAAAT CTAAAGCA>   >CAAATATC AAACCCTC>   >GTTGGCAA ATCAACAG>   > >   >
  (s-11m28b                         s-9m28a ) ( s-9m28b                                 ) (                                 s-5m28g ) (                                         ) (                                         ) ( s-1m28i             | |             s1m28i  ) (                                         ) (                                 s5m28e  ) (                                 s7m28g  ) (                                 s9m28a  ) (  s9m28b                         s11m28a )  

<   < <   < <   <GGTCCGCC ACTTCCCG<   <AGAGTGAC CACTTTTC<   <GGGTTATG CGTTTGGC<  /   \   <CTGGCGGA GTGGAGAC<   <ACCAAGCA AGCCATAA<   <ATCCCGAT AGTCAAGC<   < <   < <   <
  >        ---        ---        ---        ---        ---        ---        ---        ---        ---  CAACTC---TCTCAGGG---CCAGGCGG---TGAAGGGC---AATCAGCT---GTTGCCCG---TCTCACTG---GTGAAAAG---AAAAACCA---CCCTGGCG---CCCAATAC---GCAAACCG---CCTCTCCC>     >TTAATACT---GACCGCCT---CACCTCTG---TTTTATCT---TCTGCTGG---TGGTTCGT---TCGGTATT---TTTAATGG---CGATGTTT---TAGGGCTA---TCAGTTCG---CGCATTAA---AGACTA  ---        ---        ---        ---        ---        ---        ---        ---        ---        >  
 /   < <   < <   <  GTTGAG AGAGTCCC<   <TTAGTCGA CAACGGGC<   <TTTTTGGT GGGACCGC<   <GGAGAGGG-------AATTATGA<   <AAAATAGA AGACGACC<   <AAATTACC GCTACAAA<   <GCGTAATT TCTGAT <   < <   < <  \ 
|             s-10m29a) (s-10m29b                         s-8m29a ) ( s-8m29b                         s-6m29a ) (                                 s-4m29f ) (                                 s-2m29g ) (                                                                                 s2m29g  ) (                                 s4m29g  ) (                                         ) (  s6m29b                         s8m29a  ) (  s8m29b                         s10m29a ) ( s10m29b             |
 \   > >   > >   >  CAGCAA GCGGTCCA>   >CAGGCGAA AATCCTGT>   >AATCGGCA AAATCCCT>   >AGCCCGAG-------CACGACCA>   >TCTGGCCA ACAGAGAT>   >GAAAGCGT AAGAATAC>   >TTTTGAAT GGCTAT >   > >   > >  / 
  <        ---        ---        ---        ---        ---        ---        ---        ---        ---  GTCGTT---CGCCAGGT---GCGACCAA---ACGGGGTC---GTCCGCTT---TTAGGACA---AACTACCA---CCAAGGCT---TTAGCCGT---TTTAGGGA---ATATTTAG---TTTTCTTA---TCGGGCTC<     <GTGCTGGT---CATTATTT---TCCCTGTA---AGACCGGT---TGTCTCTA---TCTTGGGA---AGACTGGA---CTTTCGCA---TTCTTATG---CACCGTGT---CTGTTATA---AAAACTTA---CCGATA  ---        ---        ---        ---        ---        ---        ---        ---        ---        <  

>   > >   > >   >CGCTGGTT TGCCCCAG>   >TTGATGGT GGTTCCGA>   >TATAAATC AAAAGAAT>  \   /   >GTAATAAA AGGGACAT>   >AGAACCCT TCTGACCT>   >GTGGCACA GACAATAT>   > >   > >   >
  (s-11m30b                         s-9m30a ) ( s-9m30b                         s-7m30a ) ( s-7m30b                                 ) (                                 s-3m30g ) (                                 s-1m30e ) ( s-1m30i             | |             s1m30i  ) (                                 s3m30g  ) (                                 s5m30g  ) (  s5m30h                         s7m30a  ) (  s7m30b                         s9m30a  ) (  s9m30b                         s11m30a )  

<   < <   < <   < CAAAAAGC<   <AGGTGCAA GAAATTAT<   <TTGACCTT GTTGTGAG<  /   \   <CTTAGACG GTTACATT<   <CTAACTCG CAGTTTTA<   <CGCAAAAA <   < <   < <   <
  >        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---GTTTTTCG---CCCTTTGA---CGTTGGAG---TCCACGTT---CTTTAATA---GTGGACTC---TTGTTCCA---AACTGGAA---CAACACTC---AACCCTAT>     >TGACTGGT---GAATCTGC---CAATGTAA---ATAATCCA---TTTCAGAC---GATTGAGC---GTCAAAAT---GTAGGTAT---TTCCATGA---GCGTTTTT---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        >  
 /   < <   < <   < <   <GGGAAACT GCAACCTC<   <CACCTGAG AACAAGGT<   <TTGGGATA-------ACTGACCA<   <TATTAGGT AAAGTCTG<   <CATCCATA AAGGTACT<   < <   < <   < <  \ 
|             s-10m31a) (s-10m31b                         s-8m31a ) ( s-8m31b                         s-6m31a ) ( s-6m31b                                 ) (                                         ) (                                                                                 s2m31f  ) (                                         ) (                                 s6m31a  ) (  s6m31b                         s8m31a  ) (  s8m31b                         s10m31a ) ( s10m31b             |
 \   > >   > >   > >   >AGGGCGAT GGCCCACT>   >AAATCAAG TTTTTTGG>   >AGCACTAA-------CTTGCCTG>   >CTATCGGC CTTGCTGG>   >ATTACCGC CAGCCATT>   > >   > >   > >  / 
  <        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---GCAGATAG---TCCCGCTA---CCGGGTGA---TGCACTTG---GTAGTGGG---TTTAGTTC---AAAAAACC---CCAGCTCC---ACGGCATT---TCGTGATT<     <GAACGGAC---TCATCTTC---TTGAGTTT---GATAGCCG---GAACGACC---ATTATAGG---TCTTGTTA---TAATGGCG---GTCGGTAA---CGTTGTCC---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        <  

>   > >   > >   > CGTCTATC>   >ACGTGAAC CATCACCC>   >GGTCGAGG TGCCGTAA>  \   /   >AGTAGAAG AACTCAAA>   >TAATATCC AGAACAAT>   >GCAACAGG >   > >   > >   >
  (s-11m32b                         s-9m32a ) ( s-9m32b                         s-7m32a ) ( s-7m32b                         s-5m32a ) ( s-5m32g                                 ) ( s-3m32g                         s-1m32g ) ( s-1m32i             | |             s1m32i  ) (                                         ) (  s3m32g                                 ) (  s5m32b                         s7m32a  ) (  s7m32b                         s9m32a  ) (  s9m32b                         s11m32a )  

<   < <   < <   < <   < <   <CCCCCGAG GGAAATCC<  /   \   <AATGATTA GTTTCTTC<   < <   < <   < <   < <   <
  >        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---  TCAAGC---TCTAAATC---GGGGGCTC---CCTTTAGG---GTTCCGAT>     >TGATGTTA---TTACTAAT---CAAAGAAG---TATTGCTA---CAACGG  ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        >  
 /   < <   < <   < <   < <   <  AGTTCG AGATTTAG<   <CAAGGCTA-------ACTACAAT<   <ATAACGAT GTTGCC <   < <   < <   < <   < <  \ 
|             s-10m33a) (s-10m33b                         s-8m33a ) ( s-8m33b                         s-6m33a ) ( s-6m33b                         s-4m33a ) ( s-4m33b                         s-2m33a ) (                                                                                         ) (  s2m33b                         s4m33a  ) (  s4m33b                         s6m33a  ) (  s6m33b                         s8m33a  ) (  s8m33b                         s10m33a ) ( s10m33b             |
 \   > >   > >   > >   > >   >  CGGGGA AAGCCGGC>   >GAAGGGAA-------GCCACCGA>   >ATCACGCA AATTAA >   > >   > >   > >   > >  / 
  <        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---  GCCCCT---TTCGGCCG---CTTGCACC---GCTCTTTC---CTTCCCTT<     <CGGTGGCT---CATTTTCT---CAGACAGG---TAGTGCGT---TTAATT  ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        <  
  > >   > --- >   > --- >   > --- >   > --- >   >GAACGTGG---CGAGAAAG>   >GTAAAAGA---GTCTGTCC>   > --- >   > --- >   > --- >   > --- >   > <
   s-11m34b                         s-9m34a     s-9m34b                         s-7m34a     s-7m34b                         s-5m34a     s-5m34b                         s-3m34a     s-3m34b                                     s-1m34j                                          s1m34g                         s3m34a       s3m34b                         s5m34a       s5m34b                         s7m34a       s7m34b                         s9m34a       s9m34b                         s11m34a    

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

Supplementary Figure S45: Design for the disk with holes (smiley).
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    s-11m0b                         s-9m0a       s-9m0b                         s-7m0a       s-7m0b                         s-5m0a       s-5m0b                         s-3m0a       s-3m0b                         s-1m0e                                          s1m0j                                       s3m0a         s3m0b                         s5m0a         s5m0b                         s7m0a         s7m0b                         s9m0a         s9m0b                         s11m0a     
  < <   < --- <   < --- <   < --- <   < --- <   <CTAACACT---GTTTTATT<   <GAAACGCA---AAGAAAAT<   < --- <   < --- <   < --- <   < --- <   < <
  >        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---  ATGAAT---TTTCTATT---GATTGTGA---CAAAATAA---ACTTATTC-------CGTGGTGT---CTTTGCGT---TTCTTTTA---TATGTTGC---CACCTT  ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        >  
 /   < <   < <   < <   < <   <  TACTTA AAAGATAA<   <TGAATAAG-------GCACCACA<   <ATACAACG GTGGAA <   < <   < <   < <   < <  \ 
|             s-10m1a ) ( s-10m1b                         s-8m1a  ) (  s-8m1b                         s-6m1a  ) (  s-6m1b                         s-4m1a  ) (  s-4m1b                         s-2m1a  ) (                                                                                 s2m1f   ) (   s2m1b                         s4m1a   ) (   s4m1b                         s6m1a   ) (   s6m1b                         s8m1a   ) (   s8m1b                         s10m1a  ) (  s10m1b             |
 \   > >   > >   > >   > >   >  ATGGTT TACCAGCG>   >GACATTCA-------TACGCAGT>   >AAAATACA TACATA >   > >   > >   > >   > >  / 
  <        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---  TACCAA---ATGGTCGC---GGTTTCTG---TTTTCCCG---CTGTAAGT<     <ATGCGTCA---TACAATCG---TTTGCATC---TTTTATGT---ATGTAT  ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        <  

>   > >   > >   > >   > >   >CCAAAGAC AAAAGGGC>  \   /   >ATGTTAGC AAACGTAG>   > >   > >   > >   > >   >
  ( s-11m2b                         s-9m2a  ) (  s-9m2b                         s-7m2a  ) (  s-7m2b                         s-5m2a  ) (                                 s-3m2e  ) (                                 s-1m2e  ) (  s-1m2i             | |             s1m2i   ) (                                 s3m2e   ) (                                 s5m2e   ) (   s5m2b                         s7m2a   ) (   s7m2b                         s9m2a   ) (   s9m2b                         s11m2a  )  

<   < <   < <   < TACCGAGT<   <TTAAGTGG AAATTACT<   <AAATGGAA GGGAGGGA<  /   \   <AGAATTAG TACGGTCA<   <AATAATAA CGCAAAGG<   <TTGAAACA <   < <   < <   <
  >        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---ATGGCTCA---AGTCGGTG---ACGGTGAT---AATTCACC---TTTAATGA---ATAATTTC---CGTCAATA---TTTACCTT---CCCTCCCT---CAATCGGT>     >ATAAGGAG---TCTTAATC---ATGCCAGT---TCTTTTGG---GTATTCCG---TTATTATT---GCGTTTCC---TCGGTTTC---CTTCTGGT---AACTTTGT---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        >  
 /   < <   < <   < <   <TCAGCCAC TGCCACTA<   <TATTAAAG GCAGTTAT<   <GTTAGCCA-------TATTCCTC<   <AGAAAACC CATAAGGC<   <AGCCAAAG GAAGACCA<   < <   < <   < <  \ 
|             s-10m3a ) ( s-10m3b                         s-8m3a  ) (  s-8m3b                         s-6m3a  ) (  s-6m3b                         s-4m3f  ) (                                 s-2m3f  ) (                                                                                 s2m3f   ) (                                 s4m3f   ) (                                 s6m3a   ) (   s6m3b                         s8m3a   ) (   s8m3b                         s10m3a  ) (  s10m3b             |
 \   > >   > >   > >   >TAGAGCCA GCAAAATC>   >CCATTAGC AAGGCCGG>   >ACCATCGA-------AATAATAA>   >AATAGCAA TAGCTATC>   >TAAGAAAA GTAAGCAG>   > >   > >   > >  / 
  <        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---AACCCTTA---ATCTCGGT---CGTTTTAG---TGGTCATC---GTGGTAAT---GGTAATCG---TTCCGGCC---TTTGCAGT---GGTTACTT---TGGTAGCT<     <TTATTATT---CTCGTTCT---TTGTTACT---TTATCGTT---ATCGATAG---AATGGCTT---CGGGAAAA---ATTCTTTT---CATTCGTC---TATCGGCT---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        <  

>   > >   > >   > TTGGGAAT>   >ACCAGTAG CACCATTA>   >AAACGTCA CCAATGAA>  \   /   >GAGCAAGA AACAATGA>   >TTACCGAA GCCCTTTT>   >ATAGCCGA >   > >   > >   >
  ( s-11m4b                         s-9m4a  ) (  s-9m4b                         s-7m4a  ) (  s-7m4b                         s-5m4e  ) (                                 s-3m4e  ) (                                 s-1m4e  ) (  s-1m4i             | |             s1m4i   ) (                                 s3m4e   ) (                                 s5m4e   ) (                                 s7m4a   ) (   s7m4b                         s9m4a   ) (   s9m4b                         s11m4a  )  

<   < <   < <   <CGATACTG GCTTTTAC<   <TGTCAGAC TGCGATTT<   <AGCGATGA CTAATGCC<  /   \   <GAGTTAAG AACACCCA<   <CGCGAGTT AATGGGAG<   <CAAGTCAA TTAAGAGG<   < <   < <   <
  >        ---        ---        ---        ---        ---        ---        ---        ---        ---  ACGCTA---ATAAGGGG---GCTATGAC---CGAAAATG---CCGATGAA---AACGCGCT---ACAGTCTG---ACGCTAAA---GGCAAACT---TGATTCTG---TCGCTACT---GATTACGG---TGCTGCTA>     >GGGCTTAA---CTCAATTC---TTGTGGGT---TATCTCTC---TGATATTA---GCGCTCAA---TTACCCTC---TGACTTTG---TTCAGGGT---GTTCAGTT---AATTCTCC---CGTCTAAT---GCGCTT  ---        ---        ---        ---        ---        ---        ---        ---        ---        >  
 /   < <   < <   <  TGCGAT TATTCCCC<   <GGCTACTT TTGCGCGA<   <CCGTTTGA ACTAAGAC<   <ACGACGAT-------CCCGAATT<   <ATAGAGAG ACTATAAT<   <ACTGAAAC AAGTCCCA<   <GCAGATTA CGCGAA <   < <   < <  \ 
|             s-10m5a ) ( s-10m5b                         s-8m5a  ) (  s-8m5b                         s-6m5a  ) (                                 s-4m5f  ) (                                 s-2m5f  ) (                                                                                 s2m5f   ) (                                 s4m5f   ) (                                 s6m5f   ) (   s6m5b                         s8m5a   ) (   s8m5b                         s10m5a  ) (  s10m5b             |
 \   > >   > >   >  TTGCCA TCTTTTCA>   >AACCAGAG CCACCACC>   >GAGCCGCC ACCCTCAG>   >GCCACCAC-------ACAGCCAT>   >CAAATAAG AAACGATT>   >AAATGAAA ATAGCAGC>   >ACATAAAA ACAGGG >   > >   > >  / 
  <        ---        ---        ---        ---        ---        ---        ---        ---        ---  AACGGT---AGAAAAGT---ATTAGTTT---TAGTGGCC---TTGGTCTC---GGTGGTGG---CCTTGGCG---GAGGGAGT---CTCGGCGG---TGGGAGTC---TTGGCGGT---GGGAGTCT---CGGTGGTG<     <TGTCGGTA---TAATAAAT---AGGGTTAG---GTTTATTC---TTTGCTAA---AAAACAAA---TTGCAGTT---TTTACTTT---TATCGTCG---GAAATGTC---TCTCTTAT---TGTATTTT---TGTCCC  ---        ---        ---        ---        ---        ---        ---        ---        ---        <  

>   > >   > >   >TAATCAAA ATCACCGG>   >GGAACCGC CTCCCTCA>   >AACCGCCA CCCTCAGA>  \   /   >ATTATTTA TCCCAATC>   >TTTTGTTT AACGTCAA>   >CTTTACAG AGAGAATA>   > >   > >   >
  ( s-11m6b                         s-9m6a  ) (  s-9m6b                                 ) (                                 s-5m6e  ) (                                 s-3m6e  ) (                                 s-1m6e  ) (  s-1m6i             | |             s1m6i   ) (                                 s3m6e   ) (                                 s5m6j   ) (                                         ) (                                 s9m6a   ) (   s9m6b                         s11m6a  )  

<   < <   <TAAGACCG AAATTACT<   <CTTATAGT TCCGGTTA<   <TGGAGGAC AGTTACGA<   <CACCAAGA CCACCGCC<  /   \   <ATTGACCG TTTAATCC<   <CAATCGCA ACCATTCT<   <TCGACCCA CGTTTTAT<   <ATTCCGAA GTTTTGGA<   < <   <
  >        ---        ---        ---        ---        ---        ---     TCC---ATTCTGGC---TTTAATGA---GGATTTAT---TTGTTTGT---GAATATCA---AGGCCAAT---CGTCTGAC---CTGCCTCA---ACCTCCTG---TCAATGCT---GGCGGCGG---CTCTGGTG---GTGGTTCT---GGTGGCGG---CTCTGAGG>     >TTATTTTG---TAACTGGC---AAATTAGG---CTCTGGAA---AGACGCTC---GTTAGCGT---TGGTAAGA---TTCAGGAT---AAAATTGT---AGCTGGGT---GCAAAATA---GCAACTAA---TCTTGATT---TAAGGCTT---CAAAACCT---CCC     ---        ---        ---        ---        ---        ---        >  
 /   < <   <      AGG<   <CCTAAATA AACAAACA<   <GCAGACTG GACGGAGT<   <CCGCCGCC GAGACCAC<   <GAGACTCC-------AATAAAAC<   <GAGACCTT TCTGCGAG<   <AAGTCCTA TTTTAACA<   <CGTTGATT AGAACTAA<   <GGG <   < <  \ 
|             s-10m7a ) ( s-10m7b                         s-8m7a  ) (  s-8m7g                         s-6m7g  ) (                                 s-4m7f  ) (                                 s-2m7f  ) (                                                                                 s2m7f   ) (                                         ) (                                 s6m7f   ) (                                 s8m7g   ) (   s8m7b                         s10m7a  ) (  s10m7b             |
 \   > >   > AAG>   >ACCGTTCC AGTAAGCG>   >ATGATACA GGAGTGTA>   >ACGGGGTC AGTGCCTT>   >ATAAACAG-------TTAATGCC>   >ACCTATTA TTCTGAAA>   >GGCTGAGA TAGAAGGC>   >GAACGCGA GGCGTTTT>   >TGC >   > >  / 
  <        ---        ---        ---        ---        ---        ---     TTC---GCGTCAGA---GACTTAAA---TGGCAAGG---TCATTCGC---AGTATGTA---CCGAAAAC---TACTATGT---CCTCACAT---GACCATTA---TTCAAAAT---TGCCCCAG---TCACGGAA---CTCATTGT---CACGGGCA---TATTTGTC<     <AATTACGG---GGGACGGA---TAAAGCCT---TGGATAAT---AAGACTTT---GTACTTTC---ATAATTCT---CCGACTCT---ATCTTCCG---AATAGGCC---ATAAGATT---CTTGCGCT---CCGCAAAA---TCGCTTGG---AGGGCTGA---ACG     ---        ---        ---        ---        ---        ---        <  

>   > >   >CGCAGTCT CTGAATTT>   >TCATACAT GGCTTTTG>   >CTGGTAAT AAGTTTTA>   >GAGTAACA GTGCCCGT>  \   /   >CCCTGCCT ATTTCGGA>   >CATGAAAG TATTAAGA>   >TTATCCGG TATTCTAA>   >AGCGAACC TCCCGACT>   > >   >
  ( s-11m8b                         s-9m8a  ) (  s-9m8b                                 ) (                                 s-5m8e  ) (                                 s-3m8e  ) (                                 s-1m8e  ) (  s-1m8i             | |             s1m8e   ) (                                 s3m8e   ) (   s3m8i                         s5m8i   ) (                                 s7m8e   ) (                                 s9m8a   ) (   s9m8b                         s11m8a  )  

<   < <   <GTTTTTAC TGGAGAAT<   <TTCCATGA GAGATTAG<   <ACGAAGGC CAGACCAA<   <AATTTTGC GAATATAG<  /   \   <GAATAGGC GGACCATG<   <TTAGGATT AGGAAGAG<   <AACGAACG ATAACCCG<   <GCTACTTT TATTTTTG<   < <   <
  >        ---        ---        ---        ---        ---  CTCTAA---GCCATCCG---CAAAAATG---ACCTCTTA---TCAAAAGG---AGCAATTA---AAGGTACT---CTCTAATC---CTGACCTG---TTGGAGTT---TGCTTCCG---GTCTGGTT---CGCTTTGA---AGCTCGAA---TTAAAACG---CTTATATC---AACCCTCT>     >CGACGGCA---CTTATCCG---CCTGGTAC---TGAGCAAA---ACCCCGCT---AATCCTAA---TCCTTCTC---TTGAGGAG---TATCTGAT---TTGCTTGC---TATTGGGC---GCGGTAAT---GATTCCTA---CGATGAAA---ATAAAAAC---GGCTTGCT---TGTTCT  ---        ---        ---        ---        ---        >  
 /   < <   <  GAGATT CGGTAGGC<   <AGTTTTCC TCGTTAAT<   <GACTGGAC AACCTCAA<   <GCGAAACT TCGAGCTT<   <TTGGGAGA-------GCTGCCGT<   <ACTCGTTT TGGGGCGA<   <AACTCCTC ATAGACTA<   <CGCCATTA CTAAGGAT<   <CCGAACGA ACAAGA <   < <  \ 
|             s-10m9a ) ( s-10m9b                         s-8m9a  ) (                                 s-6m9f  ) (                                 s-4m9f  ) (                                 s-2m9f  ) (                                                                                 s2m9f   ) (                                         ) (   s4m9g                         s6m9f   ) (                                 s8m9g   ) (   s8m9b                         s10m9a  ) (  s10m9b             |
 \   > >   >  CTTAAT TGCTGAAT>   >ACATGTTT TAAATATG>   >TCTGGAAG >   > AAGACTTC>   >GGAATAGG-------TGTATCAC>   >AGTACCGC >   > CCAATCAA>   >CTTATCAT TCCAAGAA>   >TACCGCAC TCATCG >   > >  / 
  <        ---        ---        ---        ---        ---  GAATTA---ACGACTTA---TATTACGA---CATCGAGT---TGTACAAA---ATTTATAC---GTTGATTT---CATGCCAC---AGACCTTC---        ---        ---        ---        ---TTCTGAAG---TTTATAGC---ATATCGGG---CCTTATCC<     <ACATAGTG---GCATGAGT---CCTCCAAA---TCATGGCG---        ---        ---        ---        ---GGTTAGTT---ATTAGCCG---ACAGAAAG---GAATAGTA---AGGTTCTT---GCCCATAA---TTTGGTTC---ATGGCGTG---AGTAGC  ---        ---        ---        ---        ---        <  

>   > >   >ATAATGCT GTAGCTCA>   >CAACTAAA GTACGGTG>   > >   >AAATATCG TATAGCCC>  \   /   >CGTACTCA GGAGGTTT>   > >   >TAATCGGC TGTCTTTC>   >CGGGTATT AAACCAAG>   > >   >
  (s-11m10b                         s-9m10a ) (                                 s-7m10e ) (                                 s-5m10e ) (                                 s-3m10a ) ( s-3m10b                         s-1m10i ) ( s-1m10j             | |             s1m10e  ) (                                 s3m10a  ) (  s3m10b                                 ) (                                 s7m10e  ) (                                 s9m10e  ) (  s9m10b                         s11m10a )  

<   < GGTAAACG<   <AGTTTGAT TTAGATGA<   <TTAGTTGA CAATATAC<   < <   <GGAGAATT CACCACCG<  /   \   <GACTCCCA CCGCCAAG<   < <   <ACGAGCAT TTAATCCT<   <AACAAGTC CTGAATAG<   <CGCGCAAG <   <
  >        ---        ---        ---        ---CCATTTGC---GAAATGTA---TCTAATGG---TCAAACTA---AATCTACT---CGTTCGCA---GAATTGGG---AATCAACT---GTTATATG---GAATGAAA---        ---        ---        ---        ---TCGGGCTT---CCTCTTAA---GTGGTGGC---TCTGAGGG>     >TGGCGGTT---CTGAGGGT---GGCGGTTC---TGAGGGTG---        ---        ---        ---        ---TTTCTACA---TGCTCGTA---AATTAGGA---TGGGATAT---TATTTTTC---TTGTTCAG---GACTTATC---TATTGTTG---ATAAACAG---GCGCGTTC---        ---        ---        ---        >  
 /   < <   <CTTTACAT AGATTACC<   <GCAAGCGT CTTAACCC<   <CTTACTTT <   < AGCCCGAA<   <AGACTCCC-------ACCGCCAA<   <ACTCCCAC <   < AAAGATGT<   <ACCCTATA ATAAAAAG<   <ATAACAAC TATTTGTC<   < <  \ 
|             s-10m11a) (s-10m11b                         s-8m11f ) (                                 s-6m11f ) (                                 s-4m11f ) ( s-4m11b                         s-2m11a ) (                                                                                 s2m11f  ) (  s2m11b                         s4m11a  ) (                                 s6m11f  ) (                                 s8m11f  ) (                                 s10m11a ) ( s10m11b             |
 \   > >   >CTGTTTAG CTATATTT>   >CTGAAAAG GTGGCATC>   >GTAGCATT >   > GATTGCAT>   >TCAGGGAT-------AGCAAGCC>   >ACCGTAAC >   > TAAGAGAA>   >AAGGTAAA GTAATTCT>   >TAAACAAC ATGTTCAG>   > >  / 
  <        ---        ---        ---        ---AGTTATTG---GACAAATC---GATATAAA---AGTAAACC---CCGCGCTC---GACTTTTC---CACCGTAG---TTAAGATG---ATTATCAT---CATCGTAA---        ---        ---        ---        ---CTAACGTA---GTTTTTCT---GGAGTAAA---AGTCCCTA<     <TCGTTCGG---GTTATCCT---TGGGTACA---TGGCATTG---        ---        ---        ---        ---ATTCTCTT---ATATTTCA---TGGCTGTT---TTCCATTT---CATTAAGA---CAGGTCTG---CTGCTGTT---ATTTGTTG---TACAAGTC---GATTACGT---        ---        ---        ---        <  

>   > TCAATAAC>   >TCATTTGG GGCGCGAG>   >AATTCTAC TAATAGTA>   > >   >CAAAAAGA CCTCATTT>  \   /   >CAATAGGA ACCCATGT>   > >   >TATAAAGT ACCGACAA>   >GTCCAGAC GACGACAA>   >CTAATGCA >   >
  (s-11m12b                         s-9m12a ) (                                 s-7m12e ) (                                 s-5m12e ) (                                 s-3m12a ) ( s-3m12b                         s-1m12i ) ( s-1m12j             | |             s1m12e  ) (                                 s3m12a  ) (  s3m12b                         s5m12e  ) (                                 s7m12e  ) (                                 s9m12e  ) (  s9m12b                         s11m12a )  

<   < GGCTAAAT<   <GAAATAAC GAATTAAA<   <ACGGACAT ACTAAATA<   < <   <AAGACTGA ACACCTTA<  /   \   <AAACATGA CCACTGCT<   < <   <AGCTTTTA CGGAGACG<   <GCAACAAT TTATACCG<   <GATGACAA <   <
  >        ---        ---        ---        ---CCGATTTA---GCTTTATG---CTCTGAGG---CTTTATTG---CTTAATTT---TGCTAATT---CTTTGCCT---TGCCTGTA---TGATTTAT---TGGATGTT---        ---        ---        ---        ---CGCTTTGC---TTCTGACT---TGTGGAAT---GCTACAGG>     >CGTTGTAG---TTTGTACT---GGTGACGA---AACTCAGT---        ---        ---        ---        ---TTACTGGC---TCGAAAAT---GCCTCTGC---CTAAATTA---CATGTTGG---CGTTGTTA---AATATGGC---GATTCTCA---ATTAAGCC---CTACTGTT---        ---        ---        ---        >  
 /   < <   <CGAAATAC GAGACTCC<   <ACGATTAA GAAACGGA<   <ACCTACAA <   < GCGAAACG<   <CGATGTCC-------GCAACATC<   <TTGAGTCA <   < AATGACCG<   <GATTTAAT GTACAACC<   <CTAAGAGT TAATTCGG<   < <  \ 
|             s-10m13a) (s-10m13b                         s-8m13f ) (                                 s-6m13f ) (                                 s-4m13f ) ( s-4m13b                         s-2m13a ) (                                                                                 s2m13f  ) (  s2m13b                         s4m13a  ) (                                 s6m13f  ) (                                 s8m13f  ) (                                 s10m13a ) ( s10m13b             |
 \   > >   >AAAACATT ATGACCCT>   >AGAAGCCT TTATTTCA>   >TTTTAGAA >   > TTACCCTG>   >TCATAGTT-------AGCGTAAC>   >GTCTTTCC >   > CCGGAATC>   >GCCTGTTT AGTATCAT>   >CTTACCAG TATAAAGC>   > >  / 
  <        ---        ---        ---        ---AACATGGT---TTTTGTAA---TACTGGGA---CATTATGA---AAACGCCC---TCTTCGGA---AATAAAGT---TGCGTTCC---TATTTTTA---AAAATCTT---        ---        ---        ---        ---AATGGGAC---TGATAATA---CTGTCGGG---AGTATCAA<     <TCGCATTG---CTAGATTT---CAAAACAG---CAGAAAGG---        ---        ---        ---        ---GGCCTTAG---TATTAATG---ATCTTTTT---CGGACAAA---TCATAGTA---TACGCAAT---ATGTTTAA---GAATGGTC---ATATTTCG---GTTGCGAG---        ---        ---        ---        <  

>   > TTGTACCA>   >GTAATACT TTTGCGGG>   >ACGCAAGG ATAAAAAT>   > >   >ACTATTAT GACAGCCC>  \   /   >GATCTAAA GTTTTGTC>   > >   >ATAATTAC TAGAAAAA>   >ATGCGTTA TACAAATT>   >CAACGCTC >   >
  (s-11m14b                         s-9m14e ) (                                 s-7m14e ) (                                 s-5m14e ) (                                 s-3m14a ) ( s-3m14b                         s-1m14i ) ( s-1m14j             | |             s1m14e  ) (                                 s3m14a  ) (  s3m14b                         s5m14g  ) (                                 s7m14e  ) (                                 s9m14e  ) (                                 s11m14a )  

<   <TACCACTA AACTGACA<   <GGAAAACT TAGAAATG<   <GTAACGTA AATTTTAT<   < <   <AAAAACTA TTTCAACA<  /   \   <GTCTTTTA AGTAAATG<   < <   <GAATAAAT TGCGGAAT<   <ATAAAGTT TGGTAATT<   <CTTTAATT GATTTTAT<   <
  >        ---        ---     TTG---ATGGTGAT---TTGACTGT---CTCCGGCC---TTTCTCAC---CCTTTTGA---ATCTTTAC---CTACACAT---TACTCAGG---CATTGCAT---TTAAAATA---TATGAGGG---        ---        ---        ---        ---AGACCTGA---TTTTTGAT---AAAGTTGT---TTAGCAAA>     >ATCCCATA---CAGAAAAT---TCATTTAC---TAACGTCT---        ---        ---        ---        ---TGTTTATT---CTTATTTA---ACGCCTTA---TTTATCAC---ACGGTCGG---TATTTCAA---ACCATTAA---ATTTAGGT---CAGAAGAT---GAAATTAA---CTAAAATA---TAT     ---        ---        >  
 /   < AAC<   <GAGGCCGG AAAGAGTG<   <GATGTGTA ATGAGTCC<   <ATACTCCC <   < TCTGGACT<   <AATCGTTT-------TAGGGTAT<   <ATTGCAGA <   < ACAAATAA<   <AAATAGTG TGCCAGCC<   <TAAATCCA GTCTTCTA<   <ATA <  \ 
|             s-10m15a) (s-10m15g                         s-8m15f ) (                                 s-6m15f ) (                                 s-4m15g ) (                                         ) (                                                                                 s2m15f  ) (  s2m15g                                 ) (                                 s6m15f  ) (                                 s8m15f  ) (                                 s10m15g ) ( s10m15b             |
 \   > TAT>   >AGCTGATA AATTAATG>   >TTTTTGAG AGATCTAC>   >TTGCCTGA ATCCCCCT>   >TTCAGAAA ACGAGAAT>   >TCAGCGGA-------GTGAGAAT>   >AGGAATTG CGAATAAT>   >AAATCTCC TAACCTCC>   >TATAACTA TATGTAAA>   >ATCGCAAG ACAAAGAA>   >CAA >  / 
  <        ---        ---     ATA---CTATAAGT---TGGCAAGA---TCGACTAT---TTAATTAC---GGCCTCTC---CCATCGAT---AAAAACTC---TCTAGATG---TTTCCGAT---AGTCCAGT---AACGGACT---TAGGGGGA---GTTTACGA---AATTTGTC---AAGTCTTT---TGCTCTTA---CTGGTATT---GTTGTCAA---AGTCGCCT<     <CACTCTTA---TCTTTCCT---TGTTGATT---TCCTTAAC---GCTTATTA---TTAAAAAA---GTGCAACT---TTTAGAGG---ATTGGAGG---CCGAATCC---AACCCAAT---ATATTGAT---ATACATTT---ACGACTAC---GTTTAGGT---TAGCGTTC---TGTTTCTT---GCGCTCTT---TTGAAAAA---GTT     ---        ---        <  

>   >GATATTCA ACCGTTCT>   >CCGGAGAG GGTAGCTA>   >AAAGGCTA TCAGGTCA>   >CAAATGCT TTAAACAG>   >GACCATAA CAACAGTT>  \   /   >AGAAAGGA ACAACTAA>   >AATTTTTT CACGTTGA>   >GGCTTAGG TTGGGTTA>   >TGCTGATG CAAATCCA>   >CGCGAGAA AACTTTTT>   >
  (s-11m16b                                 ) (                                 s-7m16e ) (                                 s-5m16e ) ( s-5m16i                         s-3m16i ) (                                 s-1m16i ) ( s-1m16j             | |             s1m16e  ) (                                         ) (  s3m16i                         s5m16i  ) (                                 s7m16e  ) (                                 s9m16e  ) (                                 s11m16a )  

<   <CGAAAAGA CTAATAGT<   <AACTGTAC GATCAAAA<   <CTAAGAGA ACAAACGA<   <ATAAATAC TGCTAAGG<   <AGGTCAGA AGTTCGAC<  /   \   <GCTTTCGT TCGACTAT<   <CCGAGGAA AACCTCGG<   <CAGAGAGT CTGGATAC<   <ATAACTGA GAAGAGTC<   <TAGCGATA CAAAAGTT<   <
  >        ---        ---     GGG---GCTTTTCT---GATTATCA---ACCGGGGT---ACATATGA---TTGACATG---CTAGTTTT---ACGATTAC---CGTTCATC---GATTCTCT---TGTTTGCT---CCAGACTC---TCAATGAA---TATTTATG---ACGATTCC---GCAGTATT---GGACGCTA---TCCAGTCT---TCAAGCTG---TTTAAGAA>     >ATTCACCT---CGAAAGCA---AGCTGATA---AACCGATA---CAATTAAA---GGCTCCTT---TTGGAGCC---TTTTTTTT---AAAAGGTA---GTCTCTCA---GACCTATG---ATTTTGAT---AAATTCAC---TATTGACT---CTTCTCAG---CGTCTTAA---TCTAAGCT---ATCGCTAT---GTTTTCAA---GGA     ---        ---        >  
 /   < CCC<   <TGGCCCCA TGTATACT<   <TGCTAATG GCAAGTAG<   <GGTCTGAG AGTTACTT<   <CGTCATAA CCTGCGAT<   <AAATTCTT-------TAAGTGGA<   <TTGGCTAT GTTAATTT<   <AAAAAAAA TTTTCCAT<   <TAAAACTA TTTAAGTG<   <GCAGAATT AGATTCGA<   <CCT <  \ 
|             s-10m17a) (s-10m17g                         s-8m17f ) (                                 s-6m17f ) (                                         ) (                                 s-2m17g ) (                                                                                 s2m17f  ) (                                         ) (                                 s6m17f  ) (                                 s8m17f  ) (                                 s10m17g ) ( s10m17b             |
 \   > AAA>   >AAGCAAAT ATTTAAAT>   >TTGTTAAA ATTCGCAT>   >CAGCTCAT GGCTTTTG>   >AGAGGGGG TAATAGTA>   >GTTGCGCC-------GACAATGA>   >CGCATAAC CGATATAT>   >GCAGGGAG TTTTTTAA>   >ATCAATAT ATGTGAGT>   >GTAAATCG TCGCTATT>   >GAA >  / 
  <        ---        ---     TTT---TTGTCCTT---CTAACATA---TTCGTTTA---TAAATTTA---ACATTTGC---AATTATAA---AACAATTT---TAAGCGTA---ATTTAAAA---ACAATTTA---GTCGAGTA---CCGAAAAC---GTTTTCTT---CAAAACGG---TCTCCCCC---ATTATCAT---TTTACAAA---ATGGCTAT---CAACGCGG<     <CTGTTACT---GTTGTTGG---TAGCGGGT---GCGTATTG---GCTATATA---AGCCAGCG---ACTCCGAA---CGTCCCTC---AAAAAATT---ACCTTTGT---CATGTATT---TAGTTATA---TACACTCA---CTTATTGG---AACGAAGA---CATTTAGC---AGCGATAA---TTAATTAA---AAGGGAAT---CTT     ---        ---        <  

>   >AACAGGAA GATTGTAT>   >TGTAAACG TTAATATT>   >TAAATTTT TGTTAAAT>   >CAAAAGAA GTTTTGCC>   >AAATGTTT TACCGATA>  \   /   >CAACAACC ATCGCCCA>   >TCGGTCGC TGAGGCTT>   >TGGAAACA GTACATAA>   >GAATAACC TTGCTTCT>   >AATTAATT TTCCCTTA>   >
  (s-11m18b                                 ) (                                 s-7m18e ) (                                 s-5m18e ) ( s-5m18i                         s-3m18i ) (                                 s-1m18i ) ( s-1m18j             | |             s1m18e  ) (                                 s3m18e  ) (  s3m18i                         s5m18i  ) (                                 s7m18e  ) (                                 s9m18e  ) (                                 s11m18a )  

<   <AATGAGCG AGTGTAAA<   <CCGATGTC CTTCCGGT<   <CTACCGCA AGGATAAC<   <AAAACCAA AAATAGCA<   <CAATACTA CGGAGACA<  /   \   <CAAGGCTA CGACAGAA<   <GCTAGGGC GTTTTCGC<   <TTTACTTT AACAATTT<   <AAGAACTA CAAACAAA<   <AGTCCATT AACTTTAC<   <
  >        ---        ---     TTG---TTACTCGC---TCACATTT---AATGTTGA---TGAAAGCT---GGCTACAG---GAAGGCCA---GACGCGAA---TTATTTTT---GATGGCGT---TCCTATTG---GTTAAAAA---TCTCGCTA---TTTTGGTT---TTTATCGT---CGTCTGGT---AAACGAGG---GTTATGAT---GCCTCTGT---AGCCGTTG>     >CTACCCTC---GTTCCGAT---GCTGTCTT---TCGCTGCT---GAGGGTGA---CGATCCCG---CAAAAGCG---GCCTTTAA---GGTAATTC---AAATGAAA---TTGTTAAA---TGTAATTA---ATTTTGTT---TTCTTGAT---GTTTGTTT---CATCATCT---TCTTTTGC---TCAGGTAA---TTGAAATG---AAT     ---        ---        >  
 /   < AAC<   <TTACAACT ACTTTCGA<   <CTGCGCTT AATAAAAA<   <CAATTTTT AGAGCGAT<   <GCAGACCA TTTGCTCC<   <TCGGCAAC-------GATGGGAG<   <AGCGACGA CTCCCACT<   <CGGAAATT CCATTAAG<   <ACATTAAT TAAAACAA<   <GTAGTAGA AGAAAACG<   <TTA <  \ 
|             s-10m19a) (s-10m19g                         s-8m19f ) (                                 s-6m19f ) (                                         ) (                                 s-2m19f ) (                                                                                 s2m19f  ) (                                         ) (                                 s6m19f  ) (                                 s8m19f  ) (                                 s10m19g ) ( s10m19b             |
 \   > CCC>   >GAACAAAC GGCGGATT>   >GTCACGTT >   > >   >ACGAGGCA TAGTAAGA>   >CTAAAGAC-------TTTTTCAT>   >AACGGGTA AAATACGT>   > >   > ATAACGGA>   >GAATACCA AGTTACAA>   >ATT >  / 
  <        ---        ---     GGG---CAGCCTAA---GAGGCACC---CTTGTTTG---CCGCCTAA---CTGGCATT---ACCCTATC---CAGTGCAA---        ---        ---        ---        ---        ---  GCGGTT---TTCCTTAA---TGCTCCGT---ATCATTCT---CGTTGTGA---AAACTCCT---GATTTCTG<     <AAAAAGTA---CTCCTTCA---AAGGTAAT---TTGCCCAT---TTTATGCA---TTACGGTG---ATGCTT  ---        ---        ---        ---        ---        ---TATTGCCT---AAGCGGAC---TAACGAAA---CTTATGGT---TCAATGTT---TTAGCGCG---TCTCCGCT---TAA     ---        ---        <  

>   >GTCGGATT CTCCGTGG>   >GACCGTAA TGGGATAG>   > >   >  CGCCAA AAGGAATT>   >GCAACACT TTTGAGGA>  \   /   >GAGGAAGT TTCCATTA>   >AATGCCAC TACGAA >   > >   >TTCGCCTG ATTGCTTT>   >AATCGCGC AGAGGCGA>   >
  (s-11m20b                                 ) (                                 s-7m20e ) (                                 s-5m20a ) ( s-5m20b                         s-3m20a ) (                                 s-1m20i ) ( s-1m20j             | |             s1m20e  ) (                                 s3m20e  ) (  s3m20b                         s5m20a  ) (  s5m20b                         s7m20e  ) (                                 s9m20e  ) (  s9m20f                         s11m20a )  

<   < CAGGGGAG<   <CCAATGCT ACGCGGGT<   < <   <  AATACA TAGACGTA<   <AGGATTTA ATATTAGC<  /   \   <TCACAAAA TCACATAA<   <AAATCCAA CCACGG <   < <   <GGCTACAT TTTCCATG<   <AGACTGCA <   <
  >        ---        ---        ---        ---GTCCCCTC---AAACTGGC---AGATGCAC---GGTTACGA---TGCGCCCA---TCTACACC---        ---        ---        ---        ---        ---  TTATGT---ATCTGCAT---TAGTTGAA---TGTGGTAT---TCCTAAAT---TATAATCG---CTGGGGGT>     >CAAAGATG---AGTGTTTT---AGTGTATT---CTTTTGCC---TCTTTCGT---TTTAGGTT---GGTGCC  ---        ---        ---        ---        ---        ---TGTTTCTC---CCGATGTA---AAAGGTAC---TGTTACTG---TATATTCA---TCTGACGT---        ---        ---        ---        >  
 /   < <   <TTTGACCG TCTACGTG<   <AGATGTGG <   < <   <ATCAACTT ACACCATA<   <GACCCCCA-------GTTTCTAC<   <GAAAACGG AGAAAGCA<   < <   < ACAAAGAG<   <ACAATGAC ATATAAGT<   < <  \ 
|             s-10m21a) (s-10m21b                         s-8m21f ) (                                 s-6m21f ) ( s-6m21g                         s-4m21a ) ( s-4m21g                         s-2m21f ) (                                                                                 s2m21f  ) (                                         ) (  s4m21b                                 ) (                                 s8m21f  ) (                                 s10m21a ) ( s10m21b             |
 \   > >   >TATCGGCC TCAGGAAG>   >CTTTCCGG CACCGCTT>   > GAACTAAC>   >AGGTAGAA AGATTCAT>   >GAAACAAA-------GTACAACG>   >CCTGATAA ATTGTGTC>   >TCCATGTT >   >CAAAATTA TTTGCACG>   >AAATTGCG TAGATTTT>   > >  / 
  <        ---        ---        ---        ---CTGCTGTC---ATAGCCGG---AGTCCTTC---TAGCGTGA---GGTCGGTC---GAAAGGCC---GTGGCGAA---GAC     ---        ---        ---CTTGATTG---CCTTGTTG---TAATAATG---TCCATCTT---TCTAAGTA---GTCAACTC---GGTTCGCG---CTTTGTTT<     <CATGTTGC---CTCTAAAC---ATAGTAGC---GGACTATT---TAACACAG---CTTTAGGC---GCTGGACG---AGGTACAA---        ---        ---     ATA---GTTTTAAT---AAACGTGC---ATTTTGTC---TTTATTTC---TTTAACGC---ATCTAAAA---GTCCAAAT---        ---        ---        ---        <  

>   > GACGACAG>   >ATCGCACT CCAGCCAG>   >CTG >   >GGAACAAC ATTATTAC>   >CAGTTGAG CCAAGCGC>  \   /   >GAGATTTG TATCATCG>   >GAAATCCG CGACCTGC>   > TAT>   >TAAAACAG AAATAAAG>   >CAGGTTTA >   >
  (s-11m22b                         s-9m22a ) (                                 s-7m22e ) (                                 s-5m22g ) ( s-5m22b                                 ) (                                 s-1m22i ) ( s-1m22j             | |             s1m22e  ) (                                 s3m22e  ) (                                 s5m22a  ) (  s5m22g                         s7m22e  ) (                                 s9m22g  ) (  s9m22b                         s11m22a )  

<   < GGGAAGGG<   <CTTACCGC TTACCGCG<   <GTG <   <TTGCATCT AAAAAGAA<   <CATATTAC GTGGCAAG<  /   \   <TCAACCAG TCAAGCCA<   <CAGACGCG GAGCAAGG<   < ACC<   <GTAATAAG TCTTCATA<   <TAATATAA <   <
  >        ---        ---        ---        ---CCCTTCCC---AACAGTTG---CGCAGCCT---GAATGGCG---AATGGCGC---TTTGCCTG---GTTTCCGG---CAC     ---        ---        ---GTTTTATT---AACGTAGA---TTTTTCTT---CCCAACGT---CCTGACTG---GTATAATG---CACCGTTC---ATCTGTCC>     >TCTTTCAA---AGTTGGTC---AGTTCGGT---TCCCTTAT---GATTGACC---GTCTGCGC---CTCGTTCC---GGCTAAGT---        ---        ---     TGG---TAGGTTCT---AACCCTTC---CATTATTC---AGAAGTAT---AATCCAAA---CAATCAGG---ATTATATT---        ---        ---        ---        >  
 /   < <   <TTGTCAAC GCGTCGGA<   <AAACGGAC CAAAGGCC<   < CAAAATAA<   <GGGTTGCA GGACTGAC<   <TAGACAGG-------AGAAAGTT<   <AGGGAATA CTAACTGG<   <CCGATTCA <   <ATCCAAGA TTGGGAAG<   <TTAGGTTT GTTAGTCC<   < <  \ 
|             s-10m23a) (s-10m23b                                 ) (                                 s-6m23f ) (                                 s-4m23a ) (                                 s-2m23f ) (                                                                                 s2m23f  ) (                                 s4m23g  ) (  s4m23b                         s6m23f  ) (                                 s8m23f  ) (                                 s10m23a ) ( s10m23b             |
 \   > >   >GCGGGCCT CTTCGCTA>   >AAGGGGGA TGTGCTGC>   > >   >CTTATGCG ATTTTAAG>   >AGGCGCAT-------AGGCTGGC>   >TAATCTTG ACAAGAAC>   > >   >CCAGAAGG AGCGGAAT>   >ATTATCAG ATGATGGC>   > >  / 
  <        ---        ---        ---        ---GCTAGCCA---CGCCCGGA---GAAGCGAT---AATGCGGT---CGACCGCT---TTCCCCCT---ACACGACG---TTCCGCTA---ATTCAA  ---        ---        ---  AGTAAC---ACTTAATG---GAATACGC---TAAAATTC---TTGACCGA---ATGTCTGG---TCCGCGTA<     <TCCGACCG---ACTGGAAG---TAGTTCTC---ATTAGAAC---TGTTCTTG---GCCTATAA---GTAATG  ---        ---        ---  CTTGTT---TCTTTGGT---GGTCTTCC---TCGCCTTA---ATAGTAGT---ATAAGGAC---TAATAGTC---TACTACCG---TTAAGTAG---        ---        ---        ---        <  

>   > CGATCGGT>   >TTACGCCA GCTGGCGA>   >AAGGCGAT TAAGTT >   >  TCATTG TGAATTAC>   >AACTGGCT TACAGACC>  \   /   >TGACCTTC ATCAAGAG>   >CGGATATT CATTAC >   >  GAACAA AGAAACCA>   >TATCATCA TATTCCTG>   >AATTCATC >   >
  (s-11m24b                         s-9m24a ) ( s-9m24g                         s-7m24e ) (                                 s-5m24e ) ( s-5m24b                         s-3m24a ) (                                 s-1m24i ) (                     | |             s1m24e  ) (                                 s3m24e  ) (  s3m24b                         s5m24a  ) (                                 s7m24e  ) (                                         ) (  s9m24b                         s11m24a )  

<   < <   <CGGCAGCA AAATGTTG<   <GGGACCGC AATGGG <   <  AATTTC AACTTTAA<   <TTAAATGA TGAGCAAG<  /   \   <CCGTTCGG AATAAGTG<   <AATGCAAC TAAACC <   <  GCGTTT TACTATTA<   <TTTAATTA TTGCAAGC<   < <   <
  >        ---        ---        ---        ---        ---  CAAGCT---TGGCACTG---GCCGTCGT---TTTACAAC---GTCGTGAC---TGGGAAAA---CCCTGGCG---TTACCC  ---        ---        ---  TTAAAG---TTGAAATT---AAACCATC---TCAAGCCC---AATTTACT---ACTCGTTC---TGGTGTTT>     >CTCGTCAG---GGCAAGCC---TTATTCAC---TGAATGAG---CAGCTTTG---TTACGTTG---ATTTGG  ---        ---        ---  CGCAAA---ATGATAAT---GTTACTCA---AACTTTTA---AAATTAAT---AACGTTCG---GGCAAAGG---ATTTAA  ---        ---        ---        ---        ---        >  
 /   < <   <  GTTCGA ACCGTGAC<   <CAGCACTG ACCCTTTT<   < <   <TTTGGTAG AGTTCGGG<   <ACCACAAA-------GAGCAGTC<   <ACTTACTC GTCGAAAC<   < <   <CAATGAGT TTGAAAAT<   <CCGTTTCC TAAATT <   < <  \ 
|             s-10m25a) (s-10m25b                         s-8m25a ) (                                 s-6m25f ) (                                         ) ( s-4m25b                         s-2m25f ) (                                 s0m25k                                          s2m25f  ) (                                 s4m25a  ) (  s4m25g                         s6m25f  ) (                                 s8m25f  ) (  s8m25b                         s10m25a ) ( s10m25b             |
 \   > >   >  CATGCC TGCAGGTC>   >CGGGTACC GAGCTCGA>   >ATAGCTGT >   > >   > ------- >   > >   > GAGCCGTC>   >GAGGATTT AGAAGTAT>   >TTCGACAA CTCGTA >   > >  / 
  <        ---        ---        ---        ---        ---  GTACGG---ACGTCCAG---CTGAGATC---TCCTAGGG---GCCCATGG---CTCGAGCT---TAAGCATT---AGTACCAG---TATCGACA---        ---        ---        ---        ---        ---        ---        ---        <     <        ---        ---        ---        ---        ---        ---        ---        ---CTCGGCAG---TTATCTAT---TATGTAAA---CTCCTAAA---TCTTCATA---ATCTGAAA---TGTTTGTT---AAGCTGTT---GAGCAT  ---        ---        ---        ---        ---        <  

>   > >   >GACTCTAG AGGATCCC>   >ATTCGTAA TCATGGTC>   > >   > >  \   /   > >   > >   >AATAGATA ATACATTT>   >TAGACTTT ACAAACAA>   > >   >
  (s-11m26b                         s-9m26a ) ( s-9m26b                         s-7m26e ) (                                 s-5m26e ) (                                 s-3m26a ) ( s-3m26b                         s-1m26a ) ( s-1m26b             | |             s1m26a  ) (  s1m26b                         s3m26a  ) (  s3m26b                                 ) (                                 s7m26e  ) (                                 s9m26a  ) (  s9m26b                         s11m26a )  

<   < <   <CGAAGGCC GAGCATAC<   <CGCCTATT GTTAAAGT<   < <   < <  /   \   < <   < <   <ATCAACAA TCACGAGG<   <TTGGAAGG AGTTAAGG<   < <   <
  >        ---        ---        ---        ---        ---        ---     TAT---GCTTCCGG---CTCGTATG---TTGTGTGG---AATTGTGA---GCGGATAA---CAATTTCA---CACAGGAA---        ---        ---        ---        ---        ---        ---        ---        >     >        ---        ---        ---        ---        ---        ---        ---        ---TAATCTAT---TAGTTGTT---AGTGCTCC---TAAAGATA---TTTTAGAT---AACCTTCC---TCAATTCC---TTT     ---        ---        ---        ---        ---        ---        >  
 /   < <   < ATA<   <AACACACC TTAACACT<   <GTGTCCTT <   < <   < ------- <   < <   < ATTAGATA<   <ATTTCTAT AAAATCTA<   <AAA <   < <  \ 
|             s-10m27a) (s-10m27b                         s-8m27a ) ( s-8m27g                         s-6m27f ) (                                 s-4m27g ) ( s-4m27h                                 ) ( s-2m27g                                                                                 ) (  s2m27g                                 ) (                                 s6m27f  ) (                                         ) (  s8m27b                         s10m27a ) ( s10m27b             |
 \   > >   > AAG>   >CCTAATGA GTGAGCTA>   >TTGCGCTC ACTGCCCG>   >CCTGTCGT GCCAGCTG>   >AACGCGCG-------CACCGCCT>   >GAGAGCCA GCAGCAAA>   >TCACCTTG CTGAACCT>   >AATCAATA TCTGGTCA>   >TTG >   > >  / 
  <        ---        ---        ---        ---        ---        ---     TTC---ACATTTCG---GACCCCAC---GGATTACT---CACTCGAT---TGAGTGTA---ATTAACGC---AACGCGAG---TGACGGGC---GAAAGGTC---AGCCCTTT---GGACAGCA---CGGTCGAC---GTAATTAC---TTAGCCGG---TTGCGCGC<     <GTGGCGGA---CGTTGTCA---CGGTGCGA---CTCTCGGT---CGTCGTTT---ACTTTTTA---GATTTCGT---AGTGGAAC---GACTTGGA---GTTTATAG---TTTGGGAG---TTAGTTAT---AGACCAGT---CAACCGTT---TAGTTGTC---AAC     ---        ---        ---        ---        ---        ---        <  

>   > >   >TGTAAAGC CTGGGGTG>   >ACTCACAT TAATTGCG>   >CTTTCCAG TCGGGAAA>   >CATTAATG AATCGGCC>  \   /   >GCAACAGT GCCACGCT>   >TGAAAAAT CTAAAGCA>   >CAAATATC AAACCCTC>   >GTTGGCAA ATCAACAG>   > >   >
  (s-11m28b                         s-9m28a ) ( s-9m28b                                 ) (                                 s-5m28g ) (                                         ) (                                         ) ( s-1m28i             | |             s1m28i  ) (                                         ) (                                 s5m28e  ) (                                 s7m28g  ) (                                 s9m28a  ) (  s9m28b                         s11m28a )  

<   < <   < <   <GGTCCGCC ACTTCCCG<   <AGAGTGAC CACTTTTC<   <GGGTTATG CGTTTGGC<  /   \   <CTGGCGGA GTGGAGAC<   <ACCAAGCA AGCCATAA<   <ATCCCGAT AGTCAAGC<   < <   < <   <
  >        ---        ---        ---        ---        ---        ---        ---        ---        ---  CAACTC---TCTCAGGG---CCAGGCGG---TGAAGGGC---AATCAGCT---GTTGCCCG---TCTCACTG---GTGAAAAG---AAAAACCA---CCCTGGCG---CCCAATAC---GCAAACCG---CCTCTCCC>     >TTAATACT---GACCGCCT---CACCTCTG---TTTTATCT---TCTGCTGG---TGGTTCGT---TCGGTATT---TTTAATGG---CGATGTTT---TAGGGCTA---TCAGTTCG---CGCATTAA---AGACTA  ---        ---        ---        ---        ---        ---        ---        ---        ---        >  
 /   < <   < <   <  GTTGAG AGAGTCCC<   <TTAGTCGA CAACGGGC<   <TTTTTGGT GGGACCGC<   <GGAGAGGG-------AATTATGA<   <AAAATAGA AGACGACC<   <AAATTACC GCTACAAA<   <GCGTAATT TCTGAT <   < <   < <  \ 
|             s-10m29a) (s-10m29b                         s-8m29a ) ( s-8m29b                         s-6m29a ) (                                 s-4m29f ) (                                 s-2m29g ) (                                                                                 s2m29g  ) (                                 s4m29g  ) (                                         ) (  s6m29b                         s8m29a  ) (  s8m29b                         s10m29a ) ( s10m29b             |
 \   > >   > >   >  CAGCAA GCGGTCCA>   >CAGGCGAA AATCCTGT>   >AATCGGCA AAATCCCT>   >AGCCCGAG-------CACGACCA>   >TCTGGCCA ACAGAGAT>   >GAAAGCGT AAGAATAC>   >TTTTGAAT GGCTAT >   > >   > >  / 
  <        ---        ---        ---        ---        ---        ---        ---        ---        ---  GTCGTT---CGCCAGGT---GCGACCAA---ACGGGGTC---GTCCGCTT---TTAGGACA---AACTACCA---CCAAGGCT---TTAGCCGT---TTTAGGGA---ATATTTAG---TTTTCTTA---TCGGGCTC<     <GTGCTGGT---CATTATTT---TCCCTGTA---AGACCGGT---TGTCTCTA---TCTTGGGA---AGACTGGA---CTTTCGCA---TTCTTATG---CACCGTGT---CTGTTATA---AAAACTTA---CCGATA  ---        ---        ---        ---        ---        ---        ---        ---        ---        <  

>   > >   > >   >CGCTGGTT TGCCCCAG>   >TTGATGGT GGTTCCGA>   >TATAAATC AAAAGAAT>  \   /   >GTAATAAA AGGGACAT>   >AGAACCCT TCTGACCT>   >GTGGCACA GACAATAT>   > >   > >   >
  (s-11m30b                         s-9m30a ) ( s-9m30b                         s-7m30a ) ( s-7m30b                                 ) (                                 s-3m30g ) (                                 s-1m30e ) ( s-1m30i             | |             s1m30i  ) (                                 s3m30g  ) (                                 s5m30g  ) (  s5m30h                         s7m30a  ) (  s7m30b                         s9m30a  ) (  s9m30b                         s11m30a )  

<   < <   < <   < CAAAAAGC<   <AGGTGCAA GAAATTAT<   <TTGACCTT GTTGTGAG<  /   \   <CTTAGACG GTTACATT<   <CTAACTCG CAGTTTTA<   <CGCAAAAA <   < <   < <   <
  >        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---GTTTTTCG---CCCTTTGA---CGTTGGAG---TCCACGTT---CTTTAATA---GTGGACTC---TTGTTCCA---AACTGGAA---CAACACTC---AACCCTAT>     >TGACTGGT---GAATCTGC---CAATGTAA---ATAATCCA---TTTCAGAC---GATTGAGC---GTCAAAAT---GTAGGTAT---TTCCATGA---GCGTTTTT---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        >  
 /   < <   < <   < <   <GGGAAACT GCAACCTC<   <CACCTGAG AACAAGGT<   <TTGGGATA-------ACTGACCA<   <TATTAGGT AAAGTCTG<   <CATCCATA AAGGTACT<   < <   < <   < <  \ 
|             s-10m31a) (s-10m31b                         s-8m31a ) ( s-8m31b                         s-6m31a ) ( s-6m31b                                 ) (                                         ) (                                                                                 s2m31f  ) (                                         ) (                                 s6m31a  ) (  s6m31b                         s8m31a  ) (  s8m31b                         s10m31a ) ( s10m31b             |
 \   > >   > >   > >   >AGGGCGAT GGCCCACT>   >AAATCAAG TTTTTTGG>   >AGCACTAA-------CTTGCCTG>   >CTATCGGC CTTGCTGG>   >ATTACCGC CAGCCATT>   > >   > >   > >  / 
  <        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---GCAGATAG---TCCCGCTA---CCGGGTGA---TGCACTTG---GTAGTGGG---TTTAGTTC---AAAAAACC---CCAGCTCC---ACGGCATT---TCGTGATT<     <GAACGGAC---TCATCTTC---TTGAGTTT---GATAGCCG---GAACGACC---ATTATAGG---TCTTGTTA---TAATGGCG---GTCGGTAA---CGTTGTCC---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        <  

>   > >   > >   > CGTCTATC>   >ACGTGAAC CATCACCC>   >GGTCGAGG TGCCGTAA>  \   /   >AGTAGAAG AACTCAAA>   >TAATATCC AGAACAAT>   >GCAACAGG >   > >   > >   >
  (s-11m32b                         s-9m32a ) ( s-9m32b                         s-7m32a ) ( s-7m32b                         s-5m32a ) ( s-5m32g                                 ) ( s-3m32g                         s-1m32g ) ( s-1m32i             | |             s1m32i  ) (                                         ) (  s3m32g                                 ) (  s5m32b                         s7m32a  ) (  s7m32b                         s9m32a  ) (  s9m32b                         s11m32a )  

<   < <   < <   < <   < <   <CCCCCGAG GGAAATCC<  /   \   <AATGATTA GTTTCTTC<   < <   < <   < <   < <   <
  >        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---  TCAAGC---TCTAAATC---GGGGGCTC---CCTTTAGG---GTTCCGAT>     >TGATGTTA---TTACTAAT---CAAAGAAG---TATTGCTA---CAACGG  ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        >  
 /   < <   < <   < <   < <   <  AGTTCG AGATTTAG<   <CAAGGCTA-------ACTACAAT<   <ATAACGAT GTTGCC <   < <   < <   < <   < <  \ 
|             s-10m33a) (s-10m33b                         s-8m33a ) ( s-8m33b                         s-6m33a ) ( s-6m33b                         s-4m33a ) ( s-4m33b                         s-2m33a ) (                                                                                         ) (  s2m33b                         s4m33a  ) (  s4m33b                         s6m33a  ) (  s6m33b                         s8m33a  ) (  s8m33b                         s10m33a ) ( s10m33b             |
 \   > >   > >   > >   > >   >  CGGGGA AAGCCGGC>   >GAAGGGAA-------GCCACCGA>   >ATCACGCA AATTAA >   > >   > >   > >   > >  / 
  <        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---  GCCCCT---TTCGGCCG---CTTGCACC---GCTCTTTC---CTTCCCTT<     <CGGTGGCT---CATTTTCT---CAGACAGG---TAGTGCGT---TTAATT  ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        ---        <  
  > >   > --- >   > --- >   > --- >   > --- >   >GAACGTGG---CGAGAAAG>   >GTAAAAGA---GTCTGTCC>   > --- >   > --- >   > --- >   > --- >   > <
   s-11m34b                         s-9m34a     s-9m34b                         s-7m34a     s-7m34b                         s-5m34a     s-5m34b                         s-3m34a     s-3m34b                                     s-1m34j                                          s1m34g                         s3m34a       s3m34b                         s5m34a       s5m34b                         s7m34a       s7m34b                         s9m34a       s9m34b                         s11m34a    

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

Supplementary Figure S45: Design for the disk with holes (smiley).
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DNA origami
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DNA origami assembly

Annealing: assembly takes place when DNA mix cools down from 60°C to 40°C 
1. T° drops fast from 90°C to 65°C and then 

2. T° decreases slowly from 65°C to 40°C (typically at -1°C/10min up to -1°C/2h) 

Fig. by Dey et al (2021)

DNA origami

7



Some emblematic designs
DNA origami

2006

2009

2011

2015

2017

2021

Rothemund Han et al Wagenbauer et al

Dietz et al Benson et al Wintersinger et al Levy, Finkel,  
Mills, Bellot, 
Schabanel

2023

2022

Mills et al
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DNA Origami has many applications
DNA origami

Targeted delivery of antibodies

Douglas et al., 2012

Functional synthetic cytoskeleton

Zhan et al., 2022

Traps for large viruses

Monferrer et al., 2023

In synthetic biologyIn medicine

• Biosensor

• Nanomaterials


• Smart molecular devices

• Study of protein interactions, …

9
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even for curved shapes

What about curved surfaces?

Only few crosslinks are enough



B-form
DNA double-helix

Stacking

ΔG∘ = ΔG∘(AT/GC) + ΔG∘(GC/TA) + ΔG∘(TA /CG) + ΔG∘(CG/AT )
Stack

Bonding energy

Major  
groove

Minor 
groove

Right 
handed

Major 
groove

Minor 
groove

11



Stacking phenomenon

Blunt ends 
yields 
stacking

12



Gerling et al, Science 2015

Changing Mg2+ concentration allows to bind 
multi-components using stacking interactions

5mM MgCl2 12.5mM MgCl2 30mM MgCl2

Using stacking
Multicomponent origamis — Reversible assembly

13



Preexisting softwares
Abstract 2D representation 3D view & editing

Automation Physical simulation

‣Cadnano (2009)

‣Scadnano (2019)


‣Efficient 2D view 
editing

‣ Tiamat (2009)

‣ vHelix (2014)

‣ adenita (2019)

‣OxDNAviewer 

(2019)


‣Wysiwyg

‣Deadalus (2016)

‣Perdrix, Talos, Athena 

(2019)

‣MagicDNA (2021)


‣Auto-stapling 
‣Auto-scafolding 
‣Articulated designs

‣ ViennaRNA (1994)

‣Nupack (2009)

‣OxDNA (2015)

‣mrDNA (2019)

‣SNUPI (2020)


‣Feedbacks on designs
14



Glimpse of DNA nanostructures 
made with 

15



Experimental work with G. Bellot, J. Finkel and A. Mills
Glimpse of our DNA nanostructures

Diameter: 89 nm
16



Experimental work with G. Bellot, J. Finkel and A. Mills
Glimpse of our DNA nanostructures

17
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x
y

z

0.2/nm
Torsion
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R curvature
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Experimental work with G. Bellot, J. Finkel and A. Mills
Glimpse of our DNA nanostructures
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Experimental work with G. Bellot, J. Finkel and A. Mills
Glimpse of our DNA nanostructures

19



Experimental work with G. Bellot, J. Finkel and A. Mills
Glimpse of our DNA nanostructures

Vaults dimer PDB : 4V60

A B C

D

E
30nm

4nm

53 nm

20



Here is  
how we made them

21



• A dual 3D & 2D interactive interface

• Realtime 3D manipulation

• Easy to use and straightforward to install, multiplateform Windows, 

Mac OS, Linux

• ~100 000 lines of code, written in Rust

• Remarquable success in complex 3D DNA nanostructure assembly

An algorithm & geometry based DNA nanostructure design software
 

22



0. Defining a good 
    DNA model

23



Getting the DNA parameters right
DNA helix parameters matter

Nucleotides turn by steps of ~34° around the helix axis

Shifting a crossover by  positions induces a twist of n ∼ n × 34∘

24



Getting the DNA parameters right
Woo & Rothemund, 2011

25



Getting the DNA parameters right
Good parameters for straight DNA double helices (B-form)

3'
3'

5'

5'

Twist  
= 2π/10.44  
≈ 34.48°

Minor 
groove  

= 135.9°

5'

3'

Inclinaison  
= 0.043nm

Rise  
= 0.332nm

Helicity = 10.44 bp/turn

backward strand ← Radius  
= 0.93 nm

Woo, Rothemund, 2011; Cody, Andersen, 2014;

Thubagere et al 2017

forward strand →

Inter helix axis distance: 2.65 nm
26



Good parameters for straight RNA double helices (A-form)
Getting the RNA parameters right

3'

3'

5'

5'

Twist  
= 2π/11  
≈ 32.72°

Minor 
groove  

= 107.2°

5'

3'

Inclinaison  
= -1.026 nm

Rise  
= 0.281 nm

Helicity = 11 bp/turn

backward strand ← Radius  
= 0.87 nm

Cody, Andersen, 201427

forward strand →



Mapping DNA helix on a curve
Finding a proper frame that runs along the curve

What about the Frenet frame? 
• Reparametrize  by the curvilinear 

abscissa: 


• , the tangent 

• ,  
the normal


•

M(t)
s(t) = ∫

t

0
| | ·M(t) | |dt

x(s) = dM(s) / ds
y(s) = Normalized(d2M(s) / d2s)

z(s) = x(s) ∧ y(s)

28



Mapping DNA helix on a curve
Finding a proper frame that runs along the curve

What about the Frenet frame? 
• Reparametrize  by the curvilinear 

abscissa: 


• , the tangent 

• ,  
the normal


•

M(t)
s(t) = ∫

t

0
| | ·M(t) | |dt

x(s) = dM(s) / ds
y(s) = Normalized(d2M(s) / d2s)

z(s) = x(s) ∧ y(s)

Frenet frame 
flips 

"for no reason"

29



Mapping DNA helix on a curve
Finding a proper frame that runs along the curve

We propose an iterative frame: 
• Let  the positions of the 

points


• , the tangent at  

• 


• 


where  denotes the rotation 
from  to  around 

t1 ⩽ ⋯ ⩽ tk

Xk = ⃗T (tk) M(tk)
Yk = rotXk−1→Xk

(Yk−1)
Zk = rotXk−1→Xk

(Zk−1)
rotXk−1→Xk

Xk−1 Xk Xk−1 ∧ Xk

30



Mapping DNA helix on a curve
Frenet frame vs our iterative frame

no flip

Frenet frame Our iterative frame

31
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Mapping DNA helix on a curve
Our model vs crystallographic data

A nucleosome (curvature radius ~ 6nm)
Levy, Schabanel, 2022

32



Making a  
DNA origami

33



Current recipe for designing a DNA origami
The main steps of the process

1. Scaling the object and placing the DNA helices


2. Optimizing the DNA parameters for each helix to 
spread the strain


3. Routing the scaffold strand to cover all the helices


4. Stapling the design to tie it together

34



1. Looking for the  
    right scale

“At this point, manual consideration of the complex 
relations among the design parameters is the most 

time-consuming step and requires a substantial 
understanding of fundamental engineering principles and 

the behavior of interconnected DNA.” Han et al., 2011
35



The case of planar designs
semi-discrete & semi-continuous

Solve 
• Aspect ratio: 2 + (H − 1) × 2.65 = N × 0.332
• Scaffold length:  base pairsN × H ⩽ 7249
• Scaffold routing:  for  integral number of turnsN = 10.44 × T T

1:1
0.332nm

2.65nm

× H

× N
Discrete

Continuous ≈ 

36



Insertions & deletions map
Curved origami with Cadnano

deletions

insertions

Dietz et al, 2009
37



The case of curved bundle
Bezier based in 

+

Scale the curve so that the 
total length of the curves 
equals the scaffold length

38



Using concentric circles
The case of curved shapes

2.65 nm

Place the helices 
at equal distances 

of 2.65 nm

Scale the revolution 
radius R until the 
total length equals 
the scaffold length

39
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A new spiral paradigm
The case of tight curved shapes

Advantages: 
• Continuous range of angles between neighboring helices

• Very long helices reduces considerably the impact of 

discretization (~3600 nts long instead of few hundreds)
40



A new spiral paradigm?
The case of tight curved shapes

????
41



A general scaling scheme to route the spirals 
The case of tight curved shapes

• Linear growth of the curvilinear abscissa:  
where  is the section perimeter and  is the number of helices 

•  is the winding parameter which determines the helices 
curvature 

si(t) = i + w × t
N

× P
P N

w ∈ ℤ
42



Choose the winding parameter w
The case of tight curved shapes

 helicesN = 12
43



Choose the winding parameter w
The case of tight curved shapes

Choosing 
w = +3 
keeps the 
helices 
straight

44



Winding parameter w controls helices torsion

45



Balancing the inter helix distances
The case of tight curved shapes

Helices 
collide

46



Balancing 
the inter helix 
distances

The case 
of tight 
curved 
shapes

Update the empty lengths constantly:


l0
ij = 1

2 ( H
cos α1

+ H
cos α2 )

47



Balancing the inter helix distances
The case of tight curved shapes

A relaxation process that outputs curves expressed as Чебышев 
polynomials whose length is exactly the desired scaffold length 

48



Balancing the inter helix distances
The case of tight curved shapes

A relaxation process that outputs curves expressed as Чебышев 
polynomials whose length is exactly the desired scaffold length 

48



Routing algorithm deduces the torsion as well

The initial iteration reduces the torsion of the helices,  
the following ones mainly focus on scaling to match the scaffold length

49

0 10 20 30 40 50
Iteration of the helix routing algorithm
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Average torsion of helix trajectories during helix routing algorithm execution

DS1 (w: +2)*
DS2 (w: +4)*
T1 (w: -4)*
T2 (w: -4)*
T3 (w: -6)*
T4 (w: -10)*
T5 (w: -11)*
T6 (w: -12)*
Torsion and spacing 
optimization steps
Rescaling steps to 
match the scaffold 
length



Balancing the inter helix distances
The case of tight curved shapes

A relaxation process that outputs curves expressed as Чебышев 
polynomials whose length is exactly the desired scaffold length 

50



2. Adjusting the  
    DNA parameters

51



Adjusting DNA parameter to close planar curved helices
Adjusting DNA parameters

Close the helices: 
Compute iteratively the 
frames along each helix 
and adjust minimally the 
twist of each helix so that 
both ends of each helix 
coincide: 




This spreads the strain

βi := 2π
10.44 + Θi

Ni

Θi

52



Adjusting DNA parameters for curved DNA bundle
Adjusting DNA parameters

The ends of the trajectories
are misaligned

We align minimally the initial 
and final frames to align the trajectories

Closing the helices:  
1) Compute iteratively the 

frames along the curve 
and adjust minimally 
the twist of the grid 
and then


2) Adjust minimally the 
twist of each helix so 
that both ends of each 
helix coincide: 

βi := 2π
10.44 + Θi

Ni

53



Adjusting DNA parameters for curved DNA bundle
Adjusting DNA parameters

Closing the helices:  
1) Compute iteratively the 

frames along the curve 
and adjust minimally 
the twist of the grid 
and then


2) Adjust minimally the 
twist of each helix so 
that both ends of each 
helix coincide: 

βi := 2π
10.44 + Θi

Ni

54

The correction is O(1/N) 
few % for ≥100bp-long helices



Spreading the constraints on short helices
Adjusting DNA parameters

Fix bounds on the rise and twist, e.g. 
rise ∈ [0.32, 0.35] nm / base pair 
twist ∈ [10.2, 10.8] base pairs / turn 

For all helices that do not meet the bounds: 

Look for the best variation ΔN so that 

,  and 

 are within the bounds 

and spread the ΔN over the other helices 

until all helices meet the bounds

r̃ise = Length in nm
N + ΔN

β̃ = 2π
10.44 + ΘΔN

N + ΔN
t̃wist = 2π/ β̃

Shorter 
helices

Longer 
helices

Spreading the strain

55
Changing the number of nucleotides N can help align the ends of the helix



3. Routing the scaffold

56



The scaffold route matters

Fails to fold
Folds!

×
57



The scaffold route matters

Fails to fold
Folds!

×
must cut to avoid 

too long domains in the scaffold
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The scaffold route matters

Folds poorly
Folds!

×
58



The scaffold route matters

Folds poorly
Folds!

×
more cuts is better

58



The scaffold route matters

Folds poorly: makes chimera

Folds!
× straight cuts help?
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The scaffold route matters

TEM by Gaëtan Bellot & Julie Finkel
cut in 2 is enough here

60

Death star 1: Folds!



The scaffold route matters

TEM by Gaëtan Bellot & Julie Finkel
Death star 2.1 (4 parallel helices): Fails to fold× cut in 2 is NOT enough here
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The scaffold route matters

Death star 2.2 (4 parallel helices): Folds!
TEM by Gaëtan Bellot & Julie Finkel

4 straight cuts of the outside sphere alone works here!
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• Looking for an algorithmic formulation of the problem…

The scaffold routing problem?

63



4. Stapling

64



• Two main patterns for stapling 2D origamis: S and C
Staples are local and must tie the origami together
Stapling

~8

~16
~8

~16

~16
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Only few crosslinks are enough
even for curved shapes
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Stapling
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Stapling
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Stapling
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3D bundles
Stapling

DNA origami
nanostructure

100nm

200components,
5 MDa

DNA brick
nanostructure

30,000components,
500MDa

90°

13 base pairs

10,000components

=

20,000 voxels

=13 base pairs

=

ba

c

d

Ong et al, Nature 2017
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Experimental validation
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Bezier curves

Unpurified Purified

MgCl2 (mM)

100nm

TEM by 
G. Bellot, 
J. Finkel
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Twisted revolution surfaces 
U

np
ur

ifi
ed

Purified

MgCl2 (12 mM)

200nm

TEM by 
G. Bellot, 
J. Finkel
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Twisted revolution surfaces 

CryoEM (Gaëtan Bellot & Julie Finkel)
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2 spirals
Death star I:

Gaëtan Bellot & Julie Finkel
75



4 spirals
Death star II:

TEM by Gaëtan Bellot & Julie Finkel
76



Torii
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Twisted revolution surfaces 

CryoEM (Gaëtan Bellot & Julie Finkel)
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Twisted revolution surfaces 

CryoEM (Gaëtan Bellot & Julie Finkel) 79



Could fixed pattern crossover spacing work?

80



Could fixed pattern crossover spacing work?
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Could fixed pattern crossover spacing work?

80

The answer is no



• User interface: Library update and GUI reorganisation


• Scaffolding: Algorithmic formulation?


• Stapling: Local search algorithm on the way


• Multi-component origami: Cloning, Groups, Experiments to 
validate new DNA parameter optimisation,… 

• Experiments helpers: Plate designs, all in one file 

• Dynamical shapes: continuous deformations 

• Better and faster physics simulation feedback

Many direction to improving ENSnano
Conclusions

81

https://www.ens-lyon.fr/ensnano
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