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Many problems in bioinformatics can be seen as puzzles




Genome Assembly

Reconstruct a genomic sequence based on reads obtained from it.
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Multi-Assembly

Reconstruct multiple sequences based on mixed-reads obtained
from all of them.
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Puzzles solved perfectly




Unsolvable puzzles (multiple solutions)




Puzzles with multiple solutions




Safe parts common to all possible solutions




Contigs in Genome Assembly

Genomic fragments promised to occur in the original genome.

» Used and reported by practical assemblers [10, 11, 17, 20].

» Developed theoretically [24, 6, 7, 5].
» Completeness



Contigs in Genome Assembly

Genomic fragments promised to occur in the original genome.

» Used and reported by practical assemblers [10, 11, 17, 20].

» Developed theoretically [24, 6, 7, 5].
» Completeness

Not used in multi-assembly!
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Model for Multi-assembly

Path cover in a DAG
G=(V,E)

P Set of paths P such that every vertex of the graph appears in
some path.

» Directed acyclic graph.

> E.g.:
» RNA transcript assembly
[25, 21, 3, 13, 9, 16, 19, 4, 12, 23, 22, 14].
> Viral quasi-species assembly [8, 27, 2, 1]
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Model for Multi-assembly

Two types of path covers

» Minimum path cover (MPC).

» Of size k, known as the width.
» One can be computed in time O(|V/||E|) [18].

» Generalized path cover.
> Of size < ¢ (parameter).
» Paths starting at S C V' (parameter).
» Paths ending at T C V (parameter).



Our results



Theoretical results



Theoretical results

Minimum path covers

Generalized path covers

Safe edges

O(k|VI|E)

O(k|VI|ET)

Maximal safe paths

O(K*|V|IE])

O(max(1, 2k — £)k|V||E])

Recall k is the width of the graph (size of an MPC)




Practical results

Apply to RNA transcript assembly defining RNA contigs.



Practical results

Apply to RNA transcript assembly defining RNA contigs.

Proof-of-concept study
» Splicing graphs from human annotated transcripts.
» Double length compared to unitigs.
» Transcript coverage of 80%.

» Less than 15 seconds (all transcript annotation from Ensembl
database [26]).



T heoretical results
(MPC only)
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General Approach (Avoid-and-test)

1. Compute a solution to the problem — An MPC P.
> In O(|VIE]) [18].

2. For each subpart — Every subpath P of a path of P.

» Test if P is safe — Compute the width of GP.



Safe edges



Theorem (Safe edges MPC)
An edge e is safe if and only if width(G) < width(G \ e).
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Shrinking Primitive

Lemma (Shrinking [15])

Given a path cover P = Py,...,P; of G, we can obtain a MPC of
G in time O(|E|(t — k + 1))



Theorem (Safe edges MPC)
An edge e is safe if and only if width(G) < width(G \ e).

» Naive algorithm: O(k|V/|?|E]).
» But, we can do better.

> O(Xeep telEl) = O(K|VIIE])



Maximal safe paths



Path Reduction

Definition
Given a path P = xq,...,x, of G, we define GF = (V, EF), where

P
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Path Reduction

Definition
Given a path P = xq,...,x, of G, we define GF = (V, EF), where

P

EP = (E\{(xp-1.6)) U {( ) | € N7() \ {xi-1}} -

i=2
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Theorem (Maximal safe paths MPC)

Let P = x1,...,x, be a path of G, such that xq,...,X,—1 is a safe
path. It holds that P is safe if and only if width(G) < width(GP).



Theorem (Maximal safe paths MPC)

Let P = x1,...,x, be a path of G, such that xq,...,X,—1 is a safe
path. It holds that P is safe if and only if width(G) < width(GP).

» Paths of increasing size algorithm: O(k|V/[3|E|).



Theorem (Maximal safe paths MPC)

Let P = x1,...,x, be a path of G, such that xq,...,X,—1 is a safe
path. It holds that P is safe if and only if width(G) < width(GP).

» Paths of increasing size algorithm: O(k|V/[3|E|).

» By using shrinking, and two-finger on each path: O(k?|V/||E|).



Practical results
(RNA contigs)



Central dogma of molecular biology
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RNA transcript assembly
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RNA transcript assembly
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RNA transcript assembly
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RNA contigs
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RNA contigs = Maximal safe paths for generalized path cover



Experimental setup

» Human gene annotation (Ensembl [26],GRCh38.p13).
» All transcripts in chromosomes 1 to 22, on the forward strand.

» Build splicing graph.

» Perfect scenario.
» Known answers.

> te{kk+1,...,2k}.

» Baseline comparison with ST-unitigs.



Results

(less than 15 seconds to run)



Results

small graphs (3-21 vertices) | medium graphs (22-52 vertices) | large graphs (53-725 vertices)
14 prec mcr prec mcr prec mcr
K 0.84 0.82 0.81 0.64 0.84 0.56
1.00 0.86 0.92 0.62 0.89 0.53
ki1l 1.00 0.79 0.99 0.61 0.99 0.53
1.00 0.83 1.00 0.59 1.00 0.50
" 1.00 0.79 1.00 0.61 1.00 0.53
1.00 0.83 1.00 0.59 1.00 0.50
ok 1.00 0.79 1.00 0.61 1.00 0.53
1.00 0.83 1.00 0.59 1.00 0.50
ST- | 1.00 0.64 1.00 0.49 1.00 0.42
unitigs | 1.00 0.67 1.00 0.47 1.00 0.39

Precision and Relative Maximum Coverage (of transcripts) for
RNA contigs and ST-unitigs.



Results

14 small graphs (3-21 vertices) | medium graphs (22-52 vertices) | large graphs (53-725 vertices)
k 2.65x 3.54x 3.50x
k+1 1.43x 1.83x 1.97x
t 1.42x 1.82x 1.94x
2k 1.42x 1.82x 1.94x

Relative length of longest RNA contig containing a ST-unitig.
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Conclusions

» Efficient algorithms obtaining all maximal safe paths for
generalized path covers.

» Proof-of-concept RNA contigs on human annotated
transcripts.
» Publicly available code, datasets, and manipulation scripts.
> https://github.com/elarielcl/SafePathsRNAPC

» Future developments of safe paths
» Output of transcript assemblers.
» Use as preprocessing step.
P Validate transcript assemblies.
» Apply to other multi-assembly problem.


https://github.com/elarielcl/SafePathsRNAPC

Safety in multi-assembly via paths
appearing in all path covers of a DAG

Manuel Caceres, Brendan Mumey, Edin Husi¢, Romeo Rizzi,
Massimo Cairo, Kristoffer Sahlin, Alexandru |. Tomescu

11.02.2021, DSB



TK

(54 {5 1| 0 | 8 | |75 | {110} 70 |70} {270} —{7E3} {26} —{as—{r60

7

“ [tod
U, \ U, U

[14 =/ 95 1\ 19 | 45 |44 |70 |—[118] {70 } {108 {216} ~[153} {216} {a4a {180} 127}

\
G c

U

U, Uy

[ ) U,
C’J
C

T,




References |

[l BaALENS, J. A., DER ROEST, B. V., KOSTER, J.,
STOUGIE, L., AND SCHONHUTH, A.
Full-length de novo viral quasispecies assembly through
variation graph construction.
Bioinform. 35, 24 (2019), 5086-5094.

[l BAALENS, J. A., STOUGIE, L., AND SCHONHUTH, A.
Strain-aware assembly of genomes from mixed samples using
flow variation graphs.

In Research in Computational Molecular Biology - 24th Annual
International Conference, RECOMB 2020, Padua, Italy, May

10-13, 2020, Proceedings (2020), R. Schwartz, Ed., vol. 12074
of Lecture Notes in Computer Science, Springer, pp. 221-222.



References |l

@ Bao, E., JiaANG, T., AND GIRKE, T.
Branch: boosting rna-seq assemblies with partial or related

genomic sequences.
Bioinformatics 29, 10 (2013), 1250-1259.

[ BERNARD, E., JacoB, L., MAIRAL, J., AND VERT, J.
Efficient RNA isoform identification and quantification from
rna-seq data with network flows.

Bioinformatics 30, 17 (2014), 2447-2455,

@ Cairo, M., Kuan, S., Rizzi, R., Scamipr, S. S.,
TomEescu, A. 1., AND ZIRONDELLI, E. C.
Genome assembly, a universal theoretical framework: unifying
and generalizing the safe and complete algorithms.
CoRR abs/2011.12635 (2020).



References 1l

[ Cairo, M., MEDVEDEV, P., Acosta, N. O., Rizz, R.,
AND TOMESscu, A. 1.
An optimal O(nm) algorithm for enumerating all walks
common to all closed edge-covering walks of a graph.
ACM Trans. Algorithms 15, 4 (2019), 48:1-48:17.

@ CAIRO, M., Rizzi, R., ToMESscu, A. 1., AND
ZIRONDELLI, E. C.
Genome assembly, from practice to theory: safe, complete and
linear-time.
CoRR abs/2002.10498 (2020).

[ ERIKSSON, N., PACHTER, L., MITSUYA, Y., RHEE, S.-Y.,
WANG, C., GHARIZADEH, B., RONAGHI, M., SHAFER,
R. W., AND BEERENWINKEL, N.
Viral population estimation using pyrosequencing.
PLoS Computational Biology 4, 5 (2008).



References IV

@ Feng, J., L1, W., AND Jiang, T.
Inference of isoforms from short sequence reads.
In Research in Computational Molecular Biology, 14th Annual
International Conference, RECOMB 2010, Lisbon, Portugal,
April 25-28, 2010. Proceedings (2010), B. Berger, Ed.,
vol. 6044 of Lecture Notes in Computer Science, Springer,
pp. 138-157.

@ Jackson, B. G.
Parallel methods for short read assembly.
PhD thesis, lowa State University, 2009.

[ Kincsrorp, C., ScHAaTz, M. C., AND Pop, M.
Assembly complexity of prokaryotic genomes using short reads.

BMC bioinformatics 11, 1 (2010), 21.



References V

[§ L1, J. J., Jiang, C., BRowN, J., HuaNG, H., AND
BickeL, P.
Sparse linear modeling of next-generation mRNA sequencing
(RNA-Seq) data for isoform discovery and abundance
estimation.
Proc. of the National Academy of Sciences 108, 50 (2011),
19867-19872.

[§ Li, W., FENg, J., AND JiaNG, T.
Isolasso: A LASSO regression approach to rna-seq based

transcriptome assembly.
Journal of Computational Biology 18, 11 (2011), 1693-1707.



References VI

[ LiN, Y.-Y., Dao, P., HacH, F., BakusHI, M., Mo, F.,
Lapuk, A., CoLLINS, C., AND SAHINALP, S. C.
CLIIQ: Accurate Comparative Detection and Quantification of
Expressed Isoforms in a Population.
In Proc. WABI 2012 (2012), vol. 7534 of LNCS, Springer,
pp. 178-189.

[ MAKINEN, V., ToMEscU, A. I., KUOSMANEN, A.,
PaaviLaNeN, T., GAcIg, T., AND CHIKHI, R.
Sparse Dynamic Programming on DAGs with Small Width.
ACM Transactions on Algorithms (TALG) 15, 2 (2019), 1-21.

[ Mancur, S., CAciuLa, A., AL SEEsI, S., BRINzZA, D.,
BANDAY, A. R., AND KANADIA, R.
An integer programming approach to novel transcript
reconstruction from paired-end RNA-Seq reads.



References VII

In ACM International Conference on Bioinformatics,
Computational Biology and Biomedicine, BCB' 12, Orlando,
FL, USA - October 08 - 10, 2012 (2012), S. Ranka,
T. Kahveci, and M. Singh, Eds., ACM, pp. 369-376.

MEDVEDEV, P., AND BRUDNO, M.

Maximum likelihood genome assembly.
Journal of Computational Biology 16, 8 (2009), 1101-1116.

ORLIN, J. B.

Max flows in O(nm) time, or better.

In Proceedings of the forty-fifth annual ACM symposium on
Theory of computing (2013), pp. 765-774.



References VIII

[ PERTEA, M., PERTEA, G. M., ANTONESCU, C. M.,
CHANG, T.-C., MENDELL, J. T., AND SALZBERG, S. L.
Stringtie enables improved reconstruction of a transcriptome
from rna-seq reads.

Nature Biotechnology 33, 3 (2015), 290-295.

@ PEVZNER, P. A., TanGg, H., AND WATERMAN, M. S.
An Eulerian path approach to DNA fragment assembly.
Proceedings of the National Academy of Sciences 98, 17
(2001), 9748-9753.

[ Sonc, L., AND FLOREA, L.
CLASS: constrained transcript assembly of RNA-seq reads.
BMC Bioinformatics 14, S-5 (2013), S14.
Proceedings paper from RECOMB-seq: Third Annual
RECOMB Satellite Workshop on Massively Parallel
Sequencing, Beijing, China. 11-12 April 2013.



References IX

@ TomMmEscu, A. I., KUOSMANEN, A., Rizzl, R., AND
MAKINEN, V.
A novel combinatorial method for estimating transcript
expression with rna-seq: Bounding the number of paths.
In WABI 2013— 13th Workshop on Algorithms for
Bioinformatics, Sophia Antipolis, France, September 2-4,
2013. Proceedings (2013), A. Darling and J. Stoye, Eds.,
8126, Springer Berlin Heidelberg, pp. 85-98.

[l Tomescu, A. I., KUOSMANEN, A., Rizzi, R., AND
MAKINEN, V.
A novel min-cost flow method for estimating transcript
expression with rna-seq.
BMC Bioinformatics 14, S-5 (2013), S15.
Proceedings paper from RECOMB-seq: Third Annual
RECOMB Satellite Workshop on Massively Parallel Sequencing
Beijing, China. 11-12 April 2013.



References X

@ TowMmescu, A. I., AND MEDVEDEV, P.
Safe and complete contig assembly via omnitigs.
In Research in Computational Molecular Biology - 20th Annual
Conference, RECOMB 2016, Santa Monica, CA, USA, April
17-21, 2016, Proceedings (2016), M. Singh, Ed., vol. 9649 of
Lecture Notes in Computer Science, Springer, pp. 152-163.

[l TrAPNELL, C., WILLIAMS, B., PERTEA, G., MORTAZAVI,
A., KwaN, G., VAN BAREN, M., SALZBERG, S., WOLD,
B., AND PACHTER, L.

Transcript assembly and quantification by RNA-Seq reveals
unannotated transcripts and isoform switching during cell
differentiation.

Nature Biotechnology 28 (2010), 511-515.



References Xl

[ YarEes, A. D., ET AL.
Ensembl 2020.
Nucleic Acids Research 48, D1 (11 2019), D682-D688.

ﬁ ZAGORDI, O., BHATTACHARYA, A., ERIKSSON, N., AND
BEERENWINKEL, N.
ShoRAH: estimating the genetic diversity of a mixed sample
from next-generation sequencing data.
BMC Bioinformatics 12, 1 (2011), 119+.



