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Outline 

1.  Assembly preliminaries 
1.  De Bruijn and Overlap graph 
2.  Coverage, read length, repeats, and errors 

2.  SMRT-assembly approaches 
1.  SMRT-de novo: SMRT-only assembly 
2.  SMRT-scaffolding: Long reads as links 
3.  SMRT-hybrid: Short and long together 

3.  Review and best practices 
 



Assembly Applications 
•  Novel genomes 

 
•  Metagenomes 

•  Sequencing assays 
– Structural variations 
– Transcript assembly 
– … 



Assembling a Genome 

2. Construct assembly graph from overlapping reads 

…AGCCTAGACCTACAGGATGCGCGACACGT 

              GGATGCGCGACACGTCGCATATCCGGT… 

3. Simplify assembly graph 

 1. Shear & Sequence DNA 

4. Detangle graph with long reads, mates, and other links 



Two Paradigms for Assembly 

Short read assemblers 
•  Repeats depends on word length 
•  Read coherency, placements lost 
•  Robust to high coverage 

Long read assemblers 
•  Repeats depends on read length 
•  Read coherency, placements kept 
•  Tangled by high coverage 

Assembly of Large Genomes using Second Generation Sequencing 
Schatz MC, Delcher AL, Salzberg SL (2010) Genome Research. 20:1165-1173.  
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Scaffolding 
•  Initial contigs (aka unipaths, unitigs) terminate at 

–  Coverage gaps: especially extreme GC regions 
–  Conflicts: sequencing errors, repeat boundaries 

•  Iteratively resolve longest, ‘most unique’ contigs 
–  Both overlap graph and de Bruijn assemblers initially collapse 

repeats into single copies 
–  Uniqueness measured by a statistical test on coverage 



Coverage and Read Length 
Idealized Lander-Waterman model 
•  Reads start at perfectly random 

positions 

•  Poisson distribution in coverage 
–  Contigs end when there are no 

overlapping reads 

•  Contig length is a function of 
coverage and read length 
–  Effective coverage reduced by o/l 
–  Short reads require much higher 

coverage to reach same expected 
contig length 

Lander Waterman Expected Contig Length vs Coverage
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Assembly of Large Genomes using Second Generation Sequencing 
Schatz MC, Delcher AL, Salzberg SL (2010) Genome Research. 20:1165-1173.  



Repeats and Read Length 

•  Explore the relationship between read length and contig N50 size 
–  Idealized assembly of read lengths: 25, 35, 50, 100, 250, 500, 1000 
–  Contig/Read length relationship depends on specific repeat composition 
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Bacillus anthracis       
5.22Mbp 

Colwellia psychrerythraea 
5.37Mbp 

Escherichia coli K12 
4.64Mbp 

Salmonella typhi      
4.80Mbp 

Yersinia pestis         
4.70Mbp 

Assembly Complexity of Prokaryotic Genomes using Short Reads. 
Kingsford C, Schatz MC, Pop M (2010) BMC Bioinformatics. 11:21. 



Sequencing Errors and Assembly 

Sequencing errors add complexity to assembly 
•  Obscure overlaps, require shorter words 
•  Complicates graph by introducing spurs, bubbles, tips, etc 
•  Increases the effective repeat rate 
•  Potentially high error rate in consensus 



Consensus Accuracy and Coverage 

Coverage can overcome most random errors 
•  Simulate layout of 1000bp reads with random errors 
•  Compute accuracy of consensus call 



Overlap Seeds and Error Rate 

Random errors obscure overlap seeds 
•  Simulate layout of 20x coverage of 1000bp reads 
•  What fraction of overlapping reads match for at least S bp? 



Approach 1: SMRT-de novo 

•  De novo assembly of SMRT-reads 
–  Rapid sequencing and assembly 
–  Long reads to span repeats 

•  Challenges 
–  15% error rate per read equates to 30% error rate per overlap 
–  CCS reads as shorter, but higher quality reads 



Celera Assembler 

1.  Pre-overlap 
–  Consistency checks 
 

2.  Trimming 
–  Quality trimming & partial overlaps 

3.  Compute Overlaps 
–  Find high quality overlaps 

4.  Error Correction 
–  Evaluate difference in context of 

overlapping reads 

5.  Unitigging 
–  Merge consistent reads 

6.  Scaffolding 
–  Bundle mates, Order & Orient 

7.  Finalize Data 
–  Build final consensus sequences 

 

http://wgs-assembler.sf.net 



Yeast – Long reads 
  

969,445 reads after filtering 
Mean: 710 +/- 663 

Median: 558 Max: 8,495 

Yeast – CCS reads 
 

731,638 reads after filtering 
Mean: 306 +/- 115 

Median: 279 Max: 1,425 

SMRT Sequencing Runs 
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Yeast – Long reads 
 

94% aligned reads 
48% reads aligned >100bp 

7% reads aligned >1kbp 
 

Yeast – CCS reads 
 

99.93% aligned reads 
98.2% reads aligned >100bp 
38.8% reads aligned >300bp 

Read Accuracy 



     4  TTGTAAGCAGTTGAAAACTATGTGTGGATTTAGAATAAAGAACATGAAAG!
        ||||||||||||||||||||||||| ||||||| |||||||||||| |||!
539752  TTGTAAGCAGTTGAAAACTATGTGT-GATTTAG-ATAAAGAACATGGAAG!
!
    54  ATTATAAA-CAGTTGATCCATT-AGAAGA-AAACGCAAAAGGCGGCTAGG!
        | |||||| ||||||||||||| |||| | |||||| |||||| ||||||!
539800  A-TATAAATCAGTTGATCCATTAAGAA-AGAAACGC-AAAGGC-GCTAGG!
!
   101  CAACCTTGAATGTAATCGCACTTGAAGAACAAGATTTTATTCCGCGCCCG!
        | |||||| |||| ||  ||||||||||||||||||||||||||||||||!
539846  C-ACCTTG-ATGT-AT--CACTTGAAGAACAAGATTTTATTCCGCGCCCG!
!
   151  TAACGAATCAAGATTCTGAAAACACAT-ATAACAACCTCCAAAA-CACAA!
        | ||||||| |||||||||||||| || ||    |||||||||| |||||!
539891  T-ACGAATC-AGATTCTGAAAACA-ATGAT----ACCTCCAAAAGCACAA!
!
   199  -AGGAGGGGAAAGGGGGGAATATCT-ATAAAAGATTACAAATTAGA-TGA!
         ||||||   ||     |||||||| || |||||||||||||| || |||!
539934  GAGGAGG---AA-----GAATATCTGAT-AAAGATTACAAATT-GAGTGA!
!
   246  ACT-AATTCACAATA-AATAACACTTTTA-ACAGAATTGAT-GGAA-GTT!
        ||| ||||||||| | ||||||||||||| ||| ||||||| |||| |||!
539974  ACTAAATTCACAA-ATAATAACACTTTTAGACAAAATTGATGGGAAGGTT!
!
   291  TCGGAGAGATCCAAAACAATGGGC-ATCGCCTTTGA-GTTAC-AATCAAA!
        || ||||||||| ||||||| ||| |||| |||||| ||||| |||||||!
540023  TC-GAGAGATCC-AAACAAT-GGCGATCG-CTTTGACGTTACAAATCAAA!
!
   338  ATCCAGTGGAAAATATAATTTATGCAATCCAGGAACTTATTCACAATTAG!
        ||||||| |||||||||  |||||| ||||| ||||||||||||||||||!
540069  ATCCAGT-GAAAATATA--TTATGC-ATCCA-GAACTTATTCACAATTAG!
!

Match 83.7% 

Mismatch 1.4% 

Insertions 11.5% 

Deletions 3.4% 

0 

0.05 

0.1 

0.15 

0.2 

0.25 

0.3 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

exact seed length 

Alignment Quality 

Sample of 1M reads aligned with BLASR requiring >100bp alignment 



SMRT-de novo Results 
•  De novo assembly of long reads 

– Experiments in progress 
– Very challenging to find good overlaps with very 

high error rate 

•  De novo assembly of CCS reads 
– Contig N50: 24,582bp 

•  De novo assembly of ref-corrected CCS 
– Contig N50: 65,119bp 



Approach 2: SMRT-scaffolding 

•  Use long reads (or strobe reads) to link high quality 
contigs from short reads 
–  Long reads (orange) span repetitive short-read contig (red) 

•  Challenges 
–  Creating good draft assembly 
–  Properly aligning reads to contigs 
–  Untangling complex repeats 



Histogram of cov
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True k-
mers 

Error k-
mers 

1. Count all “Q-mers” in reads 
•  Fit coverage distribution to mixture model 

of errors and regular coverage 
•  Automatically determines threshold for 

trusted k-mers 

2. Correction Algorithm 
•  Considers editing erroneous kmers into 

trusted kmers in decreasing likelihood 
•  Includes quality values, nucleotide/nucleotide 

substitution rate 

Error Correction with Quake 

Quake: quality-aware detection and correction of sequencing reads. 
Kelley, DR, Schatz, MC, Salzberg SL (2010) Genome Biology. 11:R116  



Illumina Sequencing & Assembly 
2x76bp @ 275bp 

2x36bp @ 3400bp  

Validated 51,243,281 88.5% 

Corrected 2,763,380 4.8% 

Trim Only 3,273,428 5.6% 

Removed 606,251 1.0% 

k−mer counts

Coverage
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Scaffolds 2,340 253,186 

Contigs 2,782 56,374 

Unitigs 4,151 20,772 

Quake Results SOAPdenovo Results 



SMRT-scaffolding results 

SMRTpipe hybrid scaffold of SOAPdenovo assembly + >2kbp long reads 
 Scaffold N50: 310,246bp (+22% improvement) 

 Scaffold cnt: 2246 (4% reduction) 

 

SMRTpipe hybrid scaffold of ref-CCS assembly + >2kbp long reads 

 Scaffold N50: 97,414bp (+50% improvement) 

 Scaffold cnt: 6,610 (3% reduction) 

 



Approach 3: SMRT-hybrid 

•  Co-assemble long reads and short reads 
–  Long reads natively span repeats (red) 
–  Guards against mis-assemblies in draft assembly 
–  Use all available data at once 

•  Challenges 
–  Long reads have too high of an error rate to assemble directly 
–  Assembler must supports a wide mix of read lengths 
 



1.  Trim/correct SR sequence 
2.  Compute an SR layout for each LR 

1.  Map SRs to LRs 
2.  Trim LRs at coverage gaps 
3.  Compute consensus for each LR 

3.  Co-assemble corrected LRs and SRs 
–  Celera Assembler enhanced to support 16 Kbp reads 

SMRT-hybrid Error Correction & Assembly 

A hybrid strategy for utilizing single-molecule sequencing data for genome 
assembly and RNA-Seq. Koren, S, Walenz, BP, Martin, J, Jarvis, ED, Rasko, DA, Schatz, MC, 
McCombie, WR, Phillippy, AM. (2011) In preparation. 



Error Correction Results 

Correction results of 20x PacBio coverage of E. coli K12 corrected using 50x Illumina 



Hybrid Assembly Results 

Hybrid assembly results using error corrected PacBio reads 
Meets or beats Illumina-only or 454-only assembly in every case 



Conclusions 
•  SMRT-sequencing extremely promising for de novo assembly 

–  Compute high quality consensus sequence from error prone reads 
–  Long reads are challenging to use alone, but very effective when combined 

with high quality CCS or short reads 

•  Error correction is key to unlocking potential of SMRT-sequencing 
–  The leading second generation sequence assemblers aggressively 

compensate for the platform specific error model 
–  Easy prediction: same will be true for 3rd generation assemblers 

•  Significant challenges ahead 
–  Technology: Throughput, accuracy, read length, cost 
–  Protocols: Sample preparation, library construction, read types 
–  Informatics: Robust computational analysis methods 
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Repeats and Coverage Statistics A-stat 

•! If n reads are a uniform random sample of the genome of length G, 
we expect k=n!/G reads to start in a region of length!. 

–! If we see many more reads than k (if the arrival rate is > A) , it is likely to be 
a collapsed repeat   

–! Requires an accurate genome size estimate 
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Lander-Waterman statistics 

L = read length 
T = minimum overlap 
G = genome size 
N = number of reads 
c = coverage (NL / G) 
σ = 1 – T/L 
 
E(#islands) = Ne-cσ  
E(island size) = L(ecσ – 1) / c + 1 – σ 
contig = island with 2 or more reads 


