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Assembling a Genome 

2. Construct assembly graph from overlapping reads 
…AGCCTAGGGATGCGCGACACGT 

       GGATGCGCGACACGTCGCATATCCGGTTTGGTCAACCTCGGACGGAC 
          CAACCTCGGACGGACCTCAGCGAA… 

 1. Shear & Sequence DNA 

3. Simplify assembly graph 
 



Assembly Complexity 

A" R"

B"

C"

A" R" B" R" C" R"



Assembly Complexity 

A" R" B" C"

A" R" B" R" C" R"

R" R"



Ingredients for a good assembly 

Current challenges in de novo plant genome sequencing and assembly 
Schatz MC, Witkowski, McCombie, WR (2012) Genome Biology. 12:243 

Coverage 

High coverage is required 
–  Oversample the genome to ensure 

every base is sequenced with long 
overlaps between reads 

–  Biased coverage will also fragment 
assembly 

Lander Waterman Expected Contig Length vs Coverage

Read Coverage
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Read Length 

Reads & mates must be longer 
than the repeats 
–  Short reads will have false overlaps 

forming hairball assembly graphs 
–  With long enough reads, assemble 

entire chromosomes into contigs 

Quality 

Errors obscure overlaps 
–  Reads are assembled by finding 

kmers shared in pair of reads 
–  High error rate requires very short 

seeds, increasing complexity and 
forming assembly hairballs 



Hybrid Sequencing 

Illumina 
Sequencing by Synthesis 

 
High throughput (60Gbp/day) 

High accuracy (~99%) 
Short reads (~100bp) 

Pacific Biosciences 
SMRT Sequencing 

 
Lower throughput (1Gbp/day) 

Lower accuracy (~85%) 
Long reads (5kbp+) 

  



SMRT Sequencing 
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http://www.pacificbiosciences.com/assets/files/pacbio_technology_backgrounder.pdf 

Imaging of fluorescently phospholinked labeled nucleotides as they are 
incorporated by a polymerase anchored to a Zero-Mode Waveguide (ZMW). 



SMRT Sequencing Data 
TTGTAAGCAGTTGAAAACTATGTGTGGATTTAGAATAAAGAACATGAAAG!
||||||||||||||||||||||||| ||||||| |||||||||||| |||!
TTGTAAGCAGTTGAAAACTATGTGT-GATTTAG-ATAAAGAACATGGAAG!
!
ATTATAAA-CAGTTGATCCATT-AGAAGA-AAACGCAAAAGGCGGCTAGG!
| |||||| ||||||||||||| |||| | |||||| |||||| ||||||!
A-TATAAATCAGTTGATCCATTAAGAA-AGAAACGC-AAAGGC-GCTAGG!
!
CAACCTTGAATGTAATCGCACTTGAAGAACAAGATTTTATTCCGCGCCCG!
| |||||| |||| ||  ||||||||||||||||||||||||||||||||!
C-ACCTTG-ATGT-AT--CACTTGAAGAACAAGATTTTATTCCGCGCCCG!
!
TAACGAATCAAGATTCTGAAAACACAT-ATAACAACCTCCAAAA-CACAA!
| ||||||| |||||||||||||| || ||    |||||||||| |||||!
T-ACGAATC-AGATTCTGAAAACA-ATGAT----ACCTCCAAAAGCACAA!
!
-AGGAGGGGAAAGGGGGGAATATCT-ATAAAAGATTACAAATTAGA-TGA!
 ||||||   ||     |||||||| || |||||||||||||| || |||!
GAGGAGG---AA-----GAATATCTGAT-AAAGATTACAAATT-GAGTGA!
!
ACT-AATTCACAATA-AATAACACTTTTA-ACAGAATTGAT-GGAA-GTT!
||| ||||||||| | ||||||||||||| ||| ||||||| |||| |||!
ACTAAATTCACAA-ATAATAACACTTTTAGACAAAATTGATGGGAAGGTT!
!
TCGGAGAGATCCAAAACAATGGGC-ATCGCCTTTGA-GTTAC-AATCAAA!
|| ||||||||| ||||||| ||| |||| |||||| ||||| |||||||!
TC-GAGAGATCC-AAACAAT-GGCGATCG-CTTTGACGTTACAAATCAAA!
!
ATCCAGTGGAAAATATAATTTATGCAATCCAGGAACTTATTCACAATTAG!
||||||| |||||||||  |||||| ||||| ||||||||||||||||||!
ATCCAGT-GAAAATATA--TTATGC-ATCCA-GAACTTATTCACAATTAG!
!

Sample of 100k reads aligned with BLASR requiring >100bp alignment 

Match 83.7% 

Insertions 11.5% 

Deletions 3.4% 

Mismatch 1.4% 



564 | VOL.10 NO.6 | JUNE 2013 | NATURE METHODS

ARTICLES

the SMRT sequencing reads mapping to these uncovered regions 
could be used to span them and thereby connect more contigs15—a  
process that can be implemented in the latest version (7.0) of  
the Celera Assembler.

Extending this principle genome wide, we reasoned that we 
could leverage the long reads, lack of bias and high consensus 
accuracy due to the random nature of errors in SMRT sequenc-
ing to generate finished genomes using long insert–library SMRT 
sequencing exclusively. To achieve this, we developed a consensus 
algorithm that preassembles long and highly accurate overlapping 
sequences by correcting errors on the longest reads using shorter 
reads from the same library. We describe a nonhybrid HGAP 
that implements this approach in a fully automated workflow, 
and we demonstrate the de novo construction of several micro-
bial genomes into finished, single-contig assemblies. We evaluate 
the performance of the method on several bacterial genomes for 
which Sanger and 454 (Roche) sequencing were used to generate 
reference sequences, finding that the de novo assembly is collinear 
with these references and >99.999% (quality value (QV) of >50) 
concordant. We also show that HGAP can be used to sequence 
and effectively assemble BACs containing sequences that can be 
problematic for second-generation approaches.

RESULTS
Hierarchical genome-assembly process workflow
The principle (Fig. 1) and workflow (Fig. 2) of HGAP consist of 
several well-defined steps. (1) Select the longest sequencing reads 
as a seeding sequence data set. (2) Use each seeding sequence 
as a reference to recruit shorter reads, and preassemble reads 
through a consensus procedure. (3) Assemble the preassembled 
reads using an off-the-shelf assembler that can accept long reads. 
(4) Refine the assembly using all initial read data to generate the 
final consensus that represents the genome. Optionally, minimus2 
or similar tools can be used to connect the contigs from step (3) 
to further improve the continuity of the assembly and remove 
spurious contigs due to assembly or sequencing errors17,18.

The preassembly step converts long raw SMRT sequencing 
reads into high-quality sequences that can be used with exist-
ing long-read assemblers. It is based on alignment and map-
ping between raw reads in combination with a directed acyclic 
graph–based consensus step to remove randomly distributed 
deletion and insertion errors. It is conceptually akin to a mini-
assembly process to generate highly accurate preassembled 
reads. In addition, low-quality and chimeric sequence reads are 
removed during this process. In contrast to hybrid approaches, 
HGAP does not require highly accurate raw reads for  
error correction.

Details of each analysis step are described in the Online 
Methods. The technical algorithm and implementation details 
are provided in Supplementary Note 1.

Application to Escherichia coli
To evaluate HGAP, we first applied it to E. coli K-12 MG1655, 
for which a high-quality reference sequence had previously been 
generated by Sanger sequencing (NC_000913.2, genome size 
4,639,675 base pairs (bp))19. We prepared and sequenced a single 
~8.5-kilobase (kb) SMRTbell library (Fig. 2) using eight SMRT 
Cells, which yielded 461 Mb of sequence from 141,492 continuous 
long reads, with a typical average read length of 3,257 bp. The data 

were then subjected to the HGAP method (the optional cleanup 
by minimus2 or similar tools was not used in this study to show 
the unaltered output of HGAP).

The availability of a high-quality reference allowed us to char-
acterize the algorithm at each assembly step. First, we examined 
the length and accuracy of the seed reads by aligning each read 
longer than the 6-kb cutoff to the reference sequence (Fig. 2  
and Supplementary Fig. 1a). We found that 17,726 seed reads 
representing ~140 Mb of total sequence fulfilled this criterion 
and had an average aligned read length and single-pass accu-
racy of 7,213 bp and 86.9%, respectively. The aligned read length  
was shorter than the overall mean seed read length (8,160 bp) 
because, for some reads, lower-quality regions or chimeric reads 
did not align.

In the preassembly stage (see Online Methods), the seed reads 
were converted into 17,232 highly accurate preassembled reads 
with a mean length of 5,777 bp and a mean accuracy of 99.9% (Fig. 2  
and Supplementary Fig. 1b). The drop in read length is due to 
end trimming and filtering of spurious and chimeric reads. About 
30%–35% of total bases are typically removed during preassembly 
as a function of the mapping and trimming parameters, but these 
parameters can be further optimized to improve the yield and 
length distribution in future implementations of HGAP.

Subjecting the preassembled reads to the Celera Assembler 
yielded one 4,656,144-bp contig representing the E. coli genome 
and a spurious small 7,589-bp contig (aligning to positions 
2,393,788–2,401,380 of the reference with 99.96% identity).  
A genome-wide alignment showed that the assembly spanned the 
entire E. coli reference and was collinear with it (Fig. 2; see Table 1  
for final assembly statistics and Supplementary Table 1 for 
detailed statistics). The Celera Assembler assumes the genome 
to be linear, so the assembly was slightly larger (100.35%) than 
the reference because the ends of the single contig that cover a 
genome can have overlaps. These overlaps can be trimmed manu-
ally on the basis of the sequence identity of the overlapping end 
regions (data not shown) to give a finished genome sequence that 
is the same size as the reference sequence.

The consensus accuracy of the assembly was evaluated 
with genome-wide alignments using the MUMmer package20 
(Supplementary Note 1). Because not all potential sequencing 
errors are removed in the preassembly step, it is likely that the out-
put from the Celera Assembler still contains some errors. To evalu-
ate the effect of the Quiver consensus algorithm on the final quality 
of the assembly, we compared the reference concordance before 
and after the Quiver consensus step (Supplementary Table 1).  

Construct
preassembled
reads

Assemble
to finished
genome

Long reads

Preassembled
reads

Longest 
‘seed’ reads

Genome 

Figure 1 | Principle of the hierarchical genome-assembly process using 
long-insert-size DNA shotgun template libraries with SMRT sequencing. 
The longest reads are selected as ‘seed’ reads, to which all other reads 
are mapped. A preassembly is performed that converts the seed reads 
into highly accurate preassembled reads that are used for the genome 
assembly, which is followed by a final consensus-calling step (not shown).

•  With 50-100x of Pacbio coverage, virtually all of the errors can be eliminated 
•  Works well for Microbial genomes: single contig per chromosome routinely achieved 
•  Difficult to scale up for use with eukaryotic genomes 

PacBio Error Correction: HGAP 

Nonhybrid, finished microbial genome assemblies from long-read SMRT sequencing data 
Chin, CS et al. (2013) Nature Methods. 10: 563-569 



1.  Correction Pipeline 
1.  Map short reads to long reads 
2.  Trim long reads at coverage gaps 
3.  Compute consensus for each long read 

2.  Error corrected reads can be easily assembled, aligned 

Hybrid Error Correction: PacBioToCA 

Hybrid error correction and de novo assembly of single-molecule sequencing reads. 
Koren, S, Schatz, MC, et al. (2012) Nature Biotechnology. doi:10.1038/nbt.2280 

http://wgs-assembler.sf.net 



Improved Gene Reconstruction 

FOXP2 assembled in a single contig in the PacBio parrot assembly 

Hybrid error correction and de novo assembly of single-molecule sequencing reads. 
Koren, S, Schatz, MC, et al. (2012) Nature Biotechnology. doi:10.1038/nbt.2280 
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Population structure in Oryza sativa 
3 varieties selected for de novo sequencing 

indica 

aus 

aromatic (basmati) 

tropical 
japonica 

temperate 
japonica 

95!

79!
65!

65!

Garris et al. (2005)!
 Genetics 169: 1631–1638!

IR64!

DJ123!

Nipponbare!

High quality BAC-by-BAC 
reference 
•  ~370 Mbp genome in 12 

chromosomes 

•  About 40% repeats: 
•  Many 4-8kbp repeats 
•  300kbp max high 

identity repeat 
(99.99%) 

 

•  Useful model for other 
cereal genomes 



PacBio Long Read Rice Sequencing Original Raw Read Length Histogram
n=3659007 median=639 mean=824 max=10008
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Assembly Contig NG50 

HiSeq Fragments 
50x 2x100bp @ 180 
 

3,925 

MiSeq Fragments 
23x 459bp   
8x 2x251bp @ 450 
 

6,332 

“ALLPATHS-recipe” 
50x 2x100bp @ 180 
36x 2x50bp @ 2100 
51x 2x50bp @ 4800  
 

18,248 
 

PBeCR Reads 
19x @ 3500 ** MiSeq for correction 

50,995 
 

Preliminary Rice Assemblies 

In collaboration with McCombie & Ware labs @ CSHL 



Assembly Coverage Model 
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Simulate PacBio-like reads to 
predict how the assembly will 
improve as we add additional 
coverage 
 
Only 8x coverage is needed to 
sequence every base in the 
genome, but 40x improves the 
chances repeats will be spanned 
by the longest reads 
 

Assembly complexity of long read sequencing 
Lee, H*, Gurtowski, J*, Yoo, S, Marcus, S, McCombie, WR, Schatz MC et al. (2013) In preparation 



Enhanced PacBio Error Correction 

PacBioToCA fails in complex regions 
1.  Simple Repeats – Kmer Frequency Too High to Seed Overlaps 
2.  Error Dense Regions – Difficult to compute overlaps with 

many errors 
3.  Extreme GC – Lacks Illumina Coverage 
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Error Correction with pre-assembled Illumina reads 

Short&Reads&,>&Assemble&Uni5gs&,>&Align&&&Select&,&>&Error&Correct&&
&

Uni5gs:""
"High"quality"con4gs"formed"from"unambiguous,"unique"overlaps"of"reads"
"Each"read"is"placed"into"a"single"uni4g"

"

Can"Help"us"overcome:"
1.   Simple&Repeats&–&Kmer&Frequency&Too&High&to&Seed&Overlaps&
2.   Error&Dense&Regions&–&Difficult&to&compute&overlaps&with&many&errors&
&

https://github.com/jgurtowski/pbtools 



Assembly Contig NG50 

HiSeq Fragments 
50x 2x100bp @ 180 
 

3,925 

MiSeq Fragments 
23x 459bp   
8x 2x251bp @ 450 
 

6,332 

“ALLPATHS-recipe” 
50x 2x100bp @ 180 
36x 2x50bp @ 2100 
51x 2x50bp @ 4800  
 

18,248 
 

PBeCR Reads 
19x @ 3500 ** MiSeq for correction 

50,995 
 

Enchanced PBeCR 
19x @ 3500 ** MiSeq for correction 

155,695 

Preliminary Rice Assemblies 

In collaboration with McCombie & Ware labs @ CSHL 



Early 
chemistries 
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Throughput: ~ 350-400 Mb 



De novo assembly of Arabidopsis 
http://blog.pacificbiosciences.com/2013/08/new-data-release-arabidopsis-assembly.html 

A. thaliana Ler-0 sequenced at PacBio 
 

•  Sequenced using the latest P4 enzyme 
and C2 chemistry 

 

•  Size selection using an 8 Kb to 50 Kb 
elution window on a BluePippin™ 
device from Sage Science 

•  Total coverage >100x 
 

Genome size:   124.6 Mb 
GC content:    33.92% 
Raw data:    11 Gb 
Assembly coverage:  15x over 9kbp 

Sum of Contig Lengths:  149.5Mb 
Number of Contigs:   1788 
Max Contig Length:   12.4 Mb 
N50 Contig Length:   8.4 Mb 



Assembly Complexity of Long Reads 



Summary 
•  Hybrid assembly let us combine the best characteristics of 2nd 

and 3rd gen sequencing 
–  Better repeat resolution and error correction by pre-assembling Illumina 

reads into unitigs 

•  Long reads and good coverage are the keys to a high quality de 
novo assembly 
–  Single contig de novo assemblies of entire microbial chromosomes are 

now routine 
–   Single contig de novo assemblies of entire plant and animal chromosomes  

on the horizon  

•  We are starting to apply these technologies to discover 
significant biology that is otherwise impossible to measure 
–  Expect to see results in smaller genomes scale up over the next few years 
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