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Introduction

The Department of Energy Joint Genome Institute (www.jgi.doe.gov) in Walnut Creek, CA is a high 
throughput DNA sequencing facility with a current throughput of approximately 3 billion Sanger base pairs 
per month. A major effort at JGI is the sequencing of microbial genomes of relevance to the DOE missions 
of carbon sequestration, bioremediation and energy production.  The JGI Microbial Program and 
Community Sequencing Program together are responsible for the generation of sequencing data for over 
400 microbial genomes.  At the traditional Sanger sequencing side, JGI is running about 70 ABI sequencers 
on a 24/7 schedule and about 40 GE MegaBACE 4500 sequencers on a 24/5 schedule.  JGI currently runs 2 
Roche’s GS20 instruments to supplement our traditional Sanger sequencing.  Our current whole genome 
shotgun sequencing strategy is to sequence 3kb and/or 8kb shotgun libraries to a combined 4-8x draft 
coverage and to sequence fosmid ends to 1x sequence coverage with Sanger sequencing and to supplement 
that with 12-25x coverage with 454 sequencing platform depending on the sizes of the genomes.

For new microbial genomes we initiated, 454 sequencing was carried out at the same time the shotgun 
cloning for Sanger sequencing started.  454 sequencing data was used to profile the genomes for  G/C 
content, genome sizes and other features of the genomes.  For existing microbial genome projects for which 
the Sanger sequencing data has already been generated, we have been adding 454 sequencing coverage at 
the finishing stage.  454 sequencing data was assembled by default Newbler assembler software package 
from 454 Life Sciences.  The Newbler contigs were then fragmented and the quality and coverage 
information of the contigs was captured by in-house developed software tool packages.  The fragmentation 
strategy we currently use is to cut the Newbler contigs into 750 bp fragments with 100 bp overlap.  The 
overlapping fragments from Newbler contigs were finally assembled with Sanger sequencing data using the 
assembler(s) of our choice.  The gaps and low quality areas in the final assembly were manually sequenced 
to JGI defined quality standard.  At this point, the genome is ready for analysis and annotation.

454 sequencing technology is also used more directly in gap closure stage of the microbial genome whole 
genome shotgun sequencing.  Gap spanning clones from multiple genomes were pooled together and the 
resulting DNA was subjected to 454 sequencing.  The Newbler assembly results from pooled clone 
sequencing were added to final genome assemblies to fill the gaps. 
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Draft assembly

Control fosmid:
One of the fosmids in the pool was actually fully sequenced by Sanger shotgun sequencing, and included as a reference.  The following 
depiction of the BLAST alignment results shows that this fosmid was reasonably well covered by 454 contigs.  The uncovered region of ~3 kb 
may either represent an area not covered by 454 sequencing or a misassembly in the Sanger reference sequence.

Example genome:
All gaps were represented by 2 or more spanning clones for this experiment.  Thirty-two fosmid clones were pooled and the expected average 
454 sequencing coverage for each clone is at about 30x.  All 13 gaps were successfully closed by 454 sequencing.
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We use Option II when any of the gaps is only represented by one spanning clone but use 
Option III when all gaps are represented by two or more clones in the pool .  When 
clones in the pool need to be manipulated individually, or when the pool is comprised by 
clones from different cloning strategies, such as plasmid and fosmid, we use Option I.

After auto finishing After 454 pooled clone sequencing

Example of one actual fosmid:
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Discussion and Conclusions

Example of A/T rich gaps:
This >1 kb region is more than 80% A/T, there is no Sanger 
coverage but 454 sequences through without problem.

Example of secondary structure hard-stop gaps:
JGI has sequenced over 30 microbial genomes with combined Sanger and 454 sequencing data.  Six of these genomes have been 
chosen for this study.  They vary in genome sizes and more importantly,  in G/C contents, from 38% to 62%.   Sequencing data 
from one 454 run for each organism was added to different Sanger sequencing coverage.  Sanger coverage ranges from 4x for 
Prochlorococcus MIT9215 to 15x for Lactobacillus reuteri.  Lactobacillus reuteri with high A/T content showed strong cloning 
bias for Sanger sequencing and 16x 454 data didn’t show the same effectiveness as with other genomes.  For all other genomes, 
number of gaps tremendously decreased, at least by 80%, with 11x to 24x 454 sequencing data.  The gaps from both platforms 
are not distributed evenly throughout the genomes and the size of gaps varies. 

Results

Quality of 454 run for each genome was individually assessed by comparing 454 consensus sequences to aligned high quality 
Sanger consensus sequences.  Error prone ends of the Newbler contigs were trimmed and excluded from the comparison.  Errors 
from Newbler mis-assembling were also excluded in the calculation.

Example of G/C rich gaps:  This >400 bp gap is about 90% G/C.

Comparison of Sanger only assembly and 454+Sanger assembly

Combination of 454 sequencing and traditional Sanger sequencing technology is an efficient strategy for microbial whole genome 
shotgun sequencing.  The different technologies have different biases in their processes and they seem to be complementary in 
WGS sequencing to provide more random and even coverage than either one of the technologies can do alone.  This study with 
limited number of genomes showed that 454 sequencing can effectively cover more than 80% of the regions which were not 
covered by Sanger sequencing even when the depth of Sanger sequencing has already been high (up to 13x).  Traditional gap 
closure methods involve extensive manual lab work and long turn-around time.  454 sequencing can significantly decrease both of 
them.  With 454 sequencing technology, we are able to decrease the coverage of Sanger sequencing by about 4x and still achieve 
similar assembly quality.
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The quality of the 454 sequencing is high from the genomes included in this study when we excluded the ends of the Newbler contigs and the mis-assembled regions of Newbler assembly.  Currently, our finishing group is still validating all 454 
read only regions with Sanger sequencing.  A new strategy is under the discussion to eliminate some of this polishing process when we have the consensus of the confidence level of the quality of the 454 read only regions.
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