
 Recent Advances in 

Second and Third 

Generation 

Sequencing 

ABRF 2013 

Application of Next Generation 
Sequencing Technologies for Whole 
Transcriptome and Genome Analysis 

Workshop 

Steve Scherer, Ph.D. 
Human Genome Sequencing Center 

Baylor College of Medicine 
 



BCM-HGSC Sequencer Fleet 

Life Tech 3730 system 

Roche 454 FLX system  

Life Tech SOLiDTM 4 

Illumina Hiseq 2000 & Hiseq2500 

Pacific Biosciences 

Life Tech Ion Torrent PGM 

Life Tech Ion Proton 

http://en.wikipedia.org/wiki/File:Sanger_sequencing_read_display.gif
http://www.pacificbiosciences.com/sites/default/files/assets/PCB-090310-30456-LoadingScreen_hi.jpg


Big Science Projects 

• 1,000 Genomes Project 
– Discovery of rare (1%) SNVs & SVs in normal genomes 

• The Cancer Genome Atlas 
– Discovery of sequence variants in major cancers 

• Personal Genome Project 
– Discovery of sequence variants associated with medical information 

• Human Microbiome Project 
– Study of communities of mixed microbes within human niches 

• The Exome Project 
– Discovery of sequence variants in protein coding regions 

• Pharmacogenomics Research Network 
– Discovery of sequence variants involving drug-gene interactions

  



NGS Applications 

• Human biology 
– Genotype – phenotype interactions 

• Pharmacogenomics 
– Drug – gene interactions 

• Diagnostics 
– Actionable variants 

• Human Microbiome 
– Study of microbe communities 

• Forensics 
– Linking suspects to a crime scene 

• Many more than time to cover…  
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Illumina Sequencing at BCM-HGSC 

n samples 

BC1 BC2 BC3 BC4 BCn 

…... 

Library Automation 

Multiplex Sequence Capture  

Decrease Reagent cost 

Decrease Labor cost  

Increase capture production 
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Capture Sequencing 



HGSC Capture Projects 
May 2008 to present 

1000 Genomes 

Austim 

Charge-S 

Complex Disease ARIC-CIP 

Mendelian 
Other Cancer 

TCGA-Renal 

TCGA Ovarian 

TCGA Liver 

TSP-HCC 

TCGA 
Colon/Rectal 

TCGA-GBM 

GWAS Psoriasis 

GWAS Colon 

PGRN 

Regional 

Captures 
Total 155 TB 

31 Regional capture designs 

  3 Exome Designs 



Library Automation 



Alkek Center for Metagenomics and 
Microbiome Research 

Mission   
• Understand impact of human microbiome on health & disease  

• Leverage understanding for therapeutics and diagnostics  

• Serve as a hub for U.S. and international activities 

Enrich established studies & develop new projects  
• Advance sequencing, culturing, analysis technologies 

• Enable feasibility/pilot studies 

• Develop ties with clinicians to enhance translational impact 

Develop means to study host-microbe interactions
• Advance animal and microbial model systems 

• Host GWAS combined with microbiome analyses 

Critical mass for systems biology approaches
• Genetics, immunology, biochemistry, cell biology, metabolomics 

Translate findings to the clinic 

Director: Joseph Petrosino 



Organization and workflow 

CMMR 
HGSC 

(Sequencing) 
CMMR 

Metagenomic Sequencing and Analysis Pipeline 

Primary samples 

Processing Extraction Tracking 

Communication Analysis 
Data  

Processing 

Invoice if needed 



Disease and Disease Model Projects 

• Travelers’ Diarrhea (DuPont, BCM/St. Luke’s Episcopal Hospital) 

• Type 1 and Type 2 Diabetes (Fisher-Hoch, UTSPH, nPOD) 

• IBS/IBD (DuPont (adults), Versalovic TCH/BCM (children)) 

• Leukemia (Javier Adachi, MD Anderson) 

• Lung Cancer (Ming Hu, U of H) 

• HIV-assoc periodontal and GI disease (Jim Katancik, Gena Tribble, UT 
Dental) 

• Clostridium infections in hospitals (Dupont) 

• Norovirus/Norwalk virus infection (Estes, BCM) 

• Impact of IgA KO (murine) (Metzger, Albany MC) 

• Crohn’s disease (Britton, MSU) 

• Cystic fibrosis (Lipuma, UMichigan) 

• Murine GI microbiome (Schloss, UMichigan) 

>65 projects and growing… 



Comparative Genomics 

Jeffrey Rogers Kim Worley Stephen Richards 



Arthropod Genomics History 

• With LBL and Celera, HGSC 
sequenced Chromosomes 3L and 
X. 
– ~15,000 genes 
– (~150 96 well plates) 

• The best biology system? 
• Extremely powerful genetic tools 
• Sequence is the basis for high 

throughput molecular biology 
• The Rosetta Stone for arthropod 

molecular biology  
 



Arthropods 

• I5K – pilot of 30 
• Drosophila 

– D. melanogaster 
– D. pseudoobscura 
– Genetic Reference Panel 
– ModEncode 
– Additional species  

• Bees 
– Honey bee 
– Dwarf honey bee 
– Bumble bee 

• Agricultural pests and predators 
– Hessian fly 
– Centipede 
– Tobacco Hornworm 
– Cotton bollworm 
– Western Orchard Predatory Mite 

• Vectors 
– Sandfly 
– Blackfly 

• Historic 
– Aphid 
– Beetle 
– Wasp 
– Heliconious butterfly 

 



Why Have an i5K Pilot? 

!  
 
 • Insects are more than ½ of all living species 

• Ants alone are almost ¼ of terrestrial animal biomass 
• Pollinate more than 75% of flowering plant species 
• Consume or damage more than 25% of all agricultural, forestry and 

livestock production in the US ($30 billion per year) 
• Parasites and pathogens cause more deaths than all wars in history 

– Insect-borne diseases leading cause of death in children under 5 
 



Why an i5K Pilot? 

• Our aim is to identify the molecular components of arthropod life 

• “This project is aimed at sequencing and analyzing the genomes of all species 
known to be important to worldwide agriculture and food safety, medicine, and 
energy production; all species used as models in biology; the most abundant 
insects in world ecosystems; and, to achieve a deep understanding of arthropod 
evolution, representatives of insect relatives in every major branch of arthropod 
phylogeny. “ 

• 5000 is a medium sized number 

• Stephen Richards suggests is most likely to be 100 –500 projects of 10-50 species, 
or perhaps a small part of a much larger project?   

 



Which Species were Chosen? 

 

Bull-headed  
Dung Beetle 

Agricultural  Pests 

Interesting Phenotypes 

Asian Longhorned Beetle 

Brown Marmorated Stinkbug 

Sheep Blowfly 

Western Flower Thrips 

Mediterranean Fruit fly 

Glassy 
 Winged Sharpshooter 

Hackberry  

petiole gall psyllid 

Mantis Impersonating lacewing 



Which Species were Chosen? 

Spiders 

Urban Pests 

Western Black Widow 

Brown Recluse 

Bark Scorpion 

House spider German Cockroach 

Bedbug 

Turnip Sawfly 

Parasitic wasp  

(Tricogramma) 

Parasitic wasps 
And wasp out groups 



• Reduce sequence polymorphism 
– Haploid individual 
– Sib-sib mating 
– Single individual 

• Standardized Illumina HiSeq sequencing plan 
• RNAseq – 3 tissues or lifestages, 5 Gb each 
• Allpaths assembler, Atlas-Link and Atlas-GapFill 

assembly improvement tools (see poster P0968) 
• Maker 2.0 automated annotation pipeline 
• Building the community around these initial datasets 

The Plan for the i5K Pilot 
How to Sequence 10-50 Arthropod 





 Sequence Assembly 
Basic unit - two end sequences with clone 
insert sized gap between 

Overlaps - based on 
sequence similarity 

Different clone insert sizes step across 
features of different sizes 

? 

Greater coverage improves consensus 
sequence assembly 



Consensus Sequence 

Gap  

Low Base  

Quality 

Single 

Stranded 

Region 

Mis-Assembly 

(Inverted) 

Finished sequence of high quality - less than one error in 10,000 bp 

Draft consensus sequence with remaining error types 



Assembly improvement  

• Assemblies improve 
with more data, 
longer reads, and a 
larger variety of 
library insert sizes 

• Using paired end data 
and local assembly we 
can improve some 
gaps, and improve the 
scaffolding. 

• BCM HGSC code: 
– Atlas-gap-closer 
– Atlas-link 



Improved Genome  
Honey bee 

• Originally published in 
2006 
– No nearby species 
– Bimodal GC content 
– Genes in AT rich regions 
– Little mRNA data 
– 10,000 OGS + 15,000 

FgenesH ab initio  

• Added 454 and SOLiD data 
– 3.6x fragment 454 
– 1.3x 2.75 kb mate pair 454 
– 20x SOLiD mate pair data 

 

• Genome improved 
– Contig N50 40 to 45 kb 
– Scaffold N50 362 to 997 kb 
– 5.5% more anchored to 

linkage groups 

• 5,000 more genes 
– 1/5 from assembly 

improvements 
– 4/5 from new RNAseq data 
– ? From more protein 

orthologues 
– ? From more comparative 

species data 



Primate Project Summary 
• Sanger projects with WU GI, in analysis  

– Marmoset  

– Gibbon 

• Mixed platform projects 

– Baboon (Sanger, 454, Illumina) 

– Sooty mangabey (Illumina and 
PacBio) 

– Mouse Lemur (Sanger 2x and 
Illumina) 

• Nine new Illumina de novo genomes 

– Pig-tailed macaque, Chinese rhesus 
macaque, white-fronted capuchin, 
buff-headed capuchin, gelada, drill, 
patas monkey, black and white 
colobus, and sifaka.  

Rhesus monkeys  
Photo by Shane Moore/Animals Animals, National Geographic 
 
 



Baboon Panu_2.0 Assembly  
(Papio anubis) 

• Reads 
– 2x Sanger 
– 3x 454 frag. 
– Illumina 30x sequence in 3kb MP 
– Illumina 160x in 240 bp frag. PE 

• Assembly 
– CABOG using Sanger & 454 data 
– Illumina data mapped using BWA  
– Atlas-Link 
– Atlas-GapFill 
– Placed by Mummer comparison to 

Rhesus macaque genome 
• Scaffolds split on discontinuities 

with low clone coverage 
• 323 total (0.45%) Photo by Muhammad Mahdi KarimPapio anubis,  

Ngorongoro Conservation Area, Tanzania, June 2010 



Gap-addressing 

Illumina mates 

Baboon Genome 
Assembly 

• Sanger & 454 assembly (Pham_1.0 ) 

• New Seed assembly 

• Mapped Illumina data 

• Atlas-Link improved scaffolding 

• Atlas-GapFill identify gap adjacent reads 
and mates, local assembly of gaps, 
substitution of gap-filling contigs 

• Chromosome placement using macaque 
and human assemblies without disagreeing 
mate pair data 

• Version Panu_2.0 

 

 

 

 

De novo 

Assembly with 

CABOG 

Sanger and  

454 data 

Atlas-Link 

Scaffolding 

Pham_1.0 

Revised Seed 

Assembly Scaffolds 

Atlas-GapFill 

Gap Filling 

Human 

Genome 
Chromosome 

Placement 
Panu_2.0 

Illumina 

data 

De novo 

Assembly with 

Atlas 

Macaque 

Genome 

Seed Assembly 

Contigs 

BWA 

mapping 

Mapped 

Illumina reads 

Complete 

Assembly 



Sooty Mangabey  
Project 

Sooty mangabey photo by Yerkes NPRC 

 Joint project with Guido Silvestri 

 Illumina data (incomplete) 

 Preliminary assembly 

 Preliminary scaffolding 

 Pac Bio data (~8x) 

 Preliminary PacBio gap filling 

 Planned strand-specific RNA seq from 
liver, kidney, colon, spleen, lung, bone 
marrow, testis, hippocampus, 
cerebellum, frontal cortex, lymph node 



Sooty Mangabey Production 

Library Type 
Total 
(Mb) 

Sequence 
Coverage 

Clone 
Coverage 

1Kb 75,985 25 127 

2Kb 56,366 19 188 

3Kb 27,844 9 139 

5Kb 75,730 25 631 

8Kb 34,144 11 455 

180bp 147,397 49 44 

500bp 113,554 38 95 

260bp 35,700 12 12 

204bp 26,785 9 12 Sooty mangabey photo by Kathelijne Koops WNPRC 



Sooty Mangabey  
Genome Assembly 

• Preliminary Assembly 
– Incomplete data 
– All-Paths-LG initial assembly 
– Contigs >300 bp N50 = 30.2kb 
– Scaffold N50 3.28 Mb 
– Total size 2.65 Gb, 2.84 Gb with 

gaps 

• Atlas-Link  
– 5 days for mapping 
– 3-4 days for scaffolding on MrGAC 

• Atlas-GapFill 
– 3 weeks 

Sooty mangabey photo by Yerkes NPRC 



Marine Mammals 

Xenartha 

Xenartha 

Afrotheria 

Laurasiatheria 

Euarchontoglires 

Cingulata 

Hyracoidea 

Armadillo (Dasypus novemcinctus) 

Hyrax (Procavia capensis) 

Primates 

Bottlenosed Dolphin (Tursiops truncatus) 

Cetartiodactyla 

Chiroptera 
Megabat (Pteropus vampyrus) 

Killer Whale (Orcinus orca) 

Sheep (Ovis aries) 

Bovine (Bos taurus) 

Dog (Canis canis) 

Walrus (Odobenus rosmarus) 

Ruminants 

Cetaceans 

Carnivores 

Rodents 

Kangaroo Rat (Dipodomys ordii) 

Deer mouse (Peromyscus) 

Rat (Rattus norvegicus) 

Mouse (Mus musculus) 

Human, Apes, Monkeys, Lemurs 

Orcinus orcah. Photo by Robert Pittman, NOAA. 

Tursiops truncatus, NASA photo. 

Odobenus rosmarus. Photo by Captain Budd 
Christman, NOAA. 



Rodents 

• Mouse – 
Finished 

• Rat – HQ draft 

• Peromyscus – 
ongoing 

• Kangaroo Rat – 
Sanger 2x 
upgrade 

Kangaroo Rat (Dipodomys ordii) 

Rat (Rattus norvegicus) 

Mouse (Mus musculus) 

Peromyscus polionoutus 

Peromyscus maniculatus bardii 

Peromyscus californicus insignis 

Peromyscus leucopus 

P. maniculatus. Photo from U. of Minnesota. 
Cedar Creek Ecosystem Science Reserve 

P. leucopus. Photo from Hilton Pond Center 
 

Peromyscus californicus insignis (California Mouse).  Photo from 
Peromyscus Genetic Stock Center, U. of South Carolina 
 

Oldfield mouse (P. polionoutus).  Photo by Dr. Michael C. 
Wooten, Dept. of Zoology, Auburn University.  
 

Kangaroo rat (Dipodomys ordii).  
Photo by US Fish & Wildlife 
 

Mus musculus (C57-B6 mouse).  
Photo by Jackson Laboratory 

Rattus norvegicus (Brown Norway Rat).  
Photo by Reg Mckenna 



Peromyscus 

P. maniculatus. Photo from U. of Minnesota. 
Cedar Creek Ecosystem Science Reserve 

 Natural variation in wild mouse populations 

 Two most abundant N. American mammals (P. 
maniculatus and P. leucopus) 

 Better for study of phenotypes and variation 
than other rodents like squirrel and guinea pig 

 Can be grown in lab colonies 

 Movement disorders, autism, epilepsy, 
stereotypical behavior, cancer, alopecia, 
diabetes, alcohol metabolism, aging, genomic 
imprinting and placentation 

 Partner fidelity, nests vs. burrows, coloration, 
photo period sensitivity, altitude adaptation  

 Public health – hantavirus, Lyme disease and 
other tick-borne illnesses 



BCM-HGSC Assembly Experience 
One of the Best Genome Assembly Teams in the World 

• Assemblathon 2 competition 
– 3 real data sets (bird, fish, snake) 
– 21 teams competing 
– BCM-HGSC Competed 

• One of only 5 teams that competed with all three data sets 
• One of only 2 teams that used all the available data types for the bird  
• The only team to do both 

– BCM-HGSC submissions ranked  
• First (and second) for the bird data (14 assemblies, 11 teams) 
• First for the fish data (16 assemblies, 11 teams) 
• Positively scoring for the snake data (11 assemblies, 11 teams)  

• Experience  
– With different sequencing technologies, and with Illumina  
– Infrastructure to support 



The Pac-Bio Story 



PBJelly 

Address Draft Assembly Issue Due To:  

• Sequencing chemistry biases 
• Genomic repeat structure 
• Genome Polymorphism 



Genomes Used for Testing 

• Drosophila melanogaster: artificial Pac-Bio reads added to 
 to an artificial draft assembly 
• Drosophila pseudoobscura: draft aaembly containing > 6000 gaps 
• Parakeet Genome: used as part of the Assemblathon 
• Sooty Mangabey: initial mixed library assembly contained 
  > 186K gaps 



Results 

Drosophila melanogaster: Closed 99% of the artificial gaps; 
 assessed accuracy versus the finished sequence 
 
Drosophila pseudoobscura:  24x coverage addressed 99% of the 
 gaps, closed 69% and improved 12% 
 
Parakeet Genome: 4x mapped coverage addressed 63% of the 
 gaps, closed 32% and improved 69% 
 
Sooty Mangabey: 6.8x coverage addressed 97% of the gaps,  
 closed 66% and improved 19% 



Microcebus murinus 
Grey mouse lemur 

Photo Credit: Duke Lemur Center 



Mouse Lemur Genome Project 

Previous genome analysis: 2x Sanger sequence 
assembly 



Mouse Lemur Genome Project 
Human Genome Sequencing Center, BCM 

and Duke Lemur Center 

HGSC has used DLC sample to generate 
>150x coverage using Illumina 100bp 
reads 
 
Reads from multiple paired-end  and 
mate-pair libraries 
 
Contig N50: 56kb 
Scaffold N50: 3.36 Mb 
(includes 2x Sanger data) 

 
PacBio and HGSC have produced about 
8x coverage with RS long reads 

Photo credit: Duke Lemur Center 



40 Cells of 20kb SMRTbell 
generated by PacBio 

43 

Total Bases: 4.47 GB 
Average: ~3600 
N50: ~4800 
>20kb: 118 



25 Cells of 20kb BluePippin SMRTbell 
generated by PacBio 

44 

Total Bases: 2.22 GB 
Average: ~6800 
N50: ~9100 
>20kb: 543 



1000 Genomes Project 



PERSONAL GENOMES: 
Jim Watson 

Jim Lupski 

Desmond Tutu 

‘5 Guys from Africa’ – The African 
Genome Project 

• ~ 25 Mb of DNA missing from reference, in JDW 

• Sequence reads reveal CNVs 

• 16% of Watson SNPs are novel 

• 15% of Venter SNPs are novel 

• ~10,500 ns variants 

• ~1,500 novel ns variants !! 

• Overall…more previously novel 
functional variants than expected 

Filter

Total 

variation Known Novel

Watson Raw 14,829,087 3,283,273 11,545,814

1 4,427,488 2,815,322 1,612,166

2 3,971,513 2,752,991 1,218,522

3 3,325,725 2,704,029 621,696

Venter 4 3,470,669 2,726,935 743,734

The enormity of background 

variation: 

Filter

Total 

variation Known Novel

Watson Raw 14,829,087 3,283,273 11,545,814

1 4,427,488 2,815,322 1,612,166

2 3,971,513 2,752,991 1,218,522

3 3,325,725 2,704,029 621,696

Venter 4 3,470,669 2,726,935 743,734



IEEE Spectrum 2-28-2013; 
 http://spectrum.ieee.org/biomedical/ethics/the-gene-machine-and-me 

Eliza Strickland’s Exome on Ion Proton 



The Cancer Genome Atlas (TCGA) 



The Cancer Genome Atlas 

• 20 cancer types, 500 patients each 

• Discover and catalogue all somatic mutations 

• DNA sequence, copy number alteration, 
structural variation, methylation 

• Transcriptome (microarray  RNAseq) 

• miRNA 

• Data dissemination 



Cancer Genomes currently undergoing sequencing: 

• Glioblastoma 

• Lung Adenocarcinoma 

• Ovarian 

• Colon 

• Hepatic 

• Oral 

• Renal 

• Pancreatic 

• Bladder 



Mendelian Diseases 

The Beery Family Story 

• Initially diagnosed with cerebral palsy 
• Actually DRD = Dopa-Responsive Dystonia 
• Prescribed L-Dopa; same as Parkinson’s 

Matthew Bainbridge, et al. Science Translational Medicine 

http://www.cbsnews.com/video/watch/?id=7374693n&tag=contentMain;contentBod
y 



Pathway 

Handwriting pre and 
Post  5-HTP therapy 



Mendelian Diseases 

The Beery Family Story 

• Initially diagnosed with cerebral palsy 
• Actually DRD = Dopa-Responsive Dystonia 
• Prescribed L-Dopa; same as Parkinson’s 
• But didn’t relieve all symptoms – breathing problems 
• Whole Genome Sequencing of both twins reveals  
 mutation in SPR gene; involved in both dopamine 
 and serotonin synthesis 
• Supplemented L-Dopa with 5-hydroxytryptophan 
      = Bingo! 

Matthew Bainbridge, et al. Science Translational Medicine 

http://www.cbsnews.com/video/watch/?id=7374693n&tag=contentMain;contentBody 



Diagnostic Exome Sequencing 

Joint effort between BCM’s HGSC and BCM’s 

Medical Genetics Laboratories (MGL) to provide 

exome sequencing with clinical interpretation 



PHARMACOGENOMICS 

According to the CDC’s Office of Public Health Genomics: 

• 82% of the U.S. population takes at least 1 medication 
• 29% take 5 or more medications 
• 700,000 adverse reaction emergency room visits/year 
• 120,000 hospitalizations/year 
• Cost = $3.5 billion 



DRUG RESPONSE and the GENOME 





CLOPIDOGREL 

AN EXAMPLE . . . 

• antiplatelet agent used to 
inhibit blood clots in coronary 
artery disease, peripheral 
vascular disease, and 
cerebrovascular disease. 
• 2nd most widely prescribed 
drug (2007) 
• U.S. sales = $3.8 billion (2008); 
worldwide = $6.6 billion (2009) 
• Prodrug requiring activation   







Approximately 14% of the population is *2/*2 













Tough Pharmaco Region Mixed Platform 



CHALLENGES 

• Non-coding variants 
• Pseudogenes 
• Expression analysis 
• Epigenetics 
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