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“Any sufficiently advanced 
technology is indistinguishable 
from magic.”

Arthur C. Clarke 1973
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In the beginning there was the human genome
● In 1986 Department of Energy announced 

“Human Genome Initiative” in order to 
understand how radiation exposure affects 
DNA and is passed on in the germline
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How did we sequence DNA?

1996 2003

ABI 377 slab gel ABI 3730 capillary
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Sequencing a whole genome (BAC vs WGS)?

X
• WGS requires:
• As long as reads as possible
• Positional information from 

pairs
• Computational power

• WGS advantages:
• Many fewer libraries
• Streamlined production
• Consistent & measurable quality
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What is assembly?

Assembly = Computational reconstruction (aka model) of a linear 
representation of DNA from repeated sampling of sequence (reads) of 
variably quality & length

5



Completing the human genome

Celebrating the human genome
Craig Venter, Ari Patrinos, Francis Collins
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DOE FINISHED CHROMOSOMES
323.1 Mb finished sequence
11.3% of human genome

20042001

Marvin Stodolsky Marvin Frazier
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What did JGI do with this sequencing capacity? 
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Post-Sanger genome sequencing

Illumina 2500 2012Solexa GA 2006 PacbBio RS 2011 PacbBio RSII 2013 PacbBio Sequel 2016

Short read platforms
+   super inexpensive data
+   low error rate (99.5% accuracy)
+   metric tons of it

- 76 to 150 bp reads
- Short fragments (400bp)

Long read platforms
- expensive data (its all relative)
- high error rate (82% accuracy)
- low production 

+ 2,000 - 50,000 bp reads
+ Greatly reduce assembly complexity
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New science with long reads

Inbred Tetraploid (2x)

Inbred Tetraploid (2x)

Outbred Diploid (2x)
Partial resolved 2nd

Outbred Tetraploid (4x)
Blended single haplotype
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Enter HiFi
• Enabled by longer 

primary reads (up to 
200kb)
• Better data collection on 

new instruments
• New analysis techniquesPacBio Sequel2 2019

PacBio Revio 2023

• 2023 – new instruments 
that collect 13x the data 
for 1/3 cost
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DNN model for consensus

Pi-Chang Chang Andrew Carroll

CAT? 
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Quality of reads

Long Read HiFi
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Lovell & Grimwood, Nature News and Views, 2022
99+% of this is from HIFI alone 
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COMPLEXITY

Switchgrass
1,100 Mb x 2

Genes x 4

Poplar
500 Mb x 2
Genes x 2

Miscanthus
6,100 Mb x 1

Genes x 6

Sorghum
700 Mb x 1
Genes x 1

Sugarcane
5,000 Mb x 2
Genes x 14

Cotton
2,600 Mb x 1

Genes x 2

Brachypodium
350 Mb x 1
Genes x 1

Arundo
1,100 Mb x 2

Genes x 9
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Inbred genome references of small plants
Year Build Assembled 

Size
Contig 

Number
Contig N50 (MB)

2007 V1 WGS Sanger 1 688 MB 12,873 0.2

2013 Rio AllPaths Illumina 404 MB 49,137 0.02

2015 V3 WGS Improved 2 675 MB 4,783 1.3

2016 Rio RSII 3 729 MB 3,830 0.4

2018 V4 PacBio Sequel 4 721 MB 411 17.7

2020 V5 PacBio Sequel2 4 720 MB 89 50.7

2022 V6 PacBio Hi-Fi 4 718 MB 21 55.0

1 Paterson,  Nature 2009
2 McCormick, Plant 2017
3 Cooper, BMC genomics 2019
4 Unpublished
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Poplar experiments

2006
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• 1,000+ natural genotypes planted 
in three common gardens

• Resequenced to identify 45M SNPs 
& phenotyped for many years

Jerry Tusken
CBI/ORNL

Dan Jacobsen
CBI/ORNL

Wellington Muchero
CBI/ORNL

Jay Chen
CBI/ORNL 16



Outbred diploid P. tremula x P. alba = 717-1B4

C.J. Tsai
UGA & CBI17



Applying 717

Early Flower Induction

C.J. Tsai
UGA & CBI

Indeterminate growth after harvest

Male
Female
Hermaphrodite
Flowers
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Heng Li
Harvard

Also wrote BWA and Minimap 19



Tom Juenger
UT-Austin

Collection locations

Planting locations
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Ecotypes & genetic groups

21Lowland Coastal Coastal Upland Upland

Gulf Atlantic Midwest
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More introgressions = more upland like and greater cold 
tolerance

17 - 34 kyrs, ~8k generations
19 - 27 kyrs, last glacial maxima

CoastalUpland

Demonstrates/proves how selection and evolution act in a complex 
native grass. 

Upland



Today’s switchgrass genomes

4x UplandRelease Size (GB) Contigs CN50 (MB)

AP13 V5 CLR 1.10 482 4.3

AP13 V6 H1 1.14 30 55.2

AP13 V6 H2 1.13 33 52.4

WBC V1 H1 1.10 71 30.0

WBC V1 H2 1.14 65 33.2

VS16 V1 H1 1.11 44 33.0

VS16 V1 H2 1.11 43 34.3

DAC6 V1 H1 1.10 52 35.9

DAC6 V1 H1 1.08 40 50.7

4x Lowland23



Brandon James

502977 JBEI – Sequencing Sugarcane BACs
502967-Understanding polyploidy through the generation of the first 
sugarcane genome sequence - 2017
504319- Genomic Diversity in the Saccharum Complex - 2019

Angelique D’Hont

Karen Aiken
Robert Henry

JGI CSPs
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Sugarcane is complicated
S. officinarum
8X polyploid

domesticated

S. spontaneum
5-16X polyploid

wild
Modern Hybrids 
Genotype R570

So
rg

hu
m
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Multiple sequencing attempts

HiFi version
• Better splitting of haplotypes
• ~20X longer contigs
• ~11,000 more genes captured

Release Size Contigs Contig N50

Illumima 5.0 Gb 1,700,000 4.4 Kb

Long read 7.4 Gb 33,222 482 kb

HiFi 9.6 Gb 38,822 10 Mb

ACACGCCTAGGCATCCTACGGTTGTACAATAA
ACACGCCTAGGCATCCTACGGTTGTACAATAA
ACACGCCTAGGCATCCTACGGTTGTACAATAA
ACACGCCTAGGCATCCTACGGTTGTACAATAA
ACACGCCTAGGCATCCTACGGTTGTACAATAA
ACACGCCTAGGCATCCTACGGTTGTACAATAA
ACACGCCTAGGCTTCCTACGGTTGTACAATAA
ACACGCCTAGGCATCCTACGGTTGTACAATAA
ACACGCCTAGGCATCCTACGGTTGTACAATAA
ACACGCCTAGGCATCCTACGGTTGTACAATAA
ACACGCCTAGGCATCCTACGGTTGTACAATAA
ACACGCCTAGGCATCCTACGGTTGTACAATAA

Genetic map (Self1)

Single dose SNP

Single chromosome sort libraries (SCL)

BioNano optical map

Victor Llaca

HiC for validation 
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Primary Path
5.1 Gb Genome (Primary Path)
844 Contigs (N50: 15Mb)
68 Chromosomes Today: We can do this again with just HiFi and Omni-C
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Brown Rust Resistance (Bru1) - Puccinia melanocephala
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• Before 1980, brown rust caused ~50% yield losses
• From R570, the first resistant cultivar, PCR markers were developed
• Single-copy haplotype-specific insertion that does not recombine
• Candidate gene ended up a two gene, kinase-pseudokinase 

complex
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R570 Selfed offspring



Terpenes in conifer genomes CSP 503037

* Images Wikipedia 

Thuja plicata – 12 Gb x 2
Western Red Cedar

Pinus jeffreyi– 25 Gb x 2
Jeffrey’s pine

Jorg Bohlmann
UBC

Jay Keasling
LBNL/JBEI

Elzabeth Sattely
Standford

Taxus baccata
English Yew 10GB x 2

0
Octane Scale
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Comparative genomics in  large genomes

30Pinus jeffreyi: 25.2 GBs (63x larger than poplar)

Technology Total 
Contigs

Contig 
N50 (Mb)

Chinese 
Pine

Long read 15,385 2.7

Jeff Pine HiFi 1,508 30.0

Niu, Shihui, et al. "The Chinese pine genome and methylome unveil key 
features of conifer evolution." Cell 185.1 (2022): 204-217.



Great challenge in plant genomics
• What do these genes do?
• What effect does variation in these genes 

have on our traits of interest?
• What about polyploids?

Debbie Laudencia-
Chingcuanco, USDA

CSP #1670 
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Koonin EV, Makarova KS, Wolf YI. Evolution of Microbial 
Genomics: Conceptual Shifts over a Quarter Century. Trends 
Microbiol. 2021 Jul;29(7):582-592.

Plants
Gene variation in 54 lines

Microbe references

Hufford, Matthew B., et al. "De 
novo assembly, annotation, and 
comparative analysis of 26 diverse 
maize 
genomes." Science 373.6555 
(2021): 655-662.
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Switchgrass pangenome

33Pangenomes allow us to capture diversity in structural variants that we can’t easily identify with short read sequencing



Switchgrass gene cluster variation 
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A switchgrass pangenome graph
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pangenome graphlinear reference 
genomes

Graph construction: minigraph-cactus
Read alignment to graph: vg giraffe
Viz via subway maps: sequenceTubeMap

Hickey, G., Monlong, J., Ebler, J. et al. Pangenome 
graph construction from genome alignments with 
Minigraph-Cactus. Nat Biotechnol (2023).



How much diversity do we cover (10 genomes, 20 haplotypes)?
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Gulf Atlantic Midwest



Pangenome graphs in simpler systems

37

≥1 1 2-11 12

Haplotypes with sequence

1 2 3 4 5 6 7 8 9 10 11 12

Haplotypes

0

100

200

300

400

500

600

700

800

N
um

be
r o

f b
as

es
 (M

b)

Camelina (12) Sorghum (30)

Daniel Kliebenstein
UC Davis

CSP2020 505836

Chaofu Lu
Montana State
BERSS 507613

Todd Mockler
Donald Danforth
CSP2017 503104

Nadia Shakoor
Donald Danforth

Geoff Morris
Colorado State

Bird et al. bioRxiv 2024.08.13.607619; doi: https://doi.org/10.1101/2024.08.13.607619

John Mullet
Texas A&M



Striga – witchweed *

* Wikipedia

Example gene
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LGS1 in pangenome
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5 kb

BTx623

PI_656015

PI_276816

PI_656027

PI_597890
PI_276837

PI_656111
PI_660563
PI_655981
PI_655988
PI_565121
PI_656044
PI_329301

PI_534133

PI_570071

PI_656031
PI_513676
PI_656057
PI_180348
PI_569459
PI_656023
PI_329501
PI_154844

PI_576434

PI_660565
PI_660557
PI_656050
PI_585966
PI_533766
PI_156178

   75,132,03375,124,605 75,131,24875,124,60475,113,99375,098,417

BTx623 Chr05

9kb insertion 13kb insertion

18kb deletion

33kb deletion



Mapping LGS1 variants across Africa
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5 kb

BTx623

PI_656015

PI_276816

PI_656027

PI_597890
PI_276837

PI_656111
PI_660563
PI_655981
PI_655988
PI_565121
PI_656044
PI_329301

PI_534133

PI_570071

PI_656031
PI_513676
PI_656057
PI_180348
PI_569459
PI_656023
PI_329501
PI_154844

PI_576434

PI_660565
PI_660557
PI_656050
PI_585966
PI_533766
PI_156178

   75,132,03375,124,605 75,131,24875,124,60475,113,99375,098,417

BTx623 Chr05

5 kb

BTx623

PI_656015

PI_276816

PI_656027

PI_597890
PI_276837

PI_656111
PI_660563
PI_655981
PI_655988
PI_565121
PI_656044
PI_329301

PI_534133

PI_570071

PI_656031
PI_513676
PI_656057
PI_180348
PI_569459
PI_656023
PI_329501
PI_154844

PI_576434

PI_660565
PI_660557
PI_656050
PI_585966
PI_533766
PI_156178

   75,132,03375,124,605 75,131,24875,124,60475,113,99375,098,417

BTx623 Chr05



Field phenotyping

Nadia Shakoor
Donald Danforth

Chr1   Chr2.  Chr3.  Chr4.  Chr5.  Chr6.  Chr7.  Chr8.  Chr9   Chr10  

Leaf Water Management

D1

D3

D2
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Miscanthus : embracing complexity
Sorghum

4x –Hap1

4x –Hap2

8x

6x release

Kankshita Swaminathan
CABBI, HudsonAlpha

Erik Sacks
CABBI, UIUC

Unpublished Data 42



Goals of customization for perennial feedstocks

• Improve field traits: high biomass, 
improved germination & maturation, 
lodging resistance, leaf drop, flowering 
time, reduced fertilizer
• Improve breeding traits: shattering, self 

compatibility, sterility
• Improve quality/processing traits: fiber 

length, ash, chemical composition, 
fiber/lignan rations, reduce internodes, 
low pith
• Make into chemical factories
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Editing in complex plants

Tony TrieuKankshita
Swaminathan

44
In tetraploids and hexaploid production genotype

Team Swaminathan

M. sinensis PMS-014
wild-type edited line

Joshua Stanley
NSF-BRIDGES

Pradeep 
Hirannaiah

Unpublished



Engineering Miscanthus to produce vegetative lipids

Mxg Nagara (N)

WT        WT           N2A        N2B           N1A         N1B   

Msin PMS014 (P)

WT            P2            P5

WT             S1               S2                S4A    S4B               S6                   S9
   

Msac JpN2010-008 4X (S)

GCB Bioenergy, Volume: 13, Issue: 10, Pages: 1610-1623, First published: 26 July 2021, DOI: (10.1111/gcbb.12883)

“Push” - Photosynthetic carbon into fatty acid biosynthesis
• Wrinkled 1 transcription factor OE
“Pull” - Pull fatty acids into TAG 
• DGAT diacyglycerol acyltransferase OE
“Protect” - Block TAG breakdown
• Oleosin OE, lipase suppression

Trieu

Park

Reichert

Cahoon

Clemente

Unpublished data 45



Our legacy – JGI impact on plant genomes

2007 20242009
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https://www.lubesngreases.com/magazine/28_8/gasoline-and-engine-
oil-the-whole-story/

These are only examples of discoveries in 
plant genomics- 1000’s of pathways and 
variant for traits of interest are needed to 
customize and build genotypes for end uses.
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BER is uniquely positioned to 
accelerate these effort with a 
combination of climate modeling 
for global biogeochemistry, BRCs 
for deconstruction/customization 
of feedstocks, and the combined 
efforts of JGI, national and 
academic labs to acquire and 
develop the biological, 
environmental knowledge to 
make this possible.
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Biological and Environmental Research
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Contributors from the JGI

Plant Functional Genomics
John Vogel

HudsonAlpha Experimental Group
Jane Grimwood & Mellissa Williams

JGI Production Groups
Yuko Yoshinaga & Chris Daum

Arizona Genomic Partner Group
Jayson Talag & Dario Copetti

Phytozome & Annotation Group
David Goodstein

PMO
Kerrie Barry

Computational 
Genomics

Dan Rokhsar

HudsonAlpha Computational Group
John Lovell & Jerry Jenkins
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Thank you to our users and partners
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