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Biology	Enabled	Agriculture				
Genotype		X	(Environment	X	Management)	=	Phenotype	


Phenomes 
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Expression 
Metabolomics 

Epigenetic 

Genomes 

Gene Networks 

Genome Represents:  
•  The sum total of an organisms’ 

genetic constitution  
[Winkler 1920] 

 
•  A genetic integration of the 

environmental past and the 
potential response to future  
environments in which an 
organism exists [Stettler 1998] 

•  Organisms genetic potential for 
a phenotype under optimal 
environmental conditions….. 



Biology	Enabled	Agriculture	
Complex Traits: Yield & Quality  
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What	Has	Changed?	
•  Technology improvements & reduction of cost has lead to 

the ability to sample and collect data temporally and 
spatially 

•  The Volume,  Velocity,  Variety,  Complexity of the data 
has changed 

•  Single cell, whole organism, geospatial (micro to macro) 
•  Biology has shifted from observational science to an 

information science, and needs to move into a 
predictive science 

•  Resources needed to support this shift has not kept pace 
–  Human Resources 
–  Community Building 
–  Knowledge Management 
–  Standards 
–  Policies   
–  Network 
–  Storage  
–  Compute 
–  Innovation 

Biology is an information science 



Defining	the	Cri.cal	Needs	in	Predic.ve	Biology	
	

Image credits: improveddiagnosis.com, uptowndallascounseling.com; www.udemy.com; www.guynetsystems.com 
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Courtesy	David	Weston	



Sensors & Metadata 
 Sequencers, Microscopy, Imaging, Mass spec, Metadata & Ontologies 

IO Systems 
Hardrives, Networking, Databases, Compression, LIMS 

Compute Systems 
CPU, GPU, Distributed, Clouds, Workflows 

Scalable Algorithms 
Streaming, Sampling, Indexing, Parallel 

Machine Learning 
classification, modeling, 

visualization & data Integration 

Results 
Domain  

Knowledge 

Biology	has	transi.oned	to	an	informa.on	science	

Keystone	Big	Data	in	Biology	2014			Stein,	Schatz,	Ware	

Computational	Biology	Pyramid	



IO Systems 
Hardrives, Networking, Databases, Compression, LIMS 

Compute Systems 
CPU, GPU, Distributed, Clouds, Workflows 

	
ARS		Big	Data	initiative	
	

•  SCINet/	CERES			
High-speed	network	backbone	
High-performance	compuQng	cluster	
Virtual	Research	Support	Core	

•  Community	Building	and	Training	
•  Science	focus	workshops	
•  Data	and	So[ware	literacy		

	

Computational	infrastructure	for	Agriculture	
	$	50	Million	5	years	(2014-	2019)		
		



Computa.onal	Infrastructure	for	the	Life	Sciences	

Kbase.us	
Plant, microbes & microbial communities 

www.cyverse.org	
	

Access to  data storage, cloud & 
HPC resources for life science 

community 

www.gramene.org	

Comparative Plant Genome & Pathway 
Resource 
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	Developmental,		Metabolic,	&		Stress	Networks		
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Moving	from	a	single	reference,	to	popula.on	
varia.on,	&	func.onal	network	inference		



Popula.ons	Contains	a	High	Level	of	Gene.c	Diversity	

Chia	JM,	Song	C,	Bradbury	PJ,	CosQch	D,	de	
Leon	N,	Doebley	J,	Elshire	RJ,	Gaut	B,	Geller	
L,	Glaubitz	JC	et	al:	Maize	HapMap2	
idenGfies	extant	variaGon	from	a	genome	
in	flux.	Nat	Genet	2012,	44(7):803-807.	

•  High	rate	of	SNP	and	structure	variaGon	in	the	
populaQon	

•  Structure	variaQons	are	associate	with	important	traits	

•  One	genome	is	not	enough	to	represent	the	diversity	of	
the	populaQon	



Genome	Assembly	by	Single-
Molecule	Technology					(15,000	bp)	

	WGS	by	PacBio	65X	(N50=	15kb)	 De	novo	assembly	

Jiao	et	al.,	Nature,	2017	

Long		single	molecule	sequencing	is	a	game	changer	
•  High	quality	genomic	DNA	
•  Access	to	Sequencers	
•  Access	to	computes			
•  OpQmizaQon	of	so[ware/	algorithm	

•  Genomic	architecture		(repeat	content,	inbred,	ploidy….)	
•  CompuQng	environments	
•  ParameterizaQon		

	
	

Yinping	Jiao	



Decreasing	cost	of	sequencing	increasing	
computes	and	data	management		

	WGS	by	PacBio	65X	(N50=	15kb)	
1-6	months	

De	novo	assembly	
1-6	months	

BioNano	genome	map	
Technically	challenging	

Jiao	et	al.,	Nature,	2017	

$35	million	(2009)		Sequencing	Centers	
	BAC	library,	Sanger	sequencing	library,		finishing	libraries,computes				

$250-	180		thousand		(2016)		Sequencing	Centers		
	PacBio	long	single	molecule,		OpQcal	map,	illumina	short	read		
	High	quality	DNA,		Library	prep,		access	sequencer	&	***compute				

$60-	30	thousand	(2017)		Pac	Bio	long	single	molecule	
	High	quality	DNA,		Library	prep,		access	sequencer	&	***compute				

Decrease	
Sequence	

Cost	
			

Increase	
Compute	
Cost		

Improve	
Assembly	
Quality	

			

Improve		
Gene	
Quality		

			



A	Single	Gene	Locus		 Many	Transcripts		

G.	Shenykman,	ASMS,	2014		

Transcript	Diversity	Contributes	to	
Phenotypic	Plas.city	



Reference	Transcriptomes	using	PacBio	IsoSeq	
captured	longer	and		novel	isoforms		

Wang	et	al.,	Nature	Comm.,	2016	

2.84	 6.56	

Bo	Wang	



Schmucker	D,	et	al.		2000.	Cell	101:671-684	

Arabidopsis:	27,416		

Maize:	~39,000	

Human:	20,296	

Mouse:	22,528	
Drosophila:	13,918		

Number	of	coding-genes	in	different	species:	

Drosophila	DSCAM	Gene	–	38,000	Isoforms	
	



Mouse	One	Gene,	Two	Isoforms	with	
Opposite	Effects	


bcl-x gene 

bcl-xL bcl-xS 

Inhibits	cell	death	 AcQvates	cell	death	

mRNA 
isoforms 

Li	et	al.,	Cell	Research,	2004	



Staiger	et	al.,	2013,	Plant	Cell	

Arabidopsis	Point	Mutation	at	the	5’	Splice	Site	Leads	to	
Skipping	of	exon	5	and	a	Nonfunctional	AP3	Protein




Characterize	Alterna.ve	Splicing	Events	
Among	Different	Tissues		

Wang	et	al.	Nature	Comm.	(2016)		



10x	Platform:	Millions	of	Picoscale	Reactions


Oil	Sample	Gel	Beads	 Droplets	with	Gel	Beads	



•  Novel	conQgs,	genes	and	transcripts	
•  Splice	JuncQons	
•  5’	ends	and	3’	polyadenylaQons	sites	
•  Expression	values	of	genes	

Cu]ng	Edge	Technologies	

10x	Genomics	Linked	Long	Reads




Hybrid	approaches	decreased	
sequencing	&	computes	cost	

	WGS	by	10X			
100	X	(N50=	75-150	kb)	

1-2	weeks	
	

De	novo	assembly	
Supernova	
2-6	days	

			$	12-3		thousand		(2018)		Hybrid	Approach				
	library	prep,	commodity	sequencing,	compute		

Campbell,	et	al.,	unpublished		

Illumina		
Short	read	sequencing	

1-2	weeks	

Decrease	
Sequence	

Cost	
			

Decrease	
Compute	
Cost		

Jiao	et	al.,	Nature,	2017	
Wang	et	al.,	Nature	Comm	2016	
Wang	et	al.,	submiQed		
Campbell,	et	al.,	unpublished		

	Reduced	
Assembly	
Quality	

			

Reduced	
Gene	
Quality		

			



10X	Supernova	assembly	&	gene	
coverage	assessment		

Flame	seedless	 Cinerea	B9	 Concord	
	LONG	SCAFFOLDS		 				2.85	K			 				4.25	K			 				5.01	K			
	EDGE	N50								 				7.48	Kb		 				6.10	Kb		 				6.18	Kb		
	CONTIG	N50						 			42.30	Kb		 			38.17	Kb		 			33.05	Kb		
	PHASEBLOCK	N50		 		445.92	Kb		 		200.15	Kb		 		271.94	Kb		
	SCAFFOLD	N50				 		572.37	Kb		 		197.15	Kb		 		191.63	Kb		
	SCAFFOLD	N60				 		381.11	Kb		 		143.07	Kb		 		132.54	Kb		
	ASSEMBLY	SIZE			 		365.64	Mb		 		349.92	Mb		 		382.66	Mb		

George		Wang	

Mike	Campbell	



Reproducible	workflows	and	Access	to	gene	annota.ons	
•  Structural	and	Func.onal	annota.ons	workflow	on	JetStream		
•  Access	through	Cyverse	Data	Store	
•  Visualiza.on	and	Access	through	Gramene	
•  Cura.on	of	gene	models	through	Apollo	image	on	Cyverse			

MAKER-P	Pipeline	Mark	Yandell	&	Carson	Holt,	U.	Utah	
	



Gene	Tree	Assessment	to	Support	Gene	Quality		
and		Pan	Gene/	Genome	construc.on	

Mesangiosperma	

Eudicot	

rosids	
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454		

Gene	Tree	Counts	at	Ancestral	Roots	
15,661	GeneTree	families		(380,778	genes)	
13	genomes	

Crops:Grape,	Soybean,	Tomato,	Rice,	sorghum	
Models:	arabidopsis,	brachypodium			

Sharon	Wei	



Protein	based	alignment	overview	highligh.ng	
func.on	domain	

Andrew	Olson		 Jim	Thomason	



Mul.ple	sequence	alignment	



Neighborhood	conserva.on	



Coupled	R-genes	and	the	Integrated	Decoy	
Hypothesis	

Cesari	et	al.	Front	Plant	Sci.	2014;	5:	606.	

Thomas	Kroj	
(INRA/CIRAD)	



Genome	architecture	and	evolu.onary	
constraint	to	iden.fy	genes	in	wild	rice	genomes	

Chi-square	test,	P	<	0.0001		

Head-to-Head	(H2H)	 Head-to-Tail	(H2T)	 Tail-to-Tail	(T2T)	

Expect 	 	 			25% 	 	 													50% 	 	 	 					25%	

-												+	 +												+	

-													-	

+												-	
Homogeneous	

n	= 	895 	 	 	17%	 	 	 	 	 	74%	 	 	 	 	9%	
Synteny	(%) 	 	83%	 	 	 	 	 	65%	 	 	 	 	60%	
Unusual	domains 	20%	 	 	 	 	 	9% 	 	 	 	 	3%	

-												+	 +												+	

-													-	

+												-	
Heterogeneous	

n	=	311 	 	 	45%	 	 	 	 	 	37%	 	 	 	 	18%	
Synteny	(%) 	 	72%	 	 	 	 	 	55%	 	 	 	 	61%	
Unusual	domains 	30%	 	 	 	 	 	15%	 	 	 	 	21%	

EvoluQonary	constraint	

Josh Stein  

Stein	et	al,	Nature	GeneCcs	2018	



Gramene	Adds	Value	to	Plant	Genomes	

30	

AnnotaGon	Pipelines	
•  Repeats/TE’s	
•  Genes	
•  EST/cDNA	
•  InterPro	domain	
•  Gene	Ontology	(GO)	
•  Variant	Effect	PredicQon	

ComparaGve	Analysis	
•  Whole	Genome	Alignment	
•  PhylogeneQc	Gene	Trees	
•  Ortholog/Paralog	calling	
•  Synteny	mapping	

ProgrammaGc	Access:	
Gramene	API	
Ensembl	API	&	RESTFUL	interface	
Reactome	API	&	RESTFUL	interface	
BioMart	
Public	mysql	server	

Pathway	CuraGon	&	ProjecGon	

 Oryza sativa ssp. japonica
 Oryza rufipogon
 Oryza sativa ssp. indica
 Oryza nivara
 Oryza glaberrima
 Oryza barthii
 Oryza meridionalis
 Oryza longistaminata
 Oryza glumaepatula
 Oryza punctata
 Oryza brachyantha
 Leersia perrieri
 Triticum aestivum
 Triticum urartu
 Aegilops tauschii
 Hordeum vulgare
 Brachypodium distachyon
 Zea mays
 Sorghum bicolor
 Setaria italica
 Musa acuminata
 Arabidopsis thaliana
 Arabidopsis lyrata
 Brassica oleracea
 Brassica rapa
 Glycine max
 Medicago truncatula
 Prunus persica
 Populus trichocarpa
 Theobroma cacao
 Vitis vinifera
 Solanum lycopersicum
 Solanum tuberosum
 Amborella trichopoda
 Selaginella moellendorffii
 Physcomitrella patens
 Ostreococcus lucimarinus
 Chlamydomonas reinhardtii
 Cyanidioschyzon merolae

www.gramene.org		

Graphical	User	Interface	



Heritability	Tes.ng	Incorpora.ng	Genomic		
Features	

Compute	

Storage	

ENCODE	
Andrew	Olson		

Liya	Wang	



Example: view whole genome duplication in Poplar; infer homoeologues 
 
Support phenotype projections across species:   
Seed size, seed number, fruit color, heat tolerance  

Comparative	Genomics	

•  Increased use of grapevine as reference genome for Eudicot 

Grapevine Arabidopsis 
poplar poplar poplar poplar 

Vitis vinifera 
•  Excellent evolutionary 

reference 
•  No whole genome 

duplication since 
Eudicot split 

Arabidopsis thaliana 
•  Excellent for functional 

annotation 
•  2 lineage-specific 

genome duplications/
reorganization 

www.gramene.org		
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•  Partnering	is	not	always	easy,	but	absolutely	
necessary	

•  Sharing	data	and	open	data		is	not	easy		but	is	
necessary	and	requires	standards,	policy,	
infrastructure	and	incenQves	

•  Training	and	educaQon	are	o[en	unfunded,	under	
appreciated	



Biology	Enabled	Agriculture	
Complex Traits: Development 

Multiseed/ Branching  

Regulatory Networks 
Metabolic Pathways 

Genome Editing 
Marker Assisted Breeding 

EMS 
population  

Expression 

Genomes 

Transcription factors,  Plant hormones  

USDA-ARS,	Lubbock	TX				
Zhanguo	Xin	
Gloria	Burow	
Ratan	Chopra	
John	Burke	
Chad	Hayes		



Biology	Enabled	Agriculture	

Heat tolerance   

Regulatory Networks 

EMS population 

Expression 

Genomes 

ATP dependent protease 

Complex Traits: Heat tolerance  

Ftsh11 identified in a model plant 



Biology	Enabled	Agriculture	

Heat tolerance   

Metabolic Pathways 

Genome Editing 
Genomic Selection 
Marker Assisted Breeding 

Genomes 

Long chain fatty acid,  ATP dependent protease 

Complex Traits: Heat tolerance  



Biology	Enabled	Agriculture	

Disease Resistance  
Phenomes 

Signaling pathway  

Genome Editing 
Marker Assisted Breeding 
 

Expression 
Epigenetic 

Genomes 

NLR R Genes  

Wang	et	al.,	2014.	Nat	Biotech	Wang	et	al.,	2014.	Nat	Biotech	Nature	has	not	given	us	enough		
CRISPR	One-step	Powdery	Mildew	resistance	in	Wheat	



The jointless trait

JOINTED jointless

Courtesy	of	Zach	Lippman			



normal	gene	
normal	acQvity	

mutated	gene	
ZERO	acQvity	

CRISPR

ONE-STEP,	ANY	VARIETY!!	

Courtesy	of	Zach	Lippman			



DIRECTED	muta.on	of	“CONTROLLING	REGION”	of	a	gene	

A	RANGE	OF	reduced	acQvity	

SP	gene	acQvity	
More	flowers/fruits	



CRISPR	has	the	power	to	enhance	breeding	by	
rapidly	customizing	and	op.mizing	crop	produc.vity	

	
Genome	Biology		provides	the	insights	to	drive	the	

transla.on	
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