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www.gramene.org 
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h"p://www.gramene.org/pathway/	  

Metabolic Pathways in Plants 

GrapeCyc coming this fall! 

Pankaj Jaiswal 
Oregon State U. 
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Genetic Diversity 

GWAS Viewer Tassel 

Susan McCouch 

Ed Buckler 



Genomes 
•  Browser and visualizer 
•  Annotation 
•  Comparative genome analysis 
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Group	   Species	   Assembly	   Annota4on	  

Grasses	  

Oryza	  sa4va	  ssp.	  japonica	   MSU	  6.0	   MSU	  6.0	  
Oryza	  sa4va	  ssp.	  indica	   BGI-‐2005	   BGI	  GLEAN	  2008	  
Oryza	  glaberrima	   Oglab_v1	   MIPS_v1	  
Brachypodium	  distachyon	   Brachy1.0	   Brachy1.2	  
Zea	  mays	   RefGen_v2	   CSHL	  5a	  
Sorghum	  bicolor	   Sbi1	   Sbi1.4	  

Eudicots	  

Vi4s	  vinifera	   IGGP_12X	   Genoscope	  2010	  (v0)	  
Populus	  trichocarpa	   JGI	  2.0	   JGI	  2.0	  
Arabidopsis	  thaliana	   TAIR10	   TAIR10	  
Arabidopsis	  lyrata	   Araly1.2	   Araly1.2	  

Basal	  land	  plant	   Physcomitrella	  patens	   v1.1	   v1.1	  

Par4al	  genomes	  

Oryza	  brachyantha	  (FF)	  3S	   brachyantha_454_AGP	  July	  2010	   CSHL_v2.1	  
Oryza	  glaberrima	  (AA)	  3S	   BAC_Sanger_2009,	  Sep	  2009	   CSHL_v2.1	  
Oryza	  officinalis	  (CC)	  3S	   Officinalis_3S	  Sep	  2009	   CSHL_v2.1	  
Oryza	  punctata	  (BB)	  3S	   Punctata_3S	  Sep	  2009	   CSHL_v2.1	  
Oryza	  minuta	  (BBCC)	  3S	   Minuta_CC_3S	  Sep	  2009	   CSHL_v2.1	  
Oryza	  barthii	  (AA)	  3S	   BAC_pool_2008	   CSHL_v2.1	  
Oryza	  nivara	  (AA)	  3S	   nivara_454_AGP	  July	  2010	   CSHL_v2.1	  
Oryza	  rufipogon	  (AA)	  3S	   rufipogon_454_AGP	  July	  2010	   CSHL_v2.1	  

•  Tomato 
•  Soybean 

This Fall 

Release 33 (May 2011) 

Doreen Ware 
CSHL 



The Grape Browser 

•  IGGP_12X 
•  V0 annotations 
•  V1 available as custom 

track 
•  EST alignment 
•  Repeats 
•  Whole genome 

alignment 
•  SNPs 
•  Affymetrix array 
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To view v1, add custom track: 
http://brie.cshl.edu/grape_rcn/all_cds.jigsawgaze_integrato_no_repeat.gff 
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Analysis & Visualization 

•  InterPro/GO/dbXref 
• Whole Genome Alignment (Blastz-

chain-net) 
• Phylogenetic Gene Trees (Compara) 
• Synteny Analysis 
• Consequences of SNP 
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InterPro/dbXref/GO 
•  Structural prediction: Pfam, PIRSF, PRINTS, PROSITE, SMART, 

SUPERFAMILY, TIGRFAM, TMHMM, SignalP 
•  Cross-reference genes to 3rd party identifiers: Entrez Gene, 

PlantGDB, PUTs, RefSeq, Gene Index, UniGene, UniProt 
•  Gene Ontology 
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Whole Genome Alignments 
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Schwartz S et al., Genome Res.;13(1):103-7  
Kent WJ et al., Proc Natl Acad Sci U S A., 2003;100(20):11484-9 

BLASTZ-CHAIN-NET between 20 pairs of species 

Alignment (Release) 
Oryza sativa Japonica O.jap 
Oryza sativa Indica 31 O.ind 
Sorghum bicolor 31 - S.bic 
Brachypodium distachyon 31 31 - B.dis 
Arabidopsis thaliana 31 31 31 31 A.tha 
Arabidopsis lyrata 31 - - - 31 
Vitis vinifera 31 - - - 31 
Poplar trichocarpa 31 - - - 31 
Oryza glaberrima 3s 31 - - - - 
Oryza minuta CC 3s 31 - - - - 
Oryza officinalis 3s 31 - - - - 
Oryza punctata 3s 31 - - - - 
Physcomitrella patens 32 - - - 32 



Whole Genome Alignment Views 

Grape RCN   June 2-5, 2011 11 



Conserved non-coding regions 

Grape RCN   June 2-5, 2011 12 



13 

Compara Gene Trees 

•  Gene Trees for 11 plants 
plus human, ciona, fly, 
work, yeast  

•  Infers orthologues and 
paralogues by reconciling 
gene tree with species tree 

•  Vilella A.J., et al. (2008). 
Genome Res. Pre-print: 
doi:10.1101/gr.
073585.107 

1 Load genes and longest translations for all 
species in Gramene

2 All versus all BLASTP

3 Build a graph of protein relations based on Best 
Reciprocal Hits or Blast Score Ratio

4 Extract the connected components using single 
linkage clustering with the groups of peptides

5 Generate a protein alignment for each 
cluster using MUSCLE2

6 Build a gene tree and reconcile with species 
tree using TreeBeST3

7 Infer the orthology and paralogy relationships 
for every pair of genes in the gene tree

1 Load genes and longest translations for all 
species in Gramene1 Load genes and longest translations for all 
species in Gramene

2 All versus all BLASTP2 All versus all BLASTP

3 Build a graph of protein relations based on Best 
Reciprocal Hits or Blast Score Ratio3 Build a graph of protein relations based on Best 
Reciprocal Hits or Blast Score Ratio

4 Extract the connected components using single 
linkage clustering with the groups of peptides4 Extract the connected components using single 
linkage clustering with the groups of peptides

5 Generate a protein alignment for each 
cluster using MUSCLE25 Generate a protein alignment for each 
cluster using MUSCLE2

6 Build a gene tree and reconcile with species 
tree using TreeBeST36 Build a gene tree and reconcile with species 
tree using TreeBeST3

7 Infer the orthology and paralogy relationships 
for every pair of genes in the gene tree7 Infer the orthology and paralogy relationships 
for every pair of genes in the gene tree

Reconstructing evolutionary histories 

http://useast.ensembl.org/info/docs/
compara/homology_method.html 
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Compara Output 
•  Blue nodes are speciation events giving rise to orthologues 
•  Red nodes are duplication events giving rise to paralogues 



Newick tree & 
alignment 
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(((ENSCINP00000002474_Cint_:0.0000, 
R10D12.12_Cele_:3.4477):0.7716, 
FBpp0084782_Dmel_:0.8566):0.0000, 
(((((BRADI3G43170.1_Bdis_:0.0615, 
BRADI2G38000.1_Bdis_:0.1536):0.0214, 
((LOC_Os02g26814.1_Osat_:0.0000, 
BGIOSGA008178-PA_Oind_:0.0000):0.0000, 
ORGLA02G0140900.1_Ogla_:0.0000):0.0938):0.0231, 
(((GRMZM2G050705_P02_Zmay_:0.0099, 
GRMZM2G124671_P01_Zmay_:0.0745):0.0043, 
Sb08g016480.1_Sbic_:0.0348):0.0000, 
(GRMZM2G022470_P01_Zmay_:0.0475, 
Sb04g017490.1_Sbic_:0.1037):0.0000):0.0917):0.1118, 
(((POPTR_0005s03870.1_Ptri_:0.0420, 
POPTR_0013s02650.1_Ptri_:0.0427):0.0918, 
(GSVIVT01006266001_Vvin_:0.0342, 
GSVIVT01000019001_Vvin_:0.0817):0.1210):0.0363, 
((scaffold_702792.1_Alyr_:0.0043, 
scaffold_603852.1_Alyr_:0.0632):0.0277, 
AT4G16710.1_Atha_:0.0204):0.2813):0.1261):0.5081, 
E_GW1.232.43.1_Ppat_:0.3698):0.3605):0.0000; 

ORGLA02G0140900.1_Ogla_     VFVTVGTTCF DALVKAVDSP QVKEALLEKG YTDLIIQMGR GTY------- 	
BRADI2G38000.1_Bdis_        VFVTVGTTCF DALVKAVDSE EVKQALLRKG YTDLLIQMGR GTY------- 	
GRMZM2G050705_P02_Zmay_     VFVTVGTTCF DALVMAVDSP EVKKALLQKG YSNLLIQMGR GTY------- 	
POPTR_0005s03870.1_Ptri_    VFVTVGTTLF DALVRTVDTK EVKQELLRNG YTHLIIQMGR GSY------- 	
GRMZM2G022470_P01_Zmay_     VFVTVGTTCF DALVMAVDSP EVKKTLLQKG YSNLLIQMGR GTY------- 	
BRADI3G43170.1_Bdis_        VFVTVGTTCF DALVKKVDSP QVKEALWQKG YTDLFIQMGR GTY------- 	
GSVIVT01006266001_Vvin_     VFVTVGTTCF DALVKAVDTQ EFKKELSARG YTHLLIQMGR GSY------- 	
Sb08g016480.1_Sbic_         ---------- ----MAVDSP EVKMALLQKG YSNLLIQMGR GTY------- 	
GRMZM2G124671_P01_Zmay_     VFVTVGTTCF DALVMAVDSP EVKKALLQKG YSNLLIQMGR GTY------- 	
Sb04g017490.1_Sbic_         ---------- ----MAVASP EVKKALLQKG YSNLVIQMGR GTY------- 	
BGIOSGA008178-PA_Oind_      ---------- ---------- ---------- ---------- ---------- 	
E_GW1.232.43.1_Ppat_        VLVTVGTTLF DALVREASSQ PCRQVLADFG YSSLVIQRGK GSF------- 	
scaffold_702792.1_Alyr_     VFVTVGTTSF DALVKAVVSE DVKDELQKRG FTHLLIQMGR GIF------- 	
R10D12.12_Cele_             ---------- ---------- ---------- ---------- ---NQDVIDR 	
ENSCINP00000002474_Cint_    IFVTVGTTSF DELTETITSK PVQKVLQSQG YDKVTIQYGR GKH------- 	
scaffold_603852.1_Alyr_     VFVTVGTTSF DALVKAVVSE DVKDELQKRG FTHLLIQMGR GNF------- 	
AT4G16710.1_Atha_           VFVTVGTTSF DALVKAVVSQ NVKDELQKRG FTHLLIQMGR GIF------- 	
LOC_Os02g26814.1_Osat_      VFVTVGTTCF DALVKAVDSP QVKEALLEKG YTDLIIQMGR GTY------- 	
GSVIVT01000019001_Vvin_     VFVTVGTTCF DALVKAVDTH EFKRELFARG YTHLLIQMGR GSY------- 	
FBpp0084782_Dmel_           VYITVGTTKF DALISTASTE PALKALQNRK CTKLVIQHGN SQP------- 	
POPTR_0013s02650.1_Ptri_    VFVTVGTTLF DALVRTVDTK EVKQELLRKG YTDLVIQMGR GSY------- 	



Orthologs & Paralogs 
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Gene-Centered Synteny Build 
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2010: Implemented with automated pipeline runnables 
•  Release 31: monocots 
•  Release 32: dicots 

Oryza sativa Japonica O.jap 

Brachypodium distachyon YES B.dis 

Sorghum bicolor YES YES S.bic 

Arabidopsis thaliana - - - A.tha 

Arabidopsis lyrata - - - YES A.lyr 

Vitis vinifera - - - YES YES V.vin 

Poplar trichocarpa - - - YES YES YES P.tri 

Compara Orthologs Collinear mappings (DAGchainer) 
“in-range” mappings near collinear anchors 

 

Map 



Synteny Browser 
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Grape Reference Highlights Duplicated 
Regions in Arabidopsis and Poplar 

• Polyploid and segmental 
duplications manifest as co-
syntenic regions 

• SyntenyView links to 
browser: Thus users can 
easily navigate between 
duplicated regions 
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26346 genes 
86% in families 
3714 singletons 
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Tandem Duplicate Detection 

•  Adjacent paralogs with no more 
than 2 intervening unrelated gene 

•  Increase gene dosage 
•  Diversifying selection 
•  Often species-specific 
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Species Clusters Genes Largest Function 
Rice japonica 2519 7054 24 phytosulfokine receptor-like (LRR-kinase receptor) 
Sorghum 2182 5927 19 Chalcone-stilbene synthase like 
Maize 1871 4564 22 DUF1754 (domain of unknown function) 
Arabidopsis 1738 4581 28 ECA1 gametogenesis related family 
Grape 1999 5799 28 Terpenoid cyclase 

LRR-Kinase cluster in rice 

LRR-Kinase species-specific 
expansions 



SNP View 
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71K SNPs from Myles et al 
PLoS One. 2010 Jan 13;5(1):e8219 

•  Synonymous coding 
•  Non-synonymous 

coding 
•  Stop gain/loss 
•  Splice site 
•  UTR 
•  Intronic 

Functional consequences of variant 



Data Access 
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BioMart 
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Homologs, structure/function prediction, SNP 



Tutorials 
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Self-run tutorial as well as 
PowerPoint slides, 
handouts, and exercises 

http://www.openhelix.com/gramene 



Web Services 
•  Distributed Annotation Server (DAS) serving 

Ensembl genes as well as Gramene markers, 
sequences, and QTL 

•  Gramene Mart integration with Galaxy 
•  Public MySQL server 
•  Diversity data via Tassel and GDPC 
•  Subversion for code access  
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Data Files 
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Family-based Annotation 
•  Root_node ID indicates family (each a different gene tree) 
•  Mine on InterPro domains 
•  Examples: 

–  HLH: 33 trees;  140 genes; 127 with domain 
–  MYB: 57 trees;  266 genes;  249 with domain 
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V0_tree_ipr.txt 



Tandem Arrays 
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Largest has 28 genes covering 580 kb! 
Terpenoid cyclase 

•  Often rapidly evolving 
•  Species-specific expansion 
•  Frequent pseudogenization 
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Count	   representa4ve	   start	  range	   InterPro	   Family	  
28	   GSVIVG01029527001	   9:21929401-‐22509692	   IPR001330=Prenyltrans!IPR008930=Terpenoid_cyclase/PrenylTrfase!IPR018333=Squalene_cyclase	   240317	  
21	   GSVIVG01021326001	   10:4055584-‐4441034	   IPR002283=Isopenicillin-‐N_synthase!IPR005123=Oxoglutarate/Fe-‐dep_oxygenase	   182691	  
18	   GSVIVG01032025001	   13:23425164-‐23649470	   IPR001360=Glyco_hydro_1!IPR017853=Glyco_hydro_cataly4c_core	   138137	  

16	   GSVIVG01010590001	   16:16268747-‐16695695	  
IPR001099=Chalcone/s4lbene_synthase_N!IPR011141=Polyke4de_synthase_type-‐III!IPR012328=Chalcone/
s4lbene_synth_C!IPR013747=ACP_syn_III_C!IPR016039=Thiolase-‐like	   320615	  

16	   GSVIVG01020647001	   12:3482933-‐3698087	   IPR001077=O_MeTrfase_2!IPR012967=Plant_MeTrfase_dimerisa4on!IPR016461=O-‐MeTrfase_COMT_euk	   160055	  

16	   GSVIVG01024899001	   6:6168813-‐6302405	  
IPR002198=DH_sc/Rdtase_SDR!IPR002347=Glc/ribitol_DH!IPR002424=Insect_AlcDH_fam!
IPR003560=DHB_DH!IPR013968=PKS_KR!IPR016040=NAD(P)-‐bd_dom	   112713	  

16	   GSVIVG01027734001	   5:7321488-‐7468939	   IPR002283=Isopenicillin-‐N_synthase!IPR005123=Oxoglutarate/Fe-‐dep_oxygenase	   183365	  
15	   GSVIVG01027145001	   15:17436787-‐17635542	   IPR004255=UPF0089	   358659	  
15	   GSVIVG01029176001	   11:18939068-‐19013959	   IPR000757=Glyco_hydro_16!IPR008264=Beta_glucanase!IPR008985=ConA-‐like_lec_gl!IPR010713=XET_C	   248433	  
15	   GSVIVG01013583001	   5:21184286-‐21880043	   IPR002110=Ankyrin_rpt!IPR020683=Ankyrin_rpt-‐contain_dom	   42684	  
15	   GSVIVG01021473001	   10:5939677-‐6150700	   IPR001330=Prenyltrans!IPR008930=Terpenoid_cyclase/PrenylTrfase!IPR018333=Squalene_cyclase	   240317	  
15	   GSVIVG01024138001	   3:858886-‐922119	   IPR003676=Auxin_inducible	   293636	  

1999 detected clusters 
5799 genes 

vv_paralog_clusters.txt 

clust_id = name of cluster 
root_id = name of family 



Automated Detection of Split Genes 
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Special class of “paralog” since Ensembl 58 
Contiguous split paralog: Non-overlapping, nearby (<1 Mb), same strand 
Putative split paralog: Non-overlapping, different regions (e.g. scaffolds) 

Species Split Genes 
Populus trichocarpa 1181 
Sorghum bicolor 1087 
Oryza sativa Japonica 916 
Vitis vinifera 526 
Oryza sativa Indica 365 
Zea mays 280 
Arabidopsis lyrata 202 
Arabidopsis thaliana 137 

Brachypodium distachyon 101 

Genome alignment confirms inconsistent annotation 



Putative split ex 2: 

•  Arabidopsis and Rice orthologs 
both show one gene 

•  Arabidopsis ortholog in correct 
syntenic context 
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Putative split model ex. 2 

Models and EST suggest that two genes could be joined 



Putative split model ex. 1 
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•  Arabidopsis and Rice orthologs 
both show one gene 

•  Arabidopsis ortholog in correct 
syntenic context 



Models and EST suggest that two genes could be joined 

Putative split model ex. 1 
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Split Model Annotation 

•  446 genes in 134 tandem arrays (“clust_id”) 
•  80 genes not in tandem arrays (“NULL”) 
•  URL to gene tree provided 
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v0_putative_split.txt 



Putative “missing” genes 
•  Arabidopsis gene aligns to grape region that lacks a v0 gene 
•  Can be in syntenic region or not 
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Example 1 



Putative “missing” example 2 
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•  1837 Genes in Arabidopsis align to locations that lack an 
annotated v0 gene. 
–  Frequently single exon genes 
–  Frequently ncRNA genes 
–  Sometimes transposon (rare in TAIR9 annotations) 

•  Prioritize 754 having InterPro domains in Arabidopsis, e.g.: 
–  9 have HLH DNA-binding domains; 5 bZIP TF; 3 MYB 
–  28 Disease R genes 
–  22 with protein kinase domains 
–  2 cyt-P450 
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v0_putative_missing.txt 

v0_putative_missing.txt 



Project Function From Orthologs 
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vv_at_orthologs.txt 

16,810 grape genes orthologous to 19,080 
Arabidopsis genes 



Domesticated Transposons 
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FAR1/FHY3 family, transcription 
factors that evolved from Mu-
related transposes and in 
Arabidopsis function in light 
perception and signaling  



Conclusion 

• Gramene’s goal is to use comparative 
genomics to improve structural and 
functional annotation. 

• We need FEEDBACK! 
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The Ware Lab 

•  Doreen Ware 
•  Sharon Wei 
•  Will Spooner 
•  Ken Youens-Clark 
•  Shiran Pasternak 
•  Jim Thomason 
•  Aaron Chuah 
•  Marcela Monaco 
•  Liya Ren (past) 
•  Jerry Lu 

Grape RCN   June 2-5, 2011 43 



Grape RCN   June 2-5, 2011 44 

Oryza sativa Japonica  
  Oryza sativa 
Oryza sativa Indica 
  BEP clade 
Brachypodium distachyon 
  Poaceae 
Sorghum bicolor 
  Andropogoneae 
Zea mays 
  Magnoliophyta 
Arabidopsis thaliana 
  Arabidopsis 
Arabidopsis lyrata 
  Rosids 
Populus trichocarpa 
  Core eudicotyledons 
Vitis vinifera 
  Embryophyta (plants) 
Physcomitrella 
  Eukaryota 
Homo sapiens 
  Chordata 
Ciona intestinalis 
  Coleomata 
Drosophila melanogaster 
  Bilateria 
Caenorhabditis elegans 
  Fungi/Metazoa 
Saccharomyces cerevisiea 



EPO Multiple Alignment & Ancestor Reconstruction 
•  Gramene implementation in 2010 
•  Release 32: 8-way EPO alignment 

–  Rice japonica, indica, Brachypodium, sorghum, Arabidopsis, 
A. lyrata, grape, poplar 

Paten et al (2008) Genome Research 18:1814 
Paten et al (2008) Genome Research 18:1829 
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2010 Genomes Development: 
Constrained Elements 

•  Genomic Evolutionary Rate Profiling (GERP): measures 
purifying selection 

•  Method testing using 4-way and 8-way EPO alignments as 
input with varying parameters 

•  Input tree generated from 1301 ortholog sets 
•  Planning release in 2011 
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Cooper et al (2005) Genome Research 15:901 


