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Developing	  tools	  and	  resources	  for	  oat	  breeding	  
	  	  

•  Marker,	  map	  and	  genome	  resource	  development	  	  
•  PopulaAon,	  germplasm	  and	  comparaAve	  geneAc	  
resource	  development	  

•  Phenotyping	  and	  trait	  dissecAon	  
	   Marker	  

development	  

Precision	  
phenotyping	  

Popula7on	  
Development	  

Genes 



Working	  across	  scales-‐	  from	  field	  to	  genome	  	  
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Diploid	  sequencing	  
	  	  	  	  	  	  mapping	  
	  	  	  	  	  	  QTL	  analysis	  

Hexaploid	  mapping	  
	   	  QTL	  analysis	  

Compara7ve	  genomics	  

Trait	  dissec7on	  
Associa7on	  
with	  markers	  
MAS	  

Popula7on	  
development	  



Avena	  comprises	  	  a	  polyploid	  series	  of	  species	  
	  

Ø  Diploids	  (14	  chromosomes)	  	  

Ø  Tetraploids	  (28)	  	  

Ø  Hexaploids	  (42)	  	  ~13000Mb	  

The	  cul7vated	  oat	  is	  hexaploid,	  containing	  AA,	  CC	  
and	  DD	  genomes	  

	  

An	  Avena	  A	  genome	  zipper	  has	  been	  
constructed	  based	  on	  sequencing	  of	  
parents	  and	  inbred	  progeny	  from	  an	  
interspecific	  cross	  between	  wild	  and	  
domesAcated	  diploid	  species	  A.	  
atlan*ca	  and	  A.	  strigosa	  



A.	  atlan:ca	  genome	  assembly	  

Illumina HiSeq 
2000 

157 gigabase 
data 
~40x coverage 

4.1 gigabase genome 

200/350/700/2000 bp 

100 bp 100 bp 

unassembled 
(33%)
scaffolding (16%)
repetitve sequence 
(36%)
unique sequence 
(15%)



GeneAc	  
Mapping	   x	  
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selfing 
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186 F6 individuals 
(RILs) 

10000	  GBS	  
markers,	  92	  RILs	  

gene7c	  map	  

A. atlantica A. strigosa 

Illumina	  reads	  
	  

40x	  coverage	  PE/MP	  
	  

6x	  coverage	  PE	  
	  

2x	  coverage	  PE	  
of	  15	  RILs	  

atlan7ca	  agenome	  ssembly	  
strigosa	  SNP	  catalog	  

Genome	  
Assembly	  



Genome	  AnnotaAon	  
●  Compare	  sequence	  to	  known	  grass	  genes	  

–  Brachypodium,	  rice,	  sorghum,	  barley	  
–  Uniprot	  Poaceae	  proteiins	  

●  gmap	  -‐	  align	  oat	  transcripts	  
–  A.	  barbata	  
–  A.	  sa:va	  

●  ab	  ini7o	  gene	  predic7on	  
–  Augustus	  

●  CEGMA	  (conserved	  eukaryo7c)	  genes	  
–  84%	  complete	  
–  96%	  at	  least	  par7al	  

●  iden7fy	  repeats	  
–  repeatmodeler,	  repeat	  masker	  



gene models 

ab initio predictions 

aligned oat 
transcripts 

aligned grass transcripts 
(Brachypodium, rice, sorghum) 

repetitive sequences 
aligned grass proteins 

Contig browser (Gbrowse) 

30723 predicted genes 



Placing	  Genes	  on	  the	  Map	  

10000 GBS 
markers 
tested on parents 
and 92 RILs 

4.2 million WGS 
markers tested 
on parents and 
15 selected RILs 



Flowering	  Time	  QTL	  



Comparison	  to	  Other	  Genomes	  

barley brachypodium rice 

sorghum 

Avena atlantica 

putative orthologous genes 
identified using stringent two-way 
BLAST homology search 



Other	  ‘reference’	  genomes?	  

	  DIPLOID	  C	  

atlanAca	  A	  

aga27	  3756	  60	  D08	  
agad6-‐3740	  24	  H03	  

A7.12r-‐3808	  71	  G09	  
A7.5f-‐3808	  20	  D03	  
A7.9f-‐3808	  22	  F03	  

agad1-‐3740	  23	  G03	  
aga17	  3757	  29-‐124	  E04	  
aga30	  3756	  61	  E08	  

damas5-‐3740	  26	  B04	  
damas4-‐3740	  65	  A09	  

vent-‐1f-‐3808	  06	  F01	  
eriM-‐4r-‐3808	  95	  G12	  
eriM-‐1f-‐3808	  45	  E06	  
eri7735-‐5r-‐3808	  63	  G08	  
eriM-‐3f-‐3808	  46	  F06	  
eri7735-‐2f-‐3808	  14	  F02	  
macro11-‐3740	  22	  F03	  

macro3-‐3740	  61	  E08	  
nud28	  3756	  36	  D05	  
maroc-‐11f-‐3808	  25	  A04	  
maroc-‐6r-‐3808	  72	  H09	  
insulM-‐4f-‐3808	  04	  D01	  
insulM-‐10f-‐3808	  05	  E01	  
ster9-‐3740	  16	  H02	  

ster16-‐3740	  20	  D03	  
murph-‐1r-‐3808	  64	  H08	  
murph-‐7f-‐3808	  18	  B03	  

kan19	  3756	  85	  E11	  
kan12	  3756	  82	  B11	  
kan20	  3756	  86	  F11	  
kan1-‐3740	  40	  H05	  
CwPt-‐10r-‐3808	  61	  E08	  
CwPt-‐2r-‐3808	  57	  A08	  
GW44	  3756	  53	  E07	  
GW23	  375715-‐110	  G02	  
A7.7f-‐3808	  21	  E03	  
GW37	  3756	  50	  B07	  
CwPt-‐8f-‐3808	  12	  D02	  
GW14-‐3740	  06	  F01	  

murph-‐12f-‐3808	  19	  C03	  
insulM-‐2f-‐3808	  02	  B01	  
murph-‐2f-‐3808	  17	  A03	  

insulM-‐3r-‐3808	  51	  C07	  
ins10-‐3740	  79	  G10	  

occ6-‐3740	  78	  F10	  
occ19	  3756	  40	  H05	  
GW4-‐3740	  02	  B01	  

GW38	  3756	  51	  C07	  
GW32	  3757	  17-‐112	  A03	  
GW5-‐3740	  03	  C01	  
GW11-‐3740	  04	  D01	  

GW1-‐3740	  01	  A01	  
GW42	  3757	  20-‐115	  D03	  

GW15-‐3740	  07	  G01	  
GW53	  3757	  23-‐118	  G03	  

bar20	  3756	  63	  G08	  
bar21	  3756	  64	  H08	  
lonM276r-‐3808	  88	  H11	  

occ16	  3756	  39	  G05	  
longB1-‐3740	  36	  D05	  
lonM11-‐3f-‐3808	  42	  B06	  
lonM273r-‐3808	  87	  G11	  
lonB16	  375706-‐101	  F01	  
lonM11-‐1f-‐3808	  41	  A06	  

CwPt-‐3f-‐3808	  10	  B02	  
GW25	  375716-‐111	  H02	  
GW12-‐3740	  05	  E01	  
lon14	  3756	  70	  F09	  

lon16	  3756	  71	  G09	  
A3.3f-‐3808	  48	  H06	  

7651-‐4-‐7r-‐3808	  76	  D10	  
nud13	  3657-‐96-‐TL	  A01	  
7651-‐1-‐-‐5r-‐3808	  85	  E11	  

wie12	  3756	  05	  E01	  
nud17	  3756	  34	  B05	  
strig5-‐3740	  27	  C04	  

his11	  3756	  01	  A01	  
7651-‐3-‐7f-‐3808	  35	  C05	  
strigD30	  3756	  15	  G02	  

7651-‐3-‐5r-‐3808	  82	  B11	  
7651-‐3-‐11f-‐3808	  36	  D05	  
strigD21	  3756	  78	  F10	  

7651-‐4-‐6r-‐3808	  75	  C10	  
strigD16	  3756	  76	  D10	  strigD20	  3756	  77	  E10	  7651-‐4-‐1r-‐3808	  74	  B10	  

nuda1-‐3740	  68	  D09	  
wie11	  3756	  68	  D09	  

7651-‐3-‐1f-‐3808	  33	  A05	  
barb1-‐3740	  53	  E07	  
bar11	  3756	  56	  H07	  bar24	  3757	  25-‐120	  A04	  

7277-‐3-‐7f-‐3808	  30	  F04	  
7277-‐3-‐12r-‐3808	  80	  H10	  
atl15	  3756	  10	  B02	  

hirt14	  3756	  67	  C09	  
atl13	  3756	  09	  A02	  
atl12	  3756	  72	  H09	  

hirt13	  3756	  66	  B09	  
7277-‐3-‐2r-‐3808	  77	  E10	  

atlant1-‐3740	  73	  A10	  
atlant6-‐3740	  75	  C10	  

strigosa	  A	  
	  

POLYPLOID	  C	  

POLYPLOID	  D	  

POLYPLOID	  A	  

damascena	  	  pre-‐A/C?	  

ventricosa	  -‐	  C	  

Insularis	  
DC	  

‘longiglumis’	  A	  

Hexaploid	  consensus	  

A	  

D	  

C	  

Use for “eGISH” 

20D?	  

1C	  	  	  	  2C	  	  3C	  	  	  4C	  	  	  5C	  	  	  6C	  	  	  7C	  8A	  9D	  10
D	  
11
A	  
12D	  13A	  	  14D	   15

A	  
16
A	  

17
A	  
18
D	  
19A	  20D	  21D	  



Hexaploid	  consensus	  

A	  
at
la
n*

ca
	  



Integra7on	  with	  hexaploid	  maps	  will	  allow	  rapid	  
iden7fica7on	  of	  candidate	  genes	  and	  development	  of	  

func7onal	  markers	  linked	  to	  phenotype	  
	  

Need	  to	  validate	  candidates,	  dissect	  traits	  and	  priori7se	  
breeding	  targets?	  

Beyond	  diploids-‐	  uses	  of	  the	  genomics	  reference	  
informaAon	  in	  the	  oat	  crop	  



 
Ø Bi-parental  
Ø Association mapping (including spring oat 

population and European landrace collections) 
Ø Wild relatives (diploid, tetraploid and hexaploid) 
Ø MAGIC population 
Ø Nested Association Mapping (NAM) 
Ø  TILLING 
Ø QTL-NILs 
Ø Breeding programme crosses for testing/ validation 

of MAS and genomic selection 

 

 
 

PopulaAon	  development	  



Winter	  oat	  mapping	  family	  

Tardis	  
� convenAonal	  height	  	  
� good	  kernel	  content	  
� large	  grains	  
� high	  resistance	  to	  
mildew	  from	  PC54.	  	  

Buffalo	  
� dwarf	  	  variety	  
� low	  kernel	  content	  
� small	  grains	  
� poor	  resistance	  to	  mildew	  
� High	  NUpE	  

239	  RILs	  genotyped	  with	  SSRs,	  DArT	  and	  GBS	  
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Bridging	  to	  Other	  Genomes	  

rice Avena sativa 

Avena atlantica 

GBS tag / 
QTL 

rice genes 



Buffalo	  x	  Tardis	  grain	  quality	  
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Buffalo	  x	  Tardis	  grain	  size	  
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Rela7onship	  between	  TGW	  and	  kernel	  content	  

R² = 0.49734 
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Buffalo	  x	  Tardis	  NUE	  
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Buffalo	  x	  Tardis	  RIL	  populaAon	  and	  MAGIC	  
parents	  in	  phenomics	  centre	  



NPPC Capabilities:  
 

• Conveyor based system 
• c900 radio-tagged carriages 
• Automated delivery to imaging 
stations  
  

A platform for non-destructive dynamic imaging of plant growth & development 

• Climate controlled 
glasshouses 
• State-of-the art 
imaging stations 
• High performance 
computational 
facilities to allow 
storage and retrieval 
of datasets 
• Bio-informatics/ 
ontology framework 
• Flexible layout:- 
randomisation in time 
and place  



1:	  Trial	  plots	  &	  Field	  
Phenotyping	  

2:	  SmartHouse	   3:	  Nutrient	  Flow	  GH	  

5:	  Organ,	  Cell	  &	  	  
Molecular	  Analysis	  
a.	  HiSeq	  
b.	  Mass	  spec	  
c.	  FTIR/NIR,	  Micro-‐Raman	  
d.	  Molecular	  Devices	  
Microscopy	  
e.	  Marvin	  grain	  analyser	  
f.	  CT	  scanning	  

6:	  Bio-‐informaAcs	  
Data	  IntegraAon	  and	  Analysis	  

4:	  Photo-‐Physiology	  
a.	  PAM	  fluormeters	  
b.	  Chlorophyll	  Imager	  
c.	  Gas	  analyser	  

IntegraAng	  High	  Content	  Plant	  
Phenotyping	  



Genetic resources for functional genomics 

MAGIC - compare allele in multiple 
related backgrounds 

Breeding panels - identify novel 
alleles in agronomically adapted 
backgrounds 

Diversity panels - identify novel 
alleles in environmentally adapted 
backgrounds 

TILLING - identify extreme alleles 
to confirm link with phenotype 
(diploid) 

NAM - compare alleles in related 
or near-identical backgrounds 

2500 azide 
treated lines 
(w/JIC, 2013) 

600 F7 from 15 
populations 

(2014) 

600 S6 from  8 
intercrossed 

parents  (2015) 

as required 

as required 
(>150 diploids, 
>600 landraces 

etc) 

AR
TI
FI
CI
AL

	  
AP

PL
IE
D	  



4-‐C3	  early	  flowering	  3-‐A1	  dwarf	  

9-‐A3	  high	  Allering	  
10-‐E1	  early	  	  
senescence	  

27-‐C2	  high	  	  
anthocyanin	  

Visible	  
phenotypes	  

in	  the	  	  
A.	  strigosa	  
TILLING	  

populaAon	  
(UK	  RevGen	  
collaboraAon)	  



Spring	  oat	  MAGIC	  
populaAon	  
development	  
	  

2009  

2011  

2010   

8 spring oats chosen to 
sample world-wide 
genetic diversity 
(highlighted in blue  in 
dendrogram from results 
from DArT analysis)  



Stages	  in	  MAGIC	  populaAon	  development	  
	  2009:	  1st	  genera7on	  of	  crosses	  successfully	  completed	  (28	  x	  2	  way	  crosses)	  

Female panicle selected and emasculated Male pollen donor Set-up cross 

    1	   2 3 4 5 6 7 8 
    Ogle TAM O-301 Ac Assiniboia HiFi CDC Dancer Firth Pol CDC SolFi 
1 Ogle                 
2 TAM O-301 12	  
3 Ac Assiniboia 13	   23	  
4 HiFi 14	   24	   34	  
5 CDC Dancer 15	   25	   35	   45	  
6 Firth 16	   26	   36	   46	   56	  
7 Pol 17	   27	   37	   47	   57	   67	  
8 CDC SolFi 18	   28	   38	   48	   58	   68	   78	  



2011: 	  3rd	  genera7on	  of	  crossing	  successfully	  
	  completed	  (42	  crosses	  combining	  8	  
	  genotypes).	  1st	  genera7on	  of	  single	  seed	  
	  descent	  (SSD)	  harvested	  October	  2011	  

2012:	   	  2rd	  genera7on	  of	  SSD	  harvested	  June	  ; 	  3rd	  
	  genera7on	  of	  SSD	  harvested	  Dec	  2012	  

2013: 	  4th	  genera7on	  of	  SSD	  sown	  February	  
	  2013	  and	  popula7on	  size	  increased	  
	  5th	  genera7on	  of	  SSD	  harvested	  2014	  

2014:	  seed	  mul7plica7on	  in	  progress	  along	   	  with	  
	  preliminary	  phenotyping	  and	  DNA	  extrac7on,	  
	  ready	  for	  sowing	  in	  field	  2015	  

Progress	  in	  MAGIC	  populaAon	  development	  
	  2009:	  1st	  genera7on	  of	  crosses	  successfully	  completed	  (28	  x	  2	  way	  crosses)	  

2010:	  2nd	  genera7on	  of	  crossing	  successfully	  completed	  	  (28	  crosses	  
combining	  4	  genotypes)	  
	  	  



9	  QTL-‐NIL	  popula7ons	  developed	  using	  MAS	  targe7ng	  
introgression	  of	  key	  QTL	  into	  either	  a	  Buffalo	  or	  Tardis	  
background	  
•  Dwarf	  
•  Flowering	  7me/	  	  
vernalisa7on/	  photoperiod	  
•  Crown	  rust	  	  resistance	  
•  Mildew	  resistance	  
•  Grain	  size	  
•  TGW	  

Using	  both	  foreground	  and	  background	  selec7on	  

Tardis	  
+	  Buffalo	  
QTL	  on	  LG13	  

Buffalo	  
+	  Tardis	  FT	  QTL	  
on	  LG13	  

Buffalo	   Tardis	  



•  Assessment	  of	  gene7c	  diversity	  of	  breeding	  programme	  
•  Selec7on	  of	  appropriate	  parents	  to	  use	  in	  the	  crossing	  programme	  
•  Characterising	  novel	  sources	  of	  traits	  
•  Iden7fying/	  verifying	  marker-‐trait	  associa7ons	  
•  Back-‐cross	  introgression	  of	  exo7c	  alleles	  into	  a	  UK	  adapted	  

background	  
•  Fixing	  mul7ple	  disease	  resistance	  alleles	  at	  an	  early	  stage	  in	  the	  

breeding	  programme	  
•  Iden7fica7on	  of	  individuals	  at	  an	  early	  stage	  in	  breeding	  

programme	  containing	  desired	  allele	  combina7ons	  in	  conjunc7on	  
with	  agronomic	  assessments.	  

•  Checking	  uniformity	  of	  advanced	  breeding	  lines	  

How markers are being used: 



Three	  general	  strategies	  for	  molecular	  breeding	  

•  Fix	  large-‐effect	  QTL	  from	  specific	  sources	  iden7fied	  through	  
bi-‐parental	  mapping	  

•  Target	  medium-‐effect	  QTL	  with	  common	  alleles	  found	  
through	  genome-‐wide	  associa7on	  (GWAS)	  

•  Enrich	  small-‐effect	  QTL	  through	  genomic	  selec7on	  (GS)	  
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Example:	  IdenAficaAon	  of	  markers	  
linked	  to	  QTL	  associated	  with	  
disease	  resistance	  

DiagnosAc	  markers	  now	  rouAnely	  
used	  in	  breeding	  programme	  to	  
develop	  novel	  disease	  resistant	  
varieAes.	  
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avgbs_235770 139.6
TR002 141.4

avgbs_387751 145.4
avgbs_206188 avgbs_230943 avgbs_424005 147.4

avgbs_232614 avgbs_12301 149.8
avgbs_206086 158.5
avgbs_124562 169.0

avgbs_224592 avgbs_224924 avgbs_116101 170.6
avgbs_45858 avgbs_223550 171.8

AM14.160 172.3
OL0242 avgbs_424071 181.4
avgbs_424891 MULT6G 183.0

OL0221 186.1
TR217 TR127 187.1

TR241 Barb3.37 187.7
avgbs_73815 188.8

avgbs_200127 avgbs_217617 avgbs_1121 avgbs_203883 191.8
avgbs_224089 192.1

avgbs_215297 avgbs_225818 avgbs_99496 avgbs_216905 192.4
avgbs_14740 avgbs_224714 avgbs_424377 193.0
avgbs_119147 avgbs_424414 avgbs_424853 195.8

avgbs_214316 197.1
avgbs_204280 197.7
avgbs_424053 198.8

avgbs_424796 avgbs_424105 avgbs_424920 avgbs_201058 avgbs_424856 200.5
avgbs_215422 avgbs_81653 201.1

avgbs_424281 avgbs_424867 avgbs_377699 avgbs_225756 avgbs_424911
avgbs_424041 avgbs_424882 201.7
MAMA03 OL0921.66 HVM20 202.8

avgbs_424134 avgbs_314498 AME107.156 avgbs_66421 avgbs_19209
avgbs_93126 avgbs_219317 avgbs_48289 avgbs_214700 avgbs_424206 204.7

avgbs_219991 avgbs_22331 avgbs_58919 AME107.187 AM02
avgbs_214956 avgbs_44711 avgbs_213348 avgbs_1567 avgbs_31976
avgbs_424355 avgbs_214242 avgbs_90619 avgbs_203567 avgbs_8660

avgbs_213744 avgbs_38639 avgbs_205416
205.3

avgbs_105254 206.4
Barb3-24a 208.0

OL2133 TR230 209.6
avgbs_424346 avgbs_237929 avgbs_76036 avgbs_412345 211.5

avgbs_424845 avgbs_6K_82195 avgbs_298974 avgbs_423990 212.1
avgbs_424546 avgbs_6K_16991 avgbs_217077 213.6

avgbs_18996 234.0

BT_2

avgbs_219875 1.4
avgbs_203402 2.5
avgbs_215156 2.8
avgbs_8098 2.9

avgbs_213830 avgbs_213309 5.5
avgbs_205087 9.1
avgbs_222160 16.0
avgbs_219516 27.2
avgbs_221816 35.4
avgbs_52390 35.9

avgbs_221374 avgbs_216234 47.5
avgbs_221790 52.9

avgbs_206188 0.0
avgbs_232614 11.8

avgbs_124562 avgbs_224924 14.0
avgbs_224592 14.1
avgbs_206086 14.7
avgbs_230943 16.8
avgbs_223351 18.4
avgbs_84460 19.5
avgbs_224639 19.8
avgbs_222311 25.9
avgbs_116101 44.4
avgbs_231291 52.2
avgbs_213732 52.7
avgbs_9520 56.0

avgbs_44000 avgbs_58919 57.1
avgbs_218338 avgbs_205308 58.1
avgbs_219724 avgbs_66421 58.2

avgbs_38639 58.3
avgbs_13284 avgbs_201758 59.2
avgbs_22331 avgbs_214242 59.7

avgbs_31976 59.8
avgbs_119147 60.7

avgbs_214316 avgbs_214700 avgbs_214956 avgbs_1567 avgbs_90619
avgbs_203567 60.9

avgbs_204280 avgbs_215422 61.3
avgbs_213348 avgbs_8660 61.4

avgbs_201058 avgbs_225756 avgbs_19209 avgbs_93126 avgbs_48289
avgbs_219991 avgbs_44711 avgbs_213744 avgbs_205416 61.8

avgbs_237929 62.5
avgbs_1121 62.8
avgbs_14740 63.4
avgbs_215297 63.5

avgbs_73815 avgbs_224089 avgbs_225818 avgbs_99496 avgbs_216905
avgbs_224714 63.9
avgbs_202899 65.2
avgbs_205149 65.4
avgbs_217697 66.8
avgbs_221983 67.1
avgbs_115131 67.3

avgbs_213761 avgbs_224948 avgbs_223527 avgbs_225051 avgbs_200127
avgbs_217617 68.5
avgbs_216943 69.0
avgbs_125002 70.2
avgbs_223540 70.6
avgbs_219317 71.3

avgbs_230338 avgbs_207662 73.3
avgbs_105254 74.6

avgbs_221161 avgbs_235770 avgbs_45858 78.4
avgbs_224751 79.2
avgbs_223550 80.3
avgbs_203899 82.0
avgbs_85643 83.1

avgbs_13993 avgbs_6K_8678 83.9
avgbs_218479 85.0
avgbs_121838 85.8

C_17A-7C



Low lignin husk is being incorporated into new varieties to 
improve digestibility and enhance feed value 

Low lignin can be 

detected by colorimetric 

methods 

-time consuming and 

conducted post harvest 

SNP assay 
Rapid, accurate and uses 
leaf tissue 
 
Thanks to Pete Eckstein et 
al. CDC, Saskatoon  



The	  future	  
•  Current	  molecular	  markers	  used	  in	  breeding	  
programme	  are	  in	  the	  main	  linked	  to	  traits	  
condi7oned	  by	  a	  small	  number	  of	  genes	  or	  for	  
one	  component	  of	  a	  mul7-‐gene	  trait	  

•  Decreased	  costs	  of	  sequencing	  mean	  that	  whole	  
genome	  analysis	  now	  a	  cost-‐effec7ve	  reality	  

•  Extend	  into	  mul7-‐gene	  traits	  such	  as	  yield	  and	  to	  
combine	  mul7ple	  traits	  
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