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Presenter
Presentation Notes
Good morning, I will present today the progress of our lab to improve wheat nutritional value and adaptability to changing environments. Among the 15 HHMI plant researchers, my lab is the only one that works in a crop rather than in a model plant species. It is a complex polyploid species with a large genome, so why working in wheat? 
Red-winged Blackbird (Agelaius phoeniceus).



AA Triticum urartu 
               2x, n=7 

BB Section Sitopsis 
              2x, n=7 

DD Aegilops tauschii  
                 2x, n=7 

Origin of the polyploid wheat species 

AABB Triticum turgidum 
                      4x, n=14 ~500,000 y 

AABBDD Triticum aestivum 
                           6x, n=21 

~10,000 years 

5-7 MYA 

Wheat polyploid species are relatively young and there is a 
high level of functional redundancy among homeologs! 
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Presenter
Presentation Notes
The current wheat polyploids originates from three diploid species that diverged 5-7 MYA and that are ~97.3% identical at the DNA level in the coding regions. 
The A and B genome species originated the tetraploid wheats that then hybridized with the D genome diploid to generate hexaploid wheat
These polyploid species are very young and there is a high level of functional redundancy among homoeologs



Erosion 

Young mountains Old mountains 

Plant genome landscape 

Diploid-like species 
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Polyploidization  

Paterson et al. 2004 

Diploidization 

Wolfe 2001 

Triticeae 

Presenter
Presentation Notes
As soon as a polyploid event occurs, and most genes are duplicated there is a relaxation on the selection pressure and different genes start to be mutated, deleted, or changed to new functions  in the two genomes, leading to a slow return a a more “diploid-like” genome

There are even older polyploidization events, shown in red in this  phylogenetic tree. A polyploidization event occurred ~70 MYA in the grass lineage, so the species that we considered diploids for a long  time such as rice, are actually ancient tetraploids
After the formation of the polyploid genomes, gene are differentially deleted in the different genomes and in other cases are differentiated (subfunctionnalization) leading to a gradual diploidization 
I like to compare this process with the alteration of the physical landscape of orogenic events. The young mountains are tall and have sharp edges and erosion through  million of  years reduce its  height and round its borders
SO WHY IS THE DEGREE OF DIPLOIDIZATION IMPORTANT? In a young polyploiid most of the genes are  redundant and the effect of recessibve mutations Is masked by this redundancy.



Why is this important: the younger the polyploid is the more redundant  the  genomes are and the strongest is its buffer capacity. So in hexaploid wheat we have 3 copies for most of the genes, making it difficult to visualize the effect of individual homoeolog mutations
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Masking effect of redundant homoeologs 

In a young polyploid the effect of many recessive mutations is usually masked 
by homoeolog functional redundancy from natural or human selection  



Spring 

Diploid  
(Barley; T. monococcum) 

Diploid wheat  
Spring accessions have 
• Recessive vrn2 alleles 80% 
• Dominant Vrn1 alleles 20% 
 

Diploid barley   
Spring accessions have 
• Recessive vrn2 alleles ~40% 
• Dominant Vrn1 alleles ~60% 

SELECTION OF DIFFERENT TYPES OF VARIATION IN DIPLOID AND POLYPLOID SPECIES 
 

In young polyploid species the 
effect of many recessive alleles can 

be masked by gene redundancy  

VRN2 

VRN1 

-- 

FT1 
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Kippes et al. 2016. TAG 129:1417 

Combination of 
three recessive 
vrn2  mutations  
is spring 

Variation 
combined by 

MAS 

Vrn1 + 

FT1 

Fall 

Polyploid  
(bread wheat) 

Hexaploid wheat 
• No natural spring accession  
associated with vrn2 reported.  

• Mora than 10 Vrn1 dominant 
alleles have been identified  

-- -- -- 

FT1 

A 
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VRN2 

VRN1 

Diploid barley   
• Recessive resistant alleles 26% 
 
Hexaploid wheat 
• Recessive resistant alleles 7% 
 
                P = 0.0007 
 

Ann Rev. Genet 2017 51: on line first 

Rust resistance genes 

Presenter
Presentation Notes
Rust Resistance genes Wheat 6.7% recessive, Barley 26.3% recessive

Because wheat and barley expanded together (70) and are still frequently grown in similar locations, the adaptive changes in the reproductive systems of these two related species provide a unique opportunity to compare changes selected in diploid and polyploid species.



Gene redundancy and hidden variation 

Potential disadvantages of gene redundancy 
• Recessive mutations are masked by gene 

redundancy. 
• Forward genetic screens do not reveal many 

mutations in polyploid wheat. 
• Recessive variation is frequently hidden from 

natural or human selection. 

 
Potential advantages of gene redundancy  
• Young polyploids tolerate high mutation 

densities.  
• A high mutation density reduces the cost of 

sequencing complete mutant populations.  
• Reverse genetic tools can expose recessive 

variation previously hidden to natural or human 
selection. 
 

1200 

6x (1 mut / ~30 kb) 
4x (1 mut / ~40 kb) 
2x (1 mut / ~380 kb) 
            per plant 

1535 
90% 

Presenter
Presentation Notes
To get deleterious mutations in ~90% of the genes we need to sequence 1200 6x, 1500 4x or 15,000 diploids. When I got the HHMI support I realized that this was possible!



Wheat exome capture The wheat genome had a large expansion 
due to transposable elements 

T. t. ssp. durum 
• Genomes AABB 
• 13,000 Mb 
• 98% repetitive 

A. thaliana 
• 135 Mb 
• 55% repetitive 

Complementary 
genes 

15,878 

Total 82,511 genes 

• 1.1 million wheat ESTs 

• NCBI nr wheat genes 

• T. aestivum full length cDNAs 

• 4 T. aestivum transcriptomes 

• Homologs to barley genes 

• Annotated genes from our labs 

Kronos 
transcriptome 

66,633 

• Exome Capture  
Collaboration with NimbleGen 

Public wheat exon capture  
PNAS 2017 114:E913 

Magnetic beads carrying streptavidin, 
capture biotinylated probes 

Presenter
Presentation Notes
Sequencing the whole genome of all the mutants is not an efficient strategy in wheat because coding  regions include only 2% of the genome. The rest is repetitive regions, frequently nested into each other in multiple layers. So we decided to focus in the protein coding region of the  genome first using an exome capture approach. By the time we started this project , wheat did  not have an annotated genome so we did first a detailed transcriptome for multiple tissues. An innovation that we added  to our transcriptome was the incorporation of phasing algorithms previously used in highly heterozygous  organisms, to separate the two genomes and avoid chimeric assemblies. This strategy and the results were published in Genome Biology in 2013. 

We ended up with 82,511 genes , identified the exons, padded them with 30-bp flanking  sequences and teamed up with Nimblegen to develop the first exome capture for wheat, that is now publicly available without any restrictions. 



• Aligned transcripts to current draft  IWGS A+B genome sequence 
• 286,800 exons (76% padded with 30 bp of genomic sequence) 
• We optimized the α design based on 43 captures and generated a β design that is publicly available 
• Exon capture is very efficient 
• 84 Mb probes:  

• 119 Mb captured in tetraploid  
• 162 Mb captured in hexaploid.  

Wheat exome capture 

Optimizing mapping references 
  Design seq.  IWGSC Genomic A+B Genomic A+B+KUR 
% of reads mapped 
  

58% 91.8% 98.2% 

• Kronos Unmapped Reference: we took unmapped reads from 48 Kronos lines and assembled 
them into 40,975 contigs (33.8 Mb).  

• The addition of the KUR contigs to the A+B genome reference increased the % or mapped reads 
(6.4%) and reads mapped in pairs (5.7%).. 

Exon 

PNAS 2017 114:E913 

Presenter
Presentation Notes
In tetraploid: six captures per line. 8 mutants per capture. 
In hexaploid: 4-plex pooling = ~ 10 Gb per mutant (0.625 x whole genome coverage)
At least 60% of captured reads map are “on-target”. Not easy to determine between homoeologs not in the reference are still  on target!


An exome capture cost ~$400
It will change the way we work in wheat: isogenic lines or BSA you can target sequencing of lines for to find genic polymorphisms in specific chromosome regions.
76% 219,383 padded and 67,416 unpadded exons in the design covering a total of 84 Mb



M2 

Genomic 
DNA 
~ 1,535 lines (4x) 
~ 1,200 lines (6x) 

M1 
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Exon capture re-sequencing of wheat EMS mutant populations 

C. Uauy, 6x 
JIC-UK 

Presenter
Presentation Notes
Polyploid wheat species originated relatively recently and therefore, most genes are represented by more than one functional copy. These duplicated genes act as a buffer to the rapid natural changes occurring in the large and dynamic wheat genomes (1). Gene redundancy also provides tolerance to very high densities of induced mutations. We took advantage of this property to generate sequenced mutant populations for tetraploid and hexaploid wheat. We developed a wheat exome capture platform including 82,511 genes (2) and used it to re-sequence the protein coding regions of 1,536 tetraploid (my lab) and 1,200 hexaploid (JIC-UK-lab) mutant lines. Using a very stringent threshold and adapting a previous bioinformatics platform (3), we detected and catalogued in a public database ~10 million uniquely mapped high-confidence (>99.8%) induced mutations (35-40 mutations/kb per population, Fig. 1). These mutations were sufficient to generate truncations or deleterious amino acid changes in >90% of the detected genes. This public collection of mutant seed stocks and sequence data enables rapid identification of mutations in the homoeologous copies of most wheat genes, which can be combined to uncover previously hidden variation (4-7). More than 300 wheat researchers have been granted pre-publication access to this powerful reverse genetics tool that is changing the paradigm of what is possible in wheat functional genomics (8). 




Characterization of mutations in tetraploid wheat 

1535            1200 
4.2M           6.5M 

• Sequencing coverage 27-30X. Adapted  MAPS mutation calling pipeline developed by Luca Comai. 
• >10,000,000 mutations in wheat coding regions (99.8% accuracy). 
• >90% of the wheat genes have truncations or loss-of-function mutations. 
User possibilities (left panel of web site) 
• Default is 99.8% accuracy (HetMC5/ HomMC3) 
• User can see another 5,000,000 mutations at >90% accuracy (HetMC3 /HomMC2) 
• A red line below the mutants  indicate mutations mapped to multiple sites 

Presenter
Presentation Notes
It worked. No mutations in the non-mutagenized and >2700 in 4x and >5000 in 6x
Most the mutations are EMS mutations: C>T and G>A, very small proportion of non-EMS that can be used to determine error rates. The errors can be further adjusted by selecting the minimum number of reads with the mutation  used to call the mutations. We showed that selecting mutation detected at least 5 times the error rate is ~0.2%.
At MC5 we detected 10M mutation, which was sufficient to find deleterious mutations in>90% of the wheat genes 

Error rates: Almost all mutations are C>T and G>A. GO to non-EMS. Determine complementarity T>C and A>G. Divide by total number of EMS mutations



1. Identify gene of interest 

2. Blast our public database 
 

Wheat TILLING database: BLAST tool at UCD -JBrowse 

Initial impact 
• >3200 individual mutant seeds and 7 complete copies of the populations already distributed. 
• PNAS manuscript >20,000 downloads (>98th percentile). 
• Central tool in a new 5 year IWYP-USDA project including 20 wheat programs in the USA (led by UCD). 

3. Select mutation 
4. Order seeds 

Green = Silent mutations 

Red = Premature stop or splice mutation 
(3) 

Purple = Missense mutation (19) 

Blue = Non-exon mutation 

Pasta wheat (4x)  
35 mutations/kb  

 
Bread wheat (6x) 
39 mutations/kb 
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Presentation Notes
Very short




Applications of the sequenced mutant populations 

• We mapped the Ug99 resistance gene Sr13 to a 900 kb region with two NLR genes (6000 F2)  

CNL13 is necessary for resistance to Ug99 

60 kb 

Sr13 region in LDN 

Not detected in CS Not in CS 

• We identified three independent truncations in CNL3 and three in CNL13 
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CNL3  truncation mutants are all resistant 
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1. Candidate gene validation 

CNL13  truncation mutants were all susceptible 

PNAS 2017. In press. 

Presenter
Presentation Notes
10.3 Million in single location  (or more than 10M in single location). 4M in 4x and 6.4M in 6x.



Applications of the sequenced mutant populations 

2. Wheat breeding: mutations of negative regulators of seed size 

• Splice site mutations in negative regulator of  seed growth gw2-A1  
 

• Average 6.6% increase in kernel weight 
 

• Validated in 13 greenhouse and field experiments in tetraploid and hexaploid wheat 
 

            Theor. Appl. Genet. 2016. 129:1099–1112 
 
• gw2-A1 + gw2-D1= 9 % increase in kernel weight in common wheat 
 
• gw2-A1 + gw2-B1= 9 % increase in kernel weight in pasta wheat 
                                                                                                               Unpublished 

Gw2 encodes a RING-type E3 ubiquitin ligase 
and functions as a negative regulator of grain size 

Presenter
Presentation Notes
The rice Grain Width and Weight 2 (OsGW2) gene encodes a previously unknown RING-type E3
ubiquitin ligase and functions as a negative regulator of grain width and weight in rice (Song et al.
2007).
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SbeIIa  
SbeIIb  

Increasing dietary fiber in wheat 
Amylopectin (rapidly digested) 

 
 
 

 

~73% 

Amylose (resistant starch) 
 

~27% 

SbeII 

4 mutations 
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sbeIIa + sbeIIb mutants in tetraploid wheat Kronos 

    mut-A             mut-B         mutAB          Control     mut-A             mut-B            mutAB            Control 
Crop Sci. 2012 
J. Pl. Reg. 2015 
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>11-fold increase in resistant starch 

sbeIIa + sbeIIb mutants in hexaploid wheat Lassik 

A B D 

SbeIIa  
SbeIIb  

5 mutations 

J. Pl. Reg. 2016 
J. Cer. Sci. 2017 

• Wheat seeds combining all mutations have been distributed worldwide 
• We are currently releasing one pasta and two bread wheats with high resistant starch (PVP in progress) 

Presenter
Presentation Notes
During the last five years  we have been focusing on mutations on the SbeII gene.
The SbeII gene is important in the synthesis of amylopectin. Amylose is not absorbed in the small intestine and behaves as dietary fiber: resistant starch  (health benefits). 10-fold increase in resistant starch

Leave breeding dvaantage to the conclusion.




Adjusting flowering for specific environments 

• When the duration of the day extends beyond 
20 hs… 
 

• It may be no longer useful  
to have a biological clock! 
 

• Barley varieties with loss-of-function 
mutations in clock gene elf3 are well adapted 
to high latitudes 

elf3 mutants in one wheat genome have 
limited effect on flowering. 
 
elf3-null mutants flower very early under 
short and long days, and in both 
photoperiod sensitive and insensitive 
wheats. We have sent elf3-null mutants  to 
Finland for evaluation… 
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                   Funct. Integrative Genomics (2016) 

Loss-of-function mutations in wheat Elf3 (4x)  

                   Insensitive             Sensitive 
                    PHOTOPERIOD ALLELES 

Presenter
Presentation Notes
The external coincidence model for the perception of day length requires an external signal (e.g. the light perception by the PHY-PPD1 system) but also the coincidence of that signal with an endogenous rhythm determined by the circadian clock
In a separate study we identified a core clock gene, ELF3, which is part of the evening clock. A couple of aa changes in this gene affected the peak of PPD1 and downregulated FT1.  SO we generated mutants and study the epistati interaction with the different PPD1 alleles.

elf3-null mutations completely eliminate the photoperiod response resulting in short cycles even under SD. This study provided a first connection between the clock and  the PPD1-mediate photoperiodic response

(In elf3 null PPD1 is always on, including during the  night (barley Faure et al 2012)



Dissecting complex pathways 

PPD1 ELF3 

FT1 VRN2 

VRN1 vernalization 

PHYB PHYC 

LD LD 

LEAF APEX 

FT1 

VRN1 

FDL2 
14-3-3 

SAM diff. 

Spike diff. 

Photoperiod 

PHYC & PHYB: Both genes were required for the light activation of PPD1 and the photoperiodic response PNAS (2014) BMC Pl. Biol. (2016) 

PPD1 is essential for night break flowering acceleration, but under LD there is a PPD1-independent photoperiod pathway. Plant Phys. (2017) 

ELF3 acts as a negative regulator for PPD1 and is esential for the photoperiodic response. Funct. Integ. Genom. (2016)  

FT1 promotes GA biosynthesis in the apex, which in combination with VRN1 is essential for normal spike development. Plant Physiology (2013)  

Vernalization  

VRN2: Triple vrn2-null mutants eliminate vernalization requirement in hexaploid wheat. TAG (2016) 

VRN1: vrn1-null mutants showed that VRN1 is not essential for flowering and repressor VRN2 in spring. PLoS Genetics (2012) 

VRN4: Gene cloning revealed a duplicated VRN1 with a new allele affecting GRP2 binding in first intron PNAS (2015) 

Applications of the sequenced mutant populations 

Natural variation in vernalization and 
photoperiod genes  has been essential for wheat 
adaptation to a broad  set of environments 

Presenter
Presentation Notes
In addition to our practical applications, we have used extensively our sequenced mutant populations to our understand  of gene pathways that regulate wheat reproductive development.
As I mention before we are interested in understanding how wheat adapted to a wide range of environments,  and the most significant variation was found in the vernalization and photoperiod pathway

Venalization: We cloned before Vrn1, Vrn2 that is unique to grasses and VRN3=FT1. With the new mutant populations we were able to dissect the interactions among these genes and show that there is a positive feed-back loop

Null mutants of vrn2 in hexaploid wheat resulted in the upregulation of FT1 and eliminated the vernalization requirement
Null mutants of FT1 greatly delayed flowering and the upregulation of VRN1
Null mutants of VRN1 showed that an important role of this gene in the leaves is to repress VRN2 after vernalization.
VRN1 was not essential for flowering. That prompted the study of its paralogous FUL2 and FUL3 and the discovery the double vrn1ful2 mutant is unable to form spikes. Describe picture.

However, I would like to focus this second part of my presentation on the photoperiod pathway, were we made several interesting discoveries and were we would like to focus our efforts if my HHMI appointment is renewed. 



Comparison of sequenced mutant populations and CRISPR 

Ann Rev. Genet 2017 
 51: on line first 

Sequenced mutant populations and Cas9-mediated gene editing technologies provide 
complementary approaches to generate and utilize induced variation 

Base editing:  fusion of “dead” CRISPR/Cas9 and a cytidine deaminase enzyme that retain the ability to be programmed 
with a guide RNA and mediates the conversion of cytidine to uridine, generate C→T (or G→A) substitution 

Presenter
Presentation Notes
Base editing:  fusions of CRISPR/Cas9 and a cytidine deaminase enzyme that retain the ability to be programmed with a guide RNA, do not induce dsDNA breaks, and mediate the direct conversion of cytidine to uridine, thereby
effecting a C→T (or G→A) substitution



1. In the young polyploid wheat species, redundancy among homoeologs usually 
mask the effect of recessive mutations. 

2. Combination of mutants from the different homoeologs is required to reveal that 
hidden variation 

3. Sequenced TILLING populations provide a fast way to identify required 
mutations and provide a powerful tool to dissect complex developmental 
pathways. 

4. Information about the relative effect of individual homoeologs is useful for 
wheat breeders to modulate the responses. 

5. There are direct applications of  the mutants to wheat breeding (e.g. gw2) 

6. TILLING mutant populations generate a high amount of novel variation 

 

General conclusions 

The wheat sequenced mutant populations are publicly available                   
and are expanding the way we do wheat functional genetic analyses 

Presenter
Presentation Notes
1 for example, the level of mutagenesis that we can apply, the desired size of the TILLING populations.. It will be  interesting to test if the degree of diploidization has an  effect on the success of  hybrid programs?  We should not only consider if it is an allo- or an auto-polyploid , but also its age. 
Last point: with reduced costs of sequencing, we will likely see soon more sequenced TILLING populations in wheat, which will generate additional variability, increase the probability of funding truncations in every gene, and cover genes that may be missing in these two populations
It would be nice for the future to also have the gene regulatory regions included in the exon capture…

If you have a gene in a different species that you think can benefit wheat, ask for the mutants or let us  know to start a collaboration. 
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1 for example, the level of mutagenesis that we can apply, the desired size of the TILLING populations.. It will be  interesting to test if the degree of diploidization has an  effect on the success of  hybrid programs?  We should not only consider if it is an allo- or an auto-polyploid , but also its age. 
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It would be nice for the future to also have the gene regulatory regions included in the exon capture…

If you have a gene in a different species that you think can benefit wheat, ask for the mutants or let us  know to start a collaboration. 





Noise: 
Varietal SNP 
Paralog/Homeolog SNP 
Sequencing/PCR error 
 
Signal: 
EMS Mutation 
 

MAPS pipeline to identify mutations 

• Polymorphism detection MAPS pipeline from Luca Comai Lab (we adapted it to polyploid wheat) 
– http://comailab.genomecenter.ucdavis.edu/index.php/MAPS 
– Published in Plant Cell 2014, 26:1382–1397 
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Presentation Notes
Consider skipping this

http://comailab.genomecenter.ucdavis.edu/index.php/MAPS�
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