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F U S A R I U M  W I LT,  V E RT I C I L L I U M  W I LT,  
M A C R O P H O M I N A ,  &  P H Y T O P T H O R A

T R A D I T I O N A L  &  G E N O M E - I N F O R M E D  B R E E D I N G  F O R  D I S E A S E  R E S I S TA N C E



USDA NIFA Specialty Crops Research Initiative:  Next-Generation Disease 
Resistance Breeding and Management Solutions for Strawberry 

September 1, 2017 - August 31, 2021  
‣ UC Davis:  Thomas Gordon, & Rachael Goodhue 
‣ University of Florida:  Vance Whitaker, Seonghee Lee, & Natalia Peres 
‣ UC Riverside:  Alex Putman 
‣ Cal Poly:  Kelly Ivors & Gerald Holmes 
‣ UC-ANR:  Oleg Daugovish 
‣ UC Santa Cruz:  Julie Guthman



Cultivar Fusarium Wilt
Verticillium 

Wilt
Phytopthora 

Crown Rot Macrophomina

Royal Royce 4.5 3.1 3.3 5.0

Valiant 4.5 3.3 3.0 5.0

Moxie 1.3 2.1 3.5 5.0

Warrior 1.0 2.9 2.9 3.0

Victor 1.0 2.4 4.8 5.0

Cabrillo 4.4 2.3 3.6 5.0

Monterey 4.5 2.7 3.8 5.0

Albion 5.0 2.7 4.9 4.8

Fronteras 1.1 2.9 2.9 4.3

Portola 1.7 3.0 2.3 5.0

Wiltguard 1.1 1.8 2.5 3.0

Shasta 1.6 2.1 2.3 5.0

Camarosa 4.7 3.6 2.7 5.0

Benicia 4.3 4.5 4.3 5.0

Genetics of Resistance to Fusarium Wilt is Simple, Whereas the Genetics of Resistance to the 
Other Three Pathogens is Complex (Quantitative) 

Highly Resistant = 1, Highly Susceptible = 5
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Population Structure of Germplasm Worldwide 
DNA Profiling of 2,400 Elite and Exotic Germplasm Accessions 

Screened 1,000 Horticulturally and Genetically Diverse Cultivars and Other Genotypes for 
Resistance to the Four Soil-Born Diseases



F W  S TA R T I N G  
P O I N T  I N  2 0 1 5

• Disease First Discovered in 
California 2006 (Koike et al. 2009) 

• Few Previous Genetic Studies, 
Limited Genetic Insights, 
Significant Confusion & Ambiguity 

• Race-Specific Resistance Genes 
Had Not Been Discovered 

• Genetics of Resistance Unclear 

• Working Hypothesis:  Resistance 
is Genetically Complex 
(Quantitative)



Several Cultivars Carry Fw1, a Dominant Gene Conferring 
Resistance to Fusarium Wilt 

Red = Resistant (Fw1fw1) & Turquiose = Susceptible (fw1fw1)
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Physical and Genetic Mapping of Fusarium Wilt Resistance Genes 
Genome-Wide Association Study (GWAS) Using the Octoploid Reference Genome

28 Chromosomes:  1-1, 1-2, …, 7-4 Chromosome 2-4

The Fusarium Wilt 
Resistance Gene Fw1 
Mapped Close to the 

Telomere

Vertical Dashed Lines 
Identify Locations of Sub-

Genome Specific DNA 
Markers

Cobo et al. (Unpublished Data) 
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Physical Location of the Fw1 Fusarium 
Wilt Resistance Gene

Manhattan Plot for the Upper Telomere 
of Chromosome 2-4

Predictive Sub-Genome Specific KASP™ Genotyping Assays for the Fw1 Locus 
in Strawberry

‘Barcoding’ Plants to Identify the 
Presence/Absence of Specific Genes

Cobo et al. (Unpublished Data) 



Since Discovering Fw1, Additional 
Dominant Genes Have Been Discovered 

That Confer Resistance to California 
and Non-California Races of Fusarium 
(Pincot, Rodriguez, Henry, & Gordon)
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Host Differentials Resistant to California, Japanese, Australian, and Spanish 
Races of Fusarium oxysporum 

1,000 Genotypes Screened for Resistance to the California Race AMP132 
128 Genotypes Selected for Host Differential Study
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V W  S TA R T I N G  
P O I N T  I N  2 0 1 5

• Disease First Reported 1932 

• 30+ Previous Studies, Limited 
Insights & Information, Significant 
Confusion & Ambiguity 

• Race-Specific Resistance Genes 
Have Not Been Discovered 

• Genetics of Resistance Unclear 

• Working Hypothesis:  Resistance 
is Genetically Complex 
(Quantitative)



R = Resistant 
Symptomless (1)

S = Susceptible 
Dead (9)

Resistance to Verticillium Wilt is Genetically Complex 
Categorical Classifications Only Safely Apply at the 

Phenotypic Extremes



Global Survey of Resistance to Verticillium Wilt

ORUS 4816

Sitka

Empire



Verticillium Wilt Phenotypic Distributions 
• Soil Fumigated Fields, Fall Planted, Plants Artificially Inoculated With a California Race 

of Verticillium dahliae 
• Ordinal Phenotypic Scale:  1 = Highly Resistant (Symptomless), 9 = Highly Susceptible 
• Genetic Analyses and Genomic Selection Experiments Focused on the Terminal Dates 

in July of Each Year (38 Weeks in 2017 and 36 Weeks in 2018) 
• Symptoms More Severe in 2017 Than 2018 
• Resistance Phenotypes Normally Distributed:  Continuous Phenotypic Variation

Symptoms More 
Severe in 2017 Than 

2018

Resistant Tail 
Thicker, Susceptible 

Tail Thinner



Jersey Belle

Beaver Belle

UCD Moxie

Benecia

Sitka

Breeding and Genetics of Resistance to Verticillium Wilt:  Screened a Diverse Collection of 
Cultivars and Germplasm Accessions (n = 1,000) to Understand the Global Situation and Identify 

the Strongest Sources of Resistance 

• Genetic Gains Have Been NEGATIVE Worldwide 
• MOST RESISTANT Germplasm Accessions:  ORUS 4816 (ȳ = 1.0) and Sitka (ȳ = 1.4) 
• MOST RESISTANT Cultivars:  Beaver Belle (1989; ȳ = 1.2) and Empire (1952; ȳ = 1.5) 
• MOST RESISTANT UCD Cultivars:  Tahoe (1936; ȳ = 2.6), UCD Moxie (2011; ȳ = 3.2), Wiltguard 

(1952; ȳ = 3.2), & Camino Real (1994; ȳ = 3.3) 
To Increase Resistance and Transgress the Range of Current UCD Cultivars, Favorable Alleles Must Be 

Introduced from Heirloom and Other Exotic Non-UCD Sources

Pincot et al. (Unpublished Data) Accuracy of Genomic Selection in an Octoploid Strawberry 
Population Spanning 160 Years of Breeding



Additive Genetic Relationship Matrix 
Training Population (n = 388) 

Genotyped and Phenotyped:  Four Replications/Year × Two Years 
UCD Cultivars (1935-Present) + Non-UCD Cultivars (1862-Present) + Wild Ecotypes

1 = UCD × UCD 
2 = UCD × Non-UCD 
3 = Non-UCD × Non-UCD 
4 = Wild × Wild
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Pincot et al. (Unpublished Data) Accuracy of Genomic Selection in an Octoploid 
Strawberry Population Spanning 160 Years of Breeding



Breeding History Suggested that Genetic Gains Might be Increased Through the Application of 
Genomic Prediction Approaches 

Broad-Sense Heritability = 0.71 in 2017, 0.76 in 2018, and 0.84 Across Years 
Narrow-Sense Genomic Heritability = 0.36 in 2017, 0.44 in 2018, and 0.46 Across Years 

Accuracy of Genomic Selection Was Excellent
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Accuracy of Genomic Selection for Resistance to Verticillium Wilt 
• Cross-Validation (k = 10,000 Replicates):  Cresent-Shaped Densities Show That the Most 

Highly Resistant Individuals (Lower Horn of the Cresent) Were Predicted With the Greatest 
Accuracy 

• Greatest Gains Can Be Achieved by Introducing Favorable Alleles That Were Previously Not 
Present in the UCD Breeding Program

Genomic-Estimated Breeding Value (GEBV)
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Macrophomina Phenotypic Selection 
UCD Armstrong Farm 

2019-6-30
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89 Years of Strawberry Breeding @ the University of California, Davis  
68 Cultivars Since 1935

Genome-Scale DNA Profiling → Global 
‘Family’ Tree for Strawberry
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The cultivated garden strawberry (Fragaria × ananassa), an 
allo-octoploid (2n = 8x = 56), has a unique natural and domes-
tication history, originating as an interspecific hybrid between 

wild octoploid progenitor species approximately 300 years before 
present1. The genomes of the progenitor species, Fragaria virginiana 
and Fragaria chiloensis, are the products of polyploid evolution: they 
were formed by the fusion of and interactions among genomes from 
four diploid progenitor species (that is, subgenomes) approximately 
1 million years before present2. Whereas two of the diploid progeni-
tor species have been identified3, the other two diploid progenitor 
species have remained unknown. Moreover, the history of events 
leading to the formation of the octoploid lineage and the evolution-
ary dynamics among the four subgenomes that restabilized cellular 
processes after ‘genomic shock’4 in allopolyploids remain poorly 
understood. Here, we present what is, to our knowledge, the first 
chromosome-scale assembly of an octoploid strawberry genome, 
the identities of the extant diploid progenitor species of each subge-
nome, and novel insights into the collective evolutionary processes 
involved in establishing a dominant subgenome in this highly poly-
ploid species.

The Rosaceae are a large eudicot family including a rich diversity 
of crops with major economic importance worldwide, such as nuts 
(for example, almonds), ornamentals (for example, roses), pome 
fruits (for example, apples), stone fruits (for example, peaches), 

and berries (for example, strawberries)5. Strawberries are prized 
by consumers, largely because of their complex array of flavors 
and aromas. The genus Fragaria was named by the botanist Carl 
Linnaeus, on the basis of the Latin word ‘fragrans’, meaning ‘sweet 
scented’, describing its striking, highly aromatic fruit6. A total of 22 
wild species of Fragaria have been described, ranging from diploid 
(2n = 2x = 14) to decaploid (2n = 10x = 70)7. The genus Fragaria is 
highly interfertile between and within ploidy levels, thus leading to 
the natural formation of higher-polyploid species8,9.

Polyploid events, also known as whole-genome duplications, 
have been an important recurrent process throughout the evo-
lutionary history of eukaryotes and have probably contributed to 
novel and varied phenotypes10–13. Polyploids are grouped into two 
main categories: autopolyploids and allopolyploids, involving either 
a single or multiple diploid progenitor species, respectively14,15. 
Many crop species are allopolyploids16, thus contributing to the 
emergence of important agronomic traits such as spinnable fibers 
in cotton17, diversified morphotypes in Brassica18, and varied aroma 
and flavor profiles in strawberry19. Allopolyploids face the challenge 
of organizing distinct parental subgenomes—each with a unique 
genetic and epigenetic makeup shaped by independent evolution-
ary histories—residing within a single nucleus15. Previous studies 
have proposed, as part of the ‘subgenome dominance’ hypothesis20, 
that the establishment of a single dominant subgenome may resolve 

Origin and evolution of the octoploid strawberry 
genome
Patrick P. Edger" "1,2*, Thomas J. Poorten3, Robert VanBuren1,4, Michael A. Hardigan3, Marivi Colle1, 
Michael R. McKain" "5, Ronald D. Smith" "6, Scott J. Teresi6, Andrew D. L. Nelson" "7, Ching Man Wai1, 
Elizabeth I. Alger1, Kevin A. Bird" "1,2, Alan E. Yocca1, Nathan Pumplin3, Shujun Ou" "1,2, Gil Ben-Zvi" "8,  
Avital Brodt8, Kobi Baruch8, Thomas Swale9, Lily Shiue9, Charlotte B. Acharya3, Glenn S. Cole3, 
Jeffrey P. Mower10, Kevin L. Childs11,12, Ning Jiang1,2, Eric Lyons7, Michael Freeling" "13, Joshua R. Puzey6 
and Steven J. Knapp" "3*

Cultivated strawberry emerged from the hybridization of two wild octoploid species, both descendants from the merger of four 
diploid progenitor species into a single nucleus more than 1 million years ago. Here we report a near-complete chromosome-
scale assembly for cultivated octoploid strawberry (Fragaria!×!ananassa) and uncovered the origin and evolutionary processes 
that shaped this complex allopolyploid. We identified the extant relatives of each diploid progenitor species and provide sup-
port for the North American origin of octoploid strawberry. We examined the dynamics among the four subgenomes in octo-
ploid strawberry and uncovered the presence of a single dominant subgenome with significantly greater gene content, gene 
expression abundance, and biased exchanges between homoeologous chromosomes, as compared with the other subgenomes. 
Pathway analysis showed that certain metabolomic and disease-resistance traits are largely controlled by the dominant subge-
nome. These findings and the reference genome should serve as a powerful platform for future evolutionary studies and enable 
molecular breeding in strawberry.
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Octoploid Genome Assembly 
F. × ananassa cv. ‘Camarosa’ V1 

Assembly Size = 810 Mb 
Number of Annotated Genes = 108,000 

Gene Space = 42%

WGS Resequncing 
Illumina NovaSeq 

150 bp Paired-End Reads 
47 F. × ananassa, 23 F. chiloensis, 

& 23 F. virginiana

Physical Mapping & DNA Variant Calling 
Short-Read Mapping:  BWA-MEM 
DNA Variant Calling:  FreeBayes

90M Unfiltered DNA Variants 
SNPs, INDELs, & Complex

45M Filtered F. x ananassa DNA Variants 
F. x ananassa SNPs

DNA Variant Filtering Round 1 → 8.0M 
SNPs 

Bi-Allelic SNPs Only 
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Nucleotide Diversity > 0.05 
DNA Variant Quality Score > 20 

< 15% Missing Data

DNA Variant Filtering Round 2 → 6.6M 
SNPs 
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Probe Region 
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Affymetrix Probe Selection 
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Buildability Statistics 
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Probe Interference Analysis 
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Window 
Quantification of Local Hybridization 
Interference:  Sum of MAFs for Local 

Interfering DNA Variants

Predicted Octoploid Sub-Genome 
Specificity 

Alignment of 71-nt SNP Probes to the 
Octoploid Reference Genome 
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Identity Over 95% of Probe Sequence, & 
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The Strawberry Genome Harbors Millions of Paralog- and Homolog-Specific DNA Variants—A 
Technically Critical and Important Discovery 

Parsed 90M → 1M by Stringent Filtering and Selection to Maximize Heterozygosity Among Elite 
Genotypes, Minimize SNP and Sub-Genome Ascertainment Biases, and Eliminate Off-Target Signals

Hardigan et al. (Unpublished Data) 
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We Have a Complete Picture of the Genomic Landscape of Octoploid 
Strawberry—Can Pinpoint Genes

Hardigan et al. (Unpublished Data) 
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Genomic Prediction of Resistance to Verticillium Wilt Was Highly Accurate 
x-Axis = Genomic-Estimated Breeding Value (GEBV) 

y-Axis = Observed Phenotypic Value 
Cross-Validation (k = 10,000 Replicates):  Cresent-Shaped Densities Show That the Most Highly 

Resistant Individuals (Lower Horn) Were Predicted With the Greatest Accuracy



Whole-Genome Shotgun Genotyping-by-Sequencing 
F. × ananassa ‘Camarosa’ × F. chiloensis subsp. lucida ‘Del Norte’ (n = 182) 

• The Two Octoploid Genomes That We Sequenced* 
• Predicted Number of Haploblocks = 5,096 = 28 Chromosomes x 182 Individuals 
• 1.9 Million Genetically Mapped DNA Variants in 5,521 Haploblocks Spanning 3,394 cM 

in F. chiloensis subsp. lucida (Shown) 
• 1.6 Million Genetically Mapped DNA Variants in 3,179 Haploblocks Spanning 2,017 cM 

in F. × ananassa (Not Shown) 
• Genome-Wide Validation of Genotyping-by-Sequencing 
• Complete Genetic-to-Physical Collinearity

*Camarosa V1 (Edger et al. 2019); Camarosa V3 and Del Norte V2 (Unpublished Data)
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WGS Sequncing 
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150 bp Paired-End Reads 
‘Camarosa’ × ‘Del Norte’ Progeny 
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Physical Mapping & DNA Variant Calling 
Short-Read Mapping:  BWA-MEM 
DNA Variant Calling:  FreeBayes 
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High-Density Comparative Genetic Mapping in the Octoploid 
Progenitors of F. x ananassa—50K SNP Array
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High-Density Genetic Mapping in the Wild Octoploid Progenitors



Resistance to Verticillium Wilt is Genetically Complex (Quantitative):  
Race-Specific Resistance Genes Have Not Been Discovered 

Genome-Wide Association Study (GWAS) Using a Mixed Model to 
Correct for Population Structure



Verticillium Wilt Resistance Latitude Trends 
• MOST RESISTANT Cultivars Originated in Northern Latitude (> 45°N) 

Breeding Programs:  1.4 < ȳ < 5.2 
• California:  Moderately Resistant (ȳ = 3) to Highly Susceptible (ȳ = 8)

California

Northern US & EuropeSE US

Chile

1 = Highly Resistant (Symptomless) 
9 = Highly Susceptible (Dead)



Macrophomina Phenotypic Selection 
UCD Armstrong Farm 

2019-6-30
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Accession
Susceptible Accession
Resistant Accession

Shasta Circa 1935

31% Heterozygous 
Resistant

67% Homozygous 
Susceptible

Novel Dominant R-
Genes Discovered in 

Pre-Methyl Bromide Era 
‘Heirloom’ Cultivars

2% Homozygous 
Resistant

Early Ancestors

Only Two Fw1 Alleles 
Were Identified in 
Post-1952 UCD 

Germplasm

1,000 Genotypes Fusarium Wilt Resistance Study:  Frequency of the 
Fw1 Resistance Gene Was 0.16

Pincot et al. 2018

The 1987 Breeding Bottleneck 

Disease Discovered 
in California in 2006 
(Koike et al. 2009)


