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Thanks to our supporters, collaborators, and 
funding agencies!



Thanks to the Organizers!
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This talk in 2 slides

We select for Fusarium wilt, 
Macrophomina charcoal rot, Verticillium 
wilt, and Phytophthora crown rot–“the 
fearsome four”—resistant varieties under 
extreme disease pressure.

Strawberry Breeding Program

Fusarium (green = R)
 Macrophomina (large size = R)
 Verticillium (small value = R)
 Phytophthora (small value = R)

MD 683 (1950)

`Empire` (1940)

`Tribute` (1975)

3 of 1007

Reference Population:
Pre-2015 UCD Germplasm

Heirloom Varieties
Wild accessions

Provides a conservative estimate of risk and a 
high level of certainty of the resistance of a 
variety against multiple pathogens.
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This talk in 2 slides

Intense phenotyping and modern genetic 
tools have greatly increased our ability to 
concentrate favorable traits and deliver 
value to stakeholders.

Strawberry Breeding Program

Fusarium (green = R)
 Macrophomina (large size = R)
 Verticillium (small value = R)
 Phytophthora (small value = R)

36 of 191Our progress to date:
 Verticillium wilt resistance improved by 0.6 units (14.8%)
 Fusarium wilt resistance improved by 1.5 units (37.5%)
 Phytophthora crown rot resistance improved by 1.4 units. (35.8%)
 Macrophomina charcoal rot resistance improved by 1.6 units (40.6%)

Our goal:
 Produce varieties with a complete disease-resistance package that are 
high-yielding, producible by nurseries, shelf-stable, great tasting, and 
profitable for growers.

Current Population:
2018-2021 UCD Breeding Lines



Thank you for your attention!

Strawberry Breeding Program



The Strawberry Green Revolution
• One trait, one introgression, one breeding 

program that really changed the marketplace 
for strawberry and enabled year-round 
production of strawberry.

old nomenclature

PF locus

Phantom 
peaks

Strawberry Breeding Program



The Strawberry Green Revolution
• Year-round production in California (January through 

December).
• The historical growing period with short-day varieties is January – June 

(early summer).
• Day-neutral varieties can continue to produce high-quality fruit.

• Large, firm fruit with incredible shelf-life enabled strawberries 
to be produced in CA and distributed throughout the United 
States and elsewhere.
• Historically, there were many local markets for strawberry for heirloom 

varieties with good flavor but poor shelf-life.
• Maybe we should have called this the “Red” Revolution!

Strawberry Breeding Program



What traits were affected?
Initial hybridization

Founding of UC Davis

Modern F. x ananassa 
Hybrids

Dr. Royce Bringhurst 
introduces PF alleles

Genealogical 
(Pedigree) Time

Formation of other 
US breeding Programs

Strawberry Breeding Program

All of them. 
Some more than others.

Production Disease ResistanceFruit Quality

1700s

Today



Selection on Disease Resistance was RELAXED
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Accuracy of genomic selection and long-term genetic gain
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Abstract
Verticillium wilt, a soil-borne disease caused by the fungal pathogen Verticil-
liumdahliae, threatens strawberry (Fragaria× ananassa) productionworldwide.
The development of resistant cultivars has been a persistent challenge, in part
because the genetics of resistance is complex. The heritability of resistance and
genetic gains in breeding for resistance to this pathogen have not been well
documented. To elucidate the genetics, assess long-term genetic gains, and esti-
mate the accuracy of genomic selection for resistance to Verticillium wilt, we
analyzed a genetically diverse population of elite and exotic germplasm acces-
sions (n = 984), including 245 cultivars developed since 1854. We observed a full
range of phenotypes, from highly susceptible to highly resistant: < 3%were clas-
sified as highly resistant, whereas > 50% were classified as moderately to highly
susceptible. Broad-sense heritability estimates ranged from 0.70–0.76, whereas
narrow-sense genomic heritability estimates ranged from 0.33–0.45. We found
that genetic gains in breeding for resistance to Verticillium wilt have been nega-
tive over the last 165 years (mean resistance has decreased over time). We iden-
tified several highly resistant accessions that might harbor favorable alleles that
are either rare or non-existent in modern populations. We did not observe the
segregation of large-effect loci. The accuracy of genomic predictions ranged from
0.38–0.53 among years and whole-genome regression methods. We show that
genomic selection has promise for increasing genetic gains and accelerating the
development of resistant cultivars in strawberry by shortening selection cycles
and enabling selection in early developmental stages without phenotyping.

Abbreviations: BL, Bayesian Lasso; G-BLUP, genomic best linear unbiased prediction; GEBV, genomic estimated breeding value; GWAS, genome
wide association study; LMM, linear mixed model; LSM, least-square mean; MAS, Marker-assisted selection; MCCV, Monte Carlo cross-validation;
NPGS, National Plant Germplasm System; QTL, quantitative trait locus; RCB, randomized complete block; REML, restricted maximum likelihood;
R-gene, resistance gene; RKHS, Reproducing Kernel Hilbert Spaces; SNP, single nucleotide polymorphism; UCD, University of California Davis; VCG,
vegetative compatibility group; WGR, whole-genome regression.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2020 The Authors. The Plant Genome published by Wiley Periodicals, Inc. on behalf of Crop Science Society of America
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Abstract
The development of strawberry (Fragaria × ananassa Duchesne ex Rozier) culti-
vars resistant to Phytophthora crown rot (PhCR), a devastating disease caused by the
soil-borne pathogen Phytophthora cactorum (Lebert & Cohn) J. Schröt., has been
challenging partly because the resistance phenotypes are quantitative and only mod-
erately heritable. To develop deeper insights into the genetics of resistance and build
the foundation for applying genomic selection, a genetically diverse training popula-
tion was screened for resistance to California isolates of the pathogen. Here we show
that genetic gains in breeding for resistance to PhCR have been negligible (3% of
the cultivars tested were highly resistant and none surpassed early 20th century cul-
tivars). Narrow-sense genomic heritability for PhCR resistance ranged from 0.41 to
0.75 among training population individuals. Using multivariate genome-wide asso-
ciation studies (GWAS), we identified a large-effect locus (predicted to be RPc2) that
explained 43.6–51.6% of the genetic variance, was necessary but not sufficient for
resistance, and was associated with calcium channel and other candidate genes with
known plant defense functions. The addition of underutilized gene bank resources
to our training population doubled additive genetic variance, increased the accuracy
of genomic selection, and enabled the discovery of individuals carrying favorable
alleles that are either rare or not present in modern cultivars. The incorporation of an
RPc2-associated single-nucleotide polymorphism (SNP) as a fixed effect increased
genomic prediction accuracy from 0.40 to 0.55. Finally, we show that parent selection
using genomic-estimated breeding values, genetic variances, and cross usefulness
holds promise for enhancing resistance to PhCR in strawberry.

Abbreviations: AUDPS, area under the disease progression stairs; CNGC, cyclic-nucleotide-gated calcium channel; EMM, estimated marginal mean;
G-BLUP, genomic best linear unbiased prediction; GEBV, genomic-estimated breeding value; GVE, genetic variance explained; GWAS, genome-wide
association studies; LMM, linear mixed model; MV-GWAS, multivariate genome-wide association studies; PhCR, Phytophthora crown rot; QTL, quantitative
trait loci; REML, restricted maximum likelihood; RKHS, reproducing kernel Hilbert space; SNP, single-nucleotide polymorphism; UCD, University of
California–Davis.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided
the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. The Plant Genome published by Wiley Periodicals LLC on behalf of Crop Science Society of America.
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Brief History of Fusarium Wilt at UC Davis
Started studying FW (race 1) in 2015.
Discovered FW1 resistance QTL

Published in 2018

Discovered numerous more 
resistance QTL by 2020

Create durable resistance to FW Race 1
Published in 2022

Genetic marker designs and sources 
of resistance are available.

INVESTIGATION

Genome-Wide Association Mapping Uncovers Fw1,
a Dominant Gene Conferring Resistance to
Fusarium Wilt in Strawberry
Dominique D. A. Pincot,* Thomas J. Poorten,* Michael A. Hardigan,* Julia M. Harshman,*
Charlotte B. Acharya,* Glenn S. Cole,* Thomas R. Gordon,† Michelle Stueven,† Patrick P. Edger,‡

and Steven J. Knapp*,1
*Department of Plant Sciences and †Department of Plant Pathology, University of California, Davis, California, 95616, and
‡Department of Horticulture, Michigan State University, East Lansing, Michigan 48824

ORCID IDs: 0000-0001-9768-0740 (T.J.P.); 0000-0002-5188-8084 (J.M.H.); 0000-0001-6498-5409 (S.J.K.)

ABSTRACT Fusarium wilt, a soil-borne disease caused by the fungal pathogen Fusarium oxysporum f. sp.
fragariae, threatens strawberry (Fragaria · ananassa) production worldwide. The spread of the pathogen,
coupled with disruptive changes in soil fumigation practices, have greatly increased disease pressure and
the importance of developing resistant cultivars. While resistant and susceptible cultivars have been reported,
a limited number of germplasm accessions have been analyzed, and contradictory conclusions have been
reached in earlier studies to elucidate the underlying genetic basis of resistance. Here, we report the
discovery of Fw1, a dominant gene conferring resistance to Fusarium wilt in strawberry. The Fw1 locus
was uncovered in a genome-wide association study of 565 historically and commercially important straw-
berry accessions genotyped with 14,408 SNP markers. Fourteen SNPs in linkage disequilibrium with Fw1
physically mapped to a 2.3 Mb segment on chromosome 2 in a diploid F. vesca reference genome. Fw1 and
11 tightly linked GWAS-significant SNPs mapped to linkage group 2C in octoploid segregating popula-
tions. The most significant SNP explained 85% of the phenotypic variability and predicted resistance in 97%
of the accessions tested—broad-sense heritability was 0.96. Several disease resistance and defense-related
gene homologs, including a small cluster of genes encoding nucleotide-binding leucine-rich-repeat pro-
teins, were identified in the 0.7 Mb genomic segment predicted to harbor Fw1. DNA variants and candidate
genes identified in the present study should facilitate the development of high-throughput genotyping
assays for accurately predicting Fusarium wilt phenotypes and applying marker-assisted selection.

KEYWORDS
Fragaria
Fusarium wilt
strawberry
innate immunity
polyploid

Cultivated strawberry (Fragaria · ananassaDuchesne ex Rozier) plant
health and yield are adversely impacted by several soil-borne diseases
(Maas 1998). One of the greatest threats to strawberry production

worldwide has been Fusarium wilt, a soil-borne disease caused by the
fungal pathogen Fusarium oxysporum f. sp. fragariae (Winks and
Williams 1965; Okamoto et al. 1970; Mena et al. 1975; Castro-Franco
and Davalos-Gonzalez 1990; Huang et al. 2005, Abdet-Sattar et al. 2008,
Arroyo et al. 2009; Koike et al. 2009; Gordon 2017; Henry et al. 2017).
Historically, strawberry fruit and nursery stock growers have relied on
powerful soil fumigants to suppress F. oxysporum f. sp. fragariae and
other soil-borne pathogens, allowing for monocultures or very tight
crop rotation cycles (Goodhue et al. 2005; Lloyd and Gordon 2016;
Tourte et al. 2016). Because fruit and nursery production are typically
concentrated in unique coastal and high-elevation environments in
California, the availability of land for crop rotations is limited, often
necessitating continuous cropping (Guthman 2016).

Until 2005, the most widely used soil fumigant in strawberry pro-
ductionwasmethyl bromide (MeBr), anozone-layer depleting chemical

Copyright © 2018 Pincot et al.
doi: https://doi.org/10.1534/g3.118.200129
Manuscript received February 5, 2018; accepted for publication March 26, 2018;
published Early Online March 30, 2018.
This is an open-access article distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecommons.org/
licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.
Supplemental material available at Figshare: https://doi.org/10.25387/
g3.6007715.
1Corresponding Author: 112 Robbins Hall, Department of Plant Sciences, University
of California, Davis, One Shields Ave., Davis, CA 95616, E-mail: sjknapp@ucdavis.
edu
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Key Message Several race-specific resistance genes were

identified and rapidly deployed via marker-assisted

selection to develop strawberry cultivars resistant to

Fusarium wilt, a devastating soil-borne disease.

Abstract Fusarium wilt, a soilborne disease caused by
Fusarium oxysporum f. sp. fragariae, poses a significant
threat to strawberry (Fragaria ⇥ ananassa) production in
many parts of the world. This pathogen causes wilting, col-
lapse, and death in susceptible genotypes. We previously
identified a dominant gene (FW1) on chromosome 2B that
confers resistance to race 1 of the pathogen and hypoth-
esized that gene-for-gene resistance to Fusarium wilt was
widespread in strawberry. To explore this, a genetically di-
verse collection of heirloom and modern cultivars and wild
octoploid ecotypes were screened for resistance to Fusar-
ium wilt races 1 and 2. Here we show that resistance to
both races is widespread and that resistance to race 1 is
mediated by dominant genes (FW1, FW2, FW3, FW4, and
FW5) on three non-homoeologous chromosomes (1A, 2B,
and 6B). The resistance proteins encoded by these genes are
not yet known; however, plausible candidates were identi-
fied that encode pattern recognition receptor or other pro-
teins known to mediate gene-for-gene resistance in plants.
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FW1 then
Favorable allele frequency 18%
>50% of UC Plants sold were Susceptible

FW1 Now

Strawberry Breeding Program
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Short Day
Early fruiting & yield
Fusarium Resistant

Strawberry Breeding Program

Short Day
Exposed fruit
Small plant canopy
Fusarium Resistant

Day Neutral
Early to midseason
Excellent shelf-life
Fusarium Resistant

Day Neutral
Mid-to-late season
High marketable yields
Fusarium Resistant

Extreme Day Neutral
Summer plant
Large Fruit
Fusarium Resistant

‘UC Surfline’ ‘UC Monarch’ ‘UC Golden Gate’ ‘UC Keystone’ ‘UC Eclipse’

Actions speaking louder than words
100% of new UC Davis varieties are Resistant to Fusarium
Consumer ratings were better than current commercial varieties.



Strawberry Breeding Program

Regarding Race 2
• We aim to identify sources of resistance and 

develop genetic markers for rapid 
introgression of resistance.

• Our preliminary experiment informed us that 
we need to explore diverse germplasm.
• We are ramping up a large project to evaluate 

434 diverse accessions against the FW Race 2

• Recruited graduate students

• Preparing grants to FFAR, CDFA

Photo credit to Dr Peter Henry.

Pictures of production field `X` where 
Fof Race 2 was identified in 2022.



Brief History of Macrophomina Charcoal 
Rot at UC Davis

Started studying Macrophomina 
resistance in 2015.

Discovered 10 resistance QTL
Submitted Sept 11, 2023

Genetic marker designs and sources 
of resistance will be available upon 
publication (end of 2023).

Strawberry Breeding Program
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Macrophomina resistance IS achievable

Strawberry Breeding Program

Photos taken in Salinas, CA (2022) in artificially inoculated 
fields at the end of September
Plants experienced the same environment & disease pressure



Strawberry Breeding Program

Our Measurement Scale

Resistant Susceptible
Asymptomatic Symptomatic Deceased

All photos credited to Fred Greaves Photography for UC Davis.
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Examples of quality of resistance sources
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Strawberry Breeding Program

Concentrating favorable alleles creates 
plants Resistant to Macrophomina

12 (+) alleles across 10 
loci (60%) yields a 90% 
probability of survival



Article Submitted Sept 11, 2023
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Transgressive Sergegation, Hopeful Monsters, and

Phenotypic Selection Drove Rapid Genetic Gains and

Breakthroughs in Predictive Breeding for Quantitative

Resistance to Macrophomina in Strawberry
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Abstract

Two decades have passed since the strawberry (Fragaria ⇥ ananassa) disease caused by Macrophomina phaseolina,
a necrotrophic soilborne fungal pathogen, began surfacing in California, Florida, and elsewhere. This disease has since

become one of the most common causes of plant death and yield losses in strawberry. The Macrophomina disease problem

emerged and expanded in the wake of the global phase-out of soil fumigation with methyl bromide and appears to have

been aggravated by an increase in climate change-associated abiotic stresses. Here we show that sources of resistance to

this pathogen are rare in gene banks and that the favorable alleles they carry are phenotypically nonobvious. The latter

were exposed by transgressive segregation and intense selection in populations phenotyped for resistance to Macrophomina
under severe heat and drought stress. The realized genetic gains were immediate and dramatic. The frequency of highly

resistant individuals increased from 1% in selection cycle 0 to 74% in selection cycle 2. We found that phenotypic

selection had increased the frequencies of favorable alleles among 10 loci identified by genome-wide association studies in

transgressively segregating populations and that a critical mass of favorable alleles had to be accumulated among four or

more loci for an individual to acquire resistance. An unexpectedly straightforward solution to the Macrophomina disease

resistance breeding problem emerged from our studies, which suggested that highly resistant cultivars can be developed

by marker-assisted stacking of favorable alleles among a comparatively small number of large-e↵ect loci.

Key words: soilborne pathogen, necrotroph, Fragaria, marker-assisted selection, genomic selection

Introduction

The development of cultivars resistant to diseases caused by

necrotrophic fungal pathogens has been challenging in plants

because of the lifestyles and harsh infection strategies of

the pathogens and characteristically complex and quantitative

defense mechanisms of the hosts [1–11]. Studies in several

agriculturally important plants have shown that sources of

resistance to diseases caused by necrotrophic fungal pathogens

are uncommon and inherently weak and that genetic variation

for resistance tends to be quantitative and limited and

resistance phenotypes tend to be ambiguous and marginally

heritable [2, 6, 12–17]. With these generalizations as a starting

point, we initiated studies in 2015 to gain an understanding

of the genetic basis of resistance to the disease of strawberry

(Fragaria ⇥ ananassa) caused by the necrotrophic fungal

pathogen Macrophomina phaseolina [18–21]. This widespread

necrotroph causes plant death and yield losses in strawberry

and numerous other agriculturally important plants, including

soybean, groundnut, sunflower, and sorghum [13, 14, 17, 22, 23].

Our initial hypothesis, formulated on the basis of discoveries in

other plants, was that resistance to this pathogen was weak,

quantitative, and genetically complex in strawberry.

Macrophomina was identified as a serious but geographically

limited threat to production in strawberry before the global

phase-out of methyl bromide fumigation began in 2005 [24–

26]. This toxic ozone-depleting substance had been widely

used as a soil fumigant in strawberry and other agriculturally

important plants to limit losses to diseases caused by soilborne

pathogens [27–31]. Macrophomina was virtually unknown as a

strawberry disease problem in California, Florida, and Spain

until initial reports began surfacing in 2004 [18, 32–34], but

had been reported earlier in Israel, Egypt, and elsewhere

[25, 26]. This disease has since become one of the most serious

and widespread causes of plant death and yield losses in

strawberry [19–21, 26, 32, 34–37]. The escalating importance

of Macrophomina-caused diseases in agriculturally important

© The Author 2023. Published by Oxford University Press. All rights reserved. For permissions, please e-mail:
journals.permissions@oup.com
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Resistant cultivars are soon to follow…

Our program is dedicated to bringing the highest quality 
genetics to the CA growers and nurseries that (1) solve disease 
problems, (2) improve consumer satisfaction, and (3) increase 
on-farm profitability.

‘UC Surfline’ ‘UC Monarch’ ‘UC Golden Gate’ ‘UC Keystone’ ‘UC Eclipse’
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Thanks to the Organizers!
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Thanks to our supporters, collaborators, and 
funding agencies!

All photos credited to Fred Greaves Photography for UC Davis.
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UCD Strawberry Team+

Strawberry Breeding Program

Pictured: Steven Knapp, Omar Gonzalez-Benitez, Hillel Brukental, Glenn Cole, Mitchell Feldmann, Marco Castellacci, Jade Dilla-Ermita, Dominique Pincot, 
Mishi Vachev, Marta Bjornson, Alicia Sillers, Nico Jimenez, Peter Henry, Isaac Rainwater, Cindy Ramirez Lopez, Randi Famula

Not Pictured: Eduardo Garcia, Nayeli Valencia, Margaret Honig, Paul Skillin, Caitlyn Morgan, Ella Halberstadt, Renata Wilson, Noah Kulchin
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