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Although the impacts of crop domestication on specialist pathogens are well known, less is known about the interaction of
crop variation and generalist pathogens. To study how genetic variation within a crop affects plant resistance to generalist
pathogens, we infected a collection of wild and domesticated tomato accessions with a genetically diverse population of the
generalist pathogen Botrytis cinerea. We quantified variation in lesion size of 97 B. cinerea genotypes (isolates) on six
domesticated tomato genotypes (Solanum lycopersicum) and six wild tomato genotypes (Solanum pimpinellifolium). Lesion
size was significantly affected by large effects of the host and pathogen’s genotype, with a much smaller contribution of
domestication. This pathogen collection also enables genome-wide association mapping of B. cinerea. Genome-wide
association mapping of the pathogen showed that virulence is highly polygenic and involves a diversity of mechanisms.
Breeding against this pathogen would likely require the use of diverse isolates to capture all possible mechanisms. Critically,
we identified a subset of B. cinerea genes where allelic variation was linked to altered virulence against wild versus
domesticated tomato, as well as loci that could handle both groups. This generalist pathogen already has a large collection of
allelic variation that must be considered when designing a breeding program.

INTRODUCTION

Plant disease ismediated by complex interactions among diverse
host and pathogen molecular pathways. The disease outcome is
the sum of host plant susceptibility/resistance and pathogen
virulence/sensitivity mechanisms. The specific outcome of any
interaction is highly dependent on the genetic variation within
these pathways in both the host and pathogen. Over time, mu-
tationandselectionhave led todistinctgeneticarchitectures in the
host and pathogen that are at least partly influenced by the host
range of the pathogen. Specialist pathogens are a major focus in
plant pathology. These pathogens are virulent on a narrow range
of hosts, often a single plant species or genus. Most known plant
genes for resistance to specialist pathogens confer qualitative
resistance through innate immunity via large-effect loci that en-
able the recognition of the pathogen (Dangl and Jones, 2001;
Jones and Dangl, 2006; Dodds and Rathjen, 2010; Pieterse et al.,
2012). These recognition signals can be conserved pathogen
patterns such as cell-wall polymers or flagellin, or alternatively,
specific virulence factors that block perception of the pathogen,

and in turn are detected by plant proteins that guard the signaling
networks (Jones and Dangl, 2006; Bittel and Robatzek, 2007;
Ferrari et al., 2007;Boller andHe, 2009;DoddsandRathjen, 2010).
The evolution of large-effect qualitative loci has partly been driven
by the narrow host range for the pathogen, which enhances co-
evolution between host resistance genes and pathogen virulence
mechanisms.
In contrast to specialist pathogens, generalist pathogens are

virulent across a wide range of plant host species. Generalist
pathogens potentially have less stringent co-evolution to specific
hosts and their accompanying resistance mechanisms, because
these pathogens can easily shift to new hosts in the environment.
This allows generalist pathogens to evade the rapid evolution of
new resistancemechanismswithin specifichosts until they evolve
to counter this new resistance. This niche-shifting ability may
partially explain the observation that most natural resistance to
generalist pathogens is highly polygenic and that the underlying
plant genes for resistance are quantitative (Glazebrook, 2005;
Nomura et al., 2005; Goss and Bergelson, 2006; Rowe and
Kliebenstein, 2008; Barrett et al., 2009;Corwin et al., 2016a). Plant
quantitative resistance genes to generalist pathogens include
a broad array of direct defense genes, such as those involved in
secondarymetaboliteproduction, cellwall formation, anddefense
proteins (Zhang et al., 2002; Denby et al., 2004; Zipfel et al., 2004;
Ferrari et al., 2007; Rowe and Kliebenstein, 2008; Poland et al.,
2009; Corwin et al., 2016a). Importantly, these quantitative plant
resistance loci do not alter resistance to all genotypes (isolates) of
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a pathogen but instead interact with the infecting pathogen’s
genotype. For example, the ability of the Arabidopsis (Arabidopsis
thaliana) defense metabolite, camalexin, to provide resistance to
Botrytis cinerea depends upon whether the specific isolate is
sensitive or resistant to camalexin (Kliebenstein et al., 2005;
Pedras and Ahiahonu, 2005; Stefanato et al., 2009; Pedras et al.,
2011). Similarly, B. cinerea virulence on tomato varies with the
isolate’s ability to detoxify tomatine (Quidde et al., 1998, 1999). In
contrast to the polygenic nature of plant resistance to generalist
pathogens, little is known about the genetic architecture of vir-
ulence within generalist pathogens and how this is affected by
genetic variation in theplant (Bartoli andRoux, 2017). There are no
reported naturally variable large-effect virulence loci in generalist
pathogens, suggesting that virulence in generalist pathogens is
largely quantitative and polygenic. This potential for interaction
between polygenic virulence in generalist pathogens and equally
polygenic resistance in host plants suggests that we need towork
with genetic variation in both the host and pathogen to truly un-
derstand quantitative host-pathogen interactions.

Domestication of crop plants is a key evolutionary process in
plants that has affected resistance to specialist pathogens. Do-
mesticated plant varieties are typicallymore sensitive to specialist
pathogens than their wild relatives (Smale, 1996; Rosenthal and
Dirzo, 1997; Couch et al., 2005; Dwivedi et al., 2008), and
pathogens may evolve higher virulence on domesticated hosts
(Stukenbrock and McDonald, 2008). Furthermore, domestication
typically imposes a genetic bottleneck that reduces genetic di-
versity in the crop germplasm, including decreased availability of
resistance alleles against specialist pathogens (Tanksley and
McCouch, 1997; Doebley et al., 2006; Chaudhary, 2013). These
general evolutionary patterns of reduced resistance and allelic
diversity found when studying the interaction of specialist

pathogens with crop plants are assumed to hold for generalist
pathogens and their domesticated hosts. However, there is less
information about how crop host domestication affects disease
caused by generalist pathogens, when the resistance to these
pathogens is quantitative and polygenic rather than qualitative
and monogenic. As such, there is a need to quantify the effect of
domestication on abroad generalist pathogen in comparisonwith
the rest of the crop’s standing variation to test how and whether
domestication influences the pathogen.
B.cinerea provides a model generalist pathogen for studying

quantitative interactions with plant hosts and underlying evolu-
tionary processes. B. cinerea is a broad generalist pathogen that
can infect most tested plants, from bryophytes to eudicots, and
causeswide ranging pre- andpost-harvest crop losses (Nicot and
Baille, 1996; Elad et al., 2007; Fillinger and Elad, 2015). Individual
isolates of B. cinerea show the same broad host range (Deighton
etal., 2001;Finkerset al., 2007;TenHaveetal., 2007;Corwinet al.,
2016b). This is in contrast to pathogens like Fusarium oxysporum
where the species can infect diverse hosts, but each isolate is
highly host specific (Katan, 1999; Ormond et al., 2010; Loxdale
et al., 2011; Barrett and Heil, 2012). B. cinerea isolates display
significant variation in virulence phenotypes, partly because ge-
netic variation in specific virulence mechanisms, such as the
productionof thephytotoxins,botrydial andbotcinicacid (Siewers
et al., 2005; Dalmais et al., 2011). This genetic variation also in-
fluences cell wall degrading enzymes and key regulators of vir-
ulence such as VELVET, which quantitatively control virulence on
multiple host plants (Rowe and Kliebenstein, 2007; Schumacher
et al., 2012). This standing diversity in virulence mechanisms can
contribute to the formation of quantitative differences in virulence
between the isolates (Ten Have et al., 1998). This phenotypic
variation is driven by a high level of sequence diversity spread
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across the genome (Rowe and Kliebenstein, 2007; Fekete et al.,
2012). The polymorphism rate in B. cinerea, 37 single nucleotide
polymorphisms (SNP)/kb, is much more variable than most pre-
viously studiedplantpathogens (1-2SNP/kb inBlumeria graminis,
1.5 SNP/kb in Melampsora larici-populina, 5.5 SNP/kb in the
compact genome of the obligate biotroph Plasmodiophora
brassicae, 12.3 SNP/kb in the wheat stem rust pathogen Puccinia
graminis f. sp tritici ) and human pathogens (3-6 SNP/kb in My-
cobacterium tuberculosis). In addition to SNP diversity, genomic
sequencing showed that B. cinerea has a high level of re-
combination and genomic admixture, as if it were a randomly
intermatingpopulation (Supplemental Figure1;Atwell et al., 2018).
As such, a collection of B. cinerea isolates contain genetic vari-
ation in a wide range of virulence mechanisms, offering the po-
tential to challenge the host with a blend of diverse virulence
mechanisms to identify the pathogen variation controlling quan-
titative virulence.

A model pathosystem for studying quantitative host-pathogen
interactions is the tomato–B. cinerea system,where the pathogen
causes crop loss because of both pre- and post-harvest infection
(Dean et al., 2012; Hahn, 2014; Romanazzi and Droby, 2016).
Resistance to B. cinerea is a quantitative trait in tomato as with
most other species, with identified tomato quantitative trait loci
each explaining up to 15% of phenotypic variation for lesion size
on stems (Díaz et al., 2002; Finkers et al., 2007; Ten Have et al.,
2007; RoweandKliebenstein, 2008;Corwin et al., 2016a). Tomato
is also a keymodel system to study howdomestication influences
plant physiology and resistance, including alterations in the cir-
cadian clock (Tanksley, 2004; Bai and Lindhout, 2007; Panthee
and Chen, 2010; Bergougnoux, 2014; Müller et al., 2016), which
can modulate resistance to B. cinerea (Sauerbrunn and Schlaich,
2004; Weyman et al., 2006; Bhardwaj et al., 2011; Hevia et al.,
2015). This suggests that host plant diversity within tomato can
alter traits known from other systems to influence B. cinerea re-
sistance. Tomato domestication is typically considered a single
event, followed by extensive crop improvement (Lin et al., 2014;
Blanca et al., 2015). Thus, we are using the tomato–B. cinerea
pathosystem to directly measure the interaction of domesticated
crop variation with genetic variation in a generalist pathogen to
better understand the evolution of this pathosystem.

In this study, we infected 97 genetically diverse B. cinerea
isolates on a collection of domesticated tomato, Solanum lyco-
persicum, and wild tomato, Solanum pimpinellifolium, and
quantified the interaction through lesion size in a detached leaf
assay. Previous studies have examined B. cinerea resistance
between domesticated and wild tomato species using single
isolates of pathogens (Egashira et al., 2000; Nicot et al., 2002;
Guimaraes et al., 2004; TenHave et al., 2007; Finkers et al., 2008).
These previous studies typically used individual wild and do-
mesticated tomato accessions thatwere the founders ofmapping
populations and found a wide range of B. cinerea resistance.
However, it is still unknown how domesticated andwild tomatoes
compare in terms of B. cinerea resistance using multiple plant
genotypes and a population of the pathogen. We selected ac-
cessions to sample major geographic origins of the progenitor
species and focused the domesticated germplasm on diverse
mid- to late- 20th century improved germplasm (Lin et al., 2014;
Blanca et al., 2015). In this study, we asked whether B. cinerea

virulence is controlled by host variation, pathogen variation, or the
interaction between them. Lesion size in B. cinerea is a quanti-
tative trait controlled by plant domestication status, plant geno-
type, and pathogen isolate. Finally, we aimed to identify the
genetic basis of variation in B. cinerea virulence on S. lyco-
persicum and S. pimpinellifolium. We conducted genome-wide
association (GWA) studies in B. cinerea to identify pathogen loci
where genetic variation leads to altered virulence across the host
genotypes, including a specific test for loci that influence re-
sponses to crop domestication. Few studies have conducted
GWA analysis in plant pathogens for virulence phenotypes, and
most of thesewere limited to a fewvariable loci or a fewgenetically
distinct isolates (Dalman et al., 2013; Gao et al., 2016; Talas et al.,
2016; Wu et al., 2017). Our previously sampled isolate collection
includes genetic diversity across 272,672 SNPs (Supplemental
Figure 1; Atwell et al., 2015, 2018; Zhang et al., 2017). We found
that the genetic architecture of virulence of B. cinerea is highly
quantitative, with hundreds of significant SNPs with small effect
sizes associated with lesion area on each tomato genotype. Im-
portantly, there is a subset of loci in the pathogen where allelic
variation gives the isolates opposing responses to crop domesti-
cation. These pathogen loci could provide tools for understanding
how domestication in tomato has influenced generalist pathogen
resistance, which could facilitate breeding efforts.

RESULTS

Experimental Design

To measure how genetic variation in tomato affects quantitative
resistance to a population of a generalist pathogen, we infected
a collection of 97 diverse B. cinerea isolates (genotypes) on wild
and domesticated tomato genotypes. We selected 6 domesti-
cated S. lycopersicum and 6 wild S. pimpinellifolium accessions,
the closest wild relative of S. lycopersicum, to directly study
how domestication has influenced resistance to B. cinerea
(Supplemental Figure 2; Peralta et al., 2008; Müller et al., 2016).
Our previously collected B. cinerea sample includes 97 isolates
obtained from various eudicot plant hosts, including tomato stem
tissue (2 isolates;T3,KT)and tomato fruit (3 isolates;KGB1,KGB2,
Supersteak; Atwell et al., 2015, 2018 Zhang et al., 2017). We in-
fected all 97 B. cinerea isolates onto each of the 12 plant geno-
types in threefold replication across 2 independent experiments in
a randomized complete block design, giving 6measurements per
plant-pathogen combination, for a total of 3276 lesions. Digital
measurement of the area of the developing lesion provides
a composite phenotype controlled by the interaction of host and
pathogen genetics. This measurement of the plant–B. cinerea
interaction has been used successfully in a number of molecular
and quantitative genetic studies (Ferrari et al., 2003, 2007; Denby
et al., 2004; Kliebenstein et al., 2005; Ten Have et al., 2007;
Abuqamar et al., 2008; Rowe and Kliebenstein, 2008; Liu et al.,
2014). It should be noted thatwewere not focusing onmicrobe- or
pathogen-associated molecular pattern-specific host/pathogen
interactions with this study; we were instead allowing for the
identification of any mechanism that may influence the host/
pathogen interaction including metabolism, development, or any
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other unknown component. If there is genetic variation affecting the
trait, and the trait influences the interaction of host and pathogen, it
would be a component of the experiment. This fits with the recently
developing view that growth, development, and resistance inplants
are highly integrated processes that may not be as distinct as once
believed (Campos et al., 2016; Ballaré and Pierik, 2017; Züst and
Agrawal, 2017; Izquierdo-Bueno et al., 2018).

Lesion Size (Phenotypic) Variation

We collected images of all lesions at 24, 48, and 72 h after in-
oculation. At 24 h after inoculation, no visible lesionswere present
on the tomato leaves.At48hafter inoculation, a thin ringofprimary

lesions became visible surrounding the location of the spore
droplet, but no expansion was visible. At 72 h after inoculation,
significant lesion growth was visible, but no lesions had spread to
infect over half of the leaflet. We digitally measured the area of all
developing lesions at 72 h after infection as ameasure of virulence
(Figure 1). We used the linear measurement of lesion area for
several reasons. First, at 72 h after infection,B. cinerea lesion area
appears to enter a relatively linear growth phase (Rowe et al.,
2010). Second, this linear measurement behaves as a normally
distributed trait (Kliebenstein et al., 2005; Corwin et al., 2016a;
Atwell et al., 2018; Fordyce et al., 2018). Finally,B. cinerea isolates
display large variation in their unit biomass per lesion area and, as
such, growth in biomass is not the sole factor driving thismeasure

Figure 1. Botrytis cinerea 3 Tomato Diversity, as Revealed by a Detached Leaf Assay and Digital Image Analysis.

(A) Individual tomato leaflets of 6 S. lycopersicum genotypes and 6 S. pimpinellifolium genotypes are in randomized rows, and spore droplets of individual
B. cinerea isolates are in randomized columns. Digital images were collected 72 h after inoculation. Randomized leaflets were infected with single droplets
of spore suspensions from 40 randomized B. cinerea isolates, and digital images were taken 72 h after inoculation.
(B) Digital masking of leaves and lesions was followed by automated measurement of the area of each lesion.
(C) to (H) Variation in lesion size resulting from the interaction of B. cinerea and diverse tomato genotypes.
(C) Average lesion sizes of single B. cinerea isolates (line traces) across tomato host genotypes grouped by domestication status.
(D) Highlight of the common reference B. cinerea isolate B05.10.
(E) Highlight of the ten highest-virulence isolates, as estimated based on mean virulence across all tomato genotypes.
(F) Highlight of the ten most saprophytic, or low virulence, isolates, as estimated based on mean virulence across all genotypes.
(G) Highlight of the five isolates collected from tomato tissue.
(H) Highlight of the two isolates with significant domestication sensitivity.
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(Corwin et al., 2016b).Weobservedamean lesion size of 0.67 cm2

across the full experiment, with a coefficient of variation of 0.94
across the full isolate population on all tomato genotypes. In-
dividual isolates were highly variable in their lesion size across
tomatogenotypes (Figures1Cto1Hand2),withamean lesionsize
per isolate of 0.14 cm2 to 1.29 cm2, and individual isolate co-
efficient of variation from0.51 to1.68acrossall observationsonall
tomato genotypes (Supplemental Data Set 1). A subset of these
isolates is highly virulent on tomato (mean lesion size > 1.05 cm2,
Figure 1E), and a subset can be considered saprophytic (mean
lesion size < 0.3 cm2, Figure 1F). Lesion size of B. cinerea on
tomato showed a weak positive correlation with lesion size on A.
thaliana fromprevious studiesonbothdomesticated tomato (r =0.
247,P=0.003)andwild tomato (r=0.301,P=0.016;Supplemental
Figure 3; Zhang et al., 2017). This lack of correlation suggests the
presence of both shared and unique mechanisms of quantitative
virulence in the two species.

Contribution of Pathogen Genetics and Plant Genetics
Effects to Resistance

To measure the relative contribution of genetic diversity in the
plant and the pathogen to variation in the virulence/susceptibility
phenotype, we used a general linear model (R lme4 package;
Bates et al., 2015). This model directly tested the contribution of
pathogen genotype (isolate), plant genotype, and plant domes-
tication status to variation in lesion size. The final model showed
that genetic variation within both the host plant and pathogen had
significant effects on lesion growth, each explaining approxi-
mately the same portion of the variance (Table 1; Figure 1C). In-
terestingly, although tomato domestication status significantly
affectedB. cinerea virulence, it was to amuch lower level than the
other factors (Table 1). There was no evidence for significant

interaction effects between pathogen isolate and plant genotype.
Thus, the interaction between tomato and B. cinerea was sig-
nificantly controlled by genetic diversity within the host plant and
the pathogen, including a slight effect of domestication status.

Pathogen Specialization to the Source Host

One evolutionarymodel of plant–generalist pathogen interactions
suggests that pathogen isolates within a generalist species may
specialize for interaction with specific hosts. Alternatively, gen-
eralist isolatesmayshownohost specializationor preference.Our
collection ofB. cinerea includes five isolates that may be adapted
to tomato, because they were collected from S. lycopersicum. To
test for evidence for specialization to thesourcehost,wecompared
the virulence of the B. cinerea isolates obtained from tomato to the
broader pathogen population. For B. cinerea genotypes isolated
from tomato tissue versus other hosts, there was no significant
difference in lesion size across all tomato genotypes (t test; n = 97,
P=0.14;Figure1G). In fact,one isolatecollected fromtomato tissue
(KGB1) was among the 10 least-virulent isolates and another (Tri-
ple3) was among the 10 most-virulent isolates (Figure 1G). This
demonstrates that there is significant genetic variation in virulence
across the B. cinerea isolates and that this collection of B. cinerea
isolates from tomato does not display a strong host-specificity for
tomato (Martinez et al., 2003; Ma andMichailides, 2005; Rowe and
Kliebenstein, 2007; Samuel et al., 2012).

Pathogen Specialization to Host Genotype

Although we did not find evidence for B. cinerea preference for
tomato based on isolate host source, the B. cinerea isolates may
contain genetic variation at individual loci that allow them tobetter
attack subsets of the tomato genotypes (Rowe and Kliebenstein,

Figure 2. Distribution of Tomato Genotype Susceptibility to Infection with 97 Genetically Diverse B. cinerea Isolates.

Violin plots show thedistributionof lesion size causedbyB. cinerea isolatesoneach tomatohost genotype. Individual points aremean lesion size for eachof
the 97 different isolate-host pairs. The boxes show the 75th percentile distribution, and the horizontal line shows the mean resistance of the specific host
genotype. The tomato genotypes are grouped based on their status as wild or domesticated germplasm.
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2007; Kretschmer and Hahn, 2008; Corwin et al., 2016b). A visual
analysis of thedata suggested an interactionbetween thegenomes
of B. cinerea and tomato (Figure 1, C-H). However, when using the
full model, we found no significant interaction between isolate and
individual host genotype, even though there was a large fraction of
variance within these terms (Table 1). This may indicate a lack of
interaction between genetic variation in the host and pathogen.
Interaction effects in large data sets can be difficult to identify using
mixedmodels, so we used a second standard statistical approach,
a Wilcoxon signed-rank test. We usedmodel-adjusted lesion sizes
as input to testwhether the rank ofB. cinerea isolate-induced lesion

size significantly changes between pairs of tomato genotypes.
When the full isolate population was used, the rank performance of
the isolates significantly varied between host genotypes. When
comparingmean lesion size between paired plant genotypes, 59%
(39 out of 66) of tomato accession pairs had significantly different
ranking of the isolates (Wilcoxon signed-rank test with Benjamini-
Hochberg False Discovery Rate (FDR)-correction; Table 2;
Supplemental Figure 4). A significant p-value indicates that the two
host genotypes show evidence for different virulence interactions
with the population of B. cinerea isolates, providing evidence for
host 3 pathogen genotypic interactions. This pattern was

Table 1. ANOVA Results of the Interaction between 12 Tomato Accessions and 95 B. cinerea Isolates Measured as Lesion Area.

Effect Type II Sum of Squares F Value Likelihood Ratio Test Statistic Degrees of Freedom P Value

Fixed Effect
Isolate 37.8 1.7 94 0.007
Domestication 3.4 14.1 1 0.0006
Domestication/Plant 39.3 16.2 10 5e-11
Isolate:Domestication 15.8 0.7 94 0.99
Isolate:Domestication/Plant 179.1 0.8 940 1

Random Effect
Experiment 136 1 <2e-16
Whole plant 0.21 1 0.65
Whole plant/leaf 22.4 1 2e-06
Whole plant/leaf/leaflet pair 0 1 1
Experiment:Isolate 321 1 <2e-16

Results of general linear modeling of lesion area for 12 tomato accessions by 95 B. cinerea isolates is shown (R lme4 package version 1.1-18-1; Bates
et al., 2015). Two of the 97 isolates did not have replication across 2 experiments; therefore, they were dropped at this stage of analysis. The terms are
as follows: Isolate is the 95 B. cinerea isolates; Domestication is wild tomato, S. pimpinellifolium, versus domesticated tomato, S. lycopersicum; Plant is
12 tomato genotypes nested within their respective domestication groupings. The experiment tests the random effect of 2 independent replicate
experiments. The nested random effects of whole plant sampled, leaf sampled, and leaflet pair are included. In addition, interactions of these factors
were tested (:). The degrees of freedom and p-value are shown. For fixed effects, the type II sum of squares and F-value are shown, and for random
effects, the likelihood ratio test statistic is shown. P values in bold represent those crossing the significance threshold. Blank spaces within the table
represent model terms for which that variance descriptor was not calculable due to it being a fixed or random effect.

Table 2. Rank Order Shifts of 97 B. cinerea Isolates by Lesion Area across All of the Tomato Accessions.

Wild Domesticated

LA1547 LA1589 LA1684 LA2093 LA2176 LA480 LA2706 LA3008 LA3475 LA410 LA4345 LA4355

Wild
LA1547 2978 3988 2927 1865 3008 1710 3460 1597 1135 3928 2944
LA1589 <0.001 5401 4699 3359 4662 3014 4918 2938 2340 5536 4454
LA1684 NS 0.029 3709 2552 3690 2296 4004 2205 1690 4537 3571
LA2093 <0.001 NS 0.049 3013 4496 2732 4889 2588 1947 5534 4264
LA2176 <0.001 0.004 <0.001 <0.001 5837 4029 6002 3963 3276 6706 5583
LA480 <0.001 NS 0.044 NS 0.001 6143 4192 6286 6855 3575 4702

Domesticated
LA2706 <0.001 <0.001 <0.001 <0.001 NS <0.001 6311 4523 3876 6917 5940
LA3008 0.009 NS NS NS <0.001 NS <0.001 2619 2082 5100 4049
LA3475 <0.001 <0.001 <0.001 <0.001 NS <0.001 NS <0.001 3815 7088 5984
LA410 <0.001 <0.001 <0.001 <0.001 0.002 <0.001 NS <0.001 NS 7567 6602
LA4345 0.16 0.011 NS 0.011 <0.001 0.021 <0.001 NS <0.001 <0.001 3439
LA4355 <0.001 NS 0.02 NS 0.008 NS <0.001 NS <0.001 <0.001 <0.001

Wilcoxon signed-rank test comparing model-corrected mean B. cinerea lesion areas on various tomato accessions. This tests for a change in the rank
order of the 97 isolates between each pair of tomato accessions. A significant p value suggests that the relative performance of individual isolates is
altered from one host to the other. The bottom left corner of the chart includes Benjamini-Hochberg FDR-corrected p values; the top right corner
includes the test statistic (W). Bold text indicates significance at p < 0.01 after correction; italicized text indicates suggestive p values 0.01 < p < 0.1. NS,
nonsignificant interactions. Blank spaces represent the self comparison diagonal and this was excluded as it is uninformative.
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consistent across domesticated host pairs, wild host pairs, or
between-species host pairs (Wilcoxon signed-rank test with
Benjamini-Hochberg FDR-correction; Table 2). This provides evi-
dence that the population of B. cinerea does display differential
responses to the genetic variation of tomato.

To focus onwhether specificB. cinerea isolatesmay be sensitive
to tomato domestication, we applied a Wilcoxon and Analysis of
Variance (ANOVA)approach.Overall,most isolates (78/97,80%)are
more virulent on domesticated than wild tomato (Figure 3;
Supplemental Data Set 1). Using a Wilcoxon signed-rank test to
compare the rank of model-corrected mean lesion size of all the B.
cinerea isolates on wild versus domesticated tomato, we found
a significant difference (Wilcoxon signed-rank test, W = 5801,
p-value = 0.0007; Figure 3). Although this shows a general pop-
ulation behavior, we used single-isolate ANOVAs to test whether
any specific pathogen genotypes had a significant associationwith
domestication. These general linear models included the fixed ef-
fects of plant, domestication, and the random effect of experiment.
Afteradjustment formultiple testing, this identifiedtwo isolates (Fd2,
Rose)with a significant effect of domestication on lesion size (P < 0.
05, FDR corrected; Figure 1H), both of which are more virulent on
domesticated tomato (Supplemental Data Set 2).

To assess whether isolates could appear domestication as-
sociated because random chance, we bootstrapped assignment
of plant accessions todomesticationgroups.Ninety-sixof the100
bootstraps identified no isolates with domestication sensitivity,
and the other four bootstraps identified only two isolates showing
significant domestication association (FDR <0.01). Therefore, our
individual isolate observations are in the 96th percentile. Although

this is suggestive, a more precise estimate of isolate 3 domes-
tication interactions would require larger experiments using either
more replications or additional plant genotypes.

Domestication and Lesion Size Variation

Existing literature predominantly reports that crop domestication
decreases plant resistance topathogens (Smale, 1996;Rosenthal
and Dirzo, 1997; Couch et al., 2005; Dwivedi et al., 2008;
Stukenbrock and McDonald, 2008). Although we did observe the
expected decreased resistance (by 18%) in domesticated tomato
(Table 1; Figures 2 and 3;), domestication was a minor player in
controlling lesion size variation, with most of the plant genetic
signature coming from variation within both the wild and do-
mesticated tomato species, contributing 12-foldmore variation in
resistance than domestication alone (Table 1). Removing the two
domestication-associated isolates (Fd2, Rose) from our pop-
ulation did not eliminate the effect of tomato domestication on
lesion size, because it was still significant and B. cinerea was still
more virulent on domesticated tomato by 17% (Supplemental
Table 1). To test how this mild domestication effect might be
sensitive to shifts in the collection of tomato genotypes, we used
the same bootstraps from above for the full model. Our observed
domestication effect was in the top 80th percentile across all
bootstraps, suggesting that although the domestication effect is
small, it is relatively stable in response to shifts in the genotypes.
However, a larger sample of S. lycopersicum and S. pimpinelli-
folium genotypes would be needed to develop a more precise
estimate of any domestication effect on lesion size.
In addition to altering trait means, domestication commonly

decreases genetic variation in comparison with wild germplasm
because of bottlenecks, including for tomato (Tanksley and
McCouch, 1997;Doebleyet al., 2006;Bai andLindhout, 2007).We
would expect this decreased genetic variation to limit phenotypic
variation, including disease phenotypes. Interestingly, in this to-
mato population, we did not observe reduced variation in lesion
size in the domesticated tomato. The wild and domesticated
tomato genotypes showed similar variation in resistance (F-test,
F96,96 = 1.39, P = 0.11; Figure 3; Supplemental Figure 2). Overall,
there is a slight domestication impact on average resistance to B.
cinerea, and no evidence of a phenotypic bottleneck because of
domestication. This suggests that in the tomato–B. cinerea pa-
thosystem, domestication is not a major part of the variation.

Quantitative Genetics of Pathogen Virulence on Tomato

Genetic variation within B. cinerea had a large effect on virulence
on tomato and showed someevidence for interactionwith tomato
domestication (Table 1). This suggests that there is genetic var-
iation within the pathogen, in which some alleles enhance and
other alleles decrease virulence, depending upon the plant’s
genotype. To identify variable pathogen genes controlling dif-
ferential virulence across plant genotypes, we conducted GWA
mapping analysis within the pathogen using 272,672 SNPs
comparedwith theB.cinereaT4 referencegenome (Supplemental
Figure 1; Atwell et al., 2018). Because of the large effect of plant
genotype on resistance to B. cinerea, we performed GWA using

Figure 3. Distribution of B. cinerea Virulence by Tomato Domestication
Status.

The violin plots show the mean virulence of each B. cinerea isolate on the
tomato genotypes, grouped as wild or domesticated germplasm. The
domestication effect on lesion size is significant (ANOVA, P = 0.0006;
Table 1). The interaction plot between the two violin plots connects the
average lesion size of a single B. cinerea isolate between the wild and
domesticated germplasm.
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model-corrected least-squared mean virulence measured on
each tomato genotype as separate traits. We used a ridge-
regression approach (bigRR) to estimate the phenotypic effects
across the genome (Shen et al., 2013;Corwin et al., 2016a, 2016b;
Francisco et al., 2016; Atwell et al., 2018). To determine signifi-
cance of SNP effects under GWA, we permuted phenotypes
1000 times to calculate 95%, 99%, and 99.9% effect size
thresholds within each plant host. At 1000 permutations, the 99.
9% threshold is imprecise, but we included this approximate
threshold to identify conservative SNP associations. GWA anal-
ysis showed that the genetic basis of B. cinerea virulence on
tomato is highly polygenic. Consistent with a polygenic structure

of this trait in thepathogen,GWAdidnot identify large-effectSNPs
(Figure 4). The number of significant B. cinerea virulence SNPs
identified by this ridge-regression approach (bigRR) varied by
plant accession, from 1284 to 25,421 SNPs on the 12 different
host genotypes (significance was determined by the SNP effect
size estimate exceeding the 99% 1000-permutation threshold).
At the SNP level, fewer loci contribute to virulence across all

host genotypes.We found fiveB. cinereaSNPssignificantly linked
to altered lesion size onall 12 tomato accessions (Figure 4B). In all,
215 SNPs were called in at least ten hosts, and 3300 SNPs were
called in at least half of the hosts, whereas 27% (46,000) of the
significant SNPs were linked to virulence on only a single host

Figure 4. GWA of B. cinerea Lesion Size on Individual Tomato Genotypes.

B. cinerea chromosomes are differentiated by shading in alternating light and dark gray.
(A)Manhattan plot of estimated SNP effect sizes by bigRR (ridge-regression approach) forB. cinerea lesion size using a single tomato accession, LA2093.
Permutation-derived thresholds are shown as horizontal dashed lines.
(B) The number of tomato accessions for which a B. cinerea SNP was significantly linked to lesion development by bigRR using the 99% permutation
threshold. Frequency is the number of phenotypes in which the SNP exceeds the threshold. Vertical dotted lines identify regions with overlap between the
top 100 large-effect SNPs for LA2093 and significance across the majority ($6) of tomato genotypes tested.
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tomato genotype. These levels of overlap exceed the expected
overlap due to random chance (Figure 5A). Although only a small
subset of these B. cinerea SNPs were linked to virulence on all
the tomato genotypes, we obtained better overlap across host
genotypes by focusing on gene windows.

To focuson thesmall-effectgenes linked toB.cinereavirulence,
we classified a gene as significantly associated if there was one
SNP linked to a trait using a 2-kbp window surrounding the start
and stop codon for a given gene. This analysis identified 14 genes
linked todifferential virulence inall 12 tomatoaccessionsbybigRR
(Figure 5B; Supplemental Data Set 3A), as some SNPs within
a gene had accession-specific phenotypes (significant in <12

tomato accessions). An additional 1045 genes were linked to
differential virulence on7 to 11 of the tomato accessionsby bigRR
(Figure 5B; Supplemental Data Set 3A).
Of the 14 genes with SNPs significantly associated with B.

cinereavirulenceonall tomatogenotypesbybigRR,mosthavenot
been formally linked topathogen virulence.However, SNPswithin
a pectinesterase gene (BcT4_6001, Bcin14g00870) were asso-
ciated with virulence across 11 tomato accessions. Pectines-
terases are key enzymes for attacking the host cell wall,
suggesting that variation in thispectinesterase locusand theother
loci may influence pathogen virulence across all the tomato
genotypes (Valette-Collet et al., 2003). Therefore, asanexampleof

Figure 5. Frequency of Overlap in B. cinerea GWA Significance across Tomato Accessions.

(A)The frequencywithwhich theB. cinereaSNPssignificantly associatewith lesion sizeon the12 tomatoaccessionsusingbigRRand the99%permutation
threshold. The black line indicates the expected frequency of random overlap, given the number of significant SNPs per plant genotype and the size of the
total SNP set. The inset zooms in on thedistribution for overlappingSNPsabove6plant genotypes for easier visualization. TherewerenoSNPsexpected to
overlap by random chance in the inset.
(B)The frequencywithwhichB. cinereagenessignificantly associatedwith lesion sizeon the12 tomatoaccessions.Geneswere called as significant if there
was one significant SNP called at the 99% permutation threshold within the gene body, or within 2 kb of the gene body.
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a virulence gene identified by our GWA methods, we looked for
evidence of multiple haplotypes in this locus linked to virulence
by visualizing the SNP effects across the pectinesterase gene.
We plotted the effect sizes for all SNPs in this gene and in-
vestigated the linkage disequilibrium among these SNPs (Fig-
ure 6). This showed that the effect of SNPs across this gene
vary in effect direction depending on tomato host genotype
(Figure 6A). We identified two haplotype blocks contributing to
the association of this gene to the virulence phenotype
(Figure 6B). One block is associated with SNPs in the 59 un-
translated region in SNPs 5-11, and the second block is SNPs
that span the entirety of the gene in SNPs 13-26. Interestingly,
there are only two SNPs in the open reading frame of the as-
sociated gene (Figure 6). This suggests that the major variation
surrounding this locus is controlling the regulatorymotifs for this
pectinesterase. Thus, there is significant genetic variation in

B. cinerea virulence that is dependent upon the host’s genetic
background. This suggests that thepathogen reliesonpolygenic
small effect loci, potentially allowing selection to customize the
level of virulence on different tomato hosts.

Quantitative Genetics of the Pathogen Response to
Tomato Domestication

The identification of two isolates that differed on wild and do-
mesticated tomato indicated that there may be some natural
genetic variation in B. cinerea linked to this phenotypic variation.
To directly mapB. cinerea genes that control differential virulence
on wild versus domesticated tomatoes, we used the least-
squared mean virulence of each isolate across all wild and all
domesticated tomato genotypes as two traits.We also calculated

Figure 6. Host Specificity of Significant SNPs Linked to the Gene BcT4_6001 (Bcin14g00870).

(A) SNPs with effects estimates above the 99% permutation threshold are colored by trait (plant accession in which the effect was estimated). Wild
accessions are in the orange range (yellow to red shades), and domesticated accessions are in the blue range (green to purple shades). BcT4_6001
(Bcin14g00870) is a pectinesterase gene linked to at least one significant SNPon all 12 of the tested tomato accessions by bigRR. The annotated exons are
depictedas turquoise rectangles,with the start codonmarkedwith an arrow indicating thedirection of transcription. Red rectangles indicate corresponding
linkage disequilibrium blocks from Figure 6B.
(B) Linkage disequilibrium plot, including all pairwise comparisons of SNPs in the 2-kb region surrounding Bcin14g00870. The color scheme for each SNP
pair is D'/LOD: white if LOD <2 and D’ <1, bright red for LOD $2 and D’=1, intermediate shades for LOD$2 and D’<1.
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a domestication sensitivity trait: the relative difference in lesion
size for each isolate between domesticated and wild hosts.
Using these three traits, we conducted bigRR GWA within
B. cinerea to map genes in the pathogen that respond to do-
mestication shifts in the plant. The use of themean lesion area of
theB. cinerea isolates on the wild or domesticated tomato hosts
uncovered a complex, highly polygenic pattern of significant
SNPs similar to that of the individual tomato accessions (Figures
4 and 7). The significant SNP sets had a high degree of overlap
between the wild phenotype and domesticated phenotype. By
contrast, analysis of domestication sensitivity identified a more
limited set of SNPs with less overlap to the mean lesion area on
either domesticated or wild tomato (Figure 7). To query the
underlying gene functions for these B. cinerea loci, we called

genes as significant if there was one SNP within 2 kb of the gene
(Figure 7C). The use of all 1251 genes linked to domestication
traits by bigRR for functional enrichment analysis revealed only
22 significantly overrepresented biological functions (Fisher
exact test, P < 0.05, Supplemental Data Set 3B) when compared
with the whole-genome T4 gene annotation. The enrichments
were largely surrounding enzyme and transport functions, which
are known to be key components of how the pathogen produces
toxic metabolites and conversely detoxifies plant defense
compounds. Thus, there is an apparent subset of B. cinerea
genes that may be specific to the genetic changes that occurred
in tomato during domestication. Further work is needed to as-
sess whether and how variation in these genes may be linked to
altered virulence on domesticated and wild tomatoes.

Figure 7. GWA Analysis of Domestication Sensitivity in B. cinerea.

Domestication sensitivity of each isolate was estimated as the difference between the average virulence on thewild and domesticated tomato germplasm.
This value was then used for GWA mapping by bigRR.
(A) The top 1000 SNPs that significantly affect lesion size across domesticated tomato, wild tomato, or domestication sensitivity are shown. Significance is
called as crossing the 99% permutation threshold.
(B) Venn diagram of overlapping SNPs identified as crossing the 99% permutation threshold for each trait.
(C)Venndiagramof overlapping genes identifiedas crossing the 99%permutation threshold for each trait. Geneswere called as significant if therewas one
significant SNP within the gene body or within 2 kb of the gene body.
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DISCUSSION

The genetics of plant resistance to generalist pathogens are
mostly quantitative, depend upon pathogen isolate, and rely on
genetic variation in both signal perception and direct defense
genes (Kover and Schaal, 2002; Parlevliet, 2002; Glazebrook,
2005; Nomura et al., 2005; Goss and Bergelson, 2006; Tiffin and
Moeller, 2006; Rowe and Kliebenstein, 2008; Barrett et al., 2009;
Corwin et al., 2016a; Zhang et al., 2017). Previous studies of to-
mato resistance to B. cinerea have found a quantitative genetic
architecture that varies between domesticated and wild tomato
species, with higher resistance in the wild species (Egashira et al.,
2000; Nicot et al., 2002; Guimaraes et al., 2004, Finkers, Heusden
et al. 2007, Ten Have et al., 2007; Finkers et al., 2008). However,
how the choice ofB. cinerea isolate may alter the plant–pathogen
interaction has been unclear. To address these questions, we
usedgenetic variation inwild anddomesticated tomato accessions
in conjunction with a population of B. cinerea isolates. B. cinerea
virulence on tomato, as measured by lesion size, was significantly
affected by pathogen isolate, host genotype, and domestication
status (Table 1). Pathogen isolate and tomato genotype were the
strongest determinants of the interaction, with only a slight but
significant decrease in resistance to the pathogen associated with
domestication. Similarly, therewas no evidence of a domestication
bottleneck, with similar variance in resistancebetween thewild and
domesticated tomatoaccessions (Table1;Figure2).Therewasalso
little evidence in this B. cinerea population for specialization to
tomato, supporting the hypothesis thatB. cinerea is a generalist at
the isolate and species level (Figures 1C to 1H; Giraud et al., 1999;
Martinez et al., 2003; Ma and Michailides, 2005). GWA mapping
within the pathogenshowed that the genetics underlyingB. cinerea
virulence on tomato are highly quantitative and vary across tomato
genotypesanddomesticationstatus (Figures5and7). Thisanalysis
identified a small subset of pathogen genes whose variation con-
tributes to differential virulence on most of the hosts tested, and
a set of pathogen genes whose variation is responsive to tomato
domestication (Supplemental Data Set 3B).

Domestication and Altered Pathogen Virulence Genetics

In biotrophic pathogens, host domestication has decreased the
diversity of resistance alleles because they are lost in the do-
mestication bottleneck, as found for specialist pathogens
(Tanksley and McCouch, 1997; Doebley et al., 2006; Hyten et al.,
2006; Chaudhary, 2013). Surprisingly, we did not find evidence for
a domestication bottleneck in the phenotypic resistance to B.
cinerea (Figures 2 and 3). This is in contrast with genomic studies
that explicitly show a genotypic bottleneck within tomato do-
mestication (Miller and Tanksley, 1990; Koenig et al., 2013).
Previous work in A. thaliana with these isolates has shown that if
plant defenses such as jasmonic acid and salicylic acid signaling
are nonfunctional, there is increased variation in B. cinerea viru-
lence (Zhanget al., 2017). Thus, if these pathwayshad large-effect
differences between wild and domesticated tomato, we would
expect to see a wider range of B. cinerea virulence phenotypes in
domesticated tomato (Zhang et al., 2017). The similarity in the
variance suggests that any differences we are seeing are not
caused by large-effect changes that abolish or greatly diminish

specific defense signaling networks (Figures 2 and 3). These
patterns, i.e., a mild decrease in resistance to B. cinerea because
of plant domestication, and within-species plant variation ex-
ceeding the contribution of domestication itself, may be unique to
interactions between B. cinerea and tomato, or more general. It is
unclear whether this pattern is unique to tomato, or if each do-
mestication event is unique.

Polygenic Quantitative Virulence and
Breeding Complications

Our results indicate a highly polygenic basis of quantitative vir-
ulence of the generalist B. cinerea on tomato similar to the highly
polygenic basis on the host side of the interaction (Zhang et al.,
2017).The variation in lesion size is linked to numerous B. cinerea
SNPs, each with small effect sizes (Figure 4A). Importantly, the
tomato host accession greatly influenced which B. cinerea loci
were significantly associated with lesion size (Figure 5). Thus, it is
possible that there is specialization at the gene level, in which
different alleleswithin the pathogen link to differential virulence on
specific host genotypes (Giraud et al., 1999; Rowe and Klieben-
stein, 2007; Blanco-Ulate et al., 2014). This polygenic architecture
of virulence is different from virulence architecture in specialist
pathogens that often have one or a few large effect genes that
control virulence (Keen, 1992; De Feyter et al., 1993; Abramovitch
and Martin, 2004; Boyd et al., 2013; Vleeshouwers and Oliver,
2014). Further studies are needed to compare how the host plant
species may affect this image of genetic variation in virulence.
These results point toparticular challenges for breedingdurable

resistance toB. cinerea, and possibly other generalist pathogens.
The highly polygenic variation in virulence, combined with genomic
sequencing showing that this pathogen is an inter-breeding pop-
ulation, suggests that the pathogen is actively blending a large
collection of polymorphic virulence loci (Rowe and Kliebenstein,
2007; Fekete et al., 2012; Atwell et al., 2015,. 2018). Thus, it is in-
sufficient to breed crop resistance against a single isolate of B.
cinerea, because this resistance mechanismwould likely be rapidly
overcomebynewgenotypeswithinthefieldpopulationofB.cinerea.
By contrast, it is likely necessary to breed resistance using a pop-
ulation of the pathogen, and to focus on plant loci that target entire
virulencepathwaysormechanisms.Theresults in thisstudy indicate
that the specific genetics of the plant host, the host’s general do-
mestication status, and thespecificgeneticsof thepathogen isolate
will all combine to affect how the estimated breeding value inferred
from any experiment will translate to a field application (Table 1). As
such, using a single or even a few pathogen isolates to guide re-
sistance breeding in plants is unlikely to translate to durable re-
sistance against B. cinerea as a species. Furthermore, the lack of
evidence for a domestication bottleneck on tomato resistance to B.
cinerea suggests that, at least for tomato, allelic variation in this
generalist pathogen is sufficient to overcome introgression of wild
resistance genes or alleles into the domesticated crop.
This study examined the contributions of host and pathogen

natural genetic variation to the quantitative interaction in the
tomato–B. cinerea pathosystem. B. cinerea has a highly quanti-
tative genetic basis of virulence on tomato, which is dominated by
pathogen effects but also sensitive to genetic variation linked to
tomato domestication. Further studies are needed to test whether
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this pattern of domestication responses in tomato is similar to
patterns in other crops. Because this population of B. cinerea
can infect a wide range of hosts, it will be possible to directly
conduct this study. By extending future work to additional
domestication events, it may be possible to test whether in-
dependent crop domestication events have a consistent un-
derlying genetic signal of the adaptation of B. cinerea to plant
domestication.

METHODS

Tomato Genetic Resources

We obtained seeds for 12 selected tomato genotypes in consultation with
theUniversityofCaliforniaDavisTomatoGeneticsResourceCenter. These
include a diverse sample of 6 genotypes of domesticated tomato’s (So-
lanum lycopersicum) closest wild relative (Solanum pimpinellifolium)
sampling across its major geographic regions (Peru, Ecuador) and 6
heritage and modern varieties of S. lycopersicum, focusing on mid- to late
20th century improved varieties (Lin et al., 2014; Blanca et al., 2015). Al-
though genetic data are not available for all of our S. pimpinellifolium
accessions, 9 of the 12 accessions have been genotyped and span the
mappable diversity in domesticated tomato and its close relatives
(Supplemental Figure 2; Sim et al., 2012). We bulked all genotypes and
grew them under long-day (16-h photoperiod) greenhouse conditions at
UC Davis in the Fall of 2014. We grew the plants under metal-halide lamps
at 180-190 mEi using day/night temperatures at 25°C/18°C in 499 pots filled
with standard potting soil (Sunshine mix #1, Sun Gro Horticulture). The
plants were watered once daily and pruned and staked tomaintain upright
growth. Fruits were collected at maturity and stored at 4°C in dry paper
bags until seed cleaning. To clean the seeds, we incubated seeds and
loculecontentsat24°C in1%proteasesolution (RapidaseC80Max) for 2h,
then rinsed them in deionized water and air-dried. We stored the seeds in
a cool, dry, dark location until use.

To grow plants for detached leaf assays, we bleach-sterilized all seeds
and germinated them on paper in the growth chamber using flats covered
with humidity domes. At 7 d, we transferred seedlings to soil (SunGro
Horticulture) and grew all plants in growth chambers in 20°C, short-day
(10-h photoperiod) conditions under metal-halide lamps at 180-190 mEi
light intensity and 60%RH. We bottom-watered the plants with deionized
water every 2 d for 2 weeks, and at week 3 watered every 2 d with added
nutrient solution (0.5%Nitrogen-Phosphorus-Potassium fertilizer in a 2-1-
2 ratio;GrowMore4-18-38). Theplantswere used fordetached leaf assays
6weeks after transferring the seedlings to soil. Flowering in this systemdid
not occur until at least 9 weeks of age for any accession, and as such we
were sampling midway between the juvenile/adult transition and any
flowering time decision. This window has been successfully used to
minimizeanymajor ontogenetic effectson thepathogen/host interaction in
other systems (Corwin, Copeland et al. 2016).

B. cinerea Genetic Resources

We used a previously described collection of B. cinerea isolates that were
isolated as single spores from natural infections of fruit and vegetable
tissues collected in California and internationally (Atwell et al., 2015, 2018;
Zhang et al., 2017). This included five isolates obtained from natural in-
fections of tomato. We maintained B. cinerea isolates as conidial sus-
pensions in 30%glycerol for long-termstorageat280°C. For regrowth,we
diluted spore solutions to 10% concentration in filter-sterilized 50% grape
juice and inoculated them onto 39 g/L potato dextrose agar medium. We
grew the isolates at 25°C under a 12-h light/12-h dark cycle under in-
candescent lights at 100 mEi and propagated them every 2 weeks.

Sequencing failed for 6 out of our 97 phenotyped isolates. For bigRRGWA
mapping with the 91 isolates genotyped in this study, we used a total of
272,672 SNPs against the B. cinerea T4 genome with minor allele fre-
quency 0.20 or greater and <10% missing calls across the isolates (SNP
calls in at least 82/91 isolates; Atwell et al., 2018).

Detached Leaf Assay

To study the effect of genetic variation in the host and pathogen on lesion
formation, we infected detached leaves of 12 diverse tomato varieties with
the 97 B. cinerea isolates described above. We used a randomized
complete block design for a total of 6 replicates across 2 experiments. In
each experiment, this included a total of 10 plants per genotype ran-
domized in 12 flats in 3 growth chambers. Each growth chamber block
correspondedwith a replicate of the detached leaf assay, such that growth
chamber and replicate shared the sameenvironmental block. At 6weeksof
age, we selected 5 leaves per plant (expanded leaves from the second true
leaf or younger) and 2 leaflet pairs per leaf. We randomized the order of
leaves from each plant, and the leaflets were placed on 1% Phytoagar in
planting flats, with humidity domes. Our inoculation protocol followed
previously described methods (Denby et al., 2004; Kliebenstein et al.,
2005). Spores were collected from mature B. cinerea cultures grown on
canned peach plates and diluted to 10 spores/ mL in filter-sterilized 50%
organic grape juice. Spores in grape juice were maintained in a 4°C re-
frigerator or on ice from the time of collection to inhibit germination before
inoculation. Thedilutedsporesuspensionswerehomogenizedbyagitation
continuouslyduring theentireprocessof applying thespores toall samples
to maintain the spores in the suspension and ensure even application
across samples. For inoculation, 4 mL droplets were placed onto the
detached leafletsat room temperature. Theentire inoculation took;2hper
experiment.Mock-inoculated control leaveswere treatedwith 4mLof 50%
organic grape juice without spores. Digital photos were taken of all leaflets
at 24, 48, and 72 h after inoculation, and automated image analysis was
used to measure lesion size.

Automated Image Analysis

Lesion area was digitally measured using the EBImage and CRImage
packages (Pau et al., 2010; Failmezger et al., 2012) in the R statistical
environment (R Development Core Team, 2008), as previously described
(Corwin et al., 2016a, 2016b). Leafletswere identified as objectswith green
hue, and lesions were identified as low-saturation objects within leaves.
Images masks were generated for both the leaf and lesion, then manually
refinedbya technician to ensure accurate object calling. The areasof these
leaves and lesions were then automatically measured as pixels per lesion
and converted to area using a 1-cm reference within each image.

Data Analysis

Weanalyzed lesionareasusinggeneral linearmodels for the full experiment
to determine the contributions of plant and pathogen genotype (R lme4
package; Bates et al., 2015). Two of our 97 isolates that did not have
replicationacross2experimentsweredroppedat this stageofanalysis.We
used the following linear models throughout our analyses.
Main mixed-effect model of lesion size variation

Y ¼ Iþ Dþ DðPÞ þ I3Dþ I3DðPÞ þWRðLÞðAÞ þ ER þ I3ER

Within-plant accession mixed-effect model of lesion size

Y ¼ IþWR þWRðLÞ þWRðLÞðAÞ þ ER þ I3ER

Within-isolate mixed-effect model of lesion size
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Y ¼ Dþ DðPÞ þ ER

where I represents fungal genotype (isolate), P represents plant genotype
(accession), D represents domestication status, E represents experiment,
W represents whole plant, L represents leaf, and A represents leaflet
position. Factors with the subscript R are included in the analysis as
random effects.

The within-plant accession model was used to calculate the signifi-
cance of each factor and to obtain the least-squared means of lesion size
for eachB.cinerea isolate3 tomatoaccessionaswell as foreachB.cinerea
isolate 3 domesticated/wild tomato. We also calculated a domestication
sensitivity phenotype: Sensitivity = (Domesticated lesion size2Wild lesion
size) / Domesticated lesion size.

We bootstrapped assignment of plant accessions to domestication
groups to assess the robustness of our observed domestication effects.
We randomly drew three genotypes from the domesticated and wild
groupingsandassigned themtoanewpseudo-wildgrouping.Theother six
genotypes were assigned as a pseudo-domesticated grouping, and the
model was rerun. This bootstrapping was repeated 100 times with each
representing a randomdraw.We used these to repeat the full model and to
repeat the individual isolate models as a test of the robustness of the
tomato domestication effect.

Using tomato sequence data from the SolCAP diversity panel that
contained 9 of our 12 accessions, we determined pairwise genetic dis-
tances between our accessions (Sim et al., 2012). We calculated pairwise
Euclidean distances between 426 wild and domesticated tomato ac-
cessions from Infinium SNP genotyping at 7720 loci using the R adegenet
package (Jombart, 2008; Sim et al., 2012). Clusteringwas performed using
R hclust (in the stats package) with the default UPGMA method (R De-
velopment Core Team, 2008).

We used several methods to examine host specialization to tomato
within B. cinerea. First, we split our B. cinerea population into isolates
collected from tomato tissue versus other hosts. We compared these
groups by t test for virulence on domesticated tomato genotypes, wild
tomato genotypes, or all tomato genotypes. Next, we used a Wilcoxon
signed-rank test to compare the rank order distribution of model-adjusted
lesion sizes across paired tomato genotypes. Also, to examine host
specialization to tomato domestication within B. cinerea, we used a Wil-
coxonsigned-rank test tocompare the rankorderofmodel-adjusted lesion
sizes across all domesticated versus all wild tomato genotypes. Finally, we
conducted single-isolate ANOVAs with FDR correction on general linear
models to identify isolates with a significant response to plant genotype or
domestication status.

The model means and Domestication Sensitivity were used as the
phenotypic input for GWAusing bigRR, a heteroskedastic ridge regression
method that incorporates SNP-specific shrinkage (Shen et al., 2013). This
approach has previously had a high validation rate (Ober et al., 2015;
Corwin et al., 2016a; Francisco et al., 2016; Kooke et al., 2016). The B.
cinerea bigRR GWA was performed using 272,672 SNPs at minor allele
frequency 0.20or greater and<10%missingSNPcalls asdescribed above
(Atwell et al., 2018). Because bigRR provides an estimated effect size, but
not a p-value, significance was estimated using 1000 permutations to
determine effect significance at 95%, 99%, and (approximately) 99.9%
thresholds (Doerge and Churchill, 1996; Shen et al., 2013; Corwin et al.,
2016a). SNPs were annotated by custom R scripts with gene transfer
format file construction from the T4 gene models for genomic DNA
by linking the SNP to genes within a 2-kbp window (http://www.
broadinstitute.org, Staats and vanKan, 2012). Functional annotations are
basedon theT4genemodels forgenomicDNA (http://www.broadinstitute.
org, B. cinerea; Staats and van Kan, 2012). Additional genes of interest,
based on a broad literature search of known virulence loci, were taken from
National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov/)

and included by mapping their sequences to the T4 reference using
MUMmer v3.0 (Kurtz et al., 2004).

To predict expected overlap of significant SNPs across plant geno-
types, we used the average number of significant SNPs per each of the 12
plant genotypes (14,000 SNPs) and calculated expected overlap between
those 12 lists using binomial coefficients. Functional annotations of the
gene lists are based on the T4 genemodels for genomic DNA (http://www.
broadinstitute.org, B. cinerea; Staats and van Kan, 2012).

Accession Numbers

The accession numbers of the major fungal genes described in this study
are shown in Supplemental Table 2.

Supplemental Data

Supplemental Figure 1. Allele frequency spectrum of B. cinerea
SNPs.

Supplemental Figure 2. Genetic distance between selected tomato
accessions.

Supplemental Figure 3. Correlation between B. cinerea lesion size on
tomato and on A. thaliana.

Supplemental Figure 4. Rank order plot of B. cinerea lesion size on
two tomato genotypes.

Supplemental Table 1. Results of ANOVA following removal of
domestication-associated isolates.

Supplemental Table 2. Sixty-three genes highlighted for high-level
overlap of significant SNP hits across 11 to 12 tomato accessions.

Supplemental Data Set 1.Mean of B. cinerea lesion size of all isolates
across all tomato accessions.

Supplemental Data Set 2. Results of single-isolate ANOVA on mixed
effect model.

Supplemental Data Set 3. Gene and functional annotation based on
T4 GWA results.
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