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SUMMARY

The program continues to emphasize the identification and incorporation of genes for
disease resistance, particularly to downy mildew, and Verticillium and Fusarium wilts, into
crisphead and the four leaf types suitable for California. Resistance for downy mildew is being
introduced from 43 new sources. We have continued to monitor variation in the ability of the
downy mildew pathogen to overcome resistance genes. New sources of resistance in our
breeding program are more effective than the known resistance genes but some super virulent
isolates have been detected. Deployment of multiple new sources in combination will minimize
the chances that changes in the pathogen will render all cultivars susceptible simultaneously.
New sources of resistance to Fusarium wilt have been identified in a diversity panel trialed in
infested fields at Davis and Yuma. We are releasing advanced breeding lines with resistance to
Fusarium wilt along with the genomic positions of the QTLs conferring resistance. We have
initiated programs for resistance to INSV and Pythium uncinulatum.
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ABSTRACT:

The program continues to emphasize the identification and incorporation of genes for
disease resistance, particularly to downy mildew, and Verticillium and Fusarium wilts, into
crisphead and the four leaf types suitable for California. Resistance for downy mildew is being
introduced from 43 new sources. We have continued to monitor variation in the ability of the
downy mildew pathogen to overcome resistance genes. New sources of resistance in our breeding
program are more effective than the known resistance genes but some super virulent isolates have
been detected. Deployment of multiple new sources in combination will minimize the chances that
changes in the pathogen will render all cultivars susceptible simultaneously. New sources of
resistance to Fusarium wilt have been identified in a diversity panel trialed in infested fields at
Davis and Yuma. We are releasing advanced breeding lines with resistance to Fusarium wilt along
with the genomic positions of the QTLs conferring resistance. We have initiated programs for
resistance to INSV and Pythium uncinulatum.
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CONTINUING OBJECTIVES:

1) To identify new genes for disease resistance in wild germplasm and incorporate multiple genes
from diverse sources into advanced crisphead and leafy breeding lines to maximize the likelihood
of durable resistance.

2) To monitor variation in pathogen populations, particularly downy mildew, to facilitate the
deployment of effective resistance genes.

3) To utilize the genetics of agriculturally important traits, particularly disease resistance.

4) To release advanced crisphead and leafy breeding lines that have resistance to multiple diseases,
superior appearance and quality, high yielding ability, uniform maturity, and are slow bolting.

PROCEDURES AND RESULTS:
Development of Disease Resistant Lines

Breeding strategy

The overall strategy used in the UC Lettuce Breeding Program continues to be to initiate
crosses and grow early generations at Davis; later generations are trialed and selected at several
different lettuce-growing areas in collaboration with USDA, Cooperative Extension in Salinas,
and California growers. Backcross and/or single-seed descent strategies are employed for most of
the early generations. We select for type, color, slow bolting, and yield as well as disease resistance
in the crisphead and the four leaf lettuce plant types. When possible, we use different sources of
resistance for each plant type. This will diversify the selection pressure on the pathogen. The use
of multiple sources of resistance will tend to increase the longevity of each resistance gene and
decrease the chances that a single change in the pathogen will render multiple lettuce types
susceptible.

When resistant advanced lines of the desired plant type have been generated for individual
resistances, they are intercrossed to create lines with multiple disease resistances for lettuce downy
mildew (LDM), corky root (CR), anthracnose (ANT), lettuce mosaic virus (LMV), and
Verticillium race 1 (Vel). Additionally, we have screened germplasm to identify genetic
resistances for Verticillium race 2 and Fusarium wilts, which are being incorporated into the
breeding program.

Cultivars representing each type were selected to be the recurrent parents in backcross
programs to introgress resistance genes based on their horticultural type and performance in
California, their status in the public domain, and the presence of additional disease resistance
genes. We are currently using Salinas, Green Towers, Tropicana, Red Fox, Red Tide, Bibb, and
Buttercrunch for the crisphead, romaine, green leaf, red leaf, and butterhead programs,
respectively. We welcome suggestions and further input on the field performance of these and
other potential recurrent parents. The recurrent parents used in the final generations of
backcrossing will be adjusted to reflect the industry standards as they advance.

Introgression of resistance to downy mildew

We are continuing to develop crisphead and leafy lettuce lines with resistance genes from
diverse sources to provide protection against downy mildew (DM) in California. We are focused
on generating advanced breeding lines with new resistance genes identified through germplasm
screens. Mapping and characterization of the new sources are in progress to provide a pipeline of
new genes for resistance. Backcrossing programs to introgress the next generation of genes for
resistance to DM into crisphead and leafy types is a continual ongoing process.



Table 1. Screening of donor lines used in the breeding program for resistance to four recent
isolates. +: susceptible; (-): low sporulation; -: resistant; n: necrosis; nd: no data; nt: not tested.
Reactions in the trap crop column indicate whether they were susceptible in one or more trap crop
nurseries (see below). Only lines derived from sources with resistance to all isolates and in the trap
crop nurseries were selected for continuation in the backcrossing program.

Geographical origin |line 2000 2000f 2196 1691 |Trap crop| Selected
Czech Republic LB158 - - - - nt yes
Russia W640653 - - -n - nt yes
Russia W640635 - - - - - yes
Israel 380-4 - - - - +
Kyrghystan W647237 - - - (-) -
Georgia W647301 - - - - +
Georgia W647289 - - - - +
Georgia W647297 - - -n - +
Georgia W647292 - - - - - yes
Georgia W647299 - - - - +
Czech Republic LB 23 - - + + -
Czech Republic LB 63 + + - + +
Czech Republic LB 76 -n - nd + +
Czech Republic LB 22 - - nd -nn +
Czech Republic LB 75 -n - nd -nn +
Czech Republic LB 82 -n nd - nn - - yes
Czech Republic LB 83 + + nd - -
Czech Republic LB 88 - - nd + +
Czech Republic LB 89 - - nd + +

CGN5309 -n - -n - nt yes
Armenia 172-8 -nn -n - - - yes
Azerbaijan 50805 - -nn - - +
Azerbaijan 50811 -n -n + - -
Azerbaijan 50822 -n - - - +
Azerbaijan 50840 - - -n - - yes
Azerbaijan 50841 + + + + +
Azerbaijan 50843 + - - - -
Azerbaijan 50853 - - - - - yes
Azerbaijan 50854 - - - - - yes
Azerbaijan 50871 -n - -n -nn - yes
Armenia 169-1 + + + + +
Azerbaijan 50856 -nn -n -n -n - yes
Azerbaijan 50867 -n - - - - yes




Table 2. Germplasm screens for a subset of old and new accessions for resistance against
recent isolates of B. lactucae. Resistance reactions as for Table 1. New accessions with resistance
to all isolates tested were selected as new sources of resistance.

Geographical origin |line 2000 2000f 2196 1691 Selected
Armenia 159-1
Armenia 160-10
Armenia 161-3
Armenia 162-6
Armenia 163-1
Armenia 170-1
Armenia 171-8
Georgia 2009-18
Armenia 173-2
Armenia 171-1
Armenia 181-1
Armenia 182-9
Armenia 184-1
Armenia 187-6
Armenia 189-5
Georgia 2009-01
Georgia 2009-17
Armenia 1716-1
Armenia 167-6
Armenia 168-5
Russia W640652
Armenia 183-20
Armenia 191-3
Russia W640636
Israel 350-5
Russia W640638
Russia W640641
Russia W640642
Russia W640643
Russia W640644
Russia W640646
Russia W640647
Russia W640650
Israel 355-3
Israel 356-1
Israel 334-5
Israel 335-10
Israel 337-5
Israel 359-4
Israel 360-5
Israel 361-10
Israel 362-1
Israel 363-3
Israel 373-21
Israel 371-3
Israel 372-3
Israel 366-2
Israel 367-8
Israel 368-2
Israel 381-7
Israel 382-2
Israel 373-4
Israel 384-3
Israel 385-1
Israel 386-4




Each backcross breeding line is tested in each generation against a contemporary, highly
virulent isolate and the resistant plants used as the resistant parent for the next generation. The
isolate used for selection is changed during the backcross program to reflect variation in B.
lactucae in the field. In 2019, a subset of eight advanced lines were tested for resistance against a
set of six different isolates and those showing susceptibility to recent isolates were discarded (See
Table 2, CLGRB Breeding Report 2019-2020). In 2020, donor lines were tested against a set of
four contemporary isolates as well as in trap crop nurseries (see below). Lines derived from donor
accessions showing susceptibility in any isolates or in a trap crop nursery were eliminated from
the breeding program (Table 1). In addition, we tested 59 new donor lines from different
geographical origins (Armenia, Russia, Georgia, and Israel) for resistance against four current DM
isolates; this identified nine new resistant donor lines that have been incorporated into the breeding
program (Table 2). After these adjustments, we are currently introgressing resistance from a total
of 43 accessions.

We are genetically characterizing the chromosomal position of the resistance genes in our
program. Once these genomic regions are identified, molecular markers will be used for MAS to
select lines with multiple resistance genes that confer resistance to all Californian isolates. Release
of lines with pyramids of several resistance genes should increase the durability of the individual
genes and provide longer lasting resistance.

Downy Mildew Surveys

In order to ensure that we are breeding for resistance against virulent phenotypes of B.
lactucae currently present in California, we have continued to sample B. lactucae in collaboration
with seed companies, growers, and extension personnel. A total of more than 2,292 isolates have
been characterized since 1982. In most years, the sampling has been opportunistic; this provided
a qualitative rather than a quantitative understanding of the phenotypes of isolates in the field. In
2018, we received additional funding from the International Lettuce Genomics Consortium and
characterized 173 isolates sampled from throughout the state in 2019. We also gathered isolates
from lettuce lines specifically planted to catch naturally occurring B. lactucae in trap crop nurseries
(see below). It has been challenging to collect isolates over the past year due to COVID-19 and
the dry weather. Only 49 isolates could be collected with nearly half coming from trap crop
nurseries.

In 2014, the American Bremia Evaluation Board (ABEB) was initiated by interested
breeding companies and UC Davis. This is a breeding company-coordinated group that nominates
official races (previously pathotypes) for B. lactucae in the western US using a similar protocol to
that used in Europe. In May 2015, it was decided to coordinate the activities in Europe and the
Western US under a single IBEB-G(lobal) umbrella with two sub-groups IBEB-EU and IBEB—
US responsible for activities in Europe and the US, respectively. Individuals interested in
participating in IBEB-US should contact Nicki Phillips (nicki.phillips@enzausa.com). Both
groups now use the same race denomination procedures and core differential set of resistant
cultivars so that data can be compared. There are currently nine official California races. However,
Races Bl: 1US to Bl: 6US have not been observed for many years; therefore, they are not of
agricultural relevance and are not available for distribution and screening. Bl: 9US is stable and
available for screening after being ring tested by companies; this isolate was derived by passaging
a common but unstable isolate (referred to as Bl: 9US-progenitor) on FrSAL-1.

Development of reference isolates for Bl: 7US and 8US is on-going. Candidate isolates
were ring tested by the companies and found to be unstable on some lettuce lines. Candidate
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isolates were then filtered by culturing on lettuce lines with specific Dm genes for multiple
generations in attempts to increase stability. Isolates C980648 and A14C1600 were filtered on
NumDM15. These potential Bl: 7US isolates were then ring tested by several companies; however,
A14C1600f was unstable and C980648f was stable but had lost virulence on cv. Colorado.
Therefore, C980648 is now being filtered on cv. Colorado prior to an additional ring test. Isolate
C15L1773 was filtered on cv. Design to stabilize a potential Bl: 8US reference isolate. It was still
variable in the ring test; therefore, we will continue to filter it on cv. Dandie on which it sporulated
weakly.

Over the past year, a total of 49 isolates of B. lactucae were sampled from three trap crop
nurseries and eight commercial fields in California and Arizona collected by collaborators and
characterized for virulence phenotype, mating type, and Orondis sensitivity. Of these 49, 23 were
collected from trap crops in Oceano (12), Davis (7) and Imperial Valley (4) and another 26 were
sampled from commercial fields in 2020. None of the isolates analyzed were Race Bl: SUS or
6US. Of the 26 commercial field isolates typed in 2020, there was one isolate of each BI: races
7US, 8US, and 9US; four were VP-300; and the remaining 19 had novel virulence phenotypes.
The 11 remaining isolates processed in 2020 were collected from the trap crop nursery in Davis
and Imperial Valley. In Davis there was one isolate with the VP-300 phenotype, and the remaining
six isolates had novel virulence phenotypes. In Imperial Valley, one isolate was Bl: 8US, one VP-
301 and the remaining two were novel virulence phenotypes. In 2021, all 12 isolates collected
from the trap crop nursery in Oceano had novel virulence phenotypes (Fig. 1).
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Figure 1. Frequency (%) of races detected in CA 2016-2021. Note that the 2021 data is based
on only 12 isolates so far.
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Figure 2. Frequency of reactions to resistance genes observed from 2016 to 2021. The numbers
indicate the number of isolates showing an avirulence reaction out of the total number tested. Red
= virulent/susceptible reactions. Green = avirulent/resistant reactions.

Virulence phenotype VP-300, which has been observed since 2017, was detected in
multiple locations and multiple years, and overcomes important Dm genes. It is characterized as
being avirulent on Dm6, Dml17, Dm25 (nl), Dm54 (n4), Dm55 (rl), and Kibrille (Dm57 + Dml1)
and virulent on Dm38 (Argeles), i.e., is a “Dm38 breaker”. In 2019, a candidate type isolate for
this pathotype was distributed to seed companies for ring testing; however, its virulence phenotype
was not stable. Therefore, representative isolates were filtered on differential cultivars in an
attempt to obtain a stable isolate and multiple isolates were evaluated as potential VP-300 type
isolates. Isolates were distributed for a second ring test, but they were also not consistent. We
continue to filter isolates in an attempt to create a stable one that has a similar pattern to VP-300
and is virulent on FrRsal-1 and Argeles.

Recently, virulence phenotype VP-301 has been commonly sampled from organic fields.
This group of isolates has the B1 mating type and is characterized by being avirulent on Dm2,
Dm37, Dm38, Dm54 (n4), and Dm55 (r1), and virulent on NunDm17 (Dm17), RYZ2164 (Dm25)
and Kibrille (Dm57 + Dmll), all often resistant lines, i.e., it is a “Dmli7, Dm25, and Dm57
breaker”. The avirulence phenotype has been found in seven different locations and in three
different years; it was identified 39 times in 2019 (23% of typed isolates) and again in 2020 (13%).
Two potential type isolates were filtered on cv. Kibrille and then evaluated in a ring test. One of
the isolates was stable but exhibited some quantitative differences in sporulation; therefore, it will
be maintained on selective cultivars to regain its vigor and ring tested again.

Too few isolates from too few locations were phenotyped in 2020-2021 to infer the overall
effectiveness of Dm genes. However, the most effective Dm genes against the isolates tested were
in the newer lines Bartoli (Dm55) and RYZ20007 (Dm58) with 95% and 99% of all isolates typed
being avirulent, respectively. Cvs. Bataille (Dm59) and Balesta (Dm54) remained mostly resistant.

All 49 isolates characterized for mating type in 2020-2021 had the B> mating type as
assessed by CAP markers (see below). This contrasts with the previous year when 60 (64%) and
14 (23%) were B> and B, respectively. The apparent lack of B isolates is likely due to limited
sampling. In recent years, the frequency of isolates of B1 mating type varied during the years with
the highest frequencies in 2016, 2018, and 2019. Since 2018, the B mating type has been common
in organic fields and their absence in the 2020 field isolates likely reflects a lack of sampling.




Due to decreased processing capacity during 2020-2021 because of COVID-19
restrictions, the isolates phenotyped were only tested for Orondis and not metalaxyl sensitivity.
Orondis, active ingredient Oxathiapiprolin (FRAC code 49), was introduced in 2016; since then it
has been widely used (https://www.cdpr.ca.gov/docs/mill/nopdsold.htm) for the control of downy
mildew in lettuce. The label recommended dosage is 0.5 ppm. Thus far, none of the 49 phenotyped
isolates have been insensitive to Orondis.

Trap Crop Nurseries

We are now routinely planting trap crop nurseries to assess the diversity of B. lactucae and
to screen for isolates capable of breaking new resistance genes in breeding lines under
development. The nurseries are composed of small plots of resistant lines interspersed with plots
of mixtures of susceptible wild and cultivated lines to serve as spreader rows. In past nurseries, the
resistant lettuce lines were resistance donors for UC breeding lines, some of the resistant cultivars
in the EU-C differential series, UCD breeding lines, and lines of interest from companies. The first
trap crop nurseries were planted in Imperial Valley and Davis, California in November 2019 and
February 2020, respectively. This trap design was replicated during spring and summer 2020 in
The Netherlands and Oceano, CA in collaboration with Jordi Boshoven, Bejo Zaden.

Due to the very dry weather, there was little disease at the Imperial Valley and Davis sites.
Isolates were collected from both locations in April 2020. In Imperial Valley, B. lactucae was only
observed on the susceptible spreader lines at a very low incidence: one isolate was Bl:8US, another
was VP-301, and the remaining two had novel virulence phenotypes. In Davis, disease pressure
was also low; however, more isolates could be sampled from resistance donor lines and some
volunteer wild lettuce plants growing within the nursery. The seven isolates collected and
phenotyped were mostly novel; one was VP-300. In two instances, isolates collected from the same
line but different plots had different virulence phenotypes. Likewise, isolates found on the
susceptible spreader rows and the volunteer plants were unique. These results demonstrated that
trap crop nurseries can capture a larger diversity of isolates than had been detected in isolate
surveys. Also, they underscore that wild L. serriola populations have distinct pathogen populations
that can serve as a source of novel variants of B. lactucae capable of infecting commercial cultivars
since they were able to infect cvs. Cobham Green, Green Towers, and some differential cultivars.

Two additional trap crops were planted by Jordi Boshoven, Bejo Seeds in The Netherlands
and Oceano CA, in collaboration. These nurseries had higher levels of infection and allowed
comparisons of resistance to different populations of B. lactucae. In The Netherlands, differential
cultivars that are usually resistant in California, such as Bartoli, were heavily infected. The reaction
of donor lines is summarized in Tablel. The breeding program has ceased using lines that showed
susceptibility at any location as sources of resistance. All seven isolates collected and characterized
in The Netherlands had the same virulence phenotype (J. Boshoven, pers. comm.), consistent with
the field being a single epidemic. In Oceano, there was moderate disease pressure and a variety of
isolates were recovered from the differential cultivars, R gene donor lines, and several advanced
breeding lines. Interestingly, some of the same breeding lines became infected in both The
Netherlands and Oceano (Fig. 3). This suggests that the resistance in these breeding lines would
be rapidly overcome if deployed in the field and therefore these breeding lines have been dropped.
Lines derived from susceptible R-gene donor lines have also been dropped. In addition, backcross
lines will be screened for resistance using isolates with new virulence phenotypes collected from
trap crop nurseries.
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Figure 3. Lines infected by B. lactucae in the three trap crop nurseries. Lines starting with
MIJT are UCD breeding lines.

We are continuing to plant trap crop nurseries in order to determine which breeding lines
should continue to be advanced and what R-gene resistance sources should continue to be used as
well as provide broad sampling of B. lactucae in lettuce growing regions. A trap crop nursery was
planted late winter of 2021 in the Imperial Valley by our collaborators Jairo Diaz-Ramirez and
Gilberto Magallon at the Desert Research & Extension Center; no B. lactucae infections were
found due to the very dry weather conditions. Two trap crops were also planted in Davis in
February and March 2021. Daily overhead irrigation was used to promote conditions conducive
for disease establishment; however, again no infections were observed due to the dry conditions.
A trap crop nursery has been planted at Spence Ranch in Salinas in collaboration with Ivan Simko
at the USDA-ARS that is ongoing. Please contact us if you are willing to plant a trap crop nursery.

Development of molecular markers to characterize isolates of B. lactucae

We maintain the Bremia database to display the virulence of California isolates
characterized by us and others (http://bremia.ucdavis.edu/bremia_database.php). This database has
information on the origin, virulence phenotype, mating type, and fungicide sensitivity of isolates
dating back to 2001. Isolates are entered as their phenotypes are characterized so that collaborators,
pest control advisors, and others can access the data as soon as it is available; however, there is a
lag time of several (4 to 8) weeks after an isolate is collected prior to input in the database due to
the need to increase each isolate prior to inoculation and scoring on the differential series of
resistance cultivars. Therefore, current phenotyping is too labor intensive and slow for real-time
monitoring of large populations of B. lactucae.

We developed PCR-based assays for more rapid characterization of isolates as well as the
analysis of multiple lesions from the same field. Genotyping and triaging isolates before
phenotyping would allow sampling of more isolates. Genotyping also complements phenotyping

by providing a different measure of diversity and therefore a better understanding of population
dynamics and epidemiology.

In 2019, simple sequence repeat (SSR) markers were developed and tested. The SF5
reference genome assembly and whole genome sequencing data from a diverse set of isolates was
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used to identify polymorphic regions in the genome of B. lactucae. Forty, PCR-based, SSR
markers distributed over 194 scaffolds (90% of the genome) were identified. These markers were
able to uniquely identify each isolate in a panel of 20 diverse US isolates and a global collection
of 26 additional isolates. In 2020, we further validated the SSRs with genomic sequencing data
and segregating populations of B. lactucae. We distributed information for 36 SSR markers to
companies, highlighting a recommended subset of 26 markers. Genotypic data for 94 field isolates
and the 46 diverse isolates was also distributed to interested collaborators. The data included
twenty SSR markers used to type 87 California and Arizona field isolates from 2019-2020.

In addition, molecular assays were developed for two SNPs at the mating type locus (Fig.
4). Testing for mating type takes a month, but within a week of receiving an isolate, we can use
mating type markers to predict mating type. Thus, we can quickly determine fields that contain
both mating types and therefore where sexual reproduction could occur.
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Figure 4. Agarose gel showing the MT_SNPS marker for mating type. B isolates lack the
largest band. SF5 and 1834EZ are B: and B, mating type controls, respectively. Samples
beginning with L are the results of DNA directly extracted from single lesions without any
culturing.

The SSR markers provide a window into the variability of B. lactucae. Sixty-one of the 87
isolates analyzed in 2019-2020 belonged to one of two major groups of genotypically identical
isolates: one was B mating type (14) and another was B> mating type (47) (subsets shown as blue
and yellow groups respectively, Fig. 5). However, each of the two major genotypic groups had
multiple different virulence phenotypes that differed on one or more differentials, although some
phenotypes were more common than others. Conversely, some isolates with the same virulence
phenotypes had different genotypes (e.g., VP300, 9US prog, or 47-28-4; Fig. 5). Therefore,
genotypes determined with these SSR markers are not a good predictor of virulence phenotype.
These data show that there is significant variation occurring after sexual reproduction that
generates new virulence phenotypes. We are currently investigating the molecular basis for this
and we will attempt to develop markers based on avirulence genes that are informative for
virulence phenotype.

These data have caused us to re-evaluate the utility of these molecular markers. They are
still useful for indicating the diversity of isolates within a field but they are not useful for triaging
independently collected isolates prior to phenotyping. They also allow clonal spread to be assessed
better than using virulence phenotypes. The genotyping data demonstrated that B. lactucae spread



clonally in both Arizona and California. In contrast, the virulence phenotypes were much more
variable; there were 22 unique sextet values among the 27 California isolates and 17 unique sextet
values among the 25 Arizona isolates tested. The California and Arizona isolates looked
approximately the same in terms of phenotypic variation; however, the genotyping data revealed
the high degree of genetic identity with the Arizona isolates having less genotypic variation than
the California isolates: 79% of Arizona isolates belonged to the major B> genotype, while only
48% of Californian isolates belonged to this group.

Figure 5. Illustrative phenotypes and genotypes of a sample of isolates analyzed from
Arizona and California. The full dataset is available from http://bremia.ucdavis.edu/.
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Resistance to Verticillium wilt

Resistance to Verticillium wilt continues to be a high priority for our program. We
previously developed an efficient, reliable, and contained method for screening for the reaction of
lettuce to V. dahliae in the greenhouse. This utilizes microplots within the greenhouse with
restricted access to minimize the opportunity for spread of the pathogen (see previous reports).
The majority of accessions screened for resistance in the past have been highly susceptible to race
2, although differences in symptoms have been observed. A few accessions of L. serriola showed
delayed development of symptoms or were asymptomatic. In particular, seven lines from Armenia
showed no symptoms when initially screened against VdLs17 (race 2) and exhibited no seed
transmission. We have previously analyzed the segregation of resistance in three populations
derived from crosses involving L. serriola x L. sativa (Arm L. serriola x P1251246) and L. sativa
x L. sativa (P1171674 x P1204707 and PI171674 x Salinas) in multiple locations and years
(Sandoya et al. 2021. Phytopathology, https://doi.org/10.1094/PHYTO-09-20-0396-R). A QTL
was identified on Chromosome 6 in two populations and multiple experiments, explaining between
15 and 33% of the phenotypic variation in resistance. Additional QTLs detected were only
significant in individual experiments. Experiments are underway to fine map the QTL on
Chromosome 6 and identify candidate genes determining the resistance. We are introgressing this
QTL for resistance to Verticillium race 2 into cultivated lettuce. We have initiated a collaboration
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with Kelley Richardson, USDA ARS, Salinas to genotype additional segregating populations
between Verticillium race 2 resistant parents with the aim of identifying individuals with elevated
resistance due to combining resistance from different sources.

Resistance to Fusarium wilt

In the summer of 2019, we trialed a diversity panel comprising 120 accessions, mostly of
L. sativa with few L. serriola, in the Fusarium infested field plot at Davis in order to search for
additional sources of resistance. These lines showed a broad range of susceptibility/resistance to
Fusarium; some lines showed high levels of resistance (Fig. 5). The same lines were trialed in
winter 2020 in a commercial field in Yuma, AZ in collaboration with Stephanie Slinksi, Yuma
Center for Excellence for Desert Agriculture, University of Arizona. Although there was less
disease pressure on the trial in Yuma, most cultivars had similar resistance phenotypes in both
trials (Fig. 5 A & B). We have genomic sequence information for all of these lines. We are
presently analyzing the resistance and genomic data to identify regions on the genome associated
with resistance. We were also able to confirm cultivars with contrasting phenotypes that are parents
for existing mapping populations. We are increasing the seeds for one of these populations (Reine
des Glaces x Delsay), which will be trialed this coming winter in Yuma to determine the genetics
of resistance.

Figure 5. A: Disease distribution of 120 accessions in the summer 2019 trial at UC Davis, CA
and winter 2020 trial at Yuma, AZ. Rating: 0 = no disease, 3 = all dead. A: Disease severity on

Davis and Yuma trials B: Disease correlation between accessions in both trials.
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In the past, we tested several populations that were segregating for Fusarium resistance in
the Fusarium infested field at Davis in collaboration with Tom Gordon. QTL analyses of these
populations allowed us to identify regions on the genome associated with resistance in different
chromosomes (see previous CLGRB reports). Selections from these populations were trialed for
resistance in Yuma in 2019 in collaboration with Stephanie Slinski. The UC Davis lines were
highly resistant with lower percentages of diseased heads and discolored roots than cvs. El Guapo
and Meridian (see 2019-2020 CLGRB report). These lines are being released as below.

Release of Fusarium wilt resistant breeding lines of different lettuce types

Forty-three advanced breeding lines of different lettuce types are available for use by plant
scientists and breeders in public and private institutions. When this germplasm contributes to a
new cultivar, appropriate recognition should be given as to its origin. These lines are resistant
selections from four segregating populations between cultivars of different type and resistance
status: Red Tide x Lolla Rosa (RTXLR), Lolla Rosa x Salinas (LRXxSAL), Salinas x Green Towers
(SALxGT), and (Valmaine x Salinas F1) x Salinas (VALXSAL). Valmaine and Green Towers are
romaine type, Red Tide and Lolla Rosa are red leaf type, and Salinas is a crisphead. Cultivars
Valmaine, Green Towers, and Lolla Rosa are fully resistant to Fusarium wilt, Salinas is tolerant,
and Red Tide is very susceptible. All these populations have been genotyped by sequencing (GBS)
or with EST-based markers. QTL analysis was conducted using resistance data from multiple field
trials. Ten QTLs were identified for resistance, which were distributed across nearly all
chromosomes depending on the source of resistance (Table 3).

Table 3. Chromosomal locations of QTLs identified on four segregating populations.

Population| QTLID | Chromosome | Marker type | QTL peak ! QTL 1 LOD interval * R2’ Allele®
RT x LR gFUS1_1 CH1 GBS 24072746 13821099 - 39682222 16.9 LR
RT x LR gFUSs4_1 CH4 GBS 314633950 | 311876708 - 339970729 17.1 LR
RT x LR gFUS8_1 CH8 GBS 300151683 | 289727352 - 305665746 17.9 LR
RT x LR gqFUS9_2 CH9 GBS 140082730 | 137735846 - 142539956 15 LR
LR xSAL |gFUS9_1 CH9 GBS 16512411 10904146 - 22879888 19.3 LR
SALxGT |gFUS3_1 CH3 GBS 129649671 0-126473668 22.1 SAL
SALx GT |gFUS5_1 CH5 GBS 65807261 51704573 - 116807223 19.1 SAL
VAL x SAL |gFUS1_2 CH1 EST - 1884334061 - 2091180194 | 10.4 VAL
VAL x SAL |gFUS2_1 CH2 EST - 63010344 - 107846071 9 VAL
VAL x SAL |gFUS7_1 CH7 EST - 84580186 - 153611273 10.8 SAL

'QTL coordinates based on the v7 lettuce reference assembly cv. Salinas (Lsat_Salinas_v7, NCBI).
ZPercentage of phenotypic variance explained by the QTL. *Parental allele conferring resistance.



Single plant selections were made on the best resistant families for all four populations and
their progeny tested for uniformity in Davis, CA. Selected lines were re-tested for resistance in
Yuma, AZ. Selections have been genotyped with GBS and allelic composition at the QTL
haplotype determined for each line (Fig. 6). Genomic and resistance performance data, QTL
haplotypes, and marker information will be provided with the seeds.
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CMO022524.1.149918579 AA | BB | BB | BB | AA|AA | AA | BB | BB | AA| BB | BB | BB | BB
CM022524.1.153635967 AA | BB | BB | BB | BB |AA |AA | BB [ BB | BB | BB | AA| BB | BB




Figure 6. Allelic composition of selected lines at QTLs for resistance to Fusarium wilt.
Haplotypes are based on the lettuce reference assembly of cv. Salinas (Lsat Salinas v7, NCBI).
Red font indicates the resistant allele. In A, B, and C, haplotypes correspond to markers flanking
the QTL peak. In Panel D, haplotypes have multiple markers because of recombinants within the
QTL.

Lettuce germplasm screening for resistance to emerging diseases in the Salinas Valley:
Impatiens necrotic spot virus (INSV) and Pythium uncinulatum

At the request of the CLGRB, we have initiated projects to breed for resistance to INSV
and Pythium wilt. We are collaborating with different labs with expertise with each of these
pathogens. For INSV, we are collaborating with Daniel Hasegawa and Kelley Richardson, USDA
ARS, Salinas initially to screen parents of existing mapping populations, as well as further
investigate cultivars that have been identified as resistant. Screening for INSV resistance is
complex and requires keeping an infected thrip population with diseased feeder plants; therefore,
the screens for resistance will be conducted at Salinas. We are collaborating with Jose Pablo
Dundore-Arias, CSU Monterey Bay to work on P. uncinulatum. We will sequence and annotate
the genome of P. uncinulatum as a basis for generating diagnostics to further understand its biology
and epidemiology as well as an aid for evaluating resistance. We are currently sequencing five
Californian isolates recently collected by JP Dundore-Arias. We are also working to develop a
disease assay to screen our germplasm collection and the parental lines of our mapping
populations.

Supply of Isolates

We have continued to supply current California isolates of B. lactucae to breeding
companies and other research groups. In particular, we have supplied isolates of the nominated
races as well as candidate isolates for ring tests as part of IBEB activities. We have trained
personnel from the seed industry and others on how to work with B. lactucae.
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