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Abstract:

The lettuce industry of California requires continued development of improved, adapted cultivars
to meet new disease and insect problems, changes in the market, and changes in growing
procedures. The lettuce breeding and genetics project aims to incorporate valuable traits into
crisphead, mixed lettuce, and spring mix cultivars and breeding lines that are adapted to coastal
California and low desert production conditions. In parallel, we develop information and tools to
increase the utility of our germplasm. In 2020 and 2021, we emphasized developing resistance to
Verticillium wilt, Fusarium wilt, Impatiens necrotic spot virus, bacterial leaf spot, leafminer,
lettuce aphid, as well as extending fresh-cut salad shelf-life. In all programs, horticultural traits
and adaptation were considered essential.

Objectives:

Develop landmark cultivars, advanced breeding lines, information, and tools for use by other
breeders, scientists, producers and growers. Address problems facing the lettuce industry using



genetic approaches that are suited to coastal, desert, and interior valley locations, to the various
types of lettuce, and to the demands of different production and marketing approaches.
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Procedures, Results, and Discussion:
VERTICILLIUM WILT (K. L. Richardson and J. D. McCreight in collaboration with S. Nayak)

In July 2020, we transplanted 18,540 Salinas 88 seedlings that had been inoculated three times
with Verticillium dahliae Race 1 Isolate VdLs16 into 0.5 acres of Field C at the Salinas USDA-
ARS station. In 2021, we will begin Race 1-infected field trials.

We evaluated 424 F3 individuals for resistance to V. dahlia Race 2 under growth room,
controlled conditions. The 11-G999-1-1 x PI 171674 population combines two Race 2 resistant
sources to identify progeny more resistant than either parent. We recorded verticillium vascular
and foliar symptoms, bolting date, date of first flower, chlorophyll content, leaf color, and leaf
margin type. No lines were significantly more resistant than either parent (Figure 1). Twenty one
lines were selected with low vascular symptoms, low bolting incidence, and a romaine-like type.
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Figure 1. Vascular discoloration due to Verticillium dahliae infection (0-5 scale) of 53 F3
progeny lines from 11-G999-1-1 x PI 171674 population evaluated in the growth room for Race
2 resistance.

We are working to combine resistance to V. dahliae race 1 with resistance to Fusarium wilt race
1. Crosses were made between an advanced V. dahlia-resistant iceberg selection and a Fusarium
wilt-resistant selection. Twenty-three Verticillium wilt-resistant F> selections from a field test in
a “Verticillium wilt sick field” plants produced F3 families, 11 of which were evaluated for



Fusarium wilt (FW) resistance in greenhouse tests; 71 FW—VR F4 families were produced for
Verticillium tests in 2020.

Two tests of the F4 were done for Fusarium wilt resistance. The first test included 17 families.
Eleven of the families had a high proportion of FW-resistant plants (FWR) based on a 1 (healthy)
to 4 (dead) visual scale (below). Eight of the 11 families were uniform for the LsVelL marker
associated with resistance to VW, as indicated by green frames, while two segregated for the
marker, as indicated by the dashed green frame. Three families with lower frequency of FWR
segregated for the VW marker, as indicated by the black dashed frames below. Only a few seeds
were produced by four plants due to INSV infection as indicated by the green in-fill below.
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None of an additional 14 F4 families inoculated with FW in a second greenhouse test exhibited
FW symptoms. The test was regarded as a failure in terms of FW reaction, as the susceptible
control (Patriot) was also disease-free. Eight of the 10 replications have been assayed for the Vrl
marker to date: one was negative, two segregated, three may be segregating and eight were
uniform for the marker. The remaining two replications will be assayed. Seeds from the materials
positive for the Vr1 marker will be evaluated for resistance to FW.

LETTUCE DROP (I. Simko in collaboration with R. Hayes, K. Subbarao)

Release of seven romaine breeding lines with improved resistance to lettuce drop.

Lettuce drop is a destructive disease of romaine lettuce in central coastal California that is
predominantly caused by Sclerotinia minor. The fungus infects plant roots, crowns, and
senescing leaves through eruptive germination of sclerotia resulting in complete decay of the
crown tissue, wilting of leaves, and ultimately collapse of the plant before harvest. Large
numbers of sclerotia form on infected plants and can survive in the soil for at least seven years.
Complete control of the disease has not been achieved with existing cultural practices, and
resistant cultivars are a potentially valuable tool for integrated pest management. Immunity to the
disease is not known, but differences in the frequency of symptomatic plants at harvest maturity



has been reported. Most romaine cultivars are highly susceptible, though the commercial
romaine cultivars Brave Heart and Green Forest are reported to be partially resistant. High-level
resistance is known in the slow-bolting, small-statured, dark red Latin type cultivar Eruption.
Eruption was used as a parent to breed romaine germplasm with improved resistance to lettuce
drop in central coastal California.

Pedigree of released breeding lines and materials used in testing

The Fe:3 (Fs derived Fg) breeding lines being released are numbered RH16-0001, RH16-0002,
RH16-0003, RH16-0004, RH16-0005, RH16-0007, RH16-0008 and were derived from the cross
Eruption x Hearts Delight. Advanced testing was conducted using Fe.7 seed lots. The germplasm
for distribution is Fe.s seed resulting from massing seed produced by approximately 30 plants per
line. Hearts Delight (PI 606778) is a hearting type romaine developed from a cross between
Green Towers and Bautista. Parentage of Eruption (PI 613577) was not reported.

Development

Lettuce plants grown in disease nurseries that are asymptomatic at harvest maturity may have
slow-progressing or inconspicuous infections, and therefore may still die from S. minor before
seed production. Because of this, a modified pedigree breeding method was used to develop the
resistant germplasm by selecting plants for improved horticultural traits and seed production
from non-infested fields. F> plants were field-grown, selected for horticultural characters and
allowed to self-pollinate in a greenhouse. Starting with the F3 and repeating in each subsequent
generation through the Fs, disease resistance evaluations were conducted in a Spring-planted
field experiment in an infested field site in order to identify families with a high level of
resistance. In a parallel field experiment in a non-infested field site planted at approximately the
same time, plants with superior horticultural characters were selected for seed production from
only the resistant families identified in the infested field. A summer-planted field experiment in a
disease infested field was conducted with the selected resistant families from the spring field
experiment in order to confirm their resistance reactions; families susceptible in the summer test
were discarded. This effort produced 48 Fs plants, that were self-pollinated to generate 48 Fe.7
lines. These inbred lines were then tested in two unreplicated, infested field experiments. Seven
lines with less disease than Hearts Delight and with head weight and core length similar to
Hearts Delight were selected for further evaluations. These selected lines were evaluated for
disease resistance in three replicated, disease-infested, field experiments. A fourth infested field
experiment included four lines only due to limited amounts of seed. Two non-infested replicated
field experiments were planted to assess head weight, head height, and core length. Salad shelf-
life and the frequency of the internal defect tipburn were evaluated in one of the field
experiments. Seven Fe.7 lines were identified for release. Approximately 30 plants per line were
grown to seed and the seed massed to generate Feg lots for distribution. The released germplasm
was derived from a single F3.4 family, coded RH09-0488.

Lettuce Drop Resistance

Disease data were statistically analyzed on the arcsine scale and then back-transformed,
producing a value referred to as disease rating (DR). The DR ranges from zero to one and is
proportional to percent mortality. Means were declared significantly different at P<0.05 using
Dunnet’s procedure. The breeding lines consistently produced a lower proportion of diseased
plants compared with the susceptible commercial cultivar Hearts Delight (DR = 0.65). Mean DR



values of partially resistant Green Forest and Brave Heart were 0.60 and 0.53, respectively, in
three field experiments. The seven breeding lines had less disease than the cultivars in the three
tests. Disease levels in RH16-0004 (DR = 0.43) and RH16-0007 (DR = 0.43) were significantly
less than Hearts Delight; RH16-0008 (DR = 0.42) was significantly lower than Hearts Delight
and Green Forest; RH16-0001 (DR = 0.28) and RH16-0002 (DR = 0.31) were significantly less
disease than all three resistant cultivars. In the fourth field experiment with only four breeding
lines, the DR values were lower in Hearts Delight (0.37), Green Forest (0.23) and Brave Heart
(0.18) than in previous experiments. RH16-0007 (0.15) and RH16-0001 (0.09) were significantly
less than Hearts Delight and Green Forest. RH16-002 and RH16-0003 (both DR = 0.05) were
significantly less affected than Hearts Delight, Green Forest, and Brave Heart.

When used as parents, the breeding lines are expected to produce families with better levels of
resistance than commercially available romaine cultivars. Nineteen F3 families from RH09-0488
x Green Towers with prior selection for horticultural characters had mean DRs in two field
experiments ranging from 0.44 to 0.72 while Green Towers had a mean DR of 0.81. Five of the
F; families had significantly lower DR than Green Towers. The families expressed variation in
head size, core length, and leaf color that should enable selection of commercially useable
cultivars.

Horticultural and other characters

The released breeding lines are romaine type lettuce with light green, upright leaves. The top of
the heads remains open to semi-closed at maturity. Seed color is white. In two field experiments,
head weight and head height were similar to, or lower than Hearts Delight (Figure 2). Core
length was similar to slightly longer than Hearts Delight. The breeding lines are as susceptible to
tipburn as Hearts Delight and have similar shelf-life quality when processed into salad. In limited
field testing in the Salinas Valley, the released germplasm demonstrated downy mildew and big-
vein disease susceptibility similar to Hearts Delight.

Use and availability

RH16-0001, RH16-0002, RH16-0003, RH16-0004, RH16-0005, RH16-0007, RH16-0008 are
being released as germplasm due to their improved resistance to lettuce drop compared with
currently available romaine cultivars. The released lines should be used as parents for
development of romaine cultivars with improved resistance to lettuce drop. Limited seed samples
of these breeding lines are available for distribution to all interested parties for research
purposes. The lines are being publicly released with no intellectual property protection for the
development and commercialization of new cultivars by seed companies, universities, non-
governmental organizations or other bona fide private or public research organizations. It is
requested that appropriate recognition be made if these populations contribute to research or the
development of new germplasm, breeding lines, or cultivars. Requests for seeds can be submitted
via Germplasm Resources Information Network (GRIN) at https://www.ars-grin.gov. Plant
introduction (PI) numbers for these breeding lines in GRIN are PI 693946 to P1 693952.



https://www.ars-grin.gov/
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Figure 2. Comparison of performance of seven breeding lines (blue lines) with parental cultivars
(Hearts Delight — green triangle, Eruption — red triangle).

FUSARIUM WILT (J. D. McCreight in collaboration with M. Matheron, R. Michelmore, and T.
Turini)

Six iceberg type, Fusarium wilt (FW) resistant Fs families were developed for the Yuma early
Fall season were released in 2019 as breeding lines 15631, 15632, 15633, 15634, 15669, 15670
(PI 691904 through PI 691909, respectively). The resistance in these lines is effective in the
coastal districts (Pajaro and Salinas Valleys). The lines are freely available from the USDA—
ARS, Western Regional Plant Introduction Station, Pullman, WA upon request:
https://npgsweb.ars-grin.gov/gringlobal/search.aspx?

There is interest in higher-level resistance, and to that end, collaboration with Stephanie Slinsksi,
Yuma Center of Excellence for Desert Agriculture (YCEDA; sslinski@arizona.edu) and German
Sandoya, University of Florida, Belle Glade (gsandoyamiranda@ufl.edu) was initiated with
evaluation of germplasm in Yuma and Florida.

Resistances to Fusarium wilt and Verticillium wilt are being combined for the coastal districts
(See Verticillium wilt section).

DOWNY MILDEW (I. Simko)


https://npgsweb.ars-grin.gov/gringlobal/search.aspx?

Downy mildew (“DM?”, caused by Bremia lactucae) is a widespread lettuce disease, frequently
found in California fields. This disease primarily affects the foliar tissue, reducing yield and
decreasing quality of the marketable portion of the crop. Management of DM is achieved by the
combined use of fungicide applications and agronomic practices that avoid excess irrigation, but
the use of resistant varieties is the most effective method for controlling this disease. However,
the use of fungicides is constrained by high costs and the development of fungicide resistant
strains of the pathogen, while the use of resistant varieties is complicated by high pathogen
variability, which leads to the defeat of cultivars containing major single gene resistance by new
variants of the pathogen.

Plants were evaluated for DM severity in three field experiments in Salinas, CA. All accessions
were planted during spring and summer (May to August) using randomized complete block
design (RCBD) with three replicates. The phenotyping of DM severity was carried out in weekly
intervals, after the most susceptible cultivars showed first symptoms of disease:

0: No DM lesions on any of the plants in the plot (consisting in 10 to 20 plants).

1: Few small lesions on some of the plants in the plot.

2: Few lesions on most of the plants in the plot.

3: Several lesions on most of the plants in the plot.

4: Multiple lesions on most of the plants in the plot.

5: Multiple lesions on most of the plants, with presence of dead tissue.
Data from weekly evaluations were combined into the area under the disease progress stairs
(AUDPS).

In total, we have evaluated over 38,000 plants from 548 accessions (Figure 3). Two of the
accessions of Lactuca indica showed non-host type of resistance. Other seven accessions and
breeding lines had very low AUDPS score, indicating possible polygenic resistance to DM.
These accessions will be retested in multiple experiments to confirm observed results.

Twenty-two breeding lines of F» to F¢ generation originating from crosses with cultivars with
high polygenic resistance (Balady Banha, Iceberg, Grand Rapids, Holborn’s Standard, La
Brillante, Merlot, and Primus) were also tested for DM resistance using RCBD with three
replications. The trials were used to select plants with a minimum number of lesions that were
not bolting at the time of evaluation and otherwise appeared healthy and robust. The selected
material will be used for further evaluations of resistance to downy mildew, bolting, tipburn, and
horticultural characteristics.
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Figure 3. Distribution of reaction to downy mildew in 548 accessions tested in field trials.

BACTERIAL LEAF SPOT (I. Simko in collaboration with W. Zhou, J. Sthapit, G. Sandoya, B.
Maisonnueve, R. Michelmore, C. Bull, R. Hayes)

Bacterial leaf spot (BLS) disease of lettuce is caused by bacteria Xanthomonas hortorum pv.
lactucae (formerly known as X. pv. vitians). In baby leaf lettuce, seeds are planted in extremely
high density in the field, which enhances the occurrence of BLS. It can cause significant
economic damage making the crop unmarketable, mainly during cool and wet weather
conditions. Cultivating resistant cultivars is the most sustainable and reliable strategy to manage
BLS as it will reduce quality loss and minimize economic damage to the baby leaf industry.
Identification of resistant germplasm will provide essential information and facilitate in breeding
for BLS resistance.

Five hundred lettuce accessions were evaluated for resistance to BLS with six BLS isolates at
USDA-ARS, Crop Improvement and Protection Research Unit, Salinas, CA and Everglades
Research and Education Center, University of Florida, Belle Glade, FL (Dr. German Sandoya).
Seeds were planted in plug trays with each accession planted in three or four wells. For
germination, the planted trays were put in growth chambers in dark at 10°C for 2 days. Then
growth chamber program was set to 16 hours of light at 20°C. Three weeks after planting, the
plants were moved to greenhouse and spray inoculated with one Xcv isolate. Inoculated plants
were kept in high humidity with water mister systems installed on two walls of the greenhouse to
facilitate disease development. Plants were evaluated for BLS disease severity in about two to
three weeks after inoculation using 0 to 5 rating scale where 0 = no disease, 1 = little disease, a
few lesions of < 3 mm in size, 2 = individual disease lesions > 3 mm or more than 10 lesions



covering < 10% of leaf area, 3 = large, coalesced lesions covering 10 to 20% of leaf area, 4 =
lesions covering 20 to 50% of leaf area, and 5 = lesions covering greater than 50% of leaf area.
These results will be used to perform genome-wise association study (GWAS) to identify
quantitative trait loci (QTL) for resistance to BLS.

In addition, two mapping populations developed from crosses between partially resistance cv.
Reine des Glaces and susceptible cvs. Eruption and Delsay were evaluated for resistance.
Resistance QTLs were identified on seven linkage groups (LG), with the most significant QTL
located on LG2 (Figure 4). Molecular markers closely linked to this QTL may be potentially
used for marker-assisted selection of BLS-resistant lettuce germplasm and development of new
lettuce cultivars with disease resistance.
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Figure 4. Quantitative trait loci for resistance to bacterial leaf spot detected on two mapping
populations (Reine des Glaces x Eruption, Reine des Glaces x Delsay).

LEAFMINER (B. Mou)



The predominant species of leafminers in central California is Liriomyza langei. They have a
wide host range including broccoli, cauliflower, celery, lettuce, melons, spinach, tomato, and
many weeds. Damages caused by adult sting and larval mining of leaves reduce photosynthetic
capacity and product quality, render lettuce leaves unmarketable, and provide an entrance for
disease organisms. Chemical control is not long lasting, and it is well documented that
leafminers can develop a high degree of resistance to insecticides. The most economical means
to control leafminers is through the use of plant resistance. However, high level of leafminer
resistance is currently not available in commercial lettuce cultivars.

To breed for leafminer resistance, we made crosses to transfer leafminer resistance from wild
species into iceberg and mixed lettuce types. BCiF2 to BCiFs plants from these crosses were
selected in the field for horticultural traits and resistance to leafminer, and were backcrossed if
necessary to restore horticultural types. We also continued to make crosses to combine leafminer
resistance with resistances to other diseases and insects for multiple-resistance. Crosses were
also made among resistant sources in an effort to elevate the level of resistance to leafminers.

F> to Fs progeny plants from crosses between leafminer resistant source (PI 169513, Red
Grenoble, Merlot, Lolla Rossa, Bibb, and Tom Thumb) and good horticultural types (Salinas,
Salinas 88, Tiber, Prizehead, and Lobjoits) were selected in the field for leafminer and multiple
resistances, and some of them were backcrossed to restore horticultural traits. Promising F7 to Fi2
breeding lines of green leaf, red leaf, and romaine lettuces have been trialed at Spence Farm in
Salinas from June to September with four replications, along with commercial cultivars and
resistant controls. However, due to the Covid-19 pandemic, Shelter-in-Place in California, the
maximum teleworking policy of the USDA, and the departure of our technician, we were not
able to conduct field trials in 2020. But we have summarized the results of the field trials
conducted over the years. All breeding lines had significantly lower leafminer sting density than
commercial cultivars and resistant controls, and the plant weight, core length, and tipburn of the
breeding lines were generally similar to or better than commercial cultivars (Tables 1-3). Many
of these breeding lines also have the cor resistant gene, so they are resistant to corky root disease
as well (Tables 1 and 3). Some lettuce breeding lines showed moderate to high levels of
resistance to downy mildew. Green leaf lettuce breeding lines had similar or better downy
mildew disease ratings than the resistant controls ‘Grand Rapids’ and ‘Iceberg’ (Table 1). These
breeding lines will be evaluated in the field again in 2021 to confirm the results. Best performing
breeding lines will be publicly released to the seed companies and the lettuce industry.

Table 1. Means of leafminer sting density (stings per cm? leaf area), horticultural traits, and
disease responses of green leaf lettuce breeding lines and cultivars evaluated in field trials in
Salinas, CA from 2009-19.

Stings  Plant Core Tipburn Corky Downy
Genotype /em** _ Wt. g length, cm  leaves’ root* mildew"
2019
Waldman’s Green 39A 4758 A 74 A 47 A 8.0A 33B
Grand Rapids 3.1B  355.7C 4.8 BC 1.1 B 8.0A 20D
Iceberg 3.1B  361.3BC 51BC 0.0B 80A 25C
Two Star 3.1 B 449.0 AB 5.3BC 0.1B 8.0A 40A

Shining Star 25B 466.8 AB 59B 0.0B 8.0A 4.0 A



MU18-247
MU18-283-1
2018
Waldmann’s Green
Grand Rapids
Two Star

Shining Star
MU17-340
MU17-348

2017
Waldmann’s Green
Two Star

Grand Rapids
Shining Star
MU16-310
MU16-318

2016

Iceberg

Two Star
Waldman’s Green
Grand Rapids
Shining Star
MU14-402
MU11-373

2014

Two Star
Waldman’s Green
Grand Rapids
Shining Star
MU11-365-1
MU11-373

2013

Two Star
Waldman’s Green
Grand Rapids
Shining Star
MUI11-365
MU11-373

2012

Two Star
Waldman’s Green
Shining Star
Grand Rapids
MU11-373
MUI11-365

2011

03C
03C

29A
22B
2.1B
1.7C
04D
02D

2.8 A
28 A
2.7TA
25A
0.5B
04B

6.6 A
6.0 A
28B
22B
2.1B
0.8C
05C

7.1 A
6.5A
42 B
3.6B
14C
1.1C

6.3 A
39B
28C
27C
12D
1.1D

55A
5.1 A
3.6B
35B
1.0C
0.7D

368.3 BC
439.5 AB

458.7 B
290.7C
5985 A
490.5B
635.7 A
611.3 A

578.0 A
680.3 A
401.5B
575.1 A
6772 A
5882 A

336.7C
320.7C
490.2 AB
3249 C
401.3 BC
573.0 A
408.2 BC

297.0 ABC
325.7 AB
235.0C
247.7 BC
290.3 ABC
266.3 ABC

3625 A
388.8 A
285.7 A
2884 A
308.2 A
3333 A

491.7 A
429.5 AB
391.8 AB
3404 B
438.0 AB
384.8 A

42C
4.5 BC

7.6 A
49C
6.4 BC
6.9B
6.5B
6.2 BC

13.4 A
73 B
83B
89B
8.0B
74 B

4.6 BCD
39CD

10.3 A

5.8B
5.4 BC
4.8 BCD
3.7D

48 B
6.8 A
45B
49B
42 B
3.6 B

5.1B
7.7 A
5.1B
4.7B
35C
4.1 BC

4.9 BC
7.5 A
5.7B
4.8 BC
43C
4.0C

0.0B
0.1B

1.3 AB
1.4 A
0.3 AB
0.0C
0.1 BC
0.0C

29A
0.5BC
14B
00C
1.6 AB
0.8 BC

00B
0.0B
0.3 AB
0.8 A
00B
0.0B
00B

00A
0.1 A
00A
0.0A
00A
00A

0.0B
04 A
0.3 AB
00B
0.0B
0.3 AB

0.0A
0.3 A
0.0A
0.0 A
0.0A
0.0 A

6.0B
6.1 B

8.0A
80A
8.0A
79 A
6.1 B
6.0B

80A
8.0A
80A
8.0A
6.0B
6.1 B

79 A
80A
8.0A
80A
59B
58B

79 A
8.0A
80A
8.0A
6.0 B
57C

79 A
80A
8.0A
80A
59B
59B

I5E
15E

30B
1.5C
40A
4.0 A
1.5C
20C

3.0B
40A
1.0D
40A
20C
20C

1.0D
4.0 A
30B
1.0D
40A
1.0D
20C

4.0 A
3.8A
1.5 BC
40A
1.0C
1.5 BC

39A
4.0 A
40A
1.9B
1.8B
1.0C



Two Star
Waldman’s Green
Shining Star
Grand Rapids
MU10-607-1
MU09-512-2
2010

Two Star
Waldman’s Green
Shining Star
MU09-456

2009

Two Star
Waldman’s Green
Shining Star
MU08-522-1

7.0 A
5.TA
43 B
09C
0.8C

7.2 A
52B
36C
09D

72 A
52B
4.8 B
1.5C

570.7 BC
598.4 BC
651.0 B
495.0 C
642.5 BC
813.2 A

348.3 AB
2853 B
399.0 A
435.7 A

449.4 B
393.7B
448.3 B
614.0 A

54B
17.3 A
89B
59B
6.1 B
74 B

44B
42 B
5.TA
42 B

5.1B
9.1 A
7.2 AB
6.9 AB

0.0B
09 AB
0.0B
1.8 A
0.0B
1.0A

0.1 A
0.7 A
0.1 A
0.5A

00A
03A
03A
0.1 A

79 A
8.0A
80A
8.0A
6.0C
70B

74 A
79 A
79 A
5.7B

7.7 A
8.0A
79 A
54B

3.0B
36 A
3.8A
1.8C
20C
20C

40A
4.0 A
40A
1.0B

39A
33B
4.0 A
3.1B

? Means with different letters in a column of a year are significantly different at P=0.05.

Y Number of leaves with tipburn in a plant.

* Brown and Michelmore’s (19897?) scale of 0-9 (0, no symptom; 9, plant died from the disease).
" Grube and Ochoa’s (2005) scale of 0-5 (0, no lesion; 5, large lesions covering nearly 100% of
exposed leaf surface).

Table 2. Means of leafminer sting density (stings per cm? leaf area), horticultural traits, and
disease responses of red leaf lettuce breeding lines and cultivars evaluated in field trials in
Salinas, CA from 2009-19.

Stings Plant Core Tipburn Corky Downy
Genotype Jem>* Wt. g length, cm  leaves” root* mildew"
2019
Red Hot 3.7A 564.0 A 6.2ABC 00B 8.0A 40A
Prizehead 34 AB 390.3 B 5.6 C 3.1A 8.0A 35A
Merlot 3.3AB 216.5C 5.7BC 0.0B 7.6 B 1.0D
Big Red 3.3 AB 416.3 B 5.7 BC 0.5 AB 8.0A 40A
Red Fox 3.0 BC 5129 A 72 A 0.0B 79 A 40A
Lolla Rossa 2.7C 1952 C 52C 0.0B 8.0A 1.8C
MU18-250 0.8D 417.2 B 6.7 AB 0.0B 7.8 A 2.5B
2018
Big Red 45A 466.5 AB 8.8 A 0.6 A 8.0A 33B
Prizehead 35B 492.7 AB 6.2 BC 0.0 A 8.0A 3.0B
Red Fox 33B 528.8 A 7.9 AB 0.0 A 8.0A 3.5AB
Lolla Rossa 20C 200.0 C 5.1C 0.0 A 7.8 A 20C
Red Hot 1.9C 188.2 C 54C 0.0 A 8.0A 3.5AB
Merlot 1.9C 231.5C 6.1 BC 0.0 A 7.0 B 1.0D
MU17-351 0.7D 425.0B 69ABC 00A 8.0A 40A
2017
Prizehead 54 A 529.3 AB 6.5B 2.8 A - 35A
Big Red 48 A 410.7 BC 8.9 AB 03B -—- 35A
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Lolla Rossa 3.1B 110.7 C 2.6C 0.0B 7.1 B 32B

MUO08-540-1 1.8B 4303 A 6.7 A 0.0B 7.7 AB 33B

? Means with different letters in a column of a year are significantly different at P=0.05.

Y Number of leaves with tipburn in a plant.

* Brown and Michelmore’s (1989?) scale of 0-9 (0, no symptom; 9, plant died from the disease).
" Grube and Ochoa’s (2005) scale of 0-5 (0, no lesion; 5, large lesions covering nearly 100% of
exposed leaf surface).

Table 3. Means of leafminer sting density (stings per cm? leaf area), horticultural traits, and
disease responses of romaine lettuce breeding lines and cultivars evaluated in field trials in
Salinas, CA from 2017-19.

Stings  Plant Core Tipburn Corky Downy
Genotype /em** Wt g length, cm leaves” root* mildew"”
2019
Clemente 49 A 944.0 A 84 A 1.3 AB 6.2B 40A
Heart’s Delight. 4.6 AB 849.2 AB 8.0A 0.6 AB 6.2 B 40A
Green Towers 4.5 AB 901.5 AB 7.2 AB 1.4 AB 8.0A 4.0 A
Parris Island Cos 43 AB 642.0 C 6.5B 0.0B 8.0A 35B
Valmaine 40B 738.5 BC 6.3B 0.2B 8.0A 40A
Green Forest 40B 878.7 AB 8.0A 0.0B 8.0A 40A
MU18-259 09C 744.5 BC 6.4B 24 A 5.8C 3.8 AB
MU18-262 04C 802.9 ABC 6.5B 0.5 AB 59C 3.8 AB
2018
Green Forest 46 A 969.9 B 9.7 A 0.0 A 8.0A 40A
Valmaine 42 AB 890.0 B 7.8 B 03A 8.0A 33B
Heart’s Delight 3.8AB 1,031.5 AB 95A 04A 6.0B 40A
Parris Island Cos 3.8 AB 877.0B 7.6 BC 0.1 A 8.0A 3.0B
Clemente 32B 1,190.9 A 93 A 0.6 A 6.0 B 40A
MU17-362 04C 8572 B 7.3 BC 0.0A 59B 38A
MU17-536 02C 873.8 B 6.6 C 0.0A 59B 40A
2017
Green Forest 5.7A 1,145.3 AB 112 A 1.7C 8.0A 40A
Clemente 51 AB  1,275.7 A 124 A 10.1 A 6.0B 40A
Red Hot 4.4 BC 877.7 C 7.5B 3.1C 8.0A 3.0C
Valmaine 4.1 BC 904.8 BC 8.1B 3.8C 8.0A 35B
Green Towers 4.1 BC 940.7 BC 92B 28C 8.0A 3.8 AB
Heart’s Delight 40BC 1,0702 ABC 11.1 A 8.1 AB 6.0 B 40A
Parris Island Cos 3.8 C 884.5C 9.1B 4.5 BC 8.0A 35B
MU14-489 1.2D 856.7 C 8.0B 32C 5.7C 3.0C

? Means with different letters in a column of a year are significantly different at P=0.05.

Y Number of leaves with tipburn in a plant.

* Brown and Michelmore’s (1988) scale of 0-9 (0, no symptom; 9, plant died from the disease).
Y Grube and Ochoa’s (2005) scale of 0-5 (0, no lesion; 5, large lesions covering nearly 100% of
exposed leaf surface).



LETTUCE APHID (J. D. McCreight in collaboration with 4. Del Pozo, D. Hasegawa, and Y.B.
Liu)

Partial resistance to lettuce aphid biotype Nr:0 from PI1 491093 (L. serriola) is being introgressed
to cultivated lettuce (L. sativa). Progress has, however, been hampered by thrips infestations,
INSV infection and loss of biotype Nr:0 colony. The loss of the colony has been especially
problematic with the emergence of biotype Nr:1 in Salinas Valley in 2018 and its widespread in
occurrence since then. Biotype Nr:1 overcomes all commercially available biotype Nr:0-resistant
cultivars. IVT 280, the original source of resistance to biotype Nr:0, is reportedly resistant to
Nr:1. Our interest in screening germplasm for resistance to Nr:1 is completely contingent upon
establishment of Nr:1 colonies. Toward that end, we have collaborated with UCCE Monterey
County Entomologist Alejandro Del Pozo and new ARS, Salinas entomologist Daniel Hasegawa
to characterize the current population structure of lettuce aphid in Salinas Valley. Efforts to
establish Nr:1 colonies have been unsuccessful to date.

TIPBURN (K. L. Richardson)

Due to Covid-19 restrictions, we did not plant a tipburn field trial in 2020 and postponed the
planting to 2021. In the greenhouse, we increased seed of 64 lines from Green Towers x Salinas
that were identified in 2019 field trial with low incidence of tipburn. We also advanced in
generation 30 backcross lines between Green Towers x Salinas selected progeny and elite
romaine type varieties.

SHELF-LIFE (I. Simko in collaboration with H. Peng, and R. Michelmore)

Previously, our global transcription analysis (RNAseq) showed that hexokinase, an enzyme
majorly responsible for the phosphorylation of glucose in glycolysis, displayed significantly
higher expression in the cut-leaves of the rapidly deteriorated accession La Brillante (LB) than
that in the slowly deteriorated accession Salinas 88 (S88) in modified atmosphere packaging
(MAP). This finding suggests that rapidly deteriorating lettuce likely consume more glucose than
slowly deteriorating lettuce during storage. To examine this hypothesis, we investigated the
glucose level in the cut-leaves of three rapidly (LB; Density, DS; Triple Threat, TT) and three
slowly (S88; Darkland, DL; SM09B) deteriorating accessions at both preharvest (a day before
harvest) and postharvest stages (Oh, 2h, 1d, 3d, 7d, and 12d after salad processing). The glucose
levels (Figure 5) of field plants at the market maturity stage varied between accessions. The
highest glucose level was observed in S88, followed by TT and DS. The relatively close and low
levels of glucose were identified in DL, SM09B, and LB. The weak correlation of glucose level
with deterioration potential at preharvest stage suggests that the initial level of glucose does not
affect deterioration of cut-lettuce in MAP. Similarly, the glucose level did not display a high
correlation with the expected deterioration levels at all postharvest stages, except for 12d after
processing (DAP). However, the glucose level changed differently in rapidly and slowly
deteriorating accessions during storage. In the first two hours of storage, glucose significantly
declined in the rapidly deteriorating accessions but increased slightly in the slowly deteriorating
accessions. From 2h to 24h, the glucose level went up in the rapidly deteriorating accessions but



decreased in the slowly deteriorating accessions. After 24 h, the glucose level dramatically
dropped off in the rapidly deteriorating accessions but not in the slowly deteriorating accessions.
Consequently, the glucose level was significantly lower in rapidly deteriorating accessions than
in slowly deteriorating accessions at the longer storage (12 DAP). The decline of glucose in the
rapidly deteriorating accessions after 1 DAP agrees with the upregulation of hexokinase
expression in LB, an accession with poor shelf-life, at the early stage of deterioration (equivalent
to 3 DAP) determined by the transcriptional analysis. The rapid consumption of glucose likely
requires highly active hexokinase. Thus, a study is under way to investigate hexokinase activity
in both rapidly and slowly deteriorating lettuce. In addition, ADT/ATP ratio will also be
evaluated to determine its relationship with hexokinase activity.
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Figure 5. The level of glucose in lettuce leaves at preharvest and postharvest stages. The assay
was conducted with three rapidly (La Brillante, LB; Density, DS; Triple Threat, TT) and three
slowly (Salinas 88, S88; Darkland, DL; SM09B) deteriorated accessions. Plants were harvested
for salad procession when S88 reached market maturity stage. Processed salads were packaged in
modified atmosphere. Samples were collected a day before harvesting (1DBP), Oh (OHAP), 2h
(2ZHAP), 1d (1DAP), 3d (3DAP), 7d (7TDAP), and 12d after processing (12DAP). Mean values
and standard errors that were calculated from three replicates at a timepoint for each accession
(left chart). Bold lines indicate the average trend of glucose content in rapidly (red) and slowly
(green) deteriorating accessions (right chart).

MAP condition may lead to two types of environmental stress, low oxygen (initial Oz content is
lower than 2%) and low temperature (4 °C). Therefore we have investigated an involvement of
stress related signaling molecules such as reactive oxygen species (ROS) in the development of
deterioration of cut-lettuce. This study evaluated ROS levels of cut-leaves at both preharvest and
postharvest stages with three rapidly (LB, DS, and TT) and three slowly (S88, DL, and SM09B)
deteriorating accessions. The results showed that field plants at the market maturity stage had an
extensive variation in ROS level (Figure 6). Sal88 had the highest ROS level, followed by TT
and DS, while LaB had the lowest ROS level, revealing the accession-specificity of oxidative
status and a low correlation of initial ROS level with deterioration potential. No correlation



between ROS level and deterioration was observed at any tested stage. However, a significant
difference in changes of ROS levels was found between rapidly and slowly deteriorating
accessions at certain stages. Though all tested accessions showed a similar pattern in changing
ROS levels, the ROS burst in the rapidly deteriorating accessions at the early stage of storage
may indicate that accessions with poor shelf-life are more sensitive to low oxygen and/or low
temperature than accessions with good shelf-life.
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Figure 6. The level of reactive oxygen species (ROS) in lettuce leaves at preharvest and
postharvest stages. The assay was conducted with three rapidly (La Brillante, LB; Density, DS;
Triple Threat, TT) and three slowly (Salinas 88, S88; Darkland, DL; SM09B) deteriorating
accessions. Plants were harvested when S88 reached market maturity stage. Processed salads
were packaged in modified atmospheres. Samples were collected a day before harvesting
(1DBP), Oh (OHAP), 2h (2HAP), 1d (1DAP), 3d (3DAP), 7d (7TDAP), and 12d after processing
(12DAP). Mean values and standard errors that were calculated from three replicates at a
timepoint for each accession (left chart). Bold lines indicate the average trend of ROS content in
rapidly (red) and slowly (green) deteriorating accessions (right chart). ROS level is represented
by relative fluorescence units (RFU; excitation 485 nm/ emission 520 nm).

The shelf-life associated QTL on chromosome 4 (¢SL4) has been narrowed down to a region of
5.1 kb through phenotypic and genotypic analyses previously. To compare the sequence of gSL4
in both rapidly and slowly deteriorating accessions, genome assemblies toward the target region
were performed using [llumina reads from genomes of 14 accessions; five accessions (LaB; TT;
CR, Costa Rica; Lee Tal, LT; Little Gem, LG) with poor shelf-life, an accession (Annapolis,
AN) with intermediate shelf-life, and eight accessions (S88; Blode LM, BL; Eruption, ER;
Flashy Troutback, FT; Defender, DF; King Louie, KL; Reine des Glaces, RD; SM09A) with
good shelf-life (Figure 7). The DNA sequence alignment revealed large differences in the qSL4
region between rapidly and slowly deteriorating accessions. Most significantly, a deletion (432
bp) and an insertion (~ 288 bp) was found in the genomes of all accessions with intermediate and
good shelf-life. Two copies of short repetitive sequences were found in the deleted region. The
qSL4 region contains a TIR-NB-LRR (TNL) like gene according to the sequence annotation.



Both insertion (mutation 1, M1) and deletion (mutation 2, M2) occurred in the upstream (within
2 kb) of coding region of the TNL (Figure 8). The predicted coding region consists of four exons
and three introns in both S88 and LaB though its length is different in two accessions. Further
quantitative expression analyses revealed that tested accessions had distinct expression levels at
both preharvest and postharvest stages but a high correlation of TNL expression level with
expected deterioration rate was not observed in any stage of storage (Figure 9). Despite the
difference of expression level in accessions at all deterioration stages, decline in the expression
of the TNL was observed in all accessions as storage progressed. Therefore, it is not likely that
qSL4 regulates shelf-life of cut-lettuce by alternating the expression of the TNL. Experiments
will be performed to investigate the role of the TNL in deterioration using reverse genetic
approaches.
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Figure 7. DNA sequence alignment of selected region of shelf-life associated QTL in multiple
lettuce accessions. Slowly/intermediately deteriorating accessions (R1-R8, M1) are shaded
green, while rapidly deteriorating accessions (S1-S5) were shaded in pink. Intensity of gray
highlight indicates the similarity level of nucleobase in each position. Missing nucleobases are
indicated by dashes. Completely repeated sequences are marked with blue rectangles.
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Figure 8. Schematic diagram of DNA structure of the TIR-NB-LRR genes in Salinas 88 (S88)
and La Brillante (LB). Coding and non-coding areas are represented by solid boxes and lines,
respectively. Insertion mutations in Sal88 (M1) and LB (M2) TNL region are indicated with
yellow solid lines. The open reading frame (ORF) begins with a start codon (ATG).
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Figure 9. Expression of LsTNL in cut-leaves during postharvest storage. The assay was
performed with two rapidly (La Brillante, LB; Triple Threat, TT) and three slowly (Salinas 88,
S88; Darkland, DL; SM09B) deteriorated accessions. Samples for transcriptional analyses were
collected Oh, 2h, 24h, 3d, 7d, and 14d after salad processing. The relative expression is shown in
fold changes (lowest value = 1). The data represent the mean value (+ standard deviation) of
three replicates.

IMPATIENS NECROTIC SPOT VIRUS (K. L. Richardson in collaboration with D. Hasegawa,
S. Nayak, and W. Wintermantel)

The thrips-vectored orthotospovirus, Impatiens necrotic spot virus (INSV), causes economic
damage due to spotted wilt disease on lettuce in coastal California. INSV has become more
widespread and severe in the Salinas Valley in recent years, associated with large populations of
its thrips vector. In 2020, we moved the planting date of the field trial to significantly later in the
season (August 19) to capture the peak thrips pressure in the area as previously determined by
Dr. Hasegawa and Dr. Del Pozo. We evaluated 36 varieties and 76 breeding lines in a
randomized experiment with four replications. INSV incidence (proportion of plants per plot
showing symptoms) was measured weekly. For the first time, we added a disease severity rating
(0-5 scale per Dr. Hasegawa) at harvest and collected leaf tissue for ELISA to determine
presence or absence of INSV. When harvested on November 9, the average INSV incidence of
the experiment was 71.4%; the highest in the three years of evaluation (Figure 10). We
determined red leaf lines have lower INSV incidence than green leaf lines only under lower
disease pressure (average incidence below 20%) and that this trend does not hold under higher
disease pressure. INSV severity ratings were highly correlated (81.8%) with INSV incidence



ratings, but ELISA results did not clearly correlate with either severity of incidence. Only one
line, Cavalry, was identified that had all negative ELISA results in samples tested. To validate
field results, we tested 19 selected lines in the greenhouse under manual inoculation and
viruliferous thrips transmission. Plants were rated for INSV severity (0-5 scale) six weeks after
inoculation and leaf tissue was collected for ELISA. Greenhouse severity closely matched
severity results from the field, but ELISA results did not match greenhouse severity scores.
Mapping populations with identified sources of resistance are in development.
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Figure 10: Impatiens necrotic spot virus incidence (proportion of symptomatic plants) of lines
(red or green leaf, open or closed head type) tested under natural field infection from August to
November 2020 in Salinas.
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