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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 2021 and 2022, we emphasized developing resistance to 
Verticillium wilt, Lettuce Drop, Fusarium wilt, Lettuce Dieback, Downy Mildew, Bacterial Leaf 
Spot, Leafminer, Tipburn, Impatiens necrotic spot virus, and Pythium, as well as extending 
fresh-cut salad shelf-life and improving nutritional value. 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 in collaboration with S. Nayak) 
 
In 2021, we continued our work to 1. Combine resistance to Verticillium Race 1 and Race 2 and 
2. Develop Verticillium Race 2 resistant breeding lines. In 2019 and 2020, we reinoculated the 
Verticillium dahliae Race 1 disease nursery (0.5 acre) in Field C at the Salinas USDA-ARS 
station. 2021 was our first opportunity to evaluate germplasm in the field. We planted a 
uniformity trial in mid-May to determine disease pressure throughout the field and how best to 
block experiments to account for that variation. The East end of the field had higher disease 
severity values than the West end. In August we planted our first field trial for breeding line 
evaluation. Unfortunately, the trial was hit hard by INSV. At maturity, few plants were 
remaining due to a combination of INSV, Verticillium, Fusarium, and Pythium. In 2022, we will 
plant trials earlier in the season to hopefully avoid complications caused by INSV infection. 
 
In the greenhouse, we collected leaf tissue from 1,592 F2 individuals of RH12-3196 x (Salinas x 
PI 171674) and genotyped all with the Vr1 resistance-linked marker. This population combines 
Race 1 resistance (Vr1) from RH12-3196 with Race 2 resistance from PI 171674 in a crisphead 
type (Salinas). 1,117 Vr1-positive individuals were identified and were evaluated for resistance 
to Race 2 in the greenhouse (Figure 1). 
 

 



 

Figure 1. Vascular discoloration due to Verticillium dahliae infection (0-5 scale) of 1117 F2 
progeny lines from RH12-3196 x (Salinas x PI 171674) population evaluated in the growth room 
for Race 2 resistance. All breeding lines were positive for the Vr1-linked molecular marker. 
 
We evaluated 3192 individuals of 258 F3 families of 11-G99-1-1 x PI 171674 for resistance to V. 
dahlia Race 2 in the greenhouse and growth room. 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. Analysis of results is underway. 
 
 
LETTUCE DROP (I. Simko in collaboration with K. Subbarao, B. Mamo, R. Eriksen, N. 
Adhikari, R. Hayes) 
 
The soilborne fungus Sclerotinia minor was not known to produce sclerotia in the stems of 
infected and uncollapsed Lactuca standing intact until our observation in a greenhouse. We 
investigated lettuce–environment–S. minor interactions in two tolerant and four susceptible 
Lactuca genotypes to determine putative risk factors and targets for disease control. 
Symptomatological, pathophysiological, developmental, basal stem biophysical, and 
microclimate responses (27 variables) of the genotypes were determined under field or 
greenhouse conditions. Distinct patterns of infection responses were observed between modern 
cultivars and their primitive or wild relatives. Modern cultivars were susceptible to rapid basal 
stem and root degradations by S. minor. Oilseed lettuce PI 251246 and wild Lactuca serriola 11-
G99 were resilient to degradations and significantly deterred mycelium emergence and symptom 
development but sclerotia formed to a significantly higher height in their stems. Photosynthetic 
efficiency declined rapidly within 1 day postinoculation (dpi) in susceptible plants but remained 
intact approximately 5 to 6 dpi in the tolerant 11-G99. Stomatal conductance spiked rapidly in 
11-G99 plants within 1 to 3 dpi, coinciding with the emergence of fungal mycelia at the crown. 
A strong negative correlation detected between basal stem degradation severity or collapse, and 
stem mechanical strength indicated that stem strength-mediated genetic factors determine the 
outcome of Sclerotinia infections. Soft stem is a prominent lettuce drop susceptibility factor that 
could be targeted in resistance breeding and provides the prelude for the analysis of the 
biological basis of plant architecture-mediated resistance to Sclerotinia spp. in lettuce and other 
hosts. 
 
Table 1. Lactuca genotypes evaluated for reaction to lettuce drop, host plant architecture, and 
microclimate conditions under plant canopy with their bolting rating and resistance to Sclerotinia 
minor. 
 



 

 
 
Host plant resistance to Sclerotinia diseases has been associated with plant architecture, 
including plant canopy, height, basal stem diameter, flowering time, maturity, lodging, and other 
developmental traits. Our work is the first to predict the genetic risk of lettuce basal stem to 
infection and degradation by S. minor and determine that basal stem strength is a key 
determinant of susceptibility or resistance and mortality in Lactuca spp. against Sclerotinia spp. 
Among the disease risk factors analyzed, xylem mechanical strength was the strongest predictor 
of lettuce drop severity (basal stem degradation), followed by the bolting rate. In contrast, 
relative humidity or temperature did not predict disease severity index. Xylem mechanical 
strength as a risk factor explained most of the variations in basal stem degradation severity 
(84%), demonstrating that genetic factors can strongly determine the outcome of Sclerotinia 
infections. Besides, given the significantly softer stem tissues in the susceptible genotypes and 
the biological significance of mechanical barriers in host defense responses, we believe that stem 
strength is an important factor in the interaction of lettuce with Sclerotinia spp. 
 

 
 
Figure 2. Scale (1 to 5) developed to rate basal stem degradation (i.e., lettuce drop severity) after 
infection by Sclerotinia minor, where 1 = the plant wilts and the basal stem or base of lateral 



 

branches exhibit symptoms of very small lesions. It is considered resistant (R) to degradation. 
Rating 2 = signs (mycelium and sclerotia) conspicuous at the base of the main stem with possible 
tissue maceration; it is considered moderately resistant (MR) to degradation. Rating 3 = signs 
visible at the basal stem along with medium-sized maceration and partial degradation; it is 
considered moderately susceptible (MS) to degradation. Rating 4 = signs observed at the basal 
stem along with long and severe stem tissue maceration and degradation; it is considered 
susceptible (S) to degradation. Rating 5 = complete basal stem tissue maceration and 
degradation; it is considered highly susceptible (HS) to degradation. Rating 0 was included for 
reference; it represents completely healthy plants (i.e., no symptom). 
 
 

 
 
Figure 3. Effect of lettuce drop (Sclerotia spp.) on A, carbon assimilation (A) and B, stomatal 
conductance of the selected lettuce genotypes inoculated with the pathogen in the greenhouse 
during experiment. The dotted line in each panel connects through missing data; measurements 
were not recorded on days 5 and 6 post inoculation in 11-G99. Error bars represent the standard 
error of the mean. P values are shown at the top of panel A. Differences in A between the 
genotypes were significant (P ≤ 0.008) on each day measurements were taken for both samples. 
For stomatal conductance, significant differences were detected at P < 0.001 on each day 
measurements were taken for both genotypes. 
Microclimate conditions, primarily soil moisture and temperature, and morphological traits 
dictate lettuce drop. Although the severity of lettuce drop depends on the inherent characteristics 
of the host, the magnitude of the disease incidence is dictated by the environment. Lettuce 
genotypes with a prostrate growth habit, slow bolting, and large leaf area generally exhibit higher 
lettuce drop incidence owing to the possible modulations of the microclimate triggered by leaf 
canopies. 
 



 

 
 
Figure 4. Plot depicting the relationship of lettuce drop (Sclerotinia minor) disease rating (of all 
genotypes) with average temperature and relative humidity (RH). This graph was produced from 
the weekly average microclimate conditions and disease incidence from the lettuce drop field 
experiment in Salinas, CA (from disease onset to harvest maturity; October to December). The 
plot indicates the level of disease incidence based on the temperature and the RH (lowest 
incidence shown at lower right corner when temperature was high and humidity low). 
 
Additional details of the study are available at https://doi.org/10.1094/PHYTOFR-12-20-0040-R 
 
 
FUSARIUM WILT (K.L. Richardson in collaboration with J.D. McCreight) 
 
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. 14 F4 families (10 individuals each) were screened with the LsVe1L 
marker associated with Verticillium Race 1 resistance (Vr1). Three families were identified 
where all individuals were Vr1-positive. One family had all Vr1-negative individuals. Remaining 
families were segregating for Vr1. We collected F5 seed from 103 Vr1-positive plants. For 2022-
23, we will evaluate the F5 under Fusarium and Verticillium in the greenhouse and field and 
genotype with Vr1 marker in preparation for release. 
 
 
LETTUCE DIEBACK (I. Simko) 
 
Marker-assisted selection with molecular markers linked Tvr1 resistance gene 
(https://doi.org/10.1186/1471-2229-9-135) continues to be performed on all our breeding lines at 
advanced generations. The status of resistance alleles as determined by the high-resolution DNA 
melting approach (HRM) is provided on release notices. 
 
 

https://doi.org/10.1094/PHYTOFR-12-20-0040-R
https://doi.org/10.1186/1471-2229-9-135


 

DOWNY MILDEW (I. Simko in collaboration with H. Peng, J. Sthapit Kandel, R. Zhao)) 
 
Lettuce downy mildew is one of the most economically important diseases of cultivated lettuce 
worldwide. We have applied the genome-wide association mapping (GWAS) approach to detect 
QTLs for field resistance to downy mildew in the panel of 496 accessions tested in 21 field 
experiments. The analysis identified 131 significant marker—trait associations that could be 
grouped into 63 QTLs. At least 51 QTLs were novel, while remaining 12 QTLs overlapped with 
previously described QTLs for lettuce field resistance to downy mildew. Unlike race-specific, 
dominant Dm genes that mostly cluster on three out of nine lettuce chromosomes, QTLs (qDMR 
loci) for polygenic resistance are randomly distributed across all nine chromosomes. The 
genomic regions frequently associated with lettuce field resistance to downy mildew are located 
on chromosomes 4 and 5 and could be used for detailed study of the mechanism of polygenic 
resistance. The most resistant accessions identified in the current study (cvs. Auburn, Grand 
Rapids, Romabella, PI 226514, and PI 249536) are being incorporated into our breeding 
program. Markers closely linked to the resistance QTLs could be potentially used for marker-
assisted selection, or in combination with other markers in the genome, for a combined genomic 
and marker-assisted selection. Up to date this is the most comprehensive study of QTLs for field 
resistance to downy mildew and the first study that uses GWAS for mapping disease resistance 
loci in lettuce. 
 

 
 
Figure 5. Adaxial (left) and abaxial (right) surface of a lettuce leaf heavily infected with Bremia 
lactucae, the oomycete pathogen that causes downy mildew 
 
 



 

 
Figure 6. Circular graph showing results of GWAS analyses on the diversity panel of 496 lettuce 
accessions tested in 21 field experiments. Inner circles show locations of significant SNP 
markers (red dots) for each experiment with at least one significant marker—trait association. 
The circle with blue bars shows the location of 63 QTLs. The size of bars corresponds to the 
length of QTLs except for single marker QTLs for which the size was set at 5Mbp to make them 
visible on the graph. The circle with green bars shows locations of qDMR loci detected in 
previous studies. The outer circle shows the position and the density of 3033 SNP markers used 
for GWAS analysis. The scale on the right indicates density of markers per Mbp 
 
 



 

 
Figure 7. The combined effect of five resistance alleles on lettuce field resistance to downy 
mildew. Disease scores are shown for 13 combinations of resistance alleles at five QTLs 
(qDMR1.3, qDMR4.4c, qDMR4.10, qDMR5.2, and qDMR5.6). Checkmarks indicate what 
resistance alleles are present at each combination. Checkmarks at the bottom row show whether 
the average disease score for that combination of resistance alleles is significantly different (p < 
0.05, using Dunett’s test) from the average disease score of accessions without any resistance 
allele at these five QTLs (the bar on the left). Only 13 combinations of alleles with at least five 
accessions per combination are shown. Note the gradual increase in resistance (lower 
standardized disease score) for the combinations with a growing number of resistance alleles. 
Standardized disease score is based on the dataset that combines values from 21 field 
experiments. The bar on the left shows the average disease score for the group of accessions 
without any of the resistance alleles at five QTLs. All accessions may carry resistance alleles at 
other QTLs not included in this analysis. 
 
This study provides up to date the most comprehensive analysis of QTLs for lettuce resistance to 
downy mildew. The diversity panel consisting of almost 500 accessions was genotyped with 
SNP markers and tested in 21 field experiments. For the first time, GWAS was applied to detect 
QTLs for lettuce resistance to downy mildew. The major QTLs associated with resistance can be 
used to develop assays for marker-assisted selection or to develop means of cultivar 
improvement based on genomic selection. As was shown in the current and previous studies, 
stacking (pyramiding) of multiple QTLs improves lettuce resistance to downy mildew. The 



 

genomic regions most frequently associated with field resistance to this disease can be used to 
fine map and potentially sequence resistance QTLs, thus helping to decipher the molecular and 
the genetic mechanism of polygenic resistance. Accessions highly resistant to downy mildew 
together with molecular markers linked to the resistance alleles will facilitate the breeding of 
elite cultivars with high polygenic resistance to this economically important disease. 
 
Additional details of the study are available at https://doi.org/10.1007/s00122-022-04090-3 
 
 
BACTERIAL LEAF SPOT (I. Simko) 
 
Over 600 accessions and advanced breeding lines of lettuce were tested with three isolates of the 
Xanthomonas hortorum pv. vitians for resistance. Results of the greenhouse tests are currently 
being statistically analyzed. 
 
 
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. BC1F2 to BC1F6 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. 

  
F2 to F6 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 F13 
breeding lines of green leaf, red leaf, and romaine lettuces were trialed at Spence Farm in Salinas 
from June to September with four replications, along with commercial cultivars and resistant 
controls in summer 2021. 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 2-4).  Many of these 
breeding lines also have the cor resistant gene, so they are resistant to corky root disease as well 
(Tables 2 and 4). Some lettuce breeding lines showed moderate to high levels of resistance to 

https://doi.org/10.1007/s00122-022-04090-3


 

downy mildew. Green leaf lettuce breeding lines had similar or better downy mildew disease 
ratings than the resistant controls ‘Grand Rapids’ and ‘Iceberg’ (Table 2). These results confirm 
the results from previous years (Tables 2-4). Best performing breeding lines will be publicly 
released to the seed companies and the lettuce industry. 
 
Table 2. Means of leafminer sting density (stings per cm2 leaf area), horticultural traits, and  
disease responses of green leaf lettuce breeding lines and cultivars evaluated in field trials in 
Salinas, CA from 2009-21.          
   Stings    Plant       Core   Tipburn  Corky         Downy 
Genotype  /cm2,z    Wt. g       length, cm   leavesy  rootx         mildeww 
2021 
Waldman’s Green 3.5 A    380.3 AB       7.7 A   6.9 A   8.0 A  3.3 B 
Iceberg  3.1 A    367.5 AB       5.3 B   0.0 C   8.0 A  1.8 C 
Grand Rapids  2.3 B    273.2 B       5.4 B   1.7 C   8.0 A  2.0 C 
Two Star  2.3 B    306.4 AB       4.9 B   2.6 BC  8.0 A  4.0 A 
Shining Star  2.3 B    288.2 B       5.6 B   2.3 BC  8.0 A  4.0 A 
USDA-09512  0.4 C    436.0 A       4.7 B   1.9 BC  6.2 B  1.5 C 
USDA-09456  0.3 C    287.0 B       4.5 B   4.6 AB  6.3 B  2.0 C 
2019 
Waldman’s Green 3.9 A    475.8 A       7.4 A 4.7 A  8.0 A  3.3 B 
Grand Rapids       3.1 B    355.7 C       4.8 BC 1.1 B  8.0 A  2.0 D 
Iceberg       3.1 B    361.3 BC       5.1 BC 0.0 B  8.0 A  2.5 C 
Two Star       3.1 B    449.0 AB       5.3 BC 0.1 B  8.0 A  4.0 A 
Shining Star       2.5 B    466.8 AB       5.9 B 0.0 B  8.0 A  4.0 A 
MU18-247              0.3 C    368.3 BC       4.2 C 0.0 B  6.0 B  1.5 E 
MU18-283-1       0.3 C    439.5 AB       4.5 BC 0.1 B  6.1 B  1.5 E 
2018 
Waldmann’s Green     2.9 A    458.7 B       7.6 A 1.3 AB  8.0 A  3.0 B 
Grand Rapids       2.2 B    290.7 C       4.9 C 1.4 A  8.0 A  1.5 C 
Two Star       2.1 B    598.5 A       6.4 BC 0.3 AB  8.0 A  4.0 A 
Shining Star       1.7 C    490.5 B       6.9 B 0.0 C  7.9 A  4.0 A 
MU17-340  0.4 D    635.7 A       6.5 B 0.1 BC  6.1 B  1.5 C 
MU17-348  0.2 D    611.3 A       6.2 BC 0.0 C  6.0 B  2.0 C 
2017 
Waldmann’s Green 2.8 A    578.0 A     13.4 A 2.9 A  8.0 A  3.0 B 
Two Star     2.8 A    680.3 A       7.3 B 0.5 BC  8.0 A  4.0 A 
Grand Rapids     2.7 A    401.5 B       8.3 B 1.4 B  8.0 A  1.0 D 
Shining Star     2.5 A    575.1 A       8.9 B 0.0 C  8.0 A  4.0 A 
MU16-310   0.5 B     677.2 A       8.0 B 1.6 AB  6.0 B  2.0 C 
MU16-318   0.4 B    588.2 A       7.4 B 0.8 BC  6.1 B  2.0 C 
2016 
Iceberg     6.6 A    336.7 C      4.6 BCD 0.0 B  ---  1.0 D 
Two Star     6.0 A    320.7 C      3.9 CD 0.0 B  ---  4.0 A 
Waldman’s Green 2.8 B    490.2 AB    10.3 A 0.3 AB  ---  3.0 B 
Grand Rapids     2.2 B    324.9 C      5.8 B 0.8 A  ---  1.0 D 
Shining Star     2.1 B    401.3 BC      5.4 BC 0.0 B  ---  4.0 A 



 

MU14-402   0.8 C     573.0 A      4.8 BCD 0.0 B  ---  1.0 D 
MU11-373   0.5 C    408.2 BC      3.7 D 0.0 B  ---  2.0 C 
2014 
Two Star     7.1 A    297.0 ABC      4.8 B 0.0 A  7.9 A  --- 
Waldman’s Green 6.5 A    325.7 AB      6.8 A 0.1 A  8.0 A  --- 
Grand Rapids     4.2 B    235.0 C      4.5 B 0.0 A  8.0 A  --- 
Shining Star     3.6 B    247.7 BC      4.9 B 0.0 A  8.0 A  --- 
MU11-365-1   1.4 C     290.3 ABC      4.2 B 0.0 A  5.9 B  --- 
MU11-373   1.1 C    266.3 ABC      3.6 B 0.0 A  5.8 B  --- 
2013 
Two Star  6.3 A    362.5 A      5.1 B 0.0 B  7.9 A  4.0 A 
Waldman’s Green 3.9 B    388.8 A      7.7 A 0.4 A  8.0 A  3.8 A 
Grand Rapids    2.8 C    285.7 A      5.1 B 0.3 AB  8.0 A  1.5 BC 
Shining Star    2.7 C    288.4 A     4.7 B  0.0 B  8.0 A  4.0 A 
MU11-365   1.2 D    308.2 A     3.5 C  0.0 B  6.0 B  1.0 C 
MU11-373   1.1 D    333.3 A     4.1 BC  0.3 AB 5.7 C  1.5 BC 
2012 
Two Star  5.5 A    491.7 A     4.9 BC  0.0 A  7.9 A  3.9 A 
Waldman’s Green 5.1 A    429.5 AB     7.5 A  0.3 A  8.0 A  4.0 A 
Shining Star  3.6 B    391.8 AB     5.7 B  0.0 A  8.0 A  4.0 A 
Grand Rapids  3.5 B    340.4 B     4.8 BC  0.0 A  8.0 A  1.9 B 
MU11-373  1.0 C    438.0 AB     4.3 C  0.0 A  5.9 B  1.8 B 
MU11-365  0.7 D    384.8 A     4.0 C  0.0 A  5.9 B  1.0 C 
2011 
Two Star  7.0 A    570.7 BC     5.4 B   0.0 B  7.9 A  3.0 B 
Waldman’s Green 5.7 A    598.4 BC   17.3 A   0.9 AB 8.0 A  3.6 A 
Shining Star  4.3 B    651.0 B     8.9 B   0.0 B  8.0 A  3.8 A 
Grand Rapids  ---    495.0 C     5.9 B   1.8 A  8.0 A  1.8 C 
MU10-607-1  0.9 C    642.5 BC     6.1 B   0.0 B  6.0 C  2.0 C 
MU09-512-2  0.8 C    813.2 A     7.4 B   1.0 A  7.0 B  2.0 C 
2010 
Two Star  7.2 A    348.3 AB     4.4 B   0.1 A  7.4 A  4.0 A 
Waldman’s Green 5.2 B    285.3 B     4.2 B   0.7 A  7.9 A  4.0 A 
Shining Star  3.6 C    399.0 A     5.7 A   0.1 A  7.9 A  4.0 A 
MU09-456  0.9 D    435.7 A     4.2 B   0.5 A  5.7 B  1.0 B 
2009 
Two Star  7.2 A    449.4 B     5.1 B   0.0 A  7.7 A  3.9 A 
Waldman’s Green 5.2 B    393.7 B     9.1 A   0.3 A  8.0 A  3.3 B 
Shining Star    4.8 B    448.3 B     7.2 AB   0.3 A  7.9 A  4.0 A 
MU08-522-1    1.5 C    614.0 A     6.9 AB   0.1 A  5.4 B  3.1 B  
z 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. 
x Brown and Michelmore’s (1989) scale of 0-9 (0, no symptom; 9, plant died from the disease). 
w 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 cm2 leaf area), horticultural traits, and  
disease responses of red leaf lettuce breeding lines and cultivars evaluated in field trials in 
Salinas, CA from 2009-21.          
          Stings    Plant      Core      Tipburn  Corky         Downy 
Genotype        /cm2,z    Wt. g      length, cm   leavesy  rootx         mildeww 
2021 
Big Red        4.4 A         374.3 B       7.0 A    0.0 B  8.0 A  3.0 B 
Prizehead        3.8 A    414.5 B       5.9 A    0.9 A  8.0 A  4.0 A 
Red Fox        3.8 A    591.3 A       7.8 A    0.0 B  8.0 A  3.5 AB 
Lolla Rossa        2.0 B    180.8 C       7.3 A    0.0 B  7.6 B  2.0 C 
Merlot         1.8 B    205.1 C       7.9 A    0.0 B  7.5 B  1.3 D 
USDA-07838        0.5 C    235.8 C       6.0 A    0.0 B  8.0 A  1.5 CD 
2019 
Red Hot        3.7 A    564.0 A       6.2 ABC    0.0 B  8.0 A  4.0 A 
Prizehead               3.4 AB    390.3 B       5.6 C    3.1 A  8.0 A  3.5 A 
Merlot         3.3 AB    216.5 C       5.7 BC    0.0 B  7.6 B  1.0 D 
Big Red        3.3 AB    416.3 B       5.7 BC    0.5 AB 8.0 A  4.0 A 
Red Fox        3.0 BC    512.9 A       7.2 A    0.0 B  7.9 A  4.0 A 
Lolla Rossa        2.7 C    195.2 C       5.2 C    0.0 B  8.0 A  1.8 C 
MU18-250        0.8 D    417.2 B       6.7 AB    0.0 B  7.8 A  2.5 B 
2018 
Big Red        4.5 A    466.5 AB       8.8 A    0.6 A  8.0 A  3.3 B 
Prizehead        3.5 B    492.7 AB       6.2 BC    0.0 A  8.0 A  3.0 B 
Red Fox        3.3 B    528.8 A       7.9 AB    0.0 A  8.0 A  3.5 AB 
Lolla Rossa        2.0 C    200.0 C       5.1 C    0.0 A  7.8 A  2.0 C 
Red Hot        1.9 C    188.2 C       5.4 C    0.0 A  8.0 A  3.5 AB 
Merlot                    1.9 C    231.5 C       6.1 BC    0.0 A  7.0 B  1.0 D 
MU17-351        0.7 D    425.0 B       6.9 ABC    0.0 A  8.0 A  4.0 A 
2017 
Prizehead        5.4 A    529.3 AB       6.5 B    2.8 A  ---  3.5 A 
Big Red        4.8 A    410.7 BC       8.9 AB    0.3 B  ---  3.5 A 
Red Fox        3.1 B    658.5 A     10.1 A    0.0 B  ---  3.5 A 
Lolla Rossa        2.6 B    248.2 D       8.3 AB    0.0 B  ---  2.0 B 
Merlot               2.1 BC    291.5 CD     11.1 A    0.0 B  ---  2.0 B 
MU16-321        1.1 C    511.7 AB       9.8 A    0.0 B  ---  3.0 A 
2016 
Big Red        6.4 A    250.5 BC       4.0 B    0.0 A  ---  4.0 A 
Prizehead        6.1 A    244.7 BC       3.7 B    0.0 A  ---  3.0 C 
Red Fox        3.7 B    600.2 A       7.5 A    0.0 A  ---  3.5 B 
Merlot         2.5 C    278.5 BC       6.9 A    0.0 A  ---  1.5 E 
Lolla Rossa        1.9 CD    191.0 C       5.1 B    0.0 A  ---  2.0 D 
MU14-412        1.0 D    344.7 B       4.4 B    0.0 A  ---  3.5 B 
2014 
Red Fox        7.1 A    320.2 A       6.1 AB    0.0 A  7.9 A  --- 
Big Red        6.9 A    233.0 B       4.8 BC    0.0 A  7.1 C  --- 
Prizehead        5.6 B    225.5 B       3.7 C    0.2 A  7.4 ABC --- 



 

Lolla Rossa        3.6 C    163.7 B       7.3 A    0.0 A  7.7 ABC --- 
Merlot         3.4 C    158.2 B       5.9 ABC    0.0 A  7.2 BC  --- 
MU07-838        1.6 D    239.5 AB       4.8 BC    0.0 A  7.6 ABC --- 
2013 
Prizehead        7.7 A    398.7 AB       5.3 AB    0.0 A  8.0 A  3.3 B 
Big Red        7.1 A    449.7 A       6.4 A    0.0 A  8.0 A  4.0 A 
Red Fox        5.9 B    275.0 C       4.6 BC    0.0 A  7.9 AB  2.5 C 
Merlot        2.6 C    174.7 D      4.8 BC    0.0 A  6.9 C  1.0 D 
Lolla Rossa       2.3 C    152.3 D      3.7 C    0.0 A  7.6 B  1.5 D 
MU12-1161       0.9 D    332.9 BC      4.9 BC    0.0 A  8.0 A  3.0 BC 
2012 
Big Red       7.8 A    360.4 A      5.3 A    0.0 A  7.8 A  3.8 A 
Prizehead       4.4 B    372.7 A      5.2 A    0.0 A  7.8 A  3.0 B 
Red Fox       4.0 BC    394.4 A      5.3 A    0.0 A  7.8 A  3.5 AB 
Lolla Rossa       3.9 BC    171.8 B      4.3 A    0.0 A  7.8 A  1.0 D 
Merlot        2.1 CD    201.0 B      4.4 A    0.0 A  6.8 B  1.8 C 
MU07-838       1.4 D    334.2 A      5.5 A    0.0 A  7.2 B  3.0 B 
2011 
Big Red       7.9 A    420.2 A      6.5 B    2.4 A  7.6 A  3.3 A 
Prizehead       6.1 B    437.2 A      4.5 B    0.5 A  7.9 A  3.0 AB 
Red Fox       5.9 B    406.4 AB      5.9 B    0.0 A  7.8 A  3.1 AB 
Lolla Rossa       3.9 C    285.7 B    10.5 A    0.0 A  7.6 A  2.0 C 
MU07-838       1.1 D    473.5 A      6.3 B    0.0 A  7.8 A  2.3 BC 
2010 
Big Red       7.5 A    462.1 A      8.3 A    0.0 A  7.8 A  4.0 A 
Prizehead       6.3 A    289.0 B      3.4 C    0.0 A  7.8 A  3.8 A 
Lolla Rossa       2.7 B      86.1 C      3.3 C    0.0 A  7.2 A  0.3 C 
MU07-838       1.7 B    348.9 B      5.3 B    0.0 A  7.2 A  2.5 B 
2009 
Big Red       7.3 A    333.7 B      5.0 AB    0.5 A  7.8 A  3.1 B  
Prizehead       6.5 A    374.5 AB      4.3 B    0.3 AB 7.9 A  3.7 A 
Lolla Rossa       3.1 B    110.7 C      2.6 C    0.0 B  7.1 B  3.2 B 
MU08-540-1       1.8 B    430.3 A      6.7 A    0.0 B  7.7 AB  3.3 B  
z 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. 
x Brown and Michelmore’s (1989?) scale of 0-9 (0, no symptom; 9, plant died from the disease). 
w Grube and Ochoa’s (2005) scale of 0-5 (0, no lesion; 5, large lesions covering nearly 100% of 
exposed leaf surface). 



 

Table 4. Means of leafminer sting density (stings per cm2 leaf area), horticultural traits, and  
disease responses of romaine lettuce breeding lines and cultivars evaluated in field trials in 
Salinas, CA from 2017-21.          
             Stings     Plant     Core           Tipburn     Corky        Downy 
Genotype         /cm2,z     Wt. g     length, cm        leavesy     rootx           mildeww 
2021 
Green Forest            3.6 A      756.9 A        7.8 A        0.0 C      8.0 A        4.0 A 
Parris Island Cos        3.6 A      295.6 C        5.3 C        0.0 C      8.0 A        3.3 BC 
Heart’s Delight.          3.5 A      441.7 C        6.0 BC        1.6 AB      6.1 B        3.5 ABC 
Valmaine            3.3 A      483.4 BC        6.1 BC        2.4 A      8.0 A        3.0 C 
Green Towers            2.7 B      453.0 C        5.6 BC        0.4 BC      8.0 A        3.0 C 
USDA-14489            0.3 C      699.7 AB        6.6 AB        1.3 ABC      5.7 C        3.0 C 
USDA-17536            0.3 C      746.0 A        6.7 AB        0.0 C      6.2 B        3.8 AB 
2019 
Clemente           4.9 A          944.0 A              8.4 A               1.3 AB      6.2 B 4.0 A 
Heart’s Delight.        4.6 AB        849.2 AB           8.0 A               0.6 AB      6.2 B 4.0 A 
Green Towers           4.5 AB       901.5 AB            7.2 AB            1.4 AB      8.0 A 4.0 A 
Parris Island Cos       4.3 AB       642.0 C               6.5 B               0.0 B      8.0 A 3.5 B 
Valmaine           4.0 B          738.5 BC            6.3 B               0.2 B      8.0 A 4.0 A 
Green Forest           4.0 B          878.7 AB            8.0 A               0.0 B      8.0 A 4.0 A 
MU18-259           0.9 C          744.5 BC            6.4 B               2.4 A      5.8 C 3.8 AB 
MU18-262           0.4 C          802.9 ABC         6.5 B         0.5 AB      5.9 C 3.8 AB 
2018 
Green Forest           4.6 A      969.9 B         9.7 A               0.0 A      8.0 A 4.0 A 
Valmaine           4.2 AB      890.0 B         7.8 B               0.3 A      8.0 A 3.3 B 
Heart’s Delight         3.8 AB     1,031.5 AB           9.5 A               0.4 A      6.0 B 4.0 A 
Parris Island Cos       3.8 AB      877.0 B          7.6 BC            0.1 A      8.0 A 3.0 B 
Clemente           3.2 B       1,190.9 A         9.3 A               0.6 A      6.0 B 4.0 A 
MU17-362           0.4 C      857.2 B         7.3 BC            0.0 A      5.9 B 3.8 A 
MU17-536           0.2 C      873.8 B         6.6 C               0.0 A      5.9 B 4.0 A 
2017 
Green Forest           5.7 A    1,145.3 AB         11.2 A              1.7 C      8.0 A 4.0 A 
Clemente           5.1 AB    1,275.7 A       12.4 A            10.1 A      6.0 B 4.0 A 
Red Hot           4.4 BC       877.7 C         7.5 B              3.1 C      8.0 A 3.0 C 
Valmaine           4.1 BC       904.8 BC         8.1 B              3.8 C      8.0 A 3.5 B 
Green Towers           4.1 BC       940.7 BC           9.2 B              2.8 C      8.0 A 3.8 AB 
Heart’s Delight         4.0 BC    1,070.2 ABC      11.1 A              8.1 AB      6.0 B 4.0 A 
Parris Island Cos      3.8 C       884.5 C         9.1 B              4.5 BC      8.0 A 3.5 B 
MU14-489            1.2 D       856.7 C         8.0 B              3.2 C      5.7 C 3.0 C  
z 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. 
x Brown and Michelmore’s (1988) scale of 0-9 (0, no symptom; 9, plant died from the disease). 
w Grube and Ochoa’s (2005) scale of 0-5 (0, no lesion; 5, large lesions covering nearly 100% of 
exposed leaf surface). 
 
 



 

TIPBURN (K. L. Richardson) 
 
In June 2021, we planted a replicated trial of 174 breeding lines segregating for tipburn 
resistance, parent lines, and check varieties in a field trial at Spence Farm. The trial was hit hard 
by downy mildew and impatiens necrotic spot virus and nearly every plot was showing disease 
symptoms. This made it impossible to evaluate germplasm for tipburn and horticultural traits We 
have reevaluated our approach to researching tipburn and outlined our approach in the 2022-
2023 proposal. In collaboration with Dr. Renee Eriksen, we will develop and optimize a 
greenhouse assay for screening breeding lines for tipburn and screen existing breeding lines 
using published markers to confirm markers are transferable to other genetic backgrounds. 
 
 
SHELF-LIFE (I. Simko in collaboration with H. Peng, Y. Luo, Z. Teng, B. Zhou, E. Bornhorst, J. 
Fonseca) 
 
Enzymatic browning is a major postharvest quality defect of romaine lettuce. This study provides 
the first analysis of the relationship between the browning of leaf ribs and stems across twelve 
lettuce genotypes (ten cultivars, a breeding line, and a plant introduction). While all samples 
showed a progressive increase in browning index (BI) and decline in lightness (L*) and hue (h◦) 
during 5◦C storage, differences in the rate of browning development were observed among 
genotypes. The most intensive browning was observed mainly around the vascular bundles 
dispersed along the rim area of the stems. Browning on the cut surfaces of the stems was 
correlated with browning on the cut leaf ribs, with Pearson correlation coefficients of 0.886 for 
BI, 0.891 for L* and 0.866 for h◦. These results showed that the degree of browning in leaf ribs 
can be predicted by the browning degree of the stems. High genetic similarity was found among 
four cultivars with limited browning (Darkland, Parris Island Cos, Green Towers, and Hearts 
Delight) and also between cultivars with severe browning (King Henry and Tall Guzmaine). The 
highest broad-sense heritability (H2) in both trials (July and November 2018) was 0.88 and 0.92 
for stem and rib browning, respectively. The method based on stem browning can be used to 
simplify postharvest phenotypic evaluation of lettuce and to decipher the genetics of browning to 
accelerate the breeding of browning-resistant cultivars. 



 

 
 
Figure 8. Dynamics of color parameters measured on lettuce stems during storage. Browning 
index (A), L* (B), a* (C), b* (D), h˚(E), and C* (F) were measured for stem samples stored for 
0, 1, 2, 3, 4, 5, and 7 d. Total of 12 romaine accessions were examined: Darkland (DL), Green 
Forest (GF), Green Tower (GT), Heart Delight (HD), King Henry (KH), Lobjoits (LB), Parris 
Island Cos (PC), PI 491224 (PI), Siskiyou (SK), SM13-R2 (S2), Tall Guzmaine (TG), and Triple 
Threat (TT). Data are presented as mean values of at least three replicates. Error bars indicate 
standard deviation. Multiple comparisons were performed using the Tukey-Kramer HSD test (df 
= 2). 



 

 
 
 
Figure 9. Development and distribution of browning on lettuce stems. A, Outward appearance of 
stem sections during storage. Stem sections were sampled from cultivars Brave Heart (BH) and 
Triple Threat (TT). Photos were taken with samples stored for indicated days after processing 
(DAP). B, Segregation of the inner and outer rim areas of lettuce stems using IPP software. C, L* 
values of the inner and rim areas of stems during storage. Data were presented as mean values of 
at least three replicates. Error bars indicate standard deviation. Significance of differences was 
determined by the Student’s t-test (df = 9). *, p-value < 0.05; **, p-value < 0.01; ns, not 
significant. 
 
Browning on cut stems is mostly concentrated near the cut ends of vascular bundles on the rim of 
the stems. Stems and ribs display a strong correlation on browning. Tested lettuce accessions 
exhibited relatively high consistency between genotype and phenotype (browning potential). 
Four genetically close cultivars (Darkland, Parris Island Cos, Green Towers, and Hearts Delight) 
displayed low browning rates and thus could serve as good parental lines for breeding cultivars 
with low browning potential. 
 
Additional details of the study are available at https://doi.org/10.1016/j.postharvbio.2021.111653 

https://doi.org/10.1016/j.postharvbio.2021.111653


 

 
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 2021, we continued efforts to optimize high-throughput INSV phenotyping in 
the field and greenhouse. We planted early- (June) and late-season (August) trials to capture 
variation in disease pressure throughout the season. The first experiment was planted on June 23 
and the second on August 18. Both trials were a RCBD with three replications. The late-season 
trial captures the peak thrips pressure in the area as previously determined by Dr. Hasegawa and 
Dr. Del Pozo. We flagged ten plants per plot for weekly individual evaluation. At 6, 7, 8, 9, and 
10 weeks after planting, we assigned each of the ten plants a disease severity rating (0-5 scale per 
Dr. Hasegawa). The weekly mean INSV severity scores were combined into a single value using 
the Area Under the Disease Progress Staircase (AUDPS). AUDPS values range from 0 (all plants 
had a severity of 0 for all five weeks) to 25 (all plants had a severity of 5 for all five weeks) 
(Figure 10). AUDPS values were significantly higher in the August planting, confirming variable 
disease pressure throughout the growing season.  
 

 
Figure 10. AUDPS values of lines tested under natural INSV infection in field trials planted early 
(June 23) and late (August 18) season in Salinas in 2021. 
 
The same material was tested under greenhouse conditions. 5-week old seedlings (10 per line) 
were manually inoculated with INSV sap and exposed to viruliferous thrips. Each plant was 
rated for INSV severity (0-5) at 2, 3, 4, 5, and 6 weeks after inoculation. Rating times for field 
and greenhouse were based on when first symptoms appeared on the susceptible check. INSV 
severity scores were combined into a single value using the AUDPS calculation (Figure 11). 
AUDPS INSV severity values in the greenhouse test were significantly higher than both the early 
and late season field trials. This suggests the manual inoculation plus viruliferous thrips 



 

transmission might not be reflective of field conditions. In 2022, we will compare manual 
inoculation alone, manual inoculation plus thrips transmission, and thrips transmission alone to 
determine which most closely matches field conditions.  
 

 
Figure 11. AUDPS values of lines tested under manual INSV inoculation and viruliferous thrips 
transmission in a greenhouse trial planted in July 2021 in Salinas compared with field AUDPS 
values from June and August trials. 
 
 
NUTRITIONAL VALUE (B. Mou) 
 
We previously determined the genetic variability in nutritional value among and within lettuce 
genotypes (crisphead, leaf, romaine, and butterhead) and wild relatives (Lactuca serriola, L. 
saligna, and L. virosa). Crosses were made among nutritious genotypes and commercial 
cultivars. We continued to select from the progenies of the crosses for horticultural and 
nutritional traits. The nutritional values of leaf and romaine breeding lines were determined in 
replicated field experiments (randomized complete block design with 4 replications) at the 
USDA Spence Farm along with commercial lettuce and spinach cultivars as controls in summer 
2021. Leaf samples of mature plants were taken for analysis of vitamin A (beta-carotene), 
vitamin C, and mineral contents. ANOVA and t-test were used to evaluate the differences among 
the genotypes tested. Mineral composition was determined in our lab using inductively coupled 
plasma atomic emission spectrometry. Our breeding lines had significantly higher concentrations 
of beta-carotene, vitamin C, calcium, iron, and other mineral nutrients than control cultivars. 
 
 
PYTHIUM (K.L. Richardson) 
 
Due to a critical vacancy in 2021, we postponed Pythium Wilt research to 2022. 
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