CALIFORNIA LEAFY GREENS RESEARCH PROGRAM

IMPROVING THE POST-HARVEST QUALITY AND SHELF-LIFE OF LETTUCE: QTL to
candidate genes and markers and testing proof of concept

Final Report April 2022 to September 2023 [extended] Principal Investigator: Gail Taylor, University of
California, Davis, CA gtaylor@ucdavis.edu

Cooperating Personnel: Nico Lingga, University of California, Davis, CA nlingga@ucdavis.edu; Xiaolu
Zhang, University of California, Davis, CA drszhang@ucdavis.edu; Professor Richard Michelmore,
University of California, Davis, CA; Dr Ivan Simko, USDA, Salinas. Staffing changes — Ms Aiwei Zhu left
the project to take up a new opportunity and this left us three months plus delayed on this project. Since
then we have employed Nico Lingga and Xiaolu Zhang, both graduate students and a team of 3-6 or more
undergraduate interns to run routine analyses. Nico Lingga was absent for 2 months following a family
emergency.

ABSTRACT

The over-arching aim of this research is to improve the quality and shelf life of both whole head and spring
mix lettuce, reducing post-harvest losses and improving nutritional quality. We have quantified the genetic
control of lettuce leaf shelf life traits, and have developed molecular markers for further testing here. A
secondary aim, is to test the foundational information on the lettuce leaf microbiome using the extreme
commercial and GWAS lines with highly contrasting leaf surface traits and leaf microbiomes to determine,
in field conditions, if these different leaf and microbial characteristics are significant in for the abundance
of human pathogenic bacteria. Post-harvest leaf quality and shelf-life are likely to be controlled by multiple
genes, rather than a single gene, as summarized recently in a review article by our laboratory (Damerum et
al., 2020). Using this information from multiple field trials at Davis, Salinas, in the greenhouse and from
prior European research, we have identified a set of QTL and associations that are now allowing us to
elucidate the molecular basis of shelf life and nutritional status.

This year, we will:

(i) Bring together a group of interested stakeholders to share the resources developed from this research,
over multiple years, to discuss developing advanced lines with introgressed markers, bulking seed and
supplying test seed to interested growers, or making genome positions available for traits of interest through
a website.

(i1) Using multiple years of trial data in two contrasting genetic backgrounds and at multiple sites, we will
test our major QTL positions for shelf life traits using ‘extreme’ genotypes from biparental and GWAS
populations —i.e. ‘long’ and ‘short’ shelf life to assess the validity of the genetic positions explaining these
traits.

(iii) For nutritional traits we will use RNA Seq on extreme high anti-oxidant and low anti-oxidant lines to
identify candidate genes that underpin QTL of interest. The nutritional work is a year or so behind the work
on shelf life,

(iv) We are currently developing genomic positions and molecular markers linked to shelf life and these
will be tested in a diversity panel to see if they are valid at predicting shelf life asmarkers for breeding

(v) We will place ten extreme lines from both the commercial cultivar and GWAS panel that differ in their
microbiome and leaf surface characteristics, such that they are hypothesized to be representative of © good’
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and ‘bad’ lettuce leaf microbiomes (in terms of occurrence and abundance of human pathogens). We will
test their performance in an end of season trial in El Centro.

OBJECTIVES

(1) To develop the concept of the ‘Californian Lettuce Breeding Consortium’

Deliverable: An expert group established to consider a breeding pipeline and release of new advanced lines
with improved shelf-life, anti-oxidant status, water use efficiency and ‘good’ microbiome.

(2) Deliver QTL and underlying candidate gene targets for shelf life Deliverable: Refined candidate gene
targets in particular for QTL on chromosome 6, determining shelf life in baby lettuce. Tested through field
work of extreme ‘short’ and ‘long’ shelf-life lines and available on a password-protected web site.

(3) Deliver QTL and underlying candidate genes for antioxidant (AQO) status, carotenoids and chlorophyll,
to give better insight into nutritional enhancement traits. Deliverable: A summary of QTL for FRAP (AO
status), chlorophyll (greenness), carotenoids (including provitamin A), tested in extreme lines for ‘high’
and ‘low’ AO status and available on a password-protected website.

(4) Test a marker linked to QTL for enhanced shelf life. Deliverable: A molecular marker for shelf life in
whole baby lettuce, identified and tested in the field.

(5) A ranked order of 23 commercial varieties and the GWAS population for ‘good’ and ‘bad’ leaf
microbiome. Deliverable: Tested the extreme commercial and GWAS lines for contrasting abundance of
human pathogenic bacteria and leaf surface traits.

Long Range Objectives

The over-arching aim is to release molecular markers of genome positions linked to traits for
extended shelf life and post-harvest quality of baby leaf lettuce, which can be deployed in
marker-assisted and genomic selection breeding programs for the rapid development of
improved cultivars. To supply the information from our project on pre-breeding targets and
markers to a wide range of breeding programs, including major seed houses and public
breeding, where available. In addition, we will supply the genome positions for which leaf
microbiome (microbial) abundance and diversity for human pathogenic fungi co-locate to leaf
surface traits in lettuce that may be of interest for future plant breeding for food safety and
identify commercial cultivars with ‘good’ and ‘bad’ leaf surface traits for human pathogen
attachment and proliferation.

Our long-range objectives:

No. description Date

1 To describe and report how the lettuce leaf microbiome varies | Nearly completed — all DNA
across a panel of commercial cultivars across the swap-over | extracted and submitted and
period between Salinas and Yuma/Imperial. We will work on up | now being analyzed

to 23 cultivars, grown at two research stations in these locations,
on two occasions (fall and spring swap over seasons). We will
rank the 23 cultivars and test the extreme ‘good’ and ‘bad’
microbiomes for human pathogen abundance on the leaf surface

2 To quantify the extended phenotype between lettuce leaf and | All phenotyping of leaf surface
surface microbiome, meaning that we wish to understand which | characteristics is completed and
plant characteristics are key to determining the adherence and | refined and additional GWAS in
proliferation of different bacterial (and less importantly, fungal) | progress in collaboration with I.
Simko.




genera across the leaf surface and where they associate with key
leaf traits. Achieved using the GWAS population of Simko

3 To deliver plant-based breeding targets to public and private | A long-term objective but the
breeding programs that are associated with a ‘good’ | first dataset is now in the public
microbiome. domain, with much more to

deliver
https://www.biorxiv.org/content
/10.1101/2021.08.06.455490v 1

45 | To refine the QTL for anti-oxidant status from multiple trials In progress- CEA and field work
and GWAS on-going, Fall 2023

5 To test a set of candidate genes underpinning QTL for shelf life | In progress
and AO status

6 To deliver a set of marker locations in the genome and SNP- In progress, completed Dec

based markers for shelf-life and AO status

2023
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PROCEDURES

Objective 1: The aim of this objective is to engage the leafy green community in California more widely
to investigate the possibility of accelerating the breeding pipeline and the release of new fit-for-purpose
lettuce genotypes for California, with enhanced shelf life and nutritional quality traits. Breeding moves very
slowly and for lettuce, this is generally in the hands of the large seed companies, with an emphasis on yield,
pest and disease resistance. We supply pre-breeding information to seed companies for breeding as outlined
above, however we also have the ability to develop advanced breeding lines or finished varieties within the
UCD and USDA system. At UC Davis, we release many finished varieties for other seed crops, including
wheat, alfalfa, beans and other grains and vegetables. The important step between discovery, breeders seed
and testing, usually takes place through Foundation Seed Services, that is part of the Department of Plant
Sciences.

There may be potential to use our research results on genome positions for important quality traits to cross
and introgress our owns traits into advanced back-crossed breeding lines that could then be released directly
under test to a consortium of interested processor companies or grower companies. Certainly we have good
models for that approach from other industry-directed collaborations in the department. For example, the
brewing industry has taken our new lines of barley directly for brewing and even named a beer after the
breeder https://admiralmaltings.com/malt/gallaghers-best/.

Proposal: We develop a small consortium of scientists, processors, growers, CLGRB and Foundation Seed
Services to spend six months discussing the possibility of establishing a pipeline for direct release of ‘early
test” material of lettuce for the leafy green industry in California. At the end of that time, we could report
to the board on the feasibility of this approach and whether it would be possible to supply small test batches
of seed for trial in commercial growing and processing operations.

Objective 2: We have delivered in our last report, a significant data set on genomic positions of QTL for
shelf life. However, this list contains over 200 genes and requires for refinement. We will further refine our
QTL of interest using a number of molecular tools available to us. In particular we are sequencing the
transcriptome of extreme ‘long shelf-life’ and ‘short shelf-life’ lettuce lines and assess gene expression
associated with longer shelf life. During July-September 2020, we completed a field trial in Salinas of the
GWAS population and in 2021 we completed a similar trial in El Centro. We are currently undertaking
RNA-Seq analysis of selected lines that represent extreme “long shelf life”” and “short shelf life” gentoypes.
Here, we will complete RNASeq analysis - gaining a complete, global gene expression profile, as we have
done in the past for other species such as watercress. We will use DESeq for statistical analysis to identify
significant gene expression differences and all data will be subject to appropriate quality checks in our
RNASeq analysis pipeline. Thus we are experienced in the analysis of these dataset. At the end of the
project we will have a set of candidate genes linked to “long shelf-life”, fully analyzed and confirmed in
multiple trials.

Objective 3: We are continuing to analyze and improve our datasets on the nutritional quality of lettuce.
Over the past three years we have been assessing the antioxidant status of our leaves in several trials using
the FRAP assay. This antioxidant assay, developed for leafy greens in our laboratory (Payne et al., 2013)
is one of many protocols, including ORAC that provide an overall assessment of the antioxidant potential
of the leaf tissue — in the case of FRAP, through assessing the ferric reducing ability in the sample by a
simple color change. Many of the phytonutrients that we wish to enhance for quality in lettuce have




antioxidant potential and thus FRAP is a high throughput screen to give an initial assessment of
phytonutrient quality of a particular genotype. Last year we extended this nutritional analysis for Pro
vitamin A (carotenoids) and chlorophyll and other pigment-based traits and have already been successful
in finding strong gene-trait association and targets for future refinement. Statistics will include QTL
mapping using QTL Cartographer and R-based QTL pipelines. All trait data will be assessed for normality
and then standard transformations used to enable parametric statistical tools for data analysis. These data
will be made available to CLGRB and any partners wishing to access the genome positions through a
password protected website.

Objective 4: We are currently developing markers in lettuce using a marker genotyping assay which can
be implemented in marker-assisted breeding programs. We have previously utilized high resolution melt
(HRM) analysis for low-cost, high-throughput marker genotyping. In this assay, single nucleotide changes
in a DNA sequence (molecular markers) can be detected as changes in fluorescence, measured using a real-
time PCR machine. Development of this assay allows genotyping in <3 hours and can be performed at the
seedling stage, as soon as DNA can be harvested. Here we aim to test the developed marker(s) during 2022
and 2023. We will test the ability of the marker (s) to predict shelf life from a wide and diverse set of lettuce
germplasm material. We are yet to select the material however we are likely to use RILs, GWAS and
commercial material and will initiate a back crossing and testing to ensure the marker is robust. We will
grow plant material in trial in El Centro using our usual random blocked experiment with replication of at
least 9 individuals in three blocks for all traits measured. Plant will be harvested for our shelf life assay and
DNA extracted to test for the marker using a routine high resolution melt assay.

Objective 5: During 2020 and in early 2021, we completed two end of season trials in Salinas and El
Centro. In these trials, we are growing both whole head commercial varieties — up to 23, supplied by
CLGRB, alongside the wide GWAS population of Ivan Simko. For each of these trials, surface
characteristics of the leaves were assessed — those surface traits that may affect the colonization and
proliferation of human pathogenic bacteria. In particular cell size and number, stomatal size and number
and surface hydrophobicity. We have shown that the traits vary as shown above, in both populations, and
DNA is currently being sequence from these varieties of lettuce. Overall, this was a very ambitious project
and has taken much longer to analyze and get to the results stage. Nevertheless, by the start on this project
we will have a ranked list of hypothesized ‘good’ and ‘bad’ lettuce genomes with widely contrasting leaf
microbiomes. In this project year, we will test these ‘extreme’ lines in end of season trial in El Centro and
if time permits, Salinas. We will test the hypothesis that leaf surface trait differences are robust and
repeatable and that the microbiomes of these ‘extremes’ differ and that this can have an influence on
abundance of human pathogenic bacteria.

RESULTS AND DISCUSSION AND NEXT STEPS

Objective 1

Progress has been made to explore the opportunity that CLGRB activity holds for bespoke lettuce breeding
in California, for understudied traits centered around shelf-life, leaf quality, good microbiome and
nutritional status linked to shelf-life. The research currently supplied on lettuce to CLGB by researchers,




tends to be focused on ‘pre-breeding’ foundational knowledge rather than the development of breeding and
finished varieties for Californian growers. This objectives is to explore the opportunity to change this
approach. GT has met so far with the following experts: Allen Van Deynze, plant breeder, Director of Seed
Biotechnology Center, UC Davis. His thought was that disease pressures are so great for lettuce and
requirements so intensive, researchers are best placed to continue to supply pre-breeding information that
is rapidly captured by seed houses for breeding. Richard W Michelmore, Director of the Genome Center,
UC Davis. For several decades Richard Michelmore has been directly funded by the International Leafy
Greens Consortium (ILGC), an international consortium of seed companies that invests and shares genomic
information from Lactuca research in the laboratory of RWM. Currently, ILGC 4 is being negotiated. GT
discussed with RWM the possibility that genomic data for leaf quality traits for Lactuca from her laboratory
could be part of the ILGC, ensuring rapid uptake of information to the wider industry, in particular breeders
and seed companies. However RWM thought this inappropriate as this consortium was largely focused on
disease and this was a very large and pressing portfolio just at the moment. Finally, GT has kicked-off a
conversation with Charlie Brummer, Director of Plant Breeding Center, UC Davis, to discuss integrating
the vast phenotyping and genotypic data-sets currently available from GT, IS and RWM for Lactuca quality
traits to assess if these could be used in a Genomic Selection, multi-marker breeding approach for
California, using the SCOPE (student breeding project at UC Davis) to develop bespoke lettuce breeding
for California. These discussions are on-going. For this year GT wishes to:

-interact with the CCIA (California Crop Improvement Association)

-run a survey

-run a wider workshop, as previously planned, involving all interested parties

Write a summary report on options for California- delivered by March 2024.

Objective 2

In order to complete Objective 2 of this study, we have focused this year on phenotypic data analysis, from
approximately 1,000 measurements in triplicate and at two recent field experiments, for more than 25
individual traits of interested related to yield, shelf-life and nutritional status. Over 50,00-150,000 unique
phenotypic datapoints (depending on how nutritional traits are counted), are available for the three types of
germplasm — the RIL population of RW Michelmore, the wide population of I Simko and the commercial
panel, as described below (Figure 1)

This phenotyping datasets is world-leading and there is nothing to match it for Lactuca shelf-life, nutritional
status, yield and microbiome. Details of the phenotyping measurements are given below.



Lactuca: germplasm and genomic resources
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Figure 1

Summary of the Lactuca germplasm being studied in this project

Samples already available in the laboratory, rather than undertaking additional field trials have remained
the focus this past six months. These data are being collected and combined with genetic analysis to
complete QTL analysis and genomic position for the traits of interest. We continued to utilize a diverse
panel of 493 lettuce accessions developed by the lab of Ivan Simko' (USDA) to conduct genome-wide
association studies (GWAS), analyzing data from multiple field trials from the UC Davis farm and
glasshouse, at the USDA research site in Salinas and the UC Desert Research Center in El Centro. Our list
of leaf traits that we know from previous research to be linked to shelf life in both baby whole leaf and cut
leaf are shown in Figure 2 and progress to analyzing these traits is also shown. All phenotyping has been

completed.
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Figure 2 -Traits known to be underpinning shelf life in lettuce and measured extensively over multiple
trials and in different genetic backgrounds, green ticks — analysis is completed.

Shelf Life: we measured shelf-life on leaf and multi-leaf samples, harvested on each occasion and kept
cool on ice for transport back to the laboratory. Samples were subjected to a model washing and drying line
and then packed in zip-lock bags. They were held at constant temperature, between 5- 10 C and examined
and imaged each day. Images were sued to either score damage on a scale developed that assessed
browning, necrosis, dehydration and yellowing or to ‘accept’ or ‘reject’ each leaf sample. As described in
Damerum et al, 20202,

Cell wall strength, plasticity and elasticity: leaf break-strength, elasticity and plasticity were assessed
using a materials testing device - an Instron tensiometer where leaf strips, cut 5 x 10 mm were fixed in 80
% methanol at room temperature on harvest in the field. They were transported back to the laboratory and
held at room temperature until analysis. Leaves were stretched twice, with the first stretch being “plastic
plus elastic’ and the second being elasticity alone and finally the load causing the leaf to break was assessed,
as described previously .

Leaf cell size and number, epidermal cell size and number:_at harvest, the first fully mature leaf of
each harvested plant — usually the fifth leaf from the meristem, was harvested directly into a zip-lock bag.
On return to the laboratory and epidermal imprint was made of the abaxial and adaxial surface, as described*
although generally only the abaxial surface was used. An impression as taken with nail polish and removed



from the leaf and imaged under the microscope. The image was captured an cell size (area) and cell
numbered were assessed in a give area and for the whole leaf following assessment of leaf area. Images
were used to also capture stomatal cell number (density) and stomatal cell size (length). Images were
analyzed using the imaging software image-J.

Leaf area: leaf area was captured on a light box using a standard digital SLR camera, with a scale bar
and analyzed using the imaging software image-J.

Shelf life — completed for both Salinas and El Centro and data presented including GWAS population and
the commercial diversity panel — genomic positions mapped

Leaf contact angle — over 3,000 images acquired and digitized, analysis underway- see Figure below.
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Figure 3 Correlation analysis to identify relationships between traits underpinning shelf-life. Positive
correlations are given in blue and negative in red and significant of the correlation is shown by the
size of the circle. Traits include stomatal size and number, contact angle (CA), cell area and number,
leaf size, multiple nutritional traits and instron (materials testing analysis — not shown in the matrix
and still being incorporated from the analysis).



We are continuing to explore these relationships, for example, reported in March 2023, for contact angle
(CA) a positive significant correlation between CA and shelf life and reported in September 2023, a
significant negative relationship between stomatal length (size) and shelf life.
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Figure 4 Two examples of the statistically significant relationships being thrown up in the data —
more hydrophobic (less wettable and more waxy) leaves have a longer shelf-life whilst leaves with
smaller stomatal pores have a longer shelf-life. Thesea re important targest for future breeding.

We continue to incorporate these data into the analysis and most recently have completed the Instron
(materials testing analysis) measurements, particularly break-strength, which is the past we have shown
that leaf ‘strength’ is tightly correlated to long shelf-life

Figure 5 Analysis of ‘break
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Objective 3

Using these phenotypic data from Objective 2, we have identified extreme lines from the population for
nutritional quality and shelf life. Nutritional quality has been assessed in the GWAs and RIL population
as outlined below and reported previously.

Nutritional quality — individuals vitamin, anthocyanin and chlorophyll: A polypen (PSI Systems,
https://handheld.psi.cz/products/polypen/ ), was used to assess the spectral reflectance of leaves and from
prior data could be used to elucidate the content of chlorophyll, anthocyanin, carotenoids and total
greenness, NDVI.

An example data-set for the extreme ‘Long Shelf-life” (Long SL) and ‘Short Shelf-Life (Short SL).
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Table 1 Identification of the long-and
short- shelf-life lettuce genotypes
identified from FIVE lettuce trails in
three locations — El Centro, Salinas
and Davis

The extreme genotypes for shelf-life and
nutritional status are now being
analyzed in two contrasting
environments and this is still on-going,
delayed due to staffing issues. Firstly, a
very clean controlled environment with
LED lighting and hydroponic solutions
enabling experiments to be completed
with certainty and secondly, El Centro,

end-of-season for the extreme nutritional and shelf-
Average Shelf Life of the life lines. We are now using these lines to refine
gene expression associated with long shelf life

Extreme Lettuce Genotype .
through RNA-Seq analysis. RNA has been

25 extracted from the lines from multiple trials, has

20 passed QC, and is being submitted for sequencing,

. from our field site material but this is being

5 15 complemented with new trials to ensure we have
E 10 robust data.
5 Objective 4

0 We have previously utilized high-resolution melt

Low ShelfLife High Shelf Life (HRM) analysis for low-cost, high-throughput

Lettuce Genotype marker genotyping. In this assay, single nucleotide

changes in a DNA sequence (molecular markers)
can be detected as changes in fluorescence, measured using a real-time PCR machine. Development of this
assay allows genotyping in <3 hours and can be performed at the seedling stage, as soon as DNA can be
harvested. The availability of such assays will enable rapid genotyping of crosses and facilitate faster
introgression of high shelf-life QTL from pre-breeding material into novel cultivars. However, this analysis
is on hold until we receive and analyze the RNA sequencing data to identify useful genes to target.

Objective 5

The analysis from this objective of the project remains on-going. In the last year, leaf tissue of the
commercial panel samples has been ground for both Salinas 2020 and EI Centro 2021 trials. DNA has been
isolated from all samples collected in the Salinas 2020 and El Centro 2021 trial. Making a total of 3,000
DNA samples extracted in the laboratory. Salinas data has been sequenced and currently is being analyzed
with bioinformatics tools and scheduled to be finished by the end of October 2023. This represents a
significant achievement of the project. Although we have no data as yet to present on this analysis, after a
bumpy few months due to staff losses things are moving forwards again. DNA extraction from the El Centro



2021 samples are also completed (again another significant achievement) and library prep remains to be
completed. We have experienced significant technical difficulties in the ‘library prep’ part of the DNA
sample preparation as reported previously) and will therefore commission a commercial laboratory to make
the library. Therefore within the next few months, big datatsets for the microbiome of this unique resource
will be under bioinformatic analysis.

Conclusions

This has been another challenging year for the project with emergency family leave removing 2-3 months
from project staff. Despite this, significant progress has been made. Gail Taylor has engaged with UC Davis
experts on bespoke breeding for lettuce in California and how best to ensure our world-leading information
can be placed in the public domain and used by seed houses. This work will continue into this year with
additional meetings planned. At the same time, Gail Taylor gave two international talks on research funded
by the CLGRB. Firstly at the Society of Experimental Biology meeting in Edinburgh, July 2023. At this
meeting GT spoke about the genetic basis of nutritional quality and breeding for high nutrient lettuce that
will be published in a special issue of Journal of Experimental Botany. Secondly, GT also attended and
spoke at the international Eucarpia Leafy Greens meeting in The Netherlands on change the paradigm of
plant breeding using indoor growing systems for leafy greens. The very large and extensive phenotypic
dataset that contains over 50,000 unique measurements (and up to 150,000 if all nutritional traits from the
polypen are considered), has now been completed. This have been made possible by a highly motivated
group of student interns, making measurements on many samples from break-strength, % Plasticity, %
Elasticity, and a very large data-set of multiple other traits. We are now working on refinement and markers
from QTL for shelf-life and nutritional traits using controlled environment agricultural systems and field
trial. We are focused on a LG 6 QTL for lettuce shelf life and 2 QTL for anthocyanin (red leaf) for
nutritional status. Major progress has been made with the microbiome study with all DNA extracted from
both sites and in various stages of completed sequence, sequence submission and bioinformatic pipeline.
Analysis should be completed by March 2024.
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