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SUMMARY:

We continue to develop and apply novel methods for detecting, analyzing, and
manipulating genetic variation in lettuce. This project aims to ensure that lettuce benefits from the
application of genomic and biotechnological techniques and has four components: (i) transgene
expression and genome editing in lettuce; (ii) genetic mapping, cloning, and characterization of
disease resistance genes; (iii) developing genomic resources; and (iv) comparative genomics to
identify candidate genes controlling horticultural traits. We identified the promoter of the lettuce
ubiquitin gene as providing high levels of expression; we are currently testing the stability of its
expression over generations. We also demonstrated that the chimeric RUBY transgene will serve
as a useful visible reporter. We continue to make extensive use of high-throughput sequencing,
marker technologies, and genome editing for gene identification. Version 11 of the reference
genome assembly of cv. Salinas, which has nine telomere-to-telomere scaffolds and improved
contiguity and sequence accuracy, has been distributed to the International Lettuce Genomics
Consortium. We have also generated genome assemblies for several other lines to develop a
pangenome for lettuce. Genome sequences are being mined for candidate genes for traits, such as
disease resistance and development. In order to facilitate the identification of the corky root
resistance gene, we generated complete genome sequences for several strains of the bacterium that
causes corky root. We are continuing a program to study salinity tolerance in lettuce. We continue
to curate several databases that include genetic, molecular marker, phenotypic, and sequence data
for lettuce.
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ABSTRACT:

We continue to develop and apply novel methods for detecting, analyzing, and manipulating
genetic variation in lettuce. This project aims to ensure that lettuce benefits from the application
of genomic and biotechnological techniques and has four components: (i) transgene expression
and genome editing in lettuce; (ii) genetic mapping, cloning, and characterization of disease
resistance genes; (iii) developing genomic resources; and (iv) comparative genomics to identify
candidate genes controlling horticultural traits. We identified the promoter of the lettuce ubiquitin
gene as providing high levels of expression; we are currently testing the stability of its expression
over generations. We also demonstrated that the chimeric RUBY transgene will serve as a useful
visible reporter. We continue to make extensive use of high-throughput sequencing, marker
technologies, and genome editing for gene identification. Version 11 of the reference genome
assembly of cv. Salinas, which has nine telomere-to-telomere scaffolds and improved contiguity
and sequence accuracy, has been distributed to the International Lettuce Genomics Consortium.
We have also generated genome assemblies for several other lines to develop a pangenome for
lettuce. Genome sequences are being mined for candidate genes for traits, such as disease
resistance and development. In order to facilitate the identification of the corky root resistance
gene, we generated complete genome sequences for several strains of the bacterium that causes
corky root. We are continuing a program to study salinity tolerance in lettuce. We continue to
curate several databases that include genetic, molecular marker, phenotypic, and sequence data for
lettuce.
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OBJECTIVES:

To develop and apply new methods for detecting, analyzing, and manipulating variation in
lettuce. We continue to pursue these objectives in four overlapping sub-projects:

1) Analysis of transgenes in lettuce and genome editing.

2) Molecular identification of genes for disease resistance and other horticultural traits.

3) Development of genomic resources.

4) Utilization of comparative genomics to identify candidate genes controlling horticultural
traits and development of molecular markers for them.

In the first three projects, we are mostly emphasizing either novel forms of disease
resistance or increasing the efficiency of selection for disease resistant genotypes. The fourth
objective includes a wide range of horticultural traits. Several of these studies have been funded
from federal grants and support from seed companies. All projects were initiated with CLGRP
funds and application of the results to lettuce improvement is supported by CLGRP funds. All
projects impact improvement of both crisphead and leafy types.

PROCEDURES AND RESULTS:

Transgene Expression and Genome Editing in Lettuce

Our studies on transgene expression remain a low priority, in part because there is not a
major breeding objective that can only be addressed by transgenic lettuce and therefore
commercial deployment of transgenes in lettuce is not a near-term need. We continue to generate
transgenics as components of other projects (see below); these provide additional data on transgene
expression and stability.

Introduction of genes into lettuce using 4. tumefaciens is routine. However, obtaining
sustained high levels of transgene expression has been challenging, in part because the commonly
used CaMV 35S promoter is frequently silenced in lettuce. Another commonly used promoter is
from the ubiquitin gene. We cloned the ubiquitin promoter from lettuce as well as tested ubiquitin
promoters from several species cloned by others. The lettuce ubiquitin promoter gave high levels
of expression (Fig. 1). We are currently selfing multiple transgenic lines to determine whether
high levels of expression will be sustained over multiple generations or whether it will be silenced.

We also explored the use of the RUBY construct as a visual reporter. RUBY is a fusion of
three genes that results in the production of betalain, which has a vivid red color as in beetroots
(He et al., 2020. Hort. Res. 7:152). We have expressed RUBY in lettuce both transiently and in
stable transgenics and obtained high levels of expression in nearly all parts of the plant (Fig. 1).
RUBY will be useful for studies of promoter activity, transgene silencing, and editing efficiency.

Since 2012, technology for precise genome editing based on the CRISPR system has been
developed for use in plants and animals. Gene knock-outs are currently much easier than sequence
replacements or additions but the enabling technology is advancing rapidly. We continue to
develop and apply genome editing technology for lettuce as part of our gene identification strategy.

In addition to validating potential candidate genes for disease resistance, we are targeting
a subset of the many genes that have been previously functionally characterized in other plant
species, particularly Arabidopsis. We are using CRISPR-mediated gene knockouts to deduce
whether the homologous genes in lettuce have a similar function. We are initially investigating
genes potentially controlling traits such as nutrient content, leaf, flower, and root development.

In the longer term, once the technology has been adequately developed, we will use
genome editing of lettuce to create stacks of resistance genes containing several resistance and



other genes at single chromosomal positions so that they will be inherited as single Mendelian loci
in breeding programs. Gene stacking will greatly simplify breeding for disease resistance so that
breeders can focus on more complex traits such as water and nitrogen use efficiencies and
nutritional quality. However, in order for this to happen, technology for inserting genes, preferably
without tissue culture, needs to be developed and genes for resistance to each disease need to be
identified at the molecular level.

Figure 1. Expression of the RUBY transgene from the lettuce ubiquitin promoter in cv.
Cobham Green (left) compared to a line not expressing the transgene (right). Scale bar = 1
cm.

Molecular identification of genes for disease resistance and other horticultural traits

We previously mapped multiple genes for resistance to downy mildew (DM), corky root,
and Fusarium and Verticillium wilts onto the consensus genetic map and placed them on the
genome sequence. This provides molecular markers to assist the selection of resistance genes. Of
the over 50 phenotypic resistance genes mapped in lettuce, most co-localize to one of five major
resistance clusters (MRCs) on Chromosomes 1, 2, 3, 4, and 8. The majority of these resistance
phenotypes are linked to NB-LRR-encoding (NLR) genes, as described in previous CLGRB
reports, that provide markers for selecting for these resistances. No new genes were mapped in the
past year, although populations have been generated to map genes in the coming year.



Resistance to corky root

We previously showed that resistance to corky root was determined by the recessive cor
locus on Chromosome 3. Fine mapping and genomic comparisons of resistant and susceptible lines
identified four candidate genes for resistance to corky root at this locus, one or more of which
could encode a susceptibility factor. Constructs for CRISPR-Cas9-mediated gene knock-outs with
guide RNAs targeting each of these candidate genes in the cor region were transformed into cv.
Salinas. We recovered T» seed from 32 transgenic lines that are ready to be evaluated for resistance
to Rhizorhapis suberifaciens strain CAl.

We needed a pathogenic stock of R. suberifaciens CAl in order to screen the transgenic
knock-out lines for resistance. R. suberifaciens is difficult to maintain in culture and our stock of
CA1 no longer elicited the characteristic reactions on susceptible and resistant lines of lettuce.
Fortunately, we were able to obtain another sample of CA1 from Isolde Francis, California State
University, Bakersfield that was derived from our original CA1l strain. This sample of CA1l
(designated CA1F) elicits the appropriate reactions on susceptible and resistant lines and therefore
will be used for screening the knock-out lines.

One of the challenges when trying to determine whether we had a pathogenic strain was
the lack of reliable diagnostics. Therefore, we sequenced CA1F and multiple other strains of R.
suberifaciens and related species in collaboration with Isolde Francis. We generated a complete,
high-quality assembly of R. suberifaciens CA1F using PacBio HiFi reads comprising five circular
contigs totaling 3.405 Mb. CAI1F has a large circular genome of ~3.1 Mb and four circular, low-
copy plasmids ranging in size from 15 to 100 Kb. This aligns well with the fragmented assembly
of CA1 that had been previously generated from short reads by others and is available from NCBI
GenBank (GCA_014200045.1). We annotated the genome using the DDBJ Fast Annotation and
Submission Tool (DFAST) pipeline. The circular genome of CA1F was predicted to have 3,097
protein coding sequences (CDSs), 48 tRNAs, and three rRNAs, and the four plasmids were
predicted to have a total of 252 CDSs and one tRNA.

We have also sequenced, assembled, and annotated the genomes of pathogenic and non-
pathogenic strains of Rhizorhapis species and related genera, including two strains of R.
suberifaciens that are being used by companies for screening for resistance to corky root (Tables
1 and 2). Companies interested in submitting additional strains for sequencing should contact
Maria Ferrer (mferrerruiz@ucdavis.edu).

Table 1. Sequencing and assembly metrics of Rhizorhapis suberifaciens, Rhizorhabdus sp.,
Sphingobium mellinum, Sphingobium xanthum, Sphingopyxis sp. strains.

Strain Classification Coverage |Assembly size| # Contig |Largest Contig
CAIF Rhizorhapis suberifaciens 80X 3,405,958 5 3,168,395
FR RijkZwaan Rhizorhapis suberifaciens 42X 3,521,394 4 3,299,989
CA Enza Rhizorhapis suberifaciens 95X 3,405,984 5 3,168,421
FL2 Rhizorhapis suberifaciens 63X 3,365,716 3 3,296,805
FL11 Rhizorhapis suberifaciens 206X 3,487,220 5 3,392,634
NL8 Rhizorhapis suberifaciens 120X 3,351,767 2 2,959,332
NL2 Rhizorhabdus sp. 111X 4,150,448 2 4,137,885
SP3 Rhizorhabdus sp. 24X 4,580,161 2 4,352,569
WIi4 Sphingobium mellinum 30X 3,909,522 6 3,022,743
CAl6 Sphingobium mellinum 97X 3,886,173 3 3,144,215
NL9 Sphingobium xanthum 19X 4,067,521 2 4,021,148
CA32 Sphingopyxis sp. 47X 4,394,110 2 4,371,548
CA31 Sphingopyxis sp. 215X 4,357,620 1 4,357,620
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Table 2. Genome annotations of Rhizorhapis suberifaciens, Rhizorhabdus sp., Sphingobium
mellinum, S. xanthum, Sphingopyxis sp. strains. The numbers for protein coding sequences
(CDSs), transfer RNA genes (tRNAs), ribosomal RNA genes (rRNAs), and pseudogenes were
determined using the DFAST workflow for the circular main chromosome (MChr) and plasmids
for each strain.

Classification Rhizorhapis suberifaciens
Strain CAl Rijk Zwaan Enza Zaden FL2 FL11 NL8
MChr 4 Plasmids MChr 3 Plasmid§ MChr 4 Plasmid{ MChr 2 Plasmid§g MChr 4 Plasmids | MChr 1 Plasmid
CDS 3,097 252 3,216 206 3,015 251 3,170 81 3,327 118 2,823 365
tRNA 48 1 46 0 48 1 47 0 46 0 50 0
rRNA 3 0 3 0 3 0 3 0 3 5 6 0
Pseudogenes (internal STOP codon) 11 1 15 1 14 1 6 0 9 0 8 2
Pseudogenes (frameshift) 37 4 93 3 36 4 33 0 22 0 25 4
Pathogenicity score (0-9) Virulent (6.5)
Classification Rhizorhabdus sp. Sphingobium mellinum Sphingobium xanthum Sphingopyxis sp.
Strain NL2 SP3 WIi4 CAl6 NL9 CA32 CA31
MChr 1 Plasmid| MChr 1 Plasmid] MChr 5 Plasmids MChr 2 Plasmids MChr 1 Plasmid MChr 1 Plasmid| MChr 0 Plasmid
CDS 3,924 15 4,115 193 2,975 810 3,079 214 3,864 43 3,641 445 4,048 0
tRNA 50 0 49 1 46 4 47 0 49 0 50 2 52 0
rRNA 6 0 6 0 3 3 3 0 3 0 3 0 3 0
Pseudogenes (internal STOP codon) 15 0 11 0 8 4 9 3 9 0 16 0 16 0
Pseudogenes (frameshift) 35 0 28 5 22 10 33 1 23 1 38 0 40 0
Pathogenicity score (0-9) Virulent (4.8)

We compared the genomes of Rhizorhapis species and related strains based on genic
orthogroups. There is considerable variation in plasmid composition and number (from zero to
five). A phylogenetic reconstruction using all orthogroups on the genomic chromosomes was made
to infer evolutionary relationships of pathogenic and non-pathogenic strains of Rhizorhapis
species, related genera, and four outgroup species. In the resulting ASTRAL species tree (Fig. 2),
NLS (non-virulent strain labelled R. suberifaciens) is on a separate branch from a clade consisting
of the five other R. suberifaciens accessions, suggesting NL8 might be a different species of
Rhizorhapis. FL11 (mildly virulent strain) was distinct from the other four virulent accessions of
R. suberifaciens. This distinction is consistent with a previous neighbor-joining tree based on 16S
rRNA gene sequences (Francis et al., 2014. Int. J. Syst. Evol. Microbiol. 64:1340). We also
calculated the pairwise Average Nucleotide Identity (ANI) values between the genomes of FL11
or NL8 and CATF using the FastANI computational method (Jain et al., 2018. BMC Bioinform.
19:153). The ANI value of 97.9% between FL11 and CA1F indicates that these two strains belong
to the same R. suberifaciens species. In contrast, the ANI value of 80.427% between NL8 and
CAITF indicates that NLS is a different species of Rhizorhapis.

We will develop diagnostic assays for pathogenic strains of R. suberifaciens based on these
assemblies so that we can reliably screen for resistance. These assays will also be useful for
diagnosis in the field as well as epidemiological studies.
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Figure 2. ASTRAL species tree derived from RAXML trees of 17 bacterial strains.
Sphingomonas witchii RW 1, Erythtrobacter litoralis, Agrobacterium fabrum str. C58, and
Bradyrhizobium oligotrophicum S58 were used as outgroups as described in Francis et al. Int. J.
Syst. Evol. Microbiol. (2014). Node values indicate bootstrap support values.

Remote Sensing

In collaboration with Dr. Duke Pauli (University of Arizona), we conducted a field trial at
the Maricopa Agricultural Center, AZ to study water use efficiency in lettuce. The Maricopa
Agricultural Center hosts the largest field analytical robot in the world. The high-throughput
phenotyping field-scanning robot has a gantry that moves on rails while imaging the crops growing
below with a diverse array of cameras and sensors, including scanners for hyperspectral and
thermal imaging, 3D laser, and chlorophyll fluorescence (Fig. 3). This is the second trial conducted
at the Maricopa Agricultural Center to understand the genetic basis controlling agronomic and
stress-adaptive traits, to monitor growth and development, and to quantify water deficit stress and
the impacts on photosynthetic efficiency as well as to develop analytical tools for remote sensing.

The 2021-2022 trial consisted of 272 lines grown in two different water treatments, with
three repetitions per treatment for a total of 1,632 plots. The experiment consisted of 80 RILs
previously identified as informative lines for studying the genetics of water use efficiency (WUE)
by D. Still (Cal Poly Pomona), 16 accessions of wild relatives of lettuce (L. serriola, L. aculeata,
and L. saligna), and a set 176 diverse cultivars representing different lettuce types for a Genome
Wide Association (GWAS) study of WUE. These lines were selected in collaboration with G.
Sandoya, I. Simko, B. Mou, and D. Still. In addition, nine seed companies provided up to 10
cultivars for the GWAS part of the experiment.



Figure 3. Harvesting the trial at the University of Arizona Maricopa Agricultural Center in
March 2022. The Lemnatec Field Scanalyzer is at the end of the plot; the rails for the gantry are
visible on either side.

We harvested one head of lettuce for each plot measuring fresh and dry weight and stem
length. In addition, we took pictures of the cut lettuce heads. These images are being analyzed for
height and width of the head and the stem, and shape and area of the head. These measurements
will be used to train algorithms for machine learning and to ground truth the growth measurements
made with remote sensors on the gantry. The remote sensor measurements of all plants in each
plot will be used for the GWAS of WUE. We are currently whole genome sequencing all of the
lines for which sequence data was not already available.

Genetics of Salt Tolerance in wild Lactuca species

We continue to investigate the genetic basis of salt tolerance as the foundation for breeding
lettuce cultivars with increased salt tolerance. As described in last year’s report, we conducted
greenhouse salinity trials using accessions with contrasting sensitivity selected from prior
germplasm salinity screens in order to characterize the salinity stress response of Lactuca species
as well as determining key traits to evaluate on the mapping populations. PI 274564 did not have
a significant reduction in fresh shoot weight compared to other accessions and was selected as a
tolerant parent for mapping populations. We are currently developing RIL populations to identify
QTLs and candidate genes for salinity tolerance.



We have also initiated a genetic analysis of lettuce root development in response to
salinity stress using an existing RIL population derived from PI 251246 x Armenian 999.
Seedlings were grown on plates of /2 MS media with or without 100 mM NacCl for 7 days.
Photos were taken at multiple time points and images were analyzed using SmartRoot to quantify
root lengths. In initial screens of the parents, PI 251246 exhibited a significant decrease in
primary root length and total root length compared to Armenian 999 (Fig. 4). Additionally,
Armenian 999 exhibited little lateral root production compared to PI 251246. One hundred and
twenty RILs are currently being evaluated to identify QTLs for root architecture and changes due
to salinity stress.
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Figure 4. Root system architecture of seedlings grown under saline conditions. A) Roots of
Armenian (left) and PI 251246 (right) seedlings grown on 2 MS media with either 0 or 100 mM
NacCl for 7 days. Roots were traced with SmartRoot. B) Primary root length of Armenian 999 and
PI 251246 after 7 days (p < 0.0005). C. Total root length of Armenian 999 and PI 251246 after 7
days (p < 0.0005).



Development of genomic resources

We have continued to refine the reference genome of lettuce to provide the foundation for
understanding the genetic architecture of traits in Lactuca spp. Last year we released v10 of the
reference genome to participants of the International Lettuce Genomics Consortium. This was
based mainly on Oxford Nanopore sequencing technology. The v10 reference genome assembly
spanned 2.575 Gb across 1,791 contigs with a contig Nso of 8.1 Mb; 576 of the contigs totaling
2.57 Gb were assembled into 29 scaffolds after Bionano analysis and genetic orientation into the
nine near-complete chromosomes, with the positions of candidate centromeres and telomere-like
sequences at the ends of most but not all chromosomes (see previous report).

This past year it became apparent that PacBio HiFi sequencing technology provided more
accurate genome assemblies than Oxford Nanopore. Therefore, we resequenced and assembled cv.
Salinas using HiFi reads to achieve a telomere-to-telomere, highly contiguous, chromosome-scale
vll reference assembly. This high-quality assembly comprises nine telomere-to-telomere
chromosomes with few gaps, that is 2.58 Gb, with an Nso of 12.5 Mb consisting of 393 contigs
and is 98.5% complete for BUSCOs. This highly contiguous reference assembly resolves complex
regions of the chromosome, including centromeres, telomeric repeats, and resistance gene clusters
with great precision (Fig. 6)

Telomere-like sequences
(] rDNA array
A Centromeres

Lsat_1_v11_chrg

Figure 6. Schematic of the v11 reference genome assembly of cv. Salinas. The green boxes
are 393 contigs totaling 2.58 Gb, the dark blue boxes are 15 scaffolds after Bionano analysis and
genetic orientation into the nine near-complete chromosomes. The red triangles are repeated
regions representing likely centromeres. The red hatched rectangles represent telomere-like
sequences, and the yellow hatched rectangles are rDNA repeat arrays.

We annotated the v11 genome assembly using full length transcripts from PacBio IsoSeq
as well as [llumina-based RNAseq data. The 44,241 annotated protein coding genes included ~460
canonical NBS-LRR genes (Fig. 7).
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Figure 7. Circular visualization of the annotated v11 reference genome assembly. 1) The
outer circle in blue shows the nine chromosomes of lettuce. 2) The second blue track shows the
gene density that scaled as 1 Mb bins. 3) The location of canonical NBS-LRR encoding genes
across the genome. 4) Regions that are phenotypically classified as major resistance clusters
(MRCs). Tracks 5), 6), 7) show the distribution of repeat elements Copia, Gypsy, and centromeric
regions respectively.

In order to generate a pan-genome that captures the genetic diversity within Lactuca spp.,
we have sequenced several diverse wild and cultivated lettuce lines using PacBio HiFi / Oxford
Nanopore long-read technologies and Illumina short-read sequences. Currently high-quality
reference assemblies of L. sativa cvs. Salinas, Ninja, La Brillante, P1251246, VIAE, and L. serriola
accessions Armenian and US96UC23 are assembled (Table 4; Fig. 8). De novo annotation is
currently underway to reveal differences in gene content, particularly with regard to their
resistance gene repertoires.

Table 4. Genome assembly statistics of wild and cultivated lettuce lines. In black are the
assembly statistics of cultivated lettuce lines (L. sativa cvs. Salinas, Ninja, La Brillante, P1251246,
VIAE) and in blue are the wild relatives (L. serriola accessions Armenian and US96UC23). All
the additional assemblies were generated using Oxford Nanopore reads; several are being
resequenced using PacBio HiFi reads to generate more accurate assemblies.

Cultivated Wild
L. sativa cv L. sativa ov
Salinas(v8)  Salinas(vll) L. sativo cv L. sativa cv L. sativa cv L. sativa cv L. serriola acc. L serriola acc.
(lllumina based)  (Hifi based) La Brillante VIAE* Ninja P1251246* US96UC23 Armenian

Sequencing coverage 34x 64x 87x 64x 77x 84x
Assembly size 2,391,578,241 2,588,783,166 2,616,536,717 2,538,064,731  2,531,466,780 2,515,248,117 2,494,931,289 2,569,406,482
No. of contigs 168,554 484 1204 230 1291 214 1,300 2,044
Contig N50 (Mbps) 0.028 12.52 45.059 49.454 12.059 3333 6.894 8.679
Contig N90 (Mbps) 0 3.482 82 16.823 4.488 14.946 241 3.325
Largest contig size (Mbps) 0.363 75.542 101.93 138.484 53.663 181.178 45,832 38.103
BUSCO % (Complete) 98.2 985 98.4 96.7 98.4 97.7 98.6 98.6
BUSCO % (Duplicate) 29 33 33 3 3.2 3.1 3.2 34
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Figure 8. The distribution of annotated NLR genes in the genome assemblies of four
accessions of L. sativa and two accessions of L. serriola.

Databases
We continue to curate several publicly accessible databases for lettuce accessible through

http://michelmorelab.ucdavis.edu. The G2G site (http://scri.ucdavis.edu/) provides access to
information generated as part of the Next-Generation Lettuce Breeding: Genes to Growers (G2G)
and CLGRP-funded projects. Our GBrowse genome viewer (http://gviewer.gc.ucdavis.edu/cgi-
bin/gbrowse/lettucePublic/) provides access to the ultra-dense map of genetic chromosomal
pseudomolecules. These databases continue to be revised to facilitate access to marker information
for breeding purposes from disease-centric, breeder-oriented perspectives. The Bremia Database
displays virulence phenotypes, mating type, and fungicide sensitivity for Californian isolates of B.
lactucae characterized from 2001 to the present (http://bremia.ucdavis.edu/bremia_database.php).
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