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Abstract: 
Despite extensive efforts to deliver safe and nutritious food, Escherichia coli O157:H7 disease 
outbreaks associated with lettuce (especially romaine) continue to occur, which are linked to 
contamination on the farm. Other pathogens such as Salmonella enterica, are also able to survive 
or even multiply in some lettuce genotypes, suggesting that these plants can be reservoirs and are 
a potential risk for food safety. Our previous findings confirmed that the lettuce genetics 
contributes to the survival of bacterial pathogens of human; however, the genes associated with 
this phenomenon remain elusive. Through a related project in the lab, we have observed that an 
Arabidopsis knockout mutant for the JAZ4 gene is more resistant to contamination by both E. coli 
O157:H7 and S. enterica serovar Typhimurium. This remarkable finding provided an unprecedent 
opportunity to genetically improve plants with resistance to human pathogens using the precision 
of gene editing (i.e, CRISPR/Cas9). The JAZ family of proteins is highly conserved among plants, 
structurally and functionally. Using phylogenetic analysis, we identified six genes in the lettuce 
genome that may have similar functions as the Arabidopsis JAZ4 gene (i.e., putative orthologs). 
The proposed research was designed to confirm their expression using standard quantitative gene 
expression analysis (RT-qPCR), create knockout lettuce mutants for the expressed genes using 
CRISPR/Cas9 genome editing, and phenotype mutant lines for human pathogen growth in leaf 
tissues using our established inoculation protocol (2020 CLGRP project). The results of this 
research will have two foreseeable impacts: (a) Identification of lettuce genes that allows human 
pathogens growth in planta and (b) Development of lettuce germplasm to support breeding for 
enhanced food safety.  
 
Objective:  
To create lettuce CRISPR mutants with enhanced resistance to human pathogen. 
 
Procedures: 
1. Plant material and growth conditions: Seeds of lettuce (Lactuca sativa L.) cultivar Salinas 
were germinated on water-soaked paper placed in square Petri dishes and maintained at 20°C for 
2 days. Germinated lettuce seeds were transferred to the 3 ½” pots (Kord Products, Toronto, 
Canada) containing a soil mix (Sun Gro® Sunshine® #1 Grower Mix with RESiLIENCE™, 

mailto:melotto@ucdavis.edu


 
 

Agawam, MA, USA). Lettuce plants were grown at 19 ± 1°C, 75 ± 4% relative air humidity, and 
photosynthetically active light intensity of 240 ± 10 μmol/m2/s with a 12-h photoperiod. One liter 
of deionized water was added to the tray two to three times per week depending on the 
developmental stage of the plants. At 10 days post germination, lettuce plants were fertilized with 
0.05 g/plant of fertilizer (Multi-Purpose 19-11-21; Peters®Excel, OH, USA) dissolved in the 
deionized water. To facilitate the dissection of plants and collect specific tissues for gene 
expression analysis, some seeds were geminated on MS medium plates for six days.  
 
2. Structural and Phylogenetic analyses of JAZ genes: 
The TIFY motif and Jas domains of Arabidopsis thaliana JAZ proteins (AtJAZs) were obtain from 
NCBI and used as queries for searching ortholog proteins in the lettuce genome (Lactuca sativa 
cv. Salinas V8; ID: 283333) in CoGe database (https://genomevolution.org/coge/) using the 
CoGeBlast tool. The six resulting gene sequences (Lsat codes) were identified as JAZ putative 
orthologs of lettuce. Other conserved sequenced, such as CMID domains and EAR motifs, were 
search manually using A. thaliana sequences as a reference. Phylogenetic analysis was conducted 
following the procedure described by Garrido-Bigotes et al. (2019). The amino acid sequences of 
the 13 AtJAZs and the six Lsat were aligned with CLUSTALW, and the tree was built with the 
Maximum Likelihood algorithm and a Jones, Taylor, and Thornton (JTT) matrix-based model. 
The bootstrap consensus trees were inferred from 100 replicates. Evolutionary analyses were 
conducted in Molecular Evolutionary Genetics Analysis XI (MEGA XI) (University of 
Pennsylvania, Pennsylvania, USA, last accessed date: June 2023). 
 
3. Bacterial strains and inoculation procedure:  
The non-typhoid Salmonella enterica subspecies enterica serovar Typhimurium strain 14028s 
(Porwollik et al. 2014) and the enterohemorrhagic Escherichia coli serotype O157:H7 strain 86-
24 (Sperandio et al. 2001) were grown in Low Salt Luria-Bertani medium (10 g/l tryptone, 5 g/l 
yeast extract, 5 g/l NaCl, pH 7.0) at 28°C. Medium supplemented with 50 µg/ml of streptomycin 
was used to grow O157:H7. When the culture reached OD600 of 0.7–0.9, bacterial cells were 
harvest by centrifuging for 20 min at 2800 rpm. The inoculum with a final concentration of 
1 × 106 CFU.mL− 1 (OD600 = 0.002), supplemented with 0.01% Silwet L-77 and 1mM MgCl2, was 
vacuum-infiltrated into the leaf intercellular space. After inoculation, plants were kept at 20 °C for 
4 h until leaves were collected for RNA extraction.  
 
4. Gene expression analysis by RT-qPCR: we used reverse transcriptase-quantitative polymerase 
chain reaction to assess the expression of all putative JAZ genes of lettuce following standard 
procedure. Briefly, tissues from six-day old seedlings grown of MS medium plates or six leaf discs 
from the third leaf of inoculated plants grown on soil were harvest, frozen in liquid nitrogen, and 
stored at -80 °C for RNA extraction. RNeasy Plant Mini Kit (Qiagen Inc., Valencia, CA) was used 
for RNA extraction and quantified using Qubit® RNA BR (Broad-Range) Assay Kit (Thermo 
Invitrogen, Waltham, MA). To assess gene expression, total RNA was synthesized into cDNA 
using the Takara Prime Script RNA kit (with gDNA eraser) (Clontech, Mountain View, CA, USA). 
RT-qPCR reaction (10 µl) was performed with 5 µl of Fast SYBR Green Master Mix (Applied 
Biosystems, Foster City, CA, USA), 5 ng of cDNA template, and 300 nM of reverse and forward 
gene-specific primers. Reactions were carried out in an CFX Connect Real-Time System (Bio-
Rad, Hercules, CA, USA), using the following cycling parameter: 1 cycle 95°C for 5 min and 40 



 
 

cycles of 95°C for 10 sec and 60°C for 30 sec. Gene expression levels were normalized based on 
the expression of the housekeeping gene LsatAPT1 (Moura Borowski et al., 2014) and relative 
gene expression was calculated with the 2−ΔCt method (Livak and Schmittgen, 2001). A minimum 
of three biological replicates with two technical replicates were performed. 
 
5. Targeted genome mutation: CRISPR/Cas9 genome editing was performed to individually 
disrupt each of the lettuce JAZ gene sequences (Lsat_1_v5_gn_8_45621, Lsat_1_v5_gn_4_12800, 
Lsat_1_v5_gn_5_137041, Lsat_1_v5_gn_4_91521, and Lsat_1_v5_gn_8_85820) as described by 
Bertier et al. (2018) with some modifications. The cultivar Salinas was chosen for these 
experiments as it has been fully sequenced and comprehensively annotated, which facilitated the 
design of guide RNA (gRNA) to disrupt the expression of the JAZ genes. Briefly, guide RNA 
(gRNA) was designed for each gene sequence taking into consideration a lack of off-target 
specificity based on the lettuce reference genome (Reyes-Chin-Wo et al. 2017). Customized gRNA 
for each gene was cloned into the binary vector pCBSG015 (Basta) and subsequently transformed 
into Salinas explants (cotyledons germinated for five days in Petri dishes) using a standard 
Agrobacterium-mediated transformation system. Plant transformation and selection of knockout 
plants were performed by Lifeasible (www.lifeasible.com). DNA from resulting knockout plants 
was used as a template for PCR amplification of the flaking regions of the mutated site and 
amplicons were sequenced to determine which individuals harbor the intended deletion. Positive 
knockouts (T0 plants) were transplanted onto pots, further selected for transgene-free plants using 
PCR technique, and advanced to the T2 generation. The steps and timeline for this procedure are 
depicted in Figure 1. We expect to have three independent mutant lines that are free of any 
transgene for a robust statistical analysis of phenotypic data.  
 

 
Figure 1. Steps to create knockout lines using CRISPR/Cas9 with an approximate timeline. Thus far, this 
procedure was repeated for five of the JAZ genes in the lettuce cultivar Salinas.  
 
 



 
 

6. Growth conditions to obtain seeds of knockout plants:  
We have adjusted a protocol to make plants transition to flower in our isolated environmental room 
to obtain pathogen-free seeds. Knockout lines (T1 generation) were grown in the pots containing 
soil under controlled environmental conditions (25oC day, 60–70% air relative humidity, 200 
μmol/m2/s light intensity, 16-hour photoperiod). Water stress was created by adding one liter of 
tap water to the trays once per six-eight days. Watering frequency was increased to two to three 
times per week after emergence of buds and flowers. 
 
Results and Discussion: 
The search for JAZ genes in the lettuce genome yielded six candidates based on the predicted 
domain structure of the encoded protein (Figure 2). These domains are very important for the 
function of the proteins and how they regulate the different plant phenotypes. The phylogenetic 
analysis placed two of them (Lsat_1_v5_gn_5_137041, Lsat_1_v5_gn_4_91521) close to 
AtJAZ5/6, one (Lsat_1_v5_gn_8_85820) close to AtJAZ1/2, one (Lsat_1_v5_gn_7_28101) close 
to AtJAZ7/8, and two (Lsat_1_v5_gn_8_45621, Lsat_1_v5_gn_4_12800) close to AtJAZ3/4/9 
(Figure 3A). 
 
Next, we determined whether these genes are expressed constitutively in different plant tissues 
and organs and/or are induced in the presence of the human pathogens using RT-qPCR analysis. 
Four out of the six genes are expressed at a detectable, yet variable, level in the third leaf of three-
week old plants (Figure 3B). Thus, we continued further experimentation with these four genes: 
Lsat_1_v5_gn_5_137041, Lsat_1_v5_gn_4_91521, Lsat_1_v5_gn_8_85820, and 
Lsat_1_v5_gn_8_45621. Overall, all four genes expressed at a higher level in the root above the 
its apex, followed by the cotyledonary leaves of six-day old seedlings (Figure 3C). Furthermore, 
Lsat_1_v5_gn_8_45621 showed the highest expression level in all tissues analyzed (Figure 3C). 
Localized gene expressed is very important for the function of that gene where the phenotype is 
observed. We will focus on leaf and root phenotypes in the next phase of this project. 

 
Figure 2. The predicted domain structure of the six JAZ proteins of lettuce. The numbers on the top of each 
block indicate the amino acid position of the EAR, CMID, TIFY, and Jas domains.  



 
 

 

   
Figure 3. (A) Phylogenetic tree depicting the relationship of the full-length JAZ proteins of lettuce with 
those of the model plant Arabidopsis. (B-C) Relative gene expression of each lettuce JAZ gene in the third 
leaf of three-week old plants (B) and different organs and tissues of six-day old seedling (C). Statistical 
analysis was performed with ANOVA followed by Tukey test at the threshold of p<0.05. Different letters 
above the bars indicate statistically significant differences among the means. ND = not detected. 
 
The JAZ genes of many crop plants are notorious for being rapidly induced in stimulated plants, 
particularly by pathogens and abiotic stresses. Previously, we showed that the population size of 
both E. coli O157:H7 and Salmonella Typhimurium remains at a constant level in Salinas leaves 
over 10 days (Jacob and Melotto, 2020), making it a good choice for testing the expression of 
genes associated with pathogen survival. We, therefore, assessed whether these human pathogens 
could induce changes in gene expression in Salinas leaves at 4 h after inoculation with each 
bacterium relative to the mock inoculation as a control. The expression of 
Lsat_1_v5_gn_5_137041 and Lsat_1_v5_gn_8_45621 were significantly modulated by E. coli 
O157:H7 and Salmonella, respectively (Figure 4). Because some of the samples showed 
variability (e.g., Lsat_1_v5_gn_8_45621 after inoculation with O157:H7, Figure 4A), this 
analysis will have to be repeated for confirmation.  
 



 
 

 
Figure 4. Relative expression level of JAZ genes in lettuce leaves of plants inoculated with the human 
pathogens E. coli O157:H7 (A) and Salmonella Typhimurium (STm) 14028s (B). Statistical analysis was 
performed with Student’s t-test to determine significant differences between the average gene expression 
in the bacterium- versus mock-inoculated leaves, where *** indicates p < 0/001 and n.s. indicates non-
significance.  
 
As the gene Lsat_1_v5_gn_8_45621 was the highest expressed gene in all samples we tested thus 
far and it is modulated at least by Salmonella Typhimurium, we started the development of 
CRISPR/Cas9 knockout lines for this gene first. We were able to genotype multiple heterozygous 
T2 populations of CRISPR/Cas9 edited plants (Figure 1) to select individual plants harboring 
homozygous mutant and homozygous wild-type alleles. Genotyping of two independent T2 
populations allowed the identification of homozygous lines A3 and A5 as well as their 
corresponding wild type sibling (Figure 5). The A3 and A5 mutants have a deletion that disrupts 
the Lsat_1_v5_gn_8_45621 coding region, which prevents its translation into a functional protein. 
These are true independently created knockout lines as they were derived from different explants 
and the deletions have a deletion in different locations of the gene (data not shown). These lines 
do not show undesirable morphological phenotypes in comparison to the wild-type Salinas 
(representative pictures in Figure 6A). As of the writing of this report, we were able to induce 
their transition to reproductive growth in our environmental room (Figure 6B). T2 seeds will be 
collected shortly to continue with the field trials and inoculations to address the objectives 
described in the CLGRB 2023-2024 project.  
 
We will continue with the selection of a third knockout line to ensure that any altered phenotype 
observed in these plants are due to the lack of Lsat_1_v5_gn_8_45621, and not due to any other 
random off-target mutation that might have happened during the lengthy gene editing procedure. 
Furthermore, we have started creating knockout mutants for the other JAZ genes of lettuce, except 
for Lsat_1_v5_gn_7_28101 that does not seem to be expressed in any tissue tested so far. The 
creation of each mutant is at different steps in the CRISPR/Cas9 pipeline described in Figure 1, 
and we will continue to move them along as time and resources permit in the coming years.  
 



 
 

 
Figure 5. A) Genotyping of heterozygous T2 generation of CRISPR/Cas9 edited plants targeted to the 
Lsat_1_v5_gn_8_45621 gene. This procedure allowed the concomitant selection of the wild-type siblings 
and two independent homozygous knockout lines: A3 with a 510-base pair (bp) deletion (A), and A5 with 
a 70-bp deletion (B) in the allele. The diagrams on the left represents the expected DNA fragment size for 
the wild-type (WT) allele and the mutant allele after PCR amplification with the respective primer sets (F3-
R3 and F5-R5). Each lane of the gels on the right contains DNA fragments from homozygous wild type 
plants (W), heterozygous plants (H), and homozygous mutant plants (M) generated by PCR. The red circle 
indicates the selected homozygous mutant lines. 
 

  

Figure 6. (A) Representative pictures of the 
Lsat_1_v5_gn_8_45621 knockout line A3 at the same 
age of the corresponding wild-type Salinas grown from 
seeds that also went through the CRISPR/Cas9 
procedure. Thus, they are true sibling lines. Note that 
there is no obvious altered morphology. (B) 
Representative pictures of the Lsat_1_v5_gn_8_45621 
knockout line A5 and the corresponding wild-type 
Salinas producing seeds in an environmental room 
(please see method section). 



 
 

 
Conclusion:  
We identified a family of genes in the lettuce genome, named JAZ, as good candidates for gene 
editing. We characterized the six members of the family in the Salinas cultivar, studied their 
expression in various plant tissues in response to E. coli O157:H7 and Salmonella enterica, and 
designed a pipeline to individually knockout each JAZ gene. The pipeline is lengthy due to the 
complex nature of the procedures, the requirement of multiple controls for robust genetic analyses, 
and the need to advance plant lines to at least three generations before phenotypic analyses can be 
performed. Nonetheless, we have already completed this work for one JAZ gene, while others are 
moving along the pipeline. Once we completely characterize all genes, they will be named 
following the convention in plant genetics. 
 


