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Abstract

Tipburn is an important physiological disorder of lettuce, Lactuca sativa L., related to calcium deficiency that can result in leaf necrosis and
unmarketable crops. The major quantitative trait locus (QTL), qTPB5.2, can account for up to 70% of the phenotypic variance for tipburn in-
cidence in the field. This QTL was genetically dissected to identify candidate genes for tipburn by creating lines with recombination events
within the QTL and assessing their resistance to tipburn. By comparing lines with contrasting haplotypes, the genetic region was narrowed
down to �877 Kb that was associated with a reduction of tipburn by �60%. Analysis of the lettuce reference genome sequence revealed
12 genes in this region, one of which is a calcium transporter with a single nucleotide polymorphism in an exon between haplotypes with
contrasting phenotypes. RNA-seq analysis of recombinants revealed two genes that were differentially expressed between contrasting
haplotypes consistent with the tipburn phenotype. One encodes a Teosinte branched1/Cycloidea/Proliferating Cell factor transcription fac-
tor; however, differential expression of the calcium transporter was detected. The phenotypic data indicated that there is a second region
outside of the �877 Kb region but within the QTL, at which a haplotype from the susceptible parent decreased tipburn by 10–20%. A re-
combinant line was identified with beneficial haplotypes in each region from both parents that showed greater tipburn resistance than the
resistant parent; this line could be used as the foundation for breeding cultivars with more resistance than is currently available.
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Introduction
Tipburn, an important physiological disorder of lettuce (Lactuca

sativa L.), is thought to be related to inadequate levels of calcium

during leaf development and can cause growers to lose entire

fields of the crop (Barta and Tibbitts 1991, 2000; Olle and Bender

2009). Packing companies can refuse a lettuce crop if tipburn inci-

dence is over 5% (Jenni et al. 2013). Tipburn manifests as necrotic

lesions at the margins of young expanding leaves (Barta and

Tibbitts 1991, 2000). In iceberg-type lettuce, this damage can be

localized to the younger leaves inside the head, while the exterior

leaves look healthy, making it difficult to detect. Tipburn can de-

velop despite sufficient calcium in the soil (Hartz et al. 2007);

therefore, it cannot be managed by soil amendments. Foliar cal-

cium applications may not prevent the occurrence of tipburn un-

der field conditions (Holtschulze 2005).
Environments that are conducive to tipburn are the same as

those that reduce transport of calcium to the expanding leaves.

These environments can be placed into two groups (Jenni et al.

2013): (1) those that reduce the supply of calcium to leaves and

(2) those that increase the demand for calcium. The first group

includes environments that have high relative humidity (Choi

and Lee 2008), natural or artificial enclosure of leaves (Barta and

Tibbitts 1991), and low air movement (Frantz et al. 2004). The sec-
ond group includes environments that speed up plant growth
such as high temperatures (Misaghi and Grogan 1978) and high
fertilization (Brumm and Schenk 1993). Most of these conditions
that are conducive to tipburn cannot be controlled by the grower
and some are even desirable, such as the enclosed leaves of ice-
berg-type lettuce.

Resistance to tipburn is an important trait for lettuce cultivars
(cvs.). Lettuce cvs. that are resistant to tipburn can produce crops
with no or marketable levels of tipburn (Ryder and Waycott 1998;
Olle and Bender 2009); however, even the most resistant cvs. suc-
cumb to tipburn when exposed to highly conducive conditions.
Genetic studies on tipburn suggested that resistance is a heritable
trait in lettuce that could be improved by breeding (Ryder and
Waycott 1998; Jenni and Hayes 2010; Macias-González et al. 2019).
Analysis of the genetics of tipburn could elucidate the causal
genes for resistance to tipburn, which could be used as genetic
markers to assist in breeding for resistant cvs. Jenni et al. (2013)
identified a major quantitative trait locus (QTL) for tipburn inci-
dence, qTPB5.2, in linkage group (LG) 5 of the reference map
(Truco et al. 2013) that explained 38–70% of the variance for tip-
burn incidence in multiple environments and crop maturities.
Macias-González et al. (2019) validated qTPB5.2 and identified a
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second major QTL in LG 1, qTBIN_1_QC11. Therefore, the qTPB5.2
and qTBIN_1_QC11 regions are targets for the identification of
genes controlling tipburn.

Lettuce is amenable to genetic studies. It is diploid, can pro-
duce at least two generations per year, is self-compatible allow-
ing the generation of homozygous lines, and produces thousands
of dry seeds from a single plant. Many genetic markers have been
developed and a high-quality reference genome assembly is
available (Truco et al. 2007, 2013; Stoffel et al. 2012; Reyes-Chin-
Wo et al. 2017). It is possible to screen thousands of offspring
from a single generation to saturate target genomic regions with
recombinants and to identify polymorphisms that can be placed
relative to phenotypic variation and annotated genes in the refer-
ence genome.

In this study we dissected the major QTL, qTPB5.2, to identify
candidate genes for tipburn incidence and provide tightly linked
molecular markers for assisting breeding for tipburn resistance.
Lines were created with recombination events within the QTL;
these were genotyped across the QTL region and assessed for
their resistance to tipburn in multiple field trials over several
years. Haplotype comparisons narrowed the focus to a small re-
gion that contained few candidate genes. RNA-seq analysis
revealed two genes that were differentially expressed between
contrasting haplotypes consistent with the tipburn phenotype. In
addition, phenotypic data suggested that a second region within
the major QTL can decrease tipburn with the resistant haplotype
coming from the susceptible parent. A recombinant haplotype
was identified that combined beneficial haplotypes from both
parents, which had greater tipburn resistance than the more re-
sistant parent.

Materials and methods
Development of populations for fine mapping
The F7 recombinant inbred line termed RIL 39, derived from a
cross between cvs. Emperor x El Dorado (Jenni et al. 2013), was
identified as heterozygous within intervals 1 and 2, which repre-
sented half of the target QTL on LG 5, while being homozygous
for the rest of the genome, including other unlinked QTLs for tip-
burn resistance (Macias-González et al. 2019; Figure 1). Progeny
from RIL 39 were genotyped and lines homozygous for contrast-
ing haplotypes within intervals 1 and 2 (nine with the cv.
Emperor haplotype and nine with the cv. El Dorado haplotype)
were selected and selfed to provide seed to test in the field. The
seed from these progenies were direct seeded at the University of
Arizona Yuma Agricultural Center (YAC) for field evaluation in
March 2014 (Supplementary Table S1).

No F7 RILs from the same cross were heterozygous for the
other half of the targeted QTL on LG 5. Therefore, RIL 85, which
had the El Dorado haplotype for the region containing the target
QTL and cv. Emperor haplotypes at the minor QTLs for tipburn in
LGs 2 and 5 (Jenni et al. (2013); Macias-González et al. 2019), was
backcrossed to cv. Emperor to produce BC1 individuals that were
heterozygous for the targeted QTL on LG 5. BC1 individuals were
then selfed and �1500 BC1S1 individuals were genotyped to iden-
tify recombinants within the QTL within intervals 3–5. Ninety-six
BC1S1 recombinant individuals were selected (Supplementary
Table S2) and selfed to produce enough BC1S2 seed for evaluation
in the field. The trial was direct seeded at YAC on December 10,
2014 and evaluated for tipburn in March 2015 (Supplementary
Table S1). Based on the results of this experiment, BC1S2 individu-
als with a recombination event within interval 4 were genotyped
with additional interstitial markers to identify recombinants

within this interval. The 2015 field phenotypic data from these
individuals were re-analyzed with the new genotypic data. Based
on these results, BC1S2 individuals with recombination events
within intervals 4.2–4.5 were selected, which were homozygous
for recombination events across the targeted region; these BC1S2

individuals were selfed to provide enough seed for evaluation at
YAC in spring 2016 and Spence United States Department of
Agriculture, Agricultural Research Service, Salinas, California
(SAL) in summer 2016.

Field experiments and horticultural practices
All experiments were randomized complete block designs with
four or five replications (Supplementary Table S1). The YAC
2013–2014 experiment was evaluated on March 25, 2014, at which
time cv. El Dorado had hard, solid, mature heads and cv. Emperor
was over-mature with some heads that were bursting. The YAC
2014–2015 experiment was evaluated on March 31, 2015, when
heads of both cvs. Emperor and El Dorado were hard and overma-
ture. The YAC 2015–2016 experiment was scored on March 30 or
April 17; tipburn evaluations were done when plants had hard,
solid, mature heads. In the SAL 2016 experiment, all lines were
scored twice on July 14 and 21 to evaluate tipburn at different
stages of maturity. At the first scoring, cvs. Emperor and El
Dorado were at acceptable market maturity with firm, compact
heads that yielded slightly to moderate pressure. At the second
scoring, cv. El Dorado had mature, hard heads that yielded
slightly to strong pressure, whereas cv. Emperor was slightly
overmature with harder, solid heads that did not yield to pres-
sure.

Phenotyping
All experiments were evaluated for tipburn incidence. In total,
6–20 plants were evaluated per replicate depending on the experi-
ment. For the SAL 2016 experiment, six heads were evaluated,
each at two timepoints (65 and 71 days after imbibition, dai).
Tipburn incidence was measured by counting the number of
plants with tipburn symptoms of any severity out of the total
number of plants scored.

The YAC 2015–2016 and SAL 2016 experiments were also eval-
uated for leaf crinkliness at the margin of leaves, average plant
weight, head firmness, and tipburn severity as described in
Macias-González et al. (2019). Leaf crinkliness was evaluated on a
scale from 1 to 3, where 1 was the leaf crinkliness of cv. El Dorado
and 3 was that of cv. Emperor (Supplementary Figure S3), with a
score of 2 being intermediate. To evaluate average plant weight, 6
or 10 plants (depending on the experiment) were weighed before
being evaluated for tipburn. To evaluate head firmness, plants
were scored as described in Jenni et al. (2013).

Phenotypic data analysis
Data analysis was conducted using R software for statistical com-
puting (R Core Team 2019). Analysis for tipburn incidence was
conducted using the MCMCglmm package (Hadfield 2010). The
haplotype was considered a fixed effect, replication was included
as random effects, the intercept was removed from the model
(i.e., adding �1 to the fixed effect model), and the distribution
family was set to “multinomial2.” In models that had complete
separation due to some lines having 100% tipburn incidence for
all replications, flat priors were given to the variance matrix of
the fixed effects by multiplying the diagonal matrix by p(2/3) þ 1.
Convergence diagnostics were conducted using the coda package
(Plummer 2006).
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Least-square means for tipburn incidence for each haplotype
was estimated by using the emmeans (Lenth 2020) package. To
back transform from the logit scale to the response scale, the
regrid function in the emmeans package was used. Lower and up-
per highest posterior density (HPD) intervals (Chen and Shao

1999) were estimated using the confint function in the emmeans
package.

Orthogonal contrasts were constructed using the contrast
function in the emmeans package. The haplotypes to be com-
pared was predetermined based on the goal of the experiment. If

Figure 1 Summary of field experiments to identify candidate genes. (A) Representation of the investigated QTL region (numbers represent centimorgans
estimated by Jenni et al. 2013) along with the magnified representation of interval 4, which was further divided to intervals 4.1–4.5. Marker names are
labeled next to the whiskers and interval names are labeled between marker names. The prefix (EMPxELD) of markers EMPxELD_1234_128860,
EMPxELD_1234_129021, EMPxELD_1234_129180, and EMPxELD_1743_126841 was removed. In Yuma, experiments were sown in winter 2013–2015 and
evaluated in spring 2014–2016, respectively. In Salinas, one experiment was conducted in the spring of 2016. (B) Summary of the workflow.
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the HPD interval did not include zero, then the difference in tip-
burn incidence was significant between the haplotypes. Analyses
of leaf crinkliness at the margin of leaves, head firmness, plant
weight, and tipburn severity were done using the lmer function
in the lme4 package (Bates et al. 2015). Means and confidence
intervals were constructed using the emmeans function from the
emmeans package and orthogonal contrasts were constructed
using the contrasts function. A significance level of a¼ 0.05 was
used to declare significant differences.

Genotyping of RILs and recombinant individuals
To genotype recombinants, DNA was extracted from leaf tissue
of plants at the three to four leaf stage using a custom protocol.
Leaf tissue was ground frozen in liquid N2 and thawed in 5 M gua-
nidine isothiocyanate with 20 mM Tris-HCL (pH 6.75). PB buffer
(Qiagen, Germantown, MD, USA) was used to clean up DNA in
96-well DNA binding plates (EconoSpin; Epoch Life Sciences,
Sugar Land, TX, USA). The DNA was then washed with PE buffer
(Qiagen) and 80% ethanol. The clean DNA was eluted in 10 mM
Tris-HCL (pH 8.0).

The first set of primers (AVEP-OP4, BGAP-OP4, AXZQ-OP4,
AVJT-OP4, AZRN-OP4, and BAMG-OP3) where designed based on
available expressed sequence tags (http://compgenomics.ucda
vis.edu; Stoffel et al. 2012). The second set of primers
(EMPxELD_1234_128860, EMPxELD_1234_129021,
EMPxELD_1234_129180, and EMPxELD_1743_126841) were
designed by comparing sequence data between cvs. Emperor and
El Dorado. The cvs. Emperor and El Dorado were sequenced to
identify single nucleotide polymorphisms (SNPs) between them.
Genomic DNA was extracted from 1 g of frozen leaf tissue of each
of cvs. Emperor and El Dorado using a DNeasy Plant Maxi Kit
(Qiagen). Libraries for sequencing were made using a Kapa Hyper
Prep Kit (Kapa Biosystems, Wilmington, MA, USA) following the
product specifications. DNA sequencing was conducted using
100 bp Illumina paired-end reads to 13� and 15� average genome
coverage for cvs. Emperor and El Dorado, respectively. Sequence
mapping and SNP calling against the lettuce reference cv. Salinas
(Reyes-Chin-Wo et al. 2017) was done using the CLC Genomics
Workbench (Qiagen). Read coverage within the QTL was used to
identify potentially large indel polymorphisms. The software bed-
tools (Quinlan and Hall 2010) was run in the “genomecov-bga”
mode to calculate nucleotide-level sequencing coverage to detect
large deletions. Mapped reads within the QTL were visualized us-
ing the CLC Genomics Workbench v10 (Qiagen) to search for evi-
dence of large insertions. PCR primers flanking SNPs of interest
were designed to amplify polymorphic regions that were then an-
alyzed for single strand conformation polymorphisms
(Supplementary Table S4) in the RILs and their progeny.

Genomic sequence analysis of selected
recombinants
Genomic DNA was extracted from 50 lettuce seeds of each of the
seven recombinants using the DNeasy Plant Mini Kit (Qiagen).
The DNA was run on a 2% agarose gel to check quality. Using a
Covaris E220 sonicator (Covaris, Woburn, MA, USA), 1–3 mg DNA
in 100 ml 1� TE buffer [10 mM Tris-HCl (pH 8), 0.1 mM EDTA] was
sheared to 220 bp. Using a 1.5% agarose gel, the sheared DNA size
was determined to be �220 bp with most fragments no more
than 500 bp. Agencourt AMPure XP beads (Beckman Coulter,
Indianapolis, IN, USA) were diluted by adding 0.3 times the vol-
ume of a solution of 20% PEG (Mw: 4000 or 8000) and 2.5 M NaCl.
The AMPure XP beads were used to clean up and concentrate

the fragmented DNA by adding 1.2:1 volumes of AMPure beads:
sample.

Libraries for sequencing informative recombinants to further
fine map candidate genes relative to cross-overs were prepared
for sequencing using a custom protocol. End repair was done us-
ing the NEBNext End Repair Module with modifications. Instead
of a 100 ml reaction, a 60 ml reaction was used with 1 to 3 mg of
DNA in 51 ml, 6 ml of NEB 10� end repair buffer, and 3 ml of enzyme
mix and incubating for 30 min at 20�C, then 15 min at 25�C. A
clean up procedure was done by mixing with 80 ml of diluted
AMPure XP beads as described above and eluting in 13 ml of elu-
tion buffer. A deoxyadenosine triphosphate (dATP) ligation was
done in a 30 ml reaction by mixing 13 ml of eluted DNA, 15ml of 2�
T4 DNA ligase buffer (NEB, Cat. No. M0202S), 1 ml of dATP/NaCl
solution (10 mM dATP; 300 mM NaCl), and 1 ml of Klenow (30! 50

exonuclease; Enzymatics, Part No. P701-HC-L) and incubating for
30 min at 37�C, then 10 min at 75�C. Ligation of adapters was
done by mixing 30 ml of the dATP ligation reaction with 5 ml of
10 mM premixed paired-end adapters, 4ml of 2� ligation buffer,
and 1 ml of T4 DNA ligase (Enzymatics, Cat. No. L603-HC-L). The
40 ml ligation reaction was incubated at 20�C for 10 min, 23�C for
10 min, 25�C for 10 min, and 70�C for 3 min. A final clean up step
was done using undiluted AMPure beads following the manufac-
turer’s protocol.

DNA concentration was measured using a Qubit Fluorometer
(Invitrogen) and Qubit dsDNA broad-range reagents (Thermo
Fisher Scientific, Cat. No. Q32850). Individual libraries were
pooled in equal concentrations and amplified by PCR in three
reactions of 25 ml where 5–10ml consisted of pooled library, 2.5 ml
of 5 mM premixed paired-end PCR primers, 12.5 ml of Phusion 2�
HF master mix (NEB, Ipswich, MA, USA), and 0–5 ml of DI water.
PCR conditions were 98�C for 1 min followed by 14 cycles of 98�C
for 10 s, 65�C for 30 s, and 72�C for 30 s then 72�C for 5 min. PCR
reactions were then pooled and cleaned with 45 ml of undiluted
AMPure beads and cleaning steps as described above. Libraries
were sequenced using Illumina HiSeq4000 for 150 bp paired-end
reads to 3� coverage.

The raw Illumina sequence data were processed by read qual-
ity trimming, alignment, and variant calling against the L. sativa
reference genome (Reyes-Chin-Wo et al. 2017) using the CLC
Genomics Workbench v10.1.1 (Qiagen). The quality of trimmed
reads was checked using FastQC (Andrews 2010) to confirm high
quality. Probabilistic variant detection was done using the CLC
Genomics Workbench v10.1.1 (Qiagen) set to the following
parameters: nonspecific matches were ignored, broken pairs
were ignored, minimum coverage was set to 3, variant probability
was set to 99.0, required variant count was set to 3, variant in
nonspecific regions were ignored, presence in both forward and
reverse reads was not required, and maximum expected variants
were set to 2.

Sorted BAM files were created from the processed reads in CLC
and used to produce an mpileup file with samtools (Li et al. 2009)
using the v5 L. sativa reference genome (Reyes-Chin-Wo et al.
2017). The mpileup file was used to create a haplotype for every
10 Kb tiled across scaffolds Lsat_1_v5_g_5_1234 to
Lsat_1_v5_g_5_1743 using custom Python scripts available at
https://github.com/alex-kozik/atgc-xyz. The
wgsh_s2_GenotyperCleaner.py script with option 1 with default
settings was used to remove SNPs with severely skewed genotype
data (minor allele frequency < 10%), >80% of the samples miss-
ing, more than one sample displaying an indel in the alignment,
or >10% of the samples genotyped as heterozygous. The
wgsh_s3_SumByGroup.py script option “b” was used to group
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SNPs every 10 Kb along the reference genome. The
wgsh_s4_GroupHaplotyper.py script was used to convert groups
of SNPs to haplotypes. The haplotype data were visualized by
scaffold as ordered in v8 of the L. sativa reference genome assem-
bly (Reyes-Chin-Wo et al. 2017) and additional SNPs were added
in areas of interest by referring to the processed sequence in the
CLC Genomics Workbench v10.1.1 (Qiagen) to identify positions
of cross-overs in each recombinant line. The addition of SNPs
through visual inspection with a few reads (>3) is valid because
we are working with fixed lines (with one exception) and can con-
firm that the SNPs are real by referring to the sequence data of
the parental lines, cvs. Emperor and El Dorado, which were se-
quenced at higher depth. In addition, the visual genotype
call from processed sequence data can be corroborated by
imputation.

RNA-seq analysis
A total of 30 samples for RNA-seq analysis were collected on March
31 from the YAC 2015–2016 field experiment from each of the five
replicates of the six lines planted (Supplementary Table S5). Tissue
was collected using a hole punch to make three �2.5-cm deep
cores from the bottom of three lettuce heads for each replicate,
wrapped in aluminum foil, and quick frozen in liquid nitrogen. Due
to the architecture of the iceberg lettuce head, this procedure sam-
pled the edges of multiple leaves wrapped around the head; some
necrotic leaf tissue symptomatic of tipburn was evident in the sam-
ples. The samples were transported to the lab on dry ice and stored
at �80�C until further processing. Extraction of mRNA and ran-
dom-primed, strand-specific libraries were prepared using the pro-
tocol from Zhong et al. (2011) with minor modifications. The 30
libraries were pooled and 150 bp paired-end sequencing was done
using an Illumina HiSeq 4000 to a depth of �30 million reads per
sample.

Identical reads were removed using custom software. The
processed reads were then quality trimmed using the bbduk algo-
rithm in the BBMap package (Bushnell 2014). Trimmed reads
were quality checked with FastQC (Andrews 2010).

Three analyses were performed with the RNA-seq data, two
differential expression (DE) analyses and a k-mer analysis. For
the two DE analyses, processed reads were aligned to the L. sativa
reference genome (Reyes-Chin-Wo et al. 2017) using STAR soft-
ware (Dobin et al. 2013). Read counts for each of the 67,975 anno-
tated genes were extracted and the expression profiles across
lines were analyzed using the edgeR package (Robinson et al.
2010; McCarthy et al. 2012). The data were normalized with the
TMM algorithm prior to the DE analyses to adjust for between-
sample differences in sequencing depth. For the first DE analysis,
the expression profile of all other genotypes was compared
against that of the resistant parent, cv. El Dorado. Significance
for DE was established at an adjusted P-value < 0.05, which was
generated by the edgeR package. For the second DE analysis, the
expression of resistant lines was contrasted against that of all
susceptible lines.

For the k-mer analysis, processed RNA-seq reads were bulked
into two pools, one for all resistant lines and the other for all sus-
ceptible lines. Reads within each pool were broken into 31-bp
sequences (31 mers or k-mers) and the frequency of all 31mers
was counted using the software Jellyfish (Marçais and Kingsford
2011). k-mers with a frequency lower than six were discarded to
reduce noise introduced by sequencing error. k-mers unique to
each pool were then extracted and assembled into contigs using
the software ABySS (Jackman et al. 2017) with the parameters
k¼ 25, c¼ 0, and e¼ 0 (Fletcher et al. 2020). Contigs longer than

1 Kb were mapped against the lettuce reference assembly.
Unmapped contigs were translated in silico using ExPASy
(Gasteiger et al. 2003) and the function of the translated amino
acid sequences were predicted using NCBI BlastP (Altschul et al.
1990).

Data availability
All raw data and Supplementary material are uploaded in fig-
share (maciasgonzalez.etal.TipburnRawData.xlsx and
Gen_dissect_QTL_Tipburn_SuppMat_03_-02_21_submit.docx, re-
spectively): https://doi.org/10.25387/g3.14151611. Raw genomic
sequences of cv. Emperor, cv. El Dorado, and recombinants have
been uploaded to the National Center for Biotechnology
Information (PRJNA478460). RNA sequencing data have been sub-
mitted to GenBank (PRJNA557490).

Results
Yuma 2013–2014
The first trial in Yuma was conducted to test whether the genes
determining tipburn are located in intervals 1 or 2. No significant
differences in tipburn incidence were detected at the 95% confi-
dence level between the 18 lines with contrasting haplotypes in
intervals 1 and 2 (Table 1 and Figure 2). However, the cvs. El
Dorado and Emperor had significant differences in tipburn inci-
dence. These results for the control cvs. indicate that the envi-
ronment was conducive to tipburn. Because no differences were
seen between the experimental lines, we concluded that the
genes determining tipburn resistance were not in intervals 1 and
2. Therefore, subsequent experiments focused on intervals 3–5.

Yuma 2014–2015
To test if the gene was in intervals 3–5, BC1S2 plants were se-
lected with recombination events in these intervals and tested
in the field at Yuma. Contrasts between haplotypes 3 and 4, 9
and 10, and 11 and 12 were significantly different at the 95%
confidence level (Table 2 and Figure 3). This suggests that the
determinant gene(s) are in intervals 4 or 5. Additional intersti-
tial markers were designed in interval 4 and the lines with a re-
combination in interval 4 were genotyped with the new
markers. The YAC 2014–2015 data for these lines were reana-
lyzed using the new marker data to test whether the location of
the gene(s) was in intervals 4 or 5.

Four additional markers were then designed in interval 4 and
were ordered based on v8 of the L. sativa reference genome as-
sembly (Figure 1 and Supplementary Table S4). These additional
four markers were used to position recombination events within
this interval. The YAC 2014–2015 data were reanalyzed including
the new marker data. There were significant differences between
haplotypes 5.1 and 6.1, 11.1 and 12.1, and 11.2 and 12.2 at the
95% confidence level (Table 3 and Figure 4). This suggests
that the determinant genes may be located between intervals 4.2
and 4.5.

Table 1 Contrast results of the Yuma 2013–2014 experiment

Contrast Difference LHPD UHPD

El Dorado vs Emperor �3.99 �5.92 �1.98
Haplotype 1 vs haplotype 2 0.27 �0.30 0.84

The difference in tipburn incidence is on a logit scale. The lower HPD (LHPD)
and the upper HPD (UHPD) for intervals 1 and 2 bracketed zero; therefore, the
difference in tipburn incidence between the experimental lines was not
significant.
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Comparisons between haplotypes suggested that marker
EMPxELD_1234_129180 (Figure 1) was highly correlated with tip-

burn incidence (Figure 4). Haplotype 11.3 had less tipburn than

12.3. Haplotype 11.3 is homozygous for the cv. El Dorado allele at
marker EMPxELD_1234_129180, whereas haplotype 12.3 was het-

erozygous for the same marker. Similarly, the haplotype that is

heterozygous at marker EMPxELD_1234_129180 did not have as
much tipburn as haplotypes 17 and 18 (Figures 5 and 6), which

were homozygous for the cv. Emperor allele at marker

EMPxELD_1234_129180 but had slightly more tipburn than haplo-
types 15 and 16, which were homozygous for the cv. El Dorado al-

lele at marker EMPxELD_1234_129180.
Haplotypes of BC1S2 lines were examined to select lines for

further testing. If marker EMPxELD_1234_129180 was tightly

linked to the determinant gene for tipburn expression, then there
would be significant differences between contrasting haplotypes
at marker EMPxELD_1234_129180 and no significant differences
within haplotypes that are not contrasting at marker
EMPxELD_1234_129180. A total of 10 lines were selected as poten-
tially informative. Four of the selected recombinant lines with
the cv. El Dorado allele at marker EMPxELD_1234_129180
(Figure 1) had flanking recombination events (i.e., recombination
events in intervals 4.3 or 4.4). Six haplotypes had the cv. Emperor
allele at marker EMPxELD_1234_129180 and had flanking recom-
bination events but not in the same positions as the lines de-
scribed above (i.e., recombination events in intervals 4.2 or 4.5).
These lines were selected because no lines were found with the
cv. Emperor allele at marker EMPxELD_1234_129180 and the
same flanking recombination events as the other four lines. The
nine selected BC1S2 haplotypes were selfed and BC1S3 was geno-
typed; 18 BC1S3 lines were selected for further evaluation in
Yuma, Arizona and Salinas, California.

Yuma 2015–2016
These 18 homozygous BC1S3 lines were planted in YAC 2015–2016
to test whether there were significant differences in tipburn ex-
pression between lines that had contrasting alleles at marker
EMPxELD_1234_129180 but no differences between lines that
shared the resistant or susceptible EMPxELD_1234_129180 allele.
There was significantly less tipburn incidence in haplotypes with
the cv. El Dorado allele at marker EMPxELD_1234_129180 (e.g.,
haplotypes 15, 16, and 14G1227) compared with haplotypes with
the cv. Emperor allele (e.g., haplotypes 17 and 18) at the 95% con-
fidence level (Table 4 and Figure 5). This confirmed the tight asso-
ciation between the gene(s) for tipburn and marker
EMPxELD_1234_129180. The haplotype 14G1227 had a much
higher tipburn incidence than haplotypes 15 and 16 but no signif-
icant differences were detected at the 95% confidence level
(Figure 5). However, the haplotype 14G1227 did have significantly
more tipburn severity than haplotypes 15 and 16 (Supplementary
Table S6; P¼ 5.4e�03).

There were no significant differences in tipburn incidence be-
tween haplotypes 15 and 16 and between haplotypes 17 and 18 at
the 95% confidence level (Table 4 and Figure 5). Tipburn inci-
dence was less in cv. El Dorado than in cv. Emperor but not signif-
icant at the 95% confidence level (Table 4 and Figure 5).

Salinas 2016
The Yuma experiment was repeated the following summer in
Salinas to evaluate the lines in a different environment. The
Salinas 2016 experiment when evaluated 65 and 71 days after
seed imbibition yielded similar results as the Yuma 2015–2016
experiment. There was a significant reduction in tipburn inci-
dence between haplotypes 15, 16, and 14G1227 when compared
with haplotypes 17 and 18 (Figure 6 and Table 5). There was no
significant difference between haplotypes 15 and 16 compared
with 14G1227 (Table 5). There was no significant difference be-
tween haplotypes 15 and 16 (Table 5). However, there was signifi-
cantly more tipburn incidence in haplotype 17 than 18 at both
harvest dates (Table 5 and Figure 6). Cv. El Dorado had signifi-
cantly less tipburn incidence than cv. Emperor at 65 dai; however,
at 75 dai cv. El Dorado did not have significantly less tipburn inci-
dence than cv. Emperor at the 95% confidence level. Cv. El
Dorado had the highest increase in tipburn incidence, going from
�5% to 60% at 71 dai (Figure 6). The recombinant lines did not
have a difference in the rate of change for tipburn incidence.
Haplotypes 15, 16, and 14G1227 did not show as dramatic an

Figure 2 Tipburn incidence of each haplotype in the Yuma 2013–2014
field experiment. Haplotypes 1 and 2 are color coded to represent which
segments of the QTL are homozygous for the cv. El Dorado allele or cv.
Emperor allele. The number of lines tested with the same haplotype is
reported in parenthesis. The comparisons made by orthogonal contrast
at a significance level of a ¼ 0.05 are shown by haplotypes connected by
brackets. Comparisons labeled “NS” were not significantly different.
Comparisons labeled with an asterisk were significantly different. Error
bars are the HPD intervals at the 95% confidence level.

Table 2 Results of the Yuma experiment in 2014–2015

Contrast Difference LHPD UHPD

El Dorado vs Emperor �1.05 �1.99 4.23
Haplotype 3 vs haplotype 4 �3.19 �4.56 �2.0
Haplotype 5 vs haplotype 6 �0.37 �1.46 0.66
Haplotype 7 vs haplotype 8 0.23 �0.70 1.25
Haplotype 9 vs haplotype 10 �4.65 �5.91 �3.46
Haplotype 11 vs haplotype 12 �1.77 �2.68 �0.78
Haplotype 13 vs haplotype 14 0.023 �0.92 1.37

The difference in tipburn incidence is in the logit scale. HPD intervals are
estimated at the 95% confidence level. When the LHPD and the UHPD did not
bracket zero, then the difference in tipburn incidence was significant.
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Figure 3 Tipburn incidence of each haplotype in the field experiment at Yuma in 2014–2015. Haplotypes 3–14 are color coded to represent segments of
the QTL that are homozygous for the cv. El Dorado allele or cv. Emperor allele and those that are heterozygous. The number of lines tested with the
same haplotype is reported in parenthesis. The comparisons made by orthogonal contrast at a significance level a ¼ 0.05 are shown by haplotypes
connected by brackets. Comparisons labeled “NS” were not significantly different. Comparisons labeled with an asterisk were significantly different.
Error bars are the HPD intervals at the 95% confidence level.
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increase in tipburn as cv. El Dorado. Therefore, the data from

Yuma and Salinas indicated that there was a gene between
markers EMPxELD_1234_129021 and EMPxELD_1743_126841 (i.e.,

intervals 4.3 and 4.4) that can reduce tipburn incidence by 60%

(Figures 5 and 6).
The comparisons between haplotypes 17 and 18 provided ad-

ditional information indicative of a second gene influencing tip-

burn outside of the intervals 4.3 and 4.4. Haplotype 17 had

significantly more tipburn incidence than haplotype 18 (Figure 6
and Table 5). Similarly, haplotype 15 showed more tipburn inci-

dence than haplotype 16 (Figure 6). This is consistent with a sec-

ond gene located between AVEP-OP4 and EMPxELD_1234_129021
of lesser effect contributing to the tipburn phenotype, for which

the cv. Emperor allele confers resistance rather than the cv. El
Dorado allele.

Genomic sequence analysis
The above marker analysis narrowed the position of the major

gene(s) for tipburn to three scaffolds spanning �1294 Kb, which
contained 23 annotated genes in the reference genome assembly

(Reyes-Chin-Wo et al. 2017). To further fine map the location of

genes for tipburn resistance, the six tipburn resistant BC1S2

recombinants with cross-overs between EMPxELD_1234_129021

and EMPxELD_1743_126841 were sequenced. Haplotypes were de-

termined for 10 Kb intervals across the EMPxELD_1234_129021 to
EMPxELD_1743_126841 region and individual SNPs were deter-

mined across the candidate region (Figure 7). This analysis

revealed the relative positions of recombination events in the v8
reference genome relative to genes in the region. Lines 15G206

and 15G209 had a recombination event at position �253,299,305
within scaffold Lsat_1_v5_g_5_1234. The heterozygous haplotype

14G1227 had a recombination event in scaffold
Lsat_1_v5_g_5_1234 at position �253,276,149. Haplotypes
15G368, 15G369, and 15G370 had a recombination event at posi-
tion �252,012,564 within scaffold Lsat_1_v5_g_5_1743. Haplotype
15G277 had a recombination event at position �252,470,667 of
scaffold Lsat_1_v5_g_5_517. Therefore, the gene(s) for tipburn re-
sistance are between position 253,304,091 of scaffold
Lsat_1_v5_g_5_1234 and position 252,200,668 of scaffold
Lsat_1_v5_g_5_517. This analysis reduced the candidate region to
877 Kb according to Gbrowse v9 of the L. sativa cv. Salinas ge-
nome, which contained 12 genes.

There were very few sequence polymorphisms between cvs.
Emperor and El Dorado in these 12 genes (Supplementary Table S7).
Only three of the 12 genes had SNPs. Lsat_1_v5_gn_5_129180 was
the only gene with a SNP in an exon, which was the marker
EMPxELD_1234_129180 used in the above analyses.
Lsat_1_v5_gn_5_127001 and Lsat_1_v5_gn_5_127161 had SNPs in
introns. The �5.4 Kb insertion was evident in the 30UTR region of the
primary transcript of Lsat_1_v5_gn_5_127021, which had been
reported previously (Seki et al. 2020). No additional large deletions
were detectable with certainty given the variation in sequencing
depth of cv. Emperor. Six of these 12 genes had mutations in the
5 Kb upstream of the coding region and therefore had potential
promoter polymorphisms, including Lsat_1_v5_gn_5_129040,
Lsat_1_v5_gn_5_129201, Lsat_1_v5_gn_5_126960, Lsat_1_v5_gn_5_1
27021, Lsat_1_v5_gn_5_127080, and Lsat_1_v5_gn_5_127161
(Supplementary Table S7).

RNA-seq analysis
To assist in the identification of candidate genes, inner leaves of
cvs. Emperor and El Dorado and four BC1S3 recombinant lines,
two resistant and two susceptible, were analyzed by RNA-seq
(Supplementary Table S5). Expression was not detected for 7 of
the 12 genes in the 877 Kb region.

Three independent DE analyses were performed. First, we
compared the expression between the resistant parent, El
Dorado, and each other line. Only two genes,
Lsat_1_v5_gn_5_129241 and Lsat_1_v5_gn_5_127021, were signifi-
cantly DE between all susceptible lines and the resistant cv. El
Dorado (Table 6). Lsat_1_v5_gn_129241 encodes a superoxide dis-
mutase, and Lsat_1_v5_gn_127021 encodes a Teosinte
branched1/Cycloidea/Proliferating Cell factor 4 (TCP4) transcrip-
tion factor-like protein. Expression of genes
Lsat_1_v5_gn_5_129040 and Lsat_1_v5_gn_5_129180, which are
annotated as a vacuolar proton-Ca2þ exchanger protein, was only
DE between the susceptible progeny 15G267 and the resistant
parent, El Dorado, but not between any other susceptible lines
and El Dorado.

Second, we formed two pools of RNA-seq results, one pool for
all resistant lines (El Dorado, 15G209, and 15G368) and the other
for all susceptible lines (Emperor, 15G174, and 15G267) and per-
formed DE analysis between the two pools. All five expressed
genes within the QTL were identified as DE genes with an ad-
justed P-value < 0.05 (Table 7).

Third, we performed k-mer analysis for the two pools of RNA-
seq results. k-mers unique to the susceptible pool assembled into
83 large (>1 Kb) contigs, whereas k-mers unique to the resistant
pool assembled into 37 large contigs. Interestingly, the cDNA se-
quence of Lsat_1_v5_gn_5_129180 was found among the large
contigs unique to the susceptible pool. Most of the rest of the
pool-specific contigs mapped to outside of the tipburn QTLs in
the reference genome. Seventeen of the pool-specific contigs did

Table 3 Contrast results of the experiment at Yuma in 2014–2015
with the additional marker data

Contrast Estimate LHPD UHPD

El Dorado vs Emperor �1.20 �1.97 �4.25
Haplotype 5.1 vs haplotype 6.1 �2.47 �4.79 �0.19
Haplotype 5.2 vs haplotype 6.2 0.27 �1.79 2.3
Haplotype 5.3 vs haplotype 6.3 0.70 �1.20 2.53
Haplotype 11.1 vs haplotype 12.1 �3.40 �5.41 �1.44
Haplotype 11.2 vs haplotype 12.2 �3.29 �5.36 �1.14
Haplotype 11.3 vs haplotype 12.3 �0.82 �2.71 �0.90

Estimates are the difference in tipburn incidence in the logit scale. HPD
intervals were estimated at 95% confidence level. When the LHPD and the
UHPD did not bracket zero, then the difference in tipburn incidence was
significant.

Table 4 Contrast results of the Yuma 2015–2016 experiment

Contrast Estimate LHPD UHPD

El Dorado vs Emperor �2.17 �6.19 2.16
Average of haplotypes 15, 16,

and 14G1227 vs Average of
Haplotype s17 and 18

�24.1 �36.1 �11.8

Average of haplotypes 15 and 16
vs 14G1227

�4.54 �11.45 1.93

Haplotype 15 vs haplotype 16 0.098 �3.18 3.06
Haplotype 17 vs haplotype 18 0.99 �1.86 3.71

Estimates are the difference in tipburn incidence in the logit scale. HPD
intervals were estimated at the 95% confidence level. When the LHPD and the
UHPD did not bracket zero, then the difference in tipburn incidence was
significant.
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Figure 4 Tipburn incidence of the haplotypes in the Yuma 2014–2015 experiment with new marker data designed to dissect interval 4. Haplotypes are
color coded to represent the segments of interval 4 that are homozygous for cv. El Dorado allele or cv. Emperor allele and heterozygous regions. The
number of lines tested with the same haplotype is reported in parenthesis. The comparisons made by orthogonal contrast at a ¼ 0.05 significance level
are shown by haplotypes connected by brackets. Comparisons labeled “NS” were not significantly different. Comparisons labeled with an asterisk were
significantly different. Error bars are the HPD intervals at the 95% confidence level.
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not map to the lettuce reference genome and instead encoded
fungal or viral proteins.

The minor QTL is flanked by AVEP-OP4 and
Lsat_1_v5_gn_5_129040. A similar RNA-seq analysis was

conducted for this region to identify DE genes. The cv. El Dorado
allele is the susceptible allele in the minor QTL region. The RNA-
seq results compared a pool of lines with the susceptible allele
(15G368, 15G174, and cv. El Dorado) to a pool of lines with the

Figure 5 Tipburn incidence of the haplotypes in the Yuma 2015–2016 experiment. Haplotypes are color coded to represent the segments of interval 4
that are homozygous for cv. El Dorado allele or cv. Emperor allele and heterozygous regions. The number of lines tested with the same haplotype is
reported in parenthesis. The comparisons made by orthogonal contrast at a significance level of a ¼ 0.05 are shown by haplotypes connected by
brackets. Comparisons labeled “NS” were not significantly different. Comparisons labeled with an asterisk were significantly different. Error bars are the
HPD intervals at the 95% confidence level.
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resistant allele (15G209, 15G267, and cv. Emperor). There are
�435 genes in this interval, of which 39 were DE between the two
pools (Supplementary Table S8). These genes encoded for a wide
range of activities involved in growth, metabolism, and ion trans-
port. Interestingly, Lsat_1_v5_gn_5_140040 is in a 27.5 Kb region
where no reads from cv. Emperor mapped to the reference

genome and is potentially an indel; therefore,

Lsat_1_v5_gn_5_140040 may be missing from cv. Emperor.

Other traits
The results for tipburn severity were very similar to the results of

tipburn incidence (Supplementary Table S6); therefore, these are

Figure 6 Tipburn incidence of the haplotypes in the Salinas 2016 field experiment. The haplotypes were evaluated twice, once at 65 and 71 dai.
Haplotypes are color coded to represent the segments of interval 4 that are homozygous for cv. El Dorado allele or cv. Emperor allele and heterozygous
regions. The number of lines tested with the same haplotype is reported in parentheses. The comparisons made by orthogonal contrast at a significance
level of a ¼ 0.05 are shown by haplotypes connected by brackets. Comparisons labeled “NS” were not significantly different. Comparisons labeled with
an asterisk were significantly different. Error bars are the HPD intervals at the 95% confidence level.
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not discussed further. There was significantly more leaf crinkli-
ness in haplotypes with the cv. Emperor allele at intervals 4.3 and
4.4 in both Yuma, Arizona and Salinas, California (P< 1.0e�04;
Supplementary Table S9). There were no significant differences
in leaf crinkliness between haplotypes 15 and 16 in either Yuma
or Salinas (P¼ 0.15 and 1.0, respectively). However, haplotype 17
had significantly more leaf crinkliness in the Salinas experiment
(P¼ 5.4e�03). This is because occasionally some of the lines with
haplotype 18 were scored as having less leaf crinkliness. cv.

Emperor has the crinklier leaf phenotype and the susceptibility
allele at the major tipburn QTL. Therefore, genes controlling leaf
morphology could be in this same region or may have a pleiotro-
pic effect on tipburn incidence.

There was no significant difference in firmness between cvs.
Emperor and El Dorado but haplotypes 17 and 18 had signifi-
cantly more firmness compared with haplotypes 15, 16, and
14G1227 in all locations and time points (Supplementary Table
S9). Haplotype 15 had significantly more firmness than haplotype
16 in the Salinas experiment at both timepoints (P¼ 6.8e�03 and
0.026). There were no significant differences in head firmness be-
tween haplotypes 17 and 18. Firmness is a proxy for maturity,
growth rate, and head architecture; the firmer lines were more
prone to tipburn. Therefore, genes controlling growth rate and/or
head architecture may be influencing tipburn incidence.

There was significantly greater fresh plant weight in haplo-
types 15, 16, and 14G1227 compared with haplotypes 17 and 18 in
the Yuma experiment, but in Salinas at 65 dai, the group with the
cv. El Dorado allele had significantly less plant weight (P< 1.0e�04

and P¼ 4.2e�03, respectively; Supplementary Table S9). On aver-
age, haplotypes 15, 16, and 14G1227 yielded 455 g more than hap-
lotypes 17 and 18. In Salinas, haplotypes 15, 16, and 14G1227
yielded 65 g less than haplotypes 17 and 18. There was no signifi-
cant difference within the cv. El Dorado haplotypes but there was
a significant difference within the cv. Emperor haplotypes in
Yuma (P¼ 7.1e�03). Therefore, there was an uncoupling between
tipburn and plant fresh weight in the Yuma environment. QTLs
have been identified for plant fresh weight elsewhere in the ge-
nome (Macias-González et al. 2019, 2020); therefore, tipburn is not
obligatorily driven by plant weight.

Table 5 Results of the Salinas 2016 experiment 65 and 71 dai

65 dai 71 dai

Contrast Estimate LHPD UHPD Estimate LHPD UHPD

El Dorado vs
Emperor

�3.17 �6.19 �0.14 �1.08 �2.82 0.80

Average of haplo-
types 15, 16,
and 14G1227 vs
average of hap-
lotypes 17 and
18

�24.4 �32.0 �15.9 �26.7 �32.3 �21.4

Average of haplo-
types 15 and 16
vs 14G1227

�3.01 �7.74 1.21 �1.21 �4.39 1.67

Haplotype 15 vs
haplotype 16

2.07 �0.34 4.59 0.88 �0.43 2.42

Haplotype�17 vs
haplotype 18

2.10 0.68 3.66 3.13 1.92 4.46

Estimates are the difference in tipburn incidence in the logit scale. HPD
intervals were estimated at the 95% confidence level. When the LHPD and the
UHPD did not bracket zero, then the difference in tipburn incidence was
significant.

Table 6 RNA-seq analysis results for genes located within the �877 Kb candidate region

15G209 15G368 15G174 15G267 Emperor

Tipburn
incidence

82.60% 82.60% 82.60% 82.60% 82.60% 82.60% 82.60% 82.60% 82.60%

Gene
Lsat_1_v5_g-

n_5_129040
NS – NS D NS E 4.43 E NS E

Lsat_1_v5_g-
n_5_129100

ne D ne D ne E ne E ne E

Lsat_1_v5_g-
n_5_129180

NS D NS D NS E 0.70 E NS E

Lsat_1_v5_g-
n_5_129201

NS D NS D NS E �0.45 E NS E

Lsat_1_v5_g-
n_5_129241

NS D NS D 0.71 E �0.97 E 0.78 E

Lsat_1_v5_g-
n_5_126960

ne D ne D ne E ne E ne E

Lsat_1_v5_g-
n_5_127001

ne D ne D ne E ne E ne E

Lsat_1_v5_g-
n_5_127021

NS D NS D �0.49 E 0.65 E �0.54 E

Lsat_1_v5_g-
n_5_127080

ne D ne D ne E ne E ne E

Lsat_1_v5_g-
n_5_127101

ne D ne D ne E ne E ne E

Lsat_1_v5_g-
n_5_127121

ne D ne D ne E ne E ne E

Lsat_1_v5_g-
n_5_127161

ne D ne D ne E ne E ne E

The expression profile of cv. El Dorado was used as the reference. If the genes were differentially expressed, the log2 fold change in comparison with cv. El Dorado is
provided. NS ¼ gene was expressed but not differentially expressed. ne ¼ no expression detected. D ¼ cv. El Dorado allele. E ¼ cv. Emperor allele.
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Discussion
In this study, we genetically dissected the major QTL previously
identified using multiple RIL populations (Macias-González et al.
2019) and identified candidate genes for resistance to tipburn.

The QTL was dissected in two stages using RILs derived from cvs.
Emperor � El Dorado (Jenni et al. 2013). First, half of the QTL re-
gion was tested for presence of tipburn genes by comparing lines
with contrasting haplotypes in the target region for differences in
tipburn incidence. Since no differences were detected in one half
of the QTL region, new lines were developed with recombination
events in the other half of the QTL region. This required large-
scale field experiments to evaluate tipburn phenotypes on a line
rather than an individual plant basis. The combined field pheno-
typing and genotyping analyses revealed a genomic region of
877 Kb encoding 12 genes that was significantly associated with
tipburn incidence. In addition, these experiments provided evi-
dence for a second gene of minor effect outside of the 877 Kb re-
gion but within the overall region of qTPB5.2.

Two of the 12 genes identified in the major-effect interval as-
sociated with tipburn, Lsat_1_v5_gn_5_129040 and
Lsat_1_v5_gn_5_129180, encode proteins with sequence similar-
ity to calcium transporters. These genes were differentially

Figure 7 Genomic DNA sequence results of informative recombinants further fine map the location of candidate genes to the box outlined in bold.
Haplotyping was done for every 10 Kb and some genotyping was added by visual inspection of the raw sequence or by available markers. Genotypes
called by markers are reported under the “Marker” column by the marker name. Genotypes called by visual inspection of the raw sequence are reported
under the column “Visual Inspection” with an “X.” The start and end positions are reported as given in version 5 of the lettuce genome (Reyes-Chin-Wo
et al. 2017). Note that the orientation of Lsat_1_v5_g_5_1743 is inverted. The resistant allele (D) is from cv. El Dorado, the susceptible allele (E) is from cv.
Emperor, and the heterozygous genotype is denoted by H.

Table 7 Pooled RNA-seq analysis results for differentially
expressed genes located within the �877 Kb candidate region

Gene Log2 fold change Adjusted P-value

Lsat_1_v5_gn_5_129040 �0.50 0.0051
Lsat_1_v5_gn_5_129180 �2.9 0.011
Lsat_1_v5_gn_5_129201 0.33 0.005
Lsat_1_v5_gn_5_129241 �0.52 8.4e�06

Lsat_1_v5_gn_5_127021 0.64 1.7e�05

Comparison was done between a pool of lines with the susceptible allele
(15G174, 15G267, and cv. Emperor) against a pool of lines with the resistant
allele (15G209, 15G368, and cv. El Dorado).
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expressed between pools of lines with the resistant allele
(15G209, 15G368, and cv. El Dorado) and lines with the suscepti-
ble allele (15G174, 15G267, and cv. Emperor) on the major QTL. k-
mers unique to the susceptible transcriptome pool assembled
into the transcript of Lsat_1_v5_gn_5_129180, consistent with
this gene functioning in tipburn susceptibility. These genes are
good candidates because their function is congruent with the as-
sociation of tipburn with local calcium deficiency. The
Arabidopsis thaliana ortholog At1g53210, expressed in leaf and
shoot tissue, is localized in the plasma membrane and plays a
role in Ca2þ homeostasis during salt and heat stress (Wang et al.
2012), auxin signaling, and flowering time (Li et al. 2016).
Lsat_1_v5_gn_5_129180 had a missense alanine to valine poly-
morphism in the exon; this was not located in the Naþ/Caþ ex-
changer or EF-hand-like domains. The EF-hand-like domain is
thought to deregulate the Naþ/Ca2þ exchanger activity based on
enhanced activity of the transporter when the EF-hand motifs
were deleted (Li et al. 2016). If this mutation is responsible for the
differences in tipburn incidence, then it could be due to a change
in protein folding. Alanine and valine have similar chemical
properties; they are both small, nonpolar, and hydrophobic
(Livingstone and Barton 1993). However, valine is more hydro-
phobic than alanine and has a greater preference to be within hy-
drophobic cores (Betts and Russell 2003). An alanine to valine
substitution or vice versa has been shown to cause significant
changes in function, expression, and physical conformation of
proteins (Gradstein et al. 2016; Johnson et al. 2016; Cantu et al.
2017). Expression of Lsat_1_v5_gn_5_129180 has been reported
previously (De Cremer et al. 2013); however, expression and differ-
ences in expression were not detected in the tissue collected in
this study, even though some collected tissue showed symptoms
of tipburn. Future experiments should analyze leaf tissue at dif-
ferent, earlier stages of maturation. At1g53210 is expressed from
the 2- to 12-leaf stages in Arabidopsis; expression may be similar
in lettuce. Transgenics expressing the Lsat_1_v5_gn_5_129180
promoter fused to a reporter gene might be informative.

Lsat_1_v5_gn_5_127021 and Lsat_1_v5_gn_5_127080 are both
genes encoding TCP4 and TCP10 transcription factors
(Supplementary Table S7) belonging to the class II CIN-TCP tran-
scription factors. They can be responsible for the differences in
leaf crinkliness because homologs in Arabidopsis have a similar
role. In Arabidopsis, these transcription factors interact with phy-
tohormone pathways (Sarvepalli and Nath 2011a; Nicolas and
Cubas 2016), regulate petal (Nag et al. 2009) and leaf growth medi-
ated by cell proliferation (Palatnik et al. 2003; Efroni et al. 2008;
Rodriguez et al. 2010; Sarvepalli and Nath 2011b; Schommer et al.
2014), and are negatively regulated by micro-RNA miR319a
(Nicolas and Cubas 2016). Down regulation of class II TCP tran-
scription factors by miR319a or knockouts of TCP factors have
resulted in a characteristic crinkly leaf phenotype in both
Arabidopsis and Antirrhinum major (Nath et al. 2003; Palatnik et al.
2003; Koyama et al. 2007, 2010; Efroni et al. 2008). There is a gene
dosage effect between leaf crinkliness and the number of CIN-
TCP genes knocked out (Koyama et al. 2010).

In this study, the TCP 4 ortholog was down regulated in cv.
Emperor and 15G174 but not 15G267 (all susceptible lines) when
compared with cv. El Dorado (Table 6). Cv. Emperor, 15G174, and
15G267 all showed the crinkly leaf phenotype. However, in the
pooled analysis, the results showed that this gene was upregu-
lated (Table 7). It is unclear why there is this discrepancy, but it is
possible that the expression of the gene changes over time. The
results indicate that this gene is differentially expressed between
resistant and susceptible pools, which is consistent with the

findings reported in Seki et al. (2020) who attributed the differen-
tial gene expression to a retrotransposon insertion in the 30-UTR
region of the gene in Empire type cvs., such as cv. Emperor, and
found a strong correlation to higher leaf crinkliness and late bolt-
ing in this gene. If this gene has a pleiotropic effect on tipburn, it
could be due to the effects that this gene has on cell proliferation.
The susceptible allele would result in greater cell proliferation in
the Emperor type than in the El Dorado type, resulting in a higher
demand for calcium in the proliferating cells. Given that calcium
transport to tissues is mainly determined by the transpiration
stream and that leaves growing under high humidity (such as the
internal leaves of iceberg lettuce) would receive less calcium
(Barta and Tibbitts 1986), we propose the following hypothesis:
(1) greater cell proliferation due to downregulation of CIN-TCP
causes higher demand for calcium; (2) reduced transpiration
from younger leaves inside the head results in a reduced supply
of calcium to proliferating cells; and (3) a shortage of calcium
supply to proliferating cells in these younger leaves results in tip-
burn. Future studies should knockout or interfere with the gene
expression of the genes in this 877 Kb region to identify which
gene knockout or knockdown results in higher tipburn incidence
or severity. Finding this correlation would provide further evi-
dence of the causal gene.

The RNA-seq data were examined to identify DE genes in the
minor effect region outside of the major 877 Kb region, which
could be candidates for the minor effect gene. Thirty-nine genes
showed DE between pools with susceptible or resistant allele
(Supplementary Table S8). Lsat_1_v5_gn_5_128860 is the only DE
gene encoding for an ion channel. Three other DE genes are in-
volved with cell wall integrity, among these are
Lsat_1_v5_gn_5_140040 and Lsat_1_v5_gn_5_135361.
Lsat_1_v5_gn_5_140040 encodes a cellulose synthase that is lo-
cated within a 27.5 Kb deletion in cv. Emperor compared with cv.
El Dorado. Some mutants of the ortholog in Arabidopsis have re-
duced cellulose deposition in xylem cell walls (Turner and
Somerville 1997) and increased drought and salt tolerance (Chen
et al. 2005). It is unclear what effect the deletion in cv. Emperor of
Lsat_1_v5_gn_5_140040 has on tipburn incidence; however, the
cell wall could play a role in tipburn incidence by acting as a sink
for Ca2þ or influencing cellular integrity. Lsat_1_v5_gn_5_135361
encodes for b-galactosidase 2 (BGAL2), which has been shown to
be important in secondary cell wall formation in flax (Linum usita-
tissinum) and hemp (Cannabis sativa; Roach et al. 2011 and Behr
et al. 2018). However, Moneo-Sánchez et al. (2018) studied knock-
out mutants of several BGAL genes and found no significant phe-
notypic changes, which lead them to conclude that other
b-galactosidases from the same subfamily can compensate for
the loss of function of these proteins.

Only one gene in the minor QTL encodes an ion channel,
Lsat_1_v5_gn_5_128860. Lsat_1_v5_gn_5_128860 encodes an ion-
otropic glutamate receptor-like protein (GLR); ionotropic gluta-
mate receptors are known to play a role in Ca2þ flux in rice roots
(Ni et al. 2016), root apical meristem cell division at early seedling
stage (Li et al. 2006), and lateral root initiation (Vincill et al. 2013).
The overexpression of GLRs has been shown to cause symptoms
like tipburn in Arabidopsis (Kim et al. 2001; Kang et al. 2006). The
increased expression of the GLR ortholog in lettuce
(Lsat_1_v5_gn_5_128860) caused by the cv. Emperor allele does
not correlate with increased tipburn incidence. However, the cv.
Emperor GLR allele has �26 insertions, deletions, and substitu-
tions in both exons and introns, thus is likely nonfunctional.

Future studies should investigate recombinants with recombi-
nation events in the minor QTL region. To increase the detection
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power of differences between lines carrying the susceptible or re-
sistant minor QTL in the experiments, the recombinants should
be developed in a background with the susceptible tipburn QTL
and the experiments should be conducted in mild climates, such
as those experienced in Salinas, CA. In our experiments, these
conditions allowed for the greatest detection of the minor QTL.

In our study, qTPB5.2 fractionated into two QTLs, one of major
effect and another of lesser effect. Some, but not all, large effect
QTLs in other species have been shown to fractionate into multi-
ple QTLs (Chen and Tanksley 2004; Lecomte et al. 2004; Edwards
and Mackay 2009; Studer and Doebley 2011). In tomato, (Solanum
lycopersicum), QTLs for late blight resistance introgressed from
wild tomato species (Solanum habrochaites) (Brouwer and St. Clair
2004) were later found to fractionate into multiple QTLs for late
blight resistance and other horticultural traits (Johnson et al.
2012; Haggard et al. 2013).

Tipburn is difficult to phenotype reliably due its sensitivity to
environmental conditions; therefore, precise molecular markers
to assist pyramiding causal genes for resistance would be ex-
tremely useful in breeding for improved resistance in the field.
Our dissection of qTPB5.2 is a promising precedent for the dissec-
tion and identification of candidate genes at the second major
QTL for tipburn located in chromosome 1 (Macias-González et al.
2019). In this study, we narrowed down the location of candidate
genes to 877 Kb. Further research is needed to identify the causal
genes, but marker EMPxELD_1234_129180 can be immediately
used for marker assisted selection to introgress the major resis-
tance allele into new cvs. of iceberg-type lettuce. In addition, two
highly resistant homozygous recombinant lines (15G206 and
15G209) with resistant haplotypes for both the major and minor
QTLs can be used as the foundation for breeding cvs. with en-
hanced resistance to tipburn using markers previously identified
in scaffolds across the entire QTL (Macias-González et al. 2019).
This study also showed that phenotyping for tipburn severity can
offer breeders and researchers more power to detect differences
for tipburn resistance between lines over tipburn incidence.

Conclusions
We identified candidate genes for the complex physiological trait
of tipburn incidence. The initial region of qTPB5.2 spanned over
�24.5 Mb and 22.8 cM and contained several thousand genes; this
was reduced to a region of 877 Kb with major effect on the inci-
dence of tipburn that contained only 12 genes. A second minor ef-
fect region is located outside of the major effect region but still
within the QTL. Candidate genes include ones encoding proteins
associated with cation transport, cellulose synthase, and cell pro-
liferation. These genes are immediately useful as genetic markers
for breeding for resistance to tipburn in iceberg lettuce and resis-
tant lines have been developed to introgress the resistant haplo-
types of both the major and minor effect regions.
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