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Abstract

Background: Lettuce is a globally important leafy vegetable that exhibits diverse
horticultural types and strong population structure, which complicates genetic analy-
ses. To address this challenge, we develop the first multi-parent, advanced generation
inter-cross (MAGIC) population for lettuce using 16 diverse founder lines.

Results: Whole-genome sequencing of the 16 founder lines and 381 inbred progeny
reveal minimal population structure, enabling informative genome-wide associa-

tion studies (GWAS). GWAS of the lettuce MAGIC population identifies numerous loci
associated with key agricultural traits, including 51 for flowering time, 11 for leaf color,
and 5 for leaf shape. Notably, loss-of-function mutations in the LsphyB and LsphyC
genes, encoding phytochromes B and C, dramatically delay flowering in lettuce, which
is in striking contrast to many other plant species. This unexpected finding highlights
the unique genetic architecture controlling flowering time in lettuce. The wild-type
LsTCP4 gene plays critical roles in leaf flatness and its expression level is negatively
correlated with leaf curvature. Additionally, a novel zinc finger protein (ZFP) gene

is required for the development of lobed leaves; a point mutation leads to its loss

of function and consequently converted lobed leaves to non-lobed leaves, as exhibited
by most lettuce cultivars.

Conclusions: The MAGIC population’s lack of structure and high mapping resolution
enables the efficient dissection of complex traits. The identified loci and candidate
genes provide significant genetic resources for improving agronomic performance
and leaf quality in lettuce.
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Background

Lettuce (Lactuca sativa), a member of the Asteraceae (Compositae) family, is one of the
most important vegetable crops worldwide. The total global production of lettuce and
chicory was 27.149 million tons in 2022 (FAOSTAT, https://www.fao.org/faostat/en/).
As a leafy salad vegetable, the color and shape of the leaf are critical sensory qualities of
lettuce. There are several distinct horticultural types of lettuce that vary in shape, color,
and degree of heading; these types constitute different genetic populations within culti-
vated lettuce.

Genetic studies of variations in leaf color have revealed at least seven polymorphic
genes associated with the color of lettuce leaves [1-5]. The RLLI-4 genes encode tran-
scription factors that regulate the anthocyanin biosynthesis pathway in lettuce, resulting
in different levels of red color [3]. Mutation of LsF3’H and LsCHI, two structural genes,
reduces anthocyanin accumulation but significantly increases the contents of kaemp-
ferol and naringenin in lettuce [6]. A CACTA transposon inserted in the 5’ untranslated
region of the LsANS gene converted red leaves to green leaves [2]. In addition to their
red color, lettuce cultivars also vary from pale green to dark green; two genes, LsGLK
and LsNRL4, have been shown to regulate the chlorophyll content and depth of green
leaves [1, 5]. However, whether there are additional genes contributing to variations in
leaf color in lettuce has yet to be explored.

Leaf shape is established by cell proliferation and expansion along the proximal-distal,
medial-lateral, and adaxial-abaxial axes [7]. Developmental dysregulation of leaf dors-
oventrality (adaxial-abaxial axis) may result in the development of leafy heads in some
vegetable crops. The loss of function of LsSAW1I led to the upregulation of abaxial genes
and the downregulation of adaxial genes to promote the development of leafy heads in
lettuce [8]. The upregulation of the LsKNI gene by the insertion of a CACTA transposon
caused multiple morphological changes in lettuce, including leafy heads, wavy leaves,
and/or palmately lobed leaves, depending on the genetic background [9-11]. The down-
regulation of the expression levels of LsTCP4, a CIN-like TCP transcription factor, has
been proposed to be associated with wavy leaves in lettuce [12].

Leaf lettuce is harvested as a vegetative rosette. Bolting results in a bitter taste and
unmarketable heads; therefore, late bolting and flowering are important breeding goals
for lettuce [13]. Flowering time is regulated by multiple pathways, including the photo-
period, ambient temperature, autonomous, vernalization, gibberellin, and age pathways
[13, 14]. Numerous genes, including the floral integrator genes CONSTANS (CO) and
photoreceptors phytochrome A-E (phyA-E), are key players in the photoperiod path-
way [14-16]. The effects of the loss of function of p/hyB or phyC on flowering time vary
dramatically among different plant species. Loss-of-function of phyB or phyC typically
accelerates flowering in most species investigated, including Arabidopsis, rice, poplar,
and barley [17-21]. However, the loss of functions of phyB or phyC delays flowering in
wheat under long-day photoperiods [22, 23].

Genome-wide association studies (GWAS) are considered the most effective approach
for the systematic identification of genetic variations associated with multiple traits [24].
However, the presence of population structure and rare alleles may compromise its effi-
cacy [25]. The use of multiparent populations for GWAS provides a solution for such
constraints. Multi-parent populations that are derived from multiple, diverse parental
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lines can sample genetic diversity and balance allele frequencies. Multi-parent genetic
designs, such as nested association mapping (NAM), multi-parent advanced generation
inter-crossing (MAGIC), random-open parent association mapping (ROAM), and com-
plete-diallel design plus unbalanced breeding-like intercrossing (CUBIC), have all been
advocated to exploit the advantages of multi-parent populations for GWAS. MAGIC
populations have been the most popular design and used to identify polymorphic genes
controlling important traits in several crop species, including rice, cotton, and tomato
[26-30].

In this study, we developed a MAGIC population to address the strong population
structure present among the different horticultural types of lettuce. The MAGIC popula-
tion was genotyped by sequencing and phenotyped using three imaging technologies:
hyperspectral imaging (HSI), RGB imaging, and 3D scanning. GWAS was performed to
identify polymorphic genes controlling leaf morphology and flowering time. The iden-
tified loci were verified using bi-parental segregating populations. Major genes associ-
ated with flowering time and leaf shape were subsequently cloned, and their functions
confirmed using CRISPR/Cas9-mediated mutagenesis. Loss of function of the p/yB and
phyC genes was shown to delay flowering time in lettuce. Expression level of LsTCP4
was negatively correlated with leaf curvature. We also identified a novel gene encoding
a zinc finger protein required for the development of lobed leaves in lettuce. The large
number of loci associated with important traits identified in this study provides founda-
tional genetic resources for future breeding programs for lettuce.

Results

Construction of the first MAGIC population for lettuce

We chose 14 accessions of cultivated lettuce (L. sativa) and two accessions of L. serriola,
the wild progenitor of cultivated lettuce, as founder lines for construction of a MAGIC
population (Fig. 1a, b and Additional file 1: Table S1). The 14 cultivated accessions
included horticultural types of crisphead, butterhead, romaine, loose leaf, Youmaicai,
and stem lettuce. The 16 founder lines were inter-crossed for four generations, and their
hybrid progeny were then self-pollinated for at least six generations to generate inbred
lines. A total of 381 inbred progeny were chosen for further genotyping and phenotyp-
ing. Images of 2-month-old plants of these inbred progeny can be found in Additional
file 2: Fig. S1.

Sequencing and minimal population structure of the MAGIC population

We performed whole-genome sequencing of the MAGIC population, including the 16
founder lines and their 381 inbred progeny. A total of 17.3 Tb of sequencing data were
obtained, with an average mapping depth of 19.4 x and an average genome coverage of
95.8% relative to the lettuce reference genome of cv. Salinas version 8 (Additional file 1:
Table S1 and Additional file 2: Fig. S2). We identified a total of 52,004,146 single-nucle-
otide polymorphisms (SNPs) and 7,450,810 insertions/deletions (indels) in the MAGIC
population, with densities of 21.4 SNPs/kb and 3.1 indels/kb, respectively (Additional
file 1: Table S2). The 381 inbred progeny in the MAGIC population captured 98.2% and
97.6% of the total SNPs and indels between the founders, respectively. Approximately
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Fig. 1 Construction and population structure of the MAGIC population of lettuce. a Morphology of the
16 founder lines. The name and horticultural type of each accession are shown. b Pedigree of the MAGIC
population. After four consecutive generations of intercross, the hybrids were self-pollinated to generate
inbred progeny. ¢ Principal component analysis (PCA). d Neighbor-joining (NJ) phylogenetic tree for the 16
founder lines and their 381 inbred progeny. Only polymorphic sites were used, and the scale bar refers to the
number of substitutions per polymorphic site. The orange dots represent the founder lines
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2.78% of the SNPs (1,443,390) and 4.98% of the indels (370,947) were located in genic
regions (Additional file 1: Table S3).

Using the SNPs unique to each founder line, we traced the genomic bins of each inbred
progeny back to the 16 founder lines (Additional file 2: Fig. S3), which revealed that the
inbred progeny were the result of extensive recombination between chromosomal inputs
from the 16 founder lines. The average rate of genomic heterozygosity in the inbred
progeny was 0.81%, which was slightly lower than the expected heterozygosity rate of
1.5625% after six generations of selfing (Additional file 1: Table S4). After filtering the
SNPs (see the “Methods” section), 22,023,376 SNPs were retained for further analysis.
Principal component analysis (PCA) of the MAGIC population revealed that the first
five PCs explained only 13.56% of the variance (Fig. 1c¢ and Additional file 2: Fig. S4).
Consistent with the PCA results, the neighbor joining (NJ) tree of the MAGIC popula-
tion revealed that most of the 381 inbred progeny were evenly distributed, although the
founder lines formed five groups (Fig. 1d). The clustering of the founder lines into a few
groups is consistent with the results of previous studies [4, 31]. In summary, the MAGIC
population for lettuce that we developed showed no obvious population structure, in
striking contrast to the strong population structure found in diversity panels that include
multiple types of lettuce [4, 31]. The linkage disequilibrium (LD) decay distance for the
MAGIC population was estimated to be 279.3 kb (+*=0.32; Additional file 2: Fig. S5).

High-throughput phenotyping of the MAGIC population

The MAGIC population presented rich variations in terms of leaf shape, leaf size, leaf
color, and flowering time, reflecting the phenotypic diversity of the 16 founder lines
(Additional file 2: Fig. S6). Leaf shape, leaf size, leaf color, and flowering time all exhib-
ited continuous distributions, suggesting that these quantitative traits are controlled
by multiple genes or a few genes with large environmental variance. Lobed/non-lobed
leaves and seed color, on the other hand, showed non-continuous distributions in the
MAGIC population (Additional file 2: Fig. S6).

A high-throughput phenotyping platform was used to measure leaf shape, leaf size,
and leaf color in the MAGIC population. The largest leaf of each plant was phenotyped
by using HSI, RGB imaging, and 3D scanning (Additional file 2: Fig. S7). A total of 1851
image-based traits (i-traits) were obtained, including 1793 HSI i-traits (Additional file 1:
Table S5, S6), 33 RGB i-traits (Additional file 1: Table S7, S8), and 25 3D i-traits (Addi-
tional file 1: Table S9, S10). In addition, leaf color, stem color, seed color, lobed leaves,
and flowering time were manually scored for the MAGIC population through visual
inspection (Additional file 1: Table S11, S12).

More than ten loci are associated with leaf and stem color in lettuce

We first performed a GWAS of leaf color, which was phenotyped using HSI and RGB
imaging. For the HSI, the data under visible light represented the trait of leaf color, which
is likely associated with the relative concentrations of anthocyanins (465~560 nm),
chlorophylls (400 ~ 500 nm and 600 ~ 700 nm), and carotenoids (400 ~ 530 nm). The HSI
data at invisible wavelengths ranging from 780 to 998 nm might reflect variations in
the concentrations of some colorless metabolites. A total of nine significant loci for leaf
color, Leaf Color 1-9 (qLC1-9), were identified (Additional file 2: Fig. S8), four of which
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are colocalized with known genes associated with leaf color in lettuce (Additional file 1:
Table S13). Among these genes, gLC6, gLC7, and qLC8 encode bHLH, MYB, and ANS
proteins, respectively, which were previously shown to control red and green leaves in
lettuce [2, 3]. The gLC9 locus overlaps with the LsGLK gene, which is the major QTL
for chlorophyll concentration in lettuce leaves [5]. The remaining five loci (gLCI-5) were
identified for the first time in this study. We used the S-TEX parameter to quantify the
uniformity of leaf color (Additional file 1: Table S7, S8). GWAS of S-TEX identified one
significant locus, which is located on chromosome 6 and overlaps with the locus gLCI
(Additional file 2: Fig. S8). We predicted candidate genes for the five newly identified loci
on the basis of the sequence variations among the 16 founder lines and the predicted
functions of genes from the candidate region [32—38] (Additional file 1: Table S13).

Like the leaves, the stems also presented red/green variations in the MAGIC popu-
lation due to the accumulation or lack of anthocyanins in the epidermal cells of the
stems. We performed a GWAS of stem color and identified two significant loci, Red
Stem 1-2 (qRS1-2) (Fig. 2a). The stem color loci gRS1 and gRS2 overlap with the leaf
color loci gLC6 and gLC8, respectively (Additional file 1: Table S13). The bHLH gene at
the gRS1/gLC6 locus had a frameshift deletion in six of the 16 founder lines, whereas
the ANS gene at the gRS2/gqLC8 locus had a nonsense mutation leading to a premature
stop codon. We knocked out the PHLH and ANS genes from lettuce with red leaves and
red stems; the knockout mutants exhibited green leaves and stems, confirming that the
bHLH and ANS genes are required for both red leaves and red stems in lettuce (Fig. 2b,
c). GWAS suggested that gLC7, which encodes a MYB transcription factor, did not con-
tribute to the variation in stem color in the MAGIC population, although it controls leaf
color in lettuce. Indeed, knockout of the MYB-encoding gene at gLC7 did not alter stem
color (Fig. 2d). Therefore, the red stems and red leaves of lettuce result from overlapping

regulatory pathways, but each pathway has its own specific components.
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Fig. 2 The genetics of the stem color of lettuce. a GWAS of stem color identified three significant loci. b, ¢
Knockout of the bHLH gene at gRST (b) or the ANS gene at gRS2 (c) converted the red stem (left) to the green
stem (right). Scale bar=5 cm or 10 cm. d Knockout of the MYB gene at locus gLC7 did not alter stem color.
Scale bar=10cm
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Numerous loci are associated with flowering time in lettuce

We performed a GWAS of flowering time in the MAGIC population. Three-week-old
seedlings were transplanted to the field in Wuhan, China, in three different seasons that
differed in temperature and daylength: February 2021, September 2021, and November
2022 (hereafter referred to as the February, September, and November seasons, respec-
tively). The GWAS revealed 44, 14, and 37 loci related to flowering time in the February,
September, and November seasons, respectively (Fig. 3a-c). Among the 51 significant
loci associated with flowering time, 34 were detected in at least two seasons; 33 were
detected for the first time in this study (Additional file 1: Table S14). We chose candidate
genes for 16 loci [18, 22, 39-53], on the basis of their sequence variations, predicted
protein functions related to flowering time [54], and eQTLs in the candidate regions [4]
(Additional file 1: Table S13, S14). For example, LsAGL24, which encodes a MADS-box
protein and has a missense SNP among the 16 founder lines, is significantly associated
with flowering time in all three seasons [49, 50]. LsAGL4, another MADS-box protein-
encoding gene and from a significant locus on chromosome 2, has a frameshift indel in
six parents and is a distant eQTL for the API homologs LG2221258 and LG2221298 [4,
39]. LsPUBI3, from a significant locus on chromosome 8, encodes a protein with UND,
U-box, and ARM domains and acts as a distant eQTL for AGL16 (LG8741644) and
DCL3 (LG8700429) homologs [51].

Loss-of-function mutations of LsphyB and LsphyC lead to late flowering in lettuce

We used bi-parental segregating populations to verify some of the flowering loci iden-
tified above. We developed a segregating population by crossing the stem lettuce cul-
tivar Wolll and the L. serriola accession CGN10978 and identified an F; family that
segregated in flowering time (Fig. 3d). BSR analysis revealed that a locus controlling
flowering time in the F; population was located on chromosome 1, overlapping with the
qFLT1.1 region identified above through GWAS (Additional file 2: Fig. S9a). We then
fine mapped gFLT1.1 using 2,394 F; individuals and the causal gene was localized to an
interval of 0.34 Mb between 47.32 and 47.66 Mb on chromosome 1 (Additional file 2:
Fig. S9b). This interval contains the ortholog of phyB, which is associated with flowering
time in Arabidopsis [18]. The LsphyB allele in the late-flowering genotype had a non-
sense mutation leading to a premature stop codon (Fig. 3e). Notably, LsphyB in three
of the 16 founder lines presented the nonsense mutation. To verify the function of the
LsphyB gene in flowering time, we knocked out the LsphyB gene in cultivated lettuce
accessions P1251246 and Wo703, which have the wild-type LsphyB allele. Flowering time
of the knockout mutants of both accessions was longer relative to the wild-types and
flowering time cosegregated with the mutated LsphyB gene in the T, generations (Fig. 3f
and Additional file 2: Fig. S9c-e). Therefore, LsphyB is the gFLT1.1 gene and its loss of
function causes late flowering in lettuce; this is in striking contrast to the early flowering
of phyB mutants in Arabidopsis [18].

Using the same BSR strategy, we identified another F; family (resulting from four gen-
erations of selfing for the M152 line of the MAGIC population), which was segregating
for SNPs at the gFLT7.1 locus on chromosome 7 (Fig. 3g). This locus co-segregated with
flowering time in this F; family, which is consistent with the above GWAS results and
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previous studies [4, 31] (Additional file 2: Fig. S10). LsphyC was considered the candi-
date gene at the gFLT7.1 locus. We sequenced the two LsphyC alleles segregating in this
population and found that LsphyC from late-flowering individuals had a 1-bp insertion,
leading to a premature stop codon (Fig. 3h). To verify the function of LsphyC, we then
knocked out the wild-type LsphyC from accession P1251246. As expected, the knockout
mutants flowered later than the wild-type accession (Fig. 3i and Additional file 2: Fig.
S10). Therefore, the causal gene at the gFLT7.1 locus is LsphyC and a 1-bp insertion in
its coding region leads to loss of function, which results in late flowering. The Lsphyc
knockout mutants flowered 26 days later than the wild-type (P1251246), in comparison
to a delay of 21 days in Lsphyb mutants, when grown in a protected field in March 2024

(Fig. 3j).

Several loci are associated with leaf shape and size in lettuce

We measured the largest leaf of each individual from the MAGIC population using
three imaging methodologies, thereby measuring multiple i-traits that correspond to
leaf shape and size. The GWAS detected one significant locus each for leaf curvature,leaf
lobing, leaf length, leaf width, leaf area, and tip shape (Additional file 1: Table S13 and
Additional file 2: Fig. S11).

We predicted candidate genes for the significant loci associated with leaf shape and
size [12, 37, 55, 56], on the basis of predicted protein function and sequence variation
(Additional file 1: Table S13, S15). The candidate gene for the significant locus on chro-
mosome 5 controlling leaf curvature is LG5495730. The LG5495730 gene encodes a TCP
homolog, and there is an insertion of a 5411 bp retrotransposon in its 3’ UTR in six
of the 16 founder lines leading to curved leaves (See next section). The candidate gene
for lobed leaves encodes a zinc finger protein (See below; Additional file 1: Table S13).
The LG1103550 gene, the candidate gene controlling leaf length, encodes a homolog of
CDCA48, a key regulator of cell division [55]. The LsCDC48 gene has two distinct alleles
among the 16 founder lines, and the allele from PI 491245 results in longer leaves than
the other alleles do (p <0.05). Similarly, the allele from PI 491245 had the highest expres-
sion level among the 16 founder lines (Additional file 2: Fig. S12). The significant locus
for leaf width co-localizes with that for leaf area, and the candidate gene is predicted to
be LG6568660, which encodes a protein kinase and has a missense mutation in two of
the 16 founder lines.

The insertion of a retrotransposon disrupts the UTR of LsTCP4 and downregulates its
expression resulting in wavy leaves

We had previously constructed a segregating population by crossing the loose-leaf par-
ent S1 and the stem lettuce Y37, which are two founder lines of the MAGIC population
[3]. Parent S1 has wavy leaves, whereas parent Y37 has flat leaves. We obtained an F;
family that segregated into three distinct leaf phenotypes, severely wavy leaves, mod-
erately wavy leaves, and flat leaves, with a Mendelian ratio of 1:2:1 (X2=2.24, p>0.05).
BSR analysis suggested that the degree of leaf flatness in this family is controlled by a
locus on chromosome 5, which overlaps with the locus detected via GWAS (Additional
file 2: Fig. S13). We then fine-mapped the locus using 3400 individuals from the F; fam-
ily. The causal gene was ultimately mapped to a 1.0-Mb interval between 252.34 and
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253.35 Mb on chromosome 5 (Additional file 2: Fig. S13). This interval contains 16 pre-
dicted genes, including the LsTCP4 gene, which encodes a CIN-like TCP transcription
factor. In a previous study, LsTCP4 was predicted to be responsible for wavy leaves, and
downregulation of LsTCP4 was due to an insertion of a Ty3/gypsy retrotransposon in its
downstream region [12]. We sequenced the LsTCP4 gene from the two parents. LsTCP4
from parent S1 (wavy leaves) has the insertion of the Ty3/gypsy retrotransposon, but
parent Y37 (flat leaves) lacks the retrotransposon (Additional file 2: Fig. S13). Further-
more, homozygotes of Lstcp4 from the F. segregating population had low expression,
while homozygotes of LsTCP4 had high expression, and heterozygotes had a medium
level of expression, which was consistent with their corresponding phenotypes (Addi-
tional file 2: Fig. S13).

To verify the function of LsTCP4 in determining wavy leaves, we knocked out the
LsTCP4 gene in both the LsTCP4 genotype and the Lstcp4 genotype (which had the
insertion of the retrotransposon). Three knockout mutants were obtained for the
LsTCP4 genotype, and all three mutants had extremely wavy leaves in comparison to
the flat leaves of the wild-type LsTCP4 plants (Fig. 4a). Three knockout mutants were
also obtained for the Lstcp4 genotype (with the insertion of the retrotransposon). The
leaves of all three homozygous knockout mutant lines became more wavy than those
of the progenitor Lstcp4 genotype, suggesting that the naturally mutated allele retained
partial functions (Additional file 2: Fig. S14). In contrast, the leaves of LsTCP4 overex-
pression lines changed from wavy to flat (Fig. 4b). We also used CRISPR/Cas9-mediated
mutagenesis to delete 1255-bp sequences in the downstream region of LsTCP4; the dele-
tion mutant had lower expression of LsTCP4 and converted flat leaves to wavy leaves
(Fig. 4c, d). We conclude that the insertion of the retrotransposon disrupted the down-
stream sequence of LsTCP4, lowered its expression, and consequently generated wavy
leaves in lettuce.

A point mutation in a novel ZFP gene leads to its loss of function and non-lobed leaves

in lettuce

Lettuce has lobed or non-lobed leaves, and lobed phenotypes vary dramatically (Fig. 5a).
GWAS of lobed leaves revealed a highly significant locus on chromosome 3 (Fig. 5b).
The most significant SNP was located in the coding region of the gene LG3316063,
which encodes a zinc finger protein of unknown function. The prominent point muta-
tion at+ 200 caused an amino acid change from glycine in genotypes with lobed leaves
to valine in genotypes with non-lobed leaves. To validate the GWAS results, we con-
structed two bi-parental segregating populations to study the genetics underlying the
variation of lobed/non-lobed leaves. BSR analysis revealed that lobed leaves, regardless
of their complexity, are controlled by the same locus on chromosome 3 (Fig. 5c) and
the LG3316063 gene cosegregated with lobed/non-lobed leaves in the two populations.
We then generated CRISPR/Cas9-mediated knock-outs of the LG3316063 gene in acces-
sions CGN04971 and PI1595096, which have lobed leaves (Additional file 1: Table S16).
The homozygous knockout of the LG3316063 gene changed the lobed leaves to non-
lobed leaves (Fig. 5d). We therefore conclude that the novel ZFP gene is required for the
development of all types of lobed leaves in lettuce.
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Fig. 4 Functional verification of the LsTCP4 gene in determining the curvature of leaf margins in lettuce.

a Knockout of the LsTCP4 gene led to wavy leaves. A genotype with wild-type LsTCP4 (no insertion of
retrotransposon, left) and its three Lstcp4 knockout mutants (CR#1 - CR#3). Scale bar=4 cm. b Overexpression
of the LsTCP4 gene converted wavy leaves (Lstcp4) to flat leaves (OE#1 and OE#2). Scale bar r=4 cm. The right
panel shows the LsTCP4 expression in the overexpression lines. The data represent the means £ SDs (n=3).
The statistical significance of the differences in gene expression was calculated via Student’s t test, and the

p values are shown above the lines connecting two genotypes. ¢ Deletion of 1255 bp in the downstream
region of the LsTCP4 gene promoted wavy leaves. Scale bar=4 cm. RT-qPCR analysis of LsTCP4 expression

in the LsTCP4 genotype and its mutant CRUTR line (right panel). The statistically significant differences were
calculated using Student’s t test, and the p values are shown above the lines connecting two genotypes. d
Sequences around the target sites in the CRUTR mutant. The dashed lines indicate deletions. The horizontal
lines refer to the sgRNA sequences. PAM sequences are shaded in gray
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leaves from two F, segregating populations (Youya x Hongyu and Ziluoma x Zijintiao). d Knockout of the
LsZFP gene in different lobed types changed lobed leaves to non-lobed leaves
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Discussion

The efficiency of genetic studies using the MAGIC population of lettuce

Lettuce is a selfing species that has diverged into several phenotypically distinct hor-
ticultural types. Previous studies have shown that lettuce accessions of the same type
tend to be closely related. This strong population structure hinders GWAS of impor-
tant traits using existing cultivars of lettuce [4]. We therefore constructed a MAGIC
population for lettuce, which successfully disrupted the population structure. GWAS
using the MAGIC population identified significant loci associated with flowering
time, leaf color, and leaf morphology, showing that this newly developed population
enhanced the efficiency of genetic dissection of complex traits in lettuce.

An important agronomic trait in lettuce is heading, the formation of compact struc-
tures due to the unequal cell expansion/division in adaxial and abaxial leaf surfaces.
Unfortunately, we could not perform GWAS of the heading phenotype due to the lack
of inbred lines in the MAGIC population that formed heads, although two founder lines
had the heading phenotype. We had previously identified two loci associated with head-
ing in lettuce [8, 11]. Thirty-four of the 381 inbred lines had heading-promoting alleles
of these two genes, LsKNIV and Lssawl, but none of them developed heads, suggesting
that additional loci are required to develop heads in lettuce. Heading or non-heading
seems to be a qualitative trait, but it is synergistically controlled by a large number of
loci [57, 58]. Loss of an individual heading-promoting allele may convert a heading phe-
notype to a non-heading one [8, 11]. The lack of heading phenotypes in our MAGIC
population is consistent with the hypothesis that a large number of genes are required
to develop the heading phenotype in lettuce. We suggest that a higher proportion (for
example, half) of the founder lines should form heads when constructing a MAGIC pop-
ulation if heading is the main target trait for GWAS.

High-throughput phenotyping in GWAS

One of the main challenges in GWAS is phenotyping. In this study, we phenotyped the
color of lettuce leaves using HSI. The hyperspectral indices of the corresponding peaks
may represent the concentrations of anthocyanin or chlorophyll. The traits associated
with anthocyanin or chlorophyll can be also phenotyped by other methods including
visual inspection. However, hyperspectral imaging-based traits at invisible wavelengths
may reflect the concentrations of colorless metabolites [59]; in this case, the use of HSI
is highly advantageous over other approaches to detect the controlling loci, although it
remains challenging to identify the metabolites and their controlling genes.

The leaf morphology of the 16 founder lines and their 381 inbred progeny was highly
variable (Fig. 1). The overlapping of rosette leaves and heterophylly of lettuce make auto-
matic phenotyping a challenge. We measured conventional leaf traits, such as length,
width, aspect ratio, area, tip shape, and curvature, but GWAS of these traits revealed
only six significant loci (Additional file 1: Table S13). Furthermore, those traits do not
explain all the leaf shapes found in the population. To identify additional genes control-
ling leaf shape, it is critical to develop a phenotyping approach to obtain morphological
data that are meaningful in terms of developmental biology.
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Phytochromes B and C accelerate flowering in lettuce

Lettuce is a cool season crop that is sensitive to ambient temperature. High tempera-
tures promote the early flowering of lettuce. As a leaf or stem vegetable, early flowering is
an unfavorable trait for lettuce. The current global warming trend has led to the frequent
occurrence of abnormal weather and sporadic, unpredictable high temperatures, which
poses a serious challenge for lettuce cultivation. The use of late-flowering cultivars, particu-
larly late-flowering cultivars at high temperatures, is a practical approach to address this
challenge. In this study, we identified a large number of loci associated with flowering time,
and we verified two major QTLs, LsphyB and LsphyC. We showed that natural LsphyB and
LsphyC mutants, as well as their knockout mutants, flowered later than the wild-type geno-
types. The loss-of-function mutation of LsphyB occurred only in some stem lettuce culti-
vars, whereas the nonfunctional LsphyC allele is present in some leafy lettuce cultivars. It
remains to be investigated whether LsphyB/LsphyC double mutants will be useful in lettuce
breeding programs.

The effects of phyB and phyC on flowering time vary dramatically among different plant
species. In Arabidopsis, phyB facilitates the degradation of COSTANTS (CO) to down-
regulate FLOWERING LOCUS T (FT) and consequently delays flowering [18, 60, 61]. As
expected, flowering is accelerated in phyB mutants in Arabidopsis [18]. Interestingly, the
overexpression of phyB also delayed flowering in Arabidopsis, since the overexpression of
phyB attenuated COP1 activity to promote the accumulation of CO protein [18]. In wheat,
CO homologs have a limited effect on the photoperiodic response [62]. The earlier heading
of wheat under long days (LD) than under short days (SD) is regulated mainly by PHOTO-
PERIOD1 (PPD1), a pseudoresponse regulator (PRR) with a pseudoreceiver domain and a
CCT domain [62]. PPDI in wheat is positively regulated by phyB and phyC, and wheat p/1yB
and phyC mutants flowered later than their wild-type counterparts did [63]. ELF3 interacts
with and operates downstream of phyB as a direct transcriptional repressor of PPD1 [64]. It
will be interesting to investigate whether the ELF3-PPD1 module is responsible for the role
of phyB in promoting flowering in lettuce.

Dozens of loci for flowering time were significant in this GWAS, and many of them were
detected in more than one season. A large number of loci for flowering time in a species is
not unprecedented [65, 66]. We did not use segregating populations to verify all the signifi-
cant loci controlling flowering time, and it remains possible that some were false positives.
We did verify two major QTLs controlling flowering time in lettuce, namely LsphyB and
LsphyC. The mutated LsphyC has been exploited in some cultivars of leafy lettuce, whereas
the mutated LsphyB is present only in cultivars of stem lettuce. It remains to be investigated
whether the mutated LsphyB and LsphyC genes can be used alternatively or simultaneously
in different horticultural types of lettuce. Furthermore, the polymorphic loci controlling
leaf shape and color identified in this study will facilitate the development of cultivars rich
in anthocyanins with various leaf shapes.

Conclusions

This MAGIC population enabled the efficient identification of beneficial genes in lettuce,
which provides the foundation for breeding by design in lettuce. This population, which has
been demonstrated to be highly efficient for the genetic analysis of agronomic traits, can be
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used in the future to dissect the genetics of other important traits, such as nutritional qual-
ity and stress tolerance in lettuce.

Methods

Plant materials

Sixteen accessions of lettuce were used as founder lines to construct a MAGIC pop-
ulation. Some of them (named with the prefix of PI) were ordered from the USDA
GRIN website (http://www.ars-grin.gov/); others were bought from the local market
and maintained in our laboratory. The MAGIC population was constructed by inter-
crossing for four generations, following the design described by Scott et al. [67]. The
hybrids, after four generations of intercrossing, were self-pollinated for six genera-
tions to generate 381 inbred progeny using the single seed descent method, as illus-
trated in Fig. 1b. The detailed information for the founder lines and inbred progeny
is shown in Additional file 1: Table S1. The MAGIC population was planted in a pro-
tected field in Wuhan, China, in February 2021, November 2021, and November 2022.
Each line was represented by 3 to 5 plants.

To genetically map the gene controlling lobed leaves, the cultivar Youya with non-
lobed leaves was crossed with the cultivar Hongyu with lobed leaves to develop a seg-
regating population. Similarly, the cultivar Zijintiao with lobed leaves was crossed
with the cultivar Ziluoma with non-lobed leaves to construct the second segregating
population for lobed leaves.

Phenomics

For hyperspectral imaging (HSI) of a single plant leaf, hyperspectral images contain-
ing 224 different spectral bands (401-998 nm) were generated. Following image seg-
mentation and trait calculation, a total of 1793 hyperspectral phenotypic traits were
computed, encompassing traits related to total reflectance, average reflectance, and
logarithm [59]. Each accession had 2 to 4 biological replicates, and the mean values of
the phenotypic traits were calculated (Additional file 1: Table S4, S5).

For RGB imaging of a single plant leaf, top-view RGB images were obtained. Follow-
ing the automatic calculation of the maximum width, image segmentation, and trait
extraction, a total of 33 RGB phenotypic traits were obtained [68]. Each accession had
2 to 3 biological replicates, and the mean values of the phenotypic traits were calcu-
lated (Additional file 1: Table S7, S8).

For each 3D scan of a single plant leaf, we utilized a GScan™ 3D scanner (ZG Tech-
nology Ltd.) to reconstruct 3D point clouds. Then, through customized scripts, we
computed 25 leaf 3D phenotypic traits (Additional file 1: Table S9, S10), including
maximum leaf length, maximum leaf width, aspect ratio, surface area, perimeter,
curliness, leaf tip angle, average leaf length, average leaf width, leaf width variability,
leaf serration, and leaf flatness.

In addition, we manually scored leaf color, stem color, seed color, lobed leaves, and
flowering time for the MAGIC population through visual inspection (Additional
file 1: Table S11, S12). A total of nine traits were obtained. The phenotypic data were
tested for normal distribution before GWAS were performed.
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DNA sequencing and data analysis

Genomic DNA was extracted using the cetyltrimethylammonium bromide (CTAB)
method from the leaf tissue of 381 inbred progeny and 16 founder lines to construct
standardized whole-genome libraries, which were PE100 sequenced on the DNBseq"
high-throughput sequencing platform at BGI-Shenzhen. After sequencing, the raw
data from each sample were filtered via Trimmomatic software (version 0.38) [69] to
remove adapters and low-quality reads. The resulting data were aligned to the lettuce
reference genome (L. sativa cv. Salinas v8) [70] using the Sentieon DNAseq work-
flow (version: sentieon-genomics-201911) [71, 72]. The aligned data were then sorted,
and duplicates were removed before variant calling using the Sentieon Haplotyper
module, producing variant call format (GVCF) data for each sample. The GVCF data
for all samples were merged to create an initial variant dataset using the Sentieon
GVCFtyper workflow and genotyped to obtain the initial variant calls for the popula-
tion samples. The initial variant dataset was filtered for quality using GATK software
(version 4.0.10.0) [72] with the recommended hard-filtering criteria, and biallelic
variant sites were retained [72, 73]. Among them, only SNPs/indels with a missing
rate <10% and a minimum allele frequency > 5% were retained in the population SNP
dataset.

SNPs and indels were annotated using SnpEff (version 5.0e) [74]. SNPs were catego-
rized based on their positions on the chromosomes, including intergenic regions and
genic regions. To explore the genetic population structure of the MAGIC population, a
principal component analysis (PCA) was performed using GCTA (version 1.93.3 beta)
[75]. Phylogenetic relationships were inferred by constructing a neighbor-joining tree
(NJtree) by using VCF2Dis (version 1.47, available at https://github.com/BGI-shenz
hen/VCE2Dis) in conjunction with the PHYLIP package (version 3.69.650) [76], and the
NJtree was visualized using iTOL (version 6.9.1) [77]. Linkage disequilibrium (LD) was
assessed within a 1000-kb window via PopLDdecay (version 3.41) [78], and the LD decay
was calculated as the distance at which the squared Pearson correlation coefficient (r%)

decreased to half of the maximum.

GWAS
The GWAS was performed using GEMMA (version 0.98.3) [79]. The SNPs with a minor
allele frequency > 0.05 and a missing data rate <10% were retained. The retained SNPs
were used for GWAS. To improve the power of the GWAS and avoid confounding fac-
tors, the GWAS was conducted using a linear mixed model with a correction of the first
ten PCA components and a kinship matrix using GEMMA. The suggestive genome-wide
significance thresholds were determined using a uniform threshold of 1/Me, where Me
is the effective number of independent SNPs calculated using the Genetic Type 1 Error
Calculator (version 1.0) [80]. Variant annotations for the SNP sites were performed
using SnpEff (version 5.0e) [74], and Manhattan and QQ plots were generated using the
qqman package in R [81].

Neighboring significant regions with less than one LD decay distance were combined.
Candidate genes from each significant region were chosen based on their sequence vari-
ations (such as SV, nonsense, and missense mutations) and predicted functions. The


https://github.com/BGI-shenzhen/VCF2Dis
https://github.com/BGI-shenzhen/VCF2Dis

Chen et al. Genome Biology (2025) 26:67 Page 17 of 22

database of flowering time genes in plants and the eQTLs of flowering time genes in let-
tuce were also used for the identification of candidate genes [4, 54]. Haplotype analysis
of the candidate genes was performed using the geneHapR package in R [82].

Bulked Segregant Analysis (BSA) and RNA-seq

BSA coupled with RNA sequencing (BSR) was used to identify regions controlling flow-
ering time and leaf shape. Twenty individuals with one extreme phenotype and 20 indi-
viduals with another extreme phenotype from a segregating population were selected
to construct two extreme pools. RNA-seq was performed with the Illumina HiSeq 2500
platform, and approximately 5 Gb of clean data for each pool were obtained. We used
hisat2 (version 0.1.6) [83] software to map the clean data to the lettuce reference genome
(L. sativa cv. Salinas V8) [70] and SAMtools (version0.1.19) [84] software to identify
SNPs between the two pools. The A(SNP-index) was calculated by subtracting the SNP
index of one pool from that of the other pool. Each peak in the A(SNP-index) plot may
suggest that a gene contributes to the variation of the trait of interest. All primers of the
molecular markers used for genetic mapping are listed in Additional file 1: Table S16.

Vector construction

For knockout assays, we used CRISPR-P 2.0 (http://crispr.hzau.edu.cn/CRISPR2/)
to design specific sgRNAs [85]. We amplified PCR fragments from the pCBC-DT1T2
vector or fused multiple sgRNA scaffolds and different tRNAs [86]. Then, we recom-
bined the purified PCR fragments with the Bsal linearized vector pKSE401. After DNA
sequence analysis, we transformed the construct into GV3101 through the freeze—thaw
method. The primers used in this study are shown in Additional file 1: Table S16.

For the overexpression assays, the coding sequences of the LsTCP4 gene were ampli-
fied and recombined with the Ndel linearized pRI101 vector, which uses the CaMV 35S
promoter to drive the expression of the inserted sequence. We also transformed the
overexpression construct into GV3101 through the freeze-thaw method. The primers
used in this study are shown in Additional file 1: Table S16.

Plant transformation

The transformation experiment in lettuce was performed following the procedure
described by Curtis [87]. First, we used 50% bleach on sterile seeds for approximately
15 min. After sterilization, we washed the seeds and germinated them on 1/2 strength
MS media. We excised the cotyledons of 5-day-old seedlings and immersed them in a
suspension of the Agrobacterium culture for 10-15 min. We co-cultivated the infected
cotyledons in the dark on 1/2 MS media for approximately 2 days. We subsequently
transferred the samples to selection media consisting of 1 x MS supplemented with
300 mg/L timentin, 60 mg/L kanamycin, 0.1 mg/L 1-naphthylacetic acid (NAA), and
0.1 mg/L 6-benzylaminopurine (6-BA). After 1 month, we excised the emerging young
buds and transferred them to 1/2 MS media supplemented with 300 mg/L Timentin.
Finally, we planted the transgenic plants in the soil in the growth room before transfer to
the greenhouse.
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Gene expression analysis

We extracted total RNA from young leaves using TransZol reagent (TRANSGEN,
Beijing, China) following the manufacturer’s instructions. The procedures for qRT-
PCRs followed the protocols in our previous study [88]. We used the HiScript® II
1st Strand ¢cDNA Synthesis Kit (Vazyme Biotech, Nanjing, China) to obtain cDNA.
ChamQ SYBR qPCR Master Mix (Vazyme Biotech, Nanjing, China) was used for
qRT-PCR. The reaction system contained 1.0 pl of cDNA, 0.4 pl of primers, 8.2 pl of
ddH,0, and 10.0 pl of 2 x ChamQ SYBR qPCR Master Mix. We conducted qRT-PCR
on the QuantStudioTM 6 Real-Time PCR System (Thermo, USA). Three biological
replicates and three technical replicates were performed for each reaction. We nor-
malized the expression levels of genes with ubiquitin as an internal control. We used
the 2722T method to calculate the gene expression level [89]. The primers used are
listed in Additional file 1: Table S16.
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