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ABSTRACT: Although transcriptional regulators of anthocyanin biosynthesis have been studied in many crops, the
regulatory network controlling the purple leaf trait in lettuce (Lactuca sativa L.) remains incompletely understood. Our
previous transcriptome analysis identified LsMYB1. This study further carried out the cloning and structural feature
analysis of the LsMYB1 gene, and systematically verified its function using the tobacco heterologous overexpression
system and CRISPR/Cas9 gene editing technology. Sequence analysis revealed a structural difference between the
two alleles: the LsMYB1 allele in the purplecultivar contains two introns and three exons, whereas the allele in
the greencultivar comprises only a single exon. Overexpression of the purple-associated LsMYB1 allele in tobacco
induced anthocyanin accumulation and purple pigmentation. CRISPR/Cas9-mediated mutagenesis of LsMYBI in
lettuce resulted in reduced anthocyanin content and loss of purple color in most leaf areas. These results confirmsthat
LsMYBI1 is a regulator of anthocyanin biosynthesis in leaf lettuce. This study also highlights the potential role of
allelic structural variation in trait diversification and provides a candidate gene for breeding lettuce with enhanced
anthocyanin content.
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1 Introduction

Lettuce (Lactuca sativa L.), a member of the Asteraceae family originating from the Mediterranean
region [1], has two primary morphological types: stem lettuce and leaf lettuce. Leaf lettuce is consumed
for its tender leaves, which contain vitamin C, vitamin E, folate, polyphenols, and dietary fiber [2,3]. It
is cultivated worldwide as an ingredient in vegetable salads and fast food. Leaf lettuce shows diverse
coloration from green to purple [4]. Purple pigmentation results from anthocyanin accumulation, which
provides health benefits—including anti-inflammatory effects and reduction of blood glucose and blood
pressure [5-7]—and also enhances plant tolerance to environmental stress [8—10].

In lettuce, anthocyanin biosynthesis is regulated by both environmental factors and genetic deter-
minants [11,12]. Different wavelengths of light affect anthocyanin accumulation, blue light enhances
anthocyanin pigmentation compared with white light and red light [10,13,14]. In addition, Different
light intensities have an effect on anthocyanin biosynthesis [15]. Under different light intensities (40 and
100 umol-m~2-s71), differential expression was observed in seven structural genes involved in anthocyanin
biosynthesis (CHS, CHI, F3H, F3’H, DFR, ANS, 3GT), two anthocyanin transporter genes (arGST and MATE),
as well as the anthocyanin regulatory genes (MYB and bHLH) [14]. A locus controlling leaf color, designated
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RLL1, was identified within the interval of 335.69-337.92 Mb on lettuce chromosome 5. This locus contains a
gene encoding a bHLH transcription factor, and a 5-bp deletion in its seventh exon results in green leaf color.
Similarly, a locus encoding a MYB transcription factor, designated RLL2, was identified on chromosome 5
and exists in three copies (RLL2A, RLL2B, and RLL2C). Among these, RLL2A, which corresponds to the
RLL2 gene, promotes anthocyanin accumulation in lettuce. RLL2B also promotes anthocyanin accumulation
when highly expressed. On chromosome 4, a locus designated RLL3 encodes an R3-MYB gene. Two single
nucleotide polymorphisms (SNPs) within its coding sequence (CDS)—G/A and G/C—result in amino acid
substitutions (C42Y and W52S), leading to a shift in leaf color from green to red [16]. Additionally, six
genes were found to be associated with leaf color and differentially expressed between green and red
lettuce cultivars: LG1_162414 (chr1), GST (chr3), CAD (chr4), MYB113 (chr5), bHLH42 (chr5), and ANS (chr9).
Notably, CAD transcript levels were higher in green lettuce than in red lettuce, suggesting that CAD may act
as a negative regulator of anthocyanin [17]. In lettuce, leaf color can also be variegated—green leaves dotted
with red spots, this variegation stems from an “AT” repeat in the promoter of RLL2A, which encodes a MYB
transcription factor [18]. Although several genes involved in anthocyanin biosynthesis have been identified
in lettuce, the complexity of this pathway suggests that additional regulatory components may exist.

In our previous studies, compared transcriptomes of a green-leaf cultivar (‘Dasusheng’) and a purple-
leaf cultivar (‘Zixia’), identifying a previously uncharacterized MYB transcription factor, LsMYB1 [19]. In this
study, we through overexpression in the tobacco and CRISPR/Cas9-mediated gene editing to confirmed its
role in regulating anthocyanin biosynthesis. These findings expand the regulatory network of anthocyanin
accumulation in lettuce and provide potential molecular targets for breeding purple-leaf varieties with
enhanced nutritional value.

2 Materials and Methods
2.1 Plant Materials

In this study, two lettuce (Lactuca sativa L.) cultivars, the green-leaf (‘Dasusheng’) and purple-leaf
(‘Zixia’) lettuce plants were used (Fig. 1). Seeds of both cultivars were obtained from the Academy of
Agriculture and Forestry, Qinghai University, Xining, China. The plants were cultivated at the experimental
base of Qinghai University, Xining, China (36°43’6” N, 101°45"15” E). Three biological replicates were
established for each cultivar. At approximately 30 days of growth, the leaf from the base of the stem
was harvested for each replicate. Samples were immediately frozen in liquid nitrogen and stored at
—80°C until use.

Figure 1: Plant materials.
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2.2 Transcriptome Sequencing and Analysis

Transcriptome sequencing and data analysis were performed as previously described [19]. Total RNA
was extracted using the TaKaRa MiniBEST Plant RNA Extraction Kit (Code No. 9769, TaKaRa, Japan). RNA
integrity was assessed with an Agilent 2100 Bioanalyzer, and only samples with RIN > 7.0 were used for
library preparation. Sequenced on an Illumina NovaSeq 6000 platform (150 bp paired-end). Raw reads were
trimmed with Fastp and aligned to the L. sativa reference genome (GCF_002870075.4) using HISAT2. DEGs
were identified with DESeq2 (Jlog,FC| > 1, FDR < 0.05), followed by GO and KEGG enrichment analyses.

2.3 Gene Cloning and Sequence Analysis

Genomic DNA and total RNA were obtainedfrom lettuce leaves using the TITANGEN Polysaccharide
& Polyphenol Plant Genomic DNA Extraction Kit (TTANGEN, China) and the TaKaRa MiniBEST Plant
RNA Extraction Kit (TaKaRa, Japan), respectively. According to the manufacturer’s instructions, cDNA
was generated from 1 ug of total RNA using the PrimeScript™ 1st Strand cDNA Synthesis Kit (TaKaRa,
Japan). Using the primers LsMYB1-F and LsMYB1-R (refer to Table S1), we amplified both the complete
genomic and coding sequences of LsMYB1 from DNA and cDNA samples, respectively. The amplified
products underwent examination through 1% agarose gel electrophoresis, werepurified by means of ethanol
precipitation, and subsequently ligated into the pEASY-Blunt Zero vector using the pEASY-Blunt Zero
Cloning Kit (TransGen Biotech, China). Following transformation into E. coli DH5«, Positive clones were
detected via colony PCR (M13F/M13R; Table S1) and validated through Sanger sequencing (Sangon Biotech,
Shanghai, China). Sequence alignment was carried out using Vector NTI Suite 11.5, while conserved domains
were predicted withExPaSy-Protparam (http://expasy.org/tools/protparam.html), and aphylogenetic tree
was created employing the neighbor-joining method in MEGA 11.

2.4 Analysis of LsMYB1 Expression by qRT-PCR

To examine the expression patterns specific to tissue types of LsMYB1, samples were obtained from
the roots, stems, and leaves of ‘Zixia’ and ‘Dasusheng’ plants across three developmental phases: seedling,
rosette, and mature stages. Total RNA isolation was conducted as outlined in Section 2.3, followed by the
synthesis of first-strand cDNA. Quantitative real-time PCR (QRT-PCR) was executed employing 2 x ChamQ
Universal SYBR qPCR Master Mix on a QuantStudioTM3Real-TimePCR system. The 18S rRNA gene from
lettuce served as an internal reference to normalize expression levels (primer sequences are listed in
Supplementary Table S1). Each sample consisted of three technical replicates and the relative expression
levels of the gene were determined using the 2~ 2ACT method.

2.5 Functional Analysis of LsMYB1 by Overexpression in Tobacco

2.5.1 Construction of the Overexpression Vector

To order to validate the function of LsMYB1, the pCAMBIA2300s vector was employedfor overexpres-
sion experiments in tobacco (Nicotiana tabacum cv. ‘Samsun’). The CDS of LsMYB1 was amplified through
PCR, utilizing specific primers that incorporated Kpnl and BamHI restriction sites (LsMYB1-KpnI-F/LsMYB1-
BamHI-R, Table S1), with apreviously constructed recombinant plasmid serving as the template. The PCR
product obtained was purified and subjected to double digestion alongside the pPCAMBIA2300s vector
using Kpnl and BamHI (TaKaRa, Japan), followed by ligation with T4 DNA ligase (M0202S, New England
Biolabs, USA). The resulting recombinant plasmid, named pCAMBIA2300s-LsMYB1, was transformed into
E. coli DH5« by the heat shock method. Positive clones were then verified through colony PCR and DNA
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sequencing (outlinedin Section 2.4). The verified plasmid was subsequently introduced into Agrobacterium
tumefaciens strain GV3101 by applying the liquid nitrogen freeze-thaw method.

2.5.2 Stable Genetic Transformation of Tobacco

The tobacco transformation process was carried out the leaf disctechnique. Sterile leaf segments
from 5-week-old Samsun seedlings were sliced into small pieces of approximately 1 cm? and placed in an
Agrobacterium suspension (ODggg = 0.6-0.8) for a duration 10 min. Following infection, the explants were
dried using sterile filter paper and then transferred to a co-cultivation medium, which consisted of MS
medium supplemented with 1.0 mg/L 6-BA and 1 mg/L NAA, for 2 days in the dark. After co-cultivation
period, the explants were moved to a shoot induction medium, which contained MS medium with1.0 mg/L
6-BA, 1.0 mg/L NAA, and 300 mg/L cefotaxime, and were subcultured every 2 weeks. Shoots that had
regenerated to approximately 2 cm in height were cut and placed onto a rooting medium made from MS
medium 1.0 mg/L NAA, 150 mg/L kanamycin and 300 mg/L cefotaxime. Theplantlets that developed roots
were acclimatized and transplanted into soil. The presence of transgenic plants were verified through
PCR with primers specific to the kanamycin resistance gene (LsMYB1-KpnI-F/LsMYB1-BamHI-R, Table S1).
Wild-type (non-transformed) plants and water served as negative controls in the PCR evaluation.

2.5.3 qRT-PCR Analysis of Anthocyanin Pathway Genes

To investigate the expression variations of genes associated with anthocyanin biosynthesis in trans-
genic plants, total RNA was isolated from the leaves of both wild-type (WT) and transgenic tobacco
lines, followed by qRT-PCR as detailed in Section 2.4. The NtActin gene served as the internal control
(NtActin-qF/NtActin-qR, Table S1). Primers specific to key structural genes (NtCHI, NtCHS, NtDFR, NtF3' 5 H,
NtF3H, NtANS, NtF3 H) involved in the anthocyanin metabolic pathway were designed based on sequences
derived from tobacco (Table S1). Each analysis included three biological replicates, and relative expression
levels were calculated using the 2~*ACT approach.

2.5.4 Anthocyanin Content Measurement

Anthocyanin content was measured using the pH method [20]. Anthocyanins were from fresh leaf
tissue with acidified methanol (1% HCI) overnight at 4°C in the dark. The absorbance was measured at
525 nm and 700 nm after dilution in buffers of pH 1.0 and pH 4.5. The total anthocyanin content was
calculated using the following formula:

Anthocyanin content (mg/g FW) = (A x MW x DF x 1000)/e x 1

where A = (Aszsam — A700nm)P 0 — (Aszsam — Azgonm)P+°; MW is the molecular weight of cyanidin-3-
glucoside (449.2 g/mol); DF is the dilution factor; 1000 is the extraction volume (mL); € is the molar extinction
coeflicient of cyanidin-3-glucoside (26,900 L/mol-cm); 1 is the path length (1 cm).

2.6 CRISPR/Cas9-Mediated Gene Editing of LsMYB1 in Lettuce
2.6.1 Construction of the Dual-Target Gene Editing Vector

To further confirm the role of LsMYBI, a CRISPR/Cas9 system was employed to generate knockout
mutants in purple-leaf ("Zixia’) lettuce. Two sgRNA target sites, T1 and T2 (located in the first and third
exons of LsMYBI, respectively), were designed using the CRISPOR online tool (https://crispor.gi.ucsc.edu/
crispor.py) based on the presence of canonical NGG PAM motifs and high specificity scores (Fig. S1a). T1
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spans nucleotides 8—29 of the LsMYB1 coding sequence, and T2 spans nucleotides 884-905. Adapter primers
for each target site (Table S2) were diluted to 10 uM, denatured at 90°C for 30 s, and then cooled to room
temperature to form double-stranded DNA fragments (Fig. S1b).

These annealed adapters were ligated into the sgRNA scaffold using a Golden Gate reaction with
Bsal-HF®v2 (NEB, R3733S) and T4 DNA ligase (NEB, M0202S) to connect the target sequences to the sgRNA
scaffold. The sgRNA expression cassettes were then assembled via multi-round PCR using 2 x Phanta
Flash Master Mix (Vazyme, P520). For T1, two first-round PCRs were performed to amplify the AtU3d
promoter fused to the T1 spacer (fragment ul) and the T1 spacer fused to the sgRNA scaffold (fragment
g1), respectively. The same strategy was applied to T2 to generate fragments u2 and g2. After verification
by agarose gel electrophoresis, ul and g1 were mixed and used as templates for a second-round PCR to
fuse them into the complete AtU3-sgRNA1 expression cassette. Similarly, u2 and g2 were fused into the
AtU6-sgRNA2 cassette. The detailed PCR conditions are provided in Fig. Sic,d.

Finally, the two sgRNA expression cassettes (AtU3-sgRNA1 and AtU6-sgRNA2) were assembled into
the pYLCRISPR/Cas9P35S-H binary vector using a second Golden Gate reaction with Bsal-HF®v2 (NEB,
R3733S) and T4 DNA ligase (NEB, M0202S), the complete experimental procedures are described in Fig. S1e.
The resulting recombinant plasmid, designated as pYLCRISPR/Cas9-LsMYB1, was transformed into E. coli
DH5x competent cells by the heat shock method. Positive clones were confirmed by colony PCR and
Sanger sequencing. Detailed information on primers is available in Table S2.

2.6.2 Lettuce Genetic Transformation and Regeneration

The validated pYLCRISPR/Cas9-LsMYB1 plasmid was introduced into Agrobacterium tumefaciens
strain GV3101 via the liquid nitrogen freeze-thaw method. Lettuce transformation was performed using
the leaf disc method. Cotyledons from sterile seedlings of the purple-leaf cultivar ‘Zixia’ were excised,
cut into small pieces (approximately 0.5 cm?), pre-cultured for 1-2 days [MS medium supplemented with
0.5 mg/L KT, 0.3 mg/L IAA], and then immersed in the Agrobacterium suspension (ODgg = 0.3-0.5) for
10 min. The infected explants were blotted dry on sterile filter paper and transferred to co-cultivation
medium [MS medium supplemented with 0.5 mg/L KT, 0.3 mg/L IAA, and 200 umol/L AS] for 2-3 days in
the dark.

After co-cultivation, explants were transferred to shoot induction medium [MS medium contain-
ing 0.5 mg/L KT, 0.3 mg/L NAA,300 mg/L Timentin, and 10 mg/L Hyg] and subcultured every 2 weeks.
Regenerated shoots (approximately 1-2 cm in height) were excised and transferred to rooting medium
[1/2 MS medium containing 0.3 mg/L IAA and 300 mg/L Timentin]. Rooted plantlets were acclimatized and
transplanted to soil for further analysis.

2.6.3 Identification of Transgenic Plants and Mutation Detection

Genomic DNA was extracted from leaves of wild-type (WT) and gene-edited lettuce lines using the
super Plant Genomic DNA Kit (TTANGEN, China) according to the manufacture’s instructions. Putative
gene-editedplants were initially screened by PCR using hygromycin phosphotransferase (Hyg) gene-specific
primers (Table S2). To characterize the mutations induced by CRISPR/Cas9, genomic regions flanking the T1
and T2 target sites were amplified by PCR using Hi-TOM sequencing primers (Table S2), and the products
were subjected to Hi-TOM high-throughput sequencing to analyze the mutation patterns at the target sites.
The phenotypic changes in gene-edited plants, particularly leaf coloration and anthocyanin accumulation,
were observed and documented.
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2.6.4 Expression Analysis of Anthocyanin Pathway Genes

To assess the impact of LsMYB1 knockout on the anthocyanin biosynthetic pathway, total RNA was
extracted from leaves of wild-type (WT) and gene-edited lettuce lines, and qRT-PCR was performed using
a QuantStudio™ 3 Real-Time PCR System with gene-specific primers for key structural genes involved
in anthocyanin biosynthesis (CHI, CHS, DFR, F3'5 H, F3H) and the internal reference gene (18S rRNA)
(Table S2). Each sample included three biological replicates, and relative expression levels were calculated
using the 2724€T method.

3 Results
3.1 Identification of LsMYB1 as a Candidate Gene

In our previous transcriptome analysis between the purple-leaf cultivar ‘Zixia’ and the green-leaf
cultivar ‘Dasusheng’, a MYB transcription factor gene (LOC111917799) was identified as a candidate regulator
of anthocyanin biosynthesis, showing 5.56-fold higher expression in the purple cultivar [19]. This gene
was designated LsMYB1 and selected for further functional validation in the present study.

3.2 Cloning and Sequence Analysis of LsMYB1

The genomic and coding sequences of LsMYBI were cloned from both lettuce cultivars. Sequence
analysis revealed marked structural differences between the two alleles. In the purple cultivar ‘Zixia’, the
LsMYB1 gene spanned 1374 bp and comprised two introns and three exons, with a coding sequence (CDS)
of 759 bp. In contrast, the allele from the green cultivar ‘Dasusheng’ was 759 bp in length and consisted of a
single exon with no introns (Fig. 2A). This structural variation may contribute to the differential expression
of LsMYB1 observed between the two cultivars.

The LsMYBI protein, deduced from the ‘Zixia’ allele, consists of 252 amino acids. Multiple sequence
alignment demonstrated that LsMYB1 including two SANT domains (13-60 and 15-62) and a MYB-DNA
binding domain (66-111), and shares high sequence conservation in the R3 domain with MYB proteins
from other Asteraceae species and contains the ‘ANDV’ motif, which is specific to dicotyledonous MYB
transcription factors involved in anthocyanin regulation (Fig. 2B). Phylogenetic tree was constructed using
MYB proteins from different plant species. The results showed that these MYB proteins were divided into
four major groups (Groups A-D). LsMYB1 clustered together with several reported anthocyanin-related
MYB transcription factors, including HaMYB1 [21], HtMYB2 [22]. The close phylogenetic relationship
between LsMYBI and these anthocyanin-associated MYBs suggests that LsMYB1 may play a conserved role
in regulating anthocyanin biosynthesis in lettuce (Fig. 2C). This phylogenetic relationship further supports
the putative role of LsMYBI in regulating anthocyanin biosynthesis.
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Figure 2: Gene Cloning and Sequence Analysis. (A) Structure diagram of the LsMYB1 gene, (a) Gene structure of
‘Dasushen’ LsYMBI. (b) Gene structure of ‘Zixia’ LsYMBI. (B) Domain prediction. (C) Phylogenetic analysis, the
detailed sequence information is provided in Fig. S2. (D) Analysis of the expression levels of the LsMYB1 at different
growth stages Phylogenetic Analysis. (E) Expression analysis of LsMYB1 in different tissues. *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001.

3.3 Expression Patterns of LsMYB1

Quantitative real-time PCR (QRT-PCR) analysis revealed distinct expression patterns of LsMYB1between
the two lettuce cultivars. In the purple cultivar ‘Zixia’, LsMYBI transcript levels increased progressively
with plant development, with the lowest expression detected at the seedling stage and the highest at
the mature stage across all tissues examined (Fig. 2D). Tissue-specific analysis showed that LsMYB1 was
predominantly expressed in leaves, with significantly higher transcript levels than in roots and stems at
all three developmental stages (p < 0.01; Fig. 2E). This leaf-preferential and developmentally regulated
expression pattern of LsMYB1 is consistent with the anthocyanin accumulation phenotype observed in the
purple-leaf cultivar ‘“Zixia’.
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3.4 Overexpression of LsMYB1 in Tobacco
3.4.1 Generation and Early Phenotypic Observation of Transgenic Lines

Stable transgenic tobacco lines overexpressing LsMYB1 were generated via Agrobacterium-mediated
transformation. Approximately 50 days after infection, most transformed calli turned purple, indicating
early transgene expression (Fig. 3A). Around 70 days after infection, some regenerated shoots developed
purple sectors on their leaves, which gradually intensified during subsequent growth on rooting medium.

— C *kk
B g 400 I *okkok I
— T 1
S 350 e
E 300 ' '
— ns
\; 1
=
s 250+ ns
¥ 500 9 "
g 200 X —
E 30 N ::::; ns
g T Jme] T
z 20- u? i
=} Z 400
-] i 00
= 10- g N
< z 3
T“ ;: 10
s 0- s
= WT  LsMYBI1-OE 0

WT CHS CHI F3H F35H F3H DFR ANS

Figure 3: Analysis of Overexpression Effects. (A) Genetic Transformation of Lettuce. (a) Infiltration of tobacco
leaves. (b) Induction of callus formation. (c) Differentiation of shoots. (d) High-magnification stereomicroscopic view
of callus tissue (imaged using a T2-HD206 stereomicroscope). (e) Rooting culture. (f) Regeneration of transgenic
plantlets. (B) Comparative Analysis of Anthocyanin Content in WT and Transgenic Plants. (C) Expression Analysis
p < 0.0001; ns indicates not significant (p > 0.05).
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of Key Genes in Anthocyanin Biosynthesis. ***p < 0.001;

3.4.2 Molecular Confirmation of Transgenic Plants

To confirm the transgenic regenerated plants, genomic DNA was extracted from leaves and subjected
to PCR analysis using LsMYBI-specific primers (Table S1). The expected fragment was amplified from all
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selected lines showing the purple phenotype, whereas no amplification was observed in wild-type plants,
confirming the successful integration of the transgene.

3.4.3 Anthocyanin Accumulation in Transgenic Plants

Quantitative revealed that anthocyanin content in transgenic plants reached 273.56 + 20.64 mg/100 g fresh
weight, which was significantly higher than that in wild-type plants (1.16 &+ 0.53 mg/100 g), representing an
approximately 236-fold increase (p < 0.0001; Fig. 3B).

3.4.4 Expression Analysis of Anthocyanin Biosynthetic Genes

To further explore the molecular mechanism underlying LsMYB1-mediated anthocyanin accumulation,
the expression levels of key structural genes in the anthocyanin biosynthetic pathway were examined by
quantitative real-time PCR (qQRT-PCR). In LsMYB1-overexpressing lines, all tested structural genes were
significantly up-regulated compared with wild-type plants. Notably, the transcript levels of DFR and ANS
showed the most dramatic increases; the relative expression of DFR (1300.78 + 178.70) was approximately
1300-fold higher than that in the wild type (p < 0.0001; Fig. 3C). These results suggest that LsMYB1 promotes
anthocyanin accumulation, at least in part, by activating the expression of key downstream genes in the
anthocyanin biosynthetic pathway.

3.5 Functional Validation of LsMYB1 by CRISPR/Cas9 Gene Editing
3.5.1 Confirmation of the Dual-Target CRISPR/Cas9 Vector

Based on the designed target sites (T1 and T2), adapter primers were designed. Using the digestion—
ligation product as a template, first-round PCR was performed to generate target sequence-containing
fragments: ul (200 bp) and g1 (150 bp) for T1, and u2 (500 bp) and g2 (150 bp) for T2. The sgRNA fragments
were then fused with the AtU3 and AtU6 promoters via second-round PCR, yielding fragments 6-T1 (250 bp)
and 6-T2 (450 bp) (Fig. 4A). These fragments were assembled into the sgRNA vector by Golden Gate ligation
to construct intermediate vectors for the two target sites. After confirmation, the constructs were used for
subsequent applications. Positive clones were identified by colony PCR and Sanger sequencing (Fig. S1f).

3.5.2 Generation and Phenotypic Characterization of LsMYB1-Edited Lettuce Lines

Through Agrobacterium-mediated genetic transformation, a total of 2 independent LsMYB1-edited
lettuce lines were successfully generated. PCR analysis using hygromycin phosphotransferase (Hyg) gene-
specific primers confirmed the presence of the selection marker in the putative edited lines, whereas no
amplification was detected in wild-type plants (Fig. S1g).

Phenotypically, wild-type plants exhibited uniformly deep purple leaves. In contrast, the two gene-
edited lines showed a striking reduction in anthocyanin accumulation, with pigmentation restricted to
narrow regions along the leaf margins, while most of the leaf surface appeared green, similar to green-leaf
germplasm (Fig. 4B,C). These results confirmed the successful generation of LsMYBI-edited lettuce lines
with altered pigmentation.

3.5.3 Molecular Characterization of Editing Events

Hi-TOM sequencing of T0 edited plants revealed a single thymine (T) insertion at the first target
site (T1) of LsMYB1 in one of the edited lines, resulting in a frameshift mutation (Fig. 4D). This mutation
altered the downstream amino acid sequence and introduced a premature stop codon (TGA) at position 82,
resulting in a truncated LsMYB1 protein of approximately 81 amino acids (compared to 252 aa in the wild
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type) and likely disrupting the conserved MYB DNA-binding domain (Fig. 4E). These results indicate that
the CRISPR/Cas9-induced mutation severely impaired the normal function of LsMYB1.

3.5.4 Anthocyanin Content in Edited Plants

Total anthocyanin content was measured by the pH differential method. WT plants had 297.66 + 6.85 mg/
100 g FW, while edited plants had 73.92 & 4.00 mg/100 g FW, a 75.2% reduction (p < 0.001). These results provide
physiological evidence that LsMYBI1 plays a central role in regulating anthocyanin biosynthesis (Fig. 4F).

3.5.5 Expression Analysis of Anthocyanin Biosynthetic Genes in LsMYBI1-Edited Lettuce

To further investigate the impact of LsMYB1 knockout on anthocyanin biosynthetic structural genes,
quantitative real-time PCR (QRT-PCR) was performed to analyze the expression levels of these genes in
wild-type purple-leaf lettuce and the edited line. The results showed that the expression levels of all detected
anthocyanin biosynthetic structural genes were significantly lower in the edited line than in the wild type,
with DFR showing the most pronounced decrease (77-fold) (Fig. 4G).
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Figure 4: Validation of CRISPR/Cas9-Mediated Gene Editing. (A) Verification of Vector Construction by Gel
Electrophoresis. (B) Plant Transformation and Regeneration for CRISPR/Cas9 Gene Editing. (a) Sterile leaf lettuce

seedlings. (b) Agrobacterium-mediated transformation of leaf explants. (c) Callus induction and adventitious shoot
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regeneration. (d) Rooting culture. (e) Root development in regenerated plantlets. (f) Transgenic leaf lettuce plants.
(C) Phenotypic Variation in Positive Transformants. (a) Wild-type plant. (b) Gene-edited plant. (c) Leaf pheno-
type comparison: wild-type (left) vs. gene-edited (right). (d) Magnified view of wild-type leaf under a T2-HD206
stereomicroscope. (e) Magnified view of gene-edited leaf under a T2-HD206 stereomicroscope. (D) Genotyping of
Mutation Types at the Target Locus. (E) Translation and Alignment of Amino Acid Sequences from Edited Alleles.
(F) Comparative Analysis of Anthocyanin Content in WT and CRISPR/Cas9-Edited Plants. (G) Expression Analysis
of Key Genes in Anthocyanin Biosynthesis. ****p < 0.0001.

4 Discussion

4.1 Structural Variation of LsMYB1

As a key family of transcription factors, MYB proteins are extensively implicated in the regulation of
plant secondary metabolism and play an essential role in anthocyanin biosynthesis [23-25].

A key finding of this study is the structural difference in the LsMYBI gene between the two cultivars.
The purple-leaf allele has two introns and three exons, while the green-leaf allele consists of a single exon
(Fig. 3a,b). The presence of introns in the purple-leaf allele correlates with significantly higher LsMYB1
expression and anthocyanin accumulation, suggesting that these introns may positively regulate gene
expression. This observation aligns with the concept of intron-mediated enhancement (IME), whereby
introns can enhance transcription efficiency, mRNA stability, and nuclear export, thereby boosting gene
expression [26]. Similar phenomena have been observed in other plants species. For instance, intron
variation in apple MMK2 affects skin coloration [27]. Phylogenetic analysis confirmed that LsMYBI1 clusters
with functionally validated MYB proteins from other Asteraceae species [28,29]. LsMYBI likely functions as
the MYB component of the conserved MBW complex in lettuce, promoting anthocyanin biosynthesis [30]
Nevertheless, whether the intron present in the purple-leaf LsMYB1 allele directly affects its expression and
regulatory function remains to be further investigated.

4.2 LsMYBI1 Positively Regulates Anthocyanin Biosynthesis

In Arabidopsis, overexpression of the AtMYB75 gene upregulates the expression of structural genes
involved in the anthocyanin biosynthetic pathway, leading to anthocyanin accumulation [31]. Purple cone-
flower (Echinacea purpurea), a member of the Asteraceae family, contains the transcription factor EpMYB1,
which positively regulate anthocyanin biosynthesis by upregulating anthocyanin-specific biosynthetic
genes [32]. In sunflower flowers, the transcription factor HaMYB1 promotes anthocyanin accumulation
in red sunflowers by directly activating UFGT expression [33]. AtMYB60 functions as a transcriptional
repressor of anthocyanin biosynthesis in lettuce, whereas LsMYB1 acts as a positive regulator. In this
study, we further characterized LsMYB1, a previously identified MYB transcription factor, and demonstrated
its role as a positive regulator of anthocyanin biosynthesis in purple-leaf lettuce. However, functional
redundancy among MYB transcription factors may exist in the lettuce anthocyanin pathway. The regulation
of anthocyanin biosynthesis involves sophisticated feedback loops. In Arabidopsis, an R3-MYB repressor
MYBL2 and an R2R3-MYB activator PAP1 form a negative feedback regulatory module that fine-tunes high
light-induced anthocyanin biosynthesis [34,35].

The present study has several limitations regarding the scope of gene expression analysis. In the
overexpression tobacco lines, QRT-PCR analysis focused primarily on the core structural genes (CHS, CHI,
F3H, DFR, ANS), while key downstream genes such as UFGT, which catalyzes the final step of anthocyanin
stabilization, and the transporter genes GST and MATE, which are responsible for vacuolar sequestration,
were not examined. Similarly, in the LsMYB1-edited lettuce lines, the expression analysis was limited to a
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subset of structural genes (CHI, CHS, DFR, F3'H, F3H), and did not include ANS, UFGT, or the transporter
genes GST [36]. In addition, the lack of metabolite quantification at the exact time point of transcriptome
analysis is a limitation of the present study [37]. Despite these limitations, recent studies have highlighted
the critical roles of these genes in anthocyanin biosynthesis. A comprehensive review emphasizes the
importance of various decorating enzymes and transporters in anthocyanin modification and accumula-
tion [38]. Moreover, anthocyanin-related glutathione S-transferases (arGSTs) play a catalytic role in the
conversion of leucoanthocyanidins to anthocyanidins, rather than merely acting as transporters. Their
study showed that inclusion of arGSTs in a heterologous yeast system boosted anthocyanin production
by up to 36.5-fold [39]. Therefore, whether LsMYB1 also regulates the expression of UFGT, GST, MATE,
and other decorating enzyme genes remains an open question that warrants further investigation. Future
studies should expand the qRT-PCR analysis to include these missing genes to fully elucidate the regulatory
network downstream of LsMYBI1.

4.3 Breeding Implications and Future Directions

Anthocyanins provide various health benefits to humans, which has led to the increasing popularity
of anthocyanin-rich foods among consumers. Lettuce, as a prominent leafy vegetable, serves as an ideal
candidate for the development of anthocyanin-rich varieties. In our previous study, we identified LsMYB1
as a crucial regulator of anthocyanin biosynthesis through transcriptome analysis [19]. In the current study,
we further validated its function through overexpression in tobacco and CRISPR/Cas9-mediated gene editing
in lettuce. The successful implementation of CRISPR/Cas9 highlights the feasibility of genome editing in
lettuce and presents a promising target for breeding varieties with enhanced nutritional value. Furthermore,
the structural variations identified in this study may act as molecular markers for marker-assisted selection.

5 Conclusion

LsMYB1 functions as a positive regulator of anthocyanin biosynthesis in leaf lettuce. Sequence analysis
revealed structural variation between the two alleles (the purple allele contains two introns and three
exons, while the green allele is intronless), which may account for their differential expression. The gene
exhibits a 5.56-fold higher expression level in the purple cultivar ‘Zixia’ compared to the green cultivar
‘Dasusheng’. Sequence analysis has revealed structural variations between the two alleles, which may
account for their differential expression. Functional validation through overexpression in tobacco resulted
in a significant increase in anthocyanin content (236-fold) and the activation of key biosynthetic genes,
particularly DFR, which was upregulated by 1300-fold. Conversely, CRISPR/Cas9-mediated knockout of
LsMYB1 in lettuce led to a marked reduction in pigmentation. Collectively, these findings position LsMYB1
as a crucial regulator of anthocyanin metabolism and highlight its potential as a target for breeding lettuce
varieties with enhanced nutritional value.
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