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Foxtail millet [Setaria italica (L.) Beauv] is an ancient cereal crop

that has been cultivated for grain food and forage consumption

globally for over 11 500 years. Despite its long history, foxtail

millet continues to be extensively cultivated in developing and

underdeveloped countries with low productivity conditions. This is

primarily due to its exceptional ability to tolerate drought and

barren environments, making it well-suited for grain production

in challenging grown conditions. In the last century, significant

progress has been made in enhancing the plant architecture of

major cereal crops, such as maize (Zea mays) and rice (Oryza

sativa), resulting in substantial increases in grain yield potential

(Tian et al., 2024). However, there has been relatively less

emphasis on optimizing the plant architecture of foxtail millet,

leading to limited improvements in yield for this ancient crop

species to date. While the overexpression of Drooping Leaf 1 has

been shown to promote more upright leaves in foxtail millet

(Zhao et al., 2020), compact architecture with reduced leaf angle

remains a challenge due to the scarcity of identified germplasm

suitable for this purpose.

Leaf angle, defined as the angle between the culm and leaf

midrib, is a crucial aspect of plant architecture that is controlled

by a limited number of functional genes. Among these genes,

Liguleless1 (LG1) and Liguleless2 (LG2) are key regulators that

play essential roles in lamina joint formation, influencing leaf

angle in maize (Walsh et al., 1998). LG1 has been identified as a

transcription factor belonging to the Squamosa Promoter-Binding

Proteins (SBP) family, while LG2 has been characterized as a basic

leucine zipper transcription (bZIP) factor. Genetic analysis of

variations indicates that LG1 and LG2 have the potential to

significantly enhance the field productivity of maize varieties, and

it has been demonstrated that the functions of LG1 and LG2 are

conserved across various Gramineae crops, including maize

(Harper and Freeling, 1996), rice (Wang et al., 2021), wheat

(Yu, 2019), sorghum (Brant et al., 2021) and sugarcane (Brant

et al., 2024). However, the roles of LG1 and LG2 in foxtail millet

remain unclear, and as of now, no ligule development-defective

mutants have been identified in this coarse cereal crop.

In this study, SiLG1 and SiLG2 were identified in foxtail millet

through phylogenetic analysis (Figure S1). Both of SiLG1 and

SiLG2 were mainly expressed in leaves, pulvinus, nodes and seeds

of foxtail millet (Figure S2). A comprehensive screening analysis

was conducted on sequencing data of 1844 worldwide Setaria

italica germplasm, which included commercial varieties, land-

races, and wild relatives (He et al., 2024, www.setariadb.

com/millet), and the allelic variations and the prevalence of SiLG1

and SiLG2 in this crop species (Figure 1a, Table S1) were then

assessed by geneHapR software (Zhang et al., 2023).

A total of five nucleotide polymorphisms, comprising one

insertion–deletion (indel) and four single-nucleotide substitutions

(SNPs) within intronic and exonic regions, were identified in SiLG1

(Figure 1b). The exonic mutations included one synonymous

variant and a missense mutation (p.Pro110Gln), both of which did

not affect the SBP domain of the SiLG1 protein (Figure 1b,

Figure S3a). All accessions were classified into five groups of

haplotypes (H001 to H005) based on their allelic frequencies

(Table S2). Haplotype H001 was primarily found in cultivated

varieties, while H002 was prevalent in wild accessions. Haplotypes

H003, H004, and H005 were exclusively identified in wild

accessions. Phenotypic comparisons between H001 and H002

of SiLG1 in foxtail millet cultivars, encompassing traits such as leaf

angle, leaf length, leaf width, and plant height surveyed from

diverse locations and years (www.setariadb.com/millet), revealed

no significant differences (P < 0.001 by Student’s t-test).

Moreover, a total of 31 nucleotide polymorphisms were observed

in the genomic region of SiLG2 (Figure 1c). Among these, two

were located in exonic regions, including a missense mutation

(p.Ala197Pro) in the ninth exon preceding the bZIP domain of the

SiLG2 protein (Figure S3b), along with a synonymous variant

(Table S3). Nine haplotypes were identified in SiLG2, with only

H001 identified in cultivars (Table S3).
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Considering that ligule developmental defects in foxtail millet

have not been previously characterized and leaf ligule formation

remains unaffected by the missense variants identified in SiLG1

and SiLG2, it presents an effective strategy to generate

germplasm with reduced leaf angle and compact plant architec-

ture by introducing novel alleles of SiLG1 and SiLG2 into foxtail

millet utilizing genome editing techniques for breeding initiatives

targeting this coarse cereal crop. To accomplish this goal, sgRNAs

targeting SiLG1 and SiLG2 were designed and incorporated into

the pYLCRISPR/Cas9-Pubi-H vector. Subsequently, these con-

structs were introduced into Ci846, a foxtail millet cultivar, via

Agrobacterium-mediated transformation (Figure 1b, c) to disrupt

SiLG1 and SiLG2. A total of 9 transgenic lines containing the

CRISPR/Cas9 vector targeting SiLG1 were obtained and con-

firmed through PCR analysis. Sequencing analysis revealed that all

the 8 edited lines of SiLG1 possessed an insertion of a single base

pair “A” (Figure 1b), leading to premature termination before the

SBP domain (Figure S3a). The homozygous genome-edited SiLG1

lines (referred to as silg1 hereafter) exhibited a complete absence

of ligule, auricle region, and lamina joint, with a reduced leaf

angle of approximately 8° (Figure 1d–f). Moreover, two edited

lines showed an “A” insertion (referred to as silg2 hereafter),

Figure 1 Creation of narrowed plant architecture in foxtail millet using the clustered regularly interspaced palindromic repeats (CRISPR)/CRISPR-associated

protein 9 (Cas9) technique. (a) Technical diagram of experimental design. (b, c) Positions of natural variants and genomic editing of SiLG1 (b) and SiLG2 (c).

Black vertical lines indicate variants not influence the amino acids while red vertical lines indicate missense mutations. The “p.Pro110Gln” and

“p.Ala197Pro” represent 110th Proline substituted to Glutamine and 197th Alanine substituted to Proline, respectively. Red arrow indicates position of gene

editing targets. Nucleotides sequences in black colour represent PAM sequences and the blue sequence indicate targets while red colour means insertion.

(d) Phenotype of silg1 and silg2 pulvinus. Red arrows indicated the position of auricle regions. Bar = 2 mm. (e) Leaf angle variations of silg1 and silg2. (f)

Statistics of leaf angle of Ci846, silg1 and silg2. (g) Individuals of Ci846, silg1 and silg2, Bar = 10 cm. (h, i) Statistics of panicle weight (h) and light

transmittance (i) of Ci846, silg1 and silg2. ** and *** represents P < 0.01 and P < 0.001 by Student’s t-test, respectively.
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causing the deletion of the bZIP domain in SiLG2 (Figure S3b),

resulting in missing ligule but retaining the auricle region with

incorrect positioning (Figure 1d, e). Additionally, the leaf angle of

silg2 was decreased to around 10° (Figure 1f).

To assess the agronomic traits of silg1 and silg2, nine traits,

including plant height, leaf length, leaf width, panicle diameter,

panicle length, yield per hectare, seed length, seed width and

1000-seeds weight, were measured in Cas9-free lines derived

from genome-edited individuals of silg1 and silg2 (Table S4).

Our findings revealed that the silg1 mutants were taller than

wild type (WT), while the leaf length and width remained

comparable (Figure 1g, Figure S4a–c). Intriguingly, in the silg1

mutant, although the panicle diameter was smaller, both grain

weight and panicle weight exceeded those of Ci846 due to

increased panicle compactness (Figure 1h, Figure S4d, e).

Furthermore, the 1000-seeds weight of the silg1 mutant

decreased because of reduced seed width and seed length,

whereas in the silg2 mutant, it increased due to enhanced seed

length (Figure S5). Moreover, under field conditions, the light

transmittance in silg1 and silg2 mutants exceeded those of WT

(Figure 1i). Notably, in the field experiments conducted in

Datong in 2023 and 2024, both of silg1 and silg2 showed

higher grain yield than WT of Ci846 at the density of 240 000

individuals per hectare (Figure S4f, g).

As illustrated in Figure S6, the indole-3-acetic acid (IAA)

content exhibited a notable decrease in the silg1 and silg2

mutants compared to the WT. Conversely, the tryptophan (TRP)

content in WT surpassed that of the mutants. Additionally, the

oxindole-3-acetic acid (OxIAA) content was higher in WT than in

the mutants. The levels of the conjugated forms IAA-Gly and IAA-

Glc were elevated in silg1 and silg2, particularly in silg2.

Furthermore, transcriptomic analysis unveiled an inhibition of

auxin synthesis and signalling in silg1 and silg2 (Figure S7), and

three PIN genes containing LG1 binding motifs in their promoters

showed altered expression in silg1 compared with WT (Figure S8).

In conclusion, our study has successfully utilized genome

editing techniques to introduce novel alleles of SiLG1 and SiLG2

into foxtail millet with the aim of enhancing its plant architecture

beyond what is naturally present in germplasm collections. The

functional loss of SiLG1 resulted in the absence of the ligule,

auricle region, and lamina joint, while mutations in SiLG2 led to

developmental defects in the lamina joint, retaining the auricle

region albeit often in mis-positioned configurations. Field-based

phenotypic assessments of silg1 and silg2 have confirmed the

efficacy of the newly created alleles as potentially valuable

genetic assets for elevating the yield potential of foxtail millet by

increasing plant density through a more compact architectural

framework.
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