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Tassel branch number is a key trait that contributes greatly to grain yield in maize (Zea mays). We obtained a classical mutant from maize genetics cooperation stock center, Teopod2 (Tp2), which exhibits severely decreased tassel branch. We conducted a comprehensive study, including phenotypic investigation, genetic mapping, transcriptome analysis, overexpression and CRISPR knock-out, and tsCUT&Tag of Tp2 gene for the molecular dissection of Tp2 mutant. Phenotypic investigation showed that it is a pleiotropic dominant mutant, which is mapped to an interval of approximately 139-kb on Chromosome 10 harboring two genes Zm00001d025786 and zma-miR156h. Transcriptome analysis showed that the relative expression level of zma-miR156h was significantly increased in mutants. Meanwhile, overexpression of zma-miR156h and knockout materials of ZmSBP13 exhibited significantly decreased tassel branch number, a similar phenotype with Tp2 mutant, suggesting that zma-miR156h is the causal gene of Tp2 and targets ZmSBP13 gene. Besides, the potential downstream genes of ZmSBP13 were uncovered and showed that it may target multiple proteins to regulate inflorescence structure. Overall, we characterized and cloned Tp2 mutant, and proposed a zma-miR156h-ZmSBP13 model functioning in regulating tassel branch development in maize, which is an essential measure to satisfy the increasing demands of cereals.
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1 Introduction

Maize (Zea mays) is a staple crop that is experiencing a steady increase in both planting area and crop yields due to the rising population, diet shifts, and increasing biofuel consumption (Tilman et al., 2011). However, to ensure food security, increasing crop yields through sustainable means is more viable than expanding the land used for food production (Godfray et al., 2010; Phalan et al., 2011). Consequently, breeders are continually selecting cultivars that own optimal plant architecture to increase maize grain yield while minimizing land usage. To this end, breeders currently focus on studying morphological traits such as leaf, root, stem, and inflorescence morphology, which constitute maize plant architecture, for selective breeding. By doing so, they aim to identify and select ideal maize plant architecture that will maximize yield.

The Poaceae family is one of the largest angiosperm families and has evolved complex inflorescence morphologies, such as branches and spikelets (Zhang and Yuan, 2014). In maize, the inflorescence structures initially derive from inflorescence meristem (IM) which is responsible for initiating lateral primordia (Wang et al., 2022). IM is transferred from shoot apical meristem (SAM), which initiates leaf development during the reproductive transition. After SAM converts into IM, IM initiates three axillary meristems (AMs): branch meristems (BMs), spikelet meristems (SMs), or both, which further initiate floral meristems (FMs) (Koppolu and Schnurbusch, 2019). Specifically, BMs in the male inflorescence develop into long branches. Tassel with more branches contributes to prolonged pollination time and improved seed setting rate. However, more tassel branch numbers will consume more energy to produce pollen, thus reducing the absorption of nutrients by ear, and then affecting corn yield. Studies have found that smaller tassels with a few branches are beneficial to the increase of yield during modern maize breeding (Wang et al., 2020).

Maize, a monoecious crop, has a unique inflorescence structure consisting of primary and secondary paracladia (Vegetti and Anton, 1995). The development of inflorescence is a complex process, regulated by numerous genes. Several genes affecting tassel branch trait have been cloned in maize based on mutant analysis. For example, FASCIATED EAR 4 (FEA4) affects the transition from SAM to IM, and its mutations cause more tassel branches (Pautler et al., 2015). The genes ramosa1 (ra1), ramosa2 (ra2), ramosa3 (ra3) and RAMOSA1 ENHANCER LOCUS2 (rel2), play important roles in regulating inflorescence branching and result in increased tassel branch number (TBN) (Vollbrecht et al., 2005; Satoh-Nagasawa et al., 2006; Gallavotti et al., 2010). In contrast, unbranched2 (ub2), unbranched3 (ub3) and tasselsheath4 (tsh4), which belong to the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) family, regulate the differentiation of lateral primordia and have mutants that exhibit a significant reduction in TBN (Chuck et al., 2014). KNOTTED1 (KN1) plays a crucial role in stem cell maintenance and organ initiation in shoot meristems, independent of the CLV-WUS pathway. kn1 mutants in B73 background produce tassel primordia with fewer AMs, leading to fewer TBN (Kerstetter et al., 1997). BLH12 and BLH14, two cofactors of KN1, function redundantly in maintenance of axillary meristems and tassel branch patterning (Tsuda et al., 2017). Phytohormones also play significant roles in plant development and growth, including TBN. For example, SPARSE INFLORESCENCE1 (SPI1) and VANISHING TASSEL2 (VT2) participate in auxin biosynthesis, while BARREN INFLORESCENCE1 (BIF1) and BARREN INFLORESCENCE4 (BIF4) are involved in auxin signaling (Gallavotti et al., 2008; Phillips et al., 2011; Galli et al., 2015). Additionally, nutrition transport and epigenetic regulation are also verified to affect tassel morphology development (Chatterjee et al., 2014; Forestan et al., 2018).

The juvenile-to-adult phase transition is a critical biological process that signifies the transformation of SAM from the vegetative to the inflorescence stage. MicroRNA156 (miR156) is a class of conserved endogenous microRNAs that regulate gene expression post-transcriptionally in plants. It has been demonstrated that miR156 is involved in multiple essential biological processes, including the maintenance of the juvenile phase of plants and flower organ development (Wang and Wang, 2015). In Arabidopsis, prolonged juvenile vegetative periods and delayed flowering were observed as a result of constitutive miR156 expression (Wu and Poethig, 2006). Similarly, overexpression of OsmiR156b or OsmiR156h in rice caused a prolonged juvenile vegetative period and delayed flowering (Xie et al., 2006). In maize, the Corngrass1 (Cg1) mutant exhibited a prolonged juvenile stage and retention of juvenile traits in the adult reproductive phase due to the overexpression of two tandem miR156 genes in the meristem and lateral organs (Chuck et al., 2007). miR156 is a class of microRNAs that are well-conserved and target a specific subset of SPLs in plants. These microRNAs define an age-dependent flowering regulatory pathway, known as the miR156-SPL modules, and have been verified to play important roles in multiple developmental processes in plants, such as the transition from the vegetative phase to the reproductive stage and the development of flower organs (Wang et al., 2009). In rice, mutation of Ideal Plant Architecture1 (IPA1), which is targeted by miR156, led to altered plant architecture, including panicle branches (Jiao et al., 2010). Thus, miR156-SPL modules coordinately regulate plant growth and development traits in crops.

The maize mutant Teopod2 (Tp2) has been extensively studied for over a century due to its dominant phenotype affecting tassel development. However, the genetic basis of Tp2 and its interactions with other genes involved in tassel development are still unclear. In this study, we successfully cloned Tp2 and mapped it to Chromosome 10, which encodes zma-miR156h, a paralog of Cg1. Overexpression of zma-miR156h resulted in the similarity of Tp2 and Cg1 phenotypes. Differential expression analysis and prediction of targeted genes identified several significantly downregulated SPL genes, including ub2, ub3, tsh4 and ZmSBP13/23/27/29. The phenotypic investigation of CRISPR-edited ZmSBP13 mutants provided conclusive evidence of its involvement in tassel development. The observed decrease in TBN clearly indicates that ZmSBP13 is a target gene of zma-miR156h. Motif analysis of ZmSBP13-targeted DNA sequences indicated that it binds to typical regulatory sites involved in inflorescence architecture. These findings enhance our understanding of tassel branch development in maize and suggest that precise manipulation of miR156-SPL modules has significant potential to improve plant architecture and crop quality in modern breeding programs.




2 Materials and methods



2.1 Plant materials and trait measurements

The F1 population was generated by crossing the maize inbred line Mo17 as the female parent with Tp2/Tp2 as the male parent during the winter season in Hainan, China. The F1 seeds were then grown in the winter of 2016 in Hainan, China and allowed to undergo self-fertilization to produce the F2 population. The agronomic traits, including plant height, ear height, length and width of ear leaf, and tassel branch number, were assessed for each individual after the flowering stage. A total of 177 individuals from two F2 families were subjected to chi-square test. One segregating F2 family consisting of 89 individuals was utilized for BSR-Seq (Bulked segregant RNA-Seq) (Liu et al., 2012) and MMAPPR (mutation mapping analysis pipeline for pooled RNA-seq) (Hill et al., 2013) analyses. Three OE lines, one CRISPR lines, and their respective negative controls were planted at the experimental station of Huazhong Agricultural University in Wuhan, China, and were managed according to local agronomic practices.




2.2 RNA isolation and gene expression analysis

To perform BSR-Seq and MMAPPR, total RNAs were extracted from two pooled samples of leaf tissues from 20 mutant individuals exhibiting single tassel branch number and 20 wild type individuals showing multiple tassel branch numbers, respectively. To detect differentially expressed genes, total RNAs were extracted from 2mm tassels of homozygous wild-type and homozygous mutants, respectively, and each set was prepared with two biological replicates. Additionally, miRNAs were extracted from the SAM of 10 homozygous wild-type and 10 homozygous mutants, respectively, to obtain the expression level of microRNA. The Direct-zol RNA Miniprep Kit (ZYMO RESEARCH) was used for total RNA and miRNA extraction according to the manufacturer’s instructions.

The raw PE (pair-end) sequencing data of mRNA-seq were first preprocessed using fastp (Chen et al., 2018) software to remove short reads (<72 bp) and low-quality base pair (q>20). over 81% clean reads were successfully mapped to the B73 RefGen_v4 using Tophat (version 2.1.1) (Supplementary Table S1). The expression level was calculated using Cufflinks (version 2.2.1) with FPKM (fragments per kilo bases of exon per million fragments mapped). Cuffdiff was then used to perform a differential expression analysis between wild type and Tp2 mutant, using a base of |log2(Fold change)| ≥1 and false discovery rate (FDR) <0.001. To investigate the functions of the differential expression genes, GO enrichment analysis was performed using agriGO v2.0 (Tian et al., 2017).

To evaluate the expression level of small RNAs, the raw reads were first subjected to adaptor sequence and short read removal using Cutadapt (version 1.9.1). Over 92.6% of the clean reads (Supplementary Table S2) were retained and mapped to the Chr10.fa from the B73 RefGen_v4 reference genome. 80% of the clean data were randomly sampled 100 times, and the expression levels were calculated with RPM (reads of exon model per million mapped reads) using ShortStack (version 3.8.5). Expression differences were compared by extracting the RPM values of the zma-mir156h gene in the mutant and wild-type samples.




2.3 Quantitative real-time PCR

To validate the results of RNA-seq and miRNA-seq, we performed quantitative real-time PCR (qRT-PCR) to determine the expression levels of Zm00001d025786 and zma-miR156h. For Zm00001d025786, cDNA synthesis was conducted using the HiScript® II 1st Strand cDNA Synthesis Kit, and RT-PCR was carried out using AceQ® Universal SYBR qPCR Master Mix according to the manufacturer’s instructions with three technical replicates. For zma-miR156h, cDNA synthesis was conducted using the miRNA 1st Strand cDNA Synthesis Kit (stem-loop method), and RT-PCR was carried out using the miRNA Universal SYBR qPCR Master Mix according to the manufacturer’s instructions with three technical replicates. The primers for Zm00001d025786 and zma-miR156h were designed and listed in Supplementary Table S3. We used ubiquitin as an internal control for normalization, and relative expression levels were evaluated using the 2^-ΔΔCT method.




2.4 Vector construction and plant transformations

To construct the overexpression vector, the pre-MIR156h sequence was amplified using specific primers listed in Supplementary Table S4. The resulting PCR product was then cloned into the vector pCombia3300-3xflag, and subsequently transformed into the maize inbred line B73 by Beijing BomeiXingao Technology Co., Ltd. The CR-sbp13 vector construction and plant transformation were carried out by Wimi Biotechnology Co., Ltd (Changzhou, China).




2.5 tsCUT&Tag experiment

A tsCUT&Tag experiment was conducted for the identification of regulatory network following the guideline of our previous study (Wu et al., 2022). The raw reads from two replicates were subjected to trimming using Fastqc (version 0.11.5). The clean reads were then mapped to the B73 RefGen_v4 genome using Bowtie2 (version 2.4.1) with the parameters “–no-mixed –no-discordant”. Duplicated reads were removed using SAMtools (version 1.9), and peak calling was performed using MACS2 (version 2.2.7.1) with parameters “-g 2.2e+9 -p 1e-5”. Finally, peak genes were obtained using the BEDTools (version 2.27) windows command. Additionally, motif analysis was performed using MEME-ChIP (Machanick and Bailey, 2011).





3 Results



3.1 Tp2 affects multiple traits of maize development

Tp2 is a classical mutant from Maize Genetics Cooperation Stock Center that extends the duration of the juvenile vegetative phase of maize development. In normal maize plants, tillers that grow in axillary positions of juvenile leaves are produced in low numbers, ranging from zero to a few (Chuck et al., 2007). However, Tp2 mutants exhibit an increased number of phytomers that produce ears and initiate numerous tillers in the axils of each leaf, resulting in a larger number of leaves that retain a slender juvenile morphology (middle) (Figures 1A, B). While Tp2/+ plants initiate tassels later than their wild-type siblings, the mutant tassel arrests differentiation at the same time as, or shortly before, the primary meristem of a wild-type tassel completes its development, resulting in the formation of a single tassel branch (Figure 1C). To assess the impact of the mutation on other agronomic traits, such as plant height (PH), ear height (EH), ear leaf length (ELL), and ear leaf width (ELW), we measured these traits in homozygous wild-type and homozygous mutant plants. An independent sample Student’s t-test was performed to evaluate the significance of the difference between the two counterpart genotypes. The phenotypic statistics revealed significant differences for most agronomically important traits, including plant height, ear height, ear leaf length, and ear leaf width, when compared to the wild type (Supplementary Figures S1A, B). Furthermore, the TBN phenotypes of Tp2/Tp2 and Tp2/+ and their response to variation in gene dose indicate that Tp2 is characterized by gain-of-function mutations. To better understand the period during which the mutant tassels exhibit abnormal differentiation, we examined the growth process of young ears ranging from 1-3mm in size. Our observations suggest that the differentiation of mutant tassels begins to deviate from normalcy around 2mm, as revealed by microscopic analysis (Figure 1D).




Figure 1 | Vegetative and inflorescence traits. In each, the wild type is on the left, Tp2/Tp2 is on the middle and Tp2/+ is on the right. (A) Whole plant during vegetative development. (B) Excised mature leaf blades. (C) Mature tassels. (D) 1-3mm tassel of wild type and Tp2/Tp2. Scale bars= 10 cm in (A–C) 0.5 mm in (D).






3.2 Genetic analysis and mapping of the Tp2 mutant

To explore the genetic basis of TBN variation in the Tp2 mutant, the maize inbred Mo17 was used as the female parent to cross with Tp2 mutant as the male parent, which generated two segregating F2 families comprising 177 plants. The segregation ratio of single tassel branch to multiple tassel branches in the two F2 family were consistent with a 3:1 ratio (Supplementary Table S5), thereby supporting the hypothesis that a single, dominant gene is responsible for the TBN phenotype.

To identify the causal gene of Tp2 mutant, we bulked RNA samples from mutant and non-mutant individuals of a F2 population into two separate pools (wild-type pool and mutant pool) and performed RNA-Seq. We used BSR-Seq and MMAPPR to delimit the candidate interval of the causal gene. BSR-Seq and MMAPPR mapping analysis pipeline identified a genomic interval of approximately 14 Mb, between 119 and 133 Mb on chromosome 10 as the location of the Tp2 mutant (Figures 2A–C). We selected seven SNP markers (Supplementary Table S6) within the candidate interval (119 Mb to 133 Mb) to genotype a large segregating population, including approximately 5,000 individuals. Based on the genotypes and phenotypes of the progeny families derived from recombinants, Tp2 was localized between the markers P5 (129.2 Mb) and P6 (132 Mb) (Figure 3A). To further fine-map Tp2, we genotyped the segregating population and the progeny families derived from recombinants using five newly developed markers (Supplementary Table S6). Based on the genotypic and phenotypic data, we narrowed down the location of Tp2 to an approximately 139-kb region flanked by markers P9 and P10, in which only two genes (Zm00001d025786 and zma-miR156h) are located (Figure 3A).




Figure 2 | The initial mapping of Tp2. (A, B) The mapping results of BSR-Seq. The physical position of each SNP marker was plotted versus the probability of each SNP marker being in complete linkage disequilibrium with the causal gene (A) and the Chromosome 10 was scanned by using a window containing 50 SNPs with a step size of 50 SNPs (B). (C) The mapping results of MMAPPR. Loess fit curve calculated using the ED4 (Euclidean distance raised to the fourth power) scores across the genome.






Figure 3 | Fine mapping and candidate genes analysis for Tp2. (A) Fine mapping of Tp2 on maize chromosome 10. The physical positions of molecular markers (according to the B73_V4) used for fine mapping of the Tp2 locus. (B) Transcription levels of Zm00001d025786 estimated by mRNA-seq in WT (wild type) and the Tp2/Tp2 mutant from the about 2mm tassel tissue. (C) Transcription levels of zma-miR156h estimated by miRNA-Seq in WT and the Tp2/Tp2 mutant from the SAM tissues. (D) Relative expression levels of Zm00001d025786 and zma-miR156h in homozygous wild-type and homozygous mutant via qRT-PCR assay, respectively. P value was determined by Student’s t-test. ***P < 0.001, “ns” means it is no significant difference.



To mine the candidate genes for Tp2, we calculated gene abundance from transcriptome data. Since the tassel of Tp2/Tp2 begin to appear abnormal at about 2mm, SAM is the key niche for the growth and development of the aerial part. Therefore, the RNA library from 2mm tassel and the SAM of 2-week-old seedling of homozygous wild-type and homozygous mutant genotypes were used for mRNA sequencing and miRNA sequencing, respectively. For the data of mRNA sequencing, the Spearman Correlation coefficients are at least 81% between two biological replicates (Supplementary Figures S2A, B), and the DEG analysis revealed a total of 58 genes were up-regulated and 43 genes were down-regulated (Supplementary Figure S2C; Supplementary Table S7). To further explore the functions of the DEGs, we performed gene ontology (GO) enrichment analysis (p-value < 0.01). The significantly enriched biological process such as plant organ development and formation, regulation of organ morphogenesis, flower development (Supplementary Figure S3). These findings show that these DEGs are related with regulating maize inflorescences and organ morphogenesis.

Notably, the expression level of Zm00001d025786 had no difference between wild type and mutant pools (Figure 3B). Further miRNA sequencing between mutant and wild-type showed that mainly 20–24 nucleotide noncoding RNAs were enriched (Supplementary Figure S4), indicating that the high quality of sequencing data. Further analysis of miRNA sequencing data showed the expression level of zma-miR156h in Tp2/Tp2 is up-regulated (Figure 3C). To validate the results of the transcriptome sequencing, quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) was performed. The expression levels of Zm00001d025786 and zma-miR156h genes were consistent with the results of transcriptome sequencing (Figure 3D). Thus, zma-miR156h was considered as the candidate gene of Tp2 mutant




3.3 zma-miR156h-OE and CR-sbp13 plants produce similar phenotypes

MicroRNA156 plays vital roles in maize development and reproduction. Vegetative phase change in maize is regulated by miR156, a microRNA that promotes the expression of the juvenile phase and represses the expression of the adult phase. To confirm that overexpression of zma-miR156h is the cause of the Tp2 phenotype, we generated transgenic maize lines using the B73 as the background, in which a 115-bp precursor sequence of zma-miR156h was overexpressed by using the ubiquitin promoter (Supplementary Figure S5). We observed conspicuous single tassel branch in zma-miR156h-OE compared with wild-type. Additionally, in place of tassel branches, long bract leaves were present, clustered at the base of the tassel in zma-miR156h-OE#1 (Figure 4A). The relative expression level of miR156 was compared between the OE-plants and their control. Compared with the wild type counterpart, miR156 were up-regulated in the OE lines. The expression levels and phenotypic results of OE#1 and OE#2 revealed that the pleiotropic phenotype in OE-plants was positively correlated with the expression level of miR156 (Supplementary Figure S6), which was related to the regulation of multiple pathways by miR156. The overexpression of zma-miR156h in maize plants produced similar phenotypes to Tp2 mutants, indicating that the Tp2 mutant phenotype is due to overexpression of zma-miR156h.




Figure 4 | Characters of transgenic zma-miR156h-OE and CR-sbp13 plants. (A) Plant morphology from wild-type (left) and overexpression transgenic (OE#1 and OE#2) plants after the flowering stage. (B) Gene structure of ZmSBP13 and the target site in the first exon of ZmSBP13 for CRISPR/Cas9 editing. (C) Sequences of a homozygous knockout line with insertion in target site (KO#1). The wild-type sequence is shown at the Top. Target site and protospacer-adjacent motif (PAM) sequences are highlighted and boldface fonts, respectively. (D) Morphologies of wild-type and knockout line. (E) Phenotypic comparison of wild-type and knockout line. The data is shown as means ± SD; Scale bars= 10 cm in (A) 20 mm in (D) P value was determined by Student’s t test.



Studies have shown that miR156 regulates the spatiotemporal changes of plants by repressing SPL genes (Wang et al., 2009; Wu et al., 2009). To further elucidate the molecular bases of the defects in plant architecture caused by overexpression of zma-miR156h, we analyzed the target genes of zma-miR156h based on the maize cDNA library (zea mays, cDNA, AGPv4) using the web-based plant small RNA target analysis tool psRNATarget (Dai and Zhao, 2011). A total of 61 potential miR156-targeting genes were obtained (Supplementary Table S8). Furthermore, the functional annotation of 43 down-regulated genes in Tp2 mutant showed that 7 genes were annotated to encode SBP-domain protein, and all of them were target genes of miR156 (Supplementary Table S9). Among them, tsh4, ub2 and ub3 had already been reported to affect the development of tassel branch in previous studies, while the other four SPL genes (ZmSBP13, ZmSBP23, ZmSBP27, ZmSBP29) have not been researched yet.

To further investigate the relationship between SPL genes and zma-miR156h, we chose ZmSBP13 gene to generate knockout transgenic line (CR-sbp13) using CRISPR-Cas9 (Figures 4B, C). Using a PCR-based genotyping procedure, we identified an independent sbp13 knockout line with a 1bp insertion in the ZmSBP13 gene body in the T1 generation. Phenotypic and statistical analyses showed that TBN was decreased in these CR-sbp13 lines compared with WT plants (Figures 4D, E). The CR-sbp13 transgenic lines produced similar phenotypes with zma-miR156h-OE, indicating that ZmSBP13 gene, as the target of zma-mir156h, was inhibited by zma-mir156h, which led to the decrease of the tassel branches number.




3.4 ZmSBP13 may target multiple genes to regulate inflorescence structure

To investigate the molecular mechanism in regulating TBN, we clarified the potential target genes of ZmSBP13 using tsCUT&Tag assay. The Spearman Correlation coefficients for tsCUT&Tag data of two replicates is 0.98 (Supplementary Figure S7A). And ZmSBP13-bound signals were more prominent at promoter regions compared with negative control (Figure 5A; Supplementary Figures S7B, C). The number of overlapping detectable target genes for ZmSBP13 were 2631 (Figure 5B; Supplementary Table S10), demonstrating a good reproducibility of the data from tsCUT&Tag. To reveal the proteins that potentially interact with ZmSBP13, we performed motif analysis of ZmSBP13-targeted DNA sequences obtained from tsCUT&Tag results. Notably, the motif analysis showed that it is the typical binding site for the RAMOSA1, DOF, GROWTH REGULATING FACTOR (GRF4) and GLYMA proteins which control inflorescence architecture (Figure 5C), indicating that ZmSBP13 may interact with multiple proteins to regulate inflorescence structure.




Figure 5 | ZmSBP13-bound target genes. (A) Heatmap of the binding sites of ZmSBP13 at the positions − 3.0 kb upstream to + 3.0 kb downstream relative to transcription start site (TSS). (B) Overlapped target genes between ZmSBP13 tsCUT&Tag replicates. (C) ZmSBP13 bound motifs identified by MEME. The motif sequence is shown in the left column, the P value is shown in middle column and the corresponding proteins are shown in the right column.







4 Discussion

Tp2 had been verified that exhibits different phenotypes under different genetic backgrounds, indicating that gene dosage contributes to the observed variation (Poethig, 1988). This is further supported by our findings that overexpression of zma-miR156h produced different phenotypes (Figure 4A). Another dominant mutant, Cg1, exhibited more severe phenotypes compared to several Teopod mutants (Chuck et al., 2007). Cg1 encodes two tandem miR156 genes (miR156b/c) that are overexpressed in the meristem and lateral organs, while overexpression of zma-miR156h produced similar phenotypes to Cg1. Both mutants result from overproduction and misexpression of mature miR156, highlighting the importance of suitable expression of miRNA156 throughout the plant’s life cycle. Teopod1 and Teopod3 also exhibited similar phenotypes to Tp2, including an increase in the number of vegetative phytomers and phytomers producing ears, tillers, and prop roots, a decrease in the size of leaves, internodes, ear, and tassel, and transformation of reproductive structures into vegetative ones (Poethig, 1988). Additionally, glossy15 (gl15) also affected the juvenile-to-adult phase transition but appeared to affect only epidermal phase transition traits, such as epidermal waxes, and acted downstream of Cg1, Tp1, and Tp2 (Moose and Sisco, 1994). Gl15 encodes a member of the AP2-domain family and functions in maintaining juvenile epidermal traits by negatively regulating microRNA172, which has been shown to promote juvenile-to-adult phase transition (Moose and Sisco, 1996; Lauter et al., 2005).

RNA-seq analysis revealed several differentially expressed genes associated with maize inflorescence development in Tp2 mutants. Among them, genes such as ub2, ub3, tsh4, ra3, and silky1 have been previously demonstrated to affect maize inflorescence development (Ambrose et al., 2000; Satoh-Nagasawa et al., 2006; Chuck et al., 2014). Additionally, MADS-box and SPL family genes, including ZmMADS8/14/18/31 and ZmSBP13/23/27/29 were significantly differentially expressed between Tp2 mutants and wild type materials (Supplementary Table S7). These genes have been reported to play important roles in inflorescence development in maize and other species (Heuer et al., 2000; Heuer et al., 2001; Schilling et al., 2018). Thiamine biosynthesis1 (Thi1) also exhibited significant up-regulated expression in Tp2 mutants, whose paralogue thiamine biosynthesis2 has been shown to affect maintenance of SAM and inflorescence development in maize (Supplementary Table S7) (Woodward et al., 2010). Furthermore, two gibberellin synthesis genes, dwarf plant3 and gibberellin 20-oxidase1, were significantly down-regulated in Tp2 mutants, possibly explaining relatively decreased plant height phenotype of Tp2 (Supplementary Table S7) (Winkler and Helentjaris, 1995; Voorend et al., 2016). Thus, dissection of Tp2 mutants provides insights into the understanding of inflorescence and plant architecture development in maize.

Maize tassel branch trait is regulated by multiple genes and involved in various regulatory networks. The CLV-WUS feedback pathway plays an essential role in maintaining and determining the SAM. THICK TASSEL DWARF1 (TD1), FASCIATED EAR2 (FEA2) and ZmCLE7 are some of the primary genes involved in this pathway (Taguchi-Shiobara et al., 2001; Bommert et al., 2005; Liu et al., 2021). The ramosa pathway, centered around the REL2/RA1 transcriptional repressor complex, plays an antagonizes role in the formation of indeterminate branches during maize inflorescence development. This pathway includes ra2 and ra3 (Gallavotti et al., 2010). The miR156-SPL pathway also plays a crucial role in tassel branch development by regulating Inflorescence bracts and axillary meristem growth, including ub2, ub3, tsh4, and ZmSBP13 (identified in this study). Phytohormones, such as auxin, also play a vital role in regulating tassel developments, with SPI1, VT2, BIF1 and BIF4 genes having been identified in this regard (Gallavotti et al., 2008; Phillips et al., 2011; Galli et al., 2015). Epigenetic regulation also has been shown to affect tassel morphology development with histone deacetylase 108 (HDA108) playing a role in overall plant architecture and inflorescence patterning and fertility (Forestan et al., 2018). Crosstalks between different pathways can help to fully understand the mechanism of tassel development. Several genes, including ra3, dwarf plant3, GA20ox1 and thi1 exhibited significantly differentially expressed in Tp2 mutants, providing an avenue for understanding the crosstalks between the miR156-SPL pathway and other pathways in tassel development.

During the process of modern maize breeding, the plant architecture of maize was significantly changed for adaptation to high planting density, including more compact architecture with reduced relative ear height and upper leaf angle, smaller tassel with decreased tassel branch number. In this study, we identified new miR156-SPL modules functioning in plant architecture development in maize. Overexpression of zma-miR156h, as well as knockout of ZmSBP13, exhibited decreased tassel branch number in various degrees. Therefore, the accurate regulation of miR156-SPL modules exhibited huge potential for plant architecture improvement during modern maize breeding.

Other than maize, the miR156-SPL modules are widely conserved in various plant species and plays crucial roles in multiple developmental processes throughout the entire life cycle. Overexpression of miR156 in plants, such as Arabidopsis, rice, tomato, among others, has been shown to cause prolonged juvenile vegetative periods and delayed flowering (Wu and Poethig, 2006; Xie et al., 2006). In rice, Ideal Plant Architecture1 (IPA1) encodes the SPL family transcription factor, OsSPL14, which has been identified as a key regulator of plant architecture. Point mutations in the miRNA156 recognition site led to decreased tiller number and increased plant height and panicle branches due to the repression of IPA1 mRNA degradation (Jiao et al., 2010; Miura et al., 2010; Lu et al., 2013). Additionally, miR156-SPL modules also functioned in grain filling (Wang et al., 2012), branch angle controlling (Ishii et al., 2013; Zhu et al., 2013), fruit ripening (Manning et al., 2006), biotic and abiotic stress responses (Stone et al., 2005; Padmanabhan et al., 2013; Stief et al., 2014). Subtle manipulation of miR156-SPL modules has partially contributed to plant architecture improvement, yield and quality elevation in rice, and will continually make great contributions during modern crop breeding processes including maize, wheat and so on.

Based on our results and previous studies, we proposed a miR156-SPL model regulating tassel branch development in maize (Figure 6): Overexpression of zma-miR156h in Tp2 mutant, repressed the expression of series of SPL transcriptional factors, including ZmSBP13, ZmSBP23/27/29, as well as UB2, UB3 and TSH4, which positively regulating a large number of target genes, therefore, contributing to decreased tassel branch number trait in maize. Especially, a new identified SPL gene, ZmSBP13 affected tassel development by targeting many important genes in maize, for example indeterminate spikelet1 (ids1), KNOTTED1 (KN1), ZmBLH12 and so on (Supplementary Table S10).




Figure 6 | A proposed model for miRNA156-SPL to regulate the tassel branch.



In summary, we characterized and functionally analyzed a classical maize dominant mutant, Teopod2 (Tp2), and identified a microRNA, zma-miR156h, which regulates multiple agronomic traits in maize by inhibiting the expression of ZmSBP13, and the ZmSBP13 may interact with multiple proteins to regulate inflorescence structure in maize. Nevertheless, there are still some unresolved questions, such as the relationships between ZmSBP13 and other known SPL family genes (ub2, ub3 and tsh4). ub2, ub3 and tsh4 had been verified functioning redundantly in tassel development (Chuck et al., 2014). Whether there are functional redundancies between ZmSBP13 and three known SPL genes, as well as other unknown SPL genes, should be addressed and dissected by future genetic analyses. Moreover, overexpression of miRNA156 in various species exhibiting multiple phenotypes, including plant architecture, inflorescence structure, and yield. Realizing accurate regulation of the miRNA156-SPL module remains a significant challenge, as well as an essential measure to satisfy the increasing demands of cereals.
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