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Abstract

:

Leaf angle (LA) is closely related to plant architecture, photosynthesis and density tolerance in maize. In the current study, we used a recombinant inbred line population constructed by two maize-inbred lines to detect quantitative trait loci (QTLs) controlling LA. Based on the average LA in three environments, 13 QTLs were detected, with the logarithm of odds ranging from 2.7 to 7.21, and the phenotypic variation explained by a single QTL ranged from 3.93% to 12.64%. A stable QTL, qLA2-3, on chromosome 2 was detected and was considered to be the major QTL controlling the LA. On the basis of verifying the genetic effect of qLA2-3, a fine map was used to narrow the candidate interval, and finally, the target segment was located at a physical distance of approximately 338.46 kb (B73 RefGen_v4 version), containing 16 genes. Re-sequencing and transcriptome results revealed that five candidate genes may be involved in the regulation of LA. The results enrich the information for molecular marker-assisted selection of maize LA and provide genetic resources for the breeding of dense planting varieties.
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1. Introduction


Appropriately reducing leaf angle (LA) is one of the most effective measures to increase maize planting density and yield [1,2]. The complete maize leaf is composed of a sheath, blade and ligular region. The ligular region is located at the junction of the sheath and leaf and is divided into two parts: the ligule and the auricle [3]. The ligule is close to the maize stem and can be regarded as an extension of the leaf sheath. By contrast, the auricle is located on either side of the mid-vein and has a wedge-shaped structure. The ligule and auricle engage each other and act as hinges to keep the leaf and stem at a certain angle called the LA [4].



The identification of genes regulating maize LA is mainly involved in transcriptional regulation and hormone signalling conducted using mutants [4,5,6]. Transcriptional regulation is one of the main regulatory pathways affecting angle size. lg1, lg2, lg3 and lg4 mutants have defective or absent ligules and auricles, resulting in minimal LA [7,8,9]. The SQUAMOSA promoter binding transcription factor LG1 regulates LA by affecting cell autonomy [9]. The bZIP transcription factor LG2 gene is expressed earlier than LG1 and may be involved in the initiation of the early leaf ligular region [8]. The function defects of LG3 and LG4 encoding KNOX transcription factors lead to abnormal development of the leaf primordia meristem and abnormal leaf corner morphology [7]. In addition, defective transcription factors lead to cell ectopic expression of ligule and auricle, resulting in distorted and variable LA morphology, such as wab, drooping leaf1 (drl1) and drl2 [10,11]. Hormone-related genes are involved in the regulation of LA. Mutations in Brd1, the enzyme that catalyses the last step of brassinolide (BR) synthesis, cause leaf twist and LA deformation [12]. The mutation of the NANA PLANT2 gene related to BR biosynthesis resulted in decreased BR levels, extreme dwarfing and increased LA [13]. A natural mutation of the BR C-22 hydroxylase gene exhibits upright upper leaves and smart-canopy architecture, which is a genetic resource for breeding high-density maize varieties [6].



LA is regulated by multiple quantitative trait loci (QTL). A large number of QTLs controlling LA in maize have been detected in different genetic populations [3,4]. Nine QTLs for LA were detected using 180 recombinant inbred lines (RILs) constructed by B73 and Mo17 [14]. Using genotyping-by-sequencing analysis, 17 QTL controlling LA were detected [15]. Fourteen QTLs controlling LA were identified by a four-way strategy using a four-way cross-population [16]. A total of 30 LA QTLs were detected by association and linkage analysis using a nested association mapping population [17].



Several maize LA-related genes, including ZmTAC1, ZmCLA4, ZmILI1, ZmIBH1-1, ZmRAVL1 and ZmBrd1, were cloned by fine-mapping strategies [2,18,19,20,21]. ZmTAC1 encodes a Poaceae protein with an unknown function and is homologous to rice OsTAC1. Sequence variation in the 5′-UTR of ZmTAC1 affects the expression of ZmTAC1, which in turn affects LA size [21,22]. ZmCLA4 encodes a gramineous protein that negatively regulates auxin transport and is homologous to the gene LAZY1 that controls tiller angle in rice [20]. ZmILI1, ZmIBH1-1 and ZmRAVL1 encode transcription factors that affect LA by regulating the expression of genes, including hormone responses, cell differentiation and cell wall formation [2,18,19,20].



It is a feasible way to improve maize plant density by introducing superior alleles that control LA into maize varieties. After the introduction of the rare allele UPA2 in teosinte, the LA of the maize cultivar Nongda108 was significantly reduced, resulting in a higher yield under dense planting conditions [2]. In the study, we identified a novel major QTL for LA in maize, qLA2-3, using genetic mapping of the population. qLA2-3 was detected in all three environments and explained up to 12.31% of the phenotypic variation. Furthermore, fine mapping was used to narrow the mapping interval to 338.46 kb. Based on the maize reference genome, this region contains 16 genes. Five candidate genes were identified based on re-sequencing and transcriptome data. The results of this study should provide genetic resources for maize plant architecture improvement.




2. Materials and Methods


2.1. Plant Materials


The inbred lines LDC-1 and YS501 are the two parent inbred lines of a commercial maize hybrid Tianyu 88 which was released by our lab. LDC-1 and YS501 carry tropical and temperate germplasm, respectively. These two inbred lines exhibit a significant difference in leaf angle. LDC-1 shows a larger leaf angle than YS501. A single-seed descent method was used to develop RILs from the cross between LDC-1 and YS501. Briefly, F2 kernels were obtained by selfing F1 plants in the spring of 2016. Approximately 200 F2 plants were grown and selfed to obtain F3 ears in the winter of 2016. One kernel from each F3 ear was used to generate the F4 plant. Then, a similar procedure was employed for F4, F5, F6, F7 and F8 ears. Finally, 186 F9 RILs were obtained in the spring of 2019 [23]. The plants of the two parents and RIL populations were grown in three environments, respectively: the Ledong experimental field of Hainan (N: 18.73°, E: 109.17°) in the winter of 2019 (E1); an experimental field on the Wenhui Road campus of Yangzhou University (N: 32.40°, E: 119.40°) in the spring of 2020 (E2); and an experimental field on the Yangzijin Campus of Yangzhou University (N: 32.40°, E: 119.40°) in the summer of 2020 (E3). The soil at the Yangzhou experimental site was sandy loam, with the duration of sunshine ranging from 12 to 14 h. The average high temperature trend during spring sowing was 25–32 °C, and the average low temperature was 16–25 °C. During summer sowing, the average high temperature trend was 32–25 °C, and the average low temperature was 25–16 °C. The soil of the experimental field in Hainan was sandy, and the sunshine duration was approximately 12 h. The average high temperature trend was 30–28 °C, and the average low temperature was 21–17 °C. The RILs underwent planting in a randomised complete-block design, where the experiment was replicated twice for enhanced reliability.



Genotype recombinants were planted in experimental fields in the winter of 2020 (Hainan), the winter of 2021 (Hainan), the spring of 2022 (Yangzhou University) and the summer of 2022 (Zhenjiang City, N: 32.22°, E: 119.26°), respectively, for fine mapping. Ten maize plants were sown in the field where the row length was 2 m, the plant spacing was 0.2 m and the row spacing was 0.6 m. Field irrigation, fertilisation, weeding, and pest protection and management are the same as in the general field.




2.2. Investigation of Maize LA Phenotype


LA between stem and leaf above the ear was measured using a protractor at 15 day after pollination [2]. Five randomly selected plants from each line of the RIL population were measured for QTL mapping. The LA above the ear of all plants in the fine mapping plot was recorded, and the average LA was used for analysis.




2.3. Data Analysis


The descriptive statistical analysis, ANOVA and correlation analysis of the phenotypic data of the LA of the RIL population were performed using Excel 2016 and SPSS 21.0 software. The computation of broad-sense heritability (H2) is formulated as H2 = Vg/(Vg + Vge/l + Vε/rl), encompassing the variance components of genotype (Vg), genotype–environment interaction (Vge), and random error (Vε), with r standing for the number of replicates and l for the number of environments.




2.4. QTL Mapping


A high-density linkage map of 2624 bin markers with an average genetic distance of 0.9 cM between the markers was constructed in our previous study [23,24]. QTL mapping of average LA was performed using WinQTL Cartographer 2.5 software. The recombination rate was converted to genetic distance using the Kosambi function. With a walking step of 1.00 cM, the composite interval mapping method was used to obtain the logarithm of odds (LOD) of QTL by 1000 permutations (p < 0.05). LOD thresholds greater than 2.5 were considered significant QTL, and the prediction confidence interval was based on a drop interval of 1.5 LOD. The naming rules for QTLs were as follows: ‘q’ stands for QTL, followed by the LA abbreviation (LA), followed by the sequence number of the chromosomes, and finally, sorted according to their physical location on the chromosome.




2.5. Genome Re-Sequencing


Genomic DNA was extracted from two parental inbred lines, LDC-1 and YS501, and randomly interrupted by a Covaris crusher with a growth rate of 350 bp. The DNA library was constructed using the TruSeq Library Construction Kit and sequenced on the Illumina platform in strict accordance with the instruction manual (Novogene Co., Ltd., Beijing, China). Clean data obtained by removing adapters, poly-N sequences and low-quality reads were then mapped to the reference genome B73 RefGen_v4 (ftp://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/005/005/GCF_000005005.2_B73_RefGen_v4, accessed on 29 August 2024) using BWA software (v0.7.8-r455) with default parameters. SAMtools (v1.3.1, parameters as mpileup -m 2 -F 0.002 -d 1000) was used to filter SNP/InDel detection criteria as follows: (1) the depth of the variate position is not less than 4; (2) the mapping quality is not less than 20 [25].




2.6. Fine Mapping of qLA2-3


InDel markers in or near the qLA2-3 region were designed using a primer design tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed on 29 August 2024) to screen for genotype recombinant plants in the residual heterozygous lines (Table S1).



The recombinants in the qLA2-3 interval were planted into plots after self-crossing for fine mapping in each generation. Each plot has over 100 plants used for measuring leaf angle data. The qLA2-3 locus was mapped by analysing the genotype of each plant and its corresponding average LA in the plot. The significant difference in LA between the two parental homozygous genotypes indicates that the candidate gene is located in the heterozygous region; otherwise, it is located in the homozygous region.




2.7. RNA-Seq and qPCR


RNA samples were collected from the newly formed ligular region of the third leaf above the ear. The ligular regions of 15 plants were mixed into one sample, and three biological replicates were prepared for qLA2-3-NILYS501 and qLA2-3-NILLDC-1. The total RNA in each sample was extracted with a Plant Total RNA Isolation Kit (Vazyme Biotech, Nanjing, China), as referenced in the user manual. The sequencing libraries were constructed using the NEBNext Ultra II RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA, USA) with reference to the standard operating manual. Clean reads were obtained from raw reads after filtering, such as removing 3′ end adapters (the removed part had at least a 10 bp overlap with the known adapter, allowing for 20% base mismatches) and low-quality data (reads with an average quality score lower than Q20) using Cutadapt (v1.11). Reads were mapped to the maize B73_RefGen_v4 reference genome (https://www.maizegdb.org/, accessed on 29 August 2024) using the HISAT2 (v2.1.0) software (http://ccb.jhu.edu/software/hisat2/index.shtml, accessed on 29 August 2024) under the condition of default parameters. The Read Count values mapped to each gene were counted and regarded as the original expression levels of the genes using HTSeq (v0.9.1). In order to make the gene expression levels among different genes/samples comparable, FPKM (Fragments Per Kilobases per Million fragments) was used to normalise the expression levels after excluding rRNA and tRNA (Personalbio Co., Ltd., Shanghai, China). Genes with expression fold changes exceeding 1.5 (p < 0.05) were considered significant differentially expressed genes by DESeq (v1.38.3).



For the qPCR analysis, 1 µg of total RNA was used to synthesise cDNA with an ABScript III RT Master Mix for qPCR (ABclonal, Wuhan, China) in accordance with the manufacturer’s instructions. Gene fragments were amplified with Universal SYBR Green Fast qPCR Mix (Abclonal, Wuhan, China) on an ABI StepOnePlus Real-Time PCR system. The ΔCt (threshold cycle) method was used to determine the gene expression levels, and the expression of Maize ZmGAPDH (GRMZM2G046804) was taken as the internal control.





3. Results


3.1. Phenotypic Variation in LA Traits


Maize LDC-1 and YS501 inbred lines have similar plant heights but contain a large difference in upright plant architecture. Compared to LDC-1, YS501 showed 4.3°, 5.8°, 17.6°, 16.0°, 18.4°, 18.1° and 17.2° reductions in the first leaf below ear, leaf at ear position, first leaf above ear, second leaf above ear, third leaf above ear, fourth leaf above ear and fifth leaf above ear, respectively (Figure 1A,B). Significant differences in LA between the two parents were observed in all three environments, with parent YS501 containing a larger LA than parent LDC-1 (Table 1). Based on 186 RILs constructed with these two parents, the LA of the genetic mapping population was measured and analysed.



The correlation analysis of the LA of the RIL population in three environments showed a considerably significant positive correlation (p < 0.01). In E1, E2 and E3 environments, the LA correlation coefficients of each leaf were 0.456–0.749, 0.515–0.812 and 0.450–0.729, respectively (Figure 2). The results of correlation analysis indicated that the genes regulating the LA of five leaves on the ear might have similar genetic regulatory mechanisms, so the average LA was used for further analysis.



Descriptive statistics show that the absolute values of skewness and kurtosis of LA in all environments were less than 1, suggesting that the data of LA present the characteristics of a normal distribution (Table 1). The coefficients of variation in LA in the three environments were 23.81%, 32.11% and 22.62%, respectively, with a large range of variation. The average LA of the RIL population was between that of parents, but there were also a number of lines whose LA was lower or higher than that of parents, showing transgressions (Figure 1C and Figure S1). The genotype F value indicated that the genetic difference of LA reached a considerably significant level, and the broad sense heritability of LA was high, reaching 89.15%. These results indicate that the LA has a quantitative character and can be used for QTL mapping.




3.2. Identification of QTLs for LA


The average LA of each line was used as phenotypic data for the initial mapping of QTL regulating LA based on a high-density linkage map [24]. A total of 13 QTLs were identified in the three environments, which were distributed on chromosomes 1, 2, 3, 4, 5, 6, 7 and 10 (Table 2). Each QTL explained 3.93%–12.64% of phenotypic variation and had LOD values between 2.7 and 7.21.



Among QTLs, qLA2-3 on chromosome 2 was detected in all three environments (Figure 3A). The genetic effect of qLA2-3 was the largest, accounting for 10.90%, 12.31% and 6.25% of the phenotypic variation, and the synergistic allele originated from LDC-1 (Table 2). The physical location of qLA2-3 was 214.0–225.8 Mb (genetic locus 180.1–196.6 cM), and there was no reported gene related to LA in this region.




3.3. Validation and Fine Mapping of qLA2-3


To obtain progeny plants with heterozygous genotypes in the major QTL qLA2-3 region, recombinants with the LDC-1 allele were backcrossed to YS501 and planted into plots after self-crossing. The genetic effect of qLA2-3 was validated by identifying the genotypes and average LAs of each plant (Figure 3B). Compared to the LDC-1 allele, the YS501 allele at qLA2-3 reduced the LA.



The major QTL, qLA2-3, was located between the initial location markers AX-90526710 and AX-86258763. Within or near the two markers, 12 InDel markers were developed to determine the recombination sites of the genotype (Figure 4). Based on the genotype and phenotype data of six recombinant plant progeny plots, the mapping interval was narrowed to between markers YS54 and YS11. According to reference genome information for B73 RefGen_v4, the physical distance was approximately 3.87 Mb (Figure 4B). Subsequently, the offspring of seven identified recombinants were planted in isolated plots. Based on new InDel markers such as YS4, YS5, A0, LD21, B10 and A9 developed in the interval, the location interval is further narrowed to between markers YS4 and YS5, with a physical distance of approximately 338.46 kb (Figure 4C).




3.4. Evaluation of the Influence of qLA2-3 on Upright Plant Architecture


To verify the allelic effects of qLA2-3 in the localised region, a pair of near-isogenic lines (qLA2-3-NILYS501 and qLA2-3-NILLDC-1) was developed from a RIL that was heterozygous in the 338.46 kb region. Compared to qLA2-3-NILLDC-1, qLA2-3-NILYS501 decreased by 0.97°, 2.46°, 3.64° and 4.68° from the first to the fourth leaf above the ear, respectively, and the average LA decreased by 2.51° (Figure 5A,B). There were significant differences in every LA between the two NILs, and alleles from YS501 had a smaller LA.



In addition to LA, plant height, ear height, leaf length and leaf width are relevant traits of upright plant architecture. Six traits, including plant height, ear height, tassel length, number of tassel branches, leaf length and leaf width, were also investigated in the qLA2-3-NILYS501 and the qLA2-3-NILLDC-1. Compared to qLA2-3-NILLDC-1, the leaf width of qLA2-3-NILYS501 was significantly reduced by 0.51 cm, but no significant difference was detected in the other five plant architecture traits (Figure 5C).




3.5. Predicted Candidate Genes by Genome Re-Sequencing Analysis and Transcriptome Analysis


To narrow down the candidate genes in qLA2-3, the genomic variation was compared using re-sequencing data from the two parental lines. The comparison rate of samples ranged from 98.82% to 98.92%; the average coverage depth of reference genomes was 30.38× (LDC-1) to 31.92× (YS501), and the 1× coverage (covering at least one base) was above 91.34%, which could be used for mutation detection. After rigorous filtering, 906 polymorphic SNPs and InDel were detected between the two parents, YS501 and LDC-1, in this candidate region (Figure 6A and Data Set S1). There are 6.53% (59), 5.20% (47), 3.77% (34), 5.87% (53) and 0.11% (1) variants distributed in the exon, upstream, 5′-UTR, 3′-UTR and splicing regions, respectively, except 75.16% in the inter-genic regions (55.04%, 497), introns (16.28%, 147) and downstream sequences of coding regions (4.10%, 37), which are difficult to cause functional variation.



Among the sequence variations in the coding region, 23, 6 and 3 SNPs or InDel caused synonymous mutations, non-frameshift insertion or non-frameshift deletion, respectively. In addition, 27 SNPs led to non-synonymous mutations, and 1 SNP led to premature termination of transcription due to the presence of a stop codon (stop gain) (Figure 6B and Data Set S2). Within the candidate region, 16 genes were predicted based on the B73 V4 version reference genome of the MaizeGDB website (https://www.maizegdb.org/, accessed on 29 August 2024), including 9 genes with exons of variable sequence caused by SNPs or InDel (Figure 6D and Data Set S2).



To further identify the candidate genes of qLA2-3, transcriptome sequencing was performed to compare gene expression changes in the leaf auricle region of qLA2-3-NILYS501 and qLA2-3-NILLDC-1. The thresholds of fold change >1.5 and p < 0.05 were used to identify significant differentially expressed genes. The results demonstrated that the expression of seven genes was not detected, the expression levels of five genes were not significantly changed, and only four genes (Zm00001d006834, Zm00001d006835, Zm00001d006844, and Zm00001d006845) had significant differences in expression levels between the two near-isogenic lines (Figure 6C and Figure S2 and Table S2). The function of Zm00001d006834 is unknown, but there is a significant difference in its expression level between the two near-isogenic lines, and it may play a role in the regulation of maize leaf angle. Zm00001d006835 encodes a NUCLEAR FACTOR Y (NF-Y) A-type nuclear transcription factor, which is involved in numerous biological processes, including plant development and photoperiodic regulation [26,27,28]. Zm00001d006844 and Zm00001d006845 encode a serine/threonine–protein kinase and a nuclear export receptor protein (Exportin-t), respectively. The homologous genes in other species play a role in regulating plant development, including leaf development [29,30,31].



In addition, an SNP emerged in the exon region of Zm00001d006848 in the LDC-1 inbred line, causing the premature occurrence of a stop codon (Data Set S2). Although it was not detected due to its low expression level (Table S2), it encoded an MYB transcription factor and was listed as a candidate gene because it may regulate the expression of other genes. Considering DNA sequence variation and gene expression differences, Zm00001d006848, Zm00001d006834, Zm00001d006835, Zm00001d006844 and Zm00001d006845 were considered as possible candidate genes (Figure 6D).





4. Discussion


The effect of LA on upright plant architecture is closely related to maize planting density [2,3]. To determine the main effect of QTLs controlling LA, RIL populations constructed by maize-inbred lines YS501 and LDC-1, which have a large LA variation, were used to identify QTLs controlling LA. The difference in LA between the two inbred lines was similar (Figure 1A,B), and the correlation of LA between different leaves was high (Figure 2), so the average LA was used for QTL mapping. The genetic architecture of average LA showed that the heritability of LA (89.15%) was high across three environments (Table 1), suggesting that LA was not susceptible to environmental influences. A total of 13 QTLs controlling the size of LA were detected, among which qLA2-3 was stably expressed in three environments, and the remaining 12 QTLs were only detected in a single environment (Table 2).



Compared to QTL mapping results from other populations, qLA1-1, qLA1-2, qLA1-3, qLA2-1, qLA2-2, qLA3-1, qLA3-2 and qLA6-1 identified in this study overlapped with previously reported QTL loci [16,32,33,34]. qLA1-1 overlapped with the qLA-E1-1 interval situated between the markers bnlg439 and bnlg1803 [32]. qLA1-2 coincided with the qLA1-2 interval located between the markers umc2112 and umc1703 [16]. qLA1-3 overlapped with LA1b located between the markers bnlg1331 and phi308707 [33]. qLA2-1 was consistent with the positioning outcomes of B73 × Mo17 population [14]. qLA2-2 overlapped with the qFirLA2-1 interval located between the markers umc1065 and umc1637 [34]. qLA3-1 overlapped with the qLA-E3-1 interval positioned between the markers umc1394 and umc2257 [32]. qLA3-2 was in line with the results of LA3b [33] and qFirLA3-2 [34]. qLA6-1 overlapped with the qFirLA6-2 interval located between the markers bnlg1732 and umc2162 [34]. These QTLs detected in only one environment in this study were also located in the same location in different populations, suggesting that the QTL between these physical locations is relatively stable. qLA2-3, qLA4-1, qLA5-1, qLA7-1 and qLA10-1 were not reported in previous studies, which was due to differences in population genetic background or environment. The contribution rate of qLA2-3 phenotypic variation reached 12.31%, and it was detected in all three environments, suggesting that this QTL is a stable and major QTL controlling maize LA.



Although many genes regulating maize LA have been cloned by using mutants, these mutants have extremely severe phenotypic variation and are difficult to use for maize genetic improvement [4,5,7,8,9,10,11,12]. Only a few genes have been cloned through fine cloning strategies, and these alleles have mild LA changes and can be applied to maize production [2,18,19,20,21]. The superior allele of the UPA2 gene has been used to improve maize varieties used in production to achieve higher yields at higher planting densities [2]. However, the genes available for maize LA improvement are still limited, and it is still necessary to explore new gene alleles.



To narrow the interval of qLA2-3, InDel markers were developed based on the results of parental whole genome re-sequencing, and the genetic effects of qLA2-3 were confirmed by genotype and phenotype analysis, which verified the authenticity and reliability of the QTL (Figure 3B). Molecular markers were continuously designed, and new recombinants were screened in the candidate interval. Finally, the target interval was narrowed to between the markers YS4 and YS5 with an interval size of 338.46 kb (B73 RefGen_v4 version). Between the two NILs of qLA2-3, the YS501 alleles reduced average LA by 2.51° (Figure 5), suggesting that this QTL may serve as a potential site for improving maize architecture. Considering that maize is grown as a hybrid, this QTL effect needs to be further verified at the hybridisation stage.



The fine mapping interval contains a total of 16 genes based on the B73 reference genome (Table S2). Four differentially expressed genes were detected in the transcriptomic analysis of the near-isogenic lines qLA2-3-NILYS501 and qLA2-3-NILLDC-1 (Figure 6 and Table S2). Zm00001d006835 encodes NF-Y A-type nuclear transcription factors and can co-form heterotrimeric complexes with NF-YB- and NF-YC-type transcription factors [26]. NF-Y transcription factors are involved in a variety of biological processes, such as abiotic stress response, seed germination, root development and photoperiodic regulation [27,28,35,36]. The NF-YC transcription factor ZmNF-YC13 is highly expressed at the base of maize leaves and is involved in the regulation of LA [37]. In addition, overexpression of certain NF-Y (OsNF-YB7, OsHAP3E and ZmNF-YC13) genes will affect the establishment of plant types, resulting in plant dwarf and leaf upright phenotypes [37,38,39]. In the present study, the expression of Zm00001d006835 in qLA2-3-NILYS501 with small LA was also significantly higher than that of qLA2-3-NILLDC-1 with large LA. Zm00001d006844 encodes a serine/threonine–protein kinase whose homolog in Arabidopsis is involved in chloroplast differentiation of leaves [29]. Zm00001d006845 encodes a nuclear export receptor protein (Exportin-t), a homologous protein that primarily mediates the tRNA export pathway from the nucleus to the cytoplasm and regulates the development of leaf and inflorescence [30,31]. In addition, the function of Zm00001d006834 is unknown and cannot be excluded, which may be involved in the regulation of plant LA. Although Zm00001d006848 is not detected due to low expression (Table S2), the re-sequencing results show that the variation in the exon of Zm00001d006848 in the LDC-1 inbred line leads to premature termination (Figure 6D and Data Set S2), and it encodes a MYB transcription factor that may affect other genes expression and regulate the angle size of maize leaves. These candidate genes need to be further confirmed through fine mapping and transgenic verification.




5. Conclusions


In the present study, 13 QTLs controlling maize LA were identified using a RIL population, in which qLA2-3 was a stable and major QTL, explaining up to 12.31% phenotypic variation. InDel markers were developed based on parental re-sequencing data and were used to screen recombinants for fine mapping. The candidate region was finely mapped to the range of 338.46 kb (B73 RefGen_v4 version), which contains 16 predicted genes. The re-sequencing data and transcriptomics suggested that five candidate genes may be involved in the regulation of LA. To further analyse the role of the qLA2-3 locus in maize genetic improvement, it is necessary to clone the gene through map-based cloning, study its biological functions, and undertake the evaluation of breeding utilisation in future research.
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Figure 1. Phenotypic distributions of leaf angles in LDC-1, YS501 and RIL populations: (A) Comparison of leaf angles between LDC-1 and YS501. The scale bar was 20 cm. (B) Statistical data on leaf angle size between LDC-1 and YS501. n = 30; mean compassion letters represent significant differences at p < 0.05 level through Tukey’s Honest Significant Difference Test. (C) Frequency distributions of mean leaf angle above the ear in the RIL population. The data in the E1 environment were used as an example. The X-axis represents the range of leaf angle distribution on the ear within the RIL population, the Y-axis represents the frequency, and the black line represents the normal distribution fitting curve. 
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Figure 2. Correlation analysis of leaf angles on ears in the RIL population under three environments. E1: Ledong Experimental Base in Hainan in the winter of 2019; E2: Maize Genetic Breeding Experimental Field in the Agricultural College of Yangzhou University in the spring of 2020; E3: Yangzhou University Experimental Farm in the summer of 2020. ** indicates an extremely significant correlation at the p < 0.01 level. 
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Figure 3. The main QTL locus, qLA2-3, for leaf angle detected on chromosome 2: (A) Logarithm of odds (LOD) figure for qLA2-3. The X-axis is the genetic distance on each chromosome, the Y-axis is the LOD value of the QTL, and the middle horizontal line represents the threshold (LOD = 2.5). (B) Allele effects of qLA2-3 for leaf angle in two plots. * indicates significant difference at the p < 0.05 level; ** indicates significant difference at the p < 0.01 level; ns indicates no significant difference. 
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Figure 4. Fine mapping of qLA2-3 based on recombinant progeny: (A) Schematic diagram of the pre-mapping region of qLA2-3. (B) The genotypes and LA phenotypes of recombinant in the spring of 2022 in Yangzhou. (C) The genotypes and LA phenotypes of recombinant in the summer of 2022 in Zhen-jiang. Red, blue and yellow represent homozygous YS501, homozygous LDC-1 and heterozygous YS501/LDC-1 alleles, respectively. Marker, genotype information for statistical analysis; No, the number of individuals in the planting plot. The red dashed line is used to mark the positioning interval. The red dotted line is used to distinguish between significant and insignificant data. 
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Figure 5. Comparisons of the leaf angle and agronomic traits between qLA2-3-NILYS501 and qLA2-3-NILLDC-1. (A) The appearance of qLA2-3-NILYS501 and qLA2-3-NILLDC-1 at the maize filling period. Bar = 15 cm. (B) Statistical data of leaf angle size between qLA2-3-NILYS501 and qLA2-3-NILLDC-1. (C) Effect analysis of qLA2-3 on architecture traits between qLA2-3-NILYS501 and qLA2-3-NILLDC-1. p < 0.05 indicates a significant difference; p < 0.01 indicates an extremely significant difference. 
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Figure 6. Genomic variation and gene expression changes in the qLA2-3 candidate regions: The genomic distribution of variations in the leaf angle main QTL qLA2-3 candidate regions (A) and mutation type in exonic regions (B). (C) Heatmap showing the gene expression changes in qLA2-3-NILYS501 and qLA2-3-NILLDC-1. ** indicates significant difference at the p < 0.01 level. (D) Venn diagrams showing the predicted candidate genes in genome re-sequencing and transcriptome analysis. Nine genes had exons with variable sequences caused by SNPs or Indel in genome re-sequencing, and four of them were differentially expressed genes in transcriptional sequencing. 
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Table 1. Phenotypic statistics of the leaf angle in parents and RIL population.
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Environment

	
Parents

	
RIL Population




	
YS501

	
LDC-1

	
t-Test p Value

	
Mean ± SD

	
Range

	
Kurtosis

	
Skewness

	
CV (%)

	
F Value

	
H2






	
E1

	
11.83

	
28.87

	
3.56 × 10−30

	
20.33 ± 4.84

	
9.22–35.02

	
−0.043

	
0.331

	
23.81

	
8.216 **

	
89.15%




	
E2

	
10.25

	
26.97

	
1.01 × 10−8

	
19.96 ± 6.41

	
9.07–37.54

	
−0.389

	
0.429

	
32.11




	
E3

	
11.34

	
23.89

	
3.48 × 10−7

	
22.50 ± 5.09

	
9.62–38.69

	
0.15

	
0.109

	
22.62








SD, standard deviation; CV, coefficient of variation; H2, broad-sense heritability. ** indicates extremely significant correlation at the p < 0.01 level.













 





Table 2. Quantitative trait loci (QTLs) for leaf angle detected using 186 recombinant inbred lines in three environments.
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Trait

	
QTL

	
Chr

	
Position

(cM)

	
Physical Location (bp)

	
E1

	
E2

	
E3




	
LOD

	
Add

	
R2

	
LOD

	
Add

	
R2

	
LOD

	
Add

	
R2






	
LA

	
qLA1-1

	
1

	
115.1~135.1

	
39490381~53752442

	

	

	

	
7.21

	
2.33

	
12.64

	

	

	




	
qLA1-2

	
1

	
193.0~209.4

	
105544639~166628038

	
4.50

	
1.32

	
7.22

	

	

	

	

	

	




	
qLA1-3

	
1

	
349.7~371.2

	
281040428~292905589

	

	

	

	

	

	

	
3.45

	
1.20

	
5.27




	
qLA2-1

	
2

	
55.8~67.6

	
12495796~16391990

	
3.86

	
1.30

	
6.98

	

	

	

	

	

	




	
qLA2-2

	
2

	
144.5~152.5

	
187673664~191462633

	

	

	

	

	

	

	
4.83

	
1.46

	
7.09




	
qLA2-3

	
2

	
180.1~196.6

	
214012471~225807350

	
6.88

	
1.65

	
10.90

	
7.03

	
2.37

	
12.31

	
4.30

	
1.39

	
6.25




	
qLA3-1

	
3

	
13~18.9

	
2050621~3087150

	
3.08

	
1.12

	
4.87

	

	

	

	

	

	




	
qLA3-2

	
3

	
147.2~153.8

	
181135621~184419019

	

	

	

	

	

	

	
3.12

	
1.09

	
4.57




	
qLA4-1

	
4

	
180.4~195.1

	
208732552~236286534

	

	

	

	
3.69

	
1.67

	
6.25

	

	

	




	
qLA5-1

	
5

	
113.3~116.6

	
61422142~67028398

	

	

	

	

	

	

	
3.27

	
−1.07

	
4.34




	
qLA6-1

	
6

	
82.6~95.0

	
116217531~136571957

	

	

	

	

	

	

	
5.31

	
1.47

	
7.94




	
qLA7-1

	
7

	
231.3~238.7

	
177668009~179104806

	

	

	

	

	

	

	
2.70

	
−1.02

	
3.93




	
qLA10-1

	
10

	
53.8~69.6

	
15031133~90669531

	
5.97

	
−1.54

	
9.45

	

	

	

	

	

	








LA, leaf angle; Chr, chromosome; LOD, logarithm of odds; Add, additive effect value; R2, phenotypic contribution rate.
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