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Abstract: In recent years, some super hybrid rice varieties were bred with strong culms and large panicles, which are mainly contributed by the ipa1-2D locus. A gain-of-function allele of OsSPL14 is the ipa1-2D and it can greatly increase the panicle primary branch number. However, the key downstream genes mediating this trait variation are not fully explored. In this study, we developed high-quality near-isogenic lines (NILs) with a difference of only 30 kb chromosomal segment covering the ipa1-2D locus. Using the NILs, we explored the impact of ipa1-2D on five sequential stages of early inflorescence development, and found that the locus can greatly enhance the initiation of primary branch meristems. A transcriptomic analysis was performed to unveil the downstream molecular network of ipa1-2D, and 87 genes were found differentially expressed, many of which are involved in metabolism and catalysis processes. In addition, transgenic lines of overexpression and RNA interference were generated to shape different levels of OsSPL14. They were also used to validate the expression variation explored by transcriptome. Based on the gene annotation, twelve potential downstream targets of ipa1-2D were selected, and their expression variation was confirmed by qRT-PCR analysis both in NILs and transgenic lines. This research expands the molecular network underlying ipa1-2D and provides novel gene information which might be involved in the control of panicle branching. We discussed the potential function of identified genes and highlighted their values for future function exploration and breeding application.
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1  Introduction

Rice is the major cereal crop that feeds about one half of the world population, and it is important to develop rice varieties with high yield potential to fulfill the demands of increasing populations. Rice yield is contributed mainly by three components, namely, panicle number, grain number per panicle and grain weight [1]. In recent years, some super hybrid rice varieties have been bred in China, and a super rice called Yongyou 12 presented a yield potential of more than 14.5 ton per hectare [2]. For these super rice varieties, grain number contributes largely to their yield potential. The higher grain number of these varieties is determined by the large panicle morphology with more panicle branches, either primary or secondary branches. In the two-line hybrid rice Liang-you-pei 9, its grain number was far more than that of its two parents, and so did the panicle branch number. This indicated that these traits are involved in heterosis [3]. It is therefore of great importance to dissect the developmental process and molecular mechanism of panicle branch formation in rice.

The morphogenesis of rice panicle branches is largely determined at the early stages of inflorescence meristems (IMs), and shoot apical meristem (SAM), primary branch meristem (PBM), secondary branch meristem (SBM), spikelet meristem (SM) and floret meristem (FM) are initiated in a sequential manner [4]. Up to now, several key genes involved in the initiation or maintenance of IMs in rice have been cloned. LAX1 encodes a basic helix-loop-helix transcription factor, and lax1 mutant exhibited a great reduction of panicle primary and secondary branches, indicating that the gene is involved in the formation of all types of axillary meristems [5]. LAX2 encodes a nuclear protein with a plant-specific conserved domain, and its mutation leads to reduction of only secondary branches, different from that of lax1. The lax1 lax2 double mutant synergistically enhanced the reduced-branching phenotype, indicating the presence of multiple pathways for panicle branching [6]. APO1 encodes an F-box protein, an ortholog of Arabidopsis UFO gene. In apo1 mutant, the branch meristems become spikelet meristems earlier, leading to the reduction of both primary and secondary panicle branches. Overexpression of APO1 caused an increase in branch and spikelet number, but the branches were undulated and spikelets were underdeveloped, making it impossible for yield improvement [7]. SCM2/PBN6/qPL6 is a quantitative trait locus (QTL) with a slightly higher expression of APO1, and it can increase both panicle branches and stem diameters, providing a new target both for yield improvement and lodging resistance [8–10].

QTLs are better targets for gene/allele mining with the consideration of breeding application, and several important QTLs for panicle size were dissected from different varieties. Gn1a is the first QTL cloned for grain productivity, and it encodes the cytokinin oxidase/dehydrogenase (OsCKX2) that degrades cytokinin. Reduced expression of OsCKX2 caused cytokinin accumulation and increase of panicle secondary branches, resulting in enhanced grain yield [11]. Later, another widely-used QTL dep1 was cloned, and it is a gain-of-function mutation causing truncation of a phosphatidylethanolamine-binding protein-like domain protein. The dep1 allele can enhance the meristematic activity, and increase the panicle branching and grain number but reduce the panicle length. Gn1a was down-regulated in NIL-dep1 compared with the wild type, suggesting a possible interaction between two QTLs [12]. IPA1 encodes the SBP domain transcriptional factor OsSPL14, which can be targeted and degraded by miR156 and miR529, and two gain-of-function alleles have been identified, namely, ipa1-1D and ipa1-2D. ipa1-1D harbored one SNP on the coding region that abolished the recognization of miR156, and ipa1-2D achieved a tandem repeats upstream OsSPL14 promoter, and both mutations led to the upregulation of OsSPL14. The two alleles can greatly increase both panicle primary branch number and stem diameter, and are ideal breeding targets both for yield improvement and lodging resistance [13,14]. The IPA1 gene has been designated as a novel green revolution gene, attracting much attention in later studies [15]. NPT was identified as an independent QTL for enhancing panicle primary branch number and stem diameter, and it encodes a deubiquitinating enzyme with homology to human OTUB1. The NPT protein promotes the K48Ub-dependent proteasomal degradation of OsSPL14, and therefore its mutation generated a phenotype similar to that of ipa1-1D/2D [16]. Similarly, IPI1 encodes a RING-finger E3 ligase that interacts with OsSPL14 in the nucleus, and it promotes the degradation of OsSPL14 in panicles while stabilizes OsSPL14 in shoot apexes by different polyubiquitin chains [17]. The ipi1 mutation leads to reduction of only secondary but not primary branches. This is different from the effect of the npt mutation, suggesting that two genes might affect the OsSPL14 protein to different extents. These studies further highlight the important role of OsSPL14 in shaping panicle morphology. However, the downstream genes of OsSPL14 are not fully explored. The ChIP-seq analysis revealed that Dep1 is one target of the OsSPL14 protein. Nevertheless, it cannot explain the constant panicle branching phenotype in the pyramiding line of dep1 and ipa1-1D, suggesting that other genes mediate the panicle morphogenesis by OsSPL14 [18].

With the development of high-throughput sequencing technology, the RNA-seq has become a routine strategy for exploring molecular networks. It also provides an alternative way to find genes underlying important agronomic traits. In this way, many novel candidate genes were identified to participate in the process of panicle development. A global transcriptome profiling of the early stages of inflorescence development identified 357 out of 22000 genes that were expressed differentially in the successive developmental stages, and provided the most possible genes for panicle branching control in rice. Indeed, one transcriptional factor was identified as a close downstream component of the pathway in which LAX1 acts [19]. By transcriptome sequencing of developing inflorescences before and after the transition from branch to spikelet meristem, a core set of genes associated with panicle branch variation were dissected between the wild and domesticated rice accessions. Also, AP2/EREBP-like genes were identified as key factors for panicle branching [20]. Transcriptomic analysis also facilitates the identification of a downstream molecular network underlying a specific gene/locus. In the inflorescence meristem of transgenic plants overexpressing APO1, 833 and 745 genes were up- and down-regulated, respectively. The candidate gene list covered many known QTLs for panicle branching control, including Gn1a and IPA1 [21].

Previously, we successfully cloned ipa1-2D as a gain-of-function allele of IPA1, which shapes modest upregulation of OsSPL14 by an epigenetic mechanism. The modest expression yielded a better balance between panicle number and panicle grain number than that of ipa1-1D, and contributed significantly to the strong culms and large panicles of the Yongyou 12 super hybrid rice [14]. We performed transcriptomic analysis using IMs from high-quality near-isogenic lines of ipa1-2D to clarify the underlying genes determining the ideal impact of the modest OsSPL14 expression. We tested the responses of several downstream genes in both RNAi and overexpression lines of OsSPL14 to confirm the dosage effect of OsSPL14. The potential target genes underlying ipa1-2D were identified.

2  Materials and Methods

2.1 Development of High-Quality Near-Isogenic Lines

A pair of near-isogenic lines with either ipa1-2D or IPA1 alleles were developed following the procedure illustrated in Fig. 1a. In detail, the parent YYP1 with the ipa1-2D allele was crossed with Nipponbare (NIP) to generate F1. Thereafter, F1 plants were backcrossed three times with NIP to generate BC3F1. Then successive self-crossings were performed in the single-seed descent way using heterozygous ipa1-2D plants, and NIL-ipa1-2D and NIL-IPA1 were finally obtained at the BC3F8 generation. All the generations of backcrossing and self-crossing were coupled with molecular marker assisted selection (MAS) of ipa1-2D. In the BC3F4 generation, a whole genome resequencing was performed for one line selected for further self-crossing, and the genotype calling and recombination breakpoint determination were obtained by the sliding window approach as published before [22].

2.2 Measurement of Agronomic Traits

Twenty-four individuals of two NILs were planted in the paddy field, and twelve individuals were randomly selected for trait measurements. Panicle number was counted as the number of fertilized panicles at the mature stage. Main culms were used for the measurement of the other traits. Plant height was measured from the ground to the panicle tip with a ruler. Panicle length was measured from the peduncle to the panicle tip. The major and minor diameters of internodes III and IV were measured using a Vernier caliper, and mean values of the two diameters were used for analysis. Panicle branch number and spikelet number per panicle were counted manually. The student’s t-test was applied to determine the significance of the trait differences between NILs.

2.3 Sampling of IMs and Scanning Electronic Microscopy (SEM) Analysis

The NiL-ipa1-2D and NIL-IPA1 were planted in the paddy field, and sampling of inflorescence meristems started at the booting stage. To cover the sequential stages of early inflorescence development, the sampling was carried out every three days, and sampled inflorescence meristems were fixed in FAA solutions (50% ethanol; 3.65% formaldehyde; 5% glacial acetic acid) immediately. For SEM analysis, the samples were dehydrated in a graded ethanol series, and then critical-point-dried. The samples were fixed to a small cropper bed upward, and the bract tissues around the inflorescence meristems were stripped by a dissecting needle. After sputter-coated with Pt, the samples were observed under a scanning electron microscope (JSM-6360LV, JEOL). In all, IMs in five stages were sampled and observed.

2.4 RNA-seq and Data Analysis

IMs in five stages from the two NILs were also sampled and each mixed together for RNA-seq. The mixed samples were grinded into powder in liquid nitrogen, and the total RNA was extracted by the TRIzol reagent (Invitrogen) following the manufacture’s instructions. To construct the cDNA library, the mRNA was enriched by the beads with oligo (dT), and then fragmented in the fragmentation buffer. The first strand cDNA was synthesized by the random hexamers, and then the second strand cDNA was synthesized after adding buffer, dNTPs and DNA polymerase I. The cDNA was purified by the AMPure XP beads, and an adaptor was added for sequencing. The library was finally obtained by PCR amplification, and subjected to high throughput sequencing (illumina HiSeq2000 platform). After excluding the low-quality reads and adapter sequence, the clean reads were aligned to the genome by TopHat2 tools. The expression level was calculated as RPKM, namely, reads per kilo bases per million reads. The threshold for differentially expressed genes was set as | log2 (fold change) | > 1. Hierarchical clustering was performed based on the normalized log10 values of RPKM for differentially expressed genes, and the heat map was generated accordingly. Six levels of expression differences were generated by H-cluster method based on the log2 values of fold change. The gene ontology (GO) enrichment analysis was performed by the application of GOseq [23].

2.5 Generation of Transgenic Lines of OsSPL14 Overexpression and RNAi

For overexpression of OsSPL14, an 11.9 kb genomic segment covering both the coding and promoter region of OsSPL14 was cloned into pCambia1301 vector, and the construct was transformed into NIP by the agrobacterium tumefaciens-mediated method. Both positive and negative plants were obtained at the T0 generations, and one positive line with single copy and one negative line were selected from the T2 generation as previously reported [14]. The RNAi construct for OsSPL14 followed exactly the same way as shown in a previous publication [13], and it was transformed into NIP in the same way as showed above. All the positive and negative lines were planted in the paddy field, and the IMs were sampled at the booting stage for RNA extraction and qRT-PCR analysis. To facilitate citation, OsSPL14-OVE(+/−) and OsSPL14-RNAi (+/−) were used to designate the different transgenic lines.

2.6 Reverse Transcription and Quantitative PCR Analysis

The reverse transcription was carried out by the iScriptTM one-step RT-PCR kit (Bio-Rad), and about 0.5 μg RNA was added for the reaction. The synthesized cDNA was diluted by four fold and stored at −20°C. Twelve differentially expressed genes were selected for qRT-PCR validation, and the primers specially amplifying the cDNA of each gene were designed by the web-based tool QuantPrime (Tab. S1). A 20 μl system was amplified for fluorescence detection on the Mastercycler ep realplex (Eppedorf), including 0.4 μl of each primer (10 μM), 2 μl of cDNA template, 7.2 μl of distilled water and 10 μl of 5 × PrimeScript RT Master Mix (Takara). The two-step PCR program was used as follows: An initial denaturation at 95°C for 15 s, 40 cycles of denaturation at 95°C for 5 s and annealing and extension at 60°C for 20 s. The actin gene was amplified as an internal control. CT values of target genes and actin from three technical repeats were obtained and the relative expression values of target genes were calculated as 2−(CT value of target gene – CT value of actin). To facilitate comparison, the values of the wild type (NIL-IPA1, OsSPL14-OVE (−) and OsSPL14-RNAi (−)) were normalized to one.

3  Results

3.1 Development of High-Quality NILs for Trait Evaluation

The best way to evaluate the effect of a QTL is developing high-quality NILs, and we therefore carried out a routine crossing and backcrossing to introgress the ipa1-2D locus from YYP1 to NIP (Fig. 1a). During the process, markers linked with ipa1-2D were used to select heterozygous lines. In the BC3F2 population, we performed phenotypic selection in the paddy field, and several individuals with heterozygous ipa1-2D were selected for further self-crossing and planted for trait comparison. In the BC3F4 generation, we identified one heterozygous line with overall better performance than NIP, and this line was selected further for NIL development. By whole genome resequencing, we clarified the genetic background of the BC3F4 line, and found that most of the chromosomal segments belonged to the NIP type, and the introgression with ipa1-2D was very small (~30 kb), confirming the success of our backcrossing (Fig. 1b). To exclude the effect of unrelated heterozygous segments, successive self-crossing was performed to fix the genetic background but retain the heterozygous ipa1-2D by MAS. In the BC3F8 generation, we obtained one pair of NILs with homozygous ipa1-2D and IPA1 allele, respectively, and named them NIL-ipa1-2D and NIL-IPA1. It could be observed that the overall plant height of two lines was similar, but NIL-ipa1-2D was stronger than NIL-IPA1 (Fig. 1c). Moreover, the primary branches of mature panicles in NIL-ipa1-2D were far more than those in NIL-IPA1 (Fig. 1d), and this difference was also found in the young panicle (Fig. 1e), suggesting a different status of early inflorescence development in the two lines. The traits variation was confirmed by the statistical analysis (Tab. 1). In addition to the panicle primary branch number, the stem diameter was also increased, but panicle number was slightly reduced in NIL-ipa1-2D. No significant difference was found for plant height, panicle length and panicle secondary branch number between the two lines, and the spikelet number per panicle increased greatly in NIL-ipa1-2D, which should be contributed mainly by the increase of panicle primary branches.
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Figure 1: Development of high-quality NILs and their trait performance. a. Sketch map of NIL development by sequential backcrossing and self-crossing. b. High throughput genotyping of one BC3F4 line. Red and blue bars indicate the genotype of YYP1 and NIP, respectively, and the yellow bar indicates the heterozygous region. The location of ipa1-2D was denoted by the arrow. c–e. The morphology of whole plants, mature panicles and young panicles of NILs. NIL-IPA1 and NIL-ipa1-2D are shown on the left and right, respectively. Bar = 20 cm (c), 2 cm (d) and 1 cm (e)

Table 1: Statistical analysis of different traits between NILs

[image: images]

3.2 Comparison of IMs in Five Sequential Stages between NILs

We planted the NILs to sample the IMs in sequential developmental stages, and successfully got the scanning electron microscope images of the tissues in five stages (Fig. 2). At the very early stage, the meristems were domelike and still in the status of SAM (Stage 1). Then, several PBMs initiated in spiral arrangement from the SAM, which was the early status of the PBM stage and could be designated as the PBM1 stage (Stage 2). Later, more PBMs initiated and some hairs formed around them, which was designated as the PBM2 stage (Stage 3). After that, the PBMs started to elongate and either SBMs or SMs initiated from the elongated PBMs (Stage 4). Finally, the FMs generated from the SMs, which further developed into primordia of different floral organs (Stage 5). We found that both NILs took about two weeks to finish the five stages, indicating a similar speed of IM development. Nevertheless, the domelike SAM of NIL-ipa1-2D was larger than that of NIL-IPA1, and it might support the initiation of more PBMs as found both in the PBM1 and PBM2 stages. The significant difference of PBM number should contribute to the obviously different panicle morphology found in the mature panicles between NILs. Moreover, the wider diameter of IMs could explain the phenotype of strong culms found in NIL-ipa1-2D.
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Figure 2: The scanning electron microscope images of five developmental stages of IMs in NILs

3.3 Identification of the Key Molecular Network in IMs Underlying ipa1-2D

As the morphology difference was mainly determined by the IMs development, the sampled IMs covering the five stages were pooled and subjected to RNA-seq analysis. Based on the RPKM values, all the annotated genes were categorized into non-expressed (RPKM < 1), low-expressed (1 < RPKM < 50) and high-expressed (RPKM > 50) genes, respectively. Accordingly, the 17636 and 17612 low-expressed genes and the 2463 and 2499 high-expressed genes were identified from the NIL-IPA1 and NIL-ipa1-2D, respectively, while a large proportion of annotated genes were not expressed (Fig. 3a). We concluded that some of the high-expressed genes might have important roles for the IM development, and found that 2293 of such genes were commonly identified from the two NILs (Fig. 3b and Tab. S2), including OsSPL14. The RPKM value of OsSPL14 in NIL-ipa1-2D was about three fold to that in NIL-IPA1 (Fig. 3c), indicating that the RNA samples can effectively reflect the variation of the two alleles. The expression difference of OsSPL14 was checked by qRT-PCR and similar results were obtained (Fig. 3d). In addition to OsSPL14, 86 genes were identified to have a more than two fold difference between the NILs, and 12 genes were up-regulated and 74 genes were down-regulated in the NIL-ipa1-2D, respectively (Fig. 3e and Tab. S3). These genes covered both high and low-expressed genes, and some genes belonged to a low-expressed gene in one line but a high-expressed gene in another line, and were designated as partial type. According to the log2 value of fold change, these differentially expressed genes could be further categorized into six levels, and most of the genes were in the range of Level 1 (down-regulation of 2–3 fold). As the levels of fold change increased, the gene number was decreased, and both high- and low-expressed genes and partial type could be found in the Levels 1–3 and Level 5 (Fig. 3f). One gene in Level 4 and two genes in Level 6 had more than tenfold differences, and belonged to low-expressed genes. The enrichment of differentially expressed genes in specific GO terms was identified, and we found that most of the enriched terms were involved in the functions of metabolism and catalysis (Fig. 3g), suggesting possible roles of these pathways in panicle development.
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Figure 3: Transcriptomic analysis of the dominantly and differentially expressed genes in IMs of NILs. a. The gene number of three expression levels between NILs. b. The venn diagram showing the number and percentage of high-expressed genes between NILs. c. The RPKM values of OsSPL14 between NILs. d. The expression level of OsSPL14 revealed by qRT-PCR. e. The heat map showing the clustering and contrast of differentially expressed genes. The blue and red colors indicate the levels of low- and high-expressed genes, respectively. f. Gene number with different levels of fold change (log2 values) is shown, and three types of expression status are illustrated by different colors. g. The top 29 enriched GO terms of differentially expressed genes. *denotes the significantly enriched terms

3.4 Creating the Panicle Diversity by RNAi and Overexpression of OsSPL14

The differentially expressed genes from transcriptomic analysis provided potential targets mediating the allele contribution of ipa1-2D, and it was worth testing their responses to OsSPL14 dosage in different genetic backgrounds. Therefore, the overexpression and RNAi lines of OsSPL14 were generated to perform such analysis. In the T2 generation, both positive and negative lines of two transgenic constructs were obtained and became ideal materials for expression analysis. We then compared the expression level of OsSPL14 in the IMs of transgenic lines, and a significant expression difference was identified between positive and negative lines of both constructs. In the overexpression lines, the OsSPL14 expression was about 2.5 fold that of the control line, approaching the expression level found in the NIL-ipa1-2D (Fig. 4a). The overall plant morphology of the overexpression line was stronger, and its panicle primary branch number also greatly increased from about 11 to 16, similar to the effect of ipa1-2D (Figs. 4b, 4c). For the RNAi lines, the OsSPL14 expression decreased by about 20 fold, and bushy tillers with smaller panicles were generated (Figs. 4d, 4e). Both the panicle primary branches and panicle length were greatly reduced in the RNAi line (Fig. 4f), indicating that OsSPL14 was indispensable to sustain panicle branching. The transgenic lines provided an additional opportunity to clarify the impact of OsSPL14 on downstream gene expression.
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Figure 4: Creation of lines with overexpression and RNAi of OsSPL14, and their trait performance. a,d. The relative expression of OsSPL14 in IMs of overexpression and RNAi lines. The mean of three technical repeats is shown, and bars represent SD. b,e. The overall plant morphology of overexpression and RNAi lines. Bar = 20 cm. c,f. The panicle morphology of overexpression and RNAi lines. Bar = 3 cm

3.5 Clarifying the Responses of 12 Genes to Different OsSPL14 Dosages

Based on the rice genome annotation, twelve genes were selected from the 86 differentially expressed genes for qRT-PCR validation, with two up-regulated and ten down-regulated genes (Tab. 2). The protein families of some selected genes have been suggested to participate in the process of panicle development, such as the AP2-domain and MADS-box proteins. The expression profiles of the selected genes in the NILs and transgenic lines were clarified by the qRT-PCR, and most genes showed consistent results with those revealed by RNA-seq, confirming the effectiveness of the transcriptomic analysis (Fig. 5). Although the mRNA levels of LOC_Os01g64790 and LOC_Os09g36300 in NILs were not significantly different as expected, their down-regulations were validated in overexpression lines (Figs. 5d, 5i). In these later lines, most genes showed a similar expression profile to that found between NILs except for LOC_Os06g40360. In theory, contrast expression profiles in RNAi lines should be identified for each gene, and this was confirmed for 11 genes except for LOC_Os01g21590. Among the 12 genes, six genes showed a consistent expression profile with an obvious fold change among the three sets of comparisons, including five down-regulated genes (LOC_Os01g03680, LOC_Os02g48770, LOC_Os03g46860, LOC_Os04g44820 and LOC_Os09g26780) and one up-regulated gene (LOC_Os07g01820). LOC_Os07g01820 encodes the MADS-box protein OsMADS15, and we conclude that the gene might function as a potential positive regulator for panicle branching, and the other five genes might contain the key negative regulators for panicle branching.

Table 2: Gene information of twelve selected genes for qRT-PCR validation
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Figure 5: Validation of 12 selected, differentially expressed genes between NILs and positive and negative lines of OsSPL14 overexpression and RNAi. The relative expression values from three technical repeats were labelled, and bars represent SD

4  Discussion

Panicle branching is the key determinant for grain number per panicle and therefore contributes to grain yield. ipa1-2D was the major locus that explained nearly one half of the phenotypic variation of panicle primary branch number in the super hybrid rice Yongyou 12. ipa1-2D allele shaped a modest expression of OsSPL14 and therefore created a balance between panicle number and grain number per panicle [14]. OsSPL14 functions as a transcriptional factor, which should drive the expression of downstream genes to coordinate panicle development. In this study, we developed high-quality near-isogenic lines and confirmed that ipa1-2D had a large impact on the initiation of the PBMs. By transcriptomic strategy, we got the candidate gene list for further investigation, and validated the result in different genetic backgrounds.

Near-isogenic lines are an ideal material for QTLstudies, and we introgressed a very small segment with ipa1-2D during the backcrossing, which can exclude the disruption of linked genes. Several other QTLs for panicle size have been introgressed into different backgrounds, including SCM2, SCM3 and Gn1a, but the smallest introgressed QTL region was 163 kb, covering many unrelated genes [11,21]. Therefore, the obtained NILs of ipa1-2D were of high quality both for genetic and molecular study. Heterozygous inbred family (HIF) was an alternative strategy for NIL development, and HIF-NILs for the natural FZP allele have been developed in this way [24,25]. We also took a similar strategy to exclude the disruption of genetic background starting from BC3F2 generation. In this way, a pair of sister lines were selected from a single heterozygous plant in high generation, which should share exactly the same genetic background. Therefore, combination of backcrossing and self-crossing might facilitate the development of high-quality NILs.

The panicle morphology is determined by the differentiation of IMs, which can be further categorized into several stages with initiation of different types of meristems. Using the NILs, we successfully captured all the stages of IMs and found that the SAM with ipa1-2D was larger than that of the wild type. A similar condition was found in dep1 and npt lines [12,16], indicating that enlarged SAM is necessary for generating more panicle branches. We also clarified the impact of ipa1-2D on PBMs initiation, which could facilitate the understanding of the diversity of primary branch numbers found in mature panicles. The previous study showed that Ghd7 would also increase the panicle branching and grain number, and its effect on panicle size was related to the duration of panicle differentiation [1,26]. The increased duration of panicle differentiation might provide more time for PBM and SBM initiation. Differently, we found that the duration of panicle differentiation was similar between NIL-ipa1-2D and NIL-IPA1, indicating that a different mechanism should be involved in shaping panicle branching between ipa1-2D and Ghd7. Therefore, it is worth clarifying the molecular mechanism that determines the difference in future studies.

The previous transcriptomic analysis usually identified a large portion of differentially expressed genes between the wild type and the mutant, ranging from several hundreds to thousands [16,18,21]. Interestingly, we only found 87 genes that were differentially expressed between the NILs, making the selection of candidate genes easier. One possible reason could be that the high-quality NILs excluded the disruption between the genetic background and linked genes. Another possibility could be that the modest up-regulation of OsSPL14 in NIL-ipa-2D had a slight impact on the overall gene network in IMs. Among the limited candidate genes, we found that most of them were involved in the function of metabolism and catalysis. Consistently, such type of differentially expressed genes were also enriched in the young panicle of knocking down lines of RFL, a regulator of the meristem fate particularly during the formation of the branched inflorescence and spikelet [27]. Therefore, such type of genes might have unknown roles in shaping the panicle morphology.

The genes identified by transcriptome might vary in different genetic backgrounds, and we therefore confirmed the expression profiles of 12 selected genes in transgenic lines of OsSPL14. Interestingly, most of the selected genes showed a consistent pattern in matching the level of OsSPL14, increasing their possibility as OsSPL14 targets. The potential functions of several protein families on organ development have been suggested in previous reports, including the B3 DNA-binding domain-containing protein, homeodomain protein, cytochrome P450 protein, AP2 domain containing protein, helix-loop-helix (HLH) DNA-binding protein, zinc finger protein, F-box protein and MADS-box protein. RAV6 encodes a B3 DNA-binding domain-containing protein, and Epi-rav6 mutant plants caused ectopic expression of RAV6 and showed a larger lamina inclination and a smaller grain size [28]. GLR1 encodes a homeodomain protein that regulates trichomes development in rice, and its mutant showed a significant decrease in trichome number of leaves and glumes [29]. CL4 encodes a putative cytochrome P450 protein that involved in brassinosteroid biosynthesis, and cl4 mutant generated panicles with all primary branches clustered on the base of the main rachis [30]. FZP is a well-known gene that determines the transition from spikelet meristem to floret meristem, and it contains an EREBP/AP2 domain [31]. The natural allele with a decreased expression of FZP can increase the panicle secondary branch number [25]. OsBUL1 belongs to a rice atypical HLH protein, and it controls cell elongation and positively affects leaf angles [32]. DST is a zinc finger transcription factor that directly regulates Gn1a expression in the reproductive meristem, and therefore determines panicle branching and grain number [33]. F-box proteins constitute a large family in eukaryotes, and 687 potential F-box proteins were identified in rice [34]. Two F-box proteins APO1 and LARGE PANICLE have been reported to determine panicle branching [7,35]. Differently, mutation of APO1 led to the reduction of panicle branches while the LARGE PANICLE mutation increased the panicle branches. This suggests that F-box proteins could function as either positive or negative regulators of panicle branching. MADS-box proteins are another large protein family in plants, and 75 MADS-box genes have been identified in rice [36]. Mutation of OsMADS34 led to an increase of the panicle primary branch number but to a reduction of the secondary branch number, suggesting that this gene might be involved in the balance of two types of meristems (PBMs and SBMs). OsMADS15 acts downstream of Hd3a and RFT1, which might mediate the flowering signals of two florigens [37]. Moreover, OsMADS15 is indispensable for sexual reproduction together with OsMADS1, and its ectopic overexpression led to a great decrease of the panicle branches [38,39]. Nevertheless, we found that the gene was up-regulated by ipa1-2D, suggesting that its native overexpression might have different effects. We highlighted the potential roles of identified genes for rice branching. With the advantage and convenience of CRISPER/CAS9 gene editing technology, it is worth testing functions of these genes by targeting the either coding or uORF region [40,41]. Also, it is possible to generate better panicle morphology with mutated or accumulated proteins of these genes, providing new targets for breeding selection.

5  Conclusions

In this study, we aimed to explore the downstream genes underlying the control of panicle branching by ipa1-2D. A pair of high-quality near-isogenic lines were developed with a difference of only 30 kb chromosomal segment covering ipa1-2D. The developmental status of the inflorescence meristems in five stages was clarified, and it showed that more PBMs initiated from a larger SAM in the line with ipa1-2D, providing a deep understanding about branch formation in rice panicles. By the transcriptomic analysis, 2293 genes were identified as high-expressed genes in IMs, and 87 genes including OsSPL14 were found differentially expressed between NILs. The responses of twelve potential downstream genes to OsSPL14 were confirmed by the transgenic lines of OsSPL14 overexpression and RNAi. We proposed that these genes could be ideal targets for further function validation.
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