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Abstract: The mitogen-activated protein kinase (MAPK) cascade is important in stress signal transduction and plant development. In the present study, we identified a rice (Oryza sativa L.) mutant with reduced fertility, Oryza sativa mitogen-activated protein kinase 6 (osmapk6), which harbored a mutated MAPK gene. Scanning and transmission electron microscopy, quantitative RT-PCR analysis, TUNEL assays, RNA in situ hybridization, longitudinal and transverse histological sectioning, and map-based cloning were performed to characterize the osmapk6 mutant. The gene OsMAPK6 was expressed throughout the plant but predominantly in the microspore mother cells, tapetal cells, and microspores in the anther sac. Compared with the wild type, the total number of microspores was reduced in the osmapk6 mutant. The formation of microspore mother cells was reduced in the osmapk6 anther sac at an early stage of anther development, which was the primary reason for the decrease in the total number of microspores. Programmed cell death of some tapetal cells was delayed in osmapk6 anthers and affected exine formation in neighboring microspores. These results suggest that OsMAPK6 plays pivotal roles in microspore mother cell formation and tapetal cell degradation.
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1  Introduction

Rice is both a model plant for crop research and a globally important food crop. The manipulation of microspore fertility is important for rice grain yield [1]. Microspores are generated by the meiotic division of microspore mother cells in the anther sac, and the peripheral tapetum (the inner cell layer of the anther wall) plays a pivotal role in microspore maturation, especially exine formation and assimilate accumulation of microspores [1]. The exine is the outer layer of the microspore wall and plays a pivotal role in microspore surviving, and it is mainly composed of sporopollenin, which is secreted by the tapetal cells [2]. At the later stage of anther development, the microspores are filled with nutrients such as sugars and lipids, which are also secreted by the tapetal cells [3,4]. The secretion of tapetum is affected by the programmed cell death (PCD) of it [1], and a suite of genes involved in tapetal PCD have been identified in rice. TDR INTERACTING PROTEIN2 interact with TAPETUM DEGENERATION RETARDATION and cooperatively regulate the expression of ETERNAL TAPETUM1, a basic helix-loop-helix transcription factor and positively regulates PCD in tapetal cells [5–8]. The mutation of MICROSPORE AND TAPETUM REGULATOR1, a fasciclin glycoprotein gene that specifically expressed in the male reproductive cells, retards the PCD of tapetum [9]. The mutation of PERSISTENT TAPETAL CELL1, the homologous gene of Arabidopsis thaliana MALE STERILITY1, also delays the PCD of tapetum [10]. APOPTOSIS INHIBITOR5, a nuclear protein that interacts with API5-INTERACTING PROTEIN1 and API5-INTERACTING PROTEIN2, affects the tapetum PCD through the regulation of an Oryza sativa CYSTEINE PROTEASE1 expression [11]. OsMADS3, a Oryza sativa MADS-box gene, influences the tapetum PCD through reactive oxygen species homeostasis [12]. A tapetum-specific gene in Oryza sativa, RTS, affects the development of tapetum [13]. GAMYB, a MYB transcriptional factor involved in gibberellins signaling regulation, affects the tapetum PCD through gibberellins regulation [14]. Compared with genes involved in tapetal PCD, genes involved in microspore mother cells formation are few reported in rice. MULTIPLE SPOROCYTE1 (MSP1), a Leu-rich repeat receptor-like protein kinase, controls the early sporogenic development [15]. MICROSPORELESS2, the homologous protein of Arabidopsis thaliana TAPETUM DETERMINANT1, binds MSP1 and limits sporocyte numbers [16,17]. The importance of manipulation of microspore fertility motivates the need for research on other genes that regulate pollen development [18].

The mitogen-activated protein kinase (MAPK) cascade is involved in biotic and abiotic stress responses, and participates in the regulation of plant development [19–21]. As an important member of the MAPK cascade in Arabidopsis thaliana L., AtMAPK6 participates in microspore mother-cell formation through phosphorylation of SPOROCYTELESS (SPL), which is an essential regulator of diploid germ cell differentiation in the stamens and ovules [22,23]. The atmapk6 mutant develops abnormal anthers and pollen grains, which results in decreased male fertility [21]. In rice, OsMAPK6 is a vital component of the MAPK cascade and shows 84.5% identity with AtMAPK6 [24]. The OsMKK4-OsMAPK6 cascade plays a crucial role in defense responses triggered by microbe-associated molecular patterns [20]. OsMAPK6 is activated in response to a moderately low temperature and is phosphorylated directly by OsMKK6 in vitro [19]. The bHLH transcription factor RAC IMMUNITY 1 is activated by OsRac1 via the OsMKK4-OsMAPK3/6 cascade in rice immunity [25]. The OsMKK4-OsMAPK6-OsWRKY53 cascade is important in the response to wounding [26]. OsMAPK6 regulates grain size in rice by means of cell proliferation and the brassinolide pathway [24], and is essential for cell differentiation during early embryogenesis in rice [27]. The OsMKKK10-OsMKK4-OsMAPK6 signaling pathway positively regulates grain size and weight in rice [28]. The GSN1-OsMKKK10-OsMKK4-OsMAPK6 module coordinates the trade-off between grain number and grain size by integration of localized cell differentiation and proliferation [29], and the OsER1-OsMKKK10-OsMKK4-OsMAPK6 pathway is required to maintain cytokinin homeostasis [30]. However, no previous study has focused on the effect on the male fertility of OsMAPK6.

In this study, we identified a mutant with reduced male fertility, osmapk6, which exhibited a decreased total number of microspores in the anther. Longitudinal sections of anthers indicated that the number of microspore mother cells was reduced in osmapk6 anthers, which was the primary reason for the decrease in the number of microspores. Further investigations showed that degradation of some tapetal cells was delayed and resulted in the abortion of adjacent microspores.

2  Materials and Methods

2.1 Plant Material

The rice osmapk6 mutant was isolated from an ethyl methanesulfonate (EMS)-induced mutant library of ‘Xilong1B’ (O. sativa L. indica). Plants of the mutant were grown in the experimental paddy fields (latitude 29.59° N, longitude 106.54° E) of Southwest University, Chongqing, China.

2.2 Phenotypic Analysis of the Osmapk6 Mutant

An Olympus MVX10 stereomicroscope and a Canon EOS 5D digital camera were used to examine and photograph the plant and floral morphology. Mature pollen grains from six individual anthers were observed and photographed using an Olympus BX53 microscope after staining with 1% iodine–potassium iodide (I2-KI) solution.

2.3 Preparation of Histological Sections

Anthers at developmental stages were selected based on the length and color of the spikelet, and fixed in 4% (w/v) paraformaldehyde and 0.25% (v/v) glutaraldehyde in 0.1 M sodium phosphate buffer (PBS; pH 7.2) for 16 h at 4°C, before being washed and post-fixed with 1% osmic acid for 2 h. After dehydration through a graded ethanol series and acetone replacement, the anthers were embedded in Epon 812 resin and polymerized at 60°C. Longitudinal or transverse sections of 2 μm thickness were cut using a Leica RM2265 microtome, stained with 1% toluidine blue O, then observed and photographed with an Olympus BX53 microscope.

2.4 Statistical Analysis of Microspore Number

Anthers at developmental Stages 9–14 were selected based on the length and color of the spikelet, and the stage was confirmed by observation of transverse sections. Eighteen anthers were crushed in fine quartz sand in 300 μl PBS, and the released microspores were counted using a hemocytometer. The microspore mother cells were counted by observation of longitudinal sections of anthers. Student’s t-test was performed using SPSS 26.0 statistical software (IBM Corporation, Armonk, NY, USA).

2.5 Electron Microscopic Examination

For scanning electron microscopy (SEM), mature anthers and pollen grains were examined using a Hitachi SU3500 scanning electron microscope. The Hitachi SU3500 scanning electron microscope is suitable for direct detecting. The anther samples were selected and adhered on a strip, then transported into the scanning electron microscope and frozen to −20°C immediately, and detected at 5 kV. For transmission electron microscopy (TEM), the samples were prepared as described to examine the histological sections. Ultra-thin sections of 50 nm were cut using a Leica UC6 microtome, and picked up by a mesh copper, then double-stained with 2% uranyl acetate (w/v) and 2.6% lead citrate aqueous (w/v) solution, and examined with a Hitachi H-7500 transmission electron microscope at 80 kV.

2.6 TUNEL Assay

Spikelets at different developmental stages were selected from wild-type and osmapk6 mutant plants, and fixed in 1.9% formaldehyde, 5% acetic acid, and 50% ethanol in distilled water for 48 h at 4°C. After dehydration through a graded ethanol series, the samples were embedded in Paraplast Plus® (Sigma-Aldrich), and sections of 5 μm thickness were cut using a Leica RM2245 microtome. The sections were treated using the DeadEnd™ Fluorometric TUNEL System (Promega) in accordance with the supplier’s instructions. After deparaffinization with xylene and rehydration through a graded ethanol series, the sections were incubated with a terminal deoxynucleotidyl transferase and fluorescein isothiocyanate (FITC)-labeled nucleotide mix at 37°C for 1 h, then washed, and incubated with propidium iodide (PI). The samples were observed and photographed using a Zeiss LSM800 confocal microscope in the FITC (excitation 488 nm, emission 520 ± 20 nm) and PI (excitation 488 nm, emission 640 ± 40 nm) channels.

2.7 Quantitative RT-PCR Analysis

Total RNA was isolated from the root, stem, leaf, sheath, and spikelet of rice at the flowering stage, and from spikelets at various developmental stages using the Eastep® Super Total RNA Extraction Kit (Promega). Spikelets were selected at different developmental stages based on length and color. The purified total RNA was used to synthesize the oligo(dT)-primed first-strand cDNA using the PrimeScript™ RT Reagent Kit with gDNA Eraser (Promega). The first-strand cDNA was used for quantitative RT-PCR (qRT-PCR) analysis using TB Green™ Premix Ex Taq™ II (Takara) and the CFX Connect Real-Time PCR Detection System (Bio-Rad) following the suppliers’ instructions.

The procedures of qRT-PCR:

Step 1 95°C 30 s, Plate read

Step 2 95°C 5 s

Step 3 60°C 20 s, Plate read, Go to step 2 with 40 cycle

Step 4 Melt curve, 65°C to 95°C, Increment 0.5°C for 5 s, Plate read, End

Statistical analysis was performed using SPSS 26.0. The primers of OsMAPK6, OsMADS3, RTS and Actin, an internal reference gene, are listed in Supplemental Table 1.

2.8 RNA in situ Hybridization

Wild-type spikelets at different developmental stages were selected and fixed in 3.8% formaldehyde, 5% acetic acid, and 50% ethanol for 16 h at 4°C. After dehydration through a graded ethanol series, the samples were embedded in Paraplast Plus® (Sigma-Aldrich), and transverse sections of 8 μm thickness were cut using a Leica RM2245 microtome in preparation for RNA in situ hybridization. A 320 bp gene-specific cDNA amplified from the full-length OsMAPK6 cDNA was transcribed and labeled in vitro with the DIG RNA Labeling Kit (Roche) using a general method for the preparation of probes for floral organ genes. Pretreatment of sections, hybridization, and immunological detection were performed as described previously [31]. The primers used are listed in Supplemental Table 1.

2.9 Identification of the Mutated Gene

The F2 mapping population was raised from a cross between ‘Jinhui 10’ and the osmapk6 mutant. Individuals in the F2 population that exhibited reduced male fertility were selected. A suite of insertion/deletion (InDel) molecular markers that were polymorphic between ‘Jinhui 10’ and ‘Xilong 1B’ were used for mapping. Statistical analysis was performed using SPSS 26.0. For functional complementation, the coding sequence of OsMAPK6 was cloned into the binary vector PTCK303 driven by the Ubiquitin promoter. Calli induced from osmapk6 mutant seeds were used for transformation with Agrobacterium tumefaciens (strain EHA105) carrying PTCK303-OsMAPK6. Transgenic plants were then confirmed by sequencing and subject to analysis. The primers used are listed in Supplemental Table 1.

3  Results

3.1 The Osmapk6 Mutant Exhibited Reduced Male Fertility

We isolated the osmapk6 mutant from an EMS-induced rice mutant library on account of its reduced male fertility and dwarf phenotypes. The osmapk6 mutants do not exhibited phenotypic segregation. Compared with the wild type, the mutant exhibited a reduced plant height and produced few filled grains at the maturity stage (Figs. 1A and 1B). The spikelets and anthers of the osmapk6 mutant were smaller than those of the wild type (Figs. 1C and 1D; Supplemental Figs. 1A–1D). Staining of pollen grains in the anthers with I2-KI solution revealed a reduced number of pollen grains, and some collapsed pollen grains were observed (Figs. 1E and 1F). We found that the pollen grains in the wild type anthers showed 89.8% fertility while those in osmapk6 anthers had 48.3% fertility (Fig. 1G).
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Figure 1: Male fertility of the osmapk6 mutant. (A) plant phenotype at the seed maturation stage. (B) Panicle at the seed maturation stage. (C) spikelet before anthesis. (D) spikelet before anthesis with palea and lemma removed. (E and F) Pollen grains at Stage 12 stained with I2-KI. (G) Fertility of pollen gains detected by I2-KI. Error bars represent the SD (n = 6). * p < 0.01. WT, wild type. Bars = 10 cm (A and B), 2 mm (C and D), 50 μm (E and F)

3.2 Anthers of the Osmapk6 Mutant Contained Fewer Microspores

The number of pollen grains in the osmapk6 anther was counted using a hemocytometer. Based on a recent classification of anther developmental stages, the anthers were classified into 14 developmental stages in this study [1]. The total number of microspores per anther in the wild type was 2048, 2104, 2056, 2354, and 1992 at the Stages 9–10, 10–11, 11–12, 12–13, and 13–14, respectively. Compared with the wild type, the total number of microspores per anther in the osmapk6 mutant was reduced by as much as 70.2%, 60.4%, 50.5%, 63.0%, and 63.7% at the Stages 9–10, 10–11, 11–12, 12–13, and 13–14, respectively (Fig. 2A, Supplemental Tab. 2). Before their release from tetrads at Stage 9, the microspores were weak and difficult to isolate due to the lack of a pollen wall [2]. Therefore, we prepared longitudinal and transverse sections of anthers to count the number of microspore mother cells. At Stage 7, the transverse sections did not reveal a distinct difference in the number of microspore mother cells between the wild type and the osmapk6 mutant (Figs. 3A and 3E), whereas longitudinal sections did reveal significant differences (Figs. 2B and 2C). In the longitudinal sections of wild-type anther sac, almost 39 microspore mother cells were counted (Supplemental Tab. 3), whereas the number was reduced by as much as 47.8% in the osmapk6 anther sac (Fig. 2D).
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Figure 2: Total number of microspores per anther in the osmapk6 mutant. (A) total number of microspores per anther. Error bars represent the SD (n = 8). The experiment was repeated three times with similar results. * p < 0.01. (B and C) longitudinal sections of wild-type and osmapk6 anthers, respectively. (D) Number of microspore mother cells in longitudinal sections of wild-type and osmapk6 anthers. Error bars represent the SD (n = 4). * p < 0.01. MMC, microspore mother cell. Bars = 50 μm (B and C)
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Figure 3: Transverse sections of osmapk6 anthers. (A to D, I to L) Wild-type anthers. (E to H, M to P) osmapk6 anthers. Anthers were sampled at Stages 7 (A and E), 8a (B and F), 8b (C and G), 9 (D and H), 10 (I and M), 11 (J and N), 12 (K and O), and 14 (L and P). DM, degraded microspore; Dy, dyad cell; MMC, microspore mother cell; Msp, microspore; Mp, mature pollen; T, tapetum; Tds, tetrads. Bars = 10 μm

3.3 Anthers of the Osmapk6 Mutant Displayed Abnormal Tapetal Cell Degradation

Transverse sections were observed to determine the morphological defects in osmapk6 anthers. No difference between the wild type and osmapk6 anthers was detected at Stages 7 to 11 (Figs. 3A–3J, 3M, and 3N). At Stage 7, the microspore mother cells were formed and initiated the meiotic division (Figs. 3A and 3E). At Stage 8a, the microspore mother cells continued meiosis I and formed dyads, and PCD of the tapetal cells was initiated (Figs. 3B and 3F). At Stage 8b, the microspore mother cells continued meiosis II and formed tetrads (Figs. 3C and 3G). At Stage 9, the microspores were released from the tetrads, and the tapetal cells became condensed and darkly stained (Figs. 3D and 3H). At Stage 10, the microspores were vacuolated and spherical, and the tapetal cells were more condensed and darkly stained (Figs. 3I and 3M). At Stage 11, the vacuolated microspores underwent the asymmetric first mitotic cell division and were falcate-shaped, and the tapetum degenerated into cellular debris on the internal surface of the anther wall (Figs. 3J and 3N). At Stage 12, the wild-type pollen grains underwent the second mitotic division and were nutrient-rich, and the tapetum had completely degenerated (Fig. 3K). In contrast, the osmapk6 anther retained a highly vacuolated tapetum and the pollen grains showed delayed filling (Fig. 3O). At stage 14, the wild-type anthers dehisced and released mature pollen grains (Fig. 3L), whereas the osmapk6 anthers released viable and aborted pollen grains (Fig. 3P).

3.4 The Abnormal Tapetum of the Osmapk6 Mutant Affected Exine Formation of Neighboring Microspores

We used TEM to explore further the anther defects in the osmapk6 mutant revealed by the aforementioned phenotypic analysis. At Stage 10, in the wild-type anthers, the highly vacuolated microspores were in contact with the tapetum, and the microspore exine was composed of the tectum, bacula, and nexine. In addition, the tapetum was condensed and the Ubisch bodies were darkly stained and dispersed on the inner surface of tapetal cells (Figs. 4A and 4B). In osmapk6 anthers, some tapetal cells and neighboring microspores were similar to those of the wild type (Figs. 4C and 4D); however, some tapetal cells were highly vacuolated and detached from the inner surface of the anther wall, and exine formation of adjacent microspores was retarded (Figs. 4E and 4F). Then, we used SEM to explore the inner surface of anthers. The Ubisch bodies were uniformly dispersed on the inner surface of the tapetum of the wild-type anthers, whereas the inner surface of the tapetum in the osmapk6 anthers displayed abnormal humps, which indicated abnormal tapetum degeneration in the osmapk6 anthers (Figs. 4G and 4H).
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Figure 4: Electron microscopic examination and TUNEL assay of osmapk6 anthers. (A) transmission electron micrograph of wild-type anther at Stage 10. (B) Higher-magnification image of the region enclosed by the white box in (A). (C and E) Transmission electron micrographs of osmapk6 anthers at Stage 10. (D and F) Higher-magnification images of the region enclosed by the white box in (C) and (E), respectively. (G and H) Scanning electron micrographs of the inner surface of the tapetum of wild-type and osmapk6 anthers, respectively. (I to L) TUNEL assay of wild-type anthers. (M to P) TUNEL assay of osmapk6 anthers. The yellow points represent positive signals. Anthers were sampled at Stages 8a (I and M), 8b (J and N), 9 (K and O), and 10 (L and P). Ba, bacula; Dy, dyad cell; Msp, microspore; Ne, nexine; T, tapetum; Tds, tetrads; Te, tectum; U, Ubisch body. Bars = 5 μm (A, C, E, G, and H), 1 μm (B, D, and F), 50 μm (I to P)

3.5 The Osmapk6 Tapetum Exhibited Delayed PCD

Tapetum degeneration is considered to be the result of tapetal PCD, which is characterized by genomic DNA cleavage [8]. To examine whether tapetal cell PCD was abnormal in osmapk6 anthers, we performed a terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay on the wild-type and osmapk6 anthers. In the wild-type anther, positive signals commenced at Stage 8b and became intense at Stage 9, whereas no positive signals were detected at Stages 8a and 10 (Figs. 4I to 4L). By contrast, in the osmapk6 anther, positive signals were detected at Stages 9 and 10, and no positive signals were detected at Stages 8a and 8b (Figs. 4M–4P). These results suggest that PCD of the tapetal cells in the osmapk6 anther was slightly delayed.

3.6 Identification of the Mutated Gene

Map-based cloning was conducted to identify the mutated gene in the osmapk6 mutant. All F1 individuals from a cross between the osmapk6 mutant and rice ‘Jinhui 10’ showed a normal phenotype. In the F2 population, the phenotypic segregation was approximately 3:1 (normal phenotypes:reduced fertility and dwarfing = 729: 207, χ2 = 0.019, p > 0.05), which suggests that the mutant phenotype was caused by a single recessive mutation. The F2 mapping population of 207 individuals exhibiting the mutant phenotype was used for map-based cloning. We found the linkage relationship between the target gene and the molecular marker RM19552 on chromosome 6. Further linkage analysis was performed and we found that the recombinants decreased at the RM19549 (38 recombinants), ZTQ52 (23 recombinants) and In6-24 (4 recombinants) loci. In addition, we identified another 7 recombinants at the Chr6-1 loci, and the recombinants decreased at the Chr6-2 (5 recombinants) and Ind6-17 (1 recombinant) loci. These results suggest that the mutant gene was located in the 188 kb region between Ind6-17 and In6-24 (Fig. 5A). By sequencing candidate genes within this region, we detected a transition of “G” to “A” in the fourth exon of LOC_Os06g06090, which resulted in an amino acid change of “Gly” to “Glu” (Fig. 5A). Then, we performed functional complementation assay, and the complemented lines developed normal spikelets and anthers (Figs. 5B–5D), and the male fertility was partially rescued (Fig. 5E). Therefore, we suggested that LOC_Os06g06090 was OsMAPK6.
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Figure 5: Identification of the mutated gene in the osmapk6 mutant. (A) Fine-mapping of the mutated gene to a 188 kb region on chromosome 6 of the osmapk6 mutant. The mutated sequence shows a transition of “G” to “A” in the fourth exon and results in an amino acid change of “Gly” to “Glu”. (B) Plant phenotypes of the wild type, osmapk6 and complemented line at the seed maturation stage, respectively. (C) Spikelets of the wild type, osmapk6 mutant, and complemented line, respectively. (D) Anthers of the wild type, osmapk6 mutant, and complemented line, respectively. (E) Number of filled grains in the wild type, osmapk6 mutant, and complemented line, respectively. Error bars represent the SD (n = 4). * P < 0.01. Com, complemented line. Bars = 10 cm in (B), 2 mm (C and D)

3.7 Expression Analysis

To investigate the spatiotemporal expression pattern of OsMAPK6 in rice, qRT-PCR and RNA in situ hybridization analyses were performed. The qRT-PCR results indicated that OsMAPK6 was expressed in the root, stem, leaf, sheath, and spikelet with a small range of variation (Fig. 6A). RNA in situ hybridization revealed more detailed information on OsMAPK6 expression in the anther sac. At Stages 6 to 8a, OsMAPK6 was expressed in the male reproductive cells and tapetal cells (Figs. 6B–6G). At Stage 8b, OsMAPK6 was predominantly expressed in the tetrads (Figs. 6H and 6K). At Stage 9, OsMAPK6 was expressed in the microspores and tapetum (Figs. 6I and 6L). At Stage 10, OsMAPK6 was weakly expressed in the anther sac (Figs. 6J and 6M). The sense probe for OsMAPK6 was used as a negative control.
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Figure 6: Expression analysis. (A) Relative expression level of OsMAPK6 in the root, stem, leaf, sheath, and spikelet of 90-day-old wild-type plants. Error bars represent the SD (n = 3). The experiment was repeated three times with similar results. (B to D, H to J) Wild-type anthers hybridized with antisense DIG-labeled probe of OsMAPK6. (E to G, K to M) Wild-type anthers hybridized with sense DIG-labeled probe of OsMAPK6 as a negative control. Anthers were sampled at Stages 6 (B and E), 7 (C and F), 8a (D and G), 8b (H and K), 9 (I and L), and 10 (J and M). (N) and (O) Expression of OsMADS3 and RTS at Stages 8b–9, 9–10, 10–11, and 11–12, respectively. Error bars represent the SD (n = 3). The experiment was repeated three times with similar results. * P < 0.01. Dy, dyad cell; MMC, microspore mother cell; Msp, microspore; T, tapetum; Tds, tetrads. Bars = 50 μm

We also investigated the expression of genes associated with advanced stages of tapetum development by means of qRT-PCR analysis. OsMADS3 participates in reactive oxygen species homeostasis at advanced stages of tapetum development [12], and RTS, a tapetum-specific gene in rice, is essential for tapetum development at advanced stages [13]. In our results, the expression of OsMADS3 was dramatically reduced at Stages 8b–9, 10–11, and 11–12 in the osmapk6 spikelet (Fig. 6N), and the expression of RTS was dramatically reduced at Stages 10–11 and 11–12 (Fig. 6O). These results also indicate that osmapk6 was defective in tapetum degradation.

4  Discussion

OsMAPK6 was expressed in the root, stem, leaf, sheath, and spikelet of rice, but the expression was predominantly in the male reproductive cells and tapetal cells in the anther sac (Figs. 6A–6M). In previous study, the mutant of OsMAPK6 affected the homodimerization and kinase activity of it, which in turn influenced the plant height and grain size during rice development [24]. In our results, the mutant of OsMAPK6 also influenced the plant height and grain size (Supplemental Figs. 1E–1I). In addition, the osmapk6 mutant exhibited small anthers and reduced fertility phenotypes (Figs. 1B and 1D). Further studies suggested that the microspore mother cells formation and tapetal PCD were affected in osmapk6 mutant (Figs. 2D, 4K and 4O). We examined pollen grain development in the osmapk6 mutant by staining with I2-KI and observed that the total number of pollen grains was decreased in the mutant (Figs. 1E and 1F). Further investigation revealed that the total number of microspores decreased at Stages 9 to 14 with a small range in variation, which indicates that reduction in the number of microspores occurred before Stage 9. Longitudinal and transverse histological sections revealed that the reduction in the numbers of microspore mother cells and microspores was comparable, which suggests that the reduction in the number of microspore mother cells was responsible for the decrease in the number of microspores (Figs. 2A and 2D). In Arabidopsis thaliana, AtMAPK6 participated in microspore mother cell formation through phosphorylation of SPL, which was reported to affect diploid germ cell differentiation [22,23]. On the other hand, no associated genes of SPL were reported in rice. Therefore, we suggest that OsMAPK6 plays an important role in microspore mother cell formation, however, the relevant underlying mechanism remains unclear.

The I2-KI staining also revealed aborted pollen grains in the osmapk6 mutant (Figs. 1E and 1F). Transverse sections indicated no detectable difference between the wild-type and osmapk6 anthers at Stages 7 to 11, but the osmapk6 anthers displayed highly vacuolated tapetal cells and pollen grains with delayed filling at Stage 12 (Figs. 3K and 3O). Nutrient accumulation and exine formation of microspores is mainly affected by the tapetum [1]. Therefore, we considered that the abnormal tapetal degeneration might affect the filling of microspores, and focused our attention on the abnormal tapetal degeneration. The TUNEL assay showed that PCD of tapetal cells was slightly delayed in osmapk6 anthers (Figs. 4I–4P). In previous studies, the seriously abnormal PCD of tapetal cells always caused complete male sterility [1,5–7]. However, in osmapk6 anthers, the slightly delayed PCD of tapetal cells caused semi-sterility, which exhibited viable and aborted pollen grains at the same time (Figs. 1F and 3P).

The results of TEM revealed more detailed information on the tapetum degradation of osmapk6. In our results, at Stage 10, condensed and abnormal tapetal cells appeared in the osmapk6 anthers at the same time. The condensed tapetal cells were similar to those of the wild type, and the neighboring microspores exhibited complete pollen wall (Figs. 4C and 4D). By contrast, the abnormal tapetal cells were highly vacuolated and became detached from the inner surface of the anther wall in the osmapk6 mutant, and exine formation in neighboring microspores was abnormal (Figs. 4E and 4F). The exine is mainly composed of sporopollenin, which is secreted by tapetal cells [2]. In rice, OsC6 participates in the transportation of sporopollenin from the tapetum to the exine, which is specific and efficient [2,32]. Therefore, we considered that abnormal degradation of the tapetum was responsible for abnormal exine formation in adjacent microspores.

In a previous study, tapetum degeneration is considered to be the result of tapetal PCD [8]. We consider that the slightly delayed PCD in osmapk6 anthers caused abnormal degeneration of some tapetal cells, which prevented the transportation of sporopollenin from the tapetum to the exine of neighboring microspores and affected the formation of it. As exine is the outer layer of microspores and necessary for pollen survival [2], we suggest that the slightly delayed PCD in the tapetal cells was responsible for the aborted pollen grains. By contrast, the viable pollen grains were due to the other tapetal cells which exhibited normal degradation. We found that the amino acid change from “Gly” to “Glu” might appear at the surface of OsMAPK6, which is a conserved domain in various plants (Supplemental Fig. 2). We thought that the amino acid change from neutral amino acids (Gly) to acidic amino acids (Glu) may influence the charge on the surface of OsMAPK6 , which could affect the function of OsMAPK6 [33]. However, the mechanism by which only some tapetal cells underwent PCD at Stage 9 in the osmapk6 mutant needs further exploration.
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Supplemental Material

The following supplemental materials are available:
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Figure S1: The phenotypic analysis of wild type and osmapk6. (A) and (C) are the scanning electron micrographs of wild type and osmapk6 anthers, respectively. (B) and (D) are the higher magnification of the surface of wild type and osmapk6 anthers, respectively. (E) and (F) are gains of wild type and osmapk6, respectively. (G), (H) and (I) are plant height, panicle height and grain length analysis, respectively. Error bars represent the SD (n = 3). ** P < 0.01. Bars = 100 μm in (A) and (C), 50 μm in (B) and (D), 10 mm in (E) and (F)
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Figure S2: The predecrted model of OsMAPK6. (A) Multiple amino acid sequence alignment of LOC_Os06g06090 (Oryza sativa L.), AT2G43790 (Arabidopsis thaliana), Bradi1g49100 (Brachypodium distachyon), GRMZM2G002100 (Zea mays), Gorai.005G011100 (Gossypium raimondii) and TraesCS7A02G111300 (Triticum aestivum). The red box present the mutant in osmapk6. (B) The 3D model of OsMAPK6 was built based on 6dtl.2.A(Mitogen-activated protein kinase 6) in Swiss-model (https://swissmodel.expasy.org/). The red circle present the mutant in osmapk6.
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Supplemental Table 1: Primers used in map-based cloning, functional complementation, transgenic plants
identification, RT-qPCR, RNA in situ hybridization

Map-based cloning

Ind6-17F CTGCTTCACTCCAGCCTAATAA Ind6-17R CGGATTCCAAGACATACGGTGT
Ind6-24F AAACAGAGCACAAGCCAAGAA Ind6-24R GACGGCACGAAAAGGTAAAGT
Chré-1-F CTTCTTCTGCTCGTGTCCATG Chré-1-R GTATGAATGGGTTCACAAGGTACT
Chr6-2-F CAACACACAGTTCATCGCAAGAT Chr6-2-R TGGTTCTCATACATTGGTGGTTG
RM19546-F CCTGGTACTAACCATGTGATTGAGC — RMI19549-R AACGTCAGAGTCTCACCACAAGC
RM19552-F TGCTGCCACATGTTTGTCATGG RMI19552-R AAGAAAGGGATAGTTGCGGAGTGG
ZTQS2-F CCGGAACTCCCTTCCGG ZTQ52-R GGCGGTATAAGTACGCTCCC

Functional complementation

OsMAPKG6-OE-F ~ GGATCCATGGACGCCGGGGCGCAG — OsMAPK6-OE-R ACTAGTCTACTGGTAATCA
GGGTTGAACG

Transgenic plants identification

OsMAPK6-mutant T TCCTTTATCAGATTCTCCGTGG OsMAPK#6-mutant ATTAGATCCTTCATTTGTTCCTCG
site-F site-R

OsMAPK6-mutant CTCCGAAGGTTGTAGCAGTG OsMAPK6-mutant site  TATCAGCCAGAAAGCCAGG

site on native on native

DNA-F DNA-R

RT-qPCR

OsMAPK6-GPCR-F  AGACTTGAAGCCCAGCAACCTACT — OsMAPK6-qPCR-R  CCATAAAAATACAGCCCACAGACC
OsMADS3-GPCRF  AACAGTCTAACTCGGCTTGCCTAAATA OsMADS3-gPCR-R  CATTCTCAACAACCTTGCTCCTCAG
RTS-gPCR-F GCTGCTCCACCTCGCTCTGAT RTS-qPCR-R TTTCCTCTTTTCATAATCCACTAATCGC

Actin-qPCR-F GACCCAGATCATGTTTGAGACCT Actin-gPCR-R CAGTGTGGCTGACACCATCAC

RNA in situ hybridization

ISH-OsMAPK6F ~ GATGTGTGGTCTGTGGGCTGTA ISH-OsMAPK6-R TAATACGACTCACTATAGGGATGCCA
GGTAAGGATGTGC
sense-OsMAPK6F  TAATACGACTCACTATAGGGGAT sense-OSMAPK6-R  ATGCCAGGTAAGGATGTGC

GTGTGGTCTGTGGGCTGTA
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Supplemental Table 3: Statistical data on the number of microspore mother cells (MMCs) m the longitudinal
sections of anthers

Wild-type osmapk6
Number of MMCs in the longitudinal sections of anthers at stage 7 44 18

42 25

35 18

36 21

Average ~31 ~21
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Supplemental Table 2: Statistical data on the total number of microspores per anther

Stage 9-10 Stage 10-11 Stage 11-12 Stage 12—13 Stage 13-14
Wild-type 2048 £343 2104 +£597 2056 £333 2354431 1992 + 629
osmapk6 611+250 833+436 1019 £338 870+274 722 +281
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