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Abstract

:

In the angiosperm, pollen germinates and rapidly expands the pollen tube toward the ovule. This process is important for plant double fertilization and seed setting. It is well known that the tip-focused calcium gradient is essential for pollen germination and pollen tube growth. However, little is known about the Ca2+ channels that play a role in rice pollen germination and tube growth. Here, we divided the 16 cyclic nucleotide-gated channel (CNGC) genes from rice into five subgroups and found two subgroups (clades II and III) have pollen-preferential genes. Then, we performed a meta-expression analysis of all OsCNGC genes in anatomical samples and identified three pollen-preferred OsCNGCs (OsCNGC4, OsCNGC5, and OsCNGC8). The subcellular localization of these OsCNGC proteins is matched with their roles as ion channels on the plasma membrane. Unlike other OsCNGCs, these genes have a unique cis-acting element in the promoter. OsCNGC4 can act by forming a homomeric complex or a heteromeric complex with OsCNGC5 or OsCNGC8. In addition, it was suggested that they can form a multi-complex with Mildew Resistance Locus O (MLO) protein or other types of ion transporters, and that their expression can be modulated by Ruptured Pollen tube (RUPO) encoding receptor-like kinase. These results shed light on understanding the regulatory mechanisms of pollen germination and pollen tube growth through calcium channels in rice.
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1. Introduction


For successful reproduction and seed formation in the angiosperm, sperm cells should be transported to the ovules. When pollen lands on the stigma, the compatible pollen germinates, and the pollen tube elongates along the style. Pollen tube growth is a polarized cell expansion process involving a directional mechanism in response to guidance signals, and Ca2+ signals have been demonstrated to be involved in polarized cell growth such as pollen, root hair, neurons, and fungi [1,2]. Especially, Ca2+ has an essential role in pollen germination and pollen tube growth, and its distribution in the pollen tube affects pollen tube guidance and tip elongation [3,4]. Pollen tube growth depends on tip-focused Ca2+ gradients and the spatial modification of the Ca2+ gradients causes the reorientation of pollen tube growth [5]. The Ca2+ gradient in the pollen tube is produced by external Ca2+ influx, which is mainly mediated by Ca2+ channels located at the apical tip of the pollen tube [6]. Thus, Ca2+ channels are key components for regulating Ca2+ gradients and are essential for pollen tube growth and the directional regulation of tubes.



Recent studies have reported that cyclic nucleotide-gated ion channels (CNGCs) are the potential Ca2+ channels causing the change in cytosolic Ca2+ concentration during signal transduction [7]. CNGCs are tetrameric cation channels spanning the plasma membrane [8] and their isoforms were identified in plants as Ca2+-permeable channels involved in pathogen defense signaling cascades [9], pollen germination and tip growth [10,11], and plant responses to other biotic and abiotic stresses [12]. Animal CNGCs have been well elucidated regarding their biological functions, regulation, and conserved structures. In plants, studies on the molecular function and regulation of plant CNGCs as well as the structure and function of the CNGC family have recently been conducted [13]. It is known that plant CNGC family proteins generally have six transmembrane domains (S1–S6) with a pore domain (P loop) between S5 and S6 that permits ion transport, the C-terminal cyclic nucleotide-binding domain (CNBD), and the CaM-binding domain (CaMBD) [14,15,16]. The major feature of plant CNGC gene families is CNBD, which has a phosphate binding cassette (PBC) binding to the sugar and phosphate moieties of the cyclic nucleotide (cNMP, cyclic nucleotide-monophosphate) ligand [17], and a “hinge” region (adjacent to the PBC) essential for the capping of cAMP by the C-helix of the CNBD [18] and for influencing ligand selectivity and binding affinity [19].



In plants, genome-wide analyses of CNGC gene families have been reported in Arabidopsis [20], rice [7], wheat [21], maize [22], tobacco [23], tomato [24], pear [25], and Brassica oleracea [26]. In particular, the cation channels in legumes have been used to elucidate the contribution of the CNGC family to the signal transduction pathways [27]. In Arabidopsis, CNGCs that preferentially express in pollen tissues play a crucial role in the tip growth of pollen tubes and pollen tube guidance [10,11,28,29,30]. Null mutations of AtCNGC18 resulted in abnormal cytosolic Ca2+ oscillation in pollen tube tips and defective pollen tubes that were unable to undergo directional growth and reach the ovule for fertilization [10,11]. AtCNGC16 is also responsible for pollen tube growth and fertility in heat stress and drought responses [28]. In rice, 16 CNGC members have been identified, and the function of OsCNGC13, as a maternal sporophytic factor for Ca2+ gradient regulation in the stylar, has been reported [31]. However, there are no reports studying CNGC, which functions in pollen development and can act as a paternal factor.



Genome-wide analysis of the CNGC family in Oryza sativa (rice) and phylogenetic analyses with Arabidopsis CNGC proteins was performed using 16 CNGC full length genes in rice. Then, three pollen-preferred CNGC genes in rice was identified and the expression pattern of these OsCNGC genes was analyzed through quantitative polymerase chain reaction (qPCR) analysis to verify their function related to pollen developments. In addition, subcellular localization analysis of these OsCNGC proteins was performed via a protoplast isolation system, and putative pollen-preferred cis-acting regulatory elements (CREs) were identified through a comparative CRE analysis using OsCNGC gene promoters. Finally, the CNGC-mediated regulatory network for pollen germination and tube elongation processes was generated.




2. Materials and Methods


2.1. Motifs Analysis


The CNGC protein sequences of rice and Arabidopsis were subjected to the Multiple Expectation MEME version 5.4.1 analysis online (https://meme-suite.org/meme/index.html (Accessed on 1 May 2022)). To investigate the protein motifs in detail, the five groups of CNGCs were analyzed independently. A total of 30 sequences with a minimal width of 6 aa and a maximal width of 250 aa were found.




2.2. Meta-Expression Analysis


To examine expression patterns, the Affy package encoded by the R language was used to normalize the signal intensity and then the data were transformed into log2 values of expression fold-change. Microarray data, including Affymetric and Agilent array data, were downloaded from the NCBI GEO (https://www.ncbi.nlm.nih.gov/geo/ (Accessed on 15 February 2022)) and Genevestigator (https://genevestigator.com/gv/ (Accessed on 15 February 2022)). Then, the normalized data were uploaded to the Multi Experiment Viewer 6 and the data were visualized using heatmaps. The levels of gene expression in several organs were compared using Genvestigator and the functional similarity among rice and Arabidopsis members was estimated.




2.3. Multiple Sequence Alignment and Phylogenetic Tree Construction


To perform the phylogenetic analysis of the CNGC proteins in rice and Arabidopsis, protein sequences with a locus ID were collected from the Rice Genome Annotation Project (http://rice.uga.edu/ (Accessed on 18 January 2022)), NCBI, and Phytozome platform (https://phytozome-next.jgi.doe.gov/ (Accessed on 18 January 2022)). Multiple alignments of the amino acid sequences were performed using ClustalW. The phylogenetic analysis was performed using MEGA 7.0.26 with maximum likelihood and neighbor-joining methods (bootstrap repeat value was 1000), as previously described [32].




2.4. Cis-Acting Element Analysis


To identify the pollen-preferred cis-elements in the promoter sequences of three OsCNGC genes, the 2 kb upstream sequence was searched for in the Plant cis-acting regulatory DNA elements (PLACE) database [33]. To examine the candidate regions for CREs, the motif finding program MEME version 5.4.1 was used [34]. Cis-acting element analysis was performed by comparing the 2 kb upstream sequences from the start codon of three pollen-preferred OsCNGC genes, as previously described. Ten sequences with a minimal width of 5 bp and a maximal width of 10 bp were searched. The motifs discovered were further analyzed using the TomTom tool and those found only in the promoter sequence of pollen-preferential CNGC genes were determined. GO analysis of transcription factors that bind to known CREs was analyzed using the Rice Oligo Array Database (http://ricephylogenomics-khu.org/ROAD_old/analysis/go_enrichment.shtml (Accessed on 1 May 2022)).




2.5. RNA Extraction, cDNA Construction, and qRT-PCR Analysis


Tissue samples, including pollen of rice plants (Oryza sativa cv. Dongjin) grown in paddy fields, were frozen in liquid nitrogen and homogenized with a TissueLyser II (Qiagen, Hilden, Germany). Total RNA was extracted using RNAiso Plus, as described previously [35]. cDNAs were synthesized using a SuPrimeScript RT premix from GeNet Bio (Chungcheongnam-do, South Korea) [36]. qRT-PCR was performed with a Qiagen Rotor-Gene Q qRT-PCR cycler (Qiagen) using the following thermal cycling procedure: 95 °C for 30 s, 40 cycles of 95 °C denaturation for 10 s and 60 °C annealing for 30 s, and 72 °C extension for 1 min. To evaluate tissue-preferred expression patterns by qRT-PCR, Rice ubiquitin 5 (OsUbi5, LOC_Os01g22490) [37] was used as an endogenous control to normalize the variance in the amount of sample cDNAs. Gene-specific qRT-PCR primers were designed for a specific region of each gene, as described in Supplementary Table S1, and the accuracy and efficiency of each primer set was verified through PCR amplification of the gDNA to optimize the PCR conditions and melting curve. The fold-change in expression was calculated using the comparative delta-CT [38,39]. Three biological replicates were analyzed for each sample, with at least three technical replicates of those measured.




2.6. Subcellular Localization Analysis


The coding sequences (CDSs) of three CNGC genes were amplified from mature anther cDNA and cloned into pGA3574 vectors fused with C-terminal GFP. All the cloning primers used in the experiments are listed in Supplementary Table S1. For the transfection of these constructs, rice protoplasts from leaf and stem tissue were isolated, as described previously [40]. The fluorescent tags used to determine the intracellular distribution of proteins were observed using a confocal laser scanning fluorescence microscopy (K1-Fluo; Nanoscope System, Daejeon, Republic of Korea) with 488/510 nm excitation/emission filter sets. To identify the subcellular localization in the cell membrane, the plasma and vacuolar membrane marker FM4-64 (Thermo Fisher Scientific, Waltham, MA, USA) was used; rice protoplasts were immersed in 0.1% FM4-64 solution for 10 min in the dark conditions and observed using the red fluorescence protein channel with 543/560 nm excitation/emission filter sets.




2.7. Yeast Two-Hybrid Analysis


The C-terminal CDS of OsCNGC4 (1654–end), OsCNGC5 (1741–end), and OsCNGC8 (1288–end) were cloned at the EcoRI/BamHI site of the pGADT7 vector and the pGBKT7 vector [41]. To test the self-transcriptional activity of the OsCNGC bait, the plasmid was introduced with an empty prey vector into the yeast strain AH109. Yeast transformants of the bait and prey plasmids were selected on an SD minimal medium lacking leucine and tryptophan (SD-LW) and were replica-plated onto various SD selection media, including medium lacking leucine, tryptophan, and histidine (SD-LWH, +5 mM 3-AT) and medium lacking leucine, tryptophan, and adenine (SD-LWA).




2.8. Network Analysis


The protein interaction network was predicted by the STRING database version 11.5 (https://string-db.org/ (Accessed on 10 June 2022)), which obtains interactions based on genomic, experimental, co-expression or previous knowledge information context at the function or physical level. String network analysis was performed using the protein sequences of 16 OsCNGC genes.





3. Results


3.1. Phylogenetic Tree and Motif Composition Analyses of OsCNGC Proteins


To reveal the evolutionary relationships of CNGC proteins in plant species, the amino acid sequences of 16 CNGC proteins in rice and 20 CNGC proteins in Arabidopsis were identified and aligned (Figure 1A, Supplementary Table S2). Subsequently, the proteins were clustered into five groups, as described by Mäser et al. [20]. The rice and Arabidopsis CNGC genes were not classified according to species, and similar numbers of genes were grouped together in each cluster, implying that rice and Arabidopsis CNGC gene family members appear to have coevolved into monocots and dicots. Clade I comprised AtCNGC1, 3, 10, 11, 12,13, OsCNGC1, 2, and 3; clade II comprised AtCNGC5, 6, 7, 8, 9, OsCNGC4, 5, and 6; clade III comprised AtCNGC14, 15, 16, 17, 18, OsCNGC7, 8, 9, 10, and 11; clade IVa comprised AtCNGC19, 20, OsCNGC12, and 13; clade IVb comprised AtCNGC2, 4, OsCNGC14, 15, and 16. As AtCNGC7, 8, 16, and 18 exhibited pollen-preferred expression in Genevestigator transcriptome data (Supplementary Figure S1), OsCNGC4, 5, and 6 are orthologs of AtCNGC7 and 8, whereas OsCNGC8 is an ortholog of AtCNGC16 and 18. In addition, according to The Arabidopsis Information Resource (TAIR, https://www.arabidopsis.org/ (Accessed on 5 August 2022)), the orthologs of AtCNGC7 with key roles in pollen development are OsCNGC4, 5, and 6, which means that OsCNGC4, 5, and 6 may perform similar functions to AtCNGC7 and AtCNGC8.



To examine the structural conservancy or divergence among the CNGC genes in rice and Arabidopsis, the conserved motifs in the CNGC proteins were investigated using tools from the Maximization for Motif Elicitation (MEME) suite. The five groups of CNGC were analyzed separately (Figure 2A, Supplementary Figure S2). With the exception of the lack of motifs 25, 23, and 28 at the N-terminal and motifs 24 and 30 at the C-terminal, clade I possessed most of the motifs contained in the other clades, and the differential motif patterns of the protein structures varied relatively according to the clade. In particular, six motifs in CNBD of clade I, motifs 2, 6, 13, 16, 19, and 22, were present in almost all clades.



It can be suggested that members of clade I have emerged as a genetic basis for evolution to form CNGC subfamilies in different directions. Similar to clade I, CNGCs in clades II and III underwent partial differentiation at the same location. However, the N-terminals and C-terminals from clades IVa and IVb have unique motifs, such as motifs 23, 28, 29, and 24, which do not exist in clades I, II, and III. In case of clade Ⅳa, the CNBD domain was finally differentiated as to have motifs 19, 16, and13 and in case of clade Ⅳb, to have motifs 6, 16, and 13. This may suggest that the members of clade Ⅳ have evolved in different directions to have different functions with the other groups.



Among the motifs preserved at the same location in all clades, 11 motifs with known functions are defined as the characteristic features of the CNGC family (Figure 2B). The seven motifs preserved in the N-terminal of the CNGC family are involved in the formation of the regions of the transmembrane and pore, which have been implicated in ion selective transport. In addition, CNGCs are characterized by the presence of CNBD, namely LI-X(2)-[GS]-X-[FV]-X-G-[1]-ELL-X-W-X(12,22)-SA-X(2)-T-X(7)-[EQ]-AF-XL, at the C-terminus. The CNGC families of both rice and Arabidopsis contain CNBD in the C-terminal region (Figure 1B). The most conserved residues in the PBC within the C-terminus, which is important for cyclic AMP binding [42], was also located in OsCNGC genes (Supplementary Figure S3). The CNBD was known to be composed of four α-helices and eight β-sheets [43]. The secondary structure of the OsCNGC gene was confirmed using amino acid sequences and the presence of CNBD, consisting of four α-helices and eight β -sheets at the C-terminal, was also confirmed (Supplementary Figure S4). In addition, we found that motif2, reported as the IQ domain, is preserved at the C-terminus of all clades of CNGC, and its preserved core signature corresponds to [A-x(3)-I-Q-x(2)-F-R-x(4)-K] in all CNGC members of rice. The IQ domain was known as the CaM-binding site within CaMBD [14], which is another representative domain among plant CNGC families. Apo-CaM (CaM without Ca2+ ligands) constitutively binds to the IQ domain in a Ca2+-independent manner to act as a Ca2+ sensor [14] and many IQ motifs are identified in protein kinase C (PKC) phosphorylation sites [44,45].




3.2. Expression Pattern Analysis of OsCNGC Genes


To identify genes that may play a role in the pollen developmental stage, the Rice Male Gamete Expression Database was used, which provides meta-expression analysis focused on rice male gamete development [46]. Then, by aligning the OsCNGC protein sequences, we constructed a phylogenic tree of the rice CNGC family to check the function of OsCNGCs related to pollen development (Figure 3A). Meta-expression data from the publicly available Affymetrix rice microarray data sets (National Center for Biotechnology Information [NCBI] GEO; http://www.ncbi.nlm.nih.gov/geo/ Accessed on 15 February 2022)) were also used to check the expression of these genes in various tissues/organs (Supplementary Figure S5) [47]. We found that the expression patterns of three genes (OsCNGC4, OsCNGC5, OsCNGC8) were closely associated with late pollen development at the bicellular, tricellular, mature, and germinated pollen stages. Two genes, OsCNGC4 and OsCNGC5 in clade II, which were located in the same sister node of the phylogenetic tree, were preferentially expressed in pollen tissues, whereas OsCNGC6, which belongs to the same sister node, was ubiquitously expressed in many tissues. OsCNGC8 in clade III was only highly expressed in the late pollen stage. Thus, we could expect that these three genes (OsCNGC4, OsCNGC5, and OsCNGC8) might be associated with pollen function.



To verify the meta-expression patterns in the late pollen development stages, real-time (qPCR) analysis (Figure 3B) was performed. We used anther tissues at various developmental stages containing meiosis microspores, tetrad microspores, young microspores, vacuolated pollen, and mature pollen, with other tissues, such as root, shoot, and seed. The results demonstrated that pollen-preferred OsCNGC genes had the highest expression at the later stages, but not in other tissues. These three genes were used for further studies.




3.3. Cis-Acting Regulatory Element Analysis for Promoter Regions of OsCNGC Family Genes


Promoters contain various CREs that are responsible for the development and physiology of plants through regulating gene expression [48]. To find the CREs in the promoter sequence that are responsible for pollen-preferred expression, the 2000 bp sequences upstream from the transcription start site of OsCNGC4, 5, and 8 showing preferential expression in pollen were scanned using the PLACE database. Major CREs for pollen-preferred expression, such as POLLEN1LELAT52 (AGAAA), GTGANTG10 (GTGA), and PB Core (CCAC), were found and are summarized in Supplementary Table S3. However, in the case of the remaining OsCNGC family genes, there were also a significant number of known pollen-preferential CREs in the promoters of the other OsCNGC genes that exhibited little or no expression in pollen. On average, there were 10.7 copies of POLLEN1LELAT52, 12.3 copies of GTGANTG10, and 21.6 copies of the PB Core in the promoters of the other OsCNGCs, compared with the three pollen-preferred genes. We calculated the p-values to determine how many of the three highly pollen-preferred OsCNGC genes had significantly more CREs relative to the rest of the OsCNGC genes, but the p-values of all known pollen-preferred CREs did not exceed 0.01. Based on these results, we confirmed that known pollen-preferential CREs may not be responsible for regulating the pollen-preferred expression of OsCNGC4, 5, and 8.



Apart from known pollen-preferential motifs, we attempted to find other putative CREs using the motif analyzing tool MEME. The 2000 bp sequences upstream of the three OsCNGC genes were used and two probable CREs, TCTTYCTCC and GCGGMGGCG, were found in pollen-preferred OsCNGCs (OsCNGC4, 5, and 8), while the other OsCNGCs had none or fewer motifs (Figure 4A). These two CREs were distributed throughout the 2000 bp upstream sites of the transcription start sites of OsCNGC4, 5, and 8. We expected that these two CREs would be involved in late pollen-preferred expression, indicating their functional involvement in the transcriptional regulation process. Additionally, these elements were also found in other genes already notably highly expressed in the late pollen stage during pollen germination and tube elongation, such as OsANTH (LOC_Os02g07900), OsGORI (LOC_Os03g52870) and RUPO (LOC_Os06g03610) [41,49,50]. Our results indicate that these two CREs might act as a regulator of pollen-preferential genes in rice. Next, these CREs were analyzed using the TomTom tool to find transcription factors that can bind to known CREs in the Arabidopsis genome (Figure 4B). We revealed that these elements were presented in transcription factor genomic sequences, such as Far1-Related Sequence (FRS) and Basic Helix-Loop-Helix (bHLH), AP2/ERF, BASIC PENTACYSTEINE (BPC) transcription factor, indicating that the three OsCNGC genes could be regulated during late pollen development by transcription factors such as FRS, bHLH, AP2/ERF, and BPC.



To explore the biological function of all the transcription factors identified in the above analysis, the TAIR bulk Gene ontology (GO) annotation retrieval tool was used to analyze the GO terms for the transcription factors found (Figure 4C). Of these, 19 GO terms were over-represented in potential transcription factors of the late pollen-preferred genes. Significantly enriched terms were found for GO terms in the biological process category, corresponding to the ethylene-activated signaling pathway (over 100–fold GO enrichment value), cellular response to ethylene stimulus (95.h59), phosphor-relay signal transduction system (73.36), response to ethylene (44.35), phloem or xylem histogenesis (17.26), hormone-mediated signaling pathway (16.57), cellular response to hormone stimulus (14.36), intracellular signal transduction (14.11), cellular response to endogenous stimulus (13.52), positive regulation of transcription, DNA-templated (13.25), positive regulation of RNA biosynthetic process and of nucleic acid-templated transcription (13.2), positive regulation of macromolecule biosynthetic process (13.2), and regulation of transcription, DNA-templated (11.78). These values indicate that ethylene response factors and phosphor-relay signaling and hormone-mediated signaling may play an important role in the transcriptional regulation of the pollen-preferred OsCNGC4, 5, and 8 genes.




3.4. Subcellular Localization of OsCNGC4, 5, and 8 Proteins


The OsCNGC genes are generally held to encode cation channel subunits. These may be expressed in the plasma membrane (PM). However, it was proposed that CNGCs are also located in the mitochondrial, nuclear, and vacuolar organelles [51]. In Arabidopsis, localizations of CNGCs have been previously elucidated using chimeric fluorescent reporter proteins. With respect to the pollen-preferred AtCNGCs, AtCNGC18 was revealed to be located at the PM of growing pollen tip and vesicles [10,15], and AtCNGC7 and AtCNGC8 were found to have similar localization patterns in the endo-membrane compartment, especially in tonoplasts [52]. However, AtCNGC7 was also observed at the PM in the bud site of the growing tube in a more recent study [29].



The subcellular localization of CNGCs in rice was predicted using Protein Subcellular Localization Prediction Tool (PSORT) analysis by Nawaz et al. [7]. The results demonstrated that 13 of 16 OsCNGCs (OsCNGC1, 2, 4, 5, 6, 8, 9, 10, 12, 13, 14, 15, and 16) are predicted to be localized at the PM, and the other three (OsCNGC3, 7, and 11) may be localized in the cytoplasm, chloroplast thylakoid membrane, and mitochondrial inner membrane, respectively [7].



To monitor whether three candidate genes associated with pollen development (OsCNGC4, OsCNGC5, and OsCNGC8) were localized to the PM, we constructed a green fluorescent protein of (GFP)-fused OsCNGC proteins and used a protoplast-based transient expression system (Figure 5). The C-terminal fusion of GFP resulted in the PM localization of all three candidates. Further, we used FM4-64 staining as a membrane marker to confirm how to correlate with the GFP signal of OsCNGC proteins [53,54]. When protoplasts were stained with FM4-64, the GFP signals from the OsCNGC proteins overlapped with the signal from the FM4-64 staining. These results indicate that the three pollen-preferred OsCNGC proteins are localized in the PM to exert their functionality.




3.5. Network Analysis of CNGC-Mediated Genes for Pollen Development


To predict the regulatory pathway mediated by OsCNGCs, we used all OsCNGC proteins and constructed the network of proteins associated with CNGC-mediated biological processes via STRING database (Figure 6A). The results demonstrated that OsCNGC8 might interact with Mildew Resistance Locus O (MLO) proteins (OsMLO4, 12, and 11), an ABCG transporter called the STR1 protein, and the LRR receptor-like kinase Flagellin-Sensitive 2 (FLS2) protein; moreover, OsCNGC4 and 5 also both interact with the FLS2 protein. The network also demonstrated that the CNGC proteins might interact with several transporters, such as TPKA, which is a K+ ion channel and SUT3, which is a sucrose transporter.



It is previously reported that CNGCs interact with each other to form hetero- or homo-tetramer to provide the functionality [55]. It is also known that the C-terminal domains of plant CNGCs play an important role in binding between the CNGC–CNGC interaction [56]. The yeast two-hybrid assay was used to determine whether CNGC members expressed in the late pollen development stage were able to form interactions with each other (Figure 6B). C-terminal of CNGC4 was interacted with itself and with the C-terminal of CNGC4 or CNGC5. The interaction intensity was strongest for CNGC4–CNGC4, but weakest for CNGC4–CNGC5.



Considering the plasma membrane localization of most plant CNGCs, the receptor kinases or receptor-like kinases (RLKs) may be candidates for kinases that regulate CNGCs. In Figure 6A, 14 OsCNGCs interact with FLS2, an LRR receptor-like kinase, which also suggests a functional association between CNGCs and RLKs. A type of RLKs, the Catharanthus roseus receptor-like kinase (CrRLK1L) family, has been identified as the regulator for sexual reproduction in both male and female gametophytes [57,58]. RUPO encodes a receptor-like kinase that is a member of the CrRLK1L subfamily in rice [50]. RUPO is expressed preferentially in pollen and interacts with potassium transporters, regulating K+ homeostasis for PT growth and integrity [50]. Using quantitative PCR analysis, the expression level of three OsCNGCs (OsCNGC4, OsCNGC5, and OsCNGC8) was investigated in a rupo mutant anther and wild-type anther (Figure 6C). Consequently, we found that rupo mutations caused significant suppression in expression levels of three OsCNGC genes; however, there was no prediction of physical interaction between the RUPO protein and each of the three OsCNGC proteins.





4. Discussion


Plant CNGC proteins form tetrameric cation channels that regulate various physiological processes. Our study performed a genome-wide analysis of CNGC genes in rice and identified three candidate genes that were highly expressed in pollen, which might play a role in late pollen development. Then, their feature domains for protein sequence and subcellular localization were analyzed, and a protein–protein interaction network mediated by CNGC family genes in rice was proposed.



Previous studies have suggested that CNGCs are involved in numerous biological functions, and that these genes can be functionally distinguished in a clade-dependent manner [23]. As demonstrated by our results, CNGC members in Oryza sativa and Arabidopsis thaliana could be divided into five subgroups, comprising clades I, II, III, IVa, and IVb; however, those genes preferentially expressed in pollen tissues were found in clades II and III. When we investigated functional domains of OsCNGC family members, we found that the motif structure of OsCNGC genes in clades II and III was well-conserved compared with those in Arabidopsis, suggesting that pollen-preferred CNGC genes are evolutionarily related and have evolved to be able to function preferentially in pollen tissues.



All CNGC proteins in our study contained S1–S6 domains with a P loop, PBC, and hinge region. These structural features provide important evidence for their co-evolution between rice and Arabidopsis and suggests that the functions in cNMP ligand and ion penetration are the most primitive functions in plant CNGCs; moreover, that functional differentiation has occurred through the expansion of the family. In addition, we found that all OsCNGC members share an Ile–Gln (IQ) motif at the C-terminal CaMBD. The C-terminal CaMBD with this IQ motif is adjacent to the CNBD and may function as the calcium-sensor able to regulate CNGC in a negative or positive manner [28,59]. Through these domains, CNGC might respond to Ca2+ signaling involved in various developmental processes and have evolved as an extended Ca2+-dependent channel control mechanism.



The pollen-preferred expression pattern of three OsCNGC genes can be explained by the presence of CREs that are not found in other CNGC promoters. In our promoter analysis, putative pollen-preferential CREs (TCTTYCTCC and GCGGMGGCG) were identified from MEME analysis. In previous studies, OsCNGC was reported to regulate gene expression in response to hormone, biotic, and abiotic stress [7]. Similarly, it was found that pollen-preferential CREs are involved in the promoters of several transcription factors related to hormones such as AP2/ERF and BPC [60,61]. Furthermore, as these CREs are also present in the promoters of transcription factors such as bHLH and Far1, it is suggested that these transcription factors will be potential regulators that modulate the pollen-preferred expression of OsCNGC genes. However, our findings from the MEME analysis required further confirmation to identify the functional CREs in promoters for the transcription factors.



In the protein network analysis mediated by rice CNGCs, we discovered that diverse functional proteins, such as kinases and transporters, interact with CNGC proteins in rice. Then, an analysis of subunit interaction among pollen-preferred OsCNGC members was also performed, including OsCNGC4, OsCNGC5, and OsCNGC8, by using a yeast two-hybrid analysis. The results demonstrated that OsCNGC4 directly binds to OsCNGC4, OsCNGC5, and OsCNGC8, respectively. However, there were differences in the intensity of interactions. A recent study proposed a novel mechanism for the regulation of heteromeric channel assembly [56]. It was also demonstrated that plant CNGCs formed tetrameric cation channels among CNGC four subunits to perform different unique functions [15,28,29,31,62]. In Arabidopsis, CNGC subunits that have the ability to regulate pollen tube growth, including AtCNGC18, 7, and 8, combine to form a tetrameric complex with various configurations. AtCNGC7 and 8, which were functionally redundant in the pollen tube growth assay, interact with the functionally antagonistic AtCNGC18 subunit, respectively, and form a heterotetramer [56]. Similarly, by examining the functional relationship between the pollen-preferred OsCNGCs, we could predict that OsCNGC4 has a major role in forming the subunit combination of three pollen-preferred OsCNGCs. Additionally, OsCNGC5, belonging to the same sister node in the phylogenetic tree, may be functionally redundant with OsCNGC4, and OsCNGC8 may antagonize OsCNGC4. The activities of CNGC complexes in plant cells could be affected not only by the combinations of subunits, but also by the number of subunits [63]. Unlike plant CNGC proteins, animal CNGC families are less diversified, and the influence of the subunit combination seems to be exiguous. Therefore, it is an interesting discovery that plants may modulate the activity of CNGC subunits by forming various combinations of tetramers, which may realize an understanding of complex Ca2+ signaling mechanisms in plants [13,56]. However, further studies, such as a functional assay of these subunit combinations, might provide the crucial evidence to support our hypothesis.



In animals, phosphorylation is one way to regulate cyclic nucleotide-regulated cation channels [64]. Earlier studies have established that protein kinase inhibitors block the activity of calcium channels in plant cells [65,66], and suggest that protein phosphorylation plays an important role in Ca2+ signaling. Considering the PM localization of most plant CNGCs, receptor kinases or receptor-like kinases (RLKs) are likely candidates for the kinases that phosphorylate CNGCs. RUPO is the rice member of the plant-specific receptor-like kinase CrRLK1Ls subfamily, and some CrRLK1Ls are known to play an important role in regulating Ca2+-dependent pollen tube growth and the interaction with ion transporters by phosphorylation to regulate ion homeostasis [67]. The mutation of RUPO was found to affect the expression of three pollen-preferred OsCNGCs. The downstream signaling events of individual CrRLK1L pathways were discovered in recent studies and some CrRLK1L members were involved in Ca2+ dynamics and were essential for maintaining PT integrity during polarized tip growth [68]. CrRLK1L transmits phosphorylation signals, so we assumed that this signaling pathway mediated by RUPO might be essential for OsCNGC to regulate Ca2+ dynamics during pollen germination and the tube growth of rice. Collectively, we proposed a hypothetical model regarding the function of OsCNGC candidates that exhibit high expression levels during late pollen development. Our model requires a further study of the OsCNGC complex functions affecting pollen germination and tube growth.




5. Conclusions


Our study aimed to improve the overall understanding of the pollen germination and pollen tube growth mechanism mediated by Ca2+ channels, CNGCs. There are three pollen-preferred OsCNGCs (OsCNGC4, OsCNGC5, and OsCNGC8) that can serve as Ca2+ channels in the development of rice pollen. We suggest that these CNGCs are located in plasma membranes to serve as Ca2+ channels, and CNGC4 can act by forming a homomeric or heteromeric complex with OsCNGC5 or OsCNGC8. This result may mean that the activity of subunits can be controlled through various combinations of CNGCs in rice. In addition, it has been proposed that CNGCs can form complexes with Mildew Resistance Locus O (MLO) proteins, which direct the positioning of CNGCs [30]. CNGCs-mediated complex also can interact with other types of ion channels, and that activity can be regulated by Ruptured Pollen tube (RUPOs) encoding receptor-like kinases. These results can help to understand pollen germination and pollen tube growth mechanisms regulated by mediating the calcium channels in rice. Furthermore, it is meaningful to propose a suitable candidate member for improving crop productivity beyond understanding the molecular mechanisms of pollen germination and pollen tube growth.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/plants11223145/s1. Table S1: Accession numbers of CNGC genes. Table S2: Analysis of pollen-preferred CREs in OsCNGCs. Table S3: OsCNGC gene isogene-specific primers for qPCR and pGA3574 cloning. Figure S1: Pollen preferential expression patterns of 20 CNGC genes in Arabidopsis thaliana. Figure S2: MEME domain analysis and schematic diagram for main motif structures of CNGC genes in rice and Arabidopsis. Figure S3: Protein sequence alignment domain analysis and conserved phosphorylated amino acid of protein sequences encoded by OsCNGC genes. Figure S4: Secondary structure of CNGC proteins using the deduced amino acid sequences. Figure S5: Heatmap expression and phylogenetic analysis of 16 CNGC genes in 17 tissues/organs, and exceptionally anther tissues included at a variety of developmental stages.





Author Contributions


K.-H.J. and S.-K.P. designed this work; S.-K.L. and S.-M.L. performed experiments; S.-K.L. and S.-M.L. analyzed the data; S.-K.L. and S.-M.L. generated figures and tables; S.-K.L., S.-M.L., M.-H.K., S.-K.P. and K.-H.J. wrote manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the New Breeding Technologies Development Program (PJ01661002 to K.-H.J.), the Rural Development Administration, Republic of Korea, and grants by the National Research Foundation, Ministry of Education, Science and Technology (2021M3E5E6025387 to K.-H.J.; NRF-2021R1A2C2010124 to S.-K.P.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All of the data provided in this study are available within this article.




Acknowledgments


We thank Gynheung An and Jong-Seong Jeon at the Kyung Hee University for establishing the greenhouse and LMO field on the campus and providing valuable comments on this project.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Stiess, M.; Bradke, F. Neuronal Polarization: The Cytoskeleton Leads the Way. Dev. Neurobiol. 2011, 71, 430–444. [Google Scholar] [CrossRef]

	



Hepler, P.K.; Vidali, L.; Cheung, A.Y. Polarized Cell Growth in Higher Plants. Annu. Rev. Cell Dev. Biol. 2001, 17, 159–187. [Google Scholar] [CrossRef]

	



Steinhorst, L.; Kudla, J. Calcium—A Central Regulator of Pollen Germination and Tube Growth. Biochim. Biophys. Acta 2013, 1833, 1573–1581. [Google Scholar] [CrossRef]

	



Zheng, R.H.; Su, S.D.; Xiao, H.; Tian, H.Q. Calcium: A Critical Factor in Pollen Germination and Tube Elongation. Int. J. Mol. Sci. 2019, 20, 420. [Google Scholar] [CrossRef]

	



Malhó, R.; Read, N.D.; Trewavas, A.J.; Pais, M.S. Calcium Channel Activity during Pollen Tube Growth and Reorientation. Plant Cell 1995, 7, 1173–1184. [Google Scholar] [CrossRef]

	



Wang, Y.-F.; Fan, L.-M.; Zhang, W.-Z.; Zhang, W.; Wu, W.-H. Ca2+-Permeable Channels in the Plasma Membrane of Arabidopsis Pollen Are Regulated by Actin Microfilaments. Plant Physiol. 2004, 136, 3892–3904. [Google Scholar] [CrossRef]

	



Nawaz, Z.; Kakar, K.U.; Saand, M.A.; Shu, Q.-Y. Cyclic Nucleotide-Gated Ion Channel Gene Family in Rice, Identification, Characterization and Experimental Analysis of Expression Response to Plant Hormones, Biotic and Abiotic Stresses. BMC Genom. 2014, 15, 853. [Google Scholar] [CrossRef]

	



Talke, I.; Blaudez, D.; Maathuis, F.; Sanders, D. CNGCs: Prime Targets of Plant Cyclic Nucleotide Signalling? Trends Plant Sci. 2003, 8, 286–293. [Google Scholar] [CrossRef]

	



Ma, W.; Berkowitz, G.A. Ca2+ Conduction by Plant Cyclic Nucleotide Gated Channels and Associated Signaling Components in Pathogen Defense Signal Transduction Cascades. New Phytol. 2011, 190, 566–572. [Google Scholar] [CrossRef]

	



Frietsch, S.; Wang, Y.-F.; Sladek, C.; Poulsen, L.R.; Romanowsky, S.M.; Schroeder, J.I.; Harper, J.F. A Cyclic Nucleotide-Gated Channel Is Essential for Polarized Tip Growth of Pollen. Proc. Natl. Acad. Sci. USA 2007, 104, 14531–14536. [Google Scholar] [CrossRef]

	



Gao, Q.-F.; Gu, L.-L.; Wang, H.-Q.; Fei, C.-F.; Fang, X.; Hussain, J.; Sun, S.-J.; Dong, J.-Y.; Liu, H.; Wang, Y.-F. Cyclic Nucleotide-Gated Channel 18 Is an Essential Ca2+ Channel in Pollen Tube Tips for Pollen Tube Guidance to Ovules in Arabidopsis. Proc. Natl. Acad. Sci. USA 2016, 113, 3096–3101. [Google Scholar] [CrossRef]

	



Jha, S.K.; Sharma, M.; Pandey, G.K. Role of Cyclic Nucleotide Gated Channels in Stress Management in Plants. Curr. Genom. 2016, 17, 315–329. [Google Scholar] [CrossRef]

	



Dietrich, P.; Moeder, W.; Yoshioka, K. Plant Cyclic Nucleotide-Gated Channels: New Insights on Their Functions and Regulation. Plant Physiol. 2020, 184, 27–38. [Google Scholar] [CrossRef]

	



Fischer, C.; Kugler, A.; Hoth, S.; Dietrich, P. An IQ Domain Mediates the Interaction with Calmodulin in a Plant Cyclic Nucleotide-Gated Channel. Plant Cell Physiol. 2013, 54, 573–584. [Google Scholar] [CrossRef]

	



Zhou, L.; Lan, W.; Jiang, Y.; Fang, W.; Luan, S. A Calcium-Dependent Protein Kinase Interacts with and Activates a Calcium Channel to Regulate Pollen Tube Growth. Mol. Plant 2014, 7, 369–376. [Google Scholar] [CrossRef]

	



Curran, A.; Chang, I.F.; Chang, C.L.; Garg, S.; Miguel, R.M.; Barron, Y.D.; Li, Y.; Romanowsky, S.; Cushman, J.C.; Gribskov, M.; et al. Calcium-Dependent Protein Kinases from Arabidopsis Show Substrate Specificity Differences in an Analysis of 103 Substrates. Front. Plant Sci. 2011, 2, 36. [Google Scholar] [CrossRef]

	



Maathuis, F.J.M. CGMP Modulates Gene Transcription and Cation Transport in Arabidopsis Roots. Plant J. 2006, 45, 700–711. [Google Scholar] [CrossRef]

	



Rubio, F.; Flores, P.; Navarro, J.; Martínez, V. Effects of Ca2+, K+ and CGMP on Na+ Uptake in Pepper Plants. Plant Sci. 2003, 165, 1043–1049. [Google Scholar] [CrossRef]

	



Penson, S.P.; Schuurink, R.C.; Fath, A.; Gubler, F.; Jacobsen, J.V.; Jones, R.L. CGMP Is Required for Gibberellic Acid-Induced Gene Expression in Barley Aleurone. Plant Cell 1996, 8, 2325–2333. [Google Scholar] [CrossRef]

	



Mäser, P.; Thomine, S.; Schroeder, J.I.; Ward, J.M.; Hirschi, K.; Sze, H.; Talke, I.N.; Amtmann, A.; Maathuis, F.J.; Sanders, D.; et al. Phylogenetic Relationships within Cation Transporter Families of Arabidopsis. Plant Physiol. 2001, 126, 1646–1667. [Google Scholar] [CrossRef]

	



Guo, J.; Islam, M.A.; Lin, H.; Ji, C.; Duan, Y.; Liu, P.; Zeng, Q.; Day, B.; Kang, Z.; Guo, J. Genome-Wide Identification of Cyclic Nucleotide-Gated Ion Channel Gene Family in Wheat and Functional Analyses of TaCNGC14 and TaCNGC16. Front. Plant Sci. 2018, 9, 18. [Google Scholar] [CrossRef]

	



Hao, L.; Qiao, X. Genome-Wide Identification and Analysis of the CNGC Gene Family in Maize. PeerJ 2018, 6, e5816. [Google Scholar] [CrossRef]

	



Nawaz, Z.; Kakar, K.U.; Ullah, R.; Yu, S.; Zhang, J.; Shu, Q.-Y.; Ren, X. Genome-Wide Identification, Evolution and Expression Analysis of Cyclic Nucleotide-Gated Channels in Tobacco (Nicotiana Tabacum L.). Genomics 2019, 111, 142–158. [Google Scholar] [CrossRef]

	



Saand, M.A.; Xu, Y.-P.; Li, W.; Wang, J.-P.; Cai, X.-Z. Cyclic Nucleotide Gated Channel Gene Family in Tomato: Genome-Wide Identification and Functional Analyses in Disease Resistance. Front. Plant Sci. 2015, 6, 303. [Google Scholar] [CrossRef]

	



Chen, J.; Yin, H.; Gu, J.; Li, L.; Liu, Z.; Jiang, X.; Zhou, H.; Wei, S.; Zhang, S.; Wu, J. Genomic Characterization, Phylogenetic Comparison and Differential Expression of the Cyclic Nucleotide-Gated Channels Gene Family in Pear (Pyrus Bretchneideri Rehd.). Genomics 2015, 105, 39–52. [Google Scholar] [CrossRef]

	



Kakar, K.U.; Nawaz, Z.; Kakar, K.; Ali, E.; Almoneafy, A.A.; Ullah, R.; Ren, X.; Shu, Q.-Y. Comprehensive Genomic Analysis of the CNGC Gene Family in Brassica Oleracea: Novel Insights into Synteny, Structures, and Transcript Profiles. BMC Genom. 2017, 18, 869. [Google Scholar] [CrossRef]

	



Kosuta, S.; Hazledine, S.; Sun, J.; Miwa, H.; Morris, R.J.; Downie, J.A.; Oldroyd, G.E.D. Differential and Chaotic Calcium Signatures in the Symbiosis Signaling Pathway of Legumes. Proc. Natl. Acad. Sci. USA 2008, 105, 9823–9828. [Google Scholar] [CrossRef]

	



Tunc-Ozdemir, M.; Tang, C.; Ishka, M.R.; Brown, E.; Groves, N.R.; Myers, C.T.; Rato, C.; Poulsen, L.R.; McDowell, S.; Miller, G.; et al. A Cyclic Nucleotide-Gated Channel (CNGC16) in Pollen Is Critical for Stress Tolerance in Pollen Reproductive Development. Plant Physiol. 2013, 161, 1010–1020. [Google Scholar] [CrossRef]

	



Tunc-Ozdemir, M.; Rato, C.; Brown, E.; Rogers, S.; Mooneyham, A.; Frietsch, S.; Myers, C.T.; Poulsen, L.R.; Malhó, R.; Harper, J.F. Cyclic Nucleotide Gated Channels 7 and 8 Are Essential for Male Reproductive Fertility. PLoS ONE 2013, 8, e55277. [Google Scholar] [CrossRef]

	



Meng, J.-G.; Liang, L.; Jia, P.-F.; Wang, Y.-C.; Li, H.-J.; Yang, W.-C. Integration of Ovular Signals and Exocytosis of a Ca2+ Channel by MLOs in Pollen Tube Guidance. Nat. Plants 2020, 6, 143–153. [Google Scholar] [CrossRef]

	



Xu, Y.; Yang, J.; Wang, Y.; Wang, J.; Yu, Y.; Long, Y.; Wang, Y.; Zhang, H.; Ren, Y.; Chen, J.; et al. OsCNGC13 Promotes Seed-Setting Rate by Facilitating Pollen Tube Growth in Stylar Tissues. PLoS Genet. 2017, 13, e1006906. [Google Scholar] [CrossRef]

	



Kim, E.J.; Kim, Y.J.; Hong, W.J.; Lee, C.; Jeon, J.S.; Jung, K.H. Genome-Wide Analysis of Root Hair Preferred Rboh Genes Suggests That Three Rboh Genes Are Associated with Auxin-Mediated Root Hair Development in Rice. J. Plant Biol. 2019, 62, 229–238. [Google Scholar] [CrossRef]

	



Higo, K.; Ugawa, Y.; Iwamoto, M.; Korenaga, T. Plant Cis-Acting Regulatory DNA Elements (PLACE) Database: 1999. Nucleic Acids Res. 1999, 27, 297–300. [Google Scholar] [CrossRef]

	



Bailey, T.L.; Boden, M.; Buske, F.A.; Frith, M.; Grant, C.E.; Clementi, L.; Ren, J.; Li, W.W.; Noble, W.S. MEME Suite: Tools for Motif Discovery and Searching. Nucleic Acids Res. 2009, 37, W202–W208. [Google Scholar] [CrossRef]

	



Moon, S.; Hong, W.-J.; Kim, Y.-J.; Chandran, A.K.N.; Gho, Y.-S.; Yoo, Y.-H.; Nguyen, V.N.T.; An, G.; Park, S.K.; Jung, K.-H. Comparative Transcriptome Analysis Reveals Gene Regulatory Mechanism of UDT1 on Anther Development. J. Plant Biol. 2020, 63, 289–296. [Google Scholar] [CrossRef]

	



Vo, K.T.X.; Kim, C.-Y.; Chandran, A.K.N.; Jung, K.-H.; An, G.; Jeon, J.-S. Molecular Insights into the Function of Ankyrin Proteins in Plants. J. Plant Biol. 2015, 58, 271–284. [Google Scholar] [CrossRef]

	



Jain, M.; Nijhawan, A.; Tyagi, A.K.; Khurana, J.P. Validation of Housekeeping Genes as Internal Control for Studying Gene Expression in Rice by Quantitative Real-Time PCR. Biochem. Biophys. Res. Commun. 2006, 345, 646–651. [Google Scholar] [CrossRef]

	



Pfaffl, M.W. A New Mathematical Model for Relative Quantification in Real-Time RT–PCR. Nucleic Acids Res. 2001, 29, e45. [Google Scholar] [CrossRef]

	



Silver, N.; Best, S.; Jiang, J.; Thein, S.L. Selection of Housekeeping Genes for Gene Expression Studies in Human Reticulocytes Using Real-Time PCR. BMC Mol. Biol. 2006, 7, 33. [Google Scholar] [CrossRef]

	



You, M.K.; Lim, S.-H.; Kim, M.-J.; Jeong, Y.S.; Lee, M.-G.; Ha, S.-H. Improvement of the Fluorescence Intensity during a Flow Cytometric Analysis for Rice Protoplasts by Localization of a Green Fluorescent Protein into Chloroplasts. Int. J. Mol. Sci. 2015, 16, 788–804. [Google Scholar] [CrossRef]

	



Lee, S.K.; Hong, W.-J.; Silva, J.; Kim, E.-J.; Park, S.K.; Jung, K.-H.; Kim, Y.-J. Global Identification of ANTH Genes Involved in Rice Pollen Germination and Functional Characterization of a Key Member, OsANTH3. Front. Plant Sci. 2021, 12, 609473. [Google Scholar] [CrossRef]

	



Diller, T.C.; Madhusudan; Xuong, N.H.; Taylor, S.S. Molecular Basis for Regulatory Subunit Diversity in CAMP-Dependent Protein Kinase: Crystal Structure of the Type II Beta Regulatory Subunit. Structure 2001, 9, 73–82. [Google Scholar] [CrossRef]

	



Zagotta, W.N.; Siegelbaum, S.A. Structure and Function of Cyclic Nucleotide-Gated Channels. Annu. Rev. Neurosci. 1996, 19, 235–263. [Google Scholar] [CrossRef]

	



Baudier, J.; Deloulme, J.C.; Van Dorsselaer, A.; Black, D.; Matthes, H.W. Purification and Characterization of a Brain-Specific Protein Kinase C Substrate, Neurogranin (P17). Identification of a Consensus Amino Acid Sequence between Neurogranin and Neuromodulin (GAP43) That Corresponds to the Protein Kinase C Phosphorylation Site and the Calmodulin-Binding Domain. J. Biol. Chem. 1991, 266, 229–237. [Google Scholar]

	



Chen, S.J.; Klann, E.; Gower, M.C.; Powell, C.M.; Sessoms, J.S.; Sweatt, J.D. Studies with Synthetic Peptide Substrates Derived from the Neuronal Protein Neurogranin Reveal Structural Determinants of Potency and Selectivity for Protein Kinase C. Biochemistry 1993, 32, 1032–1039. [Google Scholar] [CrossRef]

	



Chandran, A.K.N.; Hong, W.-J.; Abhijith, B.; Lee, J.; Kim, Y.-J.; Park, S.K.; Jung, K.-H. Rice Male Gamete Expression Database (RMEDB): A Web Resource for Functional Genomic Studies of Rice Male Organ Development. J. Plant Biol. 2020, 63, 421–430. [Google Scholar] [CrossRef]

	



Hong, W.-J.; Kim, Y.-J.; Kim, E.-J.; Kumar Nalini Chandran, A.; Moon, S.; Gho, Y.-S.; Yoou, M.-H.; Kim, S.T.; Jung, K.-H. CAFRI-Rice: CRISPR Applicable Functional Redundancy Inspector to Accelerate Functional Genomics in Rice. Plant J. 2020, 104, 532–545. [Google Scholar] [CrossRef]

	



Manimaran, P.; Raghurami Reddy, M.; Bhaskar Rao, T.; Mangrauthia, S.K.; Sundaram, R.M.; Balachandran, S.M. Identification of Cis-Elements and Evaluation of Upstream Regulatory Region of a Rice Anther-Specific Gene, OSIPP3, Conferring Pollen-Specific Expression in Oryza sativa (L.) Ssp. Indica. Plant Reprod. 2015, 28, 133–142. [Google Scholar] [CrossRef]

	



Kim, Y.-J.; Kim, M.-H.; Hong, W.-J.; Moon, S.; Kim, E.-J.; Silva, J.; Lee, J.; Lee, S.; Kim, S.T.; Park, S.K.; et al. GORI, Encoding the WD40 Domain Protein, Is Required for Pollen Tube Germination and Elongation in Rice. Plant J. 2021, 105, 1645–1664. [Google Scholar] [CrossRef]

	



Liu, L.; Zheng, C.; Kuang, B.; Wei, L.; Yan, L.; Wang, T. Receptor-Like Kinase RUPO Interacts with Potassium Transporters to Regulate Pollen Tube Growth and Integrity in Rice. PLoS Genet. 2016, 12, e1006085. [Google Scholar] [CrossRef]

	



Duszyn, M.; Świeżawska, B.; Szmidt-Jaworska, A.; Jaworski, K. Cyclic Nucleotide Gated Channels (CNGCs) in Plant Signalling-Current Knowledge and Perspectives. J. Plant Physiol. 2019, 241, 153035. [Google Scholar] [CrossRef]

	



Chang, F.; Yan, A.; Zhao, L.-N.; Wu, W.-H.; Yang, Z. A Putative Calcium-Permeable Cyclic Nucleotide-Gated Channel, CNGC18, Regulates Polarized Pollen Tube Growth. J. Integr. Plant Biol. 2007, 49, 1261–1270. [Google Scholar] [CrossRef]

	



Bolte, S.; Talbot, C.; Boutte, Y.; Catrice, O.; Read, N.D.; Satiat-Jeunemaitre, B. FM-Dyes as Experimental Probes for Dissecting Vesicle Trafficking in Living Plant Cells. J. Microsc. 2004, 214, 159–173. [Google Scholar] [CrossRef]

	



Wang, Q.; Kong, L.; Hao, H.; Wang, X.; Lin, J.; Šamaj, J.; Baluška, F. Effects of Brefeldin A on Pollen Germination and Tube Growth. Antagonistic Effects on Endocytosis and Secretion. Plant Physiol. 2005, 139, 1692–1703. [Google Scholar] [CrossRef]

	



Weitz, D.; Ficek, N.; Kremmer, E.; Bauer, P.J.; Kaupp, U.B. Subunit Stoichiometry of the CNG Channel of Rod Photoreceptors. Neuron 2002, 36, 881–889. [Google Scholar] [CrossRef]

	



Pan, Y.; Chai, X.; Gao, Q.; Zhou, L.; Zhang, S.; Li, L.; Luan, S. Dynamic Interactions of Plant CNGC Subunits and Calmodulins Drive Oscillatory Ca2+ Channel Activities. Dev. Cell 2019, 48, 710–725.e5. [Google Scholar] [CrossRef]

	



Duan, Q.; Liu, M.-C.J.; Kita, D.; Jordan, S.S.; Yeh, F.-L.J.; Yvon, R.; Carpenter, H.; Federico, A.N.; Garcia-Valencia, L.E.; Eyles, S.J.; et al. FERONIA Controls Pectin-and Nitric Oxide-Mediated Male–Female Interaction. Nature 2020, 579, 561–566. [Google Scholar] [CrossRef]

	



Escobar-Restrepo, J.-M.; Huck, N.; Kessler, S.; Gagliardini, V.; Gheyselinck, J.; Yang, W.-C.; Grossniklaus, U. The FERONIA Receptor-like Kinase Mediates Male-Female Interactions during Pollen Tube Reception. Science 2007, 317, 656–660. [Google Scholar] [CrossRef]

	



Bowler, C.; Neuhaus, G.; Yamagata, H.; Chua, N.-H. Cyclic GMP and Calcium Mediate Phytochrome Phototransduction. Cell 1994, 77, 73–81. [Google Scholar] [CrossRef]

	



Mu, Y.; Zou, M.; Sun, X.; He, B.; Xu, X.; Liu, Y.; Zhang, L.; Chi, W. BASIC PENTACYSTEINE Proteins Repress ABSCISIC ACID INSENSITIVE4 Expression via Direct Recruitment of the Polycomb-Repressive Complex 2 in Arabidopsis Root Development. Plant Cell Physiol. 2017, 58, 607–621. [Google Scholar] [CrossRef]

	



Mizoi, J.; Shinozaki, K.; Yamaguchi-Shinozaki, K. AP2/ERF Family Transcription Factors in Plant Abiotic Stress Responses. Biochim. Et Biophys. Acta (BBA) Gene Regul. Mech. 2012, 1819, 86–96. [Google Scholar] [CrossRef]

	



Moeder, W.; Yoshioka, K. CNGCs Break Through-A Rice Cyclic Nucleotide-Gated Channel Paves the Way for Pollen Tube Growth. PLoS Genet. 2017, 13, e1007066. [Google Scholar] [CrossRef]

	



Biel, M.; Michalakis, S. Cyclic Nucleotide-Gated Channels. In cGMP: Generators, Effectors and Therapeutic Implications; Schmidt, H.H.H.W., Hofmann, F., Stasch, J.-P., Eds.; Handbook of Experimental Pharmacology; Springer: Berlin/Heidelberg, Germany, 2009; pp. 111–136. ISBN 978-3-540-68964-5. [Google Scholar]

	



Kaupp, U.B.; Seifert, R. Cyclic Nucleotide-Gated Ion Channels. Physiol. Rev. 2002, 82, 769–824. [Google Scholar] [CrossRef]

	



Köhler, B.; Blatt, M.R. Protein Phosphorylation Activates the Guard Cell Ca2+ Channel and Is a Prerequisite for Gating by Abscisic Acid. Plant J. 2002, 32, 185–194. [Google Scholar] [CrossRef]

	



Stoelzle, S.; Kagawa, T.; Wada, M.; Hedrich, R.; Dietrich, P. Blue Light Activates Calcium-Permeable Channels in Arabidopsis Mesophyll Cells via the Phototropin Signaling Pathway. Proc. Natl. Acad. Sci. USA 2003, 100, 1456–1461. [Google Scholar] [CrossRef]

	



Solis-Miranda, J.; Quinto, C. The CrRLK1L Subfamily: One of the Keys to Versatility in Plants. Plant Physiol. Biochem. 2021, 166, 88–102. [Google Scholar] [CrossRef]

	



Nissen, K.S.; Willats, W.G.T.; Malinovsky, F.G. Understanding CrRLK1L Function: Cell Walls and Growth Control. Trends Plant Sci. 2016, 21, 516–527. [Google Scholar] [CrossRef]








[image: Plants 11 03145 g001 550] 





Figure 1. (A) The phylogenetic tree was constructed by annotating the protein sequences for each gene by using MEGA7. Red and green asterisks indicate CNGC genes with high expression in pollen in O. sativa (in this study) and A. thaliana, respectively. (B) Schematic of the protein structure. The sequence of the protein domain scheme was arranged to be the same as the gene sequence of the phylogenetic tree of (A). The length of each CNGC protein is shown on the right; the unit is aa (amino acid). Blue boxes indicate the position and length of the conserved CT-CNBD (cyclic nucleotide-binding domain) of the CNGC family. 
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Figure 2. (A) MEME domain analysis and schematic diagram for main motif structures of five CNGC gene pairs from five CNGC subfamilies, respectively, in rice and Arabidopsis. The red and black squares borders represent non- and conservative MEME domains in the subfamily; their accumulation positions are the location of the corresponding amino acid positions. Motifs with known functions are marked in distinct colors (blue, purple, gray, yellow, orange, and green). Other colorless boxes indicate unknown motif. The known function domains were obtained from the SMART and PFAM tools. (B) Structural diagram of conserved MEME motifs in all CNGC proteins of rice and Arabidopsis. The transmembrane region, c-linker, CNBD domain, CaMBD domain, and IQ domain are represented by several rectangles with the colors of blue, gray, yellow, orange, and green, respectively. Below is the alignment of the CNBD domains of 16 CNGCs. 
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Figure 3. (A) Heatmap expression and phylogenetic analysis of 16 OsCNGC genes revealed three genes that were preferentially expressed in pollen. Yellow color in the heatmap indicates a high level of expression, whereas dark blue indicates low expression. Numeric values indicate an average of the normalized log2 intensity value of the microarray data. Pollen-preferentially expressed OsCNGC genes are indicated by red asterisks. ACF, archesporial cell-forming stage; BG, bicellular gametophyte stage; Fl, flowering stage; GP, germinated pollen; Me, meiotic stage; Me1, meiotic leptotene stage; Me2, meiotic zygotene-pachytene stage; Me3, meiotic diplotene-tetrad stage; MP, mature pollen stage; PMe, pre-meiosis; TG, tricellular pollen stage; UG, uni-cellular gametophyte stage. (B) Expression of pollen-preferred OsCNGC genes analyzed via qPCR in various tissues of rice. Msp, Microspore; MP, mature pollen. Rice ubiquitin 5 (OsUbi5, LOC_Os01g22490) was used as an internal control. The y-axis shows the expression level relative to OsUbi5, while the x-axis shows the samples used for analyses. Error bars represent the standard errors of three biological replicates. Significant differences are indicated by asterisks; * p < 0.01 and ** p < 0.0001. 






Figure 3. (A) Heatmap expression and phylogenetic analysis of 16 OsCNGC genes revealed three genes that were preferentially expressed in pollen. Yellow color in the heatmap indicates a high level of expression, whereas dark blue indicates low expression. Numeric values indicate an average of the normalized log2 intensity value of the microarray data. Pollen-preferentially expressed OsCNGC genes are indicated by red asterisks. ACF, archesporial cell-forming stage; BG, bicellular gametophyte stage; Fl, flowering stage; GP, germinated pollen; Me, meiotic stage; Me1, meiotic leptotene stage; Me2, meiotic zygotene-pachytene stage; Me3, meiotic diplotene-tetrad stage; MP, mature pollen stage; PMe, pre-meiosis; TG, tricellular pollen stage; UG, uni-cellular gametophyte stage. (B) Expression of pollen-preferred OsCNGC genes analyzed via qPCR in various tissues of rice. Msp, Microspore; MP, mature pollen. Rice ubiquitin 5 (OsUbi5, LOC_Os01g22490) was used as an internal control. The y-axis shows the expression level relative to OsUbi5, while the x-axis shows the samples used for analyses. Error bars represent the standard errors of three biological replicates. Significant differences are indicated by asterisks; * p < 0.01 and ** p < 0.0001.
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Figure 4. (A) Identification of putative cis-acting regulatory elements (CREs) found in pollen-preferential-expressed OsCNGC genes with OsRUPO, OsGORI, and OsANTH using the MEME suite. The number on the scale bars above the figure shows the upstream position of the promoter base pair when taken at +1 of ATG. Up to the upstream, 2000 base pairs were analyzed. Deep gray bars indicated the 5’-untranslated regions and brown bars indicate the promoter regions. (B) Sequence motifs for transcription factors with sequence similarity to pollen-preferential CREs. (C) A Gene Ontology (GO) enrichment analysis of 105 pollen-preferential CREs-associated genes. The 16 most significantly (p < 0.05) enriched GO terms in biological process, molecular function and cellular component branches are presented. 
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Figure 5. Three pollen-preferential expressed OsCNGC-green fluorescence protein (GFP) signals were observed in plasma membrane in rice protoplast. The second panel shows the membrane marker through FM4-64 staining, the third panel shows the bright-field image, and the last panel shows merged images of GFP and FM4-64. The red signal shows the membrane, the green signal shows OsCNGC localization, and the yellow signal shows merged images from the OsCNGC localization and PM signal. Scale bar = 20 μm. Experiments were repeated three times with similar results. 
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Figure 6. (A) The CNGCs network was drawn based on string database and yeast two-hybrid interaction data in this study. Red circles indicate OsCNGC proteins; blue circles indicate MLO proteins; yellow circles indicate RLKs (receptor-like-kinases); green circles indicate transporter proteins. Bold letters indicate OsCNGC with pollen-preferred expression. Black edges indicate physical interactions; gray edges indicate reference-based interaction; the dotted lines indicate indirect regulation. (B) C-CNGC4, C-CNGC5, and C-CNGC8. C-CNGC4, C-terminal region of OsCNGC4 from 552 aa to the end; C-CNGC5, C-terminal region of OsCNGC5 from 581 aa to the end; C-CNGC8, C-terminal region of OsCNGC8 from 430 aa to the end. AH109 yeast transformants were dropped onto selective medium lacking Leu and Trp (SD-LW) or also lacking Ade (SD-LWA) or Ade and His (SD-LWAH), with or without 5 mM 3-amino-1,2,3-triazole (3-AT), a competitive inhibitor of yeast HIS3. Positive control, yeast transformed with the P53 bait plasmid and the Tag prey plasmid. Negative control, yeast transformed with the parental bait vector (pGBKT7) and the prey vector (pGADT7). (C) Relative expression of pollen-preferred OsCNGC genes between DJ (wild-type rice) and knockout rupo mutant. Rice ubiquitin 5 (OsUbi5, LOC_Os01g22490) was used as an internal control. Error bars represent the standard errors of three biological replicates. Significant differences are indicated by asterisks, * p < 0.05. *** p < 0.001. 
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