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Editorial on the Research Topic
 Molecular Mechanisms of Flowering Plant Reproduction




INTRODUCTION

Plant reproduction is an intricate process important for the survival of all dominant autotrophs and critical in agriculture and stable food production as the basis of our diet. Angiosperms undergo extreme transformations during their ontogeny, leading to the reproductive transition. During this process, several steps are needed, including transforming a shoot apical or a lateral vegetative meristem into an inflorescence meristem with flowering competence. Floral meristems are formed from the latter accompanied by cell differentiation leading to gamete formation in specialized reproductive floral organs. Gamete interaction relies on successful pollination, whether that occurs via biotic or abiotic vectors. In addition, fertilization requires numerous molecular and hormonal signals in place and results in proper pollen tube growth, zygote viability, and seed formation. This Research Topic addresses some of the most outstanding discoveries on angiosperm reproduction in model species like Arabidopsis thaliana and Oryza sativa and crops like cauliflower, cassava, citrus, and sugarcane, among others. In the papers on the topic, the reader will discover highlights on extremely diverse floral promotion pathways, mechanisms of floral organ identity and morphogenesis, sporogenesis and gametogenesis, pollen presentation, pollination, and fertilization strategies.



FLOWERING AND THE FINE-TUNING OF TEMPERATURE AND LIGHT

The transition to reproduction starts by sensing the environmental signals, which act as checkpoints for molecular signals promoting the conversion to flowering. One of such key regulators is FLOWERING LOCUS C (FLC), a major floral repressor in Arabidopsis thaliana. Shirakawa et al. have identified a novel chemical compound, 4-Isoxazolecarboxylic acid, 3,5-dimethyl-2-(4-fluorophenyl)-4-isoxazole carboxylic acid 1-methyl-2-oxoethyl ester, named DEVERNALIZER01 (DVR01), that can decrease the deposited H3K27me3 in the FLC locus. Because these epigenetic marks are landmarks for epigenetic silencing of FLC, their discoveries will aid the study of chemically induced activation of FLC and the epigenetic control of this major locus during vernalization.

Flowering requirements have been more studied in model plants than in crops. In this Research Topic, Manechini et al. address the genetic mechanisms underlying photoperiodic induction in sugarcane. Their contribution compares differentially expressed genes in a cultivar subjected to florally inductive and non-inductive photoperiodic treatments. Their results provide a framework for comparing flowering pathways across grasses with unique requirements. They report upregulated processes and functions related to the response to abiotic stress, photoprotection, photosynthesis, light-harvesting, and pigment biosynthesis linked to inductive photoperiod. Similarly, the authors' report downregulated categories during flowering, including plant organ morphogenesis, shoot system development, macromolecule metabolic process, and lignin biosynthesis.



THE FLORAL INDUCTION AND THE FORMATION OF FLORAL MERISTEMS: A POINT OF NO RETURN DURING REPRODUCTIVE TRANSITIONS

A key developmental landmark during reproductive transition is the formation of floral meristems. They specify a different fate, triggering morphological and anatomical transformations in each floral organ. Those shifts will lead to gamete and gametophyte development in specialized whorls. Cruz et al. report the expression of the SCI1 (Stigma/style cell-cycle inhibitor 1) gene right after floral meristem (FM) specification of Nicotiana tabacum. SCI1 is a cell proliferation regulator, co-expressed with major meristematic transcription factors like WUSCHEL (WUS) and AGAMOUS (AG). The authors show NtSCI1 is expressed in all floral proliferative cells and is activated by NAG1, the AG of N. tabacum. They suggest SCI1 contributes to the regulation of floral meristematic activity termination.

Longevity is one key aspect of reproductive transitions. For instance, monocarpic plants having a single reproductive phase rely on a limited number of flower primordia during their lifespan to form a new generation. Wang et al. established morphological and genetic landmarks during bolting in Arabidopsis thaliana related to the control of stem cell population during the reproductive transition. Their study focuses on the spatiotemporal regulation of major controllers like WUSCHEL and CLAVATA3. In addition, this contribution highlights the role of reactive oxygen species (ROS) during this developmental transition.



ORGAN IDENTITY AND CELL FATE LINKED TO FERTILITY AND GAMETOGENESIS

The study of male gametogenesis from stamen identity during floral organ development to specific cell fate acquisition before and after meiosis has been exciting. New data have emerged on the environmental conditions that can lead to male sterility. Similarly, the control of specific genetic mechanisms underlying female gamete formation has been recently addressed. This Research Topic comprises several contributions related to these themes in diverse taxa.

Audiences interested in the molecular control of accurate chromosome segregation during meiosis will find in the review by Saleme et al. an updated comprehensive summary on the role of the Anaphase-Promoting Complex/Cyclosome (APC/C) during reproduction. The APC/C is a multi-subunit complex that targets proteins for degradation via proteasome 26S. The functional characterization of APC/C subunits in Arabidopsis has revealed that all subunits investigated so far are essential for gametophytic development and/or embryogenesis.

Novel experimental data in Arabidopsis includes the exciting functional characterization of kinases and Armadillo homologs during gamete formation. Nibau et al. describe alternative splicing forms of the Cyclin-Dependent Kinase G1 (CDKG1) and show their involvement in pollen development and their role in maintaining fertility at high ambient temperature in Arabidopsis. Cabral et al. report that the Armadillo BTB Arabidopsis protein 1 (ABAP1) is not only important for cell division during vegetative growth, but it is critical during male and female gametophyte differentiation. The authors pinpoint and characterize ABAP1 complexes regulating microspore first asymmetric mitosis and polar nuclei fusion to form the central cell.

Fu et al. address the role of the rice homolog of the mammalian BREAST CANCER 2 (BRCA2) gene. The authors show that Osbrca2 mutant plants exhibit normal vegetative growth but experience complete male and female sterility due to severe meiotic defects. A careful dissection of the molecular pathways affected demonstrates that OsBRCA2 is required for DNA double-strand break repair in meiotic cells, promoting accurate recombination.

Honsho et al. study the association between T2 RNases and the occurrence of gametophytic self-incompatibility (GSI) in citrus accessions. Their results carefully identify the homology between Japanese and Chinese citrus RNases and pinpoint clades involved in self-incompatibility.

Xu L. et al. provide a comprehensive atlas of AUXIN RESPONSE FACTORS (ARFs) expression during reproductive development in wheat (Triticum aestivum L.). They highlight the finding of three anther-specific TaARF genes (TaARF8, TaARF9, and TaARF21) whose expressions were significantly altered by low temperature in thermosensitive genic male-sterile (TGMS) wheat. The authors explain how these TaARF genes may participate in the cold-induced male sterility pathway and offer potential TGMS wheat breeding and hybrid seed production applications.

Sun et al. use a transcriptomic approach to identify key genes and regulatory networks affecting pollen maturation in rice anthers in response to different day lengths. Their research pinpoints to photoperiod- and temperature-sensitive genes affecting male fertility, Carbon Starved Anther and UDP-glucose pyrophosphorylase, respectively. Data presented by the authors provide a framework for identifying new environmentally sensitive genes regulating male fertility for use in crop improvement.

Xu X-F. et al. dive into the importance of accumulating magnesium (Mg) for proper pollen formation by studying magnesium transporter (MGT) members. The authors identify differences in growth rate between floral organs in mgt6 mutant, including stamens, compared with wild-type (WT) and MGT6+/– plants. Their results indicate that slower bud development allows mgt6 to accumulate sufficient amounts of Mg in the pollen, explaining why mgt6 plants are fertile. Their research is critical for understanding how other redundant MGTs transport sufficient Mg for pollen formation.

Lee et al. provide an in-depth description of rice's AP180 N-terminal homology (ANTH) domain-containing proteins. The authors highlight that these proteins function as adaptive regulators for clathrin-mediated endocytosis in eukaryotic systems, and endocytosis is, at the same time, key during elongating pollen tubes. The authors emphasize that OsANTH3-mediated endocytosis is essential for rice pollen germination and OsANTH3 mutants decreased seed fertility by reducing the pollen germination percentage in rice.

Developing up-to-date tools for hybrid breeding by cytoplasmic male sterile lines has been critical for remunerative agriculture in Indian cauliflowers (Brassica oleracea var. botrytis L.). The work by Singh et al. highlights the utility of organelle genome-based markers in distinguishing cytoplasm types in Indian cauliflowers and unveils the epistatic effects of the cytonuclear interactions influencing floral phenotypes.

In addition, pollen tube growth is essential for plant reproduction. This extended path involves female tissue recognition, rapid hydration and germination, polar growth, and tight cell wall synthesis and modification regulation. Its properties change not only along the pollen tube but also in response to guidance cues inside the pistil. In the review by Cascallares et al., readers can find the most recent advances in elucidating the molecular mechanisms involved in the regulation of cell wall synthesis and modification during pollen germination, pollen tube growth, and rupture.



CARPEL DEVELOPMENT, FRUIT SET, AND SEED VIABILITY

This Research Topic features many examples across flowering plants on the genetic mechanisms underlying the specialization of the female portion of the flower and its contribution to fertility. The review by Shen et al. comprehensively shows the advances in understanding carpel identity determination, morphogenesis, and floral meristem determinacy, as well as the role of transcription factors, hormones, and miRNAs during carpel formation in grasses. In addition, the authors discuss the conservation and divergence between the genetic and molecular aspects of carpel development between grasses and eudicots.

The research by Oluwasanya et al. focuses on the mechanistic factors regulating cassava flowering. The authors test the effect of combinations of plant growth regulators (PGRs) and pruning treatments for their effectiveness in improving flower production and fruit set in field conditions. The authors conclude that flower-enhancing treatments with pruning, the anti-ethylene PGR silver thiosulfate (STS), and cytokinin benzyladenine (BA) create widespread changes in the network of hormone signaling and regulatory factors beyond ethylene and cytokinin stimulating inflorescence and floral development.

Finally, the work by Vergès et al. takes us to the role of protein farnesylation in seed development. Farnesylation is a post-translational modification regulated by the ERA1 (Enhanced Response to ABA 1) gene encoding the β-subunit of the protein farnesyltransferase in Arabidopsis. The authors pinpoint the contribution of farnesylation in multiple processes, including floral opening, pollen germination rates, storage protein, and fatty acid contents. Their work highlights the involvement of protein farnesylation in seed development and the control of traits of agronomic interest.
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AUXIN RESPONSE FACTOR (ARF) proteins regulate a wide range of signaling pathways, from general plant growth to abiotic stress responses. Here, we performed a genome-wide survey in wheat (Triticum aestivum) and identified 69 TaARF members that formed 24 homoeologous groups. Phylogenetic analysis clustered TaARF genes into three clades, similar to ARF genes in Arabidopsis (Arabidopsis thaliana) and rice (Oryza sativa). Structural characterization suggested that ARF gene structure and domain composition are well conserved between plant species. Expression profiling revealed diverse patterns of TaARF transcript levels across a range of developmental stages, tissues, and abiotic stresses. A number of TaARF genes shared similar expression patterns and were preferentially expressed in anthers. Moreover, our systematic analysis identiﬁed three anther-specific TaARF genes (TaARF8, TaARF9, and TaARF21) whose expression was signiﬁcantly altered by low temperature in thermosensitive genic male-sterile (TGMS) wheat; these TaARF genes are candidates to participate in the cold-induced male sterility pathway, and offer potential applications in TGMS wheat breeding and hybrid seed production. Moreover, we identified putative functions for a set of TaARFs involved in responses to abscisic acid and abiotic stress. Overall, this study characterized the wheat ARF gene family and generated several hypotheses for future investigation of ARF function during anther development and abiotic stress.




Keywords: auxin response factor, male reproductive development, abiotic stress, abscisic acid, thermosensitive genic male sterile (TGMS)



Introduction

Auxin response factors (ARFs) regulate gene expression through binding to the auxin response element (AuxRE, sequence TGTCTC) in the promoters of auxin-responsive genes. ARF function is modulated by the Aux/IAA repressors, which are targeted for degradation upon auxin signal perception (Ulmasov et al., 1999b). Typical ARF proteins contain three conserved domains: an N-terminal DNA-binding domain (DBD), a middle region (MR), and a C-terminal interaction domain (CTD) (Tiwari et al., 2003). The DBD consists of a B3 domain and an ARF domain, while the CTD mediates homodimerization or heterodimerization; the MR confers activator or repressor activity depending on its amino acid composition (Weijers and Wagner, 2016). ARF activation domains possess a QSL-rich [glycine (Q), leucine (L), serine (S)] MR, whereas ARF repression domains are enriched in serine and in some cases proline, leucine, and/or glycine (Ulmasov et al., 1999a; Tiwari et al., 2003; Wang et al., 2005; Wilmoth et al., 2005).

ARFs play a critical role in growth responses throughout plant development, such as the control of leaf vascular patterning, apical dominance, establishment of embryonic axis, root geotropism, stem phototropism, fruit development, and the circadian control of flower opening and closure (Guilfoyle and Hagen, 2007; Chandler, 2016; Li et al., 2016). For instance, Arabidopsis (Arabidopsis thaliana) ARF5 is specifically expressed in developing embryos and vascular tissues, and is involved in embryo patterning and vascular formation (Krogan and Berleth, 2012; Krogan et al., 2014). Arabidopsis ARF8 is expressed in seedlings and developing ﬂowers and fruits, and in addition to being a positive regulator of adventitious rooting, a specific ARF8 splice variant regulates stamen elongation and endothecium lignification (Nagpal et al., 2005; Gutierrez et al., 2009; Ghelli et al., 2018). Therefore, ARF8 regulates growth in both vegetative and reproductive tissues (Nagpal et al., 2005). Arabidopsis ARF17 plays an essential role in primexine formation and pollen development (Yang et al., 2013; Shi et al., 2015).

In rice (Oryza sativa), ARFs have divergent functions in plant growth and development. For example, rice ARF1 is critical for growth of vegetative organs and seed development (Attia et al., 2009), ARF12 participates in the regulation of root elongation (Qi et al., 2012), and ARF16 regulates the phosphate starvation response (Shen et al., 2013). ARF19 has been linked to regulation of leaf angle through the control of adaxial cell division (Zhang et al., 2015).

Genome-wide identification and expression analyses of the ARF gene family suggest that the transcript levels of many ARF genes are altered in various species in response to abiotic stresses, such as drought, salt, or cold. For instance, the expression of 33 out of 51 soybean (Glycine max) ARF genes is dehydration responsive in shoots or roots (Ha et al., 2013), and Arabidopsis ARF genes are coordinately up-regulated during cold acclimation (Hannah et al., 2005). Many ARF genes are repressed or induced following cold, salt, and osmotic stress in banana (Musa acuminata L.) (Hu et al., 2015). Together, these data indicate that ARF gene family members play important roles in regulating plant growth and in responses to multiple signal transduction pathways.

Wheat (Triticum aestivum) is an important food crop, providing approximately 20% of our caloric intake and 25% of protein intake worldwide (www.fao.org/faostat). With the influence of increasing population and climate change, it has become even more urgent to breed novel wheat varieties that exhibit improved yield and enhanced tolerance to abiotic stresses. Moreover, the availability of additional thermosensitive genic male-sterile (TGMS) mutants in wheat will greatly help in generating hybrid wheat varieties and in functional characterization of male sterility genes. Indeed, a previous study reported that an ARF gene is an important component of TGMS in wheat, suggesting that characterization of other ARF genes may inform approaches to produce TGMS wheat (Tang et al., 2012). In addition, 23 TaARF members encoded by a total of 68 homoeoalleles were found to be induced in response to exogenous auxin treatment (Qiao et al., 2018). However, the functions of most TaARF family members in male sterility and abiotic stress remain unknown.

In this study, we identified 24 wheat ARF genes derived from 69 homoeoalleles, including a novel TaARF member, TaARF23-A.2. We investigated the phylogenetic relationships and evolution of ARF genes among wheat and its relatives, including red wild einkorn wheat (Triticum urartu), the wheat D genome progenitor Tausch’s goatgrass (Aegilops tauschii), emmer wheat (Triticum turgidum), and barley (Hordeus vulgare), identifying 19 ARF genes in T. urartu, 23 in A. tauschii, 43 in T. turgidum, and 22 in H. vulgare. We also determined the expression patterns of TaARF genes during male reproductive development and various abiotic stresses. Given the important roles of microRNAs (miRNAs), such as miR160 and miR167, and trans-acting small interfering RNAs (tasiRNAs), which participate in abiotic stress and anther development, we also predicted which TaARF genes might be targeted by miRNAs. In addition, we determined the expression profiles of TaARF genes in a TGMS line by RT-qPCR. We expect that the results of this study will provide critical resources for enhancing plant abiotic stress tolerance and will form a foundation for further functional analysis of the possible roles of TaARF genes in the molecular mechanisms of cold-induced TGMS in wheat.



Materials and Methods


Identification of Auxin Response Factor Genes From T. aestivum, T. urartu, A. tauschii, T. turgidum, and H. vulgare

We identified all ARF genes in several complete genomes with the Basic Local Alignment Tools for Proteins (BLASTP), using all publicly known ARF protein sequences from Arabidopsis and rice as queries against the T. aestivum (IWGSC), T. urartu (ASM34745v1), A. tauschii (Aet_v4.0), T. turgidum (Svevo.v1), and H. vulgare (IBSC_v2) genomes through the Ensembl Plants database (http://www.plants.ensembl.org/). All ARF proteins identified after this initial search were examined by manual curation for the functional protein domains using HMMER 3.0 (hidden Markov model, HMM) software and the NCBI conserved domain database (http://www.ncbi.nlm.nih.gov/cdd). The HMM profiles of ARF proteins (PF02309, PF02362, and PF06507; PF02309 is considered an optional domain) were extracted from the Pfam database (http://pfam.sanger.ac.uk/). The subcellular localization of TaARF proteins was predicted with CELLO (http://cello.life.nctu.edu.tw/). ARF protein molecular weights and isoelectric points were calculated with the Compute pI/Mw tool (http://web.expasy.org/compute_pi/).



Phylogenetic and Sequence Analysis of TaARF Genes

We performed a multiple sequence alignment of ARF proteins from seven species (A. thaliana, O. sativa, T. aestivum, T. urartu, A. tauschii, T. turgidum, and H. vulgare) using MUSCLE (http://www.ebi.ac.uk/Tools/msa/muscle/). The phylogenetic tree was constructed with the MEGA 7 software using the maximum-likelihood method with JTT+G model and 1000-replicates bootstrap. Another phylogenetic tree was constructed using only wheat ARF protein sequences and aligned using MEGA 7 based on the neighbor-joining method with the following parameters: Poisson model, pairwise deletion, and 1000-replicates bootstrap. We measured the genetic variation and selective pressures of ARF genes among and within T. aestivum, T. urartu, A. tauschii, T. turgidum, and H. vulgare with the software DnaSP 5.

We retrieved the coding sequences (CDS) and genomic sequences for TaARF genes from the Ensembl plants database and displayed their genomic organization with the Gene Structure Display Server program (http://gsds.cbi.pku.edu.cn/). We analyzed protein motifs in TaARF proteins using MEME software (http://meme-suite.org) with the following parameters: the number of different motifs set as 10, and the minimum motif and maximum motif windows set to 6 and 50, respectively. We determined the identity and functions of TaARF conserved domains by using their protein sequences as query for the SMART (http://smart.embl-heidelberg.de/) and Pfam databases (http://pfam.sanger.ac.uk/).



Chromosomal Distribution and Gene Duplication of TaARF Genes

We assigned each TaARF gene to its designated chromosome by investigating their chromosomal positions provided by the Ensembl Plants database. We investigated TaARF gene duplication events by pairwise alignments based on previously used criteria with minor adjustment: (a) the pairwise alignment should cover more than 80% of the longer gene; (b) the percentage identity in the aligned region should be higher than 70%; and (c) only one duplication event was counted for tightly linked genes (Gill et al., 2004; Wang et al., 2016). The chromosomal distribution, gene duplication events, and homoeologous copies of TaARF genes were visualized along the T. aestivum genome using Circos version 0.69 (http://circos.ca/).



Predicted Small RNAs Targets and Putative Untranslated ORF Detection

We downloaded the sequences of wheat small RNAs from miRbase (http://www.mirbase.org/), combined with results from our previous work (Tang et al., 2012). Small RNA targets were identified by The psRNATarget Schema V2 server (http://plantgrn.noble.org/psRNATarget/home) and TAPIR (http://bioinformatics.psb.ugent.be/webtools/tapir/) set to the default value of maximum expectation of 3.5 for compatibility reasons, and results that overlapped with targets of small RNAs identiﬁed by degradome sequencing in wheat in a previous study (Tang et al., 2012) were considered credible. We extracted TaARF 5′ untranslated regions (UTRs) from the Ensembl Plants database. Potential untranslated open reading frames (uORFs) were examined by ORF Finder (http://www.geneinfinity.org/sms/sms_orffinder.html).



Promoter Sequence Analysis

We retrieved 2 kb of genomic DNA sequences upstream of the initiation codon ATG for each TaARF gene from the International Wheat Genome Sequencing Consortium (IWGSC) genome assembly. The promoter sequences were used to query the wheat protein database by BLASTX (translated nucleotide against protein database) to confirm that none contained protein-coding sequences. To search for cis-regulatory elements associated with abiotic stress and hormone-dependent responses within promoter regions, we submitted the promoter sequences to the PLACE database (https://www.dna.affrc.go.jp/PLACE/?action=newplace).



Plant Materials and Stress Treatments

We harvested from field-grown wheat plants (Triticum aestivum cv. YM12) at growth stage GS51: roots, stems, leaves, spikelets (anthers removed), and anthers at different developmental stages (S7: meiotic stage anther, S9: young microspore stage anther, S12: 3-nucleate pollen stage anther) (Browne et al., 2018). For abiotic stress treatments, we used seeds from the wheat cultivar Jinghua 9, and exposed 14-day-old seedlings to drought (incubation in 25% (w/v) PEG-6000), cold (grown at 4°C), or salt (incubation in 250 mM NaCl) stress and abscisic acid (ABA) treatment (spraying with 0.1 mM ABA) for 0, 1, 2, 5, 10, or 24 h as described (Xu et al., 2016). Seedlings that were not exposed to these respective treatments served as controls. At stipulated times, the seedlings were immediately frozen in liquid nitrogen and stored at −80°C.

The fertility of the TGMS wheat line BS366 is controlled by temperature (Tang et al., 2011). We also used the two wheat TGMS lines BS366 and BS1088 (selected from a natural mutant of doubled haploid lines) and one common wheat variety J411, from our laboratory seed stocks. The plants were grown in phytotrons at 20°C under a 12-h light/12-h dark photoperiod during the entire reproductive period. We initiated low-temperature treatments (consisting of 10°C under a 12-h light/12-h dark photoperiod) at the stamen primordia stage (when half of the ﬂag leaf has emerged from the collar of the penultimate leaf). We collected anthers at different developmental stages (S6: stage 6, central callose stage; S7: stage 7, meiotic stage; S8: stage 8, tetrad stage; S9: stage 9, young microspore stage) from plants exposed to cold or maintained in control conditions, as described previously (Tang et al., 2011). All samples were immediately frozen in liquid nitrogen and stored at –80°C. Spikelets were harvested before anthesis and ﬁxed with 3:1 ethanol:acetic acid (v/v). The pollen was stained with 2% iodine-potassium iodide.



RNA Isolation and RT-qPCR Analysis

We extracted total RNA using TRIzol reagent according to manufacturer’s instructions. For each sample, 1 µg of total RNA was treated with RNase-free DNase I (TaKaRa, Dalian, China) to eliminate genomic DNA contamination. First-strand cDNA was synthesized with an oligodT24 primer and TaKaRa PrimeScript RT Reagent Kit (TaKaRa, Dalian, China). We then determined the relative transcript levels of genes of interest with TaKaRa SYBR Premix Ex Taq (Tli RNase H Plus) (TaKaRa, Dalian, China) on a Eco Real-Time PCR System (Illumina). Each sample was collected as three independent biological replicates, each consisting of three technical replicates. The wheat ACTIN gene (GenBank accession: 542814) was used as an internal control.

Redundant and gene-specific primers were designed to amplify the homoeologous copies of each TaARF gene from the A, B, and/or D subgenomes using Primer Premier 5.0 (Supplementary Table S6). We performed RT-qPCR reactions with the following parameters: 30 s at 94°C to start, followed by 40 cycles of 95°C for 5 s, 58°C for 30 s. Then, a melting curve of 95°C for 15 s, 60°C for 60 s, and 95°C for 15 sec was used. The relative gene expression levels were analyzed according to the 2−ΔΔCT method.




Results


Identification of ARF Family Genes From T. aestivum, T. urartu, A. tauschii, T. turgidum, and H. vulgare

To identify ARF genes in T. aestivum, T. urartu, A. tauschii, T. turgidum, and H. vulgare, we searched their genomes at the Ensembl Plants database using the Basic Local Alignment Tool for Protein (BLASTP) with 23 Arabidopsis ARF and 25 rice ARF proteins as queries. We looked for conserved ARF domains by HMMER in all candidates, and excluded any gene encoding truncated ARF proteins. We thus identified 69 TaARF members from the wheat A, B, and D subgenomes and assigned them to 24 homoeologous groups.

In addition, we identified the complement of ARF genes from T. urartu, A. tauschii, and H. vulgare following the same procedure: we discovered 19 full-length ARF genes in T. urartu, 23 in A. tauschii, 43 in T. turgidum, and 22 in H. vulgare, in addition to one truncated gene in T. urartu (TuARF5), T. turgidum (TtARF5-A), and H. vulgare (HvARF8) (Supplementary Table S1). We numbered TaARF genes from TaARF1 to TaARF24 according to their chromosomal locations, while TuARF, AeARF, TtARF, and HvARF genes were given the same names as their wheat orthologs (Supplementary Table S1).

The predicted molecular weights of the identified ARF proteins varied greatly, ranging from 38.8 to 130.9 kDa (T. aestivum), 28.0 to 137.5 kDa (T. urartu), 38.8 to 128.7 kDa (A. tauschii), 25.90 to 126.31 kDa (T. turgidum), and 50.3 to 125.4 kDa (H. vulgare). Similarly, their predicted isoelectric points (pI) pointed to both acidic and basic ARF proteins, with pIs ranging from 5.29 to 7.98 (T. aestivum), 5.61 to 8.95 (T. urartu), 5.47 to 8.54 (A. tauschii), 5.79 to 9.46 (T. turgidum), and 5.74 to 8.21 (H. vulgare). Most TaARF proteins were predicted to be nuclear proteins, with the exception of TaARF1 and TaARF8 (chloroplast), TaARF23 (cytosol), and TaARF24 (mitochondria) (Supplementary Table S1).



Phylogenetic Analysis of ARF Genes in Wheat

To elucidate the phylogenetic relationship of ARF genes across species, we constructed a maximum-likelihood phylogenetic tree using the protein sequences of 69 TaARFs, 18 TuARFs, 23 AeARFs, 42 TtARFs, and 21 HvARFs identified in this study, in addition to 25 rice ARFs (OsARFs) and 23 Arabidopsis ARFs (AtARFs) found in previous studies. We excluded truncated proteins. Our phylogenetic analysis revealed three distinct and evolutionarily conserved ARF clades (Figure 1), consistent with previous results obtained from the ARF family in Arabidopsis and rice (Okushima et al., 2005; Finet et al., 2013). We divided Clade II into two subgroups, IIa and IIb. Based on reporter gene assays (Ulmasov et al., 1999a; Tiwari et al., 2003), Clade I ARFs are thought to be transcriptional activators, whereas Clade IIb ARFs are generally considered to be repressors. Clade IIa ARFs include Arabidopsis ARF3, also named ETTIN; Clade III ARFs do not affect reporter gene expression. The phylogenetic tree showed that 86 members clustered into Clade I (with 9 TaARFs). Clade IIa included 37 members (with 4 TaARFs), and Clade IIb had 51 members (with 4 TaARFs). Clade III contained 47 members (with 7 TaARFs) (Figure 1).




Figure 1 | Phylogenetic analysis of the ARF family in wheat and related species. We aligned 221 ARF proteins from T. aestivum (Ta), T. urartu (Tu), A. tauschii (Ae), T. turgidum (Tt), H. vulgare (Hv), O. sativa (Os), and A. thaliana (At) with MUSCLE and drew the phylogenetic tree in MEGA 7 with the maximum-likelihood method. The tree was classified into three clades (Clade I, Clade IIa and IIb, and Clade III). Confidence values are listed at each node.



Most TaARF genes had clear orthologs in the progenitor genomes, from the A genome lineage (T. urartu), D lineage (A. tauschii), and AABB lineage (T. turgidum). Only four TaARF genes (TaARF1, TaARF8, TaARF17, and TaARF21) lacked a clear ortholog in the A genome lineage (T. urartu) (Figure 1 and Supplementary Table S1). In addition, TaARF23 had no obvious homoeolog in the wheat B or D subgenomes, just as it lacked a clear ortholog in the A, D, and AABB lineages. Likewise, TaARF24 had no homoeolog in the A or B wheat subgenomes, and lacked a clear ortholog in the AABB lineage (Figure 1 and Supplementary Table S1).

To understand the evolutionary processes shaping the ARF gene family in T. aestivum, T. urartu, A. tauschii, T. turgidum, and H. vulgare, we investigated the degree of genetic differentiation and selective pressure experienced by ARF genes within the five species using DnaSP 5.0. Nucleotide diversity (Pi) for ARF genes between the five species was 0.355 (T. aestivum), 0.427 (T. urartu), 0.407 (A. tauschii), 0.448 (T. turgidum), and 0.403 (H. vulgare), values that were clearly higher those measured for each ARF gene across the different species (Supplementary Table S2). Indeed, nucleotide diversity for individual ARF genes between the five species T. aestivum, T. urartu, A. tauschii, T. turgidum, and H. vulgare was very low, except in the case of ARF24, for which the Pi value was two to eight times higher than for any other ARF gene (Supplementary Table S2). These results indicated that individual ARF genes were highly conserved between the five species (had low Pi value), whereas the ARF gene family from each species showed more diversity with respect to those of other species (high Pi value). We next performed an analysis of Tajima’s D to determine whether ARF genes have been under selective pressure among the five species. No ARF gene showed a significant departure from the neutral expectation (Supplementary Table S2), indicating that no selective pressure operated on ARF genes during their evolution.



Structure Analysis and Genomic Distribution of TaARF Genes

The analysis of the number and position of exons, introns, and conserved elements provides a foundation for our understanding of gene structural evolution, and thus function. We observed that all TaARFs have a B3 domain and an ARF domain, and most TaARFs also harbor a conserved CTD domain, with the exception of those in Clades IIa and III (Figure 2B). An analysis of exon–intron organization structure revealed that TaARF genes contained 12–15 exons, with 11–14 introns in Clade I, 10–14 exons and 9–13 introns in Clade II, and 2–3 exons and 1–2 introns in Clade III (Figure 2C).




Figure 2 | Phylogenetic relationships and gene structure of ARF gene family members in wheat. (A) Phylogenetic tree of wheat ARF proteins, constructed in MEGA 7.0 with the neighbor-joining (NJ) method. (B) Conserved domains in ARF proteins, identified by the SMART database, represented by different shapes and colors. Pink diamond: B3 domain; green rectangle: ARF domain; purple oval: CTD domain. (C) Gene structure of TaARF genes. Gene features were extracted from the Ensembl Plants database and displayed by GSDS (http://gsds.cbi.pku.edu.cn/). Yellow indicates exons, blue indicates 5′ and 3′ UTRs, black lines indicate introns, and the intron phase is displayed above each intron.



The domain composition of TaARF proteins and structure of TaARF genes from paralogous groups are well conserved, including symmetric exons and associated intron phases (Figure 2). We identified all functional protein domains in TaARFs via the SMART database. We searched for all functional domains within ARF proteins with the MEME suite web server: of ten motifs detected, eight comprised the typical ARF domains. Indeed, the B3 domain corresponded to motifs 2, 3, and 4; the ARF domain was composed of motifs 6, 7, and 8; and motifs 9 and 10 formed the CTD domain (Supplementary Figure S1).

We then built a chromosomal map to determine the chromosomal distribution of all wheat ARF genes. We mapped 69 TaARF genes onto six of the seven wheat chromosomes (chromosome 4 the only one not containing a single ARF gene) (Figure 3). Across all three subgenomes, chromosome group 7 had the most ARF genes (18, or ~26.1%), followed by chromosome groups 2 and 3 (15 each, or ~21.7%). Chromosome groups 6 (9 genes, ~13.0%), 1 (9 genes, ~13.0%), and 5 (3 genes, ~4.3%) rounded off the remaining ARF genes. In agreement with our previous identification of homoeologous groups, sub-genome A included 24 TaARF genes, followed by sub-genome D with 23 TaARF genes, and sub-genome B with 22 TaARF genes. In addition, we determined that three pairs of paralogous groups represented duplication events, including two tightly linked duplication events (TaARF12 and TaARF13 on chromosome 3A and TaARF23-A.1 and TaARF23-A.2 on chromosome 7A) and one case of segmental duplication event between two chromosomes (TaARF16 on chromosome 6A and TaARF22 on chromosome 7A). These pairs of duplicated genes shared 80.6% (TaARF12 and TaARF13), 99.2% (TaARF23-A.1 and TaARF23-A.2), and 77% (TaARF16 and TaARF22) nucleotide sequence identity (Figure 3 and Supplementary Table S3). This high degree of sequence identity is suggestive of functional redundancy.




Figure 3 | Chromosomal localization and duplication events of TaARF genes in wheat. Each TaARF gene is indicated by a vertical red line on the outer-most circle. Seven TaARF homoeologous chromosome groups are represented in different colors, and homoeologous TaARF copies are linked by lines of the same color. Duplicated TaARF gene pairs are connected by grey lines. Note the four tightly linked gene pairs on chr3A, chr7A, chr3B, and chr3D.





Prediction of Potential Regulators of TaARF Transcript Levels: Small Regulatory RNA and Upstream ORFs

MicroRNAs (miRNAs) play pivotal roles in the regulation of transcript levels and are involved in numerous developmental processes in plants (D’Ario et al., 2017). There is a growing body of evidence supporting the existence of small-RNA-mediated regulation of ARF transcript levels by direct cleavage at a site in the target ARF mRNA that is complementary to the miRNA. For example, in Arabidopsis, ARF2, ARF3, and ARF4 are inhibited by tasiRNAs that regulate ARF genes (tasiR-ARFs) (Marin et al., 2010).

To investigate the potential regulation of TaARF genes by miRNAs, we used published wheat small RNA datasets to determine whether any would target TaARF genes. In our phylogenetic tree, TaARF2, TaARF3, TaARF10, and TaARF11 all clustered with Arabidopsis ARF3 within Clade IIa and all four TaARF genes were predicted to be targets for the wheat tasiRNA-ARFs (Supplementary Table S4), which suggests that the miR390–TRANS-ACTING SIRNA3 (TAS3)–ARF regulation module may be conserved in wheat; miR390 promotes the production of tasiRNAs from TAS3 transcripts, which in turn regulate ARF transcript levels. In addition, Arabidopsis miR167 targets ARF6 and ARF8, while ARF10, ARF16, and ARF17 are targets of miR160 (Wu et al., 2006; Liu et al., 2007). We predicted that the wheat ARF genes TaARF1 and TaARF17 contained target sites for tae-miR160, whereas TaARF7 is targeted by tae-miR167, and TaARF14 and TaARF16 are putative targets for tae-miR167d (Supplementary Table S4). All miR160 targets in Arabidopsis and wheat belonged to class III and were considered as potential orthologs, whereas miR167 targeted ARF genes from Clade I (Figure 1), underscoring the conserved miRNA target sites and common mechanism of gene expression regulation in dicots and monocots.

Upstream open reading frames (uORFs) are cis-elements that are located upstream of the main coding region and modulate translation initiation efficiency of the downstream main ORF (Zouine et al., 2014; Spealman et al., 2018). Ribosome profiling studies have shown that a number of uORFs initiate with non-AUG start codons, which are translated less efficiently than AUG-containing uORFs (Spealman et al., 2018). We searched TaARF 5′ untranslated regions to detect putative uORFs: 40 out of 69 TaARF genes harbored non-AUG uORFs (initiating from non-AUG start codons), ranging from 1 to 5 per gene, while AUG uORFs were observed in 11 TaARF genes, with a range of 1–3 per gene (Supplementary Table S5). Therefore, uORFs may play important roles in regulating TaARF expression.



Identiﬁcation of cis-Elements in TaARF Promoters

To gain a better understanding of the dynamic regulation of TaARF gene expression in response to abiotic stresses and during plant growth, we analyzed the occurrence and distribution of cis-regulatory elements within a 2-kb genomic region upstream of the transcription start site. We estimated the number and positions of several cis-regulatory elements known to be involved in phytohormone responses, as well as response to abiotic stresses (Figure 4A and Supplementary Figure S2). These phytohormone cis-regulatory elements included auxin-responsive elements (AUXRETGA2GMGH3, AUXREPSIAA4, and NTBBF1ARROLB), methyl jasmonate (MeJA)-responsive elements (T/GBOXATPIN2), ethylene-responsive elements (GCCCORE), salicylic-acid-responsive elements (ASF1MOTIFCAMV and WBOXATNPR1), and a gibberellin-responsive element (GAREAT; Supplementary Figure S2). This list of cis-regulatory elements was similar to those seen in barrel clover (Medicago truncatula) and sweet orange (Citrus × sinensis) (Li et al., 2015; Shen et al., 2015), suggesting that TaARF genes may be involved in phytohormone-mediated regulation of signal transduction processes.




Figure 4 | Response of TaARF transcript levels to drought (PEG6000), cold, NaCl and ABA treatment. (A) Numbers of cis-elements identified in TaARF promoters. TaARF genes are sorted according to the phylogenetic tree shown in Figure 1, with each clade indicated by a different color. (B) Summary representation of TaARF up- and down-regulation in response to stress based on RT-qPCR. Red: up-regulated; green: down-regulated; orange: no difference; white: not detected. (C) Venn diagram for up- (top) and down- (bottom) regulated TaARF genes after exposure to different abiotic stresses or ABA treatment. Each section of the diagrams shows genes that are speciﬁc for a single stress (salt, drought, cold, or ABA) or that are shared across multiple conditions.



In addition, over-represented abiotic-stress-related cis-regulatory elements observed in the promoters of TaARF genes included a salt-responsive element (Salt_Resp: GT1GMSCAM4), dehydration-responsive elements (DREs: DPBFCOREDCDC3 and DRECRTCOREAT), and ABA-responsive elements (ABREs: ABREATCONSENSUS, ABREOSRAB21, ABREATRD22, and ABRELATERD1), low-temperature-responsive elements (LTRs: LTREATLTI78, LTRECOREATCOR15, and LTRE1HVBLT49) (Figure 4A and Supplementary Figure S2). Moreover, a subset of TaARF promoters contained the ARFAT element (auxin response factor binding site), whereas the pollen-specific element POLLEN1LELAT52 was observed in all TaARF genes, with the exception of TaARF11-D (Figure 4A). These results suggest that TaARF genes may be involved in regulating a variety of stress responses and preferentially expressed in individual tissues.



Expression of TaARF Homoeologs in Response to Abiotic Stress

Extensive studies have revealed that the expression of ARF genes responds to abiotic stress. We therefore performed RT-qPCR analysis to determine TaARF gene expression levels in seedlings treated with NaCl, PEG6000, cold, and ABA to mimic salt, drought, and cold stress and phytohormone stimulation, respectively. Out of 69 TaARF genes, 15 showed very low or undetectable transcript levels at the seedling stage; for three (TaARF9B, TaARF20-B, and TaARF20-D), we were unable to design effective gene-specific primers. The expression level of the remaining 51 TaARF genes from 24 homoeologous groups rose above the detection level and exhibited widely divergent expression patterns. Using a standard of 2-fold change (either up- or down-regulated) with respect to control seedlings, 23 of 24 TaARF homoeologous groups were induced in response to NaCl treatment, the sole exception being TaARF13-B, which was repressed by NaCl treatment (Figure 4B). The majority of TaARF genes exhibited a peak in expression levels after 10 h of NaCl exposure. Five TaARF genes reached their highest expression levels within 1–2 h and subsequently gradually decreased (Supplementary Figure S3).

TaARF genes generally responded very early to PEG6000 treatment. Within 1 h of PEG6000 treatment, 45 TaARF genes from 19 homoeologous groups reached their highest expression levels, followed by a gradual decrease back to, or to even lower than, their expression levels at time 0. The remaining 6 detectable genes were down-regulated by PEG6000 treatment relative to the control (Figure 4B and Supplementary Figure S4). Treatment with the phytohormone ABA raised transcript levels for 42 TaARF genes assigned to 21 homoeologous groups after 5 or 10 h of treatment, a later response than when plants were treated with PEG6000. The transcript levels for most TaARF genes returned to control levels by 24 h (Supplementary Figure S5). In addition, another 9 TaARF genes belonging to 7 homoeologous groups were down-regulated by ABA treatment (Figure 4B). Under cold stress, TaARF genes responded with similar kinetics: 46 TaARF genes were upregulated, and the remaining 5 were down-regulated (Supplementary Figure S6). A Venn diagram analysis revealed that 39 TaARF genes were up-regulated in response to both PEG6000 and ABA treatment, while another three TaARF genes were down-regulated by both treatments. In addition, 34 TaARF genes belonging to 15 homoeologous groups (TaARF3, TaARF4, TaARF5, TaARF9, TaARF10, TaARF11, TaARF12, TaARF13, TaARF15, TaARF17, TaARF18, TaARF19, TaARF20, TaARF21, and TaARF22) were up-regulated in response to all four treatments (NaCl, PEG6000, cold stress, and ABA), while several TaARF genes responded only to an individual stress (Figures 4B, C).

These results also provided the basis for gain an understanding of the similarities and divergence between homoeologs in the context of their expression patterns in seedlings during abiotic stresses and ABA treatment. TaARF23 and TaARF24 each have only a single homoeolog and three TaARFs unable to design effective gene-specific primers, and thus we focused on the 60 TaARF genes that were assigned to 20 complete homoeologous groups (with one gene per sub-genome). According to a previous study (Ramírez-González et al., 2018), expression of homoeologous groups (or here, triads) can follow one of three homoeolog expression bias categories: balanced category, with similar relative expression levels for all three homoeologs; homoeolog-dominant category, considering the most highly expressed homoeolog; homoeolog-suppressed category, considering the least expressed homoeolog.

In our data, most syntenic triads showed single-homoeolog-dominant expression patterns in seedlings during abiotic stress and ABA treatment (Figures 6A–D). In response to low temperature, 11 of the 20 triads were single-homoeolog dominant. TaARF3 was the only case of single-homoeolog suppression, whereas TaARF1, TaARF11, TaARF12, TaARF15, TaARF18, TaARF19, TaARF21, and TaARF22 were assigned to the balanced category. Looking at single stresses, 13 triads of TaARF genes were examples of single-homoeolog dominance under NaCl treatment, and TaARF1, TaARF5, and TaARF16 were single-homoeolog-suppressed under the same conditions, with the remaining 4 triads belonging to the balanced category. After treatment with PEG6000 and ABA, 6 TaARF triads showed similar expression patterns, whereas 10 triads were examples of single-homoeolog dominance. Finally, four TaARF triads (TaARF5, TaARF16, TaARF18, and TaARF21) showed single-homoeolog suppression upon both PEG6000 and ABA treatment. These results indicate TaARF members of the homoeologous triads show a mixture of conserved and divergent expression under abiotic stress and ABA treatment.



Expression Patterns of TaARF Genes in Different Tissues

To probe the physiological roles of TaARF genes, we conducted an RT-qPCR analysis of TaARF gene expression profiles in eight different vegetative and reproductive tissues (root, stem, leaves, spike, seeds, and anthers at three different stages). We observed TaARF gene expression in all plant developmental stages under normal growth conditions and identified a set of TaARFs that were preferentially expressed in a particular tissue rather than in other organs (a >2-fold change with respect to expression in all other organs). Most TaARF genes were up-regulated during anther development (Figure 5). We detected preferential expression in anthers for 17 TaARF triads (TaARF1, TaARF2, TaARF4, TaARF6, TaARF7, TaARF8, TaARF9, TaARF11, TaARF12, TaARF13, TaARF14, TaARF15, TaARF20, TaARF21, TaARF22, TaARF23, and TaARF24) at stage 7 and stage 9, but no TaARF gene showed high transcript levels at stage 12. Among 17 anther-enriched TaARF genes, TaARF6, TaARF7, TaARF9, and TaARF13 displayed a 106- to 198-fold increase in expression in anthers relative to their expression in roots, with as high as a 1,269-fold rise for TaARF8. By contrast, TaARF5, TaARF10, TaARF17, and TaARF19 were more highly expressed in leaves and anthers than in roots. The genes TaARF3, TaARF16, and TaARF18 were expressed ubiquitously in all tissues.




Figure 5 | Expression patterns of TaARF genes in various tissues. R: root; St: stem; L: leaves; Sp: spike (anther removed); Sd: seed; S7: stage 7, anther at meiotic stage; S9: stage 9, anther at young microspore stage; S12: stage 12, anther at 3-nucleate pollen stage. Data represent the mean of three biological repeats; error bars represent the standard error.



We observed homoeolog expression bias among syntenic homoeolog triads across all tissues (Figure 6E). Among 17 TaARF genes preferentially expressed in anthers, TaARF1, TaARF11, TaARF21, and TaARF22 homoeologs shared similar expression levels, while TaARF7 showed single-homoeolog suppression and the remaining 8 triads were classified as cases of single-homoeolog dominance. The ubiquitously expressed TaARF genes (TaARF3 and TaARF18), along with TaARF10 (highly expressed in leaves) showed single-homoeolog dominance, whereas TaARF19 was assigned to the balanced category. The remaining TaARF5, TaARF16, and TaARF17 showed single-homoeolog suppression. Thus, from these analyses, we inferred the relative contribution of each TaARF homoeolog to the overall triad expression across all tissues to help us to distinguish whether gene homoeologs are functionally redundant or showing dominance effects.




Figure 6 | The relative contribution of the A, B, and D genome homoeolog TaARF to the overall triad expression across NaCl (A), PEG6000 (B), ABA (C), cold treatment (D), and all tissues (E) based on RT-qPCR. The relative expression level of the three homoeologs was added, and this was used as the denominator to obtain the normalized triad expression value for each gene/triad.





Expression Profiles of Anther-Preferential TaARF Genes in TGMS Wheat Lines

To explore the potential functions of TaARF genes specifically expressed in anthers, we measured their transcript levels in TGMS wheat lines during male reproduction. Exposure of TGMS wheat lines to low temperature, beginning at stage 6 and continuing to the end of stage 9, results in shrunken anthers and starch-deficient pollen grains (Tang et al., 2011; Figure 7A). However, these lines are fully male-fertile with starch-filled normal pollen when grown under control conditions, suggesting that genes responsible for the TGMS phenotype may themselves be highly expressed between the stage 6 and stage 9 of anther development. Common wheat variety J411 with low temperature treatment was choose as a control for comparison with the cold-treated TGMS wheat. Thus, we could identify genes that play crucial roles in anther development during exposure to cold stress in the TGMS wheat, and discount genes that are only responding to cold-regulated pathways.




Figure 7 | Anther-preferential TaARF genes associated with cold-induced male fertility. (A) Morphology of pollen grains in TGMS wheat and common wheat variety J411. At low temperature (LT, 10°C under a 12-h light/12-h dark photoperiod) and control conditions (control, 20°C under a 12-h light/12-h dark photoperiod), pollen grains from the two male sterile lines BS366 and BS1088 anther are devoid of starch (stained with Lugol’s iodine). Bars = 100 µm. (B) Expression pattern of male-sterility-related TaARF genes in anthers of the TGMS lines exposed to low temperature (LT), compared with anthers from control plants (Control). S6: stage 6, central callose stage; S7: stage 7, meiotic stage; S8: stage 8, tetrad stage; S9: stage 9, young microspore stage.



We checked the expression of 17 TaARF genes that were preferentially expressed in anthers between anther stages 6 and stage 9 in the TGMS line BS366 under low-temperature and control conditions by RT-qPCR. In hexaploid wheat, since most gene homoeologs are highly similar and may act redundantly, we designed PCR primers that amplified all three homoeologs. In TGMS line BS366, three TaARF triads (TaARF6, TaARF9, TaARF11, TaARF12, and TaARF14) exhibited higher transcript abundance during anther development under low temperatures, with a fold change of at least 2, whereas five triads (TaARF8, TaARF13, TaARF20, TaARF23, and TaARF24) were particularly highly expressed in control conditions. In addition, the expression level of the TaARF1, TaARF15, TaARF21, and TaARF22 triads rose steadily after an initial drop during the stage 6 at low temperatures (Supplementary Figure S7). The remaining three genes (TaARF2, TaARF4, and TaARF7) showed no significant change in expression (Supplementary Figure S7). Looking at TaARF gene expression profiles in more detail, TaARF6, TaARF9, TaARF14, and TaARF22 were up-regulated 2- to 5-fold with respect to the control from the stage 7 to stage 9 under low temperature. TaARF23 showed a nearly identical expression pattern as TaARF24 when exposed to low temperature, with reduced expression from stage 7 to stage 9. The expression of TaARF8 and TaARF13 decreased 5- to 6-fold at stage 8 at low temperatures, while TaARF20 was down-regulated specifically at stage 9.

The expression of 14 TaARF genes exhibited at least 2-fold change at low temperature when compared to that in control conditions in the BS366 line. We next sought to further confirm their expression profiles in the other TGMS line BS1088 (Supplementary Figure S8). Only three TaARF genes were differentially expressed in the BS1088 line (Figure 7B). TaARF8 was down-regulated to very low transcript abundance at stage 8 in low temperature with respect to the control in BS1088, while the expression of TaARF8 in the cold-treated J411 controls showed the reverse pattern. Interestingly, TaARF9 exhibited high levels of transcript at stage 6 and stage 7 in low temperature in BS1088, but no signiﬁcant changes in the cold-treated J411 controls. TaARF21 was highly expressed at stage 8 in both BS1088 and J411 under low temperature, suggesting that TaARF21 only responds to cold-regulated pathways. Overall, TaARF8 and TaARF9 exhibited different expression trends during anther development in TGMS lines and ordinary wheat, indicating that TaARF8 and TaARF9 respond to cold in anthers of the TGMS lines, marking them as potential components of the for TGMS mechanism in wheat.




Discussion


The ARF Gene Family in Hexaploid Bread Wheat and Its Progenitors

ARF genes are a class of plant-specific transcription factors (B3-type) that regulate the expression of auxin response genes. The ARF gene family has been extensively described in flowering plants, such as Arabidopsis, rice, soybean, and maize (Zea mays) (Li et al., 2016). However, our knowledge about the ARF protein family in Triticeae species such as wheat is very limited. After two polyploidization events, the combined genomes of hexaploid bread wheat (AABBDD) have almost triple the number of genes in their diploid wheat progenitors (AA or DD) (The International Wheat Genome Sequencing Consortium (IWGSC) et al., 2014). In this study, we identified 24, 22, and 23 TaARF genes in the bread wheat A, B, and D sub-genomes, respectively. Comparing the sizes of the ARF gene family in the A. tauschii and T. urartu diploid genomes and the T. turgidum tetraploid genome with those in the individual subgenomes of hexaploid bread wheat, we were able to match 69 TaARF members with clear orthologs in the diploid wheat progenitors (23 in A. tauschii and 19 in T. urartu), and only TaARF23 and TaARF24 lacked an ortholog in tetraploid wheat (T. turgidum) (Supplementary Table S1). Furthermore, five genes (TaARF1, TaARF8, TaARF17, TaARF21, and TaARF23) had no ortholog in the A genome lineage (T. urartu) and/or the D lineage (A. tauschii) and thus may have originated from gene expansion after polyploidization or may represent incomplete sequence coverage or assembly errors (The International Wheat Genome Sequencing Consortium (IWGSC) et al., 2014). Likewise, TaARF24 has apparently lost the homoeologous copies derived from the A and B subgenomes, suggestive of either gene loss after polyploidization or incomplete coverage in the wheat reference genome.



Phylogeny and Structural Characteristics of ARF Proteins in Wheat

Phylogenetic analysis of ARF proteins provided insight into the evolutionary relationships of family members across species as well as putative functional assignments. Most ARF genes possess a conserved structure and a similar function since the divergence between monocots and dicots (Guilfoyle and Hagen, 2007). Thus, based on our phylogenetic analysis, we explored the phylogenetic relationships of ARF proteins between wheat and model plant species, allowing us to speculate on putative TaARF functions, informed by the functional clades currently described in Arabidopsis (Guilfoyle and Hagen, 2007; Chandler, 2016). For instance, the Clade IIb ARFs TaARF4, TaARF12, and TaARF13 clustered with Arabidopsis ARF1/2 (Figure 1), suggesting a putative function in flower development and leaf senescence. Likewise, TaARF9, TaARF23, and TaARF24 grouped with Arabidopsis ARF13, whose encoding gene is highly expressed in the embryo and the primary root tip. In Clade I, TaARF7, TaARF14, TaARF16, and TaARF22 clustered with Arabidopsis ARF6/8 (Figure 1), indicative of a role in flower development and the growth of vegetative tissues. The bread wheat ARFs TaARF6 and TaARF18 clustered with Arabidopsis ARF5 and ARF19, which regulate embryo and vascular tissue development and lateral root growth. In Clade III, TaARF1, TaARF5, TaARF8, and TaARF21 grouped with Arabidopsis ARF10 and ARF17 (Figure 1), which are involved in the regulation of root cap cell growth and primexine formation. Although we hypothesize that these orthologous groups represent conserved functions in wheat and Arabidopsis, their underlying functions might also have diversified in one species after gene duplication. In this study, the clustering of rice genes in Clades IIb and III indicates that the Triticeae underwent two tandem duplications (TaARF12 and TaARF13, TaARF23-A.1 and TaARF23-A.2) after their evolutionary separation from rice, but before the separation of the three wheat progenitor species. Other segmental duplication events (TaARF16 and TaARF22) clustered with a duplicated block (OsARF6 and OsARF17) in rice (Wang et al., 2007), indicating that the duplication may have occurred before the evolutionary separation from rice (Figure 1 and Supplementary Table S3). From the results mentioned above, it is clear that segmental duplications and tandem duplications have contributed to the expansion of the ARF gene family in Triticeae.

We performed a MEME motif analysis on all TaARF proteins and detected 10 highly conserved motifs (Supplementary Figure S1). Motif 9 corresponds to a partial CTD domain present only in TaARF genes from Clade I, whereas all other motifs were conserved across all subgroups. The CTD is a carboxy-terminal dimerization domain that is essential for auxin responses, indicating that TaARFs that belong to Clade I may be associated with the auxin signaling pathway (Roosjen et al., 2018). Comparing the gene structures and encoded protein domain architecture of ARF genes in wheat and rice, the number of introns in rice ARF genes varied from 2 to 14, which is consistent with the gene structure of TaARF genes (Figure 2). These results indicate that each ARF gene clade, as defined by the phylogenetic tree, harbors a similar gene structure and domain composition, demonstrating that the protein architecture is extremely conserved within a specific subfamily of ARF genes in wheat (Figure 2C).



Functions of TaARF Genes in Abiotic Stress and ABA Responses

Phytohormones are essential for the ability of plants to cope with abiotic stress such as salinity, drought, and temperature stresses by mediating a wide range of adaptive responses (Weijers and Wagner, 2016). For example, the plant phytohormone ABA is an important regulator of plant responses to abiotic stress. Previous studies have reported that the mechanisms underlying the transcriptional regulation of dehydration, cold, and salinity stresses include both ABA-dependent and ABA-independent pathways. Within a signal transduction pathway, many transcription factors and stress-responsive cis-regulatory elements function as molecular switches for gene expression (Tuteja, 2007). In agreement with this, we observed a modulation in the transcript levels of a subset of TaARF genes during stress, as well as the presence of multiple LTRs, DREs, salt-responsive cis-elements, and ABREs in TaARF promoters.

Numerous ARF genes are regulated by miRNAs in response to abiotic stress: for example, miRNA167, which negatively regulates ARF6 and ARF8 transcript levels, is induced by drought in Arabidopsis via ABA signaling (Liu et al., 2007). Thus, it is worth noting that our results showed that a subset of TaARF genes were induced in response to drought stress and ABA treatment. Phylogenetic analysis revealed a sub-clade within Clade I that consisted of four TaARF and two Arabidopsis ARF proteins, with TaARF14, TaARF16, and TaARF22 being likely orthologs of Arabidopsis ARF6, whereas TaARF7 is a putative ortholog of Arabidopsis ARF8. TaARF14 and TaARF16 are potential targets of tae-miR167d, and showed a gradual decrease in their transcript levels after an initial induction during drought stress, whereas they were both induced by ABA treatment (Supplementary Figures S4, S5). Similarly, TaARF7 was targeted by tae-miR167 and TaARF22 lacked the tae-miR167d target site, TaARF22 was induced 11-fold in response to ABA treatment and 60-fold under drought stress, and TaARF7 transcript levels followed the same trend (Supplementary Figures S4, S5).

In agreement with their transcriptional responses, the promoter sequences of these TaARF genes contained a number of ABREs and DREs (Figure 4A), indicating that these TaARFs may have potential roles in the crosstalk between drought and ABA signaling pathways (Jaillais and Chory, 2010). In rabidopsis, ARF10 is negatively regulated by miRNA160 and affects ABA sensitivity during seed germination (Liu et al., 2008), and auxin enhances ABA signaling through ARF10- and ARF16-mediated ABSCISIC ACID INSENSITIVE (ABI3) activation to control lateral root formation and seed dormancy (Brady et al., 2003; Liu et al., 2013). The wheat ortholog TaARF1 was predicted to be targeted by tae-miR160 and showed a significant down-regulation upon ABA treatment (Supplementary Figure S5). This result suggests the conservation of the ARF1–miR160 module between wheat and Arabidopsis.

In addition, we identified TaARF candidate genes that may be harnessed for enhancing abiotic stress tolerance in plants. During NaCl treatment, TaARF10 and TaARF2 displayed 42- to 53-fold higher expression (Supplementary Figure S3). TaARF4 was the gene most highly induced by ABA treatment and cold stress, by 35- and 120-fold, respectively (Supplementary Figures S5, S6). These results collectively revealed that several TaARF genes were induced by multiple abiotic stresses and ABA treatment, suggesting that they may mediate both abiotic stress and ABA responses, and thus further hinting at a role of TaARFs in crosstalk between abiotic stress responses and the ABA signaling pathway. Moreover, a majority of TaARFs respond to abiotic stress and ABA treatment, indicating that the TaARF gene family might have substantial functional redundancy.

Moreover, 70–80% of TaARF homoeologous groups (consisting of A, B, and D genome copies) showed non-balanced expression patterns in seedlings when exposed to stresses, with higher or lower expression level from a single homoeolog than from the other two (Figures 6A–D). These differences between homoeologs might be associated with epigenetic changes affecting DNA methylation or histone modifications and transposable element insertions in promoters or more varied cis-regulatory elements (Edger et al., 2017).



Tissue-Preferential Expression of TaARF Genes

Recent studies have revealed that ARF genes exhibit great diversity in their expression patterns between different plants and different organs to exert specific biological functions. The analysis of ARF genes in Arabidopsis has demonstrated that their expression patterns are independent of their phylogenetic relationships (Okushima et al., 2005; Guilfoyle and Hagen, 2007). This also appears to be the case in wheat, because Clade I orthologs are differentially expressed. Tissue-speciﬁc expression patterns have been observed for Arabidopsis Clade I ARF genes, and include ARF6 in developing ﬂowers, ARF8 in seedlings and flowers, ARF5 in embryos and vascular tissues and ARF19 is probably expressed in roots and seedlings. The orthologs of these ARF genes in wheat are also differentially expressed: TaARF14 (ARF6 ortholog) is preferentially expressed in anthers, TaARF14 (ARF8 ortholog) in vegetative tissues and anthers, TaARF6 (ARF5 ortholog) in male reproductive tissues and leaves, and TaARF18 (ARF19 ortholog) in roots and developing reproductive structures. In some cases, the expression patterns of ARFs in wheat and Arabidopsis are similar. Among ARFs in Clade IIb, ARF1 and ARF2 are highly expressed in developing ﬂoral organs; similarly, TaARF4 (ARF1 ortholog), TaARF12 and TaARF13 (ARF2 ortholog) are both preferentially expressed in anthers. Taken together, these results suggest that TaARF functions may have diversiﬁed in a similar manner to those of Arabidopsis ARFs.

It is worth noting that TaARF gene expression increased globally and gradually during anther development (Figure 5). We detected a pollen-specific cis-element (POLLEN1LELAT52) in the promoters of these genes, consistent with their anther-specific expression pattern. For instance, 11 POLLEN1LELAT52 elements were found in the promoter of TaARF8-B alone, which showed single-homoeolog dominance with 1,269-fold higher expression in anthers relative to roots (Figures 4A, 5). Genes encoding phylogenetically related TaARFs share similar expression profiles and may be involved in regulating similar anther developmental processes in wheat. Additionally, some TaARF genes exhibited non-flower expression, for example high expression in leaves as well as anthers for TaARF5, TaARF10, TaARF17, and TaARF19 and ubiquitous expression for TaARF3, TaARF16, and TaARF18.



Potential Roles of Anther-Preferential TaARF Genes in TGMS Wheat

Published work on ARF genes has often focused on reproductive development at the expense of other physiological processes. TGMS wheat lines such as BS366 and BS1088 are valuable materials for exploration of the mechanism of male sterility. Previous work revealed disorganization of the phragmoplast and the cell plate, as well as the aberrant separation of dyads during male meiosis I, under cold stress in BS366 (Tang et al., 2011). As previously shown, tae-miR167d/TAS3a-59D6(+) and the associated changes in target ARF transcript levels largely controlled conditional male sterility in the TGMS line BS366. Three out of nine ARF genes showed differential transcript levels in anthers of the wheat TGMS line BS366 under low temperatures. Contig1892 (identical to TaARF3 in this study) and Contig4296 (TaARF11) are targets of TAS3a-59D6(+), whereas Contig9875 (TaARF14) is a target of tae-miR167d (Tang et al., 2011; Tang et al., 2012). Our results showed that TaARF3, TaARF11, and TaARF14 transcript levels were induced at the stage 7 under low temperature, which is consistent with previous work (Supplementary Figure S7). Moreover, we determined the diverse expression profiles of anther-preferential TaARF genes in TGMS lines (Supplementary Figures S7, S8), suggesting that these genes may play a broad role during male reproduction development. The expression level of TaARF13 was repressed in TGMS wheat BS366 under low temperature, whereas TaARF14 was induced. Arabidopsis ARF2 and ARF6, which are reported to participate in flower development and ripening, clustered with the anther-specific wheat genes TaARF13 and TaARF14 in Clade IIb and Clade I, respectively, suggesting that TaARF13 and TaARF14 are likely required to promote stamen development.

In Arabidopsis, ARF17 directly binds to the promoter of CALLOSE SYNTHASE 5 (CALS5), thereby enhancing its expression and regulating callose deposition and pollen viability (Dong et al., 2005). In wheat TMGS lines, the expression level of TaARF8 (ARF17 ortholog) dropped significantly in anthers at the stage 8, by at least ~7-fold and 10-fold in the BS366 and BS1088 lines, respectively, at the restrictive temperature. However, TaARF8 was up-regulated at stage 8 in the cold-treated J411 controls, suggesting that TaARF8 plays a key role in cold-induced male sterility (Figure 7B). TaCALS5 (CALS5 ortholog) is highly expressed in anthers at stages 7 and 9 (Supplementary Figure S9A). Transcript levels for TaCALS5 strongly decreased in low temperature with respect to those in the control conditions (Supplementary Figure S9B), an expression pattern shared by TaARF8. These results suggest that the regulation of wheat TaARF8-TaCALS5 and Arabidopsis ARF17-CALS5 might be conserved and may play a key role in cold-induced male sterility.

By contrast, TaARF9 showed a divergent spatial-temporal expression pattern from its Arabidopsis ortholog ARF18, which showed ubiquitous expression. TaARF9 was preferentially expressed in anthers and was gradually up-regulated from stage 6 to stage 7 under low temperature in both BS366 and BS1088 lines, but showed no signiﬁcant changes in J411 controls (Figure 7B), suggesting TaARF9 as a potential candidate gene for thermosensitive genic male sterility in wheat. TaARF21 clustered with Arabidopsis ARF10, which involved in root cap cell differentiation and ARF10 is known to interact with ARF18 (Li et al., 2011; Szklarczyk et al., 2019). TaARF21 was induced at stage 8 (Figure 7B) under low temperature in TGMS lines, but followed a similar expression pattern in the J411 control, which indicated that TaARF21 only responds to cold-regulated pathways. In both cases, these observations indicate that TaARF9 and TaARF21 may play divergent roles from their orthologs in Arabidopsis. Moreover, TaARF9 was co-expressed with TaARF21 in TGMS lines, and their encoded proteins shared the same predicted nuclear localization (Supplementary Table S1). Thus, we speculate that TaARF9 might interact with TaARF21 to activate the downstream signaling components that regulate the cold-induced male sterility pathway.




Conclusion

The present study provides a comprehensive analysis of the 69 wheat ARF genes, grouped in 24 homoeologous groups. Phylogenetic analysis and structural characteristics revealed the evolutionary conservation and variation of ARF genes among different plant species. Chromosomal distribution and duplications of the TaARF family members provided valuable information about the evolutionary aspects of the wheat genome. A comprehensive analysis of TaARF gene expression patterns give support for various functional roles of ARFs in abiotic stress and developmental processes. These analyses also provide an overview of the relative homoeolog expression level bias during stresses and plant development. Additionally, the identiﬁcation of anther-preferential expression of TaARF8, TaARF9, and TaARF21 in response to cold stress in TGMS lines suggests that these candidate genes as potentially regulate male sterility. Taken together, our research provides significant insight for further investigating the role of members of the wheat ARF gene family in abiotic stress signaling and male reproductive development.



Data Availability Statement

All datasets presented in this study are included in the article/Supplementary Material.



Author Contributions

YT and CZ designed the study. LX and DW performed the experiments and analyzed the data. SL, ZF, CG, and SS treated and collected experimental materials. LX, YT, and CZ drafted the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by Innovative special reserve project of Beijing Academy of agriculture and Forestry Sciences (KJCX20200423) and Collaborative innovation center of genomics breeding (KJCX201907-2), Beijing Academy of agriculture and Forestry Sciences.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2020.586144/full#supplementary-material

Supplementary Figure 1 | Conserved motif analysis of the wheat ARF protein family, identified through MEME suite.

Supplementary Figure 2 | Cis-element identification and distribution in the promoters of TaARFs. Colored regions show classifications of TaARF genes in the neighbor-joining tree.

Supplementary Figure 3 | Expression patterns of TaARF genes under salt stress. We treated 14-day-old wheat seedlings with 250 mM NaCl for 0, 1, 2, 5, 10, and 24 h. Relative expression of each TaARF gene was normalized to TaACTIN. Data represent the mean of three biological replicates; error bars represent the standard error.

Supplementary Figure 4 | Expression patterns of TaARF genes under drought stress. We treated 14-day-old wheat seedlings with PEG-6000 (25%, w/v) for 0, 1, 2, 5, 10, and 24 h. Relative expression of each TaARF gene was normalized to TaACTIN. Data represent the mean of three biological repeats; error bars represent the standard error.

Supplementary Figure 5 | Expression patterns of TaARF genes under ABA treatment. We treated 14-day-old wheat seedlings with 200 µM ABA for 0, 1, 2, 5, 10, and 24 h. Relative expression of each TaARF gene was normalized to TaACTIN. Data represent the mean of three biological repeats; error bars represent the standard error.

Supplementary Figure 6 | Expression patterns of TaARF genes during exposure to cold stress. We exposed 14-day-old wheat seedlings to 4°C for 0, 1, 2, 5, 10, and 24 h. Relative expression of each TaARF gene was normalized to TaACTIN. Data represent the mean of three biological repeats, error bars represent the standard error.

Supplementary Figure 7 | Expression profiles of TaARF genes in the anthers of TGMS line BS366 under control conditions (control) and low temperature treatment (LT). S6: stage 6, central callose stage; S7: stage 7, meiotic stage; S8: stage 8, tetrad stage; S9: stage 9, young microspore stage. Data represent the mean of three biological repeats; error bars represent the standard error.

Supplementary Figure 8 | Expression profiles of anther-specific TaARF genes in the anthers of TGMS line BS1088 under control condition (control) and low temperature treatment (LT). S6: stage 6, central callose stage; S7: stage 7, meiotic stage; S8: stage 8, tetrad stage; S9: stage 9, young microspore stage. Data represent the mean of three biological repeats; error bars represent the standard error.

Supplementary Figure 9 | Expression patterns of TaCalS5. (A) TaCalS5 is specifically expressed in anthers. (B) Relative transcript levels of TaCalS5 in the anthers of TGMS wheat lines under control conditions (control) and low-temperature treatment (LT). S6: stage 6, central callose stage; S7: stage 7, meiotic stage; S8: stage 8, tetrad stage; S9: stage 9, young microspore stage. Data represent the mean of three biological repeats; error bars represent the standard error.
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Monocarpic plants have a single reproductive phase, in which their longevity is developmentally programmed by molecular networks. In the reproductive phase of Arabidopsis thaliana, the inflorescence meristem (IM) maintains a central pool of stem cells and produces a limited number of flower primordia, which result in seed formation and the death of the whole plant. In this study, we observed morphological changes in the IM at cellular and intracellular resolutions until the end of the plant life cycle. We observed four biological events during the periods from 1 week after bolting (WAB) till the death of stem cells: (1) the gradual reduction in the size of the IM, (2) the dynamic vacuolation of IM cells, (3) the loss of the expression of the stem cell determinant WUSCHEL (WUS), and (4) the upregulation of the programmed cell death marker BIFUNCTIONAL NUCLEASE1 (BFN1) in association with the death of stem cells. These results indicate that the stem cell population gradually decreases in IM during plant aging and eventually is fully terminated. We further show that the expression of WUS became undetectable in IM at 3 WAB prior to the loss of CLAVATA3 (CLV3) expression at 5 WAB; CLV3 is a negative regulator of WUS. Moreover, clv3 plants showed delayed loss of WUS and lived 6 weeks longer compared with wild-type plants. These results indicated that the prolonged expression of CLV3 at 4–5 WAB may be a safeguard that inhibits the reactivation of WUS and promotes plant death. Finally, through transcriptome analysis, we determined that reactive oxygen species (ROS) are involved in the control of plant longevity. Our work presents a morphological and physiological framework for the regulation of plant longevity in Arabidopsis.
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INTRODUCTION

How plants control their longevities is a conundrum that has puzzled botanists for decades (Thomas, 2013; Dijkwel and Lai, 2019). In the plant kingdom, the life spans of some species range from several weeks in annuals to thousands of years (Burian et al., 2016). Compared with those long-lived species, the monocarpic plant Arabidopsis [ecotype Landsberg erecta (Ler)] has a relatively short life cycle, which is maintained at 50–70 days from seed germination to the formation of the next generation (Hensel et al., 1993). Although it is difficult to explain such large variations in longevity, an increasing number of studies have suggested that the variations are associated with the way that plants generate new cells (Heyman et al., 2014).

The shoot apex is a special part of the stem tissue that contains a limited number of stem cells, which is known as the crucial component of the shoot apical meristem (SAM) (Fletcher, 2002). The SAM has been characterized as a dynamic structure with self-renewing stem cells in the central zone (CZ) and organ primordia at the peripheral zone (PZ) (Steeves and Sussex, 1989). After the transition from vegetative growth to reproductive growth, SAM changes to an inflorescence meristem (IM). After seed germination, all further aboveground cells, tissues, and organs are regarded as descendants of stem cells in the CZ of the SAM and IM (Burian et al., 2016). Therefore, the SAM and IM are sometimes called the “fountain of youth” in plants (Baurle and Laux, 2003), and it is clear that stem cells hold the key to plant life span (Dijkwel and Lai, 2019); i.e., the activities of stem cells are a key factor in plant life span.

In recent decades, the formative and sustaining mechanisms of stem cells have been elucidated. It is well known that the stem cell population is maintained by the homeodomain transcriptional factor WUSCHEL (WUS), which is expressed in the organizing center (OC) and acts as the master regulator of stem cells. Subsequently, WUS moves from OC to the CZ through plasmodesmata and directly activates the expression of CLAVATA3 (CLV3). Next, CLV3 peptides are secreted from cells and produce 13-amino-acid arabinosylated glycopeptides (CLV3 peptides) from the C-terminal region of CLV3. CLV3 peptides are diffused and bind the multiple extracellular receptor-like kinases including CLAVATA1 (CLV1), resulting in the repression of the expression of WUS and the restriction of the expression region of WUS. These molecular components form the WUS–CLV negative feedback loop to control the dynamic status of stem cells (Brand et al., 2000; Schoof et al., 2000). Although it is well known how plants control stem cell formation and maintenance, less is known regarding stem cell fate in plant aging. Recently, a study presented novel findings at the genetic level suggesting that the MAD-box gene FRUITFULL (FUL) directly and negatively regulates APETALA2 (AP2) expression in the IM and maintains the temporal expression of WUS, thereby regulating stem cell maintenance and controlling plant life span in Arabidopsis (Balanzà et al., 2018). Very recently, it was reported that auxin export from proximal fruits drives arrest in competent inflorescences and that the arrest of IMs is local and uncoordinated between different branches (Ware et al., 2020). However, to obtain a better understanding of the aging-dependent stem cell fate in Arabidopsis, more evidence at the morphological, physiological, and molecular levels is necessary.

In recent years, the roles of programmed cell death (PCD) in regulating plant growth and development have been extensively studied (Daneva et al., 2016). As one type of PCD, developmental PCD (dPCD) has become a heavily researched topic, and its roles are largely revealed in the vegetative and reproductive stages in plants (Daneva et al., 2016). To date, the dPCD process has shown functions in the cell death of nucellar tissue (Radchuk et al., 2006, 2011; Yin and Xue, 2012), antipodal cell death (Groß-Hardt et al., 2007; Moll et al., 2008), tapetum cell death (Sorensen et al., 2003; Phan et al., 2011), xylogenesis (Yamaguchi et al., 2010), lateral root cap differentiation (Fendrych et al., 2014; Olvera-Carrillo et al., 2015), and organ abscission and dehiscence (Lers et al., 2006; Farage-Barhom et al., 2008; Kasaras and Kunze, 2010; Bar-Dror et al., 2011). During the dPCD process in different types of plant organs, several dPCD-associated genes that commit cells to PCD, including BIFUNCTIONAL NUCLEASE1 (BFN1) and PLANT ASPARTIC PROTEASEA3 (PASPA3), are expressed (Fendrych et al., 2014; Olvera-Carrillo et al., 2015). In particular, BFN1 is activated in almost all senescent or dead tissues and thus is used as a critical marker gene to monitor the dPCD process (Perez-Amador et al., 2000; Farage-Barhom et al., 2008). The PCD process can be triggered via multiple signaling pathways, and reactive oxygen species (ROS) are among the key components of this process. Many studies have investigated whether ROS homeostasis is correlated with the regulation of cell death in plants, and abnormal ROS accumulation can trigger the PCD process (Hu et al., 2011; Luo et al., 2013; Zheng et al., 2019). However, it has not been determined whether the ROS-mediated PCD process occurs during stem cell life span. In the present study, we observed morphological changes of the IM at cellular and intracellular resolutions until the end of the plant life cycle.

We observed that the gradual reduction of IM size and the dynamic vacuolation of IM cells began at 1 week after bolting (WAB). Moreover, the expression of WUS was dynamically reduced until 3 WAB, and the upregulation of the PCD marker BFN1 was detected at 5 WAB and was associated with death of stem cells. These results indicate that the stem cell population in the IM is decreased during plant aging. In addition, RNA sequencing (RNA-seq) and imaging analyses revealed that the ROS module was involved in the death of IM cells. Finally, we proposed that the aging of the IM in Arabidopsis consists of three phases. The results of this study may help to elucidate the regulatory mechanism governing plant longevity in Arabidopsis.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

All Arabidopsis thaliana seed stocks used in this study were in the Ler background. The clv3-2 mutant was described previously (Clark et al., 1995). The reporter lines proWUS:GFP-ER, proCLV3:GFP-ER, and proWUS:GUS were reported previously (Lenhard and Laux, 2003; Gordon et al., 2007; Rodriguez et al., 2016; Sun et al., 2019). Arabidopsis seeds were sown in pots containing vermiculite and Metro-Mix and incubated at 4°C in the dark for 3 days to promote germination. All plants were cultured in an illumination incubator (Biotron, LPH-411SP, Japan) under a 16-h light (100 μmol m–2 s–1)/8-h dark light cycle with 60% humidity and at 22°C.



Phenotypic Definitions and Measurements

To observe the development of each Arabidopsis plant precisely during aging, we applied WAB as the temporal unit (Balanzà et al., 2018). When the stem length approached 1 cm, this time point was defined as the initiation of bolting (Noodén and Penney, 2001). For the counting of flower numbers on the primary stem, the siliques and flowers older than stage 7 were counted. The flower stage was referenced to the criterion described by Smyth et al. (1990). The measurement of IM size was estimated by measuring the IM circumference from a maximum diameter (Daum et al., 2014). The IM circumference was defined by the boundary between IM and the floral primordium. The cells with a large vacuole in the IM domain were judged by the area ratio between the vacuole and the whole cell. If the area ratio was over 40% in a cell (using FIJI to measure the size of the cell and vacuole), then the cell was considered to be a cell with a large vacuole. To ensure that the observed cells were stem cells, a total of 18 and 6 cells in the stem cell layers were observed in the wild type (WT) and clv3-2 mutant, respectively. In clv3-2 mutant, we select cells in L1 because layers without L1 were disorganized. The ratio of cells with large vacuoles was the ratio between the number of cells with large vacuoles and total cells observed. The measurements of IM circumference and diameter were performed using FIJI (v1.50b)1 (Schindelin et al., 2012). The morphological observations of inflorescences on primary shoots were performed using an optical camera (Canon EOS 600D).



Scanning Electron Microscope

Inflorescences of primary WT shoots were fixed in formalin–acetic acid–alcohol (FAA) solution overnight at room temperature and dehydrated with an ethanol and acetone series. Critical point drying with liquid CO2 and a gold coating were performed using EM CPD300 (Leica, Germany) and E-1010 (Hitachi, Japan), respectively. The inflorescences were observed using an S-4700 scanning electron microscope (SEM) (Hitachi, Japan) with an accelerating voltage of 15 kV.



Transmission Electron Microscope

For transmission electron microscopy (TEM) observation, inflorescences of primary shoots of Arabidopsis WT plants and clv3-2 mutant plants were harvested at each time point (1–6 WAB). The methods of sample fixation and sectioning were described previously (Yamaguchi et al., 2018). Photographs were taken using an H-7100 TEM (Hitachi, Japan).



GUS Staining and Tissue Sectioning

Inflorescences of primary shoots of reporter lines were fixed in 90% acetone for 15 min at room temperature, rinsed with double-distilled water, and subsequently stained with GUS staining solution. The staining method was described previously (Shirakawa et al., 2014). Tissue sectioning was performed as described previously (Yamaguchi et al., 2018). The slides were stained with 0.05% neutral red (Wako Chemicals, Japan) or 0.01% toluidine blue (Wako Chemicals, Japan).



Confocal Microscopy

To observe the green fluorescent protein (GFP) signal in the longitudinal sections of the IMs on proWUS:GFP-ER primary shoots, the floral buds older than stage 7 were removed with tweezers under a light microscope, and then the IMs were embedded into 5% agar (Difco) and sliced with a Liner Slicer PRO7 vibratome (Dosaka, Japan) (Yamaguchi et al., 2018). The resulting tissue sections were immersed in moderate volumes of 1/10 Murashige and Skoog (MS) solution on glass slides. The GFP signal was immediately observed under an FV 1000 (Leica, Germany) microscope with FV10-ASW software. To detect the GFP signal in proCLV3:GFP-ER, the IMs on primary shoots were immersed in moderate volumes of 1/10 MS containing FM4-64 (Thermo Fisher, 5 μg/ml) on glass slides and covered with coverslips for 10 min. The images of the transverse orientation (XY axis) were taken with an inverted ZEISS LSM710 confocal laser scanning microscope. The images of longitudinal orientation were reconstructed from Z-stack images along the XY axis by ZEN software. GFP was excited with the 488-nm argon laser, and the emission was detected between 495 and 545 nm. FM4-64 was excited with the 561-nm laser, and the emission was detected between 570 and 620 nm (Shi et al., 2018).



RNA-seq

The IMs (including floral buds up to stage 7) on primary shoots of WT at 2 and 4 WAB were collected as RNA-seq samples. For each sample, at least 50 individual IMs were collected under microscopes using sterile forceps and frozen in liquid nitrogen immediately. The RNeasy Plant Mini Kit (QIAGEN, Germany) was used to extract total RNA from the four biological replicates. DNA was removed using the RNase-Free DNase Kit (QIAGEN, Germany). The methods of library construction and sequencing were described previously (Townsley et al., 2015; Uemura et al., 2018). Briefly, the mRNA was fragmented using magnesium ions at elevated temperatures, after which the polyA tails of mRNA were primed using an adapter-containing oligonucleotide for cDNA synthesis with DNA Polymerase I (Thermo Fisher Scientific). The 5′ adapter addition was performed using breath capture to generate strand-specific libraries. The final PCR enrichment was performed using oligonucleotides containing the full adapter sequence with different indexes and Phusion High-Fidelity DNA Polymerase (New England Biolabs). The cleanup and size selection of the resulting cDNA were performed using AMPure XP beads (Beckman Coulter). The size distribution and concentration of the libraries were measured using agarose gel electrophoresis and a microplate photometer, respectively, to enable the pooling of libraries for Illumina sequencing systems. The libraries were sequenced by NextSeq 500 (Illumina). The produced bcl files were converted to fastq files by bcl2fastq (Illumina). Mapping to the A. thaliana reference (TAIR10) was conducted using Bowtie with the following options “−−all −−best −−strata −−trim5 8.” The number of reads mapped to each reference was counted. After normalization, the false discovery rate (FDR) and fold change were calculated using the edgeR package for R (Wu et al., 2019). The differentially expressed genes (DEGs) were isolated with a log2 fold change ≥1 or log2 fold change ≤−1 and FDR < 0.05 (Wang et al., 2018). Gene Ontology (GO) term enrichment analysis of DEGs was carried out using Blast2GO (q-value ≤ 0.05). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed (q-value ≤ 0.05) using BlastX searches against the KEGG pathway database (Wang et al., 2018).



Reverse-Transcription PCR and Quantitative RT-PCR

The RNeasy Plant Mini Kit (QIAGEN, Germany) was used to extract total RNA. The RNase-Free DNase Set (QIAGEN, Germany) was used to eliminate the contamination of genomic DNA in RNA samples. Reverse-transcription PCR was performed using PrimeScriptTM RT Master Mix (Takara, Japan). Quantitative RT-PCR was applied as described previously (Yamaguchi et al., 2018). Arabidopsis ACTIN2 (AT3G18780) was used as the internal reference. Each experiment was repeated three times with four technical replicates. The relative expression level of each gene was calculated using the 2–ΔΔCt method (Livak and Schmittgen, 2001).



Plasmid Construction and Plant Transformation

To generate the proBFN1:GUS-GFP construct, a genomic DNA fragment covering a sequence 2.0 kb upstream of the BFN1 translation start site was subcloned into the pENTR/D-TOPO vector according to the manufacturer’s protocol (Thermo Fisher, Germany). After confirmation by sequencing, the plasmid containing the fragment was employed in the LR reaction with the pBGWFS7 vector, which was a gateway vector containing GUS and GFP coding sequences, according to the manufacturer’s protocol (GatewayTM LR ClonaseTM II Enzyme Mix, Thermo Fisher, Germany). The recombinant construct proBFN1:GUS-GFP was transformed into Agrobacterium tumefaciens strain GV3101 by using the freeze–thaw method. The Agrobacterium-mediated floral dip method was performed to perform transgene analysis (Zhang et al., 2006). T1 seeds were collected and screened using the chemical Basta. More than 20 T1 plants were obtained, and the representative line was chosen for further study.



DAB Staining

The method of 3,3′-diaminobenzidine (DAB) staining of IM was described previously (Zeng et al., 2017). The chlorophyll in stained IM tissues was discolored in boiling ethanol (ethanol:glycerin:glacial acetic acid = 3:3:1).



Fluorescein Diacetate and Propidium Iodide Staining

Fluorescein diacetate (FDA) (Sigma) was dissolved in acetone to produce a 1 mg/ml stock solution. The working solution (20 μg/ml) of FDA was prepared by diluting 20 μl of the stock solution in 1 ml of 1/10 MS solution. By dissolving 1 mg propidium iodide (PI) in 1 ml sterile water, 1 mg/ml stock solution of PI (Sigma) was prepared. By diluting 10 μl of the stock solution in 1 ml of 1/10 MS solution, 10 μg/ml working solution of PI was prepared. IMs without any dissection were stained for 20 min. Then, samples were put on glass slides and covered with coverslips. FDA was excited with the 488-nm laser line of the argon laser, and the emission was detected between 495 and 545 nm, and PI was excited with a 561-nm diode laser and detected between 580 and 680 nm (Gao et al., 2018). The images of the transverse orientation (XY axis) were taken with an inverted ZEISS LSM710 confocal laser scanning microscope. The images of longitudinal orientation were reconstructed from the Z-stack images along the XY axis by the ZEN software.



Data Statistics and Availability

In this study, one-way ANOVA followed by the Tukey–Kramer test (p < 0.01) or Student’s t-test (two-tailed, p < 0.05) was performed to detect differences as required. All primers used in this study are listed in Supplementary Table 1. The RNA-seq data sets were submitted to the DNA Data Bank of Japan with the accession number DRA010789.



RESULTS


Growth and Termination of the Primary Inflorescence

In our growth conditions, WT Ler plants were bolted 35 days after germination, and they reached the maximum height at 3 WAB (Figure 1A). After 3 WAB, multiple siliques were produced, and aging began with the change in plant color from green to brown (Figures 1A,B). At 4 WAB, aging of plants progressed, resulting in some siliques starting to turn yellow. At 5 and 6 WAB, mature siliques were opened, and plants dispersed seeds (Figure 1B). During the whole life cycle of plants, the sum of the number of both flowers and siliques increased continuously until 4 WAB (Figure 1C; p < 0.01, Tukey–Kramer test).
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FIGURE 1. Growth and termination of the primary inflorescence of Arabidopsis thaliana, Landsberg erecta. (A) Photographs of plant morphologies at the bolting time point (the stem length was reached at 1 cm) and from 1 to 6 WAB. White triangles mark the primary inflorescence at each time point. Scale bars = 1 cm. (B) Serial top views of the primary inflorescences at 1–6 WAB. Twelve individual plants were observed, and representative images are shown. Scale bars = 1 cm. (C) The quantification of numbers of flowers and siliques on primary stems of 12 individual plants. The flowers beyond stage 7 were counted. Dots represent numbers of flowers and siliques from each sample. Error bars represent SD. One-way ANOVA followed by the Tukey–Kramer test was performed (p < 0.01). Different letters indicate significant differences, while the same letters indicate non-significant differences.




Gradual Decrease in the Size of the IM

We hypothesized that IM activity was limited and lost at the end of the plant life cycle because the total number of flowers and siliques was controlled (Figure 1). To examine whether IM size is reduced during aging, we measured IM sizes by using SEM from 1 to 6 WAB (Daum et al., 2014; Figures 2A,B). IM sizes were notably reduced from 1 until 6 WAB, and IM sizes at 5 and 6 WAB were minimal (Figure 2B; p < 0.01, Tukey–Kramer test). Consistent with these results, the maximum width of IM in cross-sections was also notably reduced until 5 WAB, and the IM width at 5 and 6 WAB was minimal (Figures 2C,D; p < 0.01, Tukey–Kramer test). At 4 WAB, the total number of flowers and siliques reached a maximum number (Figure 1C). Taken together, these results suggested that IM activity before 4 WAB is required for the production of seeds. These results suggested that the IM gradually shrinks during the aging of plants.


[image: image]

FIGURE 2. Size of the inflorescent meristem gradually decreased. (A) The top views of IM domains of wild type from 1 to 6 WAB. SEM was used. Green circles indicate IM domains (including CZs and PZs) (Daum et al., 2014). Scale bars = 40 μm. (B) The area of IM domains of wild type from 1 to 6 WAB. The number (n) of observed samples at each time point is shown. Dots represent the area of IM from each sample. Error bars indicate SD. One-way ANOVA followed by the Tukey–Kramer test was performed (p < 0.01). Different letters indicate significant differences, while the same letters indicate non-significant differences. (C) Longitudinal views of IMs of wild type from 1 to 6 WAB by using histologic sections. Scale bars = 40 μm. (D) The width of IM domains of wild type from 1 to 6 WAB. The image at the top right corner indicates the definition of the SAM width (Daum et al., 2014). The number (n) of observed samples at each time point is shown. Dots represent the width of IM from each sample. Error bars indicate SD. One-way ANOVA followed by the Tukey–Kramer test was performed (p < 0.01). Different letters indicate significant differences, while the same letters indicate non-significant differences.




Dynamic Transition of Intracellular Structures of Stem Cells in L1 and L2 of IM

At 4 WAB, the IM size was almost minimal (Figure 2). Next, we analyzed the transition of the ultrastructure of cells in both L1 and L2 (L1/2) of IM by using TEM. At 2 WAB, all cells in L1/2 were filled with electron-dense materials (dark gray color), and intracellular spaces were occupied primarily by a large nucleus and cytoplasm (Figures 3A,B left). Combined with the expression data of stem cell markers (described below), these cells have high proliferative potential. At 3 WAB, some of the cells in L1/2 had large vacuoles whose sizes were nearly equal to the sizes of the nuclei (Figures 3A,B right). After 3 WAB, the numbers of cells with large vacuoles increased until 6 WAB (Figures 3A,C). Almost all cells in the IM had a central large vacuole at 6 WAB. Large vacuoles are one of the indicators of differentiated cells. Combined with the results regarding plant growth (Figure 1) and IM size (Figure 2), these results suggested that even stem cells in the IM were getting differentiated and IMs lost their proliferative activity at approximately 4 WAB.


[image: image]

FIGURE 3. Dynamic transition of intracellular structures of stem cells in L1 and L2 of IM. (A) The intracellular ultrastructures of stem cells in L1 and L2 of IM of wild type from 2 to 6 WAB by using TEM. Images in the lower panels indicate the magnified images of the black-box area in the upper panels. Red stars indicate cells with large vacuoles that occupied over 40% of the cell size. Scale bars = 20 μm. (B) Representative images of cells without or with a large vacuole in IM. N, nucleus; V, vacuole. Scale bars = 1.5 μm. (C) The number of cells with large vacuoles in IM of wild type from 2 to 6 WAB. The number of samples at each time point is shown. Error bars indicate SD.




Expression Patterns of Stem Cell Markers in the IM Domain During Aging

How do plants lose the proliferative activity of IM at approximately 4 WAB? To examine how the morphological changes and stem cell marker gene expression levels during aging were coordinated, we examined the dynamic expression patterns of two stem cell marker genes, WUS and CLV3, during the aging of the IM (Figure 4 and Supplementary Figure 5A). CLV3 was expressed at cells in L1/2 of the CZ of the IM, and WUS was expressed at the OC, which is located below the CZ (Brand et al., 2000; Schoof et al., 2000; Figure 4). The expression level of WUS at 1 WAB was highest, the expression of this gene gradually decreased during aging until 3 WAB, and no expression was detected at 3 WAB in either the GFP reporter or the GUS reporter (Figures 4A,B). After 3 WAB, WUS expression was not recovered (Supplementary Figure 1). Combined with the morphological data, these results suggested that IM cells began to lose stem cell/proliferative activity after 1 WAB because they began to reduce their expression of WUS. This hypothesis is consistent with the results demonstrating that the IM size at 3 WAB was less than 50% of the IM size at 1 WAB (Figure 2B) and that some IM cells at 3 WAB had a large vacuole (Figure 3). Compared with WUS, the expression of CLV3 was maintained longer than 4 WAB, and no expression was detected at 5 WAB in the GFP reporters (Figure 4C). These results suggested that the expression period of CLV3 was 2 weeks longer than that of WUS. A similar observation was reported by using proCLV3:GUS lines (Balanzà et al., 2018). These results suggested that CLV3 might play an additional role in the regulation of plant longevity (described below).


[image: image]

FIGURE 4. Expression patterns of stem cell markers in the IM domain during aging. (A,B) The spatiotemporal expression patterns of WUS from 1 to 3 WAB. The proWUS:GFP-ER and proWUS:GUS lines were used in (A,B), respectively. The GFP signal intensity was quantified and is shown in the lower panel of (A), and yellow triangles denoted boundaries of SAMs. Scale bars = 25 μm in (A,B). (C) The spatiotemporal expression patterns of CLV3. The proCLV3:GFP-ER line was used. The top view of confocal images is shown in the upper panel, and the side view is shown in the lower panel. To visualize the outline of cells, we stained IM with FM4-64 dye (red). White dotted lines indicate SAM shapes. Scale bars = 25 μm.




ROS Are Involved in the Death of Stem Cells in the IM

We hypothesized that the dynamic changes of gene expressions might occur between 2 and 4 WAB because the size of IMs was reduced dynamically, the intracellular vacuolations were progressed, and the expression of WUS was lost during these 2 weeks. To clarify the transcriptional dynamics of plant aging, we compared RNA-seq profiles of four independent IM samples between 2 and 4 WAB. We isolated 547 DEGs, including 492 upregulated DEGs and 55 downregulated DEGs (Supplementary Figure 2). To understand the putative functions of these DEGs, we performed GO term enrichment and KEGG pathway analyses. Notably, we found that some of the DEGs were specifically clustered into ROS-related GO terms and KEGG pathways. Five DEGs were clustered into “catalase activity” (GO: 0004096), seven DEGs were gathered into “oxidoreductase activity acting on peroxide as acceptor” (GO: 0004601), and 25 DEGs were enriched into “antioxidant activity” (GO: 0022857) (Figure 5A). Based on the results of KEGG pathway analysis, we found six DEGs involved in the KEGG pathway “peroxisome” (ko04146) (Figure 5B). By removing the redundant DEGs, we obtained eight ROS-related DEGs (Table 1). By qPCR analysis, we confirmed that all eight DEGs were significantly upregulated at 4 WAB compared with those at 2 WAB (Supplementary Figure 3). These results were shown to be highly consistently with the RNA-seq data (Table 1) in which ROS-related genes are upregulated during aging of IMs. In addition, in keeping with the results of the proCLV3:GFP-ER reporter lines, our qPCR analysis indicated a significant reduction in the expression levels of CLV3 (Supplementary Figure 3).
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FIGURE 5. ROS are involved in the death of stem cells in IM. (A,B) Omics analyses of DEGs of IMs between 2 and 4 WAB. RNA-seq was performed with four biological replicates of each sample. In both analyses, ROS-related genes were enriched. (A) GO term enrichment of the DEGs of IMs between 2 and 4 WAB. Green dots indicate ROS-related GO terms (catalase activity, oxidoreductase activity, and antioxidant activity). (B) KEGG pathway analysis of the DEGs. Green dots denote ROS-related pathways (peroxisome). (C) DAB staining of IM from 1 to 6 WAB. White dotted lines indicate IM shape. The black arrow indicates the accumulation of the H2O2 signal in IM. Scale bars = 50 μm. (D) The spatial–temporal expression patterns of a PCD marker gene, BFN1, in IM from 1 to 6 WAB. Scale bars = 50 μm. The black arrowhead indicates the GUS signal in stem cells in the CZs and peripheral cells. Black asterisks indicate GUS outside IM (vascular tissues). (E) FDA/PI staining of IM from 1 to 6 WAB. The top view of confocal images of FDA (green) and PI (red) signals is shown in the upper panel. The side view is shown in the lower panel. FDA-stained cells (in green) are alive, and PI-stained cells (in red) are dead. White dotted lines indicate SAM shapes. Scale bars = 50 μm.



TABLE 1. ROS-related DEGs.

[image: Table 1]It has been reported that ROS regulates PCD in both plants and animals. Therefore, we hypothesized that ROS-mediated PCD occurred after IM maturation at 4 WAB. To elucidate the spatiotemporal accumulation pattern of the ROS hydrogen peroxide (H2O2), we performed DAB staining in cross-sections of IM from 1 to 6 WAB. We observed pronounced accumulation of hydrogen peroxide in the IM region at 5 WAB when IM cells were fully matured with a large vacuole (Figure 5C). Next, we examined the expression of a PCD marker gene, BFN1, which mediates the degradation of nucleic acids (Figure 5D). In the stem cells, we found a notable expression peak of BFN1 at 5 WAB, while vasculature expression started earlier at 3 WAB (Figure 5D). These results suggested that ROS and BFN1 were involved in PCD of the stem cells. Next, we observed cell death in the IM region by FDA/PI staining. At 5 WAB, some cells were dead and thus were stained by PI in the IM region; however, the majority of cells were alive (Figure 5E and Supplementary Figure 5B). In contrast, at 6 WAB, all cells were dead (Figure 5E and Supplementary Figure 5B). These results suggested that PCD in IM cells was initiated at 5 WAB and was completed before 6 WAB.



clv3 Exhibited a Longer Longevity Phenotype Than the WT

The clv3 mutants produce increased number of flowers (Clark et al., 1995), and thus, we examined the plant morphology and the longevity of clv3-2 mutants until 12 WAB. As previously reported, clv3-2 mutants exhibited enlarged meristematic tissues, resulting in an increased number of flowers and fruits (Figure 6A). In addition to these phenotypes, clv3-2 mutants lived 6 weeks longer than WT plants after bolting (Figure 6A; please compare with Figure 1B). At 4 WAB, when some siliques started to turn yellow in WT plants, all siliques of clv3-2 mutants kept a green color. At 5 WAB, when some mature siliques were opened in WT plants, some siliques of clv3-2 mutants started to turn yellow. At 6 WAB, when whole wild-type plants are dead, clv3-2 mutants are alive and exhibit green-colored IM. From 7 to 11 WAB, the brown region was expanded in clv3-2 mutants. At 12 WAB, whole clv3-2 mutant plants were dead. Consistent with this finding, the expression window of WUS was also 3 weeks longer than that of the WT (Figure 6B; please compare with Figure 4A; WT plants expressed WUS until 2 WAB, and clv3-2 mutant plants expressed WUS until 5 WAB). In addition, clv3 mutants exhibited an increase in differentiated IM cells with large central vacuoles until 10 WAB compared with those observed at 5 WAB (Figures 6C,D and Supplementary Figure 4). These results suggested that clv3 mutants possessed a longer longevity phenotype. These results suggested that CLV3 is a safeguard that inhibits the longer expression window of WUS at 3–5 WAB by shutting down WUS expression at the correct time.


[image: image]

FIGURE 6. clv3-2 mutant showed a prolonged life span of IM. (A) Morphological changes in clv3-2 inflorescences from 1 to 12 WAB. Scale bars = 1 cm. (B) Spatial–temporal expression patterns of WUS in IM of clv3-2. The proWUS:GFP-ER reporter line was used. Scale bars = 100 μm. (C) The intracellular ultrastructures of stem cells in L1 and L2 of IM of clv3-2 at 5 and 10 WAB by using TEM. Images in the lower panels indicate the magnified images of the black-box area in the upper panels. Red stars indicate cells with large vacuoles that occupied over 40% of the cell size. Scale bars = 20 μm. (D) The number of cells with large vacuoles in clv3-2 IM at 5 and 10 WAB. Dots represent the vacuolate cell numbers at each time point. Error bars denote SD. Two-tailed Student’s t-test was performed. ∗p < 0.05.




DISCUSSION


Phase Transition of Stem Cells of IM During Aging in A. thaliana

In this study, by using the Arabidopsis Ler accession, we determined the morphological changes (Figures 1, 2), intracellular ultrastructures (Figure 3), and changes in gene expression (Figures 4, 5) of the IM during aging. From these results, we proposed three different phases in the aging of Arabidopsis, which are summarized in Figure 7. In the first phase (green in Figure 7; 1–3 WAB), along with the reduction in WUS expression in the CZ of the IM (green line), the stem cell activity (blue line) and size of the IM domain (gray line) gradually decrease. At 3 WAB, the WUS promoter activity is fully terminated at the IM domain.


[image: image]

FIGURE 7. Regulatory framework of the IM life span. Based on this study, we defined three phases of the IM life span. In the first phase (from 1 to 3 WAB), along with the reduction in WUS expression in the CZ of the IM, the stem cell activity and size of the IM domain gradually decreased. At 3 WAB, WUS promoter activity is fully terminated. Next, from 3 to 4 WAB (second phase), the transition of the intracellular ultrastructure of IM cells progresses, resulting in an increase in the number of cells with a large vacuole. These cells may be ready to be killed by PCD. At the same time, however, the expression level of CLV3 is still maintained because CLV3 may have a role in inhibiting the reactivation of WUS. In the third phase (from 4 to 6 WAB), ROS accumulation and the expression of the programmed cell death indicator BFN1 were observed in IM at 5 WAB. They may promote the death of cells with a large vacuole in IM, and almost all cells in IM are stained by PI at 6 WAB.


In the second phase (light green in Figure 7; 3–4 WAB), the transition of the intracellular ultrastructure of IM cells progresses continuously, resulting in an increase in the number of cells with large vacuoles. These cells may be ready to be killed by PCD. At the same time, the expression level of CLV3 (red line) remains high. Since CLV3 has a role in inhibiting WUS expression, CLV3 may function as a component of the putative safeguard system to prevent reactivation of WUS. Consistently, clv3 mutants exhibited 3 weeks longer expression window of WUS and lived 6 weeks longer than WT plants after bolting. Consistent with this, it was reported that the leaf longevity in clv3-2 plants was 20–30 days longer than that in WT plants in combined short-day and long-day culture conditions (Noodén and Penney, 2001).

It would be interesting to determine which factor(s) promote CLV3 expression after the loss of WUS at 3-WAB expression because WUS is a known critical activator for CLV3. Unknown transcriptional factor(s) may maintain the expression of CLV3 after 3 WAB. However, we could not exclude the possibility that WUS proteins still exist until 4 WAB and promote the expression of CLV3 directly. To investigate this possibility, confocal microscopy with ultrahigh sensitivity is needed because the WUS protein is unstable.

At the third phase (yellow in Figure 7; 4–6 WAB), ROS accumulation (brown line) and the expression of the PCD indicator BFN1 (black line) were observed in IM at the middle of phase 3, that is, 5 WAB. ROS accumulation and BFN1 expression may promote the death of cells with large vacuoles in the IM because almost all cells in the IM are stained by PI at 6 WAB. These phases may be useful to future research attempting to identify mutants with defects in the progression of aging.



In Arabidopsis, the Final Fate of Stem Cells in the IM May Be PCD

It is well known that senescent cells often exhibit large vacuoles (Rhinn et al., 2019), that cell vacuolization means terminal differentiation, and that such cells have lost their proliferative and differentiated abilities (Shubin et al., 2016). Moreover, the vacuole is an executor of PCD (Hara-Nishimura and Hatsugai, 2011). In this study, we found that the number of stem cells with large vacuoles increased during the life span (Figure 3). In addition, we detected the expression peak of a PCD marker gene, BFN1, at 5 WAB (Figure 5D), and we observed PI signals in stem cells in layers 1 and 2 at 6 WAB (Figure 5E). These results indicate that the final fate of stem cells is age-induced dPCD. In plants, age-induced dPCD is thought to trigger plant death and occur in various types of cells and organs for the remobilization of nutrients and secondary metabolites to the developing seeds (Rogers, 2013; Koyama, 2014; Daneva et al., 2016), but no direct evidence has shown that age-induced dPCD occurs in the stem cells of the IM. Our data indicated that the last step of stem cell fate is dPCD, which is associated with vacuolation and BFN1 induction. Future research employing mutants may serve to elucidate in detail the mechanisms of dPCD in the IM.



ROS Homeostasis May Be a Molecular Switch of Stem Cell Death

It has been reported that ROS levels are associated with dPCD (Daneva et al., 2016; Mhamdi and Van Breusegem, 2018). For instance, ROS accumulation triggers dPCD in the tapetal cells of rice (Yi et al., 2016). Similarly, ROS accumulation, or the H2O2 burst, was detected in the IM domain at 5 WAB (Figures 5C,D). At 6 WAB, cell death was detected (Figure 5E). These results suggest that the dPCD process in the IM may be triggered by ROS. Based on RNA-seq results and the GO and KEGG enrichment analyses performed in this study, we also isolated a cluster of DEGs, such as peroxiredoxins (PRXs) and catalase 6 (CAT6), involved in ROS homeostasis (Figures 5A,B and Supplementary Figure 3), suggesting that these genes might be involved in the dPCD of stem cells in the IM. However, more detailed work, including the analysis of mutants of these factors, is required. Taken together, the findings of previous studies (Mittler et al., 2004; Van Breusegem and Dat, 2006; Zeng et al., 2017) and this study indicate that ROS homeostasis may be a molecular switch of dPCD in stem cells.



Perspectives for the Research of the IM Longevity in Plants

In this study, we revealed that CLV3, PCD, and ROS were involved in the regulation of the longevity of the IM. The IM and inflorescence are useful models for studying the relationship between the longevity of individual organs and that of whole plants. Many questions remain unanswered regarding this subject. For example, what factors promote the dynamic vacuolation of stem cells in the IM? How do plants repress such factors in stem cells until 2 WAB? Furthermore, after the repression of WUS, what factors trigger the accumulation of ROS and the expression of BFN1? Finally, how do plants coordinate the synchronized death of cells in the IM? Future work may attempt to identify genes and phytohormones controlling plant longevity.
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Supplementary Figure 1 | Spatiotemporal expression patterns of WUS from 4 WAB to 6 WAB. No GUS signals were observed. Scale bars = 50 μm.

Supplementary Figure 2 | Volcano plot of DEGs isolated from RNA-seq data sets. The numbers of up- and downregulated DEGs are indicated.

Supplementary Figure 3 | Validation of ROS-related DEGs and stem cell marker gene CLV3 in wild-type plants at 2 WAB and 4 WAB. Blue and pink colors indicate ROS clearance- and ROS production-related DEGs, respectively. Orange color shows the expression of CLV3. Error bars denote SD. Two-tailed Student’s t-test was performed. ∗p < 0.05.

Supplementary Figure 4 | Histological section shows the observed location of TEM in the clv3-2 IM domain at 5 WAB. The red box shows the observed area. Scale bar = 50 μm.

Supplementary Figure 5 | Magnifying images of side views of CLV3 expression patterns and FDA/PI staining. (A) Magnifying images of side views of CLV3 expression patterns using proCLV3:GFP-ER line (Figure 4C). (B) Magnifying images of side views of FDA/PI stained IMs (Figure 5E). White dotted lines indicate SAM shapes. Scale bar = 50 μm in (A,B).

Supplementary Table 1 | Primer sequences used in this study.
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Maintaining fertility in a fluctuating environment is key to the reproductive success of flowering plants. Meiosis and pollen formation are particularly sensitive to changes in growing conditions, especially temperature. We have previously identified cyclin-dependent kinase G1 (CDKG1) as a master regulator of temperature-dependent meiosis and this may involve the regulation of alternative splicing (AS), including of its own transcript. CDKG1 mRNA can undergo several AS events, potentially producing two protein variants: CDKG1L and CDKG1S, differing in their N-terminal domain which may be involved in co-factor interaction. In leaves, both isoforms have distinct temperature-dependent functions on target mRNA processing, but their role in pollen development is unknown. In the present study, we characterize the role of CDKG1L and CDKG1S in maintaining Arabidopsis fertility. We show that the long (L) form is necessary and sufficient to rescue the fertility defects of the cdkg1-1 mutant, while the short (S) form is unable to rescue fertility. On the other hand, an extra copy of CDKG1L reduces fertility. In addition, mutation of the ATP binding pocket of the kinase indicates that kinase activity is necessary for the function of CDKG1. Kinase mutants of CDKG1L and CDKG1S correctly localize to the cell nucleus and nucleus and cytoplasm, respectively, but are unable to rescue either the fertility or the splicing defects of the cdkg1-1 mutant. Furthermore, we show that there is partial functional overlap between CDKG1 and its paralog CDKG2 that could in part be explained by overlapping gene expression.

Keywords: cyclin-dependent kinase, alternative splicing, fertility, pollen, Arabidopsis, temperature


INTRODUCTION

Maintaining fertility under fluctuating environmental conditions is key to the reproductive success of flowering plants. Meiosis and pollen formation are particularly sensitive to environmental fluctuations, and mild stresses can result in major yield losses, for example, in cereals (Dolferus et al., 2011; Asseng et al., 2015; Kiss et al., 2017; Zhao et al., 2017; Lippmann et al., 2019; Alae-Carew et al., 2020). It is thus imperative to gain a better understanding of the mechanisms by which changing environmental variables are sensed and how these are translated into growth and differentiation programs. We have previously identified the Arabidopsis cyclin-dependent kinase G1 (CDKG1) protein as having an important role in maintaining pollen fertility and yield at high ambient temperature (Zheng et al., 2014).

Cyclin-dependent kinases are important regulators of many cellular processes ranging from cell division to cell death (Malumbres, 2014). By binding to their cognate cyclin in a tightly regulated manner, they phosphorylate target proteins, thus altering their activities. This leads to the activation or inactivation of signaling cascades that ultimately result in altered programs for growth and development. CDKs are present in all the organisms studied so far and their activities conserved across kingdoms (Dorée and Galas, 1994; Malumbres, 2014). In Arabidopsis, there are seven classes of CDK kinases named A–G with distinct but overlapping functions. CDKA and CDKB are thought to be the only bona fide cell cycle regulators, while CDKC, CDKD, and CDKE are proposed to regulate transcription, while CDKF is a CDK activator protein (Loyer et al., 2005; Menges et al., 2005; Doonan and Kitsios, 2009). Remarkably, the plant CDKG group is closely related to the kinases found in the Ph1 locus in wheat that are thought to be involved in maintaining homologous chromosome pairing in this polyploid species (Kitsios and Doonan, 2011; Greer et al., 2012). However, in plants, the role of CDKG in various cellular mechanisms is less well defined than the equivalent group CDKG10/11 in animals (Loyer et al., 2005).

In Arabidopsis, CDKG proteins are encoded by two closely related genes, CDKG1 and CDKG2, interacting with the common co-factor/regulator Cyclin L1 (Van Leene et al., 2010). Plants lacking CDKG1 show normal vegetative growth and are sterile when grown at high ambient temperature but fertile at lower temperatures (Zheng et al., 2014). In contrast, plants lacking CDKG2 are fully fertile at both high and low temperatures (Zheng et al., 2014). Our recent work has shown that, at high ambient temperature, CDKG1 is required for meiotic chromosome pairing and recombination by helping to stabilize recombination intermediates (Zheng et al., 2014; Nibau et al., 2020b). At low temperature, chromosome pairing and recombination are not affected by the absence of CDKG1 (Zheng et al., 2014; Nibau et al., 2020b).

Splicing is the process by which intronic sequences are removed from the primary transcript to generate mature mRNA. The combinatorial use of alternative splice sites means that multiple transcripts can be produced from a single pre-mRNA in a process called alternative splicing (AS). The alternative transcripts may have different stabilities or may give rise to proteins with different activities. In addition, AS is a wide-spread and tightly regulated process that responds to developmental and environmental cues providing a rapid and flexible mechanism to amplify the complexity of the genome and to precisely modulate cell differentiation and development (Staiger and Brown, 2013; Lee and Rio, 2015). In higher plants, it is thought that 60–70% of genes can undergo AS (Reddy et al., 2013; Chamala et al., 2015; Zhang et al., 2017).

Both CDKG1 and CDKG2 have been shown to mediate the AS of downstream genes. In vegetative tissues, CDKG1 regulates the AS of the splicing factor U2AF65A, and in pollen, it regulates the AS of CalS5 mRNA (Huang et al., 2013; Cavallari et al., 2018). CDKG2 regulates the AS of FLOWERING LOCUS M (FLM) to fine tune flowering time in Arabidopsis according to environmental temperature (Nibau et al., 2020a). Importantly, in vegetative tissues CDKG2 controls the temperature-dependent AS of CDKG1 (Cavallari et al., 2018). At first inspection, CDKG1 appears to lack introns. Due to a suspected retrotransposition event in the Arabidopsis lineage (Zhang et al., 2005), the CDKG1 mRNA does not need to be spliced to be translated into a full length protein. Despite this, conserved splicing signals and alternative introns exist both in the coding and in the UTR regions of CDKG1 mRNA (Cavallari et al., 2018). If the intron is retained, a nuclear-localized full-length protein is produced, that we named CDKG1L. Removal of the first intron erases the first start codon of the mRNA that putatively produces a shorter isoform (CDKG1S), lacking two out of four SR domains for protein-protein interaction and the Nuclear Localization Signal (NLS). CDKG1S is localized to both the nuclear and cytoplasmic compartments (Cavallari et al., 2018). The ratio between the long (L) and short (S) forms is regulated by temperature and CDKG2. In the wild type, at low temperatures, mostly the L form is produced, while at higher temperatures there is production of both the L and the S forms and this is dependent on CDKG2 (Cavallari et al., 2018). Recent evidence reveals distinct functions for the L and S forms in the AS of U2AF65A in vegetative tissues. While CDKG1L was necessary to maintain normal AS of U2AF65A at low temperatures, at high temperatures, the presence of CDKG1S was necessary for the correct splicing of U2AF65A (Cavallari et al., 2018). A thermo-sensitive AS signaling cascade involving the CDKG kinases may, therefore, translate changes in ambient temperature into changes of the abundance of CDKG1L and CDKG1S isoforms and subsequent differential gene expression (Cavallari et al., 2018). Despite this, the functions of CDKG1L and CDKG1S during meiosis and pollen formation are still unknown. In the present work, we examine the function of CDKG1L and CDKG1S during pollen formation and their effect on plant fertility. By introducing different CDKG1 splice variants into the cdkg1-1 mutant, we show that CDKG1L can rescue the mutant phenotype, restoring fertility, and wild type splicing patterns while CDKG1S cannot. In addition, we show that an active kinase is necessary for CDKG1 to maintain pollen formation and fertility. Finally, we show that there is partial functional redundancy between the two members of the CDKG kinase family, CDKG1 and CDKG2.



MATERIALS AND METHODS


Construct Generation and Plant Transformation

CDKG1SC-GFP, CDKG1L-GFP, CDKG1S-GFP, and CDKG2-GFP sequences described in Cavallari et al. (2018) were cloned into pDONR207 by PCR. The CDKG1 (At5g63370) and CDKG2 (At1g67580) promoters were cloned into the pDONRP4-P1R vector. All the primers used for cloning are listed in Supplementary Table 1. The different promoter and coding sequence combinations were cloned into the pB7m24GW,3 (Karimi et al., 2002) destination vector by multisite Gateway™ cloning and transformed into Agrobacterium tumefaciens strain GV3101 by electroporation. Arabidopsis cdkg1-1 and Columbia (Col-0) plants were transformed by floral dip (Clough and Bent, 1998). Single insertion, BASTA-resistant plants were selected and insertion was confirmed by PCR and the presence of GFP.



Protein Modeling and Kinase Mutant Generation

The structural model of CDKG1 kinase (UNIPROT, Uniprot Consortium, 2015, identification code Q9FGW5) was derived by homology modeling using M4T (Fernandez-Fuentes et al., 2007a,b) using the structures of CDK12 (Dixon-Clarke et al., 2015; PDB code: 4un0) and CDK13 (Greifenberg et al., 2016; PDB code: 5efq) obtained from Protein Databank (Berman et al., 2000). The sequence identity between CDKG1 sequence and both structures used as templates is above 40%, hence ensuring structural similarity (Baker and Sali, 2001). The quality and stereochemistry of the model was assessed using Prosa-II (Sippl, 1993) and PROCHECK, respectively (Laskowski et al., 1993).

The ATP binding pocket was modeled and the Aspartic acid (D) residue known to be important for activity in other related kinases (Hemerly et al., 1995) was identified at position 426 in CDKG1L. This conserved Aspartic acid residue (D) was mutated to the positively charged Asparagine (N) for the CDKG1SC, CDKG1L, and CDKG1S constructs described above by site-direct mutagenesis using the Gene-Art Site-Directed Mutagenesis kit (Invitrogen) following manufacturer’s instructions. The primers used for the mutagenesis are listed in Supplementary Table 1. Mutated sequences were confirmed by sequencing and used for plant transformation as described above.



Plant Growth

The wild type Columbia (Col-0) and the previously characterized cdkg1-1 T-DNA insertion mutant line (SALK_075762, Zheng et al., 2014) that does not produce full length RNA were obtained from the Nottingham Arabidopsis Stock Centre. Seeds were sown in a mixture of Levington F2 compost and sand (80:20%, respectively) and grown in growth chambers under long-day conditions (16 h light/8 h dark, the light intensity was 150 μmolm−2s−1, provided by Sylvania 840 lamps) with the temperature set at 23°C.



RNA Extraction and qPCR

Total RNA was extracted from young inflorescences (no open flowers) from the first 2–3 inflorescence stems using the RNeasy Plant Mini kit with in-column DNAse treatment following the manufacturer’s protocol (Qiagen). One microgram total mRNA was used to generate cDNA using the SuperScript® III First-strand Synthesis kit (Invitrogen). For RT-PCR, 50 ng of cDNA was used per reaction. The PP2AA3 (AT1G13320) was used as a reference (Czechowski et al., 2005). Quantitative polymerase chain reaction (qPCRs) were performed using the LightCycler 480 (Roche). Typically, 10 ng of cDNA were used in a 20 μl reaction containing 0.25 μM of each primer and 10 μl LightCycler® 480 SYBR Green I Master (Roche). Each reaction was done in triplicate, GFP primers were used to detect expression of the transgene and PP2AA3 (AT1G13320) was used as a reference (Czechowski et al., 2005; see Supplementary Table 1 for primer sequences). Data were analyzed using the LightCycler® 480 Software (Roche). The data shown are averages ± SE of at least three experiments.



Splicing Assays

For the splicing assays, inflorescence cDNA for each line was generated as described above. Typically, 50 ng of cDNA was used in a PCR reaction with primers specific for the detection of the presence of intron 8 (labeled as intron 6 in the original publication) in CalS5 as described in Huang et al. (2013) and for the splicing variants of ATU2AF65A (Cavallari et al., 2018; Supplementary Table 1). The amplification products were run on a 2% gel and examined for the presence of the spliced and unspliced variants.



Pollen Viability Staining

To determine pollen viability, flowers that had just opened were collected into 3:1 Ethanol: Acetic acid fixative and stored at room temperature for at least 2 days. For whole anthers imaging, anthers were placed in a drop of Alexander’s stain on a microscope slide and gently squashed with a coverslip before sealing with nail varnish. Anthers were allowed to stain for 48 h before imaging. Representative images are shown. For pollen viability counts, anthers were placed in Alexander’s stain, cut open with a razor blade, and gently tapped to release pollen. After 24 h staining, viable (purple) and non-viable (blue) pollen were counted. At least 100 pollen grains from six anthers from three different plants were scored (Supplementary Table 2).



Fertility Counts

For fertility seed counts, the main inflorescence stem was harvested when the first siliques started to become yellow. The first five siliques were discarded and the number of seeds in the following 10 siliques was counted under a dissecting microscope. At least 30 siliques from three different plants were counted per transformed line and two to three different transformants per construct. Results shown represent mean ± interquartile range. Statistical significance was calculated using ANOVA, with post hoc pairwise t-tests using non-pooled SD and Bonferroni correction.



Microscopy

For root imaging, seeds were sown on vertical plates containing 0.5xMS media (salts and vitamins) pH = 5.6 and 1% agar. Plates were kept in the cold for 2 days to synchronize germination and moved to a growth chamber set at 23°C continuous light for 4 days. After this time, seedlings were mounted in microscope slides and imaged using a Leica TCS SPE confocal laser scanning microscope (CLSM) controlled by Leica LAS-AF software. Images are single confocal sections. Multiple plants per line and multiple lines were observed and representative images are shown.




RESULTS


The L but Not the S Form of CDKG1 Can Rescue the cdkg1-1 Mutant Fertility Phenotype

We have previously shown that, in somatic tissues, the different isoforms of CDKG1 have a differential temperature-dependent effect on splicing of the target gene, U2AF65A (Cavallari et al., 2018). In order to determine the function of the different isoforms in maintaining plant fertility at higher ambient temperatures, we cloned CDKG1 splice competent (SC) form (capable of producing both the L form and the S form Cavallari et al., 2018), the L form and the S form, all under the control of the endogenous CDKG1 promoter (pCDKG1; Figure 1). We then introduced the constructs into the cdkg1-1 mutant (Zheng et al., 2014), isolated single insertion homozygous lines, and confirmed transgene expression by qPCR (Figures 2A, 3A). As the cdkg1-1 mutant only displays the fertility defects at high ambient temperature, all the experiments were performed at 23°C.
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FIGURE 1. Schematic representation of the constructs used in this study. The coding region is represented by the open box and the 5'UTR in gray. The GFP coding sequence in shown green. The kinase domain is depicted by a light gray box and the asterisk indicates the D426N mutation of the kinase active site. Arginine/Serine rich motifs (RS) and indicated by black boxes, (NLS, nuclear localization signal). The splicing donor (5'SS) and acceptor sites (3'SS) and the two possible start codons (ATG) are indicated in the splice competent (SC) form. The dashed line indicates the potential splicing event. In the absence of splicing, the first ATG is used and the long (L) form produced, if splicing occurs then only the second ATG site will be present and only the short (S) form can be produced. The represented cassettes were cloned under the control of the cyclin-dependent kinase G1 (CDKG1) promoter unless otherwise stated and transformed into a cdkg1-1 or Col-0 background.
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FIGURE 2. The SC form of CDKG1 can rescue the cdkg1-1 mutant phenotype. (A) Expression levels of the CDKG1SC-GFP transcript as detected by qPCR in young inflorescences. Three independent lines expressing CDKG1SC-GFP in a cdkg1-1 background were tested. The cdkg1-1 mutant was used as a control. (B) Fertility counts of the transformed plants. The average number of seeds per silique was determined for Col-0, cdkg1-1, and three independent lines expressing CDKG1SC-GFP under the control of the CDKG1 promoter in a cdkg1-1 mutant background. Data represent average and the interquartile range for 30 siliques from three plants. Superscript letters represent significance groups for p < 0.001. (C) Pollen viability staining of the lines above. Round carmine-colored pollen grains are viable, while white/blue shrunken pollen is not viable. Scale bar = 100 μm. (D) The majority of the CDKG1SC-GFP protein is found in the nucleus of root cells in plants grown at 23°C and a small proportion observed in the cytoplasm. Images are single confocal sections. The GFP channel (green) and a bright field image are shown. Inset shows a magnification of the selected area. Scale bar = 50 μm.
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FIGURE 3. The L but not the S form of CDKG1 can rescue the cdkg1-1 mutant phenotype. (A) Expression levels of the CDKG1L-GFP and CDKG1S-GFP transcripts as detected by qPCR in young inflorescences. Three independent lines expressing CDKG1L-GFP and two lines expressing CDKG1S-GFP in a cdkg1-1 background were tested. The cdkg1-1 mutant was used as a control. (B) Fertility counts of the transformed plants. The average number of seeds per silique was determined for Col-0, cdkg1-1, and lines expressing CDKG1L-GFP and CDKG1S-GFP under the control of the CDKG1 promoter in a cdkg1-1 mutant background. Data represent average and the interquartile range for 30 siliques from three plants. Superscript letters represent significance groups for p < 0.001. (C) Pollen viability staining of the lines above. Round carmine-colored pollen grains are viable, while white/blue shrunken pollen is not viable. Scale bar = 100 μm. (D) The CDKG1L-GFP protein localizes to the nucleus of root cells, while the CDKG1S-GFP protein can be found both in the nucleus and in the cytoplasm of root cells in plants grown at 23°C. Images are single confocal sections acquired using the same settings. The GFP channel (green) and a bright field image are shown. Scale bar = 50 μm. (E) Splicing profile of the CalS5 mRNA in young inflorescences of the different mutants. In the wild type Col-0 only the fully spliced form is observed, while in the cdkg1-1 mutant, both spliced and intron retention forms are observed.


As previously described (Zheng et al., 2014), the cdkg1-1 mutant has dramatically reduced fertility when grown at 23°C but this defect is fully reversed by the introduction of the pCDKG1::CDKG1SC-GFP construct (Figure 2B). The reduced pollen viability of the cdkg1-1 mutant was also rescued as seen by Alexander’s stain (Figure 2C; Supplementary Table 2). In wild type Col-0, anthers are filled with round, carmine-colored viable pollen, while anthers of the cdkg1-1 mutant are shrunken and virtually empty (Figure 2C). In the lines expressing CDKG1SC-GFP, the anthers are full of viable pollen, comparable to the wild type (Figure 2C). As previously shown (Cavallari et al., 2018), at 23°C the majority of the CDKG1SC-GFP protein is found in the cell nucleus with only faint labeling seen in the cytoplasm (Figure 2D).

Similarly to the SC form, expression of the nuclear-localized CDKG1L form (Figures 3A,D) is also able to rescue the fertility and pollen viability phenotype of the cdkg1-1 mutant (Figures 3B,C). In contrast, cdkg1-1 mutant plants transformed with the S form, although expressing the construct to levels similar to the L form (Figure 3A) were infertile and unviable pollen was found in their anthers (Figures 3B,C; Supplementary Table 2). As shown previously, the CDKG1S-GFP protein was found to localize both to the nucleus and cytoplasm (Figure 3D; Cavallari et al., 2018).

Another consequence of the cdkg1-1 mutation is the aberrant splicing of the CalS5 gene (Huang et al., 2013). In the wild type Col-0 young inflorescences, only the fully spliced version of the CalS5 gene is detected but, in the cdkg1-1 mutant, an aberrant transcript containing the fully retained intron 8 (referred to as intron 6 in the original publication) is also present (Figure 3E). As seen with the fertility phenotype, the SC form of CDKG1 fully rescues the splicing defect. In plants carrying the L form, although some unspliced transcript is still observed, the majority of the transcripts do not contain intron 8 (Figure 3E). The splicing pattern of the S form is comparable to the cdkg1-1 mutant alone (Figure 3E), again showing that the S form alone is unable to rescue the cdkg1-1 mutant. The inability of CDKG1S to rescue the cdkg1-1 mutant phenotype was also observed when we looked at the splicing of the ATU2AF65A mRNA in young inflorescences. In this case, three major AS transcripts are observed, mRNA1, mRNA2, and mRNA3 (Cavallari et al., 2018). The splicing index (SI) for ATU2AF65A was calculated as the ratio of mRNA2/(mRNA2 + mRNA3). In wild type Col-0, mRNA2 is more abundant than mRNA3 and the SI is higher; the opposite is observed in the cdkg1-1 mutant where mRNA3 becomes more abundant and this has a lower SI (Supplementary Figure 1; Cavallari et al., 2018). The SC and L forms can fully rescue the splicing defect of the cdkg1-1 mutant by increasing the SI, while the S form cannot (Supplementary Figure 1). This observation is different from what we observed in leaves where the S form could rescue the splicing defect of ATU2AF65A at high temperatures (Cavallari et al., 2018), suggesting tissue-specific functions for CDKG1 isoforms.



Increased Expression of CDKG1L Decreases Fertility

To test the effect of increased expression of the different CDKG1 isoforms on the fertility of Arabidopsis plants, we introduced the constructs described above into the wild type Col-0 background. We found all the constructs to be expressed (Supplementary Figure 2). When we looked at the fertility of homozygous T3 plants, we found that plants expressing either the SC or the L form had reduced seed set when compared to the wild type Col-0 (Figure 4A). While the anthers of the wild type Col-0 were full of carmine-colored, round, viable pollen grains, the anthers of plants expressing SC or L contained dramatically reduced amounts of pollen and some of it was blue-stained, shrunken, unviable pollen (Figure 4B; Supplementary Table 2). In contrast, increased expression of the S form had no effect on fertility or on pollen amount and viability (Figures 4A,B). The negative effect of over expressing the CDKG1SC and L forms was also seen when we looked at CalS5 splicing (Figure 4C). In Col-0 plants expressing the S form, only the fully spliced CalS5 transcript is observed, but, in SC and L-expressing Col-0 plants, the intron retention form is also observed, just like in the cdkg1-1 mutant (Figure 4C). This suggests that the increased expression of CDKG1L mRNA or protein has a negative effect on the endogenous CDKG1 signaling pathways. Indeed, the levels of endogenous CDKG1 transcripts are generally reduced in plants with an extra copy of CDKG1SC and CDKG1L, while the extra copy of CDKG1S has no effect on the endogenous levels of the CDKG1 transcript (Supplementary Figure 2B).
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FIGURE 4. Increased expression of CDLG1L decreases fertility in a Col-0 background. (A) Fertility counts of Col-0 plants transformed with the different CDKG1-GFP constructs. The average number of seeds per silique was determined for Col-0, cdkg1-1, and lines expressing the various constructs under the control of the CDKG1 promoter in a Col-0 background as indicated. Data represent average and the interquartile range for 30 siliques from three plants. Superscript letters represent significance groups for p < 0.001. (B) Pollen viability staining of the lines above. Round carmine-colored pollen grains are viable, while white/blue shrunken pollen is not viable. Scale bar = 100 μm. (C) Splicing profile of the CalS5 mRNA in young inflorescences of the different lines as described above. The CDKG1SC-GFP and CDKG1L-GFP lines show the intron retention observed in the cdkg1-1 mutant. The extra high molecular weight band observed in some of the samples is possibly a result of RNA heteroduplex formation.


To test whether the effect of an extra copy is due to gene silencing or requires CDKG kinase activity, we introduced mutated forms of CDKG1where the ATP binding pocket had been mutated. These presumptive kinase-dead versions have no effect on endogenous transcript levels (Supplementary Figure 2C), suggesting that increased levels of CDKGL, but not CDKGS, kinase impacts negatively on fertility.



Promoter Swap Experiments Reveal Overlapping Functions Between the CDKG1 and CDKG2 Proteins

Studies in somatic tissues suggest that both CDKG1 and its homolog CDKG2 perform distinct functions in regulating gene splicing (Huang et al., 2013; Cavallari et al., 2018; Nibau et al., 2020a). On the other hand, while each single mutant is viable, we cannot recover a double cdkg1-1cdkg2-1 mutant, suggesting that their functions do overlap and are essential. Indeed, based on publicly available data, the expression of CDKG1 (At5g63370) and CDKG2 (At1g67580) overlap in most tissues and treatment conditions (Supplementary Figure S3; Schmid et al., 2005; http://bar.utoronto.ca/eplant/). To test if CDKG2 could replace CDKG1 in maintaining fertility at high ambient temperature, we introduced CDKG2 back into the cdkg1-1 mutant either under its own promoter or the CDKG1 promoter. We confirmed CDKG2 expression by the two different promoters (Supplementary Figure 4A). When expressed from the CDKG1 promoter, CDKG2 could partly rescue the cdkg1-1 mutant phenotype. When CDKG2 was expressed from its own promoter, it also partially rescued the fertility phenotype (Figure 5A). A similar effect was seen in the pollen viability assays (Supplementary Figure 4B; Supplementary Table 2). In addition, CDKG1 was also able to partially rescue the cdkg1-1 phenotype when expressed from the CDKG2 promoter. The fertility results were mirrored by what was seen when we looked at the splicing of CalS5. The CDKG2 protein was able to only partially rescue the splicing defect when expressed from the CDKG1 or its own promoter (Figure 5B). Furthermore, the CDKG1 protein expressed from its own promoter was more effective at reversing the splicing defect in cdkg1-1 than when expressed from the CDKG2 promoter (Figure 5B). This suggests that there is only partial expression and functional overlap between CDKG1 and CDKG2.
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FIGURE 5. CDKG2 is able to partially rescue the cdkg1-1 phenotype. (A) Fertility counts of the transformed plants. The average number of seeds per silique was determined for Col-0, cdkg1-1, and lines expressing CDKG1 and CDKG2 under the control of the CDKG1 promoter or the CDKG2 promoter in a cdkg1-1 mutant background as indicated. Data represent average and the interquartile range for 30 siliques from three plants. Superscript letters represent significance groups for p < 0.001. (B) Splicing profile of the CalS5 mRNA in young inflorescences of the different lines as described above. In the wild type Col-0 only the spliced form is observed, while in the cdkg1-1 mutant both spliced and intron retention are observed. The extra high molecular weight band observed in some of the samples is possibly a result of RNA heteroduplex formation.




An Intact Kinase Domain Is Necessary for the Function of CDKG1

Cyclin-dependent kinases physically interact with their cognate cyclin(s), together bind to specific substrates and phosphorylate them to alter their activity, stability, or other attributes. The kinase domain of CDKG1 has a widely conserved ATP-binding pocket necessary for its activity. In order to determine if the activity of CDKG1 is necessary for its function maintaining fertility at high ambient temperature, we modeled the CDKG1 ATP binding pocket based on other available CDK crystal structures: CDK12 and CDK13. The structure of CDKG1 bound to ATP was derived by homology modeling, for which CDK12 (Dixon-Clarke et al., 2015) and CDK13 (Greifenberg et al., 2016) shared the highest sequence identity to CDKG1, above 40%, therefore justifying their use as templates. It is important to stress that CDKG1 presents all the functional elements present in all kinase belonging to this fold: the glycine-rich, the activation, and the catalytic loop (Figures 6A,B). The charged residues within the ATP binding pocked are conserved across kingdoms (Figures 6A,B), including the Aspartic acid (D) at position 426 in CDKG1 that when mutated abolishes activity in other CDKs (Hemerly et al., 1995). We changed the conserved negatively charged Aspartic acid (D) into the positively charged Asparagine (N) in the CDKG1SC, CDKG1L, and CDKG1S constructs by site directed mutagenesis (Figure 1) and introduced them into cdkg1-1 mutant plants. We detected expression of the different mutated CDKG1 constructs (Supplementary Figure 5) and the mutant CDKG1-GFP proteins show the same subcellular localization as the one observed for the non-mutated versions (Supplementary Figure 6; Cavallari et al., 2018). Despite this, none of the mutated CDKG1-GFP proteins was able to rescue the cdkg1-1 mutant phenotype in terms of fertility (Figure 6C), pollen viability (Figure 6D; Supplementary Table 2), or CalS5 splicing (Figure 6E).
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FIGURE 6. An active kinase is necessary for the function of CDKG1. (A) Sequence of CDKG1 protein. Highlighted are the regions important for kinase activity as indicated. The Aspartic acid (D) residue mutated to Asparagine (N) is underlined. (B) Cartoon representation of the structural model of the CDKG1 active site bound ATP. The Glycine-rich loop is highlighted in red, the catalytic loop blue, the activation loop orange, and ATP light blue. The structure of CDKG1 was rendered using PyMol (http://pymol.org). (C) Fertility counts of the plants transformed with the kinase mutant constructs. The average number of seeds per silique was determined for Col-0, cdkg1-1 and lines expressing the various constructs under the control of the CDKG1 promoter in a cdkg1-1 mutant background as indicated. Data represent average and the interquartile range for 30 siliques from three plants. Superscript letters represent significance groups for p < 0.001. (D) Pollen viability staining of the lines above. Round carmine-colored pollen grains are viable, while white/blue shrunken pollen is not viable. Scale bar = 100 μm. (E) Splicing profile of the CalS5 mRNA in young inflorescences of the different lines. In the wild type Col-0 only the spliced form is observed, while in the cdkg1-1 mutant both spliced and intron retention are observed. None of the kinase mutant variants is able to rescue the cdkg1-1 mutant splicing defect.


The non-mutated CDKG1L had a negative effect on fertility when expressed at higher levels (Figure 4). To test if this was dependent on an active kinase, or if the kinase-dead mutants can act as a dominant negative by competing for endogenous substrates or cyclins, we introduced the different CDKG1 mutant forms in a Col-0 background. We observed no changes in their subcellular localization (Supplementary Figure 6), and the expression of the different forms (Supplementary Figure 5B) had no effect on plant fertility or the pollen viability of the Col-0 plants (Figures 7A,B). This indicates that the detrimental effect on plant fertility caused by increased expression of CDKG1L is dependent on the presence of an intact ATP-binding domain.
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FIGURE 7. The mutated kinase forms of CDKG1 do not act was dominant negative kinases in a Col-0 background. (A) Fertility counts of the kinase mutant transformed plants. The average number of seeds per silique was determined for Col-0, cdkg1-1, and lines expressing the various constructs under the control of the CDKG1 promoter in a Col-0 background as indicated. Data represent average and the interquartile range for 30 siliques from three plants. Superscript letters represent significance groups for p < 0.001. (B) Pollen viability staining of the lines above. Round carmine-colored pollen grains are viable, while white/blue shrunken pollen is not viable. Scale bar = 100 μm.





DISCUSSION


CDKG1L and CDKG1S Perform Different Functions During Development

Alternative splicing of pre-mRNA has emerged not only as an important means of regulating mRNA stability but also as a way to diversify mRNA and protein functions. It is believed that AS is one of the main sources of protein diversity in eukaryotes (Nilsen and Graveley, 2010; Baralle and Giudice, 2017). In addition, while some events are constitutive, some are regulated at the tissue and/or at the developmental level and in response to environmental conditions (Nilsen and Graveley, 2010). We have previously shown that the CDKG1 pre-mRNA can be alternatively spliced to produce two main isoforms that result in two different proteins. We have called the long form CDKG1L and a shorter version lacking the extended N terminal domain CDKG1S. The ratio between the two isoforms is modulated by temperature through CDKG2 (Cavallari et al., 2018). We previously reported that the ratio between the two isoforms in vegetative tissues is important to maintain function along the temperature range but, in this paper, we report that, in reproductive tissues, only the L form is necessary to maintain fertility. Thus, CDKG1L and CDKG1S have different functions in different tissues or during different developmental stages.

The observation that different protein isoforms can perform different functions is not unusual. It is suggested that 95% of humans and over 70% of Arabidopsis multi-exon genes undergo AS (Pan et al., 2008; Filichkin et al., 2010; Lu et al., 2010; Szakonyi and Duque, 2018). Even considering that a large proportion of the resulting transcripts contain premature stop codons or are degraded by the nonsense-mediated decay pathway (Severing et al., 2011), there is enormous potential to create proteins with different functions, and this might have provided an evolutionary advantage to the organisms. Indeed, several protein isoforms resulting from alternative splicing events have been shown to have distinct functions. Some examples include transcription factors, kinases, proteases, and cation channels (Oberwinkler et al., 2005; Subramanya et al., 2006; Végran et al., 2006; Eksi et al., 2013; Ganassi et al., 2014; Wang et al., 2019). Crucially, a mammalian homolog of CDKG, CDK11, is also present in two isoforms resulting from alternative transcript processing: CDK11p110 has functions in transcription and splicing, while CDK11p58 is specifically active during mitosis (Xiang et al., 1994; Loyer et al., 2008). A third isoform, CDK11p46 is produced by protease cleavage and is involved in Apoptosis (Beyaert et al., 1997). Interestingly, the rice OsRAD1 protein involved in DSBs repair during meiosis is present in three different isoforms resulting from AS events that alter the structure of the C-terminus domain. Despite all being expressed in anthers undergoing meiosis, only one of the isoforms (OsRAD1-1) was necessary and sufficient to rescue the meiotic defects of the osrad1 mutant (Yuan et al., 2020).

While the S form does not seem to be necessary to maintain fertility, the corresponding mRNA is still produced in floral tissue and thus might perform other functions or modulate the stability of the CDKG1L transcript under certain conditions. The presence of the CDKG1S transcript might provide a feedback mechanism to maintain expression homeostasis by keeping a tight balance between the CDKG1S and CDKG1L mRNA forms. Another level of regulation can occur, whereby AS generates both productive and aberrant transcripts, and these compete to regulate the pool of available pre-mRNA, limiting the expression of active transcripts. Alterations in these processes can lead to imbalances in AS transcripts, resulting in meiotic defects and diseases like cancer (Kalsotra and Cooper, 2011; Marcel et al., 2011; Yap and Makeyev, 2016).

At the protein level, the distinct functions of CDKG1L and CDKG1S in different tissues could be due to the presence of different amounts of each protein or to the presence or absence of important co-factors. Another possibility is that the presence of the inactive S form interferes with the stability of CDKG1L complexes, thus regulating the number and/or activity of the protein complexes at a given time as it is the case with human receptor-like protein tyrosine phosphatases (Petrone and Sap, 2000; Xu and Weiss, 2002) and DNA methyltransferases (Gordon et al., 2013). Further experiments are needed to clarify the function of CDKG1S.



CDKG1 and CDKG2 Have Partially Overlapping Functions

The suggestion that the CDKG1 gene has arisen from a retrotransposition event from the CDKG2 gene in the Arabidopsis lineage after the split from other Brassicaceae (Zhang et al., 2005; Beilstein et al., 2010) has raised questions related to their function and why both genes have been retained. Even though CDKG1 and CDKG2 proteins share 64% amino acid similarity, we and others have shown that the two kinases perform different functions (Huang et al., 2013; Zheng et al., 2014; Ma et al., 2015; Cavallari et al., 2018; Chen et al., 2018; Nibau et al., 2020a,b). On the other hand, we were not able to recover double cdkg1-1cdkg2-1 mutants despite both single mutants showing only mild growth phenotypes. This suggests that their functions at least partially overlap. We knew from previous studies that expression of CDKG2 was not able to rescue the splicing defects of the cdkg1-1 mutant in somatic tissues so we asked the same question in reproductive tissues. CDKG2 can only partially rescue the fertility and splicing phenotype of the cdkg1-1 mutant in reproductive tissues, suggesting that there is limited functional redundancy in these tissues. This general failure to complement might be explained by differences in the protein interaction networks for the two proteins, which share only a few common interacting partners and their expression is correlated with largely non-overlapping groups of genes (Supplementary Figure S7; Obayashi et al., 2009; http://atted.jp).

The expression patterns of both genes are similar through development and under different environmental conditions (Supplementary Figure S3; http://bar.utoronto.ca/eplant/). These observations and the demonstrated functional differences suggest that, despite similar expression patterns and similarity at the protein level, both CDKG1 and CDKG2 perform largely distinct functions in Arabidopsis. These distinct functions may be explained by the variation observed in the N terminal domain of both proteins, which is thought to influence the choice of interaction partners and by the different pattern of expression of co-factors and target proteins. Alternatively, fine spatio-temporal control of kinase activity may be required for optimal function as an extra copy of CDKG1 in Col-0 also leads to reduced fertility.



An Active CDKG1 Kinase Is Necessary to Maintain Fertility in Arabidopsis

Cyclin-dependent kinases act by transferring a phosphate group from ATP to target molecules, and thereby altering the activity or conformation of the target proteins. The kinase domain, and specifically the ATP pocket, is conserved in CDKs across all kingdoms. Mutations in conserved residues in the ATP pocket are known to abolish kinase activity and this is also the case for CDKG1. CDKG1 proteins where the Aspartic acid at position 426 within the ATP pocket was mutated were unable to rescue the cdkg1-1 fertility defect, indicating that the functions of CDKG1 during meiosis and pollen formation are dependent on its kinase activity. During male meiosis, CDKG1 is necessary to stabilize early recombination intermediates that are needed to maintain synapsis and normal levels of Class I crossovers (Nibau et al., 2020b). Based on the data obtained using versions with a mutated ATP binding pocket, we speculate that CDKG1 is doing this by phosphorylating meiotic proteins involved in early meiotic recombination. There is precedent for this from other systems: in Caenorhabditis elegans, CDK1 is known to phosphorylate the axis protein SYP1 and promote the formation of chromosome subdomains insuring correct chromosome segregation (Sato-Carlton et al., 2018). In mammal spermatogenesis, CDK2 activity is not only necessary to promote chromosome synapsis via its function at telomeres but also has been shown to localize to late recombination nodules and be necessary for class I CO formation (Palmer et al., 2019). In both cases, loss of CDK activity results in sterility. In Arabidopsis, weak loss-of-function alleles of the CDKA;1 kinase result in severe meiotic defects and the plants being completely sterile (Dissmeyer et al., 2007, 2009; Wijnker et al., 2019). Similar observations have been made using mutants in the cognate cyclins, cyclins CYC1A1;2 (also known as TARDY ASYNCHRONOUS MEIOSIS, TAM) and CYCB3;1 or SOLO DANCERS (SDS; Magnard et al., 2001; Azumi et al., 2002; Bulankova et al., 2013). Recent studies have identified the SC axis protein ASY1 as a target for phosphorylation by CDKA;1 (Yang et al., 2020), directly connecting CDK activity with chromosome pairing and CO formation. It is thus possible that the CDKG1 protein is performing a similar function by phosphorylating meiotic proteins recruiting them to the sites of recombination during early prophase.

An alternative, perhaps complementary, way in which CDKG1 kinase may be acting is by the regulation of the splicing of transcripts important for meiosis and pollen development. Indeed, CDKG1 is necessary for the correct splicing of the CalS5 gene, crucial for pollen coat formation (Huang et al., 2013). Although not much is known in plants, during mammalian male germ line cell differentiation, there is a global transcript reprograming underpinned by changes on AS patterns (Naro et al., 2017). These changes are not only important to change the activity of protein networks during germ cell formation but also to guarantee that there is timely expression of specific transcripts (Naro et al., 2017). In budding yeast, mutation in the meiosis-specific MER2 gene leads to meiotic recombination defects. Interestingly, although the MER2 gene is expressed in mitosis and meiosis, it is only efficiently spliced to generate a functional gene product in meiotic cells (Engebrecht et al., 1991; Munding et al., 2010). More recently, MER2 has been identified as part of a regulatory splicing network including other meiotic-specific proteins that, together with transcriptional networks, ensure coherent gene expression during the meiotic programs (Munding et al., 2010).

It is thus reasonable to accept that meiosis-specific AS is a widespread phenomena across phylogeny and that similar processes may be at work in plants. In this scenario, CDKG1 could be part of the machinery regulating splicing at the early stages of meiosis. Many of the genes involved in early meiosis have annotated splice variants and CDKs have been shown to phosphorylate spliceosome components in a cell-cycle dependent manner (Murthy et al., 2018; Ryu et al., 2019). Specifically, CDK11, a CDKG homologue, phosphorylates components of the spliceosome and regulates pre-mRNA splicing (Hu et al., 2003).



Increasing Copy Number of CDKG1 Reduces Fertility in Wild Type Arabidopsis

While CDKG1 is necessary to maintain fertility at high ambient temperature in Arabidopsis, adding an additional copy of the wild type CDKG1 has a detrimental effect on pollen formation and fertility. Plants expressing the functional CDKG1L form from the endogenous promoter in a wild type Col-0 background have significantly reduced fertility. This effect is probably due to the presence of an active kinase as the kinase dead form of CDKG1 does not have the same effect when introduced back to Col-0. In addition, an extra copy of CDKG1S, which is not able to rescue the fertility defect in the cdkg1-1 mutant, does not have an effect on the fertility of Col-0 plants. The way the presence of an extra copy of CDKG1 affects fertility is at least in part due to the effect on the endogenous transcript as the levels of endogenous CDKG1 transcript are reduced in these plants, causing a phenotype similar to the cdkg1-1 mutant. Observations that increasing or decreasing the activity of specific cell cycle regulators proteins produce similar phenotypic defects are often seen in cancer models, and there are some examples in plants as well (Samuel and Ellis, 2002; Feng, 2012; Wang et al., 2016), highlighting the tight regulatory systems these signaling molecules are under in the cellular environment.

Taken together, our results show that the role of CDKG1 in maintaining fertility at high ambient temperature is dependent on the presence of a full N-terminal domain and a functional ATP binding pocket. Furthermore, decreased or increased levels of CDKG, both, produce a mutant phenotype, suggesting that modulation of kinase activity is critical for optimum fertility, and that there are auto-feedback mechanisms yet to be characterized that regulate its expression. We suggest that CDKG1 might be acting through the phosphorylation of proteins important for the early stages of meiotic division and/or by regulating the splicing of the transcripts that produce these proteins.
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The mammalian BREAST CANCER 2 (BRCA2) gene is a tumor suppressor that plays a crucial role in DNA repair and homologous recombination (HR). Here, we report the identification and characterization of OsBRCA2, the rice orthologue of human BRCA2. Osbrca2 mutant plants exhibit normal vegetative growth but experience complete male and female sterility as a consequence of severe meiotic defects. Pairing, synapsis and recombination are impaired in osbrca2 male meiocytes, leading to chromosome entanglements and fragmentation. In the absence of OsBRCA2, localization to the meiotic chromosome axes of the strand-invasion proteins OsRAD51 and OsDMC1 is severely reduced and in vitro OsBRCA2 directly interacts with OsRAD51 and OsDMC1. These results indicate that OsBRCA2 is essential for facilitating the loading of OsRAD51 and OsDMC1 onto resected ends of programmed double-strand breaks (DSB) during meiosis to promote single-end invasions of homologous chromosomes and accurate recombination. In addition, treatment of osbrca2-1 seedlings with mitomycin C (MMC) led to hypersensitivity. As MMC is a genotoxic agent that creates DNA lesions in the somatic cells that can only be repaired by HR, these results suggest that OsBRCA2 has a conserved role in DSB repair and HR in rice.

Keywords: meiosis, homologous recombination, BRCA2, DMC1, RAD51


INTRODUCTION

Cellular DNA of living organisms experience DNA damage caused by exogenous and endogenous factors. DNA double-strand breaks (DSBs) are one of the most cytotoxic DNA lesions, as even one single unrepaired or misrepaired DSB will lead to genomic rearrangements and genome instability (Bennett et al., 1993; Sandell and Zakian, 1993). Non-homologous end joining (NHEJ) and homologous recombination (HR) are the two main pathways involved in the repair of DSBs (Bétermier et al., 2014; Guirouilh-Barbat et al., 2014). In the NHEJ pathway, DNA broken ends are repaired by rapidly ligating the two DNA ends with little to no DNA end processing. In contrast to the error-prone NHEJ pathway, the HR pathway uses an intact homologous DNA sequence as the repair template to ensure faithful repair. In addition to accidental mitotic DSBs, HR is indispensable for repairing programmed meiotic DSBs that are intentionally produced by a DNA topoisomerase VI-like complex at the beginning of meiotic prophase I (Fu et al., 2016; Fayos et al., 2020).

DSB repair via HR is initiated by 5' to 3' resection of the DNA ends with the creation of 3' single-stranded (ssDNA) overhangs, which are then coated by replication protein A (RPA) to prevent from degradation and forming secondary structures (Iftode et al., 1999). Subsequently, RPA proteins are replaced by recombinases, which are essential for strand invasion and DNA homology searching. In bacteria, RecA plays a pivotal role in strand exchange between homologous DNA molecules (Roca and Cox, 1997). In eukaryotic cells, two of RecA homologs, RAD51 and meiotic specific DMC1, possess the activity to catalyze the pairing of homologous DNA sequences and strand exchange reaction to fulfill the homology directed DSB repair (San Filippo et al., 2008). RAD51 uses the intact sister chromatid as the template to repair DSBs; while in meiotic cells, DMC1 employs homologous chromosomes as templates with the aid of RAD51 (Cloud et al., 2012; Kurzbauer et al., 2012; Da Ines et al., 2013), that may result in the formation of crossover (CO) between homologous chromosomes.

The formation of RAD51/DMC1 nucleoprotein filaments is considered as a rate-limiting process of HR and is mediated by the RAD51/DMC1 loader BRCA2. The BRCA2 gene was first identified in humans (Wooster et al., 1995), whose mutations have been reported to be the cause of hereditary breast cancers and confer a high risk to many other cancers (Hall et al., 1990). HsBRCA2 encodes a protein with 3418 amino acids, consisting of several functional domains, including eight BRC repeats, a phenylalanine-proline-proline (PhePP) motif, a DNA-binding domain (DBD) containing a helical rich region, three oligonucleotide/oligosaccharide binding (OB) folds, and a C-terminal TR2 domain (Dray et al., 2006; Thorslund et al., 2007; Seeliger et al., 2012). Biochemical studies revealed that BRCA2 is loaded onto both ends of the double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA), leading to the formation of ssDNA-dsDNA junctions (Yang et al., 2002, 2005). BRCA2 interacts with RAD51 and DMC1 via its BRC repeats and promotes their loading onto the ends of ssDNA covered by RPA (Wong et al., 1997; Chen et al., 1998). Besides, the C-terminal TR2 domain of BRCA2 interacts with multimeric RAD51 to stabilize the RAD51 nucleofilaments (Davies and Pellegrini, 2007; Esashi et al., 2007). Furthermore, BRCA2 interacts with multiple partner proteins to assist in RAD51/DMC1 loading and assembly, such as DSS1 (Marston et al., 1999), USP11 (Schoenfeld et al., 2004), BCCIP (Lu et al., 2005) FANCD2 (Hussain et al., 2003, 2004; Wang et al., 2004), FANCG (Hussain et al., 2003, 2004; Wang et al., 2004) and PALB2/FANCN (Xia et al., 2006; Sy et al., 2009; Zhang et al., 2009a,b; Orthwein et al., 2015). Thus, BRCA2 functions as a master regulator in promoting HR-mediated DSB repair to maintain genome integrity.

Homologs of tumor suppressor HsBRCA2 have been identified in various eukaryotes including plants but are absent from archaea, bacterial, and yeast. Although highly variable in protein size and the number of BRC repeats, the ability of BRCA2 homologs to associate with recombinases is conserved in several organisms. Arabidopsis is the only known organism that has two BRCA homologs (Pfeffer et al., 2017). In mammals, BRCA2 is essential for survival; its deficiency results in embryonic lethality. However, double knockouts of AtBRCA2A/B does not affect normal vegetative growth but causes severe abnormalities in meiosis, including defective homologous chromosome pairing and synapsis, chromosome entanglement, and fragmentation, leading to both male and female sterility (Seeliger et al., 2012). The fact that the brca2 phenotype is alleviated by the spo11 mutation indicates that its meiotic chromosomal instability is caused by failure in repairing programmed DSBs (Seeliger et al., 2012). AtBRCA2A/B has been proven to be able to interact with AtRAD51 and AtDMC1 in vitro and in vivo (Abe et al., 2009; Wang et al., 2010b). In atbrca2 double mutants, AtRAD51 and AtDMC1 foci could not be detected in meiotic cells (Seeliger et al., 2012). Additionally, the atbrac2a single mutant and atbrca2 double mutants display hypersensitivity to the genotoxic agent mitomycin C (MMC) and defects in somatic HR (Abe et al., 2009; Wang et al., 2010b). These data indicate that AtBRCA2 plays a conserved role in HR by recruiting RAD51 and DMC1, essential for HR mediated DSB repair in both meiotic and somatic cells.

Compared with the well-documented BRCA2 functions in animals and fungi, much less is known about the role of BRCA2 homologs in plants. Currently, only Arabidopsis BRCA2 has been functionally characterized and the role of the BRCA2 orthologs in other plants remains unknown. In this study, we identified and characterized the BRCA2 ortholog in Oryza sativa. Our results reveal that OsBRCA2 is essential for promoting HR and chromosome synapsis, as well as maintaining the genome stability in meiotic cells. Furthermore, osbrca2 is hypersensitive to the DNA damage agent MMC. Notably, we demonstrated that OsBRCA2 is able to facilitate OsRAD51 and OsDMC1 loading onto the chromosomes. This study provides further evidence to support the crucial function of the BRCA2 in HR-mediated DSBs repair pathway in plants.



MATERIALS AND METHODS


Plant Materials, Growth Conditions, and Molecular Cloning of OsBRCA2

Rice (Oryza sativa) plants in the 9522 background (O. sativa ssp japonica) were grown in the paddy field of Shanghai Jiao Tong University under natural growth condition. The mapping population was collected from the F2 progenies that were generated from a cross between osbrca2-1 mutant and Guang-Lu-Ai4 (O. sativa ssp indica). Primary-mapping of OsBRCA2 was performed using bulked segregated analysis (Liu et al., 2005). Three BRCA2 alleles, including osbrca2-2, osbrca2-3, and osbrca2-4, were created using the CRISPR-Cas9 system kindly provided by Professor Jiankang Zhu. The sgRNA-Cas9 plant expression vectors were constructed as previously described (Wang et al., 2017). Primers used for fine mapping, constructing sgRNA-Cas9 plant expression vectors and verifying transgenic plants are listed in Supplementary Table S1.



Characterization of Mutant Plant Phenotypes

Rice plants, spikelets, and anthers at heading stage were photographed with digital camera (Nikon, E995) or under a stereoscope (Leica, M205A). The pollen viability assay was performed by 1% (w/v) I2-KI staining. The transverse sections of anthers were obtained according to the method previously published (Li et al., 2006).



Antibody Production

The OsBRCA2 and OsRAD51 polyclonal antibodies used in this study were prepared by Abclonal (Wuhan, China). A 600-bp DNA fragment encoding a 200-amino acid peptide of OsBRCA2 (residues 251-451) and a coding sequence of OsRAD51 encoding a 200-amino acid peptide of OsRAD51 (residues 1-200) were amplified from the rice anther cDNA and cloned into the protein expression vector pET-32a (GE) respectively. The recombinant proteins expressed in Escherichia coli BL21DE3 (Novagen) were purified and used to produce rabbit polyclonal antibodies. The polyclonal antibodies against OsREC8, γH2AX, COM1, RPA1c, RPA2c, RAD51C, DMC1, PAIR2, PAIR3, and ZEP1 have been described in previous studies (Fu et al., 2016; He et al., 2016).



FISH Analysis and Immunolocalization Assays

Fresh panicles containing male meiocytes were harvested and fixed with Carnoy’s solution (ethanol: glacial acetic 3:1, v/v). The preparation and DAPI staining of meiotic chromosomes were performed as previously described (He et al., 2016). Fluorescent in situ hybridization (FISH) assay was performed as described (Cheng, 2013). The sequences of the centromere and 5S rDNA FISH probes were designed and labeled as described (Mizuno et al., 2006; Zhang et al., 2019). Images were captured with an Eclipse Ni-E microscope and NIS elements software (Nikon). Immunolocalization assays were performed as described in previous studies (Cheng, 2013; He et al., 2016; Wang et al., 2017). Fresh panicles containing meiocytes were fixed in 4% (w/v) paraformaldehyde for 30 min at room temperature and then washed three times with 1 × PBS (pH 7.4). Anthers were squashed on a slide with 1 × PBS solution (pH 7.4) and soaked in liquid nitrogen. After removing the cover slips quickly with a blade, the slides were dehydrated through an ethanol series (70, 90, and 100%). Different antibody combinations diluted to 1:200 in TNB buffer (0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl, and 0.5% blocking reagent) were added to the slides and then incubated in a humid chamber at 37°C for 2 h. After three rounds of washing in 1 × PBS, goat anti-rabbit antibody (Alexa Fluor® 555, Life Technologies, 1:500) and goat anti-mouse antibody (Dylight 488, Abbkine, 1:500) were added to the slides, and then incubated in a humid chamber at 37°C for 1 h. Finally, the slides were counterstained with DAPI after three rounds of washing in 1 × PBS. All fluorescence images were photographed and processed using an Eclipse Ni-E microscope (Nikon) with NIS-Elements Advanced Research software at the same parameter level to avoid the interference of multi-factor. Each channel keeps the same exposure values to capture red-green channel images as presented in visual results. For dot-like foci signals, image deconvolution will be further performed using “Mexican Hat” process to improve signal-to-noise ratio. The number of dot-like fluorescent foci signals was counted using ImageJ 1.52 software (Collins, 2007).



Yeast Two-Hybrid Assay

The full-length cDNAs of OsBRCA2 and a 2760-bp cDNA fragment encoding the six BRC domains of OsBRCA2 were amplified from rice anther cDNA and cloned into the pGBKT7 vector (Clontech) separately. The full-length cDNAs of OsDMC1A, OsDMC1B, OsRAD51A1, OsRAD51A2, was amplified from rice anther cDNA and cloned into the pGADT7 vector (Clontech), respectively. Subsequently, yeast two-hybrid (Y2H) assays were performed according to the manufacturer’s instructions (Clontech). Primers used for cDNA amplification and vector construction are listed in Supplementary Table S1.



qRT-PCR Assay

Total RNA from wild-type tissues was isolated using the Trizol Reagent Kit (Invitrogen) according to the manufacturer’s protocol. The rice anther development stage was defined as previously described (Zhang et al., 2011). Roots, shoots, and leaves were collected from 30-day-old seedlings and glumes were collected from stage 8 spikelets. An equal amount total RNA per sample was used to synthesize cDNA using Primescript™ RT reagent kit with genomic DNA eraser (Takara). The qRT-PCR analysis was performed according to the previous report (Fu et al., 2014). The rice Actin gene was used as the internal control, and primers used for qRT-PCR are listed in Supplementary Table S1. All reactions were performed in three independent biological replicates with three technical repeats each for statistical analysis. The gene expression was calculated by the 2-ΔΔCt method (Livak and Schmittgen, 2001).



MMS and MMC Sensitivity Test

The genotoxic agents sensitivity tests were performed using the methods as described by Chang et al. (2009) and modified as follows. Husked and surface-sterilized seeds of the heterozygous OsBRCA2-1+/− and wild type were germinated and grown on 1/2 MS (Murashige and Skoog) medium for 5 days. Subsequently, these seedlings were divided into three portions used for three independent biological repeats. Then seedlings were transferred to 1/2 MS (Murashige and Skoog) medium supplemented with 0.3% phytagel and with concentrations 0 μl/L to 150 μl/L of methylmethane sulphonate (MMS; Sigma-Aldrich, St. Louis, MO, United States) or 0–300 μg/ml MMC (Sangon, Shanghai, China). A total of 90 seedlings in each treatment arranged in six replications of 15 seedlings per plastic pot were placed in a light incubator. After 13 days treatment, the genotypes were verified by PCR and the height of seedlings was measured. Student’s t tests were performed for comparing the data differences, p < 0.05 was considered to be significant. * represented p < 0.05, and ** represented p < 0.01.



Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data libraries under the following accession numbers: OsBRCA2 (Os01g0164800, Os01g0164900), OsRAD51A1 (Os11g0615800), OsRAD51A2 (Os12g0497300), OsDMC1A (Os12g0143800), OsDMC1B (Os11g0146800), OsActin (Os03g0718100), AtBRCA2A (NP_191913.3), AtBRCA2B (NP_195783.3), and HsBRCA2 (CAA64484.1).




RESULTS


Identification of the osbrca2-1 Mutant

To isolate genes essential for rice fertility, we screened for sterile mutants from a rice (O. sativa ssp japonica cultivar, 9522) mutant library (Chen et al., 2006) and identified a completely sterile mutant osbrca2-1. During vegetative developmental stage, the osbrca2-1 plant grew normally as wild-type plants (Figure 1A). However, during the reproductive stage, osbrca2-1 had small, pale-yellow stamens (Figures 1C,E) that could not produce mature pollen grains or seeds (Figures 1B,F,G). Female fertility of osbrca2-1 was also abnormal, shown by the smaller pistil (Figure 1D) and inability to set seeds when pollinated with wild-type pollen. Progeny from heterozygote plants segregated 298 fertile plants and 92 sterile plants (3:1, χ2 = 0.4137 < χ20.05, 1 = 3.84), indicating that osbrca2-1 was a single recessive mutation.
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FIGURE 1. Phenotypic comparison between wild-type and osbrca2-1 mutant. (A) Wild-type and osbrca2-1 plants after heading. (B) Wild-type and osbrca2-1 panicles showing fertile and infertile grains, respectively. (C) Wild-type and osbrca2-1 spikelets after removing lemma. (D) Wild-type and osbrca2-1 pistils at stage 12. (E) Wild-type (left) and osbrca2-1 (right) anthers. (F) I2-KI staining of wild-type and (G) osbrca2-1 pollen grains at mature stage. Bars = 5 cm in (A) and (B), 5 mm in (C), 1 mm in (D) and (E), and 100 μm in (F) and (G).


A map-based cloning strategy was exploited to identify the mutated gene by using 298 mutants from an F2 mapping population. The mutated locus was located between two Indel molecular markers named SHY101-2-2 and SHY102-3-1 on chromosome 1 (Figure 2A). Whole-genome sequencing revealed a 5 bp deletion in the seventh exon of the candidate gene (LOC_Os01g07110), leading to a frame shift and a premature stop codon (Figure 2B). Sequence analysis showed that LOC_Os01g07110 encodes a protein sharing high sequence similarity with the human breast cancer susceptibility gene 2 (HsBRCA2; Thorslund and West, 2007), thus we named this gene as OsBRCA2. The predicted OsBRCA2 protein was 1575 amino acids in length and contained six putative BRC repeats, one OsBRCA2_helical, one OsBRCA2_OB1 domain, one OsBRCA2_OB2 domain containing one TOWER domain and one OsBRCA2_OB3 domain (Figure 2B).
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FIGURE 2. Molecular characterization of osbrca2-1. (A) Fine mapping of osbrca2-1 on chromosome 1. Names and positions of the markers are indicated. (B) A schematic representation of 32 exons and 31 introns of LOC_Os01g07110. The +1 indicates the putative starting nucleotide of translation, and the stop codon (TGA) is +9781. Blue boxes indicate exons, and intervening lines indicate introns. The deletion site in osbrca2-1 is shown (red arrow).


To confirm that the mutation in OsBRCA2 was responsible for the sterile phenotype of osbrca2-1 mutant, three independent alleles osbrca2-2, osbrca2-3, osbrca2-4 were generated using the CRISPR/Cas9 system. Osbrca2-2 and osbrca2-4 had a T insertion in the first BRC repeat and BRCA2_OB1 domain, which caused frame shift from 186th aa and 1153th aa respectively. Osbrca2-3 had a 2 bp (GT) deletion in the third BRC repeat that caused a frame shift from 332th aa and premature translation termination (Supplementary Figure S1A). All of the osbrca2-2, osbrca2-3, and osbrca2-4 homozygous plants were sterile (Supplementary Figures S1C,G,K) and displayed similar meiotic defects (see below), confirming that the sterility that occurred in osbrca2-1 was the consequence of mutation in OsBRCA2.



Expression Pattern of OsBRCA2

The spatial and temporal expression pattern of OsBRCA2 was investigated by qRT-PCR analysis. OsBRCA2 was highly expressed in the anther before entry into meiosis and then declined after meiosis. OsBRCA2 was also highly expressed in leaves and weakly expressed in shoot, glume, and root (Supplementary Figure S2). The results showed that the transcripts of OsBRCA2 were extensively expressed not only in reproductive organs but also in vegetative organs.

To further define the spatiotemporal localization of OsBRCA2 during meiosis, dual immunolocalization assays utilizing antibodies raised against OsREC8 and OsBRCA2 were performed. In wild type, OsBRCA2 foci were first observed at late leptotene (Figure 3A). The number of OsBRCA2 foci dramatically increased and peaked at zygotene (Figure 3B). After that, OsBRCA2 foci decreased and very few signals could be detected at late pachytene (Figures 3C–E). No OsBRCA2 signal can be detected in osbrca2-1 lines, indicating that the OsBRCA2 antibody is specific (Supplementary Figure S3).
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FIGURE 3. Dual immunolocalization assay of OsBRCA2 (red) and REC8 (green) in the wild-type meiocyte cells. (A) Late leptotene. (B) Zygotene. (C) Late zygotene. (D) Early pachytene. (E) Late pachytene. Bars = 5 μm.




Meiosis Is Impaired in osbrca2 Mutants

To identify the developmental defects responsible for osbrca2-1 male fertility, transverse sections of osbrca2-1 and wild-type anthers were performed. There were no distinguishable differences between wild type and osbrca2-1 before meiosis (Zhang et al., 2011). The pollen mother cells (PMCs) of wild type could produce dyads and tetrads, and released microspores normally. While PMCs of osbrca2-1 produced polyads at the end of meiosis, and generated severely distorted and shrunken microspores (Supplementary Figure S4).

Anther transverse sections indicated that the complete sterility of osbrca2-1 may be caused by meiotic defects. To investigate the roles of OsBRCA2 in meiosis, we performed 4', 6-diamidino-2-phenylindole (DAPI) staining to analyze the chromosome behavior in wild-type and osbrca2-1 male meiocytes. In wild type, the chromosomes completed the DNA replication process and began to condense into visible strands at leptotene (Figure 4A). During zygotene, the chromosomes continued to condense and pair as well as initiating synapsis (Figure 4B). At pachytene, synapsis and recombination occurred normally within homologous chromosomes (Figure 4C). At diplotene, the synaptonemal complexes (SCs) began to disassemble with the formation of chiasma that physically linked homologous chromosomes together. Twelve bivalents formed at diakinesis (Figure 4D) then aligned onto the equatorial plate at metaphase I (Figure 4E). At anaphase I, homologous chromosomes began to separate (Figure 4F) and migrated in opposite directions at telophase I (Figure 4G). Dyads and tetrads were formed at the end of meiosis I and II, respectively (Figures 4H,I). In osbrca2-1, chromosome behavior appeared to show no obvious differences from leptotene to zygotene when compared with wild type (Figures 4J,K). However, at pachytene, the chromosomes appeared only partially synapsed (Figure 4L). At diakinesis, irregularly shaped univalents, a small number of chromosome fragments and chromosome bridges were observed (Figure 4M). At metaphase I, chromosomes were entangled and could not align along the equatorial plate; chromosome bridges became more conspicuous (Figure 4N). At anaphase I, chromosomes asynchronously separated to the two opposite poles, as well as non-segregating chromosome fragments inside the nucleus (Figure 4O). At telophase I, lagging chromosome fragments could still be seen distributed between two newly formed nuclei (Figure 4P), leading to the formation of micronuclei in cells at the dyad and tetrad stage (Figures 4Q,R). We also monitored osbrca2-2, osbrca2-3, and osbrca2-4 meiotic progression by DAPI staining (Supplementary Figures S1D–F,H–J,L–N). The meiotic defects in these alleles were similar to those observed in osbrca2-1. These results indicate that the sterility of osbrca2 mutants was caused by the failure of DNA repair by HR and genome fragmentation during meiosis.
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FIGURE 4. Meiotic chromosome behavior of male meiocytes in the wild-type and osbrca2-1. Chromosome behavior of male meiocytes of wild type (A–I) and osbrca2-1 (J–R) at various stages. (A,J) Leptotene. (B,K) Zygotene. (C,L) Pachytene. (D,M) Diakinesis. (E,N) Metaphase I. (F,O) Anaphase I. (G,P) Telophase I. (H,Q) Dyad. (I,R) Tetrad. Arrows indicated the abnormal chromosomes. Bars = 5 μm.




OsBRCA2 Is Essential for Homologous Chromosome Pairing and Synaptonemal Complex Formation

To investigate homologous chromosome pairing in the osbrca2-1 mutant, we performed fluorescent in situ hybridization (FISH) analysis using a centromere specific probe OsCenH3 and the 5S rDNA probe specifically distributed on the short arm of chromosome 11 (Zhang et al., 2005). In wild type, there were 12 OsCenH3 signals observed at pachytene (Figure 5A), but an average of 17 signals (n = 21, range 15–20) were detected in the osbrca2-1 mutant (Figure 5C). In the wild type, only one 5S rDNA signal can be detected (Figure 5B), which indicates full homologous chromosome pairing and synapsis. However, in the osbrca2-1 mutant, two totally separated 5S rDNA signals were observed in most nuclei (82.6%, n = 23; Figure 5D), suggesting that homologous chromosome pairing is defective.
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FIGURE 5. Homologous chromosomes paring is impaired in osbrca2-1 mutant. Homologous pairing analysis by fluorescent in situ hybridization (FISH) using OsCenH3 (red) and 5S rDNA (green) probes in wild-type (A,B) and osbrca2-1 mutant (C,D). Chromosomes (blue) are stained with DAPI. Percentage represents the number of abnormal cells, n = 21 and 23, respectively. Bars = 5 μm.


To further understand whether synaptonemal complex formation was defective in osbrca2-1, we conducted immunolocalization analysis using SC related proteins: OsREC8, PAIR2, PAIR3 and ZEP1 (Nonomura et al., 2006; Wang et al., 2010a, 2011; Shao et al., 2011). OsREC8 is a meiotic cohesin complex component and required for sister chromatid cohesion, axial element (AE) formation and homologous pairing (Shao et al., 2011). In osbrca2-1 male meiocytes, OsREC8 localized normally as that in wild-type male meiocytes and was used as a marker for further immunolocalization analysis (Figure 4). PAIR2 associated with axial elements (AEs) at leptotene and zygotene and then disassociated from the AEs of arm regions when homologous chromosomes fully synapsed (Nonomura et al., 2006). From zygotene to pachytene, PAIR2 signals became weaker and discontinuous on wild-type meiotic chromosomes (n = 10, Figure 6A). However, in osbrca2-1, PAIR2 foci did not disappear at pachytene (n = 13, Figure 6A). As an axis-associated protein, PAIR3 is also essential for SC assembly, which might provide a platform for other recombination elements, such as PAIR2 (Wang et al., 2011). By contrast, there was no obvious difference in PAIR3 localization between osbrca2-1 and wild type (n = 10, Supplementary Figure S5). ZEP1 encodes the transverse filament protein of the rice SC (Wang et al., 2010a). In wild type, ZEP1 formed punctate foci during zygotene and then elongated into continuous linear signals and aligned perfectly along the entire chromosome when homologous fully synapsed at pachytene (n = 11, Figure 6B). While in the osbrca2-1 mutant, only punctate or short discontinuous linear ZEP1 signal was observed even at late pachytene (n = 12, Figure 6B). These observations suggest that SC extension was severely interrupted in osbrca2-1 meiocytes.
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FIGURE 6. Synapsis complex is not correctly installed in osbrca2-1 mutant. Dual immunolocalization of PAIR2 (red) (A), ZEP1 (red) (B) and OsREC8 (green) in wild-type and osbrca2-1 PMCs. Bars = 5 μm.




OsBRCA2 Is Essential for Crossover Formation by Mediating Recruitment of OsRAD51 and OsDMC1

In many species, homologous chromosome recombination requires the formation and repair of double strand breaks (DSBs; Inagaki et al., 2010). Unrepaired or incorrectly repaired DSBs will lead to the formation of chromosomal aberrations such as broken chromosomes and/or gross chromosomal rearrangements (Pastink et al., 2001). In order to determine whether the chromosome fragments were caused by unrepaired or incorrectly repaired DSBs, we generated osbrca2-1 ossds double mutant. SDS is a meiosis specific cyclin-like protein, which is essential for meiotic DSB formation in rice (Wu et al., 2015). In an ossds single mutant, due to defective homologous chromosome pairing and synapsis, only univalents were detected at diakinesis and metaphase I (Supplementary Figures S6C1,C2), and no chromosome fragmentation was observed (Supplementary Figures S6C1–C6). In the osbrca2-1 ossds double mutants, no chromosome entanglements or fragments were observed, similar to that in the ossds single mutant (Supplementary Figures S6D1–D6). The chromosome abnormalities in osbrca2-1 were totally suppressed by loss of the OsSDS function. Therefore, we conclude that unrepaired DSBs are responsible for the chromosome entanglement and fragmentation generated in osbrca2-1.

To further determine whether OsBRCA2 is involved in DSB formation or processing, we applied antibodies raised against γH2AX, COM1, RPA1c, RPA2c, OsRAD51A, and OsDMC1, to perform an immunolocalization analysis on wild-type and osbrca2-1 male meiocytes. γH2AX is the phosphorylated form of Histone 2A.X and is a reliable marker for detection of DSB sites (Hunter et al., 2001; Mahadevaiah et al., 2001). γH2AX immunolocalization showed no significant difference between wild type (200.8, n = 35) and osbrca2-1 (212.2, n = 26; Supplementary Figure S7A), indicating that OsBRCA2 is dispensable for DSB initiation. It had been reported that COM1, RPA1c and RPA2c were required for DSB end-processing and 3' single strand invasion after DSB generation (Ji et al., 2012; Li et al., 2013; Tang et al., 2014). The localization of these proteins was also indistinguishable in osbrca2-1 (154.3, n = 30; 161.0, n = 22; and 211.8, n = 26, respectively) when compared with that in wild type (163.7, n = 34; 152.9, n = 22; and 211.2, n = 27, respectively; Supplementary Figures S7B–D). These results indicated that OsBRCA2 is not required for DSB production or resection end-processing.

During meiotic recombination, OsDMC1 and OsRAD51A are two key recombinases that play essential roles in crossover formation by promoting homology searches of the invading single strand and catalyzing strand exchange thereafter (Suwaki et al., 2011; Morozumi et al., 2013; Sansam and Pezza, 2015; Wang et al., 2016). In wild-type male meiocytes, OsDMC1 and OsRAD51A foci occurred at leptotene and peaked during zygotene (average 159.6, n = 28, and 140.8, n = 33, respectively). However, in osbrca2-1 zygotene meiocytes, the number of DMC1 and OsRAD51A foci was substantially decreased (average 3.5, n = 26, ***p < 0.0001, Figures 7A,C; and 18.2, n = 32, ***p < 0.0001, Figures 7B,D), indicating that functional OsBRCA2 is indispensable for the localization of OsDMC1 and OsRAD51A onto chromosomes during meiosis. These results suggest that disruption of crossover formation in osbrca2-1 is due to deficiency in OsDMC1 and OsRAD51A recruitment.
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FIGURE 7. DMC1and RAD51A are not able to load on meiotic chromosomes in osbrca2-1. (A) Immunolocalization of DMC1 (red) and OsREC8 (green) in wild-type and osbrca2-1 meiocytes at zygotene. (B) Immunolocalization of RAD51A (red) and OsREC8 (green) in wild-type and osbrca2-1 meiocytes at zygotene. (C) Statistical analysis of the number of OsDMC1 foci per cell in wild type (n = 28) and osbrca2-1 mutants (n = 26). (D) Statistical analysis of the number of OsRAD51A foci per cell in wild type (n = 33) and osbrca2-1 mutants (n = 32). All values represent the mean ± SD, ***p < 0.0001, Student’s t tests. Bars = 2 μm.


It has been previously reported that BRCA2 acts as a universal recombinase regulator and interacts with RAD51 and DMC1 homologs via BRC domains in many species (Fradet-Turcotte et al., 2016). To investigate whether OsBRCA2 also directly interacts with OsRAD51 or OsDMC1 in rice, yeast two-hybrid (Y2H) was performed. Rice contains two RAD51 genes (RAD51A1 and RAD51A2) as well as two OsDMC1 genes (OsDMC1A and OsDMC1B). Y2H assays showed that both OsRAD51’s and OsDMC1’s interaction with the full length OsBRCA2 protein. Consistent with previous reports in other organisms, OsBRCA2 interacted with these proteins via its N-terminal OsBRC1-6 repeats (Figures 8A,B).
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FIGURE 8. Interactions among OsBRCA2 and OsRAD51 paralogs. (A) A schematic diagram of OsBRCA2 and the truncation containing BRC1-6 motifs used in the following yeast two-hybrid assay is shown. (B) Yeast two-hybrid (Y2H) assay for interaction of OsBRCA2 with OsRAD51A1, OsRAD51A2, OsDMC1A, and OsDMC1B which verified on the SD-4 (-Leu/-Trp/-His/-Ade/+ X-α-gal) selection medium.




The osbrca2-1 Mutant Shows Hypersensitivity to Mitomycin C

Generally, mutants of genes involved in meiotic HR DSB repair show hypersensitivity to DNA mutagens, such as MMS, MMC, and UV irradiation (Waterworth et al., 2007; Chang et al., 2009; Kou et al., 2012; Zhang et al., 2015). Human pancreatic cancer cells expressing mutated BRCA2 lead to hypersensitivity from MMS treatment (Chen et al., 1998) and hsbrca2 mutant embryos are also hypersensitive to γ-irradiation (Sharan et al., 1997). Similarly, Arabidopsis brca2 double mutants are hypersensitive to the cross-linking agent MMC (Seeliger et al., 2012).

OsBRCA2 was broadly expressed not only in reproductive organs but also in vegetative organs, especially in leaves (Supplementary Figure S2). This suggests that although OsBRCA2 is not required for normal vegetative growth, it may be involved in HR mediated DNA damage repair in somatic cells. To test whether osbrca2-1 is sensitive to genotoxins like hsbrca2 or atbrca2, we treated 5-day-old seedlings of the heterozygous OsBRCA2-1+/− for 13 days with different concentrations of MMS or MMC. After treatment, the genotype of the seedlings was determined by PCR amplification and sequencing. There was no difference between osbrca2-1 and wild-type seedlings when grown on 1/2 MS medium without genotoxins (n = 15, p = 0.84, Figures 9A,E). While grown on a medium containing 100–300 μg/ml MMC, osbrca2-1 seedlings grew significantly slower than wild-type seedlings (n = 15, p < 0.05, Figures 9B,D,E; p < 0.01, Figures 9C,E) and after 20 days osbrca2-1 mutants could not survive both low and high MMC concentrations. Moreover, about 30% (n = 15) osbrca2-1+/− heterozygotes also died (Supplementary Figure S8). By contrast, the osbrca2-1 plants showed an undistinguishable level of suppressed growth to that of the wild-type plants on culture medium supplemented with 50 μl/L and 100 μl/L MMS (n = 15, p > 0.05, Supplementary Figures S9A–C). In addition, both wild-type plants and osbrca2-1 mutants could not survive after 150 μl/L MMS treatment (Supplementary Figure S9D). These results demonstrated that osbrca2-1 plants were hypersensitive to the DNA damaging agent that causes interstrand cross-linking, indicating that OsBRCA2 is essential for HR repair of DNA damage in somatic cells.
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FIGURE 9. Osbrca2-1 mutants are sensitive to mitomycin C (MMC). Phenotypes of wild-type and osbrca2-1 seedlings growth in ½ MS medium at different MMC concentrations with 0 μg/ml (A), 100 μg/ml (B), 200 μg/ml (C), and 300 μg/ml (D). (E) Statistical analysis of the height of wild-type and osbrca2-1 seedlings (n = 15, *p < 0.05, **p < 0.01, Student’s t tests). All values represent the mean ± SD. Bar = 2 cm.





DISCUSSION


OsBRCA2 Is Indispensable for Homologous Chromosome Pairing, Synapsis and DNA Repair in Rice Meiosis

In animals, BRCA2 plays essential roles in HR and HR-mediated DSB repair (O’Donovan and Livingston, 2010; Fradet-Turcotte et al., 2016). Compared with the extensive studies in animals, little is known about the function of BRCA2 in plants. Although orthologues of BRCA2 have been characterized in Arabidopsis (Siaud et al., 2004; Seeliger et al., 2012), it is yet unclear how widely these functions are conserved in other plants. In this study, our data reveals that mutations in rice BRCA2 lead to severe meiotic defects and infertility, but have no obvious effects on normal vegetative growth, unless exposed to genotoxic agent MMC.

Homologous pairing, synapsis, and recombination are interdependent processes during meiosis in many organisms (Wang and Copenhaver, 2018). HR is essential for facilitating the formation of crossovers (COs) and accurate chromosome segregation. FISH analysis using 5S rDNA and OsCenH3 probes shows that homologous pairing was compromised in osbrca2-1 (Figures 5C,D). Furthermore, the initiation of synapsis seemed normal but the synaptonemal complexes could not assemble successfully in the mutant, evidenced by the normal localization of PAIR3 while delayed depleting of PAIR2 and the failure of ZEP1 assembly (Figures 6A,B) at pachytene. At diakinesis, univalents instead of bivalents were observed in osbrca2, causing random segregation of homologous chromosomes at anaphase I. These results suggest that OsBRCA2 acts at an early stage of HR by mediating DSB dependent chromosome contacts, which is critical to establish physical linkage and ensure proper separation of homologous chromosomes.

The meiotic defects in osbrca2 are consistent with those observed in mammals and Arabidopsis for brca2 mutants, but in contrast to that of Caenorhabditis elegans, in which no homolog alignment or SC assembly aberrance is detected (Martin et al., 2005). The atbrca2a/b double mutant is able to set a few seeds when pollinated with wild type pollen grains (Seeliger et al., 2012), indicating that deletion of both AtBRCA2A/B does not lead to the complete loss of female gametophyte function. However, the male mice hypomorphic brca2 mutant is completely sterile, but in females some oocytes undergo meiosis and fertilization that finally develop into embryos (Sharan et al., 2004). By contrast, osbrca2-1 plants could not set seeds either used as maternal or paternal recipients. These observations suggest a functional divergence for the necessity of BRCA2 in different species and a different requirement of BRCA2 in male and female meiocyte development.



OsBRCA2 Is Essential for DNA Repair in Both Meiotic and Somatic Cells

Homologous recombination is one of the most effective mechanisms for DSB repair, which guarantees accurate repair of DSBs within homologous sequences (Cloud et al., 2012). BRCA2 plays a central role in HR-mediated DSB repair in animals and Arabidopsis (Gudmundsdottir and Ashworth, 2004; Thorslund and West, 2007). The normal localization of γH2AX, COM1, RPA1c and RPA2c in male meiocytes of osbrca2-1 suggests that OsBRCA2 is dispensable for DSB production and its end processing (Supplementary Figure S6). However, chromosome entanglements and fragments are observed at diakinesis and later stages (Figure 4). Furthermore, these abnormalities are completely eliminated by the mutation in OsSDS, a key factor required for meiotic DSB generation in rice (Supplementary Figure S5), indicating that OsBRCA2 plays a conserved role in programmed meiotic DSB repair.

BRCA2 is not only essential for meiotic DSB repair but also important for DSB repair in mitotic cell. Animals carrying a complete loss-of-function allele of BRCA2 are embryo lethal, suggesting cell cycle arrest and cell death triggered by the accumulating DNA damages and increased genomic instability. Hypomorphic brca2 mutants also showed hypersensitivity to DNA-damage agents, such as MMS, MMC, UV irradiation, which is a common feature of mutants defective in HR repair (Chen et al., 1998, 1999; Yuan et al., 1999; Yu et al., 2000; Masson et al., 2001; Wiese et al., 2002; Ohashi et al., 2005; Meyer et al., 2017). In Arabidopsis, both Atbrca2a and Atbrca2b single mutants and the double mutant are viable and appear healthy under normal growth conditions, while being hypersensitive to MMC (Wang et al., 2010b; Seeliger et al., 2012). Our study shows that osbrca2-1 seedlings are also hypersensitive to MMC (Figure 9), which introduces DNA interstrand cross-linking (Lehoczky et al., 2007). Interestingly, the heterozygotes of osbrca2-1 seedlings also exhibit higher ratio of death after treatment by low or high concentrations of MMC for 20 days (Supplementary Figure S7), indicating that adequate expression of BRCA2 is essential for DNA repair in rice somatic cells.

MMS causes damage by methylating DNA on the N7-deoxyguanine and N3-deoxyadenine (Vázquez et al., 2008). It has been shown that a truncated BRCA2 strain in mouse exhibits a striking increased sensitivity to MMS treatment. However, osbrca2-1 and wild-type seedlings displayed a similar sensitivity to MMS at a series of concentrations (Supplementary Figure S8). Different phenotypic outcomes of brca2 mutants to MMS in rice and mouse are probably due to DNA pathway choices. Another possibility is that there might be tissue or developmental stage specific sensitivity to genotoxic agents. For example, mouse embryo fibroblasts bearing the Brca2Tr/Tr mutation do not exhibit sensitivity to MMC, while Brca2Tr/Tr lymphoid cells are highly sensitive to MMC (Patel et al., 1998). These results confirmed the conserved function of BRCA2 in repairing DNA damage among different species.



The Role of OsBRCA2 in HR Mediated DNA Repair

In humans, BRCA2 interacts with RAD51 via BRC repeats and the TR2 domain located on the C-terminus. The BRC repeats of HsBRCA2 can also directly interact with DMC1 to stimulate single-strand invasion between homologous chromosomes. Besides, the PhePP domain of HsBRCA2 is specially bound by DMC1, but not for RAD51. (Davies and Pellegrini, 2007; Thorslund et al., 2007; Fradet-Turcotte et al., 2016; Martinez et al., 2016). The distinct interacting motifs on BRCA2 with RAD51 and DMC1 confer the universal functions of BRCA2 in regulating actions of two recombinases in both germinal and somatic cells. In Arabidopsis, there are two isoforms of BRCA2. Both AtBRCA2 can interact with AtRAD51 and AtDMC1 in vitro (Siaud et al., 2004; Dray et al., 2006) and are required for their recruitment to the chromosomes in meiocytes (Seeliger et al., 2012).

Our results show that both the full length and the truncated OsBRCA2 containing the six BRC repeats are capable of interacting with the two isoforms of OsRAD51A and OsDMC1 (Figure 8), suggesting a conserved function of the BRC repeats in OsBRCA2. Our results further reveal that both OsRAD51A and OsDMC1 foci are dramatically reduced in osbrca2-1 compared with wild type (Figure 7), confirming that the correct localization of OsRAD51As and OsDMC1 onto meiotic chromosomes also depends on a functional BRCA2 in rice. In contrast to Arabidopsis, OsDMC1 is not required for homologous chromosome pairing in rice (Wang et al., 2016). Previous reports have demonstrated the important role of RAD51 in homology searching and pairing in many organisms (Bishop, 1994; Pawlowski et al., 2003; Li et al., 2004). Thus, the abnormality in homologous pairing may mainly be due to the failure in recruiting OsRAD51A’s, although this is yet to be investigated in rice. Taken together, our study provides evidence for the conserved function of rice BRCA2 as a central regulator of RAD51 and DMC1 recruitment, to facilitate single-strand invasion during HR and HR-mediated DSB repair.
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In flowering plants, pollen tubes undergo a journey that starts in the stigma and ends in the ovule with the delivery of the sperm cells to achieve double fertilization. The pollen cell wall plays an essential role to accomplish all the steps required for the successful delivery of the male gametes. This extended path involves female tissue recognition, rapid hydration and germination, polar growth, and a tight regulation of cell wall synthesis and modification, as its properties change not only along the pollen tube but also in response to guidance cues inside the pistil. In this review, we focus on the most recent advances in elucidating the molecular mechanisms involved in the regulation of cell wall synthesis and modification during pollen germination, pollen tube growth, and rupture.
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INTRODUCTION: THE POLLEN CELL WALL

Angiosperms or flowering plants produce two types of spores. During megasporogenesis, diploid megaspore mother cells undergo meiosis, giving rise to haploid megaspores. A functional megaspore develops into a female gametophyte in a process called megagametogenesis. Conversely, during microsporogenesis, diploid microspore mother cells give rise to microspores, which then undergo microgametogenesis to develop male gametophytes.

The male gametophyte or pollen grain (PG) develops in specialized organs called anthers, which are located atop filaments around the carpel. The innermost layer of the anther locules is the tapetum, a tissue that provides nutrients and precursors for PG development and pollen wall formation. The pollen performs a critical step in the plant life cycle by transporting the male gametes to the ovule for fertilization. Depending on the species, this journey can be long and might include exposure to a wide range of abiotic stresses from which PGs are protected by a unique and specialized cell wall (CW; Edlund et al., 2004; Lou et al., 2014).

The pollen CW was a key innovation that enabled plant life on land. It is a sophisticated multi-layered structure basically composed by an outer sporophyte-derived exine and an inner gametophyte-derived intine layer (Ariizumi and Toriyama, 2011). The intine layer resembles the primary CW of somatic plant cells and consists of cellulose, hemicellulose, and pectin together with CW-associated proteins. The exine layer creates distinctive pollen wall patterns that are conserved within species and serves as a robust barrier for protection while allowing pollen tube (PT) emergence and pollen-stigma recognition (Radja et al., 2019). These patterns on the pollen surface contain layers known as sexine and nexine. While nexine includes arabinogalactan proteins (AGPs) generally rich in hydroxyproline (Jia et al., 2015), the major constituent of sexine is sporopollenin, a resistant biopolymer made of polyhydroxylated aliphatic chains and aromatic rings (Ariizumi and Toriyama, 2011; Xiong et al., 2020).

All these pollen wall components are precisely deposited at specific developmental stages during microgametogenesis (Figure 1; Heslop-Harrison, 1968; Xu et al., 2016). Right after meiosis, at the early tetrad stage, the callose that surrounds the microspores is degraded by callases secreted from the tapetum. Following callose degradation, the developing microspores form primexine, a microfibrillar matrix mainly consisting of cellulose. Primexin functions as a template for the deposition of sporopollenin precursors, which are provided by the tapetum (Shi et al., 2015). At the late tetrad stage, nexine starts to gradually accumulate in the primexine matrix beneath sexine. At the uninucleate-free microspore stage, pollen wall development is characterized by rapid sporopollenin deposition and the formation of a patterned exine structure (Figure 1). After microspore expansion, intine forms below the nexine (Li et al., 2017a). At late stages of pollen development, the tapetum undergoes programmed cell death (PCD) which results in a mixture of protein and wax, known as tryphine, deposited on the surface of the exine (Figure 1; Rejón et al., 2016). All these structural components allow the pollen to resist environmental stresses, such as desiccation, UV radiation, and microbial attack as well as to allow specific adhesion to the stigma. Mature PGs undergo a desiccation process before being released from the anther. Once the PGs make contact with the stigma, they rehydrate, allowing them to become metabolically active (Edlund et al., 2004; Kim et al., 2019; Bosch and Wang, 2020). The dehydrated PG contains all the proteins required for the key steps that will take place once the PG lands on the stigma, such as pollen hydration, germination, and initial tube growth (Mayank et al., 2012).
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FIGURE 1. Diagram showing pollen cell wall deposition and patterning.




LANDING ON THE STIGMA: POLLEN RECOGNITION, HYDRATION, AND GERMINATION

Once landed on the stigma, PGs need to adhere and hydrate before germination is initiated (Dresselhaus and Franklin-Tong, 2013; Bosch and Wang, 2020; Figure 2A). The first stage of male-female recognition occurs when the PGs make the first contact with the stigma (Dresselhaus and Franklin-Tong, 2013; Bosch and Wang, 2020). This interaction involves a series of complex and cooperative processes between the PGs and the receptive pistil that are crucial for successful fertilization (Chapman and Goring, 2010; Rozier et al., 2020). The chain of events that follows may happen on a wet or a dry stigma, depending on the plant species (Doucet et al., 2016). Wet stigmas are thought to be less specific than dry stigmas because they produce superficial secretions that sometimes allow the development of pollen from other species and even spores from plant pathogens (Lush et al., 1998; Wolters-Arts et al., 1998; Quiapim et al., 2009; Sang et al., 2012). On the other hand, the absence of such secretions provides dry stigmas with full control over the initial contact with the pollen (Dickinson, 1995; Samuel et al., 2009; Chapman and Goring, 2010; Dresselhaus and Franklin-Tong, 2013; Goring, 2018; Bosch and Wang, 2020). Dry stigmas are able to accept compatible pollen for fertilization and to reject self-incompatible pollen while ignoring pollen from other species (Doucet et al., 2016; Goring, 2018). In Brassicaceae, once compatible PGs are recognized, water is transferred from the stigma to the PGs, which allows them to become metabolically active (Goring, 2018). This process involves EXO70A1, a putative component of the exocyst complex known to regulate polarized secretion that has been identified as a major component of the pollen—pistil interacting network. It is proposed that the exocyst docks vesicles at the plasma membrane just under the pollen contact site, which then release their content. Promoting pollen hydration (Samuel et al., 2009). While EXO70A1 RNAi lines present a severe delay in PG hydration, overexpression of EXO70A1 results in increased PG hydration (Samuel et al., 2009). Interestingly, a recent study found that phosphorylation of EXO70A1 by the MAPK3 and MAPK4 kinases is required for pollen germination and PT growth (Jamshed et al., 2020). Extracellular proteins are also required for PG hydration. For instance, the extracellular lipase EXL4 was shown to be necessary for efficient hydration, as exl4-1 mutant PGs presented slow hydration and reduced esterase activity (Updegraff et al., 2009). CW-associated pollen-specific pectin methylesterases (PMEs) are also of key importance for this process. Homozygous pme48 mutants show a strong delay in PG imbibition and germination. These defects have been associated with PME48 activity removing hydrophobic methylester groups from homogalacturonan (HG), which is thought to enhance the hydrophilic properties of the CW (Leroux et al., 2015).
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FIGURE 2. The pollen cell wall plays a central role in guaranteeing the delivery of the male gametes. In these cartoons, we summarize the changes and regulatory mechanisms underlying cell wall deposition and modifications that occur during pollen grain germination (A) and pollen tube (PT) elongation (B). (A) Pollen grain germination. Early events include extensive cell wall (CW) material trafficking from the Golgi apparatus to the PT emergence site, while other CW components are synthesized in the plasma membrane. Water uptake from the stigmatic papillae is facilitated by pectin methylesterases’ (PMEs) activity. PMEs are needed for homogalacturonan demethylesterification, increasing the hydrophilic properties of the CW. The alteration of the mechanical properties of the CW that is observed prior to germination relies on the accumulation of reactive oxygen species inside the pollen grain. An intine-like germination plaque is established at the germination site, which is composed of cellulose, callose, pectin, and at least partially de-esterified pectin. (B) PT elongation and guidance through the transmitting tract (TT). This model shows the polysaccharides that compose the pollen tube CW, which varies along its extension. The main players in cell wall remodeling are also shown. Turgor pressure drives PT growth, while Golgi-derived vesicles are released in the apical zone where they fuse to deliver their polysaccharides and/or remodeling proteins. Male receptor-like-kinase complexes interact with synergid cysteine-rich proteins, guiding PT growth towards the ovule. Arabinogalactan proteins from the pistil TT are also shown, along with other proteins (stigma/stylar cysteine-rich adhesin protein and ATP binding cassette subfamily G) that facilitate the adhesion and elongation of PT inside the pistil.


Together with PG hydration, a germination site is established, which involves a tight regulation of CW synthesis and modification (Li et al., 2017b). Hoedemaekers et al. (2015) described that PG germination requires the formation of a germination plaque at the site of the future PT emergence. This intine-like plaque contains cellulose, callose, pectin, and at least partially de-esterified pectin. Proper formation of the germination plaque requires the activity of the Golgi-localized glycosyltransferase BURSTING POLLEN (BUP). It is proposed that BUP might be involved in pectin synthesis or delivery, as mutant PGs impaired in BUP show abnormalities in both plaque formation and PT growth (Hoedemaekers et al., 2015). PME48 is also thought to be required for the proper establishment of a germination site. As described in Leroux et al. (2015), pme48 homozygous mutant lines showed PGs with multiple emerging PTs due to the presence of excessive highly methylesterified pectin in their intine wall. Additionally, massive secretion seems crucial for the deposition of the germination plaque at the site of PT emergence, as CW materials, proteins, and membrane components are rapidly transported to the germination site via the vesicle trafficking system. SEC3A is a subunit of the exocyst protein complex implicated in the tethering of secretory vesicles to the plasma membrane (Heider and Munson, 2012). Mutations in the SEC3A gene led to a disruption in PG germination as well as to severe perturbations in the deposition of CW material. Additionally, SEC3A was found to localize at the site of the future PT emergence, which suggests that polar localization of SEC3A in the PG is essential for successful pollen germination (Li et al., 2017b). The activation of PG metabolism leads to cytoplasmatic reorganization and also to the activation of specific proteins necessary for PT emergence (Kandasamy et al., 1994; Kim et al., 2019; Bosch and Wang, 2020).

PT emergence requires mechanical modifications on the PG cell wall. Loosening of the intine occurs at the germination site. Conversely, the CW on the rest of the pollen surface remains strong enough to support this initial growth. It has been shown that reactive oxygen species (ROS) have a key role throughout these CW modifications to ensure germination (Smirnova et al., 2014). The hydroxyl radical is involved in the local intine loosening that occurs at the germination pore, while H2O2 is required for intine strengthening through a peroxidase-mediated oxidative coupling of feruloyl-polysaccharides on the rest of the PG surface (Smirnova et al., 2014). Together with CW synthesis, ROS-generating NADPH oxidases can also be delivered to the plasma membrane to support germination and PT growth. An analysis of a CRISPR-generated exo70a2 mutant by Marković et al. (2019) has revealed the importance of EXO70A2 on PG maturation, germination, and tube growth and has added more evidence that highlights the importance of ROS in these processes. EXO70A2 is a pollen-expressed exocyst subunit closely related to EXO70A1 that is required for ROS accumulation in germinating PGs (Marković et al., 2019). Two pollen-specific NADPH oxidases (RBOHH and RBOHJ) are also essential for ROS accumulation at the pollen grain cell wall during germination and PT growth (Lassig et al., 2014; Kaya et al., 2015; Jimenez-Quesada et al., 2019).



THE POLLEN TUBE JOURNEY: INTERACTION WITH THE TRANSMITTING TRACT TISSUES

After germination, PTs elongate in one direction through the maternal tissues, originating a highly specialized polar structure (Guan et al., 2013; Dehors et al., 2019; Zhang et al., 2020). This structure is also reflected in an extremely polarized intracellular organization (Figure 2B). The cytoplasm distal region is highly vacuolated, and it is separated from the streaming region by callose plugs. Consequently, the cytoplasm remains in the front portion of the tube regardless of the PT length (Franklin-Tong, 1999). The streaming region is subdivided into the shank region, which contains the two sperm cells and the vegetative nucleus, the sub-apical organelle rich-region (especially ER and Golgi), and the tip region which lacks granular organelles (Franklin-Tong, 1999; Guan et al., 2013). The tip region is also characterized by the presence of an abundant number of transport vesicles that form an inverted-cone-shape pattern. These vesicles reflect the active exo-endocytosis processes that imply CW deposition and recycling (Wang et al., 2006; Moscatelli et al., 2007; Bove et al., 2008; Idilli et al., 2013). The PT growth pattern requires a highly dynamic cytoskeleton that participates in regulating the polar organization of the PT cytoplasm and targeted exocytosis (Idilli et al., 2013; Hamant et al., 2019). At the molecular level, an ROP GTPase-dependent signaling network, ROS, and Ca2+ gradients are reported to coordinate tip growth in PTs via their inter-connection with cytoskeletal elements (Franklin-Tong, 1999; Gu and Nielsen, 2013; Guan et al., 2013; Lassig et al., 2014; Diao et al., 2018; Zhang et al., 2020).

The main driving force of PT growth is hydrostatic pressure (turgor), which is restricted by the ability of the CW to expand, so the rate of growth is determined by the equilibrium between these two forces (Parre and Geitmann, 2005b; Cosgrove, 2018). As the PT is one of the fastest-growing cells in flowering plants, CW deposition, composition, and remodeling have to be precisely coordinated in a space-time scale to adjust the CW mechanical properties, allowing polar growth but avoiding premature PT burst (Winship et al., 2010; Dehors et al., 2019; Tang et al., 2020). In concordance with this, the biochemical composition of the pollen tube CW changes along the longitudinal axis. In the pollen tube shank, the CW is rigid, allowing the pollen tubes to resist turgor pressure, but flexible enough to permit cell expansion (Vogler et al., 2013). The CW of the pollen tube shank consists of a primary CW composed of polysaccharides like pectins and cellulose and a secondary CW composed almost exclusively of callose. At the tip, where the CW is expected to be softer than the distal part, the CW consists of a primary CW that is mostly composed of pectins, which provides this zone with elastic properties that allow directional expansion (Parre and Geitmann, 2005b; Winship et al., 2010).

To reach an ovule, the growing tube must penetrate the stigma and elongate through the transmitting tract and along an ovule funiculus towards the micropyle. Only when the PT reaches the female gametophyte inside the ovule does it bursts to release the two sperm cells. This journey implicates complex mechanisms that assure PT integrity and growth, adhesion to transmitting tract cells, and molecular communication between the PT and the maternal and gametophytic tissues of the ovule (Lord, 2003; Johnson et al., 2019; Reimann et al., 2020).

During its journey through the transmitting tract, the PT needs to adhere tightly to the extracellular matrix. The presence of a stigma/stylar cysteine-rich adhesin protein, which is similar to plant lipid transfer proteins, has been shown to be essential for PT adhesion and growth in Lilium longiflorum styles (Mollet et al., 2000; Park et al., 2000). In Arabidopsis, the transmitting tract is formed through a programmed cell death process, which provides enough intercellular space for PT growth. Several proteins involved in transmitting tract PCD have been identified. Some examples include NO TRANSMITTING TRACT, which encodes a C2H2/C2HC zinc finger transcription factor, HECATE 1 (HEC1), HEC2, HEC3, HALF FILLED, and SPATULA (Crawford et al., 2007; Crawford and Yanofsky, 2011; Mizuta and Higashiyama, 2018).

Glucose has also been proposed as an important molecule regulating PT growth, which might be perceived differently along the transmitting tract through the formation of a gradient. Although an interesting hypothesis, there are still no direct evidences to support this idea (Rottmann et al., 2018). In addition, a recent work demonstrated that the ATP binding cassette subfamily G (ABCG) transporters ABCG1 and ABCG16 are expressed in pistil tissues and are involved in auxin distribution and flow in the pistil, positively regulating PT growth through the transmitting tract (Liu et al., 2020).

Plantacyanin, which belongs to the phytocyanin family of blue copper proteins, has also been proposed to play an important role in PT guidance through the stigma. Plants overexpressing plantacyanin show reduced seed set, and PT guidance is disrupted. Pollen tubes growing on overexpression stigmas exhibit erratic growth patterns, making turns around papilla cells before growing towards the style (Dong et al., 2005).

Interestingly, a recent report showed a role for KATANIN (KTN1), a microtubule-severing enzyme that regulates cortical microtubule dynamics, guiding early PT growth in stigma papillae (Riglet et al., 2020). By studying KTN1 mutants, the authors concluded that the KTN1-dependent cytoskeleton dynamics and the mechanical properties of the cell wall have a major role in guiding early pollen tube growth in stigma papillae (Riglet et al., 2020).

Additionally, the Arabidopsis thaliana pectin methylesterase homologous protein VANGUARD1 (VGD1) is secreted out of the PT, where it modifies the transmitting tract CW, facilitating PT penetration and growth (Jiang et al., 2005). Recently, it was also reported that the Tcb1-female barrier gene encodes a PME38 homolog. Pistils express Tcb1-f and modify the PT cell wall, which has been proposed as a mechanism for reproductive isolation in grasses (Lu et al., 2019).

Not only do chemical processes regulate PT growth and guidance through the transmitting tract, but physical mechanisms are also involved. During this journey through the female tissues, the CW plays an important role, providing mechanical support and also plasticity enough to permit not only growth but also a dynamic response to the plethora of chemical stimuli to which PTs respond. In this sense, the recently coined term “durotropic growth” refers to a mechano-sensitive growth behavior that contributes to PT guidance in plants with solid or semi-solid transmitting tracts (Reimann et al., 2020). Microtubules are also proposed to stabilize PT under tension, facilitating its growth (Hamant et al., 2019).

In the past few years, a great variety of molecules that participate in PT guidance have been described. A particularly important group is composed by synergid-secreted small cysteine-rich proteins (CRPs) named LURE. LURE proteins were first described in Torenia fournieri because of their ability to attract PTs of their own species in vitro (Okuda et al., 2009). After that, a cluster of five AtLUREs, which are specifically expressed in synergid cells and secreted towards the funicular surface, was identified in A. thaliana (Takeuchi and Higashiyama, 2012). Interestingly, it has been recently reported that knockout of the entire AtLURE1 gene family did not affect fertility but there was a simultaneous loss of function with four XIUQIU genes, which attract pollen tubes regardless of species, resulting in its reduction by approximately 20%. Thus, it has been proposed that species-specific AtLURE1s and non-species-specific XIUQIUs cooperate, contributing to proper guidance of pollen tubes and thus fertility (Zhong and Qu, 2019; Zhong et al., 2019). LURE1, a Torenia concolor ortholog, TcCRP1, has its function conserved (Kanaoka et al., 2011). In Zea mays, another CRP group called EGG APPARATUS 1 (ZmEA1) is exclusively expressed in the egg apparatus and is required for PT attraction (Márton et al., 2005). These molecular cues are perceived and transduced by multiple pollen tube-expressed receptor-like kinase (RLK) complexes (Johnson et al., 2019; Adhikari et al., 2020). Some examples include RECEPTOR-LIKE KINASE 6 (PRK6; Takeuchi and Higashiyama, 2016), and LOST IN POLLEN TUBE GUIDANCE 1 (LIP1) and 2 (LIP2; Liu et al., 2013). Among the molecular mechanisms underlying PT attraction by LUREs, it has been reported that several highly O-glycosylated arabinogalactan proteins (AGPs) are required in the PT to respond to LURE. The AGP AMOR, with a terminal 4-O-methyl-glucuronosyl residue, is sufficient to confer this competence to PTs (Dresselhaus and Coimbra, 2016). Interestingly, several AGPs have been identified along the transmitting tract: AGP1, AGP4 (JAGGER), AGP12, and AGP15 (Pereira et al., 2016a). While AGP1, AGP12, and AGP15 seem important to assure PT growth towards the ovule funiculus (Pereira et al., 2014), JAGGER appears to be involved in the signaling pathway that blocks the attraction of PT after fertilization, preventing polyspermy (Pereira et al., 2016b). Other transmitting tract AGPs are proposed to function as a nutrient source and to facilitate adhesion during PT growth (Pereira et al., 2016a).



CELL WALL REMODELING AND INTEGRITY DURING POLLEN TUBE GROWTH

PT growth involves the regulation of CW remodeling and an active deposition of new CW. These processes dynamically modify the mechanical properties of the PT, which require a tight temporal and spatial control to promote fast PT elongation while ensuring CW integrity (Figure 2B).

CW synthesis during PT growth also involves multiple subcellular compartments. Most of the CW polymers are synthesized in the Golgi apparatus and secreted via Golgi-derived vesicles to fuse with the plasma membrane at the tip of the PT to sustain its growth (Dehors et al., 2019). These polymers include hemicelluloses, pectin motifs, and hydroxyproline-rich glycoproteins such as AGPs and extensins (EXTs). Indeed it has been recently shown that mutations in subunit 6 of the conserved oligomeric Golgi complex, COG6, result in aberrant PT growth. CW components are incorrectly deposited, highlighting the relevance of proper vesicle trafficking homeostasis PT growth (Rui et al., 2020). Other CW polymers, like cellulose and callose, are synthesized at the plasma membrane via CELLULOSE SYNTHASES (CESA) or CALLOSE SYNTHASES (CalS)/GLUCAN SYNTHASE-LIKE (GSL) complexes (Farrokhi et al., 2006).

One of the main CW components of angiosperms PTs is callose (Dardelle et al., 2010; Dehors et al., 2019). It has been demonstrated that callose is able to resist tension and compression stress, suggesting that it might have a mechanical role in growing PTs (Parre and Geitmann, 2005a). Callose is also periodically accumulated, forming callose plugs. As we have already mentioned, it maintains the cytoplasm near the growing tip, reducing the risk of damage and allowing the tube to grow long distances (Qin et al., 2012). This polymer is synthesized by proteins that belong to the CalS/GSL multigene family and usually form complexes. Although 12 GLS genes have been described in A. thaliana, only AtCalS5 seems involved in PT growth and callose plug formation. Interestingly, knockout plants impaired in AtCalS5 exhibit PTs that lack callose walls and plugs but are capable to fertilize ovules, questioning the role of callose in CW integrity (Nishikawa et al., 2005; Parre and Geitmann, 2005a). However, it is currently accepted that an inner callose wall and callose plugs were fundamental innovations associated with short-lived and fast-growing PTs that have triggered the ecological success of angiosperms. This polymer appears to be an evident evolutionary hinge at the sight of phylogenetic studies (Dehors et al., 2019).

Although cellulose is one of the most common polysaccharides in plant cell walls, it is weakly detectable in the PT shank (Dardelle et al., 2010). Cellulose is synthesized by the CESA complex and CELLULOSE SYNTHASE-LIKE D (CSLD) proteins (Farrokhi et al., 2006). AtCSLD1 and AtCSLD4 are highly expressed in mature pollen and PTs, where their encoding proteins were found in Golgi apparatus and in transport vesicles. PTs lacking CSLD1 and CSLD4 show PTs with reduced cellulose deposition and a significant disorganization of the PT wall layers. This disorganization caused the suppression of genetic transmission through the male gametophyte, indicating that cellulose synthesis is essential for maintaining PT integrity to reach the ovules (Wang et al., 2011). An insertional mutation in AtCSLC6, named as tgd3, also showed a strong inhibition of PT growth and reduced transmission through the male gametophyte (Boavida et al., 2009). Concordantly, when Lilium auratum and Petunia hybrida PTs are cultured in the presence of 2,6-dichlorobenzonitrile, a CESA inhibitor, the PTs frequently rupture or assume a bulbous shape (Anderson et al., 2002). All these data suggested that cellulose has an important role in maintaining CW integrity despite its low abundance in the PT. In addition and also supporting this role for cellulose in other species, CESA and CSLD proteins were found localized at the plasma membrane of Nicotiana tabacum PTs (Cai et al., 2011).

Pectin is the most abundant pollen CW polysaccharide and offers a variety of mechanical properties that are necessary for polarized growth (Ge et al., 2019a). Homogalacturonan (HG) consists of a linear a-1,4-linked galacturonic acid homopolymer, and it is assumed to be synthesized and methyl-esterified in Golgi and secreted as a highly methyl-esterified state. Therefore, it has been proposed that galacturonosyltransferase (GAUT) and pectin methyl-transferase act as a heterocomplex in HG synthesis (Wolf et al., 2009). Two GAUTs, GAUT13 and GAUT14, have been identified in A. thaliana as essentials for PT growth, as double mutants present defective elongation and swollen PTs (Wang et al., 2013). A polygalacturonate 4-α-galacturonosyltransferase has also been characterized from Petunia axillaris PTs (Akita et al., 2002), and a GAT-like gene, AtGATL4, was found to be expressed specifically in Arabidopsis PTs (Kong et al., 2011).

As we have mentioned before, HG can be substituted with methyl or acetyl groups, and that impacts on the mechanical properties of the CW. Weakly methylesterified HG strengthens the CW by forming a complex with HG chains and calcium. Removal of methyl and acetyl groups is coordinated by PMEs. PMEs have different modes of action depending on regulatory factors, such as pH, ion concentration, or existing state of methylesterification. In general, PMEs with acidic pH optima are thought to randomly demethylesterify pectins stimulating cleavages by polygalactunorases, resulting in CW loosening, whereas PMEs with an alkaline pH optima are thought to act consecutively or “in blocks,” favoring the formation of calcium-HG complexes stiffening the CW (Francis et al., 2006; Wolf et al., 2009). PTs are characterized by presenting highly esterified HG associated with the tip region and poorly esterified HG associated with the shank (Li et al., 1995; Jauh and Lord, 1996; Dardelle et al., 2010). This HG esterification pattern provides stiffness to the shank CW while maintaining tip plasticity, allowing for polar growth. Mutations in PME-encoding genes have shown the importance of their function in A. thaliana. For instance, AtPME1 knockout plants exhibit curvy and irregular PTs (Tian et al., 2006). Similar results were obtained in the VGD1 and PME48 single mutants (Jiang et al., 2005; Leroux et al., 2015). In addition, N. tabacum mutants impaired in NtPPME1 show PTs with significantly low growth rates (Li et al., 2002; Bosch and Hepler, 2006). Z. mays PMEs (ZmC5, ZmPme3, and ZmGa1P) have also been characterized and found to be involved in PT elongation (Zhang et al., 2019). PMEs can be classified into two types, type I and type II PMEs. Although both kinds share a catalytic PME domain at the C-terminal region, type I PMEs harbor an extra domain at the N-terminus, called the PRO region. This domain acts as a pectin methylesterase inhibitor (PMEI) domain, and its presence allows for PMEs to autoinhibit their methylesterase activity in specific situations. For instance, the PRO region of certain pollen-expressed type I PMEs might prevent PME activity during their transport in pectin-containing secretory vesicles (Micheli, 2001). This system relies on the activity of CW proteases that are able to release the pro-region from the enzymatic domain, thus allowing PME to catalyze de-esterification when needed (Bosch et al., 2005).

Additionally, PMEs can be regulated through the action of independent PMEIs (Röckel et al., 2008) that often form a stoichiometric 1:1 complex in which PMEIs block PMEs at their putative active site (Matteo et al., 2005). By inhibiting PME activity, they prevent excessive cross-linking of pectic homogalacturonan at the pollen tip CW, which then retains its ability to expand and grow (Woriedh et al., 2013; Paynel et al., 2014; Hocq et al., 2017). De-esterified homogalacturonan is found the in lateral regions of the PT, while esterified homogalacturonan is dominant at the PT apex (Bosch et al., 2005; Parre and Geitmann, 2005b). Evidence suggests that the localized secretion of specific PMEIs in the PT apex represents an efficient mechanism for the precise temporal and/or spatial regulation of PME activity in the PT. AtPMEI-YFP fusion proteins were exclusively localized to the N. tabacum PT apex despite YFP-tagged AtPPME1 being uniformly distributed throughout the entire pollen tube CW (Röckel et al., 2008). Additionally, PMEIs were also found to physically interact with PMEs and to abolish its endogenous activity in vitro (Röckel et al., 2008). Even lateral endocytic internalization was proposed as the mechanism responsible for the local distribution of PMEIs at the PT apex (Röckel et al., 2008). All these data suggest that the polarized accumulation of PMEIs at the PT apex contributes to CW integrity during PT growth by locally inhibiting PME activity (Figure 2B).

Demethylesterification of HG by PMEs at the PT tip is accompanied by proton release. The resultant local pH drop is thought to activate polygalactunorases and pectate lyases, which are also involved in the remodeling of the PT CW (Mollet et al., 2013). Their activity is also contributing to the loosening of the CW, facilitating tip growth. Accordingly, Brassica campestris double-mutant lacking the BcMF26a and BcMF26b polygalactunorases present PTs that cannot grow or stretch (Lyu et al., 2015). Although little information is available about pectate lyases-like proteins, antisense-RNA lines of B. campestris targeting BcPLL9 show PTs with growth arrest and uneven surface (Jiang et al., 2014).

Rhamnogalacturonan type II (RG-II) has the same homopolymer backbone as HG but is substituted with unusual sugars like aceric acid, apiose, 2-keto-3deoxy-D-lyxo-heptulosaric acid (Dha) and 2-keto-3-deoxy-D-mannooctulosonic acid (Kdo). RG-II forms dimers that are cross-linked by a borate di-ester bond between two apiosyl residues. Mutations in genes encoding for proteins involved in RG-II biosynthesis lead to abnormal PT growth phenotypes. Two of them are identified as MALE GAMETOPHYTE DEFECTIVE 2 and 4 (MGP2 and MGP4), corresponding to a sialyltransferase-like protein and a proposed xylosyltransferase, respectively (Deng et al., 2010; Liu et al., 2011). SIA2, another sialyltransferase-like protein, has been proposed to participate in the transference of Dha or Kdo to RG-II in Arabidopsis PTs (Dumont et al., 2014). Mutations in SIA2 result in PTs showing a swollen or dichotomous branching tip that was also much shorter compared to that of WT PTs (Dumont et al., 2014), indicating that RG-II plays an essential role in stabilizing the CW during PT growth.

As we have mentioned before, AGPs and extensins are tightly associated with the PT CW that have critical roles during polar growth. AGPs are found throughout the PT wall, with a stronger presence in the tip region, and are proposed to play a critical role in maintaining CW integrity (Dardelle et al., 2010; Lamport et al., 2018). Two classical AGPs (AtAGP6 and AtAGP11) and two AG-peptides (AtAGP23 and AtAGP40) are expressed in Arabidopsis PTs, and double-knockout mutant agp6 agp11 presents severe PT growth phenotypes (Nguema-Ona et al., 2012; Lamport et al., 2018). Interestingly, based on their molecular structure and properties, AGPs are proposed to contribute to polar PT growth by constituting a source of cytosolic Ca2+ waves and serving as a pectic plasticizer (Lamport et al., 2018). It was also shown that disrupting AGP structure affects PT CWs by changing the distribution of other components, like cellulose, pectins, and callose, and hence affecting the CW mechanical properties (Leszczuk et al., 2019). All these data support the idea that AGPs are another brick in a complex wall whose purpose is to assure proper PT elongation while maintaining CW integrity.

Leucine-rich repeat extensins (LRXs) are EXTs that harbor a N-terminal leucine-rich repeat domain and a C-terminal extensin domain, with Ser-Pro (3-5) repetitive motifs likely involved in the interaction with CW components (Borassi et al., 2016). During reproductive growth, different combinations of lrx mutants show reduced fertility and decreased PG germination and PT growth when compared with WT plants (Fabrice et al., 2018; Sede et al., 2018; Wang et al., 2018). These defects were more severe in mutant lines that accumulated more LRX mutations, which suggests that LRXs are functionally redundant. PTs from lrx mutants show diverse PT defects. Some of them include PTs that are abnormally swelled or branched or that burst soon after emergence (Fabrice et al., 2018; Sede et al., 2018; Wang et al., 2018), PTs that grew intermittently (Fabrice et al., 2018) or present slow growth (Fabrice et al., 2018; Sede et al., 2018; Wang et al., 2018), PTs that display altered biophysical properties (Fabrice et al., 2018), aberrant discharge of vesicles at the apex (Fabrice et al., 2018), and PTs that present abnormalities in the abundance and distribution of ER/Golgi-synthesized CW components at the CW (Fabrice et al., 2018; Sede et al., 2018; Wang et al., 2018). This abnormal distribution of CW components was observed even when the expression profile of the genes involved in the biosynthesis and/or modification of CW polysaccharides was not altered (Wang et al., 2018). These results indicate the key role of LRXs in maintaining CW integrity and assuring proper CW assembly during PT growth. Sede et al. (2018) reported that in a lrx9 lrx10 lrx11 triple mutant, callose is aberrantly accumulated at the point of PT emergence, while Wang et al. (2018) showed that the abundance of rhamnogalacturonan type I (RG-I), α-L-fucosylated XyG, cellulose, and callose was atypical at the PT apical and sub-apical regions in lrx8 lrx10 lrx11 and lrx9 lrx10 lrx11 triple mutants.

Fabrice et al. (2018) provided evidence that the levels of EXTs, AGPs, RG-I, unesterified and methyl-esterified HG, xyloglucan, and callose were all reduced in the CWs of lrx8 lrx9, lrx8 lrx9 lrx11, and lrx8 lrx9 lrx10 mutant PTs. These defects were caused by deficient vesicle discharge and an incorrect integration of the newly synthesized material into the expanding CW, suggesting a role for LRXs in the coordination of these exocytosis steps in PT CW remodeling (Fabrice et al., 2018). Interestingly, lrx mutant PTs that grew on low-[Ca2+] conditions managed to partially overcome some of these phenotypes (Fabrice et al., 2018). As mentioned before, Ca2+ is a key component of PT growth, and these results suggest that LRXs may act as plasma membrane-CW signaling components of Ca2+-related processes (Fabrice et al., 2018).



POLLEN TUBE TIP RUPTURE

PTs need to rupture as they reach the ovule in order to deliver the two sperm cells, a process that strongly depends on cell-cell communication mechanisms between the PT and the egg apparatus (Huck et al., 2003; Rotman et al., 2003). The PT burst requires a switch from PT integrity maintenance to rupture, a mechanism that involves multiple ligands and signaling cascades (Figure 3).
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FIGURE 3. Regulation of pollen tube (PT) cell wall rupture. The receptor complex LLG2/3-BUPS1/2-ANX1/2 and its RALF4/19 ligands interact to sustain PT growth and prevent early PT rupture. RALF4/19 also interact with LRXs 8/9/10/11 to sustain PT growth. The LLG2/3-BUPS1/2-ANX1/2-RALF4/19 system is disturbed by ovule-derived RALF34, which competes with RALF4/19 for interaction with the receptor complex, promoting PT rupture and sperm cell delivery to the egg apparatus. In the embryo sac, FERONIA also contributes to PT rupture by elevating the concentration of reactive oxygen species and maintaining de-esterified pectin at the filiform apparatus.


ANXUR1/2 (ANX1/2) are pollen-expressed RLKs that belong to the Catharanthus roseus RLK1-like subfamily (CrRLK1L) that are essential to regulate PT CW integrity. Concordantly, PTs from anx1/anx2 mutants burst prematurely before arriving at the ovule (Boisson-Dernier et al., 2009; Miyazaki et al., 2009). ANX1/2 interact with two other CrRLK1L members, named BUPS1 and BUPS2, which are also required to maintain PT CW integrity during PT growth (Ge et al., 2017). Double mutants bups1 bups2 showed PT that burst immediately after germination (Ge et al., 2017), similarly to the anx1 anx2 mutants. Additionally, BUPS1/2 interact with two PT-expressed glycosylphosphatidylinositol-anchored proteins (GPI-APs), known as LORELEI-like-GPI-anchored protein 2 (LLG2) and LLG3 (Feng et al., 2019; Ge et al., 2019b). LLG2/3 act redundantly as co-receptors of the BUPS1/2-ANX1/2 receptor complex to sustain PT growth through the maternal tissues and to prevent early PT rupture (Feng et al., 2019; Ge et al., 2019b). This receptor complex binds to two secreted peptides known as rapid alkalinization factors (RALFs) 4/19. Double mutants for RALF4/19 show phenotypes similar to the ones presented by mutants in BUPS1/2, ANX1/2, and LLG2/3, which also present PTs that burst prematurely (Boisson-Dernier et al., 2009; Miyazaki et al., 2009; Ge et al., 2017, 2019b; Mecchia et al., 2017). As RALF4/19 also interact with LRXs in the CW, it was proposed that RALF4/19 control PT growth and CW integrity in conjunction with LRXs (Mecchia et al., 2017). In this sense, it was recently proposed that RALF peptides could target LRX and CrRKL1L-LLGs signaling modules by two mutually exclusive binding events in the PT. Thus, RALF4/19 peptides can signal via the CrRLK1Ls-LLGs to control processes depending on the cytoplasmic RLK MARIS, or RALF4/19 may signal outside the cell through their interaction with LRXs in the CW (Moussu et al., 2020). As the affinity of RALFs for LLGs or LRXs changes depending on the pH and structural features of the ligands, it was suggested that cell wall pH and redox changes might alter the conformation states of RALF ligands, allowing the formation of different signaling complexes (Moussu et al., 2020).

In addition, Ge et al. (2017) hypothesized that the autocrine signaling mediated by RALF4/19 and the receptor complex ANX1/2-BUPS1/2 in the PT is inactivated by a ligand coming from the ovule upon PT arrival. RALF34 is an ovule-derived RALF that was able not only to interact with the ectodomains of both ANX1/2 and BUPS1/2 but also to compete with RALF4/19 for interaction with these CrRLK1Ls (Ge et al., 2017). Therefore, RALF34 could serve as an ovule-derived paracrine signal that disrupts the RALF4/19 PT autocrine signal, enabling PTs to rupture and deliver the sperm cells to the egg apparatus (Ge et al., 2017).

ANX1/2 are closely related to FERONIA (FER), a synergid-expressed CrRLK1L that also mediates male-female communication as the PT grows to reach the egg apparatus (Huck et al., 2003; Escobar-Restrepo et al., 2007). Plants defective in FER show invasive PTs, as they do not rupture and continue to grow inside the female gametophyte (Escobar-Restrepo et al., 2007). FER regulates the production of high levels of ROS at the micropylar region of the embryo sac, inducing PT rupture and sperm release (Duan et al., 2014). Remarkably, it was recently demonstrated that FER is essential for maintaining de-esterified pectin at the filiform apparatus, micropylar CW extensions at the site of PT entrance (Duan et al., 2020). Additionally, two CrRLK1L homologs, HERCULES RECEPTOR KINASE 1 (HERK 1) and ANJEA (ANJ), were recently described to promote PT growth arrest in the proximity of the synergid cells (Galindo-Trigo et al., 2020).



CONCLUDING REMARKS

During its journey to reach the ovule, PT growth relies on massive CW deposition and fast CW remodeling that modifies its mechanical properties. These dynamic changes occur in tight coordination with female tissues, which play essential roles in PT nutrition and guidance, also regulating PT integrity. As a consequence, the PT cell wall results in a strong structure that supports cellular expansion but is flexible enough to respond to guidance cues. Although much research is needed to completely understand the mechanisms underlying these tightly regulated processes, the past few years have shed light on many aspects of PT integrity regulation. Although we know that PT CW integrity is sustained via an autocrine signaling pathway, its downstream effectors are yet to be identified. Particularly, those components that directly affect CW composition are still unknown. Characterization of these mechanisms will unravel the molecular basis of PT cell wall maintenance during growth and how its integrity, which is tightly preserved during its journey to the ovule, is suddenly lost upon reception.
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Magnesium (Mg) is an abundant and important cation in cells. Plants rely on Mg transporters to take up Mg from the soil, and then Mg is transported to anthers and other organs. Here, we showed that MGT6+/− plants display reduced fertility, while mgt6 plants are fertile. MGT6 is expressed in the anther at the early stages. Pollen mitosis and intine formation are impaired in aborted pollen grains (PGs) of MGT6+/− plants, which is similar to the defective pollen observed in mgt5 and mgt9 mutants. These results suggest that Mg deficiency leads to pollen abortion in MGT6+/− plants. Our data showed that mgt6 organs including buds develop significantly slower and mgt6 stamens accumulate a higher level of Mg, compared with wild-type (WT) and MGT6+/− plants. These results indicate that slower bud development allows mgt6 to accumulate sufficient amounts of Mg in the pollen, explaining why mgt6 is fertile. Furthermore, we found that mgt6 can restore fertility of mgt5, which has been reported to be male sterile due to defects in Mg transport from the tapetum to microspores and that an additional Mg supply can restore its fertility. Interestingly, mgt5 fertility is recovered when grown under short photoperiod conditions, which is a well-known factor regulating plant fertility. Taken together, these results demonstrate that slow development is a general mechanism to restore mgts fertility, which allows other redundant magnesium transporter (MGT) members to transport sufficient Mg for pollen formation.

Keywords: Mg2+ transporter, male fertility, Arabidopsis, MGT5, MGT6


INTRODUCTION

Magnesium (Mg) is one of the most abundant and essential divalent metal cations in prokaryotic and eukaryotic cells. The most important function of Mg is to act as a cofactor of many enzymes. For example, Mg is essential for DNA and RNA polymerases, aminoacyl-tRNA synthetases, and ATPase. Mg-dependent enzymes participate in many metabolic and developmental processes, such as protein and nucleic acid synthesis, lipid and carbohydrate metabolism, and membrane stability (Rissler et al., 2002; Ador et al., 2004; Dudev and Lim, 2013; Gao and Yang, 2016; Li et al., 2016; Apell et al., 2017). In humans, disturbance of Mg metabolism leads to various diseases, such as heart disease, diabetes mellitus, Parkinson’s disease, Alzheimer’s disease, cancer, and growth retardation (Glasdam et al., 2016). In plants, a lack of Mg affects normal photosynthesis, growth development, and fertility (Rissler et al., 2002; Gebert et al., 2009; Xu et al., 2015).

For animals, it is easy to intake sufficient amounts of Mg by consuming Mg-containing foods such as leaves, seeds, and seafood (Glasdam et al., 2016). However, land plants obtain Mg from the soil only by their roots. Mg uptake and the subsequent transport to different organs rely on Mg transporters, which have been widely identified in both prokaryotes and eukaryotes (Snavely et al., 1989; Schmitz et al., 2003). In Arabidopsis, the magnesium transporter (MGT) family includes nine members (Schock et al., 2000; Li et al., 2001). MGT1, MGT2, MGT3, MGT6, and MGT7 are expressed in the roots and are involved in Mg uptake and distribution. The mgt1mgt2mgt3, mgt6, and mgt7 mutants display growth retardation under low-Mg conditions (Gebert et al., 2009; Lenz et al., 2013; Mao et al., 2014; Oda et al., 2016). MGT10 is expressed in the leaves and is essential for chloroplast development and photosynthesis (Sun et al., 2017).

In flowering plants, the stamen is a distal organ located far from the root. Pollen develops in the anther, and mature pollen is released after anther dehiscence (Xu et al., 2019). The anther consists of four microsporangiums, which are connected with vascular bundle of filament by the connective cells (Scott et al., 2004). Each microsporangium is surrounded by a layer of tapetum which provides various nutrients and materials such as sporopollenin for pollen development (Ariizumi and Toriyama, 2011; Wang et al., 2018). Mg is transported through filaments and connective cells to the four-lobed structure of anthers. In each locule, the tapetum secretes Mg to support pollen formation (Xu et al., 2015). Of the MGT family, MGT4, MGT5, and MGT9 have been reported to be involved in pollen formation and plant fertility. Pollen of mgt4, mgt5, and mgt9 show similar defects in intine formation and pollen mitosis, suggesting insufficient amounts of Mg in the pollen of these plants (Li et al., 2015; Xu et al., 2015). Both MGT4 and MGT9 are highly expressed in pollen. MGT4 is located in the endoplasmic reticulum and expressed in pollen from the bicellular to mature pollen stage (Li et al., 2015). MGT9 is located on the plasma membrane of microspores (MSps) and is involved in the absorption of Mg from locules (Chen et al., 2009; Xu et al., 2015). MGT5 is expressed in the tapetum and MSps. It has dual localization, occurring in both mitochondria and the plasma membrane. In the tapetum, MGT5 is located in the plasma membrane and is important for Mg transport from the tapetum to the locule. Moreover, MGT5 is also essential for mitochondrial Mg homeostasis in pollen (Li et al., 2008; Xu et al., 2015). mgt5 plants are male sterile. Under high-Mg conditions, the fertility of these plants is fully restored, suggesting that other MGTs are also involved in Mg transport (Xu et al., 2015). MGT6 is expressed in the root and flower (Gebert et al., 2009) and is localized in the plasma membrane (Mao et al., 2014). MGT6 is important for Mg uptake and transport, as its reduced expression in roots results in growth retardation (Mao et al., 2014; Yan et al., 2018). However, its function in anthers is unclear.

Male sterility is an important trait in agriculture. Thermosensitive genic male sterility (TGMS) and photoperiod-sensitive genic male sterility (PGMS) have been widely used in the two-line system hybrid rice breeding. In rice, several P/TGMS genes have been cloned (Chen and Liu, 2014). Our group has reported a general mechanism of fertility restoration in Arabidopsis (Zhu et al., 2020). Recently, the TGMS line reversible male sterile (rvms), which encodes a GDSL lipase, was cloned (Zhu et al., 2020). Additionally, several pollen wall-related Arabidopsis male-sterile lines were identified as TGMS lines. Their fertility was restored under low-temperature conditions. Analysis of the underlying mechanisms revealed that slow development is a general mechanism for the fertility restoration of these TGMS lines (Zhu et al., 2020). The fertility of these lines can also be restored under short days or low-light conditions. Therefore, slow development was proposed to be a general mechanism for fertility restoration of PGMS lines (Zhang et al., 2020). In this study, the partial male sterility of a heterozygous mutant of MGT6 (MGT6+/−) and a fertile homozygous line (mgt6) were further analyzed. We dissected the complex relationship among environmental factors (light and temperature), Mg transport in the anther, plant growth and plant fertility. The results show that MGT6 plays redundant roles with other MGT members in the transport of Mg for anther development and pollen formation. Slow development is also a general mechanism to restore the fertility of mgt male-sterile lines.



MATERIALS AND METHODS


Plant Material and Growth Conditions


Arabidopsis ecotype Columbia-0 was the source of both the WT and mutant plants. T-DNA insertion mutants of mgt5 (SALK_037061C) and mgt6 (Salk_203866C) were obtained from the ABRC.1 The dyt1, tdf1, ams, myb80, and tek mutants were preserved at the laboratory of Z.N.Y. The genotypes were confirmed by PCR. The plants were grown under long photoperiod (16 h of light/8 h of darkness) or short days (8 h of light/16 h of darkness) at approximately 22°C and 80% relative humidity. The soil was vermiculite and was fertilized with 0.1% chemical fertilizer (consisting of 100 μM Mg; Shanghai Yongtong Chemical Co., Ltd., China).



Hydroponic Cultivation

The hydroponic cultivation of Arabidopsis was performed as described previously (Xu et al., 2015). The seeds were placed on the surface of sponges soaked with plant nitrate solution (PNS). The sponges were placed in a large opaque container that contained 4 L of PNS and that was covered with a transparent lid. The container was then transferred to a growth chamber (AR-41 L2, Percival, China). The light intensity was 100 μmol photons m−2 s−1. The bottom of the sponge was submerged in the PNS to prevent desiccation. After 10 days, healthy seedlings were retained from each sponge. After approximately 20 days, the seedlings were transferred to a larger opaque container. This container contained 5 L of PNS with various concentrations of Mg.



Microscopy

The plants were imaged with a Cybershot T-20 digital camera (Sony, Japan). Silique images were acquired under a dissecting microscope equipped with a DP70 digital camera (Olympus, Japan). Alexander staining solution (Alexander, 1969) was prepared containing 10 ml of ethanol, 1 ml of 1% malachite green in 95% ethanol, 50 ml of distilled H2O, 25 ml of glycerol, 5 g of phenol, 5 g of chloral hydrate, 5 ml of 1% acid fuchsine in H2O, 0.5 ml of 1% orange G in H2O, and 1–4 ml of glacial acetic acid. The anthers were stained overnight at room temperature. The flower buds for semithin sections were prepared and embedded in Spurr’s resin. The semithin sections were prepared at a thickness of 1 μm and incubated in a 0.01% toluidine blue/sodium borate solution for 5 min at 45°C before being washed with H2O. The sections were subsequently observed under bright-field microscopy.



Electron Microscopy

For SEM, fresh pollen grains (PGs) were coated with 8 nm of gold and observed under a JSM-840 microscope (JEOL, Japan). For TEM, the flower buds were fixed in 0.1 M phosphate buffer (pH 7.2) comprising 2.5% glutaraldehyde (v/v) and then washed several times before gradient dehydration. Finally, the samples were embedded in Spurr’s resin and polymerized for 48 h at 60°C. The resulting ultrathin sections were examined via transmission electron microscopy (JEOL, Japan).



Plasmid Construction and Identification of Transgenic Plants

The MGT6 genomic region was cloned using primers (CMGT6-F/R) to complement the mgt6 and MGT6+/− mutants. The fragment was amplified using KOD polymerase (Takara Biotechnology, http://www.takarabio.com) and cloned into a pCAMBIA1300 binary vector (Cambia, Australia). The CRISPR/Cas9 system was used for gene editing of MGT6. MGT6-Cas9-F/R primers were used to generate MGT6-gRNA in the backbone vector: pEarlyGate100 which was modified with Arabidopsis YAO promoter-driven Cas9 (Yan et al., 2015). The plasmids were transformed into Agrobacterium tumefaciens GV3101 and screened using 50 mg/ml kanamycin, 40 mg/ml gentamicin, and 50 mg/ml rifampicin. The agrobacteria containing the plasmid constructs were introduced into the plants. Transformed mgt6 and MGT6+/− lines carrying the MGT6 complement fragment were selected using 20 mg/L hygromycin. PCR was performed to verify the backgrounds of the transgenic lines. The primers MGT6ID-F/R, MGT6IDF/CMGT6IDR, and SalkLB1.3/MGT6IDR were used to identify the genotype of the T-DNA insertion. The primer MGT6IDF/1300P2 was used to confirm the insertion of the complement fragment of the MGT6 genome. Transformed WT plants carrying the pYAOCRISPR/Cas9-MGT6-gRNA construct was selected using 0.1% Basta. The editing sites in the transgenic lines were verified by sequencing of the gene specific PCR product. The sequences of the primers used are listed in Supplementary Table S2.



RT-PCR and qRT-PCR

RNA was extracted from the inflorescences of the wild-type (WT) and mutant plants using a TRIzol kit (Invitrogen, United States). Reverse transcription PCR (RT-PCR) was performed for 28 cycles to analyze the expression of MGT6, using the primers rtMGT6-F/R. Quantitative reverse transcription PCR (qRT-PCR) was performed on an ABI PRISM 7300 detection system (Applied Biosystems, USA) in conjunction with SYBR Green I master mix (Toyobo, Japan). The expression level of MGT6 was detected using primers qMGT6-F/R. The qRT-PCR results were shown as the relative expression levels normalized to those of TUBULIN BETA 8 (Tubulin), which served as the positive control (Tub-F/R). The primers used for RT-PCR and qRT-PCR are listed in Supplementary Table S2.



RNA in situ Hybridization

For RNA in situ hybridization, the protocol was performed as described previously (Xu et al., 2015). Here, the flower samples were fixed in FAA solution (RNase free), dehydrated in an ethanol gradient, and embedded in wax. The sections were prepared using a rotary microtome (MR2; RMC, United States). For RNA in situ hybridization, a 108 bp MGT6 probe (inMGT6-F/R) was synthesized with a DIG RNA Labeling Kit (Roche, United States). The sections were incubated with xylene and rehydrated in an ethanol series. Proteinase K (Roche)-treated slides were hybridized with the probe at 55°C overnight. The slides were blocked with 1% blocking reagent (Roche) in a solution consisting of 100 mM Tris (pH 7.5) and 150 mM NaCl. An anti-DIG antibody (Roche) was used for immunological detection, and an NBT/BCIP solution (Roche) was diluted 1:100 in a solution consisting of 100 mM Tris (pH 9.5), 100 mM NaCl, and 50 mM MgCl2 for colorimetric detection at room temperature. The sections were ultimately imaged under an Olympus BX51 microscope.



GUS Analysis

The construction of Arabidopsis lines carrying promoterMGT6::GUS fusion construct is described in a previously published report (Gebert et al., 2009). Here, flowers were collected and incubated in β-glucuronidase (GUS) staining solution at 37°C for 12 h. The samples were then decolorized in a gradient of ethanol solutions (30, 50, 60, and 70%) or further dehydrated in an ethanol gradient (80, 90, 95, and 100%), after which they were embedded in wax before sectioning. The flower samples were imaged under an Olympus SZX12 microscope. The sections of anther samples were imaged under an Olympus BX51 microscope.



Measurement of Mg Concentration

The Mg2+ concentrations in the stamens of Arabidopsis WT, MGT6+/− and mgt6 plants grown in the same pot containing approximately 100 μM Mg2+ were measured. After 6 weeks, the fresh stamens during anther stages 5–9 were collected and weighed (>10 mg). During stage 5–9, the bude diameters ranged from 400 to 650 μm. The anther stages were determined by semi-thin section (Sanders et al., 1999). The stamen samples were first digested with HNO3 and maintained at 98°C for 3 h, and then ultrapure H2O of the same volume was added. The concentration of Mg2+ was measured via inductively coupled plasma optical emission spectrometry (ICP-OES; Vista-MPX, America) at the 285.2 nm wavelength. The Mg2+ content in ultrapure H2O used in this assay was 0.005814 mg/L.




RESULTS


Phenotypes of Fertile mgt6 and Partial Male Sterile MGT6+/−

To investigate the role of MGT6 in plant reproduction, a T-DNA insertion line, Salk_203866C, was obtained from the Arabidopsis Biological Resource Center (ABRC). PCR-based analysis and sequencing confirmed that the T-DNA insertion was present in the third exon of the MGT6 gene in this line (Supplementary Figures S1A,B). The leaves of mgt6 are smaller than those of the wild type (WT) under low-Mg conditions, though this phenotype was rescued under high-Mg conditions (Supplementary Figure S2). This is consistent with the findings of previous studies (Mao et al., 2014; Oda et al., 2016; Yan et al., 2018). mgt6 displayed a dwarf phenotype and the same fertility as WT (Figure 1A). Then we obtained heterozygous T-DNA insertion plants (MGT6+/−) from cross between mgt6 and WT. In contrast, the MGT6+/− showed no observable defects in vegetative growth, but abnormal fertility, as indicated by its relatively short siliques (Figure 1B; Supplementary Figure S3). Alexander staining revealed that, like that of the WT, the pollen fertility of mgt6 was normal. However, the majority of PGs were aborted in MGT6+/− anthers (Figures 1C–E). To further confirm the phenotype of MGT6+/−, we generated another heterozygous mutant of MGT6 by the use of the CRISPR/Cas9 system (cas9MGT6+/−). Like MGT6+/−, the cas9MGT6+/− mutant exhibited severe sterility and reduced pollen fertility (Supplementary Figure S3). Statistical analysis showed that there were approximately 400 pollen grains in each WT anther. In each mgt6 anther, the number of pollen grains was similar to that in the WT anther. However, the amount of pollen grains in the anthers from MGT6+/− was only approximately 25% of that in the WT anthers (Figure 1F). Furthermore, the number of seeds was severely decreased in MGT6+/− plants, compared with the WT and mgt6 plants (Figure 1G). These suggest that MGT6+/− affects normal pollen development and plant fertility.
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FIGURE 1. Heterozygous MGT6+/− mutants exhibit severe sterility. (A) Phenotypes of the wild-type (WT) and homozygous mutant of MGT6 (mgt6). (B) Phenotypes of the WT and heterozygous mutant of MGT6 (MGT6+/−). Bars, 1.5 cm. (C–E) Alexander staining of anthers of WT (C), mgt6 (D), and MGT6+/− (D). The mature pollen is purple, but the aborted pollen is green. Bars, 1 mm. (F,G) Number of pollens (F) and seeds (G) in each anther and silique from WT, mgt6, and MGT6+/− plants. The means are shown with ±SDs, n > 30. A two-sample t-test was used to evaluate statistical significance compared with the WT (**
p < 0.01).


To complement the mgt6 and MGT6+/− mutant phenotype, the 3.1 kb genomic fragment of the MGT6 gene was cloned from the WT and transferred to mgt6 and MGT6+/− plants. In the T2 generation, 22/22 transgenic lines in the mgt6 background showed normal vegetative growth and fertility. Moreover, 5/5 transgenic lines in the MGT6+/− background showed normal fertility (Supplementary Figures S1C–E). These results demonstrated that the T-DNA insertion in MGT6 affects the normal function of this gene during plant reproduction. RT-PCR indicated that the expression of MGT6 was completely absent in the mgt6 mutant. qRT-PCR showed that the amount of MGT6 transcripts was half as low in the MGT6+/− flowers than in the WT flowers. Furthermore, the expression of MGT6 in the inflorescences was not affected when the plants were grown under different Mg conditions (Supplementary Figure S4). These results suggest that MGT6 is involved in male fertility.



MGT6 Functions in the Sporophytic Tissue of Anthers for Pollen Formation

Cytological analyses were employed to understand the defects of anther development in the MGT6+/− plants. Semithin sections revealed that anther development is normal in the MGT6+/− mutant. No significant difference was observed during anther stages 4–8 (Sanders et al., 1999) between MGT6+/− and WT. At later stages, no significant developmental defects were found in the vascular, connective, or tapetal cells. However, most MGT6+/− microspores began degenerating at stage 10 and had aborted at stage 11 (Figure 2A). DAPI staining indicated that meiosis is normal in MGT6+/− plants. However, some of the microspores displayed diffuse staining in MGT6+/− cells at stage 10. At stage 12, normal pollen with two sperm cells and one vegetative cell was formed, but no signal was observed in the aborted pollen in MGT6+/− (Figure 2B). Ultrathin sections revealed that the intine was absent in aborted pollen, while the exine was not affected in the MGT6+/− pollen (Figure 2C). These results show that normal mitosis and intine development are defective in aborted pollen from the MGT6+/− mutant. The developmental defects in the aborted pollen from MGT6+/− are similar to those in pollen from mgt4, mgt5, and mgt9 (Li et al., 2015; Xu et al., 2015). Thus, it is possible that insufficient amounts of Mg lead to pollen abortion in MGT6+/− plants.
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FIGURE 2. Pollen development defects in MGT6+/− mutants and MGT6 expression patterns in anthers. (A) Semithin sections of anthers of WT and MGT6+/− mutants showing pollen development at the anther stages 9–11. Bars, 20 μm. The anther developmental stages refer to previous report (Sanders et al., 1999). (B) DAPI staining indicates male gametophytic mitosis within normal and aborted pollen of MGT6+/− plants. (C) TEM of anthers of MGT6+/− plants. The image shows that the intine development of aborted microspores (MSps) is prevented in the MGT6+/− mutant. Bar, 1 μm. DPG, degenerated pollen grain; DMSp, degenerated microspore; MSp, microspore; and PG, pollen grain. (D–G) GUS expression in inflorescences of transgenic plants harboring the promoterMGT6::GUS construct. The black arrow indicates the expression of GUS in the anthers of young buds (D,E). Paraffin sections of GUS-stained anthers. GUS expression in transverse sections of anthers transformed with promoterMGT6::GUS at stage 5 (F) and stage 7 (G). (H–L) RNA in situ hybridization in which a MGT6 antisense probe was used to detect MGT6 expression in WT anthers at stages 6–8. (K,L) A MGT6 sense probe was used as a control at stage 5 (K) and 7 (L). At least 30 anthers were examined in each stage under the microscope. C, connective cell; V, vascular region; T, tapetum; Tds, tetrads; and MMc, microspore mother cell. Bars, 20 μm.


During anther development, the tapetum secretes Mg into the locules, where microspores take it up for pollen formation. It has been shown that MGT4 and MGT9 mainly function in pollen (Chen et al., 2009; Li et al., 2015), whereas MGT5 functions in both pollen and the tapetum (Xu et al., 2015). To understand whether MGT6 functions in sporophytes and/or gametophytes, a transmissibility assay was performed. WT plants were crossed with MGT6+/− plants. The reciprocal cross experiments revealed that the transmission of MGT6+/+ and MGT6+/− alleles is close to 1:1 in the F1 generation, suggesting that gametophytes with T-DNA insertion have normal fertility (Supplementary Table S1). Furthermore, the MGT6+/+ (normal), MGT6+/− (partial male sterile), and mgt6 (dwarf) plants of population from MGT6+/− segregated with the ratio of 1:2:1 (n > 200). These results indicate that MGT6 functions in sporophytic tissue to supply Mg for microspore development. To address the expression pattern of MGT6 in flowers, we obtained the promoterMGT6::GUS transgenic plants that had been previously generated (Gebert et al., 2009). GUS signals were observed in the anthers of young buds (Figures 2D,E) and were consistently expressed in the receptacle (Supplementary Figure S5). Paraffin sections showed that GUS signals occurred in the vascular region and connective, tapetal and male gametophytic cells during anther stages 5–7 (Figures 2F,G). Furthermore, RNA in situ hybridization assays showed that MGT6 was expressed in male gametophytic cells and surrounding sporophytic cells during anther stages 5–7 (Figures 2H–L), which is consistent with the GUS staining. These results suggest that MGT6 mainly functions in Mg transport in sporophytic tissues of anthers during the early stage. In anther, the tapetum is one of the important sporophytic cells for pollen development. There are five transcription factors, DYT1, TDF1, AMS, MYB80, and TEK are essential for tapetum development and function (Lou et al., 2014). The MGT5 is under the control of DYT1-TDF1-AMS pathway in tapetum (Xu et al., 2015). To understand whether this genetic pathway also regulates MGT6, we analyzed the expression level of MGT6 in these mutants. The qRT-PCR indicated that the expression of MGT6 was not affected in these mutant inflorescences (Supplementary Figure S5). This suggest that the MGT6 may be independent of this pathway in the tapetum.



The Slow Growth of mgt6 Buds Results in the Accumulation of Excess Mg

Our previous results have shown that slow development restores the fertility of P/TGMS lines (Zhang et al., 2020; Zhu et al., 2020). The absence of MGT6 function can result in developmental retardation (Mao et al., 2014). We analyzed the overall developmental status of mgt6 and MGT6+/− mutants under the same growth conditions. The measurement of fresh weight indicated that the growth speed of mgt6 was much slower than that of WT and MGT6+/− (Figure 3A). The MGT6+/− fertility was dramatically reduced compared with that of WT and mgt6 (Figure 1). Previous investigations have shown that low-temperature treatment is effective at the reproductive stage (Zhu et al., 2020). We further analyzed the developmental speed of the flower buds of MGT6+/− and mgt6. The young floral buds were marked, and the time needed to grow from stage 5 to 13 was recorded. Quantitative analysis showed that the flower bud development of mgt6 was prolonged compared with that of WT and MGT6+/− (Figure 3B), indicating that the flower bud development of mgt6 is slower than that of WT and MGT6+/−. Taken together, these results suggest that slow development may contribute to fertility restoration in mgt6.
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FIGURE 3. Flower bud development time and the magnesium (Mg) concentration in the stamen. (A) Fresh weight of WT, MGT6+/−, and mgt6 plants. The plants were grown under long photoperiod and supplied with 100 μM Mg. The error bars indicate SDs and were calculated from three replicates. (B) Quantitative analyses of floral bud development time for WT, MGT6+/−, and mgt6 plants under long photoperiod. Measurement of the development time of buds during anther stages 5 to 13. The means are shown as ±SDs of three biological repeats, n > 30. Bars, 200 μm. A two-sample t-test was used to evaluate statistical significance compared with the MGT6+/− (**
p < 0.01). (C,D) Mg concentrations of stamens in the flower buds of the WT, MGT6+/−, and mgt6 plants. Fresh stamens at anther stages 5–9 were isolated from buds (C). The stamens were weighed to determine the Mg concentration via inductively coupled plasma optical emission spectrometry (ICP-OES; D). The means are shown with ±SEs of three technical repeats. A two-sample t-test was used to evaluate statistical significance compared with the MGT6+/− (**
p < 0.01).


Magnesium is essential for microspore development and pollen formation (Xu et al., 2015). We further analyzed whether mgt6 plants accumulated sufficient amounts of Mg for pollen formation. MGT6 is expressed in anther tissues at early stages (Figure 2). We isolated fresh stamens from young buds (anther stages 5–9) of WT, MGT6+/−, and mgt6. ICP-OES was employed to measure the Mg concentrations in the fresh stamens (Figure 3C). The ICP-OES analysis results showed that the MGT6+/− stamens contain Mg in amounts similar to those in the WT stamens. However, the mgt6 stamens contained more Mg than the WT and MGT6+/− stamens (Figure 3D). Therefore, these results suggest that slow development facilitates Mg accumulation in pollen, which leads to fertility restoration in mgt6.



mgt6 Restores the Fertility of mgt5

Slow development under low temperature and/or short photoperiod restores the fertility of Arabidopsis P/TGMS lines (Zhang et al., 2020; Zhu et al., 2020). Compared with the WT, the mgt6 mutant is slower in buds development and contains high Mg accumulation in anther (Figure 3). We crossed mgt6 with mgt5 to obtained mgt5mgt6 double mutants. mgt5 plants show severe male sterility under low Mg condition (Xu et al., 2015). Like mgt6, the mgt5mgt6 mutant showed overall developmental retardation but normal fertility (Figures 4A–C). Pollen development was restored in the mgt5mgt6 mutant compared with the mgt5 mutant under the same developmental conditions (Figures 4D–G), indicating that pollen development of mgt5 was restored by mgt6. The bud development of the mgt5mgt6 plants was slower than that of the WT and mgt5 plants (Figure 4H). Previous work has shown that MGT5 is important for Mg transport from the tapetum to pollen. The mgt5 pollen can restore fertility under high Mg conditions (Xu et al., 2015). These findings indicate that slow development in mgt6 also facilitates Mg accumulation in mgt5 pollen.
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FIGURE 4. Phenotypes of mgt5 and mgt5mgt6 under long-photoperiod conditions. (A–C) Phenotypes of WT (A), mgt5 (B), and mgt5mgt6 (C) under long-day conditions. The short siliques indicate that mgt5 is sterile, while mgt5mgt6 shows normal fertility. Bars, 1.5 cm. (D–F) Alexander staining of the anthers from WT (D), mgt5 (E), and mgt5mgt6 (F) plants grown under long-photoperiod conditions. Bars, 1 mm. (G) The numbers of pollen in each anther from WT, mgt5, and mgt5mgt6. The means are shown with ±SDs, n > 30. (H) Quantitative analyses of flower bud development time for WT, mgt5, and mgt5mgt6 plants under long-photoperiod conditions. The means are shown as ±SDs of three biological repeats, n > 30. A two-sample t-test was used to evaluate statistical significance compared with the mgt5 (**
p < 0.01).




Short Photoperiod Restores mgt5 Fertility

The mgt5 mutant shows severe male sterility, but its fertility was restored under high-Mg conditions (Xu et al., 2015). Fertility restoration of P/TGMS lines under low temperature and/or short photoperiod has been widely applied in two-line rice breeding systems (Chen and Liu, 2014). We analyzed whether these environmental factors also affect the fertility of mgt5. To this end, we grew WT and mgt5 plants under different photoperiod and temperature conditions as reported previously (Zhang et al., 2020; Zhu et al., 2020). The buds development speed of these plants under short-photoperiod or low-temperature conditions was greatly reduced. Interestingly, we found that mgt5 showed normal fertility under short-photoperiod conditions, but not under low-temperature conditions. Alexander staining indicated that the mgt5 pollen formed under short-photoperiod conditions but not under low-temperature conditions (Figures 5A,B; Supplementary Figure S6). The growth speeds of WT and mgt5 plants were greatly reduced under short-photoperiod conditions, and the flower bud development time was greatly prolonged (Figure 5C). These results suggest that a short photoperiod leading to slow bud development can satisfy Mg requirement for pollen development.
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FIGURE 5. Phenotypes of mgt5 under different photoperiod conditions. (A,B) Fertility of mgt5 under short-photoperiod and long-photoperiod conditions in the presence of 100 μM Mg. Alexander staining of the anthers from these plants. (C) Quantitative analyses of flower bud development time for WT and mgt5 under long-photoperiod and short-photoperiod conditions. The means are shown as ±SDs of three biological repeats, n > 30.





DISCUSSION


MGT6 Plays Redundant Roles With Other MGT Members in the Transport of Mg for Anther Development and Pollen Formation

Magnesium is essential for vegetative growth and male reproduction (Gebert et al., 2009; Mao et al., 2014; Xu et al., 2015). Mg uptake and transport mainly rely on members of the MGT family in Arabidopsis (Gebert et al., 2009). Several MGT members have been reported to be involved in pollen formation. In this study, we reveal that MGT6 is also involved in Mg transport in the anthers for pollen formation (Figure 1). The defects in pollen intine and mitosis in MGT6+/− (Figure 2) are quite similar to those in mgt5 and mgt9 (Xu et al., 2015). This suggests that the amount of Mg is not sufficient to support pollen formation in MGT6+/−. Many MGT members are expressed in the anthers (Gebert et al., 2009), which are extremely complex reproductive organs in plants (Xu et al., 2019). The sporophytic tissues in anthers must transport sufficient amounts of Mg for pollen formation during plant reproduction. The transport of nutrients to pollen depends on the coordination of different types of sporophytic cells (Scott et al., 2004). MGT5 is expressed in the tapetum and microspores during anther stages 6–7 (Xu et al., 2015). MGT9 expression clearly occurs in the tapetum and microspores during anther stages 7–9 (Chen et al., 2009). Therefore, these two genes play important roles in Mg transport from the tapetum to microspores during anther stages 6–9. Genetic analysis indicated that MGT6 plays a sporophytic role in pollen formation (Supplementary Table S1). In the anthers, MGT6 is expressed in the vascular region, connective cells, tapetum, and microspores during stages 5–7 (Figure 2). These results suggest that MGT6 mainly functions in Mg transport from the filament to the tapetum. We thus propose a model to summarize Mg transport in the anthers: MGT6 is responsible for Mg transport from the filaments to the tapetum; MGT5 is involved in Mg transport from the tapetum to the locule; MGT9 is essential for microspores to obtain Mg from the locules; and finally, MGT4 and MGT5 maintain Mg homeostasis in the pollen (Figure 6A). All MGT family members function in Mg transport, and protein-protein interactions between different members are highly permissive (Schmitz et al., 2013). Both MGT5 and MGT6 are localized in the plasma membrane (Mao et al., 2014; Xu et al., 2015), and they are expressed in tapetum at stages 6–7 (Figure 2; Xu et al., 2015). Hence, MGT6 may interact with MGT5 to facilitate Mg transportation from tapetum to locule so that pollen/microspore can obtain sufficient Mg under different conditions. The mgt6 showed normal pollen fertility, and its stamen contains higher Mg than WT and MGT6+/− (Figures 1, 3), suggesting that higher Mg in stamens can overcome the Mg transportation defects in mgt6 anther. The fertility restoration of mgt5 and mgt6 under different conditions suggests that other MGT members are also involved in Mg transport in the stamen.
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FIGURE 6. Model of Mg transport in anthers and schematic diagram of the mechanism by which slow development restores fertility. (A) Model of the Mg transport pathway in anthers. MGT6 is responsible for Mg transport from the filaments to the tapetum. MGT5 and MGT6 are involved in Mg transport from the tapetum to the locules. MGT9 is essential for pollen absorption of Mg from the locules. Both MGT5 and MGT4 are important for Mg homeostasis in pollen. (B) Schematic diagram of the mechanism by which slow development functions in fertility restoration, modified from our previous report (Zhang et al., 2020). The rvms, acos5-2, cyp703a2, cals5, rpg1, and npu show male sterility and defective pollen development. Temperature and photoperiod are important for the fertility restoration of these T/photoperiod-sensitive genic male sterility (PGMS) lines (Zhang et al., 2020; Zhu et al., 2020). Under restrictive conditions, pollen development is also affected in the mgt5 and MGT6+/− mutants (left). However, Mg accumulation can be restored by slow development in mgt6 and under short-photoperiod conditions in mgt5 (right).




Slow Development Allows mgt Mutants to Accumulate Sufficient Amounts of Mg for Pollen Formation

Male sterility and fertility restoration are important not only for understanding plant development and reproduction but also for plant breeding with respect to agriculture (Chen and Liu, 2014). The formation of fine exine pattern plays an important role in determining male fertility (Guan et al., 2008; Chang et al., 2012; Huang et al., 2013; Xiong et al., 2016; Peng et al., 2020; Xue et al., 2020). A recent investigation revealed that rvms and other exine-defect Arabidopsis mutants are TGMS lines, as their fertility could be restored under low temperature; mechanism analysis revealed that slow development under low temperature restores the fertility of these TGMS lines (Zhu et al., 2020). Plants grow slowly under short photoperiod or low light; these conditions also restored the fertility of these TGMS lines (Zhang et al., 2020). Therefore, slow development is a general mechanism for fertility restoration of P/TGMS lines under low temperature and/or short photoperiod. In this work, the slow growth of mgt6 led to fertility, while MGT6+/− remained male sterile (Figure 1), and mgt6 restored the fertility of mgt5 (Figure 4). These results demonstrate that slow development is also a general mechanism to restore the fertility of mgt male-sterile lines (Figure 6B). Both low temperature and/or short photoperiod slow plant development and restore P/TGMS fertility in Arabidopsis (Zhang et al., 2020; Zhu et al., 2020). However, the fertility of mgt5 could be restored only under short photoperiod (Figure 5). We found that low-temperature conditions were unable to restore the fertility of mgt5 plants (Supplementary Figure S6). It has been reported that Mg uptake and transport are sensitive to low temperature (Tanoi et al., 2014). It is likely that Mg accumulation under slow growth of low temperature is not sufficient to support microspore development or pollen formation in mgt5 plants. MGT6+/− cannot restore its fertility under short-photoperiod. We observed that the buds development of MGT6+/− under short-photoperiod was not prolonged (Figure 3; Supplementary Figure S7). This further supports that slow development facilitates Mg accumulation in pollen. Under high Mg conditions, the MGT6+/− plants showed normal growth, but its fertility also remained partial sterile (Supplementary Figure S8). It was reported that MGT6 controls plant Mg homeostasis in both root and shoot tissues (Yan et al., 2018). These suggest that the MGT6+/− plant may not obtain extra Mg under high Mg conditions. In rvms, cals5, and other P/TGMS lines, slow development overcomes cellular defects and produces functional pollen (Zhang et al., 2020; Zhu et al., 2020). Members of the MGT family play a redundant role in Mg transport in plant development. Several other MGT family members have been reported to be expressed in the anthers (Gebert et al., 2009). The mgt6 and mgt5mgt6 plants under normal growth conditions and mgt5 plants under short photoperiod grew slowly and were fertile (Figures 4, 5). Slow development may allow other redundant MGT members to transport sufficient Mg for pollen formation.
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Protein farnesylation is a post-translational modification regulated by the ERA1 (Enhanced Response to ABA 1) gene encoding the β-subunit of the protein farnesyltransferase in Arabidopsis. The era1 mutants have been described for over two decades and exhibit severe pleiotropic phenotypes, affecting vegetative and flower development. We further investigated the development and quality of era1 seeds. While the era1 ovary contains numerous ovules, the plant produces fewer seeds but larger and heavier, with higher protein contents and a modified fatty acid distribution. Furthermore, era1 pollen grains show lower germination rates and, at flower opening, the pistils are immature and the ovules require one additional day to complete the embryo sac. Hand pollinated flowers confirmed that pollination is a major obstacle to era1 seed phenotypes, and a near wild-type seed morphology was thus restored. Still, era1 seeds conserved peculiar storage protein contents and altered fatty acid distributions. The multiplicity of era1 phenotypes reflects the diversity of proteins targeted by the farnesyltransferase. Our work highlights the involvement of protein farnesylation in seed development and in the control of traits of agronomic interest.
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INTRODUCTION

Post-translational processes are commonly used to control activity, stability, sub-cellular localization and/or protein interaction through modifications of biochemical properties of proteins. Among them protein isoprenylation is widely distributed in Eukaryotes and relies on the covalent attachment of a C15 farnesyl or a C20 geranylgeranyl isoprenoid onto a specific CaaX-box located at the C-terminal end of polypeptide chains (Zhang and Casey, 1996; Galichet and Gruissem, 2003; Hemsley, 2015). This is mediated by the CaaX-protein prenyltransferases (CaaX-PTases) (i.e., protein farnesyltransferase (PFT) and protein geranylgeranyltransferase type I (PGGT-I)). Both enzymes are heterodimers composed of a common α-subunit and a specific β-subunit (Lane and Beese, 2006). The identification of targets of CaaX-PTases is still poorly documented in plants. Among the 120 putative farnesylatable proteins predicted in silico in the Arabidopsis thaliana genome (Galichet and Gruissem, 2003), less than 15 have been functionally characterized. These proteins have wide-ranging functions, being involved in chaperone pathways, in phytohormone biosynthesis, in ubiquitin-mediated protein degradation or in gene expression regulation (Barth et al., 2009; Crowell and Huizinga, 2009; Dutilleul et al., 2016; Northey et al., 2016; Barghetti et al., 2017; Sjögren et al., 2018). For most of them, isoprenylation results in membrane anchoring or in modified subcellular location, promoting or not interactions with other proteins (Running, 2014; Hemsley, 2015).

The biological relevance of CaaX-protein isoprenylation in plant has been uncovered 20 years ago through the study of mutants compromised in one or both CaaX-PTases activities. Studies dedicated to Arabidopsis ggb (geranylgeranyltransferase β-subunit) mutant characterization highlighted few developmental phenotypes but suggested PGGT-I involvement in phytohormone signaling and in some aspects of plant defense (Johnson et al., 2005; Goritschnig et al., 2008). The Arabidopsis era1 (enhanced response to abscisic acid1) mutant, impaired in the β-subunit of PFT, has been extensively studied due to its multifaceted phenotypes. era1 has been discovered in a genetic screen designed to isolate mutants with altered ABA sensitivity at germination (Cutler et al., 1996). era1-mediated ABA sensitivity have been also associated to stomatal movements and to the resistance to hydric stress (Pei et al., 1998). Since this phenotype relies on traits of agronomic interests, numerous works have been undertaken to better understand the link between ABA and protein farnesylation. Hence, era1-mediated drought tolerance and increased seed dormancy are observed in crops such as wheat and rapeseed, as well (Wang et al., 2009; Manmathan et al., 2013). Several developmental defects characterize era1 plants that display increased seed dormancy, delayed growth, longer lifespan, enlarged meristems, altered phyllotaxis and root architecture, as well as supernumerary floral organs (Cutler et al., 1996; Running et al., 1998, 2004; Yalovsky et al., 2000b; Ziegelhoffer et al., 2000; Brady et al., 2003). In addition, era1 displays an enhanced susceptibility to pathogens and an increased tolerance to heat, indicating that farnesylation also participates to plant responses to both biotic and abiotic stress (Goritschnig et al., 2008; Wu et al., 2017).

The era1 mutant has been extensively described through ABA signaling and for its developmental phenotypes, ranging from seed germination to flower morphology. According to the Arabidopsis eFP Browser atlas1 ERA1 (At5g40280) is widely expressed in plant (data not shown). With in situ hybridization studies, Ziegelhoffer et al. (2000) revealed that ERA1 is expressed during flower and embryo developments. Nevertheless, era1 seed features (i.e., morphology and content) have not been documented so far, while ABA signaling largely contributes to seed development (Baud et al., 2008). Seed development is a complex process that starts by embryo morphogenesis and then proceeds by seed maturation during which accumulation of storage compounds occurs in the embryo. Many seed traits are also heavily dependent on ovule development maternal traits, especially those that have maternal sporophytic origin (Baud and Lepiniec, 2010; Nakashima and Yamaguchi-Shinozaki, 2013; Shu et al., 2016). In this complex process, ABA acts upstream of key transcriptional factors that control a wide range of seed-specific traits and play a critical role in seed quality, including lipid and protein contents (Baud et al., 2008). Among these, ABI3 (Abscisic acid Insensitive 3) is a major actor of the ABA-dependent seed maturation process and it participates in the control of storage compound biosynthesis (Giraudat et al., 1992; Roscoe et al., 2015). ABI3 acts downstream of ERA1 in the seed ABA responsiveness (Brady et al., 2003). Thus, one would expect era1 plants to be affected in the seed maturation process.

In the present work, we characterized the seeds produced by Arabidopsis era1-8 and ggb-2 mutants. Our data show that protein farnesylation, but not geranylgeranylation, is engaged in seed size determination and in the production of seed storage compounds (i.e., protein and lipid contents). Moreover, ω3 and ω6 fatty acid (FA) repartition is altered in era1 seeds. Further investigation linked the era1 low seed production to an inefficient self-pollination and explained some era1 seed peculiarities. Hence, our results reveal the functional plurality of protein farnesylation in the control of flower and seed development.



RESULTS


era1-8 Mutant, But Not ggb-2 Mutant, Produces Larger and Heavier Seeds

An heapmap generated by recovering the expression pattern of ERA1, GGB and PLP genes during eight stages of seed maturation (Winter et al., 2007) reveals that the genes encoding the subunits of protein isoprenylation enzymes are expressed during the early stages of seed development, then decrease until the green cotyledon stage (Figure 1A). In order to assess the impact of protein farnesylation or geranylgeranylation on seed production, we first investigated the seed production of the protein isoprenylation mutants era1-8 (Goritschnig et al., 2008) and ggb-2 (Running et al., 2004). Plants were grown under short day conditions and, as previously described (Bonetta et al., 2000), under these growth conditions, era1 plants showed severe developmental phenotypes, whereas ggb plants developed similarly to WTs, without any obvious developmental phenotype. At first sight, isoprenylation mutants do not produce altered seeds in morphology nor color (Figure 1B). Nevertheless, while era1-8 plants appear to be in poor shape, seed size measurements revealed that era1-8 seeds are significantly longer (Figure 1C) and wider (Figure 1D) than WT. The inferred volume confirms that era1-8 seeds are larger than those of the WT by 25% (Figure 1E). The size phenotype is supported by an increased seed weight in era1-8, by 25% too (Figure 1F). No difference could be detected for ggb-2 seeds based on these criteria. A close-up view to embryo cells highlights that the surface of embryo cells increases in era1-8 (Figure 2). Although seed size also relies on the size of the tegument cells, as well as endosperm development, the increased seed size of era1-8 may be associated to bigger embryo cells in this mutant. Enlarged meristems have been already reported in era1 and it is related to increased cell size too (Running et al., 1998; Yalovsky et al., 2000b). Hence, the farnesylation-dependent mechanisms that control meristem cell size might be extended to embryo cells.
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FIGURE 1. Seed morphological features of Arabidopsis prenylation mutants. (A) Heatmap of ERA1, GGB and PLP gene expression during seed development (data collected from Winter et al., 2007). (B) Representative mature seeds from WT, era1-8 and ggb-2 mutants. Scale bar, 500 μm. (C) and (D) Length and width correspond to an average of >250 measurements (i.e., >50 seeds from 5 independent biological replicates for each genotype) using ImageJ software and microscopy pictures. (E) The volume was calculated according to Riefler et al. (2006) using (C) and (D) data. (F) Seed mass was estimated by weighting 500 seeds of five different plants for each genotype with three technical replicates. Data represent mean ± SE. ***p-value < 0.001 (Student’s t-test).
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FIGURE 2. Embryo cell size. (A) Representative pictures of embryo (up) and embryo cells (down) from WT, era1-8 and ggb-2. (B) Box-plot of embryo cell areas from WT, era1-8 and ggb-2. Cell surface embryo were measured using differential interference contrast microscopy pictures and ImageJ software. Gray boxes represent 50% of measured cell areas, horizontal lines are the medians, the top and the bottom whiskers represent 25% of the measurements (n > 200). Scale bar, 250 μm for embryo pictures and 10 μm for embryo cells. ∗∗∗P value < 0.001 (Student’s t-test).




Near-Infrared Spectroscopy to Assess Isoprenylation Mutant Seed Content

Near-infrared spectroscopy (NIRS) is a nondestructive and accurate method developed to assess carbon, nitrogen, lipid and protein in Arabidopsis seeds and allows the detection of seed filling modifications (Jasinski et al., 2016). NIRS quantification reveals that era1-8 seeds contain a lower percentage of carbon and a higher percentage of nitrogen compared to WT and ggb-2 (Figures 3A,B). According to NIRS predictive equations (Jasinski et al., 2016), era1-8 seeds look enriched in proteins and depleted in lipids (Supplementary Figure 2A), nevertheless, when considering a single seed (heavier in era1-8, Figure 1F), lipid content is comparable in the three genotypes whereas protein content is higher in era1-8 than in WT and ggb-2 (Figure 3C). This suggests that era1-8 seed weight is increased by an extra protein filling while the overall lipid quantity is not altered in this mutant.
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FIGURE 3. Near-infrared spectroscopy to assess seed carbon, nitrogen, protein and lipid contents. Graphs showing carbon (A) and nitrogen (B) contents of WT, era1-8, ggb-2 seeds. (C) Graphs showing predicted seed protein and lipid contents (μg) expressed per seed. Data represent mean ± SE. ***p-value < 0.001 (Student’s t-test).




Protein Farnesylation Defect Alters Seed Protein Content

NIRS protein quantification was further strengthened by Bradford protein assays (Bradford, 1976) and confirmed that the era1-8 seeds accumulate more proteins than WT and ggb-2 (Figures 4A,B). Arabidopsis seeds contain two predominant types of storage proteins, 12S globulins and 2S albumins (Heath et al., 1986). They represent more than 80% of total seed proteins (Higashi et al., 2006) and constitute the main source of nitrogen and sulfur during the seed germination (Tabe et al., 2002). When a quantity of protein equivalent to one seed is separated on SDS-PAGE, era1-8 displays a global pattern with more intense bands than WT and ggb-2 (Figure 4C). When the same amount of protein (i.e., 5 μg) is loaded in each lane, all three patterns appear more balanced (Figure 3D). Because era1-8 produces larger and heavier seeds, we could expect higher protein content in these seeds, but 1 mg of era1-8 seeds contains more protein than 1 mg of WT (and ggb-2) seeds (Figures 3C, 4A), which would mean that era1-8 seeds have somehow enriched protein content. Quantification of the band intensities performed after gel scanning (Di Berardino et al., 2018) shows that high molecular weight proteins (HW, above 37 kDa) are more abundant in WT than era1-8 seeds, while low molecular-weight proteins (LW, below 37 kDa, mainly 12Sα and 12Sβ globulins and 2S albumins) are more abundant in era1-8 than in WT seeds (Figure 4D, graph), especially the lowest 2S albumin band. Beside an increased seed size that accumulates more protein in seed, those results indicate that storage protein profiles is altered in era1-8 and it affects 2S albumins rather than 12S globulins.
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FIGURE 4. Qualitative analysis of protein contents in Arabidopsis prenylation mutant seeds. Quantification of total protein extracts from mature seeds expressed (A) as μg mg– 1 of seeds or (B) as μg seed– 1 using Bradford’s method (1976). Data present mean ± SE of 5 replicates. *** indicates a p-value < 0.001 (Student’s t-test). (C) SDS-PAGE loaded with the amount of proteins equivalent to one seed (silver nitrate staining), 12Sα and 12Sβ correspond to globulins, 2S corresponds to albumins. (D) SDS-PAGE loaded with 5 μg of total seed protein in each lane (silver nitrate staining). The graph on the right corresponds to WT and era1-8 ImageJ plot profiles. HW and LW correspond to high-weight (>37 kDa) and low-weight (<37 kDa) proteins, respectively [according to Di Berardino et al. (2018)].




Quantitative and Qualitative Analyses of Seed Lipids in the Protein Isoprenylation Mutants

Near-infrared spectroscopy experiments revealed comparable lipid contents in the seeds of the three genotypes (Figure 3C) but this approach cannot distinguish the different forms of lipids. So, to complement the NIRS data, seed lipid compositions were investigated through HPTLC analyses. WT, era1-8 and ggb-2 contain comparable quantities of phospholipids per mg of seeds (Supplementary Figure 2B), but individual seeds of era1-8 display 30% more phospholipids (Figure 5A). This is consistent with the larger size of seeds and embryo cells observed in era1-8. Since Arabidopsis is an oleaginous plant, carbon reserves are mainly stored as triacylglycerols (TAGs) in specific lipid bodies of embryo cells (Murphy, 1993). TAGs consist of a glycerol bound to three fatty acids (FAs) and represent more than 90% of seed total lipids in Arabidopsis (Baud et al., 2008). So, we assume that NIRS analyses reflect TAG contents (7–7.9 μg per seed, Figure 5B) rather than minor seed lipids such as phospholipids (3.7–4.2 μg per seed, Figure 5A), explaining why the difference in phospholipid contents is only observed with HPTLC analyses. One mg of era1-8 seeds contains slightly less TAGs than WT and ggb-2 (Supplementary Figure 2C). However, although era1-8 seeds are larger, one era1-8 seed contains an equal quantity of TAGs as WT or ggb-2 seeds (Figure 5B). We then investigated FA distribution in the 3 genotypes. Gas chromatography analysis reveals that era1-8 has an altered FA distribution while ggb-2 resembles to that of WT. Notably, era1-8 seeds accumulate more C18:1 and C18:2, and display a lower C18:3 content (Figure 5C). Repartition of C18:0, C20:2 and C22:1 is also altered with less pronounced variations (Figure 5C). Furthermore, TAGs are enclosed within lipid bodies that consist of a monolayer of phospholipids and structural proteins, mainly steroleosin and oleosins (Jolivet et al., 2004). Consistent with the similar quantity of TAGs observed in the three genotypes, WT, era1-8 and ggb-2 seeds display comparable lipid body-associated protein patterns (Figure 5C, inset).
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FIGURE 5. Comparison of lipid contents in WT, era1-8 and ggb-2 seeds. (A) Total phospholipids contents per seed. (B) TAG contents per seed. (C) FAs distribution in seeds (%). Inset shows lipid body protein patterns prepared from 25 mg of dry seeds (see section “Materials and Methods”); S, steroleosin and O, oleosins [according to Jolivet et al. (2004)]. Values are the mean ± SE of five independent replicates each composed of 10 mg of seeds. *** indicates a p-value < 0,001 (Student’s t-test).


All these data indicate that protein farnesylation, but not geranylgeranylation, may control seed size determination and the production of seed storage compounds (i.e., protein content and FA distribution).



Silique Development and Seed Production Are Altered in era1-8

In Arabidopsis, pollination and fertilization follow the flower opening and then, embryo development and seed maturation take place. Until silique dehiscence, this process occurs within 16 days for WT and ggb-2 plants (Figure 6A). Silique development is dramatically delayed in era1-8. At day four, whereas WT and ggb-2 siliques start to elongate, era1-8 siliques remain shorter and the tip starts to crook. Yellowing of siliques that corresponds to the end of the seed maturation, is observed at day 29 for era1-8, instead of day 16 for WT and ggb-2. Silique dehiscence is delayed by 13 days in era1-8 (Figure 6A). Moreover, era1-8 mature siliques are significantly smaller than WT and ggb-2 (Figure 6A and Supplementary Figure 1), distorted and display a crooked tip (Figure 6A). Moreover, at DAF0, era1-8 stigma does not display fully developed papillae as WT (Figure 6B). Under our growth conditions (i.e., short days), most of era1-8 gynoecium are constituted by three carpels and develop numerous ovules compared to WT (Figure 6B). Variation in carpel number was observed in three other alleles of era1 (i.e., wig-1, wig-2, and wig-3 corresponding to WIGGUM, a former name of ERA1, Running et al., 1998), nevertheless this phenotype is more developed under short day growth conditions than long days (Yalovsky et al., 2000b). Quantification of ovule production reveals that era1-8 produces about twice more ovules than WT (Figure 6C), which represents around 24 and 31 ovules per carpel for WT (2 carpels) and era1-8 (3 carpels), respectively. Surprisingly, era1-8 mature siliques contain few seeds (Figure 6D). WT plants produce frequently around 45–50 seeds per silique whereas it is highly variable in era1-8 and the median production is restricted to 12 (Figure 6E).
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FIGURE 6. Silique development and seed production. (A) Kinetic of silique development of WT, era1-8 and ggb-2. (B) Representative pictures of ovules within open ovaries of WT and era1-8 at DAF0. (C) Quantification of ovules in WT and era1-8 ovaries at DAF0 (Student’s t-test, n = 10). (D) Open mature siliques of WT and era1-8. (E) Quantification of seed production in WT and era1-8 mature siliques (ANOVA, n = 30). DAF, Day after flowering. Scale bar in 6B and 6D is 1 mm. *** indicates a p-value < 0,001.




era1-8 PRODUCES PROPER BUT IMMATURE OVULES AT FLOWER OPENING

To understand why most of era1-8 ovules do not develop into seeds, we scrutinized the fate of era1-8 ovules at flower opening and the following days. Observations of ovules collected from WT and era1-8 ovaries at flower opening (i.e., DAF0, Day after flowering #0) reveal that era1-8 plants produce proper peripheral ovules tissues consisting of outer and inner integuments, endothelium, funiculus and micropyle as observed in WT (Figure 7A). However, era1-8 embryo sac is not fully developed at DAF0 whereas WT ovule exhibits a large embryo sac (Figure 7A). At DAF2, no embryo is visible in era1-8 ovules whereas WT ones already display globular embryos (Figure 7B). At DAF4 and DAF7, a developing embryo is visible in WT ovules at heart and green mature embryo stages, respectively (Figure 7B). In era1-8 ovules, the globular embryo stage is observed at DAF4 and the heart stage at DAF7, the green mature embryo stage is reached at DAF10. Actually, embryo development from globular embryo stage to green mature embryo stage takes five to six days in era1-8, as observed for WT. This indicates that, once the ovules are mature (i.e., with embryo sac), after fertilization, era1-8 embryo development is similar to WT. According to expression data (Figure 1A), ERA1 expression level is higher in the globular stage and then deceases during the seed development, which suggests that protein farnesylation may be a determinant process for embryo early development. Moreover, as exemplified (Figure 7B, lane era1-8†, DAF2-10), although era1-8 ovules display a fully developed embryo sac at DAF2, most of them do not develop embryo and end up degenerating (DAF10). This is consistent with the low seed production observed in era1-8 siliques (Figures 6D,E).
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FIGURE 7. Comparison of WT and era1-8 ovules. (A) Detailed views of DAF0 unfertilized ovules of WT (with embryo sac) and era1-8 (without embryo sac). (B) Developmental kinetic of WT and era1-8 embryos (dashed lines) at indicated time. † corresponds to unfertilized era1-8 ovules. Dotted rectangle represented proper ovules observed at DAF2 in era1-8 with different futures. oi, outer integuments; ii, inner integuments; en, endothelium; m, micropyle; f, funiculus; ES, Embryo Sac; N, Nucellus [according to Yu et al. (2005)]. Scale bar 250 μm in panel (A) and 50 μm in panel (B). DAF, Day after flowering.



Pollination Efficiency May Be a Major Obstacle to era1-8 Seed Production

Because era1-8 plant produces proper ovules that may be fertilized and able to develop embryos, ovule degeneration can arise from a deficiency in fertilization or a spontaneous abortion. We then investigated era1-8 flower abilities to perform pollination. As previously described (Northey et al., 2016), era1-8 flower exhibits a protruding pistil already observable in flower buds (Supplementary Figure 3), i.e., before anthesis. At flower opening (Figure 8A, DAF0), WT harbors two short stamens and four long stamens that are in contact with the stigma, which promotes the pollination. In this way, in the Arabidopsis Col-0 accession, fertilization further occurs mainly thanks to self-pollination (Nasrallah et al., 2004). In era1-8 flowers, all stamens appear below the stigma (Figure 8A) and remain below after flowering. This should significantly reduce self-pollination and lower seed production. Moreover, at DAF0, papillae that are required for pollen recruitment on stigma are fully developed in WT (Figure 8B). A close-up view to era1-8 stigma reveals that at DAF0, papillae are clearly shorter (Figure 8B, DAF0) and require one additional day to acquire a comparable appearance to those of WT (Figure 8B, DAF1). The delay in papillae expansion may thus further reduce pollen capture and pollination efficiency in era1-8.
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FIGURE 8. Gynoecium defects and pollination in era1-8. (A) Anther and stigma relative positioning at flower opening at indicated time. Black and white arrowheads indicate the top of stamens and stigmas, respectively. (B) Close-up views of flower’s stigmas and papillae shown in panel (A). (C) Transversal cross-sections of young WT and era1-8 siliques stained with neutral red and Alcian blue (scale bar, 50 μm). The corresponding ovary organization is drawn below (green, carpel; violet, replum; orange, septum; blue, transmitting tract). (D) WT and era1-8 freshly harvested pollen (scale bar, 50 μm). (E) Estimated pollen volumes. (F) In vitro pollen germination assays. (G) Quantification of germinated pollen grains ± SE (Student t-test, n = 6). DAF, Day after flowering.


Arabidopsis WT ovary is bilocular and consists of two valves (open carpels) connected by two replums. An additional transversal wall, the septum, links the two replums and supports the transmitting tract that facilitates pollen tube growth (Lennon et al., 1998). Because of callose deposition, Alcian blue specifically stains the transmitting tracts among ovary tissues (Reyes-Olalde et al., 2013). Cross sections of WT and era1-8 siliques reveal that, in most cases, era1-8 has 3-carpels ovaries with a disturbed organization (Figure 8C and Supplementary Figure 4A). The septum does not link the replums and the transmitting tracts appear free in the unilocular ovary (Figure 8C and Supplementary Figure 4A).

According to Bonetta et al. (2000), era1 pollen release is not delayed but microsporogenesis is strongly perturbed in era1. Indeed, the microsporocyte meiosis is not synchronous and may produce aberrant tetrads and misshaped or degenerated microspores, reducing the quality of the pollen production. Although era1-8 mature pollen grains display a comparable shape with that of WT (Figure 8D), they are significantly larger (Figure 8E and Supplementary Figure 4B). Pollen germination capacity, assessed through in vitro assays, highlighted that in our experimental conditions, WT pollen grains reach up to 60% germination whereas era1-8 ones are limited to 30% (Figures 8F,G).



Handmade Pollination Partially Restores WT Phenotype in era1-8 Seeds

In order to decipher whether pollination is critical for era1-8 seed phenotypes, hand pollinations were performed on WT and era1-8 flowers. Stamens where removed from flowers before opening and pollen was directly applied on pistils. As shown in Figure 9A, era1-8 pistils pollinated by WT pollen produce siliques with a comparable shape of WT ones (WT × WT). A reciprocal cross (WT ovules vs era1-8 pollen) achieves the same result. era1-8 vs era1-8 hand pollination restores a WT silique phenotype, as well, without a crooked tip (Figure 9A). This indicates distortion of era1-8 tips during silique development (Figure 6A) is correlated with the low seed content. Besides, average seed production is partially restored regardless of the crossing made (Figure 9B). era1-8 pollen applied on WT pistils leads to a seed production close to that of WT x WT hand crosses. Nevertheless, the pollination of era1-8 pistils by either WT or era1-8 pollens results in numerous non-developing seeds (Supplementary Figure 5) and era1-8 show a highly variable seed production among the siliques (Figure 9B). Whatever the pollination method applied and the pollen genotypes, pollination and fertilization success of era1-8 is difficult to control because of the delayed pistil maturity and its variable structural organization.
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FIGURE 9. Phenotyping of seeds obtained after hand pollination. (A) Pictures of representative siliques obtained after handmade pollination with indicated crosses. (B) Average of seed number within siliques from (a) (n = 5 for WT and 20 for era1-8, see section “Materials and Methods”). (C) Volume of seeds obtained from WT x WT (WT) or era1-8 x era1-8 (era1-8) handmade crosses. (D) Seed weight. (E) Seed protein content. (F) Seed total lipids. (G) SDS-PAGE protein pattern. (H) Repartition (%) of indicated FAs. Error bars are ± SE.


Morphology and biochemical characterization of seeds produced through era1-8 x era1-8 hand pollinations displays a near-WT phenotype: volume, weight, protein content and total lipid content were indeed restored (Figures 9C–F), suggesting that these characteristics rely on the number of seeds developing in the siliques. However, the lower 2S storage protein remains more abundant in era1-8 x era1-8 protein pattern (Figure 9G and Supplementary Figure 6A) and the distribution of C18:1, C18:2 and C18:3 is still altered, as observed when era1-8 plants self-pollinate (Figure 9H and Supplementary Figure 6B). This further support the role of protein farnesylation in these biochemical seed traits.



DISCUSSION

Two decades ago, ERA1 was involved in flower development thanks to thorough descriptions of era1 mutants by Running et al. (1998) and Yalovsky et al. (2000a,b). The authors described enlarged floral meristems, late flowering, homeotic transformations of flowers and supernumerary organs in floral whorls. This organ number phenotype correlated with specific size changes in the early floral meristem and authors suggested that ERA1 controls cell division and differentiation in the floral meristem. This would also explain why era1 flowers often fail to develop (Yalovsky et al., 2000b). Besides era1 floral phenotypes, our work highlights noticeable morphological and biochemical phenotypes of siliques and seeds that we specifically associated to the protein farnesylation (era1-8) but not to the protein geranylgeranylation (ggb-2). Overall, ggb plants are barely affected by the mutation (Johnson et al., 2005) compared to era1 for which the phenotypes are probably based on specifically farnesylated CaaX-proteins. Nevertheless, this discrepancy can also be explained through the specific activities of PFT and PGGT-I. Indeed, PFT is less specific than PGGT-I for CaaX-box sequences, PFT can therefore compensate for loss of PGGT-I in ggb mutants more effectively than PGGT-I can compensate for loss of PFT in era1-8 mutants (Andrews et al., 2010). Consequently, as described for vegetative developmental traits and the flower shape, seed production and quality are also more altered in era1-8 than in ggb-2.

Nevertheless, some of the era1-8 seed phenotypes that we describe can be, at least partially, attributed to CaaX-proteins cited in the literature.


era1-8 Flowers Produce a Low Amount of Seeds Despite Ovules Abundance

era1-8 produces twice more ovules than WT plants. Although hand pollination improves era1-8 seed production to a comparable level to that of WT, it does not lead to the full development of all era1-8 ovules into seeds. So, era1-8 low seed production can be attributed to both spontaneous ovule abortions and low self-pollination efficiency (Figures 8, 9). Indeed, a protruding pistil seems incompatible with self-pollination and it may explain the low seed production in era1-8. Northey et al. (2016) described protruding pistils in the flowers of cyp85a2 mutants. Interestingly, CYP85A2 gene encodes a CaaX-protein, belonging to the cytochrome P450 family, involved in brassinosteroid synthesis. Loss of either CYP85A2 or CYP85A2 farnesylation (mutated CaaX-box) resulted in reduced brassinolide accumulation (Northey et al., 2016). In era1, protruding pistils can thus originate from malfunctions of non-farnesylated CYP85A2. In addition, brassinosteroids are involved in various plant developmental process and play a major role in the control of pollen germination and growth (Ye et al., 2010; Vogler et al., 2014). Because CYP85A2 is highly expressed in pollen tubes (Supplementary Figure 7A), we can speculate that involvement of CYP85A2 in reproductive traits may not only concern the protruding pistils but also concerns the pollen germination and/or tube growth. However, era1 pollination faces several problems: protruding pistils, low germinating pollen grains, improper ovary transmitting tracts, delayed stigma papillae extension and delayed proper ovule formation (Figure 8). Because those traits are handled by different physiological pathways (Lord and Russell, 2002; Ma, 2005; Browse and Wallis, 2019), we can suspect that besides CYP85A2 several farnesylatable CaaX-proteins participate in the successful completion of pollination in WT Arabidopsis plants.

In addition to pollination defect, a closer view to hand pollinated era1-8 siliques shows that numerous ovules do not develop into seeds, even when hand pollination is performed with WT pollen (Supplementary Figure 5). Indeed, WT and era1-8 plants produce around 45 and 90 ovules per silique, respectively (Figure 6C). Hand-pollination of WT pistils with WT or era1-8 pollens leads to the development of 38–45 seeds (Figure 9B) suggesting that era1-8 pollen is efficient enough to ensure the fertilization by this way. When era1-8 pistils are hand-pollinated, among the ∼90 ovules present in era1-8 siliques, around 49–56 develop into seeds (Figure 9B and Supplementary Figure 5). According to our observations, it is difficult to assess whether non-developing seeds in era1-8 result from (i) spontaneous ovule abortion, (ii) abortion due to no fertilization (because of pollen quality and/or carpel alterations), and (iii) ovule abortion at zygotic to pre-globular stages. Since the protein farnesyl transferase has hundreds of targets, in era1-8, non-developing seeds may result from overlapping malfunctions of CaaX-proteins involved in ovule/seed development. This may engage the MEE56 (Maternal Effect Embryo arrest 56) gene, coding for a CaaX-protein, that we tracked in a list of 130 loci resulting from a large-scale screen of Arabidopsis mutants with defects in female gametophyte development (Pagnussat et al., 2005). MEE56 is the only CaaX-protein we identified in Pagnussat et al. (2005). Interestingly, MEE mutants may arrest embryo development at one-cell stage (i.e., zygote). They are also characterized by a slight general delay in embryo sac development and fertilization. Genetic approaches indicated these phenotypes rely on female gametophyte malfunctions (Pagnussat et al., 2005). MEE56 belongs to the HIPP (Heavy metal-associated Isoprenylated Plant Protein) family (45 members in Arabidopsis; MEE56 is HIPP18), which are all equipped with a C-terminal CaaX-box (de Abreu-Neto et al., 2013). Although HIPP molecular function has not been clearly established, isoprenylation affects their subcellular localization and protein-protein interactions (Cowan et al., 2018). mee56 siliques bear some aborted seeds (Pagnussat et al., 2005), which may correspond to those observed in era1-8 siliques that also rely on maternal traits (Supplementary Figure 5, ♀era1-8 x ♂WT). According to Le et al. (2010) microarray experiments, MEE56 expression is restricted to the chalazal endosperm (Supplementary Figure 7B), which allows the flow of nutrients from the phloem to the egg sac through the endosperm (Sager and Lee, 2014). A lack of farnesylation may disrupt MEE56 function or localization, and would lead to seed abortion in era1, as described in mee56 siliques (Pagnussat et al., 2005).

The high ovule production observed in era1-8 may be related to the increased number of carpels (Figures 6, 8). In Arabidopsis WT flowers, the number of carpels (i.e., two) is highly conserved whereas in the other whorls, the number of flower organs may be slightly variable (Running et al., 1998). In era1, supernumerary flower organs are often observed, including the carpel whorl (Running et al., 1998). Number of floral organs relies on floral meristem homeostasis that is determined by a complex interplay involving the WUSCHEL/CLAVATA (WUS/CLV) pathway, hormonal controls and dozens of genes (Somssich et al., 2016; Conti, 2017; Lee et al., 2019). Among these, the two homologs AtJ2/AtJ3 (A. thaliana DnaJ homologue 2 or 3) encode CaaX-proteins that may partially explain era1 floral-related phenotypes. Indeed, the atj2/atj3 double mutant complemented with a non-farnesylatable form of AtJ3 (AtJ3C417S) displays enlarged meristems similarly to era1 and produces flowers with supernumerary petals. Nevertheless, only 16% of AtJ3C417S flowers display supernumerary petals when it reaches 66% in era1, and no alteration of the number of carpels nor stamens has been reported in AtJ3C417S (Barghetti et al., 2017). WUS is required for stem cell identity and CLV promotes organ initiation (Schoof et al., 2000). clv mutants harbor enlarged meristems and give rise to supernumerary stamens and carpels, but they maintain a WT-like sepal/petal number (Schoof et al., 2000). We can therefore suspect that, although farnesylation of AtJ3 is required for the determinism of petal number, era1 floral phenotypes rely on other CaaX-proteins related to WUS/CVL pathway that control the determinism of the number of carpels. For instance, APETALA1 (AP1) is a well known transcription factor involved in the early floral meristem identity (Yalovsky et al., 2000a). ap1 mutant develops flowers with carpeloid sepals and stamenoid petals. AP1 and its paralog CAULIFLOWER (CAL) have farnesylatable CaaX-boxes. Together, they participate in the transition of inflorescence meristem into floral meristem (Ye et al., 2016). AP1 is mainly expressed during flower development but its expression is also detected in ovary as for CAL (Supplementary Figure 7C). ap1, cal and ap1/cal knock-out plants display more severe floral phenotype than era1 suggesting that the non-farnesylated proteins present in era1 flower maintain some functionality. Because, AP1 is also involved in flower organ number determination (Monniaux et al., 2018) and its actions are enhanced through CAL (Ye et al., 2016), the lack of farnesylation of both proteins may lead, in cooperation with AtJ2/AtJ3, to the abnormal number of carpels observed in era1-8. Investigating Arabidopsis transgenic ap1/cal/AtJ2/AtJ3 plants co-expressing non-farnesylatable forms of AP1, CAL, AtJ2 and AtJ3 (i.e., mutated CaaX-boxes) with their specific transcriptional promoters may unravel the involvement of protein farnesylation in carpel number determination, nevertheless we cannot exclude that other unidentified CaaX-proteins make more complex the mechanism leading to this era1-8 singular phenotype.



era1-8 Seeds Have Peculiar Biochemical Features

Interestingly, era1-8 produces larger seeds than the WT, with different storage contents. They accumulate more proteins and have a different FA distribution. The control of seed size depends on genetic, environmental and physiological factors (Gnan et al., 2014; Orozco-Arroyo et al., 2015). Because hand pollination of era1-8 flowers restores WT-like size and most of the biochemical phenotypes (Figure 9), the seed enlargement observed in era1-8 may be a consequence of the low seed yield (Herridge et al., 2011). Nutrients provided by era1-8 plants toward the flowers are distributed in few developing seeds, which consequently accumulate more storage compounds (Patrick and Offler, 2001; Zhang et al., 2007). Depending on mechanical constraints (Rolletschek et al., 2020), seed enlargement as well as silique impairments may also contribute to modify the accumulation of storage compounds observed in self-pollinated era1-8 seeds. However, hand pollination do not restore the enhanced accumulation of 2S albumin (Figure 9G and Supplementary Figure 6A) nor the differential FA distribution observed in era1-8 seeds (Figure 9H and Supplementary Figure 6B). Seed maturation involves master regulators such as ABI3, FUS3 (Fusca 3), LEC1 and LEC2 (Leafy Cotyledon 1 and 2) that govern embryo development and storage compound accumulation. It also involves hormonal regulations, mainly relying on ABA signaling (Baud et al., 2008; Kanno et al., 2010; Gao et al., 2012). Although the relation between ERA1 and ABA-signaling has not been fully elucidated, ABA enhanced sensitivity of era1-8 may also perturb the control of storage compounds accumulation in seeds.

Beside an increased overall protein content in era1-8 seeds, the 2S albumin accumulation is discernibly modified (Figure 4D). In Arabidopsis, five genes encode the 2S albumins (At2S1-5) (Gruis et al., 2002). Albumins are synthesized as precursors that are cleaved post-translationally by vacuolar processing enzymes (Otegui et al., 2006). Although the 2S albumin gene expression follows the embryo maturation process, albumins can accumulate differentially depending on nutrient intake (Higashi et al., 2006). For instance, sulfur modulates At2S3 accumulation but not its transcript level suggesting that albumin accumulation is regulated at the post-translational step rather than transcriptional level (Naito et al., 1994; Higashi et al., 2006). Furthermore, according to amino acid sequence analysis, the 2S albumin atomic composition is three time richer in sulfur compared to the 12S globin one, whereas the other atoms (i.e., C, H, N, and O) are similar (Supplementary Figure 8) which suggests that era1-8 seeds have an overall enhanced sulfur content. Albumins are not farnesylated (no CaaX-box on precursors nor mature albumins; Shimada et al., 2003; Higashi et al., 2006), thus ERA1 action on albumin accumulation may stand on unidentified CaaX-proteins involved in nutrient perception or albumin post-translational cleavages during seed maturation.

Finally, era1-8 seed phenotypes also deal with altered FA distribution. The major changes concern the increase of C18:1 and C18:2, and a decrease in C18:3 (Figure 5C). The C18:2/C18:3 balance (related to ω6 and ω3) is essential for human fitness and animal feed (Okuyama et al., 2007), and it became an important trait for seed oil selection. In Arabidopsis seeds, FA distribution relies on well-characterized regulatory network and biosynthetic pathway (Baud et al., 2008). These include ω-6-fatty acid desaturase2 (FAD2), ω-3-fatty acid desaturase3 (FAD3), fatty acid elongase1 (FAE1) and diacylglycerol acyltransferase1 (DGAT1) (To et al., 2012), which are critical for determining the composition and/or quantity of seed storage oil in Arabidopsis (Li-Beisson et al., 2013). C18:1, C18:2 and C18:3 distributions are tightly linked by their biosynthetic pathway: C18:1 desaturation involves FAD2 to produce C18:2 and then FAD3 to produce C18:3 (Baud et al., 2008). FAD3 gene expression requires a transcriptional complex that engages L1L (Leafy cotyledon1-Like), NF-YC2 subunit and βZIP67 (Mendes et al., 2013). Interestingly, l1l, nf-yc2 and βzip67 mutants have an altered fatty acid composition and l1l C18:1/C18:2/C18:3 balance resembles to that of era1-8. None of these proteins are farnesylatable, nevertheless Dutilleul et al. (2016) described ASG2 (Altered Seed Germination 2), a farnesylated CaaX-protein involved in FA metabolism (Ducos et al., 2017). ASG2 belongs to a E3 ubiquitin ligase complex and interacts with histone deacetylase when farnesylated. Seeds of asg2 mutants have a higher level of C18:1 and a reduced C18:3 content, suggesting that ASG2 may control FAD2 and/or FAD3 expression through histone modifications, as described for the histone acetyltransferase GCN5 (General Control Non−repressed protein 5) (Wang et al., 2016). Although the FA phenotype of asg2 only partially overlap with era1-8, the lack of farnesylation of ASG2 might contribute to era1-8 FA peculiarities.

Major agronomic traits, such as enlarged seed and protein content, rely on self-pollination deficiency and cannot thus be exploited for further agronomic purposes. However, quality of FA composition in era1-8, as well as, 2S albumins accumulation would disserve more attention to improve seed nutritional quality.



CONCLUSION

Figure 10 summarizes new phenotypes developed by the era1-8 mutant that we identified. Several phenotypes are related to gynoecium impairments: carpel number and architecture, delayed papillae extension, pollen quality and ovule maturation. Other phenotypes rely on the seed morphology (i.e., size, weight) and storage compounds (i.e., ω3/ω6 FAs, 2S albumins). We assume that these various phenotypes are the consequence of dysfunctions of several CaaX-proteins in era1-8. To date, most of the prenylated protein functions have been established through the characterization of knocked-out plants for the corresponding genes. Thus, the phenotypes observed do not correspond to a deficiency in isoprenylation but rather to a total absence of the functional protein in the plant, which is different of what happens in era1. Investigating the role of protein farnesylation requires the production of the non-farnesylatable protein in plant without the wild-type form. This can be achieved through the utilization of genome editing technologies allowing specific modifications of the CaaX-box encoding sequence for a unique farnesylatable protein. This strategy could lead to understand the role of isoprenylation on CaaX-protein behaviors and to decipher the era1 intricate phenotypes.
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FIGURE 10. Diagram of an era1-8 flower summarizing farnesylation-related phenotypes. ERA1 with the PLP α-subunit constitute the active farnesyltransferase that performs CaaX-protein farnesylation. The picture summarizes novel era1 phenotypes involving unidentified CaaX-proteins.




MATERIALS AND METHODS


Plant Material

Experiments were performed using A. thaliana accession Columbia (Col-0), the T-DNA insertion mutant era1-8 [stock name SALK_110517 described in Goritschnig et al. (2008)] and the T-DNA insertion mutant ggb-2 [stock name SALK_040904C described in Running et al. (2004)]. Plants were grown in a growth chamber (24°C at 70% humidity) under a 12 h light/12 h dark photoperiod and were exposed to an 80–100 μmol.m–2.s–1 irradiance. Once harvested, seeds were maintained in the dark at 4°C.



Gene Expression Analysis

Expression data were retrieved from the Bio-Analytic Resource (BAR) Expression browser2 by querying the database with the Seed and Silique Development filter. Raw absolute expression data were centered and scaled per gene and the heatmap was generated with Excel software. Accession numbers: ERA1 (Enhanced Response to ABA1), At5g40280; GGB (GeranylGeranyl transferase Beta subunit), At2g39550; PLP (PLuriPetala), At3g59380.



Seed and Pollen Morphological Analyses

Length and width of 50 dry seeds from five independent biological replicates (i.e., five plants) for each genotype were determined using the ImageJ software3 and microscopy pictures. The volume of the seeds was calculated by equating the seed shape to a spheroid, according to Riefler et al. (2006). A similar approach was used to determine pollen grain sizes and volumes.

To determine the Arabidopsis seed weight, 500 dry mature seeds (stored in dark at 4°C for 2 months after harvest) were weighted with five independent biological replicates for each genotype with three technic replicates.



Near Infrared Spectroscopy

NIRS method and predictive equations developed by Jasinski et al. (2016) were used to determine carbon, nitrogen, protein and lipid contents in Arabidopsis seeds. Seed samples (about 300 μl of seeds) were placed in a 9 mm diameter clear glass bottle (Agilent, 5182-0714) on 4 mm height for NIRS spectra acquisition and were analyzed as intact (without any treatment). Spectra acquisition was performed with a Fourier transform near-infrared (FTNIR) analyzer (Antaris II spectrometer; Thermofisher Scientific, France). Spectra were collected as described by Jasinski et al. (2016). The spectral data provide useful information about the organic signature of the Arabidopsis samples.



Seed Protein Analyses

Seed total protein extracts were prepared as described in Rajjou et al. (2008) with minor changes. 50 dry mature seeds were hand-grinded using mortar and pestle at 4°C in 200 μL of extraction buffer consisting of 18 mM Tris-base, 14 mM Tris–HCl, 7 M urea, 2 M thiourea, 4% CHAPS, 0.2% Triton X-100, 1 mM PMSF (Harder et al., 1999). Samples were left on ice for 10 min. After the addition of 14 mM dithiothreitol, samples were incubated for 20 min at 4°C with shaking and clarified by centrifugation for 20 min at 20.000 g at 4°C. Protein concentration was determined in the supernatant using the Bradford method (Bradford, 1976). Protein extracts were analyzed by 12% SDS-PAGE and proteins were revealed by silver staining.

Proteins of seed lipid bodies were prepared from 25 mg of seeds using sucrose flotation techniques including successive NaCl, Tween 20 and urea treatments in order to remove non-specifically trapped proteins, as described by Jolivet et al. (2004). After an overnight acetone precipitation, dry pellets were dissolved in Laemmli sample buffer and directly loaded on 15% SDS-PAGE. Proteins were then stained by Coomassie blue procedure.



Seed Lipid Analyses

Triacylglycerol (TAG) and total phospholipid quantifications were performed by High-Performance Thin-Layer Chromatography (HPTLC). Lipids were extracted by grinding 10 mg of dry seeds in 1 ml of dichloromethane:chloroform (2:1, v:v) 5 times during 1 min in a Mixer Mill MM400 (Retsch) at 30 hz. Samples were cooled on ice 30 s during each grinding cycle. Lysates were filtrated and lipid extract collected according to Bligh and Dyer (1959). Lipid extracts were spotted on HPTLC precoated silica gel glass plates (60F254 Merck, Darmstadt, Germany) using a CAMAG autosampler ATS4 sample applicator (CAMAG, Muttenz Switzerland). Before loading, plates were pre-developed once in chloroform:methanol (1:1, v:v), air-dried, and activated at 110°C for 20 min. Samples were applied in the form of 10-mm band shapes, 1.5 cm from the bottom of the silica plate at a constant flow rate of 150 nl.s–1 under nitrogen flow. Development was carried out with a mobile phase composed of hexane:ether:acetic acid (70:30:1, v:v:v). HPTLC plates were then air-dried for 90 min, and treated for 1 min in an immersion tank containing a 50% perchloric acid solution. After a 2-h drying period at room temperature, plates were heated for 16 min at 160°C to allow carbonization for the staining reaction. Densitometric analysis was performed using a TLC/HPTLC video-densitometer (TLC Visualizer 2 CAMAG, with Videoscan software, Camag, Muttenz, Switzerland). TAG and total phospholipids quantifications were performed using standard calibration curves obtained by spotting standards of known lipid composition.

For fatty acid analysis, TAG were separated by one-dimensional TLC (LK5, 20 × 20 cm, Carlo Erba, Val de Reuil, France) using hexane:diethyl ether:acetic acid (60:40:1, v:v:v) as mobile phase. TAG spots were scraped and collected in screw-cap glass tubes. TAG were prepared as fatty acids methyl esters before gas chromatography analysis (GC-2010plus, Shimadzu Scientific instruments, Noisiel, France) using a BPX70 capillary column (60 m, SGE, Chromoptic SAS, Courtaboeuf, France). Hydrogen was used as carrier gas with a constant pressure (120 kPa). After an on-column injection of sample at 60°C, oven temperature increased from 60°C to 220°C. Fatty acids methyl esters were detected by a FID at 255°C and identified by comparison of their retention times with commercial standards (Supelco 37, Fatty Acid Methyl Ester mix, Sigma-Aldrich, France, St Louis, MO, United States). Fatty acids levels were expressed as the percentage of total integrated peaks area using the GC Solutions software (Shimadzu, Noisiel, France).



Arabidopsis Hand Pollination

For Arabidopsis crossing, one day prior to pollination, mature siliques, open flowers and buds having a white tip were removed from the plant. Immature buds were delicately opened with a needle under a binocular and stamens were removed with forceps. Two to three flowers were emasculated per inflorescence. After 1 day, stamens of freshly opened flowers of the desired plant were brushed against the emasculated flower stigmas. In order to ensure a maximum pollination rate, the pollination was repeated twice during 2 days on the same flowers after anthesis. Pollen presence on anthers was carefully checked with binocular magnifier.

For hand pollination of era1-8 flowers, one stamen of a freshly opened flower was removed delicately and then brushed against the stigma of the same flower. The process was repeated until the presence of pollen on the stigma could be assessed under the binocular. Five experiments were conducted when WT pistils were used (n = 5 in Figure 9). Because era1-8 pistils gave highly variable number of seeds, the experiment was repeated 20 times (n = 20 in Figure 9).



Flower Observations and Ovule Clarification

Selected flowers were marked by a colored knot on the day of flowering and siliques were further collected at the desired day. Siliques were opened delicately under a binocular and ovules or developing seeds were incubated between microscopic slides overnight at room temperature in the dark in 50 μl of Hoyer clarification medium (24 g chloral hydrate, 3 ml glycerol and 9 ml Milli-Q® water; Feng and Ma, 2017). Samples were then directly observed with an Olympus BX51 microscope equipped with a differential interference contrast (DIC) optic and an Olympus DP71 digital camera.



Gynoecium Transverse Section and Transmitting Tract Staining

Flowers were incubated in FAA (50% ethanol, 5% acetic acid, and 5% formaldehyde) 16 h at 4°C. After ethanol and tert-butanol series, the samples were incubated overnight at 60°C, first in Paraplast®Plus:tert-butanol (1:1) and then in pure Paraplast®Plus (Leica Biosystems, Richmond, VA, United States). The Paraplast-embedded samples were sectioned to a thickness of 10 μm by using a rotary microtome. Sections were spread on slides pretreated with 2% 3-aminopropyltriethoxysilane (Sigma-Aldrich) in acetone (v:v), dried for 24 h at 40°C. Two 15-min incubations in xylene were used to remove paraffin from the samples, and an ethanol series up to water was used to rehydrate the sections. Sections were then stained for 2 h with Alcian blue (Sigma-Aldrich) to visualize acidic polysaccharides, such as callose, a major component of the transmitting tract (Crawford et al., 2007) and then with neutral red (to visualize cell walls) for 15 s. Samples were then observed on microscope.



Pollen Germination Assays

Pollen germination assays were performed according to Li (2011). About ten open flowers (DAF1 to DAF3) for each genotype were collected and dried for 30 min at room temperature. After addition of 500 μL of germination medium (5 mM MES-Tris, 1 mM mM KCl, 0.5 mM MgSO4, 1.5 mM Boric acid, 10 mM CaCl2, 5% sucrose (w:v) and 15% PEG4000 (w:v), pH 5.8; Fan et al., 2001), flowers were shaken and pollen grains were collected by centrifugation at 500 g for 5 min. Pellet of pollen was suspended in 500 μl of germination medium. Pollen grains were germinated at 28°C overnight by placing 100 μl of the pollen suspensions in a 96 well plate (BioLite Thermo Fisher Scientific). Microscopy pictures of germinating pollen were obtained as described for ovules. The procedure was conducted six times for each genotype (n = 6).
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Vernalization is the promotion of flowering after prolonged exposure to cold. In Arabidopsis thaliana, vernalization induces epigenetic silencing of the floral repressor gene FLOWERING LOCUS C (FLC). The repressive epigenetic mark trimethylation of lysine 27 on histone H3 proteins (H3K27me3) is a critical contributor to the epigenetic silencing of FLC. Interestingly, the deposited H3K27me3 in the FLC locus can be erased by short-term high-temperature treatment. This is referred to as devernalization. In this study, we identified a novel chemical compound, 4-Isoxazolecarboxylic acid, 3,5-dimethyl-2-(4-fluorophenyl)-4-isoxazole carboxylic acid 1-methyl-2-oxoethyl ester named as DEVERNALIZER01 (DVR01), which induces devernalization in Arabidopsis seedlings, by an FLC-luciferase reporter-based high-throughput screening assay. DVR01 decreased the amount of H3K27me3 in the FLC locus in vernalized plants, resulting in the upregulation of FLC in the whole plant, including the vasculature and meristem, where FLC represses floral induction genes. We also showed that a 2-week treatment with DVR01 reverted plants with a vernalized status back to a fully non-vernalized status. Collectively, this study provides a novel structure of DVR01, which modulates devernalization via demethylation of H3K27me3 in the FLC locus.
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INTRODUCTION

Flowering is a critical developmental process in the plant life cycle. Many annual plants flower after being exposed to warm conditions following prolonged winter coldness (Chouard, 1960; Simpson and Dean, 2002). Acquiring the ability to undergo flower-bud formation induced by the cold is referred to as vernalization. In a model plant, Arabidopsis thaliana, flowering is promoted by both the vernalization pathway and autonomous pathway (Sheldon et al., 2000; Simpson and Dean, 2002; Michaels et al., 2005) and is inhibited by the activity of the zinc finger protein FRIGIDA (FRI) (Johanson et al., 2000). The vernalization pathway and autonomous pathway repress the expression levels of the floral repressor gene FLOWERING LOCUS C (FLC) (Michaels and Amasino, 1999; Sheldon et al., 1999, 2000; Simpson and Dean, 2002), and they counteract FRI, which activates the expression of FLC during the development of plants (Johanson et al., 2000). FLC acts upstream and represses the downstream floral inducers FLOWERING LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) (Hepworth et al., 2002; Michaels et al., 2005; Helliwell et al., 2006; Searle et al., 2006). The vernalization pathway has a primary role in the regulation of FLC and triggers multiple repressive epigenetic modifications of the FLC locus, including the trimethylation of lysine 27 of histone H3 (H3K27me3) and H3K9me2 in a stepwise fashion (Bastow et al., 2004; Whittaker and Dean, 2017).

Interestingly, the vernalized state can be canceled by short-term treatment at a high temperature. This is referred to as devernalization (Purvis and Gregory, 1945; Gregory and Purvis, 1948). In the model plant Arabidopsis thaliana, the expression levels of FLC are partially recovered after devernalization (Périlleux et al., 2013). H3K27me3 is erased, and H3K4me3 very slightly accumulates at the FLC locus during devernalization (Bouché et al., 2015). These observations suggest that the decrease in H3K27me3 is a key event during devernalization. However, the detailed mechanisms of heat-induced devernalization are largely unknown. In this study, by employing a chemical biology approach, we aimed to identify novel chemicals that can induce devernalization in a model plant, Arabidopsis thaliana.

Chemical biology, in which researchers use small compounds to understand biological processes, has expanded in recent years (Nemhauser and Torii, 2016; Hagihara et al., 2019; Halder and Russinova, 2019). Plant researchers have identified compounds that mimic plant hormones (Tsuchiya et al., 2015; Hirakawa et al., 2017; Uchida et al., 2018; Yoshimura et al., 2018) and manipulate physiological processes, including membrane trafficking (Hicks and Raikhel, 2010; Dejonghe et al., 2019), circadian clock (Ono et al., 2019; Uehara et al., 2019), developmental patterning (Sakai et al., 2017; Ziadi et al., 2017), stomatal movement (Toh et al., 2018), and epigenetics (Sun et al., 2014). Chemical treatment can overcome genetic redundancy and transiently inhibit/activate protein function. To our knowledge, compounds regulating vernalization/devernalization have not yet been identified.

In this study, we performed screening by using the Institute of Transformative Bio-Molecules (ITbM) chemical library, which is one of most broadly used libraries in the plant science field (Toh et al., 2018; Yoshimura et al., 2018; Ono et al., 2019; Uehara et al., 2019). We established a luciferase-based high-throughput screening system. From 3010 compounds, we identified a novel compound, DEVERNALIZER01 (DVR01), which activates the expression of the floral master repressor FLC, in vernalized plants. In addition, DVR01-treated vernalized plants exhibited a late flowering phenotype. These results suggested that DVR01 is an inducer of devernalization in Arabidopsis. Finally, we showed that DVR01 decreased the accumulation levels of a repressive histone mark H3K27me3, at the FLC locus. This study provides a novel structure of devernalization-inducing compounds. DVR01 may be useful for the induction of devernalization instead of heat treatment in agriculture.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

All Arabidopsis thaliana seed stocks used in this study were in the Columbia (Col-0) background. flc-3 (Michaels and Amasino, 1999), FRIsf–2 (Lee et al., 1993) and the reporter line FLC-GUS (Bastow et al., 2004) were reported previously. FLC:LUC was generated in this study. Arabidopsis seeds were grown on cotton balls with liquid Murashige Skoog (MS) medium or on 0.5% gellan gum with MS. Plates were cultivated under constant light conditions. To examine the flowering phenotypes, plants were cultivated in pots containing vermiculite and Metro-Mix (Sun Gro Horticulture).



Plasmid Construction and Plant Transformation

A chimeric gene between FLC and luciferase was named FLC:LUC. The luciferase gene was fused to the 6th exon of FLC. The 7th exon of FLC is not translated because the luciferase gene has a stop codon. Therefore, FLC:LUC does not have the activity of FLC. This DNA construct was introduced into the flc-3 FRIsf–2 background. We selected T3 transgenic lines harboring one copy of the construct and checked the luciferase activity in both non-vernalized conditions and vernalized conditions.



Luciferase Assay

We vernalized FLC:LUC seeds after water absorption in microtubes in a refrigerator (4 degrees). After 4 weeks of vernalization, we sowed four seeds on cotton balls with MS medium containing compounds (Toh et al., 2018; Yoshimura et al., 2018; Ono et al., 2019; Uehara et al., 2019) at 10 μM in 96-well black plates. Seven-day-old seedlings were sprayed with 1 mM D-Luciferin (Sigma) in 0.01% Triton X-100. We measured luciferase activities by ImageQuantTM LAS 4000 (GE Healthcare). Images and signals are the sum of LUC activity over 10 min.



Reverse-Transcription PCR and Quantitative RT-PCR

After 4 weeks of vernalization, we sowed four seeds on 0.5% gellan gum with MS and 1, 5, 10, and 25 μM DVR01. Samples of 7-day-old seedlings were frozen in liquid nitrogen immediately. The RNeasy Plant Mini Kit (Qiagen, Germany) was used to extract total RNA. The RNase-Free DNase Set (Qiagen, Germany) was used to eliminate the contamination of genomic DNA in RNA samples. Reverse-transcription PCR was performed using PrimeScriptTM RT Master Mix (Takara, Japan). Quantitative RT-PCR was applied as described previously (Wang et al., 2020). Arabidopsis PP2A was used as the internal reference. Each experiment was repeated at least three times. The relative expression level of each gene was calculated using the 2–ΔΔCT method (Livak and Schmittgen, 2001). Primers are listed in Supplementary Table 1.



GUS Staining

After 4 weeks of vernalization, we sowed four seeds on 0.5% gellan gum with MS and 10 μM DVR01. Seven-day-old seedlings of FLC-GUS were fixed in 90% acetone for 30 min at room temperature and subsequently stained with GUS staining solution. The staining method was described previously (Shirakawa et al., 2014). Representative images were photographed under an AXIO Zoom V16 (ZEISS) microscope.



Flowering Phenotype Analysis

To test the timing of flowering, including the number of rosette or cauline leaves produced, we cultured seedlings for one or 2 week(s) in 10 μM DVR01-containing medium after 4 weeks of vernalization and then transferred them into soil cultivation conditions. We cultivated plants until the length of the primary stems reached 10 cm and then counted the number of leaves.



Chromatin Immunoprecipitation (ChIP)-qPCR

For ChIP-qPCR, ChIP was carried out as described previously (Yamaguchi et al., 2014). After 4 weeks of vernalization, we sowed four seeds on 0.5% gellan gum with MS and 10 μM DVR01. Samples of 7-day-old seedlings were collected. For each sample, 100–300 mg of seedlings was fixed with 1% formaldehyde for 15 min. After quenching the formaldehyde with glycine for 5 min, tissues were frozen in liquid nitrogen and kept at −80°C until use. Tissues were ground to a fine powder with an ice-cold mortar and pestle. Using nuclear extraction buffer, chromatin was isolated from a nuclear extract. Fragmentation was conducted using an Ultrasonic Disruptors UD-201 sonicator (TOMY). After preclearing, antibodies were added, and the mixtures were rotated overnight at 4°C. Antibodies, anti-H3K27me3 (ab6002; Abcam), were used. For immunoprecipitation to capture DNA-protein complexes, Dynabeads with Protein A or G (Thermo Fisher Scientific) were used. Beads were washed, and DNA was eluted from beads overnight at 65°C. The resulting DNA was purified using a QIAquick PCR Purification Kit (Qiagen). DNA was quantified with a LightCycler 480 (Roche) using FastStart Essential DNA Green Master Mix (Roche). The ratio of ChIP to input DNA (% input) was compared based on the reaction threshold cycle for each ChIP sample compared to a dilution series of the corresponding input sample. Relative values are normalized by the negative control locus of the TA3 retrotransposon (At1g37110) (Yamaguchi et al., 2014). Three independent experiments were performed. Primers are listed in Supplementary Table 1.



Data Statistics and Availability

In this study, one-way ANOVA followed by the Tukey–Kramer test or two-tailed Student’s t-test with Bonferroni correction for multiple comparisons was performed to detect differences as required.




RESULTS


Luciferase-Based High-Throughput Screening System for Monitoring the Expression of FLC

To perform high-throughput screening for novel chemicals inducing devernalization, we established the FLC:luciferase reporter line (hereafter, FLC:LUC) (Figure 1A). We introduced a chimeric gene of FLC, in which the luciferase gene was fused to the 6th exon of FLC, into the flc-3 FRIsf–2 background. This construct contains all known cis-regulatory sequences of FLC. In addition, compared with friCol–0, FRIsf–2 can fully activate FLC. Therefore, plants harboring FRIsf–2 exhibited a clear reduction in FLC in response to vernalization treatment. In this study, we represented vernalized plants as V plants and non-vernalized plants as NV plants, respectively. We selected a single-copy transgenic line with FLC:LUC expression similar to endogenous FLC. In this line, cold treatment of seeds for 4 weeks after water absorption induced a clear and significant reduction in luciferase activity in the seedlings (Figures 1B,C). These results indicate that we are able to monitor the dynamic expression levels of FLC in a non-destructive manner by measuring LUC activity in FLC:LUC.
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FIGURE 1. Luciferase-based high-throughput screening system for monitoring the expression of FLC. (A) Structure of the FLC:LUC DNA construct. (B) Schematic diagram of luciferase assay. (C) Luciferase activities of FLC:LUC in NV and V plants. Upper images are original photographs taken by LAS 4000. Lower images are bright field images.




Identification of a Hit Compound, DVR01

We searched for synthetic small molecules that could activate the expression of FLC in V plants from the ITbM chemical library, our unique chemical library for use in plant-based phenotypic screening (Toh et al., 2018; Yoshimura et al., 2018; Ono et al., 2019; Uehara et al., 2019). We screened 3010 molecules and found two compounds that moderately recovered LUC activity in V plants. In this study, we show the results of hit compound, DEVERNALIZER01 (DVR01) (Figure 2A), and will report the other molecule in future studies. DVR01-treated V plants showed 3.2-fold higher luciferase activity than mock-treated V plants (Figure 2B; p < 0.05, two-tailed Student’s t-test with Bonferroni correction). To avoid the possibility that DVR01 activated the enzymatic activity of LUC, we measured the expression levels of endogenous FLC by using FRIsf–2 plants. Consistent with the experiments using FLC:LUC, DVR01-treated V plants showed 2.9-fold higher expression levels of endogenous FLC than V plants (Figure 2C; p < 0.05, Tukey–Kramer test). In addition, the expression level of FLC in DVR01-treated NV was comparable with that in NV plants (Supplementary Figure 1). These results suggested that DVR01 induced the expression of FLC specifically in V plants. To find the optimum and effective concentration of DVR01, we treated V plants with DVR01 at concentrations of 1, 5, 10, and 25 μM DVR01 and identified that both 10 and 25 μM DVR01 induced the expression of FLC at maximum levels (Figure 2C; p < 0.05, Tukey–Kramer test). On the other hand, we found DVR01 induced undesired side effects, dwarfism of plants and pale green leaves, in a concentration-dependent manner. At a concentration of 25 μM of DVR01, plants showed severe dwarfism (Supplementary Figure 2). Therefore, in this study, we used 10 μM DVR01 in Arabidopsis. Next, to clarify a relationship between structure and activity of DVR01, we selected 30 structurally related compounds having 4-isoxazolecarboxylic acid moiety from the chemical library and tested them (Supplementary Figure 3). However, no compound induced FLC expression, dwarfism or pale green leaves. These results suggested that the whole structure of DVR01 may be privileged scaffold for its activity (see section “Discussion”).
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FIGURE 2. Identification of a devernalization inducer, DVR01. (A) Chemical structure of DVR01. (B) Luciferase activities of FLC:LUC in NV-, V-, and DVR01-treated V plants. DVR01 at 10 μM was used. Left photographs are original images taken by LAS 4000. Right graphs indicate quantified values of LUC activity from original images. Error bars represent SD. Two-tailed Student’s t-test with Bonferroni correction. *p < 0.05. (C) The expression levels of endogenous FLC in NV-, V-, and DVR01-treated V plants. DVR01 at 1, 5, 10, and 25 μM was used. Error bars represent SD. One-way ANOVA followed by the Tukey–Kramer test was performed (p < 0.05). Different letters indicate significant differences, while the same letters indicate non-significant differences.




DVR01 Upregulates the Expression of FLC in Leaves of V Plants

FLOWERING LOCUS C is expressed in whole plant tissues, including aerial parts and roots. However, the expression of FLC only in vascular and meristematic tissues of aerial parts is critical for the repression of FT. To examine the tissues in which DVR01 induces FLC, we treated the translational fusion line FLC-GUS with 10 μM DVR01 after vernalization and stained whole seedlings. We found much stronger GUS signals in both vascular tissues of cotyledons and true leaves of DVR01-treated V plants compared with those of vernalized FLC-GUS plants (Figure 3A). Eighty-six percent of DVR01-treated V plants had GUS signals in vascular tissues of cotyledons, compared with 33% of V plants (Figure 3B, DVR01-treated V plants, n = 14; V plants, n = 15). In addition, 57% of DVR01-treated V plants had GUS signals in true leaves compared with 13% of V plants (Figure 3B, DVR01-treated V plants, n = 14; V plants, n = 15). Meanwhile, no hypocotyl was stained by GUS in either V or DVR01-treated V plants (Figure 3B). These results indicate that DVR01 induced the reactivation of FLC, especially in leaves, resulting in the repression of FT in those tissues.
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FIGURE 3. DVR01 upregulates the expression of FLC in the leaves of V plants. (A) Photographs of GUS staining of NV-, V-, and DVR01-treated FLC:GUS, including cotyledons, true leaves and hypocotyls. Bars are 500 μm. (B) Ratio of GUS-positive plants in different tissues. NV; n = 10, V; n = 15, V + DVR01; n = 14.




DVR01 Induces Devernalization

Analyses of the expression profiles of FLC in DVR01-treated V plants suggested that DVR01 could confer late-flowering phenotypes against vernalized plants. To investigate this possibility, we cultured seedlings for 1 week in 10 μM DVR01-containing medium; after that, we transferred them into soil conditions, and we counted both the day of bolting and the numbers of rosette and cauline leaves (Figures 4A,B). DVR01-treated V plants showed late-flowering phenotypes compared with untreated V plants (Figure 4C). DVR01-treated V plants bolted 11 days later than V plants (Figure 4C; 57 days for DVR01-treated V plants vs. 46 days for V plants; p < 0.05, Tukey–Kramer test) and increased vegetative growth relative to V plants (Figure 4C; DVR01-treated V plants developed 17 more leaves than V plants did; p < 0.05, Tukey–Kramer test). Next, we treated V plants for 2 weeks with 10 μM DVR01. The effects of DVR01 were enhanced (Figure 4D). DVR01-treated V plants bolted at almost the same time as non-vernalized plants (no significant difference by Tukey–Kramer test) and developed almost the same number of leaves (no significant difference by Tukey–Kramer test) (Figure 4D). These results indicated that DVR01 could revert plants to a non-vernalized status. Collectively, these results suggest that DVR01 is a novel compound that promotes devernalization in plants.
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FIGURE 4. DVR01 induces devernalization. (A) A photograph of 49-day-old plants. (B) Schematic diagram of two types of leaves counted in the flowering assay. (C) One week of treatment with DVR01 in V plants delayed the timing of flowering. Left: days of bolting. Right: number of leaves including cauline (hatched boxes) and rosette leaves (box). NV: n = 7, V: n = 10, V + DVR01: n = 8. Error bars represent SD. One-way ANOVA followed by the Tukey–Kramer test was performed (p < 0.05). Different letters indicate significant differences, while the same letters indicate non-significant differences. (D) Two weeks of treatment with DVR01 in V plants delayed the timing of flowering. Left: days of bolting. Right: number of leaves including cauline (hatched boxes) and rosette leaves (box). NV: n = 6, V: n = 5, V + DVR01: n = 5. Error bars represent SD. One-way ANOVA followed by the Tukey–Kramer test was performed (p < 0.05). Different letters indicate significant differences, while the same letters indicate non-significant differences.




Low Levels of H3K27me3 Accumulation at the FLC Locus in DVR01-Treated V Plants

Vernalization induced the accumulation of the repressive epigenetic mark H3K27me3 at the whole FLC locus. The accumulation of H3K27me3 is first introduced at the region of the 1st intron of the FLC locus and continuously spread throughout the whole genomic region of FLC except the 3′-UTR (Whittaker and Dean, 2017). We compared the accumulation levels of H3K27me3 in the entire FLC genomic region between NV-, V-, and DVR01-treated V plants by using ChIP-qPCR with three biological replicates (Figure 5 and Supplementary Figure 4). Compared with NV plants, V plants exhibited higher accumulation levels of H3K27me3 on the whole FLC locus except the 3′-UTR. Higher accumulation levels were detected in the P1 and P2 regions than in the promoter and P3–P5 regions. These results were consistent with previous reports (Whittaker and Dean, 2017). Compared with V plants, DVR01-treated V plants showed lower accumulation of H3K27me3 in the whole FLC locus except the 3′-UTR, similar to NV plants (Figure 5B). These results were reproduced in two additional independent experiments (Supplementary Figure 4). These findings indicate that DVR01 eliminates H3K27me3 from the FLC locus. Taken together, DVR01 is a novel compound that induces a late-flowering phenotype against V plants through the reactivation of FLC by reducing the repressive epigenetic marks from the FLC locus.
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FIGURE 5. Low accumulation levels of H3K27me3 on the FLC locus in DVR01-treated V plants. (A) Sites of PCR amplicons on the FLC locus. (B) The accumulation levels of H3K27me3 in NV-, V-, and DVR01-treated V plants. The P1 and P2 regions are located in the nucleation region (light green). Additional replicates are shown in Supplementary Figure 4. Relative values are normalized by the negative control TA3.





DISCUSSION


Identification of a Devernalization Inducer, DVR01

In this study, we found that a novel compound, DVR01, has the ability to induce the expression of FLC in leaves and delay flowering in vernalized plants (Figures 2–4). DVR01 does not share the clear structural similarity with plant hormones or known H3K27me3 inhibitors. The activity of DVR01 was dose-dependent, but a high concentration of DVR01 retarded plant growth (Figure 2C and Supplementary Figure 2). Instead of using a high concentration of DVR01, longer treatment periods of DVR01 permitted us to revert vernalized status back to the non-vernalized status almost perfectly (Figure 4D). Then, to understand structure-activity relationship of DVR01, we selected 30 structurally related compounds having 4-isoxazolecarboxylic acid moiety and tested them as with the same manner mentioned above. Unfortunately, none of the compounds induced FLC expression or morphological changes, as DVR01 did (Supplementary Figure 3). These results suggested that the whole structure of DVR01 may be privileged scaffold for its activity.

Our study also revealed that DVR01 could manipulate the histone modification H3K27me3 of the FLC locus by ChIP-qPCR analysis (Figure 5). Consistent with this, DVR01 did not upregulate the expression of FLC in NV plants (Supplementary Figure 1), in which H3K27me3 was not deposited on the FLC locus (Figure 5; Whittaker and Dean, 2017). How specific DVR01 affects the accumulation levels of H3K27me3 on the FLC locus? In addition to the upregulation of FLC, DVR01-treated plants showed the dwarfism and the pale green leaves. It might be caused by the loss of H3K27me3 on the locus of developmental regulators which inhibit the proper growth and maturation of chloroplasts when they are ectopically expressed at inappropriate tissues/cells. However, phenotypes of DVR01-treated plants were not identical with those of mutants of PRC2 complex (for example, CURLY LEAF). This result suggests that DVR01 has some specific activity against H3K27me3. Future research employing ChIP-seq may serve to elucidate in detail the mechanisms of DVR01 in the accumulation of H3K27me3.

In the future, further structure-activity relationship study of DVR01 may reveal a privileged scaffold to identify target molecule(s) of DVR01, which will provide more detailed mechanistic insights into DVR01 in plants. Additionally, our high-throughput screening system will identify other molecules that have devernalization-inducing activity without harmful effects on plant growth and clarify common structures for devernalization-inducing compounds.



Heat Versus Chemicals in Devernalization

It was reported in the 1940s that heat could cancel vernalized status in plants (Purvis and Gregory, 1945; Gregory and Purvis, 1948). In this study, we showed that a small molecule, DVR01, could also induce devernalization in vernalized seeds of Arabidopsis. It remains an open question whether DVR01 functions by similar mechanisms to heat in devernalization. In Arabidopsis, it was reported that heat-treated V plants showed about 2- to 3-fold higher expression levels of FLC than V plants (Périlleux et al., 2013). Compared with this, DVR01 increased the expression levels of FLC to a similar extent against V plants (Figure 2C). However, more detailed work, including omics analyses (RNA-seq and ChIP-seq) and the combinational treatment of heat and chemicals, is required for the comparison of two kinds of devernalization.

In our study, we also found that heat treatment of seeds under dark conditions followed by cultivation under light conditions was required for the effective induction of devernalization (Shirakawa and Ito, unpublished data). In addition, in Arabidopsis, 1 week of heat treatment of seeds in the dark triggered a clear reduction in the germination ratio of seeds (Shirakawa and Ito, unpublished data). Moreover, DVR01 treatment was performed under light conditions during 1 week of cultivation after the vernalization of seeds. Therefore, it is not easy to directly compare heat-induced devernalization and DVR01-induced devernalization. However, we did not exclude the possibility that targets of heat treatment may overlap with those of DVR01 treatment because they reactivated the expression levels of FLC through a decrease in H3K27me3 at the FLC locus (Figure 5; Périlleux et al., 2013; Bouché et al., 2015).



Chemicals for the Modification of H3K27me3 in Plants

We showed that DVR01 could revert the epigenetic status determined by H3K27me3 on the FLC locus. How and when does DVR01 function in the regulation of H3K27me3? First scenario is that H3K27me3 spreading is established in seeds just after cold treatment and DVR01 might actively exclude the H3K27me3 through histone demethylases. However, it is still unclear when H3K27me3 spreading and stable silencing of FLC are established only upon exposure to warmth (Whittaker and Dean, 2017). Second scenario is that H3K27me3 spreading is established during the development of seedling from the germination and DVR01 might inhibit the activity of PRC2 and/or activate histone demethylases to counteract PRC2. Recently, it was proposed that DNA replication may have an active role in propagating repressive histone marks (Whittaker and Dean, 2017). Therefore, DVR01 might also inhibits the spreading of H3K27me3 by affecting DNA replication. In addition to H3K27me3, other histone modifications, including H3K36me3 and H3K4me3, are involved in the regulation of FLC (Whittaker and Dean, 2017). It remains open question whether DVR01 function in the accumulation/deposition of other histone modifications. Future work may attempt to identify targets of DVR01. Moreover, using chemical compounds to regulate devernalization will shed light on the detailed mechanism of epigenetically stable and heritable silencing of FLC.
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Supplementary Figure 1 | DVR01 did not affect the expression levels of FLC in NV plants. The expression levels of FLC were quantified in 7-day-old seedlings of NV plants and DVR01-treated NV plants. No statistical significance was detected. Error bars denote SD. Two-tailed Student’s t-test was performed.

Supplementary Figure 2 | Plant morphologies of DVR01-treated plants. Photographs of 7-day-old seedlings treated with various concentrations of DVR01. DVR01 induced retarded growth in a concentration-dependent manner.

Supplementary Figure 3 | FLC:LUC activities in V plants treated with analogous compounds of DVR01. (A) Chemical structures of 30 analogous compounds of DVR01. (B) FLC:LUC activities were measured in V plants treated with 30 analogous compounds of DVR01. Compounds at 10 μM were used. Compared with these plants, DVR01-treated V plants showed the highest activity of LUC. Error bars represent SD.

Supplementary Figure 4 | Three replicates of ChIP-qPCR analysis of H3K27me3. The accumulation levels of H3K27me3 in NV-, V-, and DVR01-treated V plants. The P1 and P2 regions are located in the nucleation region (light green). Relative values are normalized by the negative control TA3.

Supplementary Table 1 | Primers used in this study.
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The correct development of a diploid sporophyte body and a haploid gametophyte relies on a strict coordination between cell divisions in space and time. During plant reproduction, these divisions have to be temporally and spatially coordinated with cell differentiation processes, to ensure a successful fertilization. Armadillo BTB Arabidopsis protein 1 (ABAP1) is a plant exclusive protein that has been previously reported to control proliferative cell divisions during leaf growth in Arabidopsis. Here, we show that ABAP1 binds to different transcription factors that regulate male and female gametophyte differentiation, repressing their target genes expression. During male gametogenesis, the ABAP1-TCP16 complex represses CDT1b transcription, and consequently regulates microspore first asymmetric mitosis. In the female gametogenesis, the ABAP1-ADAP complex represses EDA24-like transcription, regulating polar nuclei fusion to form the central cell. Therefore, besides its function during vegetative development, this work shows that ABAP1 is also involved in differentiation processes during plant reproduction, by having a dual role in regulating both the first asymmetric cell division of male gametophyte and the cell differentiation (or cell fusion) of female gametophyte.

Keywords: male gametophyte differentiation, female gametophyte differentiation, ABAP1, DNA replication, TCP, ADAP


INTRODUCTION

The life cycle of higher plants alternates between the growth of a diploid sporophytic body and a haploid gametophytic form. The correct development of both generations relies on a strict coordination between cell division and cell differentiation in space and time (Harashima and Schnittger, 2010). The plant body grows mainly as a result of the increase in cell numbers through proliferative and symmetric cell divisions, producing cells of the same size and fate (De Smet and Beeckman, 2011; Rasmussen et al., 2011). In parallel, the formative and asymmetric divisions generate daughter cells of distinct sizes and identities, having an important role in the differentiation of cell types (Kajala et al., 2014).

A proper temporal and spatial coordination between cell division and differentiation during development of both gametophytes is essential for a successful plant reproduction. After meiosis, asymmetric mitotic cell divisions participate in the differentiation of male gametophyte, by forming a large vegetative cell (VC) and a small generative cell (GC) that subsequently divides symmetrically, forming the two sperm cells (Borg and Twell, 2010; Twell, 2011). During female gametogenesis, cell polarity is a key event for the differentiation of the female gametophyte in the mature embryo sac, which is finally composed of seven cells: three antipodal cells at the chalaza; two synergids and the egg cell at the micropyla; and a central cell (Drews and Koltunow, 2011; Schmid et al., 2015). Although the cellular dynamics of male and female gametogenesis are well described, the underlying molecular and biochemical mechanisms temporally coordinating both processes remain to be elucidated.

G1/S transition is a key point of coordination between cell division and cell differentiation homeostasis (Sablowski and Carnier Dornelas, 2014). RETINOBLASTOMA-RELATED 1 (RBR1) is a key regulator of G1/S transition in Arabidopsis, having a critical role in integrating cell proliferation and differentiation during Arabidopsis sporophyte development (Berckmans and De Veylder, 2009; Harashima and Sugimoto, 2016). During leaf development, RBR1-E2F complex acts as a repressor of cell division in proliferating cells, inhibits the transition into endocycle entry, and prevents ectopic division and recurrent differentiation of guard cells (Park et al., 2005) by repressing the expression of a pre-replication complex (pre-RC) member – CDC6 - and other S-phase genes (Desvoyes et al., 2006). In Arabidopsis roots, RBR1 functions through associations with other proteins, by promoting cell differentiation in the root meristem and regulating asymmetric cell division in Arabidopsis root stem cell niche (Cruz-Ramírez et al., 2012; Weimer et al., 2012). Besides mediating female germline specification by repressing WUSCHEL (WUS) in megaspore mother cell, RBR1 is also involved in the control of both male and female gametophyte development, as rbr1-1 mutants showed supernumerary nuclei in the embryo sac and in pollen grains (Ebel et al., 2004; Chen et al., 2009; Zhao et al., 2017).

Armadillo BTB Arabidopsis Protein 1 (ABAP1) is another central player at G1/S transition in Arabidopsis through its dual role in the regulation of DNA replication and transcription. During Arabidopsis vegetative development, ABAP1 acts by balancing rates of proliferative cell divisions during leaf growth, through negatively regulating DNA replication and transcription, in a mechanism that controls the DNA replication factor CDT1a/b availability and consequently, the assembly of pre-RC (Masuda et al., 2008). In this work, we assessed ABAP1’s role during plant reproduction. We showed that ABAP1 is expressed in both male and female gametophytes and that ABAP1 imbalance impairs both male and female gametogenesis. The fundamental molecular and biochemical mechanisms of action of ABAP1 were determined in the gametophytic development context. Protein pull down, Electrophoretic Mobility Shift Assay (EMSA) and chromatin immunoprecipitation (ChIP) assays revealed that ABAP1 binds to the transcription factors TCP16 (a class I TCP) and ARIA-interacting Double AP2-domain (ADAP, a member of AINTEGUMENTA family), repressing their target genes expression in the male and female gametogenesis, respectively. The ABAP1-TCP16 complex binds to the CDT1b promoter to repress its transcription and consequently regulate microspore first asymmetric cell division in the male gametophyte. Besides, the ABAP1-ADAP complex binds to the Embryo sac Development Arrest 24-like (EDA24-like) promoter, repressing its transcription and regulating polar nuclei fusion to form the central cell in the female gametophyte. Therefore, ABAP1 is involved in the regulation of both formative cell division in male gametophyte and cell differentiation (or cell fusion) in female gametophyte, two processes that are essential for a successful plant reproduction in Arabidopsis.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Columbia-0 (Col-0), Landsberg erecta (Ler), cdt1bKD (SALK_001276), and eda24-likeKD (SALK_121133) were obtained from Arabidopsis Biological Resource Center (ABRC). ABAP1OE, abap1ET and ABAP1Pro:GUS lines were previously described (Masuda et al., 2008). Homozygous SALK lines were confirmed by PCR genotyping (primers are available in Supplementary Information).

Seeds were surface sterilized (70% ethanol for 2 min, 5% bleach for 10 min, dH2O washed for five times), plated in Murashige and Skoog agar plates [4.43 g L–1, 0.8% agar (w/v), 1% sucrose (w/v), 0.5 g L–1 MES] and kept at 4°C for 2 days prior to transfer to a growth room at 23°C with a 16 h light/8 h dark cycle. After 7 days, in vitro plants were transferred to a mixture of soil:vermiculite (2:1) and grown under the same conditions as described above.



Constructs

The full-length coding regions of ABAP1, TCP24, CDT1a, CDT1b, TCP16 and ADAP were PCR amplified with the specific primers as described in Supplementary Information and cloned into entry vectors pDONR201 or pDONR221. The entry clones were then recombined with destination vectors (pDEST15 and pDEST17 for protein expression in Escherichia coli; pDESTDBD and pDESTAD, for yeast two hybrid experiments). Vectors for ABAP1 and TCP24 overexpression in plants are described elsewhere (Masuda et al., 2008). All constructs were made using Gateway Technology (Invitrogen) except for in situ hybridization, where 1709 bp of CDT1a and 1461 CDT1b CDS fragments were cloned into pGEMT Easy Vector (Promega).



Microscopic Analysis

Plant material was harvested at the indicated developmental stages and fixed with 4% paraformaldehyde in 100 mM sodium phosphate buffer (pH 7.2). Fixed material was processed for historesin or paraplast infiltration and then sectioned; or cleared for DIC microscopy observation. Details of microscopy analyses are available in the Supplementary Information.



Promoter GUS Experiments and in situ Hybridization

Flowers of 6-weeks-old homozygous ABAP1Pro:GUS plants grown in the soil were used for histochemical localization of GUS activity. GUS stained material was observed under light or DIC microscope (Axiophot, Zeiss). For more details, see Supplementary Information.

For in situ hybridization, open flowers and flower buds of 6-week-old plants were fixed and hybridized essentially as described previously (de Almeida Engler et al., 2001). Gene-specific sense and antisense probes of CDT1a and CDT1b genes were labeled using PCR DIG Probe Synthesis Kit (Roche). Probes were detected using an anti-digoxigenin antibody to which alkaline phosphatase had been conjugated (Roche Diagnostics). Images were analyzed in a stereomicroscope.



Quantitative Real Time PCR (qRT-PCR)

RNA extraction, reverse transcription and semi quantitative real time PCR were performed as described previously with minor modifications (Masuda et al., 2004). Total RNA was extracted from frozen materials (Logemann et al., 1987), treated with RNAse-free AmbionTM DNAse I and first strand cDNA was synthesized using “High Capacity cDNA Reverse Transcription Kit” according to the manufacturer’s instructions (Thermo Fisher Scientific). For qPCR, cDNA was amplified using SYBR-Green® PCR Master kit (Perkin-Elmer Applied Biosystem) on the GeneAmp 9600 thermocycler (Perkin-Elmer Applied Biosystems) under standard conditions. Relative expression was calculated using 2−ΔΔCT method with UBQ14 as constitutive gene. qPCR values are means from three technical replicates and at least two biological replicates. Primer sequences for all genes used in qPCR are listed in Supplementary Information.



Microarray Experiment

Microarrays were based on the Arabidopsis Genome Oligo Set version 1.0 (Operon), manufactured as previously described (Wellmer et al., 2004) and were kindly donated by Dr. Elliot Meyerowitz (Caltech, United States). Plant material, RNA extraction, antisense RNA labeling, raw data processing and data analyses are described in Supplementary Information. Microarray data was deposited in Gene Expression Omnibus (no. GEO: GSE164480, GSM5011985).



Yeast Two-Hybrid Assay

Yeast two hybrid assay was carried out essentially as described by Masuda et al. (2008). Pairs of interacting proteins were cloned in both AD and DBD vectors and assayed for yeast two hybrid to reduce false positive results. For details, see Supplementary Information.



In vitro Protein Interaction Assay (GST-Pull Down)

ABAP1-GST, AtTPC24-GST, TCP16-HIS and ADAP-HIS were expressed in E. coli strain BL21 as described previously (Chekanova et al., 2000), with modification in the lysis buffer [25 mM Tris, pH 8.0, 1 mM EDTA, 10% glycerol, 50 mM NaCl, 0.1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM leupeptin, and 75 mM aprotinin]. GST-pull down analyses were carried following a protocol described elsewhere (Tarun and Sachs, 1996). For details, see Supplementary Information.



Electrophoretic Mobility Shift Assay (EMSA)

Electrophoretic mobility shift assays were performed essentially as described previously (Masuda et al., 2008). Details on experimental procedure and sequences probes are available in Supplementary Information.



Chromatin Immunoprecipitation (ChIP), PCR Amplification and qRT-PCR Experiment

Flower buds of wild-type (Col-0) and ABAP1OE were collected, fixed in 1% formaldehyde under vacuum for 15 min followed by 5 min incubation in 100 mM glycine to stop the crosslinking, frozen in liquid nitrogen and then stored at −80°C. Chromatin isolation and immunoprecipitation was carried out as described before (Gendrel et al., 2005) with minor modifications (an extra 5 min wash was added at each washing step). Anti-ABAP1 polyclonal antibody described elsewhere (Masuda et al., 2008) was used in the IP step. ABAP1-IP gDNA, input gDNA and mock-IP gDNA were used in PCR amplification using primers specific to promoter and coding regions of EDA24-like, CDT1a and CDT1b. Whole cell extract, immunoprecipitated WT and immunoprecipitated ABAP1OE materials were used in qRT-PCR. For ChIP-qPCR, ChIP DNA was analyzed by qPCR using the indicated primer pairs (sequences are available in Supplementary Information). Relative enrichment for each fragment was calculated first by normalizing the amount of the amplified DNA fragment with the Actin 2 fragment, and then the ratio of ABAP1OE/wild-type was calculated using the following equation: 2(CtABAP1OE Actin 2–CtABAP1OE ChIP fragment)/2(CtWT Actin 2–CtWT ChIP fragment). Each PCR was repeated three times, the mean value of technical replicates was recorded for each biological replicate and error bars represent the SD from three independent experiments.



Accession Numbers

Sequence data from this article can be found at the Arabidopsis Genome Initiative database with the following accession numbers: ABAP1 (At5g13060), Actin 2 (At3g18780), UBQ14 (AT4G02890), CDT1a (At2g31270), CDT1b (At3g54710), TCP16 (AT3G45150), EDA24-like (At1g23350), and ADAP/WRI3 (At1g16060).




RESULTS


Deregulation of ABAP1 Expression Affects Plant Reproduction

To assess if ABAP1 has a role during plant reproduction processes, plants with increased or reduced expression levels of ABAP1 were characterized. The studies were performed with Arabidopsis plants expressing 5- to 17-fold and 2- to 5-fold higher levels of ABAP1 mRNA and protein, respectively (ABAP1OE) and a heterozygous enhancer trap line (abap1ET) showing a two and five fold reduction in ABAP1 mRNA and protein levels, respectively (Masuda et al., 2008).

Homozygous plants could not be rescued in either the abap1ET or in the ABAP1OE lines, suggesting that extreme up or down-regulation of ABAP1 can cause a lethal phenotype. Microscopic analyses of seed development showed that embryogenesis was arrested at pre-globular stage in 32% of the abap1ET seeds (compare Figures 1C,E with 1D,F). Nevertheless, at later stage (mature green), seeds formed seed coat, and no difference in size and color was observed among the seeds in a complete silique (Figure 1B) when compared to the wild-type silique (Figure 1A). Germination frequency was quantified and 32% of abap1ET seeds did not germinate, in correspondence with the frequency of arrested embryos observed earlier after fertilization.
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FIGURE 1. Embryo development in plants with altered levels of ABAP1. Images of siliques at the same developmental stages, comparing embryo and seed development in wild-type (WT) and mutant plants. Left panels (A–F) shows comparison between WT and abap1ET plants. (A,B) Open siliques of WT and abap1ET plants showing normal seed size. (C–F) Initial events in embryo development from WT and abap1ET seeds. Dark field illumination microscopy of WT seeds with embryo at 8 cell stage (C), and abap1ET seeds with the embryo at the initial zygotic divisions (D). Nomarski microscopy of embryos from WT plants at globular cell stage (E) and from abap1ET plants with defects after the initial zygotic divisions (F). Right panels (G–L) shows comparisons between WT and ABAP1OE plants. (G) Open WT siliques with normal developing seeds; and (H) open ABAP1OE siliques with small and shriveled seeds (arrows). (I,K) Micrographs of sections of WT seeds with embryos at globular (I) and transition to early heart stages (K). (J,L) Micrographs of sections of ABAP1OE seeds that did not develop and/or arrested before fertilization (J). (L) is a higher magnification of (J). Scale bars: 1 mm in (A,B,G,H); 20 μm in (C–F); 100 μm in (I–K); and 50 μm in (L). For abap1ET and WT Landsberg erecta background plants, a total of 300 seeds in 15 siliques were analyzed for each genotype. For ABAP1OE a total of 708 seeds were analyzed in 36 siliques, and for Col-0 WT plants 432 seeds were analyzed in 18 siliques.


ABAP1OE plants, however, produced siliques shorter than those in wild- type plants and exhibited an average of 53–62% undeveloped, very small and white colored seeds compared to wild-type plant seeds (Figures 1G,H). The ABAP1OE mutant phenotype was different from the abortion seed phenotype observed in orc2 (Collinge et al., 2004), ttn4 (Tzafrir et al., 2002), and raspberry (Yadegari et al., 1994) mutants. Microscopic analyses of ABAP1OE siliques indicated that embryogenesis was not seen in the undeveloped seeds, suggesting that either gametogenesis, fertilization or zygote activation was impaired (Figures 1I–L). Abnormal structures within the embryo sac, that could suggest formation of endosperm, were observed in ABAP1OE seeds.

Previous studies on ABAP1 gene expression have shown high GUS activity in developing flower buds, with strong expression in the ovary and petals (Masuda et al., 2008). qRT-PCR was used to confirm that ABAP1 mRNA levels were altered in mutant flower buds, showing a 12-fold increase in ABAP1OE and a two-fold reduction in abap1ET lines (Figure 2A). To determine the spatial localization of ABAP1 expression in Arabidopsis gametogenesis, ABAP1Pro:GUS plants were analyzed. GUS activity was detected overall the ovary (Figure 2B). A time-lapse investigation of GUS activity indicated that ABAP1 expression remained in the chalaza and in the embryo very early after fertilization (Figure 2C), decreased at mid-heart stage (Figure 2D) and disappeared only during the torpedo stage of embryo development (Figure 2E).
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FIGURE 2. ABAP1 expression in flowers. (A) Relative mRNA levels of ABAP1 were determined by qRT-PCR in wild-type, ABAP1OE and abap1ET flowers. Data were normalized with UBQ14 as reference gene and were compared with wild-type. Data shown represent mean values obtained from independent amplification reactions (n = 3) and biological replicates (n = 2). Each biological replicate was performed with a pool of 15 inflorescences. Bars indicate mean ± standard error of biological replicates. A statistical analysis was performed by t-test (p-value < 0.05). Asterisks (*) indicate significant changes. (B–G) Nomarski microscopy of cleared tissues. (B) promABAP1:GUS activity in the ovary prior to fertilization. (C) promABAP1:GUS activity early after fertilization. Arrow and arrowhead point to embryo and chalaza expression, respectively. (D) Decrease in GUS activity in embryos of 72 h (heart stage). The expression in the chalazal chamber, however, remains (arrow). (E) In torpedo stage, GUS activity is not seen neither in the embryo or chalaza. (F) promABAP1:GUS activity in anthers. Arrow points to GUS activity in pollen. (G) Cross section of anthers with promABAP1:GUS activity in pollen. (H,J) Localization of ABAP1 protein by epifluorescence of reproductive tissues using anti-ABAP1 antibodies conjugated with Alexa Fluor 488 and (I,K) corresponding DIC microscopy. (H,I) ABAP1 protein localization in a pollen sac cross section. (J,K) ABAP1 protein localization in cross section of ovary and ovules. Dashed lines indicate the perimeter of ovules and the full line is around the embryo sac. The scale bars correspond to 100 μm in (B), 20 μm in (C–G), and to 10 μm in (H–K).


During male gametogenesis, GUS assays indicated that ABAP1 is expressed in pollen and is regulated according to its developmental stage, since it appears only after microsporogenesis. Thus, ABAP1 is present during pollen differentiation, around stage 10–11 of anther development (Figures 2F,G), when the first mitotic asymmetric cell division occurs (Sanders et al., 1999).

ABAP1 expression in wild-type was also confirmed by immunolocalization in pollen (Figures 2H,I) and ovary, including the ovules and embryo sac (Figures 2J,K) by using anti-ABAP1 antibodies conjugated with Alexa Fluor 488. During male gametogenesis, immunolocalization experiments suggest that ABAP1 is initially present at low levels in the tetrads. As gametogenesis proceeds, higher levels of ABAP1 are observed in the vacuolate stage of microspore, before the first mitotic division. Then, its levels decrease at subsequent stages of gametogenesis (Supplementary Figure 1). Immunolocalization of ABAP1 protein was also analyzed in ABAP1OE plants (Supplementary Figure 2) confirming that plants overexpressing ABAP1 under the control of the 35S promoter have a higher fluorescence signal in the reproductive organs, including the male and female gametophytes (Supplementary Figures 2C–H), when compared to the wild-type plant (Supplementary Figures 2A–F). Immunofluorescence controls without anti-ABAP1 antibody or using pre-immune serum did not show fluorescent signal (Supplementary Figures 2I–P).

Altogether, the data showed that ABAP1 has a very specific spatial and temporal expression during the gametophytic phase and that its deregulation affects plant reproduction. Down regulation of ABAP1 disturbed initial mitotic cell divisions in the embryo formation after fertilization, possibly due to its essential role in DNA replication and mitotic cell division. On the other hand, plants with higher levels of ABAP1 lacked developing embryos in the shriveled seeds, suggesting that either fertilization or zygote activation is defective in ABAP1OE. Because ABAP1 is a transcriptional repressor, higher levels of ABAP1 could potentially enhance the repression of important genes for these processes or in the gametogenesis, representing a novel role other than the one in proliferative cell division.



Plants With Ectopic Expression of ABAP1 Have Defects in Pollen Development

To establish the basis for the reduced fertility of ABAP1OE plants, we analyzed whether higher levels of ABAP1 interfered in the different processes of flower development. Defects were found exclusively in male and female gametophytes development.

Optical microscopic analyses were performed at different stages of the male gametophyte development of ABAP1OE and of the wild-type plants (Supplementary Figure 3). The first phenotypic differences were noticed after meiosis, at stage 11 of flower development, when the cytoplasm of some pollen grains from ABAP1OE flowers retracted (Supplementary Figure 3D). At this stage, the first asymmetric mitotic division (Pollen Mitosis I, PMI) is supposed to happen. At stage 12, when the bilocular anther is formed and the pollen grains are mature, 45% of pollen grains were malformed and shriveled in the anthers of the ABAP1OE flowers (Supplementary Figure 3E).

To determine in which stage of male gametogenesis ABAP1OE was affected, nuclei of microspores at different developmental stages of gametogenesis were visualized by DAPI staining. The anthers were collected at stages 10, 11, and 12 of flower development (Smyth et al., 1990), which correspond to male gametophytes with one, two, and three nuclei in wild-type plants, respectively (Figure 3A, upper line and Figure 3B). Male gametophyte of plants with higher levels of ABAP1 presented only one diffuse nucleus, suggesting that they were arrested before Pollen Mitosis I (PMI), the asymmetric cell division that forms the vegetative and generative cells (Figure 3A, middle line). This phenotype resembles the one observed in cdt1bKD mutants (Figure 3A, bottom line), a pre-RC component and target of ABAP1 regulation mediated by TCP24 (Masuda et al., 2008). Pollen germination assays showed that normal shaped pollen grains from wild-type flowers germinated normally (Figure 3A, upper line), while shriveled pollen from ABAP1OE anthers could not germinate (Figure 3A, middle line). These results suggest that ABAP1 may regulate male gametophyte development at PMI.
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FIGURE 3. Defective pollen maturation in ABAP1OE plants. (A) Pollen grains stained with DAPI in different developmental stages, in WT plants (upper line), ABAP1OE plants (middle line) and cdt1bKD (bottom line). (B) Schematic representation of the series of events taking place after meiosis, during the maturation of the male gametophyte in Arabidopsis. PMI and PMII are the two mitotic divisions necessary for the male gametophyte development. Red arrows indicate marker genes of pollen developmental stages. Blue arrows indicate the stages when CDT1b might be required for mitotic cell division. (C) Relative mRNA levels of ABAP1, CDT1a, CDT1b, TCP16, Myb33, and HAP2 were determined by qRT-PCR in wild-type and ABAP1OE anthers at stage 12 of development (according to Sanders et al., 1999). Data were normalized with UBI14 as reference gene and were compared with wild-type. Each biological replicate was performed with a pool of 50 anthers. Bars indicate mean ± standard error of biological replicates. A statistical analysis was performed by t-test (p-value < 0.05). Asterisks (∗) indicate significant changes. (D) CDT1b mRNA levels in wild-type and ABAP1OE anthers using whole mount in situ hybridization with anti-sense probes. Hybridization signals are seen as purple dots under bright field optics. The scale bars represent 20 μm in (A) and 0.2 mm in (D).




ABAP1 Interacts With TCP16 and Regulates CDT1b Levels in the Male Gametophyte

In leaves, ABAP1 negatively regulates mitotic cell divisions by repressing CDT1a and CDT1b expression, in an association with the transcription factor TCP24 (Masuda et al., 2008). To determine the molecular mechanisms behind ABAP1’s effects on the first mitotic division of pollen development, a mechanism similar to the one regulating mitotic proliferative cell divisions was tested.

The TCP24 transcription factor is not significantly expressed during male gametogenesis, as determined in public microarray datasets; therefore, another TCP partner was searched. TCP16 acts regulating early pollen development, since reduced levels of TCP16 prevented PMI to occur, in a similar phenotype as the one observed in ABAP1OE pollen (Takeda et al., 2006). TCP16 is highly expressed at the polarized microspore stage (Takeda et al., 2006) similar to what was observed to ABAP1 by immunolocalization experiments (Supplementary Figures 1C,D). Therefore, the association of TCP16 with ABAP1 was tested in yeast two-hybrid experiments that showed strong interaction between the two proteins (Figure 4A). The formation of ABAP1-TCP16 complex was further confirmed in vitro, in a GST-pull down assay with ABAP1-GST and TCP16-HIS in which TCP16 bound to ABAP1 (Figure 4B, lane 1) but not to GST alone (Figure 4B, lane 2). The ABAP1 interaction with TCP16 in Arabidopsis flowers was demonstrated in a semi in vivo HIS-pull down experiment, where HIS-fused TCP16 was added to protein extracts of Arabidopsis flowers buds, purified in a nickel column and tested for the presence of ABAP1 with anti-ABAP1 antibody (Supplementary Figure 4A, lane 4).
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FIGURE 4. Characterization of the interaction between ABAP1 and TCP16 and their role in transcription. (A) Yeast two hybrid interaction assays between ABAP1 and cloned in both AD and BD vectors. Negative controls used DAD and DBD empty vectors. The panel shows conjugated yeasts growing in SD medium lacking leucine, tryptophan, histidine and adenine, for selection of strong protein interactions. (B) GST-pull down assay between ABAP1–GST and TCP16-HIS produced in E. coli. Western blot analysis used anti-HIS antibody. Lane 1, TCP16-HIS with ABAP1-GST; lane 2, TCP16-HIS with GST alone; lanes 3 and 4, 1/10 inputs of ABAP1-GST and TCP16-HIS, respectively. (C) EMSA of ABAP1, TCP16 and the complex TCP16–ABAP1 with wild-type (WT) and mutated (mut) radiolabeled probes of CDT1b promoter regions harboring TCP recognition box. Lane 1, TCP16 binds to CDT1b WT probe; lane 2, addition of ABAP1 causes a supershift in the TCP16 binding to CDT1b WT probe; GST alone (lane 3) or ABAP1 alone (lane 4) do not bind to CDT1b WT probe; lane 5, TCP16 does not bind to CDT1b mutated probe. (D,E) Chromatin immunoprecipitation of wild-type Col (WT) and ABAP1OE flower buds with anti-ABAP1. (D) Schematic representation of the amplified regions of CDT1b. Black triangle indicates the class I TCP motif, located at position –130 to –136 bp. Red arrows and numbers indicate primers used for ChIP-qPCR assays, and short green line indicates DNA probe used for EMSA. The translational start site (ATG) is shown at position +1. (E) Chromatin immunoprecipitated with anti-ABAP1 antibody was analyzed by qPCR using gene-specific primer sets, numbered as indicated in (D). The graph shows the fold enrichment of qPCR amplified regions at the promoter (1, 2), and 3’UTR (3,4) of CDT1b. The fold enrichment of each amplified region was calculated as a ratio between IP ABAP1OE and IP WT of values normalized with values of the ACTIN 2 promoter. Error bars represent the SD of three biological replicates. Asterisk (∗) indicates significant difference from the enrichment according to Student’s t test (p-value < 0.05). IP, immunoprecipitated with anti-ABAP1 antibody.


Next, mRNA levels of CDT1a and CDT1b, two pre-RC genes whose expression levels are regulated by ABAP1-TCP24 in leaves, were investigated by qRT-PCR in mature anthers. TCP16 and two pollen developmental markers of pollen mitosis, Myb33 (Plackett et al., 2011) and HAP2 (von Besser et al., 2006), were also included in the analysis (Figures 3B,C). The results showed that in ABAP1OE anthers, the expression level of TCP16 and CDT1a were normal, while the levels of CDT1b, Myb33 and HAP2 were significantly reduced (Figure 3C). The reduction of CDT1b mRNA levels in pollen of ABAP1OE compared to levels in control plants was also confirmed by whole mount in situ hybridization assays in anthers (Figure 3D). The expression data corroborates the cellular analysis, supporting that the male gametophyte was arrested before PMI in ABAP1OE plants, as CDT1b, Myb33, and HAP2 were down regulated, and that TCP16 might participate in this control since its expression level is normal.

Remarkably, a consensus sequence for class I TCPs interaction (TGGGNCC) (Viola et al., 2011) is found in the promoter region of CDT1b (TGGGCCC position −130 to −136 bp), but not in CDT1a that harbors only a non-canonical TCP interaction sequence (TGGGCAC position −1,335 to −1,342 bp) (Figure 4D and Supplementary Figure 5). To address the possible cooperation of ABAP1 and TCP16 in the control of CDT1b gene transcription, the association between both proteins with CDT1b promoter was characterized. The ability of the ABAP1–TCP16 heterodimer to recognize the promoter regions of CDT1b was confirmed by electrophoretic mobility shift assay (EMSA) performed with probes containing the class I TCP consensus motif of CDT1b (Supplementary Information). TCP16 alone and TCP16–ABAP1 were associated with the wild-type probes (Figure 4C, lanes 1 and 2) but TCP16 alone did not associate with the mutated probe (Figure 4C, lane 5). Neither ABAP1 alone, nor GST associated with the wild-type probe (Figure 4C, lanes 3 and 4). The ABAP1-TCP16 binding to CDT1b, but not to CDT1a promoter, was confirmed in vivo in chromatin immunoprecipitation (ChIP) experiments of chromatin extracts of Arabidopsis flower buds, using anti-ABAP1 antibody (Supplementary Figure 5). The results revealed that ABAP1 was associated with regions of CDT1b promoter containing the class I TCP consensus motif (Supplementary Figure 5B), but not with CDT1a promoter (Supplementary Figure 5A). This interaction was detected in wild-type plants (Supplementary Figure 5B2, lane 3). Higher levels of association were consistently detected in ABAP1OE flower buds when compared to wild-type. The immunoprecipitated material was further amplified by qPCR with four different primer pairs specifically designed to hybridize along the CDT1b promoter and 3′UTR regions (Figure 4D). Amplification of IP DNA was significantly higher in the qPCR reactions using the pair of primers that hybridize closer to the class I TCP consensus motif. Amplification dropped as the distance to the TCP motif increased (Figure 4E).

Altogether, the data suggests that up-regulation of ABAP1 levels affects the progression of the first asymmetric cell division during male gametophyte development by associating with TCP16 and repressing CDT1b expression in pollen. This mechanism of action was further supported by analyses of pollen development in a CDT1b T-DNA insertion line (hereafter referred to as cdt1bKD). cdt1bKD showed a reduction of around 55% of CDT1b expression in anthers when compared to wild-type plants (Supplementary Figure 4B) and presented a similar phenotype as the one observed for ABAP1OE plants, with several shriveled pollen that were unable to germinate and could not undergo the first mitotic asymmetric division (Figure 3A, bottom line).



Plants With Ectopic Expression of ABAP1 Show Defects in Embryo Sac Development

To test whether defects on female gametophyte development could also be contributing to the reduced fertility of ABAP1OE plants, embryo sac differentiation was analyzed. Flower buds of ABAP1OE plants were emasculated and the embryo sac structure was analyzed at stage 13 of flower development (Smyth et al., 1990). At this stage, seven nuclei were visible in wild-type mature embryo sac corresponding to two synergids and the egg cell in the micropyla, the three antipodal cells in the chalaza and the 2n fused nuclei of the central cell in the median portion of the embryo sac (Figures 5A–E). Surprisingly, ovules from ABAP1OE flowers had eight instead of seven nuclei in the embryo sac due to unfused polar nuclei (Figures 5D,E). The polar nuclei were still present in 44% of ABAP1OE ovules in FG6 (seven celled) and FG7 (four celled) stages (Christensen et al., 1997), when the diploid central cell should have been formed (Figure 5F).
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FIGURE 5. Defective female gametophyte development in ABAP1OE. (A) Schematic representation of the events taking place during maturation of the female gametophyte. The final embryo sac is a polarized structure with two main distinct regions: the micropyla and the chalaza. Red arrows indicate gene markers of embryo sac developmental stages. Red arrowhead represents the timing of EDA24-like expression. (B–E) Micrographs of wild-type and ABAP1OE ovules. Embryo sacs and embryo sac cells were artificially outlined for better visualization. DIC microscopy (B) and DAPI staining (C) of wild-type ovules indicate the central cell nucleus (Ccn and white arrowhead) formed by fusion of the two polar nuclei. DIC microscopy (D) and DAPI staining (E) of ABAP1OE ovules show two unfused polar nuclei (PN and red arrowheads). EC, egg cell; Ccn, central cell nucleus; PN, polar nuclei. Scale bars at (B–E) represent 20 μm. (F) Percentage of unfused polar nuclei quantified in emasculated flowers at stage 13 (FG6-FG7) from wild-type Col, ABAP1OE and eda24-likeKD plants. For WT, 6 ovaries were analyzed, with a minimum of 25 and a maximum of 39 ovules analyzed per ovary. For ABAP1OE, 14 ovaries were analyzed, with a minimum of 25 and a maximum of 36 ovules analyzed per ovary. For eda24-likeKD, 8 ovaries were analyzed, with a minimum of 23 and a maximum of 34 ovules analyzed per ovary. A statistical analysis was performed by t-test (p-value < 0.05). Asterisks (*) indicate significant changes. (G) Relative mRNA levels of ABAP1, Agamous 80, CCG, Agamous 61 and EDA24-like were determined by qRT-PCR in wild-type and ABAP1OE flower buds. Data were normalized with UBI14 as reference gene and were compared with wild-type. Each biological replicate was performed with a pool of 15 flower buds. Bars indicate mean ± standard error of biological replicates. A statistical analysis was performed by t-test (p-value < 0.05). Asterisks (*) indicate significant changes.


The data suggested that ABAP1 is not required to regulate the mitotic divisions of the female gametogenesis but seems to be important in events regulating nuclear fusion (Figures 5D,E). A possible role of ABAP1 in the female gamete differentiation is further supported by the presence of ABAP1 protein in the embryo sac observed by immunolocalization experiments (Figures 2J,K), as well as its up-regulation in this structure observed in ABAP1OE plants (Supplementary Figures 2E–H).



ABAP1OE Down-Regulates Expression of Several Genes in Flower Bud

To get insights on the molecular mechanisms underlying the defects of male and female gametogenesis in ABAP1OE plants, transcripts of ABAP1OE and wild-type flower buds were compared in a microarray experiment. The studies were performed with flower buds of stage 13, since polar nuclei are already fused at this developmental stage (Smyth et al., 1990).

247 genes were differentially expressed in ABAP1OE plants, of which 226 were down regulated (Supplementary Table 1 and Supplementary Figure 6A). This is consistent with ABAP1’s role as a transcriptional repressor (Masuda et al., 2008). To validate the microarray data, the expression of some of these genes was analyzed by qRT-PCR (Supplementary Figure 6B) revealing that they were in good agreement with those from the microarray experiment. GO term network was done using Cytoscape and showed an enrichment of GO terms (p < 0.05) related to transport, GTPase activity and pollen development/pollen tube growth in the down regulated genes of the array (Supplementary Figure 7A). This result is expected since male gametophyte development, and therefore the downstream events such as cell morphogenesis and pollen tube growth, was impaired in ABAP1OE plants. GO term enrichment in down regulated genes related to molecular function and cellular components showed genes involved in the endomembrane system as well as genes with pectinesterase and enzyme inhibitor activities (Supplementary Figures 7B,C).

Several Arabidopsis mutants with polar nuclear fusion defects were already characterized (Pagnussat et al., 2005; Portereiko et al., 2006b; Maruyama et al., 2016). One of these mutants is a pectinesterase inhibitor and was named eda24 (embryo sac development arrest 24) (Pagnussat et al., 2005). Although EDA24 gene expression was not altered in our array, its closest Arabidopsis homolog was down regulated in ABAP1OE flower buds. This gene was still uncharacterized and was named Embryo Sac Development Arrest 24-like (EDA24-like, AT1G23350). Thus, a possible participation of EDA24-like in the polar nuclei phenotype observed in ABAP1OE ovules was addressed. To evaluate the defect in embryo sac maturation of ABAP1OE plants, expression of ovule development marker genes and EDA24-like were investigated in ovaries through qRT-PCR. The mRNA levels of Agamous-like80 (AGL80), a transcription factor involved in central cell maturation (Portereiko et al., 2006a), and of the Central Cell Guidance (CCG), expressed at the final maturation step of embryo sac and that guides the pollen tube (Chen et al., 2007), were slightly but significantly reduced in ABAP1OE ovary (Figures 5A,G). A more drastic reduction in the expression level of Agamous-like61/DIANA, expressed exclusively at the central cell and early endosperm (Steffen et al., 2007; Bemer et al., 2008), and of EDA24-like were observed in ABAP1OE (Figures 5A,G), confirming the reduction of EDA24-like expression in ABAP1OE with unfused polar nuclei.

To assess the role of EDA24-like in the female gametophyte development, a SALK T-DNA insertion line with a 66% reduction in EDA24-like expression levels was analyzed and hereafter referred as eda24-likeKD (Supplementary Figure 4C). Remarkably, around 40% of the ovules in eda24-likeKD showed defects in polar nuclei fusion at FG6-FG7 stages, when the diploid central cell should have been formed (Figure 5F). This result is similar to the one observed in ABAP1OE ovules, strongly supporting that down regulation of EDA24-like might be contributing to the deficiency in embryo sac development observed in ABAP1OE plants.



ABAP1 Interacts With ADAP and Regulates EDA24-Like Levels

ABAP1’s role as transcriptional repressor involves the association with a transcription factor (Masuda et al., 2008). To get insights into a possible partner of ABAP1 in the control of EDA24-like expression, the promoter region of EDA24-like was searched for transcription factors binding motifs. Two sequences of the non-canonical recognition sites of AINTEGUMENTA (ANT) [gCAC(A/G)N(A/T)TcCC(a/g)ANG(c/t)] (Nole-Wilson and Krizek, 2000) were found at positions −682 to −696 bp, −892 to −905 bp; and two non-canonical recognition sites of WRINKLED 1 (WRK1), the AW-box (CNTNG[(N)7]CG) (Maeo et al., 2009) were found at positions −828 to −842 and −1,151 to −1,166, suggesting a possible regulation of EDA24-like expression by APETALA2 (AP2)-type transcription factors (Figure 6D).
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FIGURE 6. Characterization of ABAP1 and ADAP interaction, and their role in transcription. (A) Yeast two hybrid interaction assays between ABAP1 and ADAP. Negative controls used AD and BD empty vectors. The panel shows conjugated yeasts growing in SD medium lacking leucine, tryptophan, histidine and adenine, for selection of strong protein interactions. (B) GST-pull down assay between ABAP1–GST and ADAP-HIS produced in E. coli. Western blot analysis used anti-HIS antibody. Lane 1, ADAP-HIS with ABAP1-GST; lane 2, ADAP-HIS with GST alone; lanes 3 and 4, 1/10 inputs of ABAP1-GST and ADAP-HIS, respectively. (C) EMSA of ABAP1, ADAP and the complex ABAP1-ADAP with wild-type (WT) and mutated (mut) radiolabeled probes of EDA24-like promoter region harboring ADAP recognition box. Lane 1, ADAP binds to EDA24-like WT probe; lane 2, addition of ABAP1 causes a supershift in the ADAP binding to EDA24-like WT probe; GST alone (lane 3) or ABAP1 alone (lane 4) do not bind to EDA24-like WT probe; lane 5, ADAP does not bind to EDA24-like mutated probe. (D,E) Chromatin immunoprecipitation of wild-type Col (WT) and ABAP1OE flower buds with anti-ABAP1 antibody. (D) Schematic representation of the amplified regions of EDA24-like gene. ANT non-canonical motifs (located at positions –682 to –696 bp and –892 to –905 bp) are represented as red arrowheads. AW-box non-canonical motifs (located at positions –828 to –842 bp and –1,151 to –1,166 bp) are represented as black arrowheads. Red arrows and numbers indicate primers used for ChIP-qPCR assays, and short green line indicates DNA probe used for EMSA. The translational start site (ATG) is shown at position +1. (E) Chromatin immunoprecipitated with anti-ABAP1 antibody was analyzed by qPCR using gene-specific primer sets, numbered as indicated in (D). The graph shows the fold enrichment of qPCR amplified regions at the promoter (1), coding region (2) and 3′UTR (3,4) of EDA24-like. The fold enrichment of each amplified region was calculated as a ratio between IP ABAP1OE and IP WT of values normalized with values of the ACTIN 2 promoter. Error bars represent the SD of three biological replicates. Asterisk (∗) indicates significant difference from the enrichment according to Student’s t-test (p-value < 0.05). IP, immunoprecipitated with anti-ABAP1 antibody.


Remarkably, an AP2-type transcription factor that interacts with ABAP1 was identified in a two-hybrid screen using ABAP1 as bait (Figure 6A). This gene was previously identified as ADAP [ARIA-interacting double AP2-domain protein/WRINKLED3 (WRI3)], involved in seedling growth, ABA responses and in the regulation of the fatty acid biosynthetic pathway (Lee et al., 2009; To et al., 2012). For simplification, this gene will be referred to as ADAP from now on in this document. Interestingly, ADAP is an interactor of ARIA, the only ABAP1 homolog in Arabidopsis, and is also expressed in synergids, egg cell and central cell, according to data publicly available from microarray experiments (Wuest et al., 2010), supporting that ADAP and ABAP1 might co-localize and interact during embryo sac differentiation. We thus investigated whether ADAP also plays a role in gametogenesis, especially regulating EDA24-like expression. The interaction between ABAP1 and ADAP was further confirmed by a GST-pull down assay with ADAP–HIS and ABAP1-GST (Figure 6B) and in a semi in vivo HIS-pull down experiment, where His-fused ADAP were added to Arabidopsis protein extract and used in nickel column purification (Supplementary Figure 4A). In the GST pull down, ADAP associated with ABAP1–GST (Figure 6B, lane 1) but not to GST alone (Figure 6B, lane 2). The ability of ADAP-ABAP1 complex to recognize EDA24-like promoter and regulate its expression was first investigated in an EMSA performed with a probe containing the AW-box of the EDA24-like promoter region (Supplementary Information). ADAP alone and ADAP–ABAP1 associated with the wild-type probes (Figure 6C, lanes 1 and 2) but ADAP alone did not associate with the mutated probe (Figure 6C, lane 5). ABAP1 alone or GST did not associate with ADAP consensus motif probe (Figure 6C, lanes 3 and 4). The association of ABAP1-ADAP complex with EDA24-like promoter was also confirmed in vivo in ChIP- PCR experiments with anti-ABAP1 antibody (Supplementary Figure 5C2 and Figure 6D), using chromatin extracts from Arabidopsis ABAP1OE and wild-type flower buds. ABAP1-ADAP interaction was detected in the EDA24-like promoter of wild-type plants (Supplementary Figure 5C2, lane 3). Next, four different primer sets were designed to amplify regions along the EDA24-like promoter, coding sequence and 3’UTR regions. Primer set number one was specifically designed to amplify a region that harbors both the AINTEGUMENTA and the AW-box motifs (Figure 6D) in the promoter region of EDA24-like gene. The results showed that ABAP1 associated with the region of the EDA24-like promoter that contains the AW-box in wild-type flower buds and that this association was enhanced in ABAP1OE (Figure 6E).

The data suggests that ABAP1 associates with ADAP in flowers, and the ABAP1-ADAP complex negatively regulates EDA24-like expression, controlling the polar nuclei fusion during maturation of the female gametophyte. Similar effects on central cells’ formation were observed in ABAP1OE and eda24-likeKD plants, supporting this model of action of ABAP1 during female gametogenesis.




DISCUSSION

During higher plants’ life cycle, the diploid sporophyte body and the haploid gametophytes establish unique strategies to modulate their development. It implies that they might have evolved particular mechanisms to connect the cell cycle progression with developmental and environmental signals. ABAP1 is a plant specific protein that has been previously implicated in the control of cell proliferation homeostasis during vegetative leaf development (Masuda et al., 2008). Here, we characterized plants with up-regulated levels of ABAP1, and studied ABAP1’s association with different transcription factors, repressing the expression of their target genes during plant reproduction. We propose novel regulatory mechanisms in which ABAP1 is involved, by fine-tuning (i) formative cell division in male gametophyte and (ii) cell differentiation (or cell fusion) in female gametophyte, two processes that are essential for a successful plant reproduction in Arabidopsis.


ABAP1 Participates in the Regulation of the Formative Cell Division During Differentiation of Male Gametophyte

During the formation of the male gametophyte in flowering plants, the haploid microspore generated after meiosis undergoes two rounds of mitotic divisions in order to form the mature male gametophyte. The first asymmetric mitotic division (Pollen Mitosis I, PMI) results in a large vegetative cell and a small generative cell which undergoes a second symmetric cell division yielding the two sperm cells (Twell, 2011).

The successful progression of pollen development requires the function of genes specifically active in the haploid gametophyte, as well as of genes involved in both gametophyte and sporophyte development (Brownfield et al., 2009). There are already a number of genes described as affecting various aspects of pollen development in Arabidopsis. Out of those mutants, some male gametophyte mutations affecting PMI and PMII have been characterized, such as sidecar pollen, duo1 (duo pollen1), duo2 (duo pollen2), gem1 (gemini pollen1), and gem2 (gemini pollen2) [reviewed in Liu and Qu (2008)].

Some cell cycle regulators of diploid sporophyte have also been shown to control male gametogenesis. The smaller generative cell formed during PMI asymmetric division is further engulfed by the large vegetative cell, a process that requires the presence of the plant retinoblastoma homolog RBR1. Pollen with multiple vegetative cells are formed in rbr1 mutants (Chen et al., 2009). The CDKA;1 activity is also of key importance for PMII. The cdka;1 mutant pollen develops a vegetative cell similar to the wild-type, but with only one generative/sperm cell-like (Nowack et al., 2006). A similar phenotype was also observed in mutants of the F-BOX-LIKE 17 (FBL17) gene, that acts together with SKP-CULLIN-F-BOX (SCF) complex mediating the degradation of KRP6 and KRP7 (Gusti et al., 2009). However, a detailed molecular genetic framework of cell-cycle control over male gametophyte development is still missing in plants.

Besides regulating the balance of proliferative mitotic divisions during vegetative growth, our data suggest a novel role of ABAP1 in formative cell division during male gametophyte development. Here we have shown that ABAP1, having TCP16 as its partner, negatively regulates CDT1b transcription, possibly affecting pre-RC assembly, consequently DNA replication and cell division. We showed that PMI was affected in cdt1bKD mutants (Figure 3A, bottom line), similarly as in ABAP1OE plants. CDT1a and CDT1b were previously shown to have partially redundant functions during male gametophyte development in Arabidopsis, however, the function of CDT1b alone was not investigated (Domenichini et al., 2012). Moreover, only CDT1a had a role in the female gametophyte development, since cdt1a mutants showed defects occurring in the mitosis during embryo sac maturation (Domenichini et al., 2012). Remarkably, we found that ABAP1 associated only with the CDT1b but not with the CDT1a promoter in Arabidopsis flower buds (Supplementary Figure 5), indicating that ABAP1 regulates female gametophyte development in a mechanism that does not involve repression of CDT1a expression, as discussed below.

The data indicates that ABAP1 acts during male gametogenesis in a similar way to those previously described in leaves, as it also involves repression of CDT1b expression. Nevertheless, in this different developmental context, the TCP partner, a member of class I TCP transcription factors, seems to be negatively regulating cell cycle progression of the male gametophyte (Li et al., 2012; Aguilar-Martínez and Sinha, 2013). Acting as a negative regulator of mitotic cell cycle progression, ABAP1 possibly integrates the timing of the male gametophyte differentiation with developmental cues.



ABAP1 Has a Role in the Female Gametogenesis Differentiation

In most angiosperm species, including Arabidopsis, after meiosis the female gametophyte undergoes three rounds of mitosis followed by cellularizations to produce a seven-celled embryo sac consisting of one egg cell, two synergids, three antipodal cells, and one diploid central cell. In Arabidopsis and other species, the polar nuclei fuse before pollination to form the secondary nucleus of the central cell. Although increasing knowledge about female gametophyte development has been revealed, little is known about polar nuclei fusion. Here, we showed that plants with high levels of ABAP1 yielded mature ovules with unfused polar nuclei due to EDA24-like repression mediated by ABAP1-ADAP binding to its promoter sequence.

ADAP is a member of the AP2/ERF family of transcription factors and belongs to basal AINTEGUMENTA (ANT) being related to WRINKLED, rather than to ANT, PLETHORA, AIL, and BABY BOOM (Horstman et al., 2014). It binds to ARIA, the only ABAP1 homolog in Arabidopsis and a ABF2-interacting partner that controls ABA response possibly by the same pathway of ABF2 (Lee et al., 2009). Interestingly, ADAP overexpressing lines had fewer and shorter siliques with fewer ovules, a phenotype similar to what was observed in ABAP1OE plants. Analogous to what was proposed for ABAP1-TCP24 interaction, in which the heterodimer downregulates TCP24 target genes (Masuda et al., 2008), our data points to a similar molecular mechanism with ABAP1-ADAP heterodimer repressing ADAP target genes, in this case EDA24-like. Downregulation of EDA24-like expression observed in both ABAP1OE plants and eda24-likeKD knockdown mutants led to the failure of the polar nuclei fusion to form the central cell from FG5 to FG7. This phenotype is similar to the one reported for eda24 mutants, in which female gametophyte is arrested at two polar nuclei phase (Pagnussat et al., 2005).

Several mutants of cell cycle genes have been described to impair female gametogenesis, such as members of APC/C (Capron et al., 2003; Kwee and Sundaresan, 2003; Pérez-Pérez et al., 2008; Wang et al., 2012, 2013), cyclin/CDK pathway (Nowack et al., 2006; Takatsuka et al., 2015) and G1/S transition genes like RBR1 and pre-replication complex genes (Holding and Springer, 2002; Ebel et al., 2004; Domenichini et al., 2012). The phenotypes observed in these mutants are usually related to cell division or polarity defects rather than to failure in polar nuclei fusion or DNA replication.

Failure in polar nuclei fusion was already described in several other mutants whose molecular function is involved in fatty acid metabolism, RNA metabolism, endomembrane system, mitochondrial metabolism and cytokinin signaling pathway (for review, see Maruyama et al., 2016; Yuan et al., 2016; Liu et al., 2017). Other mutants were also described (eda24 to eda41) but their molecular function is still uncharacterized (Pagnussat et al., 2005). EDA24 is a member of the plant invertase/pectin methylesterase inhibitor superfamily whose function in polar nuclei fusion still remains to be elucidated. Since EDA24 and EDA24-like are both invertase/pectin methylesterase inhibitors, it is possible that pectin metabolism is important during nuclei fusion.

Interestingly, none of the mutant genes defective in polar nuclei fusion described so far were involved in DNA replication control. In A. thaliana, it was suggested that the fusion of the male and female chromatin requires both nuclei to be at the same stage of the cell cycle, which occurs at G2/M phase. Since central cell chromatin seems to be at the G2/M transition, it is tempting to speculate whether the fusion of the two polar nuclei also requires the concurrence of ploidy levels, and a passage through S phase (Friedman, 1999; Faure et al., 2002; Berger et al., 2008; Ronceret et al., 2008). ABAP1 has been shown to play a role in S-phase progression in cell proliferation during leaf development (Masuda et al., 2008). Here, we also report a similar mechanism occurring in ABAP1OE plants, in which ABAP1 represses CDT1b transcription, possibly arresting the unicellular pollen at G1/S. Unfortunately, information about ploidy level of female gametophyte cells is still missing. If the polar nuclei have to be at G2/M to form the central cell, then, nuclei arrested at G1/S could partially explain the defect observed in ABAP1OE.



ABAP1 Is Involved in Mechanisms That Regulate Differentiation of Both Male and Female Gametophytes

The underlying molecular and biochemical mechanisms coordinating the complete fertilization process in flowering seed plants (angiosperms) are recently being studied and revealed. During self-fertilization in compatible conditions, an intriguing issue is how the differentiation of the two female gametes (egg and central cells) and the two male sperm cells are coordinated, since these two events must be synchronized in different plant organs to allow a timely double fertilization.

Our data revealed that ABAP1 is involved in mechanisms that regulate differentiation of both male and female gametophytes, as the up-regulation of ABAP1 levels arrested male gametogenesis at the first gametophyte cell division and prevented fusion of the two polar nuclei in the central cell. An interesting question to be addressed is whether ABAP1 could participate in mechanisms that coordinate the timing of the gametophyte differentiation. The transcriptional regulators RBR1/E2Fa play a dual role in male and female gametogenesis by controlling the cell-cycle progression in both gametophytes. RBR1/E2Fa directly regulates the F-box protein FBL17, in a negative regulatory cascade where FBL17 inhibits CDKA;1 (Desvoyes et al., 2014). Accordingly, concomitant loss of CDKA;1 and FBL17 resulted in female and male gametophytes with defects in the mitosis post-meiosis (Zhao et al., 2012).

As male gametophyte differentiates in vegetative and sperm cells and the seven-celled female gametophyte is formed, the two sperm cells have to be guided toward the two female gametes. Great advances have recently been made in the understanding of the regulation of pollen tube guidance toward the two female gametes. The synergid cells and the egg cell of the seven-celled female gametophyte communicate with each other to establish and maintain their identity (reviewed in Skinner and Sundaresan, 2018). These four cell types have also been shown to generate and secrete signaling molecules, such as multiple peptides and especially small Cys-rich proteins, that are sensed by receptor-like kinases in a mechanism involved in guiding the male gametophyte (reviewed in Higashiyama and Yang, 2017). The central cell was also implicated in playing a role in pollen tube guidance since mutants for a gene expressed in these cells, named the CCG, are defective in pollen tube attraction (Chen et al., 2007). As ABAP1OE female gametophytes did not form a one-nucleus central cell, ABAP1 might be involved in regulating this step of female gamete differentiation. Defects in pollen tube attraction and reception as well as zygote activation could also be occurring in ABAP1OE plants but were not addressed on this work.

After the sperm cell discharge, gamete fusion of the male and female chromatins (karyogamy) might require a cell cycle synchronization. In Arabidopsis, it has been suggested that the karyogamy occurs with nuclei at G2/M phase. At the end of pollen maturation, the two male sperm cells seem to reinitiate the S phase, progressing into the cell cycle until being arrested at the G2/M transition (Durbarry et al., 2005). For the female gametes, it has been proposed that the central cell arrests at the G2/M transition, whereas the egg cell arrests at the G1/S transition and has to progress into the cell cycle prior to gamete fusion, as the first zygote mitosis happens 16 h after fertilization and requires transcription of the thymidylate kinase at the G1/S transition (Faure et al., 2002; Berger et al., 2008; Ronceret et al., 2008). As discussed above, it is tempting to speculate that ABAP1, as a DNA replication repressor (Masuda et al., 2008), could be participating in a mechanism that controls the timing of the last steps of male and female gametes maturation, by regulating S phase progression, as coordination of cell cycle synchronization is necessary for karyogamy and polar nuclei fusion.

The different effects of ABAP1 de-regulation on gametophyte development are intriguing. We have shown that specific ABAP1 transcription factor partners might account, at least in part, for the different phenotypic outcomes of the male and female gametophytes. Although our data show effects of ABAP1 imbalance in the gametogenesis, we cannot rule out possible effects of ABAP1 in sporophytic tissues that might indirectly affect gametophyte development. Interestingly, down regulation of ABAP1 did not affect gametogenesis. This could result from the accumulation of maternally inherited ABAP1 protein. Otherwise, since ABAP1 is a repressor of the basic machinery that licenses DNA to replicate, it works by regulating the rate at which the cell cycle progresses into G1/S phase, being possibly a sensor of internal and external conditions. Thus, another possibility is that ABAP1 is only necessary to prevent and/or slow down gametophyte development in specific environmental conditions.

In this work, we have determined the molecular and biochemical mechanisms by which ABAP1 is involved in the regulation of male and female gametogenesis, which comprise binding to different transcription factors and controlling their gene expression targets (Figure 7). It remains to be determined whether ABAP1 might also participate in a mechanism that regulates the timing of male and female gametophytes differentiation in Arabidopsis, integrating it with environmental and internal signaling, to ensure the reliable and on-time fusion of the two pairs of gametes. The double-fertilization has countless biological and agricultural implications and mechanisms that guarantee a successful double fertilization might provide selective advantage for plants. Also, effective plant fertilization is essential for an efficient seed production, thus molecular understanding of the mechanisms involved in controlling double fertilization could provide tools to improve plant yield.


[image: image]

FIGURE 7. Proposed model for ABAP1 role in the differentiation of male and female gametophytes. ABAP1, associated with transcription factors partners, might sense environmental and endogenous signals, triggering changes in gene expression patterns that will regulate male and female gametophytes differentiation. The molecular mechanism operating in the male gametophyte is similar to those previously described in leaves. In the first asymmetric cell division after meiosis, ABAP1 associates with TCP16, represses CDT1b transcription, controlling CDT1b homoeostasis. Lower levels of CDT1b might affect pre-RC functioning, limiting DNA replication. A direct association of ABAP1 with pre-RC members is still not determined. However, as described in leaves, it could also affect pre-RC assembly and DNA replication in the male gametophyte. In this way ABAP1 would regulate the timing of cell cycle progression at G1 to S. The mechanism of action in the female gametophyte involves association with another partner, ADAP, during embryo sac maturation. ABAP1-ADAP also represses gene transcription of EDA24-like that is necessary for polar nuclei fusion. Thus, ABAP1 might regulate the timing of polar nuclei fusion to form the central cell, that is crucial in pollen tube guidance. The involvement of DNA replication in the mechanism that regulates female differentiation is still not determined.
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Several citrus varieties show gametophytic self-incompatibility (GSI), which can contribute to seedless fruit production in several cultivars. This study investigated the genes regulating this trait through RNA-seq performed using styles collected from the flowers of Japanese citrus cultivars ‘Hyuganatsu,' ‘Tosabuntan,' ‘Hassaku,' ‘Banpeiyu,' and ‘Sweet Spring'. We screened the transcripts of putative T2 RNases, i.e., the protein family including all S-RNases from S-RNase-based GSI plants, and constructed a phylogenetic tree using the screened T2 RNases and S-RNases retrieved from citrus genome databases and a public database. Three major clusters (class I–III) were formed, among which, the class III cluster contained family specific subclusters formed by S-RNase and a citrus-specific cluster monophyletic to the S-RNase clusters. From the citrus class III cluster, six transcripts were consistent with the S haplotypes previously determined in Japanese citrus accessions, sharing characteristics such as isoelectric point, extracellular localization, molecular weight, intron number and position, and tissue-specific expression with S-RNases. One T2 RNase gene in self-incompatible Hyuganatsu was significantly down-regulated in the styles of a self-compatible mutant of Hyuganatsu in RNA-seq and qPCR analyses. In addition, the inheritance pattern of some T2 RNase genes was consistent with the pattern of the S haplotype in the progeny population of Hyuganatsu and Tosabuntan. As all results supported citrus self-incompatibility being based on S-RNase, we believe that six T2 RNase genes were S-RNases. The homology comparison between the six T2 RNases and S-RNases recently reported in Chinese citrus revealed that three out of six T2 RNases were identical to S-RNases from Chinese citrus. Thus, the other three T2 RNases were finally concluded to be novel citrus S-RNases involved in self-incompatibility.

Keywords: T2 RNase, Citrus, self-incompatibility, RNA-Seq, phylogenetic analysis, S-RNase, S haplotype


INTRODUCTION

Self-incompatibility (SI) is a genetic mechanism that causes pistils to reject self-pollen or pollen from close relatives, avoiding a decrease in genetic variability and adaptive potential by self-fertilization (de Nettancourt, 1977). SI is classified into two different genetic forms according to S phenotype determination: gametophytic self-incompatibility (GSI) and sporophytic self-incompatibility (SSI), in which incompatible pollen is determined by its own haploid genome or the diploid genome of the plant (sporophyte) that produced it, respectively (Hiscock and McInnis, 2003). GSI is thought to be the most widespread SI system (Franklin-Tong and Franklin, 2003), and to date, two distinct systems of single S-locus GSI have been investigated in detail at the molecular level. The first system was based on the S-RNase system (S-RNase-based GSI) found in Solanaceae, Rosaceae, and Plantaginaceae (Franklin-Tong and Franklin, 2003; Hiscock and McInnis, 2003), while the second was based on PrsS-PrpS interaction, which has so far been found only in Papaver rhoeas in the Papaveraceae family (Dresselhaus and Franklin-Tong, 2013).

Considered one of the most important fruit crops worldwide, several Citrus varieties showed SI, prevailing mainly in pummelos, mandarins, and their relatives (Yamamoto et al., 2006, 2012). Regarding agricultural citrus production, SI is a leading factor for unstable fruit set, requiring farmers to plant additional pollinizers and/or to perform hand pollination. However, seedless fruits, which are highly favorable in commercial trade, can be produced without special treatments in an SI species when parthenocarpic ability is implemented, because SI reduces the chance of natural seed formation (Yamamoto et al., 1995, 2014).

Soost (1965, 1969) reported that the genetic basis of Citrus SI is gametophytic, based on observation of SI in segregating progenies obtained from several mating combinations. Moreover, Citrus SI is regulated by co-dominant SI genes at a single multi-allelic locus, including a phenotypical exception of dominant self-fertility (Sf) allele (Soost, 1969; Vardi et al., 2000).

Several studies have attempted to elucidate the molecular mechanism and identify the genes representing the S determinant in citrus [see the review by Zhang et al. (2018)]. A recent study finally provided detailed evidence of S-RNases being involved in the SI of Chinese varieties of pummelo (C. maxima Merr.) and SC of mandarin (C. reticulata) by the transition of SI to SC through S-RNase mutation (Liang et al., 2020). However, genes representing S haplotypes are still unclear for Japanese SI cultivars.

In Japan, some commercial citrus varieties, including ‘Hyuganatsu' (C. tamurana hort. ex Tanaka), ‘Hassaku' (C. hassaku hort. ex Tanaka), ‘Banpeiyu' (C. maxima), and ‘Tosabuntan' (C. maxima or C. ootachibana hort. ex Tanaka) showed SI (Miwa, 1951; Yamashita, 1978, 1980; Ngo et al., 2001; Yamamoto et al., 2006; Honsho et al., 2012), which is suggested to contribute to seedlessness in several cultivars (Iwamasa and Oba, 1980; Yamamoto and Tominaga, 2002; Yamamoto et al., 2006). As SI is an important trait both for fruit production and breeding, several studies have been conducted to determine the SI of citrus accessions in Japan (Yamamoto et al., 2006, 2012; Yamamoto, 2014). S haplotypes of several Japanese citrus species were determined using S allele homozygous plants, which were obtained by bud self-pollination (Kim et al., 2011; Zhou et al., 2018).

Regarding histology, studies on pollen tube growth in the pistil of Japanese SI citrus showed self-pollinated pollen tube growth being aborted at the stigma (Yamashita, 1978) or around the border between stigma and style in ‘Hyuganatsu' (Honsho et al., 2012), at the stigma in ‘Hassaku' (Yamashita, 1980; Ngo et al., 2001), and at the middle style in ‘Tosabuntan' and ‘Banpeiyu' (Ngo et al., 2001). Pollen tube rejection in the pistil tissue is also found in S-RNase-based GSI plants, unlike in other GSI plants of Papaver species and some grasses, where pollen rejection occurs at the surface of the stigma (Yang et al., 2008). Autotetraploidized ‘Hyuganatsu' is SC, with the SI reaction in pistils being avoided when its pollen grains pollinated the diploid ‘Hyuganatsu' (Yamashita et al., 1990), and unreduced diploid pollen grains of ‘Nishiuchi Konatsu' (mutant of ‘Hyuganatsu') also overcome SI (Honsho et al., 2012). Polyploidization is a direct cause of SC in the Solanaceae and tribe Pyreae (the genera Malus and Pyrus) in Rosaceae, which are S-RNase-based GSI plants (Lewis and Modlibowska, 1942; Adachi et al., 2009; Sassa, 2016). Thus, we hypothesized that SI in ‘Hyuganatsu' is regulated by the S-RNase system.

All the known S-RNases are encompassed in the T2 RNase protein family. Previous phylogenetic analysis of T2 RNases indicated that eudicots appear to contain three distinct “classes” of such genes, with S-RNases found exclusively in one of them, Class III (Igic and Kohn, 2001). From evolutionary aspects, the S-RNase-based SI system evolved only once 120 million years ago before the split of the Asteridae and Rosidae (Igic and Kohn, 2001; Wikstrom et al., 2001; Steinbachs and Holsinger, 2002; Vieira et al., 2008). The order Sapindales includes the family Rutaceae, which diversified 80–84 million years ago (Wikstrom et al., 2001). This family includes the genus Citrus, which has been proposed to have diversified during the late Miocene epoch (~7 million years ago) in a recent genome analysis (Wu et al., 2018). As Citrus appeared after the evolution of S-RNases, it is reasonable to hypothesize that SI in Citrus is potentially regulated by S-RNase. In addition to the close phylogenetic relationship, S-RNase genes and proteins generally display a number of shared features, including expression patterns, common intron-exon site patterns, similar isoelectric points (pIs), locus structures, and diversifying selection (Ramanauskas and Igic, 2017). Thus, we previously cloned several style-expressed S-RNase-homologous T2 RNase genes from ‘Hyuganatsu' and found that two genes (CtRNS1 and CtRNS3) had common features to S-RNases, such as close phylogenetic position, pistil-specific expression, pI > 8, and a single intron in the genomic structure (Honsho et al., 2019). CtRNS3 was detected only in the cultivars possessing the S1 allele determined by Kim et al. (2011), while no specific relationship was found between CtRNS1 and S alleles. However, evidence regarding the association of RNase genes with SI in Japanese Citrus is still insufficient. In addition, exploration of S-RNase-homologous genes should be expanded to other SI citrus plants as the genetic diversity is essential for the S determinant.

In this study, we surveyed the S-RNase-homologous genes expressed in styles from several Japanese citrus cultivars by investigating an RNase gene collection in the T2 RNase protein family, encompassing all the known S-RNases, screened from transcriptomes constructed from RNA-seq data. In addition, isolated RNases were further characterized to assess their similarity with S-RNases of other plant species and to investigate their association with SI. Finally, the similarity between S-RNases identified in this study and ones found in Chinese citrus (Liang et al., 2020) was measured to investigate the relationship between S-RNases in Japanese and Chinese citrus.



MATERIALS AND METHODS


Plant Materials

Plant materials used in this study were grown in the field of the University of Miyazaki (Table 1): SI ‘Hyuganatsu' (hereafter HYSI; C. tamurana) and its SC mutant (HYSC), ‘Tosabuntan' (TBN; C. maxima or C. ootachibana), ‘Banpeiyu' (BAN; C. maxima), ‘Hassaku' (HSK; C. hassaku) and ‘Sweet Spring' (SWS; a hybrid between ‘Ueda Unshiu' satsuma mandarin, i.e., C. unshiu, and ‘Hassaku').


Table 1. Citrus species used for RNA-seq analysis and genome databases to get T2 RNase sequences and their self-incompatibility status.
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During the flowering season of 2016, styles from TBN, BAN, HSK, and SWS were collected from flowers at the balloon stage. In 2017, additional styles were collected from HYSI and HYSC. Sample collection was duplicated in 2016 and triplicated in 2017 from the same tree on different dates. Young leaves were collected from all the cultivars. Floral and fruit tissues were separately collected from HYSI, i.e., stigma, style, ovary, anther, filament, petal, sepal and pedicel, albedo, flavedo, and juice sac. All samples were quickly frozen in liquid nitrogen immediately after collection and stored at −80°C until further use.

In 2018, HYSI × TBN and reciprocal outcross TBN × HYSI were performed. Seeds were collected and sown in soil to germinate seedlings. Leaves of the parents (HYSI and TBN) were collected for DNA extraction.



RNA-Sequencing Analysis


Library Construction and RNA-seq

Total RNA was extracted from approximately 100 mg of style tissue using NucleoSpin RNA Plus (Macherey-Nagel, Duren, Germany) from all the cultivars according to the manufacturer's protocol. RNA was quantified using a NanoDrop 2000 (ThermoFisher) and Qubit 3.0 Fluorometer (Invitrogen, Carlsbad, CA, USA).

For the style RNA samples collected in 2016, eight Illumina sequence libraries were constructed for each sample using the KAPA Stranded mRNA-Seq Kit (KAPA Biosystems) and sequenced using Illumina HiSeq 4000 to obtain 10M PE100 reads. For the HYSI and HYSC samples obtained in 2017, RNA-seq was performed for six libraries by Novogene to obtain 40M PE150 reads. Samples collected in 2016 and 2017 had two and three replications, respectively.



Sequence Processing, Assembly, and Functional Annotation

The RNA-seq reads of HSK, TBN, BAN, and SWS were first processed by Trimmomatic 0.39 with parameters as follows: ILLUMINACLIP:TruSeq2-PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36 (Bolger et al., 2014). For ‘Hyuganatsu,' the reads of the HYSI and HYSC samples were combined (HYSI+HYSC) to recover the up/downregulated transcripts between HYSI and HYSC. Those data were preprocessed by Novogene to remove reads containing adapters, N > 10%, and/or low quality (Q ≤ 5) bases (which constituted over 50% of the total bases) before being used for de novo assembly. Reads from different replicates of a single cultivar were pooled for de novo assembly of the transcriptome. The pooled reads of each cultivar were used as input for a Galaxy-based version of Trinity [www.usegalaxy.com: (Grabherr et al., 2011)] with minimum contig length as 200 and without genome guide mode. The RF parameter for the “–SS_lib_type” option was additionally used for the strand-specific libraries of HSK, TBN, BAN, and SWS.

The assembled contigs of the transcriptomes were annotated with Blast2GO version 4.0.2 (BioBam Bioinformatics S.L., Valencia, Spain) using Blastx against the NCBI nr protein database limited to the Viridiplantae with an E value cutoff < 1e−5; up to 20 hits were retained for every transcript. InterProScan with default parameters was used for the annotation. To assign gene ontology (GO) terms, Enzyme Commission (EC) numbers, and possible descriptions to each contig, the “Mapping and Annotation” function with default parameters was performed with the Blastx and InterProScan results. To evaluate the completeness of the assemblies, we employed Benchmarking Universal Single-Copy Orthologs (BUSCO) v.4.0.5 (Simão et al., 2015) using the reference data set of Viridiplantae odb 10 with 1.0e−3 of Blast e-value in OmicsBox 1.2.4 (BioBam Bioinformatics S.L., Valencia, Spain).



Screening T2 RNase Genes From Transcriptome and Collection of T2 RNase Including S-RNases From Public Databases

The annotated transcriptomes were filtered for the GO term “ribonuclease T2” or “GO:0033897,” (the GO term assigned to “ribonuclease T2 activity”) to discover putative T2 RNase genes. Obtained sequences were subjected to CD-HIT (Fu et al., 2012) for clustering at 95% similarity, and deduced amino acid sequences were predicted from the longest open reading frame determined by Transdecoder (Haas and Papanicolaou, 2015), cutting off short amino acid sequences (< 200 residues).

T2 RNase genes in some citrus species and their wild relatives (C. clementina, C. sinensis, C. maxima, C. ichangensis, C. medica, C. unshiu, and Atalantia buxifolia) were obtained from the public genome database (Table 1). Each dataset was searched using the same GO term and number as described above to identify putative T2 RNase genes. Known T2 RNases, including S-RNase of other plant species, were retrieved from our previous study (Honsho et al., 2019) with addition of CtRNS1 to 3, which were T2 RNase genes identified in ‘Hyuganatsu' (Honsho et al., 2019). A list of genes is shown in Supplementary Table 1. Their sequences were obtained from the DDBJ/NCBI/EMBL databases.



Phylogenetic Analysis

The amino acid sequences of all T2/S-RNase genes were combined for phylogenetic analysis. Alignment was performed using MAFFT (Katoh and Toh, 2008) with the L-INS-i mode provided in GenomeNet (http://www.genomenet.jp/). A phylogenetic tree was constructed by the maximum likelihood method using RAxML software (Stamatakis, 2014) with the “VT+G+I” substitution model, which was determined as the best model by ProtTest (Abascal et al., 2005), with 1,000 bootstraps. The generated tree was drawn using MEGA7 (Kumar et al., 2016).

In the phylogenetic tree, low polymorphic subclusters were found. Their pairwise amino acid sequence identity was calculated as 1-p-distance, which was calculated using MEGA7 (Kumar et al., 2016).



Characterization of Amino Acid Sequences

Subcellular localization was predicted using DeepLoc-1.0 (http://www.cbs.dtu.dk/services/DeepLoc/) from each amino acid sequence (Armenteros et al., 2017). The pI and molecular weight were determined using an isoelectric point calculator (IPC; http://isoelectric.org/index.html) (Kozlowski, 2016). Six groups were created for data aggregation, i.e., a combination of two datasets for all sequences without the outgroup sequence and only for citrus and three classes in the phylogenetic tree. The outputs were summed separately for each group.




Exploration of Differential Gene Expression Between HYSI and HYSC


Detection of Differential Expressed Genes Between HYSI and HYSC

The reads from style samples of HYSI and HYSC were aligned to the assembled contigs of the HYSI+HYSC transcriptome using Bowtie2 version 2.3.3.1 with default parameters (Langmead and Salzberg, 2012). When a read was mapped to multiple contigs, it was excluded from the counts to retain uniquely mapped reads by excluding reads with “XS:” tag using SAMtools (Li et al., 2009). The number of mapped reads for each contig was counted from the sam files using SAMtools with sort, index, and idxstats commands (Li et al., 2009).

To detect DEGs between HYSI and HYSC samples (three replicates for each), the DESeq2 package (Love et al., 2014) was used on the count data in R 3.4.1 (R Core Team, 2016). The threshold value of false discovery date (FDR) for DEGs was set to 0.05.



Quantitative Real-Time PCR (qRT-PCR) Analysis

Styles of HYSI and HYSC were used. Total RNA was extracted using the NucleoSpin RNA Plus kit (Macherey-Nagel) mentioned above and treated with TURBO DNA-free™ Kit (Ambion) to remove contaminating DNA. To synthesize single-strand cDNA, we used an Affinity Script qPCR cDNA synthesis kit (Agilent) according to the manufacturer's instructions. Brilliant III Ultra-Fast SYBR Green qPCR Master Mix (Agilent Technologies, Santa Clara, US) was used to generate a reaction mixture with gene-specific primers (Supplementary Table 2) designed by Primer3 software (Untergasser et al., 2012) for performing qRT-PCR. Reactions were performed as follows: 95°C for 3 min, followed by 40 cycles of 95°C for 5 s and 60°C for 10 s. Three biological replicate samples were used. Citrus beta actin was used to normalize the mRNA levels. Seven T2 RNase transcripts (HY15217_c0_g1_i1, HY7198_c0_g1_i2, HY11404_c0_g1_i5, HY9350_c0_g2_i1, HY11692_c0_g2_i2, HY16290_c1_g3_i1, and HY 8523_c0_g1_i1) were selected from a total of nine T2 RNase transcripts obtained from the HYSI+HYSC transcriptome because two excluded transcripts (HY11404_c0_g1_i12 and HY11404_c0_g1_i18) were isoforms of HY11404_c0_g1_i5 and showed very high similarity to the other two sequences. Quantitative variation was analyzed using the formula 2−ΔΔCT (Livak and Schmittgen, 2001).




Sanger Sequencing of T2 RNase Genes

The genome sequences of the selected eight citrus T2 RNase transcripts (HY9350_c0_g2_i1, HY11692_c0_g2_i2, HY16290_c1_g3_i1, HY 8523_c0_g1_i1, HSK_1703 c0 g1 i1, HSK19371_c1_g4_i1, TBN21745_c0_g1_i1, and BAN25161_c0_g1_i1) in class III of the phylogenetic tree [Figure 1; Igic and Kohn (2001)] were determined. The whole genomic region of each gene, including exons and introns, was amplified by PrimeSTAR® GXL DNA Polymerase (TaKaRa Bio) with a gene-specific primer set (Supplementary Table 2) and a DNA template of cultivars from which the target gene was originally obtained from RNA-seq. PCR amplicons were subcloned using pGEM®-T Easy Vector System (Promega) and E. coli DH5α competent cells. The target sequences were read using the Sanger method. For each sequence, three clones were sequenced. The exon/intron structure of the sequence-determined T2 RNase genes was identified based on the alignments of their coding region and the corresponding whole gene sequences using Gene Structure Display Server 2.0 (http://gsds.cbi.pku.edu.cn/) (Hu et al., 2015). Amino acid sequences of the coding region were aligned with MAFFT using the L-INS-i option in GenomeNet (http://www.genomenet.jp/). The alignment sequence was drawn using JalView (Waterhouse et al., 2009).
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FIGURE 1. Phylogenetic tree of T2 RNases constructed by maximum likelihood method. Clusters other than citrus were compressed and expressed by solid triangles. Possible citrus S-RNases inferred from the correspondence to determined S haplotypes were shown in red. The numbers nearby branches indicated bootstrap values from 1,000 replications.




Investigation of Tissue-Specific Expression by Semi-quantitative RT-PCR

Tissue-specific expression was investigated by semi-quantitative RT-PCR considering tissues of style, stigma, ovary, anther and pollen, filament, sepal, and petal from flowers, and albedo, flavedo, and juice sac from mature fruits. RNA was extracted with a NucleoSpin RNA Plus kit (Macherey-Nagel) following the manufacturer's instructions. Reverse transcription was performed with 1 μg of total RNA and ReverTra Ace® qPCR RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan) in a 20 μL reaction volume, followed by 10-fold dilution with TE buffer. Semi-quantitative RT-PCR was conducted in a volume of 20 μL containing 2 μL of diluted cDNA solution, 0.5 μM of each primer (Supplementary Table 2), and 1 × EmeraldAmp® MAX PCR Master Mix (TaKaRa Bio, Shiga, Japan). PCRs were performed with a T-100 thermal cycler (Bio-Rad) with the following steps: 94°C for 10 min followed by 32 cycles of 94°C for 16 s, 55°C for 20 s, 72°C for 20 s, and a final step at 72°C for 10 min. The amplified products were electrophoresed using 1% agarose gels. They were stained with EtBr, and fragments were visualized under UV exposure.



Inheritance Analysis of T2 RNase

The number of seedlings was 81 and 95 for HYSI × TBN and TBN × HYSI, respectively. DNA was extracted from the leaves of the progeny and their parents (HYSI and TBN) by the CTAB method (Doyle and Doyle, 1987). Six T2 RNase loci (HY16290, HY11692, HY8523, HY9350, TBN10176, and TBN21745), which were positioned in the class III cluster from the phylogenetic tree (Figure 1), were amplified by PCR using EmeraldAmp (TaKaRa). Primer sequences were listed in Supplementary Table 2. The PCR reaction was carried out at 95°C for 1 min as the initial denaturation, followed by 30 cycles of 95°C for 30 s, 57°C for 30 s, and 72°C for 30 s, and 72°C for 2 min as final extension. Amplicons were electrophoresed on a 1% agarose gel and stained with EtBr. Fragments on the gel were visualized by exposure to UV radiation. The number of individuals with or without T2 RNases (present/absent) was tested by chi-square test for their fitness of observed ratio to the expected ratio of 1:1 and 3:1.



Correspondence of Isolated T2 RNase to S-RNases

T2 RNases obtained in this study and possibly involved in SI, and 15 S-RNases (S1 to S14 and SmR-RNases: accession numbers are MN652897 to MN652910, and MN652912) reported by Liang et al. (2020) were compared. The alignment and its visualization were as described above. Based on the alignment sequences, pairwise numbers of different sites and p-distances were calculated using MEGA7 (Kumar et al., 2016).




RESULTS


RNA-seq, De novo Assembly, and Annotation

RNA-seq and de novo assembly results are summarized in Tables 2, 3, respectively. The mean number of raw pair reads per library in HYSI+HYSC and other varieties was 25,296,882 and 7,846,791, respectively (Table 2). The overall effective ratio, which was the ratio of trimmed reads to raw reads, was 95.57% (Table 2). After de novo assembly, the number of contigs generated spanned from 72,312 (SWS) to 203,776 (HYSI+HYSC) with a maximum length of approximately 15 kbp (Table 3). BUSCO analysis indicated that over 85% of contigs covered complete sequences of core collection, including single- and multiple-copies, although ‘Hyuganatsu' resulted in a higher percentage (63.0%) of complete and duplicated genes than the others (36.3% on average), probably because input contigs of HYSI+HYSC were much higher than other cultivars (Table 3). After annotation, over 80% of contigs were blasted and ~70% of contigs were annotated with one or more GO terms (Table 3). Detailed annotation results are all provided in Supplementary Table 3.


Table 2. Results of sequencing and quality filtering of reads.
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Table 3. Summary of de novo assembly and functional annotation of style transcriptomes in citrus.
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The putative T2 RNase genes were screened from the annotated transcripts constructed from RNA-seq reads based on the GO term and number, finding 9, 14, 9, 9, and 9 T2 RNase genes in HYSI+HYSC, HSK, TBN, BAN, and SWS, respectively (Table 4). Several genes in the citrus genomic data retrieved from the public domain were annotated with T2 RNase, ranging from 6 (C. clementina (v.1.0), C. reticulata, and C. unshiu) to 16 (C. sinensis) (Table 4).


Table 4. Number of T2 RNase genes in genome or transcripts in style tissue categorized into class I to III.

[image: Table 4]



Phylogenetic Analysis

The maximum likelihood tree revealed three distinct clusters, which corresponded to the classes I–III defined by Igic and Kohn (2001) (Figure 1). The overall topology of the tree was identical to a tree in our previous study (Honsho et al., 2019); S-RNases of Rosaceae, Solanaceae, and Plantaginaceae formed family specific clusters in the class III cluster (Figure 1). Several citrus T2 RNases obtained from RNA-seq data and public genome databases were included in a cluster monophyletic to the S-RNases clusters in class III. The number of T2 RNases belonging to each cluster for each citrus species is indicated in Table 4. Among the class III citrus clusters, there were three subclusters formed by low polymorphic sequences (Figure 1). The averages of pairwise identities of low polymorphic subclusters (LPSCs) 1, 2, and 3 were 91.4, 96.7, and 89.4%, respectively. Our previously isolated T2 RNase sequences, CtRNS1 and CtRNS3, showed a complete match with some transcripts, i.e., CtRNS1 was identical to HY16290_c1_g3_i1, SWS9428_c0_g1_i1, HSK7312_c0_g1_i2, and TBN8698_c0_g1_i3, and CtRNS3 was HY11692_c0_g2_i2, BAN10358_c0_g1_i1, and TBN9676_c0_g1_i1. (Figure 1, Honsho et al., 2019). As all the S-RNases in other S-RNase-based GSI plants are positioned in class III (Igic and Kohn, 2001), we focused on the transcripts in the citrus class III cluster for further characterization, expression analysis, inheritance analysis and similarity searches with S-RNases of Chinese citrus cultivars to investigate their association with the SI reaction.



Characteristics of T2 RNases From Amino Acid Sequences

Subcellular localization and pI of proteins from each amino acid sequence were predicted for each class in the phylogenetic tree. The average pI for the data including all members was 5.166, 5.836, and 8.795 for class I, II, and III, respectively, while the average pI for the data limited to citrus was 5.218, 5.705, and 8.771 for classes I, II, and III, respectively (Supplementary Figure 1). The majority of predicted subcellular localization was extracellular in class I, II, and III, i.e., 100, 72, and 87% for the whole dataset and 100, 71, and 84% for citrus subset data, respectively. The molecular weight of most T2 RNases was distributed around 25 kD, regardless of the class.



Detection of Differentially Expressed Genes (DEGs) and Validation of Gene Expression by qRT-PCR

DEG analysis results showed 40 and 39 transcripts up and downregulated, respectively, comparing HYSC to HYSI (Supplementary Table 4). One downregulated transcript (HY9350_c0_g2_i1; hereafter HY9350) was annotated as T2 RNase, and was positioned in the class III cluster (Figure 1).

Relative gene expression levels for T2 RNase genes were validated by qPCR in HYSI and HYSC. Among the seven T2 RNase genes tested, one gene (HY9350), detected as a downregulated DEG (Supplementary Table 4), showed significantly lower expression in HYSC than in HYSI (Figure 2). Other gene expressions did not show a significant difference between HYSI and HYSC.
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FIGURE 2. RT-qPCR analysis for gene expressions of seven T2 RNases in HYSI and HYSC style tissues. Vertical bars indicate standard error and *denoted significant differences at P ≤ 0.05.




Gene Sequence and Structure of T2 RNase

The putative gene structures of the predicted T2 RNase genes along with intron/exon distribution patterns were shown in Supplementary Figure 2. According to the predicted structures, all T2 RNases in the class III cluster had one intron, positioned in the non-conserved hypervariable (HV) region as in other S-RNase-based GSI plants. From the alignment data, two histidine sites, which are essential for RNase activity (Kawata et al., 1990; Parry et al., 1997; MacIntosh, 2011), were conserved in all sequences of predicted T2 RNase (Supplementary Figure 2). The intron length ranged from 87 to 374 bp. Sequencing revealed that HY8523_c0_g1_i1 was, in fact, a compound of two similar but different sequences. They were named HY8523a (accession number; LC575205) and HY8523b (LC575206), and both had one intron in the same position as other class III T2 RNase genes (Supplementary Figure 2). HY8523a (143 amino acids) was shorter than other sequences (Supplementary Figure 2).



Expression Analysis of T2 RNase in Different Tissues

HY16290, HY11692, and HY9350 in class III were expressed in stigma, style, and ovary tissues, indicating that their expression was specific to female organs (Figure 3). HY8523, which was located at a low polymorphic subcluster in the class III cluster (Figure 1), was expressed not only in female tissue but also in anther and pollen tissue. For genes in class I and II, gene expression was not specific to the female organ.


[image: Figure 3]
FIGURE 3. Expression analysis of seven T2 RNase genes in different tissues from flowers and fruits of Hyuganatsu by semi-quantitative RT-PCR. Sty, style; Stg, stigma; Ov, ovary; AP, Anther and Pollen; Fil, Filament; Sep, Sepals; Pet, Petals; Al, Albedo; Fl, Flavedo; JS, Juice sac; M, 100 bp molecular marker.




Inheritance Mode of T2 RNase in the HYSI × TBN and TBN × HYSI Populations

HYSI possessed HY16290, HY11692, HY8523, and HY9350, while TBN had HY16290, HY11692, HY8523, TBN10176, and TBN21475 (Figure 4; Table 5). HYSI and TBN share one S haplotype, but are still cross-compatible. If a T2 RNase associates with SI, its inheritance will not follow the Mendelian law of independent assortment, resulting in a distorted segregation ratio (Figure 4). In the χ2 goodness of fit test, HY16290 fitted to a 3:1 (present:absent) ratio at P = 0.05, while HY11692, HY9350, and TBN10176 fitted to a 1:1 HYSI × TBN population (Table 5). In addition, either HY11692 or HY9350 and either HY11692 or TBN21475 were inherited in the HYSI × TBN and TBN × HYSI population, respectively, indicating that they were located at the same locus. Contrastingly, all individuals of the progeny population had HY8523 and TBN21475. Thus, the proportion did not fit to neither 1:1 nor 3:1. In the TBN × HYSI population, HY16290 fitted to 3:1, while HY11692, TBN10176, and TBN21475 fitted to 1:1 (Table 5). All individuals in the progeny population had HY8523 and HY9350; thus, the number of progenies fitted either 3:1 or 1:1 of the expected ratios.


[image: Figure 4]
FIGURE 4. Schematic drawing of the inheritance pattern of S allele in semi-compatible pollination (A) and inheritance of selected T2 RNases in the progenies of the reciprocal crosses of Hyuganatsu (HYSI) and Tosabuntan (TBN) (B). When semi-compatible HYSI (S1Sx) and TBN (S1Sy) are outcrossed, in the HYSI × TBN progeny population, only S1Sy and SxSy can be found at same ratio (1:1) because pollen grains with S1 allele from Tosabuntan are completely rejected by self-incompatible reaction. An expected ratio of present/absent for S1, Sx and Sy allele is 1:1, 1:1, and 1:0, respectively. In the reciprocal TBN × HYSI population, S1Sx and SxSy appear as 1:1 ratio and expected ratio of present/absent for S1, Sx and Sy allele is 1:1, 1:0, and 1:1, respectively.



Table 5. Inheritance and segregation of T2 RNase genes in two populations of Hyuganatsu and Tosabuntan reciprocal crosses.
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Homology Between T2 RNases and S-RNases, and Correspondence to S Haplotypes

The homology between T2 RNases, which were expected to be involved in SI in this study, and S-RNases reported by Liang et al. (2020) were investigated. HY11692, BAN25161, and HSK17703 were completely identical to S5, S2, and S8 ribonuclease, respectively (Supplementary Table 5). The overall identity was 46.2% (p-distance: 0.54). Five conserved regions (C1 to 5) and five HV regions (HV1 to 5) as well as two conserved histidine residues essential for RNase were found in the alignment (Figure 5), suggesting that they possibly have S-RNase activities. The association between T2 RNases in this study, S-RNases by Liang et al. (2020), and S haplotypes determined by Kim et al. (2011) and Zhou et al. (2018) are summarized in Table 6. As it was found that three T2 RNases were non-redundant to the S-RNases of Liang et al. (2020), we propose that HY9350, TBN21745, and HSK19371 are assigned as S15-, S16-, and S17-RNase, respectively (Table 5).


[image: Figure 5]
FIGURE 5. Alignment of T2 RNases from this study and reported S-RNases. The sites with over 70% identity are colored. Conserved region (C1 to C5) and hyper variable region (HV1 to HV5) are indicated below the sequences. Additionally, the two conserved regions (CAS I and II) are indicated above the sequences. Two histidine residues essential for RNase activities in CAS I and II (Kawata et al., 1990; Parry et al., 1997) are indicated by asterisks. Note that BAN25161 and S2-ribonuclease, HY11692 and S5-ribonuclease, and HSK17703 and S8-ribonuclease are completely identical.



Table 6. Association between S-RNases obtained in this study, reported S-RNases, and S haplotypes.
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DISCUSSION


A Phylogenetic Tree Gave a Consistent Correspondence Between T2 RNases and S Haplotypes

S-RNase-based GSI is widely found in core eudicots, including the highly divergent Asterid and Rosid lineages (Igic and Kohn, 2001; Steinbachs and Holsinger, 2002; Roalson and McCubbin, 2003). The shared use of S-RNases implies that the genes underlying RNase-based SI may be molecular homologs (orthologs), remarkably conserved remnants of a trait that arose in a common ancestor over 100 million years ago, whose descendants include nearly three-quarters of plant species (Xue et al., 1996; Igic and Kohn, 2001; Steinbachs and Holsinger, 2002; Ramanauskas and Igic, 2017). Therefore, phylogenetic analysis could be useful for finding S-RNase-homologous genes and to predict their functions from amino acid and nucleotide sequence features.

In the citrus class III cluster (Figure 1), three LPSCs-contained numerous citrus T2 RNases, and intra-subcluster amino acid similarity was high (89.4–96.7%) compared to the intra-specific S-RNase similarity in Prunus and Nicotiana, roughly spanning from 60 to 80% (Kheyr-Pour et al., 1990; Sassa et al., 1996; Ushijima et al., 1998; Yamane et al., 1999). Thus, it is suggested that sequences in LPSCs do not have adequate diversity to be established as S determinants. In addition, among the sequences in LPSC, HY11692 (LPSC 1), TBN10176 (LPSC 2), and HY8523 (LPSC 3) were shown as not associated with SI by inheritance analysis, which revealed that they were located on different chromosomes from the S locus (see later discussion). S-RNase-like genes (non-S-RNase), which are phylogenetically close to S-RNase but not involved in self-incompatible reactions, have been found in other S-RNase-based GSI plants, such as Prunus species (Yamane et al., 2003; Aguiar et al., 2015; Morimoto et al., 2015), Petunia inflata (Lee et al., 1992), and Nicotiana alata (Kuroda et al., 1994), although they were not mentioned in the S-RNase study of Chinese citrus (Liang et al., 2020). It has been suggested that S-RNase has experienced multiple duplications to diverge S-RNase and non-S-RNase during the evolution of Rosaceae (Morimoto et al., 2015). Thus, the function of genes in LPSC might have different role(s) from other genes in the class III cluster, although they are expected to share the same ancestral sequence.

Excluding LPSCs, the remaining number of T2 RNases in class III ranged from 0 to 3 for every citrus species (Table 4). The numbers except for HSK seem S determinant (S-RNase) because diploid SI plants, SC plants, and haploid or doubled haploid plants have 2, 1, and 1 gene/transcript(s), respectively. In HSK, three S-RNase-homologous genes seem excessive as the S gene. However, two of them, HSK17703_c0_g1_i1 and HSK17703_c0_g1_i2, were output as an isoform by de novo assembly program. A cloning trial for the genome sequence of HSK was successful for HSK17703_c0_g1_i1, but not for HSK17703_c0_g1_i2, suggesting that the latter was generated by an incorrect assembly. In addition, it was found that Ciunshiu m05131 in satsuma mandarin genome had the same sequence as HSK17703_c0_g1_i1 (Figure 1). Thus, it is concluded that only HSK17703_c0_g1_i1 is present in the HSK genome, and HSK had two genes remaining in the class III cluster by excluding LPSCs and HSK17703_c0_g1_i2.

Kim et al. (2011) and Zhou et al. (2018) determined S haplotypes of HY, TBN, BAN, HSK, SWS, and satsuma mandarins as S1S?, S1S?, S1S2, S4S5, SfS5, and SfS4, respectively, where Sf is the self-compatible haplotype and S? is an undetermined haplotype. Because HY is cross-compatible with TBN (Ogata et al., 2008), their unknown S haplotypes are not the same; therefore, S haplotypes were here assigned as S1Sx and S1Sy (x is not equal to y and they are not 1, 2, 4, or 5) for HY and TBN, respectively. Considering the sharing status of S haplotypes, a consistent correspondence was found between determined S haplotypes and T2 RNases within the class III cluster excluding LPSC (Figure 1). Their correspondences were as follows, S1: BAN10358_c0_g1_i1, HY11692_c0_g2_i2 and TBN9676_c0_g1_i1; S2: BAN25161_c0_g1_i1; S4: HSK17703_c0_g1_i1 and Ciunshiu_m05131; S5: HSK19371_c0_g4_i1 and SWS3273_c0_g1_i1; Sx: HY9350_c0_g2_i1; and Sy: TBN21745_c0_g1_i1 (Figure 1). Therefore, these genes are the most appropriate to be considered as S alleles.



Common Features With S-RNases

All known S-RNases are included in the T2 RNase protein family. T2 RNase contains two conserved amino acid sequences, CAS I and CAS II, which include two histidine residues, His46 and His109, essential for RNase activity (Kawata et al., 1990; Parry et al., 1997; MacIntosh, 2011). It was confirmed that the two conserved histidine residues were found in all the Sanger-sequenced genes in this study, suggesting that they have RNase activities. The intron was inserted at the same position in the non-conserved HV region among the T2 RNases (Supplementary Figure 2), which is identical to all S-RNases, with the exception of the Prunus in Rosaceae with additional introns in the first exon (Matsumoto and Tao, 2016). While S-RNase proteins identified in Rosaceae, Solanaceae, and Plantaginaceae have relatively basic pI, that of T2 RNases in classes I and II is acidic, with medians of 5.04, 5.90, and 8.56 and 9.18 in classes I, II, and III (non-S-RNase and S-RNase), respectively (Ramanauskas and Igic, 2017). Our data indicated the basic range of predicted pI values in class III sequences (Supplementary Figure 1). The functional causes of association of protein pI values are unclear, but pI appears to significantly correlate to S-RNase function (Ramanauskas and Igic, 2017). Thus, the shared feature of basic pI for citrus class III amino acid sequences fundamentally supports the hypothesis that these sequences are involved in the SI reaction.

S-RNases show pistil-specific expression. The expression analysis in different tissues revealed that HY8523 in LPSC3 was expressed not only in female organs but also in male organs (anther and pollen) (Figure 3). Gene expression of the female S determinant in GSI should be limited to the female organ. In addition, HY8523a is truncated, probably owing to a deletion that causes a frame shift, resulting in a shortened peptide. This sequence is not functional after duplication of the original gene. HY8523 is included in LPSC3, with Ciclev10003955m.g and Ciclev10003503m.g in the clementine genome (1.0), clementine0.9_033801m, clementine0.9_028427m, and clementine0.9_027797m in the clementine genome (0.9), and exist as tandem in each genome. Thus, it is concluded that they are not suitable as S determinants.



A T2 RNase Downregulated in HYSC Style Tissue Possibly Associated With HYSI to HYSC Conversion

Excluding LPSCs, there were two ‘Hyuganatsu' genes in class III, HY11692 and HY9350. Quantitative gene expression analysis comparing HYSI and HYSC revealed that HY9350 was downregulated in HYSC by DEG analysis, which was further validated by qPCR (Figure 2; Supplementary Table 4). As Hyuganatsu transformation is difficult owing to its woody nature, a transgenic experiment to obtain direct evidence for the involvement of RNases in SI is impossible in Hyuganatsu, unlike in Petunia and Nicotiana as reported in other studies (Lee et al., 1994; Murfett et al., 1994). However, as HYSC is a bud sport of HYSI, mutation of a tiny part of the ‘Hyuganatsu' genome can be expected to cause a conversion from SI to SC. Thus, downregulation of the T2 RNase gene in the style tissue in HYSC strongly implies the association of that gene with the SI reaction. Moreover, low transcription levels of S-RNase attributed to the breakdown of SI have been reported in several Prunus species (Watari et al., 2007; Hanada et al., 2009; i Mart et al., 2010).



T2 RNases Showed Co-segregation With S Haplotypes

According to the report of Kim et al. (2011) and Zhou et al. (2018), S haplotypes of HYSI and TBN were assigned as S1Sx and S1Sy, respectively. As they have S1 haplotypes in common, their status regarding cross-compatibility is semi-compatible (de Nettancourt, 1977). Segregation of the S haplotype in semi-compatible pollination does not follow the Mendelian law of segregation owing to self-incompatible reactions, and reciprocal crosses between semi-compatible partners lead to different S haplotypes in the progenies (Figure 4) (de Nettancourt, 1977). If a certain gene is an S gene or tightly linked to it, it would co-segregate with the S haplotype. This abnormal inheritance associated with GSI has been reported in some Prunus species, which show S-RNase-based GSI (Bošković et al., 1997; Choi et al., 2002).

From our results, each T2 RNase except for HY8523 was a heterozygotic allele because several negative individuals were found in the progeny populations for each T2 RNase. According to the segregation pattern of T2 RNases in the two populations, HY11692, HY9350, and TBN21745 were located at the same locus and corresponded to the S haplotype inheritance pattern, while inheritance of other genes was independent of the S haplotype inheritance manner (Figure 4). Thus, it can be considered that HY11692, HY9350, and TBN21745 correspond to S1, Sx, and Sy inheritance, respectively. This suggests that they are either S genes or, strictly speaking, genes closely linked to the S locus. Coupled with other evidence obtained in this study, they are most likely S genes. HY11692, the shared S1 haplotype, was supported by the fact that a sequence (TBN9676), which was identical to HY11692, was found in TBN by RNA-seq analysis (Figure 1).

As HY16290 and TBN10176 were inherited with 3:1 and 1:1 segregation in both reciprocal crosses, their inheritance followed predicted Mendelian segregation. In addition, neither were located on the same locus as others, indicating that they are located on different chromosome(s) than the S haplotype. HY8523 is homozygous in at least one parent. As the S haplotype can generally not be homozygous, HY8523 is absolutely unrelated to the S locus and gene.



Identity Between Isolated T2 RNases, S-RNases Identified in Chinese Citrus, and S Haplotypes Previously Determined in Japanese Citrus

Recently, it was demonstrated that the SI system is regulated by S-RNase in Chinese citrus species (Liang et al., 2020), and 15 S-RNases were identified. In this study, our results strongly imply that T2 RNases are involved in SI in Japanese citrus species. Kim et al. (2011) and Zhou et al. (2018) determined S1, S2, S4, and S5 haplotypes for some Japanese citrus varieties, including HY, HSK, TBN, BAN, and SWS used in this study. As our data showed consistent correspondence between S haplotypes and T2 RNases isolated in this study, suggesting that they are likely S-RNases (Figure 1), we assessed the homology of the sequences between six T2 RNases and 15 S-RNases determined by Liang et al. (2020). The results showed that three T2 RNases were identical to the reported S-RNases. Therefore, we propose that the three non-redundant T2 RNases are named S15 to S17 S-RNases, and the S genotype of Japanese citrus cultivars should be relabeled based on the molecular types (Table 6).

Tachibana [C. tachibana (Makino) Tanaka] and Shiikwasha (C. depressa Hayata) are the only indigenous citrus species in Japan (Deng et al., 2020). During prehistoric and historical ages, several citrus types have been introduced, or naturally migrated to Japan, or occurred as natural hybrids (Omura and Shimada, 2016). Therefore, it is quite reasonable that Japanese citrus species share these genes with Chinese citrus. Liang et al. (2020) postulated the evolutionary history of citrus SC species considering the possession of Sm-RNase, which represents a self-compatible trait. Moreover, Zhou et al. (2018) speculated the establishment of some Japanese citrus cultivars focusing on the S4 allele distribution in Japanese citrus varieties. Knowledge of the S allele constitution of the cultivars would be important not only as a genetic marker for growers' planning of new orchards and breeders' breeding programs, but also as a utility tool for researchers to trace the history of evolution, migration, and establishment of Citrus species. The universal nomenclature system for Citrus SI should be developed to avoid confusion about redundant S haplotypes among citrus varieties from different locations.
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Carpel is the ovule-bearing female reproductive organ of flowering plants and is required to ensure its protection, an efficient fertilization, and the development of diversified types of fruits, thereby it is a vital element of most food crops. The origin and morphological changes of the carpel are key to the evolution and adaption of angiosperms. Progresses have been made in elucidating the developmental mechanisms of carpel establishment in the model eudicot plant Arabidopsis thaliana, while little and fragmentary information is known in grasses, a family that includes many important crops such as rice (Oryza sativa), maize (Zea mays), barley (Hordeum vulgare), and wheat (Triticum aestivum). Here, we highlight recent advances in understanding the mechanisms underlying potential pathways of carpel development in grasses, including carpel identity determination, morphogenesis, and floral meristem determinacy. The known role of transcription factors, hormones, and miRNAs during grass carpel formation is summarized and compared with the extensively studied eudicot model plant Arabidopsis. The genetic and molecular aspects of carpel development that are conserved or diverged between grasses and eudicots are therefore discussed.
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INTRODUCTION

Carpels are a major defining feature of angiosperms. This distinctive female reproductive structure occupies the center of the flower (Figure 1), encloses ovules, and greatly improves reproductive efficiency compared with gymnosperms, involving a more complex and diversified process of pollination. Among species, the female reproductive organ, gynoecium or pistil, may occur as single carpel, multiple independent carpels, or a fused syncarpic structure (Gomariz-Fernández et al., 2017). A basic organization plan composed of three distinct regions can be found across angiosperms carpels despite their huge morphological diversity: the basal ovary, a style, and an apical stigma (Figure 1) (Becker, 2020). Poaceae, the grass family, is one of the largest families of angiosperms; it includes many agriculturally important crops, such as domesticated rice (Oryza sativa), barley (Hordeum vulgare), wheat (Triticum aestivum), and maize (Zea mays). The spikelet is a basic structure unit of the inflorescence in all grass family, which in rice contains a fertile floret and two depressed sterile lemmas (also called empty glumes). Within each rice floret, there are two bract-like organs called lemma and palea that surround the inner floral organs, the lodicule, stamen, and carpel (Figure 1B). Maize has a similar flower structure with rice, although maize flowers undergo sex determination after floral organ initiation, with only stamens and carpels developing in tassel and ear spikelet, respectively (Figure 1C). As the innermost floral organ, rice, barley, and wheat pistils display a similar structure, which is derived from the early fusion of three carpel primordia, with two partially fused styles and two feathery stigmas covered with papillae cells where pollen is deposited (Figure 1E) (Kellogg, 2001; Rudall et al., 2005; Dreni et al., 2013). In maize, the single pistil is formed by three connate carpels; however, only the two lateral-abaxial carpels will develop to an elongated silk, whereas the growth of medial-adaxial carpel is inhibited before enveloping the single ovule (Figure 1F) (Strable and Vollbrecht, 2019). In comparison, the pistil of model eudicot Arabidopsis thaliana consists of two fused lateral carpels that bear submarginal ovules in the two locules (Figure 1D) (Becker, 2020).
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FIGURE 1. Schematic draws of Arabidopsis, rice, and maize florets and gynoecia. (A–C) Flower and spikelet structure of Arabidopsis (A), rice (B), and maize (C). (D) The pistil of Arabidopsis can be divided into ovary, style, stigma, and the ovules derive from a placenta (E) Rice syncarpic ovary harbors two styles and feathery stigmas, (F) while maize has a higher extent of fusion into one silk. Like in all grasses, only one ovule is developed in the pistil of rice and maize.


During the past two decades, advances in ancestral state reconstruction, phylogenetics and developmental genetics have shed some light on carpel evolution. Depending on whether carpel is considered to be modified from male or female structures in their presumed gymnosperm-like ancestor, several potential hypotheses for the origin of the flower and its carpel exist. The Mostly Male Theory (Frohlich, 2003) postulates the first carpels are formed after the ectopic ovules generated on male microsporophylls. The Out-of-Male (Theissen et al., 2002) and its sister theory Out-of-Female (Theissen et al., 2002) hypothesis propose that the bisexuality of the flower is arisen by expression movements of the male (B-class genes) and female-promoting gene (B-sister genes), thus leaving female structures at the apex and male structures in basal region. Baum and Hileman (2007) proposed a central role of gene LEAFY (LFY) in the origin of the flower, which regulates C-function MADS-box genes in the flowering plants ancestor; these C-class genes then would have specified apical female reproductive structure, which later became carpels (Vialette-Guiraud and Scutt, 2009; Ferrándiz et al., 2010). Recently, the carpel of Anaxagorea, the most basal genus of primitive angiosperms Annonaceae (Magnoliales), is studied (Li et al., 2020). Supports are provided in this study for another carpel origin theory called the stachyosporous theory, which suggests that carpel originated from a compound shoot of the ovular axis and foliar appendage (Hickey and Taylor, 1996; Li et al., 2020). Besides these theories, a basic ancestral angiosperm carpel developmental networks has been proposed (Becker, 2020), involving STYLISH (STY)-, SPATULA (SPT)-, ETTIN (ETT)-, and CRABS CLAW (CRC)-like genes in basal/apical and adaxial/abaxial polarity specification and growth, and HECATE (HEC) homologs regulating only longitudinal growth. Homologs of NGATHA (NGA) and STY/SHORT INTERNODES (SHI)/SHI RELATED SEQUENCE (SRS) may have already contributed in regulating stigmatic-like tissue development in the carpel of the hypothetic aMRCA (angiosperm most recent common ancestor), while it probably lacked a style (Fourquin et al., 2005; Endress and Doyle, 2009, 2015; Soltis and Soltis, 2016; Becker, 2020).

To date, most data on the gene regulatory networks involved in tissue differentiation and patterning during gynoecium morphogenesis processes are still derived from A. thaliana. The major roles of phytohormones, many transcription factors (TFs), and coregulators have been identified in specifying tissue orientations and gynoecium formation, which have been extensively reviewed in Arabidopsis (Reyes-Olalde et al., 2013; Pfannebecker et al., 2017a, b; Reyes-Olalde and de Folter, 2019; Simonini and Østergaard, 2019; Zúñiga-Mayo et al., 2019). Molecular genetic studies have uncovered developmental mechanisms of carpel establishment in two grass model species, rice and maize. In view of a similar carpel development pattern in grasses, these studies will facilitate related research in the future, including barley, wheat, and other cereals. Here, we update focused studies mainly in rice and maize, on the regulatory mechanisms, networks, and pathways underlying the establishment and regulation of carpel identity, morphogenesis and development, and their intrinsic connection with floral meristem determinacy (FMD).



CARPEL IDENTITY DETERMINATION

Like any floral organ, carpels initiate from meristem primordia, which are small domes of undifferentiated cells, and then develop their specific properties and structure through a process called morphogenesis. There are some key regulators identified in grass carpel identity determination whose functions are either conserved or diverged versus Arabidopsis.

Genetic studies based on Arabidopsis and Antirrhinum majus led to the formulation of the ABC model of flower development and floral organ identity (Coen and Meyerowitz, 1991; Weigel and Meyerowitz, 1994) that predicts the combinatorial activity of three classes of genes as follows: A-class genes specify sepal identity in the first whorl, A- and B-class genes specify petal identity in the second whorl, and B- and C-class genes are necessary for stamen identity in the third whorl, whereas C-class genes alone are required for carpel identity and FMD in the fourth and last whorl in the center of the flower. Later studies in Petunia hybrida and Arabidopsis, proposed that a D class of genes is specifically required for ovule development and an E class of genes is essential for the function of all the other four classes, which led to an updated ABCDE model (Colombo et al., 1995; Pelaz et al., 2000, 2001; Honma and Goto, 2001; Favaro et al., 2003; Pinyopich et al., 2003). Except for the Arabidopsis A class APETALA2 (AP2) gene, all the ABCDE genes encode for MIKC-type MADS-box TFs working in tetrameric complexes (Riechmann et al., 1996; Theißen, 2001; Paøenicová et al., 2003; Theißen et al., 2016). While the conservation of the model for the outer whorls is amply debated (Litt, 2007; Causier et al., 2010), the C and D functions are widely conserved in carpel and ovule identity among angiosperms, which largely depends on MADS-box genes from the AGAMOUS subfamily (Figure 2A) (Dreni and Kater, 2014). In addition, complexes formed by their encoded proteins with E class proteins that are encoded by SEPALLATA subfamily MADS-box genes seem also conserved (Figure 2A) (Dreni and Kater, 2014).
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FIGURE 2. Carpel specification in dicot and monocot model plants Arabidopsis and rice. The expression domains of C-, D-, and E-class genes; SUP; and CRC, DL in carpel and ovule of Arabidopsis (A) and rice (B) are shown with blue, brown, purple, yellow, and red colors, respectively. Genetic interactions within these carpel identity regulators and other homeotic genes are also indicated. Direct regulations have been shown in Arabidopsis, whereas in rice a direct binding of OsMADS6 has only been shown to the second intron of OsMADS58 (Li et al., 2011a).


The AGAMOUS subfamily is named after its founding member gene, Arabidopsis AGAMOUS (AtAG). AtAG, as a C-class gene, is the master regulator of stamen and carpel formation (Bowman et al., 1989, 1991; Yanofsky et al., 1990; Lohmann and Weigel, 2002). FMD and reproductive organ identity are completely lost in the ag mutant, leading to a continuous repetition of sepal–petal–petal whorls forming indeterminate flowers (Bowman et al., 1989, 1991).


The Role of AGAMOUS Genes in Carpel Identity Determination in Grasses

Rice has two AtAG orthologs, OsMADS3 and OsMADS58, which share a very similar expression profile; both express exclusively in whorl 3 (stamen) and whorl 4 (carpel), although OsMADS58 is expressed more uniformly throughout the floral meristem (FM) (Yamaguchi et al., 2006; Dreni et al., 2011). In rice osmads3-4 (Hu et al., 2011) and osmads3-fe1 (Yasui et al., 2017) single mutants, most flowers display a normal single pistil, whereas in the reported null allele osmads3-3 (Yamaguchi et al., 2006), 84% of the flowers showed increased carpel numbers and multiple stigmas, and enlarged or elongated ovules are also formed. Interestingly, this loss-of-function allele is generated by a T-DNA insertion in the large second intron (Yamaguchi et al., 2006), suggesting evolutionary conserved importance of this region in promoting the correct expression of AG-like genes, in agreement with studies conducted in Arabidopsis and Antirrhinum (Sieburth and Meyerowitz, 1997; Causier et al., 2009). Despite the similar expression patterns between OsMADS3 and OsMADS58, osmads58 single mutants display normal flowers; only 5% of those have bifurcated stigmas (Dreni et al., 2011). In both osmads3-3 osmads58 and osmads3-4 osmads58 double mutants, ectopic lodicules and green palea/carpel-like organs repeatedly replace stamen and carpel, respectively. With similar abaxial surface, Dreni et al. (2011) interpreted the organs replacing carpels in osmads3-3 osmads58 as palea-like, having a similar structure, and a body and two margin regions, which are characteristics of palea (Prasad et al., 2001; Prasad and Vijayraghavan, 2003). Surprisingly, this clear morphological transformation does not match with an equally obvious change in the expression of the only known putative marker genes: although the glume marker G1/ELE (long sterile lemma/elongated empty glume) is activated in the indeterminate FM of osmads3-3 osmads58, it does not mark clearly the emerging palea-like primordium that, in addition, continues to express DROOPING LEAF (DL), a gene required for carpel identity specification, like in the wild-type ovary wall (Dreni et al., 2011).

A residual carpel identity was discovered in the adaxial epidermis of the osmads3-3 osmads58 aberrant gynoecium, conferred by another AGAMOUS subfamily member, the D class ovule identity gene OsMADS13 (Dreni et al., 2007). OsMADS13 is expressed in the adaxial epidermis of the ovary wall of wild-type plants, and this pattern is maintained also in the adaxial epidermis of the palea/carpel-like organ of osmads3-3 osmads58 flower. Indeed, the residual carpel identity is completely eliminated by generating osmads3-3 osmads13 osmads58 triple mutants, whose palea-like structures grow even more and present an adaxial surface completely equivalent to a palea. Yet, DL expression remains strong in these organs (Dreni et al., 2011).

Recently, the identity of green organs replacing the carpel in the osmads3 osmads58 double mutants has been questioned by Sugiyama et al. (2019), who generated a new double-mutant osmads3-fe1 osmads58-7 for their analysis. Different from osmads3-3 osmads58 in which OsMADS58 is mutated by a dSpm transposon insertion in the second intron (Dreni et al., 2011), in osmads3-fe1 osmads58-7, the ∼600-bp promoter region and the first three exons of OsMADS3 are deleted, and there is a frame-shift mutation in exon 3 of OsMADS58 (Yasui et al., 2017; Sugiyama et al., 2019). Despite revealing that the green ectopic organs in the fourth whorl express the A-class and palea identity gene OsMADS15, which is also in agreement with the ABC model, Sugiyama et al. (2019) claim that the abaxial surface still retains features of the ovary cells. Based on this, they reinterpreted the fourth whorl organs of osmads3-fe1 osmads58-7 as carpel-like and proposed that the persisting expression of DL and OsMADS13 is supportive of carpel-like identity, while the palea-like structure is conferred by ectopic expression of the A class gene OsMADS15. In conclusion, Sugiyama et al. (2019) suggest that rice C-class genes are not essential for carpel identity. Future works will be needed to clarify this essential question.

Another recent study has suggested an important functional role for the conserved amino acidic residue 109 of AG proteins in grasses (Dreni et al., 2020). It is shown that an alternative splicing occurs on the OsMADS3 transcript of O. sativa, producing two variants of OsMADS3 that differ just for the presence or absence of a conserved serine residue, S109. Interestingly, this splicing variant is conserved and specific between grass families. Only the eudicot-like OsMADS3 isoform, lacking S109, is able to specify stamens and carpels in Arabidopsis, as revealed by functional complementation assay expressing the two rice isoforms in the Arabidopsis ag mutant (Dreni et al., 2020). It is further proposed that the different ability between OsMADS3+S109 and OsMADS3 in complementing the ag phenotype might be partially explained by their different interactions with diverse SEPALLATA-like proteins (Dreni et al., 2020). Therefore, the two isoforms of OsMADS3-like proteins might have partially distinct function in grasses.

In maize, there are three AG lineage genes, with ZAG1 ortholog to OsMADS58 and ZMM2 and ZMM23 orthologs to OsMADS3 (Schmidt et al., 1993; Theißen et al., 1995; Münster et al., 2002). Unlike rice, maize AG orthologs appear to express in spatially distinct domains, as ZAG1 and ZMM2 transcript levels are higher in carpel and stamen, respectively. A mutation in ZAG1 results in unfused carpels in female flowers, but the carpel identity is not affected (Mena et al., 1996). Functional analysis of ZMM2 and ZMM23 has not been reported yet.

The putative C class genes of wheat, WAG1 (wheat AGAMOUS1) and WAG2, have been identified as OsMADS58 and OsMADS3 orthologs, respectively (Meguro et al., 2003; Zhao et al., 2006; Wei et al., 2011). In early floral organ initiation stages, the transcription level of the two WAG genes is low, but transcripts are detected from booting to heading stages, and in situ hybridization analysis shows WAG expression in stamen, carpel, and ovule (Meguro et al., 2003; Yamada et al., 2009). Besides, ectopic expression of WAG1 and WAG2 can induce pistilloid ectopic stamens in an alloplasmic wheat line (Yamada et al., 2009). Collectively, these data suggest a partially conserved function of wheat AG orthologs in floral organ development, while their lower expressions detected in early stages may also indicate a minor function in carpel differentiation (Callens et al., 2018).



The Role of DL in Carpel Identity Determination in Grasses

The Arabidopsis CRABS CLAW (CRC), a YABBY family TF, is required for maintaining the proper growth of the gynoecium (Alvarez and Smyth, 1999). CRC is expressed throughout nectary development (Baum et al., 2001). In the gynoecium, CRC is first expressed in the pistil primordium, and subsequently, only in the abaxial epidermis of the carpel and in four internal domains adjacent to the cells that will form the placenta, then its expression disappears after the initiation of ovule primordia (Bowman and Smyth, 1999; Colombo et al., 2010). In the crc mutant, style growth is reduced, resulting in incomplete carpel fusion (Alvarez and Smyth, 1999). It is also reported that the Arabidopsis CRC, a direct target of AtAG (Gómez-Mena et al., 2005; Ó’Maoiléidigh et al., 2013), acts in mediating the transition from FM termination to gynoecium development (Figure 2A) (Yamaguchi et al., 2017). The rice CRC ortholog DL is proposed to be required for carpel identity, because in strong dl mutant alleles, carpels undergo homeotic transformation to stamens (Yamaguchi et al., 2004). In rice, DL expression can be first detected in a few cells at the lemma side of FM, and later during gynoecium development, DL expression starts in the carpel anlagen, shortly before carpel primordia begin to form. After carpel initiation, DL is expressed specifically and uniformly in carpel primordia, whereas no expression is detected in the FM or ovule primordium, which differs from both CRC and the typical AG-like C-function genes (Yamaguchi et al., 2004). DL seems to act mutually and antagonistically to the class B gene SUPERWOMAN1 (SPW1)/OsMADS16 to control carpel identity in rice (Figure 2B), as ectopic stamens replace the gynoecium in dl, whereas homeotic transformation of stamens into carpels occurs in spw1-1. Moreover, the SPW1 and DL transcripts can be detected in the ectopic stamens in the fourth whorl of dl and in the ectopic carpels of spw1-1 mutants, respectively (Nagasawa et al., 2003; Yamaguchi et al., 2004). In Arabidopsis, CRC expression is also found to be expanded in B class mutants ap3 and pi (Bowman and Smyth, 1999; Wuest et al., 2012). However, besides the homeotic transformation, unidentifiable floral organs are indeterminately produced in whorls 3 and 4 of the rice spw1-1 dl double mutants (Nagasawa et al., 2003; Sugiyama et al., 2019). These findings suggest that DL, besides regulating the boundary between whorls 3 and 4, may play an active role in carpel identity determination (Figure 2B). In comparison, Arabidopsis CRC seems to have a more specific function in regulating some aspects of carpel development and is not required to exclude the B class genes from the gynoecium, a function played instead by the Arabidopsis C2H2 zinc finger TF encoded by SUPERMAN (SUP), which is also positively regulated by B class genes themselves in the early stages (Figure 2A) (Schultz et al., 1991; Bowman et al., 1992; Bowman and Smyth, 1999; Sakai et al., 2000).

In wheat, the DL ortholog has been identified by homology screening (Ishikawa et al., 2009). TaDL is also expressed in the wheat pistil, as well as in the ectopic pistil-like primordia replacing stamens in a pistillody line (Hama et al., 2004; Ishikawa et al., 2009). Moreover, the wheat B class MADS-box genes are expressed as expected in the wild-type stamen primordia, but similar to the case in rice, transcripts are not detected in those ectopic carpels in the pistillody line (Hama et al., 2004). Taken together, these facts suggest that a mutual repression between DL and B class genes is conserved in grasses, although this is not yet clear whether it is direct or not.



Models for Grass Carpel Identity Regulation

In Arabidopsis, based on the ABCDE model, carpel identity is specified by the C function gene AtAG and E function genes SEPALLATA1/2/3 with the mutual repression between the A- and C-function genes in their respective domains (Figure 2A) (Pelaz et al., 2000, 2001; Causier et al., 2010). In contrast, the carpel identity regulation model in rice is more controversial, based on the different alleles studied, and/or diverse interpretations on osmads3, osmads58, and dl mutants, currently two different theories exist. Dreni et al. (2011) proposed that OsMADS3 and OsMADS58 still have conserved class C protein functions and redundantly regulate carpel identity, whereas Dreni et al. (2011) implicated DL as a fourth-whorl marker and negative regulator of class B genes, without a direct carpel identity specification function, as DL is unable to specify carpel identity in the absence of OsMADS3 and OsMADS58. In contrast, Sugiyama et al. (2019) claimed a dispensable role of OsMADS3 and OsMADS58 for carpel specification, which would be the first known case in angiosperms, and that DL is the key determinant of carpel identity. However, there is no functional carpel in either spw1-1 dl or osmads3 osmads58 double mutants, suggesting that AG-like genes or DL alone is not sufficient to induce carpel formation. Thus, it is more plausible to conclude that DL, OsMADS3, and OsMADS58 are all necessary for carpel identity specification and morphogenesis (Figure 2B). Besides the above three regulators, OsMADS13, the D function gene of rice (Dreni et al., 2007), also plays a role in carpel establishment, although limited to its adaxial side, as we described above (Figure 2B). This is in contrast with Arabidopsis, where class C and D genes redundantly confer ovule identity, but carpel identity is determined exclusively by C function genes (Figure 2A) (Pinyopich et al., 2003).

Grasses have diverse SEP-like genes that can be divided into two subclades, in rice the three genes OsMADS1, OsMADS5, and OsMADS34 belong to the LOFSEP clade, whereas the SEP3 clade consists of the other two members OsMADS7/45 and OsMADS8/24 (Malcomber and Kellogg, 2005; Zahn et al., 2005; Arora et al., 2007). Similar with Arabidopsis, higher-order knockdown and mutants of rice SEP genes cause the homeotic transformation of floral organs to leaf-like structures, and the rice SEP members also can form heterodimers with C- and D-class genes, suggesting a conserved pivotal role of SEP genes in carpel identity specification (Pelaz et al., 2001; Cui et al., 2010; Wu et al., 2017). However, functional diversification of rice SEP genes also exists compared with Arabidopsis, as inhibition of OsMADS1 or OsMADS34 alone, and OsMADS7 and OsMADS8 together are sufficient to cause severe phenotypes including leafy lemma and palea, homeotic transformation of lodicules, fewer stamens, increased carpels, and flowering time alterations (Cui et al., 2010; Gao et al., 2010). Carpels are either increased or completely missing in several combinations of lofsep mutants (Wu et al., 2017). The simultaneous knockdown of OsMADS7 and OsMADS8 causes different degrees of carpel fusion defects, also affecting the FMD with additional reproductive organ-like structures initiated inside the mutant carpels (Cui et al., 2010).

Recently, some potential regulations between rice SEP genes and AG genes have been discovered. As the expression of OsMADS3 and OsMADS58 significantly decreased in osmads1-z and lofsep double and triple mutants, it is proposed that rice LOFSEP members may act as upstream activators of C-class genes to regulate inner floral organs (Figure 2B) (Wu et al., 2017). Indeed, consistent with the delayed transition of the spikelet meristem to FM, the initiation of OsMADS3 expression is delayed, and OsMADS58 expression is missed from the FM in osmads1-z mutants (Hu et al., 2015). Moreover, another recent study (Osnato et al., 2020) has identified a substantial overlap with DEGs from the transcriptome data of osmads1 (Khanday et al., 2013; Hu et al., 2015) and osmads13 mutants, suggesting the two genes may regulate common downstream targets but in an antagonistic manner. The authors also proposed that OsMADS13 may act as a repressor in the carpel initiation pathway in the ovule domain (Osnato et al., 2020).

In short, these findings suggest that OsMADS3, OsMADS58, DL, OsMADS13, and SEP genes in rice have both conserved and diverse functions in carpel identity determination and morphogenesis, compared with Arabidopsis. These functional diversifications may play a pivotal role in establishing rice carpel morphology, and it is highly likely that similar cases also exist in other grass plants such as maize, barley, and wheat.




FLORAL MERISTEM DETERMINACY IN CARPEL DEVELOPMENT

Unlike indeterminate meristems such as the shoot apical meristem and inflorescence meristem in Arabidopsis and some grass species, the FM is determinate, as the stem cells in FM will be consumed by the final floral organ initiated from it. The pattern of FM termination is diverse among angiosperm species. In wild-type rice flower, the carpel primordia bulge first arises at the lemma side of the FM, then at the flank of the meristem; the other carpel primordia develop toward the opposite side to enclose the meristem. The FM remains morphologically undifferentiated and later develops into the ovule (Itoh et al., 2005). But in Arabidopsis, the stem cell maintenance ceases when carpel primordium starts to be initiated, and ovules differentiate from the placenta after establishment of the carpel (Cucinotta et al., 2014). Thus, the central region of the FM is consumed by the ovule or carpel/placenta primordium in rice and in Arabidopsis, respectively.


Interactions of the CLV-WUS Pathway and APO1 With Carpel Identity Genes

Interactions between floral homeotic genes and the well-characterized CLAVATA (CLV)-WUSCHEL (WUS) negative feedback pathway, which coordinates stem cell proliferation with differentiation in the meristem, are part of FMD regulation (Brand et al., 2000; Schoof et al., 2000; Ikeda et al., 2009; Pautler et al., 2013). In Arabidopsis, the stem cell-promoting gene WUS is able to induce AtAG expression, whereas AtAG in turn can switch off WUS right after carpel primordia emergence, through several molecular mechanisms, to trigger FM termination in the center of the flower bud (reviewed by Shang et al., 2019). Mutations of the receptor kinase-encoding gene CLV1, another component of the CLV-WUS pathway, can trigger defects in AtAG expression (Clark et al., 1993). Grass class C genes also play an important role in FMD. Like the Arabidopsis ag mutant, osmads3 osmads58 double mutants show a dramatic loss of FMD, as an indefinite number of ectopic lodicules and green palea/carpel-like organs are repeatedly formed (Dreni et al., 2011; Sugiyama et al., 2019), and the FM marker gene OSH1 (O. sativa homeobox1) expression remains even in mature flowers (Sugiyama et al., 2019). Loss of function in maize ZAG1 also results in the partial loss of FMD in female flowers, showing a reiteration of carpels (Mena et al., 1996). The rice FON1 and FON2/FON4 genes are identified as orthologs of CLV1 and CLV3, respectively, an alteration in floral organ number and increased FM size have been observed in fon1-1 (Moon et al., 2006) and fon4-1 (Chu et al., 2006) mutants, suggesting that the function of the CLV3-CLV1 ligand–receptor system is conserved. The organ number is more severely affected in the inner whorls in those mutants, and nearly all fon4-1 and fon4-2 flowers have from 2 to 10 carpels (Chu et al., 2006). Both fon4-2 osmads3-4 and fon4-1 osmads58 double mutants display enhanced defects of FMD with more carpel-like structures than either single mutants. The fon4-2 osmads3-4 double mutant has a dramatically enlarged FM size and larger OSH1 expression region, compared with wild-type plants, whereas the expression of OsMADS3 and OsMADS58 in fon4-2 mirrored that in the wild type. In conclusion, FON4 synergistically interacts with C-class genes in rice FMD (Xu et al., 2017; Yasui et al., 2017).

As described above, ovule is the final organ differentiated from FM in grasses. Mutation in the ovule identity specification gene OsMADS13 also results in partial loss of FMD. Reiteration of carpels and prolonged expression of OSH1 have been observed in osmads13 mutants (Dreni et al., 2007; Yamaki et al., 2011). The number of carpelloid structures in the fon4-1 osmads13-3 double mutant is greatly increased in comparison with the single mutants, and the expression domain of OSH1 is wider. Besides, the expression level of OsMADS13 is increased and more widely detectable in the gynoecium of fon4-2 mutant (Xu et al., 2017). Thus, FON4 may function to repress OsMADS13 expression in the innermost whorl, or the increased expression of OsMADS13 may act as a molecular response to alleviate the expansion of the meristem in fon4-2 (Xu et al., 2017).

In Arabidopsis, LFY and UNUSUAL FLORAL ORGAN (UFO) are reported to be key factors in enhancing the floral fate of lateral meristems and regulating the ABC floral organ identity genes (Weigel et al., 1992; Lee et al., 1997; Parcy et al., 1998; Chae et al., 2008). In rice, ABERRANT PANICLE ORGANIZATION 2 (APO2, ortholog of LFY) and ABERRANT PANICLE ORGANIZATION 1 (APO1, ortholog of UFO) act cooperatively in controlling inflorescence and flower development. Both apo1 and apo2 mutants display partial loss of FMD in whorl 4 with indeterminate carpel formation, which is even more severe in the apo1-1apo2-1 double mutant (Ikeda et al., 2005; Ikeda-Kawakatsu et al., 2012). Furthermore, the expression of C class gene OsMADS3 is down-regulated in apo1. Considering that the osmads3 loss-of-function mutants form apo1-like flowers, it is reasonable to propose a positive regulation of the C class gene OsMADS3 by APO1, but not of B class genes as in Arabidopsis (Lohmann and Weigel, 2002; Ikeda et al., 2005).



Interactions Within Floral Homeotic Genes

Interactions within floral homeotic genes are also important in determining FM fate. Similar to Arabidopsis (Mizukami and Ma, 1995), FMD in rice seems to be sensitive to the amount of AG-like protein(s), as all the three double mutants (osmads3-3 osmads58, osmads3-3 osmads13, and osmads13 osmads58) result in an enhanced indeterminacy in the fourth whorl (Dreni et al., 2011). In addition, OsMADS13 and OsMADS3 do not regulate each other’s transcription, suggesting a synergistic role of these two genes (Li et al., 2011b).

During FM termination in Arabidopsis, AtAG represses WUS in part by directly activating three key target genes, the C2H2 zinc finger genes KNUCKLES (KNU) and SUP, and the YABBY gene CRC (Alvarez and Smyth, 1999; Payne et al., 2004; Gómez-Mena et al., 2005; Lee et al., 2005; Ó’Maoiléidigh et al., 2013). SUP and CRC contribute to FMD non-cell autonomously, at least in part by fine tuning auxin homeostasis (Yamaguchi et al., 2017; Lee et al., 2019).

The rice ortholog of CRC is DL, which also functions as carpel identity regulator and, non-cell autonomously, in FMD (Yamaguchi et al., 2004; Sugiyama et al., 2019). In rice dl mutant, ectopic stamens are variable in number (Yamaguchi et al., 2004). The osmads3-4 dl double mutants display a severe loss of FMD and produced extra whorls of lodicule-like organs in the floral center (Li et al., 2011b). However, the expression patterns of OsMADS3 and DL are not affected by each other; thus, OsMADS3 and DL may terminate the FM in a synergistic way. On the contrary, osmads13-3 dl flowers exhibited the similar defects to those of dl, and the transcripts of OsMADS13 is undetectable in dl flowers, suggesting that DL and OsMADS13 may function in the same pathway to specify the identity of carpel/ovule and FMD (Figure 3) (Li et al., 2011b). In Arabidopsis, CRC is a direct target of both B class genes and of the C class gene AtAG, which act as repressors and as activators, respectively (Bowman and Smyth, 1999; Gómez-Mena et al., 2005; Wuest et al., 2012; Ó’Maoiléidigh et al., 2013). In rice, DL expression also expands outward in the third whorl in B class mutants (Yamaguchi et al., 2004), but it does not disappear in the palea-like organs replacing the pistil in osmads3 osmads58 double and osmads3 osmads13 osmads58 triple mutants, suggesting that its expression is independent by C class genes (Dreni et al., 2011). In Arabidopsis, CRC genetically interacts in the fourth whorl with another FMD regulator, SUP, and common downstream genes such as cytokinin- and auxin-related genes are found between these two TFs (Prunet et al., 2017; Lee et al., 2019). As rice SUP counterparts have not been studied yet, it will be interesting to assess their function in rice FMD and carpel development.
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FIGURE 3. Proposed model to illustrate the genetic interaction between rice floral homeotic genes in FMD in whorl 4. OsMADS3 and OsMADS58 are possibly activated by E-function genes OsMADS1 and OsMADS6 and also APO1, the expression of DL may be repressed by OsMADS6 and OsMADS13. In turn, DL may indirectly regulate OsMADS13 in a positive way. The onset of OsMADS13 expression in the final stage of the FM leads its transition to ovule primordium.


Recently, the maize CRC and DL co-orthologs DRL1 and DRL2 have been also reported to regulate FM activity and impose FMD from lateral floral organs in a non-cell-autonomous way (Strable and Vollbrecht, 2019). The drl1 mutant ears are sterile, carpel walls remain unfused with underdeveloped silks, and an expanded nucellus-like structure is exposed in the center. The medial-adaxial carpel (determinate carpel) is greatly reduced in both drl2 and drl1 drl2 double mutants, and multiple lateral-abaxial carpels (indeterminate carpels) have been observed in the double mutants, indicating a prolonged FM activity (Strable and Vollbrecht, 2019). Genetic interaction and expression analyses using gene regulatory network inference suggest that DRL1 and ZAG1 target each other, and there is a common set of downstream genes involved in floral patterning and FMD (Strable and Vollbrecht, 2019).

As mentioned previously, physical and genetic interactions between OsMADS1 and the two rice C-class genes are essential for the regulation of carpel identity specification and FM activity (Hu et al., 2015); 74.67% of osmads1-z osmads3-4 flowers lack inner floral organs, but only have extra glume-like structures, and OSH1 expression is lost at a later stage in this double mutant, suggesting a function of OsMADS1 and OsMADS3 together in repressing FM activity (Figure 3) (Hu et al., 2015). As another MADS-box gene with E-class functions in rice, genetic analysis reveals a key role of the AGL6 subfamily member MOSAIC FLORAL ORGAN 1 (MFO1)/OsMADS6 in early flower development (Li et al., 2011a). In the flower of mfo1 mutants, the FMD is lost, and extra carpels or spikelets developed in mfo1 florets (Ohmori et al., 2009). A complex regulation network also exists within OsMADS6 and other carpel regulators. All flowers in osmads6 dl double mutant display an inflorescence-like structure in whorl 4, and ectopic expression of DL is present in the altered palea organ and ectopic carpels or abnormal ovules in osmads6-1. Taken together, it is proposed that OsMADS6 may repress the expression of DL, whereas DL does not affect OsMADS6 expression (Figure 3) (Li et al., 2011a).

Moreover, OsMADS6 also interacts genetically with OsMADS13, OsMADS3, and OsMADS58. The flowers of osmads6-1 osmads13-3 display more severe defects in carpel/ovule development and FMD than single mutants (Li et al., 2011a), its floral axis developing higher-order carpel-like organs expressing DL. There is no obvious regulation between OsMADS6 and OsMADS13 at the transcriptional level, although they have partial functional redundancy in carpel/ovule identity specification and FMD termination. Defects are intensified with even more carpels in the floral center of the osmads6-1 osmads3-4 and osmads6-1 osmads58 double mutants, and an inflorescence-like structure is produced in osmads6-1 osmads3-4 flowers (Li et al., 2011a). In osmads6-1, the expression of OsMADS3 seems much weaker and delayed, and expression of OsMADS58 is reduced at the early stages. Furthermore, OsMADS6 may regulate OsMADS58 expression directly through binding to a CArG element in its second intron (Li et al., 2011a), suggesting that OsMADS6 may promote C-class genes expression during early rice flower development (Figure 3).

Generally, FM activity is terminated after the formation of a fixed number and pattern of floral organs. In Arabidopsis, it has been shown that AtAG is a key regulator in abolishing FM by switching off WUS (Lohmann et al., 2001; Liu et al., 2011; Sun et al., 2019). In rice, interactions between FON4, APO1, and C- and D-function genes are shown to act in FMD. Also, the interactions between floral homeotic genes DL, OsMADS3, OsMADS58, OsMADS13, and E-function genes OsMADS1 and OsMADS6 suggest a regulatory module that fine-tunes floret patterning and FMD in rice (Figure 3) (Ohmori et al., 2009; Dreni et al., 2011; Li et al., 2011a,b; Hu et al., 2015; Strable and Vollbrecht, 2019).




THE ROLE OF PLANT HORMONES IN CARPEL DEVELOPMENT

Carpel is a relatively complex biological structure among the plant organs; it requires several tissues to acquire specific identities in the specific time and places. Studies in Arabidopsis have shown that gynoecium formation depends on precise hormonal and genetic interactions to produce this complex tissue organization (Marsch-Martínez et al., 2012; Marsch-Martínez and de Folter, 2016; Moubayidin and Østergaard, 2017). Several recent reviews well-summarized the role of plant hormones such as auxin, cytokinin, and their crosstalk and the genes that connect these hormonal pathways during gynoecium development processes such as apical-basal and mediolateral polarity establishment, identity specification, symmetry establishment, and patterning (Moubayidin and Østergaard, 2017; Deb et al., 2018; Zúñiga-Mayo et al., 2019). The developmental control by plant hormone in the carpel margin meristem, which is the inner tissues possessing meristematic characteristics in the Arabidopsis gynoecium, is also addressed in several other reviews (Reyes-Olalde et al., 2013; Reyes-Olalde and de Folter, 2019).


Auxin

Auxin is an essential hormone for almost all developmental processes in plants; experimental and modeling approaches have demonstrated that organ initiation depends on a threshold concentration of auxin (Reinhardt et al., 2003). Disruption of the Arabidopsis and maize protein kinase PINOID (PID), which is involved in polar auxin transport, causes severe defects in flower initiation. Arabidopsis pid and maize ortholog bif2 (BARREN INFLORESCENCE2) mutants display defects in flower initiation that results in a pin-like inflorescence (Bennett et al., 1995; McSteen et al., 2007). Surprisingly, despite the fact that OsPID expresses throughout the panicle development as well as in pistil, none of the ospid mutants develops pin-like inflorescences. Instead, stigma development is completely eliminated in ospid mutants and normal ovules with eight-nucleate embryo sac failed to develop in most spikelets (He et al., 2019; Xu et al., 2019), whereas the overexpression of OsPID led to overproliferation of stigmas (Morita and Kyozuka, 2007). These observations suggest a key role of OsPID for stigma development and ovule initiation.

In ospid mutant, the expression of most auxin response factor genes is shown to be downregulated, and OsETTIN1, OsETTIN2, and OsMONOPTEROS (OsMP) lost their original spatiotemporal expression pattern during pistil development (Xu et al., 2019). As ETTIN and MP play pivotal roles in FM maintenance, OSH1 transcription signal is weaker, and FON4 transcription level is higher in ospid, it is proposed that OsPID may regulate stigma and ovule initiation by maintaining stem cell identity through auxin signaling (Xu et al., 2019). A recent study shows that OsPID also interacts physically with OsMADS16 (Wu et al., 2020); thus, OsPID may be involved in carpel development by interacting with floral homeotic genes. Indeed, another auxin-responsive gene OsMGH3 (OsMADS1 regulated GH3 domain-encoding gene) has been reported as a common downstream target of OsMADS1 and OsMADS6 (Prasad et al., 2005; Zhang et al., 2010). GH3 control cellular bioactive auxin by inactivating excess auxin as conjugates of amino acids and sugars to maintain auxin homeostasis (Woodward and Bartel, 2005). OsMGH3 knockdown plants display partial overlapped phenotypes with osmads1 and osmads6; carpel development and pollen viability are affected by reduced fertility in dsRNAiOsMGH3 mutant plants (Yadav et al., 2011). Besides, 10%–20% of OsMGH3 knockdown transgenic flowers show enlarged carpels, which protrudes out of the flower before anthesis (Yadav et al., 2011). Such enlarged carpel phenotypes are similar to Arabidopsis ettin and arf2 that are mutants in auxin response factors, suggesting the key role of auxin-responsive genes regulation in plant carpel development (Sessions et al., 1997; Okushima et al., 2005).



Cytokinin

Cytokinin is a key regulator of meristem size and activity by controlling cell division and differentiation and thus influences numerous developmental programs in plants. The rice LONELY GUY (LOG) gene encodes a cytokinin-activating enzyme functioning in the final step of bioactive cytokinin synthesis. The mRNA of LOG, which is required to maintain meristem activity, is specifically detected in shoot meristem tips, and its loss-of-function mutant displays premature termination of the shoot meristem (Kurakawa et al., 2007). In the log-3 weak allele, 65.3% of spikelets form a slender pistil lacking an ovule, whereas 15.8% form no pistil. The FM volume in log-3 mutant is normally maintained until carpel protrusion, but subsequently its size is decreased compared to the wild type (Yamaki et al., 2011). In the log-3 fon1-1 double mutant, the FM size is recovered, and the ovules phenotype is largely rescued compared to the log-3 single mutant. In addition to prevent premature termination of the shoot meristem, LOG is also required for ovule formation through maintaining a sufficient volume of the FM to allow normal development of carpels (Yamaki et al., 2011).

In conclusion, studies conducted to date have revealed a close link between plant hormone pathways and carpel establishment in grasses. Although advances have been made in this area, there are still many questions awaiting to be answered, including how the transition between meristem activity and ovule initiation is regulated and whether there are even closer interactions between plant hormone pathways and the C, D, and E class genes relevant to carpel development.




THE ROLE OF miRNAs DURING CARPEL FORMATION

MiRNAs are small ribonucleic acid molecules (typically 21 nt in length) that negatively regulate gene expression mainly by triggering mRNA cleavage, translational inhibition, or DNA cytosine and/or histone methylation of miRNA target genes (Voinnet, 2009; Liu et al., 2017). Studies conducted so far suggest the role of miRNAs as an important regulatory mechanism in all phases of plant life including flower development (Rubio-Somoza and Weigel, 2011; Xie et al., 2015; Smoczynska and Szweykowska-Kulinska, 2016; Liu et al., 2017).

It seems that miRNA-mediated regulation of floral genes as was observed in Arabidopsis also takes place in monocots, such as the suppression of AP2-like genes mediated by miRNA172 (Chen, 2004; Chuck et al., 2007; Zhu et al., 2009; Nair et al., 2010). Overexpression of miRNA172 converts sepals and petals into carpels in Arabidopsis, a phenotype similar to ap2 mutants (Chen, 2004). Rice plants overexpressing miR172 phenocopied another AP2-like gene mutant named snb, displaying multiple changes in flower organ development; the carpel was occasionally replaced by a mosaic organ with a lodicule base and anther apices (Zhu et al., 2009). Defective unfused carpels are also shown in the female flowers of maize tassel seed4 (ts4), a loss-of-function mutant of miRNA172e (Chuck et al., 2007). Mutations in hormonal balance and TFs such as APETALA2 (AP2), CUP-SHAPED COTYLEDON2 (CUC2) and HECATE all lead to partially or completely unfused carpels in Arabidopsis gynoecium, and CUC2 has been shown as a target of miR164 (Ripoll et al., 2011; Nahar et al., 2012; Schuster et al., 2015). Using the combination of miRNA sequencing, degradome, and physiological analyses, in total 20 of 162 known miRNAs have been identified to be differentially expressed between incompletely and completely fused carpels in maize (Li et al., 2017). Moreover, 60% target genes of the differentially expressed known miRNAs are found to encode TFs, including those reported to play a role in carpel fusion and development such as auxin response factor (ARF), TB1-CYC-PCFs (TCP), AP2, growth regulating factor (GRF), MYB, and NAC (Li et al., 2017). In barley, the AP2 ortholog Cly1 (cleistogamy1) is also targeted by miR172; however, the downregulation of Cly1 seems only to affect lodicule development (Nair et al., 2010). In wheat, mutations to the two AP2-like miR172 targets AP2L5 (also known as gene Q) and AP2L2 resulting in homeotic transformation of lodicule and the adjacent stamen into carpelloid structures (Debernardi et al., 2020). But different from the petal-to-stamen conversion observed in Arabidopsis ap2 mutants, which is just caused by the expansion of AtAG expression in the second whorl, the conversion of lodicules in wheat ap2l2 ap2l5 mutant is a result of both reduced expression of B-class genes and increased expression of AG-like genes (Debernardi et al., 2020).

In Arabidopsis, miRNA396 has been characterized to mediate carpel development by suppressing its GRF target genes. Pistils with a single carpel are observed in miR396 overexpression plants, these carpel abnormalities can be rescued by miR396-resistant version of GRFs (Liang et al., 2014). GRF interact with its transcription coactivator GRF-INTERACTING FACTOR (GIF) to form the GRF/GIF complex in plant cell nucleus. It is also proposed that the amount of GRF/GIF complex is essential for carpel establishment. While the gif single mutant displays normal pistils, the triple mutant gif1/gif2/gif3 produces abnormal pistils similar to 35S:MIR396a/grf5 plants (Liang et al., 2014). Similarly, transgenic rice plants overexpressing miR396 display altered floral organ morphology including abnormal stigma numbers, and this effect is correlated with a significant down-regulation of GRF6 and other members of this family (Liu et al., 2014). OsGRFs, modulated by their interaction with OsGIF1, directly activate the expression of targets, including OsJMJ706 and OsCR4, which has been reported to participate in the regulation of floral organ development (Sun and Zhou, 2008; Pu et al., 2012; Liu et al., 2014). Overall, increasing evidence suggests a role of microRNAs such as miRNA172 and miRNA396 in carpel development, especially in carpel fusion.



THE POTENTIAL APPLICATION IN YIELD IMPROVEMENT AND HYBRIDIZATION

As productivity depends on grain number and grain weight in many corps (Sreenivasulu and Schnurbusch, 2012; Sakuma and Schnurbusch, 2020), genes and genetic pathways involved in carpel establishment can potentially be manipulated to increase their yield. For example, the increase in carpel number in fon4 mutants also results in some flower with two seeds that have normal embryos (Chu et al., 2006). Reducing the preprogrammed abortion of floral organs such as pistil primordia abortion in maize tassel spikelets and lateral floret abortion in barley could also be a potential way in yield improvement, as reviewed recently (Gauley and Boden, 2019; Sakuma and Schnurbusch, 2020). However, how to manipulate those genetic components that can improve carpel traits without affecting negatively inflorescence and floral development might be a big challenge. Besides, the completely female-sterile ospid mutant lacking stigma and style also shows its potential for applications in hybrid rice production. In traditional hybrid rice production, the two parental lines need to be planted within close proximity, and grains from the two parental lines have to be harvested separately as only grains from the male-sterile maternal line will be hybrid rice, which makes the process labor intensive. On the other hand, in seedling and young adult stages, ospid mutants appear quite normal, whereas extra stamens and viable pollen grains are produced in ospid flowers (He et al., 2019). Therefore, if sown together with male-sterile lines, an ospid mutant might be a good resource for rice hybrid breeding, which will greatly reduce labor and production costs compared with the traditional method, as any grains produced will be hybrid using sterile lines from both parents (He et al., 2019), whereas in this case, a rescue system will be needed for both parents.



CONCLUSION AND PERSPECTIVES

During the last decade, great progress has been made toward understanding developmental mechanisms of carpel establishment. As summarized above, grasses have evolved specific mechanism to regulate carpel identity and stigma formation. However, many conserved regulators are maintained during grass family evolution. TFs in the AG lineage still play essential roles in grass female organ regulation, with conserved functions and conserved interaction partners. The miRNA-mediated carpel regulation pathways are also largely conserved among monocot and dicot plants. Even though some genes and pathways have been discovered in grass carpel development especially in rice and maize, the underlying modes of action are still largely unknown, which should be the future focus. With the increasing availability of gene editing technologies and artificially selected cultivars and the genome-scale expression profiling data, a deeper understanding in cereal crop carpel regulation genes and pathways will be obtained, which will undoubtedly benefit crop breeding programs for grain yield increase.
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Most eukaryotic species propagate through sexual reproduction that requires male and female gametes. In flowering plants, it starts through a single round of DNA replication (S phase) and two consecutive chromosome segregation (meiosis I and II). Subsequently, haploid mitotic divisions occur, which results in a male gametophyte (pollen grain) and a female gametophyte (embryo sac) formation. In order to obtain viable gametophytes, accurate chromosome segregation is crucial to ensure ploidy stability. A precise gametogenesis progression is tightly regulated in plants and is controlled by multiple mechanisms to guarantee a correct evolution through meiotic cell division and sexual differentiation. In the past years, research in the field has shown an important role of the conserved E3-ubiquitin ligase complex, Anaphase-Promoting Complex/Cyclosome (APC/C), in this process. The APC/C is a multi-subunit complex that targets proteins for degradation via proteasome 26S. The functional characterization of APC/C subunits in Arabidopsis, which is one of the main E3 ubiquitin ligase that controls cell cycle, has revealed that all subunits investigated so far are essential for gametophytic development and/or embryogenesis.
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INTRODUCTION

A crucial stage in the life cycle of living organisms, which include angiosperms (flowering plants), is the capacity of ensuring species continuation through a reproductive system. Sexual reproduction is one of the main processes that leads to self-perpetuation of species. Moreover, it provides genetic diversity over the progeny, which represents the basis for plant adaptation in different environments (Schmidt et al., 2015; Sprunck, 2020). The keystone of this process is the formation of gametes (male and female), called haploid cells, that fuse to form a diploid somatic cell, the zygote (Dresselhaus et al., 2016).

The formation of gametes starts with a singular process known as meiosis (Figure 1), characterized by a reduction in the ploidy level of the original cell by halving the nuclear DNA content in two subsequent chromosome segregation steps, without an interfering S phase (Wijnker and Schnittger, 2013). In plants, meiosis occurs only during sexual reproduction in specialized cells. It gives rise to four haploid gametes, which are different from the original ones, because the process allows for exchanges of genetic material by recombination (Mercier et al., 2015; Wang and Copenhaver, 2018). The gametes are formed during floral organ development from somatic tissues of adult plants (sporophyte). The sporophyte mother cells differentiate within the anther (pollen mother cell) and the ovule (megaspore mother cell) to form male (pollen grains) and female (embryo sac) gametophytes, respectively (Ma and Sundaresan, 2010; Berger and Twell, 2011).


[image: image]

FIGURE 1. Schematic representation of female and male gametogenesis process. The propagation of flowering plants through sexual reproduction is an essential process during plant development, which results in genetic variability among the offspring. The gamete formation process starts with diploid cells (2n), which undergo meiosis I and II, dividing their number of chromosomes by half (n). Then, the haploid cells formed will divide and differentiate by multiple mitotic cell divisions, forming the male and female gametophytes (pollen grains and embryo sac, respectively) that further will generates the zygote and the endosperm, which characterize the double fertilization in plants.


In summary, gametophyte development comprises two main stages (Figure 1), known as meiotic and post-meiotic (Ma and Sundaresan, 2010; Berger and Twell, 2011). The meiotic stage consists of only one round of DNA replication (S phase) and two successive divisions (meiosis I and meiosis II). During the first meiotic division, homologous chromosomes are separated, whereas in meiosis II sister chromatids segregate to opposite poles, resulting in four haploid daughter cells (gametes), in case of diploid plants (Figure 2). Therefore, each gamete presents half of the amount of genomic DNA of a sporophyte, which is important to avoid genome duplication in every new generation (Zamariola et al., 2014; Mercier et al., 2015).
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FIGURE 2. Overview of the meiotic progression in diploid plants highlighting the APC/C subunit (APC8), regulators (CDC20.1 and SAMBA), and substrates acting during the specific phases of the meiotic cell division. The illustration is based on researches carried out in the model plant Arabidopsis thaliana.


After meiosis, the fate of male and female meiotic products is different (Figure 1). During female gametophyte development, usually only one out of four haploid daughter cells formed gives rise to a functional megaspore mother cell that undergoes three rounds of mitotic divisions, generating an eight-nucleate embryo sac. Afterward, the embryo sac goes through cellularization and cell specification, producing seven cells, which belong to four cell types: two gametic cells known as egg cell (1n) and central cell (2n, homodiploid); and two accessory cell types, which are two synergids and three antipodals (Yang et al., 2010; Sprunck and Groß-Hardt, 2011; Skinner and Sundaresan, 2018). However, for male gametogenesis, each of the four meiotic products (microspore) undergoes mitotic division to produce a generative cell and a vegetative cell. The generative cell undergoes another mitotic division, giving rise to twin sperm cells, whereas the vegetative cell does not divide further (McCormick, 2004; Scott et al., 2004; Berger and Twell, 2011; Schmidt et al., 2015; Hafidh et al., 2016; Johnson et al., 2019). After the formation of male and female gametophytes, double fertilization is achieved when one sperm cell fuses with the egg cell, forming the zygote. Simultaneously, the other sperm cell fuses with the diploid central cell to form the endosperm (Faure, 2001). It serves to nourish the developing embryo until the onset of functional photosynthesis by the developing seedling, which represents the next generation. Moreover, the endosperm is economically very important, as it constitutes the seed component of cereal grains that supply the food industry worldwide (Schmidt et al., 2015; Skinner and Sundaresan, 2018; Johnson et al., 2019; Adhikari et al., 2020).

Considering that the formation of the two main outputs of fertilization (zygote and endosperm) greatly affect seed vigor, several key mechanisms coordinate the multiple stages of sexual reproduction in Angiosperms to ensure the correct development of gametophytes (Sprunck, 2020). Among the different regulatory mechanisms controlling sexual reproduction in plants, the post-translational regulation via ubiquitin proteasome pathway/system (UPP/UPS) has gained special attention in the past years, because it seems to play an important role in the process (Bolaños-Villegas et al., 2018).

The UPP/UPS is an irreversible process that targets specific proteins with ubiquitin moieties (Ub) for degradation in a spatiotemporal manner, controlling the abundance/activity of proteins required for a multitude of developmental processes. Nevertheless, after the reaction has been concluded, the free and reusable ubiquitin is released (Vierstra, 2009; Ciechanover and Stanhill, 2014).

The ubiquitination reaction consists in a combined action of three enzymes: ubiquitin-activating enzyme (E1); ubiquitin-conjugating enzyme (E2); and ubiquitin ligase enzyme (E3). First, in an ATP-dependent manner, the E1-activating enzyme forms a thioester bond with the C terminus of Ub and transfers the activated Ub to an E2-conjugating enzyme, and then the E3 ubiquitin ligase enzyme transfers the Ub molecule onto a lysine residue of the substrate (Peters, 2006). This labeling process is repeated several times, forming a chain of ubiquitin on the substrate, leading to their recognition by the 26S proteasome, a very large multicatalytic protease complex that degrades ubiquitinated proteins into a small peptide (Smalle and Vierstra, 2004).

The specificity of ubiquitin-dependent proteolysis is achieved at the level of substrate ubiquitination, which provides the E3 ligase enzymes with key roles in several cellular processes, especially in the cell cycle (Mazzucotelli et al., 2006; Teixeira and Reed, 2013; Shu and Yang, 2017). In this review, we will focus on the role of a particular class of E3s ubiquitin ligase enzyme in the model plant Arabidopsis thaliana, called Anaphase-Promoting Complex/Cyclosome (APC/C). Although its involvement in the cell cycle is widely understood, little is known about its function during sexual reproduction in plants.



THE APC/C E3 UBIQUITIN LIGASE COMPLEX

As an essential E3 ubiquitin protein ligase involved in cell cycle regulation, APC/C is well known to mediate mitotic transition and mitosis exit by targeting essential cell cycle proteins, such as mitotic cyclins and securins, for destruction by 26S proteasome (Sudakin et al., 1995; Clarke et al., 2005).

Although it is understood that APC/C function is not limited to cell cycle regulation, only in the past years has an increasing number of works that report its role in plant development, such as cellular differentiation (Blilou et al., 2002; Lin et al., 2020), vascular development (Marrocco et al., 2009), shoot branching (Lin et al., 2012, 2020; Xu et al., 2012), root growth (Lin et al., 2020), hormone signaling (Blilou et al., 2002; Lin et al., 2020), epigenetic regulation (Zhong et al., 2019), male and female gametophyte development (Capron et al., 2003b; Kwee and Sundaresan, 2003; Zheng et al., 2011; Wang et al., 2012), and embryogenesis (Wang et al., 2012, 2013; Guo et al., 2016).

The APC/C is a large molecular machine highly conserved among eukaryotes, which has been proven by the ability of its genes from different species to complement the corresponding yeast mutant (Capron et al., 2003a; Eloy et al., 2011; Heyman and De Veylder, 2012; Wang et al., 2012). It contains several subunits, and in Arabidopsis at least 14 core subunits were identified: APC1, APC2, APC3a, APC3b, APC4, APC5, APC6, APC7, APC8, APC10, APC11, APC13, APC15, and CDC26 (Uzunova et al., 2012; Eloy et al., 2015; Lorenzo-Orts et al., 2019), each of them encoded by a single gene, except for APC3, which is encoded by two genes, APC3a/CDC27a and APC3b/CDC27b/HOBBIT (Pérez-Pérez et al., 2008).

The plant APC/C, based on homology with other organisms, holds different functional/structural modules (Eloy et al., 2015; Alfieri et al., 2017). The catalytic module comprises APC2, the CULLIN subunit, and APC11, the RING-H2 subunit, which are sufficient to catalyze in vitro ubiquitination reaction without substrate specificity (Tang et al., 2001). The APC10, known as DOC1 subunit, together with CELL DIVISION CYCLE 20 (CDC20) and CELL CYCLE SWITCH 52 (CCS52/CDH1), is responsible for substrate recognition, giving specificity for the reaction (Passmore et al., 2003; Da Fonseca et al., 2011). The APC3a, APC3b, APC6, APC7, and APC8 subunits contain tetratricopeptide repeat (TPR) domains, which are important for protein-protein interactions and assembling of the structural module (D’Andrea and Regan, 2003; Alfieri et al., 2017). APC13 and APC15 function as TPR-accessory subunit, which interacts with TPR subunits (Zachariae et al., 1998; Schwickart et al., 2004; Thornton et al., 2006; Chang et al., 2014, 2015; Alfieri et al., 2017). Although, already identified in the Arabidopsis genome, APC15 has not been characterized in plants, missing information about its function (Uzunova et al., 2012). The largest subunit is APC1, which contains another type of motif named proteasome-cyclosome (PC) repeat, important for APC/C stability (Lupas et al., 1997; Chang et al., 2014, 2015; Alfieri et al., 2017). APC1, together with APC4 and APC5, subunits, constitutes the platform module of the complex, to which the catalytic and structural components are attached (Thornton and Toczyski, 2003; Thornton et al., 2006; Schreiber et al., 2011; Chang et al., 2014, 2015; Eloy et al., 2015; Alfieri et al., 2017). More recently, the AtCDC26 has been identified as a distinct bicistronic transcript showing an upstream open reading frame (uORF) encoding a functional protein, which is part of the APC/C (Lorenzo-Orts et al., 2019). The CDC26 subunit shows a monocistronic gene architecture in most eukaryotes species, however in the plant kingdom it is encoded by a bicistronic transcript upstream of the TRIPHOSPHATE TUNNEL METALLOENZYME 3 (TTM3). Functional analysis of CDC26 showed that its ubiquitous expression completely rescued ttm3-2 embryo lethality and ttm3-1 defective root and hypocotyl growth, suggesting that the observed phenotype in these mutants is due to the lack of CDC26 rather than TTM3. Moreover, ttm3-1 mutant plants crossed with CYCB1;1-GFP marker line showed reduced expression of GFP-expressing cells, indicating that the mutant is impaired in cell division and CYCB1;1-GFP protein stability (Lorenzo-Orts et al., 2019).

In order to perform its function, APC/C machinery needs a tight spatiotemporal regulation, meaning that different proteins interact with it to activate or inactivate its function. It is already well described that the catalytic activity and substrate specificity are conferred by two structurally related co-activators proteins, CDC20 and CCS52. Both proteins belong to a class of WD-40 repeat proteins, characterized by the presence of tandem repeats named after a high frequency of tryptophan (W) and aspartic acid (D) pairs, which should form a β-propeller structure and represent the major site for protein interactions (van Leuken et al., 2008; Eloy et al., 2015).

In Arabidopsis, five different genes encode putative CDC20 (CDC20.1–CDC20.5). CDC20.1 and CDC20.2 were shown to be functionally redundant in mitosis, but not in meiosis (Kevei et al., 2011; Niu et al., 2015). However, the three other genes (CDC20.3, CDC20.4, and CDC20.5) appear to be pseudogenes that have lost their function as canonical CDC20 genes (Kevei et al., 2011). Concerning CCS52, Arabidopsis contain two A types (CCS52A1 and CCS52A2) and one B type, which is plant-specific (CCS52B) (Tarayre et al., 2004; Fülöp et al., 2005).

Among the identified APC/C inhibitors described in plants, there is the ULTRAVIOLET-B-INSENSITIVE 4 (UVI4) that regulates APC/C activity by binding to CCS52A1 co-activator. The UVI4 is a specific inhibitor of APC/CCCS52A1, and uvi4 Arabidopsis mutants exhibit a smaller root meristem size, as a consequence of a reduced number of meristematic cortex cells, most likely due to an increase in APC/CCCS52A1 activity (Van Leene et al., 2010; Heyman et al., 2011, 2017; Iwata et al., 2011). Likewise, OMISSION OF SECOND DIVISION 1 (OSD1)/GIGAS CELL1 (GIG1), an UVI4 homolog (UVI4-like), was also found to negatively regulate APC/C activity by interacting with a range of APC/C activators, which include: CDC20.1, CDC20.5, CCS52A1, CCS52A2, and CCS52B. Moreover, it has been shown that double mutation of OSD1/GIG1 and UVI4 is lethal, suggesting that these genes are at least partially redundant. However, it is also noticed that there may be some functional differences between OSD1/GIG1 and UVI4 because their loss of function causes different phenotypes which are affected differentially by the overexpression of CCS52B and CDC20.1 co-activators (Van Leene et al., 2010; Iwata et al., 2011; Cromer et al., 2012). Another plant-specific regulator that directly interacts with APC/C is SAMBA, found by tandem affinity purification through a direct interaction with APC/C. Samba knockout plants display enlarged meristems size, and produces larger seeds, leaves and roots, demonstrating that the gene plays a key role in organ size control. Moreover, biochemical analyses showed that the lack of SAMBA stabilizes CYCA2;3, pin pointing it as a plant-specific regulator of APC/C involved in the degradation of A type cyclins (Eloy et al., 2012).



THE ROLE OF APC/C DURING MEIOTIC CELL DIVISION

Progression from meiosis I to meiosis II requires a fine-tuned regulation of Cyclin-CDK activity, which must be partially reduced to exit meiosis I, but not completely abolished. It needs to be sufficiently high to allow the cell to directly enter the second meiotic division without replication, preventing its exit from meiosis at the first division (Marston and Amon, 2004; Pesin and Orr-Weaver, 2008; Mercier et al., 2015). The meiotic process relies on many of the same cell cycle regulators that act in mitosis. However, although not completely understood, the APC/C activity should be differentially regulated in meiosis in order to ensure proper segregation of homologous chromosome during meiosis I and sister chromatid separation during meiosis II (Pesin and Orr-Weaver, 2008; Wijnker and Schnittger, 2013).

As aforementioned, proteolytic regulation of Cyclins via APC/C is a critical step for cell cycle progression, once they enable the phosphorylation activities of CDK, allowing the cycle transition. During meiosis, there are two cyclins shown to have a meiotic function, the A-type Cyclin, CYCA1;2, known as TARDY ASYNCHRONOUS MEIOSIS (TAM), and SOLO DANCERS (SDS), a Cyclin with properties of both A- and B-type cyclins. CYCA1;2/TAM was demonstrated to be important for the transition between meiosis I and II (Figure 2). The complete suppression of CYCA1;2/TAM in Arabidopsis produces diploid gametes instead of haploids as a consequence of premature exit from the meiotic cycle, after the first division (Prophase I stage) (Magnard et al., 2001; Wang et al., 2004; Bulankova et al., 2010; d’Erfurth et al., 2010). Furthermore, plants that have a non-degradable version of CYCA1;2/TAM provokes the entry into an aberrant third meiotic division (Cromer et al., 2012). Regarding SDS Cyclin, it was shown that sds mutant failed in pairing homologous chromosomes, being unable to stablish crossing-over during prophase I, which results in reduced levels of meiotic recombination (Figure 2; Azumi et al., 2002; De Muyt et al., 2009). However, it has not been proven whether SDS is regulated via APC/C in a proteolytic fashion.

B-type cyclins are well known for having notable function during mitosis, and presently CYCB3;1 is the only B-type cyclin identified during meiosis via promoter:GUS reporter lines (Bulankova et al., 2013). Two CYCB3;1 mutant alleles, cycb3;1-1 and cycb3;1-2, generate pollen mother cells (PMCs) with uncommon structures, similar to an incomplete cell wall formation at ectopic locations. These cellular observations point to the CYCB3;1 function, which warrants the accuracy of cell wall formation in PMCs (Bulankova et al., 2013). Furthermore, reinforcing the role of CYCB3;1 in meiosis, the CYCB3;1-GFP reporter line was found to accumulate in the cytoplasm of meiocytes through prophase I, seeming to be associated with the spindle at metaphase I, however it was not present in metaphase II, possibly due to a proteolytic degradation during this phase (Figure 2; Sofroni et al., 2020).

Another important gene involved in the transition from meiosis I to meiosis II is OSD1/GIG1 (Figure 2), which is known to inhibit APC/C activity and accordingly to promote CDK activity. osd1 mutants exhibit reduced CDK activity, which avoids entry into meiosis II, and as a consequence diploid gametes are formed, similar to the phenotype observed in tam mutants (d’Erfurth et al., 2009, 2010; Cromer et al., 2012). However, when tam/osd1 double mutant was analyzed, the results showed that it was male sterile, but female fertile. The tam/osd1 double mutant exhibits the same female meiosis phenotype as the single mutants (tam or osd1), but male meiocytes apparently generate spores after prophase I without chromosome segregation. Therefore, these results reveal that there is a prominent difference in the control of male and female meiotic cell cycle progression that requires further investigation to determine precisely how it works (d’Erfurth et al., 2010).

The most recent player that has been shown prominent function during male meiosis is the APC8 subunit. Meiocytes from apc8-1 plants exhibit several meiotic defects including improper alignment of bivalents at metaphase I, leading to the production of dysfunctional tetrads with four nuclei containing numerous amounts of DNA. Showing that APC8 plays a role in meiotic chromosome segregation at metaphase I. Moreover, at metaphase II, apc8-1 chromosomes are misaligned providing an unequal chromosome segregation of sister chromatids at anaphase II, giving additional evidence that APC8 is required for chromosome segregation in meiosis II (Xu et al., 2019).

The APC/C co-activator, CDC20.1, is also reported to be essential for normal male fertility and meiosis division. Disruption of CDC20.1 results in incomplete alignment of bivalents at metaphase I, leading to unequal chromosome segregation in both meiosis I and II (Figure 2; Niu et al., 2015).

The THREE DIVISION MUTANT1/MALE STERILE 5 (TDM1/MS5) is proposed to be a putative meiotic APC/C component, and in agreement with this hypothesis, it displays structural similarities with the TPR domains of the APC/C subunits, in addition to interacting with APC3b and with the co-activator CDC20.1 (Cifuentes et al., 2016). TDM1/MS5 ensures that meiotic termination occur after the end of meiosis II (Figure 2). Mutation in TDM1/MS5 leads to an abnormal third division, similar to what is observed through the expression of a non-degradable version of CYCA1;2/TAM (Ross et al., 1997; Glover et al., 1998; Bulankova et al., 2010; Cromer et al., 2012; Cifuentes et al., 2016). Furthermore, TDM1/MS5 is inhibited at meiosis I through phosphorylation by CDKA;1-CYCA1;2/TAM complex, which prevents premature meiotic exit. In meiosis II, TDM1/MS5 promotes meiotic termination by activating the APC/C and/or by modifying its specificity (Cifuentes et al., 2016).

The SUPPRESSOR with MORPHOGENETIC EFFECTS on GENITALIA 7 (SMG7), which belongs to a family of plant-specific proteins, is partially similar to Xe-p9, a regulatory subunit of the Xenopus CDK (Glover et al., 1998; Bulankova et al., 2010). SMG7 is described to have a conserved role in nonsense-mediated RNA decay (NMD) in yeast and animals, and it is also reported be essential for the progression from anaphase to telophase in the second meiotic division in Arabidopsis, therefore being required for exit from meiosis (Figure 2; Riehs et al., 2008). Smg7 mutants are arrested at anaphase II, likely caused by a failure to downregulate CDK activity after chromosome segregation in meiosis II, which requires TDM1 function (Riehs et al., 2008; Bulankova et al., 2010; Riehs-Kearnan et al., 2012; Mercier et al., 2015; Cifuentes et al., 2016).

Recent studies have demonstrated that SMG7 and TDM1 act in the same pathway to promote exit from meiosis. The phenotypes related to smg7 and tdm1 are consistent with the theory that both genes work together at the end of meiosis, downregulating CDK activity and promoting G1 phase transition. Epistatic analysis shows that SMG7 acts through TDM1, but it is currently unknown whether TDM1 is a direct target of SMG7 regulation (Bulankova et al., 2010; Cromer et al., 2012; Cifuentes et al., 2016).

Among the substrates, PATRONUS 1 and PATRONUS 2 (PANS1 and PANS2), have been characterized as an APC/C substrate. The PANS1, also known as COPPER MODIFIED RESISTANCE1 (CMR1), was previously identified by its reduced fertility due to low pollen viability and a female gametophyte developmental arrest, caused by a premature loss of sister chromatid cohesion before metaphase II (Cromer et al., 2013). The same gene was also named as CMR1, due to the identification of a mutant Cu2+ sensitive, caused by EMS mutagenesis. The results showed that PANS1/CMR1 was not only required for Cu tolerance but also more generally for survival under various environmental stresses, in particular salt stress, playing a key role in growth adaptation to stress (Juraniec et al., 2014, 2016).

More recently, PANS1/CMR1 has been elegantly shown as the Arabidopsis homolog of Securin (Cromer et al., 2019). Securin is an APC/C substrate in animals and fungi, involved in the control of the metaphase to anaphase transition and anaphase onset by inactivating the cohesion-cleaving enzyme, Separase (Marangos and Carroll, 2008).

PANS1 is a key inhibitor of SEPARASE, the enzyme responsible for triggering anaphase by cleaving Cohesin, which is the complex holding the sister chromatids together. Separase must be tightly regulated to prevent the precocious release of chromatid cohesion and a catastrophic chromosome separation. At the onset of Anaphase, the APC/C triggers the degradation of PANS1, releasing SEPARASE activity and allowing chromosome segregation (Cromer et al., 2019).

Furthermore, during meiosis depletion of PANS1 leads to the premature release of cohesion (Cromer et al., 2013). Expression of an APC/C-insensitive PANS1 abolishes cohesion release and chromatid separation, mimicking the depletion of SEPARASE (Liu and Makaroff, 2006; Cromer et al., 2019). Disruption of PANS1 is known to lead to the premature separation of chromosomes in meiosis, and the simultaneous depletion of PANS1 and PANS2 is lethal, showing to be essential for sister chromatid separation during meiosis. It was observed that in pans1 mutant, sister chromatid cohesion is lost before metaphase II, causing defects in chromosome segregation at meiosis II (Figure 2) (Cromer et al., 2019).



ACTIVITY OF APC/C SUBUNITS AT THE POST-MEIOTIC STAGE OF GAMETOPHYTE DEVELOPMENT

Subsequently the meiotic process, the formation of male and female gametes has also been reported to be regulated by APC/C. In Arabidopsis, functional characterization of all APC/C subunits has been shown to be essential for gametophytic development, and consequently important to succeed in the double fertilization process (Figure 3A).


[image: image]

FIGURE 3. (A) The described APC/C subunits associated to female and male gametogenesis control. (B) Proteins that interact with the APC/C during gametogenesis: The schematic representation shows the different substrates of APC/C, and the proteins that interact with it by activating and/or inhibiting its function during gametophytic development in Arabidopsis.


Mutations in the genes encoding APC/C subunits in Arabidopsis have been described as essential for gametophytic development and/or embryogenesis. Deletions in one of the alleles of APC2 or APC6 revealed arrested female gametogenesis due to a failure in degrading CYCB1;1, as shown through CYCB1;1 accumulation in megagametophyte (Capron et al., 2003b; Kwee and Sundaresan, 2003).

Single apc10 and double apc3a/apc3b mutants show that APC10 and APC3 are also indispensable for female gametophyte development, although no mechanism has been investigated to show where the genes might play their role (Pérez-Pérez et al., 2008; Eloy et al., 2011). Moreover, APC1, APC4 and APC11 are also essential for female gametophytic development, and critical for embryogenesis too (Wang et al., 2012, 2013; Guo et al., 2016).

Genetic and cell biological analyses of the apc11 mutant showed a zygote-lethal phenotype. Lack of APC11 hampered the first division of the zygote, and also the over-accumulation of CYCB1;1D-box-GUS in arrested ovules (Guo et al., 2016). Apc1 and apc4 mutants accumulate CYCB1-GUS in ovules and seeds, showing their inability of CYCB1 degradation (Wang et al., 2012). The female gametogenesis of apc1 and apc4 was disrupted, leading to anomalous nuclei, as well as nuclear number and positions at variable stages, whereas embryogenesis was arrested at all developmental stages (Wang et al., 2012, 2013).

Contrastingly, disruption of APC8 or APC13 was shown to be involved in the male gametophyte development (Saze and Kakutani, 2007; Zheng et al., 2011). Disturbance on APC8 and APC13 function provoke failure of CYCB1;1 degradation (Zheng et al., 2011). Both apc8 and apc13 mutants are affected in pollen development, giving rise to an increased proportion of uni-nucleated mature pollen. CYCB1;1-GFP is accumulated in vegetative nuclei and expanded expression in sperm cell nuclei at the tricellular stage is observed in both mutants, suggesting that APC/C is required for removal of CYCB1;1, playing essential role during mitotic cell cycle progression during male gametophyte development (Zheng et al., 2011).

Likewise, SAMBA is believed not to act during meiosis, since samba homozygous mutants did not have their meiotic progression affected, but underwent post-meiotic changes, where the loss of SAMBA expression specifically interfered with mitosis I, resulting in pollen without sperm nuclei. Moreover, SAMBA is expressed during embryogenesis, indicating a possible role of SAMBA during this process (Eloy et al., 2012).

In Figure 3B, we show an overview of the proteins that are associated with APC/C during gametophyte development.



CONCLUSION

The basic processes controlled by ubiquitin-mediated proteolysis in plants are very similar to other eukaryotes, although concerning the APC/C machinery control in plants, it seems that the complex and its subunits individually have some unique characteristics that are beyond cell cycle control.

The role of APC/C in plant development, therefore in plant reproduction, is likely to be dependent on gene structure and expression, which is revealed by the unique characteristics of the plant APC/C. Such unique characteristics are demonstrated by the particular assembling of flexible (sub)complexes, which may be required for specific plant growth responses needed in order to adapt to changing environmental conditions.

It is likely that the functions performed by some subunits during plant reproductive developments are dependent on the importance of the modules to which they belong, meaning that the severity of the phenotype of APC/C subunit mutants is determined by the degree to which the APC/C is affected (Wang et al., 2012).

Nevertheless, further research is still necessary to fully understand the molecular mechanisms regulated by APC/C during gametophyte development in plants. Moreover, to shed light on the mitotic, post-mitotic and meiotic processes, identification of its specific targets is essential to conclude at which stages of plant development the complex is required.

Despite its importance, the topic is still little explored, which might be due to the limitations of available mutants, we believe that in the coming years, we will be able to improve the subject using new accessible technologies, such as CRISPR-Cas9, for producing knockdown or knockout mutants from different plant species, using them for further studies.
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Environmental conditions, such as photoperiod and temperature, can affect male fertility in plants. While this feature is heavily exploited in rice to generate male-sterile lines for hybrid breeding, the underlying molecular mechanisms remain largely unknown. In this study, we use a transcriptomics approach to identify key genes and regulatory networks affecting pollen maturation in rice anthers in response to different day lengths. A total of 11,726 differentially expressed genes (DEGs) were revealed, of which 177 were differentially expressed at six time points over a 24-h period. GO enrichment analysis revealed that genes at all time points were enriched in transport, carbohydrate, and lipid metabolic processes, and signaling pathways, particularly phytohormone signaling. In addition, co-expression network analysis revealed four modules strongly correlated with photoperiod. Within these four modules, 496 hub genes were identified with a high degree of connectivity to other photoperiod-sensitive DEGs, including two previously reported photoperiod- and temperature-sensitive genes affecting male fertility, Carbon Starved Anther and UDP-glucose pyrophosphorylase, respectively. This work provides a new understanding on photoperiod-sensitive pollen development in rice, and our gene expression data will provide a new, comprehensive resource to identify new environmentally sensitive genes regulating male fertility for use in crop improvement.

Keywords: transcriptome, rice anther, photoperiod, WGCNA, carbohydrate, transport, phytohormone, PGMS


INTRODUCTION

Hybrid breeding has made a great contribution to the yield increase of rice (Oryza sativa) relative to inbred varieties, with improvements of up to 20% (Khush, 2001; Michel et al., 2001; Yuan, 2004; Cheng et al., 2007). Originally, after the discovery of a wild abortive cytoplasmic male sterile (CMS) line in the 1970s, a three-line system containing the male-sterile line, a maintainer line, and a restorer line was used (Yuan, 1984). Due to the time-consuming and germplasm-limited nature of using separate maintainer and restorer lines (Chen et al., 2010), a more modern two-line system was developed in 1973, based on the discovery and application of environmentally sensitive genic male sterile lines (EGMS) (Shi, 1981). Photoperiod-sensitive (PGMS) lines and thermosensitive (TGMS) lines have been successfully developed and applied widely in rice breeding (Mou, 2016).

Since photoperiod is more stable and predictable than temperature, breeders have focused on PGMS lines. Several genes, such as photoperiod-sensitive male sterility-1 (pms1) (Zhou et al., 2011; Fan et al., 2016), pms2 (Zhang et al., 1994), pms3 (Ding et al., 2012a,b; Zhou et al., 2012), Programmed Cell Death 5 (OsPDCD5) (Wang Y. et al., 2010), and Carbon Starved Anther (CSA) (Zhang et al., 2013), have been reported to control PGMS. Pms1 encodes a long non-coding RNA (lncRNA) that acts as a phased small-interfering RNA (phasiRNA)-generating locus to produce the PMS1T transcript (21-nt phasiRNA). PMS1T is highly expressed during pollen formation in wild-type plants under long-day (LD) conditions, and a mutation in PMS1T that causes an accumulation of phasiRNAs causes PGMS (Fan et al., 2016). A single-nucleotide polymorphism (SNP) in pms3, another lncRNA required for normal pollen development, reduces pms3 transcript levels under LD conditions, leading to PGMS in a japonica cultivar, NK58S (Ding et al., 2012a,b). Subsequently, Zhou et al. (2012) identified the same SNP in NK58S-derived cultivars and reported the role of this mutation in producing one mutated small RNA, leading to PGMS and TGMS in japonica and indica backgrounds, respectively (Zhou et al., 2012). OsPDCD5 is an ortholog of mammalian programmed cell death 5, whose decreased expression induces photoperiod-sensitive male sterility in rice under LD photoperiods (≥13.5 h sunlight) (Wang Y. et al., 2010). CSA encodes an R2R3 MYB transcription factor that regulates sugar accumulation in rice anther sink tissue; its knockout mutant accumulates insufficient sugar and starch levels in anthers under short-day (SD) conditions, resulting in male sterility (Zhang et al., 2010, 2013). A TGMS line currently used for hybrid seed production, thermosensitive genic male sterile 5 (tms5), has been shown to contain a mutation in a conserved ribonuclease, RNase Z (Zhou et al., 2014). These findings reveal the complexity of the interaction between genetic components and environmental signals in determining male fertility in plants (Kim and Zhang, 2018). However, the global understanding of male reproduction in plants in response to different photoperiods remains largely unknown.

To comprehensively analyze molecular mechanisms controlling plant male fertility in response to photoperiod, we performed a global RNA sequencing (RNA-seq) analysis on anthers grown in LD and SD conditions. Genes associated with carbohydrate transport and metabolism, and phytohormone signaling, were highly correlated with day length during late pollen developmental. This work provides insights into the molecular mechanisms of photoperiod-dependent male fertility, which can lead to identification of new PGMS genes for hybrid breeding.



MATERIALS AND METHODS


Plant Materials

Rice variety O. sativa L. ssp. japonica 9522 was grown in paddy fields around Shanghai (China) during the normal rice growing season (June–August). Photoperiod treatment was started after panicle initiation and continued until all samples were collected: LD was the natural daylight condition, with a photoperiod of ∼14 h; SD conditions were simulated by covering plants with black cloth for the last 2 h of natural daylight to create a 12-h photoperiod. Duplicate samples of anthers were collected at mitosis I (stage 11) based on anther length (about 2.2 mm), which was described by Zhang et al. (2011) at six time points (00:00, 04:00, 08:00, 12:00, 16:00, and 20:00; Supplementary Figure 1). All samples were frozen immediately in liquid nitrogen and stored at −80°C.



RNA Sequencing

RNA isolation, library construction, and sequencing were performed by Novelbio Ltd (Shanghai, China). Briefly, TRIzol® reagents (Invitrogen, Carlsbad, CA, United States) were used to isolate RNA from each of two biological samples from each experimental condition. RNA quality was assessed by 1% agarose gel electrophoresis, Nanodrop (ThermoFisher), and Bioanalyzer (Agilent 2100), with A260/A280 = 1.8–2.2, and RNA integrity number (RIN) > 6.5. Libraries were synthesized using the standard Ion proton RNA-Seq Kit v2.0, according to the manufacturer’s instructions. Library sequencing was conducted by Ion ProtonTM (Life Technologies, Carlsbad, CA, United States).



Sequence Data Processing, Mapping, and Annotation

The genome and annotation of the rice reference cultivar Nipponbare was downloaded from the MSU Rice Genome Annotation Project1 (Kawahara et al., 2013). FastQC (Version 0.11.1) was used to remove reads with 20% of the base quality lower than 13. Clean reads were mapped to the reference genome using Mapsplice v2.1.8 and then read counts were calculated (Wang K. et al., 2010), which were normalized to reads per kilobase per million (RPKM) to obtain relative levels of transcript expression. Counts and RPKM for each gene are given in Supplementary Data Sheet 1. A summary of sequencing data for each sample is given in Supplementary Table 1 and Supplementary Figure 2. The sequencing data were also uploaded in NCBI (GSE163030). Expression data for genes of interest in other vegetative and reproductive tissues (Supplementary Figure 5B) were sourced from the Rice Expression Profile Database (RiceXPro) (Sato et al., 2012).



Quantitative Reverse Transcription (qRT)-PCR Validation

cDNA was synthesized using the Fast RT Kit (Tiangen Biotech, Beijing), following the manufacturer’s instructions. qRT-PCR analysis was performed on the LightCycler 96 (Roche). The OsActin gene was used as internal control, and the relative expression level of target genes was calculated based on the 2–ΔΔCt method (Livak and Schmittgen, 2001). Primer sequences for qRT-PCR were found in qPrimerDB (Supplementary Data Sheet 9) (Lu et al., 2017).



DEG, GO, and KEGG Ontology Enrichment Analysis

Differentially expressed genes (DEGs) were identified by DEseq2, using | log2fold change| ≥ 1 and false discovery rate (FDR) < 0.05 (Audic and Claverie, 1997). The Venn diagram of all DEGs was plotted by Rpackage “venn” (Adrian, 2019), while heatmaps and dendrograms of gene expression were plotted with Rpackage “pheatmap” (Raivo Kolde, 2019). The cluster of all DEGs was also visualized by “pheatmap” based on k-means clustering algorithm. Gene ontology (GO) enrichment was performed by agriGo2, and significant enriched GO terms were defined with p value < 0.01 and q value < 0.05 (Tian et al., 2017). The visualization of GO enrichment results was performed by Rpackage “Clusterprofiler” (Yu et al., 2012). KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment was also performed using Rpackage “Clusterprofiler” (Kanehisa and Goto, 2000).



Construction of Gene Co-Expression Networks

Weighted gene co-expression network analysis R package (version 3.6) (Langfelder and Horvath, 2008) was used to construct co-expression networks of all expressed genes with automatic, one-step network construction and module detection. First, the soft thresholding power β was chosen based on the lowest power for which the scale-free topology fit index reached a high value. The function “blockwiseModules” was then used to construct topological overlap matrix (TOM) and module detection. The associations between modules and trait were estimated using Pearson correlation coefficient between module eigengenes and phenotype where 0/1 were used to define SD/LD or light/dark conditions. The expression patterns of four trait-related modules were plotted by “ggplot2” (Wickham, 2016). Hub genes were identified by both gene significance and module membership. The module membership (MM) is the correlation of gene expression profile with module eigengenes, and gene significance (GS) is the association of individual genes with that trait. Hub genes were set to a threshold of GS and MM > 0.8 (Horvath and Dong, 2008).



Visualization of Co-expression Genes

Cytoscape (V3.7.2) (Shannon et al., 2003) was used to visualize co-expression networks. Input data from turquoise module were chosen based on the weight in terms of correlation value from the TOM (Topological Overlap Matrix Value), so that a higher value refers to a strong co-expression. The top 100 highest correlations with CSA and Ugp1 genes were chosen and highlighted the top 1% correlation value of genes.



RESULTS


DEGs in SD and LD Anthers

A total of 11,726 unique DEGs were identified between SD and LD conditions (Supplementary Data Sheet 2). Six genes from the RNA-seq data were selected for confirmation by quantitative reverse-transcription PCR (qRT-PCR), and patterns of expression with the two methods were found to be consistent (Supplementary Figure 3).

The highest numbers of DEGs were expressed at 12:00, with 4552 genes up-regulated and 4662 genes down-regulated in SD anthers compared with LD anthers (Figure 1A and Supplementary Figure 4). Interestingly, the lowest number of DEGs was observed 4 h later at 16:00, with only 824 up-regulated and 546 down-regulated genes in SD anthers. All 11,726 DEGs assembled into just seven clusters, confirming that the largest differences in expression between LD and SD appeared at 12:00, followed by 08:00 and 04:00 (Figure 1B). Additionally, the 12:00 time point saw expression of the largest number of unique DEGs (4502), whereas the least numbers of unique DEGs occurred at 20:00 (55) and 00:00 (64) (Figure 1C). These results suggest that photoperiod dramatically affects gene expression patterns in anthers, with the largest changes occurring in the morning (04:00, 08:00, and 12:00), even before dawn.
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FIGURE 1. Expression of 11,726 DEGs in response to photoperiod conditions. SD, short day; LD, long day. (A) Number of up- and down-regulated DEGs at each time point. (B) Heatmap and dendrogram of all DEGs in all samples (k = 7). Gene numbers in each cluster given in brackets. DEGs assembled to seven clusters: three clusters up-regulated in SD (2, 3, and 6); three clusters up-regulated in LD (4, 5, and 7); and Cluster 1, with higher daytime expression under SD conditions, and nighttime expression under LD conditions. The value of center point of seven clusters represents relative expression. (C) Venn diagram showing all DEGs at six time points. A total of 177 genes showed differential expression between SD and LD at all time points.



Anther DEGs at All Time Points

A total of 177 genes were differentially expressed at all time points in SD and LD anthers (Figure 1C). Most of these genes (138) were up-regulated in LD anthers, with low or undetectable expression in SD anthers (Supplementary Figure 5A). A large proportion of these DEGs (51 genes, 29%) exhibit significantly higher expression in the anther than in other rice tissues (Supplementary Figure 5B), including previously reported anther-related genes such as ATP Binding Cassette G15 (OsABCG15) (Wu et al., 2014), LESS ADHESIVE POLLEN 6 (OsLAP6) (Zou et al., 2017), and HOTHEAD-Like1 (HTH1) (Liu et al., 2016). These 177 DEGs were found in GO categories primarily associated with cell wall synthesis and metabolism, including hydrolytic enzyme expression and regulation, indicating that the anther cell wall structure and composition may be photoperiod-sensitive (Supplementary Figure 5C). These genes may play key roles in anther development and pollen formation, and can be used as markers to distinguish SD and LD conditions.



Functional Analysis of DEGs in SD and LD Anthers

Gene ontology and kyoto encyclopedia of genes and genomes functional analysis of anther DEGs indicated that genes involved in transport, lipid and carbohydrate metabolism, and metabolic regulation were most affected by photoperiod (Figure 2 and Supplementary Figure 6). GO enrichment analysis revealed that DEGs at all time points were enriched in GO “biological process” categories of “transport,” “localization,” “establishment of localization” (transport is a sub-item of these two terms), “carbohydrate metabolic process,” and “lipid metabolic process” (Figure 2A and Supplementary Data Sheet 3). DEGs involved in regulatory processes were generally enriched at 12:00 and 04:00, while metabolic processes were enriched at 08:00 and 12:00 (Figure 2A). In “molecular function” categories, the GO terms of “transport activity” and “enzyme regular activity” were enriched at most time points except 16:00 and 04:00, respectively, while “catalytic activity” was enriched at 08:00 and 00:00 (Figure 2B). For the “cell component” GO category, DEGs associated with “membrane” and “cell wall” were seen at all time points, while specific cellular components were most affected at 12:00 and 16:00 (Figure 2C).
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FIGURE 2. Enriched GO terms of 11,726 DEGs between SD and LD rice anther samples. (A) Biological processes. (B) Molecular function. (C) Cell component. Fold enrichment, depicted by circle size, which calculated by GeneRatio/BgRatio; p.adjust, shown by color, indicates significance level of enrichment results from blue to red.


KEGG analysis showed that genes encoding proteins involved in “pentose and glucuronate interconversions” in carbohydrate metabolism were enriched at 08:00, 12:00, 20:00, and 00:00 (Supplementary Data Sheet 4 and Supplementary Figure 6). UDP-glucose pyrophosphorylase 2 (OsUgp2), a reported TGMS gene required for starch accumulation in pollen (Mu et al., 2009), was present in this pathway. In addition, genes associated with “starch and sucrose metabolism” and “carbon metabolism” were specifically enriched at 12:00, indicating a major difference in carbohydrate metabolism between SD and LD anthers at this time. Genes encoding “photosynthesis-antenna proteins” were enriched at all time points except 08:00. Rice chlorophyll a/b binding protein gene, OsCAB1R, a circadian clock-controlled gene (Sugiyama et al., 2001), is part of this pathway, indicating that rhythm genes may play photoperiod-sensitive roles in the anther. Calmodulin-related genes were mainly enriched in “plant–pathogen interaction” at 08:00, 20:00, and 04:00, such as calcium-dependent protein kinase 9 (OsCPK9), OsCPK21, and OsCPK25/26. OsCPK9 overexpression has been shown to improve pollen fertility under drought stress and shows sensitivity to ABA (Wei et al., 2014). Specific enrichment of mitogen-activated protein kinase (MAPK) pathway genes involved in defense against biotic stress was observed at 04:00.


DEGs Involved in Transport and Carbohydrate and Lipid Metabolism

Genes involved in transport were differentially expressed in anthers at all time points under the two photoperiod conditions, including 189 genes encoding proteins involved in ion transport, 82 genes associated with protein transport, and 54 genes associated with lipid transport (Figure 3A and Supplementary Data Sheet 5). These genes could be grouped in two main clusters that were generally up-regulated in either LD or SD conditions. Genes up-regulated in SD anthers were generally most highly expressed at 12:00, but genes up-regulated in LD anthers had high expression at the 08:00 time point as well. For ion transport, DEGs predicted to encode potassium transporters, including high-affinity K+ transporter (HKT) (Jabnoune et al., 2009) and HAK family (Bañuelos et al., 2002) proteins, as well as sodium, calcium, hydrogen (proton), iron, boron, and zinc transporters were represented at all time points. For protein transport, genes encoding 15 rat sarcoma-related transporter and 17 mitochondrial translocase proteins were differentially expressed. A small GTPase protein, OsRacD, which has been shown to participate in light signal transduction and the fertility switch of NK58S (Ye et al., 2004), was more highly expressed under SD conditions at 08:00 and 12:00. For lipid transport, DEGs encoding 44 lipid transfer protein (LTP) family members were detected. Among these was Photoperiod-sensitive dwarf 1 (Psd1), a non-specific LTP gene whose mutation can cause dwarfism under LD and low-temperature conditions (Deng W. et al., 2020). Psd1 was up-regulated under SD conditions at 12:00. Other transport-associated DEGs included sugar transporters, such as monosaccharide transporters (MSTs) and sucrose transporters (SUTs). For example, MST7 was up-regulated under SD conditions at all time points, while MST5 and SUT1 were up-regulated under LD conditions at all times except 16:00.
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FIGURE 3. Heatmaps and dendrograms of DEGs encoding proteins involved in (A) transport; (B) carbohydrate metabolism; (C) lipid metabolism. Blue color indicates down-regulation in anthers; red color indicates up-regulation in anthers.


In the GO category “carbohydrate metabolism,” DEGs encoding glycosyl hydrolase and transferase proteins were highly represented, including 250 hydrolases and 118 transferases (Figure 3B and Supplementary Data Sheet 5). These genes again clustered into two groups, each up-regulated under one of the two photoperiod conditions, and genes up-regulated under SD conditions were again most highly expressed at 12:00 (Figure 3B). DEGs up-regulated under LD conditions exhibited two patterns of expression: a larger group most highly expressed at 08:00 and 12:00 pm, while a second, smaller group exhibited peak expression at 00:00 and 04:00 (Figure 3B). Hexokinase (HXK) family genes including HXK5 (Cho et al., 2009), HXK7 (Kim et al., 2016), and HXK10 (Xu et al., 2008) as well as four invertases (INV) (Oliver et al., 2005; Deng X. et al., 2020) were identified, and these were spread across all three major patterns of expression.

DEGs encoding proteins involved in lipid metabolism related genes also exhibited three distinct patterns of expression (Figure 3C and Supplementary Data Sheet 5). Genes generally up-regulated in SD anthers had maximum expression at 12:00; genes up-regulated in LD anthers generally peaked at 08:00 and 12:00, while a third group of genes exhibited maximum expression in SD anthers at 12:00 and in LD anthers at 04:00. Two genes associated with male sterility, Wax-deficient anther 1 (Wda1) and HUMIDITY-SENSITIVE GENIC MALE STERILITY 1 (HMS1) (Jung et al., 2006; Chen et al., 2020), were among the genes up-regulated in SD anthers. Wda1 is associated with biosynthesis of very-long-chain fatty acids for the formation of anther epicuticular wax crystals, whose mutation causes complete male sterility (Jung et al., 2006). HMS1 encodes a β-ketoacyl-CoA synthase, and its mutant is humidity-sensitive genic male sterile (Chen et al., 2020).



DEGs Involved in Circadian Rhythm

Based on our finding that OsCAB1R, a circadian clock-controlled gene, was a DEG in the “photosynthesis-antenna proteins” GO class (Supplementary Data Sheet 4), we analyzed, and found, differential expression of other genes known to be affected by circadian rhythm (Supplementary Figure 7 and Supplementary Data Sheet 5). Rice CIRCADIAN CLOCK ASSOCIATED 1 (OsCCA1), homologous to Arabidopsis AtCCA1 (Izawa et al., 2002), showed a higher expression in the early morning, with almost twofold higher expression under LD compared with SD conditions at 04:00; ZEITLUPE 2 (ZTL2) had a similar pattern but peaked under LD at 08:00. At 12:00, OsCCA1 was expressed nearly seven times higher in SD compared with LD anthers. Rice PSEUDO-RESPONSE REGULATOR (OsPRR), OsPRR95, homologous to Arabidopsis circadian oscillator AtPRR5 and AtPRR9 (Murakami et al., 2005), showed fivefold expression higher at 12:00 under SD compared with that of LD conditions. OsPRR37 shows up-regulation at night under LD (20:00, 00:00, and 04:00), four times higher at 00:00 and 04:00, while OsPRR73, Early flowering 3 (OsELF3), and ZTL1 showed little difference between SD and LD conditions. Rice LUX ARRHYTHMO (OsLUX), homologous to a nighttime repressor of circadian gene expression AtLUX (Murakami et al., 2007), was also up-regulated at 16:00 in SD conditions. Other rice circadian clock or flowering genes FLAVIN BINDING, KELCH REPEAT, F-BOX1 (OsFKF1), TIMING OF CAB EXPRESSION 1 (OsTOC1), and Gigantea (OsGI) (Hayama et al., 2003; Murakami et al., 2003) were expressed more highly at 16:00 in LD anthers than in SD anthers, although by less than a twofold difference. These results indicated that rhythm genes in the anther are sensitive to photoperiod, particularly under SD conditions.



Construction of Co-expression Gene Networks

To examine the regulatory networks of genes under SD and LD conditions, 39,966 genes (99.8%) were categorized into 34 modules based on scale-free topology model (β = 7; Supplementary Figure 8). The remaining 78 genes that did not assemble into existing modules were grouped into a 35th “module” (gray). Standard modules ranged in size from 177 to 5852 genes, e.g., black contained 1496 genes that generally expressed highly at LD 12:00; dark red had 555 genes that generally expressed highly at SD 16:00 (Supplementary Table 2 and Supplementary Figure 9B).


Identification of LD- and SD-Related Modules

Variation in gene expression was higher between SD and LD conditions than between dark/light conditions (Figure 4), suggesting that photoperiod has a significant effect on anther development. Expression of 36% of genes correlated with SD or LD conditions, suggesting that a large proportion of genes responded directly or indirectly to day length. Gene expression in four modules in particular was observed to correlate significantly (p < 0.05) with photoperiod: genes in turquoise (5852 genes, r = 0.76) and magenta (1132 genes, r = 0.71) modules were up-regulated in LD, while genes in yellow (4929 genes, r = −0.71), and blue (2,698 genes, r = −0.71) modules were up-regulated in SD (Supplementary Table 2, Supplementary Figure 9, and Supplementary Data Sheet 6).
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FIGURE 4. Module-trait associations. Correlation coefficients between different modules and traits show in matrix. Each cell contains correlation coefficient with p value in bracket. Photoperiod, short-day, and long-day condition; LD acts as positive control, in which red color shows positive correlation with LD; SD is the opposite; Light and Dark: daytime vs. night conditions, daytime is defined as positive blank including samples at 08:00, 12:00, and 16:00; night includes 20:00, 00:00, and 04:00.




Functional Specific Enrichment Analysis of Related Modules

Gene ontology analysis revealed enrichment of different functional categories of genes among modules (Figure 5). The turquoise, magenta, and blue modules were enriched for biological processes including “transport,” “localization,” “establishment of localization,” and “carbohydrate metabolic process,” and contained genes encoding various potassium (HKT and HAK family) and sugar (MST, SUT) transporters, and carbohydrate metabolic proteins such as sucrose synthase (SUS) and invertases (Supplementary Data Sheet 7).
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FIGURE 5. Enriched GO terms of genes in four co-expression modules. (A) Biological processes. (B) Molecular function. (C) Cell component. Fold enrichment, depicted by circle size, which is calculated by GeneRatio/BgRatio; p.adjust, shown by color, indicates significance level of enrichment results from blue to red.


Genes associated with “lipid metabolic process” were enriched in turquoise and blue modules (Figure 5A), which is also consistent with the GO enrichment of DEGs (Figure 2A). The blue module was enriched in more GO categories than other modules, including “protein metabolic process” and “macromolecule modification” (Figure 5A). In the “protein metabolic process” category were TGMS genes, such as Temperature-sensitive Male Sterile 10 (TMS10) and TMS10-Like gene (TMS10L) (Yu et al., 2017) and ubiquitin fusion ribosomal protein L40 (UbL404), which acts downstream of TMS5 (Zhou et al., 2014), as well as genes encoding light-responsive proteins, such as photoreceptors Phytochrome B(PHYB) and PHYC, and Heading date 6 (Hd6) (Takahashi et al., 2001; Takano et al., 2005) (Supplementary Data Sheet 7).

KEGG enrichment analysis revealed genes associated with “oxidative phosphorylation,” the “TCA (tricarboxylic acid) cycle,” and “carbon metabolism pathway” in the turquoise module (Supplementary Figure 10). The magenta module was enriched in diterpenoid biosynthesis, while yellow module was enriched in categories associated with DNA replication, RNA transport, and ribosome biosynthesis. These results indicate that protein metabolism and transcription/translation processes are also affected by day length.



Identification of Hub Genes

Hub genes are those with a high degree of connectivity and co-relationships with genes in modules of interest for a given phenotype (Langfelder and Horvath, 2008). Based on the module membership and gene significance, 239, 62, 139, and 56 hub genes were identified in turquoise, magenta, blue, and yellow modules, respectively (Supplementary Data Sheet 6). As identified in our earlier GO and KEGG analyses, these genes were involved a broad range of processes, including macromolecule, carbohydrate, and lipid metabolisim and transport. Of particular interest, six hub genes have previously been reported to be involved in male sterlity or low fertility, including LOC_Os01g16810 (CSA) (Zhang et al., 2010, 2013), LOC_Os09g38030 (UDP-glucose pyrophosphorylase gene 1, OsUgp1) (Chen et al., 2007), LOC_Os01g54620 (cellulose synthase catalytic subunit genes 4, OsCesA4) (Tanaka et al., 2003), LOC_Os02g04840 (collapsed abnormal pollen 1, CAP1) (Ueda et al., 2013), LOC_Os04g39980 (dioxygenase for auxin oxidation gene, DAO) (Zhao et al., 2013), and LOC_Os06g04090 (secondary wall NAC 1, OsSWN1) (Chai et al., 2015). The discovery of known key regulators of pollen sterility indicates the robustness of our co-expression and hub gene construction method to mine for key anther regulator genes. CSA encodes a key R2R3 MYB transcription factor that controls male fertility in a photoperiod-dependent manner (Zhang et al., 2013). OsUgp1 is required for callose depostion in pollen mother cells in meiosis; knockdown of OsUgp1 causes a thermosensitive male sterile defect (Chen et al., 2007). OsCesA4 is required for cellulose synthesis, and its mutant shows brittle culm and low fertility (Tanaka et al., 2003). CAP1 encodes an arabinokinase-like protein required for nucleus, cytoplasm, and intine cell wall development in rice pollen. DAO encodes a 2-oxoglutarate-dependent-Fe (II) dioxygenase essential for anther formation and dehiscence, pollen fertility, and seed initiation (Zhao et al., 2013). OsSWN1 is a NAC transcription factor gene involved in secondary cell wall biosynthesis, whose down-regulation causes a decrease in lignin and an increase in polysaccharide content in cell walls, resulting in anther dehiscence defects (Chai et al., 2015). The identification of these genes in our analyses suggests that these previously characterized pollen development regulators could also have a day length-dependent role.

An additional 30 hub genes encoding transcription factors were detected, including 5 previously unreported MYB proteins and 10 zinc-finger proteins (Table 1). The function of these unreported genes in regulating anther development needs to be further characterized, but it seems likely that they will be key regulators of rice anther development particularly affected by photoperiod.


TABLE 1. Transcription factor hub genes in four modules.
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Genes Highly Co-expressed With CSA and Ugp1

Two hub genes, CSA and Ugp1, have been reported to be involved in rice photoperiod-sensitive and thermosensitive male fertility, respectively. We visualized genes with high correlation to CSA and Ugp1 (Figure 6 and Supplementary Data Sheet 8). Notably, CSA and Ugp1 shared 74 overlapped correlation genes, such as MATRILINEAL (OsMATL) and OsHXK5 (Cho et al., 2009; Yao et al., 2018), which were up-regulated in LD anthers, unlike that of CSA and Ugp1—as undirected network relationships. Four co-expressed genes were also selected for qRT-PCR analysis and confirmed this prediction outcome (Supplementary Figure 11). OsMATL encodes a pollen-specific phospholipase that is involved in haploid induction, whose knockout mutant displays reduced seed set (Yao et al., 2018). OsHXK5 encodes a hexokinase that functions as a glucose sensor. Plants overexpressing OsHXK5 showed a hypersensitive and slow growth phenotype (Cho et al., 2009). Six TFs such as MYB, Zinc Finger, and MADS-Box proteins were in network; 5 lipid metabolic-associated genes, 11 carbohydrate metabolic genes, and 11 transport genes were also detected. In addition, there were 38 hub genes highly co-expressing with CSA and Ugp1. These results indicate that CSA and Ugp1 are likely to share regulatory pathways in controlling environmentally mediated male development in rice.
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FIGURE 6. High co-expressed genes of CSA and Ugp1. Blue indicates the top 1% TOM value genes; rectangle represents hub genes. OsGA20ox3 (gibberellin 20 oxidase 3, LOC_Os07g07420); OsMATL (MATRILINEAL, LOC_Os03g27610); CSA (Carbon Starved Anther, LOC_Os01g16810); Ugp1 (UDP-glucose pyrophosphorylase, LOC_Os09g38030); Invertase (LOC_Os12g37480, LOC_Os02g01310); MYB-TFs (LOC_Os01g51260, LOC_Os06g46560); MADS-box genes (LOC_Os06g11970); Zinc Finger genes (LOC_Os02g44120, LOC_Os01g68900, and LOC_Os12g08070); F-box (LOC_Os04g19800); Box 1, lipid metabolic process-related genes; Box 2, carbohydrate metabolic process-related genes; Box 3, Transport-related genes.




DISCUSSION

Transcript profiling of anthers grown under different photoperiod conditions provides information to help understand the molecular mechanisms that affect male fertility in response to day length and thus improve our ability to create new PGMS lines for rice breeding. In this study, we have conducted the first genome-wide transcriptomic and gene network analysis of anthers grown under short and long day lengths and revealed functional and regulatory genes that respond to photoperiod.


Photoperiod Changes Gene Expression in Anthers

Approximately one-third of expressed genes (11,726 out of ∼30,000 in different samples) were differentially expressed in anthers grown under SD and LD conditions, with gene expression generally down-regulated under SD conditions (Figure 1A, Supplementary Table 1, and Supplementary Data Sheet 2). A total of 177 genes were differentially expressed at all time points (Figure 1C), of which 51 were specifically expressed in the anther and other reproductive tissues (Supplementary Figure 5B and Supplementary Data Sheet 2). Several genes whose mutation is known to cause male sterility were found in this set of 51 genes. OsABCG15 plays a role in the formation of the anther cuticle and pollen exine and is involved in the export of lipid precursors from the tapetum to anther locules (Wu et al., 2014; Zhao et al., 2015). OsLAP6 functions in sporopollenin metabolism and affects bacula elongation to regulate pollen exine formation (Zou et al., 2017). HOTHEAD 1 (HTH1) encodes a glucose–methanol–choline (GMC) oxidoreductase; its RNAi line and mutant both display defective anther walls and aborted pollen with decreased amounts of long-chain fatty acids and cutin (Xu et al., 2017). Other genes in this set of 177 DEGs, especially genes that specifically expressed in anthers, may also affect male fertility, particularly in a photoperiod-sensitive manner.


DEGs Associated With Transport and Metabolism

Gene ontology enrichment analysis of DEGs at different time points revealed a high proportion of genes associated with transport and metabolism, particularly of ions, carbohydrates, and lipids (Figure 2). Generally, these genes were up-regulated at 12:00 under SD and at 08:00 and 12:00 under LD conditions, indicating that these pathways may be associated with the growth and physiological adaption of plants in response to photoperiod.

In stage 11 anthers, mitosis and accumulation of nutrients are the main developmental processes, consistent with our GO enrichment results. Correct ion homeostasis is essential for normal plant growth; accordingly, many genes encoding ion transporters were detected (Supplementary Data Sheet 3). Several potassium transporter family genes were enriched, like HKT, HAK, and AKT family genes (Rodríguez-Navarro and Rubio, 2006). HKT1;4 can also exclude Na+ in productive stage of rice (Suzuki et al., 2016). Cation/H+ exchanger 14 (OsCHX14), involved in K+ homeostasis, may play an important role during rice flowering stages (Chen et al., 2016). OsBOR1 and OsBOR4 DEGs encode boron transporters; pollen from osbor4 mutants have defects in pollen tube elongation (Nakagawa et al., 2007; Tanaka et al., 2013). OsFRDL1 is a MATE (multidrug and toxic compound extrusion) family gene, a citrate transporter of iron, whose mutant exhibits a decrease in pollen viability and grain fertility (Yokosho et al., 2009, 2016). SULTR-like phosphorus distribution transporter (SPDT) encodes a plasma-membrane-localized phosphorus transporter that preferentially allocates phosphorus to grains (Yamaji et al., 2017). Psd1 encodes a non-specific lipid transfer protein (nsLTP) that regulates cell division and elongation; psd1 mutants show photoperiod-thermosensitive dwarfism (Deng W. et al., 2020).

Many DEGs were also found to encode sugar transporters and catabolic proteins, such as monosaccharide transporters (MST1 to MST8), sucrose transporters (SUT1, SUT2, SUT3, and SUT5), and invertases (INV1, INV2, INV3, and INV4). Proteins from these three family genes cover sucrose transport from source to sink. Sucrose is loaded into the phloem by SUTs and unloaded in sink tissues, like anthers or seeds, where sucrose is converted by invertases into hexoses and imported into cells by MSTs (Lim et al., 2006). OsMST4 has been shown to play a role in monosaccharide supply during grain filling (Wang et al., 2007), and OsMST5 is expressed in panicles before pollination and may be involved in pollen development (Ngampanya et al., 2003). MST8 is predicted to transport monosaccharides from anther wall layers to the microspore, affecting the unloading process of the source–sink tissue during male reproduction (Zhang et al., 2010). SUT1 is predicted to play a role in the uptake of sucrose from the apoplast, and its lack during anther development suppresses pollen germination (Hirose et al., 2010). INV4 is expressed specifically in the anther, down-regulated by cold stress, resulting in abnormal accumulation of sucrose (Oliver et al., 2005).

Other DEGs associated with carbohydrate metabolism could also affect anther viability. Glucan synthase-like 5 (GSL5) encodes a callose synthase, and its mutant showed decreased fertility due to defects in the pollen callose wall (Shi et al., 2015). Oryza sativa glucanase 1 (Osg1) encodes a plant β-1,3-glucanase essential for callose degradation during tetrad dissolution; RNAi plants exhibited delayed release of young microspores into anther locules, causing male sterility (Wan et al., 2011). Hexokinase (HXK) family proteins are involved in sugar sensing and signaling (Cho et al., 2006), and genes encoding HXK5, HXK7, and HXK10 were among DEGs detected in our analysis. HXK10 can also phosphorylate hexose sugars; RNAi knockdown lines showed non-dehiscent anthers (Xu et al., 2008). Genes encoding disproportionating enzymes DPE1 and DPE2 were also among our DEGs; these proteins are involved in starch metabolism and maturation of starch granules (Akdogan et al., 2011; Hwang et al., 2016).

Differentially expressed genes encoding transport and metabolic genes clustered into two, similarly sized groups that were up-regulated in either SD or LD anthers, suggesting that these biological processes may occur, or be regulated by, different pathways depending on photoperiod to maintain nutrient balances essential for normal development (Figures 3A–C). While previously reported genes affecting male sterility were found among our photoperiod-sensitive DEGs, their mutations generally caused total male sterility rather than PGMS (i.e., Osg1, OsFRDL1, and OsBOR4). Discovery of new potential PGMS regulators will require careful analysis of differential expression of candidate genes under SD and LD conditions.



Differential Expression of Circadian Genes

We analyzed the expression pattern of genes associated with the control of circadian rhythm and found that OsLUX, OsFKF1, OsGI, and OsTOC1 show higher expression in LD over SD anthers at16:00, OsPRR37 was up-regulated under night at LD, while OsPRR95 has higher expression at 12:00. OsCCA1 was up-regulated at 12:00 and 16:00 in SD compared with LD anthers (Supplementary Figure 7). These genes and proteins interact with each other in complex ways. In Arabidopsis, CCA1 positively regulates PRR7 and PRR9 expression, which in turn affect feedback regulation of CCA1 (Farré et al., 2005). CCA1 can also interact with TOC1 to bind the GI promoter (Hsu and Harmer, 2014). LUX is a MYB transcript factor required for normal circadian rhythm that can repress PRR9 expression (Chow et al., 2012). FKF1 is an F-box protein that forms a complex with GI to regulate the transition to flowering (Sawa et al., 2007). In rice, overexpression of CCA1 or GI delays flowering (Hayama et al., 2003). The presence of these important circadian genes in our DEGs suggests that they may also play a critical role in anther development in response to photoperiod and warrant further investigation as potential candidates for PGMS line creation.



Protein Metabolism and Phytohormones Play a Key Role in Photoperiod-Sensitive Anther Development

Weighted gene co-expression network analysis (WGCNA), which evaluates potential interaction between all expressed genes, revealed large gene clusters and regulatory networks accociated with photoperiod length and confirmed that gene expression differs significantly between SD and LD anthers. Four modules were identified with a high correlation to photoperiod: genes in turquoise (5852 genes) and magenta (1132 genes) modules were up-regulated in LD anthers, while genes in blue (4929 genes) and yellow (2698 genes) modules were up-regulated in SD anthers (Figure 4 and Supplementary Figure 8).

These modules were generally enriched with the same GO terms as DEGs (Figures 2, 5), but the blue module was also enriched in genes from new categories, i.e., protein-related and macromolecule-related processes, which contained TMS10 (thermosensitive male sterility 10), TMS10L (thermosensitive male sterility 10-like), and UbL404 (ubiquitin fusion ribosomal protein L40) genes. TMS10 and TMS10L are two thermosensitive genes that redundantly regulate post-meiotic tapetal development and pollen development in low and high temperatures (Yu et al., 2017). UbL404 is a target of TMS5, which encodes a conserved RNase Z protein. UbL404 is degraded by RNase Z in wild-type plants, but accumulates in tms5 plants at high temperatures, causing temperature-sensitive male sterility (Zhou et al., 2014). A subsequent mutation in GATA10, which decreases UbL404 levels, can restore fertility at high temperatures (Jin et al., 2019). Our modules thus contain known PGMS and TGMS effectors and are likely to be a good source to uncover as-yet-unknown genes affecting PGMS.

The “protein process” GO category also contained genes associated with light response and anther-specific genes (Figure 5 and Supplementary Data Sheet 7). Light response genes included PHYB, PHYC, and Hd6. PHYB and PHYC are photoreceptors in rice, single mutants of which induce early flowering; a triple mutant with PHYA causes incomplete sterility (Takano et al., 2005). Hd6 encode a casein kinase II that delays heading time in LD conditions (Takahashi et al., 2001). Anther-specific genes included Pollen Mitosis Relative (PMR), essential for correct pollen mitosis (Liu et al., 2017), and DWARF AND RUNTISH SPIKELET (DRUS1) and DRUS2, which regulate anther development and pollen maturation redundantly through sugar utilization or conversion (Pu et al., 2017). Genes involved in the MAPK (mitogen-activated protein kinase) and Ca2+-related signaling pathway were also found, such as Calcium-dependent protein kinase 2 (OsCDPK2), which is repressed by light and disrupts seed development (Frattini et al., 1999; Morello et al., 2000). Genes associated with phytohormone signaling included brassinosteroid-signaling kinase (BSK) family members and Ethylene Receptor 2 (ETR2). Thus, while mitosis and sugar transport are key biological processes occurring in stage 11 anthers, hormone, and other signaling pathways are also very active during anther late development.

Our WGCNA analysis revealed 496 hub genes in these four modules (Supplementary Data Sheet 6). A known PGMS gene, CSA, and TGMS gene, Ugp1, were among these hub genes, both known to affect male sterility through carbohydrate metabolism (Chen et al., 2007; Zhang et al., 2013). Other genes affecting carbohydrate metabolism were also among the hub genes, including CAP1, DPE2, and OsSWN1. These results provide further evidence that carbohydrate metabolism is a key characteristic of late anther development affected by photoperiod. Multiple phytohormone-related genes were also present in the hubs: ABA 8’-Hydroxylase gene 3 (OsABA8ox3) is a key gene in abscisic acid (ABA) catabolism (Zhu et al., 2009); OsNAP can be induced by ABA and, in turn, affects ABA biosynthesis (Liang et al., 2014); Gibberellin 20-oxidase 3 (OsGA20ox3) and Gibberellin 2-oxidase 4 (OsGA2ox4) affect gibberellic acid biosynthesis, GA20ox3, in a temperature-dependent manner (Lo et al., 2008; Sakata et al., 2014); Dioxygenase of auxin oxidation (DAO) affects the auxin pathway (Zhao et al., 2013); and SK3/SHAGGY-like kinase (GSK2) acts as a negative regulator of brassinosteroid signaling (Tong et al., 2012). Phytohormones thus appear to be key regulators mediating the adaption of anther development to changing day length.



TGMS and PGMS Share Regulatory Network Elements

Given the presence of CSA and Ugp1 as hub genes, we searched for, and found, other hub genes regulating environment-sensitive male sterility (Table 1 and Supplementary Data Sheet 6). TMS5 was clustered in the red module, which did not show significant correlation with photoperiod. OsPDCD5, Ugp2, and Osgata10 clustered in the turquoise module, while TMS10 clustered in the blue module. Both OsPDCD5 and TMS10 are involved in PCD, which, in rice anthers, begins before stage 11; had younger anthers been used in our analysis, WGCNA significance scores for these genes may have been higher.

Analysis of interaction networks of key hub genes revealed further interactions between PGMS gene CSA and TGMS gene Ugp1 that two genes share large part of co-expressed genes. Although these genes were up- and down-regulated in an opposite pattern CSA and Ugp1, these genes are likely to be common targets of Ugp1 and CSA regulation and have similar roles in co-regulating photoperiod- or temperature-sensitive anther development. This common list included genes encoding zinc finger, MADS-Box, and MYB transcript factors, which may play a key relational role in mediating photoperiod-associated male reproduction. Moreover, carbohydrate metabolic genes and transport genes like invertase were also detected, and these genes may be associated with the sugar transport and metabolism under SD and LD. Further analysis on 38 hub genes highly co-expressed with CSA and Ugp1 may reveal key genes regulating photoperiod-dependent male fertility.

In summary, we provided a transcriptomic view in anther development at different photoperiods and narrowed down candidates not only for future discovery of new PGMS but also for genes that interacted with reported EGMS, CSA and Ugp1, based on DEG analysis and WGCNA. Further investigations to confirm the biological function of these genes will reveal new genetic and molecular controls of PGMS in rice and possible other crops.
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The specified floral meristem will develop a pre-established number of floral organs and, thus, terminate the floral meristematic cells. The floral meristematic pool of cells is controlled, among some others, by WUSCHEL (WUS) and AGAMOUS (AG) transcription factors (TFs). Here, we demonstrate that the SCI1 (Stigma/style cell-cycle inhibitor 1) gene, a cell proliferation regulator, starts to be expressed since the floral meristem specification of Nicotiana tabacum and is expressed in all floral meristematic cells. Its expression is higher in the floral meristem and the organs being specified, and then it decreases from outside to inside whorls when the organs are differentiating. SCI1 is co-expressed with N. tabacum WUSCHEL (NtWUS) in the floral meristem and the whorl primordia at very early developmental stages. Later in development, SCI1 is co-expressed with NAG1 (N. tabacum AG) in the floral meristem and specialized tissues of the pistil. In silico analyses identified cis-regulatory elements for these TFs in the SCI1 genomic sequence. Yeast one-hybrid and electrophoresis mobility shift assay demonstrated that both TFs interact with the SCI1 promoter sequence. Additionally, the luciferase activity assay showed that NAG1 clearly activates SCI1 expression, while NtWUS could not do so. Taken together, our results suggest that during floral development, the spatiotemporal regulation of SCI1 by NtWUS and NAG1 may result in the maintenance or termination of proliferative cells in the floral meristem, respectively.

Keywords: co-expression, floral determinacy, flower development, meristematic cells, Nicotiana tabacum, transcriptional control


INTRODUCTION

The maintenance and termination of the floral meristem are orchestrated by a complex network of elements that involve transcription factors (TFs), hormonal signaling, and cell cycle control genes (Jha et al., 2020). In the Arabidopsis floral meristem, the undetermined proliferation of cells is dependent on the expression level of WUSCHEL (WUS), a homeobox TF gene expressed in the organizing center (OC) (Laux et al., 1996). The OC is composed of pluripotent cells maintained until the specification of the four floral whorls: sepals, petals, stamens, and carpels (Sharma et al., 2003). During the early stages of floral development, the feedback between WUS-CLAVATA (CLV) sustains the homeostasis of the floral meristem (Zhou et al., 2015). WUS is transcribed in the OC, and the protein migrates to the outer layers of the floral meristem, where it activates CLV3 (Yadav et al., 2013). WUS blocks cell differentiation by inactivating genes, such as the ARR7/ARR15 (ARABIDOPSIS RESPONSE REGULATOR) that are mediators of the auxin control of cytokinin signaling (Leibfried et al., 2005; Zhao et al., 2010). Another example is the role of WUS in inhibiting genes in the auxin biosynthesis pathway (Mano and Nemoto, 2012), preventing cell differentiation (Yadav et al., 2013). The interaction between these pathways guarantees the balance between proliferation and differentiation, which is essential for the correct formation of the flower (Sun et al., 2009).

In the floral meristem, pluripotent cells do not multiply indefinitely as in the shoot apical meristem. The expression of WUS is down regulated during the specification of the fourth whorl in the center of the floral meristem (Mayer et al., 1998). The specification of carpels is established by AGAMOUS (AG), a MADS-box TF (Bowman et al., 1989; Ó’Maoiléidigh et al., 2014). AG is also responsible for terminating the proliferation of undetermined cells in the center of the floral meristem (Lenhard et al., 2001). AG expression is activated due to the cooperation between LEAFY (LFY) and WUS TFs that bind to the second AG intron (Lohmann et al., 2001). Once activated, AG suppresses WUS expression by recruiting the CURLY LEAF protein (CLF) that is part of the polycomb repressive complex 2 (PRC2) and adds a tri-methylation to lysine 27 in histone 3 (H3K27me3), thus inactivating WUS expression (Liu et al., 2011). AG also activates the expression of KNUCKLES (KNU), which encodes a C2H2-zinc finger TF that directly represses WUS expression at stage 6 of Arabidopsis thaliana flower development (Sun et al., 2009), putting an end to undifferentiated proliferation. Although widely studied, there are still gaps in the knowledge involving the signaling processes downstream of WUS and AG that ultimately result in the termination of the pool of meristematic cells and differentiation.

Stigma/style cell-cycle inhibitor 1 (SCI1) was previously described as a gene preferentially expressed in stigma/style that controls cell proliferation in the upper pistil of N. tabacum and A. thaliana (DePaoli et al., 2011, 2014). N. tabacum SCI1Ri silencing plants and A. thaliana sci1 mutants presented elongated styles and increased stigmatic areas. These phenotypes resulted from increased cell number (DePaoli et al., 2011, 2014). Furthermore, SCI1Ri plants have accelerated cell differentiation in the stigma surface, consistent with a role for SCI1 in triggering differentiation through cell proliferation control (DePaoli et al., 2011). There is a relationship between SCI1 and the auxin signaling pathway not yet understood. The NtAux/IAA19, NtAux/IAA13, and NtARF8 expression levels were affected by SCI1 expression, especially in plants overexpressing SCI1 (DePaoli et al., 2012). In A. thaliana, the altered phenotypes of sci1, yuc2yuc6, and npy1 mutants cannot be distinguished. Additionally, overexpression of SCI1 in a yuc2yuc6sci1 background restores the wild-type phenotype. These findings point to an overlap of SCI1 and YUCCA genes in the auxin signaling pathway during pistil development in Arabidopsis (DePaoli et al., 2014).

Due to its key role in cell proliferation regulation and early expression in pistil development, we asked when SCI1 starts to be expressed during flower development. In this study, we carried out detailed analyses of SCI1 expression since flower meristem specification, by in situ hybridization detection of the endogenous transcript, and the expression driven by SCI1 genomic sequence translationally fused to GFP in transgenic plants. In silico analyses of the SCI1 genomic sequence indicated the presence of AG and WUS cis-regulatory elements. We demonstrated the co-expression of SCI1 and N. tabacum WUSCHEL (NtWUS), as well as SCI1 and N. tabacum AG (NAG1), the N. tabacum orthologs of WUS (Li et al., 2018; Zhou et al., 2018) and AG (Kempin et al., 1993), respectively, in the flower meristem. The binding of these two TFs to the SCI1 promoter sequence was confirmed by yeast one-hybrid (Y1H) and electrophoresis mobility shift assay (EMSA), and in planta luciferase activity assay for NAG1. We gathered evidence showing that SCI1 expression is activated by the TF NAG1. As SCI1 is a regulator of cell proliferation/differentiation, we discuss the hypothesis of SCI1 being an effector of the termination process of the floral meristem of N. tabacum, which is under the control of NAG1.



RESULTS


SCI1 Starts to Be Expressed at the Specification of the Floral Meristem and Maintains Its Expression in Proliferative Cells

Our previous work demonstrated that the SCI1 gene is highly expressed at the very early developmental stages of N. tabacum pistils (DePaoli et al., 2011). Therefore, we became interested in studying when SCI1 expression starts. For this purpose, in situ hybridizations were performed using SCI1 antisense transcripts as a probe in histological sections of the inflorescence apex. The results demonstrate that SCI1 is expressed since floral meristem initiation and emergence (Figure 1A).
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FIGURE 1. SCI1 expression during Nicotiana tabacum early floral development. (A) In situ hybridization of inflorescence apex with SCI1 antisense probe. Four floral buds are observed. Scale bar: 500 μm. (B) Scanning electron microscopy (SEM) showing the asynchronous emergence of the sepals (S1–S5) in a flower meristem and sepal S1 with trichomes (stage –9, here defined). Scale bar: 100 μm. (C) Bright-field microscopy showing a longitudinal section of a very young flower bud at stage –9. Scale bar: 100 μm. (D) A higher magnification view of the flower bud in C, in which the three meristematic cell layers (L1, L2, and L3) are seen. Scale bar: 50 μm. (E) A higher magnification view of the flower meristem shown in (D), in which cell divisions are visible (arrows). Scale bar: 25 μm. (F–I) In situ hybridization with SCI1 antisense probe of very young flower buds, even before stage –7, the youngest developmental stage defined by Koltunow et al. (1990). (F) Flower meristem with emerging sepals (stage –10, here defined). This is a higher magnification of FM3 from (A). Scale bar: 100 μm. (G) Flower meristem with sepal primordia (stage –9, here defined). This is a higher magnification of FM2 from (A). Scale bar: 100 μm. (H) A higher magnification view of the marked area in (G). The meristematic cell layers (L1, L2, and L3) are identifiable. Scale bar: 50 μm. (I) Flower meristem with emerging petals and anthers, at stage –8 (here defined). This is a higher magnification of FM1 from (A). Scale bar: 100 μm. Floral meristem (FM), sepals (S). Compare the image shown in (F) with the images (G–I) and observe the reduced SCI1 expression in the OC [encircled in (I)]. Negative controls of flower buds in equivalent developmental stages are shown in Supplementary Figure 1.


To have a detailed understanding of the N. tabacum flower meristem development and establish a parallel with SCI1 expression, we also implemented anatomical and histological analyses in conjunction with the in situ hybridization experiments. At the very early stages of development [stage −9, here defined based on the earlier stage described by Koltunow et al. (1990) as stage −7], five sepal primordia arise sequentially at the edges of the floral meristem, as documented by scanning electron microscopy (SEM) (Figure 1B). The floral meristem, seen at the center, is organized in three cell layers (L1, L2, and L3), easily distinguished in anatomical sections observed by bright field microscopy (Figures 1C,D). Several cell divisions are clearly visible at the meristematic cell layers (Figure 1E). The sepal primordia arise asynchronously and clockwise in divergent angles of approximately 144 degrees relative to the previous primordium (Figure 1B). After reaching a specific size, the sepal primordia show trichomes at the abaxial side (Figures 1B,C). At this very early stage, SCI1 is expressed at the emergence of sepal primordia (Figures 1F,G) and at high levels in all cell layers of the central floral meristem (Figures 1F–I). When the sepals are specified, SCI1 expression decreases in the region below the third layer, the area described as the OC (Figures 1G–I).

At developmental stage −8 (here defined), petal and stamen primordia upraise synchronously and almost simultaneously from the floral meristem, while sepals grow toward each other. At this stage, cells of the petal primordia, stamen primordia, and the central floral meristem have characteristics of meristematic cells (Chang and Sun, 2020), in contrast to the sepal cells that are differentiating (Figure 2A). At this stage, the floral meristem is restricted to the area in which the carpel primordia will form (Figure 2B). The five-petal primordia emerge in alternate positions in relation to the sepal primordia. Similarly, the five stamen primordia arise in alternate places with regard to the petal primordia. Therefore, the stamen primordia are positioned in the same direction as the sepal primordia. Despite the almost simultaneous upraise of petal and stamen primordia, the latter seem to grow faster than the petals at this stage. During flower development, SCI1 expression is temporally and spatially regulated (Figures 1, 2). At advanced stage −8, SCI1 is highly expressed in the petal and stamen primordia, as well as in the remaining central floral meristem (Figure 2C). Still, its expression has already decreased at the differentiating sepals.
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FIGURE 2. SCI1 expression during later stages of floral development (continuation of the stages shown in Figure 1). (A) SEM of a flower bud in which petals and anthers are emerging (advanced stage –8). Scale bar: 100 μm. (B) Bright-field microscopy showing a longitudinal section of a flower bud in a developmental stage equivalent to the one shown in (A). Scale bar: 100 μm. (C) In situ hybridization of a flower bud (advanced stage –8) with SCI1 antisense probe. Scale bar: 100 μm. (D) SEM of a flower bud at stage –7 (as defined by Koltunow et al., 1990), in which carpels are emerging. Scale bar: 200 μm. (E) A higher magnification view of the flower bud shown in (D), in which the fusion lines are visible (arrows). Scale bar: 50 μm. (F) In situ hybridization of a flower bud at stage –7/–6, with SCI1 antisense probe. Arrows point to ovary locules. Scale bar: 50 μm. (G,H) SEM of flower buds at stage –6; carpels fused at the base and not yet fused at the top. Scale bars: 50 μm (G) and 75 μm (H). (I) In situ hybridization of a flower bud at late stage –6, with SCI1 antisense probe. Scale bar: 100 μm. (J,K) SEM of flower buds at stage –5; carpels already fused at the top; the fusion region is a site of intense cell proliferation. Scale bars: 150 μm (J) and 100 μm (K). (L) In situ hybridization with SCI1 antisense probe of a flower bud at late stage –5; style beginning to form (arrow). Scale bar: 150 μm. Floral meristem (FM), sepals (S), petals (P), anther (A), carpels (C), carpel primordia (CP), ovary (O), young ovary (YO). Negative controls of flower buds in equivalent developmental stages are shown in Supplementary Figure 1.


Later in development (stage −7), the two carpel primordia emerge, and their invaginations are clearly seen where the two ovary locules will develop (Figures 2D,E). In N. tabacum, the carpels fuse postgenitally, and it is possible to observe the carpel primordia growing toward each other to converge at the top, while the base is already connected (Figure 2E). At an equivalent stage, Chang and Sun (2020) identified cell divisions in the L1 layer and deeper layers of the N. tabacum carpels. At stage −7, the SCI1 signal is much weaker in sepals and petals that are differentiating (Figure 2F). Meanwhile, specified anthers are developing, and SCI1 is strongly detected in this whorl (Figure 2F). In the carpel primordia, the SCI1 signal is intense, especially in the upper part where fusion occurs. Within the carpels, SCI1 is also expressed in the ovary locules (Figure 2F), a region with meristematic cells that will develop into ovules, suggesting a function for SCI1 in ovule development.

Development progresses (stage −6), and carpel primordia are growing toward each other (Figures 2G,H) and will fuse, where cells will continue to divide to give rise to the style and stigma (Figures 2J,K). At this developmental stage, SCI1 expression is obvious in anthers and carpels (Figure 2I), while already very weak at sepals and petals.

At stage −5, carpels are already fused at the top of the ovary (Figures 2J–L). The fused carpels show high SCI1 expression (Figure 2L), which is clearly visible on the top, where cell divisions will give rise to the style and stigma. The presence of SCI1 transcripts is evident in the inner part of the developing style, which will become the stylar transmitting tissue (STT), and is also very clear in the ovary locules (Figure 2L).

As development progresses (stage −2), it is possible to observe intense cell proliferation along the carpel fusion line (Supplementary Figure 2). The stigma lobules are already established, the upper surface cells start differentiating as stigmatic papilla while, internally, the stigmatic secretory zone (SSZ) and STT are differentiating along the fusion line (Supplementary Figure 2). The intense cell proliferation continues along the fusion line, resembling a “volcano eruption,” resulting in the folding of the stigma to the “umbrella-like” structure, typical of the N. tabacum flower. These inner proliferating tissues (SSZ and STT) are the sites of SCI1 expression, as we showed previously (DePaoli et al., 2011).

According to our results, SCI1 is expressed since flower meristem specification and at all floral whorl primordia; its expression is restricted to cells with proliferative capacity and decreases during later developmental stages toward differentiation.



The Genomic Sequence of SCI1 Drives Expression Specifically to the Floral Meristem and Its Proliferative Cells

To study the transcriptional control of SCI1 expression, we have produced 17 independent transgenic plants containing the genomic sequence of SCI1 (∼4.5 kb) in translational fusion with GFP (Figure 3). The SCI1 genomic sequence contains a 1.9 kb sequence upstream of the initial ATG codon (here designated as SCI1 promoter), the four exons, and three introns of the N. tabacum gene, from which the stop codon was removed for the translational GFP fusion. In all transgenic plants containing SCI1prom:SCI1-GFP, it was possible to detect SCI1-GFP at the floral meristems by confocal fluorescence microscopy. No GFP fluorescence was detected at the shoot apical meristem and root meristem, as well as in leaves, stems, and roots of mature transgenic plants. As seen using in situ hybridization for SCI1 endogenous expression, SCI1-GFP was detected in all floral meristem cells (Figures 3A–F). Figures 3D–F show an inflorescence apex, with two young floral meristems and one floral bud at a later developmental stage. It is visible that the GFP fluorescence is limited to the cells of the young floral meristems and to the most recent (younger) developing primordia of the floral bud (Figures 3D–F), while its detection is already decreased in the more developed and differentiated external organs (Figures 3D–F). Therefore, during floral development, SCI1 is always expressed at higher levels at the central portion of the flower, with decreasing levels in the outer whorls as they develop. At stage −3, SCI1-GFP is detected at petals, anthers, and pistil (Supplementary Figure 3A). At stage −2, SCI1-GFP is observed in the same whorls, but fluorescence is considerably reduced in petals (Supplementary Figure 3B).
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FIGURE 3. Expression of SCI1-GFP in transgenic plants. Upper panel – Schematic representation of the construct used to produce SCI1-GFP transgenic plants. (A–C) Confocal microscopy of a crushed flower meristem (transgenic plant SCI1gen-GFP17.1). In the first focal plane, a sepal is seen, and behind, the floral meristem. Scale bar: 100 μm. (D–F) Inflorescence apex containing three floral buds; observe the intense GFP fluorescence at the floral meristem (FM). Scale bar: 300 μm. (G–I) Stigma/style of transgenic plant SCI1gen-GFP108.3, basolateral longitudinal section of the upper part of the pistil; observe intense GFP fluorescence at the stylar transmitting tissue (STT), and the stigmatic secretory zone (SSZ); very weak GFP fluorescence at the parenchyma tissue. Scale bar: 150 μm. (J–L) Ovary section of transgenic plant SCI1gen-GFP5.1; observe the intense GFP fluorescence at the placenta (pl) and nucellus (nu); no GFP was detected at the megaspore region (m) and integument (in). Scale bar: 40 μm. (M) Schematic representations of the flower regions analyzed by confocal microscopy. Floral meristem (FM), parenchyma (p.), stigmatic secretory zone (SSZ), stylar transmitting tissue (STT), ovule (OV).


In the carpels, SCI1-GFP was detected in the STT, in the SSZ, and, in much lower intensity/quantity, in the parenchyma tissue of the style (Figures 3G–I). Within the ovaries, SCI1-GFP was observed in the placenta and nucellus, while no GFP was noticed in the ovule integument and megaspore region, or very weakly detectable (Figures 3J–L). The results obtained with the SCI1-GFP protein in transgenic plants reproduce the endogenous SCI1 mRNA localization, as demonstrated by in situ hybridizations in wild-type plants. Therefore, we conclude that the SCI1 genomic sequence contains the necessary and sufficient cis-acting elements for the proper transcriptional regulation of SCI1 expression. Taken together, our results demonstrate that SCI1 is exclusively expressed at the floral meristem and in the proliferative cells of the floral organ primordia.



Cis-Acting Elements Identified in the SCI1 Genomic Sequence

The SCI1 genomic sequence considered in this work comprises 4455 bp, including 1937 bp upstream of the initial ATG codon (here denominated as SCI1 promoter), four exons, and three introns. The nucleotide A of the start codon was considered a +1 position. This genomic sequence was analyzed in the PlantRegMap software1 using the N. tabacum database. In the analysis using a p-value ≤ 1e-5 threshold, putative cis-acting regulatory elements were identified for binding of different TFs belonging to several families (for details, see Supplementary Table 1). Among the putative TFs to regulate SCI1 expression with cis-elements upstream of the initial ATG were: APETALA1 (AP1), which contributes to the establishment of the floral meristem; SEPALATTA3 (SEP3), involved in the specification of floral whorls; WUS and AINTEGUMENTA-like 6 (AIL-6), related to the control of cell proliferation and differentiation. Downstream of the initial ATG, sites for the following putative TFs were found: E2F/DP, related to the cell cycle; LATERAL ORGAN BOUNDARIES (LOB), with an essential role in plant growth and development; SUPPRESSOR OF OVEREXPRESSION OF CO1 (SOC1)-like, a central regulator of flowering time; AINTEGUMENTA-like AIL1, that binds to the promoter of key cell cycle genes; JACKDAW and MAGPIE, which are involved in the regulation of tissue boundaries and asymmetric cell division (Welch et al., 2007); LFY, a master regulator of flowering; and the AUXIN RESPONSE FACTOR 5 (ARF5). Interestingly, in two different positions of the SCI1 genomic sequence, there is an overlap between AIL1 and SOC1 putative binding sites.

Moreover, considering a p-value ≤ 1e-3 threshold, we found three putative binding sites for AG in the SCI1 promoter region. Two additional putative binding sites for WUS were identified, one at SCI1 promoter, around 200 bp upstream the initial ATG, and another on the third intron. The regulatory elements identified in the SCI1 genomic sequence point to involvement in the cell proliferation regulatory pathway, as well as in the regulation of flowering and flower development.



SCI1 Is Co-expressed With AGAMOUS (NAG1) e NtWUS in the Floral Meristematic Cells

As putative cis-acting elements for AG and WUS binding were found in the SCI1 genomic sequence, and the SCI1 expression pattern is similar to both of these genes (Kempin et al., 1993; Zhou et al., 2018), we performed in situ hybridization experiments to detect their transcripts in histological sections of the same flowers used for SCII probes (Figure 4). At stage −8, NAG1 transcripts were observed in stamen primordia and the center of the floral meristem (Figure 4D). At a later developmental stage, in which the carpelar leaves are fused (stage −5), NAG1 is expressed in the ovary and in the cells that will give rise to the style (Figure 4E), as previously described (Kempin et al., 1993). The same expression pattern was observed for SCI1 transcripts (Figure 2I). NtWUS is expressed at the full extension of the floral meristem when only the sepal primordia are observed (Figure 4F). At a later developmental stage, NtWUS transcripts were detected in the primordia of petals and anthers, as well as in the remaining floral meristem (Figure 4G). At stage −7, NtWUS is weakly expressed in the stamen and carpel primordia (Figure 4H). Our results for NtWUS expression corroborate those previously described by Zhou et al. (2018). The co-expression of these genes is clear when equivalent developmental stages are compared. NtWUS, SCI1, and NAG1 are co-expressed mainly at the central floral meristem and primordia of the floral organs. At the same time, the co-expression of SCI1 and NAG1 is more evident at the floral meristem, carpelar leaves, and ovary locules. The co-expression of SCI1 with NtWUS and NAG1, essential for floral meristem maintenance, reproductive organs specification, and floral meristem termination, respectively, points toward interconnection of these genes in the cell proliferation control at the floral meristem.
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FIGURE 4. In situ hybridization with SCI1, NAG1, and NtWUS antisense probes. (A–C) In situ hybridization in very young floral buds with the indicated probes. Scale bars: 100 μm. (D,E) In situ hybridization in floral buds with NAG1 antisense probe. Stages –8 and –5 of flower development, respectively. Scale bars: 100 μm. (F–H) In situ hybridization with NtWUS antisense probe. (F,G) Flower buds younger than stage –7. Scale bars: 100 μm. (H) Stage –7 of flower development. Scale bars: 50 μm. Floral meristem (FM), sepals (S), petals (P), anther (A), young ovary (YO). Negative controls of flower buds in equivalent developmental stages are shown in Supplementary Figure 1.




SCI1 Is a Direct Target of NAG1 and NtWUS Transcription Factors

To investigate if SCI1 expression is regulated by the TFs NAG1 and NtWUS, we performed a Y1H experiment. Three different fragments of the SCI1 promoter, as well as a fragment of the third intron (for details, see section “Materials and Methods”), were used as bait (Figures 5A,B). The Y1H results reveal that both NAG1 and NtWUS bind to promSCI1Frag1 and allow the growth of colonies on the SD/-Ura/-Trp with 150 ng/ml Aureobasidin A (AbA) plates (Figure 5C) or 175 ng/ml AbA (data not shown). NAG1 and NtWUS do not bind to any of the other three genomic fragments tested in the Y1H assays (data not shown).
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FIGURE 5. NAG1 and NtWUS associated with SCI1 promoter in the Y1H assay. (A) Schematic representation of the SCI1 genomic region, with the representation of exons and introns, and the fragments considered for the Y1H bait constructs. (B) Schematic representation of the bait and prey constructs used in the Y1H assay. The indicated promoter fragments of SCI1 were used to make the SCI1-AUR1-C baits. (C) Physical interactions of NAG1 and NtWUS with fragment 1 of SCI1 promoter in Y1H assays. Yeast expression plasmids pDEST22-NAG1 or pDEST22-NtWUS were introduced into yeast cells (PJ69-4a) carrying the reporter gene AUR1-C under the control of the different fragments of SCI1 promoter. Eight independent transformants were cultured in synthetic defined media (SD/-Ura-Trp) in the presence of 150 ng/ml of Aureobasidin A (AbA). The empty vector pDEST22 was included as a negative control (last row).


Non-radioactive EMSA was used to demonstrate the binding of NAG1 and NtWUS with the respective putative binding sequences identified in the SCI1 genomic promoter (for details of the double-strand oligonucleotides used, see Supplementary Figure 4). Both His-NAG1 and His-NtWUS, produced in Escherichia coli, caused mobility shifts when incubated with the corresponding ds-oligonucleotide (Figures 6B,C). Additionally, the EMSA analysis of the competition assay with increasing amounts of the unlabeled specific competitors exhibited a decrease of each DNA/TF complex and an increase of the free probe (Figures 6B,C). Our results demonstrate that NAG1 and NtWUS can bind to the sequences identified in the SCI1 proximal promoter (Figure 6A) and may indicate that both NAG1 and NtWUS TFs regulate the SCI1 gene expression.
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FIGURE 6. (A) Schematic representation of SCI1 promoter (fragment 1) and the identified cis-acting elements for NAG1 (–285 to –267) and NtWUS (–212 to –203). (B) Electrophoretic mobility shift assay of NAG1 with the SCI1 promoter sequence around position –285 to –267. Competitive EMSA using 77.5 fmols of the labeled probe; Lane 3 contains 5× unlabeled specific competitor; Lane 4 contains 10× unlabeled specific competitor. (C) Electrophoretic mobility shift assay of NtWUS with the SCI1 promoter sequence around position –212 to –203. Competitive EMSA using 77.5 fmols of the labeled probe; Lane 3 contains 20× unlabeled specific competitor; Lane 4 contains 30× unlabeled specific competitor. Arrows indicate complexes between proteins and target sequences. The complete sequences of the EMSA probes are in Supplementary Figure 4. Poly-d(A-T) and Poly-d(I-C) are non-specific competitors.


To confirm the binding of the TFs to the promoter sequence and assess their effects on SCI1 expression, transient dual-luciferase assays were performed in planta. Two SCI1 promoter fragments (for details, see section “Materials and Methods”), controlling the firefly luciferase expression (LUC), were tested for transactivation with NAG1 and NtWUS (Figure 7A). The results obtained for NAG1 had demonstrated a significant increase (p < 0.01) in luciferase activity in comparison with control (Figure 7B) when both fragments were used. On the other hand, NtWUS was not able to activate luciferase activity under the control of both SCI1 promoter fragments (Figure 7B). As this assay was performed in leaf cells in which SCI1 promoter is not expressed, only activation would be assessed. Then, it is still possible that NtWUS represses SCI1 expression or depends on other TFs to induce it. Our results clearly show an activation effect of NAG1 in SCI1 gene expression.
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FIGURE 7. Luciferase activity assay performed by transient expression in N. benthamiana leaves driven by the SCI1 promoter fragments. (A) Schematic representation of the reporter and effector constructs used in the luciferase activity assay. (B) Luciferase activity as a result of the interaction of NAG1 and NtWUS with SCI1 promoter sequences indicated. Relative activity is the ratio LUC/REN. The expression of REN was used as an internal control. Data represent the means of three biological replicates. ∗∗Significantly different from the control (empty vector) by Student’s t-test (p < 0.01).




DISCUSSION


Does WUSCHEL Regulate SCI1 Expression at the Early Floral Meristem?

Our previous results have demonstrated that SCI1 regulates cell proliferation in pistils of N. tabacum (DePaoli et al., 2011) and A. thaliana (DePaoli et al., 2014). Here, we demonstrated, through in situ hybridizations (Figures 1, 2) and analysis of SCI1prom:SCI1-GFP transgenic plants (Figure 3), that SCI1 starts its expression in the young floral meristem and maintains it in the meristematic undifferentiated cells of all floral whorls. Additionally, we showed that SCI1 is co-expressed with NtWUS in the floral meristem (Figure 4). The WUS expression in the N. tabacum floral meristem is broader than in the A. thaliana floral meristem. In A. thaliana, WUS expression is confined to the OC (Mayer et al., 1998; Adibi et al., 2016). However, WUS protein migrates from the OC, where it is found at the highest level, into adjacent cells via cell–cell movement and activates CLV3 transcription (Yadav et al., 2011; Perales et al., 2016; Rodriguez et al., 2016). Therefore, the WUS protein acts more broadly, in a concentration-dependent manner, to spatially regulate transcription and maintain the homeostasis of the flower meristem (Perales et al., 2016). Despite the co-expression of SCI1 and NtWUS in the floral meristem, SCI1 expression is reduced in the OC (Figures 1G–I). So, we can speculate that high levels of WUS in the OC may suppress SCI1 expression. It is known that WUS represses the expression of genes that can negatively influence the proliferation and indeterminate nature of meristematic cells (Ikeda et al., 2009). Examples of these genes are ARR5, ARR6, ARR7, and ARR15, which act in a negative feedback manner to regulate cytokinin signaling and inhibit cell proliferation in the meristem (Leibfried et al., 2005). Considering that SCI1 is a regulator/inhibitor of cell proliferation (DePaoli et al., 2011, 2014), its repression at the OC would be necessary to maintain the homeostasis of pluripotent cells.

As demonstrated by Y1H and EMSA (Figures 5C, 6C), SCI1 is a direct target of NtWUS, and both genes are co-expressed in many cells of the young floral meristems. NtWUS may be responsible for the early activation of SCI1 expression but cannot do it alone, as shown in the luciferase activity assay. Additionally, WUS is also expressed at the shoot apical meristem in different plant species (Laux et al., 1996; Mayer et al., 1998), whereas SCI1 is only expressed in the floral meristem (several Figures shown here). Therefore, SCI1 activation may be coordinated by NtWUS with some floral meristem identity gene, which is supported by the fact that putative cis-acting elements for LFY and AP1 were found in the SCI1 promoter. Future experiments will be necessary to determine the contribution of NtWUS is the regulation of SCI1 expression.



NAG1 Binds to the SCI1 Promoter and Activates Its Expression

Stigma/style cell-cycle inhibitor 1 and NAG1 are co-expressed in cells of the floral meristem and young floral buds (Figure 4), suggesting SCI1 as a possible target of NAG1. In silico analyses of the SCI1 genomic sequence have identified several putative cis-acting regulatory elements, among which, AG binding sites. Putative AG binding sites were also found in the SCI1 genomic sequence of the orthologs in A. thaliana (At1g79200), Solanum lycopersicum (Solyc05g008750.2), Solanum tuberosum (PGSC0003DMG400030526), Oryza sativa (LOC_Os02g07420), Zea mays (GRMZM2G010754), and Glycine max (08G16700). Most of the identified sequences correspond to non-canonical CArG-Boxes (Huang et al., 1993), but in N. tabacum, one of the identified regulatory domains represents a perfect CArG-Box (Aerts et al., 2018). Through Y1H, we demonstrated that NAG1 binds to fragment 1 (−515 to −73) of the SCI1 promoter (Figure 5C), which contains a perfect CArG-Box (TTTATACCATTTGGAGATA). We also demonstrated that NAG1 binds specifically to the SCI1 sequence (Supplementary Figure 4) containing the above mentioned CArG-Box by EMSA (Figure 6B). The luciferase activity assay showed that NAG1 interaction with the SCI1 promoter significantly increased the reporter gene’s activity in relation to the control (Figure 7B). Taken together, these results demonstrate that the NAG1 TF binds to the regulatory region present in the SCI1 promoter, activating its expression. Our data also reveal that NAG1 is necessary and sufficient to induce SCI1 expression. Moreover, these results indicate that SCI1 acts downstream of NAG1, which, in addition to specifying the third and fourth floral whorls, is also responsible for the floral meristem termination (Mizukami and Ma, 1995; Wils and Kaufmann, 2017).

In Arabidopsis, AG is involved in regulating several genes related to flower development, among them KNUCKLES, CRABS CLAW, JAGGED, NOZZLE/SPOROCYTELESS, SHATTERPROOF2, SEP3, ARABIDOPSIS THALIANA HOMEOBOX GENE1, AP1, AP3, and even AG itself (Ó’Maoiléidigh et al., 2013). Gómez-Mena et al. (2005) reported that, at the beginning of floral organogenesis, AG regulates genes involved in the cell cycle, DNA repair, signal transduction, and maintenance of meristematic cells, among others. Additionally, a ChIP-seq experiment has identified almost 2000 AG targets, among which many transcriptional regulators and genes related to multiple cellular processes (Ó’Maoiléidigh et al., 2013). However, SCI1 was not previously identified as an AG target, and this is novel information provided by our work.

In N. tabacum, after carpel specification, populations of meristematic cells are still maintained in different portions of the pistil, such as: in the fusion zone of the carpelar leaves, where subsequent style elongation and stigma development will occur; in placental primordium; placenta; and ovule primordia (Chang and Sun, 2020). As observed by in situ hybridization (Figures 1, 2) and SCI1prom:SCI1-GFP transgenic plants (Figure 3), SCI1 is expressed in these tissues while cells proliferate, and its expression decreases when the female organ completes its development. Additionally, SCI1 is expressed in the same pistil tissues in which NAG1 is highly expressed (Figure 4). Mizukami and Ma (1995) have established that AG functions, in specifying the reproductive organs and determining the floral meristem, are separate and dependent on different levels of AG expression. They have demonstrated that the termination of the floral meristem requires high concentrations of AG. AG is a target of PERIANTHIA (PAN), which can increase AG expression (Wynn et al., 2014), and this direct regulation is involved in floral stem cell termination (Das et al., 2009). Additionally, the AG-dependent dose termination of the floral meristem was also observed in the double mutants of the PAN and SEUSS (SEU) genes (Wynn et al., 2014). Despite what is already known, there are still gaps in the downstream processes regulated by AG that culminate in floral meristem termination.

Pistils are the last organs to be specified during flower development, and this occurs as a result of a feedback loop between WUS and AG (Lohmann et al., 2001). These genes act to maintain and terminate, respectively, the pluripotent cells in flower meristem. SCI1, as a target of both TFs, opens a way to understand the pluripotent cell homeostasis. A proposed model for SCI1 activation and its role in regulating cell proliferation/differentiation is shown in Figure 8. As soon as floral meristem is specified, SCI1 expression is induced by a TF(s) not yet identified, possibly LFY and/or AP1 (Figure 8A), based on the in silico analysis of SCI1 promoter. It remains to be established which TF(s) is (are) responsible for the early activation of SCI1 as soon as the floral meristem is specified (Figure 1).


[image: image]

FIGURE 8. Proposed model for SCI1 transcriptional regulation at the N. tabacum floral meristem. (A,B) SCI1 expression is activated very early in development, as soon as the floral meristem is specified. It is expressed in all proliferative cells, except in the organizing center (in red), where a high NtWUS protein level is expected. SCI1 activation at the floral meristem depends on TF(s) not yet identified (AP1 and/or LFY are possibilities according in silico analyses). (C,D) Later in flower development, NAG1 is expressed at the two inner whorls (stamens and carpels) and drives the activation of SCI1. Then, SCI1 is expressed in the same cells as NAG1, in all meristematic cells of the flower, until style/stigma and ovules differentiation. Floral meristem (FM), sepals (S), petals (P), anther (A), carpels (C).


At a later stage of floral meristem development, when sepals are being specified, SCI1 expression is reduced on the OC (Figure 8B), which may allow the maintenance of the pluripotent cells. At stage −7, SCI1 expression at the OC is still low, and NAG1 expression is activated. Based on what is known from Arabidopsis, we speculate that NtWUS may be responsible for repressing SCI1 expression on the OC and for activating NAG1 expression. Then, at a later stage, NAG1 may inactivate NtWUS in a negative feedback manner (Figure 8C). At stage −6, NAG1 takes over SCI1 activation, and the fourth whorl is specified. Development progresses, and pistil cells divide to give rise to style, stigma, and ovules. At this point, pluripotent cells are no longer available, the last pistil tissues differentiate, and the flower meristem is terminated.



Final Remarks

Stigma/style cell-cycle inhibitor 1 is strictly expressed in floral meristematic cells, is activated by NAG1, and is expressed in the same pistil cells with high NAG1 expression. Considering that SCI1 is a regulator of cell proliferation as demonstrated by the phenotypes of the N. tabacum transgenic plants (DePaoli et al., 2011) and the A. thaliana mutants (DePaoli et al., 2014), we suggest that SCI1 may act as an effector of the floral meristem termination, performing the fine-tuning of cell proliferation and differentiation. The fact that a SEP3 binding site was also found in SCI1 promoter (Supplementary Table 1) and that tetramerization of AG and SEP3 is essential for floral meristem determinacy in Arabidopsis (Hugouvieux et al., 2018; Xu et al., 2019) strengthen our proposal. The identification of SCI1, a cell proliferation regulator, as a novel target of WUS and AG, contributes significantly to the understanding of flower meristem development.



MATERIALS AND METHODS


Plant Material

Nicotiana tabacum cv Petit Havana SR-1 seeds were surface sterilized, germinated in vitro, and grown in Murashige and Skoog medium at controlled conditions (26°C temperature and photoperiod of 16 h light and 8 h dark). Leaf disks from in vitro grown plants were used for transformation via Agrobacterium tumefaciens with the gene construct SCI1prom:SCI1-GFP. Wild-type SR1 and transgenic plants were cultivated in a greenhouse in the city of Ribeirão Preto – SP, Brazil (latitude –21° 10′24″ S, longitude –47° 48′24″ W), with daily irrigations by automatic sprinkler, every 12 h.



Microscopy Analyses

For bright field microscopy, the samples were fixed in 4% (w/v) paraformaldehyde and 4% (v/v) DMSO, dehydrated in a growing ethanol series, and included in base acrylic resin (Historesin Embedding Kit, Leica). Longitudinal sections of the floral axis, with a thickness of 2–3 μm, were obtained in a Leica® RM2265 rotation microtome, with the aid of a high-profile, disposable steel razor (LEICA 818), and stained with 0.05% (w/v) toluidine blue, pH 4.4. The slides were mounted in Entellan mounting medium (Merck), and the images acquired under a microscope (Zeiss – Axiolab), equipped with a camera (Zeiss – Axiocam Color). For SEM, flowers from SR1 plants were dissected under a Wild M7A or Leica 165 FC stereoscopic microscope. They were fixed in 1% (w/v) glutaraldehyde and 4% (w/v) formaldehyde pH 7.2, submitted to vacuum (negative pressure of 760 mmHg) for 24 h, and kept in fixative solution at 4°C until use. They were then dehydrated in an increasing ethanol series, dried to a critical point with a CPD 030 (BAL-TEC) in CO2. Subsequently, the floral primordia were covered with a 15 nm gold layer in SCD 050 metallizer (BAL-TEC). The samples were analyzed under 10 kV voltage, and the electron micrographic record was performed using a scanning electron microscope JEOL 6060. A laser confocal microscope Leica TCS SP5 (Leica Microsystems Heidelberg, Germany) with the Leica LAS-AF Lite software was used for detecting fluorescence microscopy of GFP (argon laser; wavelength for excitation 488 nm and emission in the lengths between 500 and 590 nm). The LSM 7MP multiphoton microscope was used for excitation of thick samples, like floral buds (excitation using an 800 nm laser and detection in the spectrum between 500 and 540 nm). The autofluorescence of chloroplasts was detected in the range between 640 and 730 nm. Images were processed using the software Fiji-ImageJ 2.1.0/1.53c (Schindelin et al., 2012).



In situ Hybridization

In situ hybridization was performed using digoxigenin-UTP-labeled probes, as described by Javelle et al. (2011). For the synthesis of the probes, the coding sequences (CDS) of NAG1, NtWUS, and SCI1 were amplified by RT-PCR (primers are listed in Supplementary Table 2) and cloned in the TOPO® TA Cloning® Dual Promoter Kit vector. The probe synthesis was performed using the SP6/T7 Transcription Kit from Roche Life Science following the manufacturer’s specifications. The slides were photographed in a microscope (Zeiss – Axiolab) equipped with a camera (Zeiss – Axiocam Color).



Yeast One-Hybrid Assay

The Y1H assay was performed using Clontech’s Matchmaker Gold Yeast One-Hybrid (Y1H) Library Screening kit. Three different fragments of the SCI1 promoter and the third intron of the SCI1 gene were amplified (primers are listed in Supplementary Table 2) and cloned into the pABAi-GW vector upstream of the AUR1-C coding sequence. The constructs pFrag1-abaiGW (−515 to −73bp upstream of the ATG), pFrag2-abaiGW (−1197 to −706 upstream ATG), pFrag3-abaiGW (−1667 to −1178 upstream ATG), pIntron3-abaiGW (+1583 to +2069 bp third intron) were sequenced and introduced in the PJ69-4A yeast genome by homologous recombination. The resultant yeast transformants were tested for self-activation of the AUR1-C gene and used in the Y1H assays. The CDS of NAG1 and NtWUS were cloned in fusion with the GAL4 activation domain at the pDEST22 vector (ProQuestTM Two-Hybrid System with GatewayTM Technology) and introduced in the yeast cells containing each of the genomic fragments mentioned above. The transformants were cultured in synthetic defined media (SD/-Ura-Trp) with or without 150 ng/ml of AbA for 3–5 days at 30°C.



Production of Recombinant NAG1 and NtWUS Proteins and Electrophoretic Mobility Shift Assays

To produce the recombinant proteins NAG1 and NtWUS, each CDS was amplified (primers are listed in Supplementary Table 2) and cloned into the expression vector pDEST17 (Gateway®) in fusion with a HIS-tag. The CDS in the constructs were sequenced before use. These constructs were transformed into E. coli BL-21 (DE3) CodonPlus-RP. The production of 6xHis-NAG1 was induced with 0.5 mM IPTG for 8 h at 20°C, and of 6xHis-NtWUS was induced with 0.1 mM IPTG for 5 h at 30°C. In these conditions, it was possible to recover satisfactory levels of the desired proteins in the soluble fraction. For protein purification, the bacteria cells were lysed in 150 mM Tris–HCl pH 8 buffer, 150 mM NaCl, 10 mM imidazole, 1 mg/ml lysozyme, and cOmpleteTM, Mini, EDTA-free Protease Inhibitor Cocktail (Roche; 11836153001) and sonicated four times using 20-s periods. Soluble proteins were purified using Ni Sepharose® High Performance (Sigma; GE17-5268-01) and used for EMSA.

The double-strand probes (Supplementary Figure 4) used in EMSA were labeled with DIG-ddUTP using Roche® Terminal transferase. The binding and electrophoresis assays were performed according to the DIG Gel Shift kit, 2nd Generation.



Luciferase Assay

The SCI1 promoter was amplified in two different fragments, a long one (−1585 to −1) and a small fragment close to the ATG (−538 to −1). Both fragments were inserted in the pGreenII 0800-LUC vector (Hellens et al., 2005), which has two different luciferase genes: the Renilla luciferase gene used as an internal control of the transient expression and the firefly luciferase gene under the control of the SCI1 promoter sequences in this study (reporter construct). The NAG1 and NtWUS CDS were cloned into the vector pK7WG2 (Karimi et al., 2002) for protein expression under the 35S promoter control and used as effectors. All gene constructs were sequenced before use. The reporter and effector constructs were introduced separately into A. tumefaciens strain GV3101. Different combinations of reporter and effector constructs were agroinfiltrated in Nicotiana benthamiana leaves for transient expression. The activity assay was performed 3 days after agroinfiltration. Firefly (LUC) and Renilla (REN) luciferases were detected with the dual luciferase assay reagents (Promega, Madison, WI, United States) using Costar® 96-well plate. The promoter activity was calculated using the LUC/REN ratio. The data were analyzed by Student’s t-test.
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Pollen in angiosperms plays a critical role in double fertilization by germinating and elongating pollen tubes rapidly in one direction to deliver sperm. In this process, the secretory vesicles deliver cell wall and plasma membrane materials, and excessive materials are sequestered via endocytosis. However, endocytosis in plants is poorly understood. AP180 N-terminal homology (ANTH) domain-containing proteins function as adaptive regulators for clathrin-mediated endocytosis in eukaryotic systems. Here, we identified 17 ANTH domain-containing proteins from rice based on a genome-wide investigation. Motif and phylogenomic analyses revealed seven asparagine-proline-phenylalanine (NPF)-rich and 10 NPF-less subgroups of these proteins, as well as various clathrin-mediated endocytosis-related motifs in their C-terminals. To investigate their roles in pollen germination, we performed meta-expression analysis of all genes encoding ANTH domain-containing proteins in Oryza sativa (OsANTH genes) in anatomical samples, including pollen, and identified five mature pollen-preferred OsANTH genes. The subcellular localization of four OsANTH proteins that were preferentially expressed in mature pollen can be consistent with their role in endocytosis in the plasma membrane. Of them, OsANTH3 represented the highest expression in mature pollen. Functional characterization of OsANTH3 using T-DNA insertional knockout and gene-edited mutants revealed that a mutation in OsANTH3 decreased seed fertility by reducing the pollen germination percentage in rice. Thus, our study suggests OsANTH3-mediated endocytosis is important for rice pollen germination.

Keywords: AP180 N-terminal homology protein, endocytosis, gene editing (CRISPR-Cas9), Oryza sativa, pollen germination


INTRODUCTION

Like all eukaryotes, plant cells are composed of intracellular compartments with proteins located either inside or in the plasma membrane (PM). Thus, the precise transport of proteins and localization of certain proteins are critical for the normal function of cells, requiring complex and systematic regulation of membrane trafficking (Zouhar and Sauer, 2014). The balanced processes of endocytosis and exocytosis/secretion maintain proteins and lipids for the PM in addition to regulating transport and signaling. Endocytosis is defined as the uptake of membrane-associated and soluble cargo from the extracellular space through the formation of a vesicle at the PM. Due to its applications in human health, endocytosis has been extensively studied in yeast and mammalian cell systems, compared with limited recent investigations in plants (Robinson et al., 2008; Reynolds et al., 2018).

When pollen grains land on the stigma in higher plants, compatible grains germinate, and an elongating pollen tube forms and grows into the style toward the ovules. Germination of pollen grains is a complex biological event that requires numerous factors and activities (Wang et al., 2010). Many of these factors, such as nutrients, proteins, signaling molecules, and various cell components, are contained in vesicles. The vesicles carrying cargo molecules are involved in several stages of endocytic pathways, of which clathrin-mediated endocytosis (CME) is one of the major endocytic activities (Lacy et al., 2018). The process of pollen germination is essential for successful reproduction in plants; however, little is known regarding the mechanism of selective internalization or molecular sorting during pollen germination.

Endocytosis processes include various steps, such as cargo collection, vesicle assembly and invagination from the PM, and trafficking to the trans-Golgi network (TGN)/early endosome (EE), that are mediated by coat proteins as well as adaptor and accessory proteins (Nguyen et al., 2018). Clathrin, which functions as a coat protein during vesicle formation, does not directly interact with cargoes; instead, it interacts via adaptor proteins. The epsin N-terminal homology (ENTH) domain acts as an adaptor during CME in animal cells. Proteins with a similar domain, the AP180 N-terminal homology (ANTH) domain, also function in clathrin-coated vesicle (CCV) formation and cargo sorting at the PM during CME (Duncan and Payne, 2003; Legendre-Guillemin et al., 2004). In ANTH domain-containing proteins (from here on referred to as ANTH proteins encoded by ANTH genes), the N-terminus of the ANTH domain is located in the PM and possess affinity to phosphatidylinositol 4,5-biphosphate, and the C-terminus is involved in CCV formation in combination with other elements such as clathrin (Itoh et al., 2001; Zouhar and Sauer, 2014). The yeast AP180 protein functions at the budding region of the PM (Legendre-Guillemin et al., 2004), and in neurons the AP180 proteins are enriched in the presynaptic terminal membrane (Yao et al., 2002), suggesting their association with polar growth.

Plants contain a larger number of ANTH genes than mammals or yeast; however, only a few have been shown to function in cargo trafficking (Barth and Holstein, 2004; Holstein and Oliviusson, 2005; Zouhar and Sauer, 2014). AtAP180/PICALM6 has been extensively shown to interact with clathrin and accelerate cargo efficiency in vitro (Barth and Holstein, 2004). Arabidopsis epsin-like clathrin adaptor (AtECA) protein 1, AtECA2/PICALM5a, and PICALM4 have shown involvement in cytokinesis during cell plate expansion (Song et al., 2012; Nguyen et al., 2018). Recent studies demonstrated the role of ANTH domain-containing proteins in Arabidopsis pollen tube growth, such as acting as adaptors of CCV or engaging in pollen tube PM integrity (Muro et al., 2018; Kaneda et al., 2019). PICALM5b and AtECA2/PICALM5a are involved in maintaining pollen tube integrity and tip localization of receptor kinases during CME (Muro et al., 2018). Endocytosis adaptor of pollen tube 1 (EAP1) interacts with REN4 (WD40 domain protein) and REN4 interacting partner 1 (ROP1) and then removes both proteins from the PM by CME to maintain polar tip growth of the pollen tube (Li et al., 2018).

The role or even the existence of the ANTH gene family in monocot plants is not well understood. In this study, we investigated the genome-wide characteristics of ANTH domain-containing proteins in Oryza sativa (rice), named OsANTH, and performed domain and phylogenetic analyses with Arabidopsis ANTH proteins. The highest expressed gene in rice pollen, OsANTH3, was further analyzed through characterization of the T-DNA insertional knockout mutant and gene-edited mutants. These findings are expected to contribute to a comprehensive understanding of the ANTH family in rice and their role in late pollen development.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

Two japonica rice (Oryza sativa subsp. japonica) varieties, Dongjin (DJ) and Nipponbare (NP), as the wild-type (WT) plants, together with the T-DNA insertional mutants in the DJ background were grown in either a growth chamber under a day/night cycle of 28°C (16 h light) and 22°C (8 h dark) with ∼80% humidity or a living modified organism-controlled paddy field (Kyung Hee University, Suwon, South Korea) for the phenotype analysis. Anthers from the WT (DJ) plants were harvested at different developmental stages for quantitative real-time polymerase chain reaction (qRT-PCR) analysis as previously described (Moon et al., 2019).



Multiple Sequence Alignment and Phylogenetic Tree Construction

To perform phylogenetic analysis of the ANTH proteins in rice and Arabidopsis, we collected protein sequences with locus ID from the Rice Genome Annotation Project1, National Center for Biotechnology Information (NCBI2), and Phytozome platform3. Multiple alignment of the amino acid sequences was performed using ClustalW. The phylogenetic analysis was performed using MEGA 7.0.26 with maximum likelihood and neighbor-joining methods (bootstrap repeat was 1,000) as previously described (Kim et al., 2019).



Meta-Expression Analysis

We used a publicly available rice Affymetrix microarray data set prepared from anthers and pollen from the NCBI Gene Expression Omnibus (GEO) (Hong et al., 2019) to identify late pollen-preferred genes. To examine expression patterns, we used the Affy package encoded by R language to normalize the signal intensity and then transformed them into log2 values. The normalized data, including averaged Affymetrix anatomical meta-expression data, were then used for further investigation, i.e., heatmap construction and identification of the late pollen-preferred genes (Nguyen et al., 2015).

Microarray data, including Affymetric and Agilent array data, were downloaded from the NCBI GEO4 and Genevestigator5 (Zimmermann et al., 2004; Cao et al., 2012). We then uploaded the normalized data to the Multi Experiment Viewer6 and visualized the data using heatmaps. We used Genevestigator to compare the levels of gene expression in several organs and to estimate the functional similarity among rice and Arabidopsis members.



RNA Extraction, cDNA Construction, and qRT-PCR

Tissue samples, including pollen of rice (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 according to the manufacturer’s protocol (TakaraBio, Kyoto, Japan). cDNAs were synthesized using a SuPrimeScript RT premix from GeNet Bio (Chungcheongnam-do, South Korea) (Vo et al., 2015). qRT-PCR was performed with a Qiagen Rotor-Gene Q qRT-PCR cycler (Qiagen) using the following thermal cycling procedure: 95°C for 10 s, 60°C for 30 s, and 72°C for 1 min. To evaluate tissue-specific expression patterns by qRT-PCR, we used rice ubiquitin 5 (OsUbi5, LOC_Os01g22490) (Jain et al., 2006) as an endogenous control to normalize the variance in the amount of cDNA. Gene-specific qRT-PCR primers were designed for a specific region of each gene (Supplementary Figure 1 and Supplementary Table 2), and the accuracy and efficiency of each primer set were verified through PCR amplification of the gDNA to optimize the PCR conditions and melting curve. The fold change was calculated using the comparative delta-CT (Pfaffl, 2001; Silver et al., 2006). Three biological replicates were analyzed, and each reaction was performed at least three times with technical replicates.



Subcellular Localization Analysis

The coding sequences (CDSs) of four OsANTH genes were amplified from mature anther cDNA and cloned into pGreen vectors fused with C-terminal green fluorescence protein (GFP). All the cloning primers used in the experiments are listed in Supplementary Table 2. The constructs were transfected into Agrobacterium tumefaciens strain GV3101 and used for Nicotiana benthamiana infiltration. Two to three days after infiltration, GFP fluorescence was observed with a confocal laser scanning microscope (Zeiss LSM 510; Zeiss, Oberkochen, Germany) using 488/505–530 nm excitation/emission filter sets. Fluorescence images were digitized using the Zeiss LSM image browser. To identify the subcellular localization in the cell membrane, the tobacco leaves were stained with FM4–64 (Thermo Fisher Scientific, Waltham, MA, United States). Tobacco leaf discs were immersed in 0.1% FM4–64 solution for more than 15 min under dark conditions and observed in a red fluorescence protein (RFP) channel using 558 nm excitation/emission filter sets. Brefeldin A (BFA) treatment was performed for approximately an hour after the tobacco leaf was immersed in 10 μM BFA.



Isolation and Analysis of Mutant Plants

A T-DNA insertional mutant line of OsANTH3 was isolated from the T-DNA insertional mutant population in the PFG library (Hong and Jung, 2018). Genotypes were determined via PCR in 50 μL of a mixture containing 20 ng of genomic DNA, 10X e-Taq buffer, 0.2 mM dNTP, 0.5 U of e-Taq polymerase (Solgent, Daejeon, Korea), and 1 mM of the primers. The protocol included 35 cycles at 94°C for 60 s, 60°C for 60 s, and 72°C for 120 s. The primers used for genotyping were 5′-CACATCTGGGTGGGAGCTTG-3′ (3,276 bp downstream from the ATG start codon of the ANTH3 gene), 5′-GCCATTGGTACGAGGTCACC-3′ (4,101 bp downstream from the ATG start codon of ANTH3 gene), and 5′-AACGCCTGATCAATTCCACAG-3′ (80 bp downstream from the ATG start codon of the GUS gene).

Additional mutant alleles were generated using the CRISPR/Cas9 system. The specific target sequences were identified using the online CRISPRdirect program (Naito et al., 2015). The oligomers were cloned into the BsaI site of the pRGEB32 vector, which was then used to transform the WT rice via Agrobacterium (Kim E. et al., 2020). At least two regions were selected for gene editing, and approximately 20 hygromycin-selected lines were analyzed. Gene editing was confirmed by Sanger sequencing.

Histochemical GUS-staining was performed as described by Moon et al. (2019). The assayed flowers and pollen grains were photographed with an Olympus BX61 microscope (Olympus, Tokyo, Japan).



Cytological Analysis of Pollen Germination

Flowers and anthers were photographed with a SZX61 microscope (Olympus). To investigate pollen maturation, spikelets were collected before anthesis, and the pollen grains were squeezed out with tweezers and stained with 1% I2-KI.

To observe the in vitro pollen germination percentage and morphology of pollen tubes, fresh pollen grains collected just after anthesis were placed directly onto a solid or liquid pollen germination medium (PGM). The PGM was freshly prepared with 20% (w/v) sucrose, 10% polyethylene glycol 4000, 3 mM calcium nitrate, 40 mg/L boric acid, and 10 mg/L vitamin B1 (pH 6.8–7.0) (Kim E. et al., 2020). The solidified PGM slide with 1% agarose was covered with a cover glass and incubated in a moist chamber at 28°C in the dark for 20 min. The germination percentage was analyzed in triplicate with at least 150 pollen grains in each examination.

Ikarugamycin (IKA) has been used as a CME inhibitor in plants and animals, although its mode of action remains to be determined (Elkin et al., 2016). For the IKA treatment, different concentrations (10, 50, and 100 μM) were prepared in PGM using a 10 mM IKA stock solution prepared in dimethyl sulfoxide (DMSO). In addition, pollen grains were germinated in the presence of DMSO as control. Working concentrations of DMSO were < 0.2% (v/v).



Yeast Two Hybrid Analysis

The full length, N-terminal (1∼1,095 bp), and C-terminal (1,096∼end) CDSs of ANTH3 were cloned at the BamHI site of the pGADT7-Rec vector. The full-length, N-terminal, and C-terminal CDSs of GORI were cloned at the EcoRI/BamHI site of the pGBKT7 vector (Kim et al., 2021). The C-terminal (633-end) CDS of OsPME31 (Kim Y. et al., 2020) was cloned into the pGBKT7 vector. To test the self-transcriptional activity of the GORI 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 a synthetic defined (SD) minimal medium lacking leucine and tryptophan (SD-LW) and were replica-plated onto various SD selection media, including media lacking leucine, tryptophan, and histidine (SD-LWH, +5 mM 3-AT) and media lacking leucine, tryptophan, and adenine (SD-LWA).



RESULTS


Identification of 17 OsANTH Genes in Rice

To obtain all ANTH domain-containing sequences in rice, we reannotated protein sequences from the Rice Genome Annotation Project1 on the Pfam database (PF07651.9). A total of 17 genes were identified as putative ANTH genes in rice and named OsANTH1 to OsANTH17 based on their physical location on the chromosomes (Supplementary Table 1). To further understand the structure of the OsANTH genes, we compared the corresponding genomic DNA sequences and obtained the exon and intron structures of the OsANTH genes (Figure 1A). Intron numbers varied from 0 to 15.
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FIGURE 1. Gene structure and motif pattern of rice AP180 N-terminal homology (ANTH) proteins. (A) Phylogenetic tree and gene structure of seventeen ANTH genes. Upper 7 and lower 10 ANTH proteins are divided into two subgroups according to gene structure (whether they contain no or only a few introns or many introns). Black and gray boxes indicate coding sequences (CDSs) and untranslated regions (UTR), respectively, and lines represent introns. (B) Motif analysis of ANTH proteins: ANTH, asparagine-proline-phenylalanine (NPF), the clathrin-binding motif aspartic acid-leucine-leucine/leucine-leucine-aspartic acid-leucine-leucine (DLL/LLDLL), the clathrin-binding motif phenylalanine-Serine (FS), and the α-adaptin-binding motif aspartic acid-proline-phenylalanine (DPF). Bar in each section represents 100 aa.


All candidate OsANTH proteins were analyzed using SMART and Pfam tools, indicating that they all possessed the ANTH domain at the N-terminal region of the protein and exhibited various protein sizes (Figure 1B). OsANTH9 was the smallest protein with 116 amino acids, and OsANTH15 was the largest protein with 863 amino acids.



Phylogenetic Tree and Motif Composition Analyses of OsANTH Proteins

Metazoan and fungal genomes have fewer ANTH proteins than plants, implying that the ANTH proteins in plants have evolved more divergent functions than those in non-plant systems (Zouhar and Sauer, 2014). To understand the evolutionary relationships of ANTH proteins in plant species, the amino acid sequences of 17 ANTH proteins in rice and 18 ANTH proteins in Arabidopsis (PICALMs) were isolated and aligned (Figure 2A). The ANTH families of rice and Arabidopsis are composed of a similar number of family members, which seems to be due to similar evolutional progress. Arabidopsis and rice members are not clustered according to species, and instead, many members seem to have coevolved into monocots and dicots and duplicated. However, some members seem to be restricted to either Arabidopsis or rice. For example, OsANTH13 and OsANTH15 only exist in rice, while three PICALM10 homologs do not exist in rice (Figure 2A).


[image: image]

FIGURE 2. Phylogenetic analysis of the AP180 N-terminal homology (ANTH) family from Oryza sativa and Arabidopsis thaliana. (A) Phylogenetic tree constructed using the protein sequences for each gene with MEGA7 software. Red and green asterisks indicate ANTH genes with pollen-preferential expression in rice (in this study) and Arabidopsis (Muro et al., 2018; Supplementary Figure 6), respectively. Bold letters indicate the functionally characterized genes, and red color indicates genes for which the mutant phenotype was analyzed in this study. We used 1,000 bootstrap replicates, and the number at each node is a bootstrap value. ∙ and ▲ indicate branches conserved and diversified between Arabidopsis and rice, respectively. (B) Schematic diagram of the ANTH protein primary structure with the ANTH domain. The length of each ANTH protein is shown on the right regarding the number of amino acids (aa). The scale bar indicates 100 aa. Orange boxes indicate the position and length of the conserved ANTH domain in the family. Each domain is presented in the N-terminal of the protein. OsANTH9 and OsANTH16 are not aligned because the gene length is too short.


Mammalian ANTH proteins are divided into subfamily groups depending on the presence of actin-binding motifs. However, plant ANTH proteins do not have an I/LWEQ sequence, which is an actin-binding motif. Instead, they are divided into two subgroups based on the presence of asparagine-proline-phenylalanine (NPF) motifs: the NPF-rich and NPF-less subfamilies (Holstein and Oliviusson, 2005; Zouhar and Sauer, 2014). NPF motifs bind to Eps15 homology (EH) domain-containing proteins that function as regulators of endocytosis through their ability to interact with other proteins involved in CME. Our analysis demonstrated that the NPF-rich subfamily had 14–15 exons with a corresponding number of introns, while the NPF-less subfamily had few or no introns in rice (Figure 1A). In addition, the exon-intron structures of the closely linked genes in the phylogenetic tree were almost identical.

Plant ANTH proteins contain variations of the conserved mammalian ANTH signature motif (Ford et al., 2001), namely KAT(X)5/6P(X)3K/RH/Y, which enables ANTH proteins to bind to the PM. The ANTH families of both rice and Arabidopsis have ANTH domains in the N-terminal region (Figure 2B). However, OsANTH9, OsANTH13, OsANTH15, and OsANTH16 contained shorter ANTH domains than the other family members (Figure 1B), and the ANTH consensus region was not well conserved with other OsANTH protein sequences. Using the rice male gamete expression database (RMEDB7) to check the expression, these putative OsANTH genes were rarely expressed and may be pseudogenes that lost their function during evolution (Supplementary Figure 3). Protein alignment analysis of 13 OsANTH genes, excluding the abovementioned 4 OsANTH genes, showed that the ANTH signature motif is well conserved between the α-helix 1 and α-helix 2 motifs, except for partial conservation in OsANTH11 and OsANTH14 (Supplementary Figure 2).

Relatively, the C-terminal sequences of most ANTH domain-containing proteins are diversified (Supplementary Figure 2) and are known to interact with other components of the vesicle-generating machinery, such as clathrin (Legendre-Guillemin et al., 2004; de Craene et al., 2012). In this respect, ANTH domain-containing proteins act as a bridge between PIP2 and several components of the CME machinery. Endocytosis is a complex molecular process that depends on regulated interactions between a variety of proteins and lipids through specific modules. Excluding OsANTH9, OsANTH13, and OsANTH17, the C-terminal of the remaining 14 ANTH proteins possessed binding sites for various proteins including EH, clathrin, and the EAR-binding domain. The presence of the mammalian clathrin-binding motifs DDL and FS, as well as the α-adaptin-binding motif DPF (Brett et al., 2002), within the OsANTH protein sequences (Figure 1B) indicated conserved motifs of ANTH in plants and animals. In contrast to their yeast and mammalian counterparts, OsANTH proteins do not contain conserved ubiquitin-interacting motifs, such as the DPW and FXDXF motifs or the I/LWEQ motif, which are required for interaction with ubiquitylated proteins using the α-adaptin of AP-2 or the actin cytoskeleton, respectively (Holstein and Oliviusson, 2005).



Expression Pattern Analysis of OsANTH Genes

To identify possible ANTH candidates related to pollen tube growth in rice, we used the RMEDB database, which provides meta-expression analysis focused on rice male gamete development (Chandran et al., 2020). The meta-expression data in the context of the phylogenetic tree were produced to check the function of OsANTH genes with respect to anther and pollen development compared with other tissues/organs (Figure 3A). In addition, we examined their expression profiles in RNA-sequencing samples (Supplementary Figure 3; Hong et al., 2020). We found that the expression patterns of five genes (OsANTH3, OsANTH11, OsANTH7, OsANTH2, and OsANTH14) were closely associated with late pollen development, i.e., at the tricellular pollen grains, mature pollen, and germinated pollen stages. OsANTH3, OsANTH11, OsANTH2, and OsANTH7 had similar expression patterns. Especially, OsANTH3 and OsANTH11 had high expression in the late pollen development stage and were located in the same sister node of the phylogenetic tree. Conversely, OsANTH8, which was in the same sister node as OsANTH3 and OsANTH11, showed high expression in not only late pollen development but also in somatic tissues as well. Therefore, OsANTH8 is expected to have a role in various tissues including pollen and somatic tissues, while five OsANTH genes are expected to be specific to pollen function.
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FIGURE 3. Expression patterns of OsANTH genes in rice. (A) Heatmap showing expression levels as determined by microarray analysis. 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 OsANTH genes are indicated by red asterisks. ACF, archesporial cell-forming stage; BG, bi-cellular 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 ANTH domain-containing protein-coding genes in Oryza sativa (OsANTH 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. Data were analyzed by employing one-way analysis of variance with repeated measures using Tukey’s pairwise comparison test. (C) Expression pattern of OsANTH3-GUS in transgenic rice plants at the anther and sequential stages of pollen development. UG, unicellular gametophyte stage; BG, bicellular gametophyte stage; MP, mature pollen stage. Bar in flower and anther image = 1 mm; bar in pollen image = 10 μm.


Further, to verify the meta-expression data, we performed qRT-PCR using eight tissues: shoot, root, seed, anthers containing meiosis microspore, tetrad microspore, young microspore, vacuolated pollen, and mature pollen (Figure 3B). Similar to the microarray results, OsANTH3, OsANTH11, OsANTH7, OsANTH2, and OsANTH14 showed preferential expression in the mature pollen-containing anther but were not significantly expressed in other tissues. Therefore, these five genes (OsANTH3, OsANTH11, OsANTH7, OsANTH2, and OsANTH14) may play key roles in pollen tube growth and other processes that occur after pollen maturation. OsANTH3 and OsANTH11 belong to the NPF-rich group, while OsANTH7, OsANTH2, and OsANTH14 belong to the NPF-less group (Figure 1B). OsANTH3 and OsANTH11, which belong to the NPF-rich group, have a similar expression pattern. These two genes were duplicated since the divergence of Arabidopsis and may be functionally redundant. Especially, OsANTH3 showed the highest level of expression among the five genes in the mature pollen.

To investigate the in planta expression of the OsANTH3 gene in rice, the expression of GUS under the control of the OsANTH3 promoter was investigated (Figure 3C). GUS expression appeared in the pollen of the anthers. In particular, OsANTH3 showed peak expression in the late pollen stages, including in mature pollen and germinating pollen, after initial expression in the bicellular pollen stage (Figure 3C). In germinated pollen, GUS was expressed in the pollen tube as well as the pollen grain. It can be expected that OsANTH3 may play a role in pollen germination or pollen tube elongation.



Subcellular Localization of Four ANTH Proteins

ANTH proteins are known to assemble clathrin to the PM to initiate CME (Kaneda et al., 2019). In Arabidopsis, PICALM5a, PICALM5b, and PICALM6 have been shown to localize apical PM and the cytosol of pollen tubes (Barth and Holstein, 2004; Muro et al., 2018). To evaluate whether the OsANTH proteins are also localized at the PM, we constructed GFP-fused OsANTH proteins driven by the CaMV 35S promoter and examined their subcellular localization in Agrobacterium-infiltrated tobacco epidermal cells. The experiment was conducted with four pollen-preferred genes (OsANTH3, OsANTH11, OsANTH2, and OsANTH14), and all four genes were found to have GFP signals in the nucleus, PM, and cytosol (Figure 4A). When tobacco cells were stained with FM4-64, which is a marker for membrane trafficking in plant cells (Bolte et al., 2004; Wang et al., 2005), the signal from all four OsANTH-GFP proteins overlapped with the signal from the FM4-64 stain. These results suggest that four OsANTH proteins with pollen preferential expression are localized in the PM and internalized through endocytosis (Nagawa et al., 2012) when transiently expressed in tobacco leaves.


[image: image]

FIGURE 4. Subcellular localization of Oryza satvia AP180 N-terminal homology domain-containing (OsANTH) proteins in tobacco leaves using laser scanning confocal fluorescence microscopy. (A) Upper panel shows green fluorescence in tobacco epidermal cells in leaves infiltrated with four OsANTH-green fluorescence protein (GFP) fusion proteins, the center panel shows the same leaves stained with FM4–64, and the lower panel shows the merged images from GFP, FM4-64, and bright field. The focused image is the plasma membrane (PM) and shows an enlarged portion of the red box displayed in the merged pictures. Yellow signals show a merged image from the OsANTH localization and PM signal. The white arrows indicate the signal not merged with the PM (OsANTH3-nucleus, OsANTH14-cytoplasm). (B) The first panel shows green fluorescence in tobacco epidermal cells of leaves infiltrated with OsANTH3-GFP fusion proteins when treated with 10 μM BFA. The second panel shows the images in bright field. The third panel shows the merged images from GFP and bright field. The last two panels are GFP and merged images that enlarge the red box in the third panel.


BFA is a fungal metabolite that inhibits exocytosis but allows the first step of endocytosis to proceed in eukaryotic cells (Lippincott-Schwartz et al., 1991; Baluška et al., 2002; Nebenführ et al., 2002; Geldner et al., 2003). Thus, BFA inhibits the endocytic recycling of PM proteins. When BFA is used to treat plant cells, PM proteins or peripheral membrane proteins that are rapidly recycled, are internalized via endocytosis and gather in BFA-induced compartments to form an endosome. Due to these characteristics, BFA has been an important tool for endocytosis research in Arabidopsis (Samaj et al., 2004). We treated the tobacco leaves expressing OsANTH3-GFP with 10 μM BFA to determine whether OsANTH was involved in endocytosis. One hour later, we were able to observe several endosomal vesicles in the cytoplasm close to the PM (Figure 4B), while the BFA bodies were not observed with OsANTH11-GFP expression.



Genetic Study Using the Mutation of OsANTH3

To investigate the possible role of OsANTH protein in pollen, we decided to focus on OsANTH3 as it was preferentially expressed, and expressed at a high level, in pollen. We identified a T-DNA mutant in OsANTH3 in the PFG library and confirmed the line contained a single insert in the 15th exon of OsANTH3 by genotyping (Figure 5A). After isolating the homozygous mutant (Figure 5B), we observed about an 80% reduced fertility rate in the T-DNA insertional homozygous mutant without other obvious growth defects (Figure 5J). To confirm the defect of OsANTH3 in osanth3-1, we performed qRT-PCR analysis on mature anthers of osanth3-1 and the WT (Figure 5C). Compared with the high expression in WT, we found that OsANTH3 expression was significantly reduced, confirming that the T-DNA insertional mutant has a defect in the function of OsANTH3. We then analyzed the expression of other pollen-preferred OsANTH genes in the mutant. OsANTH2 and OsANTH7 expression slightly but not significantly decreased in the mutant, while expression of OsANTH11 slightly increased, suggesting that OsANTH2 and OsANTH7 were not affected by OsANTH3; however, OsANTH11 could partially compensate for the defect in the mutant.


[image: image]

FIGURE 5. Phenotypes of plants containing mutations in AP180 N-terminal homology (ANTH) domain-containing protein-coding gene 3 in Oryza sativa (OsANTH3) (LOC_Os02g07900). (A) Schematic diagram of the osanth3-1 mutant with T-DNA insertion. (B) Polymerase chain reaction (PCR) analysis for genotyping using two primer sets (F/R and R/N). Genotyping results showed that osanth3-1 was homozygous. (C) qRT-PCR for four genes (OsANTH3, OsANTH11, OsANTH2, and OsANTH7) in Dongjin (WT) and osanth3-1. 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. (D) Vegetative growth was not significantly different between the WT and osanth3-1, but osanth3-1 shows partial male sterility. (E) Panicle of the osanth3-1 mutant observed with many empty grains due to poor germination. (F) Whole spikelet (left side) and spikelet after removing lemma and palea (right side) of osanth3-1 are similar to those of the WT. (G) Pollen grains of the WT and osanth3-1 mutant stained with KI solution exhibited normal starch accumulation. (H,I) Microscopic photograph of pollen germination in the WT and osanth3-1 mutant. Compared with that in the WT, osanth3-1 exhibited a lower germination percentage (J). Fertility rate was calculated as (average of the number of seeds normally germinated)/(total seeds) × 100 for each panicle. (K) The germination rate was calculated as (the average of the number of germinated pollen)/(total pollen) × 100, n = 100. Significant differences are indicated by asterisks; *p < 0.01 and **p < 0.0001. Scale bars, 10 cm in (D); 5 cm in (E); 10 μm in (F); and 20 μm in (I); Bars = 200 μm in (G,H). Error bars represent the standard errors of three biological replicates (C,J).


To find the cause of the partial sterile phenotype of the osanth3-1 homozygous mutant (Figures 5D,E), we further examined phenotypical changes. Mutant plants produce normal panicle (Figure 5F), floral organs, and pollen grains (Figure 5G). However, we found that the germination percentage of pollen in osanth3-1 was 29.38%, compared with 63.67% in the WT (Figures 5H,K). The KI-staining results showed no difference between the WT and mutant pollens for maturation (Figure 5G), indicating that that the reduction in the percentage of germination was not caused by a lack of starch in the pollen grain. The size variation of pollen grains indicates the hydration status of rice pollen grains, indicating some smaller grain are not hydrated fully. Although the germination percentage in osanth3-1 pollen was more reduced than that in WT pollen, germinated osanth3-1 pollen normally grows pollen tubes (Figures 5H,I). The homozygous mutant generated by CRISPR-Cas9, named osanth3-2, also showed a similar phenotype (Supplementary Figure 5), confirming the role of OsANTH3 in pollen germination. Our study reveals that OsANTH3 plays a role in rice pollen germination.

To further examine how CME affects germination, we treated a CME inhibitor, IKA. As the concentration of IKA increased from 0 to 100 μM (Figure 6A), the germination percentage decreased, suggesting that CME can affect rice pollen germination. Compared with the WT, osanth3-1, which does not normally perform CME due to a lack of ANTH3 function, showed a low germination percentage regardless of IKA concentration (Figure 6B). The results suggest that CME affects rice pollen germination and is mediated by OsANTH3.
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FIGURE 6. Rice pollen germination percentage and clathrin-mediated endocytosis patterns under Ikarugamycin (IKA) treatment at varying concentrations. (A) Images of rice pollen placed in germination media with different concentrations of IKA (0, 10, 50, and 100 μM). All media contained 0.2% dimethyl sulfoxide (DMSO). Bars = 200 μm. (B) Germination percentage of the wild-type and osanth3-1 plants at different IKA concentrations. Germination rate was calculated with three replicates (each of the replicates was calculated for n > 100).




DISCUSSION

ANTH proteins act as adaptor proteins for CME to recycle or degrade cargo proteins in the membrane. In this study, we explored the physiological role of CME and ANTH genes regarding pollen germination in rice. We found 17 OsANTH genes in the rice genome; four genes contained a partial ANTH domain and were expressed at undetectable levels.

ANTH proteins contained a conserved PIP2-binding site in the α-helix 2 and α-helix 3 motifs at the N-terminal region (Supplementary Figure 2), due to which the proteins bind to the PM (Holstein and Oliviusson, 2005). Their secondary structure in the N-terminal region was also very similar (Supplementary Figure 6). The C-terminal region of OsANTH proteins, which contains various of motifs, was predicted to be exposed to the cytoplasm, as a general feature of the ANTH protein family. Therefore, this region may be able to induce the recruitment of coat component and clathrin assembly. When expressed in tobacco leaves, signals from the four GFP-OsANTH fusion proteins (OsANTH2, OsANTH3, OsANTH11, and OsANTH14) with pollen preferential expression were observed in the PM, cytosol, and nucleus (Figure 4). Similar to our results, the ANTH proteins in Arabidopsis (PICALM5a and PICALM5b) are localized in mature pollen grains and the cytoplasm and PM of germinated pollen tubes (Muro et al., 2018). Localization of ANTH proteins in the nucleus has not yet been reported in plants; however, in animals, the epsin protein has been reported to be translocated from the cytoplasm to the nucleus, suggesting that it may convey signals from the endocytic pathway to the transcription machinery (Hurtley, 2000).

Members of the ANTH family are also found in most taxa, excluding the Chromista and Excavata. The Plantae ANTH family has evolved to be more subdivided than other kingdoms (Opisthokonta, Amoebozozoa, and Euglenozoa). Plantae, which undergo endocytosis and endosomal sorting, all had a complex evolution, as illustrated by the high number of duplications in each subfamily. In most plants, the molecular mechanisms and how this differs in different tissues are not well characterized. However, this increased number of ANTH genes suggests that endocytosis and endosomal functionality might be specialized to different cell types or cargoes, and these genes have different function at different steps of trafficking in Plantae (de Craene et al., 2012). Even with close evolutionary relationships, each gene might have unique roles in each species (Zouhar and Sauer, 2014) or can be responsible for specified endocytic functions in different tissues. It has been reported that nine ANTH member homologs exist in monocots and dicots, two members are specific to dicots, and seven members are specific to the Brassica family (Zouhar and Sauer, 2014). It is noteworthy that some members seem to have coevolved in monocots and dicots for pollen function. For example, pollen-expressed OsANTH3 and OsANTH11 are homologous to PICALM2a and PICALM2b in Arabidopsis, which are highly expressed in pollen (Supplementary Figure 4). Until now, there have been few reports on the function of ANTH genes in other species besides Arabidopsis. Therefore, further studies are required to determine whether pollen-preferred ANTH genes function as different adaptors during pollen germination.

ANTH proteins can be divided into two subgroups, and the C-terminal region of the NPF-rich subgroup was more conserved than that of the NPF-less subgroup (Figure 1). OsANTH3 and OsANTH11 genes belonging to the NPF-rich subgroup were pollen-preferred genes (Figure 1). Few studies have been conducted on the NPF-rich groups in Arabidopsis, and all the genes studied in relation to pollen germination and tube growth belonged to NPF-less groups.

Like the ANTH proteins in other plant species, OsANTH proteins lack the DPW and FXDXF motifs, which are present in animals ANTH protein for α-adaptin binding (Owen et al., 1999; Brett et al., 2002). Instead, the NPF and DPF motifs can recruit EH domain-containing proteins, bind α-adaptin, and function as clathrin-binding motifs (Scheele et al., 2001). This suggests that NPF-rich OsANTH3 not only combine with α-adaptin to participate in CCV but also function as a clathrin-binding motif. The main endocytic clathrin adapter AP-2 alone is not sufficient to generate CCVs (Brod et al., 2020). CALM and AP180, the animals ANTH proteins, are abundant in CCVs similar to AP-2 (Prasad and Lippoldt, 1988; Skruzny et al., 2015). Additionally, it has been proposed that ANTH proteins act as specific monomeric cargo adapters that recruit cargo to the CCV nucleation site independent of heterotetrameric AP-2 (Holstein and Oliviusson, 2005). For example, AP180 regulates synaptic vesicle size and was shown to regulate the abundance of glucose-dependent insulinotropic polypeptide 1 receptors at postsynaptic elements in Caenorhabditis elegans, and disabled-2 targets low-density lipoprotein receptors for endocytosis (Miller and Lefkowitz, 2001; Burbea et al., 2002; Mishra et al., 2002). Furthermore, huntingtin-interacting protein 1 seems to function as an adaptor for a glutamate receptor in animals (Metzler et al., 2007), and PICALM5 in Arabidopsis proteins serves as a specific loading adaptor to recycle ANXUR proteins (Muro et al., 2018). In our motif analysis, all seven OsANTH proteins belonging to the NPF-rich group had DLL motifs in the same region, suggesting that they can function in regular endocytic CCVs. Although whether OsANTH is the only protein that assembles clathrin and how it interacts with binding proteins still need to be verified, this suggests that OsANTH is an important factor as a monomeric cargo-specific adaptor for CME (Figure 7).
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FIGURE 7. Model of the possible role of Oryza satvia AP180 N-terminal homology domain-containing protein 3 (OsANTH3) in clathrin-mediated endocytosis in germinating pollen. OsANTH3 might function as an adaptor for clathrin-mediated endocytosis, which is critical for rice pollen germination. Unknown cargo and/or GORI and PME31 proteins might be endocytosed from the plasma membrane (PM) to the early endosome/trans-Golgi network (EE/TGN) by interacting with the N-terminal of the OsANTH3 protein. Brefeldin A (BFA) treatment inhibits recycling from the EE/TGN to the PM, and OsANTH3 can be formed as BFA bodies in the cytoplasm.


The TGN in plants is a major sorting system and receives recycled material from endocytosis (Rosquete et al., 2018). The TGN functions as the EE in plant cells (Bolte et al., 2004; Dettmer et al., 2006; Lam et al., 2007). The inhibitor BFA affects membrane traffic in animal secretory and endocytotic pathways (Lippincott-Schwartz et al., 1991). In plants, large intracellular compartments are formed in response to BFA treatment. BFA inhibits the recycling of PM proteins by interfering with secretion from the TGN/EE to the PM in intracellular traffic between them, creating BFA compartments (Lam et al., 2009). In the localization experiment observed on tobacco leaves using the GFP-fusion protein, several endosomal vesicles called BFA bodies were observed around the cytoplasm close to the PM. These results indicate that OsANTH3 prefers to circulate material from the PM to the TGN/EE. In particular, it is assumed that OsANTH3 plays a role in recirculating the signal protein or extracellular material present in the PM, either through endocytosis or by embedding in the PM itself. Integral PM proteins to be internalized via CME are marked for uptake by signal peptides and posttranslational modification like ubiquitination. In plants, it is still unknown how cargo recycles or degrades. Clathrin-independent endocytosis (CIE) appears to be restricted to the tip apex, while CME preferentially occurs in the shoulder region of the apex (Dhonukshe et al., 2007; Moscatelli et al., 2007; Moscatelli, 2008; Zhao et al., 2010). IKA, an inhibitor of CME in animal cells, has been used to dissect the endocytic pathway (Hasumi et al., 1992; Luo et al., 2001). In fact, there are reports relating to endocytosis in which the length of pollen tubes was reduced when IKA was used to treat tobacco pollen tubes (Moscatelli et al., 2007). Our results showed that the higher the concentration of IKA on the pollen, the lower the gemination rate, but the pollen tube length of the germinated pollen was found to be normal. This can be explained through the observation of tobacco pollen tubes in response to the IKA treatment; when IKA was processed, endocytosis was not completely inhibited, and the pollen tube gradually reached the normal length. Therefore, even if CME is inhibited, pollen tube growth is possible through CIE. This may be because rice has a relatively short pollen tube length and growth time.

Animal and yeast cells internalize preferential signal molecules through CME in a variety of signal transduction pathways (Goldstein et al., 1985; Wendland et al., 1999). Several studies on Arabidopsis have demonstrated that auxin flow is partially mediated by membrane trafficking-dependent intracellular relocalization and/or degradation of PIN auxin efflux transporters (Kleine-Vehn et al., 2006). In fungus, the CME pathway may be important during germination, germ-tube growth, and initiation of appressorium formation (Atkinson et al., 2002). In plants, most endocytic mechanisms are mediated by the coat protein clathrin. In addition, it has been proven that rapid activation of endocentric processes occurs during the seed germination (Pagnussat et al., 2012). In our study, for the WT under CME-inhibiting conditions, pollen germination was reduced, but not tube elongation. In addition, the results of osanth3-1 showed a reduction in the germination percentage; however, the growth of the pollen tube was normal. This low generation percentage in osanth3-1 eventually led to a decrease in fertility. As a result of drawing the network to find the candidate genes involved in germination signaling using endocytosis and OsANTH3 (Supplementary Figure 7), it was possible to suggest that ANTH could interact with various signaling proteins, including receptor or membrane-integrated proteins involved in endocytosis.

In the Y2H screening for the identification of direct protein interactions (Supplementary Figure 7), the C-terminal of OsANTH3 (1096∼end) was found to interact with the PME31 (pectin methylesterase) (Kim Y. et al., 2020) and GORI proteins (Kim et al., 2021), which are both important for rice pollen germination. GORI encodes a seven WD40 motif protein that is homologous to REN4 in Arabidopsis. Knock-out of GORI caused 20% pollen germination percentage but germinated pollen has defect on tube elongation as well, causing full male sterility (Kim et al., 2021). REN4 was shown to interact with PICALM9b/EAP1 (Li et al., 2018), similarly to interactions between GORI and OsANTH3. The WD40 motif might function as a scaffold to form an endocytosis complex. Taken together, we were able to draw a working model of OsANTH in a pollen (Figure 7). We still need to further confirm how this complex affects germination signaling; however, we assume that OsANTH proteins are involved in CME by interacting with various membrane-bound proteins or signaling molecules through the C-terminal to form a functional complex.
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Mitochondrial markers can be used to differentiate diverse mitotypes as well as cytoplasms in angiosperms. In cauliflower, cultivation of hybrids is pivotal in remunerative agriculture and cytoplasmic male sterile lines constitute an important component of the hybrid breeding. In diversifying the source of male sterility, it is essential to appropriately differentiate among the available male sterile cytoplasms in cauliflower. PCR polymorphism at the key mitochondrial genes associated with male sterility will be instrumental in analyzing, molecular characterization, and development of mitotype-specific markers for differentiation of different cytoplasmic sources. Presence of auto- and alloplasmic cytonuclear combinations result in complex floral abnormalities. In this context, the present investigation highlighted the utility of organelle genome-based markers in distinguishing cytoplasm types in Indian cauliflowers and unveils the epistatic effects of the cytonuclear interactions influencing floral phenotypes. In PCR-based analysis using a set of primers targeted to orf-138, 76 Indian cauliflower lines depicted the presence of Ogura cytoplasm albeit the amplicons generated exhibited polymorphism within the ofr-138 sequence. The polymorphic fragments were found to be spanning over 200–280 bp and 410–470 bp genomic regions of BnTR4 and orf125, respectively. Sequence analysis revealed that such cytoplasmic genetic variations could be attributed to single nucleotide polymorphisms and insertion or deletions of 31/51 nucleotides. The cytoplasmic effects on varying nuclear-genetic backgrounds rendered an array of floral abnormalities like reduction in flower size, fused flowers, splitted style with the exposed ovule, absence of nonfunctional stamens, and petaloid stamens. These floral malformations caused dysplasia of flower structure affecting female fertility with inefficient nectar production. The finding provides an important reference to ameliorate understanding of mechanism of cytonuclear interactions in floral organ development in Brassicas. The study paves the way for unraveling developmental biology of CMS phenotypes in eukaryotic organisms and intergenomic conflict in plant speciation.
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INTRODUCTION

Mitochondria play a central role in energy production by oxidative phosphorylation, apoptosis, and other cellular processes (Chen et al., 2017; Shu et al., 2018). The migration of essential genes from mitochondrial genome to nuclear genome has been a consistent feature of genome evolution in eukaryotic organisms (Christensen, 2013; Horn et al., 2014). The integrated action of mitochondrial and nuclear genomes is pivotal for many of the cellular functions. The substantial structural complexity and variation in genome size of plant mitochondrial genome is resulted from the accumulation of diverse repeat sequences, frequent homologous recombination of large repeat sequences, and inclusion of foreign DNA fragments (Sloan, 2013; Gualberto and Kuhn, 2014; Gualberto et al., 2014; Chen et al., 2017). The plant mitogenomes also have the remarkable features of presence of highly diverse intergenetic regions, frequent mt-DNA rearrangements, slow evolution in mt-DNA sequences, and rapid structural evolution (Sloan, 2013; Chen et al., 2017). Attributed to these characteristics, the extensive genome reorganization and shuffling in gene order may occur in plant mitogenomes and unusual open reading frames (ORFs) are generated, some of which causes extreme phenotypes such as cytoplasmic male sterility (CMS) (Tanaka et al., 2012; Chen et al., 2017; Singh et al., 2019a). The CMS is a maternally inherited trait which is characterized by inability to produce viable pollen or male reproductive organs for sexual fertilization (Singh et al., 2019a). The mitochondrial genes determining CMS phenotype can be masked by fertility restorer genes (Rf) in nuclear genome. Presence of male sterile cytoplasm without the Rf gene in the nuclear genome results in CMS phenotype (Chen et al., 2017; Singh et al., 2019a). CMS is an important trait to provide new insights into plant nucleo-mitochondrial communication.

Cytoplasm-induced male sterility is a widespread phenomenon reported in over 150 plant species (Chase, 2007; Bohra et al., 2016; Chen et al., 2017). The CMS system is instrumental for utilization of heterosis in vegetable Brassicas for higher yield and quality traits (Dey et al., 2011a, 2018; Thakur et al., 2015; Singh et al., 2018a, 2019b,c). Cauliflower (Brassica oleracea var. botrytis L.) is an important member of vegetable Brassicas grown worldwide. It has been an important contributor in human diet owing to high content of dietary minerals, vitamins, glucosinolates, and other phytochemical compounds with antioxidant and anticancer properties (Singh et al., 2018a,b, 2019b). Availability of genetic mechanisms like sporophytic self-incompatibility (SSI) and CMS make the hybrid breeding in cauliflower remunerative (Dey et al., 2014; Sehgal and Singh, 2018; Singh et al., 2019b,c). However, nonavailability of strong S-alleles for reliable SSI system and instability of the S-alleles under varied climatic conditions made this system less attractive. Therefore, presently CMS is most widely used in hybrid breeding in cauliflower (Dey et al., 2013, 2014; Singh et al., 2021). The wild allies and other closely related Brassica coenospecies serve as the reservoir of different cytoplasms which are being used to develop CMS through intraspecific/interspecific/intergeneric hybridization mediated by sexual crossing or protoplast fusion (Cardi and Earle, 1997; Yamagishi and Bhat, 2014; Shu et al., 2016; Kang et al., 2017; Singh et al., 2019a; Bhatia et al., 2021a,b). Among the different CMS types, ogu (Ogura, 1968) and pol (Handa et al., 1995) CMS systems are widely used in hybrid breeding of vegetable Brassicas. Numerous CMS-related genes (orfs) have been identified and well characterized in different plant species. The key mitochondrial genes (orfs) associated with different CMS types in Brassicaceae are orf138 correlated with Ogura CMS (Ogura, 1968; Singh et al., 2019a), orf125 associated with kosena CMS of Radish (Iwabuchi et al., 1999), orf72 correlated with mur CMS of Diplotaxis muralis (Shinada et al., 2006), orf222 associated with “nap CMS” of Brassica napus (L’Homme et al., 1997), orf224/atp6 correlated with pol CMS (Wang et al., 1995), orf288 linked with hau CMS of B. juncea (Heng et al., 2018), orf263 correlated with “tour CMS” of Brassica tournefortii (Landgren et al., 1996), and orf220 associated with “tuber mustard CMS” of Brassica juncea (Yang et al., 2010). The gene-specific primers for these mitochondrial genomic regions can be efficiently utilized to differentiate different CMS types in Brassica crops. Several mitochondrial DNA-specific microsatellites (mt-SSR) markers have been developed to distinguish different CMS types and assessment of cytoplasmic diversity in different Brassica species like B. oleracea var. italic (Shu et al., 2015, 2016), B. oleracea var. capitata (Wang et al., 2012), B. rapa (Zamani-Nour et al., 2013; Zhang et al., 2013; Heng et al., 2015), B. napus, and B. juncea (Yu et al., 2014).

The CMS cauliflowers and other Brassica crops with Ogura or other alien cytoplasts display complex variations in reproductive features. These reproductive phenotypes are expressed as floral abnormalities such as homeotic-like transformation of stamens to pistil-like structures (pistillody), homeotic modification of stamens to petal-like structures (petaloidy), carpelloid stamens, adherence of functional stamens to style, partially opened flowers, splitted style with exposed ovule, splitted style, absence of nectaries, rudimentary nectaries, and fused flowers (Meur et al., 2006; Saha et al., 2016; Dey et al., 2017b; Kang et al., 2017; Singh et al., 2019a). These floral malformations are a result of incongruity between nuclear and mitochondrial genomes (Shu et al., 2015; Singh et al., 2019a). It is evident that loss of function, mutation, or insertion/deletion in MADS-box genes APETALA2, APETALA3, or PISTILLATA, which are class B genes of classic ABC model for flower development, renders homeotic transformation of stamens to carpels or petals to sepals (Zhang et al., 2011, 2018; Shu et al., 2015). The homeotic floral deformities have also been explained by the dosage imbalance of class B and class C genes of classic ABC model and aberrant mitochondrial gene expression (Meur et al., 2006; Liu et al., 2018). These floral malformations which are linked to genetic background and cytoplasm types, results in inefficient nectar production, impaired pollination, reduced female fertility, and consequently a drastic reduction in seed yield. The other alterations in flower phenotype and reproductive structures, such as aborted pollen, degenerative anthers, crooked or bent stigma, reduction in flower size, variation in filament size, etc., are universal in autoplasmic and alloplasmic CMS systems of Brassica crops (Shu et al., 2016; Dey et al., 2017a; Kang et al., 2017). In India, during the last three decades, a large number of CMS-based breeding lines/material have been generated in Indian cauliflowers by repeated backcrossing or somatic hybridization by exploiting various CMS sources. However, systematic characterization and identification of these floral malformations in CMS lines of the Indian cauliflowers have not been done so far.

Furthermore, mitochondrial markers can potentially be used to determine the CMS mitotypes and analyze genetic diversity in Indian cauliflower CMS lines. Moreover, mitotype-specific SSRs can be reliably used for distinguishing normal CMS lines from the one having varying degree of floral deformities. Identification of mt-SSRs and other mitochondria-specific markers associated with floral deformities will enable to screen out cauliflower CMS lines with different types of floral abnormalities at an early stage. Analysis of sequence-based variation and its association with floral reproductive development will be instrumental in elucidating developmental biology of floral organ development in CMS phenotypes of eukaryotic organisms.



MATERIALS AND METHODS


Plant Materials and Nucleic Acid Isolation

The basic plant material consisted of 76 CMS accessions of cauliflower with different nuclear backgrounds, developed after more than nine generations of backcrossing (Table 1). Among the 76 genotypes, 63 CMS lines were developed at ICAR-Indian Agricultural Research Institute (IARI), Regional Station, Katrain, Kullu Valley, Himachal Pradesh, India through backcross introgression. Thirteen CMS based F1 hybrids were obtained from different private companies (Table 1). In addition, one fertile inbred line of cauliflower with normal cytoplasm, Sel-27 was used as control. The CMS lines along with control Sel-27 were grown in pro-trays under glasshouse conditions of Baragram Experimental Farm of ICAR-Indian Agricultural Research Institute (IARI), Regional Station, Katrain, Kullu Valley, Himachal Pradesh, India for extraction of nucleic acid. The deoxyribonucleic acid was isolated from fully expanding leaves (100 mg) from 25 to 30 days old seedlings using cetyltrimethyl ammonium bromide (CTAB) method with minor modifications (Murray and Thompson, 1980). The deoxyribonucleic acid samples were adjusted to 25–50 ng DNA/μl and were stored at −80°C until use.


TABLE 1. Large genetic stock of Indian cauliflower under study.
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PCR Amplification

Nineteen pairs of mitochondrial markers were used to detect nucleotide diversity among male sterile mitotypes of Indian cauliflowers (Supplementary Table 1) (Shu et al., 2016). One pair of primers (P1) was specific to orf138 determining Ogura CMS, two pairs of primers were specific to orf222 (P2 and P3), and one pair specific to orf222-orf224 (P4), orf224 (P5), atp6-orf224 (P6), and orf263 (P7). The six pairs of primers (P8–P13) were based on orf138-related genomic sequences, and other six pairs (P14–P19) were mitochondrial simple sequence repeat markers (mt-SSRs). The PCR amplifications were carried out in a reaction mixture of 25 μl consisted of 2 μl of genomic DNA template (50 ng), 1 μl of each forward and reverse primers, 12.50 μl of 2× PCR Green master mix (GoTaq DNA polymerase; Promega, United States), and 8.50 μl nuclease free water. The Eppendorf Mastercycler Nexus GSX1 was used for PCR amplification. Amplification was done following PCR cycling program: an initial denaturation of 95°C for 5 min, then 35 cycles of denaturation at 95°C for 30 s, annealing of primers at suitable temperature for 30 s and extension at 72°C for 1 min, and a final extension of 72°C for 7 min. The amplification by each polymorphic locus was repeated three times for the confirmation, and the PCR products were separated on 3% agarose gel electrophoresis in 1× TBE buffer (pH 8.0) at 100 mA voltage for 120 min. Ethidium bromide (EtBr) of 0.5 mg/ml was used for gel staining, and gel pictures were captured using digital gel documentation unit (BioSpectrum® Imaging SystemTM, United Kingdom). The determination of fragment sizes was done using PromegaTM 100 bp DNA step ladder.



Cluster Analysis Based on Mitochondrial Markers

For the cluster analysis based on mitochondrial markers, we studied the gel pictures and a binary matrix was used by converting the polymorphic loci data into 1 and 0. The amplified bands were scored visually as 1 for presence and 0 for absence. The qualitative differences in the band intensities were not taken into consideration for analysis. To categorize the CMS lines into distinct groups, the molecular data generated by combining the two types of analytical methods (mitochondrial DNA-specific markers and B. napus-based mt-SSRs) and subjected to cluster analysis via neighbor-joining (NJ) unweighted pair group method with arithmetic mean (UPGMA) using DARwin v6.0.017 (Perrier and Jacquemoud-Collet, 2006). The simple matching (SM) coefficient was computed to calculated genetic distance.



Sequence Analysis

Initially, PCR amplification detected clear polymorphism for the primers P15 and P16 in terms of the length of amplified products. Based on the gel picture analysis, polymorphic fragments were selected for subsequent cloning and sequencing. Using polymorphic variants in the gel image, four representative polymorphic amplicons of both these groups of respective primers P15 and P16 were purified for sequencing. Two variants of each polymorphic fragment with different length were used for cloning and sequencing. In total, eight representative polymorphic amplicons (four from primer P15 and four from primer P16) were selected. Sequencing revealed that fragments amplified by primer P15 were of 251 bp in 46 CMS lines under study and 220 bp for the remaining CMS lines. The amplicons generated by primer P16 were of the size 420 bp in 42 CMS accessions under study and 471 bp in the remaining. The representative amplified PCR products were purified using Wizard® SV Gel and PCR Clean-Up System (Promega). For each of the polymorphic amplified fragment, the representative purified PCR products were cloned into pGEM®-T Easy vector system (Promega Corporation, United States) following the supplier’s guidelines. The products were transformed into Escherichia coli (DH5α)-competent cells. The positive clones were confirmed by colony PCR and restriction digestion. The five positive clones for each of the selected polymorphic fragments were subjected to Sanger Dideoxy sequencing (Eurofins Genomics India Pvt., Ltd.). The percent sequence identity and similarity analysis was carried out with NCBI (National Center for Biotechnology Information) web-based BLAST service1 (Altschul et al., 1990) for the comparative analysis of obtained sequences with available relevant mitochondrial genome sequences in Brassicaceae. The Sanger sequences obtained were assembled and subjected to multiple sequence alignment with reference mitochondrial genomes to determine any variation at nucleotide level using SeqMan Pro tool of DNASTAR version 15.32 (Lasergene Inc., Madison, WI, United States). The phylogenetic tree was constructed with MEGA X software (Kumar et al., 2018) based on different datasets of polymorphic primers. NCBI ORF finder3 was used to determine ORF numbers in the representative DNA sequence of polymorphic loci and to screen hypothetical protein translations. To verify predicted proteins, NCBI BLASTP or SMART BLAST (Altschul et al., 1990) was used. The amino acid multiple sequence alignment was performed using CLUSTAL Omega program (Sievers et al., 2011).



Accession Numbers of Selected Polymorphic Amplicons

The sequences of selected polymorphic amplicons of Ogu307-33A, Ogu33-1A, Ogu16A, Ogu12A, Ogu12A-orf125, Ogu121-2A, Ogu-HL-3A, Ogu17A, and Ogu50A were submitted to the GenBank nucleotide sequence database of NCBI, and respective accession numbers were received after online publication as MN549523, MN549524, MN549525, MN549526, MN549527, MN549528, MN549529, MN549530, and MN549531, respectively. These accession numbers will be used hereafter.



Impact of Cytonuclear Interactions on Floral-Nectar Phenotype

The field study was carried out at Baragram Experimental Farm of ICAR-IARI, Regional Station, Katrain, Himachal Pradesh, India, situated along the river Beas. The recommended package of practices, suggested for growing a healthy crop at the Baragram Experimental Farm, were followed for better agronomic and phenotypic expression of crop (Singh et al., 2019c). To determine the effect of cytonuclear interactions on floral reproductive traits, a comparative phenotypic analysis of a set of 60 CMS lines of snowball group of Indian cauliflower along with their respective male fertile counterparts (maintainer lines) was carried out based on important floral morpho-physiological traits viz. (i) petal color, (ii) shape of style, (iii) presence of floral nectaries, (iv) presence of viable pollen, (v) type of ovary, (vi) petal size: petal length (mm) and petal width (mm), (vii) ratio of petal length to petal width, (viii) sepal size: sepal length (mm) and sepal width (mm), (ix) ratio of sepal length to sepal width, (x) short filament length (mm), (xi) long filament length (mm), (xii) short stamen length (mm), (xiii) long stamen length (mm), (xiv) style length (mm), (xv) ratio of stamen to style, (xvi) ratio of long stamen to short stamen, and (xvii) nectar quantity (μl) (Singh and Srivastava, 2006; Chang et al., 2011; Gautam et al., 2011; Dey et al., 2017b; Kang et al., 2017). The petal length to petal width ratio was estimated to determine changes in petal size. The long stamen to style ratio was determined to estimate relative position of stigma to stamen. The long to short stamen ratio was estimated to determine the effect of cytoplasm on stamen length (Singh and Srivastava, 2006). The presence or absence of pollen grains was determined on the basis of visual observation, and pollen viability was tested by staining with 2% acetocarmine (Singh and Srivastava, 2006). All the CMS lines and their respective maintainers were evaluated for different floral traits in randomized block design (RBD) with three replications to quantify the modifications in flower reproductive features due to cytonuclear conflict. The data set was subjected to statistical analysis using paired t-test. Observations were recorded from 12 flowers per genotype (four flowers from three plants) in each replication. The CMS lines were compared with their respective maintainers for detection of floral abnormalities (e.g., pistillody, carpelloid stamen, petaloid stamens, splitted style, partially opened flowers, fused flowers, absence of nectaries, etc.). Floral nectar is an important trait for comprehending the plant-pollinator mutualisms. For the analysis of effect of nuclear-genomic conflict on nectar production, the quantification of nectar production was done from the CMS lines and their respective maintainers. The data was taken from 10 flowers of each genotype during early morning hours with graduated capillary of 10 μl. The average data was used for further statistical analysis.



Statistical Analysis for Floral Reproductive Traits

All the CMS lines were clustered into different groups based on cluster analysis and dendrogram construction based on Euclidean distance was done with the PCA and NJ UPGMA method using DARwin software version 6.0.017 (Perrier and Jacquemoud-Collet, 2006). For testing the reliability of NJ dendrogram, a bootstrap value of 1,000 replicates was used. To compare the CMS lines with their respective male fertile counterparts, an average of CMS lines and their male fertile counterparts (maintainers) for different floral traits was analyzed using paired t-test by subjecting the data to “R” statistical software.



RESULTS


Determining Cauliflower Cytoplasm Types and Genetic Divergence

The 76 CMS accessions (63 indigenously developed CMS lines and 13 CMS based hybrids) of Indian cauliflowers (Table 1) were screened using 19 pairs of mitochondrial markers. These markers consist of 13 pairs of mitochondrial gene-specific primers: P1–P13 and six pairs of mt-SSRs, P14–P19, designed based on the B. napus mitochondrial genome (Supplementary Table 1) (Honma et al., 2011; Wang et al., 2012; Shu et al., 2016). Among the 13 pairs of mitochondrial gene-specific primers, seven pairs specific to orf138 were amplified. They did not show any amplification in the control inbred line, Sel-27 devoid of Ogura cytoplasm (Figure 1A). However, none of the primers specific to pol, nap, and tour cytoplasms exhibited any amplification in the CMS lines. The six pairs of mitochondrial SSRs were amplified across the 76 Indian cauliflower CMS lines. The amplification pattern of the gene-based primers indicated that the cytoplasm type of all the CMS lines in Indian cauliflower was derived from Ogura cytoplasm; however, there was a variation at nucleotide level among the large genetic stock of Indian cauliflower. These results indicated presence of only Ogura cytoplasm in all the cauliflower lines and F1 hybrids under study, and none of the CMS lines and F1 hybrids were based on other types of cytoplasmic systems. Thus, these set of primers can be utilized effectively across the B. oleracea CMS germplasm to distinguish the diverse CMS systems harboring different cytoplasm types. However, different cytoplasm type-based CMS system is widely utilized across the Brassica crops and different cytoplasms are associated with different phenotypes. Thus, these mitochondrial markers would be helpful to distinguish CMS systems for their effective use in hybrid breeding program. Two pairs of mt-SSRs, P15 (BnTR4) and P16 (orf125) exhibited striking polymorphism among the CMS lines (Figures 1B,C). The amplicon size for the primers P15 and P16 varied between 200 and 280 bp and 410 and 470 bp, respectively (Figures 1B,C).
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FIGURE 1. PCR amplification profile of 76 CMS lines of cauliflower. (A) The P1 depicts the PCR amplification with primer P1 specific to orf-138; L, ladder; C, control (Sel-27). (B) Amplification profile of 76 CMS lines exhibiting polymorphism with primer P15 (BnTR4). (C) Amplification profile of 76 CMS lines exhibiting polymorphism with primer P16 (orf125).


The principal component analysis (PCA) and NJ cluster analysis based on mitochondrial markers were used to estimate the diversity in origin of male sterile cytoplasm in cauliflower lines. The cluster analysis of the cauliflower CMS lines categorized them into three major distinct groups each with two subgroups and further subclusters in each subgroup (Supplementary Figures 1a,b). Broadly, six distinct subgroups were determined based on the origin of their cytoplasm source (Supplementary Figure 1b). The six CMS lines (A38 to A43) including four CMS-based hybrids CFH1522, Kimaya, Pahuja, and Snowpearl remained in one single group; the other eight CMS lines (A44 to A51) belonged to a different group. This group comprised four CMS-based hybrid from private seed companies; it might be that same original source of Ogura cytoplasm was used to develop female parent of these hybrids. Ten CMS lines (A52 to A61) belonged to the third group and other 15 CMS lines (A62 to A76) including six CMS-based hybrids (SM, Indam, KTCF-10A, Casper, Ponder, Brahma) formed a distinct fourth group. The nine CMS accessions (A29 to A37) represented in fifth group and the rest of the 28 CMS lines (A1 to A28) including three CMS-based hybrids of Acsen HyVeg private limited (HVCF-29, HVCF-18, and HVCF-16) formed the largest group (Supplementary Figure 1b). These results indicated that all the CMS lines are based on Ogura cytoplasm, but their source of origin might be different. Besides, cytonuclear genomic incompatibilities played a significant role in genetic variation during the course of speciation of these lines.



Sequence Analysis

The fragments amplified by primer P15 were of 251 bp for 46 CMS lines under study and 220 bp for the remaining CMS lines. The representative polymorphic amplicons of both these groups depicting 251 and 220 bp sizes were selected randomly based on the size of the amplicons. They were purified and cloned in pGEM-T vector and sequenced. The obtained sequences were subjected to multiple sequence alignment with each other and reference mitochondrial genome sequences of Brassicaceae crops exhibiting high degree of sequence similarity (Table 2). The accession numbers for the sequenced fragments were obtained from GenBank NCBI as described in the Section “Materials and Methods.” The sequence analysis revealed that MN549523 shared highly conserved region with MN549524 and high degree of similarity with other reference genomic regions of mitochondrial genome sequences of KU831325.1, KJ820683.1, AB627043.1, Sequence 3 P15 from Shu et al. (2016), AP012988.1, and JF920286.1 (Figure 2 and Table 2). Whereas, the MN549525 exhibited high degree of similarity with MN549526 and reference mitogenome sequences used in sequence alignment analysis such as Sequence 4 P15 from Shu et al. (2016), AP018472.1, and AP012989.1 (Figure 2). The sequence alignment revealed a single nucleotide polymorphism (SNP) at position 78 (C/T) and in addition, the deletion of 31 nucleotide between positions 78 and 110 for MN549525 and MN549526 (Figure 2).


TABLE 2. Sequence similarity percentage of the selected polymorphic amplicons of cauliflower CMS accessions generated by mt-SSR (BnTR4) with corresponding mitogenome sequences.
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FIGURE 2. Sequence analysis and alignment of polymorphic amplicons generated by primer P15.Ogu307-33A (MN549523), Ogu33-1A (MN549524), Ogu16A (MN549525), and Ogu12A (MN549526) are selected polymorphic amplicons of CMS lines. Numbers in parenthesis are accession numbers obtained for the respective fragment sequence submitted to GenBank. KU831325.1 (Brassica oleracea var. capitata), KJ820683.1 (Brassica oleracea var. botrytis), AB627043.1 (Brassica oleracea), AP012988.1 (Brassica oleracea), JF920286.1 (Brassica oleracea), AP018472.1 (Raphanus sativus), and AP012989.1 (Brassica nigra) are related reference mitochondrial genome sequences of Brassicaceae crops available in NCBI gene bank database. Seq3 P15 and Seq4 P15 are reference sequences of broccoli from Shu et al. (2016).


The amplicons generated by primer P16 were of size 420 bp in 42 CMS accessions under study and 471 bp in the remaining. The obtained sequences were subjected to multiple sequence alignment with other mitogenome sequences of Brassicaceae crops available in NCBI database (Table 3). The sequence similarity analysis revealed that amplicons of MN549527 to MN549530 shares a high degree of sequence similarity with each other and CMS-related proteins in other Brassicaceae accessions AP018472.1, MG872827.1, JF920287.1, Seq6 P16 from Shu et al. (2016), AP012990.1, AP012989.1, and AB694744.1 (Figure 3). Likewise, MN549531 exhibited highly conserved region with Seq5 P16 from Shu et al. (2016), KU831325.1, and KJ820683.1 (Figure 3). The sequence alignment analysis revealed a deletion of size 51 bp between positions 371 and 423 in the exonic regions of ORFs for MN549527 to MN549530. While normal sequence without deletion was observed for MN549531.


TABLE 3. Sequence similarity percentage of the selected polymorphic amplicons of cauliflower CMS accessions generated by mt-SSR (orf125) with corresponding mitogenome sequences.
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FIGURE 3. Sequence analysis and alignment of polymorphic amplicons generated by primer P16. Ogu50A (MN549531), Ogu12A-orf125 (MN549527), Ogu17A (MN549530), OguHL-3A (MN549529), and Ogu121-2A (MN549528) are selected polymorphic amplicons of cauliflower CMS mitotypes. Numbers in parenthesis are accession numbers obtained for the respective fragment sequence submitted to GenBank.KU831325.1 (Brassica oleracea var. capitata), KJ820683.1 (Brassica oleracea var. botrytis), AB694744.1 (Raphanus sativus), AP012990.1 (Raphanus sativus), JF920287.1 (Brassica carinata), AP018472.1 (Raphanus sativus), AP012989.1 (Brassica nigra), and MG872827.1 (Brassica juncea) are related reference mitochondrial genome sequences of Brassicaceae crops available in NCBI gene bank database. Seq5 and Seq6 P16 are reference sequences of broccoli from Shu et al. (2016).




Cytoplasmic Genetic Variations and Floral Malformations

We sought to investigate whether cytoplasmic genetic diversity associated with SNPs or InDels at loci BnTR4 and orf125 (Figures 2, 3) has specifically impacted floral phenotypes of CMS lines. It was evident that the CMS lines exhibiting SNPs and deletions of 31 or 51 nucleotides in the ORFs exonic region was associated with varying degrees of floral abnormalities across the whole set of the CMS lines (Figure 4 and Table 4). The CMS lines with the absence of these deletions of nucleotides identified by polymorphic markers had normal flower structure with no deformities. More than 80% of the plants among CMS lines with deletions had one or another floral malformations indicating deformed flower structure. However, extent and type of deformities varied among the genotypes. The major deformities recorded in the CMS lines were (i) adherence of functional stamens with style, (ii) homeotic-like floral transformation petaloidy condition of stamens, (iii) partial petaloidy of functional stamens, (iv) splitted style along with adherence of stamens, (v) stigma hidden inside the petals, (vi) splitted style along with exposed ovules, (vii) unopened flower, (viii) stamens adherence with style and crooked stigma, (ix) partially opened flowers, (x) absence of nonfunctional stamens, (xi) fused flower, (xii) curved functional stamens with crooked stigma, and (xiii) absence of nectaries. Most of the CMS lines with none of the above floral deformities had normal female fertility and seed set (Figure 4 and Table 4).
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FIGURE 4. Floral deformities associated with cyto-nuclear conflict. (a) Adherence of functional stamens with style, (b) petaloidy condition of stamens, (c) partial petaloidy of functional stamens, (d) splitted style along with adherence of stamens, (e) stigma hidden inside the petals and petaloid stamens, (f) splitted style with exposed ovules, (g) unopened flower, and (h,i) stamens adherence with style and bent stigma.



TABLE 4. Impact of cytoplasmic genetic variations based on InDels on floral phenotypes in varying nuclear backgrounds.
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Analysis of ORFs and Similarity of Genes, Phylogenetic Relationships

The ORF analysis revealed nucleotide deletion in the orf125 coding region of the male sterile cytoplasm. The protein sequence analysis of polymorphic amplicons and reference mitotypes showed deleted nucleotide-encoded 17 amino acids (Figure 5). Therefore, polymorphism of P15 (BnTR4) and P16 (orf125) could be ascribed to SNPs or fragment insertion/deletion near the mt-SSR loci. The amino acid sequence analysis in the region of ORF depicted the polymorphic region amplified by P16 mt-SSR which is located in the coding region of orf125 protein of B. oleracea (wild cabbage), B. juncea, B. rapa ssp. oleifera, Eruca vesicaria subsp. sativa, B. oleracea var. capitata, and B. oleracea var. botrytis (Supplementary Table 2) besides its location in B. carinata exonic region of orf108c. The protein sequence analysis revealed deletion of amino acids related to array of floral deformities with high degree of similarity with orf108c in B. carinata (Supplementary Table 2). The protein sequences devoid of deletion exhibited high similarity with orf125 in B. oleracea.
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FIGURE 5. Amino acid sequence analysis of ORFs of P16 polymorphic amplicons. MN549531, MN549527, MN549530, MN549529, and MN549528 are selected protein sequences of ORFs of cauliflower CMS mitotypes. KU831325.1 (Brassica oleracea var. capitata), AB694744.1 (Raphanus sativus), and AP012990.1 (Raphanus sativus) are reference amino acid sequences of Brassicaceae obtained by NCBI ORF finder.


Polymorphism exhibited with P15 mt-SSR and mt-DNA sequences of other nine Brassicaceae mitotypes were broadly grouped into two major groups (Figure 6A). The phylogenetic analysis revealed a close affinity of cauliflower CMS lines, Ogu16A with Ogu12A and Ogu307-33A with Ogu33-1A. These cytoplasmic sources were clustered in one major group with one diploid accession of B. oleracea. This clustering in one group concurs with rapa/oleracea lineage propounded by Warwick and Black (1991) based on chloroplast genome. Another group represented diploid B. oleracea var. botrytis, B. oleracea var. capitata, B. oleracea var. italica, Raphanus sativus var. kosena, and B. nigra. This grouping also corresponded to rapa/oleracea lineage as proposed by Warwick and Black (1991) except one species of nigra lineage. Another group also confined to rapa/oleracea lineage with the exception of one species of nigra lineage. Similarly, the polymorphic amplicons based on P16 mitochondrial marker and corresponding mt-DNA sequences of 10 Brassicaceae mitotypes were clustered in two major groups (Figure 6B). The selected CMS sources, Ogu50A and Ogu17A were distantly placed from other CMS sources. OguHL-3A, Ogu12A, and Ogu121-2A exhibited a close affinity with each other and B. oleracea var. capitata based on phylogenetic analysis. The CMS line Ogu50A depicted high affinity with KJ820683.1 (B. oleracea var. botrytis L.) and Ogu17A showed high affinity with mitogenome of B. nigra and R. sativus var. kosena, and clustered in one major group along with Raphanus sativus cv. Ms-gensuke, Ogu50A, and B. oleracea var. botrytis (KJ820683.1). The black radish distantly placed itself from other members of its group.
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FIGURE 6. Phylogenetic analysis. (A) Phylogenetic tree based on sequence analysis of selected polymorphic fragments generated with primer P15 and related reference mitogenome sequences from NCBI gene bank database. (B) Phylogenetic tree based on sequence analysis of selected polymorphic amplicons generated with primer P16 and related reference mitogenome sequences from NCBI gene bank database.




Impact of Cytonuclear Interactions on Floral-Nectar Phenotypes


Floral Qualitative Traits

In the present investigation, we sought to analyze whether cytonuclear interactions specifically affected floral qualitative traits in the CMS lines of Indian cauliflowers. Cauliflower CMS lines along with their respective maintainers were characterized for five traits namely style shape, petal color, presence of floral nectaries, presence of viable pollen, and type of ovary (Supplementary Table 3 and Supplementary Figures 2,3). All the CMS lines had normal ovary and varied nectaries. None of the CMS line showed the presence of viable pollen grains and few lines were devoid of anther and pollen grains. The CMS accessions had straight to slightly curved or fully curved stigma. Yellow-colored petals were predominant; however, white petals were recorded in Ogu33A, Ogu134-8A, Ogu13A, Ogu118-6A, OguKt-2-6A, and Ogu118-2A.



Cytonuclear Interactions Influencing Floral Reproductive Phenotypes

Comparative analysis for floral reproductive whorls and floral phenotypes of cauliflower CMS lines and their respective male fertile counterparts was conducted to determine the effects of mitonuclear coadaptation and disruption. The per se performance of several CMS lines and their respective maintainers recorded significant variation for different floral phenotypes (Supplementary Table 4 and Supplementary Figure 3). Petal length varied from 12.91 mm (Ogu76-4A) to 17.92 mm (Ogu2-6A). The longest petal was recorded in the CMS line Ogu2-6A followed by Ogu126-1A and Ogu310-8A. The petal width ranged from 4.18 mm (Ogu13-85-2A) to 7.83 mm (Ogu2-6A). The CMS line, Ogu2-6A followed by Ogu178-8A and Ogu33A-1301 had the widest petals. The ratio of petal length to petal width varied from 1.88 (Ogu33A-1301) to 3.82 (Ogu13-85-2A), and ratio was >2 except for Ogu-13-01-5A, Ogu307-1A, and Ogu-13-01-33A. The considerable differences were also observed for sepal size, and the sepal length and width varied from 6.23 mm (Ogu15A) to 10.28 mm (Ogu2-6A) and 2.21 mm (Ogu13-85-2A) to 3.53 mm (Ogu115-8A), respectively. The ratio of sepal length to sepal width ranged from 2.19 (Ogu15A) to 3.88 (OguKt-2-1A). Like petal size, sepal size too was significantly reduced in the male sterile lines. The length of short (nonfunctional) and long (functional) filament ranged from 2.30 mm (Ogu16A) to 6.38 mm (Ogu310-8A) and 3.40 mm (33A-1301) to 7.52 mm (Ogu310-8A), respectively. The introgression of sterile cytoplasm resulted in the elimination of nonfunctional filaments in nine CMS lines. Marked differences were also observed for stamen length, as the short stamen (nonfunctional) length varied from 3.41 mm (Ogu16A) to 8.13 mm (Ogu310-8A) and long stamen (functional) length from 4.79 mm (33A-1301) to 9.48 mm (Ogu2-6A). The ratio of functional (long stamen) to nonfunctional anthers (short stamen) was determined to detect any changes in CMS types, and it varied from 1.03 (OguKt-2-1A) to 2.07 (Ogu77-4A) and from 1.03 to 1.26 in maintainer lines. The nine CMS lines viz. Ogu121-1A, Ogu122-1A, Ogu126-1A, OguKt-9-2A, OguKt-8-2A, Ogu118-3A, Ogu2A, Ogu3A, and Ogu118-2A were completely devoid of nonfunctional stamens. The significant differences were also observed in all the CMS lines for style length and varied from 5.32 mm (Ogu14A) to 9.44 mm (Ogu16A). However, in the male fertile counterparts, the style length varied from 6.33 to 10.86 mm. These results clearly indicated the effect of cytonuclear genomic incompatibilities on reproductive whorls. Reduction in style length, stamen length, and even absence of short stamens was also recorded in the CMS lines in different nuclear backgrounds. Generally, the position of style was higher than the stamens in majority of the CMS lines except Ogu-Kt-2-1A, Ogu122-5A, Ogu118-4A, Ogu33-1A, Ogu33A, Ogu77-4A, OguKt-9-2A, Ogu3A, and Ogu14A (Supplementary Table 4). The cytonuclear conflict invariably reduced the stamen length in all the Indian cauliflower lines. The relative position of stamens and stigma was determined by estimating the ratio between functional stamens and style length. The ratio varied from 0.62 (33A-1301) to 1.30 (Ogu14A) in CMS lines and 0.98 to 1.46 in male fertile counterparts.



Impact of Cytonuclear Interactions on Nectar Production

Comparative nectar quantity analysis in the CMS lines and their respective male fertile maintainers was conducted to determine the impact of cytonuclear interactions for this trait. Significant variation was observed in the CMS lines for nectar quantity (Table 5). The nectar quantity varied from 0.28 μl (Ogu15A) to 5.69 μl (Ogu1-8A) in the CMS lines, while in the male fertile counterpart, the nectar quantity varied from 0.60 to 13.94 μl. The highest quantity of nectar was found in the CMS line, Ogu1-8A followed by Ogu308-6A and Ogu2-6A. The results revealed a significant reduction in the nectar quantity of CMS lines as compared with their respective male fertile counterparts, indicating that cytonuclear interactions caused inefficient nectar production (Table 5).


TABLE 5. Impact of cytonuclear interactions on nectar production of cytolines in varying nuclear backgrounds.
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Cluster Analysis

The CMS lines were grouped into different clusters based on floral reproductive whorls and phenotypic traits, and two major clusters (CI and CII) were formed with two subclusters in cluster II (Figure 7). The subclusters (C-IIA and C-IIB) in cluster II were further grouped into subclusters C-IIA-1, C-IIA-2, C-IIB-1, and C-IIB-2. Majority of CMS lines grouped into clusters II and I had only nine CMS lines. All the CMS accessions with the absence of nonfunctional stamens remained in cluster I. The six CMS lines with functional stamen lengths of 8.5 to 9.48 mm remained in the subcluster C-IIA-1. The nine CMS accessions grouped into subcluster C-IIA-2 with nonfunctional filament length of 3.1–3.8 mm, and majority of the CMS lines in this cluster had sepal width of <2.45 mm. The subcluster C-IIB-1a contained five CMS lines with petal length of <14.5 mm, style length of 6.28–6.6 mm, and functional stamen length of 6.49–6.61 mm. The subcluster C-IIB-1b had 10 CMS lines, and majority of them (60%) have petal length of 15–17 mm and sepal width of 2.9–3.4 mm. The subcluster C-IIB-2a comprised eight CMS lines, and majority of them had sepal length of >8.7 mm (i.e., 8.7–9.8 mm). The remaining 13 CMS lines were clustered into subcluster C-IIB-2b with petal length of >13 to <15 mm in majority of the lines.
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FIGURE 7. Cluster dendrogram of cauliflower cytoplasmic sources based on floral traits. Cluster C-I harbor all the CMS lines without nonfunctional stamens. Cluster C-II comprises different subclusters with varying degree of floral phenotypic variability and abnormalities.




DISCUSSION

The CMS phenotype is a common feature in higher plants controlled by mt-DNA and widely used to facilitate hybrid development in Brassica vegetables (Shu et al., 2016; Singh et al., 2018a, 2019a; Dey et al., 2019). The propensity to frequent recombination, mt-DNA rearrangements, and encoding of numerous genes makes plant mitogenome more complex relative to their metazoan counterpart. In this context, the role of mitochondrial markers in quick identification and differentiation of different CMS types has been reported earlier in other members of Brassicaceae (Wang et al., 2012; Shu et al., 2015, 2016). We are reporting the usefulness of mitochondria-specific markers in selecting CMS lines with normal flower structure and extent of mitogenome diversity for the first time in Indian cauliflowers. In this study, mt-DNA-specific primers associated with different CMS genes, orf138, orf222, orf224, orf222-224, orf263, atp6-orf224, and mt-SSRs were utilized. The results revealed that all the CMS lines of Indian cauliflower possessed orf138-related fragment specific to Ogura CMS establishing the wide use of Ogura cytoplasm in the development of CMS system (Chen et al., 2009; Han et al., 2018; Singh et al., 2019a). Therefore, it is urgently needed to diversify the source of the CMS in Indian cauliflowers to avoid any imminent threat of epidemic which may collapse the entire hybrid seed industry of Brassica oleracea vegetables (Dey et al., 2013). The polymorphic mt-SSR loci indicated the presence of cytoplasmic genetic variation among Ogura CMS-based male sterile genetic stock of Indian cauliflowers. The PCA and NJ cluster analysis based on combined analysis of mt-DNA-specific and mt-SSR markers classified the 76 cytolines into six different groups (Supplementary Figure 1B).

The polymorphic amplicons generated with primer P15 were of size between 220 and 280 bp, while for P16 of 410–470 bp size. The lengths of polymorphic products of A13 to A17, A24 to A27, A29 to A37, A69, A73, A2, A4–A5, and A52–A58 were identical as reported in B. oleracea var. capitata (Wang et al., 2012), which can differentiate OguCMSHY, OguCMSR1–2 (420 bp) from pol CMS and OguCMSR3 (471 bp). Similar findings were reported for five CMS lines of broccoli (Shu et al., 2016). Therefore, the original source of OguCMS in the studied cauliflower CMS lines could have come from OguCMSR1–2 and OguCMSHY. The sequence analysis revealed that SNPs and insertion/deletions could explain the cytoplasmic genetic variations among the CMS lines of Indian cauliflowers. Polymorphic amplicons targeting orf125 coding regions of mitochondrial genome demonstrated a deletion of 51 nucleotides in the CMS lines with varied floral deformities. Similarly, the deformed CMS lines had a deletion of 31 nucleotides in the coding region of BnTR4. Wang et al. (2012) successfully reported the use of chloroplast (cpSSRs) and mitochondrial (mt-SSRs) primers in demonstrating the polymorphism in alloplasmic CMS lines of cabbage. Shu et al. (2015; Shu et al., 2016) demonstrated the role of organelle SSRs and mt-DNA-specific and mt-SSR markers in distinguishing different CMS types, differentiating CMS lines with carpelloid stamens in broccoli. Cytoplasmic genetic variations associated with deletions of 31/51 nucleotides in the ORF exonic region demonstrated that insertions/deletions of nucleotides can explain the wide range of floral abnormalities in the CMS lines of Indian cauliflowers. Type and extent of deformities in different CMS lines varied even after the presence of deletions of 31/51 bp, indicating a possible role of nuclear genome, cytonuclear interaction, and environment in determining the type and prevalence of malformities. Therefore, further in-depth studies are needed to pinpoint the exact role of the promoter, coding regions, and epigenetics in determining the specific type and distribution of deformities in the CMS population. However, it was established in the present study that combined use of the primers P15 and P16 can identify the suitable source of male sterile cytoplasm which will provide normal floral structures after their introgression into B. oleracea nuclear backgrounds. Therefore, these two identified markers will be extremely useful to the B. oleracea geneticists and breeders in developing good CMS lines for use in commercial hybrid breeding and further genetic studies.

Cytonuclear genomic incompatibilities and introgression of alien cytoplasm have been reported to display complex floral structure variations in auto- and alloplasmic CMS lines of Brassica crops. The flowering regulation in higher plants is a highly complex process controlled by interactions of genes or genes × environment. MADS-box genes are crucial player in plants for vegetative and reproductive growth development (Meur et al., 2006; Zhang et al., 2011, 2018; Saha et al., 2016; Liu et al., 2018). The identity and development of each floral reproductive whorl is determined by varying combinations of genes of classical flowering ABCDE model (Sheng et al., 2019). It is well documented that loss of function, mutations, or insertions/deletions in MADS-box transcription factors such as APETALA2, APETALA3, or PISTILLATA, AGAMOUS, AGL11, SEP1, SEP2, SEP3, SEP4, SHP2, SHP2, etc. causes varying degree of floral malformations (Meur et al., 2006; Zhang et al., 2011, 2018; Saha et al., 2016; Liu et al., 2018; Sheng et al., 2019). Different types of floral abnormalities observed in the cauliflower cytolines (Figure 4) such as homeotic-like modification of stamens to petal-like structures (petaloidy), adherence of functional stamens to style, partially opened flowers, splitted style with exposed ovule, splitted style, absence of nectaries, rudimentary nectaries, and fused flowers could be explained by absence of amino acids causing dysfunction of one of MADS-box genes. Furthermore, the dosage imbalance of class B and class C genes of classical flowering model, aberrant mitochondrial gene expression results in homeotic-like floral deformities observed in the present investigation (Meur et al., 2006; Liu et al., 2018). Previously, the role of deletions of nucleotide in the ORF coding region of broccoli cytolines was suggested to be associated with carpelloid stamen phenotype (Shu et al., 2015, 2016); however, their role in causing an array of floral deformities is not reported. Identification of these specific deletions associated with several floral deformities would be instrumental in selection of desirable CMS types for hybrid breeding and will enhance the understanding about evolutionary relationships in Brassicas. Analysis of ORFs, similarity of genes, and protein sequence revealed that polymorphic loci were located at exonic regions of orf125 and orf108c of mitochondrial genomes of Brassicaceae species. It is quite likely that orf125 and orf108c mitochondrial genes are playing pivotal role in development of flower organs. The floral abnormalities which are associated with aberrant mitochondrial gene expression, mutation in mitochondrial genomes, cytoplasmic-nuclear conflict, cytoplasm types, and genetic backgrounds render scanty nectar production and impaired pollination and affect female fertility (Shu et al., 2015, 2019; Dey et al., 2017b; Kang et al., 2017). These characteristics consequently results in poor seed yield. Identification and roughing out undesirable cytolines in the initial stage of the breeding program will save huge time efforts in developing CMS lines for their successful use in hybrid development.

In the present investigation and our earlier reports (Dey et al., 2011b, 2017b), we had observed floral abnormalities in CMS lines in the successive nuclear backgrounds. Initially, the expression of floral deformities may be weak or incomplete because of partial substitution of nuclear genome. The exact expressions were observed only after complete nuclear substitution. The identification of specific insertion/deletion and SNPs associated with floral abnormalities in the initial stage of backcross introgression will be extremely helpful to the breeders to use only those CMS types which will later results in normal flower structures without any deformities. The proclivity of plant mitochondrial genome to frequent recombination, genomic rearrangements, and rapid structural evolution leading to heteroplasmy results in polymorphism in cauliflower cytoplasmic sources (McCauley, 2013; Yang et al., 2018). Predominantly, the uniparental, which is a maternal inheritance of chloroplast and mitochondrial genome, is reported in most of the angiosperms (Birky, 1995), including Brassica crops such as broccoli, cabbage, and cauliflower (Reboud and Zeyl, 1994; Zhang et al., 2012; Shu et al., 2015). Recently, the paternal (Erickson and Kemble, 1990; McCauley, 2013; Worth et al., 2014) and biparental (Hansen et al., 2007; Weihe et al., 2009) inheritance of mitogenome is also reported. Therefore, the findings of the present study pave the way for further analysis to detect any possible paternal inheritance of mitochondrial genome.

Pollinators play an important role in hybrid breeding of Brassicas, and pollinator visit is determined by flower phenotype like size, color, and form (Shu et al., 2019). Usually, the large flower size is positively linked with more numbers of pollinator visits, as large floral organ size is generally assumed to contain more nectar (Fenstter et al., 2006; Gomez et al., 2008; Parachnowitsch et al., 2019; Shu et al., 2019). Floral nectar is the primary reward besides pollen, floral oils, resins, and scents, offered to pollinators, and their proportionate ratio is vital in determining plant-pollinator interactions (Gomez et al., 2008). Floral organ size, morphology, proper development of nectaries, efficient nectar production, fruiting features, and pollinator attracting ability are considered potent indexes to evaluate cytolines (Shu et al., 2019). The cytoplasmic effects on floral phenotypes are well documented in Brassicas which are manifested through cytonuclear allelic interactions. The role of additive mitonuclear genetic effects in altering floral phenotypes is rare, while epistatic cytonuclear genetic effects are larger in magnitude (Dobler et al., 2014; Roux et al., 2016). In the present investigation, the effects of cytonuclear interactions on floral qualitative traits were insignificant in different nuclear backgrounds (Supplementary Table 3 and Supplementary Figures 2,3). However, varying degree of cytoplasmic effects on floral reproductive whorls, floral size, structure, and other floral-nectar phenotypes were observed over the successive backcross generations in the development of cauliflower CMS lines (Supplementary Table 4). The introgression of sterile cytoplasm significantly reduced the flower size in the form of reduction in petal length, petal width, and sepal length across the nuclear background series. The other predominant types of structural changes in reproductive whorls were flowers devoid of nonfunctional stamens, alteration in style length, reduction in functional stamens length, modification in position of style and anthers (style position was higher than anthers across the nuclear background series with a few exceptions), and inefficient nectar production. The genetic conflict of sterile cytoplasm-nuclear genome of B. oleracea var. botrytis could explain the floral deformities (Chen et al., 2017; Singh et al., 2019a). In Arabidopsis, the role of cytonuclear epistasis on various adaptive traits is suggested (Roux et al., 2016). Singh and Srivastava (2006) observed the narrowing of petals, reduction of filament length, and increase in style length in the B. juncea male sterile lines with the introgression of ogura, tournefortii, trachystoma, and siifolia wild cytoplasm. They also obtained the erratic results with the ogura cytoplasm in the different nuclear backgrounds because of cytonuclear epistasis. Although, it is also suggested that rigorous recurrent manual or honey bee-mediated selection during backcross breeding cycles could reduce floral deformities to a limited extent (Dey et al., 2017b). However, it is not possible to ameliorate these deformities through conventional backcrossing and different selection strategies.

Understanding the molecular mechanisms and pathways of CMS in cauliflower associated with floral abnormalities along with determining the paternal leakage (if any) need further in depth investigation. Identified molecular markers associated with different kinds of floral deformities will facilitate the selection of CMS lines with normal flower structure at the initial stage of breeding. The establishment of InDel-associated cytoplasmic genetic variations and their association with floral deformities provides reference for understanding developmental biology of floral organ development in CMS lines. The results will also pave the way for elaborating the role of cytonuclear interactions on CMS phenotypes in crop plants.
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Cassava, a tropical storage-root crop, is a major source of food security for millions in the tropics. Cassava breeding, however, is hindered by the poor development of flowers and a low ratio of female flowers to male flowers. To advance the understanding of the mechanistic factors regulating cassava flowering, combinations of plant growth regulators (PGRs) and pruning treatments were examined for their effectiveness in improving flower production and fruit set in field conditions. Pruning the fork-type branches, which arise at the shoot apex immediately below newly formed inflorescences, stimulated inflorescence and floral development. The anti-ethylene PGR silver thiosulfate (STS) also increased flower abundance. Both pruning and STS increased flower numbers while having minimal influence on sex ratios. In contrast, the cytokinin benzyladenine (BA) feminized flowers without increasing flower abundance. Combining pruning and STS treatments led to an additive increase in flower abundance; with the addition of BA, over 80% of flowers were females. This three-way treatment combination of pruning+STS+BA also led to an increase in fruit number. Transcriptomic analysis of gene expression in tissues of the apical region and developing inflorescence revealed that the enhancement of flower development by STS+BA was accompanied by downregulation of several genes associated with repression of flowering, including homologs of TEMPRANILLO1 (TEM1), GA receptor GID1b, and ABA signaling genes ABI1 and PP2CA. We conclude that flower-enhancing treatments with pruning, STS, and BA create widespread changes in the network of hormone signaling and regulatory factors beyond ethylene and cytokinin.

Keywords: cassava (Manihot esculenta), floral development, sex determination, ethylene, transcriptome profiling, RNA-Seq


INTRODUCTION

Cassava (Manihot esculenta) is a perennial tropical plant of the Euphorbiaceae family cultivated as an annual crop for its starchy storage roots (Alene et al., 2018). It constitutes an important source of calories for over 800 million people (Jarvis et al., 2012). It is also a source of starch with expanding potential for industrial applications including a variety of specialty food applications and non-food uses (Li et al., 2017). Continual crop improvement is required to ensure efficient cassava production to meet the growing needs from an increasing population, new uses, and expanded markets, matched with changing environments globally. Cassava improvement has recently received renewed attention with major projects to investigate the potential use of genomic selection in breeding (Wolfe et al., 2017), its source–sink relationships (Sonnewald et al., 2020) and its photosynthetic efficiency (De Souza and Long, 2018). These improvement efforts are geared toward smallholder farmers with an interest in translating cassava end-product quality traits into breeding outcomes (Iragaba et al., 2020). Although cassava can be clonally propagated by stem cuttings, crop improvement via breeding requires genetic recombination using sexual crosses between parents from diverse genetic populations that flower in a timely and synchronous manner.

In the Euphorbiaceae family, sexual reproductive structures are referred to as cyathia, which is a modification that has provided this family the advantage of shifting from wind pollination to insect pollination (Horn et al., 2012). A single cassava male cyathium is comprised of multiple reduced stamens (Perera et al., 2013) while a female cyathium possesses a trilocular ovary, meaning that upon pollination, fruits are capable of producing three seeds (Nassar, 1980). Female and male cyathia are separately borne on the same inflorescence. For ease of description, cyathia in this study will be referred to as flowers. Inflorescences and associated flowers are developed from the shoot apical meristem. Following floral initiation at the shoot apex, the two to four buds beneath the inflorescence develop into branches forming a fork. Fork type branches each bear new shoot apical meristems in sympodial growth which after some growth form branches and inflorescences, in turn, at tier 2, tier 3, etc.

There are five bottlenecks with the reproductive development of cassava that challenge breeding. These are: (1) in some genotypes with traits of interest, flowering is late or in some cases there is no flowering at all; (2) premature abortion of inflorescences and flowers before anthesis; (3) disproportionately large number of male flowers and in some cases no female flowers; (4) non-synchronous development of flowers among genotypes; and (5) low probability of fruit development even when flowering and pollination are successful (Ceballos et al., 2004, 2016; Halsey et al., 2008; Adeyemo et al., 2017; Hyde et al., 2020; Souza et al., 2020).

Investigations into the reproductive biology of cassava have led to the development of several potential interventions to improve its reproductive performance: transgenic intervention by overexpressing FLOWERING LOCUS T (Adeyemo et al., 2017; Bull et al., 2017; Odipio et al., 2020), modulating photoperiod and temperature to accelerate flowering time (Adeyemo et al., 2019), application of silver thiosulfate (STS) to enhance flower development and longevity (Hyde et al., 2020), or pruning young subtending branches to alleviate flower abortion. STS is an anti-ethylene plant growth regulator (PGR), which has been used as a foliar spray and was found to be more effective when applied only to the immature shoot apical region (Hyde et al., 2020). So far none of these interventions has focused on increasing the proportion of female flowers. In other members of the Euphorbiaceae family, synthetic cytokinin, benzyladenine (BA), has been used to increase female flower numbers and fruits (Pan and Xu, 2011; Fu et al., 2014; Fröschle et al., 2017; Pineda et al., 2020). Female flowers are critical to cassava breeding; however, flowers on cassava inflorescences are typically only about 10% female, and each female flower produces up to three seeds.

To increase the number of female flowers that develop in cassava plants, we tested the effect of STS, BA, and pruning, singly and combined, on the first flowering event (i.e., flowering at tier 1) under field conditions in Nigeria. We also analyzed the transcriptome of young apical tissues in control plants and in plants receiving either pruning or STS + BA, or the combined set of treatments. We specifically studied the expression pattern of differentially expressed genes relevant to hormone signaling and flower development. Our studies indicated that STS or pruning increase flower numbers over the control, but have no effect on the female-to-male ratios. Conversely, BA was able to almost completely feminize developing flowers, while it did not increase the total number of flowers. Combining BA with STS and pruning provided maximal enhancement in the number of female flowers; this methodology has the potential to assist cassava breeding programs. The observed transcriptome changes in response to these treatments provided further insight into the effects on hormone signaling beyond ethylene and cytokinin and provides insight that will assist future investigations in cassava and other plants.



MATERIALS AND METHODS


Plant Materials

Three genotypes, representing three flowering times and flower prolificacy were used for PGR studies. These were IITA-TMS-IBA980002 (early and profuse), IITA-TMS-IBA30572 (intermediate flowering time and quantity), and TMEB419 (late and minimal flowering). In this article, these genotypes will be referred to as 0002, 30572, and 419, respectively. The genotype 0002 was used to optimize the method of PGR application in 2017. This experiment was conducted between June and December of 2017. Experiments examining the effect of PGRs on female flower development were conducted between June and December of 2018 and 2019.



Field Conditions

All experiments for phenotyping were conducted under field conditions at the International Institute of Tropical Agriculture (IITA), Oyo State, Ibadan (7.4°N and 3.9°E, 230 m above sea level). The soil was an Alfisol (oxicpaleustalf) (Moormann et al., 1975). The land was tilled and ridged with 1-m spacing; stakes (stem cuttings about 20 cm in length) were planted on top of the ridge. The field in 2017 in Experiment I was previously planted with yam while the field in 2018 and 2019 in Experiment II was previously planted with maize; no extra nutrients or soil amendments were added to the soil. Fields were kept free of weeds with hand weeding.



Plant Growth Regulators and Method of Application

Silver thiosulfate (STS) was prepared by mixing 1 part 0.1 M silver nitrate (AgNO3) dropwise with four parts 0.1 M sodium thiosulfate (Na2S2O3), yielding a 20-mM stock solution. The stock solution was diluted with distilled water to the required concentration as specified in each experiment. BA solution was prepared by diluting a 1.9% (w/v) BA stock (MaxCel®, Valent BioSciences Corporation, Libertyville, IL, United States) with distilled water to respective concentrations. PGRs were applied either by spray (about 5 ml) to shoot apex, every 7 days or by the “petiole feeding” method every 14 days. In the petiole feeding method, the leaf blade was removed using a surgical scissors and the petiole was inserted into a 15-ml conical-bottom centrifuge tube (Falcon Brand, Corning, NY, United States) containing 5–10-ml of PGR solution. PGR was taken up via the petiole into the xylem from which it was distributed internally to target organs in the apical region (Figure 1A). Petioles were allowed to remain immersed in PGR solution for 72 h after which tubes were removed. On weeks with petiole feeding, spray treatments were applied 24 h after petiole treatments. PGR treatments were initiated 6 weeks after planting.
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FIGURE 1. Cassava inflorescence development following treatments. (A) Method of PGR application by petiole feeding; (B) Control fork-type branching with three developing branches; inflorescence aborting (arrow); (C) Inflorescence (flowers and fruit) on a plant that received STS+BA and pruning. Scale bar indicates 1 cm. STS, silver thiosulfate; BA, benzyladenine; PGR, plant growth regulator.




Pruning Reproductive Branches

Shoot apexes were inspected weekly using headband magnifier glasses (10 × magnification) to identify forking events. In plants that had forked, young reproductive branches, 2 cm or smaller, were excised carefully without damage to the inflorescence using surgical blades, as previously described (Pineda et al., 2020). Lateral branches which developed about 10 cm below the shoot apex were excised periodically until fruit development. Photos of pruned and unpruned plants are shown in Figure 1.



Flower Data Collection

The number of male and female flowers and fruits were counted for each plant weekly and recorded using Field Book computer application (Rife and Poland, 2014). Flowers were left uncovered, allowing open pollination by insects. Data were collected for at least 20 weeks. For analysis, the maximum flower or fruit count for each plant over the 20-weeks period was used to represent the response to treatment.



Plant Growth Regulator Experiment I: Optimization of BA Timing

One hundred plants of IITA-TMS-IBA980002 were grown in a 10 × 10 grid arrangement at a planting distance of 1 × 1 m. The field was divided into 10 replicate plots (blocks) and plants in each plot represented the complete set of treatments in a two-factor design with five BA timing treatments and two STS treatments, creating 10 treatment combinations. At 6 weeks after planting, these 10 PGR treatments were randomly assigned to each plot, with each plant as the experimental unit. BA solution at 0.22 mM was spray-applied at four flower developmental stages; the timing of BA application is summarized in Table 1. For each BA treatment (BA timing), plants were given an STS treatment: either STS or H2O via petiole feeding. Five milliliters of 8-mM STS was used for the first application, then reduced to 5 ml of 4 mM STS for subsequent applications to limit phytotoxicity.


Table 1. Timing of weekly BA applications (spray to shoot apical region) with respect to floral development stages for Experiment I.
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Plant Growth Regulator Experiment II: PGR and Pruning Effect on Female Flower Development

In 2018 and 2019, experiments were conducted using a split–split–split plot design. The experiment was comprised of six plots (blocks), each of which was split into three subplots with one of the three genotypes in each. Each genotype subplot was split into five PGR treatments (as shown in Table 2) and finally each PGR treatment was split into two pruning treatments—pruned vs. unpruned. In 2018 a total of 1,440 plants were sown, while in 2019, 720 plants were sown. In each subplot with a particular genotype × PGR × pruning combination, there were eight or four replicate plants (subsamples) in 2018 and 2019, respectively. At each level of split, genotypes, PGR treatments, or pruning treatments were randomly assigned. Petiole feeding of STS and BA was with either 10 ml of 2 mM STS (5 ml of 4 mM STS was used in the first month of treatment in 2018), 5 ml of 0.5 mM BA, or a mixture of 5 ml of 2 mM STS and 0.125 mM BA. Spray treatments of BA were applied to the shoot apex with 0.5 mM BA. For the analysis, only plants that had flowers were included in this analysis (plants with no flowers were excluded).


Table 2. Summary of PGR treatments for experiment II.
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Statistical Analysis

Count data, such as the numbers of total flowers, female flowers, and fruits were analyzed using a negative binomial distribution, as recommended for count data of the sort observed in this study (Lloyd-Smith, 2007; Towers, 2018). In our case, the distributions had additional sources of dispersion relative to that expected in a Poisson distribution. This was expected biologically because counts were zero in many plants, including those plants that aborted inflorescence development before any countable flowers developed (Hyde et al., 2020). This distribution was such that models which would be applied to normal distributions would tend to underestimate dispersion, whereas the negative binomial properly adjusts CIs (Towers, 2018). The negative binomial model (a family of the generalized linear mixed models, GLMM) was therefore applied as described below. Ratios data, such as the proportion of total flowers that were female, were modeled using the binomial mixed model, which does not model fractions directly but models the probability of having females (as success) or males (as failure) while taking into account random effects. Due to similarities of genotypic response to PGR and pruning (different magnitudes of changes but similar trends), the means of genotypes in 2018 and 2019 are reported here.

Models were built using the package Generalized Linear Mixed Models using Template Model Builder (glmmTMB) (Brooks et al., 2017) in R_Core_Team (2017). For Experiment I, fixed effects of the multi-factor model were STS treatment (+STS, –STS), BA timing (Always, Early, Mid, Late, no-BA), and the interaction between STS treatment and BA timing. Plots (complete blocks with all treatment combinations represented) were random effects, which accounted for field spatial variability and accordingly reduced error variance. For Experiment II, fixed effects were PGR treatment (–PGR, BA, BA+BA, STS+BA, and STS+BA+BA; see Table 2), pruning (un-pruned, pruned), the interaction between PGR treatment and pruning, genotype, Year (2018, 2019), representing different growth environments, and Plot, each of which contained the full set of genotypes and treatment combinations. Year was analyzed as a fixed effect while plot as a random effect. In the greenhouse experiment for transcriptomic study, fixed effects were PGR (–PGR, +PGR), pruning (un-pruned, pruned), and the interaction between PGR treatment and pruning. The emmeans package (estimated marginal means, previously called least squares means) (Lenth, 2019) was used for post-hoc tests. The multiple comparisons were conducted on the log odds ratio scale using the Tukey method, which makes appropriate adjustments for multiple testing.



Experiment for Transcriptomic Analyses

IITA-TMS-IBA980002 was grown in a greenhouse at the Guterman Bioclimatic Laboratory (Cornell University, Ithaca, NY, United States) as described by Hyde et al. (2020) and exposed to one of four treatment combinations (a 2 × 2 matrix of treatments): (a) either control or pruned at first inflorescence appearance, and (b) either control or PGR treatment with a combination of petiole-fed STS, and apex-sprayed BA. These were applied to plants at tier 1 of fork branching. Young inflorescence tissue, about 0.25–0.5 cm in length, comprising the shoot apex and some bracts but excluding fork-type branches were harvested from control, pruned, and PGR-treated plants and immediately immersed in liquid N2 and transferred to a −80°C freezer for storage. Five biological replicates were analyzed for each treatment combination. Samples were collected 4 days after pruning or at a similar developmental stage in unpruned plants.

Total RNA was extracted from each sample by a modified CTAB protocol. Samples were ground to a fine powder in a mortar and pestle chilled with liquid N2; about 0.15 ml of the powder was vigorously mixed for 5 min with 0.4 ml of CTAB extraction buffer [1% [w/v] CTAB detergent, 100 mM Tris-HCl [pH 8.0], 1.4 M NaCl, 20 mM EDTA, and 2% [v/v] 2-mercaptoethanol]; 0.2 ml of chloroform was added and mixed for 1 min, tubes were centrifuged at 14,000 g for 10 min and 200 μL of the top layer was removed to a new tube. To these samples was added 700 μL of Guanidine Buffer (4 M guanidine thiocyanate, 10 mM MOPS, pH 6.7) and 500 μL of ethanol (100%). This mixture was applied to silica RNA columns (RNA mini spin column, Epoch Life Science, Missouri City, TX, United States), then washed with 750 μL of each of the following: (1) MOPS-ethanol Buffer [10 mM MOPS-HCl [pH 6.7], 1 mM EDTA, containing 80% [v/v] ethanol], (2) 80% ethanol (twice), and (3) 10 μL RNAase-free water to elute the RNA (twice). The RNA quality was evaluated with a gel system (TapeStation 2200, Agilent Technologies, Santa Clara, CA, United States). The three RNA-seq libraries were prepared from ~500 ng total RNA at the Cornell Genomics facility (http://www.biotech.cornell.edu/brc/genomics-facility) using the Lexogen QuantSeq 3′ mRNA-Seq Library Prep Kit FWD (Greenland, NH, United States).

The libraries were quantified with the intercalating dye QuantiFluor, evenly pooled, and sequenced on one lane of an Illumina NextSeq500 sequencer, single-end 1 × 86 bp, and de-multiplexed based upon six base i7 indices using Illumina bcl2fastq2 software (version 2.18; Illumina, Inc., San Diego, CA, United States). Samples with fewer than 1.5 × 105 demultiplexed reads were excluded from the gene counting analysis. Illumina adapters were removed from the de-multiplexed fastq files using Trimmomatic (version.36) (Bolger et al., 2014). Poly-A tails and poly-G stretches of at least 10 bases in length were then removed keeping reads at least 18 bases in length after trimming. The trimmed reads were aligned to the Manihot esculenta genome assembly 520_v7 (https://genome.jgi.doe.gov) using the STAR aligner (version 2.7.0f; Dobin et al., 2012).

Differential gene expression analysis was conducted using the DESeq2 package by Bioconductor (Love et al., 2014). Each transcript was annotated by the best match between M. esculenta genome v7 and the Arabidopsis genome as presented at Phytozome13 (Goodstein et al., 2012). Gene ontology and enrichment analyses were carried out using the ShinyGO app (http://bioinformatics.sdstate.edu/go/) (Ge et al., 2020). A combined list of Arabidopsis flowering genes was obtained from the Max Planck Institute (https://www.mpipz.mpg.de/14637/Arabidopsis_flowering_genes) and Flowering Interactive Database (FLOR-ID) (http://www.phytosystems.ulg.ac.be/florid/) (Bouché et al., 2016); a list of hormone signaling genes sourced through the Database for Annotation, Visualization and Integrated Discovery (DAVID) (https://david.ncifcrf.gov/) (Dennis et al., 2003) and a list of Cassava MADS-Box MIKC genes were obtained from iTAK database (http://itak.feilab.net/cgi-bin/itak/db_family_gene_list.cgi?acc=MADS-MIKC&plant=3983) (Zheng et al., 2016). These genes were used to determine the expression pattern of genes by flowering, hormone signaling, and MADS-Box categories, respectively.




RESULTS


Plant Growth Regulator Experiment I: Application Method Optimization

In previous studies under greenhouse growth conditions, STS spray treatments increased flower numbers and longevity (Hyde et al., 2020); however, when sprayed onto leaves, cassava foliage sometimes experienced phytotoxic damage. It was possible to substantially decrease the quantity of STS used with similar benefit if the spray was localized to the region surrounding the shoot apical meristem (Hyde et al., 2020). However, when this method was used in preliminary studies in the field, STS effectiveness was not consistent and clear-cut (Setter, personal communication). We, therefore, developed a new method, similar to that reported by Lin et al. (2011), whereby PGRs were fed via a cut petiole and delivered to the shoot interior by xylem suction such that phytotoxicity was largely prevented. In the current study, we used this petiole feeding method for STS application in field studies (Figure 1A). Further, we investigated whether BA applied as a spray to the immature tissues affects flower development as a sole treatment or when combined with STS delivered through the petiole.

Compared with the control, without any PGR treatment, STS substantially increased the total number of flowers when applied as a sole treatment, and in combination with BA at early, mid, or late timing (Figure 2A; photo: Figures 1B,C). Statistical results for these findings are also shown in Supplementary Table 1, 2017 worksheet: total flower numbers in plants receiving STS treatments had an overall incidence rate ratio (IRR) of 4.03 and a CI0.95 of 2.05–7.94 (n = 96). This implies that STS-treated plants were four times more likely to have increased total flower numbers compared with non-STS-treated plants. STS treatment also increased both the number of female flowers (Figure 2B) and the number of fruits (Figure 2C). Corresponding statistics for effect sizes are shown in Supplementary Table 1; female flowers: (IRR = 9.76, CI0.95 = 3.01, 31.67), and fruits: (IRR = 5.30, CI0.95 = 2.09, 13.41). BA treatments alone did not affect the total flower and fruit numbers (Figures 2A,C), suggesting that the beneficial effect of STS was not dependent on the timing of BA application. However, in comparison with the no-STS/no-BA control, BA applied at all timings except BA-Mid increased the number of female flowers to about the same extent as STS (Figure 2B). These increases were associated with BA-elicited increases in the proportion of total flowers that were female (Figure 2D). Early and continuous BA treatments (with or without STS) were most effective (P ≤ 0.001) at increasing the fraction of female flowers relative to the no-PGR controls (BA_early: odds ratio = 6.5, CI0.95 = 3.04, 13.88; BA_Always: odds ratio = 7.64, CI0.95 = 3.62, 16.11; Supplementary Table 1). Compared with the control, STS alone slightly increased the fraction of flowers that were female (Figure 2D), but the effect of the STS-only treatment was striking in substantially increasing fruit numbers (Figure 2C). In contrast, BA did not affect fruit numbers. The effect sizes of treatments in all treatment combinations, on the response of all traits, are as shown in Supplementary Table 1, worksheet 2017.
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FIGURE 2. Effect of STS and BA treatments on: (A) total flower numbers per plant, (B) number of female flowers per plant, (C) number of fruit per plant, and (D) fraction of female flowers. STS vs. no-STS (H2O) treatment is indicated by bar color as shown in the legends. BA treatments were applied throughout floral development (BA Always), or they were initiated at three timings (BA Early, BA Mid, or BA Late). The study was conducted using genotype TMS-I980002 in the field at Ibadan, Nigeria in 2017. See Materials & Methods section for details. Data shown is the mean and SEM of 10 biological replicates; asterisk indicates statistical significance in pairwise comparisons between each treatment and the reference control (no BA, no STS): P ≤ 0.10 (•), P ≤ 0.05 (*), P ≤ 0.01 (**), P ≤ 0.001 (***). The value for the reference control is shown as a horizontal red line. STS, silver thiosulfate; BA, benzyladenine.




Plant Growth Regulator Experiment II: PGR and Pruning Effect on Flower and Fruit Development

From Experiment I, above, we obtained evidence that STS treatment increases flower and fruit numbers and that spraying BA to the shoot apex increased the proportion of flowers that were female. In Experiment II, we tested two additional factors. First was the potential effect on flowering of pruning branch shoots that arise just below the apical meristem where inflorescences initiate (Pineda et al., 2020). Second was the potential benefit of applying BA via petiole feeding rather than only via external spray to leaves and/or apical regions. We, therefore, investigated the interaction between continuous BA sprays with: (1) petiole-fed BA; (2) petiole-fed STS; and (3) a mixture of STS and BA (see Materials and methods). We also increased the BA concentration to 0.5mM and studied PGR effects with or without pruning (see Materials and methods). The effect on individual genotypes is shown in Supplementary Table 2 while the combined-genotype averages are presented below.

The effects of treatments on all traits measured are shown in Figure 3A. Total flowers were increased by pruning in the absence or presence of BA and STS relative to the control (Figure 3A). Statistics for this finding are also shown in Supplementary Table 1, worksheet 2018–2019 (IRR = 3.07, CI0.95 = 2.05, 4.58). In contrast, BA-only did not affect the total number of flowers relative to the control whether applied by spray (BA) or via the combination of apical spray and petiole uptake methods (BA+BA). STS-inclusive treatments (i.e., STS+BA and STS+BA+BA) in the absence of pruning significantly (P ≤ 0.05) increased total flower numbers relative to the control (Figure 3A; also shown in Supplementary Table 1: STS+BA: IRR = 4.01, CI0.95 = 2.74, 5.86; STS+BA+BA: IRR = 3.28, CI0.95 = 2.24, 4.8). Pruning plus STS had the largest number of flowers, with an apparent additive effect of the two treatments (Figure 3A).
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FIGURE 3. The effect of PGRs and pruning on: (A) total flower numbers, (B) female flower numbers, (C) fruit numbers, and (D) proportion of female flowers (reflecting only plants with at least one flower). Data shown is the mean ± SEM of six replicate plots each of which contained the full set of genotype and treatment combinations, and with eight or four subplot plant replicates in 2018 and 2019, respectively. Treatments with different lowercase letters are significantly (P < 0.05) different using Tukey's HSD test. Comparisons and letter assignments were based on estimated marginal means (EMMs, least-squares means), as appropriate for statistical comparisons; arithmetic means and SEMs are plotted. PGR, plant growth regulator.


The effect of treatments on female flower numbers was similar to the effects on total flower numbers (Figure 3B). BA-only PGR treatments (BA, BA+BA) were not significantly different from the no-PGR treatments without pruning and with pruning (Figure 3B). STS-inclusive treatments (STS+BA, STS+BA+BA) without pruning had significantly (p ≤ 0.05) more female flowers than BA-only treatments and the no-PGR unpruned control, but was equivalent to BA+BA and control with pruning. STS-inclusive treatments with pruning had the highest number of female flowers (Figure 3B). Supplementary Table 1, worksheet 2018–2019, shows details on effect sizes.

As with other traits, fruit numbers in the BA-only treatments were not significantly different from control in the absence or presence of pruning (Figure 3C). STS-inclusive treatments, however, increased (p ≤ 0.05) fruit numbers relative to the control in both the unpruned and pruned plants.

In the controls, female flowers represented 35–40% of the flowers in both unpruned and pruned plants, with the remainder male flowers (Figure 3D). In contrast, all treatments that included BA were significantly different from the controls and had over 80% females, with or without pruning, and with or without STS.



Transcriptomics

To advance our understanding of PGR and pruning effects on flowering regulatory processes, we analyzed gene expression in response to PGR and pruning treatments. For this work, we used treatments that had the largest effect in the field: (a) STS+BA without pruning; (b) STS+BA with pruning, (c) pruning without PGR treatment; and (d) control (no PGRs and no pruning). This study was conducted on the model genotype 0002, in a controlled environment greenhouse. The findings in the growth chamber were consistent with those in the field. Similar to the field study, the controls (unpruned, no PGR) initiated inflorescences, but did not produce any mature flowers, while pruning or STS+BA as sole treatments produced a modest number of flowers (Figure 4A); in the pruning treatment all the flowers were male, but in STS+BA, about 80% were female (Figures 4B,C). Combining STS+BA with pruning increased (P ≤ 0.05) total and female flower numbers by almost twofold compared with the PGR- or pruning-only treatments. As with field studies, BA-containing treatments increased the number of female flowers and the proportion of flowers that were female (Figures 4B,C).
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FIGURE 4. The effect of PGRs (combined STS+BA) and pruning on flower development under greenhouse conditions. (A) Total flowers, (B) female flowers, and (C) proportion of female flowers. Means ± SEM of five biological replicates are shown for the genotype TMS-I980002. Treatments with different lowercase letters are significantly (P ≤ 0.05) different using Tukey's HSD test. Comparisons and letter assignments were based on estimated marginal means (EMMs, least-squares means), as appropriate for statistical comparisons; arithmetic means and SEMs are plotted.


Transcriptome analysis was conducted for tissues of the shoot apical region and proceeded in three phases: (i) examining transcriptome changes due to pruning alone (design = ~pruning), (ii) examining transcriptome changes due to PGR alone (design = ~PGR), and (iii) examining transcriptome changes due to the combination of pruning and PGR (design = ~pruning + PGR). This analysis revealed that a larger number of significant (Padj ≤ 0.05) transcriptome changes occurred in response to PGR or PGR+pruning treatments than pruning alone (5,249, 5,440, and 21, respectively) (Supplementary Tables 3–5). Principle component (PC) analysis indicated that expression was not clearly grouped according to pruned vs. unpruned treatments but was clearly grouped according to PGR-treated vs. PGR-untreated samples (Figure 5). This grouping was along the first PC axis, which accounted for 54% of the variance. It appeared from the PC analysis that pruning had an intermediate effect in the positive direction along the first PC whereas PGR had a more substantial effect in the same direction along PC1 axis; the combination of PGR and pruning gave the largest effect in the positive direction of PC1 axis. Analysis of the full model where 5,440 genes were differentially expressed (Padj ≤ 0.05) in response to pruning and PGR indicated that 2,448 genes were upregulated while 2,952 genes were downregulated. Functional analysis revealed that in the PGR-treated vs. controls, PGR-upregulated genes were enriched in pathways involving cell proliferation, cell maintenance, and biosynthetic processes; while PGR-downregulated genes were enriched in pathways involved in plant hormone signal transduction, photosynthesis, and degradation metabolism, among others (Figures 6A,B).
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FIGURE 5. Comparison of DEGs by PCA with respect to control, pruned, PGR and PGR+pruned treatments. Data represent five biological replicates. DEG, differentially expressed genes; PCA, principle components analysis; PGR, plant growth regulator.
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FIGURE 6. Top 10 KEGG pathway enrichment terms for 2,448 upregulated (A) and 2,952 down-regulated (B) genes in PGR-treated vs. control comparison. Categories of differentially expressed genes that were significantly enriched relative to the Arabidopsis genome (P-values for the lack of enrichment are shown). PGR, plant growth regulator.


Using the DESeq2 package, we identified genes differentially expressed under the full model (design = ~pruning + PGR) (Figure 7A). Among the four categories of treatment (± PGR × ± pruning), expression was generally grouped according to whether the category was +PGR vs. –PGR. Many genes in plants that received the pruning treatment but were not treated with PGR were intermediate between the control and the PGR-treated plants. By inspection of the fold-expression heatmap, we selected a cluster of genes with exceptionally high fold changes compared with expression profiles of other genes. Genes in this cluster (Cluster 1, Figure 7A) had high expression in the control, low expression in PGR-treated plants, and intermediate expression with pruning only. Enrichment analysis indicated that this cluster, consisting of 61 genes, was enriched with genes involved in abscisic acid metabolism and response, terpenoid metabolism, abiotic stress response, and response to chemicals (Figures 7B,C). This cluster suggests that regulation associated with the treatments that stimulate flowering decreases the expression of stress-associated genes, which were expressed at relatively higher levels in the control apical region.
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FIGURE 7. DEGs in response to STS+BA PGRs and pruning. Colors indicate fold change (log2 scale shown). (A) Full complement of 5,440 differentially expressed genes expressed (Padj ≤ 0.05) (averages of five biological replicates); (B) Uppermost slice (Cluster 1); (C) Enrichment analysis of the genes in Cluster 1. Color scale indicates log2 fold changes. Legend in header indicates color coding of variables. STS, silver thiosulfate; BA, benzyladenine; PGR, plant growth regulator; DEG, differentially expressed genes.


Twenty-one genes were differentially expressed (Padj ≤ 0.05) in response to pruning as the sole treatment (Figure 8A). This set was enriched in genes involved in response to wounding, herbivory, and jasmonic acid signaling (Figure 8B). Also upregulated in pruning were genes involved in terpene, lipid, and hormone metabolic pathways. Pruning increased expression of these genes in the presence or absence of PGR treatments. Given that the tissues for this analysis were harvested 4 d after pruning, it is not surprising that metabolic and signaling factors involved in wounding response were expressed abundantly. Both pruning and PGR treatment (STS+BA) were effective as sole treatments in increasing flower numbers, so we evaluated the genes that both treatments either increased or decreased relative to the control. For this assessment, a threshold differential of |0.5| (log2) was used to identify genes from among the genes for which differential expression was found (Padj ≤ 0.05). This yielded a set of 63 genes that were upregulated in both PGR and pruning treatments and 224 genes that were downregulated in both treatments, relative to the control. These genes were subjected to enrichment analysis (Ge et al., 2020), however, they did not reveal enrichment categories with clearly relevant functions. The two categories with the strongest evidence for enrichment among upregulated genes were S-adenosylmethionine metabolic process (three genes, P = 2.6 × 10−4) and aromatic amino acid biosynthesis (four genes, P = 5.2 × 10−4). The two categories with the strongest evidence for enrichment among downregulated genes were response to oxygen-containing compound (49 genes, P = 8.3 × 10−15) and response to abiotic stimulus (42 genes, P = 8 × 10−14).
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FIGURE 8. (A) Differentially expressed genes identified as statistically significant (Padj ≤ 0.05) (averages of five biological replicates) in response to pruning only, but not PGRs. (B) Enrichment analysis of pruning-responsive genes. Colors indicate fold change (log2 scale shown). Legend in header indicates color coding of variables.



Hormone Signaling Genes

We examined the expression profile of 115 hormone signal-transduction genes (Dennis et al., 2003; Zheng et al., 2016) that were differentially expressed (Padj ≤ 0.05) in our samples (Figure 9; expression data for the full set of hormone signaling genes is available in Supplementary Figure 1). While many genes differed only modestly between treatments, there was a cluster of genes with relatively high expression in the control and substantially lower expression in the PGR treatments (Cluster 1). This cluster included a GA signaling gene (GID1b), and two repressors of ABA signaling (ABI1 and PP2CA) (Figure 9B). We also identified an auxin response gene (IAA16), and a JA response gene (TIFY10B) that were expressed at a low level in the control, and moderately low expression in PGR treatments, but high expression in the pruned without PGR treatment (Figure 9C). Thus, the expression data indicated that pruning and PGR treatments comprising the anti-ethylene treatment STS and cytokinin treatment BA influenced the expression of genes in hormone signaling pathways other than cytokinin and ethylene pathways, suggesting these hormones have a considerable breadth of impact in the networks of hormone signaling.


[image: Figure 9]
FIGURE 9. (A) Differentially expressed hormone-signaling genes in response to PGR and pruning. Clusters of highly affected genes are indicated with arrows. Clusters 1 and 2 are shown in detail in (B,C), respectively. Averages of five biological replicates. Color scale indicates log2 fold changes. Legend in header indicates color coding of variables. PGR, plant growth regulator.




Flowering Genes

Among genes known to be involved in the timing of floral initiation and flower development (Bouché et al., 2016), we identified 217 genes that were differentially expressed (Padj ≤ 0.05) in response to our experimental treatments (Figure 10A). From the two clusters with the largest fold changes, two members of the GA flowering pathway (GID1b, GA2ox2), and TEM1, a known flowering repressor, had the highest fold change with relatively high expression in controls, and low expression in the PGR treatments (Figures 10B,C). Expression profiles of flowering genes organized by known flowering pathways are presented in Supplementary Figure 2. Other flowering genes with large fold changes with respect to treatments were HDA6, BRC1, FLD, NF-YA1, PNY, LUX, and BRM (Figures 10B,C).


[image: Figure 10]
FIGURE 10. (A) Expression of 217 differentially expressed flowering genes in response to PGRs and pruning. Clusters of highly affected genes are indicated with arrows. Clusters 1 and 2 are shown in detail in (B,C), respectively. Averages of five biological replicates. Color scale indicates log2 fold changes. Legend in header indicates color coding of variables. PGR, plant growth regulator.


Thirty of the 37 putative MADS-Box MIKC transcription factors (TFs) in cassava (http://itak.feilab.net/cgi-bin/itak/db_family_gene_list.cgi?acc=MADS-MIKC&plant=3983) (Zheng et al., 2016) were differentially expressed (Padj ≤ 0.05) in response to PGR treatment or pruning (Supplementary Figure 3). The fold changes in expression levels of MADS-Box TFs were notably smaller than for the gene groups identified above. We, however, focused our attention on the flower organ development genes, with respect to the ABCDE TFs (Supplementary Figure 4). Generally, the A, B, C, and E class genes had lower expression levels under PGR treatments while the D class genes had higher expression under PGR treatments. In contrast, an AP3 gene—Manes 0.02G100400 (B class) and SEP3—Manes 0.13G009600 (E class) responded to pruning with decreased expression with or without PGR treatment. Among these MADS-Box factors, many responded in a PGR-specific manner in which pruning without PGR was about the same as the control.





DISCUSSION


Silver Thiosulfate Increased Total Flower and Fruit Numbers but Did Not Affect Female-to-Male Ratio

A previous study demonstrated that when cassava was grown in a greenhouse environment, STS, an anti-ethylene PGR, maintained flower production and prevented premature flower senescence, leading to a larger number of total flowers (Hyde et al., 2020). The present study demonstrated that STS has similar effects in field environments. STS alone increased the total number of flowers by over two-fold relative to the no-STS controls (Figure 2). In other plant species, ethylene has been shown to hasten the senescence of mature flowers, and anti-ethylene treatments such as STS have been developed to increase flower longevity (Serek et al., 2006). The current findings and those of Hyde et al. (2020) indicate that in cassava, an added effect of anti-ethylene treatment is to prevent the arrested development of newly emerged inflorescences and immature flowers. The current study also indicated that STS treatment proportionally increased the number of female and male flowers, such that female-to-male ratios were relatively unchanged.

In addition to the effects on flowering, effects on flowering, the current study also showed that STS increased fruit numbers (Figures 2, 3), such that the fraction of female flowers that set fruit increased from 0.17 in the absence of STS to 0.31 in treatments that included STS. While ethylene is widely recognized as playing a role in fruit ripening (Pech et al., 2018), it has also been shown to affect the early stages of fruit development and fruit set. In pea (Pisum sativum) and Arabidopsis, failure to develop fruit in the absence of pollination has been associated with ovary senescence arising from increased ethylene biosynthesis in ovaries (Orzáez and Granell, 1997; Carbonell-Bejerano et al., 2011). In Zucchini squash (Cucurbita pepo), blocking ethylene perception by STS extended ovule lifespan and increased the chance of developing fruit either by pollination or by parthenocarpy in response to gibberellins (Martínez et al., 2013). In contrast to the masculinizing effect of STS on female flowers of Cannabis (Ram and Sett, 1982) and Cucurbita (Den Nijs and Visser, 1980), STS alone had no effect on the female-to-male fraction (Figure 2D), perhaps because cassava already produces a high fraction of male flowers under natural conditions.



Pruning and STS had Similar Effects

Pruning of young developing branches just below a newly initiated inflorescence has recently been shown to improve flower development in cassava and increase the total number of flowers, fruits, and seeds (Pineda et al., 2020). Hence, pruning can have similar effects to those reported for STS (Hyde et al., 2020). In addition, we observed that while both pruning and STS increased the number of total flowers, and increased female flowers as a consequence of the overall increase in flower numbers, these two treatments did not affect the ratio of female-to-male flowers (Figures 3, 4). The extent to which STS and pruning treatments elicit their effects by similar mechanisms was explored with our transcriptomics data (below) and is open for further investigation.



Benzyladenine Increased Female-to-Male Ratio but had No Effect on Total Flower and Fruit Numbers

Our studies indicated that application of cytokinin via localized spray to the shoot apical region increased the female-to-male ratio while maintaining the number of total flowers (Figures 2, 3). This effect has also been observed in response to foliar spray in other members of Euphorbiaceae including Jatropha curcas (Pan and Xu, 2011; Chen et al., 2014; Pan et al., 2014) and Plukenetia volubilis (Fu et al., 2014), which are more prolific than cassava in total flower production. The BA effect on feminization was not dependent on the co-application of STS or pruning treatments which increase total flower production (Figure 3). The feminizing effect of BA on flower development was dose-dependent in Jatropha curcas (Chen et al., 2014), in agreement with the present study of cassava with BA as a sole treatment. By increasing the concentration of BA between Experiments I and II, the percentage of female flowers increased from about 12% in the untreated control, to about 30% with 0.22 mM BA, to over 80% with 0.5mM BA (Figures 2, 3). Our studies are also in agreement with studies that have shown that BA is more effective at producing female flowers when treatments are begun at an early stage in flower development (Fröschle et al., 2017; Luo et al., 2020).

In contrast to the effect of BA in increasing the proportion of flowers that were female, BA had no effect on the total number of flowers and fruits (Figures 2, 3). This differs from studies in other members of Euphorbiaceae in which BA treatments also resulted in an increase in the total number of flowers and fruits (Pan and Xu, 2011; Chen et al., 2014; Fu et al., 2014; Pan et al., 2014). On the other hand, when either STS or pruning was combined with BA, the female-to-male ratio was maintained in a larger population of flowers.

A few studies of Euphorbiaceae-family plants have shown that pruning (Pineda et al., 2020), STS (Hyde et al., 2020), or BA (Fu et al., 2014) affect flower development when applied separately, but until the current study, these treatments were not applied together. The current study showed that combining these three factors substantially improved reproductive development in cassava. While STS and pruning acted additively to increase the total number of flowers, BA increased the female-to-male ratio of flowers. This in turn led to greater fruit development than in each of the factors applied singly (Figures 3, 4).



Regulation of Gene Expression With Pruning Combined With STS+BA

In tissues of the young inflorescence region, the largest number of significantly (Padj ≤ 0.05) affected genes with substantial response to STS+BA treatments were those downregulated relative to their expression in the control. Among the cluster of such genes with the largest fold change (Figure 7), pathway enrichment analysis indicated that pathways related to stress were over-represented compared with their frequency in the genome. These and other examples of signaling by PGRs in our study will be further discussed below. Genes responding to pruning as the main treatment on the other hand were upregulated relative to treatments with no pruning and were enriched in processes generally related to wounding (Figure 8) (Reymond et al., 2000). Given that pruning involves excision of young fork-type branches, it may be perceived as a type of wounding by the plant. Although the tissues used for RNA extraction did not include those directly cut by pruning, a mobile signal such as jasmonate may have elicited transcriptional responses in surrounding tissues. These genes, however, had lowered expression when pruning was combined with STS+BA, the treatment combination which produced the largest number of female flowers and fruits. This suggests that increased expression of wounding-related genes may not be necessary for the benefit derived from pruning in flower and fruit improvement, and indeed, lowering them with STS+BA might be beneficial.



Hormone Signaling: PGR Treatments Modulate GA and ABA Signaling

Cassava homologs of the Arabidopsis transcripts Gibberellin-Insensitive Dwarf1b (GID1b) and Gibberellin 2-oxidase2 (GA2ox2) were downregulated by PGR treatments (Figures 9, 10). In some species, such as tea (Camellia sinensis) and Magnolia x soulangeana, GID genes are expressed at elevated levels when floral induction takes place (Jiang et al., 2020; Liu et al., 2020). GA2 oxidases, on the other hand, inactivate bioactive gibberellins (Thomas et al., 1999). GA2ox2 has also been shown to be involved in the negative regulation of flowering time in combination with other GA2 oxidases (Rieu et al., 2008). The downregulation of GA2ox2 and GID1b genes by STS+BA suggests that this treatment modulates GA signaling at both biosynthetic (i.e., GA2ox2) and perception (i.e., GID1b) levels. Consistent with this role, studies of tree peony (Paeonia suffruticosa) showed that GID and GA2ox2 homologs had higher expression in the control buds than in buds stimulated to form flowers, and this response was interpreted to act in feedback regulation of GA synthesis (Guan et al., 2019).

In addition to affecting GA-related genes, BA+STS treatment downregulated a cassava homolog of ABSCISIC ACID INSENSITIVE1 (ABI1; PP2C family protein) and ABSCISIC ACID HYPERSENSITIVE GERMINATION1 (AHG1, also known as PP2CA) (Figure 9). In contrast, BA application to inflorescences of Jatropha curcas upregulated a PP2C homolog (Pan et al., 2014; Gangwar et al., 2018). However, in soybean (Glycine max) floral buds, STS decreased expression of PP2C and ethylene-generating treatment increased PP2C (Cheng et al., 2013), consistent with our findings in cassava. These genes encode protein phosphatases that repress ABA signaling and are sometimes expressed in circumstances where ABA signaling is being modulated (Kuhn et al., 2006; Nishimura et al., 2007; Lynch et al., 2012). Details into the role of and in the increase in sensitivity to ABA combined with a decrease in GA perception in cassava merits further study, especially because GA-ABA antagonism is known to be involved in sex specification in ferns (Menéndez et al., 2006; McAdam et al., 2016).



IAA16 and TIFY10b Respond to Pruning

The expression levels of cassava homologs of INDOLEACETIC ACID-INDUCED PROTEIN16 (IAA16, repressor of auxin responses) and TIFY10b (transcription factors with a conserved amino acid domain—TIF[F/Y]XG; regulator of jasmonate responses) (Vanholme et al., 2007) were highest in the pruning treatment, without PGRs (Figure 9). This suggests a positive relationship between these hormone-signaling genes and pruning (Korasick et al., 2014). IAA is known to be synthesized in young leaves of lateral buds and subsequently transported in the polar auxin stream; pruning lateral buds disrupts this flux and improves fruit yield (Xu et al., 2020, and references cited therein). These findings on pruning-related expression patterns of IAA16 and TIFY10b have identified possible leads for future investigation.



Plant Growth Regulator and Pruning Treatments Modulate Flowering Genes

Our transcriptome study was not designed to separate the influences of BA on feminization and STS on flower proliferation, so the findings apply collectively to floral development, production, and longevity. Among the genes with the largest fold changes in the current study were a group of flowering-related genes that were downregulated by STS+BA treatment (Figure 10). These included genes that in Arabidopsis have roles as positive flowering effectors, such as HISTONE DEACETYLASE6 (HDA6) (Chen et al., 2010), and NUCLEAR FACTOR Y, SUBUNIT A1 (NF–YA1) (Mu et al., 2013), and negative flowering effectors, BRANCHED1 (BRC1) (González-Grandío et al., 2017), and BRAHMA1 (BRM1, an ATP dependent chromatin remodeler) (Peirats-Llobet et al., 2016). In addition to their roles in flowering (Bouché et al., 2016), these genes also possess functions related to ABA response, and all had similar expression patterns: they were downregulated by BA+STS treatment.

Among the most strongly downregulated genes in response to BA+STS was a homolog of TEMPRANILLO1 (TEM1), a repressor of floral development. TEM1 is a member of the RAV family of transcription factors that are involved in suppressing flowering by downregulating FT, and also have roles in abiotic stress responses (Matías-Hernández et al., 2014). Our finding that pruning and BA+STS downregulate TEM1, suggests that TEM1 has roles in floral development beyond juvenility (Sgamma et al., 2014), possibly providing a link between repressed GA and ethylene signaling (Matías-Hernández et al., 2014). This is reasonable given that the mode of action of STS is silver ion binding to the ethylene receptor and thereby inhibiting ethylene perception (Veen, 1983). In addition, the RAV gene family to which TEM1 belongs has recently been shown in rice (Oryza sativa) to play a role in carpel development (Osnato et al., 2020), consistent with the suggested involvement of TEM1 in cassava female flower development. Furthermore, there is evidence that TEM1 can function as a downstream effector of ethylene responses and also suppress the biosynthesis of bioactive GA (Osnato et al., 2012). These findings for TEM1 and other flowering- and hormone-pathway genes advance our understanding of the regulatory systems involved and provides a start toward identifying regulatory pathways that might be candidates for future interventions.




CONCLUSION

This study showed that combined treatment with pruning, plus anti-ethylene (STS) and cytokinin (BA) substantially improved cassava female flower and fruit development, and has potential value in promoting reproductive development in cassava breeding programs. It also distinguished treatment effects: BA feminizes floral development and increases the fraction of female flowers, whereas pruning and STS treatment maintain inflorescence development such that more flowers and fruits are produced. Transcript profiling of tissues in the inflorescence region indicated that treatments affected signaling components in multiple hormone and flowering regulatory pathways, including those involving auxin, GA, ethylene, jasmonate, and ABA, with the predominate response in these pathways a downregulation relative to controls. The finding that pruning and BA+STS downregulates TEM1 and other factors that have been found to inhibit flowering advances our understanding of potential regulatory systems that are involved in cassava flowering and are modified by pruning and PGR treatments.
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Flowering is of utmost relevance for the agricultural productivity of the sugarcane bioeconomy, but data and knowledge of the genetic mechanisms underlying its photoperiodic induction are still scarce. An understanding of the molecular mechanisms that regulate the transition from vegetative to reproductive growth in sugarcane could provide better control of flowering for breeding. This study aimed to investigate the transcriptome of +1 mature leaves of a sugarcane cultivar subjected to florally inductive and non-inductive photoperiodic treatments to identify gene expression patterns and molecular regulatory modules. We identified 7,083 differentially expressed (DE) genes, of which 5,623 showed significant identity to other plant genes. Functional group analysis showed differential regulation of important metabolic pathways involved in plant development, such as plant hormones (i.e., cytokinin, gibberellin, and abscisic acid), light reactions, and photorespiration. Gene ontology enrichment analysis revealed evidence of upregulated processes and functions related to the response to abiotic stress, photoprotection, photosynthesis, light harvesting, and pigment biosynthesis, whereas important categories related to growth and vegetative development of plants, such as plant organ morphogenesis, shoot system development, macromolecule metabolic process, and lignin biosynthesis, were downregulated. Also, out of 76 sugarcane transcripts considered putative orthologs to flowering genes from other plants (such as Arabidopsis thaliana, Oryza sativa, and Sorghum bicolor), 21 transcripts were DE. Nine DE genes related to flowering and response to photoperiod were analyzed either at mature or spindle leaves at two development stages corresponding to the early stage of induction and inflorescence primordia formation. Finally, we report a set of flowering-induced long non-coding RNAs and describe their level of conservation to other crops, many of which showed expression patterns correlated against those in the functionally grouped gene network.
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INTRODUCTION

Flowering is an essential part of the life cycle for angiosperms. It influences the plant’s adaptation to different environments, vegetative development, biomass accumulation, and grain production (Hill and Li, 2016). Flowering is coordinated by a diversity of genes organized in an intricate network of five gene pathways: photoperiod, vernalization, autonomous, gibberellin, and age (Wellmer and Riechmann, 2010; Srikanth and Schmid, 2011; Yamaguchi and Abe, 2012; Song et al., 2015; Hill and Li, 2016). These pathways, coupled with soil quality, water supply, and temperature, can restrain, promote, or disrupt flowering (Jackson, 2009; Hong and Jackson, 2015; Brambilla et al., 2017). Genes and metabolic pathways involved with flowering in grasses and in the model plant Arabidopsis thaliana share some similarity.

As an important cash crop, sugarcane (Saccharum spp. hybrid) supplies most of the global demand for sugar and ethanol and is impacted by flowering, which is highly undesired in the field as the transition from the vegetative to the reproductive stage ceases plant vertical growth and consumes its energetic reservoir, leading to short and underdeveloped stalks as well as a drastic reduction in extractable sugars available for the industry, hence reducing productivity (Berding and Hurney, 2005). On the other hand, flowering is desirable for plant breeding as crosses require both parent plants to have emitted a well-formed inflorescence at the same time. The difficulty of achieving flowering synchronism hampers breeding as sugarcane cultivars show high variability for flowering time (Glassop et al., 2014; Melloni et al., 2015).

The genus Saccharum accounts for a variety of species spread across several countries in five continents and possesses a wide range of photoperiodical behaviors (Moore and Berding, 2013) and multiple critical day lengths (CDL) required for flowering. Sugarcane cultivars, for instance, are considered as intermediate day length plants (IDP), meaning that they can flower around the CDL with many levels of floral induction, requiring a critical photoperiod of approximately 12 h 55 min with daily reductions of 45 s in artificial photoperiod regimes to promote flowering, characterizing a quantitative short day behavior (Moore and Berding, 2013; Glassop et al., 2014; Melloni et al., 2015). Photoperiod facilities have been used successfully in this crop to induce flowering (Melloni et al., 2015; Hale et al., 2017), allowing the control of important external factors that affect flowering, such as temperature, humidity, and day length, thus enabling the simulation of ideal conditions for flowering induction.

Photoperiodic flowering is controlled by a subset of genes involved with photo-perception, circadian rhythm, and molecular long distance signaling (McWatters et al., 2001; Putterill and Varkonyi-Gasic, 2016). At the terminal point of the photoperiodic flowering pathway lies the florigen protein known as FLOWERING LOCUS T (FT), a phosphatidylethanolamine-binding protein (PEBP) expressed in the phloem companion cells following induction by the CONSTANS (CO) protein (Suárez-Lopez et al., 2001; Torti et al., 2012; Wang et al., 2016; Xu et al., 2016). When expressed, the FT protein travels to the shoot apical meristem (SAM), where it interacts with FLOWERING LOCUS-D (FD), a bZIP transcription factor, switching the plant from vegetative to reproductive development by activating the floral meristem identity genes (Andrés and Coupland, 2012). For that to happen, CO needs to be induced by the GIGANTEA (GI) protein, which is itself repressed by the gene CYCLING DOF FACTOR 1 (CDF1). Hence, the latter must be repressed by the combined action of genes FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1), GI, and PSEUDO-RESPONSE REGULATOR (PRR) 5, 7, and 9 (Huq et al., 2000; Imaizumi et al., 2005; Mizuno and Nakamichi, 2005; Seaton et al., 2015; Yuan et al., 2019). These PRR genes can be activated by expression of a MYB-related transcription factor called LATE ELONGATED HYPOCOTYL (LHY), which, in turn, is activated by photoreceptor transcription factor PHYTOCHROME INTERACTING FACTOR 3 (PHY3) while under red light exposure (Martínez-García et al., 2000; Mizuno and Nakamichi, 2005; Lu et al., 2009). Aside from genes expressing their respective proteins, there is also post-translational regulation caused by interactions with other RNA species, such as microRNAs (miRNA) and long non-coding RNAs (lncRNA) (Yamaguchi and Abe, 2012; Henriques et al., 2017; Zhu et al., 2017). In Arabidopsis, Schmid et al. (2003) show the role of the microRNA miR172 precursor gene family in the photoperiodic induced flowering, mediating the accumulation of AP2-related gene mRNA. Over the last decade, lncRNA research has grown rapidly since the discovery of their ability to modulate gene expression levels. However, most of their functions remain unknown due limitations of in silico detection (Budak et al., 2020).

Despite the importance of sugarcane flowering for the sugar-energy sector, a deeper understanding of the regulations responsible for the photoperiodic induction process is still scarce (Coelho et al., 2013, 2014; Glassop and Rae, 2019), and the large-scale investigation of differentially expressed (DE) genes of a cultivar under controlled conditions of photoperiodic induction, in fact, still needs to be reported. Studies have been conducted with data mined from the Sugarcane Expressed Sequence Tag (EST) Project (SUCEST) database in order to identify putative flower-specific genes in sugarcane via homology to Arabidopsis thaliana flower development genes and proteins (Figueiredo et al., 2001), specifically the multigene family of MADS-box transcription factors and the gene family APETALA2 (AP2), a key gene for flower development that acts as a promoter of early floral meristem identity (Dornelas and Rodriguez, 2001). Most of the studies of gene expression related to sugarcane flowering were carried out using plant material collected in the field after floral induction, a biological material that does not reflect the period before flowering or of flowering induction itself (Papini-Terzi et al., 2005; Medeiros et al., 2016).

The RNA sequencing technique (RNA-Seq) established prominence in high-throughput analysis of transcriptomes for literally every organism, allowing the measurement of transcript expression levels much more accurately when compared with other methods, e.g., Northern blot, ESTs, and microarrays (Wang et al., 2009; Nonis et al., 2014; Das et al., 2020). The RNA-Seq technique can also detect small sequence variations, such as SNPs and regulatory elements, such as non-coding and lncRNAs (Vicentini et al., 2012; Ilott and Ponting, 2013; Cardoso-Silva et al., 2014; Veneziano et al., 2016). In the case of sugarcane cultivars, having a huge, aneupolyploid, and highly complex genome (Garsmeur et al., 2018; Mancini et al., 2018), the use of the RNA-Seq technique is also beneficial for bypassing certain challenges regarding data assembling and analysis.

In the present work, we describe the transcriptomic profiling of a mature leaf during photoperiodic induction of flowering of a sugarcane commercial cultivar. We identify 7,083 DE genes, of which 5,623 showed significant identity to other plant genes. Nine of these genes, related to flowering and response to photoperiod, identified in our RNA-Seq experiment, were analyzed via RT-qPCR either at mature or spindle leaves at two development stages corresponding to the early stage of induction and inflorescence primordia formation. We also investigate the presence and conservation of photoperiodic induced/repressed lncRNAs that may integrate the regulation module for flowering in sugarcane.



MATERIALS AND METHODS


Plant Material and Photoperiodic Treatments

The IAC sugarcane cultivar IACSP96-7569 has a regular flowering behavior under artificial photoperiodic regimes (Melloni et al., 2015). This cultivar was vegetatively propagated by single bud chips, planted into boxes filled with substrate (Plantmax®) and placed in a greenhouse for 28 days. Plantlets were transferred to 3.8-L tree pots filled with equal amounts of clay soil, sand, and substrate (Plantmax®) and placed randomly in two rail carts of an automated photoperiod facility at the Centro de Cana – IAC at Ribeirão Preto, São Paulo state, Brazil. After 7 months, plants were submitted to two different photoperiod treatments (one for each rail cart), either a constant long day (LD) photoperiod of 13 h and 30 min for non-inductive photoperiodic treatments (NIPT), or a short day (SD) photoperiodic treatment of 12 h and 50 min shortened by 45 s per day as an inductive photoperiodic treatment (IPT) until inflorescence emergence. Once a week, +1 mature leaf (first leaf with visible dewlap), the spindle leaves (furled immature leaves), and the SAM were collected from three plants (biological replicates) in each photoperiodic treatments (six plants total) at ZT10 (Supplementary Figure 1). The +1 mature leaf and the spindle leaves collected from the same plant were immediately frozen in liquid nitrogen and later stored at −80°C until RNA extraction, and the corresponding SAM was fixed in FAA 50% (formalin, acetic acid, and ethyl alcohol) for histological sectioning to confirm the apical meristem developmental stage. The IPT SAM samples, corresponding to the seventh week (45 days after the beginning of the photoperiodic treatment) showed start of transition from vegetative to floral meristem through histological assessment (Supplementary Figure 2). Hence, the +1 mature leaf samples of this time point, in both IPT and NIPT, were selected for RNA-Seq analysis to assess DE transcripts between IPT and NIPT.



RNA Extraction, Quantification, Sequencing, and Data Set Quality Control

Total RNA extraction was performed by using the PureLink RNA Mini Kit (Thermo Fisher Scientific®) according to the manufacturer’s recommendations. RNA Integrity Number (RIN ≥ 8.0) and quantity were evaluated using a 2,100 Bioanalyser (Agilent®) spectrophotometer. Libraries were assembled according to mRNA-Seq Sample Preparation v2 kit (Illumina®) recommendations. Briefly, mRNA was isolated and annealed to primers for single-stranded cDNA synthesis. The mRNA template was removed, and the second cDNA strand was synthesized, generating the double-stranded cDNA (dscDNA). The dscDNA fragments were isolated and the cDNA fragments ligated to the sequencing adapters. Fragments of 100 bp were amplified through PCR. Finally, the cDNA extracted from six biological replicates (three IPT and three NIPT) collected in the seventh week were taken to the Central Laboratory for High Performance Technologies (LaCTAD – UNICAMP, Campinas, São Paulo state, Brazil) for sequencing in a HiSeq 2,500 (Illumina®) sequencer. The FastQC v0.11.7 (Andrews, 2010) and NGS QC Toolkit v2.3.3 (Patel and Jain, 2012) software were used for quality check, adapter/barcode removal, filtering, and trimming procedures. The raw sequence data were deposited in the NCBI SRA database with the accession number SRP302030.



Reference-Based Mapping and DE Analysis

Transcriptome mapping and gene expression analysis were conducted using BowTie2 v2.3.4.2 (Langmead and Salzberg, 2012) and RSEM v1.3.0 (Li and Dewey, 2011), respectively, with default RSEM parameters for BowTie2, and using a reference sugarcane transcriptome for transcript mapping. Count matrices obtained by RSEM for each library (expected counts, non-normalized) were submitted to DE analysis with a DESeq2 (Love et al., 2014) (p-value < 0.05) default script, and the fold change values were internally transformed to log2 scale.



Transcriptome Annotation by Local Alignment and Phylogenetic Analysis

Transcript annotation was performed using BLAST v2.7.1+, retrieving information through similarity analysis with related organisms through a subtractive approach (Supplementary Figure 3). First, we chose four closely related grass protein databases: Sorghum bicolor v3.1.1 (McCormick et al., 2018), Zea mays v3 (Schnable et al., 2009), Triticum aestivum v2.2 (Mayer et al., 2014), and Oryza sativa v7.0 (Ouyang et al., 2007) and eudicot model plant Arabidopsis thaliana TAIR10 (Lamesch et al., 2012), available at JGI’s Phytozome v121. A BLASTx was performed from the taxonomically closest to the farthest organism from sugarcane with 20 hits per transcript (e-value ≤ 1e-05). Hits and no hits were filtered at each BLASTx run. We considered as “hits” the transcripts that produced alignments that passed the filtering parameters. On the other hand, “no hits” are any transcript that either produced alignments that did not pass the filtering parameters or had no alignments produced during BLASTx. Hence, only “no hits” were carried further to the next BLASTx step with the next closest organism, following this order and filter parameters (alignment coverage and alignment identity, respectively): S. bicolor (60% and 50%), Z. mays (50% and 50%), T. aestivum (50% and 50%), O. sativa (50% and 50%), and A. thaliana (50% and 40%).

Phylogenetic analysis and putative orthology inference were performed by a pipeline (Bottcher et al., 2013) consisting of a series of local and global alignments of target protein sequences taken from KEGG circadian rhythm pathway (McWatters et al., 2001) against our transcriptome and other protein databases (same used previously for S. bicolor, O sativa, and A. thaliana) for phylogenetic relationship inference (Supplementary Table 1). First, target sequences in protein FASTA format were tBLASTn against our transcriptome (identity > 40% and coverage > 50%) capturing the first 15 best hits for each target. Then, these best hits were BLASTp against sorghum, rice, and Arabidopsis protein databases, collecting the best 40 sequences (e-value < 1e-05) for a global multiple alignment done with the software MAFFT (Yamada et al., 2016) using default parameters. Finally, these alignments were clustered under maximum likelihood phylogeny analysis conducted by the software phyML (Anisimova and Gascuel, 2006) with a WAG plus gamma substitution model and aLRT test. Results are phylogenetic trees, depicting the target sequences from sorghum, rice, Arabidopsis, and their respective sugarcane transcripts, which show statistically robust evidence for orthology inferring between sugarcane and other plant genes.



Quantitative Real-Time PCR (RT-qPCR) Assessment of Target Genes

Nine DE transcripts detected in the RNA-Seq experiment and involved in photoperiod response and flowering time were selected for relative gene expression analysis by quantitative real-time PCR (RT-qPCR). These transcripts not only were evaluated at the seventh week (corresponding to RNA-Seq experiment; 45 days of photoperiodic treatment) but also at the 13th week (plants with visible floral primordia formation, after 86 days of treatment; Supplementary Figure 2) in both mature and spindle leaves. Oligonucleotide primer pairs (Table 1) were designed from the respective transcript sequences by using PrimerQuest® Tool2 adopting as conditions primer length from 17 to 22 bp; GC content from 35% up to 65%; melting temperature between 59°C and 65°C and amplicon size between 100 and 250 bp. Primer quality was assessed with NetPrimer3 and primer pair efficiency by using the software LinRegPCR v7.5 (Ruijter et al., 2009). The cDNA synthesis was performed with the QuantiNova Reverse Transcription kit (QIAGEN Strasse 1, 40724 Hilden, Germany). The RT-qPCR assays were performed using a Bio-Rad IQ5 machine. The reaction was conducted in a final volume of 10 μl containing 5 μL of SYBR Green 2x from GoTaq® qPCR Master Mix Kit, (Promega, United States), 3 μL of cDNA (1:20 dilution), and primer pairs at their respective adjusted concentration. Amplification conditions were 95°C for 3 min, followed by 40 cycles of 10 s at 95°C and 30 s at 60°C, followed by a melting curve from 55°C to 95°C. For the RT-qPCR of the target genes, the three biological replicates sampled in each photoperiodic treatment (IPT and NIPT) were performed in triplicate (i.e., three technical replicates) and technical duplicates adopted for the primer efficiency and optimization analyses. Sugarcane Ubiquitin1 (ScUBQ1) and Tubulin (ScTUB) were used as normalizers (Table 1). Relative expression data and statistical analysis were performed using the software REST 2009 (Pfaffl et al., 2002) with 2,000 iterations and differences considered significant when P < 0.001, P < 0.01, and P < 0.05. The IPT was considered “treated” and NIPT considered “untreated” for the purpose of expression calculations in the software.


TABLE 1. Sugarcane putative photoperiodic response and flowering time genes selected for gene expression analysis by RT-qPCR using mature and spindle leaves collected in the seventh and 13th weeks.
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Gene Ontology Terms Enrichment and Functional Annotation Analysis

Annotation and mapping of Gene Ontology (GO) terms were made with OmicsBox v1.1.164 (BioBam Bioinformatics, 2019) using RefSeq non-redundant release 49 database (Pruitt et al., 2012) to annotate the sugarcane transcriptome. For mapping of GO terms, the GOA database v2019.08 was used. Gene set enrichment was conducted with a Fisher’s test with detailed results for all GO terms for biological processes. Gene sets had a maximum of 4,000 results with a false discovery ratio filter of 0.25. Enrichment networks were rendered with the software Cytoscape (Shannon et al., 2003) with ClueGO (Bindea et al., 2009) using annotated Arabidopsis gene names taken from BLASTx essays. Tree maps were created using REVIGO (Supek et al., 2011). Functional enrichment analysis were conducted with MapMan (Schwacke et al., 2019) using A. thaliana mapping “X4 Araport11 R1.0” and pertinent pathways related to flowering, photoperiod, and photosynthesis (downloaded from: https://mapman.gabipd.org/mapmanstore). Sugarcane transcripts annotated against the Arabidopsis TAIR10 database (Lamesch et al., 2012) were used to create an experimental file containing only DE transcripts from sugarcane converted to A. thaliana names.



Analysis of lncRNA

DE lncRNAs (lncRNAs) were identified in silico in two steps: First, we classified all “no hit” DE transcripts (n = 1,460) identified in our pipeline using CPAT (Wang et al., 2013) to verify the coding and ncRNA probabilities for “no hit” sequences. The program was trained with 400 randomized lncRNAs and 400 coding genes from Zea mays, and the threshold to consider ncRNA was >0.3. For the non-coding set, we aligned transcripts against the S. bicolor genome using Sim4 (Florea et al., 1998). Second, we classified the lncRNA data set for conservation between other species by using data available in GreeNC (Gallart et al., 2016), which annotates lncRNAs present in genomes available in the Phytozome database, and BLASTn (e-value 1e-20) against the following data: S. bicolor (n = 5305), Z. mays (n = 18,110), Setaria italica (n = 3492), O. sativa (n = 5237), Brachypodium distachyon (n = 5584), T. aestivum (n = 38,820), and A. thaliana (n = 3008).



RESULTS


Quality Control of Data, Transcriptome Reference-Based Mapping, Gene Expression Analysis, and Annotation

A total of 12 libraries (6 biological samples × 2 technical replicates), encompassing 615,794,012 paired end reads with 100 base pairs (PHRED Score ≥ 30) were produced by RNA-Seq. Quality control of data (i.e., adapter/barcode removal and trimming) resulted in 562,091,180 (91.3% of the total data) high-quality paired-end reads ranging from 70 to 95 base pairs and PHRED score ≥ 38. Transcriptome reference-based mapping resulted in 112,584 mapped transcripts with mean length of 914 base pairs (length < 200 = 26,826 transcripts; > 1.000 = 61,129 transcripts), 63,028 transcripts containing open read frames, and CG content of 48.9% (Supplementary Table 2). Subtractive transcriptome annotation found a total of 60,243 (31.4% of the whole transcriptome) good-quality annotated transcripts (hits): 36,841 annotated from S. bicolor, 10,819 from Z. mays, 11,343 from T. aestivum, 502 from O. sativa, and 738 from A. thaliana (Figure 1A). Considering a previous study with sugarcane transcriptome annotation (Cardoso-Silva et al., 2014), the present methodology showed an increased number of annotated sugarcane transcripts from S. bicolor proteins and reduction for O. sativa proteins as the former is closely related to sugarcane. We found 7,083 transcripts with statistically significant DE comparing induced to non-induced treatments. From these, 3,657 are considered upregulated (51.64%), and 3,426 transcripts are considered downregulated (48.36%). There are 2,990 transcripts showing fold change (log2) greater or equal to 0.5, and 667 DE transcripts with fold change of less than 0.5 and greater than 0. Downregulated transcripts with fold change less than or equal to −0.5 summed 2,559 with 867 transcripts showing fold change between 0.5 and 0, meaning that there are more DE transcripts either for up- or downregulation at higher values of fold change. We have 5,623 annotated DE genes, being 2,817 upregulated and 2,806 downregulated (Figure 1B). From these, 2,180 upregulated transcripts had fold change greater or equal to 0.5 with 637 having fold change between 0.5 and 0. Also, 1,987 downregulated transcripts showed fold change less than or equal to −0.5, and 819 showed fold change between −0.5 and 0. Finally, transcript density by base mean (i.e., the average value of the normalized counts divided by size factors) of all 7,083 DE transcripts revealed that the downregulated group of transcripts have higher differential expression values than the upregulated group (Figure 1C).
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FIGURE 1. (A) Number of annotated transcripts by organism. (B) Venn diagram with final transcript amounts after annotation and differential expression analyses. (C) Density distribution of differentially expressed genes (n = 7,083) by basemean (x) and density (y).


The phylogenetic putative ortholog inference returned 76 transcripts as putative orthologs from A. thaliana, sorghum, and rice circadian rhythm and flowering genes as follows (number of putative ortholog transcripts in parenthesis): ScAP2 (1), ScATC (2), ScCDF2 (1), ScCDF3 (1), ScCHE (3), ScCKA3 (2), ScCKA4 (2), ScCKB2 (3), ScCKB3 (3), ScCKB4 (1) ScCOP1 (4), ScCRY1 (4), ScCRY2 (4), ScFKF1 (1), ScFT (5), ScGI (5), ScLHY (4), ScPFT1 (5), ScPHYa (4), ScPRR5 (2), ScPRR7 (6), ScSOC1 (5), ScTOC1 (1), and ScZTL (7) (Supplementary Table 3). Because we are dealing with sugarcane genes, we renamed our transcripts according to Gray et al. (2009). We detected differential expression for 21 of these transcripts (Figure 2A), of which 14 (ScAP2, ScCKA3, three ScCOP1, ScCRY1, two ScLHY1, three ScPRR7, ScSOC1, and two ScZTL) were considered upregulated (or induced) and seven (ScCKB3, ScCRY2, ScFKF1, ScPFT1, ScPRR5, ScPRR7, and ScTOC1) considered downregulated (or repressed). Interestingly, most of these DE putative ortholog transcripts are related to signaling of light perception (ScCRY1, ScCRY2, and ScPFT1) and to the clock central oscillator (ScZTL, ScPRR3, ScPRR5, ScPRR7, and ScLHY1) of the circadian rhythm pathway indicating that, in this stage of photoperiodic treatment, the plant is still responding to the photoperiodic stimuli. The remaining 55 detected putative ortholog transcripts showed no DE (Figure 2B). Genes from the canonical flowering pathway, such as ScFT and ScGI, showed no DE, which was expected as these genes are more active at the start of the signaling stage in the mature leaf before signal translocation and consequent flowering (Kobayashi et al., 1999). These findings indicates that sugarcane, despite already being induced, still regulates the circadian clock pathway in response to photoperiod changes and that the time frame comprehending expression of FT proteins in sufficient quantity, its arrival, and hence accumulation at the SAM to the point of inducing cell differentiation from vegetative to reproductive, in sugarcane, can be short.
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FIGURE 2. Expression-based clustering of sugarcane orthologs of photoperiodic and flowering genes. Transcripts with (A) and without (B) DE were color-coded (red to green) by the FPKM values in 12 samples (six for each condition). In panel A, the data were centered and scaled. Euclidean distance was adopted in hierarchical clustering. IPT (Inductive photoperiodic treatment) and NIPT (Non-inductive photoperiodic treatment).




Assessment of Relative Gene Expression by RT-qPCR

Gene expression in induced leaves relative to non-induced leaves conducted via RT-qPCR showed that, for spindle leaves collected in the seventh week, the DE genes with statistical significance were ScCDF3 (0.57), ScAGL7 (repressed, 0.45), and ScAGL12 (1.84) (Figure 3). For the 13th week, the DE genes with a statistically significant difference were ScPRR1 (4.66), ScLHY (2.57), ScAGL12 (1.98), ScEID1 (2.28), ScCDF2 (2.89), ScCDF3 (2.80), ScPRR5 (1.83), ScAGL7 (1.94), and ScPRR7 (4.93), all of them induced. For mature leaves in the seventh week, the DE genes with a statistically significant difference were ScPRR1 (repressed, 0.51), ScCDF2 (2.44), and ScCDF3 (1.75). Finally, for mature leaves of the 13th week, the genes that showed significant differential expression were ScAGL12 (induced, 1.93), ScPRR5 (1.56), and ScPRR7 (induced, 1.90) (Supplementary Table 4).
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FIGURE 3. Relative expression (induced/non-induced) of circadian clock genes at two time points following the start of the photoperiodic treatment; seventh week (45 days) and 13th week (85 days), from both spindle leaves and mature leaves. 1Reference Genes. P < 0.001 (***); P < 0.01 (**); and P < 0.05 (*).


The dissociation curves in spindle leaves for the seventh week all showed specific PCR amplification of the target gene. Efficiency (E) ranged from 1.37 to 2.03 and R2 = 0.99. At the 13th week, the ScPRR1 gene showed a bad dissociation curve, which made its use impracticable. The rest of the genes showed a single peak, indicating specificity. Efficiency ranged from 1.68 to 1.97 and R2 from 0.77 to 0.99. In the mature leaves, at the seventh week, all primers showed a single peak indicating amplification of a single product. Efficiency varied from 1.66 to 2.04, and R2 was always maintained at 0.99. The dissociation curves in the mature leaf at the 13th week were also all reasonable, showing a single peak each. Efficiency was 1.68 to 2.2 and R2 = 0.99 (Supplementary Figures 4–7).



Gene Ontology Terms Enrichment and Functional Annotation Analysis

Due the reasonably large amount of annotated DE genes detected in our data, we initially resort to large-scale analysis to interpret the overall situation of expressed genes despite the eventual loss of detail. This analysis was conducted individually for the groups of induced (upregulated) and non-induced (downregulated) genes. The present Gene Ontology enrichment returned an extensive set of terms for biological processes with some relation to the literature of flowering in monocots (Coneva et al., 2012; Minow et al., 2018). In the induced gene group, we found upregulation of overrepresented GO terms (Figure 4, with details provided at Supplementary Table 5) with important roles for plant structure development (pigment metabolic process, regulation of nitrogen, and carbon utilization), photorespiration, and energetic metabolism (sucrose, L-serine, and guanosine-containing compound metabolism, triose phosphate transport, ubiquinone biosynthesis, reductive pentose-phosphate cycle, glycine decarboxylation, and ferredoxin metabolism), and photosynthetic activities (photosynthesis/light harvesting, response to red and far-red light, and photosynthetic electron transport in photosystem I) as well as for other responses to external stimuli (glucosinolate biosynthesis and response to aluminum). On the other hand, we found downregulation of overrepresented GO terms related to vegetative growth (auxin-activated signaling pathway, response to ethylene, and transmitting tissue development), energetic metabolism (D-ribose metabolism, starch, and sucrose catabolism), reproductive structure formation (carpel and ovary septum development), and dormancy and seed germination regulation (release of seed from dormancy and abscisic acid catabolism). For a more general representation on how these terms relate, tree maps were generated for easier visualization of these overrepresented GO terms (Supplementary Figure 8).
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FIGURE 4. Up (blue) and down (red) regulated overrepresented biological process GO terms present in our data set. Values are number of genes, scaled to log10.


We submitted all GO-enriched terms for functional clustering and annotation with ClueGO to uncover more significant term clusters with a higher degree of term specificity. GO networks revealed thousands of interconnected elements; hence, a p-value cutoff filter (<0.05) had to be implemented to capture more significant term clusters (Figure 5). Photosynthetic activity terms are still present at the induced group of genes after cutoff, showing photosynthesis, light harvesting, response to light stimulus, and response to radiation. This cluster induces the protein complex biogenesis through modulation of the photosystem II assembly. In turn, response to light stimulus, light intensity, and radiation seem to be inducing genes related to photoprotection. A third cluster of significantly enriched GO terms for the group of induced genes shows activity of a substantial number of genes (more than 480 genes) related to chemical compound and pigment metabolisms, such as tetrapyrrole and chlorophyl, respectively. As for the non-induced group of genes, two major clusters are portrayed: the first one (left side of Figure 5B) shows GO terms related to signal transduction, response to stimuli, response to chemical stimuli, and response to hormones, which could demonstrate some relation between repression of these response mechanisms during the change from the vegetative to the reproductive stage. Hence, as shown, this cluster may be responsible to modulate cell surface receptor signaling and osmosensory signaling pathways. The second major cluster (right side of Figure 5B) depicts terms related to shoot system development, plant organ morphogenesis, and plant organ development. This cluster might also be involved in the modulation of the post-embryonic plant organ development and as well in gametophyte development, which is expected to be found in +1 mature leaves after floral induction. Furthermore, this can also be an indicator that the time frame between the induction of the FT protein and its critical accumulation in the SAM is short in sugarcane.
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FIGURE 5. Gene Ontology enriched terms network representing of biological processes for (A) upregulated transcripts and (B) downregulated transcripts. Node sizes represent number of genes per term (Bonferroni step-down p-value < 0.05).


In general, the functional annotation made with MapMan shows expression changes in known gene pathways in plants (Figure 6). The effects of the flowering inductive photoperiod on sugarcane extends throughout several metabolic pathways and regulatory modules of the plant. There are significant gene expression alterations for some pathways, such as minor carbohydrate, starch/sucrose, lipids, and cell wall metabolisms, and hormones. Light reactions and photorespiration pathway alterations are predominant, and 2° metabolism, redox reactions, fermentation, tetrapyrrole metabolism and hormone signaling showed a considerable amount of DE genes. Interestingly, there are some small expression changes for biotic and abiotic stresses: signaling for biotic stress is mostly downregulated, and light and cold biotic stress responses show mixed results though small (log2 fold change < 1 and >−1).
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FIGURE 6. MapMan functional annotation showing parts of the metabolism overview, hormones, biotic stress, abiotic stress, and redox reaction pathways. Color scales from –2 (intense red) to +2 (intense blue), in log2 fold change.




Sugarcane lncRNAs Responsive in Flowering Induction

We have also made an in silico analysis to identifying sugarcane flowering induction responsive lncRNAs. Such RNAs are characteristic for lacking or having small open reading frames and being longer than 200 nucleotides. A long non-coding annotation of sugarcane floral induction transcriptome was performed over all 1,460 DE “no hits” transcripts. The BLASTn, Sim4, and CPAT were used in this pipeline (Figure 7A). Sim4 was used to find putative non-annotated genes/lncRNA (ncRNA), CPAT to verify the coding and ncRNA probabilities, and BLASTn to identify conserved sequences. After applying similarity filters, we found 634 sugarcane lncRNAs responsive to flowering induction (Figure 7A). From those, 62 (Supplementary Table 6) are shared with other grass species (Figure 7B). As some lncRNAs may be involved with flowering induction, these are relevant data for further studies (Figure 7C). The lncRNA annotation procedures reported a low level of sequence conservation against known sorghum or other grass transcripts (Figure 7B) but a high level of conservation in the sorghum genome (Figure 7A) was detected, showing that 209 transcripts could be unknown sorghum lncRNAs. Interestingly, there are seven conserved lncRNA sugarcane transcripts in common with S. bicolor and S. italica and only one with sorghum and Z. mays (Figure 7D). There are no conserved sugarcane transcripts in common with Z. mays and S. italica.


[image: image]

FIGURE 7. The conservation and expression profile of sugarcane lncRNAs responsive in flowering inducted by photoperiod. (A) DE sugarcane transcripts (7,083) classified by annotation pipeline: the 1,460 no-hit transcripts were classified into coding (826), conserved non-coding (209), and orphan non-coding (425) transcripts. (B) Number of conserved sugarcane lncRNAs (634) with S. bicolor, Z. mays, S. italica, T. aestivum, O. sativa, B. distachyon, and A. thaliana. (C) Density distribution of up- (840) and downregulated (620) sugarcane no-hit transcripts. (D) Venn diagram with the number of sugarcane lncRNAs showing conservation to related grasses, including shared conservation between species.




DISCUSSION

The results presented here start to shed some light on the changes in gene expression when sugarcane plants switch from vegetative to reproductive development following photoperiodic induction. This has not previously been done for sugarcane. We report more than 112,000 mapped sugarcane transcripts, of which 7,083 show significant DE in response to an IPT. Transcripts were annotated following a stringent protocol and robust statistical methods, aiming to find as much high-quality information as possible, which yielded more than 60,000 fully annotated transcripts. Also, we captured 76 transcripts as being putative real orthologs of flowering genes from different plant species in sugarcane with 21 being responsive to photoperiodic induction as well as 565 lncRNAs also responsive to the florally inductive photoperiod, which have many applications in further molecular studies of the subject.

Plants such as Arabidopsis thaliana (thale cress), Glycine max (soybean), Oryza sativa (rice), Zea mays (maize), Sorghum bicolor (sorghum), Triticum aestivum (wheat), and Hordeum vulgare (barley) have been intensively studied in the last decade in regard to their control of flowering (Matsubara et al., 2014; Song et al., 2015; Wolabu et al., 2016; Brambilla et al., 2017) and are still used as models for investigating flowering pathways in related plant species. However, novel molecular functions and interactions can still be discovered in less well-studied organisms as in the case of sugarcane. Despite advances in flowering time regulation in grasses, such as S. bicolor (Lin et al., 2016), Z. mays (Coneva et al., 2012; Minow et al., 2018), S. italica (Doust et al., 2017), and Brachypodium distachyon (Higgins et al., 2010), the sugarcane photoperiod pathway still waits for gene identification and functional characterization.

Most florally induced genes are expressed in a tissue-specific manner. Once external stimuli are perceived by the right sensors, the pathway is activated to promote the transition from vegetative to reproductive development in plants (Kiełbowicz-Matuk and Czarnecka, 2014). Our real-time qPCR assays show that, in mature leaves collected in the seventh week (floral induction stage), the ScPRR1 gene was repressed. In Arabidopsis, the AtPRR gene family consists of five members (AtPRR9, AtPRR7, AtPRR5, AtPRR3, and AtPRR1/TOC1) (Yamamoto et al., 2003) that are involved in the function of the circadian clock (Mizuno and Nakamichi, 2005). AtPRR transcripts start to accumulate after dawn in a specific order (AtPRR9 – AtPRR7 – AtPRR5 – AtPRR3 – AtPRR1) with an interval of 2 to 3 h each, forming a loop expression profile (Makino et al., 2001). Glassop and Rae (2019) found that, in the 24-h cycle, the ScPRR1 gene in LD was highly expressed in spindle leaves and +1 mature leaf, reaching its maximum expression peak with about 10 h into the light regime, followed by a decrease after 2 h in the dark period. In the present study, with a similar time of collection (16 h 00, ZT10), ScPRR1 appeared to be repressed in both spindle and mature leaves in the situation of shortening day length. In mature leaves at the 13th week, the ScPRR family genes that were significantly expressed were ScPRR5 and ScPRR7, both induced and more expressed in the SD than the LD light regime. It should be noted that in the seventh week, the ScPRR feedback loop is at its end because it has a specific order of expression, and ScPRR1 is the last to show a peak of expression. On the other hand, in the 13th week (floral primordium), the “loop” is at the halfway point because, in this sampling point, ScPRR7 and ScPRR5 are being expressed. In spindle leaves, at the 13th week, the ScPRR7 and ScPRR5 genes are significantly induced and follow the same pattern of expression as in mature leaves of the 13th week.

The ScLHY gene was significantly induced in spindle leaves of the 13th week as in the work by Glassop and Rae (2019). However, according to the authors, the peak of ScLHY expression in a 24-h cycle occurs mainly in the dark period, differing from our time of collection, which explains why its expression is at the beginning of the ascent in the present work. In Arabidopsis, AGAMOUS-LIKE 12 (AtXAL1) is a member of the MADS-box family, which is one of the key components in the floral induction and flowering development network. Tapia-López et al. (2008) suggest that AtXAL1 is an upstream regulator for AtSOC, AtFT, and AtLFY. In sugarcane, ScAGL12 was significantly induced in mature leaves collected in the 13th week and in spindle leaves of the seventh and 13th weeks. Tapia-López et al. (2008) also note via in situ hybridization of the AtXAL1 mRNA that the gene is specifically expressed in Arabidopsis vascular tissue. There, in the phloem’s companion cells, the mRNA of the AtFT gene is expressed and translated, so the AtFT protein is translocated to the apical meristem, triggering flowering (Corbesier et al., 2007). Nonetheless, if AtXAL1 acts upstream of the AtFT gene, this observation could only be valid for mature leaves in the 13th week because, in the spindle leaves, the vascular system is not yet fully developed. There is a redundancy between the AtDof (DNA-binding with one finger) transcription factors (AtCDF1, AtCDF2, AtCDF3, and AtCDF5) as negative regulators of AtCO at flowering time in Arabidopsis (Imaizumi et al., 2005; Fornara et al., 2009). The ScCDF3 gene was significantly repressed in spindle leaves of the seventh week and mature leaves in the 13th week, inferring that the former tissue, when induced by photoperiod, is potentially inducing CONSTANS (hence FT) to promote flowering in the nearby SAM. Conversely, in seventh week mature leaves and in spindle leaves of the 13th week, flowering induction is expected to be halted. As for ScCDF2, there is induction in both tissues and times; however, there is a 2.5-fold increase in expression in seventh week mature leaves, inferring that ScCDF2 is repressing flowering through repression of CONSTANS, as well as a threefold increase in expression of the gene in spindle leaves of the 13th week, in which flowering is not expected. This behavior of the Dof transcription factors seem to be somehow conserved between sugarcane and Arabidopsis despite the great evolutionary distance. However, the rice Dof family, comprising more than 30 elements (Li et al., 2009) act as flowering inductors. The AtEID1 gene is related to a negative regulation through protein degradation (ubiquitin-dependent proteolysis) of AtPhyA dependent pathways (Büche et al., 2000) and appears significantly induced in spindle leaves at the 13th week (when light exposure is the lowest) although it is repressed in the seventh week. In Arabidopsis, the absence of AtEID1 allows AtPhyA stability, responding as a far-red light receptor under continuous irradiation (Dieterle et al., 2001). For sugarcane, this relation between ScEID1 and ScPhyA seems to be maintained.

In a recent study from our group (Santos et al., 2021), we tested reference genes against sugarcane DE orthologs of AtPIL5, a gene involved with seed germination, leaf senescence, gibberellin pathway, and light perception, and AtLHP1 (aka TFL2, TERMINAL FLOWER 2, Feng and Lu, 2017), which is an epigenetic regulator of FT and FLC in Arabidopsis. It was found that, for mature leaves at the photoperiodic flowering induction stage (equivalent to this study’s seventh week), ScPIL5 is induced, and ScLHP1 is repressed. Interestingly, the induction of ScPIL5 may infer a different function of the gene between Arabidopsis and sugarcane because, in the former, AtPIL5 (AtPIF1) represses chlorophyl synthesis in dark periods while suppressing hypocotyl elongation during light time, which is not observed in our Gene Ontology analysis (Figure 5A). Also, the repression of ScLHP1 is related to diverse gene functions between Arabidopsis and sugarcane (Coelho et al., 2014) as, in the former, this gene is responsible for the maintenance of floral meristem identity during flowering, and for the latter, it may also have yet unknown functions for photoperiodic response of flowering in grasses.

To get a general overview of the effects of theinductive photoperiod in sugarcane, we performed large-scale Gene Ontology enrichment terms analysis for DE annotated transcripts and assessed the overrepresented terms for biological processes (Figure 4). As expected, we found several processes and functions linked, directly or indirectly, to plant structure development, photorespiration, energetic metabolism, and photosynthetic activities. Although it is not possible to infer the exact moment of vegetative/reproductive transition, positive changes in the expression of genes involved in biological processes related to photoperiod and light responses indicates that these pathways are being induced. Upregulation of genes involved in pigment metabolism and photosystem I electron transport suggests that the plant may be working under some form of light-deprivation stress. Downregulation of genes involved in hormone pathways, such as the auxin, ethylene, and abscisic acid, may be a result of the change from vegetative to reproductive development and production of the associated reproductive structures. Interestingly, carpel formation, ovary septum development, and seed release from dormancy were also found in downregulated transcripts.

In the attempt to look closer at the large-scale GO term analysis, we conducted a network clustering of the enriched terms and selected the most significant clusters related to circadian rhythm and flowering. By doing so, it is possible to see hierarchies of GO terms at a higher level of detail (Figure 5). Response to light stimuli (light intensity and quality) upregulated together with photoprotection genes, suggesting once more that the plant may be under a kind of light-deprivation stress. Upregulation of light harvesting and light reaction processes can also be involved in the response of the plant to light deprivation, promoting repair of the photosystem II in the attempt to harvest more light in a scenario of decreasing daytime. These processes are also directly involved in the network for protein complex biogenesis and generation of energy, which suggests that the plant might be investing its energy reservoir in the increase of pigment biosynthesis through the tetrapyrrole metabolic pathway, which accounts for chlorophyll biosynthetic processes (Figure 5A). Henceforth, this data raises a question regarding the existence of crosstalk between the photoperiodic induction of flowering and responses to light-deprivation stress. The need for consistency of the flowering signal throughout the flowering stage in sugarcane is of utmost importance given that the interruption of light stimuli causes sugarcane to abort flowering, leading to floral reversion and malformed inflorescence (Glassop et al., 2014). On the other hand, a wide range of significant GO term clusters of downregulated transcripts is also observed (Figure 5B). Curiously, response to temperature stimulus is downregulated under IPT, whereas the temperature pathway is often combined with the photoperiod for flowering induction under the FLC/SOC1/FUL (FLOWERING LOCUS C, SUPPRESSOR OF CONSTANS1, and FRUITFULL) gene regulation module for eudicots (Bouché et al., 2016), suggesting that maybe there is a thinner interdependency between photoperiodic and temperature pathways for flowering in sugarcane. Downregulation of responses to chemical stimuli and hormones also constitutes a wide GO cluster, suggesting that, although the plant is repressing hormone pathways (i.e., auxin, ethylene, and ABA), there is a desensitization of cellular responses to such compounds, allied to downregulation of signal transduction in order to ensure the change from the vegetative development stage to the reproductive stage. Last, plant organ morphogenesis and gametophyte development are interestingly repressed under the inductive photoperiodic treatment. This may be related to halting vegetative shoot development following induction, which would precede floral organ initiation.

Functional annotation and metabolic pathway enrichment data supports the hypothesis that light-deprivation stress occurs during the photoperiodic induction of flowering sugarcane, together with desensitization of hormonal responses (Figure 6) of auxin, ABA, and 6-BenzylAdenine (BA). Moreover, Cytokinin and GA metabolism appear to be slightly upregulated. Abiotic stresses such as wounding, light, and cold responses, show small changes, but most of them seem to be repressed. As detected in the GO analysis, tetrapyrrole metabolism shows large changes, either induction or repression of some genes, which may infer accentuated modulation in pigment and aromatic compound metabolism. Photorespiration and light reactions also show big changes in gene expression, mostly induced, inferring that the plant is undergoing changes in how light (intensity and quality) is perceived, together with an increase in energy production.

Although our group have previously identified 1,446 sugarcane lncRNA expressed in leaves (Cardoso-Silva et al., 2014), this study reveals a set of 634 sugarcane lncRNAs DE under the photoperiodic condition. Furthermore, we show that 62 (approx. 10%) of these sugarcane transcripts share some level of conservation with gene loci from other grasses. Unfortunately, to date, most of them were not characterized, and a thorough study of this subset might prove invaluable in unveiling novel regulatory elements in grasses. Recently, a collection and rich resource of 6,510 lncRNAs were identified in Arabidopsis (Zhao et al., 2018). So far, few were functionally involved in flowering time regulation, such as COLDAIR and COOLAIR related to the vernalization-mediated epigenetic repression of a MADS-box AtFLC (Chekanova, 2015; Budak et al., 2020). Besides this, the overexpression of seven intronic lncRNA from Arabidopsis MADS-box genes activates the expression of their host genes (Liu et al., 2020). On the other hand, however, only FLC homologs antisense transcripts present in various grass species, called in Brachypodium spp. as BdCOOLAIR1 and BdCOOLAIR2, were functionally characterized regulating in cis the rate of a MADS-box BdODDSOC2 expression (Jiao et al., 2019). These data suggest further lncRNA physical localization and their co-expression pattern together with its host genes in control flowering time.

Future activities to better understand flowering induction of sugarcane under photoperiodic treatments might focus on the large-scale investigation of different time points of induction aiming to verify key genes activities, compared with already published gene regulatory networks from other plants, and how treatments modulate these networks. Data from circadian rhythm experiments in grasses are not abundant and would greatly contribute to the subject. Furthermore, integration of post-translational regulatory elements on expression data for gene regulatory networks, such as lncRNAs, might provide a deeper understanding of flowering in sugarcane.
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SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.635784/full#supplementary-material

Supplementary Figure 1 | Schema of the sugarcane leaf structure, emphasizing the spindle leaves (top red circle), and the first leaf from the top to the bottom of the stalk with clearly visible dewlap (bottom red circle) also known as +1 mature leaf (adapted from Van Dillewijn, C. Botany of sugarcane. Waltham: Chronica Botanica, 1952. 371). (A) sagittal section of the upper culm: peeled, (B) spindle leaves dissected from the central part of the upper culm, (C) shoot apical meristem dissected from the bottom part of the upper culm, and (D) +1 mature leaf with red arrow showing the dewlap.

Supplementary Figure 2 | Morphology of the shoot apical meristem of sugarcane cultivar IACSP96-7569: (A) seventh week, 45 days in inductive conditions; (B) seventh week, 45 days in non-inductive conditions; (C) 13th week, 85 days in inductive conditions; and (D) 13th week, 85 days in non-inductive conditions (Santos et al., 2021).

Supplementary Figure 3 | Subtractive approach conducted to annotate sugarcane transcripts. All 191,816 transcripts were considered for annotation using successive BLASTx steps with sorghum, corn, wheat, rice, and Arabidopsis protein databases. Alignments produced in each step were filtered for coverage and identity between query and subject sequences, taking “hit” transcripts out of the initial bulk and carrying further “no hits” for the next BLASTx and repeating this procedure until the last organism, Arabidopsis.

Supplementary Figure 4 | Dissociation curves for primer pairs from essays on spindle leaves of the seventh week. E, primer efficiency; R2, Correlation coefficient.

Supplementary Figure 5 | Dissociation curves for primer pairs from essays on spindle leaves of the 13th week. E, primer efficiency; R2, correlation coefficient.

Supplementary Figure 6 | Dissociation curves for primer pairs from essays on mature leaves of the seventh week. E, primer efficiency; R2, correlation coefficient.

Supplementary Figure 7 | Dissociation curves for primer pairs from essays on mature leaves of the 13th week. E, primer efficiency; R2, correlation coefficient.

Supplementary Figure 8 | Tree maps representing enriched categories of biological processes for (A) upregulated transcripts and (B) downregulated transcripts.

Supplementary Table 1 | Target sequences. Gene names (and Arabidopsis thaliana TAIR9 entry) used for orthology inference.

Supplementary Table 2 | Main results and metrics of the reference-based mapping of RNA-Seq transcripts.

Supplementary Table 3 | Complete list with results from the phylogenetic analysis. Sugarcane transcripts were clustered closely to respective target A. thaliana sequences with correspondence to S. bicolor and O. sativa homologous genes.

Supplementary Table 4 | Gene relative expression conduced with RT-qPCR essays for two time points (seventh week, 45 days of treatment and 13th week, 85 days of treatment) and two tissues (spindle leaves and mature leaves).

Supplementary Table 5 | List of overrepresented enriched GO terms (FDR < 0.05) from sugarcane photoperiodic flowering induction transcriptome.

Supplementary Table 6 | List of conserved sugarcane lncRNAs responsive to flowering induction and its orthologs in S. bicolor, Z. mays, and S. italica (sorted by highest to lowest log2 fold change).
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Data source

Scientific name

‘Common name

Self-
(in)compatibility

Prefix on Database Reference
sequence name  version

Database URL

or cultivar name
RNA-seq
C. tamurana “Hyuganatsu’ sl HY
C. tamurana Self-compatible sc HY
mutant of
“Hyuganatsu’
C. hassaku “Hassaku’ sl HSK
C. maxima or C. “Tosabuntan’ sl TBN
ootachibana
C. maxima ‘Banpeiyu’ sl BAN
C. unshiu x C. “Sweet Spring’ Unknown owingto~ SWS
hassaku male steriity
Genome
C. clementina Clementine sl clementine0.9 V09 Wu et al. (2014) hitps://phytozome.jgi.doe.
‘Clementles’ gov/pz/portal htmi
(haploid)
C. clementina Clementine sl Ciclevi0 vio Wuet al. (2014) hitps://phytozome.jgi.
‘Clementles’ gov/pz/portal html
(haploid)
C. sinonsis Swest orange sc Cs or orange1.1 v2 Xuetal. (2013) hitp://citrus.hzau.edu.cn/
“Valencia’ orange/index.php
(doubled-haploid)
C. medica Gitron si? cm vi Wang etal. (2017)  httpi/citrus.hzau.edu.cn/
orange/index.php
C. reticulata Mandrin sc MSYJ vi Wang etal. (2018)  httpi/citrus.hzau.edu.cr/
‘Mangshan’ orange/index.php
C. ichangensis Ichang papeda sl Gi vi Wang etal. (2017)  httpi/citrus.hzau.edu.cn/
orange/index.php
C. maxima Pummelo (haploid)  SI cg vi Wang etal. (2017)  httpi/citrus.hzau.edu.cr/
orange/index.php
C. unshiu Satsuma mandarin  SC Ciunshiu Not specified Shimizu et al, hittp//www.citrusgenorme.
‘Miyagawa Wase' (2017) o/
Atalantia buxifolia ~ Chinese box Unknown b vi Wang etal. (2017)  httpi/citrus.hzau.edu.cn/
orange orange/index.php

Cultivar name is sinale-auoted.
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Gene ID

LOC_0s01g50720
LOC_0s02g35144
LOC_Os03g11614
LOC_0Os03g13600
LOC_0s03g51910
LOC_0s03g53050
LOC_0Os08g26880
LOC_0s09g36730
LOC_Os12g07120
LOC_Os12g32620
LOC_0s02g33560
LOC_0s03g21060
LOC_0Os06g09310
LOC_0s09g32730
LOC_Os10g33760
LOC_0Os01g16810
LOC_0Os01g16950
LOC_Os01g51260
LOC_0Os01g68900
LOC_0s02g44120
LOC_0Os04g31804
LOC_0s04g56990
LOC_0Os06g04090
LOC_0s07g02800
LOC_0s09g26420
LOC_Os12g04590
LOC_Os12g33070
LOC_0Os06g40330
LOC_Os11g03540
LOC_Os12g42970

Module

Blue

Blue

Blue

Blue

Blue

Blue

Blue

Blue

Blue

Blue
Magenta
Magenta
Magenta
Magenta
Magenta
Turquoise
Turquoise
Turquoise
Turquoise
Turquoise
Turquoise
Turquoise
Turquoise
Turquoise
Turquoise
Turquoise
Turquoise
Yellow
Yellow
Yellow

Annotation

MYB family transcription factor, putative, and expressed

Zinc finger, C3HC4-type domain-containing protein, and expressed
OsMADS1

Z0S3-07 — C2H2 zinc finger protein, expressed

Basic helix-loop-helix protein, putative, and expressed

WRKY121, expressed

bZIP transcription factor domain-containing protein, expressed
OsMYB108

GATA zinc finger domain-containing protein, expressed

OsWLIM1 - LIM domain protein, putative actin-binding protein and transcription factor, and expressed
Expressed protein

Plant-specific NAC transcriptional activator, OsNAP

Zinc finger, C3HC4-type domain-containing protein, and expressed
Zinc finger, C3HC4-type domain-containing protein, and expressed
No apical meristem protein, putative, and expressed

CSA

Zinc finger, C3HC4-type domain-containing protein, and expressed
MYB family transcription factor, putative, and expressed

Zinc finger, C3HC4-type family protein, and expressed

Z0S2-13 — C2H2 zinc finger protein, and expressed

OsMADS64 — MADS-box family gene with M-alpha type-box, expressed
REGULATOR OF LEAF INCLINATION1

Secondary wall NAC 1, OsSWN1

MYB family transcription factor, putative, and expressed

AP2 domain-containing protein, expressed

Zinc finger, C3HC4-type domain-containing protein, and expressed
OsMYB46

MYB family transcription factor, putative, and expressed

AP2 domain-containing protein, expressed

GATA zinc finger domain-containing protein, expressed

Arabidopsis ortholog

MYB86
AT4G10150
AT3G02310
ZFPA
AT1G10120
WRKY39
bzIP44
MYB4
GATA14
WLIM1
AT5G04840
NAC047
ATL3
AT3G25030
NACO074
MYB105
AT1G55530
MYB26
AT4G13100
AT1G02040
AGL79
AT5G06800
EMB2301
AT2G03500
RAP2.12
AT3G19950
MYB46
MYB101
WRIH
GATA2
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Code CMS accessions Type of nucleotide variation (SNPs/deletions) Flower phenotype of cytolines (CMS)

(BnTR4) (Orf125) Normal Varying abnormalities
A1 Ogu122-5A - - NCMS
A2 Ogu115-33A - 161) A
A3 Ogu118-6A - - NCMS
A4 0gu307-33A 1(T/0) 1(651) ABFG
A5 Ogu33-1A 1(T/C) 161) AB,G
A7 Ogu309-2A 1(31) 1(61) AFG
A8 OguKt-2-6A - - NCMS
A9 Ogu13-85-6A - ™ NCMS
A10 Ogui6A 1(Cm,1(31) 1(61) B,FJ
A1 Ogu3A 1(31) 1(61) B,J
A12 Ogu2-6A - - NCMS
A13 Ogu2A 1(31) 1(61) FlJ
Al4 Ogut4A 1(31) 161) J
A15 Ogu122-1A 1(31) 161) J
A6 OguKt-9-2A 1631) 1(61) 4K
A17 Ogui21-1A 1(31) 1(61) J
A8 Ogu126-1A 1(31) 1(61) J
A19 Ogu134-8A - = NCMS
A20 Ogu12A 1(Cm,131) 161) FlLJ
A21 Ogu119-1A - 161) A
A22 Ogu3dA - 1(61) A
A23 Ogu178-8A - - NCMS
A24 Ogu118-2A 1(31) 1(61) G,J
A25 Ogud3A - 1(61) A
A29 OguKt-2-1A 1(31) 161) J,K
A30 Ogu309-1A 1(31) 1(61) 1,J
A31 Ogu-HL-1A 1(31) 161) L
A32 Ogu307-1A 1(31) 1(61) A
A33 Ogu Kt-8-2A 1(31) 1(61) J, K
A34 Ogu119-2A 1(31) 1(61) A
A35 Ogu121-2A 1(31) 1(61) I,J, K
A36 Ogu-HL-3A 1(31) 1(61) AC
A37 Ogu13-85-3A 1631) 1(61) B,1
A38 Ogu119-6A - - NCMS
A3 Ogut3A - - NCMS
Ad4 Ogud4-1A - 1(61) A
A45 Ogut-2A 1(31) 161) |
A46 Ogu13-85-2A 1(31) 1(61) B,J
A47 Ogu118-3A 1(31) 1(61) B,J
A48 Ogu307-6A - - NCMS
A49 Ogu-HL-6A - - NCMS
A50 Ogu308-6A - - NCMS
A51 Ogu13-01-5A - - NCMS L
A52 Ogu13-85-4A 1(31) 151) M
AS3 Ogu118-4A 1(31) 161) B, K
A54 Ogu76-4A 1(31) 1(61) AK
AS5 Ogu33-4A 1(31) 1(61) A K
AS6 Ogu77-4A 1(31) 1(61) B,C,E
AST 0Ogu13-85-33A - 1651) A
A58 Ogu76-33A - 1(61) A
A59 Ogu122-8A - - NCMS
AB0 Ogui-8A - - NCMS
A1 0gu309-8A - - NCMS
AB2 Ogu115-8A - o NCMS
A3 0gu310-8A - - NCMS
A4 Ogu34-1-8A - - NCMS
ABS Ogu34-8A - = NCMS
AB6 Ogu-HL-50A - - NCMS
A8 Ogu15A - - NCMS
AB9 Ogui7A 1(31) 1(51) L
ATO Ogus0A - - NCMS
A71 OguB0A - - NCMS

(A) Adherence of functional stamens with style; (B) homeotic-like floral transformation: petaloidy condition of stamens; (C) partial petaloidy of functional stamens; (D) splitted
style along with adherence of stamens; (E) stigma hicden inside the petals; (F) splitted style along with exposed ovules; (G) unopened flower; (H) stamens adherence with
style and crooked stigm; () partially opened flowers; () absence of non-functional stamens; (K) fused flower; (L) very curved functional stamens with crooked stigma;
(M) absence of nectaries; (NCMS) cytoplasmic mele sterile sources with normal flower phenotype and devoid of other abnormalities as mentioned in A-M. Although, the
conventional changes in flower morphology owing to cyto-nuclear interaction are evident; (51) The number in parenthesis under the column deletions denote the number
of base pair deletions, 1 denotes the numbers of SNP (means one SNP).
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Accession No. Species Description Sequence identity Sequence identity Sequence identity Sequence identity
(Ogu50A) (Ogui2a) (Ogui21-2A) (Ogu1i7A)
KU831325.1 Brassica oleracea var. capitata itochondrion, complete genome 99.34% 99.06% 99.06% 99.36%
KJ820683.1 Brassica oleracea var. botrytis itochondrion, complete genome 99.34% 99.06% 99.06% 99.36%
AB694744.1 Raphanus sativus itochondrial DNA, complete genome, cultivar: MS-gensuke 99.08% 98.82% 98.58% 96.88%
AP012990.1 Raphanus sativus itochondrial DNA, complete sequence, cultivar: Black radish 99.39% 98.58% 98.35% 96.63%
JF920287 .1 Brassica carinata itochondrial DNA, complete genome 99.39% 98.58% 98.35% 96.63%
AP018472.1 Raphanus sativus itochondrial DNA, complete genome, cultivar: Kosena 99.08% 98.82% 98.58% 96.88%
AP012989.1 Brassica nigra itochondrial DNA, complete sequence 99.39% 98.58% 98.35% 96.63%
MG872827.1 Brassica juncea solate 93 mitochondrion, complete genome 99.39% 98.58% 98.35% 96.63%
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Sequence identity

Sequence identity

Accession No. Species Description Sequence identity Sequence identity
(Ogu307-33A) (Ogu33-1A) (Ogui6A) (Ogui2A)

KU831325.1 Brassica oleracea var. capitata itochondrion, complete genome 97.12% 97.12% 96.60% 95.24%
KJ820683.1 Brassica oleracea var. botrytis itochondrion, complete genome 97.12% 97.12% 96.60% 95.24%
AB627043.1 Brassica oleracea itochondrial DNA, minisatellite: BnTR4 99.47% 98.95% 99.12% 99.10%
AP012988.1 Brassica oleracea itochondrial DNA, complete sequence, cultivar: Fujiwase 97.12% 97.12% 96.60% 95.24%
JF920286.1 Brassica oleracea itochondrial DNA, complete genome 97.12% 97.12% 96.60% 95.24%
AP018472.1 Raphanus sativus itochondrial DNA, complete genome, cultivar: Kosena 95.86% 95.77% 96.79% 95.87%
AP012989.1 Brassica nigra itochondrial DNA, complete sequence 96.55% 95.86% 96.33% 95.41%
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CMS accessions

Ogu122-5A
Ogu115-33A
Ogu118-6A
0gu307-33A
0gu33-1A
OguiA
0gu309-2A
OguKt-2-6A
Ogu13-85-6A
OguisA
Ogu3A
Ogu2-6A
Ogu2A
OgutaA
Ogui22-1A
Ogukt-9-2A
Ogui21-1A
Ogui26-1A
Ogu134-8A
Ogui2A
Ogui19-1A
Ogu3sA
Ogui78-8A
Ogu118-2A
Ogud3A
HVCF-29
HVCF-18
HVCF-16
Ogukt-2-1A
0gu309-1A
Ogu-HL-1A
0gu307-1A
Ogu Kt-8-2A
Ogu119-2A
Ogut21-2A
Ogu-HL-3A
0Ogu13-85-3A
Ogui19-6A
Snowpearl
CFH-1522
Kimaya
Pahuja
Ogut3A
Ogud4-1A
Ogui-2A
0Ogu13-85-2A
Ogu118-3A
0gud07-6A
Ogu-HL-6A
0gu308-6A
0gu13-01-5A
0Ogui3-85-4A
Ogul18-4A
Ogu76-4A
0Ogu33-4A
Ogu77-4A
Ogu13-85-33A
Ogu76-38A
Ogui22-8A
Ogui-8A
0gu309-8A
Ogut15-8A
0Ogu310-8A
0Ogu34-1-8A
0Ogu34-8A
Ogu-HL-50A
Brahma
Ogui5A
Ogui7A
Ogus0A
OgueoA
Casper
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Ponder

SM

Indam
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CMS line
CMS line
CMS line
CMS line
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CMS line
CMS line
CMS line
CMS line
CMS line
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CMS line
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BCo
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BCo
BCio

Source

IARI Katrain
1ARI Katrain
IARI Katrain
1ARI Katrain
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IARI Katrain
IARI Katrain
IARI Katrain
1ARI Katrain
IARI Katrain
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Expression pattern
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Adjusted p-value
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GO term or KEGG pathway
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Ogu33-1A 0.44* 73.17 OgulA 1.53* 85.57 Ogu2-6A 3.66** 65.50

Kt-33B1 1.64 Kt-1B 10.61 Kt-1B 10.61

Ogu33A 0.38** 78.28 Ogu12A 2.24* 83.93 Ogu115-33A 2.02* 30.34

Kt-33B 1.75 Kt-12B 13.94 Kt-15B 2.90

Ogu34-1A 0.60** 756 Ogu16A 0.44* 84.82 Ogu307-33A 0.87* 73.47

Kt-34B (WF) 2.46 Kt-16B 2.90 Kt-307-33B 3.28

Ogu34A 0.65" 67.82 OguKt-2-1A 0.49* 84.82 Ogu1-8A 5.69"* 46.37

Kt-34B (YF) 2.02 Kt-2B 323 Kt-1B 10.61

Ogu15A 0.28* 86.13 Ogul21-1A 1.42 16.97 Ogu13-85-3A 0.55* 49.54

Kt-15B 2.02 Kt-121B 1.69 Kt-1385B 1.09

Ogut7A 0.66** 76.76 Ogul121-2A 0.33* 76.76 Ogu2A 2.24* 30.65

Kt-17B 2.84 Kt-121B 1.42 Kt-2B 3.28

Ogu119-1A 1.87* 3217 Ogut-2A 0.38* 88.23 Ogu3A 0.55* 81.35

RSK-119B 2.02 Kt-2B 3.23 Kt-3B 2.95

Ogu307-1A 1.48* 54.87 Ogu-77-6A 0.55* 56.34 Ogui13A 1.59* 53.09

Kt-307B 3.28 Kt-77 1.26 Kt-13B 3.39

Ogu309-1A 0.60** 64.49 Ogu-HL-6A 0.40** 90.74 Ogut4A 0.55** 85.21

Kt-309B 1.69 HL 4.32 Kt-14B 372

Ogu-HL-1A 0.49** 88.65 Ogul122-5A 1.91* 74.66 Ogu119-2A 0.565* 72.77

HL 4.32 Kt-22B 7.54 RSK-119B 2.02

Ogu309-2A 0.93* 44.97 Ogul122-8A 0.98** 87.00 Ogu13-85-2A 0.55 49.54

Kt-309B 1.69 Kt-22B 7.54 Kt-1385B 1.09

Ogu1301-5A 3.61* 2415 Ogu309-8A 2.35 10.30 Ogu118-2A 0.71* 73.99

Kt-1301B 4.76 Kt-309-8B 2.62 Kt-18B 2,18

Ogu-HL-3A 0.55** 87.26 Ogul18-4A 0.44* 83.88 Ogu119-6A 0.38* 81.18

HL 4.32 Kt-18B 2,73 RSK-119B 2.02
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Ogu76-33A 1.04* 71.58 Ogu13-85-33A 0.44* 59.63 Ogu118-6A 0.87* 68.13

DC-76 3.66 Kt-1385B 1.09 Kt-18B 2173

Ogu77-4A 0.66* 47.61 Ogul122-1A 0.49** 93.50 OguKt-2-6A 0.86* 68.13

Kt-77B 1.26 Kt-22B 7.54 Kt-2B 278
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Kt-34B (WF) 2.46 Kt-308B 6.40

*Significance at 5% level of probability; **Significance at 1%.
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Gene Gene name Primer sequence (5'- 3') Amplicon

(symbol) size (bp)
ScAGL7  AGAMOUS LIKE-7 F: GACGGTTCAGGCTCAGATT 162
R: GCTTTAATGAACGCACACCTC

ScAGL12 AGAMOUS F: GAGATGGGCTATTCCTTCTGAC 149
LIKE-12 R: CTCCTGAAGGGCTATGGTTTAT

ScCDF2  CYCLING DOF F: CTGTGATGGTGCCAGGTAAA 147
FACTOR 2 R: GCACAAGTGGGTATGGAAATG

ScCDF3  CYCLING DOF F: TCAGGTTTCGACTGGAATGG 151
FACTOR 3 R: AAGGAGATGAGAAGGCAGAAAG

ScEID1 EID1-like 1 F: TTCTGAGGACACAAAGGAAGAG 166

R: CAAAGAGAAAGGCAGCTAGGA

ScLHY LATE ELONGATED F: GTGTCTCTCCACACAGAGTTAAA 161
HYPOCOTYL R: TTGTCCGCATCTACATCACTAC

ScPRR1  PSEUDO- F: CTCAAGCACATACACCACCA 153
RESPONSE R: ATGCCGATGACCACACATT
REGULATOR 1

ScPRR5  PSEUDO- F: ACAGAAGCAGAAACTGACTCG 102
RESPONSE R: CCTTCAGTCTTACCAGTCCAAT
REGULATOR 5

ScPRR7  PSEUDO- F: CAGTGGCAGTGGAAGTGAAA 149
RESPONSE R: CATTGAGTCCGACACTGAAGTC
REGULATOR 7

ScUBQ17*  UBIQUITIN 1 F: AGCCTCAGACCAGATTCCAA 110

R: AATCGCTGTCGAACTACTTGC

ScTuB*  TUBULIN F: CTCCACATTCATCGGCAACTC 237
R: TCCTCCTCTTCTTCCTCCTCG

*Reference genes.
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