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Abstract

:

Kiwifruit (Actinidia deliciosa [A. Chev.], C.V. Liang & A. R. Ferguson, 1984) is a perennial plant, with morphologically hermaphroditic and functionally dioecious flowers. Fruits of this species are berries of great commercial and nutritional importance. Nevertheless, few studies have analyzed the molecular mechanisms involved in sexual differentiation in this species. To determine these mechanisms, we performed RNA-seq in floral tissue at stage 60 on the BBCH scale in cultivar ‘Hayward’ (H, female) and a seedling from ‘Green Light’ × ‘Tomuri’ (G × T, male). From these analyses, we obtained expression profiles of 24,888 (H) and 27,027 (G × T) genes, of which 6413 showed differential transcript abundance. Genetic ontology (GO) and KEGG analysis revealed activation of pathways associated with the translation of hormonal signals, plant-pathogen interaction, metabolism of hormones, sugars, and nucleotides. The analysis of the protein-protein interaction network showed that the genes ERL1, AG, AGL8, LFY, WUS, AP2, WRKY, and CO, are crucial elements in the regulation of the hormonal response for the formation and development of anatomical reproductive structures and gametophytes. On the other hand, genes encoding four Putative S-adenosyl-L-methionine-dependent methyltransferases (Achn201401, Achn281971, Achn047771 and Achn231981) were identified, which were up-regulated mainly in the male flowers. Moreover, the expression profiles of 15 selected genes through RT-qPCR were consistent with the results of RNA-seq. Finally, this work provides gene expression-based interactions between transcription factors and effector genes from hormonal signaling pathways, development of floral organs, biological and metabolic processes or even epigenetic mechanisms which could be involved in the kiwi sex-determination. Thus, in order to decode the nature of these interactions, it could be helpful to propose new models of flower development and sex determination in the Actinidia genus.
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1. Introduction


Kiwifruit is the common name of a berry fruit produced by plants of the Actinidia genus, which belongs to the family Actinidiaceae. This genus contains 76 species originating in China and about 125 taxa known worldwide [1]. However, the kiwifruit species of commercial interest number just over half a dozen. The most important species of kiwifruits are the green-fleshed Actinidia deliciosa and the yellow-fleshed Actinidia chinensis. Kiwifruit exhibits a delicious taste and high nutritional value, being a good source of vitamin C and other nutrients such as carotenoids, potassium, magnesium and soluble fibre [2]. In recent decades, kiwifruit has become a crop of great interest, with its production concentrated mainly in six countries: China, New Zealand, Italy, Iran, Greece, and Chile (FAOSTAT, 2021).



The hermaphrodite flower pattern characterizes all Actinidia species. From the functional point of view [3], they correspond to male and female flowers present in different plants (dioecism), usually located at the basal end of the bud. Male flowers carry numerous stamens that produce viable pollen and a rudimentary ovary that lacks styles and does not form ovules [4]. Female flowers contain a well-developed ovary with numerous ovules, and the anthers produce pollen lacking viability [5]. Male flowers seem to have all the genes needed to create the female structure, but the expression of the regulator SyGI, a dominant sex-determination gene, suppresses carpel development [6,7]. This repressive behaviour is not limited to kiwifruits; in asparagus, for example, both sexual organs begin to develop, but later one of them degenerates [8]. Moreover, in the Cucurbitaceae family, cucumber (Cucumis sativus) and honey melon (Cucumis melo) show intraspecific polymorphism in their sex-determination regulating systems. In these species, floral primordia are initially bisexual, then sex determination occurs by the selective developmental arrest of either the stamen or the carpel, resulting in unisexual flowers [9,10,11].



Current research on kiwifruit focuses primarily on consumer-oriented traits such as fruit flavor [12], aroma [13], appearance [14], and postharvest potential [15,16], but the knowledge of the genetic regulation underlying development and growth, flowering and the determination of sex could be studied more in depth. The elucidation of sex determination mechanisms is relevant for kiwifruit production, due to the dioecious nature of Actinidia and the variation in ploidy level that significantly influences the rate of success in reproduction. Therefore, a better knowledge of these mechanisms will help breeding through the development of precise and efficient tools for reducing the inter-generation time [17].



It is known that Actinidia has an active Y sex determination system (XnX/XnY), where male plants contain the Y chromosome [18,19]. The work of Harvey et al. [20] showed that sex-determining locus is in a sub-telomeric region of chromosome 17, while exhibiting significant recombination rates with markers developed for selection. Thus, the development of molecular markers useful for the screening of female and male plants have been always a great challenge in any kiwi breeding program. Early studies identified two RAPD markers linked to the sex differentiation in Actinidia chinensis, to use them for screening in populations. Then, SCAR primers were designed due to their linkage with the male determining ‘Y’ locus. Although, however, these primers were useful to distinguish between female and male plants of A. chinensis and even in A. deliciosa species with related polyploidy, they were not useful for more distantly related species of Actinidia. For this reason, the most genetically isolated kiwi species with different ploidy increase the complexity of the kiwi genome. They may also make it more difficult to design sex-determination molecular markers, while lacking the polymorphism linked to the kiwi sex determination [17].



Fraser et al. [18] created genetic maps for fine mapping of sex-determination locus in A. chinensis and, more recently, Scaglione et al. [19] mapped a locus controlling the sex determination in chromosome 25. Other authors have identified markers for assisted selection in kiwifruit seedlings [21]. Li et al. [22] identified 27 differentially expressed genes (DEGs) that participate in the sex determination in A. arguta, among them WUSCHEL, CONSTANS, LFY/FLO. Tang et al. [23] performed a comparative transcriptome analysis of female and male flowers of kiwi, providing gene expression and functional genomics studies in A. chinensis.



Although Akagi et al. [6] identified a regulator of the type C cytokinin response as a possible sex-determining gene in Actinidia, and Akagi et al. [7] later identified a second Y-encoded sex-determiner that we named Friendly Boy (FrBy), which exhibits strong expression in tapetal cells, few studies have focused in unveiling the transcriptional interactions and modelling molecular mechanisms underlying the sex-determination in A. deliciosa. The availability of affordable approaches for transcriptome profiling based on Next Generation Sequencing technologies (NGS) allows not only the determination of the expression of a gene but also characterization ofthe transcriptomic regulation networks underlying multiple biological phenomena, including the development of sex-specific organs in plants.



The objective of this study is to perform an analysis of comparative transcriptomics in the sex differentiation of A. deliciosa, through transcriptome sequencing of libraries of male flowers of A. deliciosa cv. ‘Green Light’ × ‘Tomuri’ and female flowers of A. deliciosa cv. ‘Hayward’. Highly commercialized varieties in Chile benefit from the floral coincidence of both varieties, where ‘Green Light’ × ‘Tomuri’ blooms in advance of ‘Hayward’, successfully pollinating it [24]. This analysis will allow us to (i) identify differentially expressed genes related to the sex determinism of kiwifruit plants, and (ii) propose transcriptional regulation networks participating in this process.




2. Materials and Methods


2.1. Plant Material and RNA Extraction


Vines of kiwifruits were grown at the Experimental Station of the University of Chile, located in Rinconada de Maipú in Santiago de Chile. Flowers from female ‘Hayward’ (H) and male ‘Green Light’ × ‘Tomuri’ (G × T) seedlings were collected just after the flowers started anthesis (corolla bell-shaped, 60) and previous to full flowering (65) according to the Salinero phenological BBCH scale [25]. The male seedling was obtained by crossing of ‘Green Light’ × ‘Tomuri’ in 2010 (Curicó, VII region of Chile) as a result of the FONDEF project of the Chile government (D09I1136) (Figure 1). According to Caporali et al. [26] the key of developmental stage for sex differentiation is when the flowers reach between 3.5–4.5 mm (stage 3, pistil: female with ovule primordium and male no ovule primordium). However, Caporali et al. [26] further consider pollen degeneration in female flowers when they reached 6–7 mm (stage 6, pistil: macrogametogenesis in female and no ovule primordia in male flowers). Therefore, we decided to collect flower tissues closer to stage 6 [26]. The whole flower tissues were frozen in liquid nitrogen and stored at −80 °C. The samples were composed of a pool of male (G × T) and female (H) flowers from three random trees, considering for RNA extraction one and three biological replicates for male and female flowers, respectively. Plant Total RNA extraction kit (Spectrum ™) was used for RNA extractions, according to the manufacturer’s instructions.




2.2. Sequencing, Assembly and Gene Expression


Total RNA was used to prepare cDNA libraries using the Illumina Dynabeads® mRNA DIRECT™ Kit. The RNA integrity was evaluated by Fragment Analyzer Automated CE System (AATI) and quantified using the Qubit ® RNA BR Assay kit. For library construction, we used one microgram of RNA sample as input for Illumina® TruSeq RNA HT Sample prep kit, according to the manufacturer’s instructions. The final libraries were analysed on an NGS kit for Fragment Analyzer, and quantified by Qubit 2.0, using Qubit® DNA BR Assay kit. Libraries were sequenced on the HiSeq 2500 platform (Illumina Inc., San Diego, CA, USA). All the raw reads in the FastQ format, including the pair-end and replicates, are available in the NCBI Short Read Archive (SRA) database under the bioproject numbers PRJNA750600 (SAMN20474758) and PRJNA564374 (SAMN12717695, SAMN12717694 and SAMN12717693) for male flowers (G × T) and female flowers (H) respectively. Sequence alignment was performed with Bowtie v2 software [27], using ‘Hongyang’ (Actinidia chinensis) as the reference genome (National Center for Biotechnology Information, NCBI). Samtools4 v0.1.19 [28] was used to convert the files in alignment/sequence map (SAM) format into binary alignment map (BAM) format. The SAM format is a generic format used to store nucleotide sequence alignments, while BAM is the compressed version of the SAM format. The abundance of transcripts and the transcriptome assembly of each sample were created using Cufflinks v.2.2.1.3 [29], using the BAM files resulting from the alignment. Assembled transcriptomes, annotated genome, and Actinidia chinensis (NCBI) genome sequence were merged into a single gtf format using the Cuffmerge tool. The Cuffdiff by differential gene expression analysis and the results obtained were uploaded with the CummeRbund6 visualization package to manage, visualize and integrate all the data produced by the Cuffdiff analysis, using the R7 statistical information environment (version 3.3.3). For the analysis of the differentially expressed genes between samples, DEseq2 package v2.11.40.2 was used [30]. FPKM (Fragments Per Kilobase of transcript per Millon mapped reads) was used to measure the transcript abundance of each gene; those with a fold-change of ≥2 and a false discovery rate (FDR) < 0.05 were considered significant DEGs [31].




2.3. Gene Ontology and Network Analysis


The general gene enrichment of GO terms for biological processes was made using BiNGO tool (Biological Networks Gene Ontology), implemented for Cytoscape version 3.8.0 [32,33], which calculates over-represented GO terms in the network and displays them as a network of significant GO terms. ClueGO [34,35] plugin of Cytoscape was used for enrichment analysis of DEGs [36,37]. GO classifies functions along with three aspects, including molecular function, biological process, and cellular component. Pathway enrichment analysis can identify the most critical metabolic and signal transduction pathways in which differentially expressed genes are involved. Kyoto Encyclopedia of Genes and Genomes [38,39] is a public database of metabolic and regulatory pathways, and a powerful instrument for the analysis of metabolism and metabolic networks. We determined the functional classes for which obtained DEGs showed significant enrichment in GO terms and pathways, based on a hypergeometric distribution. Benjamini–Hochberg method was used to correct the determined p-value. A corrected p-value ≤ 0.05 was considered to represent a significant enrichment of genes.



With the information from the DEGs and the STRING database [40], a protein-protein interaction (PPI) network was built which was complemented with prominent genes from various articles such as putative sex-associated genes in male and female flowers in the Genus Actinidia, such as PME3 and ARFA1F [41]; AGL8, AGL9 and PI [42]; RRF, TAF15, TSF, HRGP5, LFY and STIP [43]; PAO1, SAUR32, SAUR51, SAUR50, BEH1, BHLH013 and RGL1 [23]; RR24, FT and FLAsx [6,7]. We consider a score > 0.6 for DEGs, taking A. thaliana as the comparative model in interactions. The Cytoscape platform was used to visualize the PPI interaction network for DEGs and to identify the essential genes of the regulatory pathway [36].




2.4. RT-qPCR Validation


The oligonucleotide primers were designed from genes potentially involved in sex determination, using the software Primer3 version 0.4.0 [44]. The selected housekeeping reference gene was GLUCOSE-6-PHOSPHATE ISOMERASE (PGI, Achn221981), a dimeric enzyme that catalyses the conversion of glucose-6-phosphate to fructose-6-phosphate. The selection of the reference gene was made from the internal data of RNA Seq, following the criteria set forth by Zhou et al. [45]. RT-qPCR was carried out using KAPA SYBR® FATS Universal qPCR Kit (Kapa Biosystems, Bunkyō, Tokyo) on Eco Real-Time PCR System (Illumina). Each reaction mixture contained 1.0 μL of cDNA, KAPA SYBR® FATS Universal qPCR Kit 5 μL, KAPA SYBR® ROX Low (50X) 0.2 μL, PCR direct primer (10 μmol · L−1) 0.2 μL PCR, reverse primer (10 μmol · L−1) 0.2 μL, 3.4 μL ddH2O, to a final volume of 10 μL. The PCR conditions were 95 °C for 3 min, followed by 40 cycles of 95 °C for 3 s, 60 °C for 30 s, and 72 °C for 35 s. The quantification of relative gene expression levels was carried out using the Pfaffl method, based on the expression levels of target gene vs. a housekeeping gene [46] and cDNA from three replicates of total RNA per genotype being each sample amplified in duplicate.





3. Results


3.1. General Data of the RNA-seq


The results obtained through RNAseq yielded 83,429,978 and 91,667,860 raw reads from ‘Hayward’ (H ♀) and ‘Green Light’ × ‘Tomuri’ (G × T ♂) libraries, respectively. After eliminating the low-quality reads, the adapter sequences and the rRNA readings, we obtained 73,001,231 and 80,209,378 clean reads for H and G × T, respectively (Table 1). The overall read mapping rate reached 57.20% for ‘Green Light’ × ‘Tomuri’ while for ‘Hayward’ it reached 48.5%. All clean reads are available in the NCBI Short Read Archive (SRA). Finally, we identified 24,888 (H) and 27,027 (G × T) genes, of which 6413 were DEGs (Table S1). In a similar study of comparative transcriptomes of young floral buds between female ‘Hongyang’ and a male from a F1 between ‘Hongyang’ (♀) and ‘Guihai No. 4′ (♂), a close percentage of mapped reads was obtained; however, the number of mapped reads (16–25 million) was lower than in the current study (35–45 million). In addition, the GC content was similar for both sequencing (40–45%) [23].




3.2. DEGs Function Annotation


GO results showed that 922 terms (87.3%) were significantly enriched in the biological process category, specifically genes associated with the cellular process (45.1%), metabolic process (38.7%), biosynthetic process (15.9%), and response to stress (15.5%). 975 GO terms (92.3%) were enriched in the molecular function category, excelling genes related to binding (42.0%), catalytic activity (48.5%), transferase activity (17.6%) and nucleic acid binding (16.8%). 849 GO terms (80.4%) were in the cellular component category, including extracellular (69.2%), intracellular (46.0%) and cytoplasm (31.9%). The GO terms (Figure 2) associated with DEGs are closely related to cell division and differentiation, signaling, transport, cellular, enzymatic, and metabolic processes (Table S2).



Additionally, assignments of KEGG were used to classify the functional annotations of the identified DEGs on each metabolic pathway, to better understand the biological functions and enrich the biological path of each DEG-derived transcript. The results show that DEGs are present in 20 main biological pathways, including the pathways of transduction of plant hormone signals, plant-pathogen interaction, metabolism of amino and nucleotide sugars, interconversions of pentose and glucuronate, metabolism of glutathione, metabolism of galactose, and the MAPK (Mitogen-Activated Protein Kinase) pathways, that play a critical role in processes such as hormonal and developmental signaling (Figure 3 and Table S3). On the other hand, apart from the metabolic pathways mentioned, several genes encoding methyltransferase enzymes were up-regulated mainly in the male flowers, which could be proof that epigenetic mechanisms through DNA methylation would be involved in the kiwi sex-determination (Table S1).



In addition, to establish the functional relationship of differentially expressed genes and the possible regulation between them, the data was imported into the STRING tool, identifying genes associated with regulation and hormonal responses, as well as the formation and development of reproductive structures such as gynoecium (ovule) and androecium (stamen). Only PPI with a score greater than 0.6 were extracted (Table S4). In Figure 4, transcription factors (TF) such as AGAMOUS (AG), AGAMOUS-LIKE 8 (AGL8), LEAFY (LFY), WUSCHEL (WUS) and CONSTANS (CO) that promote transcription of another TF called Flowering Locus T (FT) were shown. These transcription factors present a high degree of interaction and centrality between the units obtained, since they act in a combinatorial manner, promoting the identity of the floral meristem. APETALA2 (AP2), involved in plant ovule development, and LFY, linked to hormone response, are both interconnected and implicated in the flower development. Furthermore, we identified genes that regulate different hormonal responses such as ethylene biosynthesis (ACS6), ethylene response genes (EIN2 and EI305), and genes involved in the signaling of gibberellic acid (SLY1). AP2 interacts with the ethylene response genes and is involved in the specification of floral organ and meristem identity as well as ovule development. In addition, AP2 interacts with WUS which is implied in anther development and pollen germination. Finally, we also locate the sex determinant gene SyGl (RR24) identified by Akagi et al. [6] in the PPI network (Figure 4); however, no gene expression was found in our female and male flower tissues. The most detailed expression of coding genes from the PPI is shown in a heatmap (Figure S1).




3.3. RT-qPCR Validation


A total of 15 DEGs identified through transcriptomic analysis were validated by RT-PCR, using RNA as a template to synthesize complementary DNA (cDNA), isolated from male and female flowers. The genes selected for validation include mainly those involved in sexual reproduction in plants. The primers of the candidate genes are shown in Table S5. The reported genes (Figure 5) showed a higher expression in G × T with the exception of Achn018291 (MYB), which is related to plant hormones and development of floral organs, Achn182651 (AG) and Ach19261 (ERF), related in plants of Cucumis genus to positive transcription to regulate the determination of sex [47].





4. Discussion


4.1. TFs Differentially Expressed in Male and Female Flowers


Differentially expressed transcription factors (TFs) control the expression of effector genes and therefore, in our model of study, they could regulate the expression of genes leading to determination of the identity of the floral organs. Based on the analysis of the different TFs groups, we identified in each library, groups of sex-specific DEGs, presumably associated with the identity of the floral organ. Flower formation occurs through a series of sequential steps. First, the activity of floral meristem identity genes (e.g., APETALA, LEAFY, CONSTANS and TERMINAL FLOWER) determines floral meristem development. Second, the floral meristem is patterned into the whorls of organ primordia through the activity of floral-organ identity genes [48,49,50].



In Arabidopsis, the antagonistic action of two floral homeotic genes, APETALA2 (AP2) and AGAMOUS (AG) defines identity of perianth and reproductive organs [51]. AP2 genes play a central role in the specification of floral identity, particularly for a regular development of sepals and flower petals [52]. AG genes are required for the correct development of stamens and carpels, playing a role in maintaining the determination of the floral meristem [53]. In other species such as tomato, to determine the participation of the AG genes, a silencing of RNAi (RNA interference) was carried out, where transgenic tomato lines were produced that specifically regulate the accumulation of TAGL1 (TOMATO AGAMOUS-LIKE1) or TAG1 transcripts (AGAMOUS TOMATO). The TAGL1 RNAi lines showed no defects in the identity of the stamen or carpel. In contrast, TAG1AR-Ni lines showed defects in stamen and carpel development [54].



In the present study, the DEGs related to AP2 were identified, according to the categories classified in this family, with a higher expression in female (H) (Achn013111, Achn167071, Achn344321) or in male flowers (G × T) (Achn108581, Achn277471, Achn170441) (Figure S1). Varkonyi-Gasic et al. [42], identified a kiwi gene with high levels of homology with AP2 and AP2-like genes from other plant species. Transcription was abundant in the kiwi flower, particularly in the petal, suggesting a role in the identity of the floral organ. In contrast, the DEGs that belong to transcription factors of the AG family (Achn182651) are up-regulated in H, which indicates that these proteins may play an essential role in the regulation of sex in A. delicious. Moreover, the biological relationship in STRING (Figure 4), showed an antagonistic relationship between these two families, coinciding with the phenomenon that occurs in A. thaliana [55], and validating our analysis by reporting gene expression with contrasting effects on flower development. Regarding the results of the relative expression of these genes, a higher expression of AP2 was quantified in male flowers (G × T) while AG was up-regulated in female flowers (H). These results agree with the trend observed by the FPKM values, and could indicate and support the antagonistic relationship seen of these two genes in A. thaliana (Kiwifruit floral gene APETALA2 is alternatively spliced and accumulates in aberrant indeterminate flowers in the absence of miR172, [55]).



The TF Asymmetric leaves 1 (AS1; Achn109411) encodes for a Myb domain-containing protein that is involved in cell differentiation in leaves, promotes cell differentiation, regulates gibberellins [56], and acts positively on the flowering process, linked to the Flowering Locus T (FT) promoter and allowing the expression of FT forming a functional complex with CONSTANS (CO; Achn245401) [57]. CO genes in A. thaliana promote flowering and encode a protein that shows similarities with zinc finger transcription factors [55]. Transgenic plants that contain additional copies of CO start blooming process before the wild type, which suggests that CO activity limits the flowering time [55]. In the DEG library, one gene was found under the CO annotation (Achn245401), whose level of gene expression is higher in male flowers, which interacts with transcription factors such as AP2, FLC, AGL8, RGL1, AG and Protein FT (Figure 4). In other works [58,59] it was considered a network center, capable of integrating external and internal signals in the flowering pathway photoperiod, where CO activates TWIN SISTER OF FT (TSF) and FT [59,60,61]. In turn, TSF and FT encode a long-range signal (florigen) that carries information about the induction of leaf flowering to the shoot apical meristem (SAM) [59,61].



The WRKY family of proteins are an important TF superfamily that is involved in essential functions in various responses to stress [62,63], developmental processes [64], physiological processes [62,63,65], or associated with MAPK proteins which are involved in the development and function of pollen in Arabidopsis [66]. For example, 35S: WRKY33 transgenic plants flower slightly earlier than wild type [67]. Transcriptional analysis identified genes belonging to the WRKY family (WRKY 22, WRKY 33 and WRKY 40), showing higher expression in male flowers, suggesting that they could be a crucial part of pollen development.



The AGL family of regulatory factors is involved in flower determination and confers the identity of the reproductive floral organs, included stamens and carpels. In A. thaliana, AGL24 is responsible for the identity of the floral organ [68]. Furthermore, considering the ABCDE model for flower development, it was shown that AGL24 together with ap1 and SVP act redundantly to suppress the expression of class B (stamens and petals), C (stamen, carpels and ovaries) and E (all floral whorls) genes [68,69,70], being E-class, floral homeotic genes expressed in each whorl of the floral organs. Within the PPI analysis, we observed representatives of the AGL family such as AGL8, which promotes the early identity of the floral meristem in synergy with APETALA1 [71], or AGL15 involved in the negative regulation of flowering, probably through the photoperiod pathway. AGL15 acts as an activator and a repressor of transcription [72,73,74], while AGL42 acts in the control of the flowering time, promotes the flowering in the bud of apical and axillary meristems, acts through a gibberellin-dependent pathway [70], and plays a role in controlling senescence and abscission of flower organs by repressing ethylene responses [75].




4.2. Methyltransferase Enzymes Expressed in Male and Female Flowers


DNA methylation is a major epigenetic modification that regulates gene expression and therefore participates in transitions between stages of floral development. To explore whether DNA methylation plays different roles in the floral development of male and female dioecious plants, several studies have been conducted in different species. Cheng et al. [76] applied 5-azacitidine (5-azaC) (DNA methylation inhibitor) in trunks of female and male Salix viminalis L. before the initiation of the floral buds. 5-azaC increased the number, length, and diameter of flower buds in female trees, but decreased these parameters in males. In contrast, studies in Arabidopsis revealed that extensive de novo methylation and demethylation occur during flower development [77]. Other studies point out that the loss of methylated cytosine in the promoter FLOWERING WAGENINGEN (FWA) activates the expression of the associated gene, resulting in the late-flowering phenotype [78]. In addition, in Arabidopsis, have been identified pathways indicating that DNA methyltransferase 1 (MET1), as well as chromylmethylase 3 (CMT3), can maintain the methylation states of GC and CHG, while chromylmethylase 2 (CMT2) maintains CHH methylation level [79].



As for kiwifruit, it was found that the expression of DNA methylases is more prominent in stems and flowers, while DNA demethylases are more expressed in flowers, stems and young leaves [80]. Other studies have focused on methylesterase pectins (PME) mediators of demethylsesterification of peptic polysaccharides such as homogalacturonano, the main component of the cell wall of the primary plant in the apoplasm. SMEs are involved in a number of development processes, including pollen development and pollen tube growth, through fine-tuning the methyl esterification status of pectin. Kim et al. [81], to determine the importance of PME in kiwi, isolated a full-length cDNA (KiwiPME1) encoding PME from kiwis and characterizing its molecular characteristics. Expression of KiwiPME1 was largely detected in kiwi pollen grains, but not in the vegetative tissues investigated. Analysis of the expression pattern of KiwiPME1 between different floral tissues of male and female plants revealed that KiwiPME1 was specifically expressed in the flower bud stamens on male and female plants, while its expression was detected only in the stamens of male plants when the flowers opened.



Expression analysis of the KiwiPME1 promoter fused with the GUS indicator gene in Arabidopsis showed a pattern very similar to kiwi. The study suggests that KiwiPME1 located in the cell wall is probably involved in the development of pollen and the growth of the pollen tube of dioecious species such as kiwi [81]. In other related studies, Wormit and Usadel [82] using the antisense expression of a pollen-specific PMEI of broccoli (Brassica oleracea) in Arabidopsis, achieved the silencing of the orthologue gene of Arabidopsis AT1G10770, which resulted in male sterility. This suggests that the alteration of PME activity unbalances pectin distribution and affects cell wall dynamics in the pollen cell wall, with a detrimental effect on fertility [83]. The appearance of this mechanism suggests a role of PME inhibitors during pollen development and reproductive processes [82].



In the present work, four Putative S-adenosyl-L-methionine-dependent methyltransferases, classified as methyltransferase pectins were up-regulated in male (Achn201401, Achn281971 and Achn047771) and female flowers (Achn231981) (Figure S2 and Table S1), which may be likely to be involved in the development and growth of the pollen tube of kiwi. In addition, Sterol 24-C methyltransferase 2-1 (Achn020241), SAM dependent carboxyl methyltransferase (Achn135281, Achn135291, Achn313791 and Achn313891) and O-methyltransferase (Achn135291, Achn104161, Achn371861 and Achn267681) were identified. Achn135291, Achn135281, Achn313791 and Achn313891 encode SAM dependent carboxyl methyltransferase enzymes that act on a variety of substrates including salycylic acid, jasmonic acid, and 7-methylxanthine. Methylation of jasmonate to methyljasmonate in plants acts as an important cellular regulator that mediates various processes of development in flowers [84]. Mutants associated with jasmonate synthesis or jasmonate signaling in Arabidopsis have male sterility, typically due to delayed development. The same genes that promote male fertility in Arabidopsis promote female fertility in tomatoes [85].




4.3. Hormone-Related Genes Differentially Expressed in Male and Female Flowers


Floral development is strongly affected by hormonal regulation [86]. Ethylene, which is the primary hormonal regulator of sexual expression and inhibits the development of stamen [87] in the Cucurbitaceae family and tobacco, is associated with the development of ovules, a factor that includes the ETR and ERF genes [88]. Studies have revealed that ERF genes function in various aspects of the growth, development, and physiology of plants, such as meristem activity and floral organ abscission [89,90,91]. In the DEG library, several genes were found under the ERF annotation (Achn359661, Achn334501, Achn224541, Achn219261, Achn033321) and ETR (Achn067861), with a higher number of transcripts in G × T. In other studies, as Citrillus spp. family (water melon), ethylene has been shown to promote male flower development [92]. In addition, Salman–Minkov et al. [92] reported that the expression of CitACS3 in floral shoots and in open male flowers could be involved in the development of anthers under the regulation of ethylene [93]; within the context studied, the increase in ERF and ETR transcripts in male flowers could modulate CitACS3 for anther development.



Auxin is closely linked to the initiation of floral organ primordia and the alteration of auxin biosynthesis [94]. SMALL AUXIN UP RNA (SAUR) is a group of small proteins induced by auxins, capable of binding to CaM [43] and altering the development of the apical hook [95]. SAUR68 has been reported to promote auxin-stimulated organ elongation such as hypocotyls, stamen filaments and petals, and SAUR63 promotes hypocotyl formation and stamen filament elongation. From the PPI analysis we report the presence of SAUR50 (Figure 4), a participant in cell lengthening [71].



Gibberellic acid insensitive (GAI; Achn239261) is a transcriptional regulator that acts as a repressor of the signaling pathway of GIBBERELLIN (GA), participates in large multiprotein complexes that repress the transcription of GA-inducible genes [96,97] and its activity is regulated by auxin and ethylene [98,99,100]. Within this context, it has been reported that SLY1 regulates GA-Induced GAI Degradation [101]. In Figure 4 we can see that GAI interacts with other TFs such as CO and IAA14, and other protein families such as JAZ1 and GID1B. The MYB family of genes participates in several signaling pathways. In this case, we could detect 24 MYB transcripts, highlighting MYB61 (Achn189931) TF SARE involved in the synthesis [102], signaling, and degradation of gibberellins. Within the RNA-seq database described in this study, the MYB family presents SDRs between male and female flowers (Table S1). The determination of sex in plants is a complex process, where the interaction of TFs plays a determinant role in the processes that regulate reproduction and growth. There is a wide range of programs dedicated to preserving and integrating data on functional and transcriptomic studies, through sequencing, decoding, and mapping; these programs and are useful for unravelling the interaction between genes.



Akagi et al. [6] focused on the identification of the female sterility of Actinidia rufa × Actinidia chinensis, analyzed flower buds and young carpels of male and female plants, identifying a specific type C cytokinin response regulator in the development of male flowers. This gene, called Shy Girl (SyGl), is specifically expressed on the surface of the rudimentary carpel. The Shy Girl (SyGl) gene expression in mutant Nicotiana or Arabidopsis plants suppresses carpel development, resulting in female sterility. Due to the importance of this finding, the SyGi gene (Achn384741) was searched within the transcriptome; however, the FPKM values, in G × T and H, were zero. This discrepancy with results reported by Agaki et al. [6], may be caused by the different floral stage. However, when we searched in the transcriptome in more depth, we identified genes such as Achn131111 and Achn112341 or Achn206301 up-regulated by male flowers, these being genes involved in the cytokinin pathway such as SyGi gene; however, the expression of these genes was very low (Table S1). Concretely, Achn112341 that encodes the cCytokinin riboside 5’-monophosphate phosphoribohydrolase has an activating function of cytokinins directly and controls the shoot of meristematic activity in Arabidopsis [103,104]. Moreover, in recent studies, [7] identified a new Y-encoded sex-determinant named Friendly Boy (FrBy), which acts for the maintenance of male functions independently of SyGI. Therefore, FrBy is not expressed by female flowers as ‘Hayward’ while SyGI discriminates between male individuals (deletion presence) and hermaphrodite or female cultivars (deletion absence) as ‘Hayward’.





5. Conclusions


The results obtained in this research provide valuable information suggesting new evidence on the genes and the mechanisms involved in the sex differentiation of kiwifruit plants. The RNA-seq of A. deliciosa flowers has allowed us to identify thousands of genes, of which 6413 DEGs are associated with the transduction of hormonal signals, development of floral and gametophytic organs, biological and metabolic processes, presuming these to be important in the floral determination and sexual differentiation. Our analyses point AP2 and AG genes as playing an essential role in the specification of floral identity and the determination of the floral meristem, respectively. Moreover, AS1 genes could be acting in a positive sense on the flowering linked to FT promoter and CO genes, which could be limiting the flowering time as happens in plant models as Arabidopsis. At hormonal level, genes from the MYB family seem to be related to gibberellic acid, jasmonate or auxin which are involved in the flowering processes showing MYB genes’ differential expression between male and female flowers. Additionally, in the current work, several genes encoding methyltransferase enzymes were identified, being four of them Putative S-adenosyl-L-methionine-dependent methyltransferases. Therefore, this result suggests a possible epigenetic mechanism controlling the growth and development the pollen tube of kiwi flowers. However, it would be necessary to perform additional studies on specific organs of the flower, such as gynoecium and androecium, to determine precisely the role of each gene within the metabolic interaction that exists. Currently, the research associated with the determination of gender in Actinidia is based on the genomic cataloguing of DEGs, specific to the male gender, evidencing a regulatory response to type C cytokinins, as a potential sex-regulating gene [6].
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Figure 1. (A) Experimental orchard where the crossings took place (Curicó, VII region of Chile). (B) Phenological state of female and male flowers with corolla bell-shaped (60). (C,D) Detail of ‘Hayward’ female flower (C) and ‘G × T’ male flower (D) in full flowering (65). 
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Figure 2. Functional enrichment analysis performed for all DEGs in flowers with the BINGO plugin in Cytoscape. Assigned GO terms were used to classify functions of DEGs based on (a) biological processes, (b) molecular functions, and (c) cellular components. Circle size represents GO hierarchy; the larger area of the circle, the higher hierarchy of the GO-term. The border colour of nodes represents the p-value, as shown by the legend on the graph; the deeper the shade the more significant the enrichment level. The threshold of hypergeometric distribution of the functional annotation was set at p < 0.05 and FDR < 0.05. (d) Venn diagram showing the number of differentially expressed genes between female ‘Hayward’ (H) and male ‘Green Light’ × ‘Tomuri’ (G × T) female flowers. 
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Figure 3. KEGG pathway analysis of DEGs. Advanced bubble chart shows enrichment of DEGs in signaling pathways. Y-axis label represents pathways, and the X-axis label represents the rich factor. Size of the bubble represents the amount of DEGs enriched, and the colour shows the enrichment means in pathways. 
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Figure 4. Protein-protein interaction (PPI) network of differentially expressed genes of the ‘Green Light’ × ‘Tomuri’ (G × T ♂) and Hayward (H ♀). The node represents the protein, the size of the node is proportional to the number of proteins that interact. the interaction with score > 0.6 were chosen for analysis. 
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Figure 5. The expression levels of genes revealed by RT-qPCR and RNA-seq. The heatmap shows the FPKM values for the 15 selected candidate genes. The color scale indicates changes in the fold of gene expression. The bar graphs show the results of RT-qPCR in terms of relative expression. On each panel, left bars represent H-female samples, and right bars represent G × T-male samples. The annotation of the selected genes was: Achn182651: AGAMOUS MADS-box transcription factor; Achn108581: Transcription factor, contains DNA-binding, integrase-type domain; Achn245401: CONSTANS protein; Achn219261: Ethylene-responsive transcription factor; Achn033321: Ethylene-responsive transcription factor; Achn067861: Ethylene receptor 2; Achn018291: Putative MYB transcription factor; Achn013091: Ubiquitin-conjugating enzyme; Achn314301: WRKY transcription factor 1; Achn329191: WRKY transcription factor; Achn210611: homeobox-leucine zipper protein; Achn196281: MADS-box transcription factor; Achn235371: MADS-box transcription factor. Achn221981 (PGI) was used as the reference gene. The error bars in each column indicate SD of two replicates. The different asterisks on the bars indicate statistically significant differences with a p < 0.10 = *, p < 0.05 = ** and p < 0.01 = *** (one-way ANOVA, Tukey tests). 
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Table 1. Summary of sequence analysis and mapping.
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G × T

	
H




	
Alignment Statistics

	
Counts

	
% of Total Reads

	
Counts

	
% of Total Reads






	
Reads Input

	
80,209,378

	
-

	
73,001,231

	
-




	
Reads mapped left

	
46,514,175

	
57.99%

	
36,135,609

	
49.50%




	
Multiple alignments left

	
3,114,693

	
6.70%

	
4,088,069

	
5.60%




	
Reads mapped right

	
45,190,039

	
56.34%

	
34,602,583

	
47.40%




	
Multiple alignments right

	
3,009,555

	
6.66%

	
4,088,069

	
5.60%




	
Overall read mapping rate

	
45,852,107

	
57.20%

	
35,405,597

	
48.50%




	
Aligned pairs

	
36,321,861

	
45.28%

	
29,930,505

	
41.00%




	
Multiple alignments

	
2,438,520

	
6.71%

	
1,646,178

	
5.50%




	
Discordant alignments

	
206,108

	
0.57%

	
119,722

	
0.40%




	
Q20(%)

	

	
97.87%

	

	
97.32%




	
Q30(%)

	

	
94.59%

	

	
95.30%




	
GC(%)

	

	
46.68%

	

	
45.74%
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