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Auxin Coordinates Achene and Receptacle Development During Fruit Initiation in Fragaria vesca
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In strawberries, fruit set is considered as the transition from the quiescent ovary to a rapidly growing fruit. Auxin, which is produced from the fertilized ovule in the achenes, plays a key role in promoting the enlargement of receptacles. However, detailed regulatory mechanisms for fruit set and the mutual regulation between achenes and receptacles are largely unknown. In this study, we found that pollination promoted fruit development (both achene and receptacle), which could be stimulated by exogenous auxin treatment. Interestingly, auxin was highly accumulated in achenes, but not in receptacles, after pollination. Further transcriptome analysis showed that only a small portion of the differentially expressed genes induced by pollination overlapped with those by exogenous auxin treatment. Auxin, but not pollination, was able to activate the expression of growth-related genes, especially in receptacles, which resulted in fast growth. Meanwhile, those genes involved in the pathways of other hormones, such as GA and cytokinin, were also regulated by exogenous auxin treatment, but not pollination. This suggested that pollination was not able to activate auxin responses in receptacles but produced auxin in fertilized achenes, and then auxin might be able to transport or transduce from achenes to receptacles and promote fast fruit growth at the early stage of fruit initiation. Our work revealed a potential coordination between achenes and receptacles during fruit set, and auxin might be a key coordinator.
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INTRODUCTION

Fruit growth origins from floral organogenesis and goes through fruit set, development, and ripening process, which produces edible fruits (Gillaspy et al., 1993; Giovannoni, 2004; Handa et al., 2012). Fruit set is the first and critical stage for fruit growth (Gu et al., 1998; Fuentes and Vivian-Smith, 2009). In the majority of plants, fruit set is dependent on fertilization; thus, flowers without pollination and fertilization will senesce and fall off. Phytohormones play crucial roles during fruit set after pollination and fertilization (Ohad et al., 1996; Viviansmith et al., 2001; Shinozaki et al., 2020). Exogenous hormone treatments can induce fruit set (parthenocarpy) without pollination in many plant species, such as Arabidopsis (Roeder and Yanofsky, 2006; Fuentes and Vivian-Smith, 2009; Carbonell-Bejerano et al., 2011), cucumber (Su et al., 2021), tomato (Gorguet et al., 2005; Serrani et al., 2007; Jong et al., 2009), and strawberry (Kang et al., 2013). These findings have been applied in both horticulture and agriculture in order to produce seedless and high-quality fruits. The regulatory mechanisms of phytohormones in fruit set attracted intense interest during past years (Sharif et al., 2022).

Auxin is one of the most important phytohormones that regulate fruit set in plants. After fertilization, the auxin level dramatically increases in fruit (Gorguet et al., 2005; Serrani et al., 2008) and is required for further regulation of fruit set initiation (Fuentes and Vivian-Smith, 2009). Auxin promotes the transcriptional activity of auxin response factors (ARFs) by inducing the degradation of the AUX/IAA transcription repressors (Gray et al., 2001). Previous studies show that both ARFs and AUX/IAAs are required for the regulation of fruit set (Fuentes and Vivian-Smith, 2009; Jong et al., 2009). Knock-down of AtARF8 in Arabidopsis (Goetz et al., 2006), SlARF7 in tomato (Jong et al., 2009), or SmARF8 in eggplant (Du et al., 2016) leads to fruit set initiation without pollination and fertilization. Both loss-of-function (Zhang et al., 2007) and antisense (Wang et al., 2005) mutants of SlIAA9 cause fast fruit growth independent of pollination and fertilization in tomatoes.

Gibberellin (GA) is another hormone critical for fruit set (Serrani et al., 2008; Alabadi et al., 2009). DELLA proteins, key components in GA signaling, act as repressors of GA responses (Sun, 2011). In Arabidopsis, the quadruple mutant of DELLAs (RGA, GA insensitive, RGL1, and RGL2) can initiate fruit set without fertilization (Dorcey et al., 2009; Fuentes et al., 2012). In tomatoes, functional defects of SlDELLAs can induce fruit development without fertilization (Marti et al., 2007; Carrera et al., 2012; Nir et al., 2017). Fruit growth initiation is an energy-consuming process, and the gibberellin-signaling cascade regulates central carbon metabolism by upregulating metabolic enzyme capacities at both transcriptional and posttranscriptional levels (Shinozaki et al., 2020). Furthermore, evidence reveals that auxin induces GA biosynthesis during fruit set. Auxin undergoes crosstalk with GA through the protein–protein interaction between ARF and DELLA during fruit set (Serrani et al., 2008; Hu et al., 2018; Zhou et al., 2021), proves that auxin and GA are critical for fruit set initiation, but studies on the regulation between seeds and fleshy fruits are still limited.

Strawberry has a unique fruit structure containing the receptacle (fleshy fruit) and the achene (seed), and achenes attach on the surface of receptacles. It offers a great system to investigate the relationship between seeds and fruits during fruit set initiation (Hollender et al., 2012; Kang et al., 2013; Cappelletti et al., 2015; Hartl et al., 2017). In Fragaria vesca (F. vesca), both phenotype and transcriptome analyses reveal the crucial roles of both auxin and GA in the enlargement of fruits (Kang et al., 2013; Liao et al., 2018). By comparing gene expression patterns, the genes required for the biosynthesis of both auxin and GA (FvYUCs, FvGA20ox, and FvGA3ox) are expressed in achenes, while the genes required for both perception (FvTIR1 and FvGID1) and signaling (FvIAAs/FvARFs and FvRGA1) are highly expressed in the receptacles (Kang et al., 2013). This finding suggests that auxin and GA might be first synthesized and accumulated in the fertilized ovaries and then be transported to receptacles and promote fruit enlargement (Kang et al., 2013). Thus, receptacles fail to expand after removing the attached achenes (Nitsch, 1950; Ishibashi et al., 2017). The mutation of FvRGA1 leads to the parthenocarpy of strawberry (Zhou et al., 2021). These findings elucidate the critical roles of auxin and GA in the fruit development of strawberry. However, the regulatory mechanism of fruit set by auxin, especially at early stages, is still quite unclear.



MATERIALS AND METHODS


Plant Materials and Growth Conditions

The diploid Fragaria vesca. Yellow wander 5AF7 was used in this study (Slovin et al., 2009). Seedlings were grown in the growth room under 16-h light at a temperature of 23 ± 2°C and 55% humidity. The flower opening stage was defined as 0 day after anthesis (DAA). Pollination was manually operated at 0 DAA to obtain pollinated fruits (Shinozaki et al., 2020). The emasculation of fruits that were used for chemical treatments was performed using tweezers. Developmental patterns of the fruits were studied from−2 DAA to 6 DAA. The fruits were frozen immediately in liquid nitrogen, and then achenes and receptacles were separated under frozen conditions.



Hormone Measurements

For extraction, 900 μL ethyl acetate and 100 μL of 50 ng/mL [13C6]-IAA (OlChemIm), 50 ng/mL [15C4]-trans zeatin (OlChemIm), 50 ng/mL 2H6-ABA (OlChemIm), and 50 ng/mL [2H4]-SA (OlChemIm) isotope internal standard were added to each sample (100 mg). The samples were vortexed and sonicated for 20 min at 4°C and centrifuged at 12,000 g for 10 min at 4°C. The supernatant was transferred into a new 2-mL centrifugal tube and then was centrifuged to dry. The precipitation was redissolved with 200 μL of precooled 70% methanol. After filtration through a 0.22-μm PVDF filter, the solution was taken in a sample bottle and then analyzed by UPLC-QqQ MS (ACQUITY TQD).



Hormone Treatment

Hormone treatment was performed at 0 DAA, and the flowers were immersed in the corresponding treatment solutions for 10 s. For fruits used for RNA-seq and phenotype analysis, hormone treatment was applied only one time at 0 DAA. The final treatment concentrations were 500 μM for NAA and GA3, and 100 μM for PAC, with 0.1% ethanol and 0.01% Tween 20 (Liao et al., 2018).



Fruit and Achene Development Analysis

About 15–20 fruits from at least five plants were collected for each treatment with three biological replicates. Totally, 60 individual achenes were collected from each treatment at the corresponding stages. The size of fruits and achenes were measured.



RNA Isolation and Gene Expression Analysis

Polysaccharide and polyphenolics-rich RNAprep Pure kit (Tiangen) was used for RNA extraction in this study. DNA was removed by the on-column DNase digestion with RNase-Free DNase I (Tiangen). After quality inspection, 0.5–1 μg of total RNA was used to synthesize cDNA by using a cDNA Synthesis SuperMix kit (TransGen). Using FvACTIN as an internal control, the quality and quantity of cDNA were analyzed. Gene expression analysis was performed by real-time quantitative PCR (qRT-PCR) analyses by using the CFX96TMReal-Time System with the SYBR® Green Supermix (Bio-Rad). The primer sequences used for the qRT-PCR, and accession numbers of the analyzed genes are shown in Supplementary Table 3.



Generation of Transcriptome Libraries, Functional Annotation, and DEG Identification

To generate the transcriptome library, 1–2 ug of total RNA for each sample was sent to Novogene for RNA sequencing. After interrupting RNA by the NEB Next®Ultra™II RNA Library Prep Kit for Illumina®, sequencing was performed with the Illumina NovaSeq 6000 (150-bp paired-end reads). 6G sequencing depth was performed for each sample. Fastp 0.22.0 was used to qualify the raw data based on length > 18 bp and mass > 30. The clean data were mapped to Fragaria vesca Genome v4.0.a2 (www.rosaceae.org/species/fragaria_vesca/genome_v4.0.a2) by STAR 2.7.6a. When both read pairs aligned uniquely, they were used toward gene read counts. Then, featureCounts v2.0.1 (Yang et al., 2014; Radke et al., 2022) was used to count the non-strand-specific reads for gene exon features based on the Genome v4.0.a2 gene model. Gene functional annotation was performed based on Fragaria_vesca_v4.0.a2 protein and Fragaria_vesca_v4.0.a2 transcript annotation provided in Rosaceae website (https://www.rosaceae.org/species/fragaria/all).

The differentially expressed genes (DEGs) were screened out using DESeq2 between the two samples for achenes and receptacles based on |log2(fold change)| > 1.5 and P-value < 0.05. Adjusted through the Benjamini–Hochberg method, six groups of DEGs were identified.



PCoA and Violin Analysis

Principal co-ordinates analysis (PCoA) was performed to analyze the overall expression profiles in different samples. Violin analysis was performed to understand the overall gene expression level distribution. PCoA and violin analysis were performed based on the whole transcriptome data using OmicShare, a free online platform for data analysis (https://www.omicshare.com).



Venn and Heatmap Analyses

Venn diagram was created based on DEGs (https://www.omicstudio.cn/tool6). Heatmaps of target genes were generated by OmicStudio tools (https://www.omicstudio.cn/tool4) and Hiplot (https://hiplot.com.cn/basic/heatmap). The cluster method was ward.D2.



Functional Enrichment Analysis and Result Display

GO enrichment analysis (p-value < 0.05) of the DEGs was performed using OmicShare, an online platform for data analysis (www.omicshare.com/tools). The GO function was annotated based on the database of Fvesca_v4.0.a2_genes2Go, which was downloaded from Rosaceae website (https://www.rosaceae.org/species/fragaria_vesca/genome_v4.0.a2). For the similar GO terms with the same genes, only one terms were retained based on P-value < 0.05 and Q-value < 0.05. The enrichment results showed in the bar plot, bubble gradient, and circular diagram were generated by GraphPad Prism 8 (https://www.Graphpad.Com/scientific-software) and Omicshare (https://www.omicshare.com/~tools/Home/Soft).



Quantification and Statistical Analysis

Statistical analysis was performed by using GraphPad Prism 8. Statistical significances were determined using t tests and/or two-way ANOVA.




RESULTS


Both Auxin and Pollination Promoted Receptacle and Achene Enlargement During Fruit Set

Pollination and fertilization are essential for fruit set initiation in F. vesca. In this process, the phytohormones accumulated in different tissues of fruit which were required for fruit set initiation (Nitsch, 1950; Kang et al., 2013). By liquid mass spectrometry, we evaluated the levels of phytohormones, including auxin (IAA), abscisic acid (ABA), salicylic acid (SA), and cytokinin (trans-zeatin and t-zeatin), in fruit (achene and receptacle) at stage 1 (S1) and stage 2 (S2). A lower IAA content was identified in both receptacles and achenes before pollination. After fruit initiation, IAA was increased both in receptacles and achenes, while a higher IAA content was found in achenes (about 57 times) than in receptacles (about four times; Figure 1A), suggesting that auxin might be involved in the development of both achenes and receptacles during fruit set. Meanwhile, other hormones, including t-zeatin, ABA, and SA, were also analyzed. Similar to auxin, t-zeatin, an active cytokinin, increased dramatically in S2, especially in achenes (Supplementary Figure 1A). Different from IAA and t-zeatin, ABA decreased in receptacles but increased in achenes (Supplementary Figure 1B). SA levels decreased in both achenes and receptacles (Supplementary Figure 1C).


[image: Figure 1]
FIGURE 1. Auxin accumulated in fruits and promoted fruit development. (A) IAA was highly accumulated in receptacles and achenes during fruit set. Data are represented as means ± SD (n = 3, one-way ANOVA). About 15–20 fruits were used for each replicate, and the achenes and receptacles were sampled separately. S1 and S2 indicate stage 1 and stage 2, respectively. Statistical analysis shows the significant difference between the groups (p < 0.05, one-way ANOVA). (B) Fruit development after pollination or auxin treatment. Scale bar = 0.5 cm. (C) Quantification of vertical and horizontal diameters for fruits after pollination or auxin treatment. Error bar represents SD, n = 15–20. Statistical analysis showed the significant difference between the groups (p < 0.05, one-way ANOVA). (D) Achene growth after pollination or auxin treatments. Scale bar = 0.5 cm. (E) Quantification of achene size in different conditions. Error bars represent SD, n = 60 achenes from 15 to 20 fruits. Statistical analysis indicated the significant difference between the groups (p < 0.05, one-way ANOVA).


Based on the dynamic distribution pattern during fruit set, we speculated that auxin coordinates the fruit development after pollination. Thus, we tested the effect of auxin on early fruit set initiation. After pollination, the enlargements of fruit (both receptacle and achene) were induced at as early as 1 DAA (Supplementary Figure 2). At S2, exogenous auxin (500 μM NAA) significantly accelerated both horizontal and vertical expansion of fruit (both receptacle and achene), which was similar to the effect of pollination (Figures 1B–E). The results indicated that auxin is able to stimulate the effect of pollination, which promotes fruit development and induces parthenocarpy.



Auxin Induced Rapid Fruit Initiation Partially Dependent on Gibberellin

Exogenous GA treatment has also been reported to induce parthenocarpy both in F. vesca (Kang et al., 2013) and other species (Fuentes and Vivian-Smith, 2009; Jong et al., 2009; Shinozaki et al., 2020). To test the relationship between auxin and GA on strawberry fruit growth, we applied both GA3 and PAC (paclobutrazol), a GA synthesis inhibitor, together with auxin on the emasculated flowers at 0 DAA (Figure 2A) and then examined fruit development from 0 DAA to 6 DAA by calculating both horizontal and vertical diameters (Figures 2B–E). Regarding receptacles, NAA strongly increased both horizontal and vertical diameters as pollination, while GA3 mainly promoted vertical enlargement. PAC inhibited the effect of NAA on both horizontal and vertical enlargement (Figures 2A–C). Our results together with previous research (Kang et al., 2013; Liao et al., 2018) suggested that auxin is a critical hormone in the regulation of fruit enlargement partially dependent on GA.


[image: Figure 2]
FIGURE 2. Auxin induced the rapid fruit initiation partially dependent on gibberellin. (A) Development of fruit and achene at different stages under varies growth conditions. Scale bar = 1 cm. (B,C) Vertical (B) and horizontal (C) diameters of fruit under varies treatments. Error bar represents SD, n = 15–20. (D,E) Vertical (D) and horizontal (E) diameters of achenes under various treatments. Error bar represents SD, n = 60.


Fruit enlargement is caused by the enlargement of receptacles or achenes or both. By the longitudinal section, the achene growth rate was also measured in details. Compared to the unpollinated fruit, both NAA and GA3 strongly induced achene enlargement as pollination. As in receptacles, NAA preferentially induced the horizontal diameters, while GA3 induced vertical elongation of achenes (Figures 2D,E). Receptacles and achenes showed conspicuous enlargement before 2 DAA under both NAA and GA3 treatments, while the growth rate decreased from 2 DAA to 6 DAA compared with pollination (Figures 2B–E). The inhibition of receptacle growth by PAC was much more severe than that of the achene (Figure 2). The fruit vertical diameter was significantly inhibited by PAC (Figure 2B). The horizontal diameters of fruit treated by NAA + PAC were similar to those treated by GA3 (Figure 2C). The results suggested that auxin and GA have different functions on regulating the growth of achenes compared to those on receptacles. Auxin induced growth in both receptacles and achenes, and its function on receptacles was dependent on GA.



Transcriptome Reprogramming by Pollination and Auxin During Fruit Set Initiation

To investigate the mechanism of pollination and auxin on regulating both receptacle and achene development during fruit set, RNA-seq analysis was performed in fruits with or without pollination, as well as fruits treated with NAA, GA3, NAA, and PAC (Figure 3A). Early at 1 DAA, pollination induced significant enlargement of both receptacles and achenes (Supplementary Figure 2). Therefore, we performed treatment at 0 DAA and collected the samples of receptacles and achenes separately at 1 DAA for RNA-seq (Figure 3A). After filtering out the low-quality data, 17–27 million reads about 5.74–8.14 G clean bases were collected from each sample. Then, the clean bases were used to map against the F. vesca reference genome (see Methods).


[image: Figure 3]
FIGURE 3. Global gene transcription in achenes and receptacles during fruit set initiation responding to auxin and pollination. (A) Experimental procedure for RNAseq analysis. Rec represents receptacle, and Ach represents achene. (B) PCoA based on gene expression. The whole transcription data were used, and X-ray and Y-ray show the distance between each sample. No-poll represents no-pollination. Poll represents pollination. (C,D) Overlapping set of the DEGs identified in the achenes (C) and receptacles (D) under different treatments. Numbers of the upregulated gene (red) and downregulated gene (blue) are shown for each corresponding groups. P < 0.05, |log2(fold change)| > 1.5.


Global gene expression patterns were then analyzed by both PCoA (Figure 3B) and correlation dendrogram (Supplementary Figure 3B) after verifying the quality of the transcriptome data (Supplementary Figure 3A). The gene expression patterns in receptacles and achenes were clustered into two independent branches (Supplementary Figure 3B), indicating the different transcriptomes in receptacles and achenes. Compared to the emasculated fruits, pollination, auxin, and GA3 had obvious effects on gene expression in both achenes and receptacles. Especially, auxin induced the greatest change of gene expression patterns (Figure 3B). The pattern in the NAA + PAC-treated achenes is closer to that in the NAA-treated achenes (Figure 3B), but the patterns in receptacles were quite different, suggesting that auxin regulates receptacle development partially depending on GA.

To further analyze the gene expression profiles in achenes and receptacles under different treatments, different expression genes (DEGs) were screened out based on p < 0.05 and |log2(fold change)| > 1.5. In achenes, 510 DEGs in No-Poll.Ach-vs-poll.Ach, 532 DEGs in No-Poll.Ach-vs-GA3.Ach, 811 DEGs in No-Poll.Ach-vs-NAA.Ach, and 352 DEGs in No-Poll.Ach-vs-NAA+PAC.Ach were selected, respectively (Figure 3C). The majority of the identified DEGs were downregulated in GA3- or NAA-treated conditions. However, pollination induced most of upregulated DEGs. In achenes, 147 DEGs of NAA-treated samples overlapped with the samples with pollination, while 57 overlapped DEGs were found between GA treatment and pollination. Totally, 278 overlapped DEGs were found between NAA- and GA3-treated samples (Figure 3C).

In receptacles, 563 DEGs in No-poll.Rec-vs-Poll.Rec, 493 DEGs in No-Poll.Rec-vs-GA3.Rec, 2,008 DEGs in No-poll.Rec-vs-NAA.Rec, and 1,604 DEGs in No-poll.Rec-vs-NAA+PAC.Rec were selected, respectively (Figure 3D). Similar to the achene, the majority of the identified DEGs were downregulated in the GA3- or NAA-treated samples (Figures 3C,D). However, different from achenes, most of the identified DEGs were also downregulated in pollination. In receptacles, NAA and pollination induced 274 overlapped DEGs, and GA3 induced 150 overlapped DEGs with pollination. Overall, 275 overlapped DEGs were found in NAA- and GA3-treated samples (Figure 3D).



Characterization of the DEGs Responding to Pollination and Auxin Treatment

The characterization of DEGs in different conditions was further performed (Figure 4). Pollination induced a number of DEGs in achenes (510) similar to receptacles (563), but the pattern was quite different (Figure 4A). Next, gene ontology (GO) functional enrichment analysis showed that different biological processes were regulated in receptacles and achenes by pollination.


[image: Figure 4]
FIGURE 4. Gene regulation in response to pollination. (A) Venn shows the relationship for the DEGs identified in the pollinated achenes and receptacles (p < 0.05, |log2(fold change)| > 1.5). (B) Significantly enriched GO terms of the DEGs in achenes and receptacles, respectively. P < 0.05. (C) Heatmap analysis of the overlapping 130 DEGs. Expression values were converted into log2(value + 10−6).


In achenes, 16 GO terms were enriched for the 418 upregulated and 92 downregulated DEGs in hormone-mediated signaling pathways, serine-type endopeptidase inhibitor activity, protein phosphatase inhibitor activity, cell wall organization, etc. (Figures 4A,B). In receptacles, 186 upregulated and 377 downregulated DEGs were enriched into nine GO terms, including transferase activity, protein kinase activity, sequence-specific DNA binding, and xyloglucosyl transferase activity, suggesting pollination initiates the different developmental processes in achenes and receptacles (Figures 4A,B). The DEGs in achenes and receptacles shared the GO terms, including catalytic activity, heme binding, cell wall organization, and oxidoreductase activity (Figure 4B). Moreover, the 130 overlapped DEGs in both achenes and receptacles had a similar pattern after pollination (Figure 4C).

DEGs identified in the NAA-treated receptacles were classified into 24 GO terms, much more than those in the NAA-treated achene, which had only nine GO terms (Figure 5A). In receptacles, NAA mainly activated the expression of genes involved in the movement of cell or subcellular component, chromosome segregation, organelle fission, cytokinin metabolic process, regulation of protein ubiquitination, and microtubule-based process, while genes related to transporter activity, transferase activity, and developmental processes were mainly downregulated. In achenes, NAA mainly activated the expression of genes related to hormone responses, signaling pathways, and enzyme regulator activity, while genes related to metal ion binding, regulation of nucleic acid-templated transcription, and regulation of primary metabolic processes were mainly downregulated. Receptacles and achenes only shared four GO terms (response to hormones, enzyme regulator activity, disulfide oxidoreductase activity, and defense response), again suggesting different responses in achenes and receptables after auxin treatment.


[image: Figure 5]
FIGURE 5. Enriched GO terms identified in a3henes and receptacles under NAA and NAA+PAC treatment. (A) Functional enrichment of GO terms of differential expressed genes responding to NAA treatment. DEGs for receptacles and achenes were analyzed, respectively. (B) GO terms for genes influenced by NAA + PAC. The up- or downregulated genes are noted in different colors. P < 0.05, |log2(fold change)| > 1.5.


NAA treatment could induce DEGs that were clustered in much more GO terms than GA3 treatment or NAA + PAC treatment, suggesting the dominant role of NAA (Figure 5B, Supplementary Figures 4, 5). NAA and NAA+PAC shared several enriched GO terms, such as protein disulfide oxidoreductase activity, transporter activity, transferase activity, abscisic acid binding, cell cycle, cytokinin dehydrogenase activity, microtubule-based process, enzyme regulator activity, and defense response (Figure 5). The present results suggested that the effect of auxin on fruit development is both dependent and independent on GA.



Distinctive Functions of Auxin and Pollination in Fruit Set Initiation

Both auxin and pollination played key roles during fruit initiation. Next, we investigated the relationship between auxin and pollination during fruit initiation by characterizing the DEGs identified in auxin treatment and pollination.

In achenes, a total of 1,174 DEGs were identified in either pollination or NAA-treated samples (Figures 6A–C). The expression patterns of these DEGs in the conditions of pollination and NAA were quite different (Figure 6A). The amount of DEGs responsive to NAA was larger than that responsive to pollination. Totally, 811 and 510 DEGs were identified as specific NAA-regulated or pollination-regulated genes, respectively, with only 147 overlapped genes (Figure 6B). The pollination-induced DEGs were classified into 18 GO terms, including cell wall organization or biogenesis, hormone binding, endopeptidase inhibitor activity, and protein kinase activity. The NAA-induced DEGs were classified into 17 GO terms, including regulation of transcription, regulation of primary metabolic processes, regulation of cellular processes, regulation biological processes, and DNA binding. Only seven GO terms overlapped in both conditions, including hormone-mediated signal pathway, single-organism metabolic processes, signal receptor activity, and pectinesterase activity (Figure 6C), suggesting the distinctive effects of auxin and pollination during achene development.


[image: Figure 6]
FIGURE 6. Gene regulation of auxin was much different in pollination during fruit set. Heatmap analysis of 1174 DEGs for achenes (A) and 2297 DEGs for receptacles (D) that were differentially regulated by pollination or NAA treatment. P < 0.05, |log2(fold change)| > 1.5. Expression values were converted into log2(value + 10−6). (B,E) Distribution diagrams of the DEGs identified in achenes and receptacles responding to pollination and NAA treatments. P < 0.05, |log2(fold change) >1.5|. (C,F) GO enrichment for the DEGs differentially regulated by pollination and NAA in achenes (C) and receptacles (F). Legend in the right shows the enriched gene numbers and log10(P value). Function of pollination and NAA was analyzed separately. P < 0.05.


In receptacles, a total of 2297 DEGs were identified in either pollination or NAA-treated samples (Figures 6D–F). The heatmap analysis showed more DEGs under NAA-treated conditions than pollination (Figure 6D). In all, 2008 and 563 DEGs were identified as NAA and pollination-regulating genes, respectively, with only 274 overlapped DEGs (Figure 6E). The DEGs induced by pollination were classified into 12 GO terms, including protein kinase activity, polygalacturonase activity, and sequence-specific DNA binding. The DEG responses to NAA were classified into 32 GO terms, including single-organism process, transmembrane transporter activity, microtubule motor activity, regulation of protein ubiquitination, growth factor activity, mitotic cell cycle, secondary metabolic process, cellular response to auxin, abscisic acid, cytokinin, and cell wall modification. The overlapping DEGs belonged to seven GO terms, including iron ion binding, chitin binding, xyloglucosyl transferase activity, protein ADP-ribosylation, cell wall macromolecule metabolic process, multi-organism process, and systemic acquired resistance (Figure 6F). This again suggested the distinctive function of auxin and pollination in receptacle development.

Notably, a total of 340 classified DEGs were specifically responded to auxin and are not influenced by PAC treatment (Supplementary Figure 6). Heatmap analysis showed that these DEGs had similar expression patterns in achenes and receptacles with the obvious gene expression-level regulation elicited in receptacles (Supplementary Figure 6A). Based on functional enrichment analysis, these DEGs can be classified into 20 GO terms, including seven biological processes, 11 molecular functions, and two cellular components (Supplementary Figure 6B). Their functions were associated with transmembrane transporter activity, growth factor activity, receptor binding, cellular carbohydrate metabolic process, and so on. Notably, although PAC could inhibit the NAA effect on fruit enlargement (Figure 2), few DEGs between NAA and NAA+PAC were found in both achenes and receptacles (Supplementary Figure 5), indicating PAC might change the expression level, but not the type of genes.



Auxin Activated More Genes Than Pollination in Receptacles

Multiple phytohormones participate in fruit set, and their crosstalk ensures the precise regulation during this process (Sharif et al., 2022). Based on p < 0.05 and |log2(fold change)| > 1.5, 62 DEGs participating in the phytohormone pathway were screened out as pollination or auxin-responsive genes in achenes or receptacles (Figure 7A). Heatmap analysis showed that pollination has minor effects on the expression of these genes in both achenes and receptacles. Interestingly, auxin has much stronger effects on the expression of these genes in receptacles than in achenes (Supplementary Tables 1, 2).


[image: Figure 7]
FIGURE 7. Characterization of auxin action during fruit set. (A) Expression patterns of hormone pathway genes. DEGs were classified through gene functional annotation and genes specially regulated by auxin in achenes or receptacles. For heatmap analysis, the expression values were transformed to log2(value+10−6). P < 0.05, |log2(fold change)| > 1.5. Hormone pathways are noted in the left line, and samples for five treatments and the samples belonging to achenes or receptacles were annotated. (B) Expression of several genes were verified in receptacles through qRT-PCR. Receptacles were treated with No-pollination, pollination, and 500 μM NAA for 1 day. Error bars represent SD of three independent replicates. Different characters represent the significant differences (p < 0.05, one-way ANOVA). (C) Predictive regulatory mechanisms for auxin in promoting fruit set.


In receptacles, in addition to 22 auxin-related genes, eight GA pathway genes were also regulated by auxin. Among them, three GA biosynthesis genes FvGA20ox1, FvGA20ox2, and FvGA3ox1 were upregulated, while a GA catabolic gene of FvGA2ox4 was downregulated. This further supports the conclusion that auxin induced the rapid fruit initiation partially depending on gibberellin. In addition, three biosynthesis genes (FvLOGs) and one catabolic gene (FvCKX1) in the cytokinin pathway, FvPP2C2 in ABA, and five genes in the ethylene pathway were also upregulated. However, we also found FvCHLH/ABAR and FvSnRK2.6 genes in the ABA pathway, two FvIPTs genes in the cytokinin pathway, and salicylic acid-binding protein 2 were downregulated after auxin treatment, suggesting the complex roles of auxin on phytohormones (Figure 7A).

To confirm the effects of auxin and pollination on gene expression, several classified genes were analyzed in receptacles by qRT-PCR (Figure 7B). Consistent with the transcriptome data, two GH3 genes, four GA20ox genes, and ACO1 gene were upregulated in response to both pollination and auxin, but more significantly induced under NAA treatment. FvCKX1 expression was upregulated under NAA treatment while was repressed by pollination. FvCKX6 and FvCKX8 were not induced by auxin treatment and were inhibited by pollination.

Together with previous results, our work indicated that auxin can induce the rapid fruit growth and promote gene expression, including those functioned in phytohormone pathways, which is different from pollination, although pollination can stimulate auxin accumulation in achenes.




DISCUSSION

Fruit set can be induced by both pollination-dependent and -independent manners, and the dynamic hormone distribution plays key roles in fruit set (Fenn and Giovannoni, 2021; Sharif et al., 2022). Auxin, which is mostly accumulated in the fertilized achene, seems to play a central role in fruit set. Auxin coordinates with other hormones in regulating fruit set (Vriezen et al., 2008; Kumar et al., 2014). Gibberellin (GA) acts downstream of the auxin signal in promoting fruit growth (Kang et al., 2013; Lu et al., 2016; Shinozaki et al., 2020). In F. vesca, abscisic acid (ABA) represses fruit development initiation, while auxin suppresses ABA accumulation through upregulating the expression of FvCYP707A4a (Liao et al., 2018). In addition to GA and ABA, auxin undergoes crosstalk with other hormones, such as cytokinin, salicylic acid (SA), and ethylene (Carbonell-Bejerano et al., 2011; Marsch-Martinez et al., 2012; Ding et al., 2013; Shinozaki et al., 2018; Khew et al., 2020). Achenes and receptacles have different roles in fruit set initiation (McAtee et al., 2013). By testing the phytohormone contents, we found cytokinin, which was supposed to have a positive role in fruit set (Marsch-Martinez et al., 2012; Matsuo et al., 2012; Cucinotta et al., 2016; Aremu et al., 2020) was also accumulated in the fertilized achenes, while ABA and SA contents accumulated in receptacles at S1 and then downregulated after fertilization (Figure 1A, Supplementary Figure 1). Genes related to GA, cytokinin, ABA, and SA have different expression patterns after auxin application (Figure 7A). Taken together, we proposed a leading role of auxin during this process, and auxin produced in the fertilized achenes can directly (auxin signal transduction) or indirectly (influencing other hormone pathway, such as GA and ABA) initiate receptacle development to coordinate with the developing achenes.

Indeed, during normal fruit set, cell division and proliferation seemed to be the early events and controlled by auxin and GA (Fuentes and Vivian-Smith, 2009; Shakya and Lal, 2018). Studies suggested that fruit set was accomplished within 2–4 days after pollination by coordinating responses in fruit and seed (Kang et al., 2013; Shinozaki et al., 2020). Transcriptional regulation, signal transduction, and metabolism variation have already occurred in this phase (Kang et al., 2013; Liao et al., 2018; Shinozaki et al., 2020). However, the earliest stage of phytohormone accumulation, the coordination of phytohormones to regulate fruit development initiation, and the relationship between achenes and receptacles are largely enigmatic (Shinozaki et al., 2020). In this study, we found the promotion of pollination on enlargement of fruit happen as early as 1 DAA. Then the transcriptome analysis was performed in achenes and receptacles, respectively, to elucidate the molecular mechanism underlying fruit set initiation. To filter out the less sensitive genes and sift out some key genes, a high threshold [p < 0.05, |log2(fold change)| > 1.5] was set to define DEGs. From the transcriptome data, we found that auxin, but not pollination, was able to activate the expression of many growth-related genes, especially in receptacles, which resulted in the fast growth responses. Meanwhile, genes involved in other kinds of hormones, such as GA and cytokinin pathways, were also regulated by exogenous auxin treatment, but not pollination. Therefore, the early fruit growth induction of pollination occurred in an auxin-independent pathway. The process of auxin induced rapid fruit development happening in the lateral phase of fruit set (2–4 days after pollination).

Fruit development is to protect developing seeds and facilitate their dispersal (Di Marzo et al., 2020). In natural conditions, fruit development conformed with achene growth, and fleshy fruit development is repressed when seed are not fertilized until the fertilized achenes release auxin signals to the ovary wall and receptacles (Alabadi et al., 2009). Prior to auxin accumulation, genes related to cell wall metabolism, signal transduction and hormone synthesis have been differentially expressed in achene and receptacle were corresponding regulated to active cell wall metabolic, signal transduction, hormone biosynthesis and so on. Exogenous auxin mimics the auxin signal produced by fertilized achenes. To summarize the existing research, we re-draw the regulation mechanism of fruit set in strawberry (Figure 7C). Pollination activates cell wall metabolism and induces auxin accumulation in achenes, and then auxin is transported to receptacles and promotes fruit enlargement. Auxin induces GA accumulation both in achenes and receptacles to initiate cell division and proliferation processes on the one hand, and degrades ABA to cause growth inhibition in receptacles on the other hand. Auxin and GA may regulate achene growth in independent regulatory pathways but have a collaboration on receptacle development. This proposed working model needs to be verified by genetic analysis. Nonetheless, our findings provide a holistic insight into the molecular connection between achenes and receptacles during fruit set initiation and lay the foundation for genetic improvement of strawberry fruit, including parthenocarpic strawberry fruit.
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Supplementary Figure 1. Changes of phytohormones contents in receptacle and achene during fruit development. The levels of zeatin (A), ABA (B), and SA (C) in achene and receptacle were measured. Error bars represent SD, n = 3. 15–20 fruits were used for each replicate. The significant difference between groups was labeled (p < 0.05, one way ANOVA).

Supplementary Figure 2. Fruits showed growth response 1 day after pollination. (A) The size of fruits and achenes with (Poll) and without pollination (No-poll). Dimension of fruits and achenes were characterized from−2 to 2 days after anthesis. Bar = 1 cm. (B,C) Vertical diameter and horizontal diameter quantification of fruits and achenes in (A). Error bar in (B) showed the SD, n = 15–20. Error bars in (C) represent the SD, n = 60. Statistical analysis showed the significant difference between the groups (p < 0.05, one way ANOVA).

Supplementary Figure 3. Transcriptome analysis of achene and receptacle under different conditions. (A) Violin figure showed gene expression level for the identified unigenes. (B) Similariton for the classified groups basing on hole gene expression profile.

Supplementary Figure 4. The enriched GO terms identified in achene and receptacle under GA3 treatment. The up or down-regulated genes were noted in different color. Analysis was performed in receptacle and achene separately. P < 0.05, |log2(Fold change)| > 1.5.

Supplementary Figure 5. Statistical analysis of the DEGs identified in different treatment conditions. Numbers of the upregulated genes (orange) and downregulated genes (gray) were shown for each group. Poll represents pollination. P < 0.05, |log2(Fold change)| > 1.5.

Supplementary Figure 6. The DEGs specifically regulated by auxin treatment. (A) Expression pattern for genes significantly regulated by NAA treatment in receptacle or achene. (B) Functional enrichment of GO terms for genes special responding to NAA. P < 0.05, |log2(Fold change)| > 1.5.

Supplementary Table 1. The differentially expressed phytohormone pathways genes under pollination and NAA treatment comparing with no-pollination in achene.

Supplementary Table 2. The differentially expressed phytohormone pathways genes under pollination and NAA treatment comparing with no-pollination in receptacle.

Supplementary Table 3. Primers and accession IDs used for qRT-PCR.
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