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Transcriptome and Metabolome Analyses Reveal the Involvement of Multiple Pathways in Flowering Intensity in Mango












	
	ORIGINAL RESEARCH
published: 14 July 2022
doi: 10.3389/fpls.2022.933923






[image: image2]

Transcriptome and Metabolome Analyses Reveal the Involvement of Multiple Pathways in Flowering Intensity in Mango

Qingzhi Liang1*, Kanghua Song1, Mingsheng Lu1,2, Tao Dai1,2, Jie Yang3, Jiaxin Wan1,4, Li Li1, Jingjing Chen1, Rulin Zhan5* and Songbiao Wang1*


1Key Laboratory of Tropical Fruit Biology, Ministry of Agriculture, South Subtropical Crops Research Institute, Chinese Academy of Tropical Agricultural Sciences, Zhanjiang, China

2College of Tropical Crops, Yunnan Agricultural University, Puer, China

3Zhanjiang Experimental Station, Chinese Academy of Tropical Agricultural Sciences, Zhanjiang, China

4College of Agriculture, Guangxi University, Nanning, China

5Haikou Experimental Station, Chinese Academy of Tropical Agricultural Sciences, Haikou, China

Edited by:
Paul F. Devlin, University of London, United Kingdom

Reviewed by:
Mitzuko Dautt-Castro, Instituto Potosino de Investigación Científica y Tecnológica (IPICYT), Mexico
 Melissa Hamner Mageroy, Norwegian Institute of Bioeconomy Research (NIBIO), Norway

*Correspondence: Qingzhi Liang, qzliang2002@126.com
 Rulin Zhan, zhanrulin@catas.cn
 Songbiao Wang, wangsongbiao@catas.Cn

Specialty section: This article was submitted to Plant Cell Biology, a section of the journal Frontiers in Plant Science

Received: 01 May 2022
 Accepted: 13 June 2022
 Published: 14 July 2022

Citation: Liang Q, Song K, Lu M, Dai T, Yang J, Wan J, Li L, Chen J, Zhan R and Wang S (2022) Transcriptome and Metabolome Analyses Reveal the Involvement of Multiple Pathways in Flowering Intensity in Mango. Front. Plant Sci. 13:933923. doi: 10.3389/fpls.2022.933923



Mango (Mangifera indica L.) is famous for its sweet flavor and aroma. China is one of the major mango-producing countries. Mango is known for variations in flowering intensity that impacts fruit yield and farmers' profitability. In the present study, transcriptome and metabolome analyses of three cultivars with different flowering intensities were performed to preliminarily elucidate their regulatory mechanisms. The transcriptome profiling identified 36,242 genes. The major observation was the differential expression patterns of 334 flowering-related genes among the three mango varieties. The metabolome profiling detected 1,023 metabolites that were grouped into 11 compound classes. Our results show that the interplay of the FLOWERING LOCUS T and CONSTANS together with their upstream/downstream regulators/repressors modulate flowering robustness. We found that both gibberellins and auxins are associated with the flowering intensities of studied mango varieties. Finally, we discuss the roles of sugar biosynthesis and ambient temperature pathways in mango flowering. Overall, this study presents multiple pathways that can be manipulated in mango trees regarding flowering robustness.
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INTRODUCTION

Mango (Mangifera indica L.) fruit is famous for its flavor, sweetness, and aroma. Major mango-producing countries include India, China, Thailand, Indonesia, and Pakistan. Although mango is economically significant, it is commonly known for its variations in flowering, which has a major impact on the fruit yield and profitability (Mukherjee, 1953). When fruit trees (such as avocado, mandarin, lychee, and mango) are cultivated in subtropical regions, they show alternate bearing. It gives a very good yield 1 year and poor yield during the following year (Muñoz-Fambuena et al., 2011). Therefore, a lack of uniformity in fruit yield is considered highly undesirable from a breeding point of view because it results in severe and unexpected economic losses (Goldschmidt, 2013). It is difficult to comprehend such behavior of mango due to some natural traits including high heterozygosity, long juvenile phase, substantial fruit drop, and the requirement of larger areas for a conclusive evaluation (Lal et al., 2017). However, the availability of various modern facilities of genomics and molecular characterization is facilitating the understanding of flowering behavior not only in model plants but also in field and fruit crops (Sharma et al., 2019, 2020).

Flowering is a vital developmental stage in the life cycle of plants. The floral transition is mediated through an interplay of specific climatic conditions (light and temperature variations) and genetic factors. The use of classical and molecular genetic approaches has identified four major flowering pathways in Arabidopsis and other plants (Kim, 2020): the vernalization pathway, the gibberellin (GA) pathway, the autonomous pathway, and the photoperiod pathway. Additionally, more pathways have been reported in this context, which include ambient temperature-, hormones-, and sugar-dependent pathways (Rolland et al., 2002; Seo et al., 2011; Moghaddam et al., 2013; Wahl et al., 2013; Conti, 2017; Susila et al., 2018). However, further research is expected to elucidate the comprehensive role of these pathways in flowering. Earlier studies have generally reported the response of flowering genes to diverse environmental and/or physiological stimuli (Yoo et al., 2010; Halder and Abu Hasan, 2020; Patil et al., 2021). Several factors were found to be associated with irregular flowering. These include, but are not limited to, phytohormones-mediated intracellular signaling and regulatory pathways (Ionescu et al., 2016), metabolism of macromolecules (Shalom et al., 2012), nutritional factors (Yanik et al., 2013), crop load (Shalom et al., 2014), modulation of flower induction-related genes (Guitton et al., 2016), and transcription factors (Kwak et al., 2016). In mango, vegetative growth relies on reserves of carbohydrates that also affect the fruit-bearing pattern (Goldschmidt, 2013). Advancements in omics are proving to be helpful in understanding the molecular mechanisms of flowering switches (Turktas et al., 2013). The famous FLOWERING LOCUS T (FT)-like and gibberellins metabolism genes were isolated by Nakagawa et al. (2012) from biennially bearing trees of mango. Moreover, elevated expression of the LFY, AP1, and FT genes was reported in mango leaves at the time of flower induction. Contemporary advancements in molecular genetics of flowering in plants have identified novel aspects of floral stimulus (Bao et al., 2020; Kim, 2020; Finnegan et al., 2021). The FT gene encodes a protein that is localized in the vascular veins (phloem tissue) of leaves. The FT gene is activated by CONSTANS (CO) gene-encoded protein, and its protein product serves as the florigenic component buds (Corbesier et al., 2007). This inference is reinforced by the translocation of Hd3a-encoded protein (an ortholog of FT in rice) from leaves to buds. The Hd3a protein apparently represents the florigen in this plant (Tamaki et al., 2007). Moreover, PtFT1-encoded protein (an ortholog of aspen) and CONSTANS regulate growth cessation and flowering time of Populus trichocarpa (Böhlenius et al., 2006). Once the FT protein is translocated to buds, it interacts with FD (a bZIP transcription factor) to trigger the expression of genes related to floral identity (like APETALA1 or AP1) (Wigge et al., 2005). Analogous mechanisms are potentially active in mango. However, the dynamics of gene expression can be significantly altered. For a better understanding of flowering initiation, differential gene expression analysis among divergent genotypes is expected to provide meaningful insights (Shalom et al., 2014). Moreover, previous studies have focused either on the transcriptome (Sharma et al., 2020) or the metabolome of mango for flowering or other traits (Tan et al., 2018, 2020; Shivashankara et al., 2019).

In this context, the present study was conducted to understand the expression profiling of flowering-related genes of different pathways. Three types of mango varieties differing in flowering intensity, i.e., easy-to-flower type, intermediate type, and hard-to-flower type, were selected for the current study. We explored the genetic and metabolic differences between easy-to-flower varieties and difficult-to-flower varieties, leading to an increase in our understanding of the genetic control of the flowering in the varieties differing in flowering intensity.



MATERIALS AND METHODS


Plant Material

Three mango varieties differing in flowering intensity were included in the study. The first variety is Lippens (0921) (A) (Grajal Martín et al., 2009), which flowers easily and normally. The second variety is Banana mango (1085) (B). The Banana mango trees are of two types, i.e., the first type includes the trees that bear flowers, while the second type does not bear flowers. The third variety is Linsen mango (1103) (C); the trees of this type of mango are considered hard to flower. Linsen mango is an old landrace in the Hainan province (since 1970's) and has not been widely promoted in production due to difficulties in flowering. It was introduced as a germplasm resource from the Hainan Province to National Field Genebank for Tropical Fruit (Zhanjiang, China) in 2002; however, so far, it has never flowered and borne fruit despite being 19 years old. The mango trees are growing in National Field Genebank for Tropical Fruit (Zhanjiang, China, 21°9'N, 110°16'E). The ages of the trees are 12, 13, and 19, years, respectively. The mean temperature, humidity, and day length during the flowering time of the selected varieties are 26~29°C, 65~73%, and 11:56', respectively. The soil type is the latosolic red soil. The field management followed conventional standard field practices. The sampled tissues from the varieties A, B, and C were meristem, flower bud, and inflorescences in phase I (mid-size panicle early anthesis stage) and phase II (full-size panicle maximum anthesis stage). For variety B, two additional tissues were collected, i.e., leaf bud 3 and leaf bud 4, for the trees that bear no flowers. The sample naming strategy is explained in Table 1 and Figure 1.


Table 1. Details of the studied tissues of three mango varieties.
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FIGURE 1. A representation of stages of flowering in mango. The samples were collected from distinct stages for the analysis of transcriptome and metabolome.




Analysis of Transcriptome
 
Extraction of RNA and Sequencing

We extracted the total RNA from 14 tissues of mango varieties in three replicates. For this purpose, the Spin Column Plant Total RNA Purification kit (Sangon Biotech Co., Ltd., China) was used. After extraction, RNA integrity was tested by agarose gel electrophoresis, purity was checked by NanoPhotometer, and the concentration was measured on a spectrophotometer and Qubit 2.0 Fluorometer. Once the quality was confirmed, the mRNAs were obtained using polyA tail enrichment of RNAs through Oligo (dT) magnetic beads. The mRNAs were fragmented by adding fragmentation buffer, followed by cDNA synthesis using a cDNA synthesis kit (QuantiTech Reverse Transcription Kit, Qiagen). Later on, AMPure XP beads were used to purify cDNA. After purification, the cDNA was A-tailed and ligated with sequencing adapters. The fragment size selection was done using AMPure XP beads followed by obtaining cDNA libraries. The Qubit 2.0 was used for quantification of the library, and the detection of insert size was performed by Agilent 2000. A qRT-PCR was used for the quantification of the effective library concentration, i.e., >2 nM. After finding out the effective library concentration, libraries were pooled and sequenced on the Illumina HiSeq platform.



Sequencing Data Analyses

First of all, the sequencing data were filtered in order to remove reads with adapters, having N content >10%, and paired-end reads. This resulted in obtaining high-quality reads. Sequencing error rate distribution and GC content distribution were checked as reported earlier (Chen et al., 2019). HISAT2 was used to compare transcriptome sequencing data with the reference genome (https://www.ncbi.nlm.nih.gov/assembly/GCA_016746415.1) and the comparison efficiency was summarized as a Microsoft Excel ® table.

BLAST was used to compare the transcript sequences with the KEGG (Kanehisa, 2000), Swiss-Prot (Apweiler et al., 2004), and GO (Ashburner et al., 2000) databases. The transcript expression was represented as Fragments Per Kilobase of transcript per Million fragments mapped (FPKM), and the overall distribution of the gene expression was represented as a box plot. An R suit (ropls) was used for principal component analysis (PCA) and hierarchical cluster analysis, and PCC between the samples was computed and represented as heatmaps in R using the pheatmap and cor functions.

We used DESeq2 to determine the gene expression variations among the tissues of the same mango variety or among different mango varieties (Love et al., 2014). To find the false discovery rate (FDR), multiple hypothesis test correction was applied to the hypothesis test probability (p-value) as described by the Benjamini–Hochberg method. The screening criteria for the differentially expressed genes (DEGs) were |log2 Fold Change| ≥1 and FDR <0.05. Venn diagrams were prepared in InteractiVenn (Heberle et al., 2015). The KEGG (https://www.genome.jp/kegg) was used for pathway annotation of the DEGs (Kanehisa, 2000). The enrichment of DEGs in different KEGG pathways was done as reported earlier (Chen et al., 2019). The enrichment results were represented as scatter charts.



qRT-PCR Analysis

The qRT-PCR-based expression analysis was performed for 19 genes. The Primer-BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) was used for primer designing (Table 2). An internal control gene (Actin) expression was used for normalization. The qPCR and data analysis were performed as reported earlier (Livak and Schmittgen, 2001). The reactions were performed in triplicate, and means were used to calculate the expression using 2−ΔΔct method.


Table 2. List of primers used for qRT-PCR analysis.
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Metabolome Analysis

The analyses of the metabolome were executed as described previously (Chen et al., 2019). A detailed description of the methods is given below.


Sample Preparation and Extraction

The meristem (AF, BF, CF), flower bud (AS, BS, CS), Flowering phase 1 (AHF, BHF, BYF, CYF), and Flowering phase 2 (AHS, BHS, BYS, CYS) tissues of mango were freeze-dried (Scientz-100F), converted to a fine powder by crushing, dissolved 100-mg powdered sample in 1.2 mL of 70% methanol. Later on, we vortexed the samples for 30 s every half an hour, and this procedure was repeated six times followed by an overnight incubation at 4°C. On the subsequent day, the incubated samples were centrifuged for 10 min at 12,000 × g, filtrated through SCAA-104, 0.22 μm (ANPEL, Shanghai, China), and used for the UPLC-MS/MS analysis.



UPLC and ESI-Q TRAP-MS/MS Conditions and Bioinformatic Analyses

For metabolite analyses, we used a UPLC-ESI-MS/MS system (UPLC, SHIMADZU Nexera X2 and MS, Applied Biosystems 4500 Q TRAP) according to the following analytical conditions. For UPLC, Agilent SB-C18 (1.8 μm, 2.1 mm x 100 mm) columns were used. The two solvents that were used as the mobile phase, i.e., A and B included 0.1% formic acid together with ultrapure H2O and acetonitrile together with 0.1% formic acid, respectively. The gradient programming of the instrument to start the analysis was set to 95% and 5% of A and B, respectively, followed by a linear gradient of both A and B at 5% and 95%, respectively. This (mobile phase) composition was maintained for 1 min and was reversed (95% A and 5% B) for 1 min and 10 s. The same mobile phase conditions continued for additional 2 min and 55 s. The flow velocity, oven temperature, and injection volume were 0.3 mL/min, 40°C, and 4 μL, respectively. The remaining conditions for the compound detection and bioinformatic analyses were the same as those reported earlier by Sun et al. (2021). The VIP values were extracted from the OPLS-DA result, which was generated using the R package MetaboAnalystR; the data were log-transformed and mean-centered before OPLS-DA.





RESULTS


Overview of Transcriptome Analysis

The project completed the transcriptome sequencing analysis of 42 samples, and ~301.95 Gb clean data were obtained. Each sample produced almost 6 Gb clean data, and the Q30 base percentage was 92% and above (Supplementary Table 1). After quality control, a comparison of clean reads was performed to the reference genome. It generated the position and unique sequence feature information on the reference genome for the sequenced sample. The transcriptome statistics are available in Supplementary Table 1. The proportion of generated sequencing reads that are successfully aligned to the genome is globally higher than 90%, which indicates that the reference genome is assembled good and the tested sequences are consistent with the reference genome and that there is no contamination in the experiment. A total of 36,242 annotated unigenes expression were detected and reported in terms of the FPKM values. As a comparable number of reads and coverage depths were generated among triplicates, an evaluation of FPKM box plots for gene expression levels of all genes in studied samples revealed that the sequencing results were dependable (Figure 2A). The PCA identified the two major components (PC1 and PC2) of the total variation, which represented 20.83 and 12.2%, respectively. The PCA analysis further validated our results and showed that easy-to-flower (variety A) and hard-to-flower (variety C) tissues fall away from each other (Figure 2B). Intermediate flowering (B variety) tissues fall in between both varieties. The correlation of gene expression levels (R2) was estimated. It acts as an essential indicator of experimental reliability and rationale of sample selection. When the value of the correlation coefficient is close to 1, it indicates that the expression patterns among samples possess a higher similarity. The R2 between biological replicate samples is >0.9 (Figure 2C; Supplementary Table 1).


[image: Figure 2]
FIGURE 2. Summary of the transcriptome. (A) Gene expression levels as box plots of FPKMs. Ordinate represents Log10 FPKMs and Abscissa symbolizes sample names. The box plot for each region represents five statistics (from top to bottom: maximum, upper quartile, median, lower quartile, and minimum), the outlier is shown in black dots. (B) The PCA plot of all RNA-sequence samples. (C) The correlation heat map of the samples. (D) A Venn diagram representing common and specific DEGs in three mango varieties.




Differential Gene Expression Analyses

Gene expression quantification was used to identify the major transcriptional dynamics associated with the flowering and stage and/or variety-specific transcripts (Figure 2D). It was observed that 80, 92, 130, and 273 genes were specific to the AF, AS, AHF, and AHS stages, respectively. For variety B, a relatively higher number of genes were specific to BF (153 genes), BS (172 genes), BHF (262 genes), BHS (567 genes), BYF (230 genes), and BYS (288 genes) as compared to the same tissues of variety A. For variety C, 76, 135, 124, and 114 genes were specifically expressed during the CF, CS, CYF, and CYS stages, respectively. It was noticed that 8,833 genes were commonly expressed among variety A, variety B (into flowering and without blossom), and variety C (Figure 2D). Moreover, 1,790, 1,968, 430, and 1,302 genes were uniquely expressed in variety A, variety B (into flowering), variety B (without blossom), and variety C, respectively. For further analyses, we compared variety A and variety C since both had different phenotypes, i.e., easy-to-flower and hard-to-flower, respectively. Then, for confirmation of gene expression (trends), we used the transcriptome sequences of the tissues of variety B.



Differential Expression of Flowering Pathways-Related Genes

Here, we studied four major flowering-related pathways, i.e., vernalization, gibberellin, photoperiod, and autonomous pathways. We studied expression variations of the genes that are associated with the four major flowering-related pathways. For this, we searched the KEGG and GO annotations of the DEGs from our transcriptome analysis and found 334 DEGs associated with these pathways. In these 334 DEGs, 105 were associated with 27 different genes (Figure 3; Supplementary Table 2). Then, 27 CO, 13 pseudo-response regulators (PPRs), 11 TOPLESS (and TOPLESS-related), 8 cyclic DOF factor (CDFs), and 5 EARLY FLOWERING 3 (ELF3) genes were differentially regulated between the 14 tissues of the three varieties.


[image: Figure 3]
FIGURE 3. Flowering pathway in Mango. The heatmaps represent FPKM values of the major flowering-related genes, i.e., SEP3L (SEPALLATA3 like), APIL (AP1 like), CO (CONSTANS), COL (CONSTANS like), FLD (Flowering locus D), FT (Flowering locus T), LFYL (LEAFY like), GI (GIGANTEA), FLK (Flowering locus K), SOC (SUPRESSOR OF CONSTANS), SOCL (SOC like), TF (TERMINAL FLOWER), and TFL (TF like). The pathway figure was modified from the study of Kim (2020). The blue arrows show activation, while the red arrows show suppression. The expression of other genes in these pathways is presented in Supplementary Table 2.



Photoperiod Pathway's Core Components' Expression Is Consistent With the Flowering Potential of the Two Mango Varieties

We noted that the expression of FT was higher in all the tissues of variety A, i.e., AF, AHF, AHS, and AS, as compared to variety C, i.e., CF, CS, CYF, and CYS. However, the expression of FD (flowering locus D) that forms a dimer with FT was lower in CF and CS as compared to AF and AHF but higher in CYF and CYS as compared to AHS and AS. Further, the expression of the downstream genes such as that of SEP3L (SEPALLATA3-like; Mi04g20590.1 and Mi05g09970.1) and AP1 (APETALLA1-like; Mi04g18420.1 and Mi05g08820.1) was similar to FT, i.e., in variety A, their expression was higher, whereas their expression was very low (in most tissues, there was no expression) in variety C. Other than these, another meristem identity gene LEAFY-like (LFYL; Mi05g15140.1) was differentially expressed. A repressor of both AP1 and LFY, i.e., TERMINAL FLOWER (TF-L; Mi01g06850.1) had higher expression in variety C but near to zero FPKM values in variety A. Since FT is one of the core components of the photoperiod pathway in the flowering pathway, therefore, the higher expressions of FT, SEP3L, and AP2L in all tissues and of FD in AF and AHF in variety A as compared to variety C are consistent with the phenotype. Furthermore, the expression of the repressors, i.e., TF-L also supports their roles in the observed phenotype. Also, the higher expression of FT and SEP3L in B tissues except for BYF and BYS as compared to A tissues and the lower expression of TF-L in B tissues except for BYF and BYS as compared to A tissues support the above results. Moving further, we noted that the expression of several COs (Mi18g11800.1, Mi05g11830.1, Mi03g08940.1, and Mi14g05450.1) was higher expression in A as compared to C. Cos become attached to the proximal promoter of the FT; thus, it is understandable that the expression of COs is affecting FT and the downstream genes. The same expression trend was noted for the non-flowering and flowering tissues of B (Figure 3; Supplementary Table 3). However, the question remains, are there other genes/TF that are possibly regulating COs expression? We noted that CDF1, FKF1, and GIGANTEA (GI) were differentially regulated in the three studied varieties. Particularly, we found that the expression of a CDF1 (Mi20g07310.1) increased in C meristem (CF) as compared to A and B meristems. Two more CDF1s (Mi02g05550.1 and Mi07g07700.1) had higher expression in BYF and CF as compared to AF. Our observations are consistent with the earlier known function of CDF1s that the expression of CO and FT in C is probably under the influence of CDF1 (Fornara et al., 2009; Goralogia et al., 2017). Our results showed that GI (Mi00g06850.1 and Mi15g03560.1) and FKF1 genes had higher expression in all the tissues of variety A and variety B but lower in variety C. Because the Arabidopsis GI can directly bind to the FT promoter region and regulate its expression (Sawa and Kay, 2011), we can expect that the reduced expression of GI is directly influencing the lower FT expressions in variety C (Figure 3; Supplementary Table 2).



Light-Quality Pathway Is Less Likely to Contribute Toward the Flowering Phenotypes in A and C

The important players of light-quality pathway are phytochromes that are either activated or inactivated based on the incoming light. PHYs (PHYA and PHYB) together with SUPPRESSOR OF PHYA-105 (SPA) affect the accumulation of CO proteins [19]. CO accumulation is also controlled by the ubiquitin-ligase complex (CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) and SPA1 are the part of it) [19]. The expression of the SPA1 genes was higher in AS, as compared to BS, BYS, and CYS. However, from the expression pattern, it is difficult to conclude any possible interaction between SPA1 and CO since it is not the expression of CO but its protein's accumulation that is affected by SPA1 (Ishikawa et al., 2006). We also detected the differential regulation of COP1 between the tissues of A, B, and C varieties. However, it did not open up a possible explanation of the changes in the expression of COs. Since PHYA and CRY1/2 stabilize CO protein (Kim et al., 2008), the higher expression of CRY1 in BS and CYS as compared to AS indicates that there is a possibility that CRY1 is stabilizing the CO protein in A that affects the FT expression, whereas, in case of variety C, this process is interrupted. Similarly, in the case of B, a slightly similar trend between CRY1 and FT expression can be related to the stability of CO in this variety, particularly, the plants which bear flowers. PHYB's differential but quite similar expression between the varieties and tissues indicates that destabilization of the CO protein by PHYB through ubiquination is not differentially happening in A, B, and C and that no delay in flower transitioning is underway specifically by this pathway (Valverde et al., 2004). Concomitantly, the expression of PFT1 (phytochrome and flowering 1 protein), which is present downstream of the PHYB, had a similar expression trend as that of PHYB in the three varieties. These observations indicate that it is less likely that the light-quality pathway might be affecting the CO and FT expressions in the mango varieties A, B, and C (Figure 3; Supplementary Table 2).



Flowering Repressors in the Vernalization Pathway Indicate Their Roles in the Flowering Phenotypes in A and C Varieties

Mango trees show distinct and different morphogenic responses to the changing temperature conditions (Kulkarni, 1988; Nunez-Elisea et al., 1996). Although we did not specifically establish this experiment for temperature effect on the flowering, we still were interested in the expression trends of the genes that are associated with the vernalization pathway. Two important flowering repressor genes, i.e., flowering locus C (FLC) and FRIGIDA (FRI; Mi01g07210.1, Mi07g04370.1, Mi01g28170.1, Mi09g07130.1, Mi14g03970.1, Mi02g23420.1, and Mi02g23490.1) (Henderson et al., 2003), showed lower expression in variety A and the flowering tissues of variety B as compared to C and the non-flowering tissues of variety B. This means that FLC should have directly inhibited the expression of FT and SUPPRESSOR OF CONSTANS 1 (SOC1) and affected flowering in variety C and the non-flowering type trees of B variety. We also noticed that VERNALIZATION INSENSTIVE 3 (VIN3) and VIN3-like (VIL) had higher expression in variety C and the non-flowering tissues of variety B (BYF and BYS). Another factor that plays a role in non-flowering or delayed flowering is SHORT VEGETABLE PHASE (SVP). There were five SVPs (Mi01g16070.1, Mi04g06310.1, Mi15g07840.1, Mi18g07490.1, and Mi19g05730.1) that had lower expression in the AS, AHF, BHF, and BHS stages as compared to respective tissues of variety C and the non-flowering type trees of variety B (BYF, BYS, CYF, and CYS). This indicates that SVPs are also active in B and C and cause the observed phenotype by the suppression of FT. Thus, these expression data indicate that FLC, FRI, and SVP play roles for the observed phenotype in mango variety C (Figure 3; Supplementary Table 2).



Gibberellin Biosynthesis and Signaling-Related Genes Are Likely Contributing Toward A and C Flowering Phenotypes

The gibberellin (GA) is considered a key phytohormone for floral transition in plants (Tomer, 1984). GA homeostasis is attained by strict monitoring of activating and deactivating enzymes. We searched against GO and KEGG annotation using the keyword gibberellin and found 270 DEGs (Supplementary Table 3). Regarding the GA biosynthesis pathway, the expression of ent-copalyl diphosphate synthase (CPS) was very low in both varieties A and C. Whereas, we noted that ent-kaurene synthase (KS, Mi13g00460.1), ent-kaurene oxidase (KO, Mi18g10270.1), ent-kaurenoic acid hydroxylase (CYP88A3, Mi05g23760.1 and CYP88A4, Mi09g00080.1), and gibberellin 3beta-dioxygenase (GA3-ox, Mi06g10250.1) had higher expression in C as compared to A tissues, indicating that GA biosynthesis is higher in C as compared to A. These changes imply that the ent-kaurene synthesis is higher in C tissues as compared to A tissues. This is based on their known roles in the biosynthesis of ent-kaurene (Zi et al., 2014; Lemke et al., 2019). Furthermore, the expression of CYP88A3/4 (Helliwell et al., 2001), GA3ox, and GA20ox indicates that, in C, the biosynthesis of biologically active GAs is going on. We observed that the expression of some of the GA2ox and GA20ox transcripts was lower in CF and CS but then increased in CYF and CYS as compared to their counterparts in A, indicating that, in C tissues, GA homeostasis is also active (Li et al., 2019). Among the regulators, we noted that some DELLAs (Mi04g21420.1, Mi08g16030.1, Mi12g09770.1, Mi13g08590.1, Mi05g02180.1, Mi00g07470.1, and Mi17g08630.1) showed increased expression in the C variety tissues but lower in the A variety tissues. Similarly, the expression of gibberellin receptor GID1 and F-box protein GID2 transcripts was higher in AF, AHF, AHS, and AS as compared to C tissues. Upon GA binding to its receptor GIDs, it undergoes a conformational change in the receptor. This change promotes its interaction with DELLAs. The expressions of the above genes were consistent in the flowering and non-flowering tissues of the B variety, thus confirming that these genes have functional roles in the observed phenotypes (Figure 4; Supplementary Table 3). Among TFs, we noted the differential expression of IBH1-like 1, MADS-box transcription enhancer factor, MADS-box TF, nuclear TF Y (gamma), MYB, LHY, MYC2, and WRKY33, WRKY22, bHLH. The expression of these TFs indicates that GA biosynthesis is also transcriptionally regulated (Supplementary Table 3).


[image: Figure 4]
FIGURE 4. Gibberellin biosynthesis and signaling pathway in mango. The above panels show the key steps in GA biosynthesis and signaling. The respective heatmaps below the pathways show the FPKM values of related genes. Red genes were differentially expressed in GA biosynthesis. IPP, isopentenyl diphosphate; GGPP, trans-geranylgeranyl diphosphate; CPP, ent-copalyl diphosphate; GGPPS, geranylgeranyl diphosphate synthase; CPS, ent-copalyl diphosphate synthase; KS, ent-kaurene synthase; KO, ent-kaurene oxidase; KAO, ent-kaurenoic acid oxidase; GA, gibberellic acid; ox, oxidase; GID, gibberellin receptor GID; DELLA, GRAS family protein; Ub, ubiquitin ligase. The blue broken box represents degraded DELLA protein.





Differential Expression of Other Pathways
 
Auxin Biosynthesis and Signaling Are Variedly Active in Three Varieties

We found 26 auxin biosynthesis-related genes that were differentially expressed between the three mango varieties and their studied tissues (Supplementary Table 3). Specifically, we noted the higher expression of anthranilate synthase (ANS) component I (Mi01g05240.1) and component II (Mi18g04000.1) in A tissues as compared to C. However, other ANS transcripts had the opposite expression pattern, i.e., higher in C as compared to A. Similarly, the weak ethylene insensitive proteins (WEI), tryptophan aminotransferases (TAAs), and YUC flavin-containing monooxygenases (YUCCAs) showed increased expression patterns in C as compared to A. A similar expression trend was noted for most of the above genes when we compared the flowering and non-flowering B tissues. We also noted that tryptophan synthase beta (TSB) chains were also expressed but their expression was very fractional. However, since tryptophan biosynthesis is an important step in IAA biosynthesis, it cannot be ignored. Overall, these changes indicate that indole 3-acetic acid biosynthesis in C tissues should be higher than that of A. Nevertheless, the higher expressions of some ANSs, WEI, TAAs, TSB, in A tissues indicate the possibility of higher biosynthesis of IAA (or its intermediates) (Figure 5; Supplementary Table 3).


[image: Figure 5]
FIGURE 5. Indole-3-acetic acid biosynthesis and auxin signaling in mango. The red text shows differentially expressed genes. ANS, anthranilate synthase; WEI, weak ethylene insensitive; TSB. Tryptophan synthase beta chain; TAA, tryptophan aminotransferase; YUCCA, YUC flavin-containing monooxygenase; AUX1, auxin influx carrier; TIR1, F-box transport inhibitor response 1; Aux/IAA, auxin/indole-3-acetic acid; ARF, auxin response factor; SAUR, SAUR family protein; GH3, auxin-responsive GH3 family. The heatmap represents the FPKM values of the transcripts. The sample names are given as per Table 1.


Regarding auxin signaling, all the three core components, i.e., auxin influx carrier (AUX1), F-box transport inhibitor response 1 (TIR) auxin co-receptors, auxin/indole-3-acetic acid (Aux/IAA) transcriptional repressors, and the auxin response factor (ARF) TFs. Auxin promotes an interaction between TIF1 and Aux/IAA proteins, resulting in the degradation of Aux/IAA proteins and the release of ARF repression. The expression of AUX1s first decreased from AF to AS and then increased in AHF and AHS with slight differences. Whereas, in C, their expression increased from CF to CS and CYF but then decreased in CYS. Overall, the FPKM values in C were lower than those in A. In total, 37 IAAs, 7 TIR1s, and 33 ARFs were differentially expressed between the three mango varieties; their expression varied within and among the varieties, indicating a major auxin signaling interplay. This is evident from the expression of a large number of auxin-responsive genes, i.e., SAURs and GH3 transcripts (Figure 5; Supplementary Table 3).



Differential Regulation of Sugar Biosynthesis

In current study, there were five transcripts related to TPS1 in differentially expressed genes. Most of the TPS1 transcripts were highly expressed AS, AHF, and BHF as compared to the respective stages in difficult-to-flower tissues BYF, CS, and CYF (Supplementary Table 3). Similarly, several studies have indicated a strong involvement of sucrose transporters (SUC) in deciding flowering time (Cho et al., 2018). Transcripts related to SUC2, 3, and 4, sucrose synthase 1 (SUS1), SNF1-related protein kinase (KIN1), and NUTCRACKER-like proteins (NUC) were differentially regulated in all tissues, suggesting a complex involvement of these proteins in flowering (Supplementary Table 3).



Ambient Temperature Pathway-Related Genes Putatively Function in Mango Similar to Arabidopsis

Moderate changes in ambient temperature influence the transition to flowering (Sanchez-Bermejo et al., 2015). In the current study, four transcripts were identified to be related to H2A.Z (Mi03g10660.1, Mi12g09820.1, Mi17g08680.1, and Mi06g10700.1). These transcripts were highly expressed during all four stages of the three cultivars. However, the expression of PIF4-like transcript (Mi04g00660.1) was transiently upregulated in easy-to-flower tissues (AS and BHF) and very low to almost no expression in other tissues (Supplementary Table 3). The SHORT VEGETATIVE PHASE (SVP) is also central to thermoresponsive flowering and vernalization (Fernández et al., 2016). The five transcripts related to SVP (Mi01g16070.1, Mi04g06310.1, Mi15g07840.1, Mi18g07490.1, and Mi19g05730.1) were least expressed during the AS, AHF, BHF, and BHS stages as compared to respective difficult-to-flower tissues (BYF, BYS, CYF, and CYS). These findings clearly suggest potential functional conservation of these genes in Arabidopsis and mango for flower initiation.




Quantitative Real-Time PCR Analysis

The expression of 21 mango genes was confirmed through qRT-PCR analysis. The relative gene expression of the genes showed a similar trend as that of the FPKM values in the seven tissues belonging to three mango varieties (Figure 6). Furthermore, the expression changes in the flowering-related genes, i.e., GI, CO, FT, SOCs, FLD, and TEMPRANILLO 1, confirm our propositions regarding their roles in the differential flowering potential of the studied mango varieties.


[image: Figure 6]
FIGURE 6. The RT-qPCR analysis of 21 mango genes from AF, AHF, BF, BHF, BYF, CF, and CYF. The Actin gene was used as the internal control. The error bars show the standard deviation.




Comparative Metabolomic Profile of the Three Mango Varieties

Metabolome profiling of 14 tissues belonging to three mango varieties differing in flowering resulted in the identification of a total of 1023 metabolites through UPLC-MS/MS (Figure 7A; Supplementary Table 4). The diversity of the detected metabolite could be confirmed from the broader classes of the detected metabolites, i.e., the metabolites could be classified as flavonoids, coumarins and lignans, tannins, terpenoids, quinones, phenolic acids, nucleosides and derivatives, lipids, amino acids and derivatives, alkaloids, organic acids, and others. The PCA analysis of the detected metabolites showed that the replicates of the same treatment grouped together, confirming the reliability of the sampling. The first and second principal components explained 35.62% and 13.73% variation, respectively (Figure 7B). We recorded a relatively higher PCC between AF, BF, and CF, AHF and BHF, AHS and BHS, and AS and BS. Whereas, the correlation between the C tissues (i.e., CS, CYF, and CYS) and B tissues (BYF and BYS) as compared with the A and B tissues was relatively lower, which is consistent with the observed phenotype (Figure 7C). The higher PCC indicates that the difference between the detected metabolites is more reliable (Inui et al., 2012).


[image: Figure 7]
FIGURE 7. Summary of the metabolite profiling of mango tissues. (A) A heatmap of the relative content of the 1023 detected metabolites, (B) principal component analysis, (C) Pearson's correlation coefficient, (D) the number of upregulated or downregulated metabolites among the studied tissues of mango varieties A, B, and C, where A indicates Lippens), B indicates Banana Mango), and C indicates Linsen Mango). The tissue names are according to Table 1.




Differential Accumulation of Metabolites Correlates With the Transcriptome Profiles

The highest number of differentially accumulated metabolites (DAMs) was AHS vs. BYS and AHS vs. CYS (Figure 7D). The metabolites accumulated in the 14 different comparisons were enriched in 29 different KEGG pathways (Supplementary Figure 1). Most importantly, we observed that the DAMs were aminoacyl-tRNA biosynthesis, flavone and flavonol biosynthesis, linoleic acid metabolism, lysine degradation, pentose and glucuronate interconversions, phenylpropanoid biosynthesis, starch and sucrose metabolism, thiamine metabolism, and tryptophan metabolism between the flowering phase I and phase II in variety A as compared to leaf buds 3 and 4 of varieties B and C. These observations suggest that these pathways might be playing important roles in the observed phenotypes.

With regard to the observed changes in the expression of genes related to IAA, we specifically noted that anthranilate-1-O-sophoroside had higher content in C tissues (particularly CS, CYF, and CYS) as compared to A, indicating that the non-flowering type tissues had higher concentrations as compared to the flowering tissues. This was also noticed for the B variety tissues. We also noted that the concentration of indole-3-carboxaldehyde increased from AF to AHF and AHS but then reduced in AS. A similar accumulation trend was noted for C; however, the quantities in C were higher as compared to A. The concentration of methoxyindoleacetic acid and 1-Methoxy-indole-3-acetamide was also very much higher in C tissues as compared to A. These metabolites are enriched in the tryptophan metabolism pathway. The higher concentrations of other tryptophan and 5-hydroxy-L-tryptophan, N-acetyl-L-tryptophan, glycyl-tryptophan, and tryptamine also imply that C has higher concentrations of the key metabolites required for IAA biosynthesis. This is consistent with the transcriptome findings (Supplementary Table 4).



Endogenous IAA and GA Levels Correspond to Their Respective Transcripts' Expressions

Since transcriptome analyses suggested that, auxin and GA biosynthesis and signaling are highly active in the studied tissues of the mango varieties, we measured the endogenous GA and auxin contents. The comparative analysis of the 14 tissues showed detection (accumulation) of 36 metabolites; 26 (including tryptamine and L-tryptophan) and 10 were classified as auxins and GAs, respectively (Figure 8). Interestingly, GA4 content was higher in variety C tissues and the non-flowering tissues of variety B, whereas the content of GA3 was quite similar in the three varieties (particularly, AF, BF, and CF). One interesting observation was the higher contents of GA3 (~4-fold) in CYF as compared to AS and BYS, which was ~1.34-fold higher than BS, indicating that variety C tissues have higher GA contents, which is consistent with the expression trends of GA biosynthesis-related genes. Whereas, GA20 was not detected in A and B flowering tissues but was detected in non-flowering B and C tissues, further confirming that GA regulation is active in the non-flowering tissues. Hence, these observations together with transcript expression changes and qRT-PCR analyses confirm that higher GA levels are related to the difficult-to-flower phenotype in mango (Figure 6).


[image: Figure 8]
FIGURE 8. The relative content of auxins and GA in 14 mango flowering tissues quantified based on the ion intensity of different compounds. (A) auxins, (B) GA, and (C) amino acids (also classified as auxins in our analysis).


The increased accumulation of IAA in all tissues of the three varieties confirms the observations in transcriptome and metabolome analysis (Supplementary Tables 3, 4), particularly very high accumulation of IAA in C. Because we noted significant changes in the expression profiles and accumulation of metabolites related to auxin biosynthesis, particularly IAA biosynthesis was higher in C as per expression profiles of ANS, WEI, TAA, YUCCAs, and TSBs. However, overall auxin accumulation was higher in A as compared to B and C variety tissues. In addition, the upstream metabolites, i.e., tryptamine and tryptophan, also showed varied accumulation patterns (Figure 8). This is also consistent with the observed changes in respective genes (Supplementary Table 3). From the expression changes and auxin accumulation, it can be concluded that higher auxin contents are related to the easy-to-flower phenotype.




DISCUSSION


Interplay of FLOWERING LOCUS T and CONSTANS Together With Their Regulators/Repressors Modulate Flowering Robustness in the Studied Mango Varieties

Intensive molecular and genetic studies have shown that there are four major flowering pathways in plants, i.e., vernalization, gibberellin, photoperiod, and autonomous pathways. Apart from these, several studies have shown the involvement of several other pathways including ambient temperature-, hormone-, and sugar-dependent pathways (Kim, 2020). Among these, the photoperiod pathway's core components, i.e., CO and FT, are the major proteins for flowering in plants (Searle and Coupland, 2004; Borchert et al., 2005). The FT forms a dimer with FD (FT-FD dimer), which activates several SOC and several meristem activity genes (Turck et al., 2008). The expression of the FT and FD indicates that it must be a major cause of limited or no flowering in variety C. Other than these, the consistent expression pattern of SEP3Ls and AP1 in variety A and contrasting expressions in variety C strengthen the proposition that it is the FT expression that is limiting flowering in variety C but not in A and flowering tissues of B. These statements are based on the fact that SEP3 is required for meristem identity, leading to flowering (Hwan Lee et al., 2012), whereas the AP1 TFs are required for the transition from inflorescence meristem to floral meristem (Bowman et al., 1993). The lower expression of AP1 and other meristem identity genes like LFY coincides with the higher expression of TF genes. TF genes are repressors of LFY and API (Weigel and Meyerowitz, 1993) and in the C variety, and their reduced expression can be linked to higher expression of TF. Since CO attaches to the proximal promoter of FT; therefore, the higher expression of some COs in A and B tissues as compared to difficult to flower B and C can also be a reason for the similar expression of FT and resulting phenotypes. Furthermore, the increased expression of CDF1 in C meristem tissues and higher expression of GI and FKF1 in A and flowering tissues of B are relatable to the expression trends of CO and FT. This is based on the fact that CDF1 redundantly represses the transcription of CO and FT (Fornara et al., 2009; Goralogia et al., 2017) and that the GI and FKF1s repress CDF1s (Sawa and Kay, 2011; Song et al., 2012, 2014). Also, it is known that, in Arabidopsis, GI can directly bind to the FT promoter region and regulate its expression (Sawa and Kay, 2011); thus, we can expect (based on the expression patterns of FT and GI) that the reduced expression of GI is directly influencing the lower FT expressions in variety C. Thus, it is the expression changes in FT and CO together with their activators/repressors that are governing flowering robustness in the studied mango varieties.

Although we ruled out the possible role(s) of the light-quality pathway-related genes, the roles of vernalization pathway-related transcripts are relatable to the phenotypes of the three mango varieties. Particularly, the expression trends of FLC and FRI indicate inhibition of FT and SOC1 in variety C and non-flowering variety B. This is consistent with the known repressor roles of FLC and FRI in Arabidopsis and the fact that FRI upregulates the expression of floral repressor FLC (Henderson et al., 2003). The lower expression of SVPs in A and B flowering tissues as compared to that of difficult-to-flower B and C tissues indicates flowering suppression, probably by suppressing FT expression. SVPs play roles in delayed or no-flowering by forming a complex with FLC to repress the expression of genes that initiate flowering (Mateos et al., 2015). Thus, we can conclude that flowering repressors such as FLC and FRI are related to the mango flowering robustness (Figure 8).



Higher GA Acid Biosynthesis and Signaling Are Associated With the Difficult-to-Flower Mango Phenotype

One of the key phytohormones in floral transition in plants is GA (Tomer, 1984). In mango, it has long been established that GA inhibits flowering (Tomer, 1984). Similar repressing reports are known for woody perennials, e.g., apple (Zhang et al., 2019). The study in apple reported the regulation of gene expression related to two major pathways, i.e., diterpenoid biosynthesis and plant hormone signal transduction. This is consistent with our findings too. The higher synthesis of GAs in variety C tissues can directly be linked to respective higher expression of CPS, KS, KO, and KAO (Zi et al., 2014; Lemke et al., 2019). The reduced GA20ox and GA30x expression in easy-to-flower tissues of varieties A and B as well as their expression trends in variety C indicate adjustment of GA biosynthesis or the feedback and feed forward mechanism of GA regulation. These mechanisms are essential for a plant to maintain transcriptional responsiveness and adjust growth and development (Thomas and Sun, 2004). The higher expression of gibberellin receptor GID1 and F-box protein GID2 in easy-to-flower tissues is consistent with the observations in apple. These observations indicate that GA contents are inversely related to GID expression. Also, it might indicate that GA homeostasis may also be regulated by the modulation of GA receptors (GIDs) apart from GA metabolic genes, as witnessed in Arabidopsis (Griffiths et al., 2006). Our observation of the varied expression of the different transcripts of DELLA reflects GA regulation. Also, the higher expression of multiple DELLAs in C (particularly in CS and CYF) is consistent with that of FLC. The interaction of both DELLA and FLC has been previously studied in Arabidopsis, where it was reported that both play negative roles in flowering and that their interaction enhances the transcriptional repression ability of FLC (Li et al., 2016). Furthermore, the expression trends of DELLAs together with SOC1 and LFY genes strengthen our consideration of direct repression of flowering by GA in mango (C and difficult to flower B variety). This is because both SOC1 and LFY are downstream targets of DELLAs in Arabidopsis (Moon et al., 2003; Zhang et al., 2019). Overall, our results indicate that variation in the expression of GA metabolic and signaling pathways helps mango varieties to achieve GA homeostasis and that the higher GA levels are associated with the difficult-to-flower phenotype or vice versa. Finally, our findings that TFs that showed up in our GO annotation search against GA give potential candidates for mediating GA-driven flowering robustness.



Higher Auxin Levels Are Associated With the Easy-to-Flower Phenotype

Auxin regulates floral meristem initiation as well as other aspects such as flower initiation, its growth, and the reproductive success of the flower (Sundberg and Østergaard, 2009). Somewhat variable expression of the auxin biosynthetic genes in the studied mango tissues indicates that, with the floral transition, several tissues may exhibit unique/different auxin levels. Since the tissues of the easy-to-flower varieties accumulated higher quantities of auxins (Figure 7), that most of the ARFs had higher expression in these tissues, which shows a direct link with the LFY expression (Supplementary Tables 2 and 3). We say this because an earlier report on the molecular framework of auxin-mediated flowering indicated that auxin (and resultantly the expression of ARF) triggers the initiation of flower primordium by increasing LFY expression (Yamaguchi et al., 2013). At the same time, the dormancy-associated protein 1 (DRM1, Mi06g15100.1) followed an increasing and then a decreasing trend in easy-to-flower tissues and followed an opposite trend in hard-to-flower tissues. This gene is downregulated by high levels of auxins (Rae et al., 2014). This suggests a possible effect of auxins on breaking bud dormancy. A link between auxin and flower development was first established when the auxin transport mutant pin1 (Auxin efflux carrier) was isolated and characterized [for references please see (Cheng and Zhao, 2007)]. The inflorescence of pin1 often does not have any flowers. In the current study, there were 10 transcripts related to auxin efflux carrier family proteins (KEGG entry K13947). Four of these were homologs of PIN1 (Mi08g15630.1, Mi13g07790.1, Mi14g15240.1, and Mi20g11470.1). Interestingly, most of these transcripts were downregulated from the AF to AHS stages and followed an opposite trend in difficult-to-flower tissues (from CF to CYS). This downregulation is potentially related to a decrease in auxin polar transport, which apparently fails to stop the transition from vegetative growth to reproductive growth. The conversion of an inflorescence meristem to a flower meristem apparently requires normal polar auxin transport (Cheng and Zhao, 2007).



Other Possible Mechanisms Related to Flowering Robustness in Studied Mango Varieties

Our results indicate that there could be other mechanisms that could be associated with the observed differences in mango flowering robustness in A, B, and C varieties. One of the two mechanisms is changes in sugar biosynthesis. In transcriptome analyses, we observed higher expression of TPS1 transcripts in easy-to-flower A and B tissues, which indicate higher trehalose-6-phosphate biosynthesis. T6P acts as a flowering induction signal in Arabidopsis. Sucrose seems to function primarily in the leaf phloem to enhance the generation of florigens such as FT, while T6P functions in the shoot apical meristem to promote the flowering signal pathway downstream of those florigens. In Arabidopsis plants where TPS1 is downregulated, the expression of FT and TWIN SISTER OF FT (TSF) is delayed while that of its upstream regulators, such as CO and GI, are not affected (Wahl et al., 2013). Overexpression of TPS1 causes early flowering under both LD and SD conditions (Supplementary Table 3). Since the metabolite data confirmed higher accumulation of both T6P and sucrose in easy-to-flower tissues, we can link the TPS1 expression with T6P levels and resultant FT generation based on the above-mentioned reports.

The second mechanism involves changes in transcripts related to the ambient temperature pathway, which can also be associated with the changes in the expression of FT and the observed variations in flowering robustness in A, B, and C mango varieties. It is essential to note that thermoresponsive flowering is less understood than vernalization because multiple independent thermoresponsive pathways are involved (Capovilla et al., 2015). The histone variant H2A.Z acts as a thermosensor for flowering time. The occupancy of H2A.Z at the FT promoter is negatively affected at increased temperatures. H2A.Z facilitates the binding of PHYTOCHROME INTERACTING FACTOR 4 (PIF4) to the FT promoter (Kumar and Wigge, 2010; Kumar et al., 2012) to activate the FT expression in cooperation with CO under warm ambient temperatures (Kumar et al., 2012). The higher expression of H2A.Z during all the four stages of the three cultivars cannot explain the FT expression. However, the transient upregulation of PIF4 in easy-to-flower tissues and contrasting FPKM values in other tissues can be linked to FT expression and resulting phenotypes. Similarly, the expression of flowering repressor SVP's transcripts, which is also central to thermoresponsive flowering and vernalization (Fernández et al., 2016), indicates the repression of flowering in C but not in A. These findings clearly suggest potential functional conservation of these genes in mango for flowering robustness.




CONCLUSION

This study investigated the transcriptome and metabolome profiles of flower-related tissues in three mango varieties differing in their flowering intensity (easy-to-flower, intermediate flowering, and hard-to-flower). A significant variation was observed in the number of transcripts expressed in a stage and/or variety-specific manner. The expression of transcripts related to the major flowering pathways, i.e., vernalization pathway, photoperiod pathway, light-quality, and autonomous pathway, indicated the importance of major genes such as FT, SEP3L, APIL, CO, GI, LFYL, SOC, SOCL, TF, SPA1, FRI, FLC, and SVP. The comparative transcriptome and metabolome data supported with qRT-PCR and endogenous hormone levels indicate that a variety of both activators and repressors are interplaying and affecting the major flowering-related and meristem identity-related genes. Our data showed that GA and auxin biosynthesis and signaling have important roles in flowering robustness in mango. Together with the flowering-related pathways, hormone biosynthesis and signaling (GA and auxin), sugar biosynthesis, and ambient temperature pathways are modulating the observed phenotypes.
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Supplementary Table 2. FPKM values of the DEGs associated with four flowering-related pathways in mango varieties A, B, and C differing in flowering intensity.

Supplementary Table 3. FPKM values of the DEGs enriched in important pathways associated with flowering in three mango varieties differing in flowering intensity.

Supplementary Table 4. The list of differentially accumulated metabolites and their respective intensities in the studied tissues of the three mango varieties.



ABBREVIATIONS

AP1, APETALA 1; RING1A, ARABIDOPSIS THALIANA RING 1A; CO, CONSTANS; COP1, CONSTITUTIVE PHOTOMORPHOGENIC 1; CRY1/2, Cryptochrome Circadian Regulator 1/2; CDFs, cyclic DOF factor; ELF3, EARLY FLOWERING 3; FKF1, Flavin-binding, kelch repeat, f box 1; FT, FLOWERING LOCUS T; FTL, FLOWERING LOCUS T-like; FPKM, Fragments Per Kilobase of transcript per Million fragments mapped; FRI, FRIGIDA; FLC, Flowering locus C; GWAS, Genome-wide association studies; GA, Gibberellin/gibberellic acid; Hd3a, Heading date 3a; JAOMT, Jasmonate O-methyltransferases; LFY, LEAFY; NUC, NUTCRACKER-like proteins; PIF4, PHYTOCHROME INTERACTING FACTOR 4; PPRs, Pseudo-response regulators; QTLs, Quantitative trait loci; SEP3, SEPALLATA3; SEP3L, SEP3 like; SVP, SHORT VEGETABLE PHASE; KIN1, SNF1-Related Protein Kinase; SUS1, Sucrose synthase 1; SUC, Sucrose transporters; SPA, SUPPRESSOR OF PHYA-105; TF, TERMINAL FLOWER; TPL, TOPLESS; TPR, TOPLESS-related; TPS1, TREHALOSE-6-PHOSPHATE SYNTHASE 1; TSF, TWIN SISTER OF FT; VIN3, VERNALIZATION INSENSTIVE 3; VIL, VIN3-like.



REFERENCES

 Apweiler, R., Bairoch, A., Wu, C. H., Barker, W. C., Boeckmann, B., Ferro, S., et al. (2004). UniProt: the universal protein knowledgebase. Nucleic Acids Res. 32, D115–D119. doi: 10.1093/nar/gkh131

 Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000). Gene ontology: tool for the unification of biology. The Gene Ontology Consortium. Nat. Genet. 25, 25–29. doi: 10.1038/75556

 Bao, S., Hua, C., Shen, L., and Yu, H. (2020). New insights into gibberellin signaling in regulating flowering in Arabidopsis. J. Integr. Plant Biol. 62, 118–131. doi: 10.1111/jipb.12892

 Böhlenius, H., Huang, T., Charbonnel-Campaa, L., Brunner, A. M., Jansson, S., Strauss, S. H., et al. (2006). CO/FT regulatory module controls timing of flowering and seasonal growth cessation in trees. Science 312, 1040–1043. doi: 10.1126/science.1126038

 Borchert, R., Renner, S. S., Calle, Z., Navarrete, D., Tye, A., Gautier, L., et al. (2005). Photoperiodic induction of synchronous flowering near the Equator. Nature 433, 627–629. doi: 10.1038/nature03259

 Bowman, J. L., Alvarez, J., Weigel, D., Meyerowitz, E. M., and Smyth, D. R. (1993). Control of flower development in Arabidopsis thaliana by APETALA1 and interacting genes. Development 119, 721–743. doi: 10.1242/dev.119.3.721

 Capovilla, G., Schmid, M., and Pose, D. (2015). Control of flowering by ambient temperature. J. Exp. Bot. 66, 59–69. doi: 10.1093/jxb/eru416

 Chen, L., Wu, Q., He, W., He, T., Wu, Q., and Miao, Y. (2019). Combined de novo transcriptome and metabolome analysis of common bean response to Fusarium oxysporum f. sp. phaseoli infection. Int. J. Mol. Sci. 20:6278. doi: 10.3390/ijms20246278

 Cheng, Y., and Zhao, Y. (2007). A role for auxin in flower development. J. Integr. Plant Biol. 49, 99–104. doi: 10.1111/j.1744-7909.2006.00412.x

 Cho, L.-H., Pasriga, R., Yoon, J., Jeon, J.-S., and An, G. (2018). Roles of sugars in controlling flowering time. J. Plant Biol. 61, 121–130. doi: 10.1007/s12374-018-0081-z

 Conti, L. (2017). Hormonal control of the floral transition: Can one catch them all? Dev. Biol. 430, 288–301. doi: 10.1016/j.ydbio.2017.03.024

 Corbesier, L., Vincent, C., Jang, S., Fornara, F., Fan, Q., Searle, I., et al. (2007). FT protein movement contributes to long-distance signaling in floral induction of Arabidopsis. Science 316, 1030–1033. doi: 10.1126/science.1141752

 Fernández, V., Takahashi, Y., Le Gourrierec, J., and Coupland, G. (2016). Photoperiodic and thermosensory pathways interact through < scp>CONSTANS < /scp> to promote flowering at high temperature under short days. Plant J. 86, 426–440. doi: 10.1111/tpj.13183

 Finnegan, E. J., Robertson, M., and Helliwell, C. A. (2021). Resetting Flowering Locus C expression after vernalization is just activation in the early embryo by a different name. Front. Plant Sci. 11, e620155. doi: 10.3389/fpls.2020.620155

 Fornara, F., Panigrahi, K. C. S., Gissot, L., Sauerbrunn, N., Rühl, M., Jarillo, J. A., et al. (2009). Arabidopsis DOF transcription factors act redundantly to reduce CONSTANS expression and are essential for a photoperiodic flowering response. Dev. Cell 17, 75–86. doi: 10.1016/j.devcel.2009.06.015

 Goldschmidt, E. E. (2013). The evolution of fruit tree productivity: a review. Econ. Bot. 67, 51–62. doi: 10.1007/s12231-012-9219-y

 Goralogia, G. S., Liu, T.-K., Zhao, L., Panipinto, P. M., Groover, E. D., Bains, Y. S., et al. (2017). CYCLING DOF FACTOR 1 represses transcription through the TOPLESS co-repressor to control photoperiodic flowering in Arabidopsis. Plant J. 92, 244–262. doi: 10.1111/tpj.13649

 Grajal Martín, M. J., Hernández Delgado, P. M., Galán Saúco, V., and Fernández Galván, D. (2009). Breeding and cultural practices to improve mango “Lippens” in the canary islands. Acta Hortic. 2009, 165–172. doi: 10.17660/ActaHortic.2009.820.16

 Griffiths, J., Murase, K., Rieu, I., Zentella, R., Zhang, Z.-L., Powers, S. J., et al. (2006). Genetic characterization and functional analysis of the GID1 gibberellin receptors in Arabidopsis. Plant Cell 18, 3399–3414. doi: 10.1105/tpc.106.047415

 Guitton, B., Kelner, J. J., Celton, J. M., Sabau, X., Renou, J. P., Chagn,é, D., et al. (2016). Analysis of transcripts differentially expressed between fruited and deflowered ‘Gala’ adult trees: a contribution to biennial bearing understanding in apple. BMC Plant Biol. 16:55. doi: 10.1186/s12870-016-0739-y

 Halder, S., and Abu Hasan, M. (2020). Climate change and mango production. Chem. Sci. Rev. Lett. 9:cs122050121. doi: 10.37273/chesci.cs122050121

 Heberle, H., Meirelles, G. V., da Silva, F. R., Telles, G. P., and Minghim, R. (2015). InteractiVenn: a web-based tool for the analysis of sets through Venn diagrams. BMC Bioinformatics 16, 1–7. doi: 10.1186/s12859-015-0611-3

 Helliwell, C. A., Chandler, P. M., Poole, A., Dennis, E. S., and Peacock, W. J. (2001). The CYP88A cytochrome P450, ent-kaurenoic acid oxidase, catalyzes three steps of the gibberellin biosynthesis pathway. Proc. Natl. Acad. Sci. U.S.A. 98, 2065–2070. doi: 10.1073/pnas.98.4.2065

 Henderson, I. R., Shindo, C., and Dean, C. (2003). The need for winter in the switch to flowering. Annu. Rev. Genet. 37, 371–392. doi: 10.1146/annurev.genet.37.110801.142640

 Hwan Lee, J., Joon Kim, J., and Ahn, J. H. (2012). Role of SEPALLATA3 (SEP3) as a downstream gene of miR156-SPL3-FT circuitry in ambient temperature-responsive flowering. Plant Signal. Behav. 7, 1151–1154. doi: 10.4161/psb.21366

 Inui, T., Wang, Y., Pro, S. M., Franzblau, S. G., and Pauli, G. F. (2012). Unbiased evaluation of bioactive secondary metabolites in complex matrices. Fitoterapia 83, 1218–1225. doi: 10.1016/j.fitote.2012.06.012

 Ionescu, I. A., Møller, B. L., and Sánchez-Pérez, R. (2016). Chemical control of flowering time. J. Exp. Bot. 68, 369–382. doi: 10.1093/jxb/erw427

 Ishikawa, M., Kiba, T., and Chua, N. (2006). The Arabidopsis SPA1 gene is required for circadian clock function and photoperiodic flowering. Plant J. 46, 736–746. doi: 10.1111/j.1365-313X.2006.02737.x

 Kanehisa, M. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30. doi: 10.1093/nar/28.1.27

 Kim, D.-H. (2020). Current understanding of flowering pathways in plants: focusing on the vernalization pathway in Arabidopsis and several vegetable crop plants. Hortic. Environ. Biotechnol. 61, 209–227. doi: 10.1007/s13580-019-00218-5

 Kim, S. Y., Yu, X., and Michaels, S. D. (2008). Regulation of CONSTANS and FLOWERING LOCUS T expression in response to changing light quality. Plant Physiol. 148, 269–279. doi: 10.1104/pp.108.122606

 Kulkarni, V. J. (1988). Chemical control of tree vigour and the promotion of flowering and fruiting in mango (Mangifera indica L.) using paclobutrazol. J. Hortic. Sci. 63, 557–566. doi: 10.1080/14620316.1988.11515892

 Kumar, S. V., Lucyshyn, D., Jaeger, K. E., Alós, E., Alvey, E., Harberd, N. P., et al. (2012). Transcription factor PIF4 controls the thermosensory activation of flowering. Nature 484, 242–245. doi: 10.1038/nature10928

 Kumar, S. V., and Wigge, P. A. (2010). H2A.Z-containing nucleosomes mediate the thermosensory response in arabidopsis. Cell 140, 136–147. doi: 10.1016/j.cell.2009.11.006

 Kwak, J. S., Son, G. H., Song, J. T., and Seo, H. S. (2016). Post-translational modifications of FLOWERING LOCUS C modulate its activity. J. Exp. Bot. 68, 383–389. doi: 10.1093/jxb/erw431

 Lal, S., Singh, A. K., Singh, S. K., Srivastav, M., Singh, B. P., Sharma, N., et al. (2017). Association analysis for pomological traits in mango (Mangifera indica L.) by genic-SSR markers. Trees 31, 1391–1409. doi: 10.1007/s00468-017-1554-2

 Lemke, C., Potter, K. C., Schulte, S., and Peters, R. J. (2019). Conserved bases for the initial cyclase in gibberellin biosynthesis: from bacteria to plants. Biochem. J. 476, 2607–2621. doi: 10.1042/BCJ20190479

 Li, C., Zheng, L., Wang, X., Hu, Z., Zheng, Y., Chen, Q., et al. (2019). Comprehensive expression analysis of Arabidopsis GA2-oxidase genes and their functional insights. Plant Sci. 285, 1–13. doi: 10.1016/j.plantsci.2019.04.023

 Li, M., An, F., Li, W., Ma, M., Feng, Y., Zhang, X., et al. (2016). DELLA proteins interact with FLC to repress flowering transition. J. Integr. Plant Biol. 58, 642–655. doi: 10.1111/jipb.12451

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2–ΔΔCT method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

 Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 1–21. doi: 10.1186/s13059-014-0550-8

 Mateos, J. L., Madrigal, P., Tsuda, K., Rawat, V., Richter, R., Romera-Branchat, M., et al. (2015). Combinatorial activities of SHORT VEGETATIVE PHASE and FLOWERING LOCUS C define distinct modes of flowering regulation in Arabidopsis. Genome Biol. 16, 1–23. doi: 10.1186/s13059-015-0597-1

 Moghaddam, M. R. B., Ende, and W., Van den (2013). Sugars, the clock and transition to flowering. Front. Plant Sci. 4, 22. doi: 10.3389/fpls.2013.00022

 Moon, J., Suh, S., Lee, H., Choi, K., Hong, C. B., Paek, N., et al. (2003). The SOC1 MADS-box gene integrates vernalization and gibberellin signals for flowering in Arabidopsis. Plant J. 35, 613–623. doi: 10.1046/j.1365-313X.2003.01833.x

 Mukherjee, S. K. (1953). The mango—its botany, cultivation, uses and future improvement, especially as observed in india. Econ. Bot. 7, 130–162. doi: 10.1007/BF02863059

 Muñoz-Fambuena, N., Mesejo, C., Carmen González-Mas, M., Primo-Millo, E., Agust,í, M., and Iglesias, D. J. (2011). Fruit regulates seasonal expression of flowering genes in alternate-bearing ‘Moncada’ mandarin. Ann. Bot. 108, 511–519. doi: 10.1093/aob/mcr164

 Nakagawa, M., Honsho, C., Kanzaki, S., Shimizu, K., and Utsunomiya, N. (2012). Isolation and expression analysis of FLOWERING LOCUS T-like and gibberellin metabolism genes in biennial-bearing mango trees. Sci. Hortic. 139, 108–117. doi: 10.1016/j.scienta.2012.03.005

 Nunez-Elisea, R., Davenport, T. L., and Caldeira, M. L. (1996). Control of bud morphogenesis in mango (Mangifera indica L.) by girdling, defoliation and temperature modification. J. Hortic. Sci. 71, 25–39. doi: 10.1080/14620316.1996.11515379

 Patil, S. I., Vyavahare, S. N., Krishna, B., and Sane, P. V. (2021). Studies on the expression patterns of the circadian rhythm regulated genes in mango. Physiol. Mol. Biol. Plants. 2009–2025. doi: 10.1007/s12298-021-01053-8

 Rae, G. M., Uversky, V. N., David, K., and Wood, M. (2014). DRM1 and DRM2 expression regulation: potential role of splice variants in response to stress and environmental factors in Arabidopsis. Mol. Genet. Genomics 289, 317–332. doi: 10.1007/s00438-013-0804-2

 Rolland, F., Moore, B., and Sheen, J. (2002). Sugar sensing and signaling in plants. Plant Cell 14, S185–S205. doi: 10.1105/tpc.010455

 Sanchez-Bermejo, E., Zhu, W., Tasset, C., Eimer, H., Sureshkumar, S., Singh, R., et al. (2015). Genetic architecture of natural variation in thermal responses of arabidopsis. Plant Physiol. 169, 647–659. doi: 10.1104/pp.15.00942

 Sawa, M., and Kay, S. A. (2011). GIGANTEA directly activates Flowering Locus T in Arabidopsis thaliana. Proc. Natl. Acad. Sci. U.S.A. 108, 11698–11703. doi: 10.1073/pnas.1106771108

 Searle, I., and Coupland, G. (2004). Induction of flowering by seasonal changes in photoperiod. EMBO J. 23, 1217–1222. doi: 10.1038/sj.emboj.7600117

 Seo, P. J., Ryu, J., Kang, S. K., and Park, C.-M. (2011). Modulation of sugar metabolism by an INDETERMINATE DOMAIN transcription factor contributes to photoperiodic flowering in Arabidopsis. Plant J. 65, 418–429. doi: 10.1111/j.1365-313X.2010.04432.x

 Shalom, L., Samuels, S., Zur, N., Shlizerman, L., Doron-Faigenboim, A., Blumwald, E., et al. (2014). Fruit load induces changes in global gene expression and in abscisic acid (ABA) and indole acetic acid (IAA) homeostasis in citrus buds. J. Exp. Bot. 65, 3029–3044. doi: 10.1093/jxb/eru148

 Shalom, L., Samuels, S., Zur, N., Shlizerman, L., Zemach, H., Weissberg, M., et al. (2012). Alternate bearing in citrus: changes in the expression of flowering control genes and in global gene expression in ON- versus OFF-crop trees. PLoS ONE 7, e46930. doi: 10.1371/journal.pone.0046930

 Sharma, N., Singh, A. K., Singh, S. K., Mahato, A. K., Srivastav, M., and Singh, N. K. (2020). Comparative RNA sequencing based transcriptome profiling of regular bearing and alternate bearing mango (Mangifera indica L.) varieties reveals novel insights into the regulatory mechanisms underlying alternate bearing. Biotechnol. Lett. 42, 1035–1050. doi: 10.1007/s10529-020-02863-8

 Sharma, N., Singh, S. K., Mahato, A. K., Ravishankar, H., Dubey, A. K., and Singh, N. K. (2019). Physiological and molecular basis of alternate bearing in perennial fruit crops. Sci. Hortic. 243, 214–225. doi: 10.1016/j.scienta.2018.08.021

 Shivashankara, K. S., Geetha, G. A., and Roy, T. K. (2019). Metabolite profiling in Mango (Mangifera indica L.) pollen grains in relation to viability. J. Hortic. Sci. 14, 33–42. doi: 10.24154/JHS.2019.v14i01.007

 Song, Y. H., Estrada, D. A., Johnson, R. S., Kim, S. K., Lee, S. Y., MacCoss, M. J., et al. (2014). Distinct roles of FKF1, GIGANTEA, and ZEITLUPE proteins in the regulation of CONSTANS stability in Arabidopsis photoperiodic flowering. Proc. Natl. Acad. Sci. U.S.A. 111, 17672–17677. doi: 10.1073/pnas.1415375111

 Song, Y. H., Smith, R. W., To, B. J., Millar, A. J., and Imaizumi, T. (2012). FKF1 conveys timing information for CONSTANS stabilization in photoperiodic flowering. Science 336, 1045–1049. doi: 10.1126/science.1219644

 Sun, T., Zhang, J., Zhang, Q., Li, X., Li, M., Yang, Y., et al. (2021). Transcriptome and metabolome analyses revealed the response mechanism of apple to different phosphorus stresses. Plant Physiol. Biochem. 167, 639–650. doi: 10.1016/j.plaphy.2021.08.040

 Sundberg, E., and Østergaard, L. (2009). Distinct and dynamic auxin activities during reproductive development. Cold Spring Harb. Perspect. Biol. 1:a001628. doi: 10.1101/cshperspect.a001628

 Susila, H., Nasim, Z., and Ahn, J. (2018). Ambient temperature-responsive mechanisms coordinate regulation of flowering time. Int. J. Mol. Sci. 19:3196. doi: 10.3390/ijms19103196

 Tamaki, S., Matsuo, S., Wong, H. L., Yokoi, S., and Shimamoto, K. (2007). Hd3a protein is a mobile flowering signal in rice. Science 316, 1033–1036. doi: 10.1126/science.1141753

 Tan, L., Jin, Z., Ge, Y., Nadeem, H., Cheng, Z., Azeem, F., et al. (2020). Comprehensive ESI-Q TRAP-MS/MS based characterization of metabolome of two mango (Mangifera indica L) cultivars from China. Sci. Rep. 10, 1–19. doi: 10.1038/s41598-020-75636-y

 Tan, L., Wang, M., Kang, Y., Azeem, F., Zhou, Z., Tuo, D., et al. (2018). Biochemical and functional characterization of anthocyanidin reductase (ANR) from Mangifera indica L. Molecules 23:2876. doi: 10.3390/molecules23112876

 Thomas, S. G., and Sun, T. (2004). Update on gibberellin signaling. A tale of the tall and the short. Plant Physiol. 135, 668–676. doi: 10.1104/pp.104.040279

 Tomer, E. (1984). Inhibition of flowering in mango by gibberellic acid. Sci. Hortic. 24, 299–303. doi: 10.1016/0304-4238(84)90114-6

 Turck, F., Fornara, F., and Coupland, G. (2008). Regulation and identity of florigen: FLOWERING LOCUS T moves center stage. Annu. Rev. Plant Biol. 59, 573–594. doi: 10.1146/annurev.arplant.59.032607.092755

 Turktas, M., Inal, B., Okay, S., Erkilic, E. G., Dundar, E., Hernandez, P., et al. (2013). Nutrition metabolism plays an important role in the alternate bearing of the olive tree (Olea europaea L.). PLoS ONE 8, e59876. doi: 10.1371/journal.pone.0059876

 Valverde, F., Mouradov, A., Soppe, W., Ravenscroft, D., Samach, A., and Coupland, G. (2004). Photoreceptor regulation of CONSTANS protein in photoperiodic flowering. Science 303, 1003–1006. doi: 10.1126/science.1091761

 Wahl, V., Ponnu, J., Schlereth, A., Arrivault, S., Langenecker, T., Franke, A., et al. (2013). Regulation of flowering by trehalose-6-phosphate signaling in arabidopsis thaliana. Science 339, 704–707. doi: 10.1126/science.1230406

 Weigel, D., and Meyerowitz, E. M. (1993). Activation of floral homeotic genes in Arabidopsis. Science 261, 1723–1726. doi: 10.1126/science.261.5129.1723

 Wigge, P. A., Kim, M. C., Jaeger, K. E., Busch, W., Schmid, M., Lohmann, J. U., et al. (2005). Integration of spatial and temporal information during floral induction in Arabidopsis. Science 309, 1056–1059. doi: 10.1126/science.1114358

 Yamaguchi, N., Wu, M.-F., Winter, C. M., Berns, M. C., Nole-Wilson, S., Yamaguchi, A., et al. (2013). A molecular framework for auxin-mediated initiation of flower primordia. Dev. Cell 24, 271–282. doi: 10.1016/j.devcel.2012.12.017

 Yanik, H., Turktas, M., Dundar, E., Hernandez, P., Dorado, G., and Unver, T. (2013). Genome-wide identification of alternate bearing-associated microRNAs (miRNAs) in olive (Olea europaea L.). BMC Plant Biol. 13:10. doi: 10.1186/1471-2229-13-10

 Yoo, S. J., Chung, K. S., Jung, S. H., Yoo, S. Y., Lee, J. S., and Ahn, J. H. (2010). Brother of FT and TFL1 (BFT) has TFL1-like activity and functions redundantly with TFL1 in inflorescence meristem development in Arabidopsis. Plant J. 63, 241–253. doi: 10.1111/j.1365-313X.2010.04234.x

 Zhang, S., Gottschalk, C., and van Nocker, S. (2019). Genetic mechanisms in the repression of flowering by gibberellins in apple (Malus x domestica Borkh.). BMC Genomics 20, 1–15. doi: 10.1186/s12864-019-6090-6

 Zi, J., Mafu, S., and Peters, R. J. (2014). To gibberellins and beyond! Surveying the evolution of (Di)Terpenoid metabolism. Annu. Rev. Plant Biol. 65, 259–286. doi: 10.1146/annurev-arplant-050213-035705

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Liang, Song, Lu, Dai, Yang, Wan, Li, Chen, Zhan and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpls-13-933923-g005.gif
Chorismate

Anthranilate

ssawAsols
Bujeusls

v oNA

Indole-3-glycerol phosphate. A

s |
Indole.

Tryptophan

Indole-3-pyruvicacid  Tryptaminel

18000
15000

Mioggo3 00 ANSWEL |1 [ 12000
Mit2g05000.1 ANSWEL  |o0.00

M vi18¢04000.1 ANSWEL

I vio3g10810.1 TAA 60.00
Mioeg10200.1 Tt 000
ovel 1367 A4
Mi00g06790.1 T 000

MiDOg13870.1 TiA

== novel 64 TAA
MiDsg04s10.1 T

II MiodglS130.1 TAA
Mi20301220.1 TaA

MiDGg03870.1 TS5
Mi0lz27010.1 TSB
S vogoozso 1 wEr

MiDbg09270.1 YUCCAID
5 Miosg16650.1 YUCCAID






OPS/images/fpls-13-933923-g006.gif





OPS/images/fpls-13-933923-g003.gif
| rsar ) g






OPS/images/fpls-13-933923-g004.gif
2 GoPR PP -lentiaune - eniaurene el
2 t

PR N

-






OPS/images/fpls-13-933923-t001.jpg
Variety

Lippens (0921) A

Banana Mango (1085) B

Linsen Mango (1108) C

Meristem

AF
Dormant
BF
Dormant

CF
Dormant

Flower bud

AS
Flower bud differentiation
BS
Flower bud differentiation

cs
Flower bud differentiation

Tissue details

Inflorescence phase |

AHF

0921

BHF
Flower 3
BYF

Leaf bud 3
CYF

Leaf bud 3

Inflorescence phase Il

AHS

0921 flower 4
BHS

Flower 4
BYS

Leaf bud 4
CcYs

Leaf bud 4





OPS/images/fpls-13-933923-g007.gif
o afDAMS

B

Sty of Dl Mttt Acuinn
=Down Accumted U Accamied

Q«ﬁi “%ﬁ £ ﬁy&& 05‘& fcﬁcﬁ
PR R
WIEEEEY 3 N

T Comparisons






OPS/images/fpls-13-933923-g008.gif
Heae st

s






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Transcriptome and Metabolome Analyses Reveal the Involvement of Multiple Pathways in Flowering Intensity in Mango



		Introduction



		Materials and Methods



		Plant Material



		Analysis of Transcriptome



		Extraction of RNA and Sequencing



		Sequencing Data Analyses



		qRT-PCR Analysis









		Metabolome Analysis



		Sample Preparation and Extraction



		UPLC and ESI-Q TRAP-MS/MS Conditions and Bioinformatic Analyses













		Results



		Overview of Transcriptome Analysis



		Differential Gene Expression Analyses



		Differential Expression of Flowering Pathways-Related Genes



		Photoperiod Pathway's Core Components' Expression Is Consistent With the Flowering Potential of the Two Mango Varieties



		Light-Quality Pathway Is Less Likely to Contribute Toward the Flowering Phenotypes in A and C



		Flowering Repressors in the Vernalization Pathway Indicate Their Roles in the Flowering Phenotypes in A and C Varieties



		Gibberellin Biosynthesis and Signaling-Related Genes Are Likely Contributing Toward A and C Flowering Phenotypes









		Differential Expression of Other Pathways



		Auxin Biosynthesis and Signaling Are Variedly Active in Three Varieties



		Differential Regulation of Sugar Biosynthesis



		Ambient Temperature Pathway-Related Genes Putatively Function in Mango Similar to Arabidopsis









		Quantitative Real-Time PCR Analysis



		Comparative Metabolomic Profile of the Three Mango Varieties



		Differential Accumulation of Metabolites Correlates With the Transcriptome Profiles



		Endogenous IAA and GA Levels Correspond to Their Respective Transcripts' Expressions







		Discussion



		Interplay of FLOWERING LOCUS T and CONSTANS Together With Their Regulators/Repressors Modulate Flowering Robustness in the Studied Mango Varieties



		Higher GA Acid Biosynthesis and Signaling Are Associated With the Difficult-to-Flower Mango Phenotype



		Higher Auxin Levels Are Associated With the Easy-to-Flower Phenotype



		Other Possible Mechanisms Related to Flowering Robustness in Studied Mango Varieties







		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		Abbreviations



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

Transcriptome and Metabolome
Analyses Reveal the Involvement
of Multiple Pathways in Flowering

Intensity in Mango





OPS/images/fpls-13-933923-g001.gif





OPS/images/fpls-13-933923-g002.gif





OPS/images/fpls-13-933923-t002.jpg
Gene ID

Mi00g06850.1
Mi00g13610.1
Mi01g06850.1
Mi02g06210.1
Mi02g15810.1
Mi02g20180.1
Mi03g23990.1
Mio4g17530.1
Mi04g18420.1
Mi0509970.1
Mi05g22170.1
Mi07g04370.1
Mi08902850.1
Mi08g02930.1
Mi04g17530.1
Mi09g01410.1
Mi10g11120.1
Mi12902330.1
Mi13903290.1

Forward primer

TGGTCCCTCCTATCATTAC
GCGACCACGACATCCACT
TAGTAGACCCTCTTGTTGTG
GGCAAATTCTGGTAAGC
TGTGGTGGTACAGGTGAG
TTGTTGTTGGGCGAGTT
GAAGGTGAAAGCCAAAGAG
CATCGAGGCAGAGTCAAG
TCTTTGTGATGCCGATGT
GAGTGCGAGCCTACATTG
CGGAGGTTGCCCTTATC
TTAAGAAGGAGGATGTCAACT
TAACAAGCCTGAAACGG
GCTAACCAGCCTGAAAC
GCGTGTTCCGATTCTGG
AAAACCCAAATGAGACGC
GGTTAGTTCAGGCATTGGT
AAAGACGATTCGGTATCATTCA
AATCGGAAGAATACATACAGC

Reverse primer

GCATTCCTCTTGCGATTT
CCTACTGACATCACCACCTCC
CAGACTTGCCTGTTATTGT
AATCATCTCCCATCACATC
GAGAAATCTATTGGCTTGA
CTTCCACCAATAGAAACCC
'CGGAGCCAACCACAAGC
TCATTAAAGGTCCCAAGC
GAGACCAGTTACCCGTTG
TCATGGCAACCATCCTG
TCTTCAGTTGGCTGCTTA
TTTATCACCCAAACCAAGC
AACGCTACACGAATCCA
ACTACACGAACCCAAATC
CCCTCATCTTCATCTCCCTCC
AAGATGATAAGGGCAACC
CTCTGAGGCAACTCTGGTAT
‘GGTCAACTTCGGATTCCAC
CCTTAACACTACTCGAACCC

Gene description

GIGANTEA
Zinc finger CONSTANS

TERMINAL FLOWER 1

Histone deacetylase HDTi-like

TERMINAL FLOWER 2

FLOWERING LOCUS T/HEADING DATE 3A
Serine/threonine-kinase WNK1 -ike
TEMPRANILLO 1

APETALA1-like

Agamous-like MADS-box AGLY homolog
MADS-box SOC1

Serine/threonine-kinase WNK1 -ike
SOC1-like 2

SOC1-fike 2

Zinc finger CONSTANS-LIKE 2-like
MADS-box SOC1

FLOWERING LOCUS D

Zinc finger CONSTANS

SOC1-like 2









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Plant Science





