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Abstract

:

Light is one the most important environmental factors regulating the accumulation of specific metabolites in plants, such as flavonoid. Chalcone synthase (CHS) is the key rate-limiting enzyme of the flavonoid biosynthesis pathway, while little is known about the CHS genes in mango (Mangifera indica L.). Therefore, the aim of the study was to obtain the genome-wide identification of the CHS genes in mango and screen the light-responsive family members. In this study, a total of 21 CHS genes were identified from the mango genome, and most of the members contained the Cys-His-Asn triad and the CHS/STS signature motif. Most of the MiCHS genes were located on chromosomes 2 and 4, and seven pairs of tandem duplication genes and five pairs of segmental duplication genes were detected among the MiCHS members. The expression of MiCHSs showed a tissue-specific pattern and was not correlated with the flavonoid or anthocyanin accumulation in cultivars with different peel colors. MiCHS4, MiCHS16 and MiCHS17 were found to respond to preharvest and postharvest UV-B plus visible light treatments, which exhibited no significant relationship with the light-responsive cis-acting element distribution in the promoter region. Our results are helpful and can be used to further study the function of MiCHS genes in light-induced flavonoid biosynthesis in mango.
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1. Introduction


Sunlight is not only the predominant energy source of almost all the photosynthetic organisms but is also an important factor regulating diverse processes of plant growth and development, including seed germination [1,2], de-etiolation [3,4], flower induction [5] and shade avoidance [6,7]. Sunlight comprises of a continuous spectrum ranging from infrared to ultraviolet-B (UV-B), which is sensed by plants through different photoreceptors, i.e., phytochromes (red/far-red), cryptochromes, phototropins and Zeitlupe (blue/UV-A), and UV Resistance Locus 8 (UVR8 for sensing UV-B) [8]. Most of the solar UV-B (280–315 nm) is absorbed by the ozone layer, accounting for less than 0.5% of the total light energy reaching the earth’s surface [8]. Meanwhile, UV-B also functions as an important environmental signal, which can induce evident changes in the gene expression, metabolism and morphology in plants [9,10,11]. In general, genes contributing to plant defense are up-regulated by UV radiation, including genes participating in the repair of DNA damage [12], the scavenging of reactive oxygen species (ROS) [13] and the synthesis of anti-oxidative and UV-B-absorbing metabolites, such as flavonoid [11].



The synthesis of flavonoid starts with the general phenylpropanoid pathway [14]. First, phenylalanine is catalyzed by phenylalanine ammonia-lyase (PAL), cinnamic acid 4-hydroxylase (C4H) and 4-coumarate-CoA ligase (4CL), respectively, to generate 4-coumaryl-CoA. Subsequently, the flavonoid biosynthesis pathway enters into the key step, which is also the rate-limiting step [15]. Chalcone synthase (CHS, E.C. 2.3.1.74), the gatekeeping enzyme, catalyzes the Claisen condensation reaction of one molecule of 4-coumaroyl-CoA and three molecules of malonyl-CoA to generate one molecule of naringenin chalcone, which is the precursor of various flavonoids [16]. CHS is known as the representative enzyme of plant-specific type III polyketide synthases (PKS), and according to the catalytic mechanism, PKS is classified into type I, II, and III [17]. Type I and II polyketide synthases exist in bacteria and fungi, while type III is plant-specific [18]. CHS is characterized by its possession of a Cys-His-Asn catalytic triad and two functional conserved domains, which are Chal_sti_synt_N (PF00195) and Chal_sti_synt_C (PF02797) [19,20]. There are many PKS super family genes, known as CHS-like genes, including genes encoding stilbene synthase (STS), 2-pyrone synthase (2-PS), benzalacetone synthase, biphenyl synthase, phlorisovalerophenone synthase, p-coumaroyltriacetic acid synthase, aloesone synthase, hexaketide synthase, pentaketide chromone synthase, etc. [21,22,23,24,25,26,27]. CHS-like genes differ from CHS in many aspects, such as their initial substrates, intermediate products and catalytic mechanisms, etc. [16]. Due to its crucial role in flavonoid biosynthesis, the genome-wide identification of CHS genes has been carried out for various plant species, including Arabidopsis [28], maize [20], rice [29], soybean [30], flax [31], moss [32], petunia [33] and eggplant [34]. Thus far, much information on the CHS gene family in mango is still unknown.



It is well established that CHS gene expression is induced by both UV and visible lights in numerous plants. CHS expression, therefore, is an excellent system that has been used to study the molecular mechanism of the regulated transcription of photoreceptors in Arabidopsis [35], maize [36], parsley [37,38], mustard [39,40] and French bean [41]. Most of the results showed that the HY5 binding site (ACE element or G-box) and MYB recognition element (MRE) are essential for the light response of the CHS gene [11,35,41].



Mango (Mangifera indica L.) is a representative plant of the Anacardiaceae family and one of the most popular tropical fruits in the world. The domestication of mango started in the Indo-Burmese and Southeast Asia regions 4000 years ago, and mango began spreading to other parts of the world in the fourteenth century [42,43]. Mango accounts for the fifth-largest fruit production in the world (http://www.fao.org/faostat/, accessed on 1 May 2022), and the world mango production accounted for 56 million tons in 2019 (https://www.fruitrop.com/, accessed on 1 May 2022). Mango has undergone whole-genome duplication events (WGD) multiple times [44]. Since the catalytic products of CHS and its downstream products play essential roles in diverse plant physiological processes, the CHS gene family has retained and expanded tremendously due to WGD events in mango. Members of a large gene family might acquire different expression patterns and functions during the evolutionary and adaptive process under a low selective pressure [45]. In this study, we performed the genome-wide identification of mango CHS genes, followed by their structural characterization, the construction of a phylogenetic tree and a synteny analysis. Then, the expression patterns of MiCHSs in different tissues (mature leaf, bark, seed, root, flower, peel and flesh), different peel color cultivars (red, yellow, and green) and responses to light treatment (preharvest bagging treatment and postharvest UV-B/visible light treatment) were analyzed. The light-responsive cis-acting elements in the promoter region of MiCHSs were analyzed, and their relationships with the gene expression pattern were also analyzed. The results of our study can provide cues for the further genetic study of the regulation of the expression of light-dependent MiCHSs in mango.




2. Materials and Methods


2.1. Identification and Annotation of Mango CHS Genes


First, we downloaded the complete whole-genome files and GFFs (annotation information file) of mango from The National Genome Science Data Center (https://bigd.big.ac.cn/search?dbId=gwh&q=PRJCA002248, accessed on 5 May 2022) and derived all the protein sequences of mango using TBtools [46]. Subsequently, hidden Markov model (HMM) data on the chalcone synthase domains (PF00195 and PF02797) were downloaded from Pfam (https://pfam.xfam.org/, accessed on 5 May 2022), and an HMM search was performed to obtain candidate members of the mango CHS proteins. Furthermore, the NCBI blastp online tool (https://www.ncbi.nlm.nih.gov/, accessed on 5 May 2022) was used to compare all of the candidate protein sequences with the Swiss-prot database in order to screen out near-source genes (CHS-like genes). Candidate members with incomplete conserved domains were recognized by the Batch CD-Seach online tools of NCBI and PfamScan (https://www.ebi.ac.uk/Tools/pfa/pfamscan/, accessed on 5 May 2022). After eliminating the candidates with incomplete domains, the redundant putative members of the mango CHS proteins were also discarded. Finally, all the mango MiCHS members were identified. The theoretical isoelectric point and molecular weight of the MiCHSs were predicted using Expasy (https://web.expasy.org/compute_pi/, accessed on 5 May 2022).




2.2. Sequence Alignment and Phylogenetic Tree Construction


The MsCHS2 of alfalfa (Medicago sativa) was used for the alignment with all the amino acid sequences of putative MiCHS proteins in MEGA-11 by muscle, and the parameters were set as default, except for the max iterations, being set to 1000. The Find Best DNA/Protein Models (ML) search in MEGA-11 was conducted with all the protein sequences of the MiCHSs, and the Gaps/Missing Data Treatment option was set as Partial Deletion 95%. Subsequently, the ‘JTT + G’ model was chosen to construct the maximum likelihood phylogenetic tree of the mango CHSs, bootstrap was set as ‘1000’ and the Gaps/Missing Data Treatment was set as Partial Deletion 95%.




2.3. Excavation of Motifs and Conserved Domains in MiCHSs


The protein sequences of MiCHSs were uploaded to MEME (https://meme-suite.org/meme/tools/meme, accessed on 6 May 2022) in order to search for up to 10 motifs (Supplementary File S1). Two methods were conducted to excavate the conserved domains. Firstly, we used the Batch CD-Search online tools of NCBI (https://www.ncbi.nlm.nih.gov/, accessed on 6 May 2022) to identify whether the sequences contained complete conserved domains. Secondly, to obtain detailed information about the MiCHS domains, we performed a domain search on PfamScan (https://www.ebi.ac.uk/Tools/pfa/pfamscan/, accessed on 6 May 2022), with the expectation value set to ‘1e−5’.




2.4. Gene Location and Duplication Analysis


The chromosome location and duplication analysis of the MiCHSs were performed using TBtools according to the annotation file of the mango genome (GFF). The MCScanX was conducted to information about the derive tandem duplications and segmental duplications among the MiCHS genes [47].




2.5. Materials and Treatments


All the mango cultivars used in this study, including ‘Guifei’, ‘Jinhuang’, ‘Qingmang’, ‘Sensation’ and ‘Hongmang NO. 6’, were harvested at the South Subtropical Crops Research Institute (SSCRI) in Zhanjiang, China.



Three cultivars with different skin colors, including ‘Guifei’ (red), ‘Jinhuang’ (yellow), and ‘Qingmang’ (green), were used to analyze the MiCHS expression. Three mature trees per cultivar were selected, with one tree per replicate. A total of 8 ripe fruits per tree were harvested, and the fruit peel was sampled for analysis.



The mango cultivar ‘Sensation’ was used for the bagging treatment. Three mature trees were chosen as the three biological replicates. A total of 50 fruits per tree were bagged in double-layered bags (Qingdao Kobayashi Co., Ltd., Qingdao, China) for light blocking at 20 days after full bloom (DAFB). The rest of the fruits exposed to sunlight served as the control. A total of 10 bagged and 10 control fruits per tree were harvested at 50, 80 and 120 DAFB, and the fruit peel was collected in liquid nitrogen and stored at −80 °C for further analysis.



The mango cultivar ‘Hongmang NO. 6’ was used for the postharvest UV-B/visible light treatment. Three mature trees were selected, and 90 fruits per tree were bagged at 20 DAFB, as described above. Green mature fruits were harvested, placed in bags and transported to the lab for treatment. The UV-B/visible light exposure was conducted in plant growth chambers (Conviron, Adaptis A 1000, Winnipeg, Canada), and UV-B light of a 4.5 μW·cm−2 intensity was generated by 1 narrowband UV lamp (PHILIPS PL-S 9W/01, 311 nm, Amsterdam, Holland). Visible light of an intensity around 16 W·m−2 was generated by 12 fluorescent tubes (Guangdong PAK Lighting Technology Co., Ltd., 28W/T5, Guangzhou, China). The temperature and humidity were set to 17 °C and 80%, respectively. In total, 180 unblemished fruits were divided into two groups (UV-B/visible light treatment and dark), each of which was further divided into three biological replicates, with 30 fruits per replicate. The peels of 5 fruits were sampled after 0, 6, 24, 72, 144 and 240 h of UV-B/visible light exposure, and the control sample (dark) was collected parallel.




2.6. Measurement of Flavonoid and Anthocyanin Contents in Mango Peel


The total flavonoid and anthocyanin contents were measured according to the protocol described by Pirie et al. [48]. The flavonoid and anthocyanin of 0.15 g of fruit peel were extracted using 1 mL methanol (with 0.01% HCl) and stored for 12 h at 4 °C in darkness. The resulting solution was centrifuged for 10 min at 12,000 rpm and 4 °C. A total of 200 μL of supernatant was measured using a microplate reader (Nano Quant, infinite M200, Tecan, Switzerland) at wavelengths of 325 and 530 nm for the detection of the total flavonoid and anthocyanin contents, respectively.




2.7. Transcriptome Analysis of the MiCHS Expression


The expression of the MiCHSs in different tissues, including the mature leaf, bark, seed, root, flower, peel and flesh, was analyzed using the transcriptome data of ‘Alphonso’ derived from the NCBI database [44]. The accession numbers are as follows: SRX7706076 (mature leaf), SRX7706065 (bark), SRX7706053 (seed), SRX7706052 (root), SRX7706044 (peel), SRX7706038 (flower) and SRX7706037 (flesh). The clean reads were obtained using the Fastp software (https://github.com/OpenGene/fastp, accessed on 10 September 2022) after the low-quality data of the raw reads were removed and subsequently mapped to the mango genome database (BIG Genome Sequence Archive database, accession number: PRJCA002248) by TopHat [49]. The transcripts were assembled from the clean reads using Cufflinks, and the gene expression was presented as fragments per kilobase of transcript per million fragments mapped (FPKM) = mapped fragments of transcript / [total count of mapped fragments (millions) × length of transcript (kb)] [49].




2.8. Analysis of Quantitative Real-Time PCR


The RNA Prep Pure Plant Kit, designed specifically for plant tissues rich in polysaccharides and polyphenolics (Tiangen, DP441, Beijing, China), was used to extract RNA from 0.1 g of fruit peel, and the genomic DNA was digested using DNaseI. A NanoDropLite spectrophotometer (Thermo Scientific, Waltham, USA) was used to determine the concentration of total RNA. HiScript IIQ RT SuperMix (Vazyme, R223-01, Nanjing, China) was used to the reverse transcription of cDNA with 1 μg of RNA. Then, 20-times diluted cDNA was used as the template for the quantitative real-time PCR (Q-PCR) analysis. The Q-PCR reaction solution (total volume 15 μL) consisted of 7.5 μL SYBR premix ExTaqTMII (Takara, Japan), 1 μL of each primer (10 μM) and 5.5 μL of cDNA. We performed the reaction using a real-time PCR machine (qTOWER3G, Jena, Germany) starting at 95 °C for 30 s and then continuing with 40 cycles of 95 °C for 5 s and 60 °C for 30 s. For the Q-PCR primers, first, we designed the primers for 21 MiCHS genes, ran Q-PCR with the fruit peel samples and performed the melting curve analysis. In particular, for MiCHS13 and MiCHS14, which showed a high sequence similarity and could not be distinguished by the primers, primers used to amplify the same product were chosen. Then, 11 MiCHS genes were found to be expressed in the fruit peel according to the transcriptome data and Q-PCR. The primers used to amplify products showing a unique peak of the melting curve were finally chosen for Q-PCR. All the Q-PCR primers are listed in Supplementary File S2. The 2−ΔΔCt method and mango actin gene were chosen to calculate the gene expression and normalization, respectively.




2.9. Promoter Cis-Acting Element Analysis


Next, 2000 bp upstream genome sequences from the start codon ‘ATG’ of the MiCHS genes were considered as the candidate promoters for the light-responsive cis-acting element analysis. The HY5 binding site (ACE element or G-box) and MYB recognition element (MRE) were retained. All the cis-acting elements were analyzed using PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on 6 May 2022).




2.10. Statistical Analysis


Experimental data were subjected to a one-way analysis of variance (ANOVA), with the mean values separated by Tukey’s multiple range test using SPSS 27.0 (SPSS, Chicago, IL, USA). Probability values of <0.05 were considered statistically significant.





3. Results


3.1. A Total of 21 Non-Redundant Putative Members of the MiCHS Gene Family Were Identified


In order to identify the candidate protein sequences of the MiCHSs in the whole genome of the mango, the HMM data of Chal_sti_synt_N (PF00195) and Chal_sti_synt_C (PF02797) were downloaded on Pfam and an HMM Search was run using TBtools. In total, 63 candidates were obtained by the first step and, subsequently, all the amino acid sequences of the 63 candidates were matched with all the reference species protein sequences in the Swiss-prot database on NCBI. After screening out the near-source genes (CHS-like genes), 25 candidate members were left. A Batch CD-Search and a PfamScan were performed using the 25 candidates to eliminate the candidates with incomplete domains. At the end, 21 non-redundant putative members of the MiCHS genes were identified and named MiCHS1 to MiCHS21 in the order of their gene IDs (Table 1). The amino acid sequence lengths of these MiCHS proteins varied from 303 to 411, and 13 of them (61.9%) had around 390 amino acids (Table 1). Furthermore, the predicted molecular weights and theoretical pIs of these MiCHSs varied from 33 to 46 kDa and 5.97 to 8.74, respectively (Table 1).




3.2. Multiple Sequence Alignment of Putative MiCHS Proteins


Ferrer et al. obtained the crystal structure of MsCHS2 from alfalfa (Medicago sativa) and revealed that four active site residues (Cys 164, Phe 215, His 303 and Asn 336), especially the Cys-His-Asn triad, are critical for the substrate binding of MsCHS2 [16]. To determine whether the putative MiCHS sequences contain the active site residues and CHS/STS signature motif (WGVLFGFGPGLT), a multiple sequence alignment was established using the 21 deduced amino acid sequences of the putative mango CHS proteins with MsCHS2. The four active site residues (Cys 164, Phe 215, His 303 and Asn 336) were conserved in all the MiCHS proteins, except for MiCHS11 and MiCHS15, which had a deletion in the middle of the sequences, resulting in a lack of Phe 215 (Figure 1). Except for MiCHS3 and MiCHS10, which had a deletion and a fragment substitution at the end of the sequences, respectively, leading to the loss of the CHS/STS signature motif, the motif was conserved in all the MiCHS proteins (Figure 1). It is commonly observed that the fragment deletion, insertion or substitution occurrs during the evolution of genes. For instance, MiCHS9 showed an insertion at the N terminal, MiCHS14 exhibited a fragmental deletion in the middle of the sequence, and a fragment deletion and a fragment substitution were detected at the C terminal of MiCHS3 and MiCHS10, respectively (Figure 1).




3.3. Construction of the Phylogenetic Tree, Motif Pattern, Domain and Gene Structure


A maximum likelihood tree was constructed, along with the motif pattern, domain information and gene structure, for further phylogenetic analysis using the amino acid sequences of the putative MiCHS proteins (Figure 2). The MiCHSs were classified into four distinct clades according to their phylogenetic relationships, and the largest subfamily was clade 1, containing 10 members of MiCHS, followed by clade 3 (5 members), clade 2 (4 members) and clade 4 (2 members) (Figure 2a). The motif distribution pattern of the MiCHS proteins was essentially identical between the different members. A total of 14 out of 21 members contained all 10 motifs, and all the members contained the chalcone synthase signature motif (motif 7), except for MiCHS3 and MiCHS10 (Figure 2b). The MiCHSs in clade 4 did not contain motif 9, and members in clade 3 showed an identical motif distribution pattern containing all the motifs (Figure 2b). Motifs 1, 3, 6 and 10 were present0 in all the members, and motif 5 showed the lowest occurrence rate (18/21) and was absent in MiCHS3, MiCHS14 and MiCHS17 (Figure 2b).



The gene structure of MiCHSs revealed two different patterns of the CDS structure, and most of the MiCHS genes contained two exons and one intron (Figure 2c). However, MiCHS3, MiCHS11, MiCHS14, MiCHS15, MiCHS18 and MiCHS19 were composed of three exons and two introns (Figure 2c). The genomic sequences of MiCHS5 and MiCHS13 contained only one long intron each, which were about 4000 and 15,000 bp, respectively (Figure 2c). The Chal_sti_synt_N domain was generally composed of the first exon and part of the second exon, and the Chal_sti_synt_C domain was distributed in the remaining part of the second exon (Figure 2c).




3.4. Synteny Analysis and Chromosomal Location of MiCHSs


The physical locations of the MiCHS genes on chromosomes and duplication information are shown in Figure 3. The MiCHS genes were distributed unevenly across chromosomes 2, 4, 11, 12, 14 and 15, and most of them formed tight clusters. Chromosomes 2, 4 and 12 contained nine, six and three members of the MiCHS genes, respectively, while only one member of the MiCHS was detected on chromosomes 11, 14 and 15. Furthermore, seven pairs of tandem duplications were found, including MiCHS2 and MiCHS3, MiCHS4 and MiCHS5, MiCHS6 and MiCHS7, MiCHS7 and MiCHS8, MiCHS12 and MiCHS13, MiCHS13 and MiCHS14 and MiCHS18 and MiCHS19. In addition, five pairs of segmental duplications, including MiCHS1 and MiCHS15, MiCHS2 and MiCHS12, MiCHS4 and MiCHS11, MiCHS7 and MiCHS10 and MiCHS16 and MiCHS17, were detected. Except for MiCHS16 and MiCHS17, the remaining four pairs of segmental duplications were reverse parallel (Supplementary File S3).




3.5. Tissue-Specific Expression Pattern Analysis of MiCHS Genes


The transcriptome data of ‘Alphonso’, including the mature bark, flesh, flower, leaf, peel and root, were downloaded for the analysis of the tissue-specific expression pattern of 21 MiCHS genes. As shown in Figure 4, the MiCHS genes belonging to clade 1 showed a higher expression level than clades 2, 3 and 4. Compared with the other members, MiCHS16 showed the highest expression in the bark, flower, leaf, root and seed. The transcriptions of MiCHS2, MiCHS4, MiCHS5, MiCHS11, MiCHS16 and MiCHS17 exhibited a similar pattern, with the greatest abundance in the root and seed, followed by the flower, bark, peel and leaf. These genes were clustered closely on the phylogenetic tree. MiCHS7, MiCHS9 and MiCHS20 exhibited a relatively high expression level only in the root, while the expression of MiCHS21 could not be detected in any tissue. All the MiCHS genes showed no expression or a very low expression level in the flesh. Interestingly, high expression levels of MiCHS2, MiCHS4, MiCHS5, MiCHS16 and MiCHS19 were detected in the fruit peel. The FPKM of all 21 MiCHS genes in the mango organs/tissues with the transcriptome data can be found in Supplementary File S5.




3.6. Flavonoid and Anthocyanin Contents and MiCHS Expression in Differentially Colored Mango Cultivars


Three different mango cultivars with distinct peel colors, including ‘Guifei’ (red), ‘Jinhuang’ (yellow) and ‘Qingmang’ (green), were used to detect the flavonoid and anthocyanin contents and expression of the MiCHS genes (Figure 5a). The red cultivar ‘Guifei’ showed by far the highest contents of flavonoid and anthocyanin, while ‘Jinhuang’ and ‘Qingmang’ showed no difference between one another (Figure 5b). Based on the transcriptome data and primary Q-PCR analysis, 11 MiCHS genes were expressed in the peel of mango, including MiCHS2, MiCHS4, MiCHS5, MiCHS8, MiCHS11, MiCHS12, MiCHS13/14 (which could not be distinguished by the primers), MiCHS16, MiCHS17 and MiCHS19. Most of the MiCHS genes, including MiCHS2, MiCHS4, MiCHS5, MiCHS11, MiCHS12 and MiCHS13/14, were abundant in ‘Qingmang’ compared with ‘Guifei’ and ‘Jinhuang’ (Figure 5c). In contrast, MiCHS16 showed the highest expression level in ‘Jinhuang’ and no difference in the MiCHS17 expression could be detected between the three cultivars (Figure 5c). MiCHS8 was not expressed in the ripe fruit peel of the three cultivars (Figure 5c).




3.7. Expression of MiCHS Genes in Response to Light


During the bagging treatment, the expressions of MiCHS4, MiCHS16 and MiCHS17 were significantly induced by sunlight, with a higher transcription level in the control sample compared with the bagged samples at the most stages of development (Figure 6). In contrast, the expression of MiCHS5 was inhibited by sunlight at 80 DAFB (Figure 6). The expression of the rest of the genes did not show a strong response to sunlight (Figure 6). In addition, MiCHS8 was only expressed at 50 DAFB, while MiCHS11, MiCHS12 and MiCHS19 were expressed at the later developmental stages (Figure 6).



During the postharvest UV-B/visible light treatment, the transcriptions of MiCHS4, MiCHS16 and MiCHS17 were also up-regulated, while the response pattern was different (Figure 7). The response of MiCHS17 to light lasted for almost the whole period of treatment (Figure 7). The responses of MiCHS4 and MiCHS16 to light occurred at the middle and late stages (144H and 240H) and early and late stages (6H, 24H and 240H) of light treatment, respectively (Figure 7). The expression of MiCHS11 was also induced by light at 24H and 240H, while the rest of the genes did not an show obvious responsive pattern to the postharvest UV-B/visible light treatment (Figure 7).



Combining the two light treatments together, MiCHS4, MiCHS16 and MiCHS17 were defined as light-responsive CHSs in mango.




3.8. Analysis of Light-Responsive Cis-Acting Elements in the Promoter Region of MiCHS Genes


It has been reported that cis-acting elements, including the HY5 binding site (G-box or ACE element) and MYB recognition element (MRE), are crucial for the response of CHS to light. Therefore, 2000 bp upstream sequences of the mature fruit peel expressing 11 MiCHS genes were defined as the promoters and submitted to PlantCARE in order to search for the light-responsive elements. MiCHS4, MiCHS16 and MiCHS17 contained one G-box and four MREs, one G-box and five MREs, and six G-boxes, respectively (Figure 8). The other genes, which did not show an obvious response to light, exhibited a divergent pattern in the distribution of elements. For instance, MiCHS5 and MiCHS11 showed numerous elements, containing three G-boxes, one ACE, and three MREs, and four G-boxes and three MREs, respectively, while MiCHS12 and MiCHS18 only contained two MREs, and one MRE, and one ACE, respectively (Figure 8).





4. Discussion


A gene family is the result of many factors, such as tandem duplication, segmental duplication, whole-genome duplication (WGD) events and domestication, etc. [50,51]. Chalcone synthase catalyzes 4-coumaroyl-CoA and malonyl-CoA to generate naringenin-chalcone, which is the precursor of multiple crucial downstream metabolites. CHS generally forms a gene family with several members in various plant species, except for Arabidopsis thaliana, which contains merely one CHS in the whole genome [18,52]. Thus far, 14, 14, 7 and 27 CHS genes have been identified in maize (Zea mays), soybean (Glycine max), eggplant (Solanum melongena) and rice (Oryza Sativa), respectively [20,29,30,34]. In this study, a total of 21 members of the mango CHS gene family were identified, representing one of the largest CHS gene families in plants (Table 1). Mango has undergone multiple WGD events, and the most recent might date back to ~70 million years ago [44]. Seven pairs of tandem duplications and five pairs of segmental duplications were found among the MiCHS genes, with most genes located on chr 2 and chr 4 (Figure 3). Among the 14 maize CHS genes, two segmental duplication events were found, while no tandem duplication was detected, indicating that segmental duplication is the main contributor to the expansion of maize CHS genes [20]. Generally, tandem duplication generates new genes, while segmental duplication disperses the gene copies, resulting in the slow evolution of the genes [53]. Clearly, the maize CHS gene family is evolving slowly, while in our case, both tandem duplication and segmental duplication contribute greatly to the enormous expansion of the mango CHS gene family.



The crystal structure of MsCHS2 from Medicago sativa showed that the four amino acid residues, including Cys 164, Phe 215, His 303 and Asn 336, are the active sites, and the Cys-His-Asn triad is essential for the substrate binding of the CHS enzyme [16]. It has also been reported that Phe 215 is the ‘gatekeeper’ blocking the lower part of the opening between the active site cavity and the CoA binding tunnel [21]. Among the 21 MiCHS genes, all the genes contained the Cys-His-Asn triad, while Phe 215 was missing in MiCHS11 and MiCHS15 due to the deletions of the peptide sequences (Figure 1). In addition, all the MiCHS proteins contained the CHS/STS signature motif, except for MiCHS3 and MiCHS10, which showed a deletion and substitution at the C-terminal of the proteins, respectively (Figure 1). All these mutations suggest that the relevant MiCHS genes might have different substrate preferences and, consequently, have divergent functions.



It is well known that genes from the same family exhibit diverse temporal and spatial expression patterns, and CHS genes are usually expressed in a tissue-specific manner. Among the 14 soybean CHS genes, most of the genes were highly expressed in the leaves, and even the three copies of GmCHS3 showed divergent expressions in soybean tissue [30]. In eggplant, seven CHS genes contributed to the responses of root, stem, leaf, flower and peel to heat stress in a tissue-specific pattern [34]. Among the 14 maize CHS genes, only ZmCHS01/02 exhibited a relatively higher expression in the seeds and leaves, while the rest of the genes showed low transcription levels in most maize tissues [20]. In this study, most of the high-expression genes were from clade 1 (Figure 4), indicating a close relationship between the gene evolution and gene expression. The high expression levels of MiCHS2, MiCHS4, MiCHS5, MiCHS16 and MiCHS19 in fruit peel suggest the potential roles of these genes in the physiological processes occurring in the fruit peel, such as flavonoid accumulation and responses to environmental stimulations. In addition, most of the mango CHS genes were highly expressed in the root and seed, but they were not expressed in the mature leaf (Figure 4), possibly indicating higher flavonoid and auxin concentrations in the root and seed compared to the mature leaf. Flavonoid has been implicated in the regulation of auxin movements, and flavonoid is concentrated in the tissues with vigorous growth patterns, including the upper hypocotyl, the hypocotyl–root transition zone and the distal elongation region of the root in Arabidopsis seedlings, which are the sites of auxin accumulation [54]. Thus, we assume that the differential expressions of MiCHS genes in the root, seed and mature leaf are associated with the function of flavonoid in auxin movement.



Anthocyanin is a subgroup of flavonoids. Thus, three mango cultivars with different fruit peel colors (red, yellow, and green) were used to investigate the relationship between the MiCHS expression and flavonoid and anthocyanin accumulation. It has been reported that most anthocyanin biosynthetic and regulatory genes, including CHS, showed a higher expression in the red mango cultivar ‘Janardhan Pasand’ than the green cultivar ‘Amrapali’ and the yellow cultivar ‘Arka Anmol’, except for DFR, which showed the highest expression in the yellow cultivar ‘Arka Anmol’ [55]. In the green-skinned pear (Pyrus pyrifolia) cultivar ‘Zaosu’ and its red sport ‘Zaosu Red’, only the expressions of the key structural gene PpUFGT2 and regulatory gene PpMYB10 were highly correlated with the anthocyanin concentration, while the expressions of four PpCHS genes showed a young tissue preference instead of a preference for anthocyanin [56]. In this study, the highest flavonoid and anthocyanin contents were detected in the red cultivar ‘Guifei’, while most of the CHS genes showed the highest expression in the green-skinned mango cultivar ‘Qingmang’ (Figure 5). All these results indicated that, as the first gene in the flavonoid pathway, the CHS expression is not always highly correlated with flavonoid or anthocyanin accumulation.



Light is an essential environmental factor regulating the expression of key flavonoid biosynthetic genes such as CHS and, subsequently, leads to the accumulation of flavonoid in plants. Meanwhile, the CHS family members showed differential expression patterns in response to light treatment. Among the four pear CHS genes, the expression of PpCHS1 and PpCHS2 was light-inducible under the conditions of a preharvest bagging treatment and postharvest UV-B/visible light treatment, while the PpCHS4 expression was inhibited by light during the bag treatment [57]. In cucumber (Cucumis sativus), three CHS genes were identified from the genome, and only CsCHS2 was strong induced by UV treatment, which was associated with the enrichment of the HY5 binding site (ACE element or G-box) and MYB recognition element (MRE) in the promoter region [11]. The importance of the HY5 and MYB binding sites for the response of CHS genes to light has been investigated in various plant species [35,36,37,38,39,40]. In this study, MiCHS4, MiCHS16 and MiCHS17 were defined as light-responsive CHSs in mango based on the bagging treatment and postharvest UV-B/visible light treatment (Figure 6 and Figure 7). However, these three genes did not show an increasing number of HY5 and MYB binding sites in the promoter region compared with the other genes that were not regulated by light (Figure 8). There was only a G-box and no MRE motifs in the promoter of MiCHS17, which did not support the theory that both the HY5 and MYB binding sites are necessary for the induction of CHS genes by light [35]. All these results indicated that the mechanism of light-induced CHS expression in plants differs between species, and there might be a unique regulation system in the case of mango.




5. Conclusions


A total of 21 non-redundant CHS genes were identified from the mango genome, and these genes could be divided into four clades. All the CHS members contained the Cys-His-Asn triad, which is essential for the substrate binding of the CHS enzyme, while the CHS/STS signature motif was missing in MiCHS3 and MiCHS10 due to a deletion and substitution at the C-terminal of the proteins, respectively. The distribution of motifs and domains was highly conserved among the CHS genes. Most of the CHS genes (15 out of 21) were located in chromosomes 2 and 4, with seven pairs of tandem duplications and five pairs of segmental duplications among the family members. The expression of the CHS genes exhibited a tissue-specific pattern and showed no relationship with flavonoid or anthocyanin accumulation. MiCHS4, MiCHS16 and MiCHS17 were defined as light-responsive CHSs in mango, but their expression was not highly correlated with the HY5 and MYB binding sites in the promoter. Our results could contribute to the further investigation of the function of CHS genes in light-induced flavonoid biosynthesis in the mango.
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Figure 1. Multiple sequence alignment of the deduced peptides of MiCHS, together with MsCHS2 (P30074), from Medicago sativa. The CHS/STS signature motifs (WGVLFGFGPGLT) are framed by an orange box. The active site Cys-His-Asn triad and Phe based on MsCHS2 are highlighted in red and purple, respectively. The darker blue indicates higher numbers of identical residues. Gaps are represented by short hyphens. 
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Figure 2. Phylogenetic tree, motif pattern and gene structure of CHS genes from the mango. (a) Based on the complete sequence of mango CHS proteins, a phylogenetic tree was constructed using MEGA-11 software. Different colors are used to represent different clades. (b) Composition of the mango CHS protein motifs. Patterns numbered 1 to 10 appear in differently colored boxes. Sequence information for each subject is supplied in Supplementary File S1. The protein length can be estimated using the following scales. (c) Gene structure of mango CHSs. Purple boxes denote coding sequences (CDS). The green and red regions represent the conserved domains of the MiCHS protein N-terminal and C-terminal, respectively, and black lines indicate introns. 
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Figure 3. Chromosome distribution analysis of mango CHS gene family. A total of 12 MiCHS genes marked in red font and paired with green arcs are defined as tandem duplication events. Purple lines indicate segmental duplications of the MiCHS genes. 
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Figure 4. Hierarchical clustering of mango CHS expression profiles in different tissues. The 21 MiCHS genes are divided into Clades 1–4. The color of the bar represents the expression value. 
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Figure 5. (a) Extraction solutions for flavonoid and anthocyanin in ‘Guifei’, ‘Jinhuang’ and ‘Qingmang’ ripe fruit peels. (b) Flavonoid and anthocyanin contents in the ripe fruit peels of three mango cultivars. (c) MiCHS genes expression levels in ‘Guifei’, ‘Jinhuang’ and ‘Qingmang’ fruit peels. The data represent the mean value ± SD, n = 3. Different letters above the bar chart indicate a significant difference at p < 0.05. 
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Figure 6. Expression profiles of MiCHS genes during the bagging treatment. Bagged (blue bars) and control (red bars) ‘Sensation’ mango peels were collected at 50, 80 and 120 DAFB. The data represent the mean value ± SD, n = 3. * indicates a significant difference (p-value < 0.05). ** indicates a very significant difference (p-value < 0.01), as determined by Student’s t-test. 
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Figure 7. The expression of CHS genes in ‘Hongmang NO. 6’ mango peel was analyzed using a UV-B/visible light treatment and control (dark). The data represent the mean value ± SD, n = 3. * indicates a significant difference (p-value < 0.05). ** indicates a very significant differences (p-value < 0.01), as determined by Student’s t-test. 
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Figure 8. Analysis of light-responsive cis-acting elements in the promoter region of the 11 MiCHS. (a) The distribution of light-responsive cis-regulatory elements in the 2 kb upstream sequences of 11 MiCHS genes were analyzed using PlantCARE. (b) The statistics of light-responsive cis-regulatory elements for 11 MiCHS genes. 
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Table 1. Details of putative MiCHS genes.






Table 1. Details of putative MiCHS genes.





	Gene Name
	Gene ID
	Chr ID
	Length (aa)
	pI
	Mw (Da)





	MiCHS1
	mango002786.t1
	chr 2
	391
	6.5
	42,943.65



	MiCHS2
	mango002798.t1
	chr 2
	391
	6.53
	42,647.35



	MiCHS3
	mango002799.t1
	chr 2
	304
	6.09
	33,475.56



	MiCHS4
	mango002800.t1
	chr 2
	391
	6.18
	42,700.39



	MiCHS5
	mango002801.t1
	chr 2
	391
	6.18
	42,754.52



	MiCHS6
	mango002802.t1
	chr 2
	390
	5.97
	42,756.57



	MiCHS7
	mango002803.t1
	chr 2
	390
	5.97
	42,845.66



	MiCHS8
	mango002804.t1
	chr 2
	391
	7.15
	42,882.67



	MiCHS9
	mango003116.t1
	chr 2
	411
	6.44
	45,379.59



	MiCHS10
	mango007035.t1
	chr 4
	411
	6.38
	46,069.54



	MiCHS11
	mango007036.t1
	chr 4
	354
	6.41
	39,076.37



	MiCHS12
	mango007038.t1
	chr 4
	391
	6.12
	42,672.46



	MiCHS13
	mango007039.t1
	chr 4
	391
	6.22
	42,735.56



	MiCHS14
	mango007040.t1
	chr 4
	367
	6.72
	39,992.42



	MiCHS15
	mango007048.t1
	chr 4
	347
	6.38
	38,199.12



	MiCHS16
	mango018655.t1
	chr 11
	398
	6.03
	43,295.06



	MiCHS17
	mango020263.t1
	chr 12
	390
	8.74
	42,118.31



	MiCHS18
	mango021008.t1
	chr 12
	390
	6.67
	42,755.25



	MiCHS19
	mango021009.t1
	chr 12
	344
	6.41
	37,407.22



	MiCHS20
	mango023633.t1
	chr 14
	391
	6.13
	42,833.43



	MiCHS21
	mango025592.t1
	chr 15
	391
	6.42
	42,755.48







Chr: chromosome; pI: theoretical isoelectric point; Mw: molecular weight (average).



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
SI IR s EETL O4FITIL






media/file4.png
(a) Phylogenetic Tree (b) Motif Pattern (C) Gene Structure
micHs13 | - DS D e e . 1 F o — .-
MicHs14 | T — I B S - el L
micHs72 | T VN D D e L
MiCHS3 —— I S e ¢ o
Clade 1 MiCHS5 — D T O - . / - -
MiCHS2 - D D I - * ama»
MiCHS4 —E D D D A O - o=
micHs11 | — - O B Motif 1 - -
micHs16 | —IT - N D . * - an
MicHS17 | — N [ S S I BNt | o e
micHszo | —T - DU D e I Motif 3 ¢ —am e
Clade 2 micHsz1 | — - DN D D .- B Mot 4 L
micHs1s | - D - - -
MiCHS1 —T - O A ——— I Votif 5 * enes
T R e —— R
micHs1o | - DV D - ¢ e CDS
Clade 3 micHsy | — - N N R W - MO
MiCHS6 T N e e B Votif 8 -  emes @D Chal_sti_synt N
vicrs7 | — - S S S - R - ol i
Clade 4 [ worsro | s S s s S S T e
micHs19 | — R DU T e “ Motif 10 - eam —— Intron
3 1 T 1 I B T T T ™ h T — H T T |
0 100 200 300 400 500 0 G600 1200 1800 2400 4200 4800 5400 1560016200 16800 17400






nav.xhtml


  horticulturae-08-00968


  
    		
      horticulturae-08-00968
    


  




  





media/file16.png
(a) 0 MRE 0 G-box | ACE-containing element

MiCHS13 . { (—8 ¢
MiCHS 14 0 . 2 e
MiCHS12 . 0
Clade 1 . MiCHS5 —.—. ' . .—.'.—
_|:M;CH82 = — s —
B MiCHS4 () s ¢ —
o MiCHS11 0 s ¢ —~ 4 ’
_’:M!CH816 .. .'. .'. . .
MicHS17 —0—088 ¢ ¢
MiCHS18 g s
Clade 4 —|:M:CHS19 — {} s
5'i | T | T | T T T T |3'
0 200 400 600 800 1000 1200 1400 1600 1800 2000
( ) MRE G-box ACE-containing element Number of elements
MICHS13 2 9 1
MICHS 14 = 1 0
MIiCHS12 2 0 0
MiCHS5 3 3 1
MICHS11 3 DT 0
MIiCHS18 1 0 1
MICHS19 3 1 0






media/file2.png
MsCHS2

MICHS19

MsCHS2

MICHS19

85

GGGG

A

AVTEF
AVTE
AVTE
AVTEF
AVTE
AVTEF
AVTE

AVTEF
AVTF

LIGL

194
148

306 GRANRE
306 GPAN
282 GPAN
306 G PAN
243
306 GRAN
306 GA AN

259 @R SH

RAEGPAT | LA

--MATMSMEE | | NAG
-MATVSMEE | RNA

RAKGPAT I LA

RAOGTATI LA
-RAOGLASI LA

EYMAPSLDARODMVVVEVPRLEGKEAA Y KAL KEWGOPKSKITHL | VETTSGV -
EYMARSEDARODMVVVEVPKEGKEAA TKAL R EWGOPKSKIETHLY FETTSGV -

VEVPKEGKEAA TKA| R EWGOPKSKY TH
AT

QDbMV vV
EYMARSLEDARQDMVVVEVPKEGKEAAA KAL R EWGOPKSK
EYMAPSLDARQDMYVVVEVPKEGKEAAAKAT KEWGC
EYMAPSLDARODMYVVVEVPKLEGKEAAAKAI KEWGE
85 EYMAPSLDA RO

PKSKI
PKSKITH
PKSKITH

KSKI

VPKLGKEAAAKAI KEWG

RAKGPAT I LAY

IGTANPANCVEQSTYPDFYEK I TNSEHKTELKEKFORMEDKSMEKR - - - - - - RYMYLTEE | LKENBNVC
IGTATPPNCVDRSTYPDYNERVINSERKTELKEKF KRMCEKSMEKEK - - - - - - RYMYLTEEILKENPSIC
PGTA TRRNCVDRSTYRPBYNMERYENSERNKRELKEKRF KRME ERSMBKE - - - - - - BYM- - - ... ........
IGTATPPNCVDOSTYPDYNFERVINSERKTELKEKF KRMEEKSMEKEK - - - - - - RYMYLTEEILKENPSIC
DG T TRRNCVDRSTYRBYNER | MNSENKIRELKERF KRMEERSLIBKK - - - - - -BY - - - . ..........
IGTATPPNCVDOSTYPDYNFR I TNSEHKTELKEKF KRMCEKSMEKK - - - - - - RYMYLTEE | LKENPAVC
IGTATPPNCVDOSTYPDYNER | TNSEHKTELKEKFKRMEDKS KIEKK - - - - - - YMYLTEE | LKENRAVC
FGTATPPNCVDOSTYPDYNER | TNSEHKTELKEKF KRMEEKSMEKK - - - - - - RYMYLTEE | LKENPAVC
IGTANPPNC FDOSTYPDYNFRVINSEHKTELKK FKRMCDNSMIKK ------ YLYLTEEILKENPTMC

DYPBYNER | KTELKEKF

GT A TNSEH
PGTA TP JADYPDYNER | IKSEAMTELKEKF

RMCDK SMI K
RMSLPASN

STYPBRMERMENSEHRL KSV
TTNPDAVFRMTDSVHLTO KNKEMO

GTANPPHVNDO
PETANPRTYHDRSKFBE | MENMED S OBMIEE LIEMIKEM

RME YR T

YPDB TYMERMEN T ERMEHYVENKEMORMEDK T T4

STYPDAYFRMTNSOHLTHVKNKM()RMCDKTMI
ICD

TTHKN - - - - - - TTEEV

T I ------

RSTI

TANPRTYYDQSTFADBRNMERMENS OHME
GTANPRHYFEQSKFPDTMERMEHDDHMYV E LK K KM
GTANPRHYFEQSKFPBTMERMEHDDHEM | E LK KKEMC
PETANPRHYFEQSKFPBTMERMEHDDHM | ELKKEMO
BATANEREN | FYQTOYERDFNER | MRSDEAMEOLKDEK F

ME

DMPGADYOL TKLLGLRPYVKRYMMYOOG
DMPGADYOL TKLLGLRPSVRRYMMYOOG
-DMPGADYOL TKLLGLRPSVKRYMMYOOG
DMPGADYOL TKLLGLRPSVKRYMMYOOG

DMPGADYOL TKLLGLRPSVKHYMMYOOG

EVFETESGV
HEVFETHSGV -
GV -

RICDKTMI
RMEDK T | HRK
RMCDK TMI
KR BEK
HLIEDIKF KR | €I E I S M

SMI RHMY L SEE

MHLTEDI| LKENBNMC
RRHFEGKSOHVC LHGSI SRRSBGHR
LKENPNI A

I INQIBNIT
RHMY L SEE! INOCIBNIT

FAGGTVLRLAKDLAENNKGARVLVVCSEVT

FAGGTVLRLAKDLAENNKGARVLVVCSE

FAGGTVLRLAKDLAENNKGARVLVVCS
FAGGTVLRLAKDLAENNKGARVLVVCS
FAGGTVLRLAKDLAENNKGARVLVVCS

-DMPGADYOL TKLLGLRPSVKR

TY KARSED TROBMAA T L

|
|
I
|
|
EXYS TRSEDARQDKAAVL |
|
I
D 1S
CFNSPSLDAR |
37 CFNSRSIEDAR I

VTFRGPSDTHLBSEMGOAL

IVGEH
IAGEHCIPTESDVIRI BMSHSIE
IVGEHCPTETDVE | BMSHSE
FVGMHGPSEDD I BNEMSHSE
MIGMHGPNESDI BVEMSHSE

LGCEHAPSDTYLBVEMGSA |

GP:ILD

EYMAPSLDAROD | VVVEVPKEGKEAA TKAY K EWGC
87 AYMARSIEDARQD | VVVEVPKEGKEAA

SKABORSR

p
VKAl KEWGOPKSKI THL

BKAA | L
S ERGKEAA TIKAN

RGPSDTHLBSEMGOAL
RGPSDTHLBSEMGOAL
RGPSDTHLBSEMGOAL
RGPSDTHLBSEMGOQAE
RGPSDTHLBSEMGOAL
RGPSDTHLBSEMGOAL
RGPSDTHLDBSEMGOAL

RGPSDIHLBSEMGOAL
RGPTDTHLBSEMGOAL
CPTETDFBVEMSHSE

RGFSETDIDVLVSHSL

GDGAAAV

DOVEOKLALKPEKMNATREVL SEYGE
LODOVELKLGLKEEKLLATRO | LSEYG
LDOVELKLGLKEEKLLATRH I LSEYG

EDO | EA PEKLRATRHVLAEYG

LOAVEQKLGLKEDKLGAS\\/GVLREYGMGSGSPL

P EEGKOAA | KAN E EWGE
P EEGK OAA Vv KAN E EWGE
P EEGKEAA TKAN E EWGE
PELGKEAA | KA | EEWGC
P EEGKEAA N KA £
EEWG

PKLGKEAALKAI KEWN
PKEGKEAA L KA KEWN

GDGAGALIVGSDP

GDGAA S LIVGADP | PNVEKE |

ADGAAALIVGADPI PNIERBI
PG

ADGSAALIVGADPI PDVEKE |

GDGAAALVVG
GDGAAALVVNGADPMPGVEKRE |
GDGAAALVMGADP | SGVEKR |
IVGADRSTTTERR

EWG

B L SN

| PEVIEKP
VENPI
ABRI| PSVEKE |
MSSACVLF
L5

|
|
|
|
|
MSSACVLFI
|
|
|
|
I

WIM.SG S PIBE | IBBIEMRK RSV E E G K SIRRGEGE N C GV L A BGRGENT
IEDEMRKRSVEEGK STTEGEGL KCGVLLAFGPGLT

CETHEMSA -

CETHEMSA

FE TSSSAGEMPGADHOLTKLLGLPPSVORLMI
FETHSSAGE LIBGARHOL TINEEGE P PISVORLM |

GDGAAALIVGSDRYPE | EKP I EEMV.
GDGAAAVIVGSDPVLGVEKPME

BV

| PEVEKPMEE

MRKKS | EEGKPTTGEGL C
MRKKCIEEGKTTTGEGLD
LDEMRKNS | EN

EVSTTORI

V'TAQ|
STAOQ

GDGAAAVIVGSDPVLGVEKPMFELVSTAO
GDGAAAVIVGSDPVVGVEKPMEELVSTAOQTI
GDGAAAVIVGSDPVPGVEKPMEELVS
GDGAAAVIVGSDPYVPGVEKPMEELV FTAQT I
GDGAAAVIVGSDP
GDGAAAVIVGSDPI PEVEKPMFELVSTAOTI
IEEBVSTGOR I
GDGAGALIVGESPDRD TSI ERBLYOQ! | SAAQR I
DTS IEBRBLYORI SAA

LDEMRKKSTONGLKTTGEGLE
LDEMR

KKS | E

LDEMRKKS | ENGFKTTGEGLE

LDEMRKKS | ENG
LDEMRKKSKENGLKTTGEGLE

EDE L REKSV K DG L KR
DEMREN O L KMDSKPOE KDWNGECFLD
LDEMRKRSTENGL EW

=
—
<
-
n
P
-
o
m
=
£
=
o
©»
m
2
G\
—
x
-
=
(2]
O
G\
=
m

IAQT I

U

R R
= =

G
X SVK G
-DMPGADYOL TKLELGLRPSVKRFMI ¥YOOG
- A K LRPSV G
G

-FMPGYBYOLYVOBEBGEDLS | KRV ML

- FMPG YBYO | VORBEGEDLS | KRV ML

- FMPG YBYO | vVOREGEDLS | KRY ML
- F1BEVENR | VICEEGEN L SVICR L ML

OC

FLPGIDYRI LKLLDLDLSVKRLML

NGGGTVLRMAKDLYENNKGARVL

L Kk EDLSVIER LML

FAAG

GTVLRMAKDLYVENNKGARVL
TALRLAKD | AENNA G s RVL

OOOOOOOOG

F
E

AG
AGT

TIAPDSEGAIDGHLREAGLTFHLLKDVPGIVSKNI
| LPDSDGAIDGHLREVGLETFHL LKDVMPGE |
S D)

GAIDGHLREVEGLTFHL L KDV

LPNS I GAFNDGEHLRE I GLTFHL L KDV
LPDSDGAIDGHLREVEGL TFHL L KDM
LPDSDGAI DGHLRE

TILPDSNGANDGHLREVEGLTFHL L KDM

LIEOBLSASONL | PDSEDGVVEH | RERGEOYFLSKTMT
GRDEARAVIVMGADREN TTTERBLEQCELSASONL | PDSENGHVEH | RERGEOYFLSKTMTE KIFANNE

NGVLFGFGPGLT
WGVLFGFGPGLT
NGVLFGFGPGLT
WGVLFGFGPGLT
FKTTGEGLEWGVLFGFGPGLT
WGVLFGFGPGLT
WGVLFGFGPGLT
NGVLFGLGPGLT
NGVLFGFGPGLT
VGVLFGFGPGLT
EWGVLFGFGPGL

KGFKTTGEGLE

KTTGEGL

NGVLFGF
EWGVLFGFGPGVT
LVODEBL
GVLFGFGPGLT
NGVLFGFGPGLT
WGVLFGFGPGLT

FEEMLHEL LKD | P
LPDSDGAIDEHLREVELTFHL LKDVMPGL | AKNI
PGL I SKNI
FEEVFAAPHLVEBNCPEGARCES | REHGET | | GKEMBDEIANHIRE
BEEVSTAPHRLVEBNCPEARCES | REHGET | Y| GEEMED | MANHJ
FEE I STAPHRLVEBNCPEGARCES | REHGES | B | GEKEMBDEI SNHI

QG

PGL

P
PGL

NI EKSEHVEAEK
NIEKSLVEARKPLGLESDWNS L

NIEENSEVEAEO

TERLAKD  AENNAGARVL

TKAERVEAFREPLGESDYNS |
IEKSLVEAFKPLGI SDWNS L
PLEGH Y DWNSS L

EKSEVEAFRKPLG L SDWNS L
DKSEVEARKPLGI SDWNS L
EASLVEAFOPLGI SDWNS L
EKSLAEAFOPLGI SDWNS L
PFGI SDWNS L
EKSEHGEAR TR | GENDWMNS |
EKSEVIEARE TR | GENDWNS |
E RIEN KV B ORERGIE S DIN'S |
EGRIE I BV EOCREGESDWNS |
EKRE I DARYBEGHE T DINS |

SR ERD PP RERESRERERIRIRE





media/file5.jpg





media/file3.jpg
(8)PryogeneticTree | (b) Most Patiem
—

=T
Lo | e e
s | ————

Clado 1

Clodo2

Closo
et = unoms





media/file1.jpg
dansmsasssxassasigiaes BRSESSSEARARENSSEASARY EEARRIRARMMNRRESENGRIZ RRTERRRRSRRRRRESSEINEY
i o

pe e e e e






media/file7.jpg
Clade 1 crss

Clade 2 | ([ 4

onces || L2

Gados |t

bark

flesh

flower

leaf

peel

root

seed

In(FPKM+1





media/file10.png
% - %,
- bT— G, A\\O - ®© <, A.\\O
£ oev < mov
Q o \m\ .mv\.. Q w ) nw..
= . % = a.oe
1 I ~~ 1T 11T 1T 1 | I | |
o (=] o o O g NO b (] o - [ =]
u (=] [Te ] - o000
- - coocoo
()] o) O o)
0@& oo@
o o) %, ®w 6 &m.‘\
% %, O % %, O
% 4 »,
nHu o) P .“\.m‘\ Q o P QQ\
s Y |E g
1 | 1 0 1 | 1 1 | 0
[Ty} [ =] L (=] = o = [==] o =
-— - [ =] [ =] [ =] o o
uw - Lot ] (3 ] -~
oH %, L ° %,
%, |5 “,
3 2 %, © |5 % %
) T ”
nH.u o p A\O\ Q O &w‘
- S ~ \ﬁ.\ n
= . e = s
I | el | I 1 I | I | |
[=] [=] [ =] o0 U O W o [=] (=] (=] [ =] [ =]
o [ =] o oM —™ = [==] w <t o™
T M N
m o) © o)
o 6 % N of ¢ Q@
o %, ° |5 %, °©
" (7 T
Q o %, % Q o) %o &”\?
= e =S ._voe
| | 1 | ] | 1 ) 1
[= =] w h-J ™ [ ] MW % W m m [ =]
— i
() uoissaldxa aAne|ay T uoissaidxa aAlje|oy
f —
=4 o) s,
o &,
| £ “,
2 %
a o) Loy
] “,
%
P
(41 @&.0
> I [ _ [ _
3 ¢ 8 8 2 °
1]
-m (m4 B 7 0esao)utuehsoyjue jo jJusjuo)
m
0 &
oe&
%,
e G ©
- <,
L £ %,
o %
o
[ © @oo
| | |
[ =] =] [ =]
o o

—

-
3 =S Q
(M4 B/ §2¢Q0)piouoAey Jo Juajuo)

(b





media/file12.png
Relative expression Relative expression

Relative expression

MiCHS 2

80 120DAFB

MiCHS11

50

80 120DAFB

MiCHS17

120DAFB

(=2
o

MiCHS4
-
@]
"% 60-
n
o
<
%5 40~
()]
=
B20-
()
4
0_
50 80 120DAFB
20—
- MiCHS12
O
B 154
o
<
10—
()}
>
M -
25
4
0_
50 80 120DAFB
15 1T—
- MiCHS18
O
(/)]
(7p]
D 10—
o
X
()
4
5 5
()
4
0_
50 80 120DAFB

4
MiCHS5
S
.(T) 3_
(7))
o
< 2-
(O]
(O]
=
w 17
(O]
o
0_
50 80 120DAFB
8 -
_ | MiCHS13/14
Re)
B 6-
1
o
S 4-
o
=
T 2-
(O]
oY
0_
50 80 120DAFB
80—
_  |micHs19
ie)
2 60-
o
Q.
340
(O]
=
© 20
(O]
oY
0_
50 80 120DAFB

MiCHS8

120DAFB

(=}
|

Relative expression
Y ¥

o
|

MiCHS16

50 80 120DAFB

[1Bagging

Control





media/file9.jpg
W T
3 BRnrtartEnakn
. AN E ER MEA

CCSS i A il ias






media/file0.png





media/file14.png
. =UV-Bhvisible light =Control

v

MIiCHS2
c
(@]
‘» 6
7]
o
3
®4
(O]
=
© 24
(O]
('
0_
OH 6H 24H 72H 144H 240H
6
- | MiCHS11
.0
7
O 4-
% *
(O]
o * %
2 2
L
(O]
(n'
0_
OH 6H 24dH 72H 144H 240H
30 -
c MiCHS16
ie)
7
9_)20-
o
X
(0]
(O]
._'%10-
Y
(O] *
(n'el
0-

OH 6H

24H

72H

144H 240H

Relative expression

MiCHS4

OH 6H

24H

72H

144H 240H

S
o

pression
w
T

N
o
|

Relative ex
S

o
|

N
(3]

MiCHS12

OH 6H

24H

72H

144H 240H

ion
N
T

-
(4]
1

Relative express
g 2

o
|

MiCHS17

OH 6H

24H

72H

144H 240H

Relative expression Relative expression

Relative expression

6

MiCHSS

OH 6H 24H

72H

144H 240H

30

20-

10

MiCHS13/14

OH 6H 24H

72H

144H 240H

80

60—

40-

20

MiCHS19

OH 6H

24H

72H

144H 240H





media/file8.png
Clade 1

Clade 2

Clade 3

Clade 4

1

£

E

MiCHS13
MICHS14
MiCHS12
MiCHS3
MICHS5
MiICHS2
MICHS4
MiCHS 11
MICHS16
MiCHS17
MICHS20
MiCHS21
MiCHS15
MICHS1
MICHS8
MICHS10
MiCHS9
MIiCHS6
MiCHS7
MiCHS18
MICHS19

bark

flesh

flower

leaf

peel

root

seed

IN(FPKM+1






media/file11.jpg
H H
H H
N == mm
- £
st P == 00
i mmmiz vorssants aneiey
.
{ H i
2 2
i H < I
L T I T LN whod ey
.
=11 { 1
G o <t :
.70 TN T O T N TR O
i s 8 H
© 43-..; ° 2






media/file6.png
21 Mb 18 Mb 15 Mb 12 Mb 9 Mb 6 Mb 3 Mb 0 Mb

24 Mb

Chr 2

iCHS1

MICHS2
MiCHS3
MiCHS4
MICHSS
MiICHS6
MICHS7
MiCHS8

MiCHS9

MICHS1
iCHS11
MiCHS1
MICHS1
MICHS1
MICHS1

Chr4 Chr11

MiCHS1

MiCHS16

<MI'CH S1

MiCHS1

Chr12 Chr 14

Chr 15

MiCHS20

iICHS21





media/file15.jpg





