[image: image1]Genome-Wide Identification and Expression Analysis of the MADS-Box Gene Family in Sweet Potato [Ipomoea batatas (L.) Lam]

		ORIGINAL RESEARCH
published: 17 November 2021
doi: 10.3389/fgene.2021.750137


[image: image2]
Genome-Wide Identification and Expression Analysis of the MADS-Box Gene Family in Sweet Potato [Ipomoea batatas (L.) Lam]
Zhengwei Shao, Minhong He, Zhipeng Zeng, Yanzhu Chen, Amoanimaa-Dede Hanna and Hongbo Zhu*
College of Coastal Agricultural Sciences, Guangdong Ocean University, Zhanjiang, China
Edited by:
Himabindu Kudapa, International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), India
Reviewed by:
Muhammad Ramzan Khan, Quaid-i-Azam University, Pakistan
Jin Xiao, Nanjing Agricultural University, China
* Correspondence: Hongbo Zhu, tdzhu@126.com
Specialty section: This article was submitted to Plant Genomics, a section of the journal Frontiers in Genetics
Received: 30 July 2021
Accepted: 05 October 2021
Published: 17 November 2021
Citation: Shao Z, He M, Zeng Z, Chen Y, Hanna A-D and Zhu H (2021) Genome-Wide Identification and Expression Analysis of the MADS-Box Gene Family in Sweet Potato [Ipomoea batatas (L.) Lam]. Front. Genet. 12:750137. doi: 10.3389/fgene.2021.750137

MADS-box gene, one of the largest transcription factor families in plants, is a class of transcription factors widely present in eukaryotes. It plays an important role in plant growth and development and participates in the growth and development of flowers and fruits. Sweet potato is the seventh most important food crop in the world. Its tuberous roots, stems, and leaves contain a large number of proteins, lipids, carotenoids, anthocyanins, conjugated phenolic acids, and minerals, which have high edible, forage, and medicinal value, and is also an important energy crop. At present, MADS-box genes in sweet potato have rarely been reported, and there has been no study on the genome-wide identification and classification of MADS-box genes in Ipomoea batatas. This study provided the first comprehensive analysis of sweet potato MADS-box genes. We identified 95 MADS-box genes, analyzed the structure and protein of sweet potato MADS-box genes, and categorized them based on phylogenetic analysis with Arabidopsis MADS-box proteins. Chromosomal localization indicated an unequal number of MADS-box genes in all 14 chromosomes except LG3, with more than 10 MADS-box genes located on chromosomes LG7, LG11, and LG15. The MADS domain and core motifs of the sweet potato MADS-box genes were identified by motif analysis. We identified 19 MADS-box genes with collinear relationships and analyzed duplication events. Cis-acting elements, such as light-responsive, auxin-responsive, drought-inducible, and MeJA-responsive elements, were found in the promoter region of the MADS-box genes in sweet potato, which further indicates the basis of MADS-box gene regulation in response to environmental changes and hormones. RNA-seq suggested that sweet potato MADS-box genes exhibit tissue-specific expression patterns, with 34 genes highly expressed in sweet potato flowers and fruits, and 19 genes highly expressed in the tuberous root, pencil root, or fibrous root. qRT-PCR again validated the expression levels of the 10 genes and found that IbMADS1, IbMADS18, IbMADS19, IbMADS79, and IbMADS90 were highly expressed in the tuberous root or fibrous root, and IbMADS18, IbMADS31, and IbMADS83 were highly expressed in the fruit. In this study, the molecular basis of MADS-box genes of sweet potato was analyzed from various angles. The effects of MADS-box genes on the growth and development of sweet potato were investigated, which may provide a certain theoretical basis for molecular breeding of sweet potato.
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1 INTRODUCTION
MADS-box family gene is a kind of transcription factor (TF) widely existing in eukaryotes. MADS is the first letter abbreviation of Mini chromosome maintenance 1 (MCM1) gene in Saccharomyces cerevisiae (Passmore et al., 1988), AGAMOUS (AG) gene in Arabidopsis thaliana (Yanofsky et al., 1990), DEFICIENS (DEF) gene in Antirrhinum majus (Sommer et al., 1990), and serum response factor (SRF) gene in human serum (Norman et al., 1988). It is one of the largest TF families in plants and plays an important role in plant growth and development. Based on phylogenetic analysis, MADS-box genes in plants are categorized into type I and type II (Parenicova et al., 2003). Type I MADS-box gene, also known as M Type, usually has one to two exons, encoding proteins with highly conserved MADS domain. According to the differences in MADS domain, it is further divided into Mα, Mβ, and Mγ subfamilies (De Bodt et al., 2003). Type II gene, also known as MIKC type MADS-box gene, is a kind of plant-specific MADS-box gene with six to eight exons. The encoded protein contains four conserved domains: MADS-box (M domain), Intervening domain (I domain), Keratin-like domain (K domain), and C-terminal domain (Nam et al., 2005).
The completion of the whole genome sequences of many plant species has led to the identification and characterization of important gene families. MADS-box genes are integral to the ABCDE model of flowering regulation. Fan et al. identified three flower development class E genes, AGL2, AGL4, and AGL9 (Fan et al., 1997). Class E genes cooperate with several other classes to control calyx, petal, stamen, carpel, and ovule development (Theissen, 2001). AP3 homolog genes in Chrysanthemum play a role in the development of ray floret and disc floret in chrysanthemum (Won et al., 2021), and nitrate signaling-associated TFs such as AGL8, AGL21, and LBD29 are involved in CmANR1-modulated control of root development. In addition, CmANR1 also acts as a positive regulator to control shoot growth and development (Sun et al., 2021). Wang et al. found 15 tomato MADS-box genes involved in floral organ identification and five tomato MADS-box genes related to fruit development (Wang et al., 2019). AGL17 towards the elongation zone is expressed in lateral root cap epidermal cells; AGL12 and AGL21 are also expressed in the central cylinder of differentiated roots. Both are expressed in developing embryos of Arabidopsis (Burgeff et al., 2002).
Sweet potato [Ipomoea batatas (L.) Lam.], 2n = 6x = 90, is an annual herb, and its underground parts are round, oval, or spindle-shaped tuberous roots. The shape, skin color, and flesh color of the tuberous root vary with varieties or soil (Wu et al., 1998). Sweet potato is also the seventh important food crop in the world, with high yield and wide use. The tuberous roots, stems, and leaves contain a large number of proteins, lipids, carotenoids, anthocyanin, conjugated phenolic acids, and minerals, which have high edible, feed, and medicinal values, and is also essential energy crop (Wang et al., 2016). In 2002, Kim et al. cloned two MADS-box genes named IbMADS3 and IbMADS4 from sweet potato for the first time and found that these two MADS-box genes were significantly expressed in pencil roots and tuberous roots of sweet potato (Kim et al., 2002). In 2005, Kim et al. reported three MADS-box genes of IbMADS79, IbAGL17, and IbAGL20; and they found that IbMADS79 was only expressed in roots of sweet potato (Kim et al., 2005). Subsequently, Ku et al. (2008) cloned IbMADS1, indicating that IbMADS1 was involved in the initiation of tuberous root differentiation of sweet potato. Dong et al. (2018) cloned nine MADS-box TFs in 2018 and found that IbMBP2, IbMBP3, IbMBP4, and IbMBP9 showed high expression during storage roots development and were upregulated by storage roots development-related hormones. In 2020, Zhu et al. identified 37 MADS-box genes in Ipomoea trifida, the close wild ancestor of sweet potato. They found that MIKCC genes may be significant for regulating the floral organ development in I. trifida (Zhu et al., 2020). The MADS-box genes within the sweet potato genome have not been completely mined; the function and mechanism of action need to be verified; and the identification of more MADS-box genes is beneficial to elucidating the molecular mechanism of growth and development of sweet potato, providing a certain theoretical basis for molecular breeding.
2 MATERIALS AND METHODS
2.1 Identification and Gene Structure Analysis of MADS-Box Family Members in Sweet Potato
The sweet potato genomic information was derived from I. batatas “Taizhong 6” genomic data provided by the Ipomoea genome hub (https://ipomoea-genome.org/). The MADS-box family HMM model files SRF-TF (PF00319) and K-box (PF01486) were downloaded from the Pfam database (https://pfam.xfam.org/). The whole genome MADS-box family genes of sweet potato were identified by HMMER software (Krejci et al., 2016), and the MADS-box genes were identified by the SMART website (http://smart.embl-heidel-berg.de/) again. The genes containing the MADS-box domain were named from IbMADS1 to IbMADS95, and the three genes matching the published sequences of IbMADS1 (Ku et al., 2008), IbMADS4 (Kim et al., 2002), and IbMADS79 (Kim et al., 2005) were still named as IbMADS1, IbMADS4, and IbMADS79, respectively. IbMBP1, IbMBP4, and IbMBP8 (Dong et al., 2018) were named as IbMADS47, IbMADS38, and IbMADS51, respectively, in this study. According to the sweet potato genome gff3 annotation information, GSDS online website was used (http://gsds.gao-lab.org/). The MADS-box gene structure of sweet potato was analyzed visually. TBtools (Chen et al., 2020) was used to plot the innovative prediction results visually. TBtools (Chen et al., 2020) was used for structure visualization. According to the annotation information of the sweet potato genome, the MADS-box genes structure of sweet potato was visualized using GSDS online website tool (http://gsds.gao-lab.org/).
2.2 MADS-Box Phylogenetic Tree Construction
The Arabidopsis MADS-box protein sequence was obtained from the Plant TFDB website (http://planttfdb.gao-lab.org/index.php) (Jin et al., 2017). I. trifida MADS-box proteins were obtained according to the research of Zhu et al. (Zhu et al., 2020). The MADS-box genes of sweet potato were divided into two categories, type I and type II, based on the phylogenetic analysis of the MADS gene with Arabidopsis. ClustalW was used to compare the two types of MADS-box proteins; a neighbor-joining (NJ) tree was constructed using bootstrap analysis with 1,000 replicates, the amino acid p-distance model, missing data treatment option set at partial deletion, and a site coverage cutoff of 60%; and MEGA-X (Kumar et al., 2018) was used to construct the NJ phylogenetic tree (Saitou and Nei, 1987). The parameters for constructing the evolutionary tree were as follows: Poisson model, uniform rates, Sam (homogeneous), and pairwise deletion. According to the classification method of Sheng et al. (2019), the MADS-box gene subfamily of sweet potato was categorized based on the MADS-box gene subfamily of Arabidopsis, using Evolview online tools (https://www.evolgenius.info/evolview/) to beautify the tree.
2.3 Chromosomal Localization of MADS-Box Genes
According to the annotation information of the sweet potato genome downloaded from the Ipomoea genome hub, the positions of 95 sweet potato MADS-box genes on chromosomes were obtained, and the chromosome mapping was performed using Map Chart (Voorrips, 2002) software. Origin 8.5 (https://www.originlab.com) was used to draw the distribution cake map of sweet potato MADS-box genes.
2.4 Conserved Motif Analysis of MADS-Box Proteins
The sweet potato MADS-box protein sequence was submitted to MEME online tool (http://meme-suite.org/) (Bailey et al., 2009) for the motif prediction. The discovery number of Motif was set to be 8, the width of motif was 6–50, and other default settings were used. The MADS-box motif domain of sweet potato was visualized by TBtools.
2.5 Cis-Acting Elements Analysis of MADS-Box Genes
According to the annotation information of the sweet potato genome and sweet potato genome sequence, referring to Sumiya (2021) and Zhang et al. (2021), the 2-kb upstream sequence of sweet potato MADS-box genes was submitted to PlantCare website (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot et al., 2002) for cis-acting element prediction. The PlantCare analysis results were simplified, and TBtools was used for visualization.
2.6 Collinearity Analysis of MADS-Box Genes
According to the annotation information and the whole genome protein sequence of sweet potato, MCScanX (Wang et al., 2012) software was used to analyze the MADS-box collinearity of sweet potato, and Circos (Krzywinski et al., 2009) software was used for visualization.
2.7 Expression Analysis of MADS-Box Genes
The tuberous root (greater than 10 mm in diameter), pencil root (2–5 mm in diameter), fibrous root (diameter of less than 1.5 mm), flower (an incompletely opened bud), fruit (the peel is green and the fruit form full), and stem tip (1–2 rachises of the rolled leaf at the stem apex, excluding the rachis where the expanded leaf is located) of “Jishu 26” (I. batatas cv. Ji 26) cultivated in an open field for 100 days were selected. After rapid freezing in liquid nitrogen, with dry ice sent to Biomarker Technologies Company (Beijing, China, https://www.biocloud.net) for total RNA extraction, library construction, and transcriptome sequencing, raw data were uploaded to National Center for Biotechnology Information (NCBI) project PRJNA744414; the expression of sweet potato MADS-box genes was analyzed based on genome information and local blast; the FPKM value (Florea et al., 2013) was calculated to reflect the gene expression; and the calculation formula is as follows: FPKM = {cDNA Fragments\over{Mapped Fragments(Millions) * TranscriptLength(kb)}}. Pheatmap package and ggplot2 package (Ito and Murphy, 2013) of R Statistics (https://www.r-project.org) were used for data processing and visualization.
2.8 Verification of Gene Expression by qRT-PCR
The tuberous root is the main harvest organ of sweet potato. According to the expression profile of the MADS-box gene in different parts, several genes highly expressed in tuberous root were selected for qRT-PCR expression verification. The double-stranded cDNA of fibrous root (F.R, sampling details were the same as 1.7), tuberous root (T.R, sampling details were the same at 1.7), leaf (L, expanded leaf 1–2 at the apex of stem), stem (S, 1–2 rachises of the expanded leaf at the stem apex, excluding the rachis where the rolled leaf is located), stem tip (S.T, sampling details were the same at 1.7), fruit (F.T, sampling details were the same at 1.7), and other tissues cultivated in open field for 100 days “Jishu 26” were used as templates; β-actin was used as a reference gene, using the CFX96™ quantitative PCR instrument to perform the fluorescent quantitative PCR. The reaction program was as follows: predenaturation at 95°C for 3 min, 95°C for 5 s, 60°C for 30 s, 40 cycles; and 95°C for 15 s, 60°C for 6 s, 95°C for 15 s. The reaction system was as follows: 2× universal SYBR green fast qPCR mix (ABclonal Technology, Wuhan, China) for 5 μl, ddH2O for 3 μl, cDNA for 1 μl, forward primer for 0.5 μl, and reverse primer for 0.5 μl. Primers were designed using Primer premier 6 (Singh et al., 1998) based on the sequence of the amplified CDs of the MADS-box genes, and the primer sequences are listed in Supplementary Table S1. Three biological replicates and three technical replicates were set up, and relative gene expression was calculated by the 2−ΔΔCt method (Livak and Schmitten, 2001). Data processing and analysis were performed using SPSS software, and column graphs were drawn using origin 8.5.
3 RESULTS AND ANALYSIS
3.1 Identification and Structural Analysis of the MADS-Box Family of Sweet Potato
A total of 95 MADS-box genes were identified from the whole genome of sweet potato and named according to IbMADS1–IbMADS95 (Supplementary Table S2). According to the gene structure, the sweet potato MADS-box genes were divided into two categories: type I and type II (Figure 1). The different types of MADS-box gene structures of sweet potato have apparent differentiation. Most type I genes are less than 2 kb in length and have one to two long fragment exons. On the other hand, the type II gene is usually over 3 kb and contains more than six exons, and most exonic fragments are short. Smart protein structure prediction found that the sweet potato MADS-box gene contains other domains in addition to the MADS domain. Most type I genes contained variable numbers of low-complexity region (LCR) structures and coiled-coil region (CCR) structures. The 21 type II genes contained a K-box domain; the K-box domain was commonly found to be associated with SRF-type TFs, also the signature domain of type II MADS-box genes. And the type II genes without a K-box domain usually belong to the MIKC* subfamily.
[image: Figure 1]FIGURE 1 | SMART identification and structure of sweet potato MADS-box gene. (A) Type I gene structure. (B) Type I protein structure prediction by SMART. (C) Type II gene structure. (D) Type II protein structure prediction by SMART.
3.2 Phylogenetic Analysis of MADS Proteins
The NJ phylogenetic tree of MADS-box proteins from I. batatas, I. trifida, and Arabidopsis were constructed by MEGA-X. Based on the subfamily classification of Arabidopsis MADS proteins, sweet potato type I MADS proteins were divided into three subfamilies: Mα, Mβ, and Mγ (Figure 2A). In comparison, type II MADS proteins were divided into 12 subfamilies (Figure 2B). The type I MADS proteins of sweet potato and Arabidopsis were cross-distributed in each subfamily. Among them, both Mα subfamily and Mβ subfamily had 27 proteins each, and Mγ subfamily was less abundant with 16 proteins, which was similar to the distribution of the Arabidopsis protein subfamily. However, the type I proteins of I. trifida were mainly concentrated in Mα subfamily, with only one gene each in the Mβ and Mγ subfamilies.
[image: Figure 2]FIGURE 2 | Phylogenetic tree of type I (A) and type II (B) MADS-box proteins in Ipomoea batatas, Ipomoea trifida, and Arabidopsis. Red ID indicates I. batatas gene, green ID indicates I. trifida gene, and blue ID indicates Arabidopsis gene. The red star indicates the sequence containing the SRF-box domain, and the green triangle indicates the sequence containing K-Box domain.
The type II gene of I. batatas is phylogenetically closer to that of I. trifida, as indicated by gene number and subfamily distribution. The type II gene of I. batatas did not appear in the FLC subfamily or TT16 subfamily, and other subfamilies were distributed, with one to six proteins varying in number. The proteins for I. trifida are mainly distributed in subfamilies such as SEP, PI, and SVP and show deletions in several subfamilies. Twenty-two type II proteins contain K-box region, while three sweet potato type II proteins have no K-box region, one of them belongs to the AP1 subfamily, and the other two belong to the MIKC* subfamily.
3.3 Chromosomal Localization of MADS-Box Genes
Chromosome localization of 95 MADS-box genes in sweet potato was performed (Figure 3). It was found that except LG3 chromosome, the distribution of MADS-box genes in sweet potato varied in quantity in the other 14 chromosomes. More than 10 MADS-box genes were distributed on LG7, LG8, LG11, and LG15 chromosomes. LG1, LG5, and LG12 chromosomes contain fewer MADS-box genes, only one to three. Mα subfamily is mainly distributed on chromosomes LG7, LG8, and LG15, with more than five genes. In contrast, the Mβ subfamily (blue) is more fragmented, with one to four genes distributed in all chromosomes except LG16 and LG12. Seven MADS-box genes on LG6 were Mγ subfamily, and the rest were sporadically distributed on LG4, LG9, LG10, LG12, and LG14. The MIKC subfamily genes are widely distributed, except for LG1, LG3, LG6, LG9, and LG12, which are more numerous on chromosome LG11, with seven genes belonging to the MIKC subfamily. Gene cluster exists for LG6, LG7, LG8, LG14, and LG15, especially in the interval 10413181 to 10505372 of LG15 containing nine MADS-box genes. Gene clusters were present on chromosomes LG6, LG7, LG8, LG14, and LG15. In particular, the interval 10413181 to 10505372 of LG15 contains nine MADS-box gene presence distributed centrally.
[image: Figure 3]FIGURE 3 | Chromosome location (A) and distribution (B) of MADS-box gene in sweet potato. The purple name represents Mα subfamily, the blue name represents Mβ subfamily, the green name represents Mγ subfamily, and the red name represents type II MADS-box genes. LG3 has no MADS-box gene distribution.
3.4 Analysis of MADS Proteins Conserve Motif
Conserve motif analysis of sweet potato MADS-protein sequence was performed by online MEME tool. There are some differences in the number of MADS-protein motif in sweet potato. Each protein contains two to six motifs (Figure 4). All genes have motif 1 domain encoding 28 amino acids, and more than 90 genes contain motif 2 and motif 5. The 51 amino acids encoded by these three motifs are the core motifs of MADS-box genes, which are related to the SRF-box region. In addition, the motif 3 domain also plays an important role, and more than 50 proteins contain highly conserved motif 3 domains encoding 29 amino acids, including 22 type II MADS proteins.
[image: Figure 4]FIGURE 4 | Analysis of MADS-protein motif domain in sweet potato (A) and motifs (B).
3.5 Analysis of Cis-Acting Elements of MADS-Box Gene Promoter Regions
The 2-kb upstream CDS sequences were extracted from the promoter regions of 95 MADS-box genes of sweet potato. The cis-acting elements in the promoter region of sweet potato MADS-box were predicted by PlantCARE online tool. All sweet potato MADS-box genes contain three to 12 light-responsive elements, including Box 4, G-box, GT1-motif, and TCT-motif. In addition, the promoter regions of sweet potato MADS-box genes are mainly more than 200 MeJA-responsive elements, including CGTCA-motif and TGACG-motif. And ABA-responsive elements (ABRE), auxin-responsive elements (TGA-element and AuxRR-core), and about 100 MYB response elements are involved in drought inducibility and light-responsiveness. In addition, there are a small number of regulatory elements such as circadian control elements, meristem expression elements, salicylic acid-responsive elements, low-temperature-responsive elements, gibberellin-responsive elements, defense, and stress-responsive elements. They indicated that MADS-box genes could respond to various environmental changes and coordinate the average growth and development of sweet potato (Figure 5).
[image: Figure 5]FIGURE 5 | Cis-acting elements analysis of sweet potato MADS-box. (A) Cis-acting element distribution. (B) Cis-acting element numbers.
3.6 Collinearity Analysis of MADS-Box Gene in Sweet Potato
Based on the collinearity analysis by MCScanX, a large number of genes were found to be collinear relational (light pink and light green) between and within chromosomes in sweet potato. There are 19 sweet potato MADS-box genes with collinearity, of which 15 genes belonged to inter-chromosome segmental duplications and four genes belonged to tandem duplications. Among them, IbMADS4, IbMADS14, IbMADS32, and IbMADS56 genes share a reciprocal segmental duplication relationship, with IbMADS51 showing a segmental duplication relationship with IbMADS56 and IbMADS4 but not with IbMADS14 or IbMADS32. There are tandem duplications between IbMADS58 and IbMADS59, and between IbMADS68 and IbMADS69. And there are segmental duplications in the other 10 intergenic pairs. The most MADS-box genes with collinear relationships were on chromosome LG11 with five, and the remaining chromosomes had fewer than two or no MADS-box genes with collinear relationships (Figure 6).
[image: Figure 6]FIGURE 6 | Collinearity analysis of MADS-box gene in sweet potato. The same color name indicates that the gene has a tandem repeat.
3.7 Expression Profiles of MADS-Box Genes in Sweet Potato
To investigate the expression patterns of MADS-box genes in sweet potato, the 75 MADS-box gene expression profiles were detected in six different tissues by transcriptome sequencing. The results showed that sweet potato MADS-box genes were expressed and differentiated in different tissues (Figure 7). Cluster analysis clustered the sweet potato MADS-box gene expression profiles into seven classes, with class I, II, and III genes mainly expressed in different types of roots. Among them, seven genes in class II were highly and specifically expressed in the tuberous root. The class IV genes were expressed in the stem tip and fibrous root. The class V genes were highly and specifically expressed in the stem tip. The class VI genes were predominantly expressed in flower, and a small proportion of these genes were also somewhat expressed in fruits. The class VII genes are highly and specifically expressed in fruit. Overall, 22 MADS-box genes were highly expressed in flowers, 19 were highly expressed in stem tips, 12 were highly expressed in fruits, and the remaining genes were differentially expressed in different types of roots.
[image: Figure 7]FIGURE 7 | Expression analysis of MADS-box gene in different organisms of sweet potato.
3.8 Expression Analysis of MADS-Box Genes by qRT-PCR
qRT-PCR was used to further validate the expression profiles of the 10 genes, which were more highly expressed in roots than other tissues, according to transcriptome sequencing of MADS-box genes in different tissues (Figure 8). Ten genes showed tissue-specific expression at different levels in all tissues; and IbMADS1, IbMADS18, IbMADS19, IbMADS79, and IbMADS90 were highly expressed in the fibrous root or tuberous root. Seven genes were more highly expressed in the leaf, only IbMADS15 was highly expressed in the stem, and the remaining genes were relatively poorly expressed in the stem. Ten genes were all expressed at lower levels in the stem tip. IbMADS18, IbMADS31, and IbMADS83 were significantly expressed in the fruit. Some genes were highly expressed only in a single tissue, and others were not significantly expressed, such as IbAMDS1, which was significantly expressed only in the fibrous root; IbMADS17 and IbMADS20, which were highly expressed only in the leaf; and IbMADS31 and IbMADS83, which were significantly expressed only in the fruit. The five remaining genes were more highly expressed in two to three tissues.
[image: Figure 8]FIGURE 8 | The gene expression levels of some MADS-box genes in different tissues of sweet potato.
4 DISCUSSION
MADS-box genes are widely present in eukaryotes. There are 108, 72, 168, and 160 MADS-box genes identified in Arabidopsis (Livak and Schmittgen, 2001), Oryza sativa (Ray et al., 2007), Nicotiana tabacum (Bai et al., 2019), and Brassica rapa (Duan et al., 2015). Interestingly, I. trifida, a diploid plant belonging to the genus Ipomoea, has 37 MADS-box genes (Zhu et al., 2020). In this study, 95 sweet potato MADS-box genes were identified, the number of which was approximately three times that of I. trifida. Phylogenetic analysis found that the MADS-box genes of I. batatas are not simply tripled by I. trifida. We discovered more type I MADS genes in I. batatas, and the distribution of type II genes was also more abundant than that of I. trifida. Nevertheless, I. batatas are missing only in the FLC subfamily and the TT16 subfamily. It is suggested that FLC genes are repressors of flowering which affect multiple pathways for controlling the flowering time (Michaels and Amasino, 1999; Scott et al., 2003). Loss of FLC subfamily genes may indicate that sweet potato vernalization is not regulated by its repression. Consistently, a previous study also showed that the emergence of FLC subfamily members is not detected in I. trifida (Zhu et al., 2020). TT16 encodes a TF involved in the transcriptional regulation of proanthocyanidin biosynthesis in the seed coat (Nesi et al., 2002). The absence of sweet potato TT16 subfamily genes suggests the potential involvement of other pathways for regulating proanthocyanidin biosynthesis in sweet potato.
Moreover, we again found differentiation in the MADS-box gene structure, which may be attributed to the presence of I-domain, K-domain, and C-domain. Type II genes typically exhibit a longer gene length and a greater number of exons, which is also one of the basis for classifying subtypes of MADS-box genes (Kaufmann et al., 2005). Consistent with the structure feature, the type I genes of sweet potato have one to two exons, and most of them range at 1 kb, while the type II genes are generally larger than 3 kb and have more than six exons. In addition, the MADS-box genes of sweet potato are distributed more dispersedly on the chromosome. Their numbers differ from those of chromosomes, which are similar to the chromosome distribution of Arabidopsis (Lamesch et al., 2012), Jatropha curcas (Tang et al., 2020), Cardamine hirsuta (Ghorbani et al., 2020), and I. trifida. The MADS-box proteins in sweet potato have a strong motif conservation among various subfamilies, with different numbers and motifs. The core motifs are motif 1, motif 2, and motif 5, which encode about 50 amino acids, and they are related to the SRF-box domain (Ng et al., 2001). Sweet potato is a hexaploid plant with both homologous and heterologous chromosomes, which has a complex genetic background (Yang et al., 2017). MCScanX analysis showed that a large number of genes had collinear relationships within the sweet potato genome, and the MADS-box genes also had a certain homology of evolutionary relationship. Among them, 19 MADS-box-genes had collinear relationships. In particular, reciprocal segmental duplications existed in IbMADS4, IbMADS14, IbMADS32, and IbMADS56. IbMAD51 shared a segmental duplication relationship with IbMADS4 and IbMADS56, while it did not have a segmental duplication relationship with IbMADS14 and IbMADS32. It is presumed that IbMADS4, IbMADS14, IbMADS32, and IbMADS56 were derived from a single duplication event, while IbMAD51 was derived from another separate duplication event, possibly a single segmental duplication event.
The MADS-box family is considered to be as a key family of genes responsible for regulating reproductive growth and vegetative organ development, which was initially characterized as homeotic genes in floral organs. Also, the importance of the MADS-box family in the morphogenesis and growth of other organs of plants, especially roots and fruits, has been highlighted (Riechmann et al., 1997; Zhao et al., 2019). Multiple types of cis-acting elements have been identified in the promoter region of the MADS-box gene from sweet potato, mainly including light-responsive elements, auxin-responsive elements, MeJA-responsive elements, abscisic acid-responsive elements, and drought-inducible elements. It is indicated that MADS-box genes in sweet potato respond to both hormones and environmental factors, and they are closely related to the normal growth and development of sweet potato. Expression levels of MADS-box genes can reveal the relevant physiological functions, Hasebe et al. (1998) found that most MADS-box genes in ferns are expressed in reproductive and vegetative organs, while most MADS-box genes in seed plants are only expressed in one organism, and only a few are expressed in reproductive and vegetative organisms. Transcriptome sequencing revealed that the majority of MADS-box genes in sweet potato exhibit the expression specialization. Thirty-four genes were specifically expressed in sweet potato flowers and fruits, while the remaining were mainly expressed in vegetative tissues like the root and stem tip. The expression profiles of 10 genes in different tissues of sweet potato were further verified by qRT-PCR. IbMADS1 was highly expressed in the fibrous root; and IbMADS79, IbMADS18, IbMADS19, and IbMADS90 were highly expressed in the tuberous root. It has been reported that IbMADS1 and IbMADS79 are associated with the root development of sweet potato. In particular, IbMADS1 is an important integrator at the initiation of tuberization (Kim et al., 2005; Ku et al., 2008), which is consistent with our finding. Cis-acting elements like the light-responsive elements, Zein metabolism-regulation elements, and auxin-responsive elements were found in the promoter region of IbMADS1; and light-responsive elements, meristem-express elements, MeJA-responsive elements, and salicylic acid-responsive element were found in the promoter region of IbMADS79. IbMADS1 and IbMADS79 may play an important role in the root development process and may participate in the formation of the tuberous root. The homologous genes IbMADS18 and IbMADS19 of FEM11 were highly expressed not only in the fruit but also in the tuberous root. And the homologous gene IbMADS90 of AGL62 was highly expressed in the tuberous root and leaf. FEM111 and AGL62 are associated with the flower and fruit development in Arabidopsis (Kang et al., 2008; Portereiko et al., 2006; Steffen et al., 2008). IbMADS18, IbMADS19, and IbMADS90 are involved in the tuberous root development of sweet potato and the fruit development to some extent. In addition, IbMADS31 and IbMADS83 are also specifically expressed in the fruit. AGL61, a homolog of IbMADS83, functions as a TF that controls the expression of downstream genes during central cell development and is involved in the seed endosperm development (Steffen et al., 2008). And AGL17, the homolog of IbMADS31, is a significant downstream target of CURLY LEAF in floral transition control (Shu et al., 2020). We found that cis-acting elements like the MeJA-responsive elements, auxin-responsive elements, abscisic acid-responsive elements, and gibberellin-responsive elements in the promoter region of IbMADS31 and IbMADS83 provided indirect evidences for the involvement of IbMADS31 and IbMADS83 in the flower and fruit development of sweet potato. IbMADS15, IbMADS17, IbMADS19, IbMADS20, IbMADS79, and IbMADS90 were highly expressed in the leaf or stem, which were all identified as type I genes. In addition, a large number of type I genes were detected mainly expressed in the stem tip by RNA-seq. It is suggested that type I genes were involved in the nutritional growth process of the aerial parts of sweet potato, to some extent.
Overall, the sweet potato MADS-box genes are involved in the growth and development of reproductive organs like the flower and fruit of sweet potato. They were vital in the process of nutritional growth and development such as the root, stem, and leaf of sweet potato.
5 CONCLUSION
In this study, the 95 MADS-box family genes were identified from the sweet potato genome by Hmmer, SMART, and other tools, and they were divided into type I and type II subgroups according to the gene structure. The phylogenetic relationship of MADS-box genes between sweet potato and Arabidopsis was analyzed based on the NJ phylogenetic tree. The type I genes of sweet potato were further divided into three subfamilies, Mα, Mβ, and Mγ, whereas the type II genes were divided into 12 subfamilies.
The distribution of the sweet potato MADS-box genes on chromosomes was analyzed by chromosomal localization, and the analysis of the motif identified the MADS-box conserved domain motifs. Collinearity between and within chromosomes of sweet potato was analyzed using MCScanX to identify 19 MADS-box genes with segmental duplications or tandem duplications. Analysis of the MADS-box promoter region of sweet potato revealed that the MADS-box genes contain light-responsive elements, auxin-responsive elements, MeJA-responsive elements, abscisic acid-responsive elements, drought induction elements, and other cis-acting elements that respond to multiple environmental changes and coordinate growth and development. Furthermore, we analyzed the expression patterns of MADS-box genes in various tissues of sweet potato by transcriptome sequencing and qRT-PCR, and we found that the sweet potato MADS-box genes are involved in the growth and development of reproductive organs such as the flower and fruit, but also the growth and development of nutritional organs such as the root, stem, and leaf of sweet potato.
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