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Abstract: Chrysanthemum morifolium, an ornamental crop with diverse forms of inflorescence, is a good model for studying flower development in Asteraceae. However, the genetic background is complex and the mechanisms of regulating flower development are still unclear. Here, we identified two natural mutant lines of chrysanthemum and named them M1 and M2 according to the severity of the phenotype. Both lines showed defects in petal identity, and the petals of the M1 line had a mild phenotype: partially loss of petal identity and conversion of petals into green, leaf-like organs. The M2 line had severe phenotypes: in addition to severe petal defects, secondary inflorescences were produced in the capitulum to replace the normal ray and disc florets, which indicated a transformation of a flower meristem into an inflorescence meristem. Transcriptome sequencing of WT and M2 inflorescences was performed and found altered expression of floral organ development A, B and E class genes, where B and E class genes were significantly down-regulated. qRT-PCR analysis in both M1 and M2 lines revealed that the expression of three chrysanthemum class B genes CmAP3.1, CmAP3.2 and CmPI, was negatively correlated with phenotypic severity. This suggests that class B genes in chrysanthemum not only have conserved functions in determining petal identity but also were involved in the determinacy of the flower meristem. This study provides insights into the functions of class B genes in flower development, and is informative for dissecting the molecular mechanisms of flower development in chrysanthemum.

Keywords: Chrysanthemum morifolium; flower development; RNA-seq; ABCE model; B function; determinacy of flower meristem





1  Introduction

In the plant kingdom, the morphological structure of the flower and its arrangement in the inflorescence is important for its reproductive and evolutionary success [1]. Asteraceae, a widespread plant phamily, bears a unique and complex inflorescence that is composed of structurally and functionally different types of flowers, which is the key morphological innovation associated with its evolutionary success [2]. Chrysanthemum morifolium (chrysanthemum), bears two types of florets in its inflorescence, female ray florets with pistil and zygomorphic petals, and hermaphroditic disc florets with pistil, stamen and actinomorphic petals [3]. The inflorescence morphology of chrysanthemum is defined by the morphology of the ray and disc floret and their relative number, which directly determines its ornamental value. Therefore, it is quite important to dissect the floral developmental molecular regulatory network of chrysanthemum.

The early ABC model of flower development proposed that class A genes regulate sepal development, classes A and B genes regulate petal development, classes B and C genes regulate stamen development and class C genes regulate carpel development [4,5]. Later, several class E genes are proposed to be involved in the development of all four whorls of floral organs [6,7]. The flower organ development ABCE model is relatively conserved in flowering plants except A class genes, which appear to function only in Arabidopsis and its relatives [2,5]. In Asteraceae, the functions of class A genes have diverged. There are at least six APETALA1(AP1)-like genes in Gerbera hybrida (gerbera), Gerbera SQUAMOSA (GSQUA) 1-6, which have different expression patterns and are not exclusively expressed in the perianth whorl. Ectopic expression of GSQUA2 causes early flowering and defective vegetative growth in gerbera, while an ortholog of AGAMOUS-LIKE 6 (AGL6), GRCD3 with A-function, is involved in the development of gerbera pappus [8]. Ectopic expression of the AP1-like gene Chrysanthemum Dendrathema grandiflorum MADS (CDM) 111 or sunflower Helianthus annuus MADS (HAM) 75 and HAM92 resultes in early flowering [9], and overexpression of AP1-like gene CmAP1L1 in chrysanthemum also leads to the same phenotype [10]. As for class B genes, down-regulation of the expression of Gerbera DEFICIENS (GDEF) 2 and Gerbera GLOBOSA-like (GGLO) 1 in gerbera leads to developmental defects in stamen and petal. Although the GDEF1 transgenic gerbera had a mild phenotype, developmental defects in stamens and petals also occurred. These results suggest that class B genes in gerbera are functionally conserved and involved in the regulation of petal and stamen development [11]. However, ectopic expression of chrysanthemum CDM19 (ortholog of AtAP3) in the Arabidopsis affects carpel development, and can partially complement the phenotypes of ap3-3 mutant in Arabidopsis, revealing that the chrysanthemum AP3-like gene may have a novel function. Two C class genes, Gerbera AGAMOUS-LIKE (GAGA) 1 and GAGA2, with very high sequence similarity, have been identified in gerbera, and after overexpression of GAGA2, the corona of all florets appears stamen-like form. And in the lines with reduced expression of GAGA2, the ray florets develop corolla-like organs in the third whorl instead of the wild-type staminodes, while in all florets the pistillode and corolla replace the pistil as the fourth whorl, suggesting that gerbera GAGA1 and GAGA2 have the typical functions of C class genes [12]. In chrysanthemum, down-regulation of the class C gene CAG results in the conversion of stamens and pistils into corolla-like tissue, suggesting that the function of class C genes in chrysanthemum is also relatively conserved [13]. As for E class genes, the first reported class E gene in Asteraceae was GERBERA REGULATOR OF CAPITULUM DEVELOPMENT1 (GRCD1). GRCD1 was expressed in all four whorls of floral organs, with the highest expression in the third whorl. Down-regulation of GRCD1 expression results in the conversion of the staminodes of the third whorl florets into petals, suggesting that GRCD1 may be involved in determining the identity of the third whorl of floral organs in gerbera [14]. GRCD2 is highly expressed in early inflorescence tissues, and down-regulation of GRCD2 leads to the replacement of carpels by petal-like organs, suggesting that GRCD2 is involved in the determination of the identity of the fourth whorl floral organ in gerbera [8]. GRCD4 and GRCD5 are two partially functionally redundant SEP genes, both highly expressed in the pappus and petals (whorl 1 and 2 floral organs). Down-regulation of the expression of both genes leads to defects in petal development, suggesting that they may be involved in the development of the second whorl floral organs in gerbera [8].

In this study, we found two natural mutant lines of chrysanthemum, the M1 line with a mild phenotype showed defect in petal development, and the M2 line with the severe phenotype exhibited a transition from the flower meristem (FM) to the inflorescence meristem (IM) in addition to a significant petal developmental defect. Therefore, we performed transcriptome sequencing and gene expression analysis, aiming to identify genes associated with chrysanthemum petal development and floral meristem determinacy. The results suggested that class B and class E genes are involved in petal specification, and class B genes may be involved in FM identity determination.

2  Materials and Methods

2.1 Plant Materials, Tissue Collection, and Morphological Analysis

The WT and mutants of chrysanthemum were cultivated in a greenhouse, which is under artificial short daylight conditions of 8 h light/16 h dark. Temperature and humidity are managed using standard cultivation practices of a day/night temperature of 26°C/18°C and ∼70% relative humidity. Morphological observations were performed using the inflorescence at full bloom stage. The morphological structure of the florets was observed using a stereomicroscope (Olympus, Japan) and the entire inflorescence were taken for RNA extraction.

2.2 RNA Extraction and RNA-seq Analysis

We used commercial kits (Huayueyang, China) and performed RNA extraction from plant tissues according to the manufacturer’s instructions. Six RNA samples were obtained, including three biological replicates each of wild type and M2. The RNA samples were used for library preparation with NEBNext® Ultra™ RNA Library Prep Kit for Illumina. After removing adapters, tracts of poly N and low-quality reads, the remaining reads were assembled using Trinity software (v2.4.0) [15]. The unpublished chrysanthemum genome was used as the reference genome. Clean reads were aligned to the reference genome with hisat2 (2.0.5), and the alignment results were processed using featureCounts (1.5.0-p3) [16] for gene quantification. Differential expression analysis of two samples (each with three biological replications) was performed using the DESeq2 R package (1.16.1). The resulting P-values were adjusted using Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes with an adjusted P-value < 0.05 found by DESeq2 were assigned as differentially expressed genes. The RNA-seq raw data of 6 samples generated in this study have been deposited in the National Center for Biotechnology Information (NCBI) under accession number PRJNA838643.

2.3 GO and KEGG Enrichment Analysis

Gene Ontology (GO) enrichment analysis of differentially expressed genes was implemented by the clusterProfiler R package, in which gene length bias was corrected. GO terms with corrected P-value < 0.05 were considered significantly enriched by differential expressed genes.

KEGG is a database resource for understanding high-level functions and utilities of the biological system. We used clusterProfiler R package to test the statistical enrichment of differential expression genes in KEGG pathways.

2.4 Heatmap and Construction of Phylogenic Trees

TBtools was used to generate heatmap using log2 normalized FPKMs of samples. The sequences of A, B and E class genes were obtained from NCBI, TAIR databases, and our transcriptome data. Multiple sequence alignment of protein sequences was performed by MUSCLE software [17]. A phylogenetic tree based on the maximum likelihood method of the JTT matrix model [18] was constructed using MEGA-X [19]. Internal branch support was estimated using 500 bootstrap replicates.

2.5 qRT-PCR Analysis

RNA was extracted from the inflorescences at the full bloom stage, which was used in the next reverse transcription experiments. The PrimeScript RT reagent kit (TaKaRa, Japan) were used for cDNA synthesis and SYBR Premix Ex Taq II kit (TaKaRa, Japan) for the qRT-PCR which was performed on LightCycler 480 (Roche, Switzerland). Three biological replicates and three technical replicates were applied to each sample of qRT-PCR analysis. CmEF1α [20] was used as a reference gene for the 2−ΔΔCT method [21]. The primer sequences were obtained using Primer Premier (v5.0) (Table S1).

3  Results

3.1 Characterization of the Chrysanthemum Mutants

Two flower development mutant lines with different phenotypic severity were found in a greenhouse. The line with the mild phenotype was named Mutant 1 (M1) and the one with the severe phenotype was named Mutant 2 (M2). There was no significant difference between the wild type and the mutants in terms of stature and plant height (Figs. 1A–1C). Both the M1 and M2 lines showed highly modified inflorescence phenotypes, which were significantly distinct from the WT plants. In the mild M1 line, we found loss of petal identity and transformation of petals to green, leaf-like, or bract-like organs. In the more severe line M2, we found not only the loss of floral organ identity, but also the production of many secondary inflorescences instead of normal ray and disc florets, indicating the conversion of a floret into an inflorescence (Fig. 2G). Further analysis showed the florets of the wild-type line with typical pink ray floret petals (Fig. 2B) and yellow disc floret petals (Fig. 2C). The florets of M1 differentiated normally and still had the typical bilateral symmetrical ray florets (Fig. 2E) and radiate disc florets (Fig. 2F), but their colors all turned green and its ray flower petals showed the partial transformation of petals into leaf-like structures (Fig. 2E). The florets of M2 were not differentiated into ray and disk flowers, but developed into an inflorescence-like structure with multiple whorls of bract-like organs (Figs. 2G and 2H). After dissecting the peripheral bract-like structures, a developing inflorescence primordium-like structure was seen in the center (Fig. 2I, red arrow).
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Figure 1: Phenotype analysis of wild type and mutant lines. (A)–(C) Side view of the plants of wild type, Mutant 1 and Mutant 2, respectively; (D)–(F) Top view of the plants of wild type, Mutant 1 and Mutant 2, respectively; Bar = 3 cm
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Figure 2: Morphological observation of inflorescences and florets of wild type and mutant lines. (A) Inflorescence morphology at the early bloom stage of the wild type, Bar = 2 mm; (B)–(C) Ray and disc floret morphology at the early bloom stage of the wild type, Bar = 1 mm; (D) Inflorescence morphology at the early bloom stage of the Mutant 1, Bar = 2 mm; (E)–(F) Ray and disc floret morphology at the early bloom stage of the Mutant 1, Bar = 1 mm; (G) Inflorescence morphology of the Mutant 2, Bar = 1 cm; (H)–(I) Secondary inflorescence of the Mutant 2; the secondary inflorescence and the IM were pointed by the red arrows in G and I, respectively. Bar = 1 mm

3.2 Transcriptome Sequencing

To obtain gene expression profiles of chrysanthemum mutant inflorescences, RNA sequencing (RNA-seq) data were generated from the whole inflorescence of M2 and WT lines, each sample with three biological replicates. The mean number of reads was 44,279,558 (range 41,043,916–46,786,004), and 81.69% were able to map to the genome on average (range 81.33%–82.02%). Normalized read counts (Fragments Per Kilobase of exon model per Million mapped fragments, FPKM) for each gene were calculated, and genes with FPKM values lower than 0.5 were considered not expressed.

The FPKM-based estimates of transcript abundance were highly correlated between the replicates of each sample (Pearson correlation coefficient [PCC] 0.80–1.00) (Fig. 3B). Principal component analysis (PCA) proved that biological replicates of each sample were very similar to each other (Fig. 3A). These results demonstrate that the samples had good repeatability. There were 54,032 genes expressed in both samples (Fig. 3C), and we identified a total of 22,970 significantly differentially expressed genes, of which 12,551 were down-regulated and 10,419 were up-regulated (Fig. 3D).
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Figure 3: Sample correlation analysis and number of differentially expressed genes. (A) Principal component analysis. Principal component analysis of transcriptional profiles in WTIF (wild type inflorescence) and MIF (Mutant 2 inflorescence). (B) Pearson correlation analysis. Pearson correlation between the sample of WTIF and MIF with three biological replicates. (C) The overlap of differential transcription between WTIF and MIF. (D) Number of significantly differentially expressed genes in the transcriptome

3.3 Enrichment Analysis

We performed GO enrichment analysis and KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis on the differentially expressed genes. The gene expression patterns of 19832 DEGs were subjected to enrichment analysis.

GO is a comprehensive database describing the function of genes and is divided into three sections: biological process (BP), cellular component (CC) and molecular function (MF). GO enrichment analysis revealed multiple stress-related pathways in DEGs (Fig. 4). As the GO enrichment analysis showed, in the BP section, DEGs were significantly enriched in response to chemical (GO:0042221), response to oxygen-containing compound (GO:1901700), response to abiotic stimulus (GO:0009628), response to acid chemical (GO:0001101) and response to stress (GO:0006950) (Fig. S2). In the MF part, DEGs were mainly enriched in catalytic activity (GO:0003824), transcription regulatory region sequence-specific DNA binding (GO:0000976), transcription regulatory region DNA binding (GO:0044212), regulatory region DNA binding (GO:0000975) and regulatory region nucleic acid binding (GO:0001067) (Fig. S3). And in the CC part, genes were significantly enriched in cell (GO:0005623), cell part (GO:0044464), intracellular membrane-bounded organelle (GO:0043231), membrane-bounded organelle (GO:0043227) and intracellular part (GO:0044424) (Fig. S4). The GO enrichment analysis of BP showed that abiotic stress-related genes were significantly differentially expressed in the mutant, including water stress, chemical stress and etc., suggesting that the phenotypes of flower development may be related to the multiple stresses to which plants are exposed.
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Figure 4: Top 20 terms of GO enrichment analysis. Terms of response to multiple stress were pointed by red asterisks

KEGG enrichment analysis showed DEGs mainly enriched in Metabolic pathways (ko01100), Biosynthesis of secondary metabolites (ko01110), MAPK signaling pathway (ko04016), Plant-pathogen interaction (ko04626), Linoleic acid metabolism (ko00591), alpha-Linolenic acid metabolism (ko00592), Phenylpropanoid biosynthesis (ko00940), Biosynthesis of unsaturated fatty acids (ko01040), Fatty acid metabolism (ko01212) and Flavonoid biosynthesis (ko00941) (Fig. 5). KEGG enrichment results showed that the DEGs were mainly enriched in plant secondary metabolic processes including phenylpropanoid biosynthesis and flavonoid biosynthesis and lipid metabolism related to plant defense. Lipids are an important component of biological membranes and have a vital role in the interaction between plant cells and environment. In response to abiotic stresses such as temperature and drought, lipid metabolic signaling pathways can respond rapidly and function in stress resistance [22]. Lipid metabolism is also involved in plant defense against biotic stresses, and the common fatty acids in plants are palmitic, stearic, oleic, linoleic and linolenic acids, of which the levels of 18:1, 18:2 and 18:3 unsaturated fatty acids significantly affect the plant defense response [23]. The results of the KEGG enrichment analysis indicated that the DEGs were enriched in lipid metabolic processes, which are involved in plant defense and stress response, suggesting that the phenotypes of flower development may be related to defense and stress response. Moreover, the DEGs are enriched in phytohormone-related pathways, including tryptophan metabolism (ko00380), zeatin biosynthesis (ko00908) and Brassinosteroid biosynthesis (ko00905), indicating that in addition to lipid metabolism, auxin, cytokinin and brassinosteroid signaling pathways may also be involved in regulating flower development.
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Figure 5: Top 20 terms of KEGG enrichment analysis. Lipid-related terms were pointed by asterisks

3.4 Flower Development Genes Differentially Expressed in Mutant Line

To further identify the DEGs responsible for this phenotype, we investigated the results of GO enrichment analysis. We found significant enrichment in flower development terms, which contains 129 genes, including the orthologs of flower development B&E class genes (CmAP3, CmPI and CmSEP3), AGAMOUS-LIKE Genes (CmAGL15, CmAGL18, CmAGL24, CmAGL27 and CmAGL31), JAZs (CmJAZ1, CmJAZ2 and CmJAZ6), MYBs (CmMYB17, CmMYB21, CmMYB24, CmMYB28 and CmMYB35), WRKYs (CmWRKY54 and CmWRKY70), etc. (Fig. S1 and Table S2). Among them, multiple genes are involved in the regulation of flowering and flower development. AGL15 is involved in the regulation of Arabidopsis embryo development [24], AGL24 interacts with SOC1 to mediate the expression of LEAFY to regulate floral induction and floral development [25], and AGL27 and AGL31 are highly homologous to the flowering-time gene FLC in Arabidopsis [26]. This indicates that they may be related to flowering and flower development. JAZ1 responds to a wide range of stresses, including mechanical damage, shade and salt, and interacts with COI1, to regulate plant stress tolerance and multiple growth and developmental processes in Arabidopsis [27–29]. Otherwise, CmJAZ1 regulates the flower transition in chrysanthemum [30]. MYB17 is regulated by LEAFY and AGL15 to regulate inflorescence development in Arabidopsis [31]. MYB21 and MYB24 interact with the DELLA proteins to regulate filament elongation in Arabidopsis [32]. In this term we identified many genes that regulate flowering and flower development, and many of them were associated with stress. Therefore, we concluded that changes in the expression of genes related to flower development caused by multiple stresses contribute to this phenotype.

The floral homeotic genes, which constitute the ABCE model, are well-studied and control the development of the four whorls of floral organs [33]. In this study, we also found that several of these genes were significantly differentially expressed between WT and M2 (Table 1). We identified two A class genes and named them CmAP2.1/2.2, the orthologs of AtAP2, which are highly expressed in M2. The expression of class B genes CmAP3.1/3.2 and CmPI, which are the orthologs of AtAP3 and AtPI, respectively, was significantly downregulated in M2. The expression of three E class genes CmSEP1 and CmSEP3.1/3.2 was significantly changed, in which the expression of CmSEP1 was elevated and the expression of CmSEP3.1/3.2 was decreased (Fig. 6). Moreover, there was no change in the expression of A class gene CmAP1 and C class genes CmAG.
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Figure 6: Heatmap of differentially expressed ABE-like genes in chrysanthemum. The heatmap (with col scaled) showed that several class A genes were upregulated, while class B genes and class E gene CmSEP3.1/3.2 were significantly downregulated

We also used qRT-PCR analysis to validate the reliability of the RNA-Seq analysis and found that the qRT-PCR results were consistent with the data in the transcriptome (Fig. S5). To clarify the relationship between these homologous genes in chrysanthemum and those in gerbera and Arabidopsis, we constructed a phylogenetic tree of floral developmental ABCE-like genes of chrysanthemum, Arabidopsis and gerbera. The results showed that CmAP3.1/3.2 and CmPI were highly homologous to the class B genes GDEF2 and GGLO1 of gerbera, respectively, and CmSEP3.1 and CmSEP3.2 were highly homologous to the class E genes GRCD1 and GRCD5 of gerbera, respectively (Fig. 7).
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Figure 7: The phylogenetic tree of ABE proteins from Chrysanthemum morifolium (Cm), Gerbera hybrida (G), and Arabidopsis thaliana (At). The ABE proteins identified from our transcriptome were marked by blue, red, and green arrows, respectively. Maximum likelihood method and 500 bootstrap replications were used to generate the tree

To further illustrate the relationship between changes in the expression of classes B and E genes and alteration in floret identity, we verified the expression of classes A, B and E genes in the M1 line with mild phenotype. M1 did not show significant changes in inflorescence structure. The capitulum of M1 contained the peripheral ray florets and the inner disc florets, while its disc and ray floret morphology also did not show significant changes (Figs. 2A–2F). The results indicated that CmAP2.1 was significantly up-regulated, but the change was only about 2-fold, unlike the approximately 50-fold up-regulation in M2. The expression pattern of class B genes was consistent with that of M2, but the degree of down-regulation was significantly less than that of M2. The relative expression level of CmAP3.1, CmAP3.2 and CmPI in M1 were 0.35, 0.09 and 0.10, respectively, while the relative expressions of CmAP3.1, CmAP3.2 and CmPI in M2 were 0.12, 0.02 and 0.04, respectively. The trend of class E genes was also in agreement with M2, except that the down-regulation of CmSEP3.1 was slightly less than that of M2 (Fig. 8). In summary, M1 largely matched M2 in terms of trends in A, B, and E class genes, and showed a moderate level of variation in class B genes, consistent with its mild phenotype, indicating that B genes contribute to the loss of petal identity and flower meristem determinacy.
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Figure 8: qRT-PCR analysis of ABE-like genes in WT, M1, and M2 lines. Different letters (e.g., a, b and c) indicate significant differences of relative expression levels between WT, M1 and M2 (Duncan’s new multiple range test, P < 0.05)

4  Discussion

4.1 Abiotic Stresses and Mads-Box Transcription Factors Affect Flower Development

Plant development and their responses to stresses are often regulated by multiple regulatory networks, and MADS-box transcription factors (TFs) are a vital part of regulatory networks [3]. MADS-box genes were also involved in many periods of plant flower development, including floral transition, floral organ development, and fruit differentiation [33–35]. Environmental conditions can regulate flower development by influencing the expression of MADS-box TFs. In Arabidopsis, drought induced SOC1 expression, while the drought response was also dependent on the FLC/SVP complex to regulate flowering time [36,37]. In Arabidopsis and tomato, AGL15 and its orthologs were involved in ROS response-related regulation [38,39]. TOMATO APETALA3 (TAP3) was highly induced under cold stress conditions, and TAP3, TOMATO MADS BOX GENE6 (TM6), Lycopersicon esculentum PISTILLATA (LePI) were repressed in anther under mild heat conditions [40]. OsMADS3 affected the expression of many other ROS-scavenging enzymes, suggesting that this MADS gene regulated the male reproductive development partly through ROS homeostasis [38]. Multiple adversity-related terms such as response to chemical (GO:0042221), response to oxidative stress (GO:0006979), response to water (GO:0009415), and response to abiotic stimulus (GO:0009628) were significantly enriched. Many MADS-box genes including orthologs of AP3, PI, SEP3, AGL15, SOC1, etc. were significantly differentially expressed. Those results suggested that the changes in the expression of the MADS-box transcription factors due to stresses may be responsible for these phenotypes.

4.2 B Class Genes May Be Involved in Regulating the Flower Identity and in Chrysanthemum

All flowering plants have A, B, C, and E class genes and their variants that determine flower organ development. However, class A genes appeared to function only in Arabidopsis and its relatives [5,7]. In the Asteraceae, the ABCE model of gerbera has been studied. GSQUA-like genes and GRCD3 (ortholog of AtAGL6) likely contributed to the A function. Especially, GRCD3 was reported to be associated with pappus identity. GGLO1/GDEF2 belong to class B function genes, and GAGA1/GAGA2 to class C function genes. Class E genes were functionally differentiated in gerbera, with GRCD4/5 regulating petal development, GRCD1 regulating stamen, and GRCD2/7 regulating carpel [8,41]. In particular, we found that in addition to GRCDs affecting florets identity, as mentioned in gerbera, class B genes may be involved in the determination of FM identity in chrysanthemum, as s we found significant differences in class B genes between the two mutants with different severity of variation. More significant down-regulation of class B genes resulted not only in petal defects, but also in the conversion of FMs to IMs. In this study, we identified CmAP3.1/3.2 and CmPI as B class genes and CmSEP3.1/3.2 as E class genes in chrysanthemum. We propose that the second whorl of flower organ defect and altered identity of florets in chrysanthemums was due to significant down-regulation of multiple class B genes. In addition, we found that LFY and UFO, which have been reported to regulate the FM identity in gerbera [1], were not differentially expressed in the M2 mutant. These indicated that the function of class B genes in regulating the determination of IM identity may be downstream or independent of LFY and UFO.
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Figure S1: Heatmap of the genes of GO term flower development

[image: images]

Figure S2: GO enrichment of biological processes
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Figure S3: GO enrichment of molecular function
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Figure S4: GO enrichment of cellular component
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Figure S5: Expression pattern of chrysanthemum A, B and E class genes verified by RNA-Seq and qRT-PCR analysis in WT and M2
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Table 1: Differentially expressed ABE-like genes in M2 line

Gene ID log2FoldChange FDR Description

evm.TU. 5.09 1.18E-12  Floral homeotic protein APETALA 2; CmAP2.1
scaffold 1178.48

evm.TU. 8.76 5.01E-11 Floral homeotic protein APETALA 2; CmAP2.1
scaffold 4678.180

evm.TU.scaffold 4214.1 3.76 1.16E-09  Floral homeotic protein APETALA 2; CmAP2.1
evm.TU. 0.83 0.01 Floral homeotic protein APETALA 2; CmAP2.2
scaffold 1453.55

evm.TU.scaffold 6.241 -3.91 5.19E-25  Floral homeotic protein PMADS 1; CmAP3.2
evm.TU. -5.35 1.11E-03  Floral homeotic protein PMADS 1; CmAP3.2
scaffold asm16 new.588

evm.TU. -1.76 5.70E-14  Floral homeotic protein DEFICIENS; CmAP3.1
scaffold 560.196

evm.TU. —3.97 8.70E-190 Floral homeotic protein PMADS 2; CmPI
scaffold 4253.83

evm.TU. -3.90 2.99E-178 Floral homeotic protein PMADS 2; CmPI
scaffold 1460.36

evm.TU. 0.70 0.03 AGAMOUS-like MADS-box protein
scaffold 915.251 AGL2 homolog; CmSEP1

evm.TU. 1.06 9.05E-05 AGAMOUS-like MADS-box protein
scaffold 1699.173 AGL2 homolog; CmSEP1

evm.TU. —4.13 4.08E-94 AGAMOUS-like MADS-box protein

scaffold 1719.103 AGL9 homolog; CmSEP3.1

evm.TU. -3.93 1.31E-69 AGAMOUS-like MADS-box protein

scaffold 1658.92 AGL9 homolog; CmSEP3.1

evm.TU. —2.17 2.94E-18 AGAMOUS-like MADS-box protein

scaffold 1082.18 AGL9 homolog; CmSEP3.2

evm.TU. —4.25 6.99E-16 AGAMOUS-like MADS-box protein

scaffold 839.104 AGL9 homolog; CmSEP3.2
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Table S2: Gene list of GO term flower development

Gene ID log2FoldChange FDR Description

evm.model.scaffold 541.203 -4.75 9.95E-03 APETALA 3, AP3.1

evm.model.scaffold_6.241 -3.91 5.19E-25 APETALA 3, AP3.2

evm.model. —5.35 1.11E-03 APETALA 3, AP3.2

scaffold asm16_new.588

evm.model.scaffold 10013.3 4.47 1.97E-24 HEAVY METAL ASSOCIATED PROTEIN 43, HMP43

evm.model.scaffold_18.61_evm. 4.30 6.57E-14 HEAVY METAL ASSOCIATED PROTEIN 43, HMP43

model.scaffold 18.62

evm.model.scaffold 262.31 5.29 8.58E-03 LIGHT SENSITIVE HYPOCOTYLS 4, LSH4

evm.model.scaffold 688.10 3.72 2.39E-04 LIGHT SENSITIVE HYPOCOTYLS 4, LSH4

evm.model.scaffold 311.195 -3.39 6.16E-08 SECI14-LIKE 3, SFH3

evm.model.scaffold 919.216 4.48 5.52E-08  60S ribosomal protein L27a, RPL27A

evm.model.scaffold 390.59 =5.50 1.04E-23 AGAMOUS-LIKE 15, AGL15

evm.model.scaffold 8450.35 —6.20 3.46E-10 AGAMOUS-LIKE 15, AGL15

evm.model.scaffold 9505.222 -6.21 5.25E-07 AGAMOUS-LIKE 18, AGL18

evm.model.scaffold 1702.41 791 1.27E-08 AGAMOUS-LIKE 24, AGL24

evm.model.scaffold_2266.14 6.63 8.67E-12 AGAMOUS-LIKE 24, AGL24

evm.model.scaffold 1742.25 5.29 1.67E-03 AGAMOUS-LIKE 27, AGL27

evm.model.scaffold_1742.31 -3.18 8.31E-04 AGAMOUS-LIKE 31, AGL31

evm.model.scaffold 11314.91 —4.12 7.22E-08  AKIN subunit gamma-like PV42a

evm.model.scaffold_493.17 —8.31 1.07E-09 ARGONAUTE 4, AGO4

evm.model.scaffold 1196.99 5.29 8.75E-03 ASYMMETRIC LEAVES 2. AS2

evm.model.scaffold 48.885 =5.77 1.97E-04 Basic helix-loop-helix 21, bHLH21

evm.model.scaffold 9609.157 —5.36 4.86E-12  Basic helix-loop-helix 21, bHLH21

evm.model.scaffold 248.10 —7.85 2.55E-89  Basic helix-loop-helix 79, bHLH79

evm.model.scaffold 1749.92 5.18 2.66E-03  basic helix-loop-helix 88, bHLH8S

evm.model.scaffold 1019.138 -5.76 1.32E-03 BASIC LEUCINE-ZIPPER 70, bZIP70

evm.model.scaffold_950.152 -7.31 5.59E-07 BASIC LEUCINE-ZIPPER 70, bZIP70

evm.model.scaffold_1187.256 —6.87 3.06E-05 Bidirectional sugar transporter NEC1

evm.model.scaffold_868.104 —-10.15 2.60E-09 Bidirectional sugar transporter NEC1

evm.model.scaffold_888.90 -4.76 0.04 HISTONE H2A 8, HTA8

evm.model.scaffold 9627.344 3.13 7.30E-03 HOMEOBOX 51, ATHBS51

evm.model.scaffold 1670.210 -3.30 9.98E-03 JAHHED

evm.model.scaffold_400.97 3.21 3.80E-11 JASMONATE-ZIM-DOMAIN PROTEIN 1, JAZ1

evm.model.scaffold 499.172 4.41 1.54E-05 JASMONATE-ZIM-DOMAIN PROTEIN 1, JAZ1

evm.model.scaffold 537.52 3.89 2.29E-10 JASMONATE-ZIM-DOMAIN PROTEIN 1, JAZ1

evm.model.scaffold 828.22 9.74 3.79E-09 JASMONATE-ZIM-DOMAIN PROTEIN 1, JAZ1

evm.model.scaffold 6916.92 4.68 4.91E-17 JASMONATE-ZIM-DOMAIN PROTEIN 2, JAZ2

evm.model.scatfold_704.337 5.06 2.95E-65 JASMONATE-ZIM-DOMAIN PROTEIN 2, JAZ2

evm.model.scaffold 10243.115 3.83 5.35E-17 JASMONATE-ZIM-DOMAIN PROTEIN 6, JAZ6

evm.model.scaffold_12286.24 7.66 2.50E-07 JASMONATE-ZIM-DOMAIN PROTEIN 6, JAZ6

evm.model.scaffold_1394.145_evm. 6.25 8.21E-06 JASMONATE-ZIM-DOMAIN PROTEIN 6, JAZ6

model.scaffold_1394.148

evm.model.scaffold_1627.214 6.25 9.78E-10 JASMONATE-ZIM-DOMAIN PROTEIN 6, JAZ6

evm.model.scaffold_1805.112_evm. —3.85 3.08E-05 JUMONIJI DOMAIN-CONTAINING PROTEIN 25, IMJ25

model.scaffold 1805.113

evm.model.scaffold 2872.37 —4.01 3.54E-04 JUMONIJI DOMAIN-CONTAINING PROTEIN 25, JIMJ25

evm.model.scaffold_1187.546 6.89 9.01E-06 LIPOXYGENASE 3, LOX3

evm.model.scaffold 1769.36 5.50 2.43E-16 LIPOXYGENASE 3, LOX3

evm.model.scaffold 254.261 5.88 1.70E-08 LIPOXYGENASE 3, LOX3

evm.model.scaffold 990.65 —3.67 0.04 MALE STERILITY 1, MS1

evm.model.scaffold 1627.278 7.22 8.48E-07 MAP KINASE KINASE 5, MKK5

evm.model.scaffold 1819.24 7.03 2.43E-06 MAP KINASE KINASE 5, MKK5

evm.model.scaffold 648.103 522 0.01 MAP KINASE KINASE 5, MKK5

evm.model.scaffold_9357.64 8.35 9.23E-10  MAP KINASE KINASE 5, MKK5

evm.model.scaffold_1645.9 5.01 0.02 MDIS1-INTERACTING RECEPTOR LIKE KINASE2, MIK2

evm.model.scaffold_1097.516 —6.51 5.67E-05 MINI ZINC FINGER 2, MIF2

evm.model.scaffold 5813.18 -3.74 1.33E-17 MINI ZINC FINGER 2, MIF2

evm.model.scaffold 1458.41 -3.99 0.02 MYB DOMAIN PROTEIN 17, MYB17

evm.model.scaffold 117.173 —8.03 2.34E-08 MYB DOMAIN PROTEIN 21, MYB21

evm.model.scaffold 1365.142 —8.86 3.21E-22 MYB DOMAIN PROTEIN 21, MYB21

evm.model.scaffold 1450.47 =7.35 5.78E-89 MYB DOMAIN PROTEIN 21, MYB21

evm.model.scaffold 3285.38 -9.74 2.87E-08 MYB DOMAIN PROTEIN 21, MYB21

evm.model.scaffold 7588.103 -7.40 4.72E-07 MYB DOMAIN PROTEIN 21, MYB21

evm.model.scaffold 117.390 -12.15 5.21E-15 MYB DOMAIN PROTEIN 24, MYB24

evm.model.scaffold 1763.36 4.97 0.03 MYB DOMAIN PROTEIN 28, MYB28

evm.model.scaffold 248.7 —7.26 7.00E-07 MYB DOMAIN PROTEIN 35, MYB35

evm.model.scaffold 393.24 -5.93 6.84E-04 MYB DOMAIN PROTEIN 35, MYB35

evm.model.scaffold 4404.77 —6.69 3.39E-06 NAC DOMAIN CONTAINING PROTEIN 2, NAC2

evm.model.scaffold 455.319 -6.71 1.14E-05 NAC DOMAIN CONTAINING PROTEIN 2, NAC2

evm.model.scaffold_8801.406 —7.00 3.16E-06 NAC DOMAIN CONTAINING PROTEIN 2, NAC2

evm.model.scaffold_1618.423 -3.15 0.02 NAC DOMAIN CONTAINING PROTEIN 43, NAC43

evm.model.scaffold 11779.75 —5.89 7.15E-04  Nodulin homeobox; NDX1

evm.model.scaffold 35.150 -3.70 0.03 Nodulin homeobox; NDX1

evm.model.scaffold 11771.233 —4.85 0.03 OVA9, OVULE ABORTION 9

evm.model.scaffold 560.236 —3.45 0.02 PER9, PEROXIDASE 9

evm.model.scaffold 1460.24 —4.05 1.12E-17 PISTILLATA, PI

evm.model.scaffold 1460.36 -3.90 2.99E-178 PISTILLATA, PI

evm.model.scaffold 4253.117 -3.95 2.52E-62 PISTILLATA, PI

evm.model.scaffold 4253.83 -3.97 8.70E-190 PISTILLATA, PI

evm.model.scaffold 234.71 -5.51 3.39E-03  Plastocyanin-like domain Protein

evm.model.scaffold_833.10 3.74 1.72E-15 POLY(A) POLYMERASE 1, PAPS1

evm.model.scaffold 1658.92 -3.93 1.31E-69 SEPALLATA3, AGLY/SEP3

evm.model.scaffold_1719.103 —4.13 4.08E-94 SEPALLATA3, AGL9/SEP3

evm.model.scaffold _1021.55 —7.24 4.08E-10 SQUAMOSA PROMOTER-BINDING PROTEIN-LIKE 12,
SPL12

evm.model.scaffold_1447.24 —5.55 5.47E-04 SQUAMOSA PROMOTER-BINDING PROTEIN-LIKE 5,
SPLS

evm.model.scaffold 464.170 5.04 0.03 STERILE APETALA PROTEIN, SAP

evm.model.scaffold 749.437 4.30 9.27E-04 STYI1-LIKE

evm.model.scaffold 216.28 3.91 8.73E-65 SUPPRESSOR OF BIR1 1, SOBIR1

evm.model.scaffold 919.106 4.36 5.71E-40 SUPPRESSOR OF BIR1 1, SOBIR1

evm.model.scaffold 9671.16 3.57 5.94E-64 SUPPRESSOR OF BIR1 1, SOBIR1

evm.model.scaffold 1583.210 =7.73 1.31E-07 SWEET9

evm.model.scaffold 1017.210 —9.68 5.11E-14 TERMINAL FLOWER 1, TFL1

evm.model.scaffold 1017.45 —-11.78 3.33E-21 TERMINAL FLOWER 1, TFL1

evm.model.scaffold 1017.51 —9.88 3.26E-29 TERMINAL FLOWER 1, TFL1

evm.model.scaffold_166.161 —6.22 1.78E-04 TERMINAL FLOWER 1, TFL1

evm.model.scaffold 166.163 =7.71 7.72E-12 TERMINAL FLOWER 1, TFL1

evm.model.scaffold 1536.8 -3.57 1.20E-08 TFL1-LIKE Protein

evm.model.scaffold 9466.10 -3.56 2.38E-22  TFL1-LIKE Protein

evm.model.scaffold 1259.32 —4.76 0.05 TRYPTOPHAN AMINOTRANSFERASE RELATED 2,TAR2

evm.model.scaffold_1659.139 3.43 3.16E-05 WRKY DNA-BINDING PROTEIN 54, WRKY54

evm.model.scaffold 1693.344 4.49 1.29E-22 WRKY DNA-BINDING PROTEIN 54, WRKY54
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Table S1: Primer list of floral homeotic ABE genes

Primer name

Sequence (5°-3”)

CmAP2.1-RT-F
CmAP2.1-RT-R
CmAP2.2-RT-F
CmAP2.2-RT-R
CmAP3.1-RT-F
CmAP3.1-RT-R
CmAP3.2-RT-F
CmAP3.2-RT-R
CmPI-RT-F
CmPI-RT-R
CmSEP3.1-RT-F
CmSEP3.1-RT-R
CmSEP3.2-RT-F
CmSEP3.2-RT-R

TGAGGAATGGAAAACAGGAATG
TAGAGGCAACGGGAATGGG
CCAAACTGTGAGGAAATAGCAATAG
GAGAACACGGGAACGGAAGA
TGAATTTGATATAAGGGGGGAGG
CAAGGAATAGGTGGTGAGGTCTG
GGGATGATAGAGGATGGAGTCG
ATTGTTGGGATGGTCGGG
GAGCAAGTTTTGGAGGAGG
GCATTGGCTGGACACGA
AGATGGAACACCACCTTTACG
CACAACCAGTTGGATGATAGAA
AGCCCAACAAGAAGTAGTATGC
CCACAGTCTAGGGGATGAAAG
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