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Abstract

:

The soybean (Glycine max (L.) Merr.) is an important oil and food crop. Its growth and development is regulated by complex genetic networks, and there are still many genes with unknown functions in regulation pathways. In this study, GmNMHC5, a member of the MADS-box protein family, was found to promote flowering and maturity in the soybean. Gene expression profiling in transgenic plants confirmed that the 35S:GmNMHC5 T3 generation had early flowering and precocity. We used CRISPR-Cas9 to edit GmNMHC5 and found that late flowering and maturity occurred in Gmnmhc5 lines with stable inheritance. Remarkably, in the 35S:GmNMHC5 plants, the expression of flowering inhibitors GmFT1a and GmFT4 was inhibited. In addition, overexpression of GmNMHC5 in ft-10 (a late flowering Arabidopsis thaliana mutant lacking Flowering Locus T (FT) function) rescued the extremely late-flowering phenotype of the mutant A. thaliana. These results suggest that GmNMHC5 is a positive transcription factor of flowering and maturity in the soybean, which has a close relationship with FT homologs in the flowering regulation pathway. This discovery provides new ideas for the improvement of the flowering regulation network, and can also provide guidance for future breeding work.
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1. Introduction


The MADS-box family is an important transcriptional regulator in plants. Members of this family have a similar secondary structure including the N-terminal DNA-binding MADS-box domain. The MADS-box domain is followed by an intervening region, the K-box, involved in protein–protein interactions, and the C-terminus, in which the divergence among members is greater [1]. MADS-box family proteins play a wide range of functions in plants, especially in the regulation of flowering time and the development of various reproductive organs [2,3,4]. The Arabidopsis MADS-box genes, e.g., AGAMOUS-LIKE 20 (AGL20), SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1), and AGAMOUS-LIKE 28 (AGL28), positively regulate the flowering process [5,6,7]. In turn, AGAMOUS-LIKE 18 (AGL18) negatively regulates flowering [8].



Some MADS-box genes are also involved in the regulation of root development. GmNMH7, a MADS-box transcription factor (TF), was found to inhibit root development and nodulation of the soybean [9]. ARABIDOPSIS NITRATE REGULATED 1 (ANR1) functions nutrient response in the roots and controls lateral root elongation in response to nitrate [10]. Recent studies have shown that AGL17 is also involved in the regulation of flowering time, which can promote the flowering of Arabidopsis by promoting the expression of LFY and AP1 [11]. Early research has shown that nmhC5, which is orthologous to root-expressed AGL17 subfamily proteins in Arabidopsis, forms homodimers and performs its functions by binding to a CArG consensus sequence in vitro [12]. GmNMHC5 was originally cloned from soybean (Glycine max) root nodules and was confirmed to promote the growth of soybean lateral root and root nodules using the soybean root transformation system [13].



The entire growth cycle of plants is influenced by the external environment and regulated by internal factors, of which the transformation from vegetative growth to reproductive growth is particularly important for determining the flowering time of plants. In most cases, how these genes act in regulating flowering time is not clear, but fundamental insights into the mechanisms underlying the transformation have been presented in recent years [14]. The soybean is a typical short-day plant, and its flowering process is strictly regulated by photoperiod. Its flowering process can be reversed when switching from short-day (SD) to long-day (LD) conditions [15]. Recent studies have revealed the maturity gene E9 is FT2a, an ortholog of Arabidopsis FLOWERING LOCUS T [16]. Located downstream of the complex flowering regulation network, the Flowering Locus T (FT) homologs play very important regulatory roles, and have become a hotspot in the field of plant research.



Many studies suggest that FT has a central position in mediating the floral transition, being induced and transported to the apical meristem from leaves to perform functions [17,18]. Ten FT homologous genes have been identified in the soybean, but their roles in flowering regulation are different. GmFT2a and GmFT5a in soybeans were shown to be positive promoting factors of the flowering process [19,20,21,22]. GmFT4 was shown to delay flowering in Arabidopsis [23]. In a recent study, GmFT1a was found to inhibit the flowering of the soybean [24]. FT was also revealed to be an important integrating factor in the photoperiodic pathway that was regulated by CONSTANS (CO) [25] and the FT/FD protein complex [26].



In this study, we found that overexpression of GmNMHC5 promoted early flowering and early maturation of the soybean, and the CRISPR-Cas9-edited Gmnmhc5 lines showed an obvious late flowering phenotype, with the mature stage being delayed accordingly. We also created Arabidopsis transgenic lines 35S:GmNMHC5-ft-10 and used them to reveal the relationship between GmNMHC5 and FT in regulating the flowering pathway. Taken together, we propose that GmNMHC5 is a positive regulator of flowering, and the soybean has developed a balanced pathway to control flowering through coordinated regulation between the flowering promoter GmNMHC5 and repressors GmFT1a and GmFT4.




2. Results


2.1. Overexpression of GmNMHC5 Significantly Promoted Flowering in Soybeans


To investigate the function of GmNMHC5, a constructed plasmid containing the GmNMHC5 CDS driven by the CaMV 35S promoter was transformed into the soybean Jack cultivar at mid-maturity. In the T2 generation, we compared the flowering time between GmNMHC5 overexpression transgenic lines and WT plants under natural conditions (summer) in Beijing, China. We found that GmNMHC5 overexpression in homozygous lines promoted flowering. The T3 progeny of the homozygous GmNMHC5-T3#5, GmNMHC5-T3#25, and GmNMHC5-T3#32 lines were grown under both LD and SD photoperiodic conditions, and the genotypes were subsequently examined to confirm that GmNMHC5 was stably overexpressed when inherited from the T2 generation (data not shown).



In terms of flowering, 35S:GmNMHC5 mutants showed early flowering under both LD and SD (Figure 1a,b). The WT plants flowered at 35.4 days after emergence (DAE) under SD conditions, while the GmNMHC5 transgenic lines flowered at 22.6 DAE (line 5), 21.0 DAE (line 25), and 21.7 DAE (line 32). Under LD conditions, the WT plants flowered at 46 DAE, while the flowering dates of the three transgenic lines were 38.8 DAE (line 5), 39.2 DAE (line 25), and 37.9 DAE (line 32). Through statistical analysis of sufficient samples, we confirmed that GmNMHC5 promoted soybean flowering under both LD and SD conditions (Figure 1d). At the same time, the GmNMHC5 overexpression plants also showed precocious maturation (Figure 1c,e). Under SD conditions, GmNMHC5 transgenic strains were matured at 44.0 DAE (line 5), 45.0 DAE (line 25), and 45.4 DAE (line 32), respectively, while the WT matured at 55.4 DAE. Under LD conditions, WT plants matured at 69.8 DAE, and the maturation time of the three transgenic strains was 61.1 DAE (line 5), 59.4 DAE (line 25), and 55.4 DAE (line 32).




2.2. Flower Development of the 35S:GmNMHC5 Lines Occurred Earlier than That of the Wild-Type Lines


Paraffin sections of the wild-type and 35S:GmNMHC5 materials in different periods were made to compare their anatomical structure. Under the same growth conditions, the flower primordia structure of the 35S:GmNMHC5 lines appeared at 30 DAE, while no flower structure was observed in the WT. At 36 DAE, the wild-type flower primordia had formed. At 46 DAE, the flower structures of wild-type plants was complete, but the GmNMHC5 overexpression plants had already completed pollen formation (Figure 2).




2.3. Targeted Mutagenesis of Gmnmhc5 Induced by CRISPR-Cas9


GmNMHC5 was edited by the editing tool CRISPR-Cas9. One target site (named GmNMHC5-SP1) in the second exon of GmNMHC5 was chosen (Figure 3a), and the corresponding sgRNA-Cas9 vector was transformed into the soybean cultivar Jack via Agrobacterium tumefaciens mediated transformation. In this experiment, we obtained 12 transformed plants (87 seeds) in the T0 generation, which were tested by sequencing including three edited strains (Gmnmhc5-#5-1 to Gmnmhc5-#5-3). We separately planted individual edited plants. The T1 generation seeds were detected as for T0. After sequencing, we got successfully edited three lines plants (Gmnmhc5-#5-1 to Gmnmhc5-#5-3) in these T1 homozygous lines. After sequencing comparison, we detected one mutation right at the target site GmNMHC5-SP1 (112-bp insertion and 6-bp mutation) (Figure 3b,c). The type of frameshift mutations induced by CRISPR-Cas9 at the target site of GmNMHC5 generated premature translation termination codons (PTCs) (Figure S1). Therefore, the GmNMHC5 gene will not be translated and the function will be lost. We therefore chose these 3 lines for continuous breeding and subsequent phenotypic analyses. By planting Gmnmhc5-#5-1 to Gmnmhc5-#5-3 separately, we obtained a T2 generation (including 33 plants) with stable inheritance of editing type and conducted phenotypic analyses. In addition, we also tested the marker gene bar with a test strip, and the test strips were all positive (Figure S2), indicating that CAS9 cassette still exists in the mutant strain. Thus, the stable inheritance of induced mutation (Gmnmhc5-#5-1 to Gmnmhc5-#5-3) was obtained.




2.4. Gmnmhc5 Showed Obviously Late Flowering in Soybean


In the T1 generation of Gmnmhc5, we compared the flowering time between the mutants and the WT and found that homozygous mutagenesis of Gmnmhc5 at the target site delayed flowering time. The T2 progeny of homozygous Gmnmhc5-#5-1 to Gmnmhc5-#5-3 lines were grown under both LD and SD photoperiodic conditions. Under LD conditions, the T2 Gmnmhc5 mutants did not have floral buds when WT plants had already flowered. When Gmnmhc5 flowered, the WT plants began to produce pods (Figure 4a). Under SD conditions, the T2 Gmnmhc5 mutants did not have floral buds when WT plants were flowering, and when Gmnmhc5 began to flower, the WT plants had obvious pods (Figure 4b). The comparison of flowering time between T2 homozygous Gmnmhc5 mutants and WT plants under both LD and SD conditions is shown in Figure 4d. In addition, the Gmnmhc5 mutants also showed late maturation (Figure 4c,e). The fact that loss of function of GmNMHC5 delayed flowering and maturation phenotype under both LD and SD conditions strongly suggests that GmNMHC5 is a positive factor of flowering.




2.5. Overexpression of GmNMHC5 Inhibited the Expression of FT1a and FT4


To further investigate the molecular mechanism of GmNMHC5 on flowering, we used transcriptome sequencing (RNA-Seq) to explore differential gene expression in response to overexpression of GmNMHC5. Compared with the WT, there were 4414 and 1522 differentially expressed genes (DEGs) in the two independent transformation events (line 32 and line 25) (Table S1,2). Among them, there were 1081 genes with common differences between two independent transformation events (Table S3). To ensure the reliability of the data, we only used these 1081 DEGs in the following analysis. Comparative analysis using the Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html) and Uniprot (https://www.uniprot.org/) databases indicated that at least 22 overlapping DEGs (including GmNMHC5) showed homology with known flowering time-associated genes from Arabidopsis. The heat map of the differentially expressed genes in the transcriptome data and the results of GO enrichment analysis are uploaded to the Figure S3. In the two parts of up-regulation and down-regulation, the top ten pathways with the most DIGs were selected, and the specific contents of these analyses were listed in the supplementary documents (Table S4,5).



Two flowering inhibition genes, GmFT1a and GmFT4, were severely suppressed by overexpression of GmNMHC5, while the key promotion genes, GmFT2a and GmFT5a, in the classical flowering pathway showed no clear up or down trend in the 35S:GmNMHC5 transgenic lines, implying that the overexpression of GmNMHC5 might cause early flowering in soybeans through inhibiting the flowering suppressor genes. To further confirm this conjecture, we performed qRT-PCR assays with leaf samples to verify the expression of the four genes (GmFT1a, GmFT2a, GmFT4, and GmFT5a) identified from the RNA-Seq analysis (Figure 5). The results suggested that the expressions of these genes were consistent with the RNA-Seq results. The primers used in this section are also shown in Table S6.




2.6. GmNMHC5 Could Rescue the Extremely Late Flowering of ft-10 in Arabidopsis


In order to further explore the relationship between GmNMHC5 and FT in the flowering regulatory network, GmNMHC5 was overexpressed in ft-10 of Arabidopsis. The late flowering phenotype of ft-10 was rescued after heterologous expression of GmNMHC5 (Figure 6a). The flowering time of transgenic plant 35S:GmNMHC5-ft-10 was basically the same as that of wild Arabidopsis thaliana (Figure 6b), revealing the functional complementarity effect of GmNMHC5 on FT. This result provided a basis for further study on the positioning of GmNMHC5 in the flowering network, especially in the regulatory relationship with FT.





3. Discussion


The gene GmNMHC5 belongs to the MADS-box family. The MADS-box family has been confirmed as important transcription factors (TFs) involved in multiple stages of plant growth and development. Previous studies have revealed that they participate in development of angiosperm flower organs [27], in regulating the time of flowering initiation and tissue differentiation [28,29], and in the regulation of pollen [30] and fruit development [31,32]. Moreover, the MADS-box family also plays an important role in plant root development. For example, AGL19 has been shown to be specifically expressed in root meristem and central column cells of mature roots in Arabidopsis [33]. Our research group also confirmed that GmNMHC7 inhibits nodulation [9]. In addition to the genes that regulate flowering and root development alone, there are also some genes that are involved in both flowering and root development, such as SHP1, SHP2, STK, AGL20 [34,35], and AGL12 [36,37], highlighting bi-functional genes. Our previous research showed that GmNMHC5 promotes soybean and lateral root development and nodule formation [13]. In this study, overexpressing this gene promoted flowering under both LD and SD, while using the CRISPR-Cas9 to edit GmNMHC5 delayed flowering, showing that GmNMHC5 is a soybean flowering promoting factor. These results indicate that GmNMHC5 has dual functions in the regulation of flowering and in the nodulation process.



In Arabidopsis, SUPPRESSOR OF OVEREXPRESSION OF CO1 (SOC1) (also a member of the MADS-box family), a very important TF that integrates the signaling from the gibberellin (GA)-dependent pathway, can induce flowering in non-flowering mutants [38]. Overexpression of SOC1 promotes flowering under both LD and SD, while soc1 mutants exhibit late flowering [5,39]. Since a similar regulatory function was observed in GmNMHC5, we can infer that GmNMHC5 may have a similar regulatory pattern as SOC1. Since GmNMHC5 and SOC1 have the same pattern in the regulation of flowering, we believe that GmNMHC5 has the same important function as SOC1 in the regulation pathway of flowering. This conjecture adds a new element for further study of the flowering regulation network of soybean.



FT is the key point to integrate signals from various flowering pathways to regulate flowering. Therefore, the relationship between relevant genes and FT in the flowering regulation network has gradually become a research hotspot. The flowering promotion of FT, as a component of florigen, is conserved in many plants [40]. In recent years, it has been found that the FT gene differentiated in the process of evolution, resulting in its ability to inhibit flowering. For example, in sugar beet (Beta vulgaris L.), there are two FT homologous genes, BvFT1 and BvFT2, which have completely opposite regulatory effects on flowering [41]. Similarly, Kong et al. found at least ten FT genes in the soybean, among which GmFT2a and GmFT5a were induced under SD and could interact with GmFDL19 to promote soybean flowering [20,21]. After targeted editing by CRISPR-Cas9, the GmFT2a mutants showed obviously late flowering [22]. Therefore, the potential flowering inhibition of GmFT1a and GmFT4 proves that FT genes in the soybean also have functional differentiation, that is, they jointly control the direction of plant growth.



In this study, transcriptome analysis showed that the expression levels of GmFT1a and GmFT4 in GmNMHC5 overexpressed transgenic lines were significantly lower than those in the wild type, while there was no significant difference between GmFT2a and GmFT5a. These results were also confirmed by QT-PCR. Therefore, we hypothesized that GmNMHC5 promoted flowering and inhibited the flowering-inhibiting genes. As there is currently no further evidence to prove a clear causal relationship between the two, the conjecture has certain limitations, suggesting a direction for future research.



However, experiments in which GmNMHC5 was overexpressed in ft-10 suggested that GmNMHC5 could rescue the function of the deficient FT, so we speculated that GmNMHC5 was located downstream of FT in the flowering pathway of Arabidopsis. This seems contradictory, but there can only be one explanation, that is, they are located in two different regulatory pathways and thus do not have a simple upstream and downstream relationship; parallel pathways likely exist. In Arabidopsis, Yamaguchi et al. have shown that TWIN SISTER OF FT (TSF) is located in a specific flowering regulation pathway other than that carried out by FT, despite it also being a homologous gene of FT [42]. Therefore, we speculate that GmFT1a and GmFT4 (both flowering suppressor genes) and the promotion genes (GmFT5a and GmFT2a) are similar to the regulatory pattern of TSF and FT in Arabidopsis suggested by Yamaguchi et al. Namely, the two gene groups also show a parallel regulatory relationship in soybean flowering. Based on the GmNMHC5 regulation, this study also elucidates the regulation mode of this group of homologous FT genes, providing a new idea for further research on the localization of the ten members of FT homologs in the soybean in the flowering regulation network.



The soybean is sensitive to photoperiod, and switches from vegetative growth to reproductive growth only after the sunshine length is shortened to a certain limit. A cultivar can thus only be grown in a limited area. The discovery of the function of GmNMHC5 in regulating flowering in this study is expected to be used in breeding practice to coordinate with other genes that control flowering and adjust the photoperiod sensitivity of soybeans so as to expand or adjust the applicable area of soybean varieties. Further research on this gene is likely to have important guiding significance in future breeding work.




4. Material and Methods


4.1. Plant Materials and Growth Conditions


In this study, the soybean (Glycine max (L.) Merr.) cultivar Jack was selected as the wild type. Non-transgenic strains of Jack were used as the control group, and denoted WT. The experimental groups contained 35S:GmNMHC5 mutant plants (overexpression of the GmNMHC5 gene) and Gmnmhc5 plants (targeted mutagenesis of GmNMHC5 induced by CRISPR-Cas9), constructed from the wild-type Jack. DNA extracted from leaf tissue was used to examine the CRISPR-Cas9-induced mutations at the target site using PCR and DNA sequencing analysis. The T0 transgenic lines containing the T-DNA of the sgRNA-Cas9 vectors were identified, and then, all collected seeds from these self-pollinated T0 lines were planted under natural conditions (summer) in Beijing, China. Site-directed mutagenesis of Gmnmhc5 was also observed at the target site in the T1 generation. Seeds of WT, 35S:GmNMHC5 (from T1 generation), and Gmnmhc5 (from T1 generation) homozygous mutants were separately grown in a controlled culture room under long-day (LD, 16 h light/8 h dark) and short-day (SD, 12 h light/12 h dark) photoperiodic conditions at 27 °C with 50% relative humidity. After screening, we successfully obtained stable genetic overexpression lines 35S:GmNMHC5#5, 35S:GmNMHC5#25, 35S:GmNMHC5#32, and Gmnmhc5#5 (edited by CRISPR-Cas9).



The seeds of Arabidopsis were disinfected using sodium hypochlorite for 15 min, and rinsed four to five times with ddH2O. They were seeded onto 1/2 MS medium and incubated at 4 °C for 2–3 d, then transferred to 22 °C in a light incubator and cultured (16 h light per day). When the Arabidopsis grew to 4–6 leaves, they were planted in the vermiculite/nursery substrates soil (1:1) mixture, covered with cling film, and grown for 3 to 5 d (22 °C, 16 h light). To screen for transgenic Arabidopsis 35S:GmNMHC5-ft10, selected seeds (T1 generation) were planted on 1/2 MS medium containing screening agent hygromycin (hpt, Roche®, Basel, Switzerland) [43]. The positive transgenic Arabidopsis plants were further screened by sequencing. The primers used for sequencing are listed in Table S6. The T2 generation seeds were first cultured on the screening medium and then transferred to 1/2 MS medium. Seeds after the T3 generation were directly planted on 1/2 MS medium for the subsequent experiments.




4.2. Time Measurements and Statistical Analyses


Soybean flowering time is calculated based on the time from days after emergence (DAE) to the R1 stage when the first flower is present on any node. In order to eliminate any defects in the formation and development of floral organs, we also uploaded a picture of wild-type flowering as a control in Figure S4. The maturation time was confirmed from the day when 95% of the pods had reached maturity (R8 Stage) [44]. For phenotypic statistics of flowering time, at least 13 plants were analyzed for each genotype of soybean. Microsoft Excel was used for statistical analyses. A one-way analysis of variance (ANOVA) was used to compare the significance of differences between controls and treatments at the 0.01 probability level. Origin 2017 (https://www.originlab.com/) was used for drawing the figures.




4.3. Paraffin Sectioning


The top buds of soybean seedlings in the same growth period were selected, dissected with an anatomical needle and fixed in formaldehyde-acetic acid-ethanol (FAA) for 24 h. The treatments were as follows: 50%, 70%, and 85% alcohol solutions were used to dehydrate each tissue for 30 min, samples were then placed in 95% alcohol containing 0.5% eosin for 3 h, and anhydrous alcohol for 1 h (2 times); the alcohol solutions of 25%, 50%, and 75% were used for xylene transparentizing for 30 min, and 100% xylene for 30 min (3 times). After treatment in 50% xylene + 50% paraffin, samples were embedded within pure wax in a 60 °C oven. The samples were sliced using a Leica RM 2235 slicer, displayed and baked in an oven. Then, slices were dewaxed with xylene, alcohol, and distilled water, mordanted with 4% iron alum for 30 min, dyed with 0.5% hematoxylin, and finally treated with 2% alum for color separation. After washing and returning to blue, slices were dehydrated with alcohol solution. After being redyed in 95% alcohol containing 1% eosin, and after being sealed, the slices were observed under an Olympus BX 51 optical microscope. Photoshop was used to prepare the pictures [45].




4.4. sgRNA Design and Construction of the CRISPR-Cas9 Expression Vector


A plasmid vector carrying both sgRNA and Cas9 cassettes was constructed. The Cas9 sequence was codon-optimized and assembled downstream of the CaMV2 35S promoter, together with the specific sgRNA driven by the Arabidopsis U6 promoter. The bar gene was used as a screening marker. Information on the gene GmNMHC5 was from the Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html). sgRNA was designed by using the CRISPR-P (http://cbi.hzau.edu.cn/crispr/) [46] with 5′-NGG (PAM, protospacer adjacent motif) in the strand. In this study, an sgRNA with GmNMHC5 as the target was finally selected, and we named it Gmnmhc5-SP1.




4.5. Transformation of CRISPR-Cas9 in Soybeans and Screening for Mutations by Sequencing Analysis


In the transformation experiment, the CRISPR-Cas9 expression vector was transferred to Agrobacterium tumefaciens EHA105 by electroporation, and the soybean variety Jack was selected for tissue culture and transformation [47]. In order to confirm the mutations, plants were screened by dabbing leaves with 160 mg/L glufosinate solution, and were genotyped for the presence of the transgene using PCR. The leaves of each plant were collected, and genomic DNA was extracted from the leaves. Subsequently, the regions around the target site were amplified by PCR using Phanta® Super Fidelity DNA Polymerase (Vazyme Biotechnology, Nanjing, China) with forward (5-CCAGCCATCCTCTTGCGTTA-3) and reverse primers (5-ATGCTTGGGAAGTCGGAAGG-3) of GmNMHC5. Sequencing was performed to determine whether the edit was successful. The type of gene editing can be determined by sequencing a peak map. CRISPR-Cas9-induced base insertions or deletions (not multiples of 3) can eventually result in transcoding mutations that cause a loss of gene function. By analyzing the peak diagram of sequencing results, overlapping peaks from the target site to the end of the sequence were considered a heterozygous mutation with successful editing. However, the wild type and unedited lines would not have any overlapping peaks. Then, homozygous mutants were determined based on sequence comparison with the wild type. T1, T2, and T3 plants were also tested by this method.




4.6. Transcriptome Analysis and Gene Functional Annotation


For the transcriptome analysis, two biological replicates of transgenic mutants were analyzed. We used wild-type Jack as the control group, and 35S:GmNMHC5#25 and 35S:GmNMHC5-#32 as the experimental groups. The materials were grown in a controlled culture room at 28 °C under LD conditions, and leaf samples were taken at 31 DAE. Each sample consisted of material collected from three individual plants. All collected tissues were frozen immediately in liquid nitrogen and stored at −80 °C. mRNA extracts from the samples were sequenced with the HiSeq 4000 platform (Illumina, San Diego, CA, USA) following the manufacturer protocols. Raw data were initially processed using in-house Perl scripts. In this step, clean reads were obtained by removing those containing adapters. The clean reads were aligned to the soybean reference genome using TOPHAT v.2.0.9 (tophat.cbcb.umd.edu/). HTSEQ v.0.5.4p3 (https://htseq.readthedocs.io/en) was used to count the read numbers mapped to each gene. Then, the fragments per kilobase of transcript per million mapped reads of each gene were calculated based on the length of the gene and fragment count mapped to this gene. Differential expression analysis was conducted using the DESEQ R package (v.1.10.1) (http://bioconductor.org/packages/2.11/bioc/html/DESeq.html), and the p-value results were adjusted using the Benjamini–Hochberg method to control for the false discovery rate. Genes with adjusted p < 0.05 were considered as differentially expressed genes (DEGs).




4.7. Gene Expression Validation by qRT-PCR


AnABI7900 thermocycler (Applied Biosystems, Foster City, CA, USA) and Takara SYBR premix Ex Taq (Takara, Kusatsu, Japan) were used for quantitative RT-PCR (qRT-PCR). A total of three biological replicates and three technical replicates were used. Microsoft Excel was used to analyze the qRT-PCR data. Table S6 shows the primers used in the experiment. The samples of gene expression detection were collected at 12:00 AM, selecting the expanded trifoliate leaves of 31-DAE soybeans under long day conditions. The internal reference gene is actin. A total of 34 cycles were used for RT-PCR analysis.




4.8. Accession Numbers


The clean data of the RNA-seq were deposited in the SRA database of NCBI under the accession number PRJNA635458.









Supplementary Materials


The following are available online at https://www.mdpi.com/2223-7747/9/6/792/s1, Figure S1: Frameshift mutations at the target sites of GmNMHC5. The mutants generated premature translation termination codons (PTCs). CDS, coding sequence. Figure S2: Detection of the selectable marker gene bar by test strip. Figure S3: The heat maps and GO analysis of the differentially expressed genes. Figure S4: The flower of the wild-type (WT) plants at 43 DAE (days after emergence). The detail in the upper right corner is an enlargement of the red square in the image. Table S1: Differentially expressed genes (DIGs) and their fold-changes (Line-32_vs_WT). Table S2: Differentially expressed genes (DIGs) and their fold-changes (Line-25_vs_WT). Table S3: Differentially expressed genes (DIGs) and their fold-changes (Line 25_vs_Line 32_vs_WT). Table S4: Most enriched ten pathways (Line 25_vs_Line 32_vs_WT_DOWN-identify). Table S5: Most enriched ten pathways (Line 25_vs_Line 32_vs_WT_UP-identify). Table S6: Sequences of primers used in this study.





Author Contributions


Conceptualization, Y.F. and C.W.; methodology, W.H., L.C. and W.L.; formal analysis, W.W. and Z.W.; investigation, W.W., Z.W., W.H. and L.C.; data curation, W.W., Z.W. and B.J.; writing—original draft preparation, W.W.; writing—review and editing, W.W., Y.F. and C.W.; supervision, Y.F., C.W. and W.H.; project administration, Y.F. and C.W.; funding acquisition, Y.F. and C.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


This research was funded by the National Natural Science Foundation of China (31271636), and the earmarked fund for China Agriculture Research System (CARS-04).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pnueli, L.; Abu-Abeid, M.; Zamir, D.; Nacken, W.; Schwarz-Sommer, Z.; Lifschitz, E. The MADS box gene family in tomato: Temporal expression during floral development, conserved secondary structures and homology with homeotic genes from Antirrhinum and Arabidopsis. Plant J. 1991, 1, 255–266. [Google Scholar] [CrossRef] [PubMed]

	



Rounsley, S.D.; Ditta, G.S.; Yanofsky, M.F. Diverse roles for MADS-box genes in Arabidopsis development. Plant Cell 1995, 7, 1259–1269. [Google Scholar] [PubMed]

	



Ma, H.; Yanofsky, M.F.; Meyerowitz, E.M. AGL1-AGL6, an Arabidopsis gene family with similarity to floral homeotic and transcription factor genes. Genes Dev. 1991, 5, 484–495. [Google Scholar] [CrossRef] [PubMed]

	



Kotoda, N.; Wada, M.; Kusaba, S.; Kano-Murakami, Y.; Masuda, T.; Soejima, J. Overexpression of MdMADS5, an APETALA1-like gene of apple, causes early flowering in transgenic Arabidopsis. Plant Sci. 2002, 162, 679–687. [Google Scholar] [CrossRef]

	



Lee, H.; Suh, S.-S.; Park, E.; Cho, E.; Ahn, J.H.; Kim, S.-G.; Lee, J.S.; Kwon, Y.M.; Lee, I. The AGAMOUS-LIKE 20 MADS domain protein integrates floral inductive pathways in Arabidopsis. Genome Res. 2000, 14, 2366–2376. [Google Scholar] [CrossRef]

	



Yoo, S.K.; Lee, J.S.; Ahn, J.H. Overexpression of AGAMOUS-LIKE 28 (AGL28) promotes flowering by upregulating expression of floral promoters within the autonomous pathway. Biochem. Biophys. Res. Commun. 2006, 348, 929–936. [Google Scholar] [CrossRef]

	



Seo, E.; Lee, H.; Jeon, J.; Park, H.; Kim, J.; Noh, Y.-S.; Lee, I. Crosstalk between Cold Response and Flowering in Arabidopsis Is Mediated through the Flowering-Time Gene SOC1 and Its Upstream Negative Regulator FLC. Plant Cell 2009, 21, 3185–3197. [Google Scholar] [CrossRef]

	



Adamczyk, B.J.; Fernandez, D.E.; Lehti-Shiu, M.D. The MADS domain factors AGL15 and AGL18 act redundantly as repressors of the floral transition in Arabidopsis. Plant J. 2007, 50, 1007–1019. [Google Scholar] [CrossRef]

	



Ma, W.-Y.; Liu, W.; Hou, W.-S.; Sun, S.; Jiang, B.-J.; Han, T.-F.; Feng, Y.-J.; Wu, C. GmNMH7, a MADS-box transcription factor, inhibits root development and nodulation of soybean (Glycine max [L.] Merr.). J. Integr. Agric. 2019, 18, 553–562. [Google Scholar] [CrossRef]

	



Gan, Y.; Filleur, S.; Rahman, A.; Gotensparre, S.; Forde, B. Nutritional regulation of ANR1 and other root-expressed MADS-box genes in Arabidopsis thaliana. Planta 2005, 222, 730–742. [Google Scholar] [CrossRef]

	



Han, P.; García-Ponce, B.; Fonseca-Salazar, G.; Alvarez-Buylla, E.R.; Yu, H. AGAMOUS-LIKE 17, a novel flowering promoter, acts in a FT-independent photoperiod pathway. Plant J. 2008, 55, 253–265. [Google Scholar] [CrossRef] [PubMed]

	



Heard, J.; Caspi, M.; Dunn, K. Evolutionary Diversity of Symbiotically Induced Nodule MADS Box Genes: Characterization ofnmhC5, a Member of a Novel Subfamily. Mol. Plant Microbe Interact. 1997, 10, 665–676. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Han, X.; Zhan, G.; Zhao, Z.; Feng, Y.; Wu, C. A Novel Sucrose-Regulatory MADS-Box Transcription Factor GmNMHC5 Promotes Root Development and Nodulation in Soybean (Glycine max [L.] Merr.). Int. J. Mol. Sci. 2015, 16, 20657–20673. [Google Scholar] [CrossRef] [PubMed]

	



Simpson, G.G.; Dean, C. Arabidopsis, the rosette stone of flowering time? Science 2002, 296, 285–289. [Google Scholar] [CrossRef]

	



Wu, C.X.; Ma, Q.B.; Yam, K.M.; Cheung, M.Y.; Xu, Y.Y.; Han, T.F.; Lam, H.M.; Chong, K. In situ expression of the GmNMH7 gene is photoperiod-dependent in a unique soybean (Glycine max L. Merr.) flowering reversion system. Planta 2005, 223, 725–735. [Google Scholar] [CrossRef]

	



Zhao, C.; Takeshima, R.; Zhu, J.; Xu, M.; Sato, M.; Watanabe, S.; Kanazawa, A.; Liu, B.; Kong, F.; Yamada, T.; et al. A recessive allele for delayed flowering at the soybean maturity locus E9 is a leaky allele of FT2a, a FLOWERING LOCUS T ortholog. BMC Plant Boil. 2016, 16, 20. [Google Scholar] [CrossRef]

	



Kong, F.; Nan, H.; Cao, D.; Li, Y.; Wu, F.; Wang, J.; Lu, S.; Yuan, X.; Cober, E.; Abe, J.; et al. A New Dominant Gene E9 Conditions Early Flowering and Maturity in Soybean. Crop. Sci. 2014, 54, 2529–2535. [Google Scholar] [CrossRef]

	



Taoka, K.-I.; Ohki, I.; Tsuji, H.; Kojima, C.; Shimamoto, K. Structure and function of florigen and the receptor complex. Trends Plant Sci. 2013, 18, 287–294. [Google Scholar] [CrossRef]

	



Corbesier, L.; Vincent, C.; Jang, S.; Fornara, F.; Fan, Q.; Searle, I.; Giakountis, A.; Farrona, S.; Gissot, L.; Turnbull, C.; et al. FT Protein Movement Contributes to Long-Distance Signaling in Floral Induction of Arabidopsis. Science 2007, 316, 1030–1033. [Google Scholar] [CrossRef]

	



Kong, F.; Liu, B.; Xia, Z.; Sato, S.; Kim, B.M.; Watanabe, S.; Abe, J.; Yamada, T.; Tabata, S.; Kanazawa, A.; et al. Two coordinately regulated homologues of FLOWERING LOCUS T are involved in the control of photoperiodic flowering in soybean. Plant Phys. 2010, 154, 1220–1231. [Google Scholar] [CrossRef]

	



Sun, H.; Jia, Z.; Cao, D.; Jiang, B.; Wu, C.; Hou, W.; Liu, Y.; Fei, Z.; Zhao, D.; Han, T. GmFT2a, a Soybean Homolog of FLOWERING LOCUS T, Is Involved in Flowering Transition and Maintenance. PLoS ONE 2011, 6, e29238. [Google Scholar] [CrossRef] [PubMed]

	



Cai, Y.P.; Chen, L.; Liu, X.J.; Guo, C.; Sun, S.; Wu, C.X.; Jiang, B.J.; Han, T.F.; Hou, W.S. CRISPR-Cas-9-mediated targeted mutagenesis of GmFT2a delays flowering time in soybean. Plant Biotechn. J. 2017, 16, 176–185. [Google Scholar] [CrossRef] [PubMed]

	



Zhai, H.; Lu, S.; Liang, S.; Wu, H.; Zhang, X.; Liu, B.; Kong, F.; Yuan, X.; Li, J.; Xia, Z. GmFT4, a Homolog of FLOWERING LOCUS T, Is Positively Regulated by E1 and Functions as a Flowering Repressor in Soybean. PLoS ONE 2014, 9, e89030. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Jiang, B.; Ma, L.; Zhang, S.; Zhai, H.; Xu, X.; Hou, W.; Xia, Z.; Wu, C.; Sun, S.; et al. Functional diversification of Flowering Locus T homologs in soybean: GmFT1a and GmFT2a/5a have opposite roles in controlling flowering and maturation. N. Phytol. 2017, 217, 1335–1345. [Google Scholar] [CrossRef]

	



Song, Y.H.; Ito, S.; Imaizumi, T. Flowering time regulation: Photoperiod- and temperature-sensing in leaves. Trends Plant Sci. 2013, 18, 575–583. [Google Scholar] [CrossRef]

	



Abe, M.; Kobayashi, Y.; Yamamoto, S.; Daimon, Y.; Yamaguchi, A.; Ikeda, Y.; Ichinoki, H.; Notaguchi, M.; Goto, K.; Araki, T. FD, a bZIP Protein Mediating Signals from the Floral Pathway Integrator FT at the Shoot Apex. Science 2005, 309, 1052–1056. [Google Scholar] [CrossRef]

	



Weigel, D.; Meyerowitz, E.M. The ABCs of floral homeotic genes. Cell 1994, 78, 203–209. [Google Scholar] [CrossRef]

	



Chi, Y.; Huang, F.; Liu, H.; Yang, S.; Yu, D. An APETALA1-like gene of soybean regulates flowering time and specifies floral organs. J. Plant Phys. 2011, 168, 2251–2259. [Google Scholar] [CrossRef]

	



Preston, J.C.; Hileman, L.C. SQUAMOSA-PROMOTER BINDING PROTEIN 1 initiates flowering in Antirrhinum majus through the activation of meristem identity genes. Plant J. 2010, 62, 704–712. [Google Scholar] [CrossRef]

	



Jack, T.; Brockman, L.L.; Meyerowitz, E.M. The homeotic gene APETALA3 of Arabidopsis thaliana encodes a MADS box and is expressed in petals and stamens. Cell 1992, 68, 683–697. [Google Scholar] [CrossRef]

	



Gu, Q.; Ferrándiz, C.; Yanofsky, M.F.; Martienssen, R. The FRUITFULL MADS-box gene mediates cell differentiation during Arabidopsis fruit development. Development 1998, 125, 1509–1517. [Google Scholar] [PubMed]

	



Alvarez-Buylla, E.R.; Liljegren, S.J.; Pelaz, S.; Gold, S.E.; Burgeff, C.; Ditta, G.S.; Vergara-Silva, F.; Yanofsky, M.F. MADS-box gene evolution beyond flowers: Expression in pollen, endosperm, guard cells, roots and trichomes. Plant J. 2000, 24, 457–466. [Google Scholar] [CrossRef] [PubMed]

	



Zachgo, S.; Saedler, H.; Schwarz-Sommer, Z. Pollen-specific expression of DEFH125, a MADS-box transcription factor in Antirrhinum with unusual features. Plant J. 1997, 11, 1043–1050. [Google Scholar] [CrossRef] [PubMed]

	



Pinyopich, A.; Ditta, G.S.; Savidge, B.; Liljegren, S.J.; Baumann, E.; Wisman, E.; Yanofsky, M.F. Assessing the redundancy of MADS-box genes during carpel and ovule development. Nature 2003, 424, 85–88. [Google Scholar] [CrossRef]

	



Moreno-Risueno, M.A.; Van Norman, J.M.; Moreno, A.; Zhang, J.; Ahnert, S.E.; Benfey, P.N. Oscillating Gene Expression Determines Competence for Periodic Arabidopsis Root Branching. Science 2010, 329, 1306–1311. [Google Scholar] [CrossRef]

	



Burgeff, C.; Liljegren, S.J.; Tapia-López, R.; Yanofsky, M.F.; Alvarez-Buylla, E.R. MADS-box gene expression in lateral primordia, meristems and differentiated tissues of Arabidopsis thaliana roots. Planta 2002, 214, 365–372. [Google Scholar] [CrossRef]

	



Tapia-López, R.; García-Ponce, B.; Dubrovsky, J.G.; Garay, A.; Pérez-Ruíz, R.V.; Kim, S.-H.; Acevedo, F.; Pelaz, S.; Alvarez-Buylla, E.R. An AGAMOUS-Related MADS-Box Gene, XAL1 (AGL12), Regulates Root Meristem Cell Proliferation and Flowering Transition in Arabidopsis1[W][OA]. Plant Physiol. 2008, 146, 1182–1192. [Google Scholar] [CrossRef]

	



Moon, J.; Suh, S.-S.; Lee, H.; Choi, K.-R.; Hong, C.B.; Paek, N.-C.; Kim, S.-G.; Lee, I. TheSOC1MADS-box gene integrates vernalization and gibberellin signals for flowering inArabidopsis. Plant J. 2003, 35, 613–623. [Google Scholar] [CrossRef]

	



Borner, R.; Kampmann, G.; Wisman, E.; Apel, K.; Chandler, J.; Gleißner, R.; Melzer, S. A MADS domain gene involved in the transition to flowering in Arabidopsis. Plant J. 2000, 24, 591–599. [Google Scholar] [CrossRef]

	



Turck, F.; Fornara, F.; Coupland, G. Regulation and Identity of Florigen: FLOWERING LOCUS T Moves Center Stage. Annu. Rev. Plant Boil. 2008, 59, 573–594. [Google Scholar] [CrossRef]

	



Pin, P.A.; Benlloch, R.; Bonnet, M.; Wremerth-Weich, E.; Kraft, T.; Gielen, J.J.L.; Nilsson, O. An Antagonistic Pair of FT Homologs Mediates the Control of Flowering Time in Sugar Beet. Science 2010, 330, 1397–1400. [Google Scholar] [CrossRef] [PubMed]

	



Yamaguchi, A.; Kobayashi, Y.; Goto, K.; Abe, M.; Araki, T. TWIN SISTER OF FT (TSF) Acts as a Floral Pathway Integrator Redundantly with FT. Plant Cell Physiol. 2005, 46, 1175–1189. [Google Scholar] [CrossRef] [PubMed]

	



Clough, S.J.; Bent, A. Floral dip: A simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J. 1998, 16, 735–743. [Google Scholar] [CrossRef] [PubMed]

	



Fehr, W.R.; Caviness, C.E.; Burmood, D.T.; Pennington, J.S. Stage of Development Descriptions for Soybeans, Glycine Max (L.) Merrill 1. Crop. Sci. 1971, 11, 929–931. [Google Scholar] [CrossRef]

	



Jiang, Y.; Wu, C.; Hu, P.; Hou, W.; Han, T. Han, Morphological and anatomical characteristics of apical inflorescence development of soybean varieties with different pod bearing habits. Acta Agronom. Sin. 2014, 40, 1117–1124. [Google Scholar] [CrossRef]

	



Lei, Y.; Lu, L.; Liu, H.; Li, S.; Xing, F.; Chen, L.-L. CRISPR-P: A Web Tool for Synthetic Single-Guide RNA Design of CRISPR-System in Plants. Mol. Plant 2014, 7, 1494–1496. [Google Scholar] [CrossRef]

	



Song, S.; Hou, W.; Godo, I.; Wu, C.; Yu, Y.; Matityahu, I.; Hacham, Y.; Sun, S.; Han, T.; Amir, R. Soybean seeds expressing feedback-insensitive cystathionine ?-synthase exhibit a higher content of methionine. J. Exp. Bot. 2013, 64, 1917–1926. [Google Scholar] [CrossRef]








[image: Plants 09 00792 g001 550] 





Figure 1. Phenotypes of the GmNMHC5 transgenic soybean plants. (a) An overview of WT soybean plants, 35S:GmNMHC5 at 37 days after emergence (DAE) under long-day (LD) conditions, and a close-up view of the flower areas framed by the boxes. (b) An overview of WT soybean plants, 35S:GmNMHC5 at 25 DAE under short-day (SD) conditions, and a close-up view of the flower areas framed by the boxes. (c) An overview of WT soybean plants, 35S:GmNMHC5 at 48 DAE under LD conditions, and a close-up view of the areas framed by the boxes. (d) Flowering times of 35S:GmNMHC5 mutants and WT plants. The exact numbers of individual plants are shown. Under LD conditions: WT (n = 15), line 5 (n = 14), line 25 (n = 16), line 32 (n = 17); under SD conditions: WT (n = 13), line 5 (n = 13), line 25 (n = 5), line 32 (n = 16). A one-way analysis of variance (ANOVA) was used to compare the significance: **, p < 0.01. (e) Maturation times of 35S:GmNMHC5 and WT plants. The exact numbers of individual plants are shown. Under LD conditions: WT (n = 15), line 5 (n = 14), line 25 (n = 16), line 32 (n = 18); under SD conditions: WT (n = 14), line 5 (n = 16), line 25 (n = 14), line 32 (n = 15). A one-way analysis of variance (ANOVA) was used to compare the significance: **, p < 0.01. Scale bar: 10 cm. 
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Figure 2. Flower structure development of wild-type and 35S:GmNMHC5 strains displayed in paraffin sections. All plants were treated under LD conditions. Apical raceme primordium appeared at 30 DAE in the transgenic lines, while the wild-type plants were still in the vegetative growth stage. A terminal floral bud of 35S:GmNMHC5 mutant was observed at 36 DAE while the flower bud structure of wild type had just appeared. Similar structures were found at 46 DAE in WT. (Abbreviations, a: Anther, am: Apical meristem, c: Carpel, fp: Floral primordium, fm: Floral meristem, po: Pollen, pp: Pistil primordium, st: Stamen, pep: Petal primordium, and p: Pistil). Scale bar: 200 μm. 
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Figure 3. (a) Gene structure of Gmnmhc5 with target site of CRISPR-Cas9 designed in the second exon. Pink stripe: Exon. Black line: Intron. Gray stripe: Untranslated regions (UTR). The underlined nucleotides indicate the target sites (named GmNMHC5-SP1). Nucleotides in red represent protospacer adjacent motif (PAM) sequences. (b) Sequences of wild type and representative mutation type induced at target site GmNMHC5-SP1 are presented (mutations and insertions). (c) Sequence peaks of wild type and representative mutation type at target site GmNMHC5-SP1. The red arrow indicates the beginning location of mutations. 
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Figure 4. Phenotypes of the CRISPR-Cas9-induced Gmnmhc5 soybean plants. (a) An overview of WT soybean plants and homozygous T2 Gmnmhc5 at 54 DAE under LD conditions, and a close-up view of the flower areas framed by the boxes. (b) An overview of WT soybean plants and homozygous T2 Gmnmhc5 at 44 DAE under SD conditions, and a close-up view of the flower areas framed by the boxes. (c) An overview of WT soybean plants and homozygous T2 Gmnmhc5 at 62 DAE under LD conditions, and a close-up view of the areas framed by the boxes. (d) Flowering times of WT and Gmnmhc5 plants. The exact numbers of individual plants are shown. Under LD conditions: WT (n = 13), Gmnmhc5-5-1 (n = 15), Gmnmhc5-5-2 (n = 9), Gmnmhc5-5-3 (n = 11); under SD conditions: WT (n = 13), Gmnmhc5-5-1 (n = 14), Gmnmhc5-5-2 (n = 7), Gmnmhc5-5-3 (n = 10). A one-way analysis of variance (ANOVA) was used to compare the significance: **, p < 0.01. (e) Maturation times of WT and Gmnmhc5 plants. The exact numbers of individual plants are shown. Under LD conditions: WT (n = 14), Gmnmhc5-5-1 (n = 11), Gmnmhc5-5-2 (n = 8), Gmnmhc5-5-3 (n = 11); under SD conditions: WT (n = 14), Gmnmhc5-5-1 (n = 11), Gmnmhc5-5-2 (n = 7), Gmnmhc5-5-3 (n = 10). A one-way analysis of variance (ANOVA) was used to compare the significance: **, p < 0.01. Scale bar: 5 cm. 
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Figure 5. Expression of the selected flowering-related genes by qRT-PCR. Expression levels of GmNMHC5, GmFT1a, GmFT4, GmFT2a, and GmFT5a in leaves at 31 DAE under LD conditions were measured. The relative expression levels are normalized to GmActin. CK stands for wild-type plants, and the data of the CK histogram in panels 1 and 2 correspond to the value on the left coordinate axis (arrow pointing). The data are means ± SE of three biological replicates. Statistical significance was determined using a one-way analysis of variance (ANOVA): ** p < 0.01, *** p < 0.001. 
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Figure 6. Phenotypes of the 35S:GmNMHC5-ft-10 transgenic Arabidopsis plants. (a) An overview of wild-type Arabidopsis (Col-0) plants and 35S:GmNMHC5-ft-10 at 28 d under LD conditions (upper panel), and a close-up view of the areas framed by the boxes (lower panel). (b) Flowering times of WT, ft-10, and 35S:GmNMHC5-ft-10-2, 35S:GmNMHC5-ft-10-4, 35S:GmNMHC5-ft-10-5, and 35S:GmNMHC5-ft-10-9 plants under LD conditions. The exact numbers of individual plants are ≥ 21. A one-way analysis of variance (ANOVA) was used to compare the significance: **, p < 0.01. 
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AACCCATCCTTCCAAGAG
TCCGGCTT

GMNMHC5-SP1(WT)

GAAACCCAT CACCT CATGAAT CCGGCTT

GmNMHC5-SP1( 112bpinsertionand 6bp base mutation)

GCGAAACCCATCCTTCCAAG AG AAGGTAATCHT
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