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Abstract: Genetic transformation is one of the key steps in the molecular breeding of chrysanthemum, which relies on an optimal regeneration and transformation system. However, the regeneration system of different chrysanthemum cultivars varies, and the regeneration time of most cultivars is long. To screen cultivars with highly efficient regeneration, leaves and shoot tip thin cell layers (tTCL) from eight chrysanthemum cultivars with different flower colors and flower types were cultured on Murashige and Skoog media (MS) supplemented with 1.0–5.0 mg L−1 6-benzylaminopurine (6-BA) and 0.1–1.0 mg L−1 α-naphthaleneacetic (NAA). The results showed that the most efficient regeneration media were MS + 6-BA 1.0 mg L−1 + NAA 0.5 mg L−1 for leaf explants and MS + 6-BA 5.0 mg L−1 + NAA 0.1 mg L−1 for tTCL explants. Subsequently, another 13 chrysanthemum cultivars were screened by using the media, and finally, three cultivars with high regeneration efficiency were obtained from 21 cultivars. Among these, C1 had the highest regeneration efficiency: the regeneration rate of leaf explants reached 80.0% after 42 days of culture, and the regeneration rate of tTCL explants reached 100% after 31 days of culture. Furthermore, we also established the transformation system for C1 as follows: preculturing for one day, infecting with Agrobacterium suspension (OD600 = 0.6) for 10 min, and cultivating in the regeneration medium with 350 mg L−1 carbenicillin and 10 mg L−1 kanamycin, thus ultimately achieving a transformation rate of 4.0%. In this study, a new chrysanthemum cultivar with an efficient regeneration and transformation system was screened, which is beneficial to enrich the flower color of chrysanthemum transgenic plant recipients and to the functional research of flower color or type-related genes.
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1  Introduction

Chrysanthemum (Chrysanthemum × morifolium Ramat.) is a perennial herb belonging to the Asteraceae family and is one of the most economically important and favored floricultural crops [1]. Crossbreeding was the most common approach to developing novel chrysanthemum cultivars in past decades, but it was laborious and had a long breeding period. Additionally, with the increase in breeding objectives, some desired traits cannot be produced by hybridization due to the deficiency of traditional techniques. In recent years, transgenic molecular breeding has been widely employed as Agrobacterium-mediated transformation into plants to change the ornamental traits of the plants, which has constituted a trend in ornamental plant breeding [2]. Agrobacterium-mediated transformation, as an effective means to transfer exogenous genes to ornamental plants, has been widely used in flower color modification, flowering regulation, resistance improvement, etc. [3]. Noda et al. [4] introduced CtA3′5′GT from Clitoria ternatea and CamF3′5′H from Campanula medium to chrysanthemum ‘Taihei’ by Agrobacterium-mediated transformation, and the two genes were expressed under the control of the CmF3H promoter from chrysanthemum, producing a true blue chrysanthemum flower. Furthermore, CmMYB8 was transferred into chrysanthemum ‘Jinba’ by the Agrobacterium-mediated method, and it was found that the lignin content accumulation in the plants was reduced, with the CmMYB8 overexpressing, thus verifying the function of this gene [5]. However, the genetic transformation of chrysanthemum is still limited by many factors, leading to a low transformation efficiency. Therefore, it is crucial to evaluate the factors that affect transformation efficiency and to construct a suitable genetic transformation system.

As the major factor of transgenic breeding, an efficient regeneration and transformation system can shorten the regeneration time of transgenic plants and improve the transformation efficiency. In vitro shoot regeneration of plants is affected by many factors, including explant type and age, genotype, culture conditions, and plant growth regulatory factors [6]. There are many reports on the regeneration system of chrysanthemum, however, the periods of these systems were generally too long, approximately 45–60 days. For example, the leaf explants of cultivar ‘Jinba’ started to differentiate after 45 days of culture, the leaves and internodes of ‘Satinbleu’ needed 8 weeks, and the leaves of ‘Resomee Splendid’ needed 7 weeks to differentiate [6–8]. An important reason for the long period is that most cultivars may not differentiate in the same medium due to browning after callus induction Hence, it is necessary to change the medium frequently in the regeneration of chrysanthemum, which makes the regeneration process complicated and time-consuming [9]. It was reported that the callus of chrysanthemum cultivar ‘White ND’ could be induced on MS medium supplemented with 1 mg L−1 6-BA and 2 mg L−1 NAA, but it needed to be changed onto medium containing 2 mg L−1 6-BA and 0.5 mg L−1 NAA to continue to differentiate [10]. Furthermore, most reports currently use cultivar ‘Jinba’ as the material for gene function verification [5,11], but it is a white, double-petaled cut chrysanthemum cultivar, which is not suitable for flower color and flower development research. Therefore, it is important to screen more chrysanthemum cultivars with high regeneration rates and diverse genotypes, and establish an efficient regeneration system for subsequent research.

In the present study, we exploit leaves and tTCLs of eight chrysanthemum cultivars as explants to screen high-efficiency regeneration cultivars and regeneration media by the comparison of their callus induction, differentiation and regeneration rates in twelve different media. Subsequently, another 13 cultivars were cultured on the high-efficiency regeneration media to obtain more efficient cultivars. On this basis, we constructed the Agrobacterium-mediated transformation system using the cultivar with the highest regeneration efficiency as the material. Our study will facilitate the research of molecular breeding and gene function of chrysanthemum.

2  Materials and Methods

2.1 Plant Materials

Twenty-one potted multiflora chrysanthemum cultivars provided by artificial cross-breeding and introduction were transplanted in the greenhouse (Appendix Table S1; Fig. S1). Among them, 8 cultivars, namely, A13, A63, C1, C23, C55, 404, A12, and D12, were used to establish an efficient regeneration system, and 13 cultivars, namely, 99-136-1, 91-4-3, 98-5-1, 82-81-19, 14-42-1, baby tears (BT), 03-70-1, A20, C27, C60, D64, D78, and E8, were used to verify the efficient regeneration system. Cuttings were taken and thoroughly washed under running tap water before the flowering stage. They were then subsequently surface-sterilized with a 70% (v/v) ethanol solution for 30 s and with 1% sodium hypochlorite for 3–5 min, followed by five rinses with sterilized deionized water. The sterilized shoot tips were cultured on MS media [12] containing 3% (w/v) sucrose and 7% (w/v) agar. The chrysanthemums were maintained in the tissue culture room under the following conditions: light of 2000 lx for 16 h/d and 25 ± 1°C for 40 days.

2.2 Establishment of an Efficient Chrysanthemum Regeneration System

2.2.1 Effects of Explants on Shoot Regeneration

Leaves were collected from healthy tissue culture plantlets of 8 cultivars (A13, A63, C1, C23, C55, 404, A12, and D12), cut into leaf discs of 0.5 cm × 0.5 cm, and 1–2 stem segments below the shoot tips were cut into a shoot-tip thin cell layer (tTCL) of 0.1 cm. Explants were placed with the adaxial surface down, and there were 10 leaf discs or 10 tTCLs per treatment, with three replicates.

2.2.2 Effects of Plant Growth Regulators on Shoot Regeneration

Different concentrations of plant growth regulators were set to 12 treatments (Y1–Y12) with a randomized complete block design, including 4 concentrations of 6-benzyladenine (BA) and 3 concentrations of α-naphthaleneacetic (NAA) (Table 1). The calli of 8 cultivars (A13, A63, C1, C23, C55, 404, A12, and D12) were induced, redifferentiated and regenerated in these 12 treatments.
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2.2.3 Effects of Plant Growth Regulators on Rooting

To evaluate the effects of different auxins on root induction, adventitious buds above 1.0 cm were transferred onto 1/2 MS medium supplemented with four concentrations of indolebutyric acid (IBA) and NAA (G1–G4) (Appendix Table S2). There were 10 adventitious buds in each treatment, with three replicates.

2.2.4 Statistical Analysis

Callus induction rate = Number of explants forming callus/Number of explants inoculated × 100%;

Differentiation rate = Number of seedlings obtained from callus/Number of explants inoculated × 100%;

Regeneration rate = Number of explants with adventitious buds higher than 1.0 cm/Number of explants inoculated × 100%;

Number of shoots/explant = Total number of adventitious buds higher than 1.0 cm/Number of explants inoculated × 100%;

Differentiation time = Number of days from when the explants were transplanted to the medium to adventitious bud differentiation;

Regeneration time = Number of days from when the explants were transplanted to the medium to when the adventitious buds grew to 1.0 cm;

Rooting rate = Number of rooted explants/the total number of explants × 100%.

The experimental results were subjected to one-way analysis of variance (ANOVA) with Duncan’s multiple range test (with statistical significance at P < 0.05) using SPSS Statistics 25.0 (IBM). Different lowercases denote significant differences in the differentiation rates or differentiation time at the P < 0.05 level, and different capitals denote significant differences in the regeneration rates, regeneration time or no. of shoots/explant at the P < 0.05 level.

2.3 Verification of Efficient Regeneration System

Leaf explants and tTCL explants from 13 cultivars (99-136-1, 91-4-3, 98-5-1, 82-81-19, 14-42-1, BT, 03-70-1, A20, C27, C60, D64, D78, and E8) were cultured on the high-efficiency regeneration medium screened in Section 2.2 (Y2 and Y10). There were 10 leaf discs or 10 tTCLs per treatment, with three replicates. We calculated the callus induction rate, differentiation rate and time, regeneration rate and time and number of shoots/explant each cultivar in the same manner as in Section 2.2.4.

2.4 Establishment of the Transformation System of Chrysanthemum Cultivar C1

2.4.1 Sensitivity of Leaf Explants and tTCL Explants to Kanamycin

Leaf explants and tTCL explants of cultivar C1 were inoculated onto high-efficiency regeneration media with different concentrations of kanamycin (0, 2, 5, 8, 10, and 15 mg L−1). There were 10 leaf discs or 10 tTCLs per treatment. After the explants were incubated, the numbers of calli were recorded to calculate the regeneration rate. The adventitious shoots that grew above 1.0 cm were transplanted onto rooting media containing different concentrations of kanamycin (0, 5, 8, 10, 15, and 20 mg L−1). After the shoots were incubated for 30 days, the number of rooted explants was recorded to calculate the rooting rate.

2.4.2 Assessments of Factors that Affect the Transformation Efficiency

To screen the best combination of cocultivation time, microbial concentration, infection time, and antibiotic concentration, 9 treatments (S1–S9) were set according to four factors and three levels of the orthogonal table (Appendix Table S3). There were 20 leaf discs per treatment, with three replicates. The growth of leaf discs and regeneration rate were recorded after 30 days.

2.4.3 Plasmid Construction, DNA Isolation and PCR Amplification

The Agrobacterium tumefacians strain GV3101 carrying the overexpression vector pBI121 with ClbHLH62 was isolated from petals of Chrysanthemum lavandulifolium under the control of the cauliflower mosaic virus (CaMV) 35S promotor used for transformation (Appendix Fig. S2).

Total genomic DNA from the leaves of transgenic and wild-type plants was extracted using the TIANGEN™ DNA secure Plant Kit, and PCR was performed using specific primers and the following PCR conditions: forward 5′-GACGCACAATCCCACTATCC-3′ and reverse 5′-CATCTAATATGAAAATCGAGC-3′; PCR conditions: 95°C for 5 min; followed by 35 cycles of 95°C for 40 s, 57°C for 30 s, and 72°C for 1 min; followed by 72°C for 10 min. The amplified products were assessed by 1.0% (w/v) agarose gel electrophoresis and visualized using a gel imager.

3  Results

3.1 Effects of Different Auxin and Cytokinin Concentrations on Leaf Explant Regeneration of Eight Chrysanthemum Cultivars

Leaf explants of eight cultivars were cultured on MS media supplemented with different concentrations of 6-BA and NAA (Y1–Y12). After 10 days, the edges of the leaf explants began to swell and calli were visible. The average callus rates of eight cultivars reached more than 87.7% in 12 treatments, indicating that it was relatively easy to induce calli from leaf explants of chrysanthemum (Appendix Table S4).

There were significant differences in the differentiation rates and regeneration rates between the 12 treatments (Fig. 1a). Explants of most cultivars achieved the highest differentiation rate and regeneration rate in the Y2 or Y3 treatment, and the differentiation time and regeneration time were the shortest in the Y2 treatment (Fig. 1b). In contrast, in Y7-Y12, most of the calli did not differentiate, or the differentiation rates were low, indicating that the low concentration of 6-BA and the high concentration of NAA might be beneficial to the callus differentiation of leaf explants.

Furthermore, the differentiation and regeneration of each cultivar were also quite different (Fig. 1a), and according to this characteristic, eight cultivars were divided into three types. The differentiation rate and regeneration rate of the first type were both relatively low, including D12, A12 and C23. After the calli were formed, they were almost unable to differentiate and regenerate in the same treatments. For example, the leaf explants of A12 showed severe browning 40 days after inoculation, resulting in failure to regenerate (Figs. 1a–1d). The second type had a high differentiation rate and low regeneration rate, including A13, A63 and C55. In the optimal treatment, differentiation from leaf explants of these cultivars reached 80.0%–100.0%, but then the browning and death of adventitious buds caused a relatively low regeneration rate (Figs. 1a–1d). The differentiation and regeneration rates of the third type were the highest, including C1 and 404. The differentiation rates from leaf explants reached more than 90.0% in the optimal treatment, the regeneration rates were more than 80.0%, and the number of shoots per explant was 8.3 and 4.2, respectively (Figs. 1a–1c). Among them, leaf explants of C1 began to differentiate after 20 days of inoculation, and the adventitious buds grew to 1.0 cm after approximately 40 days (Fig. 1b). Hence, leaf explants of C1 and 404 had high regeneration rates and short regeneration time, which were suitable for establishing an efficient regeneration system.

3.2 Effects of Different Auxin and Cytokinin Concentrations on tTCL Explant Regeneration of Eight Chrysanthemum Cultivars

After tTCL explants of eight cultivars were cultured in the Y1–Y12 treatments for 10–15 days, the average callus induction rates of eight cultivars reached 100.0% in the optimal treatment (Appendix Table S5). There were some differences in the differentiation rate and regeneration rate between the 12 treatments, and most of the cultivars had higher regeneration efficiency in the Y10 treatment (Fig. 2a). Similar to the leaf explants, they were divided into three types according to the differentiation and regeneration rate (Fig. 2a). C55, D12, A12 and C23 belonged to the first type, characterized by a low differentiation rate and regeneration rate in all treatments. For example, after 40 days of growth on the media, only 19.8% of adventitious buds of A12 regenerated. A large number of explants exhibited browning after 60 days, and only a small portion of them induced adventitious buds (Figs. 2a–2d). The second type including A13 and A63, had a high differentiation rate but a low regeneration rate and a long regeneration time (Figs. 2a, 2b). For example, the differentiation rate of A13 reached 89.7%, but the explants gradually exhibited browning and vitrification. Similar to the leaf explants, the differentiation rate and regeneration rate from tTCL explants of the third type were relatively high. Among them, the differentiation rate of C1 reached 100.0% after 12 days, and the mean number of shoots per explant reached 10.3 on the 30th day (Fig. 2c). In addition, tTCL explants of C1 and 404 could regenerate in a short time in the optimal treatment. Therefore, they were suitable for the establishment of an efficient regeneration system. Furthermore, the differentiation ability of A13, A63, C1, C23, D12, and A12 was better than that from the leaf explants (Figs. 1a, 1b).
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Figure 1: Influence of different auxin and cytokinin concentrations on leaf explants differentiation and regeneration of different cultivars. (a) Differentiation rates and regeneration rates from leaf explants of eight chrysanthemum cultivars in Y1–Y12 treatments; (b) Differentiation time and regeneration time from leaf explants of eight cultivars in the optimal treatment (the optimal treatment shown in brackets); (c) Mean number of shoots per leaf explant of eight cultivars in the optimal treatment (the optimal treatment shown in brackets); (d) The regeneration process from leaf explants of A12, A13 and C1 in the optimal treatment. Scale bar: 1 cm. Different lowercases denote significant differences in the differentiation rates or differentiation time at the P < 0.05 level by ANOVA; different capitals denote significant differences in the regeneration rates, regeneration time or proliferation coefficient at the P < 0.05 level by ANOVA
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Figure 2: Influence of different auxin and cytokinin concentrations on tTCL explants differentiation and regeneration of different cultivars. (a) Differentiation rates and regeneration rates from tTCL explants of eight chrysanthemum cultivars in Y1–Y12 treatments; (b) Differentiation time and regeneration time from tTCL explants of eight cultivars in the optimal treatment (the optimal treatment shown in brackets); (c) Mean number of shoots per tTCL explant of eight cultivars in the optimal treatment (the optimal treatment shown in brackets); (d) The regeneration process from tTCL explants of A12, A13 and C1 in the optimal treatment. Scale bar: 1 cm. Different lowercases denote significant differences in the differentiation rates or differentiation time at the P < 0.05 level by ANOVA; different capitals denote significant differences in the regeneration rates, regeneration time or proliferation coefficient at the P < 0.05 level by ANOVA

3.3 Verification of the Efficient Regeneration System with 13 Chrysanthemum Cultivars

The research screened the high-efficiency regeneration treatment Y2 for leaf explants and Y10 for tTCL explants. To examine the applicability of the two efficient regeneration systems, leaf explants and tTCL explants from another 13 chrysanthemum cultivars with different flower colors or types were induced, and differentiated calli were induced in Y2 or Y10 (99-136-1, 91-4-3, 98-5-1, 82-81-19, 14-42-1, BT, 03-70-1, A20, C27, C60, D64, D78, and E8). The callus induction of all cultivars was efficient in the Y2 or Y10 treatment, but only seven cultivars were able to complete the regeneration process (Fig. 3). Taking 91-4-3 as an example, 90.0% of the leaf and tTCL explants induced adventitious buds, but the final regeneration rates were only 6.7%–20.0%, and the differentiation time and regeneration time were relatively long (30–35 d and 55–60 d, respectively). In contrast, the differentiation rates from leaf and tTCL explants of BT were both 100.0%, and the final regeneration rate reached 90.0%. The differentiation and regeneration times were short, approximately 23 days and 45 days, respectively. Leaf explants of C60 had a high differentiation rate (100.0%) and regeneration rate (96.7%), but the calli failed to be differentiated.

In conclusion, we screened three highly efficient regeneration cultivars: C1, 404 and BT. The leaf and tTCL explants of these cultivars could quickly complete the process of callus induction, differentiation and regeneration on the same media. For the two types of explants, we obtained two high-efficiency regeneration media. The optimal medium for leaf explants of the three cultivars was MS + 1 mg L−1 6-BA + 0.5 mg L−1 NAA (Y2). The regeneration periods were 42 d, 30 d and 45 d (Figs. 1b, 3a), and the proliferation coefficients were 8.2, 4.3 and 5.2 (Figs. 1c, 3a), respectively. The optimal medium for tTCL explants of the three cultivars was MS + 5 mg L−1 6-BA + 0.1 mg L−1 NAA (Y10). The regeneration periods were 30 d, 45 d and 50 d (Figs. 2b, 3b), and the proliferation coefficients were 10.3, 1.7, and 3.2, respectively (Figs. 2c, 3b).
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Figure 3: Regeneration of 13 chrysanthemum cultivars in Y2 and Y10 treatments. (a) The differentiation rates, regeneration rates, differentiation time, regeneration time from leaf explants and number of shoots/leaf explant of 13 cultivars in Y2 treatment; (b) The differentiation rates, regeneration rates, differentiation time, regeneration time from tTCL explants and number of shoots/tTCL explant of 13 cultivars in Y10 treatment; (c) Adventitious bud development from leaf explants or tTCL explants of 6 cultivars. Scale bar: 1 cm. Different lowercases denote significant differences in the differentiation rates or differentiation time at the P < 0.05 level by ANOVA; different capitals denote significant differences in the regeneration rates, regeneration time or proliferation coefficient at the P < 0.05 level by ANOVA

3.4 Effects of Growth Regulators on the Rooting of Two High-Efficiency Regenerative Chrysanthemum Cultivars

To obtain complete plantlets, individual shoots higher than 1.0 cm from the explants of C1 and 404 were transferred onto 1/2 MS media containing different concentrations of IBA and NAA (Appendix Table S2). The rooting rates of C1 and 404 in G1–G4 treatments reached 86.7% after 15 days. The roots developed well after 30 days, and the rooting rates reached 100%. The result showed that the number of roots and root length were dependent on the type and concentration of auxin (Fig. 4). On the 20th day, the number of roots and root length in the G2 and G3 treatments were significantly greater than those in G1 (without exogenous auxin), indicating that a proper amount of IBA or NAA was beneficial to the rooting of chrysanthemum in vitro. In addition, the rooting of adventitious buds in the G2 and G3 treatments was better than that in G4, indicating that the combined effect of IBA and NAA was lower than that of a single hormone for C1 and 404. Taking the rooting rate and root length as indicators, we screened the best rooting medium for C1 and 404: 1/2 MS + 0.2 mg L−1 IBA (G3). Among them, the adventitious bud of 404 obtained the maximum root number (15.7) and root length (11.0 cm) in the G3 treatment.
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Figure 4: Effect of growth regulators on rooting. (a) Rooting status of C1 and 404 on different rooting media for 30 d. Scale bar: 1 cm; (b–c) Root number and length on different rooting media. Different letters denote significant differences in the number or length of roots at the P < 0.05 level by ANOVA

3.5 Establishment of the Transformation System of High-Efficiency Regeneration C1

Among the 21 chrysanthemum cultivars, leaf explants and tTCL explants of C1 had a relatively high regeneration rate and short regeneration time. Leaf explants and tTCL explants of C1 were used to determine sensitivity to kanamycin. Two kinds of explants showed different responses to kanamycin dosage (Fig. 5a). Approximately 30 days after cultivation, as the concentration of kanamycin increased, the regeneration ability of leaf explants decreased. When the concentration of kanamycin was 5 mg L−1 or 8 mg L−1, only a few explants were differentiated. The adventitious buds grew slowly, and the regeneration rate fell to 60.0%. When the concentration reached 10 mg L−1, the calli could be induced, but its differentiation was completely inhibited. When the concentration was 15 mg L−1, the formation of calli was inhibited, and the leaf explants all bleached (Fig. 5d). Therefore, 10 mg L−1 was used as the critical concentration of kanamycin for screening resistant adventitious buds from leaf explants. Compared with leaf explants, tTCL explants were more sensitive to kanamycin (Appendix Fig. S3a). When the concentration of kanamycin was 2 mg L−1, the calli began to brown, and the differentiated adventitious buds had severe vitrification and could not regenerate. Even on the medium with a low concentration of kanamycin, the calli from tTCL explants also exhibited vitrification, which indicated that the tTCL explant was probably susceptible to antibiotics and is not suitable as a stable receptor of the transformation system. In summary, we chose leaves as explants, and the kanamycin concentration was 10 mg L−1 to establish a genetic transformation system of C1.

The adventitious shoots differentiated from leaf explants were transferred onto rooting media with different concentrations of kanamycin (Fig. 5a). When the concentration of kanamycin was 5 mg L−1, the rooting of adventitious shoots was delayed, and the rooting rate fell to 60.0%. When the concentration of kanamycin was 8 mg L−1, adventitious shoots were completely inhibited from rooting, and the apical buds were partially etiolated (Appendix Fig. S3b). As the concentration of kanamycin continued to increase, the growth of explants was completely inhibited. Therefore, we used 8 mg L−1 as the minimum concentration to completely inhibit rooting.

Leaf explants were precultured for 1–3 days in the Y2 treatment (MS + 6-BA 1.0 mg L−1 + NAA 0.5 mg L−1). Then, the leaf explants were infected with Agrobacterium suspension carrying the recombinant vector pBI121-ClbHLH62 of different optical densities (OD600 = 0.4–0.8) for 5–15 min. After infection, they were cocultured for 3 days in the dark and inoculated in the Y2 treatment containing 200–500 mg L−1 carbenicillin. The result showed that the regeneration and differentiation rates from leaf explants in the S2 and S3 treatments were high, and explants differentiated into adventitious buds and regenerated fastest in the S2 treatment (Figs. 5b–5c). Therefore, the transformation system of C1 was as follows: the leaf explants were precultured for 1 day, infected with Agrobacterium suspension (OD600 = 0.6) for 10 min, and then cultivated with the Y2 treatment with 350 mg L−1 carbenicillin and 10 mg L−1 kanamycin. One hundred leaf explants were infected, 17 putative transformants regenerated from the selection medium, and finally, 4 transgenic plants were positive for integration of ClbHLH62 when analyzed by PCR (Fig. 5e). Therefore, the transformation efficiency (transformants/explants) was 4.0%.

[image: images]

Figure 5: Establishment of transformation system for high-efficiency regeneration C1. (a) Determining the optimal concentration of kanamycin for differentiation of leaf and tTCL explants and rooting; (b) Effects of different transformation combinations on differentiation rate and regeneration rate of leaf explants; (c) Effects of different transformation combinations on differentiation time and regeneration time of leaf explants; (d) Regeneration of leaf explants in different kanamycin concentrations. Scale bar: 1 cm; (e) PCR detection of the target gene (ClbHLH62) in transgenic chrysanthemum C1 lines. M, DL2000 DNA marker; NC1-3, negative control; PC, positive control; TP1-TP17, Amplification of the ClbHLH62 gene in transformed lines. Different lowercases denote significant differences in the differentiation rate or differentiation time at the P < 0.05 level by ANOVA; different capitals denote significant differences in the regeneration rates or time at the P < 0.05 level by ANOVA

4  Discussion

4.1 Effects of Genotype on the Regeneration of Chrysanthemum

Diverse genotypes are the main reason for the differences in chrysanthemum regeneration ability. Jan et al. [13] compared the regeneration frequency of 60 chrysanthemum cultivars, and only seven cultivars could regenerate. Lim et al. [14] studied the regeneration of 11 chrysanthemum cultivars and found that there were significant differences in the number of callus formation, bud germination and bud formation. In this study, we selected three chrysanthemum cultivars that could regenerate efficiently. On the best regeneration medua, the three cultivars could directly complete the process from callus induction to differentiation, and the callus induction rate and differentiation rate were both close to 100.0%. From inoculation to differentiation, it took approximately 30–45 days for adventitious buds to be higher than 1.0 cm, which significantly saved time and labor costs. Among them, C1 reached the maximum average shoot number per explant (10.3) with tTCL explants (Fig. 2c). Although other cultivars were able to induce calli, they could not differentiate into shoots or the regeneration rate was low without changing the media, so they were not suitable for establishing an efficient regeneration system.

There have been many reports on chrysanthemum regeneration systems, but unstable systems and low transformation efficiency are still problems to be solved. In previous studies, the differentiation rate was commonly used to measure the regeneration ability of species [15], but we found that it could not represent the regeneration ability of a cultivar in vitro. For example, the differentiation rates of A13, 91-4-3, A20, and D64 were more than 80.0%, but as time went by, the browning of explants would make the differentiated buds lose their growth ability and die and cause the actual regeneration rate to be less than 20.0%. In this study, after calli were induced from leaves and tTCL explants of A13, they were changed to nine differentiation media supplemented with 6-BA (1.0–3.0 mg L−1) and NAA (0.1–1.0 mg L−1) (Appendix Table S6). The result showed that both leaf and tTCL explants obtained a higher regeneration rate, and the degree of browning was reduced (Appendix Fig. S4). The regeneration rate of leaf explants in MS + 6-BA 1.0 mg L−1+ NAA 0.1 mg L−1 increased from 0% to 80.0%, and the regeneration rate of tTCL explants in MS + 6-BA 1.0 mg L−1 + NAA 0.1 mg L−1 increased from 60.0% to 100.0%. Growth regulators and other additives in the medium could affect the degree of browning of explants. Cytokinins KT, 6-BA, etc., could not only promote the synthesis of phenolic compounds but also stimulate the activity of polyphenol oxidase to intensify browning [16]. Therefore, it was speculated that changing the medium with a low concentration of 6-BA could reduce the degree of browning during callus differentiation. Furthermore, the study defined the regeneration rate as the number of explants with adventitious buds greater than 1.0 cm/the number of explants that differentiate into adventitious buds. The regeneration rate is a supplement to the induction rate of adventitious buds, and the combination of the two can better reflect the true regeneration ability of chrysanthemum calli.

Furthermore, ploidy has a significant effect on regeneration efficiency. In cucumber, pea and other plants, the proliferation of the cell cultures with higher ploidy level was faster than those retaining original ploidy levels [17–19]. In purple coneflower, explants with higher ploidy levels were more sensitive to the plant growth regulator, and the application of a concentration that was conducive to the regeneration of explants with lower ploidy levels was inhibitory to the regeneration of explants with higher ploidy levels [20]. Chrysanthemum is highly heterozygous and polyploid, and most potted multiflora cultivars are complex hexaploidy [21]. Few reports prove that the ploidy of explant affects regeneration and transformation efficiency of chrysanthemum, which may provide a new direction for future research.

4.2 Effects of Growth Regulators on the Regeneration of Chrysanthemum

It is a commonly used method to change the type and concentration of growth regulators to promote plant regeneration in plant tissue culture. 6-BA and NAA are widely used in the healing and differentiation of chrysanthemum explants, and the commonly used concentration ranges are 0.5–5 mg L−1 and 0.1–2 mg L−1, respectively [7,10,22]. In this study, we used different concentrations of 6-BA (1.0–5.0 mg L−1) and NAA (0.1–1.0 mg L−1) for callus induction, differentiation and regeneration of different varieties and found that most chrysanthemum varieties regenerated adventitious buds in 12 treatments.

Cytokines and auxin must be balanced during shoot regeneration from explants, and the ratio of these two anxins is species dependent [23]. A high cytokinin/auxin ratio promotes bud induction in chrysanthemum [24,25]. In this study, we found that when the concentration ratio of cytokinin to auxin was 2:1, it was beneficial to the formation and differentiation of leaf explants, while a high concentration of 6-BA (5 mg L−1) and a low concentration of NAA (0.1 mg L−1) were conducive to callus induction and differentiation of tTCL explants.

Studies of the effects of different auxins on root induction and development have been previously performed on chrysanthemums and have found superior effectiveness of IBA compared to IAA and NAA [26]. In this study, C1 and 404 could grow more and longer roots in the rooting medium supplemented with IBA. We found that 0.2 mg L−1 might be most suitable for root induction and development, and concentrations higher than the optimal concentration inhibit rooting, in accordance with the results of Naing et al. [7].

4.3 Effects of Explants on the Regeneration of Chrysanthemum

In this study, leaf explants and tTCL explants of chrysanthemum were tested to induce calli, and the callus induction rates were all higher than 80.0% in the Y1–Y12 treatments. However, the differentiation and regeneration of the same species were different under the same condition. The differentiation time, differentiation rate and regeneration rate from tTCL explants of A13, A63, C1, C23, D12 and A12 were better than those from the leaf explants. Furthermore, different explants responded differently to the same treatment, which may be due to the tissue specificity of the plant hormone receptor or the interaction between growth regulators and the endogenous hormone in the tissue [27].

There are relatively few studies on the regeneration of chrysanthemum with tTCL explants, but they have been used in the regeneration system of the lily, sorghum, etc. [28,29]. Teixeira de Silva et al. [30] used tTCLs of chrysanthemum ‘Shuhou-no-chikara’ to efficiently induce adventitious buds, but internode shortening, vitrification, and multiple branches often occurred. Similarly, we observed that in the same treatment, the degree of vitrification of tTCL explants was more serious than that of leaf explants. This might be due to the small size of tTCL explants and the larger wound area and contact area with the medium, which could make it easy to absorb too much water from the growth medium. In other words, this characteristic of tTCL explants also provides them with more morphogenetic cells and, therefore, a generally stronger ability to regenerate [31].

It was found that tTCL explants of C1 had a higher regeneration efficiency than leaf explants, and the regeneration ratio of which is 1.45 times faster than the commonly used cultivar ‘Jinba’. But tTCLs were greatly affected by the environment and were susceptible to kanamycin, which made it unsuitable as the transformation system in this study. Therefore, continuing to explore the transformation system of tTCL explants will further shorten the time for chrysanthemum gene transformation.

4.4 Agrobacterium-Mediated Transformation of Chrysanthemum

Compared with conventional breeding, transgenic technology does not need long-term periods of selection [32]. However, due to the influence of many factors, such as cocultivation duration, antibiotics, and genotype, the genetic transformation of chrysanthemum is limited, and the transformation efficiency is relatively low [11]. Therefore, it is necessary to determine the factors that affect the transformation efficiency. The genotype of chrysanthemum has a great impact on the transformation efficiency, including its susceptibility to Agrobacterium infection and its ability to regenerate plants in vitro [33,34]. The transformation efficiency also depends on the cell density of Agrobacterium. The study of Corredoira et al. [35] showed that at OD600 = 0.6 or higher, the growth curve of Agrobacterium corresponded to the middle of the exponential phase, and infection at this stage could increase the transfection efficiency. In this study, the optical density (OD600 = 0.6) was found to be an optimal inoculation density, and the early growth phase of Agrobacterium (OD600 = 0.4) was probably not active enough for explant infection, which was similar to the research of Naing et al. [2]. The cocultivation period and temperature in the dark environment affected the transformation efficiency. The maximum number of putative shoots was observed when the temperature was maintained at 22°C during the cocultivation period of leaf explants from the cultivar ‘Jinba’, and the transformation efficiency reached 4.0% after 2 days of cocultivation [11].

Furthermore, there are few reports about the effect of antibiotics on the Agrobacterium-mediated transformation of chrysanthemum. Carbenicillin, as an antibiotic to inhibit Agrobacterium, can prevent plantlet death caused by the long-term coexistence of Agrobacterium with the explants [36]. In this study, however, it was found that when the concentration of carbenicillin was 350 mg L−1, it could effectively inhibit the damage from excess Agrobacterium to seedlings; however, the leaf explants were necrotic in the culture medium when the concentration of carbenicillin was 500 mg L−1, which was similar to the research of Haider et al. [11].

5  Conclusion

Taken together, three chrysanthemum cultivars (C1, 404 and BT) with high-efficiency regeneration were screened, and an efficient regeneration system was established (MS + 6-BA 1.0 mg L−1 + NAA 0.5 mg L−1 for leaf explants and MS + 6-BA 5.0 mg L−1 + NAA 0.1 mg L−1 for tTCL explants). These cultivars only needed 30–45 days from inoculation to regeneration without changing the medium. The adventitious shoot rooting medium for C1 and 404 was established (1/2 MS + 0.2 mg L−1 IBA). In addition, we established an Agrobacterium-mediated genetic transformation system for C1, which finally differentiated into adventitious buds 30 days after culture. The positive transformation rate of gene detection was 4.0%.
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Figure S1: The photos of chrysanthemum cultivars used in the experiment
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Figure S2: Diagram of the construction of the over-expression vector. ClbHLH62 gene was inserted between the CaMV 35S promoter and the β-glucuronidase gene. RB right border; LB left border
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Figure S3: Determining the optimal concentration of kanamycin for tTCL explants differentiation and rooting of cv. C1. (a) Regeneration of tTCL explants in different kanamycin concentrations; (b) Rooting of cv. C1 in different kanamycin concentrations. Scale bar: 1 cm
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Figure S4: Regeneration of cv. A13 in the changed differentiation medium. (a) Regeneration rate of leaf explants or tTCL explants; (b) Regeneration time of leaf explants or tTCL explants; (c) Browning and regeneration of leaf explants on 9 changed differentiation media (F1–F9). CK, leaf explants of cv. A13 in Y2 treatment; (d) Browning and regeneration of tTCL explants on 9 changed differentiation media (F1–F9). CK, leaf explants of cv. A13 in Y10 treatment. Scale bar: 1 cm. Different letters significant differences in the regeneration rate or time of cv. A13 at the P < 0.05 level by ANOVA
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Table 1: Regeneration media used tfor shoot induction 1n difterent chrysanthemum cultivars

Media Concentration (mg L")
6-BA NAA
Y1 1.0 0.1
Y2 1.0 0.5
Y3 1.0 1.0
Y4 2.0 0.1
Y5 2.0 0.5
Y6 2.0 1.0
Y7 3.0 0.1
Y8 3.0 0.5
Y9 3.0 1.0
Y10 5.0 0.1
Y11 5.0 0.5

Y12 5.0 1.0
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Table S2: Effect of different concentrations of IBA and NAA on rooting of C1 and 404

Media IBA (mg L") NAA (mg L") Cultivars Rooting rate (%)

Gl 0 0 Cl 100.0 £ 0
404 93358
G2 0.2 0 Cl 100,00
404 100.0 =0
G3 0 0.2 Cl 100.0 £ 0
404 100.0+0
G4 0.1 0.1 Cl 100.0+0

404 100.0 + 0






OEBPS/Images/table-6.png
Table S5: Callus induction rate from tTCL explants of eight chrysanthemum cultivars on different media

Cultivars Callus induction on different media (%)
Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10 Y11 Y12 Average

D12 100.0£0 10000 90.0=10.0 80.0+10.0 100.0+£0 100.0+£0 100.0+£0 100.0+0 1000+0 100.0+0 100.0+0 1000+ 0 97.5°
Al2 100.0+0 100.0+0 933 +58 80.0+0  100.0+0 100.0+0 100.0+0 80.0+10.0 1000+0 0 10000 100.0+0 87.8°
23 100.0+£0 10000 100.0+0 100.0+0 100.0+0 100.0+0 100.0+0 100.0+£0 1000+0 100.0+0 1000+0 0 91.74
Al3 100.0£0 10000 90.0£10.0 100.0+0 100.0+0 100.0+0 100.0+0 90.0+10.0 1000+0 100.0+0 100.0+0 100.0+0 983"
Css 100.0£0 10000 100.0+0 1000+£0 10000 100.0£0 100.0+0 100.0£0 1000+0 10000 1000+0 100.0+0 100
A63 100.0+£0 100.0+0 100.0+0 100.0+0 1000+0 100.0+0 100.0+0 0 1000£0  100.0+0 100.0+0 10000 91.7
Cl 100.0£0 10000 933 +£58 80.0+10.0 100.0+£0 100.0+£0 100.0+£0 10000 1000+0 100.0+0 100.0+0 100.0+£0 97.8°
404 100.0£0 10000 100.0+0 70.0+10.0 233+58 40.0+10.0 0 0 10.0£10.0 33358 100,00 1000+ 0 564"
Average 100 100* 95.8° 88.8° 90.44 92.5¢ 87.5" 71.3b 88.8° 79.28 100.0*  87.5%

Note: Different letters denote significant differences in the callus induction rate at the P < 0.05 level by ANOVA.
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Table S3: Influence of four factors on the conversion efficiency of C1

Treatment Factor
Pre-cultivation = Microbial Infection time Antibiotic
time (d) concentration (ODggp) (min) concentration (mg L)

Sl 1 0.4 5 200

S2 1 0.6 10 350

S3 1 0.8 15 500

S4 2 0.4 10 500

S5 2 0.6 15 200

S6 2 0.8 5 350

S7 3 0.4 15 350

S8 3 0.6 5 500

S9 3 0.8 10 200
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Table S6: Differentiation media used for shoot differentiation and prevention of browning in chrysanthemum
cv. Al3

Media 6-BA(mgL ") NAA (mgL")

Fl1 1.0 0.1
F2 1.0 0.5
F3 1.0 1.0
F4 2.0 0.1
FS 2.0 0.5
F6 2.0 1.0
F7 3.0 0.1
F8 3.0 0.5

F9 3.0 1.0
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Table S1: Chrysanthemum cultivars used in the experiment and flower morphological characteristics of
them

Experiment Cultivar Flower color  Petal type of capitulum
Effects of different auxin and cytokinin 404 yellow amenone
concentrations on leaf or tTCL explants Al3 yellow double
regeneration of eight chrysanthemum cultivars A63 yellow semidouble
Cl red semidouble
C23 red semidouble
C55 red semidouble
Al2 white double
D12 pink semidouble
Verification of efficient regeneration 99-136-1  red double
system with 13 chrysanthemum cultivars 01-4-3 white double
98-5-1 white single
82-81-19  yellow double
14-42-1 white single
BT white double
03-70-1 white double
A20 pink semidouble
C27 red single
C60 red single
D64 red single
D78 pink semidouble

ES8 red semidouble
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Table S4: Callus induction rate from leaf explants of eight chrysanthemum cultivars on different media

Cultivars Callus induction on different media (%)

Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10 Y11 Y12 Average
D12 10000 100.0+£0 100.0+0 100.0+0 100.0+0 100.0+0 10000 100.0+0 100.0+0 100.0+0 100.0+0 10000  100.0°
Al2 10000 100.0+£0 100.0+0 100.0+0 10000 100.0+0 10000 100.0+0 100.0+0 100.0+0 100.0+0 10000  100.0°
23 10000 10000 100.0+0 10000 100.0+0 100.0£0 1000+0 100.0+0 100.0£0 100.0+0 10000 0 91.7°
Al3 100.0£0 10000 10000 100.0£0 10000 10000 10000 100.0=0 10000 10000 100.0+0 10000  100.0°
C55 10000 10000 10000 90.0=10.0 10000 100.0+0 80.0+10.0 10000 10000 100.0+0 0 933+58 8879
A63 100.0£0 10000 100.0+0 100.0+£0 100.0+0 100.0+0 100.0+0 100.0+0 100.0+0 100.0+0 100.0+0 100.0+0  100.0°
Cl 10000 100.0+£0 1000+0 100.0+0 1000+0 100.0+0 10000 100.0+0 1000+0 100.0+0 100.0+0 1000+0  100.0*
404 433458 10000 1000+0 100.0+0 100.0+0 100.0+0 100.0+0 100.0+0 1000+0 100.0+0 100.0+0 70.0+10.0 92.8°
Average  95.3° 100.0° 100.0°  992% 100.0° 100.0° 983 100.0° 100.0° 100.0°  91.7° 88.64

Note: Different Ictters denote significant differences in the callus induction rate at the P < 0.05 level by ANOVA.
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