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Introduction

Appropriate postharvest treatment, as well as adequate conditions of storage, can be adopted to elongate the lifespan of cut flowers. Thidiazuron (TDZ), a substituted phenylurea, and 1-methylcycloproene (1-MCP), a non-toxic inhibitor of ethylene perception, are nowadays substances commonly used to prevent early damage caused by senescence and to delay chlorophyll degradation. Ranunculus asiaticus L. is cultivated for cut flower production and is highly sensitive to ethylene and leaf yellowing. In this study, the effect of different pulse-tratment in prolonging cut ranunculus vase life was analyzed.





Methods

TDZ 10 µM, 1-MCP 500 ppb, and a combination of both were applied for 24 hours after harvest. The effect of the treatments was evaluated by performing non-destructive (% loss of fresh weight, chlorophyll a fluorescence, in vivo chlorophyll content, and Nitrogen Flavonol Index – NFI) and destructive (chlorophyll, carotenoids, anthocyanins concentration, and phenolic index) analyses at 0, 1, 12, and 14 days from treatments. 





Results and Discussion

Flower wilting was delayed by 4 days in 1-MCP + TDZ 10 µM treatments, which also reduced weight loss and chlorophyll degradation compared to controls. The effectiveness of these compounds in preventing senescence has been confirmed by the decreased biosynthesis of phenolic compounds.
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1 Introduction

The global floricultural industry is nowadays a multi-billion-dollar enterprise in constant growth and with international dimensions (Naing et al., 2022). Consumers are becoming more interested in flower quality and longevity (Darras, 2021); however, during long trade transportation, qualitative characteristics can be compromised by eventual ethylene exposure, causing early petal and bud abscission. Therefore, appropriate control of storage conditions (temperature, humidity, and atmospheric conditions) (Fernandes et al., 2020) and postharvest treatments, which include different chemical or organic substances, can be adopted (van Doorn et al., 2011; da Costa et al., 2015; da Costa et al., 2021; Sun et al., 2022) to meet consumers’ preference for prolonged flower longevity and freshness (Naing et al., 2022). The inhibition of ethylene perception in flowers can represent a powerful instrument to prolong their longevity. Silver thiosulfate (STS) was one of the first chemical compounds utilized for this purpose. However, the release of silver ions also represents a serious concern to the environment and public health because of their toxicity (van Doorn et al., 2011; Naing et al., 2022). 1-methylcyclopropene (1-MCP – chemical formula C4H6) was discovered in 1995 and it is a non-toxic gaseous compound which inhibits ethylene action by binding itself to hormone receptors in an irreversible manner: the ability of 1-MCP to bind receptors is ten times greater compared to ethylene (Blankenship and Dole, 2003; Ferrante and Francini, 2006; Naing et al., 2022). It has been reported that the vase life of various cut flowers such as carnation (Dianthus cariophyllus L.) (Ichimura and Shimizu, 2002), stock (Matthiola incana) (Çelikel and Reid, 2002), Consolida ajacis (Santos et al., 2005), chrysanthemum (Chrisantemum morifolium Ram.) (Hassan and Gerzson, 2002), snapdragon (Anthirrinum majus L.) (Heffron and Korban, 2022), and Delphinium hybrid (cv. Bellamosum) (Ichimura and Shimizu, 2002) can be extended by exposure to 1-MCP (Rani and Singh, 2014). Moreover, treatments with this compound elongate the vase life of sweet pea (Ichimura and Shimizu, 2002) and rose (Chamoni et al., 2005) and prevent bud and floral abscission of Phalaenopsis cultivars (Sun et al., 2009). Vase life can be also defined by leaf senescence. It has been demonstrated that treatments with cytokinins and gibberellins inhibit chlorophyll degradation and leaf senescence (Janowska and Andrzejak, 2022). Thidiazuron (TDZ, N-phenyl-N’-1,2,3-thiadiazol-5-ylurea) is a herbicide and defoliant compound of substituted phenylurea with high cytokinin-like activity (Macnish et al., 2010; Ferrante et al., 2012). Different studies on ruscus, Alstroemeria, and other cut flowers sensitive to leaf yellowing demonstrated the effectiveness of TDZ treatment in preventing leaf senescence (Ferrante et al., 2002b; Ferrante et al., 2003; Mutui et al., 2005; Bulgari et al., 2015).

Ranunculus asiaticus L. is a geophyte with a vegetative phase during cool winters and a quiescence phase in hot summer periods. It is the only Ranunculus species cultivated for ornamental scope, especially in the Mediterranean area, where Italy is the largest producer (300-350 ha, with almost half of them, 132 million stems, produced in Sanremo, Italy). Ranunculus represents 0.4% of the total sales of cut flowers and data from Royal FloraHolland, collected during the period January 2015 - May 2017, shows that Ranunculus stems come primarily from the Netherlands, Israel, and Italy (Beruto et al., 2018). Flowers belonging to the family of Ranuncolaceae appear to be highly ethylene-sensitive (Evans et al., 2002; Mensuali Sodi et al., 2002; Scariot et al., 2009) and, considering the importance of ranunculus for the Italian flower market, it appears of extreme importance to find new treatments which can elongate the vase life of cut stems, retarding the appearance of senescence symptoms. In this work, cut ranunculus flowers were treated with TDZ, 1-MCP, and with a combination of both to evaluate their effectiveness in prolongating the flowers’ vase life.




2 Materials and methods



2.1 Plant material

Cut ranunculus flowers (Ranunculus asiaticus L., “Venere rosa”) were provided by Floorcoop Sanremo (Taggia, IM, Italy) and then they were wet transported to the University of Milan and treated in the 24 hours (h) after harvest as described below.




2.2 Treatments and evaluation of stem quality

Forty stems, chosen for uniform growth and stage of development—the “open flower” stage according to Shahri and Tahir (2011)—were divided into four groups and pulse-treated for 24 h in a controlled environment (temperature 20° C, relative humidity 60-70%, and light intensity 10-15 μmol m-2 s-1 PPFD for 12 h per day using white fluorescent tube lamps) as follow: distilled water (control), TDZ 10 µM, 1-MCP 500 ppb m-3, and 1-MCP + TDZ 10 µM. TDZ was dissolved in 0.1 mM KOH and then pH adjusted with 36% HCl. Flowers of each condition were separated into three different glass bottles containing 750 mL of solution (distilled water or TDZ 10 µM). 1-MCP application was performed by fumigation in an airtight container, dissolving 1.6 g of powder in 250 mL of distilled water. Concentrations were chosen based on previous experiments performed by Ferrante et al. (2012). At the end of this period, each stem was transferred to a 50 mL tube, rinsed daily with distilled water during the entire experiment, and flowers were kept in the same controlled environment explained previously.

The quality of each flower was assessed by visually determining the presence or absence of senescence symptoms every day. The time duration between the start of the experiment and the day of the appearance of leaf yellowing, flower senescence, and the first petal loss was recorded for every replicate of each treatment (n = 10).




2.3 Non-destructive analyses



2.3.1 Loss of fresh weight

The fresh weight (FW) of the stems (n = 10) for each condition was measured after 1, 7, 12, and 14 days from the treatments, and the percentage of FW loss was estimated as follows:

	

where “t1” refers to the FW measured after 24 h from treatment, and “tx” to all the other time points.




2.3.2 In vivo chlorophyll content, Nitrogen Flavonol Index, and chlorophyll a fluorescence

In vivo content of chlorophyll and Nitrogen-Flavonol Index (NFI)—a good indicator of the nutritional status of plants—were measured using a multi-pigment meter MPM-100 (ADC BioSCientific Ltd.), randomly choosing ten leaves for each condition (n = 10). Chlorophyll a fluorescence was measured using a hand-portable fluorimeter (Handy-PEA, Hansatech Instruments), randomly choosing three leaves for each condition (n = 3). Before measurements, the leaves were dark-adapted with leaf clips (diameter 4 mm) for 30–40 min, then they were exposed to a saturating light (3000 µmol m−2 s −1) provided by an array of three high-intensity light-emitting diodes for 1 s. Information about the structural and functional status of the photosynthetic apparatus was provided by the parameters measured: the maximum quantum efficiency of photosystem II (FV/FM) and the area (value proportional to the number of electrons trasferred by the reaction centers to the quinones - QA - during photosynthesis).

Both analyses were performed at 0, 1, 7, 12, and 14 days after treatments.





2.4 Destructive analyses

In order to perform the destructive analyses, three leaves were randomly selected for each treatment from among the ten replicates in all the time points considered to obtain plant materials. The selected stems were weighed at the beginning and after leaf detachment to obtain accurate FW and loss of FW measurements.



2.4.1 Chlorophyll and carotenoids concentration

Chlorophylls and carotenoids were extracted from leaf tissues using 5 mL of 99.9% (v/v) methanol. Three leaf disc samples (5 mm diameter, 30 mg FW), for each treatment and time were kept in a dark room for 24 h at 4°C. After that, absorbance readings were measured with a spectrophotometer (Thermo Italy) at 665.2 and 652.4 nm for chlorophylls, and 470 nm for total carotenoids, and pigments levels were calculated by Lichtenthaler’s formula. The results were expressed as µg of pigments g-1 FW (Lichtenthaler, 1987). Samplings were conducted at 0, 1, 7, 12, and 14 days after treatment.




2.4.2 Phenolic index and anthocyanins concentration

Phenolic index and total anthocyanin were determined from leaf disc samples (5 mm diameter, 30 mg FW). Three leaf samples for each treatment and time were transferred to a tube containing 3 mL of methanol acidified with hydrochloric acid (1% v/v) and were kept in a dark room for 24 h at 4°C. Absorbance readings were measured with a spectrophotometer at 320 nm for total phenols (Ke and Saltveit, 1989), and at 535 nm for anthocyanin determination (Klein and Hagen, 1961). Phenolic index was expressed as ABS320 nm g−1 FW. Anthocyanins concentration was expressed in mg cyanidin-3-glucoside equivalents 100 g-1 FW using a molar extinction coefficient (ϵ) of 29,600 L M−1 cm−1. Samplings were conducted at 0, 1, 7, 12, and 14 days after treatment.





2.5 Statistical analysis

Data are reported as the means of replicates. Statistics were performed using GraphPad Prism version 8 for Windows (GraphPad Software, La Jolla California USA, www.graphpad.com). A two-way ANOVA was performed, followed by the Tukey post-hoc test (p< 0.05), considering the variables of time, treatment, and their interaction. Additional information is reported in the figure legends.





3 Results



3.1 Loss of FW and quality of the stems

All the treatments showed an increase in FW losses as vase life went on. Only the flowers treated with TDZ 10 µM had no significant differences at 12 and 14 days after treatment. Among the different treatments, it was possible to observe how the treated cut flowers showed, in general, lower FW losses compared with the control group after 7 and 12 days (Figure 1). In particular, flowers treated with TDZ 10 µM and 1-MCP + TDZ 10 µM showed the best results. The interaction between time and treatment was not significative.




Figure 1 | Percentage of fresh weight losses in the different treatments at 7, 12, and 14 days. The interaction of “time x treatment” was not significative. Various lowercase letters indicate significant differences among treatments at the same time after two-way ANOVA (p< 0.05) (n = 10); various uppercase letters various uppercase letters indicate significant differences between the time points for each treatment after two-way ANOVA (p< 0.05) (n = 10).



Cut flower quality was assessed, evaluating the time duration between the beginning of vase life and the appearance of the first symptoms of senescence, represented by leaf yellowing, flower wilting, and petal fall (Figures 2A, B). Considering leaf yellowing, no significant differences were observed between the control and 1-MCP treatment groups, in which leaf yellowing occurred after 5-6 days. However, both the treatments containing TDZ delayed this phenomenon by 3 days (Figure 2B). All treatments delayed flower senescence by 3 days (Figure 2A), while loss of petals was delayed by 3 days in treatment with only TDZ and 4 days in the other two treatments, compared to the control group (Table 1).




Figure 2 | Quality of the stems (A) and leaf yellowing (B) in the different treatments after 7 days from the application of TDZ 10 µM, 1-MCP, and 1-MCP + TDZ 10 µM.




Table 1 | Days (expressed as mean value) before the appearance of the main symptoms considered in the evaluation of stem quality in the different treatments (leaf yellowing, flower wilting, and loss of petal).






3.2 In vivo chlorophyll content, NFI and chlorophyll a fluorescence

In the cut flowers sector, non-destructive measurements allow the early detection of stress or senescence. In the present experiment, non-destructive analyses always showed a significative interaction of “time x treatment” (p< 0.05), with the exception for NFI values.

In vivo chlorophyll concentrations were higher in TDZ and 1-MCP + TDZ 10 µM at day 7 compared with the controls. After this time point, the values tended to decrease in all the treatments, less evidently in TDZ 10 µM stems. At 14 days, 1-MCP showed even lower levels of chlorophyll, compared to controls (Figure 3A). In treatment with TDZ 10 µM, higher values of NFI at all time points confirmed a better status of the leaves compared to the control and 1-MCP groups (Figure 3B). While NFI values decreased over time in 1-MCP + TDZ 10 µM treatments, at 12 and 14 days the leaves showed intermediate values of between the TDZ 10 µM and control groups.




Figure 3 | In vivo chlorophyll content (A) and NFI (B) in the different treatments after 0, 1, 7, 12, and 14 days from treatment. The interaction of “time x treatment” was significative only for chlorophyll content (A); various letters indicate significant differences after two-way ANOVA (p< 0.05) (n = 10). In the NFI graph (B), various lowercase letters indicate significant differences among treatments at the same time after two-way ANOVA (p< 0.05) (n = 10); various uppercase letters indicate significant differences between the time points for each treatment after two-way ANOVA (p< 0.05) (n = 10).



Chlorophyll a fluorescence was measured at different time points to check the health status of the cut flowers. Among the different parameters, Fv/Fm and area were considered for evaluating the effects of the treatments. The maximum quantum efficiency of photosystem II (Fv/Fm), which has an optimal value of around 0.83 in unstressed plants (Maxwell and Johnson, 2000), was not different from controls at 0 and 1 days. Cut flowers treated with TDZ or 1-MCP + TDZ 10 µM showed a retention of the PSII functionality until day 12 (Figure 4A). In 1-MCP, the lowest results were recorded at 12 and 14 days after treatment. Area (Figure 4B) tends to decrease as environmental stresses or plant senescence occur (Kalaji and Guo, 2008). As the process of senescence went on, cut flowers of both treatments which included TDZ 10 µM showed higher values compared to the control and 1-MCP groups.




Figure 4 | FV/FM ratio (A) and Area under the chlorophyll a fluorescence induction curve (B) parameters in different treatments after 0, 1, 7, 12, and 14 days from the treatment. The red line (A) indicates the optimal threshold of 0.83. The interaction of “time x treatment” was always significative. Various letters indicate significant differences after two-way ANOVA (p< 0.05) (n = 3).






3.3 Destructive analyses on leaves of cut flowers

Destructive analyses showed a significative interaction of “time x treatment” (p< 0.05).

The total chlorophyll concentration in the flowers at harvest was 1.5-1.7 µg/mg FW. Control flowers showed lower concentrations of total chlorophyll starting from 7 days after treatment. According to the different leaf yellowing observed, 1-MCP demonstrated a similar behavior to the controls, while 1-MCP + TDZ 10 µM and, particularly, TDZ 10 µM showed higher concentrations of chlorophyll with values of 0.9 µg/mg FW at the end of the experiment (Figure 5A). A similar trend was observed for leaf carotenoids concentration (Figure 5B). After 12 and 14 days, the carotenoids increased in the TDZ and 1-MCP + TDZ treatments, with values of 0.20-0.25 µg/mg FW and 0.14-0.16 µg/mg FW, respectively, that were higher than the controls.




Figure 5 | The concentration of chlorophyll a+b (A), carotenoids (B), phenolic index (C), and anthocyanins (D) in leaves of the different treatments after 0, 1, 7, 12, and 14 days from treatments. The interaction of “time x treatment” was always significative. Various letters indicate significant differences after two-way ANOVA (p< 0.05) (n = 10). All the values are expressed on the basis of FW.



Anthocyanins concentration did not show significant differences among the treatments except after 12 days. At this time point, the TDZ showed a higher value of anthocyanins (Figure 5D). The concentration of phenolic compounds increased during the experimental period in control flowers (Figure 5C). Treatment with TDZ did not show an increase in phenolic compounds. In the other treatments the phenolic index increased in time, but less evidently compared to control up to 12 days.





4 Discussion

The quality of cut flowers mainly depends on their visual appearance and the longevity of petals and leaves. The cut flower industry is persistently looking for new strategies to enhance postharvest handling practices. Delaying the process of flower and leaf senescence appears to be of pivotal importance, because the vase life is a critical factor in determining commercial and consumer appreciation (Horibe, 2020). The optimization of storage conditions, along with postharvest treatments, are crucial for extending the storage and the vase life of cut flowers. Among the possible strategies, the application of different chemical and organic compounds can help in enhancing the vase life of different species (da Costa et al., 2021).

1-MCP is a non-toxic ethylene action inhibitor that protects cut flowers from ethylene produced by flowers or present in the environment as a pollutant. It has been largely used to delay senescence processes in fruit, leafy vegetables, and cut flowers, and more than 40 countries have currently approved its use (Grozeff et al., 2010; Dias et al., 2021).

TDZ is a substitute of phenyl urea with high cytokinin-like activity, and its action can be observed in both light and dark conditions. The biosynthesis of cytokinins occurs in roots; therefore, the harvest and detachment of cut flowers from their roots cause the loss of the supply of these plant hormones (Kakimoto, 2003; Sakakibara, 2021; Janowska and Andrzejak, 2022): the reduction of endogenous cytokinins associated with dark conditions postharvest accelerate leaf senescence induction (Eason, 2006; Hönig et al., 2018; Guo et al., 2021). Moreover, TDZ application has shown capability in increasing the level of carotenoids, which can be considered the molecules used for counteracting the senescence process of cut flowers, protecting the flower from excessive damage caused by reactive oxygen species (Ferrante et al., 2002a; Ferrante et al., 2003; Sankhala et al., 2003; Sankhala et al., 2005; Macnish et al., 2010; Hönig et al., 2018). The effectiveness of these compounds has been largely studied, yet little is known about the possible positive effect of the combination of TDZ and 1-MCP.

In this work, pulse applications of TDZ alone or in combination with 1-MCP were studied to preserve the quality and prolong the vase life of cut ranunculus flowers. Our results suggested that all tested treatments strongly inhibited petal abscission and flower senescence, delaying flower wilting by 3 days in TDZ 10 µM and 4 days in both 1-MCP and 1-MCP + TDZ 10 µM treatments, compared to controls. The effectiveness of these compounds compared to controls in preventing senescence has been confirmed by the decreased biosynthesis of phenolic compounds in treated flowers. These secondary metabolites are involved in a wide range of biological functions. They are highly accumulated during vase life to counteract the stress generated by flower or leaf senescence (Cavaiuolo et al., 2013). On the other hand, the 1-MCP treatment did not have an effect in preventing leaf yellowing, which occurred after 5 days in both treatments and in controls. The TDZ 10 µM treatment seems to preserve the health status of flowers, as evidenced by the analysis of the Fv/Fm index and by a greater content of chlorophylls, as both in vivo and destructive analyses showed. These results suggest a better performance of the photosynthetic apparatus in the TDZ 10 µM thesis, followed by 1-MCP + TDZ 10 µM. A high concentration of carotenoids, with higher levels in TDZ 10 µM treatment followed by 1-MCP + TDZ 10 µM treatment, reveals the important contribution of these pigments in preserving the quality of flowers, acting as photo-protectors and antioxidants able to reduce the oxidation of other molecules (Maoka, 2020; Pérez-Gálvez et al., 2020). The cut flowers treated with TDZ 10 µM and 1-MCP + TDZ 10 µM showed the best results also in terms of less weight loss over the entire period of observation. TDZ is effective at very low concentrations; therefore, it can be a valid postharvest treatment for preserving flowers sensitive to leaf yellowing.




5 Conclusion

In contrast to a previous study on stock flowers (Ferrante et al., 2012), our findings showed how the combination of 1-MCP + TDZ 10 µM could represent an efficient postharvest treatment to extend the cut ranunculus vase life, delaying both flower and leaf senescence. In further works, it could be interesting to perform deeper analyses on the senescence process, taking into account the color of flower, the level of total sugars, the ethylene biosynthesis, the leaf gas exchanges, and the activities of senescence associated enzymes.  Expanding our knowledge on the interaction between 1-MCP and TDZ can provide further insights into the mechanisms that contribute to the combined beneficial effect observed. These valuable insights can then be utilized as practical tools for implementing postharvest guidelines, enabling us to effectively maintain and enhance the quality of cut flowers throughout the entire supply chain. In fact, delaying the appearance of senescence phenomena, even for few days, could be a significant result for the cut flowers market.
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