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Abstract

:

Chemical dormancy breakers are often used to manipulate floral bud break in sweet cherry production, and their use is increasing due to unpredictable climate effects. The role of plant hormones in regulating the critical transition of floral buds from dormant to opening in deciduous trees is now emerging. By monitoring changes in endogenous hormone levels within floral buds that are undergoing the transition from dormant to the growing state in response to various cues (environmental and/or chemical inducers), we can begin to distinguish the plant hormones that are the drivers of this process. This study sought to identify key hormonal regulators of floral bud break using sweet cherry as a model and modifying timing of bud break through the application of two chemical dormancy breakers, hydrogen cyanamide (HC, Dormex®) and emulsified vegetable oil compound (EVOC, Waiken®), and to determine the effect of these chemicals on fruit growth and quality. Treatments were applied at label rates 35–40 days before estimated bud break. We found that HC-treated tree buds broke earlier, and this was associated with a significant early elevation of the cytokinins dihydrozeatin and dihydrozeatin riboside compared to the control and EVOC-treated tree buds. In contrast, changes in auxin and abscisic acid content did not appear to explain the hastened bud burst induced by hydrogen cyanamide. While HC-treated trees resulted in larger fruit, there was a higher incidence of cracked fruit and the pack-out of A-grade fruit was reduced. The increase in fruit size was attributed to the earlier flowering and hence longer growing period. Harvest assessment of fruit quality showed no treatment effect on most quality parameters, including fruit dry matter content, total soluble solids or malic acid content, but a reduction in fruit compression firmness and stem pull force in EVOC-treated trees was observed. However, all fruit still met the Australian industry fruit quality export market standards. This study offers important insights into bud hormonal activities underpinning the action of these chemical regulators; understanding bud responses is critically important to ensuring consistent and sustainable fruit tree production systems into the future. It also demonstrates that the dormancy-breaking agents HC and EVOC have no detrimental impact on fruit quality at harvest or following storage, however growers need to be aware of the potential for increased fruit cracking when earlier bud break results in a longer growing season which has the potential to increase fruit size. Further studies are required to determine the role of gibberellin in hastening bud break by dormancy breakers.
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1. Introduction


Time of bud break and flowering in deciduous fruit trees is controlled by the number of chill days accumulated over winter, with the warming weather of spring triggering the transition from endormancy to ecodormany, and ultimately bud growth [1]. With a warming climate there is a growing concern that current growing regions may become marginal for fruit production [2,3], and in many growing regions it has become routine to apply chemicals to synchronise floral bud break, ensuring a commercially viable flowering and fruit set. These treatments can be particularly important if winter chilling and/or spring conditions have been suboptimal [4]. The use of dormancy breakers is becoming increasingly common in sweet cherry (Prunus avium) production. With continually increasing high premium prices compared with other horticultural products, sweet cherry is rapidly becoming one of the highest value tree crops in Australia.



According to Petri et al. [5] and Rademacher [6], hydrogen cyanamide (HC) is the leading plant bioregulator used to substitute for chilling. However, the toxicity of HC [7] and its ban in Europe [8] have led to the exploration of other less toxic chemicals as alternatives [4,5,9], many of which are based on thiourea, nitrate salts and mineral oils [6]. Emulsified vegetable oil compounds (EVOC) have also been shown to be an effective trigger of floral bud break in apples (Malus domestica) [9] and sweet cherry (Prunus avium) [10]. In addition to synchronising bud development, the application time of dormancy breakers can impact flowering time; Bound and Jones [11] observed advanced flower development following early application of HC to apples, while late applications delayed flower development. A similar effect was reported by Bound and Miller [10] following the application of the EVOC Waiken®.



There is strong evidence that plant hormones play key roles in maintaining floral bud dormancy and inducing bud break in deciduous fruit trees, including prominent roles for auxin, abscisic acid, cytokinins and gibberellins and some evidence of roles for ethylene [12].



Some of the evidence of the involvement of these hormones in floral bud dormancy and/or break is based on observation of the expression of hormone related genes [13,14,15,16]. However, as many hormone pathways are under strong feedback control, these gene expressions may not necessarily reflect hormone level. More compelling evidence comes from studies that quantify endogenous hormone levels in buds over the course of floral bud break [17,18]. Application studies, including the application of hormones or hormone precursors and substances that modify hormone level or action are also informative.



In cherries, several hormone groups have been considered as potentially important regulators of floral bud break from studies using both field-collected and detached branches. Hormone quantification in buds transitioning from dormant to growing has indicated abscisic acid may maintain endodormancy [18], while HC-induced bud burst was associated with elevated cytokinin in floral buds [17] and gibberellin levels in whole branches [19]. However, there are some inconsistencies. For example, a reduction in ABA content prior to bud break has been found in some but not all studies of cherries, and in apples, HC-induced bud burst has been associated with elevated auxin [20], but this was not observed in HC-treated cherries [17]. The role of gibberellin as a promoter of bud burst is also unclear, as the application of gibberellin has been found to both suppress or promote bud break depending on the species and time of application [8,21,22,23].



Some studies have included an examination of the effect of dormancy-breaking agents on fruit set, yield and maturity in a range of crops [5,24,25,26,27,28], but most studies are restricted to the impacts of dormancy-breaking agents on bud break and flowering. Hence there is limited information available on fruit growth and quality at harvest on crops treated with dormancy-breaking agents.



This study examined the effect of two chemically distinct dormancy-breaking agents (HC and EVOC) in sweet cherry to determine (1) their influence on bud break and the endogenous hormone content of buds to ascertain whether they act via modification of the same hormone triggers, (2) the effect of treatments on bud development through to shuck fall and (3) effects on fruit growth and quality at harvest.




2. Materials and Methods


A field trial was established on mature ‘Lapins’ sweet cherry trees grown on F12/1 rootstock in a commercial orchard in the Derwent Valley, Tasmania (42.7548° S, 146.9853° E) in late winter 2018. Trial design was a randomised complete block design with three treatments (HC, EVOC, and untreated control), each with four replicates and a plot size of three trees. Three representative branches were tagged on each tree for bud-stage counts during the season and for obtaining fruit samples for quality assessments at harvest.



The two dormancy-breaking chemicals applied in this study were HC in the form of Dormex® (520 g/L cyanamide, NuFarm Australia Limited, Melbourne, VIC, Australia) and EVOC applied as Waiken® (388 g/L methyl esters of fatty acids, SST Australia Pty Ltd., Dandenong South, VIC, Australia). Treatments were applied in late winter with the application rate and time based on label recommendations and aimed to avoid either delay or advancement of flowering. Hydrogen cyanamide was applied at 2.5% v/v and EVOC at 4% v/v; application times are shown in Table 1. All sprays were applied to the whole tree to runoff at a water volume of 1000 L/ha. At the time of spray application, buds on all trees were dormant or at the early bud swell stage.



2.1. Bud Sampling for Phenological Assessment and Hormone Analysis


Flower buds were collected twice weekly over the course of six weeks, commencing on 2 August 2018. Buds were selected at random from the centre tree in each replicate, avoiding the tagged branches. Six to eight buds were collected for determination of bud stage. For hormone analysis a similar number of buds were harvested and placed directly into pre-weighed tubes containing 80% methanol with 250 mg L−1 butylated hydroxytoluene. All samples were placed in a portable cooler and returned to the laboratory for bud stage assessment and hormone extraction.



2.1.1. Bud Stage Assessment


Buds were inspected under a Leica M80 stereo microscope fitted with a Leica DFC 295 camera and Leica software application suite version 3.8.0 and rated for bud phenological stage based on the BBCH growth stage scale for stone fruit [33,34] (Figure 1).




2.1.2. Hormone Extraction


At each harvest date, tubes were weighed and the initial weight was subtracted to determine tissue weight. Buds were then processed to extract endogenous hormones from the excised flower buds using the following procedure. On average, six buds (~300 mg fresh weight) were included per sample. Hormones were extracted according to Großkinsky et al. [35] with minor adjustments. Samples were pulverised with a physcotron homogeniser (Microtech), standards added and incubated overnight at 4 °C. Stable isotope-labelled internal standards were [13C6]-indole-3-acetic acid, [2H6] abscisic acid (Cambridge Isotope Laboratories, Tewksbury, MA, USA) and cytokinins: [2H5] zeatin (Z), [2H5] zeatin riboside (ZR), [2H3] di hydrozeatin (DiHZ), [2H3] di-hydrozeatin riboside (DiHZR), [2H6] isopentenyl adenine (Isop adenine) and [2H6] isopentenyl adenosine (Isop adenosine) (OlChemIm, Olomouc, Czech Republic). Samples were spun and supernatants loaded onto preconditioned C18 500 mg SepPak (Waters, Rydalmere, Australia) with methanol. Eluates were collected, taken to dryness, resuspended in 20% methanol, sonicated for eight minutes and transferred to auto-sampling vials for analysis by ultra-performance liquid chromatography tandem mass spectrometry using a Waters Acquity H-Class UPLC instrument coupled to a Waters Xevo triple quadrupole mass spectrometer.



A Waters Acquity C18 BEH column (100 mm × 2.1 mm × 1.7 um) coupled in series to a Waters PFP BEH column (100 mm × 2.1 mm × 1.7 um) was used for analyte analysis. The UPLC programme used to separate the metabolites of interest consisted of Mobile Phase A (89.5:10:0.5, v/v/v) water:methanol:acetic acid and Mobile Phase B (99.5:0.5, v/v) methanol:acetic acid. A gradient elution was used starting at 10% B and moving to 55% B at 12.0 min, with a 1 min hold, followed by an increase to 95% B at 13.5 min with a 4 min hold. Re-equilibration to starting conditions occurred at 17.6 min for 3 min. The flow rate was 0.20 mL min−1 with the column held at 35 °C, and the sample compartment was at 6 °C. The mass spectrometer was operated in positive and negative ion electrospray mode with a needle voltage of 2.8 kV, and MRM was used to detect all analytes (Appendix A, Table A1). The ion source temperature was 130 °C, the desolvation gas was N2 at 950 L per hour−1, the cone gas flow was 100 L per hour−1, and the desolvation temperature was 450 °C. Data were processed using MassLynx software. The endogenous hormone level contained within each sample was calculated by comparing the endogenous hormone transition peak area and corresponding internal standard peak area.





2.2. Field Assessment of Bud Development and Phenological Stage


The total number of floral buds was recorded on each tagged branch on 16 August 2018, and each bud was rated for phenological stage (Figure 1). Phenological stage counts were then completed at regular intervals until 18 October 2019, when flowering was complete and all set fruit had reached shuck fall stage. For each assessment date the percentage of buds at each phenological stage was calculated.




2.3. Fruit Growth and Quality Sampling and Assessment


Fruit samples were collected at weekly intervals from 16 November 2018 when control fruit reached straw stage through to 27 December 2018 (commercial harvest). At each sampling date, random samples of four fruits were taken from each of the three trees in each plot to give 12 fruits per replicate, avoiding the tagged branches. At commercial harvest on 27 December, all of the fruit from each tagged branch was harvested. Harvested fruits were weighed, counted and sorted into A grade, B grade and reject. For quality assessment, two sets of samples of 10 fruits were randomly selected from the A grade fruit for each branch to give 30 fruits per tree and a total of 90 fruits per replicate based on three trees per plot. One sample set was assessed immediately, and the second sample was stored at 0 °C for 6 weeks for post-harvest quality assessment. Quality assessments included fruit weight, diameter, skin colour, compression firmness, flesh firmness, skin puncture force, flesh colour, stem pull force, dry matter content (DMC), total soluble solids (TSS) content, malic acid (MA) concentration, and juice pH.



Fruit weight was measured on digital scales (Mettler-Toledo Model: TLE3002) and diameter and length was measured with digital calipers (DigiMax, Wiha-41101, Buchs, Switzerland). Skin colour was assessed with both the Australian Cherry Colour Guide (Cherry Growers Australia Inc., Hobart, Australia) and a Konica Minolta Colourimeter—Chroma Meter CR-400. Colour space parameters obtained from the colourimeter included the L*a*b* colour space. Fruit compression firmness was determined with a FirmTech 2 (Bioworks Inc., Wamego, KS, USA) and flesh firmness and skin puncture force were both measured with a fruit texture analyser (Güss model GS-20, Strand, South Africa). Stem pull force was measured using a stand mounted Mark-10 Series 5 force gauge (Mark-10, Copiague, NY, USA). Seeds were then removed from all of the fruit, and fifteen fruits from each replicate were placed into pre-weighed bags and oven dried to determine DMC; the remaining fifteen fruits were juiced collectively, and duplicate samples were taken for measurement of TSS, pH, and MA concentration. TSS content, expressed as °Brix, was measured with an Atago PR-1 digital refractometer (Atago Co., Ltd., Tokyo, Japan). Juice pH was the initial pH value of 10 mL juice samples measured using a Mettler Toledo G20 compact titrator (Mettler Toledo, Melbourne, Australia). MA concentration was calculated as g L−1.



Australian sweet cherry industry standards classifying fruit into domestic and export finest were used as a reference for fruit quality (Table 2).



Climatic data for the bud development period was obtained from the nearest Bureau of Meteorology station at Bushy Park, 4.5 km from the trial site (Figure 2).




2.4. Statistical Analysis


For the bud data, one-way analysis of variance (ANOVA) was carried out to compare treatments at each time point using the RStudio statistical software version 3.6.0 (RStudio, Boston, MA, USA). Statistical significance was assumed at p ≤ 0.05. Fruit growth and quality data were subjected to ANOVA using Genstat release 17.1 (VSN International Ltd., Hemel Hempstead, Hertfordshire, UK). Data are presented as mean values for each treatment. Significance was calculated at p = 0.05 and least significant difference (LSD) was used for the comparison of mean values in the tables and figures.





3. Results


3.1. Bud Break and Hormone Analysis


Progression of floral buds from dormant to active state was significantly influenced by HC. Within six days of application, HC-treated buds were significantly more advanced in their development compared to control trees (Figure 3). This trend continued throughout the study, with HC-treated buds always significantly advanced in their development compared to control. HC-treated floral buds were from 1–2 stages ahead and reached the bud burst stage six days earlier than control buds.



In this trial EVOC caused a significant but small advancement in bud stage within days of application and maintained a 0.25–0.5 stage advance on control buds over the duration of this component of the study (Figure 1). This resulted in EVOC-treated buds reaching bud burst (stage 5) three days earlier than control plants.



Hormone quantification in cherry buds revealed relatively small changes in auxin content over the sampling period and few significant differences between treatments (Figure 4a). The only result to note was that auxin levels appeared to increase in control plants from 16–20 August, which was not observed in HC- or EVOC-treated plants. There was a clear reduction in the abscisic acid content of buds both before and continuing after bud burst across treatments throughout the trial period (Figure 4b). There were some differences in trends between treatments, with both HC and EVOC exhibiting somewhat lower abscisic acid content than control plants at some sample points, although this was not observed in HC samples taken just prior to bud burst (27 August).



The most striking differences between treatments were observed during quantification of some cytokinin species. All treatments displayed an increase of all cytokinin species concentration in buds over the course of the experiment (Figure 5). This increase was substantial, ranging from a 2- to 30-fold increase across the experiment. Indeed, dihydrozeatin and isopentenyl adenine were undetectable at the beginning of the sampling period.



HC-treated buds displayed some striking differences in cytokinin content compared to the control. Dihydrozeatin and dihydrozeatin riboside contents were significantly elevated in HC-treated buds compared to control well before bud burst. Indeed, compared to control buds, dihydrozeatin was significantly elevated by HC treatment 10 days prior to bud burst and dihydrozeatin riboside was elevated by HC 28 days prior to bud burst (Figure 5c,d). Although no clear differences in the concentration of isopentenyl adenine and isopentenyl adenosine were observed in HC and control buds prior to HC bud burst, it is interesting to note there was a sharp downturn in concentration of these active cytokinins 7 days after bud burst in HC treated buds compared to control buds (Figure 5e,f). Although zeatin and zeatin riboside levels were elevated over the course of the experiment, there were no significant differences between HC and control buds prior to bud burst (Figure 5a,b). In contrast to HC, at almost all time points and across all cytokinin species EVOC-treated plants were not significantly different from control plants.




3.2. Phenological Development


Following on from the laboratory assessments of bud stages, field assessment of phenological stages demonstrated that HC-treated trees remained more advanced than the control and EVOC-treated trees throughout the season (Table 3), with each development stage commencing earlier in the HC-treated trees. For the open cluster, white bud and full bloom stages, while HC-treated trees reached these stages earlier than the control or EVOC-treated trees, there were no significant differences between treatments at the completion of each of these phases.



Treatment impacted the duration of each phenological stage (Table 4). Budburst was more drawn out in HC-treated trees compared to the control and EVOC-treated trees, while the full bloom, petal fall and shuck fall stages were contracted compared to the other treatments.




3.3. Fruit Growth


The increase in fruit weight was relatively steady over the season (Figure 6), with HC-treated trees having heavier fruit than the control or EVOC-treated trees at all assessment times, but there were no significant differences between the control and EVOC-treated trees.



Fruit diameter (Figure 7) and length (data not presented) followed a similar pattern, with the exception of 28 November, when there was no significant difference between the HC and EVOC treatments.



Fruit shape (L/D ratio) changed during the season, being less elongated as the season progressed (Figure 8). Fruit from HC-treated trees was significantly more rounded than control fruit on both 16 and 21 November, but there were no significant differences in shape at later sampling dates




3.4. Harvest Packout and Fruit Quality


Mean fruit weight of A grade fruit was significantly higher in the HC-treated trees, but this treatment also had a lower pack-out of A-grade fruit (Table 5) and a higher percentage of cracked fruit compared to the untreated control and EVOC treatment. There was no difference between treatments in the percentage of reject fruit.



Fruit compression firmness, skin puncture force and stem pull force were all reduced in the EVOC treatment compared with the untreated control and HC treatments (Table 6), but there was no treatment effect on fruit flesh firmness.



There was no difference between treatments at any of the sampling dates or at harvest for fruit DMC, TSS, TA (Table 7) or colour (measured as L*, a*, b*, hue, chroma) (results not presented). Juice pH at harvest was slightly lower in the HC treatment compared with the control with a differential of 0.06, meaning that the HC fruits were 0.4 times more acidic [37].



Following cool storage for six weeks, fruit from both the HC and EVOC treatments showed reduced flesh firmness compared to the control (Table 8), while there was no significant difference in compression firmness between the treatments. Skin puncture force was lower in the EVOC treatment compared to both the control and HC treatment. There was no significant difference in stem pull force between the two dormancy breaking treatments, but compared to the control, stem pull force was reduced in the EVOC treatment.





4. Discussion


4.1. Bud Break and Hormone Analysis


In this study, cytokinin was identified as a potentially important marker of bud break in sweet cherry, with a clear elevation of cytokinin prior to bud break across treatments. Specifically, the results indicate that dihydrozeatin and dihydrozeatin riboside are key regulators of bud break as they were significantly elevated by HC treatments prior to bud burst compared to control plants, suggesting that these hormones were clear predictors of the transition from dormancy to growth in floral buds. Dihydrozeatin and dihydrozeatin riboside are major forms of active cytokinin found in many plant tissues [38], and this key role is consistent with the findings of Ionescu et al. [17] who reported that HC induced a more rapid increase in the level of these compounds prior to and during bud release. This is also consistent with studies in grape and mango that found bud break was associated with elevated cytokinin content in buds, although it should be noted these studies used suboptimal methods for hormone quantification such as ELISA and antibodies [39,40].



The decrease in abscisic acid observed in this study prior to bud burst across all treatments was consistent with previous observations in untreated cherry trees across multiple seasons [18]. However, more rapid reduction to abscisic acid level of buds did not appear to underpin the hastened bud break observed in HC-treated plants. This is consistent with the findings of Wang et al. [19] and Ionescu et al. [17] and suggests that although reduction in abscisic acid may be important for release from endodormancy it is not the mechanism through which HC induced bud break.



Recent studies have revealed central roles for gibberellin in HC-induced bud break of cherry, apple and grape [19,20,41]. Although this method was not optimised for gibberellin, future studies will examine the role of gibberellin in bud break induced by HC and other less toxic dormancy breakers including EVOC.



Although EVOC treatment led to a small but significant hastening of bud break compared to control plants, this was not reflected in any significant change in hormone profile. While the recommended application windows for the two chemicals differ, applying EVOC one week later than HC may have contributed to the relatively mild effect of EVOC compared to previous trials and such a mild effect may be difficult to distinguish at the level of hormone action. Future trials with more significant effects of EVOC on bud break will seek to explore the hormonal underpinning of less toxic regulators and examine whether it also influences cytokinin content.




4.2. Phenological Development and Fruit Growth


The application timing of treatments was aimed at concentrating flowering rather than advancing or delaying bud break, but the earlier bud break and flowering observed with HC but not EVOC in this study demonstrates that, in practice, this is difficult to achieve. Godini et al. [27] state that climatic conditions can have a critical effect on the efficient use of HC. In a study of EVOC on apples, Bound and Miller [9] observed that higher concentrations held trees in dormancy, resulting in delayed bud break, and Brunt et al. [42] confirmed that this dormancy breaker induces a period of dormancy following application. Although EVOC was applied later than HC in this study, the responses observed by Bound and Miller [9] and Brunt et al. [42] may partially explain the delay in bud break in the EVOC-treated trees compared to HC. Sheard et al. [43] concluded that application of dormancy-breaking agents should be based not only on calendar date but on a combination of chill unit accumulation and visual bud development stage. It has been reported that the efficacy of the EVOC Waiken® was improved by 20–30% when combined with potassium nitrate [26].



Winter chill accumulation influences bloom time [27], and the chilling requirement is cultivar specific [44]. Chill requirements for the cultivar ‘Sweetheart’ have been calculated as 1066 chill hours (CH) (54 chill portions [CP]) and for ‘Kordia 1307 CH (67 CP) [44]. The chill rating for ‘Lapins’, used in this study, is described by Brunt et al. [42] as low–moderate to moderate–high with the chill requirement ranging from 45–62 CP. Chemical dormancy-breaking agents are more effective when 50% or more of the chilling requirement of the plant has been satisfied [5]. In this study, 100% of the chill requirement had already been met prior to the application of both dormancy-breaking agents (75.8 CP for HC and 82.1 for EVOC), and this may explain the similar development observed between the untreated control and the EVOC treatments.



Reporting on a three-year study on the impact of HC on bud break and fruit ripening in several sweet cherry cultivars, Godini et al. [27] suggested that the effects of HC do not extend beyond the induction of advanced bud break, and that climatic factors influence fruit growth from bloom onward, generally decreasing any initial gains. However, in our study fruit growth in HC-treated trees remained more advanced throughout the growing season.




4.3. Harvest Packout and Fruit Quality


Despite an advancement in bud break following application of HC, no advancement in maturity was observed in treated trees in this study. This conflicts with the findings of Raffoa et al. [28] who reported an advancement in ripening of 7–9 days in ‘Burlat’ and ‘Ferrovia’ in Argentina.



There is limited information available on the impact of dormancy-breaking agents on fruit quality, but in this study different effects on fruit size and pack-out were observed between the two chemicals used. The 60% increase in cracking incidence in HC-treated trees is most likely linked to the larger fruit size in these trees, as larger fruits have been shown to be more susceptible to cracking [45]. This high incidence of cracking also contributed to the reduction in pack-out of A-grade fruit as cracked fruit are downgraded or rejected depending on the severity of the cracking.



The increased fruit size observed in HC-treated trees was most likely due to the earlier budburst and flowering in these trees which resulted in a longer growing period. Petri [46] suggested that an advancement in flowering should lead to an increase in fruit weight. Ardiles and Ayala [7] suggested that greater photo assimilate availability as a result of higher leaf area early in the season optimises cell division during fruit development, thus contributing to increased fruit size. Cherry fruits continue to increase in size and weight the longer that they are left on the tree (Bound and Hölzel, unpublished data).



Stem retention is an important quality attribute for consumers, with a minimum stem pull force of 500 g being the Australian benchmark for both domestic and export fruit. Minimum fruit compression firmness standards are also listed in the industry standards, with a value of 250 g mm−2 and 300 g mm−2 for domestic and export standards, respectively. Although fruit compression firmness and stem pull force at harvest were reduced slightly by EVOC, these two quality parameters were still above the threshold required to meet export quality standard.



In addition to size, firmness and stem retention, the other important quality parameter is TSS. There are no reports of the impact of EVOC on TSS in sweet cherries, but this study has shown that EVOC has no effect on TSS in ‘Lapins’. In relation to the impact of HC on TSS, the results of both Raffoa et al. [28] and Ardiles and Ayala [7] are consistent with the findings of this study that HC has no effect.



Although there were some small effects, particularly of EVOC, on some fruit quality parameters, this study has demonstrated that the impact was not sufficient to downgrade fruit from export finest to domestic. However, the increase in fruit cracking and reduction in pack-out of A grade fruit in HC-treated fruit will impact on grower returns, so caution should be exercised in application of this dormancy-breaking agent.





5. Conclusions


Although this study only covered a single growing season and the timing of phenology events often varies between years, the study highlights the differences between the two PGRs examined. In field-based experiments dealing with biological entities there will always be slightly different chemical levels in different years, but the profiles established will follow very similar patterns. Hence this study is still able to offer important insights into bud hormonal activities underpinning the action of these chemical regulators; understanding bud responses is critically important to ensuring consistent and sustainable fruit tree production systems into the future. The study also demonstrates that the dormancy-breaking agents HC and EVOC have no detrimental impact on fruit quality at harvest or following storage, however growers need to be aware of the potential for increased fruit cracking when earlier bud break results in a longer growing season which has the potential to increase fruit size.
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Table A1. MRM transitions monitored to identify and quantify endogenous hormones and labelled standards from cherry bud extracts.






Table A1. MRM transitions monitored to identify and quantify endogenous hormones and labelled standards from cherry bud extracts.





	Mode
	Analyte
	Primary Transition
	Approx. RT (min)





	+
	Indole-3-acetic acid
	176 to 130 m/z
	10.3



	+
	[13C6] Indole-3-acetic acid
	182 to 136 m/z
	10.3



	−
	Abscisic acid
	263 to 153 m/z
	12.4



	−
	[D6] Abscisic acid
	269 to 159 m/z
	12.4



	+
	Zeatin
	220 to 136 m/z
	7.0



	+
	[D5] Zeatin
	225 to 137 m/z
	7.0



	+
	Zeatin riboside
	352 to 220 m/z
	7.5



	+
	[D5] Zeatin riboside
	357 to 225 m/z
	7.5



	+
	di-hydrozeatin
	222 to 136 m/z
	7.3



	+
	[D3] di-hydrozeatin
	225 to 136 m/z
	7.3



	+
	di-hydrozeatin riboside
	354 to 222 m/z
	7.8



	+
	[D3] di-hydrozeatin riboside
	357 to 225 m/z
	7.8



	+
	isopentenyl adenine
	204 to 136 m/z
	12.2



	+
	[D6] isopentenyl adenine
	210 to 137 m/z
	12.2



	+
	Isopentenyl adenosine
	336 to 204 m/z
	11.8



	+
	[D6] Isopentenyl adenosine
	342 to 210 m/z
	11.8










References


	



Saure, M.C. Dormancy release in deciduous fruit trees. Hortic. Rev. 1985, 7, 239–300. [Google Scholar]

	



Campoy, J.A.; Ruiz, D.; Egea, J. Dormancy in temperate fruit trees in a global warming context: A review. Sci. Hortic. 2011, 130, 357–372. [Google Scholar] [CrossRef]

	



Luedeling, E.; Girvetz, E.H.; Semenov, M.A.; Brown, P.H. Climate change affects winter chill for temperate fruit and nut trees. PLoS ONE 2011, 6, e20155. [Google Scholar] [CrossRef] [PubMed]

	



Ionescu, I.A.; Møller, B.L.; Sánchez-Pérez, R. Chemical control of flowering time. J. Exp. Bot. 2016, 68, 369–382. [Google Scholar] [CrossRef] [PubMed]

	



Petri, J.L.; Leite, G.B.; Couto, M.; Gabardo, G.C.; Haveroth, F.J. Chemical induction of budbreak: New generation products to replace hydrogen cyanamide. Acta Hortic. 2014, 1042, 159–166. [Google Scholar] [CrossRef]

	



Rademacher, W. Plant growth regulators: Backgrounds and uses in plant production. J. Plant Growth Regul. 2015, 34, 845–872. [Google Scholar] [CrossRef]

	



Ardiles, M.; Ayala, M. An alternative dormancy-breaking agent to hydrogen cyanamide for sweet cherry (Prunus avium L.) under low chilling accumulation conditions in the Central Valley of Chile. Acta Hortic. 2017, 1161, 423–430. [Google Scholar] [CrossRef]

	



Cai, B.; Wang, H.; Liu, T.; Zhuang, W.; Wang, Z.; Qu, S.; Qin, Y. Effects of gibberellins A 4 on budbreak, antioxidant enzymes’ activity and proline content of flower buds in sweet cherry (Prunus avium). Acta Physiol. Plant. 2019, 41, 88. [Google Scholar] [CrossRef]

	



Bound, S.A.; Miller, P. Effects of Waiken® on flowering and spring growth in apple. Acta Hortic. 2006, 727, 167–174. [Google Scholar] [CrossRef]

	



Bound, S.A.; Miller, P. Manipulation of bud break, flowering and crop development of sweet cherry with the dormancy breaker Waiken®. Acta Hortic. 2016, 1130, 285–291. [Google Scholar] [CrossRef]

	



Bound, S.A.; Jones, K.M. Hydrogen cyanamide impacts on flowering, crop load, and fruit quality of red ‘Fuji’ apple (Malus domestica). N. Z. J. Crop. Hortic. Sci. 2004, 32, 227–234. [Google Scholar] [CrossRef]

	



Beauvieux, R.; Wenden, B.; Dirlewanger, E. Bud dormancy in perennial fruit tree species: A pivotal role for oxidative cues. Front. Plant Sci. 2018, 9, 657. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.; Li, Y.; Xin, D.; Chen, W.; Shao, X.; Wang, Y.; Guo, W. RNA-seq-based transcriptome analysis of dormant flower buds of Chinese cherry (Prunus pseudocerasus). Gene 2015, 555, 362–376. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Zhuo, X.; Zhao, K.; Zheng, T.; Han, Y.; Yuan, C.; Zhang, Q. Transcriptome profiles reveal the crucial roles of hormone and sugar in the bud dormancy of Prunus mume. Sci. Rep. 2018, 8, 5090. [Google Scholar] [CrossRef]

	



Wen, L.H.; Zhong, W.J.; Huo, X.M.; Zhuang, W.B.; Ni, Z.J.; Gao, Z.H. Expression analysis of ABA-and GA-related genes during four stages of bud dormancy in Japanese apricot (Prunus mume Sieb. et Zucc). J. Hortic. Sci. Biotechnol. 2016, 91, 362–369. [Google Scholar] [CrossRef]

	



Khalil-Ur-Rehman, M.; Dong, Y.; Faheem, M.; Zeng, J.; Wang, W.; Tao, J. Expression profiling of ABA and GA signaling cascades regulating bud dormancy in grape. Sci. Hortic. 2019, 246, 44–50. [Google Scholar] [CrossRef]

	



Ionescu, I.A.; López-Ortega, G.; Burow, M.; Bayo-Canha, A.; Junge, A.; Gericke, O.; Møller, B.L.; Sánchez-Pérez, R. Transcriptome and metabolite changes during hydrogen cyanamide-induced floral bud break in sweet cherry. Front. Plant Sci. 2017, 8, 1233. [Google Scholar] [CrossRef]

	



Chmielewski, F.; Götz, K.; Homann, T.; Huschek, G.; Rawel, H. Identification of endodormancy release for cherries (Prunus Avium, L.) by abscisic acid and sugars. J. Hortic. 2017, 4, 585. [Google Scholar] [CrossRef]

	



Wang, L.; Zhang, C.; Huang, J.; Zhu, L.; Yu, X.; Li, J.; Lou, Y.; Xu, W.; Wang, S.; Ma, C. Hydrogen cyanamide improves endodormancy release and blooming associated with endogenous hormones in ‘Summit’ sweet cherry trees. N. Z. J. Crop. Hortic. Sci. 2017, 45, 14–28. [Google Scholar] [CrossRef]

	



El-Yazal, M.A.; El-Yazal, S.A.; Rady, M.M. Exogenous dormancy-breaking substances positively change endogenous phytohormones and amino acids during dormancy release in ‘Anna’ apple trees. Plant Growth Regul. 2014, 72, 211–220. [Google Scholar] [CrossRef]

	



Hoad, G.V. Hormonal regulation of fruit-bud formation in fruit trees. Acta Hortic. 1984, 149, 13–24. [Google Scholar] [CrossRef]

	



Lenahan, O.M.; Whiting, M.D.; Elfving, D.C. Gibberellic acid inhibits floral bud induction and improves ‘Bing’ sweet cherry fruit quality. HortScience 2006, 41, 654–659. [Google Scholar] [CrossRef]

	



Zhuang, W.; Gao, Z.; Wang, L.; Zhong, W.; Ni, Z.; Zhang, Z. Comparative proteomic and transcriptomic approaches to address the active role of GA4 in Japanese apricot flower bud dormancy release. J. Exp. Bot. 2013, 64, 4953–4966. [Google Scholar] [CrossRef] [PubMed]

	



Wood, B. Hydrogen cyanamide advances pecan budbreak and harvesting. J. Am. Soc. Hort. Sci. 1993, 118, 690–693. [Google Scholar] [CrossRef]

	



Carreño, J.; Faraj, S.; Martínez, A. The effects of hydrogen cyanamide on budburst and fruit maturity of ‘Thompson Seedless’ grapevine. J. Hort. Sci. Biotechnol. 1999, 74, 426–429. [Google Scholar] [CrossRef]

	



George, A.P.; Broadley, R.H.; Nissen, R.J.; Ward, G. Effects of new rest-breaking chemicals on flowering, shoot production and yield of subtropical tree crops. Acta Hortic. 2002, 575, 835–840. [Google Scholar] [CrossRef]

	



Godini, A.; Palasciano, M.; Ferrara, G.; Camposeo, S.; Pacifico, A. On the advancement of bud break and fruit ripening induced by hydrogen cyanamide (Dormex®) in sweet cherry: A three-year study. Acta Hortic. 2008, 795, 469–477. [Google Scholar] [CrossRef]

	



Raffoa, M.D.; Mañueco, L.; Candan, A.P.; Santagni, A.; Menni, F. Dormancy breaking and advancement of maturity induced by hydrogen cyanamide: A strategy to improve profits in sweet cherry production. Acta Hortic. 2014, 1020, 497–502. [Google Scholar] [CrossRef]

	



Erez, A.; Fishman, S.; Linsley-Noakes, G.C.; Allan, P. The dynamic model for rest completion in peach buds. Acta Hortic. 1990, 276, 165–174. [Google Scholar] [CrossRef]

	



Bennett, J.P. Temperature and bud rest period. Calif. Agric. 1949, 3, 9–12. [Google Scholar]

	



Weinberger, J.H. Chilling requirements of peach varieties. Proc. Am. Soc. Hortic. Sci. 1950, 56, 122–128. [Google Scholar]

	



Richardson, E.A.; Seeley, S.D.; Walker, D.R. A model for estimating the completion of rest for Redhaven and Elberta peach trees. HortScience 1974, 9, 331–332. [Google Scholar]

	



Hack, H.; Bleiholder, H.; Buhr, L.; Meier, U.; Schnock-Fricke, U.; Weber, E.; Witzenberger, A. Einheitliche codierung der phänologischen entwicklungsstadien mono- und dikotyler pflanzen—Erweiterte BBCH-skala, allgemein. Nachr. Dtsch. Pflanzenschutzd. 1992, 44, 265–270. [Google Scholar]

	



Meier, U. Growth Stages of Mono- and Dicotyledonous Plants: BBCH Monograph; Federal Biological Research Centre for Agriculture and Forestry: Berlin, Germany, 2001. [Google Scholar]

	



Großkinsky, D.K.; Albacete, A.; Jammer, A.; Krbez, P.; van der Graaff, E.; Pfeifhofer, H.; Roitsch, T. A rapid phytohormone and phytoalexin screening method for physiological phenotyping. Mol. Plant 2014, 7, 1053–1056. [Google Scholar] [CrossRef] [PubMed]

	



Anonymous. Export packing. In Cherry Export Manual and Biosecurity Management Programme—Production Guide; Cherry Growers Australia Inc.: Tasmania, Australia, 2016. [Google Scholar]

	



Murrell, T.D. How does one pH compare to another? Better Crops 2011, 95, 27. [Google Scholar]

	



Sakakibara, H. Cytokinins: Activity, biosynthesis, and translocation. Annu. Rev. Plant Biol. 2006, 57, 431–449. [Google Scholar] [CrossRef] [PubMed]

	



Lombard, P.; Cook, N.; Bellstedt, D. Endogenous cytokinin levels of table grape vines during spring budburst as influenced by hydrogen cyanamide application and pruning. Scientia Hortic. 2006, 109, 92–96. [Google Scholar] [CrossRef]

	



Upreti, K.K.; Reddy, Y.T.N.; Prasad, S.R.S.; Bindu, G.V.; Jayaram, H.L.; Rajan, S. Hormonal changes in response to paclobutrazol induced early flowering in mango. Scientia Hortic. 2013, 150, 414–418. [Google Scholar] [CrossRef]

	



Zheng, C.; Acheampong, A.k.; Shi, Z.; Halaly, T.; Kamiya, Y.; Ophir, R.; Galbraith, D.W.; Or, E. Distinct gibberellin functions during and after grapevine bud dormancy release. J. Exp. Bot. 2018, 69, 1635–1648. [Google Scholar] [CrossRef]

	



Brunt, C.; Darbyshire, R.; Nissen, R. Chill and heat requirements: From dormancy to flowering. In Australian Cherry Production Guide 2017; Cherry Growers Australia Inc.: Hobart, Australia, 2017. [Google Scholar]

	



Sheard, A.G.; Johnson, S.D.; Cook, N.C. Effect of timing and concentration of rest breaking agents on budburst in ‘Bing’ sweet cherry under conditions of inadequate winter chilling in South Africa. S. Afr. J. Plant Soil 2009, 26, 73–79. [Google Scholar] [CrossRef]

	



Measham, P.F.; Quentin, A.G.; MacNair, N. Climate, winter chill, and decision making in sweet cherry production. HortScience 2014, 49, 254–259. [Google Scholar] [CrossRef]

	



Measham, P.F.; Bound, S.A.; Gracie, A.J.; Wilson, S.J. Crop load manipulation and fruit cracking in sweet cherry (Prunus avium L.). Adv. Hort. Sci. 2012, 26, 25–31. [Google Scholar]

	



Petri, J.L. Interrupting the winter dormancy of apple trees. BASF Agric. News 1989, 2, 17–20. [Google Scholar]








[image: Agriculture 12 00270 g001 550] 





Figure 1. Phenological stages in sweet cherry with reference to the BBCH growth stages [33,34]. Photo credits: SA Bound. 
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Figure 2. Maximum and minimum temperatures for the period from 2 August to 15 October 2018 (data obtained from Bureau of Meteorology station 95003—Bushy Park, Tasmania). 






Figure 2. Maximum and minimum temperatures for the period from 2 August to 15 October 2018 (data obtained from Bureau of Meteorology station 95003—Bushy Park, Tasmania).



[image: Agriculture 12 00270 g002]







[image: Agriculture 12 00270 g003 550] 





Figure 3. Floral bud development in the sweet cherry cultivar ‘Lapins’. (a) Representative stages of floral bud development and (b) floral bud stage over time of cherry trees treated with dormancy breakers hydrogen cyanamide (HC) and emulsified vegetable oil compound (EVOC) compared to control; arrows indicate the date that buds reached bud burst (stage 5). For (b) values are mean ± standard error (s.e.) (n = 4 branches, with 10 buds per branch); at each time point values with different letters are significantly different (p < 0.05). 
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Figure 4. (a) Indole-3-acetic acid (IAA) and (b) abscisic acid (ABA) concentration (ng/g FW) over time in floral buds treated with dormancy breakers hydrogen cyanamide (HC) and emulsified vegetable oil compound (EVOC) compared to control; arrows indicate the date that buds reached bud burst (stage 5). Values are mean ± s.e. (n = 4), at each time point values with different letters are significantly different (p < 0.05). 
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Figure 5. Cytokinin concentration (ng/g FW) in floral buds over time treated with dormancy breakers hydrogen cyanamide (HC) and emulsified vegetable oil compound (EVOC) compared to the control; (a) zeatin (Z), (b) zeatin riboside (ZR), (c) di-hydrozeatin (DiHZ), (d) di-hydrozeatin riboside (DiHZR), (e) isopentenyl adenine (Isop adenine) and (f) isopentenyl adenosine (Isop adenosine). Arrows indicate the date that buds reached bud burst (stage 5). Values are mean ± s.e. (n = 4); at each time point values with different letters are significantly different (p < 0.05). 
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Figure 6. Increase in fruit weight of the sweet cherry cultivar ‘Lapins’ from straw stage to commercial harvest. Error bars are the least significant difference (p < 0.05). 
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Figure 7. Increase in fruit diameter of the sweet cherry cultivar ‘Lapins’ from straw stage to commercial harvest. Error bars are the least significant differences (p < 0.05). 
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Figure 8. Changes in fruit shape (length:diameter ratio) of the sweet cherry cultivar ‘Lapins’ from straw stage to commercial harvest. Error bars are the least significant differences (p < 0.05). 
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Table 1. Chemical application dates and accumulated chill. dBeBB = days before estimated bud burst; HC = Dormex®; EVOC = Waiken®.






Table 1. Chemical application dates and accumulated chill. dBeBB = days before estimated bud burst; HC = Dormex®; EVOC = Waiken®.





	

	
Label Recommendation

(dBeBB)

	
Application Time

	
Accumulated Chill




	
Date

	
dBeBB

	
Portions 1

	
Hours 2

	
Units 3






	
HC

	
30–45

	
28/07/2018

	
40

	
75.8

	
1137

	
1185




	
EVOC

	
20–50

	
02/08/2018

	
35

	
82.1

	
1278

	
1324








1 Erez et al. [29]; 2 Bennet [30]; Weinberger [31]; 3 Richardson [32] (https://hort-science.shinyapps.io/ChillCalculator/ accessed on 2 August 2021).
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Table 2. Australian industry fruit quality standards for sweet cherry [36].
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	Quality Attribute
	Domestic
	Export Finest





	Skin colour
	3–5
	3–5



	Fruit diameter (mm)
	22+, 24+, 26+, 28+, 30+, 32+
	26+, 28+, 30+, 32+



	Compression firmness (g mm−2)
	Minimum 250
	Minimum 300



	Stem pull force (g)
	Minimum 500
	Minimum 500



	Total soluble solids (°Brix)
	16+
	17+
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Table 3. Effect of hydrogen cyanamide (HC) and emulsified vegetable oil compound (EVOC) on the bud and flower development of the sweet cherry cultivar ‘Lapins’. Sep = September; Oct = October.
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6-Sep

	
13-Sep

	
17-Sep

	
20-Sep

	
24-Sep

	
27-Sep

	
1-Oct

	
4-Oct

	
8-Oct

	
11-Oct

	
15-Oct






	
(1) Percentage of buds ≥ open cluster




	
Control

	
0 a

	
64 a

	
96

	
100

	

	

	

	

	

	

	




	
HC

	
10 b

	
92 b

	
95

	
97

	

	

	

	

	

	

	




	
EVOC

	
0 a

	
80 ab

	
98

	
100

	

	

	

	

	

	

	




	
(2) Percentage of buds ≥ white bud (popcorn)




	
Control

	
-

	
0 a

	
49

	
81

	
98

	

	

	

	

	

	




	
HC

	
-

	
11 b

	
62

	
93

	
100

	

	

	

	

	

	




	
EVOC

	
-

	
0 a

	
63

	
91

	
98

	

	

	

	

	

	




	
(3) Percentage of buds ≥ full bloom




	
Control

	
-

	
-

	
-

	
9 a

	
60

	
85

	
97

	

	

	

	




	
HC

	
-

	
-

	
-

	
64 b

	
95

	
97

	
99

	

	

	

	




	
EVOC

	
-

	
-

	
-

	
6 a

	
77

	
92

	
99

	

	

	

	




	
(4) Percentage of buds ≥ petal fall




	
Control

	
-

	
-

	
-

	
-

	
1

	
2 a

	
9 a

	
59

	
73 a

	
94 a

	
98 a




	
HC

	
-

	
-

	
-

	
-

	
2

	
6 b

	
41 b

	
89

	
95 b

	
100 c

	
100 b




	
EVOC

	
-

	
-

	
-

	
-

	
0

	
2 a

	
9 a

	
70

	
83 a

	
97 b

	
100 b




	
(5) Percentage of buds ≥ shuck fall




	
Control

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
9 a

	
50 a

	
92 a




	
HC

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
28 b

	
86 b

	
100 b




	
EVOC

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
11 a

	
61 a

	
98 b








For each variable, within a single column, means with different letters are significantly different at the 0.05 significance level.
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Table 4. Effect of hydrogen cyanamide (HC) and emulsified vegetable oil compound (EVOC) on the duration (days) of different phenological stages in the sweet cherry cultivar ‘Lapins’.
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	Budburst
	Open Cluster
	White Bud
	Full Bloom
	Petal Fall
	Shuck Fall





	Control
	4.8 a
	5.2
	7.4
	8.8 b
	12.7 b
	8.9 b



	HC
	10.4 b
	6.3
	4.5
	6.7 a
	8.6 a
	6.5 a



	EVOC
	4.5 a
	4.7
	6.5
	9.7 b
	12.5 b
	8.0 b







Within a single column, means with different letters are significantly different at the 0.05 significance level.
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Table 5. Effect of dormancy-breaking agents on the fruit pack-out of the sweet cherry cultivar ‘Lapins’ at commercial harvest. HC = hydrogen cyanamide; EVOC = emulsified vegetable oil compound.
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	A-Grade Mean Fruit Weight (g)
	A-Grade Fruit (%)
	Reject Fruit (%)
	Cracked Fruit (%)





	Control
	12.1 b
	78 a
	5
	14 b



	HC
	13.9 a
	69 b
	6
	23 a



	EVOC
	11.4 b
	81 a
	3
	10 b







Within a single column, means with different letters are significantly different at the 0.05 significance level.
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Table 6. Effect of dormancy-breaking agents on the harvest fruit firmness and stem pull force of the sweet cherry cultivar ‘Lapins’. HC = hydrogen cyanamide; EVOC = emulsified vegetable oil compound.
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	Compression Firmness (g mm−2)
	Flesh Firmness (kg)
	Skin Puncture Force (kg)
	Stem Pull Force (g)





	Control
	325 a
	0.109
	0.369 a
	581 a



	HC
	322 a
	0.106
	0.362 a
	577 a



	EVOC
	307 b
	0.105
	0.346 b
	529 b







Within a single column, means with different letters are significantly different at the 0.05 significance level.
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Table 7. Effect of dormancy-breaking agents on the fruit dry matter content, total soluble solids, malic acid content and juice pH of the sweet cherry cultivar ‘Lapins’. HC = hydrogen cyanamide; EVOC = emulsified vegetable oil compound.
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	Dry Matter

Content (%)
	Total Soluble Solids (°Brix)
	Malic Acid

Content (g L−1)
	Juice pH





	Control
	19.0
	18.0
	5.2
	3.93 a



	HC
	18.6
	17.2
	5.5
	3.87 b



	EVOC
	18.7
	17.4
	5.1
	3.95 a







Within a single column, means with different letters are significantly different at the 0.05 significance level.
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Table 8. Effect of dormancy-breaking agents on the post-harvest fruit firmness and stem pull force of the sweet cherry cultivar ‘Lapins’ following 6 weeks cool storage. HC = hydrogen cyanamide; EVOC = emulsified vegetable oil compound.
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	Compression Firmness (g mm−2)
	Flesh Firmness (kg)
	Skin Puncture Force (kg)
	Stem Pull Force (g)





	Control
	359
	0.112 a
	0.380 a
	471 a



	HC
	354
	0.107 b
	0.373 a
	456 ab



	EVOC
	349
	0.105 b
	0.356 b
	435 b







Within a single column, means with different letters are significantly different at the 0.05 significance level.
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