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Abstract

:

The function of free amino acids in protein synthesis, as a source of energy and unique roles in catabolism have been well studied in plant development but their function in postharvest fruit and vegetables has received little attention. This study evaluated 11 amino acids—arginine, alanine, aspartic acid, glutamic acid, glycine, ornithine, phenylalanine, serine, tyrosine, tryptophan and valine—on the development of senescence of broccoli. Broccoli florets were dipped in 5 mM solution of amino acids, then stored at 10 °C in air containing 0.1 µL L−1 ethylene. Senescence was assessed by green life, ethylene production, respiration rate and ion leakage. Green life was increased by all the amino acids except valine. Similarly, ethylene production and ion leakage were decreased by all the amino acids except valine, while respiration rate was reduced by all amino acids. It is speculated that the early reduction in ethylene production could be the mechanism by which the amino acids delayed senescence. The beneficial effect of naturally occurring amino acids in inhibiting senescence has potential commercial relevance, as the amino acids have Generally Recognised As Safe (GRAS) status which should assist gain regulatory approval, and gain acceptance by consumers wary of synthetic chemicals on foods.
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1. Introduction


Plants synthesise the 20 amino acids that comprise the monomeric units of all proteins in plant and animal systems. These amino acids can also be utilized as an energy source. In addition, each amino acid has a unique role in maintaining some aspect(s) of normal metabolism [1]. Postharvest fruit and vegetables need to sustain normal cellular function and integrity to remain in a marketable condition. However, with the lack of energy or metabolic inputs into produce after harvest, it would seem likely that during storage and handling some amino acids will decrease to levels where they are not able to sustain normal metabolic activity, which should lead to enhanced senescence.



Over the last decade, a range of studies has been conducted on the potential use of some amino acids to control postharvest losses of fresh fruit and vegetables. Most reports have been on the effects of arginine and cysteine. Studies on intact produce have shown that general senescence was inhibited by arginine applied to button mushroom [2], green asparagus [3], strawberry [4] and tomato [5], while cysteine inhibited senescence of litchi [6], longan [7], pak choy, parsley and peppermint leaves [8]. Chilling injury symptoms were suppressed by arginine applied to pomegranate [9], tomato [10], and by cysteine on plum [11]. Studies on enzymic browning of fresh cut produce have reported that arginine inhibited browning of apple and lettuce [12] while cysteine reduced browning of lettuce [13], potato [14], pear [15], banana, mushroom and apple [16]. Of the other amino acids, phenylalanine was found to inhibit rotting of mango, avocado, citrus and strawberry [17] while glutamic acid inhbited rotting of pear [18], tomato [19], and methionine inhibited senescence of litchi [20].



Only two comparative studies of amino acids have been sourced. Ali et al. [21] examined five amino acids, valine, glycine, cysteine, methionine and phenylalanine, for the inhibition of browning in cut potatoes. They found effects varied between amino acids and concentration but comparison at a dip concentration of 10 mM showed inhibition by valine and methionine > cysteine > glycine and phenylalanine, with the latter two amino acids only showing a small inhibition of browning. Sohail et al. [22] evaluated three amino acids, arginine, cysteine and methionine for the inhibition of senescence of broccoli. They found senescence, as measured by loss of green colour, ethylene production and respiration, was equally inhibited by the three amino acids.



The present paper extends the Sohail et al. [22] study on broccoli senescence to evaluate an additional ten amino acids, alanine, aspartic acid, glutamic acid, glycine, ornithine, phenylalanine, serine, tryptophan, tyrosine and valine. To allow comparison with the Sohail et al. [22] study, arginine was included as a benchmark of effectiveness and their most effective dip concentration of 5 mM was utilised. The primary measure of senescence was loss of green colour that was assessed as green life. Ethylene production, respiration rate and ion leakage were also included as indicators of senescence.




2. Materials and Methods


2.1. Broccoli Treatment


Freshly harvested broccoli heads (Brassica oleracea var. italica) were collected from a produce outlet near the University of Newcastle on the Central Coast, NSW, Australia and transported to the laboratory within one hour. Broccoli heads without any physical defects were cut into uniform florets that were randomly distributed into all treatments in an experiment. Each treatment unit consisted of 10 florets with a total weight of about 150 g. The florets in a unit were dipped for five minutes in a 5 mM solution of the L-isomer of arginine, alanine, aspartic acid, glutamic acid, glycine, ornithine, phenylalanine, serine, tyrosine, tryptophan or valine (Sigma Aldrich, Castle Hill, Australia) containing a wetting agent (Tween 20) at 0.5 g L−1. In an experiment, each treatment was applied to three replicate units and each experiment was conducted on three batches of produce obtained at monthly intervals.



After allowing excess water to drain from florets, the treated units were air dried using a pedestal fan for three hours at 20 °C then placed into separate 0.8 L plastic containers that were fitted with inlet and outlet ports in the lid. The containers were stored at 10 °C in an air stream containing 0.1 µL L−1 ethylene to simulate a commercial environment likely to be found in commercial storage and transport [23]. Polyethylene tubes (5 mm i.d.) were connected to the inlet port through which humidified air containing 0.1 µL L−1 ethylene was passed into the containers at 90 mL min−1. The concentration of ethylene was obtained by mixing ethylene from a cylinder (1000 µL L−1) with compressed air.




2.2. Postharvest Quality Assessment


2.2.1. Green Life


The green colour of each floret in a treatment unit was visually assessed daily by a single observer using a scoring scale from 1 to 5, where: 1 = full green colour, 2 = 20% loss of green colour, 3 = 40% loss of green colour, 4 = 60% loss of green colour, 5 = >70% loss of green colour as described by Al Ubeed et al. [24]. The loss of green colour as assessed by the visual scoring scale was shown by Al Ubeed et al. [24] to be significantly correlated with the measured loss of chlorophyll. In order to obtain an unbiased assessment of green colour, each treatment unit was pre-coded by an independent person and decoded after all units had been scored for colour. At each assessment, the mean colour score for all florets in a unit was calculated. The time for all florets in a treatment unit to reach a mean score of 3.0 was considered as the green life for that unit.




2.2.2. Ethylene Production and Respiration Rate


Endogenous ethylene production and respiration rate (as evolved carbon dioxide) of the treated broccoli were determined during storage by gas chromatography (Nexis GC-2030 Shimadzu, Kyoto, Japan). The system was designed for simultaneous detection of ethylene and carbon dioxide fitted with a flame ionization detector (FID) and thermal conductivity detector (TCD), respectively. Temperature of the FID was 275 °C and for TCD was 230 °C. The column temperature was set at 210 °C. At each analysis time, each container of broccoli was sealed, and a gas sample (1 mL) withdrawn from the internal atmosphere in a syringe was analysed. After three hours, another gas sample was withdrawn and analysed. The difference between the two levels of gas was used to calculate ethylene production as ng kg−1 s−1 and respiration rate as µg kg−1 s−1 CO2.




2.2.3. Ion Leakage


Ion leakage was determined using a method described by Al Ubeed et al. [24]. Briefly, two disks (10 mm diam × 6 mm deep) were collected using a cork borer from the head tissue of all broccoli florets in a unit. The disks were immediately immersed in deionised water in a glass beaker for two hours at 20 °C. Conductivity of the solution was then measured using a conductivity meter (Model 4071, Jenway, Staffordshire, UK). The solution was then boiled for 15 min and allowed to cool at 20 °C. The conductivity was re-measured. Ion leakage was calculated as the difference of the initial to final value of the conductivity expressed as a percentage of the initial value.





2.3. Statistical Analysis


The data was statistically analysed by 2-way analysis of variance (ANOVA) using Statistical Analysis System—version 9.4 (SAS Institute, Cary, NC, USA). Where there was a significant difference between treatments, the Least Significant Difference (LSD) at p = 0.05 was calculated and applied to determine the treatments that were significantly different.





3. Results


The initial experiment was conducted primarily to confirm the effect of arginine on broccoli harvested in a new season (2020/21) but also examined the effect of glycine and phenylalanine. Figure 1 shows that the rate of ethylene production was significantly lower than the water control florets at the initial analysis after 0.6 d (15 h) after dipping and remained so at all subsequent storage times (p < 0.001).



Figure 1 also shows that respiration showed a similar significant trend (p < 0.001) with the three amino acids having a lower rate than control florets after 0.6 d and remaining lower at all subsequent storage times. The mean values for ethylene production and respiration over the storage period are given in Table 1 as there was no significant interaction between treatment and storage time. The data show that the three amino acids were not significantly different in inhibition of ethylene production, but the respiration rate was more strongly inhibited by arginine and phenylalanine than glycine; however, the glycine respiration rate was still lower than the control. Table 1 also shows the loss of green colour (expressed as green life) of broccoli was significantly extended by the three amino acids with phenylalanine significantly more effective than arginine and glycine.



The effects of 5 mM dips of eight other amino acids, serine, ornithine, tyrosine, valine, aspartic acid, tryptophan, glutamic acid and alanine were then evaluated with arginine and water as benchmark and control treatments, respectively. Floret green colour was assessed daily to determine green life while ethylene production, respiration rate and ion leakage were analysed after six and nine days storage. The results are presented in Figure 2. The green life of broccoli was significantly higher than control for all the amino acids except for valine, which was not significantly different to control florets. Maximum green life of 11–12 days was achieved with alanine, arginine and ornithine which was about a 45 % increase in green life over control florets and were significantly greater than that of the other amino acids at about 10 days which was about a 25% increase over control florets. Data for ion leakage, ethylene production and respiration rate showed a significant effect of treatment and time but no significant interaction between treatment and time, hence the mean values for analyses conducted at six and nine days is presented. Ion leakage and ethylene production showed all amino acids except valine were significantly lower than control broccoli with no significant difference between the seven amino acids—the reduction relative to control florets averaged about 30% for both factors. The effect on respiration rate was slightly different in that all eight amino acids, including valine, showed a significant decrease over control florets with arginine and alanine being significantly lower than the other amino acids—the reduction due to arginine and alanine was about 30% and about 20% for the other amino acids.



The amount of amino acid added to florets was determined by weighing a unit then dipping florets in water and a 5 mM solution of arginine, alanine, aspartic acid, ornithine, phenylalanine, serine or valine for 5 min. as in the previous experiments. After allowing excess water to drain, each unit was re-weighed. The solution uptake by florets was similar in all treatments with the mean uptake being 234 mL kg−1 of broccoli. The uptake of amino acid from the 5 mM solution was thus 1.2 mmol kg−1 broccoli.




4. Discussion


Inhibition of the loss of green colour, as measured by the extension in green life, of broccoli florets was achieved by all amino acid solutions except valine. When these findings are coupled with those reported for cysteine and methionine on broccoli [22], 12 of the 13 amino acids included in these studies extended green life. While there were some statistically significant differences between amino acids in the magnitude of green life extension in a particular experiment, it could be considered that the 12 amino acids are similarly effective and achieved an average 33% increase in green life. The findings of almost universal inhibition of senescence by the amino acids evaluated, was somewhat unexpected due to the differing catabolic pathways of each amino acid. In order to find the most effective amino acid, or even combination of amino acids, it is considered that all the natural amino acids should be evaluated and on a wide range of produce. The potential benefit of amino acids on other produce was demonstrated by Sohail et al. [25] who found that arginine, cysteine and methionine inhibited senescence of six other leafy green vegetables—pak choy, spinach, choy sum, coriander, parsley and rocket. A commercial advantage of using amino acids to inhibit senescence is that they have Generally Recognised As Safe (GRAS) status which should assist in gaining regulatory approval for use on foods, and being naturally occurring substrates should be acceptable for use on organic produce. Their natural status should also support acceptance by consumers who are becoming increasingly wary of the addition of synthetic chemicals to foods.



It is noted that the amount of amino acid added to florets at 1.2 mmol kg−1 is quite low compared to the level of free amino acids that Gomes and Rosa [26] found to be present at harvest in 11 broccoli cultivars grown in Portugal of 22 mmol kg−1 (range, 18–32 mmol kg−1). Acknowledging that different cultivars are grown in Australia and that Gomes and Rosa [26] found free amino acid levels differed between growing seasons, it would seem that the addition of 1.2 mmol kg−1 represents about 5% of the possible free amino acid pool within broccoli tissues. It is expected that not all the added amino acid would be incorporated into cell tissues with an unknown proportion remaining on the external surfaces of florets. Hence, it would seem that the beneficial effect of the amino acids was achieved with only a relatively small addition to the free amino acid pool within broccoli.



From a metabolic perspective, it can only be speculated as to the mode of action of the effective amino acids. One possibility is that all amino acids can be used as an energy source by broccoli as Hildebrandt et al. [1] noted that senescing plant tissues degrade proteins to release free amino acids for energy production. However, it is difficult to foresee that all the amino acids would be utilised for energy production to the same extent. In addition, the omission of an effect from valine would tend to negate such a hypothesis as valine metabolism is linked to the TCA respiratory cycle through its conversion to acetyl-CoA [1].



All the amino acids, except valine, were also found to decrease in the rate of ethylene production and the extent of ion leakage with no significant difference between the effective amino acids. Ethylene is well known as a promotor of general senescence [27]. The decrease in ethylene production was observed within the first day after dipping in amino acid solution and could be a primary metabolic action that leads to inhibition of senescence in general, which includes chlorophyll loss. Inhibition of ion leakage, along with inhibition of PAL activity and retention of antioxidant activity was found by Sohail et al. [22] to occur subsequently to reduction in ethylene production. While a range of senescence-related factors have been measured in the various published studies with individual amino acids, only Al Ubeed et al. [8] and Kumar et al. [28] examined the effect on ethylene production. Similar to this study, Al Ubeed et al. [8] found a cysteine dip reduced ethylene production of pak choy, parsley and peppermint leaves within the first day after dipping, while Kumar et al. [28] found reduced ethylene production and senescence of chrysanthemum flower after dipping in phenylalanine solution. Their findings thus reinforce the view that reduced ethylene production could be a key metabolic factor of the amino acids that leads to an extended postharvest life. The current study also found a decrease in the respiration rate was affected by all the amino acids. Respiration is an indicator of overall metabolism and its reduction could lead to a reduced rate of loss of green colour and ion leakage. However, it would seem not to be the primary driver of reduced senescence as valine was also effective in decreasing respiration, and arginine, alanine and phenylalanine had significantly lower respiration than the other amino acids. No explanation can be offered as to why valine had no effect on broccoli senescence, nor how all the other amino acids could similarly inhibit ethylene production given their diverse metabolic function in plants.




5. Conclusions


Given their diversity of metabolic paths in plants, it was somewhat surprising that 10 amino acids were similarly beneficial in inhibiting the four aspects of senescence included in the study. While it is not possible to be definitive about their modes of action, regardless of whether a single or multiple modes of actions are responsible for their effectiveness in inhibiting senescence of broccoli, it highlights that further studies should be conducted on all amino acids and on a wide range of produce. This is due to amino acids being attractive as an acceptable commercial treatment from a consumer and regulatory perspective and for use on organic produce. It is also possible that further studies may find specific amino acids are more effective on specific produce and efficiency may be improved with other modes of application other than as an aqueous dip.
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Figure 1. Changes in ethylene production (ng kg−1 s−1) and respiration rate (µg kg−1 s−1) of broccoli dipped in a 5 mM solution of arginine (■), glycine (▲) or phenylalanine (♦) during subsequent storage at 10 °C. Each ethylene production and respiration rate value is the mean of 9 analyses (3 batches × 3 replicates). Control broccoli are denoted by ●. Error bars are the LSD at p = 0.05. 
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Figure 2. Green life, ion leakage, ethylene production and respiration rate of broccoli dipped in a 5 mM solution of arginine, serine, ornithine, tyrosine, valine, aspartic acid, tryptophan, glutamic acid or alanine during storage at 10 °C. Each green life value is the mean of 9 assessments (3 batches × 3 replicates), ion leakage, ethylene and respiration values are the mean of 18 analyses (3 batches × 3 replicates × 2 storage times of 6 and 9 days). Amino acid bars with no fill are not significantly different to control, solid bars are significantly different to control, and hatched bars are significantly different to other amino acids, all at p < 0.05. Error bars are the LSD at p = 0.05. 
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Table 1. Green life and mean ethylene production and respiration rate of broccoli dipped in a 5 mM solution of arginine, glycine or phenylalanine during storage at 10 °C.
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	Treatment
	Green Life (Days)
	Ethylene Production

(ng kg−1 s−1)
	Respiration Rate

(µg kg−1 s−1)





	Control
	9.2 a
	0.082 a
	35.3 a



	Arginine
	11.1 b
	0.060 b
	26.8 c



	Glycine
	11.0 b
	0.064 b
	30.4 b



	Phenylalanine
	12.1 c
	0.058 b
	27.0 c



	LSD (p = 0.05)
	0.5
	0.015
	3.0







Green life values are the mean of 9 assessments (3 batches × 3 replicates) and ethylene production and respiration rate values are the mean of 36 analyses (3 batches × 3 replicates × 4 storage times). Values within each column not sharing the same superscript are significantly different at p = 0.05.
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