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Abstract

The effect of continuous ethylene supplementation (50 µL L-1) on cold-stored

strawberry fruit physiology and biochemistry, including phytohormones (abscisic

acid) metabolism was investigated. In comparison with control fruit which exhibited

high sucrose and malic acid contents during storage, ethylene-treated fruits showed

increased respiration, sucrose hydrolysis and concomitant reducing sugars

accumulation. Ethylene supplementation did not have any effect on phenolic profile.

ABA biosynthesis, in both flesh and achenes, was promoted by ethylene. The results

herein suggest that controlling ethylene after harvest could suppress senescence and

extend shelf-life.

Keywords: Abscisic acid, continuous ethylene supplementation, senescence, shelf-life, sugars
hydrolysis.

INTRODUCTION

Strawberry (Fragaria x ananassa) fruit, is classified as non-climacteric yet has exhibited

climacteric-like activity. In particular, receptacle tissue showed a partially similar climacteric

ripening, while achene ripening was not comparable to climacteric fruits, likely due to dry

pericarp feature (Trainotti et al., 2005; Iannetta et al., 2006; Merchante et al., 2013). It has

been demonstrated that approximately half of ethylene produced in planta was attributable

to the achenes during the green and red stages, while in the receptacle ethylene production

was more active during the green-white shift (Iannetta et al., 2006; Merchante et al., 2013).

Besides ethylene, auxins and abscisic acid (ABA) play an important role in strawberry

fruit development and postharvest: auxins have been associated with the inhibition of

receptacle ripening, while ABA has been shown to promote pre-harvest ripening and auxin

decline (Given et al., 1988; Manning, 1994; Jia et al., 2011; Symons et al., 2012). Moreover,

postharvest ABA applications accelerated fruit colour development and fruit softening,
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stimulating ethylene production (Jiang and Joyce, 2003; Li et al., 2013); it has also been

proposed that ABA, together with the ethylene, was up-regulated when fruits were exposed

to abiotic and or biotic stress (Terry et al., 2007a; Li et al., 2013). Given the influence of

phytohormones flux in strawberry ripening, it is surprising that little work has evaluated the

role of ethylene and other phytohormones postharvest.

The aim of this study was to determine the effect of postharvest ethylene

supplementation on strawberry fruits physiology and biochemistry, with particular interest

in cross talk with other phytohormones in both achenes and receptacle tissue.

MATERIAL AND METHODS

Strawberries, cv. Sonata, were purchased from a local grower (H & H Duncalfe in

Cambridgeshire, UK) and transferred to the Plant Science Laboratory within 2h from harvest

(6th August 2012). On arrival, fruits of similar size and weight were selected and stored at 5˚ 

C within polypropylene boxes, sealed with a moat of water providing an air tight. Sealed boxes

were constantly flushed, with air (control) or air mixed with ethylene (50 µl L-1), to ensure

complete air exchange and prevent accumulation of carbon dioxide (CO2). The concentration

of ethylene was quantified using a flame ionisation gas chromatography as described

previously (Chope et al., 2007; Terry et al., 2007b). Fruits were stored for six days at 5˚ C and 

analysed at five time points: day 0 (before treatments) and days 1, 2, 4, 6 (after treatments).

Strawberries, as whole fruit, were tested for CO2 and ethylene production, sugars, organic

acids and phenolic compounds, while phytohormones contents were analysed in different

tissues samples (flesh and achenes). CO2 production was checked using a Sable Respirometry

System (Model 1.3.8 Pro, Sable Systems International, NV, USA), as previously described by

Collings et al. (2012), while ethylene production was monitored continuously (for 3 h) with a

laser based photoacoustic ethylene detector (ETD-300; Sensor Sense B.V., Nijmegen, The

Netherlands); ethylene evolution was measured at ambient temperature (18˚ C ±1˚ C). 

Biochemical and metabolomics extracts were obtained from freeze-dried material. Sugars,

organic acids and phenolic compounds were quantified using an Agilent 1200 series HPLC

binary pump system (Agilent, Berks., UK) coupled with an Agilent refractive index detector

(RID) G1312A and with an Agilent 1200 DE G1364C/G1315D photodiode array detector,

respectively. Phytohormones were extracted from different tissues and quantified as

previously described by Ordaz-Ortiz et al. (2015) using an Agilent 6540 Ultra High Definition

Accurate Mass Q-TOF LC-MS System. ANOVA of results was performed using STATISTICA

software for Windows 12th Edition (StatSoft Inc.).



RESULTS AND DISCUSSION

While ethylene production was not affected by treatment, respiration rate (CO2

production) showed an increase following ethylene supplementation. In particular, a slight

increase in CO2 production of control fruits during the first 24 h of storage was detected, likely

due to the variation of surrounding environment (100.48 ml CO2 kg-1 h-1). Once control

strawberries had been conditioned, respiration rate halved and was significantly different in

comparison with ethylene treated strawberry. Ethylene treated fruits exhibited 2 fold higher

CO2 production values (115.96 ml CO2 kg-1 h-1 at day two and 99.80 ml CO2 kg-1 h-1 at day four.

Fig. 1).

Figure 1: CO2 production of ethylene treated (white dot) and air stored strawberry fruits
(black dot). Vertical bar indicates LSD (P<0.05).

Continuous ethylene supplementation did not effect on phenolic content. In contrast,

ethylene treatment promoted the accumulation of reducing sugars concomitant with sucrose

hydrolysis (Figs. 2A, 2B and 2C); at the same time, a decline in malic acid was detected in

ethylene treated strawberry fruit compared to control fruits (Fig. 2D).



Figure 2: Effect of continuous ethylene supplementation (50 µl L-1) on sugars and malic acid
in treated strawberry (white dot) and in air stored fruits (black dot). A, Glucose
accumulation; B, Fructose accumulation; C, Sucrose hydrolysis; D, Malic acid
metabolism. Vertical bars indicate LSD (P<0.05).

ABA biosynthesis was induced in all fruit tissues by continuous ethylene

supplementation. In particular, a significant and constant increase of ABA was measured in

the flesh of ethylene treated strawberries (Fig. 3A), while in achenes the difference between

control and treated fruits was detected only at the end of cold storage (Fig. 3B).
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Figure 3: Effect of continuous ethylene supplementation (50 µl L-1) on ABA biosynthesis in
flesh and achenes of treated strawberry (white dot) and of air stored fruits (black
dot). A, ABA biosynthesis in flesh tissue; B, ABA biosynthesis in achenes tissue.
Vertical bars indicate LSD (P<0.05).

It is well documented that non-climacteric fruits produce minimal ethylene and exhibit

low respiration during both ripening and postharvest stages; nevertheless, ethylene can

impact on postharvest stage of strawberry. The results of this work highlighted that ethylene

supplementation enhanced respiration rate, sucrose hydrolysis and organic acids decrease.

These data are in agreement with previous studies where ethylene treatment has been found

to promote strawberry colour development and reducing sugars accumulation, while

inhibition of ethylene perception led to decreased organic acids metabolism (Perkins-Veazie

et al., 1996; Villarreal et al., 2010; Merchante et al., 2013). Changes in sugars-organic acids

ratio in strawberry represent an important indicator of fruit taste and quality (Giné 
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Bordonaba and Terry, 2009); variations in sugars and organic acids amounts, as well as

increase in respiration activity, are often correlated with ripening and senescence processes

onset. In particular, the decrease in sucrose over time has been identified as an indicator of

fruit senescence (Cordenunsi et al., 2003; Olsson et al., 2004; Kafkas et al., 2007).

Similarly, ABA production and accumulation have been widely related to senescence in

both climacteric and non-climacteric fruits (Terry et al., 2007a; Chen et al., 2011; Li et al.,

2013). Evidence of the central role of ABA in regulating strawberry ripening has been

identified by Jia et al. (2011), which demonstrated that ABA biosynthesis and perception was

crucial for anthocyanins production. Recently, Medina-Puche et al. (2013) found that

FaMYB10 expression was down-regulated by auxins and up-regulated by ABA; the

transcription factor FaMYB10 has been related to the expression of

flavonoid/phenylpropanoid EBGs and LBGs (Early- and Late-regulated Biosynthesis group of

Genes, respectively). Moreover, it has been noted that ABA induced the ethylene biosynthesis

pathway during strawberry ripening and following abiotic and biotic stress imposition, both

during stress conditions (Jang et al., 2003; Terry et al., 2007a); in this study, metabolomics

data showed that ethylene supplementation promoted ABA biosynthesis. Significant

differences between ABA concentration in both flesh and achenes were observed following

ethylene supplementation; the increased ABA biosynthesis in flesh of ethylene treated

strawberries confirmed the ripening-like features of receptacle tissues (Trainotti et al., 2005;

Merchante et al., 2013).

In conclusion, postharvest continuous ethylene supplementation accelerated

senescence in strawberry fruits, having an effect mostly on respiration activity, biochemical

compounds metabolism and abscisic acid biosynthesis.
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