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Abstract: In two consecutive seasons, the storage capacity of “Jonagold” apple fruit was investigated under regular air (RA) and 
various controlled atmosphere (CA) conditions during six months at 0 ± 0.3 °C. The different CA treatment combinations were: (1) 
0.5 kPa O2 + 0.5 kPa CO2, (2) 2.0 kPa O2 + 1.0 kPa CO2, (3) 1.0 kPa O2 + 3.0 kPa CO2 and (4) 0.5 kPa O2 + 6.0 kPa CO2. Ethylene 
production and respiration rate were evaluated at each two months storage intervals during 7 d shelf life at 20 °C. Fruit quality traits 
were analyzed immediately at the end of storage period and after 7 d shelf life at 20 °C. Under CA treatment, the lower the O2 and/or 
the higher the CO2 partial pressure, the stronger was the inhibition of the ethylene production and respiration rate of apple fruit. The 
0.5 kPa O2 + 6.0 kPa CO2 CA condition induced the strongest suppression in ethylene production and consequently lower CO2 
release by apple fruit. At the end of storage period, “Jonagold” apple fruit was very tolerant to all CA conditions, and any kind of 
internal storage disorders was observed. The storage of “Jonagold” apple at 1.0 kPa O2 + 3.0 kPa CO2 and 0.5 kPa O2 + 6.0 kPa CO2 
proportionated higher flesh firmness (FF), greener skin color (SC) and higher titratable acidity (TA) either immediately after storage 
or after 7 d shelf life at 20 °C. Total soluble solids were not significantly affected by CA storage conditions. 
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1. Introduction 

“Jonagold” apple, a controlled cross of “Jonathan” 

by “Golden Delicious”, is an excellent quality apple 

that has been widely cultivated in many countries 

around the world. Fruits are juicy and have a fine 

texture making them suitable either for the fresh 

market or for processing [1, 2].  

Since the discovery and further development, the 

controlled atmosphere (CA) storage has been used 

worldwide as a modern tool to prolong significantly 

the storage life of fruits and vegetables [3, 4]. Apples 

particularly respond very positive to lowering O2 

partial pressure (p), which in many cases combined 

with increasing partial pressure of CO2 in CA rooms, 

prolonging the storage life more than three times 

compared to the traditional regular air (RA) storage. 

In addition to the lowering of temperature in RA, the 

lowering p of O2 and increasing p of CO2 reduce 

significantly the fruit metabolism, keeping higher 
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flesh firmness (FF), titratable acidity (TA), juiciness 

and greener skin color (SC) in various apple cultivars 

[2, 5-9].  

The storage performance of “Jonagold” apple fruit 

under CA vary depending on the region and growing 

season. “Jonagold” apple grown in British Columbia 

region is quite susceptible to flesh browning and flesh 

breakdown, particularly late-picked, water cored, 

oversized ones, and low in fruit calcium [10]. On the 

other hand, Lau [11] found that “Jonagold” apple fruit 

picked at an optimum maturity stage could be held at 

1.5 kPa O2 at 0 °C for six months without any kind of 

injury symptoms. Gabioud et al. [8] stored “Jonagold” 

apple fruit under 1 kPa O2 combined with 3 kPa CO2 

for 10 months and no occurrence of internal storage 

disorders was found. “Jonagold” grown in Europe has 

been shown to be tolerant to p of O2 in 1-3 kPa and 

sometimes combined with 3-5 kPa CO2 [2, 12, 13]. 

The aim of this research was, therefore, to study the 

storage capacity of “Jonagold” apple fruit under various 

CA combinations, especially under hyper-low 0.5 kPa 
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O2 combined with 6.0 kPa CO2 in keeping fruit 

quality. 

2. Materials and Methods 

2.1 Plant Materials and Seasons 

Over two consecutive seasons in 2000 and 2001, 

“Jonagold” apple fruit was harvested at the 

pre-climacteric stage, determined by starch-iodine test, 

FF, TA, total soluble solids (TSS) and SC. Fruit was 

harvested in an experimental orchard from the 

Competence Center for Fruit Growing Bavendorf, 

Ravensburg, located in South Germany. Immediately 

after harvest, at the laboratory, fruits were selected for 

maturity stage, size, SC and physical damages and/or any 

other defects. Each experimental treatment used at least 

45 fruits in three true replicates. The replicates were 

made using three CA rooms with the same storage 

condition to get high reliability in the results. 

2.2 Storage Procedures 

Fruit were stored for six months under RA and 

various CA conditions at 0 ± 0.3 °C and 7 d shelf life at 

20 °C. For fruit shelf life measurements, a specific 

storage room was used to keep the temperature in the 

range of 20 ± 0.3 °C. The CA conditions investigated 

were: (1) 0.5 kPa O2 + 0.5 kPa CO2, (2) 2.0 kPa O2 + 

1.0 kPa CO2, (3) 1.0 kPa O2 + 3.0 kPa CO2 and (4) 0.5 

kPa O2 + 6.0 kPa CO2. Storage procedures are as 

described by Saquet et al. [14]. Very important to 

inform that three individual CA rooms were used as 

replicates with the same CA combination each treatment. 

2.3 Monitoring the Storage Disorders 

The monitoring of storage disorders was carried out 

using at least 45 fruit in three replicates for each 

treatment. Fruit were cut in several transversely sections 

to perform a detailed visual examination of the flesh. 

2.4 Respiration Rate and Ethylene Production 

For measurements of fruit respiration, expressed by 

the CO2 release in air at 20 °C, after each storage 

sampling time, four fruit per treatment in three 

replicates were placed inside 2.2 L volume sealed glass 

jars with continuous air stream for 7 d at 20 °C as 

described before [15]. After 24 h of each storage 

sampling time, fruit reached 20 °C and the CO2 release 

was measured with an infrared gas analyser (URAS-2, 

Fa. Mannesmann, Düsseldorf, Germany). CO2 release 

was measured during 7 d shelf life period after every 

two months storage intervals. 

Ethylene production of apple fruit was measured in 

the same glass jars samples used for CO2 release in air 

at 20 °C as described before. Ethylene was analysed as 

follows: 2 h after sealing the glass jars, 1 mL headspace 

was collected and immediately injected in to a Varian 

gas chromatograph series 2700 with an activated 

aluminium oxide packed column (0.9 m); the injector 

temperature was set at 150 °C and the flame ionization 

detector and oven temperature at 100 °C. The ethylene 

production of apple fruit was calculated using ethylene 

external standards and the results given in µL/kg·h 

C2H4 [15]. 

2.5 Changes in SC 

The color of skin surface was measured in CIE (L*, 

a*, b*) color space with a tri-stimulus CR-300 

colorimeter (Konica Minolta Inc., Tokyo, Japan). 

Measurements were made in the widest and greenest 

part of the equatorial region of each fruit in three 

replicate batches of 15 fruit each. Results were 

expressed as CIE lab (a* + b*) [15]. 

2.6 Changes in FF 

FF was measured after skin removal with a 

penetrometer equipped with a 10 mm probe. The 

maximum force to insert the probe into the fruit flesh 

was recorded. FF was measured twice in opposite sides of 

fruit at the equatorial region, in three replicated batches 

of 15 fruit each and expressed in Newtons (N) [15]. 

2.7 Measurements of TSS and TA 

For TSS and TA, fruit were cut transversely in the 
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equatorial region and a disc of 10 mm thick was used 

for juice extraction. TSS in percentage was measured 

in the juice with a digital refractometer (Atago PR 1, 

Bellevue, USA). For TA analysis, an aliquot of 10 mL 

juice was diluted in 90 mL distilled water and the 

solution titrated with 0.1 N NaOH until pH 8.1. TA was 

expressed as meq/100 mL [15]. 

2.8 Statistical Analysis 

For all analyses investigated, at least three true 

replicates were used as described early in each 

parameter analysed. For statistical analysis, the 

standard deviation (SD) of replicates was calculated. 

The results are expressed by the means of the three 

true replicates ± SD. 

3. Results and Discussion  

3.1 Storage Disorders 

After six months of storage during the two storage 

seasons, “Jonagold” apple fruit did not develop any 

kind of storage disorders even under the extreme 

condition 0.5 kPa O2 + 6.0 kPa CO2. These results 

confirm the tolerance of “Jonagold” apple fruit during 

CA storage as reported early in the p of O2 below 1 

kPa and/or combined with the p of CO2 of 3-4 kPa [2, 

12, 13]. However, the great impact was the very high 

tolerance of “Jonagold” apple fruit to the hyper-low p 

of O2 (0.5 kPa O2 + 6.0 kPa CO2) during the full 

storage time. 

3.2 Ethylene Production 

Ethylene production of “Jonagold” apple fruit is 

shown in Fig. 1. Fruit kept under RA produced the 

higher rates of ethylene and reached the maximum 

only at the sixth month of storage. The ethylene 

production rate was differently inhibited according to 

the various CA conditions, and it was particularly 

suppressed at 1.0 kPaO2 + 3.0 kPa CO2, and 0.5 kPa 

O2 + 6.0 kPa CO2. 

It is well known that increasing the p of CO2 and/or 

lowering the p of O2 during CA storage affects the 

ethylene biosynthesis and its action. More than 50 

years ago, Burg and Thimann [16] showed that 

decreasing p of O2 from 3 kPa to 1 kPa reduced the 

ethylene biosynthesis in apple fruit by approximately 

50%. A further discovery was that molecular O2 is a 

co-substrate of 1-aminocyclopropane-1-carboxylate 

(ACC) oxidase, one of the key enzyme in ethylene 

biosynthesis [17]. Furthermore, Gorny and Kader [18] 

showed that lowering the p of O2 during CA storage 

reduced the activity of ACC synthase, another key 

enzyme in ethylene metabolism. 

Carbon dioxide in CA storage rooms affects 

ethylene biosynthesis and action by different 

mechanisms and in various biochemical pathways. 

Depending on p of CO2, a dual effect in ethylene 

metabolism can be showed. At low p of CO2 as low as 

0.5 kPa, ACC oxidase is activated [19], however at 

higher p of CO2, it acts as a competitive inhibitor of 

ethylene action [20]. A detailed review on CO2 effects 

and mode of action of CO2 on ethylene metabolism is 

available in Ref. [21]. 

3.3 Respiration Rate 

CO2 release of “Jonagold” apple fruit during 

storage is shown in Fig. 2. CO2 release apple fruit 

stored in RA was higher than all other storage 

conditions during the full storage time, and paralleled 

with the ethylene production measured at the same 

time. After six months of storage, apple fruit kept 

under 1.0 kPa O2 + 3.0 kPa CO2 released exactly 50% 

of the CO2 released by RA stored apple fruit. The 

respiration was markedly suppressed in fruit at 0.5 

kPaO2 + 6.0 kPaCO2, releasing only 35% of the CO2 

measured in RA stored apple fruit. 

High p of CO2 inhibits the activity of different 

enzymes and can uncouple the oxidative 

phosphorylation. As reported early by Knee [22] and 

Monning [23], the activity of succinate dehydrogenase 

is especially inhibited by high p of CO2 in apple  

fruit. Investigation in “Bartlett” pear showed that   

the activity of cytochrome oxidase was also reduced by 
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Fig. 1  Ethylene production of “Jonagold” apple fruit during 7 d shelf life after six months storage.  
Vertical bars are the SD (n = 3).  

Fig. 2  Respiration rate of “Jonagold” apple fruit during 7 d shelf life after six months of storage.  
Vertical bars indicate SD of the treatments (n = 3). 
 

high p of CO2 [24]. Unfortunately, in the last 20 years, 

the applied research has not been carried out about 

investigating the mode of action of CA storage on 

fruit metabolism, mainly on the respiratory pathways, 

such as the glycolysis, tricarboxylic acid cycle and the 

oxidative electron transport chain. 

3.4 Measurements of Quality Attributes 

Changes in FF, SC, TA and TSS after storage of 

“Jonagold” apple fruit are shown in Table 1. 

3.4.1 Changes in FF  

The FF of RA stored apple fruit decreased more 

than 50% after six months of storage period, compared 

with values at harvest. On the other side, CA stored 

apple fruit decreased only 5% of FF when compared 

with that at harvest time. Comparing the CA 

conditions, a slight beneficial effect of lower p of   

O2 combined  with higher  p of CO2 could be observed. 
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Table 1  Quality attributes of “Jonagold” apple fruit immediately after six months storage (0 d) and after 7 d shelf life at 
20 °C.  

Storage condition Flesh firmness (N) Skin color (a* + b*) Acidity (meq/100 mL) Total soluble solids (%)

At harvest 71.2 25.6 9.6 12.5 

After shelf life 0 d 7 d 0 d 7 d 0 d 7 d 0 d 7 d 

Regular air 38.6 ± 4.2 36.3 ± 4.4 32.7 ± 2.3 35.0 ± 2.2 5.1 ± 0.8 4.5 ± 0.9 13.0 ± 0.5 12.5 ± 0.6
0.5 kPa O2 + 0.5 kPa CO2 64.2 ± 1.2 65.3 ± 1.3 27.1 ± 2.4 33.0 ± 2.1 7.1 ± 0.9 6.0 ± 0.8 13.2 ± 0.8 13.1 ± 0.4
2.0 kPa O2 + 1.0 kPa CO2 61.4 ± 1.6 61.0 ± 1.5 26.7 ± 1.9 30.5 ± 2.0 7.1 ± 0.7 6.8 ± 0.9 12.6 ± 0.7 12.7 ± 0.6
1.0 kPa O2 + 3.0 kPa CO2 68.3 ± 1.9 67.0 ± 2.3 25.6 ± 2.1 27.4 ± 2.4 7.4 ± 0.7 7.3 ± 0.8 13.0 ± 0.5 13.1 ± 0.7
0.5 kPa O2 + 6.0 kPa CO2 69.0 ± 2.3 68.6 ± 2.4 24.7 ± 2.4 27.3 ± 1.9 7.9 ± 0.9 7.6 ± 0.7 13.1 ± 0.6 13.1 ± 0.5
Results are mean ± SD (n = 3). 
 

The beneficial effects of CA in keeping higher FF 

remained even after the 7 d shelf life at 20 °C, 

indicating a positive residual effect of CA storage on 

this parameter. Lau et al. [11] observed that CA stored 

“Jonagold” apple fruit were 25% firmer than RA 

stored fruit. “Jonagold” apple fruit stored at 0 °C 

under CA at 1.5 kPa O2 + 1.5 kPa CO2 for six months 

maintained higher FF than the RA fruit [25].  

During postharvest storage, apple fruit softens and 

its texture changes noticeably, affecting fruit quality. 

These changes are a result of degradation of the cell 

wall and middle lamella [26]. According to Kramer et 

al. [27], there is an increase in polyamine levels, 

which are involved in the beneficial effects of CA 

storage. Fruit stored under CA conditions were able to 

maintain FF throughout the six months storage period, 

and did not enter into the rapid softening phase as was 

also reported by Gwanpua et al. [28] with the same 

apple cultivar and same storage time. 

3.4.2 Changes in SC 

According to Brackmann et al. [7], the SC of apple 

fruit is one of the most important quality trait used by 

consumers to determine fruit quality and ripening 

stage in the market. In the present trial, it was very 

evident that there was positive effect of the low p of 

O2 combined with the high p of CO2 in keeping SC 

greener than RA stored apple fruit, including 

maintaining the residual effect after 7 d shelf life at 

20 °C. Wünsche and Heyn [2] investigated the main 

quality attributes in “Jonagold” apple fruit during RA 

storage, moderate CA and ultra-low p of O2, and 

reported about a very similar behavior in SC. 

Degradation of chlorophylls is a regulated process and 

can be hastened by ethylene or retarded by CA storage 

[29, 30]. 

3.4.3 Changes in TA 

TA showed a very similar trend like the changes in 

apple fruit SC. RA stored apple fruit consumed the 

organic acids earlier and faster than the CA stored 

apple fruit. Comparing results under CA, it was 

possible to observe a synergistic effect of the 

combination of ultra-low p of O2, lower than 1 kPa, 

with p of CO2 of 3-6 kPa. A residual effect of CA was 

observed and CA stored apple fruit could keep higher 

TA even after 7 d shelf life at 20 °C. Lau [11] reported 

that the TA of “Jonagold” apple fruit under CA was 

about 47% higher than those under RA conditions. In 

a further trial, Girard and Lau [25] verified the 

positive effect of CA in keeping higher TA in 

“Jonagold” apple fruit. Recently, Wünsche and Heyn 

[2] confirmed the beneficial effect of CA on keeping 

higher TA in “Jonagold” apple fruit under very similar 

CA conditions after six months of storage. 

3.4.4 Changes in TSS 

TSS in fruit juice of “Jonagold” apple fruit did not 

show significant changes after six months of storage. 

This behavior is often observed, mainly during CA 

storage of various apple cultivars, such as “Gala” [6], 

“Jonagold” [2, 25], “Pink Lady” [7] and “Honeycrisp” 

[9]. It is well known that during storage period, 

organic acids are consumed earlier and faster by cell 

respiration than sugars [5]. According to Brackmann 
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and Saquet [6], the respiration begins to use sugars 

only after an accentuated breakdown of organic acids 

during storage of apples. In case of “Jonagold” apple 

fruit in this study, six months of CA storage was not 

enough to begin a significant consumption of sugars 

by respiration. 

4. Conclusions 

“Jonagold” apple was stored for six months under 

the extreme condition under 0.5 kPa O2 + 6.0 kPa CO2 

without occurrence of any physiological disorders. 

The lower the p of O2 and/or the higher the p of CO2, 

the stronger was the suppression in ethylene 

production and CO2 release by “Jonagold” apple fruit. 

The lower the p of O2 and/or the higher the p of CO2, 

the higher FF, TA and green SC of “Jonagold” apple 

fruit immediately after storage. The quality 

maintenance of “Jonagold” apple fruit under 1 kPa O2 

+ 3 kPa CO2 was not different from that at 0.5 kPa O2 

+ 6.0 kPa CO2 after six months storage period. A 

positive residual effect of controlled atmospheres in 

keeping better FF, SC and TA after 7 d shelf life was 

observed. 
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