
V o l u m e  8 0  |  I s s u e  1  |  F e b r u a r y  2 0 1 5 25

1-Methylcyclopropene (1-MCP) and dynamic controlled 
atmosphere (DCA) applications under elevated storage 
temperatures: Effects on fruit quality of ‘Elstar’, ‘Jonagold’ 
and ‘Gloster’ apple (Malus domestica Borkh.)
D. Köpcke
Fruit Research Center Jork, Chamber of Agriculture Lower Saxony, Germany

Summary
The effects of 1-methylcyclopropene (1-MCP), 

dynamic controlled atmosphere (DCA) and combi-
nation of both on fruit quality of ‘Elstar’, ‘Jonagold’ 
and ‘Gloster’ apple (Malus domestica Borkh.) were 
tested at three different storage temperatures. 
1-MCP treatment and DCA storage prolonged stor-
age- and shelf-life as indicated by delayed loss of 
firmness and titratable acids (TA) in all three culti-
vars. 1-MCP was more effective than DCA especially 
in prolonging shelf-life. At higher storage tempera-
ture of 3.5–10°C best results were achieved by the 
combination of 1-MCP plus DCA. Fruit firmness of 
apples stored under these conditions was similar 
or even superior to firmness of fruit stored under 
standard ULO conditions at 2°C. The current com-
mercial firmness demand were fulfilled in most 
cases even at higher storage temperature. However, 
TA reduction by higher temperature could not be 
effectively slowed down by 1-MCP, DCA or the com-
bination of both. 1-MCP treatment promoted the de-
velopment of skin spots in ‘Elstar’ apples. The com-
bination of 1-MCP and DCA led to less skin spots than 
1-MCP alone, whereas DCA alone was most effective 
in reducing incidence of skin spots. Internal brown-
ing in ‘Elstar’ apples was increased by higher tem-
perature, by 1-MCP and to a lesser extent DCA treat-
ments whereby DCA moderated the negative effect 
of 1-MCP. Higher temperatures promoted the dis-
sipation of watercore in ‘Gloster’ apples, resulting 
in reduced injury from associated internal brown-
ing. In contrast, 1-MCP reduced watercore dissipa-
tion and increased internal browning while DCA 
had no negative effect on watercore. Moreover, DCA 
prevented the transformation of watercore to flesh 
browning in 1-MCP treated apples. It was concluded 
that the combination of 1-MCP and DCA storage is 
more favorable than 1-MCP or DCA alone especially 
at higher storage temperature.
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Introduction
The compound 1-methylcyclopropene (1-MCP) has 

been discovered to be a very effective inhibitor of ethylene 
action due to competitive binding on the ethylene receptor 
in plant tissue (Sisler and Wood, 1988; Sisler et al., 1996; 
Sisler and Serek, 1999). Research conducted during the 
past decade has shown that 1-MCP prolong the storage life 
of apples by decreasing ethylene production and reducing 
respiration, fruit softening, loss of titratable acids (TA), 
color	change,	and	superficial	scald	as	well	as	other	physi-
ological disorders (Dauny and Joyce, 2002; DeEll and Murr, 
2005; Xuan and Streif, 2005; Zanella et al., 2005a,b; Heyn, 
2009; McCormick et al., 2010; Dierend, 2012). However, the 
efficacy	of	1-MCP	depends	on	cultivar,	maturity	at	harvest,	
treatment time after harvest, and storage conditions (Mir 
et al., 2001). 

Dynamic controlled atmosphere (DCA) is the logical 
development of CA/ULO storage. Its concept involves the 
reduction of the oxygen level in the storage atmosphere 
to approach the lowest level tolerated by the fruit, the 
so-called anaerobic compensation point (ACP). Similar to 
1-MCP, DCA reduces ethylene production, respiration, sof-
tening, loss of TA and color change (Zanella et al., 2005a,b; 
Hennecke et al., 2008; Gasser et al., 2010). 

Low oxygen storage can support the effect of 1-MCP. For 
example, DeEll and Murr (2005) found that the response 
to 1-MCP was better in fruit from low oxygen CA (1.2% O2 
+ 1% CO2) than in those from standard CA (2.5% O2 + 2% 
CO2) both at 2°C. However, other work indicates that there 
was	no	further	benefit	effect	on	storage	quality	of	‘Empire’,	
‘Gala’, and ‘Golden Delicious’ apples from combining CA at 
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Significance of this study
What is already known on this subject?
• 1-MCP and DCA storage maintain fruit quality better 

than standard CA/ULO storage.

What are the new findings?
• The combination of 1-MCP and DCA storage is more 

favorable on maintaining fruit quality than 1-MCP or 
DCA alone especially at higher storage temperature. 

What is the expected impact on horticulture?
• The opportunity to store at higher temperatures 
offers	great	economic	and	environmental	benefits.
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low O2 with 1-MCP (DeEll et al., 2005). No information is 
available about the interaction between 1-MCP and DCA 
conditions at elevated storage temperatures (DeEll et al., 
2002; McCormick et al., 2010; Wright et al., 2010). 

Assuming synergistic effects between DCA and 1-MCP 
on fruit quality at higher temperatures, this research in-
vestigated the responses of several major Northern Euro-
pean apple cultivars to 1-MCP, DCA, or their combination as 
compared to apples stored under standard ULO conditions 
at different storage temperatures by determining changes 
in fruit quality after storage and after 10 days under simu-
lated marketing conditions.

Materials and methods

Plant material
Mature ‘Elstar Elshof’, ‘Elstar Elswout’, ‘Jonagold Marni-

ca’, ‘Jonagold Red Jonaprince’ and ‘Gloster’ apples (Malus do-
mestica Borkh.) were obtained from experimental or com-
mercial orchards in a 15 km radius around Jork (53°31’N, 
9°40’E). The fruit were produced according to current Ger-
man regulations for integrated fruit production.

Storage experiment and 1-MCP treatment
Apples were harvested at their commercial maturity 

stage for long-term storage. Maturity was determined on 
the basis of a starch index ranging from 1–10 (Klopp, 2012). 
Firmness, TA and soluble solids content (SSC) were meas-
ured with an automated ‘Pimprenelle’ instrument (Setop 
Giraud-Technologie, Cavaillon, France) as described by 
Zanella and Werth (2004). Initial watercore incidence in 
‘Gloster’ apples was 53.1% for origin 1 and 9.6% for origin 
2. Fruit were randomized and a separate sample of 30 fruit 
was taken to evaluate maturity and initial quality (for de-
tails see Table 1). 

For each cultivar, fruit were divided into two groups, 
of which one was subjected to 1-MCP treatment. This was 
performed one to three days after harvest (see Table 2) for 
24	h	at	≤10°C	by	exposing	fruit	to	630	nL	L-1 of 1-Methylcy-
clopropene (1-MCP, AgroFresh Inc./Rohm and Haas Compa-
ny, Philadelphia, PA, USA). Afterwards both treated as well 
as untreated fruit were divided into six groups to combine 
three different temperature levels with two CA conditions, 
i.e., static ULO and DCA. Each of the 12 treatment combina-
tions was replicated four times, each replicate comprising 
proximately 80 fruit.

Apples were stored in airtight steel containers at >95% 
relative humidity as a closed CA system. The chosen tem-
peratures	were	2.0	±	0.3,	 3.5	±	0.3	 and	≤10°C.	The	 latter	
was considered as a maximum temperature because the 

cooling	room	was	not	heated,	and	therefore	influenced	by	
outdoor temperatures. Over the whole storage period an 
average temperature of 8.7°C was realized. 

Static ULO conditions (1.4 ± 0.1 kPa O2) were adjusted 
immediately and maintained throughout. In DCA, the O2 
concentration was adjusted stepwise according the DCA 
principle	 at	 ≥0.2	 kPa	 above	 the	 ACP	 (DeEll	 et	 al.,	 1999;	
Prange et al., 2002). ACPs of the cultivars were determined 
once after three weeks consistent ULO condition at each 
storage temperature by lowering O2 level to approximately 
0.2 kPa O2 by using HarvestWatchTM system (Satlantic Inc., 

Halifax, N. S., Canada). Because of higher fruit metabolic ac-
tivity	at	higher	temperature,	the	final	O2 concentration was 
0.6 ± 0.1 kPa at 2°C, 0.7 ± 0.1 kPa at 3.5°C and 0.8 ± 0.1 kPa 
at 10°C (approximately 0.2 kPa O2 higher than ACP) in order 
to avoid low oxygen stress (compare Wright et al., 2010). 
CO2 concentrations were the same in ULO and DCA storage 
(for details see Table 2) and controlled by using calcium hy-
droxide. Ethylene concentrations were measured weekly 
by using portable ICA56 ethylene analyser (ICA Ltd., Kent, 
UK).

Internal fruit quality evaluation was carried out after 
the end of long-term storage and after a further 10 days of 
shelf-life at 20°C and 70% relative humidity. Firmness, TA 
and SSC were measured as described above on a sample of 
10 fruit per replicate. The incidence (in % affected fruits) 
of	watercore,	flesh	browning	and	core	flush	were	assessed	
after the shelf-life period using 30 apples per replicate. The 
severity of skin spots in ‘Elstar’ was also evaluated after 
shelf-life	according	to	an	severity	index	(modified	of	Hen-
necke et al., 2008) based on the affected fruit surface area, 
where apples were graded as 0 (no skin spots), 1 (<5% skin 
spots), 2 (5–20% skin spots), 3 (20–50% skin spots), 4 
(>50% skin spots). 

Data analysis
Data were subjected to an analysis of variance (ANOVA, 

WINStat®	 for	Windows),	 and	 significant	 differences	were	

Table	1.	Fruit	weight,	starch	index,	firmness,	SSC,	TA	and	type/origin	at	harvest	of	the	‘Elstar’,	‘Jonagold’	and	‘Gloster’	apple	
used.

Cultivar Type / Origin Weight 
(g)

Starch
(1-10)

Firmness
(kg cm-2)

SSC 
(°Brix)

TA
(g L-1)

‘Elstar’ Elshof 137 1.8 6.7 11.1 7.9
‘Elstar’ Elswout 112 2.9 6.5 11.1 8.8
‘Jonagold’ Marnica 203 7.5 7.4 13.2 8.8
‘Jonagold’ Red Jonaprince 183 8.0 7.6 13.1 8.9
‘Gloster’ 1 161 3.1 9.4 10.9 4.3
‘Gloster’ 2 114 6.3 9.0 12.3 4.7

Table 2. Harvest date, time of 1-MCP treatment, CO2 level 
during storage and storage duration of the ‘Elstar’, ‘Jona-
gold’ and ‘Gloster’ apple used.

Cultivar Harvest 
date

1-MCP 
treatment

CO2

(kPa)
Duration 
(days)

‘Elstar’ 21 Sep. 23 Sep. 2.6 ± 0.1 140
‘Jonagold’ 01 Oct. 04 Oct. 3.2 ± 0.1 160
‘Gloster’ 20 Oct. 21 Oct. 1.8 ± 0.1 138
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determined	by	t-Test	(LSD)	(P≤0.05).	Error	bars	in	Figures	
1–3 represent standard error of the mean.

Results

Firmness
Fruit	firmness	decreased	with	increasing	storage	tem-

perature under normal ULO conditions. 1-MCP treated 
fruit	 of	 all	 tested	 cultivars	 showed	 no	 significant	 loss	 of	
firmness	 after	 CA	 storage	 at	 2	 or	 3.5°C	 (Figures	 1–3,	 A,	
B).	At	≤10°C	the	loss	of	firmness	of	‘Jonagold’	and	‘Gloster’	 
apples was less in fruit treated with 1-MCP than in un-
treated fruit. However, no positive effect of 1-MCP applica-
tion was recorded with ‘Elstar’ apples stored at standard 

ULO	conditions	at	 the	same	 temperatures.	After	 the	 final	
shelf-life period ‘Jonagold’ apples treated with 1-MCP were 
significantly	firmer	than	untreated	apples	(Figure	3	A,	B).	
For ‘Elstar’ this effect was recorded in fruit stored at 2 and 
3.5°C,	but	not	at	≤10°C	where	no	positive	effect	of	1-MCP	
could be detected (Figure 1 A, B). 1-MCP treated ‘Gloster’ 
apples	were	in	6	of	12	treatments	significantly	firmer	than	
untreated fruit after shelf-life. This was true for both ori-
gins	at	2°C	and	for	origin	2	at	≤10°C	storage	temperature	
(Figure 2 A, B).

Similar	to	1-MCP	treatment,	DCA	maintained	the	firm-
ness during the CA period. ‘Elstar’ and ‘Gloster’ apples lost 
little	 or	 no	 firmness	 at	 2	 and	 3.5°C	 storage	 temperature	
even in standard ULO conditions, i.e., positive effects of 

Figure 1. Firmness (A and B), TA (C and D) and physiological disorders (E and F) of ‘Elstar Elshof’ (A, C and E) and ‘Elstar 
Elswout’ (B, D and F) apples, treated or not with 1-MCP and stored under ULO or DCA conditions at 2.0, 3.5 or <10°C for 140 
days	and	10	days	at	20°C	by	shelf-life.	(Values	followed	by	the	same	letters	within	a	column	are	not	significantly	different.	
t-Test (LSD), P<0.05).
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DCA	could	mainly	be	measured	at	≤10°C.	In	‘Jonagold’	a	sig-
nificantly	greater	reducing	of	the	firmness	occurred	in	ULO	
compared	with	in	DCA	at	3.5	and	≤10°C.	At	20°C	shelf-life	
storage	in	DCA	prevented	the	rapid	firmness	loss	of	‘Elstar’	
and	 ‘Jonagold’	 but	 not	 ‘Gloster’	 significantly	 better	 than	
standard ULO at all tested temperatures. 

The combination of DCA storage and 1-MCP treatment 
was	generally	best	for	maintaining	firmness	of	all	three	cul-
tivars.	Especially	at	higher	 storage	 temperatures	 (≤10°C)	
this combination was generally more effective than DCA or 

1-MCP alone both during CA storage and during the sub-
sequent shelf-life period.

Titratable acid
1-MCP treatment retarded the decrease of TA in ‘Jona-

gold’	 apples,	 although	 this	 effect	was	 significant	 only	 for	
‘Jonagold Marnica’ at 3.5°C. No consistent effect of 1-MCP 
and DCA alone or in combination on TA degradation could 
be detected in ‘Elstar’ and ‘Gloster’ (Figures 1–3, C, D). Only 
in	‘Gloster’	origin	1	at	3.5	and	≤10°C	DCA	maintain	TA	bet-

Figure 2. Firmness (A and B), TA (C and D) and physiological disorders (E en F) of ‘Gloster’ apples from two orchards (origin 
1 (A, C and E) and origin 2 (B, D and F), treated or not with 1-MCP and stored under ULO or DCA conditions at 2.0, 3.5 or 
<10°C	for	138	days	and	10	days	at	20°C	by	shelf-life	(Values	followed	by	the	same	letters	within	a	column	are	not	signifi-
cantly different. t-Test (LSD), P<0.05).
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ter	than	ULO.	This	was	also	true	for	1-MCP	at	≤10°C.	
The temperature at ULO and DCA storage had the larg-

est	 influence	 on	 the	 acidity	 content	 during	 subsequent	
storage at room temperature, but there were differences 
between cultivars. Higher temperatures at ULO and DCA 
storage	 resulted	 in	 significantly	 lower	 TA	 in	 ‘Elstar’	 and	
‘Jonagold’ apples while the effect in ‘Gloster’ was less pro-
nounced. In contrast, at shelf-life a strong decline in TA was 
observed in ‘Gloster’ and especially ‘Jonagold’, but less so in 
‘Elstar’ apples.

Soluble solids content
No effect on soluble solids content in any cultivar was 

observed by 1-MCP, DCA or a combination of both. Whilst 
there was a tendency towards an increased loss of soluble 
solids at higher temperature during storage and at shelf-
life,	this	was	not	significant	in	most	cases	(data	not	shown).

Physiological disorders
1-MCP	treatment	significantly	increased	the	amount	of	

skin spots while DCA reduced the occurrence of this dis-
order to nearly zero. Furthermore, DCA storage compen-
sated the negative effect of 1-MCP for ‘Elstar Elshof’ at 2 
and 3.5°C and for ‘Elstar Elswout’ at 3.5°C compared to 
the standard ULO storage. However, the combination of 
DCA and 1-MCP produced more skin spots than DCA alone. 

At	≤10°C	almost	no	skin	spots	were	detected	but	 internal	
browning	was	prominent.	Flesh	browning	und	core	 flush	
could	only	be	detected	at	≤10°C	storage	temperature	and	
1-MCP	significantly	increased	these	disorders.	While	DCA	
alone increased internal browning in ‘Elstar Elswout’ ap-
ples, the combination of DCA and 1-MCP produced less in-
ternal browning than 1-MCP treatment at standard ULO in 
both ‘Elstar’ cultivars tested (Figure 1 E, F).

Initial watercore in ‘Gloster’ apples disappeared nearly 
completely during storage of apples from origin 2 but not 
origin 1 (Figure 2 E, F). In origin 1 watercore was trans-
formed to internal browning depending on treatments. The 
higher	the	storage	temperature	the	lower	was	the	final	wa-
ter core and in most cases the internal browning intensity. 
At	 ≤10°C	 only	minimal	watercore	 and	 internal	 browning	
appeared. At 2 and 3.5°C 1-MCP treatment increased in-
ternal browning in standard ULO but not in DCA. However, 
1-MCP treated apples stored in DCA had the highest amount 
of watercore. The sum of disorders was less in untreated 
apples stored in DCA. Apples of origin 2 showed internal 
browning at 3.5°C if they were treated with 1-MCP and 
stored	 in	standard	ULO	whereas	at	≤10°C	only	untreated	
apples showed internal browning. The incidence of brown-
ing	was	significantly	stronger	in	ULO	than	in	DCA	storage.

‘Jonagold’ apples did not develop any internal or exter-
nal physiological disorders.

Figure 3. Firmness (A and B) and TA (C and D) of ‘Jonagold Marnica’ (A and C) and ‘Jonagold Red Jonaprince’ (B and D) 
apples, treated or not with 1-MCP and stored under ULO or DCA conditions at 2.0, 3.5 or <10°C for 175 days and 10 days at 
20°C	by	shelf-life	(Values	followed	by	the	same	letters	within	a	column	are	not	significantly	different.	t-Test	(LSD),	P<0.05).
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Ethylene concentration
The higher the storage temperature the greater was the 

rise,	and	the	final	concentration	of	ethylene.	Ethylene	con-
centration was generally higher in ULO than in DCA stor-
age. ‘Elstar’ produce little ethylene while ‘Jonagold’ showed 
the highest ethylene production (data not shown).

Discussion
The experiments show that the varieties react differ-

ently to different storage temperatures. While ‘Jonagold’ is 
relatively insensitive to higher temperatures, ‘Gloster’ and 
‘Elstar’ seem to be more sensitive. Thus the effect of 1-MCP, 
DCA or the combination of both depends also on cultivar 
and storage temperature.

In all tested apple cultivars 1-MCP delayed ripening 
and prolonged storage- and shelf-life because it maintained 
high	 firmness	and	TA.	These	effects	are	 in	 line	with	data	
from a range of cultivars including ‘Bramley’, ‘Cortland’, 
‘Elstar’, ‘Empire’, ‘Fuji’, ‘Gala’, ‘Golden Delicious’, ‘Granny 
Smith’, ‘Jonagold’, ‘Queen Cox’ and ‘Red Delicious’ apples 
(DeEll et al., 2002; Dauny and Joyce, 2002; Bai et al., 2005; 
Zanella, 2003; Zanella et al., 2005b; McCormick et al., 2010; 
Dierend, 2012). 1-MCP compensated to some extent the 
negative effect of higher untypical storage temperature 
on fruit quality. For example, 1-MCP treated fruit stored 
at	3.5°C	or	even	≤10°C	often	had	the	same	or	even	an	im-
proved shelf-life than untreated fruit stored at 2°C. Other 
research has addressed the idea of storing treated fruit at 
higher storage temperature than normal to provide energy 
savings. McCormick et al. (2010) kept 1-MCP treated ‘Gala’ 
apple at 4.0°C and untreated fruit at 1.5°C under CA/ULO 
conditions (1.0 kPa O2) in commercial storage rooms. Af-
ter 5.5 months’ storage and 10 days additional shelf-life at 
20°C,	the	treated	fruit	were	firmer	and	higher	in	acidity,	de-
spite the warmer storage temperature. Sensory evaluation 
results indicated a preference for the 1-MCP treated apples 
and an energy balance calculation showed 35% reduction 
of energy use for the warmer temperature room. Asif et 
al. (2010) stored 1-MCP treated ‘Granny Smith’ apples for 
198 days at 1.5% O2	without	firmness	loss	at	1.0	or	6.5°C,	
respectively.	Results	of	Dierend	(2012)	confirmed	that	an	
increase of storage temperature up to 4°C under CA/ULO 
conditions (1.5 kPa O2) with 1-MCP treated apples had no 
negative	influence	on	fruit	quality	of	 ‘Elstar’,	 ‘Gala’,	 ‘Jona-
gold’ and ‘Golden Delicious’ in comparison to fruit which 
were stored under the same CA/ULO conditions at 1.0 or 
2.0°C without 1-MCP treatment. However, it is known that 
1-MCP treatment can promote CO2 injury and internal 
browning in ‘Braeburn’, ‘Holsteiner Cox’, ‘McIntosh’ and 
‘Rubens’ (DeEll and Murr, 2005; Quast, 2005a,b; Zanella, 
2005b; Köpcke, 2008), skin browning in ‘Granny Smith’ and 
‘Golden Delicious’ (Zanella, 2005b), or skin spots in ‘Elstar’ 
(Hennecke et al., 2008; Köpcke, 2009; Grimm et al., 2012). 
Internal browning is not accepted by the market. Lots with 
more than 5% affected fruit could usually not be sold as 
table fruit. A skin spots incidence with an index of more 
than 0.5 makes the marketing of ‘Elstar’ fruits as table fruit 
difficult	and	with	more	than	1.0	impossible.	It	is	unknown	
how 1-MCP acts at higher storage temperature to promote 
these	 disorders.	 These	 present	 research	 has	 confirmed	
the	promoting	effect	of	1-MCP	on	flesh	browning	and	skin	
spots	 in	 ‘Elstar’.	 Surprisingly,	 flesh	 browning	 but	 almost	
no skin spots appeared in 1-MCP treated or untreated ap-
ples at very high storage temperature. It is likely that the 
flesh	browning	is	a	CO2 injury induced by high fruit activ-

ity at this high storage temperature in combination with 
a 1-MCP treatment and a relatively high CO2 level in the 
storage atmosphere. DCA possibly reduced the incidence of 
flesh	browning	by	reducing	 the	activity	of	1-MCP	 treated	
and untreated fruit. But that is contrary to the opinion that 
a lower CO2 level is necessary in DCA compared to ULO to 
avoid CO2 injury (Zanella, pers. comm.). In ‘Gloster’ with a 
high level of watercore at harvest, more internal brown-
ing could be detected in 1-MCP treated fruit compared to 
untreated fruit. These results support that high tempera-
ture promote the reduction of watercore (Streif, 2010) the 
suggestion of Argenta et al. (2001) that a 1-MCP treatment 
extends the period after harvest when apples are suscepti-
ble to CO2 injury by slowing watercore dissipation. These 
results are in contrast to results of Mattheis et al. (2002) 
who observed that CA delays clearing of watercore but pre-
vious treatment with 1-MCP does not appear to lengthen 
this delay due to the use of CA alone. 

Like 1-MCP, DCA delayed ripening and prolonged stor-
age life in all three cultivars and all storage temperatures. 
However, the effect of DCA on fruit quality was sometimes 
weaker than that of 1-MCP especially in shelf-life. Early in-
vestigations	into	DCA	(first	called	DCS	for	dynamic	control	
system) with ‘Elstar’ apples using ethanol sensing con-
firmed	that	firmness	retention	of	fruit	was	greater	than	in	
ULO stored fruit, especially during the subsequent shelf-life 
period (Veltman et al., 2003). Zanella et al. (2005a) found 
positive effects of DCA storage on ‘Granny Smith’ fruit qual-
ity.	DCA	maintained	firmness	at	levels	comparable	to	1-MCP.	
However, 1-MCP delayed the degradation of TA more effec-
tively than DCA especially during the subsequent shelf-life. 
DeLong et al. (2004) found that fruit of ‘Golden Delicious’, 
‘Jonagold’	and	 ‘McIntosh’	were	consistently	 firmer	during	
storage for 9 months in DCA than in CA. The same effect 
could be detected with organically produced ‘Cortland’ and 
‘Delicious’ apples (DeLong et al., 2007). Fruit were always 
firmer	in	DCA	than	in	CA	after	4	and	6	months,	even	after	an	
additional 21 days at 0°C in air plus 7 days at 20°C. Results 
of	Hennecke	et	al.	(2008)	showed	significant	improvements	
in	fruit	firmness	in	‘Holsteiner	Cox’	and	‘Boskoop’	but	not	in	
‘Elstar’ after removal from DCA storage and also after shelf-
life compared to CA/ULO storage. In contrast to 1-MCP 
treatments, DCA reduced skin spots in ‘Elstar’ apples in the 
present	work,	thereby	confirming	other	research	on	the	in-
hibiting effect of very low oxygen concentration on ‘Elstar’ 
skin spots development (Veltman et al., 2003; Hennecke et 
al., 2008; Köpcke, 2009; Grimm et al., 2012). There are no 
indications that DCA delays clearing of watercore and thus 
promotes associated internal browning in ‘Gloster’ apples 
more than standard CA/ULO storage. On the contrary, ap-
ples stored in DCA tended to have even less watercore and 
internal browning than apples stored in standard ULO. 
These results are unexpected because it is known that CA 
compared to RA delays clearing of watercore which is an 
active metabolic process (Mattheis et al., 2002). Since DCA 
slows down a range of other metabolic processes it would 
have been expected to inhibit the clearing of watercore in 
comparison to CA. In contrast, DeLong et al. (2007) found 
that low oxygen injury was higher in apples stored in DCA 
than in CA, probably because injury was aggravated at low 
O2 conditions because of a high watercore incidence in fruit 
at harvest.

There is limited information available about the effect 
on fruit quality of combining 1-MCP treatment with DCA 
storage. In this work 1-MCP treated fruit stored in DCA 
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maintain	 firmness	 and	 TA	 significant	 better	 than	 1-MCP	
treated apples stored in standard CA/ULO or untreated 
apples stored in DCA especially at higher storage tempera-
ture.	The	combination	fulfills	the	current	commercial	firm-
ness demand of 5 kg cm-2 for most apple cultivars even at 
the highest tested storage temperature and after shelf-life. 
1-MCP treated ‘Elstar’ apples stored in DCA showed less 
skin spots than treated and even mostly untreated fruit 
stored in CA. However, untreated apples stored in DCA 
showed the least incidence. These results have also been 
found by Köpcke (2009) who stored treated and untreated 
‘Elstar’ apples in different O2 levels between 0.4–5.0 kPa. 
The observation that DCA reduced the 1-MCP promoted in-
ternal browning in ‘Elstar’ and ‘Gloster’ apples is surpris-
ing because this disorder is likely to be a CO2 injury caused 
by very high storage temperature in ‘Elstar’ or watercore 
in ‘Gloster’. Even though 1-MCP reduces respiration, it has 
been found to increase the risk of CO2 injury in some culti-
vars (Zanella, 2003; DeEll et al., 2005). Because DCA also 
minimizes respiration (Gasser et al., 2008), it is possible 
that this strong reduction of CO2 production lowers the risk 
of CO2 injury and overcompensates the negative effect of 
1-MCP.

Conclusions
Finally, the results showed that 1-MCP or DCA permit-

ted the storage of apples at higher temperatures and that 
maintain fruit quality compared to at lower temperatures. 
Physiological disorders like chilling injury, watercore 
alone or associated internal browning could be minimized 
or altogether avoided if apples were stored at higher tem-
perature. Furthermore, this kind of storage could be very 
interesting if different cultivars with different tempera-
ture demands have to be stored in one room e.g., in smaller 
on-farm facilities. There are several reasons that argue for 
the combination of 1-MCP with DCA at higher storage tem-
peratures:
a) 1-MCP application increases some physiological dis-

orders like skin spots in ‘Elstar’ or internal browning in 
several cultivars.

b) On another hand, DCA conditions are effective at reduc-
ing skin spots in ‘Elstar’ or internal browning in several 
cultivars.

c) The combination of 1-MCP treatment with DCA storage 
maintains fruit quality and reduces some physiological 
disorders that are associated with senescence as com-
pared to either treatment alone.

d) With storage under commercial conditions there is 
always	the	possibility	that	1-MCP	does	not	work	suffi-
ciently because of advanced fruit maturity at harvest 
or an excessive period between harvest and treatment. 
This could lead to the total loss of single batches stored 
at higher temperatures. The combination with DCA 
may reduce this risk.

More research is necessary to examine a wider range of 
cultivars for their tolerance of higher temperature know-
ing that energy saving will become more important due to 
rising energy prices because of declining supplies of fossil 
fuels and increasing of renewable energies. Energy savings 
would also reduce carbon footprint of storage, which could 
bring additional image and marketing advantages in times 
of climate change.
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