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Introduction
Along the fruit supply chain from farm to fork, the in-

trinsic quality of fruits is becoming increasingly impor-
tant,	 with	 external	 colour,	 fruit	 size	 and	 fruit	 firmness	
being the dominant factors in consumer acceptance of ap-
ples (Harker et al., 2008). High soluble solids content and/
or titratable acidity may result in further improvements 
in	consumer	acceptance,	but	only	 in	apples	 that	are	 firm.	
However,	 the	 preference	 for	 the	 firmness	 degree	 of	 the	
apple fruit can vary among different consumer segments 
(Bonany et al., 2013). In order to satisfy consumer demand 
for high quality at consumption, in addition to agronomic 
practices	 in	 the	 field,	 specific	 strategies	 are	 applied	 also	
in post-harvest and during storage. An adequate degree of 
fruit ripeness prior to transfer to climate-controlled stor-
age is of sound importance (Beaudry et al., 1993; Vanoli 
and Buccheri, 2012). Additional measures are then applied 
during	storage	in	order	to	prevent	losses	of	fruit	firmness	
for as long as possible and thus increase shelf life. These 
measures primarily consist in cooling under controlled 
atmosphere with low (CA) or extremely low oxygen (ULO) 
content and increased carbon dioxide concentration. 

Significance of this study
What is already known on this subject?
• In order to preserve in the long-term one of the 

most important quality traits of apple fruit -pulp 
firmness-,	CA	storage	is	applied:	at	ultra	low	oxygen	
level;	dynamic	CA	by	means	of	chlorophyll	fluores-
cence or 1-MCP. These technologies have diverse 
impact, depending mainly on cultivar, maturity, sea-
son, duration.

What are the new findings?
• A systematic confrontation at comparable conditions 

during 6 seasons allows to assess the impact of high 
end storage technologies, mainly dynamic CA (DCA-
CF) and 1-MCP (SmartFreshTM), with optimal CA as 
the	reference,	on	fruit	firmness	of	6	most	common	
apple cultivars. 

What is the expected impact on horticulture?
• Robust postharvest data from different seasons and 

maturity degrees of 6 apple cultivars give an insight 
on	the	influence	of	low	oxygen	or	of	ethylene	action	
inhibition on apple fruit softening, presenting an 
overview	on	the	impact	and	efficacy	of	high	end	stor-
age technologies, such as DCA-CF or SmartFreshTM.

Summary
Over a period of 6 years, fruits of the six most 

commonly grown apple cultivars in Europe (‘Brae-
burn’, ‘Cripps Pink’, ‘Fuji’, ‘Gala’, ‘Golden Delicious’, 
‘Red Delicious’) were harvested at the same site on 
3 successive dates, at beginning, mid and end of the 
optimal harvest window (OHW), and stored in con-
trolled atmosphere for 5 to 7.5 months under ULO (at 
1 kPa O2 and 1 or 1.5 kPa CO2) and/or CA (at 1.5 kPa 
O2 and 1 or 1.3 kPa CO2) storage conditions with and 
without prior exposure to 1-MCP (SmartFreshTM). In 
addition, fruit samples were exposed to the novel 
DCA-CF storage technique with dynamic O2 < 0.7 kPa 
level guided by chlorophyll fluorescence sensing. 
The fruit firmness differences obtained by means 
of 1-MCP or DCA-CF were compared using untreated 
ULO and/or CA-stored fruits as reference, directly 
after storage and also after a subsequent ‘shelf-life’ 
period of 7 days, at 20°C. 

At the end of the storage period, results varied 
depending on the cultivar and the reference con-
ditions. The highest efficacy of the more advanced 
storage techniques (1-MCP or DCA-CF), compared 
to ULO, in increasing fruit firmness was observed 
on the cultivar ‘Golden Delicious’. Both techniques 
resulted in increased fruit firmness also on ‘Brae-
burn’, but on this cultivar DCA-CF storage proved to 
be more effective than the 1-MCP treatment. 1-MCP-
treated and untreated ‘Red Delicious’ fruits were 
exposed to both reference storage conditions, CA 
and ULO. Only when fruits were compared to the 
sub-optimal CA storage condition, noticeable differ-
ences emerged, with both the innovative techniques 
providing a considerable increase in fruit firmness. 
On ‘Cripps Pink’, both, the 1-MCP treatment and 
DCA-CF storage, increased fruit firmness, while on 
‘Fuji’ and ‘Gala’ firmness got only slightly increased 
in comparison to the reference storage condition 
(ULO). Among fruits harvested at different ripen-
ing stages no considerable differences in the gain 
of fruit firmness obtained by the means of the novel 
storage methods emerged, for none of the cultivars.
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Thereby, the physiological processes including the ripen-
ing of fruits are slowed down, and the effects of ethylene 
are inhibited in order to preserve intrinsic fruit quality, es-
pecially	 firmness	 (Gorney	and	Kader,	1997;	Masia,	2003).	
Losses in fruit quality can be additionally reduced by ei-
ther applying 1-MCP (1-methylcyclopropene) (Watkins et 
al., 2000; Zanella et al., 2005b), or by using more advanced 
ULO techniques, such as Dynamic Controlled Atmosphere 
(DCA) storage by the means of Chlorophyll Fluorescence 
(CF) sensors (DCA-CF) (Prange et al., 2013).

1-MCP acts via a preferential interaction with ethylene 
receptors, thereby inhibiting the effects of both endog-
enous and exogenous ethylene and thus slowing down the 
ripening process and the production of ethylene in fruit 
(Blankenship and Dole, 2003; Watkins, 2006). DCA-CF 
storage, instead, uses a technology that involves real time 
monitoring of the fruit responses to low oxygen by meas-
uring	chlorophyll	fluorescence	(Prange	et	al.,	2002).	Low-
est	oxygen	levels	are	adjusted	in	response	to	fluctuations	
in	the	fluorescence	signals	in	order	to	provide	for	optimal	
storage conditions, regarding the actual physiological state 
of the fruit (DeLong et al., 2004).

In apple, both methods also help to prevent physiolog-
ical	disorders,	such	as	superficial	scald	on	susceptible	cul-
tivars at the pre-climacteric ripening stage (Zanella et al., 
2003,	2005a).	Superficial	scald	is	one	of	the	most	common	
post-harvest physiological disorders of certain apple va-
rieties, whose etiology and biochemistry of development 
is not yet fully understood. Typical symptoms are brown 
or black patches on the fruit skin that appear during or  
after storage, but never on the tree. In South Tyrol (Italy), 
a region that grows approximate 1/10 of European apples, 
these methods are therefore more commonly used on cul-
tivars susceptible to	superficial	scald	(approx.	30%	of	the	
whole production – respective the cultivars ‘Red Delicious’, 
‘Granny Smith’, ‘Rome Beauty’, ‘Fuji’, ‘Winesape’, ‘Cripps 
Pink’, than on those resistant to this post-harvest disorder 
(Zanella and Stürz, 2013), where the advantage could be 
the	improved	firmness.	

As reported by several authors, by applying the 1-MCP 
treatment,	fruit	firmness	losses	during	storage	can	be	re-
duced (Zanella et al., 2005b; DeEll et al., 2007; Hoehn et al., 
2008). The extent to which these losses may be reduced 
varies in relation to several factors, such as cultivar, ripen-
ing stage, storage conditions, temperatures at application, 
timing of application, and duration of application (Nazir et 
al., 2001; DeEll et al., 2002; Blankenship and Dole, 2003; 
Watkins et al., 2005; Kittemann et al., 2008). 

DCA-CF storage is the most recent development of CA 
storage. It consists of an extremely low oxygen content 
in order to reduce respiration and to delay fruit ripening. 
Also DCA-CF storage can therefore result in increased fruit 
firmness	 at	 the	 end	 of	 the	 storage	 period	 (Prange	 et	 al.,	
2003; Zanella et al., 2005a; Gasser et al., 2008), and also 
in	 this	 case	 the	 degree	 of	 increase/loss	 in	 fruit	 firmness	
varies depending on cultivar, fruit quality and ripening 
stage of fruits. The direct effect of DCA-CF storage is lim-
ited to the storage period inside the climate room, while 
that of the 1-MCP treatment can persist also after storage. 
The 1-MCP treatment may inhibit the production of vola-
tile organic components reducing the aroma of the fruit  
(Mattheis et al., 2005; Bai et al., 2005), while this negative 
side effect is less pronounced in fruits exposed to DCA-CF-
storage (Raffo et al., 2009). 

Finally, for both methods the extent to which fruit qual-
ity can be increased, strongly depends on the controlled at-
mosphere storage used as reference treatment. The studies 
conducted during 6 years at the Research Centre Laimburg 
(Italy), on 6 different apple cultivars (among the most com-
monly grown cultivars in Europe), aimed at evaluating the 
effects of 1-MCP (Smart FreshTM) treatment and DCA-CF 
storage in comparison to recommended CA and/or ULO stor-
age	on	fruit	firmness,	including	several	maturity	stages.

Materials and methods
Over a period of 6 years, apple fruits (Malus × domes-

tica Borkh.) ‘Gala’, ‘Red Delicious’, ‘Golden Delicious’, 
‘Braeburn’, ‘Fuji’ and ‘Cripps Pink’, used in the study were 
harvested in orchards situated at the Research Centre for 
Agriculture and Forestry Laimburg (Adige valley, 222 m 
above sea-level) during the OHW considered optimal for 
transfer of fruits to long-term storage. All orchards were 
irrigated when necessary. Therefore there was only a 
small difference in fruit size from year to year. The fruit 
size was assessed between 70 to 85 mm diameter. Every 
year (2001–2006), and for each cultivar, fruits were har-
vested on 3 successive dates, designated as early, mid and 
late harvest (time interval between picking dates: 1 week) 
from different trees in order to obtain fruits at different 
ripening stages at the beginning, mid and end of the (OHW) 
for long-term storage in CA. After harvest, fruits were ran-
domly assigned to the different storage conditions (3 to 4 
replicates	of	total	≈180	to	240	fruits),	and	pre-refrigerated	
at 2.5°C for 7 days in normal air, in order to simulate the 
cooling	room	filling	 time	of	commercial	storage	 facilities.	
The fruits were then exposed to the following conditions: 
1)	cultivar-specific	recommended	CA	and/or	ULO	storage	
(Table 1), as the reference storage method; 2) 1-MCP treat-
ment	+	cultivar-specific	recommended	CA	and/or	ULO	stor-
age;	3)	cultivar	specific	storage	in	dynamically	controlled	
atmosphere	by	means	of	chlorophyll	fluorescence	response	
(DCA-CF storage). 

The 1-MCP treatment (0.625 µL L-1; formulated as 
SmartFreshTM 0.14% AI; AgroFresh Inc., Philadelphia, PA, 
USA) was applied after 6 days of pre-refrigeration for ad-
ditional 24 h at 2.5°C in a ventilated gas-tight stainless steel 
container (0.77 or 0.58 m3, approx. 235 kg fruits m-3), in 
which O2 and CO2 content was monitored. After treatment, 
the	fruits	were	transferred	to	the	cultivar-specific	recom-
mended CA and/or ULO reference storage.

Table 1.  Reference storage conditions used for the differ-
ent cultivars.

Cultivar Reference 
storage

O2 
(kPa)

CO2 
(kPa)

Temperature 
(°C)

‘Gala’ ULO 1.0 2.0 1.3
‘Red Delicious’ CA 1.5 1.3 1.3
‘Red Delicious’ ULO 1.0 1.0 1.3
‘Golden Delicious’ ULO 1.0 3.0 1.3
‘Braeburn’ CA* 1.5 1.0 1.3
‘Fuji’ CA 1.5 1.3 1.3
‘Cripps Pink’ CA* 1.8 1.3 2.5**

* O2 pull-down delayed by 2 weeks.
** Stepwise cooling: room filling at 4.5–5.0°C; then decrease max.       

  1.5°C every week to 2.5°C.
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DCA-CF storage, with dynamic 0.4 O2 < 0.7 kPa level, 
was implemented by using the HarvestWatch System (Sat-
lantic	Inc.,	Halifax,	N.S.,	Canada).	Chlorophyll	fluorescence	
(F-α)	was	assessed	hourly	using	FIRM	(Fluorescence	Inter-
active Response Monitor) sensors throughout the entire 
storage period on a sample of 6 fruits.

The storage period lasted for 5 to 7.5 months depend-
ing on the cultivar. Storage temperature was 1.3°C for all 
cultivars except ‘Cripps Pink’ (2.5°C) and relative humidity 
amounted	to	≈98%.

Fruit	 firmness	 evaluations	 were	 conducted	 twice:	 at	
the end of the cold storage period under controlled atmos-
phere conditions (henceforth: room opening) and after 7 
additional days of storage at 20°C, relative humidity 60–
70%;	 henceforth:	 shelf-life.	 Fruit	 firmness	 was	 assessed	
using the automated device ‘Pimprenelle’ (Setop Giraud-
Technologie, Cavaillon, France) (Zanella and Werth, 2004) 
on a sample of 45 fruits (three cycles of each 15 fruits).

Results and discussion
The	extent	to	which	fruit	firmness	has	been	influenced	

by storage techniques differed markedly among apple 
genotypes. Compared with the other 5 apple cultivars, the 
highest	efficacy	of	either	DCA-CF	storage	or	of	 the	1-MCP	
treatment	 in	 improving	 fruit	 firmness	was	achieved	with	
‘Golden Delicious’ (Figure 1). After storage, the DCA-CF-

stored	 fruits	maintained	9.2…14.4%	higher	 firmness	 val-
ues (the range covers the whole OHW) than in ULO, while 
1-MCP-treated fruits maintained 14.6…19.3%. In fact, the 
improved	firmness	retention	by	means	of	DCA-CF	didn’t	in-
crease after shelf-life (13.2…17.2%) as observed on 1-MCP 
treated fruits (26.6…33.0%), indicating the capability of 
the fruits from DCA-CF storage to ripen further.

On the other side, within the 6 cultivars investigated, 
negligible	 efficacy	 of	 the	 novel	 storage	 techniques	 in	 in-
creasing	 fruit	 firmness	was	observed	on	 ‘Fuji’	 (Figure	2),	
since fruits of this cultivar have the tendency to naturally 
retain	firmness,	both	during	ripening	and	storage.	On	DCA-
CF stored fruits, this increase corresponded to 1.1…3.4% 
after storage, and to -0.1…0.8% after shelf-life, while on 
1-MCP-treated fruits maintained 0.7…2.3% and 0.9…1.3%, 
respectively.

In	general,	the	influence	of	the	fruit	maturity	stage	on	
the	 firmness	gain	obtained	by	 the	novel	storage	methods	
was not remarkable. This could depend on the already ac-
tivated slowing down of the ripening processes by the ULO 
storage conditions used as the reference. On the other side 
it	could	derive	from	the	maturity	definition	of	the	investi-
gated	fruits	by	the	OHW,	which	confined	the	timing	of	har-
vests at early, mid and late dates, usually with one week 
of interval, but always within a maturity range suitable for 
CA-storage. Only in the case of the cultivars ‘Gala’ (Figure 
3) or ‘Cripps Pink’ (Figure 4) was fruit	firmness	more	pro-
nounced improved on fruits in a more advanced ripening 
stage. Thus, there seems to be a tendency of the novel stor-
age techniques in slowing down especially the advanced 
ripening processes. It may derive from the intensive ripen-
ing process of ‘Gala’ or the higher temperature conditions 
during the ‘Cripps Pink’ storage.

The extent to which fruit remained	 firmer by means 
of DCA-CF or 1-MCP could differ considerably depending 
on the reference storage conditions chosen as a reference 
for the comparison. Thus in the present work the optimal 
ULO conditions were chosen for the respective cultivar. On  
‘Red Delicious’, ULO-storage (1 kPa O2; 1 kPa CO2) was used 
as reference in the 6 years of investigation (Figure 5). In 
addition, CA-storage (1.5 kPa O2; 1.3 kPa CO2) was evalu-
ated as example for a sub-optimal reference storage condi-

tion, for 3 years. By combining the 1-MCP treatment with 
ULO	 storage,	 fruit	 firmness	 was	 increased	 by	 2.5…5.8%	
directly after cold storage, and by 11.6…15.0% after shelf-
life.	DCA-CF,	instead,	resulted	in	lower	fruit	firmness	than	
the standard ULO directly after storage (-3.3…-1.0%) as 
well as after shelf-life (-3.2…-2.0%). Instead, both advanced 
storage	 techniques	 improved	 fruit	 firmness,	 when	 com-
pared	to	CA	storage	(Figure	6).	Fruit	firmness	increase	was	
similar for both, 1-MCP and DCA-CF, directly after storage 
with a gain of 4.7…8.5% and 5.4…7.7% respectively. How-
ever, after shelf-life, 1-MCP treated fruits kept higher levels 
(19.3…26.8%) than DCA-CF-stored fruits (12.3…15.2%). 
The comparison with the two different reference storage 
atmospheres demonstrated the importance of the chosen 
reference.	DCA-CF	storage	increased	fruit	firmness	in	com-
parison to CA storage (1.5 kPa O2 and 1.3 kPa CO2), espe-

Figure 1. Firmness of ‘Golden 
Delicious’	 influenced	 by	 novel	
storage techniques: 1-MCP com-
bined with ULO or DCA-CF, com-
pared to ULO storage; fruits of 
3 different maturity stages, as-
sessed immediately after room 
opening and after shelf-life. The 
standard deviation indicates the 
variability over the years inves-
tigated (in 2001 no DCA-CF was 
carried out).
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Figure 2. Firmness of ‘Fuji’ in-
fluenced	 by	 novel	 storage	 tech-
niques: 1-MCP combined with 
CA or DCA-CF, compared to CA 
storage; fruits of 3 different ma-
turity stages, assessed imme-
diately after room opening and 
after shelf-life. The standard 
deviation indicates the variabil-
ity over the years investigated 
(2003–2006; in 2003 no DCA-CF 
was carried out).

Figure 3. Firmness of ‘Gala’ in-
fluenced	 by	 novel	 storage	 tech-
niques: 1-MCP combined with 
ULO or DCA-CF, compared to 
ULO storage; fruits of 3 differ-
ent maturity stages, assessed 
immediately after room opening 
and after shelf-life. The standard 
deviation indicates the variabil-
ity over the years investigated 
(in 2001 no DCA-CF was carried 
out).

Figure 4. Firmness of ‘Cripps 
Pink’	 influenced	 by	 novel	 stor-
age techniques: 1-MCP combined 
with CA or DCA-CF, compared to 
CA storage; fruits of 3 different 
maturity stages, assessed imme-
diately after room opening and 
after shelf-life. The standard de-
viation indicates the variability 
over the years investigated (in 
2001–2002 no DCA-CF was car-
ried out).
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Figure 6. Firmness of ‘Red Deli-
cious’	 influenced	 by	 novel	 stor-
age techniques: 1-MCP combined 
with CA or DCA-CF, compared to 
CA storage; fruits of 3 different 
maturity stages, assessed im-
mediately after room opening 
and after shelf-life. The standard 
deviation indicates the variabil-
ity over the years investigated 
(2001–2003; in 2001 no DCA-CF 
was carried out).

Figure 7. Firmness of ‘Braeburn’ 
influenced	 by	 novel	 storage	
techniques: 1-MCP combined 
with CA or DCA-CF, compared to 
CA storage; fruits of 3 different 
maturity stages, assessed im-
mediately after room opening 
and after shelf-life. The standard 
deviation indicates the variabil-
ity over the years investigated 
(in 2001 no DCA-CF, in 2003 and 
2006 no CA+MCP was carried 
out).

Figure 5. Firmness of ‘Red De-
licious’	 influenced	 by	 novel	
storage techniques: 1-MCP com-
bined with ULO or DCA-CF, com-
pared to ULO storage; fruits of 
3 different maturity stages, as-
sessed immediately after room 
opening and after shelf-life. The 
standard deviation indicates the 
variability over the years inves-
tigated (in 2001 no DCA-CF was 
carried out).
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cially after shelf-life, but did not succeed compared to rec-
ommended optimal ULO storage (1 kPa O2 and 1 kPa CO2).

Similarly on ‘Gala’ the DCA-CF storage resulted in only 
a	 slight	 increase	 in	 fruit	 firmness	 in	 comparison	 to	 the	
reference ULO storage (Figure 3). This may be due to the 
fact, that on this cultivar the reference ULO storage (1 kPa 
O2 and 2 kPa CO2)	 already	exerts	high	efficacy	 in	 inhibit-
ing ripening processes, what is proven in the present work 
by the lack of effectiveness of 1-MCP (Figure 3): addition-
al	 improvements	 to	 ULO	 may	 be	 difficult	 to	 accomplish.	
The	 DCA-CF	 technique	 provided	 a	 higher	 firmness	 gain	
(1.0…5.6%) than 1-MCP (1.4…3.0% ) directly after storage 
(Figure 3), which was highest in all the years on the fruits 
of late maturity (end of OHW). However, after shelf-life, 
DCA-CF	stored	fruits	had	lower	firmness	gain	(1.2…3.4%)	
than 1-MCP-treated (2.9…5.6%). 

In order to avoid physiological disorders during storage 
on certain cultivars, such as ‘Braeburn’ or ‘Cripps Pink’, an 
adaptation	phase	prior	 to	reach	 the	 final	optimal	storage	
conditions is necessary, which could vanish the expected 
benefits	by	DCA-CF.	On	 the	cultivar	 ‘Braeburn’,	at	 the	be-
ginning of the storage, the ULO and the DCA-CF conditions 
have been delayed by two weeks, while the 1-MCP treat-
ment has been carried out independently, thus without any 
delay. 1-MCP treatments are usually not recommended on 
this cultivar, because they may result in exacerbated inter-
nal browning of fruits (Elgar et al., 1998). DCA-CF storage, 
instead, contributes in reducing senescent internal brown-
ing, due to the low oxygen level in the atmosphere. The 
commonly imposed delay of low O2 levels in order to pre-
vent internal browning could promote softening process-
es.	However	fruit	firmness	increase	obtained	by	means	of	
DCA-CF storage was slightly higher than that recorded for 
the 1-MCP treatment, either immediately after cold storage 
or after subsequent shelf-life (respectively, 9.0…10.3% or 
10.0…10.6% with DCA-CF versus 4.3…6.7% or 6.3…8.1% 
with 1-MCP; Figure 7). Thus, regardless of the delayed 
DCA-CF conditions, the 1-MCP-treatment was less effective 
in	increasing	fruit	firmness.

On ‘Cripps Pink’ the level of CO2 in the storage atmos-
phere	could	be	a	 significant	 factor	 resulting	 in	 the	devel-
opment of internal browning. Furthermore, decreasing 
gradually	 the	 storage	 temperature	 was	 a	 significant	 fac-
tor preventing the development of this disorder (James et 
al., 2005). Therefore, in order to limit the risk of internal 
browning, the imposition of controlled atmosphere condi-
tions on ‘Cripps Pink’ was delayed as on ‘Braeburn’, more-
over stepwise cooling and higher storage temperatures 
were applied. Under these conditions, the DCA-CF storage 
proved to be less effective than 1-MCP treatment in pre-
serving	better	fruit	firmness,	less	noteworthy	immediately	
after storage assessment, more pronounced after shelf-
life (Figure 4). Percent increase for the DCA-CF storage 
in comparison to the reference ULO storage amounted to 
5.7…9.5% (after storage) and 1.0...8.1% (after shelf-life) and 
for the 1-MCP-treatment to 10.5…12.6% (after storage) and 
10.6…14.7% (after shelf-life).

Conclusions
During the 6 years under investigation, storing apples 

by means of DCA-CF proved to be effective in retaining bet-
ter	the	fruit	 firmness	of	apples	compared	to	optimal	ULO	
conditions, in all that cases, where 1-MCP treatment addi-
tionally to ULO demonstrated the presence of a potential 
for	firmness	improvement.

Tests	with	 consumers	 confirm	 that	 eating	 quality	 ac-
ceptance of apple can be predicted by instrumental meas-
urements	of		firmness	together	with	other	criteria	(Hoehn	
et	al.,	2003).	Apple	firmness	was	affirmed	as	the	primary	
edible quality factor for apple (Harker et al., 2008). Even 
puncture	measurements	of	firmness	by	means	of	penetro-
meter have their limitations, as they can suggest dehydrated 
apples	to	be	firmer	than	non-shrivelled	ones	(Harker	et	al.,	
2006a), the puncture test, also applied in the present study, 
predicts best the sensory response of a trained panel to ap-
ple texture, compared to different other instrumental tests 
(Harker et al., 2002). While DCA-CF storage proved to be ef-
fective	in	retaining	better	the	fruit	firmness	of	apples	com-
pared to optimal ULO conditions, in contrast, after shelf-
life, 1-MCP treated apple differed from DCA-CF stored ones 
in	maintaining	higher	 firmness	 levels	at	different	degrees,	
depending on the cultivar. However, Raffo et al. (2009) ob-
served that DCA-CF preserved ‘Pinova’ aroma better than 
1-MCP combined with CA during long-term storage. 

A	firmness	difference	of	6	N	is	required	before	a	trained	
panelist can detect with high certainty a difference in fruit 
texture (Harker et al., 2002). In order for consumers to 
perceive the difference between two lines of fruit, includ-
ing the impact of biological variability, they need to differ 
by	12	N	(Harker	et	al.,	2006b).	Only	inconsistent	firmness	
retention by means of both advanced storage techniques 
has been observed in certain conditions, determined by 
the genotype or the chosen reference storage method. The 
extent	to	which	fruit	firmness	could	be	increased	differed	
strongly among cultivars: in general, more pronounced in-
crease on ‘Golden Delicious’, ‘Braeburn’ and ‘Cripps Pink’, 
and only slight increases on ‘Gala’, ‘Red Delicious’, while al-
most	unchanged	firmness	on	‘Fuji’.
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