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Abstract

Blackcurrants (Ribes nigrum L. cv. Titania) were stored for 6 weeks under air and the following controlled atmosphere (CA) storage conditions:
12:18; 18:18; 6:2 and 18:2 (kPa CO2:kPa O2). The emission of volatiles was assessed after 3 and 6 weeks (prolonged storage) and analyzed by
GC/MS. Fifty-three volatile compounds were quantified through calibration curves. Fruit that were stored in air, for either 3 or 6 weeks, did not
differ significantly from freshly harvested fruit with respect to total terpene volatiles. However, decreasing O2 levels and increasing CO2 levels
retarded the capacity of 3-week stored fruit to synthesize terpenes, although prolonged storage under these conditions led to a partial recovery.
Differential changes among the various groups of terpenes were more important, where terpene alcohols reached a peak in 6-week air-stored fruit,
and storing berries under a high CO2 level (18 kPa) and/or decreasing O2 level (2 kPa) resulted, in most cases, in lower biosynthesis of these
alcohols compared to 6-week air-stored fruit. Non-terpene compounds, mainly esters and alcohols, were also increased in air-stored fruit. CA
storage conditions led to a transitory reduction in the emission of alcohols but a recovery was recorded with prolonged storage. Non-terpene esters
differed greatly in storage, in particular the ester ethyl butanoate. Air-stored fruit at both sampling dates synthesized significantly higher amounts
of esters than freshly harvested fruit but a significant decline was observed for branched butyl substances (2-methylbutanoate) after 6 weeks
storage.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Blackcurrants (Ribes nigrum L.), which belong to the Grossu-
lariaceae family, are common in the Northern Hemisphere
(Woodland, 1991), and are considered an excellent source
of vitamin C (Stewart, 1996). In blackcurrant juice, terpenes
together with esters and alcohols are the major groups of aroma
compounds (Nijssen et al., 1996). In situ headspace collection of
volatiles from blackcurrant flowers revealed 11 compounds that
included monoterpene hydrocarbons and monoterpene ethers
(Hansted et al., 1994). Changes in the enantiomeric composi-
tion of chiral terpenes during ripening of blackcurrants were
investigated using solid-phase microextraction–gas chromatog-
raphy (SPME–GC). This work showed that some terpenes
remained constant, while others like �-pinene, limonene, and

∗ Corresponding author. Tel.: +972 2 2982162; fax: +972 2 2982084.
E-mail address: jharb@birzeit.edu (J. Harb).

�-phellandrene exhibited considerable variation (Ruiz del and
Dobson, 2002).

CA storage is recommended for a wide range of fresh fruit due
to numerous advantages in maintaining fruit firmness, lowering
the oxidation of organic acids, and maintaining fruit color. How-
ever, changes in volatiles during storage play an important role
in the consumer perception of fruit taste. The negative impact of
CA storage, in particular ultra-low-oxygen storage, on volatile
emission and biosynthesis is well documented, especially for
apples (Harb et al., 1993, 2000).

Blackcurrants are cultivated commercially in Europe, and the
cultivar ‘Titania’ is recommended because of its large berry size,
and high contents of vitamin C and organic acids. Moreover, this
cultivar can also be consumed fresh (Silbereisen, 2002). Usually,
blackcurrants designated for fresh consumption are stored in
regular atmospheres for short periods (2–3 weeks) and CA stor-
age is needed where these fruit are to be kept for more than 3
weeks. CA storage slows the ripening process, and inhibits decay
development. No earlier studies on the impact of CA storage on

0925-5214/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.postharvbio.2007.08.007
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volatile emission of blackcurrants are available. Consequently,
we assessed the influence of CA storage conditions on the lev-
els of various aroma compounds in the blackcurrant cv. Titania
using the SPME–GC/MS method.

2. Materials and methods

2.1. Plant material and storage conditions

Blackcurrant fruit (R. nigrum L. cv. Titania) were obtained
from the Kompetenzzentrum für Obstbau Bodensee experimen-
tal orchard located near Lake Constance, Southwest Germany.
Fruit were picked and graded for uniformity, absence of decay
or external injuries and then stored on the same day. Fruit were
stored under air and four CA conditions: 12:18; 18:18; 6:2 and
18:2 (kPa CO2:kPa O2). For each treatment there were two stor-
age containers as replicates. The required storage atmospheres
were established within 12 h, and the storage temperature was
1 ◦C ± 0.5. At harvest time and after 3 and 6 weeks samples were
conditioned at room temperature for 24 h before aroma volatile
analysis was conducted.

2.2. Collection of aroma volatiles

Fifty fruit per replicate were immersed in liquid nitrogen and
kept at −30 ◦C until analysis which was conducted within 2
weeks. For analysis, the frozen samples were placed in a pre-
chilled coffee grinder and ground to a coarse powder. Fifteen
millilitres of saturated NaCl solution were added to 45 g of
the tissue powder and was mixed vigorously. The slurry was
then homogenized for 2 min at 20,000 rpm and centrifuged at
14,000 rpm for 15 min at 4 ◦C. Twelve millilitres of the clear
supernatant were placed in a 25 mL vial for extracting the
volatile compounds by headspace solid-phase microextraction
(HS-SPME). One microlitre of internal standard mixture (20 �L
of benzaldehyde in 100 mL water) was added prior to extrac-
tion. Vials were conditioned for 50 min at 30 ◦C and stirred at
a constant speed. A manual SPME device (Supelco Co., Belle-
fonte, PA, USA) equipped with a fused-silica fiber coated with
100 �m polydimethyl siloxane was used. The fiber was inserted
into the sample vial and exposed to the headspace for 60 min.
For GC analysis, the volatile compounds were thermally des-
orbed from the SPME fiber for 10 min in the injection port of
the gas chromatograph.

2.3. GC/MS conditions

Authentic standard compounds were obtained from Sigma
(Sigma–Aldrich Chemie, Munich, Germany) and Roth (Carl-
Roth, Karlsruhe, Germany). The identification of compounds
was conducted using a gas chromatography–mass spectrometer
(GC/MS) by matching their mass spectra with the NIST library
of standard compounds and their retention times. The aroma
compounds were quantified using external standards (calibra-
tion curves) after correction with the internal standards. The
calibration curves were obtained with a series of dilutions of
a standard mixture which was dissolved in blackcurrant juice

obtained from fruit stored in cold storage. Analysis for the cal-
ibration curves was conducted under the same conditions as
the treatment samples. GC/MS analysis was performed using
a Shimadzu gas chromatograph GC-2010 series (Shimadzu,
Duisburg, Germany) coupled to a QP2010 mass spectrometer.
The separation was achieved using a Zebron capillary col-
umn; ZB-WAX, 30 m × 0.25 mm i.d., 0.25 �m film thickness
(Phenomenex, Aschaffenburg, Germany). The GC oven tem-
perature was raised from 35 ◦C, after a holding time of 5 min,
to 180 ◦C at a rate of 5 ◦C min−1. The helium inlet pressure
was 64.3 kPa, linear velocity was 40 cm s−1, total flow was
2.2 mL min−1, the column flow was 1.24 mL min−1, injection
temperature was 220 ◦C, and injections were splitless. The
MS conditions were: ion source temperature = 200 ◦C, inter-
face temperature = 190 ◦C, solvent cut time = 0.51 min, electron
ionization at 70 eV, and mass scan range was 40–250 m/z.

2.4. Statistical analysis

The results were subjected to analysis of variance (ANOVA)
using the CoStat-software (CoHort Software, Monterey,
CA, 1998). Mean separation was calculated by Student–
Newman–Keuls range test at p ≤ 0.05. Correlation tests were
also conducted by CoStat-software.

3. Results

The aroma volatiles produced by the blackcurrants are shown
in Table 1.

3.1. Terpenes volatiles

Total terpene analysis reveals significant differences between
CA-stored, air-stored, and freshly harvested fruit (Table 2). Fruit
stored under air conditions, either for 3 or 6 weeks, did not
differ significantly from freshly harvested fruit. Compared to
prolonged storage (6 weeks storage period) under air, decreasing
O2 levels down to 2 kPa and increasing CO2 levels up to 12 kPa
retarded the capacity of fruit to synthesize terpenes, in particular,
after a long-term storage of 6 weeks

3.1.1. Terpene alcohols
The biosynthesis of terpene alcohols reached a peak in air-

stored fruit after a prolonged storage of 6 weeks; these fruit
contained significantly three times more terpene alcohols as
freshly harvested fruit (Table 2). Storing berries under high
CO2 levels (12–18 kPa) and/or decreasing O2 levels down to
2 kPa resulted, in most cases, in significantly lower biosynthe-
sis of terpene alcohols, mainly terpinen-4-ol, compared to fruit
stored under air conditions for 6 weeks. Moreover, it is obvi-
ous that lower O2 levels resulted in a persistent reduction in
the biosynthesis of terpene alcohols, irrespective of the CO2
level. Concerning the specific alcohols, major changes occurred
with terpinen-4-ol and eucalyptol (Table 2); air-stored fruit con-
tained the highest amount of terpinen-4-ol after 6 weeks in
storage.
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Table 1
Aroma volatiles of blackcurrant fruit collected in the head space by SPME and
determined by GC/MS

Aroma volatile m/z RT

Ethyl acetate 43 3.08
Ethyl butanoate 71 5.61
Ethyl 2-methylbutanoate 57 5.91
Hexanal 44 6.59
3-Carene 93 7.81
�-Pinene 93 8.51
�-Myrcene 41 8.53
Ethyl 2-butenoate 69 8.77
d-Limonene 68 9.29
�-Phellandrene 93 9.55
Eucalyptol 43 9.65
Hexyl formiate 56 10.45
Butyl 2-methylbutanoate 57 10.59
�-Pinene 93 10.66
Ethyl hexanoate 88 10.71
trans-�-Ocimene 93 10.91
�-Cymene 119 11.57
Terpinolene 93 11.72
Hexyl acetate 43 11.85
4-Carene 93 11.87
1-Hexanol 56 14.20
Heptyl acetate 43 14.63
Methyl octanoate 74 15.04
Nonanal 57 15.10
Tetradecane 57 15.22
Butyl hexanoate 56 15.63
Hexyl 2-methylbutanoate 103 15.97
Octyl formiate 70 16.07
Ethyl octanoate 88 16.22
1-Heptanol 70 16.87
Octyl acetate 43 17.28
Heptyl butanoate 71 18.29
Benzaldehyde (IS)a 106 18.50
2-Nonenal, (E)- 41 18.73
�-Linalool 71 19.21
Linalool acetate 93 19.32
1-Octanol 56 19.42
� Caryophyllene 41 20.01
Methyl decanoate 74 20.23
Terpinen-4-ol 71 20.41
Hexyl hexanoate 43 20.57
Methyl benzoate 105 20.87
(Z)-�-Farnesene 69 21.15
Ethyl decanoate 88 21.24
Ethyl benzoate 105 21.91
�-Terpineol acetate 121 22.52
Nerol acetate 69 23.30
�-Farnesene 93 23.75
Citronellyl butyrate 81 24.87
Nerol 69 25.01
�-Phenylethyl acetate 104 25.29
Isopropyl laurate 43 25.59
Ethyl dodecanoate 88 25.80
10-Undecen-1-ol 41 27.50
Eugenol 164 32.41

a Internal standard.

3.1.2. Terpene esters
As with the terpene alcohols, fruit that were stored for 6

weeks also synthesized high amounts of terpene esters, while
fruit stored in the 18:18 atmosphere-synthesized low amounts
(Table 2), compared to fruit stored under air for 6 weeks. Further-
more, prolonged air or CA storage led to a significant reduction
in the level of the major ester, nerol acetate, when compared to
freshly harvested fruit. The exception was fruit stored under the
most stressful condition 18 kPa CO2:2 kPa O2 which maintained
its capacity to synthesize terpene esters.

3.1.3. Monoterpenes
When all monoterpenes are considered together, no major

changes can be seen although it is obvious that extending the
storage period to 6 weeks led to a reduction in the amount of
monoterpenes in most CA-storage conditions, especially in the
low O2 CA-storage treatments (Table 2). However, the changes
in individual monoterpenes are more important. Freshly har-
vested fruit contained higher amounts of 3-carene, �-pinene,
and �-myrcene, which were the major monoterpenes, whereas
storing fruit for 3 weeks under a moderately high CO2 level
(6 kPa), in combination with a low O2 level (2 kPa), led to a
significant increase in the synthesis of �-pinene, d-limonene,
and �-cymene. The synthesis of 4-carene was promoted upon
3 weeks storage period in 12 kPa CO2:2 kPa O2. Extending the
storage period to 6 weeks led to a significant reduction in the
synthesis of 3-carene, �-pinene, and �-myrcene by fruit stored
under 12 kPa CO2:2 kPa O2, compared to harvest time, and in
the synthesis of �-pinene, d-limonene, and �-cymene by fruit
from treatments that involved higher O2 levels, including air
storage, compared to 6 kPa CO2:2 kPa O2.

3.1.4. Sesquiterpenes
Freshly harvested fruit synthesized significantly higher

amounts of these terpenes than fruit stored under most CA-
storage conditions (Table 2). The �-caryophyllene level was
reduced in all storage conditions. It seems that increasing the
CO2 level to 12 kPa, in combination with a high O2 level, main-
tained the fruit’s capacity to synthesize caryophyllene, whereas
increasing the CO2 level to 18 kPa was inhibitory. An extended
storage period of 6 weeks led to a partial recovery in �-farnesene
biosynthesis. When fruit were stored under the most stressful
condition, 18 kPa CO2:2 kPa O2, the biosynthesis of �-farnesene
was significantly reduced compared to freshly harvested fruit.

3.2. Non-terpene volatiles

Non-terpene volatiles are mainly esters, either branched or
straight chain followed by alcohols and aldehydes.

3.2.1. Alcohols and aldehydes
The main alcohol produced by the blackcurrants was 1-

hexanol followed by 1-octanol (Table 3). Freshly harvested fruit
contained high amounts of both alcohols but the level of 1-
hexanol then declined in the majority of storage conditions.
Most CA storage conditions and air storage did not differ sig-
nificantly in the resulting alcohol profiles. However, reducing
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Table 2
Aroma-volatiles (terpenes) of blackcurrant fruit (cv. Titania) at harvest time (0 week) and from regular air (RA) and controlled atmosphere storage (kPa CO2:kPa O2) after 3 weeks and 6 weeks

0 week
Harvest

3 weeks
RA

6 weeks
RA

3 weeks
06:02

6 weeks
06:02

3 weeks
12:02

6 weeks
12:02

3 weeks
18:02

6 weeks
18:02

3 weeks
12:18

6 weeks
12:18

3 weeks
18:18

6 weeks
18:18

Eucalyptol 0.2460 b 1.1720 ab 2.2400 ab 4.9058 a 0.7708 ab 1.6213 ab 0.3578 b 1.7145 ab 0.6973 ab 0.4373 b 1.0060 ab 0.3338 b 0.8410 ab
�-Linalool 0.0635 b 0.2680 ab 0.0650 b 1.7003 a 0.0558 b 0.5695 ab 0.0338 b 0.2725 ab 0.0400 b 0.0406 b 0.0498 b 0.0223 b 0.0485 b
Terpinen-4-ol 12.65 bcde 12.53 bcde 34.82 a 9.02 def 11.49 cdef 8.34 ef 7.87 ef 8.47 def 11.43 cdef 13.48 bcd 17.08 b 7.09 f 16.15 bc
Nerol 0.0280 a 0.0063 a 0.0018 a 0.0149 a 0.0258 a 0.0241 a 0.0385 a 0.0000 a 0.0168 a 0.0094 a 0.0093 a 0.0073 a 0.0078 a
Total terpene alcohols 12.99 bcd 13.98 bcd 37.13 a 15.64 bc 12.34 bcd 10.56 bcd 8.30 cd 10.45 bcd 12.18 bcd 13.97 bcd 18.15 b 7.45 d 17.04 b
Linalool acetate 0.0000 b 0.0031 ab 0.0008 ab 0.0025 ab 0.0018 ab 0.0030 ab 0.0028 ab 0.0020 ab 0.0003 ab 0.0035 ab 0.0008 ab 0.0033 ab 0.0043 a
Nerol acetate 0.0805 a 0.0463 abc 0.0300 bc 0.0393 ab 0.0235 bc 0.0311 abc 0.0023 c 0.0575 ab 0.0460 abc 0.0431 abc 0.0273 bc 0.0379 abc 0.0228 bc
Citronellyl butyrate 0.0000 a 0.1015 0.1335 a 0.1015 a 0.0693 a 0.0335 a 0.0670 a 0.0000 a 0.0665 a 0.0663 a 0.0000 a 0.0663 a 0.0000 a
Total terpene esters 0.0805 ab 0.1509 ab 0.1643 a 0.1433 ab 0.0945 ab 0.0676 ab 0.0720 ab 0.0595 ab 0.1128 ab 0.1129 ab 0.0280 ab 0.1074 ab 0.0270 b
3-carene 2.0719 a 1.0324 ab 0.9384 ab 1.3742 ab 1.1909 ab 0.9625 ab 0.3419 b 1.2970 ab 1.2376 ab 1.2744 ab 0.9225 ab 1.3876 ab 1.4642 ab
�-Pinene 0.9380 b 1.5488 ab 0.7890 b 5.6625 a 0.6465 b 1.9930 ab 0.2335 b 1.7108 ab 0.5308 b 1.1805 b 0.4993 b 0.8338 b 0.9393 b
d-Limonene 0.7345 b 1.2150 b 0.3495 b 5.1083 a 0.5178 b 1.5858 ab 0.1758 b 1.4300 ab 0.4663 b 0.9813 b 0.3970 b 0.6408 b 0.5390 b
�-Pinene 12.9195 a 10.3525 ab 7.9018 abc 5.2950 abc 4.3105 bc 2.4120 bc 1.8870 c 2.9930 bc 7.4193 abc 10.5541 ab 2.8518 bc 5.5645 abc 9.5705 abc
�-Cymene 0.5025 b 1.0338 ab 0.6980 b 3.2890 a 0.5003 b 1.3448 ab 0.1950 b 0.8918 ab 0.4003 b 0.6778 b 0.3998 b 0.4538 b 0.4985 b
−4-Carene 4.3070 ab 6.9460 ab 2.6888 ab 4.3120 ab 2.8678 ab 9.5460 a 0.7663 b 7.4923 ab 2.4475 b 5.6483 ab 2.2718 b 3.6288 ab 3.2300 ab
�-Myrcene 0.5510 a 0.0704 bc 0.0630 bc 0.1483 bc 0.2205 b 0.0470 bc 0.0128 bc 0.0070 c 0.1920 bc 0.1006 bc 0.1068 bc 0.0291 bc 0.0385 bc
Total monoterpene 22.0244 ab 22.1987 a 13.4284 ab 25.1892 a 10.2541 ab 17.8910 ab 3.6122 b 15.8218 ab 12.6936 ab 20.4169 ab 7.4488 ab 12.5382 ab 16.2799 ab
�-Caryophyllene 0.248 a 0.037 d 0.0068 d 0.0473 cd 0.0460 cd 0.0600 bcd 0.0088 d 0.0490 cd 0.0165 d 0.1098 bc 0.1350 b 0.0248 d 0.0408 cd
�-Farnesene 0.312 ab 0.405 a 0.2043 bc 0.2530 abc 0.2650 abc 0.2440 abc 0.2330 abc 0.1090 c 0.2663 abc 0.1593 bc 0.2120 abc 0.2563 abc 0.3070 ab
(Z)-�-Farnesene 0.343 a 0.354 a 0.3263 a 0.2960 a 0.3295 a 0.2013 ab 0.1313 b 0.2807 ab 0.3115 a 0.2914 ab 0.2370 ab 0.3123 a 0.3125 a
Total sesquiterpenes 0.903 a 0.796 ab 0.5373 bc 0.5963 bc 0.6405 abc 0.5053 bc 0.3730 c 0.4387 c 0.5943 bc 0.5604 bc 0.5840 bc 0.5933 bc 0.6603 abc
Total terpenes 35.9949 abc 37.1232 ab 51.2577 a 41.5691 ab 23.3291 bc 29.0237 abc 12.3574 c 26.7765 bc 25.5826 bc 35.0599 abc 26.2098 bc 20.6901 bc 34.0109 abc

Amounts are nmol kg−1 fresh fruit. Means within each row followed by different letters indicate significant differences between treatments at p ≤ 0.05, least significant difference (LSD) test.
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Table 3
Changes in aroma-volatiles (non-terpenes) of blackcurrants (cv. Titania) at harvest time (0 week) and from regular air (RA) and controlled atmosphere storage (kPa CO2:kPa O2) after 3 weeks and 6 weeks

0 week
Harvest

3 weeks
RA

6 weeks
RA

3 weeks
06:02

6 weeks
06:02

3 weeks
12:02

6 weeks
12:02

3 weeks
18:02

6 weeks
18:02

3 weeks
12:18

6 weeks
12:18

3 weeks
18:18

6 weeks
18:18

Tetradecane 0.0035 a 0.0010 a 0.0050 a 0.0010 a 0.0020 a 0.0010 a 0.0028 a 0.0018 a 0.0018 a 0.0008 a 0.0013 0.0005 a 0.0048 a
10-Undecen-1-ol 0.0105 b 0.0128 b 0.2103 ab 0.0110 b 0.0610 b 0.0863 b 0.3538 a 0.2130 ab 0.2130 ab 0.0175 b 0.1530 ab 0.0175 b 0.1455 ab
1-Octanol 0.3025 ab 0.1518 b 0.0798 b 0.1258 b 0.0743 b 0.3550 a 0.0763 b 0.0738 b 0.0738 b 0.1565 b 0.0765 b 0.1403 b 0.0763 b
1-Hexanol 0.7535 a 0.0995 bc 0.2860 abc 0.1068 bc 0.5028 ab 0.6900 a 0.3548 abc 0.2028 abc 0.2028 bc 0.1943 bc 0.2535 abc 0.0440 c 0.3043 abc
1-Heptanol 0.0310 b 0.0365 b 0.0023 b 0.0440 b 0.0048 b 0.1618 a 0.0300 b 0.0000 b 0.0000 b 0.0460 b 0.0413 b 0.0558 ab 0.0320 b
Eugenol 0.046 b 0.495 b 0.0462 b 0.460 b 0.0242 b 1.832 a 0.000 b 0.572 b 0.000 b 0.7557 ab 0.0482 b 0.5097 b 0.058 b
Total alcohols 1.0975 ab 0.3005 bc 0.5783 abc 0.2875 bc 0.6428 abc 1.2930 a 0.8148 abc 0.4895 abc 0.4895 abc 0.4143 bc 0.5243 abc 0.2575 c 0.5580 abc
Hexanal 2.1780 a 0.6095 cde 0.0898 e 0.4410 de 1.2273 bc 0.3735 de 0.9895 cd 0.6400 cde 0.6400 cde 0.6400 cde 0.7420 cd 0.6345 cde 1.6508 ab
2-Nonenal, (E)- 0.0100 a 0.0015 a 0.0030 a 0.0025 a 0.0030 a 0.0098 a 0.0030 a 0.0050 a 0.0050 a 0.0088 a 0.0028 a 0.0045 a 0.0013 a
Nonanal 0.5795 a 1.0780 a 1.0895 a 3.4605 0.5658 a 3.0383 a 0.3085 a 0.8350 a 0.4543 a 0.1988 a 0.4718 a 0.1270 a 0.6018 a
Total aldehydes 2.7675 a 1.6890 a 1.1823 a 3.9040 a 1.7960 a 3.4215 a 1.3010 a 1.1575 a 1.0993 a 0.8475 a 1.2165 a 0.7660 a 2.2538 a
Ethyl butanoate 0.126 f 44.253 bcd 46.524 bcd 3.480 f 23.189 def 31.731 cde 50.946 bc 55.600 bc 111.231 a 12.249 ef 14.040 ef 4.974 f 65.064 b
Heptyl butanoate 0.0000 b 0.0003 ab 0.0000 b 0.0000 b 0.0000 b 0.0000 b 0.0000 b 0.0000 b 0.0000 b 0.0005 b 0.0000 b 0.0000 b 0.0000 b
Hexyl 2-methylbutanoate 0.0000 a 0.0003 a 0.0000 a 0.0000 a 0.0000 a 0.0000 a 0.0000 a 0.0003 a 0.0003 a 0.0003 a 0.0000 a 0.0003 a 0.0000 a
Butyl 2-methylbutanoate 0.0000 b 0.0188 a 0.0000 b 0.0025 b 0.0053 ab 0.0055 ab 0.0000 b 0.0000 b 0.0000 b 0.0003 b 0.0020 b 0.0000 b 0.0000 b
Ethyl 2-methylbutanoate 0.0000 b 0.1038 a 0.0000 b 0.0128 ab 0.0000 b 0.0000 b 0.0085 b 0.0140 ab 0.0140 ab 0.0283 ab 0.0000 b 0.0000 b 0.0000 b
Ethyl 2-butenoate 0.0135 de 0.0940 cd 0.0755 cde 0.0005 e 0.1003 bcd 0.0755 cde 0.1910 b 0.5090 a 0.5090 a 0.0415 cde 0.0350 de 0.0150 de 0.1278 de
Hexyl formiate 0.0080 a 0.0320 a 0.0065 a 0.0175 a 0.0178 a 0.0210 a 0.0118 a 0.0008 a 0.0008 a 0.0260 a 0.0015 a 0.0195 a 0.0173 a
Hexyl acetate 0.4815 ab 0.0865 cd 0.2765 abcd 0.4045 abc 0.5390 ab 0.6368 a 0.1025 cd 0.2203 abcd 0.2203 bcd 0.0190 d 0.2690 abcd 0.0253 d 0.4175 abc
Ethyl hexanoate 0.0060 cd 0.0020 cd 0.0000 cd 0.0570 cd 0.1948 abc 0.0798 bcd 0.0000 d 0.0000 cd 0.0000 cd 0.2678 ab 0.3755 a 0.0915 bcd 0.0000 cd
Butyl hexanoate 0.0000 b 0.0000 b 0.0005 ab 0.0000 b 0.0008 ab 0.0020 a 0.0000 b 0.0000 b 0.0000 b 0.0000 b 0.0000 b 0.0000 b 0.0000 b
Hexyl hexanoate 0.2570 b 0.2035 bc 0.4575 a 0.1445 cd 0.0000 e 0.2233 bc 0.0000 e 0.0000 e 0.0000 e 0.0898 def 0.0000 e 0.1295 cde 0.0000 e
Heptyl acetate 0.0000 a 0.0008 a 0.0003 a 0.0005 a 0.0000 a 0.0003 a 0.0005 a 0.0000 a 0.0000 a 0.0003 a 0.0005 a 0.0000 a 0.0000 a
Methyl octanoate 0.0220 b 0.0070 b 0.0220 b 0.0083 b 0.0545 ab 0.0978 a 0.0363 ab 0.0228 ab 0.0228 ab 0.0078 b 0.0330 ab 0.0073 b 0.0625 ab
Ethyl octanoate 0.0000 d 0.0025 bcd 0.0193 bc 0.0015 cd 0.0048 bcd 0.0155 bcd 0.0208 b 0.0593 a 0.0593 a 0.0008 cd 0.0023 bcd 0.0010 cd 0.0115 bcd
Octyl acetate 0.0000 b 0.0030 ab 0.0013 ab 0.0003 ab 0.0035 ab 0.0048 ab 0.0078 ab 0.0020 ab 0.0020 ab 0.0003 ab 0.0118 a 0.0023 ab 0.0073 ab
Octyl formiate 0.0175 ab 0.0078 b 0.0013 b 0.0025 b 0.0038 b 0.0230 a 0.0030 b 0.0013 b 0.0013 b 0.0035 b 0.0013 b 0.0023 b 0.0020 b
Methyl benzoate 0.5250 bcd 0.8325 abc 0.3098 cd 0.4613 cd 0.4045 cd 1.2718 ab 0.0560 d 0.1568 cd 0.1568 cd 1.2925 a 0.4328 cd 1.0353 abc 0.1768 cd
Ethyl benzoate 0.0045 c 0.1530 a 0.0880 b 0.0190 c 0.0223 c 0.0215 c 0.0248 c 0.0688 b 0.0688 b 0.0815 b 0.0133 c 0.0213 c 0.0238 c
Ethyl decanoate 0.0000 b 0.0763 ab 0.0000 b 0.0740 ab 0.0758 ab 0.1530 ab 0.1548 ab 0.1920 ab 0.1920 a 0.0758 ab 0.0740 ab 0.1498 ab 0.0763 ab
Methyl decanoate 0.1600 a 0.1008 ab 0.0000 c 0.1095 ab 0.1358 ab 0.1470 a 0.1168 ab 0.0478 bc 0.0478 bc 0.0515 bc 0.1320 ab 0.0993 ab 0.1418 a
�-Phenylethyl acetate 0.0090 a 0.0015 c 0.0060 ab 0.0008 c 0.0008 c 0.0005 c 0.0020 c 0.0025 bc 0.0025 bc 0.0028 bc 0.0020 c 0.0005 c 0.0005 c
Ethyl acetate 0.0000 c 6.4568 a 5.4098 ab 1.0213 bc 2.0983 abc 2.0215 abc 3.4353 abc 2.5165 abc 6.9245 a 4.9401 abc 0.7325 bc 2.1288 abc 6.2323 a
Total esters 1.6305 f 52.4365 bcd 53.1985 bcd 5.8188 ef 26.8510 def 35.5205 cde 55.1183 bcd 58.7806 bc 119.4528 a 19.1796 ef 16.1585 ef 8.7025 ef 72.3613 b

Amounts are nmol kg−1 fresh fruit. Means within each row followed by different letters indicate significant differences between treatments at p ≤ 0.05, least significant difference (LSD) test.
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the O2 level in storage, in particular with the storage condition
12 kPa CO2:2 kPa O2, maintained the fruit’s capacity to syn-
thesize these alcohols, even after prolonged storage. Fruit kept
under a highly elevated CO2 level (18 kPa) for 3 weeks showed a
significant reduction in alcohol but a recovery was noticed after a
storage period of 6 weeks. There were no significant differences
in aldehydes.

3.2.2. Non-terpene esters
Freshly harvested fruit synthesized high amounts of the fol-

lowing esters: methyl decanoate, hexyl acetate, methyl benzoate,
and hexyl hexanoate (Table 3). Storing fruit in air led to dramatic
changes in the profile of non-terpene esters in which new esters
were synthesized in higher amounts (compared to freshly har-
vest fruit), and the major new esters were ‘ethyl butanoate’, ethyl
benzoate and in particular ethyl acetate. Among the volatiles
which were quantitatively determined ‘ethyl butanoate’ was the
most emitted compound, although not at harvest time. Freshly
harvested fruit contained very low amounts of this compound
but the amount contained by air-stored fruit at both sampling
dates was significantly much higher than with freshly harvested
fruit. Storing fruit in air maintained the fruit’s capacity to syn-
thesize these volatiles at a moderate rate even after 6 weeks
storage period. However, fruit stored in the most stressful storage
condition, 18 kPa CO2:2 kPa O2 led to a strong and signif-
icant increase in the level of ‘ethyl butanoate’. Synthesis of
the 2-methylbutanoates: butyl 2-methylbutanoate and ethyl 2-
methylbutanoate increased significantly in fruit stored for 3
weeks in air compared to freshly harvested fruit. However, the
synthesis of these 2-methylbutanoates declined substantially
after an extended storage period of 6 weeks. Fruit from most
CA storage conditions synthesized significantly low amounts
of butyl 2-methylbutanoate and ethyl 2-methylbutanoate when
compared to air storage for 3 weeks. However, fruit stored in
the very high CO2 level (18 kPa) synthesized higher amounts of
ethyl 2-butenoate after 6 weeks. Fruit stored in the most stress-
ful storage condition (18 kPa CO2:2 kPa O2) maintained their
capacity to synthesize ethyl 2-butenoate throughout the entire
storage period.

In order to reveal the possible transformations of certain
compounds to others, correlation tests were conducted. Sig-
nificant correlations exist between ethyl butanoate and ethyl
octanoate (r = 0.89***), the levels of: alcohols and acetate esters
(r = 0.56**), hexyl esters and of acetate esters (0.86 ***), 1-
octanol and 1-hexanol (0.69***), 1-hexanol and octyl esters
(r = 0.78***). Another interesting finding is that there is a posi-
tive correlation between the levels of 1-hexanol and hexyl esters
(r = 0.58**) which should be coupled with the finding that there
is no correlation between the levels of 1-hexanol and hexanoic
acid esters (r = 0.06 ns). The same trend also exists between the
levels of 1-octanol and octyl esters (r = 0.76***) but not between
1-octanol and the octanoic acid esters (r = 0.35 ns).

Moreover, significant negative correlations exist between the
levels of ethyl esters (and butanoic acid esters) and the level
of hexanoic acid esters (r = −0.51** for both correlations),
and between the levels of branched esters and hexanoic acid
esters (r = −0.53**). Correlations between individual terpenes

included positive and significant correlations between eucalyp-
tol and �-linalool (0.95***), eucalyptol and �-cymene (0.95 **),
�-linalool and �-pinene (0.97***), �-linalool and �-cymene
(0.99***), �-pinene and d-limonene (0.99***) and between
d-limonene and �-cymene (0.99***).

4. Discussion

Blackcurrants, as a non-climacteric fruit (Woodhead et al.,
1999) are very likely to show a different volatile biosynthesis
development to that found in climacteric fruit. The respiration
rate of freshly harvested blackcurrants (data not shown) was sig-
nificantly higher than that of the air-stored fruit, and there were
no significant differences between all the storage treatments.
The respiration rate in blackcurrants seems not to be directly
linked to aroma volatile biosynthesis and it can be presumably
excluded as a cause for the differences observed between storage
treatments.

Although the variation among replicates was high, clear
trends can be seen in this study. But explaining these results
further is very difficult, due to the lack of studies that deal with
changes in volatiles biosynthesis in blackcurrants, or similar
fruit, following either regular air or CA storage.

Our discussion is divided into two parts: non-terpene com-
pounds and terpene compounds. Several trends are clear for
the non-terpene compounds. First, air-stored fruit synthesized
much more non-terpene esters than freshly harvested fruit. It
is well documented that volatile emission by ripe fruit of cer-
tain species has been attributed to the action of the enzyme
lipoxygenase on lipid metabolism (Baldwin, 2002). Fatty acid
ethyl esters are biosynthesized by two enzymatic mechanisms,
either by esterification or alcoholysis (Liu et al., 2004). In
this respect, Verstrepen et al. (2003) considered the expres-
sion level of alcohol acetyltransferases genes as an important
factor in controlling volatile acetate ester production in addi-
tion to esterases (EC 3.1.1.1). The burst in ester synthesis by
fruit stored for 3 or 6 weeks in air may be related directly
to the up-regulation of genes providing the enzymes needed
either directly or indirectly for ester formation, although an
increased level and activity of an enzyme does not always mean
a comparable increase in the product (Shalit et al., 2003). Con-
cerning the two most emitted esters ‘ethyl acetate’ and ‘ethyl
butanoate’, the increase in the level of ethyl acetate is not
desirable because of it’s solvent-like aroma (Verstrepen et al.,
2003), while the increase in ‘ethyl butanoate’ is welcomed due
to its fruity smell (Buettner and Schieberle, 2001). Although
we did not quantify the amount of ethanol produced by the
fruit, calculations of the peak areas (data not shown) indicate
that CA-stored fruit emitted lower amounts of ethanol than air-
stored fruit, except for fruit stored for 6 weeks under 18 kPa
CO2:2 kPa O2. Consequently, an increase in the level of ethyl
acetate may reduce or limit the synthesis of other acetate esters,
since ethyl acetate and the other acetate esters share acetyl CoA
as one of their substrates (Ke et al., 1994). For the biosyn-
thesis of ethyl butanoate, a possible alcohol acyltransferase,
designated Eht1 (ethanol hexanoyl transferase I) has been sug-
gested as a candidate ethyl ester synthase in yeast (Mason
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and Dufour, 2000). Saerens et al. (2006) also identified Eht1
and Eeb1 (for ethyl ester biosynthesis gene 1) as novel acyl-
coenzymeA:ethanol O-acyltransferases/esterases in yeast. Eht1
preferred in vitro short-chain substrates (highest production was
for ethyl butanoate), whereas Eeb1 preferred longer chain sub-
strates (highest production was for ethyl octanoate) (Saerens et
al., 2006). The high correlation between levels of ethyl butanoate
and ethyl octanoate suggests that the expression of both Eth1 and
Eeb1, or similar genes, are tightly coupled in blueberries. Know-
ing that the odor activity values of ethyl butanoate and ethyl
octanoate are very high (Qian and Reineccius, 2003), it seems
that both compounds are likely to contribute to the characteristic
fruity note of blackcurrants.

Furthermore, it seems that lowering the O2 levels, and/or
elevating the CO2 levels did not suppress the expression of
these genes, and the differences recorded between treatments
and between sampling dates should be attributed to the substrate
availability rather than to the expression of genes. Moreover, the
significant correlation values between non-terpene compounds
indicate that �-oxidation of fatty acids may play an impor-
tant role in volatile biosynthesis, as earlier reported with apples
(Brackman et al., 1993; Song and Bangerth, 1994). On the other
hand, the positive correlation between the levels of 1-hexanol
and hexyl esters, coupled with the finding that there is no corre-
lation between the levels of 1-hexanol and hexanoic acid esters,
may be related to the preference of an alcohol acyltransferase
(MpAAT1) or similar enzymes to produce hexyl esters of C3,
C6 and C8 CoAs (Souleyre et al., 2005). Furthermore, the sig-
nificant negative correlations between the levels of ethyl esters
(and butanoic acid esters) and the level of hexanoic acid esters
and between the levels of branched esters and hexanoic acid
esters indicate competition for the common precursor, prob-
ably ethanol and to a lesser extent hexanol. Souleyre et al.
(2005) added that for the acetate esters, the MpAAT1 preference
depends upon substrate concentration; at low concentrations,
the enzyme prefers 2-methylbutanol over hexanol and butanol,
while at high concentrations, hexanol can be used at a greater
rate.

Our results reveal a differential impact of lowering O2 and/or
increasing CO2 levels on the emission of volatiles. Changes
in the levels of hexanol and hexanal produced by fruit stored
under various CA storage conditions suggest that an elevated
CO2 level, and in some treatments a low O2 level, may slow
down the �-oxidation of fatty acids. The amount of hexanal pro-
duced by fruit was the highest at harvest time and decreased
dramatically and significantly upon storage under the various
conditions, although increasing the CO2 level around fruit par-
tially maintained the capacity of fruit to produce hexanal. The
strong and significant reduction in the biosynthesis of hexyl
hexanoate and ethyl hexanoate was obvious in fruit subjected
to prolonged storage (6 weeks) which may indicate that the
required precursors were exhausted over this extended period;
it seems that hexanoic acid is exhausted rather than ethanol or
hexanol since other ethyl and hexyl esters were synthesizd by
the same fruit at higher rates, although competition for ethanol
or hexanol cannot be excluded. The differential impact of low-
ering O2 and/or increasing CO2 can be explained by; changes

in substrate availability, the competition for the available sub-
strates, differential gene expression and changes in the cellular
pH. Siriphanich and Kader (1986) showed a pH reduction with
lettuce maintained in a 15 kPa CO2 condition. Also a 2 kPa O2
atmosphere resulted, in a lower pH value with persimmon slices
(Wright and Kader, 1997). Theoretical calculations and experi-
mental data indicate that CO2 concentrations >5 kPa will lower
intracellular pH (Bown, 1985). In most plant tissues, cytoplas-
mic pH is ≈7, and CA treatments reduce the pH by 0.2–0.8 units
(Ke et al., 1994). Such a pH reduction might cause lower activity
for certain enzymes (Frenkel and Patterson, 1977; Kerbel et al.,
1988) which may change the substrate availability and result in
another set of aroma volatiles.

Our results concerning terpene compounds reveal that air-
stored fruit maintained, and even increased with prolonged
storage, their capacity to synthesize terpene compounds. Air
storage probably allowed the fruit to ripen normally in a manner
that terpene synthases are produced at higher levels although the
release of terpenes from bound forms cannot be excluded; the
presence of a range of aliphatic and aromatic alcohols was iden-
tified as glycosidically bound in blackcurrant juice (Varming et
al., 2006). The hypothesis that the activities of terpene synthase
enzymes are promoted during air storage is supported by the fact
that certain CA conditions reduced the cytoplasmic pH as men-
tioned above. Knowing that the cytoplasmic pH is ≈7, and that
monoterpene synthase enzymes exhibit a pH optimum around
7 (Lewinsohn et al., 1992; Savage et al., 1994; Bohlmann et
al., 1998; Lücker et al., 2002), it is possible to predict a higher
terpene synthesis in air-stored fruit. Terpene emissions were
reduced by low O2 and/or elevated CO2 levels, despite a par-
tial recovery upon prolonged storage, Bohlmann et al. (1998)
reported that the similar characteristics of the monoterpene,
sesquiterpene and diterpene synthases are related to the fact
that these enzymes carry out similar electrophilic cyclizations
involving common steps, i.e., stabilization of highly reactive
carbocations and their ultimate quenching by deprotonation or
nucleophile capture; lower pH caused by high CO2 levels around
the fruit may make deprotonation more difficult. Lowering O2,
irrespective of CO2 levels, led generally to lower emission of
terpenes. That might be due to a slower delivery of precursors
for terpene synthesis. The lower emission rates after 6 weeks
storage (6:2 and 12:2) may indicate that the available substrates
were depleted at a higher rate than the metabolic machinery
could provide. In contrast to this, it appears that an elevated
emission rate by fruit stored for 6 weeks under 18:2 and 18:18
conditions may be due to the de-compartmentalization of cel-
lular components. Frenkel and Patterson (1977) reported that
elevated CO2 (5–20 kPa) caused disintegration of plastids, vac-
uoles, and cytoplasmic matrix in ‘Bartlett’ pears. It has been
speculated (Longhurst et al., 1990) that changes in cytoplasmic
pH accompanying changes in cytoplasmic ion concentrations
(Vickery and Bruinsma, 1973) may result in membrane leakage
in the soft fruit. It was also hypothesized that the formation of
monoterpenes in developing caraway fruit may be controlled by
subcellular compartmentation of the various enzymes (Gleizes et
al., 1983; McCaskill and Croteau, 1995). Another mechanism
suggested by Longhurst et al. (1994) stated that an enhanced
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transcription of the Adh 2 gene, as a consequence of the soften-
ing process and in response to a slight lowering of internal O2
concentrations (Speirs et al., 1998) may enhance this process.
Another possible explanation for a reduced terpene emission
in most CA treatments at the first sampling date, in particular,
may be related to the substrate availability, as mentioned by
Bouwmeester et al. (1998).

With regard to the correlations, it is clear that major trans-
formations occurred during storage. The increase in d-limonene
is accompanied by a decrease in the levels of other terpenes, in
particular terpinen-4-ol, �-myrcene, and caryophyllene which
may be related to the lower Km value of limonene synthases
(Lücker et al., 2002). The reduction of �-myrcene after har-
vest observed in this study may be due to the transformation of
this compound to various cyclic monoterpenes such as �-pinene
and limonene as reported by Heyen and Harder (2000), who
also stated that potential intermediates between myrcene and
geranic acid are the hydration products geraniol and linalool.
These authors also found that the main conversion product of
linalool and limonene in stored model solutions of orange juice
was also R-terpineol. Linalool was also found to rearrange to
nerol and geraniol (Askar et al., 1973), and under acidic condi-
tions, nerol and geraniol cyclize to form R-terpineol and terpene
diols (Baxter et al., 1978). Varming et al. (2006) found, with the
thermal treatment of blackcurrant juice, an increase in some of
the oxygenated terpenes, including geraniol, terpineol, linalool
and eucalyptol, suggesting that these compounds are released
from a pool of glycosides or otherwise bound species (Leino
and Kallio, 1993; Kollmansberger and Berger, 1994; Varming
and Poll, 2003). Release of bound compounds could explain
our results with the dramatic increase in terpinen-4-ol during
prolonged air storage.

Although the reduction observed in blackcurrant aroma
volatile biosynthesis in some CA storage conditions found in this
study is not as dramatic as reported with climacteric fruits, fur-
ther research is needed to elucidate the causes of this reduction,
in particular at the molecular level.
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