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Abstract

Methyl salicylate (MeSA) and methyl jasmonate (MeJA) vapors increased resistance against chilling injury in freshly harvested green bell
pepper (Capsicum annuum L. cv Century). The period within 2 days of cold storage was considered the most critical because chilling injury
symptom (surface pitting) was not apparent. The expression patterns of alternative oxidase (AOX) and seven other genes involved in defense
against oxidative stress before and during the early chilling period suggested that pre-treatment of pepper fruit with MeSA or MeJA vapors
increased preferentially the transcript levels of AOX. Overnight treatment with MeSA or MeJA vapors increased transcript levels of AOX
(1.5 kb) even at room temperature of 25◦C, whereas no change was observed with untreated control. In addition to the expected 1.5 kb AOX
transcript, RNA gel blot analysis revealed an extra 3.5 kb transcript that was induced only at 0◦C. At 0◦C, both AOX transcripts (1.5 and
3.5 kb) reached maximal levels firstly in MeSA treated fruit, secondly in MeJA treated fruit and lastly in controls. Compared with freshly
harvested peppers, overnight treatment of wholesaler peppers with MeJA does not increase AOX transcript level and no differences in chilling
injury symptom were observed between treated and control fruit. AOX transcript level in peppers from farm and wholesaler were maintained
at a high level as long as the fruits were kept at 0◦C. Transcript levels of AOX (1.5 kb) were increased by storage at low temperature but the
steady-state mRNA accumulation rate was faster at 0 than at 5◦C. Alternative respiratory pathway was proposed to mediate chilling injury.
Here, we show that the increase in AOX transcript levels by MeJA or MeSA before cold treatment was correlated with reduced incidence of
chilling injury.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Chilling injury imposes a limitation on extended storage
for many horticultural crops. The genusCapsicum origi-
nated in the American tropics with the non-pungent, sweet
cultivars ofCapsicum annuum (e.g. green bell pepper) be-
ing one of the most grown species[1]. It is consumed as a

� The nucleotide sequence data reported appear in the EMBL, Gen-
bank, DDBJ nucleotide sequence databases under the accession numbers
AY250708 (AOX).
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vegetable or fresh-cut produce. One of the most significant
reasons for postharvest loss is due to bell peppers suscep-
tibility to chilling injury when stored below 7◦C. Chilling
induced symptoms in green bell peppers include: dot-pitting
followed by sheet-pitting, development of alternaria rot on
pods and calyxes, seed darkening and shrinkage due to mois-
ture loss[2]. Damage caused by low temperature severely
reduced the quality and storage life of bell pepper[3].

Chilling injury can result from oxidative stress caused
by reactive oxygen species (ROS) via overproduction of
photosynthetic electrons from chloroplasts in light[4,5].
In darkness, mitochondria were shown to be the main site
for electron production and therefore the major source of
superoxides in chilling-sensitive plant tissues where the
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cytochrome respiratory pathway was impaired by low tem-
perature[6]. Scandalios[7] showed that several enzymes,
e.g. superoxide dismutases, catalases and peroxidases were
involved in the reduction of ROS in plants. Chilling resis-
tance in plants was correlated with an increase of enzymatic
activities in antioxidant systems[8,9]. Møller [10] sug-
gested that defense against oxidative stress consisted of two
lines of defense. The first line of defense is termed ROS
avoidance genes includes alternative oxidase (AOX) and
the second is termed as ROS scavenging genes includes
manganese superoxide dismutase (MnSOD), catalase, the
ascorbate/glutathione cycle, the glutathione peroxidase sys-
tem and thioredoxin system.

The plant AOX pathway branches from the main respira-
tory electron transport chain, bypasses the final steps of the
cytochrome respiratory pathway and catalyses the oxidation
of ubiquinol. It was suggested that by maintaining the flow
of mitochondrial electrons, AOX maintained activation of
NAD(P)H dehydrogenase and proton-pumping NADH de-
hydrogenase[10] and helps in generation of sufficient ATP
required for the rapid adaptation and the maintenance of
plant growth rate homeostasis[11,12]. In this process, AOX
is involved in reducing ROS by preventing electrons from
reducing O2 to O2

− and thus reduces the level of O2 in the
mitochondria[10,13,14]. The concept of AOX acting as an
antioxidant enzyme has been shown in isolated bell pepper
mitochondria[15] and in intact tobacco cells[16].

Phylogenetic analysis suggests the presence of two dis-
crete AOX gene subfamilies in plants with AOX family 1,
but not family 2, existing in both monocot and dicot plant
species[17–19]. AOX transcript, protein levels and activity
were shown to respond to multiple developmental and en-
vironmental triggers (reviewed in[19]). For example, AOX
transcript and protein can be increased by low temperature
[17,20–24]. It was proposed that the alternative respiratory
pathway mediated chilling injury by keeping the production
of ROS in balance with the levels of antioxidants and ac-
tive oxygen scavenging enzyme systems (reviewed by Purvis
et al. [6]). In addition, mutated AOX gene was linked to a
quantitative trait loci (QTL) for low temperature tolerance
in a rice cultivar[25].

Salicylic acid (SA), jasmonic acid (JA) and their methyl
esters (MeSA, MeJA) are endogenous signal molecules that
play essential roles in regulating stress responses and plant
development[26–30]. SA has been shown to induce expres-
sion of AOX [31,32]. Although there are many methods to
reduce chilling injury in various horticultural crops[33,34],
we have shown MeSA and MeJA treatments are inexpen-
sive, easy to set up and applicable to various fruit produce
[35–37]. In particular, MeJA reduced chilling injury in bell
pepper fruit[38] and fresh-cut pepper strips[39]. Because
of the potential usefulness of MeSA and MeJA in extending
postharvest longevity of produce, it is important to under-
stand the process. In this study, we investigated how seven
different ROS scavenging genes (MnSOD, Cu/ZnSOD,
catalase, ascorbate peroxidases, peroxidase and thioredoxin

peroxidase) and ROS avoidance genes (AOX) might be in-
volved in the alleviation of chilling injury. We characterized
the expression of the family 1 AOX gene at low temperature
and its response to exogenous MeSA and MeJA vapors.

2. Methods and materials

2.1. Plant materials and postharvest treatments

For the chilling injury experiment, green bell pepper fruit
(C. annuum L. cv “Century”) were harvested from a local
farm in the 2002 season. Field temperature during harvest
was 30◦C. Within an hour after harvest, fruits were washed
and blotted dry. A total of 180 fruits were divided into three
lots. Each lot was kept in three airtight glass jars (20 fruit
each in 19.4 l jar), together with 22.4�l/l MeJA, 13.2�l/l
MeSA or water (for the control) spotted onto filter paper so
that the final vapor concentration reached 10−4 M, for 1 day
in darkness at 25◦C. After treatment, the glass jars were
ventilated in a fume hood, covered with perforated parafilm
and stored in darkness at 0◦C for 14 days. After the cold
treatment, fruits were stored at 20◦C for 9 days.

Green bell pepper fruit used for both the temperature ex-
periment and the methyl jasmonate concentration experi-
ment were obtained from a local wholesaler. Fruits were
harvested in Florida and had been stored at 7◦C for about
1 week. Fruits were divided into seven lots (20 fruit each)
of which three lots were used for the MeJA experiment and
four lots were used for the temperature experiment. For the
MeJA experiment, each lot was placed into three airtight
glass jars (19.4 l), together with MeJA spotted onto filter
paper at the final vapor concentration of 0 (control), 10−5

or 10−4 M, then incubated for 1 day at 25◦C. After treat-
ment, the glass jars were ventilated in a fume hood, stored
at 0◦C for 13 days, followed by 20◦C for another 5 days.
For the temperature experiment, fruits were kept in the orig-
inal packing boxes, and were stored at 0, 5, 10 or 20◦C for
7 days and then 20◦C for 6 days. Samples were taken daily
during the first week unless stated otherwise. At each time
point, fruits were taken from the jars and equatorial slices
were taken from each fruit, diced, frozen in liquid nitrogen
and stored at−80◦C until used.

2.2. Evaluation of chilling and ripening characteristics

Chilling symptoms were evaluated during and after cold
storage[37]. It appeared as surface pitting followed by a
combination of both surface pitting and sheet-pitting after
2–3 days in 0◦C. The severity of the symptoms was assessed
visually and the percentage of fruit surface covered by pitting
was scored for each fruit. The average value and standard
error value of each group of fruit at each time point was
plotted. At the end of the experiment, the percentage of
rotten blackened seeds to healthy white seeds was estimated
from the remaining fruit.



R.W.M. Fung et al. / Plant Science 166 (2004) 711–719 713

2.3. Isolation of cDNA fragments of genes encoding AOX
and antioxidative enzymes

Degenerate primers (MST1, MST2) of AOX were de-
signed based on similar primers sequences used by Saisho
et al. [40], with slight nucleotide modification to favor am-
plification of dicot plant species (Table 1). Gene-specific
primer pairs of sevenC. annuum genes encoding antioxida-
tive enzymes were designed based on sequence information
from the public sequence database. They included cytoso-
lic ascorbate peroxidase, ascorbate peroxidase, thioredoxin
peroxidase, catalase, peroxidase, Mn-superoxide dismutase
and Cu/Zn-superoxide dismutase (Table 1). Complementary
DNA was prepared with SuperScriptTM reverse transcriptase
(InvitrogenTM) using odtRACE1 primer and total RNA ex-
tracted from pepper fruit as template. PCR conditions were
as outlined in[41]. PCR products for AOX were cloned into
pGEM-T vectors (Promega) and confirmed by sequencing.
PCR products for other antioxidative genes were gel-purified
and sequenced to confirm their identity before being used
as probes for Northern analysis.

2.4. RNA gel blot analysis

Total RNA was extracted fromC. annuum L. fruit tissues
[42]. Electrophoresed RNA was transferred to Hybond N+
membrane using 20× SSC, according to manufacturer’s
instructions. RNA gel blot hybridization was performed
according to Virca et al.[43]. Probes were labeled with
[�-32P]-dCTP by DNA random prime labeling RTS sys-
tem (Invitrogen). After an overnight hybridization at 65◦C,

Table 1
Oligonucleotide primers used to isolate genes of AOX and other antioxidative enzymes fromC. annuum and primers used to carry out gene-specific
RT-PCR

Gene (abbreviation) (Genbank accession no.) Oligo sequence Expected
size (bp)

Cytosolic ascorbate peroxidase (Cys APX) (X81376) Forward 5′-ATGGTATTGACATTGCTCTC-3′; reverse
5′-AATTCAGAGAGCTTCAAGTG-3′

520

Ascorbate peroxidase (APX) (AF442387) Forward 5′-TGTGCTCCTATCATGCTTCG-3′; reverse
5′-GTAAACCCTAGCTCAGACAG-3′

650

Thioredoxin peroxidase (Thio PX) (AF442385) Forward 5′-ACTTCGACGAGCAAGATCAG-3′; reverse
5′-TGGTATATACATTTCAGAAG-3′

500

Catalase (Cat) (AF227952) Forward 5′-GTGCCAGTGCCAAGGGCTTC-3′; reverse
5′-CTAATAGCTTCTTCCTCCGT-3′

520

Peroxidase (PX) (AF442386) Forward 5′-GGCGCCAGGATTGCTGACAA-3′; reverse
5′-GTGGACATAATCCTCGAAGC-3′

520

Mn-superoxide dismutase (MnSOD) (AF036936) Forward 5′-ATCATCAGACTTACATAACA-3 ′; reverse
5′-CAAGGGCATTCTTTCTCGTA-3′

520

Cu/Zn-superoxide dismutase (Cu/ZnSOD) (AF009734) Forward 5′-CCATGGTGAAGGCTGTCGCCGTCCTTAG-3′;
reverse 5′-AATCTTCAGCGCACGGGAGT-3′

480

Alternative oxidase (AOX) 450
MST1 5′-ACWGTRGCWGCWGTVCCYGGRATGGT-3′
MST2 5′-GGTTKACATCWCGRTGRTGWGCCTC-3′
RFAOX3 5′-ACTCCACTCTCCGCGATGTTGTCTTG-3′
odtRACE1a 5′-GACTCGAGTCGACATCGA-(T)17-3′
RACE1 5′-GACTCGAGTCGACATCG-3′

a Parentheses indicate the number of nucleotide repeats used in the odtRACE1 primer.

unbound probe was removed by washing the membrane in
0.2× SSC at 65◦C. Membranes were sealed in plastic bags
and exposed to X-ray film. Membranes were then stripped
and rehybridized with an 18S ribosomal DNA probe from
apple (Malus domestica) (S. Pechous, personal communica-
tion). Hybridization signal of 18S rRNA was used as RNA
loading control.

3. Results

3.1. MeJA and MeSA reduced chilling injury of bell pepper

Fruits were harvested from a local farm when the field
temperature was around 30◦C. These fruits were treated
overnight with MeJA or MeSA at concentration of 10−4 M
before cold storage. Chilling injury severity was estimated
for untreated fruit, MeJA-treated fruit and MeSA-treated
fruit as shown inFig. 1. Apparent chilling injury symptoms
were visible as pitting or sheet-pitting within 2 days of stor-
age at 0◦C and progressed rapidly to maximal level within
9 days. MeJA and MeSA treatments delayed the onset of
chilling injury by about 4 days during the 13 days of stor-
age at 0◦C (Fig. 1, days 2–14). By the end of 2 weeks at
0◦C, the percentage of surface pitting in treated fruit ap-
proached that of untreated control. Following the rewarming
period at 20◦C, severe mold, rotting and decay developed
on the surface of both treated and untreated fruit. By day
23, 58% of seeds in control fruits were blackened, whereas
only 28 and 17% of seeds in MeSA- and MeJA-treated fruit,
respectively, were blackened. Both MeJA and MeSA vapors
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Fig. 1. Effect of methyl salicylate (MeSA) and methyl jasmonate (MeJA)
on chilling injury of green bell pepper stored at 0◦C. Fruits were harvested
manually from a local farm (field temperature was 30◦C, day 0) and
treated at 25◦C overnight with MeJA (10−4 M), MeSA (10−4 M) or with
air as a control (day 1). Fruits were then stored at 0◦C for 13 days (days
2–14). After cold treatment, fruits were rewarmed at 20◦C for another
9 days. Only data from days 0–14 are shown. Chilling injury evaluation
was performed based on the percentage of fruit surface area covered by
pitting. Vertical bars represent S.E.;n = 30. S.E. value was 0 for control
at 6 days after harvest.

were efficient to delay short-term external (surface pitting)
and long-term internal (blackened seeds) chilling injury in
pepper fruit stored at 0◦C.

3.2. AOX transcript levels increased dramatically in
response to MeJA and MeSA treatments

We examined the transcript levels of AOX and seven
other genes encoding antioxidative enzymes in pepper fruit
treated with MeSA or MeJA vapors. Since chilling injury
symptoms were visible within the first 2 days of cold stor-
age, this critical early period was investigated by Northern
analysis.

Total RNA was extracted from pepper fruit freshly
harvested from the local farm (day 0). The transcripts
of AOX (1.5 kb) and antioxidative enzymes were all de-
tectable at harvest (Fig. 2). After overnight incubation at
25◦C with MeJA or MeSA vapors, transcript levels of
antioxidative enzymes MnSOD, Cu/ZnSOD, catalase and
cytosolic ascorbate peroxidase were higher than control.
During the 0◦C storage period, transcript levels of Mn-
SOD maintained at level higher than harvest timepoint
but that of Cu/ZnSOD decreased slightly. Transcript lev-
els of catalase and cytosolic ascorbate peroxidase seem
to follow the treatments with higher transcript levels in
MeSA-treated fruit especially at day 3. However, transcript
levels of ascorbate peroxidase, peroxidase and thioredoxin
peroxidase did not change with the treatments or the
temperatures.

In contrast to the mild variation in transcript levels of other
antioxidative enzymes, AOX transcript levels were increased

Fig. 2. Expression profiles of seven different genes of antioxidative en-
zymes and AOX gene in response to MeSA (S), MeJA (J) in chilled
green pepper fruits (abbreviation of each genes is shown inTable 1). Un-
treated control fruit is represented with (C). Pepper fruits were harvested
from a local farm (field temperature was 30◦C, day 0) and treated as
described inFig. 1. Fruit from the first 3 days of experiments were used
for Northern analysis. RNA gel blot analysis was performed as described
in the materials and methods section. 18S ribosomal fragment was used
as probe for loading control and a typical blot is shown.

strongly by MeJA and to a higher extent by MeSA during
day 1 (Fig. 2). Unexpectedly, two AOX transcripts were
detected after fruits were transferred to 0◦C. In plants, the
expected size of AOX transcript is around 1.5–1.6 kb. Both
AOX transcripts (1.5 and 3.5 kb) accumulated and reached
maximum levels within 24 h at 0◦C in MeSA-treated fruit
(day 2, treatment ‘S’ inFig. 2). For the MeJA-treated fruit
and control fruit, it took 3–4 days for AOX transcript levels
to reach their maximum (data not shown). Both MeJA and
MeSA vapors increased the accumulation of AOX transcripts
in pepper fruit at room temperature (day 1) and to very high
levels during cold storage.
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Fig. 3. Effect of different concentrations of MeJA on expression of AOX transcript at 0◦C. Fruits were obtained from a local wholesaler (day 0) and
treated at 25◦C overnight with two different concentrations of methyl jasmonate (10−5 or 10−4 M) or with air as a control (day 1). Fruits were then
stored at 0◦C for 13 days (days 2–14) before being returned to 20◦C for another 5 days (days 14–19). (A) RNA gel blot analysis was performed as
described inFig. 2. Relative AOX transcript levels, 1.5 and 3.5 kb, were quantified by densitometry and normalized to hybridization signals with an 18S
ribosomal probe for each time point. Graphical representation of relative amount of 1.5 kb (B) and 3.5 kb (C) transcripts were plotted against time (days).
Sampling time point during the treatment at air control (solid line), 10−5 M MeJA (long dash line) and 10−4 M MeJA (dotted line) are shown in gray as
indicated. Expression levels were expressed as a ratio to the time point with the highest intensity, which is set to 100.

3.3. AOX transcript levels were increased by MeJA at
concentration of 10−4 M

Due to the significant induction of AOX transcript by
cold storage, we decided to study AOX in more detail. Bell
pepper fruit from the wholesaler that had been kept at 7◦C
were treated with two different concentrations of MeJA in
order to determine the effects on expression of AOX at 0◦C
(Fig. 3A). Fruit obtained from farm and wholesaler were
found to behave differently in response to the MeJA treat-
ment. Compared with fruit obtained freshly from the farm,
high levels of AOX 1.5 kb transcripts were detected from
wholesaler fruit that had been in storage for 1 week at 7◦C
(Fig. 3A and B, day 0). This AOX 1.5 kb transcripts were,
however, disappeared after overnight storage at 25◦C with
MeJA. In fact, no increased in AOX transcript levels were de-
tected after the first day of 0◦C storage (Fig. 3A and B, day
2). AOX transcripts (1.5 and 3.5 kb) accumulated to maxi-
mum levels by day 6 for fruit treated with 10−4 M MeJA and
day 14 for the control fruit and fruit treated with lower con-
centration of 10−5 M MeJA (Fig. 3B and C). Upon return-
ing to 20◦C, the 1.5 kb transcript disappeared completely at
day 17 for fruit treated with 10−4 M MeJA, but was still de-
tectable in control fruit and fruit treated with 10−5 M MeJA.
No significant differences in chilling injury symptoms were

observed among treated and untreated fruits (seeSection 4
for details), though AOX transcript levels increased and de-
creased faster in fruit treated with 10−4 than 10−5 M MeJA
and air control.

3.4. Higher levels of 1.5 kb AOX transcript were expressed
at lower temperature but the 3.5 kb AOX transcript levels
were induced only at 0 ◦C

Transcript levels of AOX at 0, 5, 10, and 20◦C were de-
termined. Bell pepper fruit from wholesaler coldstore were
kept at 25◦C overnight. They were then transferred to stor-
age at four different temperatures for 1 week before being
stored at 20◦C for 6 days. For fruit stored at 20◦C during
the first week, approximately 20% of the fruit showed signs
of ripening judged by appearance of red coloration by the
end of the total 2-week storage period. No ripening occurred
among fruit that were stored at 0, 5 or 10◦C.

At 0 ◦C, the 1.5 kb transcript of AOX accumulated grad-
ually throughout the 7-day storage period and declined to
lower levels after the fruits were returned to 20◦C (Fig. 4A
and B). The 3.5 kb AOX transcript appeared 2 days later
than the 1.5 kb transcript and also accumulated gradually
during 0◦C storage. The 3.5 kb transcript, however, disap-
peared completely within 6 h of rewarming at 20◦C (Fig. 4A
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Fig. 4. Effect of various temperatures on transcript levels of AOX. Fruit (C. annuum) obtained from a local wholesaler (day 0) were kept at 25◦C
overnight (day 1) and then stored separately at four different temperatures (0, 5, 10 and 20◦C) for 1 week (days 2–8). Fruits were then transferred to
20◦C for 1 week (days 8–14). (A) RNA gel blot analysis was performed as described inFig. 2. Relative AOX transcript levels (1.5 and 3.5 kb fragments)
were quantified by densitometry and normalized to hybridization signals with an 18S ribosomal probe for each time point. Graphical representation
of relative amount of 1.5 kb (B) and 3.5 kb (C) transcript were plotted against time (days). Sampling time point during the treatment at four different
temperatures of 0, 5, 10 and 20◦C are shown in gray from top to bottom as indicated. Expression levels were expressed as a ratio to the time point with
the highest intensity, which is set to 100.
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and C). At 5 ◦C, the 1.5 kb transcript levels reached maxi-
mal level at day 3 and stayed at the same high levels until
rewarming to 20◦C (Fig. 4A and B). During 10 and 20◦C
storage, the 1.5 kb AOX transcripts were expressed at lower
level with subtle variation compared with fruit stored at 0
and 5◦C. The 3.5 kb transcripts were not detected at storage
temperatures of 5, 10 or 20◦C (Fig. 4A and C, seeSection 4
for details). RNA gel blot analysis indicated that transcript
level of AOX transcripts at 1.5 kb were increased at 5 and
0◦C, whereas the 3.5 kb transcript was induced only at 0◦C.

4. Discussion

Expression levels of genes involved in oxidative stress
defense mechanisms were compared in bell pepper fruit
under conditions leading to either chilling tolerance or sen-
sitivity. During the period before chilling injury symptoms
(pitting) were visible, transcript levels of several genes en-
coding antioxidative enzymes varied slightly and showed
little correlation with the degree of chilling resistance. How-
ever, levels of AOX transcripts increased significantly when
pepper fruits were stored at low temperature. In addition,
AOX transcript levels were dramatically increased in pepper
fruit, which were treated with MeSA or MeJA vapors.

Although none of the antioxidative genes other than AOX
change significantly in their transcript levels, it is possi-
ble that some gene family member(s) were missed under
the conditions tested. This possibility was recognized when
the sequences of the pepper clones were used to search the
tomato EST database (TIGR). Tomato EST sequences with
equivalent-coding regions to the pepper probes were selected
for analysis. In tomato, individual tomato ESTs sharing nu-
cleotide identity of at least 64% (e.g. Cu/ZnSOD) and up to
87% (e.g. catalase) were found, suggesting the presence of
multigene families for the selected antioxidative enzymes in
the tomato genome. Based on the high similarity between
green pepper and tomato genomes[44], there is the potential
that the pepper gene of antioxidative enzymes tested in this
study may (or may not) hybridize to transcripts of other fam-
ily members, due to high (or low) shared nucleotide iden-
tity. Further studies are needed to determine the transcript
profiles of other gene family members of each antioxidative
enzyme with respect to their response in chilling tolerant
and chilling-sensitive pepper fruit.

In this study, an AOX cDNA fragment was isolated from
bell pepper that shared 89% identity at the nucleotide level
and 97% identity at amino acid level with a tobacco AOX
clone (accession no. X79768)[45]. This fragment is also
highly similar to the Genbank EST sequences fromC. an-
nuum (accession no. CB164923) andL. esculentum (acces-
sion no. BM408876) with 98 and 89% nucleotide identity.
This pepper AOX clone belongs to the family 1 group of
AOXs in plants classified by Considine et al.[19] and was
designated as CaAOX1. The putative amino acid sequence
of CaAOX1 is similar to other AOX proteins and this con-

servation includes iron binding motifs and their surround-
ing helical regions[46,47]. In addition, the CaAOX1 clone
shares 73% nucleotide identity and 81% amino acid iden-
tity with the AOX subfamily 2 clone, CaAOX2 from pepper
(Tian et al., unpublished data). No cross-hybridization with
family 2 transcripts was expected using the CaAOX1 cDNA
as probe, due to the lower degree of nucleotide homology
between family 1 and 2 CaAOX sequences.

The size of AOX transcripts is commonly 1.5–1.6 kb in
plants. In addition to the expected 1.5 kb band, the CaAOX1
probe used here detected a 3.5 kb transcript but only after
fruits were stored at 0◦C. Interestingly, Ito et al.[17] also de-
tected two AOX transcripts (1.5 and 2.9 kb) in rice seedlings
but only after 3 days at 4◦C. By using intron DNA as a
probe for Northern analysis, the 2.9 kb band was confirmed
as an unprocessed transcript containing the AOX intron re-
gion [17]. Therefore, the 3.5 kb CaAOX1 transcript in pep-
per fruit observed here is also likely to be an unprocessed
transcript due to altered RNA splicing or processing at 0◦C.
For the genes tested other than CaAOX1, we observed only
one transcript size before and during 0◦C storage.

Family 1 AOX genes typically occur as multigene fam-
ilies in plants, e.g.Arabidopsis, mango, rice and soybean
[17,40,48,49]. Except for soybean[50], AOX family 2 genes
occur as single copies in plants[19] including pepper (Tian
et al., unpublished data). Therefore, there is a potential that
the CaAOX1 probe used in this study may cross-hybridize
with closely related gene members of AOX family 1.

Closely related AOX members are expected to differ
enzymatically. An AOX protein with a single amino acid
residue change has been shown to have altered specificity
of organic acid activation[22]. Karpova et al.[51] reported
differential expression of three family 1 AOX members by
using 3′ untranslated regions as gene-specific probes, sug-
gesting unique roles among the closely related AOX genes.
For example, Moore et al.[11] proposed that differential
expression of multiple AOX isozymes is needed to recover
respiratory activity and maintain phosphorylation potential
and homeostasis of plants. The function of AOX is generally
regarded as scavenging of ROS[15,21]. However, a unique
function has never been assigned to any of the AOX family
1 isozymes.

Expression of AOX family 1 gene(s) in pepper was tightly
associated with low temperature stress, suggesting that fam-
ily 1 genes play a role in stress-induced conditions in plants
(summarized in[19,51]). Within 6 h of rewarming, AOX
transcripts (3.5 and 1.6 kb) in pepper fruit are depleted sug-
gesting the presence of a high turnover rate for AOX tran-
scripts. Low levels of CaAOX1 transcripts are detected in
fruit stored at 20◦C and freshly harvested. This suggests that
the CaAOX1 transcript is constitutively expressed through-
out fruit development and corresponds to basal levels neces-
sary for alternative respiration. This supported the idea that
alternative pathway operates actively and the cytochrome
and alternative respiration are constantly competing with
each other for respiratory electrons[47,52].
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CaAOX1 transcripts (1.5 kb) reach high levels within
2 days at 5◦C but fruit at 0◦C takes up to 7 days to at-
tain the same level (Fig. 4). This is consistent with the
findings from Purvis[53] that higher AOX protein levels
were found in mitochondria from pepper fruit stored at
4◦C than at 1◦C. The delay of CaAOX1 transcript accu-
mulation at 0◦C can be overcome by application of MeJA
or MeSA vapors (Figs. 2 and 3). Both MeSA and MeJA
reduce short-term external surface pitting and long-term
internal seed blackening symptoms in pepper fruit (Fig. 1).
Though MeSA induced higher and earlier expression of
CaAOX1 transcripts, MeJA (10−4 M) was more effec-
tive than MeSA (10−4 M) at alleviating chilling injury.
It is possible that the beneficial effects for chilling resis-
tance from enhancement of alternative oxidase might be
compromised by the death-inducing properties of MeSA
[54].

Some differences were noticed between fruit from the
wholesaler and from the farm. Fruit from the farm re-
sponded with faster induction of AOX transcript levels
during the overnight MeJA treatment at room tempera-
ture, while no overnight induction was observed in the
wholesaler fruit (compare day 1 inFigs. 2 and 3). This
might be due to varied properties among different cul-
tivars of C. annuum L. Fruit from the wholesaler had
been kept at 7◦C, and this might have induced protec-
tion against chilling temperature as observed in cucumber
[55]. Therefore, the temperature variation prior to cold
storage might explain our observation that fruit from the
wholesaler showed less chilling injury symptoms and no
differences between treatments. On the other hand, freshly
harvested fruit showed severe chilling injury and alle-
viation was observed in MeJA and MeSA treated fruit
(Fig. 1).

The ROS scavenging system and the ROS avoidance sys-
tem was found to work co-operatively[16]. Rizhsky et al.
[56] suggested that the plant genome has a high degree of
plasticity in reducing ROS level and protects plants from
oxidative stress by expressing alternative survival strate-
gies when environmental challenges go beyond the normal
range. When compared with seven other ROS scavenging
genes (MnSOD, Cu/ZnSOD, Cat, CysAPX, etc.), the ROS
avoidance gene (AOX) was the most responsive and was
dramatically induced by MeSA and MeJA vapors and by
low temperature stress.

The work presented here points to the possibility to use
plant signal molecules as cues for activating the ROS defense
system and these treatments may be of particular value to
increase resistance against chilling injury in bell pepper and
a broad range of other tropical crops.
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