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Phenylalanine Ammonia-lyase As Related to Ethylene in the
Development of Chilling Symptoms during Cold Storage of Citrus
Fruits
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Low-temperature, nonfreezing, storage induces pitting and necrosis in the flavedo tissue of chilling
susceptible citrus fruits. In this study the role of ethylene and phenylalanine ammonia-lyase (PAL;
EC 4.3.1.5) in the cold-induced citrus peel damage has been investigated. It has been shown that
increasing PAL activity by applying ethylene at a nonchilling temperature did not cause fruit damage
or reduce the incidence of this peel disorder when fruits were subsequently held at a chilling
temperature (2 °C). The cold-induced peel damage was enhanced by applying inhibitors of PAL
activity and ethylene synthesis and action. These results indicate that the induction of PAL and
ethylene during fruit cold storage, but not before, plays a role in reducing the development of chilling
symptoms. The cold-induced PAL activity was reduced by inhibitors of ethylene production, but
inhibitors of ethylene action exerted little effect on the activation of this enzyme. Therefore, the
activation of PAL may be dependent on ethylene but also an independent cold signal apparently
related to the cold-induced peel damage.
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INTRODUCTION

The storage of citrus fruits at low temperature is
necessary to extend their commercial life. However,
pitting, necrosis, and staining may occur in the flavedo
tissue (the outer colored part of the peel) of many citrus
cultivars when exposed to low, nonfreezing, tempera-
tures. An understanding of the biochemical and physi-
ological mechanism underlying this cold-induced peel
physiological disorder is important to reduce posthar-
vest losses. Considering the chilling injury (CI) symp-
toms described above, we undertook in a previous work
to study the effect of low-temperature storage on
changes in activities of phenolic metabolism enzymes
in the flavedo. We showed that there is no relationship
between the development of chilling symptoms in
Fortune mandarin fruits, a very chilling-sensitive citrus
cultivar, and changes in polyphenol oxidase and per-
oxidase activities but that phenylalanine ammonia-lyase
(PAL; EC 4.3.1.5) activity increased in those fruits
stored under chilling temperatures (1). Chilling also
induced an increase in ethylene production in this citrus
cultivar. However, the exact role of PAL and ethylene
on the process of Cl in not understood. The activity of
the enzyme PAL can be stimulated by stressful condi-
tions and has been related to the appearance of physi-
ological disorders that may be induced by very low levels
of ethylene in other commercial horticultural crops (2,
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3). As CI in Fortune mandarins, these disorders are
manifested as brown necrotic tissue areas. On the other
hand, the induction of ethylene and PAL activity in
response to stressful conditions has been considered to
be a defensive mechanism of plants against stress (4,
5). PAL is the enzyme at the entry point of the
phenylpropanoid pathway. Phenolic compounds may
play a role in necrosis and also in maintaining cellular
viability (6). Besides those properties, phenolic com-
pounds are known to be antioxidant compounds and,
interestingly, oxidative stress has been shown to be
involved in the chilling tolerance of citrus fruits (7). The
activation of PAL in citrus by applying ethylene (8) or
stresses that may favor the ethylene biosynthesis such
as mechanical wounding (9) and y-radiation (10) has
been also reported. It has not been demonstrated,
however, whether the cold-induced ethylene is a signal
responsible for the induction of PAL.

Whether the increase in PAL activity is responsible
for the development of chilling symptoms, is a conse-
guence of the cold-induced damage, or may play a role
in reducing chilling symptoms in citrus has not been
studied until now. Some of the mechanisms underlying
the chilling-induced ethylene production have been
described.

Chilling-induced ethylene biosynthesis in citrus fruits
is accompanied by 1-aminocyclopropane-1-carboxylic
acid (ACC) accumulation and also by an increase in ACC
oxidase activity (11). A chilling-inducible ACC synthase
gene, CS-ACS1, and a chilling-repressible gene, CS-
ACS2, from citrus peel have been also isolated and
characterized (12). However, as in the case of PAL, little
is known about the role of the cold-induced ethylene in
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citrus fruits. In cantaloupe melons, a climacteric fruit,
inhibition of ethylene biosynthesis by antisense ACC
oxidase RNA prevented CI (13).

Our research goal in the present work was to under-
stand how ethylene and PAL are involved in the process
of Cl in citrus fruits. To elucidate that, we have
determined whether (1) the tolerance of fruits to chilling
varies by applying ethylene or by increasing their PAL
activity before exposing them to chilling; (2) the cold-
induced ethylene production and PAL activity are the
cause of Cl or, on the contrary, physiological responses
of the fruits to reduce or repair the peel damage induced
by chilling; and (3) the cold-induced ethylene is respon-
sible for the cold-induced PAL activity.

MATERIALS AND METHODS

Plant Material. Fruits of Fortune mandarin (Citrus clem-
entina Hort. Ex Tanaka x Citrus reticulata Blanco) were
harvested from trees grown in a commercial orchard at
Valencia, Spain (latitude 39° 28’ 48" N; longitude 00° 22' 52"
W). For each experiment, fruits were divided at random into
two groups. The first group was used to determine changes in
PAL activity and ethylene production. Three replicates of at
least 10 fruits for PAL analysis and of 3—4 fruits for ethylene
production measurement per temperature and storage period
were included in this group. For PAL analysis, flavedo samples
were excised from the total surface of fruits and ground with
a food chopper in liquid N to a fine powder; the homogenized
sample was stored at —70 °C until PAL assay. The second
group contained 60 fruits to determine the severity of the
chilling-induced peel damage.

Chemicals and Reagents. All reagents were obtained
from Sigma Chemical Co. (St. Louis, MO) except a-aminooxy-
[-phenylpropionic acid (AOPP), which was obtained from
Cambridge Research Biochemicals (Cambridge, U.K.).

Chilling, Ethylene, and Chemical Treatments. Fortune
mandarin fruits were stored at a chilling temperature (2 °C)
and 80—85% relative humidity (RH) for at least 21 days in
constant darkness.

To test the effect of exogenous ethylene on peel damage and
PAL activity, freshly harvested Fortune fruits were treated
in a continuous flow of 10 uL L~* ethylene at 20 °C for 6 and
12 hand 1, 4, 10, and 17 days in 20 L vessels in the presence
of KOH to avoid accumulation of respiratory CO,. An equal
number of fruits were treated with a continuous flow of
ethylene-free air under the same conditions and used as control
fruits in this experiment. To estimate whether the tolerance
of fruits to chilling may be modified by applying ethylene or
by increasing their PAL activity before holding them under
cold stress, fruits treated with 10 uL L™* ethylene (ethylene-
pretreated fruits) or air (air-pretreated fruits) at 20 °C for the
indicated period of time were then exposed to 2 °C for 24 days.

Inhibitors of ethylene synthesis and action and of PAL
activity were applied to freshly harvested Fortune mandarins
before chilling exposure to study the role of PAL and ethylene
in the response of fruits to chilling. Ethylene action was
inhibited by 1 mM silver thiosulfate (STS) and by 1 uL L™
1-methylcyclopropene (1-MCP). The STS aqueous solution was
prepared according to the method of Reid et al. (14) and applied
by dipping the fruits in the solution for 2 min. 1-MCP was
prepared as previously described (15), and the treatment was
carried out for 24 h at 20 °C in a 20 L vessel in the presence
of KOH to eliminate CO,. After fumigation with 1-MCP, fruits
were removed from the vessel and left in the dark for 12 h
before they were transferred to cold storage at 2 °C. To
estimate the effect of 1-MCP, fruits that were treated for 36 h
(24 + 12 h) with air under the same experimental conditions
were used as control fruits. The cold-induced ethylene produc-
tion was inhibited by dipping the fruits in aqueous solutions
containing 0.25 mM 2-aminoethoxyvinylglycine (AVG) (Sigma
Chemical Co., St. Louis, MO) or 1 mM cobalt chloride (CoCly)
(Sigma Chemical Co.) for 2 min before they were exposed to
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cold stress. To inhibit PAL activity, fruits were dipped for 2
min in an agueous solution containing 1 mM AOPP. All of the
fruits treated with the inhibitors were subsequently exposed
to 2 °C for 21 days to evaluate their effect on CI, the cold-
induced PAL activity, and ethylene production. An equal
number of fruits were exposed at 12 °C (control, nonchilling
temperature) after being treated with these inhibitors to test
their phytotoxicity in fruits held at a nonchilling temperature.

Estimation of Cl Index. Fruits were visually scored to
estimate the extent of Cl development. Brown pitlike depres-
sions in the fruit are the main symptoms of Cl. A rating scale
from O (no injury) to 3 (severe injury) was used to evaluate ClI
and the average Cl index determined. The results are means
of samples containing 60 fruits.

Assay of PAL Activity. PAL activity was determined in
three replicate samples from flavedo acetone powder according
to the method of Martinez-Téllez and Lafuente (1). A repre-
sentative ground flavedo tissue sample, processed as described
above, was ground in10 mL of acetone, previously chilled to
—20 °C, per gram of flavedo. The homogenate was filtered
through a Buchner funnel, the residue washed twice with
chilled acetone, and the resulting powder dried at room
temperature. PAL was extracted from 0.4 g of acetone powder
with 15 mL of 100 mM sodium borate buffer, pH 8.8, contain-
ing 20 mM fS-mercaptoethanol. The extract was purified by
salting out proteins with ammonium sulfate at a final satura-
tion of 46%. The precipitated PAL enzyme was dissolved in
4.5 mL of 100 mM ammonium acetate buffer, pH 7.7, contain-
ing 20 mM f-mercaptoethanol and the PAL activity measured
by determining the absorbance of cinnamic acid at 290 nm over
a period of 2 h at 40 °C. The reaction mixture contained 2 mL
of the purified enzyme extract and 0.6 mL of 100 mM
L-phenylalanine in a total volume of 6 mL. PAL activity is
expressed on a dry-matter basis as nanomoles of cinnamic acid
per gram of acetone powder flavedo tissue per hour. The
results are the mean of three replicate samples of 10 fruits
each.

Measurement of Ethylene Production. Ethylene pro-
duction from whole fruits was measured periodically by
incubating three replicate samples of four Fortune mandarin
fruits in 1 L glass jars at 2 °C. After 4 h of incubation at this
temperature, a 1 mL gas sample was withdrawn from the
headspace of the jar and injected in a gas chromatograph
Perkin-Elmer autosampler (Norwalk, CT), equipped with a 1
m x 2 mm activated alumina column (80/100 mesh) from
Supelco (Barcelona, Spain) and a flame ionization detector.
Nitrogen was used as carrier gas, and the temperature of the
column was maintained at 140 °C. The ethylene standard was
obtained from Abello-Oxigeno-Linde, S.A. (Valencia, Spain).
The results are the mean of three replicate samples of four
fruits each.

Statistical Design. Experimental data are the mean + SE
of three replicate samples of the determinations for each
sample. A variance analysis using the Tukey test at the 5%
level was performed to determine if the CI index, ethylene
production, and PAL activity induced by cold stress in fruits
treated with the different inhibitors of ethylene synthesis and
action and of PAL activity showed significant differences (p <
0.05). The Tukey test was also performed to determine if the
chilling susceptibility and the chilling-induced PAL activity
of fruits pretreated with air or ethylene were different.

RESULTS

Increasing PAL Activity before Cold Storage by
Applying Ethylene Does Not Cause Peel Damage
or Increase the Tolerance of the Fruits to Chilling.
A sharp increase in PAL activity was induced in Fortune
mandarins by applying continuously 10 uL L~ ethylene
at 20 °C, whereas the activation of PAL did not occur
in the air-treated samples at this temperature (Figure
1). PAL activity greatly increased for up to 4 days of
ethylene treatment and subsequently declined for up
to 17 days of ethylene exposure. After 1 day of ethylene
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Figure 1. Time course of PAL activity in flavedo tissue of
Fortune mandarin fruits treated at 20 °C with 10 uL L™
ethylene (black circles) or air (gray circles) for 0, 6, and 12 h
and 1, 4, 10, and 17 days. Values are the means of three
replicate samples + SE.

treatment at 20 °C (Figure 1), PAL activity in the
flavedo was higher than the cold-induced PAL activity
in fruits stored for 24 days at a chilling temperature
(time O h pretreatment, Figure 2B) that induced peel
damage (time O pretreatment, Figure 2A). However,
those fruits treated with ethylene at a nonchilling
temperature (20 °C) did not show peel damage (data not
shown).

The PAL activity of the ethylene-treated fruits (Figure
1) decreased in general after the fruits had been
transferred to an ethylene-free atmosphere at 2 °C
(Figure 2B). After the pretreated fruits had been held
at 2 °C for 24 days, the PAL activity of the fruits exposed
to the ethylene pretreatment, either for short periods
or for long periods (17 days), was similar to or even
higher than that of their control air-pretreated fruits
(Figure 2B). The tolerance of Fortune mandarins to
chilling was not increased by increasing PAL activity
before fruits were exposed to chilling (Figure 2A). Fruits
pretreated with ethylene for more than 1 day showed a
higher chilling damage than the air-treated fruits
during cold storage (Figure 2A).

Effect of Inhibitors of Ethylene and PAL on CI
and Cold-Induced PAL Activity and Ethylene
Production. The specific competitive inhibitor of PAL
activity, AOPP, favored the development of Cl symp-
toms (Figure 3). After 21 days at 2 °C, the Cl index of
the AOPP-treated fruits was 2.2 and that of the non-
treated fruits 1.8, indicating that the cold-induced
increase in PAL activity is not the cause of peel damage.
To inhibit ethylene production, fruits were treated with
inhibitors of the two enzymes involved in the ethylene
biosynthesis. Thus, we used AVG, and inhibitor of ACC
synthase, or CoCl,, which inhibits ACC oxidase. Both
compounds showed an effect on CI similar to that of the
inhibitor of PAL activity (AOPP). After 21 days of cold
storage, the CI index of fruits treated with AVG or CoCl,
was 2.3 (Figure 3). Ethylene action was inhibited by
applying the ethylene perception inhibitors, silver ions
(STS) or 1-MCP, to the fruits before they were exposed
to cold storage. Both inhibitors exerted a more marked

Lafuente et al.

24d at 2°C under air

" | ethylene pretreated fruits A
I air pretreated fruits

Cl index

350 (-
300 (-
250 -
200
150 |-

100 |-

PAL activity (nmol g”1 b1

50 -

Oh 6h 12h 1d 4d 10d 17d
Time of air or ethylene pre-treatment

Figure 2. Effect of air and ethylene pretreatment on chilling
susceptibility of Fortune mandarins (A) and on chilling-
induced PAL activity in flavedo tissue of Fortune fruits (B).
Fruits were pretreated with 10 4L L™! ethylene (black bars)
or air (gray bars) for 0, 6, and 12 h and 1, 4, 10, and 17 days
at 20 °C and subsequently held for 24 days at 2 °C in an
ethylene-free atmosphere. Results of Cl index are means of
60 fruits and those of PAL activity of 3 replicate samples. For
the same time of air or ethylene pretreatment, values labeled
with the same letter are not different at the 5% significance
level.
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Figure 3. Effect of inhibitors of ethylene action and synthesis
and of PAL activity on chilling susceptibility of Fortune
mandarins. Fruits were dipped for 2 min in aqueous solutions
containing 1 mM STS to inhibit ethylene action, 0.25 mM AVG
or 1 mM CoCl; to inhibit ethylene synthesis, or 1 mM AOPP
to inhibit PAL and then exposed for 21 days at 2 °C. Values
labeled with the same letter are not different at the 5%
significance level.

effect in increasing the cold-induced peel damage than
AVG or CoCl,. The CI index of fruits treated with STS
was 2.8 (Figure 3). Fruits treated with 1-MCP showed
a Cl index of 1.9, whereas that of their respective control
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Table 1. Cold-Induced Peel Damage, PAL Activity, and
Ethylene Production As Affected by 1-MCP

PAL activity

ethylene production

treatment Cl index (nmol h—1g™1) (nLgth
+1-MCP  1.91+0.05> 390.2 + 15.62 0.23 4 0.03
—1-MCP  1.23 +£0.042 360.5 + 24.32 0.12 £ 0.022

a Fortune fruits were incubated with 1-MCP for 24 h at 20 °C
and subsequently ventilated in air for 12 h at 20 °C before they
were exposed for 21 days at 2 °C. Control fruits (—MCP) were
incubated for the same period of time in air (36 h) and then
exposed for 21 days to cold stress. Values represent means + SE.
Values labeled with the same letter within the same column are
not different at the 5% significance level.
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Figure 4. Effect of inhibitors of ethylene action and of
inhibitors of the synthesis of ethylene and PAL on chilling-
induced ethylene production of Fortune fruits (A) and on
chilling-induced PAL activity in the flavedo tissue (B). Fruits
were dipped in aqueous solutions containing 1 mM STS, 0.25
mM AVG, 1 mM CoCl,, or 1 mM AOPP for 2 min and then
exposed for 21 days at 2 °C. Results are means of three
replicate samples, and values labeled with the same letter are
not different at the 5% significance level.

fruits treated only with air was 1.2 (Table 1). Peel
damage was not induced by any of these inhibitors in
fruits held at the nonchilling temperature (data not
shown).

After 21 days at 2 °C, the PAL activity of fruits
treated with AOPP was ~53% that of untreated control
fruits (Figure 4B). The cold-induced ethylene production
was barely affected by AOPP, and it was reduced to
about 52 and 61% by the inhibitors of ethylene synthe-
sis, AVG and CoCl,, respectively (Figure 4A). Both eth-
ylene inhibitors were also effective in inhibiting the cold-
induced PAL activity, which was about 48% (AVG) and
47% (CoCly) that of control fruits. When ethylene action
was inhibited by STS (Figure 4A) or 1-MCP (Table 1),
a 1.7- or 1.9-fold increase in the cold-induced ethylene
production was found, respectively, with respect to their
control fruits. STS was scarcely effective in inhibiting
the cold-induced PAL activity (Figure 4B), whereas
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1-MCP even enhanced the activation of the enzyme in
fruits held at the chilling temperature (Table 1).

DISCUSSION

Whether the rise in ethylene production and PAL
activity during cold storage of chilling-sensitive citrus
cultivars is caused by or a consequence of or may play
a role in reducing the development of CI symptoms in
citrus fruits is not well understood. Moreover, if the PAL
increase following chilling could be ascribed to the
triggering effect of ethylene is unknown. In response to
other stresses such as mechanical wounding controver-
sial results have been found; PAL activity may be
dependent on but also independent of ethylene produc-
tion in wounded melon fruits (16). In lettuce, however,
wound-induced PAL activity is not due to the wound-
induced ethylene (17). To elucidate (a) if the cold-
induced ethylene and the cold-induced PAL activity
were the cause of Cl symptoms or, on the contrary,
physiological responses of the fruit to reduce or heal the
peel damage induced by chilling and (b) if ethylene is a
signal for the cold-induced PAL, we manipulated eth-
ylene and PAL in fruits of Fortune mandarin, which are
very sensitive to chilling.

In the first approach we applied exogenous ethylene
for up to 17 days at a nonchilling temperature just to
ensure that ethylene by itself, or by increasing PAL and
subsequently the levels of phenolics which could be
oxidized to brown compounds, did not cause peel dam-
age in Fortune mandarins. The sharp increase in PAL
activity induced by ethylene (Figure 1) was much higher
than the cold-induced PAL activity in fruits stored at a
chilling temperature that induced peel damage (time 0
h pretreatment, Figure 2B). However, Fortune fruits
treated with ethylene at 20 °C did not show peel
damage. This result suggests that ethylene and the
increase in PAL activity appear not to be the cause of
the development of Cl symptoms. Thus, citrus fruit
differs from other horticultural crops such as lettuce in
which ethylene and PAL activity by themselves are
important factors for russet spotting development (2,
3). This physiological disorder may be induced by low
levels of ethylene (0.1 uL L™1) and, like CI in Fortune
mandarins, is characterized by the appearance of nu-
merous small brown spots.

PAL is the initial rate-controlling enzyme in phenolic
synthesis, and phenolic compounds are known to have
antioxidant properties (18). In previous papers we
suggested that oxidative stress may be involved in the
chilling tolerance of citrus fruits (7) and that the efficacy
of a heat pretreatment delaying Cl symptoms in cold-
stored fruits could be related to its ability to stimulate
a transient induction of PAL, via phenylpropanoid
metabolite intermediates (19). Considering the sharp
increase in PAL activity induced by the ethylene treat-
ment (Figure 1), we have examined the chilling response
of the fruits previously treated with ethylene as com-
pared with that of fruits treated with air (control fruits).
Interestingly, fruits pretreated with ethylene for more
than 1 day showed a higher chilling damage upon cold
exposure. Therefore, we might conclude that the induc-
tion of a higher level of PAL activity in the flavedo
before fruits are exposed to chilling stress (2 °C), which
could increase the ability of the tissue to cope with
oxidative stress, does not increase their tolerance to
chilling. However, the idea that the lack of efficacy of
the ethylene pretreatment could be due to the fact that
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ethylene may alter another mechanism favoring CI
cannot be ruled out. Additionally, ethylene could en-
hance fruit senescence and consequently favor its
sensitivity to stress conditions (4). This result is in
contrast to that found in tomato plants, in which
ethylene application led to morphological and physi-
ological changes which could alleviate chilling (20, 21).
This different behavior may be associated with the fact
that ethylene does not control all processes of chilling
tolerance (22) and those processes may differ between
plant species or organs. The activity of PAL in the
ethylene-treated fruits may sharply decrease when
fruits are transferred to an ethylene-free atmosphere
at 2 °C, but in general it was still slightly higher than
in the air-pretreated Fortune mandarin fruits (Figure
2). The higher PAL activity of the cold-stored fruits
pretreated with ethylene could be a consequence of the
higher cold-induced damage and also of the higher
initial levels of PAL activity. From the results of this
experiment we cannot discriminate whether the induc-
tion of PAL in response to cold stress is playing a
protective role against Cl development or is a conse-
quence of the cold-induced peel damage.

More conclusive results about the role of PAL and
ethylene in the response of citrus fruits to chilling were
obtained when the levels of the cold-induced PAL
activity and ethylene production were decreased by the
addition of specific inhibitors. These inhibitors did not
cause peel damage in fruits held at a nonchilling
temperature (12 °C). The specific inhibitor of PAL
activity, AOPP, significantly favored the development
of CI symptoms, as indicated by the CI index (Figure
3), and did not affect the cold-induced ethylene produc-
tion (Figure 4A). This result supports the idea that the
induction of PAL in the flavedo is a defense mechanism
against chilling rather than the cause of peel damage.
The inhibition of PAL activity by AOPP in other plants
exposed to different stressful conditions also favored the
stress-induced necrosis (23). In citrus, the participation
of this enzyme in the healing process in mechanically
wounded fruits has been suggested, although the effect
of a specific inhibitor of PAL activity was not studied
(9). The inhibition of the cold-induced PAL activity
during exposure of Fortune fruits to chilling stress
enhanced CI, but increasing its activity before the fruits
were exposed to chilling did not protect them from this
stress condition. Our results may then indicate that the
induction of PAL in the cold-exposed Fortune mandarins
could be a protective response occurring in the fruits,
once the damage originated by chilling would have
happened, to repair or heal the injury. Thus, lignifica-
tion could be stimulated or some specific phenolics could
be formed in response to chilling stress mediated by the
induction of ethylene and PAL, which would efficiently
reduce the development of chilling symptoms.

Decreasing the level of cold-induced ethylene produc-
tion by addition of inhibitors of the two enzymes
involved in ethylene biosynthesis, ACC synthase (AVG)
and ACC oxidase (CoCl,), reduced the cold-induced PAL
and also enhanced chilling. Therefore, we can conclude
that ethylene is also a defense mechanism of citrus
fruits to cope with chilling stress and that ethylene
appears to be responsible for the cold-induced PAL.
These results reinforce the idea that ethylene and the
ethylene-induced PAL activity are important during, but
not before, the development of the cold-induced damage.
Both mechanisms appear to be necessary to reduce peel
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damage but not sufficient to avoid it. The involvement
of ethylene in the chilling response may differ among
species. Ben-Amor et al. (13) showed, using transgenic
cantaloupe melons in which ethylene production was
almost completely inhibited by an antisense-ACO trans-
gene, that ethylene acts in conjunction with low tem-
perature to induce metabolic shifts that participate in
the development of CI. STS and 1-MCP inhibit ethylene
perception by competitively binding to the ethylene
receptors (24). Exposure of ixora plants to 1-MCP
completely blocked the chilling-induced leaf abscission
even in the presence of exogenous ethylene, which
enhanced abscission (25). However, in tomato plants,
chill hardening was more effective in the ethylene-
sensitive phenotype than in the ethylene-insensitive
mutants (22). The application of inhibitors of ethylene
action such as STS and 1-MCP did not induce peel
damage during storage of Fortune mandarins at a
nonchilling temperature but, as in other chilling-sensi-
tive cultivars, favored CI during holding of the fruits
at 2 °C (26, 27). The STS and 1-MCP concentrations
used in the present study were effective in inhibiting
ethylene action in Fortune mandarins because they
enhanced the cold-induced ethylene production (Figure
4A; Table 1). In citrus fruits, ethylene exerts an inhibi-
tory feedback mechanism of its own biosynthesis. Thus,
for an effective inhibition of ethylene perception, STS
or 1-MCP should shut down the ethylene feedback
system and an increase in ethylene production should
be expected (28, 29). We have further demonstrated that
when ethylene action was inhibited by STS or 1-MCP,
Cl was increased even more than by inhibitors of
ethylene biosynthesis. Inhibitors of ethylene action
exerted little effect on the cold-induced PAL, which
increased with ClI symptom development. The cold-
stored fruits treated with these competitive inhibitors
showed a noticeably higher PAL activity than fruits
treated with the inhibitors of ethylene synthesis (Figure
4B; Table 1). Therefore, we cannot rule out the idea that
the cold-induced PAL activity in the fruits may be also
an independent ethylene cold signal, apparently related
to the cold-induced peel damage. This is in agreement
with previous results showing that regulation of PAL
gene expression in melon is a coordinated process in
response to both ethylene and an ethylene-independent
wound signal (16). Results from Ke and Saltveit (17)
imply that wound-induced PAL activity is not due to
the wound-induced ethylene production in lettuce. In
other stress conditions, such as pathogenic inoculation,
it has been also suggested that the increases in ethylene
production and PAL activity are independent responses
(30, 31).

From the overall results obtained in this work we can
conclude that (1) the induction of PAL activity during
the exposure of chilling sensitive citrus fruits to cold
stress is important to reduce cold-induced peel damage,
but increasing the activity of the enzyme before they
are stored at low temperature does not protect the fruits
against chilling; (2) the inductions of ethylene and PAL
in citrus fruits in response to cold stress are defense
mechanisms against chilling rather than the cause of
pitting; and (3) the activation of the enzyme PAL is a
coordinated process in response to both ethylene and
an ethylene-independent cold signal.
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