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ABSTRACT 
In climacteric fruit, the control of ripening mainly relies on ethylene production and/or action, although there are some parameters that do 
not seem to strictly respond to this hormone. The peach fruit is well characterized from the physiological and molecular point of view and 
thus it offers a good fruit model system to study the relationship between ripening and quality. Here we review the results of the 
application of two kinds of natural growth regulators, polyamines (PAs) and jasmonates (JAs). Although characterized by substantially 
different biological activities, both are able to interfere with ethylene synthesis and perception, and, as a consequence, to alter the 
progression of ripening and the evolution of the main fruit quality traits. On the basis of endogenous levels of PAs and JAs in the fruit, 
experimental protocols aimed at manipulating these levels were established. This article reports the main results obtained in relation to 
fruit ripening and quality, and functional properties. Field application to peach fruit in late developmental stage (S3-S4) of the PAs 
putrescine (Pu), spermidine (Sd) or spermine (Sm) leads almost invariably to ripening delay and prolonged shelf-life. This is due to 
inhibition of ethylene biosynthesis/production, inhibition of cell wall-dismantling activity/retention of flesh firmness (FF), reduced 
soluble solids concentration (SSC). Equally, in the case of JAs, their application in planta causes a ripening delay, as shown by reduced 
ethylene biosynthesis/production and firmness retention probably due to a trade-off between growth and defence. Although likely via 
different signal transduction pathways, PAs and JAs, by interfering with ethylene biosynthesis and perception, lead to a less ripe fruit and, 
consequently, they are very promising compounds for quality control in the postharvest handling chain. For practical purposes, besides 
optimizing application strategies, commercial products containing PAs would be highly desirable. 
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INTRODUCTION 
 
The concept of sustainable agriculture passes also through 
the availability and use of naturally occurring molecules 
capable of controlling physiological processes. For instance, 
compounds able to modulate fruit quality and of being in-
tegrated into cell metabolism without leaving noxious resi-
dues in the produce or in the soil are welcome in horticul-
tural crop practices. The aliphatic polyamines (PAs) and the 
class of molecules known as jasmonates (JAs) are plant 
growth regulators that appear to fulfil these requirements. 
Since in both cases their use in the field has not been au-
thorized, further studies are needed to definitely demons-
trate their efficacy when used in postharvest and under field 
conditions, and their safety. Here we review the results of 
several years of experimental work on peach and nectarine 

regarding the effects, as explored at agronomical, physiolo-
gical and molecular levels, of PAs and JAs on fruit develop-
ment and ripening. The model system we adopted is the 
peach drupe since many physiological, biochemical and 
molecular parameters are now well characterized (Bonghi 
and Trainotti 2006) and the knowledge of these parameters 
is fundamental in order to apply effective pre- and post-
harvest ameliorative strategies. 
 
MODULATING PEACH FRUIT RIPENING/QUALITY 
BY POLYAMINES 
 
Polyamines are essential for plant growth and 
survival 
 
PAs constitute a class of ubiquitous plant growth regulators, 
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characterized by their polycationic nature and their ability 
to form electrostatic bindings with biological macromole-
cules aimed at stabilizing them and favouring their function 
(Cohen 1998); in fact, PAs are known to play a positive role 
in plant growth and differentiation (Bagni and Torrigiani 
1992) and in stress/defence responses (Alcazar et al. 2006; 
Pang et al. 2007; Groppa and Benavides 2008; Kusano et al. 
2008). The diamine precursor of the higher PAs spermidine 
(Sd) and spermine (Sm) is putrescine (Pu); the latter is syn-
thesized indirectly from arginine via arginine decarboxylase 
(ADC) and/or directly from ornithine via ornithine decar-
boxylase (ODC). S-adenosylmethionine (SAM), which is 
also precursor for ethylene biosynthesis, is decarboxylated 
by SAM decarboxylase (SAMDC); decarboxylated SAM 
furnishes the aminopropyl groups needed for Sd and Sm 
biosynthesis from Pu and Sd via Sd (SPDS) and Sm syn-
thase (SPMS), respectively. Besides their biosynthetic en-
zymes, cellular PA levels are also regulated by the action of 
di- and polyamine oxidases (Cona et al. 2006) and by con-
jugation to hydroxycinnamic acids (Martin-Tanguy 1985). 

PA levels change whenever cells change their physiolo-
gical status upon perception of an endogenous (hormonal) 
or exogenous (environmental) stimulus. Indeed, during fruit 
development and ripening, endogenous PA concentrations 
undergo dramatic changes, the maximum levels occurring 
during the early growth stages (cell division phase) and the 
minimum levels at ripening (Liu et al. 2006; Torrigiani et al. 
2008); in climacteric fruit such as peach, pear and others, 
minimum PA levels coincide with climacteric ethylene pro-
duction. 

The physiological features of PAs as growth regulators 
render them suitable for studies in horticulture, as first de-
monstrated in apple by the pioneering work of Costa and 
Bagni (1983). The latter authors showed that field PA ap-
plications at flowering resulted in substantial increases in 
fruit set and final yield at harvest. Afterwards, many other 
fruit species have been treated with PAs, mainly in posthar-
vest, showing, almost invariably, that these compounds 
exert a beneficial effect on postharvest decay and on fruit 
shelf-life (Valero et al. 2002; Liu et al. 2006; Torrigiani et 
al. 2008). Thus, these molecules apparently have great pot-
ential though much remains to be investigated, especially as 
regards field trials. 
 
Field polyamine application results in firmness 
retention 
 
The first approach to the investigation of the potential of 
PAs in the control of fruit ripening in peach was a field trial 
(Bregoli et al. 2002). Pu, Sd and Sm at different concentra-
tions were applied by spraying to peach trees (Redhaven) at 
mid-S3 (pre-harvest) in order to check in planta, under field 
conditions, what the impact of these molecules on ethylene 
production was, and what effects these growth regulators 
exerted on peach fruit ripening and quality. Later, and on 
the basis of the results obtained in peach, the study was 
extended to nectarines (Stark Red Gold) and included other 
fruit developmental stages, each corresponding to different 
endogenous PA concentrations in the mesocarp (Kushad 
1998; Ziosi et al. 2003; Ziosi et al. 2006a). Thus, PA treat-
ments at S1, mid-S3 and late-S3 stages were performed 
showing that early and late applications all lead to a delay 
in ripening. 

In Redhaven peaches, PA application prior to the start of 
ripening (19 d before harvest, mid-S3) led to strong inhib-
ition of ethylene biosynthesis and retention of FF (Table 1; 
Bregoli et al. 2002). A clear PA inhibitory effect on ethylene 
emission was shown in peach fruit after a whole canopy/ 
branch field treatment; at that time, similar results had been 
only reported in Japanese apricot “painted” with exogenous 
PAs 20 days before harvest (Paksasorn et al. 1995). In 
peach, all PA concentrations strongly reduced or even nul-
lified ethylene production, and the extent of ethylene inhib-
ition seemed to depend upon the type and concentration of 
the PA applied: Sd was more efficient than Pu and Sm. PA-

treated fruit also showed a lower SSC. 
In Stark Red Gold nectarine, field application (mid-S3, 

28 d before harvest) of both Pu and Sd strongly reduced 
ethylene production, though generally less than in the previ-
ous case, confirming previous observations with Redhaven 
peaches (Table 2; Torrigiani et al. 2004); however, in this 
case, effects appeared independent of PA concentration or 
type. Since PAs reduced ethylene production, consequent 
abscission control was expected. In fact, while a transient 
reduction in fruit abscission was registered in Pu-treated 
fruit, the highest Sd concentration exerted a lasting abscis-
sion control. The different biological activity of the two PAs 
could account for these differences: only the PA with the 
higher biological activity, i.e., the triamine Sd (Hanfrey et 
al. 2002), maintains abscission control. In all PA-treated 
nectarines, SSC was lower and flesh softening was delayed 
(Table 2) to a greater extent than in Redhaven peaches. This 
last aspect was confirmed in a further work on nectarine 
where, besides inhibition of ethylene production and fruit 
drop (Sd), FF was retained (3-4 times relative to controls) 
following late-S3 (15 d before harvest) Pu and Sd field 
treatment (Table 3; Ziosi et al. 2006a). For both mid- and 
late-S3 treatments, data on ethylene production in nectarine 
were corroborated by gene expression analysis; results 
showed that the expression of ethylene biosynthetic genes 
PpACS and/or PpACO1 was down-regulated at harvest in 
PA-treated mesocarp; moreover, PAs also affected the ex-
pression of ethylene receptors genes PpETR1 and PpERS1. 

It is worth noting that, in nectarines, earlier PA applica-
tion, at the same concentrations, delayed ethylene produc-
tion more markedly than the later ones (Tables 2 and 3; 
Torrigiani et al. 2004; Ziosi et al. 2006a). This was attrib-
uted to the fruit developmental stage at the time of treat-
ment. Indeed, in nectarine, PA treatment 7 d before harvest 
(S4) did not result in any changes in ethylene production or 

Table 1 Ethylene production (nl h-1 g-1 FW), flesh firmness (FF, N), solu-
ble solids concentration (SSC, °Brix) and Pu, Sd and Sm concentration 
(nmol g-1 FW)), expressed as percentage compared with controls (100%), 
in Redhaven peaches at harvest. Fruit were treated at mid-S3 stage (19 d 
before harvest) with Pu, Sd or Sm (modified from Bregoli et al. 2002). 
 Ethylene FF SSC Pu Sd Sm 
10 mM Pu 19 164 100 58 65 59 
0.1 mM Sd  7 171 93 92 100 100 
1 mM Sd  0 164 93 50 49 59 
5 mM Sd  3 164 96 58 57 59 
2 mM Sm 38 179 100 63 78 88 
 

Table 2 Ethylene production (nl h-1 g-1 FW), flesh firmness (FF, N), solu-
ble solids concentration (SSC, °Brix), titratable acidity (TA), fruit ab-
scission and PA concentration (nmol g-1 FW), expressed as percentage 
compared with controls (100%), in Stark Red Gold nectarines at harvest. 
Fruit were treated at mid-S3 stage (28 d before harvest) with Pu or Sd 
(modified from Torrigiani et al. 2004). 
 Ethylene FF SSC TA Abscission PAs
5 mM Pu 32 300 89 110 100 100 
10 mM Pu 13 400 86 121 100 100 
20 mM Pu 34 380 83 109 100 100 
0.5 mM Sd 26 500 89 100 40 100 
1 mM Sd 16 460 91 100 90 100 
2 mM Sd 23 200 90 100 40 100 

 
Table 3 Ethylene production (nl h-1 g-1 FW), flesh firmness (FF, N), solu-
ble solids concentration (SSC, °Brix), fruit abscission and Pu concentra-
tion (nmol g-1 FW), expressed as percentage compared with controls 
(100%), in Stark Red Gold nectarines at harvest. Fruit were treated at 
late-S3 stage (15 d before harvest) with Pu, Sd or AVG (modified from 
Ziosi et al. 2006a). 
 Ethylene FF SSC Abscission Pu 
10 mM Pu 82 428 100 100 200 
0.1 mM Sd 70 314 100 78 200 
0.32 mM AVG 64 257 100 52 100 
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fruit quality (unpublished) suggesting that, in planta, the 
later the PA application, the weaker the effect on ripening. 
This may be the result of the fact that, when the molecular 
processes which underlie ripening are too far advanced, 
they cannot be effectively counteracted. 

Surprisingly, no dose-dependent responses were ever 
observed in PA-treated fruit. This was explained as possibly 
due to saturation of PA-binding sites at the cell wall (galac-
turonic units of pectins; D’Orazi and Bagni 1987) and/or 
membrane levels (Tassoni et al. 1998) in the epicarp that 
constitutes the barrier which may control and limit the 
entrance of PAs in the tissue. Nevertheless, even at tissue 
concentrations much lower than those administered (see 
below), PAs were able to exert a dramatic effect on ethylene 
production by modifying the expression level of the ethy-
lene biosynthetic and perception genes. It has been pro-
posed that ethylene and PA biosynthetic pathways may 
compete for their common precursor SAM as shown in 
Prunus avium shoot cultures (Biondi et al. 1990). Actually, 
SAM concentration well exceeds that needed for PAs and 
ethylene synthesis (Ravanel et al. 1998) so that it is unlikely 
that such competition does occur. 

The possibility that PAs act directly upon the fruit qua-
lity parameters examined (softening, sugar content, etc.) 
cannot be excluded. As far as FF is concerned, in Golden 
Delicious and McIntosh detached apples, it has been pro-
posed that exogenous PAs affected fruit softening through 
rigidification of cell walls by inhibiting polygalacturonases 
rather than through interaction with ethylene synthesis 
(Kramer et al. 1991) while in plum an interference with cell 
dismantling enzyme activities was found (Kahn et al. 2007). 
Pu infiltrated in ripe peaches increased FF thereby delaying 
the ripening process (Martinez-Romero et al. 2000). Equally, 
in damaged plum fruits, application of Pu increased firm-
ness, accompanied by an increase in the acid-insoluble con-
jugated PAs; the authors suggested that their binding to cell 
walls may be responsible for the lesser fruit flesh deforma-
tion (Perez-Vicente et al. 2002). However, while in Red-
haven peach insoluble conjugated PAs occur (Bregoli et al. 
2002), in nectarine, they were not detected during fruit 
ripening (Torrigiani et al. 2004; Ziosi et al. 2006a). Thus, at 
least in nectarines, the control of firmness seems to be un-
related to the cross-linkages between PA conjugates and cell 
walls constituents. On the contrary, it is likely that the con-
trol of FF exerted by PAs is mediated by ethylene, which 
plays a predominant role in this phenomenon by acting on 
PG activity and gene expression (Bonghi and Trainotti 
2006). In Redhaven peaches, PG is one of the genes up-
regulated at the transition between the pre-climacteric to the 
climacteric stage (Trainotti et al. 2006). 

The relationship between PAs and fruit quality has been 
approached by genetic engineering in tomato giving rise to 
interesting results. Transgenic tomatoes overexpressing a 
yeast SAMDC gene and over-accumulating Sd and Sm have 
been shown to accumulate more lycopene and to have pro-
longed vine life (Metha et al. 2002). Transcript profiling has 
shown changes in gene expression consistent with the role 
of PAs as stress protecting and antisenescence effectors 
(Srivastava et al. 2007); metabolite NMR analysis indicates 
changes in primary metabolite pathways that result in better 
juice and nutritional properties (Mattoo et al. 2006). Inter-
estingly, engineered accumulation of higher PAs in tomato 
restored metabolic activity even at late stages of fruit ripen-
ing, reviving cellular programs underlying N:C signalling, 
energy and glucose metabolism (Mattoo and Handa 2008). 
Although genetic modification in fruit tree species remains 
a difficult tool, these results encourage further studies on PA 
application in horticulture. 

Rather surprisingly, the impact of exogenous PAs on the 
endogenous PA pool in ripe Redhaven peaches following 
PA treatment, was inhibitory, so that Pu, Sd and Sm concen-
trations were lower (10-50%) compared with untreated con-
trols (Table 1; Bregoli et al. 2002). In nectarine, the mid-S3 
treatment led to no change in PA concentration in the ripe 
fruit (Torrigiani et al. 2004), while the late-S3 treatment led 

to a doubling of the PA concentration at harvest (Ziosi et al. 
2006a). In any case, the observed changes are modest con-
sidering the relatively high concentrations of exogenous 
PAs (up to 20 mM) compared with the endogenous ones 
(60-80 �M total PAs). Nevertheless, even with no or modest 
changes in flesh PA concentration at ripening, the amines 
exerted their re-juvenating effect and in fact the ripening 
process was profoundly affected. Their scarce influence on 
endogenous levels suggests that, despite the enormous con-
centration gradient, most of the applied amines were re-
tained in the epicarp, where they probably underwent deg-
radation by environmental factors. Actually, the fact that the 
endogenous PA concentration was scarcely affected is a 
positive aspect, especially considering that high levels of 
PAs in the fruit mesocarp could be an undesirable side-
effect for consumption under particular regimes (Bardócz 
1995). 

From these data, the notion that these naturally occur-
ring substances can be a useful tool for controlling fruit 
ripening in the field arises. No dose-dependent responses 
were in general observed, suggesting that the lesser PA con-
centrations (i.e., 5 mM Pu and 0.1 mM Sd) may be suitable. 
These studies also provide new information on the molecu-
lar basis of PA action, since, for the first time in a climac-
teric fruit, it was demonstrated that PAs affect the expres-
sion of ethylene biosynthetic and perception genes (Ziosi et 
al. 2009). 
 
Postharvest polyamine treatments differentially 
affect ripening 
 
A more frequent experimental approach to study the poten-
tial of PAs for modulating fruit quality is their post-harvest 
application. In a comparative study, detached Redhaven 
peach and Stark Red Gold nectarines at two ripening stages 
(commercial harvest and tree-ripe) were utilized for study-
ing the relationship between PAs and ethylene, and effects 
on fruit quality (Bregoli et al. 2006). Preliminarily, labelled 
Pu was used as a marker to check the extent of diamine up-
take by the fruit. Surprisingly, the timing of Pu uptake dif-
fered in the two cvs: in nectarine, labelled Pu was promptly 
and increasingly taken up in the epicarp and, to a small 
extent, translocated into the mesocarp. In peach, the amount 
of label initially recovered in the epicarp was several-fold 
lower than in nectarine but, later, was two-to-three-fold 
higher in the mesocarp; beyond the first 30 min of incuba-
tion, the amount of label recovered became similar in the 
two cvs. This behaviour was assumed to depend upon the 
different histological features of the epicarp of peach and 
nectarine (King et al. 1987; Masia et al. 1992). 

In detached nectarine, dipped for 1 min in PA solutions, 
Pu inhibition of ethylene production was transient in firmer 
fruit, while it increased with time in the softer ones, sug-
gesting that firmer fruit are less permeable or sensitive to 
Pu. Moreover, since the extent of ethylene production was 
more than twice in softer than in firmer nectarines, the in-
hibitory effect of Pu in relative terms appeared far stronger 
in the former than in the latter. At both ripening stages, the 
negative effect of Sd on ethylene production in nectarine 
increased with time in accord with the notion that this 
triamine, though supplied 10-fold less concentrated than the 
diamine Pu, and despite the fact that its three positive 
charges probably impaired its uptake and translocation, has 
a stronger biological activity than Pu. The increase in trans-
cript amount of PpACO1, which is a marker of ripening, 
was delayed by both PAs, by 2 days in the mesocarp of sof-
ter nectarines, in accord with the inhibition of ethylene pro-
duction. 

In contrast with the above results, in detached Redhaven 
peaches, exogenous PAs did not substantially affect ethy-
lene production and fruit quality. The higher efficacy of PAs 
in nectarine than in peach was imputed to the fact that Pu is 
taken up to a higher extent in the former than in the latter 
(Bregoli et al. 2006). The scarce effect of PAs on firmness 
and SSC in both cultivars, especially in softer fruit, was ex-
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plained on the basis of the fact that treatments were carried 
out on fruit in late ripening stages (commercial harvest and 
tree-ripe), such that cell wall degradation processes and suc-
rose accumulation were probably too far advanced to be 
contrasted. Both cultivars, at both the ripening stages, res-
ponded in the expected manner (i.e., with inhibition of ethy-
lene production) to the ACS activity specific inhibitor AVG 
(Yu and Yang 1979), confirming that the detached fruit 
model was working properly and that peach, under these 
experimental conditions, is less sensitive than nectarine to 
exogenous PAs. Nevertheless, postharvest PA application in 
several other fruit species has been generally successful, 
especially when PAs were pressure-infiltrated (Martinez-
Romero et al. 2000; Perez-Vicente et al. 2002; Petkou et al. 
2004; Liu et al. 2006; Torrigiani et al. 2008). 

The detached fruit model was compared with a fruit ex-
plant model. The latter has been used, though less frequently, 
for ripening physiology studies since experimental condi-
tions may be strictly controlled. Results show that only Sd, 
but not Pu, was able to inhibit ethylene biosynthesis and 
sucrose accumulation in ripe peach and nectarine explants 
(Bregoli et al. 2006). Also in this case, proof of the fact that 
the explant model was working well came from the strong 
inhibitory effect of AVG on ethylene biosynthesis. Results 
obtained with explants only partially overlap with those 
from intact fruit, likely due to the interfering wound res-
ponse of explants, and suggest that in vitro models have to 
be evaluated with caution before drawing general conclu-
sions. 

In conclusion, detached nectarine, especially at the riper 
stage, respond better than Redhaven peach, which is essen-
tially insensitive, to Pu and Sd treatment (dipping) in terms 
of ethylene production; in all cases fruit quality was only 
modestly affected. Nevertheless, though depending upon 
fruit species, cultivar, physiological stage and mode of ap-
plication, aliphatic PAs may exert a profound effect on fruit 
ripening also in postharvest. 
 
EXOGENOUS JASMONATES IMPACT PEACH 
FRUIT RIPENING 
 
Jasmonates are needed for plant development and 
immunity 
 
Jasmonic acid and its derivative methyl jasmonate (MJ), the 
best known JAs, are ubiquitous plant hormones which 
mediate many plant responses to biotic and abiotic stresses 
(Wasternack 2007). They are synthesized via multiple steps 
in the octadecanoid pathway starting from �-linolenic acid 
and with allene oxide synthase (AOS) as the first specific 
key enzyme. JA treatment leads to up-regulation of JA-res-
ponsive genes (JRGs) and to the synthesis of JA-induced 
proteins (JIPs), such as enzymes involved in JA biosynthe-
sis and in secondary metabolism, as well as in stress-pro-
tective and cell wall-related proteins (Creelman and Mullet 
1997). 

JAs are also involved in developmental processes, since 
in Arabidopsis, JA-deficient biosynthetic mutants exhibit 
abnormal male reproductive organ formation (Wasternack 
2007): Moreover, JA levels are developmentally regulated 
during fruit growth and ripening (Fan et al. 1998a; Kondo 
et al. 2000; Ziosi et al. 2008). The growing importance of 
JAs and their impact on horticultural crop protection from 

environmental stress, postharvest decay and handling has 
been recently reviewed (Rohwer and Erwin 2008). In fruit, 
JAs assume particular relevance since they induce, when 
exogenously supplied, secondary metabolite biosynthesis as 
a stress response, and this often translates in an improve-
ment of fruit quality and nutritional properties. For instance, 
JAs are able to stimulate �-carotene and anthocyanin bio-
synthesis, and volatile emission in apple (Pérez et al. 1993; 
Kondo et al. 2005; Rudell and Mattheis 2008), flavonoid 
accumulation and antioxidant activity in blackberry and 
raspberries (Chanjirakul et al. 2006; Wang et al. 2008), and 
resveratrol biosynthesis in grape (Vezzulli et al. 2007). 
Moreover, MJ reduces chilling injury symptoms in mangoes 
(González-Aguilar et al. 2001) and inhibits Colletotrichum 
acutatum infection in loquat (Cao et al. 2008). Nevertheless, 
reciprocal relationships between JAs and ethylene are not 
well established. In particular, during fruit ripening, contra-
dictory results have been reported, and the effects of JAs on 
ethylene seem to strongly depend, besides fruit species and 
cultivar, upon physiological stage of application (Fan et al. 
1998b; Khan and Singh 2007; Kondo et al. 2007; Ziosi et al. 
2008). Here, results of field treatments of nectarines per-
formed with the aim to evaluate JA effects on fruit ripening 
and quality are reviewed. 
 
Field treatments: a possible trade-off between 
growth and defence 
 
Pre-harvest applications under field conditions of MJ (100-
200 ppm = 0.44-0.88 mM) and its synthetic analogue PDJ 
(50 ppm = 0.20 mM) to Stark Red Gold nectarine trees 
bearing fruit at different developmental stages (S1, S1/S2, 
S3 and S4) impact ripening, as deduced by ethylene produc-
tion, changes in FF, SSC, flesh colour and PA concentration, 
leading to modulation of fruit quality. Changes in these 
parameters are supported by variations in correlated gene 
expression. Fruit growth monitoring in in JA-treated fruit 
did not reveal any change in fresh weight or diameter, but, 
in all cases, treated fruit at harvest, produced less ethylene, 
retained FF, and in most cases, exhibited lower SSC com-
pared with controls (Ziosi et al. 2006b; 2008; unpublished 
results). At harvest, S1-treated fruit produced 33% ethylene 
relative to controls assumed as 100% and were firmer (FF 
46 vs 35 N); very similar results were obtained with S1/S2-
treated fruit. In the case of S3 and S3/S4 treatments, Table 
4 shows that, at harvest, ethylene production was dramatic-
ally inhibited in the mesocarp of treated fruit, together with 
PpACO1 transcript accumulation; FF was retained up to 3-
fold and SSC was lower than in controls. On the other hand, 
in the same fruit, PpAOS1 mRNA and the concentration of 
jasmonic acid were up-regulated according to the notion 
that fruit ripening was delayed (Ziosi et al. 2008). The latest 
JA application (S4 stage) was almost ineffective, leading to 
the conclusion that the more advanced the ripening process 
the less active the compound. Opposite effects were ob-
served in Redhaven peach trees sprayed repeatedly with 10 
mM MJ (one hundred-fold the concentration used in the 
experiments described above): fruit colour was enhanced 
and firmness was reduced (Janoudi and Flore 2003) thus 
confirming the importance of the concentration applied. 

A transcriptome analysis conducted on ripe fruit treated 
with MJ at the S3 stage (21 d before harvest), showed that 
indeed, in the long-term, MJ down-regulated ripening-rela-

Table 4 Ethylene production (nl h-1 g-1 FW)), flesh firmness (FF, N), soluble solids concentration (SSC, °Brix), Pu, Sd (nmol g-1 FW) and jasmonic acid 
(JA, ng g-1 DW) concentration, expressed as percentage compared with untreated controls (100%), in JA-treated Stark Red Gold nectarines; PpACO1 and 
PpAOS transcript up-regulation and down-regulation relative to controls are indicated by (+) and (-), respectively. Fruit were treated with 100 ppm MJ 
and 50 ppm PDJ at mid-S3 and late-S3 stages (21 and 14 d before harvest, respectively; Ziosi et al. 2008); nd, not determined. 
  Ethylene FF SSC Pu Sd JA PpACO1 PpAOS 
S3 MJ  6 285 84 116 100 130 (-) (+) 
 PDJ 10 279 87 132 125 130 (-) (+) 
S3/S4 MJ 40 186 67 nd nd nd nd nd 
 PDJ 29 179 87 nd nd nd nd nd 
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ted genes such as PpACO1 and polygalacturonase (Bonghi 
and Trainotti 2006), and up-regulated a number of stress-
related genes, such as AOS itself, and cell wall metabolism-
related genes (Ziosi et al. 2008) confirming indeed the 
agronomical and biochemical observations. PA biosynthetic 
genes are among the genes up-regulated by JAs (Biondi et 
al. 2001). In fact, PA levels were enhanced in the epicarp 
and mesocarp of JA-treated fruit (Ziosi et al. 2009) lending 
support to the notion that JA-treated fruit were less ripe 
than controls. This means that the physiological effect 
induced by MJ in nectarine was profound, as deduced by its 
consequences at the gene expression level. In particular, up-
regulation of several defence genes together with ripening 
delay, indicates that likely resources were diverted from 
developmental to defence programme consistent with a 
trade-off between the two (Schmidt and Baldwin 2006). 
 
CONCLUSIONS 
 
Exogenous PA application to developing peach fruit drama-
tically inhibits ethylene production, leads to a ripening 
delay, and interferes with fruit quality. On the other hand, 
inhibition of ethylene biosynthesis and perception results in 
alterations of PA biosynthetic gene expression (Bregoli et al. 
2005) confirming the notion that a strict cross-talk between 
the two growth regulators occurs during ripening. Directly 
or indirectly, fruit quality traits, such as FF, SSC and titra-
table acidity, are also positively influenced by PAs. In 
pomegranate it has been shown that among the metabolites 
influenced by PAs, there are different classes of phenolic 
compounds, carotenoids, ascorbic acid and fatty acids (Mir-
deghan et al. 2007). All are related to fruit nutritional pro-
perties, which are acquiring increasing relevance for consu-
mers. In transgenic tomato over-accumulating Sd and Sm, 
besides fruit quality-related metabolism, anabolic pathways 
are positively affected, in particular the N/C sensing. This is 
in agreement with the antisenescence properties of PAs, and 
compatible with a high fruit metabolic status. Information 
arising from field PA applications, at early phenological sta-
ges, may open new perspectives for the use of these com-
pounds in the control of fruit development (fruit set, reten-
tion, yield, size) and ripening, and in counteracting biotic 
and abiotic stresses as revealed by their effects on cell wall-
related enzyme activities and phenolic contents. Moreover, 
PAs, being biological components, represent an environ-
mentally compatible tool as they can be metabolized by 
fruit cells. Although endogenous PA concentrations increase 
in treated fruit, they remain well below toxic levels. In 
addition, more extensive metabolic profiling is needed in 
order to gain deeper insight into the nutritional attributes of 
PA-enriched/treated fruit. Although this review provides 
strong evidence for the efficacy of PAs as a tool for amelio-
rating the whole-fruit productive chain, PA-based commer-
cial products are still lacking Thus rendering this aspect of 
PA research difficult and expensive. Equally, the use of JA 
appears to be a promising tool for field application aimed at 
the control of pre-harvest fruit ripening and quality. Results 
described here show that JAs can successfully be used in 
planta to control ripening and defence, and this may have 
positive consequences in postharvest. Present information 
arises from JA application in a field environment, where 
plants have to cope with multiple biotic and abiotic elicitors, 
but nevertheless opens new perspectives for the use of JAs 
in the control of fruit ripening and defence. 
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