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A B S T R A C T

The current review focuses on the significant role of nitric oxide (NO) in modulating ethylene-induced fruit
ripening responses in plants. In this context, hydrogen sulfide (H2S) and melatonin mediated crosstalk me-
chanisms have been discussed with recent updates. Physiological and biochemical events associated with cli-
macteric fruit ripening involves a plethora of effects mediated by these biomolecules. In the last few years of
progress in fruit ripening physiology, the involvement of hydrogen sulfide in relation to NO remains as a nascent
field of research. The importance of nitric oxide as a freely diffusible and membrane permeable biomolecule
leads to its applications in post-harvest fruit storage. The process of field to market transition of edible fruits
involves various intermediate stages of post-harvest storage and transport. Fruits harvested in the pre-climacteric
stage are intended to be stored and transported for longer durations. However, this does not confer proper
development of aroma and flavor in the post-harvest stages. Nitric oxide and ethylene crosstalk is mediated by
hydrogen sulfide and melatonin activity which regulate various metabolic pathways associated with fruit ri-
pening. A surge in the reactive nitrogen species (RNS), sugar metabolism, and plastid biogenesis are the plausible
effects of NO-ethylene crosstalk. NO-mediated regulations of carbon metabolism and phytohormone levels are
essential components of fruit ripening process. Melatonin by the virtue of its functional group possesses strong
anti-oxidative properties. Recent updates suggest crosstalk mechanisms associated with melatonin-ethylene and
nitric oxide in plants. The present review briefly summarizes the current understandings of fruit ripening
physiology manifested by the effects of NO, H2S and melatonin signaling. The agri-horticultural applications of
exogenous NO/H2S donors and melatonin treatment impose major benefits for delaying postharvest fruit se-
nescence.

1. Introduction

Physiological and biochemical events associated with climacteric
fruit ripening involves a plethora of effects mediated by various bio-
molecules. The surge in respiration rate manifested by a burst in CO2

levels was initially suggested to be indicative of climacteric fruit ri-
pening [1]. However, later investigations confirmed its association with
the signaling responses triggered by ethylene [2]. Ripening process in
non-climacteric fruits is subject to regulation by several other en-
dogenous factors which are yet to be deciphered with clarity. Rich lit-
erature sources are available for the understanding of fruit ripening
mechanisms in response to ethylene and nitric oxide signaling. How-
ever, a lacuna lies in summarising the interactions between ethylene,
nitric oxide, H2S and melatonin in the context of fruit ripening process.

Edible fruit varieties with good flavor and aroma bear agri-horticultural
importance across the continents. The process of fruit ripening is
regulated by various endogenous and exogenous factors like hormone
activity, temperature, and light perception. In the last few years of
progress in fruit ripening investigations, nitric oxide has been stated to
be an important biomolecule regulating senescence in ripening fruits
[3–5]. In this context, it is worth mentioning that nitric oxide delays the
process of fruit ripening by inhibiting ethylene biosynthesis and
blocking its downstream response [6]. The importance of nitric oxide as
a freely diffusible and membrane permeable biomolecule leads to its
applications in post harvest fruit storage. The process of field to market
transition of edible fruits involves various intermediate stages of post-
harvest storage and transport. Fruits harvested in the pre-climacteric
stage are intended to be stored and transported for longer durations.
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However, this does not confer proper development of aroma and flavor
in the post harvest stages. Differential sensitivity of fruits to exogenous
ethylene in the post-harvest stage appears to be a plausible reason for
the variation in their flavor and aroma. Thus, improvement of post-
harvest shelf-life and prevention of pathogen attack are the two major
concerns for fruit breeders and suppliers. Nitric oxide and ethylene
crosstalk regulate various metabolic pathways associated with fruit ri-
pening. Alterations in the amount of reactive nitrogen species, sugar
metabolism, and plastid biogenesis are the plausible effects of NO-
ethylene crosstalk [6–8]. Hydrogen sulfide (H2S) has emerged as an
important gasotransmitter in plants [9]. Among various physiological
effects regulated by H2S, it has been reported to modulate fruit ripening
associated with ethylene and NO response [10]. H2S and NO are likely
to be involved in nitrothiol formation which serves as an important
source of NO reserve in the cells. Melatonin is another potent biomo-
lecule to be considered as a putative phytohormone [11]. Many recent
investigations across a couple of years have revealed interesting results
in the context of melatonin regulated fruit ripening processes. Mela-
tonin shares structural similarities to serotonin and auxin. Moreover, it
bears strong antioxidant abilities attained by the virtue of its functional
groups. Recent updates suggest crosstalk mechanisms associated with
melatonin, ethylene and nitric oxide in plants [12]. The agri-horti-
cultural applications of exogenous NO/H2S donors and melatonin
treatment impose major benefits for delaying post-harvest fruit senes-
cence. The recent developments in the investigations of receptor-
mediated ethylene response and gene regulation are primary factors
modulating fruit development. Identification and quantification of
various volatile substances have proved beneficial as commercial at-
tributes. Metabolomic approaches have been implied to decipher mul-
tiple events associated with ethylene, H2S, NO and melatonin-induced
fruit ripening. The present review, therefore, briefly summarizes the
recent developments in the aspect of fruit ripening manifested by the
effect of NO-ethylene, H2S and melatonin signaling (Fig. 1).

2. Transcriptional regulation of ethylene signaling

Ethylene responses are largely transduced by a diverse set of tran-
scription factors namely ethylene response factor (ERF) encoded by a
single gene family [13]. Liu et al. [13] also suggested the orchestration
of transcriptional network regulated by ethylene. Major investigations
in tomato (Solanum lycopersicum) have revealed latest updates on the
transcriptomic regulation of ethylene-induced fruit ripening [14]. The
advancements in the investigations of ethylene-mediated ripening re-
sponse have deciphered gene regulation, transcriptional regulation and

downstream signaling cascade associated with fruit ripening. This sig-
naling network manifests through changes in fruit wall texture, pig-
mentation pattern, taste, and aroma of fruits in the course of their de-
velopmental process [15–18]. Ethylene biosynthesis in plants initiates
from S-adenosyl-Methionine which further involves the conversion of 1-
aminocyclopropane-1-carboxylic acid (ACC) into ethylene [19]. Ethy-
lene biosynthesis is catalyzed by two enzymes, ACC synthase (ACS; EC
4.4.1.14) and ACC oxidase (ACO; EC 1.14.17.4). ACS catalyzes the
conversion of S-adenosylmethionine to 1-aminocyclopropane-1-car-
boxylate followed by its further conversion to ethylene catalyzed by
ACC oxidase. The regulation of ethylene biosynthesis and its activity
has been reported to exhibit tissue-specific differential expression in
tomato fruit [20]. The RIN-MADS element has been reported to regulate
ethylene biosynthesis genes namely LeACS2 (1-aminocyclopropane-1-
carboxylic acidsynthase 2), LeACS4, LeACO1 (ACCoxidase1) [21–25].
Seven receptor genes have been identified and characterized for ethy-
lene response in tomato [25–29]. Kamiyoshihara et al. [30] reported a
surge in the levels of LeETR3 and LeETR4 at ripening stages. Largely the
ethylene receptor proteins have been suggested to be regulated by post-
translational changes and phosphorylation-dephosphorylation me-
chanisms [30,31]. Mitogen-activated protein kinase (CTR1) is another
important component which acts as a negative regulator of ethylene
downstream in its action. Ethylene response factors (ERF) are a set of
secondary regulators which transduce the ethylene-mediated response
to various downstream ripening associated genes. Ripening-associated
ERF genes have been reported to exhibit differential expression in the
process of fruit developmental stages [32]. Epigenetic regulation of
ethylene response involves DNA demethylation to be an essential part
of the signal cascade. This further allows RIN protein binding to ethy-
lene responsive genes [33]. Complex interactions have been suggested
to be operative for hormonal associations of ethylene in the context of
fruit ripening [34,35]. The onset of fruit ripening and associated
chromoplast biogenesis is attained by the precise coordination of nu-
clear-plastid signaling [36].

3. Ethylene-induced regulation of fruit ripening atmosphere

Among various attributes essential for adding commercial values to
fruits, aroma and sugar content are important traits. Metabolism of
branched-chain fatty acids and low molecular weight amino acids
(< 250 Da) are accountable for the emission of volatile aromatic sub-
stances in ripening fruits [37–39]. Advancements in the gas chroma-
tographic analysis have led to the documentation of more than 300
volatile substances responsible for aromatic flavor in various fruits. The
role of ethylene in the emission of aromatic substances at the mature
stage of fruit ripening mostly depends upon the oxygen and carbon
dioxide levels in the internal and external atmosphere of the fruit. Apart
from that, acetaldehyde, water vapour, methyl salicylate, methyl jas-
monate and nitric oxide (NO) have also been attributed to regulate the
ripening process [40]. The emission of volatile substances at the fruit-
atmosphere interface mostly occurs through epidermal cuticle, stomata,
abscessed layers or lenticels. The sensitivity of ethylene treatment at the
post-harvest stage largely regulates fruit texture, sugar-acid ratio and
residual aroma [41]. A decrease in ethylene content or low oxygen in
the external atmosphere of fruits inhibits the emission of volatile
compounds. This results in a decreased aroma of fruits. Interesting
analysis by Bangerth [41] reveals different signaling pathways to be
associated with ethylene perception and aromatic substance metabo-
lism. Thus in this context, it is important to consider the ripening-at-
mosphere and duration of post-harvest storage as important determi-
nants of ripened fruit quality. Nevertheless, the age of harvested fruits
regulate the threshold of ethylene sensitivity. Comparison of climac-
teric (apple) and non-climacteric (strawberry) fruits on the basis of
volatile aroma liberation and fatty acid metabolism do not exhibit much
difference. Thus respiration surge and ethylene response pathways are
not intimately coupled to the volatile metabolite production. Bangerth

Fig. 1. Graphical representation of the antagonistic effects of NO, H2S and Mel.
in ethylene-induced fruit ripening inhibition. Relative change in the parameters
have been expressed in arbitrary units.
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(2012) [41] summarizes that autocatalytic ethylene biosynthesis trig-
gers epigenetic changes responsible for fruit ripening. Plum (Prunus
domestica L.) fruits have been reported to exhibit differential ethylene
and CO2 emission as a climacteric response in different cultivars [42].
The differences observed were directly proportional to the skin firmness
of fruits in early and late ripening cultivars. Extensive and critical re-
view of the role of various volatiles participating in fruit ripening
process has been summarized by Paul and Pandey [40]. Interesting
observations in Kiwi fruits (Actinidia sp.) revealed certain differences in
the metabolite profile of ethylene-induced natural and artificial ri-
pening [43]. However, these observations didn't negate the possibility
of obtaining a good output with exogenous ethylene treatments.

4. Peptide targeted inhibition of ethylene signaling

ETHYLENE INSENSITIVE 2 (EIN2) is an important ER-localized
membrane protein which exhibits partial interaction with ETHYLENE
RESPSONSE 1 component to transduce ethylene-mediated responses
[44]. The success of this protein-protein interaction is regulated by a
nuclear localization signal (NLS) present in the C-terminus of the EIN2
protein. Considering the fact that exogenous ethylene response provides
immense commercial importance, recent developments have been re-
ported for manipulation of fruit shelf-life extension. Bisson et al. [45]
reported NOP-1 peptide to disrupt EIN2-ETR1 complex formation in
tomato. The authors reported that NLS motif of EIN component in
Arabidopsis helps in the coupling of EIN to downstream ethylene sen-
sing components. In this context, EIN-ETR binding was surrogated by a
small octa-peptide (NOP 1) having NLS like motif and derived from
Arabidopsis EIN2 protein. Interestingly the exogenous application of
this peptide reduced ethylene induced fruit ripening in tomato. The
mechanism of inhibition was found to be similar in Arabidopsis and
tomato plants. Surface application of NOP 1 was found to beneficial in
ripening inhibition in tomato fruits thus indicating its permeability
across cell membranes. Furthermore, the agricultural application of
NOP-1 peptide was manifested by its better efficacy in comparison to
other commercial ethylene inhibitors. This peptide did not exhibit any
inhibitory effect on the pathway of ethylene biosynthesis. Considering
the fact that EIN2-ETR binding event is consensus to ethylene compo-
nent the authors also anticipate similar responses of the peptide in other
climacteric fruits and vegetables. Kessenbrock et al. [46] reported NOP-
1 induced delayed accumulation of lycopene and carotene in tomato
fruit pulp which did not impose any negative impact on the fruit
quality. This protein exhibited successful binding to ethylene receptors
LeETR4 and NR. Protein-protein interaction in relation with ethylene
signaling investigated by FRET, CD spectroscopy and other methods
have thus reported the success of peptide application. The NLF motif of
EIN2 is conserved among plant kingdoms. Thus stable mechanisms can
be designed for peptide molecules to act as ripening inhibitors. Lim-
itations of optimum post-harvest storage conditions often impose pro-
blem in obtaining an acceptable quality of ripened fruits. Chemical
treatments used to delay ripening processes share certain backdrops
like reduction in taste, less softening of fruits and poor aroma devel-
opment. Peptide applications do not interfere with ethylene biosynth-
esis and, therefore, can be substituted with other chemical inhibitors.
Tadiello et al. [47] reported the use of CTG 134 GOLVEN like peptide
hormone to be necessary for maintaining auxin-ethylene balance in
ripening peach fruits. Application of 1-methylcyclopropene (1-MCP)
was alone, not sufficient to delay the ripening process as it increased the
auxin levels. Thus CTG134 peptide circumvented the effect of 1-MCP.

5. Nitric oxide and fruit ripening

Nitric oxide is a freely diffusible membrane permeable signaling
molecule in plants. It exerts diverse physiological and molecular effects
associated with growth, development and cellular homeostasis [48,49].
Plants can biosynthesize NO through various enzymatic and non-

enzymatic pathways [50]. Extensively studied mechanisms of NO
generation involve cytosolic nitrate/nitrite reductase activity which
produces nitrite from nitrate [51]. Nitrite is further metabolized to
liberate NO. Mitochondrial electron transport process has also been
reported to liberate NO at low oxygen conditions [52,53]. A Putative
activity of nitric oxide synthase (NOS) has been detected in plant tissues
[54]. The malleability of NOS activity has been tested by L-arginine-
induced NO production, and counter reduction by respective NOS in-
hibitors [55]. Polyamine metabolism, S-nitrosoglutathione reductase
activity and mitochondrial scavenging also regulate NO levels in plants
[49,52,53,56].

Among various effects of NO in plants, fruit ripening has been found
to be variably modulated through NO-induced signaling pathways. NO
has been reported to delay senescence of ripening fruits in various plant
systems. Peach fruits have been reported to retain pericarp integrity
upon exposure to NO [57,58]. This has been attributed to a NO-induced
reduction in cell wall loosening, maintenance of cell membrane com-
pactness and reduced electrolyte leakage from the tissue [58]. NO has
been associated with an increased shelf-life of various harvested pre-
climacteric fruits as reported in banana, kiwi and tomato [6,59–61].
The effects of NO also extend to the non-climacteric process of fruit
ripening [60, 63]. Ripening induced pulp degradation, pericarp
browning and degradation of antioxidants have been reported to be
prevented by NO applications. NO-fumigation subsequently reduced
cold storage associated damage in Japanese plums (Prunus salicina
Lindell) [64]. NO-induced reduction in pericarp browning in longan
fruit primarily operates through the reduction in the activity of poly-
phenol oxidase [3]. NO surge in cherry tomato fruit tissue increases as a
result of an application of methyl salicylate [65]. This mechanism has
been associated with improved chilling tolerance. In most of the in-
vestigations sodium nitroprusside (SNP; 0.5–1mM) has been implied as
a successful NO donor. Manjunatha [5] reported a decrease in climac-
teric respiration in banana manifested as an effect of NO application.
Interesting reports on the role of endogenous NO in fruit ripening has
been investigated in mango [66]. UV-B treatment in mango fruits en-
hanced endogenous NO levels resulting in alleviation of chilling injuries
[66]. Ripening fruits like pepper exhibit higher ascorbic acid levels
attained by NO-induced elevation of the galactono-1,4-lactone dehy-
drogenase (GalLDH) activity [67]. NO-mediated regulation of carbon
metabolism and phytohormone levels have been essential for fruit ri-
pening in short root (shr) mutant (NO hyperaccumulation) of tomato
[68]. Physiological effects of post-harvest treatment of NO have been
investigated in persimmon [69]. TCA cycle intermediates for the shr
mutant were observed to be differentially regulated in comparison with
that of wild type members (68).

Nitric oxide in the course of fruit ripening largely regulates the
activity of various phytohormones including ethylene. NO possess po-
tent anti-stress properties by the virtue of its antioxidant elevation ef-
fects. Thus, SA and NO act complementary in reducing senescence
during ripening fruits. NO signaling associates with SA to jointly inhibit
ethylene biosynthesis. NO functioning in fruit ripening also operates as
a function of ROS and free radical generation which in turn is also af-
fected by SA action. Lipoxygenase activity is another important para-
meter to be accessed in relation to NO signaling in fruit ripening. The
relationships of NO with auxin, GA, cytokinin, and polyamines in the
context of fruit ripening are not, however, obscure.

6. Nitric oxide-ethylene crosstalk during fruit ripening operates
through partial inhibition of ethylene biosynthesis

Investigations have confirmed the role of nitric oxide in modulating
ethylene response during pre and post-climacteric stages of fruit ri-
pening. Interestingly, nitric oxide binds to ACC oxidase enzyme and
forms a stable ternary ‘ACC-ACC oxidase-NO’ complex. This signaling
event results in a reduction in ethylene production in tissues [70].
Apple fruits have been observed to exhibit an exponential reduction in
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ethylene production manifested by linear gradation of SNP/NO gas
application [71]. This ascertains the dose-dependent mechanism of NO
binding with ACC oxidase. Peach fruits treated with simultaneous
ethylene and NO donors led to a reduction of ethylene accumulation
[57]. This reduction in ethylene content was attributed to decreased
ACC levels due to NO-induced inhibition of ACC synthase. NO-induced
complex transcriptional and post-transcriptional regulation of ACC
synthase has been reported in the context of fruit ripening. However,
NO induced regulation of ethylene biosynthesis operates through both
ACC oxidase and ACC synthase activity modulation. Application of
exogenous NO to pre-ripened Mangifera indica L. cv. ‘Kensington Pride’
fruits revealed changes in the levels of ACC and modulated the activity
of ACC synthase and ACC oxidase, respectively [6]. Application of post-
harvest NO treatment and subsequent proteomic analysis has been
performed in peach fruits [72]. NO-mediated ethylene biosynthesis
inhibition was manifested through retained pericarp firmness and re-
duced rate of respiration. Increased ACC levels were further reported to
inhibit cell wall loosening enzymes [6]. Similar investigations in ri-
pening banana revealed decreased gene expression levels for MA-ACO1
gene as an effect of NO application [7]. Ripening associated reduction
in respiration, inhibition of hydrolyzing enzymes and pericarp softness
was also accessed [7]. Conversely, inhibition of endogenous NO in
green tomato fruits has been reported to decrease ethylene levels [73].
Various methods of ex-planta and inplanta NO detection has been re-
viewed by Mur et al. [74]. A non-invasive and accurate methodology of
endogenous NO and ethylene analysis has been reported by Leshem
[62]. The authors reported the implication of photoacoustic spectro-
scopy in the measurement of NO levels associated with ripening of both
climacteric and non-climacteric fruits. Application of NO synthesis in-
hibitor (L-Nitro-arginine methyl ester) led to the inhibition of ACO
activity associated with a decrease in ethylene levels. Such NO-depen-
dent ethylene biosynthesis was also reported to be associated with
protein phosphorylation activity. An inverse correlation has been ob-
served between NO and 1-aminocyclopropane-1-carboxylic acid (ACC)
levels during mature fruit abscission in olives [75]. In this context, the
expression of ethylene associated genes (OeACS2, OeACO2, OeCTR1,
OeERS1, and OeEIL2) was observed to be under the negative regulation
of polyamine biosynthesis. Thus NO-ethylene crosstalk appears to be
under the secondary regulation of one, if not many other endogenous
biomolecules. An important statement appears in the investigations of
Tanou et al. [76] which compare SNP and ozone-mediated ripening of
kiwi fruits. The authors reported a greater degree of ripening inhibition
in kiwi fruits observed by ozone application. Furthermore, the effect of
SNP on ethylene biosynthesis inhibition was very minor in comparison
with ozone. This questions the efficiency of SNP in post-harvest storage
of climacteric fruits. Complex analysis of ROS generation in fruit ri-
pening stages of wild and rin mutants has been reported in tomato [77].
The process of fruit development was associated with a surge in the ROS
levels. In continuation to such investigations, Corpas et al. [8] reported
the intimate association of ROS/RNS in fruit ripening in (Capsicum
annuum L.) and tomato (Solanum lycopersicum L.). NO is a dynamic
molecule which exhibits interaction with ROS in multiple physiological
facets. Ethylene biosynthesis is also regulated by posttranslational
modification of adenosyl transferase-1. S-nitrosylation of this enzyme
reduces S-adenosyl methionine levels, which in turn reduces ACC for-
mation. Regulation of NO metabolism and associated S-ni-
trosoglutathione reductase (GSNOR) activity has been investigated in
pepper (Capsicum annuum L.) [78]. Reduction in GSNOR activity and
increase in total S-nitrosylated proteins were observed at mature stages
of ripening. These results are indicative of the regulation of endogenous
NO levels concomitantly changing with ethylene biosynthesis. NO-
mediated regulation of ethylene levels also operates through the action
of hydrogen peroxide which acts as an inhibitor of ethylene biosynth-
esis transcription proteins (Fig. 2). Thus, investigations for NO-ethylene
crosstalk appear to be a promising area in the context of fruit ripening.

7. Perspectives of hydrogen sulfide-induced modulation of fruit
ripening

Among various gasotransmitters involved in physiological re-
sponses, hydrogen sulfide has emerged as a potent signaling molecule
exerting a plethora of effects in plants. Accumulating evidence across
few years of research has revealed H2S to act as an endogenous reg-
ulator of various other biomolecules in plants [9,79]. Plant systems
have been reported to exhibit enzymatic biosynthesis of H2S catalyzed
by the activity of desulfhydrases. Arabidopsis has been investigated for
the activity of cysteine desulfhydrase (EC 4.4.1.15) which is a plastid-
localized biosynthetic enzyme for H2S [80]. Riemenschneider et al.
[81] reported a similar form of the enzyme localized in mitochondria.
Evidence of H2S acting as a signaling molecule in ethylene-mediated
response has been reported in Arabidopsis [82]. H2S has been deci-
phered to exhibit alleviating role towards fruit ripening and senescence
in a wide variety of plant systems [83–85]. In most of the investiga-
tions, sodium hydrogen sulfide (NaHS) has been implied as a potent
hydrogen sulfide donor. In the course of fruit ripening, H2S has been
reported to regulate the process by delaying senescence [86]. Further-
more, it also likely alters the activity of various antioxidant enzymes.
These effects led to the attainment of cellular homeostasis and pre-
vention of oxidative burst [87]. H2S-ethylene signaling during fruit ri-
pening at post -harvest stage has been reviewed by Ziogas et al. [88].
H2S signaling in ethylene-induced fruit ripening thus involves interac-
tion with reactive oxygen species (ROS), reactive nitrogen species and
nitrosative stress signaling (88). The action of H2S also operates
through the post-translational modification of cysteine residues in
proteins associated with fruit ripening. Precisely H2S acts antag-
onistically to ethylene action during fruit ripening. Li et al. [86] re-
ported anti-senescence activity of H2S associated with fruit ripening in
Kiwifruit (Actinidia deliciosa). Interestingly, the action of H2S was op-
erative through inhibition of polygalactouronase activity, an enzyme
responsible for cell wall loosening. Furthermore, the anti-senescence
activity of H2S also involved increased activity of catalase (CAT) and
ascorbate peroxidase (APX). H2S treatment in kiwi fruits inhibited the
activity of lipoxygenase (LOX) and polyphenol oxidase (PPO). The
molecular mechanism of H2S-ethylene crosstalk operates through the
inhibition of ET biosynthesis genes namely AdSAM, AdACS1, AdACS2,
AdACO2, and AdACO3 [88]. Sodium hydrogen sulfide-induced mod-
ulation of endogenous H2S levels has been reported in the post-harvest
phase of mulberry fruits [89]. Natural biosynthesis of H2S was observed
to be higher at the post-harvest stage which later declined with the
advent of ripening. Application of H2S donor upregulated the activity of
D‐cysteine desulfhydrase and L‐cysteine desulfhydrase (H2S biosynthe-
sizing enzymes). H2S mediated delay in ripening process was observed
to be operative through increased retention of ascorbate levels, slower
protein solubilisation, and higher antioxidant activity [89]. Similar
investigations on the antioxidative role of H2S during post-harvest
storage have been reported in strawberry fruits [83]. Chlorophyll de-
gradation and biosynthesis of carotenoids are primary events associated
with the onset of ripening process. Application of elemental suphur in
grapes has been reported to induce a surge in the endogenous levels of
H2S in the ripening stages [90]. However, H2S mediated down-reg-
ulation of chlorophyll degradation genes was reported in broccoli [91].
H2S mediated ethylene biosynthesis results in improved chilling toler-
ance in cold-stored banana fruits [92]. The process of delayed ripening
and cold-stress tolerance was associated with a decrease in mal-
ondialdehyde content and reduced electrolyte leakage. Secondary sig-
naling components mediated by H+-ATPase and Ca2+-ATPase activity
was also observed to be upregulated by H2S [92]. This indicates that
H2S-mediated stress amelioration was primarily associated with the
possible maintenance of cell membrane potential. Present evidence
therefore indicates that endogenous or exogenous H2S is primarily as-
sociated with inhibition of ethylene biosynthesis during climacteric
fruit ripening processes. The fact that H2S alleviates fruit senescence
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and ripening has been substantiated by the observations of decreased
depigmentation and higher integrity of cell membranes. Furthermore,
this biomolecule prevents the deleterious effects of oxidative burst
prevalent at the onset of fruit ripening. Modulation of metabolic ac-
tivities like sugar/protein hydrolysis and decreased production of or-
ganic acids are other associated outcomes of H2S-induced delay in fruit
ripening (Fig. 1).

8. Nitric oxide-hydrogen sulfide crosstalk: avenues for novel
signaling response during climacteric fruit ripening

Recent investigations of climacteric fruit ripening have revealed
significant insights for NOeH2S crosstalk. Earlier investigations have
established crosstalk associations of NOeH2S associated with abiotic
stress tolerance and fruit ripening in plants [92–94]. Variable reports
have been obtained in regard to the correlation of NO and H2S in
abiotic stress. H2S appears to be acting both complementary and in-
hibitory towards NO signaling [9,95–97]. Depending upon the dosage
of exogenous H2S and NO the two biomolecules exhibit positive or
negative interactions. Lisjak et al. [98] observed a negative correlation
of NOeH2S signaling during stomatal regulation where NO levels were
reported to be lower in the case of NaSH treated plant tissues. Never-
theless, NOeH2S crosstalk exhibits a synergistic interaction towards
inhibition of ethylene-induced fruit ripening. Liu et al. (2011) [82]
suggest a downstream position of H2S in the EteNOeH2S signaling
pathway. In the context of fruit ripening, H2S-ethylene interactions
have been reported to be antagonistic in nature. Considering the fact
that NO and H2S crosstalk exhibits both positive and negative interac-
tions it is worthwhile to mention that the nature of such interactions
varies for different physiological functions. Chang et al. [10] reported
that exogenous H2S and NO applied in combination have led to en-
hancement of anti-ripening effects in strawberry fruits. The malleability
of the test was accessed by comparisons of H2S/NO treatment applied
separately. H2S and NO facilitated ripening inhibition by maintaining
pericarp firmness and lowered the activities of pectin methylesterase

(PME; EC 3.1.1.11), polygalacturonase (PG; EC 3.2.1.15) and endo-β-
1,4-glucanase (EGase; EC 3.2.1.6). A success of in-vitro assessment of
NOeH2S cross-talk lies in the efficacy of the donors (NaSH and SNP).
The combined effect of H2SeNO has lead to better retention of the
unripe colour of strawberry fruits [10]. Post-harvest management of
fruits usually involves a major concern of pathogen attack [99,100].
However, H2S supplementation has been reported to reduce the risk of
fungal infection in (Aspergillus niger and Penicillium expansum) in pears
(Pyrus pyrifolia) [101]. Additionally, Chang et al. (2014) [10] reported
upregulation of biotic stress defense in strawberry fruits induced by
H2SeNO supplementation. Chitinase (CHI; EC 3.2.1.29) and beta-1,3-
glucanase (GNS) activity were reported to be upregulated in presence of
H2SeNO treatments. Conversely, pectin methyl esterase (PME) an im-
portant enzyme responsible for cell wall loosening was down-regulated
as a result of these treatments. These enzymes play a key role in the
degradation of fungal cell walls of pathogens infesting on foliar sur-
faces. NOeH2S treatments significantly reduced the effects of ethylene-
induced respiratory burst in strawberry fruits. The anti-senescence ef-
fect of H2S partially operates through the promotion of chloroplast
biogenesis and modulation of thiol redox mechanism [102]. The ap-
plications of H2SeNO, therefore, exhibit synergistic effects on anti-se-
nescence properties which invariably delays fruit ripening in the post-
harvest phase. Thus it appears that the probable involvement of
H2SeNO crosstalk finds its application in post-harvest vegetables and
fruits [103]. This further extends to its applications in cut flower
management and horticultural research. Further investigations are re-
quired to observe the nature of H2SeNO crosstalk in various climacteric
fruits. Monitoring of endogenous H2S and NO levels, therefore, appear
crucial to decipher their role in the course of fruit ripening-associated
changes. Molecular mechanism of their action partially operates
through the inhibition of ethylene biosynthesis and down-regulation of
chlorophyll degradation genes. Lisjak et al. [9] suggest that the specific
location of these biomolecules in the cell determines the magnitude of
their signaling responses. The author also explains the possibility of H2S
competing with the protein targets of NO within the cells. Furthermore,

Fig. 2. Molecular crosstalk events associated with nitric oxide, hydrogen sulphide and melatonin in delaying ethylene-induced fruit ripening.
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H2S may regulate the bioavailability of NO possibly by modulating the
activity of enzymes associated with the NO biosynthesis pathway. Un-
like animal systems, it is less likely that H2S could interact with putative
nitric oxide synthase (NOS) in plants [9,104]. However, H2S mediated
modulation of nitrate reductase might be essential to regulate en-
dogenous NO levels (Wilson et al., 2008). Interestingly enough, H2S and
NO can react among themselves to produce nitrosothiol compounds
which further exhibit signaling responses (Fig. 2) [105]. Involvement of
ROS in the H2SeNO crosstalk pathway also cannot be ruled out.

9. Melatonin-induced regulation of fruit ripening

Several investigations across the last decade have established the
role of phytomelatonin as a potent signaling molecule exhibiting a
plethora of physiological effects. Melatonin mostly associates itself as
an important antioxidant and free radical scavenger. Moreover it reg-
ulates the activity of various other plant growth regulators In this
context, the role of melatonin signaling with various phytohormones
and other PGRs has recently been reviewed by the author [12]. Among
various physiological processes regulated by melatonin, investigations
reveal its role in fruit ripening across various plant systems such as
banana, strawberry, peach, grape, and tomato [106–108]. Melatonin is
an indoleamine produced from L-tryptophan in plants [109]. Most of
the plant systems investigated for melatonin functioning in fruits has
been reported with its endogenous levels varying from picogram to
micrograms levels [110–113]. Melatonin has been reported to enhance
antioxidative defense mechanisms in ripening fruits (Fig. 2). This has
also been associated with increased pigment biosynthesis for antho-
cyanins and flavonoids. Similar to nitric oxide and H2S, exogenous
melatonin application also serves as an effective option for post-harvest
fruit storage. Antioxidative role of melatonin has been elucidated in
various reports of abiotic stress responses [114–117]. Melatonin-in-
duced changes during fruit ripening mostly associate with the trig-
gering of antioxidative pathways. Xu et al. [118] reported the activity
of melatonin to upregulate phenol, anthocyanin, flavonoid and proan-
thocyanidin biosynthesis in grape berries. Interestingly, melatonin
treatment significantly altered the rate of polyphenol accumulation,
carbohydrate metabolism and ethylene biosynthesis. Melatonin-in-
duced enhancement of polyphenol and antioxidant activity was at-
tributed to a partial increase in ethylene biosynthesis [118]. Organic
acid accumulation was, however, found to be independent of mela-
tonin-induced signaling. The authors reported that melatonin signaling
largely triggered transcriptomic changes during grape berry ripening
[118]. Apart from ethylene biosynthesis melatonin also regulated
MAPK and nucleotide metabolism [118]. Reactive oxygen species par-
ticipate in transient signaling responses associated with various phy-
siological processes. Peach fruits treated with exogenous melatonin
have been reported to exhibit cold stress tolerance acquired by redox
homeostasis [119]. Melatonin treatment induced a surge in H2O2 levels
manifested as an early response in post-harvest stage of the fruits. This
transient increase in H2O2 levels was interpreted to be an inducer of the
antioxidative system in the harvested fruits. Transcriptomic levels of
enzymes associated with ascorbic acid biosynthesis and ascorbate-glu-
tathione cycle was also observed to be increased due to melatonin
treatment. Chilling stress tolerance due to melatonin supplementation
was assessed by other parameters like malondialdehyde content, cata-
lase (EC 1.11.1.6), and superoxide dismutase activity (EC 1.15.1.1).
Similar investigations [120] have revealed the upregulation of catalase,
peroxidase (EC 1.11.1.7), superoxide dismutase, and ascorbate perox-
idase (EC 1.11.1.11) as a mechanism towards free radical detoxifica-
tion. Interesting investigations in Capsicum annuum (pepper) and So-
lanum lycopersicum (tomato) have revealed variable level of endogenous
melatonin to be associated with the advancement of ripening stages
[121]. This response was, however, variable with the intensity of solar
radiation and type of cultivars used. Thus, increase in melatonin con-
tent during ripening stages was not positively correlated in all the

cultivars. Detailed analysis of endogenous melatonin content in various
fruits has recently been reviewed [122]. Biological factors associated
with the variation in melatonin content across various fruits are mostly
due to different cultivars, ripening stages and growth parameters.
Temporal regulation of endogenous melatonin content has been re-
ported in veraison and ripened grape berries [110]. Melatonin levels
were mostly observed to be increased at the veraison stage (induction of
ripening) of early seed development. This indicates its protective role in
seed development associated with the onset of fruit ripening. Zhao et al.
[123] reported the induction of melatonin biosynthesis in sweet cherry
varieties (Prunus avium L. cv. Hongdeng and Prunus avium L. cv.
Rainier) to be triggered by darkness and oxidative stress. Climacteric
rise in respiration during post-harvest stages of apples (Malus domestica
Borkh.cv.Red) was accompanied by high accumulation of melatonin
[124]. Genes for melatonin biosynthesis enzymes namely tryptophan
decarboxylase (TDC; EC 4.1.1.27), tryptamine 5‐hydroxylase (T5H; EC
4.1.1.28), arylalkylamine N‐acetyltransferase (EC 2.3.1.87), and N‐a-
cetylserotonin methyltransferase (HIOMT; EC 2.1.1.4) were identified
in apple cultivar. Tomato fruits exhibited better lycopene and ascorbate
content in response to melatonin treatment [125]. Complex metabolic
regulation induced by melatonin has mostly been associated with sti-
mulation of glucose-6-phosphate dehydrogenase (EC 1.1.1.363), shiki-
mate dehydrogenase (EC 1.1.1.25) and phenylalanine ammonia lyase
(EC 4.3.1.24) in peach fruits induced by chilling stress [126]. Fur-
thermore increased activity of γ-aminobutyric acid transaminase
(GABA-T; EC 2.6.1.19) enzyme in response to melatonin provides in-
sights to the regulation of the GABA shunt pathway in strawberry fruits
Fragaria anannasa cv. Selva [108]. Ethylene biosynthesis was reported
to be limited in the ripe resistant varieties of pear (Pyrus communis L.)
[127]. This effect was associated with reduced senescence in the post-
harvest stages. Calcium chloride supplementation in cassava has been
reported to cause an increase in melatonin accumulation in the post-
harvest stages [128]. Thus melatonin-calcium signaling is another im-
portant component regulating fruit ripening physiology. To summarize
briefly, melatonin is mostly associated with redox homeostasis and
metabolic regulation of climacteric fruit ripening in plants (Table 1).
Melatonin-induced signaling partially operates through the regulation
of ethylene biosynthesis. However, unlike NO or H2S melatonin cannot
be stated as an inhibitor or inducer of fruit ripening. It rather acts as a
modulator of fruit ripening and regulates redox homeostatsis.

10. Probable crosstalk of nitric oxide and melatonin during fruit
ripening: N-nitrosomelatonin signaling

Nitric oxide and melatonin have emerged as important signaling
molecules associated with stress acclimatization, fruit ripening, and
other physiological processes. Nitric oxide is a freely diffusible am-
phiphatic biomolecule which quickly transits across cells to bring about
a rapid signaling response. Apart from the existence of NO in radical
forms (NO., NO+ or NO) it combines with thiol containing protein and
non-protein molecules to form S-nitrosothiols [129]. Among various
such NO conjugates, S-nitrosoglutathione GSNO has been reported to
act as a major NO reserve in cells. Recently N-nitrosomelatonin has
been stated to be an important molecule generated from nitrosation of
melatonin in plant cells [129]. N-nitrosomeltonin can also act as an
important antioxidant for scavenging free nitrogen species. These bio-
molecules have also been suggested to be involved in long -distance
signaling response via xylem and phloem elements [129]. Physiological
events associated with fruit ripening involve the production of reactive
nitrogen species (RNS) and nitric oxide emerging from the pathways of
nitro-oxidative metabolism. Corpas et al. [8] precisely explained the
role of ROS/RNS and NO in signaling events associated with fruit ri-
pening. In this context, it is worthwhile to mention that variations in
endogenous melatonin levels have been investigated in major climac-
teric fruits. Therefore the possibilities of probable formation of N-ni-
trosomelatonin during fruit ripening stages cannot be ruled out (Fig. 2).
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However, the limitations exist in the lack of suitable methodologies to
be implied for the detection and measurement of such transient bio-
molecules. Recent developments associated with the crosstalk me-
chanisms of NO and melatonin has been reviewed by the author [12].
Melatonin-NO crosstalk during fruit ripening is likely to operate
through polyamine metabolism. Cold stress-induced fruit ripening in
tomato has exhibited a surge in polyamine synthesis [130]. Polyamine
synthesis during melatonin treatments is associated with endogenous
nitric oxide synthesis in Arabidopsis seedlings [131]. Thus, NO-mela-
tonin crosstalk may impart chilling stress tolerance in post-harvest
fruits operative through modulation of ROS/RNS levels.

11. Nitric oxide, H2S and melatonin: implications in the post-
harvest storage of fruits

Various investigations have elucidated the applications of nitric
oxide H2S and melatonin in post harvest management of climacteric
and non-climacteric fruits. Nitric oxide and H2S act synergistically in
delaying senescence events in fruits. Precise effects of the molecules
have been observed in a wide variety of fruits such as strawberry,
cherry, banana, apple and mango [89–92]. Sodium nitroprusside (SNP)
and sodium hydrogen sulfide (NaSH) have been successfully implied as
NO and H2S donors during post-harvest storage [57,100]. Physiological
investigations have clarified the fact that these biomolecules largely act
as antagonists to ethylene biosynthesis. Subsequent analysis of fruit
ripening parameters has revealed regulation of malondialdehyde con-
tent, ROS liberation, H2O2 levels, and pigment biosynthesis [3,92].
Melatonin supplementation has been reported to provide redox balance
operative through the upregulation of antioxidant machinery within the

cells [118,125]. Long time duration is associated with the harvest and
market transition of climacteric and non-climacteric fruits. During this
phase increased CO2 burst, pericarp browning and other metabolic
changes reduce the shelf life of fruits. However, newer horticultural
technologies are employing the benefits of anti-ripening biomolecules
(NO, H2S) being investigated at a larger extent. Exogenous supple-
mentation of various donor compounds to post-harvest fruits involves
their application in fumigation or solutions. An initial delay in the
ethylene surge and ripening shall improve the shelf life of fruits.
However, these biochemical manipulations often compromise with the
aroma and flavor of fruits which should be carefully considered. The
concentration of nitric oxide, H2S or melatonin applied shall reveal
variations in the intensity of responses. Apart from causing delay in
senescence, these biomolecules are effective in imparting tolerance
towards biotic and abiotic stress factors.

12. Fruitomic approach towards the understanding of NOeH2S-
Mel crosstalk in plants: future perspectives

To elucidate the current understandings of fruit ripening physiology
investigations with systems biology approach has provided sufficient
insights to crosstalk mechanisms operative between nitric oxide, hy-
drogen sulfide and melatonin. Regulation of ACC synthase and ETR
signaling in response to these biomolecules has been investigated by
functional genomic approach. Ripening associated genes have been
identified in various plant systems exhibiting climacteric response. RIN-
MADS interaction has been a crucial aspect in the epigenetic control of
fruit ripening [132,133]. TAG, TAGL1, FRUITFUL1, and FUL2 are im-
portant components of MADS-box transcription factors associated with

Table 1
Signaling events associated with NO, H2S and Mel during climacteric fruit ripening.

Biomolecule Plant system Response References

Nitric oxide (NO)
(Donor:
Sodium nitroprusside,
0.5–1mM)

Peach
Banana
Kiwi

Retention of pericarp integrity
Reduced ACC and ethylene levels
Reduced electrolyte leakage
Decrease in climacteric respiration
Reduction on cell wall loosening

[70,72,119]
[7,92]
[5]
[43,76]

Japanese plums Reduction in cold storage mediated fruit damage [4]
Longan fruit Reduction in polyphenol oxidase [3]
Pepper Higher ascorbic acid levels, elevation of the galactono-1,4-lactone

dehydrogenase (GalLDH) activity,
modulation of GSNOR activity

[78]

Tomato short root (shr) mutant Regulation of primary carbon metabolism and phytohormone levels [61,68]
Mango Changes in the levels of ACC and modulation of ACC synthase and ACC oxidase activity [6]
Olive Inverse correlation of NO and 1-aminocyclopropane-1-carboxylic acid (ACC) levels

Modulation of OeACS2, OeACO2,
OeCTR1, OeERS1, and OeEIL2

[75]

Hydrogen sulphide (H2S) (Donor:
Sodium hydrogen
sulphide
0.5–1mM)

Kiwifruit Inhibition of polygalactouronase, lipoxygenase (LOX) and polyphenol
oxidase (PPO) activity, increased activity of catalase (CAT) and ascorbate peroxidase (APX)

[86]

Mulberry fruits Upregulation of D‐cysteine desulfhydrase and L‐cysteine
desulfhydrase activity,
increased retention of ascorbate levels,
slower protein solubilisation and higher antioxidant activity

[89]

Broccoli Down-regulation of chlorophyll degradation genes [85]
Banana Decrease in malondialdehyde content and reduced electrolyte leakage [92]

H2S + NO Strawberry Decreased activities of pectin methylesterase (PME)
polygalacturonase (PG) and Endo-β-1,4-glucanase (EGase).

[10]

Pears Reduced infection risk of (Aspergillus niger and Penicillium expansum) [101]
Melatonin (0.1–15 μM) Grape Upregulation of phenol, anthocyanin, flavonoid and proanthocyanidin

biosynthesis
Differential expression in veraison and ripening stages

[118]
[110]

Peach Cold stress tolerance, redox homoeostasis
Stimulation of glucose-6-phosphate dehydrogenase, shikimate dehydrogenase
and phenylalanine ammonia lyase

[119]
[126]

Sweet cherry varieties Induction of melatonin biosynthesis [123]
Apple High melatonin accumulation at ripening stages [124]
Tomato Increased lycopene and ascorbate content [125]
Strawberry Increased activity of γ-aminobutyric acid transaminase (GABA-T) enzyme [108]
Cassava CaCl2 mediated melatonin accumulation [128]
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fruit ripening [134,135]. In this context, it is necessary to investigate
the transcriptomic regulation of NO, H2S and melatonin-induced fruit
ripening changes. Various candidate proteins associated with carbo-
hydrate metabolism and cell wall loosening have been identified in the
fruit ripening stages of apple, papaya, and peach [136–138]. Genotypic
variations, however, lead to differential responses in protein expres-
sions. NR receptor-mediated ethylene signaling in tomato has revealed
differential expression of more than 869 genes of which 37% were af-
fected by nr mutation [139]. Accumulating investigations of tran-
scriptomic and microarray analysis have yielded plenty of data which
include genes and mRNA expressions associated with fruit ripening
signaling. The tomato-eco sequencing programme will deliver sufficient
information on the genomic control of fruit ripening [140]. In this
context it is important to consider the effects of ethylene on plastid
proteome. The precise regulation of chloroplast-chromoplast conver-
sion is a crucial response associated with the onset of ripening. Studies
related to melatonin receptor have been recently reported in Arabi-
dopsis [141]. Thus melatonin reported to be present in plastid can
probably regulate one if not many downstream pathways of fruit ri-
pening metabolism. Nitric oxide-H2S applications exhibit synergistic
effects in delaying ethylene-induced fruit ripening response. However,
further investigations using microarray, transcriptomic or proteomic
analysis can decipher their role in complex regulations. To summarize,
genomic, transcriptomic and proteomic approach have emerged as
important components of fruitomic analysis of ripening processes. In
this context, nitric oxide, H2S and melatonin should be considered for
further investigations using omic approaches.
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