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Abstract
Tomato fruit ripening, being an oxidative phenomenon, is regulated by anti-oxidants. In this study, role of non-enzymatic anti-oxidants 
was studied during the course of tomato fruit ripening to ascertain their role in determining postharvest ripening behaviour among the 
four varieties that are contrasting in terms of ripening. Ripening index (%) of fruits confirmed fast-ripening behaviour for varieties 
Pusa Ruby and Pusa Sadabahar and slow-ripening behaviour for varieties Pusa Gaurav and Roma. Tomato fruit ripening began with 
degradation of chlorophylls and accumulation of carotenoids, lycopene, vitamin C, total soluble phenols (TSP), total flavonoids (TF) and 
glutathione (total and reduced). Higher (55.6 to 86.6%) and lower (34.7 to 38.2%) degradation of chlorophyll b along with higher (by 
9.5 to 11.8-fold) and lower (by 3.9 to 6.2-fold) accumulation of lycopene fraction (%) in fast- and slow-ripening varieties, respectively 
indicated that changes in the levels of anti-oxidative pigments have role in ripening behaviour. Progressive increase in TSP, TF and 
vitamin C was observed in tomato fruits during storage. Fine regulation of ripening behaviour with modulation of glutathione redox 
status confirmed the differential onset of ripening in fast- and slow-ripening varieties. Early onset of ripening at around green-mature 
stage of harvesting was observed in fast-ripening varieties while it began at around 5 days after harvest in slow-ripening varieties. 
Further, strong associations of ripening index (%) with the levels of non-enzymatic anti-oxidants during storage period also suggested 
their role in imparting fast- and slow-ripening behaviour to tomato fruits of different varieties.
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and external cues in addition to preharvest & postharvest factors 
particularly; mineral composition (Ramesh et al., 2021), internal 
atmosphere (Paul and Pandey, 2016) and morphological & 
anatomical features of tomato fruit (Paul et al., 2010). More 
recently, tomato fruit ripening has also been found to be associated 
with oxidative stress in terms of generation of reactive oxygen 
species (ROS). Since anti-oxidants counteract the buildup of ROS 
and therefore, they can also play a key role in maintaining the 
balance between the generation and removal of ROS during the 
period of ripening (Wei et al., 2025). Redox homeostasis during 
fruit ripening is not only modulated by the action of enzymatic 
anti-oxidants but also by non-enzymatic anti-oxidants (Zheng et 
al., 2025). Better shelf-life of purple tomato fruits being rich in 
anthocyanins (with strong anti-oxidant activity) further indicated 
for the role of anti-oxidants in ripening and ripening-related 
changes (Sharma et al., 2024).

Role of non-enzymatic low molecular weight anti-oxidants has 
been discussed in detoxification of ROS but, their role in tomato 
fruit ripening-induced oxidative stress is not elaborated so far. The 
present study thereby attempts to find out alterations in content of 
anti-oxidants (pigments such as chlorophylls and carotenoids and 
non-enzymatic anti-oxidants such as total soluble phenols, total 
flavonoids, vitamin C and of glutathione status) during the course 

Introduction
Tomato is one of the most widely consumed vegetables and it 
occupies an important position worldwide in various culinary 
preparations. Tomato fruit is not only nutritionally rich but 
also a source of nutraceuticals and immune-boosting bioactive 
compounds. Despite being beneficial to health and high in 
demand, postharvest losses up to 40% are reported for tomato 
fruits (Macheka et al., 2018). This is primarily due to highly 
perishable nature of tomato fruits in view of climacteric ripening 
behaviour. It is therefore that understanding of ripening-related 
changes occurring during fruit development and postharvest 
storage become crucial. Tomato fruit is in fact considered as 
a model system for development and climacteric ripening of 
fruit (Ghorbani et al., 2025). Development of tomato fruit is 
primarily controlled by hormones in addition to several other 
endogenous and exogenous factors while, ripening of tomato 
fruit is a specialized senescence process that leads to programmed 
cell death and marks the final stage of fruit’s maturity. Tomato 
fruit exhibits climacteric ripening behaviour and it is primarily 
governed by gaseous plant hormone ethylene and its auto-
catalytic production via system 2 of ethylene production (Paul 
and Pandey, 2013).

Survey of literature indicates that besides ethylene, tomato fruit 
ripening is also influenced/regulated by various other internal 
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of tomato fruit ripening to ascertain their role in determining 
ripening behaviour among the varieties that are contrasting in 
terms of ripening.

Materials and methods
Plant materials, experimental set up, sampling and 
determination of ripening index (RI %): Seeds of tomato 
varieties namely; Pusa Ruby, Pusa Sadabahar, Pusa Gaurav and 
Roma were procured from Division of Vegetable Science, ICAR-
Indian Agricultural Research Institute (IARI), New Delhi. Seeds 
were surface sterilized and sown on raised soil bed. Seedlings 
at 5 leaf stage were transplanted and grown in experimental 
plots of Division of Plant Physiology, ICAR-IARI, New Delhi. 
Standard package of practices as recommended for the region 
were followed. Healthy and uniform size of tomato fruits (35 
to 40 g) at immature and green-mature (GM) stages (as per the 
description of Jones, 2008) were harvested, washed gently under 
tap water followed by rinsing with distilled-water and allowed to 
air-dry at room temperature. From the plant harvested lot, forty 
fruits at GM stage (representing one replication) were stored in 
a well-ventilated plastic basket in dark room maintained at 22 
±1.0 oC and 90 ±5.0 % RH up to 14 days after harvest (DAH) in 
three independent replications. To judge the progress of ripening 
at periodic intervals from GM stage to 5, 10 and 14 DAH during 
the storage, ripening index (RI %) was calculated in a non-
destructive way as per the procedure of Sharma et al. (2020). 
Tomato fruits are usually harvested at GM stage for postharvest 
storage and ripening purposes. At each sampling three fruits, each 
representing one replication and specified stage, were used for 
various biochemical estimations. Outer pericarp of tomato fruit 
was used to determine pigments and non-enzymatic anti-oxidants 
at GM stage and 5, 10 and 14 DAH. Estimations were also done 
for fruits that were harvested at immature stage. This was done to 
gain a comparative insight for the differences that occur in fruits 
as they move from plant-attached immature stage to GM stage 
(when the fruits were harvested).

Non-enzymatic antioxidants

Chlorophylls: Estimated using the method described by Paul et 
al. (2017). Following formulae were used: chlorophyll a = (11.24 
x A661.6) - (2.04 x A644.8), chlorophyll b = (20.13 x A644.8) - (4.19 x 
A661.6) and total chlorophylls = (7.05 x A661.6) + (18.09 x A644.8). 
Wherein, A is absorbance at given wavelength. Chlorophylls were 
then expressed in terms of µg g-1 fresh weight (FW).

Total carotenoids and lycopene: Estimation was carried out 
following the protocol of Wang and Ying (2005). Calculated using 
the formulae: total carotenoids (µg mL-1) = 4.0 x A450 and total 
lycopene (µg mL-1) = 3.12 x A503. Wherein, A is absorbance at 
given wavelength. Values were expressed in terms of µg g-1 FW. 
Fraction of lycopene out of total carotenoids was also derived 
and presented as lycopene fraction (%).

Total soluble phenols (TSP): Estimation was done by following 
the procedure of Toor and Savage (2005). Absorbance of the 
supernatant was recorded at 760 nm. Standard curve was prepared 
by using pure gallic acid. TSP content was presented as µg (gallic 
acid equivalent) g-1 FW.

Total flavonoids (TF): Determination was also done following 
the method of Toor and Savage (2005). Absorbance of supernatant 

was recorded at 510 nm. Standard curve was prepared using pure 
rutin. TF content was expressed as µg (rutin equivalent) g-1 FW.

Vitamin C:  Estimated by following the procedure of Kang et al. 
(2005). The absorbance of the supernatant was recorded at 243 
nm. Standard curve was prepared by using pure vitamin C and 
the content was expressed as µg g-1 FW.

Glutathione and redox status: Procedure of Loggini et al. 
(1999) was followed for estimation of total glutathione (TG) 
and oxidized glutathione (GSSG). Reduced glutathione (GSH) 
was then calculated as the difference between TG and GSSG. 
Contents were expressed in terms of nmoles g-1 FW. Derived 
parameters representing the glutathione status in terms of redox 
ratio i.e., reduced glutathione/oxidized glutathione (GSH/GSSG) 
and oxidized glutathione/reduced glutathione (GSSG/GSH) were 
also calculated.

Statistical analysis: The replicated data were statistically 
analyzed using two factors complete randomized design. Factor 
one was variety and factor two was ripening/storage stage. 
Ranking of mean values was also carried out using Duncan’s 
Multiple Range Test. Correlation analysis was carried out between 
RI (%) and content or ratio values for different biochemical 
parameters separately at 5, 10 and 14 DAH. Statistical analysis 
was done using R statistical software.

Results and discussion
Ripening index (RI) % showed differences in ripening 
behaviour of tomato fruits of four varieties: The RI (%), 
an indicator of ripening behaviour, was measured in terms of 
percentage for all the four varieties (Fig. 1). Pusa Ruby and 
Pusa Sadabahar had RI values of 43.3 and 35.8%, respectively 
at 5 days after harvest (DAH) whereas Pusa Gaurav and Roma 
had value of 0%. At 14 DAH, the RI was 31.7% for Pusa Gaurav 
as well as Roma while, it was 100 and 98.3% for Pusa Ruby 
and Pusa Sadabahar, respectively. The data (Fig. 1) confirmed 
that Pusa Ruby and Pusa Sadabahar are fast-ripening type and 
Pusa Gaurav and Roma are slow-ripening type confirming their 
most contrasting ripening behaviour. Henceforth fast-ripening 
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Fig. 1. Postharvest ripening behaviour in terms of ripening index (RI) % 
as recorded at different stages of tomato fruit ripening in four varieties.
Immature and green-mature (GM) are stages at which tomato fruits were 
directly harvested from the plant. Whereas 5, 10 and 14 days after harvest 
(DAH) are the postharvest stages of tomato fruits harvested at GM stage 
and stored in a dark well-ventilated room maintained at 22 ±1.0 oC and 
90 ±5.0 % RH. Vertical line on each point (mean value) is ± standard 
error of mean (± SEM). Mean values followed by different alphabetic 
letter/s are significant over one another at P ≤ 0.05
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varieties and slow-ripening varieties will be abbreviated as FRV and 
SRV, respectively.

Rate of changes in chlorophylls of tomato fruits during initial 
stages of ripening can influence the rate of ripening: A gradual 
decrease in chlorophyll a, chlorophyll b and total chlorophylls was 
observed with the progress of ripening from GM stage and onwards 
(Fig. 2a-c). Decrease in chlorophyll a from GM stage to 14 days after 
harvest (DAH) was more prominent in FRV like Pusa Ruby (95.2%) 
and Pusa Sadabahar (82.5%) in contrast to SRV like Pusa Gaurav 
(47.1%) and Roma (42.8 %) (Fig. 2a). The decline in chlorophyll b 
was comparatively less than chlorophyll a, particularly in SRV with 
the progress of ripening. Chlorophyll b was reduced by 86.6% in Pusa 
Ruby, 55.6% in Pusa Sadabahar, 34.7% in Pusa Gaurav and 38.2% in 
Roma (Fig. 2b) suggesting for better stability of chlorophyll b during 
the course of ripening. The role of chlorophyll b in fruit ripening was 
reported in apple by Gorfer et al. (2022). In this study, a sharp fall in 
chlorophyll b content of FRV after GM stage indicated for the early 
onset of oxidative stress. Since chlorophyll b is a crucial part of light 
harvesting complex II (LHC II), it plays role in maintaining the basic 
structural integrity of associated proteins and overall photosynthetic 
system and apparatus under oxidative stress (Gorfer et al., 2022). 
Thus, retention of relatively higher levels of chlorophyll b in SRV of 
tomato must have assisted in maintenance of photosynthetic activity 
and thereby delay in onset of ripening.

With the progress of ripening from GM stage to 14 days after harvest 
(DAH), total chlorophylls content reduced by 93.3% in Pusa Ruby, 
78.6% in Pusa Sadabahar, 48.3% in Pusa Gaurav and 46.9% in Roma 
(Fig. 2c). Decline in total chlorophylls was rapid and maximum at 
initial stages of ripening from GM stage (21.77 µg g-1 FW) to 5 DAH 
(1.30 µg g-1 FW) in Pusa Ruby than during later stages of ripening (Fig. 
2c). Correlation analysis between levels of chlorophylls (chlorophyll 
a, chlorophyll b and total chlorophylls) and indicator of ripening 
rate i.e., RI (%) showed negative but significant associations at 5, 10 
and 14 DAH (Table 1). Based on results, it can be stated that rate of 
chlorophyll degradation surpassed the rate of chlorophyll biosynthesis 
much faster in FRV compared to SRV. Breakdown of chlorophylls 
in fruits basically mimics the chlorophyll catabolism in leaves. Fruit 
ripening, being a specialized senescence process, dynamic alterations 
in pigments are witnessed during this process (Kapoor et al., 2022). 
Chlorophyll catabolic pheophorbide a oxygenase (PAO)/phyllobilin 
pathway (a major route for chlorophyll breakdown in plants) and stay-
green (SGR) genes play an important role in tomato fruit ripening and 

leaf senescence (Guyer et al., 2014).  A stay-green gene 2 
(SGR2) regulates the de-greening of green- and gold-fleshed 
kiwi fruits differentially during ripening. Transcription of 
SGR2 and other chlorophyll degradation genes was higher 
in gold-fleshed fruits across the developmental stages 
compared to green-fleshed kiwi fruits (Pilkington et al., 
2012). Similar modulation of chlorophyll catabolic genes 
can also be expected in differential regulation of FRV and 
SRV of tomato. Moreover, senescence induced oxidative 
stress is accompanied with disintegration of photosynthetic 
machinery and thus reduction in photosynthetic capacity well 
below a threshold level also further accelerates senescence 
during ripening (Paul et al., 2005). So, further investigations 
involving chlorophyll biosynthesis and breakdown genes 
may clearly elucidate the role of chlorophylls and its 
threshold limits in tomato fruit ripening.

Changes in the levels of total carotenoids and lycopene in 
tomato fruits during initial phase of ripening are linked 
with ripening behaviour: Content of total carotenoids 
and lycopene increased with the progress of ripening 
as a part of ripening-related co-regulated activity. With 
the progress of ripening from GM stage to 14 days after 
harvest (DAH) during storage, FRV (especially Pusa Ruby) 
showed significantly higher content of total carotenoids in 
comparison to SRV (particularly Roma) (Fig. 3a). The total 
carotenoids showed maximum increase (9.3-fold) in Pusa 
Ruby from 8.62 µg g-1 FW at GM stage to 80.09 µg g-1 FW 
at 14 DAH while, minimum increase (1.6-fold) was found 
in Roma from 9.9 µg g-1 FW at GM to 16.04 µg g-1 FW at 
14 DAH (Fig. 3a). As per Cordoba et al. (2003), besides 
being influenced by environmental and genetic factors 
carotenoids accumulation was also linked with the phases 
and progress of tomato fruit ripening. In the present study, 
during early stages of ripening from GM to 5 DAH, variety 
Pusa Ruby showed higher accumulation of carotenoids (2.4-
fold change) and variety Roma showed lower accumulation 
of carotenoids (only 1.1-fold change) indicating for their 
fast- and slow-ripening types, respectively (Fig. 3a).

Among total carotenoids in tomato fruits, lycopene is the 
major one and it increased rapidly in FRV namely Pusa Ruby 
(20.9-fold, from GM stage to 5 DAH) and Pusa Sadabahar 
(13.1-fold, from GM stage to 5 DAH) but slowly or with 
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Fig. 2(a-c). Chlorophyll a (a), chlorophyll b (b) and total chlorophylls (c) in tomato fruits of four varieties at different stages of ripening. Other details 
are same as given in foot notes of Fig. 1
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no change in SRV namely Pusa Gaurav (3.9-fold, from GM stage to 
5 DAH) and Roma (no change, from GM stage to 5 DAH) (Fig. 3b). 
While all the varieties had similar lycopene content at immature and 
GM stage, Pusa Ruby had maximum lycopene contents at 5 DAH 
(17.95 µg g-1 FW) and later at 14 DAH (76.55 µg g-1 FW). This was 
followed by Pusa Sadabahar at 5 DAH (8.92 µg g-1 FW) and later at 14 
DAH (44.0 µg g-1 FW), Pusa Gaurav at 5 DAH (2.89 µg g-1 FW) and 
later at 14 DAH (19.37 µg g-1 FW) and lastly Roma at 5 DAH (0.7 µg 
g-1 FW) and later at 14 DAH (4.95 µg g-1 FW) (Fig. 3b). Maximum and 
distinct differences in lycopene content were for Pusa Ruby and Roma 
(Fig. 3b), two highly contrasting varieties with respect to ripening 
behaviour (Fig. 1). In comparison to GM stage, increase in lycopene 
content at 5 DAH was 20.9-fold in Pusa Ruby and nil in Roma while, 
remaining two varieties were in-between with 13.1-fold increase for 
Pusa Sadabahar and 3.9-fold increase for Pusa Gaurav (Fig. 3b). Later 
during 5 DAH to 10 DAH, least increase (3.9-fold) in Roma indicated 
for delayed commencement of ripening and ripening-related changes.

The lycopene fraction (%) showed no change from immature stage to 
GM stage but distinct increase was noticed from GM to 14 DAH in 
all the varieties (Fig. 3c). Fruits of Pusa Ruby showed highest increase 
in lycopene fraction % (9.5-fold) while Roma showed minimum 
increase (3.9-fold) by 14 DAH over GM stage. This further established 
relationships between changes in lycopene with the ripening behaviour 
of tomato fruits in different varieties. Lenucci et al. (2006) reported 
that lycopene, being the predominant carotenoid, comprises 80 to 90% 
of total carotenoids in ripened tomato fruits. Our study pointed out 
for higher lycopene fraction, up to 81.8 to 95.6 %, in FRV and here it 
gets accumulated early during the ripening i.e., from GM to 5 DAH. 
While, lycopene fraction comprised only to lesser extent, 31.0 to 69.0 
%, in SRV and here the accumulation was delayed towards later phase 
of fruit ripening (from 5 DAH and onwards) (Fig.  3c). Further, strong 
and positive associations of total carotenoids, lycopene and lycopene 
fraction (%) were obtained with RI (%) at 5, 10 and 14 DAH (Table 
1) confirming for the role of these pigments in regulation of ripening 
and thereby the ripening behaviour of tomato fruits. Kapoor et al. 
(2022) reported that progress of tomato fruit ripening was linked with 
higher oxidative stress (indicated by higher level of ROS) and this was 
also accompanied with rise in the levels of lycopene and β-carotene. 
Carotenoids and lycopene, being potent quenchers of singlet oxygen 
species, tried to lower down ROS and thereby they were tightly 
associated with maturation and ripening process of tomato fruit (Wei 
et al., 2025).

Changes in total soluble phenols (TSP) and total 
flavonoids (TF) in tomato fruits during ripening coincide 
with ripening behaviour: Increase in TSP during the storage 
period from GM to 14 days after harvest (DAH) was higher 
in FRV compared to SRV (Fig. 4a). Significant differences 
between FRV and SRV were maintained at any of the ripening 
stages (Fig. 4a). Pusa Ruby showed highest and Roma showed 
lowest TSP at 14 DAH whereas, Pusa Sadabahar was closer 
to Pusa Ruby and Pusa Gaurav was closer to Roma (Fig. 4a). 
Thus, the data on TSP showed variety dependent increase 
in during ripening with positive and highly significant 

Fig. 3(a-c). Total carotenoids (a), lycopene (b) and lycopene fraction % (c) in tomato fruits of four varieties at different stages of ripening. Other 
details are same as given in foot notes of Fig. 1
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associations at 5, 10 and 14 DAH with RI (Table 1). Changes in 
TF during initial phase from GM to 5 DAH were 20.5% for Pusa 
Ruby, 81.1% for Pusa Sadabahar, 15.9% for Pusa Gaurav and 
16.7% for Roma (Fig. 4b). The data indicated that FRV showed 
early and prominent increase in TF, during immature to GM stage 
for Pusa Ruby and during GM to 5 DAH for Pusa Sadabahar. 
While, SRV showed late and slight increase in TF, during 5 DAH 
to 10 DAH for Pusa Gaurav and Roma (Fig. 4b). Positive and 
significant association of TF with RI (Table 1) indicated for the 
association of changes in TF in tomato fruits with the progress 
of ripening.

As per many reports, tomato fruits enhance endogenous level of 
TSP and TF to scavenge ROS that are generated during ripening 
(Ilahy et al., 2011). For different varieties, trend obtained for TSP 
and TF (Fig. 4a-b) matched with the trend of rate of ripening 
(Fig. 1) suggesting that rate of ripening is linked with the extent 
of increase in the production of ROS in tomato fruits. Phenolics 
being anti-oxidants, serve as a part of coping up mechanism 
against the built up of oxidative stress due to the initiation and 
progress of ripening in a variety-specific manner. This gets the 
support from the report that TSP and TF along with carotenoids 
play major role during ripening and oxidative stress and they acted 
efficiently in quenching ROS and try to maintain redox status 
during ripening of tomato fruits (Decros et al., 2023).

Changes in vitamin C of tomato fruits during ripening are 
linked with ripening behaviour: Vitamin C in tomato fruits 
increased with the progress of ripening in a variety dependent 
manner. By 14 days after harvest (DAH), fruits of fastest ripening 
variety, Pusa Ruby, accumulated maximum vitamin C while 
fruits of slowest ripening variety, Roma, accumulated minimum 
vitamin C (Fig. 5). In comparison to GM stage, 14 DAH recorded 
higher accumulation of vitamin C in FRV than SRV. The data 
also showed that increase in vitamin C was higher and earlier 
(from immature to GM stage and after that) in FRV while the 
increase was lesser and delayed (5 DAH to 10 DAH and after 
that) in SRV (Fig. 5). Fruits of most contrasting tomato varieties 
with respect to ripening behaviour i.e., fastest (Pusa Ruby) and 
slowest (Roma) showed the most contrasting trend for vitamin 
C. It was important to note that the second most fast-ripening 
variety (Pusa Sadabahar) showed the trend similar to Pusa Ruby 
while the second most slow-ripening variety (Pusa Gaurav) 
showed the trend similar to Roma (Fig. 5). Highly significant 

and positive association of vitamin C with RI (Table 1) further 
supported for the involvement of vitamin C in rate of tomato fruit 
ripening.  Production of vitamin C was reported to get enhanced 
at the onset of fruit ripening with definite role in modulation of 
oxidative stress in chloroplast/chromoplast and mitochondria 
(Arabia et al., 2024). It can thereby be inferred that tomato fruits 
of a variety with higher rate of ripening produce higher levels of 
oxidative stress quite early and this in turn cause higher induction 
and production of vitamin C at early stage (immature to GM). 
On the other hand, tomato fruits of a variety with slower rate of 
ripening produce lower level of oxidative stress that too little late 
and this in turn causes lower induction and production of vitamin 
C at little later stage (5 to 10 DAH).

Changes in redox state of tomato fruits are related with 
slow- and fast-ripening behaviour: Total glutathione (TG) and 
reduced glutathione (GSH) (Fig. 6a-b) showed distinct pattern 
of change for FRV and SRV. A continuous rise in TG and GSH 
was observed up to 14 days after harvest (DAH) for FRV, while, 
SRV showed increase up to 5 DAH and then decline. TG and 
GSH increased progressively from immature stage to 14 DAH by 
3.4-fold and 4.9- fold, respectively in Pusa Ruby and 2.6-fold and 
3.8-fold, respectively in Pusa Sadabahar (Fig. 6a-b). On the other 
hand, TG increased by 2.7-fold in Pusa Gaurav from immature 
stage to 5 DAH followed by 0.60-fold decline (from 5 to 14 DAH) 
while, Roma showed 2.8-fold increase in TG from immature to 10 
DAH followed by 0.78-fold decline (from 10 to 14 DAH) (Fig. 
6a). Similarly, GSH showed increase from immature to 5 DAH 
in Pusa Gaurav and Roma by 2.8-fold and 2.6-fold, respectively 
followed by decline from 5 to 14 DAH by 0.38-fold and 0.62-fold, 
respectively (Fig. 6b). It was interesting to note that TG and GSH 
increased in fruits of all the varieties during the transition from 
immature to 5 DAH with similarity in pattern for both fast as 
well as slow-ripening varieties (Fig. 6a, b). The association of TG 
and GSH with RI was initially negative (5 DAH) but it changed 
to positive at later stage/s (10 and 14 DAH) (Table 1) indicating 
the importance and role of glutathione in modulation/balancing 
the levels of oxidative stress during fruit ripening. Glutathione is 
already known as an important non-enzymatic anti-oxidant that 
plays important and regulatory role in maintaining cellular redox 
homeostasis via balancing the oxidative stress in tomato plant 
(Ding et al., 2022) and mangofruit (Zhou et al., 2023).

Redox ratio (reduced glutathione to oxidized glutathione, GSH/
GSSG) from immature to 5 DAH was lesser in FRV and higher 
in SRV with contrasting difference among these two groups of 
varieties (Fig. 6c). This trend was however got reversed at 10 
and 14 DAH, as the ratio became significantly higher in FRV 
and lower in SRV. Indicated that GSH was less during initial 
phase of ripening (immature to 5 DAH) in FRV and this may be 
due to higher utilization of GSH due to higher level of oxidative 
stress during this phase (Fig. 6c). On the other hand, higher GSH 
in FRV during late ripening phase (at 10 and 14 DAH) (Fig. 
6b) may be due to lower utilization of GSH as higher level of 
oxidative stress at early phase had already induced the ripening 
and ripening-related changes in an irreversible way (Fig. 6c). 
The reverse of above trend was observed for SRV. In this way, 
contrasting group of varieties showed opposite trends for changes 
in redox ratio (Fig. 6c) supporting the fact that higher oxidative 
stress occurred early (immediately after immature stage and up 

Fig. 5. Vitamin C in tomato fruits of four varieties at different stages of 
ripening. Other details are same as given in foot notes of Fig. 1
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with high oxidative stress at GM stage exhibited lower GSH/
GSSG (or higher GSSG/GSH) in comparison to SRV (Fig. 6c-
d). The involvement of GSH in regeneration of vitamin C and 
in quenching of ROS and thereby maintaining cellular integrity 
and regulation of ripening in tomato was reported by Yan et al. 
(2022). In mango fruit, Zhou et al. (2023) reported an increase in 
GSH and vitamin C along with anti-oxidant enzymes in coping 
up with lipid peroxidation and oxidative damage during the 
progress of ripening.

Tomato fruit ripening is a complex metabolic process associated 
with oxidative stress and modulation of several anti-oxidative 
activities/metabolites to cope up with this stress. This study 
established that alterations in the levels of pigments (chlorophylls, 
carotenoids and lycopene) and non-enzymatic anti-oxidants 
(phenols, flavonoids, vitamin C, and glutathione) are linked 
with the postharvest ripening behaviour of varieties. The 
progressive degradation of chlorophylls and accumulation of 
lycopene in tomato fruits was higher in FRV compared to SRV. 
Most importantly, retention of chlorophyll b in slow-ripening 
varieties suggested for a possible association with delayed 
ripening of tomato fruits. Early increase in non-enzymatic 
anti-oxidants (including lycopene) in fast-ripening fruits serves 
as an acclimatization response against early onset of ripening 
(at green-mature stage). Interestingly, this onset was slightly 
delayed to 5 days after harvest (DAH) or beyond in SRV. The 
glutathione-based redox status of tomato fruits was modulated to 
impart ripening behaviour. Overall, slow-ripening behaviour was 

Fig. 6(a-d). Total glutathione (a), reduced glutathione (b), redox ratio (reduced/oxidized glutathione) (c) 
and oxidized/reduced glutathione (d) in tomato fruits of four varieties at different stages of ripening. Other 
details are same as given in foot notes of Fig. 1
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Table 1. Association (in terms of Pearson’s correlation coefficient, r 
value) between a given parameter and corresponding ripening index (%) 
at a given day after harvest (DAH) across the tomato fruits of different 
variety. 5 days after harvest (DAH), 10 DAH and 14 DAH are the 
postharvest storage period of tomato fruits harvested from the plants at 
GM stage and kept in a dark well-ventilated room maintained at 22 ±1.0 
oC and 90 ±5.0 % RH. The value of r was calculated using replicate-
level observations across the four varieties at a given stage; n = 12. *: 
Indicates that r value is significant at P ≤ 0.05; **: Indicates that r value 
is significant at P ≤ 0.01; NS: Means non-significant
Parameter 5 DAH 10 DAH 14 DAH
Chlorophyll a -0.73* -0.92** -0.94**
Chlorophyll b -0.92** -0.92** -0.90**
Total chlorophylls -0.84** -0.93** -0.94**
Total carotenoids 0.76** 0.77** 0.88**
Lycopene 0.91** 0.85** 0.87**
Lycopene fraction (%) 0.92** 0.91** 0.76**
Vitamin C 0.89** 0.93** 0.91**
Total soluble phenols 0.84** 0.87** 0.85**
Total flavonoids 0.87** 0.91** 0.75**
Total glutathione -0.86** NS 0.95**
Reduced glutathione -0.80** 0.77** 0.97**
Redox ratio (reduced glutathione/
oxidised glutathione)

NS 0.92** 0.99**

Oxidised glutathione/reduced 
glutathione

NS -0.89** -0.99**

to 5 DAH) in FRV and delayed (immediately after 5 DAH and 
up to 14 DAH) in SRV (Fig. 6c). This was further confirmed by 
positive and highly significant correlations between the values 

of redox ratio at 10 and 14 DAH 
and RI (Table 1). The ratio GSSG to 
GSH (Fig. 6d) was just opposite of 
redox ratio so it followed the trend 
just opposite of redox ratio. This 
was also evident from significant 
negative association of GSSG/GSH 
at 10 and 14 DAH with RI (Table 
1). The data thereby highlighted 
the role of cellular redox status of 
tomato fruits of different varieties in 
relation to their ripening behaviour.

Earlier studies have shown that 
GSH levels and the ratio of GSH 
to GSSG are important players in 
maintaining redox balance under 
oxidative environment that prevails 
during the induction and progression 
of fruit ripening in tomato and other 
fruits (Yan et al., 2022). Our results 
showed that FRV are marked with 
maximum oxidative stress at around 
GM stage of fruits as evident in 
terms of higher ratio of GSSG to 
GSH (Fig. 6d). It was documented 
by García-Quirós et al. (2020) that 
lower redox ratio (GSH/GSSG) 
accelerated flower senescence in 
Arabidopsis. Since, fruit ripening 
is also a senescence process and 
therefore fast-ripening tomato fruits 
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conferred to tomato fruits by slower degradation of chlorophyll b, 
reduced accumulation of carotenoids, lycopene, vitamin C, TSP 
and TF and altered redox ratio (higher at green-mature stage to 
5 DAH and lower at 5 DAH to 14 DAH). It can be inferred that 
apart from ethylene, timing and response shown by anti-oxidants 
towards the oxidative stress that accompany with initiation of 
ripening also play regulatory role in imparting fast- and slow-
ripening behaviour to tomato fruits of different varieties

Acknowledgement
Authors wish to convey sincere thanks to lndian Council of 
Agricultural Research (ICAR), Department of Agricultural 
Research and Education (DARE), Government of lndia for 
financially supporting the research work carried out at Division of 
Plant Physiology, Indian Agricultural Research Institute (IARI), 
New Delhi, India.

References
Arabia, A., S. Munne-Bosch and P. Munoz, 2024. Ascorbic acid 

as a master redox regulator of fruit ripening.  Postharvest Biol. 
Technol., 207: 112614.

Cordoba, M.G., P. Nevado, E. Aranda, A. Ciruelos and M.J. Mediero, 
2003. Comparative study of the pigment content of different crop 
cycle tomato varieties for industry. Acta Hortic., 613: 407-409.

Decros, G., T. Dussarrat, P. Baldet, C. Cassan, C. Cabasson, M. Dieuaide‐
Noubhani, A. Destailleur, A. Flandin, S. Prigent, K. Mor and S. 
Colombié, 2023. Enzyme‐based kinetic modelling of ASC–GSH 
cycle during tomato fruit development reveals the importance of 
reducing power and ROS availability. New Phytol., 240(1): 242-257.

Ding, F., C. Wang, S. Zhang and M. Wang, 2022. A jasmonate-responsive 
glutathione S-transferase gene SlGSTU24 mitigates cold-induced 
oxidative stress in tomato plants. Sci. Hortic., 303: 111231.

García-Quiros, E., J.D.D. Alche, B. Karpinska and C.H. Foyer, 2020. 
Glutathione redox state plays a key role in flower development and 
pollen vigour. J. Exp. Bot., 71(2): 730-741.

Ghorbani, Z., M.K. Saba, and S. Mansouri, 2025. Preserving postharvest 
quality and mitigating chilling injury in tomatoes through folic acid 
treatment. Postharvest Biol. Technol., 228: 113669.

Gorfer, L.M., L. Vestrucci, V. Grigoletto, V. Lazazzara, A. Zanella, P. 
Robatscher, M. Scampicchio and M. Oberhuber, 2022. Chlorophyll 
breakdown during fruit ripening: Qualitative analysis of phyllobilins 
in the peel of apples (Malus domestica Borkh.) cv. ‘Gala’ during 
different shelf-life stages. Food Res. Int., 162 (Part B): 112061.

Guyer, L., S.S. Hofstetter, B. Christ, B.S. Lira, M. Rossi and S. 
Hortensteiner, S, 2014. Different mechanisms are responsible for 
chlorophyll dephytylation during fruit ripening and leaf senescence 
in tomato. Plant Physiol. 166(1), 44-56.

Ilahy, R., C. Hdider, M.S. Lenucci, I. Tlili and G. Dalessandro, 2011. 
Phytochemical composition and anti-oxidant activity of high-
lycopene tomato (Solanum lycopersicum L.) cultivars grown in 
Southern Italy. Sci. Hortic., 127(3): 255-261.

Jones, J.B. Jr. 2008. Tomato plant: Culture in the field, greenhouse and 
home garden. 2nd edn. CRC Press, Taylor and Francis Group, London.

Kapoor, L., A.J. Simkin, C. George Priya Doss and R. Siva, 2022. 
Fruit ripening: dynamics and integrated analysis of carotenoids and 
anthocyanins. BMC Plant Biol., 22(1): 1-27.

Lenucci, M.S., D. Cadinu, M. Taurino, G. Piro, and G. Dalessandro, 
2006. Anti-oxidant composition in cherry and high-pigment tomato 
cultivars. J. Agric. Food Chem., 54(7): 2606-2613.

Loggini, B., A. Scartazza, E. Brugnoli, and F. Navari-Izzo, 1999. Anti-
oxidative defence system, pigment composition, and photosynthetic 
efficiency in two wheat cultivars subjected to drought. Plant Physiol., 
119: 1091–1099.

Macheka, L., E.J. Spelt, E.J. Bakker, J.G. van der Vorst, and P.A. 
Luning, 2018. Identification of determinants of postharvest losses 
in Zimbabwean tomato supply chains as basis for dedicated 
interventions. Food Control, 87: 135-144.

Paul, V. and R. Pandey, 2016. Internal atmosphere of fruits: role and 
significance in ripening and storability. p. 359-412. In: Postharvest 
Ripening Physiology of Crops. Series: Innovation in Postharvest 
Technology, S. Pareek (ed.). CRC Press, Taylor and Francis Group

Paul, V. and R. Pandey, 2013. Delaying tomato fruit ripening by 
1-methylcyclopropene (1-MCP) for better postharvest management: 
Current status and prospects in India. Indian J. Plant Physiol., 18: 
195-207.

Paul, V., A. Arora and G.C. Srivastava, 2005. Plant Senescence Process 
and Productivity. p. 215-236. In: Plant Molecular Physiology, P.C. 
Trivedi (ed.). Aavishkar Publisher, Jaipur, Rajasthan, India

Paul, V., R. Pandey and G. C. Srivastava, 2010. Ripening of tomato 
(Solanum lycopersicum L.). Part II: Regulation by its stem scar 
region. J. Food Sci. Technol., 47: 527-533.

Paul, V., L. Sharma, R. Kumar, R. Pandey and R.C. Meena, 2017. 
Estimation of chlorophyll/photosynthetic pigments – Their stability 
is an indicator of crop plant tolerance to abiotic stresses. p 8-13. 
In: Training Manual of ICAR Sponsored Training Programme on 
“Physiological Techniques to Analyze the Impact of Climate Change 
on Crop Plants” V. Paul, M.P. Singh, and R. Pandey (eds.). Division 
of Plant Physiology, IARI, New Delhi.

Pilkington, S.M., M. Montefiori, P.E. Jameson and A.C. Allan, 2012. 
The control of chlorophyll levels in maturing kiwifruit. Planta., 236: 
1615-1628.

Ramesh, K.V., V. Paul, and R. Pandey, 2021. Dynamics of mineral 
nutrients in tomato (Solanum lycopersicum L.) fruits during ripening: 
part II - off the plant. Plant Physiol. Rep., 26: 284-300.

Kang, R., Z. Yu and Z. Lu, 2005. Effect of coating and intermittent 
warming on enzyme, soluble pectin substances and ascorbic acid 
of Prunus perscia (cv zhonguastioutao) during refrigerated storage. 
Food Res. Int., 38: 331-336.

Sharma, L., R. Kumar, V. Paul, R. Pandey and M.K. Lal, 2024. Purple 
tomato - Importance and scope: A Review. Agric.  Rev., 45 (3): 
464-471.

Sharma, L., K.V. Ramesh, V. Paul, and R. Pandey, 2020. Ripening index: 
A better parameter for colour-based assessment of ripening behaviour 
of tomato fruits. Plant Physiol. Rep., 25: 171–177.

Toor, R.K. and G.P. Savage, 2005. Anti-oxidant activities in different 
fractions of tomato. Food Res. Int., 38: 487-494.

Wang, Z.F. and T.J. Ying, 2005. Characteristic of fruit ripening in tomato 
mutant epi. J. Zhejiang Univ. Sci., 6(B): 502-507.

Wei, W., Z. Liu, X. Pan, T. Yang, C. An, Y. Wang, L. Li, W. Liao, and C. 
Wang, 2025. Effects of reactive oxygen species on fruit ripening and 
postharvest fruit quality. Plant Sci., 352: 112391 (1-9).

Yan, R., S. Li, Y. Cheng, M. Kebbeh, C. Huan, and X. Zheng, 2022. 
Melatonin treatment maintains the quality of cherry tomato by 
regulating endogenous melatonin and ascorbate‐glutathione cycle 
during room temperature. J. Food Biochem., 46(10): e14285.

Zheng, C., J.P. Chen, X.W. Wang, and P. Li, 2025. Reactive 
oxygen species in plants: Metabolism, signaling, and oxidative 
modifications. Antioxidants., 14(6): 617.

Zhou, Y., J. Liu, Q. Zhuo, K. Zhang, J. Yan, B. Tang, X. Wei, L. Lin 
and K. Liu, 2023. Exogenous glutathione maintains the postharvest 
quality of mango fruit by modulating the ascorbate-glutathione cycle. 
PeerJ., 11: e15902.

Received: September, 2025; Revised: November, 2025;  
Accepted: November, 2025

104	 Changes in redox status of tomato fruit and ripening-behaviour of tomato varieties	  


