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ABSTRACT

It was found that the taste and quality of tomato fruit can significantly depend on the cultivar, growing con-
ditions, fruit maturity stage, and post-harvest treatments. This study aimed to compare the effects of growing
conditions, such as the use of diffusion glass and LED supplementary light (LED+D), with diffusion and stan-
dard glass and HPS lamps (HPS+D; HPS) on the quality and post-harvest shelf life of pink tomato fruit cv.
“Tomimaru Muchoo F1’ in relation to fruit maturity stage and storage temperature. Fruits were harvested at
three ripening stages — mature green (MG), breaker (B) and fully ripe (FR). Fruits of each maturity stage were
stored under controlled conditions in a cold store at 12 °C for MG and B fruits and at 6 °C for FR fruits (at 85%
relative humidity), and 20 °C for all ripening stages (at about 50% relative humidity). Physiological weight
loss, dry weight, hardness of fruit, fruit color (L*, a*, b*, a*/b*), total soluble solids, total sugars, ascorbic acid,
titratable acidity, pH, lutein, lycopene, a-carotene, -carotene were determined. Pink tomato fruits harvested
from LED-lighted plants in combination with diffusion glass showed the highest shelf life and post-harvest
quality compared to fruits from HPS-lighted plants and HPS-lighted crops in combination with diffusion glass.
Stored pink tomato fruits from the LED+D combination were characterized by significantly higher total sugars,
vitamin C and B-carotene content than fruits from the combination HPS and HPS+D. Tomato fruits, regardless
of the maturity stage, at 20 °C had higher fresh weight loss and lower fruit firmness during storage compared to
those stored at lower temperatures. Pink tomato fruits stored in higher temperature colored faster and contained
a higher concentration of components such as total soluble solids or ascorbic acid and carotenoids.

Keywords: harvesting stage, storage duration, physiological weight loss, total sugars, ascorbic acid, carotenoids

INTRODUCTION

Growing vegetables under protected conditions Light is a key environmental factor affecting the
makes it possible to obtain a high yield of vegetables  crop yield’s size and quality. Intensive production of
of predictable quality. This applies to crops grown crops under protected conditions is limited by insuf-
throughout the year, regardless of the conditions in  ficient quantity and quality of sunlight throughout the
a given climatic zone. year. Therefore, in modern, year-round greenhouse
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facilities, to optimize light conditions, applications in-
clude such solutions as diffusion glass for covering the
roof slopes of greenhouses and lamps for assimilation
lighting. Light intensity and its quality and distribution
in the plant canopy play an important role in the phys-
iological and biochemical processes of the plant, and
this is reflected in the volume and quality of the yield
[Li et al. 2014a, Guo et al. 2016, Kumar et al. 2016,
Zhang et al. 2019].

The results of many studies have proven the bene-
ficial effect of diffused light on the cultivation of both
vegetables and ornamental plants [Hemming et al.
2008, Dueck et al. 2012, Li et al. 2014b]. According
to Holsteens et al. [2020], in tomato cultivation, the
beneficial effect of diffused light (due to the use of dif-
fusion glass) depends on the season, plant density in
the facility and plant architecture.

Assimilation lighting with both HPS and LED
lamps increases vegetable yield compared to crops
that are not lighted. Moreover, the use of supplemental
LED inter-row lighting in crops at high plant densities
increases the productivity of vegetable crops [Goémez
and Mitchell 2016, Appolloni et al. 2021]. The result
of such lighted production is also affected by the qual-
ity of the light.

Solid-state lighting using light-emitting diodes
(LEDs) represents a technology fundamentally differ-
ent from the gas discharge lamps traditionally used in
horticulture. As a result of conducting many studies on
the effects of light wavelengths on the growth, yield
and nutritional quality of greenhouse vegetables, it can
be concluded that red, blue and green light are the main
light colors that positively affect the yield, growth and
nutritional quality of crops. Other light colors, such as
far red, orange light and UVA light, are also beneficial
[Olle and Virsile 2013, D’Souza et al. 2015, Olle and
Alsina 2019]. Many papers have reported the bene-
fits of supplementary lighting of tomatoes with blue
light and far-red light [Kim et al. 2020, Appolloni et
al. 2021].

Tomatoes are one of the most widely grown vege-
tables in the world, and fruits are prized for their flavor
and nutritional value. Tomatoes contain soluble sug-
ars and organic acids and are rich in vitamins, flavo-
noids, carotenoids, polyphenols, amino acids, mineral
salts and other bioactive compounds [Garbowicz et al.
2018, Liu et al. 2018]. Eating tomatoes can prevent
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cancer and other civilization diseases and offer great
health benefits [Lenucci et al. 2006].

The pink-fruited tomato is very popular in Cen-
tral and Eastern European countries. It is valued by
consumers primarily for its very good taste and aroma
[Kim et al. 2021].

It was found that the taste and quality of tomato
fruit can significantly depend on the cultivar, growing
conditions, fruit maturity stage, and post-harvest treat-
ments [Li et al. 2019, Zeng et al. 2022]. In addition,
the high post-harvest quality of tomato fruit is highly
desirable and depends on many factors, from the cul-
tivar to the growing conditions, as well as the method
and length of storage [Khairia et al. 2015]. The stage
of ripeness at which the tomato fruit is harvested also
has a very great influence on its post-harvest quality.
According to Al-Gaadi et al. [2024], tomato fruits can
be stored at 12 °C temperature for up to 20-24 days
without negative effects on fruit quality. However,
there are still few reports on the storage of pink toma-
to fruit.

The aim of the current study was to compare the
effects of growing conditions, such as the use of dif-
fusion glass and LED supplementary light, compared
to cultivation in a greenhouse with standard glass and
HPS lamp on the quality and post-harvest shelf life of
pink tomato fruit in relation to fruit maturity stage and
storage temperature.

MATERIALS AND METHODS

Location of research. Tomatoes were grown under
controlled conditions at the Greenhouse Experimen-
tal Center of the Warsaw University of Life Sciences
(21°E, 51°15'N) at the Institute of Horticultural Sci-
ences in the Department of Vegetable and Medicinal
Plants. The research was conducted in three green-
house chambers, each with a usable area of about
40 m?. Chamber 1 (control, HPS), in the roof area, was
covered with typical greenhouse glass and equipped
with overhead lighting, standard for plant assimilation
lighting, and HPS lamps (Gavita GAN 400 W), 24 per
chamber. Chamber 2 (HPS+D), in the roof section,
was covered with diffusion glass and equipped with
upper lighting of HPS lamps (Gavita GAN 400 W),
24 per chamber. Chamber 3 (LED+D), in the roof sec-
tion, was covered with diffusion glass-like chamber 2
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and equipped with top and inter-row LED lamps. Top
lighting was provided by Philips Green Power LED
lamps (DR/W — LB, 195 W) with 24 units, emitting
220 umol m=2 s! PPFD (photosynthetic photon flux
density) and two lines of inter-row LED lamps, each
emitting 50 pmol m~ s™' PPFD Philips Green Power
LED (2.5 m HO DR/B 100 W modules) with 18 units
per chamber. In each chamber, PAR (photosynthetical-
ly active radiation) light conditions were maintained
at one level, about ~320 pmol m2 s! PPFD. The plants
were lighted 16 hours a day. The climate computer au-
tomatically turned off the LED lamps and HPS over-
head lighting at the current solar radiation of 300W/m?.
The inter-row lighting lamps were on for 16 hours
per day regardless of the current solar radiation. The
CO, concentration in the chamber was maintained at
800 ppm.

Plant material. Pink tomatoes, cultivar ‘Tomimaru
Muchoo F’ of Dutch breeder De Ruiter Seeds, cur-
rently branded by Bayer, were grown in chambers in
Rockwool mats (Cutilene, Rijen, Holland). Tomato
plant seedlings were planted on 17 September 2020 in
each chamber in three rows at a density of 3.15 shoots
per m? of usable area. For the fertigation of plants with
a capillary system, a 100-times concentrated nutrient
solution in tanks prepared from single fertilizers of
Yara Poland Ltd. was used. The working medium was
prepared and dosed using a computer with a fertiliz-
er mixer with automatic control of the pH and EC of
the medium. Fruits were harvested twice a week. The
study aimed to evaluate the post-harvest quality of pink
tomato fruits cultivated under different lighting con-
ditions. This included comparing tomatoes grown in
a facility with standard greenhouse glass illuminated
by HPS lamps (HPS) to those grown with HPS light-
ing in a facility featuring diffusion glass (HPS+D).
Additionally, tomatoes were grown using LED light-
ing from above and between the rows, where tradi-
tional glass in the facility was also replaced by diffu-
sion glass (LED+D). The data were collected during
the full fruiting stage of the plants in the Sth week of
the year.

The method of choosing the fruit to be investi-
gated. Fruits were harvested at three ripening stages
(mature green — MG; breaker, the color of fruits chang-
es from green to red — B; and fully ripe — FR), at least
six fruits from three different plants (three biological
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replicates) for each combination. Fruits were placed
in openwork plastic boxes. Tomato fruits of each ma-
turity stage were stored under controlled conditions
in a cold store at two temperatures. The lower tem-
perature was 12 °C for MG and B fruits and 6 °C for
FR fruits (at 85% relative humidity), while the higher
temperature was 20 °C room temperature for all ripen-
ing stages (at about 50% relative humidity). MG and
B fruits were tested after 1, 2 and 3 weeks of storage
and FR after 1 and 2 weeks of storage. Analyses of
the physical and chemical parameters of the fruit were
performed in each combination of three replicates

Analysis of physical parameters. Physiological
weight losses were calculated by weighing fruit from
each combination and repetition, recording the initial
weight. For three consecutive weeks of storage, fruits
were weighed on a laboratory scale to two decimal
places. Percentage weight loss was calculated as fol-
lows [Rab et al. 2013] and parameter physiological
weight loss (PWL) was expressed in %.

Weight ~ Weight
Per.cent _ _of fresh fruit after storage % 100%
weight loss Weight of fresh fruit

Plant dry matter content was determined by drying
fruit samples in an oven at 105 °C for 24 h. Dry weight
(DW) was expressed in %.

Hardness was measured on three randomly select-
ed fruits using the HPE hardness tester with a 5 mm
shank diameter at a 90° angle to the fruit, averaging
the result from three measurements: at the stem end,
at the center of the fruit, and at the blossom end. The
results were given on the HPE scale from 0—100 units.
The hardness of fruit (H) was also expressed on the
HPE scale.

Fruit color was measured using a MiniScan XE
PLUS D/8-S portable reflected light color spectro-
photometer on the CIE Lab scale. For the red color
share (a*), positive values of the coordinate refer to
red color share, negative values refer to green color
share. For the yellow color share (b*), positive values
of the coordinate refer to yellow color share and neg-
ative values refer to blue color share. The coloration
index (a*/b* ratio) and L* brightness were determined
on a scale from 0 (black) to 100 (white) [Lopez Came-
lo and Gomez 2004].
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Analysis of chemical parameters

Total soluble solids (TSS) were determined by re-
fractometric method using a digital refractometer (Han-
na Instruments HI-96800), giving the result in °Brix.

Total sugar content (TS) measured with the
Luff-Schoorl method [Gormley and Maher 1990] was
expressed in %.

Ascorbic acid content (AA) was measured using
Tillman’s method [Ac¢amovi¢-Djokovi¢ et al. 2011]
and expressed in mg 100 g'.

Titratable acidity (TA) was obtained by titrating
5 mL of tomato juice with 0.1 N NaOH up to pH 8.1.
TA was expressed in %.

Potentiometric acidity (pH) using the method in-
volves measuring the electromotive force of a cell
consisting of a glass electrode (indicator electrode)
and a reference electrode (reference electrode) im-
mersed in a test solution (pH meter by HANNA In-
struments model HI2211).

Lutein, lycopene, a-carotene and B-carotene con-
tent were measured by the HPLC method. Samples
(I g FW) were ground with Na,CO, (50 : 1 w/w ra-
tio, Merck Darmstadt, Germany), quartz sand and
15 mL of cold acetone (—4 °C) in limited lighting con-
ditions. The extracts were filtered into 50 mL volumet-
ric flasks, filled with cold acetone and centrifuged for
10 minutes at 15,000 rpm at 4 °C (Centrifuge 5430R,
Eppendorf, Hamburg, Germany). The supernatant was
also filtered through a hydrophobic PTFE 25 mm X
0.22 pm syringe filter (Supelco IsoDisc, Supelco An-
alytical, Bellefonte, USA). The separation was exe-
cuted on Shimadzu Prominence HPLC, equipped with
two pumps LC-20AD, auto-sampler SIL-20AC HT,
column oven CTO-10AS VP, diode-array UV/VIS
detector SPD-M20A and LC solution 1.21 SP1 chro-

Table 1. HPLC-DAD validation parameters (n = 6)

matography software (Shimadzu, Kyoto, Japan), using
ODS 2.6 pm solid-core, 100 x 4.60 mm column (Ki-
netex™, Phenomenex®, Torrance, USA) and metha-
nol (for HPLC >99.9% Merck, Darmstadt, Germany)
as a mobile phase with isocratic elution at a flow rate
of 1.4 mL - min™' (Tab. 1). The injection volume was
5 pL. The column temperature was set at 30 °C. The
detection UV wavelength was set at 430 nm for chlo-
rophyll a, 445 nm for lutein and a-carotene, 450 nm for
B-carotene, and 470 nm for chlorophyll b. Compounds
were identified by retention time as well as UV-spectra
(190-450 nm) comparison with standards. The con-
tent of the determined compounds was expressed in
mg 100 g fresh weight.

Statistical analysis. The data were subjected to
analysis of variance (ANOVA) using Statistica 13.3
software. The differences between means of combi-
nations were evaluated by post hoc Tukey’s honest-
ly significant difference (HSD) test. The means were
considered to be significantly different at p < 0.05.

RESULTS

Physical properties of fruit: physiological weight loss
(PWL), dry weight (DW), hardness and color

After one week of storage of ‘Tomimaru Muchoo
F’ pink tomato fruits, whether harvested at the fully
ripe, mature green or breaker fruit stages, there were
no significant differences in the amount of physio-
logical weight loss depending on growing conditions
(HPS, HPS+D, LED+D) or post-harvest storage tem-
perature (Tab. 2-5). For mature green fruit, weight loss
(PWL) after one week of storage ranged from 2.60%
to a maximum of 3.26% (Tab. 2), and for breaker fruit,
from 1.7% to 2.37% (Tab. 3).

Precision  Precision

. . Calibration R? Linear range LOD LOQ

Compound ¢ intra-day  inter-day equation (n=6) (ng - mL) (e L) (ug- LY
R V%) (CV%) q g pe g
Lutein 0.75 0.51 0.95 y=10319.0 x + 159.5 0.999 0.51-10.15 0.54 1.79
Chlorophyll b 1.27 0.48 0.79 y=5109.2 x +499.8 0.999 1.40-28.00 0.13 0.43
Chlorophyll a 1.80 0.53 0.98 y=32224x+128.6 0.999 1.31-26.11 0.98 3.29
a-carotene 3.30 0.40 0.69 y=28077.9x—-43.7 0.999 30.81-3081.00 0.86 2.88
B-carotene 3.75 0.23 0.54 y=4394.0x—-111.0 0.999 44.70-4470.00 1.04 349
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Table 2. Influence of growing conditions on selected quality parameters of the mature green (MG) fruits of pink tomato
cultivar ‘Tomimaru Muchoo’ stored at 12 °C and 20 °C for one, two and three weeks

Storage 12 °C 20 °C
Parameter Unit period
(week) HPS HPS+D LED+D HPS HPS+D LED+D
Physiological 1 2.37 ns* 2.08 ns 1.70 ns 1.93 b* 230 a 2.10 ab
weight loss % 2 3.54 ab 4.16 a 2.62b 4.19 ns 4.46 ns 4.27 ns
(PWL) 3 6.15 ns 5.22 ns 5.93 ns 6.68 ns 6.92 ns 6.30 ns
Dry weight 1 4.17b 4.80 ab 524 a 4.82 ns 5.09 ns 4.72 ns
(DW) % 2 5.50 ns 5.00 ns 5.62 ns 5.70 ab 493 b 593 a
3 5.40 ns 5.57 ns 5.46 ns 4.95 ns 5.40 ns 5.33 ns
Hardness HPE 1 41.83 b 49.12 a 47.05 a 36.43 ab 3432b 39.73 a
(H) scale 2 35.18 ns 36.55 ns 36.47 ns 30.02 ab 32.65a 27.13b
3 30.58 a 3142 a 27.67b 22.93 ns 22.40 ns 21.00 ns
1 46.29 ns 46.47 ns 43.43 ns 41.92 ns 41.41 ns 42.57 ns
L* 2 43.00 ns 41.73 ns 42.52 ns 40.28 ns 39.10 ns 38.76 ns
3 4191 a 41.83 a 40.00 b 41.13 ns 39.59 ns 39.34 ns
1 19.03 ns 18.95 ns 19.86 ns 24.00 ns 23.78 ns 22.24 ns
a* 2 22.39 ns 21.55 ns 21.90 ns 24.59 ns 24.58 ns 24.36 ns
3 22.67 ns 22.59 ns 22.27 ns 23.73 ns 23.67 ns 22.56 ns
1 16.34 ns 16.35 ns 16.69 ns 16.07 ns 16.17 ns 15.81 ns
b* 2 17.86 ns 17.57 ns 17.54 ns 18.41 ns 17.82 ns 17.50 ns
3 18.19 ns 18.51 ns 17.35 ns 19.29 ns 19.28 ns 18.23 ns
1 1.16 ns 1.16 ns 1.19 ns 1.49 ns 1.47 ns 1.41 ns
a*/b* 2 1.25 ns 1.23 ns 1.25 ns 1.34 ns 1.37 ns 1.40 ns
3 1.25 ns 1.22 ns 1.28 ns 1.23 ns 1.24 ns 1.24 ns
Total soluble 1 433 b 440 b 477 a 447 b 473 a 443 b
solids °Brix 2 447 b 423 ¢ 4.60 a 433 b 4.10c¢ 4.63 a
(TSS) 3 4.50 ns 4.57 ns 4.53 ns 4.30 ns 4.40 ns 4.50 ns
| % 1 1.87 ns 1.86 ns 2.19 ns 1.79 b 222 a 2.19 a
(TTO:; sugars 2 2.12b 2.02b 2542 2.14 b 1.99 b 2.52a
3 1.81 ns 1.79b 1.89 ns 1.79 ab 1.69b 1.92 a
Ascorbic ] 4 1 16.76 b 16.39 b 20.71 a 21.09 ns 19.82 ns 20.00 ns
acid me égg £ 2 2027 b 16.76 ¢ 2377 a 23.84 b 19.97 ¢ 30.70 a
(AA) 3 21.16 b 20.86 b 26.82 a 2831 ¢ 30.16 b 3293 a
Titratable 1 0.70 b 0.75 a 0.64 ¢ 0.65 ns 0.61 ns 0.59 ns
acidity % 2 0.57 a 0.53 ab 0.52b 0.47 ab 0.50 a 045D
(TA) 3 0.49 na 0.53 ns 0.49 ns 0.42 ab 0.44 a 041b
1 431 ns 4.32 ns 4.36 ns 4.39 ns 4.40 ns 4.39 ns
pH 2 4.44 b 4.50 a 4.40 c 4.54 ns 4.50 ns 4.53 ns
3 4.48 ns 4.48 ns 4.44 ns 4.55 ns 4.59 ns 4.55 ns
_ 0 1 0.039 ab 0.035b 0.048 a 0.043 a 0.031b 0.046 a
Lutein me é(\);g & 2 0.047 a 0.032 b 0.036 b 0.039ns  0.045 ns 0.040 ns
3 0.028 b 0.028 b 0.038 a 0.030 b 0.0268 ns 0.046 ns
) 0 1 5.35 ns 6.36 ns 5.27 ns 4.54 ab 476 a 393b
Lycopene & égg £ 2 8.33a 2.66 ¢ 6.30 b 7.14 ns 6.61 ns 7.15 ns
3 235¢ 5.76 a 4.03 b 4.10 ns 3.48 ns 5.99 ns
) O 1 0.057 ns 0.073 ns 0.064 ns 0.048 a 0.035b 0.036 b
a-carotene & %%8 £ 2 0.071 a 40 ¢ 0.055 b 0.027 ¢ 0.038 b 0.045 a
3 0.041 ns 0.022 ns 0.048 ns 0.022 ns 0.022 ns 0.032 ns
_ o 1 1.03 ns 1.15 ns 1.10 ns 0.80b 0.55¢ 097 a
B-carotene & é(\);g & 2 122 a 0.75 ¢ 0.95b 0.64 b 0.64 b 0.82a
3 0.99 a 0.77 b 1.02 a 0.41 ns 0.34 ns 0.77 ns

*Average values in the same row marked with ns or marked with the same letters are not significantly different within the analyzed parameter
atp <0.05
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Fruits harvested at the fully ripe stage, already after
one week of storage, had a higher weight loss when
stored at 20 °C compared to 6 °C. Weight losses for
these fruits after one week of storage were 1.23% for
20 °C, compared to 0.55% for 6 °C. After two weeks
of storage, the losses increased to 3.48% and 1.23%,
respectively (Tab. 4).

Fruits harvested at the mature green stage from
plants lighted by sodium lamps, which grew in
a greenhouse where the roof was covered with diffu-
sion glass and which were stored at 20 °C, had the
highest weight losses after two weeks and three weeks
of storage, compared to other combinations (Tab. 2).

The dry weight of tomato fruit increased during
storage, especially for fruit harvested at the fully ripe
stage and stored for more than a week (Tab. 4). A sim-
ilar trend was found for longer-stored fruit harvested
at the breaker fruit stage (Tab. 3).

Fruit hardness, regardless of the maturity stage
of the fruit, was already significantly lower after one
week of storage for fruit stored at higher temperatu-
res and decreased with the length of the storage
(Tab. 2-4).

The color characteristics of tomato fruit in the CIE
Lab scale for the L* parameter (lightness) for the ma-
ture green fruit did not change significantly during
storage, regardless of the combination. On the other
hand, a significantly lower value of L* was found
during subsequent weeks of storage for mature green
fruit (Tab. 2). The greatest changes in the value of the
L* parameter for breaker fruit were found between the
first and second week of storage in the combinations
of HPS at 12 °C, HPS+D at 12 °C, and LED+D at
20 °C (Tab. 3). On the other hand, fully ripe fruit
stored for one and two weeks showed no significant
difference in skin lightness determined by the L* pa-
rameter (Tab. 4). The red color parameter a* for ma-
ture green fruit stored for one week took negative val-
ues in the combination of HPS at 12 °C and LED+D
at 12 °C. In subsequent weeks of storage, the inten-
sity of the red color was similar in all combinations
(Tab. 2). Already after one week of storage of the
breaker fruit at a higher temperature (20 °C), regard-
less of the combination, the red color parameter a*
was higher than for fruit stored at 12 °C. In the sub-
sequent second and third weeks of storage of breaker
fruit, the red color parameter for skin color was similar
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for all combinations, regardless of storage temperature
(Tab. 3). For fully ripe fruit, the a* parameter was
also similar for all combinations, regardless of tem-
perature and storage time, and ranged from 22.96 to
25.39 (Tab. 4). In the stored breaker fruit, after three
weeks of storage in combinations of HPS at 20 °C and
HPS+D at 12 °C and 20 °C, there was a significant
increase in yellow color (parameter b*) compared to
breaker fruit from these combinations and stored for
one week (Tab. 3). The color index a*/b* increased
the most for mature green fruit stored for more than
a week (Tab. 2). In contrast, a*/b* index values were
found to decrease for fully ripe fruit stored for two
weeks in the combination of HPS at 6 °C.

Analysis of chemical parameters

Total soluble solids (TSS), total sugars (TS), ascor-
bic acid (AA), titratable acidity (TA), pH. After one
week of storage, mature green fruit from the combina-
tion of HPS+D at 12 °C and LED +D at 20 °C showed
a higher proportion of soluble components in cell juice
(TSS) than other fruit. Such differences were not found
for the fruit TS content. However, after two weeks of
mature green fruit storage, an increase in the accumu-
lation of TSS and TS was found for the fruit from the
combinations of HPS at 20 °C, HPS+D at 20 °C, and
LED+D at 12 °C, and in the following week (3rd) of
storage, a decrease in TSS was noted in fruit stored at
a higher temperature (20 °C) compared to fruit stored
for two weeks at this temperature. In contrast, there
was no significant decrease in TS in these fruits after
three weeks of storage (Tab. 2).

The highest TSS content after one week of storage
of breaker fruit was found for the fruit from the com-
binations of HPS+D at 20°C and LED+D at 12 °C. On
the other hand, breaker fruit from the combination of
HPS stored at 20 °C showed the lowest content of TS
(Tab. 3).

Fruits harvested at fully ripe stage, after one week
of storage, showed the highest TSS in the combination
of LED+D at 20 °C, and after two weeks of storage,
the amount of TSS in the fruit from the combination of
HPS at 6°C and LED+D at 6 °C increased. At the same
time, the total sugar content increased in these fruits.
There were also high TSS and TS contents in fully ripe
fruit from LED+D conditions and a storage tempera-
ture of 20 °C (Tab. 4). Mature green fruit from the
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Table 3. Influence of growing conditions on selected quality parameters of the breaker (B) fruits of pink tomato cultivar
‘Tomimaru Muchoo’ stored at 12 °C and 20 °C for one, two and three weeks

Storage 12°C 20 °C
Parameter Unit period
(week) HPS HPS+D LED+D HPS HPS+D LED+D
Physiological 1 2.37 ns* 2.08 ns 1.70 ns 1.93b 2.30a 2.10 ab
weight loss % 2 3.54 ab 4.16 a 2.62b 4.19 ns 4.46 ns 4.27 ns
(PWL) 3 6.15 ns 5.22 ns 5.93 ns 6.68 ns 6.92 ns 6.30 ns
Dry weight % 1 4.17b 4.80 ab 524 a 4.82 ns 5.09 ns 4.72 ns
(DW) 2 5.50 ns 5.00 ns 5.62 ns 5.70 ab 493 b 593 a
3 5.40 ns 5.57 ns 5.46 ns 4.95 ns 5.40 ns 5.33 ns
Hardness HPE 1 41.83 b 49.12 a 47.05a 36.43 ab 3432b 3973 a
(H) scale 2 35.18 ns 36.55 ns 36.47 ns 30.02 ab 32.65a 27.13 b
3 30.58 a 3142 a 27.67 b 22.93 ns 22.40 ns 21.00 ns
1 46.29 ns 46.47 ns 43.43 ns 41.92 ns 41.41 ns 42.57 ns
L* 2 43.00 ns 41.73 ns 42.52 ns 40.28 ns 39.10 ns 38.76 ns
3 4191 a 41.83 a 40.00 b 41.13 ns 39.59 ns 39.34 ns
1 19.03 ns 18.95 ns 19.86 ns 24.00 ns 23.78 ns 22.24 ns
a* 2 22.39 ns 21.55 ns 21.90 ns 24.59 ns 24.58 ns 24.36 ns
3 22.67 ns 22.59 ns 22.27 ns 23.73 ns 23.67 ns 22.56 ns
1 16.34 ns 16.35 ns 16.69 ns 16.07 ns 16.17 ns 15.81 ns
b* 2 17.86 ns 17.57 ns 17.54 ns 18.41 ns 17.82 ns 17.50 ns
3 18.19 ns 18.51 ns 17.35 ns 19.29 ns 19.28 ns 18.23 ns
1 1.16 ns 1.16 ns 1.19 ns 1.49 ns 1.47 ns 1.41 ns
a*/b* 2 1.25 ns 1.23 ns 1.25 ns 1.34 ns 1.37 ns 1.40 ns
3 1.25 ns 1.22 ns 1.28 ns 1.23 ns 1.24 ns 1.24 ns
Total soluble . 1 433 b 440 b 477 a 447b 473 a 443 b
solids (TSS) °Brix 2 447b 423 ¢ 4.60 a 433b 4.10 ¢ 4.63 a
3 4.50 ns 4.57 ns 4.53 ns 4.30 ns 4.40 ns 4.50 ns
Total sugars 1 1.87 ns 1.86 ns 2.19 ns 1.79 b 222 a 2.19 a
(TS) % 2 2.12b 2.02b 2.54 a 2.14b 1.99 b 2.52a
3 1.81 ns 1.79 b 1.89 ns 1.79 ab 1.69 b 1.92 a
Ascorbic acid mg100 g! 1 16.76 b 16.39 ef 20.71 a 21.09 ns 19.82 ns 20.00 ns
(AA) FW 2 20.27 b 16.76 ¢ 2377 a 23.84 b 1997 ¢ 30.70 a
3 21.16 b 20.86 b 26.82 a 2831 ¢ 30.16 b 3293 a
Titratable 1 0.70 b 0.75 a 0.64 ¢ 0.65 ns 0.61 ns 0.59 ns
acidity (TA) % 2 0.57 a 0.53 ab 0.52b 0.47 ab 0.50 a 045D
3 0.49 na 0.53 ns 0.49 ns 0.42 ab 0.44 a 041b
1 431 ns 4.32 ns 4.36 ns 4.39 ns 4.40 ns 4.39 ns
pH 2 4.440b 450 a 4.40 ¢ 4.54 ns 4.50 ns 4.53 ns
3 4.48 ns 4.48 ns 4.44 ns 4.55 ns 4.59 ns 4.55 ns
mg100 ¢! 1 0.039 ab 0.035b 0.048 a 0.043 a 0.031b 0.046 a
Lutein FW 2 0.047 a 0.032 b 0.036 b 0.039 ns 0.045 ns 0.040 ns
3 0.028 b 0.028 b 0.038 a 0.030 b 0.0268 ns 0.046 ns
) o 1 5.35ns 6.36 ns 5.27 ns 4.54 ab 476 a 393b
Lycopene & éowo & 2 833a 2.66 ¢ 6.30 b 7.14 ns 6.61 ns 7.15 ns
3 235¢ 5.76 a 4.03 b 4.10 ns 3.48 ns 5.99 ns
mg100 g 1 0.057 ns 0.073 ns 0.064 ns 0.048 a 0.035b 0.036 b
a-carotene FW 2 0.071 a 40 ¢ 0.055b 0.027 ¢ 0.038 b 0.045 a
3 0.041 ns 0.022 ns 0.048 ns 0.022 ns 0.022 ns 0.032 ns
] r 1 1.03 ns 1.15 ns 1.10 ns 0.80 b 0.55¢ 0.97 a
B-carotene & é%g & 2 122 a 0.75 ¢ 0.95b 0.64 b 0.64 b 0.82a
3 0.99 a 0.77 b 1.02 a 0.41 ns 0.34 ns 0.77 ns

* See Table 2
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HPS and HPS+D combinations stored for one week at
12 °C had lower ascorbic acid content than fruit from
the other combinations (Tab. 2), and the same was true
for breaker fruit stored for one week (Tab. 3). Fully
ripe fruit from the combinations HPS+D and LED+D
after one week of storage at 20 °C had the highest
ascorbic acid content. In the following weeks of stor-
age, the AA content for mature green fruit increased
and was higher for the fruit from the combination
with a storage temperature of 20 °C than 12 °C, re-
gardless of the light conditions in which the fruit grew
(Tab. 2). Similarly, the AA content of stored breaker
fruit and fully ripe fruit increased (Tab. 3 and 4). Fully
ripe fruit, after two weeks of storage, had the highest
AA content, especially those stored at higher tempera-
tures, from the HPS and LED+D combinations.

After one week of mature green fruit storage, lower
TA and higher pH of cell juice were characteristic of
the fruit from plants grown in LED+D and HPS+D
light conditions and stored at 20 °C. With each succes-
sive week of mature green fruit storage, the higher the
temperature at which the fruit was stored, regardless
of the growing conditions, the acidity of the cell juice
decreased, and the pH increased (Tab. 2). Similar rela-
tionships were found for stored breaker fruit, although
between the fruit stored for two weeks and the fruit
stored for three weeks, significant differences in acid-
ity reduction were found only for the combinations of
HPS at 12 °C and HPS+D at 20 °C, and a significant
increase in pH for the fruit after three weeks of storage
compared to the fruit stored for two weeks was noted
only in the combination of HPS+D at 20 °C (Tab. 3).

For the fully ripe fruit stored for one week, the
highest acidity was found in the case of the combi-
nation of HPS+D at 6 °C , and the highest cell juice
pH was found in the fruit from the combination of
LED+D at 20 °C. In the next week of storage of fully
ripe fruit, the total acidity of the cell juice more than
doubled. In the fruit from all combinations, the pH of
cell juice also increased (Tab. 4).

Carotenoids content

Lutein. The Iutein content in the stored mature
green fruit decreased during the following weeks of
storage. After two weeks of storage, fruit from the
LED+D + 12 °C combination contained the most lu-
tein. After three weeks of storage, the concentration of
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lutein in mature green fruit was the lowest, and there
were no differences between fruit from different grow-
ing conditions and storage temperatures (Tab. 2). In
stored lighted fruit, the decrease in lutein concentra-
tion from week to week was not significant (Tab. 3).
In contrast, fruit harvested and stored at the fully ripe
fruit stage, after one week of storage at the HPS+D
and 12 °C combination, had higher lutein concen-
trations than fruit from other combinations, and the
lowest concentrations were in the fruit ripened under
HPS+D conditions, but stored for one week at 20 °C.
In contrast, two weeks after the start of storage of ful-
ly ripe fruit, lutein concentrations were lower in all
combinations than in fully ripe fruit after one week of
storage (Tab. 4).

Lycopene. Mature green fruit from plants grown
under HPS+D and LED+D supplementary lighted
conditions and stored at a higher temperature had the
highest lycopene concentration after one week. Green
fruit from the control, or from HPS conditions, af-
ter one and two weeks of storage at 20 °C had high-
er lycopene concentrations than fruit stored at 12 °C
(Tab. 2). Breaker fruit after one week of storage had
similar lycopene content, regardless of the conditions
under which they ripened and were stored. On the oth-
er hand, after another week of storage, the lycopene
concentration in fruit from the combination of HPS+D
+ 12 °C decreased significantly, and after three weeks,
the lycopene content in fruit from the combinations
of HPS + 12 °C and HPS+D + 20 °C decreased, com-
pared to the lycopene content in fruit stored under
these conditions for two weeks (Tab. 3). Fruit ripened
after one week of storage had similar lycopene con-
centrations, regardless of the conditions under which
they ripened, except for fruit from the LED+D combi-
nation stored for one week at 6 °C, where the lowest
lycopene concentrations were found. Similar levels of
lycopene were found in fruit from the combinations of
HPS+D + 6 °C and HPS + 6 °C stored for two weeks
(Tab. 4). In stored fully ripe pink tomato fruit, lyco-
pene concentrations decreased over the next week of
storage in all combinations except LED+D + 6 °C,
where an increase in lycopene was noted (Tab. 4).

a-carotene and B-carotene. Mature green fruit
stored for one week at the higher temperature had
higher o-carotene content than mature green fruit
also stored for one week but at the lower tempera-
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Table 4. Influence of growing conditions on selected quality parameters of the fully ripe (FR) fruits of pink tomato cultivar
‘Tomimaru Muchoo’ stored at 12 °C and 20 °C for one, two and three weeks

Storage 12 °C 20 °C
Parameter Unit period
(week) HPS HPS+D LED+D HPS HPS+D LED+D
Physiological 1 0.43 ns* 0.77 ns 0.45 ns 1.22 ns 1.32 ns 1.16 ns
weight loss % 2 1.08 ns 1.23 ns 1.39 ns 3.47 ns 3.62 ns 3.35ns
(PWL) 3 - - - - - -
Drv weight o 1 372 b 457 a 451 a 4.57 ab 381b 512a
Ty welg ° 2 5.58 ns 5.24 ns 5.68 ns 5.04 ns 5.02 ns 5.30 ns
(DW) 3 - - - a - -
Hard HPE 1 37.00 ns 34.85 ns 37.90 ns 2990 b 3262 a 3385a
araness 2 3448 b 3872a 38.18 a 2893 a 26.73 a 19.90 b
H) scale 3 -~ B _ _ _ _
1 42.96 ns 42.06 ns 40.06 ns 37.09 ns 39.17 ns 36.99 ns
L* 2 41.71 ns 42.60 ns 40.37 ns 39.65 a 37.61b 38.47 ab
3 _ _ _ _ _ _
1 25.11 ns 24.54 ns 24.29 ns 24.20 ns 25.17 ns 24.12 ns
a* 2 23.54 ns 24.86 ns 22.96 ns 25.37 ns 24.56 ns 25.39 ns
3 _ _ _ _ _ _
1 18.03 ns 1691 ns 16.59 ns 15.74 ns 15.77 ns 15.27 ns
b* 2 21.74 ns 19.02 ns 18.66 ns 18.38 ns 17.22 ns 17.86 nsc
3 _ _ _ _ _ _
1 1.40 ns 1.45 ns 1.47 ns 1.54 ns 1.61 ns 1.58 ns
a*/b* 2 1.11 ns 1.32 ns 1.24 ns 1.38 ns 1.43 ns 1.42 ns
3 _ _ _ _ _ _
Total soluble 1 4.70 ns 4.57 ns 4.53 ns 4.63 ns 4.70 ns 497 ns
solids °Brix 2 5.07 a 480 b 4.83b 430 ¢ 4.53b 487 a
(TSS) 3 - - - - - -
Total sugars 1 2.16 ns 2.21 ns 2.02 ns 1.51b 1.84 a 1.97 a
(TS) e % 2 2.59 a 2.14b 2.51a 1.81b 1.59b 2.32a
3 _ _ _ _ _ _
Ascorbi d 100g! 1 20.86 ns 19.82 ns 21.01 ns 19.89 ¢ 2533 b 26.75 a
scorbic acid g’ JLg 2 35.09 2936 b 35.39 3144 b 29.13 41.80
(AA) W : o a 6 ’ a 4 3 c 0 a
Titratable 1 0.51Db 0.62 a 0.55b 0.56 a 0.51b 0.51b
acidity % 2 1.07b 121 a 1.06 b 1.16 b 124 a 1.06 ¢
(TA) 3 - - - - - -
1 4.50 a 443 b 445b 443 ¢ 453 b 455a
pH 2 4.57 a 4.53b 450b 450 b 450 b 452 a
3 _ _ _ _ _ _
100g! 1 0.087 b 0.103 a 0.083 b 0.078 b 0.053 ¢ 0.081 a
Lutein mgFWg 2 0.041 b 0.042 b 0.050 a 0.043 ns 0.047 ns 0.047 ns
3 _ _ _ _ _ _
me100g ! 1 8.60 a 753 a 2.59Db 9.02 ns 7.98 ns 9.06 ns
Lycopene fews 2 3.45b 291b 6.65 a 5.92 ns 5.45 ns 6.01 ns
3 _ _ _ _ _ _
100g! 1 0.065 ns 0.050 ns 0.056 ns 0.058 b 0.048 b 0.073 a
a-carotene mgFWg 2 0.041ns  0.035 ns 0.044 ns 0.044 ns 0.041 ns 0.046 ns
3 _ _ _ _ _ _
me100e! 1 1.097 ns 1.059 ns 1.085 ns 0970 b 0.890 b 1.171 a
B-carotene gFWg 2 0.790 b 0.700 be 1.000 a 0.690 b 0.700 ab 0.831 a
3 _ _ _ _ _ _
* See Table 2
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Table 5. Influence of growing conditions on selected quality parameters of pink tomato cultivar ‘Tomimaru Muchoo’ fruits on
post-harvest quality regardless of the stage of ripeness of the fruit, the temperature and the duration of storage (average for all
ripeness phases of fruit MG, B, and FR and for all temperatures and duration of storage assessed)

Growing condition

Parameter Unit
HPS HPS+D LED+D
3.83 ns* 4.44 ns 3.73 ns
Dry weight (DW) % 5.08 ns 5.09 ns 532 ns
Hardness (H) HPE scale 33.38 ns 35.38 ns 34.75 ns
L* — 42 .44 ns 42.86 ns 41.71 ns
a* — 21.03 ns 19.7 ns 19.71 ns
b* — 18.12 ns 18.05 ns 17.44 ns
a*/b* - 1.19 ns 1.15 ns 1.12 ns
Total soluble solids (TSS) °Brix 4.44b 4.46 ab 4.56 a
(TTO;;I sugars % 1.92b 1.90 b 2.08a
Ascorbic acid (AA) mg100 g ' FW 212D 20.53 b 24.02 a
Titratable acidity (TA) % 0.65 ns 0.67 ns 0.61 ns
pH — 4.45 ns 4.46 ns 4.44 ns
Lutein 0.045ns 0.044 ns 0.049 ns
Lycopene 4.94 ns 4.56 ns 4.81 ns
a-}::ar(p;tene mg100 g FW 0.046 ns 0.043 ns 0.047 ns
B-carotene 0.79b 0.71b 0.86 a

*Average values in the same row marked with ns or marked with the same letters are not significantly different within the analyzed parameter

atp <0.05

ture variants used, regardless of growing conditions,
while the highest a-carotene concentration was found
in fruit from the HPS+D + 20 °C combination. The
concentration of a-carotene decreased in the subse-
quent weeks of mature green fruit storage (Tab. 2). In
contrast, breaker fruits stored for one week contained
more o-carotene when stored at a lower temperature
(12 °C) than at 20 °C, especially from the HPS+D and
LED+D combinations. After three weeks of storage,
the concentration of a-carotene decreased and was the
lowest when the fruits were stored at a higher tem-
perature (Tab. 3). Fully ripe fruit from the LED+D
combination stored for one week at 20 °C featured the
highest a-carotene content. After another week of stor-
age, a-carotene content decreased in all fruits but was
significantly lower in fruit from the LED+D at 20 °C
and HPS at 6 °C combinations, compared to fruit after
one week of storage (Tab. 4).

Mature green fruit stored for one week contained
a higher B-carotene content in the combination of
HPS+D at 20 °C. In subsequent weeks of storage of
tomato fruit, the concentration of B-carotene in toma-
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to fruit decreased and reached the lowest concentra-
tion in mature green fruit stored for three weeks in the
combinations of HPS at 20 °C and LED+D at 12 °C
(Tab. 2). Breaker fruit after one week of storage at
20 °C had less pB-carotene in the combinations of HPS
and HPS+D than fruits in other combinations. The
lowest B-carotene concentration was found in fruits
harvested at maturity stage breaker from plants grown
with HPS lighting and stored at 20 °C after three
weeks (Tab. 3).

Fully ripe fruit stored for one week at 6 °C had
similar B-carotene levels of 1.059 to 1.097 mg/100 g
FW in most combinations, and that stored at 20 °C had
the highest content of B-carotene in the LED+D com-
bination (1.171 mg/100 g FW). After another week of
storage, the concentration of B-carotene in fully ripe
fruit decreased. On the other hand, the highest -car-
otene concentration after two weeks of storage of
the fully ripe fruit was found for the combination of
LED+D at 6 °C (Tab. 4).

When comparing the average results for the vari-
ous factors analyzed (Fig. 1-3), it was found that the
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Fig. 1. Influence of storage time (week) on selected quality parameters of the fruits with different degrees of maturity: mature green
(MQG), breaker (B) and fully ripe (FR) of pink tomato cultivar ‘Tomimaru Muchoo’

loss of fresh weight of the tomato fruit increased in
subsequent weeks of storage, regardless of the initial
stage of maturity of the stored fruit. During storage,
the dry weight content of pink tomato fruits increased
while their firmness significantly decreased. It was
found in stored mature green and breaker fruits that
the L* of the skin decreased during storage, and the
proportion of red (a*) and yellow (b*) color increased
in breaker and fully ripe fruits. For mature green fruit,
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the coloration index (a*/b* ratio) increased in suc-
cessive weeks, while for breaker and fully ripe fruit,
this index decreased with longer storage. In the lon-
ger-stored mature green and breaker fruit, the TSS
content decreased significantly, and the content of TS
increased after two weeks of storage and decreased the
following week. Fully ripe fruit stored for two weeks
had more total sugars than after one week of storage.
In contrast, the ascorbic acid content of pink tomato
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Fig. 2. Influence of storage temperature on selected quality parameters of the fruits with different degrees of maturity: mature green
(MQG), breaker (B) and fully ripe (FR) of pink tomato cultivar ‘Tomimaru Muchoo’

fruit increased during storage, regardless of the com-
bination. Total acidity increased only in stored fully
ripe fruit and decreased during storage of both mature
green and breaker fruit. In contrast, cell juice pH in
all fruits increased during storage. The content of lu-
tein and a- and B-carotene decreased during storage
of pink tomato fruits, and lycopene was the highest in
fruits that were ripe after one week of storage (Fig. 1).
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Higher storage temperature (20 °C) significantly
increased the loss of fresh weight of pink tomato fruit,
more than the temperature of 12 °C applied to mature
green and breaker fruit storage and 6 °C to fully ripe
fruit. The higher temperature reduced the dry weight
content during the storage of mature green-pink to-
mato fruit. Fruit firmness was lower when stored at
higher temperatures, regardless of fruit maturity. Fruit
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Fig. 3. Influence of growing conditions on selected quality parameters of the fruits with different degrees of maturity: mature green
(MQG), breaker (B) and fully ripe (FR) of pink tomato cultivar ‘Tomimaru Muchoo’

color traits, such as the L*, decreased when stored at
a higher temperature compared to fruit stored at a lower
temperature. On the other hand, the parameter a* was
higher for mature green and breaker fruits stored at the
higher temperature, which was not found for stored
fully ripe fruits, which had a lower proportion of yel-
low peel color (b*) at a storage temperature of 20 °C,
compared to the color of fully ripe fruits stored at 6 °C.
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In all fruits stored at a higher temperature, the a*/b*
index increased. Higher storage temperature increased
TSS and TS content in mature green tomato fruits. In
contrast, the opposite results were obtained for break-
er and fully ripe fruits stored at higher temperatures,
where there was more TSS and TS especially in fully
ripe fruits stored at the lower temperature than at the
higher temperature. More ascorbic acid was found in
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fruit stored at a higher temperature compared to fruit
stored at a lower temperature, regardless of ripeness.
At the same time, acidity decreased, and the pH of to-
mato cell juice increased at higher storage tempera-
tures. Mature green and fully ripe fruits had less lutein
at the higher storage temperature, and breaker fruits
stored at the higher temperature contained less a- and
B-carotene. Moreover, fully ripe fruit stored at 20 °C
had less B-carotene than at 6 °C. In contrast, tomato
fruits stored at a higher temperature had more lyco-
pene than those stored at a lower temperature (Fig. 2).
When comparing the average results for pink to-
mato fruit stored at the three stages of maturity, there
was a significant effect of the cultivation conditions
studied on the post-harvest quality of the fruit. In ana-
lyzing the sodium-lamp-lighted crop as a control, there
was a higher content of dry weight, TSS, TS, AA, and
[B-carotene, as well as a higher content of TSS and lu-
tein in the stored breaker and fully ripe fruit from the
LED-lamp-lighted crop grown under diffusion glass,
and higher content of TSS and lutein in the mature
green fruit from this combination. Mature green fruits
from this combination were also firmer than those
from the control. In contrast, fully ripe fruit from
the control had a higher lycopene concentration than
fully ripe fruit from the HPS+D and LED+D combi-
nations. Fruits from the plants irradiated by sodium
lamps, where diffusion glass was used to cover the
roof'slope, stored at the mature green and breaker fruit
stages, showed higher hardness than those from the
control. Mature green fruit from HPS+D, when stored,
had a lower proportion of red color, a lower a*/b*
ratio, lower cell juice pH, and breaker and fully ripe
fruit contained less AA, breaker fruit also contained
less B-carotene than control fruit (Fig. 3). Pink toma-
to fruits grown with LED lighting and under diffusion
glass (LED+D) were characterized by a significantly
higher TS, vitamin C and 3 carotene content than fruits
from the combinations HPS and HPS+D (Fig. 3).

DISCUSSION

In the current experiment, a number of changes re-
lated to the quality of tomato fruits resulting from stor-
age conditions, the stage of harvest ripeness and the
length of the storage period were observed. However,
the literature on the effect of storage conditions on the

70

quality of tomato fruits mainly concerns the storage
of red varieties, not the pink ones. It can be general-
ly stated that various authors indicate that the quality
of tomato fruits depends on many factors, including
post-harvest factors, which is in agreement with the
current findings. According to Chiesa et al. [1998],
Getinet et al. [2008], and Klunklin and Savage [2017],
the content of nutrients and bioactive compounds,
such as lycopene, B-carotene, ascorbic acid in tomato
fruits depends primarily on the variety and growth fac-
tors, such as temperature, light, humidity, fertilization,
but also on storage conditions. In this experiment, to-
mato fruits, regardless of the stage of harvest maturity,
showed a higher physiological weight loss and lower
hardness in the subsequent weeks of storage but were
characterized by a higher content of ascorbic acid and
a higher pH value of the cell juice. Mature green and
breaker fruits also showed a decrease in TA content
during storage. Tomato fruits stored at full maturity
at the temperature of 20 °C showed a higher ratio of
the a*/b* color parameters, contained the most ascor-
bic acid and lycopene, and had a higher pH of the cell
juice than ripe fruits stored at 6 °C. Similar results
were obtained by Getinet et al. [2008]. The current
study also found that fruits harvested at the mature
green and breaker stage and stored at 20 °C showed
higher physiological losses of fresh mass and began to
soften faster than those stored at 12 °C. On the other
hand, at 20 °C their color changed faster, and the col-
or index (a*/b*) and AA concentration, pH of the cell
juice increased, while TA concentration decreased.
According to Brandt et al. [2006], a higher a*/b* ratio
in tomato fruits indicates a higher lycopene content in
the fruits. In the fruits harvested at the mature green
stage, stored at 20 °C, it was found that the content
of lycopene and other carotenoids, such as a-carotene
and lutein, as well as TSS and TS, increased. Accord-
ing to Diretto et al. [2020], an increase in B-carotene
content also results in a higher ABA content, which,
in turn, affects the ripening of tomato fruits and their
shelf life. In the case of fully ripe fruits stored for
two weeks at 6 °C, the current experiment showed
less physiological fresh weight loss compared to ful-
ly ripe fruits stored at 20 °C. The study also found
higher fruit hardness and higher TSS, TS, lutein and
B-carotene contents compared to those stored for one
week. These results are in accordance with Selahle et
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al. [2014], who found that during ripening, the con-
tent of monosaccharides, which are the most important
contributors to TSS content, increases in tomato fruits.
According to the literature, the observed changes in
TSS components in the current study may result from
changes in the glucose-fructose ratio and organic acids
in tomatoes after harvest, while TSS has been noted as
an important indicator of tomato flavor [Javanmardi
and Kubota 2006].

The results obtained from the storage of fruits of
pink tomato cv. ‘Tomimaru Muchoo F’ originating
from winter production, indicates the positive effect
of assimilation light with LED lamps in a combina-
tion of top and inter-row light with the use of diffusion
glass to cover the greenhouse roof on the post-harvest
quality of fruits and their storage, compared to light-
ing with traditional sodium lamps regardless of the
use of diffusion glass. Stored fruit at both the break-
er and fully ripe stage after LED-lamp irradiation and
cultivation under diffusion glass showed higher dry
weight, TSS, TS, AA, and B-carotene contents. More-
over, higher TSS and lutein contents were found in
mature green fruit stored in this combination. Fruits
from HPS cultivation, where diffusion glass was used
to cover the roof slope, stored at the maturity stage of
mature green and breaker fruit, had higher firmness
than the fruits from HPS cultivation without the use
of diffusion glass to cover the roof. Variations in light
intensity and quality, direction and duration activate
plant responses that are controlled and carried out by
specific photoreceptors [Kami et al. 2010]. Light is an
important environmental factor that regulates the ac-
tivity of biochemical pathways involved in biochem-
ical metabolism during tomato ripening [Wang et al.
2021]. According to Wang et al. [2022 a,b], the use
of LEDs to improve lighting conditions during tomato
cultivation is an effective method to improve tomato
fruit quality. Dong et al. [2019] showed that, com-
pared to white light, a combination of red and blue
(R: B, 3: 1) LEDs increases the content of TSS, glu-
cose, fructose and sucrose in tomato fruit through
the accumulation of proteins associated with glucose
metabolic pathways. According to Dannehl et al.
[2021] and Li et al. [2021], compared to lighting using
high-pressure sodium lamps, LEDs significantly in-
crease lycopene content in tomato fruit. High-intensity
blue LED light can stimulate the antioxidant system in
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tomato fruit, increasing ascorbic acid content, among
others [Zushi et al. 2020]. On the other hand, accord-
ing to Dhakal et al. [2014] and Panjai et al. [2019],
continuous red LED lighting significantly promotes an
increase in the content of free amino acids, lycopene,
[-carotene, phenolic acids and flavonoids in tomato
fruit after harvest. Kong et al. [2020] also reported
that blue LED light can significantly increase the con-
tent of TSS, lycopene and phenolic compounds in to-
mato fruit after harvest. According to Olle and Alsina
[2019], among other things, blue and red light increase
ascorbic acid, while the concentration of pigments in-
creases under green, blue and red light, and the sugar
content of plants increases under green, blue and red
light. In the current study, ‘Tomimaru Muchoo’ fruits
harvested fully ripe during storage contained more
vitamin C than stored fruit harvested at the mature
green and breaker stage. Moreover, ripe fruit from the
LED+D combination had more vitamin C during stor-
age than fruits from the other maturity stages. Ntag-
kas et al. [2019] showed that AA level significantly
increases when tomato fruit ripens under light.

Tomatoes require the right amount and quality of
light for proper growth and development. The use of
diffusion glass to cover the roof slopes of production
greenhouses, among other things, influences a better
distribution of sunlight in the plant canopy, which op-
timizes the use of light in photosynthesis [Holsteens
et al. 2020]. Efficient year-round production of toma-
toes can be carried out under controlled greenhouse
conditions in any climate zone, even when there is in-
sufficient solar radiation DLI (daily light integral) sup-
plemented with artificial light [Paponov et al. 2019,
Paucek et al. 2020]. Both diffusion glass and various
artificial light sources and methods of plant lighting
affect tomato growing conditions. Reports by Arah
et al. [2015] and Affandi et al. [2022] confirm that
growing conditions affect the post-harvest quality of
tomato fruit and storage.

CONCLUSIONS

The lighting of pink tomato plants cv. ‘Tomimaru
Muchoo’ with LED diodes in combination with dif-
fused glass used in the greenhouse resulted in extend-
ed storability of the fruit and also better quality after
harvest compared to the fruit from plants illuminated
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with HPS lamps and the fruit from plants illuminated
with HPS lamps in combination with diffused glass.
Extending the storage period of pink tomato fruit cv.
‘Tomimaru Muchoo’, regardless of the stage of har-
vest maturity and lighting method, resulted in greater
loss of physiological mass and lower fruit hardness but
increased ascorbic acid content and increased the pH
of the cell juice. Storing tomato fruit at 20 °C resulted
in higher physiological loss of fresh mass and lower
fruit hardness compared to the fruit stored at lower
temperatures (12 °C for mature green and breaker
fruits and 6 °C for fully ripe fruits). The temperature of
20 °C used during fruit storage caused, regardless of
the method of lighting in the greenhouse, faster color
development of tomato fruit and an increase in TSS,
as well as a higher concentration of ascorbic acid and
carotenoids in the fruit compared to the lower tem-
peratures applied.
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