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Abstract

BACKGROUND: During the last few decades, greenhouse technology for horticultural crops has focused on retaining optimum
conditions within the greenhouse environment that could allow for a compromise between maximum yields and minimum
production costs. The aim of this study was to evaluate the effect of three greenhouse covering materials and five harvesting
dates on the yield and quality parameters of hydroponically produced tomato fruit, as well as on energy consumption.

RESULTS: Plants had a higher growth rate at early stages for S-PE cover material, while differences were minimized at later
stages. Tocopherol content was the highest for ID-PE material and harvesting later than 170 days after transplanting (DAT),
while sugar content (fructose and glucose) was the highest for S-PE material and 157 DAT. Organic acid content was the highest
at early harvestings, especially for 7-PE and S-PE cover materials, while it exhibited decreasing trends at later harvesting
dates. Antioxidant properties showed a varied response to cover materials and harvesting dates, while 𝜷-carotene, carotenoids
and chlorophylls were the highest for 7-PE material.

CONCLUSIONS: The results showed that both cover materials and harvesting date may affect significantly tomato fruit quality,
especially sugar and organic acid contents which are associated with fruit taste, as well as tocopherols which contribute
to antioxidant properties and pigments that are associated with fruit ripening and earliness of marketable maturity.
© 2018 Society of Chemical Industry
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INTRODUCTION
Greenhouse production of horticultural crops is associated
with high production costs, especially in the case of out-of-season
production and heating systems where conventional fuels are
used. To overcome this problem, various new technologies have
been introduced during the last few decades for the production
of new greenhouse covering materials that could allow for more
efficient climate control within the greenhouse environment,1,2

with special interest in optical properties and thermal perfor-
mance of these materials.3 Most of these technologies focus on
producing greenhouse claddings with light-manipulating prop-
erties, such as photo-selective films, shading nets, UV-blocking
films and double-layer films among others, that could minimize
energy losses and increase yield without disproportional increase
in energy inputs.4–6 However, reduction in energy consumption
from covering materials is usually associated with reduced light
availability to plants, with reduced yields and effects on the end
product quality being expected.2,7 Moreover, the varied effects
of cover materials on light intensity and quality necessitate the
proper selection of covers depending on cultivated species,
cultivation period and product quality standards.8–10

Several studies have reported the beneficial effects of
photo-selective films on visual quality of tomato fruit, mostly
in terms of marketability standards such as fruit texture and

colour, as well as regarding the low incidents of fruit injuries due
to sun scalding.11–13 Moreover, Ilić et al.6 have reported a signifi-
cant effect of covering materials on carotenoid content in tomato
fruit due to temperature and light conditions that induce the
biosynthesis of these pigments. Double-layer polyethylene (PE)
films exhibited similar marketable fruit yield and energy consump-
tion, whereas although double-layer polycarbonate films were
more efficient in terms of energy use efficiency, fruit quality was
slightly worse compared to PE films.14 In addition, according to
Jarquín-Enríquez et al.,15 double-layer PE films resulted in higher
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lycopene content and better fruit colour than flat glass covering
coated with CaCO3 due to lower amounts of accumulated light in
the latter covering material. Growing conditions within a green-
house environment may also affect bioactive compound content
in tomato fruit, especially irradiance and temperature levels which
have a pivotal role in lycopene and 𝛽-carotene biosynthesis, and
phenolic compounds content, such as caffeic acid and rutin.16

During the last few decades, greenhouse technology for
horticultural crops has focused on optimizing environmental
conditions within the greenhouse having also in mind to combine
maximum yields with minimum production costs. Several studies
have reported the effect of covering materials on yield and basic
quality parameters of tomato and other fruit vegetables, giving
emphasis on sugar and carotenoid contents, titratable acidity,
aroma profile and visual appearance.17–20 The aim of the study
reported here was to evaluate the effect of covering materials
and harvesting dates on chemical composition and antioxidant
properties of tomato fruit, while at the same time measure-
ments regarding total energy consumption and yield were also
carried out.

MATERIALS AND METHODS
Greenhouse facilities and growing conditions
Experiments were conducted during the growing period
of December 2016–June 2017 in three identical arched roof
greenhouses, north–south oriented, located at the University
of Thessaly experimental farm (latitude 39∘ 22′ N, longitude
22∘ 44′ E, altitude 85 m). Each greenhouse had the following
constructional characteristics: eaves height: 2.9 m; ridge height:
4.1 m; total width: 8 m; total length: 20 m; ground area: 160 m2;
volume: 524 m3. Moreover, ventilation was implemented through
automatically controlled vents (Argos Electronics, Athens, Greece):
two continuous side roll-up windows (total opening area of 27 m2)
and a flap roof window (total opening area of 18 m2). Heating was
provided via aboveground PVC pipes and a fan coil located at a
height of 2.6 m. Each greenhouse floor was covered with a white
on black plastic sheet. Temperature was automatically controlled
by opening vents (at >22 ∘C) and using a heating system (at
<14 ∘C during the night and <18 ∘C during the day).

Each greenhouse was covered with a different covering mate-
rial as follows: (i) a conventional single three-layer polyethylene
(PE) film with normal diffusion fraction and 18% transmission to
infrared radiation (S-PE); (ii) two PE films inflated (ID-PE), consist-
ing of an external three-layer PE film with low diffusion fraction and
50% transmission to infrared radiation and an internal three-layer
PE film with low diffusion fraction and 18% transmission to infrared
radiation; and (iii) a seven-layer PE film that formed two three-layer
films, as in case (ii), splinted by an empty layer to form two inde-
pendent films produced and placed in the greenhouse as one film
which then was inflated (7-PE). All PE films had 180 μm thickness
and 90% transmission to solar radiation and were supplied by Plas-
tika Kritis SA (Heraclion, Crete, Greece).

Plant materials and measurements
Tomato plants (Solanum lycopersicum, cv. Elpida) were trans-
planted on 12 May 2016 at the stage of 15–20 cm and grown
hydroponically in rockwool bags at a density of 2.4 plants m−2

(320 plants in total for each greenhouse). Plants were irrigated
via an automatically controlled drip irrigation system, water
needs were estimated based on crop transpiration and set points

for electrical conductivity and pH were at 2.1 dS m−1 and 5.6,
respectively. Nutrient solution composition was common for all
the greenhouses, containing 3.0 mmol L−1 Ca2+, 8.0 mmol L−1

K+, 1.60 mmol L−1 Mg2+, 1.80 mmol L−1 NH4
+, 13.2 mmol L−1

NO3
−, 1.3 mmol L−1 H2PO4

−, 2.25 mmol L−1 SO4
2−, 24 μmol L−1 B,

15 μmol L−1 Fe, 10 μmol L−1 Mn, 5 μmol L−1 Zn, 0.8 μmol L−1 Cu and
0.5 μmol L−1 Mo. Flower pollination was enabled by installing a
beehive of bumblebees Bombus terrestris (L.) in each greenhouse.

Plants were trained to a single stem trellising system, with twines
attached to a top wire above each row of plants at 2.4 m height.
Plants were topped when they reached the top wire, while fruit
clusters were thinned to five fruits per cluster throughout the
growing period in order to retain fruit size uniformity. Fruits were
harvested five times on 21 April, 11 May, 24 May, 7 June and 21
June 2017 (137, 157, 170, 184 and 198 days after transplanting
(DAT), respectively) and when they reached the fully red/ ripe
maturity stage, from 18 selected plants from each greenhouse
(three groups of six plants for each greenhouse). After harvest, fruit
fresh and dry weight was estimated, while batch samples from
fresh fruit were chopped in pieces and put in air-sealed plastic bags
at deep-freezing conditions (−80 ∘C) until further analysis. Total
yield was estimated for the complete number of plants for each
greenhouse, including the yield of plants selected for growth and
chemical composition measurements.

Chemical composition analyses
Nutritional value
Fruit samples were analysed in terms of macronutrients (moisture,
proteins, fat, carbohydrates and ash), according to the AOAC
procedures.21 Total carbohydrates were calculated by differ-
ence and the energetic value was calculated as follows: energy
(kcal) = 4 × (gprotein + gcarbohydrate) + 9 × (gfat).

Tocopherols
Tocopherols were determined following a procedure previously
described,22 using a high-performance liquid chromatography
(HPLC) system (Smartline System 1000, Knauer, Berlin, Germany)
coupled to a fluorescence detector (FP-2020, Jasco, Easton, USA).
The results were recorded and processed using Clarity 2.4 software
(DataApex, Prague, Czech Republic).

Free sugars
Free sugars were determined by HPLC coupled to a refractive index
detector (Smartline System 1000), using the internal standard
melezitose (Sigma-Aldrich, St Louis, MO, USA) according to the
method previously described by Barros et al.22 The results were
recorded and processed using Clarity 2.4 software.

Organic acids
Organic acids were identified and quantified by ultra-fast liquid
chromatography (Shimadzu 20A series, Shimadzu Corporation,
Kyoto, Japan) coupled to a diode-array detector operating in the
conditions described by Barros et al.23 The results were recorded
and processed using LabSolutions Multi LC-PDA software (Shi-
madzu Corporation, Kyoto, Japan).

Fatty acids
Fatty acids were identified using a gas chromatograph (DANI1000,
Contone, Switzerland) provided with a split/splitless injector and a
flame ionization detector (at 260 ∘C) operating in the conditions
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described by Barros et al.22 The results were recorded and pro-
cessed using CSW 1.7 software (DataApex).

Antioxidant activity
Antioxidant activity and bioactive compounds were assessed
according to methods previously reported by Barros et al.22

Methanol/water (80:20, v/v) extracts were obtained from
lyophilized material. Each sample (1 g) was extracted twice by
stirring (25 ∘C at 150 rpm) with 30 mL of methanol/water (80:20,
v/v) for 1 h and subsequently filtered through a Whatman No. 4
paper. The combined methanol/water extracts were evaporated
at 40 ∘C using a rotary evaporator (Büchi R-210, Flawil, Switzer-
land) to remove the methanol and further frozen and lyophilized.
The extracts were redissolved in methanol/water (80:20, v/v) at a
final concentration of 50 mg mL−1 and further diluted to various
concentrations to be submitted to in vitro assays.

The antioxidant activity was measured using four assays, namely
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging activity,
reducing power, inhibition of 𝛽-carotene bleaching and lipid per-
oxidation inhibition measured by the thiobarbituric acid reactive
substances reaction (TBARS) as previously described.22 The results
were expressed in EC50 values (sample concentration providing
50% of antioxidant activity or 0.5 of absorbance in the reducing
power assay) for antioxidant activity and Trolox was used as a pos-
itive control.

Pigments
The contents of carotenoids and chlorophylls were deter-
mined using a procedure previously described by Nagata
and Yamashita.24 The absorbance of extracts was measured at 453,
505, 645 and 663 nm and the contents of carotenoids (𝛽-carotene
and lycopene) and chlorophyll a and b were calculated according
to the following equations, and further expressed in mg/100 g
of fresh weight: 𝛽 − carotene (mg/100 mL) = 0.216 × A663 −
1.220 × A645 − 0.304 × A505 + 0.452 × A453; lycopene (mg/100 mL)
= − 0.0458 × A663 + 0.204 × A645 − 0.304 × A505 + 0.452 × A453;
chlorophyll a (mg/100 mL) = 0.999 × A663 − 0.0989 × A645; chloro-
phyll b (mg/100 mL) = − 0.328 × A663 + 1.77 × A645.

Statistical analysis
The experiment was laid out according to randomized complete
blocks design for each greenhouse (n = 6) with three replicates
for harvesting date treatment. For chemical composition, three
samples were analysed for each treatment (harvest date and cover
material), while all the assays were carried out in triplicate. Results
were expressed as mean values and standard deviations (SD), and
analysed using one-way analysis of variance (ANOVA) followed by
Tukey’s HSD test with P = 0.05. This analysis was carried out using
Statgraphics 5.1.plus (Statpoint Technologies Inc., VA, USA).

RESULTS
Growth parameters and total yield
Plant height during the experimental period is presented
in Fig. 1(A). Height was greater for plants grown in the green-
house covered with S-PE material during the early growth stages
(until 24 February 2017). However, later on differences were not
statistically different and plants had a uniform development up
to the maximum height of the horizontal supporting wire. Mean
fruit weight was approximately 250 g and was not significantly
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Figure 1. (A) Plant height of tomato plants during the experimental period.
(B) Total fruit yield in relation to cover materials. (C) Energy consumption in
relation to cover materials. 7-PE, 7-layer low density polyethylene (PE) film;
S-PE, single three-layer PE film; ID-PE, double inflated three-layer PE film.

affected by either cover material or harvesting date (data not
shown), while the number of fruit was kept constant to 5 fruits
truss−1 for all the plants in order to have comparable results of
total yield. Moreover, total yield showed significant differences
among the studied cover materials, with S-PE having the highest
yield (24.3 kg m−2), comparing to 7-PE and ID-PE materials (20.9
and 22.9 kg m−2, respectively) (Fig. 1(B)).

Apart from total yield, energy consumption (heating cost) dif-
ferences and hence production cost between the studied cover
materials were observed. Therefore, although S-PE material had
the highest yield, it also had the highest fuel consumption (11.5 L
of oil m−2) compared to 7-PE (4.5 L of oil m−2) and ID-PE (5.8 L of
oil m−2), which increased the production cost and eliminated any
benefits from yield increases (Fig. 1(C)).

Chemical composition
Nutritional value of tomato fruit in relation to cover materials
and harvesting date is presented in Table 1. Water content was
affected only by harvesting date and showed a decreasing trend
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Table 1. Nutritional value (g kg−1 fw) and energetic value (kcal kg−1 fw) of tomato fruit in relation to cover material and harvest date (days after
transplantation, DAT).

Cover material (C) DAT (T) Moisture Fat Proteins Ash Carbohydrates Energy

7-PE 137 950 ± 3ab 0.231 ± 0.005m 5.59 ± 0.01c 8.72 ± 0.05bc 35.77 ± 0.04l 167.5 ± 0.2k
157 944 ± 2bc 0.73 ± 0.01i 6.24 ± 0.04a 8.0 ± 0.2e 41.3 ± 0.2g 196.6 ± 0.6f
170 948 ± 4b 1.04 ± 0.01c 4.4 ± 0.2f 8.3 ± 0.2d 38.78 ± 0.05i 181.9 ± 0.5i
184 944 ± 3bc 0.94 ± 0.01e 5.17 ± 0.03d 6.0 ± 0.2h 43.5 ± 0.2d 203.2 ± 0.4d
198 944 ± 2bc 1.28 ± 0.02a 6.0 ± 0.1b 7.10 ± 0.08f 41.73 ± 0.03f 202.3 ± 0.3d

S-PE 137 954 ± 4a 0.270 ± 0.001l 4.45 ± 0.08f 6.5 ± 0.2g 34.4 ± 0.2m 157.7 ± 0.5l
157 940 ± 3c 0.93 ± 0.02e 5.6 ± 0.5c 9.9 ± 0.1a 43.9 ± 0.4c 206.4 ± 0.2c
170 944 ± 1bc 0.70 ± 0.01j 4.4 ± 0.2f 7.2 ± 0.3f 43.5 ± 0.3d 197.9 ± 0.9e
184 948 ± 5ab 1.00 ± 0.01d 5.11 ± 0.02de 6.6 ± 0.1g 39.57 ± 0.04h 187.7 ± 0.3h
198 943 ± 3bc 0.846 ± 0.006f 6.0 ± 0.1b 7.3 ± 0.1f 42.70 ± 0.01e 202.3 ± 0.4d

ID-PE 137 948 ± 4ab 0.32 ± 0.01k 5.50 ± 0.04c 8.94 ± 0.07b 37.42 ± 0.07j 174.6 ± 0.2j
157 940 ± 8c 1.22 ± 0.02b 6.0 ± 0.2b 8.67 ± 0.05c 44.63 ± 0.07b 213.37 ± 0.07b
170 949 ± 7ab 0.78 ± 0.01h 4.9 ± 0.2e 8.6 ± 0.4c 36.9 ± 0.4k 174 ± 1j
184 945 ± 1bc 0.795 ± 0.005g 5.68 ± 0.01c 7.3 ± 0.3f 41.0 ± 0.2g 193.8 ± 0.7g
198 939 ± 1c 0.84 ± 0.01f 6.27 ± 0.01a 6.5 ± 0.2g 47.3 ± 0.1a 221.8 ± 0.5a

Significance
C NS * * * * *

T * * * * * *

C × T NS * * * * *

Values are expressed as means ± SD. Means in the same column followed by different Latin letters are significantly different according to Tukey’s HSD
test (P = 0.05).
a 7-PE, 7-layer low density PE film; S-PE, single three-layer PE film; ID-PE, double inflated three-layer PE film.
*Significance at P = 0.05; NS, no significance.

with harvesting date which could be attributed to changing tem-
perature and lighting conditions that increased respiration and
water loss from fruit. The other nutritional value parameters (fat,
ash, proteins, carbohydrates and energetic value) were affected by
both factors (cover materials and harvesting date) with fat and car-
bohydrates showing an increasing trend with harvesting date for
all the tested cover materials. Moreover, the highest values for both
parameters were observed for the last harvest and ID-PE material,
which also resulted in the highest energetic value of fruit. Toco-
pherol composition is presented in Table 2. All tocopherol forms
were detected in tomato fruit, with the highest content of total and
individual vitamers being observed in plants grown in the green-
house covered with ID-PE material, especially at late harvest dates
(170 DAT and older). 𝛼-Tocopherol was the main tocopherol, fol-
lowed by 𝛾-, 𝛽- and 𝛿-tocopherols which were detected in lower
amounts.

Regarding sugar composition, fructose and glucose were the
only detected sugars, with their highest content being observed
for S-PE cover material and harvesting at 157 DAT (Table 3). More-
over, fructose/glucose ratio was slightly higher than 1.0, indicating
similar amounts of both sugars, while the highest content of sugars
coincided with high total soluble solids (TSS) content, although no
significant effect on this quality parameter was recorded for either
the studied cover materials or harvesting dates.

Organic acid composition is presented in Table 4. Citric acid
was the major organic acid in tomato fruit, followed by malic,
oxalic and ascorbic acids. Individual and total organic acid content,
especially citric acid, exhibited decreasing trends with succession
of harvesting, except for malic acid where fluctuating trends were
observed.

Sugar/acid ratio varied significantly among the studied cover
materials and harvesting dates (5.9–14.2), with highest values

being observed for ID-PE and the last harvesting date, indicating
better taste and fruit quality (Table 4). Moreover, an increasing
trend of ratio values was observed at harvests taking place at
later growth stages which could be attributed to improving light
conditions, especially for S-PE and ID-PE cover materials, as well
as to increasing temperatures which probably resulted in stressful
conditions for tomato plants.

Fatty acid composition is presented in Table 5. The most abun-
dant fatty acids were linoleic and palmitic acids, with signif-
icant variation being observed in relation to harvesting date
and cover material (30.66–53.15 and 14.98–23.85%, respectively),
whereas 𝛼-linolenic, oleic, stearic and eicosapentaenoic acids were
detected in lower amounts. Polyunsaturated fatty acids (PUFA)
were the most abundant class of fatty acids contributing up to
60.4% of total fatty acids, while PUFA/saturated fatty acids (SFA)
ratio was higher than 0.45 in all the cases. Moreover, n-6/n-3
ratio gradually increased with harvesting time for 7-PE and S-PE
cover materials, being higher than 4.0 at 157 and 138 DAT, respec-
tively, while for ID-PE material ratio values remained lower than 4.0
throughout the growing period.

Antioxidant properties were determined with four different
assays and the results are presented in Table 6. The effect of har-
vesting date and cover material showed a varied response on
antioxidant properties of tomato fruit depending on the assay. In
particular, the lowest EC50 values for reducing power assay were
recorded for 7-PE and S-PE cover materials and 170 and 137 DAT,
respectively, while for TBARS assay only S-PE showed the best
antioxidant properties (at 137 DAT). For DPPH assay, fruit harvested
at 198 DAT from plants grown under S-PE cover material showed
the best results, whereas for 𝛽-carotene assay harvesting at 184
and 198 DAT for both 7-PE and S-PE cover materials had the highest
antioxidant properties.

wileyonlinelibrary.com/jsfa © 2018 Society of Chemical Industry J Sci Food Agric (2019)
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Table 2. Composition in tocopherols (mg kg−1 fw) of tomato fruit in relation to cover material and harvest date (days after transplantation, DAT).
Values are expressed as means ± SD

Cover material (C) DAT (T) 𝛼-Tocopherol 𝛽-Tocopherol 𝛾-Tocopherol 𝛿-Tocopherol Total tocopherols

7-PE

137 1.38 ± 0.04j 0.076 ± 0.002f 0.88 ± 0.02f 0.051 ± 0.002bc 2.39 ± 0.06i

157 1.06 ± 0.01l 0.080 ± 0.001f 0.81 ± 0.03g 0.031 ± 0.002e 1.98 ± 0.04l

170 1.97 ± 0.01e 0.126 ± 0.002b 0.87 ± 0.05f 0.053 ± 0.004b 3.02 ± 0.06e

184 2.21 ± 0.01b 0.118 ± 0.003c 0.95 ± 0.02e 0.045 ± 0.002c 3.33 ± 0.01b

198 1.39 ± 0.01k 0.078 ± 0.001f 0.35 ± 0.02k 0.015 ± 0.001g 1.83 ± 0.01m

S-PE

137 1.38 ± 0.02j 0.077 ± 0.002f 0.722 ± 0.008j 0.048 ± 0.002bc 2.22 ± 0.01k

157 1.70 ± 0.01g 0.092 ± 0.004ef 0.938 ± 0.001e 0.023 ± 0.001f 2.75 ± 0.01g

170 1.51 ± 0.02h 0.090 ± 0.003e 1.00 ± 0.02d 0.048 ± 0.001bc 2.65 ± 0.04h

184 2.05 ± 0.02d 0.100 ± 0.001d 0.731 ± 0.003j 0.028 ± 0.001e 2.91 ± 0.01f

198 1.98 ± 0.02e 0.102 ± 0.003d 0.763 ± 0.004i 0.038 ± 0.001d 2.89 ± 0.01f

ID-PE

137 1.43 ± 0.01i 0.071 ± 0.004g 0.79 ± 0.01gh 0.047 ± 0.002c 2.35 ± 0.01j

157 2.10 ± 0.01c 0.099 ± 0.003d 1.06 ± 0.02c 0.052 ± 0.007b 3.31 ± 0.01b

170 1.85 ± 0.03f 0.104 ± 0.004d 1.19 ± 0.03a 0.049 ± 0.002bc 3.19 ± 0.01c

184 1.84 ± 0.02f 0.103 ± 0.003d 1.13 ± 0.02b 0.072 ± 0.002a 3.14 ± 0.04d

198 2.65 ± 0.01a 0.147 ± 0.005a 0.78 ± 0.02hi 0.029 ± 0.001e 3.60 ± 0.01a

Significance

C * * * * *

T * * * * *

C × T * * * * *

Means in the same column followed by different Latin letters are significantly different according to Tukey’s HSD test (P = 0.05).
a7-PE, 7-layer low density PE film; S-PE, single 3-layer PE film; ID-PE, double inflated 3-layer PE film.
*Significance at P = 0.05.

Table 3. Composition in sugar (g kg−1 fw) and TSS (∘Brix) of tomato fruit in relation to cover material and harvest date (days after transplantation,
DAT). Values are expressed as means ± SD

Cover material (C) DAT (T) Fructose Glucose Total sugars Fructose/glucose TSS

7-PE

137 12.0 ± 0.2l 11.7 ± 0.2j 23.7 ± 0.4l 1.034 ± 0.003f 4.9

157 15.08 ± 0.06e 13.12 ± 0.05g 28.20 ± 0.01g 1.150 ± 0.005a 4.5

170 15.12 ± 0.05e 13.9 ± 0.1e 29.0 ± 0.2e 1.088 ± 0.004d 4.8

184 14.7 ± 0.1g 13.54 ± 0.07f 28.27 ± 0.06fg 1.09 ± 0.01d 4.9

198 15.06 ± 0.05e 13.92 ± 0.03e 29.99 ± 0.08e 1.008 ± 0.001d 5.1

S-PE

137 12.4 ± 0.2k 11.2 ± 0.1k 23.6 ± 0.3l 1.107 ± 0.007c 5.0

157 18.2 ± 0.1a 16.1 ± 0.1a 34.3 ± 0.3a 1.128 ± 0.001b 5.1

170 16.72 ± 0.01c 14.8 ± 0.3d 31.5 ± 0.3d 1.13 ± 0.02b 4.9

184 14.6 ± 0.1fg 13.9 ± 0.1e 28.52 ± 0.01f 1.05 ± 0.01f 4.9

198 14.2 ± 0.2h 13.28 ± 0.08g 27.5 ± 0.3h 1.068 ± 0.001e 5.1

ID-PE

137 13.5 ± 0.2i 11.9 ± 0.2i 25.3 ± 0.3k 1.131 ± 0.002b 5.0

157 17.52 ± 0.09b 15.7 ± 0.2c 33.3 ± 0.3b 1.113 ± 0.005c 4.9

170 14.49 ± 0.08g 12.5 ± 0.3h 27.0 ± 0.4i 1.16 ± 0.01a 4.9

184 13.4 ± 0.2i 12.6 ± 0.2h 26.0 ± 0.4j 1.068 ± 0.004e 5.0

198 16.11 ± 0.02d 15.93 ± 0.03b 32.04 ± 0.05c 1.011 ± 0.001g 5.4

Significance

C * * * * NS

T * * * * NS

C × T * * * * NS

Means in the same column followed by different Latin letters are significantly different according to Tukey’s HSD test (P = 0.05).
a7-PE, 7-layer low density PE film; S-PE, single 3-layer PE film; ID-PE, double inflated 3-layer PE film.
*Significance at P = 0.05; NS, no significance.
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Table 4. Composition in organic acids (g kg−1 fw) of tomato fruit in relation to cover material and harvest date (days after transplantation, DAT).
Values are expressed as means ± SD

Cover material (C) DAT (T) Oxalic acid Malic acid Ascorbic acid Citric acid Total organic acids Sugars/acids

7-PE

137 0.290 ± 0.003a 0.520 ± 0.005c 0.080 ± 0.001g 3.06 ± 0.05c 3.95 ± 0.06a 5.994 ± 0.008k
157 0.120 ± 0.005c 0.380 ± 0.001h 0.090 ± 0.001f 2.98 ± 0.02d 3.57 ± 0.02d 7.90 ± 0.02h
170 0.020 ± 0.001e 0.340 ± 0.005i 0.120 ± 0.001c 3.19 ± 0.09b 3.67 ± 0.09c 7.9 ± 0.1h
184 0.040 ± 0.001d 0.560 ± 0.002a 0.130 ± 0.001b 2.67 ± 0.06f 3.40 ± 0.06e 8.3 ± 0.1g
198 0.010 ± 0.001f 0.500 ± 0.001d 0.120 ± 0.001c 2.48 ± 0.02g 3.11 ± 0.02f 9.31 ± 0.06e

S-PE

137 0.120 ± 0.005c 0.560 ± 0.006a 0.070 ± 0.001h 3.24 ± 0.08b 3.99 ± 0.09a 5.89 ± 0.03k
157 tr 0.330 ± 0.002j 0.110 ± 0.001d 2.53 ± 0.03g 2.97 ± 0.03g 11.56 ± 0.01b
170 tr 0.400 ± 0.002g 0.130 ± 0.001b 2.92 ± 0.01d 3.45 ± 0.02e 9.1 ± 0.1e
184 0.010 ± 0.001f 0.480 ± 0.001e 0.130 ± 0.001b 2.15 ± 0.05i 2.77 ± 0.06h 10.3 ± 0.1c
198 0.010 ± 0.001f 0.460 ± 0.007f 0.130 ± 0.001b 2.2 ± 0.1h 2.8 ± 0.2h 9.7 ± 0.4d

ID-PE

137 0.210 ± 0.002b 0.520 ± 0.007bc 0.060 ± 0.001i 2.77 ± 0.02e 3.56 ± 0.03d 7.10 ± 0.02j
157 0.010 ± 0.001f 0.280 ± 0.005l 0.130 ± 0.001b 3.37 ± 0.01a 3.79 ± 0.02b 8.79 ± 0.07f
170 0.010 ± 0.001f 0.340 ± 0.006i 0.100 ± 0.001e 2.94 ± 0.06d 3.39 ± 0.07e 7.9 ± 0.2h
184 0.040 ± 0.001d 0.530 ± 0.001b 0.110 ± 0.001d 2.77 ± 0.05e 3.45 ± 0.05e 7.5 ± 0.1i
198 tr 0.320 ± 0.002k 0.150 ± 0.001a 1.78 ± 0.03j 2.25 ± 0.03i 14.2 ± 0.1a

Significance
C * * * * * *

T * * * * * *

C × T * * * * * *

Means in the same column followed by different Latin letters are significantly different according to Tukey’s HSD test (P = 0.05).
a7-PE, 7-layer low density PE film; S-PE, single three-layer PE film; ID-PE, double inflated three-layer PE film.
*Significance at P = 0.05.

Fruit pigment content is presented in Table 7. Lycopene was
the main detected carotenoid, followed by 𝛽-carotene. Total
carotenoid and 𝛽-carotene contents were higher for 7-PE mate-
rial and harvesting at 184 DAT, whereas lycopene was the
highest for S-PE material and 157 DAT. In addition, individual
and total chlorophyll content fluctuated during the growing
season for all the studied materials, while the highest con-
tents were detected for 7-PE material and early harvestings
(137–157 DAT).

DISCUSSION
Growth parameters and total yield
Mean fruit weight was not affected by cover material or harvest-
ing date in our study. However, total yield showed significant dif-
ferences among the studied cover materials. According to Pratta
et al.,25 fruit weight is not dependent on growth conditions and
is considered a yield parameter that is highly affected by geno-
type, fruit load and competition between fruit and leaves for
biosynthetic assimilates.26 Considering that in our study clusters
of fruit were thinned to the same fruit number (5 fruits truss−1),
this could explain the insignificant effect of cover material and har-
vest date on fruit size. In contrast to our study, Gul et al.18 who
studied the effect of PE and glass as greenhouse cover materi-
als under Mediterranean climate conditions did not report sig-
nificant differences in total yield since they harvested the same
number of fruit clusters per plant in both environments. The sig-
nificant effect of cover material in our study could be attributed
partly to different properties of the studied materials (light dif-
fusion and transmission of infrared radiation), which resulted in
different total number of fruit clusters per plant among the stud-
ied materials due to earliness in fruit ripening and reduction
of fruit load.

Fuel consumption
Regarding the relation of energy consumption to greenhouse
materials, energy savings from double PE films in greenhouse
vegetable production have been highlighted by Papadopoulos
and Hao27 who also suggested the use of supplemental light to
compensate for lower light intensities under such cover materials.7

Moreover, the reports from our study confirm these results and
also support the use of new cover materials such as 7-PE for further
energy savings and lower production costs, especially nowadays
where heating cost has become an essential component of total
production cost and support green crop production.

Chemical composition
Nutritional value of tomato fruit was significantly affected by both
factors (cover materials and harvesting date), especially regard-
ing fat and carbohydrate content. Although nutritional value
of tomato fruit is highly associated with genotype and culti-
var group,28 manipulation of growth conditions within controlled
environments may help to enhance nutritional value and increase
tomato fruit quality.29

Similar results to our study regarding tocopherol composition
of tomato fruit have been reported by Pék et al.30 who detected
significant amounts of 𝛼- and 𝛾-tocopherols, without however
detecting 𝛿-tocopherol, as was the case in our study. The effect
of light conditions on tocopherol content of vegetables grown in
protected environments has been suggested in several reports,
especially regarding leafy vegetables such as lettuce31,32 and
greens,33 since tocopherol biosynthesis is indirectly affected by
light stimulus.34 Therefore, cover materials with different optical
properties are expected to affect tocopherol content and compo-
sition in tomato fruit, especially for the early harvested clusters.
However, for later harvests complex effects of light intensity and
stress conditions due to high temperatures may be also observed.

wileyonlinelibrary.com/jsfa © 2018 Society of Chemical Industry J Sci Food Agric (2019)
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Table 6. Antioxidant properties of tomato fruit in relation to cover material and harvest date (days after transplantation, DAT)

Reducing power Radical scavenging activity Lipid peroxidation inhibition

Cover
material (C) DAT (T)

Ferricyanide/Prussian blue
(EC50; mg mL−1)

DPPH scavenging activity
(EC50; mg mL−1)

𝛽-Carotene/linoleate
(EC50; mg mL−1)

TBARS
(EC50; mg mL−1)

7-PE

137 1.40 ± 0.04i 9.3 ± 0.1b 0.77 ± 0.01b 0.212 ± 0.007g
157 1.42 ± 0.01h 9.25 ± 0.03b 0.73 ± 0.04de 0.251 ± 0.001b
170 1.31 ± 0.01j 9.00 ± 0.05c 0.67 ± 0.03hi 0.209 ± 0.005gh
184 1.44 ± 0.01g 7.2 ± 0.2e 0.65 ± 0.01ik 0.230 ± 0.001e
198 1.46 ± 0.01ef 6.66 ± 0.04f 0.64 ± 0.01k 0.231 ± 0.004de

S-PE

137 1.32 ± 0.01j 9.8 ± 0.3a 0.73 ± 0.04def 0.188 ± 0.001i
157 1.43 ± 0.01gh 9.24 ± 0.04b 0.80 ± 0.02a 0.213 ± 0.004g
170 1.60 ± 0.01d 8.4 ± 0.1d 0.70 ± 0.05fg 0.223 ± 0.009f
184 1.47 ± 0.02e 6.14 ± 0.06g 0.64 ± 0.01k 0.227 ± 0.002ef
198 1.42 ± 0.01h 5.8 ± 0.2i 0.66 ± 0.02ik 0.255 ± 0.003ab

ID-PE

137 1.45 ± 0.02fg 9.17 ± 0.04b 0.75 ± 0.01bc 0.241 ± 0.005c
157 1.63 ± 0.02c 8.7 ± 0.2 0.75 ± 0.03cd 0.205 ± 0.005h
170 1.78 ± 0.02a 8.33 ± 0.06d 0.69 ± 0.01gh 0.235 ± 0.005d
184 1.76 ± 0.01b 7.18 ± 0.07e 0.67 ± 0.01hi 0.229 ± 0.005e
198 1.64 ± 0.01c 5.9 ± 0.2h 0.72 ± 0.02ef 0.259 ± 0.005a

Significance
C * * * *

T * * * *

C × T * * * *

Means in the same column followed by different Latin letters are significantly different according to Tukey’s HSD test (P = 0.05).
a7-PE, 7-layer low density PE film; S-PE, single 3-layer PE film; ID-PE, double inflated 3-layer PE film.
*Significance at P = 0.05.

The findings of our study regarding sugar composition are in
agreement with the study of Krumbein and Schwarz35 who also
reported fructose and glucose as the most important soluble
sugars in tomato fruit. Similarly, Farneti et al.36 reported a monthly
variation in sugar levels of tomato fruit grown in greenhouses with
different cooling systems and further concluded that sugar con-
tent was not affected by greenhouse type and climate conditions.
In addition, Papaioannou et al.17 did not find a significant effect
of PE cover materials on TSS content of tomato fruit. In addition,
Toor et al.37 detected a great variation in TSS content during the
growing season for three greenhouse-grown tomato genotypes
suggesting a genotype-dependent effect. In contrast to our study,
Georgelis et al.38 suggested that sugar content was positively
correlated with soluble solid and organic acid contents. Moreover,
the same authors suggested a negative correlation between sugar
content and early maturity of fruit, which was also the case for
fruit harvested at 137 DAT in our study.38 Therefore, the different
response of sugars to soluble solids content found in our study
could be attributed probably to the fact that fruit were harvested
according to visual appearance, marketable size and the number
of days after transplantation, instead of taking into account the
number of days after anthesis which was implemented in the
study of Georgelis et al.38 Moreover, according to Young et al.39

fruit colour and visual appearance are better indicators of fruit
developmental stage than number of days after anthesis. Environ-
mental factors may have a crucial effect on colour development
due to acceleration in carotenoid biosynthesis and chlorophyll
breakdown and therefore in earliness of ripening and reduced
sugar content.38

The increase of organic acid content with succession of har-
vesting has been also suggested in the report of Farneti et al.,36

especially when cool air was applied below growing gutters allow-
ing for lower air temperatures close to fruit clusters. Moreover, in
agreement with the results reported by Georgelis et al.,38 the high-
est value of TSS content in our study coincided with the highest
organic acid content (Tables 3 and 4). This result confirms the pos-
itive correlation between these two fruit quality parameters, as
well as the significant contribution of other soluble constituents to
∘Brix values than sugars alone. However, this is not always the case
since according to George et al.40 a great variation exists among
different tomato genotypes for both parameters (TSS and organic
acids) without the trends in TSS content following those of titrat-
able acidity values.

Fluctuating values of sugars/acids ratio and higher values during
the warmer and brighter growing periods (late spring–summer)
have been reported by Gautier et al.16 who also suggested fluc-
tuating values of sugars/acids ratio and generally higher values
during the summer period. In addition, Farneti et al.36 attributed
the increase in sugars/acids ratio values to higher sucrose syn-
thase activity and hexose contents under higher temperatures and
irradiation levels. The recorded values in our study were lower
than those reported by Ullah et al.41 and Luo and Li42 who stud-
ied tomato fruit quality under different nutrient and irrigation
regimes. Moreover, according to Luo and Li42 and Zhai et al.,43

stress conditions due to water deficit and salinity, respectively, may
result in higher sugars/acids ratio and better fruit quality.

Similar results to our study regarding fatty acid composition
of tomato fruit have been previously reported by Khan et al.,29

although with different amounts of individual fatty acids being
detected. PUFA/SFA and n6/n3 ratios in tomato fruit of our study
indicate a good nutritional value of tomato fruit regardless of har-
vesting date and cover material.44 According to Guil et al.,44 n-6/n-3
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Table 7. Carotenoid and chlorophylls composition (mg kg−1 fw) of tomato fruit in relation to cover material and harvest date (days after
transplantation, DAT). Values are expressed as means ± SD

Cover material (C) DAT (T) 𝛽-Carotene Lycopene Total carotenoids Chlorophyll a Chlorophyll b Total chlorophylls

7-PE

137 2.77 ± 0.01k 4.59 ± 0.01n 7.367 ± 0.005l 0.460 ± 0.004e 0.412 ± 0.007a 0.87 ± 0.01c
157 3.54 ± 0.01i 5.89 ± 0.01l 9.433 ± 0.006j 0.650 ± 0.001a 0.363 ± 0.001b 1.01 ± 0.01a
170 5.01 ± 0.05e 7.80 ± 0.02h 12.81 ± 0.03f 0.144 ± 0.002k 0.136 ± 0.005jk 0.28 ± 0.01l
184 8.3 ± 0.2a 9.28 ± 0.03c 17.6 ± 0.1a 0.131 ± 0.001l 0.134 ± 0.001kl 0.26 ± 0.01m
198 4.45 ± 0.02g 7.95 ± 0.01g 12.40 ± 0.01g 0.269 ± 0.001i 0.215 ± 0.002i 0.487 ± 0.001j

S-PE

137 2.51 ± 0.01l 4.13 ± 0.01o 6.643 ± 0.006m 0.401 ± 0.002f 0.349 ± 0.003c 0.75 ± 0.01f
157 6.78 ± 0.08c 9.90 ± 0.01a 16.7 ± 0.1b 0.388 ± 0.001g 0.236 ± 0.001g 0.63 ± 0.01g
170 5.31 ± 0.03d 8.31 ± 0.01e 13.62 ± 0.04e 0.152 ± 0.001j 0.140 ± 0.001j 0.29 ± 0.01k
184 4.74 ± 0.03f 7.34 ± 0.01k 12.08 ± 0.03h 0.517 ± 0.001d 0.261 ± 0.001f 0.780 ± 0.001e
198 4.51 ± 0.04g 8.01 ± 0.01f 12.52 ± 0.04g 0.270 ± 0.001i 0.215 ± 0.001i 0.487 ± 0.001j

ID-PE

137 3.29 ± 0.01j 5.47 ± 0.01m 8.753 ± 0.006k 0.597 ± 0.002b 0.327 ± 0.004d 0.927 ± 0.006b
157 6.7 ± 0.1c 9.83 ± 0.05b 16.53 ± 0.09c 0.386 ± 0.001g 0.233 ± 0.001h 0.62 ± 0.01h
170 7.5 ± 0.3b 8.40 ± 0.05d 15.9 ± 0.2d 0.120 ± 0.001m 0.124 ± 0.001l 0.243 ± 0.001n
184 5.00 ± 0.05e 7.73 ± 0.01i 12.73 ± 0.04f 0.544 ± 0.001c 0.275 ± 0.001e 0.817 ± 0.001d
198 4.08 ± 0.01h 7.60 ± 0.01j 11.68 ± 0.01i 0.359 ± 0.002h 0.217 ± 0.002i 0.58 ± 0.01i

Significance
C * * * * * *

T * * * * * *

C × T * * * * * *

Means in the same column followed by different Latin letters are significantly different according to Tukey’s HSD test (P = 0.05).
a7-PE, 7-layer low density PE film; S-PE, single three-layer PE film; ID-PE, double inflated three-layer PE film.
*Significance at P = 0.05.

values lower than 4.0 indicate high nutritional value and beneficial
health effects, which further highlights the importance of growing
conditions for nutritional value and quality of tomato fruit.

The observed differences in antioxidant properties of tomato
fruit depending on the implemented assay were expected, since
according to Floegel et al.,45 the results of antioxidant capac-
ity measurements may differ among the implemented assays
because they employ different principles. The same authors also
suggested that DPPH assay was in good agreement with ABTS
assay for tomato fruit and products.45 Moreover, Toor et al.37 and
Ahmadi et al.46 reported significant variation in the major antioxi-
dant compounds and antioxidant properties of tomato fruit grown
under different cover materials, due to differences in irradiation,
temperature and fruit load. Considering the differences in optical
properties between the studied cover materials as well as in total
fruit load (number of fruit clusters per plant), these could explain
the different results in antioxidant properties of fruit from different
harvesting dates and cover materials in our study. In contrast, Gul
et al.18 did not detect significant differences in antioxidant proper-
ties of tomato fruit in relation to cladding materials, but reported
a significant effect of harvesting date.

Carotenoid content may be affected by cover materials, as pre-
viously reported by Jarquín-Enríquez et al.15 and Tinyane et al.,47

while Živanović et al.19 suggested that apart from cover materi-
als climate conditions may also affect lycopene and 𝛽-carotene
content of tomato fruit. Moreover, Ahmadi et al.46 reported that
cover material may affect lycopene content in tomato fruit,
although a varied response of the tested genotypes to different
cover materials was also observed. According to Gautier et al.,16

light conditions and temperature are involved in lycopene and
𝛽-carotene metabolism, with increasing light having beneficial
effects, whereas temperatures between 21–26 and 27–32 ∘C
resulted in a reduction of total carotenoid and lycopene contents,

respectively. Moreover, fruit part also has an effect on lycopene
content, with peels containing a higher amount of this carotenoid
comparing to flesh,19 while a seasonal and genotypic variation has
been also reported.37 Considering that fruit sampling in our study
included parts of chopped whole fruit, this could partly explain
the reported results.

Regarding chlorophylls, their content decreases with matura-
tion, while high light intensities induce chlorophyll degradation
due to inhibition of chloroplast formation.2 Chlorophyll content is
also affected by air temperature, since, according to Gautier et al.,16

temperatures between 27 and 32 ∘C decreased chlorophyll degra-
dation and consequently delayed fruit coloration and ripening
process. Moreover, Živanović et al.19 reported a significant effect
of cover material on chlorophyll content, although this effect was
not consistent throughout a 3-year experiment. Therefore, chloro-
phyll content is highly associated with environmental conditions
and cover materials may affect degradation rate of chlorophyll and
consequently pigmentation of fruit and earliness of maturity.

CONCLUSIONS
Total yield showed significant differences among the studied
cover materials, with S-PE material having the highest yield,
compared to 7-PE and ID-PE materials. However, although S-PE
had the highest yield, it also had the highest fuel consumption,
which increases the production cost and eliminates any ben-
efits from yield increases. Moreover, both new cover materials
and harvesting dates may affect significantly tomato fruit qual-
ity, especially sugar and organic acid contents and sugars/acids
ratio which are associated with fruit taste, tocopherol content
which contributes to antioxidant properties and pigments that
are associated with fruit ripening and earliness of marketable
maturity. Therefore, the use of new cover materials may not
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only significantly reduce production cost and alleviate negative
effects on total yield, but it also may increase fruit quality through
the combination of proper harvesting date.
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