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Abstract: Soilless cultivation represents a promising method for the future of the horticulture in-
dustry as it offers advantages such as improved quality control over the growth environment and
mitigation of uncertainties related to soil, water, and nutrient availability. In this study, we aimed to
investigate the effects of different environments, specifically greenhouse (GH) and open-field (OF),
on the growth, phenotypic characteristics, physio-biochemical properties, qualitative parameters,
and antioxidant capacity of strawberries cultivated using a soilless system. The aforementioned
parameters were measured in both the GH and OF settings. Our findings revealed that the growth,
yield, and morphological parameters were significantly higher in the GH environment compared
to the OF. However, when considering fruit quality indices such as fruit texture firmness, fruit dry
matter percentage, taste index (TSS/TA ratio), and post-harvest shelf-life, the OF cultivation method
exhibited significantly superior results. Moreover, various aspects, related to plant physiology and
biochemistry, antioxidant enzyme activity, total antioxidant capacity (DPPH), vitamin C content,
and secondary metabolites, were found to be significantly higher in the OF environment compared
to the GH. Overall, the results of our study suggest that OF soilless cultivation outperforms GH
cultivation in terms of fruit quality, antioxidant capacity, and post-harvest shelf-life. Despite the ob-
served decrease in fruit growth and yield, soilless strawberries grown in OF are likely to yield a final
product of higher quality and nutritional value compared to those cultivated in a GH environment.
These findings highlight the potential of OF soilless cultivation as a viable approach for strawberry
production, emphasizing the importance of considering not only yield but also qualitative aspects
and the nutritional value. Further exploration and optimization of soilless cultivation techniques in
OF settings could contribute to the advancement of sustainable horticultural practices.

Keywords: Albion strawberry; antioxidant capacity; productivity; fruit quality

1. Introduction

Fruits are known to be healthy foods because of their high nutritional content, and im-
proving the quality of products, along with higher production, is a major emphasis in mod-
ern agriculture. Apart from the genetic potential of a variety, the other components that can
affect the quality of fruits are the growth environment and agro-techniques [1]. One of the
most delicious and nutritious soft fruits in the world is the strawberry (Fragaria × ananassa).
The extract of this fruit has a high antioxidant capacity and can trap free-radical species [2].

Strawberries cultivation is one of the most profitable horticultural enterprises in
many countries. Over the past 20 years, the level of strawberry cultivation has doubled
worldwide. The amount of strawberry cultivated in Iran is also expanding [3]. Strawberries
are generally produced in open-field systems on raised beds. This plant has a shallow
root system, and thus, has high water requirements [4]. However, soil-borne strawberry
diseases are major limitations that can influence plant agronomic performance and cause
economic losses in conventional production fields [5]. In addition, soil culture problems
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(such as salinity and unsuitable soil characteristics) and water resource limitations in
many countries, especially Iran, have contributed to the expansion of soilless culture [6].
However, ensuring a consistent and reliable food supply requires dedicated focus on the
implementation of innovative and optimized methodologies [7]. Soilless culture has grown
in response to increasing regulatory constraints on fumigants [8]. A suitable combination
of soilless cultivation beds can be the best growing environment in terms of water and
plant storage capacity, reducing toxicity, increasing ventilation, and balance in nutrition
compared to soil cultivation [9]. In soilless growing systems, the density of plant roots
is confined to a small volume of the growth medium. This system exhibits high rates
of metabolic activity, respiration, and growth [10]. Compared to the traditional open-
field production system, the soilless system offers more accurate control over the supply
of water, the root zone temperature, nutrients, etc. Therefore, the soilless system has
many advantages, including cleaner fruit production, no need for soil sterilization, higher
productivity owing to easier and more accurate control of production factors, enhanced
off-season production, reduction of labor requirements for harvest, and more crops per
year [11]. In addition, better vegetative growth parameters in soilless systems than in
traditional open fields have led to an increase in the number of fruits and the yield of
good-quality strawberry fruits [12].

Focusing on the effects of the environment and cultivation practices on the nutrient
and phytochemical contents of strawberries grown in hydroponics is an interesting topic
in recent studies [13]. Greenhouses, as protected culture systems, are becoming more
popular than open-field cultures. This culture system has beneficial properties, such as
frost protection, increased yields, extended harvesting periods, and control over several
major plant diseases [8]. However, there are disadvantages to greenhouse soilless systems
compared to open-field soilless systems, such as a higher initial capital investment and
a higher disease risk [11]. Although the genotype and environmental variation were
extensively studied for the phytochemicals and nutrients in strawberries, the variation
caused by the cultivation practices has drawn less attention. Therefore, one of the main
concerns in determining the soilless cultivation system type is understanding its benefits.
Soilless cultivation practices are flexible growing methods that allow growers to have full
control over the growing environment, including the active root zone, and help to increase
the efficiency of water usage while maintaining its quality in a dry area.

The importance of changing soil cultivation and moving towards soilless cultivation,
due to the reduction of healthy water resources and soil fertility, the increasing demand
for food due to population growth, as well as the improvement of food hygiene and
health [11], and the reduction of water consumption [14], is obvious and undeniable.
Soilless cultivation, in addition to controlling the root environment and managing nutrition
to improve the quality and increase the yield [15], can be a solution for overcoming the
unfavorable characteristics of water and soil, and making use of non-cultivable lands. This
should be considered in both open-field and greenhouse cultivation.

Today, the value and quality of food products, especially in horticulture, have a more
health-oriented and fresh definition than in the past [16]. Aroma, taste, dry matter content,
antioxidants, and fruit color are important factors that determine fruit quality. Research
has shown that environmental factors such as light, temperature, and relative humidity
have a direct effect on fruit quality. Consistent light intensity throughout the season
has been found to significantly increase the product quality [17]. A study demonstrated
that strawberries grown in an environment with sufficient light (direct sunlight) produce
more carbohydrates and dry matter than those grown under low-light conditions [18].
Sufficient light intensity has also been positively correlated with vitamin C content in
vegetables, including strawberries [19]. On the other hand, color, particularly in fruits and
vegetables, plays a crucial role the choices made by consumers. It has been proven that a
low light intensity or indirect light directly affects pigment synthesis, thereby reducing the
attractiveness of fruits and vegetables, such as radishes. Insufficient light not only reduces
the product quality but also increases the levels of anti-health and nutritional substances,
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such as oxalate [16]. Another pivotal aspect to consider is the impact of plastic covers on
the photosynthetically active radiation (PAR) and ultraviolet (UV) radiation, both of which
play a crucial role in preserving the bioactive compounds of fruits. Research indicates that
the antioxidant capacity of blueberry fruits cultivated under plastic covers is significantly
diminished in comparison to those grown in open-fields. This underscores the detrimental
effect of plastic covers on the preservation of bioactive compounds in fruits [20].

Temperature plays a fundamental role in plant phenology and growth, with optimal
levels varying among plant species [21]. It indirectly affects leaf stomatal conductance
through alterations in the plant water status and vapor pressure, subsequently directly
influencing transpiration and photosynthesis [22,23]. Elevated temperatures can hinder
plant physiological and developmental processes by reducing the leaf water content and
stomatal conductance, increasing the leaf temperature (due to diminished evaporative
cooling [24]), augmenting transpiration rates, diminishing photosynthesis, and ultimately,
impeding shoot growth, metabolite production, and overall plant growth [23,25].

Stomatal conductance serves as a measure of gas and water exchange between plant
leaves and the surrounding environment. Environmental factors, particularly relative
humidity, play a crucial role in controlling stomatal function [26]. Similar to temperature,
relative humidity is a vital determinant for plant growth and survival [27]. Stomata, by
regulating water and carbon dioxide exchange, significantly influence the plant water status,
photosynthesis, primary metabolism, drought tolerance, and resource competition [28].

The variables of light intensity, temperature, and relative humidity play a crucial role
in the growth and survival of plants and are significantly influenced by environmental
factors. When these variables are present at extremely low or high levels, they can induce
stress in plants. However, maintaining them within acceptable ranges can enhance both
the quantity and quality of plant products [29]. Consequently, it appears that soilless
cultivation in the open field, with its distinct ability to effectively manage nutrients (en-
suring balanced mineral nutrients and optimal ion availability during plant growth), can
potentially improve the quality and antioxidant capacity of crops. This improvement can be
attributed to factors such as a higher and more uniform light intensity, as well as a greater
temperature differential (DIF). Additionally, soilless cultivation systems in open fields
may offer plants better tolerance to temperature and humidity stresses when compared to
greenhouses and enclosed spaces. Such advancements have the potential to increase horti-
cultural crops’ productivity and enhance the nutritional value of food. In light of this, the
primary objective of this study was to investigate and compare the growth characteristics,
physio-biochemical attributes, and quality parameters of strawberries cultivated using a
soilless cultivation system in both open-field and greenhouse environments.

2. Materials and Methods
2.1. Experimental Site and Cropping System

The experiment was conducted on the campus of Islamic Azad University, Mahabad
(Iran). The cultivation of Albion strawberry (Fragaria × ananassa ‘Albion’) was conducted in
two cultivation systems, a soilless greenhouse (SG) and a soilless open-field (SOF) system,
based on a complete randomized block design with four replicates between April and
September 2021 (Table 1).

In the open-field and greenhouse cultural systems, strawberry plants were cultivated
in a soilless growing system in 20 L grow bags measuring 75 cm in length, 15 cm in width,
and 25 cm in depth, filled with coconut coir and perlite substrates (1:1, V/V) under natural
light and temperature conditions (four replicates, and each replicate had eight plants). The
plants were watered with a drip irrigation system (one drip per plant with a flow rate of
2.3 L/hThe pots were placed on benches with a 1% slope to ensure free drainage. The
preparation of the nutrient solution was according to the Caruso method [30] (Table 2). The
conductivity and pH were kept at approximately 1.3 dS/m and around 5.8, respectively.
Optimum fertigation was attained by measuring the drainage amount obtained from
the drainage channels placed underneath the growing bags on day one. Fertigation was



Horticulturae 2023, 9, 774 4 of 15

also calculated depending on the drainage. In the open field, when the light intensity
exceeded 925 (µmol m−2 s−1), a green shading net was used. Throughout each experiment,
harvesting was performed when the fruit was fully ripe (completely red).

Table 1. Environmental conditions of soilless cultured strawberry (Fragaria × ananassa ‘Albion’).

Month Culture
Condition

Day
Temperature

(◦C)

Night
Temperature

(◦C)

Relative
Humidity

(%)

Light Intensity
(µmol m−2 s−1)

April SG 18 16 45 120.4
SOF 13 7 60 314.8

May SG 20 17 53 177.8
SOF 22 15 38 796.3

June
SG 21 19 51 388.9

SOF 25.8 17 14 1203.7

July SG 24 20 50 481.5
SOF 28 19 10 1314.8

August SG 25 21 45 425.9
SOF 30 19 5 1166.7

September SG 23 20 51 259.3
SOF 25 16 7 944.4

Table 2. Chemical composition of the hydroponic nutrient solutions.

EC (dS/m) Macronutrients (mM) Micronutrients (µM)

N P K Ca Mg S Fe Cu Mn Zn B Mo

1.3 6.1 0.5 2.6 2 1.6 1.3 45 20 25 38 12 1

For all treatments, pH was adjusted to 5.8 and the NH4/NO3 ratio was 1/9.

2.2. Growth and Morphological Parameters

In each replication at the final harvest, the fresh weight of the crown, leaf, root, fruit,
and plant (root + crown + leaf), and the mean of a single fruit from the randomly selected
plants were taken. During the period of flowering and fruiting, the rate of fruit set was
calculated as a percentage by counting the total number of flowers and fruits formed. The
numbers of fruits per plant during the season and crowns per plant after harvesting and
removing the plants from the bed were separated and counted. Small, deformed, immature,
and physiologically disturbed fruits were separated and calculated as the percentage of
non-marketable fruits. Fruits of the same size and approximately the same ripeness were
selected and stored at two different temperatures (2 ◦C and 22 ◦C), and their weight loss
changes at the same time (10 days, the minimum duration of treatment) were recorded.
Moreover, their maximum durability was assessed and determined based on the market
indicators. The leaves, roots, and crowns were oven-dried (70 ◦C for 24 h) to measure the dry
weight. Dry matter and fruit juice were calculated. The fruit firmness was measured using
a Lutron FG-5020 device (Lutron FG-5020-TAIWAN-probe: 5 mm) [31]. The measurements
of the fruit diameter and length throughout the growing season, as well as the crown
diameter and root length, were documented post-harvest using a digital caliper.

2.3. Biochemical and Physiological Parameters
2.3.1. Photosynthetic Pigments

The measurement of chlorophyll pigment (a, b, total, and carotenoids) content was
conducted following the protocol developed by Smith and Benitez [32]. A spectropho-
tometer (Lambda 25 UV/VIS, Perkin-Elmer, Waltham, MA, USA) was utilized for the
measurements, with specific wavelengths assigned for each pigment: 663 nm for chloro-
phyll a, 645 nm for chlorophyll b, and 470 nm for carotenoids. This established protocol
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ensured standardized and accurate quantification of the chlorophyll pigment content. The
content of carotene pigments in the leaves was measured using the method described by
Berger [33].

2.3.2. Physiological Parameters

The membrane stability index was assessed by measuring the amount of electrolyte
leakage (EL) in the leaves according to the method of Lutts et al. and expressed as a
percentage [34]. A leaf porometer (SN: LP2402, Decagon. Hopkins Ct, Pullman, WA, USA)
was used to measure the stomatal conductivity (SC, in mol H2O m−2 s−1) of the leaves.

Relative water content (RWC) was measured using the fresh weight (FW), turgid
weight (TW), and constant dry weight (DW) of leaves, according to the method described
by Ritchie [35]. Total soluble solids (TSS) (◦Brix) of the fruits were recorded using a portable
refractometer (Atago Co., Ltd., Tokyo, Japan) at 20 ◦C. Titratable acidity (TA) was evaluated
by titrating the juice with 0.1 N NaOH. The fruit flavor or maturity index was determined
using the TSS/TA ratio [36].

2.3.3. Biochemical Parameters

Superoxide dismutase (SOD) activity was assayed based on the reduction of NBT
(nitroblue tetrazolium) [37]. The peroxidase (POD) activity was determined using the
potassium phosphate buffer method and measuring the absorbance changes at 470 nm and
25 ◦C [38]. Catalase (CAT) activity was measured by monitoring the decrease in H2O2 at
240 nm for 1 min at 25 ◦C, and the amount of enzyme that caused a reduction in absorbance
at 240 nm of 0.01 per minute was considered as CAT activity [39].

Colorimetric determination of leaf proline was performed using the acid-ninhydrin
method based on Bates [40].

Measurement of total antioxidant capacity in the fruits was carried out based on per-
cent quenching of the 2-diphenyl-1-picrylhydrazyl radical (DPPH) decrease in absorbance
of the radical at 517 nm using a spectrophotometer (Lambda 25 UV/VIS, Perkin-Elmer) [41].

The total flavonoid content of fruits was measured using the aluminum chloride
method and expressed in mg quercetin/g of strawberry fruit based on the calibration
curve [42]. The total phenolic content (TPC) and total anthocyanins content (TAC) of fruit
were measured according to the Folin–Ciocalteu method in terms of mg gallic acid per
gram of fresh weight and the pH difference method, respectively [42,43]. The vitamin
C (ascorbic acid) content was measured by iodine titration with potassium iodide in the
presence of a 1% starch reagent [44].

In harvested strawberries, phenylalanine ammonia-lyase (PAL) activity was deter-
mined according to the Zucker (1965) method, based on the production of cinnamate for
1 h at 30 ◦C and the absorbance change at 290 nm [45].

2.4. Statistical Analysis

The data for each harvest were analyzed using SPSS software (version 24). The data
were analyzed using a t-test at a significance level of p < 0.05. Results are presented as the
mean ± standard deviation. Pearson’s correlation analysis was applied to evaluate the
relationships between pairs of variables.

3. Results and Discussion
3.1. Growth and Morphological Parameters

Most plant growth parameters in the greenhouse environment were significantly
higher than those in the open field (p < 0.05; Table 3). Growth parameters, including the
fresh weight of leaves, dry and fresh weight of the crown, fresh weight of roots, total plant
weight, mean of single fruit weight, root and crown diameter, fruit length, number of roots,
root volume, number of fruits per plant, and fruit loss, were significantly higher in the
greenhouse cultivation than in the open-field culture (Table 3, Figure 1) (p < 0.05). However,
parameters such as fruit firmness, fruit dry matter, fruit juice, fruit set, and the shelf-life of
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fruits at 2 ◦C and 22 ◦C were significantly higher in the open-field than in the greenhouse
conditions (Table 3) (p < 0.05). There was no significant difference between the dry weight
of leaves, dry weight of roots, number of crowns, and percentage of unmarketable fruits
under the greenhouse and open-field cultivation conditions (p > 0.05, Table 3).

Table 3. Effect of different growing environments on the morphological and growing characteristics
of soilless cultured strawberry (Fragaria × ananassa ‘Albion’) (mean ± SD, n = 8).

Different Morphological Characteristics Greenhouse Open Field

Yield (g plant−1) 451.1 ± 80 a * 279.7 ± 49.7 b
Plant fresh weight (g plant−1) 254.8 ± 49.8 a 170.3 ± 37.4 b

Number of fruit (per plant) 26.8 ± 4.6 a 20.2 ± 2.3 b
Fruit firmness (Newton m−2) 1.5 ± 0.3 b 1.6 ± 0.3 a

Single fruit fresh weight (g fruit−1) 16.9 ± 1.3 a 13.8 ± 1.5 b
Crown number (unit plant−1) 3 ± 1.1 a 3.3 ± 1.1 a

Crown diameter (mm) 21.5 ± 5.6 a 16.3 ± 4.3 b
Root length (mm) 38.3 ± 6 a 31 ± 5.8 b
Root volume (m3) 46.9 ± 10.3 a 35.1 ± 9 b

Fruit diameter (mm) 32.5 ± 1.2 a 25.3 ± 1.1 b
Fruit length (mm) 35.9 ± 2.5 a 32.6 ± 2.2 b

Fruit dry matter (%) 11.4 ± 1.8 b 13.7 ± 1.3 a
Unmarketable fruit (%) 2.7 ± 0.1 b 4.8 ± 0.5 a

Fruit shelf-life at 2 ◦C (hours) 340.5 ± 68 b 372.8 ± 14 a
Fruit shelf-life at 22 ◦C (hours) 60 ± 21 b 80 ± 15.7 a

Fruit weight loss at 2 ◦C (%) 11.8 ± 2.4 a 6 ± 1.4 b
* Means in each row followed by the same letters are not significantly different at p < 0.05 according to the t-test.
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The coefficients of the significantly studied traits are shown in Figure 2. This analysis
reflects the degree of interaction between growth and morphological parameters in straw-
berry plants (fruits + crowns + roots), which further facilitates a better understanding of the
interactions between plant growth influenced by different cultural conditions (greenhouse
and open field). To provide a deeper insight into these correlations, the analysis was
separately performed for greenhouse and open-field planting. The correlation matrix for
fruit properties significantly varied between greenhouse and open-field planting (Figure 2).
According to the correlation coefficient values, statistically significant negative correlations
were observed among fruit juice and fruit set, fruit loss at 2 ◦C and fruit shelf-life at 2 ◦C,
fruit loss at 2 ◦C and fruit shelf-life at 22 ◦C, and fruit dry matter and fruit juice. This signifi-
cant negative correlation indicated a higher fruit quality in soilless greenhouse strawberries.
In contrast, significant positive correlations were observed for the fruit dry matter and
crown dry weight. The vegetative components of strawberries in greenhouse conditions
were higher than those in open-field conditions and had a higher ability to produce flowers
and fruits, which has been confirmed by other studies [46,47].
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Figure 2. Pearson correlations between morphological and growing characters of soilless cultured
strawberry (Fragaria × ananassa ‘Albion’) in the greenhouse (A) and open-field (B) conditions.

3.2. Biochemical and Physiological Parameters

The results showed that the photosynthetic pigments, including chlorophyll a, chloro-
phyll b, and carotenoids, in strawberries grown in open-field soilless culture were signif-
icantly lower than those in strawberries grown in greenhouse soilless culture (p < 0.05;
Table 4).

Table 4. Effect of different growing environments on the photosynthetic pigments of soilless-grown
strawberry (Fragaria × ananassa ‘Albion’) (mean ± SD).

Photosynthetic Pigments Open Field Greenhouse

Chlorophyll a (mg g−1) 21.06 ± 1.9 b * 23.6 ± 1.1 a
Chlorophyll b (mg g−1) 5.53 ± 1.1 b 7.03 ± 0.76 a

Total chlorophyll (a + b) (mg g−1) 26.59 ± 2.6 b 30.63 ± 2.1 a
Carotenoid (mg g−1) 1.97 ± 0.85 b 3.67 ± 1.2 a

* Means in each row followed by the same letters are not significantly different at p < 0.05.

The analysis of the physiological and biochemical parameters in leaves showed that
the proline content, EL, and the activity of antioxidant enzymes (SOD, CAT, and POD) in
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strawberries grown in the open-field soilless culture were significantly higher than those
grown in the soilless greenhouse environment (p < 0.05, Table 5, Figure 3). These results
can be explained by the higher environmental pressure on plants grown under open-field
compared to greenhouse conditions. In contrast, the relative water content and stomatal
conductivity (SC) of leaves were significantly lower in the soilless open-field growing
environment than in the soilless greenhouse environment (p < 0.05). The total soluble solids
(TSS), TSS/TA ratio, PAL activity, vitamin C, flavonoid and phenol content, and DPPH in
strawberries grown in the open-field soilless culture were significantly higher than those in
strawberries grown in the greenhouse environment (Table 5, Figures 3 and 4, p < 0.05).

Table 5. Effect of different growing environments on the physiological and biochemical parameters
of soilless cultured Albion strawberry (Fragaria × ananassa Albion) (mean ± SD).

Organ Different Physio-Biochemical
Characteristics Greenhouse Open Field

Leaf

Proline (µg mL−1) 3.57 ± 0.8 b * 5.5 ± 1.8 a
Ion leakage (%) 51.68 ± 6.37 b 64.5 ± 4.6 a

Stomatal conductivity (mol H2O m−2 s−1) 412.2 ± 54.8 a 308.8 ± 39.6 b
Relative water content (%) 50.17 ± 3.9 a 43.4 ± 3.1 b

Fruit
TSS (◦Brix) 10.64 ± 1.4 b 13.6 ± 0.9 a
DPPH (%) 59.5 ± 11.5 b 72 ± 8.7 a

TSS:TA ratio 11.16 ± 1.5 b 13.28 ± 1.3 a
* Means in each row followed by the same letters are not significantly different at p < 0.05.
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The amounts of photosynthetic pigments markedly increase under greenhouse con-
ditions compared to that under open-field conditions. Ibrahim et al. reported that three
varieties of Labisia pumila Benth, grown in a greenhouse, showed a higher content of pho-
tosynthetic pigments than open-field-grown plants [48]. It has been suggested that the
photosynthetic response of leaves to increased photosynthetic photon flux density (PPFD)
during plant growth in open fields can be related to intricate interactions between acclima-
tion of the photosynthetic machinery, photoinhibition damage, and repair [49]. Therefore,
strawberry plants grown in the open field and exposed to higher light conditions might
exhibit photoinhibition under high PPFD conditions [50]. The significant and strong posi-
tive correlation between photosynthetic pigments in strawberries grown in the greenhouse
supports this assumption (Figure 5).

The stomatal conductance and relative water content of leaves were the two physi-
ological parameters that were significantly higher in strawberries grown in greenhouses
than in those grown in open fields. Stomata play a critical role in regulating the fluxes
of water and carbon dioxide between plants and the atmosphere. Therefore, stomatal
responses to changes in the environment can be integrated with changes in stomatal con-
ductance [51]. Previous studies have shown that the stomatal conductance and relative
water content of leaves are sensitive to changing environmental factors, such as vapor
pressure deficit, light, and the CO2 concentration [52]. In addition, it has been confirmed
that stomatal conductance in plants under UV-blocking covers is higher [53]. Therefore,
the differences observed in stomatal conductance in the greenhouse and open field may
be attributed to variations in the UVB impact and signify the complexity of the effects of
UV on stomata [54]. Furthermore, scientific evidence has established that maintaining an
optimal level of relative humidity (40–60%) can effectively reduce the leaf temperature
and enhance the stomatal conductance [55]. Consequently, it is plausible to suggest that
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the greenhouse environment, with its suitable average relative humidity (49%), promoted
increased stomatal conductance compared to the open field (22%). Consequently, this led to
an improvement in the relative water content of leaves and better thermoregulation, with a
positive effect on the photosynthesis activity. The validity of this argument was supported
by a significant correlation observed between these two parameters, as depicted in Figure 5.
The low relative humidity induces high transpiration that can induce a high water demand,
with possibly stressful conditions for crops.
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The enzymatic antioxidant activity, including SOD, POD, and CAT, as well as the
levels of proline and electrolyte leakage in the leaves of open-field-grown strawberries,
exhibited significantly higher values compared to those of greenhouse-grown strawberries.
This disparity suggests that the open-field cultivation environment imposed greater envi-
ronmental stresses, such as fluctuating changes in light intensity and temperature [56]. It
is noteworthy that in the open field, the daily temperature reached higher levels (24 ◦C)
during the day and lower levels (15.5 ◦C) during the night. Additionally, the light inten-
sity was considerably higher (957 µmol m−2 s−1) compared to the greenhouse condition.
These conditions of temperature and light in the open field can be considered as stress
factors for strawberries, resulting in an upregulation of enzymatic antioxidant activity and
the accumulation of proline, an amino acid known for its stress-responsive role. SOD,
a critical component of the active oxygen scavenging system of plant chloroplasts, can
quickly respond to environmental changes within a few hours [57]. SOD is an enzyme
that facilitates the conversion of superoxide radicals (O2

−) into hydrogen peroxide (H2O2)
and molecular oxygen (O2) [58]. Consequently, it can be inferred that the cellular levels
of H2O2 are directly influenced by the production of O2

− [59]. Additionally, CAT and
POD use an organic substrate as an electron donor to reduce H2O2 to water and protect
plants during oxidative stress [60]. Hydrogen peroxide is recognized as one of the most
significant reactive oxygen species (ROS), and at lower concentrations, it is a signaling
molecule in biological systems. It arises from the incomplete regeneration of atmospheric
oxygen during vital cellular processes, including photorespiration [61]. H2O2 functions
as a pivotal signaling molecule involved in plants’ response to various abiotic stresses,
such as extreme temperatures, drought, and excessive radiation [62]. The homeostasis of
H2O2 is maintained through the action of antioxidant enzyme systems, including catalase
and peroxidase, which rapidly eliminate H2O2 [63]. Due to its small size and relatively
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long half-life (1 ms), H2O2 can readily traverse cell membranes, thereby facilitating its role
as a signaling molecule [64]. H2O2 possesses diverse functions and regulates numerous
physiological processes within plants, such as cell wall reinforcement, aging, photosynthe-
sis, stomatal opening, and the cell cycle. However, it is important to note that excessive
concentrations of H2O2 can induce cellular and plant damage [65]. In other words, at
low concentrations, H2O2 acts as a signaling molecule, while at higher concentrations, it
triggers cell death [66].

Numerous studies have consistently demonstrated that enhanced proline accumula-
tion is concomitant with increased activities of SOD, POD, and CAT, thereby signifying the
activation of an antioxidative defense mechanism through elevated proline production [67].
Consequently, the effectiveness and synchronization of enzymatic and non-enzymatic
antioxidant compounds within the plant are imperative for regulating the concentration
of H2O2, as corroborated by the findings of the present study (Figure 5). Moreover, under
prevailing environmental conditions, including light intensity, temperature, and relative
humidity, the stress induced by high temperatures [68], particularly during July and Au-
gust (28/30 ◦C), appears to have heightened the leaf electrolyte leakage in the open field.
This perturbation in the stability of the leaf cell membrane in strawberries cultivated in
open fields, prompted by environmental stresses such as high temperatures, potentially
contributes to an increase in electrolyte leakage. Consequently, this leads to a subsequent
reduction in the maximum photochemical performance of photosystem II (PSII), ultimately
diminishing the content of photosynthetic pigments [69]. The results of the correlation
analysis and mean comparisons lend support to this assertion (Tables 4 and 5, Figure 5).

Based on the observations recorded during the present investigation, the total soluble
solids, TSS/TA ratio, PAL activity, vitamin C content, total antioxidant capacity, flavonoid,
and phenol content were increased in the fruits of open-field-grown strawberries. Therefore,
the soilless culture of strawberries in open-field conditions could have positive effects on the
fruit quality, increasing TSS, nutrition, and secondary metabolites such as flavonoid content,
and phenol content. As PAL is a key regulatory enzyme for flavonoid biosynthesis during
fruit ripening, an increase in the activity of this enzyme can increase the levels of flavonoids
in the fruit [70]. Previous studies have reported an increase in vitamin C concentrations
under open-field culture conditions due to a response to environmental abiotic stress [71]. It
has been suggested that increasing the vitamin C concentration is a response to abiotic stress
through de novo synthesis or due to its regeneration from dihydrolipoic acid [71]. Phenolics
and flavonoids play important roles in the detoxification of free radicals during an increase
in environmental stress [72]. Contradictory reports on the effects of environmental stress on
phenolic and flavonoid compounds in strawberries can be found in the literature. However,
most of them described a differential accumulation of phenolic and flavonoid compounds
that was dependent on the type of abiotic stress, concluding that these compounds favored
oxidative damage protection under abiotic stress [73]. The increase in the total antioxidant
capacity (DPPH) in fruits of open-field-grown strawberries in this study can further confirm
this claim.

Previous studies have reported that a higher and positive DIF can enhance the soluble
sugar concentration and improve the fruit quality [74]. In line with these findings, the
results of the present experiment confirm the positive impact of high DIF in the open
field (8.5 ◦C) compared to the greenhouse (3 ◦C). Wu et al. also demonstrated that DIF
levels above 8 and below 14 optimally stimulate the activity of the sucrose biosynthesis
enzyme, sucrose phosphate synthase, leading to an increase in the fruit sugar content [75].
Consequently, the higher taste index (TSS/TA) observed in the open field, as compared to
the greenhouse, could be attributed to the elevated sugar content. Additionally, it has been
established that plants respond to thermal stress by biosynthesizing secondary metabolites
(SMs), with phenols and flavonoids being highly sensitive to temperature variations [76].
In the present study, the observed increase in temperature likely induced localized thermal
stress, resulting in elevated levels of secondary metabolites, such as phenols and flavonoids,
in the open field. Moreover, considering the well-established role of SMs in post-harvest



Horticulturae 2023, 9, 774 12 of 15

fruit quality and shelf-life [77], it is reasonable to infer that the enhanced shelf-life of fruits
in the open-field, as observed in this study, can be attributed to the increased accumulation
of SMs compared to the greenhouse. Moreover, many studies have demonstrated that the
main difference between fruits produced under UV exclusion conditions (greenhouses) is
that they have a significantly lower content of secondary compounds and antioxidants than
fruits produced under open-field conditions [78,79]. Considering the more regular, positive,
and significant correlation between secondary compounds and antioxidants in strawberries
grown in the greenhouse, as well as the strong and significant negative correlation between
stomatal conductance and secondary compounds and antioxidants in strawberries grown
in the open environment (Figure 5), it can be argued that sensitivity to environmental
changes, including UV, caused these observations.

4. Conclusions

Overall, the results of this study showed that strawberries cultivated in the greenhouse
and in the open-field soilless condition showed different phenotypic, physiological, and
biochemical reactions. While strawberries grown under greenhouse conditions performed
better in terms of vegetative growth, photosynthesis, and yield, open-field cultivation
showed superior results in terms of the fruit quality, flavor index, enzymatic antioxidant
activity, antioxidant compounds, and fruit shelf-life. These findings suggest that open-field
soilless cultivation may yield distinct responses compared to greenhouse cultivation and
should be tested on a wider range of cultivars to draw more accurate conclusions. The
limited availability of detailed studies on stress gradients in open-field strawberry culti-
vation, compared to greenhouse cultivation, indicates a lack of understanding regarding
how different environments in soilless cultivation respond to stress and impact the final
product yield.
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