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Abstract: Greenhouse horticulture is one of the most intensive agricultural systems, with the advantages
of environmental parameter control (temperature, light, etc.), higher efficiency of resource utilization
(water, fertilizers, etc.) and the use of advanced technologies (hydroponics, automation, etc.) for higher
productivity, earliness, stability of production and better quality. On the other hand, climate change
and the application of high inputs without suitable management could have negative impacts on the
expansion of the greenhouse horticulture sector. This special issue gathers twelve papers: three reviews
and nine of original research. There is one review that focuses on irrigation of greenhouse crops, while
a second surveys the effects of biochar on container substrate properties and plant growth. A third
review examines the impact of light quality on plant–microbe interactions, especially non-phototrophic
organisms. The research papers report both the use of new technologies as well as advanced cultivation
practices. In particular, new technologies are presented such as dye-sensitized solar cells for the glass
cover of a greenhouse, automation for water and nitrogen deficit stress detection in soilless tomato crops
based on spectral indices, light-emitting diode (LED) lighting and gibberellic acid supplementation on
potted ornamentals, the integration of brewery wastewater treatment through anaerobic digestion with
substrate-based soilless agriculture, and application of diatomaceous earth as a silica supplement on potted
ornamentals. Research studies about cultivation practices are presented comparing different systems
(organic-conventional, aeroponic-nutrient film technique (NFT)-substrate culture), quantitative criteria
for determining the quality of grafted seedlings, and of wild species as alternative crops for cultivation.

Keywords: soilless culture; light; protected cultivation; vegetables; ornamental

1. Introduction

Horticulture is characterized by a wide range of cultivation systems (i.e., open field, soilless, protected,
greenhouse, organic, indoor) and a plethora of fruit, vegetable and ornamental species. Among these,
greenhouse horticulture is one of the most intensive agricultural systems, focusing on the production of
high-value products. Control of environmental parameters (temperature, light, etc.), higher efficiency of
resource utilization (water, fertilizers, etc.) and the use of high-tech systems (hydroponic, automation,
etc.) provide opportunities for higher yields, earliness, stability of production and better quality. The
value of the global greenhouse horticulture market for 2019 was 30 billion US dollars and it has been
projected to increase annually around 9% for the next five years [1]. Increasing demand for greenhouse
horticultural crops could be explained by the growth of the world population as well as adaptation to
negative environmental impacts of future water availability and climate change scenarios.

Climate change especially could have a significant effect on greenhouse horticulture since the
environmental parameters inside greenhouses are dependent on outside conditions such as temperature
and solar radiation. On the other hand, the use of high inputs without suitable management could have
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negative environmental impacts. Thus, suitable cultivation practices and new technologies will be needed
to achieve the maximum benefits from greenhouse horticultural production.

2. Special Issue Overview

This Special Issue collects current research findings dealing with a wide range topics related to
greenhouse horticulture. The papers can be broadly organized into two main subjects: (i) five original
research articles about new technologies, and (ii) three reviews and four original research articles about
cultivation practices.

2.1. New Technologies on Advanced Greenhouse Horticulture

Greenhouse horticulture has been one of the pioneering sectors of agriculture in the use of new
technologies. This has increased due to increasing globalization as well as the requirement for more
efficient use of resources and more sustainable farming practices. Castro et al. [2] review new technologies
such as improved cover materials, light-emitting diode (LED) lighting, alternative nutrient resources,
and sensors that are expected to contribute to more digital, automatic, and advanced greenhouse
horticultural production.

In greenhouse horticulture, there is a significant need for energy cost reduction, since energy constitutes
a substantial fraction of the total production costs. Motivated by the above, Ntinas et al. [3] evaluated and
quantified a higher crop yield and improved quality of hydroponic tomato cultivated in a greenhouse,
using the innovative technology of dye-sensitized solar cells (DSSC) for the glass cover of the greenhouse.
All energy harvested from the sun with the DSSC was used to cover part of the electrical consumption
of the DSSC greenhouse as a renewable energy source, in comparison to a reference greenhouse that
had a glass cover and a conventional electrical source that was provided by a grid (CONV greenhouse).
The results from the DSSC greenhouse during the summer season were satisfactory, since shading had a
positive effect on the qualitative characteristics of the tomato fruit of two commercial table tomato hybrids.
Furthermore, surplus light, especially during summer when it is not needed for plant growth, was used
for electrical generation by the photoselective DSSCs installed in the greenhouse roof covering. In future
work, the DSSC greenhouse will be evaluated year round, focusing on wintertime.

Water and nitrogen deficit stresses are among the most critical growth limiting factors in crop
production. Usually quite complex and problematic methods have been used to quantify the impact
of water and nitrogen deficit stresses on plants. Elvanidi et al. [4] developed a model based on the
classification tree (CT) method to analyze complex reflectance index datasets in order to provide visual
assessments of plant water and nitrogen deficit stress. The results showed that the combination of MSAVI
(Modified soil-adjusted vegetation index), mrNDVI (Modified red edge normalized difference vegetation
index), and PRI (Photochemical reflectance index) had the potential to determine water and nitrogen
deficit stress with 89.6% and 91.4% classification accuracy values for the training and testing samples.
These results are promising for further design of a smart decision support system for better climate and
irrigation management.

Light is one of the most important factors related to plant growth and development and therefore,
using artificial lighting is common practice in commercial greenhouses with the use of light emitting
diode (LED) technology rapidly replacing traditional lighting sources. Gibberellic acid (GA3) is a hormone
found in plants, which is produced in low amounts, and therefore synthetic GA3 is commonly used in
commercial agriculture to manipulate growth and development. Mills-Ibibofori et al. [5] evaluated the
above parameters and combinations on potted ornamentals. The results showed that light and GA3 have a
synergistic relationship with each other regarding plant and floral development. More research needs to
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be conducted with diverse species using an array of LED lights with different spectra in combination with
the plant hormone GA3 to control plant growth and flowering, as effects may be species dependent.

Urban agriculture is experiencing a resurgence in popularity in many parts of the world and can play
a key role in recycling urban waste streams, promoting nutrient recycling, and increasing sustainability of
food systems. Riera-Vila et al. [6] investigated the integration of brewery wastewater treatment through
anaerobic digestion with substrate-based soilless agriculture. The yield of three crops in the digested
wastewater treatments was higher than with raw wastewater or a no fertilizer control, indicating that
nutrients in the brewery wastewater can be recovered for food production and diverted from typical
urban waste treatment facilities. The work showed how to solve some of the agronomic and technological
challenges of this integration, but additional complementary research is needed pertaining to the economic,
legal, and social challenges of this decentralized urban system.

In horticultural plants, silica (Si) is a nonessential element; however, its role as a needed supplement
in soilless media is gaining interest. Therefore, Mills-Ibibofori et al. [7] conducted a study to determine the
effects of diatomaceous earth (DE) as a Si supplement on three potted ornamentals under well-watered
and water-stressed conditions. Several growth and flowering characteristics were improved, depending
on the rate and application method, by application of DE. Benefits of DE included increased height, width,
shoot dry weight, stem, and flower diameter. Future studies should further evaluate application of DE on
a range of crops and stress conditions.

2.2. Cultivation Practices on Advanced Greenhouse Horticulture

Vox et al. [8] reviewed how greenhouse horticultural cultivation is a very intensive form of agriculture
and could be environmentally unfriendly; therefore, application of novel, suitable cultivation techniques is
essential to prevent problems developing from this type of production.

Probably the most sensitive daily work of the growers is irrigation management of the crops, balancing
water availability with crop need. Decisions concerning irrigation schedules may be based on a grower’s
estimation of need on a daily basis for soil-based crops, while estimates for soilless systems require shorter
time intervals. Nikolaou et al. [9] presented a comprehensive review of irrigation management in soil and
soilless crop production in greenhouses, as well as the need for the development of a commercial irrigation
controller unit in order to model and monitor the soil-plant-atmosphere utilizing artificial intelligence.

Recently, there has been an increasing demand for biochar application, carbon-rich material made
from biomass, in horticulture crop production systems. Hunag and Gu [10] reviewed biochar production
systems, biochar effects on container substrates characteristics, and biochar effects on plant growth when
used in container substrates. Further studies will be needed for assessment of biochars as a result
of promising results to date to fine-tune the pyrolysis process and incorporate formulae for diverse
container substrates.

As mentioned previously, light is extremely important for the plants, however, covering materials alter
available light for the plants in greenhouses, which may became a light intensity problem in greenhouses at
circumpolar regions. Alsanius et al. [11] reviewed the impact of light quality on plant–microbe interactions,
such as bacterial and fungal pathogens, biocontrol agents, and the phyllobiome. Relevant molecular
mechanisms regulating light-quality-related processes in bacteria are described and knowledge gaps are
discussed with reference to ecological theories.

Control of the protected environment of a greenhouse makes them suitable for organic
production. Golubkina et al. [12] compared nine new leek cultivars under organic and conventional
systems in a greenhouse. The results showed that organic cultivation resulted in higher dry matter,
sugar, ascorbic acid and potassium content but lower nitrates in the pseudo-stems than conventional
cultivation, but with the same cultivar ranking as for conventional management. Observation of the strong
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relationships between quality, antioxidant and mineral components in leek plants could provide wide
possibilities in breeding programs for both conventional and organic management systems in greenhouses.

To maximize the benefits of the greenhouse environment, the choice of a soilless cultural system
(SCS) is a common practice. Common forms of SCS are hydroponic but also aeroponic and aquaponics. Li
et al. [13] compared an aeroponic to a hydroponic nutrient film technique (NFT) system for their effects
on growth and root characteristics of lettuce. The results showed that aeroponic cultivation significantly
improved root growth parameters (root biomass, root/shoot ratio, total root length, root area, and root
volume). However, greater root growth in the aeroponic system did not lead to greater shoot growth
compared with hydroponic culture due to the limited availability of nutrients and water. Further research
is necessary to determine suitable pressure, droplet size, and misting intervals in the aeroponic system to
improve the continuous availability of nutrients and water for lettuce cultivation.

The use of grafting is an environmentally friendly technology, safe for consumers and users, and may
prevent biotic and abiotic disorders, and it is extensively used for watermelon. However, to enjoy the
advantages of grafting, use of high quality grafted seedlings is a prerequisite. Based on the above, Bantis
et al. [14] performed a study to set critical limits for objective measurements of grafted watermelon seedling
quality categories as well as to suggest the most accurate and convenient among them for application by
the end users (industry and growers). They concluded that crucial parameters were leaf and cotyledon
area of scions, stem diameter, shoot and root dry weights as well as shoot DW/L, and Dickson’s quality
index as good indicators for categorizing grafted watermelon seedlings.

Recently, there has been an increased interest by consumers in alternative crop species with unique
visual appearances and tastes as well as a source of bioactive compounds. Motivated by the above, Guarise
et al. [15] evaluated two wild populations of hedge mustard as a potential leafy vegetable. A wide range
of physiological parameters and chemical substances (leaf pigments, chlorophyll a fluorescence, sugars,
ascorbic acid, total phenols, anthocyanins, nitrate) were determined. The results demonstrated that the
two wild populations of Brassicaceae can be successfully grown in a greenhouse with nutritional value and
quality characteristics similar to the most common commercial leafy vegetables. Further investigation will
be required for evaluating postharvest quality and suitable storage conditions.

3. Conclusions

Greenhouse horticultural production is a very intensive method, and therefore the need for adopting
new technologies and advanced cultivation practices are preconditions for successful production in a very
competitive global environment. Moreover, the environmental impact of the above is more critical than
ever to avoid negative impacts while achieving the goal of satisfactory food production for the increasing
world population while improving agricultural sustainability.
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Abstract: In this study, we evaluated crop productivity and physiology during the hydroponic
cultivation of medium-sized and cherry tomato crops, using two experimental greenhouses. Of the
greenhouses, one used dye-sensitized solar cell (DSSC) technology for covering material, whilst the
other, a conventional one (CONV), was covered using diffusion glass as a control. The effect of the
colored lighting that resulted from the DSSC glass filtering on the physiological response of the crops
was examined by measuring the plant transpiration rate and leaf chlorophyll content. Furthermore,
we evaluated potential differences in the concentration of phytochemical compounds, such as ascorbic
acid, lycopene, and quality characteristics. Tomato plants in the DSSC greenhouse presented lower
early and total yields, as well as lower chlorophyll content, stomatal conductance, photosynthetic
rate, and transpiration rate values, especially in the medium-sized fruits, as compared to the CONV
greenhouse. The DSSC greenhouse showed significantly higher values of bioactive compounds for
both the cherry and medium-sized tomato, with increases in the ascorbic acid, lycopene, β-carotene,
and total carotenoids concentration, which ranged from 6% to 26%. Finally, for both the hybrids,
the 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS) and 1,1-diphenyl-2-picrylhydrazyl
(DPPH) tests showed circa 10% and 5% increase, respectively, in the DSSC greenhouse.

Keywords: semi-transparent photovoltaic modules; hydroponics; tomato; bioactive ingredients;
lycopene; antioxidant capacity

1. Introduction

Across the world, controlled environment agricultural systems function as a dynamic production
process. Such systems provide shelter for the crops against the direct influence of external weather
conditions, and they offer the opportunity to modify the indoor climate to create an environment that
is optimal for crop growth and production, both in terms of quality and quantity [1,2]. Following the
first energy crisis in the seventies, during which limited energy supplies led to an increase in energy
prices, greenhouse energy consumption has again become a major issue. There is a significant need for
energy cost reduction, since energy constitutes a substantial fraction of the total production costs.

In Mediterranean countries, energy consumption for control of environmental conditions
constitutes approximately 20–30% of the total production costs, with a higher percentage in the
northern countries. Moreover, due to the rising interest in climate change and greenhouse gas
emissions (GHG), the use of fossil fuels is part of the political agenda. Therefore, the greenhouse
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industry is facing economic, political, and social pressure to use renewable energy sources, reduce
energy usage and CO2 emissions, and improve greenhouse energy efficiency via technological
innovations [3–5]. Different types of photovoltaic (PV) modules for greenhouse roofs to harvest solar
radiation are available [6–8]. In this case, there is competition for light between PV modules and plants,
which can lead to decreased production [9]. However, excess light, especially during the summer, is
unnecessary for plant growth, where channeling of the excessive light toward electricity generation is
an option. Furthermore, high air temperatures inside the greenhouse during summer can decrease the
photosynthetic rate, and, therefore, plant growth and crop yield [10,11].

Roslan et al. [12] presented new developments in dye-sensitized solar cells (DSSC) for greenhouse
shading and electricity production. The authors’ reported that DSSC had not been applied in a
greenhouse setting for plant growth and energy saving. The application of photoselective DSSC
in greenhouse covering can regulate environmental conditions and enhance the quantitative and
qualitative characteristics of greenhouse products [13].

Two important parameters of tomato (Solanum lycopersicum L.) quality are the pH and titratable
acidity. Tomatoes are high-acid foods, such that active thermal treatments are not required for the
destruction of microorganisms that contribute to food spoilage. The pH of tomato fruits ranges from
4.0 to 4.5, such that the lower the pH, the greater the so-called "tartness", a factor by which some
consumers judge the quality of the tomato fruit [14]. Citric acid is the basic acid found in tomatoes and
it contributes to the titratable acidity. Total soluble solids (

◦
Brix) and

◦
Brix / titratable acidity are the

common indicators that express the taste of a tomato.
◦
Brix values are measured using a refractometer

and they indicate the percentage (%) of the dissolved solids in a solution, which in tomato paste is
mainly the total sugars (glucose, fructose), acids (citric and malic), and other components in a lower
proportion (phenols, amino acids, ascorbic acid, and inorganic salts) [15].

Tomatoes are a good source of nutrients and bioactive compounds, such as carotenoids
(lycopene, β-carotene, and lutein), vitamin C, and polyphenolic compounds, which are thought
to be health-promoting factors with antioxidant properties [16,17]. The nature and concentration
of these compounds depends on the cultivation practices, environmental factors, crop variety, and
maturity [18]. There is a great deal of variation between crop varieties in terms of fruit size and color,
which can affect the nutritional properties of tomato. Lenucci et al. [19] found significant differences
among 14 varieties of cherry tomato (ChT) and four medium-sized tomato (MST) hybrids in terms of
the lycopene and β-carotene content, where varieties with more pigments had a higher concentration
of lycopene. Consumption of tomato and tomato products has been associated with a lower risk of
developing digestive problems and prostate cancer.

The lycopene content depends on the redness of the tomato fruit, and it is the main carotenoid
and one of the key antioxidants found in fresh tomatoes and processed tomato products. Vitamin C,
including ascorbic and dehydroascorbic acid, is important for the protection of tomatoes from the
auto-oxidizing factors that may increase when ripening. The role of ascorbic acid in the prevention of
diseases associated with oxidative damage occurs because of its ability to neutralize the action of free
radicals in biological systems [20]. In addition to its antioxidant action, ascorbic acid is essential to life
because of its many physiological effects. Plants and a vast majority of mammals, but not humans,
are able to synthesize it. Meanwhile, the main sources of vitamin C are citrus fruits, tomatoes, and
potatoes [21]. Ascorbic acid is relatively stable in tomatoes, due to the acidic conditions prevailing in
the tissue. However, it easily decomposes due to oxidation, exposure to light, or high temperatures.
Significant losses of ascorbic acid occur during the postharvest storage period. Therefore, lowering
the temperature from ambient (20 ◦C) to cool (4 ◦C) or freezing (−18 ◦C) reduces the rate of loss of
ascorbic acid.

Tomato fruit maturation is a complex process involving various morphological, physiological,
biochemical, and molecular processes. These processes include the reduction of chlorophyll,
the synthesis and storage of carotenoids (mainly lycopene and β-carotene) and aromatic compounds,
changes in the metabolism of organic acids, and the softening of the fruit tissue that occurs in
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combination with increased CO2 and ethylene production by the fruit. The quantity of other important
antioxidants, such as ascorbic acid and phenolic compounds, changes during the maturation of
tomato [22,23]. Specifically, Ilahy et al. [22] described that the increase in antioxidants did not follow
the fruit ripening pattern, while Helyes and Lugasi [23] found that lycopene and total antioxidant
capacity increased during maturation, while polyphenol content remained almost the same. All of
these processes affect texture, color, flavor, aroma, but also the content of antioxidant compounds and
the antioxidant effect of tomato fruit [24].

Motivated by the above concept, the purpose of this study was to evaluate and quantify the
gain of crop production in terms of higher crop yield and improved quality of hydroponic tomato
cultivation in a greenhouse, using the innovative technology of DSSC for the glass cover. All energy
harvested from the sun with the DSSC was used to cover part of the electricity consumption of the
DSSC greenhouse with a renewable energy source, in comparison to a reference greenhouse that had
a glass cover and conventional electricity was provided by the grid (CONV greenhouse). Specific
parameters related to plant physiology, such as transpiration, stomatal conductance, photosynthetic
rate, and chlorophyll content were determined. Additionally, chemical analyses of harvested fruits
were conducted to determine potential differences in the concentration of phytochemical compounds,
such as ascorbic acid and lycopene, and quality characteristics between the raw products harvested
from the DSSC greenhouse and the CONV one.

2. Materials and Methods

2.1. Hydroponic Tomato Cultivation Set Up in the CONV and DSSC Greenhouses

The experiment was conducted in a CONV and in a DSSC greenhouse, at the Institute of Plant
Breeding and Genetic Resources in Thermi Thessaloniki (22◦59.956′ E/40◦32.281′ N, −1 m.a.s.l.) in
the summer of 2015. After preliminary assessments—resistance studies of various hybrids—two
commercial table tomato hybrids, “Oasis” (MST) and “Genio” (ChT), were selected for this experiment
(Figure 1).

  
(a) (b) 

Figure 1. Table tomato hybrids selected for cultivation: (a) Hybrid “Oasis” (medium-sized tomato,
MST); (b) hybrid “Genio” (cherry tomato, ChT).

The tomato plants were grown in double lines of 4 m length and distances of 33 cm (plant to
plant) and 100 cm (double-row corridor). In total, there were nine double lines in each greenhouse,
four of which were cultivated with medium-sized tomato (MST) and the other five with cherry tomato
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(ChT) (Figure 2). The tomato seedlings, planted in rockwool cubes, were transplanted in their final
position on rockwool substrates (Grotop Master Grodan, Denmark) when they reached the stage of 5–6
true leaves. In both greenhouses, tomato plants were fertirigated with Hoagland’s solution (Table 1).
A total of 2.8 L of HNO3 was added in a separate tank containing 100 L of water. The pH and the EC of
the nutrient solution were 5.5–6.0 and 3.0–3.5 dS m−1, respectively. The EC and pH were measured
using portable EC and pH meters (HI 8733 and HI 8424, Hanna Instruments, Inc., Woonsocket, RI,
USA).

  

Figure 2. Plant arrangement in the CONV (Conventional) (a) and DSSC (Dye-Sensitized Solar Cell) (b)
greenhouses. The difference in the shading within the greenhouses is visible.

Table 1. Chemical characteristics of the nutrient solutions used in the experiments.

Stock Solution (Tank A) Stock Solution (Tank B) Micronutrients (Tank C)

Macronutrients (g/100 L) Macronutrients (g/100 L) Micronutrients (g/20 L)

Ca(NO3)2 6800 K2SO4 2780 MnSO4 585
KNO3 1000 KNO3 1320 Na2B4O7 530

EDTA-Fe (13%) 200 MgSO4 1300 CuSO4 40
KH2PO4 2340 ZnSO4 270

(NH4)6Mo7O24 25

Preventive application of abamectin against Tetranychus urticae control and Bacillus thuringiensis
subsp. kurstaki strain SA-11 for Heliothis armigera control were carried out once in the middle of
the experiment.

Microclimatic parameters inside both greenhouses (solar radiation, air temperature, and humidity)
were recorded with a HOBO data logger (HOBO micro-station, Onset Inc., USA).

2.2. Evaluation of Cultivation in the Two Greenhouses

Evaluation of the cultivation of tomatoes in the two greenhouse compartments was performed by
measuring yield and morphological, physiological, and qualitative characteristics, related to chemical,
nutritional, and bioactive ingredients as well as antioxidant activity.

2.2.1. Fruit Yield and Morphological Characteristics

Fruit were harvested weekly by collecting only ripe fruits from each greenhouse and each hybrid.
The sum of the first and the second harvest represented the early yield. In total, seven harvests took
place, and fruits were weighed and ranked in quality classes based on size, weight, and shape directly
after harvest. The International Union for the Protection of New Varieties of Plants (UPOV) descriptor
was used to measure and evaluate morphological characteristics.
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2.2.2. Plant Physiological Parameters

Transpiration, stomatal conductance, and photosynthetic rate of plants was measured 46 days
after transplanting (DAT), by using an infrared gas analyzer (LCi-SD portable photosynthesis system,
ADC BioScientific Ltd., Hertfordshire, UK). For this purpose, in each twin cultivation row (24 plants),
five measurements were taken from the upper third of a fully developed leaf, between the fourth and
fifth inflorescence. The photosynthetically active radiation (PAR) was 576 ± 100 and 387 ± 100 μmol
(photon) m–2 s–1 in the CONV and DSSC greenhouses, respectively. The CO2 concentration in the
chamber was 390 ± 10 μmol (CO2) mol–1, the temperature in the chamber was set at 30 ± 2 ◦C, and the
water reference as partial pressure was 35 ± 3 mbar. Additionally, the chlorophyll content of the leaves
was measured on the fortieth day using a portable Chlorophyll Content Meter (CCM-200, Opti-Sciences,
Inc., Hudson, NH, USA). For this purpose, ten measurements were taken from the terminal leaflet of a
fully developed leaf, between the fourth and fifth inflorescences.

2.2.3. Fruit Physicochemical Parameters

From each harvest, representative fruit samples from each hybrid and each greenhouse were
collected at each inflorescence stage, to determine the quality parameters described below. Prior to
measurements, samples were cut into pieces and homogenized in a conventional blender in order to
obtain the tomato pulp. For each measurement, three representative samples of tomato fruit, from each
hybrid and truss, were taken in both greenhouses and each measurement was repeated three times
(three replicates). Tomato pulp pH was measured with a portable pH meter (MW802, Milwaukee
Instruments Inc., Rocky Mount, NC, USA) and dry weight was determined after oven drying (48 h,
72 ◦C). Free sugars and citric acid in tomato pulp were determined enzymatically using the Megazyme
kit of glucose/fructose/sucrose and the citric acid, respectively, according to the corresponding protocol
(Megazyme International, Wicklow, Ireland).

2.2.4. Fruit Antioxidant Compounds

Ascorbic acid was determined by extraction of tomato pulp with 20% metaphosphoric acid
and titration with 2,6-dichloroindophenol. The ascorbic acid content was calculated according
to a standard and expressed as mg ascorbic acid/100 g of tomato pulp [25]. Carotenoids were
extracted with a mixture of hexane/ethyl acetate (50:50, v/v) from tomato pulp in a ratio of 1:10
with 0.1% butylated hydroxytoluene (BHT) in an ultrasonic bath for 5 min according to Irakli
et al. [26]. The procedure was repeated until discoloration of the extract was reached. The total
extracts were concentrated to dry weight on a rotary evaporator and then re-dissolved in 2 mL of
dichloromethane/methanol/acetonitrile solution (30/30/40, v/v/v). Consequently, the extracts were
filtered through 0.45 μm polytetrafluoroethylene (PTFE) membrane filters and an aliquot of 20 μL of this
was introduced into a high-performance liquid chromatography (HPLC) system (Agilent Technologies,
series 1200, Urdorf, Switzerland,) connected to a photodiode array detector (DAD). Separation was
accomplished on an YMC C30 column (250 × 4.6 mm; 5 μm) at a temperature of 15 ◦C. Elution was
performed following a gradient elution program starting from a mixture of acetonitrile/methanol (85/15,
v/v) at a speed of 1.5 mL/min and resulting in a mixture of acetonitrile/methanol/dichloromethane
(30/20/60, v/v/v). The DAD was set at 450 nm for β-carotene and 475 nm for lycopene. The components
were identified based on elution times and absorption spectra of reference standards.

2.2.5. Antioxidant Capacity

An aliquot of 2 g of tomato pulp was extracted two times with 20 mL of a 70% aqueous
methanol mixture followed by ultrasonication for 15 min and centrifugation at 3000 rpm for 10 min.
The supernatants were collected, homogenized, and methanolic tomato extracts were used for the
evaluation of antioxidant capacity using the 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid
(ABTS) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) tests.
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The ABTS radical scavenging activity assay was evaluated according to the protocol
of Re et al. [27]. The ABTS�+ radical was produced by the oxidation of 7.4 mM ABTS
(2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid diammonium salt) with 2.45 mM potassium
persulfate in water. The mixture was placed in the dark at room temperature for 16 h before use, and
then the ABTS�+ solution was diluted with water to an absorbance of 734 nm of 0.70 ± 0.02. After the
addition of 100 μL of extract to 3.9 mL of ABTS solution, the absorbance was measured against a blank
at 734 nm after 4 min. The results were obtained by interpolating the absorbances on a calibration
curve obtained with Trolox. The results were expressed as mg Trolox equivalents per 100 g of dry mass
(mg TE/100 g).

The DPPH+ radical scavenging ability assay was performed using tomato methanolic extracts
mixed with DPPH+ (2,2-diphenyl-1-picrylhydrazyl) reagent and absorbance was read at 517 nm
according to Yen and Chen [28]. A volume of 0.15 mL extract was reacted with 2.85 mL 0.1 mM
methanolic solution of DPPH. After 5 min, the absorbance at 516 nm was recorded. DPPH+ reagent
was used as blank, and reduction percentage of free radical scavenging activity was monitored. Trolox
was used as the standard. The results were expressed as mg Trolox equivalents (TE) per 100 g RB
(mg TE/g).

2.3. Statistical Analysis

The statistical analysis of all experimental data (ANOVA) was carried out with the MSTAT-C
version 1.41 statistical program (Michigan State University, East Lansing, MI). The experimental design
was a completely randomized block (CRBD) split plot with greenhouse type (glass or DSSC) as main
plots and hybrid species as subplots with five replications for the production and yield data and with six
replications for the physiological parameters. For the comparison of the averages, the least significant
difference criterion (Least Significant Difference Test, LSD test) was used at P ≤ 0.05. The figures
presented in the manuscript were created using an Excel spreadsheet. In each figure, the values are the
average of the evaluated parameter, in both tomato hybrids (ChT and MST) and both greenhouses
(CONV, DSSC). The averages of a parameter followed by different letters in the same column were
statistically significantly different (P < 0.05).

3. Results and Discussion

Results from microclimate parameters along with quantitative and qualitative characteristics of the
fruits in the two greenhouses are presented below. Specifically, these are air temperature, illuminance,
relative humidity, early and total yield, chlorophyll content and transpiration rate, pH, citric acid
%, dry matter %, total sugar concentration, and content of fruit bioactive components (ascorbic acid,
lycopene, β-carotene, total carotenoids) and antioxidant capacity.

3.1. Microclimatic Conditions in the Examined Greenhouses

Microclimatic parameters inside a greenhouse can significantly affect physiological processes (such
as photosynthesis) of plant tissues. These parameters are solar radiation, air temperature/humidity,
and concentration of carbon dioxide in the air. Recorded data from these parameters were used as
measurable variables by instruments quantifying photosynthesis and chlorophyll content. Therefore,
they are essential in order to determine photosynthesis, stomatal conductance, transpiration rate, and
leaf chlorophyll content. In Figure 3, the air temperature, illuminance, and relative humidity inside the
greenhouse are presented for the total duration of the experiment, since they are the parameters that
most influence physiological and chemical processes of tomato. Concerning air temperature, there
was no difference between the two greenhouses (Figure 3a). However, the illuminance in the DSSC
greenhouse was ca. 20% lower compared to the CONV greenhouse (Figure 3b). The shading effect
of the DSSC was expected and, moreover, it is beneficial during the summer months. Higher values
of light in the CONV greenhouse enhanced yield and physiological characteristics of tomato plants,
while lower values in the DSSC greenhouse had a positive effect on fruit qualitative characteristics.
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Figure 3. Air temperature, illuminance, and relative humidity inside the two greenhouses [CONV
(Conventional), DSSC (Dye-Sensitized Solar Cell)]: (a) Air temperature (DSSC); (b) air temperature
(CONV), (c) illuminance (DSSC); (d) illuminance (CONV); (e) relative humidity (DSSC); and (f) relative
humidity (CONV).

3.2. Yield and Mean Weight of Early and Total Fruit Production

The results of early and total production parameters (yield and mean fruit weight) are presented in
Figure 4, while a combined analysis of their variance is given in Table 2. Early yield was influenced by
the greenhouse type (G), the hybrid species (H), and the G × H interaction, which was also statistically
significant (Table 2). In particular, the MST performed differently in the two greenhouses, resulting in
a significant yield decrease (by 50.8%) in the DSSC greenhouse (Figure 4a). However, no significant
difference was observed in ChT yield in the two greenhouses. The total yield was also influenced by
the type of greenhouse and hybrid (Table 2). In particular, for both hybrids a significant yield reduction
(by 31% and 40% for ChT and MST, respectively) was observed in the DSSC greenhouse (Figure 4b),
possibly due to lower light levels (Figure 3b).
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Figure 4. Production and yield data of the two tomato hybrids [MST (medium-sized) and ChT (cherry)]
in the two greenhouses [DSSC (Dye-Sensitized Solar Cell) and CONV (Conventional)]: (a) Early yield;
(b) total yield; (c) early mean fruit weight; (d) total mean fruit weight. Bars with different letters were
significantly different by LSD at P ≤ 0.05.

Table 2. Combined variance analysis of the production and yield data, as influenced by the greenhouse
types [DSSC (Dye-Sensitized Solar Cell) and CONV (Conventional)] and the species of tomato hybrid
[MST (medium-sized) and ChT (cherry)].

Source

Significance of F Ratio

df z
Early Yield Total Yield

Early Yield Fruit Weight Yield Fruit Weight

Replications 4 NS y NS NS NS
Greenhouse (G) 1 ** NS ** **

Error (a) 4
Hybrid (H) 1 ** ** ** **

G × H 1 ** * NS NS
Error (b) 8

CV % 23.87 9.30 17.59 5.64
z df, degree of freedom; CV, coefficient of variation; y NS, nonsignificant; *= P< 0.05 level of significance; ** = P < 0.01
level of significance.

Average fruit weight in the early production stage was affected by the type of hybrid, but not by
the type of greenhouse (Table 2). More specifically, the average fruit weight of MST and ChT was 154
and 14 g, respectively, regardless of the greenhouse (Figure 4c). The MST had a 12.4% higher mean
fruit weight in the CONV greenhouse than in the DSSC one, while the ChT fruit weighed the same
in both greenhouses. The average fruit weight for total production was also influenced by the type
of hybrid and greenhouse (Table 2). The average weight of MST and ChT tomato was 126 and 12 g,
respectively, irrespective of the greenhouse (Figure 4d). The MST had a 7.5% higher average fruit
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weight in the CONV compared to the DSSC greenhouse, whereas ChT had the same average fruit
weight in both greenhouses.

3.3. Physiological Parameters of Plants

Results of leaf chlorophyll content, transpiration rate, stomatal conductance, and photosynthetic
rate are presented in Figure 5, while a combined analysis of their variance is given in Table 3.
The chlorophyll content of leaves (chlorophyll content index, CCI), estimated 40 days after transplanting
(DAT), differed between the plants of the two greenhouses and between the hybrids. However, the G
× H interaction was not statistically significant. More specifically, in the CONV greenhouse, MST and
ChT had a higher CCI than those of the DSSC greenhouse by 37% and 38%, respectively (Figure 5a).
The CCI values did not differ between the hybrids grown in the DSSC greenhouse, while they differed
significantly in the CONV one. Irrespective of the hybrid, the DSSC greenhouse plants presented lower
CCI values compared to plants of the CONV greenhouse.
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Figure 5. Physiological characteristics of the two tomato hybrids [MST (medium-sized) and ChT
(cherry)] in the two greenhouses [DSSC (Dye-Sensitized Solar Cell) and CONV (Conventional)] 40
and 46 days after transplanting (DAT): (a) Leaf chlorophyll content; (b) transpiration rate; (c) stomatal
conductance; (d) photosynthetic rate. Bars with different letters were significantly different by LSD at
P ≤ 0.05.
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Table 3. Combined variance analysis of the physiological parameters, as influenced by the greenhouse
types [DSSC (Dye-Sensitized Solar Cell) and CONV (Conventional)] and the species of tomato hybrid
[MST (medium-sized) and ChT (cherry)].

Source

Significance of F ratio

df z
Chlorophyll

Content Index
Transpiration

Rate
Stomatal

Conductance
Photosynthetic

Rate

40 DAT y 46 DAT 46 DAT 46 DAT

Replications 5 NS x NS NS NS
Greenhouse (G) 1 * * ** **

Error (a) 5
Hybrid (H) 1 ** NS ** NS

G × H 1 NS NS NS *
Error (b) 10

CV % 19.38 13.31 12.71 12.74
z df, degree of freedom; CV, coefficient of variation; y DAT, days after transplanting; x NS, nonsignificant; * = P < 0.05
level of significance; ** = P < 0.01 level of significance.

The transpiration rate (measured on day 46) was only influenced by the type of greenhouse
(G). The same applied to the G × H interaction (Table 3). The MST in the DSSC greenhouse had an
18% lower transpiration rate compared to the CONV greenhouse (Figure 5b); ChT did not present
significant differences between the greenhouses.

Similarly, stomatal conductance differed between the plants of the two greenhouses and between
the hybrids, but the G ×H interaction was not significant (Table 3). The MST and ChT plants in the
CONV greenhouse had higher stomatal conductance (74% and 76%, respectively) compared to the
DSSC (Figure 5c).

The photosynthetic rate was mainly influenced by the type of greenhouse (Table 3). The MST and
ChT in the DSSC greenhouse had a lower photosynthetic rate (55% and 40%, respectively) compared
to the CONV greenhouse (Figure 5d).

Lower values of leaf chlorophyll content, transpiration rate, stomatal conductance, and
photosynthetic rate were likely due to the shading effect in the DSSC greenhouse but also to stress
from the high air temperature. Yamori et al. [10] and Tewolde et al. [11] reported that supplemental
lighting did not lead to higher photosynthesis and yield of tomatoes in summer, when the irradiation
from the sun was enough for plant cultivation, whereas it led to higher photosynthesis, growth, and
yield in winter when the irradiation is limiting for plant growth. This means that even though light is
the basic factor influencing photosynthesis and plant growth, surplus light, especially during summer
when it is not needed for plant growth, can be used for electricity generation by photoselective DSSC
installed in the greenhouse roof covering [12,13].

3.4. Fruit Quality Parameters and Bioactive Compounds

3.4.1. Physicochemical Parameters of Tomato Fruits

In Figure 6a,b, the pH and citric acid percentage of the two tomato hybrids are shown. MST
presented significantly higher pH values than ChT, regardless of the greenhouse type (Figure 6a).
No significant difference was observed in citric acid content between the two greenhouses for the
hybrids. The greenhouse type did not significantly affect dry matter % of either ChT or MST (Figure 6c).
Additionally, for total sugar content, no differences were observed between hybrids or greenhouse
types (Figure 6d).

16



Horticulturae 2019, 5, 42

a

b

a
b

0

1

2

3

4

5

MST ChT MST ChT

DSSC CONV

pH

 

bc

a

c

ab

0

100

200

300

400

500

MST ChT MST ChT

DSSC CONV

m
g 

C
itr

ic
 a

ci
d 

/ 1
00

g

a

b

a

b

0

2

4

6

8

10

MST ChT MST ChT

DSSC CONV

D
ry

 m
at

te
r  

%

 

a a a

a

0.0

0.5

1.0

1.5

2.0

2.5

3.0

MST ChT MST ChT

DSSC CONV

To
ta

l S
ug

ar
s  

%

Figure 6. Physical parameters of fruits, independent of inflorescence, of the two tomato hybrids [MST
(medium-sized) and ChT (cherry)] in the two greenhouses [DSSC (Dye-Sensitized Solar Cell) and
CONV (Conventional)]: (a) pH; (b) citric acid %; (c) dry matter %; and (d) total sugars %. Bars with
different letters were significantly different by LSD at P ≤ 0.05.

According to the results of the variance analysis (Table 4), the effects of the greenhouse, hybrid,
and inflorescence were significant for pH, while the interaction of all three factors was not significant.

Table 4. Variance analysis of physical parameters, bioactive ingredients, and antioxidant characteristics,
as influenced by the greenhouse type [DSSC (Dye-Sensitized Solar Cell) and CONV (Conventional)]
and the species of tomato hybrid [MST (medium-sized) and ChT (cherry)].

Source
Significance of F ratio

df z pH CA y SUG ASC LUC β-CAR CARs DPPH ABTS

Replications 2 NS x NS NS NS NS NS NS ** **
Greenhouse (G) 1 ** NS NS * ** * * ** **

Error (a) 2
Hybrid (H) 1 ** NS NS ** ** ** ** ** **

G × H 1 NS ** NS NS NS ** NS ** **
Error (b) 4

Inflorescence (I) 4 ** ** ** ** ** ** ** ** **
G x I 4 NS ** ** NS NS ** NS ** **
H × I 4 ** ** ** ** NS ** * ** **

G × H × I 4 NS NS ** NS * * * * **
Error (c) 32

CV % 1.5 6.2 3.7 11.1 18.8 11.3 16.7 5.9 3.2
z df, degree of freedom; CV, coefficient of variation; y CA, citric acid; SUG; total sugars; ASC, ascorbic acid;
LUC, lycopene; β-CAR, β-carotene; CARs, total carotenoids; DPPH, 1,1-diphenyl-2-picrylhydrazyl assay, ABTS,
2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid assay, x NS, nonsignificant; * = P < 0.05 level of significance;
** = P < 0.01 level of significance.
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3.4.2. Bioactive Compounds of Tomato Fruits

No significant differences were found between the two greenhouses in ascorbic acid concentration
of ChT and MST, but a slight decrease of 6% was observed in the DSSC greenhouse for all tomato
samples analyzed (Figure 7a). It is noteworthy that ChT presented a higher ascorbic acid concentration
(64%) compared to MST. Several factors contribute to high concentration of ascorbic acid in tomato:
variety, high salinity of irrigation water, and solar radiation. Many studies have shown that high light
intensity is associated with high vitamin C content in tomatoes [17]. Generally, high temperatures
are required for the synthesis of ascorbic acid, and sunlight enhances the accumulation of additional
ascorbic acid [24]. It was generally observed that the degree of significance was most affected by the
hybrids and less by the greenhouse type, while most of their interactions were not significant (Table 4).
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Figure 7. Content of bioactive ingredients of the fruits of the two tomato hybrids [MST (medium-sized)
and ChT (cherry)] in the two greenhouses [DSSC (Dye-Sensitized Solar Cell) and CONV (Conventional)]:
(a) ascorbic acid; (b) lycopene; (c) β-carotene; and (d) total carotenoids. Bars with different letters were
significantly different by LSD at P ≤ 0.05.

Concerning the concentrations of lycopene, β-carotene, and total carotenoids, significant
differences were observed both between tomato hybrids and between inflorescences and greenhouses,
as well as their interactions (Table 4). ChT presented higher values of β-carotene (11.0 μg/g) compared
to MST (3.6 μg/g) in both greenhouses, whereas ChT had the higher value of lycopene (42.4 μg/g) in
the DSSC greenhouse. In the DSSC greenhouse there was a 15% and 13% increase in the concentration
of lycopene and β-carotene, respectively, compared to the CONV greenhouse (Figure 7b,c). Similar
results were reported by Pek et al. [24], who found that tomatoes that were shaded had a higher
concentration of lycopene. Similarly to β-carotene, ChT showed higher total carotenoid concentration
(48 μg/g) compared to MST (38 μg/g) in both greenhouses (Figure 7d). In general, an increase of about
26% in concentration of total carotenoids was observed in the DSSC greenhouse for both hybrids.
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3.4.3. Antioxidant Capacity

Concerning the antioxidant capacity, significant differences were observed between greenhouses,
tomato hybrids, inflorescences, as well as their interactions (Table 4). For both hybrids, the ABTS and
DPPH tests showed increases of about 10% and 5% in the DSSC greenhouse (Figure 8a,b). It is worth
noting that the antioxidant capacity of the DPPH test was lower than ABTS, because the DPPH test
was sensitive to obstructions due to the high concentration of carotenoids.
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Figure 8. Antioxidant capacity of the fruits of the two tomato hybrids [MST (medium-sized)
and ChT (cherry)] in the two greenhouses [DSSC (Dye-Sensitized Solar Cell) and CONV
(Conventional)]: (a) ABTS (2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid) assay; and (b)
DPPH (1,1-diphenyl-2-picrylhydrazyl) assay. Bars with different letters were significantly different by
LSD at P ≤ 0.05.

4. Conclusions

Data concerning crop productivity and physiology were obtained through the hydroponic
cultivation of tomato crops in two experimental greenhouses, one using the DSSC technology as
covering material and a conventional one covered by glass as a control. Particular attention was given to
the physiological response of the crops under the novel covering material, which resulted in a shading
effect. For this reason, specific physiological parameters of the crop, such as plant transpiration rate
and leaf chlorophyll content, were measured and monitored along with potential photomorphogenetic
responses of the plants. Furthermore, the comparisons included chemical analyses of harvested tissues
and fruits in order to determine potential differences in the concentration of phytochemical compounds,
such as ascorbic acid, lycopene, and quality characteristics. The early yield and average fruit weight
of the MST were affected by the DSSC greenhouse, but not the ChT. The total yield and average
fruit weight of the MST were also affected by the DSSC greenhouse. As for the ChT, its total yield
was affected by the DSSC greenhouse, but not average fruit weight. The DSSC greenhouse plants
presented lower CCI and transpiration rate values, especially for the MST, compared to plants in the
CONV greenhouse. However, the transpiration rate of the ChT did not present statistically significant
differences between the two greenhouses. Additionally, the DSSC greenhouse showed significantly
higher values of dry matter % than the CONV for both the ChT and MST, while no differences in the
total sugar content were observed for the greenhouses. An increase of about 20% in concentrations
of lycopene and β-carotene was observed in the DSSC greenhouse for the ChT and 10% for the MST.
Finally, results showed that the ABTS test is the more appropriate method for measuring antioxidant
capacity in tomato extracts. The results from the DSSC greenhouse during the summer season were
satisfactory, since shading had a positive effect on the qualitative characteristics of the tomato fruits;
however, lower values of physiological characteristics and yield were related to stress from high air
temperatures. Furthermore, surplus light, especially during summer when it is not needed for plant
growth, can be used for electricity generation by photoselective DSSCs installed in the greenhouse roof
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covering. In future work, the DSSC greenhouse will be evaluated during the entire year, especially
during wintertime.
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Abstract: Water and nitrogen deficit stress are some of the most important growth limiting factors in
crop production. Several methods have been used to quantify the impact of water and nitrogen deficit
stress on plant physiology. However, by performing machine learning with hyperspectral sensor data,
crop physiology management systems are integrated into real artificial intelligence systems, providing
richer recommendations and insights into implementing appropriate irrigation and environment
control management strategies. In this study, the Classification Tree model was used to group
complex hyperspectral datasets in order to provide remote visual results about plant water and
nitrogen deficit stress. Soilless tomato crops are grown under varying water and nitrogen regimes.
The model that we developed was trained using 75% of the total sample dataset, while the rest
(25%) of the data were used to validate the model. The results showed that the combination of
MSAVI, mrNDVI, and PRI had the potential to determine water and nitrogen deficit stress with
89.6% and 91.4% classification accuracy values for the training and testing samples, respectively.
The results of the current study are promising for developing control strategies for sustainable
greenhouse production.

Keywords: remote sensing; hyperspectral; reflectance index; classification tree; machine vision

1. Introduction

Nowadays, the need to produce more food with fewer inputs (water, fertilizer, and land,
among others) and zero effect on the environment has led to an increase in greenhouse production.
However, to cultivate under greenhouse conditions is certainly not an easy task since performance
of several farming practices are needed. In this manner, crop yield and quality optimisation will
be further improved only if farmers integrate greenhouse control strategies, that is, measurements
concerning the dynamic response of plants according to the greenhouse’s spatial environment changes.

Within a greenhouse, however, it is a challenge to quantify the spatial impact of biotic or abiotic
factors in plant growth. Usually, up to now, environmental patterns under greenhouses have been
monitored and managed by sampling at a single position and by considering the indoor microclimate
completely homogeneous [1]. This assumption, however, is not valid since an intense heterogeneity
that must be taken into account actually occurs, especially in intensive production systems. A sensing
system equipped with a multi-sensor platform moving over the canopy is the key to communicate the
plant’s real state and needs. Obviously, in such moving platforms, the continuous monitoring of the
interactions between the microclimate and the physical conditions of the plants is performed using
mostly non-contact and non-destructive sensing techniques [2].

Up to now, the methods used for monitoring plant physiology have been quite complex
and problematic. Most of these measure plant physiology in a limited spatial scale and, in most

Horticulturae 2018, 4, 47; doi:10.3390/horticulturae4040047 www.mdpi.com/journal/horticulturae23



Horticulturae 2018, 4, 47

cases, they require physical contact with the plants/soil or follow destructive sensing procedures,
making their application as a commercial multi-sensor scale rather infeasible [2–4].

The current development of computational hyperspectral machine vision systems allows us to
build a real-time plant canopy health, growth, and quality monitoring multisensory platform equipped
with remote technologies [5–7]. Hyperspectral machine vision systems allow recording in large scale,
the spatial interaction of sunlight with crop canopies and plant leaves providing valuable information
about plant growth and health status [6,8]. In this way, changes observed in plant irradiance of
visible (VIS) and near infrared (NIR) spectrum, indicate different types of plant stress. The reflectance
variation in VIS spectrum, for instance, is recorded to assess a series of several pigments located in the
mesophyll area, such as chlorophyll, carotenoids and xanthophyll. The reflectance variation, on the
other hand, observed in the NIR spectrum, is recorded to obtain information about leaf water content
stored in cavities of spongy parenchyma. Additionally, changes in NIR spectrum are used to assess the
carbon content in different forms (sugar, starch, cellulose and lignin) in mesophyll cells and nutrient
compounds (N, P, K) in mesophyll cells and palisade parenchyma [2].

In order to provide more precise information for stress detection, certain parts of the spectrum can
be combined to form reflectance indices (RIs) [2,7,9,10]. In this way, the spectral differences detected
are amplified while the resulting RIs are used directly as a metric to quantify different aspects of plant
physiology response.

So far, numerous successful case studies related to RIs and their relationship with crop, climate,
or soil data from different plants have been performed. The photochemical reflectance index
(PRI = (R531 − R570)/(R531 + R570)) is one of the most widespread indicators estimating rapid changes in
de-epoxidation of the xanthophyll cycle [11–14]. Bajwa et al. [15] used the Modified soil-adjusted vegetation
index (MSAVI = 1/2 × (2 × (R810 + 1) − (

√
(2 × R810 + 1) × 2 − 8 × (R810 − R690))) to predict green biomass

(R2 > 0.70). Elvanidi et al. [1,7,13] also showed that Modified red normalised vegetation and simple
ration indices (mrNDVI = (R750 − R705)/(R750 + R705 − 2 × R445); mrSRI = (R750 − R445)/(R705 − R445))
were the two most relevant and sensitive indices indicating water deficit stress in
tomato plants. Additionally, the Transformed chlorophyll absorption in the reflectance index
(TCARI = 3 × [(R700 − R670) − 0.2 × (R700 − R550) × (R700/R670)] was strongly correlated with leaf
chlorophyll content variation [13,16].

In addition to reflectance indices, many statistical and machine learning models such as
classification tree analysis, support vector machine, artificial neural network, and other classification
procedures have been developed to extract optimal information from remotely sensed data [1].
Researchers observed that the classification tree (CT) was a very useful model to analyze complex data
sets by providing visual results [13,17–19].

Therefore, the object of this work was to develop a model based on the CT method to analyse
complex RIs datasets in order to provide visual assessments of plant water and nitrogen deficit stress.
For this reason, RIs that indicate different aspects of tomato crop physiology (such as photosynthetic
rate (As, μmol m−1 s−1), chlorophyll_a content (Chl_a, μg cm−2), nitrogen content (N, %) and
substrate water content (θ, %)) under a controlled environment, were classified to predict remotely
the (i) plant chlorophyll content, (ii) plant water content status and to identify (iii) healthy, water- and
nitrogen-deficit stressed plants. The applied objective of this work was to develop a model based
on simplified reflectance indices that could be adapted by multisensory platform methodologies to
predict future irrigation events.

2. Materials and Methods

2.1. Experimental Set-Up

The experiment was carried out during August of 2014 and April of 2016 in a controlled growth
chamber located in Velestino, Central Greece, with a ground area of 28 m2 (4 m × 7 m) and height of 3.2 m.
Air temperature, relative humidity, light intensity and CO2 concentration were automatically controlled
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using a climate control computer (Argos Electronics, Athens, Greece). The light intensity was controlled
using 24 high-pressure sodium lamps, 600 W each (MASTER GreenPower 600 W EL 400 V Mogul 1SL,
Philips, Eindhoven, The Netherlands), operated in four clusters with six lamps per cluster. The average
irradiance when all 24 lamps were used was 240 W m−2 (about 350 μmol m−1 s−1).

Tomato plants (Solanum lycopersicum cv. Elpida, provided by Spyrou SA, Athens, Greece) were
grown in slabs filled with perlite (ISOCON Perloflor Hydro 1, ISOCON S.A., Athens, Greece),
at different time periods. Two units comprised of two crop lines each (18 plants per line) were
used. The precise cultivation practices followed are described in References [1,7,13].

The nutrient solution was supplied via a drip system and was controlled by a time-program
irrigation controller (8 irrigation events per day, at 07:00, 10:00, 102:00, 14:00, 16:00, 18:00, 19:30,
and 03:30, local time), with set-points for electrical conductivity (EC) at 2.4 dS m−1 and a pH of 5.6.

In order to quantify the plant physiological response to their environment by crop reflectance
characteristics, the plants had about 10 leaves each, were about 1 m in height, had a leaf area index
(LAI) of about 0.8, and were under the imposition of varying water and nitrogen regimes. A nutrient
solution containing from 0 to 100% coverage of plant actual water and nitrogen needs was supplied to
the root zone of the plants for several days, varying the chlorophyll_a, nitrogen and substrate water
content from 44.62 to 36.04 μg cm−2, 4.77–3.30% and 54.81–35%, respectively. The control plants were
irrigated with a nutrient solution with 100% of plant water and nitrogen according to Reference [6]
mineral nutrient list (irrigation dose of 120 mL per plant; nutrient solution of 12.9 mmol NO3 L−1 and
1.0 mmol NH4 L−1; 8 events per day. The concentrations of the rest of the macronutrients in the control
treatment were K 7.5 mmol L−1, Ca 4.8 mmol L−1, Mg 2.5 mmol L−1, H2PO4 1.5 mmol L−1).

To create a series of plant physiological dataset groups, reflectance measurements (r) along with
measurements of plant physiology such as θ (%), Chl_a (μg cm−2), and N (%), values were obtained
for the same set of plant water and nitrogen characteristics. The measurements were carried out in
young and fully developed leaves between the 3rd and 6th branches of three adjacent tomato plants.
The resulting correlations between the factors were further presented in References [1,7,13]. In total,
160 groups were performed throughout the period considered, under known conditions of water and
nitrogen supply and environmental conditions.

2.2. Measurements

Air temperature (T, ◦C) and relative humidity (RH, %) were measured using
two temperature-humidity sensors (model HD9008TR, Delta Ohm, Caselle di Selvazzano, Italy).
Irradiance (Rg,i, W m−2) inside the growth chamber was recorded using a solar pyranometer
(model SKS 1110, Skye instruments, Powys, UK). The sensors were calibrated before the experimental
period and placed 1.8 m above ground level. The data were automatically recorded in a data
logger system (Zeno 3200, Coastal Environmental Systems Inc., Seattle, WA, USA). Substrate
volumetric water content (θ, %) was estimated using capacitance sensors (model WCM-control,
Rockwool B.V., Roermond, The Netherlands) placed horizontally in the middle (height and width)
of the hydroponic slabs. Measurements were performed every 30 s and 10-min average values
were recorded.

In plants with known θ values, leaf chlorophyll content measurements were recorded by means
of an Opti-Science sensor performing measurements in contact with the leaf (CCM 200, Opti-Science,
Hudson, NH, USA). The values recorded by means of the CCM 200 sensor were correlated with
Chl_a values (μg cm−2) obtained in the lab for the same set of leaves using the Reference [20] protocol.
The resulted equation was presented in Reference [13].

The nitrogen content in the plant tissue (leaf dry matter sample of the entire tomato plant) was
also analysed in the laboratory with the Total Kjeldahl Nitrogen method (TKN) using [21] protocol.
N determination was done with an automatic flow injection analyser system (FIAstar 5000 analyser,
Tecator, Foss, Hillerød, Denmark). The impact of varying nitrogen regimes in plant tissue was further
examined by Reference [1].
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The radiation reflected by the plants were recorded with two spectra sensors: (1) a portable
spectroradiometer (model ASD FieldSpec Pro, Analytical Spectral Devices, Boulder, CO, USA) and
(2) a hyperspectral camera Imspec V10 (Spectral Imaging Ltd., Oulu, Finland). The spectroradiometer
measures the radiation reflected in the range between 350 and 2500 nm, while the camera operates in
the visible and near-infrared (VNIR) spectrum region between 400 and 1000 nm. The camera system
was placed on a moving cart so that images of the vertical canopy axis could be obtained to cover
the canopy area of young, fully developed leaves between the 3rd and 6th branches of three adjacent
tomato plants. For extra illumination of the target area (70 × 100 cm), four quartz-halogen illuminators
(500 W each) were used.

The system calibration procedures of both spectral sensors along with the method concerned
the camera’s set up, image segmentation, and plant reflectance calculation was done as described in
References [1,2,7,13,22]. The basic steps of the experimental setup are described in Figure 1.

Figure 1. The experimental procedure for collecting 160 dataset groups to train and validate the system.

2.3. Calculations

Based on the available reflectance measurements, the following indices (based on the analysis
performed in References [1,7,13]) were calculated and evaluated to train the models:

PRI = (R531 − R570)/(R531 + R570) (1)

TCARI = 3 × [(R700 − R670) − 0.2 × (R700 − R550) × (R700/R670)] (2)

mrNDVI = (R750 − R705)/(R750 + R705 − 2 × R445) (3)

mrSRI = (R750 − R445)/(R705 − R445) (4)

MSAVI = 1/2 × (2 × (R810 + 1) − (
√

(2 × R810 + 1) × 2 − 8 × (R810 − R690))] (5)

OSAVI = (1 + 0.16) × (R800 − R670)/(R800 + R670 + 0.16) (6)
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where R is the reflectance value performed in each band expressed in nm that is indicated by the
subscript number, mrSRI is the Modified red simple ration index and OSAVI is the Optimised
soil-adjusted vegetation index.

2.4. Statistical Analysis

A classification tree was performed using SPSS (Statistical Package for the Social Sciences,
IBM, USA) to create a tree-based prediction model of future irrigation events. Based on
CT methodology, three hypotheses based on RI prediction rules were used to predict
(i) the plant chlorophyll_a content (1st Hypothesis); (ii) the substrate water content (2nd Hypothesis),
and (iii) to identify healthy, water- and nitrogen-deficit stressed plants (3rd Hypothesis). Each hypothesis
independently consisted of structure trees, in which different RIs were involved. The CTs developed
were based on the classification regression tree (CRT) and the chi-squared automatic interaction
detection (CHAID) method to control the number of RIs and the maximum number of levels of
growth beneath the root. The p-value was computed each time by applying Bonferroni adjustments.
The method followed was done as described in References [13,23].

The models developed were calibrated (using training data) and validated (on a different set
of data). A simple-sample validation was performed by using random assignment. A total of 75% of
the total (n = 140 data sets) number of datasets were used as the training sample sets and 25% were used
as the testing sample sets. The training sets were used to build the classification models, which were
subsequently applied to the test set, which consisted of records with unknown class labels. The system
tries to decrease the training error by completely fitting all the training examples. Each partition of
each hypothesis was marked as the class label. During the 1st and 2nd Hypothesis, the class label was
marked as Chl_a and θ (the numerical variable) and was expressed in μg cm−2 and %, respectively,
to predict the actual chorophyll_a and water status of the plant. To train the model, the measured
Chl_a and θ values were considered as dependent variables.

During the 3rd Hypothesis, each partition was marked as either C (Control), WS (Water Stress),
or NS (Nitrogen Stress) to answer the question if the crop is under water or nitrogen deficit stress.
Thus, it could be considered that C referred to “no stressed plants/no irrigation or fertilization
is needed”, WS referred to “water stress plants/irrigation is needed”, while NS referred to
“nitrogen stress plants/nitrogen is needed”. The model was built according to substrate water
and chlorophyll_a content evolution, in which θ values lower than 39% have been defined as WS.
However, when the θ values were higher than 39%, while the Chl_a values were lower than 40 μg cm−2,
then the plant was defined as NS. These set points were derived from the analyses in References [1,7,13].
The algorithm employed a greedy strategy to grow the decision tree by making a series of locally
optimum decisions about which attribute to use for the partitioning data. Each node of the training or
testing samples showed the predicted value, which was the mean value for the dependent variable at
that node. The mean value along with the measurement variability (standard deviation, ±SD) of the
parameters measured are reported. The measure of the tree’s predictive accuracy was calculated based
on a risk estimation and its standard error, where the proportion of cases were incorrectly classified
after adjustment for prior probabilities and misclassification costs. The letter “n” is used to designate
the daily sample size of each parameter. The goal of the classification models was to predict the class
label of the unknown records. The current methodology followed the steps performed by Morgan [19],
Loh [23], Lewis [24] and IBM SPSS Statistics 21 guide [25].

3. Results

3.1. Automation for Plant Chlorophyll_a Content Measuring

During the model analysis of the 1st Hypothesis where the Chl_a status of the tomato is predicted,
two independently structured trees with different combinations of RIs (CT1 and CT2) were developed
(Figures 2 and 3). Both resulting structures consisted of eight nodes (two nodes with at least one child
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and four nodes without children). For each node, there is a table that provides the number (n) and the
percentage (%) of Chl_a content cases in each reflectance index category set as a dependent variable.

According to CT1, it was calculated that when TCARI was ≤0.0949, then the Chl_a content value
was more than 43.61 μg cm−2 (Figure 2). Additionally, when the TCARI ranged between 0.0949 and
0.1029, the Chl_a content varied close to 42.82 μg cm−2 (SD = ±1). Since there were no child nodes
below it, this was considered as the terminal node.

On the other hand, if the TCARI varied between 0.1029 and 0.1386, the PRI readings (next best
predictor) had to be taken into consideration to identify the plant chlorophyll status and that node
three was to be omitted. In this case, when PRI readings were ≤0.0321, 23% of the sample returned
Chl_a equal to 42.4 μg cm−2 (SD = ±0.8), otherwise (PRI > 0.03), 17% of the sample returned Chl_a
equal to 41.4 μg cm−2 (SD = ±0.9). For TCARI readings between 0.14 and 0.15 (node 4) and >0.15
(node 5), Chl_a was equal to 39.8 μg cm−2 (SD = ±2.0) and 37.9 μg cm−2 (SD = ±1.5), respectively.

According to CT2 (Figure 3), it was calculated that when TCARI was ≤0.0880 and between 0.0880
and 0.0984, then nodes 1 and 2 returned similar Chl_a content values to CT1. On the other hand, if the
TCARI varied between 0.0984 and 0.1381, the mrSRI readings (next best predictor) had to be taken into
consideration to identify the plant chlorophyll status and that node three was to be omitted. In this
case, when mrSRI readings were ≤13.6523, 29% of the sample returned Chl_a equal to 42.67 μg cm−2

(SD = ±0.4), otherwise (mrSRI > 13.6523) 21.5% of the sample returned Chl_a equal to 41.73 μg cm−2

(SD = ±0.9).

Figure 2. The classification tree (CT1) of the training sample for calibration to predict Chl_a
concentration in the leaf area (μg cm−2).
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Figure 3. The CT2 classification tree of the training sample for calibration to predict Chl_a concentration
in the leaf area (μg cm−2).

Both CT1 and CT2 structures did, however, reveal one potential problem with this model: for the
plants that had a low level of Chl_a content, the standard deviation was high (>±1.0), which means
that the data were widely spread and more than 20% of the predicted percentage inaccurately classified
the Chl_a values lower than 39.8 μg cm−2. This was also confirmed by the relevant node of the testing
classification trees, where the SD was more than ±2. A comparison of the two structures, however,
revealed that both CT1 and CT2 had a low estimation risk degree equal to 1.1. The trees resulting from
the validation dataset provided an estimation risk degree equal to those of the training dataset (1.5
and 1.7, respectively).

3.2. Automation for Substrate Water Content Measuring

In the 2nd Hypothesis, the tree (CT3) developed from both the training and testing samples had
eleven nodes (five nodes with at least one child and six nodes without children) (Figure 4). In this tree,
the predicted category was the estimation of the substrate water content (varied from 54.81 to 35%).

It was calculated that when OSAVI (a starter index) was ≤0.70, the tree returned the θ value as >
49.33%. Since there were no child nodes below it, this was considered the terminal node.
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Figure 4. The CT3 classification tree of the training sample for calibration to predict the plant θ values
in the root zone (%).

On the other hand, if the OSAVI was higher than 0.7020, the mrNDVI readings (next best predictor)
had to be taken into consideration to estimate the substrate water status and that node two was to be
omitted. In this case, when mrNDVI readings were ≤0.8683, the sample of the plants returned θ as
equal to “36.38%” (13.3%) and the node was considered terminal as no child node developed below.
However, by contrast, when mrNDVI was less than 0.8683, a combination of MSAVI and PRI readings
had to be taken into account to estimate the substrate water content. This was also confirmed by the
relevant node of the testing classification tree. However, the classification tree developed from the
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training data revealed a high estimation risk degree (7.06), while the risk degree in the tree based on
the validation dataset was high as well (5.4). The high values of the risk estimation indicated that the
accuracy of this structure was uncertain due to the θ values’ estimation and that more water content
values should be included. The goal was to reduce the risk values to around 1.

3.3. Automation for Water and Nitrogen Deficit Stress Detection

During the model analysis of the 3rd Hypothesis, two independently structured trees with different
combinations of RIs (CT4 and CT5) were developed (Figures 5 and 6). CT4 consisted of nine nodes
(four nodes with at least one child and five nodes without children) and CT5 of seven nodes (three nodes
with at least one child and four nodes without children). In those trees, the predicted category was
the detection of water and nitrogen deficit stress (C or WS or NS). For each node, the mentioned table
provides the number (n) and the percentage (%) of the C or WS or NS cases in each reflectance index
category set as a dependent variable.

Figure 5. The CT4 classification tree of the training sample for calibration to identify healthy, water-
and nitrogen-deficit stressed plants. C: indication of control plants; WS: indication of water deficit
stress plants; NS: indication of nitrogen deficit stress plants.
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Figure 6. The CT5 classification tree of the training sample for calibration to identify healthy, water-
and nitrogen-deficit stressed plants. C: indication of control plants; WS: indication of water deficit
stress plants; NS: indication of nitrogen deficit stress plants.

According to the training CT4 (Figure 5), it was calculated that there was no water or nitrogen
deficit stress when PRI was ≤−0.0130 and C was returned (no irrigation is needed). On the other
hand, if the PRI was between −0.01 and 0.04, the mrSRI readings (next best predictor) had to be taken
into consideration to identify the water stressed plants and that node 4 was omitted. In this case,
when mrSRI readings were ≤14, C was returned (no irrigation is needed). However, when mrSRI
readings were >14, the majority of the sample (73%) returned WS. If the PRI was higher than 0.04,
the mrNDVI readings (next best predictor) had to be taken into account. In this case, when mrNDVI
readings were ≤0.86, NS was returned (nitrogen is needed). However, when mrNDVI readings were
>0.86, the sample returned WS (irrigation is needed). However, contrary to node five of the training
tree, in the testing tree, it was not clear when the plants were under water or nitrogen deficit stress
because the sample of plants returning NS (60%) was very close to those returning WC (40%).

According to the training CT5 (Figure 6), it was calculated that when the MSAVI was lower
than 0.94, the mrNDVI readings (next best predictor) had to be taken into consideration. In this case,
when the mrNDVI readings were ≤0.87, the majority of the sample (80%) returned NS. On the other
hand, when mrNDVI was higher than 0.87, the total sample was characterised as water stressed
(irrigation is needed). On the other hand, if MSAVI readings were higher than 0.94, the PRI readings
(next best predictor) had to be taken into consideration. In this case, when PRI readings were ≤0.04
and C was returned (no irrigation is needed). However, when PRI readings were >0.04, the sample
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returned WS (irrigation is needed). Similar results were confirmed by the relevant node of the testing
classification tree.

Table 1 presents the number of cases classified correctly and incorrectly for each category of
the dependent variable. The predicted percent of the training sample was 90.1% in CT4 and 89.6%
in CT5, indicating that the model classified approximately 90.1% and 89.6%, respectively, of the
sample correctly. Although the predicted percent of both CT4 and CT5 was similar, the CT4 result
revealed one potential problem with this model: for those plants cultivated under nitrogen stress,
NS was predicted for 71.4% of them, which means that 28.6% of the stressed plants were inaccurately
classified with C (non-stressed plants) or WS (water stressed plants). On the other hand, only 5.7%
of non-stressed plants were inaccurately classified as WS or NS stressed plants. However, the final
estimation risk of the misclassification of the training model was low, with small differences between
the two models reflected at 9% and 10%, respectively.

Table 1. The classification accuracy of the training and testing sample for calibration and validation,
respectively. C: control plants; WS: water deficit stress plants; NS: nitrogen deficit stress plants.

Classification
Model

Sample Observed
Predicted

C NS WS Percent Correct

CT4

Training CT4

C 66 1 3 94.3%
NS 3 10 1 71.4%
WS 0 3 24 88.9.7%

Overall
Percentage 62.2% 12.6% 25.2% 90.1%

Validation

C 23 2 4 83.3.3%
NS 0 2 1 75.0%
WS 1 1 3 62.5%

Overall
Percentage 64.9% 13.5% 21,6% 76.7%

CT5

Training

C 61 0 6 91.0%
NS 1 12 0 92.3%
WS 1 3 22 84.6%

Overall
Percentage 59.4% 14.2% 26.4% 89.6%

Validation

C 20 0 1 95.2%
NS 1 3 1 60.0%
WS 0 0 9 100.0%

Overall
Percentage 60.0% 8.6% 23.5% 91.4%

4. Discussion

Despite many statistical and mathematical models such as principal component analysis [17],
artificial neural network, and other classification procedures that have been developed to
extract optimal information from remotely sensed data, Yohannes and Hoddinott [26] and
Camdeviren et al. [27] believed that the CT method was a very useful model for analysing complex
datasets by providing visual results. Goel et al. [18] applied a classification tree method to group
hyperspectral data in order to identify weed stress and nitrogen status of corn and compared it with
artificial neural networks. The advantages of tree-based classification are that it does not require
the assumption of a probability distribution, specific interactions can be detected without previous
inclusion in the model, non-homogeneity can be taken into account, mixed data types can be used,
and dimension reduction of hyperspectral datasets is facilitated [28].

In the current study, in order to determine the water and nitrogen deficit stress severity, reflectance
indices were investigated in the CT paths. Among the indices, the CT model selected (MSAVI) as
a starter index to predict the water and nitrogen deficit stress. The CT analysis revealed that the
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classification accuracy for the training sample was 89.6% and the testing tree responded to the predicted
expectation by approximately 91.4%.

The overall success rate of classification accuracy between the predicted and measured values of
the stressed tomato indicated that the combination of MSAVI, mrNDVI, and PRI has the potential to
determine water and nitrogen deficit stress and that classification tree algorithms have good potential
in the classification of remotely sensed spectral data. Elvanidi et al. [13] also reveal mrNDVI and PRI
in the CT path to determine water deficit stress in tomato plants, with classification accuracy values of
84.2% and 78.9% for the training and testing sample, respectively. Additionally, Genc et al. [17] also
tested the ability of the classification tree algorithm to assess water stress in corn using hyperspectral
reflectance spectra transformed into spectral vegetation indices. Their results demonstrated that water
and nitrogen stress in corn was detectable through spectral reflectance analysis.

Generally, the use of machine learning models is not widespread in agriculture since they require
a long time-series of datasets. The destructive methods or the complex sensors used in the last decades
to quantify plant physiology did not allow for their progress. With the recent integration of a new age
of computational intelligent sensors, more and more robust methodologies are being adapted. Up to
now, less than 40 articles focused on machine learning models in agriculture. From those, 61% of the
articles were related to different aspects of crop management [29].

However, the prediction performed by those models, in most cases, mostly correspond specifically
to the area and conditions used in the training data, thereby trying to account for the otherwise invisible
variations specific to that land and surroundings [30]. In the open field, for instance, the terrain in
which the crop is cultivated affects the process of the crop water demand prediction. With the advent
of the new era of computational intelligent sensors that can track various things that were previously
not possible, more and more factors can be considered. Nevertheless, this new concept will ensure
the development of more robust remote sensing approaches for monitoring plant physiology in order
to train a decision support system with the aim of adjusting climate and irrigation control strategies
within the greenhouse. Thus, in the future, the widespread usage of machine learning models is
expected, allowing for the possibility of integrated and applicable tools. However, improvement in
the performance of the decision tree classification approach with increases in the number of data
sets further strengthens the belief that, by increasing the amount of data, model performance could
probably be further improved.

5. Conclusions

In the current work, the ability to use a classification tree was tested to remotely predict leaf
chlorophyll and substrate water content. Additionally, the classification tree was trained to assess
different types of tomato stress such as water and nitrogen deficit stress. The model was trained by
organizing, in the most effective way, the reflectance values measured by a hyperspectral camera.
Among the reflectance indices, the classification tree model selected TCARI and PRI or mrSRI to predict
leaf chlorophyll content. To estimate the substrate water content, on the other hand, the process
was much more complex since more than four reflectance indices were involved in the procedure.
Regarding the model trained to sense the actual plant water and nitrogen status, it was concluded
that the combination of MSAVI, mrNDVI, and PRI involved in CT5 made insufficient provision with a
reasonable accuracy. These results are promising for designing a smart decision support system for
better managing climate and irrigation control strategies. Additionally, less complicated reflectance
sensors recording certain spectral bands could be adapted to monitor plant physiology in real-time in
a cost-effective manner. Nevertheless, it has to be noted that the results presented are relevant to the
conditions of the measurements and the specific crop studied. Therefore, it is expected that the use of
machine learning models will be even more widespread in the near future.
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Nomenclature

As Photosynthesis rate
C Control: no stressed plants/no irrigation or fertilization is needed
CHAID Chi-squared automatic interaction detection
Chl_a Chlorophyll-a content
CT Classification tree
CRT Classification regression tree
EC Electrical conductivity
LAI Leaf area index
mrNDVI Modified red edge normalised difference vegetation index
mrSRI Modified red edge simple ratio index
MSAVI Modified soil-adjusted vegetation index
n Number of samples per day per treatment
NIR Near-infrared region
nm Nanometre
NS Nitrogen stress: nitrogen stress plants/nitrogen is needed
OSAVI Optimisation soil-adjusted vegetation
PRI Photochemical reflectance index
R or r Reflectance
R445 Reflectance value in 445 nm band
R531 Reflectance value in 531 nm band
R550 Reflectance value in 550 nm band
R570 Reflectance value in 570 nm band
R670 Reflectance value in 670 nm band
R690 Reflectance value in 690 nm band
R700 Reflectance value in 700 nm band
R705 Reflectance value in 705 nm band
R750 Reflectance value in 750 nm band
R800 Reflectance value in 800 nm band
R810 Reflectance value in 810 nm band
Rg,i Irradiance
RH Relative humidity
RI Reflectance index
rNDVI Red edge normalised difference vegetation index
SD Standard deviation
T Air temperature
TCARI Transformed chlorophyll absorption in reflectance index
TKN Total Kjeldahl nitrogen
VIS Visible spectrum
VNIR Visible and near-infrared spectrum region
WS Water stress: water stress plants/irrigation is needed
θ Substrate water content
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Abstract: Use of light emitting diode (LED) technology is beginning to replace traditional lighting in
greenhouses. This research focused on the effects of LED lighting and gibberellic acid supplementation
on growth and flowering of Dahlia spp. ‘Karma Serena’, Liatris spicata ‘Kobold’, and Lilium asiatic
‘Yellow Cocotte’. Light treatments, used to extend photoperiod, included LED flowering lamps and
halogen lamps that emitted a combination of red + far-red + white, red + white, and broad spectrum
from late fall to early spring. Gibberellic acid treatments ranged from 40 to 340 mg L−1 for Asiatic lily
‘Yellow Cocotte’, 50 to 250 for gayfeather ‘Kobold’, and 50 to 150 for dahlia ‘Karma Serena’. Results
varied within species in response to light and gibberellic acid. A significant interaction of light with
gibberellic acid influenced mean flower number and flowering percentage for dahlia ‘Karma Serena’,
while flowering percentage and flower diameter were influenced for Asiatic lily ‘Yellow Cocotte’.
Effect of light was most significant on growth and flowering measurements, especially for gayfeather
‘Kobold’ and dahlia ‘Karma Serena’. For gayfeather ‘Kobold’, flowering occurred two weeks earlier
under sole LED lighting than under other light treatments and no supplemental light. Although
flowering occurred the earliest for dahlia ‘Karma Serena’ under no supplemental light, plants under
light treatments had greater height, width, and shoot weight. Significant effects of gibberellic acid on
growth and flowering measurements for dahlia ‘Karma Serena’ and Asiatic lily ‘Yellow Cocotte’ were
observed for height, width, and flower number.

Keywords: light emitting diodes; GA3; extended photoperiod; greenhouse

1. Introduction

Light is the single most important variable with respect to plant growth and development and
is often the most limiting factor in greenhouse production [1]. Therefore, using artificial lighting
(AL) or grow lights (GL) in commercial greenhouses is beneficial for plants and growers. Altering
photoperiod and increasing light levels are reasons for using these lights. The different lighting sources
that growers can use include incandescent (INC) lamps, fluorescent lamps (FL), and high intensity
discharge (HID) lamps. Light emitting diodes (LED) are fourth generation lighting sources and are the
emerging technology in horticulture [2]. Before choosing a lighting device, several factors, such as
efficiency, total energy emissions, life expectancy, and costs need to be considered. In addition, it is
important to know the three most important light factors that affect plant growth, which are light
quality, light intensity, and light duration [1]. LEDs have proven to be advantageous in all these factors
when compared to traditional lighting sources [3].

Energy inputs range from 10% to 30% of total production costs for the greenhouse industry [4].
Thus, any new lighting technology that significantly reduces consumption of electricity for crop
lighting, while maintaining or improving crop value is of great interest to growers. Light sources,
such as fluorescent, metal halide, high pressure sodium, and incandescent lamps are generally used
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for plant growth under greenhouse conditions and have been around for half a century. However,
these light sources have disadvantages, such as less suitable wavelength for plant growth and limited
lifetime of operation. In addition, they require more electricity and produce heat that may injure plant
leaves [5].

In the 1990s, light-emitting diodes (LEDs) were investigated for the first time for plant growth
and were found to be efficient alternatives to traditional lamps used in lighting systems [6]. Compared
with conventional lamps, LEDs are smaller in size and weight, have a long lifetime, low heat emissions,
wavelength specificity, and much lower energy consumption [7]. In addition to changes in plant
productivity, increased suppression of pathogens has been noted in tomato (Solanum lycopersicum L.)
and cucumber (Cucumis sativis L.) [8]. Physiological and morphological effects of LEDs have been
studied in several species, including potato (Solanum tuberosum L.), wheat (Triticum aestivum L.),
lily (Lilium candidum L.), lettuce (Lactuca sativa L.), spinach (Spinacia oleracea L.), strawberry (Fragaria ×
ananassa Duchesne), marigold (Tagetes erecta L.), chrysanthemum (Chrysanthemum indicum L.), and salvia
(Salvia divinorum Epling and Játiva) using various LED products [9].

Light-emitting diodes have the potential to shorten the crop time, reduce costs, and add new plants
for specialty cut flower production during the winter [7]. This light source may also induce greater
flowering for winter crops; however, research is limited to propagation, vegetables, and seedling
production. Commercial LED fixtures for photoperiodic lighting have been recently developed for
flowering applications and are alternatives to INC lamps. Craig and Runkle [10] quantified how red
(R) to far-red (FR) ratio of photoperiodic lighting from LEDs influenced flowering and extended the
growth of short-day plants. Kohyama [11] investigated the efficacy of commercial LED products
developed for flowering applications on long-day plants. Meng and Runkle [12] coordinated grower
trials to investigate the efficacy of R +white (W) + FR LEDs to regulate flowering of daylength-sensitive
ornamental crops. For some plants, flowering is promoted with a combination of R and FR light [13,14].

Gibberellic acid (GA3) is a hormone found in plants, which is produced in low amounts. Synthetic
GA3 is commonly used in commercial agriculture. This hormone is very influential and can control
plant development, promote growth, and elongate cells. Gibberellic acid can also promote petal growth
and enhance other flowering characteristics [15,16]. In certain plant species, GA3 acts as a mobile
signal transmitter for photoperiodic flowering stimulation [17]. For flower induction, soaking bulbs,
rhizomes, corms, or spraying the foliage with a GA3 solution are common applications [18–20]. There
are limited but statistically valid interactions between light and GA3. Both factors are known to have
synergistic effects, but mainly on germination of seedlings [21,22]. In certain species, growth and
flower initiation are affected by light and GA3 application [23,24]. More current research needs to be
conducted to assess the interaction of light and GA3 further. Therefore, objectives of this study were to
evaluate how gibberellic acid and different combinations of red and far-red light together from LED
flowering lamps and halogen lamps, would influence growth and flowering of Lilium L., Dahlia Cav.,
and Liatris Gaertn. ex Schreb. species.

2. Materials and Methods

2.1. Plant Material and Culture

On 15 September 2015, bulbs of Lilium asiatic L. ‘Yellow Cocotte’ were graded at 16 to 19 cm.
Cuttings of Dahlia spp. ‘Karma Serena’, which are short-day plants, arrived 14 October 2015.
Liatris spicata (L.) Willd. ‘Kobold’ corms, which are long-day plants, arrived 12 November 2015 and
were graded at 8 to 10 cm. Plant materials were obtained from a broker (Gloeckner and Company
Incorporated, Harrison, NY, USA). Before transplanting, dahlia ‘Karma Serena’ cuttings were placed
on a mist bench and Asiatic lily ‘Yellow Cocotte’ were placed in a cooler at 4 ◦C upon arrival for
one month. Gayfeather ‘Kobold’ corms were immediately treated with GA3 (Plant Hormones LLC,
Auburn, WA, USA). All bulbs and corms were soaked in an aqueous solution of GA3 for 30 min before
being potted. Dahlia leaves were sprayed to glisten once with different rates of GA3 solution after
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potting. Tween-20 (Sigma-Aldrich, St. Louis, MO, USA) was also added in the GA3 solution as a
surfactant at a concentration of 0.01%. The GA3 treatment dates were 24 October 2015, 31 October
2015, and 13 November 2015 for ‘Yellow Cocotte ‘, ‘Karma Serena’, and ‘Kobold’, respectively. Dahlia
‘Karma Serena’, Asiatic lily ‘Yellow Cocotte’, and liatris ‘Kobold’ were potted in standard 15 cm pots
filled with Metro-Mix 360 media (Sun Gro Horticulture, Bellevue, WA, USA) and were placed in the
greenhouses on 16 October 2015, 24 October 2015, and 12 November 2015, respectively.

2.2. Experimental Arrangement

The experiment was conducted at four research greenhouses of the Department of Horticulture
and L.A. in Stillwater, OK. For each greenhouse, temperatures were set at 23 ◦C during the day and 18 ◦C
during the night with a photosynthetic photon flux density (PPFD) between 600 to 1200 μmol m2 s−1

and daily light integral of 10–15 mol m2 d. One light treatment was established in each greenhouse.
Light emitting diodes (Philips Green Power Flowering lamps, Amsterdam, The Netherlands) and
standard halogen bulbs, which are broad spectrum across the photosynthetically active radiation
region, were installed at 0.914 m above the bench area and 0.914 m apart. In the first light treatment,
there were 19 14-watt LED R +W + FR flowering lamps (Phillips Lighting, Somerset, NJ, USA) with
a spectrum from 420 to 780 nm and peaks at 660 (35%) and 740 (46%). The second light treatment
had 11 15-watt LED R +W flowering lamps (Phillips Lighting, Somerset, NJ) with a spectrum from
420 to 720 nm and a peak at 660 (78%) and 12 40-watt halogen bulbs (Osram Sylvania, Wilmington,
MA, USA) with a spectrum from 400 to 1200 nm with peaks at 600, 760, and 850 nm with lamps and
bulbs installed alternatively. The third light treatment included 23 of the above mentioned 40-watt
halogen bulbs, and the fourth treatment did not have lights (control). Plant species and GA3 rates
were randomized within light treatments. Plants were supplemented with seven hours of light after
sunset. Before daylight savings time (8 November 2015), lighting was delivered from 1900 to 0200 HR.
After daylight savings time, lighting was delivered between 1700 to 2400 HR using timers. A quantum
sensor (Spectrum Technologies, Inc., Aurora, IL, USA) measured photosynthetic photon flux density
(PPFD) of the LED lamps and halogen bulbs. In each greenhouse where the light was supplemented,
measurements were randomly recorded across the bench area and were taken at pot level. The mean
photon outputs were 10, 20, and 2 μmol m−2 s for LED emitting R +W + FR, LED emitting R +W,
and halogen, respectively.

Gibberellic acid rates for gayfeather ‘Kobold’ were 50, 170, and 250 mg L−1 with 12 pots per rate
per light treatment. Asiatic lily ‘Yellow Cocotte’ had rates of 40, 140, and 340 mg L−1 with 12 pots
per rate per light source. Dahlia ‘Karma Serena’ rates were 50, 100, and 150 mg L−1 with 10 pots
per rate per light source. All plants included a controlled rate in which water was used. Plants
were watered with drip irrigation as needed. On 23 November 2015, a slow release fertilizer 16-9-12
(3–4 month, Osmocote® Plus, The Scotts Co., Marysville, OH, USA) at a rate of 10 g was added at time
of potting and 200 mg L−1 20-10-20 Peat-lite (Jacks, Allentown, PA, USA) water soluble fertilizer was
supplemented after three weeks.

2.3. Harvesting and Measurements

Data collected from plants included the date of first flower (anthesis), which was only recorded
when petals were fully opened. Flower diameter was recorded on 15 November 2015 for dahlia
‘Karma Serena’ and 22 December 2015 for Asiatic lily ‘Yellow Cocotte’ using a digital caliper (Tresna
Instrument., LTD, Guilin, China). Flowering percent (flowering or not per pot), Number of flowers,
plant height (from media surface to tallest flower or bud), and width (average of two perpendicular
measurements) were recorded on 18 January 2016 for dahlia ‘Karma Serena’, 22 Feburary 2016 for
Asiatic lily ‘Yellow Cocotte’, and 27 Feburary 2016 for gayfeather ‘Kobold’. Shoot dry weight was
recorded on 1 Feburary 2016 for dahlia ‘Karma Serena’, 29 Feburary 2016 for Asiatic lily ‘Yellow
Cocotte’, and 7 March 2016 for gayfeather ‘Kobold’ by cutting the stems at the media level, and drying
for 3 d at 54.4 ◦C.
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2.4. Statistical Analysis

Pots were arranged in a completely randomized design with plant species, GA3 and light
treatments as the specified factors. Data were analyzed with SAS version 9.4 software (SAS Institute,
Cary, NC, USA). An analysis of variance methods (PROC MIXED) was used with a two-factor
factorial arrangement with light and GA3 as the factors of interest. For percentage response variables,
arcsine square root transformations were used to help normalize the data. Because the levels of the
factors changed, separate analyses were conducted for each plant species. When interactions of light
with GA3 were significant, simple effects were reported. Mean separations were determined using
protected Fisher-type comparisons (a DIFF option in an LSMEANS statement and a SLICE option
when appropriate) and with 0.05, 0.01, 0.001, and 0.0001 levels of significance.

3. Results

3.1. Liatris spicata ‘Kobold’

A main effect of light was found on all growth measurements, as well as on a number of terminal
spikes and days to anthesis (Table 1). Plants under LEDs flowered the earliest, but were not different
than halogen or LED + halogen (Table 2). The average number of spikes was greatest with natural
light, which was not different than halogen. Plant height and width was greatest under LED and LED
+ halogen. Shoot dry weight was greatest with halogen lighting. Gibberellic acid rates had a significant
effect on plant width, shoot dry weight, and mean spike number (Table 1). For width, plants receiving
0 mg L−1 GA3 were greatest, but were not different from those treated at 50 and 170 mg L−1 GA3

(Table 3). Shoot weight was greatest for 0 mg L−1 GA3, but was not different from 50 and 250 mg L−1

GA3. The average number of spikes was greatest at 250 mg L−1 GA3, but was not different than 0 or
170 mg L−1 GA3.

Table 1. Analysis of variance for growth and flowering measurements of Liatris spicata ’Kobold’,
Dahlia spp. ’Karma Serena’, and Lilium asiatica ’Yellow Cocotte’ grown with LED and halogen lights
along with multiple rates of gibberellic acid.

Cultivar Source
Height

(cm)
Width
(cm)

Shoot Dry
Weight (g)

Flowers/Spikes
Number z

Flower
Diameter

Days to
Anthesis

Flowering
(%)

‘Kobold’
Light **** y **** **** **** - x **** ns
GA3 ns ** * * - ns ns

Light × GA3 ns ns ns ns - ns ns

‘Karma
Serena’

Light **** **** **** **** ns **** ns
GA3 **** ns ns ** * ns ns

Light × GA3 ns ns ns * ns ns *

‘Yellow
Cocotte’

Light ns ns ns ns ns ns ns
GA3 ns ns ns ns ns ns ns

Light × GA3 ns ns ns ns * ns *
z Number of flowers for ’Karma Serena’ and ’Yellow Cocotte’, but the number of spikes for ’Kobold’. y NS, *, **, ***,
**** indicate non-significant or significant at p ≤ 0.05, 0.01, 0.001, 0.0001, respectively. x Data not taken.
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Table 2. Growth and flowering measurements of Liatris spicata ‘Kobold’, Dahlia spp. ‘Karma Serena’,
and Lilium asiatica ‘Yellow Cocotte’ affected by light averaged across GA3.

Light Type
Height

(cm)
Width
(cm)

Shoot Dry
Weight (g)

Flower
Measurements z

Days to
Anthesis

Flowering
(%)

‘Kobold’

Control 47.3b y 35.2c 13.9b 3.5a 88a 96a
LED 64.7a 49.4a 17.2b 2.3bc 70b 100a

Halogen 52.1b 40.9b 22.0a 3.1ab 73b 98a
LED + Halogen 65.9a 44.9ab 16.8b 1.8c 77ab 98a

‘Karma
Serena’

Control 58.9b 32.5c 9.1d 7.1a 46c - x

LED 67.1b 43.9b 35.0c 7.1a 61b -
Halogen 95.8a 46.7b 43.6b 8.5a 74a -

LED + Halogen 85.9a 56.9a 52.9a 7.9a 80a -

‘Yellow
Cocotte’

Control 45.5a 15.0a 4.0a 2.4a 54a -
LED 44.5a 19.6a 3.5a 2.0a 47a -

Halogen 38.4a 16.3a 4.2a 2.0a 43a -
LED + Halogen 54.1a 19.8a 4.8a 2.1a 55a -

z Mean number of flower spikes for ‘Kobold’, flower diameter (cm) for ‘Karma Serena’, and flower number for
‘Yellow Cocotte’. y Means (n = 12 for ‘Kobold’ and ‘Yellow Cocotte’; n = 10 for ‘Karma Serena’) with the same letter
within the same column are not statistically significant (p < 0.05). x Interaction significant for plant measurements.

Table 3. Growth and flowering measurements of Liatris spicata ’Kobold’, Dahlia spp. ’Karma Serena’,
and Lilium asiatica ’Yellow Cocotte’ affected by GA3 averaged across the light.

GA3 Rate
(mg L−1)

Height
(cm)

Width
(cm)

Shoot Dry
Weight (g)

Flower
Measurements z

Days to
Anthesis

Flowering
(%)

’Kobold’

0 59.7a y 47.4a 19.8a 2.4ab 77a 98a
50 59.5a 43.2ab 17.6ab 2.3b 76a 94a
170 54.6a 40.6ab 15.2b 2.6ab 78a 100a
250 56.3a 39.3b 17.3ab 3.5a 76a 100a

‘Karma
Serena’

0 65.0b 45.5a 30.5a 8.6a 67a - x

50 81.0a 45.7a 35.8a 7.3ab 62a -
100 81.3a 45.5a 38.5a 6.8b 64a -
150 80.3a 43.4a 35.7a 7.8ab 69a -

‘Yellow
Cocotte’

0 48.5a 19.6a 4.5a 2.1a - x - x

40 47.2a 16.8a 4.4a 2.4a - -
140 42.9a 17.3a 3.9a 2.0a - -
340 43.4a 17.0a 3.7a 2.0a - -

z Mean number of flower spikes for ‘Kobold’, flower diameter (cm) for ‘Karma Serena’, and flower number for
‘Yellow Cocotte’. y Means (n = 12 for ‘Kobold’ and ‘Yellow Cocotte’; n = 10 for ‘Karma Serena’) with the same letter
within the same column are not statistically significant (p < 0.05). x Interaction significant for plant measurements.

3.2. Dahlia spp.‘Karma Serena’

There was a significant Light ×GA3 interaction for mean flower number and flowering percentage
(Table 1). Flower number within the 50 mg L−1 GA3 rate was greatest for plants under halogen,
LED + halogen, and no supplemental light (Table 4). Plants treated with 100 mg L−1 GA3 treatment,
no supplemental light, LEDs, and halogen had the greatest number of flowers. The flowering percentage
within the 50 and 150 mg L−1 GA3 rates was greatest with no supplemental lighting, halogen, and

43



Horticulturae 2019, 5, 51

LED + halogen light. Plants treated with 100 mg L−1 GA3 treatment, flowering was greatest with
natural light, LED, and halogen lighting. The light had a significant effect on height, width, shoot dry
weight, and days to anthesis (Table 1). Time to flower was longest under halogen and LED + halogen
(Table 2). Height was greatest under halogen, which was not different than LED + halogen. Plant
width and shoot dry weight were greatest under LED + halogen. Only height and flower diameter
were significantly affected by GA3 (Table 1). All GA3 rates produced taller plants compared to no
supplemental lighting. No supplemental lighting had the greatest number of flowers though 50 and
150 mg L−1 GA3 were not different (Table 3).

Table 4. Mean flower number and flowering percent of Dahlia spp. ’Karma Serena’ and Lilium asiatica
’Yellow Cocotte’ affected by the interaction of light with GA3.

Plant Characteristic Source GA3 (mg L−1)

0 50 100 150
‘Karma Serena’ Flower number Control 3.1c z 2.4b 2.3b 2.8a

LED 2.2c 2.9b 3.1ab 3.1a
Halogen 6.6a 5.4a 4.4a 3.7a

LED + Halogen 5.1b 4.5a 4.4a 2.3a
Flowering percent Control 100a 100a 100a 100a

LED 100a 89b 100a 80b
Halogen 100a 100a 100a 100a

LED + Halogen 100a 100a 80b 100a
‘Yellow Cocotte’ 0 40 140 340

Flower diameter Control 8.9b 9.2b 9.7a 9.7b
LED 10.4a 9.8b 10.4a 10.1ab

Halogen 9.8b 9.4b 10.1a 9.5b
LED + Halogen 10.5a 10.7a 10.0a 10.9a

Flowering percent Control 58b 67b 58bc 75ab
LED 100a 67b 75a 50bc

Halogen 75ab 75a 33c 33c
LED + Halogen 58b 75a 67ab 100a

z Means (n = 10 for ‘Karma Serena’; n = 12 for ‘Yellow Cocotte’) with the same letter within the same column and
within plant characteristic are not statistically significant (p < 0.05).

3.3. Lilium Asiatic ‘Yellow Cocotte’

The interaction of Light × GA3 was seen on flower diameter and flowering percentage (Table 1).
Plants treated with 0 mg L−1 GA3 rate, LED and LED + halogen had the greatest flower diameter
(Table 4). Plants treated with 40 mg L−1 GA3 rate had the greatest flower diameter under LED +
halogen. Plants treated with 340 mg L−1 GA3 rate, plants under LED and LED + halogen had the
greatest flower diameters. The flowering percentage was greatest with halogen within the 0 mg L−1

GA3 rate, but was not different from halogen. Plants treated with 40 mg L−1 GA3 rate, plants with
halogen and LED + halogen had the greatest flowering percentage. Plants treated with 140 mg L−1

GA3 rate, plants with LED had the greatest flowering percentage, but were not different from LED
+ halogen. Plants treated with 340 mg L−1 GA3 rate, plants under LED + halogen had the greatest
flowering percentage, but were not different from natural lighting. No significant effects were seen by
light or GA3 as main effects on other growth and flowering measurements of ‘Yellow Cocotte’.

4. Discussion

The use of LED, LED + halogen, and sole halogen lamps emitting R and FR light effectively
promoted growth and flowering in gayfeather ‘Kobold’ and dahlia ‘Karma Serena’. Red light is
the most effective at inhibiting flowering in short-day plants (SDP). This was true for dahlia under
LED, halogen, and LED + halogen (Table 2). Craig and Runkle [10] reported that flowering in SDPs,
such as chrysanthemum (Chrysanthemum indicum L.) and dahlia was delayed under incandescent and
LED lights. Inhibition of flowering by R light was also seen in cocklebur (Xanthium strumarium L.),
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chrysanthemum, and soybean (Glycine max L. Merr.) [25–27]. Delaying flowering in SDPs, such as
dahlia especially during the winter months is ideal. During this season, the days are shorter, and the
nights are longer. Therefore, SDPs will want to spend photosynthates in the production of reproductive
organs, which will result in a lack of growth and development of vegetative parts. Extended growth
and greater biomass are promoted under R light, and this was seen for liatris and dahlia under
LED flowering lamps and halogen lamps (Table 2). Miyashita et al., [28] noted that R light from
LEDs increased shoot length of potato (Solanum tuberosum L.) plantlets. Height was also greatest
under either LED flowering lamps emitting R +W or R +W + FR, as well as incandescent lamps in
ageratum (Ageratum houstonianum L.), calibrachoa (Calibrachoa x hybrida Cerv.), dianthus (Dianthus
L.), and petunia (Petunia x hybrida Juss.). Height and shoot dry weight were greatest for salvia (Salvia
splendens Sellow ex J.A. Schultes) and tomato (Solanum lyopersicum L.) under LEDs emitting red [29].
Meng and Runkle [12] reported that the stem length of verbena (Verbena x hybrid L.) increased under
incandescent and LED flowering lamps compared to the control. Dry weight and plant width increased
in poinsettia (Euphorbia pulcherrima Willd. ex Klotzsch) when grown under supplemental LED lighting
emitting R and blue [30]. An increase in all these growth parameters is beneficial for cut flowers.

A combination of R + FR is effective for promoting flowering in long-day plants (LDP). This was
true for liatris that were under sole LED lighting emitting R +W + FR (Table 2). Meng and Runkle [12]
have also reported that photoperiodic lighting with a mixture of R and FR light from LEDs and
incandescent lamps was most effective at promoting flowering in LDPs. The flowering of Gypsophila
paniculata (L.) ‘Baby’s Breath’ and Eustoma grandiflorum (Salisb.) ‘Lisianthus’ was also promoted under
a combination of R and FR light [13,14]. The presence of FR in LED lamps shortened the flowering
time and increased number of flowers in petunia. Hastening of flowering, while maintaining plant
quality, will decrease the costs of labor and inputs, as well as assure an early market season. Neither R
nor FR light from the lamps influenced flowering in Asiatic lily ‘Yellow Cocotte’. Bieleski et al. [31]
also reported that the use of R light as a night-break was not effective for increasing anthesis or flower
bud opening in multiple cultivars of Asiatic lilies. It was also noted that flowering in lilies was more
influenced by variations in day-length and not night interruption with supplemental lighting.

Gibberellic acid (GA3) effectively promoted growth and flowering measurements in gayfeather
‘Kobold’, lily ‘Karma Serena’, and Asiatic lily ‘Yellow Cocotte’. Previous research has noted the presence
and influence of GA3 in growing tissues, shoot apices, leaves, and flowers [32]. Cell division and
expansion are stimulated by GA3, especially in response to light or darkness [33]. Flower initiation,
development, sex expression, and number are also regulated by GA3 [34]. Bulyalert [35] reported that
exogenous applications of GA3 increased width and height, as well as the flowering percentage in
liatris. The significant effect of GA3 on flower diameter and height in three cultivars of dahlia was not
analyzed, but an increase in these features was observed and reported [36]. Flower diameter was also
increased in Asiatic hybrid cut lily flowers when treated with GA3 and a standard preservative [37].
The following studies have reported similar results in other cut flowers. Application of GA3 promoted
shoot elongation in different cultivars of chrysanthemums [38,39]. Foliar application of GA3 increased
stem length in a variety of cut flower cultivars that were field-grown [40]. Bultynck and Lambers [41]
reported that the addition of exogenous GA3 promoted leaf elongation and increased shoot biomass in
Aegilops caudata (L.) and Aegilops tauschii (L.). Pobudkiewicz and Nowak [42] found that flowering
size of gerbera (Gerbera jamesonni Hooker f.) was enhanced when GA3 was applied at 200 mg L−1.
Mean flower number was increased in philodendron (Philodendron Schott) ‘Black Cardinal’ as GA3

concentrations increased [43]. Dobrowolska and Janicka [44] also reported that application of GA3 at a
concentration of 10 mg dm−3 increased flower number in Impatiens hawkeri (L.) ‘Riviera Pink’.

Interaction of light with GA3 effectively promoted growth and flowering measurements of dahlia
‘Karma Serena’ and Asiatic lily ‘Yellow Cocotte’. Yamaguchi and Kamiya [45] have concluded that light
and GA3 are highly interactive and are involved in the same pathways that regulate germination and
dormancy. Light and GA3 are likely interacting with similar pathways regulating growth and flowering.
A study reported that cell expansion was promoted in the leaves of dwarf bean (Phaseolus vulgaris L.)
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and stem elongation was increased in garden peas (Pisum sativa L.) when exposed to FR light and
saturated with GA3 [46]. In Kentucky bluegrass (Poa pratensis L.), shoot elongation was increased when
endogenous levels of GA3 interacted with light [47]. Williams and Morgan [48] noted that the exposure
of GA3 to FR light hastened flowering in sorghum (Sorghum bicolor L.). White et al. [49] reported that
although potted greenhouse plants Aquilegia × hybrida (L.) ‘Bluebird’ and ‘Robin’ all flowered when
treated with 100 mg L−1 exogenous GA3, there was no synergistic effect with the supplemental lights
emitting R and FR. An increase in flower number was also observed, but not due to an interaction of
light with GA3. Another study reported that GA3 should be applied to plants before cold temperature
exposure and light treatments should be applied after cold temperature exposure to improve floral
development. There could be even more of an effect between light and GA3 on lily bulbs based on
exposure to cold temperatures before or after as Asiatic lily ‘Yellow Cocotte’ were the only plants
exposed to a cold treatment before applications of GA3 and light treatments. Possibly, the exposure to
cold temperatures before GA3 treatment contributed to the lack of growth and flowering rates.

5. Conclusions

Light emitting diode flowering lamps are equally effective as halogen lamps at regulating growth
and flowering. Although the LED flowering lamps and halogen bulbs have similar light intensity,
the energy consumption of LEDs was 14 to 15 watts per lamp, whereas halogen bulbs use considerably
more watts per bulb. Not only was there an improvement in energy use, but the quality of plants was
maintained and improved with the use of LED flowering lamps. Results of this study and that of many
others show that GA3 also plays an important role in flowering stimulation, as well as plant growth.
In addition, light and GA3 have a synergistic relationship with each other regarding plant and flower
development of plants. More research needs to be conducted using an array of LED flowering lamps
with different spectrums, and in combination with the plant hormone GA3 to control plant growth and
flowering, as affects are species dependent.
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Abstract: Urban agriculture, due to its location, can play a key role in recycling urban waste streams,
promoting nutrient recycling, and increasing sustainability of food systems. This research investigated
the integration of brewery wastewater treatment through anaerobic digestion with substrate-based
soilless agriculture. An experiment was conducted to study the performance of three different
crops (mustard greens (Brassica juncea), basil (Ocimum basilicum), and lettuce (Lactuca sativa) grown
with digested and raw brewery wastewater as fertilizer treatments. Mustard greens and lettuce
grown in digested wastewater produced similar yields as the inorganic fertilizer control treatment,
while basil had slightly lower yields. In all cases, crops in the digested wastewater treatments
produced higher yields than raw wastewater or the no fertilizer control, indicating that nutrients in
the brewery wastewater can be recovered for food production and diverted from typical urban waste
treatment facilities.

Keywords: urban agriculture; reclaimed wastewater; controlled environment agriculture;
soilless production; brewery; Brassica juncea; Lactuca sativa; Ocimum basilicum

1. Introduction

Urban agriculture is experiencing a resurgence in popularity in many parts of the world. Beyond the
social benefits urban agriculture can provide, such as creating opportunities for community building,
jobs, and education, as well as increased access to healthy food [1], urban agriculture is also gaining
interest due to the possible environmental benefits it can provide to municipalities. Some of those
benefits include increased green spaces, reduction of food imports, and nutrient recycling [2–5];
the latter is the focus of this paper. Modern cities function largely as nutrient sinks, with nutrients
shipped in from rural locations through food and transformed to waste once consumed. Historically,
and presently in the Global South, these nutrient-rich waste streams were and are prized for fertility in
both rural and urban agriculture [5–7]. However, social stigma, concerns over sanitation, and potential
presence of pathogens, nitrates, heavy metals, or pharmaceuticals [8] in urban wastewater make this
integration a challenge today. Still, advocates argue that finding ways to recycle the organic fraction of
waste streams to agricultural production in urban areas will not only reduce soil and water pollution,
but also prove central to both urban waste management and agricultural production [9].

Integrating agricultural production with industries that produce wastewater suitable for irrigation
may increase sustainability in both sectors [9,10] and reduce the challenge of reusing wastewater [11].
The brewing industry can serve as a model for wastewater and urban agriculture integration.
The brewing process creates large amounts of wastewater that, if treated aerobically like most
of the wastewater in the US, requires large amounts of energy for water treatment. This usually
translates into substantial surcharges to the brewery [11]. The large energy requirement for treatment
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is due to processing the high number of organic compounds in the water. These organic compounds
have the potential to produce hydrogen or methane energy if treated anaerobically, and the resulting
nutrients could be a source of fertility for agricultural production [12–14].

Traditional soil-based agriculture may not be a feasible solution in urban environments due to soil
contamination and the lack of available land. Soilless production, such as substrate-based, aquaponics
(hydroponics) could offer a flexible solution adaptable to different settings [15]. Research has explored
how to recycle wastewater for soilless production, mostly for hydroponic production, and found
that if the wastewater or organic waste is mineralized and the optimal nutrient content is achieved,
comparable yields to plants grown using inorganic fertilizer may be obtained. This has been shown
using brewery wastewater [12]. In all cases, researchers promoted nutrient mineralization through
either algae ponds [12], bioreactors [16], or introduction of desired bacteria in the system [17]. Part of the
rationale of using organic substrates in this work is to enhance mineralizing and heterotroph bacteria
and fungi populations [18] in order to promote organic matter breakdown and mineralization [19,20].

The objective of this research was to test the performance of both digested and raw brewery
wastewater as a fertility source for substrate-based vegetable production. The use of both digested and
raw wastewater seeks to explore the feasibility of using brewery wastewater for substrate production
as well as to determine the potential benefits of digesting the wastewater. Three genetically diverse
crops were used to study the adaptability of the brewery wastewater to grow high value crops suitable
for controlled environment production in soilless media. Mustard greens (Brassica juncea) can be
easily grown in soilless production as a leafy vegetable and are increasing in consumer demand,
particularly in fresh salad mixes [21,22]. Lettuce (Lactuca sativa) is widely grown and studied in soilless
production [23–26] and basil (Ocimum basilicum) is a popular herb that is also widely cultivated and
studied in soilless systems [27,28].

Our hypothesis was that if the treatments with wastewater have similar nutrient profiles to the
inorganic control treatment, crops should produce similar yields. We hypothesized that differences
between the digested and raw wastewater treatments would be due to the higher nitrogen and lower
organic carbon content of the digested wastewater as opposed to the raw wastewater treatment.

2. Materials and Methods

This research is part of a larger project that seeks to create an anaerobic wastewater treatment
process to reduce carbon load of wastewater combined with urban food production via soilless
agriculture. Specifically, we are interested in modeling a decentralized approach to this integration
that could happen at various locations in an urban environment, unlike a centralized wastewater
treatment facility. For this project, the anaerobic digestion process addresses two objectives: (1) to
reduce organic load of the wastewater while producing hydrogen and methane energy and (2) to create
a final water solution more suitable for plant uptake in soilless vegetable production, thereby closing
a water usage loop.

Three experiments corresponding to three different crops—‘Green Wave’ mustard greens, ‘Nufar’
basil, and ‘Salanova Green Butter’ lettuce (Johnny’s Selected Seeds, Waterville, ME)—were conducted
between May and September 2018 at the University of Minnesota Plant Growth Facilities in St. Paul,
MN, USA (44◦59′17.8” N lat., -93◦10′51.6” W long.). The experiments were the same in methods,
only differing in crop type. Each experiment was set up as a completely randomized design, with n = 5
replicates of each of the four fertility treatments, for a total of 20 plants in each experiment.

Four different fertility treatments were evaluated: (1) an unfertilized control (i.e., only water);
(2) an industry standard inorganic hydroponic fertilizer with the following concentrations: 150 ppm
N, 52 ppm P, 215 ppm K, 116 ppm Ca, 53 ppm Mg, 246 ppm SO4, 3 ppm Fe, 0.5 ppm Mn, 0.15 ppm
Zn, 0.15 ppm Cu, 0.5 ppm B, and 0.1 ppm Mo, obtained by mixing 4 L of water with 2.56 g of CaNO3

and 3.88 g of 5–12–26 (Jack’s hydroponics fertilizers, JR Peters Inc., Allentown, PA, USA); (3) raw
wastewater from a local brewery (Fulton Beer, Minneapolis, MN, USA); and (4) digested wastewater
from the same brewery, diluted at 50% with deionized water after digestion (Dr. Paige Novak’s
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laboratory, Dept. of Civil, Environmental and Geo-engineering, University of Minnesota, Minneapolis,
MN, USA). All of the plants were watered with 100 mL of well water every morning, along with 50 mL
of their respective fertility treatments six afternoons per week (Sunday to Friday), with rates based on
previous experience; one day per week had only water applied. Fertility treatments were at the same
greenhouse temperature when irrigating.

All raw and digested wastewater was collected before the experiments began and stored in 26.5 L
polyethylene containers (Aqua-Tainer, Reliance Products, Winnepeg, Manitoba, Canada) in a cooler
at 5 ◦C (Vollrath Inc., Sheboygan, WI, USA). A subsample of the digested and raw wastewater was
submitted for analytical testing (Research Analytical Lab, University of Minnesota, St. Paul, MN,
USA) for ammonium-N [29], nitrate/nitrite-N [30], and total phosphorus [31] at the beginning of the
experiment. In the early stages of the project, a low nitrogen concentration in the digestate but a high
electrical conductivity [32] was detected. Therefore, 150 mg/L of ammonium hydroxide was used for
pH adjustment of the brewery wastewater instead of calcium carbonate as a means to obtain a digestate
with higher nitrogen content but lower conductivity.

The three different crops—mustard greens, basil, and lettuce—were grown for six weeks in plastic
containers with a 10.16 cm diameter and an 8.5 cm depth (Belden Plastics, Saint Paul, MN, USA)
filled with a peat-based substrate (Professional Growing Mix #8, Sun Gro Horticulture, MA, USA).
This substrate was chosen based on performance in preliminary experiments. Plants were started
in a 128 plug tray (TO Plastics, Clearwater, MN, USA) in a peat-based propagating mix (Sunshine
Propagation Mix, Sungro, MA, USA), and kept in a mist chamber, misted at intervals of 5 min for
7 days to encourage germination. The mean temperature was 25.78 ± 2.14 ◦C with 66.94 ± 16.29%
relative humidity (RH). After germination, seedlings were moved to the greenhouse and placed on top
of a flat 25.4 × 50.8 cm tray filled with 5 cm of water for 7–10 days. The photoperiod was set for long
days (16:8 h day:night) with supplemental lighting supplied by high pressure sodium high intensity
discharge (HID) lamps at a maxima of 1377 μmol m−2 s−1. Mean temperature ±SD was 24.39 ± 4.24 ◦C.
All environmental settings were controlled via an Argus Control Systems Ltd. computer (Surrey,
BC, Canada).

Plant biomass, or final yield, was calculated for each plant at the end of the six weeks. Mustard
green leaves longer than 10 cm were harvested weekly. Fresh weight of the leaves was recorded
and then leaves were dried for 72 h at 70 ◦C in a hot air oven (Hatchpack, PI, USA) and dry weights
were measured. The total above-ground biomass of mustard greens was calculated by adding the
cumulative harvested yield to the dry mass of the above-ground plant material at the termination of
this experiment. In the case of lettuce and basil, total above-ground biomass present at the end of the
experiment was used as the measurement of yield.

Plant growth measurements were recorded weekly. The number of leaves on the terminal stem
and stem width (mm) were measured on each experimental unit, or each plant, while chlorophyll
level was measured using a soil-plant analyses development (SPAD) meter (SPAD 502, Spectrum
technologies, IL, USA) for each leaf on each plant. The SPAD meter provides an output value between
−9.9 to 199.9 in SPAD units; the higher the value, the greater the chlorophyll content [33]. The meter
measures relative light absorbance at two different wavelengths (650 nm and 940 nm) [34].

Water quality of the leachate (collected after watering with 100 mL of well water) was measured
weekly for pH, EC, infiltration, and nitrates. Three out of the five replications of each treatment were
sampled, for a total of 12 samples from each crop, which were randomly selected at the beginning
of the experiment. Infiltration time was measured as the duration of time from pouring the water
until there was no standing water on the substrate surface. Electrical conductivity (EC) and pH of the
collected leachate was measured using an electronic pH and EC meter (Milwaukee mw802, Milwaukee
Electronics, WI, USA). Nitrate levels of the leachate were measured using a LAQUA twin NO3-11C
pocket nitrate reader (Horiba scientific, Minami-ku Kyoto, Japan).

Statistical analyses were conducted using R software (The R foundation, v.3.4.1) to determine
significance using Analysis of Variance (ANOVA). If the null hypothesis of no significant differences
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was rejected, mean separations were accomplished using Tukey’s honestly significant difference (HSD)
test at a significance level of α = 0.05. Plant chlorophyll content and growth parameters were also
tested for correlation with yield, using Pearson’s correlation test at a significance level of α = 0.05.

3. Results

3.1. Biomass and Yield

Fertility treatment had a significant effect on the number of harvested leaves (data not shown) and
total above-ground biomass of mustard greens (Table 1). Fertility treatment also had a significant effect
on total above ground biomass of lettuce and basil (Table 1). Mustard greens and lettuce plants grown
using digested wastewater produced a similar amount of total above ground biomass when compared
to plants in the inorganic fertilizer treatment, while raw wastewater plants performed at the same level
as those in the no fertilizer treatment (Table 1). For basil, the highest biomass was observed in the
inorganic fertilizer followed by digested wastewater treatments (Table 1). Mustard greens in both the
inorganic fertilizer and digested wastewater treatments reached harvestable size the second week of
the experiment and produced until week 6, while mustard greens grown in the raw wastewater only
were harvestable on week 6, and no plants reached maturity in the unfertilized control treatment.

Table 1. Mean ± SE total above-ground biomass, or per plant dry weight (g), for mustard greens,
lettuce, and basil grown with different fertility treatments in a greenhouse in St. Paul, Minnesota in
2018. One-way ANOVA results for fertility treatments were performed on each parameter and crop.
Values within the same column with different letters are significantly different (Tukey’s HSD, α = 0.05).

Fertility Treatment
Total Dry Weight Per Plant (g)

Mustard Greens Lettuce Basil

No fertilizer 0.19 ± 0.04 b 0.19 ± 0.03 b 0.46 ± 0.02 c
Inorganic fertilizer 0.58 ± 0.02 a 2.83 ± 0.11 a 3.57 ± 0.09 a
Raw wastewater 0.29 ± 0.08 b 0.46 ± 0.09 b 0.73 ± 0.13 c

Digested wastewater 0.56 ± 0.04 a 2.09 ± 0.46 a 1.95 ± 0.36 b

ANOVA F(3,16) = 16.33
p < 0.01

F(3,16) = 27.51
p < 0.01

F(3,16) = 50.71
p < 0.01

3.2. Plant Growth

Due to the leaf removal from mustard green plants, plant growth was monitored using stem
width at the substrate level. No significant fertility treatment effects were found for mustard stem
width during any of the weeks (data not shown). Weekly stem width measurements were moderately
correlated with weekly harvest (r = 0.57, p < 0.01).

For lettuce and basil, the number of leaves per week was used as a measurement of plant growth.
Significantly different numbers of leaves per lettuce plant were counted in weeks 2–6 (p < 0.05) between
treatments. In weeks 2–5, lettuce grown in inorganic fertilizer treatments had the highest number of
leaves, while in week 6, lettuce from both inorganic fertilizer and digested wastewater treatments had
a similar number of leaves. Total number of lettuce leaves at the end of the experiment was positively
correlated to final above-ground biomass (r = 0.89, p < 0.01). Basil plants, too, had a similar number of
leaves through the first week, but subsequent significant differences were found in weeks 2–6 (p < 0.01)
between treatments. In later weeks, basil from the inorganic fertility treatment had the highest number
of leaves. Similar to the case of lettuce, at the end of the experiment, the total number of basil leaves
was highly correlated to final above-ground biomass (r = 0.97, p < 0.01). Overall, plants from both
inorganic and digested wastewater treatments appeared marketable for all crops (Figures 1–3).
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Figure 1. Image of ‘Green Wave’ mustard green plants (day 42) grown in University of Minnesota’s
Plant Growth Facilities greenhouse (St. Paul, MN). Plants were grouped by fertility treatment in rows;
from left to right: digested wastewater, raw wastewater, inorganic fertilizer, and no fertilizer.

 
Figure 2. Image of ‘Salanova Green Butter’ lettuce plants (day 42) grown in University of Minnesota’s
Plant Growth Facilities greenhouse (St. Paul, MN). Plants were grouped by fertility treatment in rows;
from left to right: digested wastewater, raw wastewater, inorganic fertilizer, and no fertilizer.
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Figure 3. Image of ‘Nufar’ basil plants (day 42) grown in University of Minnesota’s Plant Growth
Facilities greenhouse (St. Paul, MN). Plants were grouped by fertility treatment in rows; from left to
right: digested wastewater, raw wastewater, inorganic fertilizer, and no fertilizer.

3.3. Chlorophyll Content

In all crops, the chlorophyll content of the digested wastewater treatments stayed at a similar level
to inorganic fertilizer treatments throughout the 6 weeks (Table 2). Significant differences in SPAD
values of mustard greens were not found until weeks 5 and 6 (p = 0.03), where digested wastewater
treatments had the highest chlorophyll content and raw wastewater the lowest (data not shown).
SPAD values for mustard greens in were not correlated with weekly harvest (r = 0.05, p < 0.56).

Table 2. Mean chlorophyll content (SPAD values) averaged across 6 weeks for mustard greens, lettuce,
and basil grown with different fertility treatments in a greenhouse in St. Paul, Minnesota in 2018.
Values within the same column with different letters are significantly different (Tukey’s HSD, α = 0.05).

Fertility Treatment
Chlorophyll Content, SPAD Units

Mustard Greens Lettuce Basil

No fertilizer 22.23 ab 13.33 c 17.79 c
Inorganic fertilizer 21.01 a 20.76 a 25.93 a
Raw wastewater 20.40 b 17.21 b 21.50 b

Digested wastewater 24.13 a 20.42 a 26.22 a

ANOVA

F(3,133) = 8.32
p < 0.001

F(3,116) = 22.72
p < 0.001

F(3,116) = 43.85
p < 0.001

Significant differences between SPAD measurements became apparent in the fourth week,
where digested wastewater and inorganic fertilizer treatments had the highest chlorophyll content;
the six-week average is shown in Table 2. SPAD values at the end of the experiment were correlated
with lettuce total biomass (r = 0.78, p < 0.05).

We observed significant differences in the SPAD values of basil plants grown in the different
fertility treatments as early as week 2 and continuing through week 6 (p < 0.01). In all cases, basil leaves
from the digested wastewater and inorganic fertilizer treatments had the highest chlorophyll content,
followed by raw wastewater treatment (Table 2). Basil SPAD values were correlated with total dry
biomass at the end of the experiment (r = 0.77, p < 0.01).
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3.4. Water Test

Comparing the total nitrogen (TN = NH4 − N + NO2 − N + NO3 − N) between the digested
wastewater (50% diluted) and the raw wastewater, there was higher ammonium-N content in the
digested wastewater, 171.50 ppm compared to 7.23 ppm (Table 3). The ammonium content of
the digested wastewater was similar to that used in the inorganic fertilizer control and within the
100–250 ppm recommended range [35,36]. The only concerning factor was that the N ratio (RN = NH4

− N/NO3 − N) [37] was extremely high: >1000, and since all the N was in the form of ammonium,
this could generate problems of ammonia toxicity and yield reduction [38,39], though this was not
observed. Phosphorus tests showed an orthophosphate concentration as low as 22 ppm in the pure
digested wastewater (Table 3), a level similar to our previous hydroponic experiments [32] and lower
than the raw wastewater, which can be explained by the 50% dilution of the digester leachate before use.

Table 3. Solution test results (pH, electrical conductivity (EC), ammonium-N, nitrate/nitrite N,
total phosphorus) for each fertility treatment. Nutrient levels of digested and raw wastewater were
obtained from laboratory testing while nutrient levels of inorganic fertilizer obtained from the fertilizer
formulation (see Methods).

Fertility Treatment pH EC Ammonium-N Nitrate/Nitrite-N Total Phosphorus

Digested wastewater 8.40 1.87 171.50 <0.1 22.00
Raw wastewater 4.40 0.84 7.23 <0.1 79.88

Inorganic fertilizer 6.10 1.72 0 150 52
No fertilizer 1 7.90 0.24 - - -

1 Tests for ammonium, nitrate/nitrite or phosphorus were not applicable for the unfertilized control.

3.5. Leachate Monitoring

Water infiltration time increased over time in raw wastewater treatments, while digested
wastewater showed similar monitoring trends compared to the inorganic fertilizer treatments (data not
shown). Nitrate, EC, and pH data of these leachate samples are reported in Table 4 averaged across
weeks and crops, as fertility treatment effects were greater than crop effects. Overall, the highest
nitrate levels were observed in the leachate from the beginning of the experiment (data not shown),
and on average, N levels were highest in leachates from the digested wastewater and inorganic
fertilizer treatments (Table 4). At the beginning of the experiment, the leachate was acidic (pH = 5.5–6),
but turned more neutral through the experiment (data not shown); raw wastewater treatment leachate
was the most basic (Table 4). Electrical conductivity also declined over time, with highest levels
measured in the digested wastewater and inorganic fertilizer treatment leachate.

Table 4. Leachate measurements (Nitrate-N, EC, and pH) for each fertility treatment averaged across
6 weeks and crops (mustard greens, lettuce, and basil) grown with different fertility treatments in
a greenhouse in St. Paul, MN in 2018.Values within the same column with different letters are
significantly different (Tukey’s HSD, α = 0.05).

Fertility Treatment
Leachate Characteristics

Nitrate-N (ppm) EC (DS/cm) pH

No fertilizer 340 b 0.51 b 6.52 b
Inorganic fertilizer 604 a 0.90 a 6.36 bc
Raw wastewater 440 ab 0.65 ab 6.85 a

Digested wastewater 653 a 0.97 a 6.22 c

ANOVA

F(3,248) = 5.343
p < 0.01

F(3,248) = 5.283
p < 0.01

F(3,248) = 35.93
p < 0.001
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4. Discussion

Fertilizing with digested wastewater produced similar yields for lettuce and mustard greens
compared to plants grown using commercial inorganic fertilizer. For basil, yields were lower when
using the digested wastewater, but still significantly higher than the treatments that received only
raw wastewater or well water. Therefore we suggest that digested brewery wastewater has the
potential to provide plants with the required nutrients to obtain high yields, at least with certain crops.
This is consistent with a similar study that grew tomato, Solanum lycopersicum, using digested brewery
wastewater [12] and other research that successfully used nutrient solutions partially or totally made
with wastewater or organic waste for soilless production [10,39–42].

Lettuce and basil plants that were only harvested once, compared to the multiple harvests of
mustard leaves, exhibited the highest chlorophyll content in the inorganic fertilizer and digested
wastewater treatments. Moreover, the higher chlorophyll contents at the end of the experiment
were strongly positively correlated with yield. This reinforces the conclusion that digested brewery
wastewater was able to provide enough nutrients, particularly N, for the plants to produce chlorophyll
at the same level as the inorganic nitrogen of the synthetic fertilizer [23,28]. In contrast, SPAD values
were not different among treatments for mustard greens. This could be due to the effect leaf removal
had on plant health, since stress is a factor known to reduce SPAD measurements [33]. SPAD values
for inorganic and digested wastewater were similar to those reported by other authors on basil grown
in hydroponic and aquaponic systems [28]. Lettuce in inorganic and digested wastewater treatments
obtained much higher SPAD values than those reported for plants hydroponically grown with reclaimed
organic wastes [43], and similar to lettuce plants hydroponically grown with 150–200 ppm of total
N [23]. The additional ammonium-N we added as a buffer and additional nutrient source is likely the
reason for this finding.

Notably, most of the nitrogen present in the digested brewery wastewater came from the addition
of ammonia in the digester. This addition may seem to contradict our research objective of growing
horticultural crops with the digested wastewater, but due to the low nitrogen concentration found in
the wastewater, increasing nitrogen concentration was needed to successfully grow plants, similar to
what other studies found [39–42]. Ammonia can increase the risk of ammonium toxicity and nitrogen
deficiency [44,45] in some crops, while in other species, like lettuce, it may be the preferred nitrogen
source [17,38]. This highlights the need for further research on crop suitability for digested wastewater
production in order to better understand which crops may produce acceptable yields, as well as the
factors driving those differences and how to enhance nitrification for those crops where nitrate is
preferentially taken up. Many factors affect nitrification rates including: pH of the substrate, substrate
material [46], temperature [47], ammonia to nitrate ratio, carbon to nitrogen ratio [16], original bacteria
population levels, and inoculation [19,37]. Additionally, future studies should test how to optimize this
ammonia addition to minimize nitrogen concentration in the final effluent. A possible way to increase
this nutrient removal could be through the recirculating of the nutrient solution in the system [48,49].

This study did not address the nutrient composition of the mature plants, nor of the wastewater
nutrient solutions, besides nitrogen and phosphorus. No evident nutrient deficiencies were observed in
any of the plants, though the plants used reached harvestable maturity relatively quickly and a different
response might occur when growing longer maturing or fruiting crops [50]. Micronutrient deficiencies
could also occur due to the alkaline pH of the digested wastewater [51]. A nutrient solution could
also affect nutrient profile and taste of the produce [23], as the lack of certain elements like silicon or
sodium do not lead to deficiencies but can effect quality and yield [25,52,53]. The high levels of sodium
detected, around 130 ppm, did not exhibit salinity effects on the plants, but this should be considered
in future analyses due to the issues with sodium accumulation in both the nutrient solutions and
substrates [54,55]. Further understanding how the brewing process affects those nutrient fluctuations
may help anticipate them.
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5. Conclusions

This research shows that it is possible to use anaerobically digested brewery wastewater to grow
different crops and obtain commercially acceptable yields. Anaerobic digestion is not only a possible
way to produce energy [13,56], but also to adjust nutrient profiles and create a better nutrient solution
for soilless production. Thus, it is possible to integrate brewery wastewater treatment with soilless
urban agriculture. This integration, and energy generation through anaerobic digestion, could help
reduce the high environmental footprint that many soilless urban farms have [57] and be a good way to
increase food system sustainability by promoting nutrient reuse and reducing waste treatment energy
requirements [5,10]. This integration of sectors opens the door to further synergies; for example, if the
soilless production happened in protected environment, CO2 from the brewing process could be used
to enhance plant growth [58], the high temperature of the wastewater [14] could heat the growing
space, or spent grains could be a large component of the substrate mix instead of peat [59]. Still,
in order to promote the implementation of those solutions, there is a need to develop the knowledge
and technologies. Important practical considerations will also need to be made, such as synchronizing
digestate production and availability with crop needs, as well as scalability of this model.

The best method to integrate both soilless urban agriculture and brewery wastewater treatment
still remains unclear. In this article, we have researched how to solve some of the agronomic and
technological challenges of this integration, but additional complementary research is needed pertaining
to the economic, legal, and social challenges of this decentralized urban system. Urban agriculture
can provide food close to home, improve water use efficiency, and utilize locally available sources
of nutrients, if other support systems exist. The economic viability of this integration would likely
depend, in great measure, on successfully creating a marketing strategy that demonstrates value in
sustainably managing urban waste streams and producing food locally.
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Abstract: The role of silica as a needed supplement in soilless media is gaining interest. This research
studied the effects of diatomaceous earth as a supplement on growth and flower characteristics,
physiology, and nutrient uptake in dahlia (Dahlia Cav. × hybrida ‘Dahlinova Montana’), black-eyed
Susan (Rudbeckia hirta L. ‘Denver Daisy’), and daisy (Gerbera jamesonii L. ‘Festival Light Eye White
Shades’). Plants were either well-watered at 10 centibars or water-stressed at 20 centibars. Silicon
treatments included top-dressed at 20, 40, 60, and 80 g, or incorporated at 50, 100, 150, and 200 g, in
Metro-Mix 360 media without silica plus a control and one treatment of new Metro-Mix 360 with
silica already incorporated. Significant effects were seen from diatomaceous earth supplementation,
irrigation, and interaction in all plants; growth and flower characteristics, leaf nutrient content, and
tolerance to stress were improved by application of diatomaceous earth. An increase in leaf N, P,
K, Mg, and Ca was observed for dahlia ‘Dahlinova Montana’ and black-eyed Susan ‘Denver Daisy’.
Transpiration was maintained in all three species due to silica supplementation under water-stress.
Metro-Mix with silica was similar to the Metro-mix without silica and equivalent to most treatments
with supplemental silica for all three species.

Keywords: greenhouse; metro-mix; Dahlia; Rudbeckia; Gerbera

1. Introduction

Silicon is the second most abundant element on earth and is present in various forms, including
silicon dioxide, also known as silica (Si). In plants, except for members of the family Equisetaceae, Si is
a nonessential and beneficial element, meaning that plants can complete their life cycles without the
mineral nutrient [1]. However, plants deficient in Si are often weaker structurally and more prone to
abnormalities of growth, development, and reproduction. The benefits of Si are mostly evident when
plants are under stress conditions [2]. Several studies have shown that plants benefit in many ways
from supplemental soluble Si, including greater tolerance of environmental stresses, drought, salinity,
mineral toxicity or deficiency, improved growth rates, and resistance to insects and fungi [3–5].

Common use of soilless substrates in greenhouse and nursery production limits the availability of
Si to plants [6]. Plants grown with soilless media often appear weaker structurally compared to crops
grown in the field [7]. Therefore, adding Si-related compounds as an amendment has been highly
recommended. Miyake and Takahashi [8] brought interest to Si nutrition of horticultural crops when
they observed Si deficient tomatoes (Lycopersicon esculentum Mill.). In the Netherlands, the use of Si
supplementation in a hydroponic system was recommended for crops such as cucumber (Cucumus
sativus L.) and roses (Rosa hybrida L.) [9,10]. Roses with Si added to the nutrient formula also showed a
decrease in leaf and flower senescence [11]. The shelf life of Chrysanthemum L. cut flowers was also
extended [12]. Hydroponically-produced gerbera plants supplemented with Si had improved overall
crop and flower quality [13].
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Other considerations such as solubility, availability, physical properties, and contaminants must
be considered before choosing a Si source. Silica is available from natural resources, fertilizers (organic
and inorganic), and industrial by-products. Most horticultural studies use Si from by-products such
as liquid silicates, slag, and basalt dust [14–16]. Diatomaceous earth (DE) is a sedimentary rock
formed from the deposition of silica-rich diatoms. The cell walls of diatoms contain amorphous silica
(SiO2·H2O). There has been limited research focused on the effects of DE regarding growth and flower
characteristics, as well as water-stress related issues in horticultural crops. Most studies utilizing DE
focused on retention of water or circulation of oxygen in plant media [17]. However, supplementation
of DE has been proven to improve plant growth, quality, and nutrient uptake in agronomic crops,
such as rice (Oryza sativa L.) [18]. Use of DE to improve plant growth of ornamentals is limited, thus
the objectives of this study were to determine the effects of DE as a Si supplement on three potted
ornamentals under well-watered and water-stressed conditions.

2. Materials and Methods

2.1. Plant Material and Culture

On 8 May 2015, two 128 plug cell trays of black-eyed Susan (Rudbeckia hirta L. ‘Denver Daisy’),
five 51 plug cell trays of dahlia (Dahlia Cav.× hybrida ‘Dahlinova Montana’), and two 128 plug cell
trays of daisy (Gerbera jamesonii L. ‘Festival Light Eye White Shades’) were obtained from Park Seed
(Greenwood, SC, USA). Before transplanting, all species were placed on a mist bench. Cuttings and
plugs were transplanted into standard 15 cm pots, filled with media (Metro-Mix (MM) 360; Sun Gro
Horticulture, Bellevue, WA, USA) that did not contain Si on 28 May 2015, and a single treatment of
media (MM + Si; Sun Gro Horticulture, Bellevue, WA, USA) that contained 20 to 50 ppm soluble Si
(RESiLIENCE™) derived from wollastonite [19]. A single plant was placed in each pot and plants
were grown at the Department of Horticulture and L.A. research greenhouses in Stillwater, OK under
natural photoperiods. Temperatures were set at 37 ◦C during the day and 26 ◦C during the night.

2.2. Experimental Arrangement

Ten Si treatments were established by adding diatomaceous earth (Perma-Guard, Inc., Kamas, UT,
USA). Application of DE included top-dressed (TD) rates at 20, 40, 60, and 80 g, and incorporated (INC)
rates at 50, 100, 150, and 200 g. An MM control (using media without DE) and the MM + Si treatments
were also included. For each species, there were six pots per Si treatment per irrigation treatment,
which served as single pot replicates. Plants were well-watered at 10 centibars or water-stressed at
20 centibars using one drip emitter per pot. Tensiometers (IRROMETER, Riverside, CA, USA) were
used to control irrigation by placing a single tensiometer in the middle of a bench in a pot at a depth
of 10 cm, which resulted in no leachate. Plant species and Si treatments were randomized within
irrigation, which served as blocks.

2.3. Harvesting and Measurements

Data collected on plants included height from the media surface to the tallest opened flower,
width (average of two perpendicular measurements), shoot dry weight, number of flowers, flower
diameter, and transpiration. Shoot dry weight was determined by cutting the stems at media level and
drying for 2 d at 52.2 ◦C. For foliar nutrient analyses, mature leaves from the middle to upper level
of the plant were collected from five plants per Si and irrigation treatment of each species. Soil and
leaf nutrient analysis was performed by the Soil, Water, and Forage Analytical Laboratory (SWFAL) at
Oklahoma State University, using a LECO TruSpec Carbon and Nitrogen Analyzer (LECO Corporation,
St. Joseph, MI, USA). Soil and leaf Si analysis was performed, using the 0.5 M ammonium acetate
method [20]. Transpiration was recorded weekly using a LI-1600 Steady State Porometer (LI-COR Inc.,
Lincoln, NE, USA).
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2.4. Statistical Analysis

Pots were arranged in a randomized block design with irrigation serving as the block. Analysis of
variance methods (PROC MIXED) were used with a two-factor factorial arrangement, with irrigation
and silicon treatment as the factors of interest. Separate analyses were conducted for each of the plant
species. When interactions of irrigation and Si treatment were significant, simple effects were reported.
Mean separations were determined using a DIFF option in an LSMEANS statement and a SLICE option
(when appropriate) and with a 0.05 level of significance.

3. Results

3.1. Dahlia xhybrida ‘Dahlinova Montana’

A significant interaction of Si treatment with irrigation was seen for transpiration and soil Si
(Table 1). Under the well-watered condition, soil Si was greatest when supplemented with 60 and
80 g TD, as well as 100, 150, and 200 g INC (Table 2). Transpiration was greatest in plants under the
control as well as 40 and 60 g TD. Under the water-stressed condition, soil Si was greatest for INC
plants compared to TD plants and MM + Si plants. Plants treated with 100 g or less DE within the INC
treatment had the greatest transpiration.

Table 1. Analysis of variance for growth, flowering, leaf nutrient content, soil silica, and physiology
of Dahlia × hybrida ‘Dahlinova Montana’ after application of diatomaceous earth (DE) and irrigation
controlled with a tensiometer.

Source
Height

(cm)
Width
(cm)

Shoot Dry
Weight

(g)

Stem
Diameter

(cm)

Mean Flower
Number

Flower
Diameter

(cm)

DE Treatment * z ns ** *** ns ns
Irrigation **** **** **** *** **** ****

DE Treatment
× Irrigation ns ns ns ns ns ns

Source
N

(%)
P

(%)
S

(%)
K

(%)
Mg
(%)

Ca
(%)

Na
(%)

Si
(ppm)

Zn
(ppm)

Cu
(ppm)

Fe
(ppm)

Mn
(ppm)

Ni
(ppm)

DE Treatment ** * * ns *** **** ns **** ns *** ** **** ns
Irrigation ns ns ns ns ns ns ns ns ns ns *** ns ns

DE Treatment
× Irrigation ns ns ns ns ns ns ns ns ns ns ns ns ns

Source Transpiration Soil silica (ppm)

DE Treatment ns ****
Irrigation **** ****

DE Treatment × Irrigation **** **
z NS, *, **, ***, **** indicates non-significant or significant at p ≤ 0.05, 0.01, and 0.001, respectively.

A significant effect of irrigation was seen for all growth and flowering characteristics (Table 1).
Well-watered plants had greater height, width, shoot dry weight, mean flower number, stem diameter,
and flower diameter, compared to water-stressed plants (Table 3). A significant effect of DE treatment
was seen for height, shoot dry weight, and stem diameter (Table 1). Height was greatest for control
plants, all TD plants, INC plants at 100 and 200 g, as well as MM + Si plants (Table 4). Shoot dry weight
was greatest for control plants, all TD plants, and INC plants at 100 g. Stem diameter was greatest for
all TD plants, as well as INC plants at 50 and 100 g.
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Table 2. Soil silica (Si), transpiration, and leaf Si affected by interaction of diatomaceous earth treatment
with irrigation in Dahlia × hybrida ‘Dahlinova Montana’, Gerbera jamesonii ‘Festival Light Eye White
Shades’, and Rudbeckia hirta ‘Denver Daisy’.

Well-Watered
(10 cb)

Water-Stressed
(20 cb)

Cultivar
Application

and Rate (g) z
Soil Si
(ppm)

Transpiration Leaf Si
Soil Si
(ppm)

Transpiration Leaf Si

Dahlinova
Montana

0 47.8 e y 8.9 a x 53.5 bcd 4.8 b x
TD 20 56.1 de 6.8 bc x 49.5 d 4.5 b x
TD 40 59.7 bcd 9.0 a x 51.5 cd 2.9 cd x
TD 60 65.8 abc 8.9 a x 47.8 d 4.2 bc x
TD 80 65.1 abc 6.8 bc x 49.7 d 3.3 cd x
INC 50 58.8 cd 7.0 b x 62.0 ab 4.9 b x
INC 100 67.9 ab 5.2 d x 59.3 abc 6.5 a x
INC 150 70.1 a 7.3 b x 63.1 a 3.2 cd x
INC 200 72.7 a 5.7 cd x 63.6 a 2.9 d x
MM + Si 53.1 de 6.7 bc x 50.3 d 4.6 b x

Festival Light
Eye White

Shades

0 43.6 bc 9.0 x 32.7 cd 7.3 abc x
TD 20 41.3 c 9.6 x 30.4 d 8.2 ab x
TD 40 45.5 bc 9.1 x 35.8 cd 8.5 ab x
TD 60 43.0 bc 10.4 x 48.2 b 8.5 ab x
TD 80 47.2 bc 9.7 x 47.6 b 8.7 a x
INC 50 42.3 c 8.9 x 41.5 bc 6.9 bc x

INC 100 50.4 bc 8.3 x 59.5 a 6.1 c x
INC 150 52.1 ab 9.2 x 59.4 a 7.0 bc x
INC 200 56.9 a 9.4 x 45.3 b 5.8 c x
MM + Si 43.6 bc 9.6 x 36.3 cd 7.2 abc x

Denver Daisy

0 x x 276.6 bc x x 345.7 bc
TD 20 x x 281.5 abc x x 373.4 bc
TD 40 x x 260.2 bc x x 357.8 bc
TD 60 x x 313.8 abc x x 412.0 ab
TD 80 x x 261.9 bc x x 321.3 bcd
INC 50 x x 292.3 abc x x 346.3 bc

INC 100 x x 377.4 ab x x 261.1 cd
INC 150 x x 196.4 cd x x 208.9 d
INC 200 x x 91.4 c x x 201.6 d
MM + Si x x 406.5 a x x 522.4 a

z Top-dressed (TD), Incorporated (INC), and Metro-Mix media (MM). y Means (n = 6) with the same letter within the
same column and within cultivar are not statistically different at p ≤ 0.05. x Main effects were significant for factors.

Table 3. Growth and flowering characteristics affected by irrigation, controlled by a tensiometer,
averaged across diatomaceous earth treatments in Dahlia × hybrida ‘Dahlinova Montana’, Gerbera
jamesonii ‘Festival Light Eye White Shades’, and Rudbeckia hirta ‘Denver Daisy’.

Cultivar
Irrigation
Rate (cb)

Height
(cm)

Width
(cm)

Shoot Dry
Weight (g)

Stem
Diameter

(cm)

Mean
Flower

Number

Flower
Diameter

(cm)

Dahlinova Montana
10 27.4 a z 29.7 a 19.8 a 4.3 a 8.4 a 6.8 a
20 22.0 b 24.2 b 11.2 b 3.8 b 4.8 b 4.1 b

Festival Light Eye
White Shades

10 12.3 23.6 a 6.2 1.1 0.9 1.4

20 11.2 20.8 b 5.3 0.9 0.6 1.1

Denver Daisy 10 36.8 a 29.9 a 25.0 a 4.6 a 12.6 a 7.9 a
20 22.0 b 24.2 b 11.2 b 3.7 b 4.8 b 4.1 b

z Means (n = 6) with the same letter within the same column and within cultivar are not statistically significant at
p ≤ 0.05.
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Table 4. Growth and flowering characteristics affected by diatomaceous earth treatment averaged
across irrigation, controlled by a tensiometer, in Dahlia × hybrida ‘Dahlinova Montana’, Gerbera jamesonii
‘Festival Light Eye White Shades’, and Rudbeckia hirta ‘Denver Daisy’.

Cultivar
Application

and Rate
(g) z

Height
(cm)

Width
(cm)

Shoot Dry
Weight

(g)

Stem
Diameter

(cm)

Mean
Flower

Number

Flower
Diameter

(cm)

Dahlinova
Montana

0 24.9 ab y 26.9 15.8 a–d 3.8 bc 7.1 5.7
TD 20 24.1 ab 29.1 18.9 a 4.5 a 8.0 5.8
TD 40 24.8 ab 27.9 19.0 a 4.5 a 8.5 5.4
TD 60 26.9 a 29.3 17.9 ab 4.3 ab 5.7 4.9
TD 80 26.8 a 26.9 16.2 abc 4.5 a 7.0 5.3
INC 50 22.2 b 24.3 14.5 bcd 3.9 ac 5.9 4.9

INC 100 26.6 a 27.5 15.2 a–d 4.3 ab 6.3 6.3
INC 150 22.1 b 25.9 11.8 d 3.4 c 5.4 5.3
INC 200 23.9 ab 25.1 12.6 cd 3.4 c 5.5 5.4
MM + Si 24.9 ab 27.4 13.1 cd 3.8 bc 6.4 5.4

Festival
Light Eye

White
Shades

0 8.9 b y 20.8 b 3.9 c 0.9 0.4 0.6
TD 20 11.1 b 21.7 ab 5.9 bc 1.2 1.1 2.1
TD 40 11.2 b 22.5 ab 4.9 bc 0.7 0.5 1.1
TD 60 10.4 b 22.4 ab 5.4 bc 0.6 0.3 0.2
TD 80 11.8 ab 20.0 b 5.9 bc 0.3 0.8 1.2
INC 50 12.1 ab 21.6 ab 5.7 bc 1.3 0.6 1.0

INC 100 15.1 a 25.2 a 8.6 a 1.5 1.2 2.8
INC 150 15.3 a 24.9 a 7.2 ab 1.5 1.0 2.1
INC 200 10.8 b 23.1 ab 5.0 bc 1.5 1.0 1.6
MM + Si 10.8 b 19.5 b 4.9 bc 0.8 0.8 0.6

Denver
Daisy

0 30.8 bc y 23.0 bc 12.8 4.3 6.4 6.2 b
TD 20 31.1 bc 26.9 ab 17.6 4.4 10.5 5.4 bc
TD 40 30.9 bc 26.9 ab 18.1 3.9 9.8 5.5 bc
TD 60 34.8 abc 27.2 ab 23.4 4.7 11.1 5.9 bc
TD 80 30.9 bc 28.2 a 24.2 4.5 9.7 6.4 b
INC 50 32.2 bc 26.1 abc 18.2 4.2 9.6 6.5 ab

INC 100 46.4 a 27.8 a 19.9 3.8 8.9 5.9 bc
INC 150 25.3 c 21.9 c 15.5 4.0 7.0 4.9 bc
INC 200 27.4 bc 23.1 bc 16.1 3.7 8.5 4.5 a
MM + Si 39.2 ab 29.2 a 20.2 4.3 11.1 8.1 a

z Top-dressed (TD), Incorporated (INC), and Metro-Mix media (MM). y Means (n = 6) with the same letter within
the same column and within cultivar are not statistically different at p ≤ 0.05.

A significant effect of DE treatment was seen for leaf nutrient content (Table 1). Total nitrogen (N)
was greatest for all TD plants and INC plants with rates of 100, 150, and 200 g (Table 5). TD plants at
80 g and INC plants at 100, 150, and 200 g had the greatest values of phosphorus (P). Magnesium (Mg)
was greatest for TD plants at 40 and 80 g, as well as INC plants at 50, 100, and 150 g. Calcium (Ca) was
greatest for INC plants at 50, 100, and 150 g, as well as MM + Si plants. Sulfur (S) was greatest for all
TD plants and INC plants at 100, 150, and 200 g (Table 6). Silica was greatest for control plants, TD
plants at 20, 40, and 60 g, INC plants at 100 and 150 g, as well as MM + Si plants. For copper (Cu), the
greatest values were seen for TD plants at 40 and 80 g. Iron (Fe) was greatest for TD plants at 40, 60,
and 80 g, as well as INC plants at 100 and 150 g. Manganese (Mn) was greatest for INC plants at 150
and 200 g.
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Table 5. Leaf macronutrient content affected by diatomaceous earth treatment across irrigation,
controlled by a tensiometer, in Dahlia × hybrida ‘Dahlinova Montana’, Gerbera jamesonii ‘Festival
Light Eye White Shades’, and Rudbeckia hirta ‘Denver Daisy’.

Cultivar
Application

and Rate
(g) z

N (%) P (%) K (%) Mg (%) Ca (%)

Dahlinova
Montana

0 3.55 bcd y 0.29 c 3.51 0.92 bc 1.74 de
TD 20 3.88 ab 0.33 bc 3.33 0.91 bc 1.81 cd
TD 40 4.11 ab 0.34 bc 3.19 0.97 ab 1.75 de
TD 60 4.09 ab 0.33 bc 3.23 0.84 c 1.61 e
TD 80 3.83 ab 0.34 abc 3.47 0.96 ab 1.85 bcd
INC 50 3.21 cd 0.29 c 3.48 0.98 ab 1.93 abc
INC 100 3.75 abcd 0.35 abc 3.54 1.03 a 1.99 ab
INC 150 3.79 abc 0.38 ab 3.81 0.98 ab 2.00 ab
INC 200 4.27 a 0.39 a 3.54 0.92 bc 1.88 bcd
MM + Si 3.19 d 0.33 bc 3.44 0.82 c 2.07 a

Festival Light
Eye White

Shades

0 2.86 y 0.26 2.63 0.62 1.45
TD 20 2.92 0.31 3.18 0.66 1.55
TD 40 3.05 0.28 3.30 0.62 1.48
TD 60 2.93 0.46 3.06 0.77 2.12
TD 80 3.14 0.54 3.31 0.79 2.02
INC 50 2.74 0.29 3.10 0.73 1.71
INC 100 2.82 0.27 3.06 0.62 1.42
INC 150 2.95 0.26 3.03 0.55 1.26
INC 200 2.98 0.26 2.97 0.56 1.33
MM + Si 2.99 0.37 3.10 0.70 1.88

Denver Daisy

0 2.40 de y 0.20 e 3.09 d 1.21 a 3.35 b
TD 20 2.79 cde 0.22 cde 3.31 bcd 1.20 ab 3.33 b
TD 40 2.98 bc 0.26 bcd 3.53 bcd 1.10 ab 2.89 bc
TD 60 2.94 bc 0.23 cde 3.25 cd 1.13 ab 3.28 bc
TD 80 2.87 cd 0.21 de 3.29 bcd 1.12 ab 3.17 bc
INC 50 2.82 cde 0.24 b–e 3.27 bcd 1.15 ab 3.27 bc
INC 100 2.96 bc 0.27 abc 3.74 ab 1.12 ab 3.26 bc
INC 150 3.38 ab 0.28 ab 3.72 abc 1.09 bc 3.26 bc
INC 200 3.51 a 0.31 a 4.13 a 0.97 cd 2.79 c
MM + Si 2.37 e 0.21 de 3.14 d 0.96 d 4.01 a

Optimum levels x 2.50–4.50 0.20–0.75 1.50–5.50 0.25–1.00 1.00–4.00
z Top-dressed (TD), incorporated (INC), and Metro-Mix media (MM). y Means (n=6) with the same letter within the
same column and within cultivars are not statistically significant at p ≤ 0.05. x According to Kalra (26).

3.2. Gerbera jamesonii ‘Festival Light Eye White Shades’

A significant interaction of DE with irrigation was seen for soil Si and transpiration (Table 7).
Under the well-watered condition, soil Si was greatest when DE was supplemented at 150 and 200 g
INC (Table 2). Under the water-stressed condition, soil Si was greatest for 100 and 150 g INC plants.
Transpiration was greatest for control plants, TD plants, and MM + Si plants. A significant effect of
irrigation was seen for width and leaf nutrient content (Table 7). Well-watered plants had greater
widths compared to water-stressed plants (Table 3). Potassium, Ca, sodium (Na), and Mn levels were
greater in water-stressed plants compared to well-watered plants (Table 8).
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Table 6. Leaf micronutrient and trace element content affected by diatomaceous earth treatment across
irrigation, controlled by a tensiometer, in Dahlia × hybrida ‘Dahlinova Montana’, Gerbera jamesonii
‘Festival Light Eye White Shades’, and Rudbeckia hirta ‘Denver Daisy’.

Cultivar
Application

and Rate (g) z
S

(%)
Na
(%)

Si
(ppm)

Zn
(ppm)

Cu
(ppm)

Mn
(ppm)

Ni
(ppm)

Fe
(ppm)

Dahlinova
Montana

0 0.33 bc y 0.02 84.1 a 38.5 a 12.0 cd 151.6 d 0.0 92.2 d
TD 20 0.39 ab 0.03 69.1 abc 46.6 a 14.4 cd 149.3 d 0.0 106.6 cd
TD 40 0.39 ab 0.03 77.3 ab 53.6 a 18.2 a 163.9 cd 0.0 232.7 a
TD 60 0.35 abc 0.02 69.7 abc 39.5 a 14.4 cd 150.2 d 0.0 161.7 a–d
TD 80 0.41 a 0.02 38.1 c 44.9 a 17.5 ab 188.8 bc 0.0 171.5 abc
INC 50 0.34 bc 0.02 47.9 bc 45.2 a 14.8 bcd 189.9 bc 0.0 133.8 bcd

INC 100 0.39 ab 0.03 82.9 a 57.9 15.1 bc 204.6 b 0.0 188.6 ab
INC 150 0.37 ab 0.03 67.5 abc 42.2 14.1 cd 272.1 a 0.1 163.1 a–d
INC 200 0.37 ab 0.02 45.8 bc 39.9 13.3 cd 250.4 a 0.0 104.5 cd
MM + Si 0.31 c 0.03 94.3 a 42.5 11.9 d 194.7 b 0.3 97.1 d

Festival Light
Eye White

Shades

0 0.40 y 0.07 107.6 46.6 24.8 145.4 2.29 a 591.1
TD 20 0.48 0.08 253.4 56.6 31.5 129.8 0.128 b 392.1
TD 40 0.39 0.07 185.2 52.8 20.9 129.2 0.002 b 235.6
TD 60 1.01 0.16 308.0 84.1 133.8 156.9 0.191 b 390.6
TD 80 1.03 0.14 264.7 115.2 171.8 190.8 0.066 b 566.7
INC 50 0.42 0.07 223.7 57.9 14.4 165.3 2.12 a 649.9
INC 100 0.38 0.12 263.2 51.8 20.3 161.9 2.23 a 736.4
INC 150 0.32 0.07 172.1 43.9 11.6 161.8 0.103 b 305.9
INC 200 0.31 0.06 163.9 43.6 10.5 219.1 0.131 b 291.1
MM + Si 0.62 0.08 308.1 79.2 67.9 198.8 1.48 ab 742.7

Denver Daisy

0 0.41 cd 0.02 x 39.7 6.03 de 137.6 bc 0.002 97.9 c
TD 20 0.49 abc 0.02 x 40.4 8.0 b–e 131.7 bcd 0.002 130.9 bc
TD 40 0.48 abc 0.02 x 42.7 8.9 b–e 114.4 d 0.002 134.5 bc
TD 60 0.52 ab 0.04 x 39.8 8.6 a–d 125.7 cd 0.003 132.6 bc
TD 80 0.44 bcd 0.04 x 33.1 7.5 cde 129.5 cd 0.462 91.7 c
INC 50 0.55 a 0.02 x 44.2 10.9 ab 137.1 bc 0.533 209.2 ab
INC 100 0.53 ab 0.03 x 36.8 10.0 abc 152.1 b 0.308 168.8 bc
INC 150 0.48 abc 0.03 x 37.6 7.6 cde 208.7 a 0.145 139.5 bc
INC 200 0.50 abc 0.03 x 43.6 11.4 a 203.8 a 0.575 285.2 a
MM + Si 0.34 d 0.01 x 37.1 5.1e 140.3 bc 0.002 105.9 bc

Optimum levels 0.2–0.8 w w 27–100 5.0–30.0 20–300 0–5 100–500
z Top-dressed (TD) or incorporated (INC). y Means (n = 6) with the same letter within the same column and within
cultivars are not statistically significant at p ≤ 0.05. x Significant interactions between diatomaceous earth and
irrigation reported in another table. w Optimum levels not reported.

Table 7. Analysis of variance for growth, flowering, leaf nutrient content, soil silica, and physiology of
Gerbera jamesonii ‘Festival Light Eye White Shades’ with application of diatomaceous earth (DE) and
irrigation controlled with a tensiometer.

Source
Height

(cm)
Width
(cm)

Shoot Dry
Weight

(g)

Stem Diameter
(cm)

Mean Flower
Number

Flower
Diameter

(cm)

DE Treatment * z * * ns ns ns
Irrigation ns ** ns ns ns ns

DE Treatment
× Irrigation ns Ns ns ns ns ns

Source
N

(%)
P

(%)
S

(%)
K

(%)
Mg
(%)

Ca
(%)

Na
(%)

Si
(ppm)

Zn
(ppm)

Cu
(ppm)

Fe
(ppm)

DE Treatment ns ns ns ns ns ns ns ns ns ns ns
Irrigation ns ns ns ns * * ** * ns ns ns

DE Treatment
× Irrigation ns ns ns ns ns ns ns ns ns ns ns

Source Transpiration Soil silica (ppm)

DE Treatment ns ****
Irrigation **** *

DE Treatment
× Irrigation ** **

z NS, *, **, ***, **** indicates non-significant or significant at p ≤ 0.05, 0.01, and 0.001, respectively.
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Table 8. Leaf nutrient content affected by irrigation, controlled by a tensiometer, across diatomaceous
earth treatments in Dahlia × hybrida ‘Dahlinova Montana’, Gerbera jamesonii ‘Festival Light Eye White
Shades’, and Rudbeckia hirta ‘Denver Daisy’.

Cultivar
Application

and Rate (g) z
N

(%)
P

(%)
S

(%)
K

(%)
Mg
(%)

Ca
(%)

Na
(%)

Si
(ppm)

Zn
(ppm)

Dahlinova
Montana

10 3.73 z 0.35 0.37 3.39 0.93 1.83 0.03 68.1 46.1
20 3.79 0.33 0.35 3.52 0.94 1.89 0.03 67.2 44.1

Festival Light Eye
White Shades

10 2.89 z 0.27 0.41 3.01 b 0.61 1.45 b 0.07 b 184.2 51.5
20 2.99 0.24 0.66 3.14 a 0.72 1.79 a 0.12 a 265.6 74.8

Denver Daisy 10 2.88 z 0.25 0.43 b 3.48 1.03 b 2.82 b 0.03 y 37.5
20 2.92 0.24 0.52 a 3.42 1.18 a 3.70 a 0.22 y 41.5

Optimum levels x 2.50–4.50 0.20–0.75 0.25–1.00 1.50–5.50 0.25–1.00 1.00–4.00 w w 27.0–100.0
z Means (n = 6) with the same letter within the same column and within cultivar are not statistically significant
p ≤ 0.05. y Significant interaction between diatomaceous earth treatment and irrigation. x According to Kalra (26).
w Optimum levels not reported.

A main effect of DE was seen for height, width, shoot dry weight, and nickel (Ni) content in the
leaf tissue (Table 7). Height was greatest for 80 g TD plants, as well as 50, 100, and 150 g INC plants
(Table 4). Width was greatest for TD plants at 20, 40, and 60 g, and all INC plants. Shoot dry weight
was greatest for INC plants at 100 and 150 g. Nickel was greatest for control plants, INC plants at 50
and 100 g, as well as MM + Si plants (Table 6).

3.3. Rudbeckia hirta ‘Denver Daisy’

A significant interaction of DE with irrigation was seen for leaf Si content (Table 9). Under the
well-watered condition, silica in the leaf was greatest for 20 and 60 g TD plants, 50 and 100 g INC
plants, as well as MM + Si plants (Table 2). Under the water-stressed condition, Si in the leaf was
greatest for 60 g TD plants and MM + Si plants.

Table 9. Analysis of variance for growth, flowering, leaf nutrient content, soil silica, and physiology of
Rudbeckia hirta ‘Denver Daisy’ after application of diatomaceous earth (DE) and irrigation controlled
with a tensiometer.

Source
Height

(cm)
Width
(cm)

Shoot Dry
Weight

(g)

Stem Diameter
(cm)

Mean
Flower

Number

Flower
Diameter

(cm)

DE Treatment * z * ns ns ns **

Irrigation ** **** **** *** **** ****
DE Treatment
× Irrigation ns ns ns ns ns ns

Source
N

(%)
P

(%)
S

(%)
K

(%)
Mg
(%)

Ca
(%)

Na
(%)

Si
(ppm)

Zn
(ppm)

Cu
(ppm)

Fe
(ppm)

Mn
(ppm)

Ni
(ppm)

DE Treatment **** **** *** *** *** ** ns **** ns ns * **** ns
Irrigation ns ns ns ns **** **** ns **** ns ** ns * ns

DE Treatment
× Irrigation ns ns ns ns ns ns ns *** ns ns ns ns ns

Source Transpiration Soil silica (ppm)

DE Treatment ns ****
Irrigation **** ****

DE Treatment × Irrigation ns ns
z NS, *, **, ***, **** indicates non-significant or significant at p ≤ 0.05, 0.01, and 0.001, respectively.

A significant effect of irrigation was seen for all growth and flower characteristics, as well as leaf
nutrient content, transpiration, and soil Si (Table 9). Plants that were well-watered grew taller and
wider, and had greater shoot dry weight, stem diameter, flower number, and flower diameter (Table 3).
The nutrients S, Mg, Ca, and Mn were greater in the leaf tissue of water-stressed plants, compared to
well-watered plants (Table 8). Soil Si and transpiration were greater in plants under the water-stressed
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condition, compared to those that were well-watered (Table 10). A main effect of DE treatment was
seen for height, width, and flower diameter (Table 9). Height was greatest for 60 g TD plants, 100 g
INC plants, and MM + Si plants (Table 4). Width was greatest for all TD plants, INC plants at 50 and
100 g, and MM + Si plants. Flower diameter was greatest for 50 g INC plants and MM + Si plants.

Table 10. Soil silica and transpiration of Rudbeckia hirta ‘Denver Daisy’ affected by irrigation, controlled
by a tensiometer, averaged across silica treatments.

Source Irrigation Rate (cb) Soil Si (ppm) Transpiration

Well-watered 10 35.8 b z 4.56 b
Water-stressed 20 47.7 a 8.10 a

z Means (n = 6) with the same letter within the same column are not statistically significant at p ≤ 0.05.

4. Discussion

Amending the soilless substrate with varying rates of DE by top-dressing or by incorporating into
the substrate increased plant height, width, shoot dry weight, stem diameter, and flower diameter in
dahlia ‘Dahlinova Montana’, daisy ‘Festival Light Eye White Shades’, and black-eyed Susan ‘Denver
Daisy’, in this study. Several other studies have reported similar benefits of supplemental Si on growth
and flowering characteristics. Hwang et al. [21] reported that adding 200 mg L−1 of potassium (K)
metasilicate increased plant height and shoot dry weight in cut roses. Stem quality was also improved
in cut roses when Si was added to a recirculated nutrient solution in a closed hydroponic system [22].
Flower diameter of calibrachoa (Calibrachoa × hybrida Cerv.), fuchsia (Fuchsia hybrid hort. Ex Siebold
& Voss), and petunia (Petunia × hybrida Vilm.) increased when supplemented with a weekly drench
of K silicate at 100 mg L−1 [23]. Silica supplementation improved growth of two cultivars of French
marigolds (Tagetes patula L.) by increasing stem diameter, shoots, and dry weights [24]. Growth and
biomass parameters were increased in begonia (Begonia semperflorens Link et Otto) and pansy (Viola ×
wittrockiana Hort.) grown in vitro when supplemented with K silicate [25]. Savvas et al. [13] reported
a greater percentage of flowers in hydroponically-grown gerbera (Gerbera jamesonii) supplemented
with Si.

Amending the soilless substrate with DE increased nutrient content, despite being inert. Based
on the analysis of Kalra [26], most nutrients were within the optimum range adequate for plant
growth and levels greater than the maximum range were not considered excess or toxic. Nickel
concentrations in dahlia ‘Dahlinova Montana’ were less than the minimum range (Table 4). However,
these levels were not considered insufficient because often there are no symptoms to accurately
determine Ni deficiency [27]. Epstein [1] has noted that the presence of Si does, in fact, affect
absorption and translocation of several macro-nutrients and micro-nutrients. Early studies conducted
by Fisher [28] reported that the addition of Si made P more available in barley (Hordeum vulgare L.).
Mali and Aery [29] found that, in wheat (Tritium aestivum L.), potassium uptake was improved
even at low concentrations of Si by H-ATPase being activated. Phosphorus and K are essential
nutrients for flowering characteristics. Friedman et al. [30] conducted a study on sunflower (Helianthus
annuus L.) and celosia (Celosia argentea L.), and reported that growth and flower parameters were
increased when supplemented with an effluent containing high amounts of N, P, and other nutrients.
Kamenidou et al. [7–9] also found an increase in N for sunflowers and gerbera, but most of the levels
exceeded the optimum range. Nitrogen metabolism is a major factor in stem and leaf growth and too
much can delay or prevent flowering. Calcium is part of the structure of cell walls and is necessary
for cell growth and division. Ma and Takahashi [31] reported that there was an antagonistic effect
between Si and Ca in rice, in which one can decrease the amount of the other. However, our study
found the opposite effect, in which MM + Si increased Ca content in dahlia ‘Dahlinova Montana’ and
‘Denver Daisy’. Kamenidou et al. [9] and Savvas et al. [13] also reported that supplemental Si increased
Ca within gerbera. There was an increase in metals such as Cu, Fe, and Mn in dahlia ‘Dahlinova
Montana’ and daisy ‘Festival Light Eye White Shades’, due to DE having trace amounts of these
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elements [18]. Silica levels in the leaf tissue and media for all the plants were observed in low amounts.
Potentially, the plants could be classified as non-accumulators of Si (<0.5%) which has been reported
for gerbera [32].

Amending the soilless substrate with varying methods and rates of DE showed mixed results on
transpiration in all three species. Improvements in this physiological trait were mostly seen when Si
(DE) supplementation interacted with irrigation. Kamenidou et al. [33] found that a foliar spray of Na
silicate at 100 mg L−1 decreased transpiration in zinnias (Zinnia L.). Yoshida and Kitagishi [34] noted
that the effects are related to Si being deposited in the cuticular layers of leaves, serving as a barrier
which reduces the loss of water. A decrease in transpiration can benefit the floricultural market by
improving quality and shelf life of cut flowers [35]. Considering the effect of irrigation, plants under
the well-watered condition had greater growth and flowering, which was expected. However, Si is
known to maintain the growth and flowering characteristics as well as nutrient levels in water-stressed
plants. In Kentucky bluegrass (Poa pratensis L.), drought stress hindered physiological and quality
attributes, but application of Si alleviated the adverse effects [36].

5. Conclusions

Several growth and flowering characteristics were improved, depending on the rate and
application method, by application of DE. Benefits of DE included increased height, width, shoot dry
weight, stem, and flower diameter. An increase in nutrients, such as N, P, K, Mg, and Ca, was seen
mostly for dahlia ‘Dahlinova Montana’ and black-eyed Susan ‘Denver Daisy’. The adverse effects
that typically occur under water-stressed conditions were alleviated and plant quality, as well as
transpiration, was maintained in all three plants due to Si supplementation. Silicon is known to play
an important role in cell membrane integrity, in which osmosis, photosynthesis, and transpiration all
occur. Diatomaceous earth as supplemental Si was beneficial for plant growth, flowering, and nutrient
content under both well-watered and water-stressed conditions. For growth and flower characteristics,
MM + Si was similar to the control (MM) with no added silica, and equivalent to most treatments
with supplemental silica. To conclude, this research supports that DE, one of the many Si sources, is
beneficial to plants; however, this is dependent upon species, Si rate, and the method of application.
Benefits of DE include an increase in growth parameters, leaf nutrient content, and tolerance to stress,
in which plant quality can be maintained. Future studies should further assess the use of DE on other
crops and stress conditions.
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Abstract: Precision agricultural greenhouse systems indicate considerable scope for improvement
of irrigation management practices, since growers typically irrigate crops based on their personal
experience. Soil-based greenhouse crop irrigation management requires estimation on a daily basis,
whereas soilless systems must be estimated on an hourly or even shorter interval schedule. Historically,
irrigation scheduling methods have been based on soil or substrate monitoring, dependent on climate
or time with each having both strengths and weaknesses. Recently, plant-based monitoring or plant
reflectance-derived indices have been developed, yet their potential is limited for estimating the
irrigation rate in order to apply proper irrigation scheduling. Optimization of irrigation practices
imposes different irrigation approaches, based on prevailing greenhouse environments, considering
plant-water-soil relationships. This article presents a comprehensive review of the literature, which
deals with irrigation scheduling approaches applied for soil and soilless greenhouse production
systems. Irrigation decisions are categorized according to whether or not an automatic irrigation
control has the ability to support a feedback irrigation decision system. The need for further
development of neural networks systems is required.

Keywords: accumulated radiation method; feedback irrigation system; fuzzy control system;
irrigation dose; precision irrigation; phyto-sensing; soilless culture; transpiration; water use efficiency

1. Introduction

The concept of “precision agriculture” is used to define technologies that support customized
agricultural practices aimed at higher efficiency and a lower impact on the environment [1]. Greenhouse
production systems decrease crop water requirements by as much as 20% to 40% compared to open
field cultivation; however, growers routinely apply more irrigation water than the estimated water
consumption [2–4]. Irrigation practices are generally based on the personal perspective of the grower;
i.e., irrigation without monitoring the soil or plant water status [5]. Considering the number of different
plant species grown in prevailing greenhouse environments, the types of substrate and container sizes,
field and soil characteristics, and the different irrigation systems, it becomes obvious why irrigation
scheduling becomes complex if it is to be achieved with any level of precision [6–8]. Therefore, an
accurate short term estimation of crop water requirements in protected cultivation are a prerequisite
for optimal irrigation scheduling; as evapotranspiration (ETC) could occur so rapidly that water loss
can cause plant damage before wilting symptoms become visible [9,10]. Irrigation management is
typically expected to achieve maximum water supply for plant growth and production, with soil or
substrate water content being maintained close to field capacity [11].

Even in soilless cultivation systems, irrigation represents a very large and potentially important
loss of nutrients and a source of environmental pollution (i.e., drain to waste hydroponics systems) as a
surplus of 20% to 50% of the plant’s water uptake in each irrigation cycle is often recommended [12–16].

Horticulturae 2019, 5, 7; doi:10.3390/horticulturae5010007 www.mdpi.com/journal/horticulturae73
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Indeed, annual use of irrigation water ranges from 150 to 200 mm (e.g., leafy vegetable) in soil-based
greenhouse crops to 1000 to 1500 mm in soilless-grown (e.g., Solanaceae, cucurbits) [11]. For container
nursery production, as cited by Fulcher et al. [17], those values could be as high as 2900 mm.

Considering the scarcity of water resources combined with the operational energy irrigation costs,
maintaining the sustainable use of water is a major water-climate policy challenge since excessive
irrigation results in low water use efficiency, increases in runoff and contributes to higher CO2

emissions [18–20]. Several institutions have worked to improve water use in irrigation, developed
various models of water efficiency, reducing the environmental problems associated with irrigation in
order to mitigate severe structural water deficits, yet these models are not commercialized [4,21].

This paper presents a review of the literature dealing with irrigation of greenhouse crops. The
necessity, the advantages and the limitations of each irrigation approach used are discussed in relation
to different greenhouse types and the ability of an irrigation controller unit to support a feedback
irrigation decision system.

2. Background

The exact time and volume of irrigation are probably the most important factors for efficient
irrigation management and saving water, and these in turn also improve the productivity and quality
of crops grown in the greenhouse [22,23]. This is especially true as the high potential efficiency
of fertigation (i.e., irrigation combined with fertilization) has become a routine cultural practice,
therefore the terms “irrigation” and “fertigation” are often used interchangeably [24–27]. Yet, irrigation
management of substrate-based greenhouse crops still requires much more accurate control than for
the same crop grown in soil, taking into account that substrates have very little nutrient buffering
capacity [28].

Soilless growth systems in readily made artificial media commonly use organic (i.e., coconut coir,
peat moss, pine bark) or inert substrates (i.e., perlite, rockwool, vermiculite); with substrate volume at
approximately 10 to 40 L m−2 as is the case of rockwool or perlite slabs [29,30]. Horticultural production
has historically been increasingly based on those ready-made substrates produced on an industrial
scale with unique characteristics such as a limited cation exchange and low buffering capacity, good
water permeability and adequate aeration [31]. Compared to soil cultivation systems, soilless growth
systems are superior for plant growth as less energy is required by plants to extract water at field
capacity, therefore experiencing a lower risk of oxygen deficiency [32,33]. In the same manner, all
containerized production systems can be considered as hydroponic (i.e., soilless growth system) since
they consist of an artificial root zone aimed at optimizing water and nutrient availability [34]. However,
the restricted root volume may negatively affect the supply of nutrients to the plants as the water in
the substrate may be rapidly decreased [32,35–37]. In addition, changes are induced in air and water
retention characteristics of organic and inorganic substrates when they are used for longer periods
than one growing season [38,39]. Therefore, according to Deepagoda et al. [29], a porous media should
preferably be inert to prevent chemical and biological interactions.

Irrespective of the type of greenhouse cultivation system used (i.e., soil or soilless), irrigation
scheduling should be managed (I) to supply plants with the volume of water equal to the volume of
transpired water for maintaining crop productivity, (II) to overcome the differences in water discharge
achieving high water uniformity (III) to move excessive salts towards the rooting system, avoiding
soil salination [30,40]. Even in the latter case, for greenhouse cultivation systems there is always a
risk of erroneous choices in the matching irrigation supply to crop evapotranspiration, as it may be
affected by sudden changes in outside weather conditions or the use of climate control systems such
as heating and ventilation [41]. That is another reason why for open hydroponic systems the main
irrigation strategy is to supply nutrient solutions, with a surplus of 30% to 50% of the water uptake by
the plants [14].
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The leaching requirement in greenhouse soil-grown cultivation can be estimated based on
irrigation water salinity and crop salt tolerance following FAO [42] as below:

LR =
ECiw

5ECe − ECiw
, (1)

where LR is the minimum leaching requirement needed to control salts within the tolerance ECe of the
crop; ECiw is the electrical conductivity of the irrigation water applied (dS m−1); and, ECe the average
soil salinity tolerated by the crop as measured on a soil saturation extract (dS m−1).

However, as cited by Ben-Gal et al. [43], traditional guidelines for the calculation of the crop-specific
leaching requirement is imprecise due to failure to consider soil type, climate, or salinity-induced
reduction in plant transpiration. Such omissions could possibly result in underestimating actual
leaching and over-estimation of leaching requirements.

Micro-irrigation is often promoted as a technology that can increase the application efficiency
of water, and improve crop production and quality. The sub irrigation system also applies for the
production of many ornamental hydroponic crops. However, the tendency for salts to build up in
the upper portion of the root zone represents a drawback [44,45]. Harmanto et al. [46] working with
soil-based greenhouse tomatoes (Solanum lycopersicum) in a tropical environment indicated that by
applying drip irrigation, the water savings inside the greenhouse could be as much as 20% to 25%
higher compared to an open field drip irrigated farming system.

For scheduling irrigation in soil or soilless greenhouses, it is essential to estimate the crop
evapotranspiration and, according to the soil or substrate, the irrigation dose. In addition, as cited
in Incrocci et al. [16], the irrigation dose of container growing medium could be estimated based on
water potential or volumetric water content, with the use of soil moisture sensors. In the meantime,
the adoption of soil moisture monitoring in vegetables has been restricted by means of sensor accuracy
and price as well as labor required for installation, removal, and collection of readings [7]. A recent
review by Bianchi et al. [47] summarized the four macro-groups of soil water potential devices and
their operational characteristics.

According to Cahn and Johnson [7], an advantage of tension thresholds is the lesser influence by
soil texture in comparison to volumetric moisture thresholds. Even so, as cited by Nikolaou et al. [48],
sensors that estimate dielectric capacitance or dielectric permittivity of substrates (e.g., time domain
reflectometry, frequency domain) have a propensity to be more reliable for soilless culture systems, as
opposed to sensors measuring water availability through the matric potential such as the tensiometers.

According to Baille [49], in the short-term, decision level irrigation can be triggered based either
on greenhouse microclimate or on soil/substrate moisture status. Irrigation scheduling based on direct
or indirect measurement of plant water status and plant physiological responses to drought by using
plant-based methods was comprehensively reviewed by several authors [50,51]. The different methods
of irrigation scheduling in greenhouses is summarized below (Table 1).
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2.1. Monitoring Irrigation in Greenhouse Crops

Irrigation scheduling may have an impact on crop water productivity, affecting fruit yield and
quality as well [76–78]. However, the targeted performance of a crop is largely situational; as irrigation
might also be used as a tool for increasing water use efficiency, for maximizing yield or economic
return [79].

For soil-based greenhouse cucumber (Cucumis sativus), Alomran [77] indicated that applying
deficit irrigation at specific crop stages with 80% ETC (i.e., decrease irrigation water up to 40% ETC) is
the most appropriate irrigation strategy for high crop water productivity and yield. For greenhouse
tomatoes, partial root drying resulted in a water savings of 50%, but negatively affected the total fruit
and total dry mass. However, the considerable savings of water could make partial root drying feasible
in areas where water is scarce and expensive [80].

For soilless greenhouse cucumber, between transplanting and flowering, irrigation should be
scheduled so as to induce slight water stress and increase root growth, while tomatoes should be
stressed for a longer period (i.e., about three weeks) in order to set the first and second trusses [81].
In addition, several authors [53,60,82–84] indicated that increasing the irrigation intervals in soilless
culture with the same daily amount of water applied positively influenced crop growth and production
and minimized the outflow of water and nutrients from the greenhouse into the environment. However,
that is not always the case, because results are often crop and substrate specific, and are also dependent
on the experimental conditions and the limiting growth factor(s) [85].

A more rational approach for optimizing irrigation is through automatic irrigation controllers.
Therefore, irrigation management approaches may be categorized according to the ability of a controller
unit to support a feedback system [86]. Irrigation operations are often automated by using timers,
specialized controllers, or computer control [87]. In the simplest form of automation in an “open loop
irrigation control system”, no measurements of the system outputs are used to modify the inputs
and irrigation is based on preset time intervals (i.e., time clock scheduling) [86,88,89]. In a “feedback
based irrigation closed-loop control system”, the system provides growers with output data in real
time (i.e., percentage of drainage, plant water status) which are evaluated in order to reschedule or
perform irrigation. In a “feed forward irrigation control system” water uptake is predicted by using
growth and transpiration models [14,71]. In addition, computerized-controlled irrigation systems
can utilize a range of data to achieve accurate delivery of water according to crop requirements [71].
These systems are often mentioned as a fuzzy-logic control system, artificial intelligent system or
multicriterion decision-making system. They are gaining importance because of their inherent ability
to judge alternative scenarios for the selection of the best alternative which may be further analyzed
before implementation [90].

2.2. The Soil/Substrate Physical Properties and the Irrigation Dose

Evapotranspiration rates depend on greenhouse environmental conditions, and are also affected
by the water supply to the roots [91]. For scheduling irrigation, hydraulic properties and water content
dependence on substrate suction must be known as they influence the water movement and retention
in the substrate [91–93]. Water retention curves or moisture characteristic curves relate the water
content in a specific substrate to the matric potential at a given tension or height [94]. Different kinds
of substrates, as Fields et al. [95] indicated, have different water retention curves (Figure 1).
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Figure 1. Moisture retention curves of peat, coconut coir and aged pine bark substrate components.
Data adapted from [95].

From Figure 1, we can observe that the easily available water content (i.e., water released between
1 and 5 kPa) in coir is higher in comparison to pine bark; therefore, the crop may absorb more available
water, reducing the need for applying a high frequency irrigation program. In addition, a taller
container proportionately holds less water, as a percentage of water content by volume. Irrigation
should take into account indices related to substrate availability of water, to container geometry and
to specific substrate characteristics [64]. In general, water held by tensions higher than 10 kPa are
considered unavailable to the crop, and water held between 5 to 10 kPa tensions are referred to as the
substrate water buffer capacity. The available water in the container can be estimated according to
Baudoin as follows [96]:

AWcont. = +0.64AW + 0.30P− 67h + 4.1, (2)

where AW is the water that is available in a specific substrate as obtained from the water release curve
(%); P represents the substrate porosity; h is the height of the container (m).

However, according to Raviv [97], water and nutrient availability to plants depends on the actual
moisture flux from the medium to the plant roots rather than on the water volume in the container.
By measuring water contents at different pressure heads, the soil water retention function can be
determined. However, the unsaturated hydraulic conductivity measurement is often difficult as it may
require expensive equipment [91,94,98]. The reason is because substrates containing predominantly
organic components decompose during crop production cycles resulted in changes in air to water ratios.
Additionally, shrinkage and compaction of substrates generates problems with watering, hydration,
and generally leads to worsening the air to water relationship [99,100]. In the same way, hydraulic
conductivity of rockwool and similar substrates is high when well-watered, but declines drastically as
it dries out and plants experience a water deficit [101].

Mavrogianopoulos [65] proposed a simple equation for the estimation of the irrigation dose based
on substrate characteristics as below:

Q =
Y ×WW ×N
(1− dr)

, (3)

where Q is the irrigation dose (L slab−1); Y is the water holding capacity of the substrate inside the
slab (L slab−1); Ww is the percentage of the water holding capacity that is easily available water (%); N
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represents a critical percentage of the easily available water that when reached, irrigation should start
(i.e., typical values between 5% to 35%); dr is the percentage of drainage (%).

According to the same author, the substrate water holding capacity could be estimated by weighing
it when dry, then filling it up with water for up to 24 h to complete the wetting process, draining up to
12 h, and reweighing it. The difference in weight is the water holding capacity, in kg slab−1 or L slab−1;
however, this procedure should be repeated at different stages throughout plant growth.

In addition, another equation for estimating the irrigation dose was proposed by Katsoulas [82],
taking into account the crop transpiration rate plus an extra amount of water for leaching purposes.
This method simply reflects the substrate influence on crop water uptake, but requires frequent
measurements of crop’s transpiration rates.

E =
Tr

(1−D)
, (4)

Tr = ζRGo, (5)

ζ =
Kcτα
λ

, (6)

where E is the amount of water applied in (Kg m−2); Tr is the crop transpiration (kg m−2); Kc is the
species-specific crop coefficient; τ is the greenhouse radiation transmission coefficient; RGo is the solar
radiation measured outside the greenhouse (Kj m−2); a is the evaporation coefficient; λ is the latent heat
of vapourization of water (kJ kg−1); and D is the drainage rate equal to 50% of irrigation water apply.

For greenhouse soil-based cultivation the amount of water which is “available” for root water
uptake is defined as the amount of soil water between field capacity (i.e., soil matric pressure −10 or
−33 kPa) and the permanent wilting point (i.e., −1500 kPa) expressed in m of water per m of soil depth.
However, besides its use in irrigation management, field capacity is not an adequate soil physical
quantity to assess soil water availability to crops, as a considerable (10% to 50%) fraction of transpired
water is acquired from the soil at water contents above field capacity [102].

The most common values for typical soil texture classes are cited by Snider [103] in Table 2.

Table 2. Average values of available water holding capacity of the main soil texture groups (cm of
water per cm of soil). Data adapted from [103].

Common Name Field Capacity Wilting Point Available Water

Sandy soils 0.06–0.20 0.02–0.08 0.04–0.12
Loamy soils 0.23–0.27 0.10–0.12 0.13–0.15
Clayey soils 0.28–0.40 0.13–0.25 0.15–0.18

When the available soil moisture within the rooting zone has attained a predefined level of
available water (i.e., the management allowable deficit—MAD), irrigation is triggered. The estimation
of MAD is difficult because it depends on plant species and the evaporative conditions [104]. In general,
the MAD can be calculated as a percentage of the available water, usually 30% to 50% in soil and 10%
in soilless cropping systems. Then, the irrigation dose can be calculated by multiplying the MAD
with a coefficient with typical values from 1.15 to 2, to account for water application uniformity and
salinity. Typically, the frequency of irrigation can be estimated when the accumulated daily ETC for
the periods between irrigations approaches the MAD [96]. In line with this, the irrigation frequency
of greenhouse soil cultivations can be estimated by dividing the readily available water with crop
evapotranspiration [68].
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Zeng et al. [23], working with drip-irrigated greenhouse soil cultivation of muskmelon, defined
the irrigation dose by measuring the soil water content daily. When the water content was reduced to
the irrigation start point, then the irrigation amount was decided:

Ir =
γ× h× θ f c × (g1− g2)

IE
× 10, (7)

SWC =
FW −DW

DW
× 100, (8)

where Ir represents the water amount by the drip irrigation system (mm); γ (gamma) is the soil bulk
density (1.36 g·cm−3); h is the depth of the soil which is irrigated in accordance with the vegetative
stage; θfc is the water field capacity (32.9%); g1 is the irrigation application rate (%); g2 is the irrigation
start point (60%); IE is the irrigation efficiency; SWC is the soil water content (%); FW is the fresh
weight; and, DW is the dry weight.

3. Open and Feed Forward Irrigation Control System

3.1. Time Clock Scheduling and the Accumulated Radiation Method

In greenhouses with no feedback system control (i.e., open loop system), irrigation scheduling is
determined according to the grower’s perspective. Usually growers use a standard irrigation dose and
change the frequency of irrigation; thus, they automate irrigation only on the basis of time [8,88]. For
soil-based greenhouse crops the irrigation frequency is usually on a daily basis under warm and sunny
conditions, and every 3–4 days under cooler and cloudy conditions [28]. In soilless systems, irrigation
usually starts one hour after sunrise and stops one hour before sunset, with hourly or even shorter
irrigation intervals during a day under high radiation conditions. For some substrates (i.e., rockwool)
night irrigation is also recommended, avoiding drying to account for crop transpiration [105,106]. In
line with this, according to Schröder and Lieth [81], irrigation at night is advised if the moisture content
of the substrate has fallen below 8% to 10% from the previous morning. However, those rules-of-thumb
obviously do not apply when the weather conditions are changing quickly from day to day [52,107].
Lizarraga et al. [52] evaluated the efficiency of timed scheduling, and concluded that this method does
not actually meet the irrigation requirements of hydroponic tomatoes resulting in over and under
irrigation during the morning and in the afternoon, respectively. Similarly, Incrocci et al. [16], working
with several species of ornamentals in container nursery crops, reported an increase of the water use
with timed irrigation scheduling by 20% to 40% and nutrient emissions of 39% to 74% in comparison
with model-based irrigation.

A more rational approach for irrigation scheduling is the accumulated radiation method, allowing
more closely matched water supply to the ET rate, which is primarily a day time phenomenon
depending strongly on solar radiation [14,69,89,108,109]. However, Shin et al. [110] indicated that the
transpiration rate of soilless paprika (Capsicum annuum) plants did not proportionally increase with an
increase in light intensity, especially in high light conditions.

For estimating how much energy the crop has received, a light sensor (e.g., pyranometer) is used
to measure incident solar radiation. Once this has been intercepted, a threshold value of light energy,
an irrigation event, is triggered. Schröder and Lieth [81] suggested light sums inside greenhouses
between 0.4 and 0.6 MJ m−2 in closed and 1.4 and 1.8 MJ m−2 in open hydroponic cultures with
drainage volume factors of 30% and 15%, respectively. However, for rockwool substrate in a free
drainage system, Lee [111] recommended accumulated values of 0.8 MJ m−2 with a minimum rest
time set (i.e., not irrigated if the target value is reached) between 20 min in bright and 50 min on dark
days according to the crop growth phase. Additionally, for bell pepper in container growth with peat
mix, perlite, and pine bark media, Jovicich et al. [61] indicated that the first-quality fruit weight was
enhanced at solar radiation integral levels of 0.34 MJ m−2, while Lizarraga et al. [52] proposed indoor
values of 0.81 MJ m−2 for tomatoes grown in perlite in bags of 40 L. In addition, Nikolaou et al. [60],
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working with cucumber in rockwool, indicated a 9% lower drainage amount between high and low
irrigation frequency treatments (i.e., accumulated radiation outside greenhouse 1.3 MJ m−2 as opposed
to 3 MJ m−2), with no negative impact on production.

Despite the fact that the frequency of irrigation can be calculated based on the accumulated
radiation method, the threshold values of light energy requires frequent evaluation, as affected by
changes of crop coefficient values and cultivation techniques (e.g., defoliation). In any case, the solar
radiation method was used only in soilless systems.

3.2. Crop Evapotranspiration and the Water Balance Method

Crop evapotranspiration assessment is necessary to correctly quantify crop irrigation water
needs, playing a crucial role in cooling greenhouse crop canopies [112]. In order to evaluate crop
evapotranspiration (ETC), environmental conditions and physical, morphological and physiological
features of soil-plant systems have to be considered [113].

A lot of research has been conducted in the field of estimating crop water irrigation needs, in
real time, similar to the initial Penman–Monteith evapotranspiration models, which were initially
developed for open field cultivations. However, the majority of these studies indicated a drastic effect
of different greenhouse types to the transpiration rate and the need for model recalibration in prevailing
greenhouse environments [72,114]. A brief summary of the most common evapotranspiration models
in different greenhouse types, from literature cited by Fazlil Ilahi [115].

Class A evaporation pans (Figure 2) are considered one of the most widely used systems for
climatic measurements in the estimation of the evapotranspiration rate for open field and protected
cultivation, because of their simplicity and low cost [2,48]. The pan has proven its practical value and
has been used successfully to estimate reference evapotranspiration by observing the evaporation
loss from a water surface and applying empirical coefficients to relate pan evaporation to reference
evapotranspiration (ETO) [116].

Figure 2. Class A evaporation pan.

The estimation of crop evapotranspiration with the use of a class A evaporation pan can be
calculated according to Allen et al. [117].

ETC = EP ×KP ×KC, (9)
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where ETC is the maximum daily crop evapotranspiration measured (mm); EP is the daily evaporation
from class A Pan (mm); KP is the pan coefficient;and, KC is the crop coefficient.

However, there is difficulty in obtaining accurate field measurements with the use of pan A
for herbaceous plants, because the crop coefficient (KC value) is constantly changing throughout the
growth, pruning and harvesting phases [48]. Abdel-Razzak et al. [118], working with cherry tomatoes,
verified crop coefficients between 0.4 and 1.1, depending on the growth stage, while Gallardo et al. [28]
indicated higher KC values for supporter melon (Cucumis spp.) crops in relation to non supporter
types. Regarding the pan A coefficient, a constant value of 0.79 provides a good estimation of
reference evapotranspiration (ETO) rates in plastic greenhouses under Mediterranean conditions [119],
while Çakir et al. [57], working with cucumber in a solar greenhouse covered with netting material,
indicated a plant-pan coefficient between 1.25 to 1.50. In line with this, for several crops in Cyprus, the
evapotranspiration rate was calculated from reference evapotranspiration based on pan evaporation
data, following the methodology proposed by Allen et al. [118] as indicated in Table 3 derived from
Markou and Papadavid and Christou et al. [120,121]:

Table 3. Monthly and yearly estimated evapotranspiration requirements for several crops in protected
cultivation (mm). Data adapted from [122,123].

Crop J F M A M J J A S O N D Total

Tomato 42 60 85 120 180 168 12 40 36 743

Cucumber 42 48 72 120 208 40 36 566

French bean 42 48 84 140 70 24 28 436

Aubergines 12 24 40 60 76 100 68 380

Pepper 12 24 40 60 76 100 112 424

Watermelon 10 20 32 48 84 28 222

Sweet melon 10 20 32 48 84 28 222

Zucchini 12 24 50 78 136 88 388

The estimation of reference evapotranspiration is common in China and in Japan, the use of a
reduced-size 20 cm diameter pan, eliminating the disadvantage of the large area occupied by a class A
pan, (i.e., 121 cm diameter) [2,109,122]. Zeng et al. [23] working in soil-based greenhouse cultivation,
indicated that KCP values of cucumber equal to one can be recommended for the most appropriate
irrigation scheduling from a standard 0.2 m diameter pan.

Commercially available atmometers can be used as an alternative approach to estimate
evapotranspiration rate [7]. The estimated evapotranspiration values using a Piche atmometer
(evaporated surface of paper disc), a modified atmometer (evaporated surface of a porous-porcelain
plate) and a reduced evaporation pan were compared with the Penman–Monteith evapotranspiration
method. As results indicated, atmometers had the best performance for estimating crop
evapotranspiration in a greenhouse and could be used advantageously in relation to the evaporation
pans [123].

According to several authors, devices that measure actual plant–soil evapotranspiration confined
within containers (i.e., lysimeters) provide the only direct measure of water flux from a vegetative
surface (i.e., can detect losses as small as 0.01 mm of water) and as such, they provide a standard
against which other methods can be tested and calibrated [54,117]. Weighing lysimeters, measuring
ETC directly through changes in mass, while drainage lysimeters calculate ETC through water budgets,
where excess water removed by drainage or vacuum is subtracted from a known water volume
applied to the soil surface [54]. In addition, Shin and Son [69] used load cells for the direct estimation
of irrigation and drainage water amounts in soilless systems. Measurement practices, as cited by
Sabeh [124], have ranged from weighting lysimeters measuring output every 10 min to calculating a
60 min average of 1 min measurements. However, the expense of these lysimeters limits their use to
research and plants grown in containers (i.e., soilless culture systems; Figure 3) [7].
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Figure 3. Mounting a lysimeter in a greenhouse structure (left), weighing device S-Beam load cell
(centered) and plants grown in a lysimeter (right).

In soil-based systems simple portable scales must be replaced by expensive lysimeters. In this
case sampling and representativeness problems become serious [125]. In order to eliminate this
problem for soil-based greenhouse systems, it is preferable to use the water balance method, although
is not very accurate, by monitoring all additions to and losses from a field’s water [103]. In low
volume/high frequency irrigation systems, the method has generally been sufficiently robust under a
wide range of conditions [50]. Çakir et al. [57] and Mao et al. [126] estimated cucumber greenhouse
crop evapotranspiration as follows:

ET = I ± ΔΣ −D−R, (10)

where ET is crop evapotranspiration (mm); I is the total irrigation amount applied (mm); ΔΣ is
change in soil water storage (mm); R and D are run-off and water loss, respectively, through deep
percolation (mm) which is assumed to be zero since the amount of irrigation water is controlled and
the precipitation or discharge rate of the irrigation system is below the soil infiltration rate.

4. Feedback Irrigation System

4.1. Soil/Substrate Monitoring

The frequency of irrigation could be monitored in soilless systems by measuring the change in
salt concentration inside the cultivation slab. In this case, irrigation starts when the substrate electrical
conductivity increased in relation to the nutrient solution electrical conductivity to a certain limit (e.g.,
0.3–1 m·S·dm−1) [65]. Using sensors for monitoring the EC, the pH and the amount of drainage could
also be used as a tool for evaluating irrigation scheduling, taking into account seasonal transpiration
differences [74]. As cited by Lizarraga et al. [52], the EC of the drainage solution should not be higher
than 1 m·S·cm−1 compared to the EC of the irrigation solution. In addition, the percentage of the
drainage amount could be tuned for irrigation control in greenhouses using a trial-end-error approach
(e.g., the percentage of drainage should not be higher than 30% of the irrigation applied). Although
the irrigation control system considers drainage amount as a single variable, it could not calculate the
exact water amount used by the plant [69].

Greenhouse soil cultivation thresholds of soil potential have been used by many authors as a tool
for irrigation management; even though soil matric potential values have been used, they appear to be
based on experience [127]. For example, the irrigation of tomatoes and cucumbers growing in clay
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soils, with water potential set-points of −40 and −30 kPa, resulted in water savings of 35% and 46%,
respectively, compared with irrigation set points at −10 kPa [128]. In line with this, for zucchini grown
in artificial sand-mulched soil, a threshold soil matric potential of −25 kPa favored production and
water savings in comparison with irrigation at −10 or −40 kPa [129]. On the other hand, for soilless
crops, Depardieu et al. [130] indicated that plant growth and fruit production for strawberries (Fragaria
X ananassa) grown in organic substrate (i.e., peat-sawdust mixture, aged bark, coconut fiber) were
enhanced if irrigation started at −1.0 to −1.5 kPa, instead of −1.5 to −2.5 kPa.

4.2. Plant Monitoring

Plant phyto-sensing (e.g., leaf water potential, canopy temperature, crop reflectance) has been
developed for an early, quantitative detection of plant responses to actual soil water availability, in
order to define in real time, irrigation strategies to maximize plant growth [131]. However, a significant
limitation is the fact that they do not provide a direct measure of the irrigation volume required. Hence,
plant based sensing (Figure 4) is commonly used in conjunction with other irrigation techniques such
as soil moisture measurement and the water balance approach [68].

Figure 4. Stem micro-variation sensor (left) and a contact leaf temperature sensor (right).

In general, the use of plant phyto-sensing indicators as a tool for irrigation scheduling requires
the estimation of reference or threshold values [50]. For example, Seelig et al. [132] used leaf thickness
as an input parameter for automated irrigation control of container soil greenhouse cowpea (Vigna
unguiculata) plants; indicating that 25% to 45% of irrigation water could be conserved compared with a
typical timed irrigation schedule. Similarly, Nikolaou et al. [72] indicated a good correlation between
leaf temperature of soilless cucumber with transpiration, and established a relationship between
transpiration and leaf temperature by modified the simplified Penman−Monteith equation.

Although remote plant phyto-sensing and crop reflectance indices have been applied with great
success in open fields, in greenhouses it has not yet been fully tested, as there are problems associated
with greenhouse cover and structure shading [133].

The sensors and approaches used for crop reflectance measurements, and the indices used for crop
water and nutrient status detection in greenhouse crops, have been reviewed by Katsoulas et al. [51]

5. Artificial Neural Networks and Fuzzy-Logic Control Systems

Artificial neural networks are analogue computer systems, which are made up of a large
number of highly interconnected processing units which encompass computer algorithms that can
solve several types of problems, based on different input units [134]. The use of artificial neural
networks in agricultural systems is supported, as the plants’ responses to their environment can
be considered chaotic [135]. Until now, those systems have been applied mainly for open field
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cultivation, in the estimation of soil moisture content based on various soil and environmental
parameters and for irrigation planning [90,136,137]. Pérez-Castro et al. [138] indicated that the water
requirements within a greenhouse (i.e., evapotranspiration) can be calculated based on virtual sensors
by monitoring external greenhouse climatic conditions. In line with this, virtual water sensors for
soilless greenhouse tomato based on crop growth, substrate water and crop transpiration rate were
also used by Sánchez-Molina et al. [139]. On the other hand Ben Ali et al. [140], developed a fuzzy
logic control system in order to promote a suitable microclimate by activating the appropriate actuators
installed inside the greenhouse with the appropriate rate.

Agriculture in developed countries seems to be in a transition, with increasing use of ICT
(Information and Communications Technology) within the agricultural ecosystems [141]. Additionally,
virtual plants have already been used to develop a case study for the irrigation processes of a
greenhouse [142].

6. Concluding Remarks

This paper presents a review of irrigation management in soil and soilless crop production in
greenhouses where irrigation scheduling should match the diurnal course of evapotranspiration as
affected by the prevailing greenhouse environment through soil/substrate and crop characteristics.
The majority of irrigation methods used in the past implement a feed forward or a feedback irrigation
decision support system, and, in addition, water stress indices were developed based on plant-sensing.
However, a gap in commercialized solutions exists despite the significant research work in the field of
precision irrigation of greenhouse crops. It is important that a large margin of progress in greenhouse
water and fertilizer use efficiency is managed by farmers [3]. The information presented reveals a need
for the development of a commercial irrigation controller unit, in order to model and monitor the
soil-plant-atmosphere utilizing artificial intelligence analyses.
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Abstract: Biochar refers to a processed, carbon-rich material made from biomass. This article provides
a brief summary on the effects of biochar on container substrate properties and plant growth. Biochar
could be produced through pyrolysis, gasification, and hydrothermal carbonization of various
feedstocks. Biochar produced through different production conditions and feedstocks affect its
properties and how it performs when incorporated in container substrates. Biochar incorporation
affects the physical and chemical properties of container substrates, including bulk density, total
porosity, container capacity, nutrient availability, pH, electrical conductivity and cation exchange
capacity. Biochar could also affect microbial activities. The effects of biochar incorporation on plant
growth in container substrates depend on biochar properties, plant type, percentage of biochar
applied and other container substrates components mixed with biochar. A review of the literature
on the impact of biochar on container-grown plants without other factors (such as irrigation or
fertilization rates) indicated that 77.3% of the studies found that certain percentages of biochar
addition in container substrates promoted plant growth, and 50% of the studies revealed that plant
growth decreased due to certain percentages of biochar incorporation. Most of the plants tested in
these studies were herbaceous plants. More plant species should be tested for a broader assessment
of the use of biochar. Toxic substances (heavy metals, polycyclic aromatic hydrocarbons and dioxin)
in biochars used in container substrates has rarely been studied. Caution is needed when selecting
feedstocks and setting up biochar production conditions, which might cause toxic contaminants in
the biochar products that could have negative effects on plant growth.

Keywords: container substrates; physical properties; chemical properties; biomass

1. Introduction

Biochar refers to processed, carbon-rich material derived from biomass [1–3]. Recent research
has shown that biochar can be used as a replacement for commonly-used container substrates [4–8].
Container substrates are often soilless, making it easy to achieve consistency. Primary substrate
components include peat moss, vermiculite, perlite, bark, and compost [9]. Peat moss is an excellent
substrate component; it has essential characteristics such as low pH, high cation exchange capacity
(CEC), and appropriate aeration and good container capacity [10–12], which are ideal for horticultural
container application. However, intensive extraction of peat from peatlands can damage natural
habitats and release CO2 into the atmosphere if the disturbed peatland is left unrestored [13].
The United Kingdom government has thus proposed reducing the use of peat [14]. The cost
of this commonly-used substrate is also high due to the extreme cost of transportation, fuel for
extraction, and processing [9,15]. Therefore, it is beneficial and necessary to search for alternative
environmentally-friendly and local substrate components [9,16]. Research has shown that biochar

Horticulturae 2019, 5, 14; doi:10.3390/horticulturae5010014 www.mdpi.com/journal/horticulturae93
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could be a potential alternative to commonly-used substrates. Using biochars (a byproduct of bioenergy
production) in agriculture adds value to bioenergy production [17]. Biochar could offer economic
advantages over other commonly-used substrates, if produced on site. Extensive research has shown
that replacing a certain percentage of commonly-used container substrates with biochar could increase
plant growth in certain conditions [18–22].

However, biochars are variable, and their impact on container substrates could vary. It would
be of interest to examine the characteristics of biochars, their incorporation in container substrates,
and their effects on diverse types of container-grown plants. In this review, we provide a brief
summary of the effects of biochar on container substrate properties and plant growth, and discuss
the potential mechanism behind their effects. This review examines factors related to the impact
of biochar, which include feedstock sources, production conditions, percentage of biochar applied,
other substrate components mixed with biochar, and plant species. These factors can help address the
general hypothesis that incorporation of biochar may not always have beneficial effects on container
substrate properties or plant growth.

2. Biochar Production

There are many variables prior to, during, and after production of biochar. These factors will
eventually affect biochar properties and its effect on plant growth and container properties when
incorporated in container substrates.

2.1. Biochar Production Methods

There are three main processes to produce biochar: pyrolysis, gasification and hydrothermal
carbonization. Pyrolysis is the thermal decomposition of biomass by heating (around 400 ◦C to 600 ◦C)
without oxygen [23–25]. Compared to pyrolysis, gasification is conducted under small amounts
of oxygen at relatively higher temperatures (around 700 ◦C to 1200 ◦C) [2]. Gasification produces
smaller quantities of biochar with lower carbon (C) content than pyrolysis [2,25,26]. Hydrothermal
carbonization uses water and catalysts at lower temperatures (180 to 300 ◦C) under high pressure to
convert biomass to a different type of biochar product, hydrochar [27,28]. Hydrochars are acidic, and
have low surface areas, less aromatic compounds, and higher CEC than those produced by pyrolysis
and gasification [28,29]. Production temperature significantly influences the characteristics of biochars
(Table 1). Biochar made from pruning waste at 500 ◦C had higher pH and different container capacity,
total porosity, electrical conductivity (EC) and CEC, when compared to biochar produced at 300 ◦C [20].
Biochars made from different production processes can have different physical and chemical properties.

Utilizing biochar in agriculture adds values to biomass pyrolysis and gasification. The main
purpose of fast pyrolysis is to produce syngas and bio-oil [17,23] and gasification syngas [30], with
biochar being the byproduct. Syngas mainly includes carbon monoxide and hydrogen [31]. It could
be used to provide energy for other pyrolysis processes. Bio-oil could be burned to produce heat or
further processed to be used as fuel [32]. A specific process and its heating rate could be modified to
produce desirable products. For example, gasification has higher yields of syngas and energy than
pyrolysis [33]. Liquid bio-oil produced by pyrolysis has higher energy density and is cheaper and
easier to transport; however, it is corrosive, which makes it difficult to store for a long time [31]. Slow
pyrolysis produces more biochar and syngas, and fast pyrolysis more bio-oil [34]. The residence time
(the amount of time taken in the pyrolysis procedure) of slow pyrolysis is from 5 min to 30 min, while
that of fast pyrolysis is from seconds to less than a second, and the temperatures are higher [23,35].
Raising pyrolysis temperature can decrease biochar yield [36,37]. Production conditions can be adjusted
on the basis of whether the desirable products are biochar or bioenergy products (bio-oil or syngas).
Low temperatures and slow pyrolysis could be used to produce more biochar than the other products.

Pre-treatment of feedstocks has been reported to have a significant influence on biochar ash content,
yield, and properties. Pre-treatment of biomass, such as washing with water or acid, could help remove
some ash culprits in feedstocks to reduce fouling, and improve the quality of biomass feedstock and
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final biochar products [37,38]. Rahman et al. [37] tested the effectiveness of different pre-treatments by
comparing the EC of the initial washing medium and leachate collected after treatments. The result
showed that the leachate EC of palm kernel shell increased, when pre-treated with dilute acid, dilute
alkali, and distilled water. The highest increase in EC was found using dilute acid pre-treatment as a
result of the removal of soil and alkaline metal by the acid solution and degradation of the biomass
chemical composition. The ash content of palm kernel shell was reduced when pretreated with distilled
water or diluted acid. The ash content increased with alkaline pre-treatment since abundant sodium
ions in alkaline medium prevented ions from leaching into the medium and ions were bound and
tied up by the biomass particles, which resulted in a high amount of ash content [37]. Torrefaction
pre-treatment, which is a low temperature thermal conversion conducted without oxygen aiming
to reduce moisture content of the biomass, could increase biochar yield during pyrolysis because
the pretreatment predisposed carbon and oxygen content to remain as solids [39]. Another study
showed that paper mill sludge as biochar feedstock, pre-treated with phosphoric acid and torrefaction,
followed by pyrolysis, resulted in reduced volatile matter content, increased inorganic matter, and
increased biochar yield [40]. It was shown that biochar made from feedstock with pretreatments such
as light bio-oil or phosphoric acid may have larger surface areas and more porous structure [41,42],
which could influence the effects of biochar on air space, nutrient and water-holding ability, and
microbial activity. Biochar made from bark pre-treated with tannery slurry as an alkaline treatment
could have a higher NH4+ absorption capacity, as well as more surface functional groups (carboxyl and
carbonyl groups) formed than untreated ones [43], causing increased CEC of biochar. Silica enrichment
was also found in biochar made from rick husk pretreated with bio-oil or HCl [42].

In addition to pre-treatments of feedstocks, post-treatments could also change biochar properties.
Some biochars could contain toxic compounds such as polycyclic aromatic hydrocarbons (PAHs)
during production. Drying biochars at temperature of 100 ◦C, 200 ◦C, and 300 ◦C significantly
decreased the amount of PAHs in biochars, which indicated that the release of PAHs from biochars
was due to the increased opening of the pores and diffusion of PAHs from the pores after the thermal
treatment [44]. Biochar could be treated and mixed with other substances. Dumroese et al. [7]
dry-blended biochar with wood flour, polylactic acid, and starch to form pelleted biochar, which
is preferred over the original fine-textured and dusty form for its handling convenience and even
incorporation. McCabe et al. [45] evenly blended soybean-based bioplastics with biochar in a pelletized
form as a source of nutrients in container substrates.

2.2. Biochar Feedstocks

In addition to production conditions, biochars could be made from varying feedstocks, which
would contribute to differences in physical and chemical properties (Table 1). The feedstocks could be
waste materials such as green waste [18], forest waste [46,47], wheat straw [5], sugarcane bagasse [48],
rice hull [49], crab shell [50] and Eucalyptus saligna wood chips (byproduct of construction, fuel-wood
and pulp wood) [51]. Biochars could also be made from non-waste materials such as holm oak [52],
conifer wood [53], citrus wood [54] and pine wood [6,55–57]. The crab shell biochar and oak chip
biochar have different pH ECs, and C, nitrogen (N), phosphorus (P) and potassium (K) content,
although they were made by the same production method and temperature [50]. Straw biochar had
a higher pH, exchangeable cations, and K content compared to a wood biochar [5]. The biochars
made from sewage sludges of two different municipal plants also had slightly different pHs and N
content [19]. Biochar could have high P and K content and could be used as P and K fertilizers, when
made from rice hulls with high content of the minerals [49]. It was shown that biochar properties were
related to the properties of the original feedstock [49]. The biochars made from different feedstocks
could have different physical and chemical properties, which should be taken into account when they
are incorporated in containers.
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3. Effects of Biochar on Container Substrates

3.1. Physical Properties

3.1.1. Bulk Density

The addition of biochar affects the physical properties of container substrates. Biochars have
a higher bulk density than commonly-used substrate components, such as peat moss, perlite, and
vermiculite. Using biochar to replace certain percentages of peat could thus increase the bulk density
of the substrates [5,7,18,71,72].

3.1.2. Container Capacity, Air Space and Total Porosity

Biochar incorporation in container substrates may affect container capacity, air space, and total
porosity. Particle size distribution of the substrate components is important for determining their
physical properties [73]. Due to the differing particle sizes of biochars and substrate components,
the effects of biochar incorporation on the physical properties of a container substrate will vary.
Container capacity is the maximum percent volume of water a substrate can hold after gravity
drainage [74]. Container substrates absorb water in small pores (micropores) between, or inside
component particles [10]. Méndez et al. [75] showed that the incorporation of 50% (by vol.) biochar
with peat increased container capacity, compared to those with 100% peat substrate due to increased
micropores after biochar incorporation. Similar to these results, Zhang et al. [21] also reported that
mixing 20% or 35% (w/w) biochar with compost made from green waste increased container capacity.
Yet, some research has shown that the incorporation of biochar in container substrates had no effect
on container capacity [5,18]. The differing results after biochar incorporation could be due to the
different particle sizes of the biochars and the substrate components used. Besides container capacity,
biochar incorporation could also affect air space. Air space is the proportion of air-filled large pores
(macropores) after drainage [10]. Méndez et al. [75] showed that the incorporation of 50% (by vol.)
biochar with peat increased the air space compared to 100% peat substrate. In this study, the percentage
of particle size larger than 2 mm was 29% (w/w) for biochar but 8.8% for peat. Thus, the increased
air space was caused by an increased number of macropores due to the incorporation of biochar with
larger particle size. Zhang et al. [21] confirmed this by showing that mixing biochar with compost
increased the percentage of particles larger than 2 mm and thus increased the air space. Total porosity
is the sum of air space and container capacity. The effect of biochar on total porosity is related to its
effect on air space and container capacity. Substituting peat with 50% biochar (by vol.) made from
green waste had no effect on total porosity [18]. Méndez et al. [75] concluded that the addition of
biochar produced from deinking sludge increased the total porosity. Zhang et al. [21] also showed that
mixing biochar with compost increased the total porosity. Vaughn et al. [5] showed that the effects of
biochar on total porosity were mixed and there was no specific trend, when mixing biochar with peat.
In summary, biochar incorporation could impact total porosity, air space, and container capacity.

3.2. Chemical Properties

3.2.1. pH

In general, biochar is effective at increasing the pH of container substrates since the pH of biochars
used in most research is neutral to basic [21,53,58,59]. Biochar could buffer acidity due to the negative
charge on the surface of biochar [76]. However, the pH of biochars could be acidic. The pH of the
biochar depends on the nature of the feedstock and the temperatures during biochar production.
The lower the temperature of production, the lower the pH of the biochar. The pH of oak wood biochar
was 4.8 when produced at 350 ◦C [24]. Khodadad et al. [77] also showed pH of biochar made from
pyrolysis of oak and grass at 250 ◦C was 3.5. Lima et al. [78] showed that the pH was around 5.9 for
biochars made from pecan shell at 350 ◦C and switchgrass at 250 ◦C.
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3.2.2. Electrical Conductivity

Biochar incorporation could increase container substrate EC due to high EC of the biochar
used. The EC of biochar was affected by the biochar functional groups (such as fused-ring aromatic
structures and anomeric O-C-O carbons), metal oxide precipitates and binding of metals [24,79].
Hossain et al. [80] also found that as pyrolysis temperature increased, EC of the sludge biochars
decreased. When incorporating biochar in container substrate, Vaughn et al. [5] showed that mixing
5%, 10%, and 15% (by vol.) pelletized wheat straw and hardwood biochars with container substrates
containing peat moss and vermiculite increased the EC. Tian et al. [18] also found that adding 50% (by
vol.) biochar made from green waste to peat moss media significantly increased EC. The increased
substrate EC after biochar incorporation could be due to the high pH, large surface area, and charge
density of the biochar [70].

3.2.3. Cation Exchange Capacity

Biochar incorporation could affect CEC and nutrient availability, which is related to the original
properties of biochar itself. Surface functional groups, such as carboxylate, carbonyl and ether are
responsible for the CEC of biochar [81]. Different biochars have different chemical functional groups.
Vaughn et al. [5] found that some volatile materials were removed and wood cellulosic polymers
were carbonized in wood biochar after pyrolysis, while wheat straw biochar was less carbonized
and had more chemical functionality, which serves as exchange sites for nutrient absorption. It was
shown that CEC was higher in a 25% biochar and 75% peat moss mix (by vol.) than that in 100%
peat moss [22]. Some biochars can even provide nutrients to the plants due to the high concentration
of certain nutrients in the original feedstocks. Some forms of biochars can serve as a source of P
and K, which leads to increased availability of these minerals in container substrates and improved
fertility [49,66,82].

3.3. Effects on the Microbial Activities

Biochar incorporation may affect microbial activity and biomass in containers. Adding biochar
can increase pH, available water content, and influx of nutrients as discussed above, thus stimulating
microbial communities and increasing microbial biomass. Warnock et al. [83] also indicated that
porous biochar with a high surface area could provide shelter for microorganisms. Saito [84] showed
that biochar could serve as a microhabitat for arbuscular mycorrhizal fungi. Higher mycorrhizal
colonization and plant growth were shown in mixes of biochar and soil in container experiments [85].
However, only a limited amount of research investigated the effects of biochar on microbial activity
or inoculation with mycorrhizae in soilless substrates. Increased mycorrhizal colonization was
found in containers containing sand and clay in a ratio of 3:1 (by vol.) with activated biochar
(2 g per container) [86]. Inoculation with arbuscular mycorrhizas fungus significantly increased
Pelargonium zonale plant growth in containers with 0%, 30% or 70% (by vol.) biochar with the rest being
peat [87]. Biochars produced at different temperatures may have different surface areas and adsorption
abilities [88], which could lead to different levels of nutrient retention and effects on microbial activities.

4. Effects of Biochar on Plant Growth in Container Substrates

There is an increasing amount of research on the effects of biochar on container-grown plant
growth that shows the potential for biochar to be a replacement for commonly-used soilless container
substrate components including peat moss, bark, vermiculite, perlite, coir, etc. Mixing biochar in
container substrates may have a positive impact on plant growth due to beneficial effects like improved
container physical and chemical properties and enhanced nutrient and water retention, as mentioned
above. Tian et al. [18] found that mixing biochar made from green waste with peat (50% each, by vol.)
increased total biomass and leaf surface area of Calathea rotundifolia cv. Fasciata when compared to that
of peat substrates alone, because of improved substrate properties and increased nutrient retention after
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biochar incorporation. Replacing 10% (by vol.) of peat with sewage sludge biochar enhanced lettuce
(Lactuca sativa) biomass production by 184%–270% when compared to 100% peat-based substrate,
due to increased N, P and K concentrations and microbial activities [19]. Incorporation of biochar
produced from pruning waste at 300 ◦C (pH = 7.53) and 500 ◦C (pH = 10.3) into peat substrates at
the ratio of 50% and 75% (by vol.) increased lettuce biomass when compared to those in peat alone
(pH = 6.14), probably because the increased pH after biochar incorporation was more ideal for many
crops [20]. Graber et al. [54] tested the effects of mixing three ratios of citrus wood biochar (1%, 3% or
5%, w/w) with commercial container substrates (a mixture of coconut fiber and tuff at a 7:3 ratio by
vol.) on the growth of peppers (Capsicum annuum) and tomatoes (Solanum lycopersicum). The effects
included increased leaf area, shoot dry weight (after detaching the fruits), numbers of flowers and fruit
of pepper and increased plant height and leaf size of tomato plants compared to those in commercial
container substrates. Graber et al. [54] indicated two possible reasons for the responses, increased
beneficial microbial populations or low doses of biochar chemicals stimulating plant growth (hormesis).
Mixing 20% or 35% (w/w) biochar made from coir in composted green waste medium increased plant
height, root and shoot length, and root fresh and dry weight of Calathea insignis when compared to one
without any biochar incorporation, effects due to increased water retention, optimized total porosity,
aeration porosity, water-holding porosity, nutrients, and microbial activities [21]. Overall, increased
plant growth after biochar incorporation could be attributed to increased availability of nutrients and
improved water retention, both desirable substrate properties.

However, biochar incorporation may not always improve plant growth. Not all biochars are the
same (Table 1). The effects of biochars on container-grown plants are variable (Tables 2–5) depending
on multiple factors. There are distinct interactions between biochar and different substrate components.
Different biochars, biochar incorporation rate, and other components mixed with biochar can contribute
to differing results. Furthermore, individual plant responses to biochar also vary. Across studies of
the effects of biochar alone on plant growth, without other factors such as irrigation or fertilization
rates, (Tables 2–4), 77.3% reported that some biochar addition to container substrates could promote
plant growth, and 50% revealed that plant growth or dry weight was suppressed by some biochar
in container substrates. Most studies (69.4%) in Tables 2–5 investigated plant growth in container
substrates with biochar for 12 weeks or less than 12 weeks. The length of the experiments in these
studies varied from 3 weeks to 7 months. Many mechanisms of biochar-plant interactions are not
fully understood.

4.1. Different Plant Species

The impact of biochar on plant growth differs by species since different plants have different
suitable growth conditions or different tolerance to certain stresses. Mixing potato anaerobic digestate
with acidified wood pellet biochar (1:1, by vol.) led to higher fresh and dry weight of tomatoes than
a peat: vermiculite control, but led to lower fresh and dry weight of marigold (Calendula officinalis)
plant [71]. The EC of potato anaerobic digestate is high (7.1 dS m−1). The different fresh and dry
weight responses of tomato and marigold could be due to the salt tolerances of these two plants [71].
Choi et al. [57] also showed that mixes with 20% pine bark and 80% biochar (by vol.) led to higher
chrysanthemum (Chrysanthemum nankingense) fresh and dry weight, but lower tomato plant fresh and
dry weight when compared to the control. The reduced tomato plant fresh weight and dry weight
was because tomato usually requires more nutrients than other plants and biochar can hold or capture
nutrients. Furthermore, 80% biochar mixes had no effect on lettuce (Lactuca sativa) and basil (Ocimum
basilicum) fresh and dry weights. Altland and Locke [67] also showed that mixes of 20% (by vol.)
gasified rice hull biochar with Sunshine Mix #2 fertilized with 100 mg L–1 N using ammonium nitrate
and 0.9 kg m−3 Micromax caused a smaller Pelargonium x hortorum shoot dry weight but increased
shoot dry weight of tomato plants when compared to the control (Sunshine Mix #2) fertilized at the
rate of 100 mg L−1 N with a commercial complete fertilizer with micronutrients.
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(20N-4.4P-16.6K-0.15Mg-0.02B-0.01Cu-0.1Fe-0.05Mn-0.01Mo-0.05Zn). The effects of biochar on
container-grown plants could be different due to different plant materials.

Most of the plant species used in testing biochars in container substrates have been herbaceous.
Only six woody plants have been tested, including Japanese zelkova (Zelkova serrata), lilly pilly
(Acmena smithii), ‘Green Velvet’ boxwood (Buxus sempervirens × Buxus microphylla), Pinky Winky hardy
hydrangea (Hydrangea paniculata), myrtle (Myrtus communis) and mastic tree (Pistacia lentiscus). Across
all studies, the most frequently tested species have been tomato and lettuce. About 30.5% of the studies
used tomato plants to test biochars in container substrates and 19.4% used lettuce. Research is needed
to test more plant species.

4.2. Different Biochar and Biochar Percentage in Container Substrates

The impact of biochar on plant growth depends on the properties of the biochar used and the
percentage of biochar in the substrates. Those factors impact the overall physical and chemical
properties of the container substrates, such as pH, container capacity and CEC. Belda et al. [89] showed
that mixing 10%, 25% or 50% (by vol.) forest waste biochar with coir led to higher Myrtus communis
and Pistacia lentiscus stem length and dry weight than using olive mill waste biochar. It was shown
that Zelkova serrata plants in mixes that contained 20% rice husk biochar with the rest of the mixture
composed of peat moss, perlite, and vermiculite at a ratio of 1:1:1 (by vol.) were 6 times larger than
those in mixes with crab shell biochar, which could be due to the high concentration of nutrients,
nutrient absorption ability and water retention ability of rice husk biochar [50]. Webber et al. [48]
showed that pneumatic sugarcane bagasse biochar and standard sugarcane bagasse biochar led to
different effects on plant growth, due to different physical and chemical compositions of the two
biochars, produced by different conditions. Pumpkin (Cucurbita pepo) and muskmelon (Cucumis melo)
both had increased plant height in mixes with 50% pneumatic sugarcane bagasse biochar with the rest
being Sunshine commercial growing media (by vol.) compared to the control, while both in mixes with
50% standard sugarcane bagasse biochar showed similar plant height to the control. Webber et al. [48]
also indicated that different biochar percentages could affect the results and showed that mixes with
75% or 100% biochar decreased muskmelon plant dry weight, but mixes with 25% or 50% biochar had
no effect. Similarly, the aboveground dry weight of Viola × hybrida showed no significant effects after
the incorporation of 5% (w/w) Eucalyptus saligna wood chip biochar to growing medium containing
pine bark, coir, clinker ash and coarse sand, but aboveground dry weight decreased when mixing 10%
(w/w) biochar with the growing medium, when compared to the control [51]. The decreased plant
dry weight was due to reduced concentrations of S, P, and Ca caused by the binding ability of the
biochar [51]. Fan et al. [70] found that the germination rate of water spinach (Ipomoea aquatica) decreased
when the biochar incorporation rate in mixes containing spent pig litter compost, vermiculite, perlite
and peat increased to 10%, 12%, 14% or 16% (by vol.) due to the high and unsuitable pH and EC after
biochar incorporation, while there was no effect on the germination rate if the biochar incorporation
rate was 2%, 4% or 8% (by vol.). Conversa et al. [87] showed that mixing peat with biochar at the
ratio of 70:30 (by vol.) with slow released fertilizer at a rate of 140 and 210 mg L−1 led to increased
Pelargonium leaf number and similar shoot dry weight compared to the control. However, mixing
peat with biochar at the ratio of 30:70 (by vol.) with a high rate of slow release fertilizer (210 mg
L−1) showed decreased Pelargonium plant growth and flowering traits due to osmotic stress caused
by high EC and decreased mycorrhizal activity with this high biochar rate [87]. Awad et al. [64] also
showed that mixes with 50% (by vol.) biochar with the rest being perlite led to increased dry weight
and growth of Chinese cabbage (Brassica rapa ssp. pekinensis), dill (Anethum graveolens), curled mallow
(Malva verticillata), red lettuce, and tatsoi (Brassica rapa var. rosularis) while 100% rice husk biochar
decreased plant growth due to high pH of the substrate, low air space, and decreased N availability
due to biochar’s N absorption ability.

Across studies that mixed biochar in container substrates by volume and tested the effects of
biochar on plant growth without other factors (Tables 2 and 3), 72.2% incorporated biochar at 50% or
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more (by vol.) in container substrates. This suggested that the substitution of the commonly-used
substrates or substrate components with a large proportion of biochar is highly desired and, based
on the results, achievable. About 36.4% of the studies (Tables 2 and 3) showed that mixing high
percentages of biochar (at least 50% by vol.) in container media could improve the growth of some
species when compared to the control. All container substrates with biochar percentages lower than
25% (by vol.) led to similar or higher plant growth or dry weight when compared to the control.
A biochar incorporation rate as high as 100% (by vol.) in container substrate often led to similar plant
growth to the control [48,53,57].

The physical and chemical properties of biochar could determine whether a large proportion
of biochar could be used in container substrates to grow plants. When the physical and chemical
properties of biochar or substrates with high percentages of biochar are similar to the commercial
substrates or are in the ideal range for container-grown plant growth, a high percentage of biochar could
be incorporated into the container substrate. The recommended ranges for the physical properties
of most substrates used in commercial container plant production are 50%–85% for total porosity,
10%–30% for air space, 45%–65% for container capacity and 0.19 to 0.7 g cm−3 for bulk density [72].
Choi et al. [57] has achieved using 100% biochar substrates to replace the 100% pine bark substrates to
grow chrysanthemum and lettuce. The container capacity and air space of the biochar were similar to
the bark [57]. Although the total porosity of the biochar used was different from that of the bark, it was
in the recommended range for container plant production [57]. Guo et al. [56] also succeeded using
up to 80% biochar in peat-based commercial substrates, and the physical properties of the biochar
substrates were in, or close to, the recommended range for container plant production. Among all
properties, pH could be a limiting factor determining the potential use of biochar in containers. Webber
et al. [48] made two kinds of biochars, pneumatic sugarcane bagasse biochar and standard sugarcane
bagasse biochar, and indicated that these two biochars could be used in containers as high as 100% to
grow pumpkin seedlings for 20 days. The pH of these two bicohars were 5.8 and 6.05, respectively.
If the pH of the biochar is high, other acidic components should be added to reduce the pH or a high
percentage of biochar in a container may not be achievable. It was shown that the addition of 80%
(by vol.) biochar (pH = 8.5) to peat (pH = 5.7) increased plant growth due to neutral pH and improved
water holding and air structure after biochar addition [53].

4.3. Other Substrate Components Mixed with Biochar in Container Substrates

The other substrate components used with biochar could affect plant growth due to their different
physical and chemical properties and their effects on the overall container substrate properties.
Substrate components mixed with biochar have included peat, vermiculite, perlite, coir, pine bark,
pine sawdust, commercial growing media, compost, composted green waste and potato digestate
(Tables 2–5). Gu et al. [90] showed that gomphrena (Gomphrena globosa) grown in 5%, 10%, 15%, 20%,
25% and 30% (by vol.) pinewood biochar mixed with the peat-based Sunshine Mix #1 had greater
width and height, higher fresh weight and dry weight than those grown in biochar mixed with bark
substrates at 43 days after transplanting. The reason for this result could be that peat-based substrates
have more organic matter and higher water and nutrient holding capacity than bark-based substrates.
Ain Najwa et al. [91] also indicated that the fruit number and fresh weight of tomato in mixes with coco
peat and 150 g biochar were higher than in mixes with oil palm fruit bunch (a newly developed organic
medium) and 150 g biochar due to different physical and chemical properties of these two substrates.
Vaughn et al. [68] showed that creeping bentgrass (Agrostis stolonifera) had higher fresh and dry weight
and shoot height in mixes with 85% sand, 10% anaerobic biosolids and 5% biochar (by vol.) than
the one in mixes with 85% sand, 10% peat and 5% biochar (vol.), due to higher nitrate concentration
caused by biosolid incorporation. Méndez et al. [75] also demonstrated that the total biomass and
shoot and root weight of lettuce were higher in deinking sludge biochar with peat (50:50 by vol.)
than those in biochar mixed with coir (50:50 by vol.). The lower plant biomass in coir with biochar
incorporation may be due to the lower CEC, N and P in coir when compared to peat. Fan et al. [70]
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investigated the effects of mixed wheat straw biochar with or without superabsorbent polymer on the
substrates containing spent pig litter compost, vermiculite, perlite and peat. The germination rate of
water spinach decreased when the biochar incorporation rate in the medium without superabsorbent
polymer was 10%, 12%, 14% or 16% (by vol.) due to the high and unsuitable pH and EC after
biochar incorporation. However, there was no difference on germination rate between the mixes with
different percentages of biochar (from 0% to 16% by vol.) when biochar was applied together with
superabsorbent polymer. The reason was that the incorporation of superabsorbent polymer increased
the porosity and water-holding capacity and also effectively prevented an excessive increase of pH
and EC at the high biochar rates [70]. Margenot et al. [62] also showed that mixes with 10%, 20%,
30%, 40%, 50%, 60% or 70% softwood biochar and 30% perlite with the rest being peat (by vol.) led
to similar seed germination and plant height compared to control (mixes with 30% perlite and 70%
peat by vol.). However, if other components such as calcium hydroxide were added to increase the
pH of 10% biochar mixes to 5.8 or pyroligneous acid to decrease substrate (mixes with more than 10%
biochar) pH, lower seed germination resulted in mixes with 50%, 60% or 70% biochar and lower plant
height in mixes with 10% or 70% biochar.

5. Effect of Potentially Toxic Contaminants in Biochar on Plant Growth

Biochar may contain potentially toxic substances, such as heavy metals and organic contaminants
(PAH and dioxin), which are affected by the production conditions and feedstocks used.
The incorporation of biochar with a high content of these contaminants is a concern. Various studies
have shown reduced plant growth caused by the toxicity of PAHs [93,94], dioxins [95] and heavy
metals [96,97]. The utilization of biochar that contains toxic substances could be detrimental, and could
influence plant growth and development, leach into groundwater, and have noxious effects on soil
function and microorganisms. However, toxic substances (heavy metals, PAHs and dioxin) in biochars
used in container substrates have rarely been tested. Attention is needed when choosing biochar
feedstocks and biochar production conditions to avoid or minimize the production of toxic substances.

Biochar could contain heavy metals from contaminated feedstocks; however, heavy metals could
be transformed to more stable forms after pyrolysis, thus having less effect on plant growth. Heavy
metals may remain in biochar made from contaminated feedstock such as cadmium (Cd), copper
(Cu), lead (Pb), and zinc (Zn) as observed with contaminated willow leaves and branches [98] or
sewage [99]. However, the heavy metals in biochar might have low bioavailability after pyrolysis and
a lower risk to plant growth. Jin et al. [100] found most of the heavy metals in sludge biochar after
pyrolysis at 400 to 600 ◦C, including Cu, Zn, Pb, chromium (Cr), manganese (Mn) and nickel (Ni),
were in their oxidized and residual forms, which had low bioavailability and thus risks. Similarly,
Devi and Saroha [101] found that the bioavailability of heavy metals (Cr, Cu, Ni, Zn and Pb) in paper
mill sludge biochar derived from pyrolysis at 200 ◦C to 700 ◦C was reduced due to transformation
into more stable forms. Buss et al. [102] investigated the effects of 19 types of biochar produced from
marginal biomass containing contaminants (such as Cu, Cr, Ni and Zn) on plant growth and found
that only five types of biochar in the study showed suppressive effects on plant growth after adding
5% (by weight) of biochar in sand due to high K and pH, not heavy metals.

Although PAHs could be formed in biochars due to production conditions, the amount of PAH in
biochars used in many studies has been low and may have had low toxicity for plant growth. Large
quantities of PAHs are formed in reactions at high temperatures, especially over 750 ◦C [103], although
no research was found using biochar produced over 750 ◦C in container substrates. There is also
evidence that small amounts of PAHs can be formed in pyrolysis reactors operating between 400 ◦C
and 600 ◦C [103,104], which is the temperature range that most biochars suitable as container substrate
component were produced [6,19–21,51,70,75,90]. Research has shown that PAHs in biochar produced
from slow pyrolysis between temperature 250 ◦C and 900 ◦C had very low bioavailability [105].
Wiedner et al. [29] also found that all biochars made from gasification of poplar, wheat straw, sorghum
and olive, and from pyrolysis of draff (the waste product from the production of beer after separating

110



Horticulturae 2019, 5, 14

liquid malt) and miscanthus contained very low content of PAH (below 1.7 mg kg−1) and biochar made
from woodchip gasification (15 mg kg−1 PAH). Although biochars produced at certain conditions,
especially over 750 ◦C, could contain PAHs, no research was found using these biochars in container
substrates to test their effects on substrate properties and plant growth.

Dioxins could be formed in biochar if the feedstock contains chlorine in certain conditions, but
dioxin concentration in biochars could be very low and have a negligible effect on plant growth.
Dioxins refer to compounds such as polychlorinated dibenzo dioxins (PCDDs) and polychlorinated
dibenzo furans (PCDFs), which are persistent organic pollutants [106]. Dioxins could be formed only
in biochars made from feedstock containing chlorine, such as straws, grasses, halogenated plastics
and food waste containing sodium chloride under specific conditions [103,106]. Dioxins could be
produced during two pathways: “precursor” pathway, which begins with the synthesis of dioxin
precursors from feedstock containing chlorine at temperatures between 300 ◦C and 600 ◦C; and the
“de novo” pathway, which occurs between 200 ◦C and 400 ◦C in a catalytic reaction with oxygen and
carbon [106–108]. However, the dioxin in biochar made from feedstock with chlorine could be very
low. Hale et al. [105] investigated the biochars produced at 250 ◦C to 900 ◦C via slow pyrolysis, fast
pyrolysis and gasification and found that total dioxin concentrations in biochars tested were very low
(92 pg g−1) and bioavailable concentrations were below detection limit [105]. Wiedner et al. [29] found
that the dioxins in four biochars produced from gasification of poplar and olive residues and pyrolysis
of draff and wood chips and two other hydrochars made from leftover food and sewage sludge were
all under the limit of detection, except the one made from sewage sludge (14.2 ng kg−1). No evidence
was found testing the effect of biochars with dioxin in container substrates on plant growth.

6. Discussion

The incorporation of biochar into container substrates could affect physical and chemical
properties of the container substrates and thus contribute to the growth of container-grown plants.
Most biochars have a higher bulk density than commonly-used substrates, and thus the incorporation
of biochar could increase the bulk density of the container substrate. The effect of biochar on
container capacity, air space, and total porosity of the container substrates depends on the particle size
distribution of the biochar and the other components in the container. The liming effect of alkaline
biochars could adjust the container substrate with low pH to an optimal pH. In addition, biochar
incorporation could increase EC, nutrient availability, and CEC.

The effects of biochar on plant growth in container substrates varies as not all biochars are the
same. The characteristics of biochars differ according to the feedstock used and the pyrolysis process.
Many factors, such as plant species and the ratio of biochar to other container substrate components,
can contribute to different results on container substrate properties and plant growth. Across studies
testing the effects of biochar on plant growth but not other factors (such as irrigation or fertilization
rates) (Tables 2–4), 77.3% of the studies found that plant growth could be increased by the incorporation
of certain percentages of biochar in container substrates, and 50% revealed that certain percentages
of biochar addition could decrease plant growth. Among studies mixing biochar with container
substrates by volume and testing the effects of biochar on plant growth without other factors (Tables 2
and 3), 36.4% showed that container substrates with high percentages of biochar (at least 50% by
vol.) could improve plant growth under certain conditions compared to the control. All the container
substrates with biochar percentages lower than 25% (by vol.) led to similar or higher plant growth
or dry weight when compared to the control. A biochar incorporation rate as high as 100% (by vol.)
in container substrates could lead to similar plant growth to the control. The physical and chemical
properties of the biochar could determine whether a large proportion of biochar could be used in
container substrates to grow plants.

There is no universal standard for using biochar in container substrates for all plants. Many
mechanisms of biochar are not fully understood. Research on biochar in container substrates is
still in an exploratory state. Most research has focused on testing whether biochar could be used
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to substitute for commonly-used substrates such as peat, perlite and bark in containers to grow
plants, and compared plant growth with a control that had no biochar addition. There is very limited
research that tests other properties such as the effect of biochar on disease suppression in container
substrates. Research has shown that biochar could impact greenhouse gas emissions in soil, but
limited research has been conducted on soilless container substrates. A limited number of published
studies have investigated the effect of biochar on microbial activity or inoculation with mycorrhizae in
containers. Most of the species used in reported studies testing biochar in container substrates have
been herbaceous plants. More plant species should be used to test the effects of biochar to broaden its
use. Future studies could be focused on biochars with promising results, to fine-tune the pyrolysis
process and incorporate formulae for diverse container substrates.
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Abstract: Horticultural greenhouse production in circumpolar regions (>60◦ N latitude), but also at
lower latitudes, is dependent on artificial assimilation lighting to improve plant performance and
the profitability of ornamental crops, and to secure production of greenhouse vegetables and berries
all year round. In order to reduce energy consumption and energy costs, alternative technologies
for lighting have been introduced, including light-emitting diodes (LED). This technology is also
well-established within urban farming, especially plant factories. Different light technologies influence
biotic and abiotic conditions in the plant environment. This review focuses on the impact of light
quality on plant–microbe interactions, especially non-phototrophic organisms. Bacterial and fungal
pathogens, biocontrol agents, and the phyllobiome are considered. Relevant molecular mechanisms
regulating light-quality-related processes in bacteria are described and knowledge gaps are discussed
with reference to ecological theories.

Keywords: abiotic factors; biocontrol agent (BCA); controlled environment; ecological theory;
greenhouse; molecular mechanisms; non-phototrophic bacteria; pathogens; phyllosphere; plant
metabolism; plant morphology

1. Introduction

Plants are meta-organisms colonized with microorganisms, including bacteria, fungi, algae,
archaea, protozoa, viruses, and, on rare occasions, nematodes. Depending on the environmental
and plant-related conditions prevailing in the various habitats surrounding different plant organs
(e.g., soil/growing medium, atmosphere), different compartments (so-called spheres) differing in
microbial colonization patterns and community structure have been identified. The very well-researched
zone affected by the root (rhizosphere) consists of an outer layer (ectorhizosphere), the root surface
(rhizoplane), and the interior of the root (endorhizosphere). Likewise, aboveground plant parts constitute
three spheres, the phyllosphere, caulosphere, and carposphere, which denote zones affected by the leaf,
stem, and fruit, respectively. The phyllosphere is divided into the epiphytically colonized leaf surface
and the leaf endosphere.

The phyllosphere and its microbiota have received increasing attention during recent years [1–33],
because this can be a powerful tool to improve plant health, growth, development, and human health

Horticulturae 2019, 5, 41; doi:10.3390/horticulturae5020041 www.mdpi.com/journal/horticulturae119



Horticulturae 2019, 5, 41

metabolites. Studies have been conducted on a wide range of scales, from parts of a leaf to intact leaves,
entire canopies of individual plants, and crop stands. Studies on plant stands tend to use the term
phyllosphere in a wider sense, including also the caulosphere and carposphere. The phyllosphere can
be divided into the epiphytically colonized leaf surface and the leaf endosphere. The leaf surface is a
hostile environment for microbes due to exposure to diurnally and seasonally fluctuating environmental
and plant physiological conditions and their interactions (e.g., ambient temperature, irradiation, and
water and nutrient availability) [30,34,35]. In contrast, the leaf endosphere offers a nutritionally
rich and shielded environment [35]. Plant leaves host 106–107 bacteria/cm2 leaf surface [30], with
microbially available nutrients (organic carbon sources) being the driving force. However, nutrients
are not evenly distributed on the leaf surface, so leaves are not covered with an even biofilm, but
rather with patches containing assemblages of microorganisms [17,30,35–37]. While the leaf microbiota
is affected by external conditions in the habitat, it is also able to respond proactively to suboptimal
conditions through the use of light receptor proteins and to modify its habitat to shield itself from
harmful environmental effects and to optimize nutrient acquisition and chances of survival [30,35].

Controlled environments, such as greenhouses, polytunnels, and plant factories, reduce the
amplitude of fluctuations in the crop environment, which in turn affects plant performance and the
structure and function of the associated microbiome. Greenhouse-covering materials and shade netting
alter prevailing environmental conditions (e.g., temperature, relative humidity, and carbon dioxide
(CO2) concentration), but also conditions at the crop level and in the crop phyllosphere, as they influence
greenhouse light transmission, reflection, absorption, and diffusion within the canopy [38–40]. Figure 1
summarizes the most important growth parameters affecting the phyllosphere of greenhouse crops.

Figure 1. Most important growth parameters affecting the phyllosphere of greenhouse crops.
(Illustration: M. Dorais).

To compensate for light deprivation under naturally low light conditions and to optimize plant
development and quality with respect to crop and market demands, additional artificial assimilation
lighting is necessary. Different types of lamps are available (Table 1). Alternative technologies, among
these light-emitting diodes (LED), have been introduced during recent years as a measure to reduce
energy consumption and costs.
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Table 1. Commonly used sources for artificial assimilation lighting (high-pressure sodium, HPS; metal
halide; light tube; continuous spectrum polychromatic light-emitting diode (LED). Parameters of
importance for plant–microbe interactions are displayed (ultraviolet light, UV; photosynthetically active
radiation, PAR). Heat emissions directed towards (↓) or away from (↑) the crop are indicated by arrows.

Lamp Type Effect (W) Infra-Red UV PAR 1 Direction of Heat
Emissions

References

HPS 2 400 High Low 1.6 ↓ [41]
Metal halide 3 400 High Low n/a ↓ [42]

Light tube 4 58 Medium Low n/a ↓
LED 1 5 630 None None 1.85 ↑ [43]
LED 2 6 550 None None 2.5 ↑ [44]
LED 3 7 400 None None 2.3 ↑ [45]

1 Spectral distribution for different lamp types shown in Figure S1. 2 Philips Master, Philips, Eidhoven, the
Netherlands; 3 Philips Master HPI-T plus; Philips, Eindhoven, the Netherlands. 4 Osram G13 T8 58W 840, Osram,
Munich, Germany; 5 Heliospectra EOS, Heliospectra AB, Gothenburg, Sweden; 6 Senmatic FL300 Grow, Senmatic
A/S, Soendersoe, Denmark; 7 Valoya RX400, Valoya Oy, Helsinki, Finland.

In the horticultural and controlled environment context, light and plant interactions, including
light intensity, light quality (light spectrum), and day length, have been well-researched (Figure S2),
but studies in these disciplines only rarely consider the fact that plants are meta-organisms. In plant
microbiology studies, on the other hand, there has been an increasing focus on the phyllosphere in
recent years. Prompted by advances in culture-independent techniques, many of these studies focus on
the community structure and microbial biodiversity on a descriptive level, but rarely include ecological
theories or concepts [19]. Although such studies are often carried out under controlled climate
conditions, description and monitoring of environmental factors receive little attention (Figure S3).
In fact, the leaf surface and the phyllosphere are often considered a matrix with limited interactions,
rather than part of a living and aging system, and very few studies explicitly consider the impact of
light quality on the phyllosphere microbiota under greenhouse conditions. With respect to artificial
assimilation lighting, the architecture of the plant and crop stand and the position of the light source
(top and/or intracanopy lighting) are important. With a rosette-like leaf organization, all leaves are
fully exposed to the administered light, whereas only the most outer leaf layer of cushion-forming
plants and plants within dense crop stands is exposed, irrespective of top or intercrop irradiation.
Leaves inside the canopy are shaded and, thus, dominated by green light (wavelength: 500–565 nm).

The bacterial community structure in the phyllosphere has received more attention than the fungal
community structure. Examples of the bacterial community structure of various greenhouse-grown
crops are shown in Figure 2. With respect to foliar pathogens, the focus in previous research has
been on alternative control of fungi using different wavelengths of light (light qualities), rather than
on bacteria [46–50]. However, different light technologies influence biotic and abiotic conditions in
the plant environment [51]. Modifications in the cropping environment, induced by light intensity
and quality and by daylength, influence the structure but also the function of the leaf-associated
microbiome [51–53]. Microbes switch lifestyle to adapt to light qualities, as a matter of life and death
(i.e., to enable metabolism, function, survival, growth, and nutrient acquisition) [50,52,53].
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Figure 2. Bacterial phyllosphere community structure of some greenhouse crops artificially illuminated
with high-pressure sodium lamps (HPS). Blue: sunflower, Helianthus annuus L. [51]. Orange: baby leaf
spinach (Spinacia oleacea); grey: rocket (Diplotaxis tenuifolia) [Alsanius, unpublished data]. (Illustration:
B. Alsanius).

In this review, we consider the impact of light quality on plant–microbe interactions in light of
current ecological theories and concepts. In particular, we focus on the following research questions:

(i) Which light-dependent plant processes and mechanisms are decisive for phyllosphere colonizers?
(ii) Which morphological plant characteristics are modified by light quality and consequently

influence the structure and/or function of the phyllosphere microbiome?
(iii) Which light-quality-dependent microbial processes and mechanisms affect plant traits?
(iv) Which ecological principles and theories apply to microbiome effects in the phyllosphere with

regard to artificial illumination?

2. Materials and Methods

In this literature review, we followed recommendations developed for systematic reviews and
meta-analyses [54] and covered the literature in a 30-year period (1988–2018). All keywords and
keyword combinations are listed in Table S1. Searches were performed in Web of Knowledge (WoK)
using all WoK databases (Web of Science Core Collection, Biosis Citation Index, CABI, Current Contents
Connect, Data Citation Index, Derwent Innovation Index, KCI-Korean Journal Database, MEDLINE,
Russian Science Citation Index, SciELO Citation Index, Zoological Record).

3. Abiotic Effects of Light on the Leaf Microbiota

3.1. Impact of Lighting Technology on Leaf Temperature, Leaf Moisture, and Humidity

The light environment affects the environment of the leaf surface in several ways. In greenhouse
conditions, the most profound effect on the leaf microbiota caused by artificial lighting is due to changes
in leaf microclimate [55]. Differences in the amount of infrared (IR) light emitted by different types of
light sources is the major cause of these light-source-dependent changes in the leaf microclimate [55].
Conventional high-intensity discharge (HID) lamps, including metal halide (MH) and high-pressure
sodium (HPS) lamps, emit most of their waste heat as IR radiation, radiated in the same direction as
visible light [55]. In contrast, LED-based light sources mainly produce sensible heat, which has to
be cooled away from the fixture using fans, heat sinks, or water cooling [55]. It is well-documented
that lighting using HID lamps results in higher leaf temperatures than lighting using LED lamps,
e.g., one study [56] reported 0.5–0.7 ◦C higher air temperature in the canopy in plants illuminated
with HPS lights compared with plants illuminated with LED lights [56]. Another study found that
air temperatures were around 1 ◦C higher within the crop stand of potted ornamentals when HPS
lighting was applied, compared with LED lighting [57]. Moreover, the relative humidity (RH) in the
canopy has been found to be around 5%-units lower when HPS lights are applied compared with LED
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lights [57]. Interactions between UV radiation and relative humidity have also been observed [58].
It was observed that attacks of powdery mildew in roses can be reduced to practically zero when
applying 24-h lighting, which has been explained by constant moisture conditions on the leaves
preventing conidia from germinating [59]. On the other hand, higher relative humidity (lower vapor
pressure deficit) is generally known to increase the incidence of infection and sporulation of Botrytis
cinerea [60]. The ambient air temperature also affects the incidence of Botrytis infection in tomato, with
an optimum at 15 ◦C [60].

A number of studies have also demonstrated lower leaf temperatures when using LEDs instead
of HPS lamps [58]. Leaf temperatures exceeding the ambient air temperature create air movement
within the canopy, thus removing humidity from the boundary layer of the leaf and supplying CO2 to
the boundary layer. Leaf temperatures higher than the ambient air temperature also eliminate the risk
of condensation on the leaf surfaces at dew point temperatures close to the ambient air temperature.

When producing plants in closed environments (i.e., plant factories), high leaf temperatures can
be a problem [61]. However, in greenhouse production, leaf temperatures during winter are often
sub-optimal due to losses of radiant heat through the greenhouse roof. The need for supplementary
lighting typically arises during periods of the year where the greenhouse also needs supplementary
heating due to low outdoor temperatures. In addition, increased light intensities should typically be
accompanied by higher ambient temperatures [62].

3.2. Effects of Ultraviolet (UV) Light

The amount of ultraviolet (UV) light emitted by light fixtures affects the conditions for microbial
growth on leaf surfaces. Greenhouse-covering materials normally filter out a large proportion of
the UV light, making the greenhouse a UV-deficient environment. In particular, conventional glass
panes filter out most UV light, whereas some plastic films have good transmittance of both UV-A and,
in some cases, UV-B light [63–65]. Conventional greenhouse HID fixtures normally emit negligible
amounts of UV light, but it is possible to supply UV light by using UV lamps [48].

3.3. Effects of Far Red (FR) Light

At the other end of the light spectrum, far-red (FR) light (710–850 nm) and particularly the
red-to-far-red ratio (R:FR photoequilibrium) of light perceived by phytochromes can strongly affect the
conditions for the leaf microbiota via physiological processes affecting plant architectural development,
flowering, photosynthesis, plant nutrition, and plant tolerance to biotic and abiotic stresses [58,66].
The R:FR ratio varies within the day (e.g., from 0.6 at the beginning and end of the day to 1.0–1.3 at
noon) and it is strongly reduced within the canopy (e.g., to 0.03). Greenhouse-covering materials, such
as FR-absorbing plastic film, also impact R:FR ratio (e.g., increasing it from 1.0 under natural light up
to 5.7) and plant development [67,68].

The spectral distribution of the light also has direct effects on photosynthesis and, thereby, the
availability to microbes of carbon sources within the leaf and on the leaf surface. The blue and red
parts of the spectrum are generally considered more efficient for photosynthesis than the yellow and
green parts [69]. However, more recent research suggests that green light with its better penetration
contributes significantly to photosynthesis in the deeper layers of the canopy [70]. Using light sources
emitting just red and blue light is, therefore, not recommended [71,72].

4. Plant-Mediated Effects of Light on the Leaf Microbiota

Light is one of the most important environmental factors affecting plant growth, development,
and metabolite content. Light within a broad spectrum range (400–700 nm) is essential for plant
photosynthesis, plant growth, and crop productivity, while specific light spectra trigger different
intracellular processes via diverse photoreceptors that modify gene expression, metabolism, plant
morphology, and functions [58,73–75]. Figure 3 summarizes plant processes affected by light that
can be targeted to promote beneficial phyllosphere components, contributing to greenhouse crop
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productivity and plant resilience to abiotic and biotic stresses. Modifications in plant architecture,
plant morphology, and plant physiology processes will then directly or indirectly impact the leaf
microclimate, such as leaf moisture and temperature, as well as habitat resource availability (e.g.,
carbon, nitrogen, and phosphorus compounds) for the phyllosphere microbiota. However, plant–light
interactions are often plant-species-dependent.

Figure 3. Plant processes affected by light that can be targeted to promote beneficial phyllosphere
components, contributing to greenhouse crop productivity. (Illustration: M. Dorais).

4.1. Plant–Light Interactions

4.1.1. Plant Architecture and Leaf Morphology

Modulation of light spectra (e.g., R:FR ratio) to control plant architecture and leaf morphology is a
well-known technique used by producers of ornamental plants to improve the shape and appearance
of their plants, while assimilation lighting (400–700 nm) of vegetables improves crop productivity.
However, both these artificial lighting regimens modify the canopy microclimate and plant structure.
Blue light controls cell elongation and is an essential signal for the plant to adjust its growth to the
surrounding light conditions [75]. Although light responses in horticultural crops differ between
genotypes, enhanced amounts of UV light generally increase the thickness of the leaf cuticle [64],
which in turn strengthens plant resistance to attacks from fungal pathogens [65,66]. However, for
other species and under other exposure conditions, UV radiation can increase plant susceptibility
to fungal pathogens [67,68]. A reduction in stem elongation as a result of UV exposure is often
observed in greenhouse crops [76], which in turn modifies the plant microclimate. For example, UV-A
and blue light increase shoot length and internode length in cucumber, but have the opposite effect
on tomato and no effect on rose, while UV-A reduces stem length in rose and internode length in
poinsettia [77–81]. Similarly, enrichment of natural and/or HPS light with blue and red light limits stem
length in ornamental crops [82]. In combination, UV-B and blue light reduce leaf area in cucumber,
leafy vegetables, and rose, while UV-B in combination with red light increases leaf area of pepper
compared with monochromatic red light [56,80,83–85]. Blue light also increases leaf mass area, leaf
and stem thickness, and shoot dry mass in cucumber [79,86,87], but reduces shoot dry mass in leafy
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vegetables [56,84], whereas UV-B increases leaf thickness in lettuce [85]. Plant responses to a light
spectrum may be within a small wavelength interval. For example, it has been shown that 430–450 nm
gives a greater leaf and stem growth increase in green perilla than 455–470 nm [88]. A combination of
blue, red, and far-red light increases dry matter in cucumber and tomato compared with HPS lamps,
particularly at a low blue:red ratio [89,90]. Exposure to UV light also alters epicuticular wax, which
protects the plant against pathogen invasion [91]. Additionally, it induces morphological changes
in trichomes of leaves [92]. Branching is often promoted by UV-B and blue light, while flowering
induction, precocity, and duration are species-dependent. Furthermore, elevated parts of far-red light
(lowered R:FR ratio) increase elongation of plants due to greater internode elongation [93], while a
high R:FR ratio results in plants with a compact growth habit [58], creating a more shaded and moist
leaf surface due to slower air movements within the canopy. However, plant ability to respond to R:FR
ratio (e.g., via phytochromes PHYA, PHYB) is variety- and species-dependent. Leaf expansion can be
promoted or inhibited by FR light [93,94], which may be related to competition for resources between
the leaf and stem growth or auxin-induced cytokinin breakdown in leaf primordia. A low R:FR ratio
may also decrease leaf mass per area and leaf duration, and cause leaf hyponasty and solar leaf tracking.
Reduced branching in many species due to inhibition of bud outgrowth via phytohormones (i.e., auxin,
strigolactones, cytokinins, ABA) has been observed under a low R:FR ratio. Flowering of many crops
is accelerated under a low R:FR [58], but this varies according to the species [95].

4.1.2. Photosynthesis

Plant growth and metabolite accumulation depend on photosynthesis, which is suboptimal at
very weak [96] or excessive light intensity [97]. Light intensity and light quality both have a very
strong impact on plant photosynthesis, while daylength may affect the plant circadian clock and
primary metabolism via cumulative carbon biomass. Plants modulate their photosynthesis pigments
to the prevailing light spectrum and intensity. Although species-dependent, the chlorophyll (chl)
content and the chl a/b ratio usually increase with blue light [77,86,98]. For different species, blue
and red light increase the plant content of carotenoids, such as lutein and β-carotene, while UV may
reduce it [84,89,99–101]. Blue light increases photosynthetic activity when used together with other
wavelengths, but reduces it when used alone [77,84,86], whereas UV-B decreases plant photosynthesis
efficiency [102]. Studies of several specific wavelengths (from 405 to 700 nm) on photosynthesis of
tomato, lettuce, and petunia plants have revealed higher photosynthesis with the blue region (range
417–450 nm) and red region (range 630–680 nm) than the green region (501, 520, 575, 595 nm) [103].
A blue and red light combination allows for higher photosynthetic activity than monochromatic light
of either, which can be harmful for plants [104,105]. Opening of the stomata, which are a natural
entry point for leaf microorganisms, is driven by blue light, although red light also promotes stomatal
opening. Blue light is also involved in chloroplast movement within the cell to increase photosynthetic
ability under different light conditions. An increased number of stomata and length of palisade tissue
cells have been observed under blue light compared with red or green light [87]. Higher numbers of
grana lamellae and more stacked thylakoid membranes have been observed in cucumber grown under
low blue light radiation [98]. Blue light also prevents accumulation in the chloroplasts of starch grains,
which block the incoming light. In addition to its effect on leaf area, leaf orientation, and leaf branching,
thereby modifying crop photosynthesis, a low R:FR ratio may reduce stomatal conductance, stomatal
density, chlorophyll content, chloroplast development, thylakoid structure and protein composition,
and the activity of some enzymes of the Calvin cycle [58]. As FR light negatively affects root hair
density, mycorrhizal colonization, and ATP formation, the R:FR ratio influences plant mineral nutrition.
Moreover, a low R:FR ratio promotes nutrient allocation to the shoot at the expense of roots [58].

4.1.3. Primary and Secondary Metabolism

The light spectrum also influences the accumulation of plant primary and secondary
metabolites [106]. For example, accumulation of soluble sugars, starch, soluble protein, and polyphenols
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is higher when crops are grown under monochromatic red or blue than white light [107–113], which
may impact the phyllobiome. Indeed, the phyllosphere microbiota uses leaf surface resources, such as
amino acids, carbohydrates, and organic acids, passively leaked by plants [114]. A combination of red,
blue, and white light enhances soluble sugar and nitrate concentrations in basil plants [115]. However,
a low R:FR ratio downregulates the activity of the key enzymes involved in nitrogen assimilation
(nitrate reductase, nitrite reductase, and glutamine synthase), which may impact cell metabolism [58].
Blue light and mixtures of red, blue, and green light increase ascorbic acid accumulation in leafy
vegetables [84,116,117], while UV-A may reduce ascorbic acid content [118]. Anthocyanin leaf content
is usually promoted by UV-A, UV-B, and blue light [75]. In particular, UV-A, blue, and red light increase
the anthocyanin level in leafy vegetables, while green light reverses blue-light-induced anthocyanin
accumulation [94,118–120]. Sulfur-containing secondary metabolites, such as glucosinolate, which can
protect the plant against predation and pathogens, may also be promoted by blue light or a mixture
of red, blue, and green light [121–123]. The R:FR ratio also impacts accumulation of phenolics in
different species [115,124]. In addition, light affects the synthesis, profile, and emission of volatile
organic compounds (VOCs) by plants, which increases plant attractiveness to plant parasitoids and
orientation of predators [124,125]. Release of VOCs from leaves increases when they are exposed to
UV, white light, or a low R:FR ratio, although this effect may be species-specific.

4.1.4. Plant Defense Mechanisms

Light, such as UV-B, affects several plant hormones, notably jasmonate (involved in response to
attack by necrotrophic pathogens) and salicyclic acid (involved in response to attack by biotrophic
microbial pathogens), that coordinate the plant immune response to environmental stresses [66]. Blue
light also induces pathogenesis-related gene expression [126], while red light induces salicylic acid
content and expression of salicylic-acid-regulating PR-1 and WRKY genes in pathogen-inoculated
cucumber plants [127,128]. On the other hand, a low R:FR ratio resulting in high plant population
or plant shading may affect plant immunity, which has been linked in some species to reduced
transcription of salicylic-acid-responsive genes or to decreased jasmonate sensitivity and reduced
biosynthesis of tryptophan-derived secondary metabolites [129,130]. In particular, a low R:FR ratio
inhibits salicylic acid and jasmonic-acid-mediated disease resistance in Arabidopsis plants [130,131].
Furthermore, a low R:FR ratio may induce high levels of gibberellin and auxin, which are involved in
internode elongation, while gibberellin and ethylene are implicated in petiole extension [58,132].

Light spectrum has a strong effect on the antioxidant properties of horticultural plants [109,110,
133–136]. For example, UV-B light can cause plant DNA damage, resulting in a cascade of protective
events, such as flavonoid synthesis and expression of chalcone synthase genes and photolyase
genes [75]. However, UV-B may have no effect or may reduce flavonoid accumulation in some
species [100]. Compared with white light, blue and red light increase the activity of various reactive
oxygen species (ROS)-scavenging enzymes and reducing substances (reduced glutathione (GSH) and
ascorbic acid (ASA)) [137], which play an important role in plant defense mechanisms against plant
pathogens in species such as tomato [138]. In tomato, blue light promotes leaf accumulation of proline,
polyphenolic compounds, and antioxidants, and ROS scavenger activities, which might be partly
related to inhibition of gray mold disease. On the other hand, red- and green-light-treated tomato
plants have been shown to exhibit lower proline content [110]. Light of specific wavelengths (UV, blue,
red) also promotes synthesis of stilbenic compounds compared with white light [46,139,140]. Stilbenes,
which are low-molecular-weight phenolics, play an important role in plant defense responses by
overcoming fungal pathogen attacks [110,141]. Similarly, red light induces cinnamic acid synthesis and
increases plant resistance via the tryptophan and phenylpropanoid pathways [142]. Moreover, high
gamma-aminobutyric acid levels are promoted by plant UV-B exposure, resulting in higher bacterial
diversity in the phyllosphere and lower plant resistance to fungal disease [143]. On the other hand,
plants exposed to a low R:FR are more sensitive to pathogens due to changes in leaf morphology,
chlorophyll content, and downregulation of jasmonate and salicylic acid [58,66].
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4.2. Direct Plant–Microbe Interactions Induced by Light

Physiological changes in the plant caused by different light qualities have a major impact on
the phyllosphere microbiota. In sunflower plants grown under HPS lamps, white LEDs, or red:blue
(80:20 ratio) LEDs, it has been shown that the fungal communities are more affected than the bacterial
communities by different light qualities [51]. Although that study did not investigate whether the
effects on the microbiota are direct or indirect, other research (presented below) suggests that the effect
is often caused by physiological alterations in the plant.

4.2.1. Leaf Leachate

The availability of organic carbon as a prerequisite for microbial colonization in the phyllosphere
has been surveyed in several reviews [28,30,36,37]. Microbial phyllosphere communities are limited
first by availability of organic carbon sources and only second by availability of organic nitrogen
sources [37]. Although the phyllosphere is often characterized as a habitat lacking in nutrients, leaves
exude a wide range of carbon compounds, such as carbohydrates, amino acids, organic acids, and
sugar alcohols [30]. The availability of these nutrients is highly dependent on photosynthesis, which in
turn is highly dependent on light quality and intensity. Leaching of nutrients across the leaf surface
occurs in the presence of liquid water, but can also be increased by the phyllosphere microbiota
through microbially produced biosurfactants [28]. The most abundant compounds in leachate are
photosynthetic compounds, such as glucose, fructose, and sucrose [144,145]. However, the glandular
trichomes, which are important sites of leaching, also secrete proteins, oils, secondary metabolites, and
mucilage [36,146–148]. Use of red, or red plus blue, LED light has been shown to increase the amount
of soluble sugars and proteins in a wide range of plants, as mentioned earlier. This physiological
change in the plant, caused by choice of artificial light source, changes the carrying capacity of the leaf
and governs which microorganisms are favored by the increase or decrease in compounds specific for
their survival. While the microbial community as a whole can utilize a wide range of compounds for
colonization and growth, a single microbial species can be quite specific in its metabolism. For example,
substrate profiling of Pseudomonas syringae has shown that this bacterium uses a restricted number
of sugars, organic acids, and amino acids [149]. This implies that, with increased knowledge of the
metabolic patterns of specific microorganisms, light could be used as a management tool, not only for
plant growth, but also in order to favor microbial species of importance.

4.2.2. Light-Triggered Pathways

While light within the spectral wavelength from 300 to 800 nm can have an effect on plant growth
and development, red light seems to have the largest impact relating to defense against microbial
pathogens by triggering both plant defense genes and hormonal pathways. The composition of the
phyllosphere microbial community is driven by a wide range of factors. However, the plant immune
system is thought to play a major role in shaping the community composition. It has been shown
that triggering of the salicylic acid pathway leads to reductions in both diversity and population sizes
of endophytic bacteria, while epiphytic bacteria are not measurably affected, and that Arabidopsis
thaliana plants deficient in the jasmonic acid pathway host a greater epiphytic bacterial community
diversity [150]. For horticultural species, red and green light have a positive effect on tomato seedlings,
with less infection by Pseudomonas cichorii JBC1 compared with white light or dark treatment [151].
A similar result was observed for cucumber plants infected with powdery mildew (Sphaerotheca
fuliginea) and exposed to red light, while no effect was found under green light [128]. This decrease in
infection level was related to the upregulation of the defense gene phenylalanine ammonia lyase (PAL)
and pathogenesis-related protein 1a (PR1a) under red or green light treatments [151]. This leads to the
conclusion that light significantly alters the activation of defense-related genes. Differences in results
between different studies, however, imply that use of light treatment for control of pathogens has to be
customized to the plant–pathogen system.
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Downregulation of the salicylic acid and jasmonic acid pathways when plants compete for light
against other plants (i.e., a low R:FR ratio) means that the plants become more sensitive to pathogen
attack, as shown with Botrytis cinerea in Arabidopsis [129]. This plant response to a low R:FR ratio has
also been reported elsewhere [130]. A low R:FR ratio can be avoided in the greenhouse by spacing out
the plants, allowing for more light to enter the lower parts of the canopy. While a high R:FR ratio leads
to pathogen susceptibility, use of red light leads to activation of the salicylic acid pathway-mediated
systemic acquired resistance (SAR) in Arabidopsis, making the plant more resistant to Pseudomonas
syringae pv. tomato [152]. A study on rice has also shown increased resistance to disease, specifically
Bipolaris oryzae, when rice plants are subjected to red light, with an increasing level of resistance being
demonstrated with an increasing dose of red light [142]. However, in rice plants, disease resistance
is mediated through the tryptophan and phenylpropanoid pathways, and not by the salicylic acid
pathway as suggested in Arabidopsis.

4.2.3. Changes in Leaf Physiological Characteristics

Leaf surface properties have a large impact on the establishment and survival of phyllosphere
microorganisms [36]. The thickness of the adaxial epidermis layer has been found to be one of the
three most important leaf attributes governing the plant–microbe system, where an epidermal layer
thicker than 20.77 μm results in lower microbial colonization rates [153].

Changes in epicuticular wax layers and epidermal tissues, in particular, can emerge as consequences
of subjecting plants to different light qualities [127]. A difference in effect on leaf morphological
characteristics depending on light quality has also been seen between sun-exposed and shaded leaves,
with sun-exposed leaves having a thicker cuticle than shaded leaves [154]. It has been suggested that
UV-B radiation is the factor responsible for a thicker cuticular wax layer on the leaf surface, with e.g.,
increased irradiation with UV-B, increasing the wax layer in cucumber, pea, and barley by 25% [155].
A thicker wax layer prevents, or at least delays, pathogen infection, especially for fungal pathogens
that use direct penetration as a means of infection. In a detached leaf assay using soybean, it has been
shown that disease severity of soybean rust (Phakopsora pachyrizi) is negatively correlated with amount
of epicuticular wax and that the leaves at the top of the canopy have a higher amount of wax than
leaves in middle and lower levels [91].

5. Light-Quality-Mediated Effects on the Leaf Microbiota

Biofilm is a natural way for microorganisms to co-exist on a surface or interface, enclosed in a
exopolysaccharide matrix produced by the microbes themselves [156]. Regardless of whether the
microorganisms concerned are human or plant pathogens or microbes used as biocontrol agents (BCA),
their efficiency depends on how well they establish and survive on a surface. Environmental factors,
such as temperature, humidity, and light, are important factors that shape microbial communities.
Biofilms protect microbes against antibiotics and harsh environmental factors and maintain nutrient
availability [156]. To date, bacteria have been regarded as non-phototrophic organisms and insensitive
to light. Only phototrophic bacteria were known to react and respond to light. However, light has
been shown to affect bacterial decisions to change from a planktonic single cell motile lifestyle to a
surface-attached lifestyle in a multicellular community as biofilm [157]. This is supported by the fact
that some of the photo receptor proteins also control mechanisms involved in biofilm formation and
these receptors are linked to the GGDEF and EAL protein domains, which are involved in the transition
from a planktonic to a sessile life style [158].

5.1. Leaf Pathogens

Irrespective of their growing site (nature, field stand, or controlled environment), plants can be
attacked by plant diseases. Amongst the fungal pathogens, grey mold (Botrytis cinerea), powdery mildew
(Podosphaera spp.), and downy mildew (Peronospora spp.) are often reported in major greenhouse crops,
such as tomatoes, cucumber, strawberries, and ornamental plants (e.g., grey mold in tomato [110];
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powdery mildew in strawberries (Fragaria X ananassa), [159,160] and roses (Rosa spp.) (P. pannosa) [49];
downy mildew (Pseudoperonospora cubensis) in cucumber [47]). Different bacterial species, for example
Xanthomonas spp. and Pseudomonas spp., can also cause severe damage to plants [50,161,162]. The idea
of using light as a strategy to control leaf pathogens is not new, e.g., 20 years ago, greenhouse
experiments with blue-pigmented photoselective sheets showed that these inhibited sporulation and
colonization of downy mildew on cucumber [47]. Light regulates biofilm formation, attachment,
motility, and virulence of both fungal and bacterial plant pathogens (Table 2), factors which are crucial
for establishment on the leaf surface.

Table 2. Summary of different microorganisms, the photoreceptor/s they contain, and the physiological
response to different light spectra.

Organism
Light

Quality
Wave

Length (nm)
Photoreceptor

Photoreceptor
Architecture

Effect Ref.

Acinetobacter
baumannii Blue 415 BLUF, LOV EAL-GAF-GGDEF-

LOV-GGDEF

Biofilm formation,
metabolism,
virulence

[163]

Bacillus
amylolique-faciens

Red
Blue

645
458 LOV LOV-STAS

Swarming
motility, biofilm
formation,
antifungal activity

[164]

Botrytis cinerea Blue 405 PHY, LOV PAS-GAF-PHY-HK
LOV-PAS, short LOV

Inhibited mycelial
growth, virulence [165]

Pseudomonas
aeringiunosa Blue 405 PHY, LOV PAS-GAF-PHY-kinase

Short LOV
Survival,
virulence factors [166]

P. cichorii Green NI LOV HATP-HisKA-LOV-RR

Siderophore and
phytotoxic
lipopeptide
production

[167]

P. syringae
Red/Far-red

Blue
White

680/750
470 PHY, LOV

PAS-GAF-PHY-kinase
HATP-HisKA-LOV-RR

Short LOV

Decreased
swarming motility [50]

Podosphaera
pannosa Blue 420–520

Reduced
germination and
conidia formation

[49]

Serratia
marcescens

Blue
White 470 Antibiotic

production [168]

Sphaerotheca
fuliginea Red NI 1 Disease

suppression [127]

Staphylococcus
aureus Blue 405, 470 Growth [169]

Trichoderma
harzianum Blue NI Induced gene

expression of phr1 [170]

Xanthomonas
axonopodis

Light/
dark

PHY, LOV,
BLUF

PAS-GAF-PHY-PAS
LOV-HK

Motility, adhesion,
biofilm formation [161]

Xanthomonas
campestris

Red/
Far-red

Blue
White

NI PHY, LOV PAS-GAF-PHY-PAS
HATP-HisKA-LOV-RR Growth, motility [162]

1 NI = not indicated.

Implementation of LED light as an environmentally friendly tool in indoor production has
increased in recent years. In this context, it has been shown that light quality has an impact on growth
and development of the conidia of P. pannosa, which causes powdery mildew disease on roses [49].
Blue light (420–520 nm) was observed to decrease conidial growth in that study, while far-red light
(575–675 nm) had the opposite effect, i.e., it increased pathogen growth. However, the same study
could not demonstrate a reduction in conidia development when roses were grown with 18 h daylight
complemented with 6 h of blue or red light [49]. Exposure to blue light has been demonstrated to
increase the antioxidant and polyphenolic content in tomato plants and thereby control the attachment
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of Botrytis cinerea [110]. Moreover, a study on cucumber plants indicated that light quality affects
incidence of powdery mildew and expression of defense-related genes [127]. Bacterial infection
in plants can also be suppressed by light of different quality, e.g., green light reduces phytotoxic
lipopeptide and siderophore production in Pseudomonas cichorii, which might affect survival of this
plant pathogen [167]. In Xanthomonas spp., light quality has a negative impact on motility, and,
thus, host colonization [161,162]. Swarming motility in Pseudomonas syringae is suppressed under
light conditions (white, blue, red plus far-red) compared with dark treatment, but different light
qualities (white, blue, red plus far-red) also have differing effects, with blue light promoting swarming
motility [50].

5.2. Microbial Biocontrol Agents

As is the case for deleterious microorganisms, such as pathogens, plant-health-promoting
biocontrol agents are also affected by the light regime provided under controlled conditions. A successful
BCA should exhibit (i) several antifungal or antibacterial (antagonistic) properties, (ii) ability to spread
on the plant surface after application, and (iii) capacity to establish in existing biofilms. However,
very little is known about how different light regimes affect BCA when it comes to establishment in
the plant canopy. One study demonstrated that, in Serratia marcescens, antibiotic pigment prodigiosin
concentration in bacterial cells decreases under white and blue light (470 nm) conditions, but growth
is not affected [168]. The same study showed that red and far-red light have no effect on the
concentration of prodigiosin [168]. Another study [170] isolated the photolyase gene (phr1) from
Trichoderma harzianum, a common soil fungus used as a BCA against phytopathogenic fungi [171] and
investigated expression of phr1 when exposed to blue light. Their results showed that gene expression
of photolyase (phr1) is induced very rapidly in both mycelia and conidiphores, and that light induces
development of pigmented resistance spores as well as expression of phr1 [159]. Bacillus amyloliquefaciens
is another BCA often used in horticulture against soilborne and post-harvest pathogens. In this species,
all light quality except blue light affects growth, swarming motility, biofilm formation, and antifungal
activity positively [164]. Red light (645 nm) increases biocontrol efficacy and colonization of BCA
on fruit surfaces, while blue light (458 nm) has a negative impact on growth, motility, and biofilm
formation [164].

5.3. Molecular Interactions

For many years, only phototrophs were considered to respond to light in order to find an optimally
illuminated environment for harvesting solar energy [172]. However, the increasing number of papers
on bacterial whole genome sequencing has now revealed a large number of putative genes coding
for photoreceptor proteins distributed among several taxa. During bacterial evolution, bacteria have
evolved photoreceptor proteins that can detect visible light in the environment, in order to protect
themselves from damaging UV radiation [172]. Bacteria can also respond to light by switching between
the single cell planktonoic lifestyle and the multicellular life style of bacterial communities known as
biofilms [173]. Six classes of photoreceptors have been identified in the bacteria photosensory system,
based on their structure of their chromophore. These are: cryptochrome, rhodopsin, phytochrome,
photoactive yellow protein (PYP), light oxygen voltage receptor protein (LOV), and blue light sensing
protein using FAD (BLUF) [172].

Cyclic di-guanosine monophosphate (c-di-GMP), a key role player in the bacterial signal
transduction system, regulates bacterial behaviors, such as biofilm formation, virulence, and production
of adhesion proteins [174]. It is produced from diguanylate cyclases (DGCs) and is then broken down
to 5′-phosphoguanylyl-(3′-5′)-guanosine (pGpG) through hydrolysis by phosphodiesterases (PDEs).
Of these, DGCs are associated with the GGDEF photoreceptor domain and PDEs with the EAL
domain [175]. Both are involved in light-sensing processes, together with the LOV and BLUF
domains [157,158].
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Two photoreceptors are involved in blue light sensing in plants and in microbes, namely LOV and
BLUF. Both these protein domains have been shown to control attachment, multicellularity, production
of adhesion proteins, and virulence (Table 2). Therefore, blue light has been shown to be a promising
candidate to combat bacterial and fungal infections in medical science. For example, several studies
have reported bactericidal effects on Pseudomonas aeruginosa and Staphylococcus aureus when exposed
to 405 nm light [169]. Furthermore, exposure of methicillin-resistant Staphylococcus aureus to 405 and
470 nm light has been shown to bring about a significant reduction in growth [176]. Similar findings
have been made in a study on bacteria involved in clinical infections, where both planktonic and
bacterial biofilm proved susceptible to blue light, with significant reductions in viability for all tested
strains [177]. Blue light exposure in horticulture has been shown to have negative effects on both bacteria
and fungi (Table 2). However, blue light conditions have been reported to enhance disease attack
caused by the fungus Sphaerotheca fuliginea [127]. In Pseudomonas syringae, it has been demonstrated
that light decreases the swarming motility and that this is regulated by bacteriophytochrome and
LOV-HK (Light Oxygen Voltage-Histidine Kinase) [50]. In the plant pathogen Xanthomonas axonopodis,
LOV is activated by blue light and may be involved in the control of bacterial virulence [161].

All these studies show that light quality has an impact, one way or another, on the behavior
of microorganisms. For this to occur, the organism needs to perceive and transmit the signal,
which is done by photosensory proteins. As mentioned above, the BLUF and LOV photoreceptor
domains are involved in blue light sensing. The LOV domain belongs to the PAS (Per-ARNT-Sim)
superfamily connected in a network of conserved domains (GGDEF, EAL, PAS, GAF (cGMP-specific
phosphodiesterases, adenylyl cyclases and FhlA), HK, HisKA (histidine protein kinases), and STAS
(sulfate transporter and anti-sigma factor antagonist)) [178]. A very extensive bioinformatics study
of photoreceptors across kingdoms has been conducted [178]. According to their data for bacteria,
different groups of protein architecture dominate across different phyla. Within the Proteobactería, the
combinations EAL-GAF-GGDEF-LOV-PAS and EAL-GGDEF-HAMP-LOV-PAS are the most abundant
architectures of photoreceptor proteins, together with HATP-HisKA-LOV. Within the Firmicutes, the
combination STAS-LOV is the most common architecture. Across all investigated phyla [169], there are
short (150 aa) LOV proteins that can stand alone with a highly conserved motif of five amino acids with
a cysteine at position 54 that forms the cysteine–flavin assembly during the LOV photocycle, which is
also involved in sensing blue light [179]. The BLUF domain control functions such as photosystem
synthesis, biofilm formation, and both swarming and twitching motility [180,181]. It is widespread
across the bacterial kingdom, but in anoxygenic and plant-associated species BLUF proteins are not as
abundant as LOV proteins. For example, BLUF proteins have not been recovered from Firmicutes,
Chloroflexi, or EuArchaea, which instead only carry genes encoding LOV proteins [158]. In many
species, BLUF seems to act alone. In Escherichia coli, Klebisella pneumoniae, and Magnetococcus sp., BLUF
is combined with EAL [158,173]. The BLUF-EAL protein YcgF in E. coli acts as a direct anti repressor in
a blue light response, which in turn activates other proteins important for biofilm formation [182].

Photoactive yellow protein (PYP) is a blue light sensor protein first discovered in halophilic
purple phototrophic bacteria [183]. With the increasing number of whole genome sequencing
studies, there have been reports of PYP proteins in bacteria other than phototrophs, mostly within
in Proteobacteria [184]. Photoactive yellow protein is small, only 125 amino acids long, and is often
present as part of the PAS domain [185]. Studies have shown that PYP serves as a photosensor for
negative phototaxis [186].

6. Discussion

Day length, light intensity, and light quality affect plant architecture and morphology, plant
growth, and plant development. Lighting is a crucial tool for greenhouse horticulture and plant
production in controlled environments. It plays a central role for the microclimate in the crop stand,
e.g., temperature and relative humidity. Light-related effects on the crop can be direct or indirect.
The potential of the plant microbiome to influence crop growth and development and the ability to
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withstand abiotic and biotic stress has been repeatedly highlighted [28,187,188]. Microbiome-based
tools and prediction models have been suggested [187]. Despite the importance of light and illumination
in greenhouse horticulture (Figures 2 and 3) and the increasing interest in the phyllosphere microbiome,
light-associated factors are only occasionally receiving the attention they deserve in experimental
settings or in applied contexts (Figure S3).

At present, knowledge on the influence of light, especially light quality, on phyllosphere–microbe
interactions resembles a random mosaic in an otherwise vast field, as previous studies have tended
to consider either the behavior of a specific target organism or expression of a light-related gene or
receptor, or big metagenomics datasets with limited functional information. To bring phyllosphere
studies within the scope of ecological principles and theories, the presence and also the function
of microorganisms need to be highlighted. However, it is of utmost importance to discriminate
between mechanisms and processes that can be abstracted and those that cannot. In this context, the
pathosystem deserves particular attention. In the present literature review, we focused on interactions
between selected plant and human pathogens and light quality and considered some of the molecular
mechanisms involved. However, in planta studies are rare and often lack sufficient characterization
of the growing environment. To understand the interactions between light, especially light quality,
plant/crop stand, and microbiome, critical experimental conditions and physiological processes need to
be continuously monitored. This requires such disciplines as crop physiology and microbiology/plant
pathology to engage with common phenotypic platforms.

The composition and amount of microbially available organic nutrients, a suitable microclimate
with respect to temperature and humidity/moisture, and niches providing shelter from deleterious
irradiation and unintentional predation are key properties of a suitable microbial phyllosphere
environment. Thus, mechanisms affecting these key properties will decide colonization density and
composition. Light quality directly or indirectly influences many of these processes (see Figure 2).
In this regard, nutrient sources available in the phyllosphere can serve as an example. A few studies
have examined the composition and quantity of leaf lysates [144,189,190] and interactions between
organic nutrients and microbial proliferation [145]. Two recent studies considering almost 400 different
nutrient sources have indicated that the nutritional preferences of some phyllosphere colonizers change
in the presence of different light qualities [52,53]. The utilization of compounds themselves, but also
their use within carbon, nitrogen, or sulfur metabolism, is moderated in the presence of different light
qualities, and, consequently, the secondary metabolites are also moderated. At present, the focus has
been on light qualities of major importance for plant photosynthetic activity (blue, red) in such studies.
To the best of our knowledge, the impact of other light spectra on microbial utilization of nutrients has
not been investigated. Such information, as well as transcriptomics data on the phyllosphere microbial
community, needs to be provided, along with plant and environmental monitoring data, in order to
reveal the impact of light quality and to assess the potential of light as a tool for habitat management.

The deleterious impact of certain light qualities on plant pathogenic fungi has been investigated
since the late 1990s [47], with particular focus on commercially important pathogens (e.g., grey mold
and powdery and downy mildew). In contrast to studies on bacteria, these fungi studies primarily
concentrate on the disease incidence, while rarely analyzing underlying molecular mechanisms. Such
information is needed for non-pathogenic and pathogenic fungi (for endophytic and ectophytic
phyllosphere bacteria) in order to implement light quality strategies into greenhouse horticulture and
controlled environment production systems. Overall, studies on new, non-chemical control strategies
for leaf pathogens are of substantial interest in the development of sustainable horticultural indoor
production systems.

It has been suggested that the phyllosphere be used as a platform for the testing of ecological
principles [77]. Different literature reviews [187,188] have proposed ecological theories and principles
relating to the phytobiome. Given a multidisciplinary and systematic approach, the theories and
principles depicted in Table 3 could contribute to a better understanding of light–phyllosphere
interactions in greenhouse horticulture and to the development of sustainable growing practices.
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Table 3. Ecological theories and principles of interest to use in light-assisted phyllosphere studies.

Theory/Principles Modes of Action Potential Research Questions
Light Spectra

of Interest

Niche theory

Priority effects
Pre-emptying of space and
resources by the first
arriving species Heterotrophic utilization of leaf

lysates/organic compounds and their
impact on secondary metabolites

B 1, G 2, Y 3,
R 4, R:FR 5

Competitive
dominance

Dominance due to efficient
resource use under prevailing
stable conditions

Niche partitioning Coexistence

Light-quality-associated impact on
biofilm community structure
Bacterial–fungi symbionts/Suitable
microbe combination
Plant–microbe and
microbe–microbe compatibility

B, G, Y, R, R:FR
B, R:FR

Storage effect
Coexistence of microbes
within the same ecological
community

Storage effects in non-phototrophic
non-spore-forming bacterial
leaf colonizers

B, G, Y, R, R:FR

Niche modification Invasion of leaf interior Light quality as a driver towards an
endophytic lifestyle B, G, Y, R, R:FR

Biofilm formation Light quality as a driver for switch from
planktonic to biofilm lifestyle

Complementarity

Diversification of resource
requirements leading to less
competition between
interspecific than
conspecific neighbors

Mechanisms of coexistence under various
light qualities B, G, Y, R, R:FR

Resource-based
interactions

Resource
competition

Heterotrophic utilization of leaf
lysates/organic compounds and their
impact on secondary metabolites in
microbial aggregate communities

B, G, Y, R, R:FR

Phenotypic
plasticity

Formation of different
phenotypes under various
conditions

Complementary microbe pair for
stimulating plant growth and
pathogen control

B, R:FR

1 B = blue, 2 G = green, 3 Y = yellow; 4 R = red; 5 R:FR = red:far red.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-7524/5/2/41/s1:
Figure S1: Relative spectral output from three different light sources: HPS lamps (Philips Master 400 W), fluorescent
tubes (Sylvania TLD840 58 W), and LED lights (Valoya B150, spectrum AP673L 144 W). Figure S2: Number of
publications considering the topic ‘supplementary lighting in greenhouse horticulture’. The literature search
considered three keyword combinations, namely artificial lighting*greenhouse*horticulture (102 publications),
supplementary lighting*greenhouse*horticulture (201 publications), and artificial illumination*greenhouse*
horticulture (21 publications) and was performed in Web of Knowledge (WoK) using all WoK databases (Web of
Science Core Collection, Biosis Citation Index, CABI, Current Contents Connect, Data Citation Index, Derwent
Innovation Index, KCI-Korean Journal Database, MEDLINE, Russian Science Citation Index, SciELO Citation
Index, Zoological Record). The literature search was restricted to 30 years (1988–2018) (dates of performance:
November 19 and 20, 2018). Figure S3: Description of light conditions in study output considering the keyword
combination “phyllosphere*greenhouse*horticulture”. The search was restricted to 30 years (1988–2018) and
entailed 27 publications conducted under greenhouse, climate chamber, or polytunnel. The survey was performed
in Web of Knowledge (WoK) using all WoK databases (Web of Science Core Collection, Biosis Citation Index,
CABI, Current Contents Connect, Data Citation Index, Derwent Innovation Index, KCI-Korean Journal Database,
MEDLINE, Russian Science Citation Index, SciELO Citation Index, Zoological Record). Values indicate percentage
of studies stating or avoiding information on environmental conditions (relative humidity, temperature), light
conditions (day length, light intensity) and use of supplementary lighting, as well as control of description of light
spectrum in the plant stand. The proportion of publications discussing the impact of light on the results obtained
was also determined (3.9% corresponds to one publication) (dates of performance: November 19 and 20, 2018).
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Abstract: Leek (Allium porrum) is known for its high antioxidant activity and the ability to accumulate
significant amounts of potassium and iron. We assessed yield, quality indicators, antioxidants and
elemental composition of nine leek cultivars grown in greenhouses under organic or conventional
systems in the Moscow region. The management system did not affect yield, which attained the
highest value with the cultivar Giraffe and the lowest with Premier and Cazimir. Pseudo-stem
dry matter and sugars were higher with organic management, whereas nitrate concentration was
higher with conventional management. The cultivars Vesta and Summer Breeze showed the highest
dry matter and total sugar content, whereas Goliath had the highest antioxidant, selenium and
potassium concentrations. Among the antioxidants, ascorbic acid attained higher values with
organic management. The antioxidant system of leek was characterized by highly significant
positive correlations between: Se and polyphenols, Se and ascorbic acid, Se and K, ascorbic acid and
polyphenols, ascorbic acid and K, polyphenols and K (r = 0.94, 0.94, 0.95, 0.94, 0.95, 0.96, respectively,
at P ≤ 0.001). Negative correlations were recorded between leaf and pseudo-stem Se and between
leaf and pseudo-stem polyphenols (r = −0.922 and −0.976, respectively, at P ≤ 0.001). Among the
mineral elements, only K was significantly affected by the management system, showing a higher
content in organically grown pseudo-stems. Varietal differences in pseudo-stem element composition
showed strong positive correlations of: Al with As, Co, Li, Pb and V; Cr with I, Mg, Si, Ca; V with
As, Co and Fe; negative correlations of Se with Cr and I. Compared to related species such as
garlic (A. sativum), leek accumulated levels equal to garlic of K, Mg, P, Cd, Cu, Mn, Se, Zn, lower
levels of Si and significantly higher amounts of Ca, Na, Al, As, Cr, Ni, Pb, Sr, V, Sn, B, Co, Fe, I, Li.
The strong relationships between quality, antioxidant and mineral components in leek plants may
give wide possibilities in breeding programs for both conventional and organic management systems
in greenhouses.
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1. Introduction

Among Allium species, leek (A. porrum), garlic (A. sativum) and onion (A. cepa) are the most widely
used for human consumption. The greatest production of leek is in Indonesia and Turkey, with France
and Belgium being major producers in Europe.

Popularity of leek is connected not only with its high nutritional value but also with its wide
spectrum of biological activities, primarily due to a high antioxidants content [1–5]. Leek shows
antimicrobial, cardio-protective, hypocholesteremic, hypoglycemic and anticancer activities [6,7].
Leek consumption is known to improve liver and gastro-intestinal tract functioning, quicken metabolic
processes, to be useful in rheumatism treatment, to decrease blood pressure, to protect against
anemia, to enhance brain activity, to inhibit platelet aggregation and to prevent neural tube defects [3].
Moreover, consumption of A. porrum edible parts reportedly decreases the risk of prostate, colon,
stomach and breast cancers [8,9]. Antimicrobial effects of leek have been recorded both against
gram-positive (Bacillus subtilis, Streptococcus pneumonia, Staphylococcus aureus) and gram-negative
bacteria (Escherichia coli, Proteus vulgaris, Pseudomonasaeruginosa) [10]; and, antifungal activity has also
been reported [11,12].

The most important biologically active compounds contained in leek are polyphenols [5,13],
glucosinolates, S-alkenyl-L-cysteine sulfoxides, and pectic polysaccharides, each showing immune
stimulating activity [1,14,15]. Polyphenol content in A. porrum is comparable with the A. ascalonicum
(shallot) and significantly exceeds that of A. sativum, A. cepa [16], A. schoenoprasum (chive) and
A. tuberosum (garlic chive) [13]. The nutritional value of leek is also correlated with the high content of
potassium and iron [17].

Protected cultivation is reportedly preferred for organic horticulture [18], as the latter is more
susceptible to the environmental unbalances caused by less intensive management and, in addition,
organic vegetables have higher market prices than the conventional ones, which results in a higher
income for farmers.

The evaluation of varietal differences in accumulation of biologically active compounds as well
as macro- and micro-elements by leek plants is of interest, both for identifying the characteristic
interrelations between the components and for carrying out breeding for high concentrations of
biologically active compounds. Despite several studies devoted to assessing leek biochemical
characteristics and their role in disease treatment, there is some variation among studies concerning
varietal differences in biologically active compounds [19] and their elemental composition [17].

Due to research lacking on the aforementioned topics, we have carried out a study to assess the
effect of both cultivar and conventional versus organic management on leek yield, quality, antioxidant
content and elemental composition of leek grown in greenhouses.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

Leek was grown in a greenhouse at the experimental fields of the Federal Scientific Center of
Vegetable Production, in Odintsovo (Moscow, Russia, 55◦39.51′ N, 37◦12.23′ E) in 2015 and 2016 on a
clay-loam soil, with a pH 6.8, 2.1% organic matter, 108 mg kg−1 N, 450 mg kg−1 P2O5, 357 mg kg−1 K2O,
and exchangeable bases sum ≤95.2%. Monthly mean temperature and relative humidity values from
May to October were 13.0, 16.1, 19.8, 18.6, 12.3, 6.4 ◦C and 59.1, 63.8, 69.7, 72.4, 79.1, 81.0% respectively.
The experimental protocol was based on a factorial combination of two management systems (organic,
conventional) and nine cultivars (Goliath, Summer Breeze, Premier, Casimir, Kalambus, Camus, Vesta,
Giraffe, Bandit), using a split-plot design with three replicates of each cultivar by management system.

Seed was sown on 5 December in 8 × 8 cm trays and the plantlets were transplanted to the
field on 14 May, spaced 15 cm within rows, with rows 40 cm apart. Leek crops were preceded by
organically-grown vegetables in the previous four years, including carrot, bean, rape and pea. Prior to
planting, the soil was ploughed to a 30 cm depth, hoed to 15 cm, and fertilized with 180 kg ha−1 N,
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80 kg ha−1 P2O5 and 120 kg ha−1 K2O. During plant production, 40 kg ha−1 N were supplied three
times at two-week intervals and, in the last N application, 7 kg ha−1 of P2O5 and of K2O were also
provided. Half of each fertilizer dose was applied just before transplanting and the remaining 50% by
sidedressing at two week intervals. Drip irrigation was started at 80% soil available water. The organic
management practices complied with EC Regulations 834/2007 and 889/2008. Plant protection
was achieved by applying copper oxychloride against rust, and deltamethrin or azadirachtin in the
conventional or organic systems, respectively, against aphids.

Harvests of mature plants were performed from 5 to 10 October, when the pseudo-stems had
reached their maximum growth, and the leaf blades were trimmed to a 15 cm length for obtaining a
marketable product. In each plot, determinations were made of the weight of the marketable product
(pseudo-stems with 15 cm long leaf blades) and the mean pseudo-stem (with 15 cm long leaf blades)
weight from twenty-plant samples. Further plant samples were collected, gently washed with water to
remove surface contaminants and dried with filter paper. Pseudo-stems and leaves were separated,
cut with a plastic knife, dried to a constant weight and homogenized. The resulting powders were
subjected to laboratory analyses.

2.2. Dry Matter

The dry matter content in leaves and pseudo-stems of A. porrum was assessed after drying the
fresh samples in an oven at 70 ◦C, until they reached constant weight.

2.3. Total Soluble Solids (TSS) and Sugars

Determination of total soluble solids was performed in filtered water extracts of leek leaves and
pseudo-stems (1 g of dry sample per 100 mL) using a TDS-3 conductometer (HM Digital, Inc., Seoul,
Korea).

Monosaccharides were determined using the ferricyanide colorimetric method, based on the
reaction of monosaccharides with potassium ferrycianide [20]. Total sugars were determined after
acidic hydrolysis of 50 mL of filtered water extracts with 5 mL of 20% hydrochloric acid. Fructose was
used as an external standard.

2.4. Polyphenols

The concentrations of total phenolics in each sample of leaves and pseudo-stems were determined
in filtered 70% ethanol extract (0.5 g of dry sample in 25 mL; 1 h at 80 ◦C) using the Folin-Ciocalteu
colorimetric method, according to Golubkina et al. [21] using a Unico 2804 UV (Unico Inc., Wixom, MI,
USA) spectrophotometer. The phenolic contents were calculated by using a calibration curve of gallic
acid constructed with five concentrations of this compound (0–90 μg/mL). Phenolic contents were
expressed as milligrams of gallic acid equivalents per 100 g of dry weight (mg GAE/100 g d.w.).

2.5. Ascorbic Acid

Ascorbic acid content of leek leaves and pseudo-stems was assessed by visual titration of fresh
plant extracts in 6% trichloracetic acid with Tillmans reagent [22]. Five grams of fresh leek leaves were
homogenized in porcelain mortar with 5 mL of 6% trichloracetic acid and quantitatively transferred to
measuring cylinder. The volume was brought to 80 mL using trichloracetic acid, and the mixture was
filtered through filter paper 15 min later. The ascorbic acid concentration was determined from the
volume of Tillmans reagent which went into titration of the sample.

2.6. Antioxidant Activity

The antioxidant activity of leek leaves and pseudo-stems was assessed using a redox titration
method [23], via titration of 0.01 N KMnO4 solution with ethanolic extracts of leaves and pseudo-stems
used for polyphenol determination (see Section 2.4). Reduction of KMnO4 to colorless Mn+2 in this
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process reflects the concentration of antioxidants dissolvable in 70% ethanol. The values were expressed
in mg GAE/100 g d.w. The use of KMnO4 acidic solution is known to be successfully used for the
determination of Ocimum basilicum antioxidant potential [24] and antioxidant capacity of serum [25].

2.7. Nitrates

Nitrate was assessed in fresh pseudo-stems using an ion selective electrode using a ionomer
Expert-001 (Econix, Moscow, Russia). Five grams of fresh homogenized leek pseudo-stems were
mixed with 50 mL of distilled water. Forty-five mL of filtered extract were mixed with 5 mL of 0.5 M
potassium sulfate background solution (necessary for ionic strength regulation) and analyzed through
the ionomer for nitrate determination.

2.8. Elemental Composition

Al, As, B, Ca, Cd, Co, Cr, Cu, Fe, Hg, I, K, Li, Mg, Mn, Na, Ni, P, Pb, Si, Sn, Sr, V and Zn contents
of leek pseudo-stems were assessed using an ICP-MS on quadruple mass-spectrometer Nexion 300D
(Perkin Elmer Inc., Shelton, CT 06484, USA) equipped with the 7-port FAST valve and ESI SC DX4
autosampler (Elemental Scientific Inc., Omaha, NE 68122, USA) in the Biotic Medicine Center (Moscow,
Russia). Rhodium 103Rh was used as an internal standard to eliminate instability during measurements.
Quantitation was performed using external standard (Merck IV, multi-element standard solution),
potassium iodide for iodine calibration and Perkin-Elmer standard solutions for P, Si and V. All the
standard curves were obtained at 5 different concentrations.

For quality control purposes, internal controls and reference materials were tested together with
the samples on a daily basis. Microwave digestion of samples was achieved according to the standard
method [26] with sub-boiled HNO3 diluted 1:150 with distilled deionized water (Fluka No. 02650
Sigma-Aldrich, Co., Saint Louis, MO, USA) in the Berghof SW-4 DAP-40 microwave system (Berghof
Products + Instruments GmbH, 72800 Eningen, Germany). Trace levels of Hg in samples were not
taken into account and, accordingly, they were excluded from the Tables below.

The instrument conditions and acquisition parameters were: plasma power and argon flow, 1500
and 18 L min−1 respectively; aux argon flow, 1.6 L min−1; nebulizer argon flow, 0.98 L min−1; sample
introduction system, ESI ST PFA concentric nebulizer and ESI PFA cyclonic spray chamber (Elemental
Scientific Inc., Omaha, NE 68122, USA); sampler and slimmer cone material, platinum; injector, ESI
Quartz 2.0 mm I.D/; sample flow, 637 μL/min; internal standard flow, 84 μL/min; dwell time and
acquisition mode, 10–100 ms and peak hopping for all analytes; sweeps per reading, 1; reading per
replicate, 10; replicate number, 3; DRC mode, 0.55 L min−1 ammonia (294993-Aldrich Sigma-Aldrich,
Co., St. Louis, MO 63103, USA) for Ca, K, Na, Fe, Cr, V, optimized individually for RPa and RPq; STD
mode, for the rest of analytes at RPa = 0 and RPq = 0.25.

Se content of leek leaves and pseudo-stems was analyzed using the fluorimetric method previously
described for tissues and biological fluids [27]. The method includes digestion of dried homogenized
samples via heating with a mixture of nitric-chloral acids, subsequent reduction of Se+6 to Se+4 with a
solution of 6 N HCl, and formation of a complex between Se+4 and 2,3-diaminonaphtalene. The Se
concentration was assessed in triplicate by recording piazoselenol fluorescence values in hexane at
519 nm λ emission and 376 nm λ excitation. The results precision was checked using a reference
standard-lyophilized cabbage at each determination with 150 μg/Kg Se concentration (Institute of
Nutrition, Moscow, Russia).

2.9. Statistical Analysis

Data were processed by analysis of variance and mean separations were performed using the
Duncan multiple range test, α = 0.05, using SPSS software version 21. The data expressed as a
percentage were subjected to angular transformation before processing.
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3. Results and Discussion

As the year of research had no significant effect on yield, quality and antioxidant variables
examined, both as main factor or in interaction with the experimental factors management system or
cultivar, the results are reported as average values of the two years of investigation.

3.1. Yield, Dry Matter, Sugars and Nitrates of Pseudo-Stems

The management system showed no significant effects on leek pseudo-stem yield and mean
weight (Table 1). The experimental factor cultivar significantly affected the mean pseudo-stem weight
and, accordingly, yield which ranged from 23.8 × 103 to 40.2 × 103 kg ha−1 , as an average management
across systems; the variety Giraffe showed the highest yield, Premier and Kalambus the lowest.
The coefficient of variation was rather low and reached 18.3%, which suggests a low genetic effect on
this variable (Table 1).

Table 1. Yield, mean pseudo-stem weight, and content of dry matter, sugars and nitrates in leek.

Treatment Yield
103 kg ha−1

Mean Pseudo-
Stem Weight

g

Dry Matter
%

Sugars
g/100 g d.w. Nitrates

mg/kg f.w.
Mono- Total

Crop management
Organic 30.9 185.5 19.7 3.6 11.7 76

Conventional 31.2 187.0 17.8 3.2 10.4 102
n.s.z n.s. * * * *

Cultivar
Goliath 31.1 d,e,y 188.0 d,e 12.4 ± 0.4 e 4.8 ± 0.3 a 7.3 ± 0.5 e 77 ± 3 d

Premier 23.8 g 142.4 g 15.2 ± 0.5 d 4.4 ± 0.3 a,b 10.5 ± 0.7 c 74 ± 3 d

Bandit 35.0 bc 209.8 b,c 15.3 ± 0.6 d 3.5 ± 0.2 c 8.6 ± 0.5 d 103 ± 4 a

Kalambus 24.0 g 143.6 g 17.6 ± 0.6 c 3.9 ± 0.2 b,c 10.3 ± 0.7 c 70 ± 3 d

Cazimir 26.9 f 160.9 f 18.9 ± 0.6 c 2.8 ± 0.2 d 10.7 ± 0.7 b,c 90 ± 4 b,c

Giraffe 40.2 a 242.5 a 20.5 ± 0.8 b 3.4 ± 0.2 c 11.0 ± 0.7 bc 86 ± 3 c

Camus 33.3 c,d 201.7 c,d 21.4 ± 0.7 b 2.5 ± 0.2 d 12.2 ± 0.8 b 105 ± 5 a

Vesta 29.0 e,f 175.0 e,f 23.4 ± 0.8 a 2.6 ± 0.2 d 14.3 ± 0.8 a 98 ± 4 ab

Summer Breeze 36.7 b 221.3 b 24.3 ± 0.9 a 2.8 ± 0.2 d 15.1 ± 0.9 a 98 ± 4 ab

M 31.1 187.2 18.8 3.86 11.11 89
SD 5.7 34.8 3.2 1.23 1.84 11

CV (%) 18.3 18.6 17.3 31.9 16.8 12.4
Concentration

range 23.8–40.2 142.4–242.5 12.4–24.3 2.5–8.4 7.3–15.1 70–105

z n.s. not significant; * significant at P ≤ 0.05. y Within each column, means followed by different letters are
significantly different according to Duncan’s Multiple Range Test at P ≤ 0.05.

Organic management resulted in a higher dry matter and carbohydrate content in pseudo-stems,
compared to the conventional managementsystem (Table 1). These results may be due to the
enhancement of microbial biomass and activity leading to organic compound synthesis and, in this
respect, similar trends were recorded in previous research carried out in greenhouses [28]. Moreover,
dry matter content of the nine leek cultivars ranged from 12 to 24% (Table 1) which was much wider
than leek grown in the Czech Republic (9–11%) [14]. These results identified varieties with high dry
matter content (Summer Breeze and Vesta), which show a long shelf-life and areuseful for dry spice
production, and genotypes with low dry matter content (Goliath, Premier and Bandit) more suitable
for salad production, though dry matter is also dependent on water regime [29].

Cultivar differences in total sugar content were 2-fold lower than the coefficient of variation for
monosaccharide content (Table 1). Therefore, the existence of a multidirectional nature of mono- and
disaccharide accumulation in leek pseudo-stems may exist.

A significant positive correlation was observed between dry matter and disaccharides (r = 0.98
at P < 0.01), but there was a negative correlation (r = −0.86 at P < 0.05) between dry matter and
monosaccharides (Figure 1). Indeed, the negative correlation between monosaccharides and dry matter
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content shown in Figure 1 is consistent with that previously found in onion [30]. Interestingly, total
sugar content in onion did not differ among cultivars with low versus high dry matter content [31],
in contrast to leek where the maximum value was twice the minimum. As observed in Figure 1,
the highest concentrations of mono- and total saccharides in leek were associated with cultivars with
high dry matter content. However, contrasting carbohydrate trends were found with the two varieties:
Goliath had low dry matter content and a significantly higher concentration of monosaccharides
compared to disaccharides; in Summer Breeze, the disaccharide content exceeded the monosaccharide
content by 4.4-fold , with the ratio between the related total sugar contents at 2.1 (Figure 1).

 

Figure 1. Correlations between dry matter and sugar content in leek pseudo-stems.

With regard to nitrate concentration in pseudo-stems (Table 1), lower values were recorded
the organic management system compared to conventional management, consistent with previous
reports [28]. Indeed, a slow nitrate release from organic fertilizers does not elicit abundant uptake of
this anion in a short time period, which prevents its accumulation in plant parts [32].

Leek is characterized by a relatively high plant nitrate content [33], though it is much lower than in
the top-accumulating species [32]. However, in our research the cultivars investigated had less than 105
mg nitrate per kg fresh weight (f.w.) and, moreover, the ascorbic acid content was sufficient to make the
product safe and healthy, as ascorbic acid participates in producing essential nitrogen oxide for humans
thus preventing nitrosamine formation [33]. Notably, low varietal differences in nitrate accumulation
make this quality parameter the most stable among the cultivars grown in similar conditions.

3.2. Antioxidants

Polyphenols and vitamin C significantly affect plant antioxidant activity [34]. In our research,
organic management resulted in higher vitamin C in leek pseudo-stems compared to conventional
management, consistent with some previous investigations [35], but differently from others where no
significant differences were observed between the two management systems [28]. The management
system did not affect either polyphenol or selenium concentration in leek pseudo-stems and leaves.

There were significant varietal differences in ascorbic acid accumulation, in contrast to polyphenol
content which was characterized by higher stability in both stems and especially in leaves (Table 2).
Among the cultivars, Goliath showed the highest ascorbic acid content; notably, all of the cultivars
from domestic selection had lower levels of polyphenols compared to prior reports, which may be
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related to different crop cycles and harvest times [36]. Similar findings have been reported from an
investigation in Belgium on thirty leek cultivars [19], where the ascorbic acid concentration range was
90 to 350 mg/100 g d.w. and the polyphenol ranged from 7.3 to 11.3 mg GA/g d.w., whereas the
domestic cultivars showed lower polyphenol values, i.e., 3.0 to 5.5 mg GA/g d.w. (Table 2).

Table 2. Concentrations of ascorbic acid, polyphenols and selenium in leek.

Treatment
Ascorbic Acid in

Pseudo-Stems
mg/100 g f.w.

Polyphenols
mg GAE/100 g d.w.

Selenium
μg/kg d.w.

Pseudo-Stems Leaves Pseudo-Stems Leaves

Crop management
Organic 47.2 375.4 696.7 76.3 64.4

Conventional 37.0 356.2 674.9 73.1 60.8
* z n.s. n.s. n.s. n.s.

Cultivar
Goliath 136.8 ± 8.1 a,y 555 ± 52 a 711 ± 19 a 107 ± 7 a 14 ± 1 e

Premier 58.6 ± 3.3 b 432 ± 34 b 650 ± 21 b 80 ± 5 b 65 ± 3 c

Bandit 40.5 ± 2.6 c 394 ± 26 b,c 647 ± 26 b 75 ± 5 b,c 48 ± 2 d

Kalambus 25.5 ± 2.3 d,e 319 ± 19 d,e 731 ± 46 a 72 ± 4 b,c 74 ± 3 b

Cazimir 30.2 ± 2.6 d 284 ± 20 e 728 ± 53 a 60 ± 3 e 76 ± 4 a,b

Giraffe 24.9 ± 2.0 e,f 331 ± 19 d 665 ± 41 a,b 73 ± 4 b,c 49 ± 2 d

Camus 21.1 ± 1.4 f,g 347 ± 21 c,d 684 ± 43 a,b 64 ± 3 d,e 81 ± 5 a,b

Vesta 19.2 ± 1.3 g 301 ± 19 d,e 740 ± 55 a 69 ± 3 c,d 84 ± 5 a

Summer Breeze 22.2 ± 1.9 f,g 329 ± 20 d,e 616 ± 42 b 72 ± 3 b,c 72 ± 4 b,c

M 42.1 317 686 74.7 62.5
SD 24.7 71 37 8.4 17

CV, % 58.7 22.4 5.4 11.2 27.2
Concentration range 19.2–136.8 284–555 616–740 60–107 14–84

z n.s. not significant; * significant at P ≤ 0.05. y Within each column, means followed by different letters are
significantly different according to Duncan’s Multiple Range Test at P ≤ 0.05.

A significant positive correlation between ascorbic acid and polyphenol concentration in leek
stems is of particular interest (r = 0.94 at P < 0.01). The lack of a similar correlation in a study using thirty
leek cultivars conducted in Belgium [19] was presumably related to the heterogeneity of the cultivars,
which were selected on the basis of morphological types (light-green summer type, dark-green winter
type and intermediate autumn type). Indeed, the autumn-grown Belgium varieties resulted in a similar
correlation to ours between ascorbic acid and polyphenol content (r = 0.71 at P < 0.05).

The ratio between leaf and stem polyphenol concentration in leek plants was of interest. In the
nine cultivars in our research polyphenol content was always higher in leaves compared to stems,
with a negative correlation between the tissues (Figure 2). Otherwise, as found by Ben Arfa et al. [5],
polyphenol levels in A. porrum leaves may be both higher or lower than those in stems. In this respect,
the total polyphenol content per plant should be more stable that polyphenol concentrations recorded
in stems or leaves.
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Figure 2. Correlation between leaf and stem polyphenol content.

Among the components of plant antioxidant systems, selenium plays a significant role. Indeed,
though it is not an essential element for plants, selenium is able to provide a powerful antioxidant
defense to plants against drought, salinity, frost, flooding, UV light and herbivores [37]. Notably,
Allium species belong to the secondary selenium accumulators, which show a remarkable tolerance to
high concentrations and consequent accumulation of this element due to Se ability to substitute for
sulfur in natural compounds, as also reported by Turkish scientists in leek [17].

In our research, A. porrum grown in the Moscow region showed a Se accumulation range from 60
to 107 μg/kg d.w., which is much lower than the values recorded in Turkey [17]. This suggests the
significant effect of selenium status in the environment on plant ability to concentrate the trace element.
The negative correlation between selenium content in leaves and stems (r = −0.95 at P < 0.01; Figure 3),
similar to that recorded for polyphenols, entails a rather stable level of selenium accumulation in
the plant.

Figure 3. Correlation between leaf and stem selenium content in leek cultivars: (1) Cazimir, (2) Vesta,
(3) Camus, (4) Kalambus, (5) Summer Breeze, (6) Giraffe, (7) Bandit, (8) Premier, (9) Goliath.

Reports relevant to selenium as plant secondary metabolites, as well as Se to polyphenols
particularly in the absence of selenium loading are rather scarce and often controversial. In this
respect, a positive correlation between selenium and polyphenol content was found in wheat [38]
and an adverse correlation between quercetin and selenium was recorded in onion [30]. However,
moderate doses of selenium are deemed to enhance the content of antioxidants such as polyphenols,
flavonoids and carotenoids [39,40].
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In our research, the leek genotypes investigated showed significant correlations between the
components of the antioxidant system, i.e., selenium, ascorbic acid and polyphenols: Se and ascorbic
acid (r = 0.93 at P < 0.01); Se and polyphenols (r = 0.92 at P < 0.01); ascorbic acid and polyphenols
(r = 0.94 at P < 0.01). The latter correlations relevant to leek stems may be very useful for leek selection
based on high antioxidant content.

3.3. Elemental Composition

The beneficial effect of many elements to human health has created unflagging interest in mineral
composition of vegetable crops and in particular of leek [17,41]. Investigations of element content in
leek have revealed that the plant is able to accumulate high concentrations of K and Fe. However,
all investigations to date have restricted macro- and microelements (K, Ca, P, Na, Mg, Fe, Zn, Cu,
Se) availability, giving no opportunity to evaluate either the leek total mineral profile or the varietal
peculiarities of element accumulation.

Our research with nine leek cultivars has shown the existence of significant varietal differences in
stem and leaf ash content (Figure 4). The ratio between leaf and stem ash content decreased as follows:
Summer Breeze > Cazimir > Vesta > Giraffe > Bandit > Kalambus > Camus > Premier > Goliath.

Figure 4. Varietal differences in leek leaf and stem ash content.

The ratio between leaf and stem element content was negatively correlated with stem polyphenol
concentration (Figure 5), the latter being therefore related to both content and distribution of minerals
in leek plants. As shown in Figure 5, the higher value of angular coefficient was associated with the
water extract method, which provides higher mineral concentrations but lower polyphenol levels
compared to an ethanol extract.
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Figure 5. Correlations between leaf/stem ash content and stem polyphenol concentration: (1) Goliath;
(2) Premier; (3) Camus; (4) Kalambus; (5) Bandit; (6) Giraffe; (7) Vesta; (8) Cazimir; 9) Summer Breeze.

The analysis of the content of twenty-five mineral elements in leek pseudo-stems has provided
the opportunity to assess the varietal differences in elemental profile and has demonstrated that the
ash content is directly connected with the concentration of K (Tables 3–5). The latter mineral showed
a higher accumulation in pseudo-stems grown with organic management compared to those grown
with conventional management (19.46 vs. 17.23 g/kg d.w.), whereas no significant differences were
evident between the two management systems with regard to all the other elements analyzed.

Table 3. Macroelement concentration in A. porrum pseudo-stems (g/kg d.w.).

Element Goliath Cazimir Premier Vesta Kalambus Summer Breeze Bandit Giraffe Camus

Macro elements

Ca 3.98 b,c,z 3.40 c,d 11.32 a 4.35 b 4.68 b 2.81 d 4.82 b 4.24 b,c 4.73 b

K 51.76 a 4.71 e 23.39 b 13.50 c 8.00 d 15.94 c 16.95 c 15.05 c 15.82 c

Mg 0.78 c 0.76 c 2.02 a 0.56 d 0.53 d 0.65 c,d 1.00 b 0.70 c,d 0.80 c

Na 0.34 b,c 0.39 b 0.81 a 0.16 e 0.16 e 0.12 e 0.17 e 0.19 d,e 0.28 c,d

P 2.95 b 2.61 bc 2.41 c,d 2.30 c,d 1.97 d 2.37 cd 3.85 a 2.64 bc 2.65 b,c

z Within each row, means followed by different letters are significantly different according to Duncan’s Multiple
Range Test at P ≤ 0.05.

Table 4. Microelements concentration in A. porrum pseudo-stems (mg/kg d.w.).

Element Goliath Cazimir Premier Vesta Kalambus Summer Breeze Bandit Giraffe Camus

B 21.25 a,z 15.21 b,c 16.75 b 9.68 d,e 8.61 e 9.55 d,e 9.73 d,e 12.79 c,d 11.14 d

Co 0.070 c 0.050 d 0.091 b 0.034 d 0.290 a 0.035 d 0.035 d 0.035 d 0.099 b

Cu 4.81 d,f 4.52 e,f 3.46 g 5.90 b,c 6.66 a,b 5.15 c,e 7.18 a 4.08 f,g 5.53 c,d

Fe 221 a 116 c 178 b 101 b,d 77 e 84 d,e 98 c,e 104 c,d 235 a

I 0.060 a 0.040 d 0.353 a 0.042 c,d 0.055 b,d 0.057 b,d 0.038 d 0.071 b,c 0.073 b

Li 0.110 b 0.040 c 0.160 a 0.025 c 0.014 c 0.032 c 0.023 c 0.029 c 0.109 b

Mn 12.57 c 12.18 c 23.15 a 9.87 c 6.39 d 9.69 c 10.93 c 19.97 b 22.51 a,b

Si 14.62 c 10.74 b 28.78 a 9.50 e 13.43 c,d 13.86 c,d 11.41 d,e 20.00 b 16.17 c

Sn 0.160 e 0.240 c,d 0.023 f 0.171 e 0.519 b 0.193 d,e 0.574 a 0.245 c 0.247 c

Zn 23.97 a,b 27.27 a 11.96 f 18.45 de 16.26 e 19.58 ce 21.96 b,c 22.83 b,c 21.72 b,d

z Within each row, means followed by different letters are significantly different according to Duncan’s Multiple
Range Test at P ≤ 0.05.
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Table 5. Heavy metal concentration in A. porrum pseudo-stems (mg/kg d.w.).

Element Goliath Cazimir Premier Vesta Kalambus Summer Breeze Bandit Giraffe Camus

Heavy metals

Al 84.0 c,z 31.3 d 137.0 a 21.9 d,f 8.0 g 25.3 d,e 12.6 f,g 20.2 e,f 96.2 b

As 0.030 b 0.020 c,d 0.066 a 0.015 c,e 0.013 d,e 0.017 c,e 0.009 e 0.023 b,c 0.066 a

Cd 0.090 c,d 0.110 b,c 0.196 a 0.110 b 0.085 d 0.073 d 0.113 b 0.182 a 0.122 b

Cr 0.130 c 0.080 g 0.524 a 0.104 d,f 0.095 e,g 0.122 c,d 0.085 f,g 0.161 b 0.111 c,e

Ni 1.100 a 0.480 c 1.000 a,b 1.010 a,b 0.578 c 0.588 c 0.875 b 0.621 c 1.140 a

Pb 0.360 b 0.290 b,c 0.894 a 0.108 e 0.096 e 0.143 d,e 0.220 c,d 0.117 e 0.878 a

Sr 29.0 a,b 25.7 c 31.3 a 25.0 c 28.7 a,b 17.8 d 29.3 a,b 26.8 b,c 29.1 a,b

V 0.230 b 0.090 c,d 0.311 a 0.079 c,d 0.043 e 0.097 c 0.066 d,e 0.073 c,d 0.299 a

z Within each row, means followed by different letters are significantly different according to Duncan’s Multiple
Range Test at P ≤ 0.05.

The comparison between the nine leek cultivars, in terms of elemental composition, has indicated
three cultivars with contrasting features: Premier, Goliath and Cazimir. Indeed, Premier preferably
accumulated Co, I, Al, As, Cd, Ni, Pb and Sr, but low levels of Cu and Zn. Goliath was characterized
by the highest content of Fe, B, Zn, Se and K, and the lowest of Cd. Cazimir showed the highest
concentration of Zn and Na, but the lowest of I, Se, K, Cr and Ni.

In our research, the nine leek cultivars have shown higher concentrations of most elements,
compared to twenty varieties belonging to related species such as garlic grown in the same geochemical
conditions [42]: Ca, Na, As, Cr, Ni, Co, Fe, I, Li, Pg, Sr, V, B, Co, Fe, I, Li, Sn; equal amounts of K, Mg,
P, Cd, Cu, Mn, Se and Zn; and lower concentrations of Si. It is worth noting that, in conditions of
marginal selenium deficiency in the Moscow region, the average levels of selenium accumulation by
leek and garlic did not differ from each other (Figure 6).

Figure 6. Comparative elemental profile of leek and winter garlic [42] grown in the same geochemical
conditions of the Moscow region.

Interestingly, significant varietal differences in the content of most elements were evident
(Figure 7). Though the values of the coefficient of variation (CV) relevant to macroelements were
considerably lower than those of heavy metals and microelements, even among the former the CV
reached 30 to 50%, with the exception of P having lower values. Among heavy metals, Al, Pb, V, As
and Cr attained the highest coefficients of variation (40 to 80%), whereas among microelements Li, I,
Sn, Co, Fe and Mn showed a CV > 40%.
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Figure 7. Coefficients of variation relevant to macro- and microelement content in A.porrum.

The several significant correlations recorded between the different elements revealed a higher
complexity concerning the mineral dynamics in leek plants (Table 6), compared to related species such
as garlic [42].

The highest number of significant correlations was recorded for Al, whose physiological role in
plants has not been clearly determined so far, though this element is supposed to both activate some
enzymes and control membrane permeability at low doses [43]. The significant intra- and interspecies
variability in Al accumulation depends on plant tolerance thresholds to this element. The multiplicity
of relationships between Al and other elements (Ca, Mg, Na, Co, Li, Fe, I, Cr, Mn, Cr, As, Pb, V)
undoubtedly reflects the complex physiological functions of Al in leek. Among the minerals analyzed,
the highest correlation coefficients were recorded between Al and As, Pb, V, Co and Li. As for heavy
metals and As, highly significant correlations were found between V and Al, As, Co, Pb and Fe.

Following Al, Li showed wide varietal variation, consistent with previous reports [44].
According to the literature, leek is one of the least Li accumulating species. However, compared
to Yalamanchali’s [45] findings, our results suggest a wider concentration range of Li content in leek
plants. The relationships between Li and other elements are in agreement with those reported, and, in
particular, correlations between Li and Al, As, Ca, Co, Cr, Fe, I, Pb, Na, V, Co, Pb, V, Fe and Cr were
found in five species grown both in ecological unpolluted and in oil polluted areas of Nigeria [46].
Investigations carried out in New Zealand showed correlations between Li, Fe and Ca only in ryegrass
(Lolium perenne) [47], whereas such relationships were not recorded in lettuce (Lactuca sativa) and beet
(Beta vulgaris) [48]. Positive correlations were also detected in a plant-soil system between Li and Fe,
Al and Na.

Among the relationships involving Li, the interactions between this element, Al and Fe should be
considered important, as the two latter minerals show similar atomic radius to lithium.

Although varietal differences in Se content in leek were rather low compared to other elements,
the significant correlation between Se and K is a remarkable characteristic of this Allium species and it
has been scarcely investigated so far.
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In spinach (Spinacia oleracea) plants fertilization with sodium selenate increased K content in
female but not male plants [21], whereas in other research [49] garlic biofortification led to selenium
antagonistic activity towards K. Taking into account that K participates in plant protection against
all forms of biotic and abiotic stresses along with Se and other components of antioxidant defense
systems [50], the close relationship between the two minerals in leek suggests intensive interactions
of all components of the defense system. The predominance of K in leek elemental composition and
the significant correlation between polyphenol concentration and ash content (Figure 5) is in good
agreement with the mentioned results. The correlation coefficient relevant to ash to K in leek was 0.78
at P < 0.01, whereas that related to K and polyphenols reached 0.96 at P < 0.01. The known ability of K
to decrease the activity of polyphenol oxidase in plants and enhance polyphenol accumulation [51] may
be a good explanation of the positive correlation between polyphenols and K in leek plants. The active
participation of K in the antioxidant defense system of this Allium species was also characterized by a
positive correlation of the element with the ascorbic acid content (r = 0.95 at P < 0.01). In this respect,
the results of the present work revealed the close relationship between the main components of leek
antioxidant systems including polyphenols, ascorbic acid as well as the macro- and trace elements Se
and K.

In our research, the lowest negative correlation coefficients were Se with Cr and I. Se is known
as an antagonist of Cr and its protective role towards Cr has been previously reported [24,52,53].
The interaction between Se and I is more complex; neither element is essential for plants, but at low
concentrations, they may improve plant growth, development and protection from biotic and abiotic
stresses [54]. However, the rather scarce and contradictory data about Se and I interactions in plants
do not allow clear conclusions. Separate plant fortification with Se and I showed the possibility of
mutual stimulation by the two elements in some but not all cases [40]. The selective accumulation of
selenium in male spinach plants and of iodine in female spinach plants suggests the participation of
phytohormones in the interactions between Se and I [21]. A negative correlation between Se and I in
leek plants has not yet been reported.

4. Conclusions

From research carried out in the Moscow region with the aim of evaluating the performance of
nine leek (A. porrum) cultivars grown in greenhouses under either organic or conventional management
systems, interesting clues have been drawn. The varieties showed a uniform behavior under both
management systems: no yield differences were recorded between organic and conventional systems.
When cultivated with organic procedures, all cultivars attained higher dry matter, sugar, ascorbic acid
and potassium content but lower nitrates in the pseudo-stems than for conventional management,
but with the same ranking as for conventional management. Moreover, in contrast to related species,
highly significant correlations between the antioxidants and mineral elements in leek plants provide
opportunities for obtaining genotypes with improved quality features.
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Abstract: Aeroponics is a relatively new soilless culture technology which may produce food in
space-limited cities or on non-arable land with high water-use efficiency. The shoot and root growth,
root characteristics, and mineral content of two lettuce cultivars were measured in aeroponics, and
compared with hydroponics and substrate culture. The results showed that aeroponics remarkably
improved root growth with a significantly greater root biomass, root/shoot ratio, and greater total
root length, root area, and root volume. However, the greater root growth did not lead to greater
shoot growth compared with hydroponics, due to the limited availability of nutrients and water.
It was concluded that aeroponics systems may be better for high value true root crop production.
Further research is necessary to determine the suitable pressure, droplet size, and misting interval in
order to improve the continuous availability of nutrients and water in aeroponics, if it is to be used to
grow crops such as lettuce for harvesting above-ground parts.

Keywords: soilless culture; root growth; root/shoot ratio

1. Introduction

Soilless culture, including aeroponics, aquaponics, and hydroponics, is considered one of the more
innovative agricultural strategies to produce more from less, in order to feed the estimated 11 billion
people in the world by 2100 [1]. Aeroponics is a promising technology that grows plants with their root
systems exposed to a nutrient mist in a closed chamber [2]. Plants grow well in aeroponics, primarily
because of the highly aerobic environment it creates. It is even possible to control the root-zone
atmosphere when it is combined with a gas delivery system [3]. Integrated vertical aeroponic farming
systems with manipulation of temperature and CO2 in the root-zone environment can achieve more
efficient use of land area to secure a vegetable supply in space-limited cities [4]. Aeroponics is also
an excellent option for space mission life support systems that require optimum control of growth
parameters [5].

Aeroponics has been widely used in plant physiology research, but is not as commonly used
as hydroponic methods on a commercial scale [6]. However, aeroponics has been increasingly used
for growing numerous vegetable crops such as lettuce, cucumber, melon, tomato, herbs, potato, and
floral crops, and especially for those crops where roots are harvested as the end product. Seed potato
production may be the most successful application of aeroponics on a commercial scale, done mostly
in China, Korea, South America, and African countries in recent years [7–10]. Aeroponics is able to
produce large numbers of minitubers in one generation that can be harvested sequentially, eliminating
the need for field production, thereby reducing costs and saving time [7]. This technique was applied
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to effectively produce minitubers of yam (Dioscorea rotundata and D. alata) in Nigeria and Ghana [11,12].
Aeroponics could be an alternative production system for other high-value root and rhizome crops,
such as great burdock (Arctium lappa) [13], ginger (Zingiber officinale) [14], medicinal crops, such as
Urtica dioica and Anemopsis californica [15] and saffron (Crocus sativus) [16]. Essential oil production of
herbs like valerian (Valeriana officinalis) grown using aeroponics has also been reported [17]. Aeroponics
has also been reported as an economic method for rapid root induction and clonal propagation of three
endangered and medicinally important plants [18]. Aeroponics was used to produce tree saplings
(Acacia mangium) with arbuscular mycorrhiza (AM) fungi inoculation [19]. The well-aerated root
environment of aeroponics was beneficial for root initiation and subsequent root growth in woody
(Ficus) and herbaceous (Chrysanthemum) cuttings [20].

Many studies have clearly shown that aeroponics promotes plant growth rates through
optimization of root aeration because the plant is totally suspended in air, giving the plant stem
and root systems access to 100% of the available oxygen in the air [7]. Droplet size and frequency
of exposure of the roots to the nutrient solution are the critical factors which may affect oxygen
availability [2]. Large droplets lead to less oxygen being available to the root system, while fine
droplets produce excessive root hair without developing a lateral root system for sustained growth [10].
Three broad categories are generally used to classify droplet forming systems and droplet size; regular
spray nozzles with droplet size >100 μm (spray), compressed gas atomizers with droplet size between
1 to 100 μm (fog), and ultrasonic systems with droplet size 1 to 35 μm (mist) [21]. The most common
type is when the nutrient solution is compressed through nozzles by a high pressure pump, forming a
fine mist in the growth chambers [7]. An ultrasonic misting system was adopted in a sterile aeroponics
culture system for in vitro propagation [22].

In this study, air atomizing nozzles (1/4J Series) were employed for the aeroponics system. The air
atomizing nozzles require a single air source for atomizing the air and to provide independent control
of liquid, atomizing air, and fan air pressure for fine tuning of the flow rate, droplet size, spray
distribution, and coverage. These air atomizing nozzles were equipped with clean-out needles to
eliminate clogging and ensure optimum performance. The objectives of the present study were to
compare shoot and root growth, root characteristics, and mineral contents of two lettuce cultivars
grown in aeroponics, hydroponics (nutrient film technique, NFT) and substrate culture.

2. Materials and Methods

2.1. Cultivation Systems

The experiment was carried out in a 12.8 × 24 m experimental Venlo type glasshouse, which
was equipped with outside and inside shade nets, fans and pad, and misting system. The aeroponics
units were built in an A-frame shape, 1.4 m wide, 1.4 m high, and 6 m long; both sides were covered
with multiple Styrofoam panels at 60◦ angles. The planting density was 25 plants per m2 at a spacing
of 20 × 20 cm. Six nozzles (AEROJSUMAX-6SS, Spraying Systems (Shanghai) Co., Shanghai, China)
were placed horizontally at the end and middle of the A-frame. The nozzles can be operated under
an air pressure from 0.7 × 105 to 4 × 105 Pa, with liquid capacity from 7.6 to 63 L/h. AutoJet® Spray
System (Spraying Systems (Shanghai) Co.) and was installed to monitor and automatically adjust the
spray pattern, flow rate, droplet size, liquid pressure, and atomizing air pressure. Misting lasted 20 s
with a 30 s interval before misting again. The droplet size was adjusted to 50 μm and the nutrient
solution was recycled.

The NFT hydroponics system consisted of a PVC trough on a slope of 1 percent. The trough was
10 cm wide, 5 cm deep, and 6 m long. The cascade troughs were suspended one above the other, up to
7 levels. The nutrient solution entered the high end of the slightly sloping top trough, exited at the low
end of that trough into the high end of the next one, and so forth, and back to the reservoir from where
it was pumped. The flow rate was set at 5 L/min. Plants were set 20 cm apart in each trough.

The substrate culture system was conducted using square PVC plastic pots, which were 46 cm
long, 40 cm wide, and 18 cm high. Six plants were planted in each pot at a 20 × 20 cm spacing. A mix
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of 50% peat and 50% perlite was used as the substrate. The substrate depth was approximately 18 cm.
The nutrient solution of 1.2 L/day was supplied through 3 drip lines in each pot twice a day.

2.2. Planting and Experimental Arrangement

Lettuce seeds of cultivars ‘Nenglv naiyou’ and ‘Dasusheng’ (Institute of vegetable and flower,
CAAS, Beijing, China) were sown in 72-cell polystyrene trays. Each cell was filled with a hydroponic
planting basket with a sponge for support. At the two true leaves stage, all plants were watered with a
half strength Hoagland’s nutrient solution [23] until the seedlings were ready for transplanting.
Four weeks after sowing, lettuce seedlings were transplanted to the aeroponics, hydroponics,
and substrate culture systems. Plants were supplied with full strength Hoagland’s nutrient solution
(containing N 210 mg/L, K 235 mg/L, Ca 200 mg/L, P 31 mg/L, S 64 mg/L, Mg 48 mg/L, B 0.5 mg/L,
Fe 1 to 5 mg/L, Mn 0.5 mg/L, Zn 0.05 mg/L, Cu 0.02 mg/L, Mo 0.01 mg/L). Three A-shape
aeroponics units, 12 hydroponic troughs, and 24 substrate culture pots were planted for the
comparison experiment.

2.3. Harvesting and Measurement

2.3.1. Biomass and Root/Shoot Ratio

Nine plants from each cultivation system were harvested and washed with tap water. Substrates
in the roots of the plants from the substrate cultivation treatment were gently washed off. The fresh
weight of shoots and roots was recorded immediately after removing the free surface moisture with
soft paper towels. Shoot and root samples were then oven dried at 85 ◦C for 48 h, and weighed for dry
weight on a scale accurate to 0.0001 g. The root/shoot ratio was calculated as the root dry weight/shoot
dry weight.

2.3.2. Root Characteristics

Five plants from each cultivation treatment were randomly sampled for measurement of root
characteristics. Washed roots were immersed and spread out in a 40 × 25 × 10 cm square blue plastic
container which was filled with tap water to a depth of 3 cm. The entire root system was photographed
from above with a digital camera (Nikon D90, Nikon Corporation, Tokyo, Japan) and saved using the
jpeg format (Figure 1A). The photographs were re-cropped, scaled (Figure 1B), and processed with GiA
Roots software (Georgia Tech Research Corporation and Duke University, USA) to obtain a threshold
image (Figure 1C) for measuring the characteristics of all the roots. The measured root characteristics
included average root diameter (width), root length (network length), root area (network surface area),
root volume (network volume), maximum number of roots, median number of roots, and network
perimeter [24].

Figure 1. The entire root was immersed and spread out in a 40 × 25 × 10 cm square plastic container
filled with tap water to a depth of 3 cm (A), the image was re-cropped after being scaled (B), and
changed to a threshold image (C) with GiA Roots software, for root characteristics measurements.
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2.3.3. Plant Leaf Nitrogen, Phosphorus, and Potassium Content

Three plants from each cultivation treatment were randomly sampled for mineral nutrient analysis
and oven dried as above. The dried shoots from the different treatments were milled to passed through
a 1 mm screen. The ground dry material (~0.2000 g) was wet digested using a H2SO4-H2O2 solution.
Nitrogen content was determined using the Kjeldahl method [25]. Phosphorus was determined by
the ascorbic acid molybdenum blue method [26]. Potassium was determined by flame emission
spectrophotometry [27].

2.4. Statistical Analysis

All results were subjected to a two-way analysis of variance (ANOVA) using SPSS Statistics 19.0;
the effects of the cultivation system, genotypes (cultivars), and their interaction were analyzed. Within
each cultivar, means were separated using Duncan’s multiple range test at P = 0.05. The results were
expressed as means ± SE.

3. Results

3.1. Plant Growth and Biomass

The cultivation systems significantly influenced the growth of both lettuce cultivars. Lettuce
grown in hydroponics had larger above-ground parts, while the aeroponic lettuce had greater root
dry weight and root/shoot ratio, and plants from substrate cultivation had the smallest size (Figure 2,
Table 1).

Figure 2. Whole plants of lettuce cultivars ‘Dasushen’ (A) and ‘Nenglv naiyou’ (B) 45 days after
transplanting in aeroponic, hydroponic, and substrate cultivation systems.

The two-way ANOVA showed significant effects of cultivation system on shoot and root
fresh weight, shoot and root dry weight, and root/shoot ratio (Table 1). However, genotype only
showed significant effects on shoot and root dry weight. An interaction between cultivation system
and genotype was significant on fresh weight and dry weight of shoot and root, but not on the
root/shoot ratio.

In both cultivars, the shoot fresh and dry weights of hydroponic lettuce were approximately
twice that of aeroponic and substrate cultivated lettuce (Table 1). Root fresh weights of aeroponics
and hydroponics lettuce were significantly higher than that of substrate cultivated lettuce. The root
dry weights of both cultivars in aeroponics were significantly higher than that of hydroponics and
substrate cultivation. The most remarkable difference between the three growing methods was the
root/shoot ratio. In both cultivars, the root/shoot ratio of aeroponics lettuce was almost three times
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that of the hydroponics lettuce, and was also significantly higher than that of the substrate culture
(Table 1).

Table 1. Shoot and root fresh weight (FW), dry weight (DW), and root to shoot ratio of two lettuce
cultivars grown in three cultivation systems.

Shoot FW (g) Root FW (g) Shoot DW (g) Root DW (g) Root/Shoot Ratio

Lactuca sativa ‘Dasusheng’

aeroponics 37.8 ± 2.67 bz 8.67 ± 1.20 a 2.40 ± 0.17 b 0.80 ± 0.15 a 0.32 ± 0.04 a

hydroponics 88.8 ± 9.47 a 8.78 ± 1.24 a 4.86 ± 0.54 a 0.59 ± 0.06 b 0.12 ± 0.01 c

substrate 49.2 ± 2.34 b 6.92 ± 0.43 b 3.23 ± 0.13 b 0.69 ± 0.03 b 0.22 ± 0.02 b

Lactuca sativa ‘Nenglv Naiyou’

aeroponics 50.9 ± 2.60 b 10.3 ± 0.46 a 2.58 ± 0.11 b 0.77 ± 0.07 a 0.30 ± 0.03 a

hydroponics 96.1 ± 4.23 a 11.5 ± 1.07 a 4.80 ± 0.16 a 0.54 ± 0.03 b 0.11 ± 0.01 b

substrate 39.4 ± 1.72 c 3.9 ± 0.35 b 2.03 ± 0.06 c 0.26 ± 0.03 c 0.13 ± 0.01 b

Significance

Cultivation system (CS) *** y *** *** ** ***
Genotype (G) Ns Ns * * ns

CS × G * ** * * ns
z Values are mean ± SE (n = 9). In the same cultivar, values followed by the same superscript letter are not
significantly different (P ≤ 0.05). y *** = P < 0.001; ** = P < 0.01; * = P < 0.05; ns, not significant at P ≥ 0.05.

3.2. Root Characteristics

Analysis of the root characteristics by GiA Roots software revealed details of the influence of
growing methods on root growth. The root length, area, volume, and network perimeter of aeroponic
lettuce (both cultivars) were significantly greater than that of hydroponic and substrate cultivated
lettuce (Table 2). In particular, for the cultivar ‘Dasusheng’, the root length, root area, root volume,
and perimeter in aeroponic cultivation were four to five times that of the hydroponic and substrate
cultivation. However, the average root diameter did not significantly differ among treatments in
the cultivar ‘Dasusheng’. Average root diameter of hydroponically-grown ‘Nenglv naiyou’ was
significantly greater than that from substrate cultivation. The maximum and median numbers of
roots of aeroponic ‘Dasusheng’ lettuce were two to three times higher than that from hydroponic
and substrate cultivation; such differences in maximum root number were not found for the cultivar
‘Nenglv naiyou’ where only median root number for aeroponic cultivation was greater than hydroponic
but not substrate cultivation.

Table 2. Root characteristics of lettuce grown in aeroponics, hydroponics, and substrate culture systems.

Average Root
Diameter (mm)

Root Length
(cm)

Root Area
(cm2)

Root Volume
(cm3)

Maximum
No. of
Roots

Median No.
of Roots

Network
Perimeter

(cm)

Lactuca sativa ‘Dasusheng’

aeroponics 0.501 ± 0.017 az 3043 ± 231 a 479 ± 42 a 7.24 ± 0.77 a 75.0 ± 5.8 a 39.0 ± 4.1 a 6019 ± 473 a

hydroponics 0.551 ± 0.025 a 581 ± 113 b 100 ± 20 b 1.64 ± 0.35 b 24.6 ± 2.9 b 13.8 ± 1.6 b 1164 ± 221 b

substrate 0.501 ± 0.007 a 724 ± 126 b 114 ± 21 b 1.67 ± 0.35 b 32.6 ± 5.3 b 17.4 ± 2.2 b 1437 ± 245 b

Lactuca sativa ‘Nenglv Naiyou’

aeroponics 0.511 ± 0.0023 ab 2634 ± 260 a 424 ± 46 a 6.63 ± 0.84 a 63.0 ± 7.4 a 34.4 ± 3.1 a 5197 ± 557 a

hydroponics 0.554 ± 0.0009 a 1688 ± 239 b 296 ± 46 b 4.91 ± 0.85 ab 54.4 ± 3.0 a 19.0 ± 4.8 b 3379 ± 473 b

substrate 0.487 ± 0.0006 b 1378 ± 58 b 211 ± 10 b 2.99 ± 0.15 b 51.2 ± 1.6 a 37.0 ± 2.6 a 2755 ± 113 b

Significance

Cultivation system (CS) ns y *** ** * *** *** *
Genotype (G) Ns *** *** *** *** ** ***

CS × G * * ns Ns ns * *
z Values are mean ± SE (n = 9). In the same cultivar, values followed by the same superscript letter are not
significantly different (P ≤ 0.05). y *** = P < 0.001; ** = P < 0.01; * = P < 0.05; ns, not significant at P ≥ 0.05.
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The two-way ANOVA indicated that both the cultivation system and genotype significantly
affected all the root characteristics except the average root diameter, i.e., average root diameter, root
length, median number of roots, and root perimeter (Table 2).

3.3. Leaf N, P, and K Contents

In both cultivars, the leaf N content of hydroponic lettuce was significantly higher than that
of aeroponic and substrate cultivated lettuce, but there was no difference between aeroponic and
substrate cultivation (Figure 3A). The leaf P content of hydroponic lettuce was significantly higher
than that of the aeroponic and substrate cultivated lettuce (Figure 3B). Leaf K content of both aeroponic
and hydroponic lettuce was significantly higher than that of substrate cultivated lettuce, but there was
no difference between the aeroponic and hydroponic lettuce (Figure 3C).

Figure 3. Leaf nitrogen (A), phosphorus (B), and potassium (C) content of two lettuce cultivars grown
on aeroponics, hydroponics, and substrate cultivation systems. Values are mean ± SE (n = 3). In the
same cultivar, values followed by the same letter are not significantly different (P ≤ 0.05).

The two-way ANOVA indicated that the cultivation system significantly affected leaf N, P, and K
contents (Table 3), while genotype only had a significant effect on the leaf K content, and there was no
significant interaction between cultivation system and genotype.
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Table 3. F-values from a two-way analysis of variance (ANOVA) of leaf nitrogen, phosphorus, and
potassium content as affected by three cultivation systems and two genotypes.

N P K

Cultivation system (CS) 11.6 *** z 50.6 *** 84.6 **
Genotype (G) 0.28 ns 0.01 ns 10.7 **

CS × G 2.51 ns 0.88 ns 0.84 ns

z *** = P < 0.001; ** = P < 0.01; ns, not significant, P ≥ 0.05.

4. Discussion

The most impressive result of this study was the significant improvement of root growth of lettuce
in the aeroponic system. The cultivation systems also affected the fresh weight, dry weight, and
root/shoot ratio, while the genotypes only had significant effects on dry weight, and the interaction
between them also significantly affected the biomass but not the root/shoot ratio. In both cultivars,
the root dry weight of aeroponic lettuce was significantly higher than that of hydroponic and substrate
cultivation, and the root/shoot ratio of aeroponic lettuce was two to three times that of the other
two systems. The two-way ANOVA results indicated that the root characteristics were more dependent
on genotype; however, the cultivation systems also had significant effects on the root characteristics
except on root diameter. The greater total root length, root area, and root volume further proved that
aeroponics was beneficial to root growth. However, the greater root system of aeroponics did not
lead to more shoot biomass (yield) than hydroponics. Instead, shoot biomass of aeroponic lettuce was
significantly less than that of hydroponics. This may be due to sufficient nutrient and water supply
when the root system was submerged continuously in nutrient solution. The cultivation systems had
significant influences on leaf N, P, and K content, while genotype only showed significant effects on K
content, and there was no cultivation system by genotype interaction on the mineral contents.

In aeroponics, the nutrient solution was only sprayed as fine droplets at intervals, which may
limit shoot growth and improve root growth, as the plant’s response may be to adapt to the relative
deficit of water and nutrients during the intervals. In valerian (Valeriana officinalis) cultivation trials,
it was also found that both leaf area and biomass production in an aeroponic system were lower than
in floating raft hydroponic and substrate cultivation systems; it was concluded that this may be caused
by the higher proliferation of roots inside the frame reducing the performance of nozzles [17]. The root
number of saffron (Crocus sativus) plants was also significantly greater in aeroponics than that in
hydroponics and soil culture, but no significant difference in shoot growth was found [16]. The larger
distance between misting sprayers and roots restricted root access to the water micro droplets, resulted
in decreasing nutrient availability and absorbance. In this case, plants were forced to compensate by
increasing root surface area and weight [28]. Thus, the droplet size and the misting interval will have a
great effect on plant growth in aeroponic culture.

Good aeration of the root environment is the most important advantage of aeroponics. Aeroponics
significantly improved adventitious root formation in rapid root induction and clonal propagation of
three endangered and medicinally important plants over soil grown stem cuttings [18]. Aeroponics
showed higher yield and better size distribution in potato minituber production, but growth was
influenced by such factors as the genotype, the availability of nutrients, the stretching of the cycle, and
the culture density [8]. Higher root vitality of plants was observed in aeroponics and aerohydroponics
than that of deep water culture [29]. If the roots of plants in aeroponics can absorb nutrients and
water readily, better growth of the above-ground part will result. However, the major disadvantage of
aeroponics is the possibility of irreversible damage or complete loss, since there is no substrate at all
(neither solid nor water) that could enable the plants to survive in the event of a technical or power
failure [7,9]. During our experiment, there was a one-day mechanical breakdown of the aeroponic
system, which could also have affected growth.

167



Horticulturae 2018, 4, 35

5. Conclusions

From this study, it can be concluded that aeroponics is beneficial to root growth, with significantly
greater root/shoot ratio, root length, root area, and root volume. Thus, an aeroponic system may be
superior for producing high value, true root crops, particularly for medicinal plants as suggested by
Hayden [13,15]. When growing root crops in aeroponics, clean products may be harvested sequentially.
To grow crops like lettuce in aeroponics for harvesting above-ground parts, further research is necessary
to determine suitable pressure, droplet size, and misting interval in order to improve the continuous
availability of nutrients and water so that growth of above-ground parts of plants can be optimized.
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Abstract: Vegetable grafting is a practice employed worldwide since it helps prevent biotic and
abiotic disorders, and watermelon is one of the most important species grafted. The objective of this
study was to set critical limits for the characterization of quality categories for grafted watermelon
seedlings. Specifically, watermelon (scion) seedlings were grafted onto squash (rootstock) seedlings,
moved into a healing chamber for 7 days, and then transferred into a greenhouse for seven more
days. At 7 and 14 days after grafting, experienced personnel assessed grafted seedling quality by
categorizing them. The categories derived were Optimum and Acceptable for both time intervals,
plus Not acceptable at 14 days after grafting. Optimum seedlings showed greater leaf area, and shoot
and root fresh and dry weights at both time intervals. Moreover, they had greater stem diameter,
root-to-shoot ratio, shoot dry weight-to-length ratio and Dickson’s quality index compared to the
other category at 14 days after grafting. Therefore, Optimum seedlings would likely develop into
marketable plants of high quality, with better establishment in the field. Not acceptable seedlings
showed considerably inferior development, while Acceptable seedlings were between the other
categories, but were still marketable.

Keywords: Citrullus lanatus; vegetable grafting; optimal production; marketable seedlings; quality
indicators

1. Introduction

The use of grafting for vegetable seedlings is a well-established practice worldwide [1–3].
The important advantage of using grafted seedlings to prevent significant crop loss due to biotic [3,4]
and abiotic [5,6] factors (soil-borne diseases, salinity, low temperatures, etc.), as well as the reduction
of the use of agrochemical products, provide grafting as an environmentally-friendly practice [3].
Applications of grafting mainly focus on species of the Cucurbitaceae and Solanaceae families,
particularly watermelon and tomato, respectively [2,7]. In Greece the use of grafted watermelon
seedlings is almost 99% of growers using low tunnel protected cultivation in order to achieve early yield.

To enjoy the advantages of grafting, use of high quality grafted seedlings is a prerequisite. As a
result, a rapid development and expansion of a vegetable nursery industry is in progress. Successful
grafting requires good connection between the rootstock and the scion for healthy uniform growth and
development of the grafted plants [8]. The most important stage for seedling evaluation for the grower
is at the time of purchase and transplanting to avoid possibly negative results during subsequent
cultivation. However, the definition of what constitutes a high-quality seedling is a very complicated
issue [8].
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Generally, high-quality seedlings could be defined as plants uniform in size and traits,
proper size or height with a thick healthy stem with large thick leaves, a well-developed root system,
good root-to-shoot ratio, and a good ratio of shoot dry weight divided by shoot length [3,8]. However,
most of the above characteristics could be suitable for some species such as tomatoes, peppers, and
eggplants, but could be adapted for the cucurbits [3]. Moreover, most seedling quality parameters have
been qualitatively determined by experienced personnel. Therefore, it is critical to define quantitative
parameters that could be easily and objectively applied by anyone in this chain (industry, grower, etc.).

Therefore, the aim of this study was to set critical limits for objective measurements of grafted
watermelon seedling quality categories as well as to suggest the most accurate and convenient among
them for application by the industry and growers. Evaluations were conducted at 7 and 14 days
after grafting. Grafted watermelon seedlings exit the healing chamber at 7 days after grafting and
therefore quality assessment at that time is essential for possible later research. By 14 days, seedlings
are considered “final product” and therefore quality evaluation at that time is valuable to assess the
product marketability.

2. Materials and Methods

2.1. Plant Material

The experiments were conducted in the facilities of Agris S.A. in Kleidi, Imathia, Greece.
All measurements were executed at Aristotle University of Thessaloniki, Greece. During the
experiment, standard commercial practices were applied.

Watermelon (scion—Citrullus lanatus) “Celine” (HM. Clause SA, Portes-Les-Valence, France) and
squash (rootstock—Cucurbita moschata) “TZ-148” (HM. Clause SA, Portes-Les-Valence, France) were
used for the production of grafted seedlings. Watermelon seeds were sown in plastic 171-cell plug trays,
while squash seeds were sown in plastic 128-cell plug trays (both types: 67 × 33 cm, G.K. Rizakos S.A.,
Lamia, Greece). Both plug tray types were filled with a 5:1:2 mixture of peat, perlite, and vermiculite.

2.2. Germination, Grafting, Healing, and Acclimatization

Following planting, the plug trays of scions and rootstocks were moved into a growth chamber
(25 ◦C, 95–98% relative humidity (RH)) until germination. Watermelon and squash germinated after
72 and 48 h, respectively, and afterwards they were moved to a glass greenhouse for 9 (scion) and
10 (rootstock) days at a 21.5 ◦C minimum night temperature for both species, and 100 ± 10 μmol
m−2 s−1 photosynthetic photon flux density (PPFD) emitted by high-pressure sodium (HPS) lamps
(MASTER GreenPower 600 W, 400 V E40, Philips Lighting, Eindhoven, The Netherlands) with an 18 h
photoperiod only for watermelon. The natural light photoperiod during the experiment was 12.5 h
from sunrise to sunset. Supplemental lighting is commonly practiced for the production of watermelon
seedlings in order to achieve high quality product. On the other hand squash seedlings have adequate
development under natural light conditions and no supplemental lighting is employed.

Grafting was performed with the “splice grafting” technique, 12 days after sowing. Using a razor
blade, the scion was diagonally cut just below the cotyledons while the rootstock was diagonally cut
on the cotyledon level leaving only one cotyledon. The rootstock was also cut just above ground
level, which is a commonly practiced technique for cucurbit rootstocks in order to achieve increased
grafting efficiency [9]. Afterwards, the grafted seedlings were placed in polystyrene 72-cell plug
trays (50 × 30 cm, G.K. Rizakos S.A., Lamia, Greece) filled with a 3:1:1 mixture of peat, perlite,
and vermiculite. Grafting was performed by experienced personnel to minimize critical errors.

Following grafting, healing and acclimatization of grafted seedlings was achieved during 7 days
in a growth chamber at 25 ◦C, recirculating air, 45 μmol m−2 s−1 PPFD emitted by fluorescent tubes
(Fluora 58W, Osram, GmbH, Munich, Germany) for an 18 h photoperiod, and RH of 98% for days
1–4, 93% for day 5, and 89% for days 6 and 7. RH was high at the beginning of healing in order to
prevent leaf dehydration and it was gradually decreased in order for the seedlings to get acclimated to
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lower RH conditions. The growth conditions were monitored using a climate control system (Priva SA,
De Lier, The Netherlands).

After 7 days in the healing chamber the grafted seedlings were placed in a glass greenhouse
(21.5 ◦C minimum night temperature, 60 ± 10 μmol m−2 s−1 PPFD emitted by HPS lamps for an 18 h
photoperiod). The high RH was applied to prevent leaf dehydration due to water loss.

2.3. Quality Categorizing and Measurements

Seedling quality categorizing, sampling and measurements were conducted at two times, 7 and
14 days after grafting. Experienced personnel categorized quality. The quality categories are listed
in Table 1. Critical parameters for categorizing seedling quality were true leaf and cotyledon area,
cotyledon color, and root system development (personal communication with Agris S.A., Kleidi,
Imathia, Greece). In total, 50 seedlings per category were sampled and the number of samples was
equally distributed throughout the three periods of production

Table 1. Seedling quality categories derived seven and 14 days after grafting of watermelon seedlings.

Days after Grafting Quality Categories Marketable

7
Optimum Yes

Acceptable Yes

14
Optimum Yes

Acceptable Yes
Not Acceptable No

A digital caliper (Powerfix, Milomex, Pulloxhill, UK) was used to measure shoot height,
stem diameter (about 1 cm above the substrate surface), and thickness of true leaves, scion cotyledons
or rootstock cotyledons. Leaf area of true leaves, scion cotyledons or rootstock cotyledons were
measured using a leaf area meter (LI-3000C, LI-COR Biosciences, Lincoln, NE, USA). Fresh and dry
weights of shoots (stem and leaves) and roots were determined. Dry weights were obtained after three
days of drying in an oven. Moreover, root-to-shoot (R/S) dry weight ratio, shoot dry weight-to-length
(DW/L) ratio, and Dickson’s quality index (DQI) were estimated. DQI was calculated as follows [10]:

Quality index =
Seedling total dry weight (g)

Height (mm)
Stem diameter (mm)

+
Shoot dry weight(g)
Root dry weight (g)

(1)

Relative chlorophyll content was measured using a portable chlorophyll meter (CCM-200 plus,
Opti-Sciences, USA). Maximum quantum yield of primary photochemistry, variable to maximal
fluorescence of dark-adapted leaves (Fv/Fm), was measured with a fluorometer (Pocket-PEA,
Hansatech Instruments, Norflock, UK). Finally, the color of true leaves, scion cotyledons, and rootstock
cotyledons was characterized using the colorimetric coordinates lightness (L*), Hue (h◦), Chroma (C*),
a*/b* (a*: red/green coordinate; b*: yellow/blue coordinate), and Hue (h◦) obtained from a digital
colorimeter (CR-400 Chroma Meter, Konica Minolta Inc., Tokyo, Japan) according to McGuire. [11].

2.4. Statistical Analysis

Statistical analysis was performed using IBM SPSS software (SPSS 23.0, IBM Corp., Armonk, NY,
USA). Data measured at 7 days after grafting were analyzed using a t-test (P ≤ 0.05), since at that
time point the seedlings were grouped into only two quality categories (Optimum and Acceptable).
Data measured at 14 days after grafting were analyzed within the methodological frame of one-way
analysis of variance (ANOVA), since at that time point the seedlings were grouped at three quality
categories (Optimum, Acceptable and not Acceptable). In this case, mean comparisons were conducted
using the Scott-Knott procedure [12], at a significance level of α = 0.05, using the StatsDirect v.2.8.0.
statistical software (StatsDirect, Ltd., Grantchester, Cambridge, UK). The choice of the Scott-Knott
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method was based on its important and unique characteristic that does not present any overlapping in
its grouping results. The above is critical in order to obtain quality indices that segregate the different
quality categories and, therefore, overlapping results between groups must not occur.

3. Results

Seven days after grafting, shoots of Optimum seedlings were significantly longer than Acceptable
ones (Table 2). However, stem diameter, shoot DW/L ratio, DQI and thickness of leaves and cotyledons
(both scion and rootstock) did not show any differences between Optimum and Acceptable seedlings.
Relative chlorophyll content of true leaves and cotyledons, as well as Fv/Fm were also similar in the two
quality categories tested (Table 2). Colorimetric parameters of true leaves also did not show differences
between the two categories, while scion and rootstock cotyledons showed significant differences in
parameters such as lightness (L*), Hue (h◦), a*/b* (a*: red/green coordinate; b*: yellow/blue coordinate),
and h◦ (Table 3). Moreover, Optimum seedlings developed significantly greater true leaves and scion
cotyledons compared to the Acceptable ones, while no differences were observed in rootstock cotyledons
(Figure 1A). Similarly, fresh and dry weight production of shoots and roots were significantly greater
for Optimum compared to Acceptable characterized seedlings (Figure 2A,B). However, R/S ratio did
not exhibit any significant differences between the different categories (Figure 2C).

Table 2. Morphological and developmental parameters of grafted watermelon seedlings from two
quality categories 7 days after grafting.

Parameters
Quality Categories

Optimum Acceptable

Height (mm) 57.82 ± 1.14 a y 47.38 ± 1.03 b
Stem diameter (mm) 4.34 ± 0.04 a 4.23 ± 0.05 a

DW/L z 0.004 ± <0.001 a 0.004 ± <0.001 a
DQI 0.012 ± <0.001 a 0.012 ± 0.001 a

Fv/Fm 0.82 ± <0.01 a 0.82 ± <0.01 a

Thickness (mm)
True leaf 0.62 ± 0.02 a 0.59 ± 0.02 a
Scion cot. 0.69 ± 0.01 a 0.69 ± 0.01 a
Roots. cot. 1.20 ± 0.03 a 1.15 ± 0.03 a

Relative chl. content
True leaf 27.17 ± 1.26 a 29.14 ± 1.04 a
Scion cot. 44.25 ± 1.38 a 43.37 ± 1.22 a
Roots. cot. 56.50 ± 1.88 a 57.16 ± 2.31 a

z shoot dry weight-to-length ratio; DQI: Dickson’s quality index; Fv/Fm: maximum quantum yield of primary
photochemistry of a dark-adapted leaf; y Mean values (±SE) (n = 50), within a row, followed by different letters are
significantly different by t-test (P ≤ 0.05).

Table 3. Colorimetric parameters of grafted watermelon seedlings from two quality categories 7 days
after grafting.

Plant Tissue Colorimetric Parameters
Quality Categories

Optimum Acceptable

True leaves

L* z 41.75 ± 1.39 a y 42.30 ± 1.96 a
C* 24.76 ± 4.08 a 24.18 ± 3.69 a
h◦ 129.05 ± 1.64 a 128.32 ± 1.62 a

a*/b* −0.81 ± 0.05 a −0.79 ± 0.05 a

Scion cotyledons

L* 42.85 ± 1.53 b 44.12 ± 2.11 a
C* 20.42 ± 2.31 a 20.61 ± 3.15 a
h◦ 128.05 ± 1.21 a 126.54 ± 1.98 b

a*/b* −0.78 ± 0.03 b −0.74 ± 0.05 a

Rootstock cotyledons

L* 39.32 ± 1.87 a 39.87 ± 2.00 a
C* 19.66 ± 1.79 a 19.69 ± 2.54 a
h◦ 130.07 ± 1.11 a 129.26 ± 1.68 b

a*/b* −0.84 ± 0.03 a −0.82 ± 0.05 a
z lightness; C*: chroma; h◦: hue angle; a*: red/green coordinate; b*: yellow/blue coordinate; y Mean values (±SE)
(n = 50), within a row, followed by different letters are significantly different by t-test (P ≤ 0.05).
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Quite similar results were obtained between the quality categories at 14 days after grafting.
Specifically, shoot height was significantly greater for Optimum seedlings compared to Acceptable
ones, while shoot DW/L ratio was significantly greater for the two marketable categories compared to
Not Acceptable seedlings. Stem diameter and DQI were greater for Optimum seedlings compared to
the other categories. Nevertheless, thickness of leaves and cotyledons (both scion and rootstock) were
similar for all categories. Relative chlorophyll content and Fv/Fm were not different between the three
quality categories, similar to the 7 day measurements (Table 4). However, differences between the
three categories were observed in colour, particularly parameters such as h◦ and a*/b* for the true leaf,
and C*, L*, h◦, and a*/b* for rootstock cotyledons (Table 5). At 7 days after grafting, Optimum scion
cotyledons had a darker (lower L*) and greener (lower a*/b*) color compared to Acceptable seedlings.
At 14 days after grafting, scion cotyledons did not show any color differences but rootstock cotyledons
categorized as Optimum had darker (lower L*) and greener (lower a*/b*) color compared to the rest of
the quality categories. True leaves of Optimum seedlings had significantly greater area compared to
the other categories, but scion and rootstock leaf area were not different (Figure 1B). Moreover, fresh
and dry biomass of shoots and roots, as well as R/S ratio were significantly greater for Optimum
seedlings compared to the other categories (Figure 2D–F).

Figure 1. Leaf area of true leaves, scion cotyledons and rootstock cotyledons of grafted watermelon
seedlings from the quality categories derived 7 days (A) or 14 days (B) after grafting. Each data point
is a mean value ± standard error (SE) of the mean (n = 50). Bars of the same color (same tissue type)
across categories with different letters are significantly different (P ≤ 0.05) according to the results of
the t-test (A) or the Scott-Knott method (B).
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Figure 2. Fresh weight (A) and dry weight (B) of shoots and roots, and root-to-shoot ratio (C) of grafted
watermelon seedlings from the quality categories derived 7 days after grafting. Fresh weight (D) and
dry weight (E) of shoots and roots, and root-to-shoot ratio (F) of grafted watermelon seedlings from the
quality categories derived 14 days after grafting. Each data point is a mean value of 50 observations.
Error bars correspond to the standard error (SE) of the mean. Bars of the same colour (same tissue type)
across categories followed by different letters are significantly different (P ≤ 0.05) according to the
results of the t-test (A–C) or the Scott-Knott method (D–F).
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Table 4. Morphological and developmental parameters of grafted watermelon seedlings from two
quality categories 14 days after grafting.

Parameters
Quality Categories

Optimum Acceptable Not Acceptable

Height (mm) 59.10 ± 1.19 a y 52.00 ± 1.20 b 56.80 ± 1.59 a
Stem diameter (mm) 4.65 ± 0.05 a 4.49 ± 0.07 b 4.35 ± 0.05 c

DW/L z 0.006 ± <0.001 a 0.006 ± <0.001 a 0.005 ± <0.001 b
DQI 0.025 ± 0.001 a 0.021 ± 0.001 b 0.018 ± 0.001 c

Fv/Fm 0.84 ± <0.01 a 0.84 ± <0.01 a 0.84 ± <0.01 a

Thickness (mm)
True leaf 0.69 ± 0.03 a 0.62 ± 0.02 a 0.64 ± 0.02 a
Scion cot. 0.72 ± 0.01 a 0.73 ± 0.01 a 0.74 ± 0.01 a
Roots. cot. 1.17 ± 0.03 a 1.12 ± 0.02a 1.18 ± 0.03 a

Relative chl.
content

True leaf 32.60 ± 1.13 a 31.91 ± 1.40 a 31.76 ± 1.17 a
Scion cot. 27.56 ± 1.10 a 30.32 ± 1.12 a 29.21 ± 1.48 a
Roots. cot. 51.11 ± 1.98 a 46.51 ± 2.45 a 50.16 ± 2.98 a

z shoot dry weight-to-length ratio; DQI: Dickson’s quality index; Fv/Fm: maximum quantum yield of primary
photochemistry of a dark-adapted leaf; y Mean values (±SE) (n = 50), within a row, followed by different letters are
significantly different (P ≤ 0.05) according to the results of the Scott-Knott method.

Table 5. Colorimetric parameters of grafted watermelon seedlings from two quality categories derived
14 days after grafting.

Plant Tissue Colorimetric Parameters
Quality Categories

Optimum Acceptable Not Acceptable

True leaves

L* z 40.00 ± 0.46 a y 41.26 ± 0.49 a 41.30 ± 0.53 a
C* 19.39 ± 0.51 a 20.73 ± 0.53 a 21.23 ± 0.67 a
h◦ 129.40 ± 0.42 b 129.40 ± 0.42 b 128.56 ± 0.48 b

a*/b* −0.86 ± 0.01 b −0.83 ± 0.01 a −0.80 ± 0.01 a

Scion cotyledons

L* 44.70 ± 0.47 a 43.87 ± 0.42 a 44.89 ± 0.39 a
C* 23.29 ± 0.69 a 23.34 ± 0.55 a 23.74 ± 0.51 a
h◦ 126.54 ± 0.41 a 126.35 ± 0.37 a 126.20 ± 0.30 a

a*/b* −0.74 ± 0.01 as −0.74 ± 0.01 a −0.73 ± 0.01 a

Rootstock
cotyledons

L* 40.52 ± 0.43 b 41.92 ± 0.43 a 42.53 ± 0.59 a
C* 19.47 ± 0.43 b 20.92 ± 0.46 a 22.10 ± 0.71 a
h◦ 129.46 ± 0.29 a 128.07 ± 0.33 b 127.82 ± 0.40 b

a*/b* −0.82 ± 0.01 b −0.79 ± 0.01 a −0.78 ± 0.01 a
z lighting; C*: chroma; h◦: hue angle; a*: red/green coordinate; b*: yellow/blue coordinate; y Mean values (±SE)
(n = 50), within a row, followed by different letters are significantly different (P ≤ 0.05) according to the results of
the Scott-Knott method.

4. Discussion

Seedling quality is one of the major concerns among farmers, and grafted watermelon seedlings
are mainly produced by professional nurseries instead of individual farmers. Many factors influence
quality evaluation and, therefore, it is difficult to define and categorize seedlings of different qualities.
Seedlings of high-quality should have uniformity in terms of size and traits [3].

During healing, grafted seedlings remained in an environmentally controlled growth chamber
where microclimate was almost identical for all seedlings. Nevertheless, two quality categories derived
7 days after grafting (i.e., after healing). The seedlings from both categories showed promising potential
to develop into marketable plants of high quality. However, the days between the exit from the healing
chamber and planting by the grower (i.e., between day 6 and day 14 after grafting) are crucial for
maintaining high seedling quality. Many seedlings suffer during the period of acclimatization which
might lead to quality deterioration [3]. In our study, three quality categories were developed at 14 days

177



Horticulturae 2019, 5, 16

after grafting: two marketable categories (Optimum and Acceptable) and one non-marketable category
(Not acceptable).

After 7 days, shoot height was highly distinguishable between the two quality categories, however,
it was not confirmed after 14 days. Therefore, shoot height alone cannot be used as an efficient index of
seedling quality before going to market. On the other hand, stem diameter was greater for Optimum
seedlings at 14 days after grafting. Even though the differences were very slight and could not easily
be detected by eye, this parameter is reliable for distinguishing the quality of grafted seedlings before
going to market [13–15]. Color differences were not visually detectable, but colorimetry revealed slight
distinctions at both times. However, relative chlorophyll content was similar at all measurement dates
and quality categories. Additionally, no differences were detected between the quality categories in
parameters such as leaf or cotyledon thickness and Fv/Fm, both seven and 14 days after grafting.

Seven days after grafting, one of the greatest morphological parameters that distinguished the
Optimum and Acceptable seedlings was the area of true leaves, which leads to greater absorption
of incident light in the first very important days of seedling development. Therefore, leaf area is a
valuable indicator not only between marketable and not marketable seedlings, but also between the
different quality categories of grafted watermelon.

As discussed above, Optimum seedlings were defined by faster leaf development, i.e., larger
photosynthetic area in a shorter amount of time. Subsequently, this quality category contained
seedlings with greater fresh and dry biomass production compared to the other categories, both 7 and
14 days after grafting, proving that these parameters can be used as index of marketable seedlings.
Seven days is considered a short amount of time for grafted seedlings to develop a vigorous root system,
especially when the original roots were completely removed, as in our case. However, the quality
categories were also distinguished by root biomass.

R/S ratio is a parameter related to the possibility of successful seedling establishment in the
field which depends on the proper allocation of biomass between the above and below ground parts.
Fourteen days after grafting, R/S ratio was greater for Optimum seedlings which developed a vigorous
root system. Shoot DW/L ratio, which is a good indicator of seedling quality [3] revealed that Optimum
plants were of higher value. Since this parameter was comprised of shoot dry weight and length
(which is similar for the quality categories), biomass accumulation is decisive for the production of
high quality seedlings at the nursery. DQI is commonly used for the evaluation of forest or fruit tree
seedlings, but recently it has also been employed for assessing horticultural species such as cucumber,
muskmelon and tomato [16–18]. Even though the parameter incorporates a number of destructive
measurements, it is a useful indicator of seedling quality and plantation performance [19] since its
values was correlated with the quality categories in our study.

Optimum seedlings have a better chance of developing into high quality marketable plants,
with better establishment in the field, since they excelled in almost all tested parameters, including
the essential leaf area and root dry weight. This superiority was also highlighted by shoot DW/L
ratio and DQI. Acceptable seedlings were on the border between the other two categories. Parameters,
such as stem diameter, shoot DW/L ratio, and DQI, were valuable for identifying them as marketable
or not. Not acceptable seedlings after 14 days had inferior development with smaller leaves and
considerably weaker root systems compared to the marketable seedlings. Their lower chance of
successful establishment and slower development do not favor these seedlings as marketable.

It is concluded that leaf and cotyledon area of scion, stem diameter, shoot and root dry weights
as well as shoot DW/L and DQI are good indicators for categorizing grafted watermelon seedlings.
Specifically, seedlings of the highest quality must have a leaf area of about 25 cm2 and 50 cm2 at 7 and
14 days after grafting, respectively. Scion (watermelon cv. Celine) cotyledons must be fully expanded
(about 15 cm2) 7 days after grafting, while rootstock cotyledons were not good indicators of seedling
quality. Shoot height was a weak quality indicator 14 days after grafting, since Not acceptable values
were similar to Optimum seedlings. However, stem diameter was a good quality index even though
values between the categories were very close. Moreover, shoot and root dry weights, as well as shoot

178



Horticulturae 2019, 5, 16

DW/L ratio and DQI, proved valuable indicators of grafted watermelon seedling quality. The benefits
of grafting is associated with the use of high quality watermelon seedlings, and their categorization
could help both the nursery industry and growers.
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Abstract: The minimally processed industry is always looking for produce innovation that can
satisfy consumer needs. Wild leafy vegetables can be a good source of bioactive compounds
and can be attractive for the consumer in term of visual appearance and taste. In this work,
Sisymbrium officinale (L.) Scop., commonly called hedge mustard, was grown in a greenhouse and
evaluated as a potential leafy vegetable. Two wild populations, Milano (MI) and Bergamo (BG),
were grown in peat substrate and harvested at the commercial stage for the minimally processing
industry. Leaf pigments such as chlorophyll and carotenoids were determined as well as chlorophyll
a fluorescence parameters. Total sugars, antioxidant compounds such as ascorbic acid, phenolic index,
total phenols, anthocyanins, and nitrate were determined at harvest. Significant differences between
wild populations were found in April with higher nitrate content in BG, 2865 mg/kg FW than in MI,
1770 mg/kg FW. The nitrate levels of S. officinale measured in the present study are significantly lower
than the maximum NO3 level allowed in other fresh leafy vegetables. Ascorbic acid measured in
November was higher in MI compared BG with values of 54.4 versus 34.6 mg/100 g FW, respectively.
The chlorophyll a fluorescence data showed that BG reached optimal leaf functionality faster than
MI. Overall results indicated that Sisymbrium officinale (L.) Scop. can be suggested as a potential leafy
vegetable for the minimally processed industry.

Keywords: Sisymbrium officinale; Brassicaceae; hedge mustard; leafy vegetables

1. Introduction

Minimally processed leafy vegetable production has been evolving in recent years by
providing new produce with beneficial effect on human health. There are several wild species
that can be considered as potential leafy vegetables. The introduction of new species can be
useful for diet enrichment and diversification. Moreover, wild plants can be highly adaptative to
different environments.

Sisymbrium officinale (L.) Scop., synonym Erysimum officinale, commonly known as hedge mustard
in English, erísimo in Spanish, erisimo or erba cornacchia in Italian, and velar in French, is a medicinal
plant that belongs to the Brassicaceae family. This species could have potential for introduction into
the leafy vegetable production for the minimally processed or fresh-cut industry.

S. officinale is a terophyte scapose plant with a reddish-violet erect trunk, that present a lot of
trichomes and many branches. Basal leaves are different from the upper ones with a dentate shape.
Hedge mustard has a linear racemose inflorescence; each flower has four small (1–2 mm) yellow petals;
the fruit is a tiny siliqua, close-fitting to the trunk. Flowering occurs in Spring–Summer, from May to
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July–August, depending on the climate. Siliqua pods usually are pubescent, once they reach maturity
they release seeds. Seeds are very small, each siliqua can contain from 10 to 20 seeds. S. officinale is
endemic in the Eurasian continent and widespread in all Italian regions from 0 to 1000 m. above sea
level (a.s.l.), and rarely up to 2400 m a.s.l. [1]. This annual or biennial herbaceous plant is described as
ruderal, growing on disturbed sites such as field margins and roadsides [2].

Flowers and leaves of hedge mustard are commonly used as a traditional medicinal herb for
the treatment of sore throats, coughs, and hoarseness [3–5] under specific indication based upon
long-standing use [6] and recent clinical studies [7]. For that reason, S. officinale is largely known as
“singer’s plant” and is used among singers, actors, and professionals who use the voice for working.
The therapeutic activity of this plant is attributed to its sulfurated components. Dried flowering
aerial parts contain: total glucosinolates (0.63–0.94%), mucilage (13.5–10.9%), total thiols (8.9–10.2%),
and total flavonoids (0.50–0.56%). The main glucosinolate in S. officinale is glucoputranjivine [8].
It represents 58.3% of total glucosinolates on a fresh weight basis. This percentage declined to 32.5%
after autolysis [6].

Brassicaceae is one of the most important botanical families in horticultural production in
Mediterranean countries, due to their great diversity expressed both in spontaneous and cultivated
species. In Italy, horticultural Brassicaceae are widespread on about 40,000 ha, in particular in the
center-southern region [9].

In spite of its long, traditional therapeutic use for treating voice discomfort as dried plants
(including leaves, stem, and flowers) for preparing decoctions, tinctures, or propolis, S. officinale has
barely been investigated for its beneficial proprieties, and there are no data about its possible use
and consumption as a fresh leafy vegetable. Its low agronomic requirements allow the cultivation in
different Mediterranean environments.

In order to evaluate the possibility of recommending this species as a potential leafy vegetable,
the aim of present study was to investigate production of two different wild populations, one collected
in Milan and the other one in Bergamo, Italy. Cultivation was performed in pots containing
fertilized substrate in a greenhouse. Total chlorophyll content and chlorophyll a fluorescence were
measured for evaluating photosynthetic activity. The most common quality parameters that are usually
considered for leafy vegetable evaluation were determined such as ascorbic acid, carotenoids, phenols,
anthocyanins, nitrates, and total sugar. Furthermore, to evaluate the production of leaves, fresh and
dry biomass were measured at the baby leaf stage which is usually the developmental stage for leafy
vegetables destined to the fresh-cut industry.

2. Materials and Methods

2.1. Plant Material

Seeds of two wild populations of Sisymbrium officinale (L.) Scop., or hedge mustard, respectively
named MI (Milan) and BG (Bergamo), obtained from controlled seed reproduction at Fondazione
Minoprio (Como, Italy) during summer in 2017, were sown separately in polystyrene panels using
common horticultural fertilized substrate under controlled conditions in a greenhouse at the Faculty
of Agricultural and Food Science of Milan, 16 January 2018, for the first evaluation, and 8 October,
for the second evaluation (Supplementary Materials Table S1). Cultivation was performed in the
greenhouse of the Agricultural Faculty, which was a single gable covered with glass and provided
with a cooling system and supplemental light only for the second growing cycle. The supplemental
lighting was provided for 16 h from the 7:00 a.m. to 11:00 p.m. with 400 W/m2 High Pressure Sodium
lamps. The environmental parameters are reported in the Supplementary Materials Figure S1.

Plantlets were transplanted and grown in complete substrate (Vigorplant, Italy) containing
the following components: 21% Baltic peat, 22% dark peat, 26% Irish peat, 13% volcanic peat,
18% calibrated peat at a pH of 6.5 in 10 cm diameter plastic pots. The plant density was 16–18 plants/pot
or 80–90 plant/m2.

182



Horticulturae 2019, 5, 13

Harvest was performed at the end of each cultivation cycle, on 3 May, and on 7 November, when
the plant reached the commercial baby leaf stage, which corresponded to plants at a 15 cm height
with 4–6 fully expanded true leaves. Plants were randomly chosen from each pot and sampled for
the analyses. Plants were not supplied with extra-fertilizers in either experimental period and were
watered every day to maintain optimal water availability.

2.2. Non-Destructive Analyses

Chlorophyll a Fluorescence

For the characterization of the two S. officinale wild populations, non-destructive analyses were
conducted on fresh leaf tissue. Each week, starting from 18 of April to the first week of May 2018 and
7 November, chlorophyll a fluorescence was measured using a hand-portable fluorometer (Handy PEA,
Hansatech, Kings Lynn, United Kingdom). Leaves were dark-adapted for 30 minutes using leaf
clips. After this time, a rapid pulse of high-intensity light of 3000 μmol m−2 s−1 (600 W m−2) was
administered to the leaf inducing fluorescence. Fluorescence parameters were calculated automatically
by the device: variable fluorescence to maximum fluorescence (Fv/Fm). From the fluorescence
parameters, JIP analyses were performed to determine the following indices: Performance Index (PI),
dissipation energy per active reaction center (DIo/RC), and density of reaction centers (RC/CSm).

2.3. Destructive Analyses

To evaluate qualitative characteristics of the two wild populations of S. officinale, small samples
of fresh leaves, about 1 g for each sample, were sampled one month after transplanting and at the
beginning of May for the first cultivation cycle, and on 7 November for the second cycle. Some leaf
samples were immediately stored at −20 ◦C to prevent tissue degradation.

To evaluate the yield at the baby leaf stage, plant fresh weight and dry weight were recorded at
the end of biological cycle, in May for the first cultivation cycle and in November for the second cycle.

2.3.1. Chlorophyll and Carotenoids

Chlorophyll and carotenoids were extracted from fresh leaves. Leaf disks of 5 mm diameter
(or 20–30 mg) in 5 mL 99.9% methanol as solvent were kept in a dark cold room at 4 ◦C
for 24 h. Quantitative chlorophyll determinations were carried out immediately after extraction.
Absorbance readings were measured at 665.2 and 652.4 nm for chlorophyll pigments and 470 nm
for total carotenoids. Chlorophylls and carotenoid concentrations were calculated by Lichtenthaler’s
formula [10].

2.3.2. Phenolic Index, Total Phenols, and Anthocyanins

For the following analyses, fresh leaf tissue (disks of 5 mm diameter, or 20–30 mg) was extracted in
3 mL 1% methanolic HCl. The Phenolic Index of leaf tissue was determined spectrophotometrically by
direct measurement of leaf extract absorbance at 320 nm. After overnight incubation the supernatant
was read at 320 nm. The values were expressed as ABS320nm/g FW.

Total phenols were determined spectrophotometrically following the Folin-Ciocalteu reagent
method [11] using 200 μL of each sample extract 7.8 mL of distilled water, 0.5 mL of Folin-Ciocalteu
reagent and 1.5 mL of 20% Na2CO3. Samples were extracted for 2 h in the dark and then read at
760 nm. Total phenols were calculated using a standard curve performed with gallic acid.

Anthocyanin content was determined spectrophotometrically. Sample extracts were incubated
overnight at 4 ◦C in darkness. The concentration of cyanidin-3-glucoside equivalents was determined
spectrophotometrically at 535 nm using an extinction coefficient (ε) of 29,600 [12].
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2.3.3. Ascorbic Acid Determination

Only the November samples were analyzed for ascorbic acid content. For analysis, about 1 g
of frozen leaves (frozen at −80 ◦C) were homogenized in a mortar with 1.3 mL of cold 6% (w/v)
metaphosphoric acid and centrifuged at 10.000 × g at 4 ◦C. The pellet obtained by centrifugation was
washed with 1.06 mL of cold metaphosphoric acid solution and centrifuged again. The supernatants
were combined and 6% metaphosphoric acid was added to make a final volume of 3.3 mL.

After filtration through nylon filter, a 10 μL sample aliquot was injected onto an Inertsil ODS-3
GL Science column at 20 ◦C attached to a Series 200 LC pump. Peaks were converted to concentrations
by using the dilution of stock ascorbic acid to construct a standard curve. Chromatographic data
were stored and processed with a PerkinElmer TotalChrom 6.3 data Processor (PerkinElmer, Norwalk,
CT, USA) [13].

2.3.4. Nitrate Determination

Nitrate concentration was measured by the salicyl sulfuric acid method [14]. About 1 g of
fresh leaves was ground in 5 mL of distilled water. The extracts were centrifuged at 4000 rpm
for 15 min. After centrifugation, the supernatant was collected for colorimetric determinations.
Twenty μL of sample were collected and 80 μL of 5% (w/v) salicylic acid in concentrated sulfuric
acid were added. After the reaction, 3 mL of NaOH 1.5 N were added. Each sample was cooled,
and absorbance was measured at 410 nm. Nitrate concentration was calculated referring to a KNO3

standard calibration curve.

2.3.5. Total Sugar Determination

To determine total sugar levels, extracts were prepared as above for the determination of
nitrate levels. Total sugars were determined using the anthrone assay [15] with slight modification.
The anthrone reagent was prepared using 0.1 g of anthrone dissolved in 50 mL of 95% H2SO4.
The reagent was left 40 min before use; then, 200 μL of extract was added to 1 mL of anthrone,
put in ice for 5 min and vortexed. The reaction was heated at 95 ◦C for 5 min. Samples were cooled
and absorbance was read at 620 nm. Total sugar concentration was calculated referring to a glucose
standard calibration curve.

2.4. Statistical Analyses

Data from the first cultivation cycle were subjected to two-way ANOVA and differences among
means were determined using Tukey’s post-test (P < 0.05). Data from the second cultivation cycle
were analyzed using a t-test (P < 0.05). The number of replicate samples used in each analysis or
measurement is reported in the legend of the figures or tables.

3. Results

3.1. Total Chlorophylls, Carotenoids, Phenols, and Anthocyanins

The yield at the baby leaf stage, a 15 cm height and 4–6 leaves, for both wild populations ranged
from 2.41 g to 4.00 g for the winter-spring season and from 2.26 g to 2.45 g for the autumn season.
The dry weight percentage ranged from 10.64 to 10.76 in May and from 8.07 to 7.87 in November.
No significant differences were found in FW or DW between values of MI and BG harvested in May
and in November (Table 1).

The plants showed different leaf pigment contents at different sampling times. In May a higher
chlorophyll content was observed in MI than in April, while no significant differences between MI and
BG were found in either cycle (Table 2).
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Table 1. Fresh weight and % of dry matter in MI and BG hedge mustard wild populations at the baby
leaf stage after two production cycles. Data are expressed as means of five plants (n = 5).

Cycle
Wild

Population
Fresh Weight

(g/plant)
Dry Matter

(%)

I May
MI 2.41 ns 10.64 ns
BG 4.00 10.76

II November
MI 2.26 ns 8.07 ns
BG 2.45 7.87

Data were analyzed using a t-test (P < 0.05). ns means no statistical differences.

Table 2. Chlorophyll (a, b) and total carotenoid content in MI and BG hedge mustard wild populations
after two production cycles. Data are reported as mg/g FW (n = 4).

Cycle
Wild

Population
Chl a

(mg/g FW)
Chl b

(mg/g FW)
Total Carotenoids

(mg/g FW)

I

April
MI 0.63 b 0.19 b 0.120
BG 0.93 ab 0.37 ab 0.143 ns

May
MI 1.22 a 0.42 a 0.215
BG 0.79 ab 0.27 ab 0.157 ns

II November
MI 1.56 ns 0.51 ns 0.382 ns
BG 1.44 0.47 0.379

Data of cycle I were subjected to two-way ANOVA and differences among wild populations and dates within a cycle
were determined using Tukey’s test (P < 0.05). Data of cycle II were analysed using a t-test (P < 0.05). ns indicates
no statistical differences.

In cycle I in April the total phenols and anthocyanins did not differ between populations. In May
higher anthocyanins values were observed in BG compared to MI, while no significant differences
were observed for total phenol among the two wild populations. Significant differences were found in
phenolic index between the two wild populations (MI and BG) only in November with a higher
concentration for BG. In November ascorbic acid determination revealed significant differences
between MI and BG with a higher concentration for MI (Table 3). Among the antioxidant compounds,
ASA and phenolics showed opposite differences between the two S. officinale populations cultivated in
November, ASA higher and lower phenolic index in MI.

Table 3. Ascorbic acid (ASA), phenolic index, total phenols, and anthocyanin content in MI and BG
hedge mustard wild populations (n = 4).

Cycle
Wild

Population
ASA

(mg/100 g FW)
Phenolic Index

(ABS320nm/g FW)
Total

Phenols
Anthocyanins
(mg/100 g FW)

I

April
MI - 27.45 1.13 32.13 ab
BG - 26.72 ns 1.09 ns 26.38 b

May
MI - 19.05 0.75 14.88 c
BG - 32.60 ns 1.35 ns 38.79 a

II November
MI 54.45

*
42.51

*
1.62 ns 29.53 ns

BG 34.57 55.44 2.37 31.51

Data of cycle I were subjected to two-way ANOVA and differences among wild populations and dates within cycles
were determined using Tukey’s test (P < 0.05). Data of cycle II were analysed using a t-test (P < 0.05). An asterisk (*)
indicates a significant difference and ns indicates no statistical differences.

3.2. Chlorophyll a Fluorescence Measurements

From the chlorophyll a fluorescence data, four parameters were considered: Fv/Fm (maximum
quantum yield of PSII), PI (Performance Index), DI0/RC (rate of energy dissipated by PSII per reaction
center), and RC/CSm (active RCs per excited cross-section). No significant differences were found
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between the two wild populations for Fv/Fm and DIo/RC parameters. The Fv/Fm ratio after 26 April
in both wild populations showed values higher than 0.83.

PI did not show significant differences between wild populations during cycle I. Significant
differences were found between BG measured on 18 April and 2 May. PI index increased from 18 April
to 2 May. Then, it decreased by the following measurement on 5 May but remained higher than the
initial measurement.

Like the Fv/Fm ratio, the DIo/RC values did not show significant differences between wild
populations and measurement times. However, this index declined in both wild populations
during cultivation.

Significant differences were found for RC/CSm in MI between 18 April and 2 May and between
26 April and 2 May. In addition, significant differences were found in the BG wild population between
18 April and 26 April (Figure 1).

Figure 1. Chlorophyll a fluorescence parameters (Fv/Fm (A), PI (B), DIo/RC (C), and RC/CSm (D))
in leaves of two hedge mustard wild populations, MI and BG. Data are means with standard errors
(n = 4 for April and May, n = 5 for November). Data of cycle I were subjected to two-way ANOVA
and differences among wild populations and dates within cycles were determined using Tukey’s test
(P < 0.05). Data of cycle II were analysed using a t-test (P < 0.05). Different letters indicate statistical
differences, and no letters indicate no significant differences.

3.3. Nitrate and Total Sugars

The quality of hedge mustard grown as baby leaf vegetables was also evaluated in terms of nitrate
accumulation and total sugars. The nitrate content was statistically different between wild populations
in April, with higher nitrate content in BG, 2865 mg/kg FW than in MI (Figure 2). In May, the two wild
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populations showed lower and significantly different values compared with those measured in April,
nitrate content ranged from 199 to 256 mg/kg, but there was no difference between them. In November,
both wild populations showed a nitrate content that ranged from 1756 mg/kg FW to 1683 mg/kg FW,
with no significant differences between them (Figure 2).

Figure 2. Nitrate content in leaves of two hedge mustard wild populations, BG and MI. Data are means
with standard errors (n = 3 for April and May, n = 4 for November). Data of cycle I were subjected to
two-way ANOVA and differences among wild populations and dates within cycles were determined
using Tukey’s test. Data of cycle II were analysed using a t-test (P < 0.05). Different letters indicate
statistical differences for P < 0.05. Population means did not differ in November.

Total sugars were not statistically different between wild populations (MI and BG) or by dates
within cycle I (April, May). The total sugar content ranged from to 5.84 mg Glu eq./g FW observed in
MI in November, to 3.1 mg Glu eq./g FW in the April (Figure 3).

Figure 3. Total sugar content in leaves of two wild hedge mustard populations, BG and MI. Data
are means with standard errors (n = 3 for April and May, n = 4 for November). Data of cycle I were
subjected to two-way ANOVA. Data of cycle II were analysed using a t-test (P < 0.05). There were no
significant differences between wild populations or times.
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4. Discussion

The Brassicaeae family includes a wide number of species that can be used for vegetable
production. Some of them have been described as potential vegetables and sources of antioxidant
compounds for the Mediterranean area [16,17]. Hedge mustard is a wild Brassicaceae species widely
dispersed and, therefore, it has been evaluated as a potential leafy vegetable for the minimally
processed industry. The nutritional components were similar to other leafy vegetables and could
provide a good quantity of ascorbic acid that is higher than lettuce, which shows values ranging from
10 to 30 mg/100 g [18]. The leaf pigments observed in hedge mustard were similar to other leafy
vegetables such as rocket (Eruca vesicaria subsp. sativa) [19], lamb’s lettuce (Valerianella locusta) [20],
and lettuce (Lactuca sativa) [21]. It is well known that leaf pigments are important parameters because
they contribute to leaf color and visual appearance [22]. The leaf color is very important in minimally
processed leaf vegetables because it is the first quality parameter that consumers evaluate at purchase.

During the growing period lower chlorophyll concentrations were observed in spring than in
autumn. Usually the leaf pigments are higher at lower light intensity; in our experimental conditions the
higher values could be due to the low light conditions in the greenhouse during autumn, even though
supplementary lighting was provided. This relationship between lower light availability and higher
pigments have been found in different leafy vegetables [23].

Chlorophyll a fluorescence-derived parameters were used for evaluating the PSII activity of the
two S. officinale wild populations (MI and BG). The Fv/Fm ratio indicated the maximal efficiency of
PSII photochemistry, and it did not significantly change during the experiments. Values of Fv/Fm
below 0.83 are usually considered as indicative of stressful conditions in plants [24]. The Fv/Fm
ratio increased at the end of April, while the values were slightly lower at the earlier measurement.
This result may be due to Fv/Fm increasing with leaf development until reaching the fully expanded
stage, when the leaves are fully photosynthetically active. Values above 0.83 during May demonstrated
that plants were under optimal growing conditions as was also observed in the second cycle performed
in autumn. The higher values of PI in May also indicated higher light use efficiency and better
performance of the plants [23]. The BG wild population seemed to have had faster adaptation and
reached optimal leaf functionality earlier. In fact, BG also had higher RC/CSm values in April and
these results were repeated in the second cycle performed in November

Nitrate plays a crucial role in the nutrition and function of plants and naturally occurs as
a compound in the nitrogen cycle. In plants, nitrate levels are higher in leaves, whereas lower
levels occur in tubers and seeds. In fact, leaf crops such as spinach (Spinacea oleracea L.), lettuce
and rocket have high nitrate concentration [25]. Nitrate and nitrite are also commonly used as
preservatives in food. Nitrate is non-toxic, but its metabolites and reaction products (nitrite, nitric oxide,
and N-nitroso compounds) could be dangerous for human health inducing methaemoglobinaemia or
carcinogenesis [26]. In addition to nitrate, leafy vegetables also provide several bioactive compounds
with beneficial effects on health, and are widely recommended in the diet.

The European Union, in order to limit the nitrate supply in human nutrition, has defined the
maximum nitrate levels permitted in some vegetables considered to have the highest levels of this
compound. Nitrate concentrations are directly correlated with light availability. This may explain
the lower values in May and higher values in April and November. However, the nitrate levels of
S. officinale measured in the present study are significantly lower than the maximum NO3 level allowed
in rocket salad, another species from Brassicacea family, fixed at 6000 or 7000 mg NO3/kg FW by the
UE Commission [27], depending on the harvest time. Rocket plants grown in different cultivation
systems in greenhouses such as soil, substrate or floating, have higher nitrate levels [28,29]. However,
the higher ascorbic acid concentration compared to other leafy salad contributes a reduced risk of
nitrosamine formation and carcinogenic effects of the nitrate in the diet. In fact, it has been reported that
ascorbic acid is a nitrosation inhibitor and could inhibit nitrate reduction [30]. The low nitrate content
of S. officinale is a good quality trait for possible use of this species as a leafy vegetable. Moreover,
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under greenhouse cultivation, the level of ascorbic acid is similar or slightly higher than those found
in plants grown in the wild [31].

The leaf sugar content is related to photosynthetic activity and biomass production. It is also an
important parameter for the storage of the product. Higher sugar content can be potentially associated
with higher shelf life, because sugars are used for the basal metabolism and maintaining quality of
the product. The total sugar content measured in the present study (maximum level of 5.84 mg/g)
is lower if compared to the average sugar content observed in rocket leaves, where the total sugar
reached 6.30 mg/g in the first harvest and 7.61 mg/g in second harvest [32]. The total sugars were
similar among the two wild populations which also corresponds to biomass production and dry
matter percentage.

5. Conclusions

Sysimbrium officinale is a wild species from the Brassicaceae family, quite common in all temperate
Euroasiatic areas. Our results indicated that this species can be successfully grown in a greenhouse
with nutritional components as well as quality parameters such as nitrate, chlorophyll, and sugar
content similar to the most common commercial leafy vegetables. It has a good concentration of
ascorbic acid, higher than common leafy vegetables. Although these results suggest that Sysimbrium
officinale can be grown as a leafy vegetable, further investigation will be required for evaluating quality
during postharvest storage and handling.

Supplementary Materials: The following are available online at http://www.mdpi.com/2311-7524/5/1/13/s1,
Figure S1: Temperature minimum and maximum and solar radiation (RG) during the cultivation period, Table S1:
Cultivation period including sowing, transplanting, sampling, and harvest time.
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