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ABBREVIATIONS  

CEA ï controlled environment agriculture 

PPFD ï photosynthetic photon flux density 

DLI ï day light integral  

pt ï change in pH units; 0.5 pt means the change 0.5 pH units. 

DW ï dry weight 

FW ï fresh weight 

MES ï 2-(N-morpholino)ethanesulfonic acid 

pKa ï negative logarithm of dissociation constant 

Pr ï photosynthetic rate,  

gs ï stomatal conductance  

Ci/Ca ï the intercellular to ambient CO2 ratio 

Tr ï transpiration rate 

WUE ï water use efficiency 

LUE ï light use efficiency 

Fv/Fm ï maximum quantum yield  

ūPSII ï intrinsic quantum  

NPQ ï non-photochemical quenching 

ABTS ï 2,2 -azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) 

DPPH ï 2-diphenyl-1-picrylhydrazyl 

FRAP ï Fe2+ reducing antioxidant power assay 

TPC ï total phenolic compounds 
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INTRODUCTION  

Relevance of the topic 
 

It is anticipated that the current food demand will double in 2050 to feed the rising human 

population (van Dijk et al., 2021). Moreover, traditional farming methods cannot fulfill uprising 

needs alone due to climate change (Praveen & Sharma, 2019) and arable land destruction (PrŁvŁlie 

et al., 2021). Strategic implementation of controlled environment agriculture (CEA) could 

improve overall food production sustainability (Cowan et al., 2022). Environmental factors such 

as light, temperature, properties of the nutrient solution, CO2 concentration, and relative humidity 

are controlled in CEA facilities, including vertical farms and high-tech greenhouses (Benke & 

Tomkins, 2017). Despite this, plant productivity is reaching its limits in the CEA. Still, the 

boundaries can be moved a bit further if plant growth-related parameters are controlled in the 

narrow crop specific range and multiple cultivation parameter interaction is favorable (Ragaveena 

et al., 2021), highlighting the importance of precision management. While modern technologies 

enable precise control, a plant's physiological response to minor differences in environmental 

parameters and its significance needs to be explored in a more detailed way. 

 Hydroponics is a predominant cultivation technique in CEA that uses nutrient solution 

instead of soil (Fussy & Papenbrock, 2022), and its popularity has steadily risen over the years. A 

hydroponic solution is a multivalent salt mixture that contains all necessary macro and 

micronutrients in their respective concentrations (Meselmani, 2023). Slightly acidic nutrient 

solution pH is used for various plant cultivation in hydroponics, and the preferred range is from 

5.5 to 6.5 (Alexopoulos et al., 2021). Ion availability is directly linked to the nutrient solution pH 

(Velazquez-Gonzalez et al., 2022). Plant mineral nutrition is an active equilibrium-based process; 

during plant growth, ions are absorbed unevenly, and due to uneven absorption nutrient solution 

pH fluctuates (Savvas & Gruda, 2018). Suboptimal pH reduces plant productivity (Gillespie et al., 

2021) and mineral nutrition effectiveness (Sambo et al., 2019). It is assumed that full plant 

biological potential is achieved if exact crop specific mineral nutrition needs are satisfied; 

therefore, even minor nutrient solution pH differences will likely be physiologically reflected, but 

further investigation is needed (Baron et al., 2018). A nutrient solution's ability to mitigate pH 

fluctuations is defined as buffering capacity, and its capacity is limited (Singh et al., 2019). 

Nutrient solution's initial buffering capacity can be increased with a supplementary buffering 

agent and passively manage pH fluctuations in a narrow, precise pH interval (Trientini et al., 

2023). Still, plant physiological response limits used buffer concentration (Miransari et al., 2021); 

thereof, there is a necessity to investigate overall plants' physiological response to supplementary 

buffer concentration.  
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 Previous research has shown that for optimal crop performance, artificial light properties 

and properties of the nutrient solution need to be addressed simultaneously, even more 

highlighting the precision role in CEA systems. Artificial light in CEA is a control tool that 

profoundly influences plant growth and development. Light intensity is one of the most important 

measurements in CEA that directly influences both plant photosynthesis and operating expenses 

of any indoor farming facility (Kelly et al., 2020; Liu et al., 2022). From a physiological point of 

light, plants can only absorb and use it efficiently until a certain saturation point (Shafiq et al., 

2021) and this saturation point is crop dependent. Therefore, precise determination of the most 

suitable lighting intensity is a necessity. Not only biomass gain is altered with the varying light 

intensity, but various produce quality parameters can also be influenced with PPFD 

manipulations, for instance, mineral nutrition dependence on light intensity varies between crops 

(Zhou et al., 2019).  

 In recent decades, changes in the human diet and health awareness have increased interest 

in healthy diets, resulting in new market trends for healthy food with high nutritional and 

organoleptic properties (Carrascosa et al., 2023). For this reason, the portfolio of CEA-cultivated 

species has the potential to be diversified. Wild edible flora may be potential new crops for CEA, 

serving as a reservoir of diverse micronutrients and nutraceuticals (Cantwell-Jones et al., 2022). 

Furthermore, traditional crop cultivation in CEA, such as lettuce, is highly researched and 

optimized and this knowledge is not directly transferable to other species due to different 

genotypes and life strategies. Within the scope of this thesis, various plant species that are not 

common in CEA production, performance, and mineral nutrition effectiveness were determined 

in a precisely controlled environment. 

Research hypothesis. It is likely that by precisely modifying the composition and physical 

properties of the hydroponic nutrient solution and combining these parameters with the artificial 

lighting conditions, it will be possible to improve the photosynthetic performance and the 

effectiveness of mineral uptake in different leafy greens.  

The subject of research. The research objects are different species of leafy greens (red and green 

leaf lettuce (Lactuca sativa L.), red amaranth (Amaranthus tricolor L.), ice plant 

(Mesembryanthemum crystallinum L.), perilla (Perilla frutescens L.) and purslane (Portulaca 

oleracea L.)), cultivated in a controlled environment agricultural (CEA) system under different 

experimental hydroponic solution and lighting conditions.  

The aim. To evaluate and model the influence of hydroponic nutrient solution properties and their 

combination with lighting photosynthetic photon flux density on photosynthetic productivity and 

mineral nutrition efficiency of leafy greens for optimum resource utilization and production in 

controlled environment agriculture.  
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Research tasks: 

1. To investigate the effect of small pH differences (0.5 pt) in hydroponic nutrient solution 

on photosynthetic productivity and mineral nutrition of leafy greens. 

2. Evaluate and improve the buffering properties of hydroponic nutrient solution seeking to 

develop a precise pH control method for controlled environment agriculture. 

3. To evaluate the effect of the hydroponic nutrient solution buffering agent additive on the 

productivity and physiological parameters of hydroponically cultivated lettuce.  

4. To model the effect of lighting photosynthetic photon flux density on the efficiency of 

mineral nutrition of leafy greens grown in hydroponic nutrient solution with constant 

physical properties. 

Defended statements:  

1. In precision controlled environment agriculture, minor (0.5 pt) pH differences can be used 

to control the directionality of plant mineral nutrition. 

2. The buffer capacity of the nutrient solution directly influences the degree of pH fluctuation 

in hydroponic cultivation, therefore for precise nutrient solution pH management 

increment of initial buffering capacity is necessary. 

3. The addition of a MES (2-(N-morpholino)ethanesulfonic acid) buffering agent is effective 

in maintaining a constant pH in the hydroponic solution, but at the same time, precise and 

optimal buffer concentration enhance plant productivity.  

4. Increasing the lighting photosynthetic photon flux density leads to an increase in biomass 

gain and significantly alters mineral uptake to a degree specific to the plant genotype. 

Novelty. This study provided new knowledge about the value of precise nutrient solution pH 

control in combination with illumination for crop growth optimization in hydroponics by 

analyzing and interpreting big data that consists of various plant quality parameters including 

morphological parameters, photosynthetic response, antioxidant activity, soluble sugar and 

nitrate/nitrite content, mineral nutrition in shoots and roots. It was shown that minor changes in 

the pH of the nutrient solution had significant combined physiological effects for various leafy 

greens, and the most influenced parameter is plant mineral nutrition.  Empirical nutrient solution 

buffering capacity aligns with theoretical, and the initial buffering capacity increment with 3 mM 

MES buffer resulted in passive pH fluctuation mitigation in the desired pH range during 

hydroponic growth. Relative and optimal light use efficiency is cultivar specific, and various crops 

for the first time are compared with new derivative parameters that eliminate physiological plant 

differences that exist due to different plant life strategies.  
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Practical importance. The results of this research provide specific plant-centric data, driven 

precision management recommendations for leafy green cultivation while ensuring high and 

known repetitive quality harvests during production cycles. Even small plant productivity 

improvements are important for the competitive advantage of CEA growers. This research has 

shown that even minor pH interval changes had combined physiological effects on various leafy 

greens cultivated in hydroponics, furthermore light can be used efficiently from physiological and 

economical perspective till certain saturation point and this point is crop specific, thus enhancing 

the overall precision management importance in CEA cultivation by combining various 

cultivation parameters.  

Approval of dissertation. The results of the research were published in 2 scientific articles 

published in international journals with the Clarivate Analytics Web of Science citation index of 

the Scientific Information Institute database Horticulturae (Q1, IFï3.1), Plants (Q1, IFï4,5). The 

main research results were presented at six international conferences:  17th
, 18th International 

Conference of young scientists on energy and natural sciences issues (CYSENI, oral 

presentations, online, 2021, 2022); 31st International Horticultural Congress (IHC, poster 

presentation, France, 2022); 3rd International conference on the scientific actualities and 

innovations in horticulture (SAIH, flash presentation, Lithuania, 2022); 19th
  International 

Conference of young scientists on energy and natural sciences issues (CYSENI, oral 

presentations. Lithuania, 2023); International Symposium on Models for Plant Growth, 

Environments, Farm Management in Orchards and Protected Cultivation (Horchimodel, oral 

presentation, Spain, 2023) 

Volume and structure of the dissertation. The dissertation consists of an introduction, literature 

analysis, description of research methods, analysis of results, conclusions, list of used literature, 

and list of publications published together with co-authors and appendices. 44 figures and 38 

tables were used to illustrate the literature analysis, description of the research methodology, and 

results. There are 206 sources in the bibliography, and the volume of the work is 175 pages. 
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1 LITERATURE REVIEW  

1.1  Global perspectives of controlled enviroment agriculture 

Controlled environment agriculture (CEA) is an advanced agricultural production system in 

which plants are cultivated in a fully controlled environment. Various factors, including light, 

mineral nutrition, temperature, humidity, and CO2 concentration, are precisely managed for 

seasonless, optimal production in greenhouses and vertical farms (Benke & Tomkins, 2017). 

Furthermore, environmental and social factors even more increase the necessity for CEA 

utilization. The human population is expected to reach 9 billion by 2050 (Bahar et al., 2020), and 

food demand is forecasted to increase by 60ï110% during this time (van Dijk et al., 2021). 

Moreover, traditional farming technologies cannot meet such needs; they face challenges due to 

climate change (Praveen & Sharma, 2019) and arable land destruction (PrŁvŁlie et al., 2021). It is 

worth noting that CEA technologies will not replace conventional farming methods, but strategic 

implementation could improve overall food production sustainability (Cowan et al., 2022).  

Consumer demand and capability to purchase high-quality produce are increasing. The rapid 

growth of the CEA market further backs this. A 17.65% CARG (compound annual growth rate) 

increase from 2023 to 2032 is expected. Furthermore, the CEA market size was valued at USD 

85.26 billion and is forecasted to reach USD 433.19 billion (Controlled Environment Agriculture 

Market Size by Crop, 2022). Over half of indoor farming operations worldwide focus on 

cultivating leafy vegetables rich in vitamins, minerals, fibers, and antioxidants (Wong et al., 

2020). CEA has the potential to improve vegetable productivity, nutritional quality, accessibility, 

and food security, but it is energy and resource-intensive (Carbonnel et al., 2022; Wong et al., 

2020). Usually, growers operate on low margins, thus even slight productivity improvement can 

remarkably increase profitability. Therefore, further CEA optimization by utilizing modern 

precise management techniques is a possible way forward (Jandl et al., 2022; Ojo & Zahid, 2022; 

Siregar et al., 2022).  

1.2 Hydroponic cultivation   

Hydroponics is a predominant cultivation technique in CEA that uses nutrient solution 

instead of soil (Fussy & Papenbrock, 2022), and its popularity has steadily risen over the years 

(Khan et al., 2021). Hydroponic cultivation is resource efficient, for instance, compared to 

traditional farming, and it uses up to 13 times less water for the same production outcome 

(G. Barbosa et al., 2015). Various implementations have been adopted over the years 

(Figure 1.2.1):  
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¶ Deep water culture (DWC) ï plants are suspended above a nutrient solution reservoir, with 

roots directly dangling into the liquid for nutrient absorption and oxygenation. Various leafy 

greens are commonly cultivated in DWC systems (Cifuentes Torres et al., 2021).  

¶ Nutrient film technique (NFT) ï Nutrient solution flows continuously along a narrow, sloped 

channel, with plant roots partially submerged, facilitating nutrient uptake and oxygenation. 

Various leafy greens are commonly cultivated in NFT systems (Cifuentes Torres et al., 

2021). 

¶ Ebb and Flow (flood and drain) ï Grow trays periodically flood with the nutrient solution 

before draining away, providing plants with nutrients and oxygen while preventing 

waterlogging. These systems are versatile for a wide range of crops (Setiawan et al., 2022). 

¶ Aeroponics (aerosol-based) ï plant roots are suspended in a chamber and exposed to a fine 

mist of aerosolized nutrient solution, maximizing oxygenation and nutrient absorption. 

Various leafy greens are commonly cultivated in aerosol-based systems (Lakhiar et al., 

2018). 

¶ Drip system ï the nutrient solution is delivered directly to each plant through a network of 

tubes and drippers, ensuring precise nutrient delivery and efficient water usage. Usually used 

for longer vegetation plants, such as tomatoes and cucumbers (Semananda et al., 2018). 

 

Figure 1.2.1 Different types of hydroponics techniques.  



14 

Each hydroponic technique has its own advantages and disadvantages, and it is suited for 

different types of plants and growing environments. Although hydroponic techniques and 

derivatives utilize resources efficiently, researchers seek ways to further reduce waste associated 

with nutrient solution and water usage (R. R. Kumar & Cho, 2014; Magwaza et al., 2020). 

Furthermore, minimal volume usage of nutrient solutions will increase error severity if something 

goes wrong regarding the plant nutrient solution relationship. Therefore, implementation of 

precision management would be beneficial for such risk management.  

1.3 Nutrient solution 

Hydroponic/nutrient solution is a multivalent salt mixture created by the twentieth century, 

created by Hoagland and Aron, that contains all necessary macro and micronutrients in their 

respective concentrations, that are vital for optimal growth. Table 1.3.1 presents elements that are 

present in nutrient solution and describes their function in plants. Various crop/grower-specific 

modifications of Hoaglandôs solution are still used to this day (Arnon & Hoagland, 1944; Jones, 

1982). Furthermore, nutrient solution composition is not only crop-specific but also depends on 

the plant's development stage (Meselmani, 2023). For instance, plants focus on foliage growth or 

root development during the vegetative phase. Thus, plants benefit from higher phosphorus (P) 

concentration, which is essential for strong root system development (Niu et al., 2013). During 

fruiting, plants benefit from low nitrogen (N) concentration and high potassium (K) (Sardans & 

Peñuelas, 2021). Additionally, targeted mineral biofortification is possible by modifying nutrient 

solution composition (Buturi et al., 2022).  

Table 1.3.1 Functions of essential elements in plants. N ï nitrogen, P ï phosphorus, K ï potassium, Ca ï 

calcium, Mg ï manganese, S ï sulfur, Fe ï iron, Mn ï manganese, Zn ï zinc, Cu ï copper, B ï boron, 

Mo ï molybdenum, Ni ï nickel.  

Nutrient /available form Function in plants 

M
a
c
ro

n
u

tr
ie

n
ts 

N/NO3
ī, NH4

+ 
Essential for organic compounds, including proteins, coenzymes, 

nucleic acids, and chlorophyll (Kraiser et al., 2011). 

P/H2PO4
ī, HPO4

2ī 

Essential for organic compounds, including ATP (Adenosine 

triphosphate), sugar phosphates, and phospholipids (Lambers & 

Plaxton, 2015). 

K/K+ 
Important fort protein synthesis that requires high potassium levels, 

coenzyme, and an enzyme activator (Hasanuzzaman et al., 2018). 

Ca/Ca2+ 
Important for cell wall structure, membrane integrality; binds 

together adjacent cells (Hepler, 2005). 
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Nutrient /available form Function in plants 

Mg/Mg2+ 
Essential component of chlorophyll molecule, enzyme activation 

(Kleczkowski & Igamberdiev, 2021). 

S/SO4
2ī 

Important for amino acid and protein synthesis (Narayan et al., 

2023) 

M
ic

ro
n

u
tr

ie
n

ts 

Fe/Fe3+, Fe2+ 
Essential for chlorophyll synthesis, enzyme activation; electron 

carrier (Kobayashi & Nishizawa, 2012). 

Mn/Mn2+ 

Enzyme activation in fatty acid synthesis, DNA (deoxyribonucleic 

acid), and RNA (ribonucleic acid) formation is involved in O2 

production from water, enzyme cofactor (Alejandro et al., 2020).  

Zn/Zn2+ 
Essential for enzyme activation, growth regulating, required for 

hormone indoleacetic acid formation (Fariduddin et al., 2022). 

Cu/Cu2+, Cu+ 
Important for enzyme function and electron carrier (V. Kumar et 

al., 2021). 

B/BO3
2ī, B4O7

2ī 
Necessary for cell wall formation, carbohydrate metabolism 

(Shireen et al., 2018). 

Mo/MoO4
2ī 

Electron carrier for nitrate conversion into ammonium, required for 

nitrogen fixation, enzyme activation (Manuel et al., 2018). 

Ni/Ni 2+ 
The structural component of many enzymes, nitrogen metabolism 

(Vatansever et al., 2017).  

 

Dissolved salts in the Hoaglandôs solution are described by solution strength that is 

expressed in electrical conductivity (EC) units. Not only is the composition of nutrient solution 

elements crops-specific but the combined nutrient concentration should also be tailored to specific 

plant needs (Sathyanarayan et al., 2023). For enhanced growth, optimal salinity levels are needed. 

For instance, nutrient solution salinity increase from 2.5 mS cm-1 to 15 mS cm-1 reduced shoot 

dry weight of hydroponically cultivated Portulaca oleracea L. by 23% in greenhouse conditions 

and by 82.2% in plants grown under the lower light intensity in a growth chamber (Franco et al., 

2011). However, salinity levels up to 10 mS cm-1 did not induce shoot weight of hydroponically 

cultivated basil (Scagel et al., 2019). Even more, moderate (50 mM NaCl) salinity levels can act 

as eustress and can increase antioxidant quantity without negatively influencing biomass gain of 

hydroponically cultivated lettuce (Santander et al., 2022), or conversely, high salinity levels can 

reduce plant yield and productivity (Miransari et al., 2021). Crop-dependent response to nutrient 

solution salinity indicates that various crops can tolerate high salinity levels while others cannot, 
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but maximum productivity is achieved within a certain narrow optimal range, which needs to be 

determined individually.  

Slightly acidic nutrient solution pH is used for various plant cultivation in hydroponics, and 

the preferred range is from 5.5 to 6.5 (Alexopoulos et al., 2021; Gillespie et al., 2020, 2021). Ion 

availability is directly linked to the nutrient solution pH (Figure 1.3.1). Furthermore, slightly 

acidic pH is a compromise for ion availability, solubility and chemical intersection in between 

(Velazquez-Gonzalez et al., 2022). Plants can tolerate various pH values, and different pH 

intervals may be used for specific reasoning. For instance, nutrient solution pH reduction to 4.0 

resulted in increased T. officinale nutritional value (Alexopoulos et al., 2021) or reduced the 

severity of root rot caused by P. aphanidermatum without influencing basil growth (Gillespie 

et al., 2020), while the same nutrient solution pH inhibited spinach growth (Gillespie et al., 2021).  

 

Figure 1.3.1 Effect of pH on the nutrient availability. Highlighted investigated pH interval of 5.0ï6.5. 

Modified according (Velazquez-Gonzalez et al., 2022)  
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Plant mineral nutrition is an active equilibrium-based process (Griffiths & York, 2020). Ions 

are absorbed from the rhizosphere environment. During plant growth, ions are absorbed unevenly 

(depending on growth stage and nutrient solution composition) from the root environment, 

causing a disruption in charge equilibrium between the inner root membrane and the nutrient 

solution (Figure 1.3.2). As cations are absorbed, H+ ions are released into the nutrient solution to 

balance the charge difference. Conversely, OH- ions are released when anions are absorbed to 

compensate for the charge difference (Savvas & Gruda, 2018). Various processes affect the 

nutrient solution nutrient availability, such as precipitation, co-precipitation, and complexation 

(Sambo et al., 2019). Due to the increased alkalinity of the nutrient solution, cation precipitation 

may occur of the following cations: iron, copper, and zinc (J. Y. Lee et al., 2017). 

 

Figure 1.3.2 Example of unequal nutrient absorption from the nutrient solution. Nutrient solution buffer 

capacity is broken by excess H+ ions, and nutrient solution acidification occurs.   

 Charge equilibrium disruption due to unequal ion absorption results in the unbalanced 

amount of excreted H+ and OH- ions into the nutrient solution. These ions alter nutrient solution 

pH. Therefore, pH fluctuations occur; if the relative amount of cations absorbed is greater, than 
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anions ï nutrient solution acidity increases; and vice versa, if the relative amount of anions 

absorbed is greater than of cations ï acidity decreases. A nutrient solution's ability to mitigate the 

pH fluctuations is defined as solution buffer capacity. It is often stated that nutrient solution used 

in hydroponics has low/or limited buffer capacity (Singh et al., 2019). Therefore, pH management 

is needed to ensure optimal nutrient solution pH during plant vegetation.  

1.3.1 Nutrient solution pH control  

pH fluctuations in the nutrient solution can be controlled actively or passively. Acid/base 

titration is a common choice of active pH management for nutrient solutions; pH is readjusted at 

certain intervals in time or readjusted after it deviates for a preferable range (Cambra et al., 2018). 

Plants are sensible to the H+ ion source. It is known that it is better to use a mixture of strong acids 

instead of just one for pH regulation. Additionally, it was shown that pH regulation with lime 

juice reduced the yield of basil and Swiss chard but did not influence the yield of lettuce; therefore, 

lime juice could be used as an alternative source for pH down (Singh et al., 2019). 

Alternatively, optimal pH levels can be maintained passively during plant growth (Trientini 

et al., 2023). Although passive pH management of the nutrient solution has not been widely 

implemented, but some studies have investigated this approach, suggesting that it is a potentially 

viable option worth considering (B. G. Bugbee & Salisbury, 1985; NichoIas & Harper, 1993). A 

two-way approach is possible for passive pH management in hydroponics. Ion-exchange resins' 

pH control is based on the ion interchange between a solid surface and a nutrient solution. Possible 

disadvantage ï removal of cations from the nutrient solution, such as magnesium or/and 

manganese  (B. G. Bugbee & Salisbury, 1985). Amphoteric resins made with buffering and titrant 

groups attached to a solid matrix can be featured with a constant isoelectric point (pI). Therefore, 

pH can be maintained in the desired interval. The pH of the nutrient solution of hydroponically 

grown Cichorum endioia was passively maintained using amphoteric resin beads at 10% 

(volume/volume), pI ï 5.6. The control group (without beads) pH dropped from 5.6 to 3.0, while 

the treatment group (with beads) pH dropped from 5.6 to 5.2, resulting in a 6.5-fold difference in 

end pH value (Righetti et al., 1991). Cation exchange resin beads incorporation into vermiculite 

substrate 6% (v/v) ratio resulted in higher yields of Brassica napus L. compared to 12% 

incorporation, thus showing the importance of precise dosage (Frick & Mitchell, 1993).  

The low initial buffering capacity of the nutrient solution can also be increased with a 

supplementary buffering agent. Buffer solution that is applicable for hydroponic pH stabilization 

must comprise the following properties: buffering region at the desired pH range, nontoxic for 

plant growth, and inert in the nutrient solution (Cambra et al., 2018). Although pH management 

is one of the key parameters for optimal mineral nutrition, passive nutrient pH stabilization is not 

a very popular research field, because historically, research has been focused mainly on artificial 
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light (section 1.4) and environmental factors that influence plant performance in CEA (Neo et al., 

2022; Wong et al., 2020). Initial nutrient buffer capacity is assessed with phosphorus (P) 

concentration; buffer capacity decreases as P is absorbed, and fresh nutrient solution buffer 

capacity is 6 times greater compared to recirculating nutrient solution (B. Bugbee, 2004; B. G. 

Bugbee & Salisbury, 1985). It was suggested that a 4 mM phosphate buffer concentration is 

sufficient for pH control (Saparamadu et al., 2011), but it must be used with caution because it 

was reported that phosphate concentrations above 1 mM can be toxic (Thi Bich Thao et al., 2009), 

therefore full pH control cannot be provided by phosphate buffer. Sodium bicarbonate (NaHCO3) 

can stabilize nutrient solutions in an alkaline environment. 2.5ï5 mM NaHCO3 concentration 

should provide adequate pH control in an alkaline hydroponic environment with the downside of 

limited Fe absorption (Campbell & Nishio, 2000). 

Organic, zwitterionic buffers are the preferable choice for passive pH management. Five 

different buffers: MES (2-(N-morpholino)ethanesulphonic acid), ADA (N-(2-acetamido)-2-

iminodiacetic acid), ACES (N-{2-acetamido)-2-aminoethanesulphonic acid), BES (Nfl-bis  

(2-hydroxyethyl)-2-aminoethanesulphonic acid), MOPS (3-{N -morpholino)propanesulphonic 

acid) were tested for pH mitigation during Trifolium repens growth. ADA and ACES completely 

inhibited growth. MES, BES, and MOPS can be used for pH stabilization; pH changes directly 

depend on buffer molarity (Rys & Phung, 1985). Moreover, the primary source for passive pH 

management in hydroponic is MES; due to the favorable pKa (dissociation constant) value of 6.15 

(Kagenishi et al., 2016), the maximum buffer capacity is reached, when pKa value is near the 

desired pH value. The nutrient solution is usually buffered with a 1ï10 mM MES buffer 

concentration range (B. G. Bugbee & Salisbury, 1985). It was reported that 2 mM MES buffer 

concentration enhances hydronic soybean growth (Imsande & Ralston, 1981). Frick and Mitchell 

calm that hydroponic solution buffered with 5; 10 mM MES increased canopy yield of 

hydroponically grown Brassica napus L. 2-fold compared with unbuffered hydroponic solution 

(Frick & Mitchell, 1993). Miyasaka, 1988 claims that MES usage must be done with caution. 

1 mM MES could be used for general pH management. 5 mM MES could be used for strict pH 

management, but it reduces zinc absorption (Miyasaka et al., 1988). MES buffer can interact with 

biological systems and form complexes with metals (Ferrón-Carrillo et al., 2021), such as 

manganese, calcium, copper, magnesium, and zinc (Stahl et al., 1999). Buffering agent molarity 

determines its ability to mitigate pH fluctuation during hydroponics growth, and nutrient solution 

pH is one of the aspects that determine plant behavior and the efficacy of mineral nutrition. Buffer 

concentration for hydroponics pH management should be precisely determined so that excess 

salinity can interfere with plant performance (Miransari et al., 2021).  
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It was shown that nutrient solution properties, such as pH, buffer capacity, and mineral 

composition, can alter produce quality by influencing yield, mineral nutrition, photosynthetic, 

antioxidant response, soluble sugar, and nitrate content. Therefore, optimizing the nutrient 

solution properties can lead to exceptional quality produce. It is important to note that the best 

outcome is achieved through optimizing nutrient solution properties, specifically maintaining 

constant and narrow pH intervals, combined with precise control of other environmental 

parameters.  

1.4 Artificial lighting in CEA  

In CEA, light is one of the most important control parameters influencing overall plant 

performance (Neo et al., 2022). Photosynthetically active radiation (PAR) ï refers to an essential 

electromagnetic spectrum for plant photosynthesis that ranges from 400 to 700 nanometers in 

wavelength (Kutschera & Lamb, 2018). During the process of photosynthesis, plants convert light 

energy into chemical energy, which fuels their growth, development, and productivity (Nelson & 

Junge, 2015). PPFD (photosynthetic photon flux density) is expressed as micromoles of photons 

in the visible electromagnetic range (PAR 400ï700 nm) that fall on a unit of aera per time unit, 

typically expressed as µmol m-2 s-1. Another measure that quantifies light is daylight integral 

(DLI). It represents the cumulative amount of light PPFD that plants receive within 24 hours and 

is typically expressed in units of moles of photons per square meter per day (mol m-2 day-1).  

Chlorophyll is the main green pigment found in plants' chloroplast, which absorbs light most 

efficiently in two regions of the electromagnetic spectrum. Chlorophyll molecules are 

differentiated into chlorophyll a (peak absorption ï 430 and 662 nm) and chlorophyll b (peak 

absorption ï 453 and 642 nm). Absorption peaks correspond to the wavelengths of light that 

molecules absorb most efficiently, particularly in the blue and red regions of the electromagnetic 

spectrum (Gross, 1991). Structurally, chlorophyll molecules feature a porphyrin ring with a 

magnesium ion at its core, facilitating light absorption and electron transfer during photosynthesis 

(Borah & Bhuyan, 2017). In addition to chlorophyll, plants contain other pigments that play 

important roles in photosynthesis. Carotenoids, including carotenes and xanthophylls, are known 

for their light absorbing properties in the blue and green regions of the spectrum, absorbing light 

and transferring the energy to the chlorophyl (Moise et al., 2014). Anthocyanins, absorb light in 

the blue and green regions, provide photoprotection to plants facing high light irradiance (Landi 

et al., 2021). 

 Other wavelengths of light (not primary or secondary chlorophyll absorption) are involved 

in various plant functions. UV radiation ï increases plant growth and defense (Vanhaelewyn et al., 

2020); blue light ï regulates growth, phototropism, stomatal opening, and circadian rhythms 
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(Costine et al., 2022; Gehring & Rosbash, 2003); green light ï influences plant morphology and 

contributes to photosynthesis, albeit to a lesser extent compared to other wavelengths (Meng et al., 

2020), red light ï photomorphogenesis and regulation of flowering time, influencing plant growth 

and development (Demotes-Mainard et al., 2016), far red ï shade avoidance, governs seed 

germination (Y. Park & Runkle, 2018), near infrared ï not directly utilized in photosynthesis, but 

modulates water use (Kozuki et al., 2015a). This highlights that light is not only a source of energy 

but also one of the main environmental parameters that regulate plant physiology throughout the 

entire plant cycle (Paradiso & Proietti, 2022).  

1.4.1 Light as a tool for control plant physiological response 

Photoperiod, intensity, and spectrum ï three main lighting parameters that profoundly 

influence plant growth and development. Photoperiod ï duration of light and dark periods in a 

day, serves as an environmental clue that influences plant physiological processes. Various 

research studies have shown that photoperiod significantly influences growth in CEA (Adams & 

Langton, 2005). For instance, hydroponically cultivated ice plant productivity increased with DLI 

increasing from 6.3 mol m-2 d-1 (8 hour photoperiod) to 15.8 mol m-2 d-1 (20 hour photoperiod), 

while 24 hour photoperiod reduced productivity (Xia & Mattson, 2022). While higher DLI levels 

correlated with improved lettuce growth and enhanced quality, the growth varies depending on 

specific PPFD and employed photoperiod (Kelly et al., 2020); iceberg lettuce quality and yield 

are enhanced with increased photoperiod (Arshdeep Kaur et al., 2023), continuous illumination 

can improve the yield and quality of hydroponically cultivated rockets (Proietti et al., 2021). Not 

only yield but also various produce quality parameters are influenced by the photoperiod, for 

example, sensory quality of hydroponically grown lettuce (Kozuki et al., 2015b). Increased 

photoperiod reduced hydroponically cultivated lettuce's shoot zinc and nitrogen content (Song, 

Huang, Song, et al., 2020). Photosynthetic properties, such as, maximum quantum yield, intrinsic 

quantum yield, and ETR is photoperiod dependent (He et al., 2023), the highest intrinsic quantum 

yield was recorded in rockets cultivated in 12 hour photoperiod, thus showing the importance of 

photoperiod for photosynthetic apparatus (Elmardy et al., 2021). Overall disparity between plants 

indicates an individual response to photoperiod, highlighting the need for individual, precise crop-

orientated selection for the desired outcome.  

Light intensity expressed as PPFD is one of the most important measurements in CEA that 

directly influences both plant photosynthesis and OPEX (operating expense) of any indoor 

farming facility (Kelly et al., 2020; Liu et al., 2022). From a physiological point of light, plants 

can only absorb and use it efficiently until a certain saturation point. Beyond this threshold, 

additional light may disturb the balance between energy supply and consumption in plants; 

continuous absorption of energy for photosynthesis that surpasses the metabolic energy 
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requirement results in access energy accumulation in thylakoid membranes, which has the 

potential to harm the second photosystem and causes photoinhibition (Shafiq et al., 2021). From 

the grower's perspective, artificial lighting intensity is directly linked to electricity cost. 

Furthermore, the non-optimal, excess light intensity may reduce plant productivity but also 

increase operation costs, which reduces profitability.  

 It is intuitive that biometric parameters will directly depend on light intensity (Carotti et al., 

2021). Kale and spinach fresh and dry weight increased linearly as the PPFD increased from 125 

to 620 µmol m-2 s-1 (Lefsrud et al., 2006). Furthermore, the leaf photosynthetic rate linearly 

increases until the light saturation point (Tarr et al., 2023). Light use efficiency is reduced if PPFD 

is increased over this saturation point (Pennisi, Blasioli, et al., 2019; Xin et al., 2019). Numerous 

studies have been done to find the optimal light intensity for maximum biomass gain and provide 

varying results. For instance, diverse PPFD levels are recommended as optimal for basil growth: 

250 µmol m-2 s-1 PPFD/(DLI 14.4 mol m-2 d-1 (Pennisi et al., 2020), 224 µmol m-2 s-1 
 PPFD/DLI 

12.9 mol m-2 d-1 (Dou et al., 2018), 500 µmol m-2 s-1 PPFD/DLI 28.8 mol m-2 d-1 (Beaman et al., 

2009); or even further, highest biomass is achieved when basil is cultivated under 600 PPFD/DLI 

38.9 mol m-2 d-1, but then the quality of produce reduces (Larsen et al., 2020). For lettuce, 

maximum biomass gain was achieved in lettuces cultivated under 300 PPFD µmol m-2 s-1/DLI 

17.3 mol m-2 d-1 in vertical farming conditions (Miao et al., 2023). Unfortunately, tip burn is 

already emerging at this light intensity (Miao et al., 2023). Furthermore, optimal light intensity 

for lettuce biomass production is temperature dependent (Zhou et al., 2019) and researchers rather 

agree that optimal light intensity for lettuce production is 200ï250 PPFD µmol m-2 s-1 (Boros et 

al., 2023). Ice plant biomass gain is reduced under high PPFD (Weeplian et al., 2018); this 

reduction may be related to ice plate switching photosynthesis type under stress conditions 

(Broetto et al., 2002). The optimal biomass gain for purslane was obtained at 320 µmol m-2 s-1 

PPFD/DLI 28.8 mol m-2 d-1 (He et al., 2023). These results confirm that biomass gain, which is a 

top priority for any indoor facility, is crop specific. Moreover, linear dependencies in various 

PPFD conditions do not fully explain photon usage efficiency. Therefore, further linear increase 

may result in biomass gain, but this gain might not be economically viable from the grower 

perspective.  

 Not only biomass gain is altered with the varying light intensity, but various produce quality 

parameters can also be influenced with PPFD manipulations. Mineral nutrition depends on 

increasing PPFD values and is crop dependent. 505 µmol m-2 s-1 PPFD difference between the 

highest (620 µmol m-2 s-1 PPFD) and the lowest (125 µmol m-2 s-1 PPFD) resulted in reduced 

calcium and potassium accumulation in kale leaves, while their concentration ins spinach shoot 

increased (Lefsrud et al., 2006). Higher 350ï600 µmol m-2 s-1 PPFD values reduced nitrogen, 
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phosphorus, and potassium uptake in lettuce (J. Zhou et al., 2019). The highest mineral 

concentration, K, Ca, Ca, Mg, and Fe was present in the hydroponically cultivated purslane under 

320 µmol m-2 s-1 PPFD and 18 hours photoperiod. Increased DLI from 4.68 mol m-2 day-1 to 

9.06 mol m-2 day-1 positively correlated with contents of magnesium and potassium but negatively 

with contents of calcium and iron in coriander cultivated in vertical farming conditions (Paschko 

et al., 2023). The net photosynthetic rate increased with light intensity, reaching the maximum 

value in lettuces cultivated under 300 µmol m-2 s-1 PPFD (Miao et al., 2023). Increased DLI (12.9, 

16,5, 17,8 mol m-2 d-1) compared to (9.3 and 11.5 mol m-2 d-1) resulted in higher net 

photosynthesis, transpiration rate, and stomatal conductance in sweet basil (Dou et al., 

2018).Nitrate accumulation is crop dependent, but overall nitrate content tends to decrease with 

increasing light intensity (Nájera & Urrestarazu, 2019). Furthermore, an appropriate light strategy 

can reduce nitrate content without diminishing the yield (Nicole et al., 2019) and increase soluble 

sugar and vitamin content (W. L. Zhou et al., 2012). Plant antioxidant system response depends 

on light intensity (Samuolienǟ et al., 2016). Excess photon energy associated with higher light 

intensity increases antioxidant system capacity. Therefore, short term exposure to high light 

intensity can increase lettuce antioxidant nutritional value (Zhou et al., 2009).  

The rapid development and implementation of light emitting diodes (LEDs) in horticulture 

enabled endless spectral configurations that can be used for plant illumination in CEA (Bantis 

et al., 2018). Unlike traditional lighting sources such as fluorescent or high pressure sodium 

lamps, LEDs offer flexibility in spectral configurations, allowing for tailored light treatment for 

the specific needs of different plant species, growth stages, and environmental conditions 

(Ouzounis et al., 2018; Ptushenko et al., 2020). Red and blue light are both vital components for 

plant growth under LED lighting in CEA (J. Wang et al., 2016). Red/blue light ratio shoot/root 

ratio; ice plant cultivated aeroponics under 90% red and 10% blue ratio exhibited the highest root 

shoot ratio (He et al., 2017). A red/blue ratio of 3:1 is suggested for indoor lettuce production, 

that it maximizes yield and resource efficiency (Pennisi, Orsini, et al., 2019). Even more, the same 

red and blue ratio (2:1) and photoperiod but provided in different alternating intervals can alter 

the nutrition value of lettuce (Chen et al., 2017). Furthermore, not only yield is affected by 

red/blue ration. The photosynthetic characteristics of aeroponically cultivated ice plants were also 

affected; gradual increment of blue light content in lighting spectrum resulted in increased ETR 

values (electron transport rate), and a 2-fold difference was recorded between plants cultivated 

under pure red illumination compared to blue (He et al., 2017). Nitrate concentration reduction 

and the increment of soluble sugar content are also dependent on the red\blue ratio; lettuces 

cultivated under a red\ blue ratio of 4:1 resulted in the lowest nitrate content (Wanlai et al., 2013). 

Mineral nutrition can be directly influenced by the red\ blue ratio; higher selenium accumulation 
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in hydroponically cultivated lettuce leaves was recorded under 90% blue/10% red illumination 

(Brazaitytǟ et al., 2021a). While red and blue are the main components used in LED lighting in 

horticulture, other wavelengths of light combined with red, and blue are beneficial for plant 

growth. Partial blue light substitution with green light while maintaining the same red light 

percentage enhanced lettuce growth (Son & Oh, 2015) and increased tomato biomass (Kaiser 

et al., 2019). It is hypothesized, that due to low green light leaf absorbance it can penetrate deeper 

into the leaf and canopy, thus exciting additional chlorophyll molecules and this excitation process 

improves photosynthesis (Liu & van Iersel, 2021). Spectral supplementation with a low quantity 

of additional far red light improves lettuce growth and bioactive compound content, such as 

antioxidants and phenolic compounds (Lee et al., 2016). It should be highlighted that spectral 

manipulation can increase plant performance in indoor cultivation, however, while general 

spectral composition principles exist, but for maximal performance, crop tailored spectrum needs 

to be used.  

 It was shown that main artificial illumination light properties, such as photoperiod, intensity 

and spectrum can alter produce quality in multiple ways: yield, mineral nutrition, photosynthetic, 

antioxidant response, soluble sugar, and nitrate content. These illumination parameters are 

interconnected, meaning that alterations in one can led to changes in the impact of others. 

Therefore, artificial lighting optimization in CEA not only leads to exceptional quality produce, 

but the implantation of optimal light intensity reduces the operational costs of indoor farming 

facilities, thus improving overall profitability. Moreover, the maximal outcome is achieved if 

multiple parameters, including artificial lighting, are precisely controlled in CEA.  

1.5  Importance of precision management in CEA  

Indoor cultivation has evolved from simple covered greenhouse structures to modern high-

tech greenhouses and plant factories/vertical farms (Marvin et al., 2023). Plant productivity is 

determined by the combined physiological response to various parameters, such as light, 

temperature, physical properties of the nutrient solution, CO2 concentration, and relative 

humidity, and these factors are controlled in CEA (Benke & Tomkins, 2017). The degree of 

control and manipulation of those parameters increased with the implementation of modern 

technology. Various sensors provide data to sophisticated algorithms that can further improve 

productivity if plant related data are analyzed correctly (Ojo & Zahid, 2022). Plant productivity 

is reaching its limits in the CEA. Still, the boundaries can be moved a bit further if plant growth-

related parameters are controlled in the narrow crop specific range and multiple cultivation 

parameter interaction is favorable (Ragaveena et al., 2021). For this reasoning artificial 
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intelligence and various implementations of it are used for data analysis, but firstly plant response 

to minor differences of the environmental parameters and its significance needs to be explored. 

Historically, research has been focused mainly on artificial light (section 1.4) and 

environmental factors that influence plant performance in CEA (Neo et al., 2022; Wong et al., 

2020), thus leaving the importance of nutrient solutions behind. Moreover, research regarding the 

various nutrient solution properties, especially pH, was focused on the preferred pH (5.5ï6.5) 

range or finding plant tolerance limits outside the preferred pH range (section 1.3). Current pH 

control tools enable precise pH control in a narrow range, but this research field is not popular 

due to the low possible impact on individual parameters. On the other hand, it is assumed that full 

plant biological potential is achieved if exact crop specific mineral nutrition needs are satisfied, 

therefore it is likely even small nutrient solution pH differences will be physiologically reflected, 

but further investigation is needed (Baron et al., 2018). 

 Previous research has showed that nutrient solution and artificial light properties must be 

assessed simultaneously for overall crop performance evaluation; for instance, the nutrient 

solution concentration interaction with artificial light properties, such as photoperiod or intensity. 

Shorter photoperiods (12h/12h and 15h/9h) and reduced nutrient solution concentration (0.25 and 

0.5 strength relative units) resulted in decreased nitrate levels and higher concentrations of soluble 

protein, vitamin C. Conversely, longer photoperiod (18h/6h) and higher (0.75 strength relative 

unit) resulted in elevated soluble sugar content (Song, Huang, Song, et al., 2020). Moreover, 

increasing nutrient solution concentration (NSC) in combination with increasing LED 

illumination resulted in reduced K content and increased P accumulation; higher content of total 

Mg and Zn was observed under 250 ɛmol mī2 sī1 PPFD/0.25 (relative unit) NSC strength and 

150 ɛmol mī2 sī1 PPFD/0.75 (relative unit) NSC strength; antioxidant content decreased with 

increasing NSC (Song, Huang, Hao, et al., 2020). Furthermore, a combination of different light 

spectrum and nutrient solution replacement methods (full replacement, partial replacement) can 

alter gene expression and the photosynthetic rate of hydroponically cultivated lettuce (Soufi et al., 

2023). It was shown that cilantro, dill, and parsley mineral nutrition accumulation depended more 

on the DLI than the nutrient solution EC (Currey et al., 2019). Shoot dry weight and leaf 

photosynthetic rate all increased with increasing EC and light intensity; shoot fresh and dry 

weights, chlorophyll content, and leaf photosynthetic rate were maximal at EC 2.0 mS cm-1 under 

200 µmol m-2 s-1 PPFD of sowthistle cultivated in plant factory (Cho et al., 2012). 

1.6 Expanding cultivated plant porfolio in CEA 

Over half of indoor farming operations are based on cultivating leafy vegetables rich in 

vitamins, minerals, fibers, and antioxidants (Wong et al., 2020). Moreover, the cultivated leafy 
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vegetable assortment is relatively narrow, and the research is based on high demand species, such 

as lettuce, basil, spinach, etc. (Samuolienǟ et al., 2023). For instance, lettuce consumption is a 

significant part of the diet in many countries (Hospido et al., 2009), and the demand has increased 

over the years (Casey et al., 2022). Lettuces can be divided into five main types (Mou, 2008) and 

plant physiological response to environment factors is type and cultivar specific:  

¶ Crisphead (Iceberg Lettuce) ï forms tight, compact heads with crisp leaves.  

¶ Romaine (Cos Lettuce) ï elongated, upright heads with crisp, sturdy leaves.  

¶ Butterhead (Butter Lettuce) ï produces loose, tender heads with soft, buttery leaves.  

¶ Loose-leaf (Leaf Lettuce) ï forms open heads or loose bunches without a defined core. It 

comes in various colors and leaf shapes, including green, red, and speckled varieties.  

¶ Stem (Asparagus Lettuce) ï produces tall, cylindrical heads with thick, crisp stems and 

tender leaves.  

Broadly looking, lettuce is a low calorie, nutrient dense vegetable, rich in vitamins, minerals, 

and other bioactive compounds (Shi et al., 2022). The nutritional value and bioactive compound 

content vary by type, with leaf and romaine lettuce being more nutritious (M. J. Kim et al., 2016). 

Furthermore, (Baslam et al., 2013) the bioactive compounds are not evenly distributed between 

the leaves (Baslam et al., 2013), and the production system influences lettuce quality (Martins 

et al., 2017). Unfortunately, the same species but different varieties also respond differently to 

precise control parameters, such as the physical properties of the nutrient solution or various 

lighting parameters. For instance, the highest possible light use efficiency can be achieved if 

environmental factors are stable in the optimal range (Jin et al., 2023). Additionally, crop 

productivity related to nutrient solution temperature (Thakulla et al., 2021) and composition 

(Sapkota et al., 2019) is cultivar specific. To summarize, further research for lettuce production 

improvement would be beneficial, but with an emphasis on precise management.  

In recent decades, changes in the human diet and health awareness have increased interest 

in healthy diets, resulting in new market trends for healthy food with high nutritional and 

organoleptic properties (Carrascosa et al., 2023). For this reason, the portfolio of CEA cultivated 

species has the potential to be diversified. Wild edible flora may be potential new crops for CEA, 

serving as a reservoir of diverse micronutrients and nutraceuticals (Baldi et al., 2022; Cantwell-

Jones et al., 2022). Within the scope of this work, various plant species that are not common in 

CEA production, performance, and nutritional value were determined in a precisely controlled 

environment.  

Amaranth belongs to the Amaranthaceae family, consisting of 70 species; among them, 17 

are edible (Sarker et al., 2020). Amaranth performs an efficient C4 photosynthesis pathway and 

is a resilient crop that tolerates various abiotic stresses (Sarker et al., 2022). Amaranth leaves and 
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stems are an economical source of various beneficial compounds, including carotenoids, proteins, 

dietary fiber, antioxidants, and various minerals (Jahan et al., 2022; Sarker et al., 2020). 

Environmental conditions can improve the nutritional value of amaranth. For instance, increased 

salinity can remarkably improve the nutritional value of Amaranthus tricolor; antioxidant activity 

increased by up to 96% with 100 nM NaCl treatment (Sarker et al., 2018). The suggested amaranth 

density for hydroponics production is 16ï25 plants m-2 (Maboko & Du Plooy, 2012). From the 

research point of view, amaranth microgreen cultivation in the CEA environment is more 

frequent. Maximum growth of amaranth microgreens required a 20 h photoperiod, while 

maximum level of phytochemicals was obtained from a 16 h photoperiod (Meas et al., 2020). 

Furthermore, light spectra influence amaranth microgreens' yield but not soluble sugar content 

(Toscano et al., 2021). Alternatively, amaranth is suggested for the removal of heavy metals from 

contaminated water due to its high metal accumulation ability (Iori et al., 2013; Jha et al., 2023).  

Perilla belongs to the Lamiaceae family and performs the C3 photosynthesis pathway (Hou 

et al., 2022; R. Z. Wang, 2005). Historically, perillas have been an important part of Chinese 

medicine, utilizing both seeds and shoots (Ahmed, 2018). Perilla frutescens contains various 

compounds beneficial for humans, including phenolic acids, flavonoids, essential oils, triterpenes, 

carotenoids, phytosterols, fatty acids, tocopherols, and policosanols (Hou et al., 2022; Yu et al., 

2017). Furthermore, precise control can improve the quality or compound quantity of cultivated 

perilla. It was shown, that anticarcinogenic flavonoid content can be increased with strategical 

utilization of nutrient solution salinity and light intensity up to 8.6 times in hydroponically 

cultivated green perilla cultivar (EC ï 3.0 mS cm-1, 200 µmol m-2 s-1 PPFD) and red cultivar (EC ï 

3.0 mS cm-1, 300 µmol m-2 s-1 PPFS) (Lu et al., 2018). High nutrient solution salinity EC ï  

6.0 mS cm-1 inhibited Perilla frutescens growth (Nguyen et al., 2021). Furthermore, by modifying 

the LED spectrum, it is possible to improve perilla quality. For instance, the addition of deep blue 

(415/430 nm) to red, blue and white spectrum enhanced total phenolic compounds, antioxidant 

capacity, and concentration of rosmarinic and caffeic acid. In contrast, UV-A 365 nm and deep 

blue 415 nm increased total anthocyanin content (Nguyen & Oh, 2022).  

Ice plant or Mesembryanthemum crystallinum  L. is a CAM photosynthesis pathway plant, 

halophyte, that performs C3 photosynthesis during the juvenile period. Furthermore, CAM 

photosynthesis is expressed under salt stress conditions (Calvo et al., 2022; K. S. Park et al., 2016). 

Ice plant is a medicinal plant that is rich in D-pinitol, which is widely known to have potential 

anti-diabetic effects (Zhang et al., 2019). Furthermore, ice plant consists of significant amount of 

other value compounds such as antioxidants, minerals, and proteins (JǛkabsone et al., 2024; Mndi 

et al., 2023). Plant growth and secondary content can be enhanced in hydroponically cultivated 

ice plants. For instance, nutrient solution salinity increases and enhances the nutritional value of 
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hydroponically cultivated M. crystallinum L. but compromises productivity (He et al., 2022). A 

high ratio of red light promoted biomass accumulation, while blue light induced increased 

accumulation of bioactive compounds of hydroponically cultivated ice plants; the most prominent 

antioxidant activity was in plants cultivated under 10% red/90% blue spectrum (Y. J. Kim et al., 

2021). Ice plant growth is restricted with the higher light intensity; the highest concentration of 

phenolic compounds, pinitol, and betacyanin were cultivated under 162 µmol m-2 s-1 PPFD 

(Weeplian et al., 2018). Furthermore, PPFD decreased from 150 µmol m-2 s-1 PPFD to  

120 µmol m-2 s-1 PPFD reduced pinitol and myo-inositol concentration (Kim et al., 2018).  

Purslane (Portulaca olearacea L.) is a C4 halophyte that undergoes CAM under stress 

conditions (He et al., 2023) and is currently considered a future horticultural crop due to 

nutritional benefits (Srivastava et al., 2023). Purslane has high contents of omega 3 fatty acids, 

polysaccharides, sterols, terpenoids, alkaloids, vitamins, and various minerals such as magnesium, 

calcium, and potassium, which provide antiulcerogenic, anticancer, anti-inflammatory, and 

anticholinesterase properties (Carrascosa et al., 2023; Montoya-García et al., 2023). Purslane 

productivity and nutritional quality are influenced by plant production systems and environmental 

factors (Montoya-García et al., 2023). For instance, the nutrient solution salinity's effect on 

purslane productivity is a widely researched field (Carrascosa et al., 2023) and purslane is more 

salt tolerant than any other vegetable crop. Furthermore, salinity stressed plants signify an 

increased bioactive compound for economic use (Amirul Alam et al., 2015). The salt stress 

response is cultivar specific; salt stress sensitive cultivar accumulated 3 times more omega 3 fatty 

acid under the same nutrient solution salinity treatment of 200 mM NaCl (Zaman et al., 2019). It 

was demonstrated that red and blue LEDs outperform fluorescent lighting by promoting growth 

and enhancing the nutrient content of purslane microgreens (Giménez et al., 2021). Furthermore, 

higher DLI increased purslane shoot productivity. However, continuous light under the same DLI 

resulted in reduced growth and lower light use efficiency of hydroponically cultivated purslane 

(He et al., 2023). Crop productivity is directly influenced by environmental parameters, with 

sensitivity varying depending on the specific crop. Additionally, due to the utilization of different 

photosynthesis pathways, light properties can significantly alter plant productivity and metabolic 

response. Moreover, achieving the desired outcome requires implementing various control 

parameters, but precise control is necessary for maximum results. 
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2 RESEARCH OBJECT, CONDITIONS, AND METHODS  

2.1 Objects of research 

The research objects are different species of leafy greens cultivated in a controlled environment 

agricultural system under different experimental hydroponic solution and lighting conditions 

(Figure 2.1.1). The primary focus was on green leaf lettuce (Lactuca sativa L.) óHuginó. (Seminis, 

Bayer, Germany), which is a commercial lettuce variety explicitly bred for CEA cultivation.  

 

Figure 2.1.1 Research objects. (A) ï green leaf lettuce, (B) ï red leaf lettuce, (C) ï amaranth, (D) ï perilla, 

(E) ï Ice plant, (F) ï purslane.  
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The obtained effects were compared to red leaf lettuce (Lactuca sativa L.) óLollo Rossaó 

(Organic way, European Union) and other leafy greens: red amaranth (Amaranthus tricolor L.) 

óRed Aztec,ô Ice plant (Mesembryanthemum crystallinum L.), green leaf perilla (Perilla frutescens 

L.) and common purslane (Portulaca oleracea L.) (CN seeds, Pymoor, United Kingdom). These 

plant species were selected due to their potential for the biodiversification of the portfolio of leafy 

greens cultivated in CEA. 

2.2 Plant material and cultivation conditions 

All experiments were performed in a walk-in controlled environment chamber, replicating 

common vertical farming conditions. Day/night temperatures of 21/17 ± 2 °C were maintained 

within a 16 h thermoperiod, relative humidity of 50ï60%, and ambient CO2 concentration of 

1000 ppm. Artificial lighting was provided by 4 channel controllable LED lighting units (TU-AS 

GTR 2V 0021096109 C1 DL ST, Tungsram, Budapest, Hungary) with the preselected light 

spectral composition of deep red 61%, blue 20%, white 15%, far red 4%. Photosynthetic photon 

flux density (PPFD) was measured and regulated at the plant's top level using a photometerï

radiometer (RF-100, Sonopan, Bialystok, Poland). If not indicated otherwise, the PPFD was 

maintained at 250 ± 10 µmol mī2 sī1, representing daily light integral (DLI) of 14.4 mol mī2 dī1 

throughout the 16 h photoperiod. 

Seeds were germinated in water-soaked rockwool cubes (20x20 mm, Grodan, Roermond, 

The Netherlands). A single plant of both lettuce varieties, Ice plant and perilla was cultivated per 

single rockwool cube; three plants per cube of amaranth, and seven plants per cube of purslane. 

On the 7th day after germination, seedlings were transferred into deep water culture (DWC) 

hydroponics systems. Each experimental treatment consisted of 3 DWC tanks of 40 L volume, 

and each tank represented experimental replication. Each DWC tank contained 12 pots, creating 

50 pots per m-2 cultivation density. Plant cultivation density depended on plants per pot, as 

indicated above. The commercial (Plagron, Ospel, The Netherlands) concentrate was used for the 

hydroponic nutrient solution. Equal parts of Hydro a (NPK 3-0-1, Ca 4.2%, MgO 0.4%) and 

Hydro b (NPK 1-3-6, MgO 1.4%) components were mixed with deionized water (ratio 1:400 for 

each component). Depending on the experiment nutrient solution pH was actively maintained 

using acid base titration (section 2.3.1) at preselected intervals or ensured passively with buffered 

nutrient solution (section 2.3.3 and 2.3.4). 

2.3 Experimental design 

A summarized experimental design is presented in Figure 2.3.1. The experimental work 

sequence is divided into four steps, and according to each step's findings, the next step's 

experimental design was adjusted. In the first experiment (details presented in section 2.3.1), we 
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sought to explore if plants would show significant physiological responses to minor (0,5 pt) 

differences in the pH of hydroponic nutrient solutions. As its results indicated, precise control of 

the pH of hydroponic nutrient solution is essential, and pH fluctuations during the cultivation 

cycle are considerable; therefore, in the second step (section 2.3.2), the buffer capacity of the 

nutrient solution was evaluated. The third step (section 2.3.3) was dedicated to improving the 

nutrient solution's low buffer capacity by adding buffering agents in different concentrations and 

analysing lettuce's physiological responses. In the last step (section 2.3.4), the impact of lighting 

intensity on plant light use efficiency and mineral nutrition in different plant species was 

investigated using an optimized and buffered nutrient solution.  

 

Figure 2.3.1 Experimental design.  

2.3.1 The impact of minor differences in nutrient solution pH 

In this experiment, the physiological response of different leafy green species (Lactuca 

sativa (L). óHuginó, Amaranthus tricolor (L), Mesembryanthemum crystallinum (L), Perilla 

frutescens (L), Portulaca oleracea (L).) to the minor (0.5 pt) pH differences of the hydroponic 

nutrient solution was investigated. Three nutrient solution pH treatments, pH 5.0ï5.5, pH 5.5ï6.0, 

and pH 6.0ï6.5, were maintained in the DWC hydroponic system and adjusted daily using 

acid/base (H2SO4/KOH) titration (Figure 2.3.1.1). The target pH value was the lower value within 

a given interval. Throughout the cultivation cycle, the pH levels consistently shifted towards the 

alkaline side but were controlled not to surpass the upper limit of the pH interval range.  
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Biometric measurements and biochemical analyses were performed at the technical 

maturity stage of the plants.  

 

 

Figure 2.3.1.1 Graphical representation of experimental pH interval treatment.  

2.3.2 Nutrient solution buffer capacity evaluation and selection of buffering agent 

Theorical nutrient solution buffer capacity was evaluated using the Henderson-

Hasselbalch equation. Calculations were based on photolytic acid/base ratio at a nutrient solution 

pH 6.0.  

For empirical nutrient solution buffer capacity determination, Two-stage acid (HCl, 0.5N) 

and base (NaOH, 0.5N) titration were performed by increasing titrant concentration from 0 mM 

to 2 mM in 10 stages. pH was measured at the equilibrium point with a bench pH/EC meter (HI-

5521-02, Hanna, Smithfield, USA) at each stage in 3 replications. According to the titration 

curves, an empirical nutrient solution was determined.  

The chosen buffering agent, MES (2-(N-morpholino)ethanesulfonic acid), was selected to 

enhance the initial buffer capacity of the hydroponic nutrient solution. While MES exhibits 

favourable characteristics for general biological applications, its compatibility, effectiveness, and 

potential impact on plant physiological responses in a hydroponic cultivation require further 

investigation to ensure optimal performance. 

2.3.3 The impact of the concentration of buffering agent 

For optimal buffering properties of hydroponic nutrient solution in selected pH interval of 

6.0ï6.5 MES buffering agent was used. This experiment investigated the impact of MES 0/1/3/5 

mM on the buffering properties of the nutrient solution and lettuce's physiological response. 

Lettuce óHuginó was used as the model plant in this experiment. The nutrient solution's electrical 
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conductivity range (EC) was from 1300 ± 66 µS cm-1 to 1620 ± 26 µS cm-1. Plant biometric 

measurements and biochemical analyses were performed at the technical maturity stage. 

2.3.4 The impact of lighting intensity under optimized hydroponic conditions 

In this experiment, the plant light use efficiency (LUE) of different leafy green species 

under the lighting intensities common for CEA cultivation was investigated using the optimized 

hydroponic solution, which was buffered in a 3mM MES buffer to maintain nutrient solution pH 

interval of 6.0ï6.5. Four experimental treatments of 150, 200, 250, and 300 ± 10 µmol m-2s-1 were 

performed, representing daily light integrals (DLIs) of 8.64ï17.28 mol m-2 d-1 throughout 16 h 

photoperiod (Figure 2.3.4.1), while maintaining equal proportions of the spectral components. 

Biometric measurements and biochemical analyses were performed at the technical maturity 

stage. Plants cultivated in this light optimization experiment were Lactuca sativa (L). óHuginó, 

Lactuca sativa (L). óLollo Rossaó, Amaranthus tricolor (L), Mesembryanthemum crystallinum 

(L), Perilla frutescens (L), Portulaca oleracea (L). 

 

 

Figure 2.3.4.1 Graphical representation of experimental setup and daily light integral (DLI) differences 

(%) between treatments. 

2.4 Measurements and Analyses 

2.4.1 Plant morphological and non-destructive measurements 

For biometric and non-destructive measurements, three pots containing 1ï7 plants (see 

section 2.2) were randomly selected from each DWC system, representing experimental 

replication (9 pots per each treatment). For biochemical analyses, all plant material per treatment 

replication was mixed, and conjugated samples (3 samples per treatment) from mixed plant 
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material were collected for analysis. All analytical measurements were performed in three 

analytical replications. 

Biometric measurements. Plant roots and shoots were separated, and the fresh weight (FW) 

and dry (DW) weight were determined with an electronic scale (Mettler Toledo AG64, Columbus, 

OH, USA) before and after tissue dehydration. Plant material was dried (both lettuce varieties) at 

70 °C for 48 h (Venticell-BMT, BrnostŚed, Czech Republic) or lyophilized (other leafy greens) 

(FD-7, SIA Cryogenic and Vacuum Systems, Venspils, Latvia). 

 The plant leaf area was determined using a benchtop leaf area meter (AT DeltaïT Devices, 

Burwell, UK) of freshly harvested plants. The total leaf area of all plants per pot (see section 2.2 

for details) was measured, and the single plant leaf area was determined by dividing it by the 

number of plants per pot.  

Leaf gas exchange indices. Photosynthesis parameters were measured at the plant's technical 

maturity stage. Measurements were performed from 9 to 12 am using a portable photosynthesis 

system (LI-COR 6400XT, Lincoln, NE, USA). The photosynthetic rate (Pr, µmol CO2 m
ī2 sī1), 

transpiration rate (Tr, mmol H2O mī2 sī1), stomatal conductance (gs, mol H2O mī2 sī1), and the 

ratio of intercellular to ambient CO2 concentration (Ci/Ca) were measured on the third fully 

developed plant leaf. Measurements were performed at the following leaf chamber conditions: 

temperature of 21 °C, the CO2 concentration of 400 µmol molī1, relative humidity of 60%, and 

artificial irradiation of ~1000 µmol mī2 sī1 were provided by 470 and 665 nm LED sources. 

Derivative parameters such as water usage efficiency (WUE, µmol CO2 mmolī1 H2O) and light 

use efficiency (LUE, mol CO2 molī1 photons) were calculated using MS Excel. 

Chlorophyll fluorescence determination. Maximum quantum yield (Fv/Fm), Intrinsic 

quantum yield (ūPSII), and NPQ (non-photochemical quenching) were determined using the 

imaging PAM fluorometer M-Series MAXI-Version (Walz, Effeltrich, Germany) dark (60 min) 

acclimated plants performing Kautsky curve.  

2.4.2 Determination of mineral nutrients  

A modified microwave assisted digestion technique was combined with ICPïOES methods 

to determine macronutrients (K, Ca, Mg, S, and P) and micronutrients (B, Cu, Fe, Mn, Na, Zn, 

and Mo) in various leafy greens leaves and roots (Araújo et al., 2002; J. T. P. Barbosa et al., 2015). 

The complete digestion of 0.3 g of the powdered shoot and 0.2 g of root dry material was achieved 

with 8 mL of 65% HNO3 using a microwave assisted digestion system (Multiwave GO; Anton 

Paar GmbH, Graz, Austria). Digestion was completed in 2 steps: (1) heating to 150 °C in 3 min 

and holding for 10 min, and (2) heating to 180 °C in 10 min and holding for 10 min, followed by 

cooling. The mineralized samples were diluted to 50 mL with ultrapure deionized water, filtered 

with Whatman Grade 1 qualitative filter paper, and stored at 4 °C until analysis. The nutrient 
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concentration was analyzed using ICPïOES (SPECTRO Genesis spectrometer, Analytical 

Instruments GmbH, Kleve, Germany). Mineral content (mg Lī1) was evaluated according to the 

respective analytical wavebands for each element. The content of each element concentration was 

recounted and expressed as mg gī1 of dry weight. 

2.4.3 Antioxidant activity and total phenolic content determination 

Antioxidant properties of various leafy green leaves and roots were expressed as DPPH  

(2-diphenyl-1-picrylhydrazyl) and ABTS (2,2-azino-bis (3-ethylbenzothiazoline-6-sulphonic 

acid) free radical scavenging activity, as well as ferric reduction antioxidant power (FRAP). 

Additionally, the total content of phenolic compounds was determined. Plant material extracts 

were prepared from fresh (both lettuce varieties) or lyophilized (other leafy greens) plant material. 

0.5 g of fresh material was ground with liquid nitrogen and diluted with 80% methanol 1:10 (w/v). 

0.01ï0.03 g of lyophilized plant material was ground with 5 mL of 80% methanol. Samples, both 

from fresh and lyophilized plant material, were incubated for 24 hours and centrifuged (4500 rpm; 

Z366, Hermle, Wehingen, Germany), and the supernatant was used for analysis.  

Stable 126.8 µM DPPH (100% purity; Sigma-Aldrich, Burlington, MA, USA) solution was 

prepared in methanol. Analysis was performed in 96-well plates by mixing 280 µL DPPH solution 

with 20 µL of plant extract in each well; absorbance was read 515 nm (Spectro-star Nano, BMG 

Labtech microplate reader, Ortenberg, Germany) at the sixteenth minute (O. P. Sharma & Bhat, 

2009). Results were expressed as µmol of DPPH scavenged per 1 g of fresh/dry plant weight 

(mmol gï1 FW/DW). 

The ABTS radical solution was prepared by mixing 50 mL of 2 mM ABTS with 200 µL 

70 mM potassium persulfate K2S2O8, allowing the mixture to stand in the dark for 16 h before use 

(Re et al., 1999). Analysis was performed in 96-well plates by mixing 280 µL ABTS radical 

solution with 20 µL of plant extract in each well; absorbance was read 734 nm (Spectro-star Nano, 

BMG Labtech microplate reader, Ortenberg, Germany) after 10 min. Results were expressed as 

µmol ABTS scavenged by 1 g of fresh/dry plant weight (µmol gï1 FW/DW). 

The FRAP method is based on Fe3+ ion reduction to Fe2+. A fresh working solution was 

prepared by mixing the following solutions in a 10:1:1 volumetric ratio: 10mM TPTZ (2,4,6-

tripyridyl-s-triazine) solution in 300 mM, pH 3.6 acetate buffer, 40 mM HCl and 20 mM FeCl3 × 

6H2O. Analysis was performed in 96 well plates by mixing 280 µL working solution with 20 µL of 

plant extract in each well and incubating it in the dark for 30 minutes; absorbance was read 593 nm 

(Spectro-star Nano, BMG Labtech microplate reader, Ortenberg, Germany) (Benzie & Strain, 

1996). Results were expressed as µmol of Fe2+ reduced by gī1 of dry plant weight (µmol gï1 DW). 

Total phenolic compounds (TPC) content was determined by mixing 20 µL plant extract 

with 20 µL 10% (w/v) FolinïCiocalteu reagent, 160 µL of 1 M Na2CO3 solution and incubating 
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it in dark for 20 minutes. Absorbance was read at 765 nm (Spectro-star Nano, BMG Labtech 

microplate reader, Ortenberg, Germany)(Ainsworth & Gillespie, 2007). Results were expressed 

as mg of TPC per dry plant weight (mg gï1 DW). 

2.4.4 Soluble sugar determination 

0.5 g fresh (both lettuce varieties) or 0.02ï0.05g lyophilized (other leafy greens) leaf/root 

tissue was ground and diluted with 4 mL deionized water, extricated for 4h at room temperature 

with mixing, and centrifugated at 14,000x g for 15 minutes. A sample purification step was 

performed before the chromatographic analysis. 1 mL of supernatant was mixed with 1 mL of 

0.01% (w/v) ammonium acetate in acetonitrile and incubated for 30 min at +4 °C. The samples 

were centrifuged at 14,000× g for 15 min and filtered through a 0.22 µm PTPE syringe filter 

(VWR International, Batavia, IL, USA). The analyses were performed on a Shimadzu HPLC 

(Kyoto, Japan) instrument equipped with an evaporative light scattering detector (ELSD). The 

separation of fructose, glucose, sucrose, maltose, and raffinose was performed on a Shodex  

VG-50 4D HPLC (Munich, Germany) column with a deionized water (mobile phase A) and 

acetonitrile (mobile phase B) gradient. The gradient was maintained at 88% B for 13 min, changed 

linearly to 70% B in 9 min, kept at 70% B for 1 min, raised back to 88% B in 2 min, and the 

column was equilibrated to 88% B for 5 min. The flow rate was 0.8 ml min-1. 

2.4.5 Nitrate/nitrite determination 

Nitrate/nitrite content determination is based on the Griess reaction. From sample 

preparation, dry plant material (0.05g) was subjected to a hot water extraction at a ratio of 1:100 

(w/v) on an orbital shaker for 30 min. Initial nitrite concentration and total nitrite after zinc 

reduction were determined by diazotizing with sulphanilamide and coupling with N-(1- naphthyl)-

ethylenediamine dihydrochloride to form a highly coloured azo dye with absorbance measured at 

540 nm (Spectro-star Nano, BMG Labtech microplate reader, Germany). The nitrate content was 

calculated from the difference between the total nitrite content after reduction and the initial nitrite 

concentration (Merino, 2009). Nitrate and nitrite contents (mg kg-1) in dry plant weight (DW) 

were determined by calibration method. 

2.4.6 Statistical analysis 

The results are presented as the average ± standard deviation of 3 experimental and 3 

analytical replications, n = 9. One-way ANOVA, using Tukeyôs HSD test, was employed to 

determine differences between applied pH intervals, MES molarity, and lighting intensity 

treatments at the confidence level of p Ò 0.05. For result modelling, multivariate principal 

component analysis (PCA) and correlation tests were performed. Data were evaluated using MS 

Excel and compatible XLStat 2022.3.1 (Addinsoft, Paris, France) software packages. 
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3 RESULTS 

3.1 Plant physiological response to minor nutrient solution pH differences  

This section is focused on a holistic view of plant physiological response to the precise 

management of minor nutrient solution pH differences. It is widely accepted that pH 5.5ï6.5 is 

the target pH for leafy green cultivation (Gillespie et al., 2021). Our experimental aim was to 

evaluate if the different leafy greens would respond to minor (0.5 pt/0.5 pH unit) differences in 

nutrient solution pH in this range. This will allow us to substantiate the necessity and significance 

of precise pH control in CEA systems. Investigated pH intervals: pH 5.0ï5.5, pH 5.5ï6.0, pH 6.0ï

6.5. Cultivated plants: 1. Lactuca sativa (L.) óHuginó 2. Amaranthus tricolor (L.) 3. Perilla 

frutescens (L.) 4. Mesembryanthemum crystallinum (L.) 5. Portulaca oleracea (L.). 

3.1.1 Lactuca sativa (L.) óHuginó 

Nutrient solution pH differences between 5.0 and 6.5 do not remarkably impact the growth 

parameters of hydroponically cultivated lettuce (Table 3.1.1.1). There are no statistically 

significant differences in fresh and dry root and leaf weight. However, lettuce, cultivated in the 

nutrient solution of the highest investigated acidity (pH 5.0ï5.5), had the lowest plant height and 

leaf area (5% and 30% lower, respectively, compared to pH 6.0ï6.5 treated plants). 

Table 3.1.1.1 Nutrient solution pH influence on biometric parameters of hydroponically cultivated lettuce 

ὼӶὛὈȟὲ ω). Different letters within the row indicate statistically significant differences between means 

according to Tukeyôs test at the confidence level p Ò 0.05. FW ï fresh weight, DW ï dry weight. 

Parameter pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 

Height, cm 10.83 ± 0.47 a 12.66 ± 0.62 b 11.33 ± 0.24 ab 

Leaf area, cm2 712.81 ± 84.54 a 967.30 ± 97.57 b 924.13 ± 74.92 b 

Leaf FW, g 30.59 ± 4.22 a 39.15 ± 1.38 a 37.84 ± 2.54 a 

Leaf DW, g 1.90 ± 0.39 a 1.96 ± 0.21 a 2.08 ± 0.16 a 

Root FW, g 4.71 ± 0.32 a 5.12 ± 0.20 a 5.44 ± 0.39 a 

Root DW, g 0.25 ± 0.04 a 0.28 ± 0.10 a 0.30 ± 0.04 a 

 

Despite the minor impact of the nutrient solution pH differences on the growth parameters, 

a significant lettuce photosynthetic response was observed (Table 3.1.1.2). Although transpiration 

rate (Tr) was undistinguished between all treatment groups, photosynthetic rate (Pr) and light use 

efficiency (LUE) were 20% higher in lettuces cultivated in pH 5.5ï6.0 compared to the more 

acidic treatment (pH 5.0ï5.5). Interestingly, in lettuce, cultivated in the highest pH 6.0ï6.5 

nutrient solution, a 32% reduction in stomatal conductance (gs) activity but 44% higher water use 

efficiency (WUE) were determined, compared with the lettuces cultivated in pH 5.0ï5.5. The 
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antioxidant properties (Table 3.1.1.2) of lettuces cultivated at different pH levels confirm that this 

pH interval is tolerable. ABTS and DPPH free radical scavenging activity did not significantly 

differ in lettuce leaves. However, roots of lettuce cultivated in the highest investigated acidity (pH 

5.0ï5.5) nutrient solution resulted in 85% higher ABTS free radical scavenging activity compared 

to pH 6.0ï6.5 treatment.  

Table 3.1.1.2 Nutrient solution pH impact on lettuce photosynthetic parameters and antioxidant activity 

(ὼӶὛὈȟὲ ω. Different letters within the row indicate statistically significant differences between 

means according to Tukeyôs test at the confidence level p Ò 0.05. Pr photosynthetic rate, gs ï stomatal 

conductance, Ci/Ca ï the intercellular to ambient CO2 ratio, Tr ï transpiration rate, WUE ï water use 

efficiency, LUE ï light use efficiency, FW ï fresh weight, DPPH (2-diphenyl-1-picrylhydrazyl) and ABTS 

(2,2-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) free radical scavenging activity. 

Photosynthetic characteristics 

Parameter pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 

Pr 12.23 ± 1.06 a 14.72 ± 1.68 b 12.32 ± 1.49 a 

gs 0.63 ± 0.09 b 0.68 ± 0.14 b 0.43 ± 0.13 a 

Ci/Ca 0.90 ± 0.01 b 0.90 ± 0.02 b 0.86 ± 0.03 a 

Tr 4.38 ± 0.39 a 4.39 ± 0.65 a 3.89 ± 0.69 a 

WUE 19.70 ± 3.57 a 22.06 ± 5.03 a 28.43 ± 4.43 b 

LUE 0.012 ± 0.001 a 0.015 ± 0.002 b 0.013 ± 0.001 a 

Antioxidant activity 

Leaf 
DPPH mmol g-1 FW 88.2 ± 10.59 a 62.4 ± 15.34 a 65.4 ± 16.32 a 

ABTS µmol g-1 FW 41.4 ± 7.10 a 37.4 ± 6.29 a 39.8 ± 8.34 a 

Root 
DPPH mmol g-1 FW 59.5 ± 17.89 a 33.4 ± 18.17 a 44.3 ± 19.70 a 

ABTS µmol g-1 FW 22.7 ± 4.99 b 14.0 ± 1.39 ab 12.3 ± 1.01 a 

 

Analysis of soluble sugars, primary photosynthetic metabolites, indicated two hexoses, 

fructose, and glucose, in lettuce leaves (raffinose, maltose and saccharose content was below 

detection limit), however, these were not detected in roots Glucose and fructose content did not 

differ between different pH treatment intervals (Figure 3.1.1.1). All treatments showed the same 

glucose content pattern that was slightly higher than fructose.  
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Figure 3.1.1.1 Nutrient solution pH impact on soluble hexoses content of hydroponically cultivated lettuce 

(ὼӶὛὈȟὲ ω. Different letters indicate statistically significant differences between means according to 

Tukeyôs test at the confidence level p Ò 0.05. FW ï fresh weight. 

Differences in mineral accumulation in lettuce organs due to nutrient solution pH are 

presented in Table 3.1.1.3. No significant differences were observed in B, K, and Se accumulation 

among various pH treatments and lettuce organs. Lettuce exhibited the highest S concentration in 

the pH range of 5.0ï5.5, with leaves accumulating three times more S than the roots. In the pH 

5.5ï6.0 treatment, roots accumulated 42% higher Cu content compared to the lowest investigated 

pH range of 5.0ï5.5. Despite no significant effect on Cu accumulation in lettuce leaves due to 

nutrient solution pH, leaves stored 7.6 times less Cu in the pH 5.5ï6.0 treatment compared to Cu 

contents in roots. Roots accumulated higher P, Fe, and Mo concentrations in the corresponding 

pH treatment compared with leaves. A lower pH range of 5.0ï5.5 reduced mineral content in 

lettuce leaves, and roots accumulated 2.1 times more P and 5.0 times more Fe compared to their 

contents in leaves. Mg, Na, and Zn accumulation in leaves remained unaffected by nutrient 

solution pH. However, differences in mineral accumulation in roots were observed due to varying 

nutrient solution pH. Specifically, lettuce cultivated in the lower pH range of 5.0ï5.5 showed a 

27.3% and 41.4% reduction in Na and Zn accumulation in their roots, respectively, compared to 

lettuce cultivated in the pH range of 5.5ï6.0. Conversely, cultivation in the lowest investigated 

pH resulted in a 44.7% accumulation of Mg in their roots compared to lettuce cultivated at a pH 

of 5.5ï6.0. 
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Table 3.1.1.3 Nutrient solution pH impact on minerals accumulation in lettuce leaves and roots  

(ὼӶȟὲ ω. Different letters within the row and plant organ indicate statistically significant differences 

between means according to Tukeyôs test at the confidence level p Ò 0.05. P ï Phosphorus, S ï sulfur, B ï 

boron, Cu ï copper, Fe ï iron, K ï potassium, Mg ï magnesium, Mn ï manganese, Na ï sodium, Zn ï zinc, 

Se ï selenium, Mo ï molybdenum, DW ï dry weight. 

Mineral 
Leaf, mg g-1 DW Root, mg g-1 DW 

pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 

P 9.070 a 9.955 b 10.391 b 19.681 b 19.952 b 18.038 a 

S 5.483 b 2.641 a 1.223 a 1.824 b 1.154 a 0.745 a 

B 0.005 a 0.006 a 0.013 a 0.007 a 0.000 a 0.001 a 

Cu 0.0005 a 0.002 a 0.002 a 0.010 a 0.015 b 0.015 b 

Fe 0.058 a 0.070 b 0.077 c 0.291 c 0.165 a 0.223 b 

K 33.461 a 34.040 a 33.557 a 34.400 a 34.530 a 32.471 a 

Mg 3.185 a 3.131 a 3.136 a 2.777 b 2.488 a 2.610 a 

Mn 0.214 a 0.219 a 0.272 b 0.904 a 1.695 b 1.909 c 

Na 0.310 a 0.271 a 0.277 a 0.647 a 0.891 b 0.604 a 

Zn 0.041 a 0.047 a 0.045 a 0.049 a 0.083 c 0.079 b 

Se 0.045 a 0.039 a 0.035 a 0.036 a 0.032 a 0.028 a 

Mo 0.001 a 0.002 b 0.002 b 0.018 b 0.012 a 0.012 a 

 

While leaf nitrates (NO3
-) remained unaffected by variations in nutrient solution pH, a 

notable impact was observed on the nitrite (NO2
-) concentration of hydroponically cultivated 

lettuce (Figure 3.1.1.2). Lettuces cultivated in the most acidic solution (pH 5.0ï5.5) exhibited a 

2.26 to 2.54-fold increase in nitrite content compared to those grown within the pH intervals of 

5.5ï6.0 and 6.0ï6.5. 
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Figure 3.1.1.2 Nutrient solution pH impact on nitrite/nitrate content of hydroponically cultivated lettuce 

(ὼӶὛὈȟὲ ω. Different letters indicate statistically significant differences between means according to 

Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight. 

The PCA (principal component analysis) score scatterplot (Figure 3.1.1.3) shows distinct 

differences in pH treatments and experimental replications according to average coordinates of 

biometric parameters, antioxidant activity, mineral accumulation, photosynthetic indices, soluble 

sugar, and nitrate/nitrite content in hydroponically cultivated lettuce under three different pH 

treatments: pH 5.0ï5.5, pH 5.5ï6.0, and 6.0ï6.5. The PCAôs first two components (F1 vs. F2) 

explained 64.75% of the total data variance. F1 approximately explained 46%, whereas F2ï19% 

of the total variability. According to factor loadings (Table S1), the key variables, distinguishing 

the impact of pH 5.0ï5.5 interval from other pH treatments according to the F1 component are 

leaf area, antioxidant activity in roots, nitrite content, and mineral accumulation in different plant 

organs. Photosynthetic properties (excluding water use efficiency and transpiration rate) 

differentiate the treatments according to the F2 component.  
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Figure 3.1.1.3 Principal component analysis (PCA) scatterplot indicating distinct overall differences in 

biometric parameters, antioxidant activity, mineral accumulation, photosynthetic response, soluble 

hexoses, and nitrate/nitrite content depending on nutrient solution pH in lettuce cultivated in deep water 

culture hydroponic system. 

Key takeaways:  

¶ Differences of 0.5 pt in nutrient solution pH in the range of pH 5.0ï6.5 do not significantly 

impact lettuce biomass productivity.  

¶ However, leaf area, root antioxidant activity, leaf nitrite content, and mineral contents in 

leaves and roots are the main susceptible physiological parameters, distinguishing the 

impacts of minor pH differences of nutrient solution on lettuce.  

¶ Lettuces cultivated in the lower nutrient solution pH interval of 5.0ï5.5 accumulated 2.3ï

2.5 times higher leaf nitrite content compared to other pH treatments despite no significant 

pH impact on nitrate contents.  

¶ Nutrient solution pH had a more pronounced effect on mineral accumulation in roots than 

in leaves of hydroponically cultivated lettuce. 

¶ Lettuces cultivated in the nutrient solution pH interval 5.0ï5.5 exhibited enhanced root 

antioxidant activity and restricted leaf area formation.  

3.1.2 Amaranthus tricolor (L.)  

Differences in nutrient solution pH influence growth parameters of hydroponically 

cultivated Amaranthus tricolor (L.) (Table 3.1.2.1). pH differences in the range from 5.0 to 6.5 

did not affect amaranth root fresh and dry weight accumulation. However, amaranth cultivated at 

pH 5.5ï6.0 was distinguished by 35% lower shoot fresh weight compared to those cultivated at 
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pH 5.0ï5.5 and 6.0ï6.5, which did not differ statistically in between. The most acidic investigated 

pH of 5.0ï5.5 resulted in a 37% increased leaf area compared to plants cultivated in pH 5.5ï6.0.  

Table 3.1.2.1 Nutrient solution pH influence on biometric parameters of hydroponically cultivated 

amaranth (ὼӶὛὈȟὲ ω). Different letters within the row indicate statistically significant differences 

between means according to Tukeyôs test at the confidence level p Ò 0.05. FW ï fresh weight, DW ï dry 

weight. 

Parameter pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 

Height, cm 16.33 ± 0.24 b 14.5 ± 0.41 a 18.33 ± 0.47 c 

Leaf area, cm2 122.46 ± 9.06 b 89.64 ± 9.64 a 112.58 ± 9.79 ab 

Leaf FW, g 4.39 ± 0.4 b 3.24 ± 0.32 a 4.37 ± 0.26 b 

Leaf DW, g 0.44 ± 0.04 ab 0.34 ± 0.03 a 0.47 ± 0.03 b 

Root FW, g 2.85 ± 0.2 a 2.21 ± 0.53 a 2.15 ± 0.28 a 

Root DW, g 0.10 ± 0.01 a 0.09 ± 0.02 a 0.10 ± 0.01 a 

 

Although the antioxidant parameters did not differ between amaranths cultivated in different 

acidity nutrient solutions, distinct photosynthetic parameters were observed (Table 3.1.2.2). 

Though intrinsic quantum yield (ūPSII) did not differ between pH treatments, still, the maximum 

quantum yield was 11% lower in the lowest pH treatment interval compared to amaranth 

cultivated in the interval of pH 5.5ï6.5. A 20% reduction in photosynthesis rate (Pr) was observed 

between the same treatment groups. The highest values of light use efficiency (LUE), water use 

efficiency (WUE), and non-photochemical quenching (NPQ) were recorded in amaranth 

cultivated in the pH 5.5ï6.0, and NPQ was 1.6 times higher compared to plants cultivated in the 

most acidic nutrient solution (pH 5.0ï5.5). Amaranth cultivated in the pH interval of 6.0ï6.5 had 

a 33% higher transpiration rate (Tr) and 23% higher stomatal conductance activity compared with 

the plants cultivated under lowest pH interval of 5.0ï5.5.  
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Table 3.1.2.2 Nutrient solution pH impact on amaranth photosynthetic and antioxidant parameters  

(ὼӶὛὈȟὲ ω. Different letters within the row indicate statistically significant differences between 

means according to Tukeyôs test at the confidence level p Ò 0.05. Pr photosynthetic rate, gs ï stomatal 

conductance, Ci/Ca ï the intercellular to ambient CO2 ratio, Tr ï transpiration rate, WUE ï water use 

efficiency, LUE ï light use efficiency, DW ï dry weight. DPPH (2-diphenyl-1-picrylhydrazyl) and ABTS 

(2,2-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) free radical scavenging activity. FRAP ï Ferric 

reducing antioxidant power. TPC ï total phenolic compounds.  

Photosynthetic characteristics 

Parameter pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 

Pr 5.84 ± 1.13 b 7.32 ± 0.26 c 5.27 ± 0.79 a 

gs 0.09 ± 0.01 a 0.09 ± 0.02 a 0.12 ± 0.04 b 

Tr 0.75 ± 0.12 a 0.72 ± 0.13 a 0.92 ± 0.24 b 

Ci/Ca 0.71 ± 0.06 b 0.63 ± 0.08 a 0.78 ± 0.09 c 

WUE 65.63 ± 15.62 b 84.67 ± 19.89 c 49.94 ± 22.46 a 

LUE 0.006 ± 0.0011 b 0.007 ± 0.0003 c 0.005 ± 0.0008 a 

Fv/Fm 0.56 ± 0.08 a 0.63 ± 0.04 b 0.61 ± 0.04 ab 

ūPSII 0.49 ± 0.09 a 0.47 ± 0.06 a 0.49 ± 0.05 a 

NPQ 0.05 ± 0.02 a 0.13 ± 0.03 c 0.08 ± 0.02 b 

Antioxidant activity 

Leaf 

DPPH, mmol g-1 DW 90.03 ± 20.36 a 95.54 ± 7.27 a 95.91 ± 4.86 a 

ABTS, µmol g-1 DW 457.26 ± 59.63 a 438.84 ± 55.33 a 436.94 ± 19.65 a 

FRAP, µmol Fe (II) g-1 DW 372.43 ± 12.63 a 346.24 ± 11.63 a 350.85 ± 15.72 a 

TPC, mg g -1 DW 14.85 ± 2.46 a 15.97 ± 2.76 a 14.79 ± 1.38 a 

Root 

DPPH, mmol g-1 DW 112.93 ± 39.3 a 92.67 ± 33.61 a 100.2 ± 24.41 a 

ABTS, µmol g-1 DW 362.22 ± 42.54 a 401.15 ± 45.34 a 392.88 ± 48.91 a 

FRAP, µmol Fe (II) g-1 DW 329.22 ± 11.07 a 354.08 ± 23.52 a 335.85 ± 5.09 a 

TPC, mg g-1 DW 13.32 ± 1.12 a 13.46 ± 0.82 a 14.5 ± 0.88 a 

 

Soluble sugar analysis indicated two hexoses, fructose, and glucose (Figure 3.1.2.1), in 

amaranth leaves and roots (maltose, raffinose and saccharose content was below detection limit). 

The root tissue displayed a similar pattern, with 2.15ï2.91 times higher fructose (A) and glucose 

(B) content than the leaves. While root fructose levels remained consistent across pH treatment 

groups, glucose content was 31% higher in the roots of amaranths cultivated in the pH 6.0ï6.5 

interval compared to the highest acidity treatment. This trend was consistently observed in leaf 
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tissue for both detected sugars, with 77% more glucose and 32% more fructose present in the pH 

6.0ï6.5 treated plants.  

 
1 

 

 

Figure 3.1.2.1 Nutrient solution pH impact on soluble hexoses content of hydroponically cultivated 

amaranth (ὼӶὛὈȟὲ ω: (A) ï fructose, (B) ï glucose. Different letters indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight. 

The differences in mineral accumulation in amaranth tissues due to different nutrient 

solutions' pH are presented in Table 3.1.2.3. There was no significant difference in the S, Al, K, 

Mg, and Na accumulation in amaranth leaves across different pH treatments. Amaranths, 

cultivated in pH of 5.0ï5.5, contained the highest P concentration in leaves while exhibiting the 

lowest P accumulation in roots. Moreover, significantly higher Al, Fe, K, and Na content in roots 

was observed in all pH treatments compared to the leaves, but for Ca, higher concentrations were 

observed in leaves compared to the roots. Reduced nutrient solution acidity resulted in a Fe 

accumulation decrease in roots: amaranths cultivated in the pH interval of 5.0ï5.5 accumulated 

2.32 times more Fe compared plants cultivated under pH interval of pH 6.0ï6.5. Increased nutrient 
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solution acidity in the lowest investigated pH treatment (5.0ï5.5) slightly reduced B, Ca, and Mn 

accumulation in leaves, while severe 74% Cu reduction was observed compared to plants 

cultivated under pH interval of 6.0ï6.5. Nutrient solution pH difference between the highest (6.0ï

6.5) and lowest (pH 5.0ï5.5) treatment investigated groups resulted in a 2-fold disparity in Al and 

Mn accumulation in roots. 

Table 3.1.2.3 Nutrient solution pH impact on minerals accumulation in amaranth leaves and roots  

(ὼӶȟὲ ω. Different letters within the row and plant organ indicate statistically significant differences 

between means according to Tukeyôs test at the confidence level p Ò 0.05. P ï Phosphorus, S ï sulfur, B ï 

boron, Cu ï copper, Fe ï iron, K ï potassium, Mg ï magnesium, Mn ï manganese, Na ï sodium, Zn ï zinc, 

Mo ï molybdenum, DW ï dry weight. 

Mineral 
Leaf, mg g-1 DW Root, mg g-1 DW 

pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 

P 0.753 b 0.724 a 0.719 a 0.628 a 0.666 b 0.615 b 

S 0.266 a 0.264 a 0.267 a 0.234 a 0.238 a 0.232 a 

Al  0.191 a 0.163 a 0.181 a 5.778 b 2.695 a 2.529 a 

B 0.023 a 0.023 a 0.026 b 0.004 b 0.011 b 0.005 a 

Ca 31.320 a 30.618 a 34.412 b 16.789 b 13.143 a 11.415 ab 

Co 0.002 b 0.001 a 0.001 a 0.010 b 0.010 b 0.009 a 

Cr 0.002 c 0.001 b 0.001 a 0.053 a 0.019 b 0.016 a 

Cu 0.006 a 0.008 b 0.010 b 0.004 b 0.003 a 0.001 a 

Fe 0.081 b 0.078 b 0.066 a 2.910 c 1.413 a 1.253 b 

K 38.919 a 38.036 a 37.982 a 59.439 a 63.046 b 60.154 ab 

Mg 8.588 a 8.761 a 8.607 a 8.920 b 8.027 b 9.280 a 

Mn 0.239 b 0.227 a 0.274 c 0.719 c 0.665 b 1.461 a 

Na 0.316 a 0.322 a 0.320 a 1.810 b 1.240 a 1.241 ab 

Zn 0.028 a 0.029 a 0.035 b 0.048 a 0.030 b 0.024 b 

Mo 0.008 a 0.009 b 0.009 b 0.008 a 0.005 b 0.005 c 

 

Differences in nutrient solution pH affected NO2
-/NO3

- content in hydroponically cultivated 

amaranth leaves (Figure 3.1.2.2). Amaranth grown in the pH interval of 5.0ï5.5 exhibited 4 times 

more nitrites and 66% more nitrates than amaranths cultivated in the lowest acidity treatment (pH 

6.0ï6.5). Notably, nitrite content was undistinguished between amaranths cultivated in the lowest 

investigated acidity (5.0ï5.5) treatment group and plants cultivated in nutrient solution pH of 5.5ï

6.0. 
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Figure 3.1.2.2 Nutrient solution pH impact on nitrite/nitrate content of hydroponically cultivated amaranth 

shoots (ὼӶὛὈȟὲ ω. Different letters indicate statistically significant differences between means 

according to Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight. 

The PCA score scatterplot (Figure 3.1.2.3) shows distinct differences between pH 

treatments and experimental replications according to average coordinates of biometric 

parameters, antioxidant activity, mineral accumulation, photosynthetic indices, soluble sugar, and 

nitrates/nitrites content in hydroponically cultivated amaranth under three different pH treatments. 

The PCAôs first two components (F1 vs. F2) explained 60.41% of the total data variance. F1 

approximately explained 34%, whereas F2ï27% of the total variability. According to factor 

loadings (Table S2), the key variables distinguishing amaranth cultivated in pH 6.0ï6.5 from 

lower pH treatments according to the F1 component were soluble sugar, nitrite content, and 

mineral accumulation in different plant organs, while biometric parameters, photosynthetic 

indices, and nitrate content differentiate the pH 5.5ï6.0 from other pH treatments according to F2 

component. 
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Figure 3.1.2.3 Principal component analysis (PCA) scatterplot indicating distinct differences in biometric 

parameters, antioxidant activity, mineral accumulation, photosynthetic response, soluble hexoses, and 

nitrate/nitrite content depending on nutrient solution pH in amaranth cultivated in deep water culture 

hydroponic system. 

Key takeaways:  

¶ Biometric parameters, photosynthetic indices, and nitrate content in amaranth differentiate 

the pH 5.5ï6.0 from the other pH treatments: it is distinguished by 35% lower shoot fresh 

weight.  

¶ Plant photosynthetic response depends on nutrient solution pH; non-photochemical 

quenching value was 1.6 times higher in the amaranth cultivated in the lowest acidity 

nutrient solution (pH 6.0ï6.5) compared to the 5.0ï6.0 treatments.  

¶ Amaranth cultivated in the lower pH nutrient solution tends to accumulate nitrates and 

nitrites: pH interval of 5.0ï5.5 resulted in 4 times more nitrites and 66% nitrates content 

compared with pH 6.0ï6.5 treatment.  

¶ Nutrient solution pH had a more pronounced effect on mineral accumulation in roots than 

in leaves of hydroponically cultivated amaranth. 

3.1.3 Perilla frutescens (L.) 

Nutrient solution pH differences significantly influenced growth parameters in amaranth 

(Table 3.1.2.1). However, perilla demonstrated a temperate response (Table 3.1.3.1). pH shift 

from 5.0 to 6.5 did not affect root or leaf dry and fresh weight accumulation or leaf area. Notably, 

plant height was 16ï18% lower in the plants cultivated in the nutrient solution with a pH interval 

of 5.5ï6.0 compared to other pH treatments. 
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Table 3.1.3.1 Nutrient solution pH influence on biometric parameters of hydroponically cultivated perilla 

(ὼӶὛὈȟὲ ω). Different letters within the row indicate statistically significant differences between 

means according to Tukeyôs test at the confidence level p Ò 0.05. FW ï fresh weight, DW ï dry weight. 

Parameter pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 

Height, cm 7.93 ± 0.45 b 6.7 ± 0.14 a 7.8 ± 0.16 b 

Leaf area, cm2 189.42 ± 26.51 a 186.54 ± 16.04 a 197.69 ± 12.78 a 

Leaf FW, g 4.23 ± 0.76 a 4.1 ± 0.48 a 4.2 ± 0.3 a 

Leaf DW, g 0.76 ± 0.19 a 0.65 ± 0.09 a 0.7 ± 0.06 a 

Root FW, g 6.46 ± 0.99 a 5.36 ± 2.05 a 6.2 ± 0.42 a 

Root DW, g 0.27 ± 0.03 a 0.22 ± 0.08 a 0.28 ± 0.02 a 

 

The antioxidant system response of perilla cultivated in different acidity nutrient solution 

did not exhibit distinguishable effects in leaves. Still, root Fe+2 reduction power (FRAP) increased 

by 20% in the lowest investigated pH (5.0ï5.5) treatment compared to the pH interval of pH 5.5ï

6.0 (Table 3.1.3.2). A noticeable change in the photosynthetic response was also observed (Table 

3.1.3.2); although maximum second photosystem capacity (Fv/Fm) did not differ between pH 

treatments, hydrogen ion concentration in the nutrient solution influenced intrinsic quantum yield 

(ūPSII). The highest difference between maximum (Fv/Fm) and intrinsic quantum (ūPSII) yields 

was recorded in plants cultivated in a pH interval of 5.5ï6.0. Interestingly, the transpiration (Tr) 

rate did not differ between perilla cultivated in pH of 5.0ï6.0, but increased nutrient solution 

acidity (pH 5.0ï5.5) resulted in a 9% increase in photosynthetic rate compared to plants cultivated 

in nutrient solution pH of 5.5ï6.0. The most efficient water utilization (WUE) aligned with the 

highest intrinsic quantum yield that was present in plants cultivated in pH interval of 5.0ï5.5. 

Perilla cultivated in the nutrient solution pH 6.0ï6.5 had 22% higher stomal conductance (gs) 

activity compared to lowest investigated pH of 5.0ï5.5. 
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Table 3.1.3.2 Nutrient solution pH impact on lettuce photosynthetic and antioxidant parameters  

(ὼӶὛὈȟὲ ω. Different letters within the row indicate statistically significant differences between 

means according to Tukeyôs test at the confidence level p Ò 0.05. Pr photosynthetic rate, gs ï stomatal 

conductance, Ci/Ca ï the intercellular to ambient CO2 ratio, Tr ï transpiration rate, WUE ï water use 

efficiency, LUE ï light use efficiency, Fv/Fm ï maximum quantum yield, ūPSII ï intrinsic quantum, NPQ ï 

non-photochemical quenching, DW ï dry weight. DPPH (2-diphenyl-1-picrylhydrazyl) and ABTS (2,2-

azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) free radical scavenging activity, FRAP ï Ferric 

reducing antioxidant power, TPC ï total phenolic compounds. 

Photosynthetic characteristics 

Parameter pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 

Pr 12.67 ± 0.54 c 11.64 ± 0.15 a 12.07 ± 0.43 b 

gs 0.23 ± 0.02 a 0.23 ± 0.01 a 0.28 ± 0.03 b 

Tr 1.9 ± 0.1 a 1.88 ± 0.02 a 2.17 ± 0.16 b 

Ci/Ca 0.74 ± 0.02 a 0.76 ± 0.01 b 0.79 ± 0.03 c 

WUE 55.05 ± 4.19 c 51.64 ± 0.89 a 43.37 ± 6.00 b 

LUE 0.006 ± 0.001 b 0.007 ± 0.001 c 0.005 ± 0.001 a 

Fv/Fm 0.55 ± 0.02 a 0.53 ± 0.02 a 0.53 ± 0.03 a 

ūPSII 0.53 ± 0.01 c 0.47 ± 0.01 a 0.51 ± 0.03 b 

NPQ 0.05 ± 0.008 a 0.013 ± 0.006 b 0.08 ± 0.004 a 

Antioxidant activity 

Leaf 

DPPH, mmol g-1 DW 318.47 ± 6.8 a 317.26 ± 6.52 a 317.81 ± 8.52 a 

ABTS, µmol g-1 DW 198.58 ± 8.63 a 204.3 ± 2.24 a 194.54 ± 5.29 a 

FRAP, µmol Fe (II) g-1 DW 172.91 ± 6.56 a 169.04 ± 7.1 a 167.37 ± 2.3 a 

TPC, mg g -1 DW 5.15 ± 0.5 a 6.37 ± 1.43 a 5.56 ± 1.41 a 

Root 

DPPH, mmol g-1 DW 295.74 ± 2.38 a 271.95 ± 7.54 a 263.67 ± 25.25 a 

ABTS, µmol g-1 DW 175.36 ± 7.44 a 159.53 ± 6.2 a 169.25 ± 3.18 a 

FRAP, µmol Fe (II) g-1 DW 146 ± 5.86 b 121.79 ± 1.66 a 133.07 ± 6.29 ab 

TPC, mg g-1 DW 6.41 ± 1.15 a 4.79 ± 0.77 a 4.91 ± 0.06 a 

 

Soluble sugar analysis indicated two hexoses fructose and glucose (raffinose, maltose, 

saccharose content was below detection limit) as the main sugar components in perilla leaves and 

roots (Figure 3.1.3.1). Soluble hexose contents were 2.42ï3.87 times higher in perilla leaves than 

in roots. Nutrient solution acidity had a temperate effect on hexose content in both roots and leaves 

of hydroponically cultivated perilla. Decreased nutrient solution acidity resulted in higher fructose 

(A) and glucose (B) contents in plant tissue: perilla cultivated in a pH interval of 6.0ï6.5 had 11% 
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and 12% higher leaf fructose and glucose concentration than the highest acidity (pH 5.0ï5.5) 

treated plants. A more pronounced effect was present in roots: plants cultivated in nutrient solution 

pH interval of 6.0ï6.5 had 52% and 47% higher fructose and glucose contents compared to perilla 

cultivated in pH of 5.0ï6.0. 

 
1 

 

 

Figure 3.1.3.1 Nutrient solution pH impact on soluble hexoses content of hydroponically cultivated perilla 

(ὼӶὛὈȟὲ ω: (A) ï fructose, (B) ï glucose. Different letters indicate statistically significant differences 

between means according to Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight. 

The differences in mineral accumulation in perilla tissues due to nutrient solution pH are 

presented in Table 3.1.3.3. There was no significant difference in the B, Cr, Cu accumulation in 

leaves and S in the roots in plants, cultivated in different nutrient solution pH. Perilla, cultivated 

in a pH interval of 5.0ï5.5, contained 36% higher P concentration in roots compared to shoots. 

On the contrary, perilla grown in the highest investigated alkalinity (pH 6.0ï6.5) nutrient solution 

exhibited a 2.5-fold increase in K accumulation compared to plants cultivated in a pH interval of 

5.0ï5.5. Root tissue of hydroponically cultivated perilla accumulated more S (31ï46%), Co (3.1ï
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3.6-fold), and Fe (8.9ï14.5-fold) in all treatment groups compared with the leaves, and an 

inversive pattern was recorded in Ca (11ï55%) reduced accumulation. Decreased nutrient 

solution acidity from pH 5.0ï5.5 to pH 6.0ï6.5 resulted in increased shoot accumulation of 

following elements Mg (60%), Mn (112%), Na (4.95-fold), and Zn (27%). In roots, this pattern 

applies only to Mg (25%) and Mn (120%) accumulation, while the pH impact on Zn contents had 

14% reduction. 

Table 3.1.3.3 Nutrient solution pH impact on minerals accumulation in perilla leaves and roots  

(ὼӶȟὲ ω. Different letters within the row and organ indicate statistically significant differences between 

means according to Tukeyôs test at the confidence level p Ò 0.05. P ï Phosphorus, S ï sulfur, B ï boron, 

Cu ï copper, Fe ï iron, K ï potassium, Mg ï magnesium, Mn ï manganese, Na ï sodium, Zn ï zinc, Mo ï 

molybdenum, DW ï dry weight. 

Mineral 
Leaf, mg g-1 DW Root, mg g-1 DW 

pH 5.0ï5.5 pH 5.0ï5.5 pH 6.0ï6.5 pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 

P 0.690 a 0.656 a 0.922 b 0.937 b 0.921 b 0.846 a 

S 0.146 a 0.146 a 0.157 b 0.214 a 0.208 a 0.205 a 

Al  0.114 b 0.144 c 0.083 a 1.415 a 1.334 a 1.733 b 

B 0.015 a 0.013 a 0.016 a 0.015 a 0.026 b 0.024 b 

Ca 17.718 c 16.544 b 9.695 a 7.945 ab 7.305 a 8.350 b 

Co 0.005 b 0.005 c 0.005 a 0.015 a 0.017 b 0.017 b 

Cr 0.005 a 0.005 a 0.005 a 0.003 a 0.006 b 0.002 a 

Cu 0.007 a 0.005 a 0.007 a 0.011 a 0.014 a 0.033 b 

Fe 0.072 a 0.087 b 0.074 a 0.864 b 0.780 a 1.068 c 

K 22.717 a 23.483 a 57.013 b 44.270 ab 44.604 b 41.844 a 

Mg 4.482 a 4.385 a 7.188 b 5.320 a 6.569 b 6.625 b 

Mn 0.221 b 0.183 a 0.470 c 0.154 a 0.236 b 0.338 c 

Na 0.234 a 0.250 a 1.158 b 0.589 ab 0.565 a 0.634 b 

Zn 0.087 a 0.097 b 0.111 c 0.116 b 0.112 b 0.099 a 

Mo 0.005 c 0.004 b 0.003 a 0.017 c 0.010 b 0.005 a 

 

While nutrient solution acidity affected nitrate contents in hydroponically cultivated lettuce 

(Figure 3.1.1.2), amaranth (Figure 3.1.2.2), ice plant (Figure 3.1.4.2), and purslane 

(Figure 3.1.5.2), nutrient solution hydrogen ion concentration did not affect nitrate contents in 

hydroponically cultivated perilla (Figure 3.1.3.2) and nitrites were not detected in their leaves.   
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Figure 3.1.3.2 Nutrient solution pH impact on nitrate content of hydroponically cultivated perilla  

(ὼӶὛὈȟὲ ω. Different letters indicate statistically significant differences between means according to 

Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight. 

The PCA score scatterplot (Figure 3.1.3.3) shows distinct differences in pH treatment 

groups and experimental replications according to average coordinates of biometric parameters, 

antioxidant activity, mineral accumulation, photosynthetic indices, soluble sugar, and nitrates 

content in hydroponically cultivated perilla under three different pH treatments. The PCAôs first 

two components (F1 vs. F2) explained 60.01% of the total variance. F1 approximately explained 

39%, whereas F2ï21% of the total variability. According to factor loadings (Table S3), the key 

variables distinguishing the 6.0ï6.5 pH treatment group according to the F1 component from other 

pH treatments are soluble sugar content and mineral accumulation in different plant organs. At 

the same time, biometric parameters and root antioxidant activity differentiate the treatment 

groups according to the F2 component. 

A
A

A

0

500

1000

1500

2000

2500

pH 5.0 - 5.5 pH 5.5 - 6.0 pH 6.0 - 6.5

N
itr

a
te

s 
m

g
 k

g-1
D

W

pH interval



54 

 

Figure 3.1.3.3. Principal component analysis (PCA) scatterplot indicating distinct differences in biometric 

parameters, antioxidant activity, mineral accumulation, photosynthetic response, soluble hexoses, and 

nitrate contents depending on nutrient solution pH in perilla cultivated in deep water culture hydroponic 

system. 

Key takeaways:  

¶ pH of hydroponic nutrient solution in the range of 5.0ï6.5 did not have a significant impact 

on perilla root and shoot biomass accumulation.  

¶ Mineral elements and soluble sugar accumulation in perilla leaves and roots are the main 

measured physiological parameters that exclude the 6.0ï6.5 pH treatment from the 

remaining pH interval.  

¶ Increased intrinsic quantum yield resulted in higher light use efficiency of hydroponically 

cultivated perilla in the nutrition solution pH of 5.0ï5.5.  

¶ Glucose and fructose contents were 2.42ï3.87 times higher in the leaves of hydroponically 

cultivated perilla than in roots and nutrient solution acidity had a temperate effect on their 

contents. 

¶ Nitrate concentration is not influenced by the nutrient solution pH interval of 

hydroponically cultivated perilla. 

¶ Nutrient solution pH had a more pronounced effect on mineral accumulation in roots than 

in leaves of hydroponically cultivated perilla.  

3.1.4  Mesembryanthemum crystallinum (L.) 

Growth parameters of hydroponically cultivated ice plants were temperately influenced by 

nutrient solution pH (Table 3.1.4.1). pH differences from 5.5 to 6.5 did not significantly affect 

dry or fresh weight accumulation; additionally, plant leaf area was undistinguished between pH 
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treatments. However, nutrient solution acidity reduction from pH interval 5.5ï6.0 to 5.0ï5.5 

resulted in a 20% increase in plant height.  

Table 3.1.4.1 Nutrient solution pH influence on biometric parameters of hydroponically cultivated ice 

plant (ὼӶὛὈȟὲ ω). Different letters within the row indicate statistically significant differences between 

means according to Tukeyôs test at the confidence level p Ò 0.05. FW ï fresh weight, DW ï dry weight. 

Parameter pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 

Height, cm 3.33 ± 0.24 b 2.67 ± 0.24 a 3.07 ± 0.09 ab 

Leaf area, cm2 463.5 ± 40.98 a 416.63 ± 16.32 a 454.3 ± 87.08 a 

Leaf FW, g 68.83 ± 8.31 a 64.42 ± 3.37 a 69.01 ± 14.85 a 

Leaf DW, g 2.76 ± 0.35 a 2.97 ± 0.18 a 3.02 ± 0.51 a 

Root FW, g 18.17 ± 0.78 a 18.99 ± 2.58 a 20.18 ± 1.01 a 

Root DW, g 0.61 ± 0.05 a 0.89 ± 0.17 a 0.69 ± 0.04 a 

 

The photosynthetic characteristics of hydroponically cultivated Mesembryanthemum 

crystallinum (L) were unaffected by the nutrient solution pH differences (Table 3.1.4.2). 

Interestingly, the maximum quantum yield (Fv/Fm) of the second photosystem almost reached its 

theoretical limit of 0.83 (Maxwell & Johnson, 2000), and 0.79 was recorded in all pH treatments. 

It is worth mentioning that intrinsic quantum yield (ūPSII) in the same case decreased by only 

2.5ï3.7% percent compared with Fv/Fm. Although differences in antioxidant system response in 

ice plant leaves were not highly expressed, decreased nutrient solution acidity from pH 5.0ï5.5 to 

pH 5.5ï6.0 resulted in increased Fe+ reduction power (FRAP) by 10% in hydroponically 

cultivated ice plants. Root antioxidant response was more severe.  A 75% increase in DPPH free 

radical scavenging activity was recorded in plants cultivated in nutrient solution pH interval of 

5.5ï6.0 compared to the 6.0ï6.5 treatment.  
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Table 3.1.4.2 Nutrient solution pH impact on ice plant photosynthetic parameters and antioxidant activity 

(ὼӶὛὈȟὲ ω. Different letters within the row indicate statistically significant differences between 

means according to Tukeyôs test at the confidence level p Ò 0.05. Fv/Fm ï maximum quantum yield, 

ūPSII ï intrinsic quantum, NPQ ï non-photochemical quenching, DW ï dry weight. DPPH (2-diphenyl-

1-picrylhydrazyl) and ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) free radical 

scavenging activity, FRAP ï Ferric reducing antioxidant power, TPC ï total phenolic compounds. 

Photosynthetic characteristics 

Parameter pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 

Fv/Fm 0.79 ± 0.01 a 0.79 ± 0.02 a 0.79 ± 0.01 a 

ūPSII 0.77 ± 0.02 a 0.77 ± 0.02 a 0.76 ± 0.02 a 

NPQ 0.02 ± 0.004 a 0.02 ± 0.004 a 0.02 ± 0.003 a 

Antioxidant activity 

Leaf 

DPPH, mmol g-1 DW 8.49 ± 1.28 a 6.08 ± 1.91 a 6.51 ± 1.91 a 

ABTS, µmol g-1 DW 135.83 ± 3.38 a 165.38 ± 37.84 a 137.51 ± 2.37 a 

FRAP, µmol Fe (II) g-1 DW 70.97 ± 1.97 a 78.17 ± 1.45 b 76.96 ± 1.06 b 

TPC, mg g -1 DW 3.8 ± 0.16 a 3.71 ± 0.16 a 3.53 ± 0.36 a 

Root 

DPPH, mmol g-1 DW 7.18 ± 0.72 ab 9.19 ± 0.81 b 5.24 ± 0.74 a 

ABTS, µmol g-1 DW 127.47 ± 4.87 a 138.06 ± 0.94 a 125.63 ± 6.99 a 

FRAP, µmol Fe (II) g-1 DW 75.4 ± 1.73 a 77.14 ± 2.29 a 77.89 ± 3.78 a 

TPC, mg g-1 DW 2.94 ± 0.18 a 2.71 ± 0.14 a 2.73 ± 0.12 a 

 

Soluble sugar analysis indicated two hexoses, fructose, and glucose (maltose, raffinose, 

saccharose content was below detection limit). Soluble hexose content was 1.86ï2.39 times higher 

in leaves than in roots (Figure 3.1.4.1). Nutrient solution acidy consistently affected hexose 

content in both roots and leaves of hydroponically cultivated ice plant. Decreased nutrient solution 

acidity resulted in fructose (A) and glucose (B) increase in both plant organs. The glucose and 

fructose content in roots of ice plants cultivated in a pH interval of 6.0ï6.5 was 17ï22% higher 

compared with the highest investigated acidity treatment (pH 5.0ï5.5). A more pronounced effect 

was present in leaves: a 69% increase in fructose and a 21% increment in glucose were recorded, 

respectively. 
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Figure 3.1.4.1 Nutrient solution pH impact on soluble hexoses content of hydroponically cultivated ice 

plant (ὼӶὛὈȟὲ ω: (A) ï fructose, (B) ï glucose.  Different letters indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight. 

The differences in mineral accumulation in ice plant tissues due to nutrient solution pH are 

presented in Table 3.1.4.3. Only a 4% difference in root tissue P accumulation was recorded 

between the plants cultivated in the lowest investigated and highest investigated acidity nutrient 

solution. However, a linear P accumulation decrease in leaf tissue (y = -0.0587x + 0.7907, 

R2 = 0.96) with increasing alkalinity was recorded, and the difference was 19% between the 

investigated lowest (pH 5.0ï5.5) and highest (pH 6.0ï6.5) investigated alkalinity treatments. 

Furthermore, the same linear mineral accumulation decrease with increased alkalinity was recorded 

with following elements in leaves: S (y = -0.0212x + 0.2647, R2=0.92), Fe (y = -0.0397x + 0.1971, 

R2 = 0.83), Mn (y = -0.0536x + 0.3043, R2 = 0.82) and roots: Al (y = -0.1318x + 0.5848, 

R2 = 0.96), Fe (y = -0.3203x + 1.2016, R2 = 0.99). Inverse linear root Mg accumulation was 
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recorded; increased nutrient solution alkalinity incremented Mg accumulation (y = 0.9707x + 

2.2611, R2 = 0.98). Root tissue of hydroponically cultivated ice plants accumulated more of the 

following elements: Ca (26ï48%), Fe (2.7ï5.2-fold) and Mn (5.0ï9.1-fold), in relevant treatment 

groups compared with leaves. Reverse accumulation trends were recorded for the following 

elements: P (10ï26%), K (9- 2 8%), and Zn (17ï81%) leaves accumulated more compared with 

root in relevant treatment groups.  

Table 3.1.4.3 Nutrient solution pH impact on minerals accumulation in ice plant leaves and roots  

(ὼӶȟὲ ω. Different letters within the row and plant organ indicate statistically significant differences 

between means according to Tukeyôs test at the confidence level p Ò 0.05. P ï Phosphorus, S ï sulfur, B ï 

boron, Cu ï copper, Fe ï iron, K ï potassium, Mg ï magnesium, Mn ï manganese, Na ï sodium, Zn ï zinc, 

Mo ï molybdenum, DW ï dry weight. 

Mineral 
Leaf, mg g-1 DW Root, mg g-1 DW 

pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 

P 0.739 c 0.660 b 0.621 a 0.585 b 0.594 b 0.561 a 

S 0.247 c 0.216 b 0.205 a 0.245 b 0.238 a 0.243 ab 

Al  0.080 a 0.081 a 0.110 b 0.436 c 0.354 b 0.173 a 

B 0.042 c 0.031 b 0.029 a 0.004 a 0.003 a 0.020 b 

Ca 7.188 a 7.533 b 7.442 b 9.064 a 10.554 b 10.981 b 

Co 0.0005 a 0.0005 a 0.0003 a 0.001 a 0.000 a 0.012 b 

Cr 0.002 b 0.001 a 0.001 ab 0.005 a 0.005 a 0.014 b 

Cu 0.008 a 0.009 ab 0.011 b 0.023 b 0.022 ab 0.016 a 

Fe 0.168 c 0.097 b 0.088 a 0.879 c 0.565 b 0.239 a 

K 59.875 b 60.016 b 57.845 a 46.559 a 46.057 a 52.970 b 

Mg 4.902 c 3.900 b 3.513 a 3.307 a 4.053 b 5.248 c 

Mn 0.265 c 0.168 b 0.158 a 1.605 c 0.840 a 1.445 b 

Na 3.662 a 5.312 c 4.675 b 2.603 b 1.350 a 3.080 c 

Zn 0.053 a 0.059 b 0.074 c 0.029 a 0.033 a 0.063 b 

Mo 0.009 b 0.009 b 0.008 a 0.020 b 0.018 b 0.004 a 

 

The nitrite contents in hydroponically cultivated ice plants were below the detection limit 

(Figure 3.1.4.2), as well as previously in perilla (Figure 3.1.3.2). Pronounced differences in NO3
- 

contents were recorded in hydroponically cultivated ice plant leaves. The increase of nutrient 

solution alkalinity by 0.5 pt from pH 5.0ï5.5 to pH 5.5ï6.0 resulted in a 23% higher shoot nitrate 
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concentration. However, further alkalinity increase resulted in 44% nitrate concentration 

reduction in plants cultivated in pH 6.0ï6.5.  

 

Figure 3.1.4.2 Nutrient solution pH impact on nitrate content of hydroponically cultivated ice plant (ὼӶ

ὛὈȟὲ ω. Different letters indicate statistically significant differences between means according to 

Tukeyôs test at the confidence level p Ò 0.05. DWïdry weight. 

The PCA score scatterplot (Figure 3.1.4.3) shows distinct differences between pH treatment 

groups and experimental replications according to the average coordinates of biometric, 

antioxidant parameters, mineral accumulation, photosynthetic indices, soluble sugar, and nitrates 

content in hydroponically cultivated ice plant under three different pH treatments. The PCAôs first 

two components (F1 vs. F2) explained 60.66% of the total variance. F1 is more significant, 

explaining approximately 43% of data variation, whereas F2 ï 22%. According to factors loadings 

(Table S4), the key variables distinguishing all three pH treatment groups according to the F1 

component are soluble sugar content, antioxidant activity in leaves, and mineral accumulation in 

different plant organs. In contrast, pH treatment 5.5ï6.0 is distinguished from other pH treatments 

according to F2 component by nitrate contents and root antioxidant activity.  
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Figure 3.1.4.3. Principal component analysis (PCA) scatterplot indicating distinct differences in 

biometric, antioxidant parameters, mineral accumulation, photosynthetic response, soluble hexoses, and 

nitrate content depending on nutrient solution pH in ice plants cultivated in deep water culture hydroponic 

system. 

Key Takeaways:  

¶ Growth and photosynthetic parameters of ice plant (Mesembryanthemum crystallinum) 

were temperately affected by investigated nutrient solution pH differences.  

¶ Leaf soluble sugar content, antioxidant activity, and mineral accumulation in leaves and 

roots gradually and significantly differ in ice plants treated with three different pH 

intervals.  

¶ The investigated pH intervals had no significantly different impact on antioxidant 

parameters of ice plant leaves.  

¶ The glucose and fructose content in roots of ice plants cultivated in the highest investigated 

pH interval of 6.0ï6.5 was 17ï22% higher compared with the lowest pH treatment (pH 

5.0ï5.5), while in leaves ï 69% higher fructose and 21% higher glucose contents were 

recorded, respectively.  

¶ Ice plants cultivated in a pH interval of 5.5ï6.0 had the highest nitrate content: 23 and 

44% higher, compared to the lower and higher investigated pH treatments.  

¶ Mineral element (P, S, Fe, Mn) contents in Ice plant leaves sensibly correlate (R = 0.82ï

0.96) with the pH even in the narrow investigated pH interval of 5.0ï6.5, which 

substantiates the need for precise pH control for Ice plant cultivation in hydroponic system. 

No such correlation was determined in lettuce, amaranth, perilla.  
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¶ Increased leaf and root antioxidant activity was recorded in plants cultivated in a pH 

interval of 5.5ï6.5. 

3.1.5 Portulaca oleracea (L.) 

The biometric parameters of hydroponically cultivated purslane shoots were the most 

affected by nutrient solution pH compared to other investigated plants (Table 3.1.5.1). 1.7ï2.0-

fold decrease in dry and fresh weight, were recorded in purslane cultivated in a nutrient solution 

pH interval of 5.5ï6.0 compared to the lower and higher investigated nutrient solution pH 

treatment. Leaf areas were significantly distinguished in all treatment groups, resulting in a 1.84-

fold difference between purslane cultivated in a pH interval of 5.5ï6.0 compared with the purslane 

cultivated in nutrient solution pH of 6.0ï6.5. Only root dry and fresh weight accumulation was 

not significantly affected by differences in nutrient solution pH. 

Table 3.1.5.1 Nutrient solution pH influence on biometric parameters of hydroponically cultivated 

purslane (ὼӶὛὈȟὲ ω). Different letters within the row indicate statistically significant differences 

between means according to Tukeyôs test at the confidence level p Ò 0.05. FW ï fresh weight, DW ï dry 

weight. 

Parameter pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 

Height, cm 17.33 ± 0.94 a 15.33 ± 0.47 a 20.33 ± 0.47 b 

Leaf area, cm2 112.62 ± 9.46 b 77.66 ± 3.8 a 144.93 ± 3.83 c 

Leaf FW, g 11.07 ± 0.97 b 6.33 ± 0.68 a 12.83 ± 1.3 b 

Leaf DW, g 0.54 ± 0.04 b 0.32 ± 0.04 a 0.63 ± 0.08 b 

Root FW, g 2.94 ± 1.45 a 3.81 ± 1.09 a 6.00 ± 0.82 a 

Root DW, g 0.08 ± 0.05 a 0.11 ± 0.03 a 0.15 ± 0.02 a 

 

No significant differences were determined in the antioxidant system indices in purslane 

leaves, cultivated in different acidity nutrient solution. Still, the highest DPPH and ABTS free 

radical scavenging activity in roots was recorded in the lowest acidity treatment of pH 6.0ï6.5 

(Table 3.1.5.2). A pronounced photosynthetic response was recorded; although maximum 

quantum yield (Fv\Fm) slightly differentiated between purslane cultivated in different acidity 

nutrient solution. It is worth mentioning, that purslane cultivated in nutrient solution of pH 5.0ï

5.5 had decreased intrinsic quantum yield (ūPSII, 30ï31%) lower, and increased non-

photochemical quenching (NPQ, 3.1ï3.6-fold) higher compared to plats cultivated in pH interval 

of 5.5ï6.0 and 6.0ï6.5. Interestingly, this decrease in photosynthetic indices is not reflected in 

biomass gain in purslane cultivated in nutrient solution pH of 5.0ï5.5. 
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Table 3.1.5.2 Nutrient solution pH impact on purslane photosynthetic and antioxidant parameters  

(ὼӶὛὈȟὲ ω. Different letters within the row indicate statistically significant differences between 

means according to Tukeyôs test at the confidence level p Ò 0.05., Fv/Fm ï maximum quantum yield, 

ūPSII ï intrinsic quantum, NPQ ï non- photochemical quenching, DW ï dry weight. DPPH (2-diphenyl-

1-picrylhydrazyl) and ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) free radical 

scavenging activity, FRAP ï Ferric reducing antioxidant power, TPC ï total phenolic compounds. 

Photosynthetic characteristics 

Parameter pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 

Fv/Fm 0.64 ± 0.05 a 0.69 ± 0.02 b 0.68 ± 0.02 b 

ūPSII 0.49 ± 0.04 b 0.65 ± 0.02 b 0.64 ± 0.02 a 

NPQ 0.12 ± 0.016 b 0.04 ± 0.02 b 0.03 ± 0.012 a 

Antioxidant activity 

Leaf 

DPPH, mmol g-1 DW 88.13 ± 1.87 a 87.33 ± 3.99 a 96.75 ± 4.34 a 

ABTS, µmol g-1 DW 293.73 ± 2.21 a 284.7 ± 6.1 a 291.14 ± 5.2 a 

FRAP, µmol Fe (II) g-1 DW 117.46 ± 6.71 a 118.75 ± 4.65 a 123.08 ± 6.53 a 

TPC, mg g -1 DW 8.04 ± 0.35 a 8.46 ± 0.36 a 8.81 ± 0.26 a 

Root 

DPPH, mmol g-1 DW 77.73 ± 1.97 ab 72.01 ± 2.19 a 80.08 ± 2.34 b 

ABTS, µmol g-1 DW 256.57 ± 6.1 a 259.09 ± 6.52 a 282.88 ± 7.13 b 

FRAP, µmol Fe (II) g-1 DW 116.36 ± 2.95 a 117.11 ± 10.65 a 120.35 ± 9.62 a 

TPC, mg g-1 DW 7.61 ± 0.44 a 7.56 ± 0.59 a 7.35 ± 0.3 a 

 

Soluble sugar analysis (Figure 3.1.5.1) results show that there were no remarkable 

differences in fructose and glucose contents (maltose, raffinose, saccharose content was below 

detection limit) in purslane leaves cultivated at different pH; however, the pronounced impact of 

pH differences was recorded in purslane roots. In plants cultivated in nutrient solution pH 6.0ï

6.5, root fructose and glucose contents were ~1.8 and 1.6 times lower than other pH treatments, 

while leaf sugar contents were unaffected. In purslanes, cultivated at pH intervals of 6.0ï6.5, 

glucose concentration was 2.21 times higher, and fructose was 1.66 times higher in leaves 

compared to the roots.  
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Figure 3.1.5.1 Nutrient solution pH impact on soluble hexoses content of hydroponically cultivated 

purslane (ὼӶὛὈȟὲ ω, (A) ï fructose, (B) ï glucose.  Different letters indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight. 

The differences in mineral accumulation in hydroponically cultivated purslane tissues due 

to nutrient solution pH are presented in Table 3.1.5.3. Although nutrient solution pH did not affect 

P and Mg accumulation in leaves, increasing alkalinity of the treatment intervals resulted in linear 

increment of P (y = 0.0965x + 0.6784, R2= 0.92) and Mg (y = 0.3301x + 4.2975, R2 = 0.95) 

contents in roots. The same nutrient solution pH difference from 5.0ï5.5 pH to 6.0ï6.5 pH resulted 

in linear Cu (y = 0.0016x + 0.002, R2 = 0.98) accumulation in leaves and following elements 

concentration in root tissue S (0.0183x + 0.1743, R2 = 0.90), K (y = 4.2231x + 44.896, R2 = 0.87), 

Mn (y = 0.5065x - 0.1048, R2 = 0.93). Reverse B (y = -0.0074x + 0.0502, R2 = 0.97) accumulation 

pattern recorded increased nutrient solution alkalinity decreased B accumulation in 

hydroponically cultivated purslane roots. Root tissue of hydroponically cultivated purslane 

accumulated more of the following elements: S (20ï60%), Fe (2.4ï5.3-fold), and Zn (1.5ï4.4- 
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fold) in relevant treatment groups compared with the leaves. Reverse accumulation order was 

recorded in the following elements Ca (36ï58%) and Mg (5ï32%) less in relevant treatment 

groups. 

Table 3.1.5.3 Nutrient solution pH impact on minerals accumulation in purslane leaves and roots  

(ὼӶȟὲ ω. Different letters within the row and plant organ indicate statistically significant differences 

between means according to Tukeyôs test at the confidence level p Ò 0.05. P ï Phosphorus, S ï sulfur, B ï 

boron, Cu ï copper, Fe ï iron, K ï potassium, Mg ï magnesium, Mn ï manganese, Na ï sodium, Zn ï zinc, 

Mo ï molybdenum, DW ï dry weight. 

Mineral 
Leaf, mg g-1 DW Root, mg g-1 DW 

pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 pH 5.0ï5.5 pH 5.5ï6.0 pH 6.0ï6.5 

P 0.832 a 0.769 a 0.747 a 0.759 a 0.903 b 0.952 c 

S 0.163 b 0.151 a 0.145 a 0.196 a 0.204 b 0.233 c 

Al  0.078 a 0.093 ab 0.110 b 0.251 b 0.106 a 0.136 a 

B 0.012 a 0.015 b 0.014 ab 0.042 c 0.037 b 0.027 a 

Ca 9.318 a 11.842 ab 14.510 b 5.943 a 5.720 a 6.057 a 

Co 0.005 a 0.005 a 0.005 a 0.018 b 0.016 a 0.015 a 

Cr 0.005 b 0.005 a 0.005 ab 0.018 b 0.017 ab 0.017 a 

Cu 0.004 a 0.006 b 0.007 c 0.003 a 0.003 a 0.006 b 

Fe 0.068 a 0.075 b 0.070 ab 0.359 b 0.182 a 0.351 b 

K 58.787 b 45.931 ab 33.848 a 50.051 a 51.477 b 58.498 c 

Mg 6.791 a 6.081 a 5.518 a 4.582 a 5.048 b 5.243 c 

Mn 0.474 b 0.371 ab 0.292 a 0.481 a 0.750 b 1.494 c 

Na 1.191 b 0.902 ab 0.557 a 0.615 a 0.602 a 0.724 b 

Zn 0.109 b 0.103 ab 0.086 a 0.164 a 0.452 b 0.203 ab 

Mo 0.004 a 0.004 b 0.004 a 0.004 b 0.003 ab 0.003 a 

 

The nitrite content of hydroponically cultivated purslane (Figure 3.1.5.2) was below the 

detection limit as well as hydroponically cultivated perilla (Figure 3.1.3.2) and ice plant (Figure 

3.1.4.2). While there was no difference of hydroponically in nitrate content in hydroponically 

cultivated perilla, pronounced differences were recorded in hydroponically cultivated ice plant 

leaves, and the same nitrate concentration pattern is recorded in hydroponically cultivated 

purslane (Figure 3.1.5.2). Nutrient solution alkalinity increase from a pH interval of 5.0ï5.5 to a 

pH interval of 5.5ï6.0 resulted in a 79% nitrate concentration increase. Interestingly, a further 

increase (pH 6.0ï6.5) in alkalinity resulted in a 71 percent reduction in nitrate concentration.   
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Figure 3.1.5.2 Nutrient solution pH impact on nitrate content of hydroponically cultivated purslane  

(ὼӶὛὈȟὲ ω. Different letters indicate statistically significant differences between means according to 

Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight. 

The PCA score scatterplot (Figure 3.1.5.3) shows distinct differences in pH treatment 

groups and experimental replications according to average coordinates of biometric, antioxidant 

parameters, mineral accumulation, photosynthetic indices, soluble sugar, and nitrates content in 

hydroponically cultivated purslane under three different pH treatments. The PCAôs first two 

components (F1 vs. F2) explained 60.10% of the total variance. F1 approximately explained 38%, 

whereas F2ï22% of the total variability. According to factors loadings (Table S5), the key 

variables distinguishing these treatment groups according to the F1 component are soluble sugar 

content in roots, photosynthetic indices, and mineral accumulation in different plant organs, while 

biometric parameters, soluble sugar content in leaves differentiate the pH 5.5ï6.0 from other 

treatment groups according to the F2 component. 
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Figure 3.1.5.3 Principal component analysis (PCA) scatterplot indicating distinct differences in biometric 

parameters, antioxidant activity, mineral accumulation, photosynthetic response, soluble hexoses, and 

nitrate content depending on nutrient solution pH in purslane cultivated in deep water culture hydroponic 

system. 

Key takeaways:  

¶ The biometric parameters of hydroponically cultivated purslane (Portulaca oleracea L.) 

were the most influenced by nutrient solution pH compared to other investigated plants. 

1.7ï2.0 times lower dry and fresh weight were recorded in purslane, cultivated in a nutrient 

solution pH interval of 5.5ï6.0, compared to other pH treatments.  

¶ According to PCA results, photosynthetic indices and mineral accumulation in different 

plant organs differentiate all three pH treatments in between, while biometric parameters 

and soluble sugar content in leaves exclude the pH 5.5ï6.0 from other treatments.  

¶ There was no significant impact of nutrient solution pH on antioxidant properties of 

purslane plant tissues.  

¶ While leaf hexose contents were not remarkably affected by nutrient solution pH, root 

fructose and glucose contents were ~1.8 and 1.6 times lower in purslanes, cultivated in pH 

6.0ï6.5 nutrient solution.  

¶ Same as ice plant, purslane cultivated in a pH interval of 5.5ï6.0 had the highest (79 and 

71% higher, compared to the lower and higher pH intervals, respectively) nitrate content 

in leaves.  

¶ Nutrient solution pH gradient linearly (positive/negative regression) influenced mineral 

accumulation leaf (Cu) and root (P, Mg, S, K, Mn, B) tissue of hydroponically cultivated 
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purslane, indicating significant impact of pH differences on purslane mineral nutrition 

even in relatively narrow pH interval of 5.0-6.5.  

3.2 The buffer capacity of hydroponic nutrient solution  

Itôs widely acknowledged that the nutrient solution used in hydroponic cultivation has 

low/limited buffering capacity (Singh et al., 2019). However, in modern cultivation practices such 

as vertical farming, where precise control over every cultivation aspect is crucial for consistent, 

high quality yields, the buffering capacity of the nutrient solution cannot be overlooked. Minor 

fluctuations in the nutrient solution pH as indicated in section 3.1 can lead to overall physiological 

differences among plant species, emphasizing the need for a deeper understanding of its initial 

buffering properties. Moreover, nutrient solution pH fluctuations are directly dependent on its 

buffering capacity.  In this section, we aim to assess the initial buffering capacity of hydroponic 

nutrient solutions and investigate how this capacity influences the solution's ability to regulate pH 

changes caused by active mineral nutrition throughout the plant cultivation cycle. 

3.2.1 Theoretical nutrient solution buffer capacity evaluation 

Hoagland solution and various modifications of it are primary used for hydroponics 

vegetables production.  Table 3.2.1.1 shows nutrient solution element composition in ppm. Even 

though there are endless composition possibilities for nutrient solution composition, they are 

mandatory elements, and their concentration variation is low. Additionally, they are just a few 

salts in a nutrient solution that have buffering properties in certain pH range.   

Table 3.2.1.1 Modified Hoaglandôs solution element composition. 

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

 ppm 150 90 25 160 50 66 0.2 1 0.25 0.1 0.1 5 

 For instance, common source of N in nutrient solution is ammonia salts, such as NH4NO3. 

Unfortunately, the useful buffering range of NH4
+/NH3 buffer is above optimal pH range of 5.5ï

6.5 used in hydroponics. Main initial buffering capacity of the nutrient solutions comes from P 

source, such as KH2PO4 (0.8 mM concentration in nutrient solution). We assume that all buffering 

capacity comes from KH2PO4, and the pH equilibrium point is reached at 6. The useful phosphoric 

buffering range is 5.8ï8.0 pH. The second phosphate dissociation constant (pKa2) value range is 

6.86ï7.20. Further calculations are based on value of pKa2=6.86 (Kumar & Gill, 2018), that are 

present in physiological conditions. First (1) equation shows second phosphate dissociation step.  

 Ὄὖὕ ὥήᵶὌὖὕ ὥή Ὄ ὥή      ὴὑφȢψφχȢς (1) 

Using Henderson-Hasselbalch equation (2), we can calculate the theoretical protolytic base 

and acid ratio.  
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where pH ï hydrogen ion concentration, pKa ï negative logarithm of dissociation constant value, 

[A -] ï concentration of conjugate base, [HA] ï concentration of conjugate acid 

Conjugate base ratio is given in equation and (3): 

 Ὄὖὕ ὥή
πȢρσψ

πȢρσψρ
πȢρςρς (3) 

Conjugate acid ratio is given in equation and (4): 

 Ὄὖὕ ὥή
ρ

πȢρσψρ
πȢψχψχȢ (4) 

Therefore, after pH regulation to pH value of 6, there are the following concentrations of conjugate 

base and conjugate acid:  HPO4
ī2 (aq) = 0.1212 * 0.8 mM å 0.1 mM; H2PO4

ī (aq)= 0.8787 * 

0.8 mM å 0.7 mM. 

The theoretical buffer capacity (ɓ) of hydroponic solution is calculated by equation (5). 

 

‍
‬Ὄ

‬ὴὌ
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‍ ςȢσπσ 
πȢρz πȢχ

πȢρ πȢχ
 

‍ πȢςρ άὓὴὌϳ , 

(5) 

where   ï partial differential of hydrogen ions over pH. [A -] ï concentration of conjugate base, 

[HA] ï concentration of conjugate acid  

The calculated buffer capacity indicates nutrient solution ability to mitigate pH changes.  In 

order to change nutrient solution pH by 1 only 0.21 mM of OH- or H+ are needed. 
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3.2.2 Empirical buffer capacity evaluation 

Nutrient solution is complex salt mixture, therefore multiple interactions are possible. It is 

likely that nutrient solution will interact with ambient CO2, forming HCO3
- ions that could interact 

with nutrient solution. To include all interactions that could influence nutrient solution pH 

empirical nutrient solution buffer capacity evaluation is needed. Empirical nutrient solution buffer 

capacity evaluation is present shown in figure 3.2.2.1.  

 

Figure 3.2.2.1 Titration curve of modified Hoaglandôs solution, n=3. Titrants: HCl ï 0.5 N (normality), 

NaOH ï 0.5 N. Acidic buffer capacity defined as intersection of these straight lines: y=2.0713x + 7.2532 

with y=12.871+5.2789. Base buffer capacity is defined as the intersection of these consecutive lines: 

y=0.4988x + 3.429 with y=12.871+5.2789. Combined buffer capacity is the sum of acid and base 

capacities. 

According to titration curve nutrient solution has following buffer capacities: acid ï 0.18 mM, 

base ï 0.15 mM. The ability to mitigate pH changes is 0.165 mM/pH.  

3.2.3 Requirements of potential buffer in hydroponics  

As indicated in previous sections (3.2.1 and 3.2.2) nutrient solution quantified ability to 

mitigate pH changes is 0.165ï0.210 mM/pH, therefore pH fluctuation will easily occur due to 

inequal mineral nutrition. Nutrient solution initial buffering capacity and be artificiality increased 

using various buffers. Moreover, nutrient solution buffer capacity can be almost endlessly 

increased but limitation is plant physiological response. Plants cannot thrive in high salinity 

environments. Potential buffers need to consist of the following properties: effective in required 

pH interval, non-reactive with the nutrient solution, non-toxic, compatible with biological 

systems.  Zwitterionic or inorganic buffer buffers a suitable for this implication if their pKa value 

is near the desired pH interval. Inorganic buffer such citric acid buffer may interact with the 
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nutrient solution forming chelates. On the other hand, various zwitterionic buffers used in 

biological systems comprises higher pKa value, such as MOPS (3-(N-morpholino) 

propanesulfonic acid), HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), thus their 

effeteness in narrow desired pH range of 6.0ï6.5 is limited. The most suitable and promising 

buffer is MES (2-(N-morpholino)ethanesulfonic acid) but deeper understanding of plant 

physiological response to various concentrations buffer concentration is needed.  

Key takeaways:  

¶ Limited nutrient solution buffer capacity was determined empirically (0.21 mM/pH) and 

experientially 0.165 mM/pH. 

¶ Nutrient solution buffer capacity and pH are important control parameters in precise 

management in hydroponics.  

¶ To enhance this buffering capacity, the addition of buffering agents is beneficial for 

passive pH control in nutrient solution.  

¶ 2-(N-Morpholino) ethanesulfonic acid (MES) salt has the potential as the buffering agent 

for plant nutrient solution to maintain pH in selected pH interval of 6.0ï6.5. However, its 

concentration is efficient for pH control without its negative impact on plant physiological 

processes must be selected.  

3.3 Lettuce physiological response to different MES buffer concentrations 

As indicated in the previous section, the nutrient solution's initial buffering capacity is 

limited; thus, active pH management is needed to maintain the nutrient solution in the preferable 

range. On the contrary, the nutrient solution's initial buffering capacity can be artificially increased 

with a supplementary buffering agent, such as MES. Zwiterionic MES buffer (pka, dissociation 

constant, ï 6.15 at 20 °C (Kagenishi et al., 2016)) is suitable to mitigate nutrient solution pH 

fluctuations in a narrow pH range of 6.0ï6.5. MES molarity ability to mitigate pH fluctuations 

during the lettuce vegetation experiment is shown in Figure 3.3.1. Initial pH value for every 

treatment group was 6.0 and no active pH control was used during lettuce vegetation.  While the 

0 mM MES treatment (control) resulted in pH deviation due to insufficient initial buffering 

capacity, the addition of 1 mM MES did not offer enough buffering to maintain the pH within the 

target 6.0ï6.5 range. On the contrary, the 3 mM and 5 mM MES treatments successfully supplied 

the required additional buffering capacity to ensure the pH did not deviate from the preferred 

range. 
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Figure 3.3.1 The pH of nutrient solution after lettuce cultivation experiment (ὼӶὛὈȟὲ ω. Different 

letters indicate statistically significant differences between means according to Tukey's test at the 

confidence level p Ò 0.05. 

 

Differences in nutrient solution MES molarity influence the growth parameters of 

hydroponically cultivated lettuce (Table 3.3.1). Plant height was 7ï11% higher in lettuces 

cultivated in 3 mM MES buffer compared to other treatment groups. Leaf area and dry weight 

increase with higher buffer concentration in hydroponically cultivated lettuce, with the most 

significant gains recorded in the 3 mM MES treatment group. 27% increment in leaf area and a 

17% increase in dry weight compared to lettuces cultivated without an additional buffering agent. 

Nutrient solution initial buffering capacity increase with a 1 mM MES buffer did not affect leaf 

area and dry weight compared with lettuces cultivated in 0 mM MES treatment. Nutrient solution 

molarity increases from 3 mM to 5 mM MES, resulting in a 10% decrease in leaf area formation 

compared with lettuces cultivated in 3 mM MES buffer. Dry root weight was not influenced by 

an increased buffer capacity.  

Table 3.3.1 The impact of MES buffer molarity on the biometric parameters of hydroponically cultivated 

lettuce (ὼӶὛὈȟὲ ω. Different letters within the row indicate statistically significant differences 

between means according to Tukey's test at the confidence level p Ò 0.05. FW ï fresh weight, DW ï dry 

weight. 

Parameter 0 mM MES 1 mM MES  3 mM MES 5 mM MES 

Height, cm 12.07 ± 0.44 a 12.57 ± 0.73 a 13.4 ± 0.88 b 12.4 ± 0.71 a 

Leaf area, cm2 877.3 ± 71.43 a 921.62 ± 96.01 ab 1121.15 ± 104.97 c 1014.44 ± 103.91 b 

Leaf FW, g 32.77 ± 2.95 a 35.03 ± 6.55 ab 38.67 ± 4.74 b 36.07 ± 5.09 ab 

Leaf DW, g 1.8 ± 0.14 a 1.87 ± 0.24 ab 2.11 ± 0.24 c 2.03 ± 0.2 b 

Root FW, g 6.4 ± 2.66 a 6.76 ± 3.28 a 6.11 ± 2.86 a 5.41 ± 1.79 a 

Root DW, g 0.26 ± 0.07 a 0.27 ± 0.12 a 0.25 ± 0.09 a 0.22 ± 0.06 a 
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Buffer molarity significantly influenced the photosynthetic parameters and antioxidant 

activity of hydroponically cultivated lettuce (Table 3.3.2). The treatment without an additional 

buffering agent (0 mM) displayed a 22% higher photosynthetic rate (Pr), an 11% higher 

transpiration rate (Tr), and a 20% higher water use efficiency (WUE) compared to the 3 mM MES 

treatment. Conversely, lettuces cultivated in the highest molarity treatment groups had 11% lower 

stomatal conductance activity (gs) compared with lettuces cultivated without an additional 

buffering agent. A notable root antioxidant activity increase was recorded in lettuces cultivated 

without an additional buffering agent compared with the 3 mM treatment group. Free DPPH and 

ABTS radical scavenging increased by 49% and 65% in respective manner. Interestingly, this 

trend in antioxidant activity was not reflected in leaves.  

Table 3.3.2 The impact of MES buffer molarity on the photosynthesis and antioxidant parameters of 

hydroponically cultivated lettuce (ὼӶὛὈȟὲ ω. Different letters within the row indicate statistically 

significant differences between means according to Tukey's test at the confidence level p Ò 0.05.  

Pr ï photosynthetic rate, gs ï stomatal conductance, Ci/Ca ï the intercellular to ambient CO2 ratio,  

Tr ï transpiration rate, WUE ï water use efficiency, LUE ï light use efficiency, DPPH ï 2-diphenyl-1-

picrylhydrazyl and ABTS ï 2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) free radical scavenging 

activities, FRAP ï ferric reduction antioxidant power, FW ï fresh weight.   

Photosynthetic characteristics 

Parameter 0 mM MES 1 mM MES 3 mM MES 5 mM MES 

Pr 9.81 ± 2.68 c 7.61 ± 2.46 ab 8.03 ± 2.87 b 7.14 ± 2.1 ab 

gs 0.66 ± 0.24 b 0.65 ± 0.27 b 0.64 ± 0.25 ab 0.59 ± 0.29 a 

Ci/Ca 0.91 ± 0.01 a 0.92 ± 0.02 c 0.92 ± 0.01 c 0.92 ± 0.03 b 

Tr 5.02 ± 0.88 c 4.66 ± 0.87 b 4.5 ± 0.72 ab 4.46 ± 0.98 a 

WUE 15.53 ± 3.15 c 12.6 ± 3.6 a 12.99 ± 2.97 a 14.08 ± 5.81 b 

LUE 0.010 ± 0.003 c 0.008 ± 0.002 ab 0.008 ± 0.003 b 0.007 ± 0.002 a 

Antioxidant parameters 

Leaf 
DPPH mmol g-1 FW 90.3 ± 8.5 b 76.8 ± 6.89 a 95.5 ± 9.78 b 88.8 ± 11.36 ab 

ABTS µmol g-1 FW 15.9 ± 4.07 b 10.7 ± 2.14 a 14.7 ± 2.82 b 13.1 ± 1.77 ab 

Root 
DPPH mmol g-1 FW 121.7 ± 8.81 c 99.5 ± 14.29 b 81.5 ± 9.15 a 81.3 ± 12.83 a 

ABTS µmol g-1 FW 19.9 ± 2.46 c 16.5 ± 2.56 b 12.1 ± 0.97 a 12.7 ± 2.39 a 
 

Soluble sugar analysis indicated two hexoses as the main components in lettuce leaves 

(maltose, saccharose, raffinose concentration was below detection limit), mentioned hexoses were 

not detected in roots (Figure 3.3.2). Glucose content was always higher than fructose in all 

treatment groups. The highest glucose content was recorded in lettuces cultivated in 1 mM and 

3 mM MES buffer, 19ï21% higher, compared with the 0mM and 5mM treatments. A 25% 

decrease of fructose content was recorded in lettuces cultivated without additional MES buffer 

compared to 3 mM MES treatment.  
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Figure 3.3.2 The impact of MES buffer molarity on soluble hexoses content of hydroponically cultivated 

lettuce (ὼӶὛὈȟὲ ω. Different letters indicate statistically significant differences between means 

according to Tukeyôs test at the confidence level p Ò 0.05. FW ï fresh weight. 

The differences in lettuce tissue mineral contents due to differences in MES molarity are 

presented in table 3.3.3.  

Table 3.3.3 The impact of MES buffer molarity on minerals accumulation in lettuce leaves and roots  

(ὼӶȟὲ ω. Different letters within the row, and plant organ indicate statistically significant differences 

between means according to Tukeyôs test at the confidence level p Ò 0.05. P ï phosphorus, S ï sulfur,  

B ï boron, Ca ï calcium, Cu ï copper, Fe ï iron, K ï potassium, Mg ï magnesium, Mn ï manganese  

Na ï sodium, Zn ï zinc, Mo ï molybdenum, DW ï dry weight 

Mineral 
Leaf mg g-1 DW 

 
Root mg g-1 DW 

0 mM  1 mM 3 mM 5 mM 0 mM 1 mM 3 mM 5 mM 

P 0.674 a 0.741 ab 0.805 b 0.762 b 1.281 a 1.168 a 1.199 a 1.155 a 

S 0.184 a 0.229 b 0.261 c 0.288 d 0.558 a 0.618 b 0.705 c 0.678 c 

B 0.014 a 0.007 a 0.083 a 0.056 a 0.140 a 0.117 a 0.007 a 0.085 a 

Ca 14.278 a 14.866 a 16.061 a 15.625 a 10.024 b 6.685 ab 6.440 a 5.568 a 

Cu 0.011 b 0.009 ab 0.007 a 0.007 a 0.005 a 0.006 a 0.005 a 0.005 a 

Fe 0.081 a 0.073 a 0.067 a 0.073 a 0.195 a 0.133 a 0.126 a 0.156 a 

K 33.686 a 34.086 a 33.582 a 34.182 a 36.742 a 38.175 a 42.037 a 38.359 a 

Mg 2.537 a 2.549 a 2.651 a 2.518 a 1.926 b 1.773 ab 1.789 ab 1.637 a 

Mn 0.244 a 0.288 a 0.328 a 0.303 a 2.794 b 2.455 ab 2.316 ab 2.034 a 

Na 0.367 a 0.306 a 0.389 a 0.385 a 0.615 a 0.518 a 0.551 a 0.453 a 

Zn 0.022 a 0.034 b 0.045 c 0.048 c 0.068 a 0.069 a 0.078 a 0.083 a 

Mo 0.022 a 0.021 a 0.019 a 0.020 a 0.023 a 0.022 a 0.022 a 0.018 a 
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The concentration of accumulated S in leaves exhibited a linear increase (y = 0.0343x + 

0.1548, R² = 0.98) with the rise in MES buffer molarity. However, no variation in sulfur 

accumulation was observed in lettuce roots cultivated in 3 mM and 5 mM MES buffer. 

Accumulation of B, Fe, K, Na, and Mo remained unaffected in both leaves and roots, irrespective 

of differences in nutrient solution pH and buffering capacity. In contrast, roots showed no 

significant differences in Zn and Cu absorption, while the 0 mM MES treatment resulted in a 52% 

reduction in Zn accumulation in leaf tissue compared to the 3 mM MES treatment. Conversely, 

this treatment relationship recorded a 48% higher Cu accumulation. Ca, Mg, and Mn accumulation 

in leaves were consistent across all treatment groups. Nevertheless, the 0 mM MES treatment led 

to 80%, 18%, and 37% higher content of these respective minerals in roots compared to the 5 mM 

MES treatment. 

Differences in MES buffer concentration in hydroponic solution had an effect on 

nitrite/nitrate content in lettuce leaves (Figure 3.3.3). The lowest nitrate concentration was 

recorded in lettuces cultivated without additional buffering agent. A notable 62% increase in NO3
- 

content was present by comparing 0 mM MES and 5 mM MES treatment groups. Equally to 

nitrates, the highest nitrites content was present in lettuces cultivated in the highest molarity 

treatment. A 6.5-fold difference was recorded in NO2
- contents between lettuces cultivated in the 

0 mM MES treatment group compared to the 5 mM MES treatment.  

 

Figure 3.3.3 The impact of MES buffer molarity on nitrite/nitrate content of hydroponically cultivated 

lettuce (ὼӶὛὈȟὲ ω. Different letters indicate statistically significant differences between means 

according to Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight. 

Key Takeaways:  

¶ 3 mM MES buffer concentration is sufficient to maintain a precise pH range of 6.0ï6.5 

during lettuce vegetation.  

AB A

B

C

A

BC

AB

C

0

500

1000

1500

2000

2500

3000

3500

4000

0

5

10

15

20

25

30

35

40

45

0 mM 1 mM 3 mM 5 mM

N
itr

a
te

s 
m

g
 k

g-1
D

W
 

N
it
ri
te

s 
m

g
 k

g-1
D

W
 

MES molarity

Nitrites Nitrates



75 

¶ MES buffer addition in nutrient solution did not have a pronounced negative impact on 

lettuce growth and measured physiological indices. Lettuce cultivation in 3 mM MES 

buffer resulted in a 17% increase in dry weight compared with 0 mM MES treatment. 

¶ The highest investigated 5 mM MES buffer concentration resulted in a 60% higher content 

of nitrates/nitrites in lettuce leaves.   

¶ MES buffer concentration influences cations absorption: the 0 mM MES treatment led to 

a 52% lower Zn accumulation in leaf tissue compared to the 3 mM MES treatment, while 

conversely, this treatment relationship showed a 48% higher Cu accumulation. 

¶ Lettuces cultivated without an additional buffering agent exhibited a notably higher root 

antioxidant activity compared to the 3 mM treatment group, with a 49% and 65% increase 

in DPPH and ABTS free radical scavenging, respectively; however, this trend in 

antioxidant activity was not reflected in leaves. 

3.4 The impact of lighting intensity under optimized hydroponic conditions 

Plant cultivation parameters in CEA should be optimized jointly, seeking the best plant 

performance and resource use efficiency. This section is focused on optimizing lighting intensity 

for various plant growth in a buffered 3 mM MES nutrient solution. Investigated lighting 

photosynthetic flux densities (PPFDs): 150, 200, 250, 300 µmol m-2 s-1. Cultivated plants: 1. 

Lactuca sativa (L). óHuginó, 2. Lactuca sativa (L). óLollo Rossaó, 3. Amaranthus tricolor (L), 4. 

Perilla frutescens (L), 5. Mesembryanthemum crystallinum (L), 6. Portulaca oleracea (L). 

3.4.1 Lactuca sativa (L.) óHuginó 

Differences in the DLI (Daily light integral) and PPFD influence the growth parameters of 

lettuce cultivated in a buffered nutrient solution (Table 3.4.1.1).  

Table 3.4.1.1 Photosynthetic photon flux density (PPFD) effects on biometric parameters (ὼӶὛὈȟὲ ω 

of hydroponically cultivated lettuce. Different letters within the row indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. FW ï fresh weight, 

DW ï dry weight. 

PPFD µmol m-2 s-1 

Parameter 150 200 250 300 

Height, cm 13.28 ± 2.05 a 12.81 ± 0.46 a 13.09 ± 0.6 a 13.03 ± 1.16 a 

Leaf area, cm2 624.59 ± 115.79 a 874.38 ± 46.82 b 883.49 ± 125.15 b 987.06 ± 97.64 b 

Leaf, FW 23.89 ± 5.34 a 40.07 ± 2.91 b 43.75 ± 6.98 b 52.45 ± 4.61 c 

Leaf, DW 1.71 ± 0.35 a 2.8 ± 0.12 b 2.97 ± 0.61 b 3.74 ± 0.41 c 

Root, FW 3.83 ± 0.82 a 6.22 ± 1.75 bc 4.95 ± 1.15 ab 7.07 ± 0.87 c 

Root, DW 0.16 ± 0.03 a 0.23 ± 0.03 b 0.21 ± 0.07 ab 0.32 ± 0.04 c 
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All parameters are affected by differences in lighting intensity except plant height. Lettuce 

cultivation in the PPFD range of 200ï300 µmol m-2 s-1 was statistically undistinguished in leaf 

area formation. PPFD increase from 250 to 300 µmol m-2 s-1 resulted in the highest fresh/dry 

root/leaf weight compared to other treatment groups; for instance, this increase resulted in a 25% 

leaf dry weight increase. 

For practical evaluation, photosynthetic photon utilization efficiency is not fully reflected in 

dry/fresh weight accumulation depending on the light intensity. Fresh mass gain increases linearly 

with increasing light intensity (y = 8.8924x + 17.703, R² = 0.93) but it does not reflect relative photon 

usage efficiency. From an economic perspective, assessing lighting energy conversion into plant 

biomass, ȹ FW (%)/ȹDLI (%) ratio is beneficial. According to this value (Figure 3.4.1.1), light is 

most efficiently converted into biomass in hydroponically cultivated lettuce, when PPFD is increased 

from 150 to 200 µmol m-2 s-1. Lettuce cultivation in 300 µmol m-2s-1 PPFD resulted in the highest 

biomass gain (Table 3.4.1.1), but at this time, photons are not employed as efficiently as the 

aforementioned PPFD treatment.  

 

Figure 3.4.1.1 The ratio of the fresh plant weight gain (ȹ fresh plant weight (%)) and DLI increment  

(ȹ DLI (%)) due to increased PPFD treatments of hydroponically cultivated lettuce. Different letters 

indicate statistically significant differences between means according to Tukeyôs test at the confidence 

level  p Ò 0.05. FW ï fresh weight, DLI ï daily light integral, PPFD ï photosynthetic photon flux density. 

Differences in photosynthetic flux densities had a moderate effect on the antioxidant system 

parameters of hydroponically cultivated lettuce but had a more pronounced effect on 

photosynthetic characteristics (Table 3.4.1.2). Interestingly, intrinsic quantum yield did not differ 

between treatment groups, but the highest Fv/Fm was recorded at lettuces cultivated under 

250 µmol m-2s-1 PPFD. The lowest PPFD treatment resulted in the highest non-photochemical 
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quenching (NPQ) as well as antioxidant activity in roots and leaves according to the ABTS free 

radical scavenging activity method.  

Table 3.4.1.2 Photosynthetic photon flux density (PPFD) effects on lettuce photosynthetic and antioxidant 

parameters (ὼӶὛὈȟὲ ω. Different letters within the row indicate statistically significant differences 

between means according to Tukeyôs test at the confidence level p Ò 0.05., Fv/Fm ï maximum quantum 

yield, ūPSII ï intrinsic quantum, NPQ ï non- photochemical quenching, DPPH ï 2-diphenyl-1-

picrylhydrazyl and ABTS ï 2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) free radical scavenging 

activities, FRAP ï ferric reduction antioxidant power, TPC ï total phenolic contents, DW ï dry weight. 

Photosynthetic characteristics/PPFD µmol m-2 s-1 

Parameter 150 200 250 300 

Fv/Fm 0.78 ± 0.01 ab 0.78 ± 0.01 ab 0.79 ± 0.01 b 0.77 ± 0.02 a 

ūPSII 0.72 ± 0.04 a 0.74 ± 0.02 a 0.73 ± 0.01 a 0.72 ± 0.02 a 

NPQ 0.05 ± 0.03 b 0.03 ± 0.003 a 0.03 ± 0.002 a 0.03 ± 0.003 a 

Antioxidant parameters 

L
e

a
f 

DPPH, mmol g-1 DW 36.53 ± 10.13 a 31.81 ± 1.87 a 30.18 ± 3.18 a 30.85 ± 0.01 a 

ABTS, µmol g-1 DW 161.34 ± 4.57 b 135.07 ± 0.35 a 133.57 ± 1.19 a 139.1 ± 0.11 a 

FRAP, µmol Fe (II) g-1 DW 36.54 ± 6.13 a 28.33 ± 8.01 a 29.23 ± 1.05 a 38.49 ± 0.25 a 

TPC, mg g-1 DW 4.32 ± 9.25 a 3.95 ± 3.87 a 4.15 ± 12.61 a 4.44 ± 0.49 a 

R
o

o
t 

DPPH, mmol g-1 DW 31.96 ± 9.74 a 33.01 ± 7.57 a 28.89 ± 9.05 a 33.83 ± 6.68 a 

ABTS, µmol g-1 DW 153.41 ± 3.76 c 141.12 ± 3.24 b 128.76 ± 2.54 a 139.6 ± 3.21 b 

FRAP, µmol Fe (II) g-1 DW 29.35 ± 1.18 a 29.81 ± 1.58 a 26.71 ± 1.16 a 30.11 ± 1.44 a 

TPC, mg g-1 DW 4.87 ± 0.47 a 4.59 ± 0.11 a 4.25 ± 0.33 a 4.42 ± 0.4 a 

 

Soluble sugar analysis indicated two hexoses (raffinose, maltose, saccharose concentration 

was below detection limit) as the main components in lettuce leaves but mentioned hexoses were 

not detected in roots (Figure 3.4.1.2). The glucose and fructose contents in lettuce cultivated under 

250 µmol m-2 s-1 PPFD were significantly higher, with a concentration 2.8 times greater compared 

to the lowest lighting intensity treatment. Additionally, the concentration pattern differences of 

glucose and fructose were not observed in these lighting treatments, as in the nutrient solution pH 

treatments. 
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Figure 3.4.1.2 Photosynthetic photon flux density (PPFD) effects on soluble hexoses content of 

hydroponically cultivated lettuce leaves (ὼӶὛὈȟὲ ω. Different letters indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight. 

The differences in mineral accumulation in lettuce tissues due to light intensity are presented 

in table 3.4.1.3.  

Table 3.4.1.3 Photosynthetic photon flux density (PPFD) effects on minerals accumulation in lettuce leaves 

and roots (ὼӶȟὲ ω. Different letters within the row and plant organ indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. P ï phosphorus, S ï 

sulfur, B ï boron, Al ï aluminum, Ca ï calcium, Co ï cobalt, Cr ï chromium, Cu ï copper, Fe ï iron, K ï 

potassium, Mg ï magnesium, Mn ï manganese, Na ï sodium, Zn ï zinc, Mo ï molybdenum, DW ï dry 

weight. 

Mineral 
Leaf mg g-1 DW/PPFD µmol m-2 s-1 Root mg g-1 DW/PPFD µmol m-2 s-1 

150 200 250 300 150 200 250 300 

P 0.718 b 0.675 ab 0.653 a 0.636 a 1.168 b 1.127 a 1.087 a 1.106 a 

S 0.375 b 0.353 a 0.356 a 0.347 a 0.933 b 0.938 b 0.825 a 0.912 b 

Al  0.126 a 0.142 a 0.126 a 0.118 a 0.551 a 0.806 b 0.370 a 0.400 a 

B 0.026 b 0.021 a 0.022 a 0.025 b 0.017 a 0.021 a 0.019 a 0.026 a 

Ca 12.794 b 10.948 a 11.708 ab 11.320 a 8.983 a 9.391 a 9.552 a 9.996 a 

Co 0.001 a 0.002 a 0.003 b 0.003 b 0.006 c 0.003 b 0.001 a 0.001 a 

Cr 0.0004 a 0.0004 a 0.001 a 0.001 a 0.008 b 0.005 a 0.006 a 0.005 a 

Cu 0.009 a 0.010 ab 0.010 ab 0.011 b 0.016 a 0.023 ab 0.023 ab 0.027 b 

Fe 0.087 b 0.083 b 0.075 ab 0.065 a 0.327 bc 0.358 c 0.273 a 0.302 ab 

K 33.400 b 32.391 ab 32.504 ab 31.789 a 43.073 a 45.479 b 41.961 a 42.507 a 

Mg 2.395 b 2.048 a 2.290 b 2.239 ab 1.902 ab 2.068 b 1.774 a 1.837 a 

Mn 0.224 a 0.216 a 0.212 a 0.250 a 2.012 a 2.125 ab 2.028 a 2.413 b 

Na 0.466 b 0.399 a 0.427 ab 0.422 ab 1.004 c 0.926 bc 0.823 ab 0.685 a 

Zn 0.042 b 0.037 a 0.039 ab 0.039 ab 0.064 ab 0.068 b 0.061 ab 0.054 a 

Mo 0.009 a 0.009 a 0.010 a 0.010 a 0.019 a 0.020 ab 0.023 b 0.023 b 
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The difference in root accumulation of elements Al, Cr, Mn, and Mo due to different lighting 

intensities was not reflected in the leave tissue. Inversely, B and Ca were differently translocated 

in leaves, while their absorption was undistinguished in root tissue. Interestingly, identical 

leaf/root accumulation tendency of copper was recorded; lettuce leaves cultivated under 

300 µmol m-2 s-1 PPFD had 2.48 times less Cu than roots. Reduced lighting intensity from 300 

PPFD to 150 PPFD resulted in increased accumulation of P (13%), S (8%), Fe (33%), and K (5%) 

in hydroponically cultivated lettuce leaves. The same lighting difference resulted in increased 

accumulation of P (6%), Co (9.5-fold), Fe (8%), and Na (47%) in root tissue of hydroponically 

cultivated lettuce. The 50 µmol m-2 s-1 difference between lettuces cultivated under the lowest 

light intensity compared to 200 µmol m-2 s-1 PPFD resulted in decreased accumulation of these 

elements: Mg/Na (14%) and Zn (12%). The same lighting difference resulted in a decreased 

accumulation of K (6%) of hydroponically cultivated lettuce roots. 

Differences in photosynthetic flux densities had an effect on NO2
-/NO3

- content in lettuce 

leaves (Figure 3.4.2.3). Interestingly, nitrate concentration was the lowest in lettuces cultivated in 

treatment extreme points at 150 and 300 PPFD. This pattern was not reflected with nitrites 

concentration in hydroponically cultivated lettuce, nitrites concentration drastically arose at the 

highest illumination. The recorded increase was 5ï13 times higher compared with the other three 

treatment groups.  

 

Figure 3.4.2.3 Photosynthetic photon flux density (PPFD) effects on nitrite/nitrate content of 

hydroponically cultivated lettuce (ὼӶὛὈȟὲ ω. Different letters indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight. 
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Key Takeaways:  

¶ Though lettuce biomass rose with increasing PPFD, from an economic point of view, 

according to ȹ FW (%)/ȹDLI (%) ratio, the PPFD increase from 150 to 200 Õmol m-2 s-1 

resulted in the most efficient converted into biomass increment in hydroponically cultivated 

green leaf lettuce. Further increasing lighting intensity to 250 and 300 µmol m-2 s-1, photons 

utilization efficiency for biomass growth was 6.7 and 2.9 times lower. 

¶ The lowest nitrate but the highest nitrite concentration was recorded in lettuces cultivated 

under 300 µmol m-2 s-1 PPFD.  

¶ Differences in light intensity had a more pronounced effect on mineral accumulation in 

roots than in leaves of hydroponically cultivated lettuce. Increasing lighting intensity from 

150 to 300 µmol m-2 s-1 resulted in decreased accumulation of P (13%), S (8%), Fe (33%), 

K (5%) in lettuce leaves and decreased accumulation of P (6%), Co (9.5-fold), Fe (8%), 

and Na (47%) in roots.  

¶ The highest soluble hexoses contents were present in lettuces cultivated under  

250 µmol m-2 s-1 PPFD. 

¶ The highest non-photochemical quenching and antioxidant system response was present 

in lettuces cultivated under 150 µmol m-2 s-1 PPFD. 

3.4.2  Lactuca sativa (L.) óLollo Rossaó 

Differences in the DLI influence the growth parameters of red leaf lettuce cultivated in a 

buffered nutrient solution (Table 3.4.2.1).  

Table 3.4.2.1 Photosynthetic photon flux density (PPFD) effects on biometric parameters ὼӶὛὈȟὲ ω 

of hydroponically cultivated red leaf lettuce. Different letters within the row indicate statistically 

significant differences between means according to Tukeyôs test at the confidence level p Ò 0.05. FW ï  

fresh weight, DW ï dry weight. 

PPFD µmol m-2 s-1 

Parameter 150 200 250 300 

Height, cm 11.68 ± 2.15 a 13.06 ± 0.85 ab 11.83 ± 0.58 a 13.58 ± 0.77 b 

Leaf area, cm2 513.61 ± 135.33 a 691.87 ± 108.83 b 664.6 ± 69.18 ab 811.44 ± 179.06 b 

Leaf, FW 17.43 ± 5.43 a 31.79 ± 5.74 b 33.84 ± 5.83 b 50.61 ± 8.88 c 

Leaf, DW 1.31 ± 0.35 a 2.46 ± 0.42 b 2.47 ± 0.27 b 3.59 ± 0.52 c 

Root, FW 2.54 ± 0.76 a 4.22 ± 1.23 ab 5.61 ± 2.08 bc 6.47 ± 0.67 c 

Root, DW 0.1 ± 0.03 a 0.18 ± 0.02 b 0.21 ± 0.08 bc 0.26 ± 0.03 c 

 

Lettuce cultivation in the PPFD range of 200ï300 µmol m-2 s-1 was statistically 

undistinguished in leaf area formation. PPFD increase from 250 to 300 µmol m-2 s-1 resulted in 
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the highest fresh/dry root/leaf weight compared to other treatment groups; for instance, this 

increase resulted in a 45% leaf dry weight increase. Interestingly, this effect was not reflected in 

specific leaf aera formation that was statistically indistinguishable between these groups. 

Photosynthetic photon utilization efficiency is not fully reflected in dry/fresh weight 

accumulation depending on the light intensity. Fresh mass gain increases linearly with increasing 

light intensity (y = 10.159x + 8.019, R² = 0.93) but it does not reflect relative photon usage 

efficiency. According to ȹ FW (%)/ȹDLI (%) values (Figure 3.4.2.1), light is most efficiently 

converted into biomass in hydroponically cultivated lettuce, PPFD is increased from 150 to 

200 µmol m-2 s-1 and from 250 to 300 µmol m-2 s-1. 

 

Figure 3.4.2.1 The ratio of the fresh plant weight gain (ȹ fresh plant weight (%)) and DLI increment  

(ȹ DLI (%)) due to increased PPFD treatments of hydroponically cultivated red leaf lettuce. Different 

letters indicate statistically significant differences between means according to Tukeyôs test at the 

confidence level p Ò 0.05. FW ï fresh weight. DLI ï daily light integral, PPFD ï photosynthetic photon 

flux density. 

Differences in photosynthetic flux densities had moderate effects on the photosynthetic 

characteristics of hydroponically cultivated óLollo Rossaô lettuce but had a more pronounced 

effect on antioxidant response (Table 3.4.2.2), and for comparison, the inversive relationship was 

recorded in lettuce óHuginô (Table 3.4.1.2). Interestingly, theoretical second photosystem capacity 

(Fm/Fv) and non-photochemical quenching (NPQ) values were indistinguishable between all 

treatment groups. Intrinsic quantum yield (ūPSII) was the lowest at the lettuces cultivated under 

250 µmol m-2 s-1 PPFD. Higher antioxidant system activity was recorded in roots compared with 

the leaves. The highest antioxidant activity, according to ABTS methods, was recorded in lettuces 

cultivated under 250 µmol m-2 s-1 PPFD. 
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Table 3.4.2.2 Photosynthetic photon flux density (PPFD) effects on lettuce photosynthetic and antioxidant 

parameters (ὼӶὛὈȟὲ ω. Different letters within the row indicate statistically significant differences 

between means according to Tukeyôs test at the confidence level p Ò 0.05., Fv/Fm ï maximum quantum 

yield, ūPSII ï intrinsic quantum, NPQ ï non- photochemical quenching, DPPH ï 2-diphenyl-1-

picrylhydrazyl and ABTS ï 2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) free radical scavenging 

activities, FRAP ï ferric reduction antioxidant power, TPC ï total phenolic contents, DW ï dry weight. 

Photosynthetic characteristics/PPFD µmol m-2 s-1 

Parameter 150 200 250 300 

Fv/Fm 0.78 ± 0.01 a 0.78 ± 0.01 a 0.77 ± 0.03 a 0.78 ± 0.01 a 

ūPSII 0.74 ± 0.01 b 0.74 ± 0.01 ab 0.72 ± 0.02 a 0.74 ± 0.02 ab 

NPQ 0.03 ± 0.004 a 0.03 ± 0.004 a 0.03 ± 0.005 a 0.03 ± 0.008 a 

Antioxidant parameters 

L
e

a
f 

DPPH, mmol g-1 DW 33.71 ± 7.1 a 32.47 ± 8.58 a 35.8 ± 8.57 a 37.77 ± 10.55 a 

ABTS, µmol g-1 DW 137.51 ± 1.99 a 142.24 ± 0.96 a 140.41 ± 2.83 a 143.89 ± 5.44 a 

FRAP, µmol Fe (II) g-1 DW 27.65 ± 0.32 a 29.68 ± 0.62 ab 30.66 ± 1.63 b 29.43 ± 0.56 ab 

TPC, mg g-1 DW 5.57 ± 0.76 a 6.72 ± 1.1 a 4.75 ± 0.67 a 4.91 ± 1.1 a 

R
o

o
t 

DPPH, mmol g-1 DW 56.28 ± 35.35 a 59.76 ± 49.28 a 52.57 ± 29.63 a 45.55 ± 21.73 a 

ABTS, µmol g-1 DW 103.52 ± 1.51 bc 77.35 ± 0.77 a 108.62 ± 2.71 c 100.68 ± 0.77 b 

FRAP, µmol Fe (II) g-1 DW 18.22 ± 1.74 b 11.78 ± 1.21 a 18.87 ± 0.16 b 15.91 ± 0.84 b 

TPC, mg g-1 DW 3.85 ± 0.65 a 2.87 ± 0.18 a 3.74 ± 0.32 a 3.55 ± 0.28 a 

 

Soluble sugar analysis indicated two hexoses glucose and fructose (raffinose, maltose, 

saccharose concertation was below detection limit) as the main components in lettuce leaves and 

roots (Figure 3.4.2.2). The pattern of higher hexoses concentration in leaves than roots was present 

in all treatments except lettuces cultivated under 250 µmol m-2 s-1 PPFD. Root glucose (B) and 

fructose (A) concentrations did not differ between all PPFD treatments, except leaf hexose 

concentration in lettuce, cultivated under 250 µmol m-2 s-1 was 3.34ï3.86 times lower compared 

to other PPFD treatments.  



83 

 
1 

 

 

Figure 3.4.2.2 Photosynthetic photon flux density (PPFD) effects on soluble hexoses content of 

hydroponically cultivated lettuce (ὼӶὛὈȟὲ ω. (A) ï fructose, (B) ï glucose. Different letters indicate 

statistically significant differences between means according to Tukeyôs test at the confidence level  

p Ò 0.05. DW ï dry weight 

The differences in mineral accumulation in lettuce tissues due to the light intensity are 

presented in table 3.4.2.3. The same mineral accumulation pattern of P, S, and Na was determined 

in hydroponically cultivated lettuce leaves. The PPFD difference between the lowest and the 

highest light intensity treatment resulted in reduced accumulation of P (39%), S (44%), Al (57%), 

Ca (47%), Fe (63%), K (28%), Mg (48%), Na (46%), Zn (42%), Mo (31%) hydroponically 

cultivated lettuce leaves. A similar but more pronounced tendency of the same element 

accumulation reduction was present in hydroponically cultivated lettuce roots: P (67%), S (54%), 

Al (80%), Ca (61%), Fe (85%), K (52%), Mg (55%), Na (56%), Zn (73%), Mo (88%). The inverse 

relationships that the lowest PPFD treatment increased mineral accumulation in leaves but 
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reduced in roots were present for the following elements of hydroponically cultivated lettuce: B, 

Co, Cr, and Cu.  

Table 3.4.2.3 Photosynthetic photon flux density (PPFD) effects on minerals accumulation in lettuce leaves 

and roots (ὼӶȟὲ ω. Different letters within the row and plant organ indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. P ï phosphorus, 

 S ï sulfur, B ï boron, Al ï aluminum, Ca ï calcium, Co ï cobalt, Cr ï chromium Cu ï copper, Fe ï iron, 

K ï potassium, Mg ï magnesium, Mn ï manganese, Na ï sodium, Zn ï zinc, Mo ï molybdenum, DW ï dry 

weight. 

Mineral 
Leaf mg g-1 DW/PPFD µmol m-2 s-1 Root mg g-1 DW/PPFD µmol m-2 s-1 

150 200 250 300 150 200 250 300 

P 0.633 c 0.611 c 0.546 b 0.388 a 0.310 c 0.203 b 0.135 a 0.101 a 

S 0.349 c 0.337 c 0.300 b 0.196 a 0.397 c 0.266 b 0.214 ab 0.183 a 

Al  0.209 b 0.154 ab 0.128 a 0.090 a 0.113 c 0.069 b 0.044 a 0.023 a 

B 0.022 b 0.020 b 0.019 b 0.007 a 0.024 a 0.028 a 0.038 b 0.035 b 

Ca 12.478 c 10.882 b 9.948 b 6.675 a 2.962 b 2.501 b 1.652 a 1.164 a 

Co 0.003 c 0.003 bc 0.003 b 0.001 a 0.003 a 0.007 b 0.009 c 0.009 c 

Cr 0.002 b 0.001 ab 0.001 a 0.001 a 0.009 a 0.011 b 0.013 b 0.013 b 

Cu 0.011 b 0.010 b 0.010 b 0.006 a 0.007 ab 0.004 a 0.008 bc 0.012 c 

Fe 0.123 c 0.090 b 0.075 b 0.045 a 0.063 c 0.040 b 0.021 a 0.009 a 

K 30.529 c 29.605 c 27.568 b 22.057 a 21.118 c 14.061 b 10.852 ab 9.996 a 

Mg 2.471 c 2.054 b 1.895 b 1.291 a 0.616 b 0.778 b 0.337 a 0.277 a 

Mn 0.348 ab 0.394 b 0.283 a 0.242 a 0.835 b 0.410 a 0.466 a 0.456 a 

Na 0.470 c 0.431 c 0.351 b 0.253 a 0.232 b 0.298 b 0.145 a 0.102 a 

Zn 0.047 c 0.043 bc 0.037 b 0.028 a 0.022 b 0.005 a 0.006 a 0.006 a 

Mo 0.010 c 0.010 bc 0.009 b 0.007 a 0.013 c 0.007 b 0.004 a 0.002 a 

 

Differences in photosynthetic flux densities had an effect on nitrite/nitrate content in red leaf 

lettuce leaves (Figure 3.4.2.3). The highest nitrite concentration was in lettuces cultivated under 

300 µmol m-2 s-1 PPFD. The concentration was 4.2ï6.0 times higher compared with other treatment 

groups. This nitrite concentration pattern was also present in green leaf lettuce óHuginô (Figure 

3.4.1.3). Nitrate concentration was 38% higher in lettuces cultivated under 250 µmol m-2 s-1 PPFD 

compared to the lowest light intensity treatment.  
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Figure 3.4.2.3 Photosynthetic photon flux density (PPFD) effects on nitrite/nitrate content of 

hydroponically cultivated lettuce (ὼӶὛὈȟὲ ω. Different letters indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight 

Key takeaways:  

¶ For red leaf lettuce óLollo Rossaô, the light intensity shift from 200 to 250 µmol m-2 s-1 did 

not have an impact on biomass increment. According to ȹ FW (%)/ȹDLI (%) ratio light 

is more efficiently converted into biomass in hydroponically cultivated red leaf lettuce 

when PPFD is increased from 150 to 200 µmol m-2 s-1 and 250 to 300 µmol m-2 s-1. 

¶ Photosynthetic response of red leaf lettuce to the lighting PPFD of 150ï300 µmol m-2 s-1 

was not remarkably different. The highest root antioxidant activity according ABTS 

methods was recorded in the treatment group that had the lowest intrinsic quantum yield 

(cultivated under 250 µmol m-2 s-1). 

¶ The highest nitrite concentration was recorded in both green and red leaf lettuces 

cultivated under 300 µmol m-2 s-1 PPFD. 

¶ The lowest investigated lighting PPFD resulted in the highest contents of P, S, Al, Ca, Fe, 

K, Mg, Na, Zn, and Mo in the leaf and root tissue of hydroponically cultivated lettuce. 

Increasing lighting PPFD resulted in a significant reduction in their accumulation rate.  

¶ The pattern of higher hexose concentration in leaves than roots was present in all treatment 

groups except lettuces cultivated under 250 PPFD. 

3.4.3 Amaranthus tricolor (L.)  

Differences in the DLI influence the growth parameters of amaranth cultivated in a buffered 

nutrient solution (Table 3.4.3.1). Leaf area increment aligns with leaf and root dry/fresh weight 

accumulation with increased PPFD. PPFD increase from 200 to 250 µmol m-2 s-1 resulted in a 
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35% dry weight increase while leaf area respectively increased by only 13%. A clear difference 

in plant height was recorded between the amaranths cultivated in the lowest two PPFD treatments, 

and a 16% difference was recorded between these groups.   

Table 3.4.3.1 Photosynthetic photon flux density (PPFD) effects on biometric parameters (ὼӶὛὈȟὲ ω 

of hydroponically cultivated amaranth. Different letters within the row indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. FW ï fresh weight, 

DW ï dry weight. 

PPFD µmol m-2 s-1 

Parameter 150 200 250 300 

Height, cm 10.2 ± 1.35 b 8.79 ± 1.18 a 9.61 ± 0.77 ab 9.78 ± 0.53 ab 

Leaf area, cm2 53.06 ± 14.55 a 94.71 ± 17.95 b 107.03 ± 15.06 bc 127.5 ± 20.4 c 

Leaf, FW 1.82 ± 0.6 a 3.33 ± 0.71 b 4.32 ± 0.57 c 5.16 ± 0.89 c 

Leaf, DW 0.19 ± 0.07 a 0.36 ± 0.08 b 0.49 ± 0.06 c 0.58 ± 0.1 c 

Root, FW 0.55 ± 0.27 a 1.44 ± 0.51 b 1.66 ± 0.5 bc 2.37 ± 0.72 c 

Root, DW 0.02 ± 0.01 a 0.06 ± 0.01 b 0.08 ± 0.02 bc 0.11 ± 0.03 c 

 

Photosynthetic photon utilization efficiency is not fully reflected in dry/fresh weight 

accumulation, depending on the light intensity. Fresh mass gain increases linearly with increasing 

light intensity (y = 1.0979x + 0.9118, R² = 0.98), but it does not reflect relative photon usage 

efficiency. According to ȹ FW (%)/ȹDLI (%) values (Figure 3.4.3.1) light is most efficiently 

converted into biomass in hydroponically cultivated amaranth when PPFD is increased from 150 

to 200 µmol m-2 s-1 and from 250 to 300 µmol m-2 s-1. 

 

Figure 3.4.3.1 The ratio of the fresh plant weight gain (ȹ fresh plant weight (%)) and DLI increment  

(ȹ DLI (%)) due to increased PPFD treatments of hydroponically cultivated amaranth. Different letters 

indicate statistically significant differences between means according to Tukeyôs test at the confidence 

level p Ò 0.05. FW ï fresh weight, DLI ï daily light integral, PPFD ï photosynthetic photon flux density. 
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Differences in photosynthetic flux densities had moderate effects on the photosynthetic 

characteristics of hydroponically cultivated amaranth but had a more pronounced effect on 

antioxidant response (Table 3.4.3.2). While intrinsic quantum yield (ūPSII) and NPQ were 

indistinguishable between all treatments, a 22% reduction in maximum quantum yield (Fm/Fv) 

was recorded between amaranths cultivated in the lowest PPFD treatment compared with the 

highest. An inverse relationship was recorded in root/leaf antioxidant activity according to the 

DPPH free radical scavenging activity method. Increased root antioxidant activity was not 

reflected in leaves in amaranths cultivated under the highest light intensity.  

Table 3.4.3.2 Photosynthetic photon flux density (PPFD) effects on lettuce photosynthetic and antioxidant 

parameters (ὼӶὛὈȟὲ ω. Different letters within the row indicate statistically significant differences 

between means according to Tukeyôs test at the confidence level p Ò 0.05., Fv/Fm ï maximum quantum 

yield, ūPSII ï intrinsic quantum, NPQ ï non- photochemical quenching, DPPH - 2-diphenyl-1-

picrylhydrazyl and ABTS ï 2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) free radical scavenging 

activities, FRAP ï ferric reduction antioxidant power, TPC ï total phenolic contents, DW ï dry weight. 

Photosynthetic characteristics/PPFD µmol m-2 s-1 

Parameter 150 200 250 300 

Fv/Fm 0.46 ± 0.12 a 0.54 ± 0.08 ab 0.58 ± 0.04 b 0.56 ± 0.1 b 

ūPSII 0.31 ± 0.09 a 0.35 ± 0.07 a 0.37 ± 0.08 a 0.38 ± 0.13 a 

NPQ 0.18 ± 0.057 a 0.22 ± 0.033 a 0.22 ± 0.063 a 0.17 ± 0.05 a 

Antioxidant activity 

L
e

a
f 

DPPH, mmol g-1 DW 58.28 ± 4.76 c 45.38 ± 2.11 ab 54.21 ± 2.42 bc 43.76 ± 1.3 a 

ABTS, µmol g-1 DW 252.18 ± 25.97 a 242.03 ± 39.97 a 253.57 ± 34.44 a 240.98 ± 46.23 a 

FRAP, µmol Fe (II) g-1 DW 118.72 ± 2.52 ab 115.12 ± 2.22 a 125.66 ± 2.76 b 114.51 ± 1.33 a 

TPC, mg g-1 DW 6.07 ± 0.24 b 5.63 ± 0.23 a 6.44 ± 0.22 ab 5.35 ± 0.25 ab 

R
o

o
t 

DPPH, mmol g-1 DW 3.28 ± 0.46 a 5.92 ± 0.1 ab 6.3 ± 1.63 ab 7.14 ± 1.07 b 

ABTS, µmol g-1 DW 29.18 ± 5.45 a 30.47 ± 7.77 a 29.73 ± 8.36 a 27.9 ± 3.66 a 

FRAP, µmol Fe (II) g-1 DW 60.38 ± 1.14 b 55.95 ± 1.61 a 53.82 ± 1.01 a 53.04 ± 1.59 a 

TPC, mg g-1 DW 1.36 ± 0.19 a 1.25 ± 0.21 a 1.23 ± 0.2 a 1.07 ± 0.04 a 

 

Soluble sugar analysis indicated two hexoses glucose and fructose (raffinose, maltose, 

saccharose content was below detection limit) as the main components in amaranth leaves and 

roots (Figure 3.4.3.2). The inverse pattern of leaf/root hexose content was recorded. While leaf 

fructose concentration was always higher than in roots, oppositely, root glucose concentration was 

always higher than in leaves, except in the amaranth cultivated under 150 µmol m-2 s-1 PPFD, 

where no difference was present in glucose concentration. Glucose and fructose concentrations in 

leaves were undistinguished between all treatment groups. 84% higher root fructose concentration 

was recorded in amaranths cultivated under the highest PPFD treatment compared with the lowest. 
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1 

 

  

Figure 3.4.3.2 Photosynthetic photon flux density (PPFD) effects on soluble hexoses content of 

hydroponically cultivated amaranth (ὼӶὛὈȟὲ ω. Different letters indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight. 

The differences in mineral accumulation in amaranth tissues due to light intensity are 

presented in table 3.4.3.3. Negative regression of Mn content with increasing light intensity was 

recorded (y = -0.0276x + 0.3022 R² = 0.98) in hydroponically cultivated amaranth leaves, while 

amaranth roots accumulated a higher amount in comparison with the leaves. The intensity 

difference between the lowest and the highest PPFD treatments resulted in decreased 

accumulation of P (13%), Fe (16%), K (9%) in leaf tissue, and the same elements P (10%), Fe 

(41%), K (14%) in root tissue of hydroponically cultivated amaranth. Oppositely, increased PPFD 

from 150 to 300 µmol m-2 s-1 increases the accumulation of the following mineral elements: Al 

(14%), B (20%), Co (1.6-fold), and Mo (14%) in hydroponically cultivated amaranth leaves. 

Moreover, the same tendency was recorded in Co (35%), Mg (6%), Na (24%) accumulation in 

root tissue of hydroponically cultivated amaranth.   
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Table 3.4.3.3 Photosynthetic photon flux density (PPFD) effects on minerals accumulation in amaranth 

leaves and roots (ὼӶȟὲ ω. Different letters within the row and organ indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. P ï phosphorus,  

S ï sulfur, B ï boron, Al ï aluminum, Ca ï calcium, Co ï cobalt, Cr ï chromium, Cu ï copper, Fe ï iron, 

K ï potassium, Mg ï magnesium, Mn ï manganese, Na ï sodium, Zn ï zinc, Mo ï molybdenum, DW ï dry 

weight. 

Mineral 
Leaf mg g-1 DW/PPFD µmol m-2 s-1 Root mg g-1 DW/PPFD µmol m-2 s-1 

150 200 250 300 150 200 250 300 

P 0.596 c 0.519 b 0.493 a 0.516 b 0.670 b 0.633 ab 0.625 ab 0.600 a 

S 0.287 c 0.268 b 0.257 a 0.257 a 0.226 a 0.215 a 0.221 a 0.225 a 

Al  0.169 a 0.178 ab 0.169 a 0.193 b 0.221 a 0.261 a 0.369 b 0.219 a 

B 0.024 a 0.024 a 0.027 b 0.029 c 0.008 b 0.002 a 0.002 a 0.006 b 

Ca 31.795 b 32.390 b 31.322 ab 29.667 a 6.836 c 5.897 a 6.447 bc 6.196 ab 

Co 0.001 a 0.002 a 0.001 a 0.003 b 0.006 ab 0.006 a 0.008 bc 0.009 c 

Cr 0.000 a 0.001 a 0.001 a 0.001 a 0.002 b 0.000 a 0.001 ab 0.002 b 

Cu 0.010 a 0.009 a 0.009 a 0.010 a 0.032 a 0.027 a 0.031 a 0.029 a 

Fe 0.082 c 0.072 b 0.067 a 0.069 ab 0.141 bc 0.126 b 0.151 c 0.083 a 

K 38.733 c 36.133 ab 36.963 b 35.155 a 57.920 c 53.743 b 51.574 ab 49.943 a 

Mg 8.145 c 7.540 ab 7.644 b 7.206 a 5.921 a 6.350 b 6.790 c 6.268 b 

Mn 0.270 d 0.255 c 0.217 b 0.191 a 1.541 b 1.546 b 1.475 b 1.017 a 

Na 0.355 bc 0.364 c 0.340 b 0.299 a 0.957 a 0.967 a 1.052 b 1.189 c 

Zn 0.036 b 0.033 ab 0.032 a 0.032 a 0.029 b 0.027 ab 0.024 a 0.026 ab 

Mo 0.011 a 0.011 a 0.011 a 0.013 b 0.028 b 0.024 a 0.025 a 0.025 a 

 

 

Differences in photosynthetic flux densities had an effect on nitrate content in 

hydroponically cultivated amaranth leaves (Figure 3.4.3.3). Nitrites were not detected in 

amaranth. The biggest nitrate concentration difference was recorded between amaranths 

cultivated under 200 µmol m-2 s-1 PPFD and 300 µmol m-2 s-1 PPFD; 42% nitrate concentration 

reduction was determined.  
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Figure 3.4.3.3 Photosynthetic photon flux density (PPFD) effects on nitrate content of hydroponically 

cultivated amaranth (ὼӶὛὈȟὲ ω. Different letters indicate statistically significant differences between 

means according to Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight. 

Key Takeaways:  

¶ Though amaranth fresh weight rose with increasing PPFD, similarly to red leaf lettuce 

óLollo Rossaô, the light intensity shift from 200 to 250 µmol m-2s-1 did not have an 

impact on biomass increment according to ȹ FW (%)/ȹDLI (%) ratio. Light intensity 

gains better answer the purpose when PPFD is increased from 150 to 200 µmol m-2s-1 

and 250 to 300 µmol m-2s-1. 

¶ Photosynthesis and antioxidant parameters did not differ significantly between PPFD 

treatments, indicating, that 150 µmol m-2 s-1 is sufficient for physiological functions of 

amaranth. 

¶ The lowest nitrate concentration was recorded in amaranth cultivated under the highest 

investigated PPFD of 300 µmol m-2 s-1. 

¶ PPFD gradient from 150 to 300 µmol m-2 s-1 linearly reduces Mn content in leaf tissue 

of hydroponically cultivated amaranth, as well as results in lower contents of P (13%), 

Fe (16%), K (14%), but higher Al (14%), B (20%), Co (1.6-fold), and Mo (14%).  

¶ Increasing lighting PPFD did not have a significant impact on leaf hexose contents but 

resulted in higher glucose and fructose contents in roots.  

3.4.4 Perilla frutescens (L.) 

Differences in the DLI influence the growth parameters of perilla cultivated in a buffered 

nutrient solution (Table 3.4.4.1). The leaf area statistically aligns with leaf/root dry weight 

accumulation of hydroponically cultivated perilla. Interestingly, the most significant disparity in 
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plant height was recorded between perilla cultivated under 200 and 300 µmol m-2 s-1 PPFD; a 42% 

height increment was in the higher PPFD treatment. However, only the plants cultivated under 

300 µmol m-2 s-1 PPFD had statistically significantly higher fresh/dry weight and leaf area than 

other treatments.  

Table 3.4.4.1 Photosynthetic photon flux density (PPFD) effects on biometric parameters (ὼӶὛὈȟὲ ω 

of hydroponically cultivated perilla. Different letters within the row indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. FW ï fresh weight, 

DW ï dry weight. 

PPFD µmol m-2 s-1 

Parameter 150 200 250 300 

Height, cm 9 ± 0.82 ab 6.83 ± 0.24 a 8.33 ± 1.31 ab 9.83 ± 0.24 b 

Leaf area, cm2 245.23 ± 63.5 a 193.68 ± 7.23 a 287.94 ± 74.67 ab 455.94 ± 62.58 b 

Leaf, FW 4.52 ± 0.69 a 3.89 ± 0.37 a 6.13 ± 1.73 ab 9.69 ± 1.39 b 

Leaf, DW 0.54 ± 0.12 a 0.47 ± 0.05 a 0.73 ± 0.19 a 1.2 ± 0.17 b 

Root, FW 7.52 ± 0.44 a 8.12 ± 2.04 a 6.77 ± 0.44 a 17.69 ± 2.85 b 

Root, DW 0.23 ± 0.04 a 0.31 ± 0.1 a 0.26 ± 0.03 a 0.71 ± 0.12 b 

 

Photosynthetic photon utilization efficiency is not fully reflected in dry/fresh weight 

accumulation, depending on the light intensity. Fresh mass gain has a moderate dependency with 

increasing light intensity. However, according to ȹ FW (%)/ȹDLI (%) values (Figure 3.4.4.1), 

the highest biomass increment is attained in hydroponically cultivated perilla, then PPFD is 

increased from 200 to 250 µmol m-2 s-1 and from 250 to 300 µmol m-2s-1, rejecting disparity that 

arose then PPFD increased from 150 to 200 µmol m-2 s-1. 

 

Figure 3.4.4.1 The ratio of the fresh plant weight gain (ȹ fresh plant weight (%)) and DLI increment  

(ȹ DLI (%)) due to increased PPFD treatments of hydroponically cultivated perilla. Different letters 
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indicate statistically significant differences between means according to Tukeyôs test at the confidence 

level p Ò 0.05. FW ï fresh weight, DLI ï daily light integral, PPFD ï photosynthetic photon flux density.  

Differences in photosynthetic flux densities moderately affected the antioxidant response of 

hydroponically cultivated perilla but had a more pronounced effect on photosynthetic 

characteristics (Table 3.4.4.2). Plants cultivated at the lowest PPDF treatment had the highest 

values of both intrinsic (ūPSII) and maximum quantum yield (Fv/Fm). Also, the biggest disparity 

between both quantum yields was recorded in the previously discussed treatment. Root 

antioxidant response was more pronounced than leaves, although numerically higher antioxidant 

activity according to ABTS and FRAP methods was in leaf tissue of hydroponically cultivated 

perilla.  

Table 3.4.4.2 Photosynthetic photon flux density (PPFD) effects on perilla photosynthetic and antioxidant 

parameters (ὼӶὛὈȟὲ ω. Different letters within the row indicate statistically significant differences 

between means according to Tukeyôs test at the confidence level p Ò 0.05, Fv/Fm ï maximum quantum 

yield, ūPSII ï intrinsic quantum, NPQ ï non- photochemical quenching, DPPH ï 2-diphenyl-1-

picrylhydrazyl and ABTS ï 2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) free radical scavenging 

activities, FRAP ï  ferric reduction antioxidant power, TPC ï total phenolic contents, DW ï dry weight. 

Photosynthetic characteristics/PPFD µmol m-2 s-1 

Parameter 150 200 250 300 

Fv/Fm 0.76 ± 0.01 b 0.74 ± 0.01 a 0.74 ± 0.01 a 0.73 ± 0.01 a 

ūPSII 0.73 ± 0.01 c 0.72 ± 0.01 b 0.72 ± 0.01 bc 0.71 ± 0.01 a 

NPQ 0.02 ± 0.001 ab 0.02 ± 0.003 a 0.02 ± 0.001 a 0.02 ± 0.004 b 

Antioxidant properties 

L
e

a
f 

DPPH, mmol g-1 DW 309.54 ± 41.34 a 273.52 ± 78.21 a 279 ± 81.19 a 224.64 ± 69.56 a 

ABTS, µmol g-1 DW 1179.35 ± 58.28 a 1200.14 ± 75.69 a 1242.4 ± 51.24 a 1048.36 ± 62.74 a 

FRAP, µmol Fe (II) g-1 DW 608.2 ± 31.24 a 651.3 ± 24.18 a 670.61 ± 72.58 b 598.2 ± 20 a 

TPC, mg g-1 DW 36.25 ± 0.58 a 38.75 ± 1.89 a 38.71 ± 0.83 a 33.76 ± 2.47 a 

R
o

o
t 

DPPH, mmol g-1 DW 178.72 ± 75.07 a 162.87 ± 66.67 a 185.88 ± 5.49 a 188.49 ± 0.59 a 

ABTS, µmol g-1 DW 996.82 ± 23.89 b 832.17 ± 93.67 ab 787.83 ± 49.99 a 865.64 ± 49.5 ab 

FRAP, µmol Fe (II) g-1 DW 584.98 ± 29.21 b 529.61 ± 20.53 ab 501.36 ± 30.02 a 500.37 ± 10.18 a 

TPC, mg g-1 DW 32.7 ± 0.85 b 26.63 ± 1.02 a 26.38 ± 1.56 a 27.66 ± 2.43 ab 

 

Soluble sugar analysis indicated two hexoses (maltose, raffinose, saccharose concertation 

was below detection limit) as the main components in perilla leaves and roots (Figure 3.4.4.2). 

The pattern of higher hexose concentration in roots than leaves was present in all treatments. 

Fructose concentration in roots was 6.75ï11.05 times higher than leaves, while glucose content 

in the respective manner was 1.58ï4.89 times higher. Leaf fructose concentration did not differ 
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between all treatments, while a 52% difference was recorded in leaf glucose contents between the 

highest and the lowest PPFD treatments. A 2-fold increase in both hexoses content was recorded 

in perilla cultivated under 150 µmol m-2 s-1 PPFD compared to the highest PPFD treatment.  

 

1 

 

Figure 3.4.4.2 Photosynthetic photon flux density (PPFD) effects on soluble hexoses content of 

hydroponically cultivated perilla (ὼӶὛὈȟὲ ω. (A) ï fructose, (B) ï glucose.  Different letters indicate 

statistically significant differences between means according to Tukeyôs test at the confidence level  

p Ò 0.05. DW ï dry weight 

The differences in mineral accumulation in perilla tissues due to light intensity are presented 

in table 3.4.4.3. Leaf S, B, Cu, Fe, Na, root K, and Ca accumulation were not affected by 

differences in light intensity. K concentration in leaves was determined by 45ï69%, Na by 47ï

93% lower compared to the root concentration in corresponding treatments, and oppositely, Ca 

concentration was higher by 73ï88%, S 61ï72% in a respective manner. The 100 µmol m-2 s-1 

PPFD difference between perilla cultivated under 300 and 200 µmol m-2 s-1 PPFD resulted in a 

6% P accumulation decrease in root tissue and a 12% reduction in leaf tissue. Plants cultivated 
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under the highest light intensity accumulated the highest amount of Mg and Mo in both tissues. 

Perilla cultivated under the lowest light intensity accumulated the highest amount of Mn, Zn, Cu, 

Co, and B in root tissues. Interestingly, the highest and the lowest PPFD treatments resulted in the 

highest amount of Mn in the leaf tissue of hydroponically cultivated perilla.  
 

Table 3.4.4.3 Photosynthetic photon flux density (PPFD) effects on minerals accumulation in perilla leaves 

and roots (ὼӶȟὲ ω. Different letters within the row and plant organ indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. P ï Phosphorus,  

S ï sulfur, B ï boron, Al ï aluminum, Ca ï calcium, Co ï cobalt, Cr ï chromium, Cu ï copper, Fe ï iron, 

K ï potassium, Mg ï magnesium, Mn ï manganese, Na ï sodium, Zn ï zinc, Mo ï molybdenum, DW ï dry 

weight. 

Mineral 
Leaf mg g-1 DW/PPFD µmol m-2 s-1 Root mg g-1 DW/PPFD µmol m-2 s-1 

150 200 250 300 150 200 250 300 

P 0.894 ab 0.835 a 0.879 ab 0.936 b 1.027 a 1.037 ab 1.105 bc 1.106 c 

S 0.181 a 0.165 a 0.169 a 0.174 a 0.310 b 0.283 a 0.287 ab 0.280 a 

Al  0.141 a 0.141 a 0.162 b 0.177 c 2.599 b 2.148 a 2.120 a 2.323 ab 

B 0.022 a 0.019 a 0.019 a 0.021 a 0.013 b 0.007 a 0.007 ab 0.004 a 

Ca 18.956 a 18.816 a 19.022 a 20.796 b 10.954 a 10.459 a 10.769 a 11.070 a 

Co 0.006 b 0.006 ab 0.005 a 0.005 a 0.014 c 0.013 bc 0.012 b 0.008 a 

Cr 0.007 b 0.006 ab 0.005 a 0.004 a 0.011 a 0.008 a 0.009 a 0.018 b 

Cu 0.008 a 0.008 a 0.009 a 0.008 a 0.069 b 0.033 a 0.033 a 0.031 a 

Fe 0.327 a 0.090 a 0.100 a 0.100 a 1.444 b 1.200 a 1.198 a 1.332 ab 

K 31.339 c 26.303 a 28.126 b 25.732 a 45.579 a 43.327 a 46.033 a 43.540 a 

Mg 5.729 a 6.020 b 5.897 ab 6.024 b 5.864 a 6.128 a 6.838 b 7.022 b 

Mn 0.310 c 0.253 a 0.279 b 0.307 c 0.585 c 0.331 a 0.433 b 0.439 b 

Na 0.570 a 0.619 a 0.491 a 0.457 a 0.969 b 0.912 ab 0.852 a 0.886 a 

Zn 0.153 b 0.131 a 0.158 b 0.145 ab 0.202 c 0.172 b 0.167 b 0.146 a 

Mo 0.003 a 0.003 a 0.004 ab 0.005 b 0.013 a 0.016 a 0.015 a 0.021 b 

 

Differences in photosynthetic flux densities affected nitrite/nitrate content in perilla leaves 

(Figure 3.4.4.3). The highest NO3
- content was determined in perilla cultivated under the highest 

and the lowest PPFDs. 150 µmol m-2 s-1 increase between these treatments resulted in a 39% 

increment in nitrate content. However, the highest nitrites content was recorded in perilla 

cultivated under 250ï300 µmol m-2 s-1 PPFD. The 50 µmol m-2 s-1 increase between these groups 

resulted in a 45% reduction in nitrites content. 
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Figure 3.4.4.3 Photosynthetic photon flux density (PPFD) effects on nitrite/nitrate content of 

hydroponically cultivated perilla (ὼӶὛὈȟὲ ω. Different letters indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight 

Key Takeaways:  

¶ Only the perilla plants cultivated under the highest 300 µmol m-2 s-1 had statistically 

significantly higher fresh/dry weight and leaf area compared with other PPFD treatments. 

According to ȹ FW (%)/ȹDLI (%) ratio light is more efficiently converted into biomass 

in hydroponically cultivated perilla than PPFD is increased from 200 to 250 µmol m-2 s-1 

and 250ï300 µmol m-2 s-1. 

¶ Roots of hydroponically cultivated perilla showed a more pronounced antioxidant 

response than leaves, even though leaf tissue displayed higher numerical antioxidant 

activity according to the ABTS and FRAP methods. 

¶ Differences in light intensity had a more pronounced effect both on mineral and soluble 

sugar accumulation in roots than in leaves of hydroponically cultivated perilla. 

¶ Perillas cultivated under the highest light intensity accumulated the highest amount of Mg 

and Mo in leaves and roots, while under the lowest light intensity accumulated the highest 

amount of Mn, Zn, Cu, Co, and B in root tissues.  

¶ The highest nitrate/nitrite concentration was recorded in perilla cultivated under 

300/250 µmol m-2 s-1 PPFD. 

3.4.5 Mesembryanthemum crystallinum (L.) 

Differences in the DLI influence the growth parameters of ice plants cultivated in a buffered 

nutrient solution (Table 3.4.5.1). Root dry weight was undistinguished between all treatments, but 

leaf dry weight was the lowest in ice plants cultivated under 150 µmol m-2 s-1 PPFD. Moreover, 
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plants of the same treatment were the tallest, 49% higher plant height than plants cultivated under 

250 µmol m-2 s-1 PPFD. 

Table 3.4.5.1 Photosynthetic photon flux density (PPFD) effects on biometric parameters (ὼӶὛὈȟὲ ω 

of hydroponically cultivated ice plant. Different letters within the row indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. FW ï fresh weight, 

DW ï dry weight. 

  PPFD µmol m-2 s-1   

Parameter 150 200 250 300 

Height, cm 4.39 ± 0.91 b 3.39 ± 0.7 a 2.94 ± 0.37 a 3.28 ± 0.42 a 

Leaf area, cm2 746.18 ± 138.97 a 1061.81 ± 233.51 b 1022.93 ± 203.12 b 836.94 ± 115.48 ab 

Leaf, FW 119.84 ± 25.6 a 160.91 ± 37.24 a 147.06 ± 36.16 a 119.06 ± 22.8 a 

Leaf, DW 4.16 ± 0.85 a 7.12 ± 1.98 b 7.59 ± 1.93 b 6.59 ± 1.31 b 

Root, FW 13.89 ± 8.39 b 8.25 ± 3.75 ab 6.25 ± 2.01 a 5.3 ± 2.98 a 

Root, DW 0.78 ± 0.68 a 0.55 ± 0.22 a 0.5 ± 0.12 a 0.42 ± 0.19 a 

 

Photosynthetic photon utilization efficiency is not fully reflected in dry/fresh weight 

accumulation depending on the light intensity. Fresh mass gain has a nonlinear dependency with 

increasing light intensity contrary to the following plants lettuces (Table 3.4.1.1, Table 3.4.2.1), 

amaranth (Table 3.4.3.1), and purslane (Table 3.4.6.1). According to ȹ FW (%)/ȹDLI (%) values 

(Figure 3.4.5.1), the light shift from 150 µmol m-2 s-1 PPFD to 200 µmol m-2 s-1 PPFD has a 

positive increment in hydroponically cultivated ice plant biomass. Negative values of ȹ FW 

(%)/ȹDLI (%) ratio imply that additional light energy provided by higher illumination treatment 

groups is not efficiently used.  

 

Figure 3.4.5.1 The ratio of the fresh plant weight gain (ȹ fresh plant weight (%)) and DLI increment  

(ȹ DLI (%)) due to increased PPFD treatments of hydroponically cultivated ice plants. Different letters 

indicate statistically significant differences between means according to Tukeyôs test at the confidence 

level p Ò 0.05. FW ï fresh weight. 
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Differences in photosynthetic flux densities moderately affected the photosynthetic 

characteristics of hydroponically cultivated ice plants but had a more pronounced effect on 

antioxidant response (Table 3.4.5.2). While intrinsic quantum yield (ūPSII) was 

undistinguishable between all treatment groups, the maximum quantum yield (Fv/Fm) and the 

highest NPQ values were recorded in amaranth cultivated under 250 µmol m-2 s-1 PPFD. Root 

antioxidant response was more prominent than leaves. According to ABTS and DDPH methods, 

the highest antioxidant system response in leaves and roots was recorded in plants cultivated under 

the 300 µmol m-2 s-1 PPFD treatment. While Fe2+ reduction ability (FRAP antioxidant power) was 

undistinguished between all treatments in leaves but, the highest FRAP power was recorded in 

roots under the lowest (150 µmol m-2 s-1) and the highest (300 µmol m-2 s-1) treatments.  

Table 3.4.5.2 Photosynthetic photon flux density (PPFD) effects on ice plant photosynthetic parameters 

and antioxidant activity (ὼӶὛὈȟὲ ω. Different letters within the row indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05., Fv/Fm ï maximum 

quantum yield, ūPSII ï intrinsic quantum, NPQ ï non- photochemical quenching, DPPH ï 2-diphenyl-1-

picrylhydrazyl and ABTS ï 2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) free radical scavenging 

activities, FRAP ï ferric reduction antioxidant power, TPC ï total phenolic contents, DW ï dry weight. 

Photosynthetic characteristics/PPFD µmol m-2 s-1 
 

Parameter 150 200 250 300 

Fv/Fm 0.79 ± 0.01 a 0.8 ± 0.01 ab 0.81 ± 0.01 c 0.81 ± 0.01 bc 

ūPSII 0.72 ± 0.03 a 0.72 ± 0.01 a 0.7 ± 0.03 a 0.72 ± 0.02 a 

NPQ 0.05 ± 0.013 a 0.06 ± 0.004 ab 0.08 ± 0.025 b 0.07 ± 0.035 ab 

Antioxidant parameters 

L
e

a
f 

DPPH, mmol g-1 DW 17.02 ± 2.49 ab 13.58 ± 1.43 a 12.92 ± 0.33 a 18.5 ± 0.33 b 

ABTS, µmol g-1 DW 97.16 ± 4.36 b 100.98 ± 5.61 b 76.96 ± 9.39 a 98.32 ± 2.4 b 

FRAP, µmol Fe (II) g-1 DW 67.57 ± 1.77 a 70.5 ± 1.99 a 68.01 ± 5.06 a 69.78 ± 1.52 a 

TPC, mg g-1 DW 2.72 ± 0.17 a 2.8 ± 0.11 a 2.91 ± 0.45 a 2.89 ± 0.17 a 

R
o

o
t 

DPPH, mmol g-1 DW 17.67 ± 2.05 ab 17.19 ± 1.09 ab 12.17 ± 2.49 a 18.9 ± 1.59 b 

ABTS, µmol g-1 DW 84.73 ± 2 ab 88.07 ± 5.65 a 84.26 ± 3.12 a 103.97 ± 4 b 

FRAP, µmol Fe (II) g-1 DW 68.5 ± 0.93 b 62.47 ± 1.59 a 64.14 ± 1.03 a 70.87 ± 0.16 b 

TPC, mg g-1 DW 2.73 ± 0.39 a 2.6 ± 0.16 a 2.43 ± 0.09 a 3.14 ± 0.47 a 

 

Soluble sugar analysis indicated two hexoses glucose and fructose (maltose, raffinose, 

saccharose content was below detection limit) as the main components in ice plant leaves and 

roots (Figure 3.4.5.2). The recurrent pattern of leaf/root hexoses content was recorded. Glucose 

and fructose content is always higher in leaves compared to the roots, except in plants cultivated 

under 200 µmol m-2 s-1 PPFD. Here, hexose content did not differ between organs. In both organs, 

fructose (A) content increases with increased light intensity and reaches the plateau in ice plants 
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cultivated under 250ï300 µmol m-2 s-1 PPFD. A similar relationship is present for the glucose (B) 

content in ice plant leaves but divides into two clear sections (150ï200; 250ï300 µmol m-2 s-1 

PPFD) in roots. 

 

1 

 

 

 

Figure 3.4.5.2 Photosynthetic photon flux density (PPFD) effects on soluble hexoses content of 

hydroponically cultivated ice plant (ὼӶὛὈȟὲ ω: (A) ï fructose, (B)- glucose.  Different letters indicate 

statistically significant differences between means according to Tukeyôs test at the confidence level p Ò 

0.05. DW ï dry weight. 

The differences in mineral accumulation in ice plant tissues due to light intensity are 

presented in table 3.4.5.3. K accumulation decreased gradually (y = -6.507x + 72.215,  

R² = 0.89) with increasing light intensity in ice plant leaf tissue. An inverse Ca accumulation 

pattern was found; Ca accumulation increased gradually (y = 1.9024x + 4.6414, R² = 0.90) with 

increasing light intensity. However, the same accumulation pattern was recorded in the following 

elements: P, Fe, Mn, and Zn ï four different treatments resulted in four different accumulation 

intensities, and plants cultivated under the lowest PPFD accumulated the highest amount of those 
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elements. Moreover, S accumulation in roots also differentiated into four different intensities, but 

the highest S content was prevalent in ice plants cultivated under 250 µmol m-2 s-1 PPFD. Under 

the same PPFD treatment of 250 µmol m-2 s-1, ice plant roots accumulated the highest amount of 

P, Ca, Fe, Mg, Mn, and Na.  

Table 3.4.5.3 Photosynthetic photon flux density (PPFD) effects on minerals accumulation in ice plant 

leaves and roots (ὼӶȟὲ ω. Different letters within the row and plant organ indicate statistically 

significant differences between means according to Tukeyôs test at the confidence level p Ò 0.05.  

P ï phosphorus, S ï sulfur, B ï boron, Al ï aluminum, Ca ï calcium, Co ï cobalt, Cr ï chromium, Cu ï 

copper, Fe ï iron, K ï potassium, Mg ï magnesium, Mn ï manganese, Na ï sodium, Zn ï zinc, Mo ï 

molybdenum, DW ï dry weight. 

Mineral 
Leaf mg g-1 DW/PPFD µmol m-2 s-1 Root mg g-1 DW/PPFD µmol m-2 s-1 

150 200 250 300 150 200 250 300 

P 0.678 d 0.580 c 0.419 a 0.468 b 0.421 b 0.450 a 0.478 c 0.431 ab 

S 0.262 c 0.218 b 0.180 a 0.182 a 0.257 c 0.262 a 0.454 d 0.443 b 

Al  0.071 a 0.104 c 0.089 b 0.115 d 0.073 ab 0.152 a 0.473 b 0.306 ab 

B 0.033 b 0.029 a 0.032 b 0.033 b 0.023 b 0.005 c 0.014 a 0.005 bc 

Ca 6.902 a 7.461 b 11.243 c 11.983 d 7.486 bc 12.219 a 19.189 c 18.917 ab 

Co 0.004 a 0.004 a 0.004 a 0.004 a 0.014 a 0.013 b 0.014 a 0.013 a 

Cr 0.004 a 0.004 a 0.004 a 0.004 a 0.016 a 0.014 b 0.009 a 0.011 a 

Cu 0.003 b 0.002 a 0.002 ab 0.002 ab 0.003 b 0.007 c 0.001 a 0.003 b 

Fe 0.086 d 0.077 c 0.053 a 0.062 b 0.128 a 0.228 a 0.352 b 0.284 a 

K 64.587 d 62.532 c 49.396 b 47.276 a 43.427 bc 28.068 a 20.563 c 19.451 b 

Mg 5.060 a 5.057 a 5.789 b 5.974 c 6.908 b 11.366 a 14.664 c 14.470 ab 

Mn 0.207 d 0.188 c 0.163 a 0.174 b 1.797 bc 1.327 a 1.417 c 1.378 ab 

Na 5.323 a 5.643 b 5.613 ab 5.664 b 1.126 bc 0.817 a 0.851 c 1.062 b 

Zn 0.073 d 0.041 c 0.026 a 0.029 b 0.068 a 0.042 a 0.051 b 0.055 a 

Mo 0.004 c 0.003 b 0.003 ab 0.003 a 0.001 a 0.002 c 0.004 b 0.003 a 

 

Differences in photosynthetic flux densities influenced nitrate content in hydroponically 

cultivated ice plant leaves (Figure 3.4.5.3). Nitrites were not detected. The biggest nitrate 

concentration difference was recorded between ice plants cultivated under 200/250 µmol m-2 s-1 

PPFD and 300 µmol m-2 s-1 PPFD; 47/49% nitrate concentration reduction was present in the 

respective manner. The highest light intensity treatment resulted in the lowest nitrate 

concentration in ice plant leaves. 
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Figure 3.4.5.3 Photosynthetic photon flux density (PPFD) effects on nitrate content of hydroponically 

cultivated ice plant (ὼӶὛὈȟὲ ω. Different letters indicate statistically significant differences between 

means according to Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight. 

Key Takeaways:  

¶ Ice plant growth and other physiological indices indicate more efficient plant functioning 

at lower lighting intensities (up to 200 µmol m-2 s-1). According to ȹ FW (%)/ȹDLI (%) 

ratio, efficient light conversion into biomass was determined in hydroponically cultivated 

ice plants at the from 150 to 200 µmol m-2 s-1 PPFD treatment.  

¶ The lowest nitrate concentration was recorded in ice plants cultivated under 300 µmol m-2 s-1 

PPFD. 

¶ In ice plant leaf tissue, K accumulation exhibited a gradual decrease with increasing light 

intensity. In contrast, the opposite pattern was observed for Ca, with its accumulation 

increasing gradually with higher light intensity. Under PPFD treatment of 250 µmol m-2 s-1, 

ice plant roots accumulated the highest amount of P, Ca, Fe, Mg, Mn, and Na.  

¶ A recurrent pattern of leaf/root hexose content was observed, with glucose and fructose 

consistently higher in leaves than roots, except in plants cultivated under 200 µmol m-2 s-1 

PPFD, where hexose content did not differ between organs. 

¶ Roots exhibited a more prominent antioxidant response than leaves, with the highest 

antioxidant system response in both organs recorded in ice plants cultivated under the 

300 µmol m-2 s-1 PPFD treatment. 

3.4.6 Portulaca oleracea (L.) 

Differences in DLI significantly influence the growth parameters of purslane when 

cultivated in a buffered nutrient solution (Table 3.4.6.1). With the exception of root fresh and dry 
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weight accumulation, all parameters showed a linear dependence on increasing light intensity. A 

150 µmol m-2 s-1 PPFD difference between the lowest and highest PPFD treatments resulted in the 

following parameter increments: 63% in height, 3.4 times in leaf area, 5-fold in leaf fresh and dry 

weight accumulation, and 7 times in dry root weight. 

Table 3.4.6.1 Photosynthetic photon flux density (PPFD) effects on biometric parameters (ὼӶὛὈȟὲ ω 

of hydroponically cultivated purslane. Different letters within the row indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. FW ï fresh weight, 

DW ï dry weight. 

  PPFD µmol m-2 s-1   

Parameter 150 200 250 300 

Height, cm 10.18 ± 0.38 a 11.7 ± 0.31 b 15.08 ± 1.32 c 16.67 ± 1.6 d 

Leaf area, cm2 21.75 ± 3.26 a 38.44 ± 4.73 b 51.65 ± 9.14 c 74.74 ± 13.44 d 

Leaf, FW 1.56 ± 0.24 a 3.02 ± 0.21 b 5.67 ± 0.60 c 7.92 ± 1.62 d 

Leaf, DW 0.07 ± 0.01 a 0.13 ± 0.02 b 0.24 ± 0.03 c 0.34 ± 0.07 d 

Root, FW 0.27 ± 0.02 a 0.72 ± 0.05 a 1.75 ± 0.77 b 2.24 ± 0.23 b 

Root, DW 0.01 ± 0.001 a 0.02 ± 0.001 b 0.04 ± 0.009 c 0.07 ± 0.002 d 

 

Photosynthetic photon utilization efficiency is not fully reflected in dry/fresh weight 

accumulation, depending on the light intensity. As previously mentioned, purslane fresh weight 

accumulation has a strong linear dependance on light intensity (y = 2.1715x - 0.8863, R² = 0.99). 

According to ȹ FW (%)/ȹDLI (%) value of 3.43 (Figure 3.4.6.1) light shift is most efficient 

converting photons into biomass in hydroponically cultivated purslane is from 200 to  

250 µmol m-2 s-1 PPFD. Moreover, the decreased value (2.20) of ȹ FW (%)/ȹDLI (%) ratio from 

250 to 300 µmol m-2 s-1 PPFD indicates that light is efficiently used, but the maximum capacity is 

already reached. 

 

Figure 3.4.6.1 The ratio of the fresh plant weight gain (ȹ fresh plant weight (%)) and DLI increment (ȹ DLI (%)) due 

to increased PPFD treatments of hydroponically cultivated purslane. Different letters indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. FW ï fresh weight. 
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Differences in photosynthetic flux densities moderately affected the photosynthetic 

characteristics of hydroponically cultivated purslane but had a more pronounced effect on 

antioxidant response (Table 3.4.6.2). Interestingly, the maximum quantum yield (Fv/Fm) was the 

lowest in purslane cultivated under 300 µmol m-2 s-1 PPFD but had the highest intrinsic quantum 

yield (ūPSII). The most significant difference of 54% between quantum yields was recorded in 

purslane cultivated under the lowest PPFD treatment. The concentration of total phenolic 

compounds increases linearly (y = 0.9133x + 7.773, R² = 0.90) with increasing light intensity in 

leaves of hydroponically cultivated purslane. The inverse relationship of root/leaf antioxidant 

activity was recorded according to the DPPH method. While roots of purslane cultivated under 

300 µmol m-2 s-1 PPFD had the lowest antioxidant activity, contrary to the leaves that had the 

highest activity.  

Table 3.4.6.2 Photosynthetic photon flux density (PPFD) effects on purslane photosynthetic and 

antioxidant parameters (ὼӶὛὈȟὲ ω. Different letters within the row indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05., Fv/Fm ï maximum 

quantum yield, ūPSII ï intrinsic quantum, NPQ ï non- photochemical quenching, DPPH ï 2-diphenyl-1-

picrylhydrazyl and ABTS ï 2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) free radical scavenging 

activities, FRAP ï ferric reduction antioxidant power, TPC ï total phenolic contents, DW ï dry weight. 

Photosynthetic characteristics/PPFD µmol m-2 s-1 

Parameter 150 200 250 300 

Fv/Fm 0.74 ± 0.01 b 0.73 ± 0.01 b 0.73 ± 0.01 b 0.7 ± 0.02 a 

ūPSII 0.34 ± 0.03 a 0.41 ± 0.02 bc 0.42 ± 0.03 b 0.45 ± 0.02 c 

NPQ 0.31 ± 0.023 b 0.27 ± 0.035 ab 0.29 ± 0.048 ab 0.26 ± 0.048 a 

Antioxidant parameters 

L
e

a
f 

DPPH, mmol g-1 DW 108.86 ± 0.55 a 132.64 ± 3.81 b 138.28 ± 5.5 bc 144.54 ± 0.94 c 

ABTS, µmol g-1 DW 278.92 ± 22.37 a 289.52 ± 4.29 ab 324.31 ± 10.13 b 300.37 ± 5.66 ab 

FRAP, µmol Fe (II) g-1 

DW 
162.08 ± 3.74 a 188.77 ± 4.64 b 206.47 ± 5.79 c 213.27 ± 1.31 c 

TPC, mg g-1 DW 8.32 ± 0.05 a 10.11 ± 0.13 b 10.6 ± 0.22 c 11.2 ± 0.09 d 

R
o

o
t 

DPPH, mmol g-1 DW 110.88 ± 13.61 b 112.83 ± 9.99 ab 92.88 ± 2.29 b 81.06 ± 7.33 a 

ABTS, µmol g-1 DW 349.97 ± 61.79 a 332.6 ± 3.78 a 368.88 ± 3.28 a 348.59 ± 7.36 a 

FRAP, µmol Fe (II) g-1 

DW 
138.61 ± 3.78 a 135.78 ± 5.03 a 138.41 ± 2.45 a 131.27 ± 1.88 a 

TPC, mg g-1 DW 6.84 ± 0.18 ab 6.54 ± 0.25 b 6.92 ± 0.27 ab 6.24 ± 0.09 a 

 

Soluble sugar analysis indicated two hexoses glucose and fructose (maltose, raffinose, 

saccharose content was below detection limit) as the main components in purslane leaves and 

roots (Figure 3.4.6.2). The recurrent pattern of leaf/root fructose content was recorded. The 
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fructose (A) concentration in roots of hydroponically cultivated purslane was always higher than 

in leaves, 58ï73% difference was recorded by comparing all treatment groups. There was no 

significant difference in leaf/root glucose (B) concentration within different lighting intensity 

treatments.  

 

1 

 

 

Figure 3.4.6.2 Photosynthetic photon flux density (PPFD) effects on soluble hexoses content of 

hydroponically cultivated purslane (ὼӶὛὈȟὲ ω. (A) ï fructose, (B) - glucose Different letters indicate 

statistically significant differences between means according to Tukeyôs test at the confidence level  

p Ò 0.05. DW ï dry weight. 
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presented in table 3.4.6.3. S accumulation tendency was similar to ice plant (table 3.3.5.3) ï four 

different light intensity treatments resulted in four different accumulation intensities in root tissue, 

but the highest S content was found in purslane cultivated under 200 µmol m-2 s-1 PPFD. Under 

the same PPFD treatment of 200 µmol m-2 s-1 cultivated purslane root tissue accumulated the 
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treatment resulted in reduced content of P, S, Al, Ca, K, Mg, Mn, Mg, Mn, Na, and Zn in leaf 

tissue. The concentration of these elements was found 1.94ï3.10 times higher in other treatments 

compared to plants cultivated under 150 µmol m-2 s-1 PPFD. P, Ca, K, Mg, Na concentration in 

leaf tissue was always higher compared to the root tissue concentration in respective treatment 

groups. 

Table 3.4.6.3 Photosynthetic photon flux density (PPFD) effects on minerals accumulation in purslane 

leaves and roots (ὼӶȟὲ ω. Different letters within the row and plant organ indicate statistically 

significant differences between means according to Tukeyôs test at the confidence level p Ò 0.05. P ï 

phosphorus, S ï sulfur, B ï boron, Al ï aluminum, Ca ï calcium, Co ï cobalt, Cr ï chromium, Cu ï copper, 

Fe ï iron, K ï potassium, Mg ï magnesium, Mn ï manganese, Na ï sodium, Zn ï zinc, Mo ï molybdenum, 

DW ï dry weight. 

Mineral 
Leaf mg g-1 DW/PPFD µmol m-2 s-1 Root mg g-1 DW/PPFD µmol m-2 s-1 

150 200 250 300 150 200 250 300 

P 0.329 a 0.982 b 0.966 b 0.865 b 0.129 b 0.265 c 0.104 ab 0.037 a 

S 0.067 a 0.169 b 0.159 b 0.130 b 0.144 c 0.185 d 0.097 b 0.027 a 

Al  0.039 a 0.092 b 0.100 b 0.077 b 0.025 ab 0.039 b 0.025 ab 0.016 a 

B 0.021 a 0.032 b 0.031 b 0.017 a 0.041 b 0.026 a 0.047 bc 0.055 c 

Ca 3.547 a 10.168 b 10.112 b 9.858 b 1.122 bc 1.414 c 0.706 ab 0.323 a 

Co 0.004 b 0.001 a 0.002 a 0.005 b 0.010 a 0.009 a 0.011 a 0.016 b 

Cr 0.005 b 0.001 a 0.000 a 0.005 b 0.013 a 0.014 a 0.014 a 0.018 b 

Cu 0.011 b 0.013 b 0.013 b 0.002 a 0.012 b 0.008 a 0.016 b 0.029 c 

Fe 0.040 a 0.062 a 0.052 a 0.054 a 0.015 a 0.066 b 0.035 a 0.037 a 

K 20.006 a 58.893 b 58.574 b 60.515 b 10.826 bc 15.688 c 6.736 b 0.006 a 

Mg 1.961 a 6.088 b 5.647 b 5.906 b 1.077 b 1.948 c 0.823 ab 0.067 a 

Mn 0.195 a 0.517 b 0.522 b 0.489 b 0.663 bc 0.917 c 0.349 ab 0.035 a 

Na 0.186 a 0.572 b 0.524 b 0.520 b 0.111 bc 0.159 c 0.080 b 0.009 a 

Zn 0.031 a 0.079 b 0.072 b 0.068 b 0.039 a 0.086 b 0.036 a 0.023 a 

Mo 0.004 b 0.008 c 0.009 c 0.002 a 0.001 a 0.003 b 0.001 a 0.008 c 

 

Differences in photosynthetic flux densities influenced nitrate/nitrite content in 

hydroponically cultivated purslane leaves (figure 3.4.6.3). Nitrite concentration in purslane 

cultivated under 250 and 300 µmol m-2 s-1 PPFD was below the detection limit. The biggest nitrate 

concentration difference was recorded between purslane cultivated under 200 µmol m-2 s-1 PPFD 

and 250 µmol m-2 s-1 PPFD; 91% nitrate concentration increment was determined. While nitrate 

content was the lowest in purslane cultivated under 200 µmol m-2 s-1 PPFD, at the same 

illumination nitrite content was the highest. The 50 µmol m-2 s-1 PPFD difference resulted in 3.8-

fold increase in nitrites content of hydroponically cultivated purslane.  
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Figure 3.4.6.3 Photosynthetic photon flux density (PPFD) effects on nitrite/nitrate content of 

hydroponically cultivated purslane (ὼӶὛὈȟὲ ω. Different letters indicate statistically significant 

differences between means according to Tukeyôs test at the confidence level p Ò 0.05. DW ï dry weight. 

Key Takeaways:  

¶ Leaf area, height, leaf fresh and dry weight increases linearly with the increasing DLI 

values. According to ȹ FW (%)/ȹDLI (%) ratio, the most efficient light conversion into 

biomass was determined in hydroponically cultivated ice plants at the from 150 to 200 

µmol m-2 s-1 PPFD treatment.  

¶ The highest nitrate concentration was recorded in purslane cultivated under 250 µmol m-2 

s-1 PPFD and 3.8-fold increase in nitrite content was recorded between plants cultivated 

under 150/200 µmol m-2 s-1 PPFD. 

¶ Cultivating purslane under the lowest PPFD treatment led to decreased content of P, S, Al, 

Ca, K, Mg, Mn, Na, and Zn in leaf tissue, with these elements' concentrations 1.94ï3.10 

times higher in other treatment groups. 

¶ Lighting intensity had no pronounced impact on soluble sugar contents in purslane leaves 

and roots.  
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4 DISCUSSION 

Precision agriculture employs cutting-edge technologies to increase agricultural 

productivity while reducing adverse impacts on the environment (Karunathilake et al., 2023). 

Environmental control is a key factor in increasing plant productivity in CEA. Recently, increased 

interest has been directed towards plant production in closed facilities (e.g., plant factories, 

vertical farms, indoor-growing modules, hi-tech greenhouses). However, with the introduction of 

advanced monitoring and control technologies, it becomes necessary to properly discern 

plant/microclimate interaction, modulate environmental parameters, and manage cultivation 

factors (Amitrano et al., 2020). Therefore, plant centric research knowledge is necessary for 

efficient technology development in this field. This study elicits the importance of precise 

management in hydroponic plant cultivation under common vertical farming conditions. Step by 

step, emphasizing the significance of nutrient solution pH control in a narrow range of pH 5.0ï

6.5, the linkage between nutrient solution pH fluctuation due to its limited buffering capacity, the 

suggestion of MES buffering agent for precise and passive pH control in hydroponics and 

optimizing plant growth in a buffered solution by determining crop dependent PPFD, we highlight 

the necessity for the holistic approach, including all the main aspects of cultivation environment, 

seeking for optimal plant productivity and high resource use efficiency in CEA.  

It is widely accepted that preferred pH for various plant cultivation in hydroponics is 5.5ï

6.5 (Alexopoulos et al., 2021; Fimbres-Acedo et al., 2022; Gillespie et al., 2021), but different 

deviations may be used for specific reasoning, for instance nutrient solution pH reduction to 4.0 

reduced the severity of root rot caused by P. aphanidermatum without influencing basil growth 

(Gillespie et al., 2020). Moreover, various plant biological parameters and processes, including 

growth, antioxidant system parameters, photosynthetic response, nitrate/nitrate, soluble hexose 

content, and mineral nutrition, are pH dependent, as indicated in section 3.1. Generally, current 

research regarding nutrient solution pH effect on plant growth is mainly but entirely focused on 

exploring plant tolerance limits (Gillespie et al., 2020); for instance, T. officinale grown at a low 

4.0 pH had increased nutritional and dietary value (Alexopoulos et al., 2021). On the other hand, 

the purpose of precise management is to control cultivation parameters in a narrow optimal range 

(Rius-Ruiz et al., 2014), therefore increasing complexity but achieving better quality produce 

(Siregar et al., 2022). 

Ion solubility and uptake are dependent on a solution's pH; therefore, it's intuitive that 

mineral nutrition will depend on the pH because elements are absorbed in their ionic form (Baiyin 

et al., 2021). Anderson et al., 2017 cultivated butterhead lettuce in two pH values of 5.8 ant 7.0 

and they noticed, that there was no difference in Ca, Fe, K, Mn, P, S accumulation in shoots. In 
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our study, this mineral content accumulation tendency was only shared by hydroponically 

cultivated purslane in the pH range of 5.5ï6.0 and 6.0ï6.5 (Table 3.1.5.3). There was no 

significant difference between K, S, P accumulation in lettuce shoots comparing these pH 

intervals 5.5ï6.0 and 6.0ï6.5, but nutrient solution acidity increases to pH 5.0ï5.5 resulted in 10% 

P reduction and 2-fold increase in S content compared to lettuces cultivated under pH interval of 

5.5ï6.0 (Table 3.1.1.3). Moreover, contrary to the results of (Anderson et al., 2017), Fe and Mn 

content increased by 10% and 24%, respectively, in the lettuces cultivated in a nutrient solution 

pH of 6.0ï6.5 compared to a pH interval of 5.5ï6.0 (Table 3.1.1.3).  

It is worth mentioning that mineral accumulation in shoots and roots are crop dependent. 

In the pH range of 5.5ï6.5 only following element accumulation in shots were not affected: Ca 

(ice plant, table 3.1.4.3), K (lettuce, table 3.1.1.3; amaranth, table 3.1.2.3), P lettuce, table 3.1.1.3; 

amaranth, table 3.1.2.3), S lettuce, table 3.1.1.3; amaranth, table 3.1.2.3). Furthermore, authors 

did not investigate root mineral accumulation. According to our findings mineral accumulation in 

root tissue is often more pronounced than in shoots and element translocation to leaves mitigates 

those differences. For instance, following element concentrations did not differ in leaves between 

plants cultivated in different acidity nutrient solution, but had significant concentration 

differences in root tissue:  Cu (lettuce, table 3.1.1.3, perilla, table 3.1.3.3) Mg (lettuce, table 

3.1.1.3, amaranth, table 3.1.2.3, purslane, table 3.1.5.3), Na (lettuce, table 3.1.1.3,) Zn (lettuce, 

table 3.1.1.3,), Al (amaranth, table 3.1.2.3,) K (amaranth, table 3.1.2.3,) B (perilla, table 3.1.3.3), 

P (purslane, table 3.1.5.3). Mg, that forms chelation complex in chlorophyll molecule, 

concentration in shoots is the least affected by nutrient solution pH. Decreased nutrient solution 

acidity from pH interval of 5.0ï5.5 to pH 6.0ï6.5 resulted in Mn accumulation differences in all 

investigated plants. Mn concentration increased in following plants shots and roots: lettuce 27% 

and 111%, amaranth 15% and 103%. Mn shoot concentration of hydroponically cultivated perilla 

increased by 112% but decreased by 54% in roots. Furthermore, Mn accumulation in shoots 

decreased and increased in roots in ice plant (40% and 90%) and purslane (38% and 210%). These 

differences may arose with utilization of different photosynthetic systems.   

The growth parameters of hydroponically cultivated basil were not restricted by the 

nutrient solution pH 4.0 (Gillespie et al., 2020) but severely inhibited the growth of spinach 

(Gillespie et al., 2021). Our results show that even less moderate pH differences can affect 

biometric parameters. Although nutrient solution pH in the range of pH 5.0ï6.5 does not 

significantly impact lettuce productivity, a 1 pt pH difference from the investigated pH interval 

5.0ï5.5 to pH 6.0ï6.0 resulted in 30% leaf area reduction (Table 3.1.1.1). Moreover, amaranth 

cultivated at pH 5.5ï6.0 was distinguished by 35% lower shoot fresh weight compared to those 

cultivated at pH 5.0ï5.5 and 6.0ï6.5, which did not differ statistically in between (Table 3.1.2.1). 
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The biometric parameters of hydroponically cultivated purslane shoots were the most affected by 

nutrient solution pH compared to other investigated plants (Table 3.1.5.1). 1.7ï2.0-fold decrease 

in dry and fresh weight was recorded in purslane cultivated in a nutrient solution pH interval of 

5.5ï6.0 compared to the lower and higher investigated nutrient solution pH treatment. 

Investigated nutrient solution pH interval had no significant effect on perilla shoot biomass 

accumulation.  

Maximum plant growth is achieved when photosynthesis parameters are met, and external 

stress factors are minimized (Sharma et al., 2020). It's worth highlighting that even minor 

differences in nutrient solution pH can significantly impact antioxidant parameters, primarily in 

roots of investigated plants. For instance, lettuce cultivated in a nutrient solution pH of 5.0ï5.5 

exhibited an 85% higher root ABTS scavenging ability compared to lettuces cultivated under pH 

6.0ï6.5 (Table 3.1.1.2). Additionally, root Fe+2 reduction antioxidant power (FRAP) increased by 

20% in the lowest investigated pH 5.0ï5.5 treatment compared to the pH interval of 5.5ï6.0 in 

hydroponically cultivated perilla (Table 3.1.3.2). A notable 75% increase in ice plant root DPPH 

free radical scavenging activity was recorded in plants cultivated in the nutrient solution pH 

interval of 5.5ï6.0 compared to the 6.0ï6.5 treatment (Table 3.1.4.2). Conversely, the opposite 

trend to previous plants was observed in DPPH and ABTS free radical scavenging activity in 

purslane roots, with the highest activity recorded in the lowest acidity treatment of pH 6.0ï6.5. 

These findings underline the sensitivity of antioxidant parameters to variations in nutrient solution 

pH.  

According to (Roosta, 2011) reducing the pH of the nutrient solution to 5.0 was reported 

to enhance photosynthetic characteristics, such as the maximum quantum yield, in hydroponically 

cultivated lettuce. However, our findings indicate that lettuce and amaranth cultivated in nutrient 

solutions with pH ranging from 5.5 to 6.0 exhibited a 20% to 25% higher photosynthetic rate 

compared to those grown in solutions with higher acidity levels of 5.0 to 5.5 (Table 3.1.1.2 and 

Table 3.1.2.2). Conversely, perilla plants cultivated in nutrient solutions with a pH of 5.0 to 5.5 

demonstrated a 13% higher intrinsic quantum yield compared to those treated with pH 5.5 to 6.0 

(Table 3.1.3.2). While the photosynthetic parameters of ice plant were unaffected by nutrient 

solution pH (Table 3.1.4.2), purslane cultivated in solutions with pH 5.0 to 5.5 exhibited decreased 

intrinsic quantum yield (ūPSII, 30% to 31% lower) and higher non-photochemical quenching 

(NPQ, 3.1 to 3.6-fold higher) compared to plants cultivated in pH intervals of 5.5 to 6.0 and 6.0 

to 6.5 (Table 3.1.5.2). These findings underline the sensitivity of photosynthetic apparatus to 

nutrient solution pH. 

Shoot nitrate concentration reduces with increased nutrient solution acidity. A 1.5 pt pH 

difference from 5.5 to 4.0 pH reduced NO3
- content by 39% and 23% in hydroponically cultivated 
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Reichardia picroides, and Taraxacum officinale. Inversely, nutrient solution pH increment from 

4.0 to 7.0 increased nitrate content by 58/59% respectively (Alexopoulos et al., 2021). According 

to the results, while NO3
- content did not differ in hydroponically cultivated lettuce 

(Figure 3.1.1.2), perilla (Figure 3.1.3.2) in pH interval of 5.0ï6.5 (Figure 3.1.1.2), nitrite 

concentration was 2.26ï2.54 times higher in lettuces cultivated in nutrient solution pH 5.0ï5.5 

compared to those grown within the pH intervals of 5.5ï6.0 and 6.0ï6.5.  Amaranth grown in the 

pH interval of 5.0ï5.5 exhibited 4 times more nitrites and 66% more nitrates than amaranths 

(Figure 3.1.2.2) cultivated in the lowest acidity treatment (pH 6.0ï6.5). Ice plant and purslane 

shared the same NO3
ï accumulation tendency; plants cultivated in the nutrient solution of 5.5ï6.0 

had the highest quantity compared to other two pH intervals. These findings indicate that nitrate 

accumulation in shoots is crop dependent within the investigated pH range. Furthermore, 

decreased NO3
-
 concentration indicated higher nutritional value, therefore higher soluble sugar 

content is expected (Guo et al., 2019). Amaranths cultivated in nutrient solution pH of 6.0ï6.5 

exhibited the lowest nitrate accumulation and the highest amount of shoot glucose (Figure 

3.1.2.1). Although, there was no difference in NO3
-
 contents between treatment groups, the highest 

shoot glucose and fructose content was present in perilla cultivated in nutrient solution acidity pH 

of 6.0ï6.5 (Figure 3.1.3.1). There was no direct relationship between ice plant and purslane 

soluble hexoses and nitrate content. 

 Plant performance and behavior are reflected by multiple parameters, as indicated above 

and precise management needs to account every aspect of the cultivation for concise production. 

PCA analysis of lettuce (Figure 3.1.1.3), amaranth (Figure 3.1.2.3), perilla (Figure 3.1.3.3), ice 

plant (Figure 3.1.4.3) and purslane (Figure 3.1.5.3) indicates overall plant physiological response 

to differences in nutrient solution pH and, between other investigated parameters, distinguish root 

and shoot mineral contents as the primarily variable, defining plant reaction to the pH differences. 

This data indicates that even small pH fluctuations are important for efficient plant mineral 

nutrition, therefore, even without pronounced impact on plant productivity. 

Minor fluctuations in the nutrient solution pH as indicated in section 3.1 can lead to overall 

physiological differences among plant species, emphasizing the need for a deeper understanding 

of its initial buffering properties. Bugbee, 2004 emphasizes that the buffer capacity of the nutrient 

solution depletes with P absorption. Commonly all initial buffering capacity of the nutrient 

solution comes from P sources, traditionally KH2PO4. Based on Henderson-Hasselbalch equation 

(equation no. 2, section 3.2) theoretical buffer capacity (ɓ) was determined ï 0.21 mM/pH, in 

order to change nutrient solution pH by 1 pt only 0.21 mM of OH- or H+ ions are needed. 

Furthermore, empirical determination (0.165 mM/pH, figure 3.2.1.1), that includes all possible 

interactions between the nutrient solution and its surroundings, aligns with the theoretical value. 
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For precise nutrient solution control and predictive cultivation outcome pH fluctuations need to 

be readjusted actively or initial buffer capacity can be increased using various buffering agents. 

Moreover, nutrient solution buffer capacity can be endlessly increased but limitation would be 

plant physiological response. Plants cannot thrive in high salinity environments(Gupta & Huang, 

2014; Hasanuzzaman & Fujita, 2022). Potential buffers need to consist of the following 

properties: effective in the required pH interval, non-reactive with the nutrient solution, non-toxic, 

and compatible with biological systems. Zwitterionic or inorganic buffer buffers a suitable for this 

implication if their pKa value is near the desired pH interval. Inorganic buffers such as citric acid 

buffer may interact with the nutrient solution, forming chelates. On the other hand, various 

zwitterionic buffers used in biological systems comprise higher pKa values, such as MOPS (3-

(N-morpholino) propane sulfonic acid), HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid). Thus, their effectiveness in the narrow desired pH range of 6.0ï6.5 is limited. The most 

suitable and promising buffer is MES (2-(N-morpholino)ethanesulfonic acid), but a deeper 

understanding of plant physiological response to various concentrations of buffer concentration 

is needed. 

MES buffer usage for passive pH control for hydroponically grown plants has been 

scarcely researched for wheat (Bugbee & Salisbury, 1985; Miyasaka et al., 1988), Trifolium 

repens(Rys & Phung, 1985), soybean (NichoIas & Harper, 1993;  Imsande & Ralston, 1981), corn 

(Bugbee & Salisbury, 1985), lettuce (Bugbee & Salisbury, 1985), tomatoes (Bugbee & Salisbury, 

1985; Trientini et al., 2023), cucumber (Stahl et al., 1999) but it is difficult to compare the findings 

due to different cultivation techniques, nutrient solution composition, and other environmental 

factors. However, previous studies did not focus on plant physiological response to increased 

nutrient solution molarity; therefore, additional understanding of MES molarity effects on various 

plant physiological aspects is needed. Furthermore, MES usage as a pH control tool is once again 

suggested for small scale hydroponic cultivation (Trientini et al., 2023). Nutrient solution initial 

buffering capacity increment with 5 mM and 10 mM MES buffer increased the canopy yield of 

hydroponically grown Brassica napus L. 2-fold compared to the unbuffered hydroponic solution 

(Frick & Mitchell, 1993). Our findings show that the 3 mM MES treatment increased lettuce dry 

weight by 17% and leaf area by 22% compared with the nutrient solution without an additional 

buffering agent (Table 3.3.1). Nutrient solution buffering capacity significantly increased (Salis 

& Monduzzi, 2016) but the applicable concentration is limited to plant physiological response, 

and the supplementary buffering agent should be used at the lowest but effective concentration. 3 

mM MES or 5 mM MES buffering agent additive was sufficient to elevate the initial buffering 

capacity to mitigate pH fluctuations during lettuce vegetation. The 2 mM difference in MES 

molarity between the highest MES molarity treatments resulted in a increased NO2
-/NO3

- contents, 
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3.04-fold/52% respectively (Figure 3.3.3.). Photosynthesis characteristics with antioxidant 

properties reflect plant health in particular growth environment (Sharma et al., 2020). Increased 

transpiration rate and root antioxidant activity indicate a stressful growth environment due to the 

lack of buffering capacity in 0 mM MES treatment. Interestingly, increased antioxidant activity 

in roots at the 0 mM MES treatment is not reflected in leaves; both ABTS and DPPH free radical 

scavenging ability is undistinguished from the 3 mM MES treatment (Table 3.2.2). Zwitterionic 

buffers, including MES, can interact with biological systems and form complexes with metals 

(Ferreira et al., 2015). It is reported that MES can decrease cations availability, such as Mn, Ca, 

Cu, Mg, and Zn (Stahl et al., 1999). According to our findings, the 5 mM MES treatment decreased 

Mn accumulation in roots compared to the 0 mM MES treatment, and this tendency was not 

reflected in leaves (Table 3.3.3). On the contrary, Miyasaka et al. found that 5 mM MES buffer 

decreased Mn concentration in wheat shoots (Miyasaka et al., 1988). An inverse accumulation 

relationship was recorded with Zn. However, there was no significant difference in root 

accumulation in all treatment groups, but leaves accumulated 2-fold more Zn in a 3 mM MES 

treatment compared with the treatment without an additional buffering agent (Table 3.3.3). It is 

proven that MES concentrations from 1 mM to 10 mM provide adequate pH control through 

various plantsô vegetation, and it is not likely that MES is absorbed through root membrane due 

to relatively large molecular size (Trientini et al., 2023). MES, as a supplementary buffering agent, 

can be used as a passive and precise pH management tool, notwithstanding MES has a low cation 

binding possibility and adds additional compound to the nutrient solution, and it needs to be 

addressed before usage. According to the obtained results, we propose that 3 mM MES 

concentration is beneficial for deep water culture lettuce cultivation and sufficient to sustain pH 

in a precise range. 

As explained above it is beneficial to increase low initial (section 3.2) nutrient solution 

buffer capacity with 3mM MES buffer (section 3.3) and to maintain precise and narrow (pH 6.0ï

6.5) nutrient solution pH during plant vegetation (section 3.1) for precise and predictable 

production of the investigated green leafy vegetables. Moreover, another of the main factors that 

influences vertical farming viability in different ways is light. Firstly, light is one of the biggest 

OPEX (operational expenditure) of any CEA system (Arcasi et al., 2024). Secondly, unoptimized 

energy consumption has a burden on CO2 footprint and overall sustainability (Eaton et al., 2023). 

Finally, these two pillars directly depend on plant performance, which is directly linked to light 

utilization efficiency, which is crop-dependent (Sipos et al., 2021). Even more, light properties 

(spectrum, intensity, photoperiod) could be used as a tool for targeted physiological responses, 

such as altering mineral nutrition, nitrate/nitrite content, antioxidant response, and growth 

parameters. The scope of section 3.4 was to find the patterns of how various plant species behave 
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in buffered nutrient solutions under varying light intensity, searching for optimal resource use 

efficiency, plant productivity, and mineral nutrition. Insights from several species of plant 

photoresponses to different PPFDs can be utilized to target crop response and energy usage 

optimization.  

Light is the driving force of photosynthesis, and it is intuitive that biometric parameters 

directly depend on light intensity (Carotti et al., 2021). Leaf photosynthetic rate increases linearly 

with the light intensity until saturation point (Tarr et al., 2023). Furthermore, the PPFD increase 

oversaturation point can reduce light use efficiency (Pennisi, Blasioli, et al., 2019; Xin et al., 

2019), as energy inputs increase without proportional yield gain. In our study, biomass gain has 

linear dependencies on light intensity in the following plants: lettuces (green leaf, red leaf), 

amaranth, and purslane (R2 = 0.92ï0.98). Additionally, perilla and ice plant biomass gain had 

nonlinear dependences. Nerveless, the derivative parameter (ȹ FW (%)/ȹDLI%) explains how 

the percentage increase in DLI due to an increased PPFD affects the percentage of biomass gain 

between these PPFD treatments, excluding physiological differences between plants. Relative 

values quantify the selection of the most economically efficient gain in light intensity. According 

to (ȹ FW (%)/ȹDLI%) efficient light usage is crop dependent: for green lettuce light is the most 

efficient converted into biomass from 150 to 200 µmol m-2 s-1 PPFD (Figure 3.4.1.1), for red leaf 

lettuce ï from 150 to 200 µmol m-2 s-1 PPFD and from 250ï300 µmol m-2 s-1 PPFD (Figure 

3.4.2.1), for amaranth ï  from 150 to 200 µmol m-2 s-1 PPFD and from 250ï300 µmol m-2 s-1 PPFD 

(Figure 3.4.3.1), for perilla ï 200 to 250 µmol m-2 s-1 PPFD and from 250ï300 µmol m-2 s-1 PPFD, 

for ice plant ï from 150 to 200 µmol m-2 s-1 PPFD, for purslane ï from 200 to 250 µmol m-2s-1 

PPFD. Further biomass gain that surpasses the light saturation point can only be achieved with 

increased photoperiod (Kelly et al., 2020; Palmer & van Iersel, 2020; Shafiq et al., 2021). Access 

energy due to higher light intensity disrupts the balance between energy supply and consumption 

in plants, which results in the accumulation of excess energy in thylakoid membranes which has 

the potential to harm PSII and cause photoinhibition (Shafiq et al., 2021).  

Mineral uptake is not only influenced by nutrient solution pH (section 3.1) but also spectral or 

light intensity manipulations can alter mineral uptake. Spectral manipulations are more targeted to 

certain element biofortification (Brazaitytǟ et al., 2021). On the other hand, increased PPFD values 

can increase shoot nutrient uptake (He et al., 2023; Modarelli et al., 2022). Results suggest that 

increasing PPFD values and mineral accumulation is crop and element specific. For instance, it was 

shown that nutrient solution pH altered Mn accumulation in all investigated plant shoots and roots. 

Furthermore, light intensity increases from 150 to 300 µmol m-2 s-1 PPFD also influences shoot/root 

Mn accumulation. For both lettuce varieties Mn concentration decreased with increased light intensity 

in roots by 20% in green leaf lettuce (Table 3.4.1.3), 46% in red leaf lettuce (Table 3.4.2.3), but only 
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in red leaf lettuce shots Mn concentration increased by 30%, Mn concentration in green leaf lettuce 

shots did not differ between treatment groups. The same Mn accumulation tendency was shared by 

amaranth and ice plant; increased PPFD resulted in decreased root/shoot accumulation, for amaranth 

(Table 3.4.3.3) 34%/29% reduction, for ice plant (Table 3.4.5.3) 23%/16%. While root Mn 

accumulation decreased with increased light intensity by 25% there was no disparity between perilla 

(Table 3.4.4.3) shoots cultivated under 150 and 300 µmol m-2s-1 PPFD, but Mn concentration 

reduction (18ï21%) was recorded in 200ï250 µmol m-2 s-1 treated plants. Shoot Mn concentration 

increased 2.5-fold, root decreased 18.9 times of hydroponically cultivated purslane (Table 3.4.6.3).  

Nitrate/nitrite content in plants shoots depends on various light parameters: spectrum, 

photoperiod, intensity, and these findings are not directly transferable between different plants, 

therefore custom investigation is needed (Ferrón-Carrillo et al., 2021; Virġilǟ et al., 2019; Zhang 

et al., 2018). The NO3
- content was the lowest in green leaf lettuce cultivated under 150 and 300 

PPFD, but 300 µmol m-2 s-1 treated lettuce had the highest NO2
- content, 5.4 times more than 

lettuces cultivated under 150 µmol m-2 s-1 PPFD (Figure 3.4.1.3). Nitrate concentration was the 

highest under these PPFD treatments in the following plants: red leaf lettuce ï 250ï300 µmol m-

2s-1 PPFD (Table 3.4.2.3), perilla ï 250 µmol m-2 s-1 PPFD (Figure 3.4.4.3), ice plant ï 200ï250 

µmol m-2 s-1 PPFD (Figure 3.4.5.3), purslane ï 250ï300 µmol m-2 s-1 (Figure 3.4.6.3). 

Furthermore, not only nitrate assimilation is crop specific but also antioxidant parameters 

(Sutulienǟ et al., 2022) and photosynthetic characteristics (Mohamed et al., 2021) depend on the 

light intensity at the crop level. ABTS scavenging activity was 16% higher in green lettuce leaves 

(Table 3.4.1.2) cultivated under 150 µmol m-2 s-1 PPFD compared to lettuces cultivated under 300 

PPFD; increased antioxidant activity at 150 µmol m-2 s-1 PPFD was not present in red leaf lettuces 

(Table 3.4.2.2). The 150 µmol m-2 s-1 difference between the lowest and highest PPFD treatments 

resulted in 18% reduced intrinsic quantum yield (ūPSII) and 33% increased DDPH scavenging 

activity of hydroponically cultivated amaranth (Table 3.4.3.2). Roots of hydroponically cultivated 

perilla showed a more pronounced antioxidant response than leaves, even though leaf tissue 

displayed higher numerical antioxidant activity according to the ABTS and FRAP methods. Ice 

plants cultivated under the 300 µmol m-2 s-1 PPFD exhibited increased antioxidant activity 

according to ABTS and DDPH methods (Table 3.4.5.2). 54% difference between maximum 

(Fv/Fm) and intrinsic quantum (ūPSII) yields was recorded in purslane cultivated under 150 µmol 

m-2 s-1 PPFD (Table 3.4.6.2). 

Consumer demand for exceptional nutritional value and quality produce steadily grows 

over the years (Rahman et al., 2021), thus the importance of precise management increases 

together. As it is indicated in the results, predictable crop quality is achieved if environmental 

factors are consistent. Plant nutritional quality is characterized by many parameters, such as 
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vitamins, phytonutrients, proteins, carbohydrates, and mineral nutrition (Hounsome et al., 2008). 

Targeted mineral nutrition can be improved even with minor changes in nutrient solution pH or 

by varying the light intensity. For instance, Mn is an essential trace element that performs various 

functions in human metabolism (Islam et al., 2023). As indicated in the results, Mn accumulation 

is dependent on nutrient solution pH as light intensity in all investigated plants; thus, the 

combination of these factors can significantly increase its quantity. More crop dependent 

accumulation was present for other elements; therefore, exceptional mineral value could be 

achieved in precise vegetable production.  
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CONCLUSIONS 

1. Even minor (0.5 pt) nutrient solution pH differences in the range of 5.0ï6.5 pH 

significantly influence physiological response in different leafy vegetables, especially 

mineral accumulation and translocation between roots and leaves. In all the plants studied, 

the concentration of iron in the roots was significantly higher than in the leaves: lettuce 

(2.3ï5.0 times), amaranth (19.0ï36.0 times), perilla (9.0ï12.0 times), ice plant (2.7ï5.2 

times), purslane (2.4ï5.3 times), when comparing the respective pH ranges with each 

other. 

2. Nutrient solution acidity reduction from pH interval from 5.0ï5.5 pH to 6.0ï6.5 pH 

resulted in significant Mn shoot accumulation increase in lettuce (27%), amaranth (15%), 

perilla (112%) and reduction in ice plant (40%), purslane (38%); a more pronounced root 

accumulation increase in lettuce (111%), amaranth (103%), ice plant (90%) and reduction 

in perilla (54%), purslane (210%). 

3. Low (theoretical 0.210 mM/pH and empirical 0.165 mM/pH) initial nutrient solution 

buffer capacity is determined only by K2HPO4. Therefore, the nutrient solution's ability to 

mitigate nutrient solution pH fluctuations due to unequal mineral nutrition is limited. In a 

narrow pH range of 6.0ï6.5 it is beneficial to increase the nutrient solutionôs initial 

buffering capacity with MES (2-(N-morpholino)ethanesulfonic acid) buffer. 

4. Additional buffering capacity provided by 3mM MES buffer is sufficient to maintain 

nutrient solution pH range in a narrow 6.0ï6.5 range in deep water culture lettuce 

cultivation with no negative impact on lettuce physiological parameters; vice versa, 17% 

higher dry weight accumulation. Higher MES buffer concentration (5 mM) results in 

significant (52%) nitrate and nitrite (3 times) accumulation in lettuce leaves. 

5. Derivative parameter (ȹ FW (%)/ȹDLI%) reflects crop specific relative light use 

efficiency for plant biomass creation in controlled environment agriculture. Though the 

biomass of investigated green vegetables increases with rising lighting intensity, from an 

economic perspective, the most efficient light energy employment for plant productivity 

and efficient mineral nutrition occurs at 200ï250 µmol m-2 s-1. 

6. Increasing light intensity from 150 µmol m-2 s-1 to 300 µmol m-2 s-1 PPFD resulted in 

increasing concentration of phosphorus (P) and potassium (K) contents in investigated 

plant leaves, however Ca and Mg accumulation was higher only at plant specific, moderate 

lighting intensities.  

7. An inverse relationship of iron (Fe) accumulation between lettuce types and organs was 

found as light intensity increased from 150 µmol m-2 s-1 to 300 µmol m-2 s-1. The Fe 
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concentration in the roots of green leaf lettuce was 3.7ï4.6 times higher than in the leaves, 

but in the leaves of red leaf lettuce it was 2.0ï4.9 times higher than in the roots, comparing 

the PPFDôs treatment groups among themselves. 

8. Light intensity increase from 150 µmol m-2 s-1 PPFD to 300 µmol m-2 s-1 PPFD 

significantly reduced Mn accumulation in green and red leaf lettuce (20% and 46%), 

amaranth (34%), perilla (25%), ice plant (23%), purslane (18.9 fold) roots; increased in 

red leaf lettuce (30%), purslane (2.5 fold), reduced amaranth (29%), did not influenced 

green lettuce and perilla shoot accumulation. 

9. Mineral nutrition efficiency under precisely controlled environmental conditions is crop-

specific: succulent plants (ice plant and especially purslane) are more sensitive to mineral 

solution pH lighting intensity differences, compared to lettuces. The optimization of 

cultivation technologies in CEA for diverse leafy vegetables and seeking the best plant 

performance, mineral nutrition and resource use efficiency, should be plant centric and 

developed individually.  
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