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ABBREVIATIONS

CEAT controlled environment agriculture

PPFDi photosynthetighotonflux density

DLI T day light integral

pti change in pH units; 0.5 pt means the change 0.5 pH units.
DW i dry weight

FWT fresh weight

MEST 2-(N-morpholino)ethanesulfonic acid
pKai negative logarithm of dissociation constant
Pri photosynthetic rate,

gsi stomatal conductance

Ci/Cai the intercellular to ambient G@atio

Tri transpiration rate

WUE 1 water use efficiency

LUE T light use efficiency

Fv/FmT maximum quantum yield

a P Silidtrinsic quantum

NPQT non-photochemical quenching

ABTS1 2,2-azinobis (3-ethylbenzothiazoling-sulphonic acid)
DPPHi 2-diphenyt1-picrylhydrazyl

FRAPi Fe&* reducing antioxidant power assay
TPCi total phenolic compoursd



INTRODUCTION

Relevance of the topic

It is anticipated that the current food demand ddublein 2050 to feed the rising human
population(van Dijk et al., 2021)Moreover, traditional farming methods cannot fulfill uprising
needs alone due ttimate changéPraveen & Sharma, 2018nd arable land destructionP r £ v £ | i e
et al., 2021) Strategic implementation of controlled environment agriculture (CEA) could
improve overall food production sustainabil{owan et al., 2022Environmental factorsuch
as light, temperature, properties of the nutrient solutior,,d@@centration, and relative humidity
are controlled in CEA facilities, including vertical farms and Higth greenhousd®enke &
Tomkins, 2017) Despite this, [ant productivity is reaching its limits in the CEA. Sitill, the
boundaries can be moved a bit further if plant grergtated parameters are controlled in the
narrow cropspecific range and multiple cultivation parameter interaction is favof@balgaveena
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 isa predominant cultivation technique in CEA that uses nutrient solution
instead of soi(Fussy & Papenbrock, 2022)nd its popularity has steadily risen over the years.
hydroponic solution is a multivalent salt mixturéhat contains all necessary macro and
micronutrients in their respective concentratigMeselmani, 2023)Slightly acidic nutrient
solution pH is used for various plant cultivation in hydroponics, and the preferred range is from
5.5 to 6.5Alexopoulos et al., 2021)on availability is directly linked to the nutrient solution pH
(VelazquezGonzalez et al., 2022plant mineral nutrition is an active equilibridimased process
during plant growth, ions are absorbed unevenly, and due to uneven absoupiiemt solution
pH fluctuategSavvas & Gruda, 2018%uboptimal pH reduces plant productii@illespie etal.,

2021) and mineral nutrition effectivenegSambo et al., 2019)t is assumed that full plant
biological potential is achieved if exactop specific mineral nutrition needs are satisfied,
thereforegven minor nutrient solution pH differences will likddg physiologically reflected, but
further investigation is needd&aron et al., 2018)A nutrient solution's ability to mitigate pH
fluctuations is defined as buffering capacity, and its capacity is linidatgh 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 ir{femeatini et al.,
2023).Still, plantphysiological response limits used buffer concentrgfibnansari et al., 2021);
thereofthere is a necessity to investigate overall plants' physiological response to supplementary

buffer concentration.



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 CEA is a control tool that
profoundly influences plant growth and developmeight intensityis one of the most important
measurements in CEA that directly influences both plant photosynthesis and operatingsexpense
of any indoor farming facilitfKelly et al., 2020; Liu et al., 2022ffrom a physiological point of
light, plants can only absorb and use it efficiently until a certain saturation(Stiatiq et al.,
2021)and this saturation point is crop dependent. Therefore, precise determination of the most
suitable lighting intensity is a necessilyot only biomass gain is altered with the varying light
intensity, but various produce quality parameters can also be influenced with PPFD
manipulationsfor 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 propertig€Carrascosa et al., 202Fjor this reason, the portfolio of CEultivated
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 nutraceui@atéweltJones 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 strategidd/ithin the scope of thithesis various plant species that are not
common in CEA production, performance, angheral nutrition effectivenessere determined
in a precisely controlled environment.

Research hypothesislt 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 performasue the
effectiveness of mineral uptakedifferentleafy greens

The subject of researchThe research objects are different species of leafy g(esmhand green

leaf lettuce (Lactuca sativa lL.), red amaranth Amaranthus tricolor L.), ice plant
(Mesembryanthemum crystallinulm), perilla Perilla frutescend..) and purslane Portulaca
oleraceal..)), 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 resourcezatibn and production in

controlledenvironment agriculture.



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 sokekingto
develop a prasepH control method for controlled environmegriculture

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 densityharefficiency of
mineral nutritionof leafy greens grown in hydroponic nutrient solution with constant
physical properties.

Defended statements:

1. In precision controlled environment agricultumgnor (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 nutriergolution pH management
increment of initial buffering capacity is necessary

3. The addition of a MES (2N-morpholino)ethanesulfonic acid) buffering agent is effective
in maintaining a constant pH in the hydroponic solution, but at the sametenese 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 knowledgout thevalue of precise nutrient solution pH
control in combination with illumination for crop growth optimization in hydroporiys
analyzing and interpreting big data that consists of various plant quality parameters including
morphological parameters, photosynthetic respoaséipxidant activity, soluble sugar and
nitratgnitrite content mineral nutrition in shoots and roots was shown that minor changes in
the pH of the nutrient solution had significacdmbined physiological effects for various leafy
greens, and the most influenced parameter is plant mineral nutirapirical nutrient solution
buffering capacityaligns with theoretical, and the initial buffering capacity increment with 3 mM
MES buffer resulted in passive pH fluctuation mitigation in tlesired pH range during
hydroponic growth. Relative and optimal light use efficien@uiivar specificand various crops
for the first timeare compared with new derivatiparametershat eliminae physiological plant

differenceghat exist due to different plant life strategies
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Practical importance. The results of this research provide specific ptaaritric data, driven
precision management recommendations for leafy green cultivation while ensuring high and
known repetitive quality harvests during production cyclEsen 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 hydroponidarthermore light an be used efficiently from physiological and
economical perspective till certain saturation point and this point is crop spegeiBenhancing

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 (Qi3.[5, Plants (Q1, li®,5). The

main research results were presented at six international conferenc¢tsl8fthternational
Conference of young scientists on energy and natural sciences issues (CYSENI, oral
presentations, online, 2021, 2022);%3Mhternational Horticultual Congress (IHC, poster
presentation, France, 2022); 3rd International conference on the scientific actualities and
innovations in horticulture (SAIH, flash presentation, Lithuania, 2022Y! l@ternational
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 CultivatioohifHodel, oral
presentation, Spain, 2023)

Volume and structure ofthe dissertation. The dissertation consists of an introduction, literature
analysis, description of research methods, analysis of results, conclusions, list of used Jliterature
and list of publications published together withaxghors and appendice®! figures and38
tableswere used to illustratihe literature analysis, description of the research methodology, and

results. There ar206 sources in the bibliography, and the volume of the wotk'tspages
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1 LITERATURE REVIEW

1.1 Global perspectivesof controlled enviroment agriculture

Controlledenvironmengtgriculture (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 £€bncentration, are precisely managed for
seasonless, optimal production in greenhouses and vertical (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 by1@0% during this time(van Dijk et al., 2021)
Moreover, traditional farming technologies cannot meet such needs; they face challenges due to
climate changéPraveen & Sharma, 2018hd arable land destructionPr L v £ | i e. ltist al
worth noting that CEA technologies will not replace conventional farming methods, but strategic
implementation could improve overall food production sustainalfliywan et al., 2022)

Consumer demand and capability to purchase-igility produce are increasing. The rapid
growth of the CEA market further backs this. A 1266ARG (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 bi(li@ontrolled Environment Agriculture
Market Size by Crgp2022) Over half of indoor farming operations worldwide focus on
cultivating leafy vegetables rich in vitamins, minerals, fibers, and antioxid@isg et al.,

2020) CEA has the potential to improve vegetable productivity, nutritional quality, accessibility,
and food security, but it is energy and resountensive(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 fofdamd| et al., 2022; Ojo & Zahid, 2022;
Siregar et al., 2022)

1.2 Hydroponic cultivation

Hydroponics isa predominant cultivation technique in CEA that uses nutrient solution
instead of soi(Fussy & Papenbrock, 20229nd 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
(Figurel.2.1):

12



1 Deep water culture (DWQ) 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 systénSi f uent es Torres et a

1 Nutrient film technique (NFTi) 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 systensi f uent es Tor r ¢
2021)

1 Ebb and Flow (flood and draiii) 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(8etfmvan et al., 2022).

1 Aeroponics (aerosddased) 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 aerbased system@ akhiar et al.,

2018).

9 Drip systemi 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 cucu(BSleensnanda et al., 2018)

AEROPONIC

Figure 1.2.1Different types of hydroponics techniques.
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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 furthee nedste associated
with nutrient solution and water usa@l®. 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 managemen
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. Tablgé pr8sents elements that are
present in nutrient solution and describes their function in plants. Various crop/goswic
modi fications of Hoagl and @isnons&dHbagland,d944; dones, st i
1982) Furthermore, nutrient solution composition is not only especific but also depends on
the plant's development sta@dédeselmani, 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 develogidenet al., 2013) During
fruiting, plants benefit from low nitrogen (N) concentration and high potassiur(S@¢jlans &
Pefuelas, 2021 Additionally, targeted mineral biofortification is possible by modifying nutrient
solution compositiorgButuri et al., 2022)

Tablel1.3.1Functions of essential elements in plants. Ntrogen, Pi phosphorus, K potassium, Ca
calcium, Mgi manganese, B sulfur, Fei iron, MnT manganese, Zi zinc, Cui copper, Bi boron,

Mo'i molybdenum, Ni nickel.

Nutrient /available form Function in plants

] Essential for organic compounds, including proteins, coenzy
N/NO3', NH4* ] ] .
nucleic acids, and chlorophyKraiser et al., 2011)

Essential for organic compounds, including ATP (Adeno

)
_E P/H.PQ, HPQ? T | triphosphate), sugar phosphates, and phospholipiainbers &
g Plaxton, 2015)
g KK Important fort protein synthesis that requires high potassium lg
= coenzyme, and an enzyme activgtdasanuzzaman et al., 2018
Important for cell wall structure, membrane integrality; bi
Ca/Cg*

together adjacent cel(slepler, 2005)
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Nutrient /available form Function in plants

Ma/Ma2* Essential component of chlorophyll molecule, enzyme activa
g/Mg : .
(Kleczkowski & Ilgamberdiev, 2021)
. Important for amino acid and protein synthe@&rayan et al.
2023)
Essential for chlorophyll synthesis, enzyme activation; eleg
FelFé", F&' , ropnyl
carrier(Kobayashi & Nishizawa, 2012)
Enzyme activation in fatty acid synthesis, DNA (deoxyribonug
Mn/Mn?* acid), and RNA (ribonucleic acid) formation is involved in
production from water, enzyme cofac{@iejandro et al., 2020)
w —— Essential for enzyme activation, growth regulating, requireg
) n
_5 hormone indoleacetic acid formati¢ariduddin et al., 2022)
§ Important for enzyme function and electron car(Mr Kumar et
S Cu/Cu*, Cu
S al., 2021)
= i | Necessary for cell wall formation, carbohydrate metabo
B/BO3? | B4O7 _
(Shireen et al., 2018)
) Electron carrier for nitrate conversion into ammonium, require
Mo/MoO4? . o o
nitrogen fixation, enzyme activatigManuel et al., 2018)
Ni/Ni2* The structural component of many enzymes, nitrogen metab
i/Ni
(Vatansever et al., 2017)
Di ssolved salts in the Hoaglandds sol ut.

expressed in electrical conductivity (EC) units. Not only is the composition of nutrient solution
elements cropspecific but the combined nutrient concentration shdglullze tailored to specific
plant need¢Sathyanarayan et al., 2028pr enhanced growth, optimal salinity levels are needed.
For instance, nutrient solution salinity increase from 2.5cm$ to 15 mScm? reduced shoot

dry weight of hydroponically cultivatedortulaca oleraced.. by 23% in greenhouse conditions
and by 82.%2 in plants grown under the lower light intensity in a growth char(fe@nco et al.,
2011) However, salinity levels up to 10 ne8&1? did not induce shoot weight of hydroponically
cultivated basi{Scagel et al., 2019Even more, moderate (50 mM NaCl) salinity levels can act
as eustress and can increase antioxidant quantity without negatively influencing biomass gain of
hydroponically cultivated lettucgSantander et al., 2022)r conversely, high salinity levels can
reduce plant yield and productivifiiransari et al., 2021)Cropdependent response to nutrient

solution salinity indicates that various crops can tolerate high salinity levels while others cannot,

15
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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 §8exopoulos et al., 2021; Gillespie et al., 2020, 20Ri)
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
(VelazquezGonzalez et al., 2022Plants 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. officinale nutritional value (Alexopoulos et al., 20219r reduced the
severity of root rot caused . aphanidermatunwithout influencing basil growtliGillespie
etal., 2020) while the same nutrient solution pH inhibited spinach gr¢Gthespie et al., 2021)

40 45 50 55 6.0 65 7.0 75 80 85 9.0 9.5 10.0

Figure 1.3.1Effect of pH on the nutrient availability. Highlighted investigated pH interval afé650
Modified accordingVelazquezGonzalez et al., 2022)
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Plant mineral nutrition is an active equilibritimased proceg&riffiths & York, 2020) lons
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 innermeotbrane and the nutrient
solution (Figure 1.3.2). As cations are absorb€edpHs are released into the nutrient solution to
balance the charge difference. Conversely, {OHs are released when anions are absorbed to
compensate for the charge differe&avvas & Gruda, 2018)arious processes affect the
nutrient solution nutrient availability, such as precipitationpoecipitation, and complexation
(Sambo et al., 2019Pue to the increased alkalinity of the nutrient solution, cation precipitation

may occur of the following cations: iron, copper, and Zihcy. Lee et al., 2017)

Figure 1.3.2Example of unequal nutrient absorption from the nutrient solution. Nutrient solution buffer
capacity is broken by excess idns, and nutrient solution acidification occurs.

Charge equilibrium disruption due to unequal ion absorption results in the unbalanced
amount of excreted Hand 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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anionsi nutrient solution acidity increases; and vice versa, if the relative amount of anions
absorbed is greater than of catiorecidity decreases. A nutrient solution's ability to mitigate the
pH fluctuations is defined as solution buffer capacitis iften stated that nutrient solution used

in hydroponics has low/or limited buffer capadi8ingh et al., 2019)herefore, pH management

is needed to ensupptimal 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 forfeqaiale rang¢Cambra et al., 2018)

Plants are sensible to thé idn 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 yiettlioét therefore,
lime juice could be used as an alternative source for pH @®wgh et al., 2019)

Alternatively, optimal pH levels can be maintained passively during plant g{@wémtini
et al., 2023) Although passive pH management of the nutrient soltias not been widely
implemented, but some studies have investigated this approach, suggesting that it is a potentially
viable option worth considerin@. G. Bugbee & Salisbury, 1985; Nicholas & Harper, 1993)
two-way approach is possible for passive pH management in hydroponiexdioange resins'
pH control is based on the ion interchange between a solid surface and a nutrient solution. Possible
disadvantage removal of cations from the nutrient solutjosuch as magnesium or/and
manganesgB. G. Bugbee & Salisbury, 1985 mphoteric resins made with buffering and titrant
groups attached to a solid matrix can be featured with a constant isoelectric point (pl). Therefore,
pH can be maintained in the desired interval. The pH of the nutrient solution of hydroponically
grown Cichorum endioiawas passively maintained using amphoteric resin beads at 10%
(volume/volume), pT 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 iff@dbdfference in
end pH valugRighetti et al., 1991)Cation exchange resin beads incorporation into vermiculite
substrate 6% (v/v) ratio resulted in higher yieldsBrassica napud.. compared to 12%
incorporation, thus showing the importance of precise dq$age & 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 etkgiH range, nontoxic for
plant growth, and inert in the nutrient soluti@ambra et al., 2018Although 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 iiNeB/Aet al.,

2022; Wong et al., 2020)nitial 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 sol{@ioBugbee, 2004; B. G.
Bugbee & Salisbury, 1985)t was suggested that a 4 mM phosphate buffer concentration is
sufficient for pH contro(Saparamadu et al., 201Dbut it must be used with caution because it
was reported that phosphate concentrations above 1 mM can b@toXBich Thao et al., 2009)
therefore full pH control cannot be provided by phosphate buffer. Sodium bicarbonate (jJaHCO
can stabilize nutrient solutions in an alkaline environmeni.52r8M NaHCQ concentration
should provide adequate pH control in an alkaline hydroponic environment with the downside of
limited Fe absorptioCampbell & Nishio, 2000)

Organic, zwitterionic buffers are the preferable choice for passive pH management. Five
different buffers: MES (ZN-morpholino)ethanesulphonic acid), ADA {(8-acetamidoy-
iminodiacetic acid), ACES (N2-acetamidoR-aminoethanesulphonic acid), BES (b
(2-hydroxyethyl}2-aminoethanesulphonic acid), MOPS-{{8-morpholino)propanesulphonic
acid) were tested for pH mitigation durifigfolium repenggrowth. ADA and ACES completely
inhibited growth. MES, BES, and MOPS can be used for pH stabilizatiowhphiges directly
depend on buffer molaritfRys & 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¥he maximum buffer capacity is reached, when pKa value is near the
desired pH value. The nutrient solution is usually buffered withh 20 ImM MES buffer
concentration rangé. G. Bugbee & Salisbury, 1985} was reported that 2 mM MES buffer
concentration enhances hydronic soybean gr¢hviteande & Ralston, 1981frick and Mitchell
calm that hydroponic solution buffered with 5; 10 mM MES increased canopy Yyield of
hydroponically growrBrassica napus L2-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 absorptMiyasaka et al., 1988MES buffer can interact with
biological systems and form complexes with mef@srrénCarrillo et al., 2021) such as
manganese, calcium, copper, magnesium, and(3itatl et al., 1999Buffering 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 hydroponigsH management should be precisely determined so that excess
salinity can interfere with plant performan@@iransari 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. Therefdm®jzo@ the nutrient
solution properties can lead to exceptiogahlity produce. It is important to note that the best
outcome is achieved through optimizing nutrient solution properties, specifically maintaining
constant and narrow pH intervals, comhineith precise control of other environmental

parameters.
1.4 Atrtificial lighting in CEA

In CEA, light is one of the most important control parameters influencing overall plant
performancéNeo et al., 2022)Photosynthetically active radiation (PARjefers to an essential
electromagnetic spectrum for plant photosynthesis that ranges from 400 to 700 nanometers in
wavelengtiKutschera & Lamb, 2018puring the process of photosynthesis, plants convert light
energy into chemical energy, which fuels their growth, development, and produdlieispn &

Junge, 2015)PPFD (photosynthetic photon flux density) is expressed as micromoles of photons
in the visible electromagnetic range (PAR @000 nm) that fall on a unit of aera per time unit,
typically expressed as pmol-frs'. Another measure that quantifies light is daylight integral
(DLD). 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 {miay

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 absorptio®30 and 662 nm) and chitmphyll b (peak
absorptioni 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 lightabsorbing properties in the blue and green regions of the spectrum, absorbing light
and transferring the energy to the chloropibise et al., 2014)Anthocyanins, absorb light in
the blue and green regions, provide photoprotection to plants facing high light irradiande
et al., 2021)

Other wavelengths of light (not primary or secondary chlorophyll absorption) are involved
in various plant functions. UV radiatiérincreases plant growth and defe(iganhaelewyn eal.,

2020) blue light 7 regulates growth, phototropism, stomatal opening, and circadian rhythms
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(Costine et al., 2022; Gehring & Rosbash, 20@8en light influences plant morphology and
contributes to photosynthesis, albeit to a lesser extent compared to other wavéléegistal.,

2020) red lighti photomorphogenesis and regulation of flowering time, influencing plant growth
and developmen{DemotesMainard et al., 2016)far red i shade avoidance, governs seed
germination(Y. Park & Runkle, 2018)nearinfraredi not directly utilized in photosynthesis, but
modulates water ug&ozuki et al., 2015a)T his 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 cycl¢Paradiso & Proietti, 2022)

1.4.1 Lightasa tool for control plant physiological response

Photoperiod, intensity, and spectrumthree main lighting parameters that profoundly
influence plant growth and development. Photoperiatliration of light and dark periods in a
day, serves as an environmental clue that influences plant physiologicakges. Various
research studies have shown that photoperiod significantly influences growth i(AG&#As &
Langton, 2005)For instance, hydroponically cultivated ice plant productivity increased with DLI
increasing from 6.3 mol thd* (8 hour photoperiod) to 15.8 molfrd™ (20 hour photoperiod),
while 24hour photoperiod reduced productivii¥ia & Mattson, 2022)While higher DLI levels
correlated with improved lettuce growth and enhanced quality, the growth varies depending on
specific PPFD and employed photoper{getlly et al., 2020)iceberg lettuce quality and yield
are enhanced with increased photope(ishdeep Kaur et al., 2023)ontinuous illumination
can improve the yield and quality of hydroponically cultivated rocfrsietti et al., 2021)Not
only yield but also various produce quality parameters are influenced by the photoperiod, for
example, sensory quality of hydroponically grown lettikezuki et al., 2015b)Increased
photoperiod reduced hydroponically cultivated lettuce's shoot zinc and nitrogen ¢&uegit
Huang, Song, et al., 202Mhotosynthetic properties, such as, maximum quantum yield, intrinsic
quantum yield, and ETR is photoperiod dependedetet al., 2023)the highest intrinsic quantum
yield was recorded in rockets cultivated inHdur photoperiod, thus showing the importance of
photoperiod for photosynthetic apparatibnardy et al., 2021 0verall 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., 2022From 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 oénergy 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 photoinh{Btiaing et al., 2021 )From

the grower's perspective, artificial lighting intensity is directly linked to electricity cost.
Furthermore, the neaptimal, 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 interi€i&yotti et al.,

2021) Kale and spinach fresh and dry weight increased linearly as the PPFD increased from 125
to 620 pmol n? st (Lefsrud et al., 2006)Furthermore, the leaf photosynthetic rate linearly
increases until the light saturation pdinarr et al., 2023)Light use efficiency is reduced if PPFD

Is increased over this saturation pqidénnisi, Blasioli, et al., 2019; Xin et al., 2018umerous
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 umol mi? sPPFD(DLI 14.4 mol m? d* (Pennisi et al., 2020p24umol m? s PPFDDLI

12.9 mol n? d* (Dou et al., 2018)500umol m? s* PPFDDLI 28.8 mol m? d! (Beaman et al.,

2009) or even further, highest biomass is achieved when basil is cultivated und&P6DDLI

38.9 mol n? d?, but then the quality of produce redudésirsen et al., 2020)For lettuce,
maximum biomass gain was achieved in lettuces cultivated undePRBBD pmol n? sY/DLI

17.3 mol n? d! in vertical farming conditiongMiao et al., 2023)Unfortunately, tip burn is
already emerging at this light intensityliao et al., 2023)Furthermore, optimal light intensity

for lettuce biomass production is temperature deperfdbou et al., 20193nd researchers rather
agree that optimal light intensity for lettuce production isi280 PPFDumol m? s (Boros et

al., 2023) Ice plant biomass gain is reduced under high PRFBeplian et al., 2018)}his
reduction may be related to ice plate switching photosynthesis type under stress conditions
(Broetto et al., 2002)The optimal biomass gain for purslane was obtain@2@pumol m? st
PPFDDLI 28.8 mol n?? d* (He et al., 2023)These results confirm that biomass gain, which is a
top priority for any indoor facility, is crogpecific. Moreover, lineadependencies 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 cabgpendent. 50fmol mi? s PPFD difference between the
highest (620 pmol M s PPFD) and the lowest (125 pmol?s® PPFD) resulted in reduced
calcium and potassium accumulation in kale leaves, while their concentration ins spinach shoot
increasedLefsrud et al., 2006)Higher 350600 umol n¥ s PPFD values reduced nitrogen,
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phosphorus, and potassium uptake in lett(@e Zhou et al., 2019)The highest mineral
concentration, K, Ca, Ca, Mg, and Fe was present in the hydroponically cultivated purslane under
320 pumol nm? s PPFD andl8 hours photoperiod. Increased DLI from 4.68 md day? to
9.06mol m? day? positively correlated with contents of magnesium and potassium but negatively
with contents of calcium and iron in coriander cultivated in vertical farming cond{®asshko
et al., 2023) The net photosynthetic rate increased with light intensity, reaching the maximum
value in lettuces cultivated under 300 pmot st PPFD(Miao et al., 2023)Iincreased DLI (12.9,
16,5, 17,8 mol M d?) compared to (9.3 and 11.5 mol?nd?) resulted in higher net
photosynthesis, transpiration ratand stomatal conductance in sweet bgBibu et al.,
2018)Nitrate accumulation is cropependent, but overall nitrate content tends to decrease with
increasing light intensitfNajera & Urrestarazu, 2019%jurthermore, an appropriate light strategy
can reduce nitrate content without diminishing the yfblidole et al., 2019and increase soluble
sugar and vitamin conte(#V. L. Zhou et al., 2012)Plant antioxidant system response depends
on light intensity( Sa mu o | i e n a Exeess photon energy @skdtinted with higher light
intensity increases antioxidant system capacity. Therefore, w@rartexposure to high light
intensity can increase lettuce antioxidant nutritional védi®u et al., 2009)

The rapid development and implementation of lighmitting diodes (LEDSs) in horticulture
enabled endless spectral configurations that can be used for plant illumination i(B&&As
etal., 2018) Unlike traditional lighting sources such as fluorescent or ppigissure 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., 20R@d and blue light are both vital components for
plant growth under LED lighting in CEQAJ. Wang et al., 2016Redblue light ratio shoot/root
ratio; ice plant cultivated aeroponics unde¥®@d and 1% 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 efficierfBgnnisi, Orsini, et al., 201%ven more, the same
red and blue ratio (2:1) and photoperiod but provided in different alternating intervals can alter
the nutrition value of lettucéChen 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 (elecbn transport rate), and af@d difference was recorded between plants cultivated
under pure red illumination compared to b(i#e et al., 2017)Nitrate concentration reduction
and the increment of soluble sugar content are also dependent on\tieeredtio; lettuces
cultivated under a rédblue ratio of 4:1 resulted in the lowest nitrate conf@éfdnlai et al., 2013)

Mineral nutrition can be directly influenced by the\rblilie ratio; higher selenium accumulation
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in hydroponically cultivated lettuce leaves was recorded undiér@0e/10% red illumination
(Brazaityt awWhidetredand blue a2 the rhaan)components used in LED lighting in
horticulture, other wavelengths of light combined wield, and blue are beneficial for plant
growth. Partial blue light substitution with green light while maintaining the saméigied
percentage enhanced lettuce gro@®lon & Oh, 2015)and increased tomato biomas&iser

etal., 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 photosynthesfkiu & van lersel, 2021)Spectral supplementation with a low quantity

of additional farred light improves lettuce growth and bioactive compound content, such as
antioxidants and phenolic compound®e 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 tailoped 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 contemiseThlumination 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 optimaldht 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 factdviedical 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 solutionp, €@hcentration, and relative
humidity, and these factors are controlled in C@B®nke & 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 plantrelated data are analyzed corre¢tBjo & Zahid, 2022) Plant productivity
is reaching its limits in the CEA. Sitill, the boundaries can be moved a bit further if plant growth
related parameters are controlled in the narrow aqgrific range and multiple cultivation

parameter interaction is favorab{@agaveena et al.,, 2021For 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 Q&0 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 p&H5(5.5
range or finding plant tolerance limits outside the preferred pHerésection 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 ischieved 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 need@daron 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 propertieghsas 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. Convsely, longer photoperiod (18h/6h) and higher (0.75 strength relative
unit) resulted in elevated soluble sugar con{@&ung, Huang, Song, et al., 2020)oreover,
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 0Dbse?d@BFDU2S reative An®)INSC stiength and
150e mo 28 PPFD0.75 (relative unit) NSC strength; antioxidant content decreased with
increasing NSGSong, Huang, Hao, et al., 202Gurthermore, 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(8tutiest al.,

2023) It was shown that cilantro, dill, and parsley mineral nutrition accumulation depended more
on the DLI than the nutrient solution ECurrey 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 m@®aden

200 pumol n? s PPFD of sowthistle cultivated in plant factqGho 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 antioxida(#gong et al., 2020)Moreover, the cultivated leafy
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vegetable assortment is relatively narrow, and the research is based derhaid species, such
as lettuce, basil, spinach, ecSa mu o | i e n a Foeihstarce, lettuce Zdhguption is a
significant part of the diet in many countrigtospido et al., 2009and the demand has increased
over the yeargCasey et al., 2022) ettuces can be divided into five main tygeku, 2008)and
plant physiological response to environment factors is type and cultivar specific

1 Crisphead (Iceberg Lettucé)orms tight, compact heads with crisp leaves.

1 Romaine (Cos Lettucé)elongated, upright heads with crisp, sturdy leaves.

1 Butterhead (Butter Lettucé&)produces loose, tender heads with soft, buttery leaves.

1 Looseleaf (Leaf Lettuce) forms open heads or loose bunches without a defined core. It

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

1 Stem (Asparagus Lettucé)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 compoun(hi et al., 2022)The nutritional value and bioactive compound
content vary by type, with leaf and romaine lettuce being more nutr{tibus Kim et al., 2016)
Furthermore(Baslam et al., 2013je bioactive compounds are not evenly distributed between
the leaves (Baslam et al., 2013), and the production system influences lettuce(iylaatitys
etal., 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 efficodam be achieved if
environmental factors are stable in the optimal ra@lye et al., 2023) Additionally, crop
productivity related to nutrient solution temperat(fdakulla et al., 2021and composition
(Sapkota et al., 20193 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 propertig€Carrascosa et al., 202F)or this reason, the portfolio of CEAlltivated
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 nutraceutBzl$i et al., 2022; Cantwell
Jones et al., 2022Within 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 tthe Amaranthaceakamily, consisting of 70 species; among them, 17
are ediblgSarker et al., 2020Amaranth performs an efficient C4 photosynthesis pathway and

is a resilient crop that tolerates various abiotic strq&mger et al., 2022Amaranth leaves and
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stems are an economical source of various beneficial compounds, including carotenoids, proteins,
dietary fiber, antioxidants, and various minerélgahan 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 valuéofaranthus tricolorantioxidant activity

increased by um 9680 with 100 nM NaCl treatmeriSarker et al., 2018The suggested amaranth

density for hydroponics production isit® plantsm? (Maboko & Du Plooy, 2012)From the

research point of view, amaranth microgreen cultivation in the CEA environment is more
frequent. Maxi mum growth of amar ant h mi cr og
maxi mum | evel of phyt ochemical Measaetal.,@t20)ai ned
Furthermore, light spectra influence amaranth microgreens' yield but not soluble sugar content
(Toscano et al., 2021Alternatively, amaranth is suggested for the removal of heavy metals from
contaminated water due to its high metal accumulation afiityet al., 2013; Jha et al., 2023)

Perilla belongs to theamiaceadamily and performs the C3 photosynthesis path{yu
et al., 2022; R. Z. Wang, 200%listorically, perillas have been an important part of Chinese
medicine, utilizing both seeds and sho(med, 2018) Perilla frutescenscontains various
compounds beneficial for humans, including phenolic acids, flavonoids, essential oils, triterpenes,
carotenoids, phytosterols, fatty acids, tocopherols, and policoghimiset 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 td 8 mes in hydroponically
cultivated green perilla cultivar (EIC3.0 mScnt, 200 pmol n? s PPFD) and red cultivar (EC

3.0 mScm?, 300 umol n? s PPFS)(Lu et al., 2018) High nutrient solution salinity EC
6.0mScm? inhibitedPerilla frutescengrowth(Nguyen et al., 2021Furthermore, 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 rosnmic and caffeic acid. In contrast, L&A/ 365 nm and deep

blue 415 nm increased total anthocyanin confidguyen & Oh, 2022)

Ice plant oiMesembryanthemum crystallinum is a CAM photosynthesis pathway plant,
halophyte, that performs :Qohotosynthesis during the juvenile period. Furthermore, CAM
photosynthesis is expressed under salt stress condiiah® et al., 2022; K. S. Park et al., 2016)

Ice plant is a medicinal plant that is rich inpinitol, which is widely known to have potential
antidiabetic effects (Zhang et al., 2019). Furthermore, ice plant consists of significant amount of
other value compounds such as antioxidants, mineralpmtein{ J Uk absone et al .,
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 cultivatedM. crystallinumL. but compromises productivitiHe 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 unde®dd90% blue spectrungY. 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 prhail®PFD
(Weeplian et al., 2018)Furthermore, PPFD decreased from 150 pmdl st PPFD to

120 pmol n? s*PPFD reduced pinitol and mynositol concentratiofKim et al., 2018)

Purslane Rortulaca olearaced..) 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 benefitgSrivastava et al., 2023Purslane has high contents of om8datty acids,
polysaccharides, sterols, terpenoids, alkaloids, vitamins, and various minerals such as magnesium,
calcium, and potassium, which provide antiulcerogenic, anticancerjnfiathmatory, and
anticholinesterase propertié€arrascosa et al., 2023; Monte@arcia et al., 2023)Purslane
productivity and nutritional quality are influenced by plant production systems and environmental
factors (MontoyaGarcia et al., 2023)For instance, the nutrient solution salinity's effect on
purslane productivity is a widely researched figarrascosa et al., 202&8hd purslane is more
salt tolerant than any other vegetable crop. Furthermore, sakltigssed plants signify an
increased bioactive compound for economic (&eirul Alam et al., 2015) The salt stress
response is cultivar specific; salt stresssitive cultivar accumulated 3 times more ottty
acid under the same nutrient solution salinity treatment of 200 mM (a@ian et al., 2019)t
was demonstrated that red and blue LEDs outperform fluorescent lighting by promoting growth
and enhancing the nutrient content of purslane microg(&ngnez et al., 2021Furthermore,
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 plantgiratduand 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 systemunder different experimental hydroponic solution and lighting conditions
(Figure2.1.1) The primary focus was on green légtfuce [actuca sativeL.) 0 H.{Sgmimiso
Bayer, Germany), which is a commercial lettuce variety explicitly bred for CEA cultivation.

Figure2.1.1Research objects. (A)green leaf lettuce, (B)red leaf lettuce(C) i amaranth, (D) perilla,
(E)T Ice plant, (F)i purslane.
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The obtained effects were compared to lesf lettuce (actuca sativd,.) O Lol | o RoOS

(Organic way, European Union) and other leafy gresstbamaranth Amaranthus tricolor.)

0 Red AceplaatiMesg@mbryanthemum crystallinumn), greeneaf perilla Perilla frutescens
L.) and common purslan@¢@rtulaca oleraced..) (CN seedsPymoor,United Kingdom). These
plant species were selected due to their potentighé&driodiversification of the portfolio of leafy

greens cultivated in CEA.
2.2 Plant material and cultivation conditions

All experiments were performed in a waltkcontrolled environment chamber, replicating
common vertical farming conditions. Day/night temperatures of 21/17 + 2 °C were maintained
within a 16 h thermoperiod, relative humidity ofi®0%, and ambient C®concentration of
1000ppm. Artificial lighting was provided by dhannel controllable LED lighting units (FAS
GTR 2V 0021096109 C1 DL ST, Tungsram, Budapest, Hungary) thélpreselected light
spectral composition of deep red%1blue 206, white 134, far red #%6. Photosynthetic photon
flux density (PPFD) was measured and regulated apldrg's top level using a photométer
radiometer(R~100, Sonopan, Bialystok, Poland). If not indicated otherwise, the PPFD was
maintained at 250 + 10 pmol'As ¢, representing daily light integral (DLI) of 14.4 mol fd'*
throughoutthe 16 h photoperiod.

Seeds were germinated in wassaked rockwool cubes (20x28m, Grodan, Roermond,

The NetherlandsA single plant of both lettuce varieties, Ice plant and perilla was cultivated per
single rockwool cube; three plants per cube of amaranthsarahplants per cubef purslane.

On the 1 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 replicaiach DWC tank contained 12 pots, creating

50 pots per m cultivation density Plant cultivation density depended on plants per pot, as
indicated abovelhe commercial (Plagron, Ospel, The Netherlands) concentrate was utbed for
hydroponic nutrient solutionEqual parts of Hydro a (NPK-@1, Ca 4.2%, MgO 0.4%) and
Hydro b (NPK 13-6, MgO 1.4%) componentgere mixed with deionized water (ratio 1:400 for
each componentDepending 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 experimentalesignis presented in Figurg.31. The experimental work
sequence is divided intéour steps, and according teach step's findings, the next step's
experimental desigwas adjusted. In the first experiment (details presentsddtion2.3.1), 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 solutionsitdsesults indicated, precise control of
the pH of hydroponic nutrient solution éssentigland pH fluctuations during the cultivation
cycle are considerable; therefore, in the second seqiign2.3.2), the buffer capacity of the
nutrient solution was evaluated. The third stegcfion2.3.3) was dedicated to improving the
nutrient solution's low buffecapacity by adding buffering agents in different concentrations and
analysinglettuce'sphysiological responses. In the last stegc{ion2.3.4), 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.
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Figure 2.3.1Experimental design.

2.3.1 The impact of minor differenc@snutrient solution pH

In this experimentthe physiological response of different leafy green spediest(ca
sativa( L) . 0 Ainargnthosotricolor(L), Mesembryanthemum crystallinuth), Perilla
frutescengL), Portulaca oleracea(L).) to the minor (0.5 pt) pH differences of the hydroponic
nutrient solutiorwasinvestigated. Three nutrient solution pH treatmgpits5.0' 5.5, pH 5.56.0,
and pH 6.06.5, were maintained in the DWC hydroponic system and adjusted daily using
acid/base (BEBQW/KOH) titration (Figure2.3.1.]). The target pH value was the lower value within
a given interval. Throughout theeiltivation cycle the pH levels consistently shifted tawsa the

alkaline side butvere controllechotto 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 ofhe plants.

Treatment

5.0 55 6.0 6.5
Nutrient solution pH

Figure 2.3.11 Graphical representation of experimental pH interval treatment.

2.3.2 Nutrient solutiorbuffer capacity evaluatioand selection of buffering agent

Theorical nutrient solution buffer capacity was evaluated ughng Henderson
Hasselbalch equation. Calculations were based on photolytibas@ratio aa nutrient solution
pH 6.0.

For empirical nutrient solution buffer capacity determinatibmp-stageacid (HCI, 0.5N)
and base (NaOH, 0.5N) titration were performed by increasing titrant concentration findmn O
to 2mM in 10 stagespH was measured #te equilibrium point with &ench pHEC meter (Hi
552102, Hanna,Smithfield, USA) at each stagen 3 replicdions According to the titration
curves, anempirical nutrient solution was determined.

The chosen buffering agent, MES((2-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 conipgtibifectiveness, 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
6.0 6.5 MES buffering agent was usethis experiment investigated the impact of MES 0/1/3/5
mM on the buffering properties of the nutrient solution and lettuce's physiological response

Lett uc ewasubkd gsithe todel plant in this experim&hie nutrient solution'slectrical
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conductivity range (EC) was from 1300 + 66 p®* to 1620 + 26 uSm?. Plantbiometric

measurements and biochemical analyses were perforrtegt@thnical maturity stage

2.3.4 The impact of fjhting intensity under optimized hydroponic conditions

In this experiment, thelantlight use efficiency(LUE) of different leafy green species
under he lightingintensities common fo€EA cultivation was investigated using the optimized
hydroponic solutionwhich was buffered in a 3mM MES buffer to maintain nutrient solystén
interval of 6.0 6.5.Fourexperimental treatments of 150, 200, 2&6d 300 + 10 pmol rfs*were
performed, representing daily light integréDLIs) of 8.64 17.28 mol n? d throughout 16 h
photoperiod (Figure.34.1), while mainaining equal proportions of the spectral comgas.
Biometric measurements and biochemical analyses were performed at the technical maturity
stage.Plants cultivated irhis light optimization experimenivere Lactuca satival L ) . OHugi n
Lactuca sativa( L ) . 0 L o ArmmacanttRotscela(b),, Mesembryanthemum crystallinum

(L), Perilla frutescengL), Portulaca oleraceal).

18 17.28

DLI mol n?d+?

o N b~ OO

150 200 250 300
Light intensity pmol m st

Figure 2.34.1 Graphical representation of experimental setup and daily light integral (DLI) differences

(%) between treatments.

2.4 Measurements and Analyses

2.4.1 Plant norphological and nofdestructive measurements
For biometric and nedestructive measurements, three pmstaining 17 plants (see
section 2.2) were randomly selected from each DWC system, representing experimental
replication (9 pots per each treatmeRfr biochemical analyses, all plant material per treatment

replication was mixed, and conjugated samples (3 samples per treatment) from mixed plant

33



material were collected for analysis. All analytical measurememst® performed in three
analytical replications.

Biometric measurementBlant rootsandshoots were separated, and the fresh weight (FW)
and dry (DW) weight were determined withelactronic scale (Mettler Toledo AG64, Columbus,
OH, USA)before andafter tissue dehydration. Plant material was diedh lettuce varietiegt
70 °C for 48 h (VenticelBMT, Brnost Sed, Cz e c lfothd® kafyugkeéns)c) or
(FD-7, SIA Cryogenic and Vacuum Systems, Venspils, Latvia).

The plant leaf area was determined using a benchtop leaf area meter (AT Detaces,
Burwell, UK) of freshly harvested plant¥he total leaf area of all plants per pot (see section 2.2
for details) was measured, and the single plant leaf area was determideading it by the
number of plants per pot.

Leaf gas exchange indicd3hotosynthesis parameters were measured at the plant's technical
maturity stage. Measurements were performed from 9 to 12 am using a portable photosynthesis
system (LICOR 6400XT, Lincoln, NE, USA). The photosynthetic rate (Pr, pmo} @G s'1),
transpiration rate (Tr, mmol4® m 2 s1), stomatal conductance (gs, malHM 2 s'Y), and the
ratio of intercellular to ambient GQconcentration ((IC;) were measured on the third fully
developedplant leaf. Measurements were performed at the following leaf chamber conditions:
temperaturef 21 °C, the C@concentration of 400 umol md| relative humidity of 60%, and
artificial irradiation of ~1000 umol bt s'! were provided by 470 and 665 nm LED sources.
Derivative parameters such as water usage efficiency (WUE, umph@®f ! H,0) and light
use efficiency (LUE, mol COmol'! photons) were caldated using MS Excel.

Chlorophyll fluorescence determinatioMaximum quantum yield (Fv/Fm), Intrinsic
guant um vy i and dPQ((nofptdiodhgmical quenching) wedetermined using the
imaging PAM fluorometer M5eries MAXVersion (Walz, Effeltrich, Germany) dark (60 min)

acclimated plants performing Kautsky curve.

2.4.2 Determination of mineral nutrients

A modified microwaveassisted digestion technique was combined with @ES 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 rfataudjo 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 dfyooaterial was achieved
with 8 mL of 65% HNQ using a microwavassisted 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 mineld&Zed samples were diluted to 50 mL with ultrapure deionized water, filtered

with Whatman Grade 1 qualitative filt@aper, and stored at 4 °C until analysis. The nutrient
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concentration was analyzed using TCHES (SPECTRO Genesis spectrometer, Analytical
Instruments GmbH, Kleve, Germany). Mineral cont@ng L'!) was evaluatedccording to the
respective analytical wavebands for each element. The content of each element concentration was

recounted and expressed as migod dry weight.

2.4.3 Antioxidant activity and total phenolic content determination

Antioxidant properties of various leafyreen leaves and roots were expresseDRIBH
(2-diphenytl-picrylhydrazyl) and ABTS Z4,2-azincbis (3-ethylbenzothiazoling-sulphonic
acid) free radical scavenging activitys avell as ferric reduction antioxidant power (FRAP).
Additionally, the total content of phenolic compounds was determined. Plant material extracts
were prepared from freghoth lettuce varietie®)r lyophilized(other leafy greeng)lant material.

0.5 g of fresh material wagound with liqud nitrogen and diluted witB0% methanol 1:10 (w/v).
0.011 0.03g of lyophilized plant material wagroundwith 5 mL of 80% methanolSamples both
from fresh and lyophilized plant materialereincubatedor 24 hoursandcentrifuged (4500 rpm;
Z366, Hermle, Wehingen, Germangnd thesupernatant was used for analysis.

Stable 126.8 uM DPPH (100% purity; Sigr&rich, Burlington, MA, USA) solution was
prepared in methanol. Analysis was performed @8 plates by mixing 280 uL DPPH solution
with 20 pL of plant extract in each well; absorbance was read 515 nm (Spistidano, BMG
Labtech microplate reader, Ortenberg, Germany) at the sixteenth e Sharma & Bhat,
2009) Results were expressed as umol of DPPH scavenged per 1 g ddrirgdant weight
(mmol ¢! FW/DW).

The ABTS radical solution was prepared by mixing 50 mL of 2 mM ABTS with 200 pL
70 mM potassium persulfate&0s, allowing the mixture to stand in the dark for 16 h before use
(Re et al., 1999)Analysis was performed in 98ell plates by mixing 280 uL ABTS radical
solution with 20 pL of plant extract in each well; absorbance was read 734 nm (Sgtactiano,
BMG Labtech microplate reader, Ortenberg, Germany) after 10 min. Results were ek@®ss
umol ABTS scavenged by 1 g of frédhy plant weight (umol g FW/DW).

The FRAP method is based on®F®n reduction to F&. A freshworking 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 HCI and 20 mMzkeCl
6H20. Analysis was performed in 96 well plates by mixing 280 puL working solution with 20 pL of
plant extract in each well and incubating it in the dark for 30 minutes; absorbance was mead 593
(Spectrestar Nano, BMG Labtech microplate reader, Ortenberg, Gern{&yjzie & Strain,
1996) Results were expressed as umol &f Feduced by g of dry plant weight (umog' ! DW).

Total phenolic compounds (TPC) content was determined by mixing 20 uL plant extract
with 20 puL 10% (w/v) Foliii Ciocalteu reagent, 160 pL of 1 M BGOs solution and incubating
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it in dark for 20 minutes. Absorbance was read at 765 nm (SpaetrdNano, BMG Labtech
microplate reader, Ortenberg, GermgAynsworth & Gillespie, 2007)Results were expressed
asmg of TPC per dry plant weight (mg'dDW).
2.4.4 Solublesugar determination

0.5 g fresh(both lettuce varietieg)r 0.02 0.05g lyophilized(other leafy greendgaf/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 ‘@.+#he samples
were centrifuged at 14,000x g for 15 min and fétk through a 0.22 pm 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 fructosgglucose, sucrosemaltose 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 m 9 min, kept at 70% B for 1 min, raised back to 88% B in 2 amadl the
column was equilibrated to 88% B for 5 min. The flatewas0.8 ml min™,

2.4.5 Nitrate/itrite determination

Nitrate/nitrite content determination is based thre Griess reaction. From sample
preparation, dry plant material (0.05g) was subjected to a hot water extraction abé X&tlD
(w/v) on anorbital shaker for 30 min. Initial nitrite concentration and total nitrite after zinc
reduction were determined by diazotizing wathphanilamidend coupling with N(1- naphthyl}
ethylenediamine dihydrochloride to form a hightjlouredazo dyewith absorbance measuratl
540nm (Spectrestar Nano, BMG Labtech nmaplate reader, Germanylhe nitratecontentwas
calculatedrom the difference between the total nitrite content after reduction and the initial nitrite
concentration(Merino, 2009) Nitrate and nitrite contents (may?) 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 replicationsh = 9. Oneway ANOVA, using Tukeyb6s HSD
determine differences between applied pH intervals, MES molaaitg, lighting intensity
treatments at t he conf i demodeling meltwagidte pancipalp O C
component analysis (PCAnd correlation testsereperformed. Data were evaluated using MS
Excel and compatible XLStat 2022.3.1 (Addins®fris,France) sftware packages.
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3 RESULTS

3.1 Plant physiological response to minor nutrient solution pHlifferences

This section is focused am holistic view ofplant physiological response tbhe precise
managemendf minor nutrient solution pHlifferenceslt is widely acceptedhtat pH 5.56.5 is
the target pH for leafy green cultivati¢Gillespie et al., 2021)Our experimentakim wasto
evaluae if the different leafy greensould respoml to minor (0.5 pl0.5 pH unit)differences in
nutrient solutiorpH in this rangeThis will allow us to substantiate the necessity and significance
of precise pH control in CEA systenigvestigated pH intervals: pH 5.8.5, pH 5.56.0, pH 6.0
6.5. Cultivated plants: lLactuca sativa(L.) 0 H u gAmaranthug tricolor(L.) 3. Perilla
frutescengL.) 4. Mesembryanthemum crystallinyin) 5. Portulaca oleracealL.).

3.1.1 LactucasativgL.) 6 Hugi no
Nutrient solution pHlifferences between 5.0 and 6.5 do rewharkably impacthe growth
parameters of hydroponically cultivated lettuce (TaBl&é.1.). There are no statistically
significant differences in fresh and dry root and leaf weight. Howesttuck cultivated inthe
nutrientsolutionof the highestinvestigatedacidity (pH 5.0i 5.5), had thdowest plant height and
leaf areg5% and 3@%6 lower, respedvely, comparedo pH 6.0 6.5 treagd plants)

Table3.1.1.1Nutrient solution pH influence on biometparameters of hydroponically cultivated lettuce
of "Y& ). Different letters within the row indicate statistically significant differences between means
according to TukeyospOt @FWisfeesh weightdbWt dsyweighd ence | eve

Parameter pH 5.05.5 pH5.56.0 pH 6.0 6.5
Height cm 10.83+0.47 a 12.66+0.62 b 11.33+0.24 ab
Leaf area, crh  712.81 +84.54 a 967.30 £ 97.57b 924.13+74.92b
Leaf FW, g 30.59+422a 39.15+1.38a 37.84+254 a
Leaf DW, g 190+0.39a 196 +0.21a 2.08+0.16 a
Root FW, g 471+0.32a 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

Despitethe minor impact of thautrient solutiorpH differenceson thegrowth parameters,
asignificantlettucephotosynthetic responses observe(lable3.1.12). Althoughtranspiration
rate (Tr) wasundistinguished between all treatment groups, photosynthetic rate (Pr) and light use
efficiency (LUE) were 2@ higher in lettuces cultivated in pH 5&0 compared to theore
acidic treatment(pH 5.0i 5.5). Interestingly,in lettuce cultivated in the highest pH 6.6.5
nutrient solutiona 324 reduction in stomatal conductance (gs) actibity 486 higher water use

efficiency (WUE) were determined compared with the lettuces cultivated in pHi%.®. The
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antioxidant properties (Table 3.1.1.2) of lettuces cultivated at different pH levels ctmdirtms

pH interval is tolerableABTS and DPPH free radical scavenging actidigl notsignificantly
differ in lettuce leavedHowever, roots of lettuce cultivated in the highesestigatedcidity (pH

5.0/ 5.5 nutrient solution resulted in 8bhigher ABTS free radical scavenging activity compared
to pH 6.0 6.5 treatment.

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

(of "Y& w. Different letters within the row indicate statistically significant differences between
means according to Tukepy®sO0.t(5s.t Rrt phhost stosegtaifti hdeetnic
conductance, @C. i the intercellular to ambient CQratio, Tr i transpiration rate, WUH water use

efficiency, LUE light use efficiency, FW fresh weightDPPH (2diphenyi1-picrylhydrazyl)and ABTS
(2,2-azinabis (3-ethylbenzothiazoliné-sulphonic acid) free radical scavenging activity

Photosynthetic characteristics

Parameter pH 5.05.5 pH 5.56.0 pH 6.0 6.5
Pr 12.23+1.06a 14.72+1.68b 12.32+1.49 a
gs 0.63+0.09b 0.68+0.14b 0.43+0.13 a
Ci/Ca 0.90+0.01b 0.90+0.02b 0.86 £ 0.03 a
Tr 4.38+0.39 a 4.39+0.65a 3.89+0.69 a
WUE 19.70+£3.57 a 22.06 £5.03 a 28.43+4.43Db
LUE 0.012+0.001a 0.015+0.002b 0.013+0.001a

Antioxidant activity
DPPH mmol ¢t FW 88.2 £ 10.59 a 62.4+15.34 a 65.4+16.32 a
ABTS pmol g* FW 41.4+7.10a 374+6.29a 39.8+8.34a
DPPH mmol ¢t FW 59.5+17.89 a 33.4+18.17 a 44.3+19.70 a
ABTS pmol g* FW 22.7+499b 14.0+1.39 ab 12.3+£1.01a

Leaf

Root

Analysis of soluble sugars, primary photosynthetic metabolibekcated two hexoses
fructose and glucosgin lettuce leavegraffinose, maltose and saccharose content was below
detection limit),however thesewere not detected in roots Glucased fructose content did not
differ betweerdifferent pHtreatmenintervals(Figure3.1.1.]. All treatments showed the same

glucose conterpattern that waslightly higher than fructose.
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Figure 3.1.1.1Nutrient solution pH impact on soluble hexoses content of hydroponically cultivated lettuce
(of "Y& w.Different letters indicate statistically significant differences between means according to
Tukeyodos test atpOt 6 EWibfreshweigdte nce | evel

Differences in mineral accumulation Iattuce organsdue to nutrient solution pH are
presented in Tablg.1.1.3 No significant differences were observedirk, and Se accumulation
among various pH treatments and lettuce ordagttuce exhibited the highest S concentration in
the pH range of 5i(%.5, with leaves accumulating three times more S than the foadtse pH
5.5 6.0 treatment, roots accumulated 42% higher Cu content compared to thanvestsjated
pH range of 5.05.5. Despite no significant effect on Cu accumulation in lettuce leaves due to
nutrient solution pH, leaves stored 7.6 times less Cu in the pid.B.5eatment compared to Cu
contents in rootsRoots accumutad higherP, Fe, and Mo concentratioirsthe corresponding
pH treatment compared with leaves. A lower pH range dfS65reducedmineral 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 acclatian in roots were observed due to varying
nutrient solution pH. Specifically, lettuce cultivated in the lower pH rande@6.5 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 6650. Conversely, cultivation in the lowasvestigated
pH resulted in a 44.7% accumulation of Mg in their roots compared to lettuce cultwatpH
of 5.56.0.
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Table 3.1.1.3 Nutrient solution pH impact on minerals accumulation in lettuce leaves and roots
(eft  w. Different letters within the rownd plant organindicate statistically significant differences
bet ween means according t opO uGk.eQBEospharus,$sulfus Bi t he
boron, Cui copper, Fd iron, Ki potassium, M@ magnesium, Mih manganese, Niasodium, Zri zinc,

Sei selenium, Mé molybdenum, DW dry weight.

Vineral Leaf, mg g* DW Root mg g DW

pH5.055 pH556.0 pH6.065 pH5055 pH556.0 pH6.06.5

P 9.00a 9.955b 10.391 b 19.681b 19.952 Db 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 0.015b 0.015b
Fe 0.058 a 0.070 b 0.077 c 0.291c 0.165 a 0.223 b
K 33.461la 34.040a 33.557 a 34.400a 34.530a 32471a
Mg 3.185a 3.131a 3.136 a 2.777b 2.488 a 2.610 a
Mn 0.214 a 0.219 a 0.272b 0.904 a 1.695b 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 0.079b
Se 0.045 a 0.039 a 0.035a 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 te nitrite (NO2>) concentration ohydroponicallycultivated
lettuce Figure3.1.12). Lettuces cultivated in the most acidic solut{gi 5.0 5.5) exhibiteda
2.26 to 2.54fold increase in nitrite content compared to those grown within the pH intervals of
5.56.0 and 6.06.5.
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Figure 3.1.12 Nutrient solution pH impact onitrite/nitrate content of hydroponically cultivated lettuce
(of "Y& w.Different letters indicate statistically significant differences between means according to
Tukeyods test atpOt 6 PWBdywéightdence | evel

The PCA (principal component analysis) score scatterpigtife 3.1.13) shows distinct
differencesin pH treatmerd and experimental replications according to average coordinates of
biometric parameters, antioxidant activity, mineral accumuigpbotosynthetic indices, soluble
sugar,and nitraténitrite content in hydroponically cultivated lettuce under three different pH
treatments: pH 5i®.5, pH 5.56.0, and 6.06.5. T h e P C A 6 sconfiponerggEl vs. W2)
explained 64.7% of the totaldatavariance. F1 approximatebxplained 486, whereas F219%
of the total variability According to factor loadingsTéble S1), the keyariablesdistinguishing
the impact ofpH 5.0 5.5 intervalfrom other pH treatmentsccording to the F1 component are
leaf area, antioxidant activity in roots, nitrite contemtd mineral accumulation in different plant
organs Photosynthéc properties (excluding water use efficiency and transpiration rate)

differentiate the treatmen#scordingio the F2 component
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Figure 3.1.1.3Principal component analysis (PCAgatterplot indicating distinabverall differences in
biometric parameters, antioxidant activity, mineral accumulatiphptosynthetic response, soluble
hexosesand nitraténitrite contentdepending on nutrient solution pH in lettuce cultivated in deep water

culture hydroponicsystem.

Key takeaways
1 Differences of 0.5 ph nutrient solution pHh therange of pH 5.06.5do notsignificantly
impactlettuce biomass productivity
1 However, eaf arearoot antioxidant activityJeaf nitrite content, and minerabntentsn
leaves and roots are the mainsceptiblephysiological parameters, distinguishing the
impacts ofminor pH differencesof nutrient solution on lettuce.
1 Lettuces cultivated in thiewer nutrient solution pH interval of 5i@.5accumulate@.3i
2.5times higheteafnitrite content compared to oth@t treatmendg despite no significant
pH impact on nitrate contents.
1 Nutrient solution pH had a more pronounced effect on mineral accumulation in roots than
in leaves ohydroponically cultivated lettuce.
1 Lettuces cultivated in the nutrient solution pH intersdk 5.5 exhibited enhanced root
antioxidant activity andestricted leaf area formation.
3.1.2 Amaranthus tricololL.)
Differences in nutrient solution pHhfluence growth parameters of hydroponically
cultivatedAmaranthus tricolor(L.) (Table3.1.2.). pH differencesin the rangdrom 50 to 65
did not affecamarantiroot freshand dry weight accumulatiorlowever, anaranth cultivateat
pH 5.5 6.0 wasdistinguished by 3% lower shoot fresh weight compared to those cultivated at
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pH 5.0 5.5 and 6.06.5, which did not differ statistically ibetween. The most aciditvestigated

pH of 5.0 5.5 resulted im37% increasd leaf areacomparedo plants cultivated in pH 5i5.0.

Table 3.1.2.1 Nutrient solution pH influence on biometrizarameters of hydroponically cultivated
amaranth(af "Y@& «). Different letters within the row indicate statistically significant differences

bet ween means according topO®ue® FWibfeshwaghtDWiadry t he ¢
weight.

Parameter pH 5.05.5 pH 5.56.0 pH 6.0 6.5
Height, cm 16.33+£0.24 b 145+0.41a 18.33+0.47c
Leafarea cn? 122.46 +9.06 b 89.64 £ 9.64 a 112.58 +9.79 ab
Leaf FW, g 439+04Db 3.24+0.32a 437+0.26Db
Leaf DW, g 0.44 £ 0.04 ab 0.34+£0.03a 0.47+£0.03b
Root FW, g 2.85+0.2a 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 antioxidargarameters did not differ betweamaranthsultivated in different
acidity nutrient solutionsdistinct photosyntheéc paraneters were observed(Table 3.1.22).
Thoughintrinsicquanturmyield (0 P S) did not differ betweepH treatments4ill, the maximum
guantum yield was P4 lower in the lowest pH treatmembterval compared to amaranth
cultivated intheinterval ofpH 5.5 6.5.A 20% reduction in photosynthesis rate (Pr) was observed
between the same treatment groug®e highest values of light use efficien@yJE), water use
efficiency (WUE), and norphotochemical quenching (NPQ) were recorded in amaranth
cultivated in the pH 51%.0,and NPQ was 1.6 times higher compai@gdlants cultivated in the
most acidiutrient solution (pH 5i0.5). Amaranth cultivated in the pH intervad 6.0/ 6.5 had
a33% higher transpiration rate (Tr) and 23% higher stomatal conductance activity compared with
theplants cultivated unddowest pH intervabf 5.0'5.5.
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Table 3.1.22 Nutrient solution pH impact ommaranth photosynthetic and antioxidargarameters

(of "Y& w. Different letters within the row indicate statistically significant differences between
means according to Tukepy®s0.t(5s.t Rrt phhost stosegtaifti hdeetnic
conductance, @C. i the intercellular to ambient CQratio, Tr i transpiration rate, WUH water use

efficiency, LUE light use efficiencyDW i dry weight DPPH (2diphenyi1-picrylhydrazyl) and ABTS
(2,2-azincbis (3ethylbenzothiazoliné-sulphonic acid) free radical scavenging activifRAPT Ferric

reducing atioxidant power. TPC total phenolic compounds.

Photosynthetic characteristics

Parameter pH 5.05.5 pH 5.56.0 pH 6.0 6.5

Pr 584+1.13b 7.32+026¢c 527+0.79a

gs 0.09+0.01 a 0.09+0.02a 0.12+0.04b

Tr 0.75+0.12 a 0.72+0.13a 0.92+0.24b

Ci/Ca 0.71+0.06 b 0.63+0.08a 0.78+0.09c
WUE 65.63+15.62b 84.67+19.89c 49.94+2246a
LUE 0.006 £ 0.0011 b 0.007 +0.0003 ¢ 0.005 + 0.0008 ¢
Fv/IFm 0.56 + 0.08 a 0.63+0.04b 0.61+0.04ab

aPsSI | 0.49+0.09 a 0.47 £0.06 a 0.49+0.05a

NPQ 0.05+0.02 a 0.13+0.03c 0.08+0.02b

Antioxidant activity

DPPH, mmol ¢ DW 90.03+20.36a 9554+7.27a 95.91+4.86a
ABTS, umol g DW 457.26 + 59.63 a 438.84 + 55.33 ¢ 436.94 + 19.65 ¢
eaf FRAP, umolFe (I) g1 DW 372.43 +12.63 a 346.24 + 11.63 ¢ 350.85 + 15.72 ¢
TPC, mg g'DW 14.85+2.46 a 1597 +£276a 14.79+1.38a
DPPH, mmol ¢ DW 11293 +39.3a 92.67+33.61a 100.2+24.41a
ABTS, umol g' DW 362.22 £+ 42.54 a 401.15+45.34 ¢ 392.88 + 48.91 ¢
Root FRAP, umolFe (I) g' DW 329.22 +11.07 a 354.08 + 23.52 ¢ 335.85+5.09 a

TPC, mg ¢ DW 13.32+1.12a 13.46+0.82a 145%0.88a

Soluble sugar analysis indicated two hexp$estose,and glucosdFigure3.1.2.7), in
amaranth leaves and rogisaltose, raffinose and saccharose content was below detection limit)
The root tissue displayesimilar pattern, with 2.162.91 times higheiructose (A)andgluccse
(B) contentthanthe leaves. Whileoot fructose levels remained consistent acquddreatment
groups, glucose content was 31% highethim roots ofamarantk cultivated in the pH 6i06.5

interval compared to the highest acidity treatment. This trend was consistéstiyved in leaf
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tissue for both detected sugars, with 77% more glucose and 32% more fructosemptbhsquit
6.0/ 6.5treatedplants

(A) m Leaf fructose m Root fructose

pH 5.@5.5 pH 5.%6.0 pH 6.@6.5
pH interval

(B) m Leaf glucose m Root glucose

pH 5.@5.5 pH 5.%6.0 pH 6.@6.5
pH interval

Figure 3.1.2.1 Nutrient solution pH impact on soluble hexoses content of hydroponically cultivated
amaranth(cf "Y& w: (A7 fructose(B)i glucoseDifferent letters indicate statistically significant

differences between means accorpdi ®dWiSdyweBighkey o s

The differences in mineral accumulation in amaranth tissues daéféoent nutrient
solutions’pH are presented ihable3.1.2.3 There was no significant difference in the S, Al, K,
Mg, and Na accumulation inamaranthleavesacross different pH treatmentémaranths,
cultivated in pHof 5.0/ 5.5, contained the highest P concentration in leatele exhibiting the
lowestP accumulation in rootdMoreover, gynificantly higher Al, Fe, KandNa contentin roots
wasobserved in alpH treatments compared tioe leavesbutfor Ca, higher concentrationsere
observedin leaves comparetb the roots.Reduced nutrient solution acidity resultedarnFe
accumulation decrease in roots: amaranths cultivated in the pH inbé&v& 5.5 accumulated

2.32 times moré&ecompareglants cultivated under pH interval of pH 6805.Increased nutrient
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solution acidity in the loweshvestigategH treatmen{(5.0i 5.5) slightly reducedB, Ca, andvin
accumulationin leaves, whilesevere 7% Cu reduction was observed comparedptants
cultivated under pH interval of 6.6.5.Nutrient solution pH difference between the high{6<i
6.5)and lowes{pH 5.0 5.5)treatmeninvestigatedyroups resulted ia 2fold disparity in Al and

Mn accumulation in roots.

Table 3.1.23 Nutrient solution pH impact on minerals accumulationaimaranthleaves and roots

(oft . Different letters within the rowand plant orgarindicate statistically significant differences

t op O ukk.enPBosphBrus, $ sulfua, Bi t h e
boron, Cui copper, Féd iron, Ki potassium, M@ magnesium, Mih manganese, Niasodium, Zri zinc,

bet ween

means

Mo 1 molybdenum, DW dry weight.

according

Leaf, mg g' DW Root, mg ¢t DW
Mineral
pH5.055 pH556.0 pH6.065 PpH5055 pH556.0 pH6.06.5
P 0.753 b 0.724 a 0.719 a 0.628 a 0.666 b 0.615b
S 0.266 a 0.264 a 0.267 a 0.234 a 0.238 a 0.232 a
Al 0.191a 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 34412 b 16.789 b 13.143a 11.415ab
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 0.019b 0.016 a
Cu 0.006 a 0.008 b 0.010b 0.004 b 0.003 a 0.001 a
Fe 0.081 b 0.078 b 0.066 a 2.910c 1413 a 1.253 b
K 38.919 a 38.036 a 37.982 a 59.439a 63.046b 60.154 ab
Mg 8.588 a 8.761 a 8.607 a 8.920 b 8.027 b 9.280 a
Mn 0.239b 0.227 a 0.274 c 0.719c 0.665 b 1.461 a
Na 0.316 a 0.322 a 0.320 a 1.810b 1.240 a 1.241 ab
Zn 0.028 a 0.029 a 0.035b 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 0.005c

amaranth leave$-{gure 3.1.2.2 Amaranthgrownin thepH interval of 5.05.5exhibited 4 times
more nitrites and 8 more nitrateshanamaranths cultivated in the lowest acidity treatnipH
6.0/ 6.5). Notably,nitrite contentvasundistinguishedbetweeramaranths cultivated in the lowest
investigatedcidity (5.0/ 5.5)treatment group anplants cultivated in nutrient solution pH of 5.5

Differences in nutrient solution pH affectlitD,/NO3” content in hydroponically cultivated

6.0.
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Figure3.1.22 Nutrient solution pH impact amtrite/nitrate content of hydroponically cultivatetharanth
shoots(af "Y& w. Different letters indicate statistically significant differences between means
according to TukeyodospOt @dstObdywBighihe confi dence | eve

The PCA score scatterploFigure 3.1.23) shows distinct differencebetween pH
treatments and experimental replications according to average coordinates of biometric
parameters, antioxidant activity, mineral accumutathotosynthetic indices, solutdagarand
nitrategnitrites content in hydroponically cultivatadharanttunder three different pH treatments.
The PCAOG scomponerggfFl vs. w2) explained 60.2d4 of the totaldatavariance. F1
approximately explained 34, whereas F27% of the tdal variability. According to factor
loadings Table S2)the keyvariablesdistinguishingamaranthcultivated inpH 6.0 6.5 from
lower pH treatments according to the F1 componeete soluble sugar, nitrite conterédnd
mineral accumulation in different plant orgamghile biometric parameters, photosynthetic
indices and nitrate contertifferentiate thgoH 5.5 6.0from other pHreatmentsccording td-2

component.
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Figure 3.1.23 Principal component analysis (PCA) scatterplot indicating distinct differences in biometric
parameters, antioxidant activity, mineral accumulation, photosynthetic response, soluble hamdses
nitrate/nitrite content depending on nutrient solution pHaimaranthcultivated in deep water culture

hydroponic system.

Key takeaways
1 Biometric parameters, photosynthetic indi@® nitrate conterh amaranttifferentiate
the pH 5.56.0 fromthe otherpH treatmentsit is distinguished by 3 lower shoot fresh
weight
1 Plant photosynthetic responskpends on nutrient solution pH; rRphotochemical
guenching value was 1.6 times higher in the amaranth cultivated in the lowest acidity
nutrient solution (pH 613%.5) compared to the.0 6.0 treatmerst
1 Amaranth cultivated in theower pH nutrient solutiontendsto accumulate nitrates and
nitrites: pH interval of 5.05.5resulted ir4 times more nitrites and &6nitrates content
compared with pH 6i@.5treatment
1 Nutrient solution pH had a more pronounced effect on mineral accumulation in roots than
in leaves of hydroponically cultivateamaranth
3.1.3 Perilla frutescengL.)
Nutrient solution pH differences significantly influenced growth paraméteasnaranth
(Table3.1.2.1). However, perilla demonstratedt@mperate respongdable 3.1.3.L pH shift
from 5.0to 6.5 did not affect root or leaf dry and fresh weight accumulatideaf area. Notably,
plant height was 1@.8% lower in the plants cultivated in the nutrient solution withHhinterval

of 5.5 6.0compared to othgyH treatmets.
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Table3.1.3.1Nutrient solution pH influence on biometric parameters of hydroponically cultiyeelta
(of "Y& ). Different letters within the row indicate statistically significant differences between
means according to Tukepo § . Disiesh walght, DWhdey weightn f i d e n ¢ .

Parameter pH5.05.5 pH 5.56.0 pH 6.0 6.5
Height, cm 7.93+0.45b 6.7+0.14 a 78+0.16b
Leaf area, crh 189.42 +26.51a 186.54+16.04a 197.69+12.78a
Leaf FW, g 423+0.76 a 4.1 +0.48 a 42+03a
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 notexhibitdistinguishable effects liraves Still, rootFe? reduction powe(FRAP)increased
by 20% in the lowesinvestigatedH (5.0/ 5.5) treatment compared to the pH intergépH 5.5
6.0(Table 3.1.3.2 A noticeable change in the photosynthetic responsalsasbservedTable
3.1.3.3; although maximum second photosystem capd€&wFm) did not differ between pH
treatmentshydrogen ion concentration in the nutrient solution influenced intrinsic quantum vyield
(0 P S).IThe highest difference between maxim{iwFm) andintrinsic quantun{a P ) yiélds
wasrecorded in plants cultivated apH interval of 5.56.0. Interestingly the transpiratiorfTr)
rate did not differ between perilla cultivated in pH of i®®, but increased nutrient solution
acidity (pH 5.0 5.5)resulted in &% increase in photosynthetic ratempared to plants cultied
in nutrient solution pH of 5i%.0. The most efficient water utilizatiofWWUE) aligned with the
highest intrinsic quantum yielthat was present in plants cultivated in pH interval of 5.9.
Perilla cultivated in theautrient solution pH 6136.5 had 226 higher stomal conductanggs)

activity compared to lowest investigated pH ofi%(5b.
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Table 3.1.32 Nutrient solution pH impact on lettuce photosynthetic and antioxigemameters

(of "Y& w. Different letters within the row indicate statistically significant differences between
means according to Tukepy®s0.t(5s.t Rrt phhost stosegtaifti hdeetnic
conductance, IC, i the intercellular to ambient CQratio, Tr i transpiration rate, WUE water use

efficiency, LUE light use efficiencygv/Fmi ma x i mu m q u a n t Uimrinsicigeahtumn, NPQP S| |
non-photochemicabuenching, DW dry weight.DPPH (2diphenyt1-picrylhydrazyl) and ABTS (2,2

azinobis (3-ethylbenzothiazoliné-sulphonic acid) free radical scavenging actiyigRAP i Ferric

reducing antioxidant poweil PCi total phenolic compounds.

Photosynthetic characteristics

Parameter pH 5.05.5 pH 5.56.0 pH 6.0 6.5
Pr 12.67+£054c 11.64+0.15a 12.07+0.43b
gs 0.23+0.02 a 023+0.01la 0.28+0.03b
Tr 19+0.1a 1.88+0.02a 2.17%0.16b
CilCa 0.74+£0.02 a 0.76 £0.01b 0.79+0.03c
WUE 55.05+4.19¢ 51.64+0.89a 43.37+6.00b
LUE 0.006+ 0.001b  0.007+0.001c 0.005% 0.001a
Fv/Fm 0.55+0.02 a 053+0.02a 0.53+0.03a
aPSI | 0.53+0.01c 0.47+0.01la 051+0.03b
NPQ 0.05+0.008a 0.013+0.006b 0.08+0.004a
Antioxidant activity
DPPH, mmol ¢ DW 31847 +£6.8a 317.26+6.52¢ 317.81+8.52a
L oaf ABTS, umol g* DW 198.58 +8.63a 204.3+224a 19454+529a
FRAP, umol Fe (Il) ¢ DW 17291 +6.56a 169.04+7.1a 167.37+23a
TPC, mg g'DW 515x05a 6.37x1.43a 556+141a
DPPH, mmol ¢ DW 295.74+2.38a 271.95+7.54¢ 263.67 +25.25 ¢
Root ABTS, umol g* DW 175.36 + 7.44a 15953+6.2a 169.25+3.18a
FRAP, pmol Fe (Il) § DW 146 +5.86b  121.79+1.66 ¢ 133.07 + 6.29 at
TPC, mg g DW 6.41+1.15a 479+0.77 a 491 +0.06a

Soluble sugar analysisdicated two hexoseBuctose and glucoséaffinose, maltose,
saccharose content was below detection Jiagtthe maisugarcomponents iperillaleaves and
roots (Figure 3.1.3.1 Solublehexosecontents were 22 3.87times higher irperillaleaves than
in roots. Nutrient solution adty had atemperateffectonhexosecontent inbothrootsandleaves
of hydroponically cultivated perill@ecreased nutrient solution acidity resultetigherfructose

(A) and glucoséB) contents in plant tissuperilla cultivated ina pH interval of 6.06.5 had 1%
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and 126 higher leaf fructose and glucose concentration thanhighest acidityfpH 5.0'5.5)
treaked plantsA more pronounced effect was present in rqaentscultivated in nutrient solution
pH interval of 6.06.5 hadb2% and4 7% higherfructose and glucose contentampared to perilla
cultivated in pH of 5.06.0.

( A) m Leaf fructose m Root fructose
8
7
6
=5
o
D 4
()]
e 3
2
1
0
pH 5.@5.5 pH 5.%6.0 pH 6.@6.5
pH interval
(B) m Leaf glucose m Root glucose
14
12 B
A A
10
=
0 8
—
> 6
[@)]
c B
2

pH 5.@5.5 pH 5.%6.0 pH 6.@6.5
pH interval

Figure 3.1.3.1Nutrient solution pH impact on soluble hexoses content of hydroponically cultpexitid
(af "Y& w:(A)i fructose, (B glucose Different letters indicate statistically significant differences
bet ween means according topOulk.eliSdlrywBigetst at the c

The differences in mineral accumulation in perilla tissues dumritiventsolution pH are
presented iMable3.1.3.3 There was nagignificantdifference in the B, Cr, Cu accumulation in
leaves and S in the rodts plants, cultivated in different nutrient solution [d@Perilla, cultivated
in a pH interval of 5.05.5, containe®6% higher P concentration in roots compared to shoots
On the contraryperilla grown inthe highesinvestigatedalkalinity (pH 6.0 6.5) nutrient solution
exhibited a 2.50ld increase in K accumulation compared to plants cultivatedoid anterval of
5.0/ 5.5, Root tissue of hydroponically cultivated perilla accumulated m¢8di26%), Co(3.1i
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3.6fold), and Fe(8.9 14.5fold) in all treatment groups compared with the leaves, and an
inversive pattern was recorded in ChLi 55%) reducedaccumulation Decreased nutrient
solution acidity from pH 5156.5 to pH 6.06.5 resulted in increaseshootaccumulation of
following elementdMg (60%), Mn (112%6), Na (4.95fold), andZn (27%). In roots,this pattern
applies only to Md25%)and Mn(120%) accumulationyhile the pH impact oZn contentshad

14% reduction

Table 3.1.3.3 Nutrient solution pH impact on minerals accumulation gerilla leaves and roots

(oft . Different letters within the roand organindicate statistically significant differences between
means according to TukepOd D . t0&wiphBaus, $ sulfue Bidboranf i de nc
Cui copper, Féd iron, KT potassium, Mg magnesium, Mit manganese, Nasodium, Zi zinc, Moi

molybdenum, DW dry weight.

Vineral Leaf, mg g' DW Root, mg ¢t DW
pH5.055 pH50155 pH6.06.5 pH5055 pH5560 pH6.06.5
P 0.690 a 0.656 a 0.922 b 0.937 b 0.921 b 0.846 a
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 1.415a 1.334 a 1.733 b
B 0.015a 0.013 a 0.016 a 0.015a 0.026 b 0.024 b
Ca 17.718 c 16.544 b 9.695 a 7.945 ab 7.305a 8.350 b
Co 0.005 b 0.005 c 0.005 a 0.015a 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 0.033b
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 57.013b | 44.270ab 44.604 b 41.844 a
Mg 4,482 a 4,385 a 7.188 b 5320 a 6.569 b 6.625 b
Mn 0.221b 0.183 a 0.470c 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 0.111c 0.116 b 0.112b 0.099 a
Mo 0.005c 0.004 b 0.003 a 0.017c 0.010 b 0.005 a

While nutrient solution acidity affected nitrate contanthydroponically cultivated lettuce
(Figure 3.11.2), amaranth Kigure 3.12.2), ice plant Figure 3.14.2), and purslane
(Figure3.15.2), nutrient solutionhydrogen ion concentration ditbt affect nitrate contentsin

hydroponically cultivated perillasigure 3.1.3.2andnitrites were not detected theirleaves.
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Figure 3.1.3.2 Nutrient solution pH impact omitrate content of hydroponically cultivatederilla
(of "Y& w. Different letters indicate statistically significant differences between means according to
Tukeyodos test atpOt 6 PWiBdynéightdence | evel

The PCA score scatterploFigure 3.1.3.8 shows distinct differences pH treatment
groups and experimental replications according to average coordinates of biometric parameters,
antioxidant activity, mineral accumulatipphotosynthetic indices, soluble sugar, and nitrates
content in hydroponically cultivatgakerilla under three different pH treatmentish e P CA6 s f i
two componentgF1 vs. F2) explained 60.9d.0of the total variance. FApproximately explained
3%, whereas F21% of the total variability According to factor loadingsT@ble S3), théey
variabledistinguishinghe 6.0 6.5 pH treatment group according to the F1 component from other
pH treatments are soluble sugar contemd mineral accumulation in different plant orgafs
the same timebiometric parameterand root antioxidant activity differentiate the treatment
groupsaccording ® theF2 component.
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Figure 3.1.3.3 Principal component analysis (PCA) scatterplot indicating distinct differences in biometric

parameters, antioxidant activity, mineral accumulation, photosynthetic response, soluble hamdses

nitrate conterd depending on nutrient solution pH erilla cultivated in deep water culture hydroponic

system.

Key takeaways

T

pH o hydroponic nutrient solution in the range ofi®®did not havesignificantimpact

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 thi6.6.0pH treatment from the
remaining pH interval.

Increased intrinsic quantum yield resulted in higher light use efficiency of hydroponically
cultivated perillan the nutriion solution pHof 5.0/ 5.5.

Glucoseandfructosecontents were 2.43.87 times higher itheleavesf hydroponically
cultivated perillahan in rootsand nutrient solution acidy had aemperateffect ontheir
contents

Nitrate concentration is not influenced ke nutrient solution pHinterval of
hydroponically cultivated perilla.

Nutrient solution pH had a more pronounced effect on mineral accumulation in roots than
in leaves of hydroponically cultivatgzerilla.

3.1.4 Mesembryanthemum crystalliny(in)

Growth parameters of hydroponically cultivated jpd@ntswere temperately influenced by

nutrient solution pHTable3.1.4.). pH differencesfrom 5.5 to 6.5 did not significantly affect

dry or fresh weight accumulatipadditionally, plant leaf area was undistinguished between pH
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treatments However, nutrient solutionacidity reduction from pH interval 5.6.0 to 5.05.5
resulted in 20% increase irplant height.

Table 3.1.4.1Nutrient solution pH influence on biometric parameters of hydroponically cultivated
plant(cif "Y'@& ). Different letters within the row indicate statistically significant differences between
means according to Tukepo . Disiesh walght, Divihdey weightn f i d e n ¢ |

Parameter pH 5.05.5 pH5.56.0 pH 6.0 6.5
Height, cm 3.33+£0.24Db 2.67+0.24 a 3.07 £0.09 ab
Leaf area, cr 463.5 +40.98 a 416.63 £ 16.32 a 454.3 + 87.08 a
Leaf FW, g 68.83+8.31a 64.42 £ 3.37 a 69.01 £ 14.85 a
Leaf DW, g 2.76+0.35a 297+0.18 a 3.02+051a
Root FW, g 18.17+0.78 a 18.99+2.58a 20.18+1.01a
Root DW, g 0.61 +0.05 a 0.89+0.17 a 0.69 +0.04 a

The photosynthetic characteristics of hydroponically cultivaMesembryanthemum
crystallinum (L) were unaffected by the nutrient solution pH differend@sable 3.1.4.p
Interestingly the maximum quantum yiel@rv/Fm) of the second photosystem almost reached its
theoretical limit of 0.83Maxwell & Johnson, 2000and0.79 was recordeid all pH treatments.

It is worth mentioning that intrinsic quantum yidla P S) inlthe samecasedecrease by only
2.5 3.6 percent compared withv/Fm Althoughdifferences in antioxidant system response in
ice plant leaves were nbighly expressedjecreased nutrient solution aciditgm pH 5.0 5.5 to

pH 5.56.0 resulted in increased Feaeduction power (FRAPby 10 in hydroponically
cultivated ice plantsRoot antioxidant response was meevere.A 75% increase in DPPHee
radicalscavenging activity was recorded in plaatdtivated in nutrient solution pH interval of
5.516.0 compared tthe 6.0 6.5 treatment.
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Table3.1.4.2Nutrient solution pH impact oice plantphotosynthetic parameters and antioxidant activity

(of "Y& w. Different letters within the row indicate statistically significant differences between
means according to Tukepy®s 6.tFERMI maximunt dquantunc ywieldf i d e n
a P Sil intrinsic quantum, NPQ nonphotochemicafjuenching, DW dry weight. DPPH (2dipheny}
1-picrylhydrazyl) and ABTS (2&zinobis(3-ethylbenzothiazoliné-sulphonic acid) free radical
scavenging activityFRAPT Ferric reducing antioxidant powefPCi total phenolic compounds.

Photosynthetic characteristics

Parameter pH 5.05.5 pH 5.56.0 pH 6.0 6.5
Fv/Fm 0.79+0.01 a 0.79+0.02a 0.79+0.01 a
aPSI I 0.77£0.02 a 0.77£0.02 a 0.76 £0.02 a
NPQ 0.02+0.004a 0.02+0.004a 0.02+0.003a
Antioxidant activity
DPPH, mmol ¢ DW 849+128a 6.08+1.91 a 6.51+191a
Leaf ABTS, umol g DW 135.83+3.38 e 165.38+37.84¢& 137.51+2.37 8
FRAP, umol Fe (I) ¢ DW  70.97+1.97a 78.17+1.45b 76.96+1.06b
TPC, mg g'DW 3.8+0.16 a 3.71+0.16 a 3.53+0.36a
DPPH, mmol ¢ DW 7.18 £+0.72 ab 9.19+0.81b 5.24+0.74 a
oot ABTS, pmol g* DW 127.47 +4.87 & 138.06+0.94a 12563 +6.99 2
FRAP, umol Fe (ll) ¢ DW 754+173a 7714+229a 77.89+3.78a
TPC, mg g DW 294+0.18 a 271+0.14a 273+x0.12a

Soluble sugaanalysis indicated two hexosdsuctose and glucos€maltose, raffinose,
saccharose content was below detection lilB)ublehexosecontentvasl1.86 2.39timeshigher
in leaves tharn roots (Figure 3.1.4.1L Nutrient solution acidyconsistently affectediexose
content in both roots and leaves of hydroponically cultivated ice plant. Decreased nutrient solution
acidity resulted in fructos@d) and glucos€B) increase in botiplantorgars. Theglucose and
fructose contenin roots ofice plants cultivated in a pH interval of 685 was 1v22% higher
compared with thaighestinvestigatedacidity treatmenfpH 5.0 5.5). A more pronounced effect
was present in leavea 6%%6 increase in fructose ar@d22%6 increment in glucose were recorded

respectively
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Figure 3.1.4.1Nutrient solution pH impact on soluble hexoses content of hydroponically culticated
plant ((f "Y& w: (A)T fructose, (B)i glucose Different letters indicate statistically significant

differences between means accorpdi g OBbdrywBghk ey 0 s

The differences in mineral accumulation in ice plant tissues due to nutrient solution pH are
presented irfrable 3.1.4.3 Only a %% difference inroot tissueP accumulation was recorded
between the plants cultivated in the lowesestigatecand highesinvestigatedacidity nutrient
solution. However, a linear P accumulation decreaseleaf tissue(y = -0.0587x + 0.7907,
R2=0.96) with increasing alkalinity was recordeahd the difference was %®between the
investigatediowest (pH 5.0'5.5) and highesi{pH 6.0 6.5) investigatedalkalinity treatments.
Furthermore, the same linear mineral accumulatemreasevith increasedilkalinity wasrecorded
with following elements in leave$ fy =-0.0212x + 0.2647R?=0.92), Fey =-0.0397x +0.1971,
R?=0.83), Mn § = -0.0536x + 0.3043R?=0.82) and roots Al (y = -0.1318x + 0.5848,
R?=0.96), Fe (y =-0.3203x + 1.2016, R 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, R=0.98). Root tissue of hydroponically cultivated jants accumulated more of the
following elements: C&26i 48%), Fe(2.7 5.2-fold) andMn (5.0/ 9.1-fold), in relevantreatment
groups compared with leaveReverse accumulatiottends wererecordedfor the following
elementsP (10i 26%), K (9- 2 8%) andZn (17i 81%) leaves accumulated more compared with

rootin relevant treatment groups.

Table 3.1.4.3 Nutrient solution pH impact on minerals accumulationiée plant leaves and roots

(oft . Different letters within the rowand plant orgarindicate statistically significant differences

bet ween means according t opO ulk.eQPBospharus, $sulfua, Bi t he ¢
boron, Cui copper, Fd iron, Ki potassium, M@ magnesium, Mih manganese, Niasodium, Zri zinc,

Mo molybdenum, DW dry weight.

Leaf, mg g' DW Root, mg ¢t DW
Mineral
pH5.055 pH5560 pH6.06.5 pH5055 pH5560 pHG6.06.5

P 0.739 c 0.660 b 0.621 a 0.585Db 0.594 b 0.561 a

0.247 c 0.216 b 0.205 a 0.245b 0.238 a 0.243 ab
Al 0.080 a 0.081 a 0.110b 0.436 c 0.354 b 0.173 a
B 0.042 c 0.031b 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 0.0005a 0.0005a 0.0003 & 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 0.011b 0.023 b 0.022 ab 0.016 a
Fe 0.168 c 0.097 b 0.088 a 0.879c 0.565b 0.239 a
K 59.875b 60.016 b 57.845 a 46.559 a 46.057a 52.970b
Mg 4,902 c 3.900 b 3.513 a 3.307 a 4.053 b 5.248 c
Mn 0.265c 0.168 b 0.158 a 1.605c 0.840 a 1.445Db
Na 3.662 a 5.312c 4.675Db 2.603 b 1.350 a 3.080 c
Zn 0.053 a 0.059b 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 conterstin hydroponicallycultivated ice plargwerebelow the detection limit
(Figure 3.14.2), as well agpreviouslyin perilla (Figure 3.13.2). Pronounced differencaa NOs’
contentswere recorded in hydroponically cultivated ice plant leaVé® increase ofutrient

solution alkalinity by 0.5 pt from pH 5.6.5 to pH 5.56.0 resulted in 3% highershootnitrate
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concentration. However, further alkalinity increase resulted if 4dtrate concentration

reduction in plantsultivatedin pH 6.0/ 6.5.
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Figure 3.14.2 Nutrient solution pH impact onitrate content of hydroponically cultivateck plant(af
"Y& . Different letters indicate statistically significant differences between means according to

Tukeyods test atpOtbeOidrpwedWdence | evel

The PCA score scatterpldiiure 3.1.4.Bshows distinct differencésetweemH treatment
groups and experimental replications accordingtie average coordinates of biomefric
antioxidant parametermineral accumulatig photosynthetic indices, soluble sugar, and nitrates
content in hydroponically cultivatede plantunder three different pH treatmeritsh e P CA 0 s
two componentgF1 vs. F2) explained 60.66 of the total variance. Fils more significant
explaining approximately 48 of data variation, whereas F22%. According to factorgoadings
(Table S4), the keyariablesdistinguishingall threepH treatment groups according to the F1
componengaresoluble sugar content, antioxidant activity in leawesl mineral accumulation in
different plant organdn contrastpH treatment 5156.0is distinguishedrom other pH treatments

accordingto F2 component byitrate contents and root antioxidant activity
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Figure 3.1.4.3. Principal component analysis (PCA) scatterplot indicating distinct differences in
biometric, antioxidanparameters mineral accumulation, photosynthetic response, soluble hexarses
nitrate content depending on nutrient solution pH in ice plaalvated in deep water culture hydroponic

system

Key Takeaways

1 Growth and photosynthetic parametersad plant Mesembryanthemum crystallinim
were temperately affected by investigated nutrient solution pH differences.

1 Leafsoluble sugar content, antioxidant actiyiand mineral accumulation in leaves and
roots gradually andignificantly differ in ice plantstreated with three different pH
intervals.

1 The investigated pH intervals had no significantly different impact on antioxidant
parameters of ice plant leaves.

1 Theglucose and fructose conteémroots of ice plants cultivated in the highest investigated
pH interval of 6.06.5 was 1vV22% higher compared with the lowest pdatment(pH
5.0/5.5), while in leave$ 69% higherfructose and1% higher glucosecontentswere
recorded, respectively

1 Ice plantscultivated ina pH interval of 5.66.0 hadthe highest nitrate conter23 and
44% higher, compared to the lower and higheestigated pH treatments.

1 Mineral element (P, S, Fe, Mn) contents in Ice plant leaves sensibly correR@8R
0.96) with the pH even in the narrow investigated pH interval of 665) 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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1 Increased leaf and root antioxidant activity was recorded in plants cultivateghh

interval of 5.56.5.

The biometricparameters of hydroponicallgultivated purslaneshootswere the most

3.1.5 Portulacaoleracea(L.)

affected by nutrient solution prtompared tather investigategllants(Table 3.1.5.1 1.7/ 2.0-

fold decrease indry andfresh weightwere recorded in purslane cultivated inwdrient solution

pH interval of 5.56.0 compared to the lower and higher investigated nutrient solution pH

treatmentLeafareasvere significantlydistinguished irall treatment groupsesulting in a 1.84
fold difference between purslane cultivated in a pH interval éfe&s(ecompared with theurslane

cultivated innutrient solution pH of 613.5. Only root dry and fresh weight accumulation was

not significantlyaffected by differences in nutrient solution pH.

Table 3.1.5.1 Nutrient solution pH influence on biometric parameters of hydroponically cultivated

purslane(af "Y@& ). Different letters within the row indicate statistically significant differences

bet ween means

according

t o p@u R e §Biesh Féghtt DWadry

weight.

Parameter pH 5.05.5 pH 5.56.0 pH 6.0 6.5
Height, cm 17.33+0.94 a 15.33+0.47 a 20.33+0.47b
Leaf area, crh 112.62+9.46 b 77.66+3.8a 144.93 +3.83 ¢
Leaf FW, g 11.07+£0.97 b 6.33+£0.68 a 1283+1.3b
Leaf DW, g 0.54+0.04b 0.32+0.04 a 0.63+0.08b
Root FW, g 294+ 1.45a 3.81+1.09 a 6.00£0.82 a
Root DW,g 0.08£0.05a 0.11+0.03 a 0.15+0.02 a

No significant differences were determinedtlie antioxidant systenmdices inpurslane
leaves,cultivated in different acidity nutrient solutiotill, the highest DPPH and ABT8ee
radical scavengingactivity in rootswas recorded in the lowest acidity treatment of pH &9
(Table 3.1.5.2 A pronounced photosynthetic response was recordétpugh maximum

guantum yield (F\Fm) slightly differentiated between purslane cultivated in different acidity

t

he

nutrient solution. It is worth mentioning, that purslane cultivated in nutrient solution of pH 5.0

5.5 had decreased intrinsiqquantum yield @ P S 130031%) lower, andincreased non
photochemicatjuenching (NPQ, 3iB.6-fold) higher compared to plats cultivated in pH interval
of 5.5 6.0 and 6.06.5. Interestingly, this decrease in photosyntheiticesis not reflected in

biomass gain in purslane cultivated in nutrient solution pH 5650
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Table 3.1.5.2 Nutrient solution pH impact omurslane photosyntheticand antioxidant parameters
(of "Y& w. Different letters within the row indicate statistically significant differences between
means according to Tukep®s 0 tF@/Bnti,maximun duanturo gieldf i d e n

a P Sil intrinsic quantum, NPQ@ non photochemical quenching, DWWMdry weight. DPPH (2dipheny

1-picrylhydrazyl) and ABTS (2&zinobis(3-ethylbenzothiazoliné-sulphonic acid) free radical

scavenging activityFRAPT Ferric reducing antioxidant powemPCi total phenolic compounds

Photosynthetic characteristics

Parameter pH 5.05.5 pH 5.56.0 pH 6.0 6.5
Fv/Fm 0.64+005a 0.69+0.02b 0.68+0.02b
aPSI | 049+004b 065+0.02b 0.64+0.02a
NPQ 0.12+0.016b 0.04+0.02b 0.03+0.012a
Antioxidant activity
DPPH, mmol ¢ DW 88.13+1.87a 87.33+3.99a 96.75+4.34a
ABTS, umol g DW 293.73+2.21s 2847+6.1a 291.14+52a
el FRAP, umol Fe (I) § DW  117.46+6.71¢ 118.75+4.65a 123.08+6.53 &
TPC, mg g'DW 8.04+0.35a 846+0.36a 8.81+0.26a
DPPH, mmol ¢ DW 77.73+1.97at 72.01+2.19a 80.08+2.34b
ABTS, umol g* DW 256.57+6.1a 259.09+6.52a 282.88+7.13L
Roo! FRAP, umol Fe (Il) ¢ DW  116.36 +2.95¢& 117.11 + 10.65 ¢ 120.35 + 9.62 &
TPC, mg ¢ DW 7.61+044a 756+059a 7.35+0.3a

Soluble sugar analysi§Figure 3.1.5.1 results showthat there were no remarkable
differences in fructose and glucose contémaltose, raffinose, saccharose content was below
detection limit)in purslane leaves cultivateddifferent pH however, the pronounceshpactof
pH differencesvas recorded in purslameots In plantscultivated in nutrient solution pH 6.0
6.5, root fructose and glucosentents were +8 and1.6times lower than other pH treatments,
while leaf sugar contents were unaffectedpurslanescultivatedat pH intervals of 610%6.5,
glucose concentration was 2.21 times higlard fructose wad.66 timeshigher inleaves
compared to theoots
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Figure 3.15.1 Nutrient solution pH impact on soluble hexoses content of hydroponically cultivated
purslane(af Y& w, (A)i fructose, (BY glucose.Different letters indicate statistically significant

differences between means accorpdi g OBbdrywBghk ey 0 s

The differences in mineral accumulationhiypdroponically cultivategburslane tissues due
to nutrient solution phre presented ihable3.1.5.3 Althoughnutrient solution pH did not affect
P and Mg accumulation in leavésgreasing alkalinity of the treatment intervals resulted in linear
increment of P (y = 0.0965x + 0.6784°=R0.92) and Mg (y = 0.3301x + 4.29752R0.95)
contentsn roots. The same nutrient solution mlfference from 5.05.5 pH to 6.06.5 pHresulted
in linear Cu (y = 0.0016x + 0.@Q R2=0.98) accumulation in leaves and following elersent
concentration in rodissueS (0.0183x + 0.1743,% 0.90),K (y = 4.2231x + 44.896, &= 0.87),
Mn (y = 0.5065x% 0.1048, R=0.93). Reverse B (y 9.0074x + 0.0502, R= 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 elemers(20i 60%), Fe (2.4i 5.3-fold), andZn (1.5 4.4-
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fold) in relevant treatment groups compared wilib leaves. Reverse accumulation order was
recorded in the following elements @36 58%) and Mg (51 32%) lessin relevant treatment

groups.

Table 3.1.5.3 Nutrient solution pH impact on minerals accumulationpuarslane leaves and roots

(eft  w. Different letters within the rownd plant orgarindicate statistically significant differences
bet ween means according t opO ulk.eOPbBosphBrus, §sulfua Bi t he
boron, Cui copper, Fd iron, Ki potassium, M@ magnesium, Mih manganese, Niasodium, Zri zinc,

Moi molybdenum, DW dry weight.

Vineral Leaf, mg ¢* DW Root, mg ¢ DW

pH5.055 pH5560 pH6.06.5 pH5055 pH5560 pH6.06.5

0.832 a 0.769 a 0.747 a 0.759 a 0.903 b 0.952c

0.163 b 0.151 a 0.145a 0.196 a 0.204 b 0.233 c

Al 0.078 a 0.093 ab 0.110b 0.251b 0.106 a 0.136 a
B 0.012 a 0.015b 0.014 ab 0.042 c 0.037b 0.027 a
Ca 9.318a 11.842ab 14.510Db 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 0.015a
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 0.075b 0.070 ab 0.359 b 0.182 a 0.351b
K 58.787 b 45931 ab 33.848a 50.051a 51.477Db 58.498 ¢
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 1.191b 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 Db 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 purslafégure 3.1.5.2)was below the
detection limit as well as hydroponically cultivated perifig(re 3.13.2) and ice plantKigure
3.14.2). While therewas 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 alkaliity increasdrom a pH interval of 5106.5 to a
pH interval of 5.56.0 resulted in %% nitrate concentration increase. Interestinglyfurther

increasgpH 6.0'6.5)in alkalinity resulted in a 71 percent reduction in nitrate concentration
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Figure 3.1.5.2 Nutrient solution pH impact omitrate content of hydroponically cultivatggurslane
(of "Y& w. Different letters indicate statistically significant differences between means according to
Tukeyods test atpOtBeOBdywBightdence | evel

The PCA score scatterploFigure 3.1.53) shows distinct differencesm pH treatment
groups and experimental replications according to average coordinates of bioamtimxadant
parametersmineral accumulatiy photosynthetic indices, soluble sugar, and nitrates content in
hydroponically cultivatecpurslaneunder three different pH treatmenhe PCAG6s f i r s
component$F1 vs. F2) explained 60.%of the total variance. F1 approximately explaine#38
whereas F222% of the total variability.According to factordoadings Table S5), thekey
variablesdistinguishing these treatment groups according to the F1 compmesotuble sugar
content in roots, photosynthetic indicasd mineral accumulation in different plant orgavis)e
biometric parametersoluble sugar content in leaves differentiate ghe5.5 6.0 from other

treatmemn groupsaccordingto the F2 component.
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Figure 3.15.3 Principal component analysis (PCA) scatterplot indicating distiliiterences in biometric

parameters, antioxidant activity, mineral accumulation, photosynthetic response, soluble hamdses

nitrate content depending on nutrient solution phpimslanecultivated in deep water culture hydroponic

system.

Key takeaways

T
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The biometric parameters of hydroponically cultivated purs(&oetulaca oleraced..)

were the most influenced by nutrient solution pH compared to other investigated plants.
1.7i 2.0 times lower dry and fresh weight were recorded in purslane, cultivated in a nutrient
solution pH interval of 51%6.0, compared to other pH treatments.

According to PCA resultgphotosynthetic indiceand mineral accumulation in different
plant organs differentiate all three pH treatments in between, while biometric parameters
andsoluble sugar content in leavescludethe pH 5.56.0 from other treatmesit

There was no significant impact of nutrient solution pH on antioxidant properties of
purslane plant tissues.

While leaf hexose contents were not remarkaifected by nutrient solution pHoot
fructose and glucose contents were ~1.8 and 1.6 times ilowerslanes, cultivated in pH

6.0/ 6.5 nutrient solution.

Same as ice planpurslane cultivated ia pH interval of 5.66.0 hadthe highes{79 and

71% higher, compared to the lowand highelpH intervak, respectivelynitrate 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



purslane indicating significant impact gbH differences on purslane mineral nutrition

even in relatively narrow pH interval of 5805.
3.2 The buffer capacity of hydroponic nutrient solution

ltés widely acknowledged that the nutrien
low/limited buffering capacitySingh et al., 2019However, 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
differencesamong plant specieemphasizing the need for a deeper understanding of its initial
buffering properties. Moreover, nutrient solution pH fluctuatiansdirectly dependent on its
buffering capacity.In this section, we aim to assess the initial buffering capacity of hydroponic
nutrient solutions and investigahow 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 3.2.8Hbws nutrient solution element composition in ppm. Even
thoughthere are endless compositipnssibilities fornutrient solutioncomposition,they are
mandatoryelementsand their concentration variation lswy. Additionally, they are just a few

salts in a nutrient solution that have buffering properties in certain pH range.

Table3.2.1.1Modi fi ed Hoagl andds solution el ement compos

Element N Ca P K Mg S B Zn Mo Mn Cu Fe
ppm 150 90 25 160 50 66 0.2 1 025 01 0.1 5

Forinstancecommon source of N in nutrient solution is ammonia salish asNH4NOs.

Unfortunately the usefubuffering range oNH4"/NH3 bufferis above optimal pH range of 5.5
6.5 used in hydroponics. Main initial buffering capacity of the nutrient solutions comes from P
source, such asH>PQy (0.8 mMconcentration in nutrient solutipiWe assume that all buffering
capacity comes froidH-PQ4, and the pH equilibrium point is reached aflée usefuphosphoric
buffering range is 518.0 pH.The secongbhosphate dissociation constapik ) value range is
6.86G 7.20. Further calculations are based on valugKa=6.86(Kumar & Gill, 2018) that are
present in physiological conditions. First (1) equation shows second phosphate dissociation step.
000 ORz OW ®R O ®R NU e e X& (1)

Using Hendersotasselbalclequation (2)we can calculate the theoretical protolytic base

and acid ratio
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wherepH T hydrogen ion concentration, pKanegative logarithm of dissociation constant value,
[A] 1 concentration of conjugate base, [HA¢oncentration of conjugate acid

Conjugate base ratio is given in equation and (3):

™ oY
T 0 P

Conjugate acid ratio is given in equation add (

oW dn

™ G PG (©)

5 p

o6 O @ —/——— L 4
n ™0 p @) X 8 X
Therefore, after pH regulation pd1 value o, there are thillowing concentrations afonjugate
base and conjugate aciHPQ'2( aq) = 0. 12 D.2 mM HPQ/ §aq)wOMB78% *

0.8mM @GB7 mM.

The theoretical buffer capaci tequatoby. of hyd

T O & 00 O
I T/ o®"%5s 5
TP 2 TRX (5
@
I O no s

I m& paojn 0O
where — 1 partial differential of hydrogen ions over pJA] i concentration of conjugate base,

[HA] 1 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 mNDbIf 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 g@rmingHCOs" ionsthatcouldinteract
with nutrient solution To include all interactions that could influence nutrient solution pH
empirical nutrient solution buffer capacity evaluationeededEmpirical nutrient solution buffer

capacity evaluation is present shown in figureZ312.

12 ,pH
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Figure3.221Ti t rati on curve of modi fi ed iHXSaANgHormalith)0 s s ol
NaOHT1 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 capacitydefined as théntersection of theseonsecutivdines:

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 capaciiesi 0.18 mM,

basel 0.15 mM The abilityto 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 0.185210 mM/pH, therefore pH fluctuation will easily occur due to
inequal mineral nutritionNutrient solution initial buffering capacity and be artificiality increased
using various buffers. Moreover, nutrient solution buffer capacity camalmest endlessly
increased but limitation is plant physiological respor®@antscannot thrive in high salinity
environmentsPotentialbuffersneed 6 consist of theollowing properties: effective in required
pH interval, nonreactive with the nutrient solution, neéoxic, compatible with biological
systems. Zwitterionior inorganicouffer buffers a suitable for this implicatidrtheir pKavalue

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, varmwuigterionic buffers used in
biological systems comprises higher pKa value, such as M@BREN-morpholino)
propanesulfoniacid) HEPES(4-(2-hydroxyethyl}1-piperazineethanesulfonic acidhus their
effeteness in narrow desired pH range ofi 6.9 is limited. The most suitable and promising
buffer is MES @2-(N-morpholino)ethanesulfonic agidout deeper understanding of plant
physiological response to various concentrations buffer concentisitierded
Key takeaways
1 Limited nutrient solution buffer capacity was determined empirically (0.21 mM/pH) and
experientially 0.165 mM/pH.
1 Nutrient solution buffer capacity and pH are important conparlametersn precise
management in hydroponics.
1 To enhance this buffering capacity, the addition of buffering agents is beneficial for
passive pH control in nutrient solution.
1 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 af&3 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 inthe previous section, the nutrient solution's initial buffering capacity is
limited; thus, active pH management is needed to maintain the nutrient solutiorprefdrable
range. On the contrarihe nutrient solution's initial buffering capacity can be artificially increased
with a supplementary buffering agent, suchVisS. Zwiterionic MES buffer (pkadissociation
constant,i 6.15 at 20 °QKagenishi et al., 201p)s suitable to mitigate nutrient solution pH
fluctuations in a narrow pH range of 685. MES molarity ability to mitigate pH fluctuations
during the lettuce vegetatioexperimentis shown inFigure 33.1. Initial pH value for every
treatment group was 6.0 and no active pH control was used during lettuce veg&étilenthe
0 mM MES treatmen{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 pkhwhe
target6.0/ 6.5 range. On the contrary, the 3 mM and 5 mM MES treatments successfully supplied
the required additional buffering capacity to ensure thedjgHnot deviate fronthe preferred

range.
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Figure 3.3.1 The pH of nutrient solution after lettuce cultivation experinféfit "Y'@ . Different
letters indicate statistically significant differences between means according to Tukey's test at the

confidence level p O 0.05.

Differences in nutrient solution MES molaritypfluence the growth parameters of
hydroponically cultivated lettuce (Tabl@3.1). Plant height wasi211% 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 tlemM MES treatment group. 2¢increment in leaf areand a
17%% increase in dry weight compared to lettuces cultivated witawatlditional buffering agent.
Nutrient solution initial buffering capacity increase with a 1 mM MES buffer did not affect leaf
area and dry weigltompared with lettuces cultivated in 0 mM MES treatment. Nutrient solution
molarity increases from 3 mM toamM MES, resulting in al0% 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.

Table3.3.1The impact of MES buffer molarity on th@metric parameters of hydroponically cultivated
lettuce (¢f "Y®& w. Different letters within the row indicate statistically significant differences

bet ween means according to TukEBEWTfreshwegbtitDWadry t he

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+0.88Db 124+0.71a

Leaf area, crh 877.3+71.43a 921.62+96.01ab 1121.15+ 104.97 c 1014.44+10391b
Leaf FW, g 32.77+295a 35.03+6.55ab 38.67+4.74b 36.07 +5.09 ab

Leaf DW, g 1.8+0.14 a 1.87+£0.24 ab 2.11+0.24c 2.03+0.2Db
Root FW, g 6.4+ 2.66 a 6.76 £ 3.28 a 6.11 +2.86 a 541+1.79a
Root DW, g 0.26 £+ 0.07 a 0.27+0.12a 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 lettucd @ble 33.2). 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 cudtied in the highest molarity treatment groups h&d tbiver
stomatal conductance activifgs) 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 @M treatment group. Free DPPH and
ABTS radical scavenging increased by#and 6%6 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 antioxidaameters of
hydroponically cultivated lettuce&f "Y®& . Different letters within the row indicate statistically
significant di fferences between means according
Pr i photosynthetic rate, gé stomatal conductance,i/C,1 the intercellular to ambient CQOratio,

Tr i transpiration rate, WUBE water use efficiency, LUE light use efficiencyDPPH 1 2-diphenytl-
picrylhydrazyl and ABT52,2-azino-bis(3-ethylbenzothiazoliné-sulphonic acififree radical scavenging

activities, FRAR ferric reduction antiaidant powerFW1 fresh weight.

Photosynthetic characteristics

Parameter 0 mMMMES 1 mMMES 3 mMMMES 5 mMMMES
Pr 9.81+268c 7.61+x246ab 8.03+287b 7.14+2.1ab
gs 0.66 £0.24 b 0.65+0.27b 0.64+0.25ab 0.59+0.29a
Ci/Ca 091+0.01a 092x0.02c 0.92+£0.01c 0.92+0.03b
Tr 5.02+0.88¢c 466+0.87b 45+0.72ab 4.46 +0.98 a
WUE 15,53+ 3.15¢ 12.6 3.6 a 1299+297a 14.08+581b
LUE 0.010+0.08c 0.008 £0.02ab 0.008+0.08b 0.007+£0.0Qa

Antioxidant parameters
DPPH mmolg¢ FW 90.3+85b 76.8+6.89a 955+9.78b 88.8+11.36ab
ABTS umolg* FW  159+4.07b 10.7+2.14a 147+282b 13.1+1.77ab
DPPH mmol¢ FW 121.7+8.81c 995+1429b 815+9.15a 81.3+1283a
ABTS umolg* FW  19.9+246¢c 165+256b 12.1+097a 127+239a

Leaf

Root

Soluble sugar analysis indicated two hexoses as the eoaiponents in lettuce leaves
(maltose, saccharose, raffinose concentration was below detectioprherifioned hexoses were
not detected imoots (Figure 33.2). Glucose content was always higher than fructose in all
treatment groups. The highest glucose content was recorded in lettuces cultivated in 1 mM and
3mM MES buffer, 1921% higher, compared withthe OmM and 5mM treatments. 25%
decrease of fructose content was recorded in lettuces cultivated without additional MES buffer
compared to 3 mM MES treatmie
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Figure 3.3.2The impact of MES buffer molarity aolublehexosesontent of hydroponically cultivated
lettuce (¢f "Y'& w. Different letters indicate statistically significant differences between means
according to TukeyodspOt @FWisfeeshwdaignte confi dence | eve

The differencesin lettuce tissue mineral conterdseto differences in MES molarity are
presented imable 3.3.3

Table 3.3.3 The impact of MES buffer molarity on minerals accumulatiotettuceleaves and roots
(¢h¢ . Different letters within the romand plant orgarindicate statistically significant differences
bet ween means according to pOukePy@sosphorus, & sudfur, t he ¢
B 1 boron, Cai calcium, Cui copper, Féi iron, Ki potassium, Mg magnesium, Mii manganese

Nai sodium, Zri zinc, Moi molybdenum, DW dry weight

Leaf mg g' DW Root mg ¢t DW
Mineral
0 mM 1mM 3 mM 5 mM 0mM 1mM 3 mM 5 mM
P 0.674a 0.741ab 0.805b 0.762b 1.28la 1.168a 1.199a 1.155a
S 0.184a 0.229b 0.261c 0.288d 0.558a 0.618b 0.705c 0.678c
B 0.014a 0.007a 0.083a 0.056a | 0.140a 0.117a 0.007a 0.085a
Ca 14.278a 14.866a 16.061a 15625a| 10.024b 6.685ab 6.440a 5.568a
Cu 0.011b 0.009ab 0.007a 0.007a | 0.005a 0.006a 0.005a 0.005a
Fe 0.081a 0.073a 0.067a 0.073a | 0.195a 0.133a 0.126a 0.156a
K 33.686a 34.086a 33.582a 34.182a| 36.742a 38.175a 42.037a 38.359a
Mg 2537a 2549a 2651a 2518a | 1926b 1.773ab 1.789ab 1.637a
Mn 0.244a 0.288a 0.328a 0.303a | 2.794b 2455ab 2.316ab 2.034a
Na 0.367 a 0.306 a 0.389 a 0.385a 0.615a 0.518a 0.551a 0.453a
Zn 0.022a 0.034b 0.045c 0.048c 0.068a 0.069a 0.078a 0.083a
Mo 0.022a 0.021a 0.019a 0.020a | 0.023a 0.022a 0.022a 0.018a
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The concentration of accumulated S in leaves exhibited a linear increase (y = 0.0343x +
0.1548, R? = 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 contrasts rshowed 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% highesccumulation. 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 leavéBigure 3.3.3. The lowest nitrate concentration was
recorded in lettuces cultivated without additional buffering agent. A notatteré2ease irNOz"
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
treatrent A 6.5-fold difference was recorded in N@ontents between lettuces cultivated in the

0 mM MES treatment group compared to sheM MES treatment.
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Figure 3.3.3The impact of MES buffer molarity atrite/nitrate content of hydroponically cultivated
lettuce (¢f "Y@& w. Different letters indicate statistically significant differences between means
according to TukeyospOt @stObBdrytwBighh e confi dence | eve
Key Takeaways

1 3 mM MES buffer concentration sufficientto maintain a precise pH range of i66(b

during lettuce vegetation.
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1 MES buffer addition in nutrient solution did not have a pronounced negative impact on
lettuce growth and measured physiological indidedtuce cultivation in 3 mM MES
buffer resulted in a B increase in dry weight compared with 0 mM MES treatment.

1 The highest investigated 5 mM MES buffer concentration resulted igodigher content
of nitrategnitrites in lettuce leaves.

1 MES buffer concentration influences cations absorptio® 0t mM MES treatment led to
a 524 lower Zn accumulation in leaf tissue compared to the 3 mM MES treatment, while
conversely, this treatment relationship showed a 48% higher Cu accumulation

1 Lettuces cultivated without an additional buffering agent exhibited a iyotédtherroot
antioxidant activity compared to the 3 mM treatment group, with a 49% and 65% increase
in DPPH and ABTSfree 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 efficiedyis section is focuseoh optimizing lighting intensity
for various plant growth in a buffered M MES nutrient solution Investigatedlighting
photosynthetic flux densities (PPFDs): 150, 200, 250, |80l m2 s?. Cultivated plants: 1.
Lactuca sativgl L) . @M2HacgucarsativglL). 6 L o | | o, 3. Rmasastlaugricolor (L), 4.

Perilla frutescengL), 5. Mesembryanthemum crystallinyix), 6. Portulaca oleraceall).

3.4.1 LactucasativdL,.) 6 Hugi nbo
Differences in théLl (Daily light integral) andPPFDinfluence thegrowth parameters of

lettuce cultivated in a buffered nutrient soluti@mable3.4.1.).

Table3.4.1.1Photosynthetic photon flux density (PPFD) effects on biometric paramefer(& w

of hydroponically cultivated lettuceDifferent letters within the row indicate statistically significant

di fferences between means accor di ngFWi fieshiveighte y 6 s
DW1 dry weight.

PPFD pmol nt st

Parameter 150 200 250 300
Height, cm 13.28+2.05a 12.81+0.46 a 13.09+0.6 a 13.03+1.16a
Leaf area, crh  624.59 + 115.79 a 874.38+46.82b 883.49+125.15b 987.06 +97.64 b
Leaf, FW 23.89+5.34a 40.07+291b 43.75+6.98 b 52.45+4.61c
Leaf, DW 1.71+0.35a 28+0.12b 297+0.61b 3.74+041c
Root, FW 3.83+0.82a 6.22 £ 1.75 bc 495+ 1.15ab 7.07+0.87c
Root, DW 0.16 +0.03 a 0.23+0.03b 0.21 +0.07 ab 0.32+0.04c
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All parameters are affected by differenceslighting intensity except plant height. Lettuce
cultivation inthe PPFD range of 2G@00 umol m? st was statistically undistinguished in leaf
area formation. PPFD increase from 250 to @bl m?2s? resulted in the highest frefsiny
root/leaf weight compared to other treatment grodgsinstance, this increase resulted 2580
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 3Pt it does not reflect relative photon
usage efficiency. From an economic perspective, assessing lighting energy conversion into plant
bi omass, IPLFW(%%) rati o is beneficial. Accordi
most efficienty converted into biomass in hydroponically cultivated lettuce, when PPFD is increased
from 150 to 200 pmol ms?. Lettuce cultivation in 300 pmol Bs* PPFD resulted in the highest
biomass gainTable 34.1.1), but at this time, photons are not employed as efficiently as the

aforementionedPPFD treatment.
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Figure3.4.1.1The rati o of the fresh plant weight gai n (
(g DLI (%)) due t o ¢ of bydreparscalld culivBiédDettucBifferant leteers t
indicate statistically significant differences b
levelp O 0 .i0Oré&h welgMDLI i daily light integral, PPFDi photosynthetic photon flux density.

Differences in photosynthetic flux densities lzathoderate effect on tlaatioxidant system
parametersof hydroponically cultivated lettuce but had a more pronounced effect on
photasyntheticcharacteristicsTable 34.1.2). Interestinglyintrinsic quantum yield did not differ
between treatment groups, but the highest Fv/Fm was recorded at lettuces cultngeed
250umol m?st PPFD. The lowest PPFD treatment resulted in the highespmaiochemical
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guenchingNPQ) as well as antioxidant activity in roots and leaves accoriditige ABTS free

radical scavenging activityjethod.

Table3.4.1.2Photosynthetic photon flux density (PPFD) effectdettuce photosynthetamd antioxidant
parameterdaf Y& . Different letters within the row indicate statistically significant differences
bet ween means according to pDulk eFgBsi maxemsrh quantumt h e
yi el d, T idtriask] guantum, NPQi non photochemical quenching)PPH i 2-diphenyil-
picrylhydrazyl and ABT52,2-azino-bis(3-ethylbenzothiazoliné-sulphonic acififree radical scavenging

activities, FRAR ferric reduction antioxidant powelPCi total phenolic content Wi dry weight.

Photosyntheticharacteristic®PFD pmol n? st

Parameter 150 200 250 300
Fv/Fm 0.78+£0.01ab 0.78+0.01ab 0.79+x0.01b 0.77x0.02a
aPSI | 0.72+0.04 a 0.74+£0.02 a 0.73+0.01a 0.72x0.02a
NPQ 0.05+0.03 b 0.03+0.003a 0.03+0.002a 0.03%£0.003a
Antioxidant parameters
DPPH, mmol ¢ DW 36.53+10.13a 31.81+1.87a 30.18+3.18a 30.85%+0.0l1a
- ABTS, umol g* DW 161.34 +457b 135.07+0.35a 133.57+1.19a 139.1+0.11a
@
o
- FRAP, umol Fe (Il) g DW 36.54+6.13a 28.33+801a 29.23x1.05a 38.49+0.25a
TPC, mg ¢ DW 432+9.25a 395+387a 4.15+1261a 4.44+049a
DPPH, mmol ¢ DW 31.96+9.74a 33.01+757a 28.89+9.05a 33.83+6.68a
3 ABTS, umol g* DW 15341 +3.76 ¢ 141.12+3.24b 128.76 ¥254a 139.6+3.21Db
o
4

FRAP, umol Fe (1) ¢ DW 2935+1.18a 29.81+158a 26.71+1.16a 30.11+144a
TPC, mg ¢ DW 487+0.47 a 459+0.11a 425+0.33a 442+04a

Soluble sugar analysis indicated tivexosegraffinose, maltose, saccharose concentration
was below detection limi@s the main components in lettuce ledwatanentioned hexoses were
not detected in root&igure 34.1.2). The glucose and fructose contntlettuce cultivated under
250umol m2s1PPFD were significantly higher, with a concentration 2.8 times greater compared
to the lowest lighting intensity treatment. Additionally, the concentration pattéemencesof
glucose and fructosgerenot observed ithese lightingreatmeng, as in the nutrient solution pH

treatmend.
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Figure 3.4.1.2 Photosynthetic photon flux density (PPFD) effeots soluble hexoses content of
hydroponically cultivated lettudeaves(cf’ "Y®& . Different letters indicate statistically significant

di fferences accorpdi ©g OBdrywBghk ey 6 s

The differences in mineral accumulation in lettuce tissues due to light intensity are presented

12
10

mg g:D W

o N b O ©

in table 34.1.3.

Table3.4.1.3Photosynthetic photon flux density (PPFD) effectsninerals accumulation in lettuce leaves
and roots(af¢ . Different letters within the rovand plant organindicate statistically significant

di fferences accorpdi ©®g Ofhasph®ruskse y 6 s
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PPFDpmol m? st

Glucose

sulfur, Bi boron, Al aluminum, Cd calcium, Ca cobalt, Cri chromium Cu’i copper, Fd iron, K1

potassium, Mg magnesium, Mii manganese, Na sodium, Zri zinc, Mol molybdenum, DW dry

weight.
_ Leaf mg g* DW/PPFD pmol nt st Root mg ¢t DW/PPFD pmol n? st
Mineral 150 200 250 300 150 200 250 300
P 0.718b 0.675ab 0.653 a 0.636a | 1.168b 1.127a 1.087a 1.106a
S 0.375b 0.353 a 0.356 a 0.347a | 0.933b 0938b 0.825a 0912b
Al 0.126 a 0.142 a 0.126 a 0.118a | 0.551a 0.806b 0.370a 0.400a
B 0.026 b 0.021 a 0.022 a 0.025b | 0.017a 0.021a 0.019a 0.026a
Ca 12.794b 10.948a 11.708ab 11.320a| 8.983 a 9.391a 9.552a 9.996 a
Co 0.001 a 0.002 a 0.003b 0.003 b 0.006 c 0.003 b 0.001a 0.001a
Cr 0.0004 a 0.0004 a 0.001 a 0.001a | 0.008b 0.005a 0.006a 0.005a
Cu 0.009a 0.010ab 0.010ab 0.011b 0.016a 0.023ab 0.023ab 0.027b
Fe 0.087b 0.083b 0.075ab 0.065a | 0.327bc 0.358c¢c 0.273a 0.302ab
K 33.400b 32.391ab 32.504ab 31.789a| 43.073a 45.479b 41.961a 42507a
Mg 2.395b 2.048 a 2.290b 2.239ab| 1.902ab 2.068b 1.774a 1.837a
Mn 0.224 a 0.216 a 0.212 a 0.250a | 2.012a 2.125ab 2.028a 2.413b
Na 0.466 b 0.399 a 0.427ab 0.422ab| 1.004c 0.926bc 0.823ab 0.685a
Zn 0.042b 0.037 a 0.039ab 0.039ab| 0.064ab 0.068b 0.061ab 0.054a
Mo 0.009 a 0.009 a 0.010 a 0.010a | 0.019a 0.020ab 0.023b 0.023b
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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
300umol m?s! PPFD had 2.48 times less Cu than roots. Redligeting 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 (9fbld), Fe (8%), and Na (47%) in root tissue of hydroponically
cultivated lettuce. The 50 umol-fhs? difference between lettuces cultivated under the lowest
light intensity compared to 200 pmol$s® PPFD resulted in decreased accumulation of these
elements: M/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 effedi@sa/NOs™ content in lettuce
leaveqFigure3.4.2.3. 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 dragtizalie at the
highest illumination. The recorded increase Wak3 times higher compared with the other three

tfreatment groups.
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Figure 3.4.2.3 Photosynthetic photon flux density (PPFD) effects nitrite/nitrate content of
hydroponically cultivated lettucéaf Y@ w. Different letters indicate statistically significant

differences between means accorpdi ©g OBdrywBghk ey 6 s
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Key Takeaways

1 Though lettuce biomass rose with increasing PPFD, from an economic point of view,
according /®DLIp (F¥) (r@dti o, the PPFD ?slncr eas
resulted in the most efficient converted into biomass increment in hydroponically cultivated
green leaf lettuce. Further increasing lighting intensity to 250 and 300 A=, photons
utilization efficiency for biomass growth was 6.7 and 2.9 times lower.

1 The lowest nitrate but the highest nitrite concentration was recorded in lettuces cultivated
under 30Qumol m2s? PPFD.

71 Differences in light intensityhad a more pronounced effect on mineral accumulation in
roots thann leaves of hydroponically cultivatdettuce Increasing lighting intensitfrom
150 to 30Qumol m?s? resulted irdecreased accumulation of P (68 S (86), Fe (3%34),
K (5%) in lettuce leaveand decreaseaiccumulation of P @), Co (9.5fold), Fe (8%),
and Na (4%) in root.

1 The highest soluble hexoses contents were present in lettuces cultivated under
250umol m?s! PPFD.

1 The highest noiphotochemical quenching and antioxidant system response was present

in lettuces cultivated under 150nol m?s* PPFD.

3.4.2 LactucasativgL.) oéLol |l o Rossabd
Differences in the DLinfluence thegrowth parameters otd leaflettuce cultivated in a
buffered nutrient solutiofiTable 34.2.1).

Table3.4.2.1Photosynthetic photon flux density (PPFD) effects on biometric parameéfersY®  w
of hydroponically cultivateded leaf lettuce Different letters within the row indicate statistically
significant differences between means ackWrding

fresh weight, DW dry weight.

PPFD pmol nt st

Parameter 150 200 250 300
Height, cm 11.68 +2.15a 13.06 +0.85ab 11.83+0.58a 13.58+0.77 b
Leaf area, crh  513.61 + 135.33 a 691.87 +108.83 b 664.6 +69.18 ab 811.44 +179.06 b
Leaf, FW 17.43+5.43a 31.79+5.74b 33.84+5.83b 50.61+8.88 ¢
Leaf, DW 1.31+0.35a 2.46+042b 2.47 £0.27 b 3.59+052c
Root, FW 254 +0.76 a 422 +1.23 ab 5.61 £ 2.08 bc 6.47 £ 0.67 c
Root, DW 0.1+£0.03a 0.18+0.02b 0.21 £ 0.08 bc 0.26 £ 0.03 c

Lettuce cultivation inthe PPFD range of 2G@00 pmol m? s! was statistically
undistinguished in leaf area formation. PPFD increase from 250 tpr800m2s? resulted in
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the highest freddry rootleaf weight compared to other treatment groups instance, this
increase resulted in46% 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/fdegh weight
accumulation depending on the lightensity. Fresh mass gain increases linearly with increasing
light intensity (y = 10.159x + 8.019, R? = 0.93) but it does not reflect relative photon usage
efficiency. Ac c/pDIdli n @ % )Foureyd4.EBM\iglit( most efficiently
converted into biomass in hydroponically cultivated lettd2BFD is increased from 150 to
200umol m?stand from 250 to 300 umah?s?,

- 35
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-0.5
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Figure3.4.21The rati o of the fresh plant weight gain
( dpLI (%)) due to increased PPFD treatments of hydroponically cultiveeeldeaf lettuce.Different

|l etters indicate statistically significant di ff
confidence | eivreshwejgh DI i @ailplight intdghdl, PPFDi photosynthetic photon

flux density.

Differences in photosynthetic flux densities had modeedfiects on the photosynthetic
characteristics of hydroponically cultivated
effect on antioxidant response (Table 3.4.2.2), and for compatisanyersive relationship was
recorded in lettucéHugind(Table 34.1.2). Interestingly, theoretical second photosystem capacity
(Fm/Fv) and norphotochemical quenchinfNPQ) values were indistinguishable between all
treatment groups. Intrinsic quantum yi¢ldPSIl) was the lowest at the lettuces cultivated under
250umol m?s! PPFD. Higher antioxidant system activity was recorded in roots compared with
the leaves. The highest antioxidant activégcording to ABTS methodaas recorded itettuces
cultivated unde250umol m?s?! PPFD.
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Table3.4.2.2Photosynthetic photon flux density (PPFD) effectdettuce photosynthetand antioxidant

parameterdof Y& . Different letters within the row indicate statistically significant differences

bet ween

means according to pODukeF@g/@si maxensirh quantumt h e

yi el d, i intriaskl guantum, NPQ' non photochemical quenchinddPPH 1 2-diphenyil-
picrylhydrazyl and ABTBE2,2-azino-bis(3-ethylbenzothiazolinré-sulphonic acigifree radical scavenging

activities, FRAR ferric reduction antioxidant poweTPCi total phenolic contentHWi dry weight.

Photosyntheticharacteristid®PFD pmol ¥ st

Parameter 150 200 250 300
Fv/Fm 0.78+0.01a 0.78+0.01a 0.77+0.03a 0.78+0.01a
aPsSI | 0.74+0.01b 0.74+0.01ab 0.72+0.02a 0.74+0.02ab
NPQ 0.03+0.004a 0.03+0.004a 0.03+0.005a 0.03+0.008a

Antioxidant parameters

DPPH, mmol ¢ DW
ABTS, umol g* DW

33.71+71a 3247+858a 358*857a 37.77+10.55a
137.51+1.99a 142.24 +0.96 & 140.41 +2.83 8 143.89+5.44 &

§ FRAP, umol Fe (Il) § DW  27.65+0.32a 29.68+0.62 at 30.66+ 1.63 b 29.43 + 0.56 ab
TPC, mg ¢ DW 557+0.76a 6.72+11la 475+067a 491+11la
DPPH, mmol ¢ DW 56.28 + 35.35a 59.76 +49.28 3 52.57 + 29.63 3 45.55+ 21.73 a

5 ABTS, umol g' DW 103.52 +1.51 bc 77.35+0.77a 108.62 +2.71¢ 100.68 +0.77 b

®  FRAP,pumol Fe (I) § DW  1822+1.74b 11.78+121a 18.87+016b 15.91+0.84b

TPC, mg ¢ DW

3.85+065a 287+018a 3.74+x032a 355%0.28a

Soluble sugar analysis indicated two hexogkgose and fructoséaffinose, maltose,

saccharose concertation was below detection lesithe main components in lettuce leaves and

roots(Figure 34.2.2). The pattern of higher hexoses concentration in leaves than roots was present

in all treatments except lettuces cultivated under 250! m?s! PPFD. Root glucos(B) and

fructose (A) concentrations did not differ between all PPFD treatments, except leaf hexose

concentratiorin lettuce, cultivated under 230mol m?s!was 3.343.86times lower compared

to other PPFD treatments.
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Figure 3.4.2.2 Photosynthetic photon flux density (PPFD) effeots soluble hexoses content of
hydroponically cultivated lettucgd "Y& w.(A)i fructose, (BY glucoseDifferent letters indicate
statistically significant di fferences between
pO 0. 0Bdry wBight

The differences in mineral accumulation in lettuce tissues dukeetbight intensity are
presented itable 34.2.3 The same mineral accumulation pattern of,Rn8 Na was determined
in hydroponically cultivated lettuce leaveEhe PPFDdifference between the lowest and the
highest light intensity treatment resulted in reduced accumulation of#),(394%4%), Al (57%),
Ca (4®0), Fe (630), K (28%), Mg (48%), Na (48%4), Zn (426), Mo (31%) hydroponically
cultivated lettuce leavesA similar but more pronmced tendency ofthe sameelement
accumulation reduction was present in hydroponically cultivated lettuce Po(@2x0), S (54%),
Al (80%), Ca (620), Fe (8%4), K (52%), Mg (53%), Na (58%0), 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 thkowing elements of hydroponically cultivated lettuce: B,
Co, Cr,andCu.

Table3.4.2.3Photosynthetic photon flux density (PPFD) effectsninerals accumulation in lettuce leaves

and roots(af¢ . Different letters within the rovand plant organindicate statistically significant

di fferences

bet ween

me a

ns accor ¢iOn @ PD phosphorkse y 6 s

ST sulfur, BT boron,AlT aluminum, Cd calcium, Cad cobalt, Cri chromiumCui copper, Fd iron,

KT potassium, M@ magnesium, Mii manganese, Nasodium, Zri zinc, Mol molybdenum, DW dry

weight.
Mineral Leaf mg gt DW/PPFD pmol it st Root mg ¢ DW/PPFD pmol ¥ st
150 200 250 300 150 200 250 300

P 0.633c 0.611c 0546b 0.388a| 0.310c 0.203b 0.135a 0.101a
S 0.349c 0.337c 0.300b 0.196a| 0.397c 0.266b 0.214ab 0.183a
Al 0.209b 0.154ab 0.128a 0.090a| 0.113c 0.069b 0.044a 0.023a
B 0.022b 0.020b 0.019b 0.007a| 0.024a 0.028a 0.038b 0.035b
Ca 12478 c 10.882b 9.948b 6.675a| 2.962b 2501b 1652a 1.164a
Co 0.003c¢ 0.003bc 0.003b 0.001a| 0.003a 0.007b 0.009c 0.009c
Cr 0.002b 0.001ab 0.001a 0.001a| 0.009a 0.011b 0.013b 0.013b
Cu 0.011b 0.010b 0.010b 0.006a| 0.007ab 0.004a 0.008bc 0.012c
Fe 0.123c¢ 0.090b 0.075b 0.045a| 0.063c 0.040b 0.021a 0.009 a
K 30.529 ¢ 29.605c 27.568b 22.057 a| 21.118c 14.061b 10.852ab 9.996 a
Mg 2471c 2.054b 1.895b 1.291a| 0.616b 0.778b 0.337a 0.277 a
Mn 0.348ab 0.394b 0.283a 0.242a| 0.835b 0.410a 0.466a 0.456 a
Na 0.470c 0.431c 0.351b 0.253a| 0.232b 0.298b 0.145a 0.102 a
Zn 0.047c¢c 0.043bc 0.037b 0.028a| 0.022b 0.005a 0.006 a 0.006 a
Mo 0.010c 0.010bc 0.009b 0.007a| 0.013c 0.007b 0.004a 0.002 a

lettuce leaves (Figure 3.4.2.3). The highest nitrite concentration was in lettuces cultivated under

Differences in photosynthetic flux densities had an effectitoie/nitrate content in red leaf

300umol m? s PPFD The concentration was 420 times higher compared with other treatment

groups.
3.4.1.3). Nitrate concentration was?88igher in lettuces cultivated under 2ol m?s* PPFD

compared to the lowest light intensity treatment.
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Figure 3.4.2.3 Photosynthetic photon flux density (PPFD) effects nitrite/nitrate content of
hydroponically cultivated lettucéaf Y@ w. Different letters indicate statistically significant

differences between means accorpdi ©g OBdrywBghk ey 6 s t

Key takeaways
T For red | eaf | thelightirteasityshifofiorh 200 tR268 |snalte? did
nothavean mpact on biomass incr é&gbdnt .(YAcaartdio
is mare efficiently converted into biomass in hydroponically cultivated leaflettuce
whenPPFD is increased from 150 to 2@®ol m2s?t and 2500 300umol m2s?,
f Photosynthetic response of red leaf lettuce to the lighting PPFD ©8a8Qumol nm?s?
was not remarkably differenThe highestroot antioxidant activity according ABTS
methods was recorded in the treatment group that had the lowest intrinsic quantum yield
(cultivated under 25Amol m?s?).
1 The highest nitrite concentration was recorded in both green and red leaf lettuces
cultivated under 30imol m?s! PPFD.
1 The lowest investigated lighting PPFD resulted in the highest contet$SofAl, 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.
1 The pattern of highdrexoseconcentration in leaves than roots was present in all treatment
groups except lettuces cultivated under 250 PPFD.
3.4.3 Amaranthus tricololL.)
Differences in the DLinfluence thegrowth parameters of amaranth cultivated in a buffered
nutrient solution(Table 34.3.1). Leaf area increment aligns with leaf and root/fdegh weight

accumulation with increased PPFD. PPFD increase from 200 tpu260m2 s? resulted ina
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35% dry weight increase while leaf area respectively increased by ofity AZlear difference
in plant height was recorded between the amaranths cultivated in the lowest two PPFD treatments,

and al6% difference was recorded between these groups.

Table3.4.3.1Photosynthetic photon flux density (PPFD) effects on biometric paramefersf(@  w

of hydroponically cultivatecamaranth Different letters within the row indicate statistically significant

di fferences between means according f freshiveightey 6 s t
DWT dry weight.

PPFD pmol nt st

Parameter 150 200 250 300
Height, cm 10.2+1.35b 8.79+1.18a 9.61+0.77 ab 9.78 £ 0.53 ab
Leaf area, crh 53.06 +1455a 94.71+17.95b 107.03 + 15.06 bc 1275+ 204 c
Leaf, FW 1.82+06a 3.33£0.71b 4.32+0.57c 516 +0.89¢c
Leaf, DW 0.19+0.07 a 0.36 +0.08 b 0.49+0.06 c 0.58+0.1c
Root, FW 0.55%+0.27 a 144 +051b 1.66+0.5 bc 2.37£0.72c
Root, DW 0.02+0.01a 0.06+0.01b 0.08 £0.02 bc 0.11+£0.03c

Photosynthetic photon utilization efficiency is not fully reflected in/fdegh weight
accumulationdepending on the light intensity. Fresh mass gain increases linearly with increasing
light intensity (y = 1.0979x + 0.9118, Rz = 0.98)t it does not reflect relative photon usage
efficiency. Acc/pbldli n § %) Fogurafld.dB\Bght (% nost efficietly
converted into biomass in hydroponically cultivasedaranth whe®PFD is increased from 150
to 200 pumolm?st and from 250 to 300 pmoh?s™.

ns
s}

c 1 A
0.5
: =
From 150 to 200 From 200 to 250 From 250 to 300
PPFD pmol ras?

Figure3.4.31The ratio of the fresh plant weight gain
(g DLI (%)) due to increased PP &naranthDefarénteiterd s o f
indicate statistically significant differences b
l evel p iQresh we@ybtDLI i Fi&ily light integral, PPFDi photosynthetic photon flux density.
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Differences in photosynthetic flux densities had modeedftects on the photosynthetic
characteristicoof hydroponically cultivatedamaranthbut had a more pronounced effect on
antioxidant responseléble 34.3.2. While intrinsic quantum yieldd P S land NPQ were
indistinguishable between dleatmentsa 226 reduction in maximum quantum yie(&m/Fv)
was recorded between amaranths cultivated in the lowest PPFD treatment compared with the
highest.An inverse relationship was recorded in fsatf antioxidant activity according to the
DPPH free radical scavenging activitjnethod. Increased root antioxidant activity was not

reflected in leaves in amaranths cultivated under the highest light intensity.

Table3.4.3.2Photosynthetic photon flux density (PPFD) effectdettuce photosynthetamdantioxidant
parameterdof "Y& w. Different letters within the row indicate statistically significant differences

bet ween means according to pDulkeF@gBsi maxensirh quantumt he ¢
yi el d, 1 imgtrlagcl guantum, NPQi non photochemical quenchinddPPH - 2-diphenyil-
picrylhydrazyl and ABT52,2-azino-bis(3-ethylbenzothiazoliné-sulphonic acififree radical scavenging

activities, FRAR ferric reduction antioxidant poweTPCi total phenolic contentHWi dry weight.

Photosynthetic characteristics/PPFD umal sit

Parameter 150 200 250 300
Fv/iFm 0.46+0.12a 054+0.08ab 0.58+0.04b 056+0.1b
aPSI | 0.31+0.09 a 0.35+0.07 a 0.37+£0.08 a 0.38+0.13 a
NPQ 0.18+0.057a 0.22+0.033a 0.22+0.063a 0.17+0.05a
Antioxidant activity
DPPH, mmol ¢ DW 58.28+4.76 ¢ 45.38+2.11ab 54.21+242bc 43.76+x1.3a
% ABTS, umol g* DW 252.18 + 25.97 ¢ 242.03 £ 39.97 ¢ 253.57 + 34.44 ¢ 240.98 + 46.23 ¢
g FRAP, umol Fe (II) ¢ DW 118.72+ 252 at 115.12+2.22a 125.66+2.76b 11451+1.33a
TPC, mg ¢ DW 6.07+0.24b 563+0.23a 6.44+022ab 5.35+0.25ab
DPPH, mmol ¢ DW 3.28+0.46 a 5.92+0.1ab 6.3+1.63ab 7.14+1.07b
5 ABTS, umol g* DW 29.18+545a 3047+7.77a 29.73+8.36a 27.9+3.66a
T FRAP, umol Fe (I) ¢ DW  60.38+1.14b 5595+16l1a 53.82+10la 53.04+159a
TPC, mg ¢ DW 1.36+0.19 a 1.25+021a 1.23+02a 1.07+£0.04 a

Soluble sugar analysis indicated two hexogkgose and fructoséaffinose, maltose,
saccharose content was below detection liastthe main components amarantieaves and
roots(Figure 34.3.2). The inverse pattern of leaf/robéxose content wagcorded. While leaf
fructose concentration was always higher tinaoots, oppositelyroot glucose concentration was
always higher thain leaves exceptin the amaranth cultivated under 1Mol m?s! PPFD,
whereno difference was presentgiucoseconcentration. Glucose and fructasacentrations in
leaves wereindistinguished between all treatment group%o B&gher root fructose concentration

was recorded in amaranths cultivated under thedsigPPFD treatment compared with the lowest.
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Figure 3.4.3.2 Photosynthetic photon flux density (PPFD) effeots soluble hexoses content of
hydroponically cultivatecamaranth(af "Y'@& w. Different letters indicate statistically significant
differences between means accorpdi ©g OBdrywBghk ey 6 s t

The differences in mineral accumulation amaranthtissues due to light intensity are
presented inable3.4.3.3 Negative regression of Mn content with increasing light intensity was
recorded (y =0.0276x + 0.3022 R2 = 8 in hydroponically cultivated amaranth leaves, while
amaranth roots accumulatedhigher amountin comparison with the leavedhe intensity
difference between thdowest and the highest PPFD treatments resulted in decreased
accumulation of P (28), Fe (16%0), K (9%) in leaf tissue, aththe sameslements P (19), Fe
(41%), K (14%) in root tissue of hydroponically cultivated amara@ppositelyjncreased PPFD
from 150 to 30Qumol m?s?! increaseshe accumulation othe following mineral elements: Al
(14%), B (20%), Co (1.6fold), and Mo (14%) in hydroponically cultivated amaranth leaves.
Moreover, the same tendency wasorded in Co (3%), Mg (6%), Na (246) accumulation in

root tissue of hydroponically cultivated amaranth.
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Table 3.4.3.3Photosynthetic photon flux density (PPFD) effertsminerals accumulation iamaranth
leaves and rootéaft  w . Different letters within the rowand organindicate statistically significant

di fferences accor ¢On @ PD phosphorkse y 6 s

bet ween

means

Si sulfur, Bi boron,AlT aluminum, Cd calcium, Ca cobalt, Cri chromium Cui copper, F& iron,

K potassium, Mg magnesium, Min manganese, Nasodium, Zri zinc, Moi molybdenum, DW dry

weight.
) Leaf mg gt DW/PPFD pmol nt st Root mg ¢ DW/PPFD pmol nt st

Mineral 150 200 250 300 150 200 250 300

P 0.596c 0519b 0.493a 0.516b| 0.670b 0.633ab 0.625ab 0.600 a
S 0.287c¢c 0.268b 0.257a 0.257a| 0.226a 0.215a 0.221a 0.225a
Al 0.169a 0.178ab 0.169a 0.193b| 0.221a 0.26l1la 0.369b 0.219a
B 0.024a 0.024a 0.027b 0.029c| 0.008b 0.002a 0.002a 0.006b
Ca 31.795b 32.390b 31.322ab 29.667 a] 6.836¢c 5.897a 6.447bc 6.196 ab
Co 0.001a 0.002a 0.001a 0.003b|0.006ab 0.006a 0.008bc 0.009c
Cr 0.000a 0.001a 0.001a 0.001a| 0.002b 0.000a 0.001ab 0.002b
Cu 0.010a 0.009a 0.009a 0.010a| 0.032a 0.027a 0.031a 0.029a
Fe 0.082c¢c 0.072b 0.067a 0.069abl 0.141bc 0.126b 0.151c¢ 0.083a
K 38.733 ¢ 36.133ab 36.963b 35.1554a 57.920c 53.743 b 51.574ab 49.943 a
Mg 8.145¢c 7.540ab 7.644b 7.206a| 5921a 6.350b 6.790c 6.268Db
Mn 0.270d 0.255¢ 0.217b 0.191a| 1541b 1546b 1475b 1.017a
Na 0.355bc 0.364c 0.340b 0.299a| 0.957a 0.967a 1.052b 1.189c
Zn 0.036 b 0.033ab 0.032a 0.032a| 0.029b 0.027ab 0.024a 0.026 ab
Mo 0.011a 0.011a 0.011a 0.013b| 0.028b 0.024a 0.025a 0.025a

hydroponically cultivated amarantleaves Figure 3.4.3.3 Nitrites were not detected in
amaranth The biggest nitrate concentratiahfference was recorded between amaranths

cultivated under 20Qmol m?s* PPFD and 30Qumol m?s? PPFD 42% nitrate concentration

Differences in photosynthetic flux densities had an effect on nitrate content in

reduction wasletermined
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Figure 3.4.3.3 Photosynthetic photon flux density (PPFD) effemtsnitrate content of hydroponically
cultivatedamaranth(cf” "Y@&  w. Different letters indicate statistically significant differences between

means according to Tukepod. OBEBytwEBENt the confidenc:

Key Takeaways

1 Though amaranth fresh weight rose with increasing PPFD, similandyltieaf lettuce
6Lol | o th®lmlst sitandity shift from 200 to 250mol m2s? did not have an
impact on biomassincremest c or di ng #topdLd K Wight¥ersity o
gains better answer the purpose wR&¥FD is increased from 150 to 2@Mol m?s?
and 2500 300umol m2s?,

1 Photosynthesis and antioxidant parameters did not differ significantly between PPFD
treatments, indicating, that 15@nol m?2s!is sufficient for physiological functions of
amaranth.

1 The lowest nitrate concentration was recorded in amaranth cultivated under the highest
investigated PPFD of 3Q@mol m2s™.

1 PPFD gradient from 150 to 3@@nol m?s? linearly reduces Mn content i@af tissue
of hydroponically cultivated amaranth, as well as results in lower conteAtEl8¥o),

Fe (16%), K (14%), but higher Al (1%), B (20%), Co (1.6fold), andMo (14%).
1 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 frutescengL.)
Differences in the DLInfluence thegrowth parameters of perilla cultivated in a buffered
nutrient solution(Table 34.4.1). The leaf area statistically aligns with le#abt dry weight

accumulation of hydroponically cultivated perilla. Interestingjiye most significandisparity in
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plant height was recorded between perilla cultivated under 200 anoh800n2s* PPFD a42%
height increment was in the higher PPFD treatmdatvever, onlythe plants cultivated under
300 umol m?s! PPFD hadbtatistically significarly higherfreshidry weight and leaf arethan
other treatmets.

Table3.4.4.1Photosynthetic photon flux density (PPFD) effects on biometric paramefer(& w

of hydroponically cultivatedoerilla. Different letters within the row indicate statistically significant

di fferences between means according f beshiweighey 6 s t
DWi dry weight.

PPFD pmol nt st

Parameter 150 200 250 300
Height, cm 9+0.82 ab 6.83+0.24 a 8.33+1.31ab 9.83+0.24b
Leaf area, crh 245.23+63.5a 193.68+7.23a 287.94+7467ab 455.94+62.58Db
Leaf, FW 452+0.69a 3.89+0.37a 6.13+1.73 ab 9.69+1.39b
Leaf, DW 0.54+0.12a 0.47+x0.05a 0.73£0.19a 1.2+0.17b
Root, FW 752+0.44 a 8.12+2.04 a 6.77£0.44 a 1769+285b
Root, DW 0.23£0.04 a 0.31x0.1a 0.26 £0.03 a 0.71+£0.12b

Photosynthetic photon utilization efficiency is not fully reflected in/fdegh weight
accumulationdepending on the light intensity. Fresh mass gairaimasderate dependency with
increasing light intensityHHowever, @ c or di ng tgoDLdp K Wo) Figea34.4.5,s (
the highestbiomassincrement is attaineth hydroponically cultivated perillathen PPFD is
increased from 200 to 250mol m?s?t and from 250 to 30Qmol n?s?, rejecting disparity that
arose then PPFD increased from 150 to 200! m?s™.
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Figure3.441The ratio of the fresh plant weight gain
(g DLI ( %) ) due to increased PP Erillat Difierant lstierst s o f
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indicate statistically significant differences
l evel p iQresh we@ybtDLI i Fd&ily light integral, PPFDi photosynthetic photon flux density.

Differences in photosynthetic flux densitie®derately affected the antioxidant response of

hydroponically cultivated perilla but had a more pronounced effect on photosynthetic
characteristic§Table 34.4.2). Plants cultivated at the lowest PPDF treatment had the highest

values of both intrinsi¢d P S arid maximum quantum yie(@v/Fm). Also, the biggest disparity

between both quantum vyields was recordedthe previously discussed treatment. Root

antioxidant response was more pronounced than lealkiesyugh numerically highemtioxidant

activity according to ABTS and FRAP metlsodasin leaf tissueof hydroponically cultivated

perilla.

Table3.4.4.2Photosynthetic photon flux density (PPFD) effectperilla photosynthetiand antioxidant

parameterdof "Y& w. Different letters within the row indicate statistically significant differences

bet ween means according to pDul0eyWrs maxensn quantum t h e
yi el d, i intriaskl guantum, NPQ' non photochemical quenchinddPPH 1 2-diphenyil-

picrylhydrazyl and ABTB2,2-azino-bis(3-ethylbenzothiazolinré-sulphonic acijifree radical scavenging

activites, FRAR ferric reduction antioxidant poweTPCi total phenolic content®Wi dry weight.

Photosyntheticharacteristid®PFD pumol it st

Parameter 150 200 250 300
Fv/Fm 0.76 £0.01 b 0.74+0.01a 0.74+0.01a 0.73+0.01 a
aPSI I 0.73+0.01c 0.72+0.01 b 0.72+£0.01 bc 0.71+0.01 a
NPQ 0.02 £ 0.001 ab 0.02+0.003a 0.02+0.001a 0.02+0.004b
Antioxidant properties
DPPH, mmol ¢ DW 309.54+£41.34¢ 273.52+7821a 279+81.19a 224.64+69.56a
= ABTS, umol gt DW 1179.35+58.28 ¢ 1200.14 £ 75.69 8 1242.4 +51.24 ¢ 1048.36 + 62.74 ¢
S FRAP,umolFe (I)§DW  608.2+31.24a 651.3+24.18a 670.61+7258b 598.2+20a
TPC, mg ¢ DW 36.25+0.58 a 38.75+1.89a 38.71+£0.83a 33.76+247a
DPPH, mmol ¢ DW 178.72 +75.07 ¢ 162.87 £66.67a 185.88+5.49a 188.49+0.59a
= ABTS, umol g DW 996.82 +£23.89k 832.17 +93.67 ab 787.83£49.99 ¢ 865.64 +£49.5 ab
& FRAP, umol Fe (II) g DW  584.98 +29.21 k 529.61 + 20.53 ab 501.36 + 30.02 ¢ 500.37 + 10.18 a

TPC, mg ¢ DW 32.7+0.85Db 26.63+x1.02a 26.38+x156a 27.66x243ab

Soluble sugaanalysis indicated two hexos@saltose, raffinose, saccharose concertation

wasbelow detection limitlas the main components jperilla leaves and root@igure 34.4.2).

The pattern of highelnexoseconcentration in roots than leaves was present in all treatments.

Fructose concentration in root@®6.75 11.05 times highethanleaves while glucose content

in the respective manner was 1.889 timeshigher Leaf fructose concentratiahd not differ
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between all treatmentahile a52% difference was recorded in leaf glucose corgbatween the
highest and the lowest PPFD treatmeAt&-fold increase in both hexoses content was recorded
in perilla cultivated under 150mol m?s! PPFD compared to thaighest PPFD treatment.
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Figure 3.4.4.2 Photosynthetic photon flux density (PPFD) effeots soluble hexoses content of
hydroponically cultivategerilla ((i” "Y'@& . (A)T fructose, (BY glucose.Different letters indicate
statistically significant di fferences between
pO 0. 0Bdry wBight

The differences in mineral accumulatiorperillatissues due to light intensity are presented
in table 34.4.3 Leaf S, B, Cu, Fe, Naoot K, and Ca accumulation wenet affected by
differences in light intensity. K concentration in leavess determinethy 45 69%, Naby 47
93% lower compared to the roaoncentrationin correspondindgreatmentsand oppositely, Ca
concentration was higher by i/@8%, S 61 72% in arespective manner. The 1@@nol nm?s?
PPFD difference between perilla cultivated unde® and 20Qumol nt2s? PPFD resulted im
6% P accumulation decrease in root tissue afd@% 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.
Perillacultivated under the lowest light intensity accumulated the highest amount of Mn, Zn, Cu,
Co,andB in root tissuedinterestingly, the highest and the lowest PPFD treatsnesiilted in the

highest amount of Mim theleaf tissue of hydroponically cultivated perilla.

Table3.4.4.3Photosynthetic photon flux density (PPFD) effectsninerals accumulation jperilla leaves

and roots(af¢ . Different letters within the rovand plant organindicate statistically significant

di fferences between means accor ¢On @ PO Bhosphorkse y 6 s
Si sulfur, Bi boron,AlT aluminum, Cd calcium, Ca cobalt, Cri chromium Cui copper, F& iron,

K potassium, Mg magnesium, Min manganese, Nasodium, Zri zinc, Moi molybdenum, DW dry

weight.
Mineral _-€af Mg g' DW/PPFD pmol if s* Root mg ¢t DW/PPFD pmol nt s*
150 200 250 300 150 200 250 300
P 0.894ab 0.835a 0.879ab 0.936b | 1.027a 1.037ab 1.105bc 1.106c
S 0.181a 0.165a 0.169a 0.174a| 0.310b 0.283a 0.287ab 0.280a
Al 0.141a 0.141a 0.162b 0.177c| 2599b 2148a 2.120a 2.323ab
B 0.022a 0.019a 0.019a 0.021a| 0.013b 0.007a 0.007ab 0.004a

Ca 18.956 a 18.816a 19.022a 20.796 b| 10.954a 10.459a 10.769a 11.070 a
Co 0.006 b 0.006 ab 0.005a 0.005a| 0.014c 0.013bc 0.012b 0.008 a
Cr 0.007b 0.006ab 0.005a 0.004a| 0.011a 0.008a 0.009a 0.018Db
Cu 0.008a 0.008a 0.009a 0.008a| 0.069b 0.033a 0.033a 0.031a
Fe 0.327a 0.090a 0.100a 0.100a| 1.444b 1200a 1.198a 1.332ab
K 31.339c 26.303a 28.126 b 25.732a| 45.579a 43.327 a 46.033a 43.540 a
Mg 5.729a 6.020b 5.897ab 6.024b | 5864a 6.128a 6.838b 7.022b
Mn 0.310c 0.253a 0.279b 0.307c | 0.585c 0.331a 0.433b 0.439b
Na 0.570a 0.619a 0.491a 0457a| 0.969b 0.912ab 0.852a 0.886a
Zn 0.153b 0.131a 0.158b 0.145ab| 0.202c 0.172b 0.167b 0.146a
Mo 0.003a 0.003a 0.004ab 0.005b | 0.013a 0.016a 0.015a 0.021b

Differences in photosynthetic flux densiti@Sectednitrite/nitrate content in perilla leaves
(Figure 34.4.3). The highesNOs content was determined in perilla cultivataterthe highest
and the lowest PPFD450 umol nt? st increase between theseatmentsesulted ina 3%
increment in nitrate content. However, the highest nitrites content was recorded in perilla
cultivated under 25@00 umol n?s® PPFD. The 5umol mi?s? increase between these groups

resulted ina45% reduction in nitrites content.
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Figure 3.4.4.3 Photosynthetic photon flux density (PPFD) effecis nitrite/nitrate content of
hydroponically cultivatedperilla (¢ff "Y@& . Different letters indicate statistically significant

differences between means accorpdi g OBdywBghk ey 0 s

Key Takeaways

f Only the perilla plants cultivated undethe highest300 pmol n? s had statistically
significantly higher frestiry weight and leaf area compared with otABFDtreatments.
Accordi ng /pdL tp rdadiyht i®eae efficiently converted into biomass
in hydroponically cultivategherillathanPPFD is increased fro@00to 250 umol m?s?
and 250300 pumol m?s?,

1 Roots of hydroponically cultivated perilla showed a more pronounced antioxidant
response than leaves, even though leaf tissue displayed Imighnarical antioxidant
activity according to the ABTS and FRAP methods.

71 Differences in light intensityyad a more pronounced effdmith on mineraland soluble
sugaraccumulation in roots than leaves of hydroponically cultivatgzerilla.

1 Perillascultivated under the highest light intensity accumulated the highest amount of Mg
and Mo inleaves and roots, whilender the lowest light intensity accumulated the highest
amount of Mn, Zn, Cu, C@ndB in root tissues.

1 The highest nitrathitrite concentration was recorded perilla cultivated under
300250 umol mi?s* PPFD.

3.4.5 Mesembryanthemum crystallinyin)
Differences in the DLinfluence the growth parameters of ice plantsivated in a buffered
nutrient solutior(Table 34.5.1). Root dry weightvas undistinguished between all treatments, but

leaf dry weight was the lowest in ice plaotdtivated under 15Qmol m?s*! PPFD. Moreover,
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plantsof the same treatmewntere the tallest, 29 higher planteightthanplants cultivated under
250pumol m?s! PPFD.

Table3.4.5.1Photosynthetic photon flux density (PPFD) effects on biometric paraméferf(@  w

of hydroponically cultivated ice planDifferent letters within the row indicate statistically significant

di fferences between means according f freshiweighey 6 s t
DWT dry weight.

PPFD pmol nt st
Parameter 150 200 250 300
Height, cm 439+091b 3.39+0.7a 2.94 +0.37 a 3.28+0.42 a
Leaf area, crh  746.18 + 138.97 ¢ 1061.81 + 233.51 k 1022.93 + 203.12 k 836.94 + 115.48 at
Leaf, FW 119.84+256a 160.91+37.24a 147.06x36.16a 119.06+22.8a

Leaf, DW 4.16+0.85a 7.12+1.98 b 7.59+193b 6.59+131b
Root, FW 13.89+8.39b 8.25+3.75ab 6.25+2.01a 53+298a
Root, DW 0.78+0.68 a 0.55+0.22 a 05+0.12a 042+0.19a

Photosynthetic photon utilization efficiency is not fully reflected in/fdegh weight
accumulation depending on the light intensity. Fresh mass gamr@dinear 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), apdrslangTable 34.6.1). Accor di n gpDtLd o % W v(a%)t
(Figure 34.5.1), the light shift from 15Qumol m?s! PPFDto 200 umol m?s! PPFDhas a
positive increment irhydroponically cultivated ice plartiiomassNegat i ve val ues
(%)pDL 1 ( %) rha addittonal lighpdnsrgy provided by higher illumination treatment
groupsis not efficientlyused
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Figure3451The rati o of the fresh plant weight gain
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characteristics of hydroponically cultivated ice plabtg had a more pronounced effect on
response Téble 34.5.2. While

undistinguishable between all treatment groups, the maximum quantun(Fxékan) and the

antioxidant

highest NPQ values were recorded in amaranth cultivated undgm2siom? s PPFD. Root
antioxidant response was more prominent than leaves. According to ABT 3 d methods
the highest antioxidant system response in leaves and roatsaseded in plants cultivated under
the300pumol m?s! PPFD treatmentVhile F&* reduction ability(FRAP antioxidant power) was

undistinguishedetweenall treatments in leavdsut, the highesFRAP powerwas recorded in

intrinsic quantum vyield (O P § 1 was

Differences in photosynthetic flux densitienoderately affected the photosynthetic

rootsunder the lowegt150 umol nt2st) and the highegB00umol m?2s?) treatments.

Table 3.4.5.2Photosynthetic photon flux density (PPFD) effentsce plantphotosynthetic parameters
and antioxidant activityef Y& . Different letters within the row indicate statistically significant

di fferences accorpd rgFIEe maximuay 6 s

bet ween

means

guant um vy 1 ietinglc,quadt@®rs NPQ non photochemical quenchinPPH T 2-diphenytl-

picrylhydrazyl and ABT52,2-azino-bis(3-ethylbenzothiazoliné-sulphonic acififree radical scavenging

activities, FRAR ferric reduction antioxidant powelPCi total phenolic contentWi dry weight

Photosynthetic characteristiB®FD pmol n? st

Parameter 150 200 250 300
Fv/Fm 0.79+0.01a 0.8+£0.01ab 0.81+0.01c 0.81+0.01bc
aPSI I 0.72+0.03 a 0.72+0.01 a 0.7+0.03 a 0.72+0.02 a
NPQ 0.05+0.013a 0.06+0.004ab 0.08+0.025b 0.07 +0.035 ab
Antioxidant parameters
DPPH, mmol ¢ DW 17.02+249ab 1358+1.43a 1292+0.33a 185+0.33b
- ABTS, umol g* DW 97.16£+4.36b 100.98+561b 76.96+9.39a 98.32+24b
4 FRAP, pmol Fe (Il) § DW  67.57+1.77a 705+1.99a 68.01+506a 69.78+1.52a
TPC, mg ¢ DW 2.72+0.17 a 28+0.11a 291+045a 2.89+0.17a
DPPH, mmol ¢ DW 17.67+2.05ab 17.19+1.09ab 12.17+249a 189+159b
B ABTS, umol g* DW 84.73+2ab 88.07+565a 84.26+3.12a 103.97+4b
& FRAP, umol Fe (Il) ¢ DW  68.5+093b 62.47+159a 64.14+103a 70.87+0.16b
TPC, mg ¢ DW 273+£0.39a 26+0.16 a 243+0.09a 3.14+047a

saccharose contentawbelow detection limitjas the main components in ice plant leaves and
roots(Figure 34.5.2). 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 20Qumol m?2s! PPFD Here, hexoseontent did not differ between organs. In both organs

fructose(A) content increases with increased light intensity and reacb@datieau in ice plants

Soluble sugar analysis indicated two hexogkgose and fructosémaltose, raffinose,
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cultivated under 25@00pumol m?s! PPFD.A similar relationship is present for the glucqsd
content in ice plant leaves but dies into two clear sections (I%M0; 250 300 umol n?s?
PPFD) in roots.

150 200 250 300
PPFD, umol ras?!

m Leaf fructose m Root fructose

35 c c

150 200 250 300
PPFD, umol ras?

m Leaf glucose m Root glucose

Figure 3.4.5.2 Photosynthetic photorilux density (PPFD) effect®n soluble hexoses content of
hydroponically cultivated ice plaiéi” "Y'@& w: (A)i fructose, (B)glucose. Different letters indicate
statistically significant differences betpeen me
0.05. DWi dry weight.

The differences in mineral accumulation in ice plant tissues due to light intensity are
presented intable 34.5.3 K accumulation decreased gradually (y-&507x + 72.215,
R2 = 0.89) with increasing light intensity in ice plant leaf tisue.inverseCa 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 recotigedalowing
elements: P, Fe, Mn, and Zrfour different treanents resulted in four different accumulation
intensitiesand plants cultivated under the lowest PPFD accumulated the highest antboseof
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elements. Moreover, S accumulation inteaiso differentiated into four different intensities, but
the highest S content was prevalent in ice plants cultivated @s@gmol nt2s! PPFD. Under
the same PPFD treatment of 2&®ol m?s?, ice plant roots accumulated the highest amount of
P, Ca, Fe, Mg, Mn, anda.

Table 3.4.5.3Photosynthetic photon flux density (PPFD) effemisminerals accumulation iite plant

leaves and rootfcft  w. Different letters within the rovand plant organindicate statistically
significant differences between means p&c dar0kbi.ng
P i phosphorus, $ sulfur, Bi boron,AlT aluminum, Ca calcium, Coi cobalt, Cri chromium Cui

copper, Fei iron, Ki potassium, Mg magnesium, Mi manganese, Na sodium, Zni zinc, Moi
molybdenum, DW dry weight.

) Leaf mg gt DW/PPFD pmol nt st Root mg ¢t DW/PPFD pmol ¥ st
Mineral 150 200 250 300 150 200 250 300
P 0.678d 0.580c 0.419a 0.468b| 0.421b 0.450a 0.478c 0.431lab
S 0.262c¢ 0.218b 0.180a 0.182a| 0.257c 0.262a 0.454d 0.443b
Al 0.071a 0.104c 0.089b 0.115d| 0.073ab 0.152a 0.473b 0.306 ab

B 0.033b 0.029a 0.032b 0.033b| 0.023b 0.005c 0.014a 0.005hc
Ca 6.902a 7.461b 11.243c 11.983d| 7.486bc 12.219a 19.189c 18.917 ab
Co 0.004a 0.004a 0.004a 0.004a| 0.014a 0.013b 0.014a 0.013a
Cr 0.004a 0.004a 0.004a 0.004a| 0.0l16a 0.014b 0.009a 0.011a
Cu 0.003b 0.002a 0.002ab 0.002ab| 0.003b 0.007c 0.001a 0.003b
Fe 0.086d 0.077c 0.053a 0.062b| 0.128a 0.228a 0.352b 0.284a
K 64.587d 62.532c 49.396 b 47.276 a| 43.427 bc 28.068 a 20.563 c 19.451 b
Mg 5.060a 5.057a 5.789b 5974c| 6.908b 11.366a 14.664c 14.470 ab
Mn 0.207d 0.188c 0.163a 0.174b| 1.797bc 1.327a 1417c 1.378ab
Na 5.323a 5.643b 5.613ab 5.664b | 1.126bc 0.817a 0.851c 1.062b
Zn 0.073d 0.041c 0.026a 0.029b| 0.068a 0.042a 0.051b 0.055a
Mo 0.004c 0.003b 0.003ab 0.003a| 0.001a 0.002c 0.004b 0.003a

Differences in photosynthetic flux densities influenced nitrate content in hydroponically
cultivated ice plant leave@~igure 34.5.3. Nitrites were not detectedlThe biggest nitrate
concentration difference was recorded between ice plants cultivated under 20025012 s*
PPFD and 30Qumol n?2s* PPFD 47/49% nitrate concentration reduction was present in the
respective mannerThe 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) effemmtsnitrate content of hydroponically
cultivatedice plant(cf Y&  w. Different letters indicate statistically significant differences between
means according to Tukepod. OBEBytwEBENt the confidenc:

Key Takeaways

1 Ice plant growth and other physiological indices indicate more efficient plant functioning
at lower lighting intensities (up to 2@0mol m?s).Accor di ng /Mtp®LpP F W) ( ¢
ratio, efficientlight convesioninto biomassvas determineth hydroponicallycultivated
ice plants at the from 150 to 200 pmof st PPFD treement.

1 The lowest nitrate concentration was recorded in ice plants cultivated under 300 fistol m
PPFD.

1 Inice plant leaf tissud& 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 ofu280 m?s?,
ice plantroots accumulated the highest amount of P, Ca, Fe, Mgaih\a.

1 A recurrent pattern of le@bot hexose content was observed, with glucose and fructose
consistently higher in leaves than roots, except in plants cultivated undgm20@n? s*

PPFD, where hexosmntent did not differ between organs

1 Roots exhibited a more prominent antioxidant response than leaves, with the highest
antioxidant system response in both organs recordéckiplantscultivated under the
300umol m?s! PPFD treatmen

3.4.6 Portulaca oleracealL.)
Differences in DLI significantly influence the growth parameters of purslane when

cultivated in a buffered nutrient solutiohable 34.6.1). With the exception of root fresh and dry
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weight accumulation, all parameters showed a linear dependeimuereasing light intensity. A
150umol m?s! PPFD difference between the lowest and highest PPFD treatments resulted in the
following parameter increments: 63% in height, 3.4 times in leaf asfedd t leaf fresh and dry

weight accumulation, and 7 times in dry root weight.

Table3.4.6.1Photosynthetic photon flux density (PPFD) effects on biometric paramefersf(@  w

of hydroponically cultivated pursland®ifferent letters within the row indicate statistically significant

di fferences between means according f beshiweighey 6 s t
DWi dry weight.

PPFD pmol nt s?

Parameter 150 200 250 300
Height, cm 10.18 £0.38 a 11.7+0.31b 15.08 £1.32 ¢ 16.67+1.6d
Leaf area, crh 21.75+3.26a 38.44+473b 51.65+9.14c 74.74+13.44d
Leaf, FW 1.56 £0.24 a 3.02+£0.21b 5.67+0.60c 792+1.62d
Leaf, DW 0.07x£0.01a 0.13+0.02b 0.24+£0.03 c 0.34+£0.07d
Root, FW 0.27£0.02 a 0.72+x0.05a 1.75+0.77b 2.24+0.23b
Root, DW 0.01+0.001a 0.02+£0.001b 0.04+£0.009c 0.07+0.002d

Photosynthetic photon utilization efficiency is not fully reflected in/fdegh weight
accumulationdepending on the light intensity. As previously mentioned, purslane fresh weight
accumulation has a strong linear dependance on light intensity (y = 2108863, R2= 0.9).
According 1fgpDLd kW) ( %4dHgure 34.6.7 liglg sh#t & most efficien
convering photonsinto biomass in hydroponically cultivatedurslane is from 200 to
250 uymolm?s!PPFD. Moreover t he decreased vi@Dhlle (%) 203t iod
250 to 30Qumol mi2s* PPFD indicates that light efficiently usedbut the maximum capacity is
already reached.
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Figure3. 4. 6. 1 The ratio of the fresh plant weight gain (o
to increased PPFD treatments of hydroponically cultivated pursRifferent letters indicate statistically significant

di fferences between means according ffoeshiweithey6s test a
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Differences in photosynthetic flux densitieaoderately affected thghotosynthetic
characteristis of hydroponically cultivated purslane but had a more pronounced effect on
antioxidant responsd éble 34.6.2). Interestinglythe maximum quantum yiel@Fv/Fm)was the
lowest in purslane cultivated under 30®ol ni2s? PPFDbut had the highest intrinsic quantum
yield (0 P Sl Themost significantdifference of 5% 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, R? = 0.90) with ingyeight intensity in
leaves of hydroponically cultivated purslane. The inverse relationship dfesdoantioxidant
activity was recorded according to the DPPH methaftthile roots of purslane cultivated under
300 umol n2s! 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) effeots purslane photosyntheticand
antioxidantparameterdaf "Y@&  w. Different letters within the row indicate statistically significant

di fferences between means accorpD rgFOEe maxmuay 6 s
qguant um vy i ietdnsic, quantis NPQ non photochemical quenchinPPH T 2-diphenyil-
picrylhydrazyl and ABT52,2-azino-bis(3-ethylbenzothiazoliné-sulphonic acififree radical scavenging

activities, FRAR ferric reduction antioxidant powelTPCi total phenolic content Wi dry weight.

Photosyntheticharacteristid®PFD umol n? st

Parameter 150 200 250 300
Fv/Fm 0.74+£0.01b 0.73+0.01 b 0.73+0.01 b 0.7+0.02 a
aPSI I 0.34+0.03 a 0.41 £ 0.02 bc 0.42+0.03b 0.45+0.02c
NPQ 0.31+£0.023b 0.27+0.035ab 0.29+0.048ab 0.26 +0.048 a

Antioxidant parameters
DPPH, mmol ¢ DW 108.86 + 0.55a 132.64+3.81b 138.28+55bc 14454+0.94c
ABTS, umol g* DW 278.92 + 22.37 ¢ 289.52 + 4.29 ak 324.31 + 10.13 k£ 300.37 £ 5.66 ak

T FRAP, umol Fe (Il) ¢
g W 162.08 +3.74a 188.77+4.64b 206.47+579c 213.27+131c
TPC, mg ¢ DW 832+005a 10.11+0.13b 10.6+022c¢  11.2+0.09d
DPPH, mmol g DW  110.88+ 1361F 112.83+9.99af 92.88+229b 81.06+7.33a
ABTS, umol g!DW  349.97+61.79¢ 332.6+3.78a 368.88+3.28a 34859+7.36a
S FRAP, umol Fe (Il) ¢
€ w 138.61+3.78a 13578+503a 13841+245a 131.27+1.88a
TPC, mg ¢ DW 6.84+0.18ab 6.54+025b 6.92+027ab 6.24+0.09 a

Soluble sugar analysis indicated two hexogkgose and fructosémaltose, raffinose,
saccharose content was below detection lisdtthe main components in purslane leaves and

roots (Figure 34.6.2). 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, 5873% difference was recorded by comparing all treatment groups. There was no
significant difference in le&foot glucose (B)concentration withirdifferent lighting intensity

treatments.

150 200 250 300
PPFDyimol m? st

m Leaf fructose m Root fructose

150 200 250 300
PPFDpmol m? st

m Leaf glucose m Root glucose

Figure 3.4.6.2 Photosynthetic photon flux density (PPFD) effeots soluble hexoses content of
hydroponically cultivategurslane(ci’ "Y& w. (A)T fructose, (B} glucoseDifferent letters indicate
statistically significant di fferences between
pO 0.DWBdry weight.

The differences in mineral accumulation parslanetissues due to light intensity are
presented itable 34.6.3 S accumulation tendency was similar to ice pleatil¢ 3.35.3) i four
different light intensity treatments resulted in four different accumulation intensities in root tissue,
but the highest S content was found in purslane cultivated undgm26on?s! PPFD. Under
the same PPFD treatment of 20Mol m?s? cultivated purslane root tissue accumulated the
highest amount of P, Cke, K, Mg Mn, Na,andZn. Purslane cultivation under the lowest PPFD
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treatment resulted in reduced content of P, S, Al, Ca, K, Mg, Mn, Mg, MnamdEZn in leaf
tissue.Theconcentratiorof these elements was fouh®4 3.10 timeshigherin other treatments
compared to plants cultivateshder 150umol n?s® PPFD. P, Ca, K, Mg, Na concentration in

leaf tissue was always higher compared to the root tissue concentration in respective treatment

groups.

Table 3.4.6.3Photosynthetic photon flux density (PPFD) effamtsminerals accumulation ipurslane

leaves and root{cft  w. Different letters within the rovand plant organindicate statistically
significant differences between meanpOabd®dBdi ng
phosphorus, & sulfur, Bi boron,AlT aluminum, Ca calcium, Cd cobalt, Cri chromium Cui coppet,

FeT iron, KT potassium, Mg magnesium, Mih manganese, Nasodium, Zi zinc, Moi molybdenum,

DW1 dry weight.

Leaf mg gt DW/PPFD pmol nt st Root mg ¢t DW/PPFD pmol ¥ st
150 200 250 300 150 200 250 300
P 0.329a 0.982b 0966b 0.865b 0.129b 0.265c 0.104 ab 0.037 a
S 0.067a 0.169b 0.159b 0.130b 0.144 c 0.185d 0.097b 0.027 a
Al 0.039a 0.092b 0.100b 0.077b | 0.025ab 0.039b 0.025ab 0.016 a
B 0.021a 0.032b 0.031b 0.017a| 0.041b 0.026 a 0.047 bc 0.055¢c
Ca 3.547a 10.168b 10.112b 9.858b | 1.122bc 1.414c 0.706ab 0.323 a
Co 0.004b 0.001a 0.002a 0.005b 0.010a 0.009a 0.011a 0.016b
Cr 0.005b 0.001a 0.000a 0.005b 0.013a 0.014a 0.014a 0.018b
Cu 0.011b 0.013b 0.013b 0.002a| 0.012b 0.008a 0.016b 0.029c
Fe 0.040a 0.062a 0.052a 0.054a| 0.015a 0.066b 0.035a 0.037a
K 20.006 a 58.893 b 58.574b 60.515b| 10.826 bc 15.688c 6.736b 0.006 a
Mg 1.961a 6.088b 5.647b 5.906b 1.077 b 1.948c 0.823ab 0.067 a
Mn 0.195a 0.517b 0522b 0.489b | 0.663bc 0.917c 0.349ab 0.035a
Na 0.186a 0572b 0524b 0520b| 0.111bc 0.159c¢c 0.080b 0.009 a
Zn 0.031a 0.079b 0.072b 0.068b 0.039a 0.086b 0.036a 0.023a
Mo 0.004b 0.008c 0.009c 0.002a| 0.001a 0.003b 0.001a 0.008c

Mineral

Differences in photosynthetic flux densities influenced nitrétidte content in
hydroponically cultivated purslane leavéfggure 3.4.6.3) Nitrite concentration in purslane
cultivated under 250 and 3@@nol ni>s* PPFD was below the detection limit. The biggest nitrate
concentration difference was recordextween purslane cultivated under 2000l m?s* PPFD
and 250umol mi?s! PPFD 91% nitrate concentration increment wasterminedWhile nitrate
content was the lowest in purslane cultivated under 20l m? s PPFD at the same
illumination nitrite content was the highest. Thelsfol m2s! 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) effecis nitrite/nitrate content of
hydroponically cultivatedpurslane (¢ff "Y®&  w. Different letters indicate statistically significant
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Key Takeaways

1 Leaf area, height, leaf fresh and dry weight increases linearly witm¢heasing DLI
valuesAccording hp®Ltp EFEW (Poapti o, the most eff
biomass was determined in hydroponically cultivated ice plants at the from 150 to 200
umol mi2s* PPFD treatment.

f The highest nitrate concentration was recorded in purslane cultivated under 250" fimol m
s PPFD and 3-8old increase in nitrite content was recorded between plants cultivated
under 150/200 pmol rs® PPFD.

7 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’ concentratioin8.1®4
times higher in other treatment groups.

1 Lighting intensity had no pronounced impact on soluble sugar contents in purslane leaves

and roots.
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4 DISCUSSION

Precision agriculture employs cuttiegige technologies to increase agricultural
productivity while reducing adverse impacts on the environr(i€atunathilake 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, indoegrowing modules, kiech greenhousg. However, with the introduction of
advanced monitoring and control technologies, it becomes necessary to properly discern
plantmicroclimate interaction, modulate environmental parameters, and manage cultivation
factors (Amitrano et al., 2020)Therefore, plantentric 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 si§jnance of nutrient solution pH control in a narrow range of pH 5.0
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 tonttoydroponics 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 productivignd high resource use efficiency in CEA.

It is widely accepted that preferred pH for various plant cultivation in hydroponicgis 5.5
6.5 (Alexopoulos et al., 2021; Fimbrégedo et al., 2022; Gillespie et al., 202yt different
deviations may be used for specific reasoning, for instance nutrient solution pH reduction to 4.0
reduced the severity of root rot causedFbyaphanidermaturwithout influencing basil growth
(Gillespie et al., 2020)Moreover, various plant biological parameters and processes, including
growth, antioxidant system parameters, photosynthetic response,/mitratte, soluble hexose
content, and mineral nutrition, are mlependent, 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 limi{&Sillespie et al., 202Q¥or instance[. officinalegrown at a low
4.0 pH had increased nutritional and dietary vghlexopoulos et al., 20210n the other hand,
the purpose of precise management is to control cultivation parameters in a narrow optimal range
(RiusRuiz et al., 2014)therefore increasing complexity but achieving better quality produce
(Siregar et al., 2022)

lon 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 ior(iBdo/im
et al., 2021)Anderson et al., 201Gultivated 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 %% and 6.06.5 (Table 3.1.5.3). There was no
significant difference between K, S, P accumulation in lettuce shmmotgaring these pH
intervals 5.56.0 and 6.06.5, but nutrient solution acidity increases to pH 5.8 resulted in 1%

P reduction and-Bld increase in S content compared to lettuces cultivated under pH interval of
5.516.0 (Table 3.1.1.3). Moreover, contrary to the result®afierson et al., 2017Fe and Mn
content increased by ¥and 244, respectively, in the lettuces cultivated in a nutrient solution
pH of 6.0 6.5 compared to a pH interval of 560 (Table 3.1.1.3).

It is worthmentioningthat mineral accumulation in shoots and roots are crop dependent.
In the pH range of 5i%.5 only following element accumulation in shots were not affected: Ca
(ice planttable3.1.4.3), K (lettucetable3.1.1.3; amaranthable 3.1.2.3), P lettuce, table 3.1.1.3;
amaranthtable 3.1.2.3), S lettuce, table 3.1.1.3; amaraatiie 3.1.2.3). Furthermore, authors
did not investigate root mineral accumulation. According to our findings mineral accumulation in
root tissue is often moggronounced 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 coratent
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 3.1.2K3(amaranth, table 3.1.2.3,) B (perilla, table 3.1.3.3),

P (purslane, tabl2.1.5.3). 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 5.06.5 to pH 6.06.5resulted inMn accumulation differences in all
investigated plants. Mn concentration increased in following plants shots and roots: |ettuce 27
and 11%, amaranth 1% and 1036. Mn shoot concentration of hydroponicallyltivated perilla
increased by 122 but decreased by % in roots. Furthermore, Mn accumulation in shoots
decreased and increased in roots in ice plafo@td 906) and purslane (38 and 2106). These
differencesmayarose with utilization of different photosynthetic systems.

The growth parameters of hydroponically cultivated basil were not restricted by the
nutrient solution pH 4.qGillespie et al., 2020but severely inhibited the growth of spinach
(Gillespie et al., 2021)Our resultsshow that even less moderate pH differences can affect
biometric parameters. Although nutrient solution pH in the range of pH65.0does not
significantly impact lettuce productivity, a 1 pt pH difference from the investigated pH interval
5.0/5.5 to pH 6.06.0 resulted in 3% leaf area reductiofTable 3.1.1.1)Moreover, amaranth
cultivated at pH 5.56.0 was distinguished by 3olower shoot fresh weight compared to those
cultivated at pH 5136.5 and 6.06.5, which did not differ statistidglin between (Table 3.1.2.1
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Thebiometricparameters of hydroponically cultivated purslane shoots were the most affected by
nutrient solution pH compared to other investigated plants (Table 3.1.511).Qald decrease

in dry and fresh weight was recorded in purslane cultivated in a nutrient solution pH interval of
5.5/6.0 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 minimizg&harma et al., 2020)t'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®565.0
exhibited an 85% higher root ABTS scavenging ability compared to lettuces cultivated under pH
6.0i 6.5 (Table 3.1.1.2). Additionally, root Feeduction antioxidant power (FRAP) increased by
20% in the lowest investigated pH B35 treatment compared to the pH interviabdi 6.0 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 5.56.0 compared to the 6.6.5 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 i@-56.0
These findings underie the sensitivity of antioxidant parameters to variations in nutrient solution
pH.

According to(Roosta, 2011)educing the pH of the nutrient solution to 5.0 was reported
to enhance photosynthetic characteristics, such as the maximum gquantum yield, in hydroponically
cultivated lettuce. However, our findings indicate that lettuce and amaranth cultivated int nutrien
solutions with pH ranging from 5.5 to 6.0 exhibited &2® 23% 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 nutsehitions 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), mlane cultivated in solutions with pH 5.0 to 5.5 exhibited decreased
intrinsic quantum yi el d (0P S-photpchegidgaVaquenchingd 1 %
(NPQ, 3.1 to 3.60ld 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 agidity.pt pH

difference from 5.5 to 4.0 pH reduced N€ontent by 3% and 2346 in hydroponically cultivated
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Reichardia picroidesand Taraxacum officinalelnversely, nutrient solution pH increment from

4.0 to 7.0 increased nitrate content by 58838spectively(Alexopoulos et al., 2021According

to the results, while N content did notdiffer in hydroponically cultivated lettuce
(Figure3.1.1.2), perilla Figure 3.1.3.2) in pH interval of 5i®.5 (Figure 3.1.1.2), nitrite
concentration was 2.28.54 times higher in lettuces cultivated in nutrient solution pH%3
compared to those grown within the pH intervals of 6.6 and 6.06.5. Amaranth grown in the

pH interval of 5.05.5 exhibited 4 times more nitrites and 66% more nitrates than amaranths
(Figure 3.1.2.2) cultivated in the lowest acidity treatment (pH 6.8). Ice plant and pslane
shared the same NQaccumulation tendency; plants cultivated in the nutrient solution b6 ®5

had the highest quantity compared to other two pH intervals. These findings indicate that nitrate
accumulation in shoots is crogependent withinthe investigated pH range. Furthermore,
decreased N©concentration indicated higher nutritional value, therefore higher soluble sugar
content is expecte@zuo et al., 2019)Amaranths cultivated in nutrient solution pH of G
exhibited the lowest nitrate accumulation and the highest amount of shoot gl&apse (
3.1.2.1). Although, there was no difference ind\fOntents between treatment groups, the highest
shoot glucose and fructose content was present in perilla cultivated in nutrient solution acidity pH
of 6.0'6.5 (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 managemargedgo 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 physialegjcmse
to differences in nutrient solution pH and, between other investigated parameters, distinguish root
and shoot mineral contents the primarily variable, defining plant reaction to the pH differences.
This dataindicatesthat 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 propertieBugbee2004emphasizes 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 Riay. Based on Hendersdtiasselbalch equation
(equation no. 2, section 3.2) theoretical buffer capdcifyyas determined 0.21 mM/pH, in
order to change nutrient solution pH by 1 pt only 0.21 mM of @HH" ions are needed.
Furthermore, empirical determination (0.165 mM/pH, figure 3.2.1.1), that includessalble

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 endlassiyeased but limitation would be

plant physiological response. Plants cannot thrive in sadihity environmeni{&upta & Huang,

2014; Hasanuzzaman & Fujita, 202Botential buffers need to consist of the following
properties: effective in the required pH interval, ieactive with the nutrient solution, ndoxic,

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 comprisdéigpKa values, such as MOPS (3
(N-morpholino) propane sulfonic acid), HEPES(R4hydroxyethyl}1-piperazineethanesulfonic
acid). Thus, theieffedivenessin the narrow desired pH range of 860 is limited. The most
suitable and promising buffer is MES-(®R-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 whe@ugbee & Salisbury, 1988Vliyasaka et al., 1988)Trifolium
repengRys & Phung, 1985koybearf{Nicholas & Harper, 1993tmsande & Ralston, 1981gorn
(Bugbee & Salisbury, 1985lettuce(Bugbee & Salisbury, 1985)omatoegBugbee & Salisbury,

1985 Trientini et al., 2023)cucumbe(Stahl et al., 1999ut 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 malrity; 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 smadicale hydroponic cultivatiofrientini et al., 2023)Nutrient solution initial
buffering capacity increment with 5 mM and 10 mM MES buffer increased the canopy yield of
hydroponically growrBrassica napus L2-fold compared to the unbuffered hydroponic solution
(Frick & Mitchell, 1993) Our findings show that the 3 mM MES treatment increased lettuce dry
weight by 1P6 and leaf area by 22 compared with the nutrient solution without an additional
buffering agentTable3.3.1). Nutrient solution buffering capacity significantly increa&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 thelibuféering

capacity to mitigate pH fluctuations during lettuce vegetation. The 2 mM difference in MES

molarity between the highest MES molarity treatments resultemhaneased N@/NOs contents,
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3.04fold/52% respectively Figure 3.3.3.). Photosynthesis characteristics with antioxidant
properties reflect plant health in particular growth environng8harma et al., 2020)ncreased
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 reiecin leaves; both ABTS and DPPH free radical
scavenging ability is undistinguished from the 3 mM MES treatniatil€3.2.2). Zwitterionic
buffers, including MES, can interact with biological systems and form complexes with metals
(Ferreira et al., 2015)t is reported that MES can decrease cations availability, such as Mn, Ca,
Cu, Mg, and Zr§Stahl et al., 1999According 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 leavesl@ble3.3.3). On the contrary, Miyasaka et al. found that 5 mM MES buffer
decreased Mn concentration in wheat sh@btiyasaka 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 accumulateld 2nore Zn in a 3 mM MES
treatment compared with the treatment without antaael buffering agentTable3.3.3). It is
proven that MES concentrations from 1 mM to 10 mM provide adequate pH control through
various plantsé vegetation, and it is not |
to relatively large moleculaize(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 usageccArding 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 (sectiorBgand to maintain precise and narrow (pHi 6.0
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 ligkirstly, light is one of the biggest
OPEX (operational expenditure) of any CEA sys{émtasi et al., 2024)Secondly, unoptimized
energy consumption has a burden on @Otprint and overall sustainabiliffaton et al., 2023)
Finally, these two pillars directly depend on plant performance, whidhrectly linked to light
utilization efficiency, which isrop-dependen{Sipos et al., 2021)Even more, light properties
(spectrum, intensity, photoperiod) could be used as a tool for targeted physiolegpzaises,
such as altering mineral nutrition, nitratgrite content, antioxidant response, agmbwth

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 productivityand mineral nutrition. Insights from several speaxésplant
photoresponses to different PPFDs can be utilipethrget crop response and energy usage
optimization.

Light is the driving force of photosynthesend itis intuitive that biometric parameters
directly depend on light intensifarotti et al., 2021)_eaf photosynthetic rate increases linearly
with the light intensity until saturation poiitarr et al., 2023)Furthermore, the PPFD increase
oversaturation point can reduce light use efficie(®gnnisi, Blasioli, et al., 2019; Xin et al.,
2019) as energy inputs increase without proportional yield dgaiour study, ibbmass gain has
linear dependencies on light intensity in thalowing plants:lettuces (green leaf, red leaf),
amaranth, and purslarf®? = 0.92 0.98. Additionally, perilla and ice plant biomass gain had
nonlinear dependences. Nerveless, the derivative pararmek ((%)YqgDL1%) explains how
the percentage increase in DLI due to an increased PPFD affects the percentage of biomass gain
between these PPFD treatmerascluding physiological differences between plants. Relative
values quantify the selection of the mesbnomicallyefficientgain inlight intensity. According
to (PFW (%)YgDL1%) efficient light usage is crop dependent: for green lettuce light is the most
efficient converted into biomass from 150 to 20080l m2s* PPFD Figure 3.4.1.1), for red leaf
lettucei from 150 to 200umol m? s PPFD and from 25@00 umol m? s PPFD Figure
3.4.2.1), for amaranth from 150 to 20@umol nt2s* PPFD androm 250 300pumol m2s! PPFD
(Figure3.4.3.1), for perilla 200 to 25Qumol nt2s* PPFD and from 25@00umol mi2s PPFD,
for ice planti from 150 to 20Qumol m?s?* PPFD, for purslané from 200 to 25Qumol m?s’?

PPFD. Further biomaggin that surpasses the light saturation point can only be achieved with
increased photoperidéelly et al., 2020; Palmer & van lersel, 2020; Shafiq et al., 20%dgess

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 photoinhibitiemafiq 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
certain element biofortificatioh Br a z ai t y t. &n tleetothea hand, incr2aBe2l PRFD values
can increase shoot nutrient uptdkée et al.,, 2023; Modarelli et al., 202Results suggest that
increasing PPFD values and mineral accumulation is croplaméntspecific For instancef was
shown that nutrient solution pH altered Mn accumulation in all investigatedsplaots and roots.
Furthermore, light intensitincrease$rom 150 to 30Qumol m?s* PPFD also influences shéraiot
Mn accumulationForboth lettuce varieties Mn concentration decreased with increased light intensity
in roots by 206 in green leaf lettucer@ble 3.4.1.3), 4% in red leaf lettuceTable 34.2.3), but only
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in red leaf lettuce shots Mn concentration increased #§ BOh concentration in green leaf lettuce
shots did notliffer between treatment groups. The same Mn accumulation tendency was shared by
amaranth and ice plant; increased PPFD resulted in decreagsdomtiochccumulation, for amaranth
(Table 3.4.3.3) 346/2%% reduction, for ice plantTable 3.4.5.3) 284/16%. While root Mn
accumulation decreased with increased light intensity BytBBre was no disparity between perilla
(Table 3.4.4.3) shoots cultivated under 150 and @@l ni’s! PPFD, but Mn concentration
reduction (1821%) was recordedéh 200/ 250 pmol n¥ sttreated plants. Shoot Mn concentration
increased 2%old, root decreased 18.9 times of hydroponically cultivated purslatee(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 neddFerronCar r i I | o et al ., 2021; Vi
et al., 2018) The NQ content was the lowest in green leaf lettuce cultivated under 150 and 300
PPFD, but 300 umol rhs!treated lettuce had the highest NEbntent, 5.4 times more than
lettuces cultivated under 150nol m?s! PPFD Figure3.4.1.3). Nitrate concentration was the
highest under these PPFD treatmenthafollowing plants: re leaf lettuce 250 300 umol m
2s1 PPFD Table 3.4.2.3), perilla 250 umol m?s* PPFD Figure3.4.4.3), ice plant 200 250
umol m? s PPFD Figure 3.4.5.3), purslang 2501300 umol m? s! (Figure 3.4.6.3).
Furthermore, not onlynitrate assimilationis crop specific but also antioxidant parameters
(Sutuliena et al., 2022) and photosynthetic
light intensity at therop level. ABTS scavenging activity was%@igher in greetettuce leaves
(Table3.4.1.2) cultivated under 150 pmot4g! PPFD compared to lettuces cultivated urRR
PPFD; increased antioxidant activity at 1500l m?s! PPFD was not present in red leaf lettuces
(Table3.4.2.2). The 150 umol s difference betweethelowest and highest PPFD treatments
resulted in 186 reduced intrinsic quantum yield P S1 | ) % moeredisedDPH scavenging
activity of hydroponically cultivated amaran(fhable3.4.3.2) Roots of hydroponically cultivated
perilla showed a more pronounced antioxidant response than leaves, even though leaf tissue
displayed higher numerical antidant activity according to the ABTS and FRAP methods. Ice
plants cultivated under the 300 pmof?ra! PPFD exhibited increased antioxidant activity
according toABTS and DDPH methodsTéble 3.4.5.2). 546 difference between maximum
(Fv/Fm) and intrinsicquantu@ PS1 1 ) yi el ds was recordemdoin pu
m2s! PPFD (Table3.4.6.2).

Consumer demand for exceptional nutritional value and quality produce steadily grows
over the yeardRahman et al., 2021thus the importance of precise management increases
together.As it is indicated in the resultpredictable 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 minatation (Hounsome et al., 2008)
Targeted mineral nutrition can be improved even with minor changagrient solution pH or

by varying the light intensity. For instance, Mrais essential trace element that perfovarsous
functions inhumanmetabolisn(Islam et al., 2023)As indicated in the resultdn accumulation

is dependent on nutrient solution pH as light intensity in all investigated plants;tlleus,
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

. Even minor (0.5 pt) nutrient solution pH differences in the range af6&0pH
significantly influence physiological responge different leafy vegetablesspecially
mineral accumulatioand translocatiobetween roots and leavéss.all the plants studied,

the concentration of iron in the roots was significantly higher than in the leaves: lettuce
(2.3i 5.0 times),amaranth(19.0i 36.0 times), perilla (i 12.0 times),ice plant(2.7i 5.2
times), purslane (2i 5.3 times), when comparing the respective pH ranges with each
other.

. Nutrient solution acidity reduction from pH interval from ¥® pH to 6.06.5 pH
resulted in significant Mn shoot accumulation increase in lettuég)(ZMmaranth (1%),
perilla (1126) and reduction in ice plant (2€), purslane (3%); a more pronounced root
accumulation increase lettuce (11%), amaranth (10%), ice plant (9906) and reduction

in perilla (544), purslane (21%).

. Low (theoretical 0.210 mkpH and empirical 0.165 mMH) initial nutrient solution
buffer capacitys determinednly by Ko2HPQu. Thereforethe nutrient solution'ability to
mitigate nutrient solution pH fluctuations due to unequal mineral nutrition is linited
narrow pH range of 6.06.5 it is beneficial to increase thaeutrient solutiod snitial
buffering capacity with ME$2-(N-morpholino)ethanesulfonic acid) buffer.

. Additional buffering capacity provided by 3mM MES buffer is sufficient to maintain
nutrient solution pH range ia narrow 6.06.5 range in deep water culture lettuce
cultivationwith no negative impact on lettuce physiologiparametersvice versal7%
higher dry weight accumulatianHigher MES buffer concentration (5 mMgsultsin
significant 6§2%) nitrate and nitrit¢3 times)accumulatiorin lettuce leaves
.Derivative par dogpbel%dereflect app dpatific febat)jve light use
efficiency for plant biomass creation controlled environment agricultur@hough the
biomass of investigated green vegetables increasesisiith lighting intensity, from an
economic perspective, the most efficient light energy employment for plant productivity
and efficiet mineral nutritionoccurs at 200250 pmol m?s?.

Increasing light intensity from 150 pmol#$s!to 300 pmol n? s PPFD resulted in
increasing concentration of phosphorus (P) and potassium (K) contents in investigated
plant leaves, however Ca and Mg accumulation was higher only aspéanitic, moderate
lighting intensities.

. An inverse relationship of iron (Fe) accumulation between lettuce types and organs was

found as light intensity increased from 150 pmof st to 300 pmol n? st. The Fe
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concentration in the roots of greleaflettuce was 3i74.6 times higher than in the leaves,

but in the leaves of rddaflettuce it was 2.04.9 times higher than in the roots, comparing
thePPF DO s tgrogps damaorg themselves.

Light intensity increase from 15@mol m? s! PPFD to 300 umol m s! PPFD
significantly reduced Mn accumulation in green and red letafice (206 and 46%),
amaranth (3%), perilla (2%%), ice plant (2%0), purslane (18.9 fold) roots; increased

red leaf lettuce (3@), purslane (2.5 fold), reduced amaranth%29did not influenced

green lettuce and perilla shoot accumulation.

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. Thenmatiion of
cultivation technologies in CEA for diverse leafy vegetables and seeking the best plant
performance, mineral nutrition and resource use efficiency, should becplanc and

developed individually.
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Abstract: The precise management of the nutrient solution pH is substantial for optimizing the
growth and yield of hydroponically cultivated crops. Nutrient solution pH affects the solubility and
availability of essential nutrients; however, during hydroponic cultivation, the pH of nutrient solution
fluctuates due to unbalanced ion absorption by plants. Nutrient solution pH fluctuations might
be passively controlled using a supplementary buffering agent. Nutrient solution characteristics
such as pH and buffering agent molarity must be addressed simultaneously. Therefore, in this
study, we aimed to evaluate hydroponically cultivated lettuce’s physiological response to minor
nutrient solution pH differences and the impact of supplementary buffering agent molarity on its
growth, antioxidant activity, and mineral nutrient uptake. Green lettuce (Lactuca sativa (L.)) ‘Hugin’
was cultivated in deep water culture (DWC) hydroponics in a controlled environment replicating
common vertical farming conditions, and nutrient solution pH impact within the range of 5.0-6.5
was evaluated every 0.5 pH unit. Initial nutrient solution buffer capacity was enhanced by adding
MES (2-(N-morpholino) ethanesulfonic acid) at 0, 1, 3, and 5 mM concentrations. Results show
that even small nutrient pH differences are reflected in plant physiological responses, indicating
the significance of precise pH management. Even though dry weight accumulation is not affected
by the pH 5.0-5.5 treatment, it increases root antioxidant response according to ABTS (2,2-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) radical scavenging activity. An initial nutrient solution
buffer capacity increment with 3 mM of MES (2-(N-morpholino) ethanesulfonic acid) supplementary
buffering agent resulted in a 17% yield increase compared to a nutrient solution without an additional
buffering agent. MES buffer can provide adequate, passive, and precise nutrient solution pH control
within the pH range of 6.0-6.5.

Keywords: hydroponics; buffer capacity; pH; lettuce; precise management; mineral nutrition

1. Introduction

Food demand is forecasted to increase by 60-110% to feed the rising human population
in 2050 [1]. Traditional farming methods cannot meet such needs; and moreover, they face
challenges due to climate change [2] and arable land destruction [3]. Vertical farming is
a promising solution for alternative and supplementary food production [4]. Although
environmental factors are controlled, and thus cultivation outcomes and plant performance
are predictable, additional focus on precision management is needed to further optimize
crop production in a controlled environment agriculture [5-7]. Precision management in
agriculture relies on various sensors to gather data on crop performance and environmental
conditions [8], which is then analyzed using sophisticated algorithms and machine learning
to identify patterns and make calculated decisions [9]. Although data-driven decisions
will unlock new crop performance optimization possibilities, those decisions need to rely
on plant physiological requirements and behavior in a specific environment. Vertical
farming will be competitive in the global food production system if a high degree of
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automation and precision management is achieved [10,11]. Historically, research has
focused on artificial lighting and environmental factors’ impacts on plant performance in
controlled environment conditions [12,13], thus leaving the importance of nutrient solution
in hydroponics behind.

Hydroponics is the most frequently used cultivation method in a controlled envi-
ronment agriculture, which uses nutrient solution instead of soil [14], and its popularity
has steadily risen through the years [15]. The nutrient solution is a multivalent salt mix-
ture created in the twentieth century by Hoagland and Arnon. It is used up to this day
with minor crop/grower-specific modifications [16,17]. Usually, plants are cultivated in a
slightly acidic nutrient solution, and the most used pH interval for leafy greens cultivation
is 5.5-6.5 [18-20]; however, different pH intervals may be used for specific reasoning,
e.g., nutrient solution pH reduction to 4.0 suppressed the severity of root rot caused by
Pythium aphanidermatum without influencing basil growth [18]. On the contrary, spinach
fresh shoot weight was suppressed by 62% at a low 4.5 pH treatment [19]. Interestingly, a
pH as low as 4 increased the nutritional and dietary value of Taraxacum officinale (L.) and
Reichardia picroides (L.) Roth in the floating hydroponic system [20].

Plant mineral nutrition is an active process [21], and absorbed ions are involved
in multiple processes in plant cells, such as potassium for homeostasis [22] and iron as
a cofactor for enzymes that are involved in electron/oxygen transfer [23]. Ions from
the root environment are absorbed unequally during plant growth; charge equilibrium is
disrupted between the inner root membrane and nutrient solution—as cations are absorbed,
H jons are released into a nutrient solution to compensate for the charge difference;
and the opposite reaction occurs as anions are absorbed, where OH™ ions are released
to compensate for the charge difference [24]. Various equilibrium-based processes may
restrict nutrient availability in hydroponic solutions, such as precipitation, co-precipitation,
and complexation [25]. The increased alkalinity of the nutrient solution may cause the
precipitation of cations, such as copper, iron, and zing, into insoluble compounds [26].

Active pH management is needed to ensure optimal growing conditions in hydro-
ponics, and acid /base titration is a common choice for hydrogen ion (H*) concentration
management in nutrient solutions. It is known that for pH regulation, it is better to use a
mixture of strong acids instead of one [27]. Traditionally, nutrient solution pH is readjusted
after it deviates from the preferred range [28]; contrariwise, optimal pH levels can be
maintained passively during plant growth [29]. While the passive pH management of a
nutrient solution is not yet commonly used in practice, some studies have investigated this
approach, suggesting that it is a potentially viable option worth considering [30,31]. Preci-
sion management aims to achieve optimal conditions in every cultivation aspect [6]; thus,
passive pH management would accomplish an efficient nutrient solution pH and mineral
nutrition control without external interference. However, a deeper understanding of plant
response toward stable pH and behavior to increased buffer capacity of a nutrient solution
is needed to employ passive pH control in hydroponics [32]. A passive pH management
in hydroponics can be performed in two ways. Ion-exchange resins control the pH due
to an ion interchange between a solid surface and a nutrient solution [30]. Nevertheless,
the main disadvantage is the removal of cations, such as magnesium or manganese [30].
Supplementary buffering agents can increase the initial nutrient solution buffer capacity,
and most comprise the following characteristics: buffering region at the desired range; not
toxic for plant growth; and inert in nutrient solution [28]. Due to the favorable dissoci-
ation constant value, 2-(N-morpholino) ethanesulfonic acid (MES) could be the eligible
choice for passive nutrient solution pH control [33], although its molarity and increased
nutrient solution salinity due to supplementary buffering addition need to be addressed.
Buffering agent molarity directly determines buffers’ ability to mitigate pH fluctuations,
and hydrogen ion concentration detriments plant behavior and the effectiveness of mineral
nutrition. Notwithstanding, it is known that high salinity levels reduce yield and cause
stress for the plant [34]. Therefore, the development of precise management principles,
nutrient solution pH, and buffer characteristics, such as molarity, need to be addressed
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simultaneously. By incorporating this, our objective was to evaluate the physiological
response of hydroponically cultivated lettuces to minor differences in nutrient solution pH,
as well as the impact of a supplementary MES buffering agent’s molarity on their growth,
antioxidant activity, and nutrient uptake.

2. Materials and Methods

Plant material and cultivation. A two-step complementary experiment was performed
in a walk-in controlled environment chamber, replicating common vertical farming condi-
tions. Day /night temperatures of 21/17 =+ 2 °C were established within a 16 h photoperiod,
a relative humidity of 50-60%, and a CO, concentration of 1000 ppm. Artificial lighting was
provided by 4-channel controllable light-emitting diode (LED) lighting units (TUAS GTR
2V 0021096109 C1 DL ST, Tungsram, Budapest, Hungary). The photosynthetic photon flux
density (PPFD) was maintained at 250 + 10 pmol m~2s~!, representing a daylight integral
of 14.4 mol m~2d ™! throughout the 16 h photoperiod, with preselected spectral composi-
tion (deep red 61%, blue 20%, white 15%, far red 4%). PPFD was measured and regulated
at the plant level using a photometer—radiometer (RF-100, Sonopan, Bialystok, Poland).

During the first experiment, lettuce’s physiological response to the minor pH dif-
ferences in the theoretically optimal pH range was investigated. Nutrient solution pH
intervals of pH 5.0-5.5, pH 5.5-6.0, and pH 6.0-6.5 were established daily using acid/base
(H2SO4/KOH) titration through lettuce vegetation. The target pH value refers to the lowest
pH value within a given interval. Throughout the intervals, the pH levels consistently
shift toward the alkaline side on a daily basis, but never surpass the upper limit of the pH
interval range.

During the second experiment, a pH interval of pH 6.0-6.5 was selected, and the pH fluc-
tuations were passively mitigated using an additional supplementary agent 2-(N-morpholino)
ethanesulfonic acid (MES), and the impact of its 0/1/3/5 mM molarity on lettuce physio-
logical response was investigated.

In both experiments, the seeds of green lettuce (Lactuca sativa (L.)) "Hugin” (Seminis,
Bayer, Germany) were germinated in rockwool cubes (20 mm x 20 mm, Grodan, Roermond,
The Netherlands) under 250 + 10 umol m~2s~! PPFD. On the seventh day after germi-
nation, seedlings were transferred into deep water culture (DWC) hydroponics systems.
Each experimental treatment consisted of 3 (each tank represents experimental replication)
DWC tanks of 40 L volume. Each DWC tank contained 12 pots, one plant in each. A
nutrient solution concentrate was provided by Plagron (Ospel, The Netherlands): Hydro
a (NPK (3-0-1), Ca 4.2%, MgO 0.4%) and Hydro b (NPK (1-3-6), MgO 1.4%), 1:1 diluted
with deionized water 1:400. Nutrient solution electrical conductivity range (EC) was from
1300 + 66 uS/cm to 1620 + 26 uS/cm.

Biometric measurements and biochemical analyses were performed 35 days after
germination. All measurements in each experimental replication were performed in 3 ana-
lytical replications (9 measurements in total). Plant material was dried at 70 °C for 48 h
(Venticell-BMT, Brno-stfed, Czech Republic) or flash-frozen in liquid nitrogen until analysis.

Biometric measurements. The plant leaf area was determined using a benchtop leaf
area meter (AT Delta-T Devices, Burwell, UK). After tissue dehydration at 70 °C for 48 h
(Venticell-BMT, Brno-stted, Czech Republic), dry leaf and root mass were determined.

Chlorophyll and polyphenols determination. Chlorophyll (Chl), flavonol (Flav), and
nitrogen balance indices were determined using a portable Dualex meter (Force-A, Orsay,
France) on the third fully developed leaf.

Leaf gas exchange indices. Photosynthesis parameters were measured from 9 to
12 am. The photosynthetic rate (Pr, umol CO, m2s71), transpiration rate (Tr, mmol H,O
m~2s~1), stomatal conductance (gs, mol HO m~2 s 1), and the ratio of intercellular to
ambient CO; concentration (C; /C,) were measured on the third fully developed leaf, using
a portable photosynthesis system (LI-COR 6400XT, Lincoln, NE, USA). Measurements
were performed at the following leaf chamber conditions: temperature 21 °C, the CO,
concentration of 400 pmol mol~?, a relative humidity of 60%, and an artificial irradiation of
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~1000 pmol m~2 s~ ! were provided by 470 and 665 nm LED sources. Derivative parameters
such as water usage efficiency (WUE, umol CO> mmol~! H20) and light use efficiency
(LUE, mol CO, mol~! photons) were calculated using MS Excel.

Antioxidant activity determination. Antioxidant activity expressed as DPPH (2-diphenyl-
1-picrylhydrazyl) and ABTS (2,2-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) free
radical scavenging activity. Plant extracts were prepared by grinding 0.5 g fresh plant
material with liquid nitrogen, diluted with 80% methanol 1:10 (w/v), and incubated for 24 h,
and then centrifuged (4500 rpm; Z366, Hermle, Gosheim, Germany), and the supernatant
was used for analysis.

STable 126.8 uM DPPH (100% purity; Sigma-Aldrich, Burlington, MA, USA) solution
was prepared in methanol. Analysis was performed in 96-well plates by mixing 280 uL
DPPH solution with 20 uL of plant extract in each well; absorbance was read 515 nm
(Spectro-star Nano, BMG Labtech microplate reader, Ortenberg, Germany) at the sixteenth
minute [35]. Results were expressed as umol of DPPH scavenged per 1 g of fresh plant
weight (mmol g~! FW).

The ABTS radical solution was prepared by mixing 50 mL of 2 mM ABTS with 200 uL
70 mM potassium persulfate K;5,0g, allowing the mixture to stand in the dark for 16 h
before use [36]. Analysis was performed in 96-well plates by mixing 280 uL. ABTS radical
solution with 20 uL of plant extract in each well; absorbance was read 734 nm (Spectro-star
Nano, BMG Labtech microplate reader, Gosheim, Germany) after 10 min. Results were
expressed as pmol ABTS scavenged by 1 g of fresh plant weight.

Determination of mineral nutrients. A modified microwave-assisted digestion tech-
nique was combined with ICP-OES methods to determine macronutrients (K, Ca, Mg,
S, and P) and micronutrients (B, Cu, Fe, Mn, Na, Zn, Se, and Mo) in lettuce leaves and
roots [37,38]. The complete digestion of 0.3 g of the powdered shoot and 0.2 g of root
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 concentration was analyzed
using ICP-OES (SPECTRO Genesis spectrometer, Analytical Instruments GmbH, Kleve,
Germany). Mineral content was evaluated (mg L~!) according to the respective analytical
wavebands for each element. The content of each element concentration was recounted
and expressed as mg g~ ! dry weight.

Statistical analysis. The results are presented as the average & standard deviation
of 3 experimental and 3 analytical replications, n = 9. One-way ANOVA, using Tukey’s
HSD test, was employed to determine differences between applied pH intervals and MES
molarity treatments at the confidence level of p < 0.05. For result modeling, multivariate
principal component analysis (PCA) was performed. Data were evaluated using MS Excel
and compatible XLStat 2022.3.1 (Addinsoft, France) software packages.

3. Results

Nutrient solution pH influenced the growth parameters and leaf optical indices of
hydroponically cultivated lettuce (Table 1). pH treatment did not significantly affect leaf
and root dry weight accumulation. Lettuce grown in the pH of 5.0-5.5, distinguished by
36% and 30% smaller leaf areas, compared to those cultivated in pH 5.5-6.0 and 6.0-6.5,
which did not differ statistically significantly in-between. The more alkaline pH of 6.0-6.5
resulted in the lowest flavonoid and the highest NBI index value of lettuce leaves; however,
according to one-way ANOVA analysis, nutrient solution pH had no significant impact on
the chlorophyll index.
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Table 1. Nutrient solution pH influence on biometric and leaf optical indices (¥ + SD, n = 9).
Different letters within the row indicate statistically significant differences between means according
to Tukey’s test at the confidence level p < 0.05. NBI—Nitrogen balance index.

Parameter pH 5.0-5.5 pH 5.5-6.0 pH 6.0-6.5
Leaf area, cm? 712.81 + 8454 a 967.30 + 97.57b 924.13 +74.92b
Leaf dry weight, g 190+ 0.39a 196 +021a 208+0.16a
Root dry weight, g 025+ 0.04a 028 £0.10a 030+ 0.04a
Chlorophyll index 1221+170a 1292+ 216a 1291 £1.72a
Flavonol index 0.56 + 0.23 ab 0.63 +0.23b 048 +020a
NBI 2347 +9.00a 2419+ 1176 ab 31.28 + 13.68 b

Different pH treatments had a light response of the antioxidant system and a more
pronounced photosynthetic response (Table 2). The transpiration rate (Tr) was statistically
undistinguished between all pH treatment groups. Photosynthetic rate (Pr) and light use
efficiency (LUE) were 20% higher in the pH 5.5-6.0-treated lettuces than in the lowest
pH-treated lettuce. There was no significant difference in intercellular-to-ambient CO, ratio
(C;/Ca) between the highest pH interval and the pH 5.5-6.0-treated lettuce, although pH
6.0-6.5 resulted in the lowest C; /C, compared to the other two pH groups. Interestingly,
the pH 5.5-6.0 treatment group resulted in a 56% greater lettuce stomatal conductance
activity (gs) than the highest pH treatment. The lettuce, cultivated in a pH interval of
6.0-6.5 had a 44% higher water usage efficiency (WUE) compared to the lowest pH interval.

Table 2. Nutrient solution pH impact on lettuce photosynthetic parameters and antioxidant activity
(¥ £ SD, n =9). Different letters within the row indicate statistically significant differences between
means according to Tukey’s test at the confidence level p < 0.05. Pr—photosynthetic rate, gs—stomatal
conductance, C;/C,—the intercellular-to-ambient CO, ratio, Tr—transpiration rate, WUE—water
use efficiency, LUE—light use efficiency, FW—fresh weight.

Photosynthetic Characteristics

Parameter pH 5.0-5.5 pH 5.5-6.0 pH 6.0-6.5
Pr 12.23 +£ 1.06 a 1472 £ 1.68 b 1232+ 149a
gs 0.63 + 0.09 b 0.68 +0.14b 043+ 0.13a

Gi/Ca 0.90 + 0.01b 0.90 + 0.02b 0.86 + 0.03 a

Tr 438+039a 439 +0.65a 3.89 + 0.69 a
WUE 19.70 £ 3.57 a 22.06 +5.03a 2843 +4.43b
LUE 0.012 + 0.001 a 0.015+ 0.002 b 0.013 + 0.001 a

Antioxidant activity

DPPHmmol g~ FW  882+1059a 624+ 1534a 654+ 1632a
ABTS pmol g~! FW 414+710a 374+629a 398 + 8342
DPPH mmol g~ ! FW 59.5+17.89a 334+1817a 443+19.70a
ABTS pmol g~! FW 227 +499b 140+ 1.39ab 123+ 1.01a

Leaf

Root

The antioxidant activity of lettuce leaves was not caused by the pH of the nutrient
solution (Table 2) according to DDPH and ABTS free radical scavenging activity methods.
However, the more acidic pH treatment of 5.0-5.5 resulted in an 85% higher ABTS free
radical scavenging activity in roots compared to the 6.0-6.5 pH treatment.

The differences in mineral accumulation in lettuce tissues due to the nutrient solution
pH are presented in Table 3. There was no significant difference in the B, K, and Se
accumulation between different pH treatment groups and lettuce organs. Lettuce, cultivated
in pH 5.0-5.5, contained the highest S concentration, and the leaves accumulated 3 times
more of S (sulfur) than the roots. Roots accumulated 42% higher Cu (copper) contents in
the pH 5.5-6.0 treatment group compared with the lowest pH of 5.0-5.5. Cu accumulation
in lettuce leaves was not affected significantly by nutrient solution pH, although leaves
accumulated 7.6 times less Cu in the pH 5.5-6.0 treatment compared with Cu contents
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in roots. Roots accumulated higher concentrations of P (phosphorus), Fe (iron), and Mo
(molybdenum) in the corresponding pH treatment compared with leaves; a lower pH
interval of 5.0-5.5 resulted in a mineral content reduction in lettuce leaves; and roots
accumulated 2.1 times more of P and 5.0 times Fe compared with its contents in leaves.
Mg (magnesium), Na (sodium), and Zn (zinc) accumulation in leaves were not affected
by nutrient solution pH; however, there were differences in mineral accumulation in
roots due to different nutrient solution pH. Specifically, lettuce cultivated in a lower pH
range of 5.0-5.5 had 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 5.5-6.0. Conversely,
cultivation in the lowest pH treatment resulted in a 44.7% accumulation of Mg in their
roots compared to lettuce cultivated in the pH 5.5-6.0 treatment.

Table 3. Nutrient solution pH impact on minerals accumulation in lettuce leaves and roots
(¥ +SD, n =9). Different letters within the row indicate statistically significant differences be-
tween means according to Tukey’s test at the confidence level p < 0.05. P—Phosphorus, S—sulfur,
B—boron, Cu—copper, Fe—iron, K—potassium, Mg—magnesium, Mn—manganese, Na—sodium,
Zn—zinc, Se—selenium, Mo—molybdenum, DW—dry weight.

s Leaf, mg g~1 DW Root, mg g~ 1 DW

)

'é pH5.0-5.5 pH 5.5-6.0 pH 6.0-6.5 pH 5.0-5.5 pH 5.5-6.0 pH 6.0-6.5

P 9.075 + 0.193 a 9.955+0.272b 10391 +£0.164b 19.681+0.277b  19.952 +£0.131b  18.038 + 0.182a
S 5.483 + 0.738 b 2.641 + 0.961 a 1223 £0179a 1.824 +£0.275b 1.154 + 0.160 a 0.745 + 0.057 a
B 0.005 £ 0.002 a 0.006 + 0.002a  0.013+0.009a 0007 +0008a <0.001+0.0003a 0.001 + 0.0002 a
Cu <0.001 +0.0002a  0.002+ 0.001a 0.002 4+ 0.0002a 0.010 £+ 0.0002a  0.015+ 0.0002b  0.015 + 0.0002 b
Fe 0.058 + 0.003 a 0.07 + 0.002 b 0.077 £0.001 ¢ 0.291 £0.016 ¢ 0.165 + 0.002 a 0.223 + 0.004 b
K 33461+ 0.850a 34.040 +£0.542a 33557 +£0.348a 344+ 0.5%a 34.53 + 0.678 a 32471 £ 0774 a
Mg 3.185+0.029 a 3131+ 0.034a 3.136+0.025a 2777 +0.061 b 2488 +0.018a 2.610 + 0.058 a
Mn 0.214 + 0.007 a 0219 £ 0.003a 0272+ 0.001b 0904 +0.015a 1.695 + 0.037 b 1909 £ 0.019¢
Na 0.310 + 0.040 a 0271 £ 0.003a 0277 +0.025a  0.647 +0.038 a 0.891 + 0.017 b 0.604 + 0.032 a
Zn 0.041 £ 0.005 a 0.047 £ 0.001a 0.045+0.001a 0.049+0.001a 0.083 + 0.001 ¢ 0.079 + 0.001 b
Se 0.045 + 0.006 a 0.039 +£ 0.003a 0.035+0.001a 0.036+0.002a 0.032 + 0.003 a 0.028 + 0.004 a
Mo 0.001 + 0.0001a  0.0024+0.0001b  0.002+0.001b  0.018 + 0.0003 b 0.012 + 0.001 a 0.012 + 0.0003 a

The PCA (principal component analysis) score scatterplot (Figure 1) shows distinct
differences between pH treatment groups and experimental replications according to the
average coordinates of biometric parameters, antioxidant activity, mineral accumulation,
and photosynthetic and leaf optical indices in hydroponically cultivated lettuce under three
different pH treatments: pH 5.0-5.5, pH 5.5-6.0, and 6.0-6.5. The PCA’s first two factors
(F1 vs. F2) explained 63.88% of the total variance. F1 approximately explained 44%, whereas
F2 explained 20% of the total variability. Regarding the F1 score, the lowest pH treatment
differs from pH 5.5-6.0 and 6.0-6.5. According to factor loadings (Appendix A Table A1),
the key factors distinguishing these treatment groups according to the F1 component are
leaf area, antioxidant activity in roots, and mineral accumulation in different plant organs,
while photosynthesis properties (excluding water use efficiency and transpiration rate)
differentiate the treatment groups for the F2 component.
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Figure 1. Principal component analysis (PCA) scatterplot indicating distinct differences in biometric
parameters, antioxidant activity, mineral accumulation, and photosynthetic and leaf optical indices
depending on nutrient solution pH in lettuce cultivated in deep water culture hydroponic system.

Even minor (0.5 pt) pH changes clearly distinguish lettuce’s physiological response
to different nutrient solution acidity levels according to the PCA scatter plot. Therefore,
nutrient solution pH must be controlled in a narrow range for predictable and precise
plant physiological responses in hydroponic plant cultivation. A precise nutrient solution
pH can be passively controlled in a narrow range using a supplementary buffering agent,
and pH mitigation ability is directly dependent on the buffering capacity of the nutrient
solution. The maximum buffering capacity is attained when the dissociation constant value
of the buffering agent closely matches the desired pH of the nutrient solution. This study
explores supplementary buffering agent 2-ethanesulfonic acid (MES, dissociation constant
value—6.15 at 20 °C [39]) molarity ability to maintain pH fluctuations (Figure 2) and lettuce

physiological response.
7.5
a a
7
b
6.5
s ¢
a
6
5.5
5
0mM 1mM 3mM 5mM

MES molarity

Figure 2. The impact of MES buffer molarity on the nutrient solution pH after hydroponic lettuce
vegetation (X + SD, n = 9). Different letters indicate statistically significant differences between
means according to Tukey’s test at the confidence level p < 0.05.
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Due to the low initial buffering capacity of the nutrient solution, pH deviates from
the preferred range of 6.0-6.5 in 0 mM MES treatment. Additional buffering capacity from
1 mM MES treatment was not enough to maintain the nutrient solution in the desired
range. Nevertheless, the 3 mM and 5 mM MES treatments” additional buffering capacity is
sufficient to maintain pH in the preferred range.

Leaf area and leaf dry weight tend to increase at higher buffering agent molarities
(Table 4), and they were determined to be the highest at 3 mM MES buffer molarity;
leaf area—27%, leaf dry weight—17%, compared with 0 mM treatment. The additional
buffering capacity provided by a 1 mM MES buffer did not affect leaf dry weight and
leaf area compared to the 0 mM MES treatment. Leaf area formation was restricted in the
highest MES molarity treatment (5 mM) and the treatment group without an additional
buffering agent (0 mM) by 10% and 22%, respectively, compared with the 3 mM MES
treatment. Nutrient solution buffering with a 5 mM MES buffer resulted in a 16% higher
leaf area than the 0 mM MES group. Dry root weight was not influenced by an increased
buffer molarity.

Table 4. The impact of MES buffer molarity on the biometric and leaf optical indices (¥ + SD, n = 9).
Different letters within the row indicate statistically significant differences between means according
to Tukey’s test at the confidence level p < 0.05. NBI—Nitrogen balance index.

Parameter

Leaf area, cm?

Leaf dry weight, g
Root dry weight, g
Chlorophyll index
Flavonol index
NBI

0mM 1mM 3 mM 5 mM
87730 + 7143 a 921.62 + 96.01 ab 1121.15 + 10497 ¢ 101444 + 10391 b
1.80+0.14a 1.87 + 024 ab 211+024c¢ 2.03 + 0.2 be
0.26 + 0.07 a 027 £ 0.12a 025+ 0.09a 022 +0.06a
10.32 + 2.87 ab 830+ 147 ab 10.73 + 2.89b 1138 +4.86b
029 £ 011b 0.20 £ 0.06 a 0.24 + 0.08 ab 0.24 + 0.09 ab
4059 +895a 45.70 + 11.46 ab 47.63 + 11.67 ab 50.04 +129b

The nitrogen balance index was 23% higher in a 5 mM MES treatment than in a 0 mM
MES treatment (Table 4). Additionally, the chlorophyll index was 37% higher in a 5 mM MES
treatment than in a 1 mM MES treatment. Nutrient solution without additional buffering
agent resulted in a 42% higher flavonoid index compared with the 1 mM MES treatment.

Buffer molarity also had a significant impact on the photosynthetic parameters and
antioxidant activity of hydroponically cultivated lettuce (Table 5). The treatment group
without an additional buffering agent (0 mM) had a 22% higher photosynthetic rate (Pr),
and light use efficiency (LUE), an 11% higher transpiration rate (Tr), and a 20% higher
water use efficiency (WUE) compared to the 3 mM MES treatment. The highest buffer
molarity treatment of 5 mM MES resulted in an 11% reduction in stomatal conductance
compared with treatment without additional buffering. The intercellular-to-ambient CO,
(C;/C,) ratio increased gradually with the increment of MES molarity, and no statistically
significant difference was recorded between the 3 mM and the 5 mM MES treatments. A
higher level of root antioxidant activity (Table 5) was observed in the 0 mM MES treatment
compared to the 3 mM MES treatment, according to both DPPH (49%) and ABTS (65%)
methods. Interestingly, this antioxidant trend was not reflected in the leaves.
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Table 5. The impact of MES buffer molarity on the photosynthesis parameters and antioxidant
activity (¥ + SD, n = 9). Different letters within the row indicate statistically significant differences
between means according to Tukey’s test at the confidence level p < 0.05. Pr—Photosynthetic rate,
gs—stomatal conductance, C;/C,—the intercellular-to-ambient CO; ratio, Tr—transpiration rate,
WUE—water use efficiency, LUE—light use efficiency, FW—fresh weight.

Photosynthetic Characteristics

Parameter

0mM 1mM 3mM 5 mM

Pr
gs
Ci / Ca
Tr
WUE
LUE

9.81+268c 7.61 + 2.46 ab 8.03 +2.87b 714+ 21ab
0.66 +0.24b 0.65 +0.27 b 0.64 + 0.25 ab 059+029a
091+001a 0.92+0.02¢ 0.92 £0.01c 0.92+0.03b
502+ 0.88c 4.66 + 0.87b 45+ 0.72ab 446+ 098 a
15.53 + 3.15¢ 126 +3.6a 1299 £297a 14.08 £ 581 b
0.010 + 0.003 ¢ 0.008 =+ 0.002 ab 0.008 + 0.003 b 0.007 + 0.002 a

Antioxidant activity

Leaf

Root

DPPH mmol g~! FW 903 +85b 76.8 £ 6.89a 955 +9.78 b 88.8 + 11.36 ab
ABTS pumol g~ FW 159 +4.07b 10.7 +2.14a 14.7 +2.82b 13.1 + 1.77 ab
DPPH mmol g~ ! FW 121.7 £ 881 ¢ 99.5+1429b 81.5+9.15a 813+ 12.83a
ABTS pmol g~ ! FW 199+ 246 ¢ 165 £256b 121+ 097a 127+ 239%a

The differences in lettuce mineral contents due to differences in MES molarity are
presented in Table 6. Accumulated S (sulfur) concentration in leaves increased linearly
(R? = 0.95) with the increment of MES buffer molarity. However, no disparity was recorded
in S accumulation in lettuce roots cultivated in 3 mM and 5 mM MES buffer. B (boron),
Fe (iron), K (potassium), Na (sodium), and Mo (molybdenum) accumulation were not
affected in leaves and roots by the differences in nutrient solution pH and buffering
capacity. However, no significant differences in Zn (zinc) and Cu (copper) absorption
were recorded in roots and, inversely, the 0 mM MES treatment resulted in a 52% Zn
accumulation reduction in leaf tissue compared to the 3 mM MES treatment. However, the
same treatment relationship recorded a 48% higher Cu accumulation. Ca (calcium), Mg
(magnesium), and Mn (manganese) accumulation quantities were not affected in leaves in
all treatment groups. Nevertheless, the 0 mM MES treatment resulted in 80%, 18%, and
37% higher contents of respective minerals in roots than the 5 mM MES treatment.

Table 6. MES molarity influence on mineral accumulation lettuce leaves and roots (¥ + SD,n = 9).
Different letters within the row indicate statistically significant differences between means according
to Tukey’s test at the confidence level p < 0.05. P—Phosphorus, S—sulfur, B—boron, Ca—calcium,
Cu—copper, Fe—iron, K—potassium, Mg—magnesium, Mn—manganese, Na—sodium, Zn—zinc,
Mo—molybdenum, DW—dry weight.

Leaf, mgg ! DW Root, mg g-! DW

0mM 1mM

3mM 5mM 0mM 1mM 3mM 5mM

§§'g§§7<:{’9@5=m1 Mineral

0.674 +0.017 a 0.741 + 0.018 ab 0.805 + 0.016 b 0.762 £ 0.043b 1281 +0047a 1.168 + 0.029a
0.184 +£0.009 a 0.229 £+ 0.004 b 0261 + 0.009 ¢ 0.288 + 0.007 d 0558 +£0.023a 0618 + 0.007 b

14.278 + 0.332a 14.866 + 0435 a 16.061 = 0.826 2 15.625 +0.782 a 10.02 + 2.07 b 6.685 + 0.25 ab

199 +0054a 1.155 £ 0072 a
.705 + 0.017 ¢ 0678 + 0.014 ¢

44+ 047a 5.568 + 033 a

1
0.014 +£0.009 a 0.007 + 0.002 a 0.083 +0.065 a 0.056 + 0.062 a 0.14 £0.117a 0117+ 0.11a 0.007 + 0.007 a 0.085 +0.077 a
6.
0

0.011 + 0.001 b 0.009 + 0.001 ab 0.007 +0.001 a 0.007 £ 0.0005 a 0.005 +0.001 a 0.006 + 0.002a

005 + 0003 a 0.005 +0.002 a

0.081 +£0.016 a 0073 + 0.010 a 0.067 +0.017 a 0073 + 0.015a 0.195 + 0.057 a 0133 +0.05a 0.126 + 0064 a 0.156 +£0.023 a
33.686 + 0.813 a 34.086 +£0.783 a 33.582 + 1.369a 34182 £ 0.650a 36.74 +2.38a 38175+ 1.981 a 4204 £049a 38359 + 2.848a
2537 £0.104a 2549 £ 0.142a 2,651 +£0.111a 2518 £ 0.155a 1.926 + 0.072b 1.773 £+ 0.047 ab 1.79 + 006 ab 1.637 £0.019a
0.244 £0.023 a 0288 + 0.027 a 0.328 +0.038 a 0.303 +0.01a 2794+ 0.14b 2.455 + 0.215ab 232+ 017 ab 2.034 +£0.084a
0.367 +0.058 a 0306 + 0.036 a 0.389 +0.051 a 83&5 +0.062a 0.615+0.053 a 0.518 + 0.068 a 0551 +0.121 a 0453 £0.061a

0.022 £0.001 a 0.034 £0.001 b 0.045 £ 0004 ¢

.048 + 0.004 ¢ 0.068 +0.003 a 0.069 + 0.004a 0.078 + 0005 a 0.083 £0.009 a

0.022 +0.001 a 0.021 £ 0.001 a 0.019 +0.002 a 0.02 + 0.001 a 0.023 £0.003 a 0.022 + 0.002a 0.022 £ 0003 a 0.018 £0.003 a

4. Discussion

The stable pH of a nutrient solution is one of the key factors for predictable and precise
plant growth and mineral nutrition in hydroponics; nutrient solution pH fluctuations due

149



150

Horticulturae 2023, 9, 837

10 of 14

to unbalanced ion absorption can be passively mitigated [40]. Although various buffers can
efficiently mitigate a broad spectrum of pH intervals, a deeper understanding of plant phys-
iological response to narrow but constant pH intervals is needed before utilizing buffers
that can mitigate nutrient solution pH fluctuations in a desired range. It is often stated
that the preferred nutrient solution pH for optimal growth is 5.5-6.5 [18-20]. However, we
found that a slight deviation from the preferred pH range by 0.5 pt (pH 5.0-5.5 treatment)
did not affect lettuce growth but slightly influenced some individual physiological param-
eters. We found that dry weight accumulation was not affected by 5.0-5.5 pH treatment,
only significantly decreased the leaf area compared with lettuce cultivated in the preferred
pH interval. It was recorded that a pH as low as 4 does not restrict basil growth [18] or
even enhance the nutritional value of Taraxacum officinale (L.) and Reichardia picroides (L.)
Roth [20]. Optimal plant growth is achieved when photosynthesis requirements are met,
and external stress factors are minimized [41]. A statistically significant increase in root
ABTS scavenging activity in 5.0-5.5 pH treatment was not reflected in leaf antioxidant
activity, and transpiration rate was statistically undistinguished between all pH treatment
groups. Interestingly, the pH treatment of 5.5-6.0 had a 20% higher photosynthetic rate
than the lowest pH treatment of 5.0-5.5, but did not differ from the highest pH treatment
of 6.0-6.5. It was reported that a hydroponic solution pH as low as 3 would not decrease
photosynthetic characteristics [42]. Mineral accumulation is directly dependent on nutrient
solution pH [40]. The lowest pH treatment of 5.0-5.5 had no significant difference in
overall elements accumulation in leaves, even though mineral accumulation in the root was
significantly different. There were differences in individual mineral accumulation in leaves;
for instance, P contents were the lowest at the pH treatment of 5.0-5.5, which corresponds
with the literature. A nutrient solution acidity increase causes a decrease in P accumulation
in leaf tissue [18], even though the highest alkalinity pH treatment has the lowest P accu-
mulation in roots. High acidity increases Fe accumulation in roots [20]. The lowest nutrient
solution treatment pH of 5.0-5.5 had a 76% higher Fe accumulation in roots compared to
pH 5.5-6.0 treatment. The efficiency of element absorption should not solely be attributed
to ion availability, which is determined by the pH of the nutrient solution [43]. The process
of ion absorption can also be influenced by root exudates, which have the potential to either
increase or decrease ion availability [44]. It is known that exuded carboxylates can enhance
the availability of phosphorus to plants, while secreted phytosiderophores can enhance Fe
absorption [45]. Although minor or insignificant changes were observed at the individual
parameter level, the combined physiological responses were able to differentiate lettuces
cultivated in different nutrient solution acidity, as depicted by the PCA scatter plot.

A significant pH acidification below the preferred nutrient solution pH range may con-
fer benefits, such as an increased nutritional value [20] and restricted pathogen growth [18].
Our study revealed that a minor nutrient solution deviation from the preferred nutrient
solution pH range did not affect lettuce biometric parameters but had a noticeable impact
on the overall physiological balance. This underscores the importance of precise nutrient
solution management to achieve predictable outcomes in hydroponic lettuce cultivation.

MES buffer usage for passive pH control for hydroponically grown plants has been
scarcely researched for wheat [30,46], Trifolium repens (L.) [33], soybean [31,47], corn [30],
lettuce [30], tomatoes [29,30], and cucumber [32], but it is difficult to compare the findings
due to different cultivation techniques, nutrient solution compositions, and environmental
factors. However, previous studies did not focus on plant physiological response to an in-
creased nutrient solution molarity; therefore, an 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 [29]. Nutrient so-
lution 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 [48]. 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. Nutrient solution buffering capacity significantly increased [49],
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but the applicable concentration is limited to plant physiological response, and the sup-
plementary buffering agent should be used at the lowest but effective concentration. An
amount of 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 statistically significant transpiration rate reduction. Photosynthesis characteristics
with antioxidant properties reflect plant health in a particular growth environment [41].
Anincreased transpiration rate and root antioxidant activity indicate a stressful growth
environment due to the lack of buffering capacity in 0 mM MES treatment. Interestingly,
an increased antioxidant activity in roots at the 0 mM MES treatment is not reflected in
leaves; both ABTS and DPPH free radical scavenging abilities are undistinguished from
the 3 mM MES treatment. Zwitterionic buffers, including MES, can interact with biological
systems and form complexes with metals [50]. It is reported that MES can decrease cations’
availability, such as Mn, Ca, Cu, Mg, and Zn [32]. 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. On the contrary, Miyasaka et al. found that
5 mM MES buffer decreased Mn concentration in wheat shoots [46]. An inverse accumu-
lation 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. It is proven that MES concentrations from 1 mM to 10 mM provide an adequate
pH control through various plants” vegetation, and it is not likely that MES is absorbed
through the root membrane due to a relatively large molecular size [29-33,46-48]. 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 an 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 DWC
lettuce cultivation and is sufficient to sustain pH in a precise range. Nevertheless, each
cultivation protocol needs to be optimized separately.

The importance of precise management and automation for hydroponic crop cultiva-
tion is steadily increasing [51]. Nutrient solution acidity could be used as a tool for targeted
crop physiological manipulation and assurance of constant product quality in a controlled
environment agriculture. Although the preferred pH range of 5.5 to 6.5 is commonly used
for hydroponic crop cultivation, even minor deviations of 0.5 points within or outside this
range can have noticeable physiological effects on the plants. A buffered nutrient solution
with MES ensures a precise nutrient solution pH control through lettuce vegetation. The
selection of buffer molarity must be based on the plant’s physiological response because an
increased or decreased molarity can alter the biometric parameters and mineral nutrition.
Although the precise management of the nutrient solution can be achieved through the
use of various sensors [52], buffers can also be used for the passive control of the nutrient
solution pH, ensuring precision without external interference.

Author Contributions: Conceptualization, G.K. and A.V.; methodology, R.S.; formal analysis, K.L.;
investigation, G.S.; writing—original draft preparation, G.K. and A.V.; writing—review and editing,
G.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

151



152








































































