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Abstract

Kale (Brassica oleracea var. acephala) is one of the most valuable leafy green veg-
etables due to its high content of important phytonutrients.

Recently, kale has attracted increasing attention from scientists as a functional
product for health nutrition.

This study summarizes current knowledge about the chemical composition of
kale, focusing on glucosinolates, isothiocyanates, and phenolic compounds that exert
antioxidant, anti-inflammatory, and chemoprotective effects.

Particular attention is paid to the influence of biotic and controlled abiotic
stresses on the accumulation of these compounds in plant tissues.

The work also examines the influence of culinary and industrial processing
technologies on the preservation and transformation of biologically active sub-
stances in kale. It is summarized that heat treatment using water significantly re-
duces the content of glucosinolates and phenols, while steaming, short-term frying,
and freezing after blanching preserve these compounds better.

Innovative non-thermal technologies, such as high hydrostatic pressure, also
show potential to increase the conversion of glucosinolates to biologically active
isothiocyanates.

The results highlight the importance of optimized growing and processing con-
ditions to stabilize the nutritional and functional value of kale products. Therefore,
kale can be considered a promising raw material for the development of functional
health products for the prevention of diet-related chronic diseases.
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13.1 Introduction

The global trend toward a transition to healthy eating and a healthy lifestyle is
gaining significant momentum. Against this background, there is a growing interest
among researchers in dietary patterns as a key to combating non-communicable
diseases. Expanding the diversity of plant-based products in the daily diet is an im-
portant factor in providing the human body with essential vitamins, microelements,
amino acids, and other biologically active compounds that support normal physio-
logical functions. On the other hand, the transition to diets with a predominance of
plant-based components is considered an important direction in the context of sus-
tainable food systems, as it contributes to reducing environmental pressure, rational
use of resources, and improving food accessibility. At the same time, an increasing
number of studies focus on expanding the range of plant crops in human diets. It is
believed that out of approximately 300,000 plant species, only about 5,000 have
ever been used as food, and only 150-200 have been widely used in modern diets [1].
Most of the remaining species are still underutilized and belong to the group of
so-called underutilized, neglected, traditional, rare, or wild vegetables. Despite
this, they have high nutritional value, are rich in biologically active compounds, and
are often characterized by ecological plasticity. Therefore, according to many re-
searchers, they should be "brought back to the plate" through promotion, domesti-
cation, and commercialization [2].

Ukraine has significant potential for underutilized, niche vegetable crops -
both introduced and local - which occupy very small cultivation areas but are dis-
tinguished by their nutritional value, ornamental appeal, and market prospects.
In the forest-steppe zone, atypical species have already been tested, including an-
guria cucumber (Cucumis anguria), kiwano (Cucumis metuliferus), okra (Abelmoschus
esculentus), aromatic cephalophora (Cephalophora aromatica), lemongrass (Cym-
bopogon citratus), and chufa or tiger nut (Cyperus esculentus). These plants combine
nutritional and spicy-aromatic value with pronounced decorative qualities, which
allows them to be used both in urban landscaping and as elements of "edible land-
scapes" in parks and household plots [3].

Expanding the range of cultivated crops can become a key way to diversify ag-
ricultural production in times of military threats, climate change, and price fluctu-
ations. At the same time, demand for new, niche, and leafy vegetables is growing
by 30% annually [4]. This creates a reserve for increasing dietary diversity among
Ukrainians, especially with regard to leafy greens, where actual consumption is 9%
below the recommended dietary level [5]. Global studies and reviews show that un-
derutilized, nutrient-rich vegetables and legumes (including traditional varieties)
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help combat "hidden hunger", increase the resilience of agrosystems to drought
and extreme weather, and provide small farmers with new sources of income [6, 7].

Kale (Brassica oleracea var. acephala) is an underutilized niche crop with excep-
tional nutritional and functional value, making it ideal for expanding the vegetable
assortment in Ukraine. It is rich in vitamins A, C, K, minerals (calcium, iron, magne-
sium, potassium), dietary fiber, glucosinolates, polyphenols, carotenoids, and flavo-
noids, and is therefore classified among superfoods with antioxidant, anti-inflam-
matory, hypolipidemic, and potentially anticancer effects [8]. Studies on organically
grown kale show that a 100 g serving can significantly cover the daily requirements
for calcium, manganese, iron, phosphorus, and copper, and provide 5.7-8.7 g of pre-
biotic carbohydrates, combining mineral richness with the function of a "food for the
microbiome" [9, 10]. This makes kale a promising tool for combating micronutrient
deficiencies and obesity, especially in diets with low consumption of leafy vegetables.

For niche production, it is important that kale is quite adaptable to growing con-
ditions: it can produce high biomass in open fields and greenhouses, is suitable for
organic systems, vertical farming, and hydroponics; optimization of nutrition allows
regulation of yield and the content of bioactive compounds. Varieties differ in mor-
phology, productivity, and nutrient composition. European and Asian studies confirm
this, providing a basis for breeding adapted forms with better keeping quality and
phytonutrients. With the growing demand for organic and highly nutritious green
vegetables, kale can become a competitive niche crop for small and medium-sized
farms, urban and vertical farming, provided that technologies are adapted to
Ukrainian conditions, local varieties are created and a consumer culture of its con-
sumption is formed.

Many publications position kale as a superfood with antioxidant, anti-inflamma-
tory, anticancer and antibacterial properties [10]. Kale is widely used in culinary ap-
plications. It is consumed raw in salads and "green" smoothies, added to soups, stews,
stews, omelets, pan-fried dishes, used as a side dish or vegetable base, and also baked
and dried in the form of "chips" as a healthy snack. In processing, kale is used for the
production of frozen and canned vegetable mixes, juices and functional drinks, in-
cluding fermented juices, where under the influence of lactic acid bacteria the con-
tent of polyphenols and antioxidant activity increases, while the content of antinu-
tritional compounds decreases [11]. Leaf powder or puree is added to bread, baked
goods, snacks, beverages, and soups as afunctional ingredient that increases the con-
tent of dietary fiber, minerals, and bioactive compounds [12]. Kale is actively used in
the development of functional products for the prevention of chronic diseases (car-
diovascular, metabolic, inflammatory), in particular in experiments with fermented
juice and soups intended for the elderly [13]. In addition to food applications,
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kale is used to create biodegradable edible films and coatings in combination with
sodium alginate, which contributes to environmentally friendly food packaging [14].

The aim of the work was to summarize current scientific data on the nutritional
value and bioactive compounds of kale (Brassica oleracea var. acephala), as well as to
analyze the influence of cultivation conditions, abiotic stresses and processing tech-
nologies on the accumulation and preservation of glucosinolates, isothiocyanates
and phenolic compounds that determine its functional properties.

13.2 Glucosinolates and the dependence of their sweetness and content
on abiotic and biotic factors

Kale is characterized by a high content of biologically active compounds - vita-
mins (A, C, K), minerals, polyphenols, carotenoids, chlorophylls, fiber and, above all,
glucosinolates (GLS), which determine the significant antioxidant, anti-inflammatory
and anticarcinogenic activity of this crop. GLS are sulfur- and nitrogen-containing
thioglucosides with a single basic skeleton derived from amino acids. GLS are clas-
sified into aliphatic, indole, and aromatic groups. A wide range of total GLS content
has been described for kale (2.25-93.9 umol/g dry weight), with the ratio of indole
to aliphatic compounds varying significantly depending on the variety, plant tissue,
developmental stage, growing conditions and analytical method. In most edible
kale varieties, sinigrin, glucoiberin and glucobrassicin dominate, often with notable
contributions from progoitrin and neoglucobrassicin. Together, they can provide
70-95% of the total glucosinolates in the leaf. Table 13.1 summarizes the approxi-
mate range of the most common individual glucosinolates in kale.

Table 13.1 Content of major glucosinolates in kale leaves

GLSclass CommonGLSinkale leaves Range,pmol/gdrywt. Contribution to total GLS, %

Aliphatic sinigrin 0.29-9.66 26.6
glucoiberin 2.38-25.07 36.5

progoitrin 0.09-2.52 3.5

gluconapin 0.00-0.86 1.1

glucoraphanin 0.00-1.27 1.7

Indole glucobrassicin 0.32-17.92 24.3
neoglucobrassicin 0.00-3.39 4.5

Aromatic gluconasturtiin 0.00-1.38 1.8

Source: compiled by the authors based on [15-19]
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In plant tissues, GLS are chemically stable. However, when cells are disrupted, the
substrate is hydrolyzed by endogenous myrosinase to form isothiocyanates (ITCs),
nitriles, and thiocyanates, which play a key role in plant defense against pathogens
and herbivores and mediate chemopreventive effects in humans. N. Baenas reported
that in kale leaves, glucoraphanin is the dominant GLS (~ 12 mg/100 g fresh weight),
and the corresponding ITC, iberin, is the main individual ITC (~ 0.8 mg/100 g) [16].
Recent studies clearly emphasize that the preventive effects of cruciferous veg-
etables - anticancer, anti-inflammatory, and antioxidant - are primarily associated
not with GLS themselves but with their hydrolysis products, mainly ITCs. It has been
shown that ITCs, rather than GLS, are the direct chemopreventive agents that regu-
late tumor initiation, growth, and development in various organs [20].

Phylogenetically and morphologically distinct kale groups (German, American,
Italian forms, sabellica-type variants, etc.) exhibit considerable genotypic variability
in their GLS profiles: the content of individual compounds and the total GLS level
in 25 cultivars vary widely, with differences between genotypes often exceeding
the influence of environmental conditions [21]. Analysis of organic kale genotypes
showed that even among seven samples, the content of sulfur-containing metabo-
lites, GLS breakdown products, and associated polyphenols and carotenoids varied
substantially [22]. For 30 genotypes grown in different regions, a broad range in GLS,
phenolic compounds, and flavonoid content was observed; certain genotypes com-
bined elevated GLS levels with high antioxidant activity, indicating the potential for
targeted breeding for nutraceutical traits [23].

Seasonality combines changes in temperature, day length, and light intensity, so
its effect on GLS in kale cannot be separated from climatic factors. In a broad set
of Brassica oleracea forms (including kale), higher total GLS concentrations in leaves
were observed in spring than in autumn; statistical analysis showed that total and
indole GLS levels were explained by a combination of mean temperature, photosyn-
thetically active radiation, and day length 2-4 weeks before harvest. Similar sea-
sonal patterns have been observed in Chinese kale. In most cultivars, GLS content,
phenolic compounds, and antioxidant activity were higher in spring and autumn than
in winter, which is attributed to a more favorable combination of temperature and
light and reduced stress from short days and cold [24].

Temperature acts as a moderate stressor, capable of both stimulating and sup-
pressing GLS accumulation. In field trials, total GLS content in Brassica oleracea
showed a negative linear but positive quadratic relationship with mean tempera-
ture two weeks before harvest. Moderate increases in temperature led to higher
concentrations, whereas very low or very high temperatures caused degradation. In
a "plant factory" for kale, the optimal growth temperature was 20-23°C, whereas
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the maximum GLS content occurred at 14-17°C; further increases in temperature
reduced their levels [25]. During cold acclimation, some cultivars (curly, lacinato)
exhibited a sharp increase in aliphatic GLS (e.g., glucoraphanin > 200%), whereas in
the "wild" type, cold mainly decreased glucobrassicin [26].

Light affects kale both through the daily light integral and through spectral com-
position and photoperiod. In a field trial with kale, cabbage, and broccoli, total leaf
GLS content was positively correlated with PPF two weeks before harvest; how-
ever, at excessively high values, the curve became quadratic, indicating saturation
and photostress. In artificial-light growth chambers for kale, it was shown that, un-
der the same daily light integral, the highest GLS content occurred under a 14-hour
photoperiod at moderate intensity (~ 200 pmol m™2s™!), whereas very long (22 h) or
short (10 h) days reduced their levels [27].

Phenological stage modulates the response to seasonal and climatic factors.
Inthe field, GLS content in kale leaves increases from the seedling stage to the onset
of flowering. At the consumer stage, indole and aromatic GLS (primarily glucobras-
sicin) reach their maximum, whereas during the transition to the generative phase,
aliphatic forms are translocated to flower buds, where, especially for sinigrin, the
highest concentrations are recorded. Spring plantings reach the "consumer" stage
under longer days and moderately higher temperatures, which is usually associated
with higher total GLS content, whereas autumn plantings approach flowering under
shorter days and lower temperatures. In sprouts, microgreens, and baby leaves un-
der spring-summer conditions, aliphatic GLS content is generally much higher than
in mature plants, but sensitivity to temperature and light at these early stages is also
more pronounced.

In summary, seasonality, through the combination of temperature, day length,
and light intensity, determines the "age and stage" of the plant at which the GLS pro-
file in kale is formed. Moderately cool conditions with sufficient light and a moderate
photoperiod (14-16 h) during the phase of active leaf growth favor maximal total
GLS content, particularly indole GLS, whereas extreme cold or heat, excessively
short or long days, and full flowering most often lead to reduced total content or
a shift of the profile toward aliphatic forms.

Agronomic practices can be deliberately used as a "stress tool" to increase phe-
nolic compounds, carotenoids, and GLS in kale, but excessive stress reduces yield
and quality. Abiotic stresses (soil salinity, drought, temperature, solar radiation,
phytohormones) are increasingly considered as managed technologies for bioactive
compound enrichment. Controlled abiotic stresses activate signaling pathways and
transcription of secondary metabolism genes, resulting in increased enzyme activity,
enhanced synthesis of phenolics and GLS, and their accumulation in tissues. In kale,
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such controlled stresses (particularly cold and radiation) have been shown to sub-
stantially increase the content of protective metabolites with anti-inflammatory and
anticancer properties [28]. At the same time, excessive stress increases the risk of
up to 50% vield loss, accumulation of antinutritional compounds (oxalates, nitrates,
phytates, tannins), and deterioration of consumer quality.

The type of fertilizer and overall agronomic management shape the kale micro-
biota and associated risks. In South Korean farms, traditional organic fertilizers
based on manure were associated with a high proportion of coliform bacteria car-
rying antibiotic resistance genes compared with other fertilization systems. The po-
tential for horizontal transfer of these genes within the coliform population has been
confirmed [29]. Therefore, fertilizer practices should be reconsidered as a compo-
nent of food-chain biosafety.

13.3 Effect of processing technologies on glucosinolates and
isothiocyanates

Thermal culinary methods differently affect GLS retention and ITCs formation.
Boiling kale in water causes cell structure disruption, diffusion and leaching of GLS
into the cooking water, as well as thermal degradation and rapid inactivation of my-
rosinase, resulting in retention of only about 20-40% of the original GLS and ITCs
content in the vegetable. In contrast, steaming and stir-frying involve minimal water
contact and moderate heating time, allowing at least 50% of GLS and their correspond-
ing ITCs to be preserved in kale. Studies on the Brassica family consistently identify
steaming as the most favorable method for preserving these compounds, whereas boil-
ing and blanching in a large volume of water are considered the most destructive [15].

Industrial pretreatment and preservation methods also have a critical impact
on GLS content in kale. Studies of fresh, blanched, boiled, frozen, canned, and dried
kale leaves showed that after blanching followed by rapid freezing, total GLS con-
tent remained the highest among all storage methods even after 12 months, whereas
canned samples exhibited the lowest values [30]. Frozen products from blanched
material contained on average 20% more GLS than those frozen after boiling, 58%
more than canned products, and nearly 50% more than dried samples. Data summa-
rized across various vegetables indicate that the combination of "blanching-rapid
freezing" is optimal for preserving both GLS and the potential amount of ITCs during
subsequent consumption.

Physical processing methods, particularly high hydrostatic pressure, are consid-
ered a promising tool for managing the myrosinase-glucosinolate system without
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significant deterioration of sensory qualities. For kale leaves, treatment at 600 MPa
resulted in a substantial increase in myrosinase activity and the highest conversion
rate of GLS to ITCs, reaching 70.4%, although the total GLS content in these samples
was lower than in raw or solely thermally treated leaves [31]. Microscopic analy-
sis revealed characteristic damage to veins, edges, and leaf surfaces, which facili-
tates enzyme-substrate contact and enhances ITCs formation. A review of modern
non-thermal methods (high pressure, pulsed electric fields, ultraviolet irradiation)
for various cruciferous vegetables generally confirms that these techniques can
either increase or modify the profile of GLS and their hydrolysis products depend-
ing on processing conditions, while remaining gentler compared with conventional
thermal pasteurization.

The mechanism of ITCs formation from GLS in kale is determined by a combi-
nation of factors, some of which are directly related to processing. The activity of
endogenous myrosinase, which catalyzes GLS hydrolysis, is significantly reduced
by intense heating, particularly during prolonged boiling or sterilization, which
decreases ITCs yield in favor of nitriles and other by-products. Individual studies
on various Brassica species have shown that changes in the pH of the reaction
medium to household acidic or slightly alkaline values, as well as dilution during
chopping or preparation, can sharply increase the proportion of ITCs among
hydrolysis products.

A combined analysis of the data allows the formulation of a kale-processing ap-
proach aimed at maximizing GLS retention and stimulating ITCs formation. At the
household level, short steaming or brief stir-frying is recommended, possibly with
prior leaf chopping to activate myrosinase. In industrial settings, the most rational
approach is blanching followed by rapid freezing or gentle drying, preferably via lyo-
philization, which ensures the highest residual GLS content after long-term storage.
A promising direction is the application of high hydrostatic pressure as an alternative
to thermal pasteurization for producing functional kale ingredients with increased
ITCs content. Considering the pH of the medium, degree of leaf chopping, and hydro-
lysis conditions when making beverages, purees, and other processed kale products
offers additional opportunities to deliberately increase the bioavailability of these
compounds in final food systems.

13.4 Phenolic compounds

Phenolic compounds in kale form one of the key components of its antioxidant
and functional potential. Approximately three dozen phenolic components have
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been identified in kale, mainly flavonol glycosides of quercetin and kaempferol,
as well as derivatives of hydroxycinnamic acids - p-coumaric, ferulic, sinapic, and
caffeic acids.

Total flavonol content in fresh leaf tissue is about 646 mg rutin equiva-
lents (RE)/100 g, and hydroxycinnamic acids are about 204 mg RE/100 g, totaling
roughly 0.85 g phenolic compounds per 100 g fresh weight (FW). The main individual
compounds are highly glycosylated acylated derivatives of kaempferol and querce-
tin, accounting for approximately 18-19% and 16-17% of total flavonols, respec-
tively. After acid hydrolysis, two aglycones predominate - quercetin (~ 44 mg/100 g)
and kaempferol (~ 58 mg/100 g) - indicating the dominance of their glycosides in the
phenolic profile [32].

Studies of phenolic acid content in kale leaves have identified nine acids, with fe-
rulic and caffeic acids being the main ones (totaling 4269 and 4887 ng/g FW, respec-
tively) [33]. A significant portion of these acids occurs in bound form, contributing to
cell wall protection and plant stress responses. In the red-leafed kale variety "Red-
bor F1", an even more diverse polyphenolic spectrum has been described -47 differ-
ent glycosides of flavonols, anthocyanins, and hydroxycinnamic acids, with a total
content of approximately 872 mg polyphenolic equivalents per 100 g fresh weight.
Under field conditions, this hybrid exhibits about 20% higher soluble phenolics and
flavonoids compared with the green cultivar Dwarf Blue Scotch, which correlates
with higher antioxidant activity.

Studies of different genotypes confirm that most secondary metabolites in
kale are phenolic compounds: 70-80% of identified metabolites belong to flavo-
noids (kaempferol and quercetin glycosides, anthocyanins), chlorogenic and other
hydroxycinnamic acids, and coumarins [34]. In kale microgreens and sprouts, a wide
spectrum of polyphenols is also detected, including numerous flavonoids (such as an-
thocyanins) and hydroxycinnamic acids, with their profile and bioavailability strongly
depending on developmental stage and cultivation conditions [35].

Overall, the kale phenolic complex correlates closely with antioxidant activity,
and variations by cultivar, genotype, and agronomic conditions result in a wide range
of phenolic content, which is important to consider when assessing the nutritional
and functional value of the raw material.

13.5 Effect of processing technologies on the phenolic compounds

Phenolic compounds in kale are highly sensitive to processing methods. Most
studies show that heating in contact with water reduces total phenolic content due
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to oxidation and leaching: even short boiling or blanching can substantially decrease
total polyphenolsinkale [36]. Inkale, boilinginwater caused the greatest degradation
and leaching of polyphenols, whereas steaming resulted in the smallest losses, with
water blanching falling in between. In another study, thermal treatments (blanching,
freezing, subsequent "boil-in-bag") in green and red curly kale cultivars led to a sig-
nificant reduction in total phenolics and antioxidant activity, with the red cultivar
retaining phenolic compounds better [37].

At the same time, there are contrasting findings: when kale was prepared at
home using short-term steaming, an increase in phenolic content (~ +86% com-
pared with raw samples) and a simultaneous rise in antioxidant activity were ob-
served, attributed to the softening of the cell matrix and release of bound polyphe-
nols. For different plant parts (leaf, stem, whole plant), steaming has been shown
to provide the best extraction of phenolics compared with other thermal regimes,
if extraction is performed in water [38]. A comparison of steaming and sous-vide
processing for the kale cultivar cv. Crispa confirmed that both methods statistically
reduced total phenolic content, but losses depended on the plant part; fresh kale
leaves exhibited one of the highest phenolic levels (~ 159 mg/100 g) among the
organs studied [39].

A review of modern traditional and innovative cooking methods highlights that
boiling and vacuum cooking in water promote phenolic losses through leaching,
whereas methods with minimal water contact (steaming, microwaving, sous-vide in
vacuum bags) more often preserve or even increase the extractable amount of phe-
nolic compounds due to cell wall disruption [40].

Extrusion cooking of snacks with added fresh kale showed that high-tempera-
ture, short-time extrusion does not degrade phenolic compounds; instead, their
content and antioxidant activity clearly increase with higher proportions of kale in
the formulation [41]. Optimal parameters (30% fresh kale, 36% moisture) ensured
maximal phenolic acid content (primarily sinapic acid) and high antioxidant activity.
Similar results were obtained for corn-based snacks with 2-8% kale addition: pheno-
lic acid content and antioxidant potential increased with the proportion of kale, and
extrusion did not reduce polyphenolic activity.

In the production of frozen and canned kale, it was shown that freezing after
blanching provides significantly higher residual polyphenol content after one year of
storage (~ 83-171 mg/100 g) compared with canning, where polyphenol levels were
lower (= 91-94 mg/100 g) [42]. Reviews of kale as a functional ingredient empha-
size that freezing and mild drying methods better preserve the polyphenolic profile,
whereas canning with prolonged sterilization leads to substantial reductions in phe-
nolic compound content [40].

308



Chapter 13 Kale as a functional vegetable. Nutritional value, bioactive compounds
and the influence of processing and cultivation

13.6 Advantages and challenges of kale cultivation

In addition to all its health-related dietary benefits, kale is distinguished by its
simple agronomic requirements. This plant tolerates adverse conditions such as high
salinity, drought, and extreme temperatures allowing harvests nearly year-round in
diverse climates. Kale provides multiple cuttings: older leaves can be harvested to
stimulate new growth, ensuring a high total yield per area.

However, kale yield and nutritional value vary greatly depending on cultivar, cul-
tivation system, fertilization, light, and microclimate. Conditions that maximize leaf
biomass often slightly reduce the concentration of beneficial phytochemicals, and
vice versa. Significant differences in yield and content of phenolics, flavonoids, antho-
cyanins, and carbohydrates are observed among cultivars and local populations [43].

Kale grows well on deep, moderately acidic to neutral soils (pH ~ 6-7.5) with high
organic matter and uniform moisture. Proper selection of sowing dates allows max-
imization of yield and economic return without significant quality losses [44]. Fer-
tilization systems and biostimulatory stresses (salinity, temperature) can enhance
phenolic, carotenoid, and GLS content, thereby strengthening the health-promoting
properties of the produce.

Kale responds well to organic fertilizers (compost, black soldier fly larvae frass),
which increase yield and dry matter content while simultaneously reducing pest
populations compared with mineral fertilizers [45]. High yields and enhanced vita-
min C and other bioactive compound content can be achieved in both soil-based and
soilless systems (hydroponics, aquaponics, vertical "multi-layer" beds) compared
with conventional soil cultivation. In temperate climates, protective structures (high
and low tunnels with mulching) allow successful winter cultivation of kale [46].

In open fields and greenhouses, kale produces the greatest biomass due to high
natural light and lower planting density; in growth chambers, biomass is lower,
though leaves are thinner (high leaf area per gram) [47]. Organomineral fertilizers
provide the highest productivity for curly kale compared with purely organic or un-
fertilized systems.

Despite its hardiness, kale is highly susceptible to diseases and pests, particularly
inintensive and protected systems. In soilless greenhouses, significant losses (> 70%)
have been reported due to stem rots caused by the fungus Agroathelia delphinii;
the risk is increased by non-sterilized organic substrates (rice straw, coconut husk,
etc.). Organic production makes it more difficult to control diseases and extend post-
harvest life; organic kale generally has a shorter shelf life, increasing food losses.

In open fields, clubroot (Plasmodiophora brassicae) is a major concern: on acidic,
waterlogged soils with high AI** content and with prolonged monoculture, the
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disease spreads extensively, reducing yield and impairing plant nutrition. In urban
cultivation, powdery mildew and black rot often dominate; warm and humid condi-
tions, high planting density, and intensive cultivation exacerbate their impact, while
straw mulching has variable effects on these diseases [48].

Among pests, aphids, cabbage whitefly, and other insects reduce yield, quality,
and glucosinolate content in leaves. Minimizing losses requires integrated protec-
tion systems, cultural practices (crop rotation, timing, soil-cover materials), biocon-
trol, and rigorous sanitation of equipment and planting material.

13.7 Conclusion

Kale is considered a truly promising leafy green vegetable crop with high nutri-
tional and functional value. It is distinguished by a rich complex of biologically active
compounds, particularly GLS, ITCs, and phenolic substances. These components de-
termine the pronounced antioxidant, anti-inflammatory, antibacterial, and potential
anticancer properties of this crop, which underlines its important role in the forma-
tion of a healthy diet.

It has been established that the accumulation of bioactive compounds in kale tis-
sues largely depends on the genotype, environmental growing conditions, and the
influence of abiotic factors. The application of controlled stress factors and the im-
provement of agronomic practices make it possible to regulate the level of secondary
metabolites, thereby creating opportunities to enhance the biological value of the
final products.

An important factor in preserving the functional properties of kale is the se-
lection of appropriate culinary and technological processing methods. It has been
demonstrated that intensive thermal treatment in large volumes of water leads to
degradation of 60-80% of glucosinolates and phenolic compounds.

At the same time, steaming, short-term stir-frying, and the use of modern pro-
cessing technologies contribute to the maximum retention of nutrients. Therefore,
the integrated optimization of cultivation conditions and processing regimes can be-
come a strategic approach to stabilizing bioactive compounds in kale as a raw mate-
rial for the production of functional foods.
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