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Abstract

With rising global temperatures, biostimulants might be a promising tool to alleviate plant
stress and support adaptation. The potential of fresh (FBP) and lyophilized (LBP) banana
peel aqueous extracts as biostimulants for protecting broccoli from high temperature (HT)
stress was analyzed. Spectrophotometric and statistical analyses revealed that BP affected
broccoli phytochemistry in a temperature-dependent manner. Under room temperature
(RT), FBP and LBP decreased glucosinolates (−15% and −25%, respectively). Conversely,
FBP increased flavonols and proanthocyanidins (141% and 202%, respectively). Under
RT, LBP decreased sugars in broccoli (−27%). FBP had stronger effects at HT than at RT,
further boosting phenolics (70%), flavonoids (89%), tannins (31%), and hydroxycinnamic
acids (64%), and antioxidant capacity (FRAP) (10%). LBP also increased flavonoids (39%),
flavonols (95%), and hydroxycinnamic acids (45%) under HT. Both FBP and LBP increased
glucosinolates (47% and 46%, respectively) in HT-grown broccoli. HT significantly affected
glucosinolates, decreased them in control plants, and increased them in BP-treated plants.
All HT-grown plants had higher soluble sugars and lower hydrogen peroxide than RT-
grown plants. Principal component analysis confirmed greater biochemical diversity
under HT. Temperature–BP interaction significantly affected flavonoids and glucosinolates,
highlighting the central role of environmental temperature in determining biostimulant
outcomes. These findings suggest that global warming may markedly alter biostimulant
efficacy and should be considered in their development.

Keywords: antioxidant capacity; broccoli microgreens; circular economy; fertilization;
global warming; glucosinolates; heat stress; low-impact agriculture; phenolics;
waste management

1. Introduction
The growing global population has increased concerns about food security and placed

additional pressure on agricultural systems to ensure sufficient food production [1,2]. To
meet the increasing demand for food, agriculture is becoming progressively more intensive,
developing strategies to grow crops faster, which mostly includes the use of chemical fertil-
izers [3]. Fertilizers are used to enrich soil with necessary nutrients to enhance plant growth
and development and increase yield [4]. Most recognized elements contained in fertilizers
are macronutrients such as nitrogen, phosphorus and potassium, but they can also contain
various micronutrients [5]. Even though their numerous advantages are evident, the exces-
sive use of chemical fertilizers has detrimental effects on the environment. Overuse leads
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to eutrophication and contributes to global warming and biodiversity loss. In addition to
their harmful effects on the environment, high logistical demands associated with their use
reduce their overall sustainability [6]. The use of organic-based fertilizers produced from
renewable and easily available bioresources represents a promising alternative. Organic fer-
tilizers can be derived from both plant and animal waste, and are environmentally friendly
while supporting biodiversity conservation. Moreover, they are more economical since they
are obtained from agricultural waste, whereas chemical fertilizers require energy-intensive
synthetic processes [7]. Additionally, the growing rise of environmental- and health-related
awareness supports the trend among consumers to buy crops grown by following organic
farming practices [8]. One such promising alternative is the use of fruit and vegetable peels
as organic fertilizers rather than disposing of them as waste [6].

An additional approach to improving agricultural sustainability and reducing reliance
on chemical fertilizers is the application of plant biostimulants [9]. Plant biostimulants
are various substances or microorganisms that improve physiological processes and thus
enhance plant growth, regardless of their nutrient content. Main categories of plant bios-
timulants include humic substances, protein hydrolysates and other nitrogen-containing
substances, seaweed extracts and botanicals, chitosan and other biopolymers, inorganic
compounds, beneficial fungi and bacteria. They can promote plant growth, modulate
development and quality traits, and increase nutrient use efficiency, thereby reducing the
required input of fertilizers [10]. Their efficiency is based on the interspecies source-sink
phytochemical transfer, in which bioactive compounds from the plant donor are transferred
into the plant acceptor [11–16]. Even though synthetic biostimulants are commercially
available, natural-product-based biostimulants represent a more sustainable and environ-
mentally friendly alternative. Importantly, biostimulants can also enhance plant tolerance
to environmental stress [9], making them particularly relevant in addressing another major
challenge that agriculture is facing—rising global temperatures associated with climate
change [17]. Elevated temperatures and heat stress alter the physiology and biochemistry
of plants, leading to reduced crop yield. These alterations can influence the nutritional
value and health benefits of plant-derived food [18,19].

Bananas are cultivated worldwide, especially in tropical and subtropical regions, and
are available throughout the year. It is a fruit crop with the highest global production, with
yields of more than 115 million tons [20,21]. Only the banana pulp is consumed, while the
peel, which accounts for up to 40% of the total fresh fruit weight, is discarded [22]. Due to
the widespread global consumption of bananas, the amount of banana peel waste generated
is up to 36 million tons annually [23]. Technological advances enabled the utilization of
this industrial by-product in the agricultural, chemical, and food industries [4]. However,
most banana peel waste is still disposed of in landfills as solid waste at a large expense.
In addition to high costs associated with their disposal, there are multiple environmental
concerns, including the production of greenhouse gas methane and pollution of surface
and groundwaters [4,23]. On the other hand, banana peel contains a wide range of macro-
and micronutrients required for plant growth. It is particularly rich in potassium but also
contains other minerals, as well as phenolic compounds, vitamins, and antioxidants [22].
Mineral content includes potassium, calcium, sodium, phosphorus, manganese, zinc, and
iron, from most to least abundant [24]. Over 40 individual phenolic compounds have been
identified in different banana varieties, including hydroxycinnamic acids, flavonols, flavan-
3-ols, and catecholamines. However, their composition and concentration are affected
by multiple factors, including variety, maturity stage, and cultivation conditions [25].
Its chemical composition, year-round availability, and high amount generated as a food
industry waste highlight its potential as an under-utilized renewable resource for use as
an organic fertilizer and biostimulant. Avoiding the high costs associated with disposal,
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as well as related environmental concerns, further emphasizes its potential for integration
into the circular economy. Including banana peel in the circular economy is a promising
strategy to mitigate pressure on the environment by utilizing the industrial waste as a
sustainable product in agriculture. So far, research has been focused on the effects of banana
peel-based fertilizers on plant growth and yield and physicochemical characteristics of soil
(reviewed in [4]). Banana peel fertilizer improved germination rate and growth parameters,
including the number of leaves, flowers, pods, seeds, and nodes, as well as the weight of
the aerial part, in peas (Pisum sativum L.) [26]. Similarly, potato (Solanum tuberosum L.) and
pea plants showed the shortest germination period after fertilization with decomposed
banana peel compared with several other household wastes, and banana peel application
increased the number of leaves and leaf area [27]. Banana peel powder enhanced growth
and yield parameters such as plant height, leaf area, root length, chlorophyll content,
fruit length, girth, and weight, and total yield in okra (Abelmoschus esculentus L.) [28].
Banana peel nano-fertilizer increased the germination rate of fenugreek (Trigonella foenum-
graecum L.) and tomato (S. lycopersicum L.) plants, likely due to its high potassium and
amino acid content [29]. Composite fertilizers containing additional fruit peels, such as
pomegranate and orange, have also been investigated and have been shown to enhance
growth and yield parameters of several plants, including okra and garden huckleberry
(S. scabrum Mill.) [28,30]. While these studies demonstrate the positive effects of banana
peel–based fertilizers on agronomic parameters, the high content of bioactive compounds
and potent antioxidant and antimicrobial properties of banana peel [25] suggest its potential
role to act as a biostimulant and enhance the nutritional value and health benefits of
plant-derived food.

In recent years, microgreens have gained increasing popularity among both the food
industry and health-oriented consumers [18]. They are ready-to-eat functional foods
rich in bioactive compounds, antioxidants, vitamins, and minerals [31]. In early growth
stages, plants hyperaccumulate nutrients and often contain higher concentrations of health-
promoting compounds compared to traditionally consumed, fully grown plants [32]. An-
other advantage of microgreens is that they can be cultivated throughout the year in small
spaces, enabling cultivation at home, for example, on balconies and windowsills [33].
A wide range of crops, such as vegetables, herbs, legumes, cereals, pseudo-cereals, and
oilseeds, can be cultivated in the form of microgreens [31]. Among them, species from the
Brassicaceae family are extensively used in the microgreens industry, with broccoli being a
dominant species owing to its recognized health benefits [34]. Plant specialized metabolites,
including polyphenols, glucosinolates, terpenes, and alkaloids, are primarily synthesized
in response to specific environmental and developmental signals. As such, they have
key roles in environmental interactions and stress responses [35]. These diverse bioactive
compounds are also highly relevant for human health, for both dietary and pharmaceutical
applications. Polyphenols, particularly quercetin, are recognized for their antioxidative,
anti-inflammatory, anti-proliferative, anti-carcinogenic, anti-diabetic, and anti-viral prop-
erties [36]. Glucosinolates, predominantly found in Brassicaceae vegetables, and their
degradation products also play a crucial role in plant defense. They were increased in
cabbage and broccoli under drought stress [37], in kale under high temperature [38], and
in canola exposed to salinity [39]. However, in broccoli grown under high temperatures,
they were decreased [19]. A higher concentration of glucosinolates in brassicaceous plants
grown in heavy metal-contaminated soil suggests their role in the protection of plants
against metal stress [40]. They were also increased in broccoli sprouts grown under low-
to-medium UV stress [40]. It was revealed that glucosinolates improve the antioxidant
status of plants [41], act as signaling compounds [42], and serve as osmoregulators [43].
Moreover, their exogenous application via leaves controlled stomatal opening/closure in

https://doi.org/10.3390/app16052303

https://doi.org/10.3390/app16052303


Appl. Sci. 2026, 16, 2303 4 of 21

Arabidopsis thaliana and water loss [44]. Aside from abiotic stress, glucosinolates have an
important role in plant protection against biotic stress also. For example, the lines of Brassica
napus containing higher concentrations of glucosinolates limited grazing by pigeons and
slugs [45]. A similar effect was recorded among herbivorous insects and Brassica rapa (syn.
campestris) [46]. They show beneficial effects in the human organism as well, including an-
tioxidative, anti-cancer, anti-inflammatory, and cardioprotective activities [47]. For example,
broccoli rich in glucosinolates decreases the concentration of LDL-C in plasma [48].

While previous studies have largely focused on the effects of banana peel on plant
growth and yield, its composition of bioactive compounds suggests potential to modulate
the phytochemical content of plant acceptor and enhance its stress tolerance. Additionally,
most studies have analyzed fresh banana peel or banana peel dried in the sun or by
heat; no studies have analyzed the lyophilized peel so far. Therefore, the aim of this
study was to evaluate the potential of extracts of fresh and lyophilized banana peel to
act as biostimulants and alleviate heat stress in broccoli microgreens. For that purpose,
we (a) grew broccoli microgreens with/without extract of fresh/lyophilized banana peel,
analyzed (b) the amount of total intact glucosinolates, (c) different phenolics, (d) soluble
sugars, (e) hydrogen peroxide, (f) their antioxidant capacity using standard ABTS, FRAP
and DPPH method, and (g) statistically processed all the data using Student’s t-test, one-
way and two-way ANOVA, principal component analysis, hierarchical clustering and
Pearson’s correlation coefficients.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Brassica oleracea L. convar. botrytis (L.) Alef. var. cymosa Duch. (broccoli Calabrese)
seeds Art. No. 424430 were purchased from International Seeds Processing GmbH (Quedlin-
burg, Germany). Seeds were sterilized using Izosan® G (Pliva Croatia d.o.o., Zagreb, Croa-
tia) aqueous solution (2.55%) for 20 min and then thoroughly rinsed with deionized water.
Sterilized seeds were sown in pots containing sterile soil substrate Stender B400 and grown
in a plant growth chamber Fito Clima 600 PLH (Aralab, Rio de Mouro—Portugal) under
long-day conditions (16 h light/8 h dark), at 65% relative humidity. Plants were maintained
at room temperature (RT; 23 ◦C day/18 ◦C night) until the treatments [18,49,50].

2.2. Plant Treatment and Sampling

Treatments with banana peel extracts and high temperature started six days after
sowing. Plants were irrigated with either fresh banana peel extract (300 mg/mL) or
lyophilized banana peel extract (30 mg/mL). For extract preparation, banana peels were
crushed, poured with boiling deionized water, and shaken for 1 h at 175 rpm. The resulting
extracts were filtered through a filter paper. Control plants were irrigated with boiled
deionized water only. All plants were irrigated with equal volumes of banana peel extract
or water throughout the treatment period. The experiment was conducted under both
RT and high temperature (HT; 38 ◦C day/33 ◦C night) conditions, with HT exposure
starting simultaneously with the application of banana peel extracts. Treatments lasted
for seven days, after which the aerial parts of plants were sampled, washed with distilled
water, frozen in liquid nitrogen, and lyophilized using an Alpha 1–2 LSC basic freeze-
dryer (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany).
Lyophilized broccoli samples were powdered, and extracts (30 mg/mL) were prepared in
70% ethanol and 80% methanol for different analysis methods [18,49,50].
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2.3. Quantification of Specialized Metabolites

Specialized metabolites were quantified spectrophotometrically using a Fluostar Op-
tima microplate reader (BMG LABTECH, Ortenberg, Germany). Phenolic compounds were
determined in 70% ethanolic extracts, whereas total intact glucosinolates were determined
in 80% methanolic extracts. Results were expressed as equivalents of the corresponding
standard per gram of dry weight (mg/g dw).

2.3.1. Quantification of Total Intact Glucosinolates

Total intact glucosinolates content was determined according to Mawlong et al. [51]
with modifications described in [18] at 405 nm, using sinigrin (Sin) as a standard, and
were expressed as mg SinE/g dw. Color development was achieved by the reaction of
glucosinolates with sodium tetrachloropalladate, resulting in the formation of colored
complexes. A standard calibration curve was constructed using sinigrin solutions at
concentrations ranging from 0.3 to 1 mg/mL.

2.3.2. Quantification of Total Phenolics

Total phenolics were determined by the Folin–Ciocâlteu method [52,53] at 740 nm,
using gallic acid (GA) as a standard, and the results were expressed as mg GAE/g dw. The
method is based on the reduction of the yellow Folin–Ciocâlteu reagent by phenolic com-
pounds under alkaline conditions, forming a blue-colored complex. A standard curve was
constructed using gallic acid solutions at concentrations ranging from 0.08 to 1.25 mg/mL.

2.3.3. Quantification of Total Flavonoids

Flavonoid content was determined using the AlCl3 colorimetric method [54], using
10 times less volume of AlCl3, at 485 nm, using quercetin (Q) as a standard, and expressed
as mg QE/g dw. This method is based on the formation of yellow-colored complexes
between Al(III) ions and the hydroxyl groups of flavonoids. A calibration curve was
constructed using quercetin solutions at concentrations ranging from 0.04 to 0.63 mg/mL.

2.3.4. Quantification of Total Flavonols and Hydroxycinnamic Acids

For the determination of total flavonols and hydroxycinnamic acid extracts, a concen-
tration of 6 mg/mL was used. Compounds were quantified according to Howard et al. [55].
Hydrochloric acid hydrolyzes ester-bound phenolic components, releasing free forms,
which absorb light at specific wavelengths; hydroxycinnamic acids at 320 nm and flavonols
at 355 nm. Caffeic acid (CA) and quercetin (Q) were used as standards, respectively. Results
were expressed as mg CAE/g dw and mg QE/g dw, respectively. A standard curve was
constructed using CA and Q solutions at concentrations ranging from 0.05 to 0.4 mg/mL
and 0.02 to 0.31 mg/mL, respectively.

2.3.5. Quantification of Total Tannins

Total tannins were measured as previously described [56] at 740 nm, using gallic acid
as a standard, and the results were expressed as mg GAE/g dw. The method is based on
the reduction of metal components in the Folin–Ciocâlteu reagent by tannins under alkaline
conditions, resulting in a color change. A standard curve was constructed using gallic acid
solutions at concentrations ranging from 0.02 to 0.31 mg/mL.

2.3.6. Quantification of Total Proanthocyanidins

Proanthocyanidins were quantified according to Weidner et al. [57] at 485 nm, using
catechin (Cat) standard, and expressed as mg CatE/g fw. Under acidic conditions, vanillin
reacts with proanthocyanidins to produce a red-colored complex. A standard curve was
constructed using catechin solutions at concentrations ranging from 0.04 to 0.62 mg/mL.
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2.3.7. Quantification of Total Phenolic Acids

Total phenolic acids were determined by the Arnow method [58] at 485 nm, using
caffeic acid standard, the results were expressed as mg CAE/g dw. The method is based on
the reaction with Arnow reagent, consisting of sodium molybdate and sodium nitrite, under
acidic conditions, leading to the formation of a pink-colored complex. A standard curve was
constructed using caffeic acid solutions at concentrations ranging from 0.1 to 0.5 mg/mL.

2.4. Quantification of Soluble Sugars

For the determination of soluble sugars, 70% ethanolic extracts at a concentration of
6 mg/mL were used, and the method by Dubois et al. [59] was applied. Absorbance was
measured at 485 nm, and sucrose (Suc) was used as a standard. The results were expressed
as mg SucE/g dw. The quantification mechanism is based on the acid hydrolysis and
dehydration of sugars to furfural derivatives, which subsequently condense with phenol to
form a yellow-orange colored complex. A standard curve was constructed using sucrose
solutions at concentrations ranging from 0.02 to 1 mg/mL.

2.5. Quantification of Hydrogen Peroxide Content

Hydrogen peroxide (H2O2) was measured spectrophotometrically in 70% ethanolic
extracts following Junglee et al. [60]. Absorbance was measured at 405 nm, and H2O2

standards were used. H2O2 content was expressed as mM H2O2/g dw. In this assay, H2O2

oxidizes iodide ions to molecular iodine, which can be directly quantified spectrophotomet-
rically. A standard curve was constructed using H2O2 solutions at concentrations ranging
from 0.12 to 5 mM.

2.6. Determination of Antioxidant Capacity

The antioxidant capacity of the extracts was assessed spectrophotometrically in 70%
ethanolic extracts using ABTS [61], DPPH [62] and FRAP [63] assays, as described in Šola
et al. [64]. For the FRAP assay, extracts at a concentration of 6 mg/mL were used. The ABTS
assay is based on the reduction of the blue-green ABTS radical cation to its colorless neutral
form by antioxidants, whereas the DPPH assay involves the reduction of the stable purple
DPPH radical to yellow-colored DPPH-H. The FRAP assay measures antioxidant potential
by reducing Fe3+-TPTZ complex to a blue-colored Fe2+ form. Results were expressed as
percentage of inhibition for the ABTS and DPPH assays, and as percentage of reduction for
the FRAP assay, calculated according to the following equations:

% inhibition =
Abs0 − Abst

Abs0
× 100 (1)

% reduction =
Abst − Abs0

Abst
× 100 (2)

where Abst = absorbance of the extract and Abs0 = absorbance of 70% ethanol.

2.7. Statistical Analysis

Data were obtained from three biological replicates, each analyzed with four technical
replicates. Statistical analyses were performed using Statistica software (version 14.1.0.8;
TIBCO Software Inc., Palo Alto, CA, USA). To evaluate the effect of growing temperature,
the Student’s t-test was applied. The effect of banana peel extracts in plants grown under
the same temperature (either RT or HT) was assessed using one-way ANOVA followed by
Duncan’s multiple range test (DMRT). To determine the relative contribution of growing
temperature and banana peel extracts to the variation in the analyzed parameters, as well
as their potential interaction, a two-way factorial ANOVA was conducted. Differences
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were considered statistically significant at the p ≤ 0.05 level. Principal component analysis
(PCA) and hierarchical clustering (HC) using Euclidean distance were performed to assess
sample similarity and grouping. Pearson correlation coefficients were calculated to evaluate
relationships between parameters, with values of 0.80–1.00 considered very high [65].

3. Results and Discussion
3.1. Effect of Banana Peel Extracts and Elevated Temperature on Specialized Metabolites in
Broccoli Microgreens

Both banana peel extracts and high growing temperature altered the profile of spe-
cialized metabolites in broccoli microgreens (Figure 1). Banana peel extracts did not
significantly change the amount of total phenolics (Figure 1b), flavonoids (Figure 1c), tan-
nins (Figure 1e), phenolic (Figure 1g), and hydroxycinnamic acids (Figure 1h) in broccoli
microgreens grown at RT. However, they altered the concentration of total intact glucosi-
nolates (Figure 1a), flavonols (Figure 1d), and proanthocyanidins (Figure 1f). Both fresh
and lyophilized banana peel extracts significantly decreased the concentration of total
intact glucosinolates, with lyophilized peel having a more pronounced effect. On the other
hand, fresh banana peel extract caused a significant increase in total flavonols, whereas
lyophilized banana peel showed a tendency to increase their amount. The amount of total
proanthocyanidins was also notably increased by fresh banana peel, while lyophilized
banana peel had no effect.

Banana peel extracts had different effects on specialized metabolites in broccoli mi-
crogreens grown at HT. Treating broccoli microgreens grown on HT with both fresh and
lyophilized banana peel extracts led to a significant increase in the amount of total intact
glucosinolates (Figure 1a). Since sulfur and nitrogen are needed for the synthesis of glucosi-
nolates, this suggests that HT and banana peel extract together support sulfur and nitrogen
metabolism in broccoli microgreens as a response to stress. Fresh banana peel markedly
increased the amount of total phenolics (Figure 1b), flavonoids (Figure 1c), flavonols
(Figure 1d), tannins (Figure 1e), and hydroxycinnamic acids (Figure 1h), whereas the in-
crease caused by lyophilized banana peel was statistically significant for total flavonoids,
flavonols, and hydroxycinnamic acids. This indicates to the activation of phenylalanine
ammonia-lyase and downstream enzymes. No effect on the concentration of total proan-
thocyanidins (Figure 1f) and phenolic acids was recorded (Figure 1g). The amount of
total flavonoids and flavonols was higher in plants irrigated with fresh than lyophilized
banana peel extract, whereas they increased the amount of total hydroxycinnamic acids to
the same extent.

Fresh banana peel showed more significant effect on broccoli microgreens at HT than at
RT on the level of total phenolics, flavonoids, tannins, and hydroxycinnamic acids. The only
exception was total proanthocyanidins, which were markedly increased by fresh banana
peel at RT, but not at HT. This emphasizes the differential regulation of proanthocyanidins in
broccoli depending on temperature. Fresh banana peel increased total flavonols at both RT
and HT, while lyophilized banana peel showed a tendency to increase at RT and a significant
increase at HT. Both fresh and lyophilized banana peel increased total flavonoids, flavonols,
hydroxycinnamic acids, and intact glucosinolates in broccoli microgreens grown under HT.
Interestingly, after treatment with fresh and lyophilized banana peel, the amount of total
intact glucosinolates was significantly decreased in broccoli microgreens grown under RT,
but significantly increased in plants grown under HT stress. Similar to proanthocyanidins,
it suggests temperature-dependent regulation of these phytochemicals in broccoli.
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Figure 1. Effects of banana peel extracts and high growth temperature on specialized metabolites in
broccoli microgreens. The concentration of total (a) intact glucosinolates, (b) phenolics, (c) flavonoids,
(d) flavonols, (e) tannins, (f) proanthocyanidins, (g) phenolic acids and (h) hydroxycinnamic acids
was determined in broccoli microgreens grown at room (RT) and high (HT) temperature irrigated
with water (Con), fresh banana peel extract (FBP) or lyophilized banana peel extract (LBP). Values
represent mean ± standard deviation of three biological replicates. Different letters indicate a
significant difference among plants grown at the same temperature (one-way ANOVA, Duncan’s
test, p ≤ 0.05). An asterisk (*) indicates a significant difference between the same treatment group
grown at RT and HT (Student’s t-test, p ≤ 0.05). SinE = sinigrin equivalent; GAE = gallic acid
equivalent; dw = dry weight; QE = quercetin equivalent; CatE = catechin equivalent; CAE = caffeic
acid equivalent.

Glucosinolates are a group of specialized metabolites containing nitrogen and sulfur
abundantly found in the Brassicaceae family that have a major role in plant stress tolerance.
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Their metabolism changes in response to various environmental stresses, and products
of their degradation have a protective role under temperature, water, light, and heavy
metal stresses. Under temperature stress, glucosinolates modulate transcription factors,
and their breakdown products function as stress markers and signaling compounds [66].
Phenolics are a diverse group of specialized metabolites containing a benzene ring with one
or more hydroxyl groups, and are among the most prevalent phytochemicals in plants [67].
Accumulation of phenolic compounds in plants is also associated with stress conditions,
including heat stress [68]. They act as antioxidants by scavenging reactive oxygen species
and modulating signaling pathways to activate cellular defense mechanisms [67]. Addition-
ally, some phenolic compounds are involved in strengthening the cell wall, which is also
an important part of stress tolerance [68]. There is no research on the use of plant-based
biostimulants (particularly banana peel extract) to improve high temperature stress in
broccoli microgreens. However, it has been shown that agricultural waste can serve as
a biostimulant for crops and enhance plant tolerance to abiotic stresses, including high
temperature. Even though modes of action underlying the effects of biostimulants are not
yet clearly defined, it is evident that they generally activate several response mechanisms,
leading to multiple beneficial effects. Those mechanisms include activation of specialized
metabolism, activation of both enzymatic and non-enzymatic antioxidant systems to coun-
teract induced oxidative stress, osmolyte accumulation, control of ion transport and ion
homeostasis, and regulation of photosynthesis [69]. For example, foliar application of
brown algae (Sargassum spp. and Ascophyllum nodosum) extracts increased heat tolerance in
tomato plants by improving stomatal conductance, photosynthetic pigments, and protein
content, enhancing antioxidants, and upregulating defense gene expression [70]. Banana
peel extracts showed a stimulatory effect on black gram (Vigna mungo L.) germination
and seedling development [71]. Banana peel is rich in phenolics, with over 40 individual
compounds identified, possessing potent antioxidant properties [25]. Plant phenolics are
recognized as regulators of plant physiological processes when applied exogenously and
play a critical role in suboptimal conditions [72]. Phenolics have a stimulating effect on
plants through their influence on cell metabolism, sink/source regulation, photosynthesis,
transpiration, stomatal conductance, ion uptake, and cell division and differentiation. It
was found that algae and banana peel extracts alter the growth and chemical profile of
clary sage (Salvia sclarea L.). Both extracts alone and in combination increased fresh and
dry weight, total carbohydrates, and total phenolics [73]. Biostimulants can stimulate the
synthesis of phenolics, but their effects vary depending on the specific biostimulant used,
plant species involved, and the environmental conditions. It was shown that biostimulants
based on phenolics [74], brown seaweed (A. nodosum) extract [75] and legume-derived pro-
tein hydrolysate [76] enhanced phenolic compounds in tomato and grapes (Vitis vinifera L.)
and had a potential in enhancing stress response.

Elevated temperature caused a significant decrease in total flavonoids (Figure 1c) and
phenolic acids (Figure 1g) in control plants and plants irrigated with lyophilized banana
peel extract. This effect was not observed in plants treated with fresh banana peel extract,
likely due to its stimulatory effect. On the contrary, HT increased the concentration of
total proanthocyanidins (Figure 1f) in control plants and plants irrigated with lyophilized
banana peel extract. Interestingly, HT had opposite effects on total intact glucosinolates in
control and treated plants—it caused a decrease in control, and an increase in plants treated
with banana peel extracts.

It has been previously shown that elevated growing temperature alters the profile of
specialized metabolites in broccoli microgreens [18,19,77]. Consistent with our research,
HT stress decreased the amount of total intact glucosinolates, flavonoids, and phenolic
acids [18,19,77]. However, such a reduction in flavonoids and phenolic acids was not
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observed when broccoli was treated with fresh banana peel, and the concentration of
glucosinolates was significantly increased under treatment with both types of banana peel
extract. On the other hand, an increase in the amount of proanthocyanidins is consistent
with one [77], but contrary to the second research [18]. For total phenolics, flavonols, tan-
nins, and hydroxycinnamic acids, for which no significant effect was recorded in this study,
different responses to HT were observed in previous studies [18,19,77]. Such variation
among studies may be due to different species or cultivars used, that is, genetic back-
ground, or experimental conditions. This highlights the complexity of phenolic responses
to thermal stress.

3.2. Effect of Banana Peel Extracts and Elevated Temperature on Soluble Sugars in
Broccoli Microgreens

Lyophilized banana peel extract significantly affected the soluble sugar content in
broccoli grown at RT, whereas growth at HT notably changed the soluble sugars in all treat-
ment groups (Figure 2). Among all treatments, only lyophilized banana peel extract under
RT had a significant effect—it led to a decrease in soluble sugars in broccoli microgreens.
Contrary to our results, research shows that some types of biostimulants enhance heat stress
tolerance through the stimulation of soluble sugars. Biostimulant derived from brown
seaweed A. nodosum has been shown to enhance heat stress tolerance in tomato during the
reproductive phase. In addition to upregulation of protective heat shock proteins in heat-
stressed tomato flowers before fertilization, it also stimulated the accumulation of soluble
sugars, sucrose, glucose, and fructose [78]. Application of algae solution and banana peel
extract, alone and in combination, resulted in the accumulation of total carbohydrates in
clary sage [73].

Figure 2. Effects of banana peel extracts and high growth temperature on the amount of soluble sugars
in broccoli microgreens. Values represent mean ± standard deviation of three biological replicates.
Different letters indicate a significant difference among plants grown at the same temperature (one-
way ANOVA, Duncan’s test, p ≤ 0.05). An asterisk (*) indicates a significant difference between
the same treatment group grown at RT and HT (Student’s t-test, p ≤ 0.05). RT = room temperature;
HT = high temperature; Con = irrigation with water; FBP = irrigation with fresh banana peel extract;
LBP = irrigation with lyophilized banana peel extract; SucE = sucrose equivalent; dw = dry weight.

Elevated temperature caused a significant increase in soluble sugars in all analyzed
broccoli microgreens (Figure 2). Research on the effects of heat stress on broccoli micro-
greens has shown that it stimulates the accumulation of soluble sugars [18,19,77], consistent
with the findings of this study. This accumulation underscores their role under stressful
conditions, as they function as osmoprotectants and signaling molecules, protect cells from
oxidative damage, and contribute to protein and membrane stability [79,80].
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3.3. Effect of Banana Peel Extracts and Elevated Temperature on Hydrogen Peroxide Level in
Broccoli Microgreens

Banana peel extracts had no significant effect on H2O2 level, neither under RT nor HT
(Figure 3). Hydrogen peroxide plays a dual role as a signaling molecule or damaging agent,
depending on its concentration. As a signaling molecule, it is involved in the regulation
of plant growth and development, as well as in the acclimatization of plants to stressful
conditions. However, when its concentration spikes, usually as a consequence of stress,
it can cause detrimental effects on cellular metabolism [81]. Because of this, it is very
important to maintain a fine balance of generation and detoxification of reactive oxygen
species, including H2O2, which depends on the antioxidant defense systems. Biostimulants
can help mitigate oxidative stress, but their effects depend greatly on the type and dose of
biostimulant used, as well as crop variety and developmental stage [82].

Figure 3. Effects of banana peel extracts and high growth temperature on hydrogen peroxide level
in broccoli microgreens. Values represent mean ± standard deviation of three biological replicates.
The same letter indicates that there is no significant difference among plants grown at the same
temperature (one-way ANOVA, Duncan’s test, p ≤ 0.05). An asterisk (*) indicates a significant
difference between the same treatment group grown at RT and HT (Student’s t-test, p ≤ 0.05).
RT = room temperature; HT = high temperature; Con = irrigation with water; FBP = irrigation with
fresh banana peel extract; LBP = irrigation with lyophilized banana peel extract; dw = dry weight.

Broccoli microgreens grown under HT had notably lower concentrations of H2O2

(Figure 3). It was found that heat stress caused a decrease in H2O2 level in broccoli micro-
greens, seedlings, and mature leaves, while an increase was observed in mature heads [77].
The lower concentration of H2O2 observed in plants grown at elevated temperature could
be the result of the activation of antioxidant defense systems responsible for its detoxifica-
tion, as well as reduced production caused by metabolic adjustments aimed at minimizing
oxidative damage.

3.4. Effect of Banana Peel Extracts and Elevated Temperature on Antioxidant Capacity of
Broccoli Microgreens

Antioxidant capacity of broccoli microgreens was affected by banana peel extracts only
when broccoli was grown under HT (Table 1). Fresh banana peel decreased antioxidant
capacity measured by DPPH in broccoli grown under HT, but increased its antioxidant
capacity measured by FRAP. This suggests that fresh banana peel under HT stress in broccoli
favored antioxidants with higher reducing power rather than those with radical-quenching
activity. Since DPPH is more suitable for lipophilic and FRAP for hydrophilic antioxidants,
while ABTS reliably detects both types of antioxidants [83,84], the opposite effects observed
in DPPH and FRAP ultimately may counterbalance each other and are therefore not
reflected in the ABTS assay. Foliar application of biostimulants, such as brassinosteroid,
methyl jasmonate, and salicylic acid, has been shown to improve heat stress tolerance
in Kimchi cabbage (Brassica rapa L. ssp. pekinensis) by delaying growth reduction and
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physiological damage. They promoted photosynthesis recovery and enhanced the activity
of antioxidant enzymes, namely catalase and peroxidase [85]. Similarly, various plant-based
biostimulants, including banana peel extracts, have been observed to enhance the activity of
antioxidant enzymes superoxide dismutase, peroxidase, catalase, and ascorbate peroxidase
in wheat (Triticum aestivum L.). Their stimulating effect depended on biostimulant type and
concentration, as well as wheat variety [86].

Table 1. Effects of banana peel extracts and high growth temperature on antioxidant capacity of
broccoli microgreens.

RT HT

Con FBP LBP Con FBP LBP

ABTS (%
inhibition) 39.47 ± 9.05 a 33.24 ± 9.27 a 38.08 ± 9.39 a 46.34 ± 4.77 a 45.45 ± 4.41 a 46.48 ± 3.13 a

DPPH (%
inhibition) 58.51 ± 6.49 a 49.82 ± 8.22 a 53.77 ± 6.52 a 63.91 ± 1.99 a 50.19 ± 9.32 b 57.50 ± 5.38 ab

FRAP (%
reduction) 63.98 ± 6.94 a 67.03 ± 5.19 a 66.45 ± 5.91 a 64.49 ± 3.47 b 71.06 ± 1.93 a 68.64 ± 2.48 ab

Values represent mean ± standard deviation of three biological replicates. Different letters indicate a significant
difference among plants grown at the same temperature (one-way ANOVA, Duncan’s test, p ≤ 0.05). RT = room
temperature: HT = high temperature; Con = irrigation with water; FBP = irrigation with fresh banana peel extract;
LBP = irrigation with lyophilized banana peel extract.

Elevated temperature did not significantly change the antioxidant capacity of broccoli
microgreens (Table 1). The effect of HT on the antioxidant capacity of broccoli microgreens
varied across studies. When antioxidant capacity was assessed by the ABTS assay, one
study reported an increase [19], another a decrease [18], while a third did not observe a
significant difference [77]. In the case of the DPPH method, only one study reported a
decrease [19], whereas two studies reported no difference [18,77]. For the FRAP assay, two
studies indicated an increase [19,77], while one study showed no effect [18].

When all results are visualized in a heatmap, it becomes evident that the impact of
banana peel extracts on broccoli microgreens is greater at HT than at RT (Figure 4). This
suggests that HT is likely to increase the adaptive response capacity of broccoli microgreens
to banana peel extracts. The results indicate the significance of environmental temperature
for the outcome of potential biostimulants and should definitely be considered when
evaluating its effects on plant systems.

3.5. Chemometric Analysis

Results of the two-way factorial ANOVA showed that temperature had a significant
impact on eight analyzed variables—total phenolics, flavonoids, tannins, proanthocyani-
dins, phenolic acids, soluble sugars, hydrogen peroxide level, and antioxidant capacity
measured by ABTS (Table 2). Banana peel extract had a significant effect on six analyzed
variables—total phenolics, flavonols, tannins, proanthocyanidins, hydroxycinnamic acids,
and antioxidant capacity measured by DPPH. This suggests that temperature is the dom-
inant factor that regulates specialized metabolism, total soluble sugars, and H2O2 levels
in broccoli microgreens. On the other hand, banana peel extracts show a weaker effect
and only on phenolic compounds, which indicates a more discriminating influence. Ob-
viously, banana peel extract acts as a biostimulant on broccoli microgreens at the level of
phenolic antioxidants. The interaction between temperature and banana peel extract had
a significant effect on two analyzed variables—total flavonoids and intact glucosinolates.
Therefore, the response of these two groups of metabolites in broccoli to banana peel extract
depends on temperature. This emphasizes the relevance of environmental temperature
for the outcome of biostimulants. Due to global warming, their effect may be significantly
changed, and this should be taken into account when creating new biostimulants.
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Figure 4. The heatmap showing a visual overview of relative antioxidant capacities and metabolite
levels across treatments. Color intensity reflects percentage of radical inhibition or Fe3+ reduction in
case of antioxidant capacity, and the amount of different metabolites. Green indicates relatively higher
values and red indicates relatively lower values of the measured variables. TP = total phenolics;
TF = total flavonoids; TFLo = total flavonols; TT = total tannins; TPAN = total proanthocyanidins;
TPA = total phenolic acids; THCA = total hydroxycinnamic acids; GLS = total intact glucosinolates;
SS = soluble sugars.

On the PCA plot, it is evident that broccoli microgreens grown under RT formed one
cluster, while plants grown on HT formed a second cluster (Figure 5a). The amount of
total flavonoids, phenolic acids, and H2O2 contributed the most to the separation of RT
samples (Figure 5b). The amount of total phenolics and antioxidant capacity measured by
FRAP contributed the most to the separation of microgreens grown on HT and irrigated
with fresh banana peel. Under both RT and HT, plants irrigated with lyophilized banana
peel extract were more similar to control plants than those treated with fresh banana peel
extract. PCA also revealed that banana peel increased biochemical diversity in broccoli
microgreens grown under HT. Based on the analyzed variables, the first two PCs explained
87.71% of the total variance.

The dendrogram resulting from hierarchical clustering indicated separation of broc-
coli microgreens grown under different temperatures into two separate clusters as well
(Figure 5c). However, these results show that plants treated with fresh banana peel were
more similar to control plants than those treated with lyophilized banana peel, under RT
conditions. Under HT, treated samples were more similar to one another and separated
from control samples. The results also indicated that microgreens grown under HT were
more similar to each other (Euclidean distance around 16) than those grown under RT
(Euclidean distance approximately 20).
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Table 2. Two-way ANOVA showing the effect of the main factors (growth temperature and banana
peel extract) and their interaction on different groups of phytochemicals and antioxidant activity of
broccoli microgreens.

Parameter Source of Variation SS F p

Total phenolics
temperature 34.533 ** 9.4905 ** 0.009526 **

banana peel extract 60.102 ** 8.2587 ** 0.005552 **
temp × extract 6.961 0.9566 0.411658

Total flavonoids
temperature 266.003 *** 40.3723 *** 0.000036 ***

banana peel extract 23.234 1.7631 0.213149
temp × extract 80.653 * 6.1205 * 0.014716 *

Total flavonols
temperature 0.0243 0.0290 0.867685

banana peel extract 25.2935 *** 15.0902 *** 0.000530 ***
temp × extract 0.8407 0.5015 0.617749

Total tannins
temperature 4.8459 ** 16.1181 ** 0.001716 **

banana peel extract 3.0546 * 5.0801 * 0.025215 *
temp × extract 0.1318 0.2192 0.806334

Total proanthocyanidins
temperature 3.22565 *** 47.8737 *** 0.000016 ***

banana peel extract 2.78992 *** 20.7034 *** 0.000129 ***
temp × extract 0.23813 1.7671 0.212497

Total phenolic acids
temperature 37.5453 *** 32.2614 *** 0.000102 ***

banana peel extract 0.4605 0.1978 0.823123
temp × extract 3.9061 1.6782 0.227695

Total hydroxycinnamic acids
temperature 1.2010 1.5435 0.237824

banana peel extract 11.0098 ** 7.0747 ** 0.009339 **
temp × extract 4.4931 2.8872 0.094692

Total intact glucosinolates
temperature 2.62 0.728 0.410181

banana peel extract 17.92 2.491 0.124501
temp × extract 221.98 *** 30.864 *** 0.000019 ***

Total soluble sugars
temperature 15268.6 *** 103.3988 *** 0.000000 ***

banana peel extract 1147.4 3.8850 0.050010
temp × extract 180.0 0.6095 0.559633

Hydrogen peroxide
temperature 1489.66 *** 49.3926 * 0.000014 ***

banana peel extract 9.25 0.1533 0.859551
temp × extract 37.96 0.6293 0.549685

ABTS
temperature 377.47 * 7.3526 * 0.018900 *

banana peel extract 43.40 0.4227 0.664678
temp × extract 22.76 0.2217 0.804386

DPPH
temperature 45.15 0.996 0.337978

banana peel extract 376.97 * 4.158 * 0.042460 *
temp × extract 19.71 0.217 0.807678

FRAP
temperature 22.64 1.029 0.330492

banana peel extract 72.57 1.649 0.232997
temp × extract 9.31 0.212 0.812245

Asterisk indicates significance levels: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

Pearson’s correlation coefficients between measured variables in broccoli microgreens
grown at RT and HT irrigated with water, fresh banana peel extract, or lyophilized banana
peel extract are shown in Figure 6. According to Evans [65], antioxidant capacity determined
by FRAP assay was very strongly positively correlated to concentration of total phenolics
(r = 0.981), flavonols (r = 0.844), tannins (r = 0.908), and hydroxycinnamic acids (r = 0.951).
Unlike ABTS and DPPH assay, which measure specific radical scavenging capacity, FRAP
assay records total reducing potential and this is the probable reason why it showed strong
positive correlations with aforementioned phenolics. In addition, sequential proton-loss
electron transfer (SPLET) is the main reaction mechanism in the FRAP system [87], and
phenolics are rich in hydroxyl (-OH) groups attached to aromatic rings and are prone to the
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SPLET mechanism, where the proton loss from the -OH group facilitates electron transfer to
Fe3+ in FRAP. Therefore, such a positive correlation was expected. Total phenolics were very
strongly positively correlated to the amount of total tannins (r = 0.96) and hydroxycinnamic
acids (r = 0.885). A very strong positive correlation was observed between total flavonoids
and phenolic acids (r = 0.969), as well as between total tannins and proanthocyanidins
(r = 0.865). This suggests a highly coordinated regulation of their biosynthesis. Soluble
sugars were strongly positively correlated to antioxidant potential measured by ABTS
(r = 0.816) and the concentration of total proanthocyanidins (r = 0.845), and negatively
to phenolic acids (r = −0.9). H2O2 was strongly negatively correlated with antioxidant
capacity determined by ABTS (r = −0.855), total tannins (r = −0.794), proanthocyanidins
(r = −0.766), and soluble sugars (r = −0.958), which suggests that accumulation of tannins,
proanthocyanidins, and sugars is associated with lower oxidative stress.

Figure 5. Sample clustering analyses of broccoli microgreens grown at room (RT) and high
(HT) temperature irrigated with water (Con), fresh banana peel extract (FBP), or lyophilized
banana peel extract (LBP). Principal component analysis shows (a) the relationship between
samples based on the analyzed variables, whose grouping is shown in (b) part of the figure.
(c) Hierarchical clustering of samples expressed as Euclidean distance. GLS = total intact glucosi-
nolates; SS = soluble sugars; TF = total flavonoids; TFlo = total flavonols; THCA = total hydroxycin-
namic acids; TP = total phenolics; TPA = total phenolic acids; TPAN = total proanthocyanidins;
TT = total tannins.
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Figure 6. Pearson’s correlation coefficients between measured variables in broccoli microgreens
grown at room and high temperature irrigated with water, fresh banana peel extract, or lyophilized
banana peel extract. Values indicating very high correlation are shown in bold. TP = total phenolics;
TF = total flavonoids; TFlo = total flavonols; TT = total tannins; TPAN = total proanthocyanidins;
TPA = total phenolic acids; THCA = total hydroxycinnamic acids; GLS = total intact glucosinolates;
SS = soluble sugars.

While more advanced analytical techniques (e.g., LC-MS/MS) could provide detailed
information on individual metabolites in samples, the current study provides a robust
overview of overall trends. Future studies should aim to complement these findings with
targeted analyses of banana peel (donor) and broccoli (acceptor) to further elucidate the
contributions of specific compounds.

4. Conclusions
Plants interact with each other using their phytochemicals via soil and air. In such

a system, the plant donor acts as a source of phytochemicals and the plant acceptor as a
sink. We have already shown that brassicaceous plants can be reinforced by the bioactive
compounds from other species via interspecies transfer of metabolites. With that in mind,
in this study, we aimed to test the potential of banana peel extracts to reinforce broccoli
plants grown under high temperature stress by applying extracts to the soil. Banana peel
extracts affected broccoli phytochemistry in a temperature-dependent way. At RT, both
extracts reduced glucosinolates, while at high temperature they were increased. Soluble
sugars in broccoli grown under RT can be decreased with lyophilized peel treatment.
Under HT, fresh peel strongly boosted phenolics and antioxidant capacity (FRAP), and both
extracts elevated glucosinolates. PCA revealed greater biochemical diversity of broccoli at
HT, with flavonoids and glucosinolates particularly responsive to the temperature–extract
interaction (two-way ANOVA). These findings suggest that global warming may markedly
alter biostimulant efficacy and should be considered in their development. They also
demonstrate that unused plant residues can be transformed into valuable biostimulants,
contributing both to waste reduction and to the principles of the circular economy.
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RT Room temperature
HT High temperature
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SinE Sinigrin equivalents
GAE Gallic acid equivalents
QE Quercetin equivalents
CAE Caffeic acid equivalents
CatE Catechin equivalents
SucE Sucrose equivalents
DMRT Duncan’s multiple range test
PCA Principal component analysis
HC Hierarchical clustering
Con Control
FBP Fresh banana peel
LBP Lyophilized banana peel
GLS Total intact glucosinolates
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TF Total flavonoids
TFLo Total flavonols
THCA Total hydroxycinnamic acids
TP Total phenolics
TPA Total phenolic acids
TPAN Total proanthocyanidins
TT Total tannins
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