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Phytochemical evaluation of the fruits and green biomass of determinate-type
sweet pepper (Capsicum annuum L. fasciculatum) grown in terrestrial
bioregenerative life-support research facilities
Éva Domokos-Szabolcsy a, Tarek Alshaal a,b, Judit Koroknaia, Szilvia Kovács a, Csaba Tótha, Gábor Csilléryc,
Zsuzsa Jókaid, Anna Matkovitsd, Péter Makleita, Szilvia Veres a* and Miklós Gábor Fári a*
aDepartment of Applied Plant Biology, Institute of Crop Sciences, University of Debrecen, MÉK, Debrecen, Hungary; bSoil and Water Department,
Faculty of Agriculture, University of Kafrelsheikh, Kafr El-Sheikh, Egypt; cPepGene Ltd., Budapest, Hungary; dDepartment of Foodchemistry and
Analytical Chemistry, Institute of Food Science and Technology, Hungarian University of Agriculture and Life Science, Budapest, Hungary

ABSTRACT
This study explores the potential feasibility of cultivating two determinate-type bell peppers, i.e.
Hungarian Enigma Hot (HEH) and Hungarian Enigma Sweet (HES), in a ground bioregenerative life-
support device. Fruits of the Hugarian Engima Sweet (HES) variety is advantageous for digestion
due to it has thin cuticle and collenchyma at the same time the parenchyma of mesocarp of it is
thin. β-carotene and caspanthin were the dominant carotenoids in both fruit varieties. Up to 55
tentative phytochemicals were not only in fruits but also in green juice processed from green leafy
shoots. The green juice was also a rich source of protein (24–27% w/w) and a source of macro-
and microelements. The findings of this study could hold valuable insights for the advancement of
sustainable food production and resource utilization in space environments, with potential
applications for long-duration space missions and beyond.
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Key policy highlight

. Two determinate-growth green pepper varieties with
specific characteristics were grown in ground bioregen-
erative life-support research device

. Fruits of the Hugarian Engima Sweet (HES) variety is
advantageous for digestion as it has thin cuticle and col-
lenchyma at the same time the parenchyma of mesocarp
is thin

. The green juice processed from green leafy shoots is a rich
source of protein (24–27% w/w), luteins, flavonoids, phe-
nolic acids and derivatives.

. With the change in color of the fruits from green to red, β-
carotene and capanthin as carotenoids showed the great-
est increase.

. Content of flavonoids and phenolic components, i.e.
quercetin-3-O-d-glucopyranoside, rutin (quercetin-3-O-
rutinoside), caffeic acid and ferulic acid showed a
decreased trend during fruit ripening.

1. Introduction

We are currently entering a new era of Space exploration,
with humans preparing to travel further from the Earth
than ever before. The US National Aeronautics and Space
Administration’s (NASA) Artemis program, in collaboration
with the European (ESA), Canadian, and Japanese space
agencies, proposes to build an orbiting lunar Space station
(Gateway) to support landing humans on the lunar surface

by 2024 (Gateway 2021; Mortimer and Gilliham 2022).
The need to understand how plants respond to off-Earth
conditions has been recognized for over 80 years (Wheeler
et al. 2003; Wheeler 2017). Aboard the ISS (International
Space Station), the NASA Vegetable Production System
(Veggie) and the Advanced Plant Habitat (APH) have been
used to grow a range of plant species, including lettuce
(Lactuca sativa), Zinnia elegans, radish (Raphanus sativus),
dwarf wheat (Triticum aestivum), and others.

Such experiments have shown that the tested plant species
can grow in microgravity and that the plants produced are
safe to eat (Khodadad et al. 2020). To choose possible
crops for the research on Bioregenerative Life Support Sys-
tems (BLSS), the crop production test in the Breadboard Pro-
ject at the Kennedy Space Center (NASA) has identified the
best-performing cultivars for 14 crops, which grew better in
the biomass production chamber (Wheeler et al. 2003). For
the same purpose, 13 factors that are associated with diet,
nutrition, and system condition were considered. In China,
over 70 crop species were analyzed step by step according
to the criteria. Also, 14 crop candidates, including four
food crops (i.e. wheat, rice, soybean, peanut) and seven veg-
etables (i.e. Chinese cabbage, lettuce, radish, carrot, tomato,
squash, pepper), as well as Welsh onion, garlic, and corian-
der, have been selected for BLSS research in China (Chun-
xiao and Hong 2008). If humankind is ever to undertake
long-term space missions and colonization, establishing an
efficient space farming system would be essential for
human survival in space. However, existing crops are not
sufficiently cost-effective and productive for use on space
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farms (Mortimer and Gilliham 2022). This led to the propo-
sal of a Crop Readiness Level (CRL) scale to evaluate the suit-
ability of various crop species for growth in space. Crops
grown in space-based in situ crop production systems need
to be subjected to additional testing and analysis to account
for unique environmental and operational challenges of
space. The CRL scale concept ensures systematic and consist-
ent development of crops for space-based applications
(Romeyn et al. 2019).

Studies on edible produce for spaceflight are limited, and
a significant knowledge gap remains to determine the best
cultivars to obtain acceptable, nutritious pick-and-eat foods
for consumption in the spaceflight environment. At the
same time, reduced-area container gardening has increased
in popularity, and numerous new commercial vegetable var-
ieties that can be productive in space-constrained conditions
are now available (Spencer and Hummerick 2019). The
Whole-Body Edible and Elite Plant (WBEEP) strategy for
space crop improvement relies on plant biotechnology. The
WBEEP strategy aims to develop crops with more edible
parts, richer nutrient content, higher yields, and higher min-
eral nutrient use efficiencies for space farms, as well as
enhance the regenerative capacity of the carbon reduction
cycle and photosynthesis (Liu et al. 2021).

Peppers (Capsicum sp.) are the third most consumed veg-
etable worldwide. Its importance is supported by the con-
siderable biological value of its fruits (Krishna De 2003;
Bosland and Votava 2012). It is well-known that peppers
are exceptionally rich in vitamin C, carotene, and vitamin
A. Among biological active compounds, however, the fruit
of peppers also contains other nutritionally valuable minerals
for the astronauts (Ca, Mg, Fe, and K), as well as vitamin K,
phenolics, anthocyanin, lutein, and zeaxanthin (Spencer and
Hummerick 2019). In addition, to consume pepper in a pick-
and-eat salad crop system on ISS and future exploration
flights, this vegetable has exceptional potential. During the
last five decades, space and ground BLSS targeted to explore
the biological potential of bell and spice peppers by NASA,
ESA, and Chinese scientists (Johnson and Tibbitts 1968;
Brown et al. 1974; Salisbury and Clark 1996a, 1996b; Chun-
xiao and Hong 2008; Patterson 2011; Patterson et al. 2012;
Lunn et al. 2017; Douglas et al. 2021; Johnson et al. 2021;
Maiwald et al. 2021; NASA and DLR 2021; Zeidler et al.
2021).

In 2021, NASA successfully cultivated peppers at the
International Space Station in NASA’s Advanced Plant Habi-
tat (APH) growth chamber for 137 days. It was the longest
plant experiment to date in the orbital laboratory. The PH-
04 experiment started on July 12, 2021, and concluded on
November 26. This pepper was a mild heat Hatch variety
called NuMex ‘Española Improved’ bred by the New Mexico
State University in 1986. The crew on the station sampled
their freshly harvested peppers and used them as a fresh
ingredient to make tacos in space. The pepper samples
were returned to the Earth for scientific analysis at NASA’s
Kennedy Space Centre in Florida (Herridge 2021). It is
important to mention that this great advancement has
more than a decade of well-established preliminary space-
pepper growing investigations carried out by NASA and
the researchers at the German Aerospace Centre (DLR)
(Graham and Wheeler 2016, 2017; Lunn et al. 2017; EDEN
ISS 2018; Hollingsworth 2019; Spencer and Hummerick
2019; Zabel et al. 2020; Douglas et al. 2021).

From many aspects, improving volume utilization
efficiency and diminishing the harvest index is crucial for suc-
cessful pepper space plant cultivation (Graham and Wheeler
2016). According to these authors, the root restriction of pep-
per is also an inevitable consequence of spaceflight crop pro-
duction, where growing volumes are extremely limited. The
effects of root restriction need to be considered when inter-
preting spaceflight crop production data; however, the
effects can also be taken advantage of in a properly managed
system to improve volume use efficiency for food production
while reducing the amount of inedible biomass, which must
be dealt with as solid waste (Graham and Wheeler 2016).
However, to obtain better volume utilization efficiency, there
are some interesting genetic aspects for pepper space cultiva-
tion. One of them could be growing suitable dwarf pepper cul-
tivars bred by breeding companies and/or selecting new ones.

In Hungary, the breeding, growing, and researching of
determinate spicy paprika and bell pepper varieties have
great tradition since the last five decades of the twentieth cen-
tury. Here, special production methods, the short growing
period, and the dense plant populations used in Hungary
were responsible, among others, for the great success of deter-
minate-type pepper varieties cultivated first under traditional
hotbed growing facilities and later under heated and unheated
plastic tunnels (Kormos and Kormos 1956; Angeli 1964, 1971;
Moóor and Zatykóo 1995; Zatykó 2006; Csilléry et al. 2016).
The biotechnology of pepper has great advances during the
recent decades since the first steps were carried out at the
beginning of the 1980-ies (Gunay and Rao 1978; Fári and
Czakó 1981; Fári 1983, 1986; Mityko et al. 1995).

The general goals of our research is to explore the poten-
tial of some biotech methods available to produce novel
Whole-Body Edible peppers (WBE). The specific objective
was to investigate the biochemical values of the fruits and
green biomass of the two dedicated pepper cultivars, includ-
ing in vitamins, protein and macro-microelement content,
also qualitative and quantitative changes of other phytonutri-
ents with a view to their food consumption. In addition, the
anatomical analysis of the fruit was considered important for
digestibility.

2. Materials and methods

2.1. Experimental location and growth conditions

Hydroponic experiments were set up in the BIODROME
research greenhouse of the University of Debrecen, Hungary,
to compare two determinate-growth pepper varieties for
their possible cultivation in airspace conditions. The two var-
ieties are the Hungarian Enigma Hot (HEH), which is
characterized by a hot fruit and Hungarian Enigma Sweet
(HES), which is recognized for its sweet fruit. Both varieties
were produced from determinate-growth Hungarian heir-
loom pepper cultivars bred in the eighties of the last century
and maintained in our genebank collection. The HEH variety
was further selected from the Budai csípős cultivar, while
The HES variety was produced from the Tizenegyes.

For germination, seeds were sown in a propagation tray
filled with a peat-free organic substrate mixture. When the
first flower bud emerged, the plants were transferred to the
GHE Aeroflow 10 hydroponic system (General Hydroponics
Europe, FarmerTec.-Treibhaustechnik, Germany) and
grown to fruit maturity stage (125 days, Figure 1(A–F)).
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Each unit of the system consists of five pieces of 9 cm diam-
eter plastic GHE pots sunk into a closed PVC channel. The
green pepper seedlings were planted in 20 replicates per var-
iety in 4 independent units. The units can be flexibly
assembled horizontally. The pots were filled with a peat-
free organic substrate mixture, supplemented with a high-
capacity WaterWick absorbent cord (Visser Horti System,
The Netherlands) (Figure 1(A,B)). From the liquid medium
contained closed channel, the nutrient availability to the
plants was ensured by the WaterWick cord. Complementary
400 µmol/m2/sec LED lighting was provided by the HOR-
TILED Multi 4DIM system (Hortilux Schréder, The Nether-
lands), with 12 h of light period per day.

The composition of the liquid media was provided by
Chili Focus, as a commercially available product rec-
ommended specifically for green peppers (Growth Technol-
ogy Ltd., Taunton, Sommerset, UK). During the plant
growth, the nutrient supply of the liquid culture medium
was monitored every two days based on the EC (1.5–2.0
mS/cm) and pH measurements (pH 5.5).

2.2. Fruit harvest and green biomass processing

Plants were harvested at 125 days after seedling transplan-
tation. Fruits of each plant were separately harvested and
divided into three groups according to the fuit colors as fol-
lows: (i) green/pale green fruits (ripe), (ii) yellow fruits (med-
ium ripe), and (iii) red fruits (fully ripe). The HEH variety
belongs to the ‘Horn’ type of peppers, whose green-coloured
fruit can be considered ripe (Figure 1(F)). Similarly, the
green-coloured fruit of the HES variety, belonging to the
‘Cecei’ type of peppers, can also be considered commercially
ripe. It should be noted, however, that the green fruit of HES
is pale green, almost white (Figure 1(E)), and for clarity only,
the green color is used consistently for both varieties.

The fresh weight of each fruit type was recorded per plant,
and the fresh weight of leaves, stem, and roots per plant was
measured. Harvested fruits were later lyophilized using the
Alpha 1–4 LSC basic (Martin Christ Ltd., Germany) lyophi-
lizer and then ground using a bead mill (model: EDW-50,
Shanghai, China). Powdered fruits were kept in polyethylene
bags in a −20°C freezer for further analyses. Harvested fresh
green aboveground biomass (leafy shoots) of green peppers
was mechanically pressed using a twin-screw juicer (Angel
Juicer 5500, Angel Ltd, South Korea), producing a green
liquid called ‘green juice’ and pressed cake called ‘fiber’.
The green juice fraction was freeze-dried using Alpha 1–4
LSC basic (Martin Christ Ltd., Germany) liophylizer, and
powdered using a bead mill (model: EDW-50, Shanghai,
China), and then kept in polyethylene bags in −20°C freezer
for future analyses.

2.3. Anatomical and biochemical characterization of
green pepper varieties

2.3.1. Anatomical analysis of fruits
For the anatomical incestigations, two harvested fruits per
plant were analyzed. Cuttings from the mid-third of the
fruit were preserved in Strasbourger-Flemming solution
(glycerol:water:alcohol 1:1:1). Sections were sectioned after
paraffin embedding using a rotary microtome (Leica
RM2255_Fully Automated Rotary Microtome, Leica Biosys-
tems US). A section was placed in a 1:1 mixture of distilled
water and sodium hypochlorite and was stained with tolui-
dine blue stain. The cross-sections were examined with a
light microscope (Zeiss Axioskop Light Microscope 2+, Göt-
tingen, Germany) and digitized using Scope Photo 3.1 (Sco-
peTec) software and the selected anatomical features were
measured. The relevant anatomical parameters measured
were: cuticle thickness, cuticle and external wall of the

Figure 1. Horizontally arranged GHE Aeroflow 10 hydroponic pepper cultivation system growing Hungarian Enigma Sweet (HES) pepper seedlings (A); Hydro-
ponic-type root system of the 90-day-old Hungarian Enigma Sweet pepper complemented by WaterWick absorbent cord (B); 125-day-old Hungarian Enigma
Sweet pepper plant showing the entire foliage and both, the substrate-type and the hydroponic-type root system (C); 125-day-old Hungarian Enigma Sweet pep-
per plant showing the entire foliage and both, the substrate-type and the hydroponic-type root system (D); Fruits of the Hungarian Enigma Sweet pepper at
different maturity stage (E); Fruits of the Hungarian Enigma Hot (HEH) pepper at different maturity stage (F).
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epidermis together, epidermis thickness, hypoderma thick-
ness, number of cell rows in hypoderma, mean cell wall
thickness of hypodermis, mesocarp thickness, endocarp
thickness. For all parameters 80 data were recorded.

2.3.2. Determination of total polyphenols (TPC) and
flavonoids (TFC)
2.3.2.1. Sample preparation. Total polyphenols (TPC) and
flavonoids (TFC) in green juices and fruits of the two
green pepper varieties (HEH and HES) were extracted
using methanol: distilled water (70:30) extract. Right after
the fruit harvest and the initial pressing of the green biomass,
the green juices and fresh fruits were promptly stored at −20°
C for freezing. Subsequently, they underwent a freeze-drying
process using a lyophilizer (an Alpha 1–4 LSC basic lyophi-
lizer, Osterode am Harz, Germany). A 20 mg lyophilized
sample was placed into a 1.5 mL Eppendorf tube, and
1 mL of extraction solution was added. Mixtures were vor-
texed for 2 min at room temperature and then incubated
in an ultrasonic bath at room temperature for 60 min. Super-
natants were separated by centrifuge at 10,000 rpm for 5 min
at room temperature.

2.3.2.2. Measurements. Folin–Ciocalteu reagent was applied
to measure TPC in supernatants as described by Singleton
and Rossi (1965). The absorbance of developed blue color
was measured at 760 nm using the model UV-160A spectro-
photometer (Shimadzu, Japan). A standard curve was con-
structed using various concentrations of gallic acid,
specifically 0, 2.4, 4.8, 7.2, 9.6, 12.0, and 14.4 mg/L. The
TPC concentration in the samples was then determined
and reported as mg of gallic acid equivalent per g of dry
weight (mg GAE/g DW). To create a blank sample, the
plant sample’s supernatant was replaced with 70% methanol.
In cases where the absorbance reached approximately 2,
dilution was performed.

A 500 µL of supernatants was used to quantify the TFC
using aluminum chloride assay based on the method
reported by Barna et al. (2022). The absorbance of developed
color was measured at 415 nm sing the model UV-160A
spectrophotometer (Shimadzu, Japan). We generated a stan-
dard curve by employing different concentrations of rutin,
namely 0, 2, 8, 14, 20, 26, and 32 mg/L. The TFC concen-
tration in the samples was determined using the rutin stan-
dard and reported as mg of rutin equivalent per g of dry
weight (mg RE/g DW). When the absorbance approached
approximately 2, we conducted dilutions as necessary.

2.3.3. Determination of water and lipid soluble
antioxidant capacity (Photochemiluminescence Assay)
This method was originally described by Popov and Lewin
(1994) and is distributed by Analytik Jena AG (Jena,
Germany) as a complete system called Photochem®. The
principles of the assay are described in detail by Nemes
et al. (2018), and can be used to measure hydrophilic and
lipophilic antioxidants separately.

2.3.3.1. ACL: lipid-soluble antioxidant capacity. The lipid-
soluble antioxidant capacity was measured with the ACL
kit. The reaction solutions were prepared by mixing 2.3 mL
Reagent 1 (100% methanol), 200 µL Reagent 2 (buffer sol-
ution), 25 µL Reagent 3 (photosensitizer and detection
reagent), and 0–30 µL of Reagent 4 (calibration standard

for quantification of lipophilic antioxidants in Trolox
equivalents) or 10 µL of sample (beverage diluted with
Reagent 1). After thorough mixing, the measurement was
performed. The detector detected the current proportion to
the generated luminescence as a function of the measure-
ment time. The detector signal was followeed for 180 s and
the results were expressed in µg trolox equivalent per g dry
mass (Nemes et al. 2018).

2.3.3.2. ACW (water-soluble antioxidant capacity). The
ACW kit was used to measure the water-soluble antioxidant
capacity. The reaction mixture was prepared from the fol-
lowing components: 1.5 mL of Reagent 1 (buffer solution
pH 10.5), 1 mL of Reagent 2 (reaction buffer), 25 µL Reagent
3 (photosensitizer and detection reagent) and 0–30 µL of
Reagent 4 (calibration standard for quantification of water-
soluble antioxidants in ascorbic acid equivalents) or 10 µL
of sample (beverage diluted with Reagent 1). The detector
detected the current proportion to the generated lumines-
cence as a function of the measurement time. The detector
signal was followed for 250 s, and the results were expressed
in µg ascorbic acid equivalent per g dry mass (Nemes et al.
2018).

2.3.4. Quantification of photosynthetic pigments
Following collection, the samples were promptly freeze-dried
in small portions to prevent pigment degradation. A 10 mg
of lyophilized sample was weighed into Eppendorf tubes
and shaken thoroughly by adding 2 mL of 96% ethanol,
and the samples were subjected to ultrasonic bath treatment
to aid pigment extraction effectively. The samples were incu-
bated in an ultrasonic bath for 1 h in the dark. After incu-
bation, the samples were centrifuged at 13000 rpm for
2 min and the absorbance of the supernatant was measured
at λ = 440, 480, 495, 649, 665. The resulting values were cal-
culated with an appropriate formula as described by Kaszás
et al. (2018). Throughout this process, the samples were
shielded from light and stored in darkness. Spectrophoto-
metric measurements were conducted promptly after sample
preparation. This method was chosen for its practicality,
cost-efficiency, and expeditiousness.

2.3.5. Speciation of carotenoid derivatives
2.3.5.1. Sample preparation. A 50 mg of powdered sample
was added to 2 × 1 mL of a 2:1:1:1 v/v% solvent mixture of
dichloromethane: acetone: methanol. Digestion of the
samples was performed with a bead homogenizer
(600 rpm; 2x 30 sec) repeated twice, and then centrifuged
at 7500 rpm for 5 min. The supernatants were evaporated
to dryness using a rotary vacuum evaporator (Heidolph
Instruments, Schwabach Germany). Then samples were dis-
solved in 300 µl carotenoid eluent (Izopropanol: Acetonitril:
Metanol 55:35:10 v/v%) + 300 µL methanol. Before separ-
ation, samples were filtered through a 0.22 µm PTFE filter.

2.3.5.2. Measurements. A Waters Alliance liquid chromato-
graph consisting of an e2695 separation module and a photo-
diode array (PDA) detector (model 2998) (Waters, Milford,
MA) was used for the quantitative analysis of carotenoids.
Carotenoids were quantified using standard compounds:
lutein (≥96.0%); β-Carotene (Tisztaság ≥99,7%); Zeaxanthin
(≥95.0%); Violaxanthin (≥95.0%); Capsanthin (≥95.0%). All
standards were purchased from Sigma-Aldrich (Darmstadt,
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Germany) or Cayman Chemical Co. (Michigan; United
States) or Bio-Synthesis, Inc Lewisville, Texas, U.S. The
HPLC instrument was operated using Empower 3 software
(Waters). Separations were performed on a Waters X select
C18 column (100 × 4.6 mm; 3.5 µm) using a gradient elution
system with eluent A: methanol and eluent B: isopropanol:
acetonitrile: methanol (55:35:10 v/v%). The flow rate was
maintained at 1.0 ml/min. The gradient profile was: 0–
15 min 100% A; 15–20 min 20% A – 80% B; 20–25 min
20% A – 80% B; 25–27 min 100% B; 27–30 min 100% B;
30–40 min 100% B. The limit of detection (LOD) and limit
of quantifiaction (LOQ) parameters was not relevant based
on the known spectral properties of the identified com-
ponents and the concentration ratios in the sample.

2.3.6. Determination of total nitrogen, protein, and
carbon contents
The Dumas method was employed to determine the nitro-
gen, protein, and carbon contents using an Elementar
Vario Max Cube (Elementar Analysensysteme GmbH,
Germany) (Cenci et al. 2021). In this method, 250 mg of
the plant sample was placed in porcelain cartridges and com-
busted within the instrument’s combustion tube, which was
heated to 925°C, in an oxygen-rich environment, free of
ambient air. The combustion process converted the nitrogen
content into N2 and carbon content into CO2. The reduction
tube of the apparatus further converted nitrogen oxides to
N2. After combustion and reduction, CO2 was separately
captured on adsorption columns. The instrument measured
the amount of N2, and subsequently, after successive heating
of the CO2 columns and desorption of the gases, the amount
of carbon was determined. Helium served as the carrier gas
during this process. The protein content was estimated by
applying a nitrogen conversion factor of 4.4 (Mariotti et al.
2008).

2.3.7. Qualitative analysis of phytochemicals and
quantitative analysis of vitamins
2.3.7.1. Sample preparation. Extraction of phytochemicals
was carried out as described in section (2.4.2.) using
hydro-alcoholic extraction of the freeze-dried samples. In
brief, a 0.5 g of freeze-dried sample was weighed into a
15 mL centrifuge tube and 10 mL of extraction solvent
(70% methanol) was added. After homogenization, the
samples were shaken for 60 min. in an ultrasonic bath at
room temperature. The extracts were then centrifuged for
5 min at 10,000 rpm. Then the hydroalcoholic extracts
were filtered through a 0.22 µm PTFE syringe filter.

2.3.7.2. Measurments. The phytochemical composition was
qualitatively analyzed using a UHPLC-ESI-ORBITRAP
MS/MS hyphenated analytical system following the methods
described in Kaszás et al. (2020) and Domokos-Szabolcsy
et al. (2022). In brief, the UHPLC system (Dionex Ultimate
3000RS) was coupled to a Thermo Q Exactive Orbitrap
hybrid mass spectrometer, which was equipped with a
Thermo Accucore C18 analytical column (2.1 × 100 mm,
2.6 µm particle size). The mobile phase consisted of metha-
nol (A) and water (B) (both acidified with 0.1% formic
acid) and a 70-minute gradient program was employed,
maintaining a flow rate of 0.2 mL/min. The gradient pro-
gram was as follows: 0–3 min, 95% B; 3–43 min, 0% B; 43–

61 min, 0% B; 61–62 min, 95% B; and 62–70 min, 95%
B. The injection volume was 2 µL.

The Thermo Q Exactive Orbitrap hybrid mass spec-
trometer was furnished with electrospray ionization (ESI)
source. The samples underwent separate measurements in
both positive and negative ionization modes. Data collection
and processing were conducted using Thermo Trace Finder
2.1 software, incorporating information from proprietary
databases and online sources such as Metlin, Mass Bank of
North America, and m/z Cloud. Following processing, the
results underwent manual verification using Thermo Xcalibur
4.0 software. The LODwas 300 pg/mL and LOQwas 1 ng/mL.

Quantitative determination of vitamins was made taking
into account the following selected standard compounds:
nicotinic acid (≥95.0%); nicotinamide (≥99.5%); biotin
(≥99.0%). All standards were purchased from Sigma-Aldrich
(Darmstadt, Germany).

2.3.8. Quantitative analysis of phenolic compounds
2.3.8.1. Sample preparation. A 0.5 g of freeze-dried sample
was weighed into a 15 ml centrifuge tube and 10 ml of
extraction solvent (60%methanol, 39% water, and 1% formic
acid) was added. After homogenization, the samples were
shaken for 30 min. The extracts were then centrifuged for
10 min at 3000 rpm and 4°C. During the measurements
the supernatant fraction was analyzed. Each sample was pre-
pared in three repeats. The quantification was performed by
matrix-matched calibration.

2.3.8.2. Measurement setup. Separations were performed
using a Phenomenex Kinetex EVO C18 100 × 2.1 mm,
100A, 2.6 µm column with reversed phase stationary phase
(Phenomenex, Inc California, USA) and a corresponding
SecurityGuard ULTRA Cartridges for UHPLC EVO C18
for 2.1 mm ID Columns. Water containing 0.1% v/v formic
acid (‘eluent A’) and UHPLC-MS grade acetonitrile (‘eluent
B’) were used as eluents at a flow rate of 0.5 mL/min. The col-
umn temperature was 30°C. The injected sample volume was
10 µL. For the analysis of polyphenols, gradient elution with
binary mobile phases was used. The gradient profile was:
0 min 95% A – 5% B; 4,0 min 40% A – 60% B; 4,1 min 0%
A – 100% B; 5,1 min 0% A – 100% B. A tandem (QQQ)
mass spectrometer equipped with an ESI ion source was
used as a detector. The measurements were performed in
dMRM (Dynamic Multiple Reaction Monitoring) mode.
Quantitative determination of phenolic compounds was
made taking into account the following selected standard
compounds: 5-CQA ((≥98%),); caffeic acid (≥98%); p-cou-
maric acid; ferulic acid (USP reference standard); rutin
(≥94%); sinapic acid (≥98%); quercetin-3-O-d glucopyrano-
side (≥98.0%); luteolin (≥98%); apigenin (≥95.0%). All stan-
dards were purchased from Sigma-Aldrich (Darmstadt,
Germany). The signal-to-noise ratio method was used to
determine the LOD and LOQ, namely a comparison was
made between the signals from sample components of low
known concentrations prepared in the pepper matrix and
the blank signal in the pepper matrix. The baseline, before
and after the given component on the chromatogram, was
used as a blank signal. The signal-to-noise ratio was 3:1 for
LOD and 10:1 for LOQ (Table 1). The UHPLC-ESI-MS/
MS method was validated as described by Matkovits et al.
(2023).
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2.3.9. Macro- and micronutrients measurement
A 1 g of freeze-dried plant sample was weighted in digestion
tube to which 10 cm3 HNO3 69% (VWR International Ltd.,
Radnor, PA, USA) was added and digested for 30 min at 60°
C in a Labor MIM OE 718/A electric block digestion unit.
After cooling of the samples, 10 cm3 H2O2 is added and
the samples are further digestied for 90 min at 120°C. After
digestion and cooling of them, the volume of the digested
liquids were competed to 50 cm3 using ultrapore water
(Milli Q two-level water purification system, Millipore
S.A.S, Molsheim, France), and then filtered using MN 640
W filter paper. The macro- and microelement contents of
digested samples were measured by inductively coupled
plasma optical emission spectrometry (ICP-OES; Thermo
Scientific iCAP 6300 Dual view). The instrument parameters
together with the performance characteristics (limit of detec-
tion, accuracy, repeatability, stability) were described in
detail in Soós et al. (2019).

2.4. Statistical analysis

Data analysis was performed using Microsoft Excel 2016 and
the SPSS 25.0 software package (SPSS Inc., Chicago, IL,
USA). One-way ANOVA was conducted independently for
both the green juice and fruits of pepper varieties and n =
3–10. Post-hoc tests, specifically Tukey’s test, were utilized
to compare means, and significant differences were deter-
mined at the p≤ 0.05 level. The data were presented as
mean ± standard deviation. Data of anatomical analysis
were evaluated by independent sample t-test (p≤ 0.05) and
n = 80.

3. Results

3.1. Fresh weight of fruits, leaves, stem, and roots of
pepper varieties

The harvest date is set so that at least 80% of the fruit is ready
for consumption (Figure 1(E,F)). Based on these fresh weight
of harvested fruits varied significantly between the two var-
ieties of pepper (Figure 2). The HES variety exhibited higher
fresh weights of green and red fruits as well as the total fruit
yield than the HEH. For instance, fresh weights of HES’
green, yellow, red, and total fruits were 103.6, 61.9, 217.8,
and 383 g/plant, respectively. The yield of red HES fruits
was significantly higher in the same age individuals com-
pared with HEH fruits. Otherwise, HEH variety revealed
similar fresh weights of green leaves and stem as the HES,
recording 100 and 66 g/plant while HES had 97.5 and 57 g/
plant, respectively. When the yield of the total fruits and
stem are evaluated in relation to each other, the results

show that the ratio of fruits: stem is 1.55: 1 in case of HEH
and 2.48: 1 for HES. The HES variety showed higher root
fresh weight (111.1 g/plant) than the HEH variety (87 g/
plant).

3.2. Fruit pericarp anatomy of green pepper variteies

The main structural characteristics of the pericarp (Figure 3
(A,D)) of both cultivars (HES, HEH) are the same. The exo-
carp (outer epidermis) is monolayered and covered by a con-
tinuous layer of cuticle. The outer cell walls of the epidermis
are thicker than the other cell walls. The cuticle layer of the
HEH is significantly thicker (P < 0.001), as is the combined
thickness of cuticle and outer cell wall (P = 0.024). There
was no significant difference in the thickness of the epider-
mis (P = 0.680). The mesocarp is composed of a subepider-
mal collenchyma (hypodermis) and a parenchyma with a
large lumen of cells, the innermost cell line of which is com-
posed of giant cells (Tiwary et al. (2013) classify the giant
cells as endocarp). The collenchyma is significantly thicker
in HEH (P = 0.009), consisting of 4–6 thick-walled cell layers,
in contrast to HES where only 2–4 cell layers are identified.
Collenchyma is essentially a tangential thickening, with
rare co-occurrence of tangential and angular collenchyma
in HEH. Intercellularity is present between parenchyma
cells, cell size does not change significantly towards the
endocarp, vascular bundles are embedded between cells
(Figure 3(B,E)). Fine parenchyma bridges are wedged
between giant cells. The parenchyma is more than twice as
thick as in HES (Table 2). The total thickness of the
mesocarp is significantly greater than in HEH (4.48 mm vs.
2.06 mm; P < 0.001), mainly due to the high number of cell
rows and the thickness of the cell wall. The endocarp
(inner epidermis) is monolayered and significantly thicker
than in the HES (P = 0.011). It contains two cell types:
scherenchymatic cells (adjacent to the giant cells) and par-
enchymatic cells (adjacent to the parenchymal bridges)
(Figure 3(C,F)).

3.3. Non-enzymatic antioxidant capacity in green
juice and fruits of pepper varieties

The non-enzymatic antioxidant capacity varied significantly
according to plant variety, plant organs and colors of fruits
(Figure 4). Overall, green juices of HEH and HES exhibited
higher total polyphenol content (TPC) than fruits. Fruits of
HES displayed higher TPC than HEH; however, red and yel-
low fruits revealed higher TPC than green fruits in both var-
ieties. Green juice of HEH and HES varieties exhibited the
highest content of TPC of 33.3 and 33.5 mg/g, followed by
yellow (32.6 mg/g) and red (31.8 mg/g) fruits of HES, and
green fruits of HEH had the lowest TPC (24.9 mg/g). Like-
wise, the total flavonoid content (TFC) peaked in green
juices compared to fruits. However, the HES’s green juice
showed higher TFC (43.19 mg g−1) than the HEH’s green
juice (28.91 mg/g). Fruits of HEH, regardless of their ripen-
ing stage, had higher TFC than HES fruits. The TFC of HEH
fruits decreased as the fruits ripened, where the green fruits
had the highest TFC while the red fruits possessed the lowest.

Unlike TPC and TFC, the water-soluble antioxidant
capacity (ACW) was higher in pepper fruits than the green
juices. Furthermore, HES’s fruits, regardless of their ripening
stage, displayed higher ACW contents than the HEH’s fruits.

Table 1. Limit of detection (LOD) and limit of quantification (LOQ) values for
polyphenols in green pepper.

Compound name LOD (mg/kg) LOQ (mg/kg)

Luteolin 0.03 0.10
Apigenin 0.02 0.07
Quercetin-3-O-d-glucopyranoside 0.04 0.13
Rutin 0.03 0.10
Neochlorogenic acid 0.01 0.03
Caffeic acid 0.01 0.03
p-Coumaric acid 0.02 0.07
Ferulic acid 0.04 0.13
Sinapic acid 0.07 0.23
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Noticeably, the ACW content increased as the fruits of HEH
and HES ripened. Red fruits of HES had the highest ACW
content (24.03 µg/mg ascorbic acid), followed by HEH’s
red fruits (22.19 µg/mg ascorbic acid). The green juice of
HES revealed higher ACW content (7.45 µg/mg ascorbic
acid) than the HEH’s green juice (4.08 µg/mg ascorbic
acid). On the other hand, the lipid-soluble antioxidant
capacity (ACL) peaked in fruits and green juice of HEH var-
iety, where the highest ACL content (24.7 µg/mg trolox) cor-
responded to the HEH’s yellow fruits (24.70 µg/mg trolox),
followed by HEH’s green juice (19.56 µg/mg trolox). The
green and red fruits of HES exhibited higher ACL contents
(17.00 and 16.40 µg/mg trolox, respectively) than the HES’s
green juice (13.27 µg/mg trolox), while yellow fruits of
HES had the lowest ACL content.

3.4. Vitamin contents in green juice and fruits of
pepper varieties

The ripening stage of pepper fruit, pepper variety, and plant
tissue affected the contents of vitamins. Among the

water-soluble vitamins, the quantitative changes of nicotinic
acid, nicotinamide and biotin were measured. Biotin was
below the detection limit (<1 µg/g) in all samples tested
therefore is not shown. The concentration of nicotinic acid
in the fruits varied between 3.94 and 6.64 µg/g. For HEH, a
significant decrease was observed in the nicotinic acid
changes as the fruit ripened from green to red, while for
the HES variety the results hesitated (Figure 5(A)). Nicotina-
mide was measured at much lower concentrations (0.62 -
1.09 µg/g) regardless of cultivars than nicotinic acid. For all
varieties, the nicotinamide concentrations hesitated in fruits
from green to red ripening phase (Figure 5(B)). The nicoti-
namide contents in green juices of both varieties were
much lower than those reported for fruits; however, the nic-
otinic acid content in green juice was higher than in fruits.
Green juice of HEH variety displayed higher nicotinamide
contents than the HES variety, whereas nicotinic acid in
green juice of HES was higher than in HEH. The highest nic-
otinic acid, nicotinamide contents were 8.44 and 1.32 µg/g
respectively, and corresponded to green juice of HES, yellow
fruits of HEH, and green fruits of HEH.

Figure 2. Fresh weight (g/plant) of fruits (green, yellow, and red), leaves, stem, and roots of two green pepper varieties, i.e. Hungarian Enigma Hot (HEH) and
Hungarian Enigma Sweet (HES). Different letters on the bars of the one parameter are significant according to the Tukey’s test (P≤ 0.05). Data are Means ± SD and
n = 10.
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3.5. Photosynthetic pigments in fruits and green
juices of pepper varieties

The chlorophyll a content decreased significantly as the fruits
of HEH or HES ripened (Table 3). Green fruits exhibited the
highest chlorophyll a content, while the red ones had the
lowest. Overall, fruits of the HEH variety revealed higher
chlorophyll a contents than the HES variety. For instance,
green fruits of HEH and HES had chlorophyll a contents
of 0.773 and 0.210 mg/g, respectively. Also, significantly
higher chlorophyll a contents were measured in green juice

compared to the fruits. Although HEH’s fruits revealed
higher chlorophyll a contents than HES’s fruits, the green
juice of HES showed significantly higher chlorophyll a con-
tent than HEH. The chlorophyll a contents in green juices
of HEH and HES were 7.389 and 7.906 mg/g.

Similarly, green fruits had the highest chlorophyll b con-
tents in both varieties, while the red fruits had the lowest
values. Also, green juices exhibited higher chlorophyll b con-
tents than fruits. Fruits of HEH had higher chlorophyll b
contents than the HES, whereas HES’ green juice displayed

Table 2. Histological observations of fruits pericarp of two Capsicum annuum cultivars, i.e. Hungarian Enigma Sweet (HES) and Hungarian Enigma Hot (HEH).

Anatomical features*

Pepper cultivars

HES HEH

exo-carp Cuticle (µm) 5.23 ± 0.81a 7.89 ± 1.64 b
Cuticle & outer cell wall of the epidermis (µm) 11.69 ± 2.11a 14.13 ± 5.27 b
Epidermis (µm) 16.25 ± 2.37 a 19.14 ± 4.2 a

mesocarp Collenchyma thickness (µm) 74.77 ± 22.49 a 91.67 ± 25.68 b
Collenchyma cell walls (µm) 4.27 ± 1.32 a 5.34 ± 1.44 b
Parenchyma with giant cells (µm) 4408.38 ± 359.8 b 1969.22 ± 207.26 a
Giant cells (µm) 407.29 ± 65.95 b 333.18 ± 69.18 a

endo-carp Inner epidermis (µm) 19.04 ± 5.57 b 15.57 ± 4.62 a

*Each anatomical feature is represented by mean ± standard deviation (SD). Treatments in rows followed by different superscript letters were significantly different
based on independent sample t-test (p≤ 0.05).

Figure 3. Fruit pericarp anatomy in two Capsicum annuum cultivars ‘Hungarian Enigma Sweet’ (A,B,C) and ‘Hungarian Enigma Hot’ (D,E,F) based on light
microscopy in transverse section. Pericarp transverse sections (A-D), Exocarp and collenchyma (hypodermis) (B-E), Giant cells and single layer endocarp (C-F).
ex-exocarp, co-collenchyma, p-parenchyma, gc-giant cell, en-endocarp, pc-parenchymatic cells in endocarp, sc-schlerenchymatic cells in endocarp. Scale bars:
A 500 μm, B 200 μm, C-D 50 μm, E-F 100 μm.
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higher chlorophyll b content than the HEH. The chlorophyll
b content in HEH’s green fruits was 0.675 mg/g and dropped
to 0.325 mg/g after turning fruits into red. Likewise, the
chlorophyll b content of HES fruits reduced from 0.253–
0.151 mg/g up on the fruit ripening (change from green to
red). On the other side, the chlorophyll b content in the
green juice of HES was 6.222 mg/g, which was significantly
higher than HEH (5.708 mg/g). The different carotenoid
types were measured separately in green juices processed
from green leaf shoots. Among the separated carotenoid
forms, lutein was the most abundant (997–1065 µg/g DW),
regardless of the cultivar (Table 3). Along with it, the lutein
content of HES was significantly higher compared to HEH.
Capsanthin and β-Cryptoxanthin were present in negligible
amounts.

3.6. Carotenoids speciation

Of the seven quantified carotenoid derivatives, only lutein
and β-carotene were detected in all three colors of the two
pepper varieties (Table 4). Among these, β-carotene showed
a clear marked increase in fruits turned the color from green
to red regardless of cultivars. While the lutein content was
found to be hesitated in green, yellow and red fruits for
both HEH and HES. Violaxanthin was quantified in red
fruits of both varieties as well as green fruits of HES. Cap-
santhin was identified in yellow and red fruits of both var-
ieties only. Zeaxanthin was found in yellow fruits of HEH
and HES only ranged between 0.34–0.99 mg/g. Similarly,
α-carotene was measured only in yellow fruits of HES.
Only, β-cryptoxanthin appeared in red fruits of HES
(1.99 mg/g). Overall, HES variety showed more carotenoid

derivatives than the HEH (Table 4). In general, red fruits
had higher capsanthin contents than yellow fruits; however,
HEH showed higher contents than the HES. Overall, the
content of lutein, β-carotene, violaxanthin, capanthin and
α-carotene together showed an increasing trend in the fruits
during ripening.

3.7. Total nitrogen, protein, and carbon contents in
fruits and green juices of pepper varieties

Overall, fruits and green juices of the HES variety displayed
higher nitrogen content than their correspondents of the
HEH (Figure 6). Moreover, nitrogen content significantly
diminished as the fruits ripened, where the green fruit exhib-
ited the highest nitrogen content, and red fruits had the low-
est nitrogen content. Green juices had about 3 times higher
nitrogen content than fruits. The highest nitrogen content
in green juice (6.25%) corresponded to the HES, whereas
the highest nitrogen content in fruits (2.04%) corresponded
to the green fruits of the HES variety.

Consistent with the nitrogen content, the HES cultivar
had a higher total protein content in fruit and green juice
than HEH. During the fruits ripening the total protein con-
tent significantly decreased. For insatnce, green fruits of HES
had a protein content of 8.96%, while red fruits dropped
down to 7.25%. Similarly, green and red fruits of HEH pos-
sessed protein contents of 8.36% and 6.85%, respectively.
The green juices had about 3 times higher protein contents
than fruits. The protein contents in the green juice of HEH
and HES were 34.26% and 39.07% (Figure 6).

The carbon content in pepper fruits slightly decreased as
the fruits ripened, regardless of the pepper variety (Figure 6).

Figure 4. Non-enzymatic antioxidant capacity in green juice and fruits (green, yellow, and red) of two pepper varieties, i.e. Hungarian Enigma Hot (HEH) and
Hungarian Enigma Sweet (HES), (A) total polyphenol content (TPC); (B) total flavonoid content (TFC); (C) water-soluble antioxidant capacity (ACW); and (D)
lipid-soluble antioxidant capacity (ACL). Different letters on the same bars are significant according to the Tukey’s test (P≤ 0.05). Data are Means ± SD and n
= 3.
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Figure 5. Contents of: (a) nicotinic acid (µg/g), (b) nicotinamide (µg/g), and (c) vitamin C (mg/g) in green juice and fruits (green, yellow, and red) of two pepper
varieties, i.e. Hungarian Enigma Hot (HEH) and Hungarian Enigma Sweet (HES), (A) nicotinic acid; (B) nicotinamide; and (C) vitamin C. Different letters on the same
bars are significant according to the Tukey’s test (P≤ 0.05). Data are Means ± SD and n = 3.

Table 3. Photosynthetic pigments (mg/g DW) in green juice and fruits (green, yellow, and red) of two pepper varieties, i.e. Hungarian Enigma Hot (HEH) and
Hungarian Enigma Sweet (HES).

Green juice Green fruit Yellow fruit Red fruit

mg/g DW HEH HES HEH HES HEH HES HEH HES

Chlorophyll a 7.39 ± 0.04b 7.91 ± 0.06a 0.77 ± 0.04c 0.21 ± 0.00e 0.60 ± 0.04d 0.19 ± 0.03e 0.17 ± 0.03ef 0.08 ± 0.03f
Chlorophyll b 5.71 ± 0.03b 6.22 ± 0.06a 0.67 ± 0.11c 0.25 ± 0.07de 0.52 ± 0.03c 0.25 ± 0.03de 0.33 ± 0.04d 0.15 ± 0.02e

Green juice (µg/g DW)

HEH HES

Lutein 997.99 ± 14.32 b 1065.13 ± 17.72 a
Capsanthin nd⸸ nd
Zeaxanthin 7.94 ± 0.11 b 9.83 ± 0.33 a
β-Cryptoxanthin nd nd

Note: Means in the same row followed by different letters are significant according to the Tukey’s test (P≤ 0.05). Data are Means ± SD and n = 3.
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Also, green juices displayed significantly lower carbon con-
tent than fruits. The highest carbon content was 43.4% and
corresponded to the green fruits of HEH, while the lowest
carbon content in fruits (40.5%) corresponded to the red
fruits of HES. The green juices of HEH and HES were
33.20% and 35.11%, respectively.

3.8. Phytochemical profile of fruits and green juices of
pepper cultivars

For both pepper cultivars, the phytochemical composition of
the green biomass originated green juice and the (underripe)
green and (ripe) red fruits was measured by UHPLC-ESI-
MS. Up to 55 tentative phytochemicals were revealed,
based on specific retention time, accurate mass, isotopic
distribution, and fragmentation pattern. The identified
compounds belonging to several metabolite types including
vitamins, flavonoids, phenolic acids and derivatives,

phenolamides/alkylamides, sesquiterpenes, fatty acid/dicar-
boxylic acids and other metabolites (Table 5). Most phyto-
chemical components were detectable both in green juice
and in the different ripened fruits. However, there were
some specific compounds detected only in green juice,
such as apigenin-O-pentosylhexoside, cosmozine (api-
genin-7-O-glucoside) and chrisoeryol (3’-methoxy-4’.5.7-tri-
hydroxyflavone), which belong to the family of falvonoids
and zizybeoside I which is an organic oxygen compounds.

In contrast, capsaicinoids were mainly found in fruits
such as nordihydrocapsaicin, dihydrocapsaicin, homocapsai-
cin, homodihydrocapsaicin and ω-hydroxycapsaicin. Green
pepper cultivar-specific phytochemicals were also found.
Thus, 4 tricoumaroylspermidine isomers were only revealed
in the Hungarian Enigma Hot (HEH) variety.

Among the chemical groups, the class of alkylamides/phe-
nolamides proved to be the most diverse, with 20 com-
pounds identified. Apart from capsaicinoides, the

Table 4. Carotenoid speciation (mg/g DW) in fruits (green, yellow, and red) of two pepper varieties, i.e. Hungarian Enigma Hot (HEH) and Hungarian Enigma Sweet
(HES).

Green fruits Yellow fruits Red fruits

HEH HES HEH HES HEH HES

Lutein 1.16 ± 0.03 b 0.59 ± 0.05 c 1.90 ± 0.24 a 0.80 ± 0.05 c 0.26 ± 0.03 d 0.25 ± 0.01 d
β-Carotene 0.32 ± 0.01d 0.14 ± 0.00 d 1.46 ± 0.05 c 0.39 ± 0.02 cd 5.33 ± 0.19 b 10.57 ± 1.08 a
Capsanthin nd nd 2.88 ± 0.07 b 1.10 ± 0.05 c 5.12 ± 0.21 a 4.52 ± 1.12 a
Violaxanthin nd 0.09 ± 0.08 b nd nd 1.47 ± 0.15 a 1.26 ± 0.15 a
Zeaxanthin nd nd 0.99 ± 0.07 a 0.34 ± 0.02 b nd nd
α-Carotene nd nd nd 0.31 ± 0.18 nd nd
β-Cryptoxanthin nd nd nd nd nd 1.99 ± 0.41

Note: Means in the same row followed by different letters are significant according to the Tukey’s test (P≤ 0.05). Data are Means ± SD and n = 3.
⸸not detected.

Figure 6. (#A) Total nitrogen content; (B) total protein content; and (C) carbon content in green juice and fruits (green, yellow, and red) of two pepper varieties, i.e.
Hungarian Enigma Hot (HEH) and Hungarian Enigma Sweet (HES). Different letters on the same bars are significant according to the Tukey’s test (P≤ 0.05). Data
are Means ± SD and n = 3.
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hydroxycinnamic acid derivative linked to an aliphatic
polyamine via an amide bond was the most common form
(Table 5). In addition, 13 and 12 compounds of the widely

distributed flavonoids and phenolic acids in the plant
kingdom have been identified. The quantity of several of
these compounds have been quantified (Table 6).

Table 5. Tentative identificated phytochemicals of green pepper varieties.

Green juice Green fruit Red fruit

Screened compounds HES HEH HES HEH HES HEH

Vitamins
Nicotinamide x x x x x x
Biotin x x x x x x
Riboflavin x x x x x x
Ascorbic acid
Nicotinic acid x x x x x x
Flavonoids
Flavanones
Naringenin (4′.5.7-Trihydroxyflavanone) x x x x x x
Trihydroxy(iso)flavanone x
Flavonols
Quercetin (3,3′,4′,5,7-Pentahydroxyflavone) x x x x x x
Quercitrin (Quercetin-3-O-rhamnoside) x x x x x x
Isoquercitrin (Quercetin-3-O-glucoside) x x x x x x
Rutin (Quercetin-3-O-rutinoside) x x x x x x
Quercetin-O-hexoside-O-rhamnoside x x
Flavones
Apigenin (4′.5.7-Trihydroxyflavone) x x x x x x
Apigenin-O-pentosylhexoside x x
Cosmosiin (Apigenin-7-O-glucoside) x x
Luteolin (3′ .4′ .5.7-Tetrahydroxyflavone) x x x x x x
Graveobioside A (Luteolin-7-O-[apiofuranosyl-(1->2)-glucoside] x x x x x x
Chrysoeriol (3′-Methoxy-4′ .5.7-trihydroxyflavone) x x
Phenolic acids and derivatives
Qunic acid x x x x x x
Chlorogenic acid (3-O-Caffeoylquinic acid) x x x x x x
Neochlorogenic acid (5-O-Caffeoylquinic acid) x x x x x x
Caffeic acid x x x x x x
Caffeic acid-O-hexoside x x x x x x
4-O-Caffeoylshikimic acid x x
5-O-Caffeoylshikimic acid x x
Ferulic acid x x x x x x
p-Coumaric acid x x x x x x
o- or m-Coumaric acid x x x x x x
5-O-(4-Coumaroyl)quinic acid cis or trans isomer x x
Sinapine x x x
Phenolamides/ Alkylamides
Tricoumaroylspermidine isomer 1 x x x
Tricoumaroylspermidine isomer 2 x x x
Tricoumaroylspermidine isomer 3 x x x
Tricoumaroylspermidine isomer 4 x x x
N-cis-Caffeoylputrescine x x x x x x
N-trans-Caffeoylputrescine x x x x x x
N-cis-p-Coumaroylputrescine x x x x x x
N-trans-p-Coumaroylputrescine x x x x x x
N-cis-Feruloylputrescine x x x x x x
N-trans-Feruloylputrescine x x x x x x
N-cis-Coumaroyltyramine x x
N-trans-Coumaroyltyramine x x
N-trans-Feruloyltyramine x x x x x x
Capsaicin x x x x x x
Capsianoside VI or isomer x x
Capsidiol or isomer x x
Nordihydrocapsaicin x x
Dihydrocapsaicin x x
Homocapsaicin x x
Homodihydrocapsaicin x x
ω-Hydroxycapsaicin x
Other metabolites
Salicylic acid-2-O-glucoside x x x x x x
Zizybeoside I or isomer x x
Coumarins
Esculetin (6,7-Dihydroxycoumarin) x x
Sequiterpenes
Canusesnol I x
Fatty acid/dicarboxylic acid
Azelaic acid (Nonanedioic acid) x x x x x x
9-Hydroxyoctadecatrienoic acid x x x x
13-Hydroxyoctadecatrienoic acid x x x x
Phytosphingosine x x x x x x
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3.9. Quantitative changes of phytochemicals in fruits
and green juices of pepper cultivars

Fruits and green juices of the two green pepper cultivars
exhibited several nutritionally important phytocompounds,
which their concentrations varied significantly according to
the ripening stage, plant variety, and plant tissues (Table
6). Nine key phytochemicals – known for their valuable
nutritional properties – were quantified in the fruits and
green juices of the two green pepper varieties, i.e. HEH
and HES.

Several quantified phytochemicals in fruits, regardless of
the pepper variety, decreased as the fruits ripened. For
instance, significant decreases in quercetin-3-O-d-glucopyr-
anoside, rutin (quercetin-3-O-rutinoside), caffeic acid and
ferulic acid were realized in fruits at different stages of ripen-
ing. However, no trend-like changes in other phytochemical
components such as p-coumaric acid and synaptic acid were
observed in relation to fruit ripening.

To compare the two cultivars of green juices, markedly
differences could be realized. Indeed, neochlorogenic acid
(5-O-caffeoylquinic acid), p-coumaric acid, luteolin
(3’.4’.5.7-tetrahydroxyflavone) and apigenin were found in
9- to 10-fold higher in green juice of HES compared to the
HEH cultivar. It is noteworthy that the content of luteolin
(7.29 ± 0.16 µg/g), apigenin (4.12 ± 0.26 µg/g), neochloro-
genic acid (24.84 ± 1.10 µg/g) and p-coumaric acid (11.24
± 0.57 µg/g) is much higher in HES green juice than in any
of the fruits at the developmental stage.

3.10. Macro and microelement contents in fruits and
green juices of pepper varieties

Several macro and microelements have been identified in the
green juices and fruits of the two green pepper varieties
(Table 7). The following elements were quantified in g/kg,
K, P, Ca, Mg, and S, while Na, Zn, Fe, Mn, Mo, Cu, Sr, Ti,
Al, B, Cd, Co, Cr, and Pb were detected in mg/kg. All the
determined elements, except for the Na, revealed higher con-
centrations in the green juices than in fruits. Concentrations
of K, P, Ca, Mg, and S in green juices were 4, 2, 24, 6, and 2-
fold higher than in fruits, respectively. The K content in
fruits was independent of the ripening stage; however, fruits
of HEH recorded slightly higher values than the HES. The
green fruits of both varieties displayed higher P contents
than the yellow fruits, and red fruits had the lowest P con-
tents; moreover, both varieties had the same P concen-
trations in fruits. Both varieties exhibited the same Ca

contents in fruits; however, green fruits revealed the highest
Ca contents, followed by red fruits, and yellow fruits showed
the lowest values. The Mg and S concentrations in fruits did
vary between HEH and HES, where they recorded the same
values; yet, Mg and S concentrations were ripening stage-
dependent as they slightly decreased as the fruits ripened.
Green juices of both varieties displayed the same concen-
trations of P, Ca, and S; nevertheless, HEH’s green juice
revealed higher K content, while Mg content was signifi-
cantly higher in the HES’s green juice than the HEH’s
green juice.

The yellow fruits displayed higher Na contents than the
green and red fruits, which had almost the same Na concen-
trations. The green and yellow fruits of HEH and HES
showed higher Zn concentrations than the red fruits. Red
fruits of HEH had slightly higher Zn content than the
HES’s red fruits. Fe content significantly reduced as the fruits
ripened, where the red fruits possessed the lowest Fe content.
Fruits of HEH exhibited slightly higher Fe contents than the
HES’s fruits. Similar results were reported for Mn, Mo, Cu,
Sr, Al, Ti, and B. In fruits, Cd, Co, Cr, and Pb concentrations
were very low, regardless of the ripening stage and pepper
variety. The green juice of HES revealed significantly higher
contents of Zn, Fe, Mo, Cu, Ti, Al, and B than the HEH’s
green juice, whereas Mn and Cr were significantly higher
in the HEH’s green juice.

4. Discussion

Nutrition is a critical aspect of space exploration, and astro-
nauts face several unique challenges when it comes to main-
taining a healthy diet during missions. These challenges stem
from the microgravity environment, limited food storage,
long-duration missions, and the need to provide balanced
nutrition to support overall health and performance (Tang
et al. 2021). Spacecraft have limited storage space, so the
food that astronauts bring must be highly nutrient-dense
and lightweight. Foods also need to be shelf-stable and resist-
ant to spoilage over extended periods (Spencer and Hum-
merick 2019). Traditional preservation methods like
refrigeration or freezing are not feasible due to the lack of
these facilities in space. Therefore, astronauts have con-
ducted experiments to cultivate plants in space stations for
food purposes. While these experiments have not yet fully
replaced the need for resupplying food from Earth, they
are an important step toward developing sustainable food
production systems for future long-duration missions, such
as those to the Moon, Mars, and beyond.

Table 6. Concentrations of some nutritionally important phytochemicals (µg/g DW) detected in green juice and fruits (green, yellow, and red) of two pepper
varieties, i.e. Hungarian Enigma Hot (HEH) and Hungarian Enigma Sweet (HES).

µg/g DW HEH_GJ HES_GJ HEH_GF HES_GF HEH_YF HES_YF HEH_RF HES_RF

Flavonoids
Luteolin (3′ .4′ .5.7-Tetrahydroxyflavone) 0.84 ± 0.05b 7.29 ± 0.16a <0.03 0.03 ± 0.01c <0.03 <0.03 <0.03 <0.03
Apigenin (4′.5.7-Trihydroxyflavone) 0.48 ± 0.06b 4.12 ± 0.26a <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
Quercetin-3-O-d-glucopyranoside 0.15 ± 0.01d 1.34 ± 0.10b 3.44 ± 0.35a 3.36 ± 0.36a 3.00 ± 0.04a 1.10 ± 0.24bc 0.76 ± 0.04c 1.09 ± 0.04bc
Rutin (Quercetin-3-O-rutinoside) 0.15 ± 0.05f 0.40 ± 0.08ef 6.81 ± 0.80a 2.91 ± 0.02c 5.42 ± 0.10b 1.83 ± 0.14d 3.66 ± 0.13c 1.23 ± 0.10de
Phenolic acids and derivatives
Neochlorogenic acid (5-O-Caffeoylquinic
acid)

2.50 ± 0.09c 24.84 ± 1.10a 1.88 ± 0.23cd 2.19 ± 0.16c 2.59 ± 0.18bc 0.79 ± 0.00d 3.77 ± 0.43b 1.99 ± 0.12cd

Caffeic acid 0.17 ± 0.01e 1.41 ± 0.10c 1.95 ± 0.11b 2.86 ± 0.05a 0.18 ± 0.01e 0.47 ± 0.01d 0.23 ± 0.05e 0.28 ± 0.01e
p-Coumaric acid 1.24 ± 0.08b 11.24 ± 0.57a 0.61 ± 0.08c 0.39 ± 0.02c 0.14 ± 0.03c 0.62 ± 0.09c 0.36 ± 0.13c 0.13 ± 0.07c
Ferulic acid 0.28 ± 0.01e 1.50 ± 0.11d 2.96 ± 0.41b 5.38 ± 0.29a 0.41 ± 0.09e 2.33 ± 0.14c 0.63 ± 0.10e 1.75 ± 0.04d
Sinapic acid 0.08 ± 0.02e 0.08 ± 0.00e 0.60 ± 0.06d 0.60 ± 0.05d 0.98 ± 0.02c 1.94 ± 0.07a 0.59 ± 0.04d 1.30 ± 0.05b

Note: Means in the same row followed by different letters are significant according to the Tukey’s test (P≤ 0.05). Data are Means ± SD and n = 3.
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Table 7. Concentration of macro and microelements in green juice and fruits (green, yellow, and red) of two pepper varieties, i.e. Hungarian Enigma Hot (HEH) and Hungarian Enigma Sweet (HES).

Green juice Green fruit Yellow fruit Red fruit

HEH HES HEH HES HEH HES HEH HES

Macroelements
K (g/kg) 86.3 ± 1.0a 83.8 ± 0.3b 22.0 ± 0.7cd 21.8 ± 0.3cd 23.1 ± 0.3c 22.8 ± 0.6cd 21.8 ± 0.1cd 21.5 ± 0.4d
P (g/kg) 7.5 ± 0.17a 7.3 ± 0.01a 3.9 ± 0.11bc 4.0 ± 0.04b 3.7 ± 0.07c 3.7 ± 0.08c 3.4 ± 0.03d 3.4 ± 0.07d
Ca (g/kg) 12.0 ± 0.5a 12.5 ± 0.1a 0.7 ± 0.0b 0.7 ± 0.0b 0.4 ± 0.0b 0.4 ± 0.0b 0.5 ± 0.0b 0.5 ± 0.0b
Mg (g/kg) 8.4 ± 0.25b 9.5 ± 0.06a 1.4 ± 0.01c 1.4 ± 0.00c 1.2 ± 0.02c 1.2 ± 0.010c 1.2 ± 0.01c 1.1 ± 0.00c

Microelements
S (g/kg) 2.9 ± 0.11a 3.0 ± 0.01a 1.3 ± 0.03b 1.3 ± 0.00b 1.2 ± 0.02c 1.2 ± 0.02cd 1.1 ± 0.01cd 1.1 ± 0.01d
Na (mg/kg) 83.5 ± 1.2bc 81.1 ± 1.0c 83.9 ± 1.3bc 84.7 ± 0.5bc 113.7 ± 3.4a 111.9 ± 7.2a 82.3 ± 0.3c 92.5 ± 4.9b
Zn (mg/kg) 119.5 ± 2.2b 156.7 ± 0.0a 16.2 ± 0.8c 15.4 ± 1.0c 16.4 ± 0.3c 17.5 ± 0.1c 12.2 ± 0.4d 10.4 ± 0.7d
Fe (mg/kg) 170.4 ± 4.6b 223.0 ± 2.6a 65.6 ± 2.3c 64.8 ± 0.0c 61.3 ± 1.2cd 58.4 ± 1.3d 55.9 ± 1.1de 52.1 ± 1.0e
Mn (mg/kg) 195.3 ± 6.3a 174.2 ± 0.5b 23.0 ± 0.5c 22.8 ± 0.1cd 17.8 ± 0.4cde 17.4 ± 0.5cde 16.5 ± 0.1de 16.3 ± 0.2e
Mo (mg/kg) 21.13 ± 0.62b 22.33 ± 0.14a 6.33 ± 0.22c 6.40 ± 0.04c 5.30 ± 0.08d 5.20 ± 0.17d 4.70 ± 0.05d 4.60 ± 0.12d
Cu (mg/kg) 11.1 ± 0.6b 12.3 ± 0..0a 8.9 ± 0.1c 8.1 ± 0.1cd 7.5 ± 0.1de 7.3 ± 0.1ef 7.0±-.5ef 6.6 ± 0.1f
Sr (mg/kg) 184.5 ± 2.0a 184.8 ± 0.9a 9.7 ± 0.2b 9.5 ± 0.2b 7.1 ± 0.1c 6.9 ± 0.2c 7.1 ± 0.0c 7.1 ± 0.1c
Ti (mg/kg) 3.76 ± 0.12b 4.14 ± 0.06a 0.29 ± 0.00c 0.31 ± 0.04c 0.25 ± 0.04c 0.22 ± 0.02c 0.19 ± 0.02c 0.20 ± 0.00c
Al (mg/kg) 61.3 ± 0.44b 75.1 ± 0.47a 6.6 ± 0.38d 8.8 ± 1.26c 5.8 ± 0.33d 5.1 ± 0.17d 6.4 ± 0.15d 5.2 ± 0.14d
B (mg/kg) 25.4 ± 0.24b 27.9 ± 0.11a 8.1 ± 0.38c 8.4 ± 0.47c 5.7 ± 0.24d 5.6 ± 0.00d 6.2 ± 0.05d 6.2 ± 0.46d
Cd (mg/kg) 0.31 ± 0.011a 0.30 ± 0.006a 0.19 ± 0.001b 0.17 ± 0.006bc 0.18 ± 0.006b 0.17 ± 0.010bc 0.18 ± 0.001bc 0.16 ± 0.005c
Co (mg/kg) 0.153 ± 0.010ab 0.168 ± 0.014a 0.102 ± 0.033cd 0.116 ± 0.022bc 0.086 ± 0.002cd 0.068 ± 0.001d 0.101 ± 0.004cd 0.083 ± 0.000cd
Cr (mg/kg) 1.443 ± 0.045a 1.283 ± 0.006b 0.160 ± 0.011c 0.127 ± 0.015c 0.157 ± 0.006c 0.117 ± 0.017c 0.113 ± 0.004c 0.130 ± 0.022c
Pb (mg/kg) 0.78 ± 0.014a 0.79 ± 0.004a 0.69 ± 0.000b 0.54 ± 0.019c 0.51 ± 0.000c 0.50 ± 0.043c 0.63 ± 0.003b 0.51 ± 0.048c

Note: Means in the same row followed by different letters are significant according to the Tukey’s test (P≤ 0.05). Data are Means ± SD and n = 3.
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These experiments aim to study the feasibility of growing
fresh, nutritious crops in space and to understand the chal-
lenges associated with space (Heiney 2019). From this aspect
cultivation speices such as pepper has gained an extraordi-
nary attention due to its high nutrient content. Moreover,
peppers possess a dual characteristic of being both vibrant
and zesty, imparting an added burst of flavor to space cui-
sine, counteracting occasional blandness resulting from
altered taste perceptions in microgravity environments
(Pinto et al. 2016).

In this study, two determinate-growth green pepper var-
ieties with specific characteristics were evaluated (HEH and
HES). Determinate-growth peppers are genetically pro-
grammed to decrease growth when flower buds start devel-
oping and a trait that is advantageous in space
environment. As mentioned in the Materials and Methods
part the Hungarian Enigma Hot (HEH) variety is ‘horn’
type pepper. The HEH was selected from ‘Budai csípős’
determinate-growth Hungarian heirloom cultivar. The
other observed variety is the Hungarian Enigma Sweet
(HES) of the ‘Cecei’ type. This variety was obtained by indi-
vidual selection from ‘Tizenegyes’ determinate-growth Hun-
garian heirloom cultivar.

Both pepper variteties were grown in GHE Aeroflow 10
hydroponic system as a ground bioregenerative life-support
research facility. Under these conditions, both the HEH and
HES varieties were harvested at the same time, on day 125,
when at least 80% of the fruits were at consumable ripening
stage. In general, the fruit of the ‘Horn’ and ‘Cecei’ varieties,
ranging in color from green to yellow to red, are used both
for direct consumption and in the canning industry. For
this reason, biochemical evaluation of fruits of all three col-
ors was carried out.

The ‘Cecei’ type, to which belongs the HES variety, typi-
cally has a thick pericarp and turn to red easily. This was
indicated by our results as the red fruits yield at the time
of harvest was significantly higher than that of the HEH var-
iety. The anatomical analysis confirmed that the pericarp of
the HES fruit is juicy and fleshy due to the thicker parench-
yma of the mesocarp and the high number of cell lines. How-
ever, the collenchyma, which provides firmness, is thinner
than in HEH, as is the cuticle. Together, these characteristics
are advantageous from the aspects of digestibility.

Besides fruits, consuming leaf proteins can be an advan-
tage for astronauts for several reasons, especially in the con-
text of space exploration and long-duration missions. Space
nutrition must fulfill the daily protein, fat, and sugar needs of
individuals, along with essential inorganic elements, trace
elements, fat-soluble vitamins, and a variety of water-soluble
vitamins. The nutritional requirements for space travel are
determined by the World Health Organization (WHO)
based on the daily necessities of people on Earth. Conse-
quently, it is recommended that the macronutrient compo-
sition include a minimum of 15% protein, 30% lipids, and
55% carbohydrates on average (Trumbo et al. 2002; Cooper
et al. 2011). Leafy greens and other plant-based protein
sources offer a range of benefits that contribute to the overall
health and well-being of astronauts. Leafy greens contain
protein, albeit in smaller amounts compared to animal
sources. Including plant-based proteins diversifies the
protein sources available to astronauts and can contribute
to meeting their protein needs. Leafy greens are also rich
in essential nutrients such as vitamins (e.g. vitamin C,

vitamin K, folic acid), minerals (e.g. Fe, Ca, Mg), and dietary
fiber (Rainey 2015). Also space travel exposes astronauts to
higher levels of ionizing radiation, which can potentially
affect their health, including their nutritional needs. Antiox-
idant-rich foods and supplements may be necessary to coun-
teract some of the harmful effects of radiation. Leafy greens
are abundant in antioxidants and phytochemicals, which
have been associated with various health benefits, including
reducing inflammation and lowering the risk of chronic dis-
eases. These compounds may help mitigate the effects of
radiation and oxidative stress that astronauts may encounter
during space missions (Thuphairo et al. 2019). Consuming
100 g of fresh bell pepper is sufficient to provide a person
with the daily recommended vitamin C requirement
(Zhuang et al. 2012). The green pepper is interesting because
it is not only the fruit that is valuable but also the green leafy
shoots. However, the use of green biomass of sweet pepper as
food is a neglected area in the literature. For this reason, in
present work, special attention was paid to explore the bio-
chemical values of green juice processed from green biomass.

Like other photosynthetic organisms, carotenoids were
also represented in the green juices and fruits of HEH and
HES. They play a crucial role in photosynthesis, photopro-
tection, phytohormone synthesis, and stabilization of free
radicals (Rosas-Saavedra and Stange 2016). At the same
time, carotenoids are also essential from human health.
They are confirmed to have antioxidant and anticarcinogenic
activities and act as precursors of other vital compounds,
such as vitamin A and retinoic acid (Eggersdorfer and
Wyss 2018). Regardless of the cultivars, the total amount
of carotenoids increased as the fruits turned from green to
red. However, there is a significant difference in the extent
of change in individual carotenoid compounds between
HEH and HES. β-carotene was more abundant in green
and yellow fruits of HEH than in HES. Red-colored cas-
phanthin was below the detection limit in green fruits and
followed the trend of quantitative change of β-Carotene in
yellow fruits. It was almost 2-times higher in the HEH.
This could explain that the carotenoid profile changes differ-
ently during ripening depending on the genotype, although it
is generally associated with an increase in total carotenoid
content, which could be up to 10–90 times higher (Antonio
et al. 2018). As mentioned above, the green HES fruit was
pale green, almost white, and the attached photos support
this visual evidence (Figure 2).

In the red ripe fruits, β-Carotene represented 56% of the
total carotenoids in the case of the HES cultivar, while in the
HEH, it represented 43%. In comparison, there is not much
difference, but in absolute terms, this implies almost double
the amount (10.57 mg/g) in HES and (5.33 mg/g) in HEH.
The β-carotene has a protective effect against sunburn and
is the precursor of retinal and vitamin A (Anaya-Esparza
et al. 2021). Interestingly, β-cryptoxanthin was only detected
in the red HES fruit at 1.99 mg/g. It is noteworthy that β-
cryptoxanthin may play a role in bone homeostasis by alter-
ing gene expression of proteins involved in bone formation
and mineralization of osteoblast cells. The hot HEH cultivar
had 42% of this red pigment, while the sweet HES cultivar
had only 24%. In red Lamuyo-type sweet peppers, cap-
santhin was the most abundant carotenoid (9667 μg/100 g)
(Rodríguez-Rodríguez et al. 2020). Kim et al. (2021) com-
pared 11 varieties with capsantin ranging from 89 to 110
μg/ g, and the lutein was found to be 12.5 ug/g. Lutein,
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zeaxanthin, and the meso-zeaxanthin isomer are found in the
human retina. They are concentrated in the macula and are
known as macular pigment (Eggersdorfer and Wyss 2018). It
is well-known that solar and cosmic radiations are special
environmental hazards that cause cataracts and retinal
degeneration, in the prevention of which lutein and zeax-
anthin play an essential role. Rodríguez-Rodríguez et al.
(2020) measured 1202 μg/100 g lutein. In our finding much
higher lutein (250–260 μg/ g) measured in both cultivars,
We found much higher lutein content (250–260 μg/g) in
both varieties, which was still a significant decrease com-
pared to the lutein content of green and yellow fruits.

Green juice is also a rich source of free-form carotenoids.
Of these, lutein was the predominant form, regardless of
HEH or HES; however, zeaxanthin was also detected at
lower concentrations.

Green peppers contain a wide range of valuable metab-
olites, too. Many of these have already been identified, but
the focus has been mainly on measuring the fruit. However,
the present study also paid attention to exploring metabolites
in green biomass, as well as to the traits of pepper fruits
potentially suitable for the BLSS system. The hydro-alcoholic
solvent mixture successfully extracted polar and semi-polar
metabolites of green pepper samples using the UHPLC-
ESI-MS technique.{Citation}

In phenolamides/ alkylamides as the chief metabolite
group, 22 metabolites were identified in green juices and
fruits (Table 4). In detail, the hydroxycinnamic acid amines
are widely distributed in specific plant metabolites (Roumani
et al. 2020). From these cis/trans-caffeoylputrescines, cis/
trans-coumaroylputrescines, cis/trans-feruloylputrescines,
and trans-feruloyltyramine were presented in green juice
and fruits of HEH and HES. Similarly, Evidente and Masi
(2021) described the natural bioactive compounds, i.e. N-
trans-feruloyltyramine, N-cis-coumaroyltyramine, and N-
trans-coumaroyltyramine, from root of pepper. The bioac-
tivities of phenolamides have been known for several decades
and are now mainly of interest in an ethnopharmacological
context. Masi et al. (2021) confirmed the selective toxicity
of N-p-coumaroyltyramine to A431 and HeLa cancer cells,
respectively. Other pharmacological properties, such as the
protective effects of phenolamides against metabolic syn-
drome and neurodegenerative diseases have also been
confirmed (Roumani et al. 2020). Besides these, the hydroxy-
cinnamate-tyramine conjugates play key role in plant
defense against attacks by plant pathogens and herbivores
(Pearce et al. 1998). Alkylamides are known to be present
in the Solanaceae family (Elufioye et al. 2020). The pungent
and tingling sensations of different plant organs are attribu-
ted to alkylamides, such as the capsaicinoids. The group of
capsaicinoids was identified by positive ionization in the
fruits of both hot and sweet pepper varieties. Also, Kelebek
et al. (2020) identified capsaicinoids by LC-DAD/ESI-MS-
MS using positive ionization, but they only found capsaicin
and dihydrocapsaicin in sweet Capia and hot Aleppo var-
ieties. In the latter, higher concentrations were measured.
In the present study, the HEH cultivar displayed higher cap-
saicinoids contents than the HES.

After phenolamides/alkylamides, flavonoids and their gly-
coside derivatives were the most abundant metabolite group
in the observed varieties. Among the 13 flavonoids, primarily
apigenin, quercetin, and luteolin aglycones and their deriva-
tives with hexoside moieties could be identified similarly to

those described in the literature (Morales-Soto et al. 2013;
Kelebek et al. 2020; Darko et al. 2022). According to Antonio
et al. (2018), quercetin and luteolinmay represent∼41% of the
total flavonoids in Capsicum. Interestingly, the apigenin-O-
pentosylhexoside, cosmosin (apigenin-7-O-glucoside), and
chrysoeriol (3’-methoxy-4’.5.7-trihydroxyflavone), which
belong to the Flavones, were not found in the fruits, only in
the green juice from green biomass. The quantitative changes
of flavonoids during fruit ripening show a contradictory
profile compared to carotenoids and capsaicinoids (Antonio
et al. 2018). This is confirmed by the signifiant increase of
most carotenoid forms, while flavonoids remained unchanged
or decreased. Indeed, rutin was 6.809 µg/g DW in the under-
ripe green fruits of the HEH variety, while 3.656 µg/g DWwas
in the ripe red fruits. Given the widely studied/confirmed bio-
logical and human health properties of rutin, this should be
emphasized (Damin et al. 2019).

Considering the quantitative changes in apigenin and
luteolin, green juice was found to be more valuable than
fruit, especially in the HES variety (Table 5.). In addition, a
similar tendency was apparent for neochlorogenic acid and
p-coumaric acid, which belong to the phenolic acids. These
results also confirm the importance of using green biomass
as food. The processing of green plant biomass from different
origins and the use of valorized products for food purposes is
of increasing importance due to the valuable proteins and
other phytochemical components they contain. From this
approach evaluating the green juice of green peppers was
found that broccoli green juice has lower apigenin
(0.15 µg/g DW) and luteolin (0.25 µg/g DW) content, while
leaf protein concentrate from alfalfa green biomass is richer
in apigenin (11.25 - 25 µg/g DW) but luteolin is similar (0.84
- 2.45 µg/g DW) (Domokos-Szabolcsy et al. 2022; Kovács
et al. 2023). In addition to groups containing a larger number
of metabolites, we were able to identify one sesquiterpene. A
sesquiterpene co-metabolite, Canusesnol I, was detected only
in the green juice of HEH. Previously, Kawaguchi et al.
(2004) identified 10 canusesnols (A - J) from the stems and
roots of pepper.

Furthermore, up to our knowledge, this is the first identifi-
cation of zizybeoside [M−H]− ion at m/z 431.15534 from
green biomass of green pepper. Zyzylbeoside I belongs to a
class of organooxygen compounds known as o-glycosyl com-
pounds, which are quite rare in plants. Space nutrition must
fulfill the daily protein demand given its essential importance.
Consequently, it is recommended that the macronutrient
composition include a minimum of 15% protein.

This paper searches beyond the feasible double benefits of
green pepper cultivation as a possible and promising model
of a nutrient-dense diet approach. The nutritional value of
pepper fruits is well-known; however, fresh green leaves of
pepper proved their substantial value. Ripe pepper fruits gen-
erally contain low crude protein contents. In the present
study, however, relatively high crude protein contents in
pepper fruits were noticed, which significantly depended
on ripening stage of fruits and plant cultivar (Figure 5(B)).
Overall, green fruits showed the highest crude protein con-
tents of 8.36–8.96% DW, while red fruits displayed the lowest
crude protein contents of 6.85–7.25% DW. These values are
relatively higher than those documented by Rosa-Martínez
et al. (2021), who reported that the crude protein content
in ripe fruits of 10 pepper varieties ranged between 0.65%
and 1.70% FW with an average of 1.13% FW. Nevertheless,
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Guilherme et al. (2020) revealed higher crude protein con-
tents in ripe red fruits than the green fruits of pepper,
where crude protein contents in red and green fruits were
11.9 and 11.7% DW, respectively. Similarly, the crude
protein in ripe fruits of two Spanish pepper varieties varied
between 11.4% and 12.0% (Bernardo et al. 2008), whereas
fruits of three Ethiopian pepper varieties had a crude protein
ranged between 8.7% and 11.8% (Esayas et al. 2011). Also, a
study on variations among 12 pepper cultivars reported that
the crude protein contents in red fruits significantly varied
from 10.3% to 18.5% DW (Kim et al. 2019).

The average recommended daily intake of protein (g/kg of
body weight) is 56 g for adult male of 70 kg and 46 g for adult
female of 57 kg (Meyers et al. 2006). In the present study,
consuming 100 g of red and green fruits of HES variety pro-
vided males with 12.9% and 16.0%, respectively, and females
with 15.8% and 19.5%, respectively, of their daily protein
requirements. On the other hand, consuming 100 g of red
and green fruits of HEH variety provided males with 12.2%
and 14.9%, respectively, and females with 14.9% and
18.2%, respectively, of their daily protein requirements.
However, a study reported lower sharing of daily rec-
ommended protein intake up on consuming 100 g of pepper
fruits, which provided male and female with 2.0% and 2.4%,
respectively, of their daily recommended intake of protein
(Rosa-Martínez et al. 2021). Likewise, consuming 100 g
tomato and eggplant were found to fulfill about 0.7–0.9%
and 2.7–3.2% of daily recommended intake of protein for
male and female, respectively (Rosa-Martínez et al. 2021).
These results confirm that the fruits of HEH and HES
could share higher portion of daily recommended intake of
protein for humans than other vegetables such as tomato
and eggplant.

The crude protein contents in leaves of six different pep-
per varieties were largely varied from 1.2–3.5% DW (Amae-
chi et al. 2021). However, green juices obtained by
mechanical pressing of green leaves of HEH and HES var-
ieties exhibited higher crude protein contents of 24.1% and
27.5% DW, respectively (Figure 5(B)). This could be a prom-
ising alternative to providing astronauts with an adequate
portion of their daily protein needs. For instance, consuming
100 g of HEH and HES’s green juices can supply male astro-
nauts with about 43.0% and 49.2%, respectively, and female
astronauts with 52.4% and 59.9%, respectively, of their daily
recommended protein intake.

Mineral composition of pepper fruits and leaves can vary
depending on factors such as the specific pepper variety,
growing conditions, ripening stage, and soil composition.
The mineral content in pepper fruits includes elements
such as K, Mg, Ca, P, and trace amounts of other minerals
like Fe and Zn (Pinto et al. 2016). In the present study, K
was the most abundant element in fruits, regardless of the
ripening stage, and green juices. Also, the mineral compo-
sition varied according to the ripening stage of fruits as
well as pepper variety (Table 5). The mineral composition
of sweet pepper fruits slightly changed according to the
ripening stage (i.e. green and red). Green fruits exhibited
higher K, Zn, and Cu contents than the red fruits, while
Ca, P, Fe, Mn, and S contents were higher in the red fruits.
Overall, the contents (mg/kg DW) of mineral elements in
green and red fruits were as follows: K (35500–32700), Ca
(1009–1041), P (1528–1704), Fe (64.7–73.6), Zn (25.0–
18.6), Cu (11.6–7.94), Mn (21.3–22.5), and S (1518–1566),

respectively (Bernardo et al. 2008). In the present study,
the mineral composition (mg/kg DW) in pepper fruits varied
as follows: K (21500–23100), Ca (400–700), P (3400–4000),
Mg (1100–1400), Na (82.3–113.7), S (1100–1300), Fe
(52.1–65.6), Zn (10.4–17.5), Mn (16.3–23.0), and Cu (6.6–
8.9). However, lower contents of minerals were reported in
ripe fruits of 10 pepper varieties, where the contents of
macro and micro-elements (mg/kg FW) considerably varied,
recording K (616–1364), Na (14–53), Mg (79–189), Ca (74–
167), P (311–584), Fe (2.91–7.95), Zn (1.39–3.93), and Cu
(0.35–1,40) (Rosa-Martínez et al. 2021). Bell peppers
(paprika) are characterized by low protein content but they
contain appreciable amounts of several minerals such as K,
Na, Mg, Ca, and P (Anaya-Esparza et al. 2021), which sub-
stantially supply humans with indispensable nutrients. Like-
wise, in their comparative study on five dwarf pepper
varieties, Spencer and Hummerick (2019) reported that K
was the highest mineral measured in the ripe fruits, followed
by Mg and Ca, respectively, while Fe was below the detect-
able limit. Among the five cultivars, the contents of K, Ca,
and Mg (g/kg DW) ranged between 17.5–20.5, 0.99–1.54,
and 0.57–2.01, respectively. Contents of macro and microe-
lements in red fruits of 12 different pepper cultivars signifi-
cantly differed. Also, K was the most abundant
macroelement, followed by P, Mg, and Ca, respectively.
The variations in elemental composition (mg/kg DW) were
as follows: K (20210–64000), Na (132–478), Mg (960–
2300), Ca (184–1640), P (2090–4120), Fe (41–107), Zn
(120–457), Cu (3.3–55.0), S (974–7120), and Mn (3.2–17.4)
(Kim et al. 2019).

Pepper leaves includes several macroelements such as K,
Ca, Mg, P, and trace minerals like Fe, Zn, Cu, Mn, and Mo
(Pinto et al. 2016). Several macro and microelements have
been detected in leaves of the six pepper varieties, from
which K was the highest, followed by Na, Mg, Ca, P, Fe,
and Zn was the lowest. The concentrations of these elements
(mg/kg DW) significantly varied among pepper varieties; for
instance, K (735–952), Na (755–874), Mg (345–745), Ca
(313–433), P (239–450), Fe (27.2–57.7), and Zn (13.7–24.7)
(Amaechi et al. 2021). In the current study, green juices of
the fresh biomass of the two pepper varieties (i.e. HEH and
HES) revealed appreciable amounts of many macroelements
with concentrations even higher than those reported in pep-
per fruits. The most abundant element was K, followed by
Ca, Mg, and P, respectively, and considerable amounts of
several microelements such as S, Fe, Na, Zn, Cu, Mn, and
Mo (Table 5).

The daily recommended dose (mg per day) for adult
(male of 70 kg or female of 57 kg) of some minerals is as fol-
lows: K (4700), Ca (1000), Mg (400), P (700), Na (1500), Zn
(11), Fe (8), and Cu (0.9) (Meyers et al. 2006). An astronaut
can get about 91%, 62%, 112%, 53%, 0.28%, 63%, 123%, and
65%, of the daily recommended dose of K, Ca, Mg, P, Na, Zn,
Fe, and Cum respectively, by consuming 50 g DW of green
juices of HEH and HES varieties (on average). These results
clearly proved the marked nutritional value of the tested two
uncommercial pepper varieties (HEH and HES) and their
possible cultivation in space, providing astronauts with
appreciable amounts of their needed nutrients.

While leafy greens have several advantages, it’s important
to note that space environments come with unique chal-
lenges, such as limited space, resources, and access to sun-
light for plant growth. Researchers and space agencies
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continue to explore innovative ways to cultivate and incor-
porate fresh produce like leafy greens into astronaut diets
to maximize their nutritional benefits and support the health
and performance of astronauts during space missions. Ulti-
mately, addressing the nutritional challenges posed by lim-
ited storage space and the need for balanced nutrition is
crucial for ensuring the health, well-being, and optimal per-
formance of astronauts during space missions.

5. Conclusion

The phytochemical composition revealed significant differ-
ences when comparing the two dedicated cutlivars. The
results disclose the importance of cultivars in metabolites
of green pepper. It can be concluded that the Whole-Body-
Edible peppers (WBE) conception achieved in BLSS system
may works due to the valuable phytonutrients, metabolites.
Together with this, further biochemical analyses should be
performed to exclude the presence of antinutritional sub-
stances (such as cyanides). Summarizing the above investi-
gations, it seems that to get special and WBE space pepper
cultivars with appropriate volume utilization efficiency,
and/or to develop special space cultivation protocols for pep-
pers, it would be one of the forthcoming research ideas to
further studies. We strongly believe that the use of our
HEH and HES pepper varieties studied by this experiment
can be a successful starting point in the future, i.e. for special
WBE space pepper breeding programs. We also think that to
achieve these goals, the involvement of different biotechno-
logical methods as well as close international scientific
cooperation will also be promising opportunities. These
future researches will not only offer some useful food safety
solutions for the forthcoming Moon and Mars missions,
however, i.e. for the development of advanced new terrestrial
vertical pepper cultivation systems linked closely to the
building-integrated horticulture.
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