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1. Background and objectives of the work

In my dissertation, I examined the nutritional components of four different
types of hot peppers in relation to the cultivation method I chose, the genotype,
and the weather conditions. The studied varieties were Bhut Jolokia
(Capsicum chinense % Capsicum frutescens) chili pepper, Cserko6 (Capsicum
annuum L. var. cerasiforme) cherry pepper, Szegedi 178 (Capsicum annuum
L. var. longum grossum) spice pepper, and Rekord (Capsicum annuum L.)
table pepper. These varieties are well-known and highly appreciated in

Hungary, and they have been cultivated here for a long time.

Bioactive compounds found in plant-based foods generally have positive
health effects on the human body. However, the content and type of these
bioactive compounds can vary depending on genetic and environmental
factors (Bae et al., 2014). Deepa et al. (2007) studied the vitamin C and
capsaicinoid content in ripe and unripe peppers. Their results showed that ripe
fruits had higher levels of ascorbic acid and capsaicinoids. According to Marin
et al. (2004), however, flavonoid content decreases proportionally during
pepper ripening. In the United States and Asia, the nutritional composition of
different pepper types and their physiological and pharmacognostic effects are
widely studied (Lantos, 2018). Hot peppers are a source of provitamin A,
vitamins E and C, carotenoids, and phenolic compounds such as
capsaicinoids, quercetin, and luteolin. These compounds exhibit antioxidant
properties as well as other positive biological activities (Batiha et al., 2020).
Different pepper varieties contain varying combinations of carotenoids,
capsaicinoids, and capsinoids, which contribute to their distinct color and

pungency (Yang et al., 2014).



Environmental conditions, agronomic traits, genetics, and other factors can
alter the bioactive properties of foods (Jifon et al., 2012); however, only a few
studies have reported on the effects of environmental factors and cultivation
methods on the bioactive compound content of peppers. In Hungary,
particularly in the Great Plain region, the main challenges in pepper and spice
pepper cultivation are frequent drought, extreme weather, and difficulties with
irrigation, all of which significantly affect yield and quality. In my research, I
aimed to examine the nutritional components of four pepper varieties with
different genetic traits under the given environmental conditions, in order to
gain a clearer understanding of how these factors influence the presence of

bioactive compounds in the fruits.

For the preparation of my thesis, I formulated the following objectives:

1. To investigate the bioactive components of four different hot pepper

genotypes using modern HPLC methods.

2. To compare the amounts of the most important nutritional components

(capsaicinoids, carotenoids, tocopherols, vitamin C) in the studied varieties.

3. To determine which factors influence the composition of these nutritional

components (e.g., genotype, weather conditions, harvest time).

4. Additionally, to assess the effects of three factors (variety, growing season,
harvest time) and their interactions on the dependent variables (capsaicinoids,

carotenoids, tocopherols, vitamin C).



2. Materials and methods
Experimental conditions

The experiment was conducted at my residence in Pusztafoldvar (Békés
County) under open-field conditions during the 2022 and 2023 growing
seasons. GPS coordinates: 46.535054, 20.800754. Plot: EJYT5-8-17, Parcel
No.: 117. No soil covering or mulching was applied during cultivation. Four
hot pepper varieties with different pungency levels were selected for the
experiment, and these were cultivated and studied in both years. The
experiment was arranged in a randomized block design, with four replications

per variety.

Seedlings were raised in a low-airspace, double-walled greenhouse equipped
with heating. For sowing, propagation trays with hole dimensions of 37 x 37
x 40 mm were used, filled with Kekkili DSM 3W peat substrate.
Transplanting was carried out on May 13, 2022, and May 7, 2023. For each
variety, 30 plants per replication were evaluated, totaling 480 plants. The row
spacing was 90 cm, and the plant spacing within rows was 30 cm. Drip

irrigation was used throughout the cultivation period.

Harvesting and Sample Preparation

Harvesting was carried out twice each year. In 2022, it took place on
September 8 and 20, and in 2023 on August 30 and September 16. All varieties
were harvested at full biological maturity. For each replication, at least 400 g
of fruit per variety was collected for analysis. Each harvested sample was
stored in a crate for one week in a well-ventilated area. Afterwards, the
samples were halved and dried in the drying oven of the Faculty of Agriculture
at the University of Szeged for 24 hours at 60 °C. This temperature was chosen

as optimal for preserving color and other constituents. Completely dried



samples were cooled to room temperature and vacuum-sealed. Samples were

ground immediately before analytical measurements.
Determination of Carotenoids and Tocopherols

Fat-soluble carotenoids and tocopherols were extracted from ground pepper
samples following a previously described protocol (Daood et al., 2014). Half
a gram of well-homogenized sample was extracted with 50 mL of a 1:1:2
methanol-acetone-dichloromethane mixture by manual shaking at room
temperature for 15 minutes. The mixture was then filtered through filter paper
into a round-bottom flask. The solvent was evaporated to dryness at 40 °C
using a vacuum evaporator (PRO-400, Vacuubrand, Germany). The residue
was re-dissolved in 10 mL of a 55:18:24 methanol-2-propanol-acetonitrile
mixture. Prior to HPLC analysis, the extract was further purified through a

0.22 pm hydrophobic PTFE syringe filter (13 mm).

Simultaneous HPLC determination of carotenoids and tocopherols was
performed on a reversed-phase Nucleodur 100 column (3 pm, 240 x 4.6 mm)
using gradient elution with 8% water in methanol (A) and 10:35:55 methanol-
acetonitrile-2-propanol at a flow rate of 0.7 mL/min. DAD and fluorescence

detectors were operated simultaneously for detection.

LC-DAD-MS/MS identification of carotenoids was carried out on a Waters
Acquity I-class UPLC system coupled to a Waters Xevo TQ-XS MS/MS,
following the detailed procedure of Duah et al. (2021a). Carotenoids were
detected between 225 and 600 nm. Peaks were identified based on their
spectral characteristics, mass spectra (protonated ion m/z values), retention
times, and comparison with literature data (Schweiggert et al., 2007;

Bonaccorsi et al., 2016). Cis-isomers were further identified by an additional



absorption maximum between 340 and 362 nm and their Q-ratio values (Gupta

et al., 2015; Schieber & Carle, 2005).

Tocopherols were detected with excitation at 325 nm and emission at 295 nm.
Peaks were identified based on their spectral properties, mass spectra
(protonated ion m/z values), and retention times in comparison with literature

data (Schweiggert et al., 2007; Bonaccorsi et al., 2016).
Determination of capsaicinoids

For capsaicinoid analysis, 0.5 g of well-homogenized pepper powder from
each sample was weighed into an Erlenmeyer flask, and 50 mL of HPLC-
grade methanol was added. The flasks were placed on a mechanical rotary
shaker at 300 rpm for 20 minutes, followed by 5 minutes of ultrasonic
treatment using a water-bath ultrasonic device. The samples were then filtered

through 0.45 um Whatman No. 1 filter paper.

The filtered extracts were further cleaned by tenfold dilution with HPLC-
grade methanol and passed through a Chromofil hydrophobic PTFE syringe
filter before injection into the HPLC system. Capsaicinoids were separated on
a Purospher Star C18 reversed-phase column (2.7 pm, 125 mm) using
isocratic elution with a 48:52 water—acetonitrile mixture at a flow rate of 0.7
mL/min, following the method of Daood et al. (2015). Detection was
performed using a fluorescence detector at Ex: 285 nm and Em: 320 nm. Peaks
were identified based on retention times and previous HPLC-MS/MS

protocols (Daood et al., 2015).
Determination of vitamin C

For vitamin C analysis, 0.5 g of pepper powder was weighed into a stoppered

flask, and 30 mL of chilled 3% metaphosphoric acid was added. The mixture



was shaken on a mechanical rotary shaker at 300 rpm for 20 minutes,
transferred to centrifuge tubes, and centrifuged at 5,000 x g for 5 minutes. The
supernatant was filtered through a 0.22 pum, 25 mm nylon syringe filter and

injected into the HPLC system.

L-ascorbic acid (vitamin C) was separated from other organic acids and polar
phenolic compounds on a Nautilus C18 aqua column (3 pm, 150 mm) using
gradient elution with acetonitrile and 0.01 M potassium dihydrogen phosphate
buffer at 0.7 mL/min. Detection was performed at 244 nm using a diode array
detector (DAD). Identification of L-ascorbic acid was based on retention time

and spectral characteristics compared to standards.
Data analysis

All statistical analyses were performed using R version 4.2.1 (RStudio Team,
2020). The effects of year, harvest, and variety on carotenoid, tocopherol,
capsaicinoid, and vitamin C concentrations were evaluated using a general
linear model (GLM). Treatment effects were accepted based on Wilks’ lambda
(A). Homogeneity of the covariance matrix (homoscedasticity) was checked
using Box’s test. Normality of GLM residuals was tested with the Shapiro-
Wilk test for all dependent variables, and the Kolmogorov-Smirnov test was
also applied. Values shown above graphs represent mean + standard deviation
(SD). Effect size was estimated using partial eta-squared (n?), indicating the
probability of correctly identifying a significant effect; values range from 0

(independence) to 1.0 (deterministic relationship).

Cluster-based heatmaps were used to visually display metabolite profiles
(carotenoids and xanthophyll compounds) using the ‘pheatmap’ package in R
(Sfaxi et al., 2025). Input data were normalized column-wise using Z-score

transformation:



z="F (1)

where x represents the measured amount of each carotenoid, u is the mean of
that carotenoid across all varieties, and o is the standard deviation. The color
scale used in the heatmap illustrates deviations in concentration: negative Z-
score values (below the mean) are shown in blue, while positive Z-score
values (above the mean) are shown in red. Row and column clustering was
performed using hierarchical clustering (Euclidean distance and “complete
linkage” method), which organized the matrix based on similarities between
samples and metabolites. The values in each cell represent the standardized

(Z-score) values numerically.



3. Results and discussion
Environmental Factors (2022-2023)

Significant differences were observed between the two study years in terms of
temperature and precipitation distribution. Statistically significant differences
(p <0.05) were found in average temperatures in June and September. In 2022,
June and July recorded the lowest precipitation during the growing season,
with average temperatures of 24-25 °C. In contrast, 2023 saw the opposite
pattern, with a total of 419 mm of rainfall from May to August and average

summer temperatures of 20-24 °C.

Precipitation in 2022 increased from 41 mm during the 15-20 days preceding
the first harvest to 67 mm by the time of the second harvest, while
temperatures decreased significantly. In 2023, precipitation dropped from 87
mm during the first harvest period to 18 mm during the second harvest period,

while temperatures decreased slightly but remained above 22 °C.

Maximum temperatures in 2022, including the number of days exceeding
40 °C, as well as average temperatures, were considerably higher than in 2023,
particularly three weeks before the first and second harvests. Longer periods
of sunshine in 2022 also increased solar radiation intensity, which likely

influenced the photosynthetic activity of the plants.

In August 2023 (87 mm), more rainfall occurred than in August 2022 (41 mm).
Conversely, September 2022 (67 mm) was much wetter than September 2023
(18 mm), resulting in a reversed precipitation pattern during and immediately

before the harvests.



Yield results (2022-2023)

Regarding weather conditions, the results suggest that the higher temperatures
and lower precipitation in 2022 led to a slight increase in both fruit number
per plant and fruit weight (g/fruit) compared to the 2023 harvest, which
experienced lower temperatures and higher precipitation. An exception was
the Bhut Jolokia variety, which produced a higher fruit number in 2023 despite

the cooler temperatures and higher rainfall.

These findings indicate that harvestable yield is strongly influenced by both
genetic and climatic conditions. Improvements in fruit number and weight
during warmer growing seasons can be attributed to higher solar radiation

intensity.
Carotenoids

Table 1 presents the changes in yellow carotenoids, showing the effects of

variety, harvest time, and growing season on the dependent variables.

During the first harvest of 2022 (September 8), the Szegedi 178 variety
exhibited significantly higher (p < 0.05) levels of free yellow xanthophylls
(FYX:370.73 ng/g) compared to Bhut Jolokia, Cserkd, and Rekord, according
to Tukey post hoc tests. The yellow xanthophyll monoester (YXME) content
was also highest in Szegedi 178 (633.67 ug/g), significantly exceeding the

values of the other varieties, except for the first harvest of Rekord.

For total yellow carotenoids (TY), Szegedi 178 and Bhut Jolokia reached
significantly higher levels (1780.38 pg/g and 1796.21 pg/g), whereas Cserko

and Rekord showed lower concentrations.

In the second harvest 0of 2022 (September 20), a marked increase in the yellow

xanthophyll diester fraction (YXDE) was observed, especially in Bhut



Jolokia, where diester content doubled compared to monoesters as a result of

weather changes preceding the second harvest.

In 2023, during the first harvest (August 30), the highest FYX values were
recorded in Cserko (130.18 pg/g) and Szegedi 178 (125.30 ng/g), although
these were significantly lower than the corresponding 2022 values. For
YXME, Szegedi 178 again stood out (566.23 ng/g). p-carotene values also

decreased compared to the previous year.

During the second harvest in 2023 (September 16), FYX values were
markedly lower than in 2022. Regarding YXDE, all varieties in 2023 showed

lower diester content in both harvests compared to any harvest in 2022.

Overall, 2022 exhibited higher concentrations of all yellow carotenoids, while
2023 produced lower values, likely reflecting less favorable growing
conditions. Szegedi 178 generally demonstrated superior nutritional quality,

whereas Cserko and Rekord had lower carotenoid content.
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Table 2 shows the changes in red carotenoids, illustrating the effects of
variety, harvest time, and growing season on the dependent variables. The

influence of the three main factors was assessed using Tukey post hoc tests.

During the first harvest of 2022 (September 8), Szegedi 178 (454.55 pg/g) and
Cserko (369.82 ng/g) exhibited the highest levels of free red xanthophylls
(FRX), significantly exceeding those of Bhut Jolokia (112.27 pg/g) and
Rekord (159.80 pg/g). For red xanthophyll monoesters (RXME), Szegedi 178
again showed the highest content. Total red carotenoids (TR) were also highest
in Szegedi 178 (3734.95 ng/g), whereas Rekord (2417.79 ng/g) and Cserkd
(2033.31 ng/g) showed lower levels, with Bhut Jolokia being the lowest
(1871.70 ng/g). Considering total visible carotenoids (TCv), Szegedi 178
reached 5340.55 pg/g, significantly higher than the other varieties in both

harvests.

During the second harvest of 2022 (September 20), concentrations of all red
carotenoids, including FRX, RXME, and RXDE, decreased in all varieties
compared to the first harvest. This indicates that the weather conditions
preceding the second harvest were unfavorable for red xanthophyll
biosynthesis, particularly in Rekord (60.24 ng/g) and Cserko (278.23 ug/g).
Szegedi 178 still showed the highest value (419.85 pg/g), although it
decreased compared to the first harvest. TR was highest in Szegedi 178
(3597.97 ng/g), while significant decreases were observed in Rekord (2159.60
ng/g) and Bhut Jolokia (1207.93 pg/g).

In the 2023 season, red carotenoid contents were generally significantly lower
(p <0.01) than in 2022, likely due to higher precipitation during the growing

season. Another difference between the two years was the effect of harvest



timing on red carotenoids: the second harvest often led to a slight or significant

increase in carotenoid content for most varieties.

During the first harvest of 2023 (August 30), RXME was highest in Cserko
(394.44 pg/g) and lowest in Rekord (265.99 ng/g). RXDE was also highest in
Szegedi 178 (627.03 ng/g), while Rekord (503.09 pg/g) and Bhut Jolokia
(495.54 pg/g) showed lower values. TR values were significantly higher in
Cserko (1132.71 pg/g) and Szegedi 178 (1112.56 pg/g) compared to Rekord
(830.94 pg/g) and Bhut Jolokia (904.12 pg/g), with similar trends observed
for TCv.

During the second harvest of 2023 (September 16), FRX further decreased
compared to the first harvest, except in Bhut Jolokia. Szegedi 178 maintained
the highest value (175.78 pg/g). For RXME, Bhut Jolokia showed higher
content (360.24 pg/g), while Rekord remained the lowest (268.11 pg/g).
RXDE and TR were also highest in Szegedi 178 (785.60 ng/g and 1467.75

ng/g, respectively).
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Differences between growing seasons and the effect of harvest timing on color
quality and stability are more clearly observed using the ratio of red to yellow
carotenoids (R/Y), as shown in Figure 1. In 2022, the R/Y ratio showed a
decreasing trend toward the second harvest in all varieties, likely due to lower
nighttime temperatures preceding harvest. In contrast, in 2023, the R/Y ratio
increased in all varieties at the second harvest, when precipitation was
significantly lower. The highest R/Y ratio was recorded in Szegedi 178 powder
during the first harvest of 2022 and, along with Cserko, during the second
harvest of 2023. High R/Y ratios are important for evaluating the quality,

market value, and expected storage stability of pepper-based products.

4.
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Figure 1. Ratio of red to yellow carotenoids (R/Y). Uppercase letters (A, B) indicate
differences between varieties across years and harvests (X, Y), while lowercase letters

indicate differences between varieties within the same year.



Figure 2. show the Z-score data of the analyzed carotenoids. The rows show
the different pepper varieties (or the variety x year x harvest combinations),
and the columns indicate the individual carotenoid components. The different
colors reflect the Z-score values, where a red or reddish cell indicates that the
given component (column) shows an above-average amount in the given
pepper variety (row) in the specific year and harvest time. Blue indicates that
the component amount is below average. White or very light colors indicate

values close to the average.

From the heatmap, it can be seen that Szegedi 178 exceeded the other varieties,
years, and harvest results in several carotenoid components in the first and
second harvests of 2022. In this case, RXDE, FRX, RXME, FYX, and YXME
amounts were well above average. In Bhut Jolokia and Rekord varieties, a
larger deviation can also be observed in the first and second harvests of 2022,
but here the positive deviation from the averages was in YXDE, YXME, fc,
and AvP content. The largest negative deviation for all varieties was observed
in the second harvest of 2023, mostly for yellow carotenoids. Overall, it can
be stated that among the investigated components, the highest above-average
carotenoid amounts were found in the first and second harvests of 2022. In

2023, they were mostly below average, especially in the second harvest.
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Tocopherols

The reversed-phase HPLC protocol used for the separation and quantification
of vitamin E compounds allowed the separation of the main tocopherols and
their derivatives, except for dehydrogenated tocotrienols, which are scarcely

present in paprika (Table 3).

In the first harvest of 2022, Szegedi 178 showed the highest values for all
tocopherols, particularly a-Toc (601.08 pg/g) and total tocopherols (Total)
(938.50 pg/g). In the second harvest, apart from Rekord a-TocHQ and Szegedi
178 a-TocAC, no significant differences were observed compared to the first

harvest for the other varieties.

In the first harvest of 2023, a-Toc and Total contents were higher compared to
2022 in most varieties. For example, Bhut Jolokia showed a significant
increase in a-Toc (752.12 pg/g) and Total (997.00 png/g). The Cserko variety
had an exceptionally high a-TocHQ value (260.77 pg/g). During the second
harvest, a decrease in a-TocHQ was observed, which was significant only in
Bhut Jolokia and Rekord. However, Szegedi 178 continued to show
outstanding a-Toc (836.01 pg/g) and Total (1205.98 pug/g) tocopherol content.



's[010yd000} PalFIuSPI [10) ([BI0], ‘93euIoons [019d000)-0 :SHI0] -0 9181008
10194d0903-0 :)yo0] -0 {[01974d0203-0 :00] -0 ‘ouournboIrpAy [0107d0o03-0 :OHOIOL -0 :Surmo[oj oy} juesardar o131y oy} ur s[oqe| YL

I8 698k F 965021
BX9 09'6E F 0L 00F

QX9 6L°G5 F L8996

ax3 /9¢9 ¥ 619201
EXd 75 ECE T 95686
EXY 9195 F ¥E'LL9
EXH ¢F 99 F £2890)
EXE GOZrL ¥ 00 /66

JABBZSFEBL8
BAVGE'E ¥ 120G
QAY S0 F2589
EXGEE'G FOECE
BXE5E9F 8029
EX90F G F62729
EXE V9T F9C°9.
EXg 19€l FEEE9

0A9 899 F9c89)
BXGIEGF LIS
BAY 996 ¥ 6926
X8 6L LLFVLELL
gexg o¢'Lle ¥ ¥S 004
QeX8Z5'8C ¥ 9996
BXA82'8 T 0L'eS
08 67 5E F 8L 6EL

PXE08¢€e FLO9ES
BXdEZee FEL'902
0A9 L0'8C FGE055
IXQZ5°8E F 9559,
BXY ££'26C F £€ 5.9
EXY GLE0E F L9Z0F
EXB00 L5 FLO9L9
EXH8068 FZlg5L

INE9LLFBL6L
QAV [E°0L ¥ 5995
PXd L8 cc F 5C55¢
EAG GG | FPCLE
axXg 18 Le ¥ LLLEL
axXa .19z ¥ 95GH
W8 leee ¥ LL09E
EXQ0LGFELY

8.LZs
H

30 c
rHe
8lLZ8
=

30 L
rH8

€c0¢C

IV LVBLTFEELE6
BXY L8 EC FGLL0C
XV £0'Lce F 26665
QEXY 0EEr F L0°EEC

NV FSEL T L5 LOL
XY 6L 7 FEOWPE
XV 956l F807¢CE
EXVESL¥8L L8

JAY 2801 T £F 861
qeXy L0C ¥ /685
XV 6F9C F¥ELE
EXWEICFELIE

TV 7199 F 69085
BXV G0 9L FZL'EL
XV ¥8° 92 F LELEE
0NV 85 8L F LOCPR

XV Le' L F £8°001
BAVZL'8FCO'LS
QXY 6Ly FFSTLL
EXVOCL F /8 /2

8lLZ8
=

30 [
rHe

IXVOS'0LL ¥ 05°8E6
BXY ZE gk F51°08¢
XV 6E'9C ¥ 88 L.
XV 6E'/8 T EF €09

IXV6E'BL F6FC6
QXY 69 L FE5¥7E
OXY9EE FFIET
BXY 88'¥ ¥ 609¢

IV O0Z F 0L LSL
XV 65¢ ¥ 1809
XV 99G F LPES
EXV 59 FE0FE

IV EF09 F20°L09
BXVeE'8 FCo6eh

aXve8'8l ¥ Ly EEy
NV 8ILL F LLGLS

IXVEELLFCZ 06
QXV 8.5 F0CSE
PXYEL'GF 9L /9l
EXWELG 6L 62

YA A
Y

50 b
rHe

[44\ré

IejoL

§3201-D

av20L-D

20L-D

DH201-D

fgauep  meH | Jeap

‘s1opmod 1addad joy

ur (3ySrom A1p 3/31) suonenuaduod [019ydod0) U0 uoseds JUIMOIS pue ‘Quil) JSIAIRY ‘AJOLIBA JO 10934 *€ dqBLE




Capsaicinoids

In 2022, capsaicinoid content differed significantly between varieties (Table
4); however, the harvest time was rarely a statistically significant factor.
During the first harvest, CAP (capsaicin) content was highest in Bhut Jolokia
(1586.36 pg/g) and lowest in Rekord (514.24 pg/g). DC (dihydrocapsaicin)
was similarly high in Szegedi 178 (1263.53 pg/g) and Cserk6 (1133.67 pg/g),
while the lowest value was recorded in Bhut Jolokia (640.13 pg/g). In the
second harvest, NDC content increased in all varieties, although this was not
statistically significant. DC values increased in all varieties, particularly in
Szegedi 178 (1448.39 pg/g) and Cserko (1171.11 pg/g), as well as in Rekord,
which showed the largest proportional increase (from 522.76 pg/g to 744.30
ng/g), though these changes were not statistically significant.

In 2023, the highest NDC value during the first harvest was observed in
Szegedi 178 (208.28 ng/g), but it decreased considerably by the second
harvest (47.26 ng/g). CAP concentration was most pronounced in Szegedi 178
(1233.90 pg/g), further increasing to 1430.46 pg/g in the second harvest.

These results indicate that, based on statistical tests, significant differences
were observed between varieties and harvest times (p <0.05), suggesting that
both genetic background and harvest timing have a substantial effect on the

measured parameters.
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In Table 5, the CAP/DC (capsaicin/dihydrocapsaicin) ratio is shown, where
significant differences were observed between varieties and harvest times in
2022 and 2023. These two components make up the largest portion of the total
capsaicinoid content in hot peppers. During the first harvest in 2022, Bhut
Jolokia showed the highest value (2.48), which decreased significantly in 2023
(1.08). A decrease was also observed in most varieties during the second
harvest. Overall, Bhut Jolokia exhibited the highest CAP/DC ratio in both
years and at both harvest times. In 2023, the ratio decreased for all varieties
compared to the previous year, except for Szegedi 178, where a slight increase
was observed. Statistical analysis of the CAP/DC ratios revealed that
significant differences were found only between varieties, not between years

or harvest times.

Table 5. Changes in the capsaicin to dihydrocapsaicin (CAP/DC) ratio.

Year Harvest Variety CAP/DC
Bhut Jolokia 2,48 + 0,33 AXa

Cserko 1,18+ 0,06 AXb

September 8 [ Rekord 0,98 + 0,07 AXc

Szegedi 178 0,95 + 0,12 AXe

2022 Bhut Jolokia 2,03 £ 0,05 A%a
Cserko 1,13 £0,10 A%

September 20 | Rekord 1,04 + 0,20 AX®

Szegedi 178 0,97 + 0,16 AX®

Bhut Jolokia 1,08 + 0,03 AXa

Cserko 0,58 + 0,04 AXb

August 30 [ Rekord 0,72 +£0,11 AXe

Szegedi 178 0,87 £ 0,12 A%

2023 Bhut Jolokia 1,01 £ 0,08 A%a
Cserko 0,76 £ 0,13 AXeb

September 16 | Rekord 0,84 + 0,10 AX®

Szegedi 178 1,01 £0,11 A%




In Figure 3, it can be clearly observed that some varieties showed
predominantly negative Z-scores (blue color) for most capsaicinoids, meaning
that the content of individual capsaicinoids was lower than the average. This
was especially evident for CAP and DC in the first and second harvests of
2023 for the Rekord and Cserko varieties. In contrast, varieties harvested in
2022 showed higher values (red color) for several capsaicinoids in both
harvests, indicating that these pepper samples had a stronger capsaicinoid
profile. In the Szegedi 178 variety, most of the investigated capsaicinoid

contents were above average.

When comparing individual varieties, it is evident that different years and
harvest times for the same variety also caused variations in the content of
specific capsaicinoids. This suggests that environmental factors (in this case,
weather and harvest timing) significantly influenced the levels of compounds
responsible for pungency even within the same varieties. The results help
highlight how stable or variable a particular capsaicinoid is under different

conditions across different varieties.
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Vitamin C

Regarding vitamin C content, the evaluated genotypes showed significant
differences across years and harvest times (Figure 4). In 2022, during the first
harvest, the highest vitamin C content (4060.67 pg/g) was measured in the
Bhut Jolokia variety, while the lowest (1232.46 pg/g) was observed in the
Cserko6 variety. During the second harvest, an increase in vitamin C content

was observed in all varieties.

In 2023, during the first harvest, the Bhut Jolokia variety exhibited a
significant increase compared to the previous year, showing the highest
vitamin C content (5309.00 pg/g) among the varieties. Under the same
conditions, the Cserkd variety had 2188.13 pg/g, which significantly
decreased compared to the second harvest of the previous year. During the
second harvest of 2023, a decrease in vitamin C content was observed in all
varieties except for Rekord, which showed a significantly higher content

compared to previous harvests.

Examining the effect of meteorological conditions at harvest time, it was
found that all genotypes showed a significant increase in vitamin C
concentration as precipitation also significantly increased (p < 0.01) during
the second harvest of the first growing season. This increase was particularly
notable in the Cserké variety, where vitamin C concentration nearly tripled,

reaching the second-highest level after Bhut Jolokia.
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4. Conclusions and recommendations

Significant differences were observed between the 2022 and 2023 seasons for
total yellow carotenoids. In 2022, the B-carotene content of fruits at the second
harvest was higher than that measured at the first harvest, likely due to abiotic
factors such as air temperature, precipitation, and periods of sunshine, which
aligns with the findings of Duah et al. (2021b). The response of -carotene to
abiotic factors was similar across all cultivars studied, with Szegedi 178
highlighted for showing a 46% increase at the second harvest compared to the

first in 2022.

A similar trend was observed for all A-vitamin precursors. In contrast, during
the 2023 season, an opposite trend was noted for A-vitamin precursor
concentrations: higher values (p <0.01) were recorded at the first harvest than
at the second, supporting the idea that the biosynthesis of major yellow
carotenoids is strongly influenced by the weather conditions prior to harvest.
The largest decrease in A-vitamin precursors (76%) was observed in Cserko,
followed by Szegedi 178 with a 54% decrease, indicating their high sensitivity

to environmental conditions.

Differences among cultivars were also evident in the esterification of
xanthophylls with fatty acids. Yellow xanthophylls were predominantly
present as monoesters. Variations between cultivars are likely due to the effect

of pre-harvest weather on the esterification process.

At the second harvest of the 2022 season, the highest A-provitamin and B-
carotene content was observed in Bhut Jolokia, followed by Szegedi 178.
Consuming 10 g/day of Bhut Jolokia powder corresponds to 380 pg retinol
activity equivalents (RAE).



Similar to yellow xanthophylls, red carotenoids were also present as fatty acid
esters, with diesters predominating. These compounds are responsible for the
red color and its stability in both fresh and processed red pepper products,
consistent with the findings of Jang et al. (2022), who reported that the total
carotenoid content of red peppers is closely correlated with red xanthophyll

levels.

It can be concluded that cooler pre-harvest temperatures and high precipitation
negatively affected the biosynthetic pathway of red pigments (Duah et al.,
2021b). The major groups of red carotenoids tend to vary in parallel with total
visible carotenoids, as red xanthophylls dominate in pepper samples. Since the
levels of red xanthophyll diesters and monoesters mirrored the total red
carotenoid content, it can be expected that products made from Szegedi 178
and Rekord cultivars would have higher shelf-life and marketability than
products from other cultivars. Differences in diester ratios between cultivars
may alter expectations regarding storage stability of products from different
pepper varieties. It was observed that lower precipitation corresponded to
higher red pigment ratios, a finding similar to those of Duah et al. (2021a) and
Rath et al. (2020). The 2022 season’s abiotic factors, such as temperature and
precipitation, appeared ideal for the development of outstanding traits (e.g.,

intense red color and high nutritional value).

Similar to red carotenoids, E-vitamin positively responded (p <0.05) to
decreased precipitation in the second harvest of Szegedi 178 in 2023, likely
due to a shared biochemical pathway for carotenoid and tocopherol
biosynthesis. This trend applied to all E-vitamin components. Interestingly, in
2022, when precipitation was higher, there were no significant differences

between harvests in E-vitamin content among cultivars, except for Cserko,



where vitamin levels significantly decreased (p <0.05) at the second harvest.
These results suggest that the degree of E-vitamin oxidation is independent of
its biosynthesis and is more influenced by genetic factors regulating redox

pathways; responses to abiotic factors differed by genotype.

In 2023, the pre-harvest period was characterized by relatively higher
temperatures (29 °C) and extremely low precipitation (18 mm) compared to
2022. The response of capsaicinoids to weather conditions a few weeks prior
to harvest largely depended on genetic factors. It can be concluded that the
environmental response of pungency-related compounds is strongly
influenced by the interaction of two major abiotic factors: air temperature and
precipitation. Air temperature has been shown to influence the expression of
genes responsible for capsaicin biosynthesis in different pepper cultivars.
Gonzalez-Zamora et al. (2013) reported that increased air temperature elevates
capsaicin and dihydrocapsaicin levels. Yang et al. (2024), reviewing multiple
studies, concluded that high temperatures increased capsaicinoid content in
many, but not all, Capsicum genotypes. In this study, the high capsaicin and
dihydrocapsaicin concentrations measured in 2022, when radiation intensity
and maximum temperatures exceeded 40 °C a few days prior to the first

harvest, support these observations.

Another climatic factor contributing to low capsaicinoid levels in 2023 could
be high precipitation. It has been shown that excessive irrigation or heavy
rainfall can reduce capsaicinoid content in certain genotypes. One analytical
parameter useful for understanding capsaicinoid variation in terms of genetic

variation and climatic changes is the capsaicin/dihydrocapsaicin ratio.

The weather differences between the first and second harvests in 2022 and

2023 did not result in significant changes in this ratio for any genotype studied.



Variation in the capsaicin/dihydrocapsaicin ratio was more closely associated
with pre-harvest precipitation than with air temperature. The results support
the observation that high water availability reduces the activity of enzymes
regulating capsaicinoid biosynthesis in some hot pepper cultivars. The drastic
reduction in precipitation before the second harvest of 2023 resulted in a
significant increase in this ratio compared to the first harvest, confirming that
mild drought (low water availability) favorably affects the activity of
capsaicin-synthesizing enzymes (capsaicin synthase) while partially reducing

dihydrocapsaicin-synthase activity (Ruiz-Lau et al., 2011; Yang et al., 2024).

The results confirm that in highly pungent peppers, C-vitamin biosynthesis is
significantly influenced by increased water availability due to precipitation or
irrigation, whereas in low- to medium-pungency cultivars, reduced water
supply or mild drought promotes C-vitamin accumulation. The positive
correlation between water availability and C-vitamin content does not align
with the earlier findings of Duah et al. (2021b), which suggested an inverse
relationship between water supply and C-vitamin levels. In fact, increased
precipitation leads to higher soil moisture, which has previously been
associated with greater C-vitamin accumulation in chili peppers. In 2022,
exposure to high sunlight intensity, during which air temperatures exceeded
40 °C for several consecutive days, may have contributed to the enhancement

of biochemical factors regulating C-vitamin synthesis.



5. New scientific findings

The content of fat-soluble phytochemicals in hot peppers was
primarily influenced by seasonal variations in weather conditions.
Most yellow xanthophylls were esterified as monoesters. Differences
between cultivars can be attributed to pre-harvest weather effects,
which affected the esterification process.

Genotype had a major effect on carotenoid and tocopherol content.
The results indicated that the degree of E-vitamin oxidation mainly
depends on genetic factors controlling the oxidation-reduction
pathways.

Changes in capsaicinoid and vitamin C content, as well as their
responses to meteorological factors, were significantly influenced not
only by genotype but also by the interaction between genotype and
year effect.

The sensitivity of phytochemical components in hot peppers to year
effects is genotype-dependent; the different precipitation levels
measured during the 2022 and 2023 growing seasons (154 mm and
437 mm, respectively) and the average pre-harvest temperature
(significantly higher in 2023, p <0.05) could induce either favorable

or unfavorable changes.
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