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Abstract: The study aimed to determine the level of selected indicators of nitrogen metabolism in
vegetables from organic (organic food store) and conventional (supermarket and local market) crops.
Nitrates, total chlorophyll content, and the activity of the nitrate biosynthesis pathway enzymes—
nitrate reductase (NR) and glutamine synthetase (GS)—were determined in the leaves of selected
species from different plant families. The research material consisted of dill, carrot, celery, beet, onion,
Chinese and white cabbage, and rocket. The nitrate content was within the permissible limits, except
for vegetables bought at a local market. In most cases, no significant differences in the level of nitrates
between organic and conventional farming were observed. The analyses revealed the highest nitrate
content in dill [2.16 mg x g_l] and the lowest in onions [0.06 mg X g_l] from conventional crops.
The enzyme activities were related to the level of nitrates. The analysed species differed in phenolic
compounds, ascorbate levels, and total antioxidant capacity (TCA). Positive correlations were found
between TCA and antioxidants.

Keywords: nitrates; nitrate reductase; glutamine synthetase; total chlorophyll; phenolic compounds;
ascorbate; total antioxidant capacity; vegetables

1. Introduction

In recent years, organic farming methods have become an increasing competitor to
conventional agriculture. Organic farming is as attractive as traditional farming in many
European regions and countries [1,2]. Organic agriculture uses organic fertilisers, and
diseases and pests are combated with biological preparations, positively affecting the
environment, human health, and biodiversity protection [3-5]. In the case of conventional
methods, it is the pesticides and other chemicals that maximise yields and accelerate plant
growth. According to the available literature, organic food is characterised by a higher
nutritional value and lower levels of nitrates, nitrites, pesticide residues, growth regulators,
antibiotics, or synthetic food additives [6-12].

Excessive accumulation of nitrates in vegetables has been the subject of intensive
research for many years. The amount of nitrogen in plants is mainly influenced by the culti-
vation method and environmental factors. Moreover, the content of nitrates is genetically
controlled and may constitute a characteristic feature of a species or even a variety [13].
Therefore, the nitrate level in nine plant species from different cultivation systems was
determined. Additionally, an attempt was made to understand and compare nitrogen
metabolism based on the measurement of chlorophyll content and the activity of nitrate
reductase (NR) and glutamine synthetase (GS).

Readily available nitrogen from mineral fertilisers can boost plant growth and the
synthesis of nitrogen-containing compounds, but it may also limit the synthesis of carbon-
based compounds, such as secondary metabolites [14]. Conversely, the absence of synthetic
pesticides in organic farming may increase plant sensitivity to pests and pathogen attacks,
thereby reinforcing phenolic compound (Phe) syntheses [15,16]. Their increased content
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is essential for plant defence systems [17-20]. The concentration of phenolic compounds
can be affected by environmental conditions such as light intensity, carbon dioxide levels,
temperature, fertilisation, and biotic and abiotic factors [21].

Phenolic compounds remarkably affect human health [22-25]. They are of great
interest because of their potential role in preventing cancer and heart disease. This role may
be related to their antioxidant activity, which was shown to be higher than ascorbic acid
(AsA) against reactive oxygen species [26]. Usually, plants with higher phenolic compound
quantities prove their increased antioxidant capacity. According to the literature, the results
regarding the antioxidant capacity of vegetables from conventional and organic farming
vary according to plant type and the bioactive compound measured [27-31].

This study aimed to determine the level of selected indicators of nitrogen metabolism
in vegetables from organic (organic food store) and conventional (supermarket and local
market) crops and their antioxidant capacity. Research is being conducted worldwide to
compare the quality of raw materials and products obtained from different cultivation sys-
tems. Constant food monitoring is crucial, regardless of the place of cultivation. Therefore,
the issues discussed in this work seem to be fully justified.

2. Materials and Methods
2.1. The Origin of the Plant Material

The research material consisted of vegetable leaves belonging to the following:

o  celery family Apiaceae:

dill [Anethum graveolens L.]—dill (marking on the charts),
- common carrot [Daucus carota L.]—carrot,

- celery [Apium graveolens L.]—celery,

- parsley [Petroselinum crispum (Mill.)|—parsley,

e amaranth family Amaranthaceae:

- beet [Beta vulgaris L.]—beet,
e amaryllis family Amaryllidaceae:

- spring onions [Allium cepa L.]—onion,
e  cabbage family Brassicaceae:

- Chinese cabbage [Brassica rapa L. var. pekinensis]—ch. cabbage,
- white head cabbage [Brassica oleracea var. capitata L.]|—w. cabbage,
- rocket [Eruca vesicaria subsp. Sativa]—rocket.

The vegetables that were available at retail were purchased in Poznarti (one of the main
cities in western Poland) in the organic food store (required certificates), in the supermarket,
and at the local market (independent agricultural production) at the beginning of July. Each
vegetable sample was randomly sampled from the market shelves, simulating consumer
shopping behaviour. The vegetables were characterised by consumption maturity, i.e., the
samples were fresh, not withered or spoiled. All analyses were performed on fresh material-
leaf blades, ignoring the main vascular bundles in 3-5 independent repetitions. For dill,
celery, parsley, beet, cabbage, and rocket, leaf samples were prepared by cutting discs (J
12 mm) using a cork borer. The number of tissue pieces taken for analysis depended on the
thickness of the tissue leaves. Fennel, carrot, and onion leaves were cut with scissors into
fragments of approx. 12 mm.

2.2. Nitrate Content

The content of nitrates was determined colourimetrically by adding a coloured sub-
stance to the product of the nitration reactions of salicylic acid [32]. The crushed plant
material was placed in glass tubes, poured with 10 cm® of deionised water, and boiled in a
water bath [Labnet] for 20 min in the device. The extracts were transferred to centrifuge
tubes and centrifuged at 4.000 g for 15 min [Beckman J2-HC Centrifuge]. The supernatant
(0.1 cm®) was taken, and 0.4 cm? of 5% salicylic acid (dissolved in concentrated H,SO4) was
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added. At the same time, a reference sample was prepared (distilled water instead of the
extract). After a 20-min incubation in constant humidification, 9.5 cm? of 2 M NaOH was
added to all tubes and cooled in an ice bath. The absorbance of the sample was measured
at a wavelength of 410 nm relative to the reference sample. The content of nitrates was read
from the standard curve prepared for KNO3 and was expressed as micrograms of nitrites
per gram of fresh weight [ug NO;~ X g_1 FWI.

2.3. Nitrate Reductase Activity

The in vivo determination of nitrate reductase (NR) activity was based on Jaworski [33].
Plant tissue fragments (250 mg) were incubated in 50 cm? glass flasks with a glass joint
in 5 cm3 of the incubation mixture into which the enzyme diffused. Enzyme activity was
measured by the number of nitrites formed due to the reduction in nitrates in this mixture
(0.1 M phosphate buffer, pH 7.5; 0.1 M KNO3, 2% propanol). In parallel, flasks with an
incubation mixture without nitrates were prepared. After one hour of incubation at 30 °C,
one cm? of the solution was pipetted into glass tubes, then 1 cm® of SAA (1% sulfanilamide
in 1 M HCI) and 1 cm3 of NED (0.01% N-[1-naphthyl]-ethylenediamine dihydrochloride)
were added. The tubes were left at room temperature for 15-30 min, after which the
absorbance at 540 nm was measured (the reference sample was a control in which the
tested solution was replaced with the incubation mixture). Based on the standard curve
prepared for nitrites [NO, ™ ], the number of nmoles of nitrites formed was calculated. The
NR activity was given as the number of nmoles of the product [NO;~] formed in 1 h per
gram of fresh weight [nmoles NO,~ x h~! x g~ ! FW].

2.4. Glutamine Synthetase Activity

The glutamine synthetase (GS) activity was determined based on Hipkin and Syrret [34].
The measure of enzyme activity is the amount of y-glutamyl hydroxamate formed, which
gives a coloured reaction due to the reaction with the ferrous reagent. Plant material (1 g)
was ground with the addition of 100 mg polyvinylpyrrolidone (PVP) and 3 cm? of cooled
extraction buffer [0.05 M Tris HCI, pH 7.2, containing 10 mM MnCl,, 1 mM dithiothreitol].
The obtained extracts were centrifuged at 15.000 g [Beckman J2-HC Centrifuge] for 15 min
at 4 °C, and then enzyme activity was determined in the supernatants. The following
were pipetted into centrifuge tubes: 0.2 cm? of incubation buffer (0.05 M Tris HC, pH 7.2),
0.2 cm?® of 7.5 mM adenosine diphosphate (ADP), 0.5 cm? of 140 mM glutamine, 0.1 cm?
of 0.3 mM sodium edetate, and 1.0 cm? of extract. The control sample was prepared by
replacing the glutamine solution with the incubation buffer. The samples were initially
incubated for 10 min at 30 °C, then 0.2 cm? of hydroxylamine (10 mM, pH 7.2) was added to
each and set again for 30 min at the same temperature. The reaction was stopped by adding
1 cm? of iron reagent (FeCl, in 4% trichloroacetic acid), and then the samples were cooled
and centrifuged at 10.000 g for 10 min. Enzyme activity was determined in the supernatant
at 500 nm using a reagent sample (2 cm® H,O and 1 cm? iron reagent) as a reference. The
difference between the absorbance of the test sample and the control sample corresponded
to the amount of y-glutamyl hydroxamate read from the standard curve. The activity of the
GS enzyme was expressed in micromoles of y-glutamyl hydroxamate formed within one
hour, converted to g of fresh weight [umoles y-glutamyl hydroxamate x h~! x g=! FW].

2.5. Total Chlorophyll Content

Isolation and quantification of total chlorophyll (a + b) were based on Hiscox and
Israelstram [35]. The crushed plant material (0.250 g) was placed in glass tubes and flooded
with 10 cm® dimethylsulfoxide (DMSO). The samples were incubated for an hour in a
water bath at 65 °C, then the samples were cooled, and the absorbance was measured at
two wavelengths: 649 nm (chlorophyll a) and 665 nm (chlorophyll b). Total chlorophyll
content was calculated according to Arnon’s formula: 7.34 x Aggs + 17.76 X Agag [36]. The
concentration of dyes was expressed in g per 1 cm? of the extract and then converted to a
milligram of fresh weight [mg x g~! FW].



Appl. Sci. 2023,13,11170

40f17

2.6. Phenolic Compound Content

The phenolic content (Phe) was determined with the Folin—Ciocalteu reagent with
some modifications [37]. Methanolic (80%) extracts of leaf samples (0.2 g) were centrifuged
for 30 min at 10.000 g; after that, diluted extracts were mixed with diluted Folin—Ciocalteu
phenol reagent (1:1 with water). The resulting solutions were left to rest for 5 min before
adding 10% Nap,COs. After a 20-min reaction time at room temperature, the intensity of
the blue colour was measured at 660 nm. The total phenolic amount was calculated from
the standard curve (coumaric acid) and expressed in milligrams per gram of fresh weight
[mg x g~ FW].

2.7. Ascorbate Content

The ascorbic acid (AsA) content was determined by the Law et al. [38] and Costa
et al. [39] methods with modifications. Leaves (0.2 g) were homogenised in 5% ice-cold
trichloroacetic acid (TCA), then centrifuged at 17.000 g [Beckman J2-HC Centrifuge] at
4 °C for 20 min. The supernatants were used for the assay. Sodium hydroxide (10 puL, 5 M)
was added to 400 pL of extract, mixed, and centrifuged at 3.500 g [Eppendorf Centrifuge
5415 R] for 2 min at 4 °C. A 100 uL sample of supernatant was added to 100 puL of 0.15 M
NaH,POy buffer, pH 7.4, and 100 pL of water. Samples were vortex-mixed and incubated
at room temperature for 30 s. To each sample, 200 uL of 5% TCA, 200 uL of 44% H3zPOy,
200 pL of 4% bipyridyl in 70% ethanol, and 100 uL of 3% FeClz were added. Samples were
mixed for 30 s at room temperature and then incubated for one hour at 37 °C. This assay is
based on the reduction in Fe** by AsA, followed by complex formation between Fe?* and
bipyridyl that absorbs at 525 nm. The ascorbic acid level was reported on a per-gram fresh
weight basis. The results are given in nmol per gram of fresh weight [nmoles x g~ FW].

2.8. Total Antioxidant Capacity

Total antioxidant capacity (TAC) was measured using the ability of antioxidants
contained in the extract to reduce the cation ABTS+ [2,2-azinobis-[3-ethyl-benzothiazoline-
6-sulphonic acid]] according to the method described by Re et al. [40] and modified by
Bartosz [41]. The ABTS+ solution was prepared by dissolving 19.5 mg of ABTS in 7 mL
of 0.1 M potassium phosphate buffer (pH 7.4) and 3.3 mg of potassium persulfate. After
thoroughly mixing, the solution was left dark for 12 h. Immediately before the determi-
nation, the ABTS+ solution was diluted with 0.1 M potassium phosphate buffer, pH 7.4,
so absorbance at wavelength 414 nm was 1.0. To determine TAC, 500 mg of plant mate-
rial was homogenised in 5% trichloroacetic acid (TCA). Next, samples were centrifuged
at 15.000 x g for 30 min at 4 °C. The cuvette contained 1.9 mL of diluted ABTS+, and ab-
sorbance (A0) was measured at a wavelength of 414 nm, and then 100 pL of the extract was
added. Absorbance was measured again after 10 s (A1). TAC dependent on fast antioxidant
(ascorbic acid or glutathione) As = A1 — A0 was calculated. The calibration curve was
plotted by adding to the diluted ABTS+, followed by 5 puL portions of 1 mM Trolox, and
measuring the gradual decrease in absorbance. The final result of TAC was expressed as
umol Trolox per gram of fresh weight [umol Trolox x g_1 FWI.

All determinations were made spectrophotometrically [Jasco V-530 UV—VIS] in the
Jasco—Quantitative Analysis computer program.

2.9. Statistical Analyses

Results were subjected to statistical analysis of variance (ANOVA) and Tukey’s HSD
multiple range test using the STATISTICA 13.3 package [Stat-Soft Inc., Tulsa, OK, USA].
Moreover, linear regression was determined for the relationship between nitrate reductase
(NR) and glutamine synthetase (GS) activity and nitrate accumulation. Pearson’s correlation
analysis was performed for all physiological parameters. Additionally, the p-value was
determined to assess whether the correlation was statistically significant. The results
of Pearson coefficients () and p values (p) were tabulated. Correlation coefficients are
significant at p < 0.05.
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3. Results and Discussion
3.1. Nitrate Content

The issue of excessive accumulation of nitrates in plants has been the subject of inten-
sive research worldwide for several decades. Nitrates are essential for plants because they
are a nitrogen source and a building block of proteins. Specific amounts of nitrates in plants
are related to the natural nitrogen cycle in nature [42]. Unfortunately, the intensification
of plant production causes an excessive transfer of these compounds from the soil to the
plants. When plants receive too much nitrogen from artificial or organic fertilisers, they
cannot use it and store it as nitrites [43].

Consumption of vegetables with excess nitrates does not pose a severe threat to
humans because these compounds are absorbed relatively quickly from the digestive tract
and excreted from the body unchanged [43]. The harmfulness of nitrates increases after a
reduction in nitrites, which occurs during processes occurring after harvesting vegetables
and in the digestive tract [44,45].

The results of nitrate determinations in various types of vegetables are widely pre-
sented in the literature, which indicates a considerable scale of exceedances of permissible
standards [45-47]. Polish standards regarding nitrate content for the analysed vegetables
are, respectively, [0.4 mg x g~1] for carrots, parsley, and celery, [0.75 mg x g~'] for cabbage,
onion, and rocket, and [1.5 mg x g_l] for dill and beet [46,48]. Considering the above crite-
ria, it can be concluded that the content of nitrogen compounds was within the permissible
limits, except for carrots, celery, parsley, and dill bought in a local market, representing the
Apiaceae family [Figure 1A]. The analyses carried out revealed the highest nitrate content
in dill [2.16 mg x g~ '] and the lowest in onions [0.06 mg x g~!] from conventional crops
(local market). In the case of cabbage family vegetables, the lowest nitrate content was
recorded for plants from independent agriculture production (local market).

Of course, it should be remembered that the distribution of various compounds in
plants changes during the growing season. Their concentration in different parts of plants
also varies. Moreover, the taller the plants, the fewer nitrates are typically found [49]. For
example, the results obtained for beet do not coincide with the data of other authors, who
classified beet as a vegetable with an exceptionally high nitrate content [42,46,47,50]. The
nitrate levels in all these studies are much higher than the results obtained in this study
because nitrate accumulation was examined only in the root. According to Krezel [51] and
in subsequent studies by Krezel and Kolota [52], several times higher amounts of these
compounds are collected than in the leaves. It is generally known that vegetables with
edible roots, stems, and leaves have more nitrates than vegetables with edible fruit [53].
It has been shown that nitrate concentrations differ between edible plant parts [54]. The
nitrate content decreases in the following order: leaf > stem > root > inflorescence > tuber >
fruit > seeds [50]. The results of other authors quoted and discussed in the work usually
concern the root part, which was not examined in this study.

It should be noted that the exact determination of the nitrate content in vegetables
is complicated because it is determined by various factors acting simultaneously [55-57].
It turns out that the same vegetable, grown in a different place, may differ significantly
in terms of nitrate concentration. The factors influencing their level include region and
growing conditions, such as season, growth temperature, humidity, pH, and soil composi-
tion, including the content of microelements [58]. The plant’s age and thermal treatment
method have a significant impact, as mentioned in [45,59] and the works cited therein. The
study examined young vegetables purchased in the spring and summer. Young plants
are characterised by many of these compounds (in young leaves, their level may exceed
even 1% of dry weight). Higher nitrate accumulation is typical for early varieties and
plant species with a shorter vegetation period [44,50]. Additionally, younger leaves are
characterised by a lower nitrate content than older leaves because nitrate reductase activity
decreases with the age of the plant [60].
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Figure 1. Nitrate content (A), nitrate reductase (B), and glutamine synthetase (C) activities in the
leaves of selected plant species from organic and conventional crops. The permissible standards for
nitrate content in Poland are marked with horizontal lines: red [0.4 mg x g~'], green [0.75 mg x g~1],
blue [1.5 mg x g~']. Means with the same letter are not significantly different (p < 0.05, ANOVA
followed by Tukey HSD test).
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Differences in nitrate accumulation may also result from harvest time, growing season,
and storage time [59,61,62]. It is believed that excessive accumulation of nitrates is charac-
teristic of plant species with a shorter vegetation period or which are early varieties [63].
During storage, a gradual decrease in nitrates is observed, and delaying harvesting favours
a reduction in their content [64].

It has been shown that the ability to accumulate nitrogen compounds may be ge-
netically determined and is a characteristic feature of a given species or variety of veg-
etables [65]. The cultivation system, the nature of the farm, and the doses and types of
fertilisers used are also important. When fertilising plants, the total nitrogen doses recom-
mended in integrated production should be observed, and nitrogen fertilisation should not
be applied too late in the growing season [66—69].

In the case of dill, parsley, and celery, the nitrate content in conventionally grown
vegetables was higher than in organic vegetables. Still, these changes were not significant
for parsley and celery. The exception is carrots, where a more substantial accumulation of ni-
trates was recorded in the leaves of plants from organic farming. Similar relationships were
observed in beet and onion leaves. In general, the level of nitrates in plants of the Apiaceae
family was 3-4 times higher than other families, regardless of the crop kind. For example,
for dill from the Apiaceae family, the highest nitrate values were recorded for the local mar-
ket [2.16 mg x g~!], while the lowest was for plants from organic farming [0.65 mg x g~!].
However, lower values were recorded for Chinese cabbage, a representative of the Brassi-
caceae family: local market [0.13 mg x g~!] and organic food store [0.29 mg x g~!]. The
content of nitrates depended on species but did not depend on the cultivation system
[Table 1]. The nitrate content of the analysed plant species was found to have no significant
effect on the remaining analysed parameters, as evidenced by p values [Table 2].

Table 1. Summary of ANOVA results for physiological parameters by species and cultivation system.

L Nitrate Nitrate Reductase
(A) Source of Variation
d.f. F 4 d.f. F 4
Species (S) 8 91.557 <0.0001 8 246.116 <0.0001
Cultivation (C) 2 1.451 NS 2 9.816 <0.0001
SxC 16 10.013 <0.0001 16 75.976 <0.0001
Error 54 111
L Glutamine Synthetase Total Chlorophyll
(B) Source of Variation
d.f. F y d.f. F 4
Species (S) 8 38.898 <0.0001 8 70.755 <0.0001
Cultivation (C) 2 4.407 0.0153 2 73.39 <0.0001
SxC 16 53.052 <0.0001 16 25.106 <0.0001
Error 81 54
NS—non-significant.
Table 2. Results of the Pearson coefficient (r) and p-value between physiological parameters. Correla-
tion coefficients are significant at p < 0.05 (data marked in grey).
Variable Nitrate Nitrate Glutamine Total Phenolic Ascorbate Total
Reductase Synthetase Chlorophyll Compounds Antioxidant Capacity
N = 81 (exception correlation between enzyme activities N = 106)
itrat . r=—0.0182 0.1669 0.1415 —0.1155 0.0045 0.036
rutrate p=0872 0.137 0.208 0.305 0.968 0.749
. d . . r=0.4669 —0.0308 0.0251 —0.116 0.0342
nitrate reductase p =0.000 0.785 0.824 0918 0.762
Iufamine svnfhetase 7=00473 0.0084 —0.1358 0.0173
& Y p =0.675 0.941 0.227 0.878
7= —03617 —0.3065 —0.3182
total chlorophyll p =0.001 0.005 0.004
phenolic compounds - - - - - r =_0'8317 et
p =0.00 0.00
. r=0.8981
ascorbate p =0.00

t. antioxidant capacity
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3.2. Nitrate Reductase Activity

The nitrate content in plants usually depends on the activity of two reducing enzymes:
nitrate reductase (NR) and nitrite reductase (NiR). It was found that both enzymes are
induced by the presence of nitrate ions in the environment [70-73], and light is necessary
to obtain maximum activity [44,74]. Plants grown in low-light conditions tend to have
low levels of nitrate reductase. Notably, leaf nitrate reductase activity in the daily cycle
often decreases as the day progresses, which may reflect its degradation and/or synthesis
blockade [75]. Thanks to NR, inorganic forms of nitrogen are effectively incorporated into
organic compounds [76].

In the case of dill, celery, parsley, and beet, the enzyme activity in conventionally grown
vegetables was significantly higher than in organic vegetables [Figure 1B], as shown: dill (local
market—71.5 nmoles NO,~ x h™! x g=! FW; organic food store—13.38 nmoles
NO,~ x h™! x g=! FW), celery (local market—64.47 nmoles NO, ~ x h~! x g~ FW; organic
food store—12.83 nmoles NO,~ x h™! x g~! FW), parsley (local market—138.15 nmoles
NO,~ x h™! x g~! FW; organic food store—9.88 nmoles NO,~ x h~! x g~ FW), beet
(local market—37.56 nmoles NO,~ x h™! x g’1 FW; organic food store—11.58 nmoles
NO,~ x h™! x g~! FW). This enzyme is considered an adaptive enzyme, so its lower
activity in organic vegetables, where there should be fewer nitrates, is understandable.
Only carrots and onions from an organic farm were characterised by higher enzyme activity
than conventional farming vegetables. What is extremely surprising is the very high NR
activity concerning the amount of determined nitrates in the case of onions. The literature
data indicate that NR gene expression may also occur after depleting nitrogen sources [72].
The presence of nitrates is not an absolute condition for increased expression of the NR
gene. Some available data indicate that tiny amounts of nitrate are sufficient to induce the
enzyme [71,72]. Moreover, it is known that in the daily cycle, nitrate reductase activity in
leaves often decreases as the day progresses, which may reflect its degradation and/or
blocking of its synthesis [75].

The negative correlation between nitrate reductase activity and nitrate levels is pre-
sented in Figure 2. A linear correlation coefficient value close to 0 (r = —0.0182) does not
always mean the absence of any correlation, only the lack of linear correlation [Table 2].
The most important thing is the significance of the correlation, which in this case is not
significant (p = 0.0892).

280
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g .
e
8 2 160
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=
T x A
g o 120 4
(7] o
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=R 80 N A l--
£ b AT 4
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40 4 A _Acmmmm e A A A
————— Iy A, Y Yt R
Y R Py et o
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nitrates [mg NO; x g ™ FW]

Figure 2. The relationship between nitrate accumulation and nitrate reductase activity.
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3.3. Glutamine Synthetase Activity

Thanks to the activity of nitrate reductase and nitrite reductase, nitrates are reduced
to ammonium ions, which are then incorporated into nitrogenous organic compounds.
Ammonium ions can be built into amino acids with the participation of glutamate dehy-
drogenase or in a cycle catalysed by glutamine synthetase (GS) and glutamate synthase
(GOGAT) [77-79]. As part of this study, the activity of glutamine synthetase (GS) was
determined in all cases. The results indicate increased enzyme activity in celery vegetables
(dill, celery, and parsley) from conventional cultivation, which is associated with a higher
level of nitrates in these tissues [Figure 1C]. In contrast to nitrate reductase activity, the
positive correlation between glutamine synthetase activity and nitrate levels is presented
Figure 3. No linear relationship was observed (r = 0.1669). Moreover, the correlation’s
significance was insignificant [Table 2].

280
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glutamine synthetase
® N >
o o o
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o

[umoles y-glutamyl hydroxamate x h™ x g™ FW]
o

0.0 0.4 0.8 1.2 1.6 2.0 24
nitrates [mg NO; x g 1 FW]

Figure 3. The relationship between nitrate accumulation and glutamine synthetase activity.

The opposite was true for carrots, beets, and onions, where higher activity was
recorded for organic vegetables. The most significant differences in GS activity due to
the place of purchase of vegetables were recorded for carrots. The enzyme activity in
carrots from conventional cultivation was 20 times higher than the activity of vegetables
bought at the market and 5 times higher than the enzyme activity in organically grown
vegetables. The enzyme activity was as follows: in the organic food store [48.23 umoles
v-glutamyl hydroxamate x h=! x g~! FW], in the supermarket [9.58 umoles y-glutamyl
hydroxamate x h™! x g~! FW], and at the local market [2.47 umoles y-glutamyl hydroxa-
mate x h~! x g~! FW]. In the case of beet and onion leaves, no significant differences in
enzyme activity were observed due to the origin of the research plant material [Figure 1C].
The activity of both enzymes (NR) and (GS) depended on species and cultivation system
[Table 1]. Positive correlations were found between nitrate synthase activity and glutamine
synthetase activity [Table 2]. Moreover, the results were statistically significant (p < 0.05).

3.4. Total Chlorophyll Content

Chlorophyll is commonly found in vegetables, especially leafy ones. It also occurs
in other green parts of plants exposed to light [80]. The dye obtained from plants synthe-
sises haemoglobin and reduces cancer incidence with parallel exposure to carcinogenic
compounds [81,82]. Its chemopreventive effect was also found with relatively low doses
of carcinogens in the diet and high chlorophyll intake [83,84]. The level of chlorophyll in
the leaves of the tested plants is shown in Figure 4. The lowest levels of chlorophyll were
recorded for white and Chinese cabbage, which is related to the natural colour of these
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vegetables (light green). Total chlorophyll content depended on species and cultivation
system [Table 1]. A positive correlation was found between total chlorophyll content and
total antioxidant capacity, phenolic compounds, and ascorbate content [Table 2]. Moreover,
the results were statistically significant (p < 0.05).

m
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Figure 4. Total chlorophyll content in the leaves of selected plant species from organic and conven-
tional crops. Means with the same letter are not significantly different (p < 0.05, ANOVA followed by
Tukey HSD test).
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w. cabbage

It is generally known that the chloroplast pigment content in plants increases with
increasing nitrogen fertilisation levels [85]. Therefore, it depends on the nitrogen level. Ex-
cess nitrogen increases the production of chloroplasts in plant cells [86], while in conditions
of its deficiency, the number of chloroplasts decreases [14]. In an ecological system, i.e.,
in an environment low in easily assimilable nitrogen, plants should intensively produce
nitrogen-free pigments other than chlorophyll [87]. Unfortunately, our research is contrary.
The organic celery family, beet, and onion recorded the highest total chlorophyll levels. The
exception was parsley leaves, where vegetables from organic farming contained a smaller
amount of this valuable ingredient. These results contrast the research of Wieczorek and
Wieczorek [88] on eco-parsley from spring crops (May-June).

3.5. Phenolic Compound Content

Recent research studies have demonstrated that organic fruits and vegetables contain
a wide variety of phenolic compounds and antioxidants, which could help enhance human
immunity, eliminate free radicals, and have positive functions in anti-cancer immunomod-
ulation [89-92]. Our results showed that the content of phenolic compounds remained
at a higher level in the case of vegetables from the organic production system and local
market compared to vegetables from the supermarket. This relationship was noted for dill,
celery, Chinese and white cabbage, and rocket [Figure 5A]. It is known that the phenolic
compound content is highly dependent on the cultivar and farming conditions [92]. In our
research, phenolic compound content also depended on species and cultivation system
[Table 3].
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Figure 5. Phenolic compound content (A), ascorbate content (B), and total antioxidant capacity (C) in
the leaves of selected plant species from organic and conventional crops. Means with the same letter
are not significantly different (p < 0.05, ANOVA followed by Tukey HSD test).
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Table 3. Summary of ANOVA results for physiological parameters by species and cultivation system.

Phenolic Compounds Ascorbate Total Antioxidant Capacity
(C) Source of Variation
d.f. F 4 d.f. F 4 d.f. F p
Species (S) 8 170.24 <0.0001 8 176.275 < 0.0001 8 90.062 <0.0001
Cultivation (C) 2 12.499 <0.0001 2 35.823  <0.0001 2 15.414 <0.0001
SxC 16 4.258 <0.0001 16 6.456 <0.0001 16 4.993 <0.0001
Error 54 54 54

NS—non-significant.

Compared with conventional foods, organic vegetables generally have a lower con-
tent of macronutrients (especially proteins) and a higher secondary metabolite concentra-
tion [27]. This may be the reason for the greater exposure of organic crops to nutritional
stress as well as diseases and pests, which are a consequence of the ban on the use of
pesticides and chemical fertilisers [93]. Studies on the effects of genotype and the kind of
wheat cultivation system on nutritional quality have confirmed that these factors affect
phenolic compound content [94]. Moreover, phenolic compounds’ quantitative and qualita-
tive composition significantly depended on the variability of environmental conditions,
such as location or weather. Organic wheat yielded less than conventional wheat due to
the nitrogen shortage.

3.6. Ascorbate Content

The ascorbate (AsA) level was also measured [Figure 5B]. The AsA content was pre-
dominantly higher and statistically significant in cruciferous and celery vegetables from
the organic production system than in vegetables from conventional cultivation. The AsA
content depends on plant variety, ripeness, growing conditions, and harvest time. These
factors could lead to significant variations in results, both between studies and within
studies [95]. In our research, ascorbate content also depended on species and cultivation
systems [Table 3]. Ascorbic acid is one of the least durable vitamins and is very sensitive to
storage and processing processes [96]. A relationship was found between the soil’s nitrogen
[N] content and the AsA level. The accumulation of ascorbic acid increases whenever
the nitrogen available in the ground is low [97]. Zhang et al. [98] point to the critical role
of N-level optimisation to maximise vitamin C content and provide a better understand-
ing of the maturity stage-dependent N regulation on vitamin C anabolism. Generally,
high nitrate provision also triggers the ascorbate—glutathione cycle gene expression [99].
The organic production system’s research results regarding celery and parsley confirm
the above relationship [Figures 1A and 5B]. Importantly, in most of the tested vegetable
species (except carrot, celery, and rocket), the AsA level was significantly higher in veg-
etables from the organic production system. Additionally, the highest level of ascorbate
[82.39 nmoles x g~! FW] was recorded for organically grown parsley [Figure 5B].

3.7. Total Antioxidant Capacity

Typical antioxidants, such as ascorbate or glutathione, react very rapidly with ABTS+.
Measuring the decrease in absorbance of the solution containing the extract after a very
short time (10 s) is a measure of the antioxidant contents in a sample. Other substances
(residues of tyrosine and tryptophan in proteins) react more slowly. We must stress the
higher TAC, dependent on the pool of fast antioxidants in dill, parsley, beet, onion, ch.
cabbage, w. cabbage, and rocket from an organic production system compared to vegetables
from conventional cultivation [Figure 5C]. Similarly to the AsA level, the highest TAC
value was obtained for organically grown parsley from the celery family [31.03 pmol
Trolox x g’1 FW] and w. cabbage from the cabbage family [29.51 umol Trolox X g’1 FW].
Importantly, in the case of AsA, Phe, and TAC levels, a similar relationship was noted in
most of the tested vegetable species, i.e., higher levels of the tested indicators in organic
farming than in vegetables from conventional farming [Figure 5A—C]. Studies comparing
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products grown organically and conventionally appear to confirm the advantage of organic
crops in terms of antioxidant properties [30]. Based on the results obtained, we can
suggest that the cultivation system differently affects the level of phenolic compounds
and antioxidant capacity depending on the examined vegetable species. In our research,
total antioxidant capacity depended on species and cultivation system [Table 3]. Moreover,
positive correlations were found between total antioxidant capacity and antioxidants, such
as ascorbate and phenolic compounds [Table 2]. These results were statistically significant,
as evidenced by p < 0.05.

There has been a growing trend to consume organic food instead of conventional food
in recent years. The increased interest is associated with potential adverse health effects
from consuming pesticides, fertilisers, hormones, and antibiotics commonly used in food
production. However, environmental contamination is possible for both conventional and
organic crops [29]. It turns out that the presence of anthropogenic pollution sources is a
crucial issue affecting the occurrence of environmental pollutants in food, regardless of
their origin. An extensive review of comparative studies of environmental contaminants,
such as dioxins, mycotoxins, polychlorinated biphenyls, polycyclic aromatic hydrocarbons,
or trace elements in plants from both types of crops, evidences this. These results emphasise
the need to constantly monitor the plant growth environment [100].

4. Conclusions

Nowadays, consumers are very concerned about food quality, nutritional composition,
and the positive impact of their food on health. In this context, the preference for and
consumption of organic products are increasing worldwide. Especially in developed coun-
tries, there is a much faster development of organic production compared to conventional
production. The organic food market in Poland is also developing dynamically (10-20% per
year). Our research confirmed that the tested vegetables’ nitrogen metabolism and an-
tioxidant capacity are influenced by more than just the cultivation method (ecological
or conventional). The ambiguity of the obtained results may indicate that antioxidant
properties and nitrogen metabolism depend largely on the cultivation system, the plant
species, the examined organ, and environmental factors. It has been shown that changes in
the level of the tested parameters are characteristic of a specific vegetable species. Most veg-
etable species were characterised by different antioxidant activities, which were influenced
by various antioxidant components, such as vitamin C or phenolic compounds. When
comparing vegetables from both types of agriculture, many statistical differences were ob-
served in terms of the tested parameters. It is worth emphasising that in most of the tested
vegetables in the celery and cabbage families, higher levels of AsA and TAC were recorded
in organic vegetables compared to conventional ones. It can, therefore, be concluded that
organic cultivation may be a suitable method of increasing the concentration of bioactive
compounds with antioxidant properties in vegetables. Undoubtedly, extended research
should be carried out to prove the superiority of the organic system over the conventional
one because assessing the effects of organic farming is not easy and unambiguous.

Author Contributions: T.C. and M.E-L.—investigation and formal analysis, methodology, manuscript
preparation; T.C.—data visualisation, statistical analyses. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

1. IFOAM. Consolidated Annual Report of IFOAM-Organics International; IFOAM: Bonn, Germany, 2018.



Appl. Sci. 2023,13,11170 14 of 17

10.

11.

12.

13.

14.

15.
16.

17.
18.

19.

20.
21.
22.
23.
24.
25.

26.

27.

28.

29.

30.

Willer, H.; Lernoud, J. The World of Organic Agriculture. Statistics and Emerging Trends; Research Institute of Organic Agriculture
(FiBL) & IFOAM-Organics International: Frick, Switzerland, 2017.

Hurtado-Barroso, S.; Tresserra-Rimbau, A.; Vallverdu-Queralt, A.; Lamuela-Raventos, R.M. Organic food and the impact on
human health. Crit. Rev. Food Sci. Nutr. 2017, 59, 704-714. [CrossRef]

Apaolaza, V.,; Hartmann, P.; D’Souza, C.; Lépez, C.M. Eat organic-Feel good? The relationship between organic food consumption,
health concern and subjective wellbeing. Food Qual. Prefer. 2018, 63, 51-62. [CrossRef]

Vigar, V.; Myers, S.; Oliver, C.; Arellano, J.; Robinson, S.; Leifert, C. A Systematic Review of Organic Versus Conventional Food
Consumption: Is There a Measurable Benefit on Human Health? Nutrients 2020, 12, 7. [CrossRef] [PubMed]

Gyoréné, K.G.; Varga, A.; Lugasi, A. A comparison of chemical composition and nutritional value of organically and convention-
ally grown plant derived foods. Orv. Hetil. 2006, 147, 2081-2090.

Palupi, E.; Jayanegara, A.; Ploeger, A.; Kahl, J]. Comparison of nutritional quality between conventional and organic dairy
products: A meta-analysis. J. Sci. Food Agric. 2012, 92, 2774-2781. [CrossRef] [PubMed]

Smith-Spangler, C.; Brandeau, M.L.; Hunter, G.E.; Clay Bavinger, ].; Pearson, M.; Eschbach, PJ.; Sundaram, V.; Liu, H.; Schirmer,
P; Stave, C.; et al. Are organic foods safer or healthier than conventional alternatives? A systematic review. Ann. Intern. Med.
2012, 157, 348-366. [CrossRef]

Barariski, M.; Srednicka-Tober, D.; Volakakis, N.; Seal, C.; Sanderson, R.; Stewart, G.B.; Benbrook, C.; Biavati, B.; Markellou, E.;
Giotis, C.; et al. Higher antioxidant and lower cadmium concentrations and lower incidence of pesticide residues in organically
grown crops: A systematic literature review and meta-analyses. Br. . Nutr. 2014, 112, 794-811. [CrossRef] [PubMed]
Brantseeter, A.L.; Ydersbond, T.A.; Hoppin, J.A.; Haugen, M.; Meltzer, H.M. Organic food in the diet: Exposure and health
implications. Annu. Rev. Public Health 2017, 38, 295-313. [CrossRef] [PubMed]

Mie, A.; Andersen, H.R.; Gunnarsson, S.; Kahl, J.; Kesse-Guyot, E.; Rembiatkowska, E.; Quaglio, G.; Grandjean, P. Human health
implications of organic food and organic agriculture: A comprehensive review. Environ. Health 2017, 16, 111. [CrossRef]
Gonzélez, N.; Marques, M.; Nadal, M.; Domingo, J.L. Occurrence of environmental pollutants in foodstuffs: A review of organic
vs. conventional food. Food Chem. Toxicol. 2019, 125, 370-375. [CrossRef]

Rathke, G.W.; Behrens, T.; Diepenbrock, W. Integrated nitrogen management strategies to improve seed yield, oil content and
nitrogen efficiency of winter oilseed rape (Brassica napus L.): A review. Agric. Ecosyst. Environ. 2006, 117, 80-108. [CrossRef]
Brandt, K.; Melgaard, J.P. Organic agriculture: Does it enhance or reduce the nutritional value of plant foods? J. Sci. Food Agric.
2001, 81, 924-931. [CrossRef]

Winter, C.K,; Davis, S.F. Organic food. J. Food Sci. 2006, 71, 117-124. [CrossRef]

Hallmann, E.; Rembiatkowska, E. Characterisation of antioxidant compounds in sweet bell pepper (Capsicum annuum L.) under
organic and conventional growing systems. J. Sci. Food Agric. 2012, 92, 2409-2415. [CrossRef]

Dixon, R.A. Natural products and plant disease resistance. Nature 2001, 411, 843-847. [CrossRef]

Wallis, C.M.; Galarneau, E.R.A. Phenolic compound induction in plant-microbe and plant-insect interactions: A meta-analysis.
Front. Plant Sci. 2020, 11, 580753. [CrossRef]

Chowdbhary, V.; Alooparampil, S.; Pandya, R.V.; Tank, ].G. Physiological function of phenolic compounds in plant defense system.
In Phenolic Compounds—Chemistry, Synthesis, Diversity, Non-Conventional Industrial, Pharmaceutical and Therapeutic Applications;
IntechOpen: Rijeka, Croatia, 2021.

Vibhakar, C.; Sheena, A.; Rohan, V.P; Jigna, G.T. Physiological Function of Phenolic Compounds in Plant Defense System; IntechOpen:
Rijeka, Croatia, 2021; pp. 185-205.

Fine, PV.A.; Miller, Z.].; Mesones, L; Irazuzta, S.; Appel, HM.; Stevens, M.H.H. The growth defense tradeoff and habitat
specialisation by plants in Amazonian forest. Ecology 2006, 87, 150-162. [CrossRef]

Yamamoto, Y.; Gaynor, R.B. Therapeutic potential of inhibition of the NF-JB pathway in the treatment of inflammation and cancer.
J. Clin. Investig. 2001, 107, 135-142. [CrossRef] [PubMed]

Cushnie, T.P.T.; Lamb, A.J. Antimicrobial activity of flavonoids. Int. J. Antimicrob. Agents. 2005, 26, 343-356. [CrossRef] [PubMed]
Shahidi, F.; Wanasundara, P.K. Phenolic antioxidants. Crit. Rev. Food Sci. Nutr. 1992, 32, 67-103. [CrossRef] [PubMed]
Migliaccio, S.; Anderson, J.B. Isoflavones and skeletal health: Are these molecules ready for clinical application. Osteoporos. Int.
2003, 14, 361-368.

Abad-Garcia, B.; Berrueta, L.A.; Garmon-Lobato, S.; Gallo, B.; Vicente, F. A general analytical strategy for the characterisation
of phenolic compounds in fruit juices by high-performnace liquid chromatography with diode array detection coupled to
electrospray ionisation and triple quadrupole mass spectrometry. J. Chromatol. 2009, 1216, 5398-5415. [CrossRef]

Faller, A.L.K.; Fialho, E.EN.U. Polyphenol content and antioxidant capacity in organic and conventional plant foods. J. Food
Compos. Anal. 2010, 23, 561-568. [CrossRef]

de Oliveira Pereira, F.; dos Santos Pereira, R.; de Souza Rosa, L.; Teodoro, A.J. Organic and conventional vegetables: Comparison
of the physical and chemical characteristics and antioxidant activity. Afr. J. Biotechnol. 2016, 15, 1746-1754.

Ren, E; Reilly, K.; Kerry, ].P; Gaffney, M.; Hossain, M.; Rai, D.K. Higher antioxidant activity, total flavonols, and specific quercetin
glucosides in two different onion (Allium cepa L.) varieties grown under organic production: Results from a 6-year field study. J.
Agric. Food Chem. 2017, 65, 5122-5132. [CrossRef] [PubMed]

Basay, S.; Cimen, A.; Baba, Y.; Yildirim, A.B.; Turker, A.U. Organic and conventional solanaceous vegetables: Comparison of
phenolic constituents, antioxidant and antibacterial potentials. Acta Aliment. 2021, 50, 442-452. [CrossRef]


https://doi.org/10.1080/10408398.2017.1394815
https://doi.org/10.1016/j.foodqual.2017.07.011
https://doi.org/10.3390/nu12010007
https://www.ncbi.nlm.nih.gov/pubmed/31861431
https://doi.org/10.1002/jsfa.5639
https://www.ncbi.nlm.nih.gov/pubmed/22430502
https://doi.org/10.7326/0003-4819-157-5-201209040-00007
https://doi.org/10.1017/S0007114514001366
https://www.ncbi.nlm.nih.gov/pubmed/24968103
https://doi.org/10.1146/annurev-publhealth-031816-044437
https://www.ncbi.nlm.nih.gov/pubmed/27992727
https://doi.org/10.1186/s12940-017-0315-4
https://doi.org/10.1016/j.fct.2019.01.021
https://doi.org/10.1016/j.agee.2006.04.006
https://doi.org/10.1002/jsfa.903
https://doi.org/10.1111/j.1750-3841.2006.00196.x
https://doi.org/10.1002/jsfa.5624
https://doi.org/10.1038/35081178
https://doi.org/10.3389/fpls.2020.580753
https://doi.org/10.1890/0012-9658(2006)87[150:TGTAHS]2.0.CO;2
https://doi.org/10.1172/JCI11914
https://www.ncbi.nlm.nih.gov/pubmed/11160126
https://doi.org/10.1016/j.ijantimicag.2005.09.002
https://www.ncbi.nlm.nih.gov/pubmed/16323269
https://doi.org/10.1080/10408399209527581
https://www.ncbi.nlm.nih.gov/pubmed/1290586
https://doi.org/10.1016/j.chroma.2009.05.039
https://doi.org/10.1016/j.jfca.2010.01.003
https://doi.org/10.1021/acs.jafc.7b01352
https://www.ncbi.nlm.nih.gov/pubmed/28612608
https://doi.org/10.1556/066.2021.00085

Appl. Sci. 2023,13,11170 15 of 17

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Czech, A.; Szmigielski, M.; Sembratowicz, I. Nutritional value and antioxidant capacity of organic and conventional vegetables of
the genus Allium. Sci. Rep. 2022, 12, 18713. [CrossRef] [PubMed]

Cataldo, D.A.; Haroon, M.; Schrader, L.E.; Youngs, V.L. Rapid colorimetric determination of nitrate in plant tissue by nitration of
salicylic acid. Commun. Soil Sci. Plant Anal. 1975, 6, 71-80. [CrossRef]

Jaworski, E.G. Nitrate reductase assay in intact plant tissues. Biochem. Biophys. Res. Commun. 1971, 43, 1274-1279. [CrossRef]
Hipkin, C.; Syrret, PJ. Some effects of nitrogen-starvation on nitrogen and carbohydrate metabolism in Ankistrodesmus brauni.
Planta 1977, 133, 209-214. [CrossRef]

Hiscox, ].D.; Israelstram, G.F. A method for the extraction of chlorophyll from leaf tissue without maceration. Can. J. Bot. 1979, 57,
1332-1334. [CrossRef]

Wellburn, A.R. The spectral determination of chlorophylls a and b, as well as total carotenoids, using various solvents with
spectrophotometers of different resolution. J. Plant Physiol. 1994, 144, 307-313. [CrossRef]

Singleton, V.L.; Rossi, ]J.A. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol.
Vitic. 1965, 16, 144-158. [CrossRef]

Law, M.Y;; Charles, S.A.; Halliwell, B. Glutathione and ascorbic acid in spinach (Spinacia oleracea) chloroplasts. The effect of
hydrogen peroxide and of paraquat. Biochem. J. 1983, 210, 899-903. [PubMed]

Costa, H.; Gallego, S.M.; Tomaro, M.L. Effect of UV-B radiation on antioxidant defense system in sunflower cotyledons. Plant Sci.
2002, 162, 939-945. [CrossRef]

Re, R;; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS
radical cation decolorisation assay. Free Radic. Biol. Med. 1999, 26, 1231-1237. [CrossRef] [PubMed]

Bartosz, G. Druga Twarz Tlenu; Naukowe PWN: Wydaw, Poland, 1995.

Gajewska, M.; Czajkowska, A.; Bartodziejska, B. Zawartos¢ azotanéw (III) i (V) w wybranych warzywach dostepnych w handlu
detalicznym regionu 16dzkiego. Ochr. Sr. I Zasobéw Nat. 2009, 40, 388-395.

Nieweczas, J.; Kamionowska, M.; Mitek, M. Zawarto$¢ azotanéw (III) i (V) w owocach nowych odmian dyni olbrzymiej (Cucurbita
maxima). Zywnosfé Nauka Technol. Jakosé 2006, 2, 238-245.

Wojciechowska, R. Akumulacja azotanéw a jakos¢ produktéw rolniczych. In W: Ochrona Srodowiska Naturalnego w XXI Wieku—
Nowe Wyzwania i Zagrozenia; Wiech, K., Klokoczka, H., Kaszycki, P., Eds.; Politechnika Koszalifiska: Krakéw, Poland, 2005; pp.
21-27.

Grudziriska, M.; Zgorska, K. Wptyw obrobki wstepnej oraz metod gotowania na zawarto$¢ azotanéw w warzywach. Rocz. Ochr.
Sr. 2005, 7, 233-241.

Tietze, M.; Burghardt, A.; Bragiel, P.; Mac, J. Zawartos$¢ zwiazkéw azotowych w produktach spozywczych. Ann. Univ. Mariae
Curie-Sktodowska. Sect. EE Zootech. 2007, 25, 71-77.

Murawa, D.; Banaszkiewicz, T.; Majewska, E.; Blaszczuk, B.; Sulima, ]. Zawarto$¢ azotanéw (IIl) i (V) w wybranych gatunkach
warzyw i ziemniakach dostepnych w handlu w Olsztynie w latach 2003-2004. Bromat. Chem. Toksykol.—XLI 2008, 1, 67-71.
Regulation of the Minister of Health of 13 January 2003. Journal of Laws No. 37, Items 325 and 326, on the Maximum Levels of
Chemical and Biological Contaminants that May Be Present in Food, Food Ingredients, Permitted Additives, Processing Aids or
on the Surface of Food. Available online: https://eli.gov.pl/eli/DU/2003/326/0gl (accessed on 3 May 2017).

Bano, M.].; Lorente, ].; Castillo, ].; Benavente-Garcia, O.; Rio, J.A.; Ortuno, A.; Quirin, K.W.; Gerard, D. Phenolic diterpens,
flavones, and rosmarinic acid distribution during the development of leaves, flowers, stems, and roots of Rosmarinum officinalis.
Antioxidant activity. J. Agric. Food Chem. 2003, 51, 4247-4253. [CrossRef]

Raczuk, J.; Wadas, W.; Glozak, K. Nitrates and nitrites in selected vegetables purchased at supermarkets in Siedlce, Poland. Rocz.
Panstw. Zakl. Hig. 2014, 65, 15-20. [PubMed]

Krezel, J. Przydatno$¢ wybranych odmian buraka ¢wiklowego do uprawy na zbiér peczkowy, do przechowania i przetworstwa.
Zeszyty Naukowe AR Wroctaw, Roln. 2005, 87, 325-332.

Krezel, ].; Kotota, E. Wptyw nawozenia azotowego na plonowanie i wartos¢ iologiczna buraka ¢wiktowego, uprawianego na
zbiér peczkowy. Zeszyty Naukowe AR Wroctaw Ogrodn. 2007, 41, 547-552.

Zhou, Z.Y.; Wang, M.].; Wang, ].S. Nitrate and nitrite contamination in vegetables in China. Food Rev Int. 2000, 16, 61-76.
[CrossRef]

Majkowska—Gadomska, J.; Arcichowska, K.; Wierzbicka, B. Nitrate content of the edible parts of vegetables and spice plants.
Acta Sci. Pol. Hortorum. Cultus 2009, 8, 25-35.

Kozik, E. Wplyw terminu zbioru oraz nawozenia azotem i potasem na zawartos¢ azotanow w salacie uprawianej w szklarni.
Acta Agrophys. 2006, 7, 633-642.

Weightman, R.M.; Dyer, C.; Buxton, J.; Farrington, D.S. Effects of light level, time of harvest and position within field on the
variability of tissue nitrate concentration in commercial crops of lettuce (Lactuca sativa) and endive (Cichorium endiva). Food Addit.
Contam. 2006, 23, 462-469. [CrossRef]

Parks, S.E.; Irving, D.E.; Milham, PJ. A critical evaluation of on-farm rapid tests for measuring nitrate in leafy vegetables. Sci.
Hortic. 2012, 134, 1-6. [CrossRef]

Obidoska, G.; Sadowska, A. Wptyw pH podtoza i jego zasobnos¢ w azot na plonowanie Withania somnifera (L.) Dun. Biuletyn
IHAR 2003, 228, 373-381.


https://doi.org/10.1038/s41598-022-23497-y
https://www.ncbi.nlm.nih.gov/pubmed/36333512
https://doi.org/10.1080/00103627509366547
https://doi.org/10.1016/S0006-291X(71)80010-4
https://doi.org/10.1007/BF00380678
https://doi.org/10.1139/b79-163
https://doi.org/10.1016/S0176-1617(11)81192-2
https://doi.org/10.5344/ajev.1965.16.3.144
https://www.ncbi.nlm.nih.gov/pubmed/6307273
https://doi.org/10.1016/S0168-9452(02)00051-1
https://doi.org/10.1016/S0891-5849(98)00315-3
https://www.ncbi.nlm.nih.gov/pubmed/10381194
https://eli.gov.pl/eli/DU/2003/326/ogl
https://doi.org/10.1021/jf0300745
https://www.ncbi.nlm.nih.gov/pubmed/24964574
https://doi.org/10.1081/FRI-100100282
https://doi.org/10.1080/02652030500522606
https://doi.org/10.1016/j.scienta.2011.10.015

Appl. Sci. 2023,13,11170 16 of 17

59.

60.

61.

62.

63.

64.

65.
66.

67.
68.

69.

70.

71.

72.

73.
74.
75.
76.
77.
78.
79.
80.

81.

82.

83.

84.

85.

86.

Santamaria, P; Elia, A ; Serio, E; Todaro, E. A survey of nitrate and oxalate content in fresh vegetables. J. Sci. Food Agric. 1999, 79,
1882-1888. [CrossRef]

Anjana; Umar, S.; Igbal, M.; Abrol, Y.P. Are nitrate concentrations in leafy vegetables within safe limits? Curr. Sci. 2007, 92,
355-360.

Wadas, W.; Jabloriska-Ceglarek, R.; Kosterna, E. The nitrates content in early potato tubers depending on growing conditions.
EJPAU. Horiculture 2005, 8, 18. Available online: http://www.ejpau.media.pl/ (accessed on 27 May 2013).

Tamme, T.; Reinik, M.; Roasto, M.; Jukham, K.; Tenno, T.; Kiis, A. Nitrates and nitrites in vegetables and vegetable-based products
and their intakes by the Estonian population. Addit. Contam. 2006, 23, 355-361. [CrossRef] [PubMed]

Radziejewska-Kubzdela, E.; Walkowiak-Tomczak, D.; Bieganska-Marecik, R. Wptyw pakowania i przechowywania w atmos-
ferze modyfikowanej na zawarto$¢ azotanow [V] i [III] w salatce warzywnej typu coleslaw oraz na jej cechy sensoryczne i
fizykochemiczne. Zywnosé Nauka Technol. Jakosé 2008, 15, 261-268.

Gajewski, M. Czynniki wplywajace na jakos¢ marchwi przeznaczonej do przetwoérstwa. Kated. Roslin Warzywnych I Lecz. SGGW
2010, 1-5.

Rozek, S. Czynniki wptywajace na akumulacje azotandw w plonie warzyw. Zesz. Nauk. Akad. Rol. W Krakowie 2000, 71, 19-31.
Wawrzyniak, A.; Kwiatkowski, S.; Gronowska-Senger, A. Ocena zawarto$ci azotanéw i azotynéw oraz biatka ogétem w
wybranych warzywach uprawianych konwencjonalnie i ekologicznie. Rocz. PZH 1997, 48, 181-186.

Rutkowska, B. Azotany i azotyny w ziemniakach z gospodarstw ekologicznych i konwencjonalnych. Rocz. PZH 2001, 52, 231-236.
Guadagnin, S.G.; Rath, S.; Reyes, EG.R. Evaluation of the nitrate content in leaf vegetables produced through different agricultural
systems. Food Addit Contam. 2005, 22, 1203-1208. [CrossRef] [PubMed]

Murawska, B.; Piekut, A.; Jachymska, J.; Mitura, K.; Lipiiska, K.J. Ekologiczny i konwencjonalny system gospodarowania a
wielkos¢ i jako$é plonu wybranych roslin uprawnych. In Infrastruktura i Ekologia Terenow Wiejskich; Nr III, Polska Akademia Nauk;
Oddziat w Krakowie: Krakow, Poland, 2015; pp. 663-675.

Aslam, M.; Travis, R.L.; Rains, D.W.; Huffaker, R.C. Differential effect of ammonium on the induction of nitrate and nitrite
reductase activities in roots of barley (Hordeum vulgare) seedlings. Physiol. Plant. 1997, 101, 612-619. [CrossRef]

Tischner, R.; Waldeck, B.; Goyal, S.S.; Rains, W.D. Effect of nitrate pulses on the nitrate-uptake rate, synthesis of mRNA coding for
nitrate reductase, and nitrate-reductase activity in the roots of barley seedlings. Planta 1993, 189, 533-537. [CrossRef]
Samuelson, M.E.; Ohlén, E.; Lind, M.; Larsson, C.M. Nitrate regulation of nitrate uptake and nitrate reductase expression in
barley grown at different nitrate: Ammonium ratios at constant relative nitrogen addition rate. Physiol. Plant. 1995, 94, 254-260.
[CrossRef]

Smolen, S.; Wojciechowska, R.; Sady, W.; Szura, A. Wplyw formy azotu nawozowego i dokarmiania dolistnego na plon i
gospodarke azotowa korzeni spichrzowych marchwi (Daucus carota L.). Acta Agrophys. 2006, 7, 721-732.

Lillo, C.; Meyer, C.; Lea, U.S.; Provan, E,; Oltedal, S. Mechanism and importance of posttranslational regulation of nitrate
reductase. J. Exp. Bot. 2004, 55, 1275-1282. [CrossRef] [PubMed]

Man, H.M.; Abd-El Baki, G.K.; Stegmann, P.; Weiner, H.; Kaiser, W.M. The activation state of nitrate reductase is not always
correlated with total nitrate reductase activity in leaves. Planta 1999, 209, 462—-468. [CrossRef]

Reda, M,; Klobus, G.; Buczek, J. Structure and regulation of nitrate reductase. Postepy Biochem. 2000, 46, 99-106.

Starck, Z. Réznorodne funkcje wegla i azotu w rosliny. Kosmos 2006, 55, 243-257.

Malolepsza, U. Biosynteza tlenku azotu w roslinach. Postepy Biochem. 2007, 53, 263-271.

Miflin, B.J.; Habash, D.Z. The role of glutamine synthetase and glutamate dehydrogenase in nitrogen assimilation and possibilities
for improvement in the nitrogen utilisation of crops. J. Exp. Bot. 2002, 53, 979-987. [CrossRef]

Koztowski, S.; Goliniski, P.; Golifiska, B. Barwniki chlorofilowe, jako wskazniki wartosci uzytkowej gatunkéw i odmian traw. Zesz.
Probl. Post. Nauk Rol. 2001, 474, 215-223.

Balder, EH.; de Vogel, J.; Jansen, C.].E; Weijenberg, M.P,; Piet Van den Brandt, A.; Westenbrink, S.; Van der Meer, R.R.; Goldbohm,
A. Heme and chlorophyll intakeand risk of colorectal cancer in the Netherlands Cohort Study. Cancer Epidemiol. Biomark. Prev.
2006, 15, 717-725. [CrossRef]

McQuistan, T.J.; Simonich, M.T.; Pratt, M.M.; Pereira, C.B.; Hendricks, J.D.; Dashwood, R.H.; Williams, D.E.; Bailey, G.S. Cancer
chemoprevention by dietary chlorophylls: A 12,000-animal dose-dose matrix biomarker and tumour study. Food Chem. Toxicol.
2012, 50, 341-352. [CrossRef]

Pietrzak, M.; Halicka, H.D.; Wieczorek, Z.; Wieczorek, J.; Darzynkiewicz, Z. Attenuation of acridine mutagen ICR-191-DNA
interactions and DNA damage by the mutagen interceptor chlorophyllin. Biophys. Chem. 2008, 135, 69-75. [CrossRef]

Jubert, C.; Mata, J.; Bench, G.; Dashwood, R.; Pereira, C.; Tracewell, W.; Turteltaub, K.; Williams, D.; Bailey, G. Effects of
chlorophyll and chlorophyllin on low-dose afl atoxin B(1) pharmacokinetics in human volunteers. Cancer Prev. Res. 2009, 2,
1015-1022. [CrossRef] [PubMed]

Niewiadomska, A.; Sawicka, A. Wplyw zréznicowanych pozioméw nawozenia azotowego i sodowego na aktywno$¢ nitrogenazy
i koncentracje chlorofilu w mieszance koniczyny fakowej z festulolium. Woda-Sr.-Obsz. Wiej. 2010, 30, 121-131.

Benbrook, C.; Zhao, X.; Yafnez, ].; Davies, N.; Andrews, P. New evidence confirms the nutritional superiority of plant-based
organic foods. In State of Science Review: Nutritional Superiority of Organic Foods; The Organic Center: Washington, DC, USA, 2008;
pp. 421-431.


https://doi.org/10.1002/(SICI)1097-0010(199910)79:13%3C1882::AID-JSFA450%3E3.0.CO;2-D
http://www.ejpau.media.pl/
https://doi.org/10.1080/02652030500482363
https://www.ncbi.nlm.nih.gov/pubmed/16546882
https://doi.org/10.1080/02652030500239649
https://www.ncbi.nlm.nih.gov/pubmed/16356883
https://doi.org/10.1111/j.1399-3054.1997.tb01045.x
https://doi.org/10.1007/BF00198216
https://doi.org/10.1111/j.1399-3054.1995.tb05309.x
https://doi.org/10.1093/jxb/erh132
https://www.ncbi.nlm.nih.gov/pubmed/15107452
https://doi.org/10.1007/s004250050749
https://doi.org/10.1093/jexbot/53.370.979
https://doi.org/10.1158/1055-9965.EPI-05-0772
https://doi.org/10.1016/j.fct.2011.10.065
https://doi.org/10.1016/j.bpc.2008.03.004
https://doi.org/10.1158/1940-6207.CAPR-09-0099
https://www.ncbi.nlm.nih.gov/pubmed/19952359

Appl. Sci. 2023,13,11170 17 of 17

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Hallmann, E. Wartoé¢ odzywcza i zawarto$¢ zwiazkow bioaktywnych w warzywach i owocach z produkgji ekologicznej. In
Materiaty Szkoleniowe XII Forum Rolnikéw Ekologicznych Baszkowice; Szkota Gléwna Gospodarstwa Wiejskiego w Warszawie:
Borzkowice, Poland, 2014; pp. 1-21.

Wieczorek, J.; Wieczorek, Z. Czesci nadziemne popularnych warzyw jako Zrédto karotenoidéw i chlorofilu w zywnosci. Bromat.
Chem. Toksykol. XLIX 2016, 3, 422-426.

Chassy, A.W,; Bui, L.; Renaud, E.N.C.; Van Horn, M.; Mitchell, A.E. Three-year comparison of the content of antioxidant micro
constituents and several quality characteristics in organic and conventionally managed tomatoes and bell peppers. J. Agric. Food
Chem. 2006, 54, 8244-8252. [CrossRef]

Crinnion, W.]J. Organic foods contain higher levels of certain nutrients, lower levels of pesticides, and may provide health benefits
for the consumer. Altern. Med. Rev. . Clin. Ther. 2010, 15, 4-12.

Yu, X.; Guo, L, Jiang, G.; Song, Y.; Muminov, M.A. Advances of organic products over conventional productions with respect to
nutritional quality and food security. Acta Ecol. Sinica. 2018, 38, 53—60. [CrossRef]

Heimler, D.; Romani, A; Ieri, E. Plant Polyphenol Content, Soil Fertilization and Agricultural Management: A Review. Eur. Food
Res. Technol. 2017, 243, 1107-1115. [CrossRef]

Rembiatkowska, E. Quality of plant products from organic agriculture. J. Sci. Food Agric. 2007, 87, 2757-2762. [CrossRef]
Mazzoncini, M.; Antichi, D.; Silvestri, N.; Ciantelli, G.; Sgherri, C. Organically vs conventionally grown winter wheat: Effects on
grain yield, technological quality, and on phenolic composition and antioxidant properties of bran and refined flour. Food Chem.
2015, 175, 445-451. [CrossRef] [PubMed]

Silva, L.EL.E.; Souza, D.C.; Resende, L.V.,; Nassur, R.D.C.M.; Samartini, C.Q.; Gong¢alves, WM. Nutritional evaluation of
non-conventional vegetables in Brazil. An. Da Acad. Bras. De Ciéncias 2018, 90, 1775-1787. [CrossRef]

Giannakourou, M.C.; Taoukis, P.S. Effect of alternative preservation steps and storage on vitamin C stability in fruit and vegetable
products: Critical review and kinetic modelling approaches. Foods 2021, 10, 2630. [CrossRef] [PubMed]

Lee, S.K,; Kader, A.A. Preharvest and postharvest factors influencing vitamin C content of horticultural crops. Postharvest Biol.
Technol. 2000, 20, 207-220. [CrossRef]

Zhang, L.; Zhang, F.; Wang, Y.; Ma, X.; Shen, Y.; Wang, X.; Deng, Y. Physiological and metabolomic analysis reveals maturity
stage-dependent nitrogen regulation of vitamin C content in pepper fruit. Front. Plant Sci. 2023, 13, 1049785. [CrossRef]

Hesari, N.; Szeg6, A.; Mirmazloum, I.; Pénya, Z.; Kiss-Baba, E.; Kolozs, H.; Papp, I. High-Nitrate-Supply-Induced Transcriptional
Upregulation of Ascorbic Acid Biosynthetic and Recycling Pathways in Cucumber. Plants 2023, 12, 1292. [CrossRef]

Gomiero, T. Food quality assessment in organic vs. conventional agricultural produce: Findings and issues. Appl. Soil Ecol. 2018,
123,714-728. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/jf060950p
https://doi.org/10.1016/j.chnaes.2018.01.009
https://doi.org/10.1007/s00217-016-2826-6
https://doi.org/10.1002/jsfa.3000
https://doi.org/10.1016/j.foodchem.2014.11.138
https://www.ncbi.nlm.nih.gov/pubmed/25577104
https://doi.org/10.1590/0001-3765201820170509
https://doi.org/10.3390/foods10112630
https://www.ncbi.nlm.nih.gov/pubmed/34828909
https://doi.org/10.1016/S0925-5214(00)00133-2
https://doi.org/10.3389/fpls.2022.1049785
https://doi.org/10.3390/plants12061292
https://doi.org/10.1016/j.apsoil.2017.10.014

	Introduction 
	Materials and Methods 
	The Origin of the Plant Material 
	Nitrate Content 
	Nitrate Reductase Activity 
	Glutamine Synthetase Activity 
	Total Chlorophyll Content 
	Phenolic Compound Content 
	Ascorbate Content 
	Total Antioxidant Capacity 
	Statistical Analyses 

	Results and Discussion 
	Nitrate Content 
	Nitrate Reductase Activity 
	Glutamine Synthetase Activity 
	Total Chlorophyll Content 
	Phenolic Compound Content 
	Ascorbate Content 
	Total Antioxidant Capacity 

	Conclusions 
	References

