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Abstract: The aim of our study was to determine the effect of various nitrogen sources (NH;NO; (N,
34%), Ca(NO3); (N, 15.5%; Ca, 18%), Mg(NO3) (N, 11%; Mg, 12%), NaNOj3 (N, 15%; Na, 25%) and
urea (N, 46%)) and increasing the intensity of N nutrition with these fertilisers (50, 70, and 90 mg
N-dm—3) on the yield and quality of flowering Chinese cabbage (Brassica campestris L. ssp. chinensis
var. utilis Tsen et Lee). The plants were grown in two different soilless systems, namely pot cultivation
(substrate system—mixture of peat and sand) and hydroponic cultivation. The quality of plants was
expressed as macro- and microelement contents, pigment contents, antioxidant activity and phenolic
content. It was observed that the yield of flowering Chinese cabbage was about 43-70% higher in the
hydroponic system than in the substrate. The N source and N nutrition affected the yield volume.
The highest mean yield was observed in pot cultivation after fertilisation with Mg(NO3), and in
hydroponics with Ca(NO3),. We found a rather high tolerance of flowering cabbage to sodium
and an excessive content of ammonium in the nutrient solution. The nitrogen source and N doses
modified plant contents of macro- and microelements (N, P, K, Ca, Mg, Na, Fe, Mn, Zn and Cu)
and other quality parameters of plants. In pot cultivation, the highest element contents as well
as the highest antioxidant activity were obtained after fertilisation with Mg(NOg3), at N-70 and
N-90. The highest pigment contents (chlorophylls and carotenoids) were obtained in the samples
treated with urea at the N-90 dose. Those samples were also characterised by a high Mn content.
Generally, the pigment content in the pot system positively correlated with the Mn content in leaves,
the microelement which is involved in the process of photosynthesis, but it did not correlate with
colour coordinates. In the hydroponic system, the highest pigment contents were observed in the
samples treated with Mg(NOs), at the N-70 dose. Generally, in hydroponics, chlorophyll levels
positively correlated with Ca levels in the aboveground parts of the plants. Additionally, the content
of Chl b inversely correlated with L* and b* values. In hydroponic systems, the highest DPPH
(2,2-diphenyl-1-picrylhydrazyl) activity was observed after treatment with NH4NOj3 at the N-70
and N-90 doses and it did not correlate with phenolic content but rather with pigment content. In
conclusion, both the intensity of N nutrition and the fertiliser applied can significantly modify the
yield of plants and their quality parameters. For pot cultivation, the most effective fertiliser was
Mg(NOs3); at the N-70/N-90 doses, while for hydroponic cultivation, it is difficult to indicate the
most effective fertiliser as the responses varied depending on the method of fertilisation.

Keywords: antioxidant activity; flowering Chinese cabbage; macronutrient; micronutrient; nitrogen
source; nutritional value; optimisation of nutrition; yield
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1. Introduction

Flowering Chinese cabbage, commonly known as caixin in Mandarin Chinese or choy
sum in the Cantonese dialect, originated from China [1]. The vegetable is still little known
by Europeans. The leaves and flowering stem are the most valuable parts of flowering
Chinese cabbage. The plant is a rich source of glucosinolates, polyphenols, vitamin C,
amino acids and other chemical compounds [2].

Based on previous studies [3,4], factors such as season (planting date), cultivation
technology and nitrogen nutrition are important and significantly modify the yield of
flowering Chinese cabbage. It was also reported that foliar spraying affected plant re-
sponses, such as macro and microelement contents, pigment and phenolic levels as well as
antioxidant properties.

It was previously reported that the optimal level of nitrogen nutrition is in the range
of up to 90 mg-dm 2 (mod. 180 kg per ha), while increased nutrition does not usually
significantly improve the yield [4]. However, others indicated the N dose level from 440 to
490 kg per ha (i.e., 220-245 mg-dm 3 in a 20 cm layer) as the optimal nutrition, which is a
balance between the biological value for plants and the economic costs of cultivation [5].
Although scientists compared the influence of several different fertilisers on the growth of
flowering Chinese cabbage, including the effects of controlled release of urea nitrogen [6],
ammonium nitrogen [7] and the Trichoderma biofertiliser [8], there is still a lack of literature
data on the quality of flowering Chinese cabbage grown with different N sources in the
same experimental conditions.

Nitrogen in various forms is used in plant production. One of the most popular is
ammonium nitrate (NH4NO3, 34% N). At an optimal concentration, ammonium nitrate
promotes the growth and improves the nutritional quality of flowering Chinese cabbage
in both pot cultivation and hydroponics [3,4]. Application of 100 kg N per ha~! of am-
monium nitrate increased the sugar content in sugarcane (Saccharum spp.) by 7-25% [9].
Zhu et al. [10] pointed out that appropriate N—NH,4/N—NOj ratios increased N absorp-
tion and assimilation and thus promoted the growth of flowering Chinese cabbage. Urea
(46% N) is the most concentrated solid nitrogen fertiliser. In soil, it changes to ammo-
nium carbonate, which may temporarily cause a harmful local high pH. An experiment
conducted by Xie et al. [5] found that the urea fertiliser tended to increase the yield of
flowering Chinese cabbage in the first stage of growth, but then, with a further increase
in urea, the growth was inhibited. Thus, the optimal dose of urea for flowering Chinese
cabbage was estimated to be 440490 kg per ha~!. When the application of urea exceeded
the optimal dose, high levels of nitrate accumulation occurred [11,12]. As sources of N,
calcium (15.5% N), magnesium (10.5% N) and sodium (16% N, 26% Na) nitrates were also
used as fertilisers. These metal ions (Ca?*, Mg?* and Na*) play crucial roles in photosyn-
thesis, glucose transport, nucleic acid synthesis and protein synthesis in plants, as well as
in other processes that affect the quality of plants. They are necessary for stimulating plant
growth [13-15] and affect amino acid content [16], pigment content and colour of plants [15].
Brassica plants, such as cabbages, are often considered to be calcicoles, i.e., plants which
accumulate free calcium ions (Ca2*) [17]. According to the authors” knowledge, there are no
data on the effects of various nitrate sources on the yield and quality of flowering Chinese
cabbage grown in the same experimental conditions.

Thus, the aim of our study was to investigate the influence of N sources and N doses
on the growth and qualitative characteristics of flowering Chinese cabbage. The following
scientific hypothesis was formulated: N sources and N nutrition levels modify the yield and
quality of flowering Chinese cabbage. The effect depends on the system of cultivation. The
experiments were conducted with five different N sources: NH4NO3, Ca(NO3),, Mg(NO3),,
Na(NOs3),, as well as urea for pot cultivation (CH4N;O), each at three different N levels:
N-50, N-70, N-90. The plants were cultivated in soilless systems, namely substrate (in a
pot) and hydroponic systems, during the spring season. The quality was evaluated based
on several parameters: fresh weight, mineral element content, chlorophyll and carotenoid
contents, phenolic content and antioxidant activity.
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2. Materials and Methods

Purple flowering Chinese cabbage (Brassica campestris L. ssp. chinensis var. utilis Tsen et
Lee) (Hubei Wuhan Hongshan Caitai Cultivation Centre, Wuhan, Hubei) was cultivated in
pots with a substrate (a mixture of loamy sand and peat) and in a hydroponic system with
recirculation of the nutrient solution. The plants were grown in an unheated greenhouse
(272 m? sector) of the “Marcelin” Experimental Station at Poznan University of Life Sciences
(Poznan, Poland) from April to May 2019.

The experiments were performed with a completely randomised design. In the hydro-
ponic system, the experiment was carried out with eight replicates, while in pot cultivation,
it was carried out with 10 replicates (one replicate was a single plant). The greenhouse was
equipped with a climate control system. In both experiments, the plants were exposed
to three levels of nitrogen, namely 50, 70 and 90 mg N per dm~3, coded as N-50, N-70
and N-90, respectively. The following sources of nitrogen were used: NH4;NOj3 (N, 34%),
Ca(NO3), (N, 15.5%; Ca, 18%), Mg (NO3), (N, 11%; Mg, 12%), NaNOj3 (N, 15%; Na, 25%),
and also urea (CH4N,O; N, 46%) for pot cultivation.

Seedlings were prepared 2.5 weeks before the experiment. Seeds were sown indi-
vidually on rockwool fingers saturated with a standard nutrient solution to produce a
homogeneous plant material. The seedlings (at the phase of 34 leaves) were transplanted
into pots filled up with a mixed substrate (in case of pot cultivation), while in the hydro-
ponic system, they were transplanted onto rockwool blocks (Grodan, 100 x 100 x 65 mm)
hydrated with a nutrient solution. After 10 days, the plants were transplanted into a
growing hydroponic system. In both experiments, the plants were watered according to
the actual requirements.

The pot experiment was performed with limed peat moss. The dolomite dosage was
set based on the neutralisation curve. The levels of nutrients available in the peat matrix
after deacidification were as follows (in mg~dm’3): N—NHy, 35; N—NOj, traces; P, 20;
K, 18; Ca, 1500; Mg, 164; S—SOy, 25; Fe, 19.8; Zn, 1.8; Mn, 2.7; Cu, 0.4; B, 0.5; Na, 18; Cl,
29. Electrolytic conductivity (EC) of the peat was 0.49 mS-cm~!; pH (H,0), 6.00. Other
nutrients were applied 14 days after liming.

The pot experiment was conducted on the plants grown in 5 dm? yellow plastic pots
in a medium that was a mixture of mineral soil (loamy sand; d = 1.60 g-cm~3; total porosity,
39%) and peat (v/v/1/1). The plants were grown in the abovementioned substrate with
the following chemical composition (mg-dm~3): P—150, K—200, Ca—1500, Mg—200,
Fe—75, Mn—25, Zn—20, Cu—10; pH, 6.0-6.5. The only source of nitrogen in the various
combinations was one of the aforementioned fertilisers. The contents of Ca, Mg and Na
varied depending on the fertiliser used. When Ca(NO3), was used as a nitrogen source, Ca
contents were 1500, 1560, 1620 mg~dm_3 for the N-50, N-70, N-90 doses, respectively. After
fertilisation with Mg(NO3),, Mg contents were 255, 276, 297 mg-dm_3 for the N-50, N-70,
N-90 doses, respectively. Finally, when NaNO3 was applied as a nitrogen source, Na levels
were 113, 147 and 180 mg-dm_3 for the N-50, N-70, N-90 doses, respectively.

In the hydroponic system, the standard nutrient solution for fertigation had the fol-
lowing chemical composition (mg-dm’3): K—150, P—PO4—50, K—200, Ca—120, Mg—60,
Fe—1.20, Mn—0.5, Zn—0.19, Cu—0.01, B—0.011, and the EC value of 2.20 mS-cm ™. One
of the aforementioned fertilisers was the only source of nitrogen for a combination. The
contents of Ca, Mg and Na varied depending on the nitrogen source. For Ca(NOs),, the
contents of Ca were (in mg-dm*3) 58, 81, 105; for Mg(NO3),, the contents of Mg were 55,
76, 98; and for NaNO3, the contents of Na were 83, 117 and 150 for the N-50, N-70 and N-90
doses, respectively.

2.1. Harvest and Storage of Flowering Chinese Cabbage

On 28 May, the aboveground parts of the plants were harvested and weighed. Then,
fresh plant material from each combination was lyophilised at —59 °C (FreeZone, LAN-
CONCO, Kansas City, MO, USA), ground and stored in a freezer (—18 °C) for analyses:
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colour, chlorophyll and carotenoid contents, total polyphenol content (TPC), total flavonoid
content and antioxidant activity measurements.

2.2. Analysis of Macro- and Microelements in the Plants

For the analysis of macro- and microelements, the fresh plants were dried at 45-50 °C
and then ground. The plant material was also dried at 105 °C for 60 min before mineralisa-
tion. To determine the contents of macroelements (N, P, K, Ca, Mg) and sodium (Na), 1 g of
the plant material was added to 20 cm® of concentrated sulfuric acid (96% analytically pure)
with hydrogen peroxide (30% analytically pure) and then mineralised [18]; then, 2.5 g of
the plant material was digested in 30 cm? of a 3:1 mixture of concentrated nitric (ultrapure)
and perchloric acids (analytically pure) to assess the contents of metallic microelements Fe,
Mn, Zn and Cu. After digestion of the plant material, the following was determined: total
nitrogen content using the distillation method according to Kjeldahl in a Parnas Wagner
apparatus; P content by the colorimetric method with ammonium molybdate; and K, Ca,
Mg, Fe, Mn, Zn and Cu contents using flame atomic absorption (on AAS, Carl Zeiss Jena
apparatus; Thornwood, NY, USA). The accuracy of the laboratory procedure was tested
using the LGC7162 reference material (LGC Standards, Teddington, Middlesex, UK), with
an average nutrient recovery of 96% (N, P, K, Ca, Mg, Fe, Mn and Zn).

2.3. Colour Measurements

Colour measurements of flowering Chinese cabbage were conducted on a CM-5
spectrophotometer (Konica Minolta). The geometry of the observer was a 10° angle, and
the measurement mode excluded the specular component (SCE). The light source was
D65. Before analysis, the samples were freeze-dried and the colour coordinates of the
powdered samples were measured using the CIE L*a*b* system, where L* is lightness,
a*—red/green and b*—yellow /blue. The surface of the measured sample was 30 mm in
diameter. Three replications were performed for each sample. Other chromatic attributes
were also calculated, namely chroma (C*) and hue angle (h*).

2.4. Colour Pigment Content Measurements (Chlorophylls and Carotenoids)

The contents of chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophylls
(Chl a + CHI b) and carotenoids (x + c) were measured as colour pigments of flower-
ing Chinese cabbage. All the measurements were performed in triplicates. The sample
preparation was performed according to a previously described procedure [3,4] which
was based on an original analytical protocol [19]. First, 0.125 g of the powdered sample
was mixed with 5 mL of methanol. After 5 min, the sample was filtrated and 80 uL of
the eluate was diluted 50 times with pure methanol. The absorbance readings were per-
formed on a Cary 1E UV-vis spectrophotometer (Varian, Belrose, Australia) using the scan
mode with the following settings: wavelength range—from 410 nm to 700 nm, spectral
bandwidth—2 nm. Pure methanol was used for preparing the baseline. The contents of
Chl a, Chl b and x + ¢ were calculated using an equation from Lichtenthaler et al. [19].

2.5. TPC and TFC Measurements

Determinations of the total phenolic content (TPC) and total flavonoid content (TFC)
were conducted on a Cary 1E UV-vis spectrophotometer. The procedure was a modified
method described previously in [20]. The samples for the measurements were prepared by
mixing the freeze-dried plant material with distilled water in the ratio of 1:40 (m/v). After
30 min, the samples were filtrated and 20 uL of the extract were added to 100 puL of FCR.
After 3 min of incubation in the dark, 300 puL of 20% (w/v) sodium carbonate and distilled
water up to 2 mL were added. The samples were mixed again and incubated at ambient
temperature for 2 h in the dark. The absorbance readings were taken at 765 nm against a
blank sample prepared by using distilled water instead of the extract. The results were
expressed as mg of gallic acid equivalents (GAE) per g of sample. Three replications were
performed for each sample.
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The extraction solution used for the TFC determination was the same as for the TPC
procedure. In brief, the extract was mixed with AICl3 (2% in methanol) in the ratio of
1:10 (v/v). After 15 min of incubation in the dark at ambient temperature, the absorbance
readings were performed at the wavelength of 410 nm. Pure methanol was used for
instrument zero calibration.

2.6. Antioxidant Activity Measurements

The Trolox equivalent antioxidant capacity (TEAC) assay was based on the original
method reported by Re et al. [21]. The ABTS** cation radicals were generated chemically
by mixing 7 mM ABTS (2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)) in distilled
water with 2.45 mM potassium persulfate (K,S,Og) in distilled water and leaving it to stand
for 12-16 h in the dark [22]. Then, the ABTS®** solution was dissolved with PBS buffer
(pH 7.4) to obtain 0.7-0.8 absorbance readings. Next, the powdered freeze-dried flowering
Chinese cabbage was mixed with pure methanol in the ratio of 1:20 (1/v) for 30 min and
then filtrated. The extract was added to ABTS®** in PBS (1:100 v/v) and left to incubate for
6 min in the dark at ambient temperature. The absorbance was read at 734 nm. All the
results were expressed as TEAC values in mmol/g of dried sample.

The DPPH assay was carried out according to the original protocol by Sanchez-Moreno
et al. [23]. The extract (prepared as above) was added to 0.1 mM DPPH in methanol (in the
ratio of 1:100 v/v), mixed and incubated for 30 min in the dark at room temperature. Next,
the absorbance readings were carried out at 515 nm against pure methanol as the blank
sample. All the measurements were performed using a Cary 1E UV-vis spectrophotometer.
The DPPH?* radical scavenging activity of the sample was expressed in mmol of Trolox
equivalent (TE) per g of dried flowering Chinese cabbage.

The ferric-reducing antioxidant power (FRAP) method was based on the original
methodology by Benzie and Strain [24]. The TPTZ (Fe**-tripyridyl-triazine) working
solution was prepared fresh on the day of analysis by mixing 10 mmol TPTZ in 40 mmol
HC1, 20 mmol FeCl3-6H,0 and acetate buffer (pH, 3.6) in the ratio of 1:1:10 (v/v/v). The
extract (prepared as above) was added to the TPTZ working solution (1:20 v/v) and mixed.
After incubation for 15 min, the absorbance was read at 593 nm. The zero instrument was
set using acetate buffer as the blank sample. All the samples were prepared in triplicate.

2.7. Statistical Analysis

The data were analysed using the Statistica 13.3 software (StatSoft Inc., Tulsa, OK,
USA). An ANOVA analysis (F-test) was performed to show significant effects of the factors
on the parameters tested. The plants were grown in 10 replications in the substrate and
eight replications in hydroponics. All the other tests were run in triplicate. The multiple
comparison was based on Duncan’s test (¢« = 0.05) to show homogenous groups. Multi-
variate analysis such as cluster analysis was performed to find separate clusters in the
dataset. To this end, Euclidean distance was used as a metric between the centroids and
Ward’s method as the clustering rule. The number of clusters was defined automatically
using V-fold cross-validation. The aim of the method is to construct clusters by minimising
the variability within clusters and maximising the variability between clusters. Pearson’s
correlation between the studied parameters was also measured.

3. Results and Discussion
3.1. Yield

For pot cultivation, the yields of the plants increased with the increasing N nutri-
tion and reached the maximum value at N-90 (Table 1). When various fertilisers were
applied to cultivate flowering Chinese cabbage, there was a significant difference in the
yields at the same N level. The mean highest yields of plants were found after the appli-
cation of Mg(NO3),, the lowest—when Ca(NOj3), was used. Interestingly, in the case of
the NaNOj3 application, although the simultaneously applied sodium doses were high
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(up to 180 mg dm—3), they did not cause a reduction in plant yields compared to the
other combinations.

For hydroponic cultivation, no significant increase in plant yield was found between
the application of N-70 and N-90 (for the mean values). There were no statistical differences
between the tested fertilisers when analysing the mean crop yield. As in the case of pot
cultivation, no statistically significant yield reduction was found for the highest application
rate of NaNOj3. Only in the case of calcium nitrate did N-90 show a significant increase in
plant yield in relation to N-70. Compared to pot cultivation, the yields of flowering Chinese
cabbage in hydroponics exhibited higher values, and the highest yields (174.2 g-plant 1)
were obtained at N-70 with NH4NOj.

Table 1. Effect of various N nutrition sources on the yield of flowering Chinese cabbage (g of fresh
matter per plant).

N Level
N Source
N-50 N-70 N-90 Mean N-50 N-70 N-90 Mean
Pot Cultivation Hydroponic Cultivation
NH,;NO; 784+ 643%  941+72df 11734967 9.6 B 140.8 +11.4°* 1742 +10.78 1562 +7.0f 157.14
Ca(NO3), 82.7+60% 886+93bd 1024 +588h 91.24 128.6 £11.49 1413 +11.4b¢ 1704 + 754 146.8 A
Mg(NO3), 91.1+78% 973+68° 1184 +92] 102.3 € 1211+ 632 168.6 = 8.94 154.7 + 5.0 «d 148.1 4
NaNO3 84.8 £5.03° 988 +81f8 11424921 99.3 BC 1302 + 6.2 2 166.0 +£9.34 1604 +11.2¢ 15224
CH4N,O 813+573  996+45f% 1074+ 101N 96.1B
Mean 83.7 Axx 95.7 B 112.0€ 130.19 4 16258 160.418

* Values with the same letter within one type of cultivation were not significantly different (p > 0.05, Duncan’s
test). ** Mean values for all the treatments in rows and columns with the same letter within the column and row
for the parameter were not significantly different (p > 0.05, Duncan’s test).

3.2. Nutrient Content

Increasing the nitrogen supply resulted in a significant increase in the N level in the
aboveground parts of the potted plants—an effect that was not seen in hydroponics (Table 2
and Supplementary Materials Table S1).

In pot cultivation, the mean N content was comparable for all the nitrogen fertilisers,
except for the application of urea. On the other hand, in hydroponic cultivation when
NaNOj3 was used, N contents were higher than after the application of NH4NO3 and
Mg(NOs3),. Regardless of the type of fertiliser, as the N level increased, no significant
changes in P levels were observed, although the N source slightly affected the P level. With
the change in the intensity of N nutrition, the content of K changed. In both pot cultivation
and hydroponics, when NH4NO3 and Mg(NO3), were applied, K levels were generally
higher than for the other N carriers. In the case of pot cultivation, increasing N nutrition
modified the calcium status of the plants (mean), whereas that effect was not present in the
case of hydroponics. The highest content of Ca was found after the application of Mg(NO3),
in pot cultivation and of Ca(NOs3), in hydroponics. The application of Mg(NO3), improved
the content of Mg in the aboveground parts of the plants for both cultivation systems.

The N source had a significant effect on microelement contents with the exception
of Mn level in pot cultivation (Table 3). In pot cultivation, the lowest content of Fe was
found in the case of the Ca(NOj3), application, in hydroponics—after using Mg(NOs3), as a
fertiliser. The application of Mg(NOj3), improved the plants’” Cu nutrient status compared
with NH4NO;3; and Ca(NOs), (pots). The effect of increasing N doses was observed in
pot cultivation for Fe, Mn and Na and in hydroponics for Fe, Zn, Cu and Na (Table 3 and
Supplementary Materials Table S1). Increasing the N supply with NaNOj increased the
content of Na in leaves. The mean contents of Fe and Zn were the highest at N-50 and
N-70. Generally, in hydroponics, decreasing tendencies for Mn, Zn and Cu contents were
reported at the highest intensity of N nutrition with Ca(NOs3),. The highest N dose (N-90)
with urea, similarly to Ca(NO3), and Mg(NO3),, resulted in the highest Mn level in the
leaves of flowering Chinese cabbage cultivated in pots.
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Table 2. Content of macroelements in the leaves (% of d.m.) of the flowering Chinese cabbage grown

with various N nutrition sources.

N Source N Level N P K Ca Mg
N-50 2.82 4+ 0.09bc* 044 +0.033P 5.32 4+ 0.16 b¢ 2314+0.19b¢ 0354 0.02bd
NELNO N-70 324 +0.094 051+0.05bd 553+020% 231+012% 038+ 0.0194f
4TS N-90 3.87 +0.03¢ 0.47 4 0.07 a¢ 625+ 0.29f 2.83 £ 0.20 ¢ 0.38 £ 0.02 ¢
Mean 331+ 0448 0474+ 00628 570+ 046BC 248 +0.304B 0.37 £0.028
N-50 2894 0.09b¢ 047 +£0.012%¢  5.44 4 0.05bd 1.73 +£0.022 0.33 + 0.02 ¢
Ca(NOs) N-70 3344+ 0.164 0.51 & 0.01 b 468 +£0.112 2504+ 0.050d  0.36 +0.02°¢
372 N-90 373+£020¢ 05440029 599 + (.26 °f 3.66 + 0.07 1 0.41+0.02f
Mean 332 +0.388 0.51 =+ 0.03 B¢ 537 £ 0.56 A 2.63+0.798 0.37 £0.04 B
N-50 2.87 + 0.25 be 0.62 +£0.03¢ 5.78 + 0.40 ¢t 345+ (.18 hi 0.38 & 0.01 ¢f
5 N-70 3.64+0.10¢ 049 +0.02bd  585+027<f  262+0169 0.46 +0.02 8
= Mg(NOs), e a-d d-f h h
s N-90 3.83 4+ 0.12 0.50 & 0.01 595+ 0.12 3.18 £ 0.09 8 0.53 + 0.01
% Mean 345+ 0458 0.54 + 0.06 € 5.86 + 0.30 € 3.08 +0.37D 0.46 & 0.06 €
g N-50 2.78 +£0.12b 0.55 + 0.02 d 522 +0.29b 3.10+0.0118 0.32 +0.01 2
~ NaNO N-70 335+ 0.12¢4 0.46 & 0.02 2P 5.36 &+ 0.36 b¢ 2.76 + 0.20 de 0.29 +0.022
3 N-90 375+ 0.07¢ 0.46 & 0.03 2P 537 +£0.09b¢ 256 +0.19¢® 030 +£0.012
Mean 329 +0.418 0.49 + 0.05 AB 531 +0284 281 +027€ 0.30 +£0.024
N-50 2494003°  048+£0013°  539+015% 26340039  029+001°
_ d b b- b b
Urea, CH,;N,O N-70 3.10 £ 0.03 Cd 0.48 +£0.033¢ 572 4+0.16 : e 228+0.17 bc 0.314+0.014
N-90 3.32 £0.20 0.43 4+ 0.032 551 4+ 0.15 b 2.25 + 0.06 031 +0.022
Mean 297 £0374 0.46 +0.03 4 554 + 0.21 AB 239+0204 0.31+0.024
N-50 277 £0204 0.51 £ 0.074 543 +£0314 2.64 +0.618 033 +£0.044
Mean N-70 334+021B 0.49 + 0.03 A 5.43 + 048 A 250+ 0.24 4 0.36 £+ 0.06 B
N-90 3.70 £ 024 € 0.48 +0.05 A 5.81 4+ 0.38B 290+ 051€ 0.39 + 0.08 €
N-50 471 +0.09 be 0.40 +£0.01¢ 621 +0.04d 21340270 0.74 4 0.04 <d
NHLNO N-70 469 +0.11P 0.42 + 0.0 ¢ 691 +024f 1.03 £ 0.06 2 0.75 4+ 0.03 <d
4TS N-90 503+0.13°¢ 045+ 002° 6.68 010 090+ 0.032 0.79 + 0.03 4
Mean 481 +0.18B 0.43 +0.03P 6.60 + 0.33 € 1.36 + 0.58 & 0.76 + 0.04 B
o N-50 4.76 + 0.26 b 0.26 +0.02b 659+ 0219f 250 +0.12¢d 0.86 + 0.03 ¢
ke N-70 5.11+0.20¢ 021 +0.022 6.19 + 0.25 be 3.17 £ 0.08f 0.64 +0.02b
S Ca(NO3)2 d b £
g N-90 5.06 &+ 0.09 de 0.19 +£0.01° 5.88 + 0.06 2 3.15+0.11 053 +0.022
3 Mean 498 £ 0258 02240034 6.22 40358 294 +0.33P 0.68 +0.14 A
Q
= N-50 483+020b=  03240.03 6.14 +0.14 bc 210+ 0.11b 0.90 + 0.03 ¢
S Mg(NOs), N-70 434+011° 03340024 6624003  238+002>  1.16+0.03"
g N-90 432 +0.122 0.35+0.024 6.83 £0.16f 2.844+0.04¢ 1.29 +0.02 8
5 Mean 449 +0.284 033 +0.03€ 6.53 +0.32€ 2444+ 0318 112 +£017€
N-50 513 +0.12¢ 0324+0.01%4  637+026¢°¢ 284+0.16¢ 0.77 &+ 0.04 <d
NaNO; N-70 513 +0.12¢ 0.26 +£0.01 b 6.08 £ 0.10 be 2.74 +0.18 de 0.79 4+ 0.02 4
N-90 5.09 + (.14 de 0.29 4 0.01 be 553 +0.242 2.66 + 0.14 de 0.71 +0.02¢
Mean 512 +0.13€¢ 0.29 +0.03 B 599 + 0414 2.75+0.18€ 0.75 £ 0.04 B
N-50 486 +0244%  033+0.064 6.33 4+ 0.25 AB 23940354 0.82 +0.07 &
Mean N-70 482 +0364 0.31 +0.084 6.45 +0.38 B 233+0814 0.84 £ 0204
N-90 487 +£0344 0.32 +£0.094 6.23 +0.57 & 239+ 0.884 0.83+ 0284

* Values with the same letter within one type of cultivation for the parameter were not significantly different
(p > 0.05, Duncan’s test). ** Mean values for all the treatments in columns with the same letter within the column
for the parameter were not significantly different (p > 0.05, Duncan’s test).
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Table 3. Content of microelements (mg-kg*1 of d.m.) and sodium (% of d.m.) in the leaves of the

flowering Chinese cabbage grown with various N nutrition sources.

N Source N Level Fe Mn Zn Cu Na
N-50 116.3 + 10.6 de* 32.4+280b 76.4 4 0.80 b 7.64 4+ 0302 0.073 £ 0.01 2
NELNO N-70 109.1 + 3.08 bd 324+459b 79.8 4 1.80 b 7.88 + 0.66 2 0.090 =+ 0.01 be
s N-90 1251 +7.10°¢ 363+311¢ 819+0.86¢ 5.74 +0.242 0.127 £ 0.014
Mean 116.9 + 10.01 BC*+ 337+ 2224 794 + 424 € 7.09 + 1.054 0.097 £ 0.02 B
N-50 93.7 £ 4202 32.9 + 5.60 be 72.6 +2.74b 5.30 4+ 0.682 0.057 £0.012
N-70 101.6 + 7.78 @ 33.7 + 1.68 bc 62.44+1.902 5.45 4 0.202 0.077 £ 0.01 3
Ca(NO3), b-d b-d b
N-90 106.5 + 4.74 39.3+443¢ 77.3 4+ 0.27 634 +0.342 0.097 =+ 0.01 b¢
Mean 100.6 + 7.824 353 +3.454 70.8 + 7.50 A 5.70 + 0.99 A 0.077 +0.02 4
N-50 9414+ 0.782 32.6 + 4.67 bc 90.1+1.76¢ 830+ 0.802 0.080 & 0.01 @b
é Mg(NOs), N-70 103.1 £ 1.29 @< 342 +3.66P¢ 84842304 1396+ 097P  0.093 £ 0.01bc
S N-90 139.4 + 0.26 f 39.1 +1.35de 8434+ 0.749% 1799 +£285  0.117 £0.01¢<d
% Mean 1122 +19.61B 353 +3264 86.4 + 437D 13.42 +4.36 B 0.097 + 0.02 B
= N-50 1146 +9.09°°¢  356+044>4  788+24754  809+098° 0.200 +0.03
~ NaNO N-70 116.9 + 5.79 de 334 +313bc 7614 0.74bd 5734+ 0.342 0.340 £ 0.03 f
3 N-90 1379 + 6.27f 345+ 1.62bc 7724 0.37bd 7.26 +0.36 2 0.733 £ 0.018
Mean 1231+ 1271€ 345+ 1764 77.4 +233BC 703+ 1164 0.424 +0.23€
N-50 104.8 + 0.90 @4 27.0 +£3.472 71.6 £2.09b 19.12 £ 2649  0.077 £ 0.01 2P
N-70 114.9 4+ 0.93 ¢ 33.6+755b¢ 7904+ 038bd 1547 +161P  0.100 + 0.01bd
Urea, CH4N,O bd b d
N-90 111.3 + 3.09 b~ 39.4+156¢ 73.0 4 1.72 be 7.07 +£0.912 0.117 £ 0.01 ¢
Mean 110.3 + 4.60 B 333+5324 745+ 5834 1389 +5388B 0.098 + 0.02 B
N-50 104.7 + 11.65 4 321+3524 779 + 7.64 A 9.69 +5.024 0.097 + 0.05 4
Mean N-70 109.1 + 7.654 334+1714 76.4 + 8.82 A 9.70 + 4314 0.140 +0.10B
N-90 124.0 + 14.31 B 37.7 +£2208 78.7 +4.78 A 8.88 +4.824 0.238 £0.25¢€
N-50 80.5 + 1.43 < 89.3 £346bd 739 +321bc 335+029b 0.110 £0.012
NHLNO N-70 87.7 + 2.86 <d 942 + 5.86 66.3 + 2.66P 3.52 4+ 0.18 b¢ 0.197 £0.01°
4TS N-90 929 +2.134 1023+ 1.96¢ 827 +450¢* 335+ 0.12b 0.177 £0.01°
Mean 87.0 £ 5578 953 + 6.42 B 743 +7.83B 341 +0224 0.161 +0.04 B
N-50 103.6 £2.57¢ 100.8 £3.25¢ 78.9 4+ 4.71 ¢d 416 +0.12de 0.110 £ 0.012
Ca(NO3) N-70 88.1 +5.32¢d 976+ 4809 8174227  4114020¢¢ 0.097 £ 0.012
§ 372 N-90 84.8 4+ 4.46 b 67.3+2.032 412 +2322 253+0.21° 0.073 £0.012
*§ Mean 92.1+924€ 88.6 + 15464 673 +18.824 3.60 +0.78 A 0.093 £ 0.02 4
:8 N-50 84.0 4 4.65 b¢ 85.6 & 5.18 b¢ 902 +275¢  359+033b<d 0180 +0.02P
< Mg(NOs), N-70 77.8 +222ab 81.0+5.04b 97.1+7.37f 4.04 +0.07 < 0.207 £ 0.01°
g N-90 81.8 4+ 3.28 be 92.6+531“¢ 854 +267de 449 +0.31¢f 0.203 £ 0.01°
& Mean 812 +4.374 864+ 6754 909 +7.06€ 404+0458 0197 +£0.02€
el
2z N-50 86.0 + 2.68 b 90.1+3.73bd  100.0 + 6.88 479+ 031 0.483 £ 0.03 ¢
NaNO N-70 101.0 £ 1.90¢ 85.2 4 7.46 bc 1114 +2958 5.49 + 0.46 & 0.603 + 0.02 4
3 N-90 72.6 +£7.334 87.74+391bd 1114 +5478 499 +0.4118 0.720 + 0.07 ©
Mean 86.5 + 12.49 B 87.7 £5714 107.6 + 7.67 0 5.09 + 049 € 0.602 +0.11 P
N-50 88.5 + 9.41 Bx* 914 +7344 85.8 +10.88 B 397 £0.624 0221 +0.154
Mean N-70 88.6 + 8.89 B 89.5 +7.96 A 89.1 +17.86 B 429 +0.78 B 0.276 +0.20 B
N-90 83.0 £ 8.68 4 875+ 13374  80.2+25404 3.84+1.004 0.293 +0.25B

* Values with the same letter within one type of cultivation for the parameter were not significantly different
(p > 0.05, Duncan’s test). ** Mean values for all the treatments in columns with the same letter within the column
for the parameter were not significantly different (p > 0.05, Duncan’s test).

3.3. Colour Measurement

The results of the instrumental colour measurements expressed as the L* (lightness),
a* (red/green) and b* (yellow/blue) coordinates are shown in Figure 1 and Table S2
(Supplementary Materials). Both effects, of the N source and the N level, were statisti-
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cally significant in the pot and hydroponic cultivation systems (Table 51, Supplementary
Materials). The results of pot cultivation indicated that the highest L* values were obtained
for the urea fertilisation (mean L* value of 46.4 for all the N doses), whereas the lowest were
obtained for Ca(NO3),; (mean L* value of 43.8). Lightness (L*) of the flowering Chinese
cabbage samples treated with Mg(NO3); increased with increasing N levels, while the L*
value of the samples treated with urea decreased. With regard to the a* value, treatment of
the plants with urea resulted in the highest a* values (mean a* value of —5.79). Fertilisation
with increasing N levels of NH4NO3 and Ca(NOj3), resulted in an increase in the a* values.
The lowest a* value (—8.72) was determined for the flowering Chinese cabbage treated with
Mg(NOj3), at N-70. The values of the b* colour coordinate were the highest for the sample
treated with Mg(NO3),. However, there was no evident trend in the b* value changes with
the increasing N dose of Mg(NO3),. In contrast, the b* values of the samples treated with
urea increased from 19.3 to 21.2 with increasing N doses, whereas the b* value decreased
with increasing N doses of NaNOj3. Both the chroma (C) and hue angle (h) values were the
lowest in the samples fertilised with urea (Table S2).
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Figure 1. Changes of the L*a*b* colour coordinates as affected by the N source and level. Vertical
bars indicate standard errors.

In hydroponic cultivation, the highest L* value (50.77) was determined in the flowering
Chinese cabbage treated with Mg(INO3), at N-90. However, regardless of the N dose, the
mean L* value was the highest after Ca(NO3), treatment (48.88). With an increase in the
N level, the a* values increased for the samples treated with Mg(NOs3), and decreased
for the samples treated with NH4NO3. The highest a* value was reported after treatment
with NaNOj; (mean a* value of —6.6). With regard to the b* colour coordinate, the values
increased with an increase in the N dose using Mg(NOs3), up to the highest level of 22.37.
However, taking into account only the effect of the N source, the highest b* value was noted
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for Ca(NO3); (mean value of 21.56). As for the hue angle (h) and chroma (C) coordinates,
there were fluctuations in the values depending on the N level and N source (Table S2).

3.4. Chlorophyll and Carotenoid Contents

The effects of N nutrition intensity and fertiliser form (nitrogen source) on the contents
of chlorophylls (Chl a, Chl b) and carotenoids (x + ¢) are shown in Table 4. In pot cultivation,
the effect of the nutrition source was evident only for carotenoids (x + c), Chla/Chl b and
(Chla + Chl b)/(x + c). The effect of the N level was statistically significant for Chl a, Chl b,
carotenoids, Chl a + Chl b. The results of ANOVA are shown in Table S1 (Supplementary
Materials). In pot cultivation, the highest Chl a, Chl b and x + ¢ values (8.48, 2.39 and
2.01 mg/g, respectively) were observed in the flowering Chinese cabbage treated with urea
at N-90. The values of Chl a + Chl b and (Chl a + Chl b)/carotenoids reached the maximum
level after the treatment with NH4NO3, while the highest Chl a/Chl b value was found in
the flowering Chinese cabbage treated with Mg(NO3),, irrespective of dose.

Table 4. Contents of chlorophylls and carotenoids in the flowering Chinese cabbage cultivated with
various N nutrition sources.

N Chl a, mg/ Chl b, mg/ Carotenoids Chla+ Chlb, (Chl a + Chl
N Source Level DW 8 DW ¥ (x + ¢), mg/g DW mg/g DW Chla/Chl b b)/(x + ¢)
N-50 5.20 + 0.03 bex 1.91 + 0.05 2 0.96 + 0.05 cde 7.11 £ 0.01 be 272 +0.08¢ 7.42 4+ (.44 2P
NH,NOs N-70 5.17 £ 0.05 b¢ 1.94 4+ 0.01 2 0.97 + 0.01 cde 7.11 + 0.06 bc 2.67 +£0.01°¢ 7.31 £ 0.17 abc
N-90 499 +1.90bd 196+ 0.722 0.89 + 0.33 de 6.95 + 2.62 be 255+ 0.04¢ 7.83 £0.072
Mean 5.12 + 0.86 1.94 + 0.32 094 +0.15 7.06 +1.18 2.64 +0.09 7.52 +0.33
N-50 417 +0.76 <4 1.53 + 0.31 be 0.86 + 0.13 de 5.70 & 1.07 bed 2.73 +0.06 © 6.63 & 0.27 bed
C N-70 4.83 + 0.58 bed 1.54 + 0.19 be 1.03 4 0.11 cde 6.38 + (.77 bed 3.13 +0.01b¢ 6.16 + 0.06 def
a(NOs)2 N-90 5.04 + 0.19 bed 1.65 + 0.10 be 1.34 + 0.03P 6.69 + 0.29 bed 3.05 + 0.07 b¢ 498 +0.128
Mean 4.68 + 0.59 1.58 +0.18 1.08 + 0.23 6.26 + 0.75 297 +0.19 592 +0.77
N-50 4.89 + 0.20 bed 1.62 + 0.09 be 1.25 + 0.04 b¢ 6.50 + 0.29 bed 3.02 + 0.05 bc 5.22 +0.06 &
N-70 4.73 +(0.12 bed 1.50 + 0.03 be 0.93 +0.02 de 6.23 + 0.14 bed 3.16 + 0.02 b¢ 6.72 + 0.02 bed
= Mg(NO3)2 N-90 bed be bed b a b-e
ks - 5.66 + 0.19 1.52 + 0.50 1.13 £ 0.17 7.19 + 0.69 391 +1.15 6.49 + 1.61
s Mean 5.09 + 0.47 1.55 + 0.23 1.10 + 0.17 6.64 + 0.56 3.36 £ 0.69 6.14 +1.02
= N-50 460 +0.19Pd 148 +0.07¢ 0.98 4 0.01 °de 6.08 & 0.26 bed 3.12 £0.03b¢ 6.20 4+ 0.18 °f
foi NaNO N-70 4.79 + 0.26 bed 1.49 + 0.04 b¢ 1.02 4 0.14 <de 6.27 + 0.30 bed 3.22 4 0.09 2be 6.18 + 0.54 <f
~ 3 N-90 5.25 + 0.02 b¢ 1.75 + 0.02 be 1.07 4 0.02 bed 7.00 + 0.04 b¢ 2.99 + 0.02 be 6.52 + 0.14 b-e
Mean 4.88 +0.33 1.57 +0.15 1.03 + 0.08 6.45 + 0.47 3.11+0.11 6.30 + 0.31
N-50 3.69 4+ 0.11 1.23 £0.07°¢ 0.78 +0.01°¢ 492 +0.184 3.00 £ 0.09 be 6.32 4+ 0.27 >
Urea, N-70 3.90 4+ 0.084 1.24 +£0.02¢ 0.85 4 0.01 de 5.14 +0.10d 3.14 4 0.00 be 6.07 £ 0.06 9ef
CH4N,O N-90 848 +£0.722 2.39+0.112 2.01+0.142 10.87 + 0.612 3.56 & 0.46 2P 5.40 + 0.07 °f¢
Mean 5.36 + 2.45 1.62 + 0.60 1.21 + 0.62 6.98 + 3.03 3.23 +0.34 5.93 + 0.44
N-50 451 +0.62 1.55 + 0.26 0.96 + 0.17 6.06 + 0.87 292 +0.18 6.36 +0.78
Mean N-70 4.69 =+ 0.49 1.54 + 0.25 0.96 4 0.09 6.23 £+ 0.72 3.06 £+ 0.21 6.49 + 0.53
N-90 5.88 + 1.55 1.85 + 0.43 1.29 + 0.43 7.74 +1.90 321 +0.65 6.25 + 1.18
N-50 492 +0.01 b 1.68 + 0.022 0.84 + 0.02 «d 6.60 + 0.03 bc 293 +0.04° 7.824+0.152
£ NH;NOs N-70 502+026%  157+£0.08% 0.99 +0.03° 6.58 & 0.34 ¢ 3240014 6.65+0.12°
S N-90 539 +0.02° 1.69 +0.02 2 0.93 +0.04 bc 7.08 £0.00° 3.18 +£0.054 7.59 +0.332
IS Mean 5.11+0.25 1.65 + 0.07 0.92 + 0.07 6.75 + 0.30 3.11+0.14 7.35 + 0.58
E N-50 3.89 £0.02¢°%  1.084 0.089% 0.81 +0.024 497 +0.10 fgh 3.6 +0.23be 6.12 +0.02 «d
9 N-70 3.80 + 0.08 °f8 1.03 + 0.01 ¢ 0.88 + 0.01 «d 4.83 +0.09 feh 3.68 + 0.06° 5.51 + 0.05 °f
g CaNOs)2 N-90 43140249 1.24 +0.08 4 0.91 + 0.06 bed 5.55 + 0.32 ¢f 3.49 + 0.04 b¢ 6.08 + 0.04 «d
% Mean 4.00 +0.27 1.12 +£0.11 0.87 + 0.05 5.12 +0.37 3.59 -+ 0.14 5.90 + 0.31
= N-50 4.88 +0.12b¢ 1.45 +0.02 b 0.99 +0.02° 6.32 £ 0.15 3.37 £ 0.03 «d 6.39 + 0.26 b
Mg(NO)> N-70 824 +0.132 1.67 + 0.06 2 229 +0.072 9.91+0.192 49440092 433 +0.058
N-90 3.62 +0.08 18 0.97 £0.07 © 0.85 + 0.01 459 4+ 0.158h 3.734+0.18" 538+0.14f
Mean 5.58 + 2.14 1.36 4+ 0.32 1.38 + 0.71 6.94 +243 401 +0.73 5.37 +0.93
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Table 4. Cont.

N Chl a, mg/g Chl b, mg/g Carotenoids Chl a + Chl b, (Chl a + Chl
N Source Level DW DW (x + ¢), mg/g DW mg/g DW Chl a/Chl b b)/(x + ¢)

N-50 456 + 0.6 ¢ 1.27 £ 0.24 <d 0.99 4+ 0.09 ° 5.83 + 0.90 de 3.60 & 0.16 b¢ 5.87 4+ 0.36 de

NaNOs N-70 4.10 4 0.10 def 1.11 £ 0.03 de 0.99 4+ 0.00° 521 +0.13f8 3.69 4+ 0.00° 526+012f
N-90 3.4240.108 0.92 £0.04°¢ 0.84 £ 0.03 <d 434 +0.14h 3.714+0.05P 519 +0.04f

Mean 4.06 + 0.60 1.10 + 0.19 0.94 + 0.09 5.13 + 0.79 3.67 £ 0.09 5.44 + 0.48

N-50 456 + 0.51 1.37 + 0.25 091 +0.10 5.93 + 0.75 3.37 £ 0.31 6.55 + 0.83

Mean N-70 5.29 -+ 1.89 1.34 £+ 0.30 1.29 + 0.65 6.63 +2.14 3.88 + 0.69 5.44 + 0.89
N-90 418 +0.83 1.20 + 0.33 0.88 + 0.05 539 + 1.16 3.53 +0.25 6.06 + 1.02

* Values with the same letter within one type of cultivation for the parameter were not significantly different
(p > 0.05, Duncan’s test).

In hydroponic cultivation, both the effects, of the N source (nutrition) and the intensity
of N nutrition, were statistically significant (Table S1, Supplementary Materials). Gen-
erally, the chlorophyll and carotenoid contents of flowering Chinese cabbage grown in
hydroponics were lower compared to the values from pot cultivation. The highest Chl a
and x + ¢ contents were found in the samples fertilised with Mg(INO3), at the N-70 dose,
but the highest Chl b level was reported for the plants treated with NH4NOs3. The lowest
carotenoid content was observed after Ca(NOs); fertilisation (0.87 mg/g). However, with
increasing levels of N derived from Ca(NOs3),, the carotenoid content increased.

The Chl a content in flowering Chinese cabbage gradually increased with the en-
hancement of N nutrition by treatment with NH4NOj3, while increasing the N dose via
fertilisation with NaNOj3 reduced the Chl a content. The Chl b content in flowering Chinese
cabbage decreased in the treatments with NaNOj as the N levels rose.

3.5. Phenolic Content and the Antioxidant Activity

The effects of N levels and N sources (fertilisers) on the antioxidant capacity, total
phenolic content, and total flavonoid content of flowering Chinese cabbage are shown in
Figure 2 and Table S3 (Supplementary Materials).

Both effects (N level and N source) were statistically significant for all parameters in
the pot and hydroponic cultivation systems (Table S1, Supplementary Materials).

In hydroponics, the DPPH scavenging activity of the samples was higher, while the
TEAC, FRAP, TPC and TFC values were lower in comparison to the samples from pot
cultivation (Figure 3). In pot cultivation, irrespective of the N dose, the DPPH, FRAP,
TPC and TFC values were the highest in the samples treated with Mg(NO3),, whereas the
TEAC values were the highest in the sample treated with NaNOj3. The maximum DPPH
scavenging activity was 115.8 pmol/g in the sample after the Mg(NO3), treatment at N-70
and the TEAC was 536.69 umol/g in the plant after the NaNOj3 treatment at N-90.

Different conclusions can be drawn from the results obtained in hydroponic cultivation
as the maximum values of the DPPH and TEAC scavenging activity were 122.41 umol/g
DW and 409.51 pmol/g of DW, respectively, both after the NH;NOj5 treatment. The highest
FRAP was noted for Ca(NO3); at N-90 (24.12 mmol TE/g).

The maximum individual value of the TFC value was observed in hydroponics for the
samples fertilised with NaNOs (1.43 mg/g).
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Figure 2. Phenolic content (TPC—total phenolic content, TFC—total flavonoid content) of the
flowering Chinese cabbage cultivated with various N nutrition sources.
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Figure 3. Antioxidant activity (DPPH, TEAC, FRAP) of the flowering Chinese cabbage cultivated

with various N nutrition sources.
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3.6. Cluster Analysis

The effects of both the source of nitrogen and the nitrogen level were generally sig-
nificant for the quality parameters of flowering Chinese cabbage. However, there is no
clear answer as to which form of nitrogen supply offered the best results as the maximum
values of quality parameters were observed for different nitrogen sources. Thus, a multi-
variate analysis in the form of cluster analysis was performed in order to better understand
the dataset. The results are shown in Figures 4 and 5. Before clustering, all data were
standardised within the cultivation system group.
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Figure 4. Heatmap with a dendrogram for the flowering Chinese cabbage samples cultivated in the
pot system.

Based on the results from the cluster analysis, it can be concluded that the dataset
could be divided into six distinct groups in the pot system (dendrogram in Figure 4) and
three distinct groups in the hydroponic system (dendrograms in Figure 5) at a 70% distance
using all the parameters tested as shown in the heatmaps in Figures 4 and 5. Distinct
groups are shown in Table 5.

In the pot system, the first cluster consisted of the plants treated with urea at N-90
with high pigment contents (chlorophylls and carotenoids) and a high a* colour coordinate
value. The second cluster consisted of the samples fertilised with magnesium nitrate at
the N-70 and N-90 doses, showing high DPPH activity and b*, h and C colour parameters
as well as N, Zn and Cu contents. The third cluster consisted of the plants fertilised with
calcium nitrate at N-90 and magnesium nitrate at N-50, showing a high Ca content and
high or moderate P and K contents. The samples treated with urea at N-90 showing high
pigment contents (chlorophylls and carotenoids) and a high a* colour coordinate value
were in the fourth cluster. The fifth cluster consisted of the samples with the N-90 dose of
ammonium and sodium nitrates. Those plants had high DPPH and TEAC activity and high
N content and yield. The samples fertilised with the N-50 and N-70 doses of ammonium,
sodium and calcium nitrates, all with low levels of all the parameters tested, were in the
sixth cluster.
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Figure 5. Heatmap with a dendrogram for the flowering Chinese cabbage samples cultivated in the
hydroponic system.

Table 5. Results of cluster analysis for the pot and hydroponic system.

System Samples Cluster No.

Urea N-90
Mg(NOs), N-70
Mg(NOg,)z N-90
Ca(NO3)2 N-90
Mg(NOs), N-50

Urea N-50

Urea N-70
NH4NO3; N-90

NaNO3 N-90
NH4NO3; N-50
NH4NO3; N-70
Ca(NO3)2 N-50
Ca(NO3)2 N-70

NaNOj3 N-50

NaNOj N-70

NH4NO; N-50
NH4NO;5 N-70
NH4NO;5 N-90
Mg(NO3); N-50
Ca(NO3 )2 N-50
Ca(NO3 )2 N-70
Ca(NO3 )2 N-90
Mg(NO:;)z N-90
NaNO; N-70
NaNO; N-90
Mg(NOg)z N-70
NaNO; N-50

—_

Pot cultivation

Hydroponic cultivation
WWNRNNNNNEFS- |0 UlUlh ks wWwNN
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In the hydroponic system, the first cluster was magnesium nitrate at N-50 and ammo-
nium nitrate (all doses) with high or moderate pigment and P contents. The second cluster
was calcium nitrate (all doses), sodium nitrate at the N-70 and N-90 doses and magnesium
nitrate at N-90. Those plants had moderate or high TEAC and FRAP activities and phenolic
content as well as moderate colour parameter values and N content. Finally, the third
cluster was N-70 magnesium nitrate and N-50 sodium nitrate with low antioxidant activity
and phenolic content.

4. Discussion

The effect of nitrogen sources had also previously been studied on Chinese Cab-
bage [25]. Ammonium nitrate, ammonium sulphate, calcium nitrate, ENTEC 26 and urea
were tested by pre-seeding (150 kg N per ha) or split application (100 + 50 kg N per ha).
The highest total yield of Chinese cabbage was found when urea was applied, which is in
contrast to the results showed in this study. It was previously reported that the increase
in the intensity of N nutrition significantly affected the yield of broccoli [26]. Although
others have indicated that the N rate does not significantly improve the cabbage yield, it
was observed that cabbage fertilised with the lowest N rate (196 kg~ha’1) had the lowest
yield value [27]. The correlation analysis of our results indicated that the yield of flowering
Chinese cabbage was significantly correlated with the N content in the plants from pots
(r=10.87, p <0.05). Such a correlation was not observed in hydroponics.

The increase in yield may be due to improved functioning of biochemical processes,
including photosynthesis [28]. In previous studies, a strong relationship between increasing
N content in plant tissues of leaves, leaf chlorophyll concentration and photosynthesis was
found [29,30]. However, in our study, the correlations between the yield and chlorophylls,
as well as between the yield and the N content were statistically insignificant.

As previously reported, the highest yields of flowering Chinese cabbage were achieved
with N-90 ammonium nitrate [3,4]. Similar results were observed in the present study for
the pot cultivation system. However, the plants grown hydroponically had the highest
yield at the N-70 dose of ammonium nitrate. Plant species are usually quite sensitive to
excessive ammonium concentrations in the root zone when cultivated hydroponically in
rockwool. The recommended doses of ammonium for hydroponic crops are lower (<14 mg
N—NHy-dm?) than those used in our study for N-90 of NH;NOj3 (45 mg N—NH,-dm?).
In spite of that, there was no visual effect of NH," toxicity on the plants in the case of the
highest dose of that fertiliser. This demonstrates the relatively high tolerance of this species
to ammonium when grown hydroponically. The excessive ammonium concentration (high
proportion of ammonium to nitrate, i.e., 75 to 25) reduced the biomass of flowering Chinese
cabbage. At the ratio of 25% of ammonium to nitrate, the best balance between the plants’
biomass and nutrient uptake was observed [31]. In our study, although the yield was lower
at the N-90 dose than at the N-70 dose of NH;NOj3, the plant biomass was satisfactory. It
had been previously observed that high N nutrition (above the N-90 dose) had no positive
effect or even reduced the yield of flowering Chinese cabbage [4]. In field cultivation, the
efficiency of applied nitrogen fertilisation is about 40-50%. According to Xie et al. [5], the
optimal N dose for purple Chinese cabbage was 440-490 kg /ha (i.e., 220-245 mg-dm ~3).
In the case of soilless cultivation, as in this study, the yields achieved were satisfactory, in
terms of both quantity and quality, with the application of almost three times lower doses.
This could indicate the importance of hydroponic cultivation of plants for environmental
protection as fertilisation can be significantly reduced in this system.

Most plant species are quite sensitive to excessive sodium concentrations in the root
zone [32,33]. What is particularly interesting is that the application of NaNOj; as an N
source, regardless of the type of cultivation, did not significantly reduce plant yields in
comparison to other N fertilisers. Along with this fertiliser, relatively high doses of sodium
were introduced, which could indicate a rather high tolerance of flowering Chinese cabbage
to sodium, which is the novelty of our study.
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In this study, the nutrient content in the aboveground parts of flowering Chinese
cabbage varied depending on the influence of different N sources. Moreover, the nitrogen
content determined for the hydroponically grown plants was higher than that of the pot-
grown plants. A possible reason for this was sorption of the nutrient in the substrate. Krezel
and Kotota [25] reported that the type of nitrogen fertiliser and the technique of application
had little or no effect on the levels of P, K, Mg and Ca in Chinese cabbage cultivation.
Others [34] found that leaf N concentration increased with the N rate, but was not affected
by the N source or harvest date. In this study, differences in the N content were evident
with an increasing N level and varying N sources as well, especially in the hydroponic
system. N significantly impacts the amount of RuBisCO and photosynthesis [35,36]. Since
Calvin cycle proteins and thylakoids provide the majority of nitrogen in leaves, there is a
relationship between the N content and leaf photosynthesis [36]. The amount of CO, fixed
per unit of leaf N is defined as the ratio of net photosynthesis to the leaf N content, which
varies as a function of the leaf N content [37,38].

Considering other nutrients, Obreza and Vavrina [34] reported that concentrations
of P, Ca and Mg in mature Chinese cabbage wrapper leaves increased with an increasing
N rate, while the leaf K concentration decreased. In our study, the effect of nitrogen
on nutrients was quite different as a decrease in P and an increase in K, Ca and Mg
were observed for substrate cultivation, while for hydroponic cultivation, the contents
of P, K and Mg decreased with an increase in the level of N derived from NaNO3 and
Ca(NO3);. In hydroponics, the correlation coefficients between the levels of N and K
in plants and between N and Mg were statistically significant. They were as follows:
r (N vs. K) = —0.624 (p = 0.03) and r (N vs. Mg) = —0.838 (p = 0.001). For the pot-
cultivated samples, a statistically significant correlation was observed only between N and
Mg (r = 0.553, p = 0.032). According to Mulder’s chart [39], N has an negative effect on the
K and Cu uptake and a positive effect on Mg. This is partly consistent with our results
(for the relationship between N and K in pots and the relationship between N and Mg in
hydroponics).

In previous studies [4], antagonism between N and Cu was observed for substrate
cultivation, which was not the case in this study. In hydroponics, a positive impact of the
N dose on Fe, Zn and Cu has been reported [4]. This study observed a significant effect
of N on the Fe level in pots (r = 0.551, p = 0.033) as well as a significant effect of N on Mn
(r=10.693, p = 0.004). Smoleni and Sady [40] stated that the application of NHs;NOj3 led to a
significant increase in the content of Fe in red cabbage. Ai et al. [41] found that Cu and Mn
concentrations in the aboveground tissues of Bothriochloa ischaemum increased significantly
with N addition. The determined trends of changes in the Fe, Mn and Cu contents may
vary with N nutrition intensity [42] as observed in this study.

Generally, the highest macronutrient content in plants grown in the pot cultivation
system was determined under treatment with magnesium nitrate, especially at N-70 and
N-90 (Figure 4). Simultaneously, when magnesium nitrate was used as a supply of nitrogen,
the Mg dose also increased (balancing was performed for N). The beneficial impact of
magnesium nutrition on plant production has also been shown in numerous other plant
species [15,43]. Mg is a crucial macroelement for the growth and development of plants. It
plays an important role in various metabolic functions, such as photosynthesis and enzyme
activation. The application of Mg fertilisers can have a positive impact on the levels of
other macro- and microelements in plants, including N, P, K, Fe, Mn, Zn and Cu (according
to Mulder’s chart). In the study by Geng et al. [44], it was shown that Mg fertilisation
increased the levels of N and P in plant seeds, which is consistent with our results. The
authors found that Mg nutrition improves the Mg status of plants by significantly affecting
the seed yield, seed quality, seed vigour (germination) and increasing the nitrogen and
phosphorus uptake in oilseed rape plants. In our study, fertilisation with magnesium
nitrate resulted in a positive effect of Mg on the N, K, Mg, Na, Fe, Mn and Cu contents and
a negative effect on the P and Ca contents in the substrate system. However, statistically
significant correlations were revealed only between Mg and N (r = 0.553, p = 0.032), Mg and
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K (r=0.541, p = 0.37) and Mg and Zn (r = 0.515, p = 0.05) in the pot system. In the case of
hydroponics, Mg had a negative effect on N (significant correlation) and a positive one on
P, K, Ca, Mg, Mn and Cu in Chinese cabbage. In general, it can be assumed that the effect
of nitrogen nutrition on the content of nutrients in plants can vary, and the relationships
may be different for different plant species [45—-47].

When calcium nitrate was used as a source of nitrogen, the rate of Ca (balancing for
N) increased at the same time. According to Mulder’s chart, Ca has a negative effect on the
uptake of P, K, Mg, Fe, Mn, Zn and Cu. In our study, the effects were different depending
on the cultivation system, namely an increase in the Mg, Fe and Mn contents for the plants
grown in pots and a decrease in the P, K, Mg, Fe, Mn, Zn and Cu contents for the plants
grown hydroponically.

Kim et al. [12] indicated an increase in the content of such nutrients as P, K, Mg, Ca,
and S in the leaves of pepper under increasing concentrations of urea. Such an effect was
not found in our study in pot cultivation. Obreza and Vavrina [34] observed that Ca and
Mg concentrations were the lowest after the application of urea as the only N source. In
our study, the reducing effect of urea on the N, P, Ca, Mg and Na contents of Chinese
cabbage was confirmed in comparison to the other N forms when plants were grown in
pots. The pigment contents (chlorophylls and carotenoids) could be related to the nitrogen
doses, but the final response could vary depending on the season and type of cultivation
of flowering Chinese cabbage [4]. In our study, in the pot cultivation system, the highest
chlorophylls and carotenoids levels were obtained in the samples treated with urea at the
N-90 dose, in the hydroponic system—in the samples treated with magnesium nitrate at
the N-70 dose. However, in pot cultivation, the pigment content was not correlated with
the colour parameters (L*a*b*), whereas in the hydroponic system, Chl b correlated with
L* (r= —0.65, p = 0.02) and b* (r = —0.72, p = 0.01). Generally, the pigment content in the
pot system positively correlated with the content of Mn in the leaves, the microelement
which is involved in the process of photosynthesis [48]. Wang et al. [49] reported that the
application of different N levels could affect pigment contents in crops, including Chl a
and Chl b. It is well-documented in the literature that Chl a and Chl b are crucial pigments
involved in the photosynthesis process in plants, and the optimal pigment contents can
lead to better growth and yield [50-52]. In a study by Hassama et al. [53] who tested
different nitrogen forms in nutrient solutions (monoammonium phosphate, potassium
nitrate, calcium nitrate, ammonium sulphate, ammonium nitrate, urea and monosodium
glutamate), it was reported that ammonium nitrate (151.277 mg/L) can increase Chl a
and Chl b while urea (113.502 mg/L) can increase carotenoids and xanthophylls. Fur-
thermore, Vinale et al. [54] found that the application of N concentration (ranging from 0
up to 12.6 mg/L) and N sources (Ca(NO3),, KNO3, CH4N,O) differentially affected the
concentrations of photosynthetic pigments and biomolecules in Mexican marigold (Tagetes
erecta L.) in a hydroponic system. Chl a, b and total chlorophylls increased by 98.8, 11.9 and
56.6%, respectively, with the N dose of 8.4 mg/L [54].

The highest antioxidant activity and phenolic content were obtained in the samples
from the pot system treated with magnesium nitrate at high N doses (N-70 and N-90)
as well as with ammonium and sodium nitrates at the N-90 dose. The results correlated
with the level of nitrogen and the yield of the plant, which is similar to our previous
findings [4]. In the hydroponic system, the highest DPPH activity was observed after
the treatment with sodium nitrate at the N-70 and N-90 doses. Olarewaju et al. [55]
concluded that the combined use of organic manure and a urea fertiliser led to enhanced
antioxidant activity in three vegetables (Solanum macrocarpon L., Amaranthus viridis L. and
Telfairia occidentalis f. Hooke). Urea application can also improve the growth, chlorophyll
contents and antioxidant activity of ramie (Boehmeria nivea L.). Others [56] reported that
the contents of hydrophilic antioxidant compounds (vitamin C and total phenols) as well
as the antioxidant activity (DPPH and FRAP) in tomato (Solanum lycopersicum var. Sheva)
increased as the dose of urea was decreased. This is in contrast to our results, in which the
TPC and TFC values increased with an increasing urea N dose. However, at the same time,
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this is in agreement with our results on antioxidant activity, in which the TEAC radical
scavenging activity of the samples in pot cultivation decreased significantly as the N level
increased from N-50 to N-70.

The levels of antioxidant compounds were affected by different nitrogen forms.
Jalloh et al. [57] compared four types of fertilisers, i.e., urea, Ca(NO3), (NH)2SO4 (am-
monium sulfate) and an organic fertiliser, in terms of the oxidative status of rice plants in
response to the oxidative stress caused by Cd. The results showed higher antioxidant levels
in the plant treated with urea and ammonium sulphate compared to Ca(NOs3), and the
organic fertiliser.

Regarding the total phenolic compounds, Olarewaju et al. [55] pointed out that the
total polyphenol (510.70-521.50 mg GAE/g) and total flavonoid (609.51-742.50 mg rutin
equivalent/g) contents were reduced when the dose of urea (CH4N,O) increased. On the
contrary, in our experiment, when the urea (CH4N;,O) level increased from N-50 to N-90,
the levels of TPC and TFC increased. Qadir et al. [58] stated that an increased NH4;NO3
supply reduced the contents of phenolic compounds from 154 to 22 mg per 100 g~! FW in
lettuce (Lactuca sativa L.) from a hydroponic system. In our experiment, the N-70 dose of
NH4NOj resulted in a higher level of the TPC than the N-50 dose of NH4NOs. Increasing
the N level to the N-90 dose, no significant increase in the TPC was observed.

5. Conclusions

The purpose of this study was to determine the effects of different N sources and
increased N supply on the yield and certain biochemical properties of flowering Chinese
cabbage grown in two different cultivation systems (substrate and hydroponics). The
factors studied had significant and multidirectional effects on the yield, growth and quality
of plants. In general, the plants grown in hydroponic systems were characterised by higher
yields than the plants grown in pots. Increasing levels of N nutrition significantly increased
the average yield of the plants grown in pots, while in hydroponics, the average yields at
N-70 were comparable to these at N-90. The nitrogen source modified plant nutrition in
terms of N, P, K, Ca, Mg, Na, Fe, Mn, Zn and Cu. For the pot cultivation system, the highest
pigment contents (chlorophylls and carotenoids) were obtained in the samples treated with
urea at the N-90 dose which correlated with the Mn level in the plants. However, in pot
cultivation, the pigment content did not correlate with the colour parameters (L*a*b*). In
the hydroponic system, the highest pigment contents were in the samples treated with
magnesium nitrate at the N-70 dose. Moreover, Chl b correlated with L* and b*. The
highest antioxidant activity and phenolic content were obtained in the samples from the
pot system treated with magnesium nitrate at high N doses (N-70 and N-90), as well as
with ammonium and sodium nitrates at the N-90 dose. In the hydroponic systems, the
highest DPPH (2,2-diphenyl-1-picrylhydrazyl) activity was observed after treatment with
sodium nitrate at the N-70 and N-90 doses. In our experiment, with the exception of the
TEAC (Trolox equivalent antioxidant capacity) activity in the urea treatment, the DPPH
and TEAC scavenging of the samples in pot cultivation increased significantly as the N
level increased from N-50 to N-70. The obtained results confirmed the research hypothesis.

In conclusion, both the intensity of N nutrition and the fertiliser applied can signifi-
cantly modify the yield of plants and their quality parameters. For pot cultivation, the most
effective fertiliser was Mg(NO3); at the N-70/N-90 doses, while for hydroponic cultivation,
it is difficult to indicate the most effective fertiliser as the responses varied depending
on fertilisation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app13095691/s1, Table S1. Two-way ANOVA of yielding and
the chemical composition of flowering Chinese cabbage grown under various N nutrition sources
and intensity. Table S2. Colour coordinates of flowering Chinese cabbage cultivated under various N
nutrition sources. Table S3. Antioxidant activity (DPPH, TEAC (ABTS), FRAP) and phenolic content
(TPC—total phenolic content and TFC—total flavonoid content) of flowering Chinese cabbage
cultivated under various N nutrition sources.
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