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Abstract

:

Nitrogen is an integral element of foliar sprays during apple fruit formation. However, in red cultivars, the application may have adverse effects on color in the second stage of fruit development. The effect of a low-dose foliar application of urea was monitored on ‘Topaz’ apple pomometric (fruit mass, firmness, total solids, starch content, skin color) and biochemical traits (primary metabolites, phenolic compounds, and assimilatory pigments). Three applications (17 July, 27 July, and 18 August) of two different urea doses (N1 = 1.4 kg N ha−1; N4 = 4 kg N ha−1) and control (N0, only sprayed with water) were used. Low doses of urea did not affect flesh firmness, total soluble, solid, and starch content, but individual fruit mass was significantly higher in N1 treatment compared to the other two treatments. Significantly lower a* parameters and a lower content of anthocyanins were measured on apples subject to N4 treatment. Many secondary metabolites (phenolic acids, flavan-3-ols, flavonols, and chalcones) were also negatively affected by low-dose urea application. Conversely, urea treatments significantly increased total assimilatory pigments in apple skin. Even minor levels of nitrogen, applied directly on the leaf at later stages of red apple fruit development, negatively altered color traits and the composition of metabolites.
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1. Introduction


Nitrogen is one of the key macronutrients regulating the growth and development of all plants, including apple fruit trees in production orchards. Its availability is linked to vegetative growth as well as to a general increase in biomass, leading to improved plant productivity and fruit yield [1]. Xia et al. [2] demonstrated that increased N supply improved leaf N status and photosynthetic activity generating faster cell proliferation and consequently, larger ‘Gala’ apples. However, nitrogen nutrients added at specific stages of a plant’s development may inhibit the biosynthesis of selected groups of secondary metabolites [3]. These compounds are associated with several major quality traits of apple cultivars and play an important role in plant defense mechanisms [4].



A decisive factor influencing consumer choices is the intense color of apple skin [5,6], particularly of red apple cultivars. Visually perceived red hues are directly linked to the accumulation of anthocyanins (a group of secondary metabolites) in fruit skin. The content of these pigments depends on several factors, initially on the genetic predisposition of a particular cultivar but also on numerous external elements. The latter can be grouped into soil conditions, climatic factors, diverse stressors (abiotic and biotic), as well as to various technological practices [7].



As nitrogen is an essential mineral nutrient affecting the growth, yield, and fruit quality of apples, detailed nitrogen fertilization plans are followed in high-production orchards [8]. This nutrient is added to the soil or applied in the form of foliar fertilizers. This measure is implemented several times throughout the season starting from late June until the final week before harvest with the aim of improving apple fruit firmness, shelf life, as well as preventing some storage disorders [9,10,11]. Moreover, low-level nitrogen fertilizers are added on-leaf to quickly alleviate sudden nutrient deficiencies as they are readily available to the plant [12]. In most cases, urea is used as a source for foliar fertilization. It is highly soluble in water, rapidly absorbed by plants, and rarely exhibits signs of phytotoxicity [13]. During the fruit set and apple fruit cell division stage, the application of urea sprays is a positive measure in most apple cultivars [14]. In later stages of fruit enlargement, red apple cultivars may be adversely affected by foliar application of nitrogen as it disturbs the synthesis of anthocyanin pigments and consequently, red skin coloration [15].



Few comprehensive compositional studies have been aimed to elucidate the potential negative effects of foliar addition of low levels of urea on apple phenolic status. Wang and Cheng [16] have determined a negative correlation between nitrogen supply and skin pigmentation of ‘Gala’ apples and measured a decrease in total anthocyanin levels in fruit skin. Similarly, Reay et al. [17] measured decreased total anthocyanin levels in urea-treated ‘Gala’ apples. On the other hand, visual assessment of ‘Fuji’ apples subject to different urea treatments was inconclusive to the effect of nitrogen on color formation [12]. Unfavorable color traits of pomegranate fruit have also been linked to foliar nitrogen fertilization [18]. These authors have additionally studied nitrogen-induced alterations in carotenoid and chlorophyll content levels, but up until now, no research has focused on other groups of secondary metabolites.



The aim of the present study was, therefore, to define metabolic changes induced by low doses of nitrogen-containing foliar sprays applied several times during the fruit cell enlargement stage. A detailed primary and secondary profile of ‘Topaz’ apple at harvest was established to determine possible negative effects of low nitrogen spraying on the internal quality of red apple cultivars. Additionally, the effect of urea spraying on assimilatory pigments in fruit skin was discussed.




2. Materials and Methods


2.1. Plant Material and Experimental Design


The study was performed in 2018 on 4-year-old full-bearing apple trees cv. ‘Topaz’, grafted on an M9 rootstock, growing at the experimental orchard of the Biotechnical Faculty, Ljubljana (latitude 46.06 N, longitude 14.51 E, altitude 295 m). The planting distance was 3.5 × 1 m, the rows were N-S oriented, and the trees were pruned to a slender spindle. The space between the rows was covered with grass and the orchard was managed according to the integrated production practices. Chemical thinning was completed prior to the experiment and hand correction to 7 fruit per cm2 trunk cross-section area (TCA) was performed. The experiment consisted of three on-tree applications (17 July, 27 July, and 18 August) of two different N doses (N1 = 1.4 kg N ha−1; N4 = 4 kg N ha−1) and control (N0, only sprayed with water). Folur (urea-based foliar spray, 22% w/v N) was used for on-leaf application. At each application, trees were sprayed to the drip point. Each treatment consisted of eight representative trees (n = 8) and was separated in the row by three guard trees. Other technological measures in the orchard did not differ among treatments (irrigation, lighting conditions, hail net cover, soil nutrition, etc.).




2.2. Sampling and Basic Fruit Analyses


All fruit from each tree were harvested at technological maturity and subjected to basic quality analyses. Fruits were counted and total fruit mass per tree was recorded. Five (5) uniform fruits per tree were subjected to ripeness tests (40 fruit per treatment) and chemical analyses (combined sample included all five fruits from a single tree, n = 5). Specifically, fruit mass and firmness were recorded, the latter with a penetrometer equipped with a 9 mm tip. Total soluble solids were measured (°Bx) and starch content was evaluated according to the starch-iodine test on a scale of 0 to 5. Apple skin color was measured at three sampling dates (17 July, 6 August, 24 September) on two opposite sides on each fruit with a portable colorimeter (CR-10 Plus, Konica Minolta, Osaka, Japan), which defines parameters in Commission International de l’Eclairage (CIE) system of color representation. Luminescence L* (0 = black, 100 = white), a* and b* values (green to red and blue to yellow) and h° (0° = red, 90° = yellow, 180° = green and 360° = blue) were assessed to define differences among treatments. For all basic analyses, five repetitions were carried out (n = 5) per treatment and five fruits from each tree were assessed to form a single repetition. Fruit segments (separately for each repetition) were chopped, and a portion of the combined sample was used for the analyses of primary metabolites. Phenolic compounds and assimilatory pigments were analyzed in the fruit skin of the same apples.




2.3. Extraction and Determination of Sugars and Organic Acids


For the quantification of primary metabolites, a section of fruit with skin (5 g) was ground to a pulp with 25 mL of double distilled water using an Ultra-Turrax T-25 (Ika-Labortechnik). Extraction was performed at room temperature with constant stirring for 30 min [19]. The supernatant was centrifuged (Eppendorf Centrifuge 5810 R) at 10,621× g for 10 min at 10 °C and filtered through a 0.20 µm cellulose ester filter (Macherey-Nagel, Germany) into a vial. Primary metabolites were analyzed on a high-performance liquid chromatography (HPLC) system (Thermo Separation Products, San Jose, CA, USA). The injection volume was 20 μL and a flow rate of 0.6 mL min−1 was maintained during the total run time (30 min). Sugars were separated on a Rezex RCM-monosaccharide column Ca+ (300 mm × 7.8 mm) (Phenomenex) operated at 65 °C. Double distilled water was used as a mobile phase and a refractive index (RI) detector for carbohydrate identification [19]. Organic acids were detected on the same HPLC system. PDA detector was set at 210 nm and a Rezex ROA-organic acid H+ column (Phenomenex) (300 mm × 7.8 mm) was used for metabolite separation [19]. The column temperature was set at 65 °C and 4 mM sulphuric acid in double-distilled water was used for the mobile phase.



Sugars and organic acids contents were calculated with the help of corresponding external standards and expressed in mg g−1 (sugars) or µg g−1 (organic acids) fresh weight (FW). Total sugar content and total organic acids content were calculated as the sum of identified individual sugars or organic acids.




2.4. Extraction and Determination of Phenolic Compounds


Fruit skin (1.0 g) was chopped and extracted with 5 mL methanol containing 3% (v/v) formic acid in an iced ultrasonic bath for 1 h [19]. After extraction, the extracts were centrifuged for 10 min at 10,621× g at 4 °C, filtered through a 0.2 µm Chromafil AO-20/25 polyamide filter (Macherey-Nagel, Germany) and transferred to a vial prior to injection into the HPLC system. Identification of individual phenolic compounds was performed on a Thermo Scientific Dionex HPLC system (Thermo Scientific, San Jose, CA, USA) coupled with a diode array detector at 280 nm, 350 nm, and 530 nm. A 150 × 4.6 mm, 3 μm, Gemini C18 (Phenomenex, Torrance, CA, USA) operated at 25 °C was used. The injection volume was 20 μL and the flow rate was maintained at 0.6 mL min−1. The elution solvents were (A) 3% acetonitrile with 0.1% formic acid in double-distilled water and (B) 3% double-distilled water with 0.1% formic acid in acetonitrile. A linear gradient was adapted from Tomic et al. [20]. In brief, 0–15 min, 5% solvent B; 15–20 min, 20% B; 20–30 min, 30% B; 30–35 min, 90% B; and 35–45 min, 100% B before returning to the initial conditions to the end of the run time. The column was equilibrated for 5 min between samples. All phenolic compounds were identified using a mass spectrometer (Thermo Scientific, LCQ Deca XP MAX) with electrospray ionization (ESI) operating in negative ion mode (all phenolic groups except for anthocyanins) and positive ion mode (anthocyanins) on an HPLC/MS system. Detailed procedures are described by Tomic et al. [20]. Compounds were determined according to their retention times, spectral and fragmentation characteristics, and by adding authentic standards to the samples. The content levels were calculated from peak areas and calibration curves of corresponding external standards or similar compounds (if standards were not available) and expressed in μg g−1 FW.




2.5. Extraction and Determination of Assimilatory Pigments


Chloroplast pigments (carotenoids, chlorophylls) were extracted from apple skin (1.5 g) with 2 mL ice-cold acetone under dimmed light as described by Sircelj and Batic [21]. An HPLC system with a DAD detector set at 450 nm equipped with a Gemini C18 column was used for initial identification and quantification. The temperature was set at 25 °C and the flow rate was maintained at 1 mL min−1. The gradient was as follows: from 10% B to 70% B in the first 18 min, then linearly to 70% B to 22 min and returning to the initial conditions to the end of the run. Mobile phase A was acetonitrile, double-distilled water, and methanol (100/10/5; v/v/v) and mobile phase B was acetone with ethyl acetate (2/1; v/v).



Individual chloroplast pigments were further identified on a TSQ Quantum Access Max quadrupole mass spectrometer as previously described by Senica et al. [22]. The chromatographic conditions were the same as described above. The MS instrument was operated using an atmospheric pressure chemical ionization (APCI) source in positive ion mode. The APCI parameters were as follows: vaporizer temperature 450 °C, capillary temperature 320 °C, corona voltage 4.0 kV, sheat gas 55 L/h, auxiliary gas 10 L/h. Mass spectra were scanned in the range from m/z 70 to 650 and argon was used as the collision gas. Data acquisition was performed using Xcalibur 2.2 software. Identification was achieved with mass spectra scans, fragmentation, retention times, and spectral properties of target compounds and all compounds were expressed in μg g−1 FW.




2.6. Chemicals


Analytical grade extraction solvents (methanol, acetone, and acetonitrile) were obtained from Sigma-Aldrich Corp. (St Luis, MO, USA). Purified water was obtained with Milli-Q Direct 8 system by Millipore (Merck KGaA, Darmstadt, Germany).



For identification and quantification of primary metabolites sucrose, fructose, glucose, sorbitol, and citric, malic, quinic, and fumaric acids were purchased from Fluka Chemie (Buchs, Switzerland) and shikimic acid from Sigma-Aldrich Chemicals (St. Louis, MO, USA).



For identification and quantification of phenolic compounds and chloroplast pigments, the following standards were used: procyanidin B1, (+)-catechin, quercetin-3-O-galactoside, quercetin-3-O- rhamnoside, phloretin, and cyanidin-3-galactoside from Fluka (Buchs, Switzerland), chlorogenic acid, quercetin-3-O-xyloside, and quercetin-3-O-rutinoside from Sigma-Aldrich Chemie GmbH (Steinheim, Germany) and quercetin-3-O-arabinopyranoside and quercetin-3-arabinofuranoside from Apin Chemicals LTD (Abingdon, UK). Lutein, chlorophyll a and chlorophyll b, α-carotene, and β-carotene were obtained from DHI Lab (Hørsholm, Denmark).




2.7. Data Analysis


Statistical analysis was performed with the Statgraphics Plus 4.0 (Manugistics, Rockville, MD, USA) program using a one-way analysis of variance (ANOVA). The LSD multiple range test was used to determine the differences in analyzed parameters and phenolic groups/individual compounds among different treatments (p < 0.05). Results are presented as the mean values with standard error.





3. Results and Discussion


3.1. Basic Fruit Analyses


Pomometric analyses revealed non-significant effects of low doses of urea on flesh firmness, dry matter, and starch content. However, individual fruit mass was significantly higher in the N1 treatment compared to the other two treatments (Table 1). This is in line with the study of Xia et al. [2], who demonstrated a tight correlation between increased nitrogen supply and larger ‘Gala’ apples but only within the range of N supply used by the trees. Correspondingly, Davarpanah et al. [18] measured the increased average fruit weight of pomegranate in a low-dose-urea application. In N4 treatment, the average size of ‘Topaz’ apples was not significantly higher compared to untreated apple trees. Previous studies also report inconsistent results on the impact of increased nitrogen application on apple fruit size [23], particularly if the N status is not limiting to the tree growth.



Apple skin color is an influential parameter of external fruit quality which frequently determines market acceptance [6]. It is primarily regulated by the relative levels of anthocyanin, chlorophyll, and carotenoid pigments in fruit skin [7,24]. The color measurements were performed on three separate dates, but the effect of urea treatment was only significant on the last sampling (Table 1). Considerably lower a* parameters were measured on the surface of apples subject to N4 treatment suggesting less intense red coloration of their skin (Figure 1). Moreover, N0 and N1 treatments resulted in apples, which were characterized by significantly darker fruit color (lower L* parameters) and lower hue (h°) compared to N4 treatment. The latter depicts different shades of color with 0° being absolute red. A negative influence of higher levels of nitrogen on the color formation of fruit skin has previously been reported for ‘Gala’ and ‘Jonagold’ apples [17,25] as well as on mango [26], grape [27], and peach [28].




3.2. Sugars and Organic Acids


Four individual sugars (sucrose, fructose, glucose, and sorbitol) and four organic acids (malic, citric, shikimic, and fumaric acid) were quantified in ‘Topaz’ fruit (Table 2) at harvest and significant differences in their content were detected among treatments except for major organic acids (Table 2). The composition of apple fruit is in line with detailed reports on apple fruit metabolic profile [29,30,31]. The highest levels of individual sugars, as well as their sum, were measured in N0 and N1 treatments. A similar outcome of nitrogen fertilization was reported for tomatoes as low nitrogen supply increased their sugar content as well as decreased the levels of organic acids [32,33]. Nitrogen is required to allow carbohydrates to be utilized for growth [34] and higher amounts of this essential nutrient may be linked to the larger size of N4-treated ‘Topaz’ apples.




3.3. Individual Phenolic Compounds


Detailed profiling of technologically mature ‘Topaz’ apple at harvest revealed the presence of two phenolic acids, seven flavonols, three chalcones, and three anthocyanins (Table 3) which is in line with the reports on other apple cultivars [35,36].



A significant effect of low-dose urea sprayings was detected on almost all individual phenolic compounds. The highest levels of secondary metabolites were always measured in apples subject to N0 treatment and only slight differences were detected between N1 and N4 treatments. Decreased levels of phenolics impacted by high plant nitrogen status have been discussed in a study on tobacco model plants by Fritz et al. [34] who concluded that nitrate inhibits significant segments of phenylpropanoid metabolism. Contrary, low nitrogen levels typically lead to augmented accumulation of secondary metabolites, including phenylpropanoids and flavonoids [18,33,37]. Interestingly, the amounts of nitrogen applied in our study were much lower than those studied previously, and yet, negative effects on phenolic synthesis were still evident. For example, significantly higher levels of chlorogenic acid in N0 treatment are in line with the increased content of this carbon-rich phenolic acid reported by Fritz et al. [34]. A different justification of reduced levels of secondary metabolites in N1 and N4 treatments can be linked to the role of these compounds in plants. Many function as signaling and defense molecules against abiotic and biotic stress [38] and decreased levels in N1 and N4 treatments may correspond to an improved mineral status of the plants.



Although all phenolic groups were significantly affected by foliar urea sprayings the composition of anthocyanins can be considered most relevant for the producers as it directly affects the visual attributes of apple fruit. The lowest levels of total anthocyanins were measured in apples subject to N4 treatment which can be associated with colorimetrically determined fruit skin color parameters. In line with the results of our study, urea application decreased total anthocyanins in ‘Gala’ apples [17], pomegranate fruit [18], and grape berries [27]. The authors speculate that nitrogen excess down-regulated genes encoding enzymes associated with flavonoid biosynthesis, which also includes anthocyanins [39]. On the other hand, limited nitrogen availability leads to an increased accumulation of carbon-based secondary metabolites such as anthocyanins [40].




3.4. Assimilatory Pigments


Chlorophyll a and b were the prevalent chloroplast pigments in ‘Topaz’ fruit, followed by β-carotene, lutein, and α-carotene (Table 4), which is in accordance with previous research on apple [24,41]. Low doses of foliar urea treatments caused a significant increase in total assimilatory pigments in apple skin which corresponds to higher chlorophyll and carotenoid levels measured in urea-sprayed ‘Gala’ apples [17]. Jakopic et al. [29] and Prsa et al. [42] also measured greater indexed chlorophyll content (leaf SPAD) in ‘Golden Delicious’ leaves fertilized with higher nitrogen doses. Similar effects of nitrogen application were reported on tomato [33,43] and mango fruit carotenoid composition [26].





4. Conclusions


Foliar application of urea is a common practice in apple orchards, particularly in conditions unfavorable for soil fertilization. Moreover, low levels of nitrogen are often incorporated in preharvest foliar sprays which are used to improve fruit quality, delay fruit ripening, or decrease postharvest fruit decay [11]. However, the present study displays negative impacts of low-doses of urea applied several times during the apple cell enlargement stage in the final stages of fruit development. The effect was particularly significant on the content of secondary metabolites, which are linked to many defense mechanisms in plants and importantly contribute to visual attributes (anthocyanins) or health-promoting properties (total phenolics content) of apple fruit. Although apple fruit size was positively affected by low-dose urea treatment primary as well as secondary metabolic profiles were more favorable in treatment with no addition of urea. It can be concluded that even minor levels of nitrogen (often present in foliar products used for enhancing fruit storage abilities), applied directly on the leaf at later stages of red apple fruit development adversely affect their color traits and composition of metabolites.
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Figure 1. ‘Topaz’ apples at harvest subject to three treatments: N1 = 1.4 kg N ha−1 (left 10), N0 = sprayed with water only (middle 10), N4 = 4 kg N ha−1 (right 10). 
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Table 1. Fruit weight (g), flesh firmness (kg per cm2), dry matter (°Bx), and starch content (visual scale 0–5) at harvest and color parameters of ‘Topaz’ apples during the experimental period subject to three urea treatments.
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	N0
	N1
	N4
	Significance





	17 July
	
	
	
	



	L*
	56.9 ± 1.9
	56.6 ± 0.6
	58.8 ± 0.5
	NS



	a*
	−3.5 ± 0.7
	−1.5 ± 1.1
	−2.7 ± 0.9
	NS



	b*
	40.3 ± 0.5
	38.9 ± 0.8
	40.7 ± 0.6
	NS



	C
	40.5 ± 0.5
	38.9 ± 0.8
	41.0 ± 0.7
	NS



	h°
	94.3 ± 1.2
	91.4 ± 1.6
	93.0 ± 0.8
	NS



	8 August
	
	
	
	



	L*
	62.8 ± 0.4
	63.2 ± 0.5
	62.3 ± 0.5
	NS



	a*
	−9.6 ± 0.2
	−9.8 ± 0.1
	−9.8 ± 0.1
	NS



	b*
	42.9 ± 0.4
	43.3 ± 0.5
	43.3 ± 0.4
	NS



	C
	43.9 ± 0.4
	44.4 ± 0.5
	44.5 ± 0.5
	NS



	h°
	102.5 ± 0.3
	102.8 ± 0.2
	102.8 ± 0.2
	NS



	24 September
	
	
	
	



	L*
	42.0 ± 0.9 a
	43.8 ± 0.9 a
	46.8 ± 0.9 b
	*



	a*
	33.5 ± 0.6 c
	29.8 ± 0.7 b
	27.7 ± 0.9 a
	*



	b*
	20.0 ± 0.5 a
	21.0 ± 0.7 a
	23.2 ± 0.6 b
	*



	C
	39.0 ± 0.6 b
	36.7 ± 0.5 a
	36.1 ± 0.6 a
	*



	h°
	30.5 ± 0.9 a
	34.8 ± 1.2 b
	39.2 ± 1.3 c
	*



	Fruit Firmness
	7.5 ± 0.2
	6.9 ± 0.3
	7.4 ± 0.2
	NS



	Dry Matter
	13.2 ± 0.5
	12.8 ± 0.2
	12.9 ± 0.3
	NS



	Starch content
	3.7 ± 0.2
	3.8 ± 0.3
	0.8 ± 0.3
	NS



	Fruit Weight
	147.0 ± 6.1 a
	170.7 ± 7.3 b
	149.0 ± 3.1 a
	*







Treatments: N0 = sprayed with water only, N1 = 1.4 kg N ha−1, N4 = 4 kg N ha−1. Different letters (a,b,c; NS, non-significant, * significant difference at p < 0.05) for each parameter denote statistically significant differences among treatments by LSD multiple range test.
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Table 2. Primary metabolites (sugars mg g−1 FW; organic acids µg g−1 FW) of ‘Topaz’ apples subject to three urea treatments.
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	Compound
	N0
	N1
	N4
	Significance





	Sucrose
	40.0 ± 1.2
	36.6 ± 0.7
	36.8 ± 1.4
	NS



	Glucose
	13.4 ± 0.5 b
	13.2 ± 0.6 b
	10.8 ± 0.9 a
	*



	Fructose
	39.0 ± 0.4 b
	39.3 ± 0.4 b
	35.8 ± 0.3 a
	*



	Sorbitol
	2.0 ± 0.2 b
	1.6 ± 0.0 a
	1.3 ± 0.1 a
	*



	Total sugars
	94.4 ± 2.2 b
	90.6 ± 0.9 b
	84.6 ± 2.7 a
	*



	Citric acid
	119.5 ±10.8
	110.7 ±3.7
	108.7 ±10.7
	NS



	Malic acid
	9642.9 ± 420.4
	8398.1 ± 237.3
	8367.2 ± 450.4
	NS



	Shikimic acid
	3.8 ± 0.4
	3.6 ± 0.2
	3.5 ± 0.4
	NS



	Fumaric acid
	0.4 ± 0.0 b
	0.3 ± 0.0 a
	0.3 ± 0.2 a
	*



	Total organic acids
	9766.5 ± 430.4
	8512.7 ± 237.6
	8479.7 ± 460.3
	NS







Treatments: N0 = sprayed with water only, N1 = 1.4 kg N ha−1, N4 = 4 kg N ha−1. Different letters (a,b; NS, non-significant, * significant difference at p < 0.05) for each parameter denote statistically significant differences among treatments by LSD multiple range test.
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Table 3. Phenolic compounds (µg g−1 FW) of ‘Topaz’ apples subject to three urea treatments.
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	Compound
	N0
	N1
	N4
	Significance





	p-coumaroyl glucoside
	9.9 ± 1.8
	6.2 ± 0.7
	6.7 ± 0.5
	NS



	Chlorogenic acid
	60.9 ± 2.5 b
	48.2 ± 4.9 a
	47.7 ± 1.4 a
	*



	Total phenolic acids
	70.7 ± 4.3 b
	54.7 ± 5.6 a
	54.4 ± 1.9 a
	*



	Catechin
	187.6 ± 8.7 b
	128.5 ± 6.3 a
	131.2 ± 7.7 a
	*



	Epicatechin
	207.5 ± 14.7 a
	174.8 ± 15.2 a
	173.3 ± 8.7 a
	*



	Procyanidin B1
	108.6 ± 17.1 b
	95.5 ± 19.2 ab
	57.0 ± 3.1 a
	*



	Procyanidin B2
	570.1 ± 20.5
	459.6 ± 29.0
	577.2 ± 48.3
	NS



	Procyanidin trimer
	553.8 ± 60.4
	484.7 ± 45.2
	418.4 ± 30.0
	NS



	Procyanidin tetramer
	133.6 ± 23.3 b
	82.5 ± 15.7 a
	62.4 ± 4.0 a
	*



	Total flavan-3-ols
	1761.2 ± 144.7
	1425.6 ± 130.6
	1419.6 ± 101.9
	NS



	Quercetin-3-O-rutinoside
	30.7 ± 5.97 b
	25.6 ± 1.1 ab
	18.3 ± 2.0 a
	*



	Quercetin-3-O-galactoside
	259.4 ± 35.4 b
	165.2 ± 7.9 a
	164.9 ± 26.3 a
	*



	Quercetin-3-O-glucoside
	20.8 ± 2.6 b
	15.1 ± 1.3 ab
	12.9 ± 1.3 a
	*



	Quercetin-3-O-xyloside
	79.2 ± 11.5 b
	51.2 ± 4.4 a
	45.7 ± 3.0 a
	*



	Quercetin-3-O-arabinopyranoside
	41.2 ± 4.7
	32.8 ± 4.3
	29.7 ± 2.6
	NS



	Quercetin-3-arabinofuranoside
	197.1 ± 12.9 b
	176.4 ± 11.7 ab
	149.3 ± 15.4 a
	*



	Quercetin-3-O-rhamnoside
	735.4 ± 99.9 b
	526.6 ± 59.4 ab
	495.3 ± 47.6 a
	*



	Total flavonols
	1363.8 ± 172.8 b
	992.9 ± 89.9 ab
	916.2 ± 98.3 a
	*



	Phloretin-2’-O-(2-O-xylosyl) glucoside
	273.6 ± 19.8
	252.7 ± 21.8
	215.2 ± 10.7
	NS



	Phlorizin
	907.1 ± 37.8
	876.7 ± 75.8
	828.8 ± 53.1
	NS



	3-hydroxyphloretin
	7783.3 ± 828.7 b
	5788.1 ± 533.8 a
	5185.5 ± 358.6 a
	*



	Total chalcones
	8963.7 ± 886.3 b
	6917.4 ± 631.4 a
	6229 ± 422.4 a
	*



	Cyanidin-3-galactoside
	68.6 ± 5.1 b
	56.2 ± 8.4 ab
	45.1 ± 1.7 a
	*



	Cyanidin-3-arabinoside
	6.9 ± 0.7 b
	5.4 ± 0.9 b
	2.7 ± 0.6 a
	*



	Cyanidin-7-arabinoside
	5.1 ± 0.5 b
	3.9 ± 0.7 ab
	2.6 ± 0.1 a
	*



	Total anthocyanins
	80.6 ± 6.3 b
	65.5 ± 1.0 ab
	50.4 ± 2.4 a
	*







Treatments: N0 = sprayed with water only, N1 = 1.4 kg N ha−1, N4 = 4 kg N ha−1. Different letters (a,b; NS, non-significant, * significant difference at p < 0.05) for each parameter denote statistically significant differences among treatments by LSD multiple range test.
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Table 4. Assimilatory pigments (µg g−1 FW) of ‘Topaz’ apples subject to three urea treatments.
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	Compound
	N0
	N1
	N4
	Significance





	Lutein
	0.30 ± 0.03
	0.39 ± 0.02
	0.31 ± 0.01
	NS



	Chlorophyll b
	2.09 ± 0.29
	2.77 ± 0.29
	2.66 ± 0.15
	NS



	Chlorophyll a
	2.50 ± 0.27 a
	4.22 ± 0.35 b
	3.0 ± 0.44 a
	*



	α-carotene
	0.03 ± 0.001 a
	0.03 ± 0.004 a
	0.05 ± 0.002 b
	*



	β-carotene
	1.05 ± 0.18
	1.23 ± 0.30
	1.69 ± 0.18
	NS



	Total assimilatory pigments
	5.97 ± 0.77 a
	8.64 ± 0.96 b
	7.71 ± 0.78 ab
	*







Treatments: N0 = sprayed with water only, N1 = 1.4 kg N ha−1, N4 = 4 kg N ha−1. Different letters (a,b; NS, non-significant, * significant difference at p < 0.05) for each parameter denote statistically significant differences among treatments by LSD multiple range test.
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