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Abstract

:

Information on the nutritional status of plants enables adequate fertilisation management. Thus, the aim of this study was to evaluate how nutritional disorders alter the biological, nutritional and biochemical mechanisms of broccoli (Brassica oleracea var. italica L.) plants grown under greenhouse conditions. A complete nutrient solution and omissions of macronutrients were tested in a completely randomised design with four replicates. Broccoli plants grown with the omission of N and Ca were the first of show deficiency symptoms and the greatest reduction in the net photosynthetic rate and stomatal conductance, with evidently impaired plant growth and biomass. Omissions of macronutrients affected carbohydrate partitioning, and the content of soluble sugars significantly decreased by more 60% in response to Mg omission. With K omission, the contents of soluble sugars and starch increased in broccoli leaves by 40% and 60%, respectively. K transport increased in plants grown without Ca. S translocation decreased with the absence of any macronutrient in the nutrient solution. Deficiencies in the nutrients N, K, and Ca cause the most critical early damage in the photosynthetic apparatus and in the nutritional balance of broccoli plants, so attention should be given to replenishing these nutrients in plantations.
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1. Introduction


The lack of nutrients is increasingly worrying due to the constant loss of natural fertility of agricultural soils [1]. Thus, the diagnosis and identification of the ways by which crops respond to the presence or absence of nutrients in the environment, influencing both production and food quality, is vitally important for proper fertilisation management.



The nutritional status of crops is the momentary condition of macro- and micronutrient contents in plant tissues. It reflects their growth, development and, consequently, the production and quality of the harvested food. Understanding the mechanisms of the effects/responses that occur during the cultivation of plants and the conditions of the productive environment are fundamental for reliable nutritional diagnoses that lead to the best recommendation of fertiliser use by farmers [2].



The symptoms of nutritional deficiency are the culmination of several metabolic disturbances in plants, with consequent negative effects on yield and crop quality [3]. The essential evaluation of plant nutritional status can be diagnosed by a chemical analysis of plant tissues, physiological parameters (e.g., gas exchange) and by a visual diagnosis [4]. In addition, with nutritional data it is possible to determine the efficiency indices that indicate the ability of plants to thrive in deficient environments [5,6].



There are many nutrient–environment interactions and biological and biochemical functions that nutrients exert in plants, so the identification of deficiency symptoms is relatively complex, as nutritional stress can trigger variable symptomatology between species of the same genus [7]. Thus, it is necessary to carry out studies relating nutrient levels in plants with nutritional, physiological and biochemical disturbances, especially in new varieties of plants of agricultural importance.



Due to the importance of this subject, there are several works in the literature on nutritional disorders in plants [6,8,9,10]. However, no such studies have been found in the literature on broccoli (Brassica oleracea var. italica L.). This crop occupies approximately one million hectares worldwide, and production exceeds 19 million tons a year [11]. Broccoli is of great importance in the human diet and contains functional substances that can be used in the nutraceutical and pharmaceutical industries [12,13]. Due to the importance of this crop and the complexity of macronutrient deficiency, there is a need to verify changes that directly affect broccoli production. Therefore, we aimed in this study to evaluate how broccoli plants with nutritional disorders alter their biological, nutritional and biochemical characteristics.




2. Materials and Methods


2.1. Experiment Site


The experiment was conducted in a hydroponic greenhouse at São Paulo State University (UNESP), Jaboticabal Campus (21°15′22″ W, 48°18′58″ S). During the greenhouse experiment, the average maximum temperature was 30 ± 15 °C, the average minimum temperature was 27 ± 14 °C, the average relative humidity was 45%, and the average irradiance was 1800 mmol m−2 s−1.




2.2. Experimental Design and Treatments


The design of the experiment was a completely randomised design with four replicates. The treatments were: complete nutrient solution (CS), and omission of nitrogen (-N), phosphorus (-P), potassium (-K), calcium (-Ca), magnesium (-Mg), or sulphur (-S). Each experimental unit was represented by four plants (Figure 1). During the experiment, the pots were rotated each week to ensure the same environmental conditions among treatments.




2.3. Conducting the Experiment


Broccoli (Brassica oleracea var. italica L.) seeds ‘Avenger’ were sown in 128-cell expanded polystyrene trays filled with vermiculite and irrigated with deionised water during the first five days. The Avenger cultivar was chosen because it is the most commonly planted cultivar by South American producers, having as its main characteristics high productivity, a vigorous plant and root system, low lateral sprouting, defined and fine-grained florets, and an average cycle of 105 days. From the sixth to the twelfth day, the seedlings were irrigated with a modified Hoagland nutrient solution at 5% ionic strength [14]. The seedlings were then washed with deionised water and transplanted into six-litre pots containing nutrient solution at 50% ionic strength. The seedlings were kept in this solution for four days to adapt. After this period, they were cultivated in a nutrient solution according to each treatment (Table 1).



Throughout the experiment, the culture solution was subjected to constant aeration and the pH was monitored daily. It was adjusted to 5.5 ± 0.2 by correction with sodium hydroxide (NaOH) or 0.1 M hydrochloric acid (HCl). The nutrient solution exchange was performed considering a 30% reduction in the initial electrical conductivity, and the replacement of evapotranspirated water was performed using deionised water.



Plants were harvested at 38 days after transplantation (DAT) when deficiency symptoms arose, except for plants receiving the -N and -Ca treatments, which were harvested at 24 DAT due to an earlier onset of visual symptoms of nutritional disorder and senescence.




2.4. Growth Evaluations and SPAD (Soil Plant Analysis Development) Reading


Nutritional deficiency symptoms were evaluated daily, and the symptoms were photographed. During the experiment, the following biometric evaluations were performed weekly on broccoli shoots: plant height (measured from the plant base to the apex of the last fully developed new leaf), number of leaves fully developed per plant, and indirect measurement of chlorophyll content (SPAD reading), determined using a SPAD chlorophyll meter (OPTI-Sciences®, model CCM-200, Hudson, NY, USA) on three fully developed leaves near the plant apex per experimental unit.



At the end of the experiment, the plants were separated into shoots and roots, and then washed in running water. They were passed through a 0.1 M HCl, neutral detergent and deionised water solution [15]. The leaves of each plant were detached for the evaluation of leaf area using a LI-COR 3100® electronic meter (cm2 per plant). Then, the plant material was immediately placed for drying in a forced air circulation oven at 65 °C until a constant mass was achieved to determine the biomass (in grams). The samples were then weighed using an analytical scale.




2.5. Evaluation of Macronutrient Content and Accumulation


After determining shoot and root biomass, the samples were ground in a Wiley knife mill and passed through a 2-mm sieve. The fine powder obtained from the plant material was digested in HNO3 + HClO4 (3:1) (for the determination of P, K, Ca, Mg and S) and in H2SO4 (for the determination of N) in a digestion block heated gradually up to 203 °C. After obtaining the extract, the nutrient contents were determined using the methods proposed by Miyazawa et al. [16]. From the multiplication of nutrient contents by the dry matter (roots, shoots and whole plant), the accumulation of each macronutrient analysed was obtained.




2.6. Nutrient Absorption, Transport and Use Efficiency Indexes


Nutrient accumulation and dry matter data of the different parts of the plants were calculated as follows: (i) absorption efficiency (AEy) = (total accumulation of the nutrient y in the plant)/(root dry matter), according to Swiader et al. [17]; (ii) transport efficiency (TEy) = ((accumulation of the nutrient y in shoots)/(total accumulation of the nutrient y in the plant)) × 100, according to Li et al. [18]; and use efficiency (UEy) = (total dry matter)2/(total accumulation of the nutrient y in the plant), according to Siddiqi and Glass [19].




2.7. Gas Exchange Evaluation


The following physiological analyses were performed on fully developed leaves closer to the plant apex: net photosynthetic rate (Pn, μmol m−2 s−1), stomatal conductance (gs, mmol m−2 s−1), and transpiration rate (E, μmol m−2 s−1). For this purpose, a portable Infrared Gas Analyzer (LI-COR 6400, Lincoln, NE, USA) was used.




2.8. Content of Starch and Total Soluble Sugars (SS)


For biochemical analyses, carbohydrates were determined in leaves, as proposed by Dubois et al. [20]. Thus, the starch content was determined by extraction with 80% ethanol in a water bath for 30 min at 80 °C, and then 30% HClO4 was added for 30 min at 25 °C. This process was repeated once more to obtain the total extract, when 5% phenol + concentrated H2SO4 concentrate were added for spectrophotometer reading at 490 nm.



For the determination of soluble sugars content (SS), the extraction was performed with distilled water for 30 min at 100 °C. Then, the samples were centrifuged (1000 rpm) to obtain the total extract water and 5% phenol and concentrated H2SO4 were added for spectrophotometer reading at 490 nm. In both analyses, glucose content dissolved in water were used to plot the standard curve.




2.9. Data Analysis


The experimental data were subjected to univariate analysis of variance, and then the means were compared by Tukey test (p ≤ 0.05). Plant height, leaf number and SPAD readings over the evaluation days, a regression analysis was performed according to the number of days after transplantation. Calculations of the basic descriptive statistics and ANOVAs were performed using SISVAR software.





3. Results


3.1. Visual Diagnosis


Broccoli (Brassica oleracea var. italica L.) plants grown using the -N treatment showed initial symptoms at 12 DAT (Table 2). There was a mixed coloration between grey-green and yellowish-green on the adaxial face of older leaves, as well as a purplish colour on the petiole and the abaxial face of the leaf blade (Figure 2c,d). These symptoms intensified during the broccoli growth cycle with N omission, and at the end of the experiment, the old leaves showed a purplish red hue on the abaxial surface, while the intermediate and young leaves showed a yellowish-green hue.



Plants manifested initial symptoms of P deficiency at 32 DAT with the -P treatment (Table 2). Initially, some necrotic patches appeared on the adaxial face of the leaf limb and purpling of the petiole and the abaxial face of the leaf blade (Figure 2e). Plants grown with -P treatment also showed a more intense green colour than that observed in CS. The symptoms of deficiency of this element were more evident in the root system architecture, with a severe decrease in the length of the main root and an increase in root density, which were thinner than the roots of CS plants. At the end of the experiment, the leaf blades of some old leaves were yellowing, while the ribs remained green, which is known as thick reticulate (Figure 2f).



Plants showed early symptoms of K deficiency at 22 DAT in the -K treatment (Table 2). Leaf growth was abnormal, deformed, small and wilted (Figure 2g). However, despite the damage caused to broccoli leaves, K omission did not affect the number of leaves, since there was a decrease in leaf abscission. Initially, the leaves of the lower third of the plants had a very intense green colour, with slightly wrinkled and downward curved leaves. Then, internerval chlorosis began. Subsequently, the tertiary ribs were yellowed, necrotic and showed small brownish-yellow irregular coalescent spots that evolved into soggy spots (Figure 2h). At the end of the experiment, marginal chlorosis was observed in older leaf blades, starting at the leaf apex and progressing to total necrosis.



After N, Ca was the nutrient for which the deficient nutrient solution showed the earliest effect. Plants showed initial symptoms of Ca deficiency at 17 DAT for the nutrient solution in the absence of this nutrient (Table 2). Initially, there was yellowing of young leaves and apical meristem, followed by various necrotic spots along the entire adaxial face of leaves, making them leathery and tanned, culminating in apical meristem necrosis (Figure 2i). In some intermediate leaves, it was possible to observe enlarged spots of yellowish colour, later evolving to a darker colour and acquiring a gelatinous aspect and finally necrosing at the end of the experiment. Other very evident aspects were the suppression of leaf limb growth, resulting in deformed, wilted leaves with an abnormal downward curvature (epinasty). Among the treatments, Ca omission was responsible for the lowest root growth, which became blackened and rotted (Figure 2j). Ca deficiency greatly reduced the vegetative development of broccoli plants, showing very small, stunted plants with a very small number of leaves, which also caused a drastic decrease in size.



Plants showed initial symptoms of Mg deficiency at 32 DAT with the nutrient solution prepared without this nutrient (Table 2). The mature leaves of the middle and lower third of the plants acquired a lighter green colour, so that only the edges of the ribs kept the normal green colour (Figure 2k). There was a large increase in leaf size which, due to intense withering, had a flaccid appearance (Figure 2l). After one week, the internerval region of old leaf blades showed intense yellowish spots and the ribs acquired a greenish grey colour. Old leaves became leathery and chlorotic spots turned white, followed by the death of leaf tissues.



The -S treatment plants manifested the initial symptoms of S deficiency at 24 DAT (Table 2). There was a small decrease in plant height and leaf number and size when compared to the CS treatment. There was also the appearance of some elongated and yellowish spots on young leaves (Figure 2m,n). In the root system, no differences were observed in relation to the control treatment.




3.2. Growth Evaluations and SPAD Readings


N-omission treatment broccoli plants showed an increase in plant height up to 15 DAT, three days after the onset of deficiency symptoms. It was 52% lower than the height of CS plants (Table 2). Shortly thereafter, the growth slowed down until the end of the experiment. Similarly, the omission of Ca in the nutrient solution increased plant height only up to 18 DAT, i.e., one day after the onset of deficiency symptoms, which led to a considerable difference in relation to the control. In the K omission treatment, although plant height was not affected as drastically as in the N and Ca omission treatments, the deceleration started as early as five days after the symptoms of deficiency manifested. At this moment, the plants were 10.0 cm smaller than CS plants (Table 2). On the other hand, broccoli plants grown in the absence of S, Mg and P, even after the onset of deficiency symptoms, at 24, 32 and 32 DAT, respectively, increased in height until the end of the experiment. However, this trait was lower in these treatments compared to the CS treatment (Table 2).



Regarding the total number of fully developed leaves, broccoli plants were the most affected in the absence of Ca and N. The maximum values were obtained at 16 and 17 DAT, respectively, with about four leaves less than in CS plants evaluated in the same period (Table 2). Although the difference is minimal, it is interesting to note that plants in the N omission treatment, even when showing symptoms of deficiency, continued to produce more leaves, while plants grown without Ca in the solution ceased to produce leaves one day before symptom visualisation. Under the omission of K, a similar behaviour was observed for plants grown in the absence of Ca. The plants ceased leaf production one day before symptoms were observed in this treatment, but the difference observed in relation to CS plants at 21 DAT was only one leaf (Table 2).



Similar to what was observed for plant height under the omission of S, the number of leaves increased steadily up to 38 DAT, even with deficiency symptoms being noted 14 days before and in the new leaves of plants (Figure 2n). However, at the end of the experiment, the plants of this treatment had about 13% fewer leaves than the CS plants (Table 2). On the other hand, the maximum number of leaves in plants cultivated under the omission of P and Mg was reached on the same day as the visualisation of symptoms of nutritional deficiency, i.e., 32 and 31 DAT, respectively, reaching 16 leaves (Table 2).



The regression study showed that the SPAD readings decreased steadily once the -N treatment was applied. The maximum value was verified in the first evaluation (Table 2). On the other hand, in the Ca and K omission treatments, the maximum SPAD readings of broccoli plants was obtained before the onset of symptoms, at 14 and 21 DAT, respectively. It was 24% and 37% higher than CS plants on these evaluation days. In the case of the P omission treatment, even manifesting deficiency symptoms at 32 DAT, there was an increase in SPAD readings until the end of the experiment, which were very close to those obtained in CS plants (Table 2). In plants grown under the omission of Mg, the SPAD readings did not vary after the manifestation of deficiency symptoms.



Leaf areas of plants treated with N, K, Ca and S omission decreased by 92%, 77%, 96% and 75%, respectively, compared to CS plants. However, in the absence of Mg, the leaf area of broccoli increased approximately 30%, and the leaf area of plants under P omission did not differ from CS plants (Figure 3a).



Root dry matter production decreased in all broccoli plants under macronutrient omissions, except for P omission (Figure 3b). Plants under omissions of N and Ca showed the greatest reductions in root growth, i.e., 43% in both treatments compared to CS plants, followed by the -K (23%), -Mg (17%) and -S (13%) treatments. The treatments -N, -K and -Ca had the least dry matter of broccoli shoots, i.e., 70%, 66% and 68%, respectively, compared to CS, followed by the treatments -P (34%), -Mg (30%) and -S (36%).




3.3. Macronutrient Content and Accumulation


The highest N contents in shoots were found in plants grown under P and K omission, while the lowest value was observed in the -N treatment (Table 3). The treatments -Ca, -Mg and -S had no significant effects on the N content in shoots. On the other hand, the N content in broccoli roots decreased when cultivated in the absence of Ca and N, showing decreases of 83% and 48%, respectively, compared to the found in CS plants, while Mg omission increased by 25% and the absence of P increased the N content in roots by 16%.



The highest P levels in shoots were found in broccoli grown in the absence of K, concentrating twice as much P than in CS plants (Table 3). In addition to the omission of K, the omissions of N, Ca, Mg and S also showed an increase in leaf contents of P, but to a lesser extent. In the roots of broccoli plants, P levels decreased in the absence of any of the macronutrients in the nutrient solution, mainly in the treatments -N, -P and -Ca. The decrease in the K content in shoots was caused by the omission of all macronutrients. The most severe omissions were K and N. In root tissues of broccoli plants grown under Mg, P, S and N omission, K increased by 64, 64, 56 and 30% and, in the -Ca and -K treatments, the values decreased by 84% and 55%, respectively (Table 3).



The highest levels of Ca in shoots were presented by plants that received the treatments -K, -Mg and -S, with increases greater than 27%, while plants of the -Ca treatment presented a drastic decrease in the leaf content of the nutrient in comparison to the CS treatment. N and P omissions had no significant effects on the Ca content in shoots. In roots, all macronutrient omission treatments caused a decrease in Ca levels. Mg in shoots, as well as in roots of plants cultivated with the -Ca treatment, increased by 41% and 55% compared to the CS treatment, respectively, while the -Mg and -S treatments caused reductions in the content of this macronutrient in both evaluated parts. The content of S in shoots did not vary with the treatments -N, -P and -K, but the omission of Mg, Ca and S themselves reduced the levels of this macronutrient. In roots, the S content increased when plants were cultivated under P omission, while this nutrient decreased in the -K, -Ca and -S treatments when compared to the CS treatment.



The accumulation of N, P, K, Ca, Mg and S in CS plants was 1417.9, 256.6, 1938.3, 889.5, 212.1 and 230.8 mg per plant, respectively. Under the individual restriction of each of the macronutrients, the accumulation was -N = 239.9, -P = 93.7, -K = 311.7, -Ca = 39.9, -Mg = 49.7 and -S = 43.5 mg per plant, i.e., 83.1%, 64.0%, 84.0%, 96.0%, 77.0% and 81.1% less accumulation in plants deficient in N, P, K, Ca, Mg and S, respectively. Considering the accumulation of macronutrients in the whole plant, the omissions of N, K, Ca and S decreased the accumulation of all evaluated macronutrients (Table 4).



There were no differences in N accumulation in the whole plant, as well as in broccoli shoots, among plants cultivated in the CS treatment and in the -P and -Mg treatments. However, the results showed a marked decrease in N accumulation in broccoli of the treatments -N, -Ca and -K (83%, 70% and 49%, respectively), compared to the amount accumulated in the CS treatment (Table 4). In roots, besides the omissions of P and Mg, the omission of S did not differ from CS plants as to the accumulation of N.



The accumulation of P in the whole plant and in broccoli roots decreased with the omission of macronutrients. The plants cultivated in -P, -N and -Ca accumulated N the least. Regarding the accumulation of P in shoots, there were no differences between the CS and the plants cultivated in the treatments -Mg, -K and -S, which presented greater nutrient accumulation in plants. Macronutrient omission treatments also caused a decrease in K accumulation in broccoli plants, specifically in their shoots (Table 4). The results show that the decrease was marked when plants were submitted to Ca (76%), N (84%) and K (87%) omission. In roots, the accumulation of K increased when the plants were deprived of P, Mg and S. However, in the treatments -N, -K and especially -Ca, there was a decrease in the accumulation of K.



Restrictions of any macronutrient in the nutrient solution also limited the accumulation of Ca in broccoli plants. Similar behaviour was also observed in roots, especially in plants of the treatments -N and -Ca. Evaluating the effects of macronutrient omission, specifically in shoots, the treatments -Mg, -S and -P did not change the accumulation of Ca. However, the accumulation of this macronutrient decreased when plants were cultivated in the absence of K, N and Ca alone. Mg and S accumulation in broccoli plants, as well as in shoots, was lower with the omission of any macronutrient in the nutrient solution. In roots, only the treatments -S, -N and -Mg reduced the accumulation of Mg and, as for the accumulation of S in roots, there was no difference between CS and -P plants. However, in the other treatments, the accumulation of S decreased.




3.4. Efficiency Indexes


The efficiency of N uptake was not affected by the -P and -Mg treatments. However, plants grown under -N, -Ca and -K omission absorbed N the least (Table 5). P, K and S absorption decreased in all treatments with no macronutrients in the nutrient solution. Thus, compared to the plants of the CS treatment, there were decreases in P uptake ranging from 9% (-K treatment) to 67% (-P treatment); for K, from 25% (-Mg treatment) to 83% (-K treatment); and for S, the decreases ranged from 27% (-P treatment) to 79% (-S treatment). The absorption efficiency (AE) of Mg decreased in most treatments, except for the -Ca treatment. A similar behaviour was observed for the -Mg treatment in relation to Ca absorption; this was the only treatment where no significant differences were observed in relation to the control.



There was a 20% increase in N transport in plants under Ca omission compared to CS plants (Table 5). In the -Ca treatment, more than 90% of the absorbed N was transported to the shoots. However, with the omission of other macronutrients, there were reductions of up to 70% in the transport of N absorbed by roots to shoots. In the treatments -N, -K, -Ca and -Mg, the percentage of P transported to shoots was 10, 12, 25 and 8% higher than that obtained in plants of the CS treatment, respectively. However, there was no difference in P transport between plants grown in CS and those of the -P and -S treatments.



K transport increased in plants grown without Ca, so that more than 90% of K was transported to shoots, which is equivalent to 8% more than in CS plants (Table 5). Plants cultivated with the treatments -N, -K, -P, -S and -Mg decreased by 32, 26, 24, 19 and 16% the TE of K from roots to broccoli shoots, respectively. The TE of Ca increased in the -S, -Mg and -P treatments compared to control plants. However, there was no difference in the TE of Ca between CS and plants cultivated in the absence of Ca, K and N. Regarding Mg transport in broccoli plants, only the omission of S did not reduce it. The lowest Mg transport occurred in plants deficient in K and Ca. Thus, Mg transport was about 14%, 9%, 21%, 17% and 11% lower in plants grown with solutions without N, P, K, Ca and Mg, respectively, compared to CS plants. S translocation decreased with the absence of any macronutrient in the nutrient solution.



The use efficiency (UE) of a given nutrient suggests the ability of a plant to use the absorbed mineral for growth or biomass production. Table 5 shows that the UE of omitted macronutrients, except for the omission of N, was higher than that found for CS plants, since the UE of P, K, Ca, Mg and S was about 63%, 54%, 225%, 128% and 154% higher for the treatments -P, -K, -Ca, -Mg and -S, respectively. On the other hand, all treatments presented a lower nutrient UE, except for the omitted nutrient, compared to plants grown in the control solution.




3.5. Gas Exchange


The -N, -K and -Ca treatments caused the lowest values of Pn and gs, with reductions exceeding 50% compared to CS plants (Figure 4a,b). With the omission of Mg and S, the decreases were less marked for these variables. On the other hand, plants grown in the absence of P did not alter their gas exchange. Regarding E, plants deficient in K and Ca, when compared to CS plants, showed reductions of 63% and 71%, respectively. In other macronutrient omissions there were no differences from CS plants (Figure 4c).




3.6. Starch and Soluble Sugars (SS) Contents


The SS content of broccoli plants was influenced by the -Mg treatment. There was a decrease by more than 60% in the content of this biochemical compound compared to CS plants (Figure 5a). On the other hand, the omission of K resulted in a 40% increase in SS content and a 60% increase in starch content in relation to the CS treatment (Figure 5b). However, the other treatments had no effect on the content of these compounds.





4. Discussion


In the present study, the omission of nutrients in broccoli plants allowed the characterisation of symptoms of macronutrient deficiency, with significant effect (p ≤ 0.05) at the biometric (growth), biochemical and physiological levels, which finally led to a visual manifestation (Figure 2). Although there are many reports in the literature regarding the effects of nutrient deficiency on plants and although there is consensus on their characteristics [3,21], expression may vary depending on the conditions of the plant’s surroundings [8] or on the species studied [2,22]. Thus, for example, symptoms of K deficiency began in older leaves of plants with internerval chlorosis and there was chlorosis in the leaf limb margins only at the end of the experiment. In cucumber plants, this trait is identified in leaves of the middle third within days of omitting K from the nutrient solution [8].



N deficiency in leaf tissues may cause proteolysis with a consequent redistribution of amino acids, resulting in chloroplast degradation and decreased chlorophyll content, as demonstrated by the reduction of SPAD readings in plants under N omission (Table 2). This supports the efficiency of this method (chlorophyll meter-SPAD) for the indirect assessment of the nutritional status of N in broccoli plants, as reported for other species [23,24]. However, more work should be done to validate and better understand this correlation considering different environmental exposure conditions [25]. Yellowing and purple staining are also observed in N-deficient cauliflower plants [2]. This colouring is a product of the disintegration of chlorophyll molecules and anthocyanin synthesis due to carbohydrate accumulation and inability to form nitrogen compounds in leaf tissues [3].



In addition, the omission of N had a negative effect on Pn and gs (Figure 4a,b). Therefore, the production of photoassimilates was not enough to sustain the proper development of plants, compromising biomass production, plant height, number of leaves, leaf area, dry matter and, consequently, crop yield [3]. It is noteworthy that at 24 DAT, when plants under -N treatment were collected, more than 90% of N was accumulated in leaf tissues [26], indicating a mechanism of plants trying to overcome low N in the plant. However, due to the nutrient’s vital role in physiological and biochemical processes, its deficiency favoured the occurrence of both early symptoms and effects on plant growth.



With the omission of N, as with the other nutrients, there was a total nutritional imbalance of plants (Table 3) because there are different interactions, either synergistic, antagonistic or null, in the absorption of nutrients by roots and their distribution within the different organs of plants [7]. Thus, with the omission of N, there was an increase in P content in shoots and a decrease of N in roots. The opposite was observed for the K content, showing that the lack of a certain element may cause deficiencies or excesses of other elements [2,7]. This was corroborated by the decrease in the AE of all nutrients evaluated in plants of the -N treatment in relation to the CS treatment (Table 5). The AE indicates the ability of the plant to absorb or extract nutrients from the nutrient solution.



Ca supports the structural function of the cell wall by forming Ca-pectate complexes in the middle lamella, and thus strengthens cellular tissues. It also plays roles in cell division and stretching [21]. Thus, its deficiency affected both root and shoot growth (Figure 3), with evident loss in nutrient absorption capacity (Table 5), and accumulation in the plant (Table 4). Next, N omission was the treatment that most restricted plant height and number of leaves (Table 2). Ca and N preferentially accumulate in the leaf tissues of broccoli plants [26]. However, in the case of deficiency, Ca was not redistributed to other organs; symptoms of meristematic tissue deficiency appeared (Figure 2i,j). These results reflect the low efficiency of broccoli plants in absorbing and transporting; however, in Ca deficiency, there was an increase in the efficiency of using Ca in relation to other omissions and to the control treatment (Table 5), besides the nutritional disturbances caused by nutrient deficiency.



K participates directly in the metabolism of N in plants either by the synthesis and/or by activation of enzymes such as nitrate reductase, which catalyses the reduction of nitrate into nitrite to be later transported to chloroplasts, where it is reduced into ammonium [27]. This probably explains the 47% increase in N content in the shoots of broccoli plants submitted to K omission in the solution (Table 3). With the inhibition of enzymatic activity involved in N reduction necessary for protein synthesis, there was an increase in the content of soluble nitrogen compounds, such as putrescins. These compounds are toxic and may cause leaf tissue necrosis (Figure 2h).



Associated with the decrease observed for gas exchange as well as the accumulation of soluble sugars and starch (Figure 4 and Figure 5), changes in the K content altered the metabolism and transport of photoassimilates, causing reductions in photosynthesis, not only through the mechanism of stomata, but also by inhibiting Rubisco activity [9]. Consequently, K deficiency further modified assimilate partitioning by altering the content of metabolites in broccoli tissues (Figure 5). According to Gerardeaux et al. [28], this accumulation of sugars in plants may be a strategy to prevent the loss of cell turgor, thus compensating for the effects of nutrient deficiency. On the other hand, inhibition of basipetal translocation of sugars via phloem in K-deficient plants imposes constraints on root growth of plants ([29], Figure 3b), where the -K treatment was responsible for a 23% decrease in production of root dry matter compared to control plants. However, this effect on root growth did not cause such drastic effects on plant height and leaf number as in the -Ca treatment (Table 2).



Maybe the absence of K and Ca caused the greatest disturbance. These treatments reduced the efficiency translocation and absorption of the other macronutrients in the absence of these nutrients in the solution in relation to the control treatment (Table 5). K and Ca participate as enzymatic cofactors in osmotic regulation and control of cell membrane permeability, and thus in the establishment of turgor and cellular electroneutrality [3]. Thus, stomatal movements are regulated by the cell turgor of guard cells, which manifested by a significant decrease in leaf gas exchange due to the lack of minerals ([27], Figure 4).



P was the least accumulated nutrient in the shoots of broccoli CS plants (Table 4). Its omission in the solution caused fewer drastic growth losses as observed for the -N, -K, -Ca and -S treatments. It was the last treatment to manifest symptoms of deficiency, along with the -Mg treatment (Table 2; Figure 3). This was attributed to the low nutrient requirement at the vegetative stage of cultivation [26] and its high mobility within the plant [21], which in turn explains the symptomatology described for older leaves (Figure 2f). However, these results contrasted with those found by other studies on lisianthus [29] and cauliflower [2], where P deficiency caused a severe decrease in plant growth, which may be related to the different mechanisms used by these plants to cope with abiotic stress conditions [7]. Thus, the increase in P efficiency indexes may be paramount to avoid damage to the plant photosynthetic system, as was the case of -P treatment plants (Table 5), in which both the TE and UE of nutrients were high due to P deficiency, preventing the decrease in gas exchange (Figure 4) and, therefore, better supporting the growth of plants.



Mg and S were the least accumulated macronutrients in both roots and whole CS broccoli plants (Table 4); however, they were the nutrients that showed greater efficiency of use when they were omitted from the solution, together with Ca, which suggested a way for the plant to try to adapt to stress [6]. The omission of both affected leaf gas exchange (Figure 4) and plant growth similarly, except for leaf area, where the -Mg treatment was much less restrictive (Table 2; Figure 3). This can be attributed to its high mobility, since about 80% of the Mg present in plants is found in the phloem [21]. As in the -N treatment, leaf chlorosis caused by the omission of Mg was attributed to decreased chlorophyll synthesis and chloroplast disruption ([30], Figure 2k). However, in this case, the decrease in SPAD readings of broccoli leaves was not as drastic as in the -N treatment (Table 2).



Mg deficiency adversely affects the Rubisco involved in the fixation of CO2, which may explain the reduction in the photosynthesis rate [31]. In the literature, there are reports of the most destructive effect of Mg deficiency on leaf sugar accumulation, affecting plant growth, photosynthetic activity and leaf morphology [31,32], as verified in the present study with the reduction of the content of total soluble sugars in the leaves, where the -Mg treatment yielded a larger leaf area compared to the other treatments (Figure 3a).



On the other hand, there are reports in the literature where Mg-deficient plants tend to concentrate sugars in leaf tissues as a product of poor carbohydrate partitioning within plants [33]. However, contrasting behaviour was found in the present work (Figure 5). According to Guo et al. [34], Mg deficiency in plants results in the interruption of sucrose loading in the phloem, which implies the accumulation of carbon in the source leaves. A decline in the concentration of Mg-ATP at phloem loading sites may be the main reason for inhibiting sucrose transport from source leaves and is analogous to sucrose accumulation in leaves under K deficiency.



As mentioned earlier, the deficiency of one nutrient may cause an imbalance in other nutrients in the plant, such as in the -Mg treatment, where P was about 27% more concentrated in broccoli plant shoots grown under Mg omission than in control plants. This may be one of the reasons for the inhibition of carbohydrate synthesis in leaf tissues [21].



Regarding the omission of S, the dry matter of shoots of the cultivated plants was lower compared to the CS plants. A smaller leaf area was also observed (Figure 3a,b). Added to this, there was less growth of the plant shoots (Table 2). Similar results were obtained by Cavalcante et al. [6] working with the omission of macronutrients in watermelon. These results support this study’s results because S deficiency is more drastic in plant shoots because the cell walls and chloroplasts are composed of sulpholipids, which can be shown by a reduction in Pn and gs (Figure 4). In addition, there was a nutritional imbalance in the whole plant (Table 4) and in the nutritional efficiency indexes (Table 5). However, no changes were found for the content of soluble sugars and starch under the omission of S, as observed by Lunde et al. [35]. These authors associated the general decrease in monosaccharides with a general reduction in photosynthesis and excess starch accumulation in stressed plants. Possibly, at the time of evaluation, S deficiency had not influenced biochemical activity.



Based on these results, N, K and Ca are the most required macronutrients by broccoli plants. In this sense, the extraction of macronutrients in the whole CS plant followed decreasing order: K > N > Ca > P > S > Mg; in shoots, K > N > Ca > S > Mg > P; and in roots, N > K > Ca > P > Mg > S. Also, from the results obtained in CS plants, we found that the macronutrients N (75.9%), P (51.7%) K (85.3%), Ca (74.0%), Mg (71.4%) and S (79.6%) are preferably transported and accumulated in the shoots of broccoli plants.




5. Conclusions


The omission of macronutrients causes several changes in the photosynthetic apparatus and in the nutritional balance of broccoli plants. There is an evident effect on carbohydrate partitioning, which is reflected in biomass production capacity and manifestation of visual deficiency symptoms. N, K and Ca are the nutrients that cause the most critical and early recognisable damage to plants. The omission of K and Ca provided a drastic reduction in gas exchange and had a negative effect on the translocation efficiency of macronutrients, which indicates that there is a relationship between these two nutrients that is important for the nutritional balance in broccoli plants. Special attention should be paid to Ca in broccoli plantations, as the plants were highly sensitive to this deficiency with reduced growth 1 d after the appearance of the first symptoms of deficiency.
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Figure 1. Representation of the experimental design and plants grown in the hydroponic system. 
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Figure 2. Visual symptoms of nutrient deficiency in broccoli (Brassica oleracea var. italica L.) plants grown in a complete nutrient solution (a,b) and omitting nitrogen (c,d), phosphorus (e,f), potassium (g,h), calcium (i,j), magnesium (k,l), and sulphur (m,n). 
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Figure 3. Leaf area (a) and dry matter (b) of broccoli (Brassica oleracea var. italica L.) plants cultivated with a complete nutrient solution (CS) and under macronutrient omission (-N, -P, -K, -Ca, -Mg and -S). Mean values (column) followed by different letters indicate a statistically significant difference by the Tukey test (p ≤ 0.05). 
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Figure 4. Net photosynthetic rate (Pn) (a), stomatal conductance (gs) (b) and transpiration rate (E) (c) of broccoli (Brassica oleracea var. italica L.) plants cultivated with a complete nutrient solution (CS) and under the omission of macronutrients (-N, -P, -K, -Ca, -Mg and -S). Mean values (column) followed by different letters indicate statistically significant difference by the Tukey test (p ≤ 0.05). 
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Figure 5. Soluble sugars (a) and starch (b) contents in shoots of broccoli (Brassica oleracea var. italica L.) plants grown in a complete nutrient solution (CS) and under the omission of macronutrients (-N, -P, -K, -Ca, -Mg and -S). Mean values (column) followed by different letters indicate a statistically significant difference by the Tukey test (p ≤ 0.05). 
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Table 1. Composition of the modified nutrient solution.
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9

	
Stock Solution

	
CS

	
-N

	
-P

	
-K

	
-Ca

	
-Mg

	
-S




	
Stock Solution Volume Per L of Final Solution




	
mol L−1

	
---------------------------- mL L−1---------------------------------






	
KH2PO4

	
1.0

	
1

	
1

	
-

	
-

	
1

	
1

	
1




	
KNO3

	
1.0

	
5

	
-

	
5

	
-

	
5

	
3

	
3




	
Ca(NO3) 5H2O

	
1.0

	
5

	
-

	
5

	
5

	
-

	
4

	
4




	
MgSO4 7H2O

	
1.0

	
2

	
2

	
2

	
2

	
2

	
-

	
-




	
KCl

	
1.0

	
-

	
5

	
1

	
-

	
-

	
2

	
2




	
CaCl2 2H2O

	
1.0

	
-

	
5

	
-

	
-

	
-

	
1

	
1




	
NH4H2PO4

	
1.0

	
-

	
-

	
-

	
1

	
5

	
-

	
-




	
NH4NO3

	
1.0

	
-

	
-

	
-

	
2

	
-

	
-

	
-




	
(NH4)2SO4

	
1.0

	
-

	
-

	
-

	
-

	
-

	
2

	
-




	
MgNO3 6H2O

	
1.0

	
-

	
-

	
-

	
-

	
-

	
-

	
2




	
Micronutrients

	

	
1

	
1

	
1

	
1

	
1

	
1

	
1




	
Fe EDDHA

	

	
1

	
1

	
1

	
1

	
1

	
1

	
1








Micronutrient solution (0.04 mol L−1 H3BO3, 0.009 mol L−1 MnCl2 4H2O, 0.0007 g L−1 ZnCl2, 0.0002 mol L−1 CuCl2, 0.0001 g L−1 H2MoO4 H2O); and 0.000184 mol L−1 Fe EDDHA.
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Table 2. Height, number of leaves and SPAD readings of broccoli (Brassica oleracea var. italica L.) plants grown under macronutrient omission in nutrient solution.






Table 2. Height, number of leaves and SPAD readings of broccoli (Brassica oleracea var. italica L.) plants grown under macronutrient omission in nutrient solution.





	
Treat.

	
Equation

	
DATD (a)

	
ValueD (b)

	
DATmax (c)

	
Valuemax (d)

	
R2






	

	
Plant Height (cm)




	
CS

	
y = 0.91824672 + 1.12909052x

	
-

	
-

	
38

	
45.0

	
0.99 **




	
-N

	
y = 4.20130816 + 0.55908387x − 0.01824500x2

	
12

	
8.3

	
15

	
8.5

	
0.96 **




	
-P

	
y = 6.42223729 + 0.72724158x

	
32

	
29.7

	
38

	
36.0

	
0.87 **




	
-K

	
y = -3.2585786 + 1.84660483x − 0.03459323x2

	
22

	
20.6

	
27

	
21.4

	
0.94 **




	
-Ca

	
y = 1.21979350 + 1.28588367x − 0.03578473x2

	
17

	
12.7

	
18

	
12.8

	
0.94 **




	
-Mg

	
y = -0.1353877 + 1.39611512x − 0.01845996x2

	
32

	
25.6

	
38

	
26.3

	
0.94 **




	
-S

	
y = 7.49758709 + 0.48716448x

	
24

	
19.2

	
38

	
25.0

	
0.90 **




	

	
Number of leaves




	
CS

	
y = 8.44067676 + 0.31460594x

	
-

	
-

	
38

	
20.0

	
0.87 **




	
-N

	
y = 2.41799644 + 0.86095054x − 0.02517633x2

	
12

	
9.2

	
17

	
9.7

	
0.96 **




	
-P

	
y = 4.71305113 + 0.70604835x − 0.01074269x2

	
32

	
16.3

	
32

	
16.3

	
0.87 **




	
-K

	
y = 0.50041459 + 1.33187830x − 0.03202433x2

	
22

	
14.3

	
21

	
14.3

	
0.99 **




	
-Ca

	
y = 3.97384343 + 0.67795485x − 0.02148872x2

	
17

	
9.3

	
16

	
9.3

	
0.93 **




	
-Mg

	
y = 1.72788326 + 0.91283468x − 0.01472306x2

	
32

	
16.0

	
31

	
16.0

	
0.95 **




	
-S

	
y = 7.92279412 + 0.23308824x

	
24

	
13.5

	
38

	
17.5

	
0.77 **




	

	
SPAD readings




	
CS

	
y = 28.1581834 + 0.48175923x

	
-

	
-

	
38

	
50.6

	
0.45 **




	
-N

	
y = 36.5755164 − 0.95082810x

	
12

	
34.9

	
07

	
35.0

	
0.89 **




	
-P

	
y = 19.3321594 + 02.13131758x − 0.03850833x2

	
32

	
48.0

	
38

	
48.8

	
0.41 **




	
-K

	
y = -21.525585 + 7.81561651x − 0.18668696x2

	
22

	
60.0

	
21

	
60.3

	
0.93 **




	
-Ca

	
y = 34.0619555 + 1.81493501x − 0.06720483x2

	
17

	
45.4

	
14

	
46.3

	
0.82 **




	
-Mg

	
y = 34.6999518 − 0.43722765x + 0.02425081x2

	
32

	
45.5

	
32

	
45.5

	
0.62 *




	
-S

	
y = 34.1812500

	
24

	
-

	
-

	
-

	
ns








**, * and ns: significant at 1%, 5% and not significant, respectively, by F test. (a) DATD = Days after transplantation on which the nutritional deficiency symptom was visualised; (b) ValueD = Value reached at the time of visualisation of the nutritional deficiency symptom; (c) DATmax. = Days after transplantation with the maximum value of the variable; (d) Valuemax. = Maximum value reached.
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Table 3. Nutrient content in shoots and roots of broccoli (Brassica oleracea var. italica L.) plants cultivated with a complete nutrient solution (CS) and with the omission of macronutrients.
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Treat.

	
N

	
P

	
K

	
Ca

	
Mg

	
S






	

	
Shoot




	

	
________________________________g kg−1__________________________




	
CS

	
32.6 ± 1.0 c

	
4.0 ± 0.1 c

	
49.9 ± 1.6 a

	
19.9 ± 1.5 bc

	
4.6 ± 0.3 b

	
5.6 ± 0.2 a




	
-N

	
13.3 ± 1.7 d

	
4.9 ± 0.3 b

	
25.8 ± 1.9 c

	
15.9 ± 1.7 c

	
4.0 ± 0.3 bc

	
5.2 ± 0.5 a




	
-P

	
43.8 ± 1.5 ab

	
2.5 ± 0.6 d

	
35.0 ± 0.9 b

	
23.6 ± 2.7 ab

	
4.0 ± 0.2 bc

	
5.3 ± 0.4 a




	
-K

	
48.1 ± 2.3 a

	
10.8 ± 0.6 a

	
13.7 ± 0.4 d

	
26.2 ± 1.6 a

	
4.3 ± 0.2 bc

	
5.6 ± 0.5 a




	
-Ca

	
37.4 ± 0.3 bc

	
5.6 ± 0.1 b

	
38.3 ± 1.1 b

	
2.6 ± 0.1 d

	
6.5 ± 0.5 a

	
4.3 ± 0.5 b




	
-Mg

	
40.4 ± 1.0a bc

	
5.1 ± 0.2 b

	
38.2 ± 2.2 b

	
25.4 ± 1.1 a

	
1.3 ± 0.1 d

	
4.3 ± 0.1 b




	
-S

	
34.2 ± 1.9 bc

	
5.1 ± 0.2 b

	
37.7 ± 1.8 b

	
26.0 ± 0.2 a

	
3.7 ± 0.1 c

	
1.1 ± 0.1 c




	
MSD (a)

	
10.5

	
0.8

	
5.9

	
4.9

	
0.7

	
0.9




	
CV (b)

	
12.8

	
6.6

	
7.5

	
10.6

	
7.0

	
8.7




	

	
Root




	

	
________________________________g kg−1__________________________




	
CS

	
28.5 ± 1.7 bc

	
10.3 ± 0.1 a

	
23.5 ± 1.6 c

	
19.1 ± 1.9 a

	
5.1 ± 0.6 b

	
3.9 ± 0.1 bc




	
-N

	
14.8 ± 0.3 d

	
4.1 ± 0.3 c

	
30.6 ± 2.9 b

	
7.2 ± 0.4 e

	
4.2 ± 0.2 bc

	
3.5 ± 0.1 cd




	
-P

	
34.2 ± 2.0 ab

	
2.9 ± 0.3 d

	
38.4 ± 2.1 a

	
9.5 ± 0.3 de

	
4.3 ± 0.3 bc

	
4.6 ± 0.3 a




	
-K

	
22.9 ± 0.4 c

	
7.0 ± 0.9 b

	
10.5 ± 1.6 d

	
13.3 ± 1.7 b

	
5.1 ± 1.0 b

	
3.2 ± 0.2 d




	
-Ca

	
4.9 ± 0.1 e

	
2.5 ± 0.3 d

	
3.7 ± 0.2 e

	
1.8 ± 0.2 f

	
7.9 ± 0.4 a

	
2.5 ± 0.1 e




	
-Mg

	
37.9 ± 2.9 a

	
7.5 ± 0.2 b

	
38.5 ± 2.1 a

	
12.8 ± 0.6 bc

	
1.9 ± 0.2 d

	
4.2 ± 0.4 ab




	
-S

	
31.3 ± 1.2 b

	
7.2 ± 0.4 b

	
36.6 ± 2.5 ab

	
10.8 ± 0.6 cd

	
3.2 ± 0.2 c

	
1.9 ± 0.2 f




	
MSD

	
6.0

	
0.9

	
6.1

	
2.3

	
1.1

	
0.4




	
CV

	
10.5

	
7.2

	
10.3

	
9.6

	
19.9

	
6.2








Mean values followed by different letters in the column indicate statistically significant difference by Tukey test (p ≤ 0.05). (a) MSD = Minimum significant difference; (b) CV = Coefficient of variation.
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Table 4. Nutrient accumulation in shoots, roots and whole broccoli (Brassica oleracea var. italica L.) plants cultivated with a complete nutrient solution (CS) and with the omission of macronutrients.






Table 4. Nutrient accumulation in shoots, roots and whole broccoli (Brassica oleracea var. italica L.) plants cultivated with a complete nutrient solution (CS) and with the omission of macronutrients.





	
Treat.

	
N

	
P

	
K

	
Ca

	
Mg

	
S






	

	
Shoots




	

	
________________________________mg per plant__________________________




	
CS

	
1072.6 ± 87.0 a

	
132.1 ± 14.7 a

	
1641.2 ± 146.3 a

	
656.9 ± 89.1 a

	
150.9 ± 7.5 a

	
183.4 ± 12.2 a




	
-N

	
133.7 ± 17.7 d

	
48.7 ± 4.1 b

	
259.3 ± 42.4 c

	
159.2 ± 29.7 b

	
40.1 ± 3.2 de

	
52.4 ± 5.9 d




	
-P

	
1000.2 ± 88.3 a

	
58.7 ± 16.5 b

	
760.8 ± 74.8 b

	
541.6 ± 58.2 a

	
91.2 ± 11.1 b

	
122.3 ± 15.8 b




	
-K

	
495.2 ± 66.5 c

	
112.4 ± 14.7 a

	
209.1 ± 144.0 c

	
271.4 ± 39.2 b

	
44.6 ± 4.7 d

	
57.7 ± 8.2 d




	
-Ca

	
389.3 ± 3.1 c

	
58.6 ± 0.9 b

	
397.6 ± 27.4 c

	
27.0 ± 1.1 c

	
67.6 ± 5.1 c

	
44.3 ± 4.7 d




	
-Mg

	
932.4 ± 44.1 a

	
117.9 ± 10.9 a

	
885.8 ± 124.6 b

	
587.1 ± 57.8 a

	
30.0 ± 2.9 e

	
99.4 ± 7.4 c




	
-S

	
712.3 ± 77.6 b

	
106.8 ± 0.8 a

	
785.3 ± 8.1 b

	
541.6 ± 26.0 a

	
77.1 ± 2.8 c

	
23.0 ± 2.9 e




	
MSD (a)

	
145.6

	
25.3

	
223.0

	
115.8

	
13.9

	
21.1




	
CV (b)

	
9.3

	
12.1

	
13.8

	
12.7

	
8.4

	
11.0




	

	
Root




	

	
________________________________mg per plant__________________________




	
CS

	
345.3 ± 41.4 a

	
124.6 ± 10.9 a

	
297.0 ± 21.7 b

	
232.5 ± 32.6 a

	
61.1 ± 5.8 a

	
47.4 ± 4.9 ab




	
-N

	
106.2 ± 5.1 c

	
29.7 ± 1.9 cd

	
219.3 ± 13.8 c

	
51.6 ± 4.9 c

	
30.1 ± 2.5 bc

	
24.8 ± 1.1 cd




	
-P

	
417.8 ± 53.9 a

	
35.0 ± 4.5 c

	
468.0 ± 57.4 a

	
115.2 ± 6.7 b

	
51.7 ± 4.8 a

	
55.8 ± 7.2 a




	
-K

	
222.8 ± 7.6 b

	
67.8 ± 9.6 b

	
102.6 ± 17.2 d

	
130.1 ± 17.3 b

	
49.4 ± 10.2 a

	
30.9 ± 1.9 c




	
-Ca

	
35.7 ± 1.3 c

	
18.0 ± 1.7 d

	
26.9 ± 1.5 e

	
12.8 ± 1.1 d

	
57.4 ± 1.7 a

	
18.4 ± 0.5 d




	
-Mg

	
402.3 ± 70.5 a

	
78.9 ± 5.2 b

	
406.8 ± 48.7 a

	
135.7 ± 10.2 b

	
19.7 ± 3.1 c

	
44.1 ± 5.4 b




	
-S

	
343.6 ± 13.2 a

	
79.3 ± 3.9 b

	
401.6 ± 28.1 a

	
118.2 ± 6.1 b

	
34.7 ± 1.8 b

	
20.5 ± 2.4 d




	
MSD

	
86.2

	
10.3

	
74.8

	
34.4

	
11.8

	
9.3




	
CV

	
14.0

	
14.6

	
11.9

	
13.2

	
11.8

	
11.8




	

	
Whole plant




	

	
________________________________mg per plant__________________________




	
CS

	
1417.9 ± 77.9 a

	
256.6 ± 14.4 a

	
1938.3 ± 152.8 a

	
889.5 ± 76.6 a

	
212.1 ± 4.8 a

	
230.8 ± 8.6 a




	
-N

	
239.9 ± 14.5 e

	
78.3 ± 5.8 c

	
478.7 ± 46.4 c

	
210.8 ± 29.9 d

	
70.2 ± 4.8 e

	
77.3 ± 6.6 de




	
-P

	
1418.0 ± 80.6 a

	
93.7 ± 11.9 c

	
1228.8 ± 103.7 b

	
656.8 ± 55.7 b

	
142.9 ± 11.9 b

	
178.1 ± 14.4 b




	
-K

	
718.0 ± 60.8 c

	
180.3 ± 12.8 b

	
311.7 ± 139.7 c

	
401.6 ± 31.3 c

	
94.1 ± 12.1 d

	
88.6 ± 7.9 d




	
-Ca

	
424.9 ± 4.4 d

	
76.6 ± 2.2 c

	
424.5 ± 28.8 c

	
39.9 ± 0.9 e

	
124.9 ± 5.7 c

	
62.7 ± 4.8 ef




	
-Mg

	
1334.7 ± 99.6 a

	
196.9 ± 12.9 b

	
1292.6 ± 165.1 b

	
722.9 ± 51.5 b

	
49.7 ± 4.9 f

	
143.4 ± 9.9 c




	
-S

	
1055.9 ± 90.8 b

	
186.1 ± 3.1 b

	
1186.9 ± 33.4 b

	
659.9 ± 21.8 b

	
111.8 ± 3.9 c

	
43.5 ± 5.3 f




	
MSD

	
161.8

	
23.4

	
253.2

	
102.7

	
17.6

	
20.1




	
CV

	
7.5

	
6.7

	
11.2

	
8.7

	
6.6

	
7.4








Mean values followed by different letters in the column indicate statistically significant difference by Tukey test (p ≤ 0.05). (a) MSD = Minimum significant difference; (b) CV = Coefficient of variation.
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Table 5. Absorption, transport and use efficiency of macronutrients in broccoli (Brassica oleracea var. italica L.) plants cultivated with a complete nutrient solution (CS) and under macronutrient omission.
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Treat.

	
N

	
P

	
K

	
Ca

	
Mg

	
S






	

	
Absorption Efficiency




	

	
________________________________mg g−1__________________________




	
CS

	
117.9 ± 7.5 a

	
21.2 ± 0.4 a

	
160.3 ± 6.2 a

	
73.7 ± 4.4 a

	
17.6 ± 1.4 a

	
19.2 ± 0.9 a




	
-N

	
32.6 ± 1.9 e

	
10.8 ± 0.7 d

	
66.4 ± 5.8 d

	
28.5 ± 2.9 d

	
9.7 ± 0.4 b

	
10.7 ± 0.9 c




	
-P

	
111.8 ± 8.7 a

	
6.9 ± 0.4 e

	
101.0 ± 6.3 c

	
51.5 ± 5.2 c

	
11.3 ± 0.9 b

	
14.0 ± 0.6 b




	
-K

	
77.3 ± 7.8 c

	
19.2 ± 0.4 b

	
26.0 ± 1.4 e

	
43.0 ± 1.8 c

	
9.6 ± 0.3 b

	
9.4 ± 0.3 cd




	
-Ca

	
58.5 ± 0.4 d

	
10.5 ± 0.4 d

	
57.0 ± 2.4 d

	
5.4 ± 0.2 e

	
17.2 ± 0.9 a

	
8.6 ± 0.8 d




	
-Mg

	
125.5 ± 8.5 a

	
18.5 ±1.3 b

	
119.1 ±12.2 b

	
68.0 ±5.7 ab

	
4.6 ± 0.4 c

	
13.4 ± 1.0 b




	
-S

	
94.0 ± 5.6 b

	
16.9 ± 0.4 c

	
108.2 ± 2.8 bc

	
60.1 ± 1.4 b

	
10.1 ± 0.2 b

	
3.9 ± 0.4 e




	
MSD (a)

	
15.1

	
1.5

	
14.5

	
8.4

	
1.8

	
1.7




	
CV (b)

	
7.4

	
4.5

	
6.9

	
7.7

	
6.8

	
6.7




	

	
Transport efficiency




	

	
________________________________%__________________________




	
CS

	
75.9 ± 0.8 b

	
51.7 ± 0.9 c

	
85.3 ± 1.0 b

	
74.0 ± 2.6 c

	
71.4 ± 2.6 a

	
79.6 ± 0.8 a




	
-N

	
54.7 ± 2.9 d

	
61.8 ± 1.2 b

	
53.9 ± 4.2 e

	
74.7 ±3.2 bc

	
57.1 ± 2.1 bc

	
67.7 ± 2.1 b




	
-P

	
69.2 ± 2.7 c

	
58.4 ±5.9 bc

	
61.9 ± 3.3 d

	
81.4 ±1.7 ab

	
62.3 ± 1.6 b

	
67.2 ± 3.3 b




	
-K

	
70.1 ± 3.8 bc

	
63.8 ± 3.8 b

	
59.7 ± 4.0 de

	
68.8 ± 5.3 c

	
50.4 ± 3.9 d

	
66.4 ± 2.7 b




	
-Ca

	
91.5 ± 0.2 a

	
76.4 ± 1.7 a

	
93.5 ± 0.1 a

	
67.8 ± 2.6 c

	
54.0 ±1.9 cd

	
70.5 ± 2.2 b




	
-Mg

	
69.8 ± 3.3 c

	
59.7 ± 2.3 b

	
69.6 ± 2.9 c

	
81.0 ± 2.3 ab

	
60.4 ± 3.1 b

	
69.1 ± 2.6 b




	
-S

	
66.6 ± 1.3 c

	
57.4 ± 1.3 bc

	
66.2 ± 1.4 cd

	
82.0 ± 1.3 a

	
68.9 ± 1.1 a

	
52.8 ± 0.9 c




	
MSD

	
5.8

	
6.8

	
6.6

	
6.9

	
5.8

	
5.2




	
CV (%)

	
3.5

	
4.8

	
4.1

	
3.9

	
4.1

	
3.3




	

	
Use efficiency




	

	
________________________________g mg−1__________________________




	
CS

	
1.5 ± 0.0 a

	
8.3 ± 0.2 b

	
1.1 ± 0.0 b

	
2.4 ± 0.1 b

	
10.0 ± 0.5 b

	
9.2 ± 0.2 b




	
-N

	
1.2 ± 0.0 b

	
3.8 ± 0.1 e

	
0.6 ± 0.0 e

	
1.4 ± 0.1 cd

	
4.2 ± 0.1 d

	
3.8 ± 0.2 d




	
-P

	
0.8 ± 0.1 cd

	
13.6 ± 1.4 a

	
0.9 ± 0.0 c

	
1.8 ± 0.2 c

	
8.3 ± 0.6 c

	
6.7 ± 0.7 c




	
-K

	
0.8 ± 0.0 e

	
2.3 ± 0.0 f

	
1.7 ± 0.1 a

	
1.0 ± 0.0 d

	
4.5 ± 0.0 d

	
4.7 ± 0.3 d




	
-Ca

	
0.7 ± 0.0 de

	
4.0 ± 0.2 de

	
0.7 ± 0.0 de

	
7.8 ± 0.3 a

	
2.5 ± 0.1 e

	
5.0 ± 0.5 d




	
-Mg

	
0.8 ± 0.0 cd

	
5.7 ± 0.1 c

	
0.8 ± 0.0 c

	
1.5 ± 0.0 c

	
22.8 ± 1.2 a

	
7.8 ± 0.2 bc




	
-S

	
0.9 ± 0.0 c

	
5.4 ± 0.5 cd

	
0.8 ± 0.0 cd

	
1.5 ± 0.0 c

	
9.0 ± 0.4 bc

	
23.4 ± 1.5 a




	
MSD

	
0.1

	
1.4

	
0.1

	
0.4

	
1.4

	
1.6




	
CV (%)

	
7.5

	
9.9

	
6.1

	
7.9

	
6.9

	
8.0








Mean values followed by different letters in the column indicate statistically significant difference by Tukey test (p ≤ 0.05). (a) MSD = Minimum significant difference; (b) CV = Coefficient of variation.
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