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Abstract

:

Many abiotic factors impact the yield and growth of Brassica carinata (commonly referred to as carinata or Ethiopian mustard). Very little is known about carinata and how mineral nutrients impact its growth, and more specifically, the sufficiency values for fertility over the plant’s growth cycle and life stages. This study explored the impacts that plant nutrients, specifically micronutrients, can have on the growth and development of carinata over its distinct life stages (rosette, bolting, flowering, and pod set). Plants were grown under varying micronutrient concentrations (0, 25, 50, 75, 87.5, and 100%) of a modified Hoagland’s solution. Data were collected on plant height, canopy diameter, leaf tissue mineral nutrient concentrations, and biomass. The results demonstrated that micronutrient fertility has profound impacts on the production of Brassica carinata during different life stages. Boron (B) exclusion had the greatest impact on the growth and reproduction of Brassica carinata, with the death of the apical meristem that resulted in a lack of siliques or seeds at the lowest rate. Optimal relative elemental leaf tissue concentrations varied among micronutrient fertility concentrations and life stages. Certain elements exhibited linear increases in nutrient leaf tissue accumulation as solution concentration increased without reaching a maximum concentration during specific life stages. Other life stages and/or elements produced distinct plateau leaf tissue mineral concentrations despite increasing fertility treatment concentrations such as B in the rosette stage (47.2–50.0 mg·kg−1), copper (Cu) (bolting stage at 6.62–7.57 mg·kg−1), zinc (Zn) (bolting stage at 27.47–39.87 and flowering at 33.98–43.50 mg·kg−1), molybdenum (Mo) (flowering stage at 2.42–3.23 mg·kg−1), and manganese (Mn) (bolting stage at 117.03–161.63 mg·kg−1). This work demonstrates that Brassica carinata has different fertility demands and will accumulate differing leaf tissue concentrations during its life stages. This work serves as a baseline for further uptake and portioning work for Brassica carinata.
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1. Introduction


Over the past few decades, concerns of global climate change have resulted in increased attention and policy directed toward reducing or mitigating CO2 emissions. One such mitigation policy is the diversification of the sources of fuel, creating a more robust and secure energy portfolio. For transportation, liquid biofuels are attractive due to their simple incorporation into existing motors and distribution infrastructure.



A specific priority is the development of renewable sources of aviation fuel. Aviation emissions are problematic given they produce CO2 at high altitudes where CO2 has a longer persistence (Govardhan et al.) [1,2,3,4]. Plant lipid-sourced biofuels already have an established precedent in the form of soybean- and corn-derived ethanol and biodiesels [5,6,7]. Another important oil crop exists in the Brassicaceae family of oilseed crops. These Brassica and biologically derived biofuels played an important part in the energy system during increases in petroleum prices. Concerns about food or feed crops and degradation of sensitive landscapes are leading to policies favoring second-generation biofuels, which would consider global carbon (C) sequestration as well as other environmental and socioeconomic issues [8]. A research group in the southeastern U.S. is evaluating the oilseed crop Brassica carinata, also known as Ethiopian mustard [9]. This crop could be grown at a time when many farms are in a winter fallow state, thus minimizing food/feed crop displacement. It also has a unique oil profile [10] that has a higher concentration of mid-chain (MCFA), long-chain (LCFA), and very-long-chain fatty acids (VLCFA) than other oilseed Brassicas. These fatty acids, after refinement, produce a fuel molecule readily substitutable for petroleum-derived aviation fuel [1,2,5,7].



Despite the success already observed in aviation biofuels produced from carinata, some challenges remain for the acceptance of this as a commercial crop. For example, abiotic stresses can have deleterious impacts on yield, plant growth, and oil quantity and quality, which may disrupt the continuous supply chain of a bio-derived fuel and other co-products. One such abiotic stress is that of plant nutrients and fertility. Plants require certain macro and micronutrients to optimize growth, yield, and to complete their lifecycle [11]. These nutrients have a direct impact on yield, especially in Brassicas [12,13]. Additionally, Brassicas have distinct life stages, each requiring different nutrients to ensure adequate development and yield.



Brassicas undergo distinct phases of their growth habit after germination (carinata growth stages supplementary data) [6,14,15]. During different life stages, fertility requirements will vary largely due to changes in growth rate and developing sources and sinks. These differences were explored to elucidate the differences in plant nutrient requirements at different life stages.



In addition to different fertility needs based on life stage, different essential nutrient demands exist in Brassicas. For example, during the bolting phase, rapid cell polarization and expansion necessitate a higher use of elements that aid the expansion and stabilization of the cell wall. Boron is primarily found in the cell wall contained within the B-dimeric rhamnogalacturonan II (RG-II) complex [16]. Within this complex, both boron (B) and calcium (Ca) help to stabilize the structure and allow the complex to carry out its function of creating Ca ion bridges between the pectin chains within the cell wall [16,17] when the RG-II complex was monomeric and the cell walls swelled rather than differentiating polarly [16]. Given the stabilizing nature of the role the RG-II complex plays within the cell wall and stabilizing the pectin matrix, under Ca- or B-deficient conditions, cells cannot expand properly or directionally. The bolting phase produces the flower spikelet and undergoes rapid cell development; thus, any limitation of B or Ca can directly impact flower formation and, by extension, siliques and seeds.



The impact of B on yield as a foliar application resulted in a 10% increase in yield when applied at the early flowering stage of canola, a similar oilseed Brassica [18]. Another study in 2009 [19] looked at the impacts of micronutrients (B, molybdenum (Mo), and zinc (Zn)) on seed yield in Brassica napus L. When B was applied, there was a 46% increase in seed yield even when compared to the Mo and Zn treatments. This suggests that B is a limiting factor in seed formation and yield. When all three micronutrients were applied together, the greatest yield was observed at 68% above the control. There was a significant yet small increase in oil concentration and oil quality in all treatments.



Iron (Fe) is important to plant growth and development and is integral to many enzymatic functions. One of the most important functions of Fe is in the redox system through the biosynthesis of heme coenzymes, the chlorophyll molecule, and iron-sulfur proteins [11,20]. Another important function of Fe is in the development of chloroplasts. Within the chloroplasts, under Fe-deficient conditions, protein synthesis is greatly reduced [21]. Additionally, the thylakoid membrane contains around 20 Fe constituents that are involved in photosystem I and II (PS I and II) [22,23]. In addition to the deleterious impact Fe deficiency can have on the production of photosynthates, which have a direct impact on lipid metabolism, Fe deficiency can cause lipid peroxidation in some Brassicas [24]. This would have a direct impact on the stability and polymerization of lipid molecules as well as seed viability and storage.



Copper (Cu) is also an essential plant micronutrient. Copper is primarily used within plants in the photosystem II pathway as a structural part of the enzyme plastocyanin [25]. Additionally, Cu is involved in the lignification process of the cell walls, though the exact mechanism remains unclear [25].



Zinc also plays an important role in plants. It is present in many plant enzymes, plays a role in mitigating the production of ethanol under aerobic conditions within meristematic regions, is involved in the carbonic anhydrase pathway, and is integral in carbohydrate metabolism as an activator of fructose 1,6-bisphosphatease and aldolase [26,27,28,29]. Additionally, Zn is related to the stability, integrity, and longevity of membranes. In particular, Zn helps to bind with different complexes in order to create polypeptide and cysteine structures, which in turn help to guard against harmful oxidative processes with regard to lipids [30,31].



Molybdenum is an element that is primarily important to nodulating crops such as legumes, which form symbiotic associations with atmospheric nitrogen (N2)-fixing bacterium. Additional roles of Mo are to aid in the assimilation and use of N [32]. A symptom known as whiptailing has been observed in Brassicas under Mo-deficient conditions in which the reproductive leaves appear elongated and distorted [33].



Manganese has a wide impact on plant growth and development, given its role within photosystem II and the superoxide dismutase molecule (MnSOD). Within PS II, under Mn-deficient conditions, the true level of chlorophyll will only result in a slight decrease. When Mn is deficient, the O2 evolution within younger developing leaves can decrease by almost half [34,35,36]. The impacts of Mn shortages on the metabolic activities of the plant can be severe. Within plants, the thylakoid membrane can be deleteriously impacted due to a shortage of or degradation of glycolipids and polyunsaturated fatty acids [37]. The impacts of Mn can be observed within seeds and developing embryos [38]. Seed proteins and lipids are impacted inversely as Mn concentrations increase, with seed oil being higher under increasing Mn concentrations within the plant [35]. Additionally, the types of fatty acids within the seeds can be impacted under different Mn concentrations. Within seeds, oleic acid concentration is typically higher under greater Mn conditions, with linoleic acid following an inverse relationship to oleic acid [35].



While micronutrients are required in smaller quantities within the plant than macronutrients, they are still necessary elements [39]. When levels of a microelement fall below a critical range, negative impacts are observed on plant growth and development, physiological functions and pathways, metabolites, and seed and embryo development [40]. To rectify or avoid these negative impacts, proper fertility must be administered to plants during all stages of development. This work seeks to explore the impacts of micronutrients on the growth and development of a new and emerging biofuel oilseed crop B. carinata. The optimal micronutrient fertility ranges were explored by supplying each micronutrient at reducing fertility levels based on a modified Hoagland’s solution. The impacts on total plant aboveground biomass as well as leaf tissue concentration were cataloged. At each of the distinct life stages of the crop (rosette stage, bolting, and flowering), the above metrics were taken.




2. Materials and Methods


2.1. Seed Sow


Brassica carinata Avanza 641 (Agrisoma, Gatineau, QC, Canada) seeds were sown on 3 November 2018 into 72-cell plug trays filled with a substrate mix of 80:20 (v:v) Canadian sphagnum peat moss (Conrad Fafard, Agawam, MA, USA) and horticultural grade perlite (Perlite Vermiculite Packaging Industries, Inc., North Bloomfield, OH, USA). The substrate mix was amended with dolomitic lime at 8.875 kg/m3 (Rockydale Agricultural, Roanoke, VA, USA) and wetting agent (Aquatrols, Cherry Hill, NJ, USA) at 600 g/m3. The premade substrate mix ensured no micronutrient charge or contaminants were present in the seeding substrate. Seedlings were then grown at 22.8 ± 2.8 °C day/night (D/N) temperatures (73.0 ± 5.0 °F) in a glass greenhouse in Raleigh, NC, USA (35.8° N Latitude) under a mist bench set at irrigation intervals (5 s every 3 min). After the second true leaf emerged, the plants were removed from mist and hand irrigated with a nurse nutrient solution (33.4 g KNO3, 33.4 g Ca (NO3)2·H2O, 6.6 g KH2PO4, 13.2 g MgSO4·7H2O in 20 L H2O per 100 L deionized (DI) H2O).



Plugs were then grown out and hardened until they developed four true leaves, after which time, they were transplanted on 13 December 2018 into 15.24 cm diameter (1.76 L) plastic pots filled with acid-washed silica-sand (Millersville #2 (0.8 to 1.2 mm diameter) from Southern Products and Silica Co., Hoffman, NC, USA) [39]. Each pot received one rooted plug. At transplant fertility, treatment regimens started.




2.2. Transplant and Micronutrient Fertility Treatments


After transplant, the plants were grown at 15.5/12.8 ± 2.8 °C D/N temperatures (59.9/55.0 ± 5.0 °F). On 7 February 2019, temperatures were increased to 18.3/15.5 ± 3.1 °C D/N (65/60 ± 5.6 °F) to encourage bolting, with the bolting harvest occurring on 15 February 2019 and the flowering harvest occurring 1 March 2019. Plants were grown in an automated, recirculating irrigation system constructed from 10.2 cm diameter polyvinyl chloride (PVC) pipe (Charlotte Plastics, Charlotte, NC, USA), fit with 12.7 cm diameter openings to hold the pots (Henry et al.) [39]. Plants were distributed into rows capable of holding either 8 or 6 pots with 6 rows blocked per group and 4 groups per bench with a total of four benches in the greenhouse. Each row received a different micronutrient fertility treatment with treatments distributed among benches, blocks, and lines using a randomized block design. Fertility micronutrient treatments were sub-divided into different concentrations (0, 25, 50, 75, 87.5, and 100%) of a modified Hoagland’s solution [39,41,42]. Control plants (n = 4 per each data collection) were grown with (macronutrient concentrations in mM) 15 nitrate-nitrogen (NO3−), 1.0 phosphate-phosphorus (H2PO4−), 6.0 potassium (K+), 5.0 calcium (Ca2+), 2.0 magnesium (Mg2+), and 2.0 sulfate-sulfur (SO42−) plus (micronutrient concentrations in μM) 72 Fe (Fe2+), 18 Mn (Mn2+), 3 Cu (Cu2+), 3 Zn (Zn2+), 45 B (BO33−), and 0.1 Mo (MoO42−) [41]. Micronutrients were altered based on the above baselines set as 100%, with each consecutive micronutrient being lessened by the above percentages. A complete listing of nutrients and rates is presented in Table 1. All nutrient solutions were tested to confirm elemental concentrations using the North Carolina Department of Agriculture and Consumer Services (NCDA) testing lab using 50 mL of the solutions (NO3 analyzed using spectrophotometry, all other elements determined using inductively coupled plasma mass spectrometry (ICP). More details can be found here) after letting the concentrations sit for 48 h after mixing (Raleigh, NC, USA). Upon mixing more fertilizer solutions, each new batch was visually inspected for precipitates, and the pH and electrical conductivity (EC) were tested to ensure the values were within the desired ranges.



Plants were drip irrigated using their assigned modified micronutrient solutions using a sump-pump (model 1A, Little Giant Pump Co., Oklahoma City, OK, USA) system. Irrigations occurred every hour and ran for one minute between 6:00 and 19:00 h. Irrigation solution drained from the pot and was captured for reuse, with solutions being emptied and replenished weekly [39]. For more details on the modified Hoagland’s solution and the setup, please refer to Barnes et al. [42].



Plants were grown in their respective micronutrient treatments until either visual nutrient deficiency symptoms were observed or the respective physiological stage was observed in over 50% of the control plants (100% modified Hoagland’s solution). Physiological stages for harvest were set at the rosette, bolting, flowering, and pod-set stages. Stages were determined using the decimal code (1.5–1.9: rosette, 3.0–3.3: bolting, 6.5: full flowering, 8.9–9.5: pod set) developed by the Southeast Partnership for Advanced Renewables from Carinata (SPARC see citation) working group (Figure S1).




2.3. Plant Harvest and Data Collection


After the onset of initial visual deficient symptoms of each micronutrient treatment occurred, four symptomatic plants were selected and sampled. If visual symptoms did not develop, plants were harvested when over 50% of control plants reached physiological and morphological changes based on life cycle (Figure S1). After sampling of the four replicates, the remaining plants (n = 12) were grown to document symptomological and nutrient stresses into the remaining physiological stages. Thus, four more replicates were harvested when 50% of the control plants reached the bolting stage (Figure S1), likewise for the full-flowering and pod-set stages.



For the four harvested replicates, most recently matured leaves were sampled to evaluate the critical micronutrient tissue concentrations for each fertility treatment and concentration. Plants were destructively harvested, and the most recently matured leaves were initially rinsed with deionized water, then washed in a solution of 0.5 M hycrochloric acid (HCl) for 1 min and again rinsed with deionized (DI) water [39]. The remaining shoot tissue was harvested separately, and roots were discarded.



Each harvest followed the above protocol with the exception of the final harvest (8.9–9.5: pod set; Figure S1), which had total dry mass taken and pods removed. For this harvest, the total dry weight was calculated by adding the plant biomass and the pod dry weights together. The remaining harvests had plant biomass data, symptomology, and most recently matured leaf tissue analysis taken for data at their respective physiological and morphological stages.



Upon sampling, the plant tissues were dried at 70 °C for 96 h, and the dry mass was weighed and recorded. After drying, leaf tissue was ground in a Foss Tecator Cyclotec™ 1093 sample mill (Analytical Instruments, LLC; Golden Valley, MN, USA; ≤0.5 mm sieve). The ground tissue was then placed in vials containing ~8 g of tissue and sent for analysis to AgSource Laboratories (Lincoln, NE, USA). A composite sample was taken from the vial (0.250 g ± 0.003 g) and digested with nitric acid (12 M) at 60 °C. After the nitric acid digestion, 3 mL of 30% hydrogen peroxide was added to the sample, and further digestion occurred at 120 °C. Upon cooling, the sample was then diluted to 25 mL using a 20% hydrochloric acid solution. Analysis occurred using an ICP-OES machine (Agilent 5110; Santa Clara, CA, USA) using a 0.5 mL loop.



Once tissue values and plant dry weights were obtained, data were analyzed using the SAS program (version 9.4; SAS Inst., Cary, NC, USA). All leaf tissue mineral nutrition values and plant dry weights (tissue + rest of aboveground plant biomass) were subjected to GLM using PROC GLM. The GLM procedure calculated the differences in means of the total plant dry weight and element and used the concentration as the predictor. Means were subjected to Tukey’s multiple comparison test. The resultant report indicated which samples were statistically different from each other and are reported in the summary Tables 1–6.




2.4. Data Analysis


Data were then subjected to first- and second-order polynomial regression using PROC REG. Regression models treated the leaf tissue concentration of the element as the y variable and the concentration of the modified Hoagland’s solution fertility as the x variable. Each element was analyzed separately from the rest to eliminate any competition or enhancement that may have resulted from nutrient antagonisms or synergisms of uptake [43,44]. Regression models were compared, and the polynomial model, which resulted in the greatest statistical significance (α = 0.05, 0.01, 0.001) and the greatest adjusted r2 values were selected.



Tables were populated with the means from the statistical outputs above. Data are organized by element with concentrations modeling impacts on both dry weights and leaf tissue element concentrations. The data report the means of each dataset with the associated r2 and adjusted r2, and regression polynomial equations can be found in the supplementary data (Tables S1–S6).





3. Results and Discussion


3.1. Boron (B)


Results varied by life stages and across B concentrations. The impacts of B deficiency were observed acutely at the 0.00 µmol·L−1 B level. The plants grown under 0.0 µmol·L−1 B did not reproduce due to the death of the apical meristem. Visual deficiency symptoms occurred at both the 0.0 and 11.25 µmol·L−1 B concentrations across all life stages.



3.1.1. B Deficiency Symptomology


The first symptoms of B scarcity in carinata manifested as general stunting and distortion of newly expanding leaves (Figure S2). The upper foliage of the plant folded inward and downward, creating a wilted leaf appearance, whereas new growth was distorted, creating a wrinkled leaf effect. Petioles and midribs of upper foliage, as well as new growth, also developed cracking (Figures S3 and S4).



Under advanced B-deficiency conditions, the leaf margins cupped inward (Figure S4). As symptoms progressed, B deficiency resulted in the death of the growing tip (Figure S5) and the release of axillary shoots (Figure S6). As B continued to be limited, axillary shoots became necrotic, and the plant eventually died.




3.1.2. Rosette-Stage B Rates


Rosette plants varied in the distribution of their dry weights based on B fertility concentrations. Total plant dry weight increased as B concentrations increased (Table S1 and Table 2). The quadratic model accounted for 73.3% of the data when treating dry weight as the dependent variable and B fertility concentration as the predictor (Table S1). The lowest concentration (0.00 µmol·L−1 B) produced less biomass when compared to the next three highest concentrations (11.25, 22.50, 33.75 µmol·L−1) (Table S1). The two highest concentrations (39.38 and 45.00 µmol·L−1 B) produced the greatest biomass when compared to all other values (Table 2).



Leaf tissue B concentration exhibited a plateau at 11.25 µmol·L−1 B concentration. The lowest B concentration (0.00 µmol·L−1) contained 81.2% less B than the control at 45.0 µmol·L−1 B (Table 2). When modeling the impacts of B fertility on leaf tissue accumulation, a quadratic model provided the best interpretation of the variance within the study (Table S1).



Limited literature quantifies nutrient and dry weight concentrations of Brassica sp. at different growth stages, with two studies reporting a strong increase in final yield with B applications [46,47]. The lack of response in plant leaf tissue accumulation of B above the 11.25 µmol·L−1 concentration was most likely due to the use of B within the plant. Boron is used at a much higher concentration during periods of rapid cell expansion and growth. Boron is primarily found in the cell wall contained within the B-dimeric rhamnogalacturonan II (RG-II) complex [46]. Within this complex, both B and Ca help to stabilize the structure and allow the complex to carry out its function of creating calcium ion bridges between the pectin chains within the cell wall [46,48]. The RG-II complex was monomeric, and the cell walls swelled rather than differentiating polarly [46]. It may be that given the stabilizing nature of the role the rhamnogalacturonan II (RG-II) complex plays within the cell wall and stabilizing the pectin matrix, the cells may expand properly or directionally. This role may explain the early plateau observed in the leaf tissue B concentrations of the rosette stage.




3.1.3. Bolting-Stage B Rates


Bolting plants within the B treatments manifested visual deficiency symptoms only at the 0.00 µmol·L−1 concentration. Plants grown with 0.00 µmol·L−1 B resulted in young and expanding leaves with necrosis of the apical meristem (Figures S5 and S6). The necrosis resulted in the proliferation of axillary shoots, which displayed stunting and severe distortion (Figures S2 and S4).



An increasing trend in total plant dry weights occurred from the 0.00 to 11.25 and 22.5 µmol·L−1 B rates. All concentrations greater than the 11.25 µmol·L−1 B were statistically similar, and all were greater as compared to 0.00 µmol·L−1 B treatment (Table 2). Regression analysis demonstrated a quadratic model provided greater explanatory power of the dependent variable when compared to a linear model (Table S1).



Leaf tissue B concentration exhibited a quadratic increase as B fertility increased (Table 2). With the two lowest concentrations (0.0 and 11.25 µmol·L−1 B) being statistically different from each other, the 22.50 and 33.75 µmol·L−1 B treatments were statistically similar, and the next two highest concentrations (39.38 and 45.00 µmol·L−1 B) as a pair also being statistically similar (Table 2). The highest B leaf tissue concentration occurred at the 39.38 µmol·L−1 B (Table 2). Whereas the linear and quadratic models were similar, the quadratic model should be used given a plateau in leaf tissue B was observed in both the rosette and flowering stages (Table S1).



These results indicate that during times of rapid cell growth and expansion, B requirements are much higher given B’s role in cell development. The greater need for B resources was reported at the lowest B fertility concentration of 0.0, though plants did not exhibit a complete loss of yield, despite a small amount of B being applied to prevent complete yield loss [49]. Yang’s work demonstrates that under-applying B can negatively impact plant biomass production and potentially result in complete yield loss if corrective measures are not taken.




3.1.4. Flowering-Stage B Rates


Flowering plants mirrored the bolting stage plateau at 11.25 µmol·L−1 B for dry weights (Table 2), indicating bolting and flowering carinata plants require the same concentrations of B fertility to maximize biomass production. Leaf tissue B concentration modeled an increasing trend as B concentrations increased (Table 2). Leaf tissue B concentrations differed significantly between the lowest concentration and the remaining concentrations. A quadratic model accounted for 84% of the variation within the dataset when treating leaf tissue B as the dependent variable and B fertility concentration as the predictor (Table S1).



As stated earlier, B is important for proper cell wall formation and cellular development and expansion. Thus, the lack of silique and seed formation at the lowest rate (0.00 µmol·L−1 B) indicates concentrations between 11.25 and 22.50 µmol·L−1 B optimized biomass production; however, in soil conditions, the recommendations will be refined further.





3.2. Iron (Fe)


Iron treatment values displayed inconsistent results despite visual symptomology being present at the lowest (0.0 µmol·L−1 Fe) fertility concentration at all life stages.



3.2.1. Fe Deficiency Symptomology


The first symptom of Fe scarcity in carinata was interveinal chlorosis of the upper foliage (Figure S7). During the bolting stage, upper leaves along the flower spikelet displayed interveinal chlorosis, which continued into flowering and pod set (Figure S8). Under Fe-deficient conditions, nutrient stress was present at all carinata life stages.




3.2.2. Rosette-Stage Fe Rates


Rosette plants varied in the distribution of their dry weights based on Fe fertility concentrations. Total plant dry weight increased as Fe concentrations increased (Table S2 and Table 3). Plants grown at the lowest concentration (0.0 µmol·L−1) were significantly smaller than at all other concentrations. The quadratic model interpreted the greatest amount (0.67) of the variance in plant dry weights (Table S2).



During the rosette stage, differences were observed in total plant dry weights; however, when those values were compared to the leaf tissue values, the increase in Fe fertility did not result in an increase in tissue Fe concentrations (Table 3). Given the nutrient solutions were replaced weekly and the tested values for the solutions were within the target ranges, a potential contamination issue was unlikely. The lowest fertility concentration (0.0 µmol·L−1) provided no Fe; thus, it seems likely that the limited plant biomass production resulted in an elevated concentration of Fe within the leaf tissue. Plants will contain trace amounts of micronutrients naturally, which are typically sourced from the seed reserves. This concentration effect may be a reflection of higher accumulation of leaf tissue Fe in the 0.0 µmol·L−1 treatment when compared to the lower plant biomass. When the plants were provided with higher levels of Fe, it resulted in an increase in plant growth and thus a dilution of the Fe concentrations, which has been reported extensively in other crops [45]. Additionally, Brassicas are very effective at scavenging nutrients from the soil profile [50]. This scavenging of nutrients could have resulted in a higher Fe seed load, which was higher in concentration given the dilution effect discussed above.



Additionally, in a study conducted by Wu et al. [51], a half-strength Hoagland’s solution was used to grow 111 different Brassica napus ascensions to explore the differences in accumulation of Zn, Fe, and Mn. They reported that different individuals accumulated a wide range of leaf tissue concentrations of 60.3–350.1 μg·g−1 Fe even with a half-strength Hoagland’s solution. The leaf tissue Fe values reported by Wu were much higher than our reported values. Given Wu’s experiment used a half-strength Hoagland’s solution for 14 days and certain Brassica ascensions accumulated leaf tissue values within our ranges, it may be that B. carinata has greater Fe use efficiency [50].




3.2.3. Bolting-Stage Fe Rates


Bolting plants varied in the distribution of their dry weights based on Fe fertility concentrations (Table 3). Leaf tissue Fe concentrations were similar except for the 63.0 µmol·L−1 Fe concentration, which contained almost double the leaf tissue Fe concentration when compared to other rates (Table 3). Because of the limited statistical significance among the Fe levels, regression models for the plant dry weights and the leaf tissue concentrations provided little explanatory power (Table S2).



The lowest fertility rates in both the bolting and flowering stages contained lower concentrations of Fe than observed at the rosette stage. The lower Fe values could be the result of a dilution effect given the bolting stage plants weighed over 26 times greater than the smaller rosette stage plants (Table 3).




3.2.4. Flowering-Stage Fe Rates


Flowering plants did not differ significantly in dry weights regardless of Fe concentration. Leaf tissue Fe concentration only displayed statistical differences between the 63.0 µmol·L−1 Fe concentration and all other concentrations except the 54.0 µmol·L−1 concentration, which was statistically similar (Table 3). Except for the 72.0 µmol·L−1 concentration, there was a quadratic trend of leaf tissue Fe accumulation with increasing fertility. Regression models from these confounding results only accounted for 25.0% (linear) and 30.0% (quadratic) of the variation when treating leaf tissue Fe as the dependent variable and Fe fertility concentration as the predictor (Table S2).





3.3. Copper


3.3.1. Cu Deficiency Symptomology


The visual impacts of Cu deficiency were not present even at the lowest fertility concentrations across all life stages. Despite the lack of visual deficiency symptoms, a strong impact occurred in the response of leaf tissue to Cu concentrations across all life stages. Based on comparisons with canola and B. napus, tissue concentrations at all stages were within the normal range, with the exception of the 0 Cu treatment at bolting.




3.3.2. Rosette-Stage Cu Rates


Rosette plants varied in dry weights based on Cu fertility concentration, but no discernable trend occurred as Cu concentrations increased (Table S3 and Table 4). The regression models resulted in no statistically significant results for either linear or quadratic models for the relationship between plant dry weight and Cu fertility (Table S3).



Despite the lack of a discernable trend within the plant dry weights, the leaf tissue Cu concentration exhibited an increasing trend in Cu with the exception of the 2.25 µmol·L−1 Cu, which was slightly lower than the 1.50, 2.63, and 3.00 µmol·L−1 concentrations (Table 4). The lowest Cu concentration (0.00) differed significantly from all other concentrations and was the lowest recorded value (Table 4). The quadratic regression model accounted for the most variability when treating leaf tissue Cu as the dependent variable and Cu fertility concentration as the predictor (Table 4, Table S3).



These results indicate that increasing Cu levels may not result in a consistent increase in plant dry weight at the rosette stage, despite an increase in accumulation of leaf tissue Cu levels. Among the Cu treatments, many growth metrics were maximized at lower fertility levels, indicating that carinata may require less Cu fertility than other Brassica crops [12].




3.3.3. Bolting-Stage Cu Rates


Bolting plant dry weights modeled on a parabolic trend with the middle concentrations forming the vertex and the lowest and highest concentrations forming the tails, though the quadratic model interpreted only a low proportion of the data accurately (Table S3). Given the variability of the dry weights and the low statistical significance, the models presented should be used with only a small degree of certainty.



Leaf tissue Cu concentration exhibited an increasing trend with increases in Cu fertilization rate (Table 4). Leaf tissue Cu concentration was lowest at 0.0 µmol·L−1 Cu and was statistically less than all other concentrations. The three highest concentrations (2.25, 2.63, and 3.00 µmol·L−1 Cu) were all statistically similar (Table 4). The results observed at the bolting stage regarding plant dry weights indicate that optimization of leaf tissue Cu would be obtained when plant leaf tissue is at an average value of 7.39 mg·kg−1 (Table 4). These results indicate that during times of rapid cell growth and expansion, the Cu requirements of the plant vary little from the Cu needs at the rosette stage.



This may be indicative of the role of Cu in plants. Most of the Cu contained within plants is used in the chloroplasts as plastocyanin [11]. The main role of this protein is to assists in the electron transport chain in the photosystem I complex. A study conducted with Pisum sativum plants had an 87.5% decrease in plastocyanin, which resulted in a decrease of photosynthetic electron transport from 100 to 19 (nmol·μmol−1 chlorophyll) between leaf Cu fertility concentrations of 6.9 to 2.2 μmol·g−1, respectively [52]. Additionally, this study reported a decrease in other Cu-related enzymes with a marked decrease in the activity of diamineoxidase, ascorbateoxidase, and CuZnSOD. Given most photosynthates are produced in the rosette and bolting stage, the data imply that the Cu-containing molecules within Brassicas will be most active during these stages [11,52,53]. After the initiation of flowering, the sources and sinks within Brassicas are altered significantly [53]. Thus, the limiting factors within the flowering stage would be more regulated based on other predictors such as photosynthates and Cu fertility.




3.3.4. Flowering-Stage Cu Rates


Flowering plant models indicated a general increasing trend in dry weights with regard to Cu fertility with the exception of the 0.75 and 1.50 µmol·L−1 Cu, which displayed upper and lower outliers of the general trend, respectively (Table S3). Leaf tissue Cu concentration also exhibited a general increasing trend as Cu concentrations increased except for the 2.63 µmol·L−1 concentration (Table 4). Leaf tissue Cu concentrations were statistically different between the lowest concentration and the remaining concentrations apart from the 0.75 concentration, which was statistically similar (Table 4). A strong plateau was observed within this dataset, indicating optimal uptake for plant leaf tissue Cu may be at 1.50 µmol·L−1 Cu (Table 4). These results also indicate that Cu may be less regulating in the flowering stage than in the rosette stage.





3.4. Zinc (Zn)


Limited symptomology occurred with Zn, which manifested as a slight decrease in bolting vigor and branching when compared to the controls. After the initiation of the reproductive phase, the sources and sinks changed within the plants, and growth slowed given carinata is a determinate flowering plant.



3.4.1. Zn Deficiency Symptomology


Deficiency symptoms of Zn were only present with 0.00 µmol·L−1 Zn. Zinc deficiency symptoms were observed later in carinata growth compared to other nutrients. Zinc-deficient plants appeared large and healthy and displayed only subtle signs of nutrient stress (Figure S9). Symptomology appeared on the mid to upper foliage as a slight paling of the leaf margin and gall-like structures (Figure S10). As symptoms advanced, the slight yellowing or paling progressed to a slight purple coloration on the margin of the leaves (Figure S10).




3.4.2. Rosette-Stage Zn Rates


Rosette plants exhibited no discernable pattern or trend among Zn treatments, with total plant dry weight varying greatly as Zn concentrations increased (Table S4 and Table 5). The highest Zn concentration (3.00 µmol·L−1) had the greatest dry weight and was statistically significant from the other concentrations except for the 2.25 µmol·L−1 concentration (Table 5). Leaf tissue Zn levels increased until the 2.25 µmol·L−1 Zn concentration, after which point all other concentrations were statistically similar (Table 5). Both a linear and quadratic regression model accounted for little variance within the Zn leaf tissue values (Table S4). However, there was a strong quadratic trend regarding increasing Zn concentration and plant biomass production. The plateau in leaf tissue at 2.25 µmol·L−1 Zn indicates a greater Zn fertility requirement for B. carinata in the rosette stage. Leaf tissue Zn concentrations in carinata that were below the suggested normal tissue concentrations of canola and B. napus were found when grown solution concentrations were <2.25 µmol·L−1.



The differences observed in Zn uptake in the rosette stage could be a result of the growth stage and the physiological function of Zn within the plant. The major role of Zn within plant cells and functions are mainly enzymatic activity [54,55] and regulation of genetic expression and replication [26].



There are also indications that when Zn levels are elevated, the phloem could absorb and store Zn within the plant [56]. This storage ability in Zn concentrations may have resulted in an unexpectedly higher value of Zn within the leaf tissue during the rosette stage.




3.4.3. Bolting-Stage Zn Rates


Bolting plants resulted in no discernable trends among Zn concentrations. The dry weights varied greatly, with the lowest dry weight occurring at 0.75 µmol·L−1 concentration and being statistically similar to 1.50 and 2.63 µmol·L−1 Zn levels (Table 5). This is not surprising, given the extreme variability in bolting times observed within the Zn treatments. Zinc requirements may be lower in the bolting stage, given the plateau occurred at a lower Zn concentration when compared to the rosette stage. Leaf tissue Zn levels exhibited an increasing trend until 0.75 µmol·L−1 Zn concentration, after which leaf tissue values plateaued (Table 5).



At the rosette stage, B. carinata has a very compact growth habit [6]. When bolting occurs, a very rapid vertical flower spikelet and branching architecture result. Additionally, Brassicas can vary greatly in their bolting vigor and timing [57]. Thus, the lower plateau observed at the concentrations above 0.75 µmol·L−1 Zn may indicate a dilution effect given biomass increased greatly during the bolting stage or simply differences in bolting time among plants. The lack of a statistically significant trend regarding dry weights may indicate that factors other than nutrient stress play a larger regulating role in bolting B. carinata.




3.4.4. Flowering-Stage Zn Rates


Flowering plant dry weights did not result in a plateau. The lowest dry weight occurred at 0.75 µmol·L−1 Zn. Leaf tissue Zn concentration mirrored the plateau at 0.75 µmol·L−1 Zn regarding leaf tissue Zn at the bolting stage (Table 5). Leaf tissue Zn concentration was lowest at 0.00 µmol·L−1, which was statistically different from all other concentrations (Table 5).



While plant dry weights did not display a clear trend, the explanatory power of the Zn fertility on leaf tissue concentration was apparent. The plateau observed at the 0.75 μmol·L−1 Zn for both the bolting and flowering stage may be due to the role of Zn in many enzymatic functions within the plant. Work conducted by Cakmak and Marschner [30] reported when cotton plants were subjected to Zn deprivation conditions, the activity of superoxide dismutase (SOD) within the roots decreased, and a resultant increase in superoxide oxygen radicals occurred. Additional work by the above authors also reported a decrease in nicotinamide adenine dinucleotide phosphate (NADPH) production of oxides, plasma membrane permeability, and differences in nutrient uptake and partitioning under Zn-deficient conditions [30,58,59]. Given that many of the above impacts are on enzymatic driven processes, a lower concentration of Zn (0.75 µmol·L−1) could indicate enzymatic function can be optimized at a lower Zn concentration.





3.5. Molybdenum (Mo)


3.5.1. Mo Deficiency Symptoms


Visual deficiency symptoms of Mo did not manifest at any concentration or stage of development despite significant differences in leaf tissue levels. Molybdenum, overall, resulted in a linear increase in plant biomass regarding concentration at the rosette stage, and no discernable trends occurred at the bolting or flowering stages. Regarding leaf tissue Mo concentration, however, a strong linear increase was found between increasing Mo concentrations and Mo leaf tissue concentrations in the rosette and bolting stages (Table S5). However, in the flowering stage, the model resulted in a plateau regarding Mo accumulation. Note that all plant tissue Mo concentrations here were within or exceeded the normal concentration range reported for B. napus.




3.5.2. Rosette-Stage Mo Rates


Rosette plants varied in the distribution of their dry weights based on Mo fertility concentrations. Total plant dry weight, when modeled against Mo concentrations, displayed no discernable trend (Table 6). Leaf tissue Mo levels were similar for all treatments with only the highest concentration resulting in higher Mo concentrations in leaf tissue as compared with 0.0 µmol·L−1 Mo (Table 6).




3.5.3. Bolting-Stage Mo Rates


Bolting plants varied in the distribution of their dry weights and leaf tissue Mo based on fertility concentrations (Table 6). Leaf tissue Mo concentration exhibited an increasing trend as concentration increased (Table 6). Leaf tissue Mo concentration increased with the lowest three concentrations (0.0, 0.025, and 0.05 µmol·L−1 Mo) being statistically similar (Table 6). The next two highest concentrations (0.075 and 0.088 µmol·L−1 Mo) were statistically similar to each other but were significantly higher in Mo leaf tissue levels when compared to the 0.00 µmol·L−1 Mo. The highest Mo concentration (0.10 µmol·L−1) resulted in the highest Mo levels within the leaf tissue and were statistically significant from only the three lowest concentrations (Table 6).




3.5.4. Flowering-Stage Mo Rates


In the flowering plants, there was no significant difference in dry weights among Mo concentrations (Table S5 and Table 6). Despite a lack of statistical significance in the plant dry weights, leaf tissue Mo concentration resulted in an increasing trend as Mo concentrations increased up to the 0.05 µmol·L−1 Mo treatment, above which all leaf tissue values were statistically similar (Table 6). The similarity of the plant biomass production among Mo concentrations and life stages may indicate that only a minimal threshold of Mo is required to benefit B. carinata. It has been reported that Mo mainly provides benefits to nodulating and leguminous crops despite also being used in the xanthine oxidase/dehydrogenase reaction in plants [60]. While other crops receive great benefit from Mo, the extremely low concentrations required by the plant often dictate that Mo will be adequate from ambient sources within the soil.





3.6. Manganese (Mn)


Results varied by life stages and across Mn concentrations. Very little differences occurred among the dry weights for different growth stages and concentrations. Except for the 0 Mn treatment, and plant tissues had Mn concentrations within or exceeding the normal ranges suggested for canola and B. napus.



3.6.1. Mn Deficiency Symptomatology


Deficiency symptoms of Mn were observed later in growth trials than most other nutrients. Manganese is an immobile element and thus cannot translocate from the lower foliage to the upper foliage, and deficiency symptoms will manifest in the newer developing leaves. Plants were in the advanced stages of vegetative growth, exhibiting a general paling of the entire plant when compared with the control (Figure S11). This paling was more pronounced on the mid and upper foliage (Figure S12).




3.6.2. Rosette-Stage Mn Rates


Rosette plants varied in the distribution of their dry weights based on Mn fertility concentrations. Total plant dry weight exhibited no distinct trend with the increase of Mn fertility (Table 7). Leaf tissue Mn concentrations displayed an increasing trend as Mn fertility increased. The lowest leaf tissue Mn values occurred at the 0.0 µmol·L−1 Mn concentration and were statistically less than all other rates (Table 7). The highest Mn values were observed with 15.75 µmol·L−1 Mn and were statistically similar to the 13.50 µmol·L−1 Mn and significantly higher than the other Mn rates (Table 7). Regression models indicated that a quadratic model accounted for more variability in the dataset when Mn fertility concentration was treated as the independent variable (Table S6). The decrease in Mn leaf tissue concentrations at 18.0 µmol·L−1 Mn may indicate that a sigmoidal model is present with the vertex being at the 13.5 and 15.75 µmol·L−1 Mn treatments (Table 7).




3.6.3. Bolting-Stage Mn Rates


Bolting plants displayed no differences in dry weights among Mn concentrations. However, leaf tissue Mn concentration exhibited an increasing trend as Mn fertility increased (Table S6 and Table 7). Leaf tissue Mn concentration was lowest at 0.0 µmol·L−1 Mn and was statistically smaller than all other concentrations. The second-lowest Mn leaf tissue later occurred at 4.50 µmol·L−1 Mn and was statistically smaller than the higher concentrations. The next four concentrations (9.00, 13.50, 15.75, and 18.00 µmol·L−1 Mn) were all statistically similar, indicating a plateau in leaf tissue Mn accumulation (Table 7). A polynomial regression model accounted for 88% of the variability of leaf tissue Mn concentration when Mn fertility concentration was treated as the independent variable (Table S6).



These results may indicate that at earlier stages (rosette) of growth, Mn is more important to the plant. The low r2 value (0.075) of the polynomial regression of plant biomass at the bolting stage may indicate that other factors regulate bolting more strongly than Mn concentrations or that the concentrations studied were in a range that was not adequate to test the importance of Mn (Table S6). This makes sense given the role of Mn in the plant as the manganese-protein in photosystem II (PS II) as well as in the superoxide dismutase (MnSOD) [61]. This indicates that Mn may have a greater impact on photosynthesis and the resultant photosynthates produced in the plant rather than directly regulating plant cellular growth and expansion.




3.6.4. Flowering-Stage Mn Rates


Flowering plant data dry weights were similar for all Mn rates at flowering (Table S6 and Table 7). Leaf tissue Mn increased with increasing fertility concentrations, with the lowest fertility treatment (0.0 µmol·L−1 Mn) leaf tissue Mn being statistically lower compared to the remaining treatments. The 4.50 µmol·L−1 Mn treatment had Mn tissue values that were 8.9× higher than 0.00 µmol·L−1 Mn and were significantly smaller than the upper four (9.0, 13.50, 15.75, and 18.0 µmol·L−1 Mn) concentrations (Table 7). The highest Mn concentration (18.0 µmol·L−1 Mn) resulted in the leaf tissue of the highest concentration and was statistically higher when compared to the lower three concentrations (9.00, 13.50, and 15.75 µmol·L−1 Mn), but not the upper concentrations of 13.50 and 15.75 µmol·L−1 Mn (Table 7). The quadratic regression model accounted for 91% of the variability of leaf tissue Mn concentration when Mn fertility concentration was treated as the independent variable (Table S6).



The higher Mn leaf accumulation may indicate that as the developing sinks of the floral and subsequent reproductive structures increase in demand, more Mn resources are accumulated and used by the plants. This would make sense, given Mn’s role in the photosynthetic O2 evolution in PS II and the role of Mn in the lignin content of plants [62,63]. The impacts of the higher Mn rates would ensure that the photosynthate resources produced by PS II would be present in higher concentrations for the developing reproductive sinks.






4. Conclusions


Different levels of micronutrients are required at different optimal concentrations over the life stages of B. carinata. The biomass production optimization and leaf tissue concentrations can be used as guidelines to help inform other research regarding field fertility, uptake and partitioning, and life-stage-based fertility studies. Given B, Mn, and Cu showed the greatest concentration increase differences between the lower fertility rates tested (0.0 and 25.0%), this may indicate that the rates tested may have needed an increased number of lower datapoints. Thus, for some life stages, the fertility concentrations may have needed to be expanded at the lower end. This would have allowed for a more gradual increase in the plateau curve. For each of the micronutrients tested, each of the Table 2, Table 3, Table 5, Table 6 and Table 7 compare tissue values to known B. carinata and B. napus tissue values from published literature, as well as providing trends in leaf tissue mineral accumulation and biomass production based on life stage.



These results indicated that B fertility had the greatest impact on plant biomass and production, given the lowest rate (0.0 µmol·L−1) did not produce any flowers or siliques. Iron fertility concentrations resulted in a dilution effect that skewed the results slightly. The dilution effect has been reported extensively in other crops [45]. For Cu fertility, despite the lack of visual symptoms, leaf tissue accumulation plateaus were observed in the bolting and flowering stages, indicating Cu may be more important in the rosette stage. Zinc fertility displayed mixed results regarding increasing fertility and plant biomass production. However, plateaus (occurring at lower fertility concentrations) were observed in both the bolting and flowering stages. Molybdenum fertility concentrations plateaued early for leaf tissue accumulation for the bolting and flowering stages. Finally, Mn leaf tissue accumulation was maximized between 9.0 and 15.75 µmol·L−1 depending on life stage. These results indicate strong nutrient use and uptake for micronutrients in B. carinata leaf tissue. More research is needed to elucidate the exact uptake and partitioning of these microelements to determine optimal fertility concentrations.








Supplementary Materials


The following are available online at https://www.mdpi.com/2077-0472/11/3/221/s1, Figure S1: Categorization of the growth stages of Brassica carinata based on life stage and development from germina-tion to senescence developed by the South East Partnership for Advanced Renewables from Carinata (SPARC), Figure S2: Boron deficiency in Brassica carinata first manifested as a general distortion of the upper leaves. Note that the distortion resulted in folding of the leaves rather than as curling, cupping, or withering of the leaf surface. This folding was concentrated along the margin and midrib similar to the leaf was being folded in half lengthwise, Figure S3: As boron deficiency symptomology in Brassica carinata progressed, the folding became more severe, espe-cially on new foliage. The newest foliage appeared rolled on itself like a tube of paper. This rolling is different than the cupping of the leaves observed in calcium deficient leaves because the whole leaf blade curls from the midrib to the margin whereas calcium deficiency results in only the leaf margin curling in and downward, Figure S4: As symptoms of boron deficiency progressed in Brassica carinata, the new leaves exhibited cracking along the midrib and petiole. This leaf curling along with the cracking are classical boron deficiency symptoms, Figure S5: In the advanced stages of boron deficiency, the apical meristem becomes necrotic and eventually dies in Bras-sica carinata. This results in the proliferation of axillary shoots as the plant continues to grow, Figure S6: Boron deficiency in Brassica carinata will eventually result in the death of the apical meristem. This sudden loss of apical dominance results in the axillary shoot growth, resulting in numerous axillary shoots. Note the dense clus-ter of side shoots around the dead growing tip, Figure S7: Iron deficiency symptoms in Brassica carinata were present in the rosette stage for Brassica carinata and were quite severe in the lowest (0.0 µmol Fe·L−1) fertility treatment resulting in newer and developing leaves which had in-terveinal chlorosis, Figure S8: Symptoms of iron deficiency in Brassica carinata were present at the lowest fertility treatment (0.0 µmol·L−1) at both the flowering (top) and pod set (bottom) stages, Figure S9: Initially, this Brassica carinata plant appeared healthy and vigorous. As the plant grew out of its rosette phase and into the beginning phases of elongation/bolting before zinc deficiency symptoms began to appear, Figure S10, The beginning stages of zinc deficiency in Brassica carinata appeared very late in the experiment as a mar-ginal paleness and purpling of the leaf margin especially of the leaf tip. Also note the gall like structures on the leaf sur-face. When diagnosing Zn deficiency these two symptoms are unique symptomologies, Figure S11: The Brassica carinata plant on the left received all its essential macro and micronutrients while the plant on the right is exhibiting manganese deficiency symptoms. Note specifically the pale coloration of the plant especially along the upper mature leaves, Figure S12: Manganese deficient Brassica carinata plants resulted in a pale coloration (right leaf, A and B) compared with non-deficient leaf (left leaf A, B). The coloration was more developed in the upper (A) and mid (B) foliage of the plant. Table S1: Regression models for linear and quadratic Brassica carinata plant dry weights (g) and leaf tissue nutrient concentrations (mg·kg−1) based on boron (B) fertility treatments. Table S2: Regression models for linear and quadratic Brassica carinata plant dry weights (g) and leaf tissue nutrient concentrations (mg·kg−1) based on iron (Fe) fertility treatments. Table S3: Regression models for linear and quadratic Brassica carinata plant dry weights (g) and leaf tissue nutrient concentrations (mg·kg−1) based on copper (Cu) fertility treatments. Table S4: Regression models for linear and quadratic Brassica carinata plant dry weights (g) and leaf tissue nutrient concentrations (mg·kg−1) based on zinc (Zn) fertility treatments. Table S5: Regression models for linear and quadratic Brassica carinata plant dry weights (g) and leaf tissue nutrient concentrations (mg·kg−1) based on molybdenum (Mo) fertility treatments. Table S6: Regression models for linear and quadratic Brassica carinata plant dry weights (g) and leaf tissue nutrient concentrations (mg·kg−1) based on manganese (Mn) fertility treatments.
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Table 1. Concentrations for modified Hoagland’s solution used to explore the impacts of varying micronutrients on the growth of Brassica carinata over its life stages.






Table 1. Concentrations for modified Hoagland’s solution used to explore the impacts of varying micronutrients on the growth of Brassica carinata over its life stages.





	
Micronutrient Fertility Rate (%) 1




	

	
0.0

	
25.0

	
50.0

	
75.0

	
87.5

	
100.0




	
µmol·L−1

	
ppm

	
µmol·L−1

	
ppm

	
µmol·L−1

	
ppm

	
µmol·L−1

	
ppm

	
µmol·L−1

	
ppm

	
µmol·L−1

	
ppm






	
Iron (Fe) 2

	
0.00

	
0.00

	
18.00

	
1.01

	
36.00

	
2.01

	
54.00

	
3.02

	
63.00

	
3.52

	
72.00

	
4.02




	
Manganese (Mn) 2

	
0.00

	
0.00

	
4.50

	
0.25

	
9.00

	
0.50

	
13.50

	
0.74

	
15.75

	
0.87

	
18.00

	
0.99




	
Zinc (Zn) 2

	
0.00

	
0.00

	
0.75

	
0.05

	
1.50

	
0.10

	
2.25

	
0.15

	
2.63

	
0.18

	
3.00

	
0.20




	
Copper (Cu) 2

	
0.00

	
0.00

	
0.75

	
0.05

	
1.50

	
0.10

	
2.25

	
0.14

	
2.63

	
0.17

	
3.00

	
0.19




	
Boron (B) 2

	
0.00

	
0.00

	
11.25

	
0.12

	
22.50

	
0.25

	
33.75

	
0.37

	
39.38

	
0.43

	
45.00

	
0.49




	
Molybdenum (Mo) 2

	
0.00

	
0.00

	
0.025

	
0.0025

	
0.050

	
0.005

	
0.075

	
0.0075

	
0.088

	
0.0088

	
0.100

	
0.01








1 Values indicate the adjusted fertility rate provided from a modified Hoagland’s solution with all elements held constant except the adjusted microelement being studied. These values are expressed as a percentage of the standard Hoagland’s solution [41]. 2 Values given for each element listed in µmol·L−1. To convert µmol·L−1 to parts per million (ppm), multiply by the molecular weight and divide by 1000.
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Table 2. Brassica carinata plant dry weights (g) and leaf tissue concentration (mg·kg−1) based on boron (B) fertility treatments.






Table 2. Brassica carinata plant dry weights (g) and leaf tissue concentration (mg·kg−1) based on boron (B) fertility treatments.





	
B Fertility (µmol·L−1) 1,2

	
0.0

	
11.25

	
22.50

	
33.75

	
39.38

	
45.0






	
Plant Dry Weight (g)




	
Rosette

	
1.35 A

***

	
5.44 B

***

	
5.20 B

***

	
5.55 B

***

	
9.33 C

***

	
8.53 C

***




	
Bolting

	
11.26 A

**

	
26.28 AB

**

	
38.21 B

**

	
30.10 B

**

	
35.56 B

**

	
31.51 B

**




	
Flowering

	
3.73 A

***

	
32.96 B

***

	
39.10 B

***

	
36.08 B

***

	
36.73 B

***

	
40.68 B

***




	

	
B Leaf Tissue Nutrient Concentrations (mg·kg−1)




	
Rosette

	
9.39 A

***

	
47.20 B

***

	
48.46 B

***

	
49.40 B

***

	
49.45 B

***

	
50.00 B

***




	
Bolting

	
3.63 A

***

	
41.84 B

***

	
59.82 C

***

	
65.50 C

***

	
92.52 D

***

	
91.20 D

***




	
Flowering

	
11.41 A

***

	
70.10 B

***

	
79.20 BC

***

	
86.70 BC

***

	
111.64 D

***

	
98.52 CD

***




	

	
Comparison Boron Leaf Tissue Values (mg·kg−1) 3




	

	
Brassica carinata3

	
Brassica napus4




	
Rosette 3

	
13.4–26.2

	
15.0–54.0




	
Bolting 3

	
10.0–18.8




	
Flowering 3

	
6.5–19.1








1 Values indicate the adjusted fertility rate provided from a modified Hoagland’s solution with all elements held constant except the adjusted microelement being studied [41]. 2 *, **, or *** indicate statistically significant differences between sample means across a row based on F-test (proc GLM) at p ≤ 0.05, p ≤ 0.01, or p ≤ 0.001, respectively. NS (not significant) indicates the F-test difference between sample means was p > 0.05. Values with the same letter indicate a lack of statistical significance, whereas values with different letters indicate statistically significant results. 3 Reference values from Seepaul et al. [6,14]. Values given are based on Brassica carinata leaf tissue samples from two growing seasons with samples taken based on plant life stages. 4 Reference values based on 50 mature leaves without petioles taken throughout the season from rosette stage to pod set. Values taken from Brassica napus leaf tissue values from Bryson et al. [45].
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Table 3. Brassica carinata plant dry weights (g) and leaf tissue concentration (mg·kg−1) based on iron (Fe) fertility treatments.






Table 3. Brassica carinata plant dry weights (g) and leaf tissue concentration (mg·kg−1) based on iron (Fe) fertility treatments.





	
Fe Fertility (µmol·L−1) 1

	
0.0

	
18.0

	
36.0

	
54.0

	
63.0

	
72.0






	
Plant Dry Weight (g)




	
Rosette 2

	
0.97 A

***

	
5.80 B

***

	
7.58 BC

***

	
5.62 B

***

	
8.92 C

***

	
8.53 C

***




	
Bolting 2

	
26.91 AB

**

	
33.85 A

**

	
13.00 B

**

	
23.91 AB

**

	
30.48 A

**

	
31.51 A

**




	
Flowering 2

	
31.47 A

NS

	
41.06 A

NS

	
27.16 A

NS

	
40.30 A

NS

	
36.82 A

NS

	
40.68 A

NS




	

	
Fe Leaf Tissue Nutrient Concentrations (mg·kg−1)




	
Rosette 2

	
73.73 C

***

	
60.64 A

***

	
64.77 AB

***

	
69.35 BC

***

	
65.03 AB

***

	
74.83 C

***




	
Bolting 2

	
46.07 A

***

	
49.19 A

***

	
49.98 A

***

	
59.18 A

***

	
113.77 B

***

	
66.00 A

***




	
Flowering 2

	
43.67 A

**

	
57.97 A

**

	
53.57 A

**

	
70.72 AB

**

	
83.53 B

**

	
56.40 A

**




	

	
Comparison Fe Leaf Tissue Values (mg·kg−1) 3




	

	
Brassica carinata3

	
Brassica napus4




	
Rosette 3

	
67.6–595.3

	
30.0–200.0




	
Bolting 3

	
51.9–226.0




	
Flowering 3

	
38.4–172.2








1 Values indicate the adjusted fertility rate provided from a modified Hoagland’s solution with all elements held constant except the adjusted microelement being studied [41]. 2 *, **, or *** indicate statistically significant differences between sample means across a row based on F-test (proc GLM) at p ≤ 0.05, p ≤ 0.01, or p ≤ 0.001, respectively. NS (not significant) indicates the F-test difference between sample means was p > 0.05. Values with the same letter indicate a lack of statistical significance, whereas values with different letters indicate statistically significant results. 3 Reference values from Seepaul et al. [6,14]. Values given are based on Brassica carinata leaf tissue samples from two growing seasons with samples taken based on plant life stages. 4 Reference values based on 50 mature leaves without petioles taken throughout the season from rosette stage to pod set. Values taken from Brassica napus leaf tissue values from Bryson et al. [45].
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Table 4. Brassica carinata plant dry weights (g) and leaf tissue concentration (mg·kg−1) based on copper (Cu) fertility treatments.






Table 4. Brassica carinata plant dry weights (g) and leaf tissue concentration (mg·kg−1) based on copper (Cu) fertility treatments.





	
Cu Fertility (µmol·L−1) 1

	
0.00

	
0.75

	
1.50

	
2.25

	
2.63

	
3.0






	
Plant Dry Weight (g)




	
Rosette

	
7.26 BCD

***

	
10.26 A

***

	
9.38 AB

***

	
6.63 CD

***

	
5.67 D

***

	
8.53 ABC

***




	
Bolting

	
22.89 A

***

	
46.56 B

***

	
37.22 BC

***

	
29.14 AB

***

	
33.51 ABC

***

	
31.51 AB

***




	
Flowering

	
27.54 AB

***

	
21.67 A

***

	
48.29 C

***

	
40.56 BC

***

	
37.63 BC

***

	
40.68 BC

***




	

	
Cu Leaf Tissue Nutrient Concentrations (mg·kg−1)




	
Rosette

	
2.75 A

***

	
5.91 B

***

	
7.85 C

***

	
6.06 B

***

	
7.63 C

***

	
8.03 C

***




	
Bolting

	
1.22 A

***

	
3.91 B

***

	
6.12 BC

***

	
7.98 C

***

	
6.62 C

***

	
7.57 C

***




	
Flowering

	
4.14 A

**

	
7.88 AB

**

	
8.96 B

**

	
10.92 B

**

	
9.52 B

**

	
10.37 B

**




	

	
Comparison Cu Leaf Tissue Values (mg·kg−1) 3




	

	
Brassica carinata3

	
Brassica napus4




	
Rosette 3

	
1.9–3.2

	
4.0–25.0




	
Bolting 3

	
3.4–3.6




	
Flowering 3

	
2.3–3.2








1 Values indicate the adjusted fertility rate provided from a modified Hoagland’s solution with all elements held constant except the adjusted microelement being studied [41]. 2 *, **, or *** indicate statistically significant differences between sample means across a row based on F-test (proc GLM) at p ≤ 0.05, p ≤ 0.01, or p ≤ 0.001, respectively. NS (not significant) indicates the F-test difference between sample means was p > 0.05. Values with the same letter indicate a lack of statistical significance, whereas values with different letters indicate statistically significant results. 3 Reference values from Seepaul et al. [6,14]. Values given are based on Brassica carinata leaf tissue samples from two growing seasons with samples taken based on plant life stages. 4 Reference values based on 50 mature leaves without petioles taken throughout the season from rosette stage to pod set. Values taken from Brassica napus leaf tissue values from Bryson et al. [45].
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Table 5. Brassica carinata plant dry weights (g) and leaf tissue concentration (mg·kg−1) based on zinc (Zn) fertility treatments.






Table 5. Brassica carinata plant dry weights (g) and leaf tissue concentration (mg·kg−1) based on zinc (Zn) fertility treatments.





	
Zn Fertility (µmol·L−1) 1,2

	
0.0

	
0.75

	
1.50

	
2.25

	
2.63

	
3.0






	
Plant Dry Weight (g)




	
Rosette

	
5.84 A

***

	
5.72 A

***

	
6.74 AB

***

	
7.46 BC

***

	
5.61 A

***

	
8.53 C

***




	
Bolting

	
32.21 A

**

	
15.42 B

**

	
24.96 AB

**

	
32.91 A

**

	
16.06 B

**

	
31.51 A

**




	
Flowering

	
34.15 AB

***

	
22.11 B

***

	
37.40 AB

***

	
38.03 AB

***

	
36.80 AB

***

	
40.68 AB

***




	

	
Zn Leaf Tissue Nutrient Concentrations (mg·kg−1)




	
Rosette

	
14.66 A

***

	
13.18 A

***

	
19.07 B

***

	
23.22 C

***

	
21.02 BC

***

	
22.65 C

***




	
Bolting

	
9.17 A

***

	
27.47 B

***

	
34.92 B

***

	
39.61 B

***

	
39.87 B

***

	
29.10 B

***




	
Flowering

	
15.50 A

*

	
33.98 B

*

	
42.26 B

*

	
43.41 B

*

	
43.50 B

*

	
43.43 B

*




	

	
Comparison Zn Leaf Tissue Values (mg·kg−1) 3




	

	
Brassica carinata3

	
Brassica napus4




	
Rosette 3

	
21.9–25.3

	
22.0–49.0




	
Bolting 3

	
20.9–25.7




	
Flowering 3

	
22.7–28.0








1 Values indicate the adjusted fertility rate provided from a modified Hoagland’s solution with all elements held constant except the adjusted microelement being studied [41]. 2 *, **, or *** indicate statistically significant differences between sample means across a row based on F-test (proc GLM) at p ≤ 0.05, p ≤ 0.01, or p ≤ 0.001, respectively. NS (not significant) indicates the F-test difference between sample means was p > 0.05. Values with the same letter indicate a lack of statistical significance, whereas values with different letters indicate statistically significant results. 3 Reference values from Seepaul et al. [6,14]. Values given are based on Brassica carinata leaf tissue samples from two growing seasons with samples taken based on plant life stages. 4 Reference values based on 50 mature leaves without petioles taken throughout the season from rosette stage to pod set. Values taken from Brassica napus leaf tissue values from Bryson et al. [45].
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Table 6. Brassica carinata plant dry weights (g) and leaf tissue concentration (mg·kg−1) based on molybdenum (Mo) fertility treatments.






Table 6. Brassica carinata plant dry weights (g) and leaf tissue concentration (mg·kg−1) based on molybdenum (Mo) fertility treatments.





	
Mo Fertility (µmol·L−1) 1,2

	
0.0

	
0.025

	
0.050

	
0.075

	
0.088

	
0.10






	
Plant Dry Weight (g)




	
Rosette

	
5.62 A

***

	
7.59 AB

***

	
7.06 AB

***

	
6.54 AB

***

	
12.18 C

***

	
8.53 B

***




	
Bolting

	
42.78 A

**

	
19.99 B

**

	
33.17 AB

**

	
30.74 AB

**

	
30.02 AB

**

	
31.51 AB

**




	
Flowering

	
50.69 A

NS

	
30.51 A

NS

	
44.26 A

NS

	
38.00 A

NS

	
55.52 A

NS

	
40.68 A

NS




	

	
Mo Leaf Tissue Nutrient Concentrations (mg·kg−1)




	
Rosette

	
0.39 A

***

	
0.31 A

***

	
1.61 A

***

	
1.21 A

***

	
1.03 A

***

	
14.53 B

***




	
Bolting

	
0.31 A

***

	
1.17 AB

***

	
1.28 AB

***

	
1.93 BC

***

	
2.21 BC

***

	
3.15 C

***




	
Flowering

	
0.80 A

***

	
1.59 AB

***

	
2.89 C

***

	
3.00 C

***

	
3.23 C

***

	
2.42 C

***




	

	
Comparison Mo Leaf Tissue Values (mg·kg−1) 3




	

	
Brassica carinata3

	
Brassica napus4




	
Rosette 3

	
N/A 3

	
0.25–0.60




	
Bolting 3

	
N/A 3




	
Flowering 3

	
N/A 3








1 Values indicate the adjusted fertility rate provided from a modified Hoagland’s solution with all elements held constant except the adjusted microelement being studied [41]. 2 *, **, or *** indicate statistically significant differences between sample means across a row based on F-test (proc GLM) at p ≤ 0.05, p ≤ 0.01, or p ≤ 0.001, respectively. NS (not significant) indicates the F-test difference between sample means was p > 0.05. Values with the same letter indicate a lack of statistical significance, whereas values with different letters indicate statistically significant results. 3 Reference values from Seepaul et al. [6,14]. Values given are based on Brassica carinata leaf tissue samples from two growing seasons with samples taken based on plant life stages. 4 Reference values based on 50 mature leaves without petioles taken throughout the season from rosette stage to pod set. Values taken from Brassica napus leaf tissue values from Bryson et al. [45].
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Table 7. Brassica carinata plant dry weights (g) and leaf tissue concentration (mg kg−1) based on manganese (Mn) fertility treatments.






Table 7. Brassica carinata plant dry weights (g) and leaf tissue concentration (mg kg−1) based on manganese (Mn) fertility treatments.





	
Mn Fertility Rate (µmol·L−1) 1,2

	
0.0

	
4.50

	
9.0

	
13.50

	
15.75

	
18.0






	
Plant Dry Weight (g)




	
Rosette

	
6.29 CD

***

	
8.71 AB

***

	
10.65 A

***

	
5.81 D

***

	
6.41 BCD

***

	
8.53 ABC

***




	
Bolting

	
23.34 A

NS

	
29.85 A

NS

	
33.30 A

NS

	
24.93 A

NS

	
25.94 A

NS

	
31.51 A

NS




	
Flowering

	
24.33 A

NS

	
49.08 A

NS

	
51.16 A

NS

	
30.45 A

NS

	
39.00 A

NS

	
40.68 A

NS




	

	
Mn Leaf Tissue Nutrient Concentrations (mg·kg−1)




	
Rosette

	
14.70 A

***

	
74.31 B

***

	
112.11 C

***

	
149.36 D

***

	
155.93 D

***

	
103.25 C

***




	
Bolting

	
8.77 A

***

	
65.21 B

***

	
117.03 C

***

	
149.87 C

***

	
137.09 C

***

	
161.63 C

***




	
Flowering

	
6.90 A

***

	
61.56 B

***

	
105.20 C

***

	
132.17 CD

***

	
139.14 CD

***

	
145.70 D

***




	

	
Comparison Mn Leaf Tissue Values (mg·kg−1) 3




	

	
Brassica carinata3

	
Brassica napus4




	
Rosette

	
17.1–22.6

	
25.0–250.0




	
Bolting

	
9.5–17.1




	
Flowering

	
11.6–18.7








1 Values indicate the adjusted fertility rate provided from a modified Hoagland’s solution with all elements held constant except the adjusted microelement being studied [41]. 2 *, **, or *** indicate statistically significant differences between sample means across a row based on F-test (proc GLM) at p ≤ 0.05, p ≤ 0.01, or p ≤ 0.001, respectively. NS (not significant) indicates the F-test difference between sample means was p > 0.05. Values with the same letter indicate a lack of statistical significance, whereas values with different letters indicate statistically significant results. 3 Reference values from Seepaul et al. [6,14]. Values given are based on Brassica carinata leaf tissue samples from two growing seasons with samples taken based on plant life stages. 4 Reference values based on 50 mature leaves without petioles taken throughout the season from rosette stage to pod set. Values taken from Brassica napus leaf tissue values from Bryson et al. [45].
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