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Abstract 
Crambe is a potential oilseed plant, which has been suggested for cultivation as a cover crop in the Brazilian 
Savanna where acidic soils predominate. Understanding of its performance in those conditions is essential. Thus, 
the objective of this study was to characterize the morphological and physiological changes in crambe plants 
when subjected to Al exposure at different dose levels. Plants were allocated to a nutrient solution with Al 
treatments at concentrations of 0.0, 0.1, 0.2, 0.3 and 0.4 mmol L-1. The following parameters were determined: 
length of root (LR) and shoot (LS), dry mass of roots (RDM) and shoots (SDM), Al uptake in plant tissues, leaf 
area (LA), absolute growth rate (AGR), grain yield (GY), net CO2 assimilation rate (A), stomatal conductance 
(gs), transpiration rate (E) and chlorophyll α fluorescence. The experimental design was completely randomized, 
consisting of five treatments with four replications. Regression analyses of growth parameters and mean 
comparative tests of physiological traits were performed. Roots concentrated approximately 40-fold more Al 
than shoots. There was a linear reduction in LS and LR with increasing doses of Al. For RDM, SDM, LA, AGR 
and GY, the reductions were similar and were better explained by quadratic models. Al damaged the 
photosynthetic apparatus of crambe plants, demonstrated by a significant reduction in the values of Fv/Fm 
(estimation of photosynthetic efficiency), A, gs and E, compared to the control. Al negatively affected growth 
parameters as well as the photosynthetic response of crambe plants, resulting in a substantial decrease in its grain 
yield.  
Keywords: agroenergy, aluminum toxicity, Crambe abyssinica Hochst, nutrient solution, photosynthesis 

1. Introduction 
Crambe (Crambe abyssinica Hochst) is an oilseed plant, which has the potential for production of biodiesel, 
biodegradable plastics, dyes, lubricants, cosmetics, synthetic rubber and other products (Souza et al., 2009; 
Falasca et al., 2010; Pitol et al., 2010). Grain yield of crambe crops is approximately 1.500 kg ha-1 with seeds 
having an oil content of approximately 36%, rich in erucic acid (58%). In addition, is a short cycle crop (about 
100 days) that can be grown in the autumn/winter off-season (Pitol et al., 2010; Cardoso et al., 2012; Silveira et 
al., 2017).  

Due to its rusticity, crambe has been shown to be highly adapted to weather and soil conditions in Brazil (Toebe 
et al., 2010). However, an important aspect to be considered for the establishment of this crop in tropical 
conditions is Al toxicity, the main abiotic limiting factor for plant production in Brazilian areas compounded by 
highly weathered soils (Kochian et al., 2015). Al is the most abundant metal in the earth’s crust. However, its 
toxicity to plants is most pronounced in acidic soils which present a pHwater generally less than 5.5, with 60% of 
these soils located in tropical and subtropicals regions, including Brazilian territory (Von Uexküll & Mutert, 
1995).  
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The ionic Al form (Al3+) inhibits mainly the growth and functional activities of roots, leading to water and 
nutritional deficiency in plants (Kochian et al., 2015). Al may also cause disturbance in cellular metabolism 
affecting the CO2 assimilation rate. The formation and function of chloroplasts can be altered by the presence of 
Al3+, affecting the thylakoid membranes and transport of electrons between photosystems (Akaya & Takenaka, 
2001; Peixoto et al., 2002).  

Aluminum-plant relationships do not follow a pattern, since species and varieties differ widely in their 
performance in the presence of this element. Tolerant plants are those that continue to grow even in the presence 
of Al, by use of exclusion or other mechanisms associated with detoxification or the trapping of absorbed Al 
(Kochian et al., 2015). On the other hand, sensitive plants are those that present morphophysiological changes, 
due to the absence of mechanisms that allow coexistence with the stressor (Taiz & Zeiger, 2013). There is 
evidence that 2.4 to 5.0 mmolc dm-3 of Al3+ in soil is sufficient to decrease crop yields (Carvalho & Raij, 1997). 
According to Krämer (2010), the critical level of Al toxicity in plant tissues is approximately 200 mg kg-1. 
Species accumulating more than 1000 mg kg-1 are considered to be hyperaccumulators of this element. Crambe 
plants growth well in soils with low active acidity may indicate that this species does not tolerate acidic soils 
which consequently present high Al3+ availability. Therefore, this finding suggests that crambe plants are 
sensitive to Al (Broch & Roscoe, 2010). Given that it been suggested that crambe plants are cultivated as cover 
crop mainly in the Brazilian Savanna (Cerrado) where acidic soils predominate, knowledge of its performance in 
these conditions is essential. Thus, the objective of this study was to characterize the morphological and 
physiological effects in crambe plants subjected to Al exposure at different doses.  

2. Material and Methods 
2.1 Experimental Procedures 

The trial was conducted in a greenhouse of the Department of Soil Science at the Federal University of Viçosa, 
Viçosa, MG, Brazil. Crambe seeds (cultivar FMS Brilhante), provided by the Fundação Mato Grosso do Sul, 
were germinated in cells containing commercial substrate.  

When the first true leaf appeared, after 14 d from the date of sowing (DAS), the plants were transplanted to a 
hydroponic medium in trays under forced aeration. Plants were acclimated for 15 d in a complete nutrition 
solution, as described by Hoagland and Arnon (1950), with a pH of ~ 6 and 50% of salt concentration. After the 
acclimation period, plants were transferred to 5-L pots, maintaining the aeration, using a nutrient solution (pH~4) 
that was half strength (50% salt concentration) of report by Hoagland and Arnon (1950), with the amount of 
phosphorus (P) adjusted to 1/10th of its original concentration. The P concentration and the pH of the solution 
were kept low to minimize the possible precipitation of insoluble forms of Al (Braccini et al., 1998). 

The treatments consisted of five Al concentrations: 0, 0.1, 0.2, 0.3 and 0.4 mmol L-1 (pH 4), supplied as 
aluminum chloride (AlCl3), with 0 mmol L-1 Al representing the control treatment. The trial was carried out as a 
completely randomized design with four replications. An experimental unit was composed of a 5-L pot 
containing one plant. The nutrient solution exchange occurred when checked the depletion of 30%, according to 
the electrical conductivity of the solution. The pH of the solution was adjusted daily with NaOH or HCl (0.5 mol 
L-1).  

2.2 Growth Parameters 

2.2.1 Length of Root and Shoot (LR and LS) 

The length of the primary root was determined by measuring the distance between the apex of the root and the 
base of the plant. The shoot length was measured from the stem apex. Both measurements were performed with 
a measuring tape. 

2.2.2 Root and Shoot Dry Matter (RDM and SDM)  

The plants were sectioned into roots and shoots. Shoot and root samples were dried in a forced air circulation 
oven at 60±5 °C until constant weight was achieved and were subsequently weighed. 

2.2.3 Aluminum Uptake in the Plant Tissues 

After nitroperchloric digestion (Johnson & Ulrich, 1959) of the plant tissues (roots and shoots), Al content was 
determined by optical emission spectrophotometry with induction coupled plasma (Perkin Elmer, Optima model 
DV 3300). 
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2.2.4 Leaf Area (LA) 

Crambe leaves are wider at the base and tapered at the ends. Therefore, for the measurement of leaf area, four 
leaves from each treatment were divided into two sections: basal central part (rectangular shape) and apical part 
(triangular shape). The area of the rectangle that enclosed the limbus was determined as the product of the leaf 
width and length. The length was obtained with graduated rule, oriented towards the midrib, and the width by 
rule in the central region, towards the midrib. The area of the triangle was determined by the width of the central 
region, measured across the rib, and the height by the length of half the limbus to the apex. 

2.2.5 Absolute Growth rate (AGR) 

Four plants for each treatment were weighed using a precision digital scale at 30 DAS to obtain the mass before 
exposure to Al. After a 70-day period of exposure to Al, the increase in dry matter was measured according to the 
methodology proposed by Reis and Muller (1979), defined by the following equation: 

AGR = (w2 – w1)/(t2 – t1)                                (1) 

where, w1 and w2 are the changes in mass of the dry matter in two consecutive samples taken at the times t1 (30 
DAS) and t2 (90 DAS).  

2.3 Grain Yield (GY) 

The grain yield (g) per plant was also determined. 

2.4 Physiological Parameters 

2.4.1 Determination of Gas Exchange and Chlorophyll Fluorescence 

During the period of grain maturation, gas exchange and chlorophyll fluorescence were determined with a 
portable IRGA (LI 6400XT, Li-Cor Inc., Lincoln, NE) equipped with fluorescence camera (LI-6400). The net 
CO2 assimilation rate (A), stomatal conductance (gs) and transpiration rate (E) were measured on fifth fully 
expanded leaf plants with saturating light of 1200 μmol m2 s-1, 400 µmol mol-1 CO2 and a temperature of 25 °C. 
The readings were performed between 8:00 a.m. and 12:00 p.m. 

The leaves previously adapted to the dark (from 5:00 to 6:00 a.m.) were illuminated with red light of low 
intensity (0.03 μmol m2 s-1) to obtain the minimum fluorescence (F0). Saturating white light pulses of 8000 μmol 
m2 s-1 were then applied for 0.8 s to ensure maximum fluorescence emission (Fm). With these parameters, the 
quantum yield of photosystem II was calculated (Maxwell & Johnson, 2000):  

Fv/Fm = (Fm – F0/Fm)                                  (2) 

2.5 Statistical Procedure 

Data concerning for the parameters evaluated were submitted to statistical analyses using Minitab software. 
Regression analyses were performed for the agronomic traits being the interpretation based on biological 
significance, angular coefficients (tested by Student’s t-test) and values of the coefficients of determination (R2) 
(Dias & Barros, 2009). Mean comparative Dunnett´s test was performed on physiological traits. For all statistical 
analyses a 5% level of significance was used. 

3. Results 
3.1 Aluminum Uptake by Plants 

Aluminum concentration in both roots and shoots of crambe plants increased linearly with increasing doses 
(Figure 1). Roots concentrated about 40-fold more Al than shoots. In comparison to the control treatment, there 
was a 3.5-fold increase in the Al concentration in roots and a 3-fold increase in shoots at the highest dose (0.4 
mmol L-1). The findings show that roots of crambe plants accumulate more Al than shoots. Contrasting trends 
were observed in Al uptake by plant roots and shoots with increasing doses (Figure 2). Indeed, at an estimated Al 
dose of 0.23 mmol L-1 there was higher accumulation of this element in root tissues, which followed a quadratic 
model response. In contrast, the accumulation of Al in shoots linearly decreased by half with increasing Al doses 
up to 0.4 mmol L-1.  
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The sensitivity of crambe to Al toxicity in terms of plant growth and grain yield, reported here, is supported by 
results of other studies (Broch & Roscoe, 2010; Colodetti et al., 2015). Silva et al. (2017) found that when the 
base saturation of the soil was 70%, crambe plants achieved higher grain yield. However, at this saturation, the 
pH of the soil was around 5.5, the pH at which Al3+ is fully hydrolyzed. Therefore, we presume that this finding 
also reinforces the high sensitivity of crambe plants to Al3+. The morphological and physiological changes in 
crambe plants exposed to Al, presented in this study, will facilitate understanding of the sensitivity of the crop, 
which is of great importance in understanding the relationship between plant and environment, and for plant 
genetic breeding. 

A primary symptom of Al toxicity demonstrated in this study was inhibition of root growth, resulting in a 
reduced and damaged root system that limited the absorption of water and nutrients by plants leading to 
morphological and physiological disorders which affected the whole plant. Indeed, inhibition of root growth is 
an important symptom of sensitivity, since Al disrupts cytoskeletal dynamics, interacting negatively with 
microtubules and actin filaments, preventing elongation of the outer cells to the rizhoderme (Sivaguru et al., 
2003; Sun et al., 2010). Al toxicity also blocks the mechanism of cell division, causing the roots to become 
stunted and brittle and for changes in the color of this tissue to occur (Panda et al., 2009). Symptoms of Al 
toxicity are also manifested in the shoots as a consequence of damage to the root system that culminates with the 
decrease in plants growth. Aluminum toxicity may also result in apoptotic injuries and cell wall and the plasma 
membrane interactions (Dipierro et al., 2005), affecting the plant growth. The stagnation of crambe plant growth 
subjected to high concentrations of Al3+, as observed in this study, was also reported by Colodetti et al. (2015). Al 
uptake by plants affected cells and organelles at morphological and cytogenetic levels, damaging the 
development and establishment of crops (Macedo et al., 2008; Crestani et al., 2009). 

Plant biomass was also impaired in this study. Costa et al. (2014), working with crambe plants exposed to Al, 
also observed a more pronounced decrease in SDM than in RDM. The decrease in biomass production can be 
related to a reduction in root growth and compromised nutrient uptake in the presence of Al (Tabaldi et al., 
2007). 

AGR represents the variation of growth or increase in dry matter between two successive samplings, indicating 
the speed of growth of the plant (Benincasa, 2004). The reduction of AGR can be attributed to the reduction in 
leaf area and decrease in the mass of the plant (Figure 3). In the present research, exposure to Al resulted in the 
lowest growth rate. Thus, a longer period of exposure to Al generated a lower growth rate in crambe, confirming 
the increase in the plant’s sensitivity to this element. 

4.2 Aluminum Stress on Physiological Parameters 

To introduce this part of the discussion, we use the standard of dissipation of solar energy by chlorophyll   
fluorescence as a method for estimating the degree of disturbance of the photosynthetic process (Baker, 2008). 
The Fv/Fm relationship is an indicator of stress in plants, which is related to maximum efficiency estimator of 
photochemical activity of photosystem II (PSII), when all of its reaction centers are open (Baker, 2008). In 
non-stressed plants, the value of Fv/Fm was reported to be around 0.8, with values below this interpreted as 
indicative of plants under stress (Maxwell and Johnson, 2000). The response shown in Fv/Fm is due to changes in 
the ability of oxidation reaction centers in PSII (> value of F0), limiting the ability of excitation energy transfer 
from the antenna to the reaction center (Baker and Rosenqvst, 2004). Similarly, another associated problem is the 
reduction in the maximum intensity of fluorescence (< value of Fm) when the pool of quinones is reduced, 
causing reaction centers not to reach maximum capacity of photochemical reactions. Thus, Al dramatically 
disrupts the photochemical capacity of crambe plants, which is associated with changes in functionality and 
structure of the thylakoid membranes of chloroplasts, causing changes in the fluorescence parameters (Ribeiro et 
al., 2004). Ali et al. (2008) showed that Al induced a decrease in the chlorophyll content and photosynthetic rate.  

Decrease in the CO2 stream toward the sites of carboxylation in the chloroplast was related to lower stomatal 
opening (< gs), demonstrating strong stomatal limitations that were modulated by the presence of Al in the 
growing medium. Stomatal closure leads to difficulties in respiration, since it is through the stomata that most 
evapotranspiration of plants takes place. In this way, the photosynthetic and transpiration rate are directly 
associated with the occurrence of stomatal opening, therefore, fall in its parameters with the reduction of gs. 
Peixoto et al. (2002) and Akaya and Takenaka (2001) also noted that the fall of gs contributed to the fall of A in 
plants subjected to stress caused by Al. Chen et al. (2002) reported that stomatal closure was an important 
ecophysiological response of plants to stressful situations. Several studies have concluded that Al influences the 
reduction of photosynthetic pigments, as well as the uptake and transport of nutrients such as Mg, which are 
present in the chlorophyll molecule (Milivojevic & Stojanovic, 2003). The presence of Al may compromise the 
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function of photosystem II (Ali et al., 2008), cause disturbances in the structure of chloroplasts (Saleem et al., 
2011) and damage the thylakoid (Pereira et al., 2000), all of which limit photosynthetic activity. According to 
Vitorello et al. (2005), and Rangel et al. (2009), the reduction of gas exchange rates is a common feature of 
Al-sensitive plants when in the presence of this element. The damage to the photosynthetic apparatus of plants 
(Figure 6) reported in this study was associated with the reduction in CO2 assimilation, stomatal conductance and 
transpiration and damaged the grain yield (Figure 7). 

According to Kochian et al. (2015), Al-tolerant species are those with mechanisms that prevent the entry of this 
element into root cells or that have the ability to detoxify Al that is absorbed. When the exclusion mechanisms 
are inefficient and Al can reach the cells, it can still be detoxified by complexation with organic compounds (Ma 
& Miyasaka, 1998; Balaji et al., 2003) or by chelating agents, and can be transported to the vacuoles and stored 
without causing toxicity (Kochian et al., 2004). In these species, disorders in growth, physiology or morphology 
do not occur. Already the susceptible species are those that have its metabolism (including decrease in 
photosynthetic rate) and their morphological parameters damaged. 

5. Conclusion 
Aluminum negatively affected growth parameters (root and shoot length, root and shoot dry mass, absolute 
growth rate and leaf area), as well as the photosynthetic response of crambe plants (caused by stomatal limitation 
and damage to the photosynthetic machinery), which resulted in a substantial decrease in grain yield of the crop. 
Our article not only confirmed the sensitivity of crambe to Al toxicity, but also studied in detail the major 
disorders and the negative effects of Al on plants. That is precisely what our article proposes as a novelty. 
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