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Abstract: The objective of this study was to assess the impact of nutrient omission and liming on the growth
and nutritional status of crambe (Crambe abyssinica Hochst) plants in the eastern Amazon region of Brazil.
The experiment was conducted in a greenhouse at the Federal Rural University of the Amazon, Campus
Capitao Poco, Para, Brazil. The experimental design was a completely randomized block with 11 treatments
and five repetitions. The treatments were as follows: control without lime, control with lime, complete with
lime, nitrogen (N) omission with lime, phosphorus (P) omission with lime, potassium (K) omission with lime,
calcium (Ca) omission without lime, magnesium (Mg) omission without lime, sulfur (S) omission with lime,
boron (B) omission with lime, and zinc (Zn) omission with lime. Following a 60-day period of cultivation, an
evaluation was conducted on the biometric variables, biomass production, nutrient concentration, and the
presence of symptoms indicative of nutrient deficiencies (N, P, K, Ca, Mg, S, B, and Zn). The experimental
data indicated that the omission of nutrients had a deleterious effect on the biometric variables in
comparison to the complete treatment with lime. The control treatments with and without the addition of
lime, as well as the treatment with P omission with lime, exhibited the most restricted plant growth, with
plant height measuring less than 7.0 cm and the number of leaves lower than 3.5. The plants exhibited
deficiency symptoms indicative of deficiencies in their development. The most pronounced severe symptoms
were observed in the treatments involving P omission with lime and in both controls with and without lime.
These findings highlight the necessity of applying lime to the soil in crambe crops and underscore that P is
the most limiting nutrient for this crop.

Keywords: mineral nutrition, oilseed, plant production.

Abbreviations: CEC_cation exchange capacity; Ca_calcium; Mg_magnesium; N_nitrogen; P_phosphorus; S_sulfur; K_potassium;
PH_plant height; OBC_treatment of boron omission with lime; CC_complete treatment; Test.CC_ control treatment with lime; Test.SC_
control treatment without lime; OM_organic matter; pH_hydrogenionic potential; SD_stem diameter; Zn_zinc; ONC_ treatment of
nitrogen omission with lime; OZnC_ treatment of zinc omission with lime; OPC_ treatment of phosphorus omission with lime; PL_ petiole
length; LL_ leaf length; LW_ leaf width; Al_aluminum; H + Al_ potential acidity; H_hydrogen; OBC_ treatment of boron omission with
lime; NL_number of leaves; OCaSC_ treatment of calcium omission without lime; OMgSC_ treatment of magnesium omission without
lime; OSC_ treatment of sulphur omission with lime; ATP_ adenosine triphosphate; NADPH_ reduced form of nicotinamide adenine
dinucleotide phosphate; DM_dry matter; OKC_ treatment of potassium omission with lime; LDM_leaf dry mass; StDM_ stem dry mass;
BDM_Branches dry mass (BDM); B_boron; ROS_reactive oxygen species; RDM_root dry mass; TDM_total dry mass; RGLDM_relative
growth of leaf dry mass; DAP_days after planting; PRNT_Relative Total Neutralizing Power; Na_sodium; RG_ relative growth;
RNA_ribonucleic acid.

Introduction

The current concern about the impact of non-renewable energy abyssinica Hochst, or crambe, is a notable candidate for biodiesel
sources on the intensification of climate change has prompted production. A member of the Brassicaceae family, crambe is an
the search for sustainable alternatives, such as solar energy, annual oilseed with a high potential for oil production (35-45%),
wind energy, and biofuels. With regard to biofuels, Crambe low production costs, and high resistance to droughts and low
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temperatures (Soratto et al., 2013; Bassegio et al, 2016;
Rosmaninho et al., 2018; Mera et al., 2020; Jankowski et al., 2024).
Nevertheless, despite the growing interest in the crambe crop,
there is still a paucity of studies examining its nutritional
requirements and the effects of liming on crop yield, particularly
within the Amazon region. Consequently, research has been
conducted to elucidate the behavior of the crambe crop in
edaphoclimatic conditions in the Brazilian Amazon. Amazonian
soils are distinguished by low cation exchange capacity (CEC)
and high acidity, a consequence of the elevated weathering
degree and high rainfall volume, which collectively result in the
limited availability of essential nutrients (Cunha et al., 2007;
Souza et al., 2017; Olego et al., 2021).

These characteristics impede the full development of several
crops, particularly those with a short cycle, as plants require
larger quantities of nutrients for optimal growth (Siqueira et al.,
2023). In this regard, liming has become a crucial practice for
agricultural crops in the Amazon region. Liming not only
supplies crops with the requisite calcium (Ca) and magnesium
(Mg) of crops, but it also increases the soil pH, thereby improving
the availability of macro- and micronutrients (Soratto et al., 2013;
Santos et al., 2018a). Consequently, cultivation without liming
can compromise plant growth and crop yield. In a study
conducted by Silva et al. (2017), the impact of base saturation on
the cultivation of crambe in an Oxisol was evaluated. The
findings indicated that an increase in base saturation up to 70%
resulted in a notable enhancement in crambe production.

Some studies have recommended specific doses of nutrients for
crambe crops adapted to different soil conditions (Silva et al.,
2012; Samarappuli et al., 2020, Alves et al., 2016). However, there
are still knowledge gaps, particularly in relation to the crop
response under the impact of the omission of macro- and
micronutrients combined with liming in Amazonian soils (Mera
et al., 2020). Mauad et al. (2019) investigated the impact of
individual macronutrient omission on biomass production in
crambe. Their findings revealed that nitrogen (N) had the
greatest impact on biomass production, followed by calcium
(Ca), phosphorous (P), magnesium (Mg), sulphur (S), and
potassium (K) limitations. Notably, Ca omission led to the most
pronounced restriction of plant growth. In light of these
findings, the present study assessed the development and
nutritional status of crambe plants under nutrient omission and
liming in the eastern Amazon region in Brazil.

Results and discussion

Biometric variables

With regard to plant height (PH), the data indicates a more
pronounced response in plants subjected to the treatment with
boron (B) omission with lime (OBC) compared to the complete
treatment (CC). The relative growth observed in the OBC was
9.78% higher than that observed in the CC treatment (Table 1).
Conversely, the treatments with the least favorable outcomes
were the controls with and without lime (Test.CC and Test.SC,
respectively) (Table 1). The optimal response for plant height
(PH) with the OBC treatment may have been the result of a 2.7-
fold increase in organic matter (OM) content in the soil following
liming. During the incubation period, the mineralization process
of OM occurs, which represents the primary B source in the soil.
This process may have supplied the B requirement for crambe
plants. As Raij (2019) notes, the OM content, pH, soil
mineralogical composition, and texture all influence the amount
of B that a soil is capable of adsorbing.

The CC treatment yielded the greatest value of stem diameter
(SD), with no notable distinction when compared to the
treatments of N (ONC) and Zn (OZnC) omissions (Table 1). This
may have occurred due to the high OM content in the soil, which
facilitates the mineralization of nitrogen (N) and zinc (Zn) (Brady
and Weil, 2013). Conversely, the phosphorus (P) omission
treatment (OPC) exhibited a limitation in SD, with a relative
growth of 19.07% and a reduction in SD by 80.93% (Table 1).
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The omission of P also resulted in significant reduction in the
number of leaves, leading to a relative growth rate of only 15.48%
(Table 1). This decline can be attributed to the essential role of P
in the formation of genetic material, the plasma membrane, and
the ATP molecule within the plant (Prado, 2020).

With regard to petiole length (PL), the CC treatment yielded the
most favorable outcomes, whereas the Test.SC treatment
exhibited the most constrained PL, attributable to the
inadequate provision of nutrients for plant growth (Table 1). This
outcome may be attributed to the absence of soil correction, as
lime is a crucial element in the development of crambe plants, as
evidenced by Mera et al. (2020) in a medium-textured Oxisol.
With regard to leaf length (LL) and leaf width (LW), the OPC and
Test.SC treatments exhibited the lowest mean values (Table 1).
This indicates that phosphorous (P) is the nutrient that most
constrains crambe growth (Table 1). In general, the absence of
liming also had a detrimental impact on the growth of the
crambe plant. This response may be related to the toxic effect of
Al3*, which inhibits root system growth, thereby limiting water
and nutrient absorption by the plant. Additionally, the elevated
level of potential acidity (H + Al) (Table 4) resulted in a
diminished effective CEC of the soil. This was due to the negative
charges of the colloids being predominately occupied by H* ions,
which led to increased nutrient leaching (Marschner, 2022) and
reduced P availability (Brady and Weil, 2013).

Figure 1a illustrates that the treatment involving the omission of
B and subsequent application of lime (OBC) exhibited superior
outcomes in terms of plant height compared to the CC
treatment. In the other treatments, the reduction in responses
may be attributed to a nutritional imbalance. As Marschner
(2022) notes, an element can stimulate or inhibit the absorption
of others, and interactions between nutrients can interfere with
the mineral composition of plants. Conversely, for SD, the OZnC
and ONC treatments exhibited superior performance relative to
the CC treatment (Figure 1b). This outcome may be attributed to
the beneficial impact of liming on the accessibility of
microorganisms,  which  subsequently = enhanced OM
mineralization and Zn and N availability (Paradelo et al., 2015).
The number of leaves (NL) exhibited a positive response to the
CC treatment, whereas the Test.SC treatment resulted in the
pronounced reduction in NL. The treatments of OPC, calcium
omission without lime (OCaSC), magnesium omission without
lime (OMgSC), and Test.SC affected the number and width of
leaves in crambe plants (Figures 1c and 1d). In general,
treatments with OPC, OCaSC, OMgSC, sulfur omission with
lime (OSC), Test.CC, and Test.SC resulted in lower plant growth
when compared to the others. The results obtained in the
treatment with P omission with lime can be attributed to the low
formation of ATP and NADPH, reduced electron transport, and
reduced photosynthesis by plants, which collectively led to a
reduction in plant growth (Carstensen et al., 2018).

The OCaSC treatment exhibited a significant impact on plant
growth, which is consistent with the findings of Mauad et al.
(2013) in crambe plants. In that study, the researchers observed
that the omission of calcium (Ca) led to a reduction in plant
growth. A deficiency of Ca is characterized by a reduction in
apical growth, which is typically observed in younger leaf tissues
(Alves et al., 2008). Mauad et al. (2013) determined that Ca is the
second most required element by the crambe plant, after N. Their
findings indicate that Ca absence hinders crop development.
Mauad et al. (2019) observed that Ca omission resulted in a more
pronounced reduction in crambe development, with plants
failing to reach the reproductive stage.

The absence of magnesium (Mg) in the absence of lime also
resulted in a reduction in plant growth. Mg is an essential
nutrient for photosynthesis, as it is a constituent of chlorophyll
molecules (Prado, 2020). Approximately one-fifth of the Mg
found in plant tissue originates from chlorophyll molecules.
Moreover, Mg participates in the synthesis of oils and proteins,
as well as in the activation of enzymes involved in energy
metabolism (Brady and Weil, 2013).



Table 1. Plant height (PH), relative growth of plant height (RGPH), stem diameter (SD), relative growth of stem diameter (RGSD), petiole
length (PL), relative growth of petiole length (RGPL), number of leaves (NL), relative growth of number of leaves (RGNL), leaf length (LL),
relative growth of leaf length (RGLL), leaf width (LW), and relative growth of leaf width (RGLW) of crambe plants in function of the

treatments.
Treatments PH (cm) RGPH (%) SD (cm) RGSD (%) NL RGNL (%) PL(cm) RGPL(%) LL(cm) RGLL (%) LW (cm) RGLW (%)
CC 3295b 100.00 0.57 a 100.00 21.15a 100 741 a 100.00 12.38 a 100.00 8.61 a 100.00
ONC 31.54 b 95.72 0.56 a 98.02 12.55b 59.33 5.34c 72.10 7.96 ¢ 64.33 6.26 c 72.73
OPC 6.83 f 20.73 011g 19.07 3.27e 1548 090 g 12.21 2.05f 16.55 1.65f 19.15
OKC 21.92d 66.54 0.42c 73.39 12.70 b 60.04 6.43 b 86.81 7.74 ¢ 62.50 6.91 b 80.25
OCaSC 12.74 e 38.68 0.29d 50.29 3.59e 1697 493 ¢ 66.50 5.40 d 43.60 3.68 e 42.76
OMgSC 14.56 e 4418 0.23 e 41.21 5.53d 26.14 2.51e 33.94 4.2e 33.67 4.67d 54.28
0OsC 14.35e 43.56 0.51b 87.96 12.60 b 59.57 4.40 d 59.43 6.88 ¢ 55.56 6.44 c 74.84
OBC 36.17 a 109.78 0.43 c 75.32 12.52b 59.20 6.26 b 84.51 9.52 b 76.89 6.19 ¢ 71.88
0ZnC 27.48 ¢ 83.42 0.54 a 95.07 8.55¢c 40.44 6.09 b 82.20 9.51 b 76.79 7.51b 87.23
Test.CC 6.83 f 20.73 0.18f 31.80 345e 16.31 1.57 f 21.18 248 f 20.07 213f 24.77
Test. SC 0.00g 0.00 0.00 h 0.00 0.00f 0.00 0.00 h 0.00 0.00 g 0.00 0.00g 0.00
CV (%) 7.66 6.75 9.68 11.25 12.23 10.30

*Means followed by different letters in the columns differ significantly from each other by the Tukey’s test at 5% probability. Note: Test.SC:
control without lime; Test.CC: control with lime; CC: complete with lime; ONC: nitrogen omission with lime; OPC: phosphorus omission
with lime; OKC: potassium omission with lime; OSC: sulfur omission with lime; OBC: boron omission with lime; OZnC: zinc omission with
lime; OCaSC: calcium omission without lime; and OMgSC: magnesium omission without lime.

Table 2. Leaf dry mass (LDM), stem dry mass (StDM), branch dry mass (BDM), root dry mass (RDM), total dry mass (TDM), relative
growth of leaf dry mass (RGLDM), relative growth of stem dry mass (RGSDM), relative growth of branch dry mass (RGSDM), relative
growth of root dry mass (RGRDM), and relative growth of total dry mass (RGTDM) in function of the treatments in crambe plants at 60

days after plating (DAP).

Treatments LDM StDM BDM (g RDM (g TDM (g RGLDM RGSDM RGBDM RGRDM RGTDM

(g plant’) (g plant’)  plantT) plant) plant) (%) (%) (%) (%) (%)
CC 1.71 b* 0.87 b 1.39a 1.50 a 520 a 100.00 100.00 100.00 100.00 100.00
ONC 0.08 g 0.33 e 0.33b 0.14 f 0.98 d 4.66 38.08 2391 9.81 4.66
OPC 0.00 g 0.00 g 0.00 ¢ 0.00 f 0.00 e 0.00 0.00 0.00 0.00 0.00
OKC 0.75d 0.22 f 0.00 ¢ 042e 1.20d 44.05 26.06 0.00 28.20 23.06
OCaSC 1.89 a 1.54 a 0.37 b 0.67d 449 b 110.34 176.93 26.98 4493 86.31
OMgSC 1.22¢ 0.77 ¢ 113 a 0.44 e 3.57 ¢ 71.87 88.04 81.61 29.50 68.66
0OSsC 0.66 e 0.41d 1.07 a 1.38a 3.53¢ 38.76 47.55 76.89 91.95 68.01
OBC 117 ¢ 0.86 b 1.20 a 092c¢ 417 b 68.66 98.46 86.40 61.71 80.19
OZnC 0.51 f 0.72 ¢ 1.05a 1.09 b 3.38 ¢ 30.26 82.87 75.47 72.72 65.09
Test.CC 0.00 g 0.00 g 0.00 ¢ 0.00 f 0.00 e 0.00 0.00 0.00 0.00 0.00
Test.SC 0.00 g 0.00 g 0.00 ¢ 0.00 f 0.00 e 0.00 0.00 0.00 0.00 0.00
CV (%) 12.42 11.15 33.82 23.85 12.71

*Means followed by different letters in the columns differ significantly from each other by the Tukey’s test at 5% probability. Note: Test.SC: control
without lime; Test.CC: control with lime; CC: complete with lime; ONC: nitrogen omission with lime; OPC: phosphorus omission with lime; OKC:
potassium omission with lime; OSC: sulfur omission with lime; OBC: boron omission with lime; OZnC: zinc omission with lime; OCaSC: calcium
omission without lime; and OMgSC: magnesium omission without lime.

Dry mass of leaves, stems, branches, roots, and total

The dry mass of leaves (LDM) and stems (StDM) produced by
crambe plants was found to be higher in the treatment of Ca
omission without lime (OCaSC), followed by the CC treatment
(Table 2). The order of decreasing LDM production for crambe
plants was as follows: OCaSC > CC > OMgSC = OBC > OKC >
OSC > OZn > ONC = OPC = Test.CC = Test.SC (Table 2 and
Figures 2a and 2b).

It is noteworthy that no dry matter (DM) production was
observed in the OPC, Test.CC, and Test.SC treatments. This
outcome was a consequence of inadequate plant material
production, indicating that the growth of crambe plants was
significantly impaired by the absence of soil acidity correction
and the limited availability of nutrients, particularly
phosphorous. Rogério et al. (2012) also observed a comparable
outcome, noting that reducing P doses had a detrimental impact
on the DM production of crambe plants. Oxisols are typically
characterized by low natural fertility, with elevated
concentrations of iron and aluminum oxides (Paz et al., 2016). As
acidity increases, iron and aluminum oxides acquire H* ions
(protonation), becoming increasingly positively charged and
enhancing the attraction force of H2POs ions, while
simultaneously decreasing their availability to plants. This
phenomenon explains the observed low performance of the Test.
SC treatment. In contrast, when liming is conducted, the OH-
groups consume H* from the oxides, thereby reducing their
attraction force for H2PO4, which increases P availability (Hue,
2022). However, when the soil labile P reserve is limited, low P
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availability persists (Yadav et al., 2012), which elucidates the low
biomass production observed in the OPC and Test. CC
treatments.

Furthermore, the outcome obtained in Test. SC can also be
explained by the negative effect of Al on plant roots (Castro et
al., 2022). In addition, AI3* has been reported to cause destruction
to root epidermal cells, resulting in necrosis and preventing the
absorption of water and nutrients. This ultimately leads to
reduced plant growth (Hamim et al., 2018; Castro et al., 2022). In
addition, a reduction in pH results in the unavailability of
exchangeable cations (Ca, Mg, and K) due to an increase in soil
reserve acidity (Neina, 2019).

The descending order of treatments for stem dry mass (StDM)
was as follows: OCaSC > CC = OBC > OMgSC = 0ZnC > OSC >
ONC > OKC > Test.CC = Test.SC = OP. The treatments with
OPC, Test.SC, and Test.CC were the most limiting, as
insufficient dry matter (DM) production precluded the
possibility of conducting the analysis (see Table 2). The greatest
impact on branch dry mass (BDM) was observed in response to
K omission with lime (Table 2), followed by the treatments OPC,
Test.CC, and Test.SC, when compared to the CC treatment. This
was primarily due to the death of branches. Despite the emission
of branches when potassium is withheld, the plant structure fails
to develop due to the rise in reactive oxygen species (ROS), which
results in leaf tissue necrosis as a consequence of putrescine
production (Chen et al., 2016). With regard to BDM, the
following descending order was observed: CC > OBC > OMgSC
> OSC > OZnC > OCaSC > ONC > OPC = OKC = Test.CC =
Test.SC (Table 2).



a. == Complete ==s== PH (cm)

== Complete ==+==SD (cm)

Figure 1. Graphic representation of plant height (PH), stem diameter (SD), number of leaves (LN), and leaf width (LW) in crambe plants
subjected to different omissions of nutrients and liming in relation to the complete treatment.

With regard to root dry mass (RDM), the CC treatment yielded
the greatest production, with exception of the OSC treatment.
The treatments that exhibited the greatest limitations were
ONC, OPC, Test.CC, and Test.SC (Table 2). This can be
attributed to the low fertility of the Oxisol with medium texture,
particularly with regard to phosphorous (Tables 4 and 5). The
RDM exhibited the following descending sequence: CC > OSC >
0ZnC>O0OBC>0CaSC>O0MgSC>OKC>ONC>OPC =Test.SC
=Test.CC. Conversely, the CC treatment demonstrated the most
favorable response with regard to total dry mass (TDM) (Table 2
and Figure 2c).

The most limiting factor in the OPC, Test.CC, and Test.SC
treatments that did not produce biomass was the absence of
phosphorous (P). A reduction in the P content of leaves results in
impaired cell division, which in turn affects their expansion (Paz-
Ares et al., 2022; Khan et al., 2023). A reduction in leaf area results
in a decline in the photosynthetic rate and impairs the
production of dry mass in plants (Lambers and Oliveira, 2019).
Similar outcomes were observed by Colodetti et al. (2013), who
reported a significant reduction in biomass production capacity,
with a 96.53% decrease in the average DM production of crambe
plants. This demonstrates the profound impact of P deficiency
on plant growth.

The OCaSC treatment demonstrated a greater relative growth of
leaf dry mass (RGLDM) (Figure 2d). Nevertheless, this treatment
was inadequate for achieving the greatest production of TDM
(Table 2), due to the fact that soil acidity restricts the availability
of nutrients essential for vital metabolic processes, such as
photosynthesis and cellular respiration. This ultimately results in
a reduction in biomass accumulation (Taiz et al., 2017; Lambers
and Oliveira, 2019; Gurmessa et al., 2020). Moreover, the absence
of liming and Ca fertilization contributes to Al toxicity, which
has a detrimental impact on root expansion and water relations,
while inducing oxidative stress (Rosmaninho et al, 2018;
Rahman and Upadhyaya, 2020). Rosmaninho et al. (2018)
evaluated the effect of Al doses on crambe plants and concluded
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that Al reduced root growth, biochemical activity, and biomass
production.

Visual deficiency symptoms

The visual symptoms of macronutrient and micronutrient (B and
Zn) deficiencies were observed as a consequence of the low
natural chemical fertility of the medium-textured Oxisol and the
nutrient requirements of the crambe plants.

Nitrogen

The first indications of nitrogen (N) deficiency appeared at 31
days after planting (DAP), manifesting as a generalized
yellowing of the older leaves. The plants that received a nutrient
solution with N omission, in comparison to the complete (CC)
treatment, exhibited restricted growth, both in terms of plant
height and leaf size (Figure 3). This reduction in plant height and
leaf size was attributed to the limited availability of this nutrient
in the soil, which subsequently impeded the absorption,
translocation, and incorporation of N-NH%" into carbon
skeletons in the aerial part of the plants, ultimately leading to a
deficiency in protein formation (Singh et al, 2022).

The symptoms worsened with age, resulting in necrosis that
began at the edges of older leaves and progressed toward the
younger ones. This phenomenon is attributed to the mobility of
nutrients, particularly nitrogen (N), which is broken down in
plastids during the leaf senescence process. The resulting N
source is then allocated by the plant to supplement the nutrition
of young leaves (Masclaux-Daubresse et al., 2010).

Chlorosis is a typical symptom of N deficiency, as N directly
affects plant growth. As reported by Carneiro et al. (2015),
chlorosis is associated with the role of N in plant metabolism.
This is due to the fact that it is closely linked to carbon
metabolism and the photorespiratory process, which are both
metabolic processes associated with photosynthesis. Moreover,
N serves as a constituent of nucleic acids, chlorophyll, proteins,
including enzymes, which regulate the majority of biological
processes in plants, such as cell division, carbohydrate metabol-



Table 3. Leaf contents of the nutrients in crambe plants.

Macronutrient

No deficiency (g kg")

With deficiency (g kg™

Nitrogen 31.42 22.86

Phosphorus 217 *

Potassium 19.43 11.18

Calcium 2498 16.58

Magnesium 10.18 1.86

Sulphur 2.33 1.20

Micronutrient No deficiency (mg kg™) With deficiency (mg kg™)
Boron 234.39 69.26

Zinc 71.00 66.50

*Insufficient material for analysis.

==s= LDM (g plant?)

a. == complete

Test, SC/

TestCC/

0zaC |

¢, == complete wmsm= TDM (g plant?)

0sC

b.

d.

== complete

e StDM (g plant?)

== complete ==w= RGLDM (%)

Figure 2. Graphical representation of leaf dry mass (LDM) (a), stem dry mass (StDM) (b), total (TDM) (c) and relative growth of leaf dry
mass (RGLDM) (e) in crambe plants in subjected to different omissions of nutrients and liming in relation to the complete treatment.

ism, and the formation of new tissues (Brady and Weil, 2013;
Maud et al., 2019; Fu et al., 2023; Zhu et al., 2023).

Phosphorus

The plants exhibited typical development patterns until 15 days
after planting (DAP). Subsequently, the plants ceased to grow,
exhibiting only two or three leaves. A comparison of the leaves
from the CC treatment with those from the treatments of P
omission with lime and without lime revealed an abnormal
growth pattern in the leaves due to a lack of phosphorous (Figure
3). This is due to the low phosphorous content of the soil utilized
in the experiment, which is a medium-textured soil (Table 4)
(Brasil et al., 2020), whereas the leaves in the CC treatment
exhibited typical development. The visual deficiency symptoms
observed in crambe can be attributed to the essential role of
phosphorous (P) in various metabolic processes within plants,
including photosynthesis, respiration, gene transfer, energy
transfer, macromolecule synthesis, and active nutrient
absorption (Carstensen et al., 2018; Kerbauy, 2019; Isidra-
Arellano et al., 2021; Khan et al., 2023).

Potassium

The initial indications of K deficiency manifested at 31 days after
planting (DAP). In comparison to the plants subjected to the CC
treatment, the plants exhibited diminished size, pronounced
brittleness in the stems, mortality of the branches, and chlorosis

889

in the older leaves along the edges. Meurer (1981) notes that the
initial symptom of K deficiency in plants is the emergence of
chlorotic spots, predominantly on the leaf apices, leaf edges, and
between veins. Plants exhibiting K deficiency display a cessation
in the translocation of photoassimilates to the drains, resulting
in the accumulation of carbohydrates within the leaf tissue
(Zhao, 2001). Additionally, there is a reduction in photosynthetic
efficiency, which is attributed to a decline in mesophyll
conductance and a diminished capacity of COz2 fixation (Jin et al.,
2011; Johnson et al., 2022; Ahammed et al., 2022).

Calcium without lime

The plants treated with Ca omission without lime (OCaSC)
exhibited low development and the emission of few leaves. These
leaves exhibited chlorosis at the edges progressing toward the
center of the leaf, ultimately resulting in total necrosis. As the
symptom intensified, the leaves became curled. No branches or
petiole were observed to emerge. The leaves exhibited a rough
texture and the stem displayed brittleness when compared to the
plants in the CC treatment (Figure 3). Symptoms of Ca
deficiency manifest more rapidly and severely in meristematic
regions and young leaves, leading to tissue deformation or death
(Epstein and Bloom, 2006). Calcium (Ca) in plant tissue is
distinguished by its low mobility, with restricts redistribution in
the phloem (Hawkesford et al., 2012). Plants exhibiting
deficiencies in Ca demonstrate greater activity of the polygala-



Figure 3. Visual symptoms of nutrient deficiency in crambe leaves in relation to the complete treatment. a) CC (complete), b) nitrogen
omission (-N), ¢) potassium omission (-K), d) zinc omission (-Zn), e) sulfur omission (-S), f) boron omission (-B), g) calcium omission without
lime (-CaSC), h) control with lime (Test.CC), i) phosphorus omission (-P); j) magnesium omission without lime (-MgSC), and k) control

without lime (Test.SC).

cturonase enzyme, which is responsible for the degradation of
Ca pectates, a substance that plays a pivotal role in maintaining
the stability of cell membranes and walls (Wang et al., 2023a;
Viégas et al., 2024a).

Magnesium without lime

The OMgSC treatment resulted in a reduction in growth, the
absence of floral tassel emission, brittle stems, and older leaves
exhibiting chlorosis throughout their entire length between the
veins. As the deficiency intensified and evolved, the visual
symptoms became necrotic, deformed facing upward, and with
small thorns making the leaves rough (Figure 3). The chlorosis
observed in the leaves is related to the function of the nutrient
in question, as magnesium (Mg) constitutes the central atom of
the chlorophyll molecule, participating in thylakoid membrane
structures, which are essential components in the
photosynthetic process and carbon metabolism (Wang et al.,
2023b; Costa et al, 2024; Viégas et al, 2024b). Moreover,
magnesium is a cofactor in numerous enzymes, including
phosphatases, phosphate kinases, and ribulose diphosphate
carboxylase. It is also involved in the formation of ATP (Huang
et al., 2018; Ye et al., 2019; Wang et al., 2023b).

Sulfur

Some plants exhibited minimal growth, while others
demonstrated typical development with sulfur (S) omission with
lime. The emergence of new branches was observed, although
some exhibited signs of withering, displaying a dark coloration.
The youngest leaves exhibited chlorosis exclusively between the
veins. As the symptoms progressed, the leaves and petioles
assumed a purple hue, and the leaves themselves became rough
with the emergence of small thorns (Figure 3). Epstein and Bloom
(2006) have reported that S deficiency can cause chlorosis and
reduce the size of younger leaves, promoting curling of leaf
edges, necrosis, defoliation, and the formation of short
internodes. These symptoms are associated to the function of
sulfur in the synthesis of specific amino acids (cystine, cysteine,
and methionine) and as a constituent of enzymes involved in N
metabolism in plants (Viégas et al., 2023; Zayed et al., 2023).

Boron
The OBC treatment resulted in the development of crambe

plants exhibiting aberrant morphology, including chlorotic
leaves at the edges that were curved downward, twisted, and
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deformed (Figure 3). These observations were attributed to the
absence of B in the medial lamella and cell wall, as well as in
pectic  connections  between two complexes called
rhamnogalacturonan (Matoh et al., 1996). The petioles and leaves
exhibited brittleness and a rough texture as a result of the B
omission. The number of branches emitted was limited, and as
the symptoms worsened, they perished. A comparison of plants
subjected to B omission with those in the CC treatment revealed
a clear distinction in their overall development. While plants in
the CC treatment exhibited typical growth patterns, those in the
B omission treatment displayed pronounced deformities. This
deformation is associated with the function of boron in the
synthesis of ribonucleic acid (RNA), the biosynthesis of
macromolecules, the elasticity and porosity of the cell wall, and
the transport of plant sugars (Shireen et al., 2018; Pereira et al.,
2021; Vera-Maldonado et al., 2024).

Zinc

The youngest leaves of plants subjected to the OZnC treatment
exhibited chlorosis and deformations between the veins of their
leaves, as well as deformations (Figure 3). The influence of Zn
has a direct influence on carbohydrate metabolism (Romheld
and Marschner, 1991) and nucleic acid metabolism (Hassan et al.,
2020) is well documented. Additionally, Zn plays a role in N
metabolism, promoting the accumulation of amino acids in
plants deficient in zinc (Mengel and Kirkby, 1987).

Nutrient concentration in crambe leaves

The omission of individual nutrients, including N, P, K, Ca, Mg,
S, B, and Zn, resulted in a reduction in the leaf content of the
respective nutrient, when compared to the CC treatment (Table
3). The greatest reduction of macronutrients (81%) was observed
in the MgSC treatment. Conversely, the greatest reduction in
micronutrients was noted with B omission (238%) (Table 3). As
observed by Haag et al. (1983), a notable reduction in foliar levels
of macronutrients and B was evident in rapeseed (Brassica napus)
subjected to nutrient omission.

The pronounced reduction in leaf nutrient concentration,
particularly of Mg and B, impeded the optimal growth of plants,
as these two nutrients play a crucial role in cell division and
elongation, plasma membrane formation, and the
photosynthetic activity of the plant (Prado, 2020).



Table 4. Soil chemical analysis before implementing the experiment.

Sample Depth oM pH P K Na Ca Ca+Mg Al H+Al CTC V m
(cm) g/kg water  ------ mg/dm3 cmolc/dm3-------mmeeme Y
0-20 7.86 4.9 3.0 130 8.0 06 0.8 0.8 3.96 4.82 17.8 48.2

OM: organic matter; pH: hydrogen potential; P: phosphorus; K: potassium; Na: sodium; Ca: calcium; Mg: magnesium, and Al: Aluminum.

Table 5. Soil chemical analysis after liming.

Sample Depth oM pH P K Na Ca Ca+Mg Al H+Al CTC V m
(cm) g/kg water  ---—-- mg/dm?3 cmole/dm3-——--- To====
0-20 21.29 59 40 150 8.0 1.3 23 0.1  3.64 6.01 39.5 4.2

Table 6. Sources and amounts of nutrients applied in the experiment.

Source Dose (mg kg™ Application time

CO(NH2)2 150 20 DAP” (50 mg kg') and 25 DAFA™ (100 mg kg™")
NaH2PO4H20 70 Single dose at sowing

KClI 100 20 DAP” (50 mg kg") and 25 DAFA™ (100 mg kg™")
CaS042H20 50 Single dose at sowing

SO4Mg2H20 30 Single dose at sowing

NaSO4 25 Single dose at sowing

Na2B407:10H20 0.4 Single dose at sowing

ZnCl, 0.3 Single dose at sowing

CuCl24H20 0.2 Single dose at sowing

MnCl24H.0 0.2 Single dose at sowing

MoNa 0.2 Single dose at sowing

*: application at 20 days after planting (DAP). *

Materials and Methods

Study site

The experiment was carried out in a greenhouse at the Federal
Rural University of Amazonia, Campus Capitao Pogo, Para State,
Brazil (01° 44’ 42’ S, 47° 03’ 54° W and 73 m a.s.l.). The site has an
average air temperature of 26.1°C and an average annual rainfall
of 2,256 mm (Pacheco and Bastos, 2001). The soil utilized for the
experiment was an Oxisol, with medium texture (Santos et al.,
2018b). Prior to the installation of the experiment, soil samples
were collected at a depth of 0-20 cm for soil chemical analysis
(Table 4).

The liming process was conducted in accordance with the
findings of the soil chemical analysis, employing the base
saturation method, with the saturation level increased to 50%
(Broch and Roscoe, 2010). Dolomitic limestone was employed
(32% CaO, 15% MgO, and Relative Total Neutralizing Power
(PRNT) of 90%) and the soil was incubated for 21 days. Following
this period, a further soil chemical analysis was conducted to
ascertain the impact of liming on active acidity, exchangeable
acidity, organic matter (OM), and the contents of P, K, Ca, Na,
and Mg (Table 5).

Plant materials

Ten seeds of the cultivar FMS Brilhante of Crambe abyssinica
Hochst were sown equidistantly at a depth of 2 cm in pots with
a capacity of 4 kg. After 15 days, thinning was carried out, leaving
only two plants per pot. Manual irrigation was employed to
maintain the soil moisture content near that of field capacity.

Experimental design and treatments

The experimental design was a completely randomized block
design with 11 treatments and five replications. The treatments
applied were as follows: a control without lime (Test.SC), a
control with lime (Test.CC), a complete treatment with lime
(CC), a nitrogen omission treatment with lime (ONC), a
phosphorus omission treatment with lime (OPC), a potassium
omission treatment with lime (KC), a sulfur omission treatment
with lime (OSC), a boron omission treatment with lime (OBC), a
zinc omission treatment with lime (OZnC), a calcium omission
treatment without lime (OCaSC), and a magnesium omission

*,
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application at 25 days after the first application (DAFA).

treatment without lime (OMgSC). The applied amounts of
nutrients are described in Table 6.

Biometric variables, biomass, and nutrient concentration
At 60 days after planting (DAP), a phytotechnical evaluation of
the plants was conducted to measure various morphological
traits, including plant height (from soil surface to plant apex),
stem diameter at 5 cm from the ground, petiole length, leaf
length, greater leaf width, number of leaves, and number of
branches. During the same period, samples of the leaves, stems,
branches, and roots were collected. The abovementioned parts
were then separated and placed in identified kraft paper bags
and subsequently subjected to a forced circulation oven at 70°C
until a constant mass was obtained, thus enabling the
subsequent determination of the dry matter (DM) content. To
determine the DM, the material was weighed on a precision scale
and subsequently ground in a Willey mill to determine nutrient
concentration. Nitrogen was determined by sulfuric acid
digestion, while the contents of P, K, Ca, Mg, S and Zn were
determined by nitroperchloric digestion. Boron, however, was
measured by dry digestion. The analysis of nutrient contents was
conducted at the IBRA laboratory (Instituto Brasileiro de
Analises), Sumaré, Sao Paulo, Brazil.

To calculate the relative growth (RG) of biometric variables,
equation 1 was used:

o/ _ PHNO .
RG(%) = Jrcr X100 (equation 1)
Where:

PH.NO = plant height obtained with each nutrient omission;
PH.CT = plant height obtained in the complete treatment.

Deficiency symptoms

The symptoms were identified and photographed in situ, and the
leaf contents of N, P, K, Ca, Mg, S, B, and Zn were determined
according to the procedures proposed by Malavolta et al. (1997).

Statistical analysis

The data obtained from the biometric measurements and DM
production were subjected to the analysis of variance. When
significant, the Tukey test was applied at a probability level of
5% to compare the means between treatments using the
Agroestat software (Barbosa and Maldonado Jdnior, 2015). The
methodology proposed by Nunes et al. (2005) was employed to
create the graphs in the Excel program.



Conclusion

Crambe plants have a high demand for nutrients, including
phosphorous (P), nitrogen (N), and potassium (K). When liming
is omitted, they exhibit reduced total dry mass production.
Crambe plants exhibit low tolerance to soil acidity, necessitating
soil correction through liming. The presentation and
identification of visual symptoms associated with deficiencies in
treatments involving the omission of nutrients display a
descending order, as follows: OPC > OMgSC > OZnC > ONC =
OKC > OSC = OBC > OCaS.
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