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Abstract

Lima bean stands out in the agricultural sector as a source of income for small and medium farmers, being an
important protein source for the population. However, there few studies related to the adequate management of
fertilization that subsidize the maximization of crop production. In this context, the objective of this research was
to evaluate the effect of macronutrient doses on the yield components and nutritional status of lima bean. The
treatments were chosed based on the statistical arrangement of the Baconian method. Six nutrients (nitrogen,
phosphorus, potassium, calcium, magnesium and sulfur) were applied in three different doses along with two
additional treatments, one with reference doses and the other with no addition of nutrients, totaling 20 treatments
that were arranged in a completely randomized design with four replications. The pod length, pod number per plant,
pod weight, number of grains per pod, number of grains per plant, grain weight per plant and macronutrient leaf
contents were evaluated. The addition of macronutrients leads to increases in yield components and nutritional
status of lima bean s when cultivated in Entisol Quartzipsamment. The doses of macronutrients that promote
higher productive yield and adequately supply the nutritional needs of lima beans are: 25 mg N dm™; 157 mg P,Os
dm'3; 90 mg K,0O dm3; 1.27 cmol, Ca dm'3; 0.50 cmol, Mg dm?and 30 mg S dm>.

Keywords: mineral fertilization, nutritional status, productivity, Phaseolus lunatus (L)
1. Introduction

Lima bean (Phaseolus lunatus L.) is one of the five cultivated species of the genus Phaseolus ssp. and the second
most important bean, after common bean (Phaseolus vulgaris) (Bitocchi et al., 2017). In Brazil, lima bean stand
out in the agricultural sector as a source of income for small and medium farmers and for being an important
protein source for the population.

In addition, their grains have a high content of lectin, which is a protein responsible for important biological
functions in human health, such as antioxidants, antitumor and gastroprotective (Lacerda et al., 2017).
Furthermore, besides those benefits, lima bean is widely used in animal nutrition, green manuring and as a cover
crop for soil protection (Silva et al., 2017).

The Brazilian Northeast region is the most prominent region in lima bean production. However, fluctuations in the
final yield of this crop have been noticed in recent years. In 2009, 20 tons of grain were produced, which was
considered the highest production in the last ten years, in an area of 45,431 ha. The largest producers were the
states of Paraiba, Rio Grande do Norte, Ceara, Piaui and Sergipe. In recent years, there has been a drastic reduction
in production, with an average harvest of only 6 thousand tons of grains and an average yield of 288 kg ha™
(Instituto Brasileiro de Geografia e Estatistica, 2015).

The factors responsible for the oscillations and low productivity of lima bean in the largest producing region of
Brazil, are the prolonged droughts occurred in the last years, the scarcity of information on the cultivation of this
species, fertilization management and the nutritional requirements of the crop. For example, in the state of Piaui,
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which occupies the 4™ place in the production ranking with 616 t year™, there are no studies related to fertilization
management of this crop in typical soils of the region, which contributes to the low productivity in the State with
an average of 347 kg ha™ (Instituto Brasileiro de Geografia e Estatistica, 2014).

Considering the lack of studies related to the nutritional management of lima bean and the need to maximize their

production, the objective of this research was to evaluate the effect of macronutrient doses on the production
components and nutritional status of this plant.

2. Material and Methods

The study was conducted under the greenhouse at the Federal University of Piaui, Campus Bom Jesus, from
February to June of 2014. The monthly average temperature and relative humidity of the air inside of the
greenhouse during the experimental period are shown in Figure 1.
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Figure 1. Temperature and relative humidity inside the greenhouse during the experiment period, February at
June of 2014

The soil used in the study was a Entisol Quartzipsamment (Empresa Brasileira de Pesquisa Agropecudria, 2013),
collected from the 0-0.20 m depth layer, in a native forest area. After sampling, soils were air dried and passed
through a 4.0-mm sieve. The chemical characterization of the soil was performed according to the methodology
described by Embrapa (2009) and presented the following values: pH in H,O =4.6; OM = 0.4 g kg™'; P (Mehlich-1)
=1.7mg dm>; K" =27 mg dm™; Ca** = 0.8 cmol, dm™; Mg>* = 0.5 cmol, dm™; A" = 0.2 cmol, dm™; H+ Al=6.1
cmol, dm™; SB = 1.3 cmol, dm™; t = 1.5 cmol, dm™; T = 7.4 cmol, dm™; m=13.3 %; V =17.5 %.

Treatments were arranged according to the Baconian method (Turrent, 1979), in which one of the nutrients is
supplied in varying amounts, while the others are kept at reference levels (Table 1). Six nutrients (nitrogen,
phosphorus, potassium, calcium, magnesium and sulfur) were evaluated in three different doses. Two additional
treatments were used; one with all reference doses and another with no addition of nutrients, totaling 20 treatments
arranged in a completely randomized design with four replicates.

Each experimental unit was composed of 5 dm® of soil conditioned in plastic pots with the same capacity.
Subsequently, doses of CaCO; and MgCl, were added to the soil according to amounts defined for each treatment
(Table 1). The system was kept incubated for a period of 30 days with humidity at 70% of field capacity.

After the incubation period, the other nutrients were added according to the amounts defined in Table 1.
Phosphorus was applied in the form of single superphosphate at the time of seedling. Potassium and sulfur doses
were applied in the base fertilization and parceled at 30 and 60 days after sowing, by using potassium chloride and
magnesium sulphate, respectively. Nitrogen was applied at 30 and 60 days after sowing, using urea as source. In
the same period, a solution of micronutrients was also applied: boron (B): 0.81 mg dm™ of H;BO3, copper (Cu):
1.33 mg dm? of CuS0,.5H,0, molybdenum (Mo): 0.15 mg dm? of (NH4)sMo0,0,4-4H,0, manganese (Mn): 3.66
mg dm™ of MnCl,.H20 and zinc (Zn): 4.0 mg dm™ of ZnSO,.

Seeds of lima bean (Branquinha cv.) were aquired from producers of the region, and four seeds were sown per pot,
with thinning at 15 days after emergence of the seedlings, leaving only one plant per pot. During the experiment

396



jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. §5; 2019

period, soil moisture was maintained at 70 % of the field capacity, controlled by daily weighing of the pots and
adding distilled water.

After 60 days, in the pre-flowering phase, completely developed leaves were collected from the apical area,
washed with distilled water and identified for further leaf analysis. Leaf samples were dried in an oven with air
circulation at 60 °C until reaching constant weight and then processed in a Willey mill. For the analysis and
determination of the nutritional contents, samples were digested using nitroperchloric acid, and the extracts were
analyzed for phosphorus (colorimetry), potassium (flame photometry), calcium and magnesium (titulometry),
while nitrogen contents were determined by the Kjeldahl method, after sulfur digestion (Embrapa 2009).

Table 1. Treatments obtained by the Baconian matrix with the doses of the macronutrients applied for the
production of the lima bean

Macronutrients
Treatments
N P,05 K,0 Ca Mg S
--------------------- mg dm™ cmol, dm” ------------  mg dm"

1* 20 100 60 1.2 0.4 20
2 0 0 0 0 0 0
3 10 100 60 1.2 0.4 20
4 30 100 60 1.2 0.4 20
5 40 100 60 1.2 0.4 20
6 20 50 60 1.2 0.4 20
7 20 150 60 1.2 0.4 20
8 20 200 60 1.2 0.4 20
9 20 100 30 1.2 0.4 20
10 20 100 90 1.2 0.4 20
11 20 100 120 1.2 0.4 20
12 20 100 60 0.8 0.4 20
13 20 100 60 1.6 0.4 20
14 20 100 60 2.0 0.4 20
15 20 100 60 1.2 0.2 20
16 20 100 60 1.2 0.6 20
17 20 100 60 1.2 0.8 20
18 20 100 60 1.2 0.4 10
19 20 100 60 1.2 0.4 30
20 20 100 60 1.2 0.4 40

Note. * Reference doses values.

For the evaluation of the yield components of lima bean, pods were harvested at the stage of maturation, totaling
150 samples at the end of the experiment, which were identified and stored in paper bags. The yield of pods and
dry grains were assessed by the following variables: i) pod length (LP, cm)—using a millimeter ruler; ii) weight of
pods per plant (WP, g plant—weight of all pods with grains harvested in the plot; (iii) number of pods per plant
(NPP)—by the sum of all pods harvested in each plot; iv) number of grains per pod (NGP)—by counting the
number of grains contained in each pod, with an average of 10 pods per plot; v) total number of grains per plant
(NTG)—determined by the sum of all grains produced in plot e; vi) total grain weight per plant (WTG, g
plant)—obtained by weighing all the grains produced in the plot. Before weighing, beans were dried in a
circulation oven at 60 °C during 24 h.

Data were submitted to analysis of variance and regression using the statistical program R 2.15 (R Development
Core Team, 2012).

3. Results and Discussion

The average values for the production and nutritional status of the lima bean in the various evaluated
characteristics are shown in Table 2 and 3, respectively. In general, the variables increased as a result of the
application of increasing doses of macronutrients, evidencing the importance of the appropriate management of
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the crop fertilization to guarantee good yields, especially when cultivated in soils with low levels of nutrients, e.g.,
the Entisol Quartzipsamment.

Table 2. Avarege values of the macronutrients effect on the yield components of lima bean

Macronutrients  Doses LP WP NPP NGP NTG WTG

----- cm - --- g plant™ - - gplant™! -
N 0 503 £046 3.00 +£0.03 2.00 +0.03 150 £0.03 3.00 +0.03 220 =+0.03
N 10 7.07 £0.04 20.53 £2.66 14.50 +£3.28 1.94 £0.25 23.50 +£4.13 1477 +1.84
N 20 851 £0.23 22.03 £421 1575 +£193 2.00 £0.15 2625 +439 15.78 +£2.94
N 30 6.63 £0.13 1833 +4.13 13.00 +£3.03 1.96 £0.23 20.50 +6.44 1290 +2.57
N 40 644 +£0.28 17.10 £1.15 11.75 +£1.13 2.06 £0.21 22.75 £421 13.28 +0.4l1
POs 0 503 £046 3.00 =003 200 =003 150 £003 3.00 =003 220 +0.03
P,05 50 7.19 £0.51 2290 £2.66 13.50 £1.50 1.93 £0.19 30.75 +£3.28 1640 +1.58
P,05 100 851 £041 22.03 £421 1575 +£193 2.00 £0.15 2625 +439 15.78 +£2.94
P,05 150 6.71 £0.46 2530 +2.06 17.88 +0.83 1.87 £0.19 1833 +£232 18.37 *£1.65
P,05 200 745 +£0.57 2593 +£828 17.75 +6.51 2.16 £0.17 17.50 +£3.86 18.00 +5.33
Ko 0 503 £0.46 3.00 =0.03 200 £003 150 £0.03 3.00 003 220 =003
K,0 30 7.09 £0.48 2635 £3.60 1625 +£342 2.13 £0.15 30.75 £2.25 18.03 +1.63
K,0 60 851 £0.50 22.03 £4.21 1575 +£193 2.00 £0.15 2625 +4.39 15.78 £2.94
K,0 90 6.93 £0.35 21.23 £3.02 15.00 +£2.12 230 +£0.22 31.00 £449 1528 +1.95
K,O 120 7.37 £0.35 21.13 +£443 1500 +£1.58 2.05 +£0.16 33.50 +£2.06 18.03 +0.85
Ca 0 503 £+046 3.00 =003 200 +003 150 +003 3.00 =003 220 £0.03
Ca 0.8 7.05 £0.41 26.68 £2.56 1625 +£1.55 2.15+0.19 31.00 £2.86 18.38 +2.07
Ca 1.2 851 £0.23 22.03 £4.21 1575 +£193 2.00 £0.15 2625 +439 15.78 £2.94
Ca 1.6 7.62 £0.69 2555 +£436 12.00 +2.04 191 £0.24 19.75 £1.84 17.30 +3.15
Ca 2.0 6.74 £0.37 1940 +4.59 1250 +£3.52 1.70 £0.04 17.00 £4.49 13.13 +2.68
Mg 0 503 £046 3.00 +0.03 200 +003 150 +0.03 3.00 +003 220 +0.03
Mg 0.2 7.05 £0.05 2438 +£3.61 13.00 +£2.12 1.89 £0.30 33.25 £9.70 16.15 +2.69
Mg 0.4 851 £0.26 22.03 £421 1575 +£193 2.00 £0.15 2625 +0.71 15.78 £2.94
Mg 0.6 8.04 £0.17 2583 +£347 16.75 +£0.63 223 £0.15 3250 +£826 23.98 +5.51
Mg 0.8 7.19 £0.64 20.53 +4.31 10.50 +£2.10 3.58 £1.50 30.75 £491 1450 +3.11
s 0 503 £046 3.00 +0.03 200 +003 150 +£0.03 3.00 +003 220 +0.03
S 10 6.50 £0.39 2250 £2.16 15.00 £135 2.15 +£0.22 1925 +£3.54 1588 +1.77
S 20 851 £0.26 22.03 £421 1575 +£193 2.00 £0.15 2625 +439 15.78 +£2.94
S 30 6.09 £0.68 2225 £5.62 14.75 +£4.55 228 £0.29 42.00 +880 16.28 +3.82
S 40 7.10 £0.15 2485 £223 1525 +0.75 193 £0.15 2550 +3.66 19.55 +3.11

Note. LP: length of the pod; WP: pod weight; NPP: number of pod per plant; NGP: number of grains per pod;
NTG: total number of grains per plant; WTG: total weight of grains per plant. + standard error of average values
(n=4).
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Table 3. Avarege values of the macronutrients effect on the nutrition of lima bean

Macronutrient Doses N P K Ca Mg S
gke'

N 0 2744 +£0.03 328 +0.54 6.00 +0.03 544 +£0.03 826 =£0.03 1.58 £0.03
N 10 2298 +£2.71 4.80 =+043 23.60 £1.66 11.92 +£0.68 7.82 *£0.89 1.61 £0.11
N 20 1578 £1.31 541 058 2857 040 13.04 +125 494 =+£0.59 1.52 +0.01
N 30 26.75 £2.13 523 +035 2034 +£3.00 1632 +442 542 =£0.87 1.64 £0.04
N 40 28.81 £0.97 4.62 +032 21.68 +£0.33 848 +0.74 3.07 =+£095 1.71 £0.14
P05 0 2744 £003 328 +054 600 =003 544 =003 826 +0.03 1.58+0.03
P,05 50 17.49 +£4.53 422 +£0.08 21.61 +£0.52 8.00 =+1.61 672 =£131 1.46 £0.06
P,05 100 15.78 +1.31 541 +£031 2857 +£040 13.04 +1.25 494 +0.59 1.52 +0.01
P,0s 150 26.07 £546 481 =£038 2588 +£3.21 10.16 +0.63 446 +0.88 1.59 +0.08
P,0s 200 2401 +£5.89 491 +046 2378 +1.86 8.64 +091 403 =£0.72 1.62 £0.12
KO 0 2744 +003 328 =054 600 =003 544 +003 826 =003 158+0.03
K,0 30 2264 £6.20 5.06 +031 27.17 £2.06 696 +0.40 555 =£0.89 1.51 £0.05
K,0 60 1578 £1.31 541 +041 2857 +040 13.04 +125 494 =+£0.59 1.52 +0.01
K,O 90 18.18 £538 4.69 +022 21.80 £131 920 =056 411 =£1.75 142 +£0.06
K,O 120 1338 £0.86 4.63 +035 2294 +£146 9.60 =+146 403 =£031 143 +£0.13
Ca 0 2744 +003 328 =054 600 =003 544 +003 826 +0.03 1.58+0.03
Ca 0,8 18.87 £5.15 4.83 +033 27.10 £3.60 7.04 +£193 6.67 =*£191 1.65=+0.09
Ca 1,2 15.78 +1.31 541 +£043 2857 +£040 13.04 +1.25 494 +0.59 1.52 +0.01
Ca 1,6 18.85 +£3.28 532 +£048 2560 +£0.69 1451 +£149 394 =£0.69 143 £0.10
Ca 2.0 2298 +£4.28 455 +0.14 2430 +£2.07 12.05 £0.89 845 =£0.67 1.56 £0.04
Mg 0 2744 +003 328 =054 600 =003 544 +0.03 826 =003 1.58+0.03
Mg 0.2 22.64 £527 4.65 +038 22.18 +£148 864 +£151 288 =£1.10 1.53 £0.09
Mg 0.4 1578 £1.31 541 +£029 2857 +£040 13.04 +£1.25 494 +£0.59 1.52+£0.01
Mg 0.6 18.18 £4.60 5.00 +0.14 2754 +£0.72 1056 +£0.73 542 +£121 1.86 £0.16
Mg 0.8 2298 +£4.09 471 +041 2743 +£197 9.60 =£1.13 10.75 £095 1.55 £0.15
s 0 2744 +003 328 =054 600 =003 544 +003 826 +0.03 1.58+0.03
S 10 19.89 +£521 5.02 +041 2255 +£098 856 =+£1.09 6.19 =*£181 1.44 £0.09
S 20 1578 £1.31 541 +027 2857 +£040 13.04 +£1.25 494 +£0.59 1.52 £0.01
S 30 2024 £3.77 433 +029 2845 +429 10.80 +£1.51 398 £221 1.53 £0.05
S 40 13.72 +0.56 4.85 +£026 2673 +241 984 +126 562 +£092 1.45+0.02

Note. Leaf contents of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg) and sulfur
(S). £ standard error of average values (n = 4).

3.1 Nitrogen

With the exception of the number of grains per pod (NGP), nitrogen (N) was significant over the other nutrients,
presenting a quadratic behavior (Table 4). Regarding nutrient leaf contents (N, P, K, Ca, Mg and S), the effects on
P, K and Ca followed a quadratic adjustment and Mg a linear adjustment.

Because it is a genetically characteristic of the plant, NGP, which showed little effect on this production
characteristic, is the least component of production influenced by the environment (Guimaraes, Martins, Silva,
Ferraz, & Oliveira, 2007; Oliveira, Torres, & Bebedito., 2011).

Regarding pod length (LP), the average of 7.8 cm was reached in the dose of 23 mg N dm’. The value found for this
variable is within those registered in the literature, which is in the range of 4.8 to 8.9 cm; this variation is due to
different genetic materials (Guimaraes et al., 2007; Santos, Corlett, Mendes, & Wanderley, 2002).

The pod weight (WP) and the number of pods per plant (NPP) presented values of 22.84 g and 16.26 pods,
respectively, at the dose of 24 mg N dm™. For the number of grains per plant (NTG) and total grain weight (WTG),
a maximum yield of 27 grains and 17 grams at a dose of 25 mg N dm™ were observed. When evaluating the
production of pods and dry grains per plant, Alves et al. (2008) obtained average values of 125.9 and 35.3 g,
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respectively, using the doses of 21.4 and 26.6 t ha™ of bovine manure in the presence of NPK (30 kg N ha™), which
was also measured at 30 and 60 days after planting.

Table 4. Estimates of the nitrogen effect on the yield components and nutrition of lima bean

Variables Equations RD
LP Y=15.1495 + 0.2436x** — 0.0054x2** R2=0.78 23
WP ¥=4.8950 + 1.4800x** — 0.0305x2** R2=10.85 24
NPP ¥=3.3000 + 1.0800x** — 0.0225x2** R2=0.86 24
NGP Y=Y=19 - 10
NTG Y=5.4714 + 1.6507x** — 0.0321x2* R2=10.80 25
WTG 7=3.6881 + 1.0104x** — 0.0201x2** R2=0.82 25
N Y=Y=26.15 - 10
p Y'=3.2464 + 0.2283x** — 0.0049x2** R2=10.90 23
K ¥=17.8872 + 1.5869x** — 0.0326x2** R2=10.80 23
Ca Y=5.1611 + 0.8613x** — 0.0189x2** R2=0.87 23
Mg ¥=8.4576 — 0.1276x** R2=0.89 10
S Y=Y=155 - 10

Note. RD: recommended dose in mg dm™; LP: length of the pod, in cm; WP: pod weight, in g plant”; NPP:
number of pod per plant; NGP: number of grains per pod; NTG: total number of grains per plant; WTG: total
weight of grains per plant, in g plant™; and leaf contents of N, P, K, Ca, Mg and S, in g kg”'. * and ** significant
at 5 and 1% probability, respectively, by the F test.

Contents of P, K and Ca were 5.90, 27.19 and 15 g kg™, respectively, for the dose of 23 mg N dm™. Phosphorous (P)
and N presented synergism, which caused an increase of P absorption when ammoniacal nitrogen was used
(Hanway & Olson, 1980).

The increase of N doses reduced the Mg contents in the aerial part of lima bean by 62 % compared to the control
with no fertilization. However, the average value of 3.7 g Mg kg™ is still suitable for most grains (Malavolta, 2006).
Thus, this result is attributed to the greater development of the crop with nitrogen fertilization.

It is important to emphasize that although N is a determinant nutrient in the development and production of beans,
doses of mineral fertilizers are usually required in smaller quantities when compared to other crops. This is
justified by the fact that beans establish symbiosis with diazotrophic bacteria and supplies most of the plant
demand for atmospheric N (Barbosa et al., 2017). In this study, it was possible to verify the occurrence of nodules
in bean roots, which may have reduced the demand for mineral N, without damaging the development of the
plants.

3.2 Phosphorous

The application of phosphorus (P) to the production components and nutritional status of lima bean s (Table 5)
showed a quadratic adjustment for LP, WP, NTG, WTG, Ca and K contents and a linear adjustment for NPP, P and
Mg contents.

The maximum LP was 10.31 cm at the dose of 200 mg P,Os dm™. For WP, which is directly associated with crop
productivity, there was an increase of 29.71 g with the dose of 157 mg P,0s dm™. Phosphate fertilization increased
NPP from 2.0 to 17.7, representing an increase of 89% at the dose of 200 mg P,Os dm™. NTG and WTG reached
values of 28 grains and 20.50 g, in the doses of 111 and 153 mg P,Os dm™, respectively.

The increases obtained for the production components were satisfactory, demonstrating that lima bean s were
responsive to phosphate fertilization. Phosphorous is determinant for their productivity, since this nutrient acts
directly in the synthesis of ATP, and consequently, in all the processes that require energy, such as in the uptake and
assimilation of nutrients, photosynthesis and carbohydrate translocation (Malavolta, 2006; Marschner, 2012). In
their study, Oliveira et al. (2004) evaluated the production of lima bean “Orelha de V6~ cultivar in a Regolitic
Neosol, with different doses of P,Os (0, 100, 200, 300, 400 and 500 kg ha'l) and found a positive response for green
and dry grains, recommending the application of 291 and 281 kg P,Os ha™.
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Table 5. Estimates of the phosphorus effect on the yield components and nutrition of lima bean

Variables Equations RD
LP ¥ =5.2332+0.0451x** — 0.0001x2** R2=0.67 200
WP ¥ =5.1103 + 0.3137x** — 0.0010x2* R2=0.90 157
NPP ¥ =6.2000 + 0.0717x** R2=0.74 200
NGP Y=Y=19 - 50

NTG Y =7.1953 + 0.3793x** — 0.0017x2** R2=10.64 111
WTG Y =3.73228 + 0.2152x** — 0.0007x2* R2=0.88 153
N Y=Y =2215 - 50

P Y =3.4435 + 0.0076x** R2=0.80 200
K Y =6.7641 + 0.3371x** — 0.0012x2** R2=0.96 140
Ca Y =5.0468 + 0.1090x** — 0.0004x2** R2=0.82 136
Mg Y =7.8240 — 0.0214x** R2=0.92 200
S Y=Y =155 - 50

Note. RD: recommended dose in mg dm™; LP: length of the pod, in cm; WP: pod weight, in g plant”; NPP:
number of pod per plant; NGP: number of grains per pod; NTG: total number of grains per plant; WTG: total
weight of grains per plant, in g plant™; and leaf contents of N, P, K, Ca, Mg and S, in g kg”'. * and ** significant
at 5 and 1 % probability, respectively, by the F test.

Phosphorous content increased linearly with P,Os doses, with a maximum concentration of 4.9 g P kg'1 in the
application of 200 mg P,Os dm™, indicating that the greater availability of P in soil reflects in the greater
absorption and incorporation of this nutrient in the biomass, with a consequent increase in of lima bean production.
Linear responses in the accumulation of P with phosphate fertilization are widely reported in the literature for
different cultivars of the genus Phaseolus (A. M. T. Alovisi, Furtini Neto, Carneiro, Curi, & A. A. Alovisi, 2014;
Santos et al., 2011; Silva et al., 2014).

For K and Ca contents, the maximum concentrations obtained were 30.43 and 12.46 g kg™ at doses of 140 and 136
mg P,0s5 dm™, respectively. For the highest dose of P,Os the Mg content was reduced by 51% in relation to the
treatment without fertilization, decreasing from 8.25 to 4.03 g Mg kg™'; however, this behavior indicates that a
nutrient dilution effect occurred when there was an increase in phosphate fertilization. Similar effects for Ca and
Mg uptake under P rates were observed by Salinas, Sanchez, Ruiz, Lao, and Romero (2013) for Phaseolus
vulgaris L. cv. Strike, who correlated the higher cation uptake (K, Ca®* and Mg*") to the higher ATPase activity
with the increase of P, suggesting the favoring the co-transport of these nutrients.

In general, nutrient availability in the soil directly influences the productive response of crops to mineral
fertilization. In the present study, the positive response to phosphate fertilization for the production and nutrition of
lima bean can be attributed to the initial low levels of this nutrient in the soil under cultivation. Another important
factor is that in this soil class, due to the lower content of clay and oxides of Fe and Al there is less fixation of the
P, which makes it more available to the plants (Sandim, Bull, Furim, Lima, & Garcia, 2014; Santos, Oliveira,
Souza, Salcedo, & Silva, 2016).

3.3 Potassium

The effect of potassium (K), except for N and S contents, followed a quadratic adjustment for the production
components and nutritional contents (Table 6). The maximum LP found was 8.6 cm at the dose of 93 mg K,0 dm™.
WP and NPP presented values of 25.96 g and 18.16 pods at the doses of 76 and 81 mg K,O dm>, respectively.
Considering all production components, the number of pods is one of the most important in the determination of
bean crop yield, especially because it presents a high and consistent correlation with grain production (Fageria &
Santos, 2008), increasing with potassium fertilization.

Regarding NGP, potassium fertilization provided an average of 2.5 grains per pod at a dose of 84 mg K,0 dm™.
The value found in this production component corroborates with Guimaraes et al. (2007), in a study of the
morphological characteristics of lima bean.

The NTG and WTG yields obtained in the doses of 93 and 86 mg K,0 dm™ of were 34.6 grains and 18.81 g,
respectively. Potassium is one of the most absorbed and exported nutrient in lima bean, acting on the osmotic and
ionic regulation and as a cofactor and activator for many enzymes of carbohydrate and protein metabolism (Wang
& Wu, 2017). Thus, its adequate supply, in addition to increasing the productivity of the bean in the present study,
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can improve the nutritional value and quality by increasing the content of proteins and oils, as well as avoiding the
production of small, wrinkled and deformed beans (Fageria & Melo, 2014).

Table 6. Estimates of the potassium effect on the yield components and nutrition of lima bean

Variables Equations RD
LP Y =5.1845 + 0.0746x** — 0.0004x2** R2=0.76 93
WP Y =6.3235+0.5168x** — 0.0034x2** R2=0.70 76
NPP ¥ =3.7428 + 0.3563x** — 0.0022x2** R?=10.82 81
NGP Y =1.5507 + 0.0168x** — 0.0001x2* R?2=10.80 84
NTG Y =6.7571 + 0.5970x** — 0.0032x2** R?2=0.79 93
WTG Y =4.5942 +0.3287x** — 0.0019x2** R2=0.71 87
N Y =7 =1948 - 30
P Y =3.3976 + 0.0694x** — 0.0005x2** R2=0.77 70
K ¥ =8.7027 + 0.5543x** — 0.0038x2** R2=10.76 73
Ca Y =5.1274 + 0.1224x** — 0.0007x2** R2=10.76 87
Mg Y =7.360-0.033x** R2=10.82 30
S Y =7 =149 - 30

Note. RD: recommended dose in mg dm™; LP: length of the pod, in cm; WP: pod weight, in g plant”; NPP:
number of pod per plant; NGP: number of grains per pod; NTG: total number of grains per plant; WTG: total
weight of grains per plant, in g plant™; and leaf contents of N, P, K, Ca, Mg and S, in g kg”'. * and ** significant
at 5 and 1% probability, respectively, by the F test.

P, K and Ca bean contents were 5.80, 28.91 and 1047 g kg'1 at the doses of 70, 73 and 87 mg K,0O dm?,
respectively. The concentration of Mg decreased from 8.26 to 4.03 g kg™ with increasing doses of K,O. It is noted
that up to the dose of 90 mg K,O dm™, the nutritional balance is still maintained for the contents of P, K, Ca and Mg,
since these levels are considered adequate for the cultivation of most bean cultivars. This results ought to be
considered due to the fact that K™ imposes a competitive inhibition in the absorption process of Ca’" and Mg*",
especially because of its monovalent nature and lower degree of hydration compared to divalent ions, presenting
higher velocity when crossing the plasma membrane (Véry, Nieves-Cordones, Daly, Fizames, & Sentenac, 2014).

The content of K in the soil of the present study is low (Comissdo de Fertilidade de Solos do Estado de Minas
Gerais, 1999), which may have contributed to obtain answers in the production and nutrition of lima bean.
However, in addition to the inherent requirement of the crop, it should be taken into account that Entisol
Quartzipsamment have high potential for K losses by leaching (Werle, Garcia, & Rosolem 2009), which requires
the gradual application of higher doses of K.

3.4 Calcium

With the exception of NGP, calcium (Ca) doses influenced the production components following a quadratic
adjustment (Table 7). The effect of Ca application on bean nutrition for P and K also presented a quadratic
adjustment, and Ca and Mg had a linear adjustment.

A LP of 7.52 cm were found in the dose of 1.31 cmol, Ca dm™. WP and NPP had averages of 26.22 g and 15.91
pods for the doses of 1.27 and 1.24 cmol, Ca dm™, respectively. Since Ca acts positively on pollen grain
germination and on pollen tube growth, this nutrient certainly favors the fixation of flower buds and the formation
of pods with consequent increase in NPP of lima bean.

The NTG and WTG presented yields of 28.20 and 18.16 g at the doses of 1.15 and 1.25 cmol, Ca dm™, respectively.
The results of the present study corroborate with Bevilaqua, Silva Filho, and Possent (2002), who observed the
effect of Ca and B applications with NPP (9.2 pods), NGP (1.6 grain) and WTG (18.0 g) using cv. BR 16.
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Table 7. Estimates of the calcium effect on the yield components and nutrition of lima bean

Variables Equations RD
LP ¥ =4.9924 + 3.8529x** — 1.4633x2** R2=0.99 131
WP Y =3.6684 + 35.3244x** — 13.8320x2**  R2=0.92 1.27
NPP ¥ =2.5927 + 21.4400x** — 8.6259x2%* R2=10.89 1.24
NGP Y=Y=19 - 1.20
NTG Y =4.2658 +42.2583x** — 18.6314x>**  R2=0.88 1.15
WTG Y =2.6297 + 24.7699x** — 9.8478x2** R2=0.94 1.25
N Y=Y =20.78 - 0.80
P ¥ =3.1599 + 4.3978x** — 1.8357x2** R2=0.80 1.20
K ¥ =6.4938 + 33.8849x** — 12.8078x2** - 1.20
Ca Y =5.5597 + 4.3358x** R2=10.71 2.00
Mg Y =8.4022 — 2.7016x** R2=10.98 0.80
S Y=Y =154 - 1.20

Note. RD: recommended dose in mg dm™; LP: length of the pod, in cm; WP: pod weight, in g plant”; NPP:
number of pod per plant; NGP: number of grains per pod; NTG: total number of grains per plant; WTG: total
weight of grains per plant, in g plant™; and leaf contents of N, P, K, Ca, Mg and S, in g kg”'. * and ** significant
at 5 and 1% probability, respectively, by the F test.

Regarding leaf contents of P and K, values of 5.79 and 28.90 g kg' were obtained for the doses of 1.20 and 1.32
cmol, Ca dm™, respectively. Phosphorous establishes a strong relationship with Ca in the soil because of the
significant increase in P availability with liming (Santiago et al., 2017).

Ca content was increased by 58 % with the application of Ca doses in relation to the treatment without fertilization,
with an average content of 15 g kg™', which is suitable for beans. Lima bean along the various species of Phaseolus
sp. are considered excellent sources of Ca for human nutrition, with higher contents in chickpea and lentils (Jost,
Ribeiro, Maziero, Cerutti, & Rosa, 2009).

On the other hand, Mg contents were reduced approximately 60 % with increasing Ca doses, evidencing the
antagonistic effect frequently imposed by the increase of Ca concentration in the soil, which induce Mg deficiency
in plants (Marschner, 2012).

In the Brazilian agriculture, liming is the main source of calcium fertilization for crops, configuring an easy,
affordable and economically viable practice. In this sense, the average dose of 1.27 cmol, Ca dm™ that promoted
gains in yield and nutritional balance in the present study is satisfactorily supplied by liming; therefore, it should be
an indispensable practice for the cultivation of lima bean in Neosols.

3.5 Magnesium

With the exception of NGP, the production components (Table 8) were influenced by the application of magnesium
(Mg), as well as the contents of P, K, Ca and Mg, following quadratic adjustments.

For LP, there was an increase of 8.25 cm for the dose of 0.50 cmol, Mg dm, which is a result within the range of
values found in the literature for lima bean (Guimarées et al., 2007; Santos, Corlett, Mendes, & Wanderley, 2002).
Similarly, there were increases of 26.88 g, 17.19 pods, 37.4 grains and 18.16 g for WP, NPP, NTG and WTG,
respectively, at the dose of 0.50 cmol, Mg dm™. Mg is directly related to crop productivity, since this nutrient has
the main function of enzyme activator, being a cofactor of all phosphorylating enzymes (Chen, Peng, Li, & Liao,
2017; Lin & Nobel, 1971).
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Table 8. Estimates of the magnesium effect on the yield components and nutrition of lima bean

Variables Equations RD
LP ¥ =5.0265+ 12.7837x** — 12.6562x2** R2=10.99 0.50
WP ¥ =5.1071 + 85.6785x** — 84.2857x2** R2=10.85 0.50
NPP Y =2.2714 4 62.1607x** — 64.7321x2** R2=0.98 0.50
NGP Y=Y=223 - 0.20
NTG ¥ =6.2857 + 122.0178x** — 118.3035x2**  R2=0.86 0.50
WTG ¥ =2.5671 + 70.8910x** — 68.3482x2** R2=10.85 0.50
N Y=Y =21.40 - 0.20
P ¥ =3.3297 + 8.0122x** — 8.0184x2** R2=10.96 0.50
K ¥ =6.9851 + 81.2335x** — 71.4107x2** R2=0.96 0.56
Ca ¥ =5.2365 + 26.8342x** — 27.1428x2** R2=0.87 0.50
Mg Y =7.7797 — 24.5683x** + 35.4151x2** R2=0.89 0.30
S Y=Y =1.60 - 0.20

Note. RD: recommended dose in mg dm™; LP: length of the pod, in cm; WP: pod weight, in g plant”; NPP:
number of pod per plant; NGP: number of grains per pod; NTG: total number of grains per plant; WTG: total
weight of grains per plant, in g plant™; and leaf contents of N, P, K, Ca, Mg and S, in g kg”'. * and ** significant
at 5 and 1% probability, respectively, by the F test.

P content was increased with Mg doses, with an average value of 5.33 g kg at a dose of 0.50 cmol, Mg dm”.
Because Mg acts as a P-carrier as a result of its participation in ATPases activation of the plasma membrane
responsible for ionic absorption, P absorption is higher in the presence of Mg in soil (Marschner, 2012; Verbruggen
& Hermans, 2013).

For K, the maximum concentration obtained was 30.08 g kg™ at the dose of 0.56 cmol, Mg dm™. The high
concentration of Mg in the soil can promote the displacement of K from the sorption complex to soil solution, and
when this process supplants the competitive effect on the absorption of these nutrients, there is a higher uptake of
K by plants (Soratto & Crusciol, 2007).

The dose of 0.50 cmol, Mg dm™ promoted maximum concentration of Ca and Mg, 11.89 and 3.51 g kg™,
respectively. In a study with bean cultivars as a function of the application of Mg doses (Canizella, Moreira,
Moraes, & Fageria, 2016) verified increases in the uptake of Ca and Mg for cultivars.

In general, the dose of 0.50 cmol, Mg dm™ found in the present study is within the range recommended for most
crops. It is confirmed that in the same way as Ca, Mg nutrition is usually associated with agricultural correctives,
which besides pH adjustment can also provide Ca and Mg.

3.6 Sulfur

The application of sulfur (S) doses on the production components and nutritional status of lima bean (Table 9)
presented a quadratic adjustment for WP, NPP, NTG and P and Ca contents, and a linear adjustment for LP and
WTG.

LP values varied between 5.0 and 7.0 cm, and the dose of 40 mg S dm™ promoted a 29 % increase in relation to the
treatment without fertilization. WP and NPP presented averages of 25.68 g and 17.7 pods at the doses 0of 29 and 27
mg S dm>, respectively. In a study evaluating the application of S on cover with bean in a no-tillage system,
Crusciol, Soratto, Silva, and Lemos (2006) verified an increase in shoot dry matter production, number of pods per
plant and yield grains. The authors also stated that in crops with high technological level, the increase in bean grain
yield might be limited by the use of insufficient doses of S.

For NTG, the maximum value was 34.16 grains at the dose of 28 mg S dm™. WTG was increased by 89% when
compared to the treatment without fertilization with the dose of 40 mg S dm™, with an average value of 19.55 g
plant”. This result was satisfactory and indicates that S increases the final yield of lima bean. Sulfur is involved in
the constitution of amino acids, proteins and low molecular weight organic compounds, acting in vital processes
such as photosynthesis and biological nitrogen fixation, therefore, being required in considerable amounts for the
development of legumes, directly influencing the formation and filling of grains.
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Table 9. Estimates of the sulfur effect on the yield components and nutrition of lima bean

Variables Equations RD
LP Y =5.6370 + 0.0374x* R2=0.45 40
WP ¥ =5.5064 + 1.3802x** — 0.0236x2* R2=10.83 29
NPP ¥ =3.4785+ 1.0267x** — 0.0191x2** R2=0.86 27
NGP Y=Y=197 - 20
NTG ¥ =1.5428 + 2.2989x** — 0.0405x2** R2=0.87 28
WTG ¥ =6.9150 + 0.35100x** R2=10.68 40
N Y=Y =1821 - 20
P ¥ =3.5313 + 0.1363x** — 0.0027x2** R2=10.63 25
K ¥ =6.8908 + 1.6929x** — 0.0304x2** R2=0.97 28
Ca ¥ =5.2022 +0.5355x** — 0.0106x2** R2=0.87 25
Mg Y=Y =579 - 20
S Y=Y =150 - 20

Note. RD: recommended dose in mg dm™; LP: length of the pod, in cm; WP: pod weight, in g plant”; NPP:
number of pod per plant; NGP: number of grains per pod; NTG: total number of grains per plant; WTG: total
weight of grains per plant, in g plant™; and leaf contents of N, P, K, Ca, Mg and S, in g kg”'. * and ** significant
at 5 and 1% probability, respectively, by the F test.

The response of lima bean to sulfate fertilization is related to the low availability of this element in the soil under
study, reflecting its low organic matter and clay content. The ability of the soil to meet crop demand for this
nutrient is directly related to the organic matter content of the soil and the mineralization of organic sulfur to
inorganic forms (Tiecher et al., 2013).

The average values for P and Ca contents in the shoot were 5.25 and 11.96 g kg™ at the dose of 25 mg S dm™,
respectively. While for K the maximum concentration was 30.45 g kg™ at the dose of 28 mg S dm™.

4. Conclusions

The addition of macronutrients promotes increments on the yield components and nutritional status of lima bean
grown in Entisol Quartzipsamment.

The doses of macronutrients that promote higher productive yield and adequately supply the nutritional needs of

lima bean are: 25 mg N dm?; 157 mg P,0s dm?; 90 mg K,O dm?; 1.27 cmol, Ca dm™; 0.50 cmol, Mg dm™ and 30
mg S dm>.
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