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ABSTRACT ARTICLE HISTORY
The objective was to evaluate the effect of omitting macronutrients in the Received 19 December 2012
nutrients solution on growth characteristics and nutritional status of coffee. Accepted 14 December 2014

The treatments were complete nutrients solutions and solutions with KEYWORDS

nutrient omission: N (nitrogen), P (phosphorus), K (potassium), Ca (calcium), Coffea arabica L; nutritional
Mg (magnesium) and S (sulfur). The experiment was carried out under deficiency; mineral nutrition
greenhouse conditions with 3 replicates in a completely random design.

Plant height, number of leaves per plant, stem diameter, relative chlorophyll

index, photosynthesis rate, stomatal conductance, transpiration, carbon

dioxide (CO,) concentration, dry matter, content levels of macronutrients in

plant aerial part and root system, and nutritional disorders were evaluated.

Macronutrients suppression affected nutrients concentration in many plant

parts, inducing the appearance of symptoms characteristic of each nutrient.

The most limiting nutrients for coffee plants development were nitrogen and

calcium, reflected in the lower dry matter accumulation and nitrogen the

most required.

Introduction

Brazil is the largest world coffee producer, accounting for 30% of the international market and the sec-
ond largest consumer after the United States; however, the national and international markets ampli-
fied its requirements concerning quality, increasing the demand for special characteristics of coffee
beans. Thereby a new challenge is submitted to Brazilian coffee growers: to keep good yield indexes
and good quality in accordance with the new requirements of the purchasing market (Chalfoun and
Reis, 2010).

That crop, originally from the subtropical forests of hilly Ethiopia, develops better in regions with
average temperatures ranging from 19 to 22°C, with higher temperatures promoting bud formation
and fruit development. However they also promote pest proliferation, increasing infection risks, which
may impair the quality of the beverage. Also, the crop is much susceptible to frosts and temperatures
below 10°C inhibit plant growth (Ricci et al., 2006).

In Brazil the total coffee production in the 2013/2014 cropping season was estimated in 50.15 million
60 kg coffee processed bags; 75% Arabic type, and the state of Minas Gerais was the largest producer,
with 27.4 million bags (55.1%), followed by Espirito Santo with 12.6 million bags (24.8%) (CONAB,
2014).

Hydroponics enables the use of balanced nutrient solutions in the absence or presence of natural or
artificial substrates, forming an intensive production system (Rodrigues, 2002).
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Nutritional disorder, either by deficiencies or excesses and/or by misbalance causes the reduction of
crops production. That reduction is generally preceded by visually observed symptoms more evident
on the leaves, although the production might be potentially impaired even before the appearance of
those symptoms (Malavolta et al., 1997). Visual diagnosis of nutrient deficiency associated with infor-
mation about nutrient contents may be an appropriate auxiliary tool to assess the nutritional status,
implying in adequate fertilization recommendation for any crop (Epstein, 1975).

There are few studies restricted to certain nutrients without a concern to assess the relationship of
missing nutrient with nutrient buildup, as well as their interaction effects on plant development and
the onset of symptoms, as well as to find which macronutrient the plant would be more sensitive to
deficiency.

These experiments, while simple, enable to check and correlate the biological events involved with
the deficiencies in new genotypes with dissimilar abilities to absorb nutrients. Therefore the objective
of this work was to evaluate the effect of the absence of macronutrients in the growth and nutritional
status of coffee plants grown in nutrient solution.

Materials and methods

The experiment was carried out in a green house in the Faculdade de Ciéncias Agrarias e Veterindrias
da Unesp, Jaboticabal campus, state of Sao Paulo - Brazil using Coffea arabica L., cultivar Caturai Ver-
melho IAC 144 grown in 8 liter nutrient solutions pots.

Seven treatments were evaluated: 1: complete nutrient solution (N (nitrogen), P (phosphorus), K
(potassium), Ca (calcium), Mg (magnesium), S (sulfur), B (boron), Cl (chlorine), Cu (cooper), Fe
(iron), Mn (manganese), Mo (molybdenum) and Zn (zinc); 2: nitrogen suppression (—N); 3: phospho-
rus suppression (—P); 4 potassium suppression (—K); 5: calcium suppression (—Ca); 6: magnesium
suppression (—Mg) and 7: sulfur emission (—S). Experiments were arranged in a completely random-
ized design, with three replicates and pots shifted every week to provide the same temperature, mois-
ture and light conditions for all treatments.

The experiment was installed in a greenhouse (1 August 2011) with 20 days old coffee seedlings
transplanted to vases (2 seedling per vase) containing the Hoagland and Arnon (1950) solution diluted,
in the first week, to 50% of its usual concentration to the adaption seedling with the solution nutrient
and then, starting in the second week, till the end of the experiment, at its usual concentration.

Solutions were prepared with dejonized water, replaced every 15 days, and pH adjusted at 5.5 £ 0.5
with sodium hydroxide (NaOH) or hydrochloric acid (HCl) 0.1 M. To replace the evapotranspired
water deionized water was used, and the solution oxygenated continuously with an air compressor.

Fifty six days after transplanting (DAT) plants were harvested and the following parameters deter-
mined: plant height, measured from the soil surface to the apex of the last developed leaf; total number
of leaves per plant; stem diameter; indirect measurement of the chlorophyll content from the relative
chlorophyll index (RCI) in ten leaves per experimental unit, using OPTI-Sciences®, model CCM-200
apparatus; net photosynthesis rate; stomata conductance; carbon dioxide (CO,) concentration; and tran-
spiration in two leaves per experimental unit, using a portable infrared gas analyzer (IRGA) of open sys-
tem, model LICOR 6400, following description by dos Santos et al. (2006). Measurements were
performed from 8 AM to 3 PM on completely expanded leaves in good sanitary condition. Photosyn-
thetic variables responses to light intensity were determined for photon flux density (FFD) of 500tmol
m~ s~ with the foliar chamber adjusted to work with CO, concentration of 380 & 5mol mol ™",
31 + 1°C temperature and water (H,0) vapor of 21 £ mmol mol ', with leaf area of 1 cm®.

The material collected was washed with deionized water and the aerial part separated from the
roots; in order to calculate total dry matter, samples were collected, weighed, dried in an oven at 65°C,
and used for N, P, K, Ca, Mg and S content analysis. The N content determination was performed by
sulfuric acid digestion and distillation (Jackson, 1958); For determination of the nutrients phosphorus
(P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S) a nitric-perchloric digestion was
performed (Johnson and Ulrich, 1959), P was determined by phosphomobilidate reduction by vitamin
C, as described by Braga and Defelipo (1974), potassium (K) by flame photometry, while calcium (Ca)
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and magnesium (Mg) were quantified by atomic absorption spectrophotometry (AOAC, 1975), and
sulfur (S) by sulfate turbidimetry (Jackson, 1958). These two variables were used to calculate the nutri-
ent accumulation.

During the experimental period descriptions of the visual symptomatology of nutritional deficien-
cies were daily recorded in each treatment.

Data were submitted to the analysis of variance and to Tukey test (p < 0.05), using software AgroE-
stat (Barbosa and Maldonado, 2012). It was decided to indicate the significant difference pointed out
by the means comparison test related to treatments with nutrient suppressions and the treatment with
full nutrient solution.

Results and discussion
Nitrogen

Nitrogen suppression reduced the number of leaves of the vegetative variables evaluated as well as the
chlorophyll relative index, net photosynthesis rate and CO, concentration, only (Table 1).

It was observed that there was a drastic reduction in the net photosynthesis rate and expressive increase
in CO, concentration in the treatment suppressed of nitrogen: 71.3 and 196.8%, respectively. Nitrogen is
directly involved in the chlorophyll synthesis and exerts an important role in the synthesis of enzymes
(phosphoenolpyruvate carboxylase (PEPC) and ribulose bisphosphate carboxylase-oxygenase), involved in
the atmospheric CO, fixation (Prado, 2008). Thus, a low nitrogen availability to plants may reduce a and b
chlorophyll concentrations (Cruz et al., 2007), resulting in a lower photosynthetic rate and, consequently to
a lower growth, regarding the importance of those pigments for the absorption of photons and electrons
transport (Heldt, 1997). Therewith, the dry matter production (aerial part, roots, and consequently in the
whole tree) was reduced compared to the treatment with the full solution (Table 2).

Nitrogen suppression reduced foliar contents of P, Ca and S, when compared with the full nutrient
solution (Table 3). When N was evaluated in the roots, the full nutrient solution presented N contents
of 34.7 g kg ™', while N suppression reduced its content in the roots to 16.2 g kg ™" (Table 3).

That reduction in the vegetative growth variables (number of leaves) associated with nitrogen sup-
pression is widely discussed in the literature due to its importance in plant nutrition. According to Fil-
gueira (2003), nitrogen favors vegetative growth, mass accumulation, increases foliar area, and
consequently favors the crop yield potential expression. This is due to the effect of that nutrient in bio-
chemical and physiological processes, as in ionic absorption, photosynthesis, respiration, and cell mul-
tiplication and differentiation (Malavolta et al., 1997).

Treatment with the full nutrient solution showed 37.3 g kg~' of N content in the aerial part, while
the treatment with its suppression lowered the content to18.4 g kg™ " (Table 3). It was also observed

Table 1. Height, number of leaves, stem diameter, chlorophyll relative index (CRI), stomatal conductance, net photosynthesis rate,
transpiration, CO, concentration in coffee plants as a function of macronutrients omission in the nutrient solution.

mmol m—2s™"

Height Number Stem diameter Stomatal Net Co,
Treatment am of leaves mm CRI'  conductance photosynthesis rate  Transpiration concentration
Nutrient 413 46.3 4.7 51.7 0.21 1.5 2.4 90.4

solution

—N 37.0 28.0" 45 23.7° 0.14 33" 4.1 268.3"
—P 40.3 413" 4.5 27.1% 0.18 8.4 5.6 232.9*
—K 38.7 41.0" 39 440 0.08" 14" 2.7 284.0"
—Ca 37.7 33.7" 44 33.3" 0.12 8.3" 39 191.9
—Mg 37.7 440 4.5 306" 0.14 7.0" 4.5 211.0*
) 38.7 39.7" 42 383" 0.09 5.1 33 224.2*
DMS 534 4.42 0.98 9.30 0.11 3.1 3.81 101.94
CV.% 4.82 3.95 7.78 9.15 29.17 16.90 35.06 16.60

*Significant and lower than the check treatment in the column according to the Tukeys test at the level of 5% of probability.
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Table 2. Dry matter production of coffee plants as a function of macronutrients omission in the nutrients solution.

Dry matter
Aerial part Roots Whole plant

Treatment g by plant
Nutrient solution 11.4 3.2 14.6
—N 6.1" 24" 8.5"
—P 10.3 1.1* 114
—K 10.1 14" 1.5
—Ca 83" 14" 9.7"
—Mg 105 1.6" 121
=S 10.0 1.3" 1.3
DMS 2.87 0.41 3.12
CV.% 10.54 8.17 9.67

* Significant and lower than the check treatment in the column according to the Tukeys test at the level of 5% of probability.

that only in the treatment with nitrogen suppression the nitrogen content of the leaves was ranked as
deficient when compared to those obtained by van Raij (2011) (23-32 g kg™ '). These results demon-
strated that the contents obtained in the treatments with nitrogen full doses were sufficient to supply
the crop requirement for that nutrient.

Nitrogen suppression reduced macronutrients content in the aerial part, roots and whole plant (Table 4).
It was also observed that the suppression of the nitrogen responsible for the reduction in nutrients absorp-
tion (Table 4) was also reflected in the coffee plant physiological and growth variables (Table 1) and
induced the appearance of visual symptoms, such as the uniform yellowing of older leaves.

According to Malavolta et al. (1997), that symptom is associated with low chlorophyll production,
which took place because the relative chlorophyll index of the full nutrient solution treatment was 51.7,
and in the treatment with N suppression was 23.7 (Table 1). Nitrogen deficiency in coffee plantations
may cause decrease in plants growth and generalized chlorosis (yellowing) of leaves. As nitrogen is quite
mobile in the phloem, symptoms of shortage start in the older leaves first (Martinez et al., 2008).

Table 3. Macronutrients content in the aerial part and roots in coffee plants, as a function of macronutrients omission in the nutrient
solution.

gkg™'
Treatment N P K Ca Mg S
Aerial plant
Nutrient solution 373 2.8 153 10.1 2.6 13
—N 18.4* 2.6" 14.6 8.7" 24 0.8"
—P 336 2.7 14.8 7.6 2.0" 12
—K 33.2 2.7 7.2 7.9* 217 11"
—Ca 34.0 2.8 13.0" 26" 22" 1.2
—Mg 353 1.0* 49 26" 03" 0.6
) 35.0 24" 13.5" 9.1" 2.1 0.5"
DMS 7.66 0.20 1.06 0.84 0.29 0.19
CV.(%) 8.27 2.98 3.11 4.25 5.19 6.90
Roots

Nutrient solution 347 32 19.6 5.9 35 32
—N 16.2* 3.1 18.7 5.5 34 3.0
—P 32,6 16" 18.9 5.8 27" 3.1

—K 31.6 2.5% 9.9" 59 35 2.9*
—Ca 304 2.8 18.5 2.8" 3.2° 29"
—Mg 343 24" 18.0 57 1.1* 2.7"
=S 311 31 17.8 5.1° 1.5" 23"
DMS 5.79 0.46 449 0.60 0.32 0.18
CV.(%) 6.72 6.11 9.06 4.00 413 2.15

* Significant and lower than the check treatment in the column according to the Tukeys test at the level of 5% of probability.
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Table 4. Macronutrients accumulation in the aerial part, roots, and in the entire coffee plant as a function of macronutrients omission
in the nutrient solution.

mg by plant
Treatment N P K Ca Mg S

Aerial plant
Nutrient solution 4231 325 174.1 1149 29.5 15.0
—N 113.7" 15.7" 88.7" 52.7* 140" 5.1%
—P 344.5 22.0" 152.6 78.3" 20.6" 12.5
—K 335.0 27.2 72.8" 80.0" 21.2" 1.7
—Ca 281.9° 23.3" 107.1* 21.2* 17.9 9.5"
—Mg 370.1 10.7* 51.17 27.3* 31" 6.6"
=S 355.1 24.7* 136.8 924 21.3" 54"
DMS 90.88 6.93 39.38 23.68 6.67 3.76
CV.(%) 10.00 10.87 12.30 12.42 12.77 14.09

Roots

Nutrient solution 1104 10.1 62.6 189 13 10.1
—N 38.7* 73" 445" 13.1" 8.2" 7.2
—P 36.9" 1.8" 21.7* 6.6" 3.7 35"
—K 43.2% 35" 13.5" 8.0 48" 3.9"
—Ca 433" 40" 26.3" 39" 45" 41"
—Mg 54.0* 3.7 384" 8.9 1.7* 43"
-S 40.6" 3.8" 232" 6.6" 1.9 29"
DMS 12.39 1.16 10.16 3.15 134 137
C.V.(%) 8.26 8.28 11.29 11.68 9.21 9.27

Whole plant
Nutrient solution 5335 42.6 236.7 133.8 40.8 25.1
—N 152.4* 23.0" 133.2" 65.8" 223" 123"
—P 3814" 23.8" 174.3" 84.9 23.7° 16.0
—K 378.2° 30.7* 86.3" 88.0" 27.0" 15.0°
—Ca 325.2° 27.3* 133.4" 25.1* 224" 13.6
—Mg 424.1" 144" 79.5" 36.2" 48" 10.9
=S 395.7° 28.5" 160.0 99.0" 23.2" 83"
DMS 95.99 7.57 45.59 25.49 7.56 4.54
CV.% 9.07 9.74 11.12 1.71 11.32 10.95

* Significant and lower than the check treatment in the column according to the Tukeys test at the level of 5% of probability.

Guimaraes and Reis (2010) reported nitrogen deficiencies characterized by yellowing of older leaves,
especially in dry spells and fruit development, besides presenting “dieback.” Dieback occurs when
leaves have less than 2.5% of N and less than 1.5% of K. Defoliation of median stems or chicken neck.
It may also occur in a way that the absence of chicken neck occurs when leaves have from 3.5 to 4.0%
N, and small fruits drop easily due to N deficiency. Braganca et al. (2007) reported that nitrogen defi-
ciency is initially present in areas between the veins of older leaves, which presented a greenish shade
and irregular spots, showing a yellowish color with the evolution of the deficiency.

Phosphorus

Coffee trees not receiving phosphorus in the nutrient solution presented reduction in the number of
leaves, relative chlorophyll index and in CO, concentration (Table 1), resulting in a lower dry matter
production in the roots, compared to treatments with the full nutrient solution (Table 2).

It was observed that the CO, internal concentration increased 157.6% with phosphorus suppression.
Trees with phosphorus suppression had losses in the roots dry matter production, due to the impor-
tance of that element in plant nutrition, as it is linked to plant structural function in the transfer and
storage of the energy process (Malavolta, 1989), affecting metabolic processes such as protein and
nucleic acid synthesis (Mengel and Kirkby, 1987).

Phosphorus suppression reduced this nutrient content in the aerial part (25.0%) as in the roots
(50.0%) (Table 3). The full nutrient solution showed P content within the rate considered adequate by
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van Raij (2011) (1.2-2.0 g kg™"), except for the treatment suppressed of Mg, which showed 1.0 g kg™"
of P in the areal part.

It was also observed that the treatment with P absence reduced other nutrient contents (Ca and Mg
in the leaves and Mg in the roots) when compared to the full nutrient solution treatment (Table 3);
reduced the content of that nutrient in the aerial part (32.2%), in the roots (82.2%) and in the entire
plant (44.45%) besides reducing the content of all other nutrients in the aerial part, in the roots and in
the entire plant, with the exception of N, K and S in the aerial part (Table 4).

This result is due to the role of phosphorus as a source of energy and energy transfer as adenosine
triphosphate (ATP) to the active nutrient’s absorption process, and, in its absence, the nutrients
absorption is impaired, affecting the crop development (Malavolta, 2006). Phosphorus absence also
provoked losses in the vegetative development due to a lesser absorption of that nutrient resulting in
the appearance of visual symptoms such as stunted plants with darker green color old leaves.

Phosphorus deficiency may result in less plant growth, and, frequently, dark green color in old
leaves (Martinez et al., 2008). Braganga et al. (2007) reported that phosphorus absence may impair
growth, development and production, with symptoms of deficiency shown in older leaves with purple
spots between leaf veins. Guimaraes and Reis (2010) reported that the first evidence of phosphorus
absence is reduction in plant growth and old leaves affected before the new ones, due to P mobility
into the plant that turns leaves yellow and even reddish. They also observed premature leaf fall, that
could be total, resulting in low yield and poor quality product.

Potassium

Coffee plants not supplied with potassium presented reduction in the number of leaves (11.4%), sto-
mata conductivity (61.9%) and an increase in the internal CO, concentration (214.2%) (Table 1);
resulting in a lower roots dry matter production (56.3%) when compare with the full nutrient solution
treatment (Table 2). Potassium has not structural role in plants; however, it is an important enzyme
activator and is linked with chorine for the role of osmotic regulation in plants, controlling stomata
opening and closing (Malavolta, 2006), explaining, in large extent the results obtained in this study,
with a 62% reduction on stomata conductance, due to its omission in the nutrient solution.

Absence of K reduced the contents of that nutrient in the aerial part (52.9%) and in the roots
(49.5%), respectively (Table 3), when compared to the full nutrient solution treatment. It was also
observed that all treatments would be nutritionally deficient in potassium if compared with the ade-
quate content of K in the leaves stated by van Raij (2011) (18-25 g kg™ '). Potassium absence also
reduced other nutrients contents (Ca, Mg in the leaves and P and S in the roots), when compared with
the full nutrient solution treatment (Table 3).

Potassium absence enabled to observe a significant reduction in all other macronutrients content, both
in the aerial part and roots, and consequently in the entire plant, with the exception of N and P in the aerial
part (Table 4). These results are in agreement with the literature, since potassium is bound with the function
of changes in the conformation of molecules within the plant, which increases the exposure of the active
sites for binding to the substrate (Malavolta, 2006). In general, conformational changes induced by K™ in
enzymes increase the catalytic enzymes rate (V,,4) and in many cases also the affinity for substrate (K,
(Evans and Wildes, 1971). However, the omission of potassium in the nutrient solution may promote sig-
nificant reductions in the absorption of various nutrients by the plant.

Losses due to K absence in the solution, in the growth impairment and in nutrient absorption, pre-
viously reported, induced the appearance of visual symptoms, as chlorosis of old leaves borders, fol-
lowed by necrosis. Similar symptoms were reported by Martinez et al. (2008) in coffee plants with
deficiency of K showing chlorosis followed by necrosis of older leaves, progressing to the center of
leaves veins. The effect of K deficiency in older leaves is attributed to the intense redistribution of the
nutrient in the plants (Mengel and Kikby, 1987).

Martinez et al. (2008) also reported that potassium deficiency provokes wilting and breakage of
stems and that border necrosis extends to young leaves, resulting in higher protein degradation and
accumulation of basic amines and induction of enzymes regulating the putrescine synthesis
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accumulated in the leaves edges, as the deficiency progressed. Guimaraes and Reis (2010) reported that
potassium deficiency in coffee plants may provoke chlorosis and necrosis of older leaves and “dieback”,
besides giving rise to small and empty fruits. These symptoms are due, especially because that nutrient
exerts important roles in the synthesis of the carbohydrates in the leaves, and in its transfer to fruits
and other plant organs. Passos (1999) also adds that potassium is necessary for chlorophyll
development.

Braganga et al. (2007) also reported that potassium deficiency in coffee plants is responsible for
higher soluble carbohydrates and reducer sugars pile up in the tissues, with symptoms characteristics
of necrosis or older leaves borders darkening, promoted by starch biosynthesis reduction through
starch synthesis activation.

Calcium

Coffee plant lacking calcium had fewer number of leaves, low net chlorophyll index and low chlorophyll
rate (Table 1), resulting in lower dry matter production in the aerial part, roots and in the entire plant
(Table 2). In roots, calcium suppression reduced 56.3% of the dry matter, which could be explained by cal-
cium role associated with pectins through calcium pectate. Typically, when cells grow, the surface of contact
between them elongates, increasing the need for calcium supply (calcium pectates) to form pectin, giving
elongation to the cell wall to reach the final size where lignin is deposited, making cell walls more rigid
(Mengel and Kikby, 1987; Prado, 2008). Also, reduction of dry matter caused by Ca suppression was 27.2%
in the aerial part and 33.6% in the entire plant, compared to the full solution treatment. Moreover, the cal-
cium from calcium pectates is also part of the middle lamella (space between two adjacent cells) that have
“cementing” function, namely connecting the neighboring cells (Prado, 2008). This effect of calcium in the
organization of the middle lamella may influence the texture, firmness and fruit ripening (Hanson et al,
1993) and reduces the rate of degradation of vitamin C, ethylene and CO, production and the incidence of
postharvest diseases (Conway and Sams, 1983).

Calcium suppressed treatment reduced Ca content compared with the full nutrient solution treat-
ment, both in the aerial part (74.3%) and in the roots (52.5%) respectively (Table 3).Yet, according to
the adequate contents of Ca suggested by van Raij (2011) (10 to 15 g kg™") plants with the full solution
had adequate values, while the treatment with Ca suppression was Ca deficient.

Calcium suppression reduced K and Mg contents in the aerial part and Mg and S in the roots
(Table 3). Similarly, the same occurred with nutrients content in the entire plant. When Ca was sup-
pressed, the content of this element was reduced in the aerial part (81.5%) and in the roots (79.4%),
and consequently in the entire plant (81.2%), compared to plants grown in the added calcium nutrient
solution. Also, calcium suppression reduced all other macronutrients in the aerial part, roots and whole
plant (Table 4). These results can be explained due to the roles performed by calcium in the cell mem-
brane, once calcium interconnects phosphate/carboxylic phospholipid groups and confers stability to
proteins, particularly the peripherals (Marschner, 1995), and for activating ATPases. Therefore, cal-
cium is an important element for membrane stability and for ions selective absorption.

The depressive effects of calcium absence in the biological variables and nutrients absorption led to the
emergence of visible nutritional disorders, such as leaves with irregular shapes, spots with necrotic stains
between leaves veins and death of buds, starting from the tips of the leaves and roots. In plants with calcium
deficiency cells wall disintegration and collapse of young tissues was observed besides the emergence of young
leaves with whitish borders. As the nutritional deficiency progressed, symptom also progressed to interveinal
and marginal chlorosis, with veins showing darker green tone. Also, given its role in cellular division and its
mobility in the phloem, Ca shortage led to meristem death, severely affecting roots growth and deepening
(Martinez et al., 2008). These results are due to the role of calcium, since at complexing with IAA (indole ace-
tic acid) it may promote the elasticity of the cell wall, stimulating cell growth (Rains, 1976). Some authors sug-
gest that AIA is involved in the transport of Ca to the apical regions of the plant (root or branch); thus, the
decrease in the level of auxin causes Ca deficiency in these tissues. Therefore, to maintain optimum root
growth of crops it is necessary to maintain a minimum concentration of Ca in the soil, from 2.5 to 8.0 mmol.
dm™> (Adams and Moore, 1983).
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Braganga et al. (2007) mentioned that due to the immobility of calcium in the phloem, symptoms of
this nutrient deficiency in coffee plants include border and interveinal chlorosis of younger leaves, as
well as reduction in the apical meristems growth. Guimaraes and Reis (2010) observed that the symp-
toms of calcium deficiency in coffee plants are evidenced by roots poorly developed and inefficient in
uptake water and minerals; with low root system development, death of end buds and turning plants
more droughts susceptible, because the absence of Ca limits roots development and water uptake.

Magnesium

Coffee plants grown with Mg suppression presented reduction in the relative chlorophyll index (40.8%)
net photosynthesis rate (39.1%) and an increase in plant internal CO, concentration (133.4%) (Table 1),
compared to the full nutrient solution treatment. A reduction in dry matter production in the roots
(50%) was also observed (Table 2). These results are due to the role of magnesium in plants, since
about 20% of the leaf total Mg is in the chloroplasts. From that total, 20% are in the chlorophyll and
the remaining in jonic form. Therefore, magnesium deficiency induces decreases in the chlorophyll
synthesis and, consequently, in the photosynthetic rate (Prado, 2008). CO, concentration increase in
the plant occurs because Mg acts as activator of the enzyme reactions for the regeneration of ribulose
diphosphate which consists of CO, acceptor, or “sugar which accepts the fixed photosynthetic CO,~,
which occurs at the beginning of the Calvin cycle in the chloroplast (Pierce, 1986). Thus, by taking
part in reactions involving CO, fixation, the lack of Mg can inhibit photosynthesis even in the presence
of chlorophyll. Thus, by reducing the enzymatic action due to magnesium deficiency, there is low pro-
duction or regeneration of ribulose diphosphate; a carbon skeleton, which receives the fixed CO..

That treatment promoted reduction in Mg content in the aerial part (88.5%) and roots (15.6%) (Table 3)
compared to the full nutrient solution treatment. Other nutrient contents were also reduced in the Mg sup-
pressed treatment (P, Ca, Mg and S in the aerial part, and P, Mg and S in the roots), compared with the full
solution treatment (Table 3). Magnesium contents in the aerial part in the treatment with full solution
showed values below the adequate, considered deficient, as reported by van Raij (2011) (3 to 5 gkg ).

Treatment suppressed of Mg reduced the content of this nutrient in the aerial part (89.5%), roots (85.0%
and entire plant (88.2%). Also, there was reduction in the contents of all other nutrients in the aerial part,
roots and entire plant with exception of nitrogen in the aerial part, compared to treatment with full solution
(Table 4).

Magnesium omission was responsible for impairments in the vegetative development, as previously
reported; it induced the appearance of symptoms of nutritional disorders, with plants showing chlorosis,
starting on older leaves veins. These symptoms were similar to those reported by Martinez et al. (2008) which
verified yellowing and interveinal chlorosis on alder leaves, which might progress to necrosis. It is important
to point out that those symptoms were diagnosed at the end of the evaluations period, once in the beginning
of plants development the amount of this nutrient in the plant prevented the appearance of visual symptoms.

Guimaraes and Reis (2010) quote magnesium as responsible for chlorophyll formation and by
plants green color, and once it is mobile in the plants, it may translocate easily from older tissues to
younger plant parts. Also, the same authors stated that the symptoms of magnesium deficiency in cof-
fee plants occur primarily in older leaves with color degradation between leaves veins; generally starting
on the border and apex, progressing to the center, and also stated that low content of Mg in leaves may
reduce photosynthesis production and plant growth. Braganca et al. (2007) affirmed that magnesium
deficiency symptoms in coffee plant start with interveinal chlorosis on older leaves, and may progress
to younger leaves, especially because magnesium exerts fundamental role in photosynthesis formation
and photo assimilates production, necessary for high harvest indexes.

Sulfur

Absence of sulfur in the solution caused reductions in the number of leaves (14.3%), relative chlorophyll
index (25.9%), stomata conductance (57.1%), net photosynthesis rate (55.7%), and increases in CO, con-
centration (148%) (Table 1), resulting in less dry matter production in the roots (59.4%) (Table 2), when



1586 R. A. FLORES ET AL.

compared to the full nutrient solution treatment. It was also observed those reductions in stomata conduc-
tance and net photosynthesis rate may be explained because S is a component of ferrodoxin; a low molecu-
lar weight protein acting in oxireduction reactions in photosynthesis (Prado, 2008).

It is important to emphasize that plants subjected to S omission showed reduction in this nutrient
content in the aerial part (61.5%) and roots (28.1%) compared to the full nutrient solution treatment
(Table 3). Sulfur contents in the aerial part, both in the treatment with full nutrient solution as in the
treatment omitted of S presented values below the adequate range suggested by van Raij (2011) (1.5 to
2.0 gkg ). These differences might be attributed to genotype, type of leaves collected and distinct cul-
tivation conditions.

Sulfur omission reduced P, K, Ca and Mg contents in the aerial part and Ca and Mg in the roots
(Table 3) besides reducing S content in the aerial part (64.0%), in then roots (71.3%) and in the entire
plant (66.9%) compared to plants grown in the full solution (Table 4).

As a function of dry matter and nutrient absorption reduction due to S absence in the solution,
nutritional disorders were observed in the last week of evaluation such as the emergence of small
leaves, with curling borders, as well as chlorosis in young leaves. These results were similar to those
reported by Martinez et al. (2008), which verified generalized chlorosis very similar to that deriving
from nitrogen deficiency. However, in the S case the chlorosis started in young leaves due to the low
mobility of this nutrient in the phloem. Braganga et al. (2007) considered chlorosis between younger
leaves nerves as symptoms of sulfur deficiency. Guimaraes and Reis (2010) also stated that sulfur defi-
ciency also appears in younger leaves, with chlorosis between veins; shortening of internodes and defo-
liation. The same authors also stated that in less severe deficiency situation, visual symptoms are not
shown, but production and quality are affected.

Schnug et al. (1985) carried out a study in 51 coffee farmers (Coffea canephora var. Robusta), with coffee
age between 6 and 20 years old. In this study, it was evaluated the soil fertility, the mineral nutrition of this
plants, and also the relationship between these properties. It was not observed in the sample soil deficiency of
iron (Fe), manganese (Mn), zinc (Zn) and cupper (Cu), however, in an analyse of the plant nutritional state,
the major deficiency was Zn, which present an relationship Zn:Cu 1:2.6, while the normal for the region is
5:1. Same authors related that there are not a positive relationship between the soil nutrient content and the
nutrient present in the plant (coffee). At the end of the study, the following decreasing order of nutritional
deficiency in the plant of coffee was found: Zn>Ca>P>N>Fe>Mg>P>S>Mn=B=Cu. In the treatment
with full solution the following descending order was observed regarding aerial part contents:
N>K>Ca>P>Mg>S; in the roots: N>Ca>Mg>P=S, and in the entire plant: N>K>Ca>P>Mg>S$
(Table 4).

Similar results were reported by Braganga (2005) in Conilon coffee trees, with the following
sequence of nutrients accumulation in leaves: N>Ca>K>Mg>P, but only calcium extraction was
higher than potassium in this study.

Conclusions

After studying the buildup of nutrients in plants and comparing them with the biological events
involved in the development of the plant is possible to conclude that the omission of nutrients pro-
motes nutritional disorders caused by both the direct effect of the nutrient as by the effect of the inter-
action among them. Still, several biological processes such as increasing the concentration of CO,
inside the plant and reducing the rate of net photosynthesis and stomata conductance are affected
mainly by the omission of potassium and sulfur.

The dry matter production of roots is reduced by the omission of macronutrients, without excep-
tion, whereas only the omission of nitrogen and calcium was able to reduce the production of dry mat-
ter of the aerial part of the plant, these being the nutrients that most limited the total dry matter
production of the crop.

This study on the omission of macronutrients in coffee plants, although simple, in practice it is pos-
sible to relate biological events involved with nutritional deficiency caused by nutrients poorly studied
in the literature, such as calcium, magnesium and sulfur.
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