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ABSTRACT. The expansion of agriculture to new areas in order to increase
the competitiveness of coffee producing countries has resulted in cultivation
expanding into regions with lower natural fertility. This scenario has created
the need to differentiate genotypes of Conilon coffee based on their
tolerance to low levels of nutrients in the soil, especially phosphorus, which
imposes high limitations on crop yield in tropical regions. In this context,
the objective of this study was to identify differential tolerance among
genotypes of Conilon coffee cultivated in environments with different levels
of phosphorus availability in the soil. The experiment was conducted in
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a controlled environment, following a completely randomized design, with
three replications in a factorial scheme 13 x 3, the factors were as follows:
13 genotypes of Conilon coffee from groups of different ripening cycles
and three environments with different levels of phosphorus availability in
the soil (fertilization without phosphorus supply, and phosphorus supply
at 50 and 100% of recommendations). Discrimination of tolerance was
based on 14 variables, including vegetative growth, accumulation of dry
matter, nutrient content, and nutritional efficiencies. Estimates of genetic
parameters indicated high genotypic variability for genotypes cultivated in
environments with low phosphorus availability in the soil. It was possible
to classify genotypes 22, 23, 24, 67, 76, 77, and 83 as tolerant of a low
availability of phosphorus in the soil during early development. There was
no clear relationship between ripening cycles and the tolerance of the
genotypes to low phosphorus availability in the soil.
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INTRODUCTION

The expansion of agriculture to new areas in order to increase the competitiveness of
coffee producing countries has resulted in cultivation expanding into regions with lower natural
fertility, especially for phosphorus (P), which imposes high limitations on biomass accumulation
and crop yield in tropical regions (Novais et al., 2007). This scenario has led to fertilization
managements using greater amounts of fertilizers containing P, thereby increasing production
costs and increasing the need for knowledge to mitigate the situation.

Scientific advances are very relevant in relation to the production of Conilon coffee (Coffea
canephora Pierre ex Froenher), especially studies focusing on genetic improvement, growth,
development, nutrition, and nutritional efficiency (Fonseca et al., 2004; DaMatta et al., 2007; Ferrao
etal., 2008; Braganca et al., 2010; Martins et al., 2013a,b,c; Prezotti and Braganca, 2013; Barbosa
et al., 2014). However, it is still necessary to elucidate many processes involved in the expression
of nutritional tolerance.

Conilon coffee exhibits high genetic variability, which allows identification of individuals with
different characteristics within the species (Ferréo et al., 2008). This fact is related, among other
traits, to the allogamous reproduction of the species, which, during evolution, provided numerous
random crossings that expanded its genetic basis (Lashermes et al., 1996). This great variability
is extremely important for breeding programs; however, for other areas of research that aim to
improve the management of plantations with Conilon coffee it promotes a common challenge,
since it is not possible to systematize a unique management that is efficient for all recommended
cultivars. This difficulty becomes evident for the mineral nutrition of Conilon coffee. The cultivated
genotypes of this species present different characteristics of dry matter accumulation (Prezotti
and Braganca, 2013), nutritional efficiency, and responsiveness (Martins et al., 2013a,b) when
fertilized with similar levels of nutrient supply. Genetic variation is one of the main factors that
promotes differences in mineral nutrition of genotypes of the same species (Fageria, 1998), and
it is extremely important to investigate genotypes with the potential to adapt to different cultivation
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conditions (Machado et al., 2004; Tomaz et al., 2011).

In this context, the main solution to increase productivity and reduce the costs due to the
use of fertilizers is to identify genotypes that are more suitable for each cultivation system. Selection
of tolerant genotypes, adapted to low availability of nutrients in the soil, becomes necessary for
regions with soils with low natural fertility, especially P, which imposes high limitations on crop
yields in tropical regions (Silva et al., 2010; Amaral et al., 2012). By definition, a plant is considered
tolerant to a deficit of P in the soil when it is able to develop even in conditions of insufficient
nutrient availability with maximum productivity, being able to produce, for example, high amounts
of dry matter per unit of time and area (Fox, 1978).

The exploitation of tolerant genotypes in plant breeding programs is critical to enable the
adaptation of cultivars to soil conditions with limitations regarding their fertility (Lana et al., 2006;
Rotili et al., 2010). However, there are still few methodologies capable of differentiating genotypes
with regard to tolerance to low level of nutrients in the soil. One of the methods is based on the
use of Anderson’s discriminant functions, classifying genotypes with unknown behavior in known
groups (tolerant and intolerant), based on their relevance to the diversity of a set group of selected
plant traits (Colodetti et al., 2014). The objective of this study was to identify evidence of differential
tolerance among genotypes of Conilon coffee cultivated in environments with different levels of P
availability in the soil.

MATERIAL AND METHODS

Description of the study area and plant material

The experiment was conducted in a greenhouse, located at the experimental site of Centro
de Ciéncias Agrarias of Universidade Federal do Espirito Santo (CCA/UFES), in the municipality
of Alegre, southern Espirito Santo State, at latitude 20°45'S, longitude 41°33'W, and 277.41 m in
altitude.

The genotypes of C. canephora studied in this experiment were grouped based on
their ripening cycle: genotypes 02, 23, 32, 48, and 67 have an early ripening cycle; genotypes
22, 31, 73, 77, and 83 have an intermediate ripening cycle; and genotypes 24, 76, and
153 have a late ripening cycle. These genotypes were developed by the breeding program
established by Incaper (Instituto Capixaba de Pesquisa, Assisténcia Técnica e Extensdo
Rural), and they feature desirable agronomic traits and adaptation to cultivation in the State
of Espirito Santo, Brazil. The seedlings used in the study were multiplied asexually through
cuttings and underwent 120 days of development, presenting two pairs of green leaves and
good phytosanitary and nutritional aspects.

The soil used in the experiment was collected from a depth of 10 to 40 cm, with the first 10
cm of soil being discarded in order to reduce the effects of organic matter present in the superficial
layer. A sample of this soil was sent to the laboratory for chemical and physical analyses (Table 1),
and the soil was characterized as a dystrophic oxisol of clayey texture (Embrapa, 1997). The entire
volume of soil was dried in the shade, homogenized with a 4.0-mm mesh sieve, and separated into
samples of 10-dm?® samples by weighing on a precision scale. The samples were placed in sealed
pots with a 14-L capacity.
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Table 1. Physical and chemical characteristics of the soil used as the substrate to grow genotypes of Coffea
canephora.

Attribute Values
Coarse sand (g/kg)' 395.30
Fine sand (g/kg)’ 157.70
Silt (g/kg)" 43.60
Clay (g/kg)’ 403.40
Soil density (kg/dm?)* 1.20
pH? 5.40
P (mg/dm?)* 2.00
K (mg/dm?)® 93.0

Ca (cmolc/dm?3)° 1.70
Mg (cmolc/dm?)® 1.10
Al (cmolc/dm?)® 0.00
H+AI (cmolc/dm?)® 2.10
Sum of bases (cmolc/dm?) 3.37
CEC potential (cmolc/dm?) 5.45
CEC effective (cmolc/dm?) 3.37
Saturation per bases (%) 61.80

"Pipette method (slow mixing); 2graduated cylinder method; 3pH in water (relation 1:2.5); “extracted by Mehlich 1
and determined by colorimetry; Sextracted by Mehlich 1 and determined by flame photometry; extracted with 1 M
potassium chloride and determined by titration (EMBRAPA, 1997).

Experimental design and conduct of the study

The experiment was conducted in a controlled environment, following a completely
randomized design, with three replications in a factorial scheme of 13 x 3. The factors were 13
genotypes of Conilon coffee divided into three groups based on differences in the ripening cycle,
and three environments with different levels of P availability in the soil: fertilization without P supply,
and P supply at 50 and 100% of the recommended level (see Martins et al., 2013b).

The application of P in soil was based on recommendations for Conilon coffee (Lani et al.,
2007), using the levels of 0, 50, and 100% of the recommended level (0.000, 0.312, and 0.625 g/
kg phosphorus pentoxide (P,O,), respectively) in order to discriminate characteristics related to the
tolerance of low availability of P in the soil, as indicated by previous results (Martins et al, 2013b).
The level of P available in the soil was managed by applying monopotassium phosphate (KH,PO,)
diluted in distilled water and homogenizing the solution in the soil sample of each pot. The amount
of potassium provided was balanced to the level of 0.45 g/kg of potassium oxide (K,O) in all the
pots; whereas for treatments with a reduced supply of P, fertilization with potassium was made with
the addition of potassium chloride (KCI), diluted in distilled water, and homogenized in the volume
of soil in the pot before planting.

Nitrogen fertilization was performed using urea (NH,CONH,) diluted in distilled water and
applied over the soil surface, circulating 10 cm away from the plants. Total nitrogen fertilization
(17.3 g/kg) was divided into five applications: the first after planting and the other four at 30, 60, 90,
and 120 days after planting (Lani et al., 2007).

Irrigation was performed daily, returning the soil humidity to approximately 60% of the total
pore volume, obtained by the densities of particles and soil and determined by the test tube method
according to the methodology described by Embrapa (1997). Cultivation practices were performed
manually according to plant requirements.
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Evaluation of the study and calculation of indices

After 150 days of cultivation, morphological variables were measured, including plant
height (PH), number of leaves (NL), stem diameter (SD), length of plagiotropic branch (LPB), and
root length (RL). PH and LPB were obtained using a graduated ruler, with the values expressed
in cm. SD was measured using a precision caliper at the cervical region and expressed in mm
and the NL was counted. To measure RL, roots were removed from the soil, washed in water, and
wiped on paper towels. A sample of approximately 5% of the fresh weight of roots was removed,
with the aim of estimating the total length of roots using the interception line method, as described
by Tennant (1975).

Plants were collected after evaluation, and stems, branches, leaves, and roots were
separated. These sections were placed in separate paper bags and put into a laboratory oven,
with forced air circulation, at a temperature of 65°C, until their weight became constant, and
weight of the dry matter was determined. The dry matter of leaves (DML), stems and branches
(DMS), and roots (DMR) were determined separately. Material was weighed on an analytical
balance and the results expressed in g per plant. Total dry matter (TDM) was the sum of DML,
DMS, and DMR. From the relationship between DMR and DML+DMS, the ratio of roots:shoots
(LRR) was calculated.

Plant dry matter was used to determinate the P content of roots, stems, and leaves, following
the methodology described by Embrapa (1997), and total content of P (AP) was calculated. Using
the dry matter and content of nutrients in the plants, nutritional indices of efficiency were calculated
[absorption efficiency (AE) (Swiader et al., 1994); translocation efficiency (TE) (Li et al., 1991); and
utilization efficiency (EU) (Siddigi and Glass, 1981)]:

AE = (total content of nutrient in the plant) / (dry matter of roots) (Equation 1)
TE = [(nutrient content in the shoot) / (total nutrient content of the plant)]x100 (Equation 2)
EU = (total dry matter)? / (total nutrient content of the plant) (Equation 3)

Statistical analysis

The data were subjected to individual analyses of variance, using the F test, in order to
identify the characteristics for which there was differentiation between means for the genotypes
studied. Based on the individual analyses, using the fixed model:

Yi=ptgite; (Equation 4)

Estimates were calculated for genotypic coefficient of variation (CV,), quadratic component
of genotypic variability (¢,), and coefficient of genotypic determination (H?) for each trait.

Classification of genotypes regarding their tolerance to low availability of P in the soil
was undertaken using two criteria. Initially, the different characteristics of the plants were used
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to compare their growth using the Tukey test to identify genotypes that were able to grow under
conditions of low availability of P (higher tolerance) and genotypes that were not able to develop
satisfactorily (lower tolerance). Sequentially, a multivariate analysis, employing discriminant
functions of Anderson, was performed to classify the genotypes whose tolerance had intermediate
behavior in one of two known groups (tolerant and intolerant). In this procedure, a set of
characteristics were selected, based on their relevance to diversity, to be used simultaneously
in order to estimate the discriminant functions, which were used to calculate the scores and
rankings, of the genotypes. All analyses used the 5% significance level and were conducted
using the statistical software Genes (Cruz, 2013).

RESULTS
Genetic parameters

The estimated values of the coefficient of genetic variation and the quadratic component of
genotypic variability showed adequate expression of heterogeneity among genotypes in relation to
the characteristics evaluated in this experiment: higher values were observed for variables in plants
subjected to lower P supply in the soil (Table 2).

Table 2. Coefficient of genetic variation (CV,), quadratic genotypic variability (¢,), and coefficient of genotypic
determination (H?) of 14 variables of conilon coffee genotypes grown with 0, 50, and 100% of the recommended
fertilization with phosphorus (P), at 150 days of cultivation.

Parameter PH! SD? PBL®

0% 50% 100% 0% 50% 100% 0% 50% 100%
cv, 20.75 10.85 7.39 20.42 5.45 4.20 24.57 11.92 6.56
ag 34.55 15.25 8.94 1.41 0.16 0.12 25.50 10.48 4.48
H? 95.44 91.39 94.13 96.69 84.33 83.98 98.33 96.00 83.73
Mean 28.32 35.97 40.46 5.83 7.45 8.23 29.40 27.15 32.25
Parameter RL* NL® DMR®

0% 50% 100% 0% 50% 100% 0% 50% 100%
Cv, 44.51 30.93 24.98 31.53 24.76 14.10 51.95 27.27 21.62
ag 12.535 17.476 31.555 146.72 164.55 130.62 9.91 9.90 13.73
H? 99.74 91.20 99.57 98.71 99.06 98.65 99.40 98.09 97.55
Mean 251.51 427.32 710.90 38.41 51.79 81.04 6.06 11.53 17.13
Parameter DMLY DMS® TDM?®

0% 50% 100% 0% 50% 100% 0% 50% 100%
E)Vg 11.51 13.78 7.97 52.29 23.72 14.91 23.83 16.69 8.71
9, 11.51 18.95 9.97 3.78 213 2.19 64.05 67.71 33.74
H? 96.55 98.10 95.11 98.41 97.69 94.55 99.02 98.75 96.47
Mean 23.80 31.58 39.61 3.71 6.16 9.93 33.58 49.28 66.68
Parameter LRR™ AP" AE™

0% 50% 100% 0% 50% 100% 0% 50% 100%
Cv, 41.89 17.34 21.98 23.46 20.44 12.79 76.09 18.42 16.33
ag 0.01 0.01 0.01 73.55 179.73 169.70 39.72 1.23 0.92
H? 98.48 94.44 96.41 98.74 99.37 98.63 99.99 99.89 99.90
Mean 0.21 0.30 0.34 36.55 64.56 101.83 8.28 6.01 5.88
Parameter TE™ UE™

0% 50% 100% 0% 50% 100%
Cv, 36.35 4.54 11.16 28.62 17.93 11.95
ag 38.05 13.27 83.34 76.52 42.86 29.15
H? 99.97 99.94 99.95 99.99 99.87 99.87
Mean 84.40 80.12 81.79 30.56 36.48 45.17

'Plant height (cm); 2stem diameter (mm); 3plagiotrophycal branch length (cm); “root length (cm); Snumber of leaves; ¢dry
matter of roots (g); “dry matter of leaves (g); 8dry matter of stems (g); °total dry matter (g); °leaf root ratio; "content of
P in the aerial part (mg); "2absorption efficiency (mg/g); "*translocation efficiency (%); "utilization efficiency.

Genetics and Molecular Research 14 (3): 10576-10587 (2015) ©FUNPEC-RP www.funpecrp.com.br



L.D. Martins et al. 10582

Overall, for those variables where a high coefficient of genotypic determination was
observed, indicating less influence of the environment on these variables, a superior trend in the
treatments with low availability of P in the soil was also observed. This result lead to the selection of
the environment with the lowest P availability in the soil (without addition of P,O,) in order to study the
response of the genotypes in the following analyses.

Response of genotypes to low availability of phosphorus

The response of genotypes to cultivation in an environment with low P availability
enabled the identification of genotypes with satisfactory and unsatisfactory growth. Mean values
for the morphological variables of genotypes grown in an environment without the addition of P
are presented in Table 3. Genotype 24 grew relatively well compared with the other genotypes,
obtaining higher mean values for PH, SD, RL, NL, DMR, DML, DMS, TDM, AP, and UE. In contrast,
genotype 32 presented low accumulation of dry matter, resulting in low mean values for DMR,
DML, TDM, LRR, AP, and UE. Thus, genotypes 24 and 32 were used as standards of tolerance and
intolerance, respectively, for cultivation in soil with low P availability. Initially, the other genotypes
were classified as having intermediate tolerance.

Discrimination of tolerance

The variables PH, SD, LPB, RL, NL, DMR, DML, DMS, TDM, LRR, AP, AE, TE, and UE
were used to generate discriminant functions based on the results of the genotypes mentioned
above, and were called D,(x) for tolerance and D (x) for intolerance:

D, (x) = - 111.17*PH + 414.06*SD + 71.34*LPB + 16.44*RL + 8.39*NL + 102,245.54*DMR +
102,070.85*DML + 102,687.78*DMS - 102,376.35*TDM + 53,497.86*RRS - 78.57*TCP + (Equation 5)
311.51*AE + 454.17*TE - 75.02*UE - 22,614.43

D; (x) = - 111.59*PH + 415.68*SD + 71.04*LPB + 16.48*RL + 8.39*NL+ 102,245.66*DMR + )
102,070.42*DML + 102,687.03*DMS - 102,378.41*TDM + 53,500.18*RRS - 77.72*TCP + (Equation 6)
311.16*AE + 454.52*TE - 73.94*UE - 22,625.17

Discrimination based on the scores of the functions classified genotypes 67, 83, 77, 76,
22, 23, and 24 as tolerant to low availability of P in the soil and genotypes 02, 31, 32, 48, 73, and
153 as intolerant (Table 4). Notably, the genotypes that were used as the standards of tolerance
and intolerance (24 and 32, respectively) maintained their rating correctly. This shows the statistical
consistency of the generated functions and validates the inferences and proposed classification for
the genotypes of undefined behavior.

It was not possible to establish a relationship between the duration of the ripening cycle and
the qualitative discrimination for tolerance to low availability of P in the soil. The results showed that
tolerant genotypes, such as 23 and 67 (early ripening cycle), 22, 77, and 83 (intermediate ripening
cycle), and 24 and 76 (late ripening cycle), behave similarly regardless of the characteristics of
their ripening cycle (Table 4).
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Table 4. Classification of the genotypes of Conilon coffee based on development under low availability of
phosphorus in the soil, according to estimates of the discriminant functions D(x) and D,(x) for tolerant and
intolerant genotypes, respectively.

Genotype Ripening cycle D,(x) D,(x) Classification
67 Early 22,484.61 22,482.76 Tolerant
73 Intermediate 22,557.02 22,558.88 Intolerant
83 Intermediate 22,776.69 22,774.83 Tolerant
77 Intermediate 22,436.40 22,434.54 Tolerant
76 Late 22,722.76 22,720.90 Tolerant
48 Early 22,237.70 22,239.56 Intolerant
22 Intermediate 22,396.59 22,394.73 Tolerant
23 Early 22,657.34 22,655.48 Tolerant
24 Late 22,816.96 22,815.10 Tolerant
31 Intermediate 22,741.04 22,742.90 Intolerant
32 Early 22,534.09 22,535.94 Intolerant
02 Early 22,948.32 22,950.18 Intolerant

153 Late 22,713.41 22,715.27 Intolerant

Discriminant functions estimated using the Anderson method.

DISCUSSION
Differential tolerance to an environment with restricted phosphorus supply

The explanation for the different behaviors of the genotypes of Conilon coffee regarding
their tolerance to low P supply in the soil is related to the wide genetic variability found in this
species (Table 2). The high variability of genotypes being bred in Brazil, which often leads to wide
phenotypic variation within this species of coffee, has been reported in various studies (Fonseca et
al., 2004; Ferrao et al., 2008; Rodrigues et al., 2012; Barbosa et al., 2014).

In environments with a low supply of nutrients, the main survival strategy for plants is to
accumulate nutrients and transform them into dry matter, in particular in leaves to promote the
development of photosynthetically active areas (Taiz and Zeiger, 2013). This evidence explains
the fact that TDM and AP were higher for genotype 24 (tolerant) and lower for genotype 32
(intolerant), when compared to the remaining genotypes (Table 3). This fact was the second
starting point for understanding the discrimination of tolerance among genotypes, and it also
corroborates with the results of other studies involving the nutrition of these genotypes (Martins
et al., 2013c; Colodetti et al., 2014).

Revisiting other nutritional experiments, it is evident that genotype 24 has a high accumulation
of P when cultivated in soils with low availability of P and this trend is not maintained when the nutrient
supply increases towards the actual recommended level. Contrarily, genotype 32 has reduced
capacity to accumulate P when grown in environments with low availability of this nutrient; however,
this genotype can increase the accumulation of P up to 700% when the nutrient supply increases,
in contrast to only 310% achieved by genotype 24 (Martins et al., 2013b). This finding implies that
the capacity to discriminate genotypes for tolerance may be strongly connected to the nutritional
efficiency expressed by the genotypes, particularly the efficiency to utilize P from the soil. Recent
studies have classified genotype 24 as nutritionally efficient, but unresponsive to increases in P
fertilization, and genotype 32 as inefficient, but responsive to phosphorous fertilization. This may
partially explain the fact that tolerance is related to the capacity of the genotypes to express efficiency
in environments with nutritional limitations, and indicates that genotypes classified as intolerant may
be, in most cases, very responsive to increases in P fertilization to recommended levels (Martins et
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al., 2013a). This direct relationship was evidenced for the genotypes in this study (Table 4), except
for genotypes 73 and 153, which have been previously classified as inefficient and unresponsive
(Martins et al., 2013a), and both were identified here as intolerant.

Relationship between tolerance and ripening cycle

Genotypes of Conilon coffee showed no relationship between tolerance to low P availability
in the soil and duration of the ripening cycle (Table 4). In contrast, some studies have reported that
genotypes of Conilon coffee with early maturation (genotypes 02, 31, and 153) have higher growth
rates and accumulation of nitrogen (N), P, potassium, calcium, magnesium, sulfur, and dry matter
(Morais et al., 2012; Prezotti and Braganga, 2013; Partelli et al., 2013, 2014). However, other
studies showed that, in recommended growing conditions, early maturation may be linked to the
efficiencies of absorption and utilization of P, and when modifying the supply of P, the behavior
of genotypes varies (Martins et al., 2013a, Martins et al., 2013c), with no apparent evidence of
change in the levels of tolerance.

Moreover, there is evidence that there is no direct relationship between the ripening cycle
and tolerance to low levels of N in the soil (Colodetti et al., 2014). The variation in results regarding
this relationship may be related to the condition of low availability of nutrients in the soil being used
to discriminate genotype tolerance, while other studies used modified environments to supply of all
nutrients (Partelli et al., 2013, 2014). The restricted supply of nutrients may promote the expression
of genes for adaptation and, therefore, result in the expression of traits related to tolerance, as
seen in Table 2.

For example, genotype 02 is intolerant to low levels of both P and N (Colodetti et al.,
2014) and presents an early ripening cycle, while genotype 76 is tolerant of low levels of P and N
(Colodetti et al., 2014) and has a late cycle. This fact demonstrates that, for young plants, the results
diverge from the hypothesis presented in some other studies (Partelli et al., 2013, 2014). In addition,
Rodrigues et al. (2012) studied several genotypes of Conilon coffee from each group of ripening cycle
and monitored biometric characteristics over four years, concluding that no tendency of superiority
occurred among the genotype groups of early, intermediate, and late ripening cycle.

In general, the tolerance of genotypes of Conilon coffee to low levels of P appears to be
linked to i) the efficiency of accumulating total dry matter and P in their tissues, ii) the partial increase
in the utilization efficiency of P, and by iii) the adaptability to stressful environments supported by
the genetic variability of this species.

In conclusion, genotypes 22, 23, 24, 67, 76, 77, and 83 are tolerant to low availability of
P in the soil during early development. There is no clear relationship between the duration of the
ripening cycle and the tolerance of the genotypes to low P availability in the soil. The genotypes
express high genotypic variability in environments with low P availability in the soil.
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