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Abstract — The objective of this work was to evaluate the effect of copper on the chemical composition
of coffee beans and on the quality of the beverage, relating both of them to the Cu leaf contents in coffee
(Coffea arabica) plants. Coffee plants were grown in a hydroponic system containing 0.2, 0.4, 0.8, 1.6, and
3.2 umol L Cu until fruit setting. Coffee bean production was evaluated, and, after the cherries were dried,
the following characteristics were determined: leaf Cu content; total titratable acidity; color index; electrical
conductivity; leached K; polyphenol oxidase (PPO) activity; concentrations of caffeine, trigonelline,
organic acids, total phenols, chlorogenic acids (3-CQA, 4-CQA, and 5-CQA), sucrose, glucose, arabinose,
mannose, and galactose; and sensory quality of roasted beans. Cu increased bean yield, PPO activity, and the
concentrations of organic acids, 3-CQA, sucrose, and arabinose. Total titratable acidity, total phenols, 4-CQA,
and 5-CQA were reduced with increasing Cu doses. Leaf contents related to the maximum and minimum
values of desirable and undesirable quality attributes ranged from 5.6 to 11.4 mg kg Cu, respectively. Copper
affects the production and chemical composition of coffee beans, and the attributes related to quality are
maximized in plants with low leaf contents of the nutrient.

Index terms: Coffea arabica, nutrition, sensory analysis.

Produgao, composi¢cao quimica e qualidade de café
arabica submetido a doses de cobre

Resumo — O objetivo deste trabalho foi avaliar o efeito do cobre na composi¢do quimica dos gréos de café e
na qualidade da bebida, bem como relacionar ambas aos teores foliares de Cu do cafeeiro (Coffea arabica).
Cultivaram-se cafeeiros em sistema hidroponico com 0,2, 0,4, 0,8, 1,6 e 3,2 umol L' de Cu até a producdo de
frutos. Avaliou-se a producao do café, e, apos secagem dos graos maduros, determinaram-se: a concentragao
foliar de cobre; a acidez total titulavel; o indice de coloragdo; a condutividade elétrica; o K lixiviado; a
atividade da polifenoloxidase (PPO); as concentragdes de cafeina, trigonelina, acidos orgénicos, fendis totais,
acidos clorogénicos (3-CQA, 4-CQA ¢ 5CQA), sacarose, glicose, arabinose, manose e galactose; e a qualidade
sensorial dos grdos torrados. O Cu aumentou a produgdo de graos, a atividade de PPO e as concentragdes
de acidos organicos, 3-CQA, sacarose ¢ arabinose. A acidez total titulavel, os fendis totais ¢ 0 4-CQA ¢ o
5-CQA foram reduzidos com o incremento das doses de Cu. Os teores foliares relacionados aos valores
maximos e minimos dos atributos de qualidade desejaveis e indesejaveis variaram de 5,6 a 11,4 mg kg !
de Cu, respectivamente. O cobre afeta a produg@o ¢ a composi¢do quimica dos graos de café, e os atributos
relacionados a qualidade sdo maximizados com baixas concentragdes foliares do nutriente.

Termos para indexacao: Coffea arabica, nutri¢do, analise sensorial.

Introduction grinding, and packaging. Several chemical constituents

of the bean, such as aroma, flavor, acidity, body,

The characteristic coffee flavor derived from the astringency, and residual taste, among others, are

bean is directly related to edaphoclimatic conditions,  responsible for the characteristics of the beverage, and

cultivars, soil or leaf fertilization, and post-harvest  their proportion or combinations will define its quality
processing, which includes drying, storage, roasting, (Buffo & Reineccius, 2008).
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The chemical composition, and qualitative
and quantitative variations of coffee beans were
investigated according to species (Monteiro & Farah,
2012), cultivar (Kitzberger et al., 2013), and also to
processing, growing environment, and management
(Ribeiro et al., 2016). Among the chemical components
of the raw coffee beans, chlorogenic acids, caffeine,
trigonelline, phenols, and sucrose are closely related to
the sensory quality of the beverage and are used in its
classification (Farah et al., 2006).

Copper constitutes and activates several enzymes
such as polyphenol oxidase and diamine oxidase,
which catalyze the oxidation of phenolic compounds
to ketones, considered precursors of lignin (Héansch
& Mendel, 2009; Pilon et al., 2006). The activity of
the polyphenol oxidase enzyme in raw beans has been
used as a biochemical indicator of beverage quality,
since the best quality coffees show a greater activity of
this enzyme and have a higher color index (Carvalho
et al., 1994; Mazzafera et al., 2002; Silva et al., 2009).

Although minerals act in many of the metabolic
pathways that form the compounds that give coffee its
quality, there are few studies relating the nutritional
status of coffee plants to the quality of the beverage.
Nitrogen and potassium nutrition affects the chemical
composition of the raw bean, which, after toasted,
produces compounds that give aroma and flavor to
the coffee (Clemente et al., 2015). However, studies on
the micronutrients and the formation of compounds
desirable for the quality of the beverage are restricted
to the effect of zinc (Martinez et al., 2013); there are no
known reports on the relationship between Cu and the
quality of coffee beans.

The objective of this work was to evaluate the effect
of Cu on the chemical composition of coffee beans and
on the quality of the beverage, relating both of them to
the Cu leaf contents in coffee plants.

Materials and Methods

The experiment was conducted in a greenhouse
at the Department of Plant Science of Universidade
Federal de Vigosa (UFV), located in the municipality
of Vigosa, in the state of Minas Gerais, Brazil, between
August 2010 and August 2013. Plants of the Catuai
Vermelho [AC 99 coffee (Coffea arabica L.) cultivar
were grown in nutrient solution under increasing Cu
doses.
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Before the beginning of the experiment, plagiotropic
branches of 'Catuai Vermelho IAC 99' were grafted
on rootstocks of the same cultivar to reduce the size
of the plants. After wound healing, the plants were
maintained in containers with aerated nutrient solution
containing 6.0 mmol L' N, 0.5 mmol L' P, 3.23
mmol LK, 2.25 mmol L' Ca, 1.0 mmol L' Mg, 1.75
mmol L' S, 23 umol L' B, 2.0 umol L' Zn, 12 umol L!
Mn, 0.3 pmol L' Mo, and 40 pmol L' Fe, according
to Clemente et al. (2015). The plants were kept in half-
strength nutrient solution until two leaf pairs were
reached. At this stage, plants were transplanted into
11-L containers filled with acid-washed river sand over
a 2-cm layer of expanded clay on the bottom, to which
was added a full-strength solution. After one year, the
plants were transferred to 20-L containers in the same
conditions as previously described.

Data were collected in the second production cycle,
because bean production in the first one was insufficient
for all evaluations. The experiment was arranged in
a completely randomized design, consisting of the
following Cu doses: 0.2, 0.4, 0.8, 1.6, and 3.2 umol L
supplied via nutrient solution, with three replicates
per treatment. The experimental plot consisted of two
containers, each with one plant.

Replicates of the same treatment were connected
to a reservoir with 50-L capacity containing the
corresponding nutrient solution. Every 3 hours, the
plants were irrigated with the respective solutions. The
nutrient solutions percolated the sand bed and returned
to the same reservoir, where they remained until the next
irrigation shift. At night, the system was kept turned off.

The volume of solution evapotranspirated per
treatment was refilled daily with deionized water until
the initial volume of 50 L was reached. The solution
pH of each reservoir was adjusted daily to 5.5+0.5
with HCI or NaOH, and the solutions were replaced
whenever the electrical conductivities reached 70% of
the values measured in the fresh solutions. The sand
and expanded clay of the substrate were washed and
disinfected, and the stock solutions of macronutrients
and chelated iron used in the preparation of the nutrient
solution were purified as described by Martinez &
Clemente (2011).

The plants were kept under a shading screen blocking
50% of the incident radiation. During the experiment,
the temperature inside the greenhouse was between
the maximum of 45°C and the minimum of 12°C.
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At the beginning of flowering, leaves of the third
or fourth node of the flowering plagiotropic branches
were collected to evaluate the nutritional status of the
plants. The samples were washed in deionized water,
oven dried at 70°C for 72 hours, and ground in a Wiley
mill.

Coffee beans were picked individually at the cherry
stage, and production per plant (gram per plant) was
recorded in each plot. Beans were dried on a paper
towel until 11 to 12% moisture, hulled, and subjected
to the chemical analysis.

Cu leaf contents were determined by atomic
absorption spectrophotometry according to the method
of Silva (2009) with modifications.

The relationship between the Cu dose of the solution
and the Cu content of the diagnostic leaves was
obtained by ¥ = 3.1025 + 3.1907Cu; r2 = 0.98. This
equation was also used to estimate the following leaf
contents related to the bean chemical characteristics
that maximize quality: total titratable acidity (TA);
color index; electrical conductivity (EC); leached
K (LK); polyphenol oxidase (PPO) activity; and
concentrations of caffeine, trigonelline, organic acids,
total phenols, chlorogenic acids (3-CQA, 4-CQA, and
5-CQA), sucrose, glucose, arabinose, mannose, and
galactose.

TA (mL of 0.1 N mol L' NaOH per 100 g sample)
and total phenolic compounds (gallic acid equivalents)
were determined by the method of Helrich (1990).
The organic acids (malic, tartaric, and citric) were
obtained by high-performance liquid chromatography
with the CI18 reversed-phase column, according to
Scherer et al. (2012). PPO activity was determined
with DOPA (3,4-dihydroxyphenylalanine) substrate as
recommended by Carvalho et al. (1994).

The 3-CQA, 4-CQA, and 5-CQA chlorogenic acids
were extracted and clarified as described by Farah et
al. (2005). Caffeine and trigonelline were determined
as in Mazzafera et al. (2002), and proanthocyanidins as
in Hagerman (2002).

Sucrose and reducing sugars (glucose, mannose,
arabinose, and galactose) were quantified following
Sluiter et al. (2008).

The color index was obtained by the method modified
for coffee described by Singleton (1966), and LK and
EC were determined according to Loeffler et al. (1988).

Professional testers of the company Trés Irmaos
Corretora de Café (Vigosa, MG, Brazil) performed the

sensory evaluation (cup testing) of the samples, and the
results were converted into the following numerical
values for the statistical analysis: 88, strictly soft; 80,
soft; 70, softish; 60, hard; 59, hard/riado; 58, fermented
hard; 57, hard/riado/rio; 55, riado; 53, riado rio; 50, rio;
and 45, rio zona.

Data were examined by the analysis of variance and
regression analysis, using the SAEG software, version
9.0 (Universidade Federal de Vigosa, Vigosa, MG,
Brazil). The regression analysis was used to evaluate
the effects of Cu doses. The models were selected
based on the significance of the regression coefficients
by the t-test, at 5% probability; on the biological
phenomenon; and on the coefficient of determination.

Results and Discussion

Coffee bean yield showed a significant quadratic
response to Cu doses. Its peak was of 38.6 g per plant
at the estimated dose of 1.45 umol L Cu and Cu leaf
content of 7.20 mg kg (Figure 1).

It should be noted that doses higher than 1.45
umol L' Cu reduced bean production. This response
to the increase in Cu supply is related to the role of this
micronutrient in the plant’s photosynthesis, respiration,
carbohydrate metabolism, nitrogen metabolism,
antioxidant activity, lignification process (Pilon et
al., 2006; Hénsch & Mendel, 2009), and pollen grain
formation (Dell, 1981). Gontijo et al. (2008) found a
strong reduction in growth, plagiotropic branches, leaf
area, and dry matter accumulation in '"Topazio MG 1190’
coffee plants cultivated for 250 days in Cu-deficient
nutrient solution. However, in the present study,
the reduction at Cu doses higher than 1.45 umol L'
(Figure 1) may be related to the negative interactions
between Cu and other cations, since excess Cu induces
the deficiency of Fe, Zn, and Mn due to their similar
ionic radii (Sagardoy et al., 2009).

The leaf content associated with maximum yield
was below the range of 13-29 mg kg' considered
adequate for field conditions by Martinez et al. (2003),
but very close to the range of 8—16 mg kg' considered
adequate by Malavolta (1993). The low leaf contents
obtained in this study are probably due to the lack of
leaf contamination in the greenhouse environment.

The maximum production per plant was also low
because the plants were conducted with only one
primary plagiotropic branch, which was grafted onto
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the main orthotropic branch, whose apical bud was
removed. This procedure was done to provide early
fruiting in smaller plants, which are suitable for
cultivation in nutrient solution with strict control of Cu
supply, but would not be obtained under usual growing
conditions.

TA was significantly affected by Cu doses and was
fitted to the quadratic root model; the lowest value of
115.57 mL 0.1 N NaOH 100 g' was obtained at the
estimated dose of 1.75 umol L' Cu (Figure 1). At the
point of minimum acidity, the Cu leaf content was 9.75
mg kg and the estimated bean yield decreased slightly
to 37.95 g per plant. According to Carvalho et al.
(1994), TA has an inverse relationship with the quality
of the coffee beverage; however, in the present study,
although there was a significant effect of the Cu doses
on this characteristic, the lowest and the highest TA of
115.57 and 138.45 0.1 N NaOH 100 g, respectively,
were below the values of 250.4, 272.2, and 284.5 mL
0.1 N NaOH 100 g reported by these authors for hard,
riado, and rio coffees, that is, Cu had no marked effect
on the TA of the coffee beans produced. It should be
highlighted that low acidity values are characteristic of
specialty coffees.

The concentrations of organic acids in the coffee
beans increased with increasing Cu to a threshold
from which Cu excess had an adverse effect on
that characteristic (Figure 2). The variation in the
concentration of tartaric acid with Cu doses fitted to
the quadratic root model; the highest concentration
of 2.72% was obtained at the estimated dose of 1.0

Y=23.6151 + 20.6449%* - 7.11466**X2
R=0.7

Bean production (gram per plant)

0.0 0.8 1.6 2.4 3
Cu dose (umol L™)

pumol L' Cu, decreasing to 2.04% at the highest Cu
dose of 3.2 umol L, which represents a reduction of
25%. The concentration of citric acid also fitted to the
quadratic model, with the highest content of 1.16% at
the estimated dose of 0.63 umol L Cu. The lowest
content of citric acid was 1.05% at the highest Cu
dose of 3.2 umol L', a 10% reduction in relation to
the content estimated at the maximum point of 1.16%.
Malic acid responded similarly to the other acids, with
the highest content of 0.30% at the estimated dose of
1.97 umol L Cu. The leaf contents corresponding to
the points of maximum concentration of the tartaric,
citric, and malic acids were 6.29, 5.11, and 9.39 mg kg,
respectively.

The maximum concentrations of citric and malic
acids found in the present study are close to those of
1.12 and 0.33%, respectively, reported by Kitzberger et
al. (2013) for cherry beans of 'Catuai Vermelho IAC 81".
It should be noted that organic acids are non-volatile
components of coffee acidity and that malic and
citric acids have been associated with a good quality
beverage (Carvalho et al., 1997).

Cu doses also significantly affected the phenolic
content of coffee beans. The increase in Cu doses
promoted a decline, followed by a subsequent increase
in phenolic contents, which fitted to the quadratic
model, with the lowest content of 6.10% at the
estimated dose of 1.55 umol L' and 8.05 mg kg' Cu
leaf content (Figure 3). The lowest phenolic content
found by Kitzberger et al. (2013) was 4.55% in cherries
of 'Catuai Vermelho IAC 86' cultivated in the field.
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Figure 1. Bean production and total titratable acidity of raw 'Catuai Vermelho IAC 99' coffee (Coffea arabica) beans as a
function of the copper doses in the nutrient solution used for growing the plants. * and **Significant by the t-test, at 5 and

1% probability, respectively.
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The reduction in phenolic content with higher
Cu doses is directly related to the role of Cu in the
secondary plant metabolism, i.e., in the lignification
and formation of melanocytic substances, since the
enzymes that oxidize phenols into lignin and other
compounds are activated by Cu. Consequently, the

Tartaric acid (%)
(3]
~
|

¥=1.6866+2.0882**VX + 1.0568**X

R>=0.9

T
0.0 0.8 1.6 2.4 3.2
Cu dose (umol L)

¥=1.1591 + 0.0213*X - 0.01673*X2

R*=0.8

1.00 T T T T
0.0 0.8 1.6 | 3.2
Cu dose (umol L7)

031 <

*

¥=0.239+0.0676*X-0.0171*X2
R’=10.89

0.0 0.8 1f6 2I.4 3?2
Cu dose (umol L)

Figure 2. Content of tartaric (A), citric (B), and malic
(C) acids in raw 'Catuai Vermelho IAC 99' coffee (Coffea
arabica) beans as a function of copper doses in the nutrient
solution used for growing the plants. * and **Significant by
the t-test, at 5 and 1% probability, respectively.

higher the Cu content in the plant, the higher the
activity of these enzymes and the lower the phenolic
content. Cu deficiency reduces the activity of the
enzymes that oxidize phenols into lignin, resulting
in an accumulation of phenols and in a decrease in
lignification (Pilon et al., 2006; Hénsch & Mendel,
2009).

The PPO activity responded to Cu doses in a
quadratic trend, with the highest enzyme activity
of 81.35 Ug! of sample at the estimated dose of 0.78
umol L' Cu (Figure 3) and 5.6 mg kg' Cu leaf content.
The lowest PPO activities (77.85 and 65.23 U g!) were
found at the lowest and highest Cu doses, respectively.
Cu is essential for PPO activity, as it participates in its
structure as a prosthetic group; therefore, its effect on
the activity of this enzyme was expected.
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Figure 3. Content of phenols (A) and polyphenol oxidase
activity (B) in raw 'Catuai Vermelho IAC 99' coffee (Coffea
arabica) beans as a function of copper doses in the nutrient
solution used for growing the plants. * and **Significant by
the t-test, at 5 and 1% probability, respectively.
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The association between PPO activity and beverage
quality has been reported by several authors (Amorim
& Silva, 1968; Carvalho et al., 1994; Mazzafera et al.,
2002) and used as a biochemical indicator of coffee
quality (Carvalho et al., 1994). However, there is a
certain discrepancy between the Cu doses that provided
the highest bean yield (1.45 umol L*'; Figure 1) and the
lowest accumulation of total phenols (1.55 pmol L;
Figure 3), and the Cu dose (0.78 umol L) that provided
the highest PPO activity (Figure 3). Therefore, it is
possible to infer that the Cu doses that maximize bean
production may not be the same ones that provide
better sensory quality. Nevertheless the reduction in
production at the Cu dose that provided the highest
PPO activity was 7%, which is a very small percentage.

Carvalho et al. (1994) proposed that PPO activities
below 55.99 U g' of sample indicate riado and rio
coffees; between 55.99 and 62.99 U g, hard coffees;
between 62.99 and 67.66 U g'!, soft coffees; and above
67.66 U g, strictly soft coffees. According to this
classification, the beverage in the present study would
be considered strictly soft at Cu doses lower than
3.05 umol L and as soft at higher doses (Figure 3),
which has a good correspondence with the sensory
analysis (cup testing) (Table 1) and confirms the strong
association between PPO activity and the sensory
classification of the beverage.

The contents of 5-CQA produced a quadratic
response to Cu doses. There was a decrease and
subsequent increase with increasing Cu doses, with the
lowest content of 0.97% at the estimated dose of 1.62
pumol L' Cu (Figure 4). Interestingly, the reduction
in 5-CQA with increasing Cu doses was inversely
proportional to PPO activity, which is considered as

Table 1. Sensory analysis (cup testing) of processed 'Catuai
Vermelho TAC 99' coffee (Coffea arabica) beans subjected
to copper doses in the nutrient solution of the plants.

Cu doses Classification ~ Scores Attribute

(umol L)

0.2 Soft beverage 82 Good body (GB) and balanced
0.4 Soft beverage 82 Good body

0.8 Soft beverage 82 Good body, sweet, and balanced
1.6 Soft beverage 82 Balanced and velvety body
32 Soft beverage 84 Sweet, GB, fruity, and winey
Mean V=824

CV (%) 2.72
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a biochemical indicator of coffee quality (Figure 3).
There are studies reporting that lower-quality coffees
have higher concentrations of polyphenols, such as
chlorogenic acids (Carvalho et al., 1994), and higher
levels of 5-CQA (Farah et al., 2006).

200 A
1.8+ -
¥ =2.9629 - 3.1518**\X + 1.2441%*X

1.6 R*=0.9

1.4

5-O-caffeoylquinic acid (%)

T
0.0 0.8 1.6 2.4 32
Cu dose (umol L)

Y =0.8654 - 0.1165*X + 0.0225*X2
R*=0.90

4-O-caffeoylquinic acid (%)

0.70 T T T ]
0.0 0.8 1.6 2.4 32

Cu dose (umol L)

*

¢

&' 0.98+

¥ =0.8886 + 0.1866**X - 0.05006**X2
R*=0.94

0.90 T T T 1
0.0 0.8 1.6 2.4 3.z
Cu dose (umol L)

Figure 4. Content of 5-O-caffeoylquinic acid (A),
4-O-caffeoylquinic acid (B), and 3-O-caffeoylquinic
acid (C) in raw 'Catuai Vermelho IAC 99' coffee (Coffea
arabica) beans as a function of copper doses in the nutrient
solution used for growing the plants. * and **Significant by
the t-test, at 5 and 1% probability, respectively.
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Similar to 5-CQA, the contents of 4-CQA decreased
with increasing Cu doses and increased again after a
minimum point, producing a quadratic response, with
the lowest content of 0.71% at the estimated dose of
2.59 umol L Cu (Figure 4). Conversely, the levels of
3-CQA increased with increasing Cu doses, fitting a
quadratic model, with the highest content of 1.06% at
the estimated dose of 1.86 umol L' Cu, corresponding
to a 15% increase in the 3-CQA content in relation
to the lowest Cu dose, followed by a reduction of 9%
at the maximum Cu dose. Based on the behavior of
3-CQA, which was opposite to that of 5-CQA and
4CQA, but directly proportional to that of PPO activity
(Figure 3), the 3-CQA content can be associated with
good coffee quality. It is possible that the accumulation
of 3-CQA shows a positive effect by limiting the
concentrations of 4-CQA and mostly 5-CQA, which
is the main substrate of PPO. According to Salva &
Lima (2007), coffee with lower levels of chlorogenic
acids provide less astringent and more characteristic
beverages. The authors pointed out that bitterness,
astringency, and mold taste in the beverage are due
not only to the contents of these acids, but also to the
proportions in which they are found in raw coffee. The
leaf concentrations of Cu associated with the maximum
or minimum concentration of 5-CQA, 4-CQA, and
3-CQA were at the lowest limit of the range considered
adequate for coffee, i.e., 8.27, 11.37, and 9.03 mg kg'!,
respectively.

The contents of caffeine, trigonelline, and
proanthocyanidins were not affected by Cu doses, and
showed means ranging from 1.30 to 1.47 g 100 g, 0.86
to 1.10 g 100 g', and 6.17 to 6.26 mg g, respectively
(Table 2). While evaluating 'Catuai Vermelho TAC
86', Kitzberger et al. (2013) found similar contents for
caffeine, the main bitter compound in coffee, and for
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trigonelline, which degrades into volatile compounds
responsible for the aroma during roasting (Farah et
al., 2006). In the present study, the accumulation of
proanthocyanidins, which are compounds partially
responsible for the astringency in coffee, was higher
than the concentrations between 3.47 and 5.48 g 100 g'!
reported by Morais et al. (2009) for 'Conilon' Coffea
canephora Pierre ex A.Froehner.

The sucrose content in beans varied according to a
quadratic function with the increasing Cu doses in the
nutrient solution. The highest sucrose content of 8.88%
was recorded at the estimated dose of 1.80 pumol L
(Figure 5), corresponding to a 21% increase in the
sucrose content of 7.33% at the lowest Cu dose.

At the maximum Cu dose, the sucrose content
was reduced by 15% compared with the estimated
dose at the maximum point. However, the Cu dose of
1.80 wmol L' that promoted the highest production
of sucrose was slightly higher than the one of 1.45
pumol L that resulted in maximum bean yield, i.e., the
Cu dose that optimized the concentration of the main
sugar present in the coffee beans reduced production
by 2.3%. The Cu leaf content at the point of maximum
sucrose production was 8.85 mg kg

Sucrose represents almost all free sugar in cherry
beans and affects the quality of the beverage as an
important precursor of flavor and aroma (Farah et al.,
2006). The sucrose contents found in the present study
are in the range of 5.1 and 9.4%, considered adequate
by Campa et al. (2004) for cherries of C. arabica, and
the maximum content of 8.8% was higher than that of
7.9% reported by Kitzberger et al. (2013) for ‘Catuai
Vermelho IAC 86°. These results are explained by
the fact that approximately 50% of the Cu in plants is
located in the chloroplasts, in the plastocyanin, where
the nutrient participates in the transfer of electrons in

Table 2. Mean concentrations of caffeine (CAF), proanthocyanidins (PRO), trigonelline (TRIG), mannose (MAN), galactose
(GAL), and leached potassium (LK), as well as color index (CI) and electrical conductivity (EC) of raw 'Catuai Vermelho
TIAC 99' coffee (Coffea arabica) beans subjected to copper doses in the nutrient solution of the plants.

Cu CAF PRO TRIG MAN GAL LK CI EC
(pmol L) (g 100g" (mg g") (g 100g") ) (%) (gkg" (OD435nm)  (uScmg’)
0.2 1.30 6.26 0.861 0.27 0.12 0.943 0.85 2443
0.4 1.46 6.25 0.862 0.22 0.10 0.692 0.77 218.0
0.8 1.46 6.17 1.103 0.23 0.1 0.836 0.74 221.6
1.6 1.47 6.21 0.948 0.25 0.10 0.952 0.80 224.0
3.2 1.39 6.18 0.891 0.26 0.11 1.000 0.85 268.0
CV (%) 12.97 0.88 8.92 6.53 1.92 15.04 18.44 11.99
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the photochemical phase of photosynthesis (Hénsch &
Mendel, 2009), which affects the production of sucrose
and other sugars. Brown & Clark (1977) observed a
severe reduction in the concentration of reducing
sugars in branches of Cu-deficient wheat (Triticum
aestivum L.) plants in the reproductive phase.
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Figure 5. Content of sucrose (A), arabinose (B), and
glucose (C) in raw 'Catuai Vermelho IAC 99' coffee (Coffea
arabica) beans as a function of copper doses in the nutrient
solution used for growing the plants. * and **Significant by
the t-test, at 5 and 1% probability, respectively.
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The contents of arabinose and glucose were also
affected by Cu doses (Figure 5). The arabinose content
increased in a quadratic trend with increasing Cu
doses, and the highest content of 0.074% was recorded
at the estimated dose of 1.0 umol L' Cu. This result
corresponded to a 14% increase in arabinose content,
which was 0.065% at the 0.2 pmol L' Cu dose. At the
maximum Cu dose of 3.2 umol L, arabinose content
was 0.053%, indicating a 40% reduction compared with
the dose at which the maximum content was obtained.
The increase in Cu doses reduced the glucose content,
whose lowest content was 0.13% at the estimated dose
of 1.13 umol L' Cu. However, at the maximum Cu
dose of 3.2 umol L, the glucose content increased by
85%, reaching 0.24%. Cu doses caused no changes
in mannose and galactose contents, which were on
average 0.24 and 0.11%, respectively (Table 2). The
leaf contents associated with maximum and minimum
concentrations of arabinose and glucose were 6.29 and
6.70 mg kg, respectively.

The soluble sugars in coffee beans include glucose,
fructose, mannose, galactose, and sucrose. They are
responsible for the sweetness in the beverage, one of
the most desirable flavor attributes in specialty coffees
(Marques et al., 2008). High concentrations of sugars
in raw coffee beans significantly affected the Maillard
reactions during roasting (Mendonga et al., 2007) and,
consequently, the quality of the beverage.

Cu doses had no significant effect on the color index
(Table 1), which was on average 0.80 OD 435 nm.
According to several authors, higher quality coffees
have higher PPO activity and color index (Carvalho
et al., 1994; Silva et al., 2009). They pointed out that
coffees with color indexes equal to or greater than 0.65
were classified as hard, softish, soft, and strictly soft;
while coffees with color indexes lower than 0.65 (OD
435 nm) were classified as rio and riado, that is, were
non-exportable coffees (Carvalho et al., 1994).

LK and EC showed no response to Cu doses (Table
2), with means of 0.88 g kg' and 235.18 uS cm g,
respectively. Higher potassium leaching and a
consequent increase in EC indicate membrane and cell
wall damage (Goulart et al., 2007). As expected, Cu
did not play a prominent role in these characteristics,
which is in alignment with its functions in the plant’s
metabolism.

The sensory analysis showed no significant
difference among Cu doses in the nutrient solution. The
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coffee attributes varied according to the highest and
lowest Cu doses; however, in general, the beverages
were classified as soft (Table 1). This indicates that
a balanced Cu nutrition, although fundamental in
the production of quality-related compounds, plays a
secondary role in the quality of the beverage, compared
with maturation degree and post-harvest processing of
the cherry beans, which were carefully dried in the
present study.

Conclusions

1. Copper affects coffee (Coffea arabica) bean
production and changes chemical characteristics of
raw beans.

2. Cu has a positive effect on the concentrations of
sucrose, arabinose, and of the tartaric, citric, malic,
and 3-CQA acids, as well as on the polyphenol oxidase
(PPO) activity of coffee beans; and the maximum
concentrations of these compunds are found in plants
with leaf contents at or below the lower limit of the
sufficiency range of the nutrient.

3. Cu has a negative effect on the concentrations
of total phenols, 5-CQA, 4CQA, glucose, and total
titratable acidity of coffee beans; and the minimum
concentrations of these compounds are obtained in
plants with leaf contents at or below the lower limit of
the sufficiency range of the nutrient.

4. Coffee Cu nutrition has no effect neither
on the concentrations of caffeine, trigonelline,
proanthocyanidins, mannose, and galactose, nor on
the leached potassium, color index, and electrical
conductivity of raw coffee beans.
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