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Abstract 

The present study reports a physicochemical comparison of shade-grown and 
sun-grown coffee beans, under unripe, rip and roasted-ripe conditions, using 
electrical conductivity measurements, electron paramagnetic resonance 
(EPR), infrared spectroscopy (FTIR), and high performance liquid chroma-
tography (HPLC). Moreover, the assessed physicochemical parameters were 
compared with organoleptic evaluations based on the Coffee Quality Institute 
protocol. The values found for electrical conductivity, leached potassium, and 
stable free radicals were respectively 29%, 31%, and 350% higher for 
shade-grown coffee beans, whereas polyphenol oxidase enzymatic activity 
was 23% lower. By contrast, FTIR and HPLC measurements identified higher 
chlorogenic acid and lipid contents in sun-grown coffee beans. Importantly, 
the sensorial grade attributed to roasted-ripe grains was 12% higher for 
sun-grown coffee. Our findings suggest that shade-grown coffee beans have 
undergone microorganismal activity and undesired fermentation during cul-
tivation, which resulted in lower coffee quality. A correlation between a set of 
selected physicochemical properties and organoleptic properties was robustly 
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established and could be used in the development of future coffee bean quali-
ty control protocols. 
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1. Introduction 

The genus Coffea (C) comprises at least 124 species, of which C. arabica and C. 
canephora (Robusta) are economically important [1]. Although C. arabica is the 
more widely farmed species, cultivation of C. canephora also contributes signifi-
cantly to worldwide coffee production. In 2015, world coffee production ex-
ceeded 144.7 million bags, of which 41.5 million bags were of C. canephora ori-
gin. Much of the production from C. canephora occurs in countries considered 
as having emerging economies, with Brazil being the second largest producer [2] 
[3]. 

Coffee quality and productivity vary according to shading density during cul-
tivation [4] [5]. The effect of shading on cultivation depends on an interaction 
with other parameters, such as temperature, humidity, rainfall, topography, and 
altitude. However, the influences of these interactions are somewhat controver-
sial. For example, Dandengo et al. (2014) reported that saplings had faster 
growth and better quality when cultivated in shade than in full sunlight [6]. Ad-
ditionally, recent studies in tropical regions have shown that moderate shading 
protects the plant from high solar radiation, reduces temperature, and helps 
moisture retention, thus producing beans with improved organoleptic qualities 
[6] [7] [8]. By contrast, Morais et al. (2003) reported that high shading density 
significantly decreased the absorbed photosynthetic radiation, and had a nega-
tive impact on productivity [9]. Bosselmann et al. (2009) found that in high alti-
tudes regions, such as Colombia, shaded cultivation produced an inferior 
quality beverage, reduced the number of fruits per plant, and favored the oc-
currence of the pest species coffee berry borer (CBB), Hypothenemus hampei 
Ferrari [10]. 

In general, the occurrence of a pest such as CBB is favored under humid con-
ditions because of shading and/or frequent rainfall [11] [12] [13] [14]. The worst 
damage occurs when CBB larvae and adult females feed on both pulp and bean 
to cause injuries that allow secondary infections by fungi and bacteria, resulting 
in undesirable fermentation in the fruit. Fermentation causes physicochemical 
changes in beans and degrades chemical components of great importance for 
good coffee quality [15] [16]. Recently, Thapa and Lantinga (2017) suggested 
that the prevalence of the coffee white stem borer (CWSB), Xylotrechus qua-
dripes (Chevrolat) (Coleoptera: Cerambycidae), a major coffee pest in Asia, 
Africa, and America, is significantly higher for sun-grown (60%) compared to 
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shade-grown (40%) coffee plants [17]. The frequency of infested plants showed a 
significant negative correlation with the number of permanent shading trees in 
plantations, suggesting that developing a stand of permanent shading trees could 
be a potential strategy for management of CWSB. 

In addition to economic effects, shading can have environmental advantages. 
Coffee is an important tropical commodity and is often grown in high-priority 
biological conservation areas. Buechley et al. (2015) studied bird communities in 
farms with shaded coffee plants and in moist evergreen Afromontane forest in 
Ethiopia [18]. Although species diversity did not differ between the shaded 
plantation and the forest, the former had more than double the species richness 
of the forest sites; indeed, all but one of nine Palearctic migratory species were 
found only in the shaded plantation, indicating that it was perhaps a more 
‘‘bird-friendly’’ approach to cultivating coffee. This finding is important with 
regard to efforts to conserve forest birds in Africa. It also suggests benefits to the 
farmers in shaded plantations as they may have increased avian pest regulation 
and be able to obtain biodiversity-friendly coffee certification. 

Coffee bean quality can be ascertained by assessment of physicochemical and 
compositional characteristics, such as sugar content, carbohydrates, lipids, chlo-
rogenic acid (CGA), and caffeine [19] [20] [21] [22] [23]. The relative propor-
tion of these components varies with the method of cultivation, storage, and 
roasting temperatures [23] [24] [25] [26]. Some of the above-mentioned com-
pounds, such as sugars, have stable free radicals [27] [28]; importantly, the free 
radical content is related to chemical processes that define beverage quality [29] 
[30] [31] [32]. The effects of oxi on stable free radical content in coffee beans 
have unfortunately been little investigated. 

As stated above, there are conflicting results regarding the impact of sun and 
shade on coffee bean quality. Therefore, it is important to considering the de-
pendence of coffee bean and beverage qualities in regard to specific environ-
mental aspects of each production region. It is expected that environments with 
high pluviometric precipitation can favor the presence of microorganisms, af-
fecting the quality of the beans submitted to different conditions of solar expo-
sure. In the present study, coffee (C. canephora) was cultivated either with full 
sun exposure or under shading from rubber trees (Hevea brasiliensis); physico-
chemical parameter, in particular, stable free radical assessment, was compared 
in the two groups of plants. Sensorial investigations of the roasted coffee beans 
were also carried. The plants were grown during a period with frequent rainfall, 
coinciding with fruit maturation, in the northern region of Espírito Santo State, 
Brazil. 

2. Materials and Methods 

2.1. Growth and Processing 

Coffee samples used in the present study were produced in a farm in the muni-
cipality of Jaguaré, Espírito Santo State, Brazil (18˚56'S, 39˚58'W, at 70 m alti-

https://doi.org/10.4236/as.2018.99082


A. L. Alves et al. 
 

 

DOI: 10.4236/as.2018.99082 1176 Agricultural Sciences 

 

tude). The experiment consisted of a coffee crop grown under full sun 
(sun-grown coffee) with 3.0 × 1.1 m spacing (3030 plants/ha) and a coffee crop 
intercropped with rubber trees (shade-grown coffee) planted at 7.8 × 2.3 m (557 
plants/ha). Both crops were aligned in an East/West direction; the coffee trees 
were planted in late 2006, while the rubber trees (H. brasiliensis) were planted in 
late 2007. Coffee berry harvesting was performed manually between May and 
July 2014, when approximately 80% of the berries were ripe. A description of the 
growing region microclimate is available in Araújo et al. (2016) [5]; the shading 
resulted in an average decrease in luminosity from 1240 to 335 lumens/ft2 (de-
crease of ~73%) in the summer and from 1665 to 227 lumens/ft2 (decrease of 
~88%) in the winter and therefore had the characteristics of dense shading. 

The growing region has a flat topography and is subjected to a warm tropical 
climate [33] with an annual average temperature of 23˚C and precipitation of 
1250 mm [5]. The number of rainy days per month during the coffee bean ma-
turation period is shown in Figure 1—data provided by the meteorological sta-
tion of the municipality of São Mateus-ES; the period over which this experi-
ment was conducted and the samples collected was exceptionally rainy. After 
harvest, the beans were placed in soil drying ovens for 7 days at a temperature of 
40˚C. Ripe beans were been selected, as these are the ones used for coffee beve-
rages, and roasted using a conventional industrial roaster. Thus, three groups of 
bean were analyzed in this study: unripe, ripe, and roasted-ripe. 

2.2. Physicochemical Parameters 

For electrical conductivity (EC) and leached potassium (LK) analysis, two sam-
ples of 50 beans were weighed, with a resolution of 1 mg, and each sample was 
immersed in 75 mL distilled water. The resulting soaking liquid were taken to 
biochemical oxygen demand (BOD) with forced ventilation for 5 hours, at 25˚C; 
the EC measurements of the soaking water were obtained using a BEL W12D 
apparatus while the LK measurements were recorded using a Digimed NK-2002 
photometer. 

Determination of total sugar concentration was performed by Antrona’s me-
thod [34] using UV-Vis spectroscopy with the wavelength set at 620 nm, taking 
a fructose standard curve (100 mg/mL) in the interval 0 - 100 mg with related 
reference. 

For assessment of polyphenol oxidase (PPO) activity, 5 g of ripe beans were 
powdered in liquid nitrogen and placed in 40 mL of potassium aqueous phos-
phate solution (0.1 M, pH 6). Subsequently, the sample was stirred for 5 min and 
then passed through a vacuum filter (Whatman no. 1). PPO activity was esti-
mated by the method described by Ponting and Joslyng (1948) [35], using a 
sample extract without DOPA (L-3,4-dihydroxyphenyl-alanine) with related 
reference. The results were expressed as μmol/min/g of dry mass. 

Free radicals in all samples were analyzed by electron paramagnetic resonance 
(EPR) using a Bruker spectrometer model Elexsys 500 equipped with an X-band  
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Figure 1. Number of rainy days in the period January-July of 2014, in the region where 
the coffee was cultivated, city of Jaguaré, Espírito Santo State, Brazil (18˚56'S, 39˚58'W, at 
70 m altitude) (CEUNES, 2016). 

 
cylindrical cavity operating at 9.8 GHz (modulation amplitude/frequency set at 1 
G/100 kHz and microwave power of 0.6 mW). Room-temperature EPR spectra 
were recorded in the field range from 344 to 360 mT, in an air atmosphere. In 
order to obtain an average sample spectrum, at least five beans were randomly 
selected from each crop. All spectra were normalized by sample mass and the 
resonance field, g-factor and free radical content were assessed by fitting each 
spectrum using a Lorentzian-type function [28] [36]. 

CGA and caffeine content determinations were performed by high perfor-
mance liquid chromatography (HPLC) using a Shimadzu chromatograph 
(Prominence) equipped with a Shimadzu VP-ODS Slim-pack C18 reverse phase 
column (250 mm long × 4.6 mm internal diameter). The hot extraction method 
was applied to 0.5 g of each ground coffee sample, in 100 mL of ultrapure water 
(Milli-Q), under constant stirring for 20 min, at 80˚C. HPLC operation condi-
tions were 1 mL/min flux, mobile phase with methanol, water and acetic acid 
(20:80:1), column temperature set at 40˚C, and reading wavelength of 272 nm. 
Quantification was performed by the external standard method using a calibra-
tion line obtained from chromatogram peak areas at 272 nm from the CGA 
standard solution 5-caffeoylquinic (5-CQA) and caffeine (1,3,7-trimetilxantina) 
from Sigma-Aldrich [22] [37]. Recorded data are presented as composite mass 
(in grams) for each kg of coffee beans (dry ground). 

Fourier transform infrared spectroscopy (FTIR) measurements were per-
formed using an Agilent Cary 630 spectrometer operating in ATR (attenuated 
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total reflectance) mode with a diamond crystal, 60 scans, and resolution of 2 
cm−1. Ten measurements were recorded for each sample and the spectral average 
was subtracted from a seven point baseline before normalization. 

Statistical analysis was performed using the GENES software package with a 
completely randomized design [38]. For determination of the physicochemical 
properties, CGA and 5-CQA Turkey and Skott-Knott tests were applied at 5% 
probability. The coefficient of variation (CV) and standard deviation were used 
to check for significant statistical differences. 

Sensory quality of the beverage (cup test/taste) was evaluated by a company 
specialized in Robusta cup tests using criteria established by the Coffee Quality 
Institute [39]. 

3. Results and Discussion 

3.1. Physicochemical Parameters 

The estimates for the values of the various tested parameters from ripe beans are 
shown in Table 1. The shade-grown coffee had lower total sugar values; this is 
an undesirable feature as the sugars are responsible for the caramel flavor of cof-
fee beverage and increase its sweetness [22] [40]. Similar results were obtained 
by Somporn et al. (2012) in an HPLC analysis of shade-grown coffee beans [41]. 

For shade-grown coffee samples, EC and LK values were 29% and 31% higher 
compared with sun-grown coffee samples. As reported by Bellé et al. (2014), LK 
values are related to the membrane damages; the increase in the EC is expected 
since the leached potassium (K+) promotes the increase of cations in the solute 
[42]. The PPO activity of shade-grown coffee was about 23% lower than that of 
sun-grown coffee. This difference likely results from exhaustion of the substrate 
supply, mainly CGA, by the enzyme. It may also reflect enzyme inactivation 
during oxidation of the CGA into quinones. Cellular membrane damage is a 
consequence of PPO mediated degradation of CGA [43] [44] [45] and, as already 
reported by Franca et al. (2005), an increase in cellular damage in coffee beans 
lowers the quality of the beans [24]. 

 
Table 1. Average values of electrical conductivity (EC), leached potassium (LK), total 
sugar (TS) and polyphenol oxidase (PPO) enzymatic activity along with their respective 
coefficient of variation (CV) for the coffee samples under study. 

 Growth conditions  

 Sun-coffee Shade-coffee CV (%) 

TS (g/kg) 63.2 ± 3.3a 47.2 ± 2.5b 5.28 

EC (µS/cm×g) 20.5 ± 3.4a 26.3 ± 4.4b 17.02 

LK (g/kg) 0.13 ± 0.03a 0.17 ± 0.03b 22.37 

PPO (µmol/min/g) 35.6 ± 1.4a 27.3 ± 1.1b 3.99 

a,bAverages followed by different letters on the same row differ statistically by Tukey’s test (P < 0.05). 
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Intercropping of C. canephora with rubber trees provides dense shading and 
promotes changes in microclimate conditions that, in combination with fre-
quent rainfall, reduce water evaporation while keeping more moisture in the 
fruit for a longer period of time [5]. However, these conditions also favor an in-
crease in pathogenic microorganism populations as well attacks by herbivorous 
insects, such as CBB, and can therefore promote increased damage to beans [12] 
[14] [45]. Furthermore, microorganisms produce enzymes that cause fermenta-
tion events by degrading mucilage in the fruit; this increased fermentation pro-
motes physicochemical changes, such as reductions in water, simple sugar con-
tents, and formation of aroma and flavored precursors [15]. The low total sugar 
values obtained for shade-grown coffee is strong evidence of the occurrence of 
increased fermentation under shading conditions. 

3.2. Electron Paramagnetic Resonance 

Figure 2 shows the mass normalized EPR spectra for the ground coffee beans. 
Assessed g-factors were in the range of 2.0043 to 2.0045, with a peak-to-peak line 
width of about 0.65 mT; these measurements are characteristic of stable free 
radical species previously described in coffee beans [36]. Quantitative assessment 
of stable free radicals was performed by double integration of the as-fitted first 
Lorentzian derivative and the results are shown in Table 2. We found that 1) the 
typical free radical signal from the ripe beans was detectable only in 
shade-grown coffee (Figure 2(a)); 2) free radicals from the unripe beans were 
observed in both cultivation groups although their level was about 260% higher 
in shade-grown coffee (Figure 2(b)); 3) as expected, the roasting process, carried 
out only for ripe beans (Figure 2(a)), resulted in an increased EPR signal for free 
radicals due to melanoidin formation through the Maillard and caramelization 
reactions [27] [36], with an approximately 40% higher level for shade-grown 
coffee (Figure 2(c)); 4) free radical intensities were consistently higher for the 
shade-grown coffee samples (Table 2). 

Our findings suggest that the higher humidity environment experienced by 
shade-grown coffee promoted an increase in formation of stable free radicals. 
Yeretzian et al. (2012) reported that free radical content during storage could 
increase due to oxidative processes in the surface fraction exposed to air [32]. 
The results of that study are in agreement with our suggested interpretation of 
our physicochemical measurements, namely, that damage due to the activity of 
microorganisms and insects increased the surface fraction of beans exposed to 
air, favoring the formation of free radicals. Additionally, besides involving su-
gars [15], fermentation processes are favored by moist environments and thus 
we propose that fermentation might play a key role in production of free radi-
cals. 

The highest content of free radicals was observed in unripe beans and reflects 
their metabolism and chemical composition, which are different from those of 
ripe beans. Montavón et al. (2003) reported that unripe beans are relatively more  
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Figure 2. Room-temperature EPR spectra of the shade-grown coffee 
(red) and sun-grown coffee (blue): (a) ripe, (b) unripe and (c) 
roasted-ripe. 

 
Table 2. Intensity values (double integral of EPR spectra) for ground coffee beans: ripe, 
unripe, and roasted-ripe obtained for shade-grown and sun-grown coffee. 

Item/beans types 
Intensity (a.u) 

Shade-grown Sun-grown 

Ripe 0.64 ± 0.7 ND 

Unripe 5.0 ± 0.8 1.4 ± 0.3 

Roasted-ripe 1.4 ± 0.3 1.0 ± 0.2 

ND: non-detected signal. 

 
sensitive to oxidation and that oxidation defense mechanisms become more effi-
cient as the beans mature [46]. 

3.3. FTIR and HPLC 

Typical FTIR spectra of coffee beans, obtained for all the analyzed samples, are 
shown in Figures 3(a)-(c). Absorption bands in the 900 to 1450 cm−1 region are 
associated with C-H, C-O, C-N, and P-O vibrations [47]. CGA gives a strong 
absorption in the 1000 - 1450 cm−1 region. Carbohydrates also exhibit several 
absorption bands in the 700 - 1500 cm−1 range [47] [48]. Our analyses indicated 
that sun-grown coffee beans showed higher FTIR absorption intensities, sug-
gesting an increased content of the above-mentioned compounds. 

An FTIR band peaking around 1745 cm−1 is characteristic of carbonyl (C=O) 
stretching; this chemical bond is found in acids, esters, and other classes of  
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Figure 3. Infrared spectra (FTIR) of the shade-grown coffee (red) and 
sun-grown coffee (blue): (a) ripe, (b) unripe and (c) roasted-ripe. 

 
organic compounds associated with lipids [48] [49]. The presence of methyl and 
methylene groups is confirmed by two sharp peaks at 2850 cm−1 and 2924 cm−1, 
attributed to symmetric and asymmetric stretching of C-H bonds in aliphatic 
chains, respectively. All of these peaks can likely be attributed to lipids [48] [49] 
[50]. Additionally, the absorption band around 2850 cm−1 was related to C-H 
stretching in methyl (CH3) groups, which are found in caffeine [51]. Therefore, 
the higher areas of these bands in the sun-grown coffee spectra must be due to 
higher concentrations of lipids and/or caffeine. 

The FTIR technique allows qualitative evaluation of chemical compounds in 
the coffee beans samples. However, a quantitative evaluation of caffeine and 
5-CQA contents, corresponding to 76% - 84% of the total CGA, was obtained 
using the HPLC technique [52]. The results showed that there was 1) a higher 
content of 5-CQA in sun-grown coffee, about 10% and 21% for the ripe and un-
ripe samples, respectively; 2) a higher content (about 12%) of caffeine in ripe 
shade-grown coffee; and 3) that the roasting process decreased 5-CQA values, 
i.e., to 70% and 85% for sun-grown coffee and shade-grown coffee samples, re-
spectively (Table 3). There were no significant differences between the two sam-
ples of unripe beans on a Scott-Knott test at the 5% probability level. The signif-
icant decrease in 5-CQA content could be attributed to the degradation of CGA 
in phenolic compounds and volatile products [25] [53] [54]. Nonetheless, we 
found that the 5-CQA content was higher for shade-grown coffee. 
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Table 3. Average values (in g/kg dry basis) of the 5-CQA acid and caffeine contents 
measured by HPLC in ground coffee beans: ripe, unripe, and roasted-ripe cultivated un-
der shaded and full sun conditions. 

Bean type Compost (g/kg dry basis) Shade-grown Sun-grown 

Ripe 
5-CQA* 44.8 ± 3.3a 49.3 ± 3.6b 

caffeine** 19.3 ± 1.0a 17.2 ± 0.9b 

Unripe 
5-CQA 37.3 ± 2.7a 45.0 ± 3.3b 

caffeine 21.3 ± 1.1a 19.7 ± 1.0b 

Roasted-ripe 
5-CQA 6.9 ± 0.5a 15.0 ± 1.1b 

caffeine 19.8 ± 1.0a 19.8 ± 1.0a 

CV (%) *7.32 **5.42 

a,bAverages followed by different letters on the same row differ statistically by Skott-Knott’s test (P < 0.05). 

 
Both FTIR and HPLC results consistently showed that CGA/5-CQA contents 

were higher for sun-grown coffee. Importantly, the HPLC analysis showed that 
the caffeine content of sun-grown coffee was at most equal to that in 
shade-grown coffee. Therefore, the highest FTIR spectra intensity observed at 
2850 cm−1 in sun-grown coffee might be attributable to lipids only. It is generally 
considered that a higher lipid content implies better quality beans [24] [25]. 

Contradictory conclusions have been reached in previous studies of the corre-
lation between sun exposure and CGA levels. In some cases, CGA was found to 
be favored by shading [41], whereas other studies obtained the opposite result, 
i.e., CGA was favored by sun [15]. Some studies reported a negligible correlation 
between CGA content and sun exposure [55]. It is worth emphasizing that CGA 
and sun exposure have a significant influence on the degree of maturation of 
fruits [56]. Overall, the available information leads us to conclude that CGA is 
influenced by different parameters related to the microclimate and local topo-
graphy. In the present study, shading provided a local environment with higher 
humidity, that might have favored fermentation processes. A recent study re-
ported that microbial fermentation was induced by water washing of sesame 
seeds (Sesanum indicum) and caused a drastic reduction in phenolic content 
[57]. Similar results have been observed in many fruits, vegetables, and beans 
[58]. Therefore, we propose that humidity could be responsible for the lower 
CGA values observed in our shade-grown coffee samples. As described in the li-
terature lower 5-CQA content in roasted coffee beans is associated with a higher 
incidence of defects and imperfections (Black type) [24] [55]. However, the 
highest 5-CQA content, indicative of improved quality, was found here in 
sun-grown coffee and may have had a positive influence on beverage flavor [46] 
[59]. 

3.4. Sensorial Analysis 

The average value of the grades attributed to the roasted-ripe beans was 77.90 
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and 87.27 for shade-grown coffee and sun-grown coffee, respectively. This result 
confirms the beverages made with sun-grown coffee beans had both the best 
flavor and smell. 

4. Conclusion 

The results of the present study show that sun-grown coffee (C. canephora) 
produced in the Jaguaré city region, Espírito Santo State, Brazil, was of better 
quality than shade-grown coffee intercropped with rubber trees under periods of 
rainfall. From comparisons with the literature, which show different results de-
pending on the set of parameters studied, we conclude that this is a specific cha-
racteristic of the studied site. PPO activity and the values obtained for EC and 
LK suggest that shade-grown coffee samples suffered damage due to the action 
of insets and microorganisms, thus inducing undesirable fermentation 
processes. These events are also responsible for higher amounts of stable free 
radicals observed in shade-grown coffee. Furthermore, the superior quality of 
sun-grown coffee, as indicated by sensorial analysis, was associated with higher 
lipid, CGA, and total sugar contents. The present report succeeded in correlating 
different physicochemical data, recorded from a range of experimental tech-
niques, while evaluating the organoleptic quality of coffee beans grown under 
different shade conditions and roast processes. We envisage that the data analy-
sis provided in the present study will contribute to advancing the use of physi-
cochemical data in establishing protocols for future coffee bean quality control. 
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