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A B S T R A C T

Coffee (Coffea arabica L.) is an important commodity, involving about 500 million people from the cultivation of
the coffee trees to final consumption of infusions of the ground roasted coffee beans. In contrast to a considerable
amount of research performed on green coffee beans, there are relatively few studies regarding the chemical
constituents of coffee leaves. Hemileia vastatrix is a parasite, specific to coffee plants and causes coffee leaf rust,
which is a very destructive disease. Some coffee plants have natural resistance which is mainly linked to a gene
and specific host resistance response. An increase in flavonoid production may be related to fungal disease
resistance, with the levels and flavonoid types being an early physiological response to rust infection. Trace
inorganic elements can be related to many roles in the defense response of higher plants and can be used as a
biomarker for some diseases. To address this, coffee leaves from 16 different cultivars of Coffea arabica were
harvested from Minas Gerais, Brazil (susceptible and resistant to rust) and their polyphenolic compounds were
extracted using the QuEChERS technique and quantitated by HPLC-ESI-MS. The same leaves were decomposed
using an acid mixture in a block digester and the content of Al, Cu, Mg, Mn, Ni, Sn and Zn was quantitated by
ICP-OES. Principal component analysis (PCA) was applied and we could establish a relation between poly-
phenolic and trace element concentration in the leaves with resistance to rust infection. On this basis in this
preliminary study we were able to separate the resistant from the susceptible cultivars. The main compounds
responsible for this differentiation were the content of chlorogenic acid and magnesium in the leaves. The
content of polyphenolic compounds was lower in susceptible cultivars and a diametric effect was observed
between Mn and Mg concentrations. This study shows potential for the discrimination of resistant and suscep-
tible coffee trees based on the analyses of both trace element and polyphenolic concentration.

1. Introduction

Coffee is a product with mass consumption; an estimated 2.4 billion
cups are consumed per day worldwide with an average of 2.4% annual
growth over the last 10 years and it is one of the favorite beverages of
the world (ICO, 2016).

Coffee (Coffea arabica L.) is an important commodity, involving
about 500 million people from the cultivation of the coffee trees to final
consumption of infusions of the ground roasted coffee beans (Batista
et al., 2012). In contrast to a considerable amount of research per-
formed on green coffee beans, there are relatively few studies con-
cerning the chemical constituents of coffee leaves (de Almeida, Urich,
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Owen, & Trevisan, 2014; de Almeida et al., 2018; Trevisan et al., 2016).
Hemileia vastatrix (H. vastatrix) is a parasite, specific to coffee plants

and causes coffee leaf rust which is a very destructive disease. Some
coffee plants have a natural resistance which is mainly linked to a gene
and specific host resistance response (e.g·H2O2 production) (Fernandez
et al., 2012). Coffea arabica is characterized by a low genetic diversity,
which is therefore reflected in its susceptibility to numerous diseases.

Mechanical damage such as methyl jasmonate (MeJA) treatment,
Hemileia vastatrix Berk. and Br. (H. vastatrix) fungus inoculation and L.
coffeella infestation cause different responses in polyphenol oxidase
(PPO) activity, and demonstrate that resistance may also be related to
the oxidative potential of the tissue regarding the polyphenolic com-
position, rather than simply to a higher PPO activity (Fernandez et al.,
2012; Guerreiro-Filho, 2014; Melo, Shimizu, & Mazzafera, 2006).

Mhlongo, Piater, Steenkamp, Madala, and Dubery (2014), dis-
covered that phenolic compounds which prime plant defense, also in-
duce the accumulation of chlorogenic acid, and other mono- and di-
acylated caffeoylquinic acids.

Chlorogenic acids, present in leaves, act as antioxidants in plants
and protect against degenerative, age-related diseases when present in
the diet of humans. In plants, they can also modulate the feeding be-
havior of insects (Chen & Wu, 2014; Mubarak et al., 2012).

Polyphenol oxidase (EC 1.10.3.2) is a copper-containing enzyme
responsible for hydroxylation of monophenols to o-diphenols and oxi-
dation of o-diphenols to o-diquinones and is widely distributed in
higher plants (Ramiro, Guerreiro-Filho, & Mazzafera, 2006). In this
respect, 5-caffeoylquinic acid (chlorogenic acid) is regarded to be the
best polyphenolic compound as a substrate of PPO present in coffee
leaves (Mazzafera & Robinson, 2000). The levels of this compound are
reported as higher in coffee leaf extracts of Coffea arabica than in coffee
beans (de Almeida et al., 2018). At present, the most likely functions of
PPO are its involvement in plant resistance to diseases (Constabel &
Barbehenn, 2008; Melo et al., 2006). PPO was investigated in compa-
tible and incompatible interactions of coffee plants with the causal
agent of coffee leaf rust (Melo et al., 2006).

A pathogenic defense role of PPO is also supported by studies
showing good correlations between high PPO levels in coffee cultivars
with high pathogen resistance (Niranjan Raj, Sarosh, & Shetty, 2006).

Mangiferin has also been shown to play a role in increasing the
resistance of coffee trees to rust infection, a disease caused by H. vas-
tatrix, which causes defoliation and drying of branches, notwith-
standing a relation with the biochemical mechanisms of plant defense
against pathogens and UV irradiation (Franklin, Conceição, Kombrink,
& Dias, 2009).

An increase in flavonoid production may be related to resistance to
fungal disease, with the levels and flavonoid types being an early
physiological response to rust infection (de Oliveira Fassio et al., 2016).

There also may be a strong correlation between various factors
which render Coffea arabica plants susceptible to rust infection. For
example, (1) The concentration of trace elements (essential cofactors in
the function of enzymes important in the deactivation of reactive
oxygen species) such as PPO, superoxide dismutase and catalase (2) the
concentration of major polyphenolic compounds.

To address this, coffee leaves harvested from Minas Gerais State,
Brazil were extracted using the QuEChERS (Quick, Easy, Cheap,
Effective, Rugged and Safe) technique, and polyphenol and trace ele-
ment content (Al, Cu, Mg, Mn, Ni, Sn and Zn) were evaluated. Principal
component analysis (PCA) was applied in an attempt to establish the
role of polyphenolic and trace element concentration in the leaves to
rust infection resistance. To our knowledge, this is the first study to
attempt this approach.

2. Materials and methods

2.1. Samples and reagents

All solutions were prepared using ultrapure water (resistivity of
18.2 MΩ cm) obtained from a Milli-Q water purification system
(Millipore, Bedford, MA, USA). All glassware and polypropylene flasks
were immersed in 10% v v−1 nitric acid (Merck, Darmstadt, Germany)
for 24 h and rinsed with ultrapure water prior to use.

Sample treatment for trace element analysis was accomplished
using HNO3 65% (w w−1) (VETEC, Brazil), HCl 37% (w w−1) (Sigma-
Aldrich, Germany), Hydrofluoric acid (HF) 38% (w w−1) (VETEC,
Brazil). Reference solutions were prepared after successive dilutions
from 1000 mg L−1 Al, Cu, Mg, Mn, Ni, Sn and Zn stock solutions (Acros
Organics, Belgium). Analytical standard curves were prepared in HNO3

1% v v−1 media and ranged from 1 to 15 mg L−1 for trace element
determination.

Acetic acid, dimethyl sulfoxide, n-hexane, and methanol were pur-
chased from Merck (Darmstadt, Germany); acetonitrile from Fluka/
Riedel de Haen (Seelze, Germany); chlorogenic acid, mangiferin,
quercetin-3-O-glucoside and rutin were obtained from Extrasynthese
(Lyon Nord, Genay, France); quercetin-3-O-diglucoside from Sigma
Aldrich (Diesenhofen, Germany); 3,5-dicaffeoylquinic acid from
TransMit (Gießen, Germany) whereas quercetin rhamnogalactoside and
rutin glucoside were purified in a previous study by us (de Almeida
et al., 2018). Standard curves of the polyphenol standards were pre-
pared in the range 50–1000 μM at 278, 257, 320 and 340 nm, re-
spectively for quantitative determination of the polyphenols in the
coffee leaf extracts.

Anhydrous magnesium sulfate (99% m m−1), sodium chloride (95%
m m−1), sodium citrate tribasic dihydrate (98% m m−1) and sodium
citrate dibasic sesquihydrate (95% m m−1) were purchased from Merck
(Darmstadt, Germany) and used in the QuEChERS procedure.

2.2. Plant material

The coffee leaves of sixteen cultivars of C. arabica (Acaia Cerrado
MG 1474, Rubi MG 1192, Topazio MG 1190, MGS Travessia, MGS
Aranas, Araponga MG1, Araponga MG1, Catigua MG1, MGS Catigua 3,
Oeiras, MG 6851, MGS Paraiso 2, Paraiso MGH 419-1, Pau Brasil H 419-
1, Pau Brasil H-518, Pau Brasil MG1, Sachimor MG 8840, Sacramento
MG1, were obtained from Minas Gerais State, Brazil. Coffee leaves were
freeze-dried to constant weight. The leaves were collected manually
directly from the coffee trees, with a mass of approximately 500 g
collected for all experiments.

2.3. Instrumentation

A Tecnal TE-007D digester heating block (Piracicaba, Brazil)
equipped with 15 tubes of Teflon® with lids was used for the sample
preparation method.

A dual-view Optima 4300 DV (Perkin Elmer) ICP-OES was used for
trace element analysis. The sample was introduced in the ICP using a
cross-flow nebulizer with a double-pass spray chamber. The ICP op-
erational parameters were the following: 40 MHz generator frequency;
1.1 kW radio-frequency power; 15 L min−1 argon plasma flow rate; 0.5
L min−1 auxiliary argon flow rate; 0.8 L min−1 nebulizer argon flow
rate; and 1.4 L min−1 sample flow rate. A 2.4 mm ceramic central tube
internal-diameter torch was used. Axial viewing position of the torch
was employed in all trace element measurements. The wavelengths
(nm) chosen were: Al 396.153, Cu 324.752, Mg 285. 213 nm, Mn
257.610, Ni 221.648, Sn 189.927, Zn 213.587.

HPLC-ESI-MS analysis of the major polyphenols present in the coffee
leaf extracts namely chlorogenic acids, 3,5-dicaffeoylquinic acid,
mangiferin, quercetin-3-O-diglucoside, quercetin-3-O-glucoside, quer-
cetin rhamnogalactoside, rutin, and rutin glucoside was conducted on
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an Agilent 1100 HPLC, coupled to an Agilent single-quadrupole, mass-
selective detector (HP 1101; Agilent Technologies, Waldbronn,
Germany). Instrument control and data handling were performed with
HP Chemstation software on a PC.

2.4. Analytical high-performance liquid chromatography electrospray
ionization mass spectrometry (HPLC-ESI-MS)

HPLC-ESI-MS was conducted on an Agilent 1100 HPLC coupled to
an Agilent single-quadrupole mass-selective detector (HP 1101; Agilent
Technologies, Waldbronn, Germany). fitted with a reverse-phase C18
Gemini column (250 mm, 4.6 mm i.d., 5 μm; Phenomenex,
Aschaffenburg, Germany). Coffee leaf QuEChERS extracts (100 μL),
were injected into the HPLC. The mobile phase comprised, 2% acetic
acid in double distilled water (solvent A), and acetonitrile (solvent B),
with the following gradient profile: initially 95% A for 10 min; to 90%
A over 1 min; to 85% A over 9 min; to 60% A over 10 min; to 40% A
over 10 min; to 0% A over 5 min and continuing at 0% A until com-
pletion of the run. The flow rate of the mobile phase was 1.0 mL/
minute. Phenolic compounds in the eluent, were detected at 257, 278,
320 and 340 nm, with a diode-array UV detector (HP 1040 M) at room
temperature.

Negative-ion mass spectra, were generated under the following
conditions: fragmentor voltage, 100 V; capillary voltage, 2500 V;
nebulizer pressure, 30 psi; drying gas temperature, 350 °C; m/z scan
range, 100–1500 D. To increase the intensity of the fragmentation
patterns of the phenolic compounds, again in negative-ion mode, the
fragmentor voltage was increased to 300 V. Instrument control, and
data handling were performed with the HP Chemstation software on a
PC.

2.5. Sample preparation

Coffee leaves of sixteen cultivars of C. arabica (Table 1) were ob-
tained from Research Company Agropecuary of Minas Gerais (Empresa
de Pesquisa Agropecuária de Minas Gerais - Epamig), Belo Horizonte-
Minas Gerais. The leaf samples were freeze-dried (Liobras L 108, Sao
Carlos, SP, Brazil) to constant weight, and were pulverized by blending
to a fine homogeneous powder in a Moulinex coffee grinder prior to
extraction.

Approximately, 1 g of milled sample was weighed accurately in a
50 mL polypropylene tube and 7.5 mL of milli-Q water were added.
After complete hydration for 15 min, 10 mL of acetonitrile was added.
The sample was vigorously vortexed for 1 min and a mixture of pre-
weighed salts was added (6 g anhydrous magnesium sulfate, 1.5 g

sodium chloride, 1.5 g sodium citrate tribasic dihydrate, 0.75 g sodium
citrate dibasic sesquihydrate) and the mixture was vortexed again for
1 min.

After settling for 20 min, 100 µL of the upper acetonitrile layer was
transferred to vials with micro inserts and analysed by HPLC-ESI-MS.

2.6. Trace element analysis

The coffee leaf samples were dried, ground and homogenized. An
accurately weighed nominal 0.200 g sub-sample was placed into
Teflon® tubes with 5 mL of a mixture of HCl and HNO3 (3:1). The
mixture was left overnight, after which 5 mL of 38% HF w w−1 were
added, and the tubes placed in a heated digester block for 3 h at 150 °C.
The resultant solutions were diluted with ultrapure water to 20 mL and
analysed by ICP-OES.

2.7. Statistical analysis

All experiments were performed in triplicate and the results are
described as mean values (standard deviation).

The data obtained for trace element (mg kg−1 dry weight) and
polyphenol compound (g kg−1 dry weight) concentrations present in
the coffee leaf samples were treated using chemometric tools. Pirouette
4.5 (Infometrix, Washington, USA) software was used for data treat-
ment, employing Principal Component Analysis (PCA) as a pattern re-
cognition technique. Partial-least squares discriminant analysis (PLS-
DA) was applied to the data and the statistical software R (R-
Development Core Team, 2017) was used.

3. Results and discussion

3.1. Trace element analysis in coffee leaves

Samples were treated as described in the experimental section and
trace elements were determined by ICP-OES. The data are summarized
in Table 2, and the average and standard deviation of three replicates is
presented.

Results for the trace element analysis using the method described
displayed relative standard deviations not higher than 10%, indicating
good precision.

Trace element analysis (Marthe, Augusti, & Costa, 2015; Oliveira,
Silva, Monte, Matos, & Lopes, 2017) is very important to perform be-
cause many proteins and enzymes are strongly bound to trace elements
which are essential cofactors for the proper functioning of biochemical
processes. Some authors have reported a relation between polyphenolic
compounds and some trace elements, as well as an elicitation capacity
of antioxidant responses (Tolrà, Poschenrieder, Luppi, & Barceló, 2005;
Cetinkaya, Koc, & Kulak, 2016; Farzadfar, Zarinkamar, & Hojati, 2017).

Aluminium is a toxic element for vascular plants and the bioavail-
ability of this element may increase in soils with low pH values. An
increased concentration of aluminium in vascular plants correlates with
higher levels of polyphenolic compounds (Tolrà et al., 2005).

Copper is an essential trace element and plays a role as a cofactor in
enzymes such as superoxide dismutase (SOD) and PPO (Constabel &
Barbehenn, 2008; Ferreira, Barros, Soares, Bastos, & Pereira, 2007;
Ramiro et al., 2006). Manganese and magnesium are cofactors in ter-
pene synthase enzymes responsible for the formation of sesquiterpenes
and monoterpenes. Furthermore, magnesium shows a relation to pho-
tosynthesis (Farzadfar et al., 2017).

Nickel is an elicitor of an antioxidant response, involved in the re-
sponse of SOD, catalase, guaiacol peroxidase among other enzymes in
coffee plants as indicated in the literature (Gomes-Junior et al., 2006).

3.2. Quantitation of polyphenolic compounds in coffee leaves

The quantitation (mg kg−1 dry weight) of the polyphenolic

Table 1
Cultivars of C. Arabica and susceptibility to rust infection.

Genotype Reactions to rust Genotype code

Acaia Cerrado MG 1474 Susceptible S1
Rubi MG 1192 Susceptible S2
Topázio MG 1190 Susceptible S3
MGS Travessia Susceptible S4
MGS Aranas Resistant R1
Araponga MG1 Resistant R2
MGS Ametista Resistant R3
Catiguá MG1 Resistant R4
MGS Catiguá 3 Resistant R5
Oeiras MG 6851 Resistant R6
MGS Paraiso 2 Resistant R7
Paraiso MG H 419-1 Resistant R8
Pau Brasil H-518 Resistant R9
Pau Brasil MG1 Resistant R10
Sarchimor MG 8840 Resistant R11
Sacramento MG1 Resistant R12

*Source: http://sistemas.agricultura.gov.br/snpc/cultivarweb/cultivares_
registradas.php
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compounds in the coffee leaves is shown in Table 3 for all the cultivars.
The analyses were performed using HPLC with UV- and ESI-detection
following QuEChERS extraction. The polyphenolic compounds were
quantitated against their specific standard curves.

Polyphenolic compounds are implicated in the defense mechanisms
of plants which may influence the stress response, and can participate
in multiple roles in plant adaptation to diseases (Ray Hammerschmidt,
2018; Ramiro et al., 2006). These compounds can chelate metals and
possess potent antioxidant capacity.

Due to a large number of variables present in a particular study a
visual evaluation of the data may bring minimal contributions, so
multivariate analysis can be very helpful in an attempt to recognize
specific patterns.

3.3. Multivariate analysis

Principal component analysis (PCA) is the most widely used che-
mometric tool for recognizing patterns from data sets, grouping them
according to their chemical similarity.

PCA aims to reduce the dimensionality of the original data set while
preserving as much information (variance) as possible. The

dimensionality reduction is accomplished through the establishment of
new orthogonal variables, called Principal Components (PC's).
Therefore, PC's are linear combinations of the original variables orga-
nized in descending order of importance.

PCA was performed in order to understand the relationship between
the concentration of polyphenolic compounds and trace elements pre-
sent in the leaf samples of the different coffee trees. Two plots are useful
to analyze and extract information from the data; one is related to the
variables (Scores), and the other one is related to the samples
(Loadings). The Scores and Loadings plots are shown in Figs. 1 and 2
respectively.

The data were normalized using autoscaling pre-treatment.
Autoscaling is a normalization method used for multivariate analyses of
different nature and unit data. The difference between the individual
measurement and the mean values is divided by the standard deviation
of the data set for each variable, according to the Eq. (1).

=

−

x
x x

s
'

¯
ij

ij j

j (1)

where: x'ij is the new normalized value, xij is the original individual
value, x̄j is the mean value from this data set and sj is the standard

Table 2
Concentration (mg kg−1) of trace elements in the leaves of different Coffea arabica cultivars (Mean ± SD, n = 3).

Sample Al Cu Mg Mn Ni Sn Zn

Acaia Cerrado MG 1474 47.0 ± 8.2 662 ± 75 677 ± 86 79.3 ± 0.9 1791 ± 268 102 ± 13 26.8 ± 2.5
Rubi MG 1192 77.2 ± 2.8 466 ± 13 1935 ± 52 80.6 ± 2.2 1864 ± 132 126 ± 18 402 ± 23
Topázio MG 1190 108 ± 3 109 ± 10 199 ± 30 41.88 ± 1.08 479 ± 24 <0.010 <0.020
MGS Travessia 93.9 ± 4.7 106 ± 9 269 ± 26 25.16 ± 0.56 502 ± 22 <0.010 <0.020
MGS Aranas 156 ± 13 148 ± 13 2258 ± 131 78.8 ± 1.8 3772 ± 137 155 ± 14 131 ± 2
Arapongas MG1 83.3 ± 3.9 407 ± 27 1322 ± 107 89.4 ± 5.5 1448 ± 113 152 ± 15 149 ± 9
MGS Ametista 94.8 ± 1.9 144 ± 9 1072 ± 30 59.1 ± 4.6 760 ± 9 88.7 ± 6.4 181 ± 20
Catiguá MG1 144 ± 13 135 ± 9 1568 ± 59 46.5 ± 0.7 534 ± 5 <0.010 <0.020
MGS Catiguá 3 108.1 ± 0.4 111 ± 1 225 ± 38 83.4 ± 5.6 380 ± 14 <0.010 <0.020
Oeiras MG 6851 71.5 ± 7.6 484 ± 40 1624 ± 199 91.8 ± 8.0 1790 ± 164 106 ± 10 222 ± 8
MGS Paraiso 2 124 ± 12 131 ± 2 1015 ± 141 83.4 ± 3.0 3691 ± 415 119 ± 11 71.8 ± 7.2
Paraiso MG H 419–1 105 ± 1 231 ± 3 679 ± 4 73.5 ± 6.9 1125 ± 36 84.8 ± 9.9 109 ± 5
Pau Brasil H-518 131 ± 16 136 ± 6 1845 ± 145 75.1 ± 7.8 1094 ± 39 193 ± 12 296 ± 14
Pau Brasil MG1 174 ± 19 251 ± 19 1574 ± 87 70.6 ± 3.1 3635 ± 18 128 ± 22 242 ± 24
Sarchimor MG 8840 108 ± 9 106.1 ± 0.2 1086 ± 174 55.8 ± 0.2 763 ± 77 <0.010 <0.020
Sacramento MG1 76.8 ± 2.6 440 ± 37 1083 ± 82 90.06 ± 4.20 1485 ± 46 71.46 ± 8.02 132.77 ± 4.58

Table 3
Concentration (g/kg) of polyphenolic compounds in the leaves of different Coffea arabica cultivars (Mean ± SD, n = 3).

Polyhenolic Compounds
Cultivars Chlorogenic Acid 3,5-

Dicaffeoylquinic
acid

Mangiferin Quercetin
diglucoside

Quercetin-3-O-
glucoside

Quercetin
rhamnogalactoside

Rutin Rutinglucoside

Acaia Cerrado
MG 1474

2.81 ± 0.21 1.18 ± 0.13 2.04 ± 0.23 0.05 ± 0.01 0.72 ± 0.06 0.48 ± 0.04 2.77 ± 0.34 nd

Rubi MG 1192 3.23 ± 0.34 1.24 ± 0.13 1.99 ± 0.18 0.19 ± 0.02 0.05 ± 0.01 nd 0.05 ± 0.01 0.48 ± 0.03
Topázio MG

1190
2.91 ± 0.11 1.21 ± 0.10 1.23 ± 0.11 0.83 ± 0.05 0.68 ± 0.06 0.31 ± 0.02 1.67 ± 0.13 0.36 ± 0.04

MGS Travessia 4.05 ± 0.37 1.44 ± 0.11 1.72 ± 0.15 0.18 ± 0.02 0.92 ± 0.04 0.16 ± 0.02 1.66 ± 0.12 0.12 ± 0.01
MGS Aranas 5.82 ± 0.33 1.81 ± 0.17 2.89 ± 0.25 0.11 ± 0.01 1.39 ± 0.13 0.66 ± 0.05 4.64 ± 0.44 0.48 ± 0.03
Arapongas MG1 4.11 ± 0.32 1.00 ± 0.11 2.57 ± 0.23 1.00 ± 0.11 0.33 ± 0.03 0.28 ± 0.02 2.17 ± 0.23 1.30 ± 0.11
MGS Ametista 4.32 ± 0.20 1.43 ± 0.13 2.68 ± 0.27 nd 0.25 ± 0.02 0.27 ± 0.01 2.07 ± 0.25 0.32 ± 0.02
Catinguá MG1 3.91 ± 0.10 1.18 ± 0.16 2.02 ± 0.22 0.81 ± 0.09 0.64 ± 0.05 0.16 ± 0.01 1.74 ± 0. 12 0.83 ± 0.05
MGS Catinguá 3 3.07 ± 0.25 1.03 ± 0.12 0.88 ± 0.09 1.23 ± 0.10 0.48 ± 0.04 0.29 ± 0.02 2.15 ± 0.14 1.19 ± 0.12
Oeiras MG 6851 2.65 ± 0.22 1.03 ± 0.03 1.07 ± 0.10 0.41 ± 0.03 0.20 ± 0.03 0.13 ± 0.03 1.45 ± 0.11 1.10 ± 0.12
MGS Paraíso 2 6.06 ± 0.45 1.85 ± 0.15 4.55 ± 0.33 0.35 ± 0.04 0.73 ± 0.05 0.55 ± 0.03 3.04 ± 0.22 0.63 ± 0.05
Paraíso MG H

419–1
5.49 ± 0.33 1.08 ± 0.12 2.18 ± 0.22 2.20 ± 0.19 0.62 ± 0.05 0.24 ± 0.02 2.28 ± 0.33 1.87 ± 0.16

Pau Brasil H-518 4.45 ± 0.21 1.21 ± 0.10 2.40 ± 0.22 1.16 ± 0.13 0.55 ± 0.04 0.26 ± 0.03 2.88 ± 0.23 1.68 ± 0.17
Pau Brasil MG1 4.52 ± 0.15 1.02 ± 0.11 2.43 ± 0.21 1.73 ± 0.12 0.54 ± 0.02 0.33 ± 0.02 2.79 ± 0.31 1.96 ± 0.12
Sarchimor MG

8840
8.25 ± 0.44 2.09 ± 0.19 5.60 ± 0.49 nd 0.56 ± 0.03 0.66 ± 0.03 3.55 ± 0.22 0.54 ± 0.04

Sacramento MG1 4.92 ± 0.37 1.25 ± 0.17 2.53 ± 0.22 0.78 ± 0.07 0.11 ± 0.02 0.20 ± 0.01 1.79 ± 0.17 2.27 ± 0.28

nd = not detected.
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deviation from this data set.
Six major components were used which represents 85% of the da-

taset, however the observation of data separation was observed in two
main components.

Regarding the PCA data, the first Principal Component (PC1) pre-
sents 23.2% of the variance of the data, although it is the most im-
portant to explain the variance of the data. Plotting PC2 (21.6% var-
iance) versus PC3 (18.4% variance) was shown to be more useful for
sample group separation. The second (PC2) and third principal com-
ponents (PC3) together represent a total of 40% of the variance. These
components (PC2 and PC3) were responsible for the separation of the

groups in the present study.
The Scores plot of PCA (Fig. 1) shows a tendency of separation of the

coffee cultivars that present susceptibility to rust in the third principal
component. The second principal component (PC2) shows the separa-
tion of a distinct group of the cultivars Rubi MG 1192, Topázio MG
1190, MGS Travessia, Sachimor MG 8840 and Sacramento MG1 (S2, S3,
S4, R11 and R12). Among these cultivars, only Sachimor MG 8840 and
Sacramento MG1 (R11 and R12) are not susceptible to rust although
they show susceptibility to nematode (Sacramento) and a fungal in-
fection by Cercospora coffeicola (Sachimor) respectively. The cultivar
Acaiá Cerrado MG 1474 (S1) shows susceptibility to rust, and it is in the

Fig. 1. Score plot of PCA (Factor 2 × Factor 3) from 16 cultivars of C. Arabica.

Fig. 2. Loadings plot of PCA (Factor 2 X Factor 3) from 16 cultivars of C. Arabica.
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same region as the previous group, however a little more distant since it
is the only one in higher stature.

The Loadings plot (Fig. 2) presents the influence of the variables for
the separation of the groups. In this plot, it can be observed that the
variables 3,5-dicaffeoylquinic acid, rutin glucoside, and Cu are mainly
responsible for the separation of species susceptible to rust.

The defensive response of plants to pathogens or insects are complex
and may be quite specific (Monteiro et al., 2016), however, some sec-
ondary metabolites are known to participate in plant defense me-
chanisms, among them being polyphenolic compounds, terpenes and
nitrogen/sulfur containing compounds (Zaynab et al., 2018).

Even if the mechanisms are distinct, the first response against pa-
thogens is the generation of reactive oxygen species (ROS) and the
accumulation of phenolic compounds (Grayer & Kokubun, 2001;
Monteiro et al., 2016). As can be observed in Fig. 2, the cultivars sus-
ceptible to rust are mainly in a region where they appear with 2 specific
phenolic compounds namely rutin glucoside and 3,5-dicaffeoylquinic
acid. All other compounds are distributed outside this quadrant, in-
dicating a low contribution to the discrimination of these metabolites in
the coffee leaves. This is an indication that the content of polyphenolic
compounds is an important variable for understanding the mechanism
of plant defense against pathogens.

Copper is a PPO cofactor and this enzyme has been related to the
mechanisms of plant defense, because it oxidises phenolic compounds
to form quinones which have fungicidal action (Constabel & Barbehenn,
2008; Ferreira et al., 2007; Ramiro et al., 2006). Plants susceptible to
rust, have copper concentrations 48.75% higher than those which are
resistant (mean values of 235.28 and 114.71 mg kg−1, respectively).
Most likely, due to a higher requirement in the formation of enzymes to
defend the plant against pathogen infection. Furthermore, reports in the
literature correlate the concentration of copper in leaves with a de-
crease of both polyphenolic content and antioxidant activity. Chloro-
genic acid is commonly related to plant disease resistance. Some studies
report the possibility of this compound being active in resistance to rust
infections (Hammerschmidt, 2014; Leitão et al., 2008). There are in-
dications in the literature that chlorogenic acid is antifungal and anti-
microbial (Hammerschmidt, 2014; Li, Wang, Xu, Zhang, & Xia, 2014;
Zhao, Wang, Yang, & Tao, 2010). Studies in the literature also report
that when there is a low concentration of chlorogenic acid in the leaves
of plants they become more susceptible to insect attack (Fernandes,
Demuner, & Picanc, 2010; Fernandes et al., 2012). Wojciechowska et al.
(2014), who studied resistance in tomatoes, detected significantly
higher concentrations of chlorogenic acid in varieties resistant to co-
lonization by Alternaria alternata, and determined the mechanism to be
the inhibition of alternariol biosynthesis.

The group of susceptible cultivars has lower concentrations (mean
content: 3.25 g kg−1) of chlorogenic acid than the resistant cultivars
(mean content: 4.79 g kg−1) in the current study. The content of
chlorogenic acid is almost 68% higher in resistant cultivars.

Mangiferin is a xanthone and serves to protect against UV radiation,
as well as having antimicrobial and antioxidant actions responsible
against biotic stress (Matkowski, Kuś, Góralska, & Woźniak, 2013).
Some reports in the literature observed an increase of xanthones when
the plant is infected by some pathogens (Franklin et al., 2009). The
concentration of this compound is 65.60% lower in susceptive trees
than the resistant (mean values are 1.74 and 2.65 g kg−1, respectively).
This compound is also effective in scavenging reactive oxygen species
(ROS) which is one of the first responses of plants when under stress
(Matkowski et al., 2013). This metabolite is separated from the others
by the third main component, because it is responsible for protection
against UV radiation. Magnesium participates in several biologic ac-
tivities such as photosynthesis, energy and nucleotide metabolism and
there are reports of its interaction with Mn in plants (Farzadfar et al.,
2017). Manganese is an essential element for plants, being an activator
of several enzymes including oxidation-reduction enzymes. A high
concentration of Mn is related to Mg deficiency in higher plants. As can

be seen in the PCA plots, these elements are in opposite positions,
which proves the evidence of the literature (Farzadfar et al., 2017),
with a higher concentration of Mg in the resistant samples. In recent
work (Farzadfar et al., 2017), it was observed an increase in poly-
phenolic acids when the concentration of Mg was increased, during
analysis of essential oil composition in Tanacetum parthenium. In the
same study, an increase of PPO activity was observed when there is free
Mn. These data explain the positioning of Mg being closely aligned to
the coffee leaf samples which also have high concentrations of
chlorogenic acid and Mn closely aligned to Cu which is related to PPO
activity.

The production of polyphenolic compounds in plants, acts by
changing the permeability of cells against microbes which is related to
changes in the production of ATP (Zaynab et al., 2018). It should be
emphasized too that Mg is generally correlated with this function in
plants (Cakmak & Kirkby, 2008; Maathuis, 2009; Farzadfar et al.,
2017), so it is expected that higher amounts of Mg is related to plants
that are more resistant to diseases. In addition, an increase in Mg
content is related to the formation of sesquiterpenes, such as phytoa-
lexins, compounds known to prevent plant disease (Grayer & Kokubun,
2001). The magnesium content in resistant trees is 47.10% higher than
the susceptible ones (mean values 1279.25 and 602.44 mg kg−1, re-
spectively).

Nickel is related to the elicitation of antioxidant responses (Gomes-
Junior et al., 2006; Tezotto, Favarin, Azevedo, Alleoni, & Mazzafera,
2012) and decreases the activity of SOD and other redox enzymes. Zinc
is an essential element and its concentration is related to coffee quality.
Lacerda et al. (2018), reported that an increase in Zn concentration
results in a decrease of total polyphenol content and chlorogenic acid,
justifying the location of these elements in the PCA. Aluminum, on the
other hand, is related to an increase of polyphenolic compounds as a
plant defense mechanism against the toxicity of this element (Tolrà
et al., 2005).

The data described, gives an insight into the capacity of poly-
phenolic compounds and trace elements as participants in coffee plant
defense pathways and especially for the potential differentiation of
susceptible and rust resistant coffee plants.

To classify the accession codes in the different groups (susceptible
and resistant to rust), the partial-least squares discriminant analysis
(PLS-DA) was used. Unlike the PCA, PLS-DA is a supervised method that
uses the desired response (Y) to construct a model that classifies a
sample by considering the variables of the matrix X and their respective
category (Y) to a given group of C. arabica susceptible and resistant to
rust. The method consists of modeling the structure of variance and
covariances of latent variables in such a way as to maximize the mul-
tidimensional variance of the variables of matrix X in the direction of
matrix Y. It is worth mentioning that due to the existence of a corre-
lation between the chemical compounds, usual linear regression
methods and conventional discriminant analysis (Linear Discriminant
Analysis - LDA) would not be adequate (Taveira et al., 2014).

Given these specifications, the PLS-DA model was built to differ-
entiate groups of C. arabica susceptible and resistant to rust with respect
to leaves chemical composition. To evaluate the performance of the
model, the classification error rate for each PLS-DA component was
considered. The contributions of each factor to the PLS-DA were made
using the smallest errors for each variable under study.

Two methods were used to evaluate and discriminate groups of C.
arabica susceptible (GS) and resistant (GR) to rust regarding the leaf’s
chemical composition, the unsupervised PCA method and the su-
pervised PLS-DA classification method. For the first time, these analyses
were applied together to discriminate groups of C. arabica susceptible
and resistant to rust regarding the leaf’s chemical composition.

The PCA provided an overview of the behavior of the coffee geno-
types in relation to the content of chemical variables, but detailed in-
formation on the differences between genotypes groups resistant and
susceptible to rust was not obtained. Thus, the PLS-DA classification
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model was constructed to discriminate genotypes groups resistant and
susceptible to rust regarding the chemical composition of coffee leaves.

Fig. 3A presents the projection of the samples of the accession codes
in the 2 components of PLS-DA, given by the loads of the respective
components of matrix X. It was observed that there was an overlap of
genotypes groups, which indicates that there is a region in common
among the accession codes, as can be seen in the 95% confidence el-
lipses in Fig. 3A, and the greatest evidence of overlap can be verified for
the group of rust susceptible genotypes (GS). According to the PLS-DA
model, the accession code is classified in the group with the highest
load on the PLS-DA component with the best error rate (Fig. 3D). Thus,
Fig. 3 shows the classifications resulting from the PLS-DA model and it
is observed that it was possible to discriminate all susceptible and rust
resistant genotypes according to the chemical compounds (Fig. 4 and
Table 3). The accession codes that obtained the best correct

classification rate were those classified in the GR group since it pre-
sented the lowest error rate (16.75%).

Fig. 3B and 3C (correlation chart and loads of variables in compo-
nent 2 of PLS-DA) show the variables that most influenced the classi-
fication of the genotypes GS and GR groups. The variables Al, Mg, Mn,
Sn, Ni and Zn (trace elements) and polyphenolic compounds such as
chlorogenic acid, rutin, mangiferin, quercetin-3-O-diglucoside, Quer-
cetin-3-O-rhamnogalactoside and rutin glucoside were more influential
in the classification of the GR group. On the other hand, the Cu together
with 3,5-DCQA and quercertin-3-O-diglucoside further influenced the
GS group classification.

To verify and validate the model created, the error rate of classifi-
cation was used (Fig. 3D) and the lowest error rate was found for
component 5 (31.50%). The error rate was obtained by cross-validation
procedure using 5 parts (5-fold) of the data set to adjust the model and

A B

C D

3,5-DCQA: 3,5-dicaffeoylquinic acid; Rutin-d: Rutin glucoside; Quercetin-D: Quercetin 
diglucoside; Quercetin-O-3-G: Quercetin-3-O-glucoside; Quercetin-R: Quercetin 
rhamnogalactoside.

Fig. 3. (A) PLS-DA scores of two components for the chemical composition that differentiates rust resistance groups. ( ) Resistant, ( ) Susceptible (B) Correlation of
chemical compounds with components 1 and 2 with classes Resistant and Susceptible (C) Loads of component 2 of the PLS-DA model of chemical compounds for each
group. (D) The error rate of classification generated for the components of the PLS-DA model by means of cross-validation procedure using 5 parts (5-fold) of the data
set to adjust the model and the rest to test it in 100 simulations.

F.L.F. Silva, et al. Food Research International 134 (2020) 109221

7



the rest to test it in 100 simulations.
Within each genealogical group, it is possible to identify the geno-

types highlighted for these variables. The genotypes R1, R7, R9, R10
and R11 for the GR group and the genotypes S1 and S4 for the GS
group, which were correctly classified by the PLS-DA model and re-
mained more distant from the region groups, as can be seen in the
comparison of Figs. 3A and 4.

It was observed that all genotypes of both the susceptible and rust
resistant groups were correctly classified by the PLS-DA model
(Table 4). Thus, the diagonal formed by the values 12 and 4 are the
correct classifications of the model. In order to evaluate the general-
ization power of the PLS-DA model, it was submitted to a cross-vali-
dation procedure using 5 parts (5-fold) of the data set to adjust the
model and the rest to test it in 100 simulations.

As it was an unsupervised analysis, PCA was not efficient to group
the genotypes according to rust resistance from chemical data analyzed
in coffee leaves. Therefore, the PLS-DA was required as a useful tool for
this proposal. The results of the PLS-DA model showed the variables
that most influenced the classification of the groups and, therefore, the
possible chemical markers for the susceptible and rust resistant geno-
types were identified.

However, more elaborate work with a much larger number of
samples from different locations and submitted to different levels of
stress (drought, high rainfall, soil contamination) should be analyzed
for more consistent results. However, these early data are good in-
dicators for this purpose. Our research group continues to work towards
the production of more consistent chemometric methods and for

prediction of rust resistance and susceptibility in coffee trees.

4. Conclusions

In this preliminary study, we were able to separate the rust resistant
from the susceptible coffee trees (Coffea arabica). The main compounds
responsible for this differentiation were the content of chlorogenic acid
and magnesium in the leaves. The content of polyphenolic compounds
was lower in susceptible cultivars (mainly chlorogenic acid) and a
diametric effect was observed between Mn and Mg concentrations. This
study shows the potential for the discrimination of resistant and sus-
ceptible coffee trees based on the analyses of both trace element and
polyphenolic concentration. The PLS-DA classification method is ef-
fective in discriminating susceptible and rust resistant groups in terms
of the chemical composition of coffee leaves. The good classification of
groups determined the identification of important chemical markers for
susceptible and rust resistant genotypes.
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