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overall C. arabica metabolome, with the major meta-
bolic classes comprising sugars, amino acids, lipids, 
phenylpropanoids, and phenolic compounds. Among 
these, 41 metabolites were identified as key discrimi-
nators among the five cultivars. Partial least squares 
discriminant analysis (PLS-DA) revealed distinct 
metabolic profiles, highlighting ferulic acid, theobro-
mine, octopamine, rosmarinic acid, and gibberellin as 
key metabolites. These findings emphasize the impor-
tance of phenolic compounds and alkaloids in cultivar 
discrimination. The most relevant metabolic mark-
ers associated with environmental stress tolerance 

Abstract  This study conducted a non-targeted 
metabolomic analysis of five Coffea arabica L. culti-
vars grown in the field experimental areas of the Cer-
rado Mineiro (Minas Gerais State, Brazil) to iden-
tify their metabolic fingerprints. The five cultivars 
selected for this study were chosen based on their 
specific genetic backgrounds and traits, including 
disease resistance, productivity, and cup quality. A 
total of 463 metabolic features were detected in the 
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suggest their potential as biochemical indicators for 
selecting resilient cultivars, thereby contributing to 
coffee breeding programs. Notably, this study is the 
first documented characterization of the leaf metabo-
lome of field-grown C. arabica cultivars, with Cati-
guá MG2 emerging as the most distinct. Our findings 
demonstrate the efficacy of metabolomic fingerprint-
ing via non-targeted metabolomic as a powerful tool 
for differentiating coffee cultivars and for precision 
breeding strategies.

Keywords  GC–TOF–MS · Phenolics · Alkaloids · 
Cerrado Mineiro (Brazil)

1  Introduction

Brazil is currently the world’s leading producer and 
exporter of coffee, accounting for over one-third of 
global coffee production (International Coffee Organ-
ization 2024). Within Brazil, Minas Gerais state is 
the primary region for cultivating Coffea arabica L., 
a position largely attributed to breeding research ini-
tiatives with developed numerous cultivars since the 
1970s (Caixeta et  al. 2022). The establishment of 
breeding programs, coupled with government incen-
tives, has enabled the expansion of coffee cultivation 
into the Cerrado Mineiro, a region situated in north-
west Minas Gerais renowned for its high-quality cof-
fee (Nagay 1999; Caixeta et  al. 2022). Field charac-
terization has a crucial role in identifying cultivars 
with superior yield potential, excellent cup qual-
ity, and optimal adaptation to the region’s specific 
edaphoclimatic conditions (De Carvalho et al. 2022). 
Additionally, metabolic profiling provides a biochem-
ical perspective on cultivar performance, linking field 
traits to the underlying metabolic processes that drive 
plant growth, tolerance to stressful conditions, and 
quality conditions.

Metabolomics enables the assessment of chemi-
cal compound variations in plants, stemming from 
species differences and environmental changes (Shen 
et al. 2023). Specifically, non-targeted metabolomics 
enables the identification of metabolic signatures by 
providing a comprehensive snapshot of the metabo-
lome, encompassing both primary and specialized 
metabolites (Shen et al. 2023). By examining the spe-
cialized metabolism, distinct metabolic fingerprints 
can be identified within a given species, providing 

valuable insights into metabolic differentiation and 
adaptation mechanisms (Dussarrat et al. 2023).

The identification of metabolic signatures is cru-
cial for understanding the biochemical differences 
among C. arabica cultivars. These signatures, shaped 
by genetic, physiological, and environmental factors 
(Kitashova et  al. 2023), offer valuable tools for cul-
tivar differentiation. They are characterized by dis-
tinct metabolic profiles, which are influenced by plant 
genetics, cultivation practices, and stress responses 
(Martins et  al. 2014; Mihai et  al. 2024). Since the 
leaf metabolome provides insights into key plant pro-
cesses – such as health, stress responses, and devel-
opment -, its evaluation is essential for understanding 
factors that impact coffee bean quality and yield (Da 
Silva et al. 2021; Chekol et al. 2024). In the context 
of coffee cultivars, metabolic signatures can help 
identify variations in key biochemical pathways, such 
as those governing alkaloid production and poly-
phenol biosynthesis (Cangeloni et  al. 2022; Castro-
Moretti et al. 2023). In addition, studies on coffee leaf 
metabolism have identified diverse classes of metabo-
lites, including chlorogenic acids, benzophenones, 
flavonoids, xanthones, and alkaloids, that are critical 
to plant physiology and defense mechanisms (Souard 
et al. 2017; Montis et al. 2022).

By linking metabolic profiles to specific cultivars, 
a deeper understanding of the biochemical founda-
tions of phenotypic diversity can be achieved. This 
knowledge is fundamental for breeding programs, 
precision agriculture, and the development of targeted 
strategies, aimed at enhancing both plant resilience 
and the sensory attributes of coffee products (Mar-
tins et al. 2014; Guimarães et al. 2021; Chekol et al. 
2024).

While coffee metabolomics has traditionally 
focused on species differences within the Rubiaceae 
family, particularly the coffee bean’s role in bever-
age quality (Amalia et al. 2023; Castro-Moretti et al. 
2023; Zhai et  al. 2024), recent studies have begun 
to explore how plant tissues, including leaves, influ-
ence overall plant health and productivity (Castro-
Moretti et al. 2023). As a key indicator of plant stress 
responses, nutrient status, and growth, the leaf metab-
olome provides valuable insights that indirectly affect 
coffee bean quality (Sardans et al. 2011; Bollen et al. 
2024). To address this gap, this study applied non-tar-
geted polar metabolomic analysis to the leaves of five 
field-grown C. arabica cultivars. By characterizing 
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the unique metabolome of each cultivar and identify-
ing potential metabolic signatures relevant to differ-
entiation, this study aims to shed light on how leaf 
metabolic profiles serve as predictors of plant perfor-
mance, contributing to optimized coffee production, 
plant health and enhanced beverage quality.

2 � Material and methods

2.1 � Plant material and field experiments

Seven-year-old C. arabica plants used in this study 
were grown since 2016 in an  Empresa de Pesquisa 
Agropecuária de Minas Gerais (EPAMIG) experi-
mental germplasm field located in the municipality of 
Patrocínio, MG, Brazil (latitude: 18° 57’ S, longitude: 
46°  54’ W), which is part of the coffee-producing 
region known as the Cerrado Mineiro. The selection 
of five cultivars used in the present study was based 
on their specific traits, resistance to Hemileia vasta-
trix (coffee rust) and Meloidogyne exigua (nematode), 
as well as their productivity and cup quality (Table 1). 
The study utilized rainfed plants (in dry season, 
august 2022). The plants were arranged in a 0.7  m 
spacing in the same crop row (plot). The soil condi-
tions in terms of macro and micronutrient availabil-
ity and soil texture were standardized across the plot 

(Supplementary Table  1). A pair of fully expanded 
leaves from the middle third of five individual plants 
per cultivar were collected. The biological replicates 
were obtained from pooled individuals (Sumner et al. 
2007) and the biological sampling was n = 5 for each 
coffee cultivar. Subsequently, the leaf midribs were 
excised and discarded, and the remaining material 
was preserved in liquid nitrogen. Leaf collection 
occurred between 07:00 and 09:00 h considering the 
sun-exposed side of the plant (Supplementary Fig. 1).

2.2 � Leaf extract

The leaf samples were ground with liquid nitrogen, 
followed by lyophilization, and subsequently stored in 
vacuum-sealed conical centrifuge tubes (Supplemen-
tary Fig. 1). The extraction procedure was carried out 
with adaptations based on the method proposed by 
Salem et al. (2016, 2020), designed for the extraction 
of polar metabolites, lipids, starch and proteins from 
a single sample of leaf tissue. This involved transfer-
ring 30  mg of lyophilized material into microtubes 
containing 1.5 mL of the extraction solvent mixture, 
Methyl-tert-butyl-ether: methanol (MTBE:MeOH, 
3:1, v:v), along with internal standards U-13C sorbitol 
and L-Alanine-d4 (50 μL/100 mL).

The microtubes were vortexed and incubated on an 
orbital shaker (40  rpm) for 45 min at 4 °C followed 

Table 1   Classification of the five Coffea arabica cultivars studied: genetic origin, resistance to coffee leaf rust (CLR) and nematode, 
cup quality and coffee production

(1) IAC—Instituto Agronômico de Campinas (Brazil); MG—Minas Gerais (Brazil); CIFC—Centro de Investigação das Ferrugens 
do Cafeeiro (Portugal); UFV—Universidade Federal de Viçosa (Brazil). (2) De Carvalho et al. (2022); (3) Oliveira et al. (2021); (4) 
Fazuoli et al. (2007); (5) Empresa de Pesquisa Agropecuária de Minas Gerais (2019)

Cultivar Genetic origin(1) CLR resistance Nematode resistance Cup quality Coffee production

Catuaí Vermelho IAC 144 Caturra amarelo IAC 476-
11 × Mundo Novo IAC 
374-19

Susceptible(2,3) Susceptible(2) Good(2) High(2)

Catiguá MG2 Catuaí amarelo IAC 
86 × Híbrido de Timor UFV 
440-10

Resistant(2,3) Susceptible(2,4) Excellent(5) High(4)

Catiguá MG3 Catuaí amarelo IAC 
86 × Híbrido de Timor UFV 
440-10

Resistant(2,3) Resistant(2,4) Good(4) High(2,4)

Paraíso 2 Catuaí amarelo IAC 
30 × Híbrido de Timor UFV 
445-46

Resistant(3) Susceptible(2) Excellent(5) High(2)

Sarchimor MG 8840 Villa Sarchi CIFC 
971/10 × Híbrido de Timor 
CIFC 832/2

Resistant(2) Susceptible(2) Regular(2) High(2)
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by a 15 min sonication step in a water bath at 4 °C. 
The microtubes were then centrifuged (10,000×g) for 
10 min at 4 °C. From the soluble fractions, aliquots of 
0.5 mL were transferred to new microtubes and dried 
in the speed vacuum for 45 min for the metabolomic 
analyses.

2.3 � Metabolite profiling

Dried metabolic extracts in sealed, crimped vials 
were derivatized using 10 μL of a 20  mg/mL solu-
tion of methoxyamine hydrochloride in pyridine 
and 10 μL of N-trimethylsilyl-N-methyl trifluoro-
acetamide (MSTFA) following the protocol of Erban 
et  al. (2007) and injected using a Gerstel MPS2-XL 
(Gerstel, Muhlheim/Ruhr, Germany) autosampler. 
A LECO Pegasus BT time-of-flight mass spectrom-
eter (LECO, St. Joseph, MI, USA) hyphenated with 
an Agilent 8890 gas chromatograph and helium as 
the carrier gas at 1.0 mL/min flow and linear veloc-
ity as flow control mode. The front inlet temperature 
was set at 230 °C, and samples were run in splitless 
mode. The capillary column used was an Agilent 
DB-35MS (30  m × 0.25  mm × 0.25  μm). The tem-
perature program started at 85 °C in isothermal mode 
for 2  min. The isothermal step was followed by a 
15  °C/min ramp to 360 °C. Fatty acid methyl esters 
(FAME MIX: C8-C30) were used in the determina-
tion of the retention time index (Kind et  al. 2009). 
The ion source was set to 250 °C. The recorded mass 
range is m/z = 50–600 at 30 scans/s. A solvent delay 
of 3 min was used. Filament bias current was − 70 V, 
and detector voltage ranged from approximately 
1900–2000 V depending on detector age. The instru-
ment was tuned and validated according to EPA tune 
compliance.

Metabolic features were identified by employ-
ing the LECO ChromaTOF software in conjunction 
with the GOLM Metabolome Database. Peak intensi-
ties were determined using the TargetSearch package 
(Cuadros-Inostroza et al. 2009) within the R software 
(R Core Team 2023). For normalisation, the concen-
tration of the internal standard L-Alanine-d4 was uti-
lized. All metabolic class identifications were manu-
ally validated based on GOLM (Hummel et al. 2013), 
KEGG (Kanehisa et al. 2023), and HMDB (Wishart 
et  al. 2022) metabolite databases. After annotat-
ing metabolic classes, 123 metabolic features were 
excluded from subsequent analysis. These features 

included reagents (44), unassigned or unknown fea-
tures (10), and those not clearly identified as plant 
metabolites (69).

2.4 � Data analysis

Metabolic classes were analyzed using Microsoft 
Office Excel (Microsoft Corp., Redmond, WA, USA) 
and R software (R Core Team 2023). Univariate and 
multivariate analyses were conducted using Meta-
boAnalyst 6.0 (Pang et al. 2024). Metabolic features 
with constant or single value across samples were 
excluded from the statistical analysis. Additionally, 
features with more than 50% missing values were 
removed, and for the remaining features, missing val-
ues were imputed with 1/5 of the minimum positive 
value for each variable. All data were log-transformed 
(base 10), and differences among the five groups (cul-
tivars) were evaluated using a one-way analysis of 
variance (ANOVA). The significance level was set 
at p < 0.05. Significant metabolic features were fur-
ther analyzed using partial least squares discriminant 
analysis (PLS-DA) and hierarchical cluster heatmap 
to cluster the cultivar samples based on auto-scaled 
variables. The cross-validation method was a fivefold 
cross-validation (CV), with a maximum of five com-
ponents considered for selection and evaluation based 
on three distinct accuracy metrics (Supplementary 
Fig. 2). A variable importance plot (VIP) was gener-
ated to identify the most significant variables for dis-
tinguishing the five groups (cultivars) in the PLS-DA 
model (VIP > 1).

3 � Results

Non-targeted metabolomic analysis identified 463 
metabolic features (MFs) in the leaves of C. arabica, 
consistently present in all the cultivars examined 
(Supplementary Fig. 3). As multiple MFs can corre-
spond to the same metabolite, duplicates were then 
removed, resulting in the identification of 398 unique 
metabolites (Supplementary Table  2). Metabolites 
were categorized by their chemical and functional 
metabolic characteristics using databases, such as, 
GOLM and KEGG pathways, enabling the identifi-
cation of key classes in the C. arabica metabolome. 
Major metabolic classes identified were sugars (21%), 
amino acids (20%), lipids (12%) phenylpropanoids 
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and phenolics (11%), and other organic acids (11%) 
as shown in Fig.  1. The compositional breakdown 
provides valuable insights into the metabolic diversity 
and complexity of C. arabica leaves, highlighting the 
roles of primary and secondary metabolites in coffee 
plant physiology.

Among the 463 metabolic features (MFs) iden-
tified, only 41 MFs were statistically significant in 
distinguishing the five cultivars assessed. Amino 
acids, sugars, alkaloids, and organic acids collectively 
accounted for 68% of these significant MFs (Table 2). 
In the cross-validation of the PLS-DA model, the 
accuracy exceeded 80% up to the third component 
(Supplementary Fig. 2). The PLS-DA analysis distin-
guished Catiguá cultivars (MG2 and MG3) from the 
others (Catuaí, Paraíso 2, and Sarchimor), explain-
ing 44.7% of the total variance in the first component 
(Fig. 2). The second component accounted for 10.1% 
of the variance, effectively separating the Sarchimor 
cultivar from the others.

A hierarchical cluster heatmap analysis allowed 
visualisation of the relative values of the 41 metab-
olites that significantly change between cultivars 
(Fig.  3). Based on the variable importance plot 
(VIP), 15 out of the 41 significant metabolites were 
identified as the most relevant variables for distin-
guishing the five cultivars (highlighted in bold in 

the heatmap, Fig.  3). These significant 15 variables 
remained mostly consistent across the PLS-DA com-
ponents (Supplementary Fig. 4). Five key metabolites 
emerged as the most important for the model: ferulic 
acid, theobromine, and octopamine, followed by ros-
marinic acid and gibberellin A4 (VIP scores > 1.5) 
(Fig. 3 and Supplementary Fig. 4, B to F). The Cati-
guá MG2 cultivar exhibited elevated concentrations 
of four key metabolites, with the exception of octo-
pamine, which was present in higher concentrations 
in the Paraíso 2 and Catuaí cultivars (Fig. 3 and Sup-
plementary Fig. 4, B to F, VIP Scores and heatmap).

4 � Discussion

In field-based plant metabolomics studies, maintain-
ing the viability of plant material from collection to 
analysis remainss a major challenge. The metabolic 
extraction protocol outlined by Salem et  al. (2020), 
adapted in this study for freeze-dried leaves, success-
fully facilitated the non-targeted metabolomics analy-
sis of C. arabica cultivars. This approach allowed the 
identification of a substantial number of metabolic 
features, highlighting the most significant meta-
bolic classes, such as sugars, amino acids, phenols, 
and lipids, in C. arabica cultivars grown in Cerrado 

Fig. 1   Distribution of 398 
unique metabolites detected 
in C. arabica leaves, 
categorized into various 
metabolic classes
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Table 2   Classification of the statistically significant metabolic features distinguishing the five C. arabica cultivars

Metabolic feature(a) p-value(b) RI interval(c) Linked metabolite Metabolic class

1-Pyrroline-2-carboxylate 
(1TMS)

< 0.01 374,286–374,526 1-Pyrroline-2-carboxylate Amino acids

Butanoic acid, 4-amino-3-hy-
droxy- (3TMS)

< 0.001 425,294–426,562 4-Amino-3-hydroxybutanoate Amino acids

Cystathionine (4TMS) < 0.001 753,045–754956 L-Cystathionine Amino acids
Tryptophan (2TMS)_1 < 0.001 790,065–790537 Tryptophan Amino acids
Tryptophan (2TMS)_2 < 0.01 814,376–814,681 Tryptophan Amino acids
Glutamic acid, N-acetyl- 

(3TMS)
< 0.01 579,209–581005 N-Acetyl-L-glutamate Amino acids

Hippuric acid (1TMS) < 0.01 692,005–693045 Hippuric acid Amino acids
Leucine (2TMS) < 0.01 307,233–307462 L-Leucine Amino acids
Orotic acid, 4,5-dihydro- 

(3TMS)
< 0.001 615,528–616,572 L-Dihydroorotate Amino acids

Tyrosine, 3-nitro- (3TMS) < 0.01 795,791–796,300 3-Nitrotyrosine Amino acids
4-Hydroxyphenyl-beta-glu-

copyranoside (5TMS)
< 0.001 871,143–871,361 Arbutin Sugar

Arabitol (5TMS) < 0.001 501,789–503019 D-Arabitol Sugar
beta-D-Fructofuranosyl-

(2,1)-beta-D-Fructofuranose 
(1MEOX) (8TMS) MP

< 0.01 855,615–856,221 Inulobiose Sugar

Gentiobiose (1MEOX) (8TMS) 
MP

< 0.001 925,546–926,040 Gentiobiose Sugar

Gluconic acid-1,5-lactone 
(4TMS)

< 0.001 624,583–625,875 D-Glucono-1,5-lactone Sugar

Digitoxose (1MEOX) (3TMS) 
MP

< 0.01 479,899–480,784 D-Digitoxose Sugar

Glyceric acid (3TMS) < 0.01 346,482–346,736 L-Glycerate Sugar
Digitoxose (1MEOX) (3TMS) 

BP
< 0.01 479,892–481,076 D-Digitoxose Sugar

Glycerol (3TMS) < 0.01 295,565–295,805 Glycerol Sugar
2-Piperidinecarboxylic acid 

(2TMS)
< 0.01 374,241–374,353 Pipecolic acid Alkaloids

Theobromine (1TMS) < 0.001 785,361–787,089 Theobromine Alkaloids
Theophylline (1TMS) < 0.001 737,150–737800 Theophylline Alkaloids
Thiazole, 4-methyl-5-hydroxy-

ethyl- (1TMS)
< 0.001 426,506–426715 4-Methyl-5-(2’-hydroxyethyl)-

thiazole
Alkaloids

Tryptamine, 1-methyl- (2TMS) < 0.001 785,205–786414 N-Methyltryptamine Alkaloids
Ferulic acid, trans- (2TMS) < 0.001 754,284–755,047 Ferulic acid Phenylpropanoids or phenolic 

compounds
Hydrocaffeic acid (3TMS) < 0.001 666,766–667,192 3,4-Dihydroxyphenylpro-

panoate
Phenylpropanoids or phenolic 

compounds
Rosmarinic acid (5TMS) < 0.01 1,133,997–1,135,298 Rosmarinic acid Phenylpropanoids or phenolic 

compounds
Aconitic acid, cis- (3TMS) < 0.01 581,718–583,537 cis-Aconitate Other organic acids
Hippuric acid, 2-hydroxy- 

(3TMS)
< 0.01 685,475–686,300 Salicyluric acid Other organic acids

Malic acid (3TMS) < 0.01 442,458–443,060 L-Malate Other organic acids
Shikimic acid (4TMS) < 0.001 584,778–586,715 Shikimate Other organic acids
Phenethylamine (2TMS) < 0.001 489,914–490,638 Phenethylamine Amines
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Mineiro, one of Brazil’s most important coffee-pro-
ducing regions. Although the lipid concentration 
identified was lower than typically reported for coffee 
plants (Bastian et  al. 2021), this finding aligns with 
the method employed, which is designed to extract 
polar metabolites (Salem et  al. 2020). Additionally, 

several of the metabolites identified in the leaves 
of the five C. arabica cultivars have already been 
described in coffee leaves by other studies (Chen 
2018; Cangeloni et al. 2022; Montis et al. 2022; Cas-
tro-Moretti et  al. 2023), providing consistency and 
validation of the findings.

To distinguish the five C. arabica cultivars, sugars 
and amino acids accounted for nearly 50% of the most 
significant metabolites, but other important com-
pound classes, such as phenylpropanoids, alkaloids, 
and lipids, also played key roles. Notably, two phe-
nolic compounds, ferulic acid and rosmarinic acid, 
were crucial for differentiating the cultivars. Ferulic 
acid, synthesized via the shikimate pathway (Manivel 
and Chen 2021), plays essential roles in structural 
and physiological processes. Its contrasting accu-
mulation patterns, along with shikimate, suggest a 
bottleneck in its conversion in the Catuaí, Paraíso 2, 
and Sarchimor cultivars. Ferulic acid contributes to 
cell wall stability (Kumar and Pruthi 2014), poten-
tially enhancing tolerance to environmental stresses. 
This compound is a precursor of chlorogenic acids 
(CGA) (Marques and Farah 2009), a major class of 
phenolic acids known to accumulate in young cof-
fee leaves (Monteiro et  al. 2020). Previous studies 
have shown its presence in leaves (Chen 2018) and 
fruits (Kumar and Pruthi 2014), but it has not been 
detected in stems (Carréra et  al. 2024), highlighting 
its tissue-specific roles. Beyond its structural func-
tions, ferulic acid may also exhibit antioxidant prop-
erties against biotic stressors (Ahlawat et  al. 2024). 

(a) Products of the derivatization process, annotated according to the GOLM specific library
(b) ANOVA and Tukey HSD test (p < 0.05)
(c) RI (retention index) interval of the metabolic features found in the samples

Table 2   (continued)

Metabolic feature(a) p-value(b) RI interval(c) Linked metabolite Metabolic class

Dopamine (4TMS) < 0.01 692,779–693,045 Dopamine Amines
Octopamine (4TMS) < 0.001 666,161–666,481 Octopamine Amines
Ergosterol (1TMS) < 0.01 1,052,029–1053269 Ergosterol Lipids
Gibberellin A4 (2TMS) < 0.001 943,755–944,850 Gibberellin A4 Lipids
Ascorbic acid (4TMS) < 0.01 650,395–651185 L-Ascorbic acid Others
Dehydroascorbic acid dimer 

(2MEOX) MP
< 0.01 624,221–625,314 Dehydroascorbic acid Others

Galactonic acid-1,4-lactone 
(4TMS)

< 0.001 617,495–618,546 D-Galactono-1,4-lactone Others

Kynurenine (3TMS) < 0.01 779,498–780,164 L-Kynurenine Others
Orotic acid (3TMS) < 0.01 584,880–586808 Orotic acid Others

Fig. 2   Leaf non-targeted metabolomic analysis of the five C. 
arabica cultivars. A: Partial Least Squares Discriminant Anal-
ysis (PLS-DA) performed for the significant metabolites that 
change between cultivars, according to the ANOVA and Tukey 
HSD test (p < 0.05)
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Similarly, rosmarinic acid, another phenylpropanoid, 
was consistently detected in the cultivars studied here, 
as well as in C. arabica Obatã IAC 1669-20 (Castro-
Moretti et al. 2023). However, it has been reported as 
absent in C. arabica Mundo Novo 376/4 and Iapar-
59 (Da Silva et  al. 2021). These results suggest that 
rosmarinic acid could serve as a cultivar-specific bio-
marker. Additionally, its antioxidant and anti-stress 
properties further support its role in enhancing culti-
var resilience.

Alkaloids, a well-known and functionally signifi-
cant group of coffee metabolites, accounted for 12% 
of the significant features identified. Among these, 
theobromine, a methylxanthine involved in caffeine 
biosynthesis (Jin et  al. 2016; Montis et  al. 2024), 
was particularly noteworthy. A recent study demon-
strated a biochemical connection between leaf and 
bean metabolites, demonstrating that caffeine concen-
trations in young leaves (Monteiro et al. 2020) were 
comparable to those found in green beans (Zheng 
et al. 2004). This relationship underscores the impor-
tance of leaf metabolomics not only for understand-
ing plant physiological responses but also for provid-
ing insights into traits associated with coffee bean 
quality. Theobromine concentrations were signifi-
cantly higher in the Catiguá MG2 cultivar compared 
to the others, reflecting its unique metabolic profile 
(Fig.  3A). Dopamine, while classified as a biogenic 
amine, exhibits alkaloid-like properties, and was 
also identified as one of the significant metabolites. 
Derived from tyrosine, through the action of poly-
phenol oxidases and DOPA decarboxylase, dopamine 
plays a crucial role in plant growth, development, 
and in mitigating stress responses to both biotic and 
abiotic factors (Cherubino Ribeiro et  al. 2023; Liu 
et al. 2020). Similarly, octopamine, another tyrosine-
derived amine (Lee et al. 2009; Kanehisa et al. 2023), 
also plays a key role in distinguishing the five culti-
vars (Fig.  3C). Together, these findings underscore 
the role of alkaloids and biogenic amines in not only 
distinguishing cultivars but also enhancing stress 
resilience and potentially influencing cup quality.

Beyond alkaloids, metabolites derived from the 
shikimate pathway, such as tryptophan, also emerged 
as key distinguishing features. Tryptophan, which 
accumulated more in the Catiguá MG2 cultivar, is 
synthesized after anthranilate conversion (Desmet 
et al. 2021) and plays a pivotal role in stress response 
pathways. Along with dopamine and shikimate (Des-
met et al. 2021; Cherubino Ribeiro et al. 2023), tryp-
tophan highlighted the critical role of alkaloids in 
distinguishing the coffee cultivars. Gibberellin A4, a 
bioactive gibberellin and growth-promoting hormone, 
also varied significantly among cultivars. This com-
pound is known to enhance drought stress resilience 
(Shohat et al. 2021), exhibit antioxidant activity (Nani 
et al. 2022) and, when combined with gibberellin A7 
(GA4 + 7), mitigates the severe reduction of photo-
synthetic pigments, proteolysis, and lipid peroxida-
tion (Ritonga et al. 2023). These findings are particu-
larly relevant given that leaf samples were collected 
during the dry season, suggesting a link between gib-
berellin A4 concentrations and the varying drought 
tolerances of the studied cultivars. Such differences 
provide valuable insights into how specific metabo-
lites contribute to cultivar adaptability under chal-
lenging environmental conditions.

The identification of these metabolic signatures in 
coffee leaves not only provides a biochemical basis 
for distinguishing C. arabica cultivars but also high-
lights their broader ecological and agronomic signifi-
cance. Metabolites like theobromine, rosmarinic acid, 
and ferulic acid are closely tied to physiological and 
stress-adaptive traits, suggesting that targeted metab-
olomics could play a vital role in addressing chal-
lenges posed by climate change and increasing pest 
pressures. For instance, phenolic compounds could 
enhance pathogen resistance, while methylxanthines 
and gibberellins could support drought tolerance, 
ensuring the resilience of coffee plants in diverse 
growing conditions.

Future research should focus on targeted metabo-
lomics and enzyme activity assays to better under-
stand the regulatory mechanisms underlying these 
metabolic pathways. By studying how metabolites 
like alkaloids, phenylpropanoids, and gibberel-
lins respond to specific stressors—such as drought, 
pests, or temperature fluctuations—researchers could 
identify key markers for breeding resilient cultivars. 
Multi-omics approaches integrating metabolomics 
with transcriptomics and proteomics under controlled 

Fig. 3   Heatmap analysis of the metabolites that significantly 
change between cultivars, according to the ANOVA and Tukey 
HSD test (p < 0.05). The color scale represents metabolic fea-
ture relative value, shown in a gradient from black (higher 
value) to white (lower value). Metabolic features highlighted 
in bold represent key discriminants for cultivar differentiation 
based on the PLS-DA model. (Color figure online)

◂
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stress conditions would provide a deeper understand-
ing of the dynamic interplay between genotype, envi-
ronment, and metabolism. For example, exploring 
caffeine metabolism or the biosynthesis of phenolic 
compounds in stressed plants could yield actionable 
insights for breeding and agricultural optimization.

Finally, the potential applications of leaf metabo-
lomics extend beyond differentiation to breeding 
programs aimed at improving both agronomic and 
sensory attributes of coffee (Gamboa-Becerra et  al. 
2019). Metabolites like theobromine, ferulic acid, 
and gibberellin A4 not only contribute to stress tol-
erance but also indirectly influence traits associated 
with flavor and cup quality. Breeders could lever-
age these biomarkers to select cultivars that combine 
superior resilience with desirable sensory profiles. 
For instance, Catiguá MG2’s distinct metabolic pro-
file—marked by elevated concentrations of theobro-
mine, rosmarinic acid, and gibberellin A4—reflects 
its adaptability to drought and its superior flavor char-
acteristics, as confirmed in previous studies (Reichel 
et al. 2023).

By establishing the metabolic underpinnings of 
C. arabica cultivar differentiation, this study dem-
onstrates how leaf metabolomics can support coffee 
breeding programs, improve agricultural practices, 
and ensure the future of high-quality coffee produc-
tion. Moving forward, combining metabolomics with 
agronomic and ecological data will be essential for 
developing strategies to enhance coffee sustainabil-
ity and productivity in the face of evolving industry 
demands and environmental challenges.
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