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Abstract

Mineral composition modulates plant health, agro-morphological attributes, and functional
quality in coffee, yet large-scale evaluations remain limited. In 150 Coffea arabica L. acces-
sions, we quantified grain minerals (Ca, K, Mg, Na, P, Zn, Cu, Fe, Mn); resistance to coffee
leaf miner (CLM), coffee berry borer (CBB), and coffee leaf rust (CLR); agro-morphological
traits; bioactive compounds (phenolics, flavonoids, chlorogenic acid, trigonelline, caffeine);
and antioxidant capacity (ABTS, DPPH, FRAP). Mn and Zn were associated with greater
resistance to CBB and CLM, whereas P and Ca related with lower susceptibility to CLR; a
P-Zn antagonism emerged as a critical nutritional axis. Phosphorus was linked to larger
size and higher 100-bean mass; Ca and Mg to greater fruit number and fruit mass per plant;
and Fe to improved filling and higher 100-bean mass in parchment coffee. For bioactive
compounds, P and K were positively associated with total phenolics, total flavonoids,
caffeine, and ABTS/FRAP antioxidant activity, while trigonelline and chlorogenic acid
correlated positively with the micronutrients Zn, Cu, and Fe. Cluster analysis resolved
groups associated with resistance, Zn/Fe biofortification, productivity, and functional
quality. PER1002287, PER1002216, PER1002207, and PER1002197 emerged as promising
accessions balancing plant health, yield, and phytochemical quality. Overall, grain mineral
composition is linked to plant health, productivity, and functional quality in coffee, pro-
viding a foundation for precision nutrient management and breeding programs aimed at
resilient and high—value-added coffee.

Keywords: Coffea arabica L.; mineral content; pest and disease resistance; bioactive compounds;
functional foods; coffee leaf rust; MP-AES

1. Introduction

Coffee (Coffea spp.)
crops [1,2], owing to both its economic weight and social impact. Roasted, ground, and

ranks among the world’s most important agro-industrial
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infused coffee seeds yield today’s most widely consumed non-alcoholic beverage [3,4]. Its
global popularity is sustained not only by its recognized health benefits [5] but also by its
importance as a primary source of income for millions of smallholder farmers throughout
the tropics [6,7]. Its economic and sociocultural value rests on bean quality [8], which in
turn depends on productive stability in the face of pests and diseases that threaten coffee
systems across diverse geographical conditions [9]. Chief phytosanitary challenges include
coffee leaf rust, caused by Hemileia vastatrix [10,11], the coffee berry borer, Hypothenemus
hampei [12,13] and the coffee leaf miner, Leucoptera coffeella [14,15], whose selection pressure
and population dynamics have driven integrated management and breeding strategies
aimed at enhancing resistance and crop resilience [12,16,17].

Grain mineral composition encompasses both major elements (macronutrients) and
trace elements (micronutrients) that are absorbed from the soil and translocated to coffee
beans during fruit development [18-20]. Far from being a mere imprint of soil and en-
vironmental conditions, the bean’s elemental profile is a determinant of plant metabolic
function, defense responses, and the secondary-metabolite landscape that shapes coffee
flavor and aroma [21,22]. In parallel, nutritional imbalances have been linked to altered
susceptibility to biotic stress, with profound implications for integrated pest management
and crop resilience [23-27]. An optimal, well-balanced nutrient supply is required for
proper expression of defense-related genes and for activation of the enzymatic systems
underlying induced resistance [28-30]. Adequate nitrogen is essential for photosynthesis
and vegetative growth; however, excessive N fertilization can increase susceptibility to
certain pathogens by promoting tissue softening and nutrient leakage that favor pathogen
proliferation [23,31]. Micronutrients, particularly Zn, B, and Cu, play critical roles in modu-
lating plant defense [32]. Zinc participates in protein metabolism, cell-wall integrity, and
the synthesis of defense compounds such as phenolics and lignin, which are necessary to
mount effective responses against fungal pathogens like coffee leaf rust [33,34]. Mineral
nutrition modulates plant resistance through multiple pathways, from cell-wall integrity
and lignin deposition to redox regulation, root-exudate composition, and interactions
with the microbiota, thereby affecting susceptibility or tolerance to pathogens and some
herbivores. This underpins the hypothesis that grain mineral content may be associated
with phenotypes exhibiting resistance to pests and diseases [35].

The influence of grain mineral composition extends beyond disease resistance to key
agro-morphological attributes that determine plant vigor, fruit development, and yield [36].
Soil nutrient availability impacts vegetative growth via improvements in leaf area, branch
length, and floral bud formation; accordingly, appropriate nitrogen fertilization produces
significant increases in branch length and vegetative biomass [37,38]. These morphological
enhancements, in turn, correlate with higher productivity and greater resilience to abiotic
and biotic stressors such as drought and pests [39].

Mineral nutrients also shape the biochemical profile of coffee beans through their roles
in metabolic pathways that synthesize secondary metabolites [40,41]. Caffeine, chlorogenic
acid, trigonelline, and polyphenols are among the compounds whose biosynthesis is
modulated by nutrient availability. Optimal nitrogen and potassium levels favor higher
concentrations of these metabolites, improving aroma, flavor, and body in the cup [27].
Foliar applications of micronutrients such as B, Cu, and Zn have been shown not only to
enhance yield parameters but also to positively influence cup quality [42,43]. In addition,
polyphenol oxidase (PPO), which affects bean coloration, antioxidant properties, and cup
quality, is regulated by adequate mineral nutrition, particularly by micronutrients and by
chloride associated with potassium fertilizers [44].

Most studies to date have focused on assessing soil nutrient availability and exam-
ining the effects of fertilization or agronomic practices on yield and grain quality [35,45].
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However, very few have investigated grain mineral composition within a multidimen-
sional framework that captures its relationships with agro-industrial attributes, func-
tional quality, and underlying physiological processes. Advances in coffee germplasm
characterization—both globally and in Peru—have primarily relied on genetic diversity
analyses and productive traits [46,47], with limited integration of grain mineral composition
and its functional dimensions. In this context, it is important to highlight that the National
Coffee Germplasm Collection of INIA is one of the most diverse in the country, bringing
together accessions from various departments of Peru and spanning broad altitudinal and
ecological ranges, from Amazonian areas to inter-Andean valleys.

Recent progress in coffee nutrition and quality research has not been accompanied
by studies that simultaneously integrate grain mineral composition with resistance to
pests and diseases, agro-morphological traits, and the biochemical and antioxidant profile.
Currently, no analytical framework exists that employs the grain’s mineral signature as
a multidimensional indicator of the plant’s physiological, sanitary, and functional status.
The literature remains focused on soil nutrient availability and fertilization effects [48-50],
without addressing how grain mineral composition may reflect metabolic processes associ-
ated with stress tolerance, redox dynamics, and the accumulation of bioactive compounds,
revealing a substantial conceptual and methodological gap.

Accordingly, this study aimed to decipher the relationships between grain mineral con-
tent and (i) resistance to foliar pests and diseases, (ii) agro-morphological traits, (iii) bioac-
tive compounds, and (iv) antioxidant capacity in 150 accessions from the National Cof-
fee Germplasm Collection of the Instituto Nacional de Innovacién Agraria (INIA), Peru.
Through integrated univariate and multivariate statistics (correlation networks and associ-
ation models), we present a map of grain mineral signatures associated with agronomic
performance and resistance, with practical implications for germplasm selection and for
designing nutrition strategies oriented toward crop quality and plant health.

2. Materials and Methods
2.1. Plant Material and Experimental Site

This study evaluated Coffea arabica L. germplasm conserved in Peru’s National Coffee
Germplasm Collection, located at the Pichanaki Agricultural Experiment Station (EEA
Pichanaki), Junin, Peru (Figure 1). The full collection comprises 169 accessions originating
from the country’s principal coffee-growing regions: Amazonas, Cajamarca, Huanuco,
Junin, Pasco, and Ucayali. EEA Pichanaki lies at 774 m a.s.l. in a humid tropical envi-
ronment, with a mean annual temperature of 26.7 °C, relative humidity of 78%, and total
annual precipitation of 1,589.6 mm. Predominant soils are silty clay loams, strongly acidic
(pH 4.23 £ 0.15), with moderate effective cation-exchange capacity (4.74 + 1.27 meq/100 g)
and an average aluminum saturation of 25.50 & 10.93% (Table S1).

Field layout consisted of ten plants per accession, established at a spacing of
2.5 x 1.0 m, under a conventional selective management regime that included planting,
fertilization, and pruning. For this study, 150 accessions were evaluated. Selective har-
vests were conducted on five plants per accession at physiological maturity during the
2022-2023 season, corresponding to a coffee production cycle (June 2022 to July 2023). Har-
vest and wet postharvest operations—including selection, depulping, fermentation, and
drying—were carried out following the protocols established by NTP 209.318 [51], Romero
and Camilo [52], and INIA [53]. Fermentation was performed naturally for 12 to 16 h under
the ambient conditions of the EEA Pichanaki. Subsequently, representative subsamples
of green coffee beans were transferred to the INIA Nutritional Research Laboratory for
Genetic Resources for their respective analyses.
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Figure 1. Geographic origin of Coffea arabica L. accessions from the National Coffee Germplasm
Collection of Peru conserved at the Pichanaki Agricultural Experiment Station (INIA).

2.2. Reagents

Analytical-grade reagents included nitric acid (65%), hydrochloric acid (37%),
monopotassium phosphate, ammonium metavanadate, ammonium molybdate tetrahy-
drate, perchloric acid, Folin—Ciocalteu reagent, sodium carbonate, sodium nitrite, alu-
minum chloride, sodium hydroxide, potassium persulfate, ferric chloride, sodium acetate,
ferrous sulfate, glacial acetic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ), and
HPLC-grade methanol, ethanol, and acetonitrile. All chemicals were purchased from Merck
(Darmstadt, Germany), Sigma-Aldrich (St. Louis, MO, USA), and ]J.T. Baker (Phillipsburg,
NJ, USA). Standards for quantification included gallic acid, catechin, caffeine, chlorogenic
acid, trigonelline, and Trolox (Sigma-Aldrich, St. Louis, MO, USA). Single-element refer-
ence solutions (1000 mg/L) for Ca, K, Mg, Na, Fe, Zn, Cu, Mn, Cd, and Pb were purchased
from Agilent Technologies (Santa Clara, CA, USA). Distilled and ultrapure water were
used throughout.

2.3. Agro-Morphological Characterization and Assessment of Pests and Diseases

Agro-morphological descriptors included in the study were: fruiting duration (FMT),
fruit length (FL), fruit width (FW), fruit thickness (FT), soluble solids (SC), fruit weight per
plant (FWP), fruit number per plant (FNP), empty-fruit percentage (EFP), 100-parchment-
bean weight (GW), and peaberry percentage (PBP). Descriptor evaluation followed IPGRI
guidelines [54], considering five plants per accession.

Pests and diseases assessed were coffee leaf miner (CLM), coffee berry borer (CBB),
and coffee leaf rust (CLR). Rust and leaf-miner incidence were evaluated on 10 leaves
per plant (3 upper-canopy, 4 middle, 3 lower), estimating the percentage of leaves with
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visible fungal symptoms or larvae, respectively. For the assessment of CBB incidence, a
branch located in the middle canopy of the plant was selected, and 20 fruits were randomly
sampled and examined. Assessments were conducted during the period of maximum
disease expression in the season, following standardized guidelines from SENASA [55],
considering five plants per accession.

2.4. Spectrophotometric Analysis of Bioactive Compounds and Antioxidant Activity
2.4.1. Aqueous Extraction

Green coffee samples were milled using a Retsch ZM 200 (Retsch GmbH, Haan,
Germany) and sieved (¢ < 0.5 mm). All determinations were performed on the ground
material. Aqueous extracts were prepared following AOAC 2017.13 [56], with minor modifi-
cation. Ground coffee (50 mg) was dissolved in 50 mL distilled water (1 mg/mL), sonicated
for 10 min (Branson 3510; Branson Ultrasonics, Danbury, CT, USA), and centrifuged at
7000 rpm for 10 min at 4 °C (Eppendorf 5430 R; Eppendorf AG, Hamburg, Germany). The
supernatant was used to quantify total phenolics, total flavonoids, and antioxidant capacity
by ABTS, DPPH, and FRAP assays. Extractions were performed in triplicate.

2.4.2. Total Phenolics and Total Flavonoids

Total phenolics were determined according to AOAC 2017.13 [56], with slight modifi-
cations. An aliquot of 0.25 mL extract was mixed with 3.75 mL distilled water and 0.25 mL
2 N Folin—Ciocalteu reagent. After 6 min, 0.75 mL of 20% (w/v) sodium carbonate was
added; the mixture was incubated at 30 = 2 °C for 120 min. Absorbance was read at 765 nm
(Thermo GENESYS 150; Thermo Fisher Scientific, Waltham, MA, USA), and phenolics were
calculated from a gallic-acid calibration curve (25-150 mg/L).

Total flavonoids were quantified following Abdeltaif et al. [57] and Haile et al. [58]
with minor modifications. An aliquot of 0.5 mL extract was combined with 2.0 mL distilled
water and 0.15 mL of 5% (w/v) sodium nitrite. After 5 min, 0.15 mL of 10% (w/v) aluminum
chloride was added and incubated for 6 min, followed by 1.0 mL of 1 M sodium hydroxide
and 1.2 mL distilled water. Absorbance was read at 510 nm, and total flavonoids were
estimated from a catechin standard curve (20-100 mg/L).

2.4.3. Antioxidant Activity Assays

ABTS assay was adapted from Re et al. [59] and Bressani et al. [60], with minor
modifications. The ABTS solution was prepared by mixing 7 mM ABTS with 2.45 mM
potassium persulfate and adjusting absorbance with ethanol to 0.70 £ 0.02 at 750 nm. For
measurement, 0.1 mL extract was mixed with 3 mL ABTS, incubated for 7 min, and read at
734 nm. Trolox (30-150 mg/L) served as the reference standard.

DPPH assay was conducted following Brand-Williams et al. [61] and Bressani et al. [60],
with minor modifications. A 100 uM methanolic DPPH solution was adjusted to an
absorbance of 0.70 + 0.02 at 515 nm. Then, 100 uL extract was mixed with 2.9 mL. DPPH
solution and kept in the dark for 30 min; absorbance was read at 515 nm. A Trolox
calibration curve (5-60 mg/L) was used.

FRAP assay was conducted following Benzie et al. [62], with minor modifications. An
aliquot of 0.1 mL extract was mixed with 3 mL FRAP reagent (300 mM acetate buffer, 10 mM
TPTZ in 40 mM HCI, and 20 mM FeClj in a 10:1:1 ratio). After 4 min in the dark, absorbance
was read at 593 nm. Ferrous sulfate standards (20-150 mg/L) were used for quantification.

2.5. HPLC Analysis of Secondary Metabolites

Aqueous extracts for chromatography were prepared following Sualeh et al. [63],
with minor modifications. Ground coffee (50 mg) was mixed with 50 mL of ultrapure
water at 95 °C and shaken at 150 rpm for 20 min, then filtered before HPLC analysis.
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Extractions and determinations were performed in triplicate. Chromatographic separation
followed Cho et al. [64], with modifications, on an HPLC system (Waters e2695; Waters
Corporation, Milford, MA, USA) equipped with a PDA detector and a Hypersil Gold C18
column (150 x 4.6 mm, 5 um). Injection volume was 20 pL; detection wavelength 280 nm;
flow rate 1.5 mL/min; column oven 35 °C. The gradient used solvent A (water: acetic acid,
98:2) and solvent B (water: acetonitrile: acetic acid, 68:30:2): 0—4 min, 4% B; 4-10 min, 5% B;
10-14 min, 95% B; 14-14.10 min, 0% B; 14.10-17 min, 0% B; 17-19 min, 4% B. Retention
times were 1.6 min (trigonelline), 10.2 min (chlorogenic acid), and 12.8 min (caffeine).
Quantification used external calibration (5-100 mg/L) following Palmieri et al. [65], with
minor modifications.

2.6. Ash Content and Mineral Composition

Ash content was determined according to AOAC 920.93-1920 [66], with modifications.
A ground sample (2 g) was incinerated at 550 °C to a constant weight. For mineral
quantification, a mineralized solution was prepared following AOAC 975.03 [67], with
slight modifications: 10 drops of ultrapure water and 4 mL nitric acid (1:1) were added
to the ash; the acidic solution was evaporated at 120 °C, and the sample was returned to
the mulffle furnace at 500 °C for 2 h. Finally, 10 mL hydrochloric acid (1:1) was added and
brought to 50 mL with ultrapure water.

Phosphorus was analyzed according to AOAC 965.17 [68], with modifications: 0.5 mL
mineralized solution was mixed with 1 mL MDB reagent and brought to 5 mL with
ultrapure water; after 10 min, absorbance was read at 400 nm (Thermo GENESYS 150;
Thermo Fisher Scientific, Waltham, MA, USA). Calibration used monopotassium phosphate
(2-10 mg/L).

Microelements (Cu, Zn, Fe, Mn, Cd, Pb) were determined directly from the mineral-
ized solution, whereas macroelements (Ca, K, Na, Mg) were quantified after 1:100 dilution
with corresponding process blanks. A mixed calibration curve (0.025-10 ng/mL) was
prepared from single-element standards (1000 pg/mL). Samples were quantified on an
MP-AES 4210 (Agilent Technologies, Santa Clara, CA, USA) equipped with a standard
torch (EasyFit MP-AES 4210), OneNeb Series 2 nebulizer, double-pass glass cyclonic spray
chamber, five-channel peristaltic pump, AVS 4 switching valve accessory, and autosampler.
Nitrogen was supplied by a Peak Scientific generator (Halo, Peak Scientific Instruments
Ltd., Inchinnan, UK). MP ExPERT settings: replicates, 3; pump speed, 15 rpm; uptake
time, 12 s; switching delay, 12 s; rinse time, 20 s; stabilization time, 12 s; pixels, 3; pro-
grammed pump speed, 15 rpm; system rinse, 3 min. Analytical wavelengths: Ca 393.366 nm;
K 766.491 nm; Mg 285.213 nm; Na 588.995 nm; Fe 371.993 nm; Zn 213.857 nm; Cu 324.754 nm;
Mn 403.076 nm; Cd 288.802 nm; Pb 405.781 nm. Cd and Pb were not reported as their
concentrations did not exceed the instrumental limits of detection.

2.7. Multi-Trait Functional Selection Indices

A multicriteria ranking was implemented for accession prioritization. Each trait
was first standardized to a 1-5 scale (5 = desirable performance). Variables were then
grouped into five blocks: (i) minerals for biofortification (Zn + Fe), (ii) a macromineral
index (Ca + K+ Mg + P + Zn + Fe), (iii) resistance to pests and diseases (CLM, CBB,
CLR), (iv) agro-morphological /productive attributes (FL, FWP, PBP), and (v) bioactive
compounds (CGA, TGN, PHEN, FLAV, ABTS). For each accession, scores within each
block were averaged; subsequently, the five block means were aggregated (block-sum) into
a “Combined” column, from which the “Top-10” promising accessions were ordered by
region of origin and PER code.
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2.8. Statistical Analysis

All descriptive and inferential statistics reported in Table 1 were generated in Graph-
Pad Prism v10.6 (GraphPad Software, San Diego, CA, USA). For each accession, laboratory
replicates (triplicates for chemical/antioxidant assays; indicated subsamples for morphom-
etry) were averaged, and accession-level means were analyzed. Mean, SD, range, and
CV were calculated; distributional assumptions were assessed with the Shapiro-Wilk test
and homoscedasticity with Levene’s test. Kruskal-Wallis with Dunn—Bonferroni post hoc
tests was applied to geographic groups. Boxplots and multivariate bubble charts were
produced in GraphPad Prism v10.6. Subsequent analyses were conducted using R software
(version 4.5.1, R Foundation for Statistical Computing, Vienna, Austria) within RStudio
(version 2025.09.0+387; RStudio Team, Boston, MA, USA). Pairwise associations were sum-
marized as two-tailed Spearman rank correlations (p), and correlation heatmaps/scatter-
matrix plots were generated using psych, MVN, corrplot, ggplot2 GGally, ggforce, and dplyr.
PCA biplots were generated with readr, dplyr, ggplot2, RColorBrewer, and grid. The circular
dendrogram was produced with dendextend, circlize, colorspace, and cluster. The geographical
location map of the accessions was created using dplyr, tidygeocoder, ggplot2, sf, rnaturalearth,
ggspatial, patchwork, and RColorBrewer packages.

Table 1. Descriptive statistics of the mineral and ash content of green coffee (dry basis), and the
incidence of coffee berry borer (CBB), coffee leaf miner (CLM), and coffee leaf rust (CLR) in accessions
of the Peruvian coffee germplasm.

Parameter Unit Mean SD cv Min Max P25 Median P75 Skewness Kurtosis Shapiro
K mg/100 g 1591.00 116.30 7.31% 1242.00 1858.00 1526.00 1612.00 1670.00 —0.45 0.21 0.0560
Mg mg/100g 175.90 18.87 10.73% 118.30 217.00 164.30 178.40 189.30 —0.47 0.02 0.0420
P mg/100 g 169.60 15.00 8.84% 136.60 225.50 159.30 168.40 179.30 0.60 0.88 0.0230
Ca mg/100 g 110.10 18.78 17.05% 54.73 186.30 101.90 111.50 121.80 —0.26 1.98 <0.0001
Na mg/100g 77.26 31.09 40.24% 22.06 153.10 51.54 76.27 98.49 0.32 —0.51 0.0150
Mn mg/100 g 6.29 2.51 39.86% 2.14 17.06 4.32 5.85 7.80 1.05 1.89 <0.0001
Fe mg/100g 5.89 127 21.50% 3.82 10.22 5.08 5.66 6.45 1.09 1.55 <0.0001
Cu mg/100g 1.30 0.29 22.44% 0.67 2.03 1.08 1.27 1.49 0.31 —0.34 0.0960
Zn mg/100 g 0.37 0.15 40.24% 0.14 141 0.28 0.35 0.43 3.11 17.41 <0.0001
Ash % 3.99 0.20 4.93% 3.50 4.59 3.84 3.97 4.12 0.34 0.11 0.2990
CBB % 6.51 7.99 122.62 0.00 51.00 2.00 5.00 8.00 2.99 11.55 <0.0001
CLM % 25.83 15.31 59.30 0.00 84.00 14.00 24.00 34.00 0.87 123 0.0001
CLR % 46.39 30.42 65.58 0.00 100.00 16.50 50.00 74.00 —0.07 -1.28 <0.0001
3. Results

3.1. Descriptive Statistics of Mineral Content in Green Coffee and Incidence of Pests and Diseases

Across the 150 accessions, macrominerals in green coffee exhibited distinct central
tendencies and dispersion (Table 1). Potassium was predominant element (1 591 mg/100 g;
CV =7.31%), with an approximately normal distribution (Shapiro-Wilk p = 0.0560) and
slight negative skew; interquartile bounds (P25-P75: 1526-1670 mg/100 g) indicate limited
spread. Magnesium (175.90 mg/100 g; CV = 10.73%) and phosphorus (169.60 mg/100 g;
CV = 8.84%) showed moderate variability and deviated from normality (p < 0.05), with
mild skew (negative for Mg; positive for P). Calcium (110.10 mg/100 g; CV = 17.05%) was
more heterogeneous than K, Mg, and P, with a non-normal distribution and slight left skew.
By contrast, sodium (77.26 mg/100 g) was the most variable macromineral (CV = 40.24%;
range 22.06-153.10 mg /100 g), with positive skewness and negative kurtosis, suggesting a
high dispersion of the element in accessions with high, medium, and low values.

Among microminerals, variability was significant and the distributions did not meet
normality assumptions, except for Cu. Manganese (6.29 mg/100 g; CV = 39.86%) and
iron (5.89 mg/100 g; CV = 21.50%) displayed positive skew and kurtosis > 1, indicating
right-tailed distributions with more high values than expected under normality. Copper
showed an intermediate pattern (1.30 mg/100 g; CV = 22.44%), with a normal distribution
(p = 0.0960) and slight skew. Zinc was notably heterogeneous (CV = 40.24%) with a wide
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relative range (0.14-1.41 mg/100 g), strong right skew (skewness = 3.11), and marked
leptokurtosis (kurtosis = 17.41), evidencing long tails and accessions with point enrich-
ment in Zn. Interquartile widths were tighter for Fe (P25-P75: 5.08-6.45 mg/100 g) and
Cu (1.08-1.49 mg/100 g) than for Mn (4.32-7.80 mg/100 g) and Zn (0.28-0.43 mg/100 g),
reflecting the greater relative dispersion of the latter two. Total ash content was highly
stable (3.99%; CV = 4.93%; normal distribution) and serves as a reliable indicator of the
grain’s overall “mineral load”.

The incidence of pests and diseases also exhibited variability among the evaluated
accessions. Coffee berry borer (CBB) showed the highest dispersion (6.51%; CV = 122.62%),
with values ranging from 0% to 51%. Its distribution was right-skewed (skewness = 2.99)
and markedly leptokurtic (kurtosis = 11.55), indicating a pronounced concentration of
accessions with minimal to moderate infestation, together with a small subset exhibiting
high CBB incidence. The interquartile range (P25-P75: 2-8%) confirms this broad disparity,
and normality was rejected (p < 0.0001).

The incidence of coffee leaf miner (CLM) averaged 25.83% and showed high variability
(CV =59.30%), also failing to meet normality assumptions (p = 0.0001). The positive skew-
ness (0.87) and moderately elevated kurtosis (1.23) indicate a concentration of accessions
with low to intermediate infestation levels (P25-P75: 14-34%), along with an additional
group presenting high CLM damage. Compared with CBB, CLM exhibited lower skewness
and lighter tail weight.

Coffee leaf rust (CLR) showed the highest mean incidence (46.39%) among the three
biotic stressors evaluated, accompanied by substantial dispersion (CV = 65.58%). Unlike
CBB and CLM, CLR exhibited an almost symmetric distribution (skewness = —0.07) and
slight platykurtosis (kurtosis = —1.28), suggesting a more even distribution of low, interme-
diate, and high infection levels across accessions. However, the Shapiro-Wilk test indicated
a significant deviation from normality (p < 0.0001), likely due to the bounded nature of
the variable (0-100%). The interquartile range (P25-P75: 16.5-74%) further highlights the
broad epidemiological spectrum of CLR within the germplasm.

3.2. Association Between Mineral Content and Pest/Disease Incidence

In the Spearman matrix (Figure 2), associations between green-bean mineral content
and incidence metrics (lower incidence = greater resistance) were mostly low to moderate,
with consistent signals for specific elements. For coffee berry borer (CBB), Zn (—0.14),
Cu (—0.12), and Mn (—0.20, p < 0.05) showed negative correlations, consistent with higher
resistance as their concentrations increase. In contrast, Ca (0.19, p < 0.05) and P (0.13)
tended to correlate positively, suggesting greater susceptibility as these elements rise. For
coffee leaf miner (CLM), Mn emerged as the principal correlate of resistance, exhibiting the
strongest negative association in the block (—0.33, p < 0.001); most other mineral correlations
hovered near zero, whereas Ca (0.28, p < 0.001), Na (0.15), and P (0.14) showed positive
trends. For coffee leaf rust (CLR), trends were more subtle: weak negative correlation with
P (—0.17; p < 0.05), and positive associations with K and ash content, the latter providing a
salient consideration for fertilization management.

These mineral-resistance associations should be interpreted in light of ionic covaria-
tion among elements, which delineates blocks within the grain. First, a K-ash axis (0.68,
p < 0.001) indicates that K is among the most abundant macronutrients and serves as a
marker of overall mineral load; this may explain why K and ash tend to show positive
relationships with CLR incidence. Second, a metallic Na—-Cu-Fe block displays significant
positive interactions (Na—Cu, 0.60; Cu-Fe, 0.47; Na—-Fe, 0.39; p < 0.001), consistent with
shared accumulation/transport routes; within this module, Cu retains a protective associa-
tion against CBB despite its strong covariation with Na, pointing to a copper-specific effect
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beyond simple coaccumulation. Third, a moderate-to-strong P-Zn antagonism (—0.49,
p <0.001) is accompanied by negative K-Zn (—0.28, p < 0.001) and K-Cu (—0.30, p < 0.001)
relationships; this pattern suggests that increases in P and K tend to coincide with lower Zn
(and partly Cu), with potential functional consequences for Zn/Cu-dependent enzymes and
thus for defense traits. Fourth, Ca aligns significantly with Na (0.35, p < 0.001) and Fe (0.31,
p <0.001), which may reflect co-selection of ionic profiles or shared soil/management
effects driven by Ca-mediated pH shifts. Fifth, Mn shows a negative relationship with
K (—0.22, p < 0.001) and positive associations with Zn and Fe, consistent with its relatively
independent signaling role and its protective association against insect pests. Finally, Mg
shows negative correlations (p < 0.05) with Na, P, and Cu, suggesting a distinct accumula-
tion dynamic in the grain that depends on liming activity, which in-fluences the availability
of these nutrients.

CBB

Ash 0.08 . 002 016 019 -007 005 0.07 -0,19

CBB 019 002 -002 002 013 -014 -012 -0.04 =020 -0.05

CLM

CLR

CLM 028 o014 -001 015 014 -014 -003 -002 | -033 0.10 031

k. kk

CLR -009 016 000 006 -0,147 0.07 -003 008 0.04 019 -0.15 -0.00

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Figure 2. Spearman correlation matrix between green coffee bean mineral content and the incidence
of coffee berry borer (CBB), coffee leaf miner (CLM), and coffee leaf rust (CLR) in Peruvian coffee
germplasm. Abbreviations: Ca, calcium; K, potassium; Mg, magnesium; Na, sodium; P, phosphorus;
Zn, zinc; Cu, copper; Fe, iron; Mn, manganese; Ash, ash content. Significance: p < 0.05 (*); p < 0.01 (**);
p <0.001 (***).

PC1 (19.1%) and PC2 (16.5%) captured the main variation patterns observed in the
Spearman matrix (Figure 3), the grain’s mineral profile and its relationship with pest and
disease incidence. PC1 separates, to the right, a set dominated by Na, Ca, Fe, Cu, and Zn
(long vectors with small inter-vector angles, indicative of covariation) and, to the left, a block
defined by K, Mg, and Mn, mirroring the P-Zn antagonism and the negative K-Zn/K-Cu
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-2.5

relationships observed in the correlations. PC2 represents a chemical-phytosanitary gra-
dient: CLM projects strongly in the positive direction, colinear with ash, P, and, more
modestly, Ca; Mn loads in the opposite quadrant, reinforcing its protective association
against CLM (higher incidence along the ash/P/Ca direction; lower incidence, greater
resistance, toward Mn). CBB has a shorter vector with a moderate projection toward
the ash/K half-plane, consistent with weak-to-moderate bivariate signals; Cu is oriented
nearly orthogonal/opposite to CBB, in line with its negative association in the correlation
matrix. CLR lies close to the origin, indicating low communality on the first two axes and
supporting the generally small bivariate mineral-CLR relationships.

Zone

Amazonas
Cajamarca

m Huanuco

E Junin
Pasco
Ucayali

PC1(19.1%)

Figure 3. Principal component analysis of green coffee bean mineral composition and the incidence
of coffee berry borer (CBB), coffee leaf miner (CLM), and coffee leaf rust (CLR) in Peruvian coffee
germplasm, grouped by geographic origin. Abbreviations: Ca, calcium; K, potassium; Mg, magne-
sium; Na, sodium; P, phosphorus; Zn, zinc; Cu, copper; Fe, iron; Mn, manganese; Ash, ash content.

3.3. Association Between Mineral Content and Agro-Morphological Parameters

In the Spearman matrix integrating green-bean minerals with agro-morphological
traits (Figure 4), the structural coherence of the fruit-size block is evident: fruit length (FL),
width (FW), and thickness (FT) covary strongly (FL-FW, 0.79; FL-FT, 0.55; FW-FT, 0.66;
p < 0.001) and associate differentially with minerals. Fruit width and thickness increase
with K (FW-K, 0.10; FT-K, 0.12) and significantly with P (FW-PF, 0.35; FI-P, 0.27; p < 0.01),
whereas Zn relates negatively to thickness (FW-Zn, —0.21; FI-Zn, —0.23; p < 0.01). Mg
associates negatively with width (Mg-FW, —0.24; p < 0.01) and thickness (Mg-FT, —0.17;
p <0.05), while K and Ca show non-significant effects on these dimensions (<0.12). Fruit
length shows weak associations with minerals except for P (0.21; p < 0.01).

Soluble solids (SC) oppose the size block, SC decreases as fruit length and width
increase (SC-FL, —0.21; SC-FW, —0.20; p < 0.05), and shows weak positive associations
with macrominerals (K, Mg, Ca) and weak negative/near-zero associations with Zn, Cu,
Fe, and Mn. This pattern suggests a relationship between size and sugar accumulation
(°Brix), which can be partially modulated by the mineral status of the bean and may favor

the development of larger structures.
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Figure 4. Spearman correlation matrix (« = 0.05) between green coffee bean mineral content and agro-
morphological parameters. Abbreviations: Ca, calcium; K, potassium; Mg, magnesium; Na, sodium;
P, phosphorus; Zn, zinc; Cu, copper; Fe, iron; Mn, manganese; FMT, fruiting duration; FL, fruit length;
FW, fruit width; FT, fruit thickness; SC, soluble solids; FWP, fruit weight per plant; FND, fruit number
per plant; EFP, empty-fruit percentage; HGW, 100-parchment-bean weight; PBP, peaberry percentage.
Significance: p < 0.05 (*); p < 0.01 (**); p < 0.001 (***).

In yield components, fruit weight per plant (FWP) and fruit number per plant (FNP)
displayed positive, significant, and moderate associations with macrominerals, notably Ca
and Mg (0.23; p < 0.01). By contrast, the empty-fruit percentage (EFP) decreased with higher
Fe, Zn, and Cu (EFP-Fe, —0.28; EFP-Zn, —0.23; EFP-Cu, —0.16; p < 0.05) and increased
with P (EFP-P, 0.18; p < 0.05), suggesting that adequate Fe/Zn/Cu status is associated with
better fruit filling, whereas elevated P tends to relate to a higher proportion of empty fruits.

Regarding physical quality, 100-parchment-bean weight (HGW) correlated positively
with P and Mn (HGW-P, 0.30; HGW-Mn, 0.22; p < 0.01). Meanwhile, the percentage of
peaberry beans (PBP) is negatively related to Fe (—0.25; p < 0.01), indicating that higher
iron content may be associated with a lower frequency of peaberry formation.

Mineral-mineral covariation contextualizes these agro-morphological associations.
The K-ash synergy (0.68, p < 0.001) implies that part of K-attributed effects reflect a general
mineralization gradient; the Na—Cu-Fe module (Na-Cu, 0.60; Cu-Fe, 0.47; Na—Fe, 0.39;
p <0.001) supports their joint negative projection on fruit size; and the P-Zn antago-
nism (—0.49, p < 0.001) helps explain why increases in P accompany larger, heavier fruits
(FW/FT/HGW), whereas Zn associates with relatively thinner, lighter fruits. Overall,
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the results delineate a coherent map in which P and Fe relate to larger, heavier beans;
Fe/Zn/Cu to improved filling (lower EFP); and Mn to greater fruit volume but lower
soluble-solids concentration.

In Figure 5, PCA (PC1 = 15.6%; PC2 = 12.8%), two gradients jointly organize green-
bean minerals and agro-morphological traits. PC1 clearly describes a size/weight axis
for fruit and bean: vectors for width (FW), thickness (FT), and length (FL) load strongly
and positively, colinear with P and ash, confirming that higher P (and greater overall
mineralization, reflected by Ash) associates with larger fruits and heavier beans (HGW). In
the opposite half-plane, Mg, Mn, and soluble solids (SC) project together, consistent with
the negative correlations of SC with FW /FT /FL.

5.0

Zone

N
o

< E| Amazonas
3
g [:]Caamama
= (:7 Huanuco
Ej ) [:] Junin
o - Pasco
0.0 .
Ucayali
/
(
\
-25 \

PC1 (15.6%)

Figure 5. Principal component analysis of green coffee bean mineral composition and agro-
morphological parameters in Peruvian coffee germplasm, grouped by geographic origin. Abbrevia-
tions: Ca, calcium; K, potassium; Mg, magnesium; Na, sodium; P, phosphorus; Zn, zinc; Cu, copper;
Fe, iron; Mn, manganese; FMT, fruiting duration; FL, fruit length; FW, fruit width; FT, fruit thick-
ness; SC, soluble solids; FWP, fruit weight per plant; FNP, fruit number per plant; EFP, empty-fruit
percentage; HGW, 100-parchment-bean weight; PBP, peaberry percentage.

PC2 primarily separates an upper metallic block dominated by Na, Fe, and Cu (long,
closely aligned vectors) together with Zn toward the upper-left quadrant; this geometry
recapitulates mineral-mineral interrelationships and suggests partially shared accumu-
lation routes. Yield components lie near the size block: FWP and FNP project into the
FW/FT/P/ Ash sector, indicating that higher availability of P and Ca covaries with larger
fruits and greater yield. Conversely, EFP points toward the lower-right half-plane and
forms wide angles relative to Fe, Zn, and Cu—consistent with its negative association with
these micronutrients—while retaining a component toward P, in line with the positive
P-EFP trend in the correlation matrix. Peaberry percentage (PBP) occupies the right quad-
rant with moderate projection and wide angles relative to Zn/Fe/Cu, reflecting its negative
correlations with these microelements.

Regional ellipses overlap broadly with no sharp separation, indicating that the joint
mineral-agronomic structure is consistent across regions and primarily governed by grain
chemical gradients rather than geography. Taken together, the PCA conveys three mes-
sages: (i) P (together with ash) is related to fruit/bean size and weight; (ii) Ca associates
with a greater number of fruits per plant and higher yield, whereas Mg relates to higher
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sugar content; and (iii) Mg/Mn/SC load opposite the size complex, suggesting a trade-off
between sweetness and volume that can be modulated by the grain’s mineral status.

3.4. Association Between Mineral Content and Bioactive Compounds

In the Spearman matrix integrating green-bean minerals with bioactive compounds
and antioxidant capacity (Figure 6), bioactives and antioxidant assays were highly corre-
lated (p < 0.001). The strongest relationships were TPC-TFC (0.67), TPC-ABTS (0.66), and
TFC-ABTS (0.78), while DPPH and FRAP aligned in the same direction with moderate
magnitudes (DPPH-ABTS and DPPH-FRAP, 0.34-0.41; p < 0.001). This pattern confirms
that increases in phenolics and flavonoids translate into greater antioxidant capacity across
all three assays.
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Figure 6. Spearman correlation matrix between green coffee bean mineral content and bioactive
compounds. Abbreviations: Ca, calcium; K, potassium; Mg, magnesium; Na, sodium; P, phosphorus;
Zn, zinc; Cu, copper; Fe, iron; Mn, manganese; Ash, ash content; TPC, total phenolic content;
TFC, total flavonoid content; ABTS, DPPH, FRAP, antioxidant activity assays; TGN, trigonelline;
CGA, chlorogenic acid; CAF, caffeine. Significance: p < 0.05 (*); p < 0.01 (**); p < 0.001 (***).

Three principal mineral-bioactive signals emerge. First, a global mineralization gra-
dient, captured by ash content, correlates positively with TPC, TFC, ABTS, and FRAP
(0.20-0.30; p < 0.05), indicating that accessions with a higher whole-grain mineral load
tend to accumulate more phenolics and consequently exhibit stronger antioxidant activity.
Second, among individual minerals, Fe and Cu show significant, albeit moderate, positive
correlations with CGA and TGN, and negative correlations with ABTS/FRAP, suggesting
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shared accumulation routes linked to phenolic metabolism. Finally, Zn tends to corre-
late negatively with TFC/TPC and antioxidant activity (—0.15 to —0.28). Caffeine (CAF)
displays weak or near-zero associations with most minerals, except for K (0.22, p < 0.01).

In the PCA biplot (Figure 7), two gradients jointly organize grain minerals with
bioactives/antioxidants (PC1 = 21.6%; PC2 = 15.2%). PC1 defines a phenolic-antioxidant
axis: vectors for TPC, TFC, FRAP, and ABTS project strongly to the right and are nearly
colinear with P, K, and ash, accompanied by CGA and, to a lesser extent, DPPH. This
geometry indicates that higher P and K, together with greater overall grain mineralization,
covary with elevated phenolics/flavonoids and enhanced antioxidant capacity. In the
opposite half-plane, Mg and Mn load in the lower quadrant, whereas Fe, Zn, and Cu orient
toward the upper quadrant.

Cu
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Figure 7. Principal component analysis of green coffee bean mineral composition and bioactive
compounds in Peruvian coffee germplasm, grouped by geographic origin. Abbreviations: Ca, cal-
cium; K, potassium; Mg, magnesium; Na, sodium; P, phosphorus; Zn, zinc; Cu, copper; Fe, iron;
Mn, manganese; Ash, ash content; TPC, total phenolic content; TFC, total flavonoid content; ABTS,
DPPH, FRAP, antioxidant assays; TGN, trigonelline; CGA, chlorogenic acid; CAF, caffeine.

PC2 separates an upper metallic block (Na, Fe, Cu, Zn), long, closely aligned vectors,
from Mn /Mg, which project toward negative scores; along the same axis, trigonelline (TGN)
aligns with the upper quadrant, indicating that accessions with higher Na/Fe/Cu/Zn
tend to exhibit higher TGN, whereas those richer in Mn/Mg occupy the opposite extreme.
Caffeine (CAF) shows a short, near-axis projection, consistent with weak associations at
the collection scale. Regional ellipses overlap broadly without marked spatial segregation,
suggesting that the observed patterns are driven primarily by grain-chemistry gradients
rather than geography.

Taken together, the PCA corroborates three central messages: (i) P, K, and ash define a
phenolic/antioxidant axis (TPC, TFC, ABTS, FRAP, and DPPH), with CGA strongly aligned;
(ii) the Na—Fe—Cu—Zn set characterizes a second gradient that co-varies positively with
TGN; and (iii) Mg/Mn oppose the phenolic-antioxidant axis, reinforcing signals from the
correlation matrix.
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3.5. Hierarchical Clustering

Hierarchical clustering of the 150 accessions revealed a seven-cluster structure
(Figure 8). The optimal number of clusters (k = 7) was determined using the silhouette
method, which reached a relative maximum at this value (Figure S1), indicating the best
average separation among groups within the evaluated range. The circular dendrogram
shows well-defined branches and consistent accession assignments to each cluster, with
broad geographic representation in nearly all groups—evidence that clustering is governed
chiefly by trait patterns rather than regional provenance.
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Figure 8. Circular dendrogram of hierarchical clustering based on green-bean mineral composition,
pest and disease incidence, agro-morphological parameters, and phytochemical traits in 150 coffee
accessions (Ward linkage, Euclidean distance).

Cluster sizes were C1 =22,C2=25,C3=14,C4=10,C5=36,C6 =22, and C7 =21
(Table S2). The resulting clustering yielded crisp profiles that align with the PCA biplot. C1
concentrated accessions with elevated Fe and Ca (also Na), high fruit load but small beans,
greater susceptibility to rust and leaf miner, and lower antioxidant potency. C2 grouped
materials with high Cu and Zn, improved resistance to berry borer and reduced rust,
together with an outstanding bioactive profile and good yield, emerging as a functional,
productive cluster. C3 represented large-bean types with lighter fruit load, low borer
incidence, but higher rust. C4 combined large fruit/beans with better rust resistance, albeit
with lower phenolics/flavonoids and antioxidant capacity. C5 was distinguished by high P
and Mn and the highest phenolic-antioxidant levels in the study, with low borer incidence
but reduced load and intermediate-to-high rust. C6 showed low Cu, Fe, Mn, and Na, a
high number of fruits but also more empty fruits, high berry borer and leaf miner incidence,
low rust, and elevated ABTS/FRAP. C7 stood out for high Zn coupled with low Ca/P/Na,
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better performance against leaf miner, smaller size/yield, higher peaberry proportion, and
intermediate bioactives.

Collectively, clusters 2, 5, and 6 anchor the functional /antioxidant axis (with 2 addition-
ally favorable for borer resistance); 3 and 4 define the size/weight axis (with 4 advantaged
against rust); 1 and 6 encompass high-yielding materials that will require targeted health
management; and 7 offers a Zn-leaf-miner niche for biofortification and plant-health
strategies, albeit with scope for improving caliber and crop load.

3.6. Regional Profiles of Macro- and Micronutrients

Figure 9 summarizes regional contrasts in green-bean macronutrient content. For
Ca (panel a), Junin exhibits the highest concentrations, whereas Amazonas, Cajamarca,
and Pasco occupy an intermediate tier and Huanuco and Ucayali show the lowest levels.
For K (panel b), no significant differences were detected across regions, indicating broadly
homogeneous translocation among provenances.

In Mg (panel c), Huanuco stands out with significantly higher concentrations than the
other departments, except Pasco. For Na (panel d), contrasts are pronounced: Junin shows
the highest levels, Huanuco the lowest, and Pasco an intermediate position. Amazonas
spans a wide range, while Ucayali displays comparatively tight dispersion.

Phosphorus (e) is enriched in Cajamarca and Amazonas, followed by Junin and
Pasco; Huanuco concentrates the lowest values. Ucayali shows consistent, relatively low
medians with wide interval overlap, precluding statistical discrimination from other origins.
Finally, ash percentage (f) is highest in Pasco, intermediate in Amazonas and Ucayali, and
significantly lower in Cajamarca, Huanuco, and Junin.

Box and whisker amplitudes reveal appreciable intraregional variability, particularly
for Na, consistent with the combined influence of genotype, edaphic environment, and
management. Concurrently, overlap among provenances matches the lack of clear zonal
separation observed in the PCAs, suggesting that grain-chemistry gradients dominate
over geography.

When micronutrients are compared by origin (Figure 10), Zn (a) shows the great-
est spatial heterogeneity: Junin concentrates the highest values, followed by Pasco and
Huanuco (not significantly different from each other); Ucayali sits at an intermediate range,
whereas Cajamarca and Amazonas display the lowest concentrations. The tall, narrow
violin shape for Junin indicates accessions with elevated Zn.

For Cu (b), the pattern is more homogeneous: Amazonas exhibits the lowest values,
while Cajamarca, Huanuco, Junin, and Pasco do not differ significantly; Ucayali occupies
an intermediate position. For Fe (c), a gradient emerges with Pasco at the top, Cajamarca
and Junin at a high-intermediate tier, and Amazonas and Huanuco at the lowest levels;
Ucayali overlaps the intermediate range. For Mn (d) there are no statistically significant
contrasts among regions, although the violin plots suggest a higher density of elevated
values in Cajamarca and Amazonas.

Taken together, regional variation is pronounced for Zn and Fe, moderate for Cu, and
essentially null for Mn. The degree of overlap among regional distributions, visible in
violin widths and the proximity of medians, reinforces that, despite some geographic foci,
within-region variability remains large, consistent with genotype and local management
strongly shaping micronutrient accumulation in Coffea arabica L.
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Figure 9. Regional variation in green coffee bean macronutrients by geographic origin: (a) Ca, (b) K,
(c) Mg, (d) Na, (e) P, and (f) ash. Different letters above boxplots indicate significant differences
among regions (p < 0.05, Dunn’s test).
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Figure 10. Regional variation in green coffee bean microelements by geographic origin: (a) Zn,
(b) Cu, (c) Fe, and (d) Mn. Different letters indicate significant differences among regions (p < 0.05,
Dunn'’s test).

https://doi.org/10.3390 /horticulturae12010015



Horticulturae 2026, 12, 15

19 of 33

CLR

CLR

CLR

3.7. Multivariate Analysis of Resistance to Berry Borer and Leaf Rust

In the faceted scatterplots of Figure 11 (panels a—f), leaf rust incidence (CLR) is plotted
against grain mineral concentrations, with point size encoding berry borer incidence (CBB)
and color indicating geographic origin.
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Figure 11. Relationship between leaf rust (CLR), coffee berry borer (CBB), and green-bean mineral
content: (a) Ca, (b) P, (¢) Zn, (d) Cu, (e) Fe, and (f) Mn.
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Overall, point clouds are diffuse with marked interregional overlap, indicating that
CLR variation is only weakly explained by individual minerals and that there is no clear
zonal segregation. Consistent with the Spearman matrix (Figure 2), a mild negative trend
is apparent for CLR versus P (b) and, to a lesser extent, Ca (a): accessions with mid-high
P (160-190 mg /100 g) and intermediate Ca (95-125 mg/100 g) tend to cluster at lower CLR
(greater resistance), whereas CLR dispersion widens again at mineral extremes. For Zn,
Cu, Fe, and Mn (cf), patterns are essentially vertical, with no clear CLR gradient across
concentration axes, confirming very small or null bivariate associations with rust.

Point size (CBB) shows no co-gradient with CLR: across panels, some accessions
combine low CLR with small points (low CBB; dual resistance), whereas others display
low CLR with medium/large points (rust resistance without concomitant borer resistance),
suggesting partial independence between these phytosanitary outcomes at the collection
scale. In summary, the figure supports three key insights: (i) rust resistance improves with
higher P; (ii) Zn, Cu, Fe, and Mn show no monotonic bivariate relationship with CLR;
and (iii) resistance to borer and rust does not systematically co-occur as a function of any
single mineral, implying that identifying “dual-resistant” accessions requires multivariate
approaches and direct selection on incidence phenotypes.

3.8. Promising Accessions

Table S3 summarizes the multicriteria ranking applied to the 150 accessions using
a standardized 1-5 scoring scheme per trait (5 = desirable performance). In Table 2, five
selection blocks were constructed: (i) minerals for biofortification; (ii) a macromineral index;
(iii) resistance to pests and diseases; (iv) agro-morphological attributes; and (v) bioactive
compounds. The Combined column aggregates these block scores into an overall “Top-10”
ranking. This framework identifies both well-balanced accessions (concurrent strength
across multiple blocks) and more specialized profiles, with full traceability by region of
origin and PER codes.

Table 2. Promising accessions based on a multicriteria ranking (1-5 scale) integrating grain mineral
composition, pest and disease resistance, agro-morphological attributes, and bioactive compounds,
stratified by region of origin: Amazonas (A), Cajamarca (C), Huanuco (H), Junin (J), and Pasco (P).

Rank Zn + Fe Ca+K+Mg+P+Zn+Fe Pest Resistance Agro-Morphologic Bioactive Combined
1 PER1002279 | PER1002312 P PER1002229 A PER1002199 C PER1002290 P PER1002287 |
2 PER1002285 J PER1002287 J PER1002261 J PER1002180 C PER1002289 P PER1002216 C
3 PER1002287 J PER1002216 C PER1002301 P PER1002211 C PER1002292 r PER1002207 C
4 PER1002291 P PER1002317 H PER1002318 U PER1002216 C PER1002184 C PER1002197 C
5 PER1002309 P PER1002214 C PER1002239 A PER1002248 A PER1002193 C PER1002292 P
6 PER1002310 P PER1002275 ] PER1002303 P PER1002273 ] PER1002197 C PER1002314 H
7 PER1002312 P PER1002285 J PER1002325 H PER1002177 C PER1002205 C PER1002275 J
8 PER1002317 H PER1002297 r PER1002336 H PER1002197 C PER1002222 C PER1002317 H
9 PER1002182 C PER1002310 P PER1002273 ] PER1002207 C PER1002276 J PER1002240 A
10 PER1002215 C PER1002207 C PER1002277 ] PER1002212 C PER1002287 ] PER1002299 P

Figure 12 (panels a-h) shows individual (1-5 scale) profiles of the top-ranked acces-
sions. Three actionable patterns guide selection: (i) Balanced profiles: accessions such
as PER1002287 and PER1002216 show high combined scores with relatively even contri-
butions from rust resistance (CLR), fruit weight per plant (FWP), and bioactives (CGA
and TPC), while maintaining consistent mineral levels, strong candidates for integrated
selection; (ii) Biofortification with agronomic trade-offs: materials such as PER1002287 and
PER1002317 display very high Zn/Fe (and elevated Ca in some cases) together with high
CGA/TPC, but lower CLR values; these are attractive for nutritional /functional quality
programs provided health or cup-quality trade-offs are managed; and (iii) Productivity-
focused: accessions such as PER1002207 excel in FWP and sustain mid-to-high CGA /TPC,
albeit with more modest CLR—useful where yield gains are prioritized with acceptable
chemical profiles. Intermediate cases (PER1002197, PER1002314, PER1002275) combine
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high Zn/Fe and robust CGA/TPC with mid-to-high CLR and FWP, offering flexibility

depending on end use.
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Figure 12. Score profiles (1-5 scale) of the eight top-ranked green-coffee accessions in the combined
index: minerals (Zn, Fe, Ca), coffee leaf rust resistance (CLR), fruit weight per plant (FWP), and
bioactive compounds (CGA, TPC).

Taken together, the Top-10 includes: (i) all-round candidates (PER1002216, PER1002287,
PER1002207, PER1002197, among others) that maximize adoptability by balancing plant
health, yield, and functional quality; (ii) biofortification candidates, suited to elevating
Zn/Fe and phenolics alongside strategies to improve CLR; and (iii) productivity candidates,
tailored to environments where yield is the primary driver and chemical quality remains
within competitive ranges. This multicriteria ranking translates a heterogeneous trait set
into an operational roadmap for field validation and scaling, enabling targeted selection for
resistance, productivity, biofortification, quality, or tailored combinations thereof, according
to breeding objectives.
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4. Discussion

The mineral composition of the coffee bean not only mirrors soil conditions but also
shapes plant physiology, modulating primary metabolism, inducible defenses, and the
secondary-metabolite profile that underpins flavor and aroma [69,70]. Multiple stud-
ies indicate that balanced mineral nutrition is essential to optimize resistance to biotic
stress in coffee [11,31,71-73]. Adequate nutrient availability supports the proper expres-
sion of defense-related genes and the activation of key enzymes in induced immune
responses [29,30], whereas nutritional imbalances can predispose plants to greater pest and
pathogen pressure [23,31]. For example, excessive N fertilization can soften tissues and
facilitate infection [74], while deficiencies of micronutrients such as Zn, B and Cu weaken
physical and biochemical barriers [75-77]. Zinc contributes to cell-wall integrity and the
synthesis of soluble phenolics and lignin defense components against pathogens like coffee
leaf rust (Hemileia vastatrix) [18,78]. Likewise, Cu and Mn serve as cofactors in antioxi-
dant and lignifying enzymes (e.g., Mn-dependent superoxide dismutase; Cu-dependent
polyphenol oxidases), reinforcing tissues against microbial invasion and herbivory [32,34].
Consistent with this, micronutrient supplementation has shown marked sanitary benefits
in coffee.

In hydroponic trials, Pérez et al. [79], found that an adequate supply of B, Zn, and Mn
acts as a defense against coffee leaf rust. These micronutrients reduced disease severity
(by 15%, 78%, and 52%, respectively) and increased phenolics and lignin levels in the leaves,
thereby strengthening the plant’s defensive structure. Field reports similarly show that
balanced micronutrient nutrition can suppress rust and other foliar diseases [31]. Overall,
maintaining adequate levels of each nutrient is integral to integrated pest and disease man-
agement [16], both deficiency and excess can alter susceptibility [11,31]. Mechanistically,
mineral nutrition modulates resistance via cell-wall reinforcement and lignin deposition,
redox regulation, and shifts in root exudates—microbiome interactions, thereby affecting
tolerance to fungal pathogens and some herbivores [26,31].

This physiological context explains the observed associations between bean minerals
and resistance traits in the evaluated C. arabica germplasm. Higher Mn and Cu concentra-
tions in the bean were associated with lower incidence of key pests, especially leaf miner
(Leucoptera coffeella) and coffee berry borer (Hypothenemus hampei). Manganese emerged
as the strongest correlate of resistance to leaf miner (—0.33, p < 0.001), consistent with
roles in antioxidant enzymes and lignification that could thicken foliar tissues or elevate
deterrent metabolites [80]. Beyond structural reinforcement, Mn participates in physiologi-
cal pathways related to resistance against leaf-mining insects such as Leucoptera coffeella.
Mn is a cofactor of multiple enzymes involved in the management of reactive oxygen
species (ROS) and in lignification; therefore, its presence enhances redox and enzymatic
responses that function as both signaling and defensive barriers [81-83]. In particular, the
activity of Mn-dependent enzymes—such as Mn-SOD and oxalate oxidase—can increase
localized H,O, production, which acts both as a signaling molecule that induces defense
pathways, including jasmonate-dependent routes against foliar herbivores [81,84,85], and
as a chemical agent participating in the polymerization of phenolic monomers during
lignification and cell-wall strengthening [83].

Localized lignification and the accumulation of phenolic compounds generate physical
and chemical barriers that reduce tissue penetration and larval progression within the
leaf mesophyll, thereby hindering feeding and development of the leaf miner [86-89].
Likewise, Mn may enhance the biosynthesis of phenolic compounds with antifeedant
effects and modulate anatomical leaf traits—such as epidermal thickness and palisade
tissue density—that reduce oviposition preference and penetration speed [88,90,91]. These

https://doi.org/10.3390 /horticulturae12010015



Horticulturae 2026, 12, 15

23 of 33

mechanisms provide a physiological explanation consistent with the lower incidence of
CLM observed in the accessions with higher Mn contents in our study.

Copper showed a modest but negative association with berry borer (—0.12), suggestive
of fruit-level defenses, potentially increased endosperm hardness or oxidative reactions (via
PPO and other cuproenzymes) yielding toxic or deterrent compounds [92-94]. Zinc likewise
trended inversely with borer incidence (—0.14), aligning with Zn’s role in membrane
integrity and defense metabolite production [95]. By contrast, Ca and P correlated positively
with pest incidence (leaf miner: Ca, 0.28; P, 0.14; berry borer: Ca, 0.19; P, 0.13), suggesting
that elevated Ca and P may coincide with greater susceptibility, as reported in other
systems (e.g., apical dieback in eucalyptus) [96]. A possible explanation is that an excess of
available P generates a nutritional imbalance antagonistic to Zn and other essential defense
micronutrients, reducing their absorption. [97,98]. Indeed, the antagonistic interaction
P-Zn is well known in plant physiology, excessive phosphate fertilization often induces Zn
deficiency in the plant by inhibiting its root absorption [99,100]. This results in tissues that
are zinc-poor and potentially more vulnerable to biotic attacks. The present study detected
this P-Zn antagonism in the beans (—0.49, p < 0.001), accompanied by significant negative
relationships between K-Zn (—0.28, p < 0.001) and K-Cu (—0.30, p < 0.001). Accordingly,
accessions with high P and K concentrations tended to exhibit reduced Zn and Cu levels and
simultaneously showed larger fruits but greater pest incidence, supporting the hypothesis
that mineral imbalance can compromise resistance [39]. In agronomic practice, these
findings underscore the importance of carefully managing phosphate fertilization in coffee
to avoid excesses that induce relative deficiencies of protective micronutrients.

Conversely, although Ca is crucial for cell wall cohesion and defense signaling, its
excessive accumulation may reflect alkaline soil conditions or other factors that reduce the
availability of Fe, Zn, or B, which could, in turn, weaken the overall health of the coffee
plant [31]. Notably, for coffee leaf rust (CLR; Hemileia vastatrix), mineral correlations were
far more modest than for insect pests. Cu, Zn, Mn, and other micronutrients did not show a
strong or consistent association with rust incidence across the accessions evaluated [10,101].
Only a weak trend toward lower rust severity was observed with higher P content (—0.17,
p <0.05) and, to a lesser extent, with Ca (—0.09), with the opposite tendency for K (0.16)
and for total mineralization measured as ash (0.19, p < 0.05). This suggests that resistance
to rust, being a complex, polygenic trait, does not depend on any single mineral element in
the bean but rather on more integrated nutritional and physiological interactions [102,103].
Nevertheless, from a practical standpoint, balanced fertilization that prevents deficiencies
(particularly of Zn, B, and Mn) may contribute to foliage less conducive to the germination
and penetration of Hemileia spores [25,79]. Pérez et al. [79] showed that supplementing
Zn and Mn significantly suppressed rust, reducing its progress by 70-80%, likely via
induced accumulation of antifungal phenolics. In addition, balanced applications of Si
and K have also been reported to reduce rust incidence through cuticular thickening and
the induction of phytoalexins [11,28]. Taken together, these results indicate that mineral
nutrition represents an important complementary component in coffee rust management
strategies, although it cannot, by itself, replace genetic resistance or biological control. In the
case of the coffee berry borer, the relationship with mineral nutrition has been less studied;
however, our findings suggest that providing coffee plants with adequate micronutrients
(such as Cu, Zn, and Mn) may enhance the chemical defenses of the endosperm—higher
concentrations of caffeine, bitter phenolics, or heterocyclic alkaloids—that could reduce the
survival or reproduction of Hypothenemus hampei [77,80]. Evidence indicates that caffeine
alone does not guarantee resistance to the borer [104,105], but when combined with other
compounds and with a denser grain structure (possibly associated with good nutritional
status), it may hinder infestation [12]. In general, plants with adequate nutritional status
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tend to tolerate pests better because they can allocate resources to damage repair and
defense metabolite synthesis, whereas nutrient deficiencies may induce stress that makes
them more attractive or less capable of responding to herbivory. Therefore, integrated
management of the coffee berry borer should include not only biological and cultural control
but also balanced fertilization practices that maintain foliar and endosperm micronutrient
levels within optimal ranges [13,17].

Beyond the plant health dimension, this study revealed significant associations be-
tween bean mineral composition and coffee agro-morphological traits, as well as with
the accumulation of bioactive compounds relevant to the beverage’s functional quality.
Regarding productivity, higher P content was linked to fruit size (FL, FW, and FT) and
to the 100-parchment-bean weight (HGW); among all elements, P loaded most strongly
on a principal axis of variation related to fruit size and bean weight. Genotypes with
P-rich beans (and higher total mineral concentration, measured as ash percentage) tended
to produce larger fruits with thicker pericarp (FT) and heavier beans [106]. In our study,
these materials exhibited greater yield in terms of fruit weight per plant and fruit number
per plant, since those yield variables projected along the same gradient as P and ash in
the multivariate analysis. This outcome is consistent with the fundamental role of P in
energy generation (ATP) and metabolism, supporting high rates of cell division and grain
filling [19]. Consequently, phosphate fertilization in coffee often increases fruit set and fruit
weight when P is limiting [107-109].

Similarly, Fe showed a positive association with the number of fruits per plant (FNP)
and fruit weight per plant (FWP), as well as with better fruit filling (fewer empty fruits, EFP).
This micronutrient is essential for respiration and enzyme synthesis; thus, its adequate
presence may enhance photo-assimilate efficiency directed toward bean filling [18,110]. Fe,
Zn, and Cu were also linked to a lower percentage of empty beans (EFP) or peaberries (PBP),
consistent with other studies reporting that the proportion of empty fruits was negatively
associated with Zn, Fe, and Cu contents in the beans [111]. This indicates that sufficient
levels of these micronutrients promote proper seed development, reducing abortion or poor
filling. Physiologically, Zn, Cu, and Fe participate in multiple reproductive processes—for
instance, Zn is involved in seed formation and auxin synthesis, and its deficiency can lead
to embryo abortion [98]. Likewise, Cu and Fe are essential for oxidoreductase activity
during endosperm development [112]; their deficiency could limit energy availability or
cause oxidative stress in developing fruits [113]. In contrast, high Na levels and elevated
Na/K ratios may be associated with osmotic or nutritional stress leading to empty fruits,
although in this study Na showed only moderate effects (Na—EFP, —0.09).

This study also explored the relationship between bean mineral composition and the
occurrence of peaberries, an agro-morphological trait of interest due to its implications
for yield and physical quality. Peaberry formation occurs when only one of the two seeds
in the fruit develops, producing a single, small, rounded bean [114]. Typically, about
5-7% of beans in a harvest are spontaneous peaberries [115]. Although primarily regarded
as a genetically driven anomaly, environmental and nutritional factors may influence its
frequency [116]. Our findings suggest that the plant’s mineral status may be linked to
peaberry incidence. Specifically, we detected negative correlations between the percentage
of peaberries (PBP) and the contents of certain nutrients in the bean: Fe (—0.25), Mg (—0.13),
and K (—0.11). In other words, accessions with higher Fe, Mg, and K levels tended to
produce fewer peaberries. Conversely, a slight positive correlation was observed between
peaberry frequency and Cu (0.11) and Mn (0.04), although these relationships were weak.
Taken together, these data indicate that adequate nutrition in specific micronutrients may
favor the normal development of both seeds within the fruit, reducing the likelihood of
peaberry formation.
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Deficiencies of Fe together with Zn—both crucial for cell division and embryo
viability—may cause partial abortion of one of the ovules, resulting in a single bean.
Studies in other plants have shown that inadequate Zn can lead to seed malformations
and a reduced number of seeds per fruit [117]. Similarly, a low supply of K and Mg could
limit seed development in coffee. Therefore, managing fertilization to ensure sufficient
levels of Fe, Zn, K, and Mg could minimize the incidence of peaberries, although this
requires targeted experimental validation. Nevertheless, genetics remains the predominant
factor: specific varieties or individuals tend to produce more peaberries regardless of
environment [115,116]. Garuma et al. [115] reported in Ethiopia that peaberry proportion
varied with the production system, finding up to ~9% in intensive plantations versus
much lower percentages in garden or semi-wild coffee. They suggest that greater nutrient
competition in dense plantings—or perhaps the use of certain genotypes—may increase
the occurrence of this anomaly and influence body in the beverage. From a commercial
standpoint, however, peaberries are often separated due to their distinctive shape, whereas
in other contexts they are considered minor defects that affect roast uniformity.

A salient finding was the apparent dichotomy between fruit size and soluble sugar
concentration (SC): accessions bearing larger fruits (associated with high P, Fe, and ash)
tended to exhibit lower soluble sugar concentrations (measured in pulp). In particular,
higher Mn content in the bean was associated with smaller fruits and lower relative
sweetness, suggesting an inverse relationship between size and sugar accumulation. This
may be explained by the role of Mn as a cofactor for oxalate oxidase and other enzymes
involved in carbon metabolism [118]; elevated Mn could enhance pathways that divert
photo-assimilates toward structural components (cell wall, lignification) rather than free
sugars, or larger fruits may simply dilute sugar concentration (a dilution effect) [83].

In fruit crops, high yields have been reported to reduce the concentration of sugars
and other quality compounds unless photosynthetic source capacity compensates for the
increased demand (i.e., an inverse relationship between °Brix and tonnage). Our results
in coffee suggest a similar, nutrition-modulated phenomenon: adequate P availability
promotes larger fruit size, whereas relatively high Mn concentrations may be associated
with slightly less sweet fruits. From a sensory standpoint, however, moderate sugar
content may not be undesirable if accompanied by other quality components; by contrast,
high levels of phenolic compounds and minerals are often linked to poorer cup quality,
possibly due to more pronounced bitterness or flavor imbalances associated with these
compounds [119,120]. In our dataset, Mg and Mn were associated with lower polyphenol
accumulation. This aligns with the idea that, while certain phenolics are beneficial for
health, excessive amounts can adversely affect flavor by introducing bitter or astringent
notes [121]. An appropriate nutritional balance in coffee plants could therefore optimize a
chemical composition that favors both plant health and the beverage’s functional quality.
Previous studies have shown that sustainable practices that improve soil nutrition (such as
organic fertilization and mycorrhization) increase bioactive compounds, chlorogenic acid,
caffeine, and trigonelline, while maintaining favorable sensory profiles [27,35].

In this study, high levels of P and ash were associated (p < 0.05) with greater contents
of total phenolics and flavonoids, as well as with higher antioxidant capacity (ABTS and
FRAP), suggesting that mineral nutrition enhances the synthesis of antioxidant secondary
metabolites [122]. Notably, an inverse relationship was observed between bean Cu and
Fe contents and antioxidant capacity (ABTS/FRAP), indicating shared pathways between
the accumulation of these micronutrients and oxidative phenolic metabolism. Copper is a
cofactor of enzymes such as polyphenol oxidase and laccases, which polymerize phenolics
into antioxidant and structural compounds [123,124]. Likewise, Fe participates in enzymes
(catalases and peroxidases) that mitigate oxidative stress and may indirectly influence
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antioxidant stability in the bean [65]. Furthermore, trigonelline, a flavor precursor alkaloid
with antidiabetic properties, showed significant positive correlations (p < 0.05) with Ca, Fe,
Cu, and Zn. This pattern suggests that mineral nutrition rich in these elements may favor
trigonelline synthesis or accumulation, possibly by stimulating nicotinic acid metabolism in
the seed. Trigonelline is linked to cup quality by contributing mild sweetness and aromatic
complexity [125]; therefore, its increase in association with micronutrients is a noteworthy
finding for producing high—cup-quality and functionally valuable coffees. Consistent
with this view, Sualeh et al. [63] reported regional variations in trigonelline, caffeine, and
chlorogenic acid attributable in part to edaphic and nutritional differences, reinforcing the
notion that the coffee mineral terroir shapes its biochemical profile [22].

The results of this study support the hypothesis that cultivating coffee under optimal
mineral nutrition—particularly with respect to micronutrients—can favor the development
of desirable agro-morphological and quality traits. This finding opens a potential line of
research and management focused on agronomic biofortification of coffee plants, which
could not only increase seed nutrient content but also improve fruit health. The concept of
biofortification, widely applied in cereals and legumes to increase Fe and Zn for human
nutrition [126,127], is likewise relevant to coffee within a functional-food framework [128].
Although coffee intake does not substantially contribute to daily mineral requirements, the
development of varieties with beans enriched in micronutrients and antioxidants represents
an attractive opportunity for health-oriented market niches (functional coffees). In this
study, we identified C. arabica accessions with Zn contents (0.14-1.41 mg/100 g) within the
ranges reported by Martin et al. [129] and consistent with values observed by Xu et al. [130]
in green coffee beans grown under agro-forestry systems (0.6-0.8 mg/100 g). For Fe
(3.82-10.22 mg/100 g), we found concentrations up to nearly threefold those reported by
Xu et al. [130] (3.0-3.5 mg/100 g) and above the average value listed in the Peruvian Food
Composition Tables (2.90 mg/100 g) [131], together with elevated levels of polyphenols
and chlorogenic acid. Such materials could be considered “naturally biofortified” and hold
potential for blending or for breeding programs aimed at enhancing the nutraceutical value
of coffee. However, some of these high-mineral-density genotypes exhibited imbalances in
other attributes, such as reduced rust resistance or less distinctive sensory profiles. This
pattern reflects the physiological trade-offs characteristic of biological systems, wherein
maximizing certain beneficial components may entail penalties in defense or quality, likely
due to constraints in resource allocation. For example, a plant that concentrates large
amounts of Zn and Fe in seeds may invest less in foliar defense, or a bean with high
phenolic content may display greater bitterness.

The challenge, therefore, is to achieve a functional balance that combines productivity,
resilience, and quality. From a multidimensional plant-breeding perspective, it is feasible
to select “all-around” varieties with adequate mineral levels, strong resistance, high yield,
and superior functional quality [28]. Indeed, several genotypes evaluated (PER1002287,
PER1002216, PER1002207, and PER1002197) combined high Zn/Fe contents and elevated
concentrations of chlorogenic acid and total phenolics with superior resistance to at least
one pest and satisfactory yield (fruit weight per plant). These materials constitute promis-
ing candidates for field validation and eventual release as new varieties that integrate
productivity, resilience, and functional value.

Taken together, the main findings of this study underscore that elements such as Mn,
Zn, Cu, Fe, Ca, and P are not merely components of coffee’s mineral fraction but active
drivers of essential physiological processes. Mn and Cu are associated with antioxidant
and structural defense systems that strengthen resistance to pests; Zn and Fe participate
in defense pathways and reproductive development, reducing abortion or malformation;
P and K promote yield and fruit size without compromising quality; and Fe and Mg
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contribute to vigorous, complete filling of both beans per fruit, preventing anomalies such
as peaberries. In sum, a balanced interaction of macro- and micronutrients translates into
healthier, more productive coffee plants bearing beans of high nutraceutical quality, rich
in beneficial bioactive compounds. This integrated knowledge opens opportunities for
precision nutritional management and the identification of elite germplasm in breeding
programs, advancing toward a sustainable coffee sector that simultaneously optimizes the
plant’s natural defenses and the quality of the final product.

5. Conclusions

This study demonstrates that bean mineral composition is not a mere edaphic reflection
but a functional axis integrating plant health, agro-morphological traits, and functional
quality. Three key findings emerge. First, with respect to pest resistance, Mn and Cu
were consistently associated with lower pest incidence (greater resistance)—notably Mn
against leaf miner and coffee berry borer, and Cu against the borer. In contrast, relative
excesses of P and Ca were linked to higher pest incidence and reduced resistance to rust,
suggesting that P-Zn antagonism and micronutrient imbalances may compromise coffee’s
natural defenses. Second, for agro-morphological traits, P was associated with fruit size
and the 100 g parchment coffee weight, while Fe was associated with improved filling
(fewer empty fruits) and greater fruit weight per plant. Nevertheless, a trade-off was
observed between larger fruit size and lower sugar concentration, modulated by K and
Mn. Likewise, the frequency of peaberries showed signs of reduction at higher Fe, Mg,
and K levels, suggesting that adequate nutrition may favor normal development of both
seeds per fruit. Third, regarding functional quality, a mineralization gradient (P, K, and
ash) covaried with phenolics, total flavonoids, caffeine, and antioxidant capacity (ABTS
and FRAP), whereas Ca/Na/Fe/Cu/Zn aligned with trigonelline, and Zn and Cu with
chlorogenic acid—indicating that balanced nutrition and defense could be reflected through
functional quality. From an applied standpoint, our results support three recommendations:
(i) implement precision nutritional management, avoiding phosphate over-fertilization
and ensuring Zn, Cu, and Mn remain within optimal ranges for plant health; (ii) integrate
multi-trait indices into germplasm selection to obtain superior materials and specialized
lines (e.g., Zn/Fe biofortification); and (iii) validate nutritional and sensory profiles in
multi-environment trials, incorporating advanced chemistry (targeted metabolomics of
CGAs, trigonelline, and caffeine) and genomic tools to accelerate genetic gain. In sum,
linking bean mineral nutrition with plant health, productivity, and functional quality charts
a tangible path toward a resilient, high—value-added coffee sector capable of differentiating
itself by functional attributes in demanding markets.
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