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Figure S1. Radar graph of coffee samples sensory attributes.
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Figure S2. Multivariate analysis and hierarchical clustering of coffee samples based on
primary processing methods. (A) OPLS-DA score plot showing distinct separation of
the five groups with tight clustering of biological replicates. (B) Permutation test (200
permutations) confirming model robustness (R*Y = 0.998, Q> = 0.825, p < 0.005). (C)
Heatmap from hierarchical clustering of differential metabolites, highlighting clear

metabolic differences between processing methods.
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Figure S3 Validation and visualization of differential metabolites. (A) Model
validation using the DP group as the reference. (B) Permutation test (200 runs) to
confirm model robustness. (C) Volcano plot of differential metabolites (FC>2 or <0.5,
VIP > 1, p < 0.05). (D) Bar chart of the top 20 differential metabolites based on fold
change. (E) Pathway enrichment analysis of differential metabolites. (The order of

paired comparisons from top to bottom is: WP vs DP, RH vs DP, BH vs DP, AF vs DP.)
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We verified the validity of the models using the DP group as a reference (Fig. S3A)
and conducted 200-run permutation tests to confirm it (Fig. S3B). The differential
metabolites (FC > 2 or < 0.5, variable importance in projection (VIP) > 1, and p <0.05)
were visualized using volcano plots (Fig. S3C), Top20 FC bar chart (Fig. S3D) and
pathway enrichment maps (Fig. S3E). The samples exhibited clear separation along the
positive and negative sides of t [1], indicating substantial compositional divergence.
Permutation results (R?Y, Q* > 0.7, p < 0.005) confirmed the model's strong
performance.

Volcano plots were used to visualize intergroup metabolic differences (Fig. S3C),
and Venn diagrams were used to summarize the overlaps among comparisons (Fig. S4).
In every pairwise contrast, the number of down-regulated metabolites exceeded the
number of up-regulated ones. A total of 371 differential metabolites were identified
between DP and BH: 234 were higher in DP, and 137 were higher in BH. Similarly, a
comparison between DP and AF revealed 357 metabolites, with 210 being higher in DP
and 147 in AF. The DP-WP and DP-RH comparisons yielded 306 and 273 differential
metabolites, respectively; DP-RH demonstrated the least variation. These trends align
with the PCA distribution, confirming pronounced metabolic divergence among the
various processing treatments.

The 20 most significantly altered metabolites (10 up-regulated and 10 down-
regulated) were selected for a more detailed comparison (Fig. S3D). The up-regulated

compounds in WP, RH, DP, and AF were primarily lipids, amino acid derivatives, and



terpenoids. Key lipids identified in this study include ethyl icosapentate, docosatrienoic
acid, N-methyl phosphatidylethanolamine (14:1/16:1), phosphatidylethanolamine
(14:1/22:2), and 1-octadecanoyl-2-hexadecanoyl-PE.

Polyunsaturated fatty acids (PUFAs) and esters are susceptible to enzymatic or auto-
oxidation, resulting in the production of volatile Cs-C10 aldehydes and ketones, such as
2,4-decadienal and hexanal. These compounds contribute to herbal, oily, and nutty
notes (Hammer & Schieberle, 2013; Wang et al., 2023). Long-chain PUFAs, such as
ethyl pentacosan-5-enoate and docosatrienoic acid, readily oxidize, forming aldehydes
known to contribute to the aroma of baked and roasted foods. Furthermore, lipid-
derived aldehydes undergo Strecker degradation with amino acids, linking lipid
oxidation to the Maillard reaction and enriching volatile diversity (Adams et al., 2011).
Additionally, phospholipids act as oxidation precursors and regulators of volatile
release at interfaces, influencing aroma intensity and persistence (Li et al., 2024).
Specifically, N-methyl phosphatidylethanolamine (14:1/16:1) and
phosphatidylethanolamine (14:1/22:2) modulate the distribution of oxidation
intermediates and Maillard products, enhancing the continuity of fatty and roasted notes.

Up-regulated amino acids and peptides, including phenylalanine-tyrosine-
methionine, valine-alanine, lysine-lysine, and isoleucine-glutamic acid-lysine, have
been identified as flavor-active compounds. These compounds act as nitrogen donors
in Maillard and Strecker reactions, fostering flavors reminiscent of nuts and roasting

(de Sousa Fontes et al., 2024; Zhang et al., 2023).



Conversely, down-regulated metabolites were predominantly lipids, sterols,
flavonoids, and glycosides. The observed decline in their overall abundance is
attributed to structural disruption of bean tissues during processing. This disruption has
been shown to result in reduced metabolic activity and subsequent down-regulation of

primary metabolites.



Figure S4 Venn diagram of differential metabolites among pairwise comparisons.
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Figure S5. Heatmap using key differential metabolites identified by targeted
metabolomic and WGCNA analyses as the input matrix. (A) Amino acids and
derivatives (n =107). (B) Organic acids (n = 62). (C) Benzene and its derivatives (n =

60). (D) Alkaloids (n = 30). (E) Phenolic acids(n=27).
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a. Amino acids and derivatives

During roasting, certain amino acids act as aroma precursors that contribute
substantially to the overall flavor of the brewed coffee (Yeager et al., 2023). Heatmap
analysis (Fig. S5A) revealed distinct bidirectional changes in amino acids and
derivatives across treatments. Compared with DP, AF and BH revealed marked
increases in aromatic and sulfur-containing short peptides such as Ser-Phe-Met, Ala-
His-Phe-Asp, whereas several branched-chain amino acids-related peptides, including
Leu-Pro-Asn and Ile-Thr-GIn-Lys, were decreased. The RH group exhibited relatively
minor alterations, while WP showed higher levels of some aromatic peptides such as
Tyr-Ile-Arg-Asp. Aromatic and sulfur-containing amino acids participate in the
Maillard and Strecker reactions, yielding pyrazines and thiophenes that enhance roasted
and nutty notes (Maoz et al., 2022). Variations in amino acid content also affect taste
perception, where reductions in branched-chain amino acids decrease the intensity of
bitterness (Chu et al., 2024; Miyanaga et al., 2002). Increased aromatic amino acids can
form “kokumi” peptides through y-glutamylation, enhancing palatability and reducing
bitterness (Yang et al., 2019).
b. Organic acids

Organic acids are critical determinants of coffee acidity and mouthfeel, contributing
fruity or citrus-like notes (Santanatoglia et al., 2024) and moderating bitterness through
taste interactions (Keast & Breslin, 2003). Heatmap results (Fig. S5B) revealed notable

changes in the composition of organic acids among the different treatments. Compared



to DP, both BH and AF exhibited overall declines, except for phenylacetic and citric
acids, which increased significantly (p < 0.05). Phenylacetic acid increased 9.23- and
13.67-fold and citric acid increased 2.02- and 2.30-fold, respectively. Phenylacetic acid
imparts a honey-like aroma, and citric acid enhances bright, fruity acidity and balances
bitterness (Junge et al., 2020; Rune et al., 2023; Sun et al., 2024).

In contrast, the WP and RH contained higher overall organic acid levels. In WP,
1,3,4,5-tetrahydroxycyclohexanecarboxylic acid and 4-O-feruloyl-D-quinic acid
increased significantly (p < 0.05), by 3.93- and 2.50-fold, respectively. These
compounds are associated with enhanced bitterness (Asamenew et al., 2019; Frank et
al., 2006), which is consistent with electronic-tongue results showing the strongest
bitterness in the WP.

c. Benzene and substituted derivatives

Benzene and substituted derivatives also play a significant role in coffee flavor
formation. The heatmap (Fig. S5C) reveals that different treatments exerted a
pronounced effect on the distribution of Benzene and substituted derivatives content.
Compared to the DP (control), WP and RH exhibited an overall upward trend, with
most compounds showing higher relative abundance in these two samples. Conversely,
BH and AF clustered closely together, exhibiting relatively lower overall content. This
result contrasts with the trends observed in the organic acid analysis, indicating distinct

metabolic pathway responses across different treatments.



Among significantly altered metabolites, 4-phenyl-2-butanol and Sodium salicylate
were significantly up-regulated (p < 0.05) in the AF and BH, respectively, showing
2.49-fold and 2.97-fold increases compared to the DP. According to the good scents
company information system, 4-phenyl-2-butanol possesses “floral, peony leaf, sweet,
mimosa, and hyacinth-like” odors, along with “floral, spicy, magnolia, mango, green
petals, and tropical melon-like” flavor characteristics. Its upregulation may contribute
to enhanced floral and fruity notes in AF. Meanwhile, sodium salicylate is reported to
mitigate bitterness (Vranes et al., 2022), and its significant increase in concentration
may correlate with the reduced bitterness observed in the BH.

d. Alkaloids

Alkaloids participate in defense, signal regulation, and bitter compound production
during plant metabolism, significantly influencing the overall metabolic profile and
sensory attributes of samples. Heatmap (Fig. S5D) reveal that different treatments
significantly altered the distribution of alkaloid content.

Compared to the DP, certain biogenic amines were markedly upregulated in both BH
and AF. Specifically, phenethylamine and hordenine showed significant upregulation
in both groups (p < 0.05). The former is a key intermediate in aromatic amine
metabolism and is associated with phenylalanine decarboxylation (Tieman et al., 2006);
the latter belongs to the barley alkaloid family, regulating cellular signaling pathways
and linked to stress responses (Ishiai et al., 2016). This suggests enhanced activity in

the amino acid decarboxylation pathway (Visciano & Schirone, 2022).



In contrast, most indole and tryptophan derivatives were lower in WP and RH than
in DP. Specifically, indoleacetic acid (IAA) and 3-indoleacrylic acid (3-IAAcr) were
significantly downregulated in WP (p < 0.05), indicating reduced activity in the
tryptophan degradation pathway or a shift in metabolic flux (Tang et al., 2023; Duca &
Glick, 2020). Notably, cyclohexylamine, described in authoritative toxicology
documents as having a “strong bitter taste,” was significantly upregulated in WP,
potentially contributing to the marked increase in bitterness observed in this group. This
finding aligns with E-tongue results indicating WP as the most bitter among the five
sample groups.

e. Phenolic acids

Phenolic acids and their related aromatic acid/aromatic phenol derivatives serve dual
roles in flavor and physiological functions within plants and coffee processing systems.
On one hand, they directly shape bitterness and astringency (Linne et al., 2025;
Kraehenbuehl et al., 2017), while also serving as precursors for volatile phenolics and
balsamic molecules, contributing to the formation and amplification of spicy, floral,
and woody aromas (Debona et al., 2025; Tan et al., 2023). The phenolic acid heatmap
(Fig. S5E) reveals that different primary processing methods significantly altered the
abundance distribution of phenolic acid compounds, with samples forming distinct
clusters based on treatment, indicating that processing techniques exert a significant

regulatory effect on related metabolic pathways.



Compared to the DP, WP and RH exhibited an upward trend in multiple phenolic
acids and aromatic acids associated with “fresh, floral, and slightly sweet” profiles,
notably including estragole and tyrosol. Estragole is linked to fresh anise and green
floral notes, while tyrosol contributes mild floral-fruity aromas (the good scents
company information system). Their upregulation may contribute to enhanced
brightness, cleanliness, and layered aroma perception in the cup profile. Conversely,
the upregulation of 4-ethyl-2-methoxyphenol and elemicin in the BH and AF groups
promotes woody and spicy notes, while benzyl salicylate, characterized by balsamic

and floral qualities, may help mitigate excessive bitterness.
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