frontiers
- in Nutrition

") Check for updates

OPEN ACCESS

EDITED BY
Pengfei Jiang,
Dalian Polytechnic University, China

REVIEWED BY

Hamdi Bendif,

University of M'sila, Algeria
Gisele Xavier Ribeiro Costa,
Federal Rural University of Rio de
Janeiro, Brazil

*CORRESPONDENCE
Kunyi Liu
524449601@qg.com
Jilai Zhang
zhangjilai@ynau.edu.cn
Weiwei Jiang
2015031@ynau.edu.cn

RECEIVED 25 February 2026
REVISED 12 April 2026
ACCEPTED 21 April 2026
PUBLISHED 04 May 2026

CITATION

Shen X, Wang Q, Gao J, Chen W, Liu K,
Zhang J and Jiang W (2026) Cherry
microbiota and metabolites with
planting altitude of Coffea arabica in
Baoshan of China.

Front. Nutr. 13:1817512.

doi: 10.3389/fnut.2026.1817512

COPYRIGHT

© 2026 Shen, Wang, Gao, Chen, Liu,
Zhang and Jiang. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance
with accepted academic practice. No
use, distribution or reproduction is
permitted which does not comply with
these terms.

Frontiers in Nutrition

TYPE Brief Research Report
PUBLISHED 04 May 2026
pol 10.3389/fnut.2026.1817512

Cherry microbiota and
metabolites with planting altitude
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The planting altitude of coffee is one of the important influencing factors on
coffee quality. The effects of four planting altitudes (1,000 m, AT1; 1,200 m, AT2;
1400 m, AT3; and 1,600 m, AT4) on the microorganism community and the
related metabolites in Coffea arabica cherries were investigated using lllumina-
based amplicon sequencing and UPLC-MS/MS technologies, respectively. At tha
same time, the contents of main flavor precursor substances (caffeine, trigo-
nelline and chlorogenic acid) were analyzed using HPLC method. The results
showed that planting altitude can significant influence the microbiomes’ charac-
teristics and endogenous metabolites of coffee. The dominant bacterial genera,
Sphingomonas and Pleomorphomonas were significant differences in four
planting altitudes, with the maximum relative abundance in AT3. Cladosporium
and Strelitziana were the dominant fungal genera, while Vishniacozyma and
Setophoma were also important in AT1, Setophoma and Didymella in AT3. 22 (AT2
vs. AT1), 68 (AT3 vs. AT1), 38 (AT3 vs. AT2), 77 (AT4 vs. AT1), 57 (AT4 vs. AT2), and
116 (AT4 vs. AT3) differentially changed metabolites were found between different
planting altitudes, respectively. Moreover, caffeine, trigonelline and chlorogenic
acid content was the decreas with planting altitude increased. These changes
with planting altitude indicted a potential chance to find more fermentation
microorganisms.

KEYWORDS
coffea arabica, flavor, metabolites, microbial diversity, planting altitude

1 Introduction

Agriculture plays a crucial role in poverty alleviation, food security, and economic growth,
which is easily influenced by pests, weather, soil, and other complex factors (1, 2). Altitude is
a critical ecological and environmental factor influencing the spatial distribution of farmland,
which can significantly affect the quality of agricultural products based on its combined effect
of integrating variables such as temperature, humidity, light exposure, and soil properties (3-6).
For agricultural products, their chemical composition, nutrient elements, and pharmacological
effects are significantly altered by altitude (7-9). Additionally, the growth of plants is also
affected by altitude (10).

Coffee, the most widespread global beverage and traded commodity, is not only vital to
tropical agriculture and international trade, but also provides substantial economic support
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and employment in more than 80 cultivation countries (11, 12). Coffee
thrives in altitude regions between 600 m and 2,000 m above sea level.
This unique environment, characterized by lower temperatures, gener-
ous rainfall, and permeable soil, is ideal for coffee cultivation (13).
Moreover, altitude is an important influencing factor on coffee’s physi-
cal quality, flavor quality and yield (14, 15). With increasing altitudes,
the aroma and flavor of coffee are enhanced and the percentage of
defective beans decreases (16, 17). Simultaneously, coffee chemical
components and volatile compounds are also affected significantly by
planting altitude (3). In addition, the microbial community structure
and pharmacological profile of coffee also changed with planting alti-
tude (18, 19). The fatty acids and chlorogenic acid contents in coffee
decreased with increasing altitude (3, 20). The contents of caffeine and
trigonelline fluctuated with increasing planting altitudes (3).
Compared with high altitude coffee, low altitude coffee had higher
contents of volatile alcohols, while lower contents of sterols, aldehydes,
and total phenolics in low altitude coffee (21). In low altitude coffee,
the genera Gluconobacter and Weissella were dominant (21). Therefore,
the function of planting altitude on coffee is worthy of further study.
Furthermore, planting altitude influenced coffee fermentation by
microorganisms.

Coffee cultivation in Yunnan Province dates back to the early 20th
century. Based on the local favorable geographical location and natu-
ral conditions, Yunnan has become the largest coffee-producing
region in China, accounting for more than 98% of its production area
and total output (3, 22, 23) and Yunnan arabica coffee has a high repu-
tation in the international market for its unique flavor and high qual-
ity, with a sweet aroma and aromatic acidity (24). With the
development of Yunnan arabica coffee production and trade in the
international market, coffee cultivation is key for coffee industry
development (25). Therefore, to evaluate the potential function of
planting altitude on coffee, coffee from Baoshan, Yunnan, which is one
of the main coffee production regions in China, was chosen as the
subject. Coffee samples were collected from the same area at altitudes
ranging from 1,000 to 1,600 m to analyze the microbial variety and
metabolites and assess the sensory characteristics in this paper.

2 Methods and materials
2.1 Reagents and plants

Fully ripe red Coffea Arabica cv. Cartim coffee cherries with uni-
form size, color without visible disease and mold at elevations of
1,000 m (low altitude), 1,200 m (low altitude), 1,400 m (medium
altitude), and 1,600 m (high altitude) above sea level were hand-
picked in March 2025, which were marked AT1, AT2, AT3, and AT4,
respectively. These four coffee samples were drawn from the same
farm in Xinzhai village, Lujiang town, Longyang district, Baoshan
City, Yunnan Province, Southwest China (25°1'N, 98°49’E), which
has an average annual temperature of 21.3 °C, 268 mm of rainfall,
and 2,334 h of sunshine. In addition, three biological replicates per
altitude were designed. The coffee cherry samples were stored at
—80 °C for Illumina-based amplicon sequencing and UPLC-MS/MS
analysis. Simultaneously, they were processed using wet processing
method to obtain green coffee beans for caffeine, trigonelline and
chlorogenic acid analysis. Finally, the green coffee beans were
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roasted for sensory analysis. Acetonitrile and methanol of high-
performance liquid chromatography (HPLC) grade were supplied by
Thermo Fisher Scientific (Pittsburgh, United States), while the
formic acid was supplied by CNW Technologies GmbH (Diisseldorf,
Germany). Trigonelline (98.0%) was purchased from Acmec
Biochemical Co., Ltd. (Shanghai, China). Chlorogenic acid (98.0%)
was purchased from Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Caffeine (98.0%) was prepared and tested for
purity by HPLC.

2.2 Caffeine, trigonelline and chlorogenic
acid examination

Caffeine, trigonelline and chlorogenic acid of the green coffee
beans were extracted by the ultrasound-assisted extraction method.
The analysis was executed by modifying the method of Hu et al. (3).
0.3 g of coffee sample powder and 50 mL of MeOH-0.1% acetic acid-
water (1:1) were sonicated for 30 min and kept constant weight. The
extract solution was filtered with an organic needle filter. Then, their
contents were analyzed with an HPLC system featuring an Agilent
HP1260 infinity with a UV VWD detector (Agilent, USA). The tem-
perature of the selected XBridge SB C-18 column (5 um,
4.6 mm x 250 mm) was 30 °C. Eluted with methanol/0.1% acetic acid-
water (3:97) for 5 min, then with methanol/water (3:97-95:5) for
18 min. Flow rate was 0.8 mL/min, and detection wavelengths were
272 nm (caffeine), 268 nm (trigonelline), and 254 (chlorogenic acid),
respectively.

2.3 The sensory analysis

Green coffee beans were subsequently roasted to a medium-
roasted degree using a IKWA Pro V3 coffee bean roaster (IKAWA
Ltd., London, United Kingdom) under 10-15 min roasting time,
220 °C roasting temperature to obtain brown roasted coffee beans.
Then, the roasted coffee samples were distributed to three Q-grader
coffee connoisseurs from Anke Coffee Co. Ltd. (Kunming, China)
for sensory analysis using the Specialty Coffee Association (SCA)
under the double-blinded contition. Firstly, the roasted coffee
beans were ground into powder to evaluate the smell. Afterwards,
the smell and taste were evaluated under the following brewing
conditions: 1:18.18 (coffee powder: water, w/w) at 93 °C for 4 min,
filtered residues, after 10 min. The aroma/fragrance, clean cup,
aftertaste, sweetness, uniformity, balance, body, acidity, flavor, and
overall impression were scored using a 10-point scale, while the
body, aftertaste, aroma, and fragrance characteristics were
described in detail. Finally, coffee with a final total score above 80
was regarded as specialty grade.

2.4 Microbial diversity assessment

Majorbio Bio-Pharm Technology Co. Ltd. in Shanghai (China),
performed the Illumina amplicon sequencing of the coffee cherries,
while a FastPure Stool DNA Isolation Kit (Magnetic Beads) from
MJYH in Shanghai (China) was employed to extract the total
microbial genomic DNA. The 16S rRNA genes were sequenced via
PCR amplification using the bacterial 799F primer and 1193R
reverse primer. The ITS3F and ITS4R primers were employed to
amplify the fungal ITS region. The PCR amplification process

frontiersin.org


https://doi.org/10.3389/fnut.2026.1817512
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Shenetal.

TABLE 1 The calibration curves of of caffeine, trigonelline and chlorogenic acid.

10.3389/fnut.2026.1817512

Evaluation indicators of HPLC analysis Caffeine Trigonelline Chlorogenic acid
method
Calibration curves Y=12.1X+10.1 Y=16.2X-3.67 Y=383X+177
Linearity range/(mg/100 g) 10-200 10-200 10-200
Limits of detection/(mg/100 g) 0.04 0.03 0.02
Quantification/(mg/100 g) 0.15 0.15 0.15
R? 0.999 0.999 0.999

High content 90.57 93.77 98.31
Standard recovery rate/% Middle content 95.70 102.90 87.77

Low content 106.97 95.98 105.18

included a 3-min denaturation at 95 °C, an additional 27 denatur-
ation repetitions for 30 s each at 95 °C, 30-s annealing at 55 °C, a
45-s extension for at 72 °C, a 10-min extension at 72 °C, and termi-
nation at 4 °C. The second round was carried out in 13 cycles. A
paired-end technique was employed to sequence the equimolar
purified amplicon concentrations using a NextSeq 2000 system
(Illumina, San Diego, United States). Then, the raw sequencing
information was entered into the NCBI Sequence Read Archive
(SRA) database (Accession Numbers: PRJNA1251849 and
1,251,855).

2.5 Non-volatile metabolite examination

The metabolites in the coffee cherries were assessed via
UPLC-MS/MS. A 150 mg coffee sample and 1.20 mL of an 80%
methanol-water mixture (v/v) with four different internal standard
solutions (0.02 mg/mL L-2-chlorophenylalanine) were ground for
6 min at —10 °C, ultrasonically extracted for 30 min at 40 kHz and
5 °C and left to stand for 30 min at —20 °C, followed by a 15-min
centrifugation at 4 °C and 13,000 g. The supernatant was analyzed
via UPLC-MS/MS using a method described by Shen et al. (26).
The UHPLC-Q Exactive HF-X system was equipped with an
ACQUITY UPLC HSS T3 column (100 mm x 2.1 mm i.d. and
1.8 pm; Waters, United States). Furthermore, mobile phase A con-
sisted of 0.1% formic acid in a acetonitrile-water mixture at a ratio
of 5:95 (v/v) while mobile phase B comprised 0.1% formic acid in
an acetonitrile-isopropanol-water solution at a 47.5:47.5:5 ratio
(v/v). The other parameters included a 40 °C column temperature
and a 3 pL injection volume. The gradient elution process consisted
of 0 to 5% B from 0-0.1 min; 5 to 25% B from 0.1-2 min; 25 to
100% B from 2-9 min; 100% B from 9-13 min; and 100 to 0% B
from 13-13.1 min; followed by 0% B from 13.1-16 min to balance
the system. A UHPLC-Q Exactive HF-X MS system featuring an
electrospray ionization source was employed in positive and nega-
tive ion modes. The mass spectrum parameters included a 400 °C
heating temperature, 3,500 V and —3,500 V ion-spray voltages
floating (ISVF) in positive and negative modes, respectively, a
20-40-60 V normalized collision energy for MS/MS, and a
70-1,050 m/z mass detection range. Finally, the pretreatment of
raw data was performed by Progenesis QI (Waters Corporation,
Milford, United States) software. A three-dimensional data matrix
including sample information, metabolite name and mass spectral
response intensity was exported. Then, internal standard peaks, as
well as any known false positive peaks were removed from the data
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matrix, deredundant and peak pooled. Finally, the metabolites
were identified by searching database, and the main databases were
the HMDB,' Metlin* and the self-compiled Majorbio Database
(MJDB) of Majorbio Biotechnology Co., Ltd. (Shanghai, China).
At the same time, the data matrix obtained by searching the data-
base was uploaded to the Majorbio cloud platform?® for data analy-
sis. At least 80% of the metabolic features detected in any set of
samples were retained. After filtering, the minimum value in the
data matrix was selected to fill the missing value and each meta-
bolic signature was normalized to the sum. The response intensities
of the sample mass spectrometry peaks were normalized using the
sum normalization method to obtain the normalized data matrix.
Meanwhile, the variables of quality control (QC) samples with rela-
tive standard deviation (RSD) > 30% were excluded and logl0
logarithmicized to obtain the final data matrix for subsequent
analysis.

2.6 Statistical analysis

Each group was analyzed in triplicate (1 = 3). The results were
expressed as mean values with standard deviations (SD). One-way
ANOVA was employed to determine signifcant differences (p < 0.05)
between the control and exposure groups. An Student-Newman-
Keulsa comparison test was used to assess these differences (IBM SPSS
Statistical 20.0). The R package “ropls” (Version 1.6.2) was used to
perform orthogonal least partial squares discriminant analysis
(OPLS-DA). Variables with values of p < 0.05, VIP > 1.0, and a fold
change (FC) > 1.5 or < 0.67 were categorized as differentially changed
metabolites (DCMs).

3 Results

3.1 The contents of caffeine, trigonelline
and chlorogenic acid

The calibration curves, linearity range, limits of detection and
quantification, validation parameters, and compound identification

1 http://www.hmdb.ca/
2 https://metlin.scripps.edu/
3 https://cloud.majorbio.com
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were shown in Table 1. Based on the calibration curves, the contents
of caffeine, trigonelline, and chlorogenic acid were calculated
(Figure 1A). The contents of caffeine, trigonelline and chlorogenic
acid in low altitude coffee were significantly different from high alti-
tude coffee, while they were not significantly different in 1400 m and
1,600 m. The coffee beans at 1000 m had the highest contents of caf-
feine, trigonelline and chlorogenic acid with (12.97 £0.51),
(8.35 +0.50), and (37.24 + 0.28)%, respectively.

3.2 The results of sensory analysis

The scores of detailed attributes were evaluated as shown in
Figure 1B. The score of uniformity, sweetness, and clean up with 10
meant these coffee samples were the absence of defect. The results of
cupping quality showed that the cupping score of AT4 was the highest
with 80.56 + 2.89 in different altitude coffee samples, which meant
coffee from AT4 was regarded as specialty grade. Fragrance/aroma
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and flavor of AT4 were significantly different with other altitude
coffee. In addition, AT4 had strong fruitly characteristic, obvious roast
cereal and nut aroma.

3.3 Microbial diversity evaluation

The results showed an optimized total of 802,385 sequences for
bacteria and 962,447 for fungi, with a collective total of 302,431,929
bases for bacteria and 294,154,598 for fungi. The average sequence
lengths were 377 bp and 306 bp, respectively. The alpha diversity
(Figure 2) was used to assess the microbial biodiversity. For bacteria,
the Chao and ACE indices in AT2 were the highest, reaching
725.77 + 255.10 and 729.58 + 259.63, while the lowest values were
316.67 + 78.55 and 316.75 + 78.43 in AT3. The Simpson index ranged
from 0.047 +0.035 (AT4) to 0.21 +0.0086 (AT3), whereas the
Shannon index ranged from 2.71 £ 0.30 (AT3) to 4.67 £ 0.60 (AT4).
For fungi, the AT4 exhibited the highest a-diversity (Chao, Shannon,
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and ACE index), reaching 519.81+93.22, 4.44+0.31, and
519.62 + 82.97, respectively. The Simpson index ranged from
0.047 + 0.0020 (AT2) to 0.071 £ 0.017 (AT3). The beta diversity was
analyzed using Mothur (version 1.30.2) to obtain principal component
analysis (PCA), non-metric multidimensional scaling (nMDS), and
permutational multivariate analysis of variance (PERMANOVA;
Supplementary Figure S1). PCA with PC1 (37.25%) and PC2 (19.67%)
in bacteria showed the discrimination of the four different altitude
coffee samples, which explained 56.92% of variance. In fungi, PC1
(29.84%) and PC2 (16.17%) explained 46.01% of variance. The nMDS
analysis showed the distribution of the four different altitude samples,
highlighting differences in the microbial community profiles. Among
the fungal communities, the most remarkable dissimilarity was
observed at four planting altitudes. Within the bacterial communities,
AT3 and AT4 exhibited the greatest dissimilarity. Moreover, the

Relat

@
7,
7> |
7
1,

oEEoEOOO "%

apoooo

FIGURE 3

The relative abundance percentages of different planting altitudes, at
the phylum level of bacteria (A), the genus level of bacteria (B), the
phylum level of fungi (C), and the genus level of fungi (D).
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PERMANOVA showed R? is 0.47 (p=0.009) in bacteria, 0.49
(p =0.001) in fungi, respectively.

Six bacterial phyla, including Pseudomonadota, Actinomycetota,
Bacteroidota, Bacillota, Chloroflexota, and others, were identified
from four planting altitudes of coffee (Figure 3A). Among them,
Pseudomonadota was the dominant bacterial phylum, which ranged
from 71.17% (AT2) to 94.21% (AT3), reaching the maximum rela-
tive abundance at 1400 m. After Pseudomonadota, Actinomycetota
was also an important bacterial phylum, which ranged from 3.97%
(AT3) to 23.02% (AT4). In AT2, Bacteroidota occupied 6.76%. 21
genera, including Sphingomonas, Pleomorphomonas, Pseudomonas,
Tardiphaga, Methylobacterium, Bradyrhizobium, Actinomycetospora,
Rhizobium, Comamonas, Microbacterium, Bosea, Chryseobacterium,
Amnibacterium, Cupriavidus, Novosphingobium, Nakamurella,
Microlunatus, Aureinonas, and others were identified (Figure 3B).
According to the relative abundance on the genus level,
Sphingomonas ~ (12.52% ~ 30.74%)
(7.00% ~ 31.82%) were the dominant bacterial genera in coffee

and  Pleomorphomonas

from different planting altitudes. Meanwhile, Sphingomonas and

Pleomorphomonas showed the maximum relative abun-
dance in AT3.
For fungi, six phyla (Ascomycota, Basidiomycota,

Chytridiomycota, Mucoromycota, unclassified fungi, and others)
were identified at the phylum level (Figure 3C). Ascomycota was
the dominant fungal phylum, which ranged from 77.84 to 88.52%.
The maximum relative abundance was 88.52% in AT2. After
Ascomycota, Basidiomycota was also an important fungal phylum
from 10.30% (AT2) to 21.54% (AT1). 21 genera were identified,
including Cladosporium, Strelitziana, Aureobasidium, Didymella,
Vishniacozyma,  Hannaella,  Fusarium,  Phaeosphaeria,
Colletotrichum, Setophoma, Cyphellophora, Papiliotrema,
Alternaria, Paracamarosporium, Acrocalymma, and others
(Figure 3D). The Cladosporium and Strelitziana fungi showed the
highest relative abundance at the genus level, ranging from
19.11% (AT1) to 27.49% (AT2) and 9.57% (AT2) to 16.94%
(AT4), respectively. In addition, Vishniacozyma (8.69%) and
Setophoma (8.27%) were also important in AT1. Setophoma and
Didymella occupied 9.57 and 9.24% in AT2, 11.46 and 4.67% in
AT3, respectively. occupied
5.04% in AT4.

However, Colletotrichum

3.4 The results of UPLC-MS/MS analysis

A total of 1,040 metabolites across 16 super-classes were identified
in the coffee from different planting altitudes (Supplementary Figure
S2). Furthermore, the differentially changed metabolites (DCMs) of the
coffee from different planting altitudes with VIP > 1.0, p < 0.05, and
FC <0.67 or VIP > 1.0, p < 0.05, and FC > 1.5 were shown in Figure 4.
Of the 22 DCMs detected in the AT2 and AT1 comparison, 17 showed
up-regulation (e.g., cycloastragenol, avocadene, leukotriene D5, tsugari-
oside B, etimicin, pantothenic acid, tetracycline, tricaffeoyl spermidine,
and zerano, desacetylvinblastine amide, diisopropanolamine, palmitoyl
Ara-C, methionyl-tyrosine, etc.) and five exhibited down-regulation
(e.g., stevioside, 7Alpha-hydroxytestosterone, isopimaric acid, fusarin
C, thapsigargin; Figure 4A).

Similarly, 68 DCMs identified in the AT3 and AT1 comparison,
33 showed up-regulation (e.g., cycloastragenol, secoisolariciresinol,
D-sorbitol, Lac Dye, sambacin, rosolic acid, trifarotenethapsigargin,
vignatic acid A, spirolide C, pinostrobin 5-glucoside and
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The differentially changed non-volatile compounds (DCMs) between AT2 vs. AT1 (A), AT3 vs. AT1 (B), AT3 vs. AT2 (C), AT4 vs. AT1 (D), AT4 vs. AT2 (E),

licoflavanone, ssecoisolariciresinol, etc.) and 35 exhibited down-reg-
ulation (e.g., cephaloglycin, fucoxanthin, Ac-(5H-dibenzyl(A, D)

cycloheptene-10,11-dihydroglycine-Leu-Asp-Ile-Ile-Trp), quercetin

3-sophorotrioside 7-rhamnoside, doxorubicinol, and fevicordin B

Frontiers in Nutrition

07

showed up-regulation

2-[rhamnosyl-(1- > 4)-glucosyl-(1- > 6)-glucoside], 2,3-butanediol
apiosylglucoside, nitrobenzyl-6-thioinosine, etc.; Figure 4B).

Of the 38 DCMs detected in the AT3 and AT2 comparison, 20

(e.g., stevioside,

(3B,20R,22R)-3,20,27-
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trihydroxy-1-oxowitha-5,24-dienolide ~ 3-glucoside, (5Alpha,6Beta,
14Alpha,20R,22R)-5,6,14,20,27-pentahydroxy- 1-oxowith-24-enolide,
gambogic acid, etc.) and 18 exhibited down-regulation (e.g., gamabufo-
talin, (S)-succinyldihydrolipoamide, alliofuroside A, sitosterol Beta-D-
glucoside, Ile-Ile-Ile-Pro, arginyl-arginyl-arolyl-tyrosyl-isoleucyl-leucine,
dynorphin A 1-8, microcystin-Lr, notoginsenoside J, tricaffeoyl spermi-
dine, Ac-(5H-dibenzyl(A, D)cycloheptene-10,11-dihydroglycine-Leu-
Asp-Ile-Ile-Trp), etc.; Figure 4C).

Of the 77 DCMs identified in the AT4 and AT1 comparison, 44 were
up-regulated (e.g., 5-butyl-3,4-dimethyl-2-furanundecanoic acid, gluco-
sylgalactosyl hydroxylysine, tricaffeoyl spermidine, epothilone A, camel-
liaside B, 5-deoxykievitone hydrate,
des-arg(9)-bradykinin, ebiratide, leucine-betaxanthin, tyrosyl-phenylala-
nine, etc.) and 33 were down-regulated (e.g., stigmasterol, 28-glucopy-
ranosyl-3-methyloleanolic acid, 5-hydroperoxyeicosatetraenoic acid,

erythromycin, davercin,

methionyl-tyrosine, isopenicillin N, and lyciumin B, cyromazine, 3-car-
boxy-1-hydroxypropylthiamine diphosphate, 4-pyridoxic acid, 5-hep-
tyltetrahydro-2-oxo-3-furancarboxylic ~ acid, triethylene  glycol
bis(3-tert-butyl-4-hydroxy-5-methylphenyl)propionate, etc.; Figure 4D).

Of the 57 DCMs detected in the AT4 and AT2 comparison, 19
were up-regulated (e.g., tetranorprostanedioic acid, 5-hydroperoxye-
icosatetraenoic acid, 3-carboxy-1-hydroxypropylthiamine diphos-
phate, succinic acid, methionyl-tyrosine, D-2-hydroxyglutaric
acid, lyciumin B, D-erythrose,
(4-(2-(3-(cyclopentyloxy)-4-methoxyphenyl)-2-phenylethyl) pyridine,
etc.) and 38 were down-regulated (e.g., 10-nitrooleate, clofibryl gluc-

temazepam glucuronide),

uronide, gambogic acid, etc.; Figure 4E).

Of the 116 DCMs detected in the AT4 and AT3 comparison, 72
showed up-regulation (e.g., calyculin A, araloside A, kirenol, cyclo-
squamosin G, cyclosquamosin C, tyrosyl-phenylalanine, clofibryl
glucuronide, cryptochlorogenic acid, melezitose, sucrose, Alpha-
solanine, 4-oxo-enoxacin, desacetylvinblastine amide,
3-(3,5-dichlorophenyl)-4-hydroxy-1,3-thiazol-2-one, nitrobenzyl-
6-thioinosine, etc.) and 44 exhibited down-regulation (e.g., (9Z)-
(13S)-12,13-epoxyoctadeca-9,11-dienoate, 27-hydroxyisomangiferolic
acid, glutamylleucylarginine, succinic acid, lyciumin B, D-2-
hydroxyglutaric acid, fructose-6-phosphate, 4-[(2-furanylmethyl)
thio]-2-pentanone,  4-pyridoxic acid, tricin  7-[rhamno-
syl-(1- > 2)-galacturonide], guanosine 5’-monophosphate, etc.;
Figure 4F).

Finally, the VIP in the OPLS-DA model (R* = 0.904, Q* = 0.826)
and the p value of the one-way ANOVA were used to identify DCMs
between different altitude samples with a threshold of VIP > 1 and
p <0.05, 28 DCMs were found (Table 2). Moreover, the correlation
between these DCMs and bacteria, fungi with the top five relative abun-
dances was analyzed (Figure 5). Based on the value of the correlation
coefficient (r), 0.8 ~ 1.0 indicated an extremely strong correlation,
0.6 ~ 0.8 indicated a strong correlation (27). Sphinomonas was strongly
negatively correlated with (S)-bromoenol lactone, M4 and camellianin
A. Pleomorphomanas was strongly negatively correlated with phenylal-
anine-betaxanthin, and was strongly positively correlated with echino-
cystic acid-3-O-glucoside, fructose-6-phosphate, and sumaresinolic
acid. Pseudomonas was strongly negatively correlated with
(S)-bromoenol lactone and fistulosin. Tardiphaga was strongly nega-
tively correlated with phenylalanine-betaxanthin, and was strongly posi-
tively correlated with (S)-bromoenol lactonel, fructose-6-phosphate,
and sumaresinolic acid. Methylobacterium was strongly negatively cor-
related with 27-hydroxyisomangiferolic acid, echinocystic acid-3-O-

glucoside, fructose-6-phosphate, sumaresinolic acid, and was strongly
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TABLE 2 Differentially changed metabolites (DCMs) between samples (VIP > 1.0 and p < 0.05).

No. Metabolite VIP p value
M1 (S)-bromoenol lactone 1.5926 0.0396
M2 27-hydroxyisomangiferolic acid 1.3800 0.0273
M3 3-epicorosolic acid 1.4759 0.0237
M4 6”-O-acetyldaidzin 1.4928 0.0329
M5 alliofuroside A 1.5979 0.0345
M6 alpha-solamarine 2.1332 0.0378
M7 Arg-Ala-Ile 1.6012 0.0415
M8 bullatanocin 1.4553 0.0307
M9 camellianin A 1.6730 0.0396
M10 cephaloglycin 1.7073 0.0378
Ml11 chrysoobtusin 1.0423 0.0415
MI12 corilagin 1.4589 0.0345
Mi13 D-2-hydroxyglutaric acid 1.326 0.0329
dihydro-2-methoxy-2-methyl-
M14 1.1039 0.0361
3(2H)-thiophenone
M15 echinocystic acid-3-O-glucoside 1.5868 0.0455
Mi16 fistulosin 1.3845 0.0499
M17 fructose-6-phosphate 1.0697 0.0329
Mi8 gamma-butyrolactone 1.3929 0.0329
M19 hoduloside IV 1.2028 0.0329
M20 kirenol 2.7825 0.0261
M21 lactose citrate 1.4623 0.0329
M22 notoginsenoside E 2.6189 0.0216
M23 oxazepam glucuronide 1.1148 0.0286
M24 phenylalanine-betaxanthin 1.1850 0.0216
M25 sumaresinolic acid 1.3164 0.0445
M26 thienodiazepine 1.1051 0.0378
M27 tricaffeoyl spermidine 1.4927 0.0476
M28 vinleucinol 1.5916 0.0329

positively correlated with phenylalanine-betaxanthin. Cladosporium
was strongly positively correlated with M6. Strelitziana was strongly
negatively correlated with D-2-hydroxyglutaric acid. Aureobasidium
was strongly negatively correlated with phenylalanine-betaxanthin, and
was strongly positively correlated with 27-hydroxyisomangiferolic acid,
fistulosin, fructose-6-phosphate and sumaresinolic acid. Didymella was
strongly negatively correlated with phenylalanine-betaxanthin, and was
strongly positively correlated with fistulosin. Vishniacozyma was
strongly negatively correlated with notoginsenoside E, and was strongly
positively correlated with bullatanocin, camellianin A, cephaloglycin,
corilagin, D-2-hydroxyglutaric acid, dihydro-2-methoxy-2-methyl-
3(2H)-thiophenone, gamma-butyrolactone and lactose citrate.

4 Discussion

Coffee flavor is the most crucial competitive condition in the
coffee market. Previous studies have verified that many factors, such
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FIGURE 5

The differentially changed metabolites (DCMs) between four altitudes samples. B1: Sphinomonas, B2: Pleomorphomanas, B3: Pseudomonas, B4:
Tardiphaga, B5: Methylobacterium, F1: Cladosporium, F2: Strelitziana, F3: Aureobasidium, F4: Didymella, F5: Vishniacozyma, M1: (S)-bromoenol lactone,
M2: 27-hydroxyisomangiferolic acid, M3: 3-epicorosolic acid, M4: 6"-O-acetyldaidzin, M5: alliofuroside A, M6: alpha-solamarine, M7: Arg-Ala-Ile, M8:
bullatanocin, M9: camellianin A, M10: cephaloglycin, M11: chrysoobtusin, M12: corilagin, M13: D-2-hydroxyglutaric acid, M14: dihydro-2-methoxy-2-
methyl-3(2H)-thiophenone, M15: echinocystic acid-3-O-glucoside, M16: fistulosin, M17: fructose-6-phosphate, M18: gamma-butyrolactone, M19:
hoduloside IV, M20: kirenol, M21: lactose citrate, M22: notoginsenoside E, M23: oxazepam glucuronide, M24: phenylalanine-betaxanthin, M25:
sumaresinolic acid, M26: thienodiazepine, M27: tricaffeoyl spermidine, M28: vinleucinol.

as coffee species, geographical origin, climatic conditions, cultivation
practices, post-harvest primary processing methods, storage condi-
tions, degree of roasting, and organoleptic qualities, can influence
coffee quality and coffee flavor (23, 28). Among these factors, plant-
ing altitude contributes 74.2% to coffee flavor characteristics based
on the Random Forest model score (29). This may be caused by the
following reasons. One originates from the plant-associated micro-
biomes under local conditions. Microorganisms play a key role in the
coffee industry. One main reason is that rich microorganisms coming
from coffee cherries, soil, air, water, etc., produce enzymes to degrade
pectin and produce metabolites to change chemical compounds (26,
30). However, these microorganisms are easy effected by coffee matu-
ration, primary processing, and other factors during coffee planting

Frontiers in Nutrition

09

and processing (31, 32). Among them, planting altitudes can also
cause significant differences in the microbial richness and dominant
microorganisms (18). Based on the function of microbiota, plant-
associated microorganisms and local environmental conditions, farm
management factors, and plant characteristics are interactional rela-
tionship (33). The planting microbiome is influenced by regional
environmental factors, which create unique conditions for the coffee
microbial terroir, encompassing various elements, including soil
composition, agricultural practices, interactions with other organ-
isms, topography, landscape, and climate. Therefore, the microbiota
in coffee are collectively impacted by processing techniques, genetic
aspects, and environmental conditions. The microbiome does not
exist in isolation, which actively influences the performance of the
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plant and the sensory properties of the crop (34). Specifically, the
microbiome associated with coffee cherries may contribute signifi-
cantly to the flavor profile of the final product. This occurs through
the generation or modification of the volatile substances in the fruit
during the growth period or by playing a key role in the first fermen-
tation stages after harvesting (34). Because the microbial fermenta-
tion of coffee usually involves the direct use of environmental
microbes of the coffee plant and endophytic microorganisms in
coffee. Variations in the microbiomes of different plant organs can
cause phytochemical changes by modifying the metabolism of the
host. For instance, this can enhance nutrient uptake by the roots,
followed by distribution to the fruits, seeds, and leaves. The microbes
in plants can consume molecules, removing them from the metabo-
lome, or they can contribute smells and flavors of their own (34).
Therefore, plant-associated microbiomes from coffee have emerged
as a potential driver of coffee flavor. This insight can help predict the
flavor profiles of coffee and steer future initiatives aimed at enhanc-
ing farms for specialty quality properties (33). The other is related to
the function of microbiomes in coffee fermentation during post-
harvest. Microbiomes from various sources, such as people, equip-
ment, air, and soil, form a diverse, active that significantly influences
the quality of coffee via fermentation (30, 35). Varied microbiota has
been identified in both the coffee cherries and the surrounding soil.
Since microbial proliferation during fermentation can impact prod-
uct quality, it is crucial to consider how production areas, coffee cul-
tivars, and processing techniques interact with the microbiota in
coffee. This allows for the selection of optimal starter cultures or
fermentation conditions, aimed at enhancing specific terroir proper-
ties or adjusting the microbial community to promote the introduc-
tion of advantageous microorganisms to improve the quality of
coffee (36).

This paper used the alpha diversity to reflect microbial commu-
nity richness and microbial community diversity of different planting
altitudes (37, 38). The Chao index suggested that coffee at 1200 m
(AT2) presented the highest bacterial richness, 1,600 m (AT4) had the
highest fungal richness. The Shannon index suggested that coffee at
1400 m (AT3) had the greatest complexity. Moreover, Sphingomonas
and Pleomorphomonas, the dominant bacterial genera, were signifi-
cantly different in different planting altitudes with the maximum rela-
tive abundance in AT3. Sphingomonas, a Gram negative bacterium, is
widely distributed and originate from glaciers, plants, water, air, res-
ervoirs, soil, freshwater sediments, etc. (39). Sphingomonas can pro-
mote plant growth and enhance stree resistance by secreting hormones
or attracting beneficial bacterial communities (39). Sphingomonas also
can be used for food industry, oil collecting industry, construction
industry based on the ability of secreteing sphingan (39).
Pleomorphomonas are highly adaptable to low temperatures, which
can contribute to fermentation and support substrate turnover (40).
For fungi, Cladosporium and Strelitziana were the dominant fungal
genera while Vishniacozyma and Setophoma were also important in
AT1. Setophoma and Didymella in AT3. These results are consistent
with the study by Tapaga, who pointed out planting altitude shapes the
dynamics of microbial communities (41). This study also showed the
abundance and richness of soil microorganisms furtherly influence
microbial biomass and moisture and different metabolic adaptations
by different altitudes (41). Cladosporium is often commonly found in
plants, fungi, soil, air, and other organic debris, which also are benefi-
cial to plants by promoting plant growth or enhancing plant resistance
to biotic and abiotic stress (42, 43). These results reflected that the
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influence of planting altitude on the microbial community structure
may influence coffee growth and coffee fermentation.

In addition, coffee species, geographical origin, climatic con-
ditions, cultivation practices, and other vital factors also can
influence coffee flavor precursor substances, which can format
flavor compounds (such as lipids, polysaccharides, sucrose, pro-
teins, chlorogenic acid, caffeine, and trigonelline) by Maillard
reactions, Strecker degradation, caramelization, and thermal
fragmentation to produce aroma-active compounds during roas-
tion (44). Under the interaction of these factors, the formation
and accumulation of these coffee flavor precursor substances
undergo differential accumulation in green coffee beans.
Research has shown that in areas below 969 m, the key substances
contributing to the distinctive chemical profile of coffee were
malate, citrate, trigonelline, and lipids. Contrarily, at elevations
above 1,000 m, formic acid, caffeine, and quinic acid became the
primary contributors (45). Simultaneously, according to the anal-
ysis results of non-volatile compounds, some significant differ-
ences in compounds were found. These DCMs are attributed to
the combined effect of different microbial fermentations and
endogenous chemical compounds from different planting alti-
tudes. The content of caffeine, trigonelline and chlorogenic acid
fluctuated with increasing altitudes, which would vary coffee ser-
nory. Because caffeine, trigonelline, and chlorogenic acid con-
tribute to the flavor, aroma or bitter taste attributes of coffee (46,
47). Caffeine influences the perceived strength, body, and bitter-
ness of coffee, while trigonelline contributes to the overall aroma
and positively correlates with coffee astringency and aftertaste
astringency (25, 48). According to the analysis of caffeine, trigo-
nelline and chlorogenic acid content, high altitude coffee had
lower caffeine and trigonelline contents. Chlorogenic acids can
contribute to the astringency and bitterness of coffee (49). High-
altitude coffee had reduced caffeine and chlorogenic acid con-
tents, which were consistent with the results reported by Hu et al.
(3). At the same time, the sensory analysis showed hight-altitude
coffee had a higher cupping score and better aroma and flavor
than low altitude coffee. Therefore, planting altitude enhance
aroma and flavor because high-altitudes can affect the chemical
composition of coffee cherries and beans both prior and after
harvested (18, 29). Endogenous chemical compounds of coffee
seeds and microbial fermentation originating are affected by
planting altitudes. Overall, the planting altitude will contributes
to coffee flavor by affecting the microbiome characteristics and
endogenous chemical compounds. This suggests that efforts
aimed at enhancing microbiomes for better quality must be cus-
tomized to the unique systems and conditions of each farm.

China is a producer of specialty coffee that meets international
standards. Yunnan Province is the most important coffee produc-
tion region in China, which accounts for approximately 98% of
China’s total coffee production. Moreover, Arabica coffee from
Yunnan enjoys a high reputation in the international market for its
unique flavor and high quality based on the unique high-altitude
terroir, which contributes to the production of high-quality
Arabica beans with distinctive flavor signatures. Specifically,
Baoshan City, along the Gaoligong Mountains of Yunnan province,
is one of the major coffee production areas in Yunnan and was
known for producing specialty coffee (50). However, the study
showed coffee from different regions in Yunnan also showed dif-
ferent flavor characteristics (24). So, one of the main weaknesses of

frontiersin.org


https://doi.org/10.3389/fnut.2026.1817512
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Shen et al.

this study is that different altitude coffee samples were only col-
lected from Baoshan City. Puer City, Lincang City, and other main
coffee production areas in China is not analyzed. More comprehen-
sive coffee samples from different regions are not available.
Therefore, planting altitude does not completely explain coffee
flavor characteristics from different coffee regions. On the other
hand, further sample information related to altitude, such as tem-
perature, humidity, solar radiation, and soil properties, is difficult
to accurately obtain in the study. This information also influences
coffee quality.

In recent years, coffee fermentation using specific microorgan-
isms has become a popular method to enhance coffee quality,
resulting in an exceptional coffee brew (51, 52). So, microorgan-
isms from high-altitude coffee will be potential starters in fermen-
tation, which may be an effective measure to improve coffee flavor.
Overall, the study on the microorganisms and chemical com-
pounds of coffee from different altitudes will provide a reference
for further study of coffee flavor formation and supple curreny
research on coffee flavor. And it will have clear implications for
coffee process strategies and product differentiation in coffee pro-
duction systems.

Based on the observed correlations between microbial taxa and
differentially changed metabolites (DCMs) across planting altitudes,
we propose the following testable hypotheses for future validation
studies. Altitude-driven shifts in the bacterial community composi-
tion (e.g., increased relative abundance of Sphingomonas and
Pleomorphomonas at 1400 m) directly contribute to the observed
decrease in caffeine, trigonelline, and chlorogenic acid contents at
higher altitudes. A reciprocal transplant experiment: moving soil or
cherry-associated microbiota from high altitude (1,600 m) to low
altitude (1,000 m) and vice versa combined with long-term monitor-
ing of flavor precursor compounds would allow causal inference.
The fungal genera Cladosporium and Strelitziana positively regulate
the synthesis or degradation of alpha-solamarine and D-2-
hydroxyglutaric acid, respectively. This can be validated through
co-culture experiments of coffee endophytes with these fungi, fol-
lowed by metabolomic profiling and gene expression analysis of key
biosynthetic enzymes. Testing these hypotheses will not only
strengthen the causal understanding of microbe-metabolite interac-
tions in coffee terroir but also provide actionable strategies for alti-
tude-mimicking fermentation and quality improvement in the coffee
industry.

5 Conclusion

The planting altitude is a critical factor influencing coffee flavor.
To understand the influence of planting altitude on coffee cherries,
this paper assessed microbial diversity and metabolites in arabica
coffee between different planting altitudes in Yunnan province, China
were analyzed. The dominant bacterial genera, Sphingomonas and
Pleomorphomonas, were significantly different in different planting
altitudes, with the maximum relative abundance in AT3. Cladosporium
and Strelitziana were the dominant fungal genera, while
Vishniacozyma and Setophoma were also important in AT1.
Setophoma and Didymella in AT3. Meanwhile, the metabolites also
significantly changed with the planting altitude, especially the impor-
tant flavor precursor compounds (caffeine, trigonelline and
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chlorogenic acid). Therefore, the characteristics of microbiomes and
endogenous metabolites of coffee are influenced by planting altitude,
which will provide a affecting possibility of planting altitude on coffee
quality.

Data availability statement

The raw data generated in this study have been submitted to the
NCBI Sequence Read Archive (SRA) under accession numbers
PRJNA1251849 and PRJNA1251855.

Author contributions

XS: Writing - original draft, Conceptualization, Data curation.
QW: Conceptualization, Writing — original draft, Data curation. JG:
Resources, Software, Writing - original draft. WC: Resources,
draft, KL: Methodology,
Conceptualization, Writing - review & editing. JZ: Conceptualization,

Software.

Writing -  original
Methodology, Writing - review & editing. WJ: Conceptualization,
Methodology, Writing — review & editing.

Funding

The author(s) declared that financial support was received for this
work and/or its publication. This work was financially supported by
Yunnan Fundamental Research Projects (No. 202501BD070001-004);
Yunnan Province Reserve Talent Project of Young and Middle-aged
Academic and Technical Leaders (No. 202405AC3500064); Talent
cultivation  project at Yunnan Province (No. XDYC-
QNRC-2022-0039); Yunnan Province Major Science and Technology
Project (202402AE090015); Yunnan Province Key Laboratory of
Cross-Border  Chinese  Herbal  Materials (Grant  No.
20254916 CE340074); Science and technology talents and platform
plan of Yunnan (202305 AM340031); and Scientific Research Project
of Yibin Vocational and Technical College (No. 24JBGS-05).

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that Generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,

frontiersin.org


https://doi.org/10.3389/fnut.2026.1817512
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Shen et al.

including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the review-
ers. Any product that may be evaluated in this article, or claim that

References

1. Li H, Wu H, Li Q, Zhao C. A review on enhancing agricultural intelligence with large
language models. Artificial Intelligence Agricul. (2025) 15:671-85. doi: 10.1016/j.
aiia.2025.05.006

2. Xie Y, Khan A, Wang Y, Wagas M, Ke S. Evaluating the impact of agricultural economic
quality and energy consumption on greenhouse gas emissions: evidence from China’s
major grain-producing regions. Appl Energy. (2025) 393:126121. doi: 10.1016/j.
apenergy.2025.126121

3. Hu RS, Xu E Chen X, Kuang QR, Xiao XY, Dong WJ. The planting altitude influences
the flavor precursors, sensory characteristics and cupping quality of the Puer coffee bean.
Foods. (2024) 13:3842. doi: 10.3390/foods13233842

4. Liu W, Zhao J, Wei W, Liang S, Xiao L, Fu M, et al. Effects of harvest season and altitude
on the traceability of Fenghuang Dancong tea: based on stable isotopes and machine
learning. Food Chem X. (2025) 28:102532. doi: 10.1016/j.fochx.2025.102532

5. Ye NS. A mini review of analytical methods for the geographical origin analysis of teas
(Camellia  sinensis). Crit Rev Food Sci Nutr. (2012) 52:775-80. doi:
10.1080/10408398.2010.508568

6. Yan K, Yang J, Zhou M, Peng Q, Bassiony A, Bai X, et al. Comprehensive comparison
of potential flavor-active peptides, amino acids and pigments accumulation in different
altitudes cultivated albino teas. Food Chem X. (2025) 29:102722. doi: 10.1016/j.
fochx.2025.102722

7. Chen Y, Zeng H, Song Y, Li Z, Chu G, Tian J, et al. Development of StatMS platform
coupled with MS metabolomics identifies altitude-responsive metabolites in Coreopsis
tinctoria. Nutt Chin ] Anal Chem. (2025) 53:100569. doi: 10.1016/j.cjac.2025.100569

8. Chen Y, Jiang Y, Duan J, Shi J, Xue S, Kakuda Y. Variation in catechin contents in relation
to quality of ‘Huang Zhi Xiang’ oolong tea (Camellia sinensis) at various growing altitudes
and seasons. Food Chem. (2010) 119:648-52. doi: 10.1016/j.foodchem.2009.07.014

9. Murdiono WE, Salman NAS, Razak NAA, Halmi MIE, Yong JWH, Jalif AMM, et al.
Effects of leaf ages, altitude and clone types on nutrient elements and antioxidant activity
of tea (Camellia sinensis L. (O) Kuntze) in tropical conditions. Applied Food Res. (2025)
5:101110. doi: 10.1016/j.afres.2025.101110

10. Wang X, Quan C, Liu X, Wang Y, Bai X, Li Y, et al. Quantitative lipidomics reveals the
effects of roasting degree on arabica coffee beans lipid profiles. Food Control. (2025)
169:111015. doi: 10.1016/j.foodcont.2024.111015

11. Cassamo CT, Draper D, Romeiras MM, Marques I, Chiulele R, Rodrigues M, et al.
Impact of climate changes in the suitable areas for Coffea arabica L. production in
Mozambique: agroforestry as an alternative crop sustainability. Agric Ecosyst Environ.
(2023) 346:108341. doi: 10.1016/j.agee.2022.108341

12. WangL, Li Z, Gao C, LiJ, Cui K. The altitude shapes the heterogeneity of tree growth
by modulating the soil characteristics and microorganisms in the Calocedrus macrolepis
plantation. For Ecol Manag. (2025) 578:122459. doi: 10.1016/j.foreco.2024.122459

13. Abdelwahab SI, Taha MME, Jerah AA, Aljahdali IA, Oraibi B, Alfaifi HA, et al. Coffee
arabica research (1932-2023): performance, thematic evolution and mapping, global land-
scape, and emerging trends. Heliyon. (2024) 10:e36137. doi: 10.1016/j.heliyon.2024.e36137

14. Abubakar Y, Siregar MM, Juanda J, Nilda C. Cherry and bean size distrution of Gaya
arabica coffee harvested from different farm elevations. IOP Conf Ser: Earth Environ Sci.
(2025) 1476:012099. doi: 10.1088/1755-1315/1476/1/012099

15. Haro N, Meza-Mori G, Lopez JLZ, Rascon J, Pariente E, Condori-Apfata JA, et al.
Influence of agroforestry systems on Coffea arabica L. yield and quality at different alti-
tudes in Amazonas, Peru. J Agric Food Res. (2025) 19:101574. doi: 10.1016/j.
jafr.2024.101574

16. Abubakar Y, Anhar A, Baihaqi A, Mushlih AM. Influence of farm altitude and variety
on quality of Arabica coffee cherry and bean grown in Gayo Highland, Indonesia. Int J
Design Nature Ecodynamics. (2024) 19:1033-41. doi: 10.18280/ijdne.190332

17. Diaz-Gémez R, Sandoval-Cortes J, Aguilar CN. "Chapter 2: Coffea arabica". In: Coffee
in Health and Disease Prevention (Second Edition). In: Victor R. Preedy, Vinood B. Patel,
editors. Pittsburgh: Academic Press (2025). p. 11-7.

18. Martinez SJ, Bressani APP, Simao JBP, Pylro VS, Dias DR, Schwan E. Dominant
microbial communities and biochemical profile of pulped natural fermented coffees

Frontiers in Nutrition

12

10.3389/fnut.2026.1817512

may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnut.2026.1817512/
full#supplementary-material

growing in different altitudes. Food Res Int. (2022) 159:111605. doi: 10.1016/j.
foodres.2022.111605

19. Martins PMM, Batista NN, Miguel MGDCP, Siméo JBP, Soares JR, Schwan RE. Coffee
planting altitude influences the microbiota, chemical compounds and the quality of fer-
mented coffees. Food Res Int. (2020) 129:108872. doi: 10.1016/j.foodres.2019.108872

20. Tsegay G, Redi-Abshiro M, Chandravanshi BS, Ele E, Mohammed AM, Mamo H.
Effect of altitude of coffee plants on the composition of fatty acids of green coffee beans.
BMC Chemistry. (2020) 14:14. doi: 10.1186/s13065-020-00688-0

21. Martinez SJ, Simao JBP, Pylro VS, Schwan RE. The altitude of coffee cultivation causes
shifts in the microbial community assembly and biochemical compounds in natural
induced anaerobic fermentations. Front Microbiol. (2021) 12:671395. doi: 10.3389/
fmicb.2021.671395

22. Han MY, Karunarathna SC, Lu L, Zheng DG, Suwannarach N, Elgorban AM, et al.
Three new species of Camporesiomyces (Tubeufiaceae, Tubeufiales, Dothideomycetes)
associated with coffee in Yunnan, China. Mycokeys. (2025) 117:315-36. doi: 10.3897/
mycokeys.117.154573

23. Zhai H, Dong W, Tang Y, Hu R, Yu X, Chen X. Characterization of the volatile flavour
compounds in Yunnan Arabica coffee prepared by different primary processing methods
using HS-SPME/GC-MS and HS-GC-IMS. LWT-Food Sci Technol. (2024) 192:115717.
doi: 10.1016/j.1wt.2023.115717

24. Ma]JY, LiJP, Jin XL, Cesarino I, Zeng W, Li Z. Characterization of sensory properties
of Yunnan coffee. Current Res Food Sci. (2022) 5:1205-15. doi: 10.1016/j.crfs.2022.07.010

25. Zhai H, Dong W, Fu X, Li G, Hu E Integration of widely targeted metabolomics and
the e-tongue reveals the chemical variation and taste quality of Yunnan Arabica coffee
prepared using different primary processing methods. Food Chem X. (2024) 22:101286.
doi: 10.1016/j.fochx.2024.101286

26. Shen X, Wang Q, Wang H, Fang G, Li Y, Zhang J, et al. Microbial characteristrics and
functions in coffee fermentation: a review. Fermentation-Basel. (2025) 11:5. doi: 10.3390/
fermentation11010005

27. Hu GL, Peng XR, Gao Y, Huang Y], Li X, Su HG, et al. Effect of roasting degree
of coffee beans on sensory evaluation: research from the perspective of major
chemical ingredients. Food Chem. (2020) 331:127329. doi: 10.1016/j.
foodchem.2020.127329

28. He Z, Cao L, Zhao L, Zhou Y, Gong J, Zhu C, et al. Effects of the mixed fermentation
of apples and yeast on the sensory evaluation, physicochemical composition and flavor
of coffee beans. Food Biosci. (2025) 68:106337. doi: 10.1016/.fbi0.2025.106337

29. Kim JS, Pak J, Choi J, Park SE, Bae S, Cho H, et al. Factors influencing metabolite
profiles in global Arabica green coffee beans: impact of continent, altitude, post-harvest
processing, and variety. Food Res Int. (2025) 208:116187. doi: 10.1016/j.
foodres.2025.116187

30. Ferreira LJC, Gomes MDS, Oliveira LMD, Santos LD. Coffee fermentation process: a
review. Food Res Int. (2023) 169:112793. doi: 10.1016/j.foodres.2023.112793

31. HuE Yu H, Fu X, Li Z, Dong W, Li G, et al. Characterization of volatile compounds
and microbial diversity of Arabica coffee in honey processing method based on ddifferent
mucilage retention treatments. Food Chem X. (2025) 25:102251. doi: 10.1016/j.
fochx.2025.102251

32. Silva CE, Schwan RE, Dias ES, Wheals AE. Microbial diversity during maturation and
natural processing of coffee cherries of Coffea arabica in Brazil. Int ] Food Microbiol.
(2000) 60:251-60.

33. Kutos S, Bennett R, Santos D, Botero-Deladillo E, Muletz-Wolz C. Soil and cherry
bacterial communities predict flavor on coffee farms. Sci Rep. (2025) 15:19387. doi:
10.1038/541598-025-03665-6

34. Johnston-Monje D, Vergara LI, Lopez-Mejia J, White JE. Plant microbiomes as con-
tributors to agricultural terroir. Front Agronomy. (2023) 5:1216520. doi: 10.3389/
fagro.2023.1216520

35. Elhalis H, Cox J, Zhao J. Coffee fermentation: expedition from traditional to con-
trolled process and perspectives for industrialization. Applied Food Res. (2023) 3:100253.
doi: 10.1016/j.afres.2022.100253

frontiersin.org


https://doi.org/10.3389/fnut.2026.1817512
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2026.1817512/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2026.1817512/full#supplementary-material
https://doi.org/10.1016/j.aiia.2025.05.006
https://doi.org/10.1016/j.aiia.2025.05.006
https://doi.org/10.1016/j.apenergy.2025.126121
https://doi.org/10.1016/j.apenergy.2025.126121
https://doi.org/10.3390/foods13233842
https://doi.org/10.1016/j.fochx.2025.102532
https://doi.org/10.1080/10408398.2010.508568
https://doi.org/10.1016/j.fochx.2025.102722
https://doi.org/10.1016/j.fochx.2025.102722
https://doi.org/10.1016/j.cjac.2025.100569
https://doi.org/10.1016/j.foodchem.2009.07.014
https://doi.org/10.1016/j.afres.2025.101110
https://doi.org/10.1016/j.foodcont.2024.111015
https://doi.org/10.1016/j.agee.2022.108341
https://doi.org/10.1016/j.foreco.2024.122459
https://doi.org/10.1016/j.heliyon.2024.e36137
https://doi.org/10.1088/1755-1315/1476/1/012099
https://doi.org/10.1016/j.jafr.2024.101574
https://doi.org/10.1016/j.jafr.2024.101574
https://doi.org/10.18280/ijdne.190332
https://doi.org/10.1016/j.foodres.2022.111605
https://doi.org/10.1016/j.foodres.2022.111605
https://doi.org/10.1016/j.foodres.2019.108872
https://doi.org/10.1186/s13065-020-00688-0
https://doi.org/10.3389/fmicb.2021.671395
https://doi.org/10.3389/fmicb.2021.671395
https://doi.org/10.3897/mycokeys.117.154573
https://doi.org/10.3897/mycokeys.117.154573
https://doi.org/10.1016/j.lwt.2023.115717
https://doi.org/10.1016/j.crfs.2022.07.010
https://doi.org/10.1016/j.fochx.2024.101286
https://doi.org/10.3390/fermentation11010005
https://doi.org/10.3390/fermentation11010005
https://doi.org/10.1016/j.foodchem.2020.127329
https://doi.org/10.1016/j.foodchem.2020.127329
https://doi.org/10.1016/j.fbio.2025.106337
https://doi.org/10.1016/j.foodres.2025.116187
https://doi.org/10.1016/j.foodres.2025.116187
https://doi.org/10.1016/j.foodres.2023.112793
https://doi.org/10.1016/j.fochx.2025.102251
https://doi.org/10.1016/j.fochx.2025.102251
https://doi.org/10.1038/s41598-025-03665-6
https://doi.org/10.3389/fagro.2023.1216520
https://doi.org/10.3389/fagro.2023.1216520
https://doi.org/10.1016/j.afres.2022.100253

Shen et al.

36. Costa GXR, Silva LCEF, de Oliveira LM, Santos L. Microbiota of arabica coffee: insights
from soil to fruit. World ] Microbiol Biotechnol. (2024) 40:308. doi: 10.1007/
§11274-024-04110-y

37.Liu X, Mu Y, Lv X, Chen N, Chen L, Wen T, et al. Analysis of fermentation
characteristics in fermented grains across seven rounds of sauce-flavored baijiu:
microbial communities structure, physicochemical parameters, volatile and non-
volatile flavor compounds. Food Chem X. (2025) 25:102228. doi: 10.1016/j.
fochx.2025.102228

38. Wang H, Sun C, Yang S, Ruan Y, Lyu L, Guo X, et al. Exploring the impact of initial
moisture content on microbial community and flavor generation in Xiaoqu baijiu fer-
mentation. Food Chem X. (2023) 20:100981. doi: 10.1016/j.fochx.2023.100981

39. Huang Y, Jin M, Gao H, Yang X, Xia M, Li O. Advances in sphingan production:
biosynthesis and synthetic biology strain modification strategies based on Sphingomonas.
Biotechnol Adv. (2025) 83:108659. doi: 10.1016/j.biotechadv.2025.108659

40. Zhang Y, Xie M, He J, Shen W, Wang Y, Fu J, et al. Endogenous quorum sensing
orchestrates microbial social behaviors for anaerobic digestion adaptation to tem-
perature reduction. Environ Microbiome. (2026) 21:29. doi: 10.1186/
540793-026-00856-0

41. Tapaga IDPE, Obieze CC, Pereira GVDM, Fangueiro D, Coutinho J, Fraga I,
et al. Irradiance level and elevation shape the soil microbiome communities of
Coffea arabica L. Environ Microbiome. (2024) 19:75. doi: 10.1186/
540793-024-00619-9

42. Yang N, Zhang W, Wang D, Cao D, Cao Y, He W, et al. A novel endophytic fungus
strain of Cladosporium: its identification, genomic analysis, and effects on plant growth.
Front Microbiol. (2023) 14:1287582. doi: 10.3389/fmicb.2023.1287582

43. Sandoval-Denis M, Sutton D, Martin-Vicente A, Cano J, Wiederhold N, Guarro J,
et al. Cladosporium species recovered from clinical samples in the United States. J. Clin.
Microbiol.. (2015) 53:9. doi: 10.1128/JCM.01482-15

Frontiers in Nutrition

13

10.3389/fnut.2026.1817512

44. Lee LW, Cheong MW, Curran P, Yu B, Liu SQ. Coffee fermentation and flavor-an
intricate and delicate relationship. Food Chem. (2015) 185:182-91. doi: 10.1016/j.
foodchem.2015.03.124

45. Oliveira ECDS, Luz JMRD, Castro MGD, Filgueiras PR, Guargoni RC, Castro EVRD,
et al. Chemical and sensory discrimination of coffee: impacts of the planting altitude and
fermentation. Eur Food Res Technol. (2022) 248:659-69. doi: 10.1007/s00217-021-03912-w

46. Cassamo CT, Mangueze AV], Leitiao AE, Pais IP, Moreira R, Campa C, et al. Shade and
altitude implications on the physical and chemical attributes of green coffee beans from
gorongosa mountain. Mozambique Agronomy. (2022) 12:2540. doi: 10.3390/
agronomy12102540

47. Torrez V, Benavides-Frias C, Jacobi J, Speranza CI. Ecological quality as a coffee qual-
ity enhancer. A review. Agron Sustain Dev. (2023) 43:19. doi: 10.1007/s13593-023-00874-z

48. Sunarharum WB, Williams DJ, Smyth HE. Complexity of coffee flavor: a compositional
and sensory perspective. Food Res Int. (2014) 62:315-25. doi: 10.1016/j.foodres.2014.02.030

49. Sittipod S, Schwartz E, Paravisini L, Peterson DG. Identification of flavor modulating
compounds that positively impact coffee quality. Food Chem. (2019) 301:125250. doi:
10.1016/j.foodchem.2019.125250

50. Zhu T, Lu K, He Y, Mao X, Liu L, Li H, et al. Integrated multi-omics analysis to reveal
roles of fungi and bacterial microbiota in regulating the taste compounds of sun-dried
processing coffee in Baoshan of Yunnan province. China ] Future Foods. (2025) 29. doi:
10.1016/j.jfutfo.2025.08.012

51. Cassimiro DMDJ, Batista NB, Fonseca HC, Naves JAO, Coelho JM, Bernardes PC,
et al. Wet fermentation of Coffea canephora by lactic acid bacteria and yeasts using the
self-induced anaerobic fermentation (SIAF) method enhances the coffee quality. Food
Microbiol. (2023) 110:104161. doi: 10.1016/j.fm.2022.104161

52. Wang C, Sun J, Lassabliere B, Yu B, Liu SQ. Coffee flavour modification through
controlled fermentation of green coffee beans by Lactococcus lactis subsp. cremoris. LW T-
food Sci Technol. (2020) 120:108930. doi: 10.1016/j.1wt.2019.108930

frontiersin.org


https://doi.org/10.3389/fnut.2026.1817512
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1007/s11274-024-04110-y
https://doi.org/10.1007/s11274-024-04110-y
https://doi.org/10.1016/j.fochx.2025.102228
https://doi.org/10.1016/j.fochx.2025.102228
https://doi.org/10.1016/j.fochx.2023.100981
https://doi.org/10.1016/j.biotechadv.2025.108659
https://doi.org/10.1186/s40793-026-00856-0
https://doi.org/10.1186/s40793-026-00856-0
https://doi.org/10.1186/s40793-024-00619-9
https://doi.org/10.1186/s40793-024-00619-9
https://doi.org/10.3389/fmicb.2023.1287582
https://doi.org/10.1128/JCM.01482-15
https://doi.org/10.1016/j.foodchem.2015.03.124
https://doi.org/10.1016/j.foodchem.2015.03.124
https://doi.org/10.1007/s00217-021-03912-w
https://doi.org/10.3390/agronomy12102540
https://doi.org/10.3390/agronomy12102540
https://doi.org/10.1007/s13593-023-00874-z
https://doi.org/10.1016/j.foodres.2014.02.030
https://doi.org/10.1016/j.foodchem.2019.125250
https://doi.org/10.1016/j.jfutfo.2025.08.012
https://doi.org/10.1016/j.fm.2022.104161
https://doi.org/10.1016/j.lwt.2019.108930

	Cherry microbiota and metabolites with planting altitude of Coffea arabica in Baoshan of China
	1 Introduction
	2 Methods and materials
	2.1 Reagents and plants
	2.2 Caffeine, trigonelline and chlorogenic acid examination
	2.3 The sensory analysis
	2.4 Microbial diversity assessment
	2.5 Non-volatile metabolite examination
	2.6 Statistical analysis

	3 Results
	3.1 The contents of caffeine, trigonelline and chlorogenic acid
	3.2 The results of sensory analysis
	3.3 Microbial diversity evaluation
	3.4 The results of UPLC-MS/MS analysis

	4 Discussion
	5 Conclusion

	References

