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Effects of environmental factors
on microbiota of fruits and soil
of Coffea arabica in Brazil
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In recent years, several studies have been developed to understand the impact of fermentation on
the final quality of coffee and have indicated that postharvest processing could be a determinant of
quality. However, a trend has appeared as a scientific counterpoint, indicating that the interactions
between soil, fruit, altitude, and slope exposures with respect to the Sun are important to understand
the behavior of the microbiome in coffee. Studies on the microbiota of coffee have addressed its role
during the fermentation process, however the knowledge of indigenous microorganisms harbored in
fruits and soil of coffee trees growing in fields are essential, as they can contribute to fermentation.
Therefore, the aim of this work was to evaluate the influence of topographic and edaphic factors

on the bacterial and fungal communities present in the soil and in the fruits of Coffea arabica trees.
Samples of fruits and soil were collected from different growing areas at different altitudes and soil
conditions. The microbial DNA was extracted and sequenced. The results showed the contribution of
environmental factors in the structure of bacterial and fungal communities. The richness, evenness
and diversity of the mycobiome and bacteriome were higher in the soil than in the fruits, independent
of altitude. In addition, coffee trees at higher altitudes tended to have more bacteria shared between
the soil and fruits. The co-occurrence/co-exclusion network showed that bacteria-bacteria connections
were greater in higher altitudes. On another hand, fungi-fungi and fungi-bacteria connections were
higher in low altitudes. This was the first study that evaluates in deep the influence of environmental
factors in the microbiota habiting fruits and soil coffee trees, which may affect the coffee beverage
quality.

Coffee is one of the most important agricultural commodities in the world. Brazil is the largest exporter and
second largest consumer of coffee, producing more than 56 million coffee bags, approximately one third of all
coffee exported in the world'. The two main coffee species cultivated in Brazil are Coffea arabica (75%) and Cof-
fea canephora (25%)". While C. canephora is cultivated in altitudes ranging from 50 to 550 m, C. arabica crops
are present in altitudes from 600 to 1,200 m.

The quality of coffee trees as well as their beverages rely on a suitable combination of climatic and edaphic
factors®™. Some of these factors are well known to influence the quality of the beverage; for instance, it is well
known that higher elevations produce dense beans with higher quality®. If the environment affects the final
quality, both processing and environment may be influencing the microbial community structures and hence
the chemical composition of the final coffee beans. The studies of coffee ecosystems contribute to a better under-
standing of a state-of-the-art framework for the further analysis and subsequent control of this complex bio-
technological process® since coffee pulp and mucilage are natural substrates for the growth of microorganisms,
such as bacteria and fungi, which have been shown to be implicated in coffee quality”.

Studies have tried to describe the dynamics of microbiota in coffee crops and processing®-!°, however, to the
best of our knowledge, no published research has investigated in depth the influence of topographic factors such
as altitude and sun face exposition on the microbiota of coffee. The microbiota associated with coffee plants may
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Figure 1. Graphical abstract displaying the main findings of this study.

play a critical role in the final quality of coffee, however, the microbial diversity in coffee cherries is still poorly
characterized!!. In fact, most studies on the microbiota in coffee have addressed its role during the fermentation
process®'?!* and not the microbiota related to coffee trees growing in fields; it is known that after harvesting,
coffee fruits are processed to allow for spontaneous fermentation by indigenous microbiota'®. Therefore, it is
necessary to understand the impact of environmental factors on the indigenous microbiota that inhabits coffee
beans, because these microorganisms can develop an important role in the fermentation of coffee beans (e.g.
yeasts and lactic acid bacteria)'*.

Soil microbiota plays an important role in nutrient cycling by making available the required mineral nutrition
available for the root system'®. On the other hand, the microbiota in fruits play an important role during coffee
fermentation by degrading the mucilage and impacting the beverage flavor’®. That the microbial interactions are
neither known nor controlled during the fermentation process'”. Furthermore, there are no studies that compare
the shared microbiota between these two niches.

Considering that soil chemical and topographical factors may influence the microbial composition in coffee
crops, the aim of this study was to evaluate the influence of these factors on the bacterial and fungal communities
in the soil and fruits of C. arabica (see Fig. 1).

Material and methods

Study areas and sampling of soil and fruits. As the Espirito Santo is the second largest producer of
coffee in Brazil and has many small farms that produce coffee with high quality beverages, in a wide range of
environmental factors, it was chose to develop this study. The samplings were conducted on eight small agricul-
tural farms, with altitudes ranging from 735 to 1,078 m (see Supplementary Fig. S1). Red Catuai 81 was selected
because this variety is used by all the farms included in this study.

From each farm, three composite samples of fruits were sampled (Fig. 2); each sample comprised 30 fruits
from three coffee plants and three composite samples of soil (about 300 g each), which came from three randomly
points inside an area of 1 m? and 10 cm of depth'®, and under the canopy projection of coffee trees (Fig. 2). All the
samples were stored in sterile plastic bags and carried to the laboratory under refrigeration and kept at — 20 °C.

A total of 250 mg of the composite samples was used to soil analysis (Laboratory of Analysis of Soil in Vigosa,
MG, Brazil). Soil pH was measured in water (ratio soil:water =1:2.5). The potential acidity (H+ Al) was deter-
mined with calcium acetate at pH 7.0. The acid solution Mehlich-1 was used as the extractor of P and K. Ca, Mg
and Al were extracted with KCI solution (1 M) and quantified by atomic absorption spectrophotometry. The
results allowed the determination the sum-of-bases (SB), base saturation (V), aluminum saturation (m), and
potential cation-exchange-capacity (CTC)".

DNA extraction, PCR and sequencing. DNA extraction from the soil and fruits was performed using
NucleoSpinSoil (MACHENEREY-NAGEL) extraction kit. For the soil, 250 mg was used for extraction according
to the manufacturer’s instructions. The fruits were first smashed using a sterile pistil and 250 mg of the resulting
homogenate was used for the extraction process according manufacturer’s instructions.

To evaluate the mycobiome profile, polymerase chain reactions (PCR) were performed using the primer
pairs ITS1F (5 CTTGGTCATTTAGAGGAAGTAA 3') and ITS2 (5" GCTGCGTTCTTCATCGATGC 3') to
amplify the region ITS1 (Internal Transcribed Spacer 1) region of the rDNA of the fungal community, while the
bacteriome was evaluated by amplification of V4 subregion of the 16S rDNA with the primers 515F (5' GTGYCA
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GCMGCCGCGGTAA 3') and 806R (5’ GGACTACNVGGGTWTCTAAT 3")®. The PCR libraries were quanti-
fied using Qubit hs-DS-DNA kit (Invitrogen, Carlsbad CA) on a Tecan Infinite F200 Pro plate. The results were
used to normalize all the libraries in a equimolar concentration of 2 nM, which were pooled for sequencing. The
sequencing of the 16S and ITSI libraries were performed using the platforms Illumina MiSeq 2 x 150 bp and
Mlumina MiSeq 2 x 250 bp, respectively.

Processing of 16S amplicons. The reads from sequencing were processed according the pipeline pro-
posed by other authors?! using the softwares USEARCH v.11% and QIIME 1.9.1%. The reads with an expected
error greater than 0.5 were removed using the command fastq_filter of the USEARCH v.11. This software was
also used to remove the singletons by the command sortbysize (minsize =2)*, to remove chimeras by the com-
mand uchime2_ref and to cluster the remaining sequences in Operational Taxonomic Units (OTUs) using the
command cluster_otus with a threshold of 97% of similarity. Each OTU was annotated against the SILVA data-
base (Release 132)* using the script assign_taxonomy.py available in QIIME 1.9.1. Additionally, a reference tree
was reconstructed by the script make_phylogeny.py. This tree was used to calculate the distance matrix based in
the Unifrac distance®.

Processing of ITS1 amplicons.  For the ITS1 dataset, only de forward reads were used since this region is
variable in length. The softwares USEARCH v.11%, QIIME 1.9.1%* and ITSx*® were used to process the reads. As
performed for 16S sequences, USEARCH v.11 was used to remove low quality sequences and singletons, using
the commands fastq_filter (-fastq_maxee=0.5) and sortbysize (minsize =2), respectively. Before clustering the
sequences in OTUs, the fungal ITS1 region was extracted. This step ensured the removal of conserved flanking
regions 18S and 5.8 s and the removal of ITS sequences from other eukaryotes that are not fungi. The remain-
ing sequences were clustered in OTUs at 97% of similarity with the command cluster_otus of USEARCH v.11.
The taxonomic assignment was performed using the script assign_taxonomy.py of QIIME 1.9.1 with the UNITE
(Version 7.2)% database as reference. Due to the high variability of the ITS1 region, which makes the multiple
alignment of highly divergent sequences difficult, it was not built a phylogenetic tree, as it was done for 16S.

Statistical analysis. The Principal coordinate analysis (PCoA) built for the 16S and ITS datasets were
based on Bray-Curtis dissimilarity and weighted UNIFRAC indexes, respectively. The topographic and edaphic
factors were fitted to the ordination by the envfit function available on vegan package 2.5.6%. The significance of
each edaphic and topographical factor was assessed by PERMANOVA using the function adonis in R v.3.5.1".
To evaluate the contribution of each group of factors, i.e. edaphic and topographic factors, a RDA variance
partitioning® was performed using the function varpart of vegan package 2.5.6.

The estimator of richness (Chaol index), evenness (Pielou’s evenness) and diversity (Simpson index) were
calculated using the vegan package v. 2.5.6°. To evaluate how these indexes were related with altitude of the
crops we fitted linear regressions models using the built-in function Im of R v.3.5.1. On another hand, to compare
the difference of the values of these indexes among the slope exposures we used the Kruskal-Wallis test using
the function kruskalmc of package pgirmess v1.6.9 in R v.3.5.1. The putative functions were predicted using
FAPROTAX v.1.1%,

SparCC correlations® were used to estimate the cooccurrence (positive) and co-exclusion (negative) rela-
tionships between bacteria and fungi in different environmental conditions using python scripts with 100 boot-
straps using the software fastspar®. The cooccurrence networks were built using only significant correlations
(p-value<0.01 and absolute correlation >0.7). The topology of each network was evaluated using the igraph
package’®.

Results

Influence of edaphic and topographical factors on the microbial communities inhabiting fruits
and soil of coffee trees. A total of 1,342,396 and 3,135,343 sequences were obtained from the 16S (Archaea
and Bacteria) and ITS1 (Fungi) regions, respectively. After cleaning the data, 666,585,16S reads and 1,017,668
ITS1 reads were retained. The raw reads were submitted to the the NCBI-SRA archive and are available in the
BioProject PRINA626678.

The principal coordinate analysis (PCoA) and a permutational multivariate analysis of variance (PER-
MANOVA) showed a significant influence of the slope side (p-value=0.001) and altitude (p-value=0.001) in
bacteria inhabiting fruits (Fig. 3A). Solar radiation influenced the bacterial community in the soil (Fig. 3A) but
not in the fruits (Fig. 3B).

The redundancy analysis (RDA) variance partition showed the relative contribution of environmental factors
in the structure of bacterial and fungal communities (Fig. 3). In the fruits, the topographical factors influenced
the bacterial (Fig. 3A) and fungal (Fig. 3C) communities more than the edaphic factors. On the other hand,
in soil, the bacterial community was more influenced by the edaphic factors than the topographical factors
(Fig. 3B), whereas the fungal community was equally influenced by both (Fig. 3D). However, in all the cases a
high percent of the variance was not explained by these two groups of factors (residuals). It indicates that other
factors, which were not considered here, could also be shaping the microbial communities, mainly the bacterial
community of soil (residuals =90.6%).

To evaluate the differences in richness, evenness and diversity among different altitudes and slope exposures
with respect to the Sun, the Chaol estimate of richness, the Pilou evenness and the Simpson diversity index
were calculated for each sample. These three indexes of the bacteriome and mycobiome were higher in the soil
than in the fruits in most altitudes (Fig. 4A). The bacterial diversity in the fruits increased with the altitude
(p-value < 0.001), which was explained by the increase of evenness (p-value < 0.01) and richness (p-value <0.01).
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Figure 2. Sampling design of soil and fruits in each crop of coffee. From each farm we collected soil and fruits
from three sampling points. The molecular analyses were performed for bacteria and fungi communities.

In the soil, these bacterial indices were not influenced by altitude (Fig. 4A). On the other hand, the rich-
ness and evenness of fungi were influenced in soil but not in fruits (p-value < 0.01; Fig. 4A). These results show
that bacterial richness increased at higher altitudes while the fungal richness decreased. The slope exposure
with respect to the Sun also influenced these three indexes of the bacteriome of fruits, but not the mycobiome
(Fig. 4B). These three indexes were higher for the bacterial communities inhabiting fruits in south-facing slopes
(p-value <0.05) than those in the east and west, except for the richness. In soil, only the evenness of bacterial
community present in the south-facing slope were smaller (Fig. 4B).

Taxonomic composition and OTUs shared between fruits and soil in different altitudinal
zones. We delimited three altitudinal zones: low altitudes (<800 m), median altitudes (between 800 and
1,000 m) and high altitudes (= 1,000 m). For each zone, it were evaluated the taxonomic composition and bac-
teria shared between soil and fruits.

In all altitudinal zones, the most abundant bacterial phylum was Proteobacteria (see Supplementary Figs. S2
and S3). This group was more predominant in soil (ranging from 76 to 98% of total number of reads) than in
fruits (ranging from 35 to 98%). The candidatus phyla Latescibacteria and WPS-2 were found exclusively in fruits.
Regarding to composition of fungal community, Ascomycota was the most abundant phylum in both soil and
fruits. We identified a total of five phyla in fruits (Ascomycota, Basidiomycota, Chytridiomycota, Mortierellomy-
cota and Mucoromycota) and eleven in soil (Ascomycota, Basidiomycota, Blastocladiomycota, Calcarisporiel-
lomycota, Chytridiomycota, Entomophthoromycota, Entorrhizomycota, Glomeromycota, Mortierellomycota,
Mucoromycota and Rozellomycota). A large amount of sequences (24 to 36% in fruits and 16 to 22% in soil)
could not be assigned to any known fungus from the UNITE database (see Supplementary Fig. S2).

Since the altitude was previously reported as an important factor to coffee’s flavor’” and we have found that
both bacterial and fungal communities were affected by this variable (Fig. 3), we evaluated the percent of shared
fungi and bacteria between soil and fruits among these three zones of altitude. We found that while altitude
increased, the percent of shared bacterial OTUs decreased and fungal OTUs increased (Fig. 5). Additionally,
we performed a functional profile prediction of these shared bacteria using FAPROTAX (Fig. 5) and found an
increase of functional roles in high altitudinal zones. Some shared functions were exclusively found in the highest
altitudinal zone (> 1,000 m) like aromatic compound degradation and nitrate reduction (Fig. 5).

Complexity of co-occurrence networks among different zones of altitude. In addition to previ-
ous analysis we evaluated the co-occurrence and co-exclusion among OTUs in the three altitudinal zones. We
built a co-occurrence network using only statistically significant SparCC correlations (p-value <0.01 and abso-
lute correlation > 0.7)**. The number of connections were higher in fruits at low than in high altitudes, however,
the number of connections bacteria-bacteria increased in higher altitudes (Table 1 and Fig. 6A). The majority
of connections took place among fungi, followed by bacteria-fungi and bacteria-bacteria (Fig. 6B and Table 1).
While the majority of connections among OTUs from the same group (i.e. bacteria-bacteria or fungi-fungi)
were positive (i.e. co-occurrences), the majority of connections among OTUs of different groups were negative
(i.e. co-exclusion). Using a community detection algorithm (cluster_walktrap function of igraph package®), we
found eight, six and five communities at low, median and high altitudes, respectively (Fig. 6C and Table 1).

SCIENTIFIC REPORTS |

(2020) 10:14692 |

https://doi.org/10.1038/s41598-020-71309-y



www.nature.com/scientificreports/

Bacteriome

Mycobiome

Variance
PCoA Permanova partitioning
IS
Mountainside : _%?-valueI | Topographic
Altitude Sun radiation South  East West (significance level) factors
- - [ [o) [¢] + Edaphic
factors
Topographic factors edaphic factors R2
(A) © 0.2§ Altitude 5 Topfographic
actors
) oo 0.46 Mountainside ﬁ‘
<t ~ ® 2 ~ 0.13 Radiation e ! .
W = X 0.03 pH [ 273%
=\ B Z 2 0.03 P \ ’\J
7 . /
\S ) o ’>/18.4 % X
o ) 0.02 K / \
W 7 o« ° ~ { 0% |
L O @) 0.03 Ca ‘
> e o & 0.04 Mg N //
Residuals| 54.3 %
0.13 H+AI
° XKo13crc(m  — fdaphic
: factors
PC; (47.35 %)
RZ
(B) D 0.09 Altitude Topfographic
actors
= 0.14 Mountainside 3‘
—_ 0.07 Radiation /| RN
) T - s e, ‘ \
o O fo 0.1Q pH ‘ 2%
0.0 P \ T~/
° ® 360
o (o] ~ 0.06 K / \
) %) 0.09 Ca | 38% |
a
® ° ‘ 0.09 Mg \| /
W i 90.6 %
® 0.09 H+AI
0o 0.04 CTC (T) L Edaphic

factors

PC; (10.79 %)

Altitude

> Topfographic

actors
Mountainside 4|‘
a -~ 7 Radiation 1
) X X = // \\
<an \k\ pH [ 10 %
Y = = t )
A\ ~ \
~ ~ P /16 %\<
S _p — — K \
. ~ 6%
e S %) Ca \ /
o
W © 2 e N
y Residualg 68 %
: H+AI
Edaphic
crcm factors
Altitude Topographic
(D) factors
Mountainside L]
< ® <> Radiation ye | \
> & pH [ 0%
2 9 L)
“ 7 } e
~ ~ | oow |
%) & Ca \ /
o o Mg \\1 /
° Residuals| 61.5 %
° H+AI "
Edaphic
o crcMm —= Faabors

PC, (14.23 %)

PC; (14.23 %)
Figure 2

Figure 3. Effect of topographic and edaphic factors on bacteriome and mycobiome of fruits and soil of coffee
trees. Analysis of bacteriome (A,B) and mycobiome (C,D) in the fruits (A,C) and soil (B,D) in the Coffea

arabica crop. Ordination analysis using Principal coordinate analysis (PCoA) based on Bray-Curtis dissimilarity
of OTU abundances. The envfit function was used to calculate the fitted curves of topographic and edaphic
variables. The significance of edaphic and topographical factors were calculated by PERMANOVA, and the
variables assigned by *.

SCIENTIFIC REPORTS |

(2020) 10:14692 |

https://doi.org/10.1038/s41598-020-71309-y



www.nature.com/scientificreports/

(A)

sample type

(B)

sample type

Mountainside

Fruits Soil Fruits Soil East West South
o] <
Bacteria Fungi Bacteria Fungi
600 R2=0.07 < R2=032
- RZ=0.27 M R2=0.09 (NS) (NS)
o — —
@ < 8 Q @ 8 a a a '
S 400 °ollg 8+ o a?
Py o o 8 { 29 fgg a°
7)) o & 6 hod ﬂB 4 6
¢ o—fNsy*-3 8o | —
& 200 =2 S Qs § ° a
S DS < b @ - a
o (Yo b |‘_'__"|
S o) (NS)
018~% .m 08 B o
1.01 ~0 A A~ a
= = R2=0.28 ¥ —
% %50 R=05 é aab | 53 _WS)
(0] ©o © O Q b P— a
o 087 (0] ¢ [N
g 0640 Ce ) e o0na § 6 (mel ok e B a i#' 02
g R?=0.29 m b
T 8 o °ll, © o °
. ° ° o ®
o )
02 8 o
1.00 {oek> NS PN A A~ - aaa
: T e s fgetey S LwI) 27R et
? R2=0.0005 o © —
Q (.75 m=mR2=( 45 o — (NS)
S o o °
< ° b
> 050{. 0° ° b o
= o
—
g 8 o NS
5 0.25- ° R=007 °
0 ° R:=016
800 900 1000 800 900 1000 EWS EWS EWS EWS
Altitude Mountainside
Figure 4. Estimated richness (Chao'), evenness and diversity (Simpson index) of the bacteriome and
mycobiome in the fruits and soil of Coffea arabica, growth at (A) different altitudes and (B) sun-facing slopes.
For altitude, NS, *, ** and *** stand for nonsignificant, significant by t-test at 0.05, 0.01 and 0.001, respectively,
and for sun-face, NS, *, ** and *** indicate nonsignificant, significant at 0.05, 0.01 and 0.001, respectively, by
Kruskal-Wallis test. E = east; W =west; S=south.
Number of nodes Edges
Bacteria-bacteria Fung-fungi Number of
Altitude (m) Diameter | All Bacteria | Fungi | All No +(%) |-(%) |No +(%) |—(%) | Centrality® | Modularity’ | c ities®
<800 5 235 9 226 407 7 857 | 143 400 | 623 37.8 0.42 0.49 9
>800 and<1,000 | 4 54 |13 41 77 |11 100.0 0.0 66 | 788 212 0.27 0.50 7
>1,000 7 45 |13 32 62 |16 100.0 0.0 46 |913 8.7 0.41 0.59 5

Table 1. Topological properties of microbial networks in fruits of Coffea arabica. *Calculated with the
centr_degree function of the igraph package. "Calculated with the modularity function of the igraph package.
‘Each community corresponds a group of nodes that are more densely connected among them than the rest of
network. Calculated witht the cluster_walktrap function of the igraph package.
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Figure 5. Shared OTUs between fruit and soil. (A) Linear regression of shared Operational Taxonomic units
(OTUs) of bacteria and fungi, between fruits and soil of Coffee arabica, growing at different altitudes. *Linear
coeflicients followed by “*” indicate statistical significance at 0.05 of probability by Students t-test. (B) Bacterial
functional groups predicted using Functional Annotation of Prokaryotic Taxa (FAPROTAX) in each altitudinal
zone. L=Low altitudes (<800 m); M = Median altitudes (>800 m and < 1,000 m); L =High altitudes (> 1,000 m).

Discussion

This was the first study to evaluate in depth the influence of environmental factors on the microbiota inhabiting
coffee fruits and soil; other studies have described the microbiota in coffee fruits or in soil, without correlating
them®*!!. Furthermore, other studies have focused on the microbiota during the fermentation of coffee®!>3,
not in the microbiota present in situ.

The differences found in structure (Fig. 3) and diversity (Fig. 4) of microbiota in fruits and soil indicate that
climatic and microclimatic alterations can directly influence the microbiota associated with coffee, as reported by
other authors®. For example, the structure of the bacterial community can vary as a function of slope exposure,
since topographic factors cause differences in the microclimate, especially in soil temperature, which correlates
with the carbon and nitrogen content of the soil*’. Additionally, the intensity of the light, the temperature and
the electrical conductivity of the soil are influenced by the elevation of the mountain slope, cultivation system
and/or an interaction of the two, and these factors affect the soil macrofauna in coffee plantations*'.

The richness and diversity (Fig. 4) observed here were higher than those in previous studies®!. The condition
of the environment, like the incidence of solar radiation, can lead to changes in the internal metabolites, creating
a stress conditions and consequently different conditions that may affect the development of microorganisms?,
and the position and altitude of the fields were the main variables that influence coffee quality*?. Here we did not
find change in richness, evenness or diversity of bacteria in soil along the altitude (Fig. 4). However, we found an
increase of bacterial diversity in fruits at high altitudes. The bacterial predominance has been observed in soil of
organic coffee systems in India*’, and the relative bacterial abundance increased at higher altitudes, which was
related to increasing levels of soil organic matter and nutrients with altitude*. The boost of this diversity at high
altitudes might be due to the greater contribution of soil as a source of bacteria than the soil at low altitudes. Soil
can act as a source of bacteria for bacteria endophytes* and the functional prediction of these shared bacteria
(Fig. 5) reveals that soil in high altitudes furnishes bacteria with functional properties that can contribute to the
fermentation of fruits in the postharvest processing. Once coffee beans at high altitudes presents more mucilage/
water ratio*® and more fat content?’, the presence of an bacterial community with a high functional diversity
can improve the processing of compounds by providing enzymes and compounds that can be useful for the
fermentation process of coffee mucilage*®.

For the first time, the co-occurrence/co-exclusion network of microbiota in coffee fruits was investigated
(Fig. 6). Most connections between fungi- fungi and bacteria-fungi were found in low altitudes while bacteria-
bacteria connections were greater in high altitudes (Fig. 6). Inoculation of coffee at higher altitudes is not as
effective as that performed at lower altitudes>*. Since the fermentation process might be affected by the indig-
enous microbiota*’, the microbial networks connections in each altitudinal zone might affect the growth of the
inoculum. Thus, the study of microbial ecology of coffee is essential to fully understand the production and
conversion of beneficial metabolic precursors that provide high-quality brewed coffees and their unique flavors!!.
This information can be related to the sensorial quality of coffee from those trees growing at high altitudes, with
an annual rainfall less than 1,500 mm*” and with open or medium shading™.
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Figure 6. Co-occurrence/co-exclusion network of microbiome in fruits at three altitudinal levels. (A) Hive
plot of co-occurrence/co-exclusion network of microbiome in fruits at three altitudinal zones: low altitudes
(<800 m), median altitudes (>800 m and < 1,000 m), high altitudes (> 1,000 m) based on significant SparCC
correlations (p-value <0.01 and absolute correlations > 0.7). Bacterial and fungal OTUs were displaced along
each one of the white axes. Edges colored with blue, red and green represents, respectively, co-occurrence or
co-exclusion of type bacteria-bacteria, fungi-fungi and bacteria-fungi. (B) Pie charts shows the percent of

each type of interaction (i.e. bacteria-bacteria, fungi-fungi and bacteria-fungi) and bar plots the percentage of
positive (co-occurrence) and negative (co-exclusion) connections of each type. (C) Microbial communities at
each altitudinal zone. Each cluster in C represents a community detected by the function make_clusters function
in the igraph package. Each node represents a 97% identity operational taxonomy unit (OTU). Blue and red
edges represent positive and negative cooccurrence of OTUs linked by them. Each node was labeled at the class
level.
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Two OTUs closely related to Colletotrichum kahawae, which causes coffee berry disease, were not found in
higher altitudes, although this disease be often in this condition®'. Bacterial networks with high connectance can
inhibit the attack of pathogens due to increase of niche overlap between indigenous microbiota and pathogen,
which increases the resources competition®. The increase of bacteria-bacteria connections in higher altitudes
might be due to reduction of the connections fungi-bacteria which the most were negative, so that fungi could
be inhibiting bacteria to interact to each other (Fig. 6B).

These results allow us to understand the influence of the environment on both bacteriome and mycobiome.
This understanding suggests that the final quality of coffee beverages might be determined by the microbial
diversity/interaction, which is influenced by the environmental condition where the crops are being grown,
which may affect the coffee beverage quality.

Received: 7 October 2019; Accepted: 10 July 2020
Published online: 07 September 2020

References

1. USDA. Coffee Annual Coffee. https://gain.fas.usda.gov/RecentGAINPublications/LOCK-UPREPORT _Pretoria_SouthAfrica-Repub
licof__10-29-2009.pdf (2019).

2. Carvalho Guargoni, R. et al. Influence of solar radiation and wet processing on the final quality of Arabica coffee. J. Food Qual.
https://doi.org/10.1155/2018/6408571 (2018).

3. Tamanaka, B. T. et al. Reprint of “The mycobiota of coffee beans and its influence on the coffee beverage’ Food Res. Int. 61, 33-38.
https://doi.org/10.1016/j.foodres.2014.05.023 (2014).

4. Barnes, E. C,, Jumpathong, J., Lumyong, S., Voigt, K. & Hertweck, C. Daldionin, an unprecedented binaphthyl derivative, and
diverse polyketide congeners from a fungal orchid endophyte. Chem. A Eur. J. 22, 4551-4555. https://doi.org/10.1002/chem.20150
4005 (2016).

5. Descroix, E & Snoeck, J. Environmental factors suitable for coffee cultivation. In Coffee: Growing, Processing, Sustainable Production
164-177, https://doi.org/10.1002/9783527619627.ch6 (2008).

6. De Bruyn, E et al. Exploring the impacts of postharvest processing on the microbiota and metabolite profiles during green coffee
bean production. Am. Soc. Microbiol. https://doi.org/10.1128/ AEM.02398-16 (2016).

7. Hamdouche, Y. et al. Discrimination of post-harvest coffee processing methods by microbial ecology analyses. Food Control 65,
112-120. https://doi.org/10.1016/j.foodcont.2016.01.022 (2016).

8. Zhao, Q. et al. Long-term coffee monoculture alters soil chemical properties and microbial communities. Sci. Rep. 8, 1-11. https
://doi.org/10.1038/s41598-018-24537-2 (2018).

9. Junior, P. P. et al. Agroecological coffee management increases arbuscular mycorrhizal fungi diversity. PLoS ONE 14, 1-19. https
://doi.org/10.1371/journal.pone.0209093 (2019).

10. Melloni, R. et al. Sistemas Agroflorestais cafeeiro-araucaria e seu efeito na microbiota do solo e seus processos. Ciéncia Florest. 28,
784-795. https://doi.org/10.5902/1980509832392 (2018).

11. Oliveira, M. N. V. et al. Endophytic microbial diversity in coffee cherries of Coffea arabica from southeastern Brazil. Can. J. Micro-
biol. 59, 221-230. https://doi.org/10.1139/cjm-2012-0674 (2013).

12. Nasanit, R. & Satayawut, K. Microbiological study during coffee fermentation of Coffea arabica var chiangmai 80 in Thailand.
Kasetsart J. Nat. Sci. 49, 32-41 (2015).

13. Evangelista, S. R. et al. Improvement of coffee beverage quality by using selected yeasts strains during the fermentation in dry
process. Food Res. Int. 61, 183-195. https://doi.org/10.1016/j.foodres.2013.11.033 (2014).

14. Pereira, G. V. D. M. et al. Potential of lactic acid bacteria to improve the fermentation and quality of coffee during on-farm process-
ing. Int. ]. Food Sci. Technol. 51, 1689-1695. https://doi.org/10.1111/ijfs.13142 (2016).

15. Sahu, N., Duraisamy, V., Sahu, A., Lal, N. & K. Singh, S. Strength of microbes in nutrient cycling: A key to soil health. In Agricul-
turally Important Microbes for Sustainable Agriculture 69-86, https://doi.org/10.1007/978-981-10-5589-8_4 (2017).

16. Zhang, S. J. et al. Following coffee production from cherries to cup: Microbiological and metabolomic analysis of wet processing
of Coffea arabica. Appl. Environ. Microbiol. 85, 1-22. https://doi.org/10.1128/ AEM.02635-18 (2019).

17. Ramos, C. L. et al. Determination of dynamic characteristics of microbiota in a fermented beverage produced by Brazilian Amer-
indians using culture-dependent and culture-independent methods. Int. J. Food Microbiol. 140, 225-231. https://doi.org/10.1016/].
ijfoodmicro.2010.03.029 (2010).

18. Faoro, H. et al. Influence of soil characteristics on the diversity of bacteria in the Southern Brazilian Atlantic Forest. Appl. Environ.
Microbiol. 76, 4744-4749. https://doi.org/10.1128/ AEM.03025-09a (2010).

19. Defelipo, B. V. & Ribeiro, A. C. Andlise quimica do solo (metodologia). Bol. Extensio 28, 1-26 (1997).

20. Walters, W. et al. Improved bacterial 16S rRNA gene (V4 and V4-5) and fungal internal transcribed spacer marker gene primers
for microbial community surveys. Am. Soc. Microbiol. https://doi.org/10.1128/msystems.00009-15 (2015).

21. Pylro, V. S. et al. Data analysis for 16S microbial profiling from different benchtop sequencing platforms. J. Microbiol. Methods
107, 30-37. https://doi.org/10.1016/j.mimet.2014.08.018 (2014).

22. Edgar, R. C. UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996-998. https://doi.
org/10.1038/nmeth.2604 (2013).

23. Caporaso, J. G. et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335-336. https://
doi.org/10.1038/nmeth.£.303 (2010).

24. Edgar, R. C. UCHIME2: Improved chimera prediction for amplicon sequencing. BioRxiv https://doi.org/10.1101/074252 (2016).

25. Quast, C. et al. The SILVA ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids
Res. 41, D590-D596. https://doi.org/10.1093/nar/gks1219 (2013).

26. Lozupone, C., Lladser, M. E., Knights, D., Stombaugh, J. & Knight, R. UniFrac: An effective distance metric for microbial com-
munity comparison. ISME J. 5, 169-172. https://doi.org/10.1038/ismej.2010.133 (2011).

27. Edgar, R. C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26, 2460-2461. https://doi.org/10.1093/
bioinformatics/btq461 (2010).

28. Bengtsson-Palme, J. et al. Improved software detection and extraction of ITS1 and ITS2 from ribosomal ITS sequences of fungi
and other eukaryotes for analysis of environmental sequencing data. Methods Ecol. Evol. 4,914-919. https://doi.org/10.1111/2041-
210X.12073 (2013).

29. Nilsson, R. H. et al. The UNITE database for molecular identification of fungi: Handling dark taxa and parallel taxonomic clas-
sifications. Nucleic Acids Res. 47, D259-D264. https://doi.org/10.1093/nar/gky1022 (2019).

30. Oksanen, J. et al. Community Ecology Package. 1-296, https://cran.r-project.org/web/packages/vegan/vegan.pdf (2019).

31. R Core Team. R: A Language and Environment for Statistical Computing. https://www.r-project.org/ (2018).

SCIENTIFIC REPORTS |

(2020) 10:14692 | https://doi.org/10.1038/s41598-020-71309-y


https://gain.fas.usda.gov/RecentGAINPublications/LOCK-UPREPORT_Pretoria_SouthAfrica-Republicof_10-29-2009.pdf
https://gain.fas.usda.gov/RecentGAINPublications/LOCK-UPREPORT_Pretoria_SouthAfrica-Republicof_10-29-2009.pdf
https://doi.org/10.1155/2018/6408571
https://doi.org/10.1016/j.foodres.2014.05.023
https://doi.org/10.1002/chem.201504005
https://doi.org/10.1002/chem.201504005
https://doi.org/10.1002/9783527619627.ch6
https://doi.org/10.1128/AEM.02398-16
https://doi.org/10.1016/j.foodcont.2016.01.022
https://doi.org/10.1038/s41598-018-24537-2
https://doi.org/10.1038/s41598-018-24537-2
https://doi.org/10.1371/journal.pone.0209093
https://doi.org/10.1371/journal.pone.0209093
https://doi.org/10.5902/1980509832392
https://doi.org/10.1139/cjm-2012-0674
https://doi.org/10.1016/j.foodres.2013.11.033
https://doi.org/10.1111/ijfs.13142
https://doi.org/10.1007/978-981-10-5589-8_4
https://doi.org/10.1128/AEM.02635-18
https://doi.org/10.1016/j.ijfoodmicro.2010.03.029
https://doi.org/10.1016/j.ijfoodmicro.2010.03.029
https://doi.org/10.1128/AEM.03025-09a
https://doi.org/10.1128/msystems.00009-15
https://doi.org/10.1016/j.mimet.2014.08.018
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1101/074252
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/ismej.2010.133
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.1093/nar/gky1022
https://cran.r-project.org/web/packages/vegan/vegan.pdf
http://www.r-project.org/

www.nature.com/scientificreports/

32. Borcard, D. et al. Canonical ordination. In Numerical Ecology with R 153-225, https://doi.org/10.1007/978-1-4419-7976-6_6
(2011).

33. Gomes, D. G. E. et al. Bats perceptually weight prey cues across sensory systems when hunting in noise. Science 353, 1277-1280.
https://doi.org/10.1126/science.aaf7934 (2016).

34. Friedman, J. & Alm, E. J. Inferring correlation networks from genomic survey data. PLOS Comput. Biol. 8, 1-11. https://doi.
org/10.1371/journal.pcbi. 1002687 (2012).

35. Watts, S. C,, Ritchie, S. C., Inouye, M. & Holt, K. E. FastSpar: Rapid and scalable correlation estimation for compositional data.
Bioinformatics 35, 1064-1066. https://doi.org/10.1093/bioinformatics/bty734 (2019).

36. Csardi, G. & Nepusz, T. The igraph software package for complex network research. InterJournal Complex Syst 1695, 1-9 (2006).

37. Avelino, J. et al. Effects of slope exposure, altitude and yield on coffee quality in two altitude terroirs of Costa Rica, Orosi and Santa
Maria de Dota. J. Sci. Food Agric. 85, 1869-1876. https://doi.org/10.1002/jsfa.2188 (2005).

38. Wei, L., Wai, M., Curran, P, Yu, B. & Quan, S. Coffee fermentation and flavor—An intricate and delicate relationship. Food Chem.
185, 182-191. https://doi.org/10.1016/j.foodchem.2015.03.124 (2015).

39. Fulthorpe, R., Martin, A. R. & Isaac, M. E. Root endophytes of coffee ( Coffea arabica): Variation across climatic gradients and
relationships with functional traits. Phytobiomes J. 4, 27-39. https://doi.org/10.1094/PBIOMES-04-19-0021-R (2020).

40. Chu, H. et al. Effects of slope aspects on soil bacterial and arbuscular fungal communities in a boreal forest in China. Pedosphere
26, 226-234. https://doi.org/10.1016/5S1002-0160(15)60037-6 (2016).

41. Karungi, J. et al. Elevation and cropping system as drivers of microclimate and abundance of soil macrofauna in coffee farmlands
in mountainous ecologies. Appl. Soil Ecol. 132, 126-134. https://doi.org/10.1016/]. APSOIL.2018.08.003 (2018).

42. Ferreira, W. P. M., Queiroz, D. M., Silvac, S. A., Tomaz, R. S. & Corréa, P. C. Effects of the orientation of the mountainside, altitude
and varieties on the quality of the coffee beverage from the “Matas de Minas” region, Brazilian Southeast. Am. J. Plant Sci. 7,
1291-1303. https://doi.org/10.4236/ajps.2016.78124 (2016).

43. Velmourougane, K. Impact of organic and conventional systems of coffee farming on soil properties and culturable microbial
diversity. Scientifica 1-9, 2016. https://doi.org/10.1155/2016/3604026 (2016).

44. Siles, J. A. & Margesin, R. Abundance and diversity of bacterial, archaeal, and fungal communities along an altitudinal gradient in
alpine forest soils: What are the driving factors?. Soil Microbiol. 72, 207-220. https://doi.org/10.1007/500248-016-0748-2 (2016).

45. Frank, A., Saldierna Guzman, J. & Shay, J. Transmission of bacterial endophytes. Microorganisms 5, 70. https://doi.org/10.3390/
microorganisms5040070 (2017).

46. Haile, M. & Kang, W. H. The role of microbes in coffee fermentation and their impact on coffee quality. J. Food Qual. 2019, 6. https
://doi.org/10.1155/2019/4836709 (2019).

47. Decazy, F. et al. Quality of different Honduran coffees in relation to several environments. J. Food Sci. 68, 2356-2361. https://doi.
org/10.1111/j.1365-2621.2003.tb05772.x (2003).

48. de Melo Pereira, G. V. et al. Conducting starter culture-controlled fermentations of coffee beans during on-farm wet processing:
Growth, metabolic analyses and sensorial effects. Food Res. Int. 75, 348-356. https://doi.org/10.1016/j.foodres.2015.06.027 (2015).

49. Zhang, W. et al. Microbial diversity in two traditional bacterial douchi from Gansu province in northwest China using Illumina
sequencing. PLoS ONE 13, 1-16. https://doi.org/10.1371/journal.pone.0194876 (2018).

50. Tolessa, K., D’heer, J., Duchateau, L. & Boeckx, P. Influence of growing altitude, shade and harvest period on quality and biochemi-
cal composition of Ethiopian specialty coffee. J. Sci. Food Agric. 97, 2849-2857. https://doi.org/10.1002/jsfa.8114 (2017).

51. Batista, D. et al. Legitimacy and implications of reducing Colletotrichum kahawae to subspecies in plant pathology. Front. Plant
Sci. 7, 1-9. https://doi.org/10.3389/fpls.2016.02051 (2017).

52. Wei, Z. et al. Trophic network architecture of root-associated bacterial communities determines pathogen invasion and plant
health. Nat. Commun. 6, 1-9. https://doi.org/10.1038/ncomms9413 (2015).

Acknowledgements

This study was supported by grant from Brazilian financial agencies Coordenagio de Aperfeicoamento de Pes-
soal de nivel Superior (CAPES) - Finance Code 001, Conselho Nacional de Desenvolvimento Cientifico (CNPq)
- process number 469058/2014-5, Fundagdo de Amparo a Pesquisa do Estado de Minas Gerais (FAPEMIG),
Laboratério de Anélise e Pesquisa em Café (LAPC) and Instituto Federal do Espirito Santo (IFES) for supporting
research development through the Programa Pesquisador De Produtividade - PPP - EDITAL PRPPG N°10/2019.

Author contributions

T.G.R.V.: Conception and design of the work, data analysis and interpretation, drafting the article, critical revi-
sion of the article, final approval of the version to be published. M.C.S.S.: Conception and design of the work,
data collection, drafting the article, critical revision of the article, final approval of the version to be published.
W.S.C.: Critical revision of the article, final approval of the version to be published. R.C.G.: Conception and
design of the work, data collection, critical revision of the article, final approval of the version to be published.
M.C.M.K.: Conception and design of the work, critical revision of the article, final approval of the version to be
published. L.L.P.: Conception and design of the work, data collection, critical revision of the article, final approval
of the version to be published.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-71309-y.
Correspondence and requests for materials should be addressed to M.C.M.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2020) 10:14692 | https://doi.org/10.1038/s41598-020-71309-y


https://doi.org/10.1007/978-1-4419-7976-6_6
https://doi.org/10.1126/science.aaf7934
https://doi.org/10.1371/journal.pcbi.1002687
https://doi.org/10.1371/journal.pcbi.1002687
https://doi.org/10.1093/bioinformatics/bty734
https://doi.org/10.1002/jsfa.2188
https://doi.org/10.1016/j.foodchem.2015.03.124
https://doi.org/10.1094/PBIOMES-04-19-0021-R
https://doi.org/10.1016/S1002-0160(15)60037-6
https://doi.org/10.1016/J.APSOIL.2018.08.003
https://doi.org/10.4236/ajps.2016.78124
https://doi.org/10.1155/2016/3604026
https://doi.org/10.1007/s00248-016-0748-2
https://doi.org/10.3390/microorganisms5040070
https://doi.org/10.3390/microorganisms5040070
https://doi.org/10.1155/2019/4836709
https://doi.org/10.1155/2019/4836709
https://doi.org/10.1111/j.1365-2621.2003.tb05772.x
https://doi.org/10.1111/j.1365-2621.2003.tb05772.x
https://doi.org/10.1016/j.foodres.2015.06.027
https://doi.org/10.1371/journal.pone.0194876
https://doi.org/10.1002/jsfa.8114
https://doi.org/10.3389/fpls.2016.02051
https://doi.org/10.1038/ncomms9413
https://doi.org/10.1038/s41598-020-71309-y
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS |  (2020) 10:14692 | https://doi.org/10.1038/541598-020-71309-y


http://creativecommons.org/licenses/by/4.0/

	Effects of environmental factors on microbiota of fruits and soil of Coffea arabica in Brazil
	Anchor 2
	Anchor 3
	Material and methods
	Study areas and sampling of soil and fruits. 
	DNA extraction, PCR and sequencing. 
	Processing of 16S amplicons. 
	Processing of ITS1 amplicons. 
	Statistical analysis. 

	Results
	Influence of edaphic and topographical factors on the microbial communities inhabiting fruits and soil of coffee trees. 
	Taxonomic composition and OTUs shared between fruits and soil in different altitudinal zones. 
	Complexity of co-occurrence networks among different zones of altitude. 

	Discussion
	References
	Acknowledgements


