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Endophytic microbial diversity in coffee cherries of Coffea arabica from
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Abstract: The microbiota associated with coffee plants may play a critical role in the final expression of coffee quality. However,
the microbial diversity in coffee cherries is still poorly characterized. Here, we investigated the endophytic diversity in cherries
of Coffea arabica by using culture-independent approaches to identify the associated microbes, ultimately to better understand
their ecology and potential role in determining coffee quality. Group-specific 16S rRNA and 26S rRNA genes polymerase chain
reaction - denaturing gradient gel electrophoresis and clone library sequencing showed that the endophytic community is
composed of members of the 3 domains of life. Bacterial sequences showing high similarity with cultured and uncultured
bacteria belonged to the Betaproteobacteria, Gammaproteobacteria, and Firmicutes phyla. Phylogenetic analyses of cloned sequences
from Firmicutes revealed that most sequences fell into 3 major genera: Bacillus, Staphylococcus, and Paenibacillus. Archaeal sequences
revealed the presence of operational taxonomic units belonging to Euryarchaeota and Crenarchaeota phyla. Sequences from
endophytic yeast were not recovered, but various distinct sequences showing high identity with filamentous fungi were found.
There was no obvious correlation between the microbial composition and cultivar or geographic location of the coffee plant. To
the best of our knowledge, this is the first report demonstrating internal tissue colonization of plant fruits by members of the
Archaea domain. The finding of archaeal small-subunit rRNA in coffee cherries, although not sufficient to indicate their role as
active endophytes, certainly expands our perspectives toward considering members of this domain as potential endophytic
microbes.
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Résumé : Le microbiote associé aux plants de café peut jouer un role important dans I’expression finale de la qualité du café.
Toutefois, la diversité du microbiote des cerises de café est encore mal caractérisée. Nous avons examiné ici la diversité des
endophytes des cerises de Coffea arabica en utilisant des approches indépendantes de la culture afin d’identifier les microbes
associés, ultimement pour comprendre leur écologie et leur role potentiel dans la détermination de la qualité du café. Une
PCR-DGGE spécifique au groupe des génes de ’ARNTr 16S et 26S et le séquencage d'une banque de clones ont montré que la
communauté des endophytes était composée de membres des trois domaines du vivant. Des séquences bactériennes présentant
une forte similarité avec des bactéries cultivables et non cultivables appartenaient aux phylums des Betaproteobacteria, Gamma-
proteobacteria et Firmicutes. Les analyses phylogéniques des séquences clonées des Firmicutes révélaient que la plupart des
séquences correspondaient a trois genres principaux : Bacillus, Staphylococcus et Paenibacillus. Les séquences d’archées révélaient la
présence d’'UTO appartenant aux phylums des Euryarchaeota et Crenarchaeota. Des séquences de levures endophytes n’étaient pas
récupérées, mais plusieurs séquences distinctes montrant une identité élevée avec les champignons filamenteux ont été trou-
vées. Il n’y avait pas de corrélation évidente entre la composition du microbiote et le cultivar ou la localisation géographique du
plant de café. Au meilleur de notre connaissance, il s’agit du premier rapport qui démontre la colonisation du tissu interne de
plantes a fruits par des membres du domaine des archées. La découverte de petites sous-unités d’ARNr dans les cerises de café,
méme si elle ne suffit pas a indiquer leur réle comme endophytes actifs, élargit certainement nos perspectives pour considérer
les membres de ce domaine comme microbes endophytes potentiels. [Traduit par la Rédaction]

Mots-clés : cerises de cafe, endophytes, PCR-DGGE, banques d’ARNT.

Introduction

Coffee is one of the most traded agricultural commodities in the
world and an important source of revenue for Brazil. The 2 main
species of coffee grown for commercial use are Coffea arabica
(arabica-type coffee) and Coffea canephora (robusta-type coffee).
Brazil is the world’s largest producer of arabica-type coffee, ac-
counting for approximately 36% of total production and more
than 27% of world exports (USDA 2011; International Coffee Orga-
nization 2012).

Coffee quality, which determines its marketability and price, is
a complex trait resulting from multifactorial determinants such

as plant genetics, pedoclimatic conditions, and pre- and post-
harvest treatments like roasting and brewing (Martin et al. 1999;
Montavon et al. 2003; De Los Santos-Briones and Herndndez-
Sotomayor 2006; Leroy et al. 2006). Although most of the studies
directed at improving coffee quality have focused on physiologi-
cal and agronomic aspects of the coffee plant (Montavon et al.
2003; Leroy et al. 2006), the microbiota associated with coffee
plants may play a critical role in the final expression of coffee
quality (Pasin et al. 2011).

More recently, the endophytic microbiota present in coffee
plants, and especially in coffee cherries, has received considerable
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Table 1. Description of samples and sampling sites of coffee cherries from Coffea arabica.

Sample Cultivar Location

Coordinates Elevation® (m)

625 Catuai Vermelho
628 Bourbon Amarelo
40B Catucai

Vicosa, UFV® Experimental Field Station 20°44'3.48"S, 42°50'57.2"W 676
Vigosa, UFV Experimental Field Station
Araponga, Serra do Boné farm

20°44'29.5"S, 42°50'47.4"W 687
20°84'78.7"S, 42°65'65.3"W 936

629 Catuai Vermelho  Araponga, Itatiaia farm 20°40'32.4"S, 42°34'13.6"W 956
630 Catuai Amarelo Araponga, Itatiaia farm 20°39'55.2"S, 42°34'13.6"W 956
631 Bourbon Vermelho Araponga, Santo Antonio farm 20°39'55.2"S, 42°30'44.2"W 1067

632 Bourbon Amarelo

643 Catuai Amarelo Araponga, Serra do Boné farm
644 Catuai Vermelho  Araponga, Serra do Boné farm
646 Catuai Vermelho Araponga, Serra do Boné farm

Araponga, Santo Antonio farm

20°39'55.2"S, 42°30'44.2"W 1067
20°39'16.3"S, 42°27'32.0"W 1013
20°39'16.3"S, 42°27'32.0"W 1013
20°39'57.9"S, 42°30'45.4"W 1189

aUFV, Universidade Federal de Vicosa.
bElevation measured as metres above sea level.

attention, when its diversity and potential contribution to
positive attributes of brewed coffee began to be appreciated.
Classically, the endophytic microbiota has been profiled by
cultural-dependent methods (Sakiyama et al. 2001; Vega et al.
2005; Silva et al. 2008; Miguel et al. 2013). However, because the
majority of microorganisms are not amenable to cultivation un-
der standard laboratory conditions (Amann et al. 1995; Handels-
man et al. 1998; Handelsman 2005), we anticipate that the real
complexity of the endophytic microbiota in coffee cherries is
largely underestimated and a phylogenetic description of the en-
dophytes is far from complete. Molecular analysis of microbial
communities (assemblages of microorganisms that share the same
environment) has proven to be a powerful strategy for studying
endophytic microbial diversity in a variety of agronomic plants
(Sun et al. 2008; Ulrich et al. 2008; West et al. 2010).

The purpose of this study was to provide a broad description of
the diversity of endophytes in coffee cherries of C. arabica from
southeastern Brazil by using a combination of molecular-based
approaches. Characterizing the microbial communities associ-
ated with this important agricultural plant will enable a future
understanding of the microbial ecology and its potential role in
determining coffee quality. This approach contrasts most of pub-
lished data on coffee microbiology that deals either with coffee
diseases or coffee grain spoilage.

Material and methods

Coffee cherries sampling and superficial decontamination
Mature coffee cherries from 5 cultivars of C. arabica L. (‘Catuai
Vermelho’,’Catuai Amarelo’, ‘Bourbon Vermelho’, ‘Bourbon Ama-
relo’, and ‘Catucai’), grown under field conditions, were sampled
from the Universidade Federal de Vicosa experimental field sta-
tions and from 3 commercial farms near Vigosa, Minas Gerais
State, Brazil (Table 1) during the harvest season. Minas Gerais is
the main coffee producer state in Brazil, and farms located at
higher altitudes, such as those used in this study, are known to
produce a better coffee beverage than farms located at lower alti-
tudes. Within each coffee plantation, a representative stand with
good productivity was chosen. In each plant, sampling involved
cutting the intact branch to preserve the integrity of the cherries.
Samples were maintained on ice during transportation, and sub-
sequently, the cherries were vacuum-packed and frozen at -20 °C
until processing. This process was shown to be effective at pre-
serving coffee cherries for long-term storage at lower tempera-
ture. Eight healthy representative whole cherries were prewashed
in running tap water, soaked in neutral detergent, and rinsed in
running distilled water. The cherries’ surface was decontami-
nated aseptically (Sakiyama et al. 2001). Briefly, the cherries were
immersed twice in distilled water and once in 50 mmol-L-! potas-
sium phosphate buffer, pH 7.0. The cherries were then immersed
in 70% (v/v) ethanol for 1 min, soaked for 5 min under vigorous
agitation in 5% (v[v) sodium hypochlorite containing 0.05% (v/v)
Tween 80, and quickly flamed after immersion in 70% (v/v) etha-

nol. The cherries were immersed in 50 mmol-L-! potassium phos-
phate buffer, pH 7.0, for 15 min, and the process of surface
decontamination described above was repeated. Finally, the cher-
ries were washed twice in distilled water and individually incu-
bated for 72 h in 10 mL of R2A broth (containing, per litre of
distilled water, 0.5 g of Bacto-Peptone, 0.5 g of casamino acids, 0.5 g
of yeast extract, 0.5 g of dextrose, 0.5 g of soluble starch, 0.3 g of
dipotassium phosphate, 0.05 g of MgSO,-7H,0, 0.3 g of sodium
pyrophosphate). Duplicates of 100 p.L aliquots of the final washing
water were spread on R2A agar. Absence of microbial growth in
both R2A broth and agar was used to confirm the success of the
superficial decontamination.

DNA extraction

Eight representative and superficially decontaminated cherries
of each plantation were individually macerated in liquid nitrogen,
and the fine powder obtained from each cherry was pooled.
Next, 830 pL of extraction buffer (4% (m/v) cetyltrimethylammo-
nium bromide (CTAB), 1.4 mol-L-! NaCl, 20 mmol-L-! EDTA,
100 mmol-L! Tris-HCl, pH 8.0, 1% (m/v) polyvinylpyrrolidone),
70 mmol-L-1 B-mercaptoethanol, and 125 pg of lysozyme (Sigma-
Aldrich, St. Louis, Missouri) were added to the resulting mixed
samples. Additionally, to enhance archaeal DNA extraction, 30 p.g
of proteinase K (Sigma) and 30 pg of pronase E (Sigma) were added
to the mixture and incubated at 37 °C for 1 h with occasional
agitation. Subsequently, the mixture was incubated at 65 °C for
20 min and submitted to deproteinization with phenol - chloroform -
isoamyl alcohol (25:24:1). The aqueous phase was collected after
centrifugation for 5 min at 10 000g, and DNA was precipitated
with 0.6 volume (approximately 420 wL) of isopropanol at room
temperature for 30 min. The mixture was centrifuged for 5 min at
10 000g; the DNA pellet was washed twice with cold 70% ethanol
and resuspended in 30 pL of TE buffer (10 mmol-L-! Tris-HCI, pH
8.0, 1 mmol-L-* EDTA). DNA concentration and purity were evalu-
ated by optical density at the wavelengths 260 and 280 nm. Integ-
rity was assessed through a 0.8% (m/v) agarose gel electrophoresis,
staining with 0.5 pg-mL-! ethidium bromide, and visualization
with a Stratagene Eagle Eye II Trans [luminator and Imaging Sys-
tem (Stratagene, Cedar Creek, Texas, USA).

Amplification and denaturing gradient gel electrophoresis
(DGGE) analysis of rRNA gene fragments

To examine the diversity of the natural microbial community in
coffee cherries by DGGE, a nested PCR strategy was used. In a first
round of PCR, primers targeting the bacterial (phylum-specific
primers) or archaeal (Arch344f]927r) 16S rRNA genes or the yeast
(NL1/NL4) 26S rRNA genes (Table 2) were used. The specific frag-
ments generated were separately used as templates for a second
PCR (nested PCR) primed by conserved group-specific DGGE prim-
ers containing a long GC clamp incorporated into the forward
primer (Table 2), targeting the bacterial (F984GC|R1378), archaeal
(Arch344fGC/517r), or yeast (NL1GC/LS2) ribosomal RNA. All reac-
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Table 2. Sequences of the 16S and 26S rRNA gene-targeted primers used in this study.

Size of
Proposed Primer name, Primer sequence amplified Initial Final
target primer sequence (5'—3') reference product (bp) denaturation Amplification extension
Archaea Arch344f (344-363%), ACGGGGCGCAGCAGGCGCGA Raskin et al. 1994 605 10 cycles at 94 °C, 30 s;
9271 (927-948), CCCGCCAATTCCTTTAAGTTTC Jurgens et al. 1997 94 °C. 5 min 61-56 °C 30 s; 72 °C, 1 min; 72 °C. 7 min
Archaeal nested PCR¢ Arch344fGC, gc0.1- ACGGGGCGCAGCAGGCGCGA 190 ’ and 30 cycles at 94 °C, 30 's; ’
517t (517-534), ATTACCGCGGCTGCTGG Lane et al. 1985 56 °C, 30 s; 72 °C, 1 min
Bacteria
Alphaproteobacteria F203a (174-203%), CCGCATACGCCCTACGGGGGAAAGATTTAT Gomes et al. 2001 1340 94 °C. 5 mi 25 cycles at 94 °C, 1 min; 72 °C. 10 mi
R1492 (1492-1513), TACGGYTACCTTGTTACGACTT Heuer et al. 1997 2T 56 ec 1 min; 72 °C, 2 min St
Betaproteobacteria F948p3 (931-948), CGCACAAGCGGTGGATGA Gomes et al. 2001 o . 25 cycles at 94 °C, 1 min; o .
R1492 (1492-1513), TACGGYTACCTTGTTACGACTT 583 94°C.5min e ror | min; 72 °C, 2 min /2 & 10 min
Gammaproteobacteria D2 (8-27), AGAGTTTGATCATGGCTCAG . o . 30 cycles at 94 °C, 15 s; o .
Enteric bacteria  IP1(1492-1512), ACGGTTACCTTGTTACGACTT Weisburg et al. 1991 1505 947C.2min - 5y eC 305;72°C, 1min /2 7 min
Low G+C Gram-positive BLS342F (325-342), CAGCAGTAGGGAATCTTC Blackwood et al. 2005 1082 95 °C. 3 min 35 cycles at 94 °C, 30 s; 72 °C. 7 min
bacteria 1392R (1392-1406), ACGGGCGGTGTGTACA Amann et al. 1995 ’ 57 °C, 30 s; 72 °C, 1.5 min ’
Actinomycetales F243HGC (226-243), GGATGAGCCCGCGGCCTA Heuer et al. 1997 o . 35 cycles at 94 °C, 1 min; o .
R1492 (1492-1513), TACGGYTACCTTGTTACGACTT 1288 95°C,5min eaor ) min;72°C, 2 min /2 & 10 min
Bacterial 984GC (968-984), gc0.1-AACGCGAAGAACCTTAC o . 20 cycles at 94 °C, 1 min; o .
nested-PCR® R1378 (1378-1401), CGGTGTGTACAAGGCCCGGGAACG Heueretal. 1997 434 94°C.5min oot min; 72°C, 2min /2 & 10 min
Yeast NL1 (63-86?), GCATATCAATAAGCGGAGGAAAAG Cocolin et al. 2000 35 cveles at 94 °C. 1 min:
NIL4 (624-642), GGTCCGTGTTTCAAGACGG Prakitchaiwattana 580 95 °C, 5 min cyo K - . 72 °C, 10 min
et al. 2004 52 °C, 1min; 72 °C, 2 min
Yeast nested-PCR¢ NL1GC, gc0.2-GCATATCAATAAGCGGAGGAAAAG 223 95 °C, 5 min 30 cycles at 95 °C, 1 min; 72 °C, 7 min

GC clamps

LS2 (266-285), ATTCCCAAACAACTCGACTC

gc0.1, CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGGG
£¢0.2, CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGC

Cocolin et al. 2000

Nubel et al. 1996
Prakitchaiwattana
et al. 2004

52 °C, 1min; 72 °C, 2 min

aEscherichia coli numbering.

bYeast primers positions are based on the Saccharomyces cerevisiae 26S rRNA gene.
‘These primers were used in the nested-PCR using as template the product of amplification generated by bacterial phylum-specific primers.
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tions were carried out as described above, with the thermal cy-
cling conditions given in Table 2. Appropriate PCR controls and
blanks were included and the products were analyzed by electro-
phoresis in a 1.2% (m/v) agarose gel stained with 0.5 pg-mL™
ethidium bromide before DGGE analysis.

Profiling of the amplified sequences was conducted as de-
scribed previously (Muyzer et al. 1993) using a DCode Universal
Mutation Detection System apparatus (Bio-Rad, Hercules, Califor-
nia, USA). The PCR products were loaded onto a 6% (for Bacteria) or
8% (for Archaea and yeast) polyacrylamide (37.5:1, acrylamide —
N,N'-methylenebisacrylamide) (Sigma) parallel denaturing gradient
gel in 1x TAE buffer (40 mmol-L! Tris-HCl, pH 8.0, 20 mmol-L*
acetic acid, 1 mmol-L-! EDTA, pH 8.0) composed of 0.09% (v/v)
TEMED (N,N,N',N'-tetramethylenediamine) and 0.07% (m/v) ammo-
nium persulfate. The denaturing gradient was optimized empiri-
cally to 40%-58% (for Bacteria) and 40%-60% (for Archaea and
yeast) urea/formamide (100% denaturant contained 7 mol-L-! urea
and 40% (v/v) deionized formamide). The electrophoresis was car-
ried out in 1x TAE buffer at 50 V for 16 h at a constant temperature
of 60 °C. The DNA fragments were stained for 20 min in 1x TAE
buffer with 1x SYBR Gold (Invitrogen, Carlsbad, California, USA).
Images of the gels were obtained under UV light using an L-PIX
CHEMI Molecular Imaging system (Loccus Biotechnology, Sao
Paulo, SP, Brazil). Sample lanes were analyzed using BioNumerics
version 6.0 (Applied Maths, Inc., Austin, Texas, USA).

For analysis of bacterial endophytes, individual DNA bands
from the polyacrylamide gels were excised and incubated over-
night at 4 °C in 50 p.L of sterile deionized water. A 5 pL aliquot of
DNA extracted from each band was used as the template in a PCR
amplification with the F984 (no GC clamp) and R1378 primers as
described above. This procedure was performed only for Bacteria
because of the smaller amplicon size for Archaea (190 bp) and
Fungi (223 bp), which would result in sequences smaller than
200 bp after sequencing, impairing their deposition in the NCBI da-
tabase. The purity and relative position of the reamplified DNA
were confirmed by DGGE as previously described in this work.
PCR products were treated with ExoSaplIT (USB, Cleveland, Ohio,
USA) according to the manufacturer’s instructions and directly
sequenced.

Cloning and sequencing

Amplification of rRNA gene fragments from metagenomic DNA
extracted from coffee cherries was performed using primers spe-
cific for Firmicutes (BLS342F[/1392R), Archaea (Arch344£/927r), and
yeast (NL1/NL4) (Table 2) as described above. The sample 644 was
used to construct the Firmicutes and Fungi library because that
sample showed the PCR-DGGE profiles with highest richness
(number of operational taxonomic units (OTUs) considered as the
number of DGGE bands). The sample 40B was used for the Archaea
library because that was the only sample with visible amplifica-
tion product using archaeal-specific primers described above,
whereas for all other samples, the amplicon could be detected
only after a nested PCR reaction (Table 2), resulting in shorter
fragments, about 190 bp, that could not be deposited in the NCBI
database. Amplification products were electrophoresed through a
1.2% (m/v) agarose gel, stained with 0.5 pg-mL-! ethidium bromide,
and visualized under UV light. Positive results were considered to
be a pool of amplicons that had the expected molecular sizes. PCR
products were cloned into a pGEM-T Easy vector system (Promega,
Madison, Wisconsin, USA). Competent Escherichia coli cells were
prepared using the calcium chloride method (Sambrook and Rus-
sell 2001) and grown aerobically overnight on solid Luria-Bertani
(LB) medium containing ampicillin (50 pg-mL-') and X-gal (5-bromo-
4-chloro-3-indolyl-3-p-galactopyranoside, 50 pg-mL™!) (Sigma) at
37 °C. After overnight incubation, individual white colonies were
randomly picked from the plates, placed into 5 mL of liquid LB
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containing ampicillin (50 pg-mL™?), and grown aerobically for
16-18 h at 37 °C. Plasmids were extracted using the Wizard SV
Minipreps DNA Purification kit (Promega), and the cloned frag-
ments were sequenced using M13 vector primers using the Sanger
sequencing method. All clones containing inserts of the correct
size were stored in LB medium containing 20% (v/v) glycerol at-80 °C.
In most cases, only one strand of the DNA fragments was se-
quenced. This criterion proved to be sufficient for taxonomic
identification of the cloned fragments obtained using the BLAST
(Basic Local Alignment Search Tool) search function (Altschul
et al. 1990). Both DNA strands were sequenced in those cases in
which the sequence could not be easily assigned to a particular
taxonomic group or the nucleotide sequence could not be clearly
determined. The resulting electropherograms and sequences
were analyzed using SEQUENCHER software version 4.1.4 (Gene
Codes Corporation, Ann Arbor, Michigan, USA). Chimeric se-
quences were identified by Bellerophon (Huber et al. 2004). Both
chimeric sequences and sequences yielding weak signals were
excluded from further analysis.

Estimation of the size of the clone libraries and
phylogenetic analysis

For phylogenetic purposes, sequences in the clone libraries,
constructed for Firmicutes, Archaea, and Fungi, sharing more than
97% sequence identity were considered as a single OTU. The clone
coverage in each library was calculated according to the following
equation: C=1-(n/N), where n is the number of singleton OTU, and
N is the total number of clones screened in the clone library (Good
1953). Rarefaction curves for clone libraries (Colwell and Codding-
ton 1994) were calculated using ESTIMATES version 7.5 software
(http:/fviceroy.eeb.uconn.edu/EstimateS).

To study the evolutionary relationships among the sequences
obtained in the 16S rDNA clone libraries, sequences were com-
pared with sequences from the nucleotide collection database
stored in GenBank using the BLAST algorithm (Altschul et al.
1990). All sequences with high identity, as identified by the search,
were imported into MEGA 4 software and aligned with other 16S
TRNA gene sequence fragments using ClustalW (Larkin et al.
2007). The alignments were manually trimmed, and calculation of
the phylogenetic trees was based on these sequence alignments
using the Maximum Parsimony method (Tamura et al. 2011). Evo-
lutionary distances were computed using the p-distance method.
To check the robustness of the resulting tree and the statistical
significance levels of the interior nodes, bootstrap analysis with
1000 replicates was carried out and values above 50% were re-
ported.

Nucleotide sequence accession numbers

The sequences reported in this study have been submitted to
GenBank under accession Nos. JQ417214-JQ417239, JN004109—-
JN004134, JQ437374-JQ437388, JQ736752-JQ736776, and JQ417214—
JQ417239.

Results

Diversity of endophytes of coffee cherries by PCR-DGGE

The DGGE banding profile showed homogeneity of the endo-
phytic bacterial community, and the number of bands detected
indicated a relatively small diversity (Fig. 1A). The direct approach,
in which bacterial universal primers (984GC/R1378) were used in a
single PCR round, indicated that the coffee cherries from most
cultivars (samples 40B, 628, 629, 630, 631, 643, and 646) appeared
to contain 2 main bands and at least 2 additional minor bands. In
contrast, samples 625, 632, and 644 showed additional OTUs, with
sample 644 exhibiting the most complex profile, as demonstrated
by the number of bands on the DGGE gel (Fig. 1A). The evident
richness of sample 644 (Catuai Vermelho) encouraged a detailed
analysis of the various bacterial groups potentially present, and
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Fig. 1. Clustering analysis of PCR-DGGE profiles generated from coffee cherries metagenomic DNA from different farms using (A) universal
primers targeting the bacterial 16S rRNA gene. (B) The highlighted sample was used for further characterization of the microbial diversity by
using phyla-specific primers and by sequencing of selected bands. For each sequenced band the closest match at NCBI database is shown,
followed by its accession number and the percent identity. The asterisks (*) indicate bands showing identity with DNA of chloroplast.

(C) Primers targeting the fungal D1/D2 domain of the 26S rRNA gene. (D) Universal primers targeting the archaeal 16S rRNA gene. The sample
ID No. is indicated beside each lane. The comparison of the PCR-DGGE profiles was generated with BioNumerics software (version 6.0). The

scale indicates the level of similarity based on Dice’s coefficient.
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we used an indirect approach (2-step nested PCR-DGGE) for eval-
uation of the bacterial diversity profile in this sample.

The nested PCR approach provided a high-resolution overview
of the complexity of the microbial communities present and, in
addition, allowed analysis of minority populations (Fig. 1B). Fifty-
three bands were identified with BioNumerics (version 6.0), with
each one likely corresponding to a different OTU. The Firmicutes
phylum exhibited the most complex profile, followed by the
Betaproteobacteria and Gammaproteobacteria classes. Only 22 of
53 bands were successfully sequenced after purification from the
polyacrylamide gel. Apparently, the approach did not completely
exclude contamination by chloroplast DNA, since the sequences
of 10 bands (Fig. 1B) showed high identity (98%) with chloroplast
DNA of C. arabica. In addition, the presence of OTUs belonging to
Alphaproteobacteria and Actinobacteria remained uncertain because
the sequence bands showed identity with chloroplast DNA as well
as with bacterial sequences. Sequencing of the remaining bands

Band 1 (JQ437374) - Janthinobacterium lividum (Ab680301) [99%)]

= Band 4 (JQ437377) - Uncultured bacterium (GQ154984) [98%)]
=== Band 2 (JQ437375) - Uncultured bacterium (EU537620) [99%)

~ Band 9 (JQ437382) - Bacillus cereus (HM067839) [97%
=2- Band 10 (JQ437383) - Bacillus niacini (FJ5443417) 9%
~ Band 11 (JQ437384) - Uncultured organism (HQ774651) [95%)
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631 ] i
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630 i
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408

showed that the OTUs from Betaproteobacteria class (bands 1and 2),
Gammaproteobacteria class (bands 3 and 4), and Firmicutes (bands 5
to 12) had high similarity to sequences of cultured or uncultured
bacteria belonging to the respective classes and phylum (Figs. 1A
and 1B). Band 9 presented in the profile corresponding to Firmic-
utes showed no similarity with known sequences previously sub-
mitted to the GenBank database.

Profiling of the samples with yeast-specific primers revealed a
more complex pattern and apparent homogeneity of the commu-
nity in the different samples when compared with the bacterial
profile (Fig. 1C). Inspection of the DGGE patterns showed that
most bands are equally present at the same relative position, and
there is no obvious variation in the intensity of the bands. Sample
644 (Catuai Vermelho), which showed some additional major
bands, grouped externally with samples 646, 632, 625, 40B, 643,
631, 630, 629, and 628.
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Table 3. Clones from each library constructed using bacterial and archaeal 16S rRNA and fungal 26S rRNA isolated
from coffee cherries, and its closest match at NCBI database, percent identity, and clone abundance.

GenBank  Sequence affiliation Sequence % of

Sample Library CloneID  acc. No. (GenBank ID) identity (%) clones
644 Firmicutes  F1.23 JQ437385  Bacillus firmus (AJ491843) 96 44
F3.14 JQ437387  Staphylococcus epidermidis (AM157439) 98 8
F3.47 JQ437388  Paenebacillus sp. (DQ444989) 100 4
F6.4 JQ437386  Bacillus cereus (EU871042) 98 16
Coffea arabica chloroplast 98 28
644 Fungi LEM 1-43  JQ417223  Microdiplodia sp. (DQ377913) 98 2
LEM 111 JQ417215 Mycosphaerella keniensis (DQ246239) 99 10
LEM 110 Q417216  Endophytic fungi (EU687141) 99 2
LEM 114  JQ417214  Endophytic fungi (EF420023) 99 4
LEM 121  JQ417220  Mycosphaerella pini (EF114697) 98 2
LEM 2-14  JQ417232  Glomerella acutata (DQ286133) 99 4
LEM 2-20  JQ417236  Phaeophaeria sp. (EF590319) 99 2
Coffea arabica 98 74
40B Archaea 40B0.2 JN004110  Halococcus sp. BIGigoW09 (AM902587) 99 35
40B0.8 JN004117 Haloferax sp. FIB210_9 (EU308271) 96 15
40B0.10 JN004119  Halobacterium volcanii (K00421) 99 15
40B0.14 JN004110  Uncultured crenarchaeote (AY454553) 99 1
40B0.13 JN004123  Methanobrevibacter woesei (DQ445717) 97 8
40B0.16 JN004124  Uncultured archaeon clone (FJ584387) 98 8
40B0.24 JN004125  Uncultured Thermoplasma sp. (AM292020) 97 8

The archaeal profiles showed a relatively small diversity, with
most cultivars containing 2 or 3 main bands and few additional
minor bands (Fig. 1D). Cluster analysis grouped samples from 3
Catucai cultivars (625, 629, and 630), grown below 1013 m above
sea level, with samples at the same altitude forming a subgroup
with higher similarity. Sample 40B (Catucai) formed a separate
cluster, sharing less than 60% similarity with the other samples.
Different from what was observed for the yeast profile, sample
646 grouped together with sample 40B in an independent cluster.

For all 3 domains studied, the different DGGE profiles showed
no obvious correlation with altitude of the plant or coffee cultivar,
as supported by clustering analysis.

Sample size and OTU diversity in the 16S rRNA gene
libraries

In total, 25 and 26 clones from the Firmicutes and archaeal 16S
rRNA gene libraries were screened, respectively. The calculated
rarefaction curves for both libraries tended to plateau, showing
that the number of clones screened in the bacterial clone library
was sufficient to reveal most of the sequence types within the
library and to reasonably describe the diversity of both groups
(Fig. 2). Clone coverage was 96% and 100% for Firmicutes and Ar-
chaea, respectively (Table 3), and these values suggest than the
number of unique sequence types sampled from this library ap-
proached the total number of unique sequences within the li-
brary. Sequencing of 50 clones of the constructed 26S rRNA library
revealed sequences related only to filamentous fungi (Table 3),
and these were not further analyzed for phylogenetic purposes.

Phylogenetic composition of the Firmicutes and archaeal
endophytic communities

Two rRNA libraries were constructed from 2 samples using the
amplification product of group-specific primers for Firmicutes
(sample 644) and Archaea (sample 40B).

Phylogenetic analysis of the clone sequences revealed that the
majority of the sequences fell into 3 major genera of the Firmicutes
phylum (=97% identity): Bacillus (60% of sequences), Staphylococcus
(8%), and Paenibacillus (4%). About 28% of the sequences had high
identity with unidentified uncultured bacteria or chloroplasts
(Table 3). About 44% of the sequences clustered in the Bacillus
group showed high identity (96%) with Bacillus firmus, whereas 16%
showed high identity (98%) with Bacillus cereus. The remaining

Fig. 2. Rarefaction curves indicating 16S rRNA gene diversity
within the Firmicutes and archaeal clone libraries. The frequency of
different sequences sharing >97% identity is plotted as a function
of the number of clones screened.
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clones presented sequences showing high identity with Staphylo-
coccus epidermidis and Paenibacillus sp. (Table 3 and Fig. 3A).

Phylogenetic analysis of the archaeal sequences revealed the
presence of 7 OTUs, most of which (80.8% of sequences) belong
to the phylum Euryarchaeota and are similar to sequences of
halophilic archaea (65.4%) (Fig. 3B). In addition, 2 other sequences
belonging to Euryarchaeota were identified and clustered with se-
quences of the orders Methanobacteriales (7.7%) and Thermoplasmatales
(7.7%). Only 2 OTUs identified belong to the phylum Crenarchaeota,
specifically to the groups 1.1b (11.5%) and 1.1c (7.7%), which are abun-
dant in soils (Fig. 3B).

Discussion

Endophytic bacteria are ubiquitous in most plant species
(Hallmann et al. 1997), and their frequent occurrence in important
agricultural plants and relevance to crop production systems is
just beginning to be appreciated more widely. In addition to the
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Fig. 3. Maximum parsimony phylogenetic tree of Firmicutes (A) and Archaea (B) 16S rRNA gene sequences rooted by the 16S rRNA gene
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sequence of Escherichia coli. Bootstrap values are shown for nodes with over 50% support. The sequences found in this study are presented in

bold script. The accession numbers of each sequence extracted from the GenBank database are shown after each sequence name.

(A)

clone F1.23 (JQ437385)

Bacillus firmus (Aj491843)

Bacillus pumilus (EU647705)

Lysinibacillus sphaericus (EU379311)

clone F6.4 (JQ437386)
L 54 | Bacillus cereus (EU871042)

99

Liquorice endophytic bacteria (EU088030)

clone F3.47 (JQ437388)

Paenibacillussp. (DQ444989)

[ Staphylococcus epidermidis (AM157439)

(B)

Escherichia coli (U00096)

99

99 L clone F3.14 (JQ437387)

95 clone BpPiMm54-2, boreal forest ectomycorrhizosphere (AM903372)
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{E’Methanobrewbacter smithii, human gut (U55234)
Methanobrevibacter filliformis, termite hindgut (U82322)

clone 40B.24 (JN004125)
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clone 40B.2 (JN004110)

clone 40B.8 (JN004117)
Escherichia coli (CP002516.1)

10

economic aspects, the study of endophytic microorganisms has
academic value, concerning the discovery of new microbial spe-
cies. The study of coffee microbiology has been classically re-
stricted to the investigation of undesirable microbiota, whereas
the potential positive roles of some microorganisms intrinsically
associated with the plant (such as endophytes) have been under-
appreciated.

Indeed, the endophytic microbiota present in coffee has not
been extensively investigated and only a few culture-dependent
studies have been published (Vega et al. 2005; Silva et al. 2008;
Vilela et al. 2010), including a recent study prospecting for plant
growth promoters and biocontrol agents (Silva et al. 2012). Hence,

clone ARDARCWH21, hypersaline lake (EU869374)
%clone 40B.10 (JN004119)
Halobacterium volcanii (K00421)
95 clone Nie 11-2, salt fiel (AB291221)

Hafococcus sp. BIGigoW09, rock salt (AM902587)

Euryarchaeota
Halobacteriales

itis likely that most endophytic microorganisms present in coffee
plants, and especially in coffee cherries, are still largely unknown.
Despite previous efforts to isolate and characterize the endo-
phytes present in coffee cherries to better understand their ecol-
ogy and physiology, a phylogenetic description of the microbiota
present in the plant is far from complete. Our study used a com-
bination of culture-independent methods to reveal previously un-
characterized features of the microbiota present in coffee
cherries.

The nested PCR approach, used to facilitate the analysis of the
16S and 26S rRNA gene fragments of different microbial groups by
DGGE, allowed the analysis of minority populations present in
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coffee cherries. A similar approach has been used to monitor
changes in the actinomycete community of a potato rhizosphere
(Heuer et al. 1997) and bacterial communities in different waste-
water treatment plants (Boon et al. 2002). In the present study,
sequence analysis of bacterial DNA obtained after DGGE revealed
for the first time, to the best of our knowledge, the possible pres-
ence of uncultured bacteria in the endophytic community of cof-
fee cherries.

Avariety of members of the genus Bacillus (Vega et al. 2005; Silva
et al. 2008) and several species of Paenibacillus (Sakiyama et al.
2001) were previously isolated from coffee cherries. The results of
our BLAST search and phylogenetic analysis of clones from our
Firmicutes library showed that some of the identified OTUs have
not been observed previously as endophytic in coffee cherries. In
a similar study that investigated the diversity of endophytic bac-
teria in sugarcane, sequences affiliated with Staphylococcus epider-
midis were found in the clone library (Velazquez et al. 2008), but
information about the occurrence of Staphylococcus members as
endophytes in coffee cherries is unavailable so far. Additionally,
the DNA sequences of some clones showed low identity with cul-
tured bacteria but high identity with sequences of uncultured
bacteria or chloroplasts (98% of identity). We do not rule out the
possibility that these sequences are simply from contaminating
plant tissue, but it is reasonable to speculate that these sequences
could be from members of the Cyanobacteria, which shares high
identity values with chloroplast 16S rRNA. However, that hypoth-
esis should be tested by isolating those microorganisms from cof-
fee cherries and sequencing their 16S rRNA.

We have previously isolated endophytic yeasts from coffee cher-
ries, and gas chromatography of fatty acid methyl ester (MIDI-
FAME) identified the isolates as being members of the genera
Candida and Lipomyces (H.M.M. Vale, unpublished data). However,
our efforts to amplify 26S rRNA gene fragments from yeasts to
construct rRNA library were unsuccessful, since only filamentous
fungi related sequences were recovered from sequencing
(Table 3). One possible explanation is that both the diversity and
the abundance of endophytic yeasts are relatively low when com-
pared with bacterial groups, or the primers used to amplify yeast
26S TRNA gene fragments are biased toward filamentous fungi.
Members of the genera Debaryomyces, Candida, and Pichia have
previously been isolated from coffee cherries during different
stages of maturation (Silva et al. 2000) and during natural coffee
fermentation (Silva et al. 2000, 2008). The association of yeasts
with coffee cherries is very important during fermentation (Aval-
lone et al. 2001), but their role as endophytes during coffee fruit
maturation remains unknown.

Although archaeal species have been identified endophytically
inhabiting plant roots (Sun et al. 2008), to the best of our knowl-
edge, this is the first report demonstrating internal tissue coloni-
zation of plant fruits by members of this domain. Most archaeal
sequences identified in our clone library were phylogenetically
affiliated (identity ranging from 96% to 99%) with halophilic ar-
chaea (phylum Euryarchaeota, order Halobacteriales) (Fig. 3B), which
require a high-salt environment for growth (Martin et al. 1999).
Salt concentration in coffee cherries is insignificant, but the con-
centration of oligosaccharides ranges from 50% to 55% of the fruit
dry weight (De Castro and Marraccini 2006). It is likely that such
“halophile-like” archaea may be adapted to control osmotic stress
in the fruit “environment” by using mechanisms similar to those
employed by their halophilic relatives in high-salt environments.

Nonthermophilic Crenarchaeota belonging to groups 1.1b and
1.1c represent up to 3% of the total microbiota in different soils
(Ochsenreiter et al. 2003; Auguet and Casamayor 2008). The distri-
bution of archaea of group 1.1c is more restricted and mainly
found in acid soils (Yrjala et al. 2004; Bomberg and Timonen 2007).
Most Brazilian soils are acidic, including the areas of coffee plan-
tations. So, it is likely that members from both groups are present
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in the soil of the sites where our samples were collected. In prin-
ciple, the ubiquitous distribution of Archaea in nature and the
relatively recent revelation of Archaea occurrence in nonextreme
environments (Ochsenreiter et al. 2003; Bomberg and Timonen
2009), including among members of the human microbiota
(Miller et al 1982; Belay et al. 1990; Kulik et al. 2001), might allow us
to suggest archaeal prevalence in the fruit environment and even
the possibility of archaeal species having an active role in the
endophytic community. That archaeal small-subunit rDNA was
detected in our library from coffee cherries of Catucai is not suf-
ficient to indicate their role as active endophytes, but it certainly
expands our perspectives toward considering members of this
domain as potential endophytes of plants.

Coffee flavor and aroma are the result of complex chemical
transformations in the coffee fruit. The green bean during the
maturation process has only a faint smell but contains basically
all the precursors necessary to generate coffee aroma during post-
harvesting processing (Montavon et al. 2003; Lindinger et al.
2009). It is likely that the incidence of certain microbial groups in
coffee cherries and the biochemical consequences of their pres-
ence have significant positive contributions to the improvement
of coffee quality. The origin of endophytic microorganisms in
fruits of coffee is unknown, but there are several possible routes
of entry in the plant, such as during seed germination, flowering,
or through stomata or wounds in the plant tissue, especially in the
roots, where microorganisms live in close association with the
tissue (Hardoim et al. 2008). Once inside plant tissue, how endo-
phytes reach coffee cherries and if there are driving forces select-
ing microbial colonization in specific parts of plant is a very
interesting topic that must be elucidated to further our knowl-
edge on endophytic-coffee plant interactions and their effects on
coffee quality.

While we understand the limitations of our study, we reinforce
that this is an effort to better characterize the microbiota in coffee
fruits and understand the possible ecology in this system. Thus,
generalizations of the results observed here to other similar set-
tings should be carefully considered. In fact, it is likely that the
farm environment, as well as the preharvesting techniques, ex-
erts a large influence on the structure and richness of the endo-
phytic community inside the fruit. Therefore, it is not surprising
that that we did not detect members that are commonly found as
endophytes in coffee fruits (Vega et al. 2005; Silva et al. 2008, 2012;
Vilela et al. 2010). Even though we cannot completely rule out
intrinsic bias of metagenomic studies, particularly during DNA
extraction and PCR, which might account for this observation,
culture-independent diversity estimates are considerably less bi-
ased than culture-based methods, as the latter tend to target fast-
growing organisms and exclude fastidious microorganisms.
Therefore, further research is needed to compare the microbiota
present in coffee fruits from farms located in different regions.

The comprehensive description of the diversity of endophytes
in coffee cherries and the study of their ecology is essential to fully
understand the production and conversion of beneficial meta-
bolic precursors that will yield high-quality brewed coffees and
their unique flavors. This study indicates preliminary data on
microbial diversity in coffee cherries, opening the avenues for
in-depth investigation on coffee plants distinguished by numer-
ous properties and for further analyses carried out through the
synergic application of cultivation-dependent and -independent
methods. Here, we characterized the diversity of endophytic mi-
crobes in coffee cherries of C. arabica and revealed a microbial
composition more diverse than previously thought. In addition, it
showed that there is no obvious correlation between the micro-
bial composition and cultivar or geographic localization of the
coffee plant. Finally, it suggested, for the first time, the presence
of members of the Archaea inhabiting the internal fruit tissue.
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