Antonie van Leeuwenhoek (2016) 109:755-771
DOI 10.1007/s10482-016-0676-7

@ CrossMark

ORIGINAL PAPER

Diversity and distribution of the endophytic bacterial
community at different stages of Eucalyptus growth

Paulo Sérgio Balbino Miguel - Marcelo Nagem Valério de Oliveira - Jilio César Delvaux -
Guilherme Luiz de Jesus - Arnaldo Chaer Borges - Marcos Rogério Tétola -

Julio César Lima Neves + Mauricio Dutra Costa

Received: 1 February 2016/ Accepted: 4 March 2016/ Published online: 24 March 2016

© Springer International Publishing Switzerland 2016

Abstract The relationships between plants and endo-
phytic bacteria significantly contribute to plant health
and yield. However, the microbial diversity in leaves of
Eucalyptus spp. is still poorly characterized. Here, we
investigated the endophytic diversity in leaves of hybrid
Eucalyptus grandis x E. urophylla (Eucalyptus “uro-
grandis”) by using culture-independent and culture-
dependent approaches, to better understand their ecol-
ogy in leaves at different stages of Eucalyptus develop-
ment, including bacteria with N2 fixation potential.
Firmicutes, Proteobacteria (classes alpha-, beta- and
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gamma-) and Actinobacteria were identified in the
Eucalyptus “urograndis” endophytic bacterial commu-
nity. Within this community, the species Novosphingo-
bium barchaimii, Rhizobium grahamii,
Stenotrophomonas panacihumi, Paenibacillus terri-
gena, P. darwinianus and Terrabacter lapilli represent
the first report these bacteria as endophytes. The
diversity of the total endophytic bacteria was higher in
the leaves from the ‘field’ (the Shannon—Wiener index,
2.99), followed by the indices obtained in the ‘clonal
garden’ (2.78), the ‘recently out from under shade
(2.68), ‘under shade’ (2.63) and ‘plants for dispatch’
(2.51). In contrast, for diazotrophic bacteria, the highest
means of these indices were obtained from the leaves of
plants in the ‘under shade’ (2.56), ‘recently out from
under shade (2.52)° and ‘field’ stages (2.54). The
distribution of the endophytic bacterial species in
Eucalyptus was distinct and specific to the development
stages under study, and many of the species had the
potential for nitrogen fixation, raising the question of
whether these bacteria could contribute to overall
nitrogen metabolism of Eucalyptus.

Keywords Diversity - Endophytic bacteria - DGGE -
Sequencing - Eucalyptus development stages
Introduction

Eucalyptus is one of the most cultivated plant genera
in the world, particularly in tropical and subtropical
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regions, due to its rapid growth and adaptability and
the commercial value of its wood (Brooker 2000). The
rapid growth of E. grandis demands a high availability
of nutrients, specifically nitrogen (Smethurst et al.
2004). Nitrogen can be obtained by the plant via
biological fixation, which can be performed by both
free-living and endophytic bacteria (Summan et al.
2005; Reinhold-Hurek and Hurek 2011, Puri et al.
2016a). In this aspect, endophytes improve physical
characteristics of plants (height, biomass, and floral
bud emergence) in N-limited conditions (Puri et al.
2016b). Studies of the microbial community of E.
grandis can improve the knowledge about plant—
microorganism interactions and how these interactions
can contribute to forest nutrition.

The leaves of plants host a wide variety of
microorganisms of ecological importance, particularly
bacteria and fungi (Vandenkoornhuyse et al. 2015).
This diversity of microorganisms that influences the
health and development of different host organs
(Brader et al. 2014) as roots, stems and leaves, flowers
and seeds (Santoyo and Moreno-Hagelsieb 2016) has
been the subject of several studies (Brader et al. 2014).
During colonization, endophytic microorganisms
adapt to the specific environment of the plant body
(Bulgarelli et al. 2013), probably by plant recruitment
of microbes. The evolution of obligate endosymbiotic
relationship with the host is accompanied by bacterial
genome reduction, what means that the evolutionary
process among endophytic bacteria and plant is
towards an obligate mutualism (Farrar et al. 2014).
Endophytic microbes are able to stimulate plant
growth through nitrogen fixation (Puri et al. 2016a)
as well as the synthesis of auxins, auxin analogs and
gibberellins (Wagqgas et al. 2012). The Eucalyptus—
endophytic bacteria interaction is poorly described,
and the majority of previous studies have focused on
root microorganisms (Bonito et al. 2014; Da Silva
et al. 2014).

The molecular analyses of microbial communities
via cultivation-dependent (microbial isolation on solid
media by classic microbiological methods) (Miguel
et al. 2013; Weber et al. 2013; Szilagyi—Zecchin et al.
2014) and cultivation-independent (a metagenomic
approach) (West et al. 2010; Jackson et al. 2013;
Oliveira et al. 2013) methods have revealed the
microbial diversity of a variety of agronomically
important plants. One of the cultivation-independent
methods used to evaluate the endophytic microbial
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community is the denaturing gradient gel elec-
trophoresis (DGGE) of 16S rRNA amplicons gener-
ated by PCR using universal primers (Wemheuer et al.
2016). Additionally, methods consisting of microbial
cultivation followed by DNA extraction, 16S rRNA
amplification and phylogeny reconstruction were also
performed (Fidalgo et al. 2016).

Despite the existence of studies on the bacterial
diversity in Eucalyptus spp. (Ferreira et al. 2008;
Procopio et al. 2009; Castellanos et al. 2010), the
importance of endophytic bacteria as part of the
Eucalyptus microbial community (Brader et al. 2014)
and Brazil’s status as the world’s largest producer of
Eucalyptus spp., little is known regarding the endo-
phytic microbiota associated with hybrid E. gran-
dis x E. urophylla (“urograndis”). In addition, the
variations in the structure of this endophytic commu-
nity as a function of plant age and stage of develop-
ment in commercial nurseries are completely
unknown. Similarly, the diversity of endophytic
bacteria with the potential for nitrogen fixation
associated with Eucalyptus “urograndis” remains to
be characterized in terms of plant age and stage of
development.

Given the above gap, the objective of this study was
to evaluate the diversity of the endophytic bacteria,
including those with nitrogen fixation potential, asso-
ciated with Eucalyptus “urograndis” leaves at various
stages of development in commercial nurseries and in
the field combining dependent and independent cul-
tivation methods.

Materials and methods
Study sites

This study was conducted using seedlings of the
hybrid E. grandis x E. urophylla (Eucalyptus ‘“uro-
grandis”) at different stages of development in
nurseries and field sites owned by Celulose Nipo-
Brasileira (CENIBRA) company in Belo Oriente city,
MG, Brazil. Five plant development stages were
sampled: ‘clonal garden’ (CG- the production of
sprouts from minicuttings), ‘under shade’ (S —six days
in the greenhouse receiving 50 % radiation), ‘recently
out from under shade’ (OS—first selection with the
exclusion of undesirable plants), ‘dispatch’ (DP—the
stage prior to planting). Only disease-free plants
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(determined as those plants with no visual symptom or
signal of diseases) with similar standard size and leaf
pairs were used) and ‘field’ (18-month-old plants).
The average of total radiation in the area was
15.02 MJ/m*. The leaf samples from each stage were
collected in quadruplicate.

The ‘under shade’, ‘recently out from under shade’
and ‘dispatch’ plants were grown in a substrate
composed primarily of carbonized rice straw and
vermiculite. Fertilization of the plants was performed
using simple superphosphate and a nutrient solution
(Table 1).

The field study site was a CENIBRA forest planted
with the hybrid E. grandis x E. urophylla (E. uro-
grandis) at Guanhdes city, Minas Gerais, Brazil. The
natural vegetation was originally a semi-deciduous
forest that was replaced by pastures. The field is
currently in its first planting with Eucalyptus. The
historical yield of the hybrid is 340 m> ha~'/6-year
rotation. The age of the plants at the time of collection
was 18 months.

The site is located at 19° 24’ 54” S latitude, 42° 25’
56” W longitude at an elevation of 318 m. The soil at
the study site is highly weathered, with relief condi-
tions ranging from wavy to strongly wavy, with slopes
between 20 and 45 % (Scolforo et al. 2008). The most
representative soil class is typic acric red latosol with a
prominent to moderate clayey texture that is alic,
kaolinitic, kaolinitic—oxidic or gibbsitic—oxidic and
hypoferric or mesoferric.

The site’s Cwa (“C” indicates temperate climate
and warm temperate climate, “w” indicates dry
winters or winter with low precipitation, and “a”
indicates hot and humid summers with summer

Table 1 Substrate fertilization sources, doses and types of
application

Fertilizer Dose Type of application
(kg/m®)

Simple superphosphate 7.00 Direct

Ammonium sulfate 0.417 Via solution
Potassium chloride 0.208 Via solution

Zinc sulfate 0.014 Via solution
Copper sulfate 0.014 Via solution
Manganese sulfate 0.014 Via solution

Boric acid 0.021 Via solution

Source CENIBRA 2015

rainfalls) climate is mesothermal and has a dry winter
and rainy summer, according to the Koppen classifi-
cation (Koppen 1948). In 2014, the maximum, mean
and minimum temperature averages at the site were
23.5, 19.5 and 15.5 °C, respectively, with a mean
relative humidity of 74 % and a mean rainfall and
water deficit of 56.39 and 8.38 mm, respectively
(CENIBRA, Gaspar climatological station).

The Eucalyptus leaf samples were randomly col-
lected in quadruplicate at different stages of plant
development: ‘clonal garden’, ‘under shade’, ‘recently
out from under shade’, ‘dispatch’ and ‘field” (18-
month old plants). Sampling of plants of ‘clonal
garden’, ‘under shade’, ‘recently out from under
shade’ and ‘dispatch’ was accomplished by randomly
demarcating four blocks in the nursery. Each block
represented a repetition. The location of each point
was chosen dividing each block into four equal parts
throughout the growing area have a more representa-
tive sampling procedure. These points were then
randomly (by lot) selected and according to the
drawing, the leaves were sampled and mixed on
composite samples. The sampling of leaves from
‘field” consisted in the selection of four 18-month-old
plants, each plant representing a repetition. The trees
were located in a sub-area of 162 m? (about 16 trees),
with a spacing of 3.33 x 3 m. This area was divided
into four equal parts and each was chosen by lot a tree.
Three regions (upper, middle and lower region) of
plant canopy were sampled. Aiming to have a more
representative sample from the whole canopy, leafs,
were collected from proximal, median and distal parts
of the stem for each region. The leaves were sampled
and mixed to form composite samples. The leaf
samples were stored in sterile plastic bags and
immediately transferred to Styrofoam coolers con-
taining ice, transported to the Laboratory of Microbial
Ecology and stored at —20 °C for 15 days before
processing for diversity analyses.

Surface decontamination of the leaves

Eight healthy leaves from each stages of plant
development were surface decontaminated after being
washed under tap and distilled water. The material was
then immersed twice in distilled water and phosphate
buffer (0.05 mmol L_l), pH 7, immersed in 70 %
ethanol (v/v) for 1 min, kept in a container containing
sodium hypochlorite (5 %) + 0.05 % (v/v) Tween 80
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for 5 min, quickly immersed in 70 % ethanol (v/v) and
reimmersed in hypochlorite + Tween 80 for 15 min
(Miguel et al. 2013; Oliveira et al. 2013). The surface
decontamination procedure was performed in laminar
flow cabinet at room temperature. After repeating this
process, the leaves were individually washed into
separate tubes of sterile distilled water and placed in
tubes containing 10 mL of R2A culture medium
(Reasoner and Gelrdreich 1985) and incubated in
bacteriological incubator at 28 °C for 72 h, to verify if
the disinfestation protocol was efficient to remove or
inactivate all bacteria in the surface of the leaves. Only
those leaves with no microbial growth detected in the
tubes after incubation were used for metagenomic
DNA extraction and isolation of endophytic bacteria.

Extraction of metagenomic DNA from the leaves

After maceration in liquid nitrogen, DNA was
extracted from leaves in five different plant develop-
ment stages (eight leaves per stage). The macerated
leaf material was transferred to 2-mL tubes, resus-
pended and kept in 1000 pL of extraction buffer [(4 %
(w/v) cetyl-trimethylammonium bromide (CTAB),
l4mol L™' NaCl, 20mmolL™" EDTA,
100 mmol L™" Tris=HCI, pH 8 and 1 % (w/v)
polyvinylpyrrolidone) containing 0.2 % (v/v) B-mer-
captoethanol]. The tubes were incubated in a water
bath at 37 °C for 60 min with stirring at constant
intervals, followed by the addition of 100 pL of 20 %
SDS (sodium dodecyl sulfate) and 30 pg of proteinase
K (Sigma), before incubation in a water bath for about
40 min with stirring at constant intervals. The mixture
was subjected twice to deproteinization using phe-
nol:chloroform:isoamyl alcohol (25:24:1). After incu-
bation on ice for 30 min and centrifugation at
13,000 x g for 10 min, the aqueous phase was
collected. The DNA was precipitated by mixing the
supernatant with 50 pL of 7.5 M ammonium acetate at
—20 °C for 30 min, and the mixture was centrifuged
for 10 min at 7500 x g. The DNA pellet was washed
twice in cold 70 % ethanol and absolute ethanol
(Sigma) and resuspended overnight in 100 pL of water
after drying in a laminar flow cabinet. The concentra-
tion and purity of the extracted DNA was measured by
its optical density at 260-280 nm (NanoDrop® ND-
1000, Thermo Fisher Scientific Inc.). The integrity of
the DNA was checked on an agarose gel (0.8 % w/v)
stained with Gel Red® 1000X and visualized in the
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molecular imaging system L-pix Chemi (Loccus
Biotechnology, Sao Paulo, SP, Brazil).

Diversity analysis of the total and diazotrophic
bacteria

Nested PCR followed by DGGE was used to assess the
diversity of the total bacteria in the Eucalyptus leaves.
For the first PCR, total DNA was used as a template for
the amplification of the bacterial 16S rRNA gene using
the pair of primers P027/1392R (Heuer et al. 1997,
Blackwood et al. 2005). The amplicons were used as
templates for the second PCR using the pair of primers
984GC/1392R (Heuer et al. 1997; Blackwood et al.
2005).

The PCRs were performed in a final volume of
25 uL containing 5 pL of GoTaq Flex® Reaction
Buffer, 200 uM deoxyribonucleotide triphosphates
(dNTPs), 2.0 U of GoTaq Flex DNA polymerase,
3.0 mM magnesium chloride, 0.16 pM of each
primer, 20 ng of the DNA template and sterile
deionized water. The amplification conditions were:
initial denaturation at 94 °C for 4 min, 35 cycles of
denaturation at 94 °C for 1 min, annealing at47 °C for
1 min, extension at 72 °C for 2 min and a final
extension at 72 °C for 10 min.

The diversity of the potential nitrogen fixing
bacteria in the Eucalyptus leaves was assessed using
the same method with two different pair of primers,
polF/polR (Poly et al. 2001) and polFGC/polR. The
reactions were performed in a 50-pL. volume contain-
ing 1x buffer, 1.5 mM MgCl,, 0.12 mM dNTPs,
0.3 uM of each primer, 1 U of Tag polymerase and
10 ng of the template, and subjected to an initial
denaturation at 94 °C for 4 min, followed by 35 cycles
at 94 °C for 0.5 min, 55 °C for 1 min, 72 °C for 2 min
and a final extension at 72 °C for 10 min (Mapelli
etal. 2013). DNA from pure culture of Agrobacterium
tumefaciens was used as template for the positive
control in the PCRs targeting the nitrogen-fixing
bacteria, and sterile water was used as template for the
negative controls.

Amplicons generated after the second round of
PCR were analyzed by DGGE (DCode System, Bio-
Rad Inc., CA, USA). A DNA mixture of 16S rRNA
amplicons from pure cultures of Nocardioides ther-
molilacinus, Bacillus cereus, Streptomyces setonii,
Clavibacter michiganensis, Pectobacterium carotovo-
rum, Pseudomonas putida, P. syringae, Xanthomonas
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vesicatoria and Ralstonia solanacearum was used as
an external marker to normalize the gels using
BioNumerics® version 7.1 (Applied Maths, Kortrijk,
Belgium). The PCR products were applied to an 8 %
polyacrylamide gel (37.5:1 acrylamide—bisacry-
lamide) (Sigma) using 1x TAE (40 mmol L~ Tris—
HCI, pH 8.0, 20 mmol L' acetic acid, 1 mmol L™
EDTA, pH8),0.09 % (v/v) TEMED and 0.07 % (w/v)
ammonium persulfate as a buffer for denaturing
gradient electrophoresis. The denaturing gradient
was optimized at 40-60 % urea/formamide (100 %
denaturant containing 7 mol L~" urea and 40 % v/v)
formamide). DGGE was performed at 60 V for 20 h at
a constant temperature of 60 °C in TAE 1x buffer.
The DNA fragments in the gel were stained for 20 min
in TAE 1x buffer containing SYBR Gold® 1X dye
(Invitrogen, Carlsbad, CA, USA) and gel images were
obtained using L-pix Chemi (Loccus Biotechnology,
Sao Paulo, SP, Brazil).

Band profiles of DDGE gels were analysed as four
repetitions in the BioNumerics® software version 7.1
(Applied Maths, Kortrijk, Belgium) and the gel with
better resolution was selected to be shown. The
‘Richness’ variables of the total and nitrogen fixing
bacteria were estimated by the program using a binary
matrix in which the presence or absence of the band
corresponding to each operational taxonomic unit
(OTU) was encoded as a one (1) or zero (0),
respectively. The structure of these communities was
compared using the Dice similarity coefficient and the
unweighted pair group method with arithmetic mean.
Richness and diversity analyses were performed using
the software PAST (Hammer et al. 2001), wherein
diversity is estimated using the Shannon—Wiener
index, and graphs were constructed using SigmaPlot
(Systat Software, Inc., 2008). Statistical analyses were
performed in Minitab version 15 (Minitab Inc., State
College, PA, USA) (Minitab 2006) using Tukey’s test
at 5 % probability.

Isolation of endophytic bacteria

The disinfected leaves in each Eucalyptus develop-
ment stage were used to establish the density of
culturable bacteria per g dry weight of leaf ([colony-
forming units (CFU)] g_l). The leaves were homog-
enized in tubes containing 10 mL of potassium
phosphate buffer (0.05 M, pH 7). The suspension
was filtered through sterile gauze, and the filtrate was

serially diluted in potassium phosphate buffer
(0.05 M, pH 7.0). Aliquots (100 pL) were spread
onto solid R2A medium and incubated at 28 °C for
72 h.

DNA extraction from pure cultures

Total DNA was extracted from pure cultures grown in
liquid R2A medium using a DNA purification kit
(PromegaTM, Madison, USA) following the manufac-
turer’s instructions. The integrity and quantity of the
extracted DNA was visualized on an agarose gel
(0.8 % wi/v) stained with Gel Red® 1000X, and images
were obtained using L-pix Chemi (Loccus Biotech-
nology, Sdo Paulo, SP, Brazil).

Amplification and sequencing of the 16S rRNA

The universal primers P27F/1392R (Heuer et al. 1997;
Blackwood et al. 2005) were used to amplify the 16S
rRNA gene from the bacterial isolates from Eucalyp-
tus leaves by BOX-PCR. The reactions contained
about 20 ng of DNA, buffer (Promega), 2.25 mmol
MgCl,, 210 mmol of each primer, 250 uM dNTPs and
0.02 U of Tag DNA polymerase (Promega). The
amplification of the 16S rRNA gene was performed
under the following conditions: initial denaturation at
94 °C for 4 min, 35 cycles at 94 °C for 30 s, annealing
at 60 °C for 1 min, extension at 72 °C for 1.5 min and
a final extension at 72 °C for 7 min. The DNA from P.
aeruginosa was used as template for the positive
control in the PCRs and sterile water as template for
the negative control, respectively. The amplicons were
checked by agarose gel electrophoresis (1.2 % w/v),
sequenced by Macrogen Inc., Korea, and the obtained
sequences were compared with those in the GenBank
database (NCBI). For each bacterial sequence, an
identity search was performed with the BLASTn
algorithm (Basic Local Alignment Search Tool; http://
www.ncbi.nlm.nih.gov/BLAST) for nucleotides (Alt-
schul et al. 1990). The sequences reported in this study
are available in the GenBank database under the
GenBank ID numbers KU180323 to KU180356.

Phylogenetic analysis

The obtained sequences were compared with nucleo-
tide sequences in the GenBank database using the
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BLAST algorithm (Altschul et al. 1990). The 16S
rRNA sequences in the database sharing more than
97 % identity were imported with Mega 6.0 and
aligned using ClustalW. The alignments were manu-
ally adjusted, and a phylogenetic analysis was per-
formed using the neighbor-joining method (Saitou and
Nei 1987). The phylogenetic distance was computed
using the p-distance method, and the robustness of the
resulting trees and the statistical significance levels of
the interior nodes were obtained by bootstrap analysis
with 1000 replicates. Bootstrap values greater than
70 % were observed, since nodes supported by values
below this number are considered of weak resolution
(Schneider 2007).

Results

The diversity and distribution of the endophytic
bacterial community in Eucalyptus leaves from the
‘clonal garden’, ‘shade’, ‘recently out from under
shade’, ‘dispatch’ and ‘field’ stages were examined by
DGGE, plate cultivation and sequencing of the 16S
rRNA gene. The nested PCR and DGGE analyses
allowed the identification of both large and small
populations in the total endophytic and potentially
nitrogen fixing bacterial communities. This was
accomplished by identifying the largest and smallest
members of communities via high or low band
intensity, respectively (Figs. 1, 2). The nifH gene
was used for rapid differentiation of the populations in
the diazotrophic community of Eucalyptus leaves at
different stages of plant development (Fig. 2).

The banding profile and cluster analysis showed
that the endophytic bacteria community in Eucalyptus
leaves was homogeneous (shared high similarity);
however, distinct populations were present at the
‘clonal garden’ and ‘field’ stages of development.
These two stages formed two groups sharing lower
values of similarity than the other groups (Fig. 1).
Therefore, the endophytic bacteria community in
Eucalyptus leaves was influenced by the stage of
development.

Compared with the total endophytic bacterial
community, the diazotrophic endophytic bacterial
community was more heterogeneous with respect to
the Eucalyptus development stages due to its smaller
number of distinct groups. Similarity values below
58.3 % indicated that the diazotrophic endophytic
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community in the field was distinct from that of the
other development stages (Fig. 2). Thus, the rare
differences seen in the total endophytic community
profile (Fig. 1) may be the result of diazotrophs in
the ‘field” and ‘clonal garden’ stages of development
(Fig. 2). DGGE was sensitive to detect differences in
the endophytic diazotrophic community in Eucalyp-
tus leaves, and the nifH gene was an efficient
molecular marker for rapid evaluation of diversity
and distribution of the endophytic diazotrophic
bacteria in Eucalyptus leaves at different plant
development stages.

The distribution of the bands revealed few changes
in the community structure of endophytic bacteria in
the various Eucalyptus development stages, and most
changes were induced by diazotrophic bacteria
(Fig. 3). In general, the OTUs were present in the
plant development stages of both the total endophytic
and diazotrophic endophytic bacterial communities.
However, the presence of specific OTUs was evident,
reflecting differences in the structure of the commu-
nity in leaves from the field (Fig. 3). Thus, the
development stages of Eucalyptus influenced the
endophytic bacteria community under the conditions
evaluated, and this influence was most evident for
diazotrophs.

The Shannon diversity and richness indices were
calculated for the endophytic bacteria communities in
Eucalyptus leaves. The diversity and richness of the
total endophytic bacteria were higher in the leaves
from the field (Fig. 4). In contrast, for diazotrophic
bacteria, the highest mean values of these indices were
obtained from eaves of plants in ‘under shade’,
‘recently out from under shade’ and ‘field’ stages
(Fig. 5). These results indicate that Eucalyptus devel-
opment stages had a greater influence on the endo-
phytic diazotrophic bacterial community than on the
total bacterial community. Leaves from the ‘clonal
garden’ and ‘dispatch’ stages had the lowest mean
diversity and richness values among endophytic
diazotrophic bacteria (Fig. 5).

The isolates with distinct BOX-PCR genomic
profiles, sharing similarity indices below 90 % (un-
published data), were identified by 16S rRNA
sequencing and compared with sequences obtained
using the BLAST algorithm (NCBI). The sequencing
of the 16S rRNA revealed the presence of three
bacterial phyla in the communities: Firmicutes, Pro-
teobacteria (classes alpha-, beta- and gamma-) and
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Fig. 1 DGGE profile of the endophytic bacterial community in
Eucalyptus. a Electrophoresis profile based on DGGE with 16S
rRNA genes. CG clonal garden, S plants under shade, OS plants
recently out from under shade, DP plants for dispatch, F plants

M1

Actinobacteria (Fig. 6). These phyla were present in
plants at different Eucalyptus development stages,
either in the nursery or in the field. The sequences of
16S rRNA obtained from 32 isolates had high identity
with sequences deposited in the NCBI database.
Among these 32 sequences, only BAC 02 and BAC
31 had identity values below 97 %. Thus, these two
isolates were only identified at genus level, whereas
the others were identified at species level (Fig. 6) in
the present study.

The distribution of the endophytic bacterial species
in Eucalyptus was largely specific to the plant
developmental stage, as only 27 % of the identified
species were isolated in more than one stage, such as
Bacillus flexus, which was present in leaves from the
‘clonal garden’ to ‘field’ stages of development
(Fig. 6). The majority of the endophytic bacteria
isolates identified by 16S rRNA sequencing (44 %)
were obtained from plants in the ‘under shade’ and
‘recently out from under shade’ (35 %) stages. Endo-
phytic colonization by the genus Bacillus (B. flexus, B.
cereus and B. thuringiensis) in Eucalyptus leaves

I

" 86
_‘88
- 90
C 100

in the field, M marker, /, 2, 3 and 4 repetitions. b Dendrogram
constructed from the DGGE of the 16S rRNA gene amplicons
from leaf samples in the Eucalyptus development stages. The
experiment was conducted with four repetitions

initiates in the ‘clonal garden’ stage and encompasses
subsequent stages of development (Fig. 6).

A phylogenetic analysis of the 16S rRNA
sequences with greater than 97 % identity confirmed
that the endophytic bacteria on leaves from different
stages of Eucalyptus development form distinct clades
with high bootstrap values and belong to the phyla
Firmicutes, Proteobacteria and Actinobacteria
(Fig. 7). In general, the bootstrap values exhibited
by the groups were strong and support the phyloge-
netic analysis (Schneider 2007) (Fig. 7).

The phylogenetic analysis of the 16S rRNA
sequences also revealed the prevalence of bacteria
belonging to the Gammaproteobacteria, including the
genera Pantoea and Stenotrophomonas, with high
bootstrap values, in leaves from different stages of
Eucalyptus development. The Firmicutes and
Alphaproteobacteria showed a higher number of
distinct genera. Within Proteobacteria, the Betapro-
teobacteria class was present in lower abundance and
the isolate BAC 06 was identified as Massilia
timonae and was phylogenetically similar to M.
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Fig. 2 DGGE profile of the potentially nitrogen fixing endo-
phytic bacterial community in Eucalyptus. a Electrophoresis
profile based on DGGE with nifH genes. CG clonal garden,
S plants under shade, OS plants recently out from under shade,
DP plants for dispatch, F plants in the field, M marker; /, 2, 3

timonae (Fig. 7). Among the Firmicutes, Bacillus
was the predominant genus (Fig. 6), with a bootstrap
value of 99 % (Fig. 7). Paenibacillus terrigena (BAC
33) and P. darwinianus (BAC 29), exclusive coloniz-
ers of the ‘dispatch’ and ‘field’ stages, respectively,
have not been previously known to have endophytic
interaction with plants. Terrabacter lapilli (BAC 32)
is the only member of the phylum Actinobacteria
isolated from Eucalyptus leaves that has not been
recorded as endophytic. The Alphaproteobacteria
class was represented in Eucalyptus leaves by many
diazotrophic bacteria, including A. fabrum, Rhizobium
grahamii and Rhizobium pusense (Figs. 6, 7). The
isolate BAC 16, identified as Rhizobium pusense
(Fig. 6), clustered with Agrobacterium fabrum and
Rhizobium pusense with high phylogenetic support
(Fig. 7). In this phylum, R. grahamii (BAC 25) and
Novosphingobium barchaimii (BAC 27) are described
for the first time as endophytes (Fig. 6). These two
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species were only isolated from Eucalyptus seedlings
in the ‘recently out from under shade’ stage. N.
barchaimii exhibited phylogenetic proximity, with a
high bootstrap value, to Sphingobium yanoikuyae and
Sphingobium scionense (Fig. 7). For the majority of
the isolates, the phylogenetic analysis (Fig. 7) con-
firmed the identification by BLAST (Fig. 6). An
additional endophytic species was Stenotrophomonas
panacihumi (Figs. 6, 7) in the Gammaproteobacteria
class. This species was isolated from seedlings in the
‘under shade’ and ‘recently out from under shade’
stages (Fig. 6).

Discussion
The amplification of the 16S rRNA gene and separa-

tion of the amplicons by DGGE allowed us to assess
efficiently the diversity of endophytic bacteria in
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Fig. 3 Distribution of the OTUs for the total endophytic (a) and potentially diazotrophic bacteria (b). Venn diagram of the leaves of the
different Eucalyptus development stages: ‘clonal garden’, ‘shade’, ‘recently out from under shade’, ‘dispatch’ and ‘field’
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Fig. 4 Profiles of the richness (a) and diversity (b) of the total
endophytic bacteria in the Eucalyptus development stages. CG
clonal garden, S plants under shade, OS plants recently out from
under shade, DP plants for dispatch, F plants in the field. Means

Eucalyptus leaves. The sequencing and identification
of isolates using NCBI resources provided more
information on this endophytic bacterial community.
DGGE is a solid choice for assessing the diversity of
plant-microorganism interactions (Oliveira et al.
2013) because it is a fast semiquantitative method
for describing complex microbial communities (Peter-
sen and Dahllof 2005). The study of plant-
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followed by the same letter do not differ significantly according
to Tukey’s test at 5 % probability. The experiment was

conducted with four repetitions

microorganism interactions is important because the
interior of plants is a habitat for a great diversity of
endophytic microorganisms that play important roles
in the health and development of plants (Van-
denkoornhuyse et al. 2015). To adapt to their plant
environment and colonize it, endophytic microorgan-
isms have a different metabolic potential compared
with free-living microorganisms (Brader et al. 2014).
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Fig. 5 Profiles of the richness (a) and diversity (b) of the
potential nitrogen fixing endophytic bacteria from the Eucalyp-
tus development stages. CG clonal garden, S plants under shade,
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Fig. 6 Distribution of the endophytic bacterial species found in
the leaves from different Eucalyptus development stages. CG
clonal garden, S plants under shade, OS plants recently out from
under shade, DP plants for dispatch, F plants in the field; /, 2, 3

Cluster analysis of the DGGE bands of the 16S
rRNA fragments indicated clear electrophoretic sep-
aration and the formation of distinct groups. These
groupings were less evident in the community of
diazotrophic bacteria when compared to the total
bacteria, with similarity values below 30 % identified
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BAC 34 B. soli (NR025591.1) ID 99+
BAC 33 Paenibacillus terrigena (NR041398.1) ID 99+

BAC 32 Terrabacter lapilli (NR042621.1) ID 97 ®

BAC 31 Bacillus amyloliquefaciens (NR075005.1) ID 914
BAC 30 Moraxella osloensis (NR104936.1) ID 990
AC 29 Paenibacillus darwinianus (NR118592.1) ID 97+

AC 28 Xanthobacter flavus (NR113665.1) ID 99 &
BAC 27 Novosphingobium barchaimii (NR118314.1) ID 99 &

and 4: Replications. Species names are accompanied by their
GenBank (NCBI) accession numbers and percent identity values
(D)

across the Eucalyptus development stages. Low sim-
ilarity percentages (Fig. 1) indicate high variation
among the bacterial groups (Altimira et al. 2012) in
Eucalyptus leaves. However, the endophytic dia-
zotrophic bacterial community in the ‘field” seems to
recruit its own microbiota, which differs from the
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Fig. 7 Phylogenetic tree reconstructed with the neighbor-
joining method using sequences of the 16S rRNA gene for the
endophytic bacteria found in leaves from different stages of
Eucalyptus development. Bootstrap values above 70 % are
shown

other plant development stages, with similarity values
of 43 to 58 % (Fig. 2). The gene nifH used in the
DGGE, was an efficient molecular marker for

detecting differences in the diversity and distribution
of the community of potentially diazotrophic endo-
phytic bacteria in Eucalyptus leaves and allowed a
rapid diferentiation of populations present in this
community (Fig. 2). Our results indicate that these
stages modulate the community of a large number of
endophytic bacteria having the potential to stimulate
plant growth via nitrogen fixation. This ability could
improve plant nutrition due to the presence of
nitrogenase (Oldroyd and Dixon 2014). The present
study may therefore provide contributions to biotech-
nological solutions for solving the nitrogen problem in
plants.

The diversity of endophytic bacteria in trees is
studied less frequently than other plants (El-Deeb et al.
2013; Kukla et al. 2014; Miguel et al. 2013). In
Eucalyptus, little is known about plant-bacteria inter-
actions, as existing studies have focused on the soil
(Da Silva et al. 2014), rhizosphere and roots (Castel-
lanos et al. 2010), stems (Procépio et al. 2009) and
seeds (Ferreira et al. 2008).

The importance of Eucalyptus development stages
in the modulation of the composition of endophytic
bacterial communities is evidenced by higher richness
and diversity indices in the leaves from the ‘field’
(Fig. 4). The diversity profile of the endophytic
diazotrophic community is distinct (the highest
indices means were observed in the leaves obtained
from plants in the ‘under shade’, ‘recently out from
under shade’ and ‘field’ stages), and the plant devel-
opment stages also modulate this community (Fig. 5).
In addition, Eucalyptus development stages had a
greater influence on potentially diazotrophic endo-
phytic bacterial communities than identified for total
bacterial communities.

The indices shown in this study mirror those
commonly reported in the literature (Fig. 4), which
vary between 1.5 and 3.5 (Gazis and Chaverri 2010).
The differences in the diversity of endophytic bacteria
may be attributed to the distinct sugar concentrations
identified in this leaves (unpublished data) and the
catabolic variations described in the majority of
phylogenetically similar heterotrophic bacteria (Ro-
dionov et al. 2010). Nitrogen fixation requires the use
of carbon and energy sources, and the genera with this
ability can differ in generation time, growth rate and
amount of carbohydrates consumed (Naher et al.
2008). In cyanobacteria, the cleavage of sucrose is
essential for carbon metabolism and nitrogen fixation
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(Figueroa et al. 2013). Thus, in development stages
with higher sucrose concentrations, there could be a
predominance of diazotrophic bacteria that, like
Gluconacetobacter diazotrophicus, use sucrose as an
energy source (Velazquez-Hernandez et al. 2011).

The endophytic bacterial community in Eucalyptus
is composed of the phyla Firmicutes, Proteobacteria
(classes alpha-, beta- and gamma-) and Actinobacte-
ria. The endophytic bacteria isolated and identified by
16S rRNA sequencing generally shared identities
greater than 97 % with NCBI sequences, and only two
isolates, BAC 02 and BAC 31, had identity values
lower than 97 % (Fig. 6). In phylogenetic studies in
general, identity values exceeding 97 % are the
standard for circumscribing organisms of the same
species (Al-Batayneh et al. 2011), although some
authors recognize that values of 98.5-99 % are more
desirable and consistent (Stackebrandt and Ebers
2006). The reliability of the alignments was confirmed
using the e-value (data not shown), which indicates the
probability of obtaining an alignment with an equiv-
alent or higher score with another random sequence of
the same size and base composition (Kerfeld and Scott
2011). After an alignment of the sequences obtained
by sequencing the 16S rRNA to the corresponding
NCBI sequences, the isolates with identities below
97 % were classified at the genus level (Fig. 6).

The main phylum identified in the ‘under shade’
and ‘recently out from under shade’ plants was
Proteobacteria, classes alpha-, beta- and gamma-
(Fig. 6). Firmicutes, Actinobacteria and Proteobacte-
ria have the ability to catabolize simple and complex
carbohydrates (Li et al. 2014), which facilitate their
adaptation to the endophytic habitat. A previous
analysis of the bacterial community diversity on
leaves using 16S rRNA sequencing via culture-
dependent and -independent approaches revealed the
dominance of Proteobacteria (Bulgarelli et al. 2013).
Many of the microorganisms detected in the present
study are potentially diazotrophic (Fig. 6) (Koberl
et al. 2013) because they contain the nifH gene, which
is associated with nitrogen fixation (Weber et al.
2013). Bacteria in the Firmicutes phylum are typically
prevalent in the rhizosphere (Bodenhausen et al.
2013); however, many of its species are well adapted
to the endophytic lifestyle (Miguel et al. 2013;
Oliveira et al. 2013). This colonization frequently
originates from an infection of soil bacteria in the
joints of lateral roots followed by rapid dissemination
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throughout the intercellular spaces of the root system
(Chen and Zhu 2013). However, in the present study,
the majority of the endophytic bacteria isolated at
different stages of Eucalyptus development exhibited
stage-specific plant-bacteria interactions, with only a
few bacteria present in more than one stage (Fig. 6).

The presence of specific species in the endophytic
community of each development stage indicates that a
subset of the community cannot be derived from the
soil and must instead enter the leaf via the stomata,
injury, or other entryways (Romero et al. 2014).
Another entry mode of endophytic bacteria is the
nutritive solution used in plant fertilization in stages
prior to those investigated in this study. In the nutritive
solution, Proteobacteria could grow and proliferate
most rapidly on the readily available carbon sources
(Leff et al. 2015) in the ‘under shade’ and ‘recently out
from under shade’ development stages (unpublished
data). Thus, the endophytic community can be influ-
enced by the composition and concentration of sugars
and amino acids. Both young and shaded plants exhibit
higher amino acid content (Chen and Poland 2009;
Brader et al. 2014), and the preference of many
Proteobacteria genera to utilize organic acids rather
than sugars (Portais and Delort 2002) could contribute
to the predominance of Proteobacteria in the young
and shaded development stages of Eucalyptus (Fig. 6).

The predominance of Firmicutes in the leaves from
the field (Fig. 6) can be attributed to the relatively high
sugar concentrations (unpublished data) and low
amino acid levels (Steinbauer 2013). However,
B. flexus was abundant in all the plant development
stages (Fig. 6); this could be explained if the coloniza-
tion by this genus had initiated at the ‘clonal garden’
stage, as evidenced by the occurrence of some species
in more than one seedling development stage (Fig. 6).
The colonization and permanence of B. flexus, a
competent (Hardoim et al. 2008) generalist endophytic
bacteria with great competitive ability, suggest the
existence of specific genetic machinery for coloniza-
tion and persistence in Eucalyptus leaves. Compared
with the rhizosphere, leaves are more dynamic habi-
tats, and the microbial community interacting with
leaves is subject to more variations in temperature,
humidity and radiation during the day and night,
factors that affect both the microbial community and
the physiology of the plant (Turner et al. 2013).

The changes in plant physiology that occur during
the stages of Eucalyptus development (Mankessi et al.
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2010) may be responsible for altering the endophytic
bacterial community. These changes allow endophytic
bacteria to multiply rapidly and prevail under favor-
able conditions and maintain latency under conditions
that are less favorable to growth and proliferation. The
endophytic bacteria that interact with Eucalyptus may
be important for the physiology of the plant, for
example, they might provide it with tolerance to biotic
and abiotic factors. These characteristics increase
plant survival and growth under adverse conditions
and when in competition with pathogens. Further-
more, endophytic bacteria produce a wide variety of
plant growth regulators such as gibberellins, abscisic
acid and auxins (Gaiero et al. 2013).

Our phylogenetic analysis of 16S rRNA sequences
confirmed that the endophytic community in Euca-
lyptus leaves is affiliated the Firmicutes, Proteobacte-
ria (alpha-, beta-, and gamma-) and Actinobacteria
phyla as evidenced by the formation of distinct clades
(Fig. 7). Bootstrap values above 95 % (Fig. 7) were
identified for the majority of the groups and support
the phylogenetic analysis (Schneider 2007). Among
the Gammaproteobacteria, the genera Pantoea and
Stenotrophomonas stand out due to their 99 % boot-
strap values. These nitrogen fixing genera are produc-
ers and excretors of 3-indoleacetic acid (IAA) and
amino acids (Liba et al. 2006). These metabolites
released by the endophytes can be used by the plant to
increase its growth rate (Kembel et al. 2014). Nitrogen
fixation is widespread among bacteria and can be
exploited to improve plant nutrition (Oldroyd and
Dixon 2014). Among the nitrogen-fixing Proteobac-
teria, two isolates of Rhizobium (Fig. 6) with high
identity and bootstrap values were shown to be
genetically related to Agrobacterium, Ochrobactrum
rhizosphaerae and Ochrobactrum tritici (Fig. 7).

Ochrobactrum  rhizosphaerae  was  recently
reported to have the ability to utilize sucrose and
fructose as carbon sources in the soil (Kdmpfer et al.
2008), whereas in the present study it was reported to
be endophytic in Eucalyptus. Xanthobacter flavus, first
reported 36 years ago, is another nitrogen fixer with a
system similar to Azofobacter, which utilizes several
organic acids. These microorganisms utilized most
carbohydrates after prolonged incubation (Malik and
Claus 1979). They also form a distinct clade with a
high bootstrap value, which validates their phyloge-
netic proximity (Fig. 7). The presence of nitrogen

fixation genes may be one of the characteristics that
make them phylogenetically similar.

The majority of the Firmicutes isolated from the
various stages of Eucalyptus development belong to
the genus Bacillus, and the class Alphaproteobacteria
contributed to the largest number of distinct genera
(Fig. 6). Bacillus is the most commonly encountered
endophytic bacterial genera and is a source of several
enzymes with great biotechnological potential such as
amylases, proteases, cellulases and lipases (Kannan
et al. 2015). These enzymes are critical for the
initiation of endophytic colonization (Seo et al.
2010). Bacillus microorganisms produce auxins and
gibberellins in addition to fixing nitrogen and also
secrete important substances for the biological control
of pathogens (Bacon et al. 2015).

The class Betaproteobacteria contained the rarest of
the isolates identified in the present study. BAC 06 was
identified as M. timonae (Figs. 6, 7), which colonizes
the rhizosphere, roots (Ofek et al. 2012) and leaves
(Jackson et al. 2013) and is a growth promoter via the
production of IAA and siderophores in various plant
species. M. timonae is sensitive to competition (Ofek
etal. 2012), which could explain it is unable to persist in
other stages of Eucalyptus development. This sensitivity
to competition may have also occurred in other species
in the present study (Fig. 6). The Betaproteobacteria
community in Eucalyptus is diverse and development
stage-dependent. Many Betaproteobacteria are poten-
tially diazotrophic and can contribute to nitrogen
fixation and growth promotion (Fig. 6).

The endophytic bacterial community in Eucalyptus
varies according to the organ of isolation, geograph-
ical cultivation area and interacting plant species
(Ferreira et al. 2008; Procopio et al. 2009; Castellanos
et al. 2010). The few existing studies involving
Eucalyptus have indicated the presence of Bacillus
sp., B. megaterium, Paenibacillus sp., P. humicus,
Enterococcus mundtii, Methylobacterium sp., M.
variabile, M. gregens, Sphingomonas phyllosphaerae,
Paracoccus sp. (Ferreira et al. 2008), Erwinial/Pan-
toea, Agrobacterium sp., Curtobacterium sp., Bre-
vibacillus sp., Pseudomonas sp., Acinetobacter sp.,
Burkholderia cepacia, and Lactococcus lactis (Proco-
pio et al. 2009). The genera Azotobacter, Beijerinckia,
Derxia, Azospirillum, Herbaspirillum, Gluconaceto-
bacter and Xanthomonas (Castellanos et al. 2010) are
also present in Eucalyptus.
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The present study has recorded several novel
endophytic bacteria in Eucalyptus, including those
with nitrogen fixation potential (Figs. 6, 7). The genus
Novosphingobium was previously described as endo-
phytic (Castro et al. 2014); however, this is the first
record of N. barchaimii (BAC 27) as an endophytic
species. This species is phylogenetically related with
high bootstrap values to Sphingobium yanoikuyae and
Sphingobium scionense (Fig. 7) and has a genetic
machinery that allows it to adapt to different habitats
such as soils, sediments and aquatic environments
(Addison et al. 2007). The interior of the Eucalyptus
leaves from the ‘recently out from under shade’
development stage is another important habitat occu-
pied by N. barchaimii (Figs. 6, 7), which utilizes
glucose, sucrose and rhamnose as carbon sources and
was isolated from soil contaminated with the insecti-
cide hexachlorocyclohexane (Niharika et al. 2013).
Rhizobium grahamii, Stenotrophomonas panacihumi,
P. terrigena, P. darwinianus and Terrabacter lapilli
are also novel endophytic species isolated from
Eucalyptus leaves (Figs. 6, 7). Rhizobium is com-
monly cited as endophytic in many plants; however,
the literature does not include Rhizobium grahamii as
an endophyte. This bacterium belongs to a new
phylogenetic group of Rhizobia, together with Rhizo-
bium mesoamericanum and others (Althabegoiti et al.
2014). The presence of Stenotrophomonas panaci-
humi in interaction with plants is a novel finding
(Fig. 6) because it was previously identified only in
soils cultivated with medicinal plants (Yi et al. 2010).
Stenotrophomonas panacihumi showed phylogenetic
proximity to Stenotrophomonas rhizophila, Stenotro-
phomonas pavanii and Stenotrophomonas maltophilia
(Fig. 7), and the latter two species have been isolated
as endophytic nitrogen fixers in sugarcane (Ramos
et al. 2014). P. darwinianus and P. terrigena are
species included in Firmicutes, the most abundant
phylum in environments such as Antarctic soils
(Dsouza et al. 2014) and the rhizosphere of bamboo
(Han et al. 2009). The ability of Firmicutes bacteria to
colonize various environments is attributed to their
physiological diversity, to the formation of stress
resistant endospores, and secretion of extracellular
enzymes and antimicrobial compounds. The presence
of these enzymes enables the hydrolysis of a variety of
carbohydrates (Priest and Genus 2009). The
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unprecedented colonization of P. darwinianus and P.
terrigena in Eucalyptus occurred in plants from the
‘dispatch’ and ‘field’ stages, respectively (Fig. 6). The
phylum Actinobacteria is rarely explored as a source
of new endophytic bacteria. However, the number of
reports on Actinobacteria in various plants has
recently increased (Bodenhausen et al. 2013; Miguel
et al. 2013; Romero et al. 2014; Leff et al. 2015). In
this study, Terrabacter lapilli, isolated from the leaves
of Eucalyptus in the field, has been characterized as an
endophytic Actinobacteria (Figs. 6, 7).

The endophytic bacterial community is an impor-
tant part of the Eucalyptus microbiome. The bacteria
that make up this community include endophytic
diazotrophs, which can contribute the necessary
nitrogen for plant growth. However, new approaches
involving nifH genes, responsible for nitrogen fixa-
tion, are required. The description of the diversity of
these microorganisms in different Eucalyptus devel-
opment stages enables a better understanding of the
dynamics of endophytic colonization in Eucalyptus.
The description of the endophytic bacterial diversity in
Eucalyptus is an important step towards determining
the benefits of the endophytic bacteria—Eucalyptus
interaction and the ecological role they play in this
interaction.

Conclusions

The nifH gene was used as a marker for the rapid
differentiation of the populations in the diazotrophic
bacterial community in Eucalyptus leaves at different
stages of plant development.

Sequencing of the isolates revealed the presence of
three bacterial phyla: Firmicutes, Proteobacteria
(classes alpha-, beta- and gamma-) and Actinobacte-
ria. These phyla were present in various Eucalyptus
development stages. Among the Gammaproteobacte-
ria, the genera Pantoea and Stenotrophomonas were
highlighted, and the majority of the Firmicutes were
identified to be Bacillus. The Alphaproteobacteria had
the highest number of distinct genera, and the
Betaproteobacteria were the less represented in the
present study.

The distribution of endophytic bacterial species in
Eucalyptus exhibited specificity with respect to the
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stage of development. The majority of the endophytic
bacterial isolates identified by 16S rRNA sequencing
were obtained from ‘under shade’ and ‘recently out
from under shade’ plants.

This is the first report of P. terrigena, P. darwini-
anus, Terrabacter lapilli, Rhizobium pusense,
Novosphingobium barchaimii and Stenotrophomonas
panacihumi as endophytic species.
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