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Introduction

Soybean production in tropical areas increased in the last
decades and its growth should continue increasing in

1466

Abstract

Aims: This research was aimed at identifying and characterizing endophytic
micro-organisms associated with soybean that have antimicrobial activity
towards soybean pathogens.

Methods and Results: Soybean plants were collected from field trials in four
locations of southern Brazil that were cultivated with conventional (C) and
transgenic glyphosate-resistant (GR) soybeans. Endophytic bacteria isolated
from roots, stems and leaves of soybeans were evaluated for their capacity to
inhibit fungal and bacterial plant pathogens and 13 micro-organisms were
identified with antagonistic activity. Approximately 230 bacteria were isolated
and identified based on the 16S rRNA and rpoN gene sequences. Bacteria
isolated from conventional and transgenic soybeans were significantly different
not only in population diversity but also in their antagonistic capacity.
Thirteen isolates showed in vitro antagonism against Sclerotinia sclerotiorum,
Phomopsis sojae and Rhizoctonia solani. Bacillus sp. and Burkholderia sp. were
the most effective isolates in controlling bacterial and fungal pathogens in vitro.
Extracts and precipitates from culture supernatants of isolates showed different
patterns of inhibitory activity on growth of fungal and bacterial pathogens.
Conclusions: Bacillus sp. and Burkholderia sp. were the most effective isolates
in controlling fungal pathogens in vitro, and the activity is mainly due to
peptides. However, most of the studied bacteria showed the presence of
antimicrobial compounds in the supernatant, peptides,
bacteriocins or secondary metabolites.

Significance and Impact of the Study: These results could be significant to
develop tools for the biological control of soybean diseases. The work brought to

culture either

the identification of micro-organisms such as Bacillus sp. and Burkholderia sp.
that have the potential to protect crops in order to enhance a sustainable
management system of crops. Furthermore, the study provides the first evidences
of the influence of management as well as the genetics of glyphosate-resistant
soybean on the diversity of bacterial endophytes of soybean phytobiome.

spite of the climatic conditions that frequently lead to the
development of diseases and or stresses, which can have
profound impacts on yield. Around 40 diseases are fre-
quently affecting fields cultivated with soybean, which are
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caused by fungi, bacteria, nematodes and viruses. Among
them, the most important ones are bacterial blight caused
by Pseudomonas savastanoi pv. glycinea, bacterial pustule
by Xanthomonas axonopodis pv. glycines, white mould by
Sclerotinia sclerotiorum, Phomopsis seed decay by Pho-
mopsis sojae and Rhizoctonia root rot by Rhizoctonia
solani. Soybean cultivation is expanding to new areas and
soybean monoculture led to the increase in diseases that
caused reductions in yield.

Sustainable management systems are key tools to main-
tain yield over the years, in such systems plants might be
protected from diseases or other adversities with environ-
mentally friendly tools that have low impact on the pro-
duction and also on the environment. As a consequence,
the interest for biological control of plant pathogens is
increasing and strategies of biological control have been
proposed and developed (Jamalizadeh et al. 2008;
Pimenta et al. 2010; Syed Ab Rahman et al. 2018) as well
as Dbiopesticide formulations (Hynes and Boyetchko
2006). In addition, varieties with resistance against dis-
eases (Ramalingam et al. 2017) and efficient agronomic
management were also adopted. In this scenario, biocon-
trol emerges not only as a reliable alternative to chemical
pesticides but it also may provide control of diseases that
cannot be managed by other strategies, such as in the
case of phytopathogenic bacteria (Beri¢ et al. 2012), pro-
viding opportunities for a rationale and safe crop man-
agement.

Protection of plants from pathogens can be achieved
either through an antagonistic interaction or by activating
mechanisms such as the induced systemic resistance
(Mohammad et al. 2009; Verhagen et al. 2010; Bae et al.
2011). Among the micro-organisms that can protect
plants against pathogens are the endophytes (Ryan et al.
2008). These micro-organisms inhabit plant intercellularly
and are therefore less exposed to environmental stresses
than the rhizobacteria. Also for this reason they have
been studied for their potential as biocontrol agents
(Kuklinsky-Sobral et al. 2004; Berg and Hallmann 2006;
Melnick et al. 2011). Recently it has also been shown that
they enhance plant growth and health (Taghavi et al
2009; Dalal and Kulkarni 2013), although they could be
potential biocontrol agents of diseases by antagonizing
bacterial and fungal plant pathogens (Ryan et al. 2008).

Bacteria belonging to the genera Bacillus, Streptomyces,
Pseudomonas, Burkholderia and Agrobacterium have been
the biological control agents predominantly studied and
increasingly marketed (Fravel 2005). The antifungal and
antibacterial activity of these micro-organisms against
phytopathogens might be due to the production of either
proteins, peptides, lipopeptides, bacteriocins or secondary
metabolites, and for each of them there are specific pro-
cedures that can be used to purify and characterize them
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(Vater et al. 2002; Montesinos 2007; Maksimova et al.
2011).

The aim of this study was to identify and characterize
bacterial endophytes isolated from conventional as well as
glyphosate-resistant soybean with the ability to antagonize
fungal and bacterial pathogens of soybean. In this regard,
we identified the strains with antagonistic activity towards
bacterial and fungal plant pathogens.

Material and methods

Plant material

Plant samples were collected from field experiments
conducted by the Brazilian Agricultural Research Cor-
poration (Embrapa Soybean) in four sites, Ponta
Grossa (PR), Guarapuava (PR), Cascavel (PR) and
Campos Novos (SC) in Brazil, where six soybean culti-
vars including nontransgenic (C) and glyphosate-resis-
tant (GR) transgenic ones were sown, as previously
reported by de Almeida Lopes et al. (2016). BRS
245RR and BRS 133 were related genotypes used as
sources for the isolation of endophytes. BRS 245RR
was genetically engineered to tolerate glyphosate, for
example, Roundup Ready® and is essentially derived
from the protected nontransgenic BRS133
(Brazilian Agricultural Research Corporation, Embrapa
Soybean). The other cultivars included in this study
were TMG 801 (nontransgenic) and NK7059 (GR)
Roundup Ready® resistant grown in Cascavel (PR), and
BRQ09-11694 (C) and the BMX Energia (GR) grown
in Guarapuava (PR) and Campos Novos (SC). The
breeding line BR Q09-11694 (C) was also developed by
Embrapa Soybean. BMX Energia (GR), TMG 801 (C)
and NK 7059 Roundup Ready® (GR) were developed

cultivar

by the seed companies Brasmax Genetic, Tropical
Breeding e Genetic and Syngenta Seeds LTDA
respectively.

The experimental design had a completely randomized
factorial approach and each cultivar, at each site, had
three replicates. Endophytic bacteria were isolated from
roots, stems and leaves of soybean cultivars. Soil manage-
ment, sowing, glyphosate and other chemicals used to
control weed applications, sampling and harvesting crite-
ria were those reported by de Almeida Lopes et al.
(2016).

Isolation of endophytic bacteria from roots, leaves and
stems

Samples of leaves, roots and stems, collected in triplicate,
were disinfected superficially with serial washes through
the following procedure: 75% ethanol for 1 min, sodium
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(a)

(b)

Figure 1 (a) /n vitro antagonistic activity of endophytic bacteria, recovered from different tissues of soybean, against the fungal pathogen Sclero-
tinia sclerotiorum grown on PDA. Isolate 130 is Burkholderia sp 9. Isolates 127, 128 and 129 are isolates without antimicrobial activity. (b) In vitro
antifungal activity of compounds from culture supernatant of isolate 152, Bacillus sp. 7, (2) and from the medium only (1) precipitated by ammo-

nium sulphate. [Colour figure can be viewed at wileyonlinelibrary.com]

hypochlorite (2-5% HCI) for 4 min, ethanol for 30 s and
finally three rinses in sterile, phosphate buffer solution
(PBS — 1-44 g of Na,HPO,, 0-24 g of KH,PO,, 0-20 g of
KCI, 8:00 g of NaCl, pH 7-4). Endophytes were isolated
following the procedure previously reported (de Almeida
Lopes et al. 2016). Briefly, the samples were weighed and
macerated in 1 ml PBS buffer. The obtained suspensions
were used for counting and isolating from the serial dilu-
tion (1 : 10, v/v) in PBS to 10~ dilution. Subsequent dilu-
tions, in three replica vials for each dilution, were
inoculated onto solid culture media. Two culture media
were used: Nutrient Agar (NA) amended with 20% glyc-
erol, and trypticase soy agar. After 7-8 days incubation al
28°C, single colonies were streaked onto the same media
used for the isolation and incubated for 2-3 days at 30°C
before being stored at 4°C. The isolates were then grown
in the same liquid media and stored at —80°C in 15%
glycerol.

In order to control the efficiency of disinfection, pro-
cessed tissue samples were placed onto Petri dishes and the
absence of fungal as well as bacterial growth monitored.

Bacterial and fungal pathogens of soybean

The antagonistic activity of endophytic bacteria was
determined against three bacterial and three fungal
phytopathogens, X. axonopodis pv. glycines IBSBF327-
NCPPB3658, X. axonopodis pv. glycines IBSBF333-
NCPPB3659, P. savastanoi pv. glycinea IBSBF 355, and
S. sclerotiorum, P. sojae and R. solani respectively. The
bacteria of this study were obtained from the Culture
Collection of the International Centre for Genetic Engi-
neering and Biotechnology (ICGEB, Buenos Aires,
Argentina) and the fungi from the Culture Collection
of the CIDEFI at the University of La Plata (La Plata,

Argentina). Experiments with pathogens were performed
in Argentina under controlled laboratory condi-
tions upon approval from the national competent
authority (SENASA). Bacterial strains were maintained
on NA medium and were grown in LB broth at 30°C.
Fungi were grown and maintained on potato dextrose
agar (PDA) and incubated at room temperature
25 + 2°C.

In vitro antagonistic activity of endophytes

The antifungal activity of 223 endophytic bacterial strains
was determined by inoculating the bacterial strains on
NA and KB agar medium and incubating at 30°C for
24 h. Then 1 cm? of agar was cut out with a sterile blade,
placed upside down onto the surface of a PDA Petri dish
previously spread with the fungal mycelium grown for 4—
5 days on liquid culture. Plates were incubated at 25-
28°C for 4-5 days.

Antibacterial activity of isolated endophytes was deter-
mined by using cell-free culture supernatants and modi-
fied well-diffusion assays that were run on Petri dishes
filled with 15 ml of soft LB medium, previously inocu-
lated with 70 ul of the culture of indicator strain contain-
ing approximately 1 x 10° CFU per ml (Koo et al. 2012;
Balouiri et al. 2016). Each well was filled with 50 ul of
cell-free culture supernatant previously filter sterilized. A
clear halo formed around the bacterial agar indicated
antagonistic activity towards the fungal target, while
around the well indicated the presence of antibacterial
activity in the supernatant (Fig. la). Isolates were classi-
fied into: (—) no halo, or lack of activity; (+) small halo
(1-2 mm), little activity; (++) medium halo (3—4 mm),
median activity; (+++) large halo (greater than 4 mm),
high activity.
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Genotypic characterization of bacterial endophytes

Only 13 isolates among the 223 tested against the phy-
topathogenic fungi and bacteria used in this study
showed in vitro antagonisms towards the pathogens,
although with different pattern and antimicrobial activity.
In order to make a preliminary identification of the iso-
lates, the genomic DNA was extracted with PureLink®
Genomic DNA Mini Kit (Life Technologies, Carlsbad,
CA). PCR amplification of 16SrRNA fragments was
obtained by using primers 338F and 778R or 27F and
800R as described previously (Lane 1991; Anzai et al.
1997; Rosch and Bothe 2005; Xing et al. 2008). PCR
amplification of rpoN was obtained by using primers
rpoB1206 (5-ATC GAA ACG CCT GAA GGT CCA AAC
AT-3’) and rpoBR3202 (5'-ACA CCC TTG TTA CCG
TGA CGA CC-3’). The predicted fragments to be ampli-
fied based on 16SrRNA gene sequence were 440 and
773 bp respectively. The predicted fragment to be ampli-
fied based on rpoN sequence was 1200 bp. PCR products
were purified with PureLink® Quick Gel Extraction
Kit (Life Technologies) and sequenced by Macro-
gen (Macrogen Inc., Seoul, South Korea). Sequences were
annotated at the NCBI database and also compared by
means of the Basic Local Alignment Search Tool BLAST
program (National Center for Biotechnology Information)
available at the National Center for Biotechnology Infor-
mation  website  (http://www.ncbi.nlm.nih.gov/BLAST)
with the available sequences of micro-organism at the
NCBI database. Based on this preliminary approach we
selected the sequences of the type strains that proved to
be highly homologous to the sequences of the organisms
isolated in this work. We made multiple alignments using
the (crustaw) and then built a phylogenetic tree using
neighbour-joining algorithm (Jukes—Cantor model) using
the software MEGA 6.0 (www.megasoftware.net/). The relia-
bility of the neighbour-joining tree was estimated by boot-
strap analysis with 1000 pseudoreplicate data sets.

Nucleotide sequence accession numbers

The 16SrRNA and rpoN nucleotide sequences have been
deposited in GenBank, the NIH genetic sequence data-
base. Accession numbers of 16STRNA gene sequences of
isolates from 1 to 13 are MH251720, MH251721, MH
251722, MH251723, MH251724, MH251725, MH251726,
MH251727, MH251728, MH251729, MH251730, MH251
731, MH251732 respectively. RpoN gene sequences acces-
sion numbers are: MH286543 for isolate 1, MH286544
for isolate 2, MH286545 for isolate 3, MH286546 for iso-
late 5, MH286547 for isolate 7, MH286548 for isolate 8,
MH286549 for isolate 9, MH286550 for isolate 10,
MH286551 for isolate 11, MH286552 for isolate 12, and
MH286553 for isolate 13.

Antagonistic soybean bacterial endophytes

Isolation of antimicrobial compounds from culture
supernatants

Bioactive lipopeptides from tested strains were isolated as
previously described (Vater et al. 2002; Smyth et al. 2010;
Mandal ef al. 2013). Thirteen endophytic bacterial strains
were grown in 200 ml of NB shaking at 200 rev min~'
for 24 h at 30°C. Bacterial cells were removed by cen-
trifugation at 5000 g for 20 min and 4°C and lipopep-
tides were collected from cell-free supernatants by
precipitation. Thus, they were acidified by adding
5 mol 1"! HCI to pH 2:0 and incubated at 4°C in order
to precipitate lipopeptides that were recovered by cen-
trifugation at 13 000 g for 15 min at 4°C. The resulting
pellet was extracted with methanol for 2 h under contin-
uous stirring. Methanol was filtered to remove insoluble
material and then evaporated. The fractions obtained
were dissolved in 100 mmol 17" phosphate buffer pH 7-0
and their inhibitory activity on phytopathogens was
evaluated.

Another method used to precipitate antimicrobial pep-
tides was by adding ammonium sulphate. Cell-free super-
natants of bacterial cultures were processed as follows.
Ammonium sulphate was slowly added to the super-
natant up to 60% of saturation (Soundra Josephine et al.
2012; Shi ef al. 2015). The sample was kept overnight at
4°C while stirring and centrifuged for 30 min at 5000 g
at 4°C. The pellet was recovered and resuspended in
100 mmol 17" sodium phosphate buffer pH 7-0 and
the antagonistic activity against phytopathogens was
evaluated.

Organic solvent-soluble molecules were collected from
culture supernatants by adding ethyl acetate. Cell-free
culture supernatants were acidified with 0-1% (v/v) of
acetic acid and extracted twice with the same volume of
ethyl acetate. The organic phase was separated from the
water phase, dried and resuspended in 100 mmol 17!
sodium phosphate buffer pH 7-0.

In vitro antimicrobial activity of isolated compounds

Antifungal activity

Mycelial growth inhibition was estimated by the radial
growth inhibition assay. Previously we divided the agar
(PDA) Petri dish in two sections and, to avoid mixing
the two compartments, a strip of 1-cm-long agar, from
the centre, was cut out and removed. One piece of 1 cm?
of PDA agar inoculated with a fungus was transferred
into the centre of each Petri section. One section was
spread with 0-5 ml of bacterial endophyte culture extracts
and another one with 100 mmol 17! phosphate buffer
pH 7.0 as control (Fig. 1b). After 7 days, at 25°C, the
percentage of growth inhibition (PGI) was calculated
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formula: PGI (%) = (KR—RI1)/KR x 100,
where KR is the colony diameter and represents the dis-
tance (mm) from the point of inoculation to the colony
margin in the half plate used as the control, and R1 is
the colony diameter, the distance of fungal growth from
the point of inoculation to the colony margin on the half
plate treated with the extract or precipitated material
from the cell-free supernatant (see Fig. 1b).

using the

Antibacterial activity

Inhibition of bacterial growth was determined by modi-
fied well-diffusion assays that were run on Petri dishes
filled with 15 ml of soft LB medium, previously inocu-
lated with 70 ul of the culture of indicator strain contain-
ing approximately 1 x 10° CFU per ml (Koo et al. 2012;
Balouiri et al. 2016). Fifty microlitres of the desired
extract was poured on 5-mm diameter wells made in the
medium with the bottom parts of 200-ul pipette tips.
Sodium phosphate buffer (100 mmol 17") pH 7-0 was
used as negative control, plates were incubated overnight
at 30°C and inhibition was calculated by measuring halos
around wells (see Fig. 2).

Data analysis

Data from CFU per g fresh weight were transformed into
log;o. The statistical design was a factorial where environ-
ments (herbicide management) were considered fix effects
and cultivars random effects. The diversity and evenness
indexes differences were statistically evaluated by means

Figure 2 /n vitro antagonistic activity of some extracts from culture
supernatants of endophytic bacteria recovered from different tissues
of soybean, against Xanthomonas axonopodis pv glycines. MeOH,
EtAc and NH4S indicate extraction with methanol, ethyl acetate or
precipitation with ammonium sulphate respectively. [Colour figure
can be viewed at wileyonlinelibrary.com]
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of aNova. For data with a normal distribution anova and
Tukey’s test at 5% probability were performed. Data not
showing normal distribution were subjected to Krusal-
Wallis variance analysis and means were compared by
Dunn’s test (P < 0-05). Analysis of data was performed
using the software Statistical Analysis computer package,
ver. 9.1 of sas (SAS Institute, Inc., Cary, NC). The genus
composition of the endophyte communities were per-
formed using the sequence analysis of the 16STRNA gene.

The sequences were entered into BioNumerics ver. 7.5
(Applied Maths, Inc., Austin, TX, USA) as rasta files and
the analysis of bacterial endophytes sequences was per-
formed.

The efficiency of mycelia growth inhibition (PGI%) for
the extracts or precipitates from cell-free culture super-
natants of bacterial endophyte was estimated by ¢ test,
confidence intervals of 95 and 99%.

Results

Antagonistic bacterial endophytes

A total of 223 endophytic bacteria were isolated from
nontransgenic (C) and glyphosate-resistant transgenic
(GR) soybeans grown during the 2012/2013 season, in
four locations of southern Brazil. The number of isolates
recovered was 85 in Cascavel (PR), which represents
38:1% of the total, 81 in Ponta Grossa (PR) (36-3% of
the total), 26 in Guarapuava (PR) (11-7% of the total)
and 31 in Campos Novos (SC) (13:9% of the total).
Regarding the part of the plant from which they were
isolated, 58 (26-0%) bacteria were recovered from stems,
59 (26:5%) from leaves and 106 from roots (47-5%). One
hundred and thirty isolates were obtained from GR soy-
bean (58-3) and 93 (41-7%) from nontransgenic soybean
(de Almeida Lopes et al. 2016).

The antagonistic activity of all 223 isolates was tested
by challenging them against the soybean fungal pathogens
S. sclerotiorum, P. sojae and R. solani and the bacterial
pathogens X. axonopodis pv. glycines and P. savastanoi pv.
glycinea. The selection of isolates for this study was based
on growth inhibition of at least one of the assayed patho-
gen; only 13 isolates (5-8%) inhibited the growth of
pathogens in vitro and fungi were found to be more sen-
sitive than bacteria when grown in the presence of the
isolates. Bacteria with antimicrobial activity were repre-
sentatives of the following genera: Enterobacter, Agrobac-
terium/Rhizobium,  Kosakonia, =~ Variovorax, — Bacillus,
Burkholderia, Pantoea and Serratia (Table 1, Fig. 3). Only
the representatives of the genus Burkholderia inhibited
growth of all fungal pathogens tested, although with dif-
ferent efficiency (Table 1), suggesting that they might
have or use different mechanisms and/or molecules
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Table 1 /n vitro antagonistic activity of endophytic bacterial isolates from soybean against the soybean pathogens Sclerotinia sclerotiorum (S),
Pseudomonas sojae (P), Rhizoctonia solani (R), Xanthomonas axonopodis pv. glycines IBSBF327 and IBSBF333 (61Xag and 62Xag, respectively)

and Pseudomonas savastanoi pv. glycinea IBSBF355 (60Psg)

Sclerotinia Pseudomonas  Rhizoctonia
Isolate 1D Possible species Cultivar ~ Tissue  sclerotiorum  sojae solani 61Xag 62Xag  60Psg
1 226 Enterobacter ludwigii C Root ++ — - + — _
2 231 Enterobacter sp. C Root + - — — - —
3 219  Enterobacter sp. @ Root + - - — - —
4 179  Agrobacterium GR Stem + — — — _ _
tumefaciens/Rhizobium sp.

5 79  Kosakonia cowardii GR Leave  + — — _ _ _
6 41 Variovorax sp. @ Root ++ — - — _ _
7 152 Bacillus sp. C Stem +++ - - _ _ _
8 137  Burkholderia sp. C Root +++ ++ A+ - - _
9 130  Burkholderia sp. C Root e — v _ _ _
10 243 Burkholderia sp. C Root +++ +H+ — — — _
" 106  Pantoea vagans GR Leave + - - — — —
12 245 Serratia marcescens GR Leave  ++ — - — — —
13 110  Enterobacter sp. GR Root + - — — — _

Activity antagonism: Classification of isolates according to the size of the halo, where: (=) no halo or no activity; (+) small halo (1-2 mm), little
activity; (++) medium halo (3-4 mm), median activity; (+++) large halo (above 4 mm), high activity. Cultivars: C — nontransgenic soybean; GR —

glyphosate-resistant transgenic soybean.

(Table 1), while representatives of the other genera
among the 13 selected isolates also had antagonist activity
against S. sclerotiorum but with lower efficiency in vitro
(Table 1). While several of the isolates that inhibited
growth of S. sclerotiorum and P. sojae were recovered
exclusively from nontransgenic soybean like Enterobacter
ludwigii, Burkholderia sp. and Bacillus sp., some others
were isolated only from GR soybeans like Agrobacterium
tumefaciens/Rhizobium sp., Kosakonia cowardii, Serratia
marcescens and Pantoea sp. and some others from both,
nontransgenic and transgenic plants (Enterobacter sp. and
Variovorax sp.; Table 1).

Identification of isolates

Species with antimicrobial activity were identified based
on two sequences, a partial 165STRNA gene sequence and
rpoN. While the former represents the conserved genes of
the protein synthesis machinery of bacteria, rpoN
codes 6>* of RNA polymerase and is like the 16SrDNA a
universal molecule used for taxonomical studies. The pre-
liminary identification of isolates based on the partial
sequence of the 16SrDNA, indicated that four were repre-
sentatives of Enterobacter, three of Burkholderia and there
was one representative of each of the following genera:
Kosakonia, Agrobacterium/Rhizobium, Pantoea, Variovo-
rax, Serratia and Bacillus (Fig. 3a). Analysis of identity
among species based on the data from sequencing of the
16SrRNA gene amplicon of bacterial isolates was also

Journal of Applied Microbiology 125, 1466-1481 © 2018 The Society for Applied Microbiology

performed and the results are shown in Fig. 3b. In order
to provide a more accurate identification of the isolates
of this study, the sequencing of another gene was
included in the analysis; we successfully amplified and
sequenced rpoN of all the isolates, except two. In the
analysis of the sequences we included those of the type
strains of each genus, which were compared with rpoN
sequences of the isolates. Results are presented in Fig. 4.
The phylogenetic tree confirmed that four isolates were
representatives of the genus Enterobacter (isolates 1, 2, 3
and 13), but only one was identified as E. ludwigii (iso-
late 1). Both 16SrRNA and rpoN gene sequences sug-
gested that the isolated Bacillus sp. belongs to the B.
subtilis species complex and, within this complex, to the
operational group of B. amyloliquefacies. All Burkholderia
isolates (8, 9 and 10) were found to belong to the Bur-
kholderia cenocepacia complex. However, the rpoN
sequences showed the highest homology with rpoN of B.
cenocepacia-type strain, suggesting the three Burkholderia
isolates could belong or be closely related to this species.
Isolate 12, whose 16SrDNA sequence was homologous to
Serratia, was identified as S. marcescens, however, we did
not include this in Fig. 4 because the rpoN sequence of
the type strain was not available. Then the isolate of
Pantoea (isolate 11) was identified as Pantoea vagans.
The 16SrDNA sequence of isolate 5 suggested it was
Enterobacter, however, based on the rpoN sequence, it
was identified as Kosakonia cowanii, a species that was
initially considered Enterobacter.
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Figure 3 (a) Neighbour-joining phylogenetic tree based on 16SrRNA gene. The tree was constructed using 18 the partial nucleotide sequence of
the endophytic bacteria that present antimicrobial activity to 19 soybean pathogens. Node labels refers to bootstrap support (N = 1000 repli-
cates). (b) Endophytic bacteria isolated from soybean identified based on the 76S5rRNA amplicon sequence and homology with type strains
sequences. The figure was built with the cloud-based 76SrRNA biodiversity tool (Geneious ver. R9.0, Biomatters, http://www.geneious.com,
Kearse et al. 2012). The colour type and intensity indicates the mean confidence value found in the analysis (Green 100% and Reddish-brown
0%). The percentage at the right side of each genus indicates the % of isolates belonging to that genus. The list of isolates, % of similarity to
type strain sequence as well as the family they belong to, are presented in the table included at the right bottom end of the figure. [Colour fig-

ure can be viewed at wileyonlinelibrary.com]

Characterization of antimicrobial activity

The in vitro antimicrobial activity tests (Table 1) showed
that Bacillus (isolate 7) and Burkholderia (isolates 8, 9
and 10) were the most effective in controlling the three
fungal pathogens, however, with different patterns of
activity: Bacillus (isolate 7) was active only against S. scle-
rotiorum, while among the three Burkholderia, isolate 8
was active against all three fungal pathogens, isolate 9
only against S. sclerotiorum and R. solani, and isolate 10
against S. sclerotiorum and P. sojae. All other isolates had
lower activity against the fungal pathogens. Not one of
the 13 isolates showed activity towards bacterial patho-
gens in the test conditions, except a weak activity of E.
ludwigii against X. axonopodis IBSBF327 (Table 1).

A preliminary characterization of the putative antago-
nistic molecules that prevented growth of plant pathogens
was performed. Cell-free culture supernatants of the 13
endophytic bacteria were extracted with ethyl acetate or
methanol or precipitated with ammonium sulphate and
screened for antimicrobial activity. Results of tests against
phytopathogenic fungi like S. sclerotiorum (Fig. 5a), P.
sojae (Fig. 5b) and R. solani (Fig. 5c), and against phy-
topathogenic bacteria X. axonopodis pv. glycines and P.
savastanoi pv. glycinea (Fig. 6) showed results signifi-
cantly different from those obtained in vitro and reported
in Table 1. Results reported in Figs 5 and 6 and regard-
ing the antifungal and the antibacterial activity of extracts
and precipitates from cell-free culture supernatants are
also summarized in Tables 2 and 3, respectively, and are
based on the intensity of the activity.

Studies regarding antagonism as well as antimicrobial
activity of extracts and precipitates from cell-free culture
supernatants were performed on Petri dishes, as shown in
Fig. 1. Under such conditions, whether the extraction was
performed with methanol, ethyl acetate or precipitated
with ammonium sulphate, results showed that extracts
and precipitates from cell-free culture supernatants of
Bacillus (isolate 7) and Burkholderia (isolates 8, 9 and 10)
were the most effective in controlling the three fungal
pathogens and that all the extracts had antagonistic activ-
ity against them (Fig. 5). It is noteworthy that although
isolate 7, a representative of the genus Bacillus, had no
activity against P. sojae and R. solani in vitro (Table 1), a
MeOH extract and/or the NH4-S precipitate inhibited

both P. sojae (Fig. 5b) and R. solani (Fig. 5c). However,
the EtAc extract had no activity on fungal growth
(Fig. 5). The extracts or precipitates from culture super-
natants of any of the Burkholderia isolates were the most
active ones towards phytopathogenic fungi (Fig. 5a), con-
firming the results presented in Table 1 for in vitro antag-
onism. The culture supernatant of Bacillus sp. (isolate 7)
and Burkholderia spp (isolates 8, 9 or 10) prevented
growth of pathogenic fungi within a range of 71-4-100%.
Furthermore, the percentage of inhibition exerted by any
of the isolates was the same whether the active molecules
were extracted with methanol or precipitated with
ammonium sulphate.

Enterobacter, Variovorax and Serratia marcescens had a
median activity in vitro only against S. sclerotiorum
(Table 1). However, extracts or precipitates from culture
supernatants had activity also against P. sojae but no
activity against R. solani (Fig. 5).

When we considered the antimicrobial activity against
bacterial pathogens (Figs 2 and 6), we found that extracts
or precipitates from cell-free culture supernatants of
Bacillus and the three Burkholderia had a strong activity
while, among the other isolates, only Pantoea showed a
moderate activity of the ethyl acetate extract towards
Xanthomonas (61Xag; Fig. 6).

Regarding the activity of Burkholderia sp. and Bacillus
sp. culture extracts and/or precipitates against bacterial
pathogens, all of them inhibited growth of at least one iso-
late of X. axonopodis pv. glycines (Xag) or P. savastanoi pv.
glycinea (Psg). Furthermore, almost all precipitates and
extracts from Bacillus sp. culture supernatants antagonized
both Xag and Psg (Fig. 6 and Table 3). Among the
Burkholderia, although isolate 8 was the only one able to
antagonize all three fungal pathogens, when cell-free cul-
ture supernatant extracts and precipitates were tested
against bacterial pathogens there was no activity against
any of the pathogen (Fig. 6 and Table 3). On the other
hand Burkholderia isolates 9 and 10 showed a significant
activity, although with a different pattern based on the dif-
ferent precipitate or extract (Table 3). Importantly, isolate
10 showed strong activity against all bacterial pathogens
when the ethyl acetate extract was used. Isolate 9 had a
significant activity against both Xag when the ammonium
sulphate precipitate was used, and a strong activity when
the ethyl acetate extract against Psg was used.
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Figure 4 Neighbour-joining phylogenetic tree based on rpoN gene sequence. The tree was constructed using the partial nucleotide sequence of
the endophytic bacteria that present antimicrobial activity to soybean pathogens (Geneious software ver. 9.0, www.geneious.com). Node labels

refers to bootstrap support (N = 1000 replicates).

Discussion

Plants interact with endophytic, symbiotic and exogenous
micro-organisms that have a profound influence on
plants mostly because microbes are always at high num-
bers. Here, we found that a considerable number of
micro-organisms live endophytically associated with
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roots, stems and leaves of soybean, suggesting that they
are widespread within the plant. Furthermore, the plant
genotype has a high impact on micro-organisms’ popula-
tions which is additionally influenced by plant manage-
ment and the environment. Regarding this, Assumpgao
et al. (2009) found a greater diversity of endophytes
within transgenic plants than within endophytes of
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Figure 5 Antagonistic activity of cell-free culture supernatant of endophytic bacteria recovered from soybean, extracted with methanol (MeOH),
precipitated with ammonium sulphate (NH4-S) or extracted with ethylacetate (EtAc) against: (a) Sclerotinia sclerotiorum (SS), (b) Phomopsis sojae
(PS) and (c) Rhizoctonia solani (RS). Error bar indicates SD length. Asterisk over error bar indicates significance at t test (P = 0-05%). (&) Endter-
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conventional soybeans. Glyphosate-tolerant GM soybean might lead to changes in plant-associated microbial com-
plant was genetically modified to tolerate exposure to gly- munity as well as its activity and (Zinniel et al, 2002)
phosate, thus application of glyphosate instead of tradi- might also result in the synthesis and release of different
tional herbicides used in agronomic weed management quantity and composition of root and/or cell exudates
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Figure 6 Antagonistic activity of cell-free culture supernatant of
endophytic bacteria recovered from soybean, extracted with methanol
(MeOH), precipitated with ammonium sulphate (NH4-S) or extracted
with ethyl acetate (EtAc) against: (a) Xanthomonas axonopodis pv.
glycines IBSBF327 (61Xag), (b) Xanthomonas axonopodis pv. glycines
IBSBF333 (62Xag) and (c) Pseudomonas savastanoi pv. glycinea
IBSBF355 (60Psg). Error bar indicates SD length. Asterisk over error
bar indicates significance at t test (P = 0-05%). (§) Bacillus sp. 7; (O)
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(Motavalli et al. 2004). While studying endophytic bacte-
ria isolated from soybeans grown in soils treated with gly-
phosate, Kuklinsky-Sobral et al. (2005) reported that also

K.B. de Almeida Lopes et al.

conventional soybeans contain low residue levels of gly-
phosate due to preplanting applications. We already
demonstrated that transgenic plants contain more diverse
populations of endophytes than conventional cultivars (de
Almeida Lopes ef al., 2016). In addition, it is interesting to
note that Bacillus sp. and Burkholderia sp., the isolates with
the highest antifungal activity towards fungi tested in this
study, were found only in conventional soybean. Addi-
tional studies are needed to clarify if this is due to different
weed management in conventional and GR soybean or to
the effect of transgenesis on soybean plant and the associ-
ated microbial community. Whether transgenic or not,
plants associate with a large community of micro-organ-
isms that live within plant tissues and this has a profund
effect on plants. Such organisms are unique in that they
are adapted to a quite distinct environment that protects
micro-organisms since they are less prone to quick changes
in the environment because the plant intercellular spaces
work as a homeostatic environment. The mechanisms of
interaction between endophytic micro-organisms and
hosting plants are a key factor regarding the synthesis of
specific compounds. This is such that it could also affect
the endophytes as a source of natural products (Strobel
2003). Furthermore, endophytes also produce and release
plant growth regulators, thereby providing advantages to
the host plant, whose resistance to diseases is improved.
Our results suggest that endophytic populations are influ-
enced by plant genome as well as crop management. The
latter is a factor with high impact on the microbial com-
munity, mainly due to the effect that application of agro-
chemicals might have on endophytes as demonstrated by
Kuklinsky-Sobral et al. (2005). In this work we also stud-
ied the endophytic population of soybean plant as a source
of organisms with different biotechnological potential.
Species belonging to genera such as Enterobacter, Bacil-
lus, Burkholderia, Variovorax, Kosakonia were already
reported as able to live endophytically (Yousaf et al.
2011; Gond et al. 2015; Meng et al. 2015; Correa-Galeote
et al. 2018). Our isolates from soybean belonging to these
genera were found to have antimicrobial activity towards
several bacterial and fungal soybean pathogens. Kosako-
nia, that was also reported to live as endophytes in
plants, was formerly referred as Enterobacter due to recent
reclassification (Brady et al. 2013; Li et al. 2016a, 2016b).
Two species that have also been found living as endo-
phytes in plants were Serratia marcescens and P. vagans.
The latter one has also been described as epiphyte with
an outstanding biocontrol capacity (Smits et al. 2010).
Some of the isolates had a considerable level of antifungal
activity in vitro, however, extracts from these culture
supernatants had no activity against the same fungi, sug-
gesting that either there are two or more secreted mole-
cules responsible of the antagonistic activity that are not
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Table 2 Antimicrobial activity of methanol extract (MeOH), ammonium sulphate precipitate (NH4-S) and ethyl acetate extract (EtAc) from cell-
free culture supernatant of endophytic bacteria tested on soybean fungal pathogens

Sclerotinia sclerotiorum

Phomopsis sojae Rhizoctonia solani

Isolate Possible species MeOH NH4-S EtAc MeOH NH4-S EtAc MeOH NH4-S EtAc
1 Enterobacter ludwigii - - +++ — - — _ _ _
2 Enterobacter sp. - — - - - + _ _ _
3 Enterobacter sp. - — - - - — — _ —
4 Agrobacterium tumefaciens/Rhizobium sp. - — - — - - _ _ _
5 Kosakonia cowardii - - — - - - — — _
6 Variovorax sp. + + — + + - — _ _
7 Bacillus sp. +++ +++ +H+ +++ +++ — +++ 4 —
8 Burkholderia sp. +++ +++ +++ +++ +++ + +++ +++ +
9 Burkholderia sp. + ++ ++ +++ +++ +++ ++ +++ ++
10 Burkholderia sp. +++ ++ - ++ +++ o+ -+ o+ ++
11 Pantoea vagans — — — — _ 4+ _ _ _
12 Serratia marcescens + ++ — + + — - — —
13 Enterobacter sp. — - - - - _ _ _ _

Antimicrobial activity: (—) no pathogen growth inhibition; (+) up to 35% inhibition; (++) between 35 and 70% inhibition; (+++) more than 70%

inhibition.

Table 3 Antimicrobial activity of cell-free culture supernatant of endophytic bacteria isolated from soybean extracted with methanol (MeOH),
precipitated with ammonium sulphate (NH4-S) and extracted with ethyl acetate (EtAc), tested on soybean bacterial pathogens

61Xag 62Xag 60Psg
Isolate Possible species MeOH NH4-S EtAc MeOH NH4-S EtAc MeOH NH4-S EtAc
1 Enterobacter ludwigii - - - — - — - — _
2 Enterobacter sp. - — — - — — _ _ _
3 Enterobacter sp. - — — — - - _ _ _
4 Agrobacterium tumefaciens/Rhizobium sp. - - - — - - - - _
5 Kosakonia cowardii - — — - - — — _ _
6 Variovorax sp. - — — — — — — _ _
7 Bacillus sp. ++ +++ ++ ++ -+ — + ++ Tt
8 Burkholderia sp. - - — — — - - — _
9 Burkholderia sp. - ++ ++ — ++ + - - -+
10 Burkholderia sp. + - +++ + — et — — -+
1" Pantoea vagans — - + — — — - — —
12 Serratia marcescens + - — — - - - — _
13 Enterobacter sp. - - — — — - - — _

Antimicrobial activity: (=) no pathogen growth inhibition; (+) inhibition halo up to 4 mm; (++) inhibition halo from 4 to 8 mm; (+++) inhibition

halo more than 8 mm.

precipitated or extracted together, which raises a question
regarding the mechanism involved, or the need of a dif-
ferent in vivo mechanism, as could be the presence of the
antagonized pathogen (Mela ef al. 2011; Chanos and
Mygind 2016). Interestingly, it was also observed that
bacterial strains, which lack activity against pathogen
when tested alone, can act synergistically or as part of a
microbial consortia (Mendes et al. 2011). This could be
the case of some of the isolated endophytes that might
slightly inhibit fungi in vitro, but when associated with
other organisms and/or strains they promote growth
(Jain et al. 2015). Additional experiments need to be per-
formed to assess this possibility.

Journal of Applied Microbiology 125, 1466-1481 © 2018 The Society for Applied Microbiology

Different patterns of antimicrobial activity against
microbial pathogens were observed when assays were per-
formed either with the endophytes directly antagonizing
the pathogen or using the extracts or precipitates from
the same endophyte cell-free culture supernatants to con-
trol the pathogen. According to our results, the use of
extracts or precipitates from culture supernatants shows a
stronger inhibitory activity towards pathogens than the
bacteria in vitro. This could be due to the higher concen-
tration of antimicrobial molecules when extracted or pre-
cipitated from the supernatant.

Bacteria secrete many proteins, lipopeptides or other
molecules that are synthetized by different metabolic
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pathways, which might play a key role in the control of
plant diseases. There are procedures that can be used to
selectively precipitate, extract and purify molecules that
either promote plant growth or control pathogens, such
as ammonium sulphate precipitation and acidification
and methanol or ethyl acetate extraction, followed by lig-
uid chromatography (Vater et al. 2002; Hu et al. 2010;
Yu etal 2010; Malfanova et al. 2011; Rajan and
Kannabiran 2014). Bacillus subtilis produces iturin and
fengycin of the lipopeptide family (Zhao et al. 2017) that
were reported to control, among others, the fungus Podo-
sphera fusca and to suppress the growth of S. sclerotiorum
(Romero et al. 2007). Although there is no experimental
confirmation that our Bacillus sp. is a B. subtilis, its activ-
ity towards S. sclerotiorum and high similarity with B.
subtilis 16STRNA and rpoN genes suggest that it is most
probably B. subtilis. More precisely our data suggested
that it belongs to the B. subtilis species complex and,
within this complex, to the Bacillus amyloliquefaciens
operational group. In this group there are several plant
growth-promoting bacteria, such as B. amyloliquefaciens,
Bacillus velezensis and Bacillus siamensis, with high per-
centage of identity with our isolate. However, precise
identification of species within this group is difficult due
to changes on the genomic level due to continuous devel-
opment of life-style associated with plants (Fan et al.
2017).

Kang et al. (2004), studying the isolation and charac-
terization of a Burkholderia strain (MSSP) that secretes
an antifungal compound against S. sclerotiorum, found
that the main mode of action of Burkholderia sp. in their
studies of antagonism was to produce 2-hydroxymethyl-
chroman-4-one. Berié et al. (2012) screened 203 Bacillus
isolates for antagonism against several phytopathogenic
bacteria and found that all supernatants from Bacillus
strain cultures had no activity against Pseudomonas aerug-
inosa. However, most of them had strong antimicrobial
activity against Xanthomonas oryzae pv. oryzae, which
showed radio of their inhibition zones ranging from 4 to
12 mm, results similar to those found in this work. Mon-
teiro et al. (2005) found that lipopeptides produced by B.
subtilis R14 were effective in controlling Xanthomonas
campestris pv. campestris, causal agent of black rot of cru-
cifers. In another study Zeriouh et al. (2011) suggested a
key role of B. subtilis iturin in controlling bacterial patho-
gens such as X. campestris pv. cucurbitae, while a lipopep-
tide from B. amyloliquefaciens supernatant was found to
be antagonistic to X. oryzae pv. oryzae (Li et al. 2016a,
2016Db). Bacillus lipopeptides are linear or cyclic in nature,
and concerning the antagonistic activity, three families,
iturin, fengycin and surfactin are the most important.
Molecules belonging to these families frequently contain
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some amino acid residues (D-stereoisomers), which are
unique and not commonly found in proteins, that are
highly stable to pH, heat and proteolytic enzyme activity
(Kavitha et al. 2005). In addition, there are also some
proteins that have also inhibitory effect. A protein
secreted by B. subtilis strain SO113 was reported to have
a broad spectrum of antimicrobial activity against X. ory-
zae pv. oryzae, including seven pathotypes of rice bacte-
rial blight in China (Lin et al. 2001). Our study suggests
that the isolated Bacillus sp. produces both types of mole-
cules with antagonistic activity. Many strains of genus
Bacillus and/or its metabolites are believed to be promis-
ing for an alternative or supplementary method to chemi-
cal plant protection (Pengnoo ef al. 2000; Abanda-
Nkpwatt et al. 2006). Bacillus spp. are among the most
effective microbes in controlling various plant diseases
and proved to be potentially useful tools as biocontrol
agents (Nagorska et al. 2007).

Results presented in this study suggest that the identifi-
cation of bacteria with antimicrobial activity should be
achieved not only by screening the in vitro antagonism of
the isolates towards the pathogen but also by testing the
extracts and precipitates from culture supernatant.
Although in vitro antagonism not necessarily reflects the
behaviour of the organisms in nature, in this study, a
preliminary screening was considered to reduce the total
number of bacteria to be tested in the field conditions, as
suggested by other authors (Lucon and Melo 1999).

In conclusion, the results from this study indicate that
many strains of bacterial endophytes isolated from soy-
bean have strong antimicrobial activity against important
soybean pathogens. Bacillus sp. and Burkholderia sp. were
the most effective in controlling in vitro bacterial and
fungal pathogens used in this study. Our results showed
that the antagonistic activity is due to the synthesis of
compounds mainly in isolates of the genus Bacillus and
Burkholderia, suggesting that they have mainly peptidic
origin if the antifungal activity is considered, while the
antibacterial activity is relevant also in the organic solvent
extracts, therefore, suggesting the possible role played by
secondary metabolites. Further experimental work on this
topic will be of great interest. The available data concern-
ing the biological control of these important soybean
pathogens are very limited, therefore, these strains may
be considered candidates for the development of inocu-
lants for crop protection, although many technical, envi-
ronmental and ecological factors influence the
implementation of these strategies. Besides, research with
endophytic bacteria instead of rhizobacteria provides a
novel opportunity for the discovery of new strains with
biotechnological potential for being used as an microbial
inoculant.
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