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Abstract

Endophytic bacteria isolated from non-transgenic and transgenic Roundup Ready® glyphosate-resistant (GR) soybean plants
were investigated to analyze the correspondence between phenotypic and genotypic characteristics and to determine whether
or not the strains could be grouped based on the source of isolation in transgenic or non-transgenic plants, respectively. Most
of the strains recovered from GR plants have shown the ability for plant growth promotion (PGP) by means of IAA production
and inorganic phosphate solubilization, and 100% of the strains showed great motility (swarm or swim); in addition, 90%
of the strains were able to metabolize the majority of carbon sources tested. GR soybean fields showed higher endophytes
abundance than non-transgenic; however, analyzing the phylogenetic trees constructed using the partial 16STRNA gene
sequences, higher diversity was observed in non-transgenic soybean fields. Overall the majority of isolated endophytes could
utilize multiple patterns of carbon sources and express resistance to antibiotics, while isolates varied widely in the PGP
ability. The greater pattern and frequency of utilization of carbon sources and frequency and intensity of antibiotic resist-
ance compared with PGP ability within the soybean endophytes community suggest that carbon sources metabolism and
antibiotic resistance confer a greater relative fitness benefit than PGP ability. In conclusion, cluster analysis of the phenotypes
and 16SrRNA gene sequences reveals lack of correspondence between the pattern of bacterial isolates and the transgenic
character of plants, and the heterogeneity of clustering suggested that various adaptive processes, such as stress response,
could have contributed to generate phenotypic variability to enhance endophytes overall fitness.

Keywords Transgenic soybean - Endophytic bacteria - 16SrRNA - Antibiotics - Carbon sources metabolism - Plant growth
promotion

Introduction

The composition and diversity of the bacterial community
associated with a plant are influenced by a variety of fac-
tors such as plant species, cultivar or environment (Zinniel
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et al. 2002; Kuklinsky-Sobral et al. 2004, 2005; Andreote
et al. 2010). Bacteria that can colonize internal tissues and
intercellular spaces of plants without determining any nega-
tive influence on their host are considered as endophytes
(Schulz and Boyle 2006; Hardoim et al. 2008; Etesami and
Maheshwari 2018; Vigani et al. 2018). According to the lit-
erature, many endophytic bacteria can promote plant growth
because they have specific characteristics such as hormone
production and ability to solubilize inorganic phosphates,
or even to antagonize phytopathogens (Kang et al. 2007,
Goes et al. 2012). There are several factors that may affect
the endophytic bacterial community within plants, includ-
ing plant genotype and agronomic management such as the
use of agrochemicals. The agrochemical effects on the soil
microbiota as well as endophytic bacterial community have
been hardly investigated (Kuklinsky-Sobral et al. 2005;
Andreote et al. 2008; Barriuso et al. 2010; de Almeida Lopes
et al. 2016). Glyphosate [N-(phosphomethyl) glycine] is a
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broad-spectrum, non-selective herbicide that controls both
broad-leaf and grass weeds. It has a short mean active life in
the soil environment and is marketed as Roundup® by Mon-
santo Company, St. Louis, MO (Franz et al. 1997). Glypho-
sate blocks the synthesis of phenylalanine, tyrosine and tryp-
tophan, the aromatic amino acids, by blocking the shikimic
acid pathway. This pathway is present in plants and micro-
organisms but not in animals, and this is the reason for its
low mammalian toxicity (Jaworski 1972; Fisher et al. 1986).
Agrobacterium strain CP4 is insensitive to glyphosate due to
the insensitivity to the herbicide of its 5-enolpiruvylshikimic
acid-3-phosphate synthase (EPSPS) gene. Insertion of this
gene in soybean confers resistance to glyphosate allowing
the functional expression of the shikimic acid pathway in
its presence (Padgette et al. 1995; Zablotowicz and Reddy
2004). Therefore, there are some bacteria that are able to use
glyphosate as a source of energy and nutrients, whereas it
can be toxic to others (Busse et al. 2001; Kuklinsky-Sobral
et al. 2005). Thus, some studies suggest that the application
of pre-planting glyphosate could influence bacterial com-
munities (Kuklinsky-Sobral et al. 2005; de Almeida Lopes
et al. 2016).

The release of genetically engineered soybean culti-
vars has raised the question of whether the bacterial com-
munity can be also affected by the genotype or not. The
use of herbicides may affect the benefits of bacterial plant
growth promotion directly through effects on the bacteria
or indirectly through effects on plant host and also in the
symbiosis. Therefore, it is important that the biotechnologi-
cal advances that have enabled the generation of genetically
modified soybeans are also accompanied by rigorous studies
of environmental safety. This is necessary not only to ensure
the occurrence of minimal impacts on the environment, but
also to secure that gains already obtained from research are
not negatively affected.

The effect of the plant genetic modification in bacterial
communities has been demonstrated in different plant spe-
cies. Andreote et al. (2008) compared the bacterial commu-
nities associated with the rhizosphere of transgenic tobacco
lines with those found in the wild type and showed that the
rhizosphere microbial communities can be affected by the
cultivation of transgenic plants. However, according to the
authors, the original bacterial diversity was able to restore
to the original condition, so the shift was not permanent.
Similarly, Assumpg¢ao (2008), assessing cultivable endo-
phytic bacteria isolated from non-transgenic and transgenic
soybean seeds, found that 63% of the isolates were present
in non-transgenic seeds, while 37% were from transgenic
seeds, but the diversity of the bacteria isolated from trans-
genic seeds was higher. Hence, an efficient characteriza-
tion of the endophytic community in both conditions is of
great importance to make a reliable comparison between
them, even with and without glyphosate, both in genetically
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modified and non-modified plants. However, it is often dif-
ficult to know which characteristics should be evaluated, in
addition to the low correspondence between certain pheno-
typic characteristics with the genotype (Torsvik et al. 1990;
Vela et al. 2000; Baines et al. 2007, Freitas et al. 2008).

Torsvik et al. (1990), comparing the phenotypic and
genotypic diversity of bacterial strains isolated from soil,
found that the major part of DNA of this bacterial fraction
of soil is very heterogeneous and generates a good estimate
of the bacterial diversity and agreed with different pheno-
typic diversity measures. Nevertheless, Baines et al. (2007),
assessing the correspondence between phenotypic and
genetic parameters of Streptomyces isolated from a prairie
soil, observed that there was no correspondence between
16SrRNA gene sequence groups and antibiotic phenotypes.

Therefore, in this study endophytic bacteria isolated from
glyphosate-resistant transgenic and non-transgenic soybean
grown in field sites in Brazil were analyzed phenotypically,
with regard to plant growth promotion (PGP) characteristics
like antibiotic resistance and carbon sources metabolism,
and also genotypically, with the aim to investigate whether
or not endophytic bacterial communities isolated from such
soybean could be grouped based on the source of isolation,
whether plants were transgenic or not.

Materials and methods
Plant material

Soybean samples for isolation of endophytes were taken
from three experimental fields site of the Brazilian Agri-
cultural Research Corporation (Embrapa Soybean) as pre-
viously reported (de Almeida Lopes et al. 2016). Field
sites were in Ponta Grossa (PR), Guarapuava (PR) and
Campos Novos (SC), Brazil. The soil in Ponta Grossa
(PR) (25°05'42"S, 50° 09'43"W) is characterized for hav-
ing Red Latossol soil and Cfb climate; Guarapuava (PR)
(25°23'43"S, 51° 27"29"W) has Purple Latossol Aluminic
soil and Cfb climate—mesothermal humid subtropical; and
Campos Novos (SC) (27°24'06"S, 51°13'30"W) has Purple
Latossol Aluminic soil and Cfa climate—bland super humid
subtropical mesothermal, according to Koppen classification
(Embrapa 2006).

BRS 245RR and BRS 133 were the related genotypes
used as sources for the isolation of endophytes. The cultivar
BRS 245 RR has been genetically engineered to tolerate the
herbicide glyphosate, e.g., Roundup Ready®, was developed
by Brazilian Agricultural Research Corporation (Embrapa
Soybean). BRS 245 RR Roundup Ready® and BRS 133
have been used to allow comparison between related trans-
genic and non-transgenic genotypes because BRS 245
RR Roundup Ready® is essentially the derived transgenic
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version from the protected conventional cultivar BRS 133.
The other cultivars included in this study were BRQO09-
11694 (C) and the BMX Energia (GR) grown in Guarap-
uava (PR) and Campos Novos (SC) as previously reported
by de Almeida Lopes et al. (2016). The breeding line BR
Q09-11694 (C) was also developed by Embrapa Soybean.
Seed companies, Brasmax Genetic, Tropical Breeding and
Genetic, and Syngenta LTDA, developed cultivars BMX
Energia, TMG 801 and NK 7059, respectively.

Soybean seeds were sown during the period 10-20
November, 2012. An individual replicate was a composite
of three plants. Plants were harvested at the full seed begin-
ning (reproductive stage, when the pods were green (R5) at
the period from April 4 to 11, 2013. The soil management
adopted was non-tillage, and 350 kg ha™! of commercial
fertilizer formula 0-20-20 of NPK was used in each loca-
tion. The herbicide glyphosate was used in pre-sowing in
all experimental field sites. One post-sowing application of
glyphosate was used for the transgenic cultivars. The post-
sowing chemical weed control in the non-transgenic culti-
vars trials was made with one application of the herbicide
Fluazifop-P-Butil + Fomesafen.

The experimental design of the assay with the soybean
cultivars was factorial, completely at random and each cul-
tivar, at each site, had three replicates. Endophytic bacte-
ria were isolated from roots, stems and leaves of soybean
cultivars. Soil management, sowing, glyphosate and other
chemicals used to control weeds applications, sampling and
harvesting criteria were those reported by de Almeida Lopes
et al. (2016).

Isolation and counting of endophytic bacteria
in roots, leaves and stems

Samples of leaves, roots and stems, collected in triplicate,
were processed as previously described (de Almeida Lopes
et al. 2016). Briefly, samples were subjected to serial washes
with water, 75% alcohol, sodium hypochlorite (2%) and
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). The
samples were weighed and macerated in 1 ml PBS buffer.
Resulting suspensions were serially diluted in PBS up to
1073 (vvh according to Dobereiner et al. (1995) and used
for both isolation and counting, after culturing onto solid
media in three replicas. Samples were also placed onto Petri
dishes and the absence of growth of both fungi and bacteria
monitored to control the efficiency of tissues disinfection.
The culture media used were Nutrient Agar (NA) plus 20%
glycerol, and Trypticase Soy Agar (TSA), according to Kado
and Heskett (1970) and Dobereiner et al. (1995), respec-
tively. The inoculated media were incubated at 28 °C for
7-8 days.

Single colonies were individually streaked onto Petri
dishes and grown at 30 °C for 2-3 days until pure cultures
were obtained. Single isolates were cultivated in Nutrient
Broth (NB) and Trypticase Soy Broth (TSB), respectively,
for 18 h at 30 °C under constant agitation and stored in 15%
sterile glycerol at — 80 °C until subsequent molecular and
biochemical characterization.

Phenotypic characterization of isolated strains
Indoleacetic acid (IAA) production

IAA production was tested according to Loper and Schroth
(1986). Briefly, bacterial cultures were inoculated in NB
medium with tryptophan (1, 2, and 5 mg m1~!) or without
tryptophan and incubated at 28 +2°C for 1-2 weeks. Cul-
tures were centrifuged at 360X for 30 min. Two milliliters of
the supernatant were mixed with 2 drops of orthophosphoric
acid and 4 ml of Salkowski’s reagent (50 ml, 35% perchloric
acid; 1 ml 0.5 FeCl,). Absorbance at 530 nm was measured
after 30 min at room temperature. A standard curve was
used to calculate the concentration of IAA from each culture
medium. The isolates were classified into: (—) no production
of IAA; (+) low production, up to 10 ug ml~! of IAA; (++4)
medium production, from 10 to 50 ug mI~! of IAA; (+++)
high production, more than 50 pg ml~! of IAA.

Phosphate solubilizing activity

The ability of isolates to solubilize phosphates was deter-
mined according to the method described by Nautiyal (1999)
and modified as follows. Bacterial strains were tested qual-
itatively by plate assay using NBRI-P medium (per liter:
glucose, 10 g; Gafsa rock phosphate, 5 g; MgCl,.6H,0, 5 g;
MgS0,.7H,0, 0.25 g; KCl, 0.2 g; (NH,),SO,, 0.1 g). Bacte-
ria were inoculated onto Petri dishes using sterile loops and
plates incubated at 30 °C for 7 days. The formation of a clear
halo around the colonies indicated phosphate solubilizing
activity; isolates were classified into: (=) no halo, or lack
of activity; (+) small halo (up to 2 mm), low activity; (++)
medium halo (24 mm), median activity; (+++) large halo
(greater than 4 mm), high activity.

Production of exopolysaccharides (EPS)

The production of EPS was assayed by streaking single
colonies in Yeast Extract Mannitol Medium (0.5 g of yeast
extract liter™' and 4 g of mannitol liter~! supplemented with
15 g of agar liter™!), as described previously (Zlosnik et al.
2008). The morphology of the colony and the viscous aspect
were monitored, and isolates were classified accordingly
into (—) no EPS production; (+) low production, halo up
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to 2 mm; (++) average production, halo from 2 to 4 mm;
(+++) high production, halo greater than 4 mm.

Siderophore production

Siderophores production was measured using the univer-
sal chemical assay on Chrome Azurol S (CAS) agar plates
(Schwyn and Neilands 1987) adapted as follows. The
isolates were streaked onto Petri dishes and incubated at
30+2 °C for 2 days. The medium color change from blue
to orange/yellow indicated the production of siderophores
that, binding iron more tightly than the ferric complex of
Chrome Azurol S, removed iron from the CAS agar medium.
Siderophore production was estimated by the size of orange
halos formed around the colonies; isolates were classified
into (—) no production, no orange halo; (+) low production,
orange halo up to 2 mm; (++) average production, orange
halo from 2 to 4 mm; and (+++) high production, orange
halo greater than 4 mm.

Secreted enzymatic activities

Production of proteolytic enzymes was assayed on Petri
dishes containing skim milk (1%), yeast extract (0.01%),
KH,PO, (0.15%), MgS0O,.7H,0 (0.05%), NaCl (0.5%) and
agar (1.5%); the strains were inoculated onto Petri dishes and
plates incubated at 30 °C overnight.

For detection of lipase activity, TBA plate assay was used
(per liter: bacto-peptone 5 g, yeast extract 3 g, Tributyrin
10 g, agar 12 g), according to Kumar et al. (2012). Bac-
teria inoculated onto Petri dishes were incubated at 30 °C
overnight.

Chitin hydrolysis was measured using Bacillus mini-
mal medium (BMM) (100 ml solution: KH,PO,, 0.65 g;
K,HPO,, 1.5 g; NaCl, 0.25 g; (NH,),SO,, 0.5 g; MgSO,,
0.12 g; MgCl,, ZnSO,, FeCl; and CaCl, were added to give
a final concentration of 107% mol 17!) with the addition of
colloidal chitin (1%). Colloidal chitin was prepared accord-
ing to the method of Wen et al. (2002) using commercial
chitin from shrimp shells. Degradation was assessed by
measuring the clear halo around colonies and using the same
classification criteria described above: (—) no enzymatic
activity; (+) low activity, halo up to 2 mm; (++) average
activity, halo from 2 to 4 mm; (+++) high activity, halo
greater than 4 mm.

Swarming and swimming motility

Swarming motility assay was performed using M8 medium
plates with the addition of 0.5% agar (300 ml H,O, 1.5 g
agar, 9.07 g Na,HPO,, 1.8 KH,PO,, 0.3 NaCl, 1.2 g glu-
cose, 0.3 g glutamic acid, 1.2 ml 1 M MgSO,, 50 pl 1 M
CaCl,) as previously described (Murray and Kazmierczak
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2006). A 0.5 pl spot of overnight culture was placed at the
center of the Petri dish and plates were incubated at 30 °C
for 24-48 h.

Swimming motility assay was performed as described
above for swarming, except the concentration of agar in M8
medium, 0.25% instead of 0.5%.

Classification of motility was as follows: (—) no motility;
(+) low motility (diameter of the colony up to 1 cm); (++)
medium motility (from 1 to 4 cm); (++ +) high motility
(more than 4 cm). All tests were repeated in triplicate with
independent experiments and the average estimated.

Biochemical characterization
Carbon sources utilization

API 20 E system was used to test the carbon source utiliza-
tion patterns of selected endophytes. The test was carried
out according to the manufacturer’s protocol (BioMérieux,
Marcyl’Etoile, France). Cultures were grown during 24 h
in YEM liquid medium and uniform suspensions were pre-
pared by suspending the cells in the medium provided in the
kit. Suspensions for each isolate were standardized to 0.5%
McFarland solution. Then, 150 pl of suspension was inocu-
lated into each well of the strip. The strips were incubated at
28 °C for 48 h under static conditions in aseptic environment
of growth chamber.

Out of the total of 54 endophyte bacteria selected, 42
bacteria were examined for the carbon pattern in the 20
basic API 20E tests as following: nitrates reduction (NO,)
or nitrogen reduction (N,), indole production (TRP), glucose
assimilation (GLU), arginine dihydrolase (ADH), urease
production (URE), hydrolysis from p-glucosidase (ESC),
hydrolysis from protease (GEL), B-galactosidase production
(PNG), and glucose fermentation (GLU1), fermentation/oxi-
dation of arabinose (ARA), fermentation/oxidation of man-
nose (MNE), fermentation/oxidation of mannitol (MAN),
N-acetyl-glucosamine (NAG), fermentation/oxidation of
maltose (MAL), potassium gluconate (GNT), capric acid
(CAP), adipic acid (ADI), malate (MLT), trisodium citrate
(CIT) and phenylacetic acid (PAC) assimilation.

Antibiotic resistance

The antibiograms of bacterial isolates were determined by
inoculating them onto Petri dishes containing NA medium
with and without antibiotic. Plates were incubated at 30 °C
overnight. The absence of growth indicated antibiotic sen-
sitivity. The following antibiotics at three different concen-
trations were used: ampicillin (5, 100 and 200 ug ml~}),
gentamicin (10, 20 and 40 pug ml~!), kanamycin (25, 50 and
100 pg m1~Y), streptomycin (50, 100 and 200 pg m1~!) and
tetracycline (10, 20 and 40 pug m1™).
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Genotypic characterization

Extraction of genomic DNAs was carried out with
PureLink® Genomic DNA Mini Kit (Life Technologies) and
PCR amplification of the fragments was performed using
primers 338F and 778R or 27F and 800R as described previ-
ously (Lane 1991; Anzai et al. 1997; Résch and Bothe 2005;
Xing et al. 2008). The resulting PCR products were purified
with PureLink® Quick Gel Extraction Kit (Life Technolo-
gies) and sequenced by Macrogen (Macrogen Inc., Seoul,
South Korea).

Data analysis

Phenotypic data included the ability to produce indole-
3-acetic acid (IAA), phosphate solubilizing activity
(Psolub), production of exopolysaccharides (EPS), secreted
enzymatic activities such as protease (Prot), lipase (Lipase)
and chitin hydrolysis (Chitin), swarming (Swarm) and
swimming (Swim) motility and biochemical characteriza-
tion including nitrates reduction (NO,) or nitrogen reduc-
tion (N,), indole production (TRP), glucose fermentation
(GLU1), arginine dihydrolase (ADH) production, urease
production (URE), hydrolysis from p-glucosidase (ESC),
hydrolysis from protease (GEL), p-galactosidase produc-
tion (PNG), glucose assimilation (GLU), fermentation/oxi-
dation of arabinose (ARA), fermentation/oxidation of man-
nose (MNE), fermentation/oxidation of mannitol (MAN),
N-acetyl-glucosamine (NAG), fermentation/oxidation of
maltose (MAL), potassium gluconate (GNT), capric acid
(CAP), adipic acid (ADI), malate (MLT), trisodium citrate
(CIT) and phenylacetic acid (PAC) assimilation. In addition,
the strains were characterized for the following antibiotics at
several concentrations, as reported above: ampicillin (AMP),
gentamicin (GN), kanamycin (KM), streptomycin (ST) and
tetracycline (TC). All data were evaluated by means of con-
struction of phenograms. Data regarding PGP characteristics
(IAA, Psolub, EPS, Chitin, Swarm and Swim) were con-
verted and transferred into a data matrix where 3 represented
a great activity, 2 an average activity, 1 a low activity, and
0 a negative activity; for antibiotic resistance and carbon
utilization patterns, data were converted into a binary data
matrix where 1 represents positive result and 0 negative
result against each carbon source. Pairwise comparisons of
the isolates were used to generate similarity coefficients. The
resulting similarity coefficients were further used to drive
relationships among endophytic bacteria strains of each sam-
ple in the form of cluster analysis using an unweighted pair
group method with arithmetic averages. Finally, the pheno-
gram was constructed according to the cluster analysis by
applying the unweighted pair group method with arithmetic
mean (UPGMA) categorical analysis, using BioNumerics
software version 7.6 (Applied Maths).

The phylogenetic analysis of the 16STRNA gene frag-
ments was performed by comparing sequences and analyz-
ing homology with other sequences in the GenBank database
using Basic Local Alignment Search Tool BLAST program
(National Center for Biotechnology Information) available at
the National Center for Biotechnology Information website
(http://www.ncbi.nlm.nih.gov/BLAST). Software MEGA
6.0 (www.megasoftware.net/) was used for multiple align-
ments of sequences (Clustal W) and phylogenetic tree con-
struction using neighbor-joining algorithm (Jukes—Cantor
model). Neighbor-joining tree reliability was estimated by
bootstrap analysis with 1000 pseudo-replicate data sets.

Results

Different transgenic and non-transgenic soybean cultivars
were grown in different field sites and analyzed for den-
sity and composition of endophytic bacterial populations
in tissues of different plant organs. Along the experiment
with soybean, the following average minimal and maximal
temperatures were observed in Ponta Grossa (PR), Guarap-
uava (PR), and Campos Novos (SC): 16.4 and 26.5 °C; 15.6
and 26.4 °C and 14.5 and 27.2 °C, respectively. The rainfall
average was 903.4 mm in Ponta Grossa (PR), 1250.4 mm in
Guarapuava (PR) and 732.6 mm in Campos Novos (SC). The
recovered isolates in all field sites were selected based on
their characteristics of plant growth promotion and antago-
nistic activity against soybean pathogens as already reported
by de Almeida Lopes et al. (2016).

The comparisons between means observed between non-
transgenic (C) and glyphosate-resistant transgenic (GR) soy-
bean and among tissues of different organs were made by
Dunn’s test. A significant difference (P <0.05) was observed
in the number of CFUg ! fresh weight among cultivars, with
the transgenic cultivars having the highest abundance of bac-
terial strains and most of the isolates were obtained from
roots. The density of the strains expressed in CFUg ™! fresh
weight recovered from roots of glyphosate-resistant trans-
genic/non-transgenic cultivars was 2.79/2.70; 3.28/1.97 and
1.99/0.03 at Ponta Grossa, Guarapuava and Campos Novos,
respectively. The analysis of the phenotypic characteriza-
tion of the endophytic bacterial population associated with
non-transgenic (Fig. 1) and glyphosate-resistant transgenic
soybean (GR) (Fig. 2) including the PGP characteristics, fre-
quency and quality of antibiotic resistance and carbon source
metabolic patterns of the isolates was clustered at Euclidian
distance of 10. The patterns of carbon source utilization of
the isolates recovered from non-transgenic and glyphosate-
resistant plants were expressed as percentages of positive
or negative results for each strain and are shown in Figs. 1
and 2, respectively.
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Fig. 1 Dendrogram constructed using the phenotypic data obtained
from endophytic isolates from roots (R), stems (S) and leaves (L)
of non-transgenic soybean grown in Ponta Grossa/PR (PG), Guara-
puava/PR (G) and Campos Novos/SC (CN), Brazil. Cluster analysis
was performed by applying UPGMA categorical analysis. The num-
bers of isolates phenotypes are given on the right. The % of sequence
similarity of the 16S rRNA genes is given in brackets. "Evaluation
according to the use of different carbon sources using Api kit 20 E
(BioMérieux, Marcy I’Etoile, France). aPlant growth promotion
characteristics—IAA indoleacetic acid production; Psolub phosphates
solubilization, EPS exopolysaccharide production; Sidero siderophore
production, Swarm swarming motility; Swim: swimming motility;
Prot: protease production; Lipase: lipase production; Chitin: chi-
tinase production. Yellow =high activity (+++); red =average activ-
ity (++); green=1low activity (+); blue=no activity (—). bantibiotic

The endophytic bacteria isolated from non-transgenic
soybean clustered into three groups at 57% similarity
(Fig. 1). Group I joined isolates from roots, leaves and stems,
mostly from Ponta Grossa and included bacteria with low
(+) motility, IAA production and phosphate-solubilizing
ability, except for Enterobacter ludwigii, which showed posi-
tive metabolism pattern for 50% of the 21 carbon sources
tested, while the other strains metabolized less than 20%
of the same carbon sources utilized. The largest group was
cluster II with 50% of the selected strains, grouped from
tissues of different plant organs with homogeneous carbon
sources utilization pattern and able to metabolize most of
the carbon sources tested (about 70%). Cluster III contained
only isolates recovered from plant roots, mostly obtained
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{: I Enterabacter cloacae 29 R PG C
Stenotrophomonas maltophilia 75 R PG C

Strains

I Acinetobacter oleivorans 2 R PG C
I Enterobacter ludwigii 30 L CN C
Enterobacter sp. 37 S G C
Bacillus subtilis 17 S PG C

I Agrobacterium tumefaciens 6 R PG C

Pseudomonas fulva61 L CN C
11

Ralstonia insidiosa 67 R G C

II Arthrobacter globiformis 9 L G C

II Burkholderia cepacia 19 R PG C

II Curtobacterium flaccumfaciens 24 L CN C
l Xanthomonas arboricola 81 S PG C

I Burkholderia cepacia 18 R PG C
Burkho/derfa cepacia 20 R PG C

Variovorax sp. TTR G C 1

resistance at half the dose (mAMP), normal dose (AMP) and double
dose (dvAMP) of ampicillin, kanamycin (mKM, KM and dvKM),
tetracycline (mTC, TC, dvTC), gentamicin (mGN, GN, dvGN) and
streptomycin (mST, ST, dvST). Green=positive resistance (+);
blue =negative resistance (—). ¢ NO, reduction of nitrates to nitrites,
N2 reduction of nitrates to nitrogen, TRP indole production, GLUI
fermentation, ADH arginine dihydrolase, URE urease, ESC hydroly-
sis from B-glucosidase, GEL hydrolysis from protease, PNG hydroly-
sis from P-galactosidase, GLU glucose assimilation, ARA arabinose
assimilation, MNE mannose assimilation, MAN mannitol assimila-
tion, NAG N-acetyl-glucosamine assimilation, MAL maltose assimila-
tion, GNT potassium gluconate assimilation, CAP capric acid assimi-
lation, ADI adipic acid assimilation, MLT malate assimilation, CIT
trisodium citrate assimilation, PAC phenylacetic acid assimilation.
Green = positive activity (+); blue =negative activity (—)

from Ponta Grossa, and comprising mostly PGP bacteria
with high TAA production (+++), significative motility
(++), high EPS production and high capacity to solubilize
inorganic phosphates. The strains from cluster III presented
resistance to most of the antibiotics evaluated. In addition,
the strains from cluster III were homogenous for carbon
sources metabolism and were able to use most of the carbon
sources used in the test (70%) (Fig. 1).

A broader range of carbon sources metabolism was
observed in the strains recovered from non-transgenic plants
compared to strains recovered from GR plants. Glutamine
(GLU) and malate (MLT) were metabolized by 90% and
80% of the strains recovered from non-transgenic soybean,
respectively, followed by ESC, PNG, ARA, MNE, MAN,
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Fig.2 Dendrogram constructed using the phenotypic data obtained
from endophytic isolates from roots (R), stems (S) and leaves (L) of
glyphosate-resistant transgenic soybean grown in Ponta Grossa/PR
(PG), Guarapuava/PR (G) and Campos Novos/SC (CN), Brazil. Clus-
ter analysis was performed by applying UPGMA categorical analysis.
The numbers of isolates phenotypes are given on the right. The % of
sequence similarity of the16S rRNA genes is given in brackets. "Eval-
uation according to the use of different carbon sources using Api kit
20 E (BioMérieux, Marcy I’Etoile, France). aPlant growth promotion
characteristics—IAA indoleacetic acid production, Psolub phosphates
solubilization, EPS exopolysaccharide production, Sidero siderophore
production, Swarm swarming motility, Swim swimming motility, Prot
protease production, Lipase lipase production, Chitin chitinase pro-
duction. Yellow=high activity (+++); red=average activity (++);
green=low activity (4); blue=no activity (—). b=antibiotic resist-

NAG, GNT, MLT and CIT which were metabolized by 75%
of the strains (Fig. 1). N,, urea (URE), and ADH were the
least utilized being metabolized by only 5% of the strains.
The metabolism of three or less carbon sources was deter-
minant for clustering strains 52, 71, 72 and 2 in Cluster I
(Fig. 1).

Cluster analysis based on distance matrix for PGP
characteristics, antibiotics resistance and carbon sources
utilization pattern of endophytic bacteria recovered from
glyphosate-resistant transgenic soybean is presented in
Fig. 2. Cluster analysis divides 22 endophytic bacteria
into three groups at distance of 62% of similarity. Cluster
I joined five strains recovered from roots and stems of
soybeans grown in Ponta Grossa, Guarapuava and Cam-
pos Novos. We observed that Cluster I included bacteria

l Serratia symbiotica 70 R PG GR
l Variovorax sp. 78 R CN GR

I Enterobacter asburiae 26 S CN GR
Pantoea stewartii 60 R PG GR
Kosakonia cowanii 49 L CN GR

Enterobacter asburiae 27 R PG GR
Enterobacter ludwigii 35 S PG GR
Citrobacter freundii 21 R PG GR

I Pantoea agglomerans 56 L PG GR

I Pantoea agglomerans 55 L PG GR i

I Variovorax sp. 80 L PG GR
I Pantoea agglomerans 54 R CN GR
l Variovorax sp. 79 L PG GR

lll. Enterobacter ludwigii 36 R PG GR
I II. Agrobacterium tumefaciens 8 R PG GR

Rhizobium pusense 68 R PG GR
Enterobacter ludwigii 33 R PG GR
Enterobacter ludwigii 34 L PG GR } o

IlIIIIIII Stenotrophomonas maltophilia 76 R G GR

ance at half the dose (mAMP), normal dose (AMP) and double dose
(dvAMP) of ampicillin, kanamycin (mKM, KM and dvKM)), tetracy-
cline (mTC, TC, dvTC), gentamicin (mGN, GN, dvGN) and strepto-
mycin (mST, ST, dvST). Green = positive resistance (+); blue=nega-
tive resistance (—). ¢ NO, reduction of nitrates to nitrites, N, reduction
of nitrates to nitrogen, 7RP indole production, GLUI fermenta-
tion, ADH arginine dihydrolase, URE urease, ESC hydrolysis from
B-glucosidase, GEL hydrolysis from protease, PNG hydrolysis from
[-galactosidase, GLU glucose assimilation, ARA arabinose assimila-
tion, MNE mannose assimilation, MAN mannitol assimilation, NAG
N-acetyl-glucosamine assimilation, MAL maltose assimilation, GNT
potassium gluconate assimilation, CAP capric acid assimilation, AD/
adipic acid assimilation, MLT malate assimilation, CIT trisodium cit-
rate assimilation, PAC phenylacetic acid assimilation. Green = posi-
tive activity (+); blue =negative activity (—)

with limited PGPR ability, low motility (only two strains
showed swim motility), no siderophore and chitinase
production and low P solubilizing ability. The strains
in cluster I were homogeneous for the lack of antibiot-
ics resistance. Among the five strains of this cluster, only
Variovorax paradoxus recovered from roots in Campos
Novos showed low resistance to kanamycin, ampicillin
and gentamicin. On the other hand, bacteria from Clus-
ter I were homogeneous for the ability to metabolize car-
bon sources, with the majority using up to 60% of carbon
sources tested. Cluster II was the largest group with 15
isolates (about 78% of the strains) recovered from trans-
genic plants, mostly from Ponta Grossa (80%) and from
roots (50%). These strains showed high IAA production
and P solubilization and all of them had motility. Although

@ Springer



1036

Archives of Microbiology (2019) 201:1029-1045

they present variations regarding the pattern of antibiotic
resistance, they were all resistant to at least two antibiot-
ics. Lower diversity for carbon sources metabolism was
found in strains recovered from GR transgenic plants
(Fig. 2) compared with strains recovered from non-trans-
genic (Fig. 1). Glucose was the most used carbon source
for strains recovered from transgenic plants (100%), fol-
lowed by ESC, PNG, ARA, MNE, MAN, NAG, MAL,
GNT and MLT which were metabolized by 80% of the
strains (Fig. 2).

Isolates from transgenic soybean of Cluster II showed
homogenous pattern for carbon source utilization, where
100% showed ability to metabolize 50% of carbon sources
tested. Glucose was the most used carbon source, metabo-
lized by 100% of the strains, followed by galactose (PNG),
arabinose (ARA), mannose (MNE), mannitol (MAN),
N-acetyl-glucosamine (NAG), maltose (MAL) and potas-
sium gluconate (GNT). Cluster III comprised only two
strains with PGP properties such as high IAA production
and P solubilization, lipase and protease activity and high
swimming motility; in addition, strains from Cluster III were
resistant to all antibiotics tested and able to metabolize 80%
of the carbon sources tested (Fig. 2).

The nearly complete sequences of the 16STRNA gene
from these isolates were also compared with those of other
16SrRNA sequences in the GenBank database. Among the
84 selected isolates 32 showed a 16STRNA gene sequence
with 99% similarity to the same sequence of the closest
strain found in the GenBank database (Table 1). Considering
that in our study tissues of different plant organs were ana-
lyzed, Enterobacter was the most abundant genus among all
recovered strains (23 isolates) and it was present in all plant
tissues (Table 1). The strains with 99% or more of identity
were assigned to the genus Enterobacter and to the genera
Acinetobacter, Agrobacterium, Arthrobacter, Burkholde-
ria, Citrobater, Curtobacterium, Enterobacter, Kosakonia,
Microbacterium, Pseudomonas, Ralstonia, Staphylococ-
cus and Stenotrophomonas. Partial sequences of 16STRNA
genes were aligned and the relationships between endophytic
bacterial strains from non-transgenic soybean (Fig. 3), GR
transgenic soybean (Fig. 4) and both non-transgenic and GR
transgenic soybean (Fig. 5) were evaluated by neighbor-join-
ing algorithm. Considering that trees are dynamic structures
that change on the basis of the quality and availability of the
data used for their calculation, only high-quality sequences
were used for the phylogenetic analysis. Therefore, isolates
with low sequence quality were not considered for con-
struction of phylogenetic trees. The phylogenetic trees con-
structed from partial sequences of the 16SrRNA of isolates
from both soybean management systems, non-transgenic and
GR soybean, grouped the recovered strains into six groups
of similarity at the genetic distance of 65.1. However, higher
homogeneity was observed among bacteria recovered from
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GR soybeans, where 22 strains represented 11 genera, while
in the non-transgenic soybean, the 20 recovered strains rep-
resented 14 genera.

Bacterial classification at species level was based on
BLAST determined similarity of 16STRNA amplicons with
known 16SrRNA genes and was considered only when
sequence similarity was higher than 95% if compared with
the sequence of 16STRNA gene of the type strains.

The genera Burkolderia sp., Ralstonia sp., Acinetobacter
sp., Pseudomonas sp., Xanthomonas sp., Curtobacterium
sp., Microbacterium sp., Staphylococcus sp. were found
exclusively in non-transgenic soybean plants, while Ser-
ratia sp., Pantoea sp., Kosakonia sp., Citrobacter sp. and
Nocardioides sp. were found exclusively in GR cultivars.

Significant differences were found in the abundance and
diversity of bacterial communities associated with GR and
conventional soybean. The GR soybean showed higher aver-
age population density when compared to the non-transgenic
(2.36 Log CFU g~! and 1.54 Log CFU g™, respectively,
P <0.05 Tukey’s test) and most isolates were found in the
roots. In Ponta Grossa, locality with the highest abundance
of isolates, significative difference between cultivars was
observed. The non-transgenic BRS 133 cultivar showed
average population density of 1.85 Log CFU g~!, while in
its essentially derived GR BRS 245RR an average popula-
tion density of 2.41 Log CFU g~!, P <0.05 Tukey’s test,
was observed.

Discussion

Endophytes are considered bacteria that can colonize inter-
cellular spaces of tissues of different organs of plants without
causing negative effects on their host (Hardoim et al. 2008;
Schulz and Boyle 2006; Etesami and Maheshwari 2018;
Vigani et al. 2018). They have been reported as being pre-
sent in almost all plant species and have been isolated from
all plant organs such as stem, root, seed and leaf, therefore
representing a great reservoir of bacterial diversity. Many
endophytic bacteria are able to play several useful roles for
their host such as nitrogen fixation, production of growth
regulators, participation in immune reactions, and protec-
tion from abiotic stresses such as salinity, drought, heavy
metal toxicity, and nutritional imbalance in plants (Gaiero
et al. 2013; Garipova 2014; Glick and Stearns 2011; Zhang
et al. 2012 Miliute et al. 2015). These functions can have a
remarkable biotechnological potential and the use of endo-
phytic bacteria may lead to plant health improvements with
an important role in reduction of the amount of chemicals
and achievement of sustainable agricultural productivity.
Since endophytes are protected from adverse environ-
mental conditions and are more closely related to the host,
competition for nutrients with other microorganisms and
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Table 1 Endophytic bacteria isolated from non-transgenic (C) and
glyphosate-resistant transgenic (GR) soybean roots (R), stems (S) and
leaves (L), grown in field trials in Ponta Grossa/PR (PG), Campos

Novos/SC (CN) and Guarapuava/PR (G) in Brazil. NCBI accession
numbers of the most identical 16STRNA gene with the same gene of

each isolate and the % of identity are also provided

Isolate Closest NCBI match Cultivar Tissue Field site NCBI accession number % Identity
number

1 Acinetobacter calcoaceticus PUCM1031 C R CL GQ469890.1 97
2 Acinetobacter oleivorans SSPR10 C R PG MF521562.1 99
3 Acinetobacter sp. AAU-20B C R CL MG557790.1 96
4 Acinetobacter sp. UASWS1705 GR R CL MG813733.1 89
5 Acinetobacter sp. 4081 GR L CL KC236603.1 99
6 Agrobacterium tumefaciens NTW1 C R PG HE995808.1 98
7 Agrobacterium tumefaciens C58 GR S CN AE007870.2 99
8 Agrobacterium tumefaciens S33 GR R PG CP014260.1 99
9 Arthrobacter globiformis FS-1 C L G KY649415.1 98
10 Arthrobacter nicotinovorans S32115 GR R PG AB648947.1 98
11 Arthrobacter nicotinovorans g52 GR R PG KMO019883.1 97
12 Arthrobacter sp. RC 1.1 GR S CN KP267832.1 99
13 Bacillus aryabhattai PSB53 GR R CN HQ242766.1 95
14 Bacillus cereus TYg2-1 C R CL HQ290100.1 98
15 Bacillus megaterium 0100 C L CL KP236235.1 98
16 Bacillus megaterium SR7 C L CL CP022674.1 99
17 Bacillus subtilis M1 C S PG MG977677.1 95
18 Burkholderia cepacia FC2980 C R PG MG871245.1 99
19 Burkholderia cepacia EBO1 C R PG MF109897.1 99
20 Burkholderia cepacia JBK9 C R PG CP013732.1 99
21 Citrobacter freundii CF9527 GR R PG MF288078.1 98
22 Citrobacter freundiiJCM2628 GR S G LC416049.1 99
23 Cupriavidus taiwanensis EJ2 GR R CL KF646764.1 97
24 Curtobacterium flaccumfaciens P259/26 C L CN AJ310414.1 99
25 Curtobacterium sp. MR_MD2014 GR S CL KU740254.1 99
26 Enterobacter asburiae IHB B 1510 GR S CN KF475835.1 99
27 Enterobacter asburiae L1 GR R PG CP007546.1 95
28 Enterobacter sp. CVv GR R PG KF956722.1 97
29 Enterobacter cloacae L17 C R PG GQY95670.1 85
30 Enterobacter ludwigii IF2SW-B4 C L CN KF835823.1 95
31 Enterobacter ludwigii 1 C R PG MH251720.1 99
32 Enterobacter ludwigii IF2SW-P3 GR R PG KY218816.1 99
33 Enterobacter ludwigii K170 GR R PG AB900620.1 90
34 Enterobacter ludwigii SJR3 GR L PG KF383271.1 95
35 Enterobacter ludwigii IF2SW-P3 GR S PG KY218816.1 99
36 Enterobacter ludwigii K9 GR R PG EF175735.1 99
37 Enterobacter sp. MLBOS C S G JQ765415.1 96
38 Enterobacter sp. L3R3-1 C L CL KF010363.1 99
39 Enterobacter sp. Gamma-8 C S CL MH703439.1 98
40 Enterobacter sp. GD106 C R CL JX112354.1 100
41 Enterobacter sp. Ps08 C R CL KR856303.1 99
42 Enterobacter sp. UIWRF1243 C R CL KR189401.1 97
43 Enterobacter sp. SR1.1 C R CL JQ912523.1 96
44 Enterobacter sp. BSRA1 C R CL FJ868805.1 95
45 Enterobacter sp. GD106 GR L CL JX112354.1 98
46 Enterobacter sp. Osibote30 C S CL LC349902.1 99
47 Enterobacter sp. NOD6 C R CL MH392321.1 99
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Table 1 (continued)

Isolate Closest NCBI match Cultivar Tissue Field site NCBI accession number % Identity
number

48 Enterobacter sp. TV1 C R CL KX373988.1 93
49 Kosakonia cowanii R28 GR L CN MH141462.1 99
50 Kosakonia cowanii Noori9 GR R G MG586239.1 90
51 Microbacterium binotii JZ R-90 GR R PG MH119727.1 99
52 Microbacterium sp. TRB26 C R PG KX981237.1 98
53 Nocardioides zeae SCSIO 43764 GR S G MH283848.1 98
54 Pantoea agglomerans SGS9 GR R CN KJ529102.1 84
55 Pantoea agglomerans Y34 GR L PG JX113242.1 97
56 Pantoea agglomerans SN 13 GR L PG KRO088615.1 93
57 Pantoea agglomerans FC2948 GR L CL MHS532498.1 93
58 Pantoea agglomerans TPJ1 GR L CL KT766082.1 93
59 Pantoea agglomerans FC2948 GR L CL MHS532498.1 98
60 Pantoea stewartii LMR298 GR R PG KU182804.1 89
61 Pseudomonas fulva S29 C L CN AY741159.1 99
62 Pseudomonas monteilii 151 C R CL MH910255.1 99
63 Pseudomonas putida MG-Y2 GR R CL EU179737.1 99
64 Pseudomonas sp. EA-S-10 C R CL KJ642335.1 96
65 Pseudomonas sp. H9zhy C S CL AM410625.1 99
66 Pseudomonas sp. EpD2 GR R CL KX914639.1 90
67 Ralstonia insidiosa M11 C R G LN890097.1 99
68 Rhizobium pusense A1143 GR R PG JX266311.1 94
69 Rhizobium sp./Agrobacterium sp. GR S CL KC488176.1 97
70 Serratia symbiotica 28238 GR R PG KP866578.1 85
71 Staphylococcus sp. C0021-01F C S PG MH447012.1 98
72 Staphylococcus aureus O17 C L G CP032051.1 99
73 Staphylococcus capitis Y47 GR L CL J1X094954.1 99
74 Staphylococcus pasteuri HN-35 C S PG KT003275.1 98
75 Stenotrophomonas maltophilia T215 C R PG KC764984.1 95
76 Stenotrophomonas maltophilia ISMMS2 GR R G CP011305.1 99
77 Variovorax sp. AMF1302 C R G JQ316399.1 98
78 Variovorax sp. AL104 GR R CN MG819595.1 90
79 Variovorax sp. 287 GR L PG KY682047.1 89
80 Variovorax sp. SaNR1 GR L PG HQ730968.1 88
81 Xanthomonas arboricola 17-331 C S PG LC388645.1 95
82 Xanthomonas axonopodis UF-CrpMy C R PG KF926682.1 96
83 Xanthomonas campestris FI-X1 GR L PG MF285891.1 95
84 Xanthomonas translucens JS1023 GR R PG KX507147.1 97

their effectiveness are significantly different if compared to
the bacteria isolated from the soil and rhizosphere (Sturz
et al. 2000; Siciliano et al. 2001; Compant et al. 2010; Ete-
sami et al. 2014; Garipova 2014). Therefore, considering the
several useful roles played by endophytic bacteria in plants
and the favorable environmental conditions inside the host,
the use of these bacteria could help reducing the adverse
effects on crops of environmental stresses. Some endophytic
bacteria are also able to completely degrade organic com-
pounds such as organochlorine herbicides several times
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more frequently than in rhizobacteria. In their study, Ger-
maine et al. (2006) reported that pea plants inoculated with
Pseudomonas, an endophytic bacterium that naturally pos-
sesses the ability to degrade 2,4-dichlorophenoxyacetic acid,
showed a higher capacity for 2,4-dichlorophenoxyacetic acid
removal from soil and showed no 2.,4-dichlorophenoxyacetic
acid accumulation in their aerial tissues. This demonstrates
the usefulness of bacterial endophytes not only to enhance
the phytoremediation of herbicide-contaminated substrates
but also to reduce levels of toxic herbicide residues in crop
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and leaves (L) of glyphosate-
resistant transgenic soybean
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above each node were generated
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isolates phenotypes are given on
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plants. Differences in the composition of the root-associated
microbial community between transgenic and non-transgenic
plants have been described (Donegan et al. 1995; Siciliano
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and Germida 1999; Di Giovanni et al. 1999). This study
indicated that endophytic bacteria isolated from transgenic
and non-transgenic soybean field sites differ in their capacity
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to promote growth (PGPs). Overall, resistance to antibiotics
and carbon sources metabolism were generally more com-
mon than PGP ability. The majority of isolated endophytes
could utilize multiple patterns of carbon sources and express
resistance to antibiotic, while isolates varied widely in the
PGPs ability (Figs. 3 and 4). The greater frequency of carbon
sources utilization as well as the frequency and intensity
of antibiotic resistance compared with PGP ability within
the soybean endophytes community suggests that carbon
metabolism and antibiotic resistance confer a greater rela-
tive fitness benefit than PGP ability. Alternatively, carbon
sources utilization pattern and antibiotic resistance may be
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less costly energetically to maintain in the absence of direct
selection pressure. Further, carbon metabolism and antibi-
otic resistance may be more readily disseminated among
individuals via horizontal gene transfer (Davelos et al. 2004;
Liu et al. 2018). These data are consistent with the expecta-
tion that carbon sources utilization and antibiotic resistance
are an absolute requirement for survival.

There was substantial diversity in our study when we
analyzed tissues from different plant organs. The distinct
differences among the frequency of antibiotic resistance
in the phenotypes isolated from various tissues suggested
that antibiotic interactions may vary in their significance to
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fitness among plant tissues. The highest frequency of strains
expressing antibiotic resistance was recovered in roots (R).
In leaves (L) and stems (S), where the density of bacte-
rial population was lower, the isolates had relatively little
antibiotic resistance ability (Figs. 3, 4). These data suggest
that antibiotic resistance-mediated competitive interactions
within the community of bacterial endophytes could be less
important where the population density is low. Similarly, a
significant variation was observed among the soybean field
sites. In Ponta Grossa/PR (PG), where soybean showed
the highest density of isolates, strains with the highest fre-
quency of antibiotic resistance were isolated, while in Cam-
pos Novos/SC (CN), field location with the lowest density,
isolates had lower frequency of antibiotic resistance. These
data support the hypothesis that antibiotic resistance is an
important requirement for survival, even more important
where the competition is higher.

The composition and density of the endophytic bacterial
community depend on plant tissues and genotype, but also
on temperature and soil type of the location where the plant
is being grown. Our results showed that endophytic bacte-
ria isolated from non-transgenic soybean grown in Campos
Novos (SC) were significantly less abundant than those iso-
lated from other localities. Although Campos Novos (SC),
during the soybean season, did not show greater temperature
difference comparing to the other sites evaluated, the annual
temperature average in Campos Novos was lower than the
other localities with additional significant higher tempera-
ture gradient during the year (data not shown). This could
be a reason for differences in endophytes species abundance.
The effect of temperature and soil type on plant growth-
promoting bacteria associated with wheat was evaluated by
Egamberdiyeva and Hoflich (2003). Wheat inoculated with
Mycobacterium sp., Pseudomonas fluorescens and P. agglo-
merans isolated from semi-continental climate showed a
significantly increased root and shoot growth at 16 °C com-
pared with that at 26 °C and plant growth-promoting effect
was different in loamy sand and sandy loam soils.

The structure of soil microbial community may be altered
by culture management and several studies have demon-
strated that the application of herbicides, such as glyphosate,
could result in changes in the microbial community in plants
(Busse et al. 2001; Kuklinsky-Sobral et al. 2005, Barriuso
et al. 2010; de Almeida Lopes et al. 2016). Although there is
conflicting literature on the effects of glyphosate on micro-
bioma community, most of the literature regarding long-term
studies showed that shifts in bacterial community structure
could not be clearly associated with glyphosate dissipation,
suggesting the presence of redundant bacteria populations
of potential degraders. Sorption coefficient in soil, cation
exchange capacity, pH, soil nutrients status, clay and organic
matter influence the capacity of soil to adsorb the herbi-
cide, suggesting that bioavailability was a key factor for the

persistence of glyphosate. In this respect, it is important to
consider the relationship between bacterial taxa exposed to
the herbicide and the importance of soil properties as pre-
dictor of the possible rate of degradation and persistence of
glyphosate in soil (Guijarro et al. 2018).

The full range of resistance or sensitivity to glyphosate
within the soil microbial community is not fully known.
In plants, glyphosate blocks the synthesis of the aromatic
amino acids phenylalanine, tyrosine, and tryptophan through
the competitive inhibition of EPSPS, which also causes
accumulation and excretion of shikimate-3-phosphate and
hydroxybenzoic acids. In bacteria, the sensitivity of EPSPS
to glyphosate varies widely in sensitive and relatively
insensitive strains. Among the insensitive ones, Agrobac-
terium CP4 is the source of the GR-EPSPS transgene in
most GR cultivars and the resistance to glyphosate results
from variations in the amino acid sequence of EPSPS (Duke
et al. 2012; Reddy and Duke, 2014). Three mechanisms of
microbial growth inhibition by glyphosate were proposed by
Fischer et al. (1986): (1) interruption of aromatic amino acid
synthesis, (2) energy consumption and drainage due to accu-
mulation shikimate-3-phosphate, and (3) toxicity resulting
from the shikimic acid pathway intermediate products accu-
mulation. Hungria et al. (2014) used three pairs of near iso-
genic cultivars to study the effect of the GR transgenic trait
on N, fixation variables such as nodule mass, total biomass,
N and ureide-N and found some negative effects, although
soybean grain yields were not affected over the three-year
study period. In addition, according to the results from the
multivariate analyses, it was found that Biological Nitrogen
Fixation (BNF) and yield parameters were more affected by
cropping season, location and cultivar than by the transgene,
weed management strategy or herbicides used. However,
longer term effects on BNF and N accumulation should be
monitored in spite of the lack of effects of the transgene
on yield in the three-year period. The effects of glypho-
sate on soybean nodulation and N fixation were reported
by Zablotowicz and Reddy (2004): glyphosate treatments
determined reduced nodulation, as well as delayed N fixa-
tion, plant biomass accumulation and N fixation. However,
several factors affected the severity of these effects such
as the number of glyphosate applications, glyphosate for-
mulation, and GR soybean cultivar. Cultivars responses to
glyphosate, but also the influence on Bradyrhizobium growth
and nodulation, were studied by Oliveira et al. (2008) in a
field trial with 20 GR soybean cultivars. Glyphosate was
applied at four rate and timing combinations and soybean
without glyphosate application was the negative control.
Bradyrhizobium nodulation was less affected by glypho-
sate in the BRS variety group (BRS 245 RR, BRS 242 RR,
BRS 243 RR, BRS 244 RR, BRS 246 RR), compared to
other genetic materials, showing no significant nodulation
reduction. Glyphosate was also found to reduce growth of B.
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Jjaponicum in laboratory conditions, while Rhizobium spp.
was able to degrade glyphosate (Liu et al. 2018). Therefore,
these effects on nodulation and N fixation may be due in part
to the inhibitory effects of glyphosate on B. japonicum, but
may also be related to GR cultivar responses to glyphosate.

The effects of herbicide-resistant plants and glyphosate
on soil microorganisms were reported in several studies
(Zablotowicz and Reddy, 2004; Pline-Srnic, 2005; Cerdeira
and Duke, 2006; B6hm and Rombaldi, 2010) and the condi-
tions of each study affected the results. For instance, Bohm
and Rombaldi (2010) showed that soil type and crop man-
agement can influence the effects of RR soybean on soil
microorganisms, although the effects were dependent more
on the herbicide than the transgenic trait. In conclusion, con-
sidering that limited variables were usually analyzed and
experiments were usually conducted under greenhouse or
in vitro conditions, the results suggested that transgenic trait
does not affect soil microorganisms community.

The results of our study suggested the existence of sig-
nificant differences in terms of diversity between groups
of species associated with non-transgenic and transgenic
glyphosate-resistant soybean. The management system of
herbicide application used in the non-transgenic and GR
soybean could be the reason for this difference. However,
other factors such as field conditions, cultivar genetic back-
ground, environmental factors, temperature, soil charac-
teristics, and the agricultural practices adopted could play
important roles in the endophyte community composition.
Moreover, the different abundance and diversity of selected
bacteria could be due also to the laboratory cultivation
media. Most studies that isolated and characterized endo-
phytic bacteria from transgenic plants were conducted in
greenhouses or plot trials, therefore, under alleviated stress
conditions; in the present study we highlighted that, in order
to identify the best PGP and competitive endophytic bac-
teria, we characterized genetically and phenotypically the
bacterial endophytes recovered from commercial soybean
varieties, in field trials from different localities and in the
presence of abiotic stresses. There are no reports about the
diversity of interaction between management system in non-
transgenic and transgenic glyphosate-resistant soybean in
the field. Studies involving field experiments and bacteria
cultivation-independent analysis should be performed to
provide complete comprehension of the interaction between
herbicides and plant-associated bacterial communities for
more effective crop management.

Data regarding the phenotypic characterization of the
endophytic bacterial population associated with non-
transgenic and transgenic glyphosate-resistant soybean
including the PGPs characteristics, frequency and quality
of antibiotic resistance and carbon patterns metabolism
of the strains were clustered at a Euclidian distance of 10.
In a similar way, the 20 endophytic bacteria isolated from
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non-transgenic soybean and the 22 endophytic bacteria
recovered from glyphosate-resistant transgenic soybean were
clustered into three groups at 57% similarity. Although the
microbial diversity was often analyzed by methods reveal-
ing phenotypic features, this approach has several limita-
tions, such as pre-cultivation in the laboratory or the fact that
only a restricted part of the genetic information is revealed
through phenotypic testing. A combination of phenotypic
and genetic methods is known to provide a good estimate of
soil bacteria diversity (Torsvik et al. 1990). Therefore, it is
of great importance to characterize bacterial communities
both genetically and phenotypically, and each characteriza-
tion complements the other, leading to more reliable results.

Thirty-nine percent of 84 isolates yielded the best
matches with bacteria of the family Enterobacteriaceae
(Enterobacter, Pantoea, Citrobacter and Serratia) that
has been previously reported as prevalent and widespread
family associated with plant tissues (Bulgari et al. 2009;
Markova et al. 2005; Khalifa et al. 2016); bacteria of the
family Enterobacteriaceae were followed by Pseudomonas,
Bacillus, Acinetobacter, among others.

Partial sequences of 16STRNA of the recovered isolates
in all field sites were aligned and the relationships between
endophytic bacteria from non-transgenic and GR soybean
were evaluated by neighbor-joining algorithm. The phy-
logenetic trees constructed from partial sequences of the
16SrRNA from both soybean system managements, non-
transgenic and GR soybean, grouped the recovered strains
into six groups of similarity at the genetic distance of 65.1.
The 16SrRNA sequences of isolates from non-transgenic
plants presented greater diversity than the sequences
from endophytes isolated from transgenic plants. Most of
16SrRNA sequences from endophytic isolates obtained from
transgenic soybean formed one large phenotypic group of
similarity at the genetic distance of 45.1.

Taken together, cluster analysis of the phenotypes and
16StRNA gene sequences did not reveal correspondence
between bacterial isolates and transgenic character of plants;
the heterogeneity of clustering suggests that various adap-
tive processes could have contributed to this variability to
enhance endophytes overall fitness.

Discrepancies between the phenotypic and genotypic
characterization of bacterial communities have already
been observed by other authors and can be explained by the
fact that certain characteristics that are highly dependent on
environmental factors, such as antibiotic resistance, are usu-
ally given by local selection pressures (Lottmann and Berg,
2001; Davelos et al. 2004; Baines et al. 2007; Freitas et al.
2008; Sikorski et al. 2008; Sagova-Mareckova et al. 2015).
The crop management adopted in each field locality suggests
that local selection pressures are important in generating
diversity in PGPs characteristics, antibiotic resistance and
carbon source utilization pattern in endophytic communities.
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Particularly in complex environments such as those influ-
enced by specific crop management, the development of
antibiotic resistance and carbon sources utilization pattern
phenotypes may provide fitness benefits under a wide range
of conditions. The evolutionary variation (horizontal trans-
fer, mutation, recombination) and ecological forces (local,
crop management, plant tissue) generate the variation. Thus,
variations in local selection and ecological processes across
the local sites, crop management and plant tissue are likely
to be an important contributor to the generation and main-
tenance of phenotypic diversity. The lack of correspond-
ence between genetic and phenotypic groups within soybean
endophytes suggests that selection pressures and endophytes
responses vary across plant tissue, crop management and
local site.
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