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Abstract

Endophytic bacteria are ubiquitous in most plant species influencing the host fitness by disease suppression,
contaminant degradation, and plant growth promotion. This endophytic bacterial community may be
affected by crop management such as the use of chemical compounds. For instance, application of glypho-
sate herbicide is common mainly due to the use of glyphosate-resistant transgenic plants. In this case, the
bacterial equilibrium in plant-endophyte interaction could be shifted because some microbial groups are
able to use glyphosate as a source of energy and nutrients, whereas this herbicide may be toxic to other
groups. Therefore, the aim of this work was to study cultivable and noncultivable endophytic bacterial pop-
ulations from soybean (Glycine max) plants cultivated in soil with and without glyphosate application (pre-
planting). The cultivable endophytic bacterial community recovered from soybean leaves, stems, and roots
included Acinetobacter calcoaceticus, A. junii, Burkholderia sp., B. gladioli, Enterobacter sakazaki, Klebsiella
pneumoniae, Pseudomonas oryzihabitans, P. straminea, Ralstonia pickettii, and Sphingomonas sp. The
DGGE (Denaturing Gradient Gel Electrophoresis) analysis from soybean roots revealed some groups not
observed by isolation that were exclusive for plants cultivated in soil with pre-planting glyphosate applica-
tion, such as Herbaspirillum sp., and other groups in plants that were cultivated in soil without glyphosate,
such as Xanthomonas sp. and Stenotrophomonas maltophilia. Furthermore, only two bacterial species were
recovered from soybean plants by glyphosate enrichment isolation. They were Pseudomonas oryzihabitans
and Burkholderia gladioli which showed different sensibility profiles to the glyphosate. These results suggest
that the application at pre-planting of the glyphosate herbicide may interfere with the endophytic bacterial
community’s equilibrium. This community is composed of different species with the capacity for plant
growth promotion and biological control that may be affected. However, the evaluation of this treatment in
plant production should be carried out by long-term experiments in field conditions.

Introduction wide variety of bacteria. Such niches include not
only the external surfaces of plants, but also the

Plants may be considered complex microecosys- internal tissues which endophytic bacteria inhabit
tems where different niches are exploited by a without apparent harm to the host or external
structures (Azevedo et al., 2000). In most plant
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encing plant health by suppression of disease,
degradation of contaminants, and promotion of
plant growth (Sturz et al., 2000). On the other
hand, the plant-associated habitat is a dynamic
environment in which many factors, such plant
tissues, soil type, and interaction with other
microorganisms, may affect the structure and
species composition of the bacterial communities
that colonize plant tissues (Araujo et al., 2001;
2002; Dalmastri et al., 1999; Lacava et al., 2004;
Mocali et al., 2003).

The intensive use of herbicides has recently
raised increasing concern due to their role in
large-scale environmental pollution. Glyphosate
[(N-phosphonomethyl) glycine] is a widely used
herbicide known for its effective control of com-
peting vegetation, rapid inactivation in soil and
low mammalian toxicity (Busse et al., 2001).
Although various microorganisms may degrade
glyphosate, there have been studies that showed
harmful effects of glyphosate to some microor-
ganisms (Araujo et al., 2003; Levesque and Rahe,
1992; Santos and Flores, 1995). It is possible that
glyphosate could induce a shift in the endophytic
bacterial community of some plants. This aspect
has not previously been explored.

Therefore, the aim of this work was to study
the interaction between endophytic bacterial
community from soybean and soil treatment
(glyphosate herbicide application at pre-planting)
by using cultivation based plating techniques and
cultivation-independent methods involving PCR-
generated 16S rRNA gene (rDNA) fragments
and denaturing gradient gel electrophoresis
(DGGE).

Materials and methods
Experimental field design

The soybean (Glycine max [L.] Merrill) cultivars
Foscarin and Cristalina were cultivated in eutric
nitosols type soil (pH 5.4 (water), 2.7 mmol kg™
potassium, and 21.1 mg kg™' total phosphorus)
from fields with and without a reported history of
glyphosate pre-planting application (1.44 kg ha™",
Agrisato 480 CS, Alkagro). The cultivation prac-
tices were: irrigation and fertilization with phos-
phorus and potassium. Two plots (2 X 6 m) which
were treated using a completely randomized block

design of ten lines with fifteen plants per line were
located at Escola Superior de Agricultura ‘Luiz
de Queiroz’, University of Sao Paulo, Piracicaba,
SP, Brazil (22°42’ S and 47°38" W). Twelve plants
from each treatment were collected after 35, 55
and 75 days from planting and were analyzed.

Total isolation and glyphosate enrichment isolation
of cultivable endophytic bacteria

Soybean plants were removed from the soil with
a trowel, placed in a plastic bag and immediately
transported to the laboratory where they were
washed in running tap water to remove soil.
Leaves, stems and roots were used. Total endo-
phytic bacteria were isolated after removing epi-
phytes by surface disinfection using serial
washing in 70% ethanol for 1 min, sodium hypo-
chlorite solution (2% available CI7) for 3 min,
70% ethanol for 30 s and two rinses in sterilized
distilled water. The disinfection process was
checked by plating aliquots of the sterile distilled
water used in the final rinse onto 10% trypticase
soy agar (TSA) supplemented by 50 ug mL™" of
the fungicide Imazalil (Magnate 500 CE, Agri-
cur) and incubating the plates at 28 °C for 2—
15 days. After surface disinfection, the leaf, stem
or root tissues were cut and triturated in a
50 mL flask containing 10 mL of sterile phos-
phate buffered saline (PBS, containing [g L™']
Na,HPO,, 1.44; KH,PO,, 0.24; KCl, 0.20; NaCl
8.00; pH 7.4), incubated at 28 °C with agitation
(150 rpm) for 1 h. Following that, 100 uL aliqu-
ots from appropriate dilutions (107!, 1072, and
107%) were plated onto 10% TSA supplemented
with 50 ug ml™' of Imazalil fungicide and incu-
bated at 28 °C for 2-15 days. After incubation,
colonies were picked out, inoculated on 10%
TSA slants, incubated at 28 °C for 2 days and
stored at 4 °C. These isolated colonies were also
cultivated on 10% TSA liquid, and incubated at
28 °C for 18 h. Each culture was suspended in
20% glycerol solution and stored at —70 °C.
Glyphosate enrichment isolation was accom-
plished by inoculating 1 mL of triturated tissue
suspension in 10 mL of Dworkin-Foster (DF)
liquid medium (Dworkin and Foster, 1958) sup-
plemented with 3.38 g L™' glyphosate (GY) (Ag-
risato 480 CS, Agricur) and incubated at 28 °C,
under agitation (150 rpm) for 10 days. After
incubation, 10% of the culture was subcultured



twice as described above. Appropriated dilutions
were plated onto DF agar (medium containing
16 g L™' of agar) and the plates incubated at
28 °C for 20 days. The colonies were then picked
out, inoculated on DF agar slants, incubated at
28 °C for 2 days and stored at 4 °C. These iso-
lated colonies were also cultivated on DF liquid,
incubated at 28 °C for 18 h. Each culture was
suspended in 20% glycerol solution and stored at
=70 °C.

Extraction of total DNA from plant samples,
PCR-DGGE analysis, and sequencing

After superficial disinfection of the roots, during
the process of endophytic bacteria isolation, 2 mL
of the triturated suspension were transferred to a
new tube and centrifuged for 5 min at 12,000 x g,
and the resulting pellet was dissolved in 500 uL of
TE buffer (Sambrook et al., 1989). Total DNA
was extracted as described by Araujo et al. (2002)
and visualized by electrophoresis on a 0.8% (wt/
vol) agarose gel (Sambrook et al., 1989).

The PCR mixture was made in a final volume
of 50 uL containing: 1 uL (0.5 — 10.0 ng) of total
DNA, 0.2 uM of the primers U968GC (5-CG
CCCGGGGCGCGCCCCGGGCGGGGCGAGG
GCACGGGGGGAACGCGAAGACCTTAC-3)
and 1378R (5-CGGTGTGTACAAGGCCCGG
GAACG-3"), 200 uM of each dNTP, 3.75 mM
MgCl, and 0.1 U of Tag DNA polymerase (Invi-
trogen, Life Technologies) in 20 mM pH 8.4 Tris—
HCI and 50 mM KCI. A negative control (PCR
mixture without DNA) was included in all PCR
experiments. The amplification protocol was
accomplished according to Araujo et al. (2002).
Five microliters of the PCR product were analyzed
by electrophoresis in a 1.4% (wt/vol) agarose gel
with 1 x TAE buffer (Sambrook et al., 1989) and
stored at =20 °C for DGGE analysis. DGGE was
performed as described previously (Muyzer et al.,
1993) with the DGGE-1001 apparatus (C.B.S.,
Scientific Company, Inc., Del Mar, CA, USA).
PCR samples were loaded onto 6% (wt/vol)
polyacrylamide gels in 0.5 x TAE buffer. The
polyacrylamide gels were made with denaturing
gradients ranging from 45 to 80% (where the
100% denaturant contained 7 M urea and 80%
formamide). The gels were run for 15 h at 100 V
and 60 °C, after which the gels were soaked for
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1 h in SYBR Green nucleic acid stain (1:10,000
dilution; Gold Nucleic Acid Gel Stain; Molecular
Probes, Eugene, Oregon, USA) and immediately
photographed under UV light.

Prominent bands were excised from the gels,
reamplified, and subjected to DGGE as previously
described. The new PCR products were purified
with the GFX PCR DNA and gel band purifica-
tion kit (Amersham Biosciences) to remove the
unused deoxynucleoside triphosphates, and
sequenced using the 1378R primer. Analyses of
the sequences were performed with the basic
sequence alignment BLAST program run against
the BLAST database (National Center for
Biotechnology Information website [http://
www.ncbi.nlm.nih.gov]).

Genomic DNA extraction and RAPD ( Random
Amplified Polymorphic DNA) analysis

Genomic bacterial DNA was extracted from each
isolate as described by Araujo et al. (2002) and
RAPD analysis was carried out according to
Aragjo et al. (2001) using the primers AX17
(5-TGGGCTCTGG-3"), AX19 (5-CCCTGTCG
CA-3), C02 (5-GTGAGGCGTC-3), and COS8
(5-TGGACCGGTG-3") (Invitrogen).

Glyphosate sensibility test

Preliminary tests were accomplished with some
isolates, but the isolates HGI13 (Burkholderia
gladioli) and HG37 (Pseudomonas oryzihabitans)
were analyzed in detail. These isolates were
grown separately in 50 mL flasks containing
10 mL of DF liquid medium supplemented with
3.38 g L™> glyphosate and 0, 0.1, 1.0, and
10 g L™ glucose. Growth was evaluated by mea-
suring the optical density (OD) at 600 nm after
0, 24, 48, and 76 h incubation at 28 °C under
agitation (150 rpm). A control was carried out
for each isolate under the same conditions except
that the medium contained no glyphosate. All
experiments were accomplished in triplicate.

Identification of the isolates

Species identification was made by 16S rDNA
sequencing and the fatty-acid methyl ester
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(FAME) technique with whole-cell fatty acids
derivatized to methyl esters analyzed by gas chro-
matography by the MIDI system (Microbial
Identification System, Inc., Delaware, USA). Iso-
lates that could not be identified by FAME anal-
ysis were additionally tested by Biolog (Biolog
Inc., Hayward, USA) or with the analytical pro-
file indexes API, AP 20E, and AP 50CHE (bio-
Meérieux S.A., Marcy I’Etoile, France).

Data analysis

Analysis of the data was carried out using the SAS
software package (Copyright (c) 1989-1996 by
SAS Institute, Cary, NC, USA) with a completely
randomized analysis of variances (P < 0.05). Bac-
terial counts were transformed using log;, of
X + 1 before analysis of variance. The Tukey-test
was used for comparison of the means (Steel and
Torrie, 1980).

Dendrograms were constructed based on
RAPD data and on the Jaccard coefficient and
the unweighted pair group method with averages
(UPGMA) cluster analysis using the NTSYS-PC
program (Applied Biostatistics, Inc., USA) and a
consensus tree was obtained using the Winboot
program (Yap and Nelson, 1996) with 1000 repli-
cate bootstrapping.

Results

Identification of cultivable endophytic bacteria by
total and enrichment isolation

The interaction between endophytic bacteria and
soybean plants was assessed in leaves, stems, and
roots of soybean plants cultivated in soil with
and without glyphosate herbicide treatment at
pre-planting. The endophytic bacterial commu-
nity recovered on 10% TSA medium included
Acinetobacter calcoaceticus, A. junii, Agrobacte-
rium sp., Enterobacter sakazakii, Sphingomonas
sp. from plants that were cultivated in soil with
glyphosate, Ralstonia pickettii from plants that
were cultivated in soil without glyphosate and
Burkholderia sp., Erwinia sp., Klebsiella pneumo-
niae, Pantoea sp., Pseudomonas sp., P. oryzihabi-
tans, P. straminea from plants that were
cultivated in both soils. The numbers of total
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Figure 1. Total population density of endophytic bacteria
from soybean leaves, stems and roots. Means with the differ-
ent letters are significantly different by the Tukey test
(P < 0.05). H (herbicide treatment): plants cultivated in soil
with glyphosate herbicide application at pre-planting and C
(control): plants cultivated in soil without glyphosate herbi-
cide application at pre-planting.

cultivable endophytic bacteria were not signifi-
cantly different among the soil treatments or
among the cultivars, ranging from 10%> to
10* CFU g™! (fresh tissue weight basis), but was
significant between leaves of plants cultivated in
soil with and without glyphosate (Figure 1). On
the other hand, the endophytic bacterial species
recovered by enrichment isolation with DFGI
medium included Pseudomonas oryzihabitans and
Burkholderia gladioli (only from plants that were
cultivated in soil without glyphosate).

DGGE analysis of the endophytic bacterial
community from soybean roots

The DGGE patterns of the PCR products
(amplified with universal primers for the 968-to-
1387 16S rDNA fragment) from DNA extracted
from soybean roots revealed that the communi-
ties were composed of groups of species that
were not represented in all plant samples. Some
groups were exclusive of plants that were culti-
vated in soil with glyphosate herbicide (pre-
planting), such as Herbaspirillum sp., and other
groups in plants that were cultivated in soil with-
out glyphosate, such as Xanthomonas sp. and
Stenotrophomonas maltophilia (Figure 2). Fur-
thermore, Pseudomonas sp., Erwinia sp. and
Pantoea sp. were observed by DGGE and plating
analysis independently of the soil in which the
soybean was cultivated (Table 1).
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Figure 2. Fingerprinting of the endophytic bacterial community from soybean roots by DGGE separation and analysis of 16S
rDNA fragments amplified by the bacterial primer set 968F (primer F968_GC without GC clamp) plus 1387R. Lanes: M, DGGE
profile of Curtobacterium flaccufaciens (M1), Methylobacterium mesophilicum (M2), and M. extorquens (M3), C (control), plants
cultivated in soil without glyphosate herbicide application at pre-planting, H (herbicide treatment), plants cultivated in soil with
glyphosate application at pre-planting. Bands 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, and 13 were excised and sequenced, and the
sequence was shown to have between 80 and 100% sequence similarity to Agrobacterium sp. (90%), Agrobacterium sp. (80%),
Pseudomonas sp. (82%), Pantoea sp. (99%), Pseudomonas putida (99%), Herbaspirillum sp. (98%), Erwinia sp. (97%), Erwinia sp.
97%), Xanthomonas sp. (93%), Pseudomonas putida (99%), Pantoea sp. (99%), Stenotrophomonas malthophilia (100%), and

Pantoea sp. (89%), respectively. * Plastid DNA.

Table 1. Endophytic bacterial species obtained from soybean by total and enrichment isolation and DGGE analysis

Species observed by total
and enrichment isolation'

Species observed by
DGGE analysis>

Species observed by
isolation and DGGE methods®

Acinetobacter calcoaceticus
Acinetobacter junii
Burkholderia gladioli
Burkholderia sp.
Enterobacter sakazaki
Klebsiella pneumoniae
Pseudomonas oryzihabitans
Pseudomonas straminea
Ralstonia pickettii
Sphingomonas sp.

Herbaspirillum sp.
Pseudomonas putida
Stenotrophomonas malthophilia
Xanthomonas sp.

Agrobacterium sp.
Erwinia sp.
Pantoea sp.
Pseudomonas sp.

!The species identified only by isolation in TSA and DF supplemented with glyphosate medium.

The species identified only by DGGE analysis.

3The species identified by both techniques, isolation in (TSA and DF) culture medium and DGGE analysis.

RAPD analysis

Genomic DNA from 10 B. gladioli isolates from
leaves, stems and roots of soybean plants culti-
vated in soil without glyphosate herbicide treat-
ment at pre-planting and 12 P. oryzihabitans
isolates from leaves, stems and roots of soybean
plants cultivated in soil with and without glypho-

sate were amplified by the RAPD technique with
four 10-mer primers, with the reproducibility of
the results being verified by independent experi-
ments. Amplification of DNAs from 10 B. gladioli
and 12 P. oryzihabitans isolates recovered from
enrichment isolation gave rise to 50 and 56
bands, respectively. The relationships between the
different P. oryzihabitans isolates as well as those
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Figure 3. UPGMA Dendrogram, based on the coefficient of Jaccard, illustrating the genetic relationships among isolates of
Burkholderia gladioli (a) and Pseudomonas oryzihabitans (b) isolated by the glyphosate enrichment method. The numbers in the
dendrogram indicates the percentage of times the group to the right of the node occurred in the bootstrap trees.

between the B. gladioli isolates can be seen in
the dendrograms based on the Jaccard coefficient
(Figure 3). These results show that there was no
correlation between the groups obtained by
RAPD markers and the soil treatment or plant
tissue from which the endophytic bacteria were
isolated.

Glyphosate sensibility analysis

One isolate of Burkholderia gladioli (HG13) and
one of Pseudomonas oryzihabitans (HG37) that
were recovered by enrichment isolation were cho-
sen to evaluate glyphosate sensibility. These iso-
lates presented a different rate of growth after
76 h incubation (HGI13-O.Dgg9 0.300 and
HG37-0.D 499 0.090). Growth curves show that
B. gladioli and P. oryzihabitans have a different
sensitivity to glyphosate. Glyphosate (20 mM)
inhibited growth of P. oryzihabitans, in spite of
having the glucose as another source of carbon
(Figure 4). However, B. gladioli adapted to
growth in a medium containing glyphosate after
24 h and produced the same growth as in a
glyphosate-free medium (Figure 5). This result
shows B. gladioli to have a profile of resistance
to glyphosate and P. oryzihabitans of sensitivity.

Discussion

Glyphosate [(N-phosphonomethyl) glycine] is an
effective non-selective herbicide that inhibits the
enzyme 5-enolpyruvylshikimat-3-phosphate syn-
thase (EPSPS) on the shikimic acid pathway,
which is involved in the synthesis of aromatic
amino acids (Penazola-Vazquez et al., 1995). The
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Figure 4. Growth of Pseudomonas oryzihabitans isolate HG37
in DF liquid medium containing different concentrations of
glucose with (a) and without (b) glyphosate herbicide
(3.38 gL™"). Bars represent the standard errors of the mean.

shikimic acid pathway is ubiquitous in microor-
ganisms, but some microbial groups are able to
use glyphosate as a source of energy and nutri-
ents, whereas this herbicide may be toxic to other
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Figure 5. Growth of Burkholderia gladioli isolate HG13 in
DF liquid medium containing different concentrations of
glucose with (a) and without (b) glyphosate herbicide
(3.38 gL™1). Bars represent the standard errors of the mean.

groups (Busse et al.,, 2001; Santos and Flores,
1995; Dick and Quinn, 1995).

In this study, no influence of the pre-planting
glyphosate application was observed on cultiva-
ble bacterial groups by using the total isolation
method. However, the DGGE technique revealed
that there were bacterial species exclusive of
plants cultivated in soil with glyphosate, such as
Herbaspirillum sp., or without glyphosate, such
as  Xanthomonas sp. and Stenotrophomonas
maltophilia. We speculate that the glyphosate
application at pre-planting could be selective for
noncultivable bacterial groups of the endophytic
community from soybean. The DGGE has been
recently applied in studies on endophytic bacte-
rial communities of potato (Solanum tuberosum)
(Garbeva et al., 2001) and citrus plants (Aratjo
et al., 2002), suggesting its wide applicability for
studies on endophyte—plant host interaction.
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The study of endophytic bacteria is important,
not only for understanding their ecological role
in their interaction with plants but also for their
possible biotechnological applications, such as
bioremediation. From this point of view, an
interesting interaction between the endophytic
bacterial community and glyphosate herbicide
was observed during enrichment isolation. Only
two bacterial species were recovered from the
culture medium supplemented by glyphosate,
Pseudomonas  oryzihabitans and  Burkholderia
gladioli. The bacterium P. oryzihabitans was also
recovered from total isolation and presented sen-
sibility to glyphosate. This species has been iso-
lated from different samples, such as soil, water,
zones of rice cultivation (Dussart et al., 2003),
and moreover, soybean seeds (Ochrle et al.,
2000). Furthermore, Belimov etal. (2001)
observed that P. oryzihabitans isolates from Pi-
sum sativum rhizoplane presented the capacity to
produce the enzyme ACC (aminociclopropano-1-
carboxilato) deaminase, evolved with the precur-
sor (ACC) immediate of ethylene; and Kuklin-
sky-Sobral et al. (2004) observed that endophytic
isolates from soybean were able to produce auxin
and to fix nitrogen in vitro. Therefore, P. oryzi-
habitans has potential for plant growth promo-
tion. In relation to B. gladioli that was only
recovered from enrichment isolation and resistant
to glyphosate, Shimosaka et al. (2000) observed
quitinase and quitosanase production by this spe-
cies that may also be interesting for biological
control. Chiou and Wu (2001) observed that
B. gladioli strains presented antagonistic effects
against Botrytis elliptica on three lily cultivars in
greenhouse trials. Furthermore, other
Burkholderia species have potential application in
biological control and plant growth promotion
(Chen et al., 1995; Heydari and Misaghi, 1998;
Heydari et al.,, 1997; Huang and Wong, 1998;
Tran Van et al., 2000).

A more complete comprehension of the inter-
action between herbicides and plant-associated
bacterial communities is an important factor for
a more effective crop management. The results
from this study indicated that pre-planting appli-
cation of glyphosate herbicide influenced endo-
phytic bacterial communities in soybean plants.
Increased application of glyphosate may change
endophytic populations, such as latent pathogens
and plant growth promoting bacteria, which
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could result in changes in plant production.
However, the long-term effect of the application
of this herbicide should be studied in field experi-
ments to provide better knowledge.
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