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Abstract

Aims Sugarcane is a multipurpose crop mostly used in
Uruguay for bioethanol production. It requires high
amounts of N fertilization for optimal growth, which
causes environmental degradation and high production
costs. Previously, a bacterial collection associated with
surface-sterilized stems of sugarcane was characterized
for in vitro plant growth-promoting (PGP) traits. The
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aims of this study were (1) to determine if selected
isolates from the collection are sugarcane growth pro-
moters and (2) to determine if they are true endophytes
of sugarcane.

Methods Plant growth promotion assays were used to
study the effects of selected isolates on sugarcane plant-
lets. Light microscopy, transmission electron, and scan-
ning electron microscopy (TEM, SEM) were employed
to describe the structure of the interaction between the
plant growth-promoting bacteria and the plants. qPCR
was used to quantify the bacteria residing in the inner
plant tissues.

Results Enterobacter sp. UYSO10 and Shinella sp.
UYSO024 were confirmed to have a PGP effect on the
commercial sugarcane cv. LCP 85384. Both strains
were defined as true endophytes of sugarcane plants
with this being the first case for a strain in the genus
Shinella in grasses.

Conclusions These data will contribute to the final de-
velopment of a sugarcane PGP inoculant based on en-
dophytic plant growth-promoting bacteria.

Keywords Enterobacter - Shinella - Sugarcane -
Endophyte - Plant growth promotion - Electron
microscopy

Introduction
The Uruguayan agro-industrial sector has been strongly

stimulated due to the promotion of biofuel production
using renewable, nationally produced feedstocks,
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particularly sugarcane (Saccharum officinarum), which
is the main feedstock employed for bioethanol produc-
tion. However, this multipurpose crop needs high N
fertilizer inputs for optimal growth, which results in high
economic and environmental production costs. In
Brazil, major efforts have been made to improve the
sustainability of sugarcane crops (Boddey et al. 1995;
Baldani and Baldani 2005; Reis et al. 2007). Several
studies using long-term N balances, '°N natural abun-
dance and "°N isotope dilution methods have shown that
some sugarcane cultivars can obtain significant amount
of their N requirements through biological nitrogen
fixation (BNF) (Urquiaga et al. 1992, 2012), but as yet
the bacteria responsible for the BNF measured in planta
remains unknown (Boddey et al. 1995; James and
Olivares 1998; James 2000).

Plant associated bacteria can be classified as
rhizospheric when they live in the area influenced by
root exudates, epiphytic when colonizing plant surfaces,
or endophytic when colonizing the inner tissues of the
plant (Hardoim et al. 2008). In particular, a “true
endophyte” is defined as a bacterium which has been
isolated from surface-sterilized plant tissue and which
has microscopic evidence of its presence in the inner
tissues (Reinhold-Hurek and Hurek 1998). Endophytic
bacteria can directly benefit plant growth by improving
the germination rate and nutrient uptake (e.g., of N, P,
Fe) as well as by modulating the plant hormone levels
and alleviating plant abiotic stresses. Furthermore, indi-
rect benefits include the biological control of phytopath-
ogens as well as the stimulation of systemic-induced
resistance in plants (Rosenblueth and Martinez-
Romero 2006; Ryan et al. 2008; Mei and Flinn 2010).
Considering their ecological niche, it has been sug-
gested that bacterial endophytes may have an ecological
advantage over rhizospheric and epiphytic bacteria since
they interact more closely with the host, with less com-
petition for carbon sources within a more protected
environment (James 2000).

Although the specific microorganisms responsible
for the BNF are unknown (James 2000), several
diazotrophic bacteria were isolated from the rhizosphere
and inner tissues of sugarcane roots and/or stems (Asis
et al. 2000; Mirza et al. 2001; Reis et al. 2007; Taulé
et al. 2012), and many more have been identified using
non-culturable methods (Burbano et al. 2011; Fischer et
al. 2012; Thaweenut et al. 2011). For some of the
isolated strains it has been demonstrated that their use
in inoculation trials, both singly and in consortia,
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promotes sugarcane growth (Oliveira et al. 2006,
2009; Taghavi et al. 2009; da Silva et al. 2012). For
example, in the specific case of Gluconacetobacter
diazotrophicus, when it was inoculated onto
micropropagated sugarcane plants it promoted sugar-
cane growth partly by BNF, but also via another mech-
anism, most likely plant hormones (Sevilla et al. 2001).
It is also well known, however, that the effect of bacte-
rial inoculation is highly dependent on the plant geno-
type, on soil characteristic, and on many other biotic and
abiotic factors (Reis Junior et al. 2000; Govindarajan et
al. 2006; Carvalho et al. 2011; da Silva et al. 2012).

Rhizobacteria capable of endophytic colonization
express particular genes that are required for attachment,
penetration, and colonization of the inner plant tissues,
allowing their growth and survival within them
(Monteiro et al. 2008). Since the molecular basis of
plant-endophytic bacterial interactions are not well un-
derstood (Turner et al. 2013), additional studies using
new models are needed.

In order to contribute to the environmental and eco-
nomic sustainability of the sugarcane production system
in Uruguay, a collection of bacteria previously isolated
from surface-sterilized stems, with an emphasis on
diazotrophic bacteria, was characterized for in vitro
plant growth-promoting (PGP) features (Taulé et al.
2012). In order to gain a better understanding of their
interaction with their host plants, and hence assist in
their use and management as a potential bioinoculant for
sugarcane crops, the aims of this study were to (1)
determine by plant inoculation assays if various native
diazotrophic bacterial strains are sugarcane growth pro-
moters and (2) determine if they are true endophytes by
quantifying and characterizing their colonization of the
root surface vis a vis their internal tissue colonization via
quantitative real-time PCR (qPCR) and high resolution
microscopy.

Materials and methods
Bacterial strains

Bacterial diazotrophs associated with commercial sug-
arcane cultivars grown in Uruguay were selected from a
collection of putatively endophytic strains according to
their in vitro PGP features and their phylogenetic rela-
tionships (Taulé et al. 2012). The strains studied were
Achromobacter sp. UYSOO02, Acinetobacter sp.
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UYSOO03, Enterobacter sp. UYSO10 (proposed
Kosakonia) (Brady et al. 2013), Pantoea sp. UYSO13,
Pseudomonas sp. UYSO14, Rahnella sp. UYSO22,
Shinella sp. UYSO24, and Stenotrophomonas sp.
UYSO27. In addition, the well-studied, sugarcane-
associated endophyte G. diazotrophicus Pal5 (James
et al. 2001) was used as a reference strain in the PGP
and microscopy experiments.

Screening the selected inoculant strains for potential
plant interaction and infection traits

Endoglucanase and hemicellulase activities were
screened in solid LGI culture media (Cavalcante and
Dobereiner 1998). For endoglucanase and hemicellulase
activities the culture media were supplemented with
0.2 % carboxymethyl cellulose (CMC) or 0.5 % avicel,
respectively (Kim et al. 2008). In each case, positive
strains were identified by degradation halos around each
colony.

Protease activity was evaluated in solid media con-
taining LGI medium supplemented with 5 % skim milk.
Strains were considered positive when a translucent halo
was observed around the colonies (Martinez-Rosales
and Castro-Sowinsky 2011).

For peroxidase activity determination, strains were
grown on solid media containing LGI medium supple-
mented with 250 mg 1! of 2,2"-azino-bis(3-ethylbenzo-
thiazoline-6-sulphonic acid) (ABTS) and for Mn-perox-
idases, with 250 mg 1"' ABTS plus 100 mg 1"
MnCl, 4H,0 (Sack et al. 1997). Strains were considered
positive when the colonies turned a dark green or brown
color.

For determining laccase activity, solid media contain-
ing TY medium supplemented with 0.04 % Remazol
brilliant blue or with 0.01 % guaiacol were used
(Kiiskinen et al. 2004). Strains were considered positive
when the colony turned a blue color or when they turned
reddish-brown, respectively.

Biofilm formation was screened in 96-well plates
using the crystal violet (CV) method (Pecters et al.
2008). Each well containing TY medium or Murashige
Skoog (MS)+exudates was inoculated with 1-2x 10®
cells of each isolate. “MS +exudates” refers to MS
medium (Murashige and Skoog 1962) that was exposed
to micropropagated sugarcane root secretions for 72 h.
The 96-well plates were incubated for 48 h at 30 °C
without agitation, after which the supernatant was re-
moved and the wells stained with a 0.1 % CV solution

for 20 min. The excess CV was removed by washing the
plates with phosphate-buffered saline (PBS), and the
bound CV was solubilized with 95 % ethanol. The
absorbance of the suspension was measured at
570 nm. All the aforementioned determinations were
performed in triplicate, or in quintuplicate in the case
of biofilm determinations.

Micropropagation of sugarcane plants

Shoot tips of sugarcane cv. LCP 85384 were collected
from 3-month-old plants grown in sterilized substrate
under greenhouse conditions. The shoot tips (4 cm long)
were sterilized for 15 min in a 20 % (v/v) sodium
hypochlorite solution and then exhaustively rinsed with
sterile distilled water. Meristems were excised, placed
on a sterile filter paper support and transferred to tubes
containing 10 mL of full strength MS liquid culture
medium supplemented with Staba vitamins (Staba
1969), plant growth regulators (Ponce 1991), and 3 %
sucrose. Growth chamber conditions were as follows:
21 °C temperature and 30 umol m > s~ irradiance with
16/8 h day/night. After 1 month, the explants were
transferred to the MS solid multiplication medium sup-
plemented with 0.1 mg "' benzyladenine and a mixture
of antioxidants (Garcia et al. 2007). Subcultures were
repeated every 3 weeks. The plants were rooted in MS
solid medium with 1 g 1" of activated charcoal.

Plant growth promotion of micropropagated sugarcane
plants

Prior to bacterial inoculation, 4 to 5 rooted
micropropagated plantlets of cv. LCP 85384 with sim-
ilar morphologies were aseptically transferred to flasks
containing 20 ml of modified MS medium (Reis et al.
1999). After 3 days, those flasks that did not have any
visible contamination were inoculated with 1% 107 cells
plant " of each strain to be tested. Additionally, an extra
treatment (MIX) was included, in which the inoculum
was prepared with a mixture of all strains tested. As a
negative control, plants were inoculated with 0.1 ml of
0.9 % NaCl. The experiment was randomized with ten
replicates per treatment. At 10 d post-inoculation (dpi),
plants were transferred to small pots containing sterile
sand to vermiculite (2:1) as substrate and were watered
normally with MS medium without N, and eventually
with MS containing N. Plants were maintained at a
temperature of 30 °C with a photoperiod of 16/8 h
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light/dark. At 25 dpi, plants were transferred to pots
containing 1.5 kg of sterile sand to vermiculite (2:1) as
substrate and maintained in the greenhouse with a pho-
toperiod of 16/8 h day/night. The height and diameter of
the stems were determined after 4 months. Roots and
aerial parts were dried at 65 °C until constant weight for
dry weight determination and the total N content of the
aerial parts was determined with the Kjeldahl method at
the Animal Nutrition Laboratory of the Faculty of
Agronomy-UdelaR.

Microscopical examination of the interaction
between micropropagated sugarcane plants and plant
growth-promoting bacteria

Micropropagated sugarcane plants cv. LCP 85384 were
inoculated with bacteria as described above. As a neg-
ative control, plants were inoculated with 0.1 ml of
0.9 % NaCl. Plants were harvested at 1, 4, 6, 12, 24,
48 h and at 6 dpi. Two plants per treatment were exam-
ined microscopically; the roots and aerial parts for each
plant were analyzed independently. Three additional
plants were harvested after 48 h and at 5 dpi for bacterial
enumeration.

For microscopy, small pieces (1-2 cm) of roots and
stem were fixed overnight (0.n.) at room temperature in
a solution of 5 % glutaraldehyde, 4 % formaldehyde in
50 mM sodium phosphate buffer (PB), pH 7.2. The
fixed samples were rinsed with PB, dehydrated in an
ethanol series (15 to 100 %, 15 min per stage), and then
infiltrated in medium grade LR white acrylic resin
(SIGMA) (James et al. 1994). Semi and ultrathin sec-
tions (1-um and 60-70-nm thickness, respectively)
were obtained using an ultramicrotome (Reichert
Ultracut S). Semi-thin sections for light microscopy
(LM) were collected on glass slides and were stained
with 0.2 % toluidine blue, except the sections that were
used for immunogold labeling which were kept un-
stained. LM samples were analyzed with an Olympus
IX81 microscope (Olympus Corporation, Tokyo,
Japan). For transmission electron microscopy (TEM),
the ultrathin sections were collected on Formvar coated
nickel grids, and stained for 20 min in 5 % uranyl acetate
and 5 min in 0.2 % lead citrate in 0.01 N NaOH, and
then washed several times in distilled water (James et al.
1994, 1997). The grids were examined and
photographed with a Zeiss EM-900 TEM (Carl Zeiss
AG, Jena,Germany) at 80 KV.
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Tissues to be analyzed by scanning electron micros-
copy (SEM) were first cut by hand into 1-2-cm pieces
with a new razor blade. After which, the samples were
washed with PB buffer, fixed, and dehydrated as previ-
ously described. Lastly, the samples were dried in a
Critical Point Dryer (Dentom Vacuum Inc.), mounted
on metal stubs, and coated with gold-palladium in a
Sputter Coater (DESK II). The samples were examined
using either a Zeiss DSM-962 or a Jeol 5900 LV SEM
operating at 20 KV.

Production of polyclonal antibodies and immunogold
labeling for LM and TEM

Polyclonal antibodies raised in rabbits against
Enterobacter sp. UYSO10 and Shinella sp. UYSO24
were produced in the Biotechnology Laboratory of the
Pando Technological Pole (Faculty of Chemistry,
UdelaR. Uruguay). Briefly, the bacteria were grown in
TY liquid medium to log phase, centrifuged, and
washed in phosphate-buffered saline (PBS). The pellets
were suspended in 3 % formaldehyde in PBS, incubated
for 16 h at 4 °C and finally rinsed in PBS. This suspen-
sion was used for rabbit inoculation of rabbits.

The cross-reaction of the antibody against several
bacteria isolated from the same Uruguayan sugarcane
cultivars, such as Achromobacter sp. UYSO02,
Acinetobacter sp. UYSOO03, Pantoea sp. UYSO13,
Pseudomonas sp. UYSO14, Pseudomonas sp.
UYSO021, Rhanella sp. UYSO22 (Taulé et al. 2012),
as well as the N,-fixing strains Sinorhizobium meliloti
242, Herbaspirillum seropedicae 7267, and
G. diazotrophicus Pal5, were carried out in 96-well
microtiter plates using the enzyme-linked immunosor-
bent assay (ELISA) (James et al. 2001). After this first
ELISA, the antibodies were purified by adsorption with
the two strains that showed most cross-reaction with the
antibodies, and the cross-reaction was re-checked by
ELISA. For this, cells from each chosen strain were
centrifuged from a well-grown 200 ml culture medium
and fixed in 0.5 % formaldehyde in PBS for 2 h at 37 °C.
After fixing, the cells were rinsed three times with PBS,
suspended in a solution of PBS +3 % skim milk with an
antibody dilution of 1:50 and shaken for 2 h at 4 °C.
Finally, the suspension was centrifuged and the super-
natant used as a specific antibody working solution.

For immunogold labeling (IGL) in LM, semi-thin
sections were collected on BioBond-coated glass slides
(Life Science, USA) and incubated for 1 h in IGL buffer
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(3 % skimmed milk, 0.5 % Tween 20 in 0.5 M PBS pH
7.4) and then for 1 h with the purified primary antibody
1:10 (either anti-Enterobacter sp. UYSO10, anti-
Shinella sp. UYSO24, or non-immune serum). After
washing, the slides were incubated for 1 h in a 1:50
dilution of 5 nm goat anti-rabbit gold (British Biocell
International, UK) in IGL buffer. The gold labeling was
then observed through light microscopy using a silver
enhancement kit (BB Solutions, UK) (James et al.
1994). In the case of IGL for TEM, the protocol
employed was the same as previously described, but
the secondary antibody used was 15 nm goat anti-
rabbit gold (BB Solutions, UK). For each immunogold
assay the following controls were performed on serial
sections: (i) omission of the primary antibody and (ii)
replacement of the primary antibody with pre-immune
diluted appropriately (1:50) in IGL buffer without
Tween 20.

Bacterial enumeration by gPCR

Bacterial enumeration was performed on three replicates
of micropropagated sugarcane plants at 48 h and at 6
dpi. The harvested plants were sonicated for 5 min in
PBS, vortexed for 1 min in fresh PBS, and the roots and
aerial parts separated with a sterile scalpel. DNA was
extracted from 200 and 500 mg of the roots and the
aerial parts, respectively, using the PowerSoil® DNA
Isolation Kit (MO BIO Laboratories, Inc. CA, USA).
The amount of DNA obtained was measured at 260 nm
and the quality was checked by analyzing the A,40/Asg
and Aj,g0/Ajz30 ratio and by 1 % agarose gel
electrophoresis.

Specific primers for qPCR were designed based on
the 16S ribosomal DNA (rDNA) gene sequences of
Enterobacter sp. UYSOI10 and Shinella sp. UYSO24.
A nucleotide alignment of 16S rDNA gene was con-
structed including both strains, and the closest species
using the Greengenes program via the NAST alignment
tool (De Santis et al. 2006), in which species-specific
regions were screened for the designed primers. The
selected primers designed were: UYSO10 For (5'-
CCGTGCTGATTGACGTTA-3'), UYSO10 Rev (5'-
TCACATCCGACTTGACAGAC-3") and UYS024
For (5'-TGACTGTAGTCGGAGAAGAAGC-3"),
UYSO024Rev (5'-CAGTATCAAAGGCAGTTCCG-3'),
respectively. Primer specificity was analyzed in silico
using the NCBI BLAST, RDP Probe match, and
ProbeCheck tools, as well as in vitro by qPCR using as

templates the DNA from several strains also isolated
from Uruguayan sugarcane cultivars (Taulé et al. 2012).
Finally, the specificity of the amplicon was confirmed by
observing the melting curve, by checking the expected
size by 1 % gel agarose electrophoresis (143 and 171 bp
for UYSO10 and UYSO24, respectively), and by se-
quencing of the fragment by MACROGEN Inc. (Korea).

The qPCR reaction was performed using the CFX96
Touch Real-Time PCR (BIORAD) equipment and all
measurements were performed using the SybrGreen
approach. The PCR mixture was iQ SYBR Green
Supermix (BIORAD), 1 uM of each primer and 4 to
25 ng of DNA template, all within a total volume of
25 ul. The PCR conditions were as follows: 1 cycle at
95 °C for 10 min, 40 cycles at 95 °C for 15 s, 58 °C for
30 s (recording fluorescent data), and 72 °C for 30 s.
Product specificity was confirmed by melting curve
analysis (65-95 °C, increasing by 0.5 °C for each 5 s
per read). The standard curves were made for each
primer set using the corresponding pure genomic bacte-
rial DNA (Enterobacter sp. UYSO10 or Shinella sp.
UYSO024). The series were ten-fold dilutions and were
performed in triplicate. Data were analyzed by
BIORAD CFX Manager 3.1.

The number of Enterobacter sp. UYSO10 and
Shinella sp. UYSO24 cells in each tissue was enumer-
ated by an absolute quantification. The copy number for
each treatment was calculated by the extrapolation of the
standard curve for each bacterial strain. The copy num-
ber of the 16S rDNA gene from the DNA was calculated
using the formula below (Kim et al. 2013):

DNA copy
6.02 x 10% (copy / mol) x DNA amount (g)

DNA length (bp) x 660 (g /mol /bp)

Considering that (i) there is only one copy of these
genes in both genomes (Beracochea, personal commu-
nication) and (ii) an approximation for genome size was
taken from the nearest sequenced bacterial strains.

Statistical analyses
An ANOVA test was performed using InfoStat
(2008) and when significant differences were con-

firmed the means were compared using the Tukey
test with a P<0.05.
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Results

Plant growth promotion of micropropagated sugarcane
cv. LCP 85384

Micropropagated sugarcane plants (cv. LCP 85384) in-
oculated with Enterobacter sp. UYSO10 and Shinella
sp. UYSO24 had significantly greater stem height and
shoot dry weight compared to negative controls
(Table 1). In addition, those plants inoculated with
Shinella sp. UYSO24 and Acinetobacter sp. UYSO03
had significantly greater root dry weight. Moreover,
plants inoculated with Enterobacter sp. UYSOI10,
Shinella sp. UYSO24, Pantoea sp. UYSO13, Rahnella
sp. UYS022, MIX (including a mixture of all the strains
tested in this work) and G. diazotrophicus Pal5 had
significantly greater stem diameter than the negative
control. Although there were no significant differences
in the plant N concentration between treatments, the
plants inoculated with Enterobacter sp. UYSOI10 and
Shinella sp. UYSO24 had significantly higher N accu-
mulation values (Table 1).

Plant-bacterial interaction traits of the putatively
endophytic strains used as inoculants

With the goal of further characterizing the strains used
as inoculants in PGP assays, the presence of several
traits that could be involved in plant-bacterial interac-
tions were evaluated. All of the strains tested showed
different enzymatic capabilities (Table 2). The most
common trait observed was the presence of
endoglucanases (five out of six strains tested). In addi-
tion, two out of six strains showed protease activity and
two others showed laccase activity. None of the strains
had hemicellulose or peroxidase activity under test con-
ditions. With regard to biofilm formation on plates, only
Acinetobacter sp. UYSOO03 and Pseudomonas sp.
UYSO14 were positive under the TY conditions, but
Shinella sp. UYSO24 was positive on plates containing
MS + exudates.

Localization of inoculated bacteria in micropropagated
sugarcane cv. LCP 85384

Light and electron (scanning and transmission) micros-
copy as well as qPCR were used with the aim of describ-
ing the surface and inner sugarcane tissue colonization
by the inoculated bacterial strains Enterobacter sp.
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UYSO010 and Shinella sp. UYSO24. For the microscopy,
and with the aim of specifically identifying the bacteria
on and inside the plants, polyclonal antibodies against
Enterobacter sp. UYSO10 and Shinella sp. UYSO024
were raised, purified, and employed in LM and TEM.
The cross-reaction of the antibodies with other bacteria
associated with sugarcane was evaluated in an ELISA
assay. In addition, the specificity of the antibodies were
also corroborated on semi-thin sections of samples of
various bacteria, including Enterobacter sp. UYSO10,
Shinella sp. UYSO24, Rhanella sp. UYSO22, and
Acinetobacter sp. UYSO03. Control sections did not
have any significant gold labeling (data not shown).
For qPCR, specific primers against the 7rs gene of
Enterobacter sp. UYSO10 and Shinella sp. UYSO24
were designed. The in silico and in vitro evaluation
assays confirmed the primer specificity. The lowest
amplification efficiencies obtained for r7.s amplification
were 90.2 % for Enterobacter sp. UYSO10, and 91.2 %
for Shinella sp. UYSO24, with 7> values of 0.993 and
0.997, and slopes of —3.581 to —3.553, respectively.

Colonization of sugarcane cv. LCP 85384
by Enterobacter sp. UYSO10

Single rod-shaped bacteria were detected adhering to the
surfaces of the roots and lower stems in a non-polar
manner at 6 h after inoculation (Fig. 1a). A thin bacterial
biofilm was also observed on the root surfaces after
12 h, particularly in the root hair zone (Fig. 1b).
Bacteria were also seen colonizing as a biofilm in the
lateral root emergence zone, but in higher densities than
was observed on root surfaces (Fig. 1c). No bacteria
were detected on the tip root (data not shown). Despite
the surface of the aerial parts being apparently free of
bacteria, small aggregates were detected in the stomatal
complexes by 24 h (Fig. 1d).

The presence of Enterobacter sp. UYSO10 coloniz-
ing the intercellular spaces was detected in the roots
(Fig. 2a) and in the stem bases from 4 h after inocula-
tion. In the lower stem, bacteria were present in the
intercellular spaces of parenchyma cells (Fig. 2b—e).
Occasionally, intercellular bacteria seem to be
surrounded by a membrane-like structure (Fig. 2c),
but this observation was not confirmed by TEM.
Frequently, the presence of the bacteria was associated
with an enlargement of the intercellular spaces (Fig. 2
b, ¢), which could be related to the production of cell
wall-degrading enzymes. By 12 h, the bacteria were
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Table 1 Effects of inoculation with putative bacterial endophytes on micropropagated sugarcane cv. LCP 85384

Treatment® Stem diameter (mm) Stem height (cm) Dry weight (g plant ') N concentration N accumulation
(mg N g ' dry weight) (mg plant ")
Roots Shoot

Negative control 5.092° 8.14a 1.29a 0.72a 0.83a 0.55a
Acinetobacter sp. UYSO03 5.77ab 9.64abc 1.93bc 1.08abc  N.D. N.D.
Enterobacter sp. UYSO10  6.40b 10.18bcd 1.6ab 1.46¢ 0.78a 1.16b
Pantoea sp. UYSO13 5.29ab 10.34bcd 1.82abc  0.97ab N.D. N.D.
Pseudomonas sp. UYSO14  5.36ab 9.04ab 1.75ab 0.93a N.D. N.D.
Rhanella sp. UYSO22 5.97ab 10.14bcd 1.71ab 1.09abc  N.D. N.D.
Shinella sp. UYS024 6.19ab 11.13d 2.34c 1.37bc 0.75a 1.06b

MIX 5.70ab 10.42bcd 1.85abc I.11abc ~ N.D. N.D.

G. diazotrophicus Pal5 5.97ab 10.73cd 1.75ab 1.10abc ~ N.D. N.D.

MIX inoculum made with a mixture of all strains tested, N.D. not determined
#Negative controls uninoculated plants that were without N fertilization

®Means within two treatments that have the same letters are not significantly different by the Tukey 0.05 test

observed colonizing the lumen of the root metaxylem observed regardless of the presence or absence of bac-
(Fig. 2f) and, by 24 h, the stem xylem vessels in high teria (Fig. 2b, j).
numbers (Fig. 2g, h). Bacteria were also observed In a few cases, bacteria were observed in clumps
colonizing the intercellular spaces of the leaves and accumulated on the surface of the wound caused by the
the sub-stomatal cavities (Fig. 2i). In both roots and separation of the plantlets at the start of the inoculation
aerial parts, the DNA bacterial copy number was mea- experiment. These bacteria were also detected entering
sured at 10" and 10° 100 mg ™" of fresh tissue by 48 h, the tissue through the intercellular spaces, and occasion-
and this had increased, in the aerial part, to 10’ ally via apparently disrupted cells (Fig. 2j). It is impor-
100 mg ' by 6 dpi (Fig. 3). tant to stress, however, that intercellular bacteria could
A plant reaction in the form of a gum was detected as only be seen within cells adjacent to the broken tissues,
a pink-violet-stained material at 6 h after inoculation in suggesting that this strain (Enterobacter sp. UYSO10)
inoculated plants. This plant reaction was observed in enters as an endophyte into sugarcane plantlets via nat-
both the roots and stems, in the xylem vessels, and the ural or injury-induced openings, as reported by James
intercellular spaces. Interestingly, the plant reaction was et al. (2001) for infection by G. diazotrophicus.

Table 2 Potential plant interaction traits of putative endophyte bacteria associated with Uruguayan sugarcane cultivars

Isolates Interaction and infection traits
BIO B.MS CEL HCE PRO PER LAC

Acinetobacter sp. UYSO03 + ND + - - - -
Enterobacter sp. UYSO10 - - + — - — _
Pantoea sp. UYSO13 - ND + - + - +
Pseudomonas sp. UYSO14 + +/— - - + — _
Rhanella sp. UYSO22 - ND + — — _ _
Shinella sp. UYSO24 - + + - - - +

BIO biofilm formation in TY medium, B.MS biofilm formation in MS + exudates medium (“MS + exudates” refers to MS medium that was
exposed to micropropagated sugarcane root secretions for 72 h.), CEL endoglucanase activity, HCE hemicellulase activity, PRO protease
activity, PER peroxidase activity, LAC laccase activity, ND not determined
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Fig. 1 Scanning electron micrograph (SEM) showing the surface
colonization of micropropagated sugarcane by Enterobacter sp.
UYSOI10. a Single bacterial cells adhered in an apolar manner to
the root and the base of the stem by 6 h after inoculation
(bar=5 pm). b Biofilm on the root hair zone by 24 h after
inoculation (bar=>50 um). ¢ biofilm on the crack generated by

Colonization of sugarcane cv. LCP 85384 by Shinella
sp. UYS024

A profuse colonization of the root hair zone was ob-
served by Shinella sp. UYSO24. The colonization was
detected as aggregates as well as in biofilms by 12 h
after inoculation, and these contained large numbers of
bacteria, which were adhered to the root surface
(Fig. 4a). In particular, bacteria were observed in asso-
ciation with meristematic tissues, such as the root cap
and the points of lateral root emergence (Fig. 4b, ¢). On
the other hand, the lower stem surface was colonized
earlier (by 4 h after inoculation) by individual cells that
were attached in a non-polar manner (data not shown,
but similar to Fig. la), and by 12 h, bacteria were
observed forming small biofilms on the lower stem
surface (Fig. 4d).

The presence of Shinella sp. UYSO24 within the
tissues was low and discrete, and it was rarely observed
colonizing intercellular spaces (Fig. 5a—d). The coloni-
zation of the xylem vessels was first detected at 12 h
after inoculation, mainly on the stem, and by single cells
or small aggregates (Fig. Se, ). The stomatal surface and
sub-stomatal cavities were devoid of bacteria (data not
shown). A plant reaction was detected within

@ Springer

the emergence of secondary roots by 24 h after inoculation
(bar=25 pm). d Bacterial aggregates in the stomata at 24 h after
inoculation (bar=10 um). The bacteria are indicated with white
arrows. Ag aggregate, B biofilm, S stem, Rk root hair, Lr lateral
root

intercellular spaces in the root cortex and in some of
the vascular tissue, but this was not necessarily associ-
ated with bacteria (data not shown). Although only a few
bacteria were observed by microscopy, the DNA bacte-
rial copy number was 107 and 10° per 100 mg of fresh
tissue by 48 h after inoculation for the roots and aerial
tissue, respectively (Fig. 3). By 6 dpi the root population
had decreased, but the aerial tissue population was main-
tained. These results are in agreement with those obtain-
ed by bacterial plate counting (data not shown).

Control and reference treatments

No bacteria were detected by microscopy on the surface
or within uninfected control plants (data not shown). In
the case of the two reference treatments, the surface
colonization was checked at 24 h after inoculation: with
G. diazotrophicus, a known endophytic bacterium in
sugarcane, roots, particularly the root tips, were colo-
nized by single cells and by cell aggregates (Fig. 6a),
whereas with Pseudomonas sp. UYSO14, which was
used in this study as a reference strain because its
inoculation did not promote sugarcane growth
(Table 1), only individual bacteria were detected in the
root hair zone and on the aerial tissue (Fig. 6b).
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Fig. 2 Light microscopy (LM) and transmission electron micros-
copy (TEM) of transverse sections showing the inner colonization
of micropropagated sugarcane tissues by Enterobacter sp.
UYSO10. a LM of root intercellular space colonization at 6 h after
inoculation (bar=10 pm). b, ¢ LM of stem intercellular space
colonization by 12 h after inoculation (bar=50 um) (b) and
(bar=25 pm)(c). d TEM of stem intercellular space colonization
at 48 h after inoculation with bacteria inmunogold labeled with an
antibody against UYSO10 (bar=200 nm). Note that the gold
particles are attached to the perimeter of the bacterial cell. e
TEM of stem intercellular space colonization at 48 h after

No amplification of bacterial DNA was obtained
by qPCR of uninoculated control plants, when
specific primers for UYSO24 and UYSO24 were
used.

Discussion

Enterobacter sp. UYSO10 and Shinella sp. UYSO024
promote the growth of micropropagated sugarcane

Many diazotrophic bacteria have been isolated from
and/or detected in different sugarcane genotypes grown

inoculation (bar= 500 nm). f LM of root vascular tissue coloniza-
tion at 12 h after inoculation (bar=20 pm). g LM of stem vascular
tissue colonization at 24 h after inoculation (bar=20 pum). h
Immunogold labeling (plus silver enhancement) with the antibody
against UYSO10 (bar=20 um). i LM showing colonization of
leaf intercellular spaces and a sub-stomatal cavity at 6 dpi
(bar=50 um). j Bacterial colonization of wounded tissue caused
by separation of micropropagated plantlets at 12 h after inoculation
(bar=20 um). The bacteria are indicated with arrows. G gum, Ic
intercellular space, Sc sub-stomatal cavity, v vascular tissue

in several regions of the world (Cavalcante and
Dobereiner 1998; Olivares et al. 1996; James and
Olivares, 1998; Thaweenut et al. 2011; Burbano et al.
2011; Fischer et al. 2012; Taulé et al. 2012; Beneduzi
et al. 2013). In addition, the PGP effects on sugarcane
of associated or endophytic bacteria such as
G. diazotrophicus, Herbaspirillum seropedicae,
H. rubrisubalbicans, Azospirillum amazonense, and
Burkholderia spp., are well reported (James et al.
1994; Sevilla et al. 2001; Oliveira et al. 2002, 2006,
2009). The PGP effects observed depend on the
biotic and abiotic conditions, as well as on the
specificity and compatibility of the plant-bacterial
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Fig. 2 continued.

genotypes (Reis Junior et al. 2000; Govindarajan that both strains were reported as being both
et al. 2006; Carvalho et al. 2011). diazotrophic and auxin producers (Taulé et al. 2012),

For cv. LCP 85384, the best PGP strains for almost and that an increase in N accumulation was observed in
all of the parameters evaluated were Shinella sp. the inoculated plants, we can reasonably speculate that

UYS024 and Enterobacter sp. UYSO10. Considering part of the observed PGP effect could have come from
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Fig. 3 Quantification by quantitative real time PCR (qPCR) of within two treatments that have the same letters are not signifi-
endophytic bacteria population colonizing micropropagated sug- cantly different by the Tukey 0.05 test

arcane cv. LCP 85384, at 48 h and 6 days after inoculation. Means
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Fig. 4 SEM showing the surface
colonization of micropropagated
sugarcane by Shinella sp.
UYSO024 by 24 h after
inoculation. a Biofilm layer on
the root hair zone (bar= 50 um),
b biofilm formation on the
emerging secondary root
(bar=50 pm), ¢ on the root tip
(bar=50 um), and d biofilm
formation on the aerial tissue
surface at 12 h after inoculation
(bar=10 um). White arrows
indicate bacteria. B biofilm, Rh
root hair

the BNF process, although further experiments are
needed to confirm this. To our knowledge, this is the
first report of a putatively endophytic PGP strain from
sugarcane within the genus Shinella, but in contrast,
several strains of Enterobacter have been reported as

Fig. 5 LM and TEM of
transverse sections showing the
inner colonization of
micropropagated sugarcane
tissues by Shinella sp. UYSO24.
a LM of root intercellular space
colonization by 24 h pi

(bar=10 pm). b, ¢ TEM of stem
intercellular colonization by 12 h
pi (bar=1 um) (b) and 48 h pi
(bar=2 yum). d TEM of a
structure in an intercellular space
that that is immunogold labeled
with the antibody against Shinella
sp. UYS024 (bar=7500 nm). e, f
LM of stem vascular tissue
colonization by 48 h

(bar=25 um)and 12 h

(bar=10 pm) (). The bacteria are
indicated with black arrows. Ic
intercellular space, v vascular
tissue

PGPRs of rice (Oryza sativa), maize (Zea mays), and
sugarcane (Taghavi et al. 2010; Keyeo et al. 2011;
Naveed et al. 2014).

It should be noted that the reference strain
G. diazotrophicus Pal5, which was used in the PGP
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Fig. 6 SEM showing the surface colonization of micropropagated
sugarcane by reference strains at 24 h pi. a Gluconacetobacter
diazotrophicus Pal5 colonizing the root tip (bar=5 pm). b

assay, did not perform as well as expected on cv. LCP
85384. It has been reported to be a sugarcane endophyte
and the benefits from its inoculation onto sugarcane are
well documented (James et al. 1994; Sevilla etal. 2001).
Moreover, in a previous study, we were unable to isolate
G. diazotrophicus despite using the specific methodol-
ogy and media recommended for isolating it (Taulé et al.
2012). Taken together, the absence of G. diazotrophicus
in cv. LCP 85384 was most likely due to the biotic and
abiotic features of the crop location, to N fertilization
effects, and because of this particular sugarcane geno-
type (Fierer and Jackson 2006).

With the aim of further understanding how these
endophytic bacteria could interact with their host plant
(sugarcane in this case), the strains used as inoculants
were further characterized in vitro for their plant inter-
action traits. Hydrolytic enzymes play a key role in
plant-pathogen and legume-rhizobium interactions, as
well as in biocontrol (Rosenblueth and Martinez-
Romero 2006; Robledo et al. 2008; Monteiro et al.
2008; Vacheron et al. 2013; Naveed et al. 2014). In the
particular case of endophyte-plant interactions, the im-
portance of an endoglucanase (EglA) in the ability of
Azoarcus sp. BH72 to infect rice roots was demonstrated
by Reinhold-Hurek et al. (2006), and the presence of
endoglucanases has also been reported in other endo-
phytic and/or plant-associated bacteria, including
Azospirillum spp. and Herbaspirillum spp. (James
et al. 2002; Lodewyckx et al. 2002; Monteiro et al.
2012). Accordingly, several hydrolytic enzyme activi-
ties, such as cellulase and protease were detected in vitro
in the strains used in this study, as well as their ability to
form biofilms. These traits could be involved in the
plant-bacterial interaction, although further experiments
are needed to demonstrate this. However, it is certainly
significant that Shinella sp. UY SO24 formed biofilms in
the presence of sugarcane exudates, this is an important
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Pseudomonas sp. UYSO14 colonizing the aerial tissue as single
cells (bar=10 pm). The bacteria are indicated with white arrows,
B biofilm

trait as successful and enduring endophytic interactions
with a plant are most likely mediated via signals from
the host

Enterobacter sp. UYSO10 and Shinella sp. UYSO24
are endophytes of sugarcane

The plant surface colonization behavior of both strains
was similar to other non-pathogenic endophytic bacteria
(James et al. 1994, 2001; Hallmann et al. 1997;
Reinhold-Hurek and Hurek 1998; James et al. 2002).
For both strains studied, the main colonization sites
observed were the cracks formed by the emergence of
the lateral roots, on the root hair zone, as well as on the
root tips. Interestingly, large differences in surface col-
onization were observed between both strains in the type
of biofilm produced. Enterobacter sp. UYSO10 formed
small spherical biofilms, principally located in the root
hair zone, while Shinella sp. UYSO24 form extended
laminar biofilms that were localized in association with
meristematic tissues as well as in the root hair zone.

The colonization of sugarcane cv. LCP 85384 by the
strains employed as references in the plant-bacterial
interaction experiments showed that the surface and
endophytic colonization by G. diazotrophicus was sim-
ilar to that reported in other sugarcane cultivars (James
et al. 1994, 2001; Reis et al. 1999; Sevilla et al. 2001),
albeit somewhat reduced, which is most likely due to cv.
LCP 85384 not being well matched with this particular
endophytic diazotroph. In contrast to G. diazotrophicus,
and to both of the test strains, Pseudomonas sp.
UYSO14 only colonized the root surface as single cells,
and neither aggregates nor biofilms could be detected;
the low colonization might be related to the absence of
an observed PGP effect by this strain.

As both strains were able to colonize the inner tissues
of sugarcane, they can be defined as endophytes. For



Plant Soil (2016) 403:403-418

415

example, Enterobacter sp. UYSO10 extensively colo-
nized the inner tissues of sugarcane, entering the roots,
stems and leaves, including the vascular tissue.
Although no direct evidence that the bacteria could
penetrate the endodermis was obtained, they were de-
tected colonizing the vascular system in high numbers,
which has been reported for other endophytes in sugar-
cane (James et al. 1994, 2001; Olivares et al. 1997). This
is also the case with H. seropedicae, which colonize the
xylem of rice in high numbers, although by 14 dpi the
presence of bacteria in the vascular tissues decreases
(James et al. 2002). Enterobacter sp. UYSO10 was also
detected colonizing the sub-stomatal cavities and the
exterior of the stomata, suggesting them as an entrance
or exit point for the bacteria. Indeed, the leaves might be
colonized by this strain via vascular transport, suggest-
ing a systemic distribution. Similar observations were
made for H. seropedicae and H. rubrisubalbicans which
colonizes the leaves of sugarcane and sorghum in the
early stages of infection, and which was suggested to be
related to the high numbers of bacteria present in the
vascular tissue, which would then allow for their trans-
location to other organs (James et al. 1997; Olivares et
al. 1997). Moreover, when G. diazotrophicus and H.
seropedicae were inoculated onto rice or sugarcane the
presence of the bacteria in the sub-stomatal cavity was
also reported (James et al. 2001, 2002), and was thus
suggested that the plants regulated the number of bacte-
ria by ejecting some of them via the stomatal complex.

qPCR data showed that the numbers of cells of both
the inoculated strains were of the same order as those of
other bacterial endophytes reported to be colonizing
plants in vitro (Ruppel et al. 2006; Couillerot et al.
2010; Pellizzaro Pereira et al. 2014). In the case of
Enterobacter sp. UYSO10, the number of bacteria in-
crease after 6 dpi, which correlated with the observa-
tions made in the microscopy experiments.

Several strains in the genus Enterobacter have been
described as endophytes of a variety of plants. These
possess several in vitro PGP and plant colonization
traits, and some of them have also been described as
PGPRs (Morales-Valenzuela et al. 2007; Taghavi et al.
2009; Madhaiyan et al. 2013; Naveed et al. 2014).
Studies conducted to define them as endophytes de-
scribe similar colonization patterns to that reported here
for strain UYSO10 (Quadt-Hallmann and Kloepper
1996; Quadt-Hallmann et al. 1997; Taghavi et al.
2009). Additionally, in vitro studies of Enterobacter
sp. UYSOI10 displayed endoglucanase activity, which

may be involved in entering the plant interior and in
their subsequent dispersion in planta.

When Shinella sp. UYSO24 was inoculated onto
micropropagated sugarcane plants, inner tissue coloni-
zation was low and discrete. The infection route mainly
involved the colonization of the vascular tissue by single
cells or by small aggregates. Additionally, a low pres-
ence of bacteria was observed in the intercellular spaces
which may be due to a preference for other niches in
planta. Therefore, considering the low bacterial num-
bers of bacteria observed within the inner tissues, it is
most likely that the PGP effects observed for this strain
came from the high number of bacteria colonizing the
rhizoplane. However, against this, and in contrast to the
observations made using microscopy of a low bacterial
colonization of the inner tissues, bacterial quantification
by qPCR suggested greater colonization by this strain.
Further work is needed to help explain this apparent
discrepancy between the two techniques. The case of
Shinella sp. UYS024 as a PGPR and, in particular, as an
endophyte is very interesting as it is the first report of a
strain belonging to this genus that has a positive effect
on plant growth. The alphaproteobacterial genus
Shinella was defined recently (An et al. 2006) and
comprises six defined species, including S.
kummerowiae, a non-nodulating endophyte of legume
nodules (Lin et al. 2008), but there are several 16S
rDNA genes sequences from this genus available in
public databases that so far lack species characterization,
which indicates that more work is needed to fully un-
derstand the ecological implications of this genus.

Concluding remarks

In this study, the interaction between the strains
Enterobacter sp. UYSO10 and Shinella sp. UYSO24
with the commercial sugarcane cv. LCP 85384 are de-
scribed. Both diazotrophic strains were isolated from
surface-sterilized upper stems of healthy commercially
grown sugarcane plants in Uruguay, and both were
shown to be capable of promoting the growth of
micropropagated plants of the same variety (LCP
85384) under greenhouse conditions. Taken together,
these data emphasize their suitability for selection as
potential candidates for any future inoculant formula-
tions. Given that one of the most crucial steps for the
biotechnological application of such inoculants is their
root colonization (Pliego et al. 2011), it is of utmost
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importance to understand how they interact with their
host plants. Accordingly, the surface colonization pat-
tern of both strains was described, and interestingly, was
shown to differ between both endophytes, thus suggest-
ing that there is no common strategy utilized by endo-
phytic bacteria for colonizing sugarcane.

Acknowledgments This work was supported by a grant from
the Instituto Nacional de Investigaciones Agronoémicas [grant
number INIA-FPTA-275, INIA-FPTA-331], the Agencia Nacional
de Innovacioén e Investigacion del Uruguay (ANII) and the
Programa de Desarrollo de las Ciencias Basicas (PEDECIBA).
The authors are very grateful to Danielli Rosinol Frade for her
assistance in microscopy techniques, Martin Beracochea for bio-
informatic analysis and to MSc Irene Arpayoglou, for her assis-
tance with corrections to the manuscript.

References

An DS, Im WT, Yang HC, Lee ST (2006) Shinella granuli gen.
nov., sp. nov., and proposal of the reclassification of
Zoogloea ramigera ATCC 19623 as Shinella zoogloeoides
sp. nov. Int J Syst Evol Microbiol 56:443-448

Asis CAJ, Kubota M, Ohta H, Arima Y, Chebotar VK, Akao S
(2000) Isolation and partial characterization of endophytic
diazotrophs associated with Japanese sugarcane cultivar. Soil
Sci Plant Nutr 46:759-765

Baldani JI, Baldani VL (2005) History on the biological nitrogen
fixation research in graminaceous plants: special emphasis on
the Brazilian experience. An Acad Bras Cienc 77:549-579

Beneduzi A, Moreira F, Costa PB, Vargas LK, Lisboa BB, Favreto
R, Baldani JI, Passaglia LMP (2013) Diversity and plant
growth promoting evaluation abilities of bacteria isolated
from sugarcane cultivated in the South of Brazil. Appl Soil
Ecol 63:94-104

Boddey RM, Oliveira OC, Urquiaga S, Reis VM, Olivares FL,
Baldani VL, Dobereiner J (1995) Biological nitrogen fixation
associated with sugar cane and rice: contributions and pros-
pects for improvement. Plant Soil 174:195-209

Brady C, Cleenwerck I, Venter S, Coutinho T, De Vos P (2013)
Taxonomic evaluation of the genus Enterobacter based on
multilocus sequence analysis (MLSA): proposal to reclassify
E. nimipressuralis and E. amnigenus into Lelliottia gen. nov.
as Lelliottia nimipressuralis comb. nov. and Lelliottia
amnigena comb. nov., respectively, E. gergoviae and E.
pyrinus into Pluralibacter gen. nov. as Pluralibacter
gergoviae comb. nov. and Pluralibacter pyrinus comb. nov.
Syst Appl Microbiol 36:309-319

Burbano CS, Liu Y, Rosner KM, Reis VM, Caballero-Mellado J,
Reinhold-Hurek B, Hurek T (2011) Predominant nifH tran-
script phylotypes related to Rhizobium rosettiformans in
field-grown sugarcane plants and in Norway spruce.
Environ Microbiol Rep 3:383-389

Carvalho TLG, Ferreira PCG, Hemerly AS (2011) Sugarcane
genetic controls involved in the association with beneficial
endophytic nitrogen fixing bacteria. Trop Plant Biol 4:31-41

@ Springer

Cavalcante V, Dobereiner J (1998) A new acid-tolerant nitrogen
fixing bacterium associated with sugarcane. Plant Soil 108:
23-31

Couillerot O, Bouffaud ML, Baudoin E, Muller D, Caballero-
Mellado J, Moénne-Loccoz Y (2010) Development of a
real-time PCR method to quantify the PGPR strain
Azospirillum lipoferum CRT1 on maize seedlings. Soil Biol
Biochem 42:2298-2305

Da Silva M, Antonio C, de Oliveira P, Xavier G, Rumjanek N,
Soares LH, Reis V (2012) Survival of endophytic bacteria in
polymer-based inoculants and efficiency of their application
to sugarcane. Plant Soil 356:231-243

De Santis TZZ, Hugenholtz P, Keller K, Brodie ELL, Larsen N,
Piceno YMM, Phan R, Andersen GLL (2006) NAST: a
multiple sequence alignment server for comparative analysis
of 16S rRNA genes. Nucleic Acids Res 34:394-399

Fierer N, Jackson RB (2006) The diversity and biogeography of
soil bacterial communities. Proc Natl Acad Sci U S A 103:
626-631

Fischer D, Pfitzner B, Schmid M, Simdes-Aratjo JL, Reis VM,
Pereira W, Ormefio-Orrillo E, Hai B, Hofmann A, Schloter
M, Martinez-Romero E, Hartmann A (2012) Molecular char-
acterisation of the diazotrophic bacterial community in unin-
oculated and inoculated field-grown sugarcane (Saccharum
sp.). Plant Soil 356:83-99

Garcia R, Cidade D, Castellar A, Magioli C, Callado C, Mansur E
(2007) In vitro morphogenesis patterns from shoot apices of
sugar cane are determined by light and type of growth regu-
lator. Plant Cell Tissue Organ Cult 90:181-190

Govindarajan M, Balandreau J, Muthukumarasamy R, Revathi G,
Lakshminarasimhan C (2006) Improved yield of
micropropagated sugarcane following inoculation by endo-
phytic Burkholderia viethamiensis. Plant Soil 280:239-252

Hallmann J, Quadt-Hallmann A, Mahaffee WF, Kloepper J (1997)
Bacterial endophytes in agricultural crops. Can J Microbiol
43:895-914

Hardoim PR, Van Overbeek LS, Van Elsas JD (2008) Properties of
bacterial endophytes and their proposed role in plant growth.
Trends Microbiol 16:463-471

James EK (2000) Nitrogen fixation in endophytic and associative
symbiosis. F Crop Res 65:197-209

James EK, Olivares FL (1998) Infection and colonization of sugar
cane and other graminaceous plants by endophytic
diazotrophs. Crit Rev Plant Sci 17:77-119

James EK, Reis VM, Olivares FL, Baldani JI, Dobereiner J (1994)
Infection of sugar cane by the nitrogen-fixing bacterium
Acetobacter diazotrophicus. J Exp Bot 45:757-766

James EK, Olivares FL, Baldani JI, Dobereiner J (1997)
Herbaspirillum, an endophytic diazotroph colonizing vascu-
lar tissue in leaves of Sorghum bicolor L. Moench J Exp Bot
48:785-797

James EK, Olivares FL, de Oliveira AL, dos Reis FB, da Silva LG,
Reis VM (2001) Further observations on the interaction
between sugar cane and Gluconacetobacter diazotrophicus
under laboratory and greenhouse conditions. J Exp Bot 52:
747-760

James EK, Gyaneshwar P, Mathan N, Barraquio WL, Reddy PM,
lannetta PPM, Olivares FL, Ladha JK (2002) Infection and
colonization of rice seedlings by the plant growth-promoting
bacterium Herbaspirillum seropedicae 7Z67. Mol Plant
Microbe Interact 15:894-906



Plant Soil (2016) 403:403-418

417

Keyeo F, Noor Ai’shah O, Amir HG (2011) The effects of nitrogen
fixation activity and phytohormone production of diazotroph
in promoting growth of rice seedling. Biotechnology 10:267—
273

Kiiskinen LL, Ratto M, Kruus K (2004) Screening for novel
laccase-producing microbes. J Appl Microbiol 97:640-646

Kim SJ, Lee CM, Han BR, Kim MY, Yeo YS, Yoon SH, Koo BS,
Jun HK (2008) Characterization of a gene encoding cellulase
from uncultured soil bacteria. FEMS Microbiol Lett 282:44—
51

Kim J, Lim J, Lee C (2013) Quantitative real-time PCR ap-
proaches for microbial community studies in wastewater
treatment systems: applications and considerations.
Biotechnol Adv 31:1358-1373

Lin DX, Wang ET, Tang H, Han TX, He YR, Guan SH, Chen WX
(2008) Shinella kummerowiae sp. nov., a symbiotic bacteri-
um isolated from root nodules of the herbal legume
Kummerowia stipulacea. Int J Syst Evol Microbiol 58:
1409-1413

Lodewyckx C, Vangronsveld J, Porteous F, Moore ERB, Taghavi
S, Mezgeay M, Van der Lelie D (2002) Endophytic bacteria
and their potential applications. Crit Rev Plant Sci 21:583—
606

Madhaiyan M, Peng N, Te NS, Hsin IC, Lin C, Lin F, Reddy C,
Yan H, Ji L (2013) Improvement of plant growth and seed
yield in Jatropha curcas by a novel nitrogen-fixing root
associated Enterobacter species. Biotechnol Biofuels 6:140

Martinez-Rosales C, Castro-Sowinsky S (2011) Antartic bacterial
isolates that produce cold-active extracellular proteases at
low temperature but are active and stable at high temperature.
Polar Res 30:1-8

Mei C, Flinn BS (2010) The use of beneficial microbial endo-
phytes for plant biomass and stress tolerance improvement.
Recent Pat Biotechnol 4:81-95

Mirza MS, Ahmad W, Latif F, Haurat J, Bally R, Normad P, Malik
KA (2001) Isolation, partial characterization, and the effect of
plant growth-promoting bacteria (PGPB) on micro-
propagated sugarcane in vitro. Plant Soil 237:47-54

Monteiro RA, Schmidt MA, De Baura VA, Balsanelli E, Wassem
R, Yates MG, Randi MAF, Pedrosa FO, De Souza EM (2008)
Early colonization pattern of maize (Zea mays L. Poales,
Poaceae) roots by Herbaspirillum seropedicae
(Burkholderiales, Oxalobacteracecae). Genet Mol Biol 31:
932-937

Morales-Valenzuela G, Silva-Rojas HV, Ochoa-Martinez D (2007)
First report of Pantoea agglomerans causing leaf blight and
vascular wilt in Maize and Sorghum in Mexico. Plant Dis 91:
1365

Murashige T, Skoog F (1962) A revised medium for rapid growth
and bioassay with tobacco tissue cultures. Physiol Plant 15:
473-497

Naveed M, Mitter B, Yousaf S, Pastar M, Afzal M, Sessitsch A
(2014) The endophyte Enterobacter sp. FD17: a maize
growth enhancer selected based on rigorous testing of plant
beneficial traits and colonization characteristics. Biol Fertil
Soils 50:249-262

Olivares FL, Baldani VLD, Reis VM, Baldani JI, Débereiner J
(1996) Occurrence of the endophytic diazotrophs
Herbaspirillum spp. in roots, stems, and leaves, predominant-
ly of Gramineae. Biol Fertil Soils 21:197-200

Oliveira ALM, Urquiaga S, Dobereiner J, Baldani JI (2002) The
effect of inoculating endophytic N,-fixing bacteria on
micropropagated sugarcane plants. Plant Soil 242:205-215

Oliveira ALM, Canuto EL, Urquiaga S, Reis VM, Baldani JI
(2006) Yield of micropropagated sugarcane varieties in dif-
ferent soil types following inoculation with diazotrophic
bacteria. Plant Soil 284:23-32

Oliveira ALM, Stoffels M, Schmid M, Reis VM, Baldani JI,
Hartmann A (2009) Colonization of sugarcane plantlets by
mixed inoculations with diazotrophic bacteria. Eur J Soil Biol
45:106-113

Peeters E, Nelis HJ, Coenye T (2008) Comparison of multiple
methods for quantification of microbial biofilms grown in
microtiter plates. ] Microbiol Methods 72:157-165

Pereira T, Do Amaral F, Dall’Asta P, Angonesi FC, Maisonnave
AC (2014) Real-time PCR quantification of the plant growth
promoting bacteria Herbaspirillum seropedicae strain SmR 1
in maize roots. Mol Biotechnol 56:660-670

Pliego C, Kamilova F, Lugtenberg B (2011) Plant growth-
promoting bacteria: fundamentals and exploitation. In:
Maheshwari DK (ed) Bacteria in agrobiology: crop ecosys-
tems. Springer Berlin Heidelberg, Berlin, Heidelberg, pp
295-343

Ponce P (1991) Cultivos de tejidos en caia de azucar. In: WMR
LAM (ed) Cultivo de Tejidos en la Agricultura, Fundamentos
y Aplicaciones. CIAT, Colombia, pp 543575

Quadt-Hallmann A, Kloepper JW (1996) Immunological detec-
tion and localization of the cotton endophyte Enterobacter
asburiae IM22 in different plant species. Can J Microbiol 42:
1144-1154

Quadt-Hallmann A, Hallmann J, Kloepper JW (1997) Bacterial
endophytes in cotton: location and interaction with other
plant-associated bacteria. Can J Microbiol 43:254-259

Reinhold-Hurek B, Hurek T (1998) Interactions of gramineous
plants with Azoarcus spp. and other diazotrophs: identifica-
tion, localization, and perspectives to study their function.
Crit Rev Plant Sci 17:29-54

Reinhold-Hurek B, Maes T, Gemmer S, Van Montagu M, Hurek T
(2006) An endoglucanase is involved in infection of rice
roots by the not-cellulose-metabolizing endophyte Azoarcus
sp. strain BH72. Mol Plant-Microbe Interact 19:181-188

Reis Junior F, Reis VM, Da Silva L, Dobereiner J (2000)
Levantamento e quantificagao de bactérias diazotroficas em
diferentes genotipos de cana-de-agucar (Saccharum spp.).
Pesqui Agropecudria Bras 35:985-994

Reis VM, Olivares FL, de Oliveira ALM, dos Reis Junior FB,
Baldani JI, Dobereiner J (1999) Technical approaches to
inoculate micropropagated sugar cane plants were
Acetobacter diazotrophicus. Plant Soil 206:205-211

Reis VM, Lee S, Kennedy C (2007) Biological nitrogen fixation in
sugarcane. In: Elmerich C, Newton WE (eds) Associative
and endophytic nitrogen-fixing bacteria. Springer. pp. 213—
232

Robledo M, Jiménez-Zurdo JI, Velazquez E et al (2008)
Rhizobium cellulase CelC2 is essential for primary symbiotic
infection of legume host roots. Proc Natl Acad Sci 105:7064—
7069

Rosenblueth M, Martinez-Romero E (2006) Bacterial endophytes
and their interactions with hosts. Mol Plant Microbe Interact
19:827-837

@ Springer



418

Plant Soil (2016) 403:403—418

Ruppel S, Rithlmann J, Merbach W (2006) Quantification and
localization of bacteria in plant tissues using quantitative real-
time PCR and online emission fingerprinting. Plant Soil 286:
21-35

Ryan RPR, Germaine K, Franks A, Ryan DJ, Dowling DN (2008)
Bacterial endophytes: recent developments and applications.
FEMS Microbiol Lett 278:1-9

Sack U, Hofrichter M, Fritsche W (1997) Degradation of
polycyclic aromatic hydrocarbons by manganese perox-
idase of Nematoloma frowardi. FEMS Microbiol Lett
152:227-234

Sevilla M, Burris RH, Gunapala N, Kennedy C (2001)
Comparison of benefit to sugarcane plant growth and '°N,
incorporation following inoculation of sterile plants with
Acetobacter diazotrophicus Wild-Type and nif~ mutant
strains. Mol Plant Microbe Interact 14:358-366

Staba EJ (1969) Plant tissue culture as a technique for the phyto-
chemist. In: Runeckles S (ed) Recent advances in phyto-
chemistry, Vol. 2. Appleton-Crofts, New York, pp 75-106

Taghavi S, Garafola C, Monchy S, Newman L, Hoffman A,
Weyens N, Barac T, Vangronsveld J, van der Lelie D
(2009) Genome survey and characterization of endophytic
bacteria exhibiting a beneficial effect on growth and devel-
opment of poplar trees. Appl Environ Microbiol 75:748-757

Taghavi S, van der Lelie D, Hoffman A, Zhang Y-B, Walla MD,
Vangronsveld J, Newman L, Monchy S (2010) Genome

@ Springer

sequence of the plant growth promoting endophytic bacteri-
um Enterobacter sp. 638. PLoS Genet 6:¢1000943

Taulé C, Mareque C, Barlocco C, Hackembruch F, Reis VM,
Sicardi M, Battistoni F (2012) The contribution of nitrogen
fixation to sugarcane (Saccharum officinarum L.), and the
identification and characterization of part of the associated
diazotrophic bacterial community. Plant Soil 356:35-49

Thaweenut N, Hachisuka Y, Ando S, Yanagisawa S, Tadakatsu Y
(2011) Two seasons’ study on nifH gene expression and
nitrogen fixation by diazotrophic endophytes in sugarcane
(Saccharum spp. hybrids): expression of nifH genes similar
to those of rhizobia. Plant Soil 338:435-449

Turner TR, James EK, Poole PS (2013) The plant microbiome.
Genome Biol 14:209-219

Urquiaga S, Cruz KHS, Boddey RM (1992) Contribution of
nitrogen fixation to sugar cane: N'° and nitrogen-balance
estimates. Soil Sci Soc Am J 56:105-114

Urquiaga S, Xavier RP, Morais RF et al (2012) Evidence from
field nitrogen balance and '°N natural abundance data for the
contribution of biological N, fixation to Brazilian sugarcane
varieties. Plant Soil 356:5-21

Vacheron J, Desbrosses G, Bouffaud M-L, Touraine B, Moénne-
Loccoz Y, Muller D, Legendre L, Wisniewski-Dy¢ F, Prigent-
Combaret C (2013) Plant growth-promoting rhizobacteria and
root system functioning. Front Plant Sci 4:1-19



	Endophytic...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Bacterial strains
	Screening the selected inoculant strains for potential plant interaction and infection traits
	Micropropagation of sugarcane plants
	Plant growth promotion of micropropagated sugarcane plants
	Microscopical examination of the interaction between micropropagated sugarcane plants and plant growth-promoting bacteria
	Production of polyclonal antibodies and immunogold labeling for LM and TEM
	Bacterial enumeration by qPCR
	Statistical analyses

	Results
	Plant growth promotion of micropropagated sugarcane cv. LCP 85384
	Plant-bacterial interaction traits of the putatively endophytic strains used as inoculants
	Localization of inoculated bacteria in micropropagated sugarcane cv. LCP 85384
	Colonization of sugarcane cv. LCP 85384 by Enterobacter sp. UYSO10
	Colonization of sugarcane cv. LCP 85384 by Shinella sp. UYSO24
	Control and reference treatments


	Discussion
	Enterobacter sp. UYSO10 and Shinella sp. UYSO24 promote the growth of micropropagated sugarcane
	Enterobacter sp. UYSO10 and Shinella sp. UYSO24 are endophytes of sugarcane

	Concluding remarks
	References


