academic]ournals

Vol. 11(39), pp. 1459-1467, 21 October, 2017

DOI: 10.5897/AJMR2017.8470

Article Number: E45691766470 . . .

ISSN 1996-0808 African Journal of Microbiology Research
Copyright © 2017

Author(s) retain the copyright of this article

http://www.academicjournals.org/AJMR

Full Length Research Paper

Endophytic bacteria isolated from ipé mirim (Tecoma
stans Bignoniaceae) and its application for plant
growth promotion

Almir José Ferreira™?, Luciana Francisco®, Elisa Esposito'®, Manuella N. Dourado? and
Welington Luiz AraGjo*?*

'Ncleo Integrado de Biotecnologia, University of Mogi das Cruzes, Mogi das Cruzes, S&o Paulo, Brazil.
2Microbiology Department, Institute of Biomedical Sciences, University of Sdo Paulo, S&o Paulo, Brazil.
®Institute of Science and Technology, Federal University of Sdo Paulo, Sdo José dos Campos, Sao Paulo, Brazil.

Received 3 February, 2017; Accepted 28 March, 2017

Endophytes are usually protected from soil environment competitiveness and stress. However, the
presence of heavy metals can negatively affect the structure and diversity of endophyte communities.
The aim of the present study was evaluate the diversity of endophytic bacteria from ipé mirim (Tecoma
stans Bignoniaceae) grown in an area of Atlantic rainforest contaminated with metals and evaluate the
ability of these bacteria to promote plant growth and seed germination. Results show that endophytic
bacterial density in plants was stable among sites with different level of metals; however, bacterial
richness was lower in plants from sites with low level of metals. At least 28 genera were isolated, where
Methylobacterium (21.32%), Bacillus (19.12%), Pseudomonas (11.03%) and Curtobacterium (7.35%) the
dominant groups. Isolates were selected from Rhizobiales order and the capability of this dominant
group in plant growth promotion was evaluated. Results showed that Methylobacterium spp. and
Rhizobium sp. increased germination and improved seedling growth of tomato Santa Cruz Kada
Gigante. Therefore, results show that the endophyte cultivable community is not influenced by the
presence of low metal concentration, and plant growth promoter bacteria that can be used on tomato
seedlings production were successfully selected and on future phytoremediation studies.

Key words: Methylobacterium spp., Rhizobium sp., Tecoma stans, microbial diversity, metals, plant growth
promoting bacteria (PGPB), tomato, growth promotion.

INTRODUCTION

The endophytic bacteria colonize the inner plant tissues structures (Hardoim et al., 2008, 2015). This relationship
without causing disease and without visible external can be beneficial for both plantand microorganisms; studies
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have shown that these bacteria or fungi also can be used
as a source for new drugs (Strobel et al., 2004),
enzymes, antibiotics (Martinez-Klimova et al., 2016;
Braga et al.,, 2016), and allow the development of new
bioremediation and agricultural techniques (Kobayashi,
2000; Dourado et al., 2013).

The diversity of endophytic bacteria may be impacted
by biotic (plant genotypes and microbial community) and
abiotic (nutrients, water, temperature, pH and pollutants)
factors (Hardoim et al., 2008). Although endophytes are
protected of stress and competitiveness from soil
environment (Gans et al., 2005), the presence of heavy
metals may negatively affect the structure and diversity of
microbial communities. Thus, it is important to
understand the factors that affect the endophytic
community and its impact on the biotechnological
potential of this community.

Methylobacterium spp. has been isolated from several
plant species (Omer et al., 2004), actively colonizing the
leaf surface or the inner plant tissues, such as soybean,
sugarcane, cotton, citrus, eucalyptus, bamboo,
Catharanthus roseus, tobacco, strawberry, mangrove
plants and different Fabaceae species (Madhaiyan and
Poonguzhali, 2014; Dourado et al., 2015). Inside the host
plant Rhizobium and Methylobacterium could produce
phythormones (IAA and citokinine) or interact with the
microbial community (endophytes and pathogens)
(Madhaiyan et al., 2006; Dourado et al., 2015; Azevedo
et al.,, 2016). In addition, Methylobacterium spp. can
promote the seed germination and increase leaf area and
plant height (Madhaiyan et al., 2006; Kumar et al., 2011;
Bogas et al.,, 2016; Gopalakrishnan et al., 2015), the
stomata number, chlorophyll and malic acid content
(Cervantes-Martinez et al., 2004), and fixing N,, inducing
the formation of nodules on the host plant (Sy et al,
2001; Gopalakrishnan et al., 2015), suggesting that these
bacteria can change the plant physiology during
interaction.

The aim of this study was to isolate and characterize
endophytic bacterial community from T. stans, known as
Ipé-mirim, yellow trumpetbush or yellow bells, grown in
an Atlantic Rain Forest with a history of heavy metal
contamination; and evaluate the diversity and the
application of these bacteria in promoting tomato plant
(Lycopersicon esculentum Mill) growth.

MATERIALS AND METHODS
Plant and soil samples

Endophytic bacteria were isolated from Ipe-Mirim (Tecoma stans,
Bignoniaceae) plants grown in an Atlantic Forest area of Nagib
Najar Park (Mogi das Cruzes, Sao Paulo), with a history of metals
contamination. The plants and soil were sampled randomly in four
points in the Park: Site 1 (46°12°49.6""W-23°31'03.6°S), site 2
(46°2°49.0°W; 23°31°08.1”°S), site 5 (46°12°44.2°W;
23°31°09.9°S) and site 6 (46°12°39.5"W; 23°31°19.1"'S) in April of

2007 and May of 2008. For each sampling site, three plants were
collected and immediately transported to the laboratory for isolation
of the endophytic bacterial community.

Physical and chemical soil analysis

The physical and chemical soil analysis was performed at the
Nucleo de Ciéncias Ambientais (NCA) at University of Mogi das
Cruzes, under the responsibility of Prof. Dr. Andrew Fernando de
Oliveira. The levels of metals were compared to soil quality
reference values determined by CETESB (Sao Paulo State
Environmental Company) (http://www.cetesb.sp.gov.br).

Isolation of endophytic bacteria from branches

Stems (5 mm of diameter) were surface disinfected (70% ethanol
for 30 s; 2% sodium hypochlorite for 2 min and sterile distilled water
for 30 s), macerated in PBS buffer (NaCl, 8 g I*; KCI, 0.2 g I';
Na;HPO,, 1.44 g I'; KH,PO,, 0.24 g ') and appropriate dilutions
(10", 10 and 107®) were plated with the controls (triplicate of 200 pl
water culture from the last disinfection step) on culture medium TSA
(Tryptic Soy Agar - Oxoid) 5%, amended with benomyl (50 mg.mL"
Y and incubated at 28°C for 30 days. After growth, the colonies
were counted and randomly picked out for further identification.
Means were compared by analysis of variance (ANOVA) with
Bonferroni test, comparison of independent samples and the
Pearson correlation method using the Bioestat software (v.5.0,
2015).

Molecular identification and diversity analysis

The total DNA of the isolates were extracted, the gene 16S rRNA
was amplified with primers 968F and 1401R (Aradjo et al., 2002)
and sequenced by HUG-CELL center (http://genoma.ib.usp.br/en).
All 140 bacterial sequences presented in this study were submitted
to GenBank (accession numbers KX914446 - KX914662).

The sequences were classified in RDPquery
(http://simo.marsci.uga.edu) using only type-strain sequences from
the RDP database (http://rdp.cme.msu.edu/). A phenetic tree was
built using the MEGA 6.06 software (www.megasoftware.net) using
the neighbor-joining method and Jukes-Cantor model, with a
consistency test with 1000 bootstrap replicates. The resultant tree
was edited with ITOL program (http://itol.embl.de/). The sequences
were grouped into OTUs (Operations Taxonomic units), as 97%
(species) and 95% (genus) similarity criteria with the Mothur
program (Schloss et al., 2009). The richness (Ace and Chaol) and
diversity indexes (Simpson and Shannon-H') were evaluated and
the communities from each sampling sites were compared by |-
Libshuff method.

In vitro Rhizobiales colonization assay
Since Methylobacterium and Rhizobium (Rhizobiales) were the

most abundant group it was selected to proceed the analysis,
testing it biotechnological potential in plant experiment.

Rhizobium sp. and Methylobacterium spp. tomato germination
assay

The colonization of tomato Cherry and Santa Cruz Kada Gigante
for 47 isolates of Rhizobiales (Rhizobium and Methlylobacterium)
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Table 1. Soil content of bioavailable metal and soil pH on the sampling placing of T. stans plants.

Soil content of bioavailable metal (umol/g)

Metal

Site 1 Site 2 Site 5 Site 6
Soil pH 7.25 7.5 55 7.25
Ca 6.4 9.6 6.8 55
Mg 2.8 6.9 7.2 4.8
Fe 0.3 0.3 1.9 0.3
Mn 0.08 0.12 0.05 0.24
Al 0.3 - 7 -
Cu 0.05 0.08 0.02 0.95
Zn 0.1 0.2 0.5 0.4
Cd - - - 0.01
Characteristics Low metal Low metal Low pH, high Al High metal (Cu, Cd)

was evaluated in plates. For this, the bacteria were cultured in TSB
medium (Oxoid) for 72 h at 28°C under agitation (150 rpm), washed
and suspended in PBS. Approximately 200 seeds were inoculated
with 2 ml of this bacterial suspension (OD 600 nm = 0.8) for 60 min,
and further rinsed in PBS and incubated in a humid chamber at
25°C for up to 6 days. The endophytic colonization was assessed
by re-isolation of the inoculated isolates from surface disinfected
plant tissues on TSA 5%.

Rhizobiales tomato germination assay

Experiment was performed as reported above only with the 29
Rhizobiales strains able to colonize tomato plants. These 29 strains
were screened for direct plant growth promotion (PGP) abilities.
They were inoculated in seeds of Cherry and Santa Cruz Kada
Gigante tomato and plant germination rate was measure five days
after planting.

Rhizobiales- tomato plant greenhouse assay

One Rhizobium sp. and two Methylobacterium spp. strain able to
colonize the inner plants tissues were evaluated for their effect on
the germination rate and plant growth promotion. For this, bacteria
were inoculated into tomato seeds, as described previously, and
sown in trays (expanded polystyrene with 128 cells at a depth of 0.5
cm) containing PlantMax® HT substrate. Ten seeds were sown by
tray cell, and five cells (repetitions) per treatment, with completely
randomized blocks. The control group was sown with distillated
water (without bacteria). After 20 days in the greenhouse
(temperature average was 25°C and relative humidity average was
80%), the germination rate was evaluated and 5 seedlings of each
replication/ treatment were transferred to plastic pots with
PlantMax® HT substrate and evaluated after 10 days according to
seedling height, size of root system, leaves number. For all
analysis, two independent experiments were performed.

Phosphate solubilization and nitrogen fix testes in plant
growth Rhizobiales strains

Three Rhizobiales bacteria (two Methylobacterium and one
Rhizobium), used in the previous experiment, were grown in plates
withn culture medium with inorganic phosphate (glucose 10 g 1™,

NH4CI 5 g 1™, NaCl 1 g I"* and MgS0Q,.7H,0 1 g I”", pH 7.2) for 48 h
at 28°C and after growth, the presence of clear halo around the
colony indicated the phosphate solubilization (Verma et al., 2001).
The same three Rhizobiales isolate were screened for the ability to
fix N2, inoculated into tubes containing Nfb (D&bereiner et al., 1995)
and incubated at 28°C for 10 days. Isolates that grew in this
medium were re-inoculated in the same condition for three
consecutive times. Isolates that grew in all inoculated tubes were
considered positive.

RESULTS
Physical and chemical soil analysis

The pH and bioavailability of Ca (calcium), Mg
(magnesium), Fe (Iron), Mn (manganese), Al (aluminum),
Cu (cuprum), Zn (zinc) and Cd (cadmium) was assessed
in an Atlantic Rain Forest soil. The pH was similar for
sites 1, 2 and 6, ranging from 7.25 to 7.5, but was
significantly different for site 5, which present acid soil
with pH 5.5 (Table 1).

The concentration of bioavailable Mg, Fe and Zn
ranged from 2.8, 0.3 and 0.1 for site 1 to 7.2, 1.9 and 0.5
pmol.g™for site 5, respectively. The higher concentration
of Mn, Cu and Cd was observed in site 6 (Table 1). The
bioavailability of Ca ranged from 5.5 to 9.6 pmol.g'l in site
6 and site 2, respectively.

Isolation of endophytic bacteria from branches

Isolation of cultivable endophytic bacteria from T. stans
revealed a large discrepancy in bacteria counts. Plants
grown in sites 5 and 6 showed the highest bacterial
density, while plants from site 2 presented the lowest
value (Table 2). However, Pearson analysis showed no
correlation between the metal concentration and bacterial
counts (p = 0.47™ for Fe; p = 0.13"™ for Zn; p = 0.73"™ for
Cu; p = 0.97™ for Mn).
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Table 2. Richness and diversity analyzes of endophytic bacteria of T. stans at similarity level of 97%.

Sampling Logio CFliJ.g 4 OTUs Richness Diversity
site steam CHAO 1 ACE Shannon H’ Simpson
1 2.4 21 56 (30.6-147.5) 70.1 (33.7-211.2) 2.4 (2.1-2.7) 0.1209 (0.0748-0.167)
2 1.8 22 79 (39.1-212.7) 99.8 (43.2-307.7) 3.0 (2.7-3.3) 0.0154 (-0.0047-0.0355)
5 3.7 28 203.5 (83.6-581.3) 406 (96.1-2125.9) 3.3(3.0-3.5) 0.0025 (-0.0039-0.0088)
6 3.1 26 118 (55.2-315.2) 182 (37.1-2210.4) 3.2 (2.9-3.5) 0.0053 (-0.0039-0.0145)

Molecular identification and diversity analysis

A total of 140 endophytes were isolated, being 58 from
Site 1, 25 from Site 2, 30 from site 5 and 27 from site 6.
The endophytic cultivable bacterial community associated
of T. stans steam was composed by at least 28 genera:
Actinoplanes, Aquabacterium, Bacillus, Brevibacterium,
Citrobacter, Curtobacterium, Enterobacter,
Hymenobacter, Kineococcus, Klebsiella, Massilia,
Methylobacterium,  Microbacterium,  Mycobacterium,
Pandoraea, Pantoea, Patulibacter, Plantibacter,
Pseudomonas, Rhizobium, Rhodococcus, Sphingobium,
Sphingomonas, Staphylococcus, Stenotrophomonas,
Terracoccus, Williamsia, Xanthomonas (Figure 1). The
genus Methylobacterium (21.32%), Bacillus (19.12%),
Pseudomonas (11.03%) and Curtobacterium (7.35%)
were the dominant groups, and represented 58.82% of
the total culturable bacterial community inside the T.
stans stems. However, it was observed that both
Methylobacterium and Bacillus were predominantly
isolated from site 1 (with low metal content) and
Pseudomonas presented higher number in plants from
site 5 (with low pH).

At 97% similarity level, the bacterial community
contained 92 OTUs. The highest richness appeared in
plants from Site 5 followed by Site 6 (Table 2). For
diversity (described by H’), the highest value was
obtained in plants from site 5 too and the lowest value
appeared in plants from site 1. Although the Pearson
correlation test showed no correlation, the metal
accumulated in site 5 (Mg, Fe, Al and Zn) and P6 (Mn,
Cu and Cd) seems to result in higher bacterial density
(Table 1), richness and diversity (Table 2) in cultivable
endophytic bacterial community isolates from T. stans
steam. In addition, using [-Libshuff analysis with the
Bonferroni correction as significance criterion, it was
observed that the endophytic bacterial communities of T.
stans present in site 1 and 2 are similar (p = 1.00), but
are significantly different from sites 5 and 6 (p <0.0001),
and Site 5 is different from site 6 (Figure 2A and B); site 5
and 6 present higher metal concentrations, where site 5
present lower pH and higher Al content while Site 6
present toxic metals: Cu and Cd. Although the bacterial
community isolated from plants growth in sites 1 and 2

exhibit greater similarity, these points differ significantly,
each being composed of a low specific community
overlapping (Figure 2A and Figure B -red bars), probably
due to the low concentration of metal.

Screening of Rhizobiales strains for induction of
tomato seed germination

From the total of 47 tested isolates, we were able to re-
isolate from tomato only 29 isolates classified as
Methylobacterium and Rhizobium, which were used to
proceed the studies. To select Rhizobiales strains that
directly promote plant growth, one Rhizobium sp. and two
Methylobacterum spp. isolates were screened for direct
plant growth promotion (PGP) abilities. These
Rhizobiales were inoculated in seeds of Cherry and
Santa Cruz Kada Gigante tomato, resulted in a
germination rate that ranged from 90 to 98% and from 30
to 84%, respectively. However, as the germination rate
was high for seeds of tomato Cherry, the effect of
Methylobacterium spp. inoculation was not observed
(Figure 3). In tomato Santa Cruz Kada Gigante, four
isolates (A40, A59, B74 and B76) significantly reduced
the germination rate, while six isolates (A21, A76, B40,
B61, C2 and LGM86) increased the germination rate
(Figure 3).

Rhizobiales- tomato plant greenhouse assay

Based on results of seed germination, strains A76, B61
and C2 were selected for evaluation of effect on tomato
Santa Cruz Kada Gigante growth (germination rate,
number of leaves, shoot and root length) in greenhouse
experiments.

In the tomato Santa Cruz Kada Gigante plants
inoculated with strain C2, the germination rate increased
statistically (p<0.05) up to 13.64% compared to control.
The strains A76 and B61 did not exert any significant
difference in the evaluated conditions. For plant growth
promotion, the highest values were obtained with the
inoculation of C2 strain, which promoted a significant
(p<0.05) increasing in shoot (17.3%) and root (17.8%)
length (Figure 4).
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Figure 1. Phylogenetic tree of endophytic bacteria found in T. stans. Built by Neighbor-Joining method, Jukes-Cantor model.
With Bootstrap of 1000. Colored bars indicate the isolation place and its height is proportional to the OTU frequency.

In contrast, a negative effect on root length was
observed in plants inoculated with strain A76. The effect
of bacteria inoculation on number of leaves was also
evaluated and ranged from 8 to 12 leaves. However, no
bacteria showed a statistical difference when compared
with the control plants (Figure 4).

Considering that, the isolated C2 significantly increased
the germination rate and shoot and root length after seed
inoculation for tomato Santa Cruz Kada Gigante, this
isolate was also inoculated in seeds of Tomato Cherry.

Although an increase in germination rate was not
observed in tomato seedling Cherry resulting from
inoculated seeds, the shoot (13.57%) root (21.91%)
length and leaves number (8%) increased statistically
(p<0.05) compared with the control seedlings.

Phosphate solubilization and nitrogen fix assays in
plant growth Rhizobiales strains

In order to understand the mechanisms involved in
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Figure 2. Heatmap and Cluster based on Jaccard index built from sequences of isolate from contaminated places. (A) Sequences at 97%
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indicates the lowest.
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Figure 3. Influence of endophyte Rhizobiales inoculation in tomato germination. (A) Cherry; (B) Santa Cruz Kada Gigante.
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Figure 4. Response of tomato plant Santa Cruz Kada Gigante in greenhouse with Methylobacterium sp. (strains A76, B61)
and Rhizobium sp. (C2) inoculation. (A) Germination; (B) Shoot height; (C) Root length and (D) number of leaves

(*statistically different at p<0.05).

bacteria plant interaction, the Methylobacterium sp.
strains A76, B61 and C2 were screened for direct PGP
traits. The Ny-fixing ability of endophytic strains was
screened by growth on N,-free media. The strains C2 and
B61 showed the capacity to grow in nitrogen-free
conditions, while strains A76 and B61 formed a halo
around the colonies on medium containing inorganic
phosphate and were considered positive for phosphate
solubilizing. In the present conditions, only the strain B61
was able to fix N, and solubilize inorganic phosphate.

DISCUSSION

Abiotic stress can select the adapted microbiome and
consequently decrease bacteria diversity, indicating
negative effects of the environment on the host plant and
in endophytic bacterial community (Hardoim et al., 2015;
Truyens et al., 2016). Previous reports show that the
diversity and richness of endophytic community in
Arabidopsis thaliana seeds decreased in plants exposed

to cadmium (Truyens et al., 2016). In the present study,
low metals levels did not affect the density of endophytic
bacteria within the T. stans stems grown in the contami-
nated soil.

The analysis also did not demonstrate variation in
bacterial density in endophytic T. stans isolates,
suggesting that the plant must adjust the bacterial density
inside, independent of the effects of soil conditions. Plant
parts in direct contact with the ground (roots and
rhizosphere) suffer more influence because of the higher
concentration of metals from soil. Moreover, endophytes
were reported to tolerate higher heavy metal levels than
rhizosphere bacteria (Idris et al., 2004).

In addition, using |-Libshuff analysis with the Bonferroni
correction as significance criterion, it was observed that
the endophytic bacterial communities of T. stans present
in site 1 and 2 are similar (p = 1.00), but are significantly
different from sites 5 and 6 (p <0.0001). These
differences in bacterial community may be associated
with soil variations and non-environmental study of the
area, which are located in the same park, with similar
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humidity, temperature and rainfall. Sites 1 and 2 also
exhibit similar levels of metals (both presented low metal
concentration), although it can be suggested that there is
correlation between the levels of individual metals and
bacterial densities, as well as richness.

Furthermore, previous studies show that after heavy
metals application, the microbial community decreases,
but after a period of adaptation, it can be restored to
previous levels (Rajapaksha et al.,, 2004) due to the
selection of metal tolerant species (Baath, 1989), and
also due the resilience of this microbial community under
transitory impact. Endophytic bacteria present a key role
on phytoremediation since it is able to enhance heavy
metal pytoextraction (Rajkumar et al., 2009; Muehe et al.,
2015). In this context, a higher density of endophytic
bacteria of Methylobacterium genera can be explained by
its heavy metal tolerance. Dourado et al. (2012) observed
that Methylobacterium isolated from mangrove with oil
contamination and high levels of heavy metal, showed
high tolerance to cadmium, arsenic and lead. This high
tolerance can reduce metal toxicity and promote tomato
plant growth (Madhaiyan et al., 2007).

Methylobacterium and Rhizobium strains promoted
tomato plants (Cherry and Santa Cruz Kada Gigante)
growth and germination. Which was previously reported
by other authors (Sy et al., 2001; Madhaiyan et al., 2006,
2007; Bogas et al., 2016). The mechanisms involved are:
(1) phytohormone production: Mainly auxin and
cytokinines (Dourado et al., 2015; Kwak et al. 2014); (2)
Stress decrease: Heavy metal tolerance (Dourado et al.,
2015) and ACC deaminase production (Bogas et al.,
2016). Bacterial ACC deaminase uses the ethylene
precursor. ACC (Aminocyclopropane-1-carboxylic acid)
as source of nitrogen, decreasing the production of
ethylene, increasing plant growth (Hardoim et al., 2008,
2015); (3) Nutrient uptake: Phosphate solubilization
(Glick, 1995), nitrogen fixation and plant nodulation (Sy et
al., 2001).

Rhizobium sp. strain C2 was able to fix N, and promote
tomato seedlings Santa Cruz Kada Gigante and Cherry
growth, indicating that it can be used to increase tomato
production. Nitrogen fixer can help plant and mycorrhiza
to improve vegetation of heavy metal-rich industrial sites
(Ogar et al., 2015).

Finally, the present study shows that the presence of
low metal concentration does not influence in endophyte
cultivable community due to the niche of endophyte and
well as its great plasticity. Furthermore, we were able to
select plant growth promoter bacteria that can be used on
tomato  seedlings production and on future
phytoremediation studies.

CONFLICT OF INTERESTS

The authors have not declared any conflict of interests.

ACKNOWLEDGEMENT

This work was supported by a grant from the FAPESP -
Foundation for Research Assistance of Sdo Paulo State,
Brazil (Proc. 2005/54617-2 and 2015/11563-1). The
authors extend their thanks to FAPESP for the fellowship
to A.J.F. and M.N.D. (Proc. 2013/17314-8) and CNPq by
the Productivity Fellowship (1B) to W.L.A.

REFERENCES

Aradjo WL, Marcon J, Maccheroni-Jr W, Van Elsas JD, Van Vuurde
JWL, Azevedo JL (2002). Diversity of endophytic bacterial population
and interaction with Xylella fastidiosa in citrus plants. Appl. Environ.
Microbiol. 68:4906-4914.

Azevedo JL, Aradjo WL, Lacava PT (2016). The diversity of citrus
endophytic bacteria and their interactions with Xylella fastidiosa and
host plants. Genet. Mol. Biol. 39(4):476-491.

Baath E (1989). Effects of heavy metals in soil on microbial processes
and populations (a review). Water Air Soil Pollut. 47:335-379.

Bogas AC, Aguilar-Vildoso CI, Camargo-Neves AA, Araljo WL (2016)
Effects of growth-promoting endophytic Methylobacterium on
development of Citrus rootstocks. Afr. J. Microbiol. Res. 10:646-653.

Braga RM, Dourado MN, Aratjo, WL (2016). Microbial interactions:
ecology in a molecular perspective. Braz. J. Microbiol. 47:86-98.

Cervantes-Martinez J, Lopez-Diaz S, Rodriguez-Garay B (2004).
Detection of the effects of Methylobacterium in Agave tequilana
Weber var. azul by laser-induced fluorescence. Plant Sci. 166:889-
892.

Ddbereiner J, Baldani VLD, Baldani JL (1995). Como isolar e identificar
bactérias diazotréficas de plantas nao-leguminosas. Brasilia:
Embrapa - SPI, 1995. 60p.

Dourado MN, Camargo Neves AA, Santos DS, Aradjo WL (2015).
Biotechnological and agronomic potential of endophytic pink-
pigmented methylotrophic Methylobacterium spp. Biomed. Res. Int.
2015:909016.

Dourado MN, Ferreira A, Aradjo WL, Azevedo JL, Lacava PT (2012).
The diversity of endophytic methylotrophic bacteria in an oil-
contaminated and an oil-free mangrove ecosystem and their
tolerance to heavy metals. Biotechnol. Res. Int. 2012:759865.

Dourado MN, Martins PF, Quecine MC, Piotto FA, Souza LA, Franco
MR, Tezotto T, Azevedo RA (2013). Burkholderia sp. SCMS54
reduces cadmium toxicity and promotes growth in tomato. Ann. Appl.
Biol. 163:494-507.

Gans J, Wolinsky M, Dunbar J (2005). Computational improvements
reveal great bacterial diversity and high metal toxicity in soil. Science
309:1387-1390.

Glick BR (1995). The enhancement of plant growth by free-living
bacteria. Can. J. Microbiol. 41:109-117.

Gopalakrishnan S, Sathya A, Vijayabharathi R, Varshney RK, Gowda
CLL, Krishnamurthy L (2015). Plant growth promoting rhizobia:
challenges and opportunities. 3 Biotech, 5:355-377.

Hardoim PR, Overbeek LS, Berg G, Pirtila AM, Compant S, Campisano
A, Doring M, Sessitsch A (2015). The hidden world within plants:
ecological and evolutionary considerations for defining functioning of
microbial endophytes. Microbiol. Mol Biol. Rev. 79.3:293-320.

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.

Idris R, Trifonova R, Puschenreiter M, Wenzel WW, Sessitsch A
(2004). Bacterial Communities Associated with Flowering Plants of
the Ni Hyperaccumulator Thlaspi goesingense Appl. Environ.
Microbiol. 70:2667-2677.

Kobayashi DY, Palumbo JD (2000). Bacterial endophytes and their
effects on plants and uses in agriculture. In: BACON, C.W.; WHITE,
J.F. (Ed.). Microbial endophytes. New York: Marcel Dekker. 2000. pp.
199-233.


https://www.ncbi.nlm.nih.gov/pubmed/27727362
https://www.ncbi.nlm.nih.gov/pubmed/27727362
https://www.ncbi.nlm.nih.gov/pubmed/27727362
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dourado%20MN%5BAuthor%5D&cauthor=true&cauthor_uid=25861650
http://www.ncbi.nlm.nih.gov/pubmed/?term=Camargo%20Neves%20AA%5BAuthor%5D&cauthor=true&cauthor_uid=25861650
http://www.ncbi.nlm.nih.gov/pubmed/?term=Santos%20DS%5BAuthor%5D&cauthor=true&cauthor_uid=25861650
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ara%C3%BAjo%20WL%5BAuthor%5D&cauthor=true&cauthor_uid=25861650
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dourado%20MN%5BAuthor%5D&cauthor=true&cauthor_uid=22482056
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ferreira%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22482056
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ara%C3%BAjo%20WL%5BAuthor%5D&cauthor=true&cauthor_uid=22482056
http://www.ncbi.nlm.nih.gov/pubmed/?term=Azevedo%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=22482056
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lacava%20PT%5BAuthor%5D&cauthor=true&cauthor_uid=22482056
http://aem.asm.org/search?author1=Rughia+Idris&sortspec=date&submit=Submit
http://aem.asm.org/search?author1=Radoslava+Trifonova&sortspec=date&submit=Submit
http://aem.asm.org/search?author1=Markus+Puschenreiter&sortspec=date&submit=Submit
http://aem.asm.org/search?author1=Walter+W.+Wenzel&sortspec=date&submit=Submit
http://aem.asm.org/search?author1=Angela+Sessitsch&sortspec=date&submit=Submit

Kumar H, Dubey RC, Maheshwari DK (2011). Effect of plant growth
promoting rhizobia on seed germination, growth promotion and
suppression of Fusarium wilt of fenugreek (Trigonella foenum-
graecum L.). Crop Protect. 30:1396-1403.

Kwak MJ, Jeong H, Madhaiyan M, Lee Y, Sa TM, Oh TK, Kim JF
(2014). Genome Information of Methylobacterium oryzae, a plant-
probiotic methylotroph in the phyllospher. PLoS One 9(9):e106704.

Madhaiyan M, Poonguzhali S (2014). Methylobacterium pseudosasicola
sp. nov. and Methylobacterium phyllostachyos sp. nov., isolated from
bamboo leaf surfaces. Int. J. Syst. Evol. Microbiol. 64:2376-2384.

Madhaiyan M, Poonguzhali S, Sa T (2007). Metal tolerating
methylotrophic bacteria reduces nickel and cadmium toxicity and
promotes plant growth of tomato (Lycopersicon esculentum L).
Chemosphere 69:220-228.

Madhaiyan M, Poonguzhali S, Sundaram SP, Sa TM (2006). A new
insight into foliar applied methanol influencing phylloplane
methylotrophic dynamics and growth promotion of cotton (Gossypium
hirsutum L.) and sugarcane (Saccharum officinarum L.). Environ.
Exp. Bot. 57:168-176.

Madhayian M, Poonguzhali S, Lee HS, Suandaram SP (2005). Pink-
pigmented facultative methylotrophic bacteria accelerate germination,
growth and vyield of sugarcane clone Co086032 (Saccharum
officinarum L.). Biol. Fertil. Soils 41:350-358.

Martinez-Klimova, E, Rodriguez-Pefia, K, Sanchez, S (2016).
Endophytes as sources of antibiotics. Biochem. Pharmacol. In press
http://dx.doi.org/10.1016/j.bcp.2016.10.010.

Muehe EM, Weigold P, Adaktylou 1J, Planer-Friedrich B, Kraemer U,
Kappler A, Behrens S. (2015). Rhizosphere microbial community
composition affects cadmium and zinc uptake of the metal-
hyperaccumulating plant Arabidopsis halleri. Appl. Environ. Microbiol.
81:2173-2181.

Ogar A, Sobczyk L, Turnau K (2015). Effect of combined microbes on
plant tolerance to Zn—-Pb contaminations. Environ. Sci. Pollut. Res.
22:19142-19156.

Omer ZS, Tombolini R, Gerharson B (2004). Plant colonization by pink-
pigmented facultative methylotrophic bacteria (PPFMs). FEMS
Microbiol. Ecol. 46:319-326.

Rajapaksha R, Tobor-Kapton M, Baath E (2004). Metal toxicity affects
fungal and bacterial activities in soil differently. Appl. Environ.
Microbiol. 5:2966-2973.

Ferreira et al. 1467

Rajkumar M, Ae N, Freitas H (2009). Endophytic bacteria and their
potential to enhance heavy metal phytoextraction. Chemosphere
77:153-160

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB,
Lesniewski RA, Oakley BB, Parks DH, Robinson CJ, Sahl JW, Stres
B, Thallinger GG, Horn DJV, Weber CF (2009). Introducing mothur:
Open-source, platform-independent, community-supported software
for describing and comparing microbial communities. Appl. Environ.
Microbiol. 75:7537-7541.

Strobel G, Daisy B, Castillo U, Harper J (2004). Natural products from
endophytic microorganisms. J. Nat. Prod. 67:257-268.

Sy A, Giraud E, Jourand P, Garcia N, Willems A, De Lajudie P, Prin Y,
Neyra M, Gillis M, Bivin-Masson C, Dreyfus B (2001). Methylotrophic
Methylobacterium bacteria nodulate and fix nitrogen in symbiosis with
legumes. J. Bacteriol. 183:214-220.

Truyens S, Beckers B, Thijs S, Weyens N, Cuypers A, Vangronsveld J
(2016). Cadmium-induced and trans-generational changes in the
cultivable and total seed endophytic community of Arabidopsis
thaliana. Plant Biolog. 18:376-381.

Verma SC, Ladha JK, Tripathi AK (2001). Evaluation of plant growth
promoting and colonization ability of endophytic diazotrophs from
deep water rice. J. Biotechnol. 91:127-141.


http://www.sciencedirect.com/science/journal/02612194
http://www.ncbi.nlm.nih.gov/pubmed?term=Kwak%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=25211235
http://www.ncbi.nlm.nih.gov/pubmed?term=Madhaiyan%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25211235
http://www.ncbi.nlm.nih.gov/pubmed?term=Lee%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25211235
http://www.ncbi.nlm.nih.gov/pubmed?term=Sa%20TM%5BAuthor%5D&cauthor=true&cauthor_uid=25211235
http://www.ncbi.nlm.nih.gov/pubmed?term=Oh%20TK%5BAuthor%5D&cauthor=true&cauthor_uid=25211235
http://www.ncbi.nlm.nih.gov/pubmed?term=Oh%20TK%5BAuthor%5D&cauthor=true&cauthor_uid=25211235
http://www.ncbi.nlm.nih.gov/pubmed?term=Kim%20JF%5BAuthor%5D&cauthor=true&cauthor_uid=25211235
https://www.ncbi.nlm.nih.gov/pubmed/?term=Madhaiyan%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17512031
https://www.ncbi.nlm.nih.gov/pubmed/?term=Poonguzhali%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17512031
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sa%20T%5BAuthor%5D&cauthor=true&cauthor_uid=17512031
https://scholar.google.com.br/citations?user=p2lDQO0AAAAJ&hl=pt-BR&oi=sra
https://scholar.google.com.br/citations?user=4NbCXcwAAAAJ&hl=pt-BR&oi=sra
http://www.sciencedirect.com/science/article/pii/S0045653509007553
http://www.sciencedirect.com/science/article/pii/S0045653509007553

