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Burkholderia sp. is a bacterial genus extremely versatile in the environment and has
been reported for a great potential to promote plant growth via different mechanisms.
Here we evaluate the plant growth-promoting mechanisms in twenty-six Burkholderia
strains. Strains were evaluated for their ability to promote plant growth by means of:
indole-3-acetic acid (IAA) production under different conditions of pH, salt stress and the
presence or absence of L-tryptophan; exopolysaccharides (EPS) production and quorum
sensing (ALH). The strains were also characterized in terms of their genetic variability and
species identification through Sanger sequencing. Then, the bacteria most responsive in
the greatest number of plant-growth promotion mechanisms were selected for a corn
seed germination test. All bacteria synthesized IAA in medium with 0.0 or 5.0mM of
L-tryptophan in combination with either 1 or 5% of NaCl, and pH values of either 4.5
or 7.2. The EPS production was confirmed for 61.54% of the bacterial strains. Quorum
sensing also occurred in 92.3% of the selected bacteria. The Jaccard similarity coefficient
revealed 16 clusters with high genetic variability between bacterial strains. Bacterial
strains were assigned to seven species: B. anthina, B. cepacia, B. gladioli, B. ambifaria,
B. graminis, B. heleia, and Burkholderia spp. The corn seed bacterization did not affect
the germination velocity index (GSI), as well as the first count of germinated seeds (FC).
However, inoculations formulated with B. heleia strain G28, B. gladioli strain UAGC723,
and B. graminis strain UAGC348 promoted significant increases in root length, seedling
height and fresh and dry seedling phytomass, respectively. These results indicate the
high biotechnological potential of several strains in the genus Burkholderia sp. as seed
inoculants, favoring germination and seedling initial development.

Keywords: indole acetic acid, exopolysaccharide, quorum sensing, initial development, promotion mechanisms,
Zea mays
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Burkholderia Affects Maize Germination

INTRODUCTION

Plants provide a wide variety of niches for growth and
proliferation for a great diversity of microorganisms, including
bacteria, fungi, protists, nematodes, and viruses, which make
up the plant microbiota (I, 2). These microorganisms can
form complex interactions with plants and have key roles in
promoting plant productivity and health (3, 4). The plant-
bacteria interaction has been the basis of bioproducts that
promote increased productivity of agricultural crops, especially
inoculants with mechanisms that promote plant-growth, nutrient
acquisition and increases of plant tolerance and resistance to
abiotic stresses and pests attack (5-7). Most of these interactions
occur in the soil-plant interface using specific niches such
as the rhizosphere, endosphere and rhizoplane (1, 2, 8). The
rhizosphere consists of the root zone directly influenced by
plant exudates, but the microorganisms inhabiting these regions
may also interfere in both plant development and soil fertility
(5, 9). Moreover, endophytic bacteria (endosphere) occur in
all plant species and contribute to plant development by
providing microbiological compounds capable to protect the
plant, stimulate plant growth and nutrient absorption (4, 10).
The root epiphytic bacteria, which are inhabitants of the root
surface (rhizoplane) have also a crucial role in stimulating plant
development (3, 9).

In particular, the plant growth promoting bacteria (PGPB)
have stood out in the field of biotechnology for their
role in disease suppression (biological control), increased
nutrient availability (biofertilization), phytohormone production
(phytostimulation) and increases in resistance to abiotic stresses
(8, 11).

Recently, the genus Burkholderia received special attention
due to its metabolic versatility and capacity to occupy different
niches (12, 13). This genus comprehends more than 88
cataloged bacterial species divided into clusters (14-16). The
first grouping includes human, animal, and plant pathogens
such as Burkholderia glumae, Burkholderia pseudomallei and
Burkholderia mallei, as well as the 17 defined species of
the Burkholderia cepacia complex). While the second cluster
comprises more than 30 non-pathogenic species, which are
associated with plants and therefore can be considered potentially
beneficial. This latter Burkholderia cluster is also known as the
plant-associated beneficial and environmental (PBE) group (14).
Many studies provided evidence of the great biotechnological
potential of the Burkholderia PBE group, which includes
degradation of aromatic compounds and toxic molecules;
plant colonization via growth promoting mechanisms; and
establishment of symbiotic relationship with plants, as well as
increasing plant resistance against abiotic disturbances (17, 18).
In this context, a major challenge for agriculture is to produce
food during the present climate change scenario, which predicts
an increase in global temperature in the magnitude of 1.5-
2.0°C or more, as well as reduced availability and regularity
of rainfall (19, 20). Therefore, the present greatest challenge
for biotechnology in agriculture is to prospect and develop
bioproducts (microbial inoculants) capable of promoting plant
growth in scenarios of lack of rainfall and thermal stress, as well as

greater incidence of pests and diseases (6, 11). However, different
factors should be considered when developing these inoculants,
including selection of efficient PGPB based on the target crop,
soil type, indigenous microbial community, and environmental
factors (8, 15).

This research had the following objectives: (i) select
Burkholderia spp. previously isolated from sugarcane plants,
according to their plant growth-promoting mechanisms,
as production of indole-3-acetic acid (IAA) and/or
exopolysaccharides (EPS), or development of quorum sensing
(QS) molecules under stress conditions, (ii) evaluate the genetic
diversity of Burkholderia strains through methods of molecular
biology, and (iii) verify the effectiveness of inoculants based
on bacterial isolates which increase germination and initial
development of maize plants (Zea mays).

MATERIALS AND METHODS

Bacterial Isolates

We evaluated a total number of 25 pure bacterial strains
belonging to the microorganism collection from the Microbial
Genetics and Biotechnology Laboratory, Academic Unit of
Garanhuns, Federal Rural University of Pernambuco, Brazil.
Bacteria strains were isolated from sugarcane plants cultivated
at the Carpina Experimental Station (7° 51’ 3” S, 35° 15’ 177
W), located at ~184m above sea level. This station belongs
to the Federal Rural University of Pernambuco, and located
in the Carpina municipality, Pernambuco state, Brazil. The
local climate is As, according to Koppen’s classification system,
presenting an annual rainfall of 1,350 mm, concentrated between
March and October (21). All bacterial isolates were identified by
partial sequencing of the 16S rRNA gene. The bacterial strains
were removed from glycerol storage (—20 °C freezer) and re-
cultured in TSA 10% (Trypticase Soy Agar, Merck, Darmstadt,
Germany) culture medium (4.0 g of TSA L™!) and (15.0 g of agar
L~ (22).

Indole-3-Acetic Acid (IAA) Production

The TAA production was evaluated via a colorimetric method
based on absorbance in UV-Vis spectrophotometer, as described
by Crozier et al. (23). The 25 bacterial strains were tested for
their TAA production potential in the presence and absence
of L-tryptophan, under different conditions of salt stress (1.0
and 5.0% NaCl) and pH (4.5 and 7.2) in isolation. All analyses
were performed in triplicates. Therefore, the bacterial strains
were transferred to Petri dishes containing the culture medium
Tryptone Soya Agar (TSA) 10%. After 24 h, isolated colonies were
transferred again to 10% TSA liquid medium in tubes. Then, 10
WL of inoculum were transferred to tubes containing 10,0 mL
of 10% TSA liquid medium containing either zero or 5.0 mM
of L-tryptophan (absence or presence of the IAA precursor);
sodium chloride (NaCl) in the concentrations of 1 and 5% in
both, pH of 4.5 and 7.2. All the tubes were kept under constant
shaking (125 rpm) for 24 h, at 28°C and darkroom. We applied
two extreme NaCl concentrations and pH values to increase our
capacity to find efficient strains with the ability to respond to
stressful environmental conditions. The experimental design was
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a factorial design (2 x 2 x 2), with three replicates, totaling 24
experimental units per bacterium.

In order to quantify the IAA production, 2 mL of the bacterial
cultures were centrifuged at 12,000 g for 5min. The supernatant
was treated with Salkowski reagent (2% of FeCl3 0.5M in 35%
perchloric acid), in the proportion of 3:1, and this mixture was
incubated in the darkroom to react for 30 min. The samples were
evaluated in a spectrophotometer, with the absorbance at 530 nm,
and a positive result was confirmed via formation of a pink color.
Absorbance readings were converted to IAA concentration using
a standard curve.

Exopolysaccharide (EPS) Production

In order to detect EPS production, the bacterial culture (10 L)
was transferred to sterile disks on the surface of agar medium
containing 10% sucrose, at pH 7.5, and at a temperature of 28°C
for 48 h. At the end, the production of EPS was detected visually
via the production of a halo, whose presence characterized
the result as positive, and quantified according to the halo’s
size. To confirm EPS production, the bacteria positive for EPS
production were transferred to tubes containing 2 mL of ethanol
with a platinum loop. The test was considered positive when the
precipitation of EPS could be detected and negative when the
tube remained cloudy (22, 24). The experiment was performed
in triplicates in a completely randomized design.

Quorum Sensing Molecule Production

The identification of bacterial strains producers of a quorum
sensing (QS) molecule (N-Acyl lactone homoserine - ALH) was
performed using a biosensing bacterium, also called ALH, i.e.,
Agrobacterium tumefaciens NTL4 (25). The tests were prepared
in bioassays where A. tumefaciens NTL4 was inoculated in a
line at the border of a Petri dish containing LB (Liria Bertani)
medium with 10 g mL™' of X-gal (5-Bromo-4-Chloro-3-
Indolyl-Beta-D-Galacto-Pyranoside) added. The bacterial strains
were inoculated perpendicularly to the line of A. tumefaciens
NTL4. The discoloration to a blue color of the A. tumefaciens
colonies after 48 h of inoculation indicates the ALH production
by the selected bacterial strain. This experiment was performed
in a completely randomized design in duplicate.

Genetic Diversity of Burkholderia ssp.

The genetic diversity of Burkholderia spp. isolates was verified
by the REP-PCR (Repetitive sequence-based PCR) technique.
For this, the REP-PCR was prepared in independent reactions
containing the primers BOX-1AR, ERIC 1 and ERIC 2 separately
for each bacterial strain (26). The reactions containing the
primer BOX—1AR (5-CTACGGCAAGGCGACGCTGACG-3’)
were prepared for a final volume of 25 pL. They contained
0.5-10 ng of DNA template, 10 uM of primer, 25 mM of each
dNTP, 10 mg mL~! of BSA, 100% of DMSO (dimethyl sulfoxide),
5X Gitschier buffer (IM (NHy4),SO4, 1M Tris-HCL pH 8,8,
1M MgCl,, 0,5M EDTA pH 8,8, 14,4M B-mercaptoethanol), 5U
L~ 'of Taqg DNA Polymerase (Invitrogen, Carlsbad, CA). The
amplification reactions were done in a thermocycler (Applied
Biosystems), with thermal conditions of 95°C for 2 min; 35 x
92°C for 30s, 50°C for 1 min, 65°C for 8 min; 68°C for 10 min.

TABLE 1 | Control and 11 bacterial inoculants applied on the Zea mays seeds in
the germination test.

Treatment Bacteria Strain

T Control -

T2 Burkholderia gladioli G1

T3 Burkholderia heleia G20

T4 Burkholderia gladioli G29

T5 Burkholderia cepacia UAGC 78
T6 Burkholderia cepacia UAGC 114
T7 Burkholderia cepacia UAGC 125
T8 Burkholderia cepacia UAGC 130
T9 Burkholderia graminis UAGC 348
T10 Burkholderia gladioli UAGC 723
T11 Burkholderia ssp. UAGC 867
T12 Burkholderia ssp. UAGC 871

The second PCR reaction used the primer ERIC 1
(5-ATGTAAGCTCCTGGGGATTC-3’) and ERIC 2 (5-
AAGTAAGTGACTGGGGTGAG-3’) was performed to a final
volume of 25 pL, containing 0,5-10 ng of DNA template, 100 uM
of each primer, 2,5mM of each dANTP, 10X PCR buffer, 50 mM
of MgCl,, 5U pL™! of Taqg DNA Polymerase HOT FIREPol
(Solis BioDyne). The amplification reactions were performed in
a thermocycler (Applied Biosystem) programed with thermal
conditions of 94°C for 5min; 30 x 94°C for 1min, 52°C for
1 min, 65°C for 8 min; 65°C for 16 min. The PCR products
were checked via gel electrophoresis (1.5% agarose gel p/v) in
a TAE buffer 1x (40 mM of Tris-acetate; 1 mM of EDTA) dyed
with Gel Red (Biotium, Hayward, CA, USA) and 10X Loading
Buffer (Invitrogen). The DNA segments were visualized under
ultraviolet light and photo-documented. The bands observed
were used to build a similarity dendrogram via Jaccard coefficient
using Past software (version 4.07b) (27).

Maize Seeds Inoculation Tests

Maize seeds were used to evaluate the effect of eleven bacterial
strains in improving germination attributes. To perform the seed
inoculation, the pure cultures of bacterial strains were diluted in
PBS buffer to an optical density of 1.0 at 630 nm (~ 103 mL~!
cells) (1, 28). The maize seeds were immersed in this suspension
for 30 min under constant shaking (125 rpm). Inoculated seeds
were placed in Germitest paper, were watered, rolled up, and
stored, at a temperature of 28°C, with a photoperiod of 12h,
for seven days (29). The experiment consisted of a completely
randomized design with a control (non-inoculated seeds) and
11 treatments, with three replicates. We sampled 25 seeds per
replicate (900 experimental units) (Table 1).

To evaluate the growth promotion for seedling growth, we
followed the rules for seed analysis (30) and evaluated the
following variables: first counting test (FC) (corresponding to the
first counting of germinated seeds), germination velocity index
(GVI), epicotyl and radicle length, and both, seedling fresh and
dry biomass (g) as proposed by Maguire (29).
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FIGURE 1 | Biplot for two principal components based on the correlation
matrix between bacteria from the genus Burkholderia sp. (B1 to B25) and the
production of IAA in different L-tryptophan (0 and 5mM) and NaCl (1 and 5%)
concentrations, and pH ranges (4.5 and 7.2). Burkholderia anthina (B1:
UAGCT76, B5: UAGC127, B8: UAGC105, B14: UAGC745), Burkholderia
cepacia (B2: UAGCT78, B3: UAGC114, B4: UAGC125, B6: UAGC130, B7:
UAGC131), Burkholderia graminis (B9: UAGC348), Burkholderia gladioli (B10:
UAGC723, B12: UAGC740, B21: G2, B22: G1, B23: G10, B25:G29),
Burkholderia sp. (B11: UAGC739, B15: UAGC857, B16: UAGC871, B17:
UAGC904, B18: UAGC913, B19: UAGC942, B20: UAGC867), Burkholderia
heleia (B24: G28) and Burkholderia ambifaria (B13: UAGC741).

Statistical Analyses

The normality of IAA, EPS and corn seed growth promotion data
was checked by the Shapiro-Wilk test (P > 0.05). Then, the data
were submitted to ANOVA and the significant interactions were
tested by the Scott-Knott test at 5% probability level using the
PAST software version 4.0 (27). All data combined were evaluated
in a biplot of Principal Components Analysis (PCA) based on
the correlation matrix between the observations and the variables
under study (31). The multivariate analysis was performed using
the CANOCO Version 4.5 (32). The Pearson correlation matrices
were plotted in the R program Version 4.0 (33).

RESULTS AND DISCUSSION

The PCA biplot comprised 75.41% of total data variability in
bacterial strains IAA production with or without L-tryptophan
addition (0.0 or 5.0 mM), the presence of NaCl (1.0 or 5.0%), and
under different pH values (pH 4.5 and pH 7.2). The first principal
component (PCO1) explained 57.88% and the second (PCO2)
explained 17.53% of the total data variance (Figure 1).

L-tryptophan plays an important role in the IAA biosynthesis,
and its presence in the culture medium increases the
phytohormone production by the majority of PGPB (34, 35). In
the first quadrant, the bacteria strains B10 (B. gladioli) and B20
(Burkholderia sp.) were positively correlated with the presence of
L-tryptophan in the medium (Figure 1), producing 226.71 and
205.54 g of ATA mL~1, respectively, and significantly differing
from the other bacterial strains (Table 2).

However, the L-tryptophan eigenvector also positively
correlated with the bacteria B. cepacia (B2, B3, and B4), B.
gladioli (B10 and B22), B. anthina (B5), B. heleia (B24) and
Burkholderia spp. (B19 e B20), suggesting their dependency on
the same biological pathway to synthesize this phytohormone in
vitro (Figure 1). Several studies showed the microbial potential
in synthesizing plant hormones. Liu et al. (34) reported a higher
production of IAA in Burkholderia pyrrocinia JK-SH007, which
also showed its dependence on tryptophan in the IAA synthesis
pathway. These authors also suggest IAA production as one
of the main growth mechanisms of the plant for the genus
Burkholderia sp.

Very similar results were also reported by Jiang et al. (36),
which tested Burkholderia sp. for different PGP mechanisms,
with TAA synthesis reaching only 3.8 ug mL™! in the L-
tryptophan dependent pathway. In fact, most members of
the genus Burkholderia sp. are within the PBE group (plant-
associated beneficial and environmental group) (37). The
Burkholderia PBE group have a wide host range and are
considered one of the most potent plant growth-promoting
rhizobacteria, which are present in both bulk soil and rhizosphere
and have been reported to colonize more than 30 plant
species (38, 39). The Burkholderia spp. can be found in the
rhizosphere of the main agricultural crops, such as corn, rice,
wheat, sugarcane, tomatoes, cassava and potatoes (37, 38). This
group of plant growth-promoting bacteria acts mainly through
TAA production, biological nitrogen fixation (BNF), siderophore
production, inorganic phosphate solubilization, and enhances
tolerance to abiotic stress, and inhibition of plant pathogens
(20, 34).

Related to IAA production, the pH also presented a
correlation with the eigenvectors in both acid (pH 4.5) and
basic (pH 7.2) medium (Figure 1). The isolate B10 (B. gladioli)
showed the highest values of IAA production of all bacteria
(172.59 and 223.48 pg mL™!) at pH 4.5 or 7.2, respectively.
Although this bacterium produced a little less IAA under
acid conditions, this still is a quite high value and this result
shows its potential in synthesizing this phytohormone in acid
soils, becoming an important PGP agent in environments
with adverse conditions a final period. This is an extremely
desirable biotechnological feature in bio-inoculants that will
be applied in the soil of tropical climate regions (20, 40).
The expression of the PGPB biotechnological potential under
adverse pH conditions, such as those frequently reported in
Brazilian agricultural soils (pH 4.5-6.5) becomes a determining
factor in the establishment of the biological agent, that makes
up the bio-inoculant (19, 40). When translating into the bio-
product effectiveness in field conditions, those attributes are also
fundamental (8, 40).
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TABLE 2 | Production of indole acetic acid (IAA) in vitro in the absence (0.0 mM) or presence (5.0 mM) of L-tryptophan, pH values 4.5 (acidic) and 7.2 (basic), and NaCl
concentration (1.0 and 5.0%) by bacterial lineages belonging to the genus Burkholderia sp.

Bacterial lineages

Production of IAA (ng mL~")*

L-tryptophan pH NaCl
0.0 mM 5.0 mM 4.5 7.2 1% 5%
B1: UAGC76 (B. anthina) 4.64 Aa 17.11 Da 23.92 Ca 19.44 Ca 13.61 Da 2.31 Aa
B2: UAGCT78 (B. cepacia) 2.70 Ab 110.44 Ba 15.94 Cb 92.54 Ba 62.13 Da 2.44 Ab
B3: UAGC114 (B. cepacia) 7.58 Ab 49.97 Ca 17.54 Ca 24.22 Ca 16.98 Da 2.57 Aa
B4: UAGC125 (B. cepacia) 9.56 Ab 49.45 Ca 93.75 Ba 35.35 Cb 21.12 Da 2.36 Aa
B5: UAGC127 (B. anthina) 8.91 Ab 64.76 Ca 57.52 Ca 46.52 Ca 23.32 Da 2.49 Aa
B6: UAGC130 (B. cepacia) 36.47 Aa 35.13 Ca 32.37 Ca 28.19 Ca 12.02 Da 2.14 Aa
B7: UAGC131 (B. cepacia) 16.42 Aa 46.13 Ca 87.88 Ba 31.55 Cb 13.10 Da 3.26 Aa
B8: UAGC105 (B. anthina) 7.49 Aa 21.42 Da 68.26 Ba 37.38 Ca 16.93 Da 2.57 Aa
B9: UAGC348 (B. graminis) 5.20 Aa 39.15 Ca 65.19 Bb 133.64 Ba 116.09 Ba 9.90 Ab
B10: UAGC723 (B. gladioli) 30.39 Ab 226.71 Aa 172.59 Ab 223.48 Aa 181.21 Aa 13.31Ab
B11: UAGC739 (Burkholderia sp.) 4.94 Ab 117.12 Ba 24.05 Ca 58.98 Ca 114.97 Ba 5.42 Ab
B12: UAGC740 (B. gladioli) 6.58 Aa 15.12 Da 13.40 Ca 28.75 Ca 9.52 Da 2.74 Aa
B13: UAGCT741 (B. ambifaria) 6.45 Aa 14.65 Da 25.13 Ca 37.38 Ca 12.36 Da 2.49 Aa
B14: UAGC745 (B. anthina) 16.07 Aa 23.14 Da 28.62 Ca 40.27 Ca 26.29 Da 2.53 Aa
B15: UAGC857 (Burkholderia sp.) 11.63 Aa 20.47 Da 22.67 Ca 29.87 Ca 80.03 Ca 2.87 Ab
B16: UAGC871 (Burkholderia sp.) 14.00 Ab 205.54 Aa 40.70 Ca 45.05 Ca 94.22 Ca 13.31 Ab
B17: UAGC904 (Burkholderia sp.) 16.42 Aa 22.67 Da 91.76 Ba 82.36 Ca 176.12 Aa 12.71 Ab
B18: UAGC913 (Burkholderia sp.) 7.14 Aa 16.55 Da 25.56 Ca 33.02 Ca 23.45 Da 2.62 Aa
B19: UAGC942 (Burkholderia sp.) 10.59 Aa 36.47 Ca 19.05 Ca 24.61 Ca 13.61 Da 2.53 Aa
B20: UAGC867 (Burkholderia sp.) 17.11 Ab 71.91 Ca 14.48 Ca 45.36 Ca 14.00 Da 2.57 Aa
B21: G2 (B. gladioli) 5.55 Ab 105.74 Ba 4.34 Ca 3.43 Ca 27.93 Da 2.44 Aa
B22: G1 (B. gladioli) 4.77 Aa 13.567 Da 51.83 Ca 30.05 Ca 8.22 Da 8.22 Aa
B23: G10 (B. gladioli) 8.52 Aa 35.35 Ca 13.27 Ca 22.84 Ca 173.84 Aa 20.21 Ab
B24: G28 (B. heleia) 2.70 Ab 50.66 Ca 79.17 Ba 107.25 Ba 6.76 Da 2.70 Aa
B25: G29 (B. gladioli) 6.54 Aa 5.07 Da 3.56 Ca 31.90 Ca 30.25 Da 3.59 Aa

"Means followed by the same capital letters in the same column and the same lowercase letters in the same line are not statistically different between by the Scott-Knott test at 5% of

probability.

The PCA biplot also revealed a positive correlation between
the bacterial strains B4 and B7 (both Burkholderia sp.) with the
acid medium (pH 4.5), which confirmed their ability for IAA
production under these conditions, quantified as 93.75 and 87.88
g of IAA mL™!, respectively. In contrast, the bacteria B2 (B.
cepacia), B9 (B. graminis) and B10 (B. gladioli) (also known
as root endophytes) showed a positive correlation with pH 7.2
(Figure 1). These bacteria synthesized the highest amount of
TAA in this pH condition (92.54, 133.64 and 223.48 g mL™!),
which evidenced the influence of the medium pH on the IAA
synthesis in vitro (Table 2). This demonstrates a great variability
of Burkholderia species in their affinity with either high or
low pH values, besides species with abilities for both. In this
context, Jasim et al. (41) tested the capacity Burkholderia sp. to
synthesize IAA under different adverse conditions and observed
achieved the highest production (71.66 jLg mL™!) in a medium
with low pH (4.0) instead of high pH (7.0). Pereira and Castro
(42) suggested that, given the proximity of endophytic bacteria
with their plant host, they have the advantage of more plant
protection and face less environmental restrictions. Therefore,

when compared to other bacteria that occupy different habitats,
like the rhizoplane and rhizosphere, the endophytic bacteria may
be more sensitive to changes in environmental conditions and
abiotic stress (13, 34).

The eigenvectors referring to the NaCl addition (1 and
5%) related with each other in the PCA biplot, as revealed
by their proximity and small angle between them (Figure 1).
The bacteria positively related with these two variables were
influenced strongly by the salt concentration in the medium.
We observed a strong correlation between the eigenvector NaCl
1.0% and the bacterial strains B10 (B. gladioli), B16 (Burkholderia
sp), and B24 (B. heleia). They also presented statistically similar
IAA production under this condition. However, when the salt
concentration increased, we observed an exponential reduction
of IAA biosynthesis.

Pereira et al. (43) reported highly decreased IAA production
under saline conditions (2.5 to 10% NaCl), not even reaching
30 wg mL~!. However, Rojas-Tapias et al. (44) found one
bacterium (strain C5) capable to synthesize IAA only under
salinity conditions. It is already known that IAA production by
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PGPB contributes to plant development, but as shown in our
experiment, adverse environmental conditions may interfere in
this production.

The rainfall scarcity will intensify due to the global climate
changes, which can promote salt accumulation in the soil (40),
especially in semi-arid regions of Northeastern Brazil (45). This
will become a huge challenge to be overcome (20, 46, 47).
In this context, the bacterial isolates with high potential to
express biosynthesis pathways of phytohormones and other
plant-stimulating compounds under salt stress conditions can
become important allies of agriculture (8, 20), enabling the
production of corn in these areas. Our research highlights
potential bacterial candidates for the formulation of a bioproduct
based on their capacity to produce IAA (B10 >> B17 >> B9 >>
B11), when considering a 1% salt stress condition. For higher salt
concentrations a new selection would have to be made.

EPS production was characterized as positive in 62% of
Burkholderia spp. strains, with 38.46% of the strains showing
high EPS production capacity (halo > 14 mm). B. graminis (B9)
and B. gladioli (B25 and B22) produced significantly more EPS
than all other bacteria with a measured halo of 45.85, 52.77, and
54.07 mm, respectively (Table 3 and Supplementary Figure S1).
The high capacity of bacteria to synthesize EPS is related to
stressful environmental conditions (47, 48). Under unfavorable
environmental conditions, EPS production acts as a protective
mechanism for bacteria, helping them to maintain the microbial
community (49). In addition, EPS favors the plant colonization
by bacteria which increases their tolerance to salt stress and
drought (50). da Silva et al. (51) isolated and tested bacteria
tolerant to salinity stress and observed a high production of
EPS, reporting halos varying from 7.46 to 60.33 mm. The EPS
production is an important mechanism that helps in plant
colonization by PGPB and increases the tolerance of plants
to environmental stresses (48). Therefore, EPS production is a
desired biotechnological characteristic in microbial strains that
make up the bio-products used in sustainable agriculture (47).
The bacteria that presented a high EPS production capacity
have an advantage over the soil indigenous bacterial community
(52). Bacterial strains form dense biofilms that protect them
against stressful environmental conditions such as salt stress,
acidification, or drought (46, 53). Furthermore, biofilms enhance
the ability of bacterial colonization (47, 48), which in the case of
a plant growth-promoting bacterium is something very desirable
(22, 52).

The production of ALH (N-acyl lactone homoserine)
was detected in 92.3% of our selected bacteria from the
genus Burkholderia sp. (Table 3 and Supplementary Figure S2).
Evaluating the QS production in halotolerant bacteria associated
with sugarcane, Leite et al. (54) observed a smaller proportion
of bacteria producing QS. From a total of 102 bacteria tested,
only 49% presented positive production. Poonguzhali et al. (55)
highlight the importance of understanding the QS production in
bacteria from the genus Burkholderia sp., given their versatility
in occupying diverse niches, their relevance in controlling plant
pathogens and their capability of colonizing plants.

The QS biosynthesis detected by ALH activity is an
important mechanism present in bacteria (56), acting in

TABLE 3 | ALH activity and Halo of production EPS (mm) at 48 hours after
inoculation by bacteria from the genus Burkholderia sp.

Bacteria ALH activity Halo of EPS production (mm)"
B1 + 13.67 d
B2 - 0.00e
B3 + 10.83d
B4 - 0.00e
B5 - 0.00e
B6 + 39.63 b
B7 + 3.86e
B8 + 20.05d
B9 + 45.85 a
B10 - 0.00e
B11 + 19.71d
B12 + 14.49d
B13 + 19.62d
B14 + 11.77d
B15 - 0.00e
B16 - 0.00e
B17 - 0.00e
B18 + 12.42d
B19 + 10.47 d
B20 - 0.00e
B21 - 0.00e
B22 + 27.01¢c
B23 + 22.31d
B24 + 52,77 a
B25 + 54.07 a

Burkholderia anthina (B1: UAGC76. B5: UAGC127. B8: UAGC105. B14: UAGC745).
Burkholderia cepacia (B2: UAGC78. B3: UAGC114. B4: UAGC125. B6: UAGC130. B7:
UAGC131). Burkholderia graminis (B9: UAGC348). Burkholderia gladioli (B10: UAGC723.
B12: UAGC740. B21: G2. B22: G1. B23: G10. B25:G29). Burkholderia sp. (B11:
UAGC739. B15: UAGC857. B16: UAGC871. B17: UAGC904. B18: UAGC913. B19:
UAGC942. B20: UAGCS867). Burkholderia heleia (B24: G28) and Burkholderia ambifaria
(B13: UAGC741). *Same letters in the column do not differ by the Scott-Knott test at
5% probability.

chemical signaling between bacteria-bacteria and bacteria-
plants (18, 57). The QS molecules regulate several processes,
including symbioses, virulence, competence, conjugation,
antibiotic production, motility, sporulation, and biofilm
formation. In general, Gram-negative bacteria use ALH as
autoinducers, and Gram-positive bacteria use processed
oligopeptides to communicate (18). For Burkholderia spp.
ALH activity is an essential mechanism that regulates their
capacity and versatility to colonize several niches, such as the
endosphere, phyllosphere and rhizosphere (12, 58, 59) through
chemical signaling between bacteria-plant (Quorum sensing
mechanism). For plants, the ALH activity can promote the
increase of primary root elongation and growth rate. These
effects were mainly attributed to changes in auxin levels
(56, 60).

The Jaccard similarity coefficient revealed the presence of
16 clusters with high genetic variability at 30% similarity. The
bacteria grouped in clusters 1 and 2 suggested that those bacteria
occupy different niches and originated from distinct sugarcane
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FIGURE 2 | Dendrogram obtained by groupings performed by UPGMA
algorithm (unweighted Pair-Group Method with arithmetical Average) from the
genetic similarity matrix of bacteria from the genus Burkholderia. The numbers
of nodes in the dendrogram indicate the value of the percentage of times that
the group occurred on the same node during the 10,000 repetitions
Bootstrap. Burkholderia anthina (B1: UAGC76, B5: UAGC127, B8: UAGC105,
B14: UAGC745), Burkholderia cepacia (B2: UAGC78, B3: UAGC114, B4:
UAGC125, B6: UAGC130, B7: UAGC131), Burkholderia graminis (B9:
UAGC348), Burkholderia gladioli (B10: UAGC723, B12: UAGC740, B21: G2,
B22: G1, B23: G10, B25:G29), Burkholderia sp. (B11: UAGC739, B15:
UAGC857, B16: UAGC871, B17: UAGC904, B18: UAGC913, B19:
UAGC942, B20: UAGC867), Burkholderia heleia (B24: G28) and Burkholderia
ambifaria (B13: UAGCT741).

varieties, they share similarities. However, the clusters 3 and
12 grouped together bacteria isolated from the same niche and
sugarcane variety (Figure 2).

Our results differed from the findings of Cordero et al. (61),
which found only four clusters at 30% similarity when used the
REP-PCR to study the genetic diversity of their microorganisms,
suggesting a low genetic diversity in maize rhizosphere,
endosphere and bulk soil in Argentina. Munday et al. (62)
highlight the efficiency of REP-PCR in detecting small changes
in bacterial genomes, being capable to differentiate between
different strains within the same species via amplification of
specific DNA sizes and regions of each bacterial strain.

Bacterial inoculation did not increase the germination velocity
index (GVI) in the first count of germinated seeds (FC).
However, we report a higher effect of bacteria inoculation in

TABLE 4 | Early germination and seedling development characteristics after
crossed inoculation of bacteria promoting plant growth. the genus Burkholderia
sp. in maize seeds (Zea mays).

Treatments Germination” Length Total
biomass

GSI FC Radicle  Epicotyl Fresh Dry

(%) (cm) (9)
N 6.16a 98.66a 14.186b 5.112d 1.049f 0.280e
T2 6.25a 100.00a 14.300a 4.987d 1.053e 0.282e
T3 6.16a 98.66a 14.424a 4992d 1.056d 0.283d
T4 6.16a 98.66a 14.151b 5.041d 1.060d 0.285c
5 6.16a 98.66a 14.324a 5220c 1.064c 0.286b
T6 6.16a 98.66a 14.057b  5245¢  1.067c  0.288b
T7 6.25a 100.00a 13.897b 5285c 1.071b 0.289a
T8 6.16a 98.66a  13.792c  5427b 1.074a 0.291a
T9 6.16a 98.66a 13.660c 5516b 1.076a 0.291a
T10 6.16a 98.66a 13.731c  5715a 1.067c 0.287b
T 6.08a 97.33a 14.011b 5.677a 1.057d  0.283d
T12 6.25a 100.00a 14.169b  5.699a 1.046f  0.279f
CV (%) 2.02 2.02 0.88 1.10 0.20 0.31

GSI, germination speed index, FC, first seed count T1, Control (without inoculation), T2,
Burkholderia gladioli (strain G1), T3, Burkholderia heleia (strain G28), T4, Burkholderia
gladioli (strain G29); T, Burkholderia gladioli (strain UAGC723), T6, Burkholderia cepacia
(strain UAGS114), T7, Burkholderia cepacia (strain UAGC125); T8, Burkholderia cepacia
(strain UAGC130), T9, Burkholderia graminis (strain UAGC348), T10, Burkholderia gladioli
(strain UAGC723), T11, Burkholderia sp. (strain UAGC867), T12, Burkholderia sp. (strain
UAGC871). *Capital letters in the same column do not diiffer by the Scott-Knott test at 5%
of probability.

the other investigated variables (radicle length, epicotyl length,
total biomass, fresh mass, and total dry biomass) in relation to
the control treatment (Table 4). This result is contrary to that
reported by Kang et al. (63), who reported significant increases
in seed germination and plant growth of lettuce and Chinese
cabbage inoculated with bacteria of the genus Burkholderia sp.
strain KCTC 11096.

The PCA biplot comprised 81.48% of total data variability in
the bacterial strains, data according to the FC, IVG, epicotyl and
radicle length, seedling fresh and dry biomass. The first principal
component (PCA1) explained 49.73% and the second principal
component (PCA2) explained 31.75% of the total data variability
(Figure 3).

We report a positive correlation between the bacteria B2 (B.
cepacia), B24 (B. heleia), and B25 (B. gladioli) with the radicle
length (Figure 3). These treatments corresponded to the higher
values in the radicle length 14.3, 14.42, and 14.32 cm, respectively.
Also, we observed an increase in radicle length (4-1.67%), shoot
length (+11.79%), and total growth (+1.38%) when compared
with the control treatment (no bacterial inoculation) (Table 4).

The first PCA quadrant revealed a positive correlation
between the bacteria B. cepacia (B3, B4 and B6), B. graminis
(B9), and B. gladioli (B10) with the variables corresponding
to epicotyl length, and seedling fresh and dry biomass, which
suggests an active contribution of these bacteria in the plant
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FIGURE 3 | Biplot for two principal components based on the correlation
matrix between bacteria from the genus Burkholderia (B2, B3, B4, B6, B9,
B10, B16, B20, B22, B24, and B25) and germination variables evaluated in
maize seeds. FC, First count test; GVI, germination velocity index; Control
(without bacterial inoculation); Burkholderia cepacia (B2: UAGC78, B3:
UAGC114, B4: UAGC125 and B6: UAGC130); Burkholderia graminis (B9:
UAGC348); Burkholderia gladioli (B10: UAGC723, B22: G1 and B25:G29);
Burkholderia sp. (B16: UAGC871 and B20: UAGC867) and Burkholderia heleia
(B24: G28).

growth promotion (Figure 3). A similar outcome occurred in
other analyses where the treatments B6 (B. cepacia) and B9 (B.
graminis) resulted in the highest values of the total seedling
fresh biomass (1.074 and 1.076 g, respectively). Therefore, the
treatments with B. cepacia (B4 and B6), and B. graminis (B9)
resulted in the highest values of total plant dry biomass (0.289-
0.291 g) (Table 4).

The bacteria capable to promote increases in plant variables
also presented high production of IAA, even under different
abiotic conditions, reaching values of 226.71 g mL™!. Santos
et al. (64) also reported promising results when he tested
bacteria from different genera in promoting plant growth and
detected that all bacteria were capable to produce IAA, but
the highest production reached 25.0 g mL~!. When those
microbes were inoculated in cucumber seeds, the bacteria of the
genus Burkholderia sp. promoted an increase of 62.4% in root
growth (64).

Likewise, Cappellari et al. (65), studied two plant growth
promoting bacteria in the seeds of Tagetes minuta and reported
an increase of 70% in plant size, seedling fresh and dry biomass.
On the other hand, Zafar et al. (66), when inoculating PGPB
induced an increase of 65% in shoot growth and 74% in
root length, when compared to the control (seedlings with no
inoculation). Naveed et al. (59) also found promising results

when he inoculated bacteria of the genera Burkholderia and
Enterobacter in maize seeds, detecting an increase of shoot
biomass, leaf area, and chlorophyll content.

CONCLUSIONS

Our results showed that the genus Burkholderia is able to
synthesize IAA under different abiotic conditions. Specifically,
the B10 bacterium (Burkholderia ambifaria strain UGAC723)
stood out because it produced a higher amount of IAA,
regardless of the absence or presence of L-tryptophan, pH
or NaCl concentration in the culture medium. Most of the
bacteria studied showed positive response for EPS and quorum
sensing molecule production. Strains of Burkholderia sp. also
showed a high potential for colonization/bacterization during
the germination of corn seeds promoting increases in root
length, shoot length, total fresh and dry biomass of the corn
seedling. The bacteria B6 (Burkholderia cepacia strain UAGC130)
and B9 (Burkholderia graminis strain UAGC348) are potential
candidates for the formulation of a bio-inoculant. Furthermore,
the versatility of the genus Burkholderia sp. and its ability to
colonize plants and express plant growth promotion mechanisms
under extreme environmental conditions of salinity make this
bacterium an important biotechnological tool for agricultural use
in semiarid regions, such as the northeast of Brazil.
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