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Abstract

Microbial inoculants containing plant-growth-promoting bacteria (PGPB) are low-cost tools to improve crop yield. The
prospection of new strains should enable the selection of efficient microbial agents for commercial inoculants. This study aimed
to isolate and select PGPB for maize in the Brazilian semiarid region. A field trial using two maize genotypes was implemented,
and bacteria were isolated from maize stems and roots. The bacteria were grown in semi-solid BMGM or solid Dyg’s media, and
they were characterized in vitro with respect to five plant growth-promoting mechanisms. Twenty-seven strains were assessed for
growth promotion using potted maize plants. Nine bacterial strains improved plant biomass and/or N accumulation in shoots and
were selected for field assessment and identification by 16S rRNA sequencing. Fourteen and 65 bacterial strains were isolated,
respectively, in the semi-solid and solid medium. Auxin production without L-Tryptophan and antagonism against
F. verticillioides were found for bacteria isolated on solid medium, and other characteristics were found for the strains from
semi-solid medium. These strains were classified as Bacillus (5), Brevibacillus (2), Staphylococcus (1), and Paenibacillus (1).
Five strains (Bacillus spp. ESA 593, ESA 597, ESA 599, ESA 600, and Paenibacillus sp. ESA 601) improved maize yield (56—
87%) compared with the non-inoculated and non-fertilizated (N) control. In conclusion, the Brazilian drylands maize plants
harbor several potential PGPB, and five elite strains were retrieved in the present study. These strains will be used for future
network field assays to assure their agronomic performance.
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1 Introduction was, in the northeast Brazilian region, 2530 kg ha ' and

5350 kg ha ' for the whole country (CONAB 2019). In the
The Brazilian semiarid region covers more than 1.8 million  northeast region, maize is grown mainly by small farmers in
km?, approximately 20% and 89.5% of the whole of Brazilian ~ family-based production systems. The development of low-
and Northeast region territories, respectively (IBGE 2018). In  cost and environmentally friendly technologies is urgently
the 2018/2019 crop season, the yield of maize (Zea mays) needed to benefit these agricultural systems (Alves et al.
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2020). The selection of efficient and locally adapted plant-
growth promoting bacteria (PGPB) is a promising approach
for developing improved microbial inoculants. The elevated
temperatures, low rainfall, and high evapotranspiration limit
crop growth in the Brazilian drylands. Low-cost technologies
are needed to overcome this situation. Efforts have been made
to develop microbial inoculants as a promising tool (Bonatelli
etal. 2021).

Several research groups built and scrutinized culture col-
lections for PGPB isolated from non-legumes in the tropics in
recent years. For example, isolates were examined from sor-
ghum (Sorghum bicolor) (Mareque et al. 2015; da Silva et al.
2018), sunflower (Helianthus annuus) (Ambrosini et al.
2016), forage-grasses (Haiyambo et al. 2015a; Antunes et al.
2019), onion (Allium cepa) (Tinna et al. 2020) rice (Oryza
sativa) (Cavite et al. 2020; Rios-Ruiz et al. 2020), maize
(Zea mays) (Hungria et al. 2010; Alves et al. 2016;
Bodhankar et al. 2017; Chakra et al. 2019; Bomfim et al.
2020; Cavalcanti et al. 2020; Ikeda et al. 2020), among other
Crops.

The isolation and selection of bacteria from the semiarid
region should lead to the identification of microbes adapted to
the local edaphoclimatic conditions and thus be suitable for
the formulation of improved inoculants (Kavamura et al.
2013; Fernandes-Junior et al. 2015; Bodhankar et al. 2017;
da Silva et al. 2018; Antunes et al. 2019; Cavalcanti et al.
2020; Bonatelli et al. 2021). Bacterial isolation from plants
in the Brazilian drylands revealed that the genera Bacillus,
Pantoea, Stenotrophomonas, Rhizobium, Agrobacterium,
Enterobacter, and Burkholderia were notable as a result of
their abundance and efficiency (Kavamura et al. 2013;
Fernandes-Junior et al. 2015; Lima et al. 2015; da Silva
et al. 2018; Antunes et al. 2019; Santana et al. 2020).
Surveys showed that the primary “traditional” PGPB groups,
such as Azospirillum and Herbaspirillum genera, were absent
in the semiarid regions of Brazil (da Silva et al. 2018; Antunes
et al. 2019), India (Grover et al. 2014; Kumar et al. 2014),
Namibia (Haiyambo et al. 2015a, b), and China (Niu et al.
2018). This fact indicated that other bacteria are locally
adapted and probably more efficient than those present in
the commercial inoculants.

The standard approach to isolate associative diazotrophic bac-
teria is the use of N-free semi-solid media. This approach was
proposed by Dr. Johanna Dobereiner in the 1960s and has been
applied worldwide to obtain efficient diazotrophs in non-legumes
(Baldani et al. 2014). The use of other approaches, for example,
directly plating plant extracts on a solid medium, has led to a few
diazotrophs’ isolation. Fernandes Junior et al. (2013) isolated 998
bacteria from roots of Oryza glumaepatula in the Brazilian
Amazon, of which only 38 were nifH positive. However, this
approach may also lead to the isolation of PGPB displaying other
mechanisms, such as auxin and siderophore production and
phosphate solubilization (Felestrino et al. 2018). Thus,
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combining the approaches, using N-free semi-solid media and
solid media, should enable the assemble of culture collections
with more diverse strains at the taxonomic and functional levels.

Information about the taxonomy of maize PGPB and their
agronomic efficiency (both obtained in the N-free semi-solid
or directly in dishes with solid media) is available for several
different climatic regions in Brazil (Oliveira et al. 2009;
Pedrinho et al. 2010; Arruda et al. 2013; da Silva Santos
et al. 2015). However, to the best of our knowledge, few data
are available about the screening of PGPB colonizing maize
tissues in the Brazilian semiarid region (Bomfim et al. 2020;
Cavalcanti et al. 2020). We hypothesized that maize is colo-
nized by efficient PGPB in the Brazilian semiarid region and
that the use of the approaches to bacterial isolation mentioned
above would be useful for obtaining efficient PGPB from the
field-growing maize in this region.

2 Methods and materials
2.1 Bacterial isolation

One field trial was conducted to obtain the bacterial isolates.
The trial was conducted in the Bebedouro Experimental Field
in an Ultisol. The experimental field is located at Embrapa
Semiarido, Petrolina, Pernambuco state, Brazil (lat. -9.1372;
long. -40.3056). Before implementing the study, a composite
soil sample was collected and chemically evaluated according
to Teixeira et al. (2017). The chemical characteristics of the
soils are shown in Table S1. According to the chemical char-
acteristics, we fertilized the soils with 100 kg ha ' simple-
superphosphate (18% of P,0O5) and 40 kg of potassium chlo-
ride (60% of K,O) to set up the experiment.

The plant samples used to isolate bacteria in the present
study were those used by Cavalcanti et al. (2020). In summa-
ry, The study was implemented in January of 2015 using the
short cycle commercial maize (Zea mays) genotypes BRS
Gorutuba and BRS Caatingueiro. For irrigation, a drip irriga-
tion system with 0.5 m between drippers and an irrigation
depth of 1.6 L h™" was implemented. Ten 20 m long lines
(1 m between lines and 0.25 m between seedbeds) were sown.
The plants were grown for 60 days before being harvested for
bacterial isolation. The core plants from each alternate line (15
plants in total) were collected and mixed in the harvest. The
plants were transported to the laboratory and kept at 10 °C
until isolation of endophytic bacteria.

The fine roots and shoots (around 0.25 m above the soil)
were separately washed with running tap water and surface
disinfected with ethanol 96% (v v~ ") for 30 s and 2.5% NaClO
(v v 1) for 10 min, followed by ten washes in sterile distilled
water (SDW) (Ddbereiner et al. 1995). Aliquots of the last
portion of the water used to wash the roots were inoculated
in Nutrient-Agar dishes to ensure disinfection efficiency. Fifty
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grams of the tissues (fine roots and shoots) were crushed in
450 mL of NaCl 0.85% (w v !) in a blender. Afterward,
100 uL of the macerates were inoculated in Petri dishes con-
taining solid Dyg’s medium [glucose 2 g L™'; malic acid
2 g L', peptone 1.5 g L 'yeast extract 2 g L™!, K,HPO,
500 mg L', MgSO, 500 mg L', glutamic acid 1.5 g L™,
and agar 15 g L', pH 6.5 (Rodrigues Neto et al. 1986)] and
spread with a Drigalsky loop. One hundred pL-aliquots of the
macerates were used to inoculate assay tubes containing
10 mL of BMGM semi-solid medium (Estrada-De Los
Santos et al. 2001). The media were incubated at room tem-
perature and checked daily.

The typical microaerophilic pellicle (MP) characteristic of
non-symbiotic N,-fixation was checked every day to the semi-
solid medium. The positive tubes were used for re-inoculation
in the same semi-solid medium, and the presence of MPs was
observed after the same incubation period found in the first
inoculation. The positive tubes were inoculated in solid Dyg’s
medium, and the cultures were purified and reinoculated in the
semi-solid medium to assure the diazotrophic capacity. The
colonies in the solid medium were purified in the same
medium.

All pure cultures were evaluated in the next stages of bac-
terial characterization. The bacterial collection was stored at
—80 °C in the Culture Collection of Micro-organisms with
Agricultural Interests of Embrapa Semiarido (CMISA).

2.2 In vitro assessment of plant growth-promoting
traits

The bacteria were grown in the liquid Dyg’s medium, and the
DNA was extracted using the alkaline lysis method, according
to Wang et al. (1993). For amplification of the nifH gene, the
primers PolF (TGCGAYCCSAARGCBGACTC) and PolR
(ATSGCCATCATYTCRCCGGA) (Poly et al. 2001) were
used. The PCR products were visualized in a UV chamber
after horizontal electrophoresis in 1% agarose gel (w v ),
stained with GelRed (Biotium, USA). In all PCR rounds,
Azospirillum brasilense Ab-V5 was used as a positive control.

The in vitro production of auxin was evaluated by the col-
orimetric method described by Sarwar and Kremer (1995)
with modifications. Bacterial isolates were grown in liquid
Dyg’s medium. After 72 h, an aliquot of 1 mL of each broth
was centrifuged (6000 x g for 5 min), the supernatant was
discarded, the pellet was resuspended in 1 mL of SDW, and
the ODs4¢ was adjusted to 0.5 spectrophotometrically
(Multiskan GO, Thermo Scientific, Germany).

Aliquots of 150 uL of the resuspended broth were inoculat-
ed in 5 mL of liquid Dyg’s medium supplemented or not with
168 mg L' of L-tryptophan (L-Try) (Sigma-Aldrich, USA)
and stirred at room temperature for 72 h. The cultures were
adjusted to ODs4o=0.5 with SDW and centrifuged (6000 x g
for 5 min). The supernatant (100 pL) was mixed with 150 pL

of Salkowski solution in 96-well ELISA microplates, incubated
in the dark for 30 min, and read spectrophotometrically at
530 nm. Auxin concentration was estimated using a standard
curve previously prepared with a range of 0 to 500 pg L' of
synthetic indole-3-acetic acid (Sigma-Aldrich, USA).

The isolates were evaluated for calcium phosphate solubi-
lization in solid GL medium (Sylvester-Bradley et al. 1982).
The bacteria were grown in liquid Dyg’s medium, centri-
fuged, and resuspended as described above. Aliquots of
10 puL were dropped on GL medium and incubated at 28 °C
for five days. After the incubation period, the diameter of the
colonies and the translucent halo surrounding the colonies
were measured in millimeters (mm), and the Solubilization
Index (SI) was calculated (Berraquero et al. 1976).

The siderophore production was qualitatively evaluated by
adapting the CAS-plate method described by Ribeiro and
Cardoso (2012) with few modifications. The bacterial isolates
were grown in Dyg’s liquid medium and centrifuged as de-
scribed above. An aliquot of 100 uL of the supernatant was
placed in 96-well ELISA microplates with 100 uL of the CAS
reagent (Sigma-Aldrich, USA) (Schwyn and Neilands 1987)
and kept in the dark for 1 h. The change from a blue to a
yellow-orange color indicates positive reaction for the
siderophore production.

Antagonism against the soil-borne pathogen Fusarium
verticillioides (Sacc.) Nirenberg was also assessed. The fungal
strain LBF-MILO1 P was isolated in the Plant Pathology
Laboratory of Embrapa Semiarido, Petrolina, PE, Brazil.
The strain was derived from field-grown maize with symp-
toms of root rot disease in a commercial field. The pathogenic
behavior of F. verticillioides LBF-MILO1 P was proven by
fulfilling Koch’s postulate.

Bacterial strains were grown in liquid medium, centri-
fuged, and resuspended in SDW as described above. The fun-
gal pathogen was grown in Potato-Dextrose-Agar (PDA)
plates at 28 °C for three days; then, a disc of 50 mm was
inoculated in the center Petri dishes with Dyg’s medium. In
the same plate, the bacteria were inoculated by spreading a
lane near the dish’s border. The plates were incubated at 28 °C
for seven days, and the antagonism against the pathogen was
assessed by the inhibition of mycelial growth compared to the
control, where the fungal isolate grew alone (Dias et al. 2014).

2.3 Plant growth promotion experiment in
greenhouse conditions

From the results on plant growth-promoting traits, 44 strains
(26 and 18 strains obtained from direct plating and semi-solid
medium, respectively) were evaluated with respect to their
ability to promote maize growth in pot experiment, which
were carried out in 5-L pots filled with a sample of an
Ultisol surface layer. A composite soil sample was used for
soil chemical analysis, and the results are shown in Table S1.
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Before sowing, the seeds of maize BRS Gorutuba were
surface disinfected as described above for the maize tissues.
For inoculation, the bacteria were grown in liquid Dyg’s me-
dium with constant stirring (120 rpm) for 72 h. The culture
was spectrophotometrically adjusted to ODs4q = 0.6 The inoc-
ulation was carried out applying 2 mL of the ODs40=0.6
adjusted culture broth on each seed. A positive inoculated
control was used with the Azospirillum brasilense Ab-V5
strain (Hungria et al. 2010). Two non-inoculated treatments,
one with 1.2 g of urea pot ' (equivalent to fertilization of
90 kg N ha ') and another without N supplementation, were
also assessed. The parameters evaluated were the dry weight
of shoots (g plant "), dry weight of roots (g plant '), the ni-
trogen concentration in the shoots (mg N g plant™"), and the
total nitrogen accumulated in the shoots (mg N plant™"). To
evaluate the nitrogen accumulation in the shoots, they were
milled and sieved (2 mm), and the nitrogen content was
assessed by the dry combustion method in a TruSpec CN
elemental analyzer (LECO, USA). The results were used to
calculate the nitrogen accumulated in the shoots content by
multiplicating nitrogen content by the shoot dry weight.

2.4 16S rRNA gene sequence analysis

The 16S rRNA gene was amplified using the universal
primers 27F (GAGTTTGATCCTGGCTCAG) and 1492R
(GGTTACCTTGTTACGACTT) (Weisburg et al. 1991) and
purified with the commercial kit Wizard® SV Gel and PCR
Clean-up System (Promega, USA). The purified amplicons
were sequenced by Macrogen (Seoul, South Korea) in an
ABI 3037 x/ genetic analyzer (Applied Biosystems, USA).
The quality of the sequences was verified by Sequence
Scanner Software v. 2.0 (Applied Biosystems, USA), and
the good-quality sequences (QV > 20 in 700 bases of contin-
uous read) were used to assemble the almost complete 16S
rRNA gene sequence. The assembled fragments were com-
pared to those of type strains available in the GenBank data-
base using the BLASTn tool (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). The sequences were deposited in the GenBank
database of the National Center for Biotechnology
Information (www.ncbi.nlm.nih.gov/genbank/) under the
accession numbers MT498070 to MT498078.

2.5 Agronomic efficiency of the selected strains

The agronomic efficiency of nine selected isolates was assessed
in a field study. This assay was implemented in the Mandacaru
Experimental Field at Embrapa Semiarido, Juazeiro, Bahia
state, Brazil (lat. -9.3925; long. -40.4175) between February
and May of 2017. Plowing and harrowing were used for soil
preparation. A composite sample was collected for the fertility
analysis, and the results are shown in Table S1. According to
the technical recommendations, fertilization with 20 kg ha ! of
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P,0s (simple superphosphate) and 20 kg ha™' of K»O (potassi-
um chloride) was applied in-furrow.

The treatments evaluated in this assay were the response to
the inoculation of nine new bacterial isolates (single inocula-
tion), the inoculation of the reference strain A. brasilense Ab-
V5 and non-inoculated treatments, which consisted of one
negative control (without N fertilization), one treatment with
45 kg of N-urea ha ' and another treatment with 90 kg of N-
urea ha ', totaling 16 experimental treatments. The assay was
implemented in a completely randomized block design with
four replications (blocks).

For both N-fertilized treatments, urea application was split
into two half-rate applications (at sowing and 35 DAE). The plots
had five 4 m rows spaced 1 m apart, with 5 plants m™'. The
useful area was the central 3 m in the central 3 rows of each plot.
The assay was irrigated by drip irrigation, as mentioned above.

Peat-based inoculants were prepared by mixing 15 mL of
the bacterial broth grown in the Dyg’s liquid medium with
50 g of powdered and autoclaved plastic bags containing pow-
dered peat (from Rio Grande do Sul state, Brazil, 84% of
organic matter, pH adjusted to 6.5 with CaCQOj3). The mixture
was homogenized and stored at 10 °C until the experiment set
up. The maize seeds cv. BRS Gorutuba were inoculated by
mixing the peat inoculants and seeds at a 250 g of inoculant
for 10 kg of maize seeds. A saturated sucrose solution (50 mL
1 kg seeds ') was added to the mixture to increase the inocu-
lant’s adherence to the seeds.

At 60 DAE, ten plants were randomly harvested from each
plot’s second row in the first harvest. The shoots were placed
in paper bags, dried and weighed. The third fully opened leaf
of each plant (from top to down) were ground to determine N
concentration as above mentioned. In this harvest, the param-
eters evaluated were the shoot dry weight and the nitrogen
content in the third leaf. The second harvest was conducted
at 95 DAE when the grain yield was evaluated. Weeds were
controlled by hand, and pest control was conducted as techni-
cally recommended for the region.

2.6 Statistical analysis

All quantitative data were evaluated by variance analysis
(ANOVA) after evaluating the normal distribution by the
Shapiro-Wilk test. The data were transformed to (X + 1)%3
before the ANOVA for the plant growth promotion and field
experiments. The statistical analysis package Sisvar v 5.0
(Ferreira 2011) was used.

The principal component analysis (PCA) for the plant
growth promotion traits was conducted using the correlation
matrixes in the PaSt 4.02 software (Hammer et al. 2011). Due
to the low contribution of calcium phosphate solubilizing bac-
teria, the analysis of this data as quantitative should cause a
biased analysis. In this case, this feature was analyzed as
binary.
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3 Results

3.1 Several potential plant growth-promoting bacte-
ria were isolated

Seventy-nine bacterial strains were isolated in the isolation
approaches from the cultivars and plant compartments
(Table 1). Fourteen strains were obtained from semi-solid
BMGM and 65 from solid Dyg’s medium. Forty-two bacterial
strains were obtained from the maize cultivars’ roots, and 37
strains came from maize stems. BRS Caatingueiro was the
host of 45 bacterial strains, and BRS Gorutuba hosted 34
strains.

Detectable amounts of auxins in liquid medium supplied
with L-Trp were quantified from all strains. Strain ESA 599
stood out, producing more than 413.20 pg mL ", higher than
all the other strains. Thirty-nine strains (49.4%), along with
the reference bacterium Azospirillum brasilense Ab-V5, pro-
duced between 250.10 and 99.14 pg mL ™" and were ranked in
the second-highest cluster of the Scott-Knot average range
test. Two other clusters were ranked almost 51% of the bac-
terial strains as lower auxin producers (Fig. S1 and Table S2).

Without L-Trp supply, the strain G57 produced
588.10 ug mL™" of auxin and was the highest auxin producer
under the conditions used. Sixteen bacterial strains (20.3%)
produced between 372.56 and 220.90 ug mL™' of auxin in
liquid Dyg’s medium. In the third statistical cluster ranked by
the Scott-Knot average range test (p < 0.05), 19 (24.1%) bac-
teria produced between 209.90 and 106.00 pg mL ™" of auxin
in the culture medium. Twenty-seven maize strains (34.2%)
and A. brasilense Ab-V5 producing between 90.82 and
34.84 ug mL™" were ranked in the fourth statistical cluster.
Nineteen bacterial strains (24.1%) produced less than
30 ug mL™" of auxin in the culture medium and were ranked
in the lowest statistical cluster.

A few bacterial strains were calcium phosphate solubilizers
and siderophore producers. Thirteen strains (16.5%) were

Table 1  The number of bacteria isolated from roots and stems of maize
(Zea mays L.) cv. BRS Caatingueiro and BRS Gorutuba, grown in a
Ultisol of Brazilian Semiarid Region, applying solid Dyg’s and semi-
solid BMGM media approaches

Plant compartment Isolation approach and culture media
Solid Dyg’s Semi-solid BMGM

BRS Caatingueiro

Root 16

Stem 20

BRS Gorutuba

Root 19

Stem 10

calcium phosphate solubilizers. Three strains (3.8%) were
the highest calcium phosphate solubilizers (enzymatic index
ranging between 4.13 to 3.90). Six new maize strains (7.6%)
and A. brasilense Ab-V5 were considered intermediate
solubilizers, showing enzymatic indexes between 2.82 and
1.67. Four strains (5.1%) solubilized low calcium phosphate.
Sixty-three strains (79.7%) grew in GL culture medium but
did not solubilize the inorganic phosphate. The bacterium
ESA 599, the best siderophore producer, produced the equiv-
alent to 6.18 mmol L' of EDTA. Three other strains (3.8%)
also produced siderophores but in lower amounts than ESA
599.

Seventy-five maize strains (94.9%) and A. brasilense Ab-V5
did not produce detectable amounts of siderophores. In the
assay with the soil-borne pathogen Fusarium verticillioides, a
total of 36 new maize strains (45.6%) were antagonists against
the fungus. Seven (8.9%) and 29 (36.7%) bacterial strains were
isolated in BMGM semi-solid and solid Dyg’s medium, respec-
tively. Regarding nifH amplification, all strains isolated via the
semi-solid medium approach allowed amplification of the tar-
get gene. Two (3.1%) out of 65 strains isolated in solid medium
were positive for nifH in the PCRs. The complete analysis of
the plant growth promotion traits is shown in Table S2.

In the PCA, the two principal components made up 51.35%
of the total variance. The bacteria were separated by the ap-
proach used to isolate them (Fig. 1). The bacteria obtained in
BMGM semi-solid medium were related to the nifH amplifi-
cation, production of siderophores, auxins with tryptophan,
and calcium phosphate solubilization. The bacteria obtained
from the solid Dyg’s medium were related to auxin production
in absence of L-tryptophan and antagonism against Fusarium
verticillioides.

3.2 Selected strains promoted the growth of maize in
pots

Inoculation using the bacterial isolates promoted the growth of
maize in the pot experiment. Inoculation with nine new maize
bacteria (six and three obtained in BMGM semi-solid and
Dyg’s solid media, respectively) and the inoculation with
Azospirillum brasilense Ab-V5, increased shoot dry mass in
maize. These treatments led to a larger increase in shoot dry
weight than the inoculation with 18 other bacterial strains
(Table 2). Compared with the controls, inoculation with ten
new maize isolates (seven from semi-solid and three from
solid media), and Ab-V5, improved maize root development,
which was comparable to that in the N fertilization treatment.

No differences were observed to the N content in the shoots
(mg N g plant™') between inoculated and control maize plants
in the pot experiment. However, the total accumulation of N in
the shoots (mg N plant ') was improved by the inoculation of
efficient bacteria and N fertilization. The inoculation of semi-
solid borne bacteria ESA 599, ESA 601, ESA 599, and ESA
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Fig. 1 Biplot of principal
component analysis of the plant
growth promotion traits of 79

bacteria obtained from roots and . 31

stems of maize applying different

methodological approaches. PC1 \y
21

and PC2 are the principal
components 1 and 2, respectively.
Colors: red symbols — semi-solid
BMGM medium, black symbols
— solid Dyg’s medium; Symbols:
circles — roots, squares: stems:
Filling: filled symbols — BRS

PC2 (20.46%)

bxin - TRP

Auxin + TRP

Caatingueiro, open symbols: BRS
Gorutuba

598, and the solid medium isolates ESA 593 and ESA 594,
and Ab-V5 accumulated the total amount of N between
101.50 and 190.00 mg N plant ', higher than the absolute
control and the other 22 inoculation treatment. The N fertil-
ized control treatment resulted in 311.20 mg N plant ', the
highest success for the total N accumulation variable.

Regarding shoot and root dry mass, and total N accumula-
tion in the shoots, the inoculation of bacteria obtained in the
semi-solid medium was more beneficial than isolates from
solid medium (Fig. 2). Compared to the negative control treat-
ment, the inoculation of maize with the selected bacterial iso-
lates from this study and with Ab-V5 resulted in improved
plant performance for all features assessed.

3.3 The outstanding strains belong to the phylum
Firmicutes

Based on their 16S rRNA gene sequences, the nine strain were
classified in the phylum Firmicutes (Fig. 3). Strains ESA 599
and ESA 600 isolated in semi-solid BMGM medium were
related to Bacillus pumilus ATCC 70617 In the same genetic
cluster, strain ESA 593, obtained in solid Dyg’s medium, was
closely related to Bacillus zhangzhouensis DW5-4". Strain
ESA 597 from semi-solid BMGM medium was genetically
related to Bacillus nealsonii DSM 15011". ESA 595 from
solid medium was related to Bacillus aryabhatthai BSW227.

The strain ESA 594 was classified as Staphylococcus, close
related to S. edaphicus P5085". Two strains were classified in
the Brevibacillus genus. Strain ESA 596 was close to
Brevibacillus formosus DSM 9885T, and ESA 598 was related
to Brevibacillus gelatini PDF4T. ESA 601, also derived from
BMGM semi-solid medium, was close to Paenibacillus
massiliensis 2301065
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PC1 (30.89%)

3.4 Four Bacillus and a Paenibacillus boosted maize
grain yield

The field assay showed some selected strains’ ability to pro-
mote maize yield. Plants inoculated with the strains ESA 593,
ESA 599, ESA 597, ESA 600 (Bacillus spp.), ESA 601
(Paenibacillus sp.), and Ab-V5 (Azospirillum brasilense)
had grain yields ranging from 4601 to 5532 kg ha ', higher
than that observed in the plants with 45 kg N ha! (12-35%)
and in the absolute control treatment (56—-87%) (Table 3). The
inoculation with these bacteria also increased grain productiv-
ity compared to the non-inoculated treatment and the other
four new maize strains. The fertilization with 90 kg N ha’
was the best treatment and led to a grain yield of 7810 kg ha .

4 Discussion

The isolation of bacteria using two different approaches re-
sulted in a culture collection containing strains displaying dif-
ferent features and occupying different ecological niches.
Most of the strains obtained in this study were isolated in solid
Dyg’s medium. The N-free semi-solid media approach aimed
at obtaining putative N,-fixing bacteria and has been success-
fully applied worldwide (Baldani et al. 2014). On the other
hand, isolation of bacteria in the non-selective solid medium
yields heterotrophic bacteria, which may or may not display
plant-growth promoting abilities. For example, Fernandes
Janior et al. (2013) isolated 998 heterotrophic bacteria from
the roots of Oryza glumaepatula in Dyg’s medium. Among
those bacteria, only 38 were diazotrophic and displayed other
mechanisms of plant growth promotion. The value of
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Table 2 Shoot (SDM) and root

(RDM) dry mass, nitrogen Inoculation treatment SDM RDM N content N accumulation
content, and accumulation in the g plant”' mg N g plant ' mg N plant ™'
shoots of potted maize (BRS
Gorutuba) inoculated with 28 ESA 593 577b 195a 18.6™ 107.8 b
plant-growth promoting bacteria, ESA 594 7.28b 205a 132 101.5b
or non-inoculated supplemented - pq 5 595 620b 1722 17.4 1073 b
or not with urea
ESA 596 723 ¢ 1.16 b 17.5 126.0 b
ESA 599 6.03 b 1.64 a 17.5 105.7b
ESA 598 5.68b 192a 23.1 142.5b
ESA 597 6.05b 1.75a 18.1 108.5 b
ESA 600 592b 1.25b 18.7 1103 b
ESA 601 9.60 b 345a 18.6 169.0 b
BSI11 1.90 ¢ 098 b 15.9 31.2d
BS14 6.90 b 193 a 13.4 93.6¢
BS21 3.03¢c 1.69 a 13.6 409 c
BS6 144 c 1.16 b 18.7 24.6d
Bl11 2.38¢c 099 b 16.8 41.5¢
B15 2.17¢ 1.94 a 19.1 4l.4c
B22 3.75¢ 132b 18.1 61.9c
B34 3.14c 1.38b 19.7 63.6 ¢
B42 241¢ 1.27b 18.5 52.7¢
B49 1.96 ¢ 1.22b 21.9 43.0¢
G70 471 ¢ 1.50b 18.5 76.7 ¢
G71 215¢ 1.01b 21.2 436¢
G79 1.30 ¢ 0.80b 15.0 18.8d
G80 2.80c¢ 1.51b 17.1 442 ¢
GS81 2.78 ¢ 099 b 21.3 60.1 ¢
G83 1.68 ¢ 0.61 b 23.0 38.6¢
BGS88 2.11c 0.86 b 18.3 38.0c
Ab-V5 8.08Db 236a 235 191.0b
N control 13.65a 236a 229 3112 a
Negative control 2.58¢ 099 b 18.1 46.1¢
CV (%) 10.5 12.7 17.7 14.2

Means with the same letter in the same parameter do not differ by the Scott-Knott mean range test (p <0.05).

CV = Coefficient of variation

" No significant differences were found

combining two or more approaches to obtain PGPB was con-
firmed by the results observed in this study.

Variability was observed in the present study for the plant
growth-promoting mechanisms among the 79 strains.
Detectable amounts of auxin were produced by all bacterial
strains in the culture medium supplied with L-Trp, highlighting
the ability of those putative diazotrophs (those from semi-solid
medium) to produce plant hormones in culture media as previ-
ously reported (Kuss et al. 2007; Silva et al. 2013; Antunes et al.
2019). In the absence of L-Trp, the bacterial strains also pro-
duced detectable amounts of auxin. However, under these con-
ditions, those obtained in Dyg’s medium were the best auxin
producers, as indicated by the PCA analysis. Altogether, sever-
al strains produced auxin, both with and without L-Trp supply.
L-Trp is the primary precursor of the auxins, but several other

metabolic pathways are known (Costacurta and Vanderleyden
1995).

Since L-Trp is not abundant in the apoplastic space, pro-
ducing auxins within plant tissues and promoting plant growth
without L-Trp is a desirable trait in PGPB. Poaceae-associated
bacteria from the Brazilian semiarid region produced auxins
both with and without L-Trp supply in the medium and
showed potential to promote plant growth (da Silva et al.
2018; Antunes et al. 2019). These findings reinforce the no-
tion that the production of auxin in vitro via different meta-
bolic pathways is related to plant growth promotion in vivo. It
is important to realize that Dyg’s is a rich medium (1.5 g L™
of peptone). Therefore, an amount of L-trp should be available
after autoclaving. However, the large difference between the
average amount of auxin produced by several strains in the
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Fig. 2 Box-plot/whiskers for the shoot and the root dry mass, N content
and accumulation in the shoots of potted maize inoculated with the plant
growth-promoting bacteria obtained in semi-solid BMGM medium (SS
BMGM, n=44), solid Dyg’s medium (S Dyg’s, n=64), Azospirillum
brasilense Ab-V5 (Ab-V5, n =4), non-inoculated and fertilized with urea
(N Control, n=4) and non-inoculated and non-fertilized (Abs Control,
n=4). Upper and lower boxes are the third and first quartiles, respective-
ly. The upper and lower whiskers are 1.5 interquartile ranges. The hori-
zontal solid line is the data median

culture media with and without L-Trp, support the notion that
different metabolic pathways were being used in the media
with and without the amino acid.

All bacteria obtained in the BMGM semi-solid medium
were positive in nifH amplification. This approach is the prin-
cipal method used to isolate putative diazotrophic bacteria
worldwide (Baldani et al. 2014). The absence of the nifH gene
in almost all bacteria obtained from Dyg’s solid medium cor-
roborates the previous results where few bacteria obtained in
solid media were diazotrophs (Stoltzfus et al. 1997; Fernandes
Junior et al. 2013). Most of the bacteria showing antagonism
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against the maize soil-borne pathogen Fusarium
verticillioides were isolated in solid Dyg’s medium. The
in vitro antagonism against Fusarium verticillioides is an es-
sential trait for selecting the efficient biocontrol agents against
Fusarium wilt disease (Cavaglieri et al. 2005; Figueroa-Lopez
et al. 2016). As observed in the case of auxin production,
applying different approaches for maize-associated bacteria
isolation is a promising strategy for accessing microbes with
different ecological niches and plant growth-promoting
abilities.

Few bacteria were positive to calcium phosphate solubili-
zation and siderophore production, in contrast to sorghum (da
Silva et al. 2018; Antunes et al. 2019) buffel grass (Cenchrus
ciliaris), and Urochloa spp. (Antunes et al. 2019) which were
carried out in the same region of the present study. These
findings demonstrate the host’s role in selecting their associ-
ated bacteria that have an actual or potential associative role.
Cowpeas were growing in the same experimental field as used
in the present study and cowpea-rhizobia were found infecting
maize tissues. Those cowpea isolates from maize were also
low calcium phosphate solubilizers and siderophore producers
(Cavalcanti et al. 2020).

Siderophore-producing bacteria do not colonize much the
inner tissues of maize’s shoots and roots, but these bacteria are
abundant in the rhizosphere (Singh et al. 2015). Phosphorus
solubilizing bacteria are also more abundant in the rhizosphere
than in the inner tissues (Oliveira et al. 2009). The present study
results indicate that maize endophytic bacteria are efficient in
direct plant growth promotion via hormone biosynthesis.
Indirect plant growth-promoting mechanisms, such as nutrient
release, are rare in maize endophytes, however they are com-
monly found in rhizospheric bacteria (Compant et al. 2010).

Among the bacterial strains selected for the potted-maize
assay, ESA 599 showed several promising metabolic features.
This strain isolated in semi-solid medium from BRS
Caatingueiro maize stems was the best auxin producer in me-
dium with L-Trp and produced high amounts of auxin in L-
Trp free medium. This bacterium also was a phosphate
solubilizer, the best siderophore producer, and nifH positive.
Bacteria displaying several mechanisms that promote plant
growth are sought for prospective PGPB, as they increase
the probability of promoting plant growth in vivo (de Souza
et al. 2015; Gopalakrishnan et al. 2015; Grover et al. 2021).

The bacterial strains obtained in the semi-solid medium
were more efficient than those isolated in Dyg’s solid medium
at promoting plant growth in potted maize plants. However,
the findings reinforce the value of using more than one ap-
proach for isolating effective PGPB for use in drylands
(Gopalakrishnan et al. 2015; Antunes et al. 2019). All selected
strains were very efficient for two or more parameters (plant
dry mass and nitrogen accumulation in the shoots, for exam-
ple) and had their 16S rRNA gene sequenced and were
assessed in the field trial.
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Fig. 3 Neighbor-Joining phylogenetic tree (Jukes-Cantor model) based
on partial sequences 16S rRNA gene (1306 nucleotides) of 9 maize plant-
growth-promoting bacteria and related type strains. Numbers in the nodes

The nine initially seleced nine strains were classified within
the phylum Firmicutes, order Bacillales. This group encom-
passes several plant growth promoters that have been isolated
from different dryland sites worldwide (Grover et al. 2011;
Kavamura et al. 2013; Fernandes-Junior et al. 2015;
Gopalakrishnan et al. 2015; Aeron et al. 2020; Bonatelli et al.
2021; Grover et al. 2021). Three diazotrophic strains were clas-
sified within the Paenibacillaceae family, two strains were iden-
tified as Brevibacillus, and one as Paenibacillus. In the screen-
ing for diazotrophic PGPB in several crops, such as sugarcane
(Saccharum spp.) (Raton et al. 2012), sorghum (Sorghum
bicolor) (Mareque et al. 2015), and maize (Chakra et al.
2019), Brevibacillus and Paenibacillus are commonly isolated.
However, few strains of these two genera appear to have the
same potential of plant-growth promotion as those observed by
Paenibacillus sp. ESA 601 and Brevibacillus sp. ESA 596,
isolated in the present study.

Paenibacillus sp. ESA 601 showed multiple plant growth
promotion traits in vitro and was efficient in promoting maize
growth. These features are shared by other elite Panibacillus
strains (Grady et al. 2016; Liu et al. 2018, 2019), indicating

of branches are the bootstrap values (%) with 1000 pseudoreplication
(values <60% are not shown)

that this genus contains strong candidates for the application
as maize inoculants. The strains ESA 598 and ESA 596 were
classified in the Brevibacillus genus and related to
Brevibacillus formosus/brevis and Brevibacilus gelatini, re-
spectively. Efficient PGPB related to Brevibacillus brevis
has also been isolated in several other screening projects
(Mareque et al. 2015; Nehra et al. 2016; Chakra et al. 2019).
However, strains related to Brevibacillus gelatini are not usu-
ally isolated in the same survey, indicating new ecological
niches for the strains isolated from maize in the present study.

Bacillus and Staphylococcus were two other genera isolat-
ed in the present study. Both members of the Bacillaceae were
previously reported as plant-associated bacteria. Bacillus
strains are usually obtained in isolation projects in drylands,
probably due to their ability to form endospores and resist
various environmental conditions (Raton et al. 2012).
Staphylococcus is an etiological agent of several human and
animal diseases. Plant-associated Staphylococcus strains have
been isolated using solid and semi-solid media (Mareque et al.
2015; Akram et al. 2016). Our Staphylococcus sp. ESA 594
was related to Staphylococcus edaphicus P5085". This soil
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Table 3 Shoot dry mass (SDM), nitrogen content in the third leaf
(LNC), grain yield (GY), and weight of 100 grains (W100) of maize
(cv. BRS Gorutuba) inoculated with six different maize endophytic
rhizobia the commercial strain Ab-V5 (A. brasilense), non-inoculated
and fertilized with zero, 45 or 90 kg of N-Urea ha ' in a field experiment.
Data are the mean of four blocks in the field

Treatment SDM LNC GY W100
gplant! mgNg' kg ha' g

ESA 593 83.7b 22.4" 4754 b 25.7"
ESA 594 61.6b 21.1 2339 ¢ 27.0
ESA 595 4250 222 3485 ¢ 21.1
ESA 596 68.7b 233 4026 ¢ 21.8
ESA 597 4750 22.6 4606 b 23.0
ESA 598 71.2b 22.8 3465 ¢ 24.0
ESA 599 50.0b 23.8 4476 b 237
ESA 600 58.7b 23.0 5232b 233
ESA 601 46.2b 222 4940 b 21.3
Ab-V5 583 b 22.0 4601 b 20.9
45 kg N ha ' (50%) 58.0b 26.0 4075 ¢ 239
90 kg N ha ' (100%)  106.7 a 24.0 7810 a 244
Negative control 533b 21.5 2947 ¢ 22.1
CV (%) 13.5 10.2 12.7 33

Means with the same letter in the same parameter do not differ by the
Scott-Knott mean range test (p <0.1). CV = Coefficient of variation

™ No significant differences were found

bacterium was isolated in Antarctica, showing its ability to
adapt to extreme environments (Pantiéek et al. 2018). The
genetic relationships and the plant growth promotion results
observed in the present study indicate that Staphylococcus sp.
ESA 594 is a PGPB highly resistant to harsh environmental
conditions.

In the Brazilian drylands, Bacillus spp. have already been
isolated from several crops (Andrade et al. 2014; Antunes
et al. 2019) and native species (Kavamura et al. 2013;
Fernandes-Junior et al. 2015; Santos et al. 2020). Besides
promoting plant growth, some of these strains have already
proven to act as drought-stress alleviating agents (Kavamura
et al. 2013; Santana et al. 2020; Santos et al. 2020), corrobo-
rating the biotechnological potential of the strains isolated in
this study.

Under field conditions, five out of the nine strains acted
as efficient inoculants for promoting maize yield.
Paenibacillus sp. ESA 601, Bacillus spp. ESA 599, ESA
600, ESA 597, and ESA 593 were as efficient as the com-
mercial maize inoculant containing Azospirillm brasilense
Ab-V5. The inoculation with these five elite strains resulted
in grain yield higher than those observed in the experimental
treatment with 50% of the N application in the field, indi-
cating that these isolates can contribute more than 50% of
the plant N demand, this is an excellent performance for
Poaceae inoculants (Santi et al. 2013).
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Bacillus spp. can promote the growth and yield of crops
using several of the mechanisms assessed in this study (Rios-
Ruiz et al. 2020), but Paenibacillus, despite results of pot
experiments (Marra et al. 2012; Mareque et al. 2015;
Ambrosini et al. 2016), has not been tested under field condi-
tions (Grady et al. 2016). The present study reinforces the
value of Bacillus as an inoculant and indicates the potential
of Paenibacillus strains from soils of the Brazilian semiarid
region as inoculants for maize fields.

The commercial inoculant Azospirillum brasilense Ab-V5
is a very efficient plant growth promoter with positive results
for maize and other Poaceae in the whole of Brazil (Hungria
etal. 2010, 2016; da Costa Leite et al. 2019). However, under
our field assay conditions, the five elite strains from the pres-
ent study performed as well as the reference strain Ab-V5. The
field performance of these five new elite maize strains could
be considered excellent, and due to their adaptability to the dry
conditions of our region, they should perform better than Ab-
VS5 in, for example, the semiarid rain-fed conditions of the
northeastern region of Brazil. New network trials should
now be conducted in different parts of this region to ensure
that our selected strains Paenibacillus sp. ESA 601, and the
Bacillus spp. ESA 599, ESA 600, ESA 597, and ESA 593
have viability as maize inoculants and have multi-field
efficiency.
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