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Abstract
The isolation of seed-endophytic bacteria (SEB) is a promising approach for the selection of maize plant growth-promoting
bacteria (PGPB). With the hypothesis that maize seeds harbor SEB that occupy different niches and show plant-growth-
promoting abilities, we aimed to isolate and characterize the potential PGPB from these seeds. The bacteria from commercial
seeds (BRS Gorutuba) and axenically grown maize-seedlings were isolated, molecularly fingerprinted, and genetically charac-
terized by amplified ribosomal DNA restriction analysis (ARDRA). All SEB were evaluated for their promotion of early root
growth. The selected strains were identified by 16S rRNA sequencing and evaluated for their plant growth-promotion traits. A
pot experiment was conducted to assess the ability of the SEB to promote maize-growth and nutrient accumulation. Fifty-one
bacterial strains were retrieved, mostly isolated directly from the seeds. All the isolated bacteria represented different strains
according to their molecular fingerprinting. ARDRA clustering revealed six clusters influenced by their plant tissue/organ of
origin. Twenty-nine SEB were selected based on their influence on early root growth. The 16S rRNA sequences classified the
SEB as Bacillus (22), Paenibacillus (2) and Acinetobacter (5). The inoculation of Bacillus ESA 674 improved the shoot dry mass
in 57% and the Acinetobacter ESA 662 improved the root growth by 235%, both compared to the uninoculated control. At least
12 bacteria improved nutrient content in the shoots. The Bacillus spp. ESA 674 and ESA 652 outstood in improving maize
nutrition by increasing the accumulation of several nutrients.

Keywords Acinetobacter . Bacillus . Paenibacillus . Plant growth-promoting bacteria . Seed bacterial endophytes . Seed-borne
bacteria

1 Introduction

Plant growth-promoting bacteria (PGPB) are biological agents
that facilitate the establishment and development of plants
through several biological mechanisms (García-Fraile et al.
2015; Aeron et al. 2020). In agriculture, PGPB can be used
as inoculants and biofertilizers to increase the plant yield,
reducing the production costs and environmental impacts of
agriculture. The development of commercial inoculants is
guided by extensive research efforts on the isolation and se-
lection of efficient PGPB for various crops. For example,
commercial inoculants with selected Azospirillum brasilense
strains for maize (Zea mays), rice (Oryza sativa), wheat
(Triticum aestivum) and Brachiaria spp. (Hungria et al.
2010, 2016) are available in the Brazilian market.

In addition to those A. brasilense strains, several research
groups are focusing on the isolation and evaluation of new
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bacteria from several nonlegume crops, such as sorghum
(Sorghum bicolor) (Schlemper et al. 2018; da Silva et al.
2018; Antunes et al. 2019), melon (Cucumis melo) (Seido
et al. 2019), and sunflower (Helianthus annuus) (Ambrosini
et al. 2016), maize (Cavalcanti et al. 2020; Ikeda et al. 2020),
among others. In these studies, the bacteria were obtained
through the harvest of the plant in the field, and the use of
their soft tissues for isolation procedures in the laboratory.

In addition to obtaining microbial isolates from field-
grown plants, some studies have focused on evaluating the
diversity of seed endophytic bacteria (SEB) (Verma and
White Jr 2019). This approach has already revealed bacteria
with biotechnological applications, such as the production of
hydrolytic enzymes (Bodhankar et al. 2017) and plant growth
promotion (Puente et al. 2009; Bodhankar et al. 2019). SEB
can spread and colonize plant tissues (Mano et al. 2006;
Hardoim et al. 2012; Bodhankar et al. 2017) and interact with
other plant-associated bacteria. For example, Bacilio-Jiménez
et al. (2001) reported that the SEB from rice inhibits the col-
onization of host plants by Azospirillum brasilense, a remark-
able PGPB, indicating the important role of seed-borne bacte-
ria in crop management.

SEB can be obtained vertically (from the mother plant) or
horizontally (from the environment) (Truyens et al. 2015;
Chowdhury et al. 2019). The management of SEB can result
in seeds carrying beneficial bacteria that favor plant
establishment and development. Mitter et al. (2017) enriched
t h e compos i t i on o f t h e SEB commun i t y w i t h
Paraburkholderia phytofirmans PsJNT in maize and wheat
through inoculation of flowers. Wheat plants derived from
these seeds showed higher development and grain yield.
These results show the potential of the management of the
SEB community as a strategy to increase plant growth and
production. However, P. phytofirmans PsJNT was isolated
from the roots of onion (Allium cepa) plants (Sessitsch et al.
2005). Onion root endophytic compartments are full of water
(>90% water content) and form a mild environment, differing
from the endophytic environment of cereal seeds, for example,
those of maize, which provide a dry (10–13% water content)
harsh environment. The selection of PGPB from seeds for
SEB community management should be carried out by iden-
tifying plant growth-promoting SEB. Then, isolation and eval-
uation of the plant growth promotion abilities of the SEB is a
crucial step.

Brazil is the third-largest maize producer in the world. In
the 2018/2019 season, Brazilian maize production was over
96 thousand tons, and internal consumption reached 65 thou-
sand tons (CONAB 2019). At the Northeast Region of Brazil
(which encompasses the Brazilian semiarid belt), the average
maize yield is approximately 2530 kg ha−1, while in the whole
country, this value is approximately 5350 kg ha−1 (CONAB
2019). The lower yields of maize fields in northeastern Brazil
are primarily due to the low technological inputs adopted by

the growers and the harsh environmental conditions (low rain-
fall and high temperatures) in the region. For this reason, the
development and dissemination of sustainable technologies
are urgently needed to increase maize production in this re-
gion and similar regions worldwide. For these reasons, the
identification of new PGPB for the production of inoculants
and/or enriched seeds is one of the most promising strategies
(Santos et al. 2019; Aeron et al. 2020).

Therefore, we hypothesized that commercial seeds of
maize cv. BRS Gorutuba harbors a community of SEB that
occupies several ecological niches, spreading throughout the
maize seedlings, in axenic conditions, and shows different
plant growth-promoting abilities. This work aimed to isolate
and characterize the potential PGPB originating from com-
mercial maize seeds.

2 Methods and materials

2.1 Maize seeds, experimental setup, and isolation
procedure

Commercial seeds ofmaize cv. BRSGorutuba were used. The
seeds were produced in the seed-producing field of Embrapa
Produtos e Mercados at Petrolina municipality (Pernambuco
State, Brazil: lat -9.053611; long -40.275556). The seed batch
was produced in the summer of 2017 (from January to April)
by applying conventional maize management practices ac-
cording to the recommendations for the region. The seeds
were not coated with fungicide, and the isolation procedures
and experimental implementation were conducted in
July 2017.

Three samples of 100 g of seeds were separated and surface
disinfected through submersion in ethanol 96°GL for 30 s and
sodium hypochlorite 2% (v v−1) for 10 min followed by eight
washes in distilled, autoclaved water (DAW) (Vincent 1970).
After the disinfection procedure, the water used in the last seed
wash was inoculated in nutrient-agar (NA) medium to assess
the efficiency of the disinfection process. In the same way, 10
randomly selected seeds were streaked on the surface of the
same medium to assess the presence of bacteria on the seed
surface. The dishes were incubated at 28 °C for five days. No
contamination was observed after this procedure.

An amount of 50 g from each seed sample was crushed in a
blender with 450mL of NaCl 0.85% (w/v). The solutions were
serially diluted to 10−4 for inoculation in the solid media. The
serial dilution was conducted in triplicate. At the same time, in
1 L borosilicate bottles containing 350 mL of agar-water 1.5%
(w v-1), previously disinfected seeds were carefully laid on the
surface of the medium (5 seeds per bottle). The bottles were
incubated in a growth chamber at 26 °C with a photoperiod of
12 h for 15 days. At 4, 9, and 13 days after germination
(DAG), 5 mL of DAWwas added per bottle. At 5 DAG, three
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spare plants were gently removed, and two plants were left in
each bottle.

At 15 DAG, the plants were harvested. The whole plants
were carefully removed from the agar, and the roots were
separated from the shoots. To obtain bacteria from the regions
equivalent to the “rhizosphere”, seedling roots and shoots,
three different parts of the maize plants were analyzed. To
assess the bacteria colonizing the “rhizosphere” (the agar me-
dium close to the roots, the equivalent to the rhizosphere in the
root-soil interface), 20 g of roots were added to 500 mL flasks
containing 180 mL of NaCl 0.85% (w/v) and shaken vigor-
ously (300 rpm) in an orbital shaker for 10 min. The roots
were subjected to surface disinfection, and the solutions were
diluted serially until 10−4.

To the isolation of endophytic bacteria within the root and
shoots of seedlings, aliquots with 20 g of each roots or shoots
were surface disinfected as described above for the seeds, the
water from the last rinse and the surfaces of roots, and shoots
were used to streak NA Petri dishes to assess the efficiency of
the surface disinfection. The 20 g aliquots of roots and shoots
were crushed in a blender with 180mL of NaCl 0.85% (w v-1).
The solutions were serially diluted to 10−4 for plating. The
serial dilutions were conducted in triplicate.

For plating, aliquots of 100 μL of all serial dilutions of
seeds, “rhizosphere”, seedling roots, and seedling shoots were
inoculated in Petri dishes containing nutrient-agar (NA),
Dyg’s (Rodrigues Neto et al. 1986) and YMA (Vincent
1970) media and spread with the aid of a Drygalski loop.
The dishes were incubated at 28 °C, and colony growth was
observed daily for five days. The inoculated dilutions that
reached approximately 10–30 colonies per plate were purified
in the same medium. The cultures were characterized accord-
ing to their morphological characteristics [colony size (mm),
color, and shape (circular or irregular), border type (regular or
irregular), and amount of mucus (low or high production)] and
stored in 25% (v v-1) glycerol at -80 °C.

2.2 Molecular diversity of the culture collection

The DNA of all bacterial strains was extracted with the
Brasílica 13-BR200 commercial kit (LGC Biotecnologia,
São Paulo, Brazil) and stored at -20 °C until PCR. The bacteria
were fingerprinted using the BOX-A1 (CTACGGCA
AGGCGACGGCTGACG) (Versalovic et al. 1994), (GAC)5
(Gadanho and Sampaio 2002) and (GTG)5 (Švec et al. 2005)
primers. The reactions were performed in a Veriti 96 well
thermocycler (Applied Biosystems, USA) and submitted to
horizontal electrophoresis (TBE 0.5X buffer) in agarose gel
1.2% (w v−1) at 120 V for 3 h to BOX-A1 and 2 h to the other
two markers.

Additionally, we performed an amplified ribosomal DNA
restriction analysis (ARDRA). The 16S rRNA was amplified
w i t h t h e un i v e r s a l p r ime r s 27F (AGAGTTTG

ATCMTGGCTCAG) and 1492R (TACGGYTACCTTGT
TACGG) (Weisburg et al. 1991) and digested separately with
the endonucleases AluI and MspI (Thermo Scientific, USA)
overnight at 37 °C according to the manufacturer’s instruc-
tions. The digested PCR product was subjected to horizontal
electrophoresis (TBE 0.5X buffer) in agarose 1.5% (w v−1) gel
for 3 h at 90 V. The primer sequences and PCR conditions are
detailed in Table S1. The gel pictures were taken in an
UVDoc-400i UV chamber (Delpho, São Carlos, Brazil) and
analyzed with BioNumerics 7.6 software (Applied Maths,
Belgium) for the normalization of gel images and the con-
struction of dendrograms applying the UPGMA clustering
method and the Dice coefficient of similarity.

2.3 Influence of bacteria on the germination and
initial development of maize seeds and 16S gene
sequencing

All bacterial strains obtained were assessed according to their
influence on the germination of maize seeds and young seed-
lings. The maize seeds were surface disinfected, as described
above. The bacteria were grown in Bushnell and Hass mineral
medium (BHMM) (Bushnell and Haas 1941) supplied with
glucose (5 g), mannitol (5 g), and malic acid (5 g) with the pH
adjusted to 6.8. The optical density of the bacterial broth was
verified spectrophotometrically at 540 nm and adjusted to 0.3
(OD540 = 0.3). Seeds were microbiolized by imbibition in the
bacterial broth for 15min. The inoculated seeds were carefully
laid in agar-water 1% (w v-1) dishes (10 seeds per dish) and
incubated in a growth chamber in the dark for seven days at
26 °C. On the 7th day of incubation, the experiment was
harvested, and the following variables were assessed: germi-
nation (radicle emergence), length of the primary root, and
overall development of the roots [by attributing the scores
from "1" (to the worst treatments) to “10” (to the best treat-
ments)] . In addition to the treatments inoculated with the 51
SEB, a reference strain control was added using Azospirillum
brasilense Ab-V5. An uninoculated control was also
evaluated.

The selected bacterial strains were used in the next steps
and deposited in the Culture Collection of Microorganisms
with Agricultural Interests of Embrapa Semiárido (CMISA).
This experiment was conducted in a completely randomized
design with three replications and conducted twice, to confirm
the results.

The sequencing of the 16S rRNA of 29 bacterial strains
with plant-growth-promotion ability was also conducted.
The PCR amplification was conducted as described above,
and the PCR products were purified with the commercial kit
Wizard® SV Gel and PCR Clean-up System (Promega,
USA). The fragments were sequenced at Macrogen Inc.
(Seoul, South Korea) in an ABI 3037 xl platform (Applied
Biosystems, USA). The quality of sequence was verified by
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Sequence Scanner Software v. 2.0 (Applied Biosystems,
USA), and the almost complete 16S rRNA gene sequence
was assembled. The fragments were compared to those of type
strains available in the GenBank database 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 MT482555 to
MT482583.

2.4 In vitro plant growth-promoting traits: auxin,
siderophore, and biofilm biosynthesis, calcium phos-
phate solubilization and nifH gene amplification

For the evaluation of auxin production, the colorimetric pro-
cedure described by Sarwar and Kremer (1995) was adapted.
The bacteria grew in liquid BHMM medium supplied with
100 mg L−1 of L-tryptophan (L-Trp) for seven days under
constant stirring of 120 rotations per minute at room temper-
ature. The optical density of each culture was adjusted to
OD540 = 0.3, to standardize the cell concentration.

Aliquots of 1.0 mL of the adjusted cultures were centri-
fuged for 3 min at 6000 g, after which 150 μL of supernatant
was added to 96-well ELISA microplates with 100 μL of
Salkowski solution (1.0 mL of 0.5 M FeCl3.6H2O and
50 mL of 35% (v v−1) HClO4). The microplates were stored
in the dark at room temperature for 30 min. Thereafter, the
intensity of the reddish coloration was determined spectropho-
tometrically at 530 nm. The auxin concentration was estimat-
ed using a standard curve with some known concentration of
indole acetic acid (Sigma Aldrich, USA).

For siderophore production, we adopted the quantitative
approach described by Ribeiro and Cardoso (2012) with ad-
aptations. The bacteria grew in the BHMM medium for four
days, as described above. Afterward, 1 mL of the culture was
centrifuged, and 150 μL of the supernatant was added to 96-
well ELISAmicroplates with 150 μL of CAS reagent [6.0 mL
of hexadecyltrimethylammonium bromide (HDTMA);
1.5 mL of a FeCl3.6H2O solution; 4.307 g of piperazine; and
6.25 mL of 33% (v v−1) HCl] (Schwyn and Neilands 1987).
The plates were incubated in the dark at room temperature for
30min. The yellowish coloration of the wells was evaluated at
spectrophotometrically at 420 nm. To quantification, a stan-
dard curve was made with known concentrations of ethylene-
diaminetetraacetic acid (EDTA).

The bacterial strains were evaluated for tricalcium phos-
phate solubilization in solid medium (Sylvester-Bradley
et al. 1982). The bacteria were cultured in liquid BHMM
medium for four days, centrifuged and OD540 adjusted to
0.3 as described above. Aliquots of 10 μL of the cultures were
inoculated into plates containing GL (glucose-yeast extract)
medium [10 g L−1 glucose, 2 g L−1 yeast extract with 50mL of
K2HPO4 and 100 mL f CaCl2 (both 10% w v−1)], and

incubated at room temperature for six days. After the incuba-
tion period, the presence of a translucent zone surrounding the
colonies was observed.

Biofilm production was evaluated following the method
developed by Nostro et al. (2007), with the adaptation. In
96-well ELISA microplate, 150 μL of liquid BHMMmedium
was added into each well. An aliquot of 5 μL of the OD540 =
0.3 adjusted bacterial broth was added to the medium. The
microplates were incubated in the dark at room temperature
for 8 days, and afterwards, the culture broths were discarded,
and each microplate well was washed three times, with
200 μL of DAW. Therefore, the plates were dried at room
temperature, and 100 μL of 0.25% (w v−1) gentian violet
[Tris(4-(dimethylamino)phenyl) methylium chloride] was
added and incubated for five minutes. The plates were
rewashed with DAW, an ethanol/acetone solution (80:20 v
v−1) was added. The biofilm formation was quantified by
measuring the intensity of the purple-blue color spectrophoto-
metrically at 620 nm. A standard curve was constructed using
different dilutions of 0.25% (w v−1) gentian violet and an
ethanol/acetone (80:20) solution, with the following concen-
trations of gentian violet: 0.0 (blank); 13.7; 24.6; 41.4; 55.1;
68.9 and 82.7 μ mol L−1. The experiment was implemented
with four replications in a completely randomized design.

A fragment of nifH gene was amplified using the primers
pair NifHfor (ACCCGCCTGATCCTGGACGC) and
NifHrev (ACGATGTAGATTTCCTGGGC) (Soares et al.
2006). The PCR product was submitted to horizontal electro-
phoresis (TBE 0.5X buffer) in agarose 1.0% (w v−1) gel for
1 h at 120 V. The bacteria were considered positive for nifH
amplification when a clear amplicon of 300–350 bp was ob-
served. The negative bacteria were repeated twice to assure
the absence of the target gene. In all PCR we used the known
diazotrophic strain A. brasilense Ab-V5 as the positive
control.

2.5 Maize growth promotion experiment

Twenty-nine bacterial strains were assayed in pot experiments
to evaluate their plant-growth promotion abilities. In addition
to the treatments inoculated with 29 SEB, a reference strain
control was added using Azospirillum brasilense Ab-V5. The
uninoculated control without bacterial inoculation was also
evaluated.

The experiment was performed in 5 L pots filled with the
surface layer of a red-yellow Ultisol. A soil sample was sub-
jected to soil chemical analysis, according to Teixeira et al.
(2017). The results showed the following chemical character-
istics: pH (water) 5.5, electrical conductivity 0.92 mS cm−1, C
(total) 9.3 g kg−1, P 20.44 cmolc dm

−3, K+ 0.32 cmolc dm
−3,

Na+ 0.12 cmolc dm
−3, Ca2+ 2.2 cmolc dm

−3, Mg2+ 0.9 cmolc
dm−3, Al3+ 0.05 cmolc dm

−3, H++Al3+ 0.7 cmolc dm
−3, sum of

bases 3.5 cmolc dm
−3, cation exchange capacity 4.3 cmolc
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dm−3 and base saturation 83.1%. The maize genotype BRS
Gorutuba was used. A completely randomized block design
was used with four replications per treatment.

The disinfection of seed surface and inoculation were con-
ducted as described above. The experimental treatments in-
cluded single inoculations of 29 new bacterial strains and the
reference strain Azospirillum brasilense Ab-V5. Also, an un-
inoculated treatment was tested (uninoculated control). The
soil fertility was not corrected, and all plants received a small
nitrogen supply of 300 mg N plant−1 (NH4NO3) five days
after sowing. The N fertilization rate is equivalent to
20 kg N ha−1.

At seven days after emergence (DAE), the plants were
thinned, and a single plant was left in each pot. The plants
received 500 mL of tap water daily and were harvested at 48
DAE. The roots were separated from the shoots and carefully
washed with running tap water, after which they were sepa-
rately dried at 65 °C in an oven and weighed.

For mineral composition, the shoots were milled, and sep-
arate aliquots (100 mg) of the tissues were submitted to sul-
furic and nitroperchloric digestion. The total N concentration
in the sulfuric digested product was evaluated by the semi-
micro Kjeldahl method (Liao 1981). The P concentration in
the nitroperchloric digested product was assessed spectropho-
tometrically through the colorimetric ammonium vanadate-
molybdate method at 420 nm (Teixeira et al. 2017). The Ca,
Mg, K, Fe, Mn, Cu, and Zn contents of the nitroperchloric
digested product were assessed by atomic absorption in a
900H device (PerkinElmer, USA).

2.6 Statistical analysis

All quantitative data were analyzed thought variance analysis
using appropriated data transformation to meet the ANOVA
requirements. The data of in vitro plant growth promotion
traits, early root growth, and germination compared by the
Scott-Knott’s mean range test (p > 0.05) using the software
Sisvar 5.0 (Ferreira 2011). The data of maize growth promo-
tion were submitted to the Dunnett’s mean comparison test
(p > 0.05) against the uninoculated control, using the software
Statistica 7.0 (TIBCO Software Inc., USA).

3 Results

3.1 Bacterial isolation and genetic variability within
the collection

A total of 51 bacterial strians were obtained in all plant com-
partments and culture media (Table 1). Twenty-six, 10, 9, and
6 bacterial strains were obtained from the seeds, seedling
roots, seedling shoots and “rhizosphere”, respectively. NA
was the best culture medium since 25 SEB bacterial strains

were retrieved from it (roots-7, shoots-3, “rhizosphere”-2 and
seeds-13). Dyg’s and YMA were the sources of 17 (roots-2,
shoots-4, “rhizosphere”-2 and seeds-9) and 9 (roots-1, shoots-
2, “rhizosphere”-2 and seeds-4) bacteria, respectively.

The combined analysis of the polymorphism generated by
the reactions with the BOX-PCR, (GAC)5 and (GTG)5 mo-
lecular markers showed that there were no clones within the
culture collection since none of the strains clustered with
100% similarity to each other (Fig. 1), indicating the high
diversity of maize seed-borne bacterial strains.

The analysis of ARDRA profiles grouped all strains with
35% similarity. Six clusters were observed, primarily based on
the origin of the SEB (Fig. 2). In cluster I, 2 bacteria isolated
from seeds and 1 from seedling roots were observed. In the
cluster II, 18 out of 21 strains were isolated from maize seeds,
and there were 2 and 1 bacteria from the “rhizosphere” and
seedling roots, respectively. Cluster III showed 3 bacteria
from seeds, 3 from seedling roots, and 1 from seedling shoots.
In cluster IV, there were no bacteria isolated from seeds, in
this cluster the seedling roots, seedling shoots, and the “rhizo-
sphere” had 5, 5, and 2 representatives, respectively. Cluster V
had 3 bacteria isolated from maize seeds, and cluster VI had 3
bacteria from seedling shoots and 2 from the “rhizosphere”.

3.2 Seed germination and early seedling
development

Bacterial inoculation influenced the germination of the maize
seeds and the seedlings development . Seeds inoculated with
29 SEB derived seedlings that were classified in the two
highest statistical clusters according to the Scott-Knott mean
range test, considering the length of the primary root. Thirty-
six bacteria improved seed germination (Fig. 3). The qualita-
tive evaluation of the development of the roots showed that
the 16 inoculation treatments (ESA 640, ESA 641, ESA 647,
ESA 649, ESA 650, ESA 651, ESA 652, ESA 653, ESA 654,
ESA 655, ESA 658, ESA 659, ESA 660, ESA 661, ESA 675,
and ESA 677) had the higher score (10) in all replications.

Table 1 Total of bacteria/potential plant growth-promoting bacteria
isolated from seeds of maize or seedling roots, and shoots, and “rhizo-
sphere” of 15 days-old maize seedlings grown in axenic conditions

Plant compartment Culture Media Total

NA Dyg’s YMA

Seeds 13/8 9/3 4/2 26/13

Seedling roots 7/4 2/1 1/0 10/5

Seedling shoots 3/2 4/3 2/2 9/7

“Rhizosphere” 2/0 2/2 2/2 6/4

Total 25/14 17/9 9/6 51/29
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Overall, 32 inoculation treatments (including A. brasilense
Ab-V5) increased root development, and 20 had the same as
or worse results than the uninoculated control. The lowest
score (1) was attributed to 11 bacteria that also inhibited maize
germination and primary root development. In Fig. 4, the in-
fluence of inoculation can be observed on the bacteria ESA
641, ESA 677, ESA 652, ESA 663 (scores 9–10), Ab-V5
(score 7) and M1 (score 1).

3.3 Identification of bacteria by 16S rRNA sequencing

The 29 SEBs were classified within three genera: Bacillus (22
bacteria), Paenibacillus (2 bacteria), and Acinetobacter (5
bacteria) (Fig. 5). Among the Bacillus spp., 12, 5, 3 and 2
strains were obtained from seeds, seedling roots, seedling
shoots, and the “rhizosphere” , respect ively. The
Acinetobacter strains were obtained from the seedling shoots

Fig. 1 Dendrogram of similarity
based on molecular fingerprinting
applying the molecular markers
BOX-A1, (GTG)5, and (GAC)5
of 51 seed-borne bacteria from
maize. The UPGMA method and
Dice coefficient were applied
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(3 strains) and “rhizosphere” (2 strains). One Paenibacillus
strain was isolated from the seedling shoots, and the other
was obtained from the seeds.

3.4 In vitro plant growth promotion traits

Considering all bacteria assessed, 21 out of 29 strains evalu-
ated produced detectable amounts of auxin in the culture me-
dium supplied with L-Trp (Table 2). Bacillus sp. ESA 676 and
Acinetobacter sp. ESA 660, along with strain Azospirillum

brasilense Ab-V5, stood out when compared to the other
strains and were grouped in a higher cluster by the Scott-
Knott test (p < 0.05). All bacteria produced detectable
amounts of siderophores and biofilm in these assays.

Bacillus spp. ESA 645, ESA 650, and ESA 651 stood
out as producing more siderophores than the other strains
assayed. Acinetobacter sp. ESA 662 and Bacillus sp. ESA
656 produced the highest amounts of biofilm compared to
the other strains. Bacillus spp. ESA 649, ESA 651, and
ESA 653 as well as Acinetobacter sp. ESA 655 produced

Fig. 2 Dendrogram of similarity
based on the polymorphic profiles
of the ARDRA technique using
16S rRNA as the PCR product
and AluI andMspI endonucleases.
The UPGMA method and Dice
coefficient were applied
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less biofilm than ESA 656 and ESA 662 but still pro-
duced more biofilm than the other bacteria evaluated in
this assay. Calcium phosphate solubilization was observed
in Bacillus spp. ESA 643, ESA 644, ESA 676, ESA 649,
and ESA 650 but not in the other strains. The PCR for the
nifH gene was positive for Bacillus spp. ESA 642, ESA
643, ESA 647, and ESA 657, Acinetobacter sp. ESA 658
and Paenibacillus ESA 664, along with the known
diazotrophic bacteria Azospirillum brasilense Ab-V5.

3.5 Maize growth promotion experiment

Considering the dry mass of maize plants, eight strains
(Bacillus spp. ESA 640, ESA 641, ESA 643, ESA 647,
ESA 652, ESA 659, and ESA 674, Acinetobacter sp. ESA
660) induced shoot growth compared to that in the unin-
oculated control (Table 3). The inoculation of six
SEB strains induced root growth (Bacillus spp. ESA
642, ESA 648, ESA 657 and ESA 658, Acinetobacter
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Fig. 3 Length of early roots (bars) and germination rate of maize seeds (dots) inoculated with seed endophytic bacteria or Azospirillum brasilense Ab-
V5. Bars with the same color and dots with the same symbol do not differ by the Scott-Knott mean range test (p < 0.05)

Fig. 4 Early root development of 7-day-old germinated maize seeds in-
oculated with seed-borne bacteria and Azospirillum brasilense Ab-V5.
4 = ESA 641 (score 10), 36 = ESA 677 (score 10); 32 = ESA 652 (score

9); 38 = ESA 655 (score 10); Test. = uninoculated control (score 5);
ABV5 = Azospirillum brasilense Ab-V5 (score 7); 42 =M1 (score 1).
Ruler scale = 1 cm
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spp. ESA 661 and ESA 662) in addition to the reference
strain Ab-V5. None of the strains induced both root and
shoot growth.

Regarding nutritional aspects, N accumulation in the
shoots was increased in 27 out of 29 inoculation
treatments with SEB, compared that to the uninoculated con-
trol. Ca accumulation was promoted by inoculation with
Bacillus sp. ESA 652. Bacillus sp. ESA 674, ESA 644, ESA
652, ESA 662, and Acinetobacter spp. ESA 654 and ESA 661
promoted Mg uptake in maize plants. The P levels of the
plants inoculated with Bacillus spp. ESA 641 and ESA 674
were higher than those in uninoculated control.

For the micronutrients, the inoculation of Bacillus spp. ESA
641, ESA 645, ESA 647, and ESA 674 along with
Acinetobacter sp. ESA 655 induced Cu accumulation in maize
shoots. The contents of Mn were improved by inoculation with

Bacillus sp. ESA 674 and Acinetobacter spp. ESA 654 and
ESA 662. Zn accumulation was improved by Bacillus spp.
ESA 641, ESA 652, ESA 653, and ESA 674, and
Acinetobacter spp. ESA 660, ESA 662, and Azospirillum
brasilense Ab-V5. For plant height and Fe accumulation, none
of the inoculated treatments differed from the uninoculated
control.

4 Discussion

Maize growth-promoting bacteria are usually isolated from
tissues of adult plant, not from seeds. The isolation of bacteria
from roots and stems of field-grown maize has been efficient
in obtaining maize growth promoters and developing valuable
biotechnological products (Hungria et al. 2010). Studies
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assessing the diversity of endophytic bacteria in maize seeds
have revealed a plethora of microbial taxa (Mitter et al. 2017),
but their potential to promote plant growth remains unknown.

In this study, maize seeds were colonized by a primordial
bacterial inoculum that spread through the whole plant, under
axenic conditions, since we isolated SEB from different plant
compartments. The spread of seed-borne bacteria to whole
plants, in non-sterilized substrate, was already shown by
Hardoim et al. (2012), who obtained many bacteria from rice
in two consecutive generations. The authors showed that in
the second generation, 45% of the bacterial community (at the

genus or species level) was derived from the first generation,
indicating that seed endophytes can be transfered
vertically and they play an essential role in whole-plant
colonization.

Most of the bacteria isolated were obtained from the maize
seeds. Diverse SEB has been obtained from seeds of Poaceae
crops such as rice (Mano et al. 2006; Kaga et al. 2009;
Hardoim et al. 2012), wheat (Ringelberg et al. 2012) and
maize (Rijavec et al. 2007; Liu et al. 2012, 2013; Johnston-
Monje et al. 2016; Bodhankar et al. 2017). The acquisition of
bacterial endophytes from seeds is dependent on the

Table 2 In vitro biosynthesis of
auxins, siderophores and biofilm,
amplification of a fragment of the
nifH gene and calcium phosphate
solubilization index by plant
growth-promoting bacteria from
maize (BRS Gorutuba) seeds,
seedling roots, and shoots, and
“rhizosphere”and Azospirillum
brasilense Ab-V5

Bacteria Auxin Siderophore Biofilm nifH amplification Calcium phosphate solubilization index
μmol L−1

ESA 640 0.81 b 22.20 b 0.41 c – –

ESA 641 0.48 b 20.54 b 1.37 c – –

ESA 642 0.36 c 23.10 b 1.11 c + –

ESA 643 – 18.98 c 0.21 c + 1.38 a

ESA 644 – 20.43 b 0.70 c – –

ESA 645 0.28 c 28.28 a 1.59 c – –

ESA 646 0.50 b 21.02 b 1.30 c – –

ESA 647 1.10 b 25.21 b 0.84 c + –

ESA 648 – 21.46 b 0.79 c – –

ESA 649 0.63 b 23.29 b 2.92 b – 1.44 a

ESA 650 – 28.56 a 0.66 c – 1.66 a

ESA 651 0.76 b 28.73 a 2.41 b – –

ESA 652 0.79 b 22.91 b 4.84 a – –

ESA 653 – 23.70 b 2.08 b – –

ESA 654 – 22.19 b 0.85 c – –

ESA 655 0.12 c 25.90 b 2.25 b – –

ESA 656 1.52 b 24.48 b 4.89 a + –

ESA 657 0.22 c 24.26 b 1.08 c + –

ESA 658 0.54 b 21.00 b 1.24 c + –

ESA 659 – 21.86 b 1.71 c – –

ESA 660 1.88 a 20.99 b 1.41 c – –

ESA 661 0.59 b 24.33 b 1.28 c – –

ESA 662 0.70 b 24.96 b 5.09 a – –

ESA 663 – 25.63 b 1.01 c – –

ESA 664 0.07 c 21.01 b 1.09 c – –

ESA 674 0.97 b 16.97 c 1.09 c – –

ESA 675 0.12 c 22.59 b 1.80 c – 1.38 a

ESA 676 1.91 a 22.60 b 0.39 c + 1.44 a

ESA 677 – 16.90 c 1.15 c – –

Ab-V5 2.39 a 22.36 b 0.44 c + –

CV (%) 5.63 7.89 3.22 1.43

- = not detected

Means followed by the same letters in the same trait, do not differ by the Scott-Knott mean range test

The amounts of auxin, siderophore and biofilm are equivalent to the concentration (μmol L−1 ) of indol acetic acid
(AIA), ethylenediaminetetraacetic acid (EDTA) and Tris(4-(dimethylamino)phenyl) methylium chloride (gentian
violet), respectively
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composition of the community inside the mother maize seeds
but also on-field management, mainly in the flowering stage;
hence, maize seed endophytes can be acquired horizontally or
vertically (Truyens et al. 2015; Mitter et al. 2017; Chowdhury
et al. 2019). Due to axenic growth conditions in this study, the
seed bacterial community spread to the whole plant, diluting
the composition in the other compartments.

The isolation of bacteria from the “rhizosphere”, an exter-
nal region surrounding the roots, indicated that the maize
seeds could be a source of bacteria for soil colonization.
Several studies have indicated that root exudates change the

chemical composition of the rhizosphere and influence the
rhizospheric microbial community (Haichar et al. 2008;
Dennis et al. 2010; Rolfe et al. 2019; Pathan et al. 2020).
However, recent results have proven that the bacterial com-
munity of wheat seeds change the rhizospheric bacterial com-
munity in non-sterile arable soils (Kavamura et al. 2019). Our
findings are convergent to those observed by Kavamura et al.
(2019), considering the different experimental conditions
of both studies. In addition to shaping the rhizosphere bacte-
rial community through root exudates, the rhizospheric bacte-
rial community can also be derived from the primordial

Table 3 Plant height (PH), shoot and root dry masses (SDM and
RDM), total N, Ca, Mg, P, Cu, Fe Mn, and Zn in the shoots (TNS,
TKS, TCaS, TMgS, TPS, TCuS, TFeS, TMnS, and TZnS, respectively)
of maize (BRS Gorutuba) inoculated with plant growth-promoting

bacteria from maize seeds, seedling roots, and shoots, and “rhizosphere”,
and Azospirillum brasilenseAb-V5. Data are the means of 4 replications.
Means in bold differ from the uninoculated control treatments according
to Dunnett’s test, p < 0.05

Inocualtion treatment PH SDM RDM TNS TKS TCaS TMgS TPS TCuS TFeS TMnS TZnS
cm plant−1 g plant−1 mg plant−1 μg plant−1

ESA 640 90.5 14.86 5.75 195.61 553.72 94.64 47.85 27.44 266.69 4474.87 555.32 370.61

ESA 641 96.5 15.40 6.80 209.75 346.12 104.02 49.19 37.90 295.86 2126.20 597.08 446.00

ESA 642 95.5 14.15 11.85 195.94 543.23 102.68 46.00 37.14 248.51 1945.09 496.04 322.34

ESA 643 96.5 15.42 6.44 222.12 552.28 93.58 41.15 35.18 236.64 1926.69 483.60 364.94

ESA 644 85.5 13.74 5.60 200.11 577.18 112.21 52.11 31.96 251.85 2162.47 556.20 367.55

ESA 645 93.0 14.82 8.45 185.03 391.47 93.49 45.47 34.63 289.40 2449.78 600.83 336.21

ESA 646 89.0 13.71 5.96 254.03 523.66 93.65 46.06 28.36 235.87 1794.50 493.80 378.07

ESA 647 98.5 15.88 7.17 202.55 576.48 101.70 41.00 31.39 329.50 2054.43 521.25 396.71

ESA 648 90.5 14.50 11.79 221.36 560.64 112.25 47.50 42.39 238.19 2908.46 668.99 401.99

ESA 649 87.8 12.91 6.45 204.16 439.53 85.59 36.24 25.75 173.15 1842.19 507.58 347.75

ESA 650 85.5 15.13 4.96 211.47 520.19 104.78 43.56 25.97 230.87 3223.60 619.73 380.78

ESA 651 90.5 14.65 7.75 208.70 515.03 112.95 47.13 33.95 202.70 2693.28 552.63 333.75

ESA 652 101.3 16.06 10.25 224.66 684.22 133.22 54.83 36.03 261.87 2421.53 645.15 445.23

ESA 653 90.3 14.19 6.82 207.88 465.46 108.45 47.90 39.57 254.17 2198.22 620.34 523.37

ESA 654 97.8 15.10 10.02 206.25 483.86 111.48 52.85 34.68 259.44 2184.96 677.61 429.37

ESA 655 93.0 14.27 8.79 217.81 418.67 103.21 42.36 37.86 335.65 1886.39 478.59 365.01

ESA 656 89.3 14.03 8.82 212.94 510.93 90.32 45.32 23.62 206.74 2160.94 564.48 354.73

ESA 657 90.5 14.82 11.39 219.08 576.32 90.00 42.02 27.12 275.60 2478.94 545.79 421.13

ESA 658 86.5 14.24 11.35 190.47 552.99 98.59 40.10 33.20 202.14 1836.35 554.78 341.35

ESA 659 93.3 15.44 7.98 213.05 472.80 100.74 46.71 33.33 245.80 1901.62 555.95 363.30

ESA 660 91.3 16.84 8.77 206.61 603.79 114.41 46.44 36.18 241.88 2456.75 554.39 460.85

ESA 661 88.8 14.06 11.17 226.19 759.42 120.06 52.59 25.92 234.69 2517.74 636.27 392.57

ESA 662 93.5 15.02 16.53 214.71 602.00 110.83 51.57 32.90 244.41 2000.95 676.08 453.98

ESA 663 90.0 14.26 8.80 200.53 553.57 91.15 40.68 29.02 230.89 1852.62 561.90 370.11

ESA 664 93.0 13.55 9.88 204.15 493.79 86.57 39.55 30.76 233.74 1688.80 538.73 352.89

ESA 674 93.5 18.61 7.41 243.23 501.09 116.74 52.33 38.09 350.88 5128.23 760.66 502.38

ESA 675 85.3 13.03 5.89 189.17 450.66 87.51 38.88 26.93 220.66 1912.92 534.90 407.06

ESA 676 88.8 13.50 5.91 219.49 415.51 99.25 43.76 32.22 247.87 2275.97 569.67 410.42

ESA 677 100.5 14.28 10.80 219.38 391.52 89.19 45.88 34.64 236.32 1883.27 496.45 407.18

Ab-V5 95.3 14.24 11.29 210.05 594.81 104.13 45.04 35.67 230.46 2175.75 622.29 450.57

Uninoculated control 85.8 11.80 4.94 172.68 261.19 72.79 30.25 29.79 123.45 3028.54 379.49 235.73

CV (%) 10.91 18.65 21.60 19.63 19.41 25.31 22.73 18.12 32.98 26.01 25.86 26.40
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inoculum confined in the endophytic tissues of the seeds,
influencing the soil bacterial community actively.

The dendrogram generated through the ARDRA assay
(Fig. 2) shows the presence of some groups where strains from
seeds were prevalent; for example, cluster II, the largest clus-
ter. However, in clusters IV and VI, the bacteria isolated from
the seeds were absent. These results indicate that although all
strains originated from the seeds, the bacteria spread differen-
tially through the whole plant, probably due to a preference for
different environments (found in the plant compartments), oc-
cupying other ecological niches. The ability to colonize the
whole plant can partially explain why 45% of the rice seed
endophytes were different from those present in the mother
seeds, according to the findings observed by Hardoim et al.
(2012).

Twenty-nine out of 51 bacteria (57%) were considered po-
tential plant-growth promoters. The analysis of their molecu-
lar fingerprints showed that all SEB from this study were
different from each other, highlighting the high diversity
of cultivated bacteria within the maize seeds, most of which
were potential PGPB. At the species level, a high diversity of
cultivable SEB has already been shown in Poaceae species
such as maize (Liu et al. 2012; Johnston-Monje et al. 2016)
and rice (Kaga et al. 2009; Hardoim et al. 2012). However,
data on the diversity of cultivable SEB at the intraspecific
level have not been available until the current study. The data
in the present study amplify the results available in the litera-
ture, showing a higher diversity of SEB at the intraspecific
level.

Nevertheless, the diversity at genus level in this study was
very low, with 23 out of 29 identified strains classified as
Firmicutes and 21 as Bacillus genus. Bacillus spp. has already
been identified as prevalent cultivated bacteria within maize
seeds (Bodhankar et al. 2017). However, the diversity of
total bacterial species within maize seeds is dependent on
the plant genotype (Johnston-Monje et al. 2016). The predom-
inance of Bacillus spp. within the culture collections are
probably related to the plant material used as a source of
bacteria (i.e., the harsh seed environment).

In addition to Bacillus, Paenibacillus and Acinetobacter
were isolated in the present study. All genera were already
reported as PGPB (Molina-Romero et al. 2017; Antunes
et al. 2019; Cavalcanti et al. 2020). Paenibacillus has already
been isolated as endophyte from seeds of rice (Mano et al.
2006), but Acinetobacter is a new occurrence for studies on
SEB. All five Acinetobacter spp. were not isolated from seeds
but from seedling shoots and “rhizosphere”. These bacteria
are likely present at low densities in the seeds but can spread
to the whole plant during its development.

Early root development is crucial for good plant develop-
ment and nutrient acquisition (Bewley et al. 2012), and mi-
crobial inoculants can help plants develop their roots and im-
prove nutrient absorption (Calvo et al. 2017). Therefore, all 29

SEB selected as potential plant growth promoters are candi-
dates to be effective PGPB.

A total of 20 SEB produced detectable amounts of auxin.
This hormone plays a pivotal role in root growth during ger-
mination and early seedling development (Miransari and
Smith 2014). Some of the bacteria that increased initial root
development were not the best auxin producers but produced
detectable amounts of this hormone and also showed other
growth promotion mechanisms, such as biofilm biosynthesis.
For example, Bacillus sp. ESA 652, isolated from seedling
shoots, produced auxin and siderophores and was ranked in
the highest cluster for biofilm biosynthesis. Inoculation with
this bacterium induced good early root development and pro-
moted six out of the 12 parameters assessed in the plant-
growth promotion pot experiment. Bacteria showing multiple
plant-growth-promoting traits are desirable in inoculant selec-
tion (de Souza et al. 2015; Santos et al. 2019) and can promote
plant growth in pot experiments (da Silva et al. 2018; Antunes
et al. 2019; Santana et al. 2020) and under field conditions
(Alves et al. 2014; dos Santos et al. 2017; Cavalcanti et al.
2020).

The ability to promote the growth and increase the uptake
of different nutrients, indicates that several maize bacteria dis-
play different plant-growth-promoting mechanisms in addi-
tion to those assessed in the present study. The increase of
the contents of zinc, manganese, and copper in the maize
shoots provided by the inoculation of different Bacillus, and
Acinetobacter bacterial strains points to the ability of some of
them to solubilize these insoluble elements in the rhizosphere
or increase the plant uptake. This feature is commonly de-
scribed for Bacillus spp. (Luo et al. 2012; Khande et al.
2017; Bhatt and Maheshwari 2020), but it is a novelty for
Acinetobacter. The same pattern could be observed to potas-
sium, a macronutrient with low mobility in soils, since a
Bacillus sp. (ESA 652), and an Acinetobacter sp. (ESA 661)
increased the maize K content. As highlighted to the
micronutrients, potassium solubilization is a feature observed
in Bacillus (Pramanik et al. 2019), and other bacteria, but is a
new feature to Acinetobacter.

Inoculation with PGPB can result in more efficient N ab-
sorption in maize (Araújo et al. 2015). In our pot experiment,
27 out of 29 inoculated treatments efficiently assimilated the
low amount of N applied as fertilizer, since all treatments
showed higher nitrogen in the shoots than the uninoculated
control treatment. In the present study, this feature was not
extended to other nutrients, since few bacteria stood out as
accumulating more than two other macro and/or
micronutrients. The inoculation of a given bacterial isolate
can have an impact on the interactions of the host plant with
other members of the soil microbiota, such as mycorrhizae
(Adesemoye et al. 2008). The inoculation of some bacteria,
such as Bacillus ap. ESA 674 and Acinetobacter sp. ESA 662,
in addition to improving plant establishment, may influence
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other plant-microbial interactions, resulting in better nutrient
accumulation in the shoots.

In the plant-growth-promotion experiment, the strains used
for inoculation overgrew the bacteria present within the seeds
and those present in the soil to promote plant growth. The
performance of some SEB inoculated on maize seeds in-
creased plant growth, and the nutritional parameters showed
the great potential of the bacteria isolated in the present study
to promote maize growth and be used as inoculants for maize
in Brazilian drylands.

Some authors have argued that seeds are small “Noah’s
arks” for plant colonization (Hardoim 2019; Verma and
White Jr 2019). Our data are convergent to this statement
and showed, for the first time, the ability of SEB from
Brazilian drylands to occupy different niches in maize seed-
lings under axenic conditions. This study also showed that
some of these bacteria, mainly Bacillus spp. ESA 674, ESA
652, and Acinetobacter sp. ESA 662, are potential biotechno-
logical tools to alter the diversity of the maize SEB commu-
nity composition and produce maize seeds enriched with
PGPB. Further colonization and field trials are needed to en-
sure the potential of these bacteria to be used as inoculants for
maize.
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