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Abstract
Herbaspirillum seropedicae is a plant growth-promoting bacteria isolated from diverse plant species. In
this work, the main objective was to investigate the e�ciency of H. seropedicae strain SmR1 in colonizing
and increasing maize growth in the early stages of development under greenhouse conditions.
Inoculation with H. seropedicae resulted in 10.51 and 19.43% in mean of increase of root biomass
concerning non-inoculated controls, mainly in the initial stages of plant development, at 21 days after
emergence (DAE). Quanti�cation of H. seropedicae in roots and leaves was performed by quantitative
PCR.. H. seropedicae was detected only in maize inoculated roots by qPCR, and a slight decrease in DNA
copy number g−1 of fresh root weight was observed from 7 to 21 DAE, suggesting that there was initial
effective colonization on maize plants. H. seropedicae strain SmR1 e�ciently increased maize root
biomass exhibiting its potencial to be used as inoculant in agricultures systems.

Introduction
Plants are closely associated with an enormous variety of microorganisms. This association can be
bene�cial, neutral, or harmful (Backer et al., 2018; do Amaral et al., 2016). One bene�cial interaction
example is the association with plant growth-promoting bacteria (PGPB), a group of heterogeneous free-
living microorganisms found in the rhizosphere, root surface, and endosphere of plants (de Souza et al.,
2015; Rilling et al., 2019). PGPB can stimulate plant growth through several processes, including
biological nitrogen �xation (BNF) performed by diazotrophic bacteria, phosphate solubilization,
phytohormones, and siderophores production, protection against pathogens and abiotic stresses (Ferreira
et al., 2019).

One of the signi�cant challenges of agricultural production to meet the demand for food is maintaining
high yields with the least possible environmental impact. However, the current agricultural system is
dependent on chemical inputs, including fertilizers (Do Amaral et al., 2014). Exploring the PGPB is an
economically viable and environmentally sustainable alternative to decrease the application of chemical
fertilizers (Canellas et al., 2013) once they can associate with economically important crops, such as
soybean, bean, rice, wheat, maize, canola, and sugarcane (Olivares et al., 2017; Ramakrishna et al., 2019).

Herbaspirillum seropedicae is an endophytic PGPB, aerobic, Gram-negative, diazotrophic, β-
Proteobacteria (Baldani et al., 1986) that has been isolated from many grass species, such as maize,
sorghum, rice, sugar cane, wheat, and other forage plants (Monteiro et al., 2012; Olivares et al., 1996). The
most studied strain of H. seropedicae is strain SmR1, a spontaneous mutant of strain Z78 (ATCC 35893)
isolated from sorghum by Baldani et al. (1986) resistant to the antibiotic streptomycin. H. seropedicae
strain SmR1 has its complete genome sequenced and published in 2011 by Pedrosa et al. (2011).

Different studies have shown the potential of the Herbaspirillum-maize association. This PGPB can
promote growth and increase the productivity of maize mainly to BNF and phytohormones production
(Da Fonseca Breda et al., 2016; Monteiro et al., 2008; Roncato-Maccari et al., 2003). In an experiment
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developed by Alves et al. (2015) under two growing conditions (greenhouse and �eld), 21 strains of
Herbaspirillum in two maize varieties were evaluated. The strain that presented the best results for both
conditions was H. seropedicae ZAE94, demonstrating that it can increase maize production up to 34%
and provide 37% of the nitrogen (N) demand by plants by BNF. Assessing the effect of Azospirillum
brasilense and Herbaspirillum seropedicae inoculation on maize nitrogen metabolism in the presence of
two nitrogen levels, Breda et al. (2016) observed that H. seropedicae contributed to the change on the N
metabolism and promoted maize plants development, as well as higher accumulation of phosphorus (P)
and potassium (K) in the shoots when compared with A. brasilense.

An essential requirement for PGPB to stimulate plant growth is the inoculant survival used as biofertilizer
in the plant surface in a su�cient cell number to establish satisfactory colonization (Berninger et al.,
2018; Stets et al., 2015). Currently, molecular techniques based on DNA ampli�cation are widely used to
monitor bacterial populations. Quantitative PCR (qPCR) has been one of the most used techniques for
quantifying microbial populations present in the rhizosphere because it provides fast results with high
speci�city and sensitivity (Couillerot et al., 2010; Dall’Asta et al., 2017, Dall’Asta et al., 2019 ). qPCR assay
was developed to quantify H. seropedicae strain SmR1 in inoculated maize roots using species-speci�c
primers (Pereira et al., 2014) and a hydrolysis probe (Dallasta et al., 2017; Dall’Asta et al., 2019).

The bacterial inoculant survival can be affected by biotic and abiotic factors before, during, and after
plant application (Berninger et al., 2018). Furthermore, under �eld conditions, inoculants may behave
differently from that observed in greenhouses or axenic conditions (Sammauria et al., 2020). Therefore,
quantifying H. seropedicae DNA in maize plants when grown in non-sterile soil and with the inoculated
seed would make it possible to evaluate bacteria in plant tissues and relate the bene�ts of plant growth
and environment interaction. Therefore, the objective of the work was to evaluate the establishment and
e�ciency of diazotrophic bacteria H. seropedicae strain SmR1 in the early stages of the development of a
maize cultivar.

Material And Methods

Bacterial growth conditions
Herbaspirillum seropedicae strain SmR1 (strain Z78 ATCC 35893 SmR) was grown in NFbHPN medium
supplemented with 5 g L−1 malic acid (Klassen et al., 1997) at 30 ºC under aeration and 120 rpm shaking
until OD600 0.8, corresponding to ~108 CFU mL−1. A correlation was obtained between the optical density
(OD) measured at 600 nm using Hitachi U2910 Spectrophotometer (Tokyo, Japan) and the number of
colony forming units obtained by plate counting in NFbHPN agar medium after ten-fold serial dilution
(0.9% saline solution). Plate counting was performed after incubation for 48h at 30°C.

Maize inoculation and growth conditions
Seeds of maize variety DKB 390 were surface sterilized in biological safety cabinet by 3 washing in
autoclaved distilled water, followed by submersion in 70% ethanol for 5 min, and 20 min shaken in 1%
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sodium hypochlorite plus 0.01% Tween 20 solution. Then seeds were rinsed 5 times with sterile distilled
water and treated with 10% sucrose solution (300 mL 50 kg−1 of seeds) for inoculant adherence. For
inoculation, 1 mL of washed bacterial culture of H. seropedicae strain SmR1 (~108 CFU.mL−1) was
applied in 1g of sterilized peat according to Ferreira et al. (2010) protocol instructions. The peat inoculant
was applied in sterilized seeds considering recommended dosage (25 g kg−1) (Hungria et al., 2010).
Control seeds were Mock-inoculated under the same conditions. Inoculated and control seeds were
transferred to 2-L pots containing soil, and plants were grown under a semi-controlled greenhouse and
watered every two days. The soil used in the �rst experiment was collected from layer 0-20 cm in
Curitibanos, Santa Catarina, Brazil (-27° 16' 58.01" S; -50° 35' 3.98" W), and used without sterilization. For
the second experiment, the same soil was used after solarization method application.

The results reported represent two independent greenhouse experiments performed in different periods,
�rst in late spring and second in early summer. On the third day before the collections, a potassium
nitrate solution (KNO3) was applied to provide two nitrogen (N) concentrations, high N (5 mM) and low N
(0.5 mM) doses, for the control treatments, obeying the fertilization recommendations for maize seeding
(CQFS-RS/SC, 2004). Both experiments were performed in a completely randomized design, factorial 3x2,
with 3 biological replicates. The �rst factor consisted of bacterial inoculation (or control non-inoculated –
High N and Low N), and the second factor was the growth period (collect time).

Assessment of plant growth parameters
Maize seedlings from each treatment were randomly collected on the 7th, 14th, and 21st day after
emergence (DAE). Plant growth parameters of root and shoot length were determined with the aid of a
graduated ruler. Dry weight was determined by drying of root and shoot at 65 ºC for 72h until constant
weights were achieved. Nitrogen content was determined by sulfuric digestion of shoot tissue according
to Tedesco et al. (1995). The remained sampled tissues were frozen in liquid nitrogen and stored in -80 ºC
freezer until DNA extraction.

DNA isolation
Genomic DNA was isolated from bacterial cultures H. seropedicae strain SmR1 using Wizard ® Genomic
DNA Puri�cation Kit (PromegaTM, Madison, WI, USA) with modi�cations (Faleiro et al., 2013). Total DNA
from maize leaves and roots was isolated using DNeasy Plant Mini Kit (Qiagen, Venlo, Netherlands) as
described by the manufacturer with modi�cations (Pereira et al., 2014). Soil DNA was isolated using
PowerSoil DNA Isolation Kit (MoBio, Laboratories, Inc.). Each extract corresponded to a pool of four
plants (~ 100 mg of tissue). DNA concentration and quality were measured using a Thermo Scienti�c
Nanodrop™ 2000 spectrophotometer (Wilmington, DE, USA), at 260 and 280 nm.

Quantitative PCR analysis
H. seropedicae strain SmR1 DNA quanti�cation in maize root and shoot samples was performed by qPCR
on an ABI PRISM 7500 detection system (Applied Biosystems, Foster City, CA, USA). HERBAS1 species-
speci�c primer pair was used to amplify a conserved hypothetical protein-coding region in H. seropedicae
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strain SmR1 genome (Pereira et al., 2014). Ampli�cation reactions contained 12.5 µL of 2X Taqman
Universal PCR Master Mix (Applied Biosystems), 0.1 µM primer pair HERBAS1 R/F, 0.1 µM HERBAS1
probe, ultrapure water and 20 ng DNA template in a �nal volume of 25 µL. qPCR reactions were carried
out in triplicate for inoculated and control samples under the cycling conditions of 2 min at 50°C, 10 min
at 95°C followed by 40 cycles of 15 s at 94°C and 1 min at 60°C. All real-time PCR runs were analyzed
using automatic software settings.

Generation of standard curves from H. seropedicae
genomic DNA
Standard curves (Cq versus log DNA copy number) were obtained by ten-fold serial dilution of DNA
isolated from H. seropedicae strain SmR1 culture in water. The DNA solutions ranged from 6.03 ng to
6.03 fg, corresponding to estimated DNA copy number from 106 to 100, based on the H. seropedicae
strain SmR1 total sequence length (Genbank ASM14322v1) of 5,513,887 bp, 1 chromosome, assembly
level: complete genome (Rose A Monteiro et al., 2012). Ampli�cation e�ciencies were determined as
described previously by Pereira et al. (2014).

Statistical analysis
Statistical analysis was performed using Sisvar 5.3 software (DEX-UFLA). Data was �rst evaluated for
normality and homogeneity using Lilliefors and Bartlet tests followed by the variance analysis and Tukey
test (P ≤ 0.05), used to determine statistically signi�cant differences between plant growth parameters
and quanti�cation in maize by qPCR.

Results

Plant-growth parameters
Maize DKB 390 variety inoculated with H. seropedicae strain SmR1 under greenhouse conditions resulted
in increased root biomass in the early stages of plant development, compared to the non-inoculated
control for both experiments conducted in different periods.

For the �rst greenhouse experiment, shoot dry mass and root length were not in�uenced by treatments
(inoculated or non-inoculated High N and Low N controls), just by the growth period (Figure 1A and 1B).
In this assay, shoot length has increased by the inoculation with H. seropedicae strain SmR1 4.93% in
mean compared to the non-inoculated High N control (Figure 1C), regardless of the growth period. Root
dry mass was also signi�cantly in�uenced by treatments and the inoculation increased root biomass by
19.43% in mean, at 21 DAE, compared with High N and Low N non-inoculated controls (Figure 1D).
Inoculation with H. seropedicae strain SmR1 in�uenced the nitrogen content of the maize shoot only at
14 DAE (Figure 2), increasing in mean 20% of this content compared with High N and Low N non-
inoculated controls. Besides it, a signi�cant decrease in N was observed during the growth period (7 to 21
DAE).
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For the second greenhouse experiment, shoot length and shoot dry mass were not in�uenced by
treatments (Figure 3A and 3B). Regardless of the growth period, the inoculation with H. seropedicae strain
SmR1 has increased root length (Figure 3C) and root dry mass (Figure 3D) in mean by 8% and 10.51%,
respectively, in comparison to the non-inoculated Low N control. Inoculation treatment has shown no
signi�cant difference of non-inoculated High N control.

qPCR reaction parameters for H. seropedicae strain SmR1
quanti�cation
Reaction parameters (e�ciency, slope and correlation coe�cient) of the qPCR assay using HERBAS1
were determined based on two independent standard curves obtained from DNA isolated from H.
seropedicae strain SmR1 pure culture (Figure 4). The reaction parameters were calculated by plotting the
Cq values against the log10 of the genome copy number. H. seropedicae strain SmR1 standard curves.
E�ciency varied from 89 to 92% and sloped ranged from – 3.61 to – 3.53 to standard curve performed
for quanti�cation of control samples (Figure 4A) and inoculated samples or soil (Figure 4B), respectively.
All standard curves presented a suitable linear correlation (R² > 0.99).

Limit of detection (LOD) of a qPCR is de�ned as the lowest amount of DNA that can be reliably detected
at least 95% of repetitions (Gómez-Rojo et al., 2015). LOD using pure culture samples of H. seropedicae
strain SmR1 was established as 101 genome copies, corresponding to 60.3 fg of DNA, as previously
described by Pereira et al. (2014).

Quanti�cation of H. seropedicae in maize roots and leaves
samples
Total DNA isolated from roots and leaves of maize grown in pots under greenhouse conditions (control
and inoculated) was used as a template for qPCR to quantify H. seropedicae strain SmR1 DNA. This
amount was estimated using standard curves Cq versus log DNA copy number (Figure 4). DNA isolated
from control maize roots and leaves showed late Cq values (below 101 genome copy number, LOD) or
none ampli�cation. No ampli�cations were observed for DNA isolated from soil samples. The late Cq
values correspond to non-speci�c ampli�cation (Table S1). Quanti�cation results of inoculated roots
showed that bacterial DNA copy number per gram of fresh root weight ranged from 3.48 ± 1.48 x 105 (7
DAE) to 3.83 ± 0.9 x 104 (21 DAE) (Table 1). 
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Table 1
Bacterial DNA copy number.g−1 of root (fresh weight) of DKB 390 maize cultivated in soil, inoculated and
control samples after inoculation with H. seropedicae strain SmR1. Means represent the values detected

over the limit of detection (>LOD) of 10 copies (n = 9).
Sample DAE >

LOD.n−1
Bacterial DNA copy
number.g−1

  >
LOD.n−1

Bacterial DNA copy
number.g−1

    Control   Inoculated

Root 7 0/9 -   9/9 3.48 ± 1.48 x 105

  14 0/9 -   3/9 1.31 ± 0.14 x 104

  21 0/9 -   3/9 3.83 ± 0.9 x 104

Leaf 7 0/9 -   0/9 -

  14 0/9 -   0/9 -

  21 0/9 -   0/9 -

Discussion
Environmental health, maintenance of ecological balance, and conservation of soil biodiversity have
gained more attention nowadays due to the growing food demands globally, seeking agricultural
strategies that reduce negative impacts. The use of PGPB as inoculants contributes to the adoption of
more sustainable agricultural practices without affecting the productivity of large crops, as they are
ecologically correct (Alves et al., 2019; Mahdi et al., 2010; Prashar and Shah, 2016). Several studies have
shown the potential of the Herbaspirillum-maize association, however, a differential response between
genotypes has been reported (Vacheron et al., 2013), so that further studies on the factors that in�uence
this interaction are needed. Molecular methods have been widely used to detect and monitor the survival
of microbial populations due to its high sensitivity and speci�city. In the present study, we evaluated the
effects of plant growth-promoting bacteria H. seropedicae strain SmR1 in association with hybrid maize
variety DKB 390 and monitored the bacterial survival during association using molecular tools such as
quantitative PCR.

The plant growth results observed in this work show great variability in the responses on the initial plant
development of DKB 390 maize concerning the inoculation treatment with H. seropedicae strain SmR1
and the growing season. The association of PGPB with maize plants can promote an increase in the
production of biomass and grains (Dobbelaere et al., 2002), however, the successful association appear
to be dependent on the genotype used and the inoculated bacterial strain.

The inoculation of hybrid maize variety DKB 390 with H. seropedicae strain SmR1 increased plant shoot
length concerning the control treatments in the �rst greenhouse experiment performed (Figure 1C),
however, this increase was not observed in the second experiment (Figure 3A). Similarly, signi�cant
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differences in root length were observed only in the second experiment in response to inoculation (Figures
1A and 3C), with additions compared to the non-inoculated Low N control. Inoculation with H.
seropedicae strain SmR1 did not demonstrate signi�cant differences in the shoot dry mass evaluation on
the experiments performed (Figures 1B and 3B). Likewise, Do Amaral et al. (2014) also did not observe
signi�cant differences for the length and biomass of roots and leaves in variety DKB 240 maize plants
inoculated with H. seropedicae strain SmR1 under in vitro conditions but observed a more signi�cant
number of lateral roots in the inoculated plants after 7 and 10 days. The effect of increasing the volume,
biomass, number of lateral roots and other changes in the root architecture is a response commonly
found in plants inoculated with several genera of PGPB and seems to be related to phytostimulation
induced by hormones such as auxins (Bashan and de-Bashan, 2010; Radwan et al., 2004; Spaepen and
Vanderleyden, 2011).

Root dry mass was the only growth parameter evaluated that showed a difference between the
inoculated plants with H. seropedicae strain SmR1 and non-inoculated Low N plants for both
experiments. Signi�cant increases of 10.51 and 19.43% in mean, for root dry mass were observed, mainly
in the initial stages of plant development, at 21 DAE (Figure 1D and 3D). For the second experiment, the
values   observed for root dry mass to inoculated plants were not statistically different from values of the
non-inoculated High N control (Figure 3D), indicating that the increase in biomass provided by the
inoculation with H. seropedicae strain SmR1 can be as e�cient as that of the soil with high doses of
nitrogen.

In this study, the nitrogen content of shoot was evaluated only for the �rst trial and signi�cant increases
of 20% in mean, were reported in response to inoculation with H. seropedicae strain SmR1 compared to
High N and Low N non-inoculated controls at 14 DAE (Figure 2). Despite the increase in maize root
biomass after inoculation with H. seropedicae strain SmR1, no signi�cant contributions to FBN were
observed in this work since there was no consistent increase in N during the growth period for the
inoculated plants.

Similar results were observed for Da Fonseca Breda et al. (2016) when increments of N in hybrid maize
varieties inoculated with H. seropedicae strain BR11417 were not signi�cant. However, they did observe
signi�cant increases in plant growth regardless of the nitrogen fertilizer dosage, as well as an increase in
root biomass. In another study, da Fonseca Breda et al. (2019) observed that the inoculation with H.
seropedicae strain ZAE94 did not promote signi�cant differences in the N accumulation in maize leaves
concerning the control plants. However, the inoculation at high levels of N showed greater accumulation
of this nutrient concerning inoculation at low levels of N. They also observed an increase in dry biomass
for roots and leaves, indicating that the effect of promoting growth in these associations is more related
to hormonal stimulation than to FBN itself (Pérez-Montaño et al., 2014). Studies carried out reported the
presence of genes related to the synthesis of auxins in H. seropedicae genome, such as indole-3-acetic
acid (IAA) (Fábio O Pedrosa et al., 2011). Like other auxins, IAA seems to trigger direct changes in plant
root architectures, such as the development of lateral root and consequently an increase in root biomass,
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contributing to the improvement of water and mineral absorption capacity in plants (Bashan and de-
Bashan, 2010; Cohen et al., 2015; Duca et al., 2014).

In order to establish a reliable assay of qPCR for H. seropedicae DNA quanti�cation in maize root and
leaves, reaction parameters for SYBR Green assay were de�ned using standard curves obtained from
diluted DNA isolated from pure bacterial culture. According to Zhang and Fang (2006), a reliable standard
curve should present slope values between – 3.9 and -3.0, corresponding to qPCR e�ciency between 80
and 115%, and R² values higher than 0.95. In this work, standard curves presented suitable reaction
parameters with e�ciency values ranging from 89 to 92% (Figure 4). Similar results were already
observed in qPCR assay using HERBAS1 for H. seropedicae quanti�cation: 85 - 99% of e�ciency and R² =
0.99 (Pereira et al., 2014).

Regarding the colonization of maize tissues (Table 1), DNA of H. seropedicae was detected only in the
inoculated maize roots, and the results of quanti�cation exhibit a tendency to decrease the bacterial DNA
copy number per gram of root fresh weight with advancing plant growth period. A slight decrease in DNA
copy number/g of root fresh weight was observed from 7 DAE (3.48 x 105) to 21 DAE (3.83 x 104),
suggesting that there was initial effective colonization of H. seropedicae in the maize plants, however,
some external factors may have affected the microbial population over the growth period. Pereira et al.
(2014) using the same bacterial strain inoculated in maize variety DKB 240, have found values of DNA
copy number/g of root that ranged from 5.16 x 107 (1 DAI) to 1.42 x 109 (10 DAI) for plants grown under
in vitro conditions and from 3.25 x 106 (4 DAI) to 3.5 x 106 (10 DAI) for plants grown in pots under
greenhouse conditions. Internal colonization by H. seropedicae strain SmR1 was previously
demonstrated in roots of maize (DKB 240) grown in vitro and the bacterial population was around 104 –
105 MPN g soil−1 to all collection times after inoculation (Do Amaral et al., 2014). The results observed
suggest that under controlled conditions, H. seropedicae can quickly colonize and increase its population
in plant tissues in the early growth period. In non-controlled or semi-controlled conditions, this bacterial
population tends to decrease or not increase signi�cantly after colonization. The microbial community in
the soil is under in�uence of several environmental factors that in�uence the colonization and survival
process, such as exposure to extreme temperatures, water availability, and �uctuating soil conditions, or
as the interactions that occur with the autochthonous microbiota when using non-sterile soil, causing
competition for the same colonization niche (Arora et al., 2011; Berninger et al., 2018; Shameer and
Prasad, 2018)

On the other hand, we must also consider that the inoculation in this work was performed in maize seeds,
and quanti�cation results were based on the period after the plants emergence. This inoculation
performed directly into the seeds may have hampered the colonization of maize roots concerning
inoculation performed into pre-germinated seeds as observed in Pereira et al (2014) and do Amaral et al
(2014).

In our study, even though bacterial population decreased, at 21 DAI the inoculated plants showed
signi�cantly higher root biomass increments compared to the non-inoculated plants. In conclusion, H.
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seropedicae strain SmR1 has shown that inoculation of maize plants cultivar DKB 390 occurred quickly
and effectively, exhibiting its potential to be used as an inoculant. However, due to the variation of results
obtained according to the planting season, additional studies are necessary to evaluate the effectiveness
of the colonization of H. seropedicae strain SmR1 in �eld conditions throughout the crop cycle.

Declarations
Funding: 

This research was supported by National Council of Scienti�c and Technological Development (CNPq),
Ministry of Science and Technology, Brazil. ETC and AMP were recipients of PhD fellowships
Coordination of Personnel Improvement of Higher Education (CAPES), Ministry of Education, Brazil. JCFB
was recipient of scienti�c initiation fellowship from CNPq. TPP was recipient of PhD fellowship from
CAPES. CRFSS and ACMA were recipients of research fellowship from CNPq.

Competing Interests: 

All authors declare that they have no con�ict of interest. 

Author contributions:

JCFB and TPP contributed in practical procedures. ETC contributed with analysis of data, confection of
�gures and tables, and writing the text. AMP also contributed writing the text. ACMA and CRFSS
conceived and coordinated this study. All authors contributed by reading, revising and improving the text,
especially the professors ACMA and CRFSS.

Data Availability:

The authors con�rm that the data supporting the �ndings of this study are available within the article and
its supplementary materials.

References
1. Alves, G.C., Videira, S.S., Urquiaga, S., Reis, V.M., 2015. Differential plant growth promotion and

nitrogen �xation in two genotypes of maize by several Herbaspirillum inoculants. Plant Soil 387,
307–321. https://doi.org/10.1007/s11104-014-2295-2

2. Alves, L.P.S., Amaral, F.P. do, Kim, D., Todo Bom, M., Gavídia, M.P., Teixeira, C.S., Holthman, F., Pedrosa,
F. de O., Souza, E.M., Chubatsu, L.S., Müller-Santos, M., Stacey, G., 2019. Importance of Poly-3-
Hydroxybutyrate Metabolism to the Ability of Herbaspirillum seropedicae To Promote Plant Growth.
Appl. Environ. Microbiol. 85, 1–14.

3. Arora, N.K., Khare, E., Maheshwari, D.K., 2011. Plant Growth and Health Promoting Bacteria -
Bioformulation and Future Strategies 18, 97–116. https://doi.org/10.1007/978-3-642-13612-2



Page 11/19

4. Backer, R., Rokem, J.S., Ilangumaran, G., Lamont, J., Praslickova, D., Ricci, E., Subramanian, S., Smith,
D.L., 2018. Plant Growth-Promoting Rhizobacteria: Context, Mechanisms of Action, and Roadmap to
Commercialization of Biostimulants for Sustainable Agriculture. Front. Plant Sci. 9, 1–17.
https://doi.org/10.3389/fpls.2018.01473

5. Baldani, J.I., Baldani, V.L.D., Seldin, L., Dobereiner, A.N.D.J., 1986. Characterization of Herbaspirillurn
seropedicae gen. nov. sp. nov. a Root- Associated Nitrogen-Fixing Bacterium. Int. J. Syst.
BACTERIOLY 36, 86–93.

�. Bashan, Y., de-Bashan, L.E., 2010. How the plant growth-promoting bacterium azospirillum promotes
plant growth-a critical assessment, 1st ed, Advances in Agronomy. Elsevier Inc.
https://doi.org/10.1016/S0065-2113(10)08002-8

7. Berninger, T., González López, Ó., Bejarano, A., Preininger, C., Sessitsch, A., 2018. Maintenance and
assessment of cell viability in formulation of non-sporulating bacterial inoculants. Microb.
Biotechnol. 11, 277–301. https://doi.org/10.1111/1751-7915.12880

�. Canellas, L.P., Balmori, D.M., Médici, L.O., Aguiar, N.O., Campostrini, E., Rosa, R.C.C., Façanha, A.R.,
Olivares, F.L., 2013. A combination of humic substances and Herbaspirillum seropedicae inoculation
enhances the growth of maize (Zea mays L.). Plant Soil 366, 119–132.
https://doi.org/10.1007/s11104-012-1382-5

9. Cohen, A.C., Bottini, R., Pontin, M., Berli, F.J., Moreno, D., Boccanlandro, H., Travaglia, C.N., Piccoli, P.N.,
2015. Azospirillum brasilense ameliorates the response of Arabidopsis thaliana to drought mainly
via enhancement of ABA levels. Physiol. Plant. 153, 79–90.

10. Couillerot, O., Bouffaud, M.L., Baudoin, E., Muller, D., Caballero-Mellado, J., Moënne-Loccoz, Y., 2010.
Development of a real-time PCR method to quantify the PGPR strain Azospirillum lipoferum CRT1 on
maize seedlings. Soil Biol. Biochem. 42, 2298–2305. https://doi.org/10.1016/j.soilbio.2010.09.003

11. CQFS-RS/SC, 2004. Manual de adubação e calagem para os Estados do Rio Grande do Sul e Santa
Catarina 400.

12. Da Fonseca Breda, F.A., Alves, G.C., Reis, V.M., 2016. Produtividade de milho na presença de doses de
N e de inoculação de Herbaspirillum seropedicae. Pesqui. Agropecu. Bras. 51, 45–52.
https://doi.org/10.1590/S0100-204X2016000100006

13. da Fonseca Breda, F.A., da Silva, T.F.R., dos Santos, S.G., Alves, G.C., Reis, V.M., 2019. Modulation of
nitrogen metabolism of maize plants inoculated with Azospirillum brasilense and Herbaspirillum
seropedicae. Arch. Microbiol. 201, 547–558. https://doi.org/10.1007/s00203-018-1594-z

14. Dall’Asta, P., Pereira, T.P., do Amaral, F.P., Arisi, A.C.M., 2017. Tools to evaluate Herbaspirillum
seropedicae abundance and nifH and rpoC expression in inoculated maize seedlings grown in vitro
and in soil. Plant Growth Regul. 83, 397–408. https://doi.org/10.1007/s10725-017-0306-z

15. Dall’Asta, P., Velho, A.C., Pereira, T.P., Stadnik, M.J., Arisi, A.C.M., 2019. Herbaspirillum seropedicae
promotes maize growth but fails to control the maize leaf anthracnose. Physiol. Mol. Biol. Plants 25,
167–176. https://doi.org/10.1007/s12298-018-0616-2



Page 12/19

1�. de Souza, R., Ambrosini, A., Passaglia, L.M.P., 2015. Plant growth-promoting bacteria as inoculants in
agricultural soils. Genet. Mol. Biol. 38, 401–419. https://doi.org/10.1590/S1415-475738420150053

17. Do Amaral, F.P., Bueno, J.C.F., Hermes, V.S., Arisi, A.C.M., 2014. Gene expression analysis of maize
seedlings (DKB240 variety) inoculated with plant growth promoting bacterium Herbaspirillum
seropedicae. Symbiosis 62, 41–50. https://doi.org/10.1007/s13199-014-0270-6

1�. do Amaral, F.P., Pankievicz, V.C.S., Arisi, A.C.M., de Souza, E.M., Pedrosa, F., Stacey, G., 2016.
Differential growth responses of Brachypodium distachyon genotypes to inoculation with plant
growth promoting rhizobacteria. Plant Mol. Biol. 90, 689–697. https://doi.org/10.1007/s11103-016-
0449-8

19. Dobbelaere, S., Croonenborghs, A., Thys, A., Ptacek, D., Okon, Y., Vanderleyden, J., 2002. Effect of
inoculation with wild type Azospirillum brasilense and A. irakense strains on development and
nitrogen uptake of spring wheat and grain maize. Biol. Fertil. Soils 36, 284–297.

20. Duca, D., Lorv, J., Patten, C.L., Rose, D., Glick, B.R., 2014. Indole-3-acetic acid in plant–microbe
interactions. Antonie Van Leeuwenhoek 106, 85–125.

21. Faleiro, A.C., Pereira, T.P., Espindula, E., Brod, F.C.A., Arisi, A.C.M., 2013. Real time PCR detection
targeting nifA gene of plant growth promoting bacteria Azospirillum brasilense strain FP2 in maize
roots. Symbiosis 61, 125–133. https://doi.org/10.1007/s13199-013-0262-y

22. Ferreira, C.M.H., Soares, H.M.V.M., Soares, E. V., 2019. Promising bacterial genera for agricultural
practices: An insight on plant growth-promoting properties and microbial safety aspects. Sci. Total
Environ. 682, 779–799. https://doi.org/10.1016/j.scitotenv.2019.04.225

23. Ferreira, J.S., Baldani, J.I., Baldani, V.L.D., 2010. Seleção de inoculantes à base de turfa contendo
bactérias diazotró�cas em duas variedades de arroz. Acta Sci. Agron. 32, 179–185.

24. Gómez-Rojo, E.M., Romero-Santacreu, L., Jaime, I., Rovira, J., 2015. A novel real-time PCR assay for
the speci�c identi�cation and quanti�cation of Weissella viridescens in blood sausages. Int. J. Food
Microbiol. 215, 16–24.

25. Hungria, M., Campo, R.J., Souza, E.M., Pedrosa, F.O., 2010. Inoculation with selected strains of
Azospirillum brasilense and A. lipoferum improves yields of maize and wheat in Brazil. Plant Soil
331, 413–425. https://doi.org/10.1007/s11104-009-0262-0

2�. Klassen, G., Pedrosa, F.O., Souza, E.M., Funayama, S., Rigo, L.U., 1997. Effect of nitrogen compounds
on nitrogenase activity in Herbaspirillum seropedicae SMR1. Can. J. Microbiol. 43, 887–891.

27. Mahdi, S.S., Hassan, G.I., Samoon, S.A., Rather, H.A., Dar, S.A., Zehra, B., 2010. Bio-fertilizers in
organic agriculture. J. Phytol. 2, 42–54.

2�. Monteiro, Rose A, Balsanelli, E., Tuleski, T., Faoro, H., Cruz, L.M., Wassem, R., de Baura, V.A., Tadra-
Sfeir, M.Z., Weiss, V., DaRocha, W.D., Muller-Santos, M., Chubatsu, L.S., Huergo, L.F., Pedrosa, F.O., de
Souza, E.M., 2012. Genomic comparison of the endophyte Herbaspirillum seropedicae SmR1 and the
phytopathogen Herbaspirillum rubrisubalbicans M1 by suppressive subtractive hybridization and
partial genome sequencing. FEMS Microbiol. Ecol. 80, 441–451. https://doi.org/10.1111/j.1574-
6941.2012.01309.x



Page 13/19

29. Monteiro, Rose Adele, Balsanelli, E., Wassem, R., Marin, A.M., Brusamarello-Santos, L.C.C., Schmidt,
M.A., Tadra-Sfeir, M.Z., Pankievicz, V.C.S., Cruz, L.M., Chubatsu, L.S., Pedrosa, F.O., Souza, E.M., 2012.
Herbaspirillum-plant interactions: microscopical, histological and molecular aspects. Plant Soil 356,
175–196. https://doi.org/10.1007/s11104-012-1125-7

30. Monteiro, R.A., Schmidt, M.A., Baura, V.A. De, Balsanelli, E., Wassem, R., Yates, M.G., Randi, M.A.F.,
Pedrosa, F.O., Souza, E.M. De, 2008. Early colonization pattern of maize (Zea mays L . Poales ,
Poaceae) roots by Herbaspirillum seropedicae (Burkholderiales, Oxalobacteraceae). Genet. Mol. Biol.
31, 932–937.

31. Olivares, F.L., Baldani, V.L.D., Reis, V.M., Baldani, J.I., Döbereiner, J., 1996. Occurrence of the
endophytic diazotrophs Herbaspirillum spp . in roots , stems , and leaves , predominantly of
Gramineae. Biol. Fertil. Soils 21, 197–200.

32. Olivares, F.L., Busato, J.G., de Paula, A.M., da Silva Lima, L., Aguiar, N.O., Canellas, L.P., 2017. Plant
growth promoting bacteria and humic substances: crop promotion and mechanisms of action.
Chem. Biol. Technol. Agric. 4, 1–13. https://doi.org/10.1186/s40538-017-0112-x

33. Pedrosa, Fábio O, Monteiro, R.A., Wassem, R., Cruz, L.M., Ayub, R.A., Colauto, N.B., Fernandez, M.A.,
Fungaro, M.H.P., Grisard, E.C., Hungria, M., 2011. Genome of Herbaspirillum seropedicae strain SmR1,
a specialized diazotrophic endophyte of tropical grasses. PLoS Genet 7, e1002064.

34. Pedrosa, Fábio O., Monteiro, R.A., Wassem, R., Cruz, L.M., Ayub, R.A., Colauto, N.B., Fernandez, M.A.,
Fungaro, M.H.P., Grisard, E.C., Hungria, M., Madeira, H.M.F., Nodari, R.O., Osaku, C.A., Petzl-Erler, M.L.,
Terenzi, H., Vieira, L.G.E., Steffens, M.B.R., Weiss, V.A., Pereira, L.F.P., Almeida, M.I.M., Alves, L.R.,
Marin, A., Araujo, L.M., Balsanelli, E., Baura, V.A., Chubatsu, L.S., Faoro, H., Favetti, A., Friedermann, G.,
Glienke, C., Karp, S., Kava-Cordeiro, V., Raittz, R.T., Ramos, H.J.O., Ribeiro, E.M.S.F., Rigo, L.U., Rocha,
S.N., Schwab, S., Silva, A.G., Souza, E.M.E.M., Tadra-Sfeir, M.Z., Torres, R.A., Dabul, A.N.G., Soares,
M.A.M., Gasques, L.S., Gimenes, C.C.T., Valle, J.S., Ciferri, R.R., Correa, L.C., Murace, N.K., Pamphile,
J.A., Patussi, E.V., Prioli, A.J., Prioli, S.M.A., Rocha, C.L.M.S.C., Arantes, O.M.N., Furlaneto, M.C., Godoy,
L.P., Oliveira, C.E.C., Satori, D., Vilas-Boas, L.A., Watanabe, M.A.E., Dambros, B.P., Guerra, M.P.,
Mathioni, S.M., Santos, K.L., Steindel, M., Vernal, J., Barcellos, F.G., Campo, R.J., Chueire, L.M.O.,
Nicolás, M.F., Pereira-Ferrari, L., da Conceição Silva, J.L., Gioppo, N.M.R., Margarido, V.P., Menck-
Soares, M.A., Pinto, F.G.S., Simão, R. de C.G., Takahashi, E.K., Yates, M.G., Souza, E.M.E.M., 2011.
Genome of Herbaspirillum seropedicae strain SmR1, a specialized diazotrophic endophyte of tropical
grasses. PLoS Genet 7, e1002064. https://doi.org/10.1371/journal.pgen.1002064

35. Pereira, T.P., Do Amaral, F.P., Dall’Asta, P., Brod, F.C.A., Arisi, A.C.M., Dall’Asta, P., Brod, F.C.A., Arisi,
A.C.M., 2014. Real-time PCR quanti�cation of the plant growth promoting bacteria Herbaspirillum
seropedicae strain SmR1 in maize roots. Mol. Biotechnol. 56, 660–670.
https://doi.org/10.1007/s12033-014-9742-4

3�. Pérez-Montaño, F., Alías-Villegas, C., Bellogín, R.A., Del Cerro, P., Espuny, M.R., Jiménez-Guerrero, I.,
López-Baena, F.J., Ollero, F.J., Cubo, T., 2014. Plant growth promotion in cereal and leguminous
agricultural important plants: from microorganism capacities to crop production. Microbiol. Res. 169,
325–336.



Page 14/19

37. Prashar, P., Shah, S., 2016. Impact of Fertilizers and Pesticides on Soil Micro�ora in Agriculture, in:
Sustainable Agriculture Reviews. pp. 331–361. https://doi.org/10.1007/978-3-319-26777-7

3�. Radwan, T.E.-S.E.-D., Mohamed, Z.K., Reis, V.M., 2004. Efeito da inoculação de Azospirillum e
Herbaspirillum na produção de compostos indólicos em plântulas de milho e arroz. Pesqui.
Agropecuária Bras. 39, 987–994.

39. Ramakrishna, W., Yadav, R., Li, K., 2019. Plant growth promoting bacteria in agriculture: Two sides of
a coin. Appl. Soil Ecol. 0–1. https://doi.org/10.1016/j.apsoil.2019.02.019

40. Rilling, J.I., Acuña, J.J., Nannipieri, P., Cassan, F., Maruyama, F., Jorquera, M.A., 2019. Current opinion
and perspectives on the methods for tracking and monitoring plant growth‒promoting bacteria. Soil
Biol. Biochem. 130, 205–219. https://doi.org/10.1016/j.soilbio.2018.12.012

41. Roncato-Maccari, L.D.B., Ramos, H.J.O., Pedrosa, F.O., Alquini, Y., Chubatsu, L.S., Yates, M.G., Rigo,
L.U., Steffens, M.B.R., Souza, E.M., 2003. Endophytic Herbaspirillum seropedicae expresses nif genes
in gramineous plants. FEMS Microbiol. Ecol. 45, 39–47.

42. Sammauria, R., Kumawat, S., Kumawat, P., Singh, J., Jatwa, T.K., 2020. Microbial inoculants: potential
tool for sustainability of agricultural production systems. Arch. Microbiol.
https://doi.org/10.1007/s00203-019-01795-w

43. Shameer, S., Prasad, T.N.V.K.V., 2018. Plant growth promoting rhizobacteria for sustainable
agricultural practices with special reference to biotic and abiotic stresses. Plant Growth Regul. 84,
603–615. https://doi.org/10.1007/s10725-017-0365-1

44. Spaepen, S., Vanderleyden, J., 2011. Auxin and plant-microbe interactions. Cold Spring Harb.
Perspect. Biol. 3, a001438.

45. Stets, M.I., Campbell Alqueres, S.M., Souza, E.M., Pedrosa, F. de O., Schmid, M., Hartmann, A., Cruz,
L.M., 2015. Quanti�cation of Azospirillum brasilense FP2 bacteria in wheat roots by strain-speci�c
quantitative PCR. Appl. Environ. Microbiol. 81, 6700–6709. https://doi.org/10.1128/AEM.01351-15

4�. Tedesco, M.J., Gianello, C., Bissani, C.A., Bohnen, H., Volkweiss, S.J., 1995. Análises de solo, plantas e
outros materiais. Ufrgs Porto Alegre.

47. Vacheron, J., Desbrosses, G., Bouffaud, M.L., Touraine, B., Moënne-Loccoz, Y., Muller, D., Legendre, L.,
Wisniewski-Dyé, F., Prigent-Combaret, C., 2013. Plant growth-promoting rhizobacteria and root
system functioning. Front. Plant Sci. 4, 1–19. https://doi.org/10.3389/fpls.2013.00356

4�. Zhang, T., Fang, H.H.P., 2006. Applications of real-time polymerase chain reaction for quanti�cation
of microorganisms in environmental samples. Appl. Microbiol. Biotechnol. 70, 281–289.

Figures



Page 15/19

Figure 1

Plant-growth parameters root lenght (A), shoot dry mass (B), shoot length (C) and root dry mass (D) in
�rst greenhouse experiment performed with Dekalb 390 maize variety in response to inoculation with H.
seropedicae strain SmR1. Parameters were determined at 7, 14 and 21 days after emmergence (DAE) for
controls (Low N and High N) and inoculated plants. Values are mean of factor which no signi�cant
difference was observed. Different letters indicate signi�cant difference, by Tukey’s test p ≤ 0.05.
Lowercase letters compare treatments under same time and capital letters compare DAE for each
treatment.
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Figure 2

Nitrogen content of shoot tissue in the �rst greenhouse experiment performed with Dekalb 390 maize
variety in response to inoculation with H. seropedicae strain SmR1. Parameters were determined at 7, 14
and 21 days after emmergence (DAE) for controls (Low N and High N) and inoculated plants. Different
letters indicate signi�cant difference, by Tukey’s test p ≤ 0.05. Lowercase letters compare treatments
under same time and capital letters compare DAE for each treatment.
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Figure 3

Plant-growth parameters shoot height (A), shoot dry mass (B), root lenght(C) and root dry mass (D) in
second greenhouse experiment performed with Dekalb 390 maize variety in response to inoculation with
H. seropedicae strain SmR1. Parameters were determined at 7, 14 and 21 days after emmergence (DAE)
for controls (Low N and High N) and inoculated plants. Values are mean of factor which no signi�cant
difference was observed. Different letters indicate signi�cant difference, by Tukey’s test p ≤ 0.05.
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Figure 4

qPCR assay standard curves (Cq versus log DNA copy number) for H. seropedicae strain SmR1 using
primers Herbas1. Quanti�cation performed in two qPCR runs in different days using DNA extracted from
H. seropedicae pure culture. A) standard curve performed for quanti�cation of control samples, B)
standard curve performed for quanti�cation of inoculated samples and soil.
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