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RESUMO

The use of nitrogen fertilizers is of paramount importance for the
supply of this nutrient to plants. However, the application of these
fertilizers brings numerous environmental and health problems.
An alternative to these chemical products would be the use of
rhizobia — plant growth-promoting rhizobacteria naturally present
in the rhizosphere and capable of carrying out biological nitrogen
fixation. Through the present work, we propose the co-inoculation
of Actinobacteria and rhizobia, aiming at the production of a new
bio-inoculant that replaces, at least in part, nitrogen fertilization in
legumes. It is expected that Actinobacteria, by producing exoenzymes,
enable the growth of rhizobia in non-specific culture media for these
microorganisms. Ten strains of Actinobacteria with statistically distinct
cellulolytic and xylanolytic activity and seven strains of rhizobia without
the aforementioned enzymatic activities were used. A co-inoculation
of these microorganisms was performed in culture media containing
carboxymethylcellulose (CMC) and xylan as sole carbon sources, and
then their compatibility indexes (CI) were calculated. Actinobacteria
strains A139 and A145 (both with Cl = 0.857 in the medium with CMC
and Cl = 1 in the medium with xylan) showed remarkable facilitation of
rhizobia growth, and had only one antagonistic relation each (both with
rhizobia L9 in the medium with CMC). This biological interaction, called
cross-feeding, occurs when microorganisms stimulate each other’s
growth and is promising for prospecting a bio-inoculant, in addition
to providing an overview of the ecological relationships that occur
between plant growth-promoting rhizobacteria in the semi-arid region.

Keywords: actinobacteria; cross-feeding; diazotrophic bacteria; PGPR;
rhizobia; Streptomyces.

O uso de fertilizantes nitrogenados é de suma importancia para o
fornecimento desse nutriente para as plantas. Contudo, a aplicagdo
desses fertilizantes traz inUmeros problemas ambientais e sanitarios. Uma
alternativaaesses produtos quimicos seria o uso de rizobios — rizobactérias
promotoras do crescimento vegetal naturalmente presentes na rizosfera
e capazes de realizar a fixacdo bioldgica de nitrogénio. Através deste
trabalho, nds propomos a co-inoculagdo de actinobactérias e rizobios,
visando a produgdo de um novo bioinoculante que substitua, pelo menos
em parte, a adubacdo nitrogenada em leguminosas. E esperado que
actinobactérias, pela produgdo de exoenzimas, possibilitem o crescimento
dos rizébios em meios de cultura inespecificos para esses microrganismos.
Foram utilizadas 10 cepas de actinobactérias com atividade celulolitica
e xilanolitica estatisticamente distintas e sete cepas de rizbios sem as
referidas atividades enzimaticas. Uma co-inoculagdo dos microrganismos
foi realizada em meios de cultura contendo carboximetilcelulose (CMC) e
xilana como Unicas fontes de carbono, e entdo, calculados seus indices de
compatibilidade (IC). As cepas de actinobactéria A139 e A145 (ambas com
IC =0,857 no meio com CMC e IC = 1 no meio com xilana) apresentaram
notavel facilitagdo do crescimento dos rizdbios e tiveram apenas relagao
antagdnica cada uma (ambas com o rizébio L9 no meio com CMC).
Essa interagdo bioldgica, denominada cross-feeding, ocorre quando
microrganismos estimulam o crescimento um do outro e se mostra
promissora para a prospecgdo de um bioinoculante, além de fornecer
um panorama das relagOes ecoldgicas que ocorrem entre as rizobactérias
promotoras do crescimento vegetal no Semiarido.

Palavras-chave: actinobactérias; bactérias diazotréficas; cross-feeding;
PGPR; rizdbios; Streptomyces.
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Introduction

Global agricultural production in 2050 will be 60% higher than it
was between 2005 and 2007. This implies a greater demand for fertiliz-
ers, such as nitrogen (N). The supplementation of these agrochemicals
in crops helps ensure the nutrition of 48% of the world’s population
(Singh, 2018). Yet, using nitrogen fertilizers entails a high monetary
and environmental cost. The production of 1 ton of ammonia-based
fertilizer demands 949 m® of natural gas. Using 87% of all energy ex-
pended in the fertilizer industry generates 1.6 tons of CO,, which is
released into the atmosphere, causing several environmental problems
(Beckinghausen et al., 2020). Brazil spent 93.06 kg/ha of nitrogen fertil-
izers in 2020. This amount is superior to the global average of 72.88 kg
of CO,/ha within that same period (FAO, 2022).

Crops only absorb half of the nitrogen added to them. The fertilizer
production chain loses a lot of nitrogen throughout its process in synthesis,
transport, and waste management. This lost gives rise to the so-called nitro-
gen pollution (Kanter et al., 2019). Fertilizers dispersion can lead to issues
such as greenhouse gas release, soil acidification, eutrophication, biodiver-
sity reduction, and groundwater pollution (Sun et al., 2020; Martinez-Dal-
mau et al., 2021). This kind of pollution can cause respiratory and heart
problems and various types of tumors in humans (Kanter et al,, 2019).

Rhizobia are a remarkable class of microorganisms found in the soil.
These bacteria establish a symbiotic relationship with legumes and also
perform symbiotic nitrogen fixation (SNF). SNF is more efficient than
other types of biological nitrogen fixation (BNF) (Wheatley et al., 2020).
The use of rhizobia as bio-inoculants to replace nitrogen fertilizers is
cheaper, can improve crop yields, reduces atmospheric and water pol-
lution caused by these fertilizers, and saves large amounts of fossil fuels
and energy that would be required for the production of agrochemicals
(diCenzo et al., 2019).

The survival of plants depends on the community of microor-
ganisms associated with them, especially in environments such as the
semi-arid region of Brazil. This can be done in symbiosis or in the rhi-
zosphere, where they change the soil’s structure to optimize biological
activity (Solans et al., 2021). Bacteria that live in the rhizosphere and
stimulate plant growth through one or more mechanisms are called
“plant growth-promoting rhizobacteria” (PGPR). They account for
2-5% of the rhizosphere microbiota (Prasad et al., 2019).

Soils of environments in desertification process present an abun-
dance of up to 62% of Actinobacteria. These microorganisms play crit-
ical ecological roles in these ecosystems (Lacombe-Harvey et al., 2018;
Araujo et al,, 2020; Solans et al., 2021). Some Actinobacteria establish
endophytic symbiotic relationships with plants in the roots. Actino-
bacteria act by producing phytohormones or other growth factors in
this relationship. This increases resistance to biotic and abiotic stresses,
insects, pests, and pathogens in exchange for nutrients and shelter in
the host plant (Singh and Dubey, 2019; Bao et al., 2021).

Mixed bio-inoculants containing rhizobia and other PGPR are

considered “supreme inoculants” due to their potential for developing
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new commercial products (Atieno et al., 2020). Several successful ex-
amples of co-inoculation between these microorganisms can be found
in the literature. For instance, Bradyrhizobium shows positive results in
plant growth and development when co-inoculated with Pseudomonas
oryzihabitans, Pseudomonas putida, Bacillus megaterium, Bacillus pu-
millus, mycorrhizae (Glomus clarum, Glomus mosseae, and Gigaspora
margarita), among others (Jabborova et al., 2021; Sheteiwy et al., 2021;
Kumawat et al., 2022; Miljakovi¢ et al., 2022).

Cooperation between Actinobacteria and rhizobia affects the
nodulation and growth of legumes. Co-inoculation of soybean with
Bradyrhizobium japonicum and Streptomyces sp./Nocardia sp. and of
alfalfa with Sinorhizobium meliloti and Micromonospora spp./Frankia
stimulates nodulation even in soils with high nitrogen levels, which
usually inhibit nodulation. These generate examples of this type of suc-
cessful co-inoculation (Saidi et al., 2021). The prospecting of Actino-
bacteria and rhizobia-based bio-inoculants, particularly between the
genera Streptomyces and Bradyrhizobium, is well documented in the
literature and appears to be promising (Soe and Yamakawa, 2013; Htwe
and Yamakawa, 2016; Htwe et al., 2018; Htwe et al., 2019).

Microorganisms such as Actinobacteria and rhizobia are usually not
found isolated in their habitat and interact with each other in either a
cooperative or antagonistic manner (Fields et al., 2021). Co-inoculation
of these two microorganisms would first depend on their metabolic com-
patibility. Given the ability of these rhizobacteria to enhance plant growth
in adverse conditions, this study aimed to co-inoculate Actinobacteria
and rhizobia isolated from Brazilian semi-arid zones and test their in vitro
metabolic compatibility, with the goal of developing a bio-inoculant that
can reduce the demand for nitrogen fertilizers in the future.

Material and Methods

The microorganisms used in this study were obtained from the
culture collection of the Laboratory of Environmental Microbiology
(LAMAB) of the Universidade Federal do Ceard (UFC). The collection
comprised 313 strains of Actinobacteria and 150 strains of rhizobia
that were previously studied for their extracellular xylanolytic and cel-
lulolytic activity and had their enzymatic indices (EIs) determined by
using the methodology of Bandeira et al. (2022).

The Supplementary Material presents more information on Act-
inobacteria’s cellulolytic and xylanolytic activity tests. The selection
criterion for Actinobacteria was based on statistical tests with their
respective Els. The data were first submitted to the normality test
(Kolmogorov-Smirnov) and homoscedasticity test (Levene). After-
ward, multivariate analysis of variance (MANOVA) was performed by
contemplating the EIs of xylanolytic and cellulolytic activities, followed
by the Tukey test, which differentiated the groups of strains with higher
Els (p < 0.05). The software used for the analyses was the IBM Statisti-
cal Package for Social Sciences (SPSS) (version 20).

MANOVA showed a statistically significant difference between the
Els of Actinobacteria strains for cellulolytic (F = 61.802; p < 0.000) and

RBCIAMB | v.58 | n.1 | Mar 2023 | 59-66 - ISSN 2176-9478


https://drive.google.com/file/d/1aklCLMqFr1y9AMoo-1rp1PLvBZMJr8JP/view?usp=drivesdk

In vitro co-inoculation of rhizobacteria from the semi-arid aiming at their implementation as bio-inoculants

xylanolytic (F = 127.704; p < 0.000) activity. Through the Tukey test, it
was possible to differentiate and select a group of 10 strains (A108, A109,
A125, A136, A139, Al144, A145, A146, A148, A150) that obtained the
highest Els for cellulolytic and xylanolytic activity, simultaneously. A mi-
cromorphological evaluation previously determined the genus of the
selected strains according to Santos et al. (2019) (Table 1). The statistical
tests performed are also found in the Supplementary Material.

Strains A108, A109 and A125 were obtained from soils of the
Ecological Station of Aiuaba (CE), strains A136 and A139, from the
Ubajara National Park (CE), and strains A143, A144, A145 and A146
were isolated from the Sete Cidades National Park (PI). Strain A148
was isolated from the soil surrounding the Sete Cidades National Park.
The authorization to collect soil samples in these preservation areas was
obtained under the research project CNPq/ICMBio/FAP’s N°18/2017,
proceeding 421350/2017.2.

The rhizobia were isolated by Pinheiro et al. (2014), had their
enzymatic activity evaluated by Sousa (2020), and were identified by
the sequencing of the 16S rRNA gene by Silva (2020). The genetical-
ly identified strains L1, L4, L9, L13, L15, 124, and L27 were selected
due to the absence of cellulolytic and xylanolytic activity (Table 2).

Table 1 - Actinobacteria strains from the Brazilian semi-arid obtained from
the Laboratory of Environmental Microbiology (LAMAB) culture collection.

A108 Streptomyces sp.
A109 Nocardia sp.
Al125 Streptomyces sp.
Al136 Streptomyces sp.
A139 Streptomyces sp.
Al43 Streptomyces sp.
Al44 Streptosporangium sp.
Al45 Streptomyces sp.
Al46 Streptosporangium sp.
Al148 Streptomyces sp.

Source: the author.

Table 2 - Rhizobia strains from the Brazilian semi-arid were acquired from
the Laboratory of Environmental Microbiology (LAMAB) culture collection.

I = R

L1 Bradyrhizobium elkanii

L4 Bradyrhizobium elkanii

L9 Rhizobium tropici

L13 Bradyrhizobium kavangense
L15 Bradyrhizobium japonicum
124 Bradyrhizobium yuanmingense
127 Bradyrhizobium iriomotense

Source: Silva (2020).

The rhizobia strains were isolated from Quixada (4°58’S to 39°1’W)
and Cascavel (4°7’S to 38°14'W), in Cear4, and from Jardim de Angicos
(5°39°S to 35°58'W) and Santana do Mato (5°57’S to 36°39°W), in Rio
Grande do Norte. The authorization to collect soil samples was also ob-
tained within the framework of the already-mentioned research project.

An in vitro co-inoculation was performed to investigate the ca-
pacity of metabolic cooperation (facilitation) between the strains
of Actinobacteria and rhizobia following the methodology of Silva
etal. (2019), with some modifications. To this end, two culture media
were used, each containing a carbon source: carboxymethylcellulose
(CMC; 5 g L' of CMC, 0.5 g L' MgSO,, 0.5 g L' of KCl, 3 g L'* of
NaNO,,0.01 g L'of FeSO,, 1¢g L! ofKZHPO4, 15gL'ofagar,2 mLL"
of Nystatin 100,000 UI/mL", pH 6) and xylan (XY; 1 g L of xylan
obtained from wood, 0.5 g L' MgSO,, 1 g L' of yeast extract, 0.5 g L
ofNaNO3, 0.01gL™ ofFeSO4, 1gL! oszHPO4, 15gL"'ofagar,2mLL"
of Nystatin 100,000 UI/mL", pH 6.5). The duplicate spot-inoculation
with the Actinobacteria was conducted in the culture media men-
tioned above and incubated for seven days in a bio-oxygen demand
(BOD) incubator at 28°C. At the end of the seven days, the plates
were evaluated for the presence of contamination and adequate
growth. Contaminated and/or non-growing plates were discarded
and redone.

The rhizobia were then purified for inoculation. An amount of
1 mL from each rhizobium was transferred into YM (yeast manitol)
broth (10 g L of mannitol, 0.5 g L™ of K, HPO,, 0.2 g L' MgSO,,0.1 g L™
of NaCl, 0.5 g L of yeast extract, 5 mL L" of 0.5% bromothymol blue
in 0.2 N KOH) into a sterile microtube and centrifuged in a Marconi
MA 1,800 centrifuge at 9,261 x g (10500 RPM) for 10 minutes. The su-
pernatant was discarded, and the pellet was resuspended in 1 mL of
sterile distilled water and homogenized in a vortex shaker model Phoe-
nix AP56. This process was done twice, in duplicate, until the purified
rhizobia suspended in distilled water were obtained.

For the actual co-inoculation, 10 puL of the purified rhizobia were
inoculated near the Actinobacteria spots. Growth was re-evaluat-
ed after seven days of incubation in a BOD-type inoculator at 28°C.
The growth of rhizobia colonies was considered positive.

The CI was calculated from the ratio between the number of com-
patible pairs and the number of possible pairs. For Actinobacteria, the
compatibility index was abbreviated as ACI. As for rhizobia, the acro-

nym adopted was RCIL.

Results and Discussion

Figure 1 illustrates the results obtained from the co-inoculations
between Actinobacteria and rhizobia. Both positive (1A) and negative
(1B) results were obtained. Antagonistic relationships (1C), perceived
as negative, were also observed.

In the medium with CMC, A144 and A148 showed positive results
with all tested rhizobia (ACI = 1). A108, A139 and A145 presented an
ACI of 0.857, having positive results with 6 of the 7 strains of the tested
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rhizobia. The L1 strain presented growth with 9 of the 10 tested Acti-
nobacteria (RCI = 0.9) (Table 3).

In the medium with xylan, A109, A139 and A145 had positive re-
sults with all tested rhizobia (ACI = 1). Strains A125 and A143 pre-
sented ACIs of 0.857, showing positive results with 6 of the 7 rhizobia
strains. The L4 presented growth with 9 of the 10 tested Actinobacteria
(RCI =0.9) (Table 4).

Figure 1 - Examples of co-inoculation test results. (A) Interaction between
L27 rhizobia and A143 Actinobacteria strains in the medium with xylan.
(B) Absence of interaction between the L15 rhizobia (inoculated on the left
side of the image, where there was no growth) and A144 Actinobacteria
strains in the medium with xylan. (C) Antagonistic interaction between

L4 rhizobia and A146 Actinobacteria strains in the medium with CMC.
The Actinobacteria produced a halo of rhizobia growth inhibition.

SNF is an energetically expensive process and relies on cellu-
lose-rich plant residues to obtain this energy. Moreover, the rhizobi-
um must break through the plant cell wall to colonize it and nodulate.
Although the production of exocellulase is necessary to colonize the
roots of legumes and perform SNE, it is not common for rhizobia to
present this metabolic apparatus (Silva et al., 2019). It became evident
that rhizobia require assistance to colonize the roots, considering the
mixed composition of lignocellulose (a major constituent of plant cell
walls, which is cellulose and hemicellulose-rich; Wu et al., 2019) and
the inability of rhizobia to degrade these carbohydrates. This assistance
can be provided through a microorganism that facilitates the rhizobia
growth in the presence of carbon sources which they cannot assimilate.
Therefore, we propose using Actinobacteria isolated from the same site
as the rhizobia to research cross-feeding, considering that studies with
bacteria isolated from the same environment are closer to the natural
community, thus, more faithfully representing in situ interactions (Sta-
die et al., 2013).

In nature, bacteria often compete for numerous limiting factors,
such as more favorable habitats, minerals, and various nutrients.
For this reason, these microorganisms developed numerous strategies
to allow growth and reproduction under these conditions, such as the
secretion of toxins and antibiotics, which provide an advantage for the
growth of the bacteria that produced them. Generally, these antago-
nistic relationships often overlap with neutral relationships, which in
turn, overlap with positive relationships, such as cross-feeding (D’Sou-
za et al., 2018).

Alow phylogenetic proximity between two groups in co-culture en-
tailsalower probability of overlapping growth requirementsamongthese
microorganisms. Consequently, low donor-recipient kinship decreases
but does not eliminate the extent of competition for resources between
the co-inoculated bacteria. Therefore, the intended group’s growth is
facilitated (Mitri and Foster, 2013). The Rhizobiaceae family, which
houses the rhizobia, consists of rod-shaped Gram-negative bacteria.

Table 3 - In vitro facilitation among Brazilian semi-arid strains of Actinobacteria and rhizobia in the medium with carboxymethylcellulose.

”

1Ll + + + + + A + + - + 0,9
L4 + - + A + + + + A + 0,7
L9 - - - A - + A - + 0,2
L13 + - - - + - + + - + 0,5
L15 A + + A A - + A A + 0,7
L24 1 - - + + - + 4 + + 0,7
L27 + - - A + + + + + + 0,8
ACI 0,857 0,286 0,429 0,429 0,857 0,429 1 0,857 0,286 1

+: presence of facilitation (positive result); -: absence of facilitation (negative result); A: antagonistic interaction, considered a negative result; ACI: Actinobacteria

compatibility index; RCI: Rhizobia compatibility index.
Source: the author.
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Their main characteristic is the formation of symbiotic nodules with
legumes, where they perform biological nitrogen fixation (Kuyken-
dall, 2015; Wheatley et al, 2020). Actinobacteria are filamentous,
Gram-positive microorganisms capable of forming aerial and substrate
mycelium and sporulation (Jose et al., 2021). The physiological, mor-
phological and phylogenetic dissimilarity between these microor-

ganisms justifies the results we obtained, in which Actinobacteria

were able to facilitate the growth of rhizobia. The A139 and A145
Actinobacteria strains have a more significant potential for devel-
oping a bio-inoculant due to their intense compatibility with the
rhizobia in the two tested culture media. The L1 rhizobia strain
showed the best growth when co-inoculated with Actinobacteria in
all tested media. These results are presented graphically through the

heatmaps in Figure 2.

Table 4 - In vitro facilitation between Brazilian semi-arid strains of Actinobacteria and rhizobia in the medium with xylan.

”

L1 + + + A + A + + A + 0,8
L4 + + + + + 4 + + 1 A 0,9
59 - i - - + + + + - - 0,5
L13 - + + A + A + + A - 0,5
L15 - + + A A + - + A A 0,5
L24 + + + + + + - + A + 0,8
L27 A + + A + + - + A A 0,7
ACI 0,571 1 0,857 0,429 1 0,857 0,571 1 0,143 0,286

+: presence of facilitation (positive result); -: absence of facilitation (negative result); A: antagonistic interaction, considered a negative result; ACI: Actinobacteria

compatibility index; RCI: Rhizobia compatibility index.
Source: the author.
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5 A139 2
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1 A143 =
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A148
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Figure 2 - Heatmaps illustrating the compatibility indices of (A) Actinobacteria and (B) rhizobia in media with carboxymethylcellulose and xylan. The X axis

represents the strains, while the Y axis represents the culture media used.
CMC: carboxymethylcellulose.
Source: the author.
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In agriculture, bio-inoculants have several functions, such as the
inhibition of phytopathogens growth, production of siderophores,
nitrogen fixation, production of phytohormones, and phosphate sol-
ubilization. These inoculants can also reduce the damage of chemical
fertilizers (Chaudhary and Shukla, 2020). Several microorganisms are
already used as biofertilizers, such as those of the genera Pseudomonas,
Bacillus, Phyllobacterium and Rhodococcus, in addition to rhizobia,
such as Azorhizobium, Sinorhizobium and Bradyrhizobium, and Acti-
nobacteria, such as Mycobacterium, Frankia, Arthrobacter and Strepto-
myces (Mahanty et al., 2016).

The research conducted by Htwe et al. (2019) indicated that a
biofertilizer based on Bradyrhizobium japonicum SAY3-7, Bradyrhi-
zobium elkanii BLY3-8, and Streptomyces griseoflavus P4 has positive
effects on the growth of mung beans, cowpeas and soybeans. Especial-
ly when inoculated with mung beans and soybeans, this bio-inoculant
improves growth, nodulation, nitrogen fixation, NPK absorption and
seed yield in a greenhouse experiment. Considering the in vitro meta-
bolic compatibility between strains A139 and A145 (Streptomyces sp.)
and L1 (Bradyrhizobium elkanii), it is evident that an in vivo co-inocu-
lation is necessary to advance in the prospecting of this bio-inoculant.
However, it is possible to suggest that in vitro co-inoculation is an es-
sential step to eliminate possible antagonistic pairs before proceeding
to in vivo experiments. Furthermore, this research with growth-pro-
moting rhizobacteria isolated from the semi-arid zone provided an
overview of the interactions between these microorganisms from an

ecological standpoint.

Despite the limited understanding of the action mechanisms of var-
ious bacteria, studies indicate that the use of different microorganisms
together allows, in addition to better growth, effective plant protection.
The bioprospecting of these microorganisms must be multicomponent
due to the environment’s considerable variability to produce optimal
degrees of microorganism cooperation and the desired outcome for
the plant. Combining bacterial strains in a single formulation improves
efficacy and reliability, allowing for greater culture specificity, and ap-
pears to be highly promising (Zardak et al., 2018; Kour et al., 2022).

Conclusion

Actinobacteria stimulated the growth of rhizobia in culture media
not specific to these bacteria. Strains A139 and A145 (Streptomyces sp.)
presented the highest compatibility with rhizobia in the tested media.
The L1 rhizobia strain (Bradyrhizobium elkanii) had the best growth
when co-inoculated with Actinobacteria in these media. The associ-
ation of these pairs of microorganisms (A139+L1 and A145+L1) in
the rhizosphere environment may stimulate plant growth and act as
a potential new bio-inoculant. Therefore, in vivo studies using combi-
nations of A139 and A145 Actinobacteria strains with the L1 rhizobia
strain are required to assess whether the promising in vitro results may
be reproduced when associated with plants. In view of the current liter-
ature and the results obtained with this research, it is clear that a co-in-
oculation of Streptomyces and Bradyrhizobium has excellent potential
for the development of a biofertilizer that promotes greater nitrogen

fixation efficiency, thus reducing the demand for nitrogen fertilizers.

Contribution of authors:

MESQUITA, A. E N.: Writing — original draft; Writing — review & editing; Investigation; Data curation; Methodology. RIBEIRO, G. A. L.: Investigation;
BANDEIRA, L. L.: Conceptualization; Supervision; Writing — review & editing; CAVALCANTE, E. G.: Conceptualization; Supervision; Validation; Methodology;
MARTINS, S. C. S.: Funding; Acquisition; Resources; Writing — review & editing; MARTINS, C. M.: Supervision; Funding; Resources; Writing — review & editing.

References

Araujo, R;; Gupta, V.V.S.R;; Reith, E; Bissett, A.; Mele, P; Franco, CM.M.,
2020. Biogeography and Emerging Significance of Actinobacteria in Australia
and Northern Antarctica Soils. Soil Biology and Biochemistry, v. 146, 107805.
https://doi.org/10.1016/j.50ilbio.2020.107805.

Atieno, M.; Herrmann, L.; Nguyen, H.T; Phan, H.T; Nguyen, N.K,; Srean,

P; Than, M.M.; Zhiyong, R.; Tittabutr, P; Shutsrirung, A.; Bréu, L.; Lesueur,
D., 2020. Assessment of Biofertilizer Use for Sustainable Agriculture in the
Great Mekong Region. Journal of Environmental Management, v. 275, 111300.
https://doi.org/10.1016/j.jenvman.2020.111300.

Bandeira, L.L.; Marques, J.S.; Mesquita, A.EN.; Cavalcante, E.G.; Martins,
S.C.S,; Martins, C.M. 2022. Production of Enzymes by Actinobacteria from
Agricultural Areas of the Brazilian Semi-Arid Region. World Wide Journal of
Multidisciplinary Research and Development, v. 8, (11), 128-132. https://doi.
org/10.5281/zenodo.7406123.

64

Bao, Y;; Dolfing, J.; Guo, Z.; Chen, R.; Wu, M,; Li, Z; Lin, X,; Feng, Y., 2021.
Important Ecophysiological Roles of Non-Dominant Actinobacteria in Plant
Residue Decomposition, Especially in Less Fertile Soils. Microbiome, v. 9, 84.
https://doi.org/10.1186/s40168-021-01032-x.

Beckinghausen, A.; Odlare, M.; Thorin, E.; Schwede, S., 2020. From Removal to
Recovery: An Evaluation of Nitrogen Recovery Techniques from Wastewater.
Applied Energy, v. 263, 114616. https://doi.org/10.1016/j.apenergy.2020.114616.

Chaudhary, T;; Shukla, P, 2020. Commercial Bioinoculant Development: Techniques
and Challenges. In: Shukla, P. (Ed.), Microbial Enzymes and Biotechniques. Cham:
Springer, pp. 57-70. https://doi.org/10.1007/978-981-15-6895-4_4.

diCenzo, G.C.; Zamani, M.; Checcucci, A.; Fondi, M.; Griffitts, J.S.; Finan,
T.M.; Mengoni, A., 2019. Multidisciplinary Approaches for Studying
Rhizobium-Legume Symbioses. Canadian Journal of Microbiology, v. 65, (1),
1-33. https://doi.org/10.1139/cjm-2018-0377.

RBCIAMB | v.58 | n.1 | Mar 2023 | 59-66 - ISSN 2176-9478


https://doi.org/10.1016/j.soilbio.2020.107805
https://doi.org/10.1016/j.jenvman.2020.111300
https://doi.org/10.5281/zenodo.7406123
https://doi.org/10.5281/zenodo.7406123
https://doi.org/10.1186/s40168-021-01032-x
https://doi.org/10.1016/j.apenergy.2020.114616
https://doi.org/10.1007/978-981-15-6895-4_4
https://doi.org/10.1139/cjm-2018-0377

In vitro co-inoculation of rhizobacteria from the semi-arid aiming at their implementation as bio-inoculants

D’Souza, G.; Shitut, S.; Preussger, D.; Yousif, G.; Waschina, S.; Kost, C.,

2018. Ecology and Evolution of Metabolic Cross-Feeding Interactions in
Bacteria. Natural Product Reports, v. 35, (5), 455-488. https://doi.org/10.1039/
c8np00009c.

Fields, B.; Moffat, E.K.; Harrison, E.; Andersen, S.U,; Young, PW,; Friman,
V., 2021. Genetic Variation Is Associated with Differences in Facilitative
and Competitive Interactions in the Rhizobium Leguminosarum Species
Complex. Environmental Microbiology, v. 24, (8), 3463-3485. https://doi.
org/10.1111/1462-2920.15720.

Food and Agriculture Organization of the United Nations (FAO), 2022.
FAOSTAT - Fertilizers indicators (Accessed March 26, 2023) at:. https://www.
fao.org/faostat/en/#data/EF.

Htwe, A.Z.; Moh, S.M.; Moe, K.; Yamakawa, T., 2018. Effects of Co-Inoculation
of Bradyrhizobium Japonicum SAY3-7 and Streptomyces Griseoflavus P4 on
Plant Growth, Nodulation, Nitrogen Fixation, Nutrient Uptake, and Yield of
Soybean in a Field Condition. Soil Science and Plant Nutrition, v. 64, (2), 222-
229. https://doi.org/10.1080/00380768.2017.1421436.

Htwe, A.Z.; Moh, S.M.; Soe, K.M.; Moe, K.; Yamakawa, T., 2019. Effects of
Biofertilizer Produced from Bradyrhizobium and Streptomyces Griseoflavus
on Plant Growth, Nodulation, Nitrogen Fixation, Nutrient Uptake, and Seed
Yield of Mung Bean, Cowpea, and Soybean. Agronomy, v. 9, (2), 77. https://
doi.org/10.3390/agronomy9020077.

Htwe, A.Z.; Yamakawa, T., 2016. Low-Density Co-Inoculation

with Bradyrhizobium Japonicum SAY3-7 and Streptomyces Griseoflavus P4
Promotes Plant Growth and Nitrogen Fixation in Soybean Cultivars. American
Journal of Plant Sciences, v. 7, (12), 1652-1661. https://doi.org/10.4236/
2jps.2016.712156.

Jabborova, D.; Kannepalli, A.; Davranov, K.; Narimanov, A.; Enakiev, Y.; Syed,
A; Elgorban, A.M.; Bahkali, A.H.; Wirth, S.; Sayyed, R.Z.; Gafur, A., 2021. Co-
Inoculation of Rhizobacteria Promotes Growth, Yield, and Nutrient Contents
in Soybean and Improves Soil Enzymes and Nutrients under Drought
Conditions. Scientific Reports, v. 11, (1), 22081. https://doi.org/10.1038/
s41598-021-01337-9.

Jose, P.A.; Maharshi, A.; Jha, B., 2021. Actinobacteria in Natural Products
Research: Progress and Prospects. Microbiological Research, v. 246, 126708.
https://doi.org/10.1016/j.micres.2021.126708.

Kanter, D.R;; Bartolini, F; Kugelberg, S.; Leip, A.; Oenema, O.; Uwizeye, A.,
2019. Nitrogen Pollution Policy beyond the Farm. Nature Food, v. 1, (1), 27-32.
https://doi.org/10.1038/s43016-019-0001-5.

Kour, D;; Khan, S.S.; Kaur, T.; Kour, H.; Singh, G; Yadav, A.; Yadav, A.N., 2022.
Drought Adaptive Microbes as Bioinoculants for the Horticultural Crops.
Heliyon, v. 8, (5), €09493. https://doi.org/10.1016/j.heliyon.2022.e09493.

Kumawat, K.C,; Singh, L; Nagpal, S.; Sharma, P,; Gupta, R K,; Sirari, A.,
2022. Co-Inoculation of Indigenous Pseudomonas Oryzihabitans and
Bradyrhizobium Sp. Modulates the Growth, Symbiotic Efficacy, Nutrient
Acquisition, and Grain Yield of Soybean. Pedosphere, v. 32, (3), 438-451.
https://doi.org/10.1016/s1002-0160(21)60085-1.

Kuykendall, L.D., 2015. Rhizobiaceae. Bergey’s Manual of Systematics of
Archaea and Bacteria, 1-2. https://doi.org/10.1002/9781118960608.fbm00171.

Lacombe-Harvey, M.; Brzezinski, R.; Beaulieu, C., 2018. Chitinolytic Functions
in Actinobacteria: Ecology, Enzymes, and Evolution. Applied Microbiology
and Biotechnology, v. 102, (17), 7219-7230. https://doi.org/10.1007/s00253-
018-9149-4.

Mabhanty, T.; Bhattacharjee, S.; Goswami, M.; Bhattacharyya, P; Das, B.; Ghosh,
A; Tribedi, P, 2016. Biofertilizers: A Potential Approach for Sustainable

Agriculture Development. Environmental Science and Pollution Research, v.
24, (4), 3315-3335. https://doi.org/10.1007/s11356-016-8104-0.

Martinez-Dalmau, J.; Berbel, J.; Ord6iez-Fernandez, R., 2021. Nitrogen
Fertilization. A Review of the Risks Associated with the Inefficiency of Its Use
and Policy Responses. Sustainability, v. 13, (10), 5625. https://doi.org/10.3390/
sul3105625.

Miljakovi¢, D.; Marinkovi¢, J.; Tamindzi¢, G.; Pordevi¢, V.; Tintor, B.;
Milogevi¢, D.; Ignjatov, M.; Nikoli¢, Z., 2022. Bio-Priming of Soybean with
Bradyrhizobium Japonicum and Bacillus Megaterium: Strategy to Improve
Seed Germination and the Initial Seedling Growth. Plants, v. 11, (15), 1927.
https://doi.org/10.3390/plants11151927.

Mitri, S.; Foster, K.R., 2013. The Genotypic View of Social Interactions in
Microbial Communities. Annual Review of Genetics, v. 47, (1), 247-273.
https://doi.org/10.1146/annurev-genet-111212-133307.

Prasad, M; Srinivasan, R.; Chaudhary, M.; Choudhary, M.; Jat, L.K., 2019.
Plant Growth Promoting Rhizobacteria (PGPR) for Sustainable Agriculture.
PGPR Amelioration in Sustainable Agriculture, 129-157. https://doi.
0rg/10.1016/b978-0-12-815879-1.00007-0.

Pinheiro, M.S.; Sousa, J.B.; Bertini, C.H.C.M.; Martins, S.C.S.; Martins, C.M.,
2014. Isolation and Screening of Rhizobial Strains Native From Semi-Arid
Tolerant to Environmental Stress. Enciclopédia Biosfera, v. 10, (18), 2071-2082.

Saidi, S.; Cherif-Silini, H.; Bouket, A.C.; Silini, A.; Eshelli, M.; Luptakova,

L.; Alenezi, EN.; Belbahri, L. 2021. Improvement of Medicago Sativa Crops
Productivity by the Co-Inoculation of Sinorhizobium Meliloti- Actinobacteria
under Salt Stress. Current Microbiology, v. 78, (4), 1344-1357. https://doi.
0rg/10.1007/s00284-021-02394-z.

Santos, ED.; Oliveira, M.P; Meneses, A.C.M.A.; Martins, S.C.S.; Martins,
C.M., 2019. Morphology of actinobacteria strains of areas susceptible
todesertification. Enciclopédia Biosfera, v. 16, (29), 1911-1924. https://doi.
org/10.18677/encibio_2019a148.

Sheteiwy, M.S.; Ali, D.EL; Xiong, Y.; Brestic, M.; Skalicky, M.; Hamoud,

Y.A; Ulhassan, Z.; Shaghaleh, H.; AbdElgawad, H.; Farooq, M.; Sharma, A.;
El-Sawah, A.M., 2021. Physiological and Biochemical Responses of Soybean
Plants Inoculated with Arbuscular Mycorrhizal Fungi and Bradyrhizobium
under Drought Stress. BMC Plant Biology, v. 21, 195. https://doi.org/10.1186/
$12870-021-02949-z.

Silva, V.B., 2020. Polyphasic Characterization of Nodule Endophytic
Microorganims of Vigna Spp. Grown in Soils of Caatinga Biome. Doctoral
Thesis, Centro de Ciéncias Agrarias, Universidade Federal da Paraiba, Paraiba.
Retrieved 2022-08-09, from https://sigaa.ufpb.br/sigaa/public/programa/
secao_extra.jsf?lc=pt_BR&id=1896&extra=212382365.

Silva, V.M. A ; Martins, C.M.; Cavalcante, EG.; Ramos, K.A; Silva, L.L;
Menezes, EG.R.; Martins, R.P; Martins, S.C.S., 2019. Cross-Feeding among
Soil Bacterial Populations: Selection and Characterization of Potential
Bio-Inoculants. Journal of Agricultural Science, v. 11, (5), 23. https://doi.
org/10.5539/jas.v11n5p23.

Singh, B., 2018. Are Nitrogen Fertilizers Deleterious to Soil Health? Agronomy,
v. 8, (4), 48. https://doi.org/10.3390/agronomy8040048.

Singh, R.; Dubey, A.K., 2018. Diversity and Applications of Endophytic
Actinobacteria of Plants in Special and Other Ecological Niches. Frontiers in
Microbiology, v. 9. https://doi.org/10.3389/fmicb.2018.01767.

Soe, K.M.; Yamakawa, T., 2013. Evaluation of Effective Myanmar
Bradyrhizobium Strains Isolated from Myanmar Soybean and Effects of
Coinoculation with Streptomyces Griseoflavus P4 for Nitrogen Fixation. Soil
Science and Plant Nutrition, v. 59, (3), 361-370. https://doi.org/10.1080/00380
768.2013.794437.

RBCIAMB | v.58 | n.1 | Mar 2023 | 59-66 - ISSN 2176-9478


https://doi.org/10.1039/c8np00009c
https://doi.org/10.1039/c8np00009c
https://doi.org/10.1111/1462-2920.15720
https://doi.org/10.1111/1462-2920.15720
https://www.fao.org/faostat/en/#data/EF
https://www.fao.org/faostat/en/#data/EF
https://doi.org/10.1080/00380768.2017.1421436
https://doi.org/10.3390/agronomy9020077
https://doi.org/10.3390/agronomy9020077
https://doi.org/10.4236/ajps.2016.712156
https://doi.org/10.4236/ajps.2016.712156
https://doi.org/10.1038/s41598-021-01337-9
https://doi.org/10.1038/s41598-021-01337-9
https://doi.org/10.1016/j.micres.2021.126708
https://doi.org/10.1038/s43016-019-0001-5
https://doi.org/10.1016/j.heliyon.2022.e09493
https://doi.org/10.1016/s1002-0160(21)60085-1
https://doi.org/10.1002/9781118960608.fbm00171
https://doi.org/10.1007/s00253-018-9149-4
https://doi.org/10.1007/s00253-018-9149-4
https://doi.org/10.1007/s11356-016-8104-0
https://doi.org/10.3390/su13105625
https://doi.org/10.3390/su13105625
https://doi.org/10.3390/plants11151927
https://doi.org/10.1146/annurev-genet-111212-133307
https://doi.org/10.1016/b978-0-12-815879-1.00007-0
https://doi.org/10.1016/b978-0-12-815879-1.00007-0
https://doi.org/10.1007/s00284-021-02394-z
https://doi.org/10.1007/s00284-021-02394-z
https://doi.org/10.18677/encibio_2019a148
https://doi.org/10.18677/encibio_2019a148
https://doi.org/10.1186/s12870-021-02949-z
https://doi.org/10.1186/s12870-021-02949-z
https://sigaa.ufpb.br/sigaa/public/programa/secao_extra.jsf?lc=pt_BR&id=1896&extra=212382365
https://sigaa.ufpb.br/sigaa/public/programa/secao_extra.jsf?lc=pt_BR&id=1896&extra=212382365
https://doi.org/10.5539/jas.v11n5p23
https://doi.org/10.5539/jas.v11n5p23
https://doi.org/10.3390/agronomy8040048
https://doi.org/10.3389/fmicb.2018.01767
https://doi.org/10.1080/00380768.2013.794437
https://doi.org/10.1080/00380768.2013.794437

Mesquita, A.F.N. et al.

Solans, M.; Pelliza, Y.I; Tadey, M., 2021. Inoculation with Native
Actinobacteria May Improve Desert Plant Growth and Survival with Potential
Use for Restoration Practices. Microbial Ecology, v. 83, 380-392. https://doi.
org/10.1007/s00248-021-01753-4.

Sousa, J.B., 2020. Intera¢des Positivas Entre Actinobactérias e Rizobios
Oriundos de Areas Antropizadas do Semidrido. Thesis on Ecology and Natural
Resources. Universidade Federal do Ceard, Fortaleza.

Stadie, J; Gulitz, A.; Ehrmann, M.A.; Vogel, R.E, 2013. Metabolic Activity and
Symbiotic Interactions of Lactic Acid Bacteria and Yeasts Isolated from Water Kefir.
Food Microbiology, v. 35, (2), 92-98. https://doi.org/10.1016/j.fm.2013.03.009.

Sun, C,; Chen, L,; Zhai, L.; Liu, H.; Wang, K.; Jiao, C.; Shen, Z., 2020. National
Assessment of Nitrogen Fertilizers Fate and Related Environmental Impacts
of Multiple Pathways in China. Journal of Cleaner Production, v. 277, 123519.
https://doi.org/10.1016/j.jclepro.2020.123519.

66

Wheatley, R.M.; Ford, B.L; Li, L.; Aroney, S.T.N.; Knights, H.E.; Ledermann,
R.; East, A.K.; Ramachandran, V.K;; Poole, P.S., 2020. Lifestyle Adaptations
of Rhizobium from Rhizosphere to Symbiosis. Proceedings of the National
Academy of Sciences, v. 117, (38), 23823-23834. https://doi.org/10.1073/
pnas.2009094117.

Wu, Y,; Cai, P; Jing, X.; Niu, X; Ji, D.; Ashry, N.M.; Gao, C; Huang, Q.
2019. Soil Biofilm Formation Enhances Microbial Community Diversity and
Metabolic Activity. Environment International, v. 132, 105116. https://doi.
org/10.1016/j.envint.2019.105116.

Zardak, S.G.; Dehnavi, M.M_; Salehi, A.; Gholamhoseini, M., 2018. Effects

of Using Arbuscular Mycorrhizal Fungi to Alleviate Drought Stress on the
Physiological Traits and Essential Oil Yield of Fennel. Rhizosphere, v. 6, 31-38.
https://doi.org/10.1016/j.rhisph.2018.02.001.

RBCIAMB | v.58 | n.1 | Mar 2023 | 59-66 - ISSN 2176-9478


https://doi.org/10.1007/s00248-021-01753-4
https://doi.org/10.1007/s00248-021-01753-4
https://doi.org/10.1016/j.fm.2013.03.009
https://doi.org/10.1016/j.jclepro.2020.123519
https://doi.org/10.1073/pnas.2009094117
https://doi.org/10.1073/pnas.2009094117
https://doi.org/10.1016/j.envint.2019.105116
https://doi.org/10.1016/j.envint.2019.105116
https://doi.org/10.1016/j.rhisph.2018.02.001

