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Abstract

Quinoa (Chenopodium quinoa Willd.) is valued for its resilience to abiotic stress; however,
germination and seedling establishment remain highly sensitive to salinity. While its
salt tolerance at later growth stages has been well studied, strategies to improve early
development under high salinity are limited, and the role of halotolerant plant growth-
promoting bacteria (PGPB) in quinoa has not been systematically investigated. This study
assessed the ability of three Azospirillum brasilense strains (BR-11001, BR-11002, and BR-
11005) to increase the germination and seedling performance of the cultivar ‘BRS Piabiru’
under saline stress. A 3 × 4 factorial design with three bacterial treatments and four NaCl
concentrations (0, 150, 300, and 450 mM) was conducted in a completely randomized
arrangement, with four replicates per treatment. Seeds were surface sterilized, inoculated,
and incubated at 18 ◦C under constant light for 10 days. Elevated salinity (≥300 mM NaCl)
drastically reduced germination and seedling vigor in the controls. Inoculation with BR-
11002 significantly alleviated salinity-induced damage, sustaining over 84% germination
at 450 mM and increasing seedling biomass at 300 mM. These findings highlight the
potential of halotolerant A. brasilense, particularly BR-11002, as bioinoculants to promote
quinoa establishment in salt-affected soils, supporting sustainable agriculture and food
system resilience.

Keywords: plant growth-promoting bacteria (PGPB); salinity stress; seedling growth;
sodium chloride; sustainable agriculture

1. Introduction
Salinity has emerged as a pressing global challenge that increasingly threatens agri-

cultural sustainability. Estimates from the Food and Agriculture Organization [1] indicate
that more than 900 million hectares of land worldwide are affected by salt accumulation,
including nearly one-fifth of all irrigated land. This widespread salinization is largely
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driven by poor irrigation management, limited drainage infrastructure, and intensifying
climate variability, particularly in arid and semiarid ecosystems where evapotranspira-
tion exceeds precipitation rates [2]. Salinity stress disrupts plant physiological processes
through osmotic imbalance, ion toxicity—primarily from Na+ and Cl−—and the excessive
generation of reactive oxygen species (ROS), which collectively impair germination, limit
root growth, and hinder crop performance [3].

Quinoa (Chenopodium quinoa Willd.) has garnered increasing attention as a climate-
resilient crop because of its high nutritional quality and ability to tolerate adverse agroe-
cological conditions [4]. Although quinoa demonstrates moderate salt tolerance during
vegetative growth, its early developmental stages, particularly seed germination and
seedling establishment, are highly sensitive to elevated NaCl levels [5]. Delayed emergence
and uneven seedling vigor are common in saline soils, thereby limiting crop stand unifor-
mity and yield potential [6]. Increasing salt tolerance during these critical early phases is
essential for enabling quinoa cultivation in salt-affected marginal environments.

In this context, plant growth-promoting bacteria (PGPB) represent a promising and
environmentally sustainable strategy to support crop establishment under saline condi-
tions [7]. PGPB contributes to plant resilience through diverse mechanisms [8], including
biological nitrogen fixation, phosphate solubilization, siderophore production, and the
synthesis of growth-promoting hormones such as indole-3-acetic acid (IAA). They also
activate antioxidant defense systems that mitigate ROS-induced oxidative damage [7].

Within the diverse group of plant growth-promoting bacteria (PGPB), several genera
are well recognized for their beneficial roles in agriculture. Rhizobium and Bradyrhizobium
enhance soil fertility through symbiotic nitrogen fixation in legumes, whereas Pseudomonas
spp. efficiently colonize the rhizosphere and act as potent biocontrol agents by producing
siderophores and antifungal metabolites. Bacillus spp., particularly B. subtilis, are notable
for their ability to form stress-resistant endospores, synthesize phytohormones, and in-
duce systemic resistance in host plants. Additional PGPB, such as Enterobacter, Klebsiella,
and Burkholderia, further contribute to auxin biosynthesis, nutrient solubilization, and
improved tolerance to abiotic stresses. This taxonomic diversity underscores the broad
functional repertoire of PGPB in enhancing crop resilience under challenging environmental
conditions [9].

Among these, Azospirillum brasilense stands out as one of the most extensively studied
species because of its ability to promote root development, nutrient uptake, and biomass
accumulation under abiotic stress in nonleguminous species [10–12]. A central mechanism
underlying its plant growth-promoting activity is the production of phytohormones, most
notably indole-3-acetic acid (IAA). The ability of A. brasilense to stimulate root prolifer-
ation and increase stress tolerance is strongly linked to its ability to synthesize IAA via
tryptophan-dependent metabolic pathways. The indole-3-pyruvic acid (IPyA) pathway is
considered the predominant route, involving the transamination of tryptophan to indole-
3-pyruvate, decarboxylation to indole-3-acetaldehyde, and subsequent oxidation to IAA.
Alternative pathways—including the indole-3-acetamide (IAM), tryptamine (TAM), and
indole-3-acetonitrile (IAN) pathways—may also operate under specific environmental
conditions, providing metabolic flexibility in IAA biosynthesis [13,14]. This biochemical
versatility explains the broad and consistent growth-promoting effects of Azospirillum
across diverse plant species and stress environments.

Recent efforts have focused on halotolerant and extremophilic bacterial strains isolated
from saline soils, which exhibit enhanced potential to confer salt tolerance in crops such
as wheat, rice, and soybean [9,10]. These microorganisms promote seedling vigor and
germination under salinity by improving ion homeostasis, limiting lipid peroxidation, and
increasing antioxidant enzyme activity [11]. Nevertheless, few studies have examined the
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effects of A. brasilense strains on quinoa performance under saline stress, leaving a gap in
understanding their potential applications in quinoa-based cropping systems.

To address this gap, the present study was designed to investigate the role of halotol-
erant Azospirillum brasilense strains in mitigating salinity stress during the germination and
early growth stages of Chenopodium quinoa. Although these bacteria have been studied in
cereals and other nonleguminous crops, their application in quinoa remains unexplored.
This research is the first screening of halotolerant A. brasilense strains for their ability to
improve germination, seedling establishment, and physiological performance under saline
conditions. Specifically, the study pursued four objectives: (i) to evaluate the growth
potential of six bacterial strains in saline and nonsaline media to assess viability and halo-
tolerance; (ii) to assess the impact of a NaCl concentration gradient (0–450 mM) on seed
germination and cotyledon emergence as indicators of inoculation efficacy; (iii) to deter-
mine the influence of inoculation on seedling growth parameters—including root and shoot
length and biomass—under saline stress; and (iv) to examine physiological stress responses
by quantifying the activity of key antioxidant enzymes.

2. Results
2.1. Bacterial Growth Under Saline and Nonsaline Conditions

Bacterial viability, assessed through the optical density at 600 nm (OD600), was signifi-
cantly affected by strain identity, salinity level, and their interaction (p < 0.001, Figure 1).
Across the salinity gradient (0–900 mM NaCl), all the A. brasilense strains presented pro-
gressive reductions in the OD600, with statistically significant differences among the strains
at each salt concentration (p < 0.05).

Figure 1. Optical density (OD600) of Azospirillum brasilense strains grown in Luria–Bertani media
with NaCl concentrations ranging from 0 to 900 mM (n = 4). The error bars represent ± SEs.
Lowercase letters indicate differences among strains within each salinity level; uppercase letters
indicate differences among NaCl levels within each strain (Tukey’s HSD, p < 0.05).
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At 0 mM NaCl, BR-11002 presented the highest OD600 (1.4700), followed by BR-11001
(1.2925) and BR-11004 (1.1825). BR-11003 presented the lowest growth (0.9525). As the
salinity increased to 150 mM, BR-11002 and BR-11001 maintained OD600 values above
1.28, whereas BR-11003, BR-11005, and BR-11006 decreased below 1.16. At 300 mM NaCl,
BR-11002 (1.2500) and BR-11001 (1.1250) sustained significantly greater growth than the
other strains did (p < 0.05), with the OD600 values for BR-11005 and BR-11006 decreasing
below 1.00.

At 450 mM, BR-11002 (1.0025) and BR-11001 (0.8825) retained OD600 values closest
to 1.0, whereas BR-11003 and BR-11006 were reduced to 0.6125 and 0.9275, respectively.
Growth inhibition intensified at 600 mM and 750 mM, with BR-11002 and BR-11001 main-
taining the highest OD600 values (0.7875 and 0.7000 at 600 mM and 0.7025 and 0.6000 at
750 mM, respectively). At 900 mM, all the strains presented substantial reductions in the
OD600, yet the values of BR-11002 (0.5625) and BR-11001 (0.4825) remained significantly
greater than those of BR-11003 (0.1750), BR-11004 (0.3675), and BR-11006 (0.2650) (p < 0.001).
The full factorial analysis indicated a significant strain × NaCl interaction (F6,121 = 18.121,
p < 0.001), confirming differential salinity tolerance among the strains across NaCl levels.

2.2. Germination Dynamics and Cotyledon Emergence Under Salinity Stress

The germination behavior of Chenopodium quinoa was significantly influenced by
both inoculation with Azospirillum brasilense and increasing NaCl concentrations. Two-way
ANOVA revealed highly significant main effects of strain, salinity level, and their interaction
on all germination-related variables (p < 0.001, Figure 2). Concentrations above 300 mM
NaCl (e.g., 450 mM) drastically inhibited germination, resulting in seed necrosis and severe
seedling deformation, whereas 300 mM NaCl still allowed a measurable percentage of
germination with clear differences in seedling vigor compared with the control.

Figure 2. Cont.
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Figure 2. Visual comparison of Chenopodium quinoa germination and early seedling development
under 300 mM NaCl at 5, 8, and 10 days after sowing in the uninoculated control, Azospirillum
brasilense BR-11001, and BR-11002.

The germination percentage remained unaffected by salinity up to 150 mM NaCl
across all the treatments, maintaining values of 100%. At 300 mM, a minor reduction
was observed in the uninoculated control (95.5%), whereas BR-11001 and BR-11002 main-
tained high germination rates (98.5% and 99.0%, respectively). However, under 450 mM
NaCl, germination was drastically reduced in the control to 52.5%, whereas BR-11001 and
BR-11002 significantly mitigated this effect, maintaining germination at 78.5% and 84.0%,
respectively (Figure 3a).

Figure 3. Germination responses of C. quinoa seeds inoculated with A. brasilense BR-11001 and
BR-11002 under NaCl concentrations ranging from 0 to 450 mM (n = 4). (a) Germination percentage,
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(b) mean germination time, (c) germination uncertainty, and (d) germination synchrony. The error
bars represent ± SEs. Lowercase letters indicate differences among strains within each salinity level;
uppercase letters indicate differences among NaCl levels within each strain (Tukey’s HSD, p < 0.05).

The mean germination time (MGT) increased proportionally with salinity across all
the treatments. At 0 mM NaCl, MGT was shortest in BR-11001 (1.15 days) and BR-11002
(1.11 days) compared with the control (1.36 days). Under 450 mM NaCl, MGT was signifi-
cantly prolonged in all the treatments but remained lower in the inoculated seeds: 5.74 days
in the control versus 3.53 and 3.64 days in BR-11001 and BR-11002, respectively (Figure 3b).

The germination uncertainty (GU) increased steadily with increasing salinity. At 0 mM
NaCl, BR-11001 and BR-11002 presented the lowest GU values (0.53 and 0.50), whereas the
control presented a greater dispersion (0.77). At 450 mM, the uncertainty increased to 2.91
for BR-11001, 2.83 for BR-11002, and 2.86 for the control, indicating reduced uniformity of
germination events under high salinity (Figure 3c).

The germination synchrony (GS) followed an inverse trend, decreasing as the NaCl
concentration increased. Under nonsaline conditions, synchrony was highest in BR-11001
(0.83), followed by BR-11002 (0.80) and the control (0.75). At 450 mM, GS decreased across
all the treatments but remained significantly greater in the inoculated treatments (0.13 and
0.15 for BR-11001 and BR-11002, respectively) than in the control (0.12) (Figure 3d).

2.3. Seedling Traits and Biomass Allocation

Significant main effects of inoculation, salinity level, and their interaction (p < 0.001)
were detected for all measured seedling parameters, including shoot length, root length,
dry weight, and the seedling vigor index (SVI) (Figure 4). Compared with the uninoculated
control, inoculation with the A. brasilense strains BR-11001 and BR-11002 consistently
enhanced seedling performance across all salinity treatments.

Shoot length progressively decreased with increasing NaCl concentration, but the
extent of the decrease was substantially mitigated by bacterial inoculation. Under nonsaline
conditions (0 mM), the shoot length reached 6.03 cm and 5.81 cm in BR-11002 and BR-11001,
respectively, whereas it was 4.77 cm in the control. At 450 mM NaCl, BR-11002 maintained
a significantly greater shoot length (3.96 cm) than did BR-11001 (3.06 cm) and the control
(2.11 cm) (Figure 4a).

The length of the roots followed a similar pattern. At 0 mM, BR-11002 had the highest
value (3.93 cm), followed by BR-11001 (3.32 cm) and the control (3.05 cm). As the salinity
increased to 450 mM, the degree of root elongation decreased in all the treatments, with
values of 2.54 cm (BR-11002), 2.10 cm (BR-11001), and 0.93 cm (control) (Figure 4b).

Dry biomass accumulation was also significantly influenced by both salinity and
inoculation. At 0 mM, the BR-11002-treated seedlings presented the greatest dry weight
(0.049 g), outperforming the BR-11001-treated (0.032 g) and control (0.026 g) plants. Even
under severe salt stress (450 mM), BR-11002 maintained a greater biomass yield (0.0316 g),
whereas the biomass yield of BR-11001 and the control decreased to 0.0258 g and 0.0185 g,
respectively (Figure 4c).

The seedling vigor index (SVI) sharply decreased with increasing salinity, but the
inoculated plants presented relatively high values. At 0 and 150 mM NaCl, the SVI
remained statistically unchanged between BR-11002 (~995–1001) and BR-11001 (~909–912),
whereas the control had significantly lower scores (~772–782). At 450 mM, the SVI decreased
to 546.2 (BR-11002), 405.1 (BR-11001), and 159.8 (control) (Figure 4d).
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Figure 4. Traits of Chenopodium quinoa seedlings inoculated with A. brasilense BR-11001 and BR-11002
under NaCl stress. (a) Shoot length, (b) root length, (c) dry biomass, and (d) seedling vigor index.
The data represent the means ± SEs (n = 4). Different lowercase letters denote significant differences
among strains within each NaCl level; uppercase letters indicate differences among NaCl levels
within each strain (Tukey’s HSD, p < 0.05).

2.4. Antioxidant Enzyme Activities in Response to Salt Stress and Inoculation

The activities of all four antioxidant enzymes—superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), and guaiacol peroxidase (GPX)—were significantly
affected by salinity, A. brasilense inoculation, and their interaction (p < 0.001, Figure 5).

SOD activity increased with increasing NaCl concentration in all the treatments. At
0 mM, the values were 23.96 U min−1 mg−1 protein in the control, 26.78 in BR-11001, and
26.67 in BR-11002. At 450 mM, the SOD activity reached 56.25 in the control, 63.36 in
BR-11001, and peaked at 68.12 U min−1 mg−1 protein in BR-11002 (Figure 5a).

CAT activity also tended to increase with increasing salinity. At 0 mM NaCl, the
CAT activity values were 14.15 (control), 14.94 (BR-11001), and 16.01 (BR-11002). Un-
der 450 mM, the CAT activity increased to 35.73 in the control, 41.70 in BR-11001, and
46.06 U min−1 mg−1 protein in BR-11002 (Figure 5b).

The APX activity followed a similar pattern. At 0 mM, the control had a value of
9.36, whereas the corresponding values for BR-11001 and BR-11002 were 10.84 and 10.76,
respectively. At 450 mM, the APX values reached 25.59 (control), 29.64 (BR-11001), and
33.05 U min−1 mg−1 protein (BR-11002) (Figure 5c).
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Figure 5. Antioxidant enzyme activity of Chenopodium quinoa seedlings subjected to salinity stress
and inoculated with the A. brasilense strains BR-11001 and BR-11002. (a) Superoxide dismutase (SOD),
(b) catalase (CAT), (c) ascorbate peroxidase (APX), and (d) guaiacol peroxidase (GPX). Enzyme
activities are expressed as U min−1 mg−1 protein. The values represent the means ± SEs (n = 4).
Different lowercase letters indicate significant differences among strains within each salinity level,
and uppercase letters denote differences among salinity levels within each strain (Tukey’s HSD,
p < 0.05).

GPX activity was lowest under nonsaline conditions, with values of 7.15 in the control,
7.93 in BR-11001, and 7.62 in BR-11002. At 450 mM NaCl, GPX activity increased to 17.78
(control), 20.86 (BR-11001), and 23.38 U min−1 mg−1 protein in BR-11002 (Figure 5d).

2.5. Multivariate Analysis of Phenotypic and Biochemical Responses Under Salinity Stress

To understand the interaction effects of phenotypic and biochemical traits on salinity
tolerance in quinoa, a principal component analysis (PCA) was conducted (Figure 6).

The first two principal components explained 95.9% of the total variance, with Dim 1
accounting for 74.3% and Dim 2 accounting for 21.6%. Phenotypic traits, including shoot
length (SL), root length (RL), dry weight (DW), and the seedling vigor index (SVI), were
strongly associated with positive values on Dim 1, whereas biochemical traits—superoxide
dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and guaiacol peroxi-
dase (GPX)—clustered together and loaded in opposite directions along this dimension
(Figure 6A).
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Figure 6. Principal component analysis (PCA) of the phenotypic and biochemical responses of quinoa
(Chenopodium quinoa) seedlings inoculated with Azospirillum brasilense under salinity stress. (A) PCA
of phenotypic variables: shoot length (SL, cm), root length (RL, cm), dry weight (DW, mg), and
seedling vigor index (SVI, dimensionless); and biochemical variables: superoxide dismutase (SOD,
U mg−1 protein), catalase (CAT, µmol H2O2 min−1 mg−1 protein), ascorbate peroxidase (APX, µmol
ascorbate min−1 mg−1 protein), and guaiacol peroxidase (GPX, µmol tetraguaiacol min−1 mg−1

protein). (B) PCA of individuals represented by treatment combinations of bacterial strains (Azospiril-
lum brasilense BR-11001, BR-11002 and the control) with different NaCl concentrations (0, 150, 300,
and 450 mM).

The distribution of individuals further revealed clear separation among the treatments
(Figure 6B). Seedlings inoculated with BR-11002 were grouped in the upper-right quadrant
across all NaCl concentrations, reflecting enhanced performance under saline conditions. In
contrast, the BR-11001 treatments were positioned in intermediate zones, showing partial
improvement compared with the controls but lower than that of BR-11002. The controls
clustered in the lower-right to lower-left quadrants, particularly at relatively high salinity
levels (300–450 mM), indicating reduced growth and stress tolerance.

3. Discussion
The present study underscores the potential of Azospirillum brasilense, particularly

strain BR-11002, to improve early-stage salinity tolerance in Chenopodium quinoa through a
multifaceted suite of mechanisms, including enhanced germination, seedling growth, and
antioxidant responses. These results support the emerging role of halotolerant plant growth-
promoting bacteria (PGPB) in the development of sustainable strategies to mitigate abiotic
stress in crops [15,16]. Recent studies have confirmed that inoculation with halotolerant
PGPB can alleviate salt-induced damage by modulating hormonal signaling, enhancing
ion and nutrient uptake, and activating antioxidative pathways [15,17,18].

3.1. Germination Dynamics Under Saline Conditions

The germination dynamics were significantly stabilized under saline conditions by
bacterial inoculation. Seeds treated with BR-11002 maintained germination rates above
84% at 450 mM NaCl, whereas the germination rate of the uninoculated control decreased
to 52.5%. This marked increase under osmotic stress reflects the capacity of A. brasilense
to facilitate early water uptake, protect membrane integrity, and maintain cellular turgor,
mechanisms also observed in cereals and legumes inoculated with PGPB [19–22]. Moreover,
the reduced mean germination time (MGT) and germination uncertainty (GU), along with
increased synchrony, suggest that inoculated seeds benefit from a more coordinated and
efficient germination process, which is crucial for uniform field emergence under stress-
prone conditions.
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The beneficial effects of A. brasilense during germination under nonsaline conditions
were reported by Brito et al. [23], who reported that the inoculation of quinoa seeds with
A. brasilense increased germination by up to 17%, further supporting the role of PGPB in
enhancing establishment and vigor during early growth. Other studies have demonstrated
that coinoculation with halotolerant PGPB can further increase quinoa performance under
salinity stress. Yang et al. demonstrated that inoculation with halotolerant strains of Enter-
obacter sp. and Bacillus sp. significantly improved early seedling growth and antioxidant
enzyme activity in quinoa under saline conditions, highlighting the value of integrating
multiple microbial partners for increased tolerance. Similarly, Yang et al. [24] reported that
inoculation with Burkholderia phytofirmans PsJN stimulated the growth, yield, and physio-
logical performance of quinoa grown under salinity stress, underscoring the effectiveness of
consortia or complementary strains in improving both early and late developmental stages.
In addition, Aslam et al. [25] reported that inoculation with drought-tolerant rhizobacteria
significantly enhanced quinoa growth and physiological traits under water deficit, suggest-
ing that microbial inoculation is a versatile approach for improving stress resistance across
multiple abiotic stresses.

3.2. Seedling Responses and Enzyme Activity

In addition to germination, seedling development also markedly improved. The inoc-
ulated seedlings presented significantly longer shoot and root lengths, greater dry biomass,
and greater seedling vigor indices across all salinity levels. These findings are consistent
with previous reports demonstrating that A. brasilense promotes vegetative growth through
phytohormone production (especially IAA production), improves ion homeostasis, and
stimulates lateral root development [26–29]. Such enhancements contribute to greater
resource acquisition and physiological stability, giving seedlings a competitive advantage
during the critical early stages of establishment under saline conditions.

The biochemical response further confirmed the functional role of A. brasilense in
stress mitigation. Inoculated seedlings, particularly those treated with BR-11002, presented
significantly elevated activity of key antioxidant enzymes, such as SOD, CAT, APX, and
GPX, especially at 300 and 450 mM NaCl. These enzymes constitute the core of the ROS-
detoxifying system and are essential for preserving membrane integrity and protein func-
tion during abiotic stress [30–32]. Comparable enzymatic enhancement has been observed
in soybean and tomato plants inoculated with stress-tolerant bacteria, where improved
antioxidant profiles were linked to reduced lipid peroxidation and better photosynthetic
performance [33–36].

Additionally, the integration of phenotypic and biochemical traits through PCA re-
vealed a distinct trade-off between growth parameters and antioxidant enzyme activities,
positioned in opposite directions along the first principal component (Figure 6). This distri-
bution suggests that under salinity stress, plants must allocate resources between sustaining
growth and activating antioxidant defenses. BR-11002-inoculated plants presented elevated
values for both growth-related traits and enzymatic protection, highlighting their superior
capacity to maintain seedling performance across salt stress conditions.

3.3. Insights and Limitations

These physiological and biochemical responses are likely governed by a complex
interplay between microbial traits and plant regulatory pathways. Beneficial rhizobacteria
such as A. brasilense are known to synthesize exopolysaccharides, osmoprotectants, and
hormones that prime plants for stress resistance. In parallel, host plants activate transcrip-
tional responses that reinforce antioxidant defenses and facilitate ion compartmentalization.
Transcriptomic analyses in rice and wheat have demonstrated that A. brasilense inoculation
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upregulates genes involved in ABA signaling, redox homeostasis, and ion transport under
salt stress [15,37,38]. For example, Reference [37] reported that ABA accumulation under
salinity affects root meristem activity and cell expansion, a process modulated by bacte-
rial inoculation through hormonal crosstalk. Although gene expression was not directly
assessed in the present study, the observed phenotypic and biochemical responses strongly
suggest that analogous regulatory mechanisms were activated in quinoa.

The present study focused mainly on germination and biochemical responses during
the early development of quinoa via the PGPB Azospirillum brasilense under salinity stress,
without assessing gene expression or molecular mechanisms. This limits the direct linkage
of the observed changes to regulatory pathways. Future research should integrate molecular
approaches and evaluate consortium inoculation systems.

3.4. Implications for Sustainable Agriculture

In light of the increasing prevalence of salt-affected soils and the increasing global
interest in quinoa as a resilient and nutritious crop, the use of the A. brasilense strain
BR-11002 as a bioinoculant represents a promising and eco-compatible strategy. The
consistent improvements in germination, seedling vigor, and antioxidant capacity highlight
the versatility and potential scalability of the strain in saline agroecosystems. These findings
support the integration of halotolerant PGPB into sustainable agricultural frameworks
aimed at enhancing crop performance in degraded and marginal lands.

4. Materials and Methods
4.1. Biological Materials and Bacterial Strains

A total of six Azospirillum brasilense strains (BR-11001, BR-11002, BR-11003, BR-11004,
BR-11005, and BR-11006) were provided by the Brazilian Agricultural Research Corpo-
ration (EMBRAPA) (Brasilia, Brazil). Among them, three strains (BR-11001, BR-11002,
and BR-11005) have been characterized previously in studies addressing their taxonomic
position, physiological traits, and effects on plant growth.

BR-11001 (Sp7), which was originally isolated from Digitaria decumbens [39], has
been used as a reference strain in studies of associative diazotrophic bacteria because of
its ability to fix nitrogen, synthesize auxins, promote plant growth, and improve maize
seedling development and biomass accumulation [40] as well as productivity in Gaillardia
pulchella when combined with nitrogen fertilization [41]; moreover, it has been employed
as a control for evaluating new inoculants [42]. The strain BR-11002 (SpCd), which was
isolated from the rhizosphere of Cynodon dactylon in the United States, has also been
investigated as a plant growth-promoting rhizobacterium (PGPR) because of its ability to
fix nitrogen and synthesize phytohormones such as auxins, cytokinins, and gibberellins;
it has served as a comparative model in studies of root colonization and diazotrophy in
grasses [43], and genome-based analyses confirmed its close relationship with A. brasilense
Sp7 while revealing distinct genomic signatures that highlight the intraspecific diversity
of this species complex [44]. Finally, BR-11005 (Sp245), which is isolated from wheat
roots in southern Brazil, has been recognized for its ability to mitigate abiotic stress, as
maize seed inoculation with this strain improved water status, proline accumulation, and
biomass production under drought [45], whereas more recent studies in sorghum have
demonstrated its contribution to dry matter accumulation, nutrient uptake, and tolerance
to water and nitrogen stress in semiarid environments [46], reinforcing its potential as a
bioinoculant in sustainable agriculture.

Seeds of Chenopodium quinoa Willd. The cultivar ‘BRS Piabiru’ was obtained from the
EMBRAPA germplasm collection. This genotype is adapted to tropical and subtropical
climates and is recognized for its early maturation, high productivity, and resilience to
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biotic and abiotic stresses [47]. Furthermore, it has a high phenolic content, including
quercetin and kaempferol derivatives, contributing to its antioxidant potential and stress
tolerance [48]. This cultivar was chosen to assess physiological responses to salt stress and
evaluate the potential benefits of microbial inoculation.

4.2. Evaluation of Salinity Tolerance in A. brasilense Strains

To assess halotolerance, each of the six A. brasilense strains was cultured in Luria–Bertani
(LB) broth containing a gradient of sodium chloride concentrations (0, 150, 300, 450, 600,
750, and 900 mM NaCl). The initial inocula were standardized to an optical density (OD600)
of 0.1, incubated in 10 mL of LB medium at 35 ◦C for 48 h, and shaken at 200 rpm. Bacterial
growth was quantified spectrophotometrically by recording the optical density at 600 nm
(OD600) via a Rayleigh UV-Vis spectrophotometer (Rayleigh Instruments, Shanghai, China).
Additionally, bacterial viability was estimated by serial dilution and plating on nutrient
agar supplemented with corresponding NaCl concentrations. Colony-forming units (CFUs)
were enumerated after 48 h of incubation. All the experiments were conducted in triplicate.

4.3. Inoculum Preparation and Seed Treatment

Following the salinity assay, the A. brasiliense strains BR-11001 (rhizospheric) and
BR-11002 (endophytic) were selected for further experiments because of their superior
growth performance under saline conditions. These strains were individually cultured in
250 mL of LB broth at 35 ◦C for 24 h on an orbital shaker (PsycroTherm, New Brunswick
Scientific, New Brunswick, NJ, USA) at 120 rpm. Bacterial cells were harvested by centrifu-
gation (5000× g, 10 min) and resuspended in sterile distilled water. The final suspension
was adjusted to an OD600 = 0.400, corresponding to an approximate density of 108 CFU/mL.

Quinoa seeds were disinfected by immersion in 75% ethanol for 1 min, followed by
treatment with 2% sodium hypochlorite for 2 min. Seeds were then rinsed thoroughly
three times with sterile distilled water. For inoculation, sterilized seeds were soaked in the
bacterial suspension for 45 min at 25 ◦C, following the methodology outlined by Barbieri
et al. [49].

4.4. Germination Assay Under Salinity Stress

The germination experiment was structured as a completely randomized block design
(CRBD) within a 3 × 4 factorial framework, incorporating three inoculation treatments—A.
brasilense BR-11001, BR-11002, and a noninoculated control—and four sodium chloride
(NaCl) concentrations—0, 150, 300, and 450 mM. This resulted in 12 treatment combinations,
each replicated four times, with 50 seeds per replicate. Seeds were sown on germination
paper moistened with NaCl solution at a volume equal to 2.5 times the dry weight of the
paper and enclosed in seed germination boxes [50,51]. The germination process was carried
out in a growth chamber set at 18 ◦C for a period of 10 days. On the fourth day, rehydration
was performed using the respective saline solution.

Daily observations were made to monitor radicle emergence, with germination consid-
ered effective when the radicle extended at least 2 mm, following the International Rules
for Seed Testing [52]. To quantify germination performance and seed vigor, the following
indices were calculated: germination percentage (GP), mean germination time (MGT),
synchronization index (SYN), and uncertainty index (UNC). These metrics were derived
via the equations described by Ranal and Santana [53] and implemented in the GerminaR
2.1.5 R package [54].

4.5. Seedling Growth Evaluation

Seedling morphometric measurements were collected 10 days after sowing to as-
sess early-stage biomass accumulation and physiological performance under saline stress
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conditions. Shoot and root lengths were recorded in centimeters, whereas dry biomass
was determined in grams after drying the seedlings in a forced-air oven at 65 ◦C until a
constant weight was achieved. The seedling vigor index (SVI) was used as an integrative
metric to assess early plant development under stress conditions by combining seed ger-
mination capacity and seedling growth performance [55]. The SVI was calculated via the
following formula:

SVI =
(

Lr + Ls
)
× GP

where Lr is the mean root length, expressed in centimeters (cm), and where Ls is the
mean shoot length, also expressed in centimeters. The term GP represents the average
germination percentage of the seeds, expressed as a percentage (%).

4.6. Antioxidant Enzyme Activity Assays

The activities of four key antioxidant enzymes, superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), and guaiacol peroxidase (GPX), were determined in ten-
day-old Chenopodium quinoa seedlings to evaluate their response to oxidative stress induced
by salinity. For enzyme extraction, 0.1 g of fresh plant tissue was homogenized in 1.5 mL
of ice-cold extraction buffer (50 mM potassium phosphate, pH 7.0; 1 mM EDTA; and 1%
polyvinylpyrrolidone [PVP]). The homogenate was centrifuged at 12,000 rpm for 15 min
at 4 ◦C, and the supernatant was collected for subsequent enzymatic assays. The protein
concentration was determined via the Bradford method [56]. All enzymatic analyses were
performed at 25 ◦C, following adaptations of the protocols described by Sinha et al. [56].

SOD activity was evaluated via a method adapted from [57], which is based on the
ability of the enzyme to inhibit the photochemical reduction of nitroblue tetrazolium (NBT).
The reaction mixture (3.0 mL) included 50 mM potassium phosphate buffer (pH 7.8),
13 mM methionine, 75 µM NBT, 2 µM riboflavin, 100 µM EDTA, 50 mM sodium carbonate
(pH 10.2), and 100 µL of enzymatic extract. The reaction was initiated by adding riboflavin
and exposing the tubes to white fluorescent light (80–100 µmol photons/m2/s) for 15 min.
The control group was kept in darkness. Formazan formation was evaluated by measuring
the absorbance at 560 nm. SOD activity was expressed as the percentage inhibition of
NBT reduction compared with that of the control without the enzymatic extract. One
unit of enzyme activity was defined as the amount of enzyme required to inhibit NBT
photoreduction by 50%.

CAT activity was determined spectrophotometrically by measuring the rate of H2O2

decomposition, according to the method described by Aebi [57]. The reaction system
(2.0 mL) contained 50 mM potassium phosphate buffer (pH 7.0), 20 mM H2O2, and 100 µL
of enzymatic extract. The reaction began upon the addition of the extract, and the decrease
in absorbance at 240 nm was monitored every 30 s for 2 min via a UV-Vis spectrophotometer.
Catalase activity, expressed as micromoles of H2O2 decomposed per minute per milligram
of protein, was calculated from the linear decrease in absorbance via the molar extinction
coefficient of H2O2 (ε = 36 mM−1 cm−1).

APX activity was measured via a modified version of the method described by Rekik
et al. [58], which was optimized for Chenopodium quinoa seedlings. The 3.0 mL reaction
mixture contained 50 mM potassium phosphate buffer (pH 7.0), 0.25 mM ascorbic acid,
5 mM H2O2, and 100 µL of enzymatic extract. The reaction was initiated by the addition
of H2O2, and the decrease in absorbance was monitored at 290 nm for one minute via a
UV-Vis spectrophotometer. The enzymatic activity was calculated via the molar extinction
coefficient of ascorbate (ε = 2.8 mM−1 cm−1) and expressed as micromoles of ascorbate
oxidized per minute per milligram of protein.

GPX activity was evaluated by monitoring the formation rate of tetraguaiacol, a
product of the hydrogen peroxide-dependent oxidation of guaiacol. The total reaction
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volume (3.0 mL) consisted of 100 mM potassium phosphate buffer (pH 6.5), 15 mM gua-
iacol, 0.05% (v/v) H2O2, and 100 µL of enzymatic extract. The reaction was initiated by
the addition of H2O2, and the production of the colored oxidized product was moni-
tored by measuring the increase in absorbance at 470 nm for one minute with a UV-Vis
spectrophotometer. GPX activity was calculated via the molar extinction coefficient of
tetraguaiacol (ε = 26.6 mM−1 cm−1) and expressed as units per minute per milligram of
protein (U min−1 mg−1 protein).

4.7. Statistical Analysis

Statistical analysis and procedures were performed via R 4.5.1 [59]. Linear mixed-
effects models were fitted to evaluate the effects of salinity level, bacterial inoculation, and
their interaction on germination, seedling development, and antioxidant enzyme activity.
Model fitting was conducted via the lme4 1.1-37 R package [60], employing restricted
maximum likelihood (REML) to estimate variance components and accommodate both
fixed and random effects in the model structure.

In the analysis framework, inoculation (I) and salinity level (S) were treated as fixed
factors, whereas block ( b) was included as a random effect to account for variation across
repeated trials. The general form of the model is expressed as follows:

Yijk = µ + Ii + Sj + (I × S)ij + bk + εijk

where Yijk denotes the observed value of the response variable corresponding to the i-th
inoculation treatment, the j-th salinity level, and the k-th experimental block. Here, µ is the
overall mean; Ii is the fixed effect of the inoculation treatment; Sj is the fixed effect of the
salinity level; (I × S)ij is the fixed effect of the interaction between inoculation and salinity;
bk ∼ N

(
0, σ2

b
)

represents the random effect of the block; and εijk ∼ N
(
0, σ2) is the residual

error term.
The model was implemented via the lmer() function from the lme4 1.1-37 R package,

with the following syntax formula:

lmer(response ∼ inoculation ∗ salinity + (1|block), data = dataset)

When statistically significant main or interaction effects were detected, pairwise com-
parisons were performed via Tukey’s honest significant difference test, implemented
through the emmeans 1.11.2-8 R package [61]. The graphs were made with inti 0.6.8 R
package [62].

The complete code and reproducible statistical analysis are available in Supplementary
Material S1.

5. Conclusions
This study provides the first evaluation of Azospirillum brasilense as a plant growth-

promoting bacterium (PGPB) in quinoa during germination under increasing salinity.
BR-11001 and, particularly, BR-11002 retained high viability in NaCl-supplemented media,
confirming their halotolerance, and their inoculation improved the germination percent-
age and cotyledon emergence across the 0–450 mM NaCl gradient, indicating enhanced
physiological efficiency during early development. Inoculated seedlings, especially those
inoculated with BR-11002, presented greater root and shoot growth as well as greater
biomass under severe salinity stress, whereas antioxidant enzymes (SOD, CAT, APX, and
GPX) were consistently stimulated, confirming a strengthened oxidative defense system.
Taken together, these findings establish BR-11002 as a promising bioinoculant for enhancing
the germination, seedling establishment, and stress resilience of C. quinoa in salt-affected
soils. In addition to advancing the fundamental understanding of PGPB–quinoa interac-
tions, this work provides a scientific basis for integrating halotolerant A. brasilense strains
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into sustainable agricultural systems to improve crop productivity and resilience in saline-
and resource-limited environments.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants14243829/s1. Code and data analysis in HTML format.

Author Contributions: Conception and design of the study by J.D.A.-C., R.P.R., and R.J.S.S.; material
preparation, data collection, and analysis were performed by J.D.A.-C., M.N.M.-S., and F.L.-I.; and
the first draft of the manuscript was written by J.D.A.-C., M.N.M.-S., and F.L.-I., R.P.R. and R.J.S.S.
contributed to the review and editing of the manuscript. R.P.R. also supervised the study and acquired
funding. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding, and the APC was funded by Universidade
Estadual de Santa Cruz (UESC), Coordenação de Aperfeiçoamento de Pessoal de Nível Superior
(CAPES), Brazil.

Data Availability Statement: The data presented in this study are available in the GitHub repository:
https://github.com/mila-ms/azospirillum_brasilense (accessed on 8 September 2025).

Acknowledgments: We express our gratitude to the Microbial Biotechnology Laboratory and the
LaBiOmicas Laboratory of the Center for Biotechnology and Genetics at UESC for providing the
necessary resources, technical support, and infrastructure for this research.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Canton, H. Food and Agriculture Organization of the United Nations—FAO. In The Europa Directory of International Organizations

2021; Routledge: Abingdon, UK, 2021; ISBN 978-1-00-317990-0.
2. Shrivastava, P.; Kumar, R. Soil Salinity: A Serious Environmental Issue and Plant Growth Promoting Bacteria as One of the Tools

for Its Alleviation. Saudi J. Biol. Sci. 2015, 22, 123–131. [CrossRef]
3. Zörb, C.; Geilfus, C.-M.; Dietz, K.-J. Salinity and Crop Yield. Plant Biol. 2019, 21, 31–38. [CrossRef] [PubMed]
4. Alandia, G.; Rodriguez, J.P.; Jacobsen, S.-E.; Bazile, D.; Condori, B. Global Expansion of Quinoa and Challenges for the Andean

Region. Glob. Food Secur. 2020, 26, 100429. [CrossRef]
5. Causin, H.F.; Bordón, D.A.E.; Burrieza, H.P. Salinity Tolerance Mechanisms during Germination and Early Seedling Growth in

Chenopodium Quinoa Wild. Genotypes with Different Sensitivity to Saline Stress. Environ. Exp. Bot. 2020, 172, 103995. [CrossRef]
6. Mougiou, N.; Trikka, F.A.; Trantas, E.A.; Ververidis, F.; Makris, A.; Argiriou, A.; Vlachonasios, K.E. Expression of Hydroxytyrosol

and Oleuropein Biosynthetic Genes Are Correlated with Metabolite Accumulation during Fruit Development in Olive, Olea
europaea, Cv. Koroneiki. Plant Physiol. Biochem. 2018, 128, 41–49. [CrossRef]

7. Egamberdieva, D.; Wirth, S.; Alqarawi, A.A.; Abd_Allah, E.F.; Hashem, A. Phytohormones and Beneficial Microbes: Essential
Components for Plants to Balance Stress and Fitness. Front. Microbiol. 2017, 8, 2104. [CrossRef]

8. Hungria, M.; Campo, R.J.; Souza, E.M. Inoculation with Selected Strains of Azospirillum brasilense and A. lipoferum Improves
Yields of Maize and Wheat in Brazil. Plant Soil 2010, 331, 413–425. [CrossRef]

9. Khumairah, F.H.; Setiawati, M.R.; Fitriatin, B.N.; Simarmata, T.; Alfaraj, S.; Ansari, M.J.; El Enshasy, H.A.; Sayyed, R.Z.; Najafi,
S. Halotolerant Plant Growth-Promoting Rhizobacteria Isolated from Saline Soil Improve Nitrogen Fixation and Alleviate Salt
Stress in Rice Plants. Front. Microbiol. 2022, 13, 905210. [CrossRef]

10. Santos, A.P.; Belfiore, C.; Úrbez, C.; Ferrando, A.; Blázquez, M.A.; Farías, M.E. Extremophiles as Plant Probiotics to Promote
Germination and Alleviate Salt Stress in Soybean. J. Plant Growth Regul. 2023, 42, 946–959. [CrossRef]

11. Kerbab, S.; Silini, A.; Chenari Bouket, A.; Cherif-Silini, H.; Eshelli, M.; El Houda Rabhi, N.; Belbahri, L. Mitigation of NaCl
Stress in Wheat by Rhizosphere Engineering Using Salt Habitat Adapted PGPR Halotolerant Bacteria. Appl. Sci. 2021, 11, 1034.
[CrossRef]

12. Da Cunha, E.T.; Pedrolo, A.M.; Arisi, A.C.M. Thermal and Salt Stress Effects on the Survival of Plant Growth-promoting Bacteria
Azospirillum brasilense in Inoculants for Maize Cultivation. J. Sci. Food Agric. 2024, 104, 5360–5367. [CrossRef]

13. Omar, M.N.A.; Osman, M.E.H.; Kasim, W.A.; Abd El-Daim, I.A. Improvement of Salt Tolerance Mechanisms of Barley Cultivated
Under Salt Stress Using Azospirillum brasilense. In Salinity and Water Stress: Improving Crop Efficiency; Ashraf, M., Ozturk, M.,
Athar, H.R., Eds.; Springer: Dordrecht, The Netherlands, 2009; pp. 133–147, ISBN 978-1-4020-9065-3.

14. Reis, V.M.; dos Reis, F.B.D., Jr.; Quesada, D.M.; de Oliveira, O.C.A.; Alves, B.J.R.; Urquiaga, S.; Boddey, R.M. Biological Nitrogen
Fixation Associated with Tropical Pasture Grasses. Aust. J. Plant Physiol. 2001, 28, 837–844. [CrossRef]



Plants 2025, 14, 3829 16 of 18

15. Degon, Z.; Dixon, S.; Rahmatallah, Y.; Galloway, M.; Gulutzo, S.; Price, H.; Cook, J.; Glazko, G.; Mukherjee, A. Azospirillum
brasilense Improves Rice Growth under Salt Stress by Regulating the Expression of Key Genes Involved in Salt Stress Response,
Abscisic Acid Signaling, and Nutrient Transport, among Others. Front. Agron. 2023, 5, 1216503. [CrossRef] [PubMed]

16. Hernández-Canseco, J.; Bautista-Cruz, A.; Sánchez-Mendoza, S.; Aquino-Bolaños, T.; Sánchez-Medina, P.S. Plant Growth-
Promoting Halobacteria and Their Ability to Protect Crops from Abiotic Stress: An Eco-Friendly Alternative for Saline Soils.
Agronomy 2022, 12, 804. [CrossRef]

17. Baek, D.; Rokibuzzaman, M.; Khan, A.; Kim, M.C.; Park, H.J.; Yun, D.-J.; Chung, Y.R. Plant-Growth Promoting Bacillus Oryzicola
YC7007 Modulates Stress-Response Gene Expression and Provides Protection from Salt Stress. Front. Plant Sci. 2020, 10, 1646.
[CrossRef] [PubMed]

18. Liu, H.; Amoanimaa-Dede, H.; Zhang, Y.; Wu, X.; Deng, F.; Qin, Y.; Qiu, H.; Ouyang, Y.; Wang, Y.; Zeng, F. Bacillus amyloliquefaciens
Strain Q1 Inoculation Enhances Salt Tolerance of Barley Seedlings by Maintaining the Photosynthetic Capacity and Intracellular
Na+/K+ Homeostasis. Plant Growth Regul. 2025, 105, 111–128. [CrossRef]

19. Caires, E.F.; Bini, A.R.; Barão, L.F.C.; Haliski, A.; Duart, V.M. Seed Inoculation with Azospirillum brasilense and Nitrogen
Fertilization for No-till Cereal Production. Agron. J. 2020, 113, 560–576. [CrossRef]

20. Cunha, V.D.S.; Da Silva Brum, M.; Soares, A.B.; Deak, E.A.; Speth, L.A.L.; Martin, T.N. Promoting Black Oat and Ryegrass Growth
via Azospirillum brasilense Inoculation after Corn and Soybean Crop Rotation. Emir. J. Food Agric. 2024, 36, 1–8. [CrossRef]

21. Mattos, M.L.T.; Valgas, R.A.; Martins, J.F.d.S. Evaluation of the Agronomic Efficiency of Azospirillum brasilense Strains Ab-V5 and
Ab-V6 in Flood-Irrigated Rice. Agronomy 2022, 12, 3047. [CrossRef]

22. Terra, A.B.C.; de Rezende, A.V.; Florentino, L.A. Co-Inoculation with Azospirillum brasilense Promotes Growth in Forage Legumes.
Rev. Ceres 2023, 70, e70514. [CrossRef]

23. Brito, T.S.; Schons, D.C.; Ritter, G.; Netto, L.A.; Eberling, T.; Pan, R.; Guimarães, V.F. Growth Promotion by Azospirillum brasilense
in the Germination of Rice, Oat, Brachiaria and Quinoa. J. Exp. Agric. Int. 2018, 22, 1–9. [CrossRef]

24. Yang, A.; Akhtar, S.S.; Iqbal, S.; Amjad, M.W.; Amjad, M.; Naveed, M.; Zahir, Z.A.; Jacobsen, S.-E. Enhancing Salt Tolerance in
Quinoa by Halotolerant Bacterial Inoculation. Funct. Plant Biol. 2016, 43, 632–642. [CrossRef] [PubMed]

25. Aslam, M.U.; Raza, M.A.S.; Saleem, M.F.; Waqas, M.; Iqbal, R.; Ahmad, S.; Haider, I. Improving Strategic Growth Stage-Based
Drought Tolerance in Quinoa by Rhizobacterial Inoculation. Commun. Soil Sci. Plant Anal. 2020, 51, 853–868. [CrossRef]

26. De Andrade da Silva, M.S.R.; Tavares, O.C.H.; de Oliveira, I.S.R.; de Andrade da Silva, C.S.R.; de Andrade da Silva, C.S.R.; Vidal,
M.S.; da Conceição Jesus, E. Stimulatory Effects of Defective and Effective 3-Indoleacetic Acid-Producing Bacterial Strains on Rice
in an Advanced Stage of Its Vegetative Cycle. Braz. J. Microbiol. 2022, 53, 281–288. [CrossRef]

27. Neshat, M.; Abbasi, A.; Hosseinzadeh, A.; Sarikhani, M.R.; Chavan, D.D.; Rasoulnia, A. Plant Growth Promoting Bacteria (PGPR)
Induce Antioxidant Tolerance against Salinity Stress through Biochemical and Physiological Mechanisms. Physiol. Mol. Biol.
Plants 2022, 28, 347–361. [CrossRef]

28. Spaepen, S.; Dobbelaere, S.; Croonenborghs, A.; Vanderleyden, J. Effects of Azospirillum brasilense Indole-3-Acetic Acid Production
on Inoculated Wheat Plants. Plant Soil 2008, 312, 15–23. [CrossRef]

29. Zaheer, M.S.; Ali, H.H.; Iqbal, M.A.; Erinle, K.O.; Javed, T.; Iqbal, J.; Hashmi, M.I.U.; Mumtaz, M.Z.; Salama, E.A.A.; Kalaji, H.M.;
et al. Cytokinin Production by Azospirillum brasilense Contributes to Increase in Growth, Yield, Antioxidant, and Physiological
Systems of Wheat (Triticum aestivum L.). Front. Microbiol. 2022, 13, 886041. [CrossRef]

30. Hasanuzzaman, M.; Raihan, M.R.H.; Masud, A.A.C.; Rahman, K.; Nowroz, F.; Rahman, M.; Nahar, K.; Fujita, M. Regulation of
Reactive Oxygen Species and Antioxidant Defense in Plants under Salinity. Int. J. Mol. Sci. 2021, 22, 9326. [CrossRef]

31. Kesawat, M.S.; Satheesh, N.; Kherawat, B.S.; Kumar, A.; Kim, H.-U.; Chung, S.-M.; Kumar, M. Regulation of Reactive Oxygen
Species during Salt Stress in Plants and Their Crosstalk with Other Signaling Molecules—Current Perspectives and Future
Directions. Plants 2023, 12, 864. [CrossRef]

32. Zandi, P.; Schnug, E. Reactive Oxygen Species, Antioxidant Responses and Implications from a Microbial Modulation Perspective.
Biology 2022, 11, 155. [CrossRef]

33. Aleem, M.; Aleem, S.; Sharif, I.; Wu, Z.; Aleem, M.; Tahir, A.; Atif, R.M.; Cheema, H.M.N.; Shakeel, A.; Lei, S.; et al. Characteriza-
tion of SOD and GPX Gene Families in the Soybeans in Response to Drought and Salinity Stresses. Antioxidants 2022, 11, 460.
[CrossRef]

34. Ansari, W.A.; Shahid, M.; Shafi, Z.; Farah, M.A.; Zeyad, M.T.; Al-Anazi, K.M.; Ahamad, L. Multifaceted Rhizobacterial Co-
Inoculation Enhances Drought-Stress Tolerance in Tomato: Insights into Physiological, Biochemical, and Molecular Responses. J.
Basic Microbiol. 2025, 65, e70065. [CrossRef] [PubMed]

35. Nurbekova, Z.; Satkanov, M.; Beisekova, M.; Akbassova, A.; Ualiyeva, R.; Cui, J.; Chen, Y.; Wang, Z.; Zhangazin, S. Strategies for
Achieving High and Sustainable Plant Productivity in Saline Soil Conditions. Horticulturae 2024, 10, 878. [CrossRef]

36. Patel, M.; Islam, S.; Glick, B.R.; Vimal, S.R.; Bhor, S.A.; Bernardi, M.; Johora, F.T.; Patel, A.; de los Santos Villalobos, S. Elaborating
the Multifarious Role of PGPB for Sustainable Food Security under Changing Climate Conditions. Microbiol. Res. 2024, 289, 127895.
[CrossRef]



Plants 2025, 14, 3829 17 of 18

37. Huang, Y.; Zhou, J.; Li, Y.; Quan, R.; Wang, J.; Huang, R.; Qin, H. Salt Stress Promotes Abscisic Acid Accumulation to Affect Cell
Proliferation and Expansion of Primary Roots in Rice. Int. J. Mol. Sci. 2021, 22, 10892. [CrossRef]

38. Sah, S.K.; Reddy, K.R.; Li, J. Abscisic Acid and Abiotic Stress Tolerance in Crop Plants. Front. Plant Sci. 2016, 7, 571. [CrossRef]
39. Tarrand, J.J.; Krieg, N.R.; Döbereiner, J. A Taxonomic Study of the Spirillum lipoferum Group, with Descriptions of a New Genus,

Azospirillum Gen. Nov. and Two Species, Azospirillum lipoferum (Beijerinck) Comb. Nov. and Azospirillum brasilense sp. Nov. Can.
J. Microbiol. 1978, 24, 967–980. [CrossRef]

40. Galeano, R.M.S.; Campelo, A.P.D.S.; Mackert, A.; Brasil, M.D.S. Desenvolvimento Inicial e Quantificação de Proteínas do Milho
após Inoculação Com Novas Estirpes de Azospirillum brasilense. J. Neotrop. Agric. 2019, 6, 95–99. [CrossRef]

41. Gadagi, R.S.; Krishnaraj, P.U.; Kulkarni, J.H.; Sa, T. The Effect of Combined Azospirillum Inoculation and Nitrogen Fertilizer on
Plant Growth Promotion and Yield Response of the Blanket Flower Gaillardia pulchella. Sci. Hortic. 2004, 100, 323–332. [CrossRef]

42. De Oliveira-Longatti, S.M.; Marra, L.M.; Lima Soares, B.; Bomfeti, C.A.; da Silva, K.; Avelar Ferreira, P.A.; de Souza Moreira,
F.M. Bacteria Isolated from Soils of the Western Amazon and from Rehabilitated Bauxite-Mining Areas Have Potential as Plant
Growth Promoters. World J. Microbiol. Biotechnol. 2014, 30, 1239–1250. [CrossRef]

43. Natália dos Santos, N. Taxonomia e reclassificação de estirpes do gênero Azospirillum e Nitrospirillum pertencentes ao Centro de
Recursos Biológicos Johanna Döbereiner. Taxonomy and reclassification of strains of the genus Azospirillum and Nitrospirillum belonging
to the Johanna Döbereiner Center for Biological Resources. 2022, 102. Available online: https://rima.ufrrj.br/jspui/handle/20.500.144
07/20209 (accessed on 8 September 2025).

44. Dos Santos Ferreira, N.; Hayashi Sant’ Anna, F.; Massena Reis, V.; Ambrosini, A.; Gazolla Volpiano, C.; Rothballer, M.; Schwab,
S.; Baura, V.A.; Balsanelli, E.; de Pedrosa, F.O.; et al. Genome-Based Reclassification of Azospirillum brasilense Sp245 as the Type
Strain of Azospirillum baldaniorum Sp. Nov. Int. J. Syst. Evol. Microbiol. 2020, 70, 6203–6212. [CrossRef]

45. Casanovas, E.M.; Barassi, C.A.; Sueldo, R.J. Azospiriflum Inoculation Mitigates Water Stress Effects in Maize Seedlings. Cereal Res.
Commun. 2002, 30, 343–350. [CrossRef]

46. Macedo, A.R.; Simoes, W.L.; Salviano, A.M.; Fernandes Junior, P.I.; Barbosa, I.M. Microrganismos Promotores de Crescimento de
Plantas Como Mitigadores do Estresse Hídrico e de Nitrogênio em Sorgo Biomassa. 2024. Available online: http://www.alice.
cnptia.embrapa.br/alice/handle/doc/1176444 (accessed on 8 September 2025).

47. Martins, S.J.; Rocha, G.A.; de Melo, H.C.; de Castro Georg, R.; Ulhôa, C.J.; de Campos Dianese, É.; Oshiquiri, L.H.; da Cunha,
M.G.; da Rocha, M.R.; de Araújo, L.G.; et al. Plant-Associated Bacteria Mitigate Drought Stress in Soybean. Environ. Sci. Pollut.
Res. 2018, 25, 13676–13686. [CrossRef]

48. De Moura Sampaio, V.T. Análise da Composição Centesimal, do Valor Calórico Total da Quinua Real (Chenopodium Quinoa
Willd) e seu Perfil de Ácidos Graxos. Rev. Educ. Ung-Ser. 2014, 9, 66.

49. Barbieri, G.F.; Stefanello, R.; Menegaes, J.F.; Munareto, J.D.; Nunes, U.R. Seed Germination and Initial Growth of Quinoa Seedlings
Under Water and Salt Stress. J. Agric. Sci. 2019, 11, 153. [CrossRef]

50. Costa, P.S.; Ferraz, R.L.S.; Dantas-Neto, J.; Martins, V.D.; Viégas, P.R.A.; Meira, K.S.; Ndhlala, A.R.; de Azevedo, C.A.V.; de Melo,
A.S. Seed Priming with Light Quality and Cyperus rotundus L. Extract Modulate the Germination and Initial Growth of Moringa
Oleifera Lam. Seedlings. Braz. J. Biol. 2024, 84, e255836. [CrossRef] [PubMed]

51. Dias, G.F.; Alencar, R.S.d.; Viana, P.M.d.O.; Cavalcante, I.E.; Farias, E.S.D.d.; Bonou, S.I.; Sales, J.R.d.S.; Almeida, H.A.d.; Ferraz,
R.L.d.S.; Lacerda, C.F.d.; et al. Seed Priming with PEG 6000 and Silicic Acid Enhances Drought Tolerance in Cowpea by
Modulating Physiological Responses. Horticulturae 2025, 11, 438. [CrossRef]

52. ISTA. International Rules Seed Testing|Official ISTA Guidelines. Available online: https://www.seedtest.org/en/publications/
international-rules-seed-testing.html (accessed on 1 September 2025).

53. Ranal, M.A.; de Santana, D.G. How and Why to Measure the Germination Process. Braz. J. Bot. 2006, 29, 1–11. [CrossRef]
54. Lozano-Isla, F.; Benites-Alfaro, O.E.; Pompelli, M.F. GerminaR: An R Package for Germination Analysis with the Interactive Web

Application “GerminaQuant for R.”. Ecol. Res. 2019, 34, 339–346. [CrossRef]
55. Zhao, X.; Joo, J.C.; Kim, J.-Y. Evaluation of Heavy Metal Phytotoxicity to Helianthus annuus L. Using Seedling Vigor Index-Soil

Model. Chemosphere 2021, 275, 130026. [CrossRef]
56. Singh, S.P.; Sinha, R.P.; Häder, D.-P. Methods in Cyanobacterial Research; CRC Press: Boca Raton, FL, USA, 2024; ISBN 978-1-04-

002908-4.
57. Aebi, H. [13] Catalase in Vitro. In Methods in Enzymology; Oxygen Radicals in Biological Systems; Academic Press: Cambridge,

MA, USA, 1984; Volume 105, pp. 121–126.
58. Rekik, I.; Chaabane, Z.; Missaoui, A.; Bouket, A.C.; Luptakova, L. Effects of Untreated and Treated Wastewater at the Morphologi-

cal, Physiological and Biochemical Levels on Seed Germination and Development of Sorghum (Sorghum bicolor (L.) Moench),
Alfalfa (Medicago sativa L.) and Fescue (Festuca arundinacea Schreb.). J. Hazard. Mater. 2017, 326, 165–176. [CrossRef] [PubMed]

59. Ko, S.; Zhou, H.; Zhou, J.J.; Won, J.-H. High-Performance Statistical Computing in the Computing Environments of the 2020s.
Stat. Sci. Rev. J. Inst. Math. Stat. 2022, 37, 494–518. [CrossRef]



Plants 2025, 14, 3829 18 of 18

60. Bates, D.; Mächler, M.; Bolker, B.; Walker, S. Fitting Linear Mixed-Effects Models Using Lme4. J. Stat. Softw. 2015, 67, 1–48.
[CrossRef]

61. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2016.

62. Lozano-Isla, F.; Kistner, M.B.; QuipoLab; Inkaverse Inti. Tools and Statistical Procedures in Plant Science. 2025. Available online:
https://cran.r-project.org/web/packages/inti/index.html (accessed on 8 September 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


