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Abstract

Context: The genus Azotobacter is used to stimulate the growth of economically important crops. Knowing
the potential of native strains will allow for better use of the bacteria as active ingredients in bioproducts for
Cuban agriculture.

Aim: To characterize three strains of Azotobacter isolated from Cuban agroecosystems as plant growth
promoters.

Methods: The Azotobacter strains INIFAT-12, INIFAT-20, and INIFAT-21, conserved in the INIFAT
Bacteria Collection, were characterized for their tolerance to abiotic stress conditions, nitrogen-fixing
potential, nutrient solubilization, production of lytic enzymes, action against pathogenic fungi, and the effect
of their application on beans, wheat, and tomatoes under controlled conditions.

Results: The growth of the three Azotobacter strains decreased under abiotic stress conditions, although a
positive result was always observed, suggesting the presence of some tolerance mechanism. All strains fixed
nitrogen and released protease and lipase enzymes; however, none of them solubilized nutrients or released
cellulase enzymes. Only the INIFAT-20 strain produced amylase enzymes. Antagonistic activity was similar
against Curvularia palense, while for Fusarium chlamydosporum, the INIFAT-20 strain stood out. The
application of bacteria had a positive effect on the growth of bean, wheat, and tomato seedlings.

Conclusions: Azotobacter strains residing in Cuban agroecosystems have a potential as plant growth
promoters, making this a promising genus for obtaining new agricultural bioproducts in Cuba.
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Internationally, numerous studies support the
effectiveness of species like A. chroococcum and A.

Introduction

Different microorganisms can be used to develop
agricultural bioproducts. Among them is the genus
Azotobacter, which stands out for its potential to fix
atmospheric nitrogen and produce phytohormones,
though there are strains that also solubilize
phosphates (Zavala et al., 2020). In recent years, its
scope of action has expanded, demonstrating
antagonistic effects against pathogens such as
Alternaria, Fusarium, Rhizoctonia, Macrophomina,
Curvularia, Helminthosporium, and Aspergillus
(Cesa-Luna et al., 2020). It also excels in
bioremediation and plant tolerance to abiotic stress
conditions (Sumbul et al., 2020).

vinelandii in stimulating the growth of green
vegetables, legumes, grass, pastures, and other crops
(Alcarraz et al., 2020; Pilatufia et al., 2021). This
research led to the development of several products,
with this genus as the active ingredient or part of it.

Despite these positive results, exploiting the growth-
promoting potential of new native strains can be a
tool to obtain more efficient and competitive products
that can be part of the agronomic management of
economically important crops. Therefore, this study
aimed to characterize three strains of Azotobacter
isolated from Cuban agroecosystems as plant growth
promoters. All strains demonstrated the presence of
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stimulation mechanisms, making them promising
materials for obtaining biofertilizers.

Materials and methods

Azotobacter strains used in the study: Three strains
of Azotobacter spp from the INIFAT Beneficial
Bacteria Collection (INIFAT-12, INIFAT-20, and
INIFAT-21) were used, preserved in 30% glycerol as
a cryoprotective agent (Table 1).

Table 1 Origin of Azotobacter strains used in the
study

Strain Origin
INIFAT-12 Red Ferrallitic Soil from Gliira de Melena
INIFAT-20 Red Ferrallitic Soil from Giiira de Melena
INIFAT-21 Rhizosphere of pepper (organoponic) (cv

Verano 1). Boyeros

Evaluation of tolerance to abiotic stress conditions:
The strains were characterized according to their
tolerance to drought, salinity, different pH values,
and temperature. Different concentrations of PEG
6000 (0, 5, and 10%) were used to simulate drought,
while three concentrations of NaCl (0, 5, and 10%)
were used for salinity. For the pH assay, the medium
was adjusted to 4.5, 6.8, and 8 before sterilization,
whereas for the temperature study, incubation was
performed at 28°C, 5°C, and 40°C. In all cases,
Nutrient Broth (BIOCEN) was used as the base
medium, inoculated with 1 mL of a pre-inoculum
obtained in the same medium through submerged
fermentation in a Labolan orbital shaker (24 h at 150
r.p.m and 28°C). Except for the temperature assay, all
others were conducted with test tubes containing 5
mL of inoculated medium placed under agitation
(150 r.p.m). Bacterial growth was measured by
absorbance at 600 nm in a UV-Visible
spectrophotometer (JENWAY 6850) at 24, 48, and
72 hours.

Evaluation of the presence of plant growth
stimulation mechanisms: The strains were evaluated
for their nitrogen-fixing  potential, nutrient
solubilization, production of Iytic enzymes, and
antagonistic activity against agricultural pathogens.
Biological nitrogen fixation (BNF) was qualitatively
determined by microbial growth in nitrogen-free
Asbhy medium (Pérez-Cordero et al., 2014). For
solubilization, microorganisms were inoculated on
solid NBRIP medium (Nautiyal et al., 1999) with
calcium, iron, and aluminum phosphates. A
potassium solubilization medium (Cruz Cardenas et
al., 2021) was also used. A positive response was
indicated by the formation of a halo around the
bacterial colony in every case.
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To determine the presence of amylase, protease, and
lipase enzymes, Nutrient Agar medium (BIOCEN)
with 1% soluble starch, 10% skim milk, and 1 mL of
Tween 80 were used respectively, whereas a specific
medium proposed for this determination (Cruz
Cardenas et al., 2021) with the addition of 10 g of
crystalline cellulose was used for detecting cellulase
and glucanase enzymes. The detection of amylase
and glucanase was performed according to the
methods described by Harrigan & McCance (1968)
and Bertini et al. (2016), respectively. In all cases, the
halo around the bacterial colonies was measured with
a caliper (0.05 mm error).

Antagonistic  activity of Azotobacter strains:
Antagonistic activity was determined by the Dual
Culture method (Vera Loor et al., 2020). Pathogenic
fungi Curvularia palense (3579) and Fusarium
chlamydosporum (2022) from the INIFAT Pure
Fungi Collection were used. Potato Dextrose Agar
(PDA) medium (BIOCEN) was inoculated with a 5
mm punch of the fungus at 4 cm from the edge of the
Petri dish. The bacterium was inoculated at the
opposite edge. The fungal mycelium diameter was
measured at 10 days, and the mycelial inhibition
percentage (IM) was calculated: IM=((Dt-
Di)/Dt)*100, where Dt is the mycelium diameter in
control plates, and Di is the mycelium diameter in
inoculated plates. Controls included plates with only
the pathogen inoculated.

Effect of microorganism application on green
vegetables and grains: The application effect was
evaluated in vitro (Ortiz et al., 2021). Seeds of bean
(Phaseolus vulgaris L.) cv F 248-1, wheat (Triticum
aestivum L) cv M-04, and tomato (Solanum
lycopersicum L.) cv T-60, all from the INIFAT
Germplasm Bank, were used. The experiment was
conducted in 150 mm Petri dishes lined with filter
paper before sterilization. Seeds were disinfected
with 4% hypochlorite for 10 minutes and distilled
water. Subsequently, they were soaked for 10 min in
a sterile distilled water cell suspension of each strain
at a concentration of 108 CFU mL”-1 (tube No. 4 on
the McFarland scale). For the control treatment, the
same protocol was followed, but only sterile distilled
water was used. Twenty seeds per plate (inoculated
and control) were used. The number of germinated
seeds was evaluated during the first three days after
inoculation. At six days, the seedlings were extracted
and measured for radicle and hypocotyl length with a
graduated ruler (cm) while stem diameter was
measured with a caliper gauge (0.05 mm error). Fresh
mass was also quantified with a semi-analytical
balance (Nahita, 0.01 g error). For beans and wheat,
dry mass (g) was added after maintaining the plants
in an oven (MLW) at 70°C.

Experimental design and statistical processing: All
experiments were conducted with a Completely
Randomized Design. Statistical processing first tested
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for normality and variance homogeneity with
Cochran C, Hartley, and Bartlett tests, followed by
Analysis of Variance. Means were compared with
Duncan's test (5% error probability).
STATGRAPHICS Plus version 5.0 was used.

Results and Discussion

Tolerance of strains to abiotic stress conditions:
Abiotic stress conditions affected the growth of
Azotobacter strains (Table 2). The lowest absorbance
values were reached for salinity and temperature
stress, indicating that these factors markedly affect
the growth of these microorganisms. Other studies
have shown significant temperature and pH values
for Azotobacter multiplication (Zavala et al., 2020),
highlighting the need to consider these elements in
working with this bacterial genus.

Remarkably, microorganisms multiplied under all
stress conditions, which was observed through
medium turbidity. This is important as it supports the
possibility of using these strains to stimulate plant
growth under stress conditions, where applying plant
growth-promoting bacteria has improved productive
outcomes for different plant species (Belefio-Carrillo
etal., 2022).

Table 2. Response to different abiotic stress
conditions of three Azotobacter strains isolated
from Cuban agroecosystems

Salinity (NaCl)

Strain 0% 5% 10% Esx
INIFAT-12 145a 1.14b 0.04c 0.0014
INIFAT-20 169a 1.39b 058¢c 0.0024
INIFAT-21 153a 057b 0.15¢c 0.0010

pH
4.5 6.8 8
INIFAT-12 1.72b 1.72b 176a 0.0030
INIFAT-20 1.74a  1.70b 1.66 ¢ 0.0033
INIFAT-21 1.84b 189a 1.83c 0.0009
Drought (PEG 6000)
0% 5% 10%
INIFAT-12 161a 0.76b 0.19c 0.0027
INIFAT-20 137a 1.03b 098c 0.0120
INIFAT-21 164a 131b 1.03c 0.0075
Temperature (°C)
5 28 40
INIFAT-12 0.23c 095a 062b 0.0042
INIFAT-20 0.31c 089a 065b 0.0021
INIFAT-21 0.26 ¢ 1.05a 041b 0.0043

Means with different letters for the same strain differ according to
ANOVA with Duncan's test at 5% probability of error. Data
corresponds to the measurement taken at 72 hours of incubation.

The growth of Azotobacter strains under abiotic
stress suggests that these microorganisms have some
tolerance mechanism. Various authors highlight the
genus's ability to form cysts, resistant structures that
allow them to survive freezing, salinity, drought, and
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UV radiation (Pavone, 2022; Sanchez-Yéanez et al.,
2022). Additionally, the bacteria's ability to form
biofilms and produce polysaccharides contributes to
their survival (Huaman-Castilla et al., 2021), acting
as a resistance barrier.

Presence of plant growth stimulation mechanisms
in the three Azotobacter strains: The three
Azotobacter strains grew in nitrogen-free Asbhy
medium, indicating their potential for fixation of
nitrogen from the atmosphere. However, none
solubilized phosphates or potassium (Table 3).

Table 3. Direct growth stimulation mechanisms
present in three Azotobacter strains isolated from
Cuban agroecosystems

BNF Nutrient Solubilization

Strain Ca Fe Al K
INIFAT-12 + - - - -
INIFAT-20 + - - - -
INIEAT-21 + - - - -

Note: BFN: presumptive biological nitrogen fixation. Ca: calcium
phosphate, Fe: iron phosphate, Al: aluminum phosphate, K:
potassium.

The genus Azotobacter is widely recognized for its
ability to fix atmospheric nitrogen, determined by
various methods, some more accurate than the one
presented here (Zavala et al., 2020). It is significant
to know qualitatively that the three studied strains
might have this metabolic attribute, enhancing their
potential as future active ingredients for biofertilizers.

Although other authors have achieved positive results
for phosphate solubilization with Azotobacter strains
(Zavala et al.,, 2020), this trait is not typically
associated with the genus. A strategy could involve
using these non-solubilizing strains in microbial
consortia with genera known for this function, such
as Bacillus, to leverage the positive attributes of both
microorganisms for a more efficient final product.

Regarding lytic enzyme production, the best results
were obtained for proteases and lipases, as no strain
released cellulases or glucanases, and only INIFAT-
20 produced amylase enzymes (Table 4).

Lytic enzymes play a significant role in the
biocontrol effect exerted by plant growth-promoting
bacteria due to their action on the cell walls of
pathogenic fungi (Blanco & Castro, 2021). Detecting
their presence in the Azotobacter strains under study
is intriguing, as it adds value by suggesting their
application could not only directly promote plant
growth but also indirectly counteract pathogen
attacks.
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Table 4. Production of lytic enzymes by three

Azotobacter strains isolated from Cuban
agroecosystems
Strain Ami Prot Lip Cel  Gluca
INIFAT-12 - 291a 3.0b - -
INIFAT-20 0.58 1.63b 3.3b - -
INIFAT-21 - 0.38¢c 4.25a - -
Esx 0.1666 0.1787

Note: Ami: amylases, Prot: proteases, Lip: lipases, Cel: cellulases,
Gluca: glucanases. Means with different letters for the same
pathogen differ according to ANOVA with Duncan's test at 5%
probability of error.

Regarding the antagonistic activity, interesting results
were also achieved. Although the mycelial inhibition
percentage was below 50%, the Azotobacter strains
demonstrated to negatively affect the growth of C.
palense and F. chlamydosporum (Fig. 1).

BINIFAT-12
mINIFAT-20
60 Esc:24306 WINIFAT-21
a

g 50 "

S 4 Esx: 4.5962 ns

£

2 30

-]

c

] |

S

2 10 &
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H]

Curvularia palense
Pathogen

Fusarium chlamydosporum

Fig.1. Antagonistic activity of three Azotobacter strains isolated
from Cuban agroecosystems against Curvularia palense and
Fusarium chlamydosporum.Means with different letters for the
same pathogen differ according to ANOVA with Duncan's test at
5% probability of error.

In this biocontrol effect, differences among the
strains were observed, with better results for INIFAT-
12 and INIFAT-20. On this topic, Pavone (2022)
highlighted the action of A. chroococcum against
Alternaria, Fusarium, Rhizoctonia, Macrophomina,
Curvularia, Helminthosporium, and Aspergillus,
related to the production of antimicrobial substances,
toxins, and plant growth hormones.

Overall, the three Azotobacter strains under study
exhibited growth-stimulating mechanisms, making
them promising candidates for developing new
products based on this bacterial genus. In Cuba, for
example, only one biofertilizer with Azotobacter as
the active ingredient is registered (Soil and Fertilizer
Office, 2021), so these findings are quite novel.
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Effect of the application of the three Azotobacter
strains: When applying the three Azotobacter strains
to bean, wheat, and tomato seeds, no differences were
observed in germination rates compared to the
control treatment without microorganisms. This was
attributed to the seeds' good quality and sanitary
condition, leading to 100% germination in all cases.

However, inoculating the microorganisms had a
positive effect on seedling growth, with the action
depending on the strain and crop. Fig. 2 shows that
for beans, the INIFAT-20 and INIFAT-21 strains
stood out, while for wheat, INIFAT-12 excelled, and
for tomatoes, both INIFAT-20 and INIFAT-12
showed the best results. The positive effect of the
strains could be linked to the characteristics
determined in this study and the production of
phytohormones, a well-studied growth-promotion
mechanism for Azotobacter, with many strains
showing relevant results (Zavala et al., 2020).

The plant-microorganism interaction is a complex
process mediated by various factors, involving both
the crop and the plant growth-promoting bacteria.
Plant root exudates, for example, regulate the
dynamics of rhizospheric microbial populations and
the attraction of the inoculated bacteria (Chavez-Diaz
et al., 2020). Additionally, the greater the growth-
promotion potential of the microorganism, the more
significant its effect on the crop may be. Therefore, it
is essential to study potential candidate strains for
bioproduct active ingredients, determining not only
their in vitro potential but also their direct effect on
plant species.

For Azotobacter, several references support its
application effect on various plant species. Examples
include vegetables like radish (Ibarra et al., 2021),
lettuce, and tomatoes (Pilatufia et al., 2021), and
grains such as corn (Sule et al., 2023) and cowpea
(Alcarraz et al., 2020), to name just a few examples.
In all cases, the microorganism stimulated growth
and yield indicators, and demonstrated its great
potential for use in agriculture.

In Cuba, relevant results have also been achieved in
various vegetables, grains, fruit trees, and ornamental
plants (Martinez & Dibut, 2012), demonstrating the
impact that Azotobacter-based products can have in
the country. However, the results obtained in this
study could be interesting for developing new
biofertilizers based on the bacterial genus, seeking
products with a broad spectrum of action and
multiple functions, based on one or more strains.
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Fig. 2. Effect of applying three Azotobacter strains isolated from Cuban agroecosystems on grains and vegetables under controlled
conditions. ns: not significant differences. Means with different letters for the same indicator differ according to ANOVA with Duncan's

test at 5% probability of error.

Conclusions

Azotobacter strains residing in Cuban
agroecosystems have potential as plant growth
promoters, making this a promising genus for
obtaining new agricultural bioproducts in Cuba.
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