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HIGHLIGHTS
e The best results with the HM053 strain were observed at the lowest nitrogen doses.

¢ Regardless of the inoculation method, strain HM053 improved the biometric parameters of
strawberry plants.

e Using strain HM053 can result in a 50% decrease nitrogen fertilizer usage.

Abstract: Strawberry is a small fruit with high commercial value and is globally appreciated for its
organoleptic and nutraceutical characteristics. However, its production necessitates substantial inputs of
nitrogen fertilizers, resulting in elevated production costs and environmental harm. Plant growth-promoting
bacteria have been gaining prominence in sustainable agriculture for their ability to stimulate plant growth
and partially replace nitrogen fertilizers. Among these microorganisms, the genus Azospirillum stands out as
one of the most promising; nevertheless, its utilization in growing small fruits has received less attention. This
study aimed to evaluate the impact of Azospirillum biofertilization on greenhouse-grown strawberry crops.
For this, two strains from this genus (A. brasilense Ab-V5 and HMO053), were individually evaluated in
association with four different nitrogen doses. Additionally, two different inoculation methods were employed:
soil inoculation and leaf aspersion. The research was conducted using a completely randomized design, with
one strawberry plant per pot and six repetitions per treatment. The results indicate that the Florida Festival
strawberry crop responded positively to inoculation with A. brasilense HM053 and Ab-V5. The best results
were observed for plants inoculated with HM053 associated with 50% nitrogen, which achieved results
comparable to treatments with a full dose of nitrogen and without inoculation and also showed a 2.74%
increase in shoot fresh weight compared to the control. This could indicate a 50% reduction in the use of
nitrogen fertilizer; reducing production costs by approximately 32 dollars per cultivated hectare, making A.
brasilense HM053 a promising biofertilizer for strawberry cultivation.
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INTRODUCTION

Strawberry (Fragaria x ananassa, Duch) is a small fruit with high commercial value, it is appreciated
worldwide for its organoleptic, nutraceutical, and antioxidant characteristics. Global strawberry production
was approximately 9.17 million tons on 389.6 thousand hectares in 2021 [1]. However, its production is
intensive and requires high amounts of nitrogen fertilizers at various stages of its biological cycle, increasing
the cost of production [2,3,4]. Adequate nitrogen supply to strawberry seedlings promotes vegetative
performance, increases essential biochemical substances, such as proteins, enzymes, nucleic acids, amino
acids, and chlorophyll, and leads to robust and healthy plants, satisfactory yields, and high-quality fruits [5].
Although chemical fertilizers are beneficial to increase crop yields, their intensive use causes severe impacts
on the environment, such as groundwater contamination, soil quality degradation and biodiversity reduction,
also affecting human health [6,3,2,7]. Thus, it becomes necessary to search for eco-friendly ways of
cultivation, which maintain high productivity while protecting the environment.

A key component of the ecosystem are the soil microbial communities, which are responsible for nutrient
cycling, regulation of soil fertility, and maintaining plant diversity [8]. Among the soil microbial communities,
there are bacteria capable of stimulating plant development, called plant growth-promoting bacteria (PGPB)
[9,10,11,12]. The PGPB stand out for their ability to promote plant growth, this can occur through biological
nitrogen fixation (BNF), a complex and essentially microbiological process, in which nitrogen (N.) is reduced
to ammonia (NHs) by the nitrogenase enzyme complex, production of phytohormones, mineral solubilization,
stimulation of root growth, competition for nutrients with pathogens, inducing defense mechanisms in the
host, and generating induced systemic resistance (ISR), among others [9,13,2,14,15,8,16].

The genus Azospirillum has emerged as one of the most promising PGPB. Currently, it is the most
studied and used genus due to its ability to colonize the roots of over a hundred different plant species, most
of them of agronomic interest, being able to increase productivity and to reduce the use of pesticides and
nitrogen fertilizers [17,18,19,20,21,22]. Since 2009, A. brasilense strains Ab-V5 (=CNPSo 2083) and Ab-V6
(=CNPSo0 2084) have been used to improve productivity in maize and wheat [22,23,24].

Azospirillum brasilense strain HMO053 is a spontaneous mutant in glutamine synthetase (GS) and
resistant to ethylenediamine (EDA) that is capable of excreting ammonia and fixing nitrogen constitutively,
even in the presence of high concentrations of NH4* [25,23,24]. This ability is related to low GS activity,
resulting in deficiency in NH4™ assimilation and the elimination of excess ammonia produced during nitrogen
fixation [26,25]. This A. brasilense strain showed promising results in wheat [24], maize [23] and barley crops
[27].

The efficiency of A. brasilense as a plant growth promoter has been proven in various crops, including
fruit trees, such as blackberry, apricot, cherry, and raspberry [28,29]. Considering the nutritional needs of
strawberries, including the high inputs of nitrogen during its biological cycle, and the ability of A. brasilense
to making nitrogen available to the plants and promote the growth, as well as the urgency to develop a
sustainable agriculture, it is expected that the use of A. brasilense, especially the HM053 strain, can mitigate
the nitrogen needs of strawberries, reducing production costs and improving plant development.

Therefore, the objective of this study was evaluate the effect of two Azospirillum brasilense strains, in
combination with four different doses of nitrogen in two forms of inoculation (in the soil or by leaf aspersion),
for the promotion of strawberries growth.

MATERIAL AND METHODS

Bacterial culture and plant material

The bacterial strains used, Azospirillum brasilense HM053 and Ab-V5 (=CNPSo 2083), are derived from
Azospirillum brasilense Sp7 (Sp7 ATCC 29145, SmR, Nal®) [25]. The strains were obtained respectively from
the Department of Biochemistry and Molecular Biology, Federal University of Parand (UFPR), Curitiba,
Parana, Brazil, and from the microbiological culture collection of Laboratory of Biology Molecular Microbial
(LABMOM), State University of Ponta Grossa (UEPG), Ponta Grossa, Parand, Brazil. The inoculants were
prepared at UEPG. In sum, pure cultures of A brasilense, strains HM053 or Ab-V5, were grown in 2 mL of
liguid NFB lactate medium [30], containing the appropriate antibiotics: nalidixic acid (10 pg ml?) and
streptomycin (80 pug ml?), and supplemented with 50 mM phosphate solution, 20 mM ammonium chloride
(NH4CI) and 100 pg ml? of biotin, under orbital agitation at 180 rpm for 48 hours at 28 + 2 °C to prepare the
pre-inoculum.
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Inoculants were prepared from 200 pl of each pre-inoculum and individually inoculated into 50 mL of
liquid NFB lactate medium, supplemented with 50 mM phosphate solution, 20 mM ammonium chloride
(NH4Cl) and 100 pg ml? of biotin, in Erlenmeyer flasks (250 mL). They were kept under agitation in an orbital
shaker at 180 rpm at 28 + 2 °C for 24 hours (Ab-V5) and 28 hours (HMO053). After incubation, the optical
density of the cultures was measured using a spectrophotometer at a wavelength of 600 nm. The final
bacterial concentration for the strawberries inoculation was about 10° CFU ml* (OD 600,, ~1.0). Inoculation
was performed either by leaf aspersion or on the soil, near the roots, according to the treatment.

Strawberry mother plants (Fragaria x ananassa, Duch), cultivate Florida Festival, were obtained from
Multiplanta Tecnologia Vegetal, Andradas, Minas Gerais state, Brazil. The strawberry seedlings were placed
in a cold chamber for 15 days for acclimatization and then transferred to a greenhouse at UEPG, Parana
state, Brazil (25°05'23.9"S 50°06'08.2"W), where they were transplanted into 3-liter plastic pots containing
0.0031 m®of Latosol soil class. The soil was collected at Capdo da Onca Farm School (FESCON, UEPG).
After collection, the soil was sieved and the liming requirements were determined using the base saturation
method in the Soil Fertility Laboratory, at UEPG (Table 1). Calcium carbonate and magnesium carbonate
were added as required. All pots were maintained in the greenhouse from October 2019 to September 2020,
and they were watered three times a week. Hoagland's nutrient solution without added nitrogen was used
monthly as a source of nutrients.

Table 1. Chemical properties of the soil collected at Cap&o da Ong¢a Farm School (FESCON, UEPG).

pH (H+A) Al Ca Mg K  CTCt p¥ C VS
CaCl, Cmole dm=....ciiieeeee, mgdm® gdm® %
4.4 10.07 1.68 0.3 0.2 0.05 10.63 8.2 4.5 5.27

ation exchange capacity pH 7.0; extracted wi ehlich-! solution; ase saturation.
1Cat h H 7.0; P extracted with Mehlich* sol §B

Experimental Design

The experiment was conducted in a completely randomized design, in a 3x4x2 factorial scheme, with
one strawberry plant per pot and six repetitions per treatment. The first factor was the inoculation of
biofertilizers, A. brasilense Ab-V5 or A. brasilense HM053, either inoculated individually or without inoculation.
The second factor consisted of the treatment with four different nitrogen concentrations [0%, 25% (92.5 mg),
50% (185 mg), and 100% (370 mg) of the recommendation for the crop in Brazil] [31]. The third factor was
the inoculation method, either in the soil, near the roots, or by leaf aspersion. The treatments are described
in Table 2.

Agricultural urea (CH4N20 - 46% N) diluted in water (1g of urea per 100 ml of ultrapure water) was
used as a nitrogen source. The application occurred in two stages, at 15 and 90 days after transplanting the
seedlings. The treatments without nitrogen were irrigated with the same amount of distilled water. The
strawberry seedlings were inoculated 30 days after transplanting with 1 ml (10° CFU ml?) of A. brasilense
Ab-V5 or A. brasilense HM053 using the culture medium in which they were grown. Inoculation was carried
out in the soil, in a small cavity close to the roots, or by foliar spraying. To prevent contact of the inoculant
with the soil, the soil around the plants was covered with plastic sheeting. The treatments without inoculation
were irrigated with the same amount of distilled water.

Table 2. Experimental treatments applied, strains, nitrogen concentration, and inoculation method.

Treatments Code Method

Treatment 1 ZNOS Without inoculant (W/1) + 0% nitrogen + soil inoculation
Treatment 2 ZNOF Without inoculant (W/1) + 0% nitrogen + leaf aspersion
Treatment 3 ZN1S Without inoculant (W/1) + 25% nitrogen + soil inoculation
Treatment 4 ZN1F Without inoculant (W/I) + 25% nitrogen + leaf aspersion
Treatment 5 ZN2S Without inoculant (W/I) + 50% nitrogen + soil inoculation
Treatment 6 ZN2F Without inoculant (W/I) + 50% nitrogen + leaf aspersion
Treatment 7 ZN3S Without inoculant (W/I) + 100% nitrogen + soil inoculation
Treatment 8 ZN3F Without inoculant (W/I) + 100% nitrogen + leaf aspersion
Treatment 9 HNOS Azospirillum brasilense HM053 + 0% nitrogen + soil inoculation
Treatment 10 HNOF Azospirillum brasilense HM053 + 0% nitrogen + leaf aspersion
Treatment 11 HN1S Azospirillum brasilense HM053 + 25% nitrogen + soil inoculation
Treatment 12 HN1F Azospirillum brasilense HM053 + 25% nitrogen + leaf aspersion
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Cont. Table 2

Treatment 13 HN2S Azospirillum brasilense HM053 + 50% nitrogen + soil inoculation
Treatment 14 HN2F Azospirillum brasilense HM053 + 50% nitrogen + leaf aspersion
Treatment 15 HN3S Azospirillum brasilense HM053 + 100% nitrogen + soil inoculation
Treatment 16 HN3F Azospirillum brasilense HM053 + 100% nitrogen + leaf aspersion
Treatment 17 ANOS Azospirillum brasilense Ab-V5 + 0% nitrogen + soil inoculation
Treatment 18 ANOF Azospirillum brasilense Ab-V5 + 0% nitrogen + leaf aspersion
Treatment 19 AN1S Azospirillum brasilense Ab-V5 + 25% nitrogen + soil inoculation
Treatment 20 AN1F Azospirillum brasilense Ab-V5 + 25% nitrogen + leaf aspersion
Treatment 21 AN2S Azospirillum brasilense Ab-V5 + 50% nitrogen + soil inoculation
Treatment 22 AN2F Azospirillum brasilense Ab-V5 + 50% nitrogen + leaf aspersion
Treatment 23 AN3S Azospirillum brasilense Ab-V5 + 100% nitrogen + soil inoculation
Treatment 24 AN3F Azospirillum brasilense Ab-V5 + 100% nitrogen + leaf aspersion

Biometric parameters

To increase plant vigor and improve growth, the first flowers were removed, and the stolons were pruned
three times a week. The shoot length of aerial part, root length, and leaf area (average of the three largest
leaves) were measured using a digital caliper and expressed in centimeters (cm). Shoot length and the
number of leaves per plant were measured monthly from October 2019 to March 2020, however, only the
data from the final measurement were considered. Total biomass was calculated as the sum of the dry weight
of shoots and roots. Dry weight measurements were obtained by drying the aerial parts and roots in an oven
at 60° C for 72 hours until a constant weight was reached [32,20]. The dry weight of each sample was then
measured using a precision digital scale, and the values were recorded and expressed in grams (g).

Statistical Analysis

Statistical analyses were performed using RStudio software (R Core Team) [33]. The results were
subjected to a one-way analysis of variance (ANOVA), and the normality and homogeneity of residuals were
assessed for all variables using the Shapiro-Wilk test (p > 0.05). Mean comparisons were performed using
Tukey’s test (p < 0.05) as a post hoc multiple comparison test, using the ExpDes.pt package [34].

RESULTS

Number of leaves and shoot length

The results show that inoculation of A. brasilense strains Ab-V5 and HM053 had a positive effect on the

shoot of strawberry plants. Furthermore, they indicate a significant interaction between the inoculated strains
and the different nitrogen doses (Figures 1A and 1B). No significant differences were observed regarding the
inoculation method (data not shown). Regardless of the inoculated strain, the full nitrogen dose resulted in
plants with a higher shoot. However, the HM053 + 50% N treatment (22.81 + 0.60 cm) showed a 12.86% and
8.37% increase in the shoot length of strawberries compared to the treatments without inoculation + 50% N
(19.92 £ 0.82 cm) and Ab-V5 + 50% N (21.74 + 0.69 cm), respectively, being equivalent to the treatment with
complete application of nitrogen and without inoculation. Similar results were observed for the plants fertilized
with 25% nitrogen, except that these were lower than those observed for the control with a full dose of
nitrogen. On the other hand, the treatment with HM053 without nitrogen (18.96 + 0.54 cm) led to an increase
of 24.9% compared to the control without inoculation (14.28 + 0.52 cm).
According to Figure 1B, the number of leaves was higher in treatments that received the full dose of nitrogen:
without inoculation + 100% N (16.84 + 0.89), HM053 + 100% N (16.75 + 1.64) and Ab-V5 +100% N (15.75 +
1.01). In comparison, HM053 + 50% N (15.91 + 1.03) and Ab-V5 + 50% N (15.17 + 1.06) demonstrated an
increase in leaf number of 11.65% and 6.46%, respectively, compared to the treatment without inoculation +
50% N (14.2 + 1.73), and also showed no significant difference when compared to the treatment without
inoculation and a full dose of nitrogen. Similar to what was observed for the shoot, the strain HM053 without
nitrogen addition (13.25 £ 1.53) was higher than the control without inoculation (10.5 £+ 1.6) and comparable
to the strain Ab-V5 without nitrogen addition (12.75 £ 1.47).
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Figure 1. Shoot length (A) and number of leaves (B) of strawberries inoculated with A. brasilense Ab-V5, A. brasilense
HMO053 or without inoculation (W/I), associated with different doses of nitrogen (0, 25% (185 mg), 50% (370 mg) and
100% (740 mg)).

The data illustrates the interaction between nitrogen doses and inoculated microorganisms. Means with the same
capital or lowercase letter do not differ statistically according to Tukey test at 5% significance. Lowercase letters indicate
differences in bacterial strains, while capital letters indicate differences in nitrogen concentrations for each bacterial
strain or treatment without inoculation.

Dry weight and fresh weight

Both the fresh weight and dry weight of the strawberries shoot exhibited high variability within treatments.
This can be evidenced by the high coefficients of variation observed, 52.08% for fresh weight and 51.07%
for dry weight, indicating a significant dispersion of the data about the average. Furthermore, standard
deviations were high across all treatments (Tables 3A and 3B). For example, some treatments, such as
strawberries inoculated in the soil with HM053 and associated with 50% nitrogen, plants sprayed with HM053
and associated with 100% nitrogen, and treatment control with a complete dose of nitrogen had fresh weights
of 5.7 and 39 g, 3 and 29.2 g, and 11.3 and 33.5 g, respectively. At the same time, the dry weight showed
variations of 10.26 and 1.94 g, 9.6 and 2.01 g and 9.15 and 3.7 g within the same treatments. Consequently,
the average of fresh weight and dry weight of the shoot did not differ in most treatments.

However, as shown in Tables 3A and 3B, there was a statistical difference in the method of inoculation
in the treatments with A. brasilense HM053 + 50% N and without inoculation + 100% N. For both treatments,
soil inoculation resulted in superior performance, with increases of 48.23% and 36.52% in fresh weight, and
42.52% and 38.28% in dry weight, respectively, in relation to inoculation by leaf aspersion. The treatment
inoculated in the soil with HM053 + 50% N (21.77 £ 10.3 g) was also superior to the other treatments, with a
59.26% increase in fresh weight compared to the treatment without inoculation and nitrogen (8.87 + 3.52 g),
and with a 2.74% increase compared to the control treatment without inoculation with a full dose of nitrogen
(21.19 £ 5.97 g).

Table 3. Fresh weight (A) and dry weight (B) of the strawberries inoculated with A. brasilense strains Ab-V5 or HM053 by leaf
aspersion or in the soil, and strawberries without inoculation (W/1), associated with four different nitrogen doses.

Shoot fresh weight (g)
Abose of N Leaf aspersion Soil inoculation
(%) HMO053 Ab-V5 Wi/ HMO053 Ab-V5 Wi/
0 10.99 * 3.67 7.84+£1.63 6.25+3.41B 8.47+217B 10.87 £ 2.74 8.87+£352B
25 13.12 +3.93 ab 9.37+7.17b 19.97+6.24aA 13.07 +£5.70 AB 11.55 +4.65 14.35 + 4.69 AB
50 11.27+5.0b 11.22 +3.44 11.17 +8.72 AB 21.77+10.3aAa 5.17+152b 11.37+754bB
100 11.12 £9.20 12.47 +5.82 13.45+2.71AB b 18.12 +8.48 A 12.47 +5.82 21.19+597Aa
(B) Shoot dry weight (g)
Dose of N Leaf aspersion Soil inoculation
(%) HMO053 Ab-V5 Wi/ HMO053 Ab-V5 Wi/
0 3.93+1.40 2.36 + 0.59 2.16 £0.99B 2.93+0.68B 3.30 £ 0.69 296+1.25B
25 4.10 £1.25 ab 3.21+222b 6.44+£269aA 4.36 +1.40 AB 3.64+1.52 4.40 +1.40 AB
50 3.69+1.49b 3.80+1.36 3.36 £2.19B 6.42+252aAa 2.34+0.53b 340+1.74bB
100 3.39+3.10 414 +1.82 3.95+0.80 ABb 5.58+2.26 A 4.70 £ 2.65 6.40+1.75Aa
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Interaction among nitrogen doses (columns), inoculated microorganisms (rows), and inoculation method (leaf
aspersion or in soil inoculation). Means are followed by their standard deviations. Means followed by the same capital
or lowercase letter do not differ statistically according to Tukey's test at 5% significance. Lowercase letters indicate
differences in bacterial strains, while capital letters indicate differences in nitrogen concentrations, and lowercase letters
in italics and bold indicate differences in the inoculation method.

Root length, fresh and dry weights

No significant differences were observed for fresh and dry weights of the roots. However, the results
presented in Table 4 show that there was a significant effect and interaction between the inoculated strains,
nitrogen doses, and inoculation method for root length. Strawberries inoculated with strain HM053 did not
differ from other treatments, however, the higher root length was observed in plants sprayed with HM053 +
25% N (34.08 + 2.84 cm).

The nitrogen concentration was significant only for plants inoculated in the soil with A. brasilense Ab-V5,
where the treatments associated with this strain and without nitrogen (33.91 + 1.78 cm) or with 25% nitrogen
(32.63 £ 2.88 cm) showed higher growth than the others. On the other hand, an increase of 32.50% in the
length of the roots of strawberries inoculated by foliar spraying with A. brasilense Ab-V5 + 50% N was
observed when compared to strawberries inoculated in soil with Ab-V5 + 50% nitrogen.

Table 4. Root length of strawberries inoculated by leaf aspersion or in the soil with A. brasilense Ab-V5, A. brasilense
HMO053 or without inoculation (W/1), associated with four different nitrogen concentrations.
Root length (cm)

Dose of N Leaf aspersion Soil inoculation
(%) HMO053 Ab-V5 Wil HMO053 Ab-V5 Wi
0 2947 +£254 26.13+3.09 23.67+340b 26.50+3.13 33.91+1.78A 33.33+5.15a
25 34.08+2.84 26.87+2.76 33.50 + 4.07 33.08 £ 4.03 32.63+2.88 A 33.50 + 8.59
50 26.29+352 29.14+543a 24.50+3.40 29.22+320a 19.67+1.3bBb 30+1.63a
100 27.21+3.06 28.14+3.37 30.08 + 5.97 33.75+2.95 28.13+ 3.37 AB 28.41+2.79

Interaction among nitrogen doses (columns), inoculated microorganisms (rows), and inoculation method (leaf aspersion or soil
inoculation). Means are followed by their standard deviations. Means followed by the same capital or lowercase letter do not differ
statistically according to Tukey's test at 5% significance. Lowercase letters indicate differences in bacterial strains, while capital letters
indicate differences in nitrogen concentrations. Lowercase letters in italics and bold indicate differences in inoculation method.

Total Biomass

Regarding the total biomass (Table 5), obtained by summing the dry weights of the root and shoot,
significant differences were observed between the inoculated strains only for the concentrations of 25% (leaf
aspersion) and 50% (soil inoculation) of nitrogen.

Among the plants inoculated by leaf aspersion and associated with 25% nitrogen (HN1F, AN1F, and
ZN1F), the treatment without inoculation had the highest biomass value (13.94 + 4.56 g), while the
strawberries inoculated with the Ab-V5 strain had the lowest value (6.24 + 4.07 g). For plants inoculated in
the soil and associated with 50% nitrogen (HN2S, AN2S, and ZN2S), strain HM053 (12.44 + 3.75 g) was
superior to strain Ab-V5 (5.54 + 3.19 g) and statistically equal to the treatment without inoculation (11.92 +
5.04 g).

The soil inoculation with HM053 + 50% of nitrogen (12.44 + 3.75 g) can also be considered statistically
equal to the control treatment with 100% nitrogen (11.77 + 4.10 g), showing a 35.21% increase over the
treatment without inoculation and no nitrogen (8.06 = 4.07 g).

Table 5. Total biomass of strawberries inoculated by leaf aspersion or in the soil with A. brasilense Ab-V5, A. brasilense
HMO053 or without inoculation (W/1), associated with four different nitrogen concentrations.
Total biomass (g)

Dose of N Leaf aspersion Soil inoculation
(%) HMO053 Ab-V5 Wil HMO053 Ab-V5 Wi
0 8.61+1.63 5.97 £ 2.49 455+1.56B 540+1.75B 6.67 + 0.89 8.06 + 4.07
25 8.86 £1.87 ab 6.24+£4.07b 13.94+45aA 9.13+1.85 AB 8.04 £ 3.08 10.39 £ 2.55
50 741 +£3.17Db 9.28 £ 3.53 8.46 £ 6.07 AB 1244 +3.7aAa 554+3.19b 11.92+5.04 a
100 7.32+5.25 9.69 +3.14 8.93+291 AB 11.56 + 4.43 AB 10.09 £4.18 11.77 £4.10

Interaction among nitrogen doses (columns), inoculated microorganisms (rows), and inoculation method (leaf aspersion or soil
inoculation). Means are followed by their standard deviations. Means followed by the same capital or lowercase letter do not differ
statistically according to Tukey's test at 5% significance. Lowercase letters indicate differences in bacterial strains, while capital letters
indicate differences in nitrogen concentrations. Lowercase letters in italics and bold indicate differences in inoculation method.
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Regardless of the inoculation method, the fresh and dry weights of the shoot and the total biomass
tended to decrease for the full doses of nitrogen (370 mg per pot) associated with A. brasilense HM053. For
example, the fresh weight of the treatment with HM053 + 100% of nitrogen inoculated in the soil (Table 3A)
was 16.76% lower than that of the treatment with HM053 + 50% of nitrogen inoculated in the soil. As for the
dry weight (Table 3B), the treatment sprinkled with HM053 + 100% of nitrogen was 8.13% lower than the
treatment sprinkled with HM053 + 50% of nitrogen. Furthermore, a 7.07% reduction in total biomass (Table
5) was observed for the treatment with HM053 + 100% of nitrogen inoculated in the soil compared to
treatment with HM053 + 50% of nitrogen in the same conditions.

DISCUSSION

In this study, two strains of A. brasilense (Ab-V5 and HM053) were evaluated as possible inoculants in
strawberry cultures. Both strains have been reported in the literature for their ability to promote plant growth
directly through Biological Nitrogen Fixation [23,24], phytohormone production [17,35], phosphate
solubilization [36], siderophore production [32,37], biotic and abiotic stress control [35,14], or indirectly by
inducing systemic resistance [15]. The results obtained in the present study are in agreement with those
demonstrated by several authors for crops such as wheat, corn, and strawberry [17,38,2,39,24,40,36].
Overall, the use of the A. brasilense Ab-V5 and HMO053 strains, associated with doses of 25% and 50%
nitrogen, resulted in an increase in shoot length, number of leaves, root length, and total biomass compared
to the other treatments, while being statistically equal to the treatment control without inoculation and full
dose of nitrogen.

The full dose of nitrogen, regardless of inoculation, resulted in higher average shoot length. Similarly,
Chandramohan Reddy and Goyal [38] obtained higher shoot length and number of leaves in strawberry plants
grown in a greenhouse and inoculated with Azospirillum or Azotobacter associated with high nitrogen doses.
However, de Andrade and coauthors [2], described higher shoot for cv. Aromas, grown in a greenhouse when
inoculated with Enterobacter cloacae CCMA 1285, Azospirillum brasilense Ab-V5 + Burkholderia cepacia-
CCMA 0056 and A. brasilense Ab-V5 + Burkholderia cepacia CCMA 0056 + Enterobacter cloacae CCMA
1285, with a 30%, 31% and 35% increase in shoot length, respectively, in relation to the control without
inoculation. Silva and coauthors [36], cultivating strawberries, cv. Aromas, in a greenhouse, observed higher
shoot growth after 15 days of inoculation associated with 30% of the recommended dose of nitrogen and
phosphorus.

Each PGPB has different mechanisms to promote plant growth [9,10] Similarly, each strawberry cultivar
responds differently to the use of biofertilizers [39,4]. Such characteristics, associated with the experiment's
design, such as the frequency of reinoculation, in the case of Silva and coauthors [36], and the use of nutrient
solutions, in the case of Andrade and coauthors [2], could explain the differences between their results and
ours.

In contrast, Morais and coauthors [4], found no significant differences in shoot length or number of leaves
after inoculating greenhouse-grown strawberry plants, though they noted a slight trend toward increased
shoot length in inoculated plants. Our results, however, showed that when the A. brasilense HM053 was used
in association with nitrogen doses of 0%, 25%, and 50%, both the number of leaves and shoots length were
higher compared to the Ab-V5 strain and the plants without inoculation that were associated with the same
nitrogen doses.

Regarding biomass, soil inoculation with HM053 + 50% nitrogen led to an increase of more than 30%
compared to treatment without inoculation (ZNO). Similar results were described by Elias and coauthors [20],
with a 51% increase in total biomass of strawberry plants inoculated with A. brasilense REC3 compared to
the control without inoculation. De Andrade and coauthors [2] reported that in the presence of 50% nitrogen
fertilizer, the association of PGPB Enterobacter cloacae CCMA 1285, A. brasilense Ab-v5 + Burkholderia
cepacia-CCMA 0056 resulted in a 60.61% increase in total biomass in strawberries. Meanwhile de Moura
and coauthors [39] reported a 279% increase in the biomass of plants inoculated with Brevibacillus fluminis
(MET12M2) when compared to non-inoculated strawberries.

Such results suggest that the inoculated microorganisms were able to mitigate part of the nitrogen
required by the Florida Festival cultivar. Well-nourished plants, with a good accumulation of nitrogen, usually
show greater vegetative growth and, consequently, higher levels of photosynthesis, increasing the total
biomass of the plant [38,2,20,41].

Root length was also significantly influenced by inoculation and nitrogen doses. One of the main
characteristics of A. brasilense, other than the BNF, is the synthesis of phytohormones, such as indoleacetic
acid (IAA) [10], and both Ab-V5 and HMO053 strains are able to synthesize IAA [17,42]. Auxins are responsible
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for root elongation and induction of lateral roots [2,36], increasing root surface area and allowing the plant to
explore new areas of soil in search of water and nutrients [17].

As previously described, plants inoculated in soil with the A. brasilense HM053 strain obtained higher
biometric parameters compared to those inoculated with A. brasilense Ab-V5. These findings are consistent
with numerous studies conducted with this strain on grasses. For example, Santos and coauthors [24]
reported improvement in plant size, as well as a 30% and 49% increase in root and shoot dry weights,
respectively, of wheat plants inoculated with HM053. In their investigation of the effects of the A. brasilense
strain HM053, Pedrosa and coauthors [23] demonstrated a significant increase in corn yield (460.5 a 1769.3
kg ha) of cultivars inoculated with the strain and associated with base fertilization (30 kg ha*N). Housh and
coauthors [42] reported that inoculation with HM053 improved iron assimilation and translocation in maize
plants.

Although our study is a pioneer in testing the ability of A. brasilense HM053 as a growth promoter in fruit
trees, especially in strawberry crops, its ability to fix nitrogen constitutively and excrete part of the fixed
ammonium to the plant [26], as well as its positive effect on grasses, allows us to suggest that A. brasilense
HMO053 acted as a growth promoter, improving the biometric attributes of Florida Festival cultivar
strawberries.

CONCLUSION

The benefits of inoculating A. brasilense HM053 on the biometric parameters of strawberry plants of the
Florida Festival cultivar suggest that this plant growth-promoting bacteria may be a promising biofertilizer for
strawberry cultivation. The effectiveness of this bacterium was noted when its application was associated
with 50% nitrogen, achieving results comparable to treatments with a full application of nitrogen and without
inoculation, and even presenting an increase of 2.74% in the shoot fresh weight about the treatment control.

The findings from inoculating A. brasilense HM053 suggest that this strain may be mitigating part of the
daily nitrogen required for strawberry cultivation. This could lead to a reduction of up to 50% in the use of
nitrogen fertilizers, potentially reducing production costs by approximately 32 dollars per cultivated hectare.
Moreover, it could contribute to more sustainable and eco-friendly agriculture.

While the method of inoculant application was not significant for most treatments, soil inoculation showed
advantages in some variables such as aerial part weights and total biomass. In contrast, inoculation by foliar
spraying resulted in greater root length.

However, further studies are required to evaluate the effects of this strain on strawberry crops in open
fields, ensuring its effectiveness and viability for large-scale production.
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