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Abstract: In this study, the effectiveness of an inoculant containing a nitrogen (N)-fixing microorgan-
ism (Methylobacterium symbioticum) was evaluated on maize (Zea mays L.) grown both in the field
(silage maize) and in pots over two years (2021 and 2022). The field trial included the following
two treatments: with (Yes) and without (No) the inoculant. The pot experiment was designed as a
factorial arrangement with two factors: the application of the inoculant (Yes and No) and N applied
to the soil (0, 0.4, 0.8, and 1.6 g pot−1). In the field, total dry matter yield (DMY) did not differ
significantly between treatments, although the average DMY was higher in the inoculant treatment.
In pots, the total DMY varied significantly across all N rates but was only significantly affected by
the inoculant application in 2022. N fixation estimates in the field were 58.8 and 14.5 kg ha−1 for
2021 and 2022, respectively, representing 23.7% and 9.1% of the N recovered in the aboveground
plant parts. In pots, the estimated fixed N values were −49.2 and 199.2 mg pot−1 in 2021 and 2022,
respectively, which corresponded to −5.2% and 18.5% of the N found in the aboveground plant
parts. Considering the average values obtained across the four cultivation conditions, there was a
positive outcome for the treated plants. However, these values cannot be considered significant when
compared to nitrogen removal in maize crops. A commercial product should provide an unequivocal
and quantitatively relevant contribution to plant nutrition, which did not appear to be the case. Thus,
for this inoculant to provide reliable guarantees of positive outcomes for farmers and become a useful
tool in promoting more sustainable agriculture, further studies appear necessary. These studies
should aim to determine in which crops and under what cultivation conditions the application of the
inoculant is truly effective in enhancing N fixation and improving crop productivity.

Keywords: Zea mays; biological nitrogen fixation; plant biostimulant; microbial inoculant; beneficial
microorganisms

1. Introduction

Maize is one of the most important crops in the world, rivaling wheat and rice. In 2022,
the area under maize cultivation was ~203 M ha and grain production was ~1.16 billion
metric tons [1]. Although it has less importance as a food crop compared to wheat and rice,
maize is a more versatile multi-purpose crop, making it the second most widely grown crop
in the world after wheat, the latter grown on ~219 M ha [1]. In the developed economies,
maize grain is primarily used as a livestock feed crop with a varied role as an industrial
and energy crop, with emphasis on the production of bioethanol [2]. In addition, the maize
plant is also used as green forage and for silage. Maize cultivated for forage accounts for
an additional 16.8 M ha annually [3,4].
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Agricultural systems in which maize is grown in the world can be very diverse and
with very different levels of farming intensification. Maize grown in particularly high input
systems is prevalent in the Global North, where it can generate environmental externalities
including land degradation, water eutrophication, and greenhouse gas emissions into the
atmosphere [2]. In high-input agricultural systems, maize is one of the crops that receives
the highest rates of N fertilizers [5–7]. Excessive use of N in agricultural fields leads to the
loss of large amounts of nitrates to waterbodies, resulting in harmful algal blooms [8,9].
Irrigated crops are also responsible for the emission of N oxides into the atmosphere,
because the wetting and drying cycles create favorable conditions for nitrification which
is followed by denitrification [10,11]. When maize is integrated into livestock farming, it
receives high amounts of farmyard manure, which tend to increase environmental problems.
In addition to the loss of nitrates to watercourses and the emission of greenhouse gases into
the atmosphere, the use of organic amendments increases the potential loss of dissolved
organic carbon (C) [12,13] with an impact potentially harmful to aquatic ecosystems and
drinking water quality [14,15]. Furthermore, animal manure is rich in phosphorus (P),
especially that of non-ruminants which lack phytases [16,17]. The application of large
amounts of animal manure can reduce the P retention capacity of soils, increasing the
labile P fractions and exhausting P retention sites with nutrient loss to watercourses [18,19],
where it exacerbates the effect of N, increasing the risks of eutrophication, hypoxia, and
loss of species diversity [20].

Some crops can access high amounts of N from the atmosphere, thus needing to receive
smaller amounts of N fertilizers, which makes agricultural practices more sustainable, with
less energy consumption and less environmental impact. Nodulated legumes, for instance,
establish symbiotic relationships with N-fixing microorganisms, commonly known as
diazotrophs, accessing N that may be sufficient to meet their nutritional needs [21–23]. In
rice (Oryza sativa L.) fields, the development of the aquatic fern Azolla has been promoted,
since it establishes a symbiotic relationship with the N-fixing cyanobacterium Anabaena
azollae, the fern being cultivated as green manure before rice transplantation or as an
intercrop with rice [24,25], which can provide more than half of the N required for the
rice crop [21,23,24]. It has also been shown that the tissues of some plants are invaded
by endophytic microorganisms capable of fixing N. In the case of sugarcane (Saccharum
officinarum L.), these microorganisms can provide the crop with more than half of its N
needs [26,27]. Maize is often grown in intercropping or in rotation with legumes to reduce
N fertilizer needs [28–30]. However, it has been demonstrated that maize can directly access
atmospheric N by its own means. Some N-fixing microorganisms, such as Herbaspirillum
seropedicae, are considered true endophytic diazotrophs predominantly associated with
tropical grasses [31,32]. H. seropedicae can invade the roots, stems, and leaves of the host
plant, mainly the apoplastic compartments [32,33]. Alves et al. [34] applied the endophytic
diazotroph H. seropedicae strain ZAE94 to maize under field conditions. The authors
found that application of the H. seropedicae inoculant increased the amount of N in plants
owing to biological N fixation. However, the agronomic significance of bioinoculants
with H. seropedicae for N nutrition under field conditions remains a matter of debate and
improvement and is currently not comparable to the effects of rhizobia inoculation in
legumes [32,34].

Methylobacterium symbioticum is a diazotroph recently isolated from spores of Glomus
iranicum var. tenuihypharum [35]. The genus Methylobacterium is ubiquitous in nature, with
numerous species thriving in diverse habitats [36,37]. Recently, an inoculant containing M.
symbioticum (strain SB0023/3 T) appeared on the market for application in foliar spraying
with the promise of being effective in non-legume species. The microorganism lodges in
the phyllosphere where it has access to organic compounds, providing N to the plants
in return [35,38]. It is well known that certain species of the genus Methylobacterium can
live on the phyllosphere, utilizing methanol as a source of C and energy [39–41]. Plants
release substantial amounts of methanol through their stomata as a byproduct of pectin
metabolism during cell wall synthesis [42]. In this way, plants can support bacterial
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activity and enhance N fixation capacity. A previous study demonstrated that the presence
of the strain SB0023/3 T reduces the activity of nitrate reductase, which is evidence of
an increased presence of ammonium N, an intermediate compound in N fixation [38].
Additionally, the microorganism promotes the production of phytohormones that stimulate
plant growth, thereby increasing plant productivity [35]. Thus, given the high N rates
usually used in maize, some contribution of N via biological fixation would have enormous
ecological significance.

To better understand the ability of this microorganism to fix N, two experiments were
conducted, one in the field and the other in pots. In the field, only two treatments were
used, with and without application of the inoculant to maize fertilized with 70% of the
N recommended by the laboratory, as suggested by the manufacturer. In pots, a factorial
experiment was established with and without the application of inoculant and four rates of
mineral N (equivalent to 0, 40, 80, and 160 kg ha−1 of N). The hypothesis raised for the field
and pot experiments was whether the inoculant improves crop productivity and increases
the amount of N recovered by maize. Based on the pot experiment, a second hypothesis
was raised as to whether the nutritional status of the plants, created by different rates of N
fertilizer, affects the performance of M. symbioticum in its ability to fix N.

2. Materials and Methods
2.1. Experimental Conditions

This study involved a field trial and a pot experiment, both carried out in Bragança,
Northeastern Portugal, during two consecutive growing seasons, in 2021 and 2022. The
region benefits from a Mediterranean warm summer climate (Csb), according to the
Köppen–Geiger classification. The average annual temperature is 12.6 ◦C and the to-
tal annual precipitation is 772.7 mm [43]. The records of average air temperatures and
monthly precipitation for the experimental period are shown in Figure 1.

Plants 2024, 13, x FOR PEER REVIEW 3 of 16 
 

 

release substantial amounts of methanol through their stomata as a byproduct of pectin 
metabolism during cell wall synthesis [42]. In this way, plants can support bacterial activ-
ity and enhance N fixation capacity. A previous study demonstrated that the presence of 
the strain SB0023/3 T reduces the activity of nitrate reductase, which is evidence of an 
increased presence of ammonium N, an intermediate compound in N fixation [38]. Addi-
tionally, the microorganism promotes the production of phytohormones that stimulate 
plant growth, thereby increasing plant productivity [35]. Thus, given the high N rates 
usually used in maize, some contribution of N via biological fixation would have enor-
mous ecological significance. 

To better understand the ability of this microorganism to fix N, two experiments were 
conducted, one in the field and the other in pots. In the field, only two treatments were 
used, with and without application of the inoculant to maize fertilized with 70% of the N 
recommended by the laboratory, as suggested by the manufacturer. In pots, a factorial 
experiment was established with and without the application of inoculant and four rates 
of mineral N (equivalent to 0, 40, 80, and 160 kg ha–1 of N). The hypothesis raised for the 
field and pot experiments was whether the inoculant improves crop productivity and in-
creases the amount of N recovered by maize. Based on the pot experiment, a second hy-
pothesis was raised as to whether the nutritional status of the plants, created by different 
rates of N fertilizer, affects the performance of M. symbioticum in its ability to fix N. 

2. Materials and Methods 
2.1. Experimental Conditions 

This study involved a field trial and a pot experiment, both carried out in Bragança, 
Northeastern Portugal, during two consecutive growing seasons, in 2021 and 2022. The 
region benefits from a Mediterranean warm summer climate (Csb), according to the Kö-
ppen–Geiger classification. The average annual temperature is 12.6 °C and the total annual 
precipitation is 772.7 mm [43]. The records of average air temperatures and monthly pre-
cipitation for the experimental period are shown in Figure 1. 

 
Figure 1. Monthly average temperature and accumulated precipitation of the climatological normal 
and recorded during the experimental period at the meteorological station of Quinta de Santa Apo-
lónia, Bragança. 

The field trial was carried out on a plot subjected to an eight-year crop rotation, where 
four years of forage-maize are followed by four years of temporary pasture. The experi-
ment took place in the third and fourth years of the maize phase. The soil is a eutric Flu-
visol [44], developed in a fluvial deposit, with a sandy loam texture. In the year of instal-
lation of the experiment, the soil of the plot presented the properties shown in Table 1, 
determined from composite samples taken at a depth of 0–0.20 m. In the pot experiment, 

Figure 1. Monthly average temperature and accumulated precipitation of the climatological normal
and recorded during the experimental period at the meteorological station of Quinta de Santa
Apolónia, Bragança.

The field trial was carried out on a plot subjected to an eight-year crop rotation, where
four years of forage-maize are followed by four years of temporary pasture. The experiment
took place in the third and fourth years of the maize phase. The soil is a eutric Fluvisol [44],
developed in a fluvial deposit, with a sandy loam texture. In the year of installation of
the experiment, the soil of the plot presented the properties shown in Table 1, determined
from composite samples taken at a depth of 0–0.20 m. In the pot experiment, soil from the
0–0.20 m layer was used, taken from a plot that had remained uncultivated the previous
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year. The soil is a Regosol of colluvial origin [44], with a sandy clay loam texture. Other
properties of the soils used in this study are shown in Table 1.

Table 1. Selected soil properties (average ± standard deviation, n = 3) determined from composite
soil samples taken at 0–0.20 m depth at the beginning of the experiments.

Soil Properties Field Trial Pot Experiment
1 Organic carbon (g kg−1) 14.1 ± 0.61 9.1 ± 1.26

2 pH (H2O) 5.9 ± 0.31 6.5 ± 0.20
3 Extract. phosphorus (mg kg−1, P2O5) 44.0 ± 8.96 67.2 ± 13.78

3 Extract. potassium (mg kg−1, K2O) 103.7 ± 11.48 81.2 ± 7.71
4 Exchang. calcium (cmolc kg−1) 13.7 ± 0.92 9.8 ± 1.21

4 Exchang. magnesium (cmolc kg−1) 4.9 ± 0.44 3.5 ± 0.16
4 Exchang. potassium (cmolc kg−1) 1.1 ± 0.16 0.3 ± 0.03

4 Exchang. sodium (cmolc kg−1) 1.5 ± 0.12 0.4 ± 0.04
5 Exchang. acidity (cmolc kg−1) 0.1 ± 0.00 0.1 ± 0.02

6 CEC (cmolc kg−1) 21.3 ± 1.08 14.1 ± 1.34
7 Sand 562.1 ± 28.55 544.1 ± 24.25

7 Silt 245.3 ± 22.89 206.9 ± 20.88
7 Clay 192.7 ± 50.77 249.0 ± 43.31

8 Texture Sandy loam Sandy clay loam
1 Wet digestion (Walkley–Black); 2 potentiometry; 3 ammonium lactate; 4 ammonium acetate; 5 potassium chloride;
6 cation exchange capacity; 7 Robinson pipette method; 8 USDA (The United States Department of Agriculture).

2.2. Experimental Designs

The field trial was carried out with only two treatments, with and without application
of the inoculant containing M. symbioticum. The experimental plot received 70% of the
amount of N estimated as necessary for the maize crop, as recommended by the manufac-
turer of the commercial inoculant. Three replicates of each treatment were included in the
experiment and the treated plots were kept more than 50 m away from the untreated plots
to avoid contamination with the microorganism. The pot experiment was a factorial design
of two treatments with inoculant, with and without, and four N rates, corresponding to the
application of 0, 0.4, 0.8, and 1.6 g pot−1, and four replicates per treatment. N rates aimed
to provide each plant with the equivalent of 0, 40, 80, and 160 kg ha−1 of N, considering a
planting density of 100,000 plants ha−1.

2.3. Preparation and Management of Field and Pot Experiments

In the field experiment, maize (hybrid DKC 6181, stay-green line, mid-season FAO
500) was sown on May 13 and 16, 2021 and 2022, respectively. Before sowing, the seedbed
was prepared by plowing the soil to a depth of 0.25 m, followed by chiseling to level
the ground. Subsequently, the plots were marked to receive pre-sowing fertilization. A
compound NPK fertilizer (10:10:10; N:P2O5:K2O) was applied at a rate of 700 kg ha−1 of
fertilizer (70, 70, and 70 kg ha−1 of N, P2O5 and K2O, respectively), which represents 70%
of half the full rate of N recommended by the laboratory (200 kg ha−1 of N), following
the manufacturer’s instructions for the best use of the commercial product Blue N. The
fertilizer was then incorporated with a last pass of cultivator, which also finalized the
preparation of the seedbed. Sowing was carried out with a precision seeder, which spaced
the seeds at 0.70 m between rows and 0.14 m between rows (100,000 plants ha−1). Plots
with and without inoculant were placed more than 50 m apart to eliminate the risk of
bacterial contamination from the treated plots. At the phenological stage 14, four unfolded
leaves [45], a herbicide treatment was carried out. The herbicide that was used contained
isoxadifen-ethyl (22 g L−1) and tembotrione (44 g L−1) as active ingredients and was
applied at a concentration of 0.5 L hL−1 (2 L ha−1).

The other half N rate (70 kg ha−1 of N, as ammonium nitrate, 20.5% N) was applied as
a side-dressing when the plants were at phenological stage 16/17, six to seven unfolded
leaves [45]. This application coincided with the application of the inoculant in the cor-
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responding plots. The inoculant was applied at the concentration recommended by the
manufacturer (333 g ha−1, diluted in 100 L of water) and applied with a knapsack sprayer,
wetting the adaxial and abaxial sides of the leaves. Maize was sprinkled irrigated with
a center pivot whenever the summer rains were not enough to keep the plant hydrated.
According to estimates by the farmers’ association that supplies the water, approximately
3000 m3 ha−1 of water was used each year. No other farming operations were carried out
during the growing season.

The pots (0.36 m in height and 0.17 m in average diameter) were filled with 10 kg of
dried and sieved soil. In the initial phase, the fertilizers used in pre-planting were homoge-
neously mixed with the soil and then placed in the pots. As a pre-planting N fertilizer, half
of the N rates mentioned in the experimental design were applied as ammonium nitrate
(20.5% N). P was also applied, at a rate of 0.8 g (P2O5) pot−1 (as superphosphate, 18%
P2O5) and potassium (K) at a rate of 0.8 g (K2O) pot−1 (as potassium chloride, 60% K2O).
Many other macro- and micronutrients were applied using a fertilizer containing 10% MgO,
0.3% boron (B), 18.5% SO3, 0.3% copper (Cu), 2% iron (Fe), 1% manganese (Mn), 0.02%
molybdenum (Mo), and 1.6% zinc (Zn) at the rate of 0.16 g pot−1 year−1. Sowings were
carried out on May 24 and 27, 2021 and 2022, respectively. The hybrid DKC 6181 was also
used in the pot experiment. Three seeds were placed in each pot. After germination, excess
seedlings were removed, leaving only one plant per pot. In the following weeks, all the
weeds that were germinating in the pots were promptly pulled out. In the phenological
stage 16/17 [45], the pots corresponding to the inoculant treatment received the commercial
product as a foliar spray at the dosage and concentration referred to the field, with each
plant receiving the fraction corresponding to each of the 100,000 plants of a hectare. The
application was carried out with a sprayer suitable for treating indoor plants, adequately
wetting the adaxial and abaxial sides of the leaves. On that date, N was also applied as
side-dressing, at an equivalent rate to that applied in pre-planting.

Pots were watered throughout the growing season as needed. Considering the vari-
ation in environmental variables during the growing season, the phenological state of
the plants, and the differences in plant size induced by the fertilizer treatments, the pots
received different amounts of water, but care was taken not to over-water or that the plants
went through periods of drought stress. After sowing, the pots that received the inoculant
were placed 50 m away from the pots that did not receive the inoculant. All pots were
surrounded by a wooden plank structure to prevent solar radiation from falling directly on
the sides of the pots and excessively increasing the temperature in the rooting zone. No
further cropping practices were needed throughout the growing season until harvest.

2.4. Measurements During the Growing Season

Leaf greenness, an index of plant N nutritional status, was determined in the field and
pot experiments using the portable Soil and Plant Analysis Development (SPAD)-502 Plus
chlorophyll meter (Spectrum Technologies, Inc., Osaka, Japan). In the field, thirty readings
for each measurement were taken from the middle of the blade of the youngest fully
expanded leaves. In the pot experiment, five readings for each plant were taken also from
the youngest fully expanded leaves.

2.5. Sample Collection and Preparation for Laboratory Analysis

At the beginning of the field trial, three composite soil samples (10 cores per sample)
were taken from the 0–0.20 m layer to characterize the experimental plot. For the pot
experiment, the soil was initially also taken in the 0–0.20 m layer in sufficient quantity for
all pots. Then, three samples were taken for laboratory analysis by a random process. All
soil samples were dried in an oven at 40 ◦C and sieved (2 mm mesh) before being submitted
for laboratory analysis.

In the field experiment, the final harvests were carried out on September 12 and 19,
2021 and 2022, respectively, at phenological stage ~73 (early milk) [45]. For each plot,
10 plants were taken from two central rows of the plots. After cutting the plants close to the
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ground, the samples were immediately weighed fresh and chopped into thin sections. Then,
random subsamples of approx. 1 kg of fresh matter were taken and placed in hermetically
sealed plastic bags. In the laboratory, the subsamples were weighed fresh, oven-dried at
70 ◦C until constant weight, and weighed to determine the percentage of dry matter, data
that allowed estimating the DMY in the plot and in the hectare. Thereafter, the samples
were ground (1 mm mesh) and sent for elemental chemical analysis.

The plants in the potted experiment were harvested on 7 and 12 September, 2021 and
2022, respectively, at the phenological stage 87 (physiological maturity) [45]. Individual
plants were oven-dried at 70 ◦C to constant mass and ground (1 mm mesh) before being
sent for elemental analysis.

2.6. Soil and Plant Analysis

Soil samples were analyzed for their content on clay, silt, and sand by the Robinson
pipette method. After that, they were also analyzed for pH (H2O and KCl) (soil: solution,
1:2.5), cation-exchange capacity (ammonium acetate, pH of 7.0), organic C (wet digestion,
Walkley–Black method) and extractable P and K (Egner–Riehm method, ammonium lactate
extract). These analytical procedures are fully described in Van Reeuwijk [46].

The N concentration in plant tissues was quantified using the Kjeldahl method.
This procedure involves mineralizing the tissue sample with sulfuric acid (H2SO4) and a
selenium-based catalyst. Following mineralization, the sample undergoes distillation with
sodium hydroxide (NaOH), which converts the N into ammonia (NH3). The amount of
ammonia is then determined by titration, which measures the NH3 carried in the steam
stream [47].

2.7. Data Analysis

Data were tested for normality and variances homogeneity using the Shapiro–Wilk
and Bartlett’s tests, respectively. The results of the field experiment were compared using a
Student’s t-test to compare two means. A two-way ANOVA examined the results of the
pot experiment. When the means of the N treatments displayed significant differences
(p < 0.05), they were separated by Tukey HSD test (α = 0.05)

Apparent N fixation (ANF) was used as an index of the effectiveness of N fixation
by the microorganism in both the field and pot experiments. ANF was determined by the
difference between N recovered by plants that were and were not treated with the N-fixing
microorganism separately for each rate of N applied to the soil: ANF = N recovered in
inoculated plants—N recovered in untreated plants.

3. Results
3.1. Maize Growth Performance

In the field experiment, no significant differences were observed between treatments
in DMY, either in 2021 or 2022 (Figure 2). However, in 2021, the average yield of the plots
that received the inoculant (24.2 t ha−1) was higher compared to those that did not receive
it (20.2 t ha−1). In 2022, the average yields were closer, with 15.6 t ha−1 and 14.1 t ha−1 for
the plots that received and did not receive the inoculant, respectively.

The results from the pot experiment did not reveal significant differences in maize
straw, grain, and total DMY due to the application of the inoculant (Figure 3). The average
values for straw and grain were 120.4 and 57.6 g pot−1, and 116.8 and 55.6 g pot−1 for
the treatments without and with inoculant, respectively. The application of mineral N,
in turn, resulted in highly significant differences between treatments in straw, grain, and
total DMY. The total DMY varied significantly across the different levels of applied N,
with average values of 95.4, 163.7, 196.1, and 250.6 g pot−1 for the N0, N40, N80, and
N160 treatments, respectively.
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Figure 3. Dry matter yield (DMY) of maize straw, grain, and total in 2021 from the factorial experiment
involving inoculant application [No and Yes (333 g ha−1)] × nitrogen rate [0 (N0), 40 (N40), 80 (N80),
and 160 (N160) kg ha−1]. Pino, Pnr, and Pint represent the probability associated with inoculant,
nitrogen rate, and their interaction, respectively. For each experimental factor, means followed by the
same letter within (lowercase) and above (uppercase) the columns are not significantly different by
the Tukey HSD test (α = 0.05). The error bars represent the standard errors.

In the 2022 pot experiment, significant differences were observed in maize straw, grain,
and total DMY due to the application of the inoculant (Figure 4). The total DMY averaged
170.2 and 189.0 g pot−1 for the treatments without and with inoculant, respectively. The
results for mineral N application followed a pattern very similar to that of 2021, with
significant differences observed across each N dose. The average total DMY values were
91.8, 154.5, 210.3, and 261.7 g pot−1 for the N0, N40, N80, and N160 treatments, respectively.
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Figure 4. Dry matter yield (DMY) of maize straw, grain, and total in 2022 from the factorial experiment
involving inoculant application [No and Yes (333 g ha−1)] × nitrogen rate [0 (N0), 40 (N40), 80 (N80),
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3.2. Plant N Nutritional Status, N Recovery and Apparent N Fixation

SPAD readings did not exhibit significant differences between treatments for the
inoculant factor (Figure 5), even in 2022 when differences in DMY were observed (Figure 4).
The average values ranged between 34.2 and 35.5. Conversely, the application of mineral
N to the soil had a pronounced effect on the greenness of the leaves, with significant
differences in SPAD values across treatments in both years of this study. In 2021, the
average SPAD values ranged from 23.0 in the N0 treatment to 45.5 in the N160 treatment.
Similarly, in 2022, these values varied from 22.8 to 46.6 in the same respective treatments.
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Figure 5. SPAD readings in maize leaves from the factorial experiment involving inoculant application
[No and Yes (333 g ha−1)] × nitrogen rate [0 (N0), 40 (N40), 80 (N80), and 160 (N160) kg ha−1]. Pino,
Pnr, and Pint represent the probability associated with inoculant, nitrogen rate, and their interaction,
respectively. For each experimental factor and year, means followed by the same letter are not
significantly different by the Tukey HSD test (α = 0.05). The error bars represent the standard errors.
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The N concentration in the whole plant at harvest in the field trial did not vary
significantly with the application of the inoculant in either 2021 or 2022 (Table 2). The
average values ranged between 9.4 and 10.3 g kg−1. The N recovered in the aboveground
biomass, which is the product of N concentration and DMY, also did not differ significantly
between treatments, although the average values were higher in the inoculant-treated plots.
Consequently, the average ANF values were positive, at 58.7 and 14.5 kg ha−1, for the
inoculant treatment in 2021 and 2022, respectively, and this represents 23.7% and 9.1% of
the N recovered by maize.

Table 2. Plant nitrogen concentration (PNC), N recovery, and apparent N fixation (ANF) in the field
experiments of 2021 and 2022 for the treatments without (No) and with (Yes, 333 g ha−1) inoculant.

PNC (g kg−1) N Recovery (kg ha−1) ANF (kg ha−1)
2021 2022 2021 2022 2021 2022

No 9.4 a 10.3 a 188.8 a 144.6 a
Yes 10.2 a 10.1 a 247.5 a 159.1 a 58.7 14.5

Prob. 0.0503 0.7226 0.3008 0.6385
In columns, means followed by the same letter are not significantly different by the Student’s t-test. ANF = N
recovery in inoculated plants − N recovery in untreated plants.

The N concentration in the straw did not vary significantly with inoculant application
in 2021 but was significantly lower in the inoculant-treated plots compared to the non-
treated plots in 2022 (Table 3). The effect of soil N application on straw N concentration was
generally higher in the N0 treatment and subsequently in the N160 treatment. It is worth
noting that some plants in the N0 treatment did not produce grain, which hindered the
remobilization of N from the straw. The N concentration in the grain decreased significantly
with inoculant application in 2021 and increased in 2022, with a significant interaction
observed with soil N application. The N application to the soil tended to be higher in the
N0 treatment, where grain was produced in some plants and subsequently increased with
the application of the highest N rate.

Table 3. Straw nitrogen concentration (SNC), grain N concentration (GNC), N recovery in the whole
plant (grain + straw), and apparent N fixation (ANF) in 2021 and 2022 from a factorial experiment
involving inoculant application [No and Yes (333 g ha−1)] × nitrogen rate [0 (N0), 40 (N40), 80 (N80),
and 160 (N160) kg ha−1]. Pino, Pnr, and Pint represent the probability associated with inoculant,
nitrogen rate, and their interaction, respectively.

SNC (g kg−1) GNC (g kg−1) N Recovery (mg pot−1) ANF (mg pot−1)
2021 2022 2021 2022 2021 2022 2021 2022

Inoculant
No 4.2 a 3.2 a 9.7 a 10.0 b 1002.4 a 880.4 b
Yes 4.1 a 3.0 b 8.4 b 12.0 a 953.1 a 1079.6 a −49.2 199.2

Nitrogen rate
N0 4.4 a 4.1 a 13.6 a ---- 475.6 d 369.9 d −0.8 24.8
N40 3.9 b 2.8 bc 8.3 bc 10.7 b 859.7 c 685.3 c −88.2 −14.3
N80 3.6 c 2.5 c 7.7 c 9.7 c 1021.2 b 1074.1 b −13.6 185.0

N120 4.6 a 2.9 b 8.9 b 12.4 a 1565.3 a 1790.8 a −94.2 601.3

Pino 0.0811 0.0031 <0.0001 <0.0001 0.1968 0.0003
Pnr <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Pint <0.0001 0.0221 <0.0001 0.0001 0.6446 0.0004

In columns, means followed by the same letter are not significantly different by the Tukey HSD test (α = 0.05).
ANF = N recovery in inoculated plants − N recovery in untreated plants.

N recovery in the whole plant (grain + straw) did not vary significantly with inoculant
application in 2021 but increased in 2022 compared to the non-treated control (Table 3).
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Soil N application had a marked effect on the amount of N recovered in the whole plant,
with significant differences observed between N levels in both years. These N recovery
results allowed for the estimation of average apparent N fixation values of −49.2 mg pot−1

in 2021 and 199.2 mg pot−1 in 2022, which represents −5.2% and 18.5% of the N recovered
by maize, respectively. These quantities, distributed across the different soil N treatments,
resulted in negative apparent N fixation values of −0.8, −88.2, −13.6, and −94.2 mg pot−1

in 2021, and overall positive values of 24.8, −14.3, 185.0, and 601.3 mg pot−1 in 2022, for
the N0, N40, N80, and N160 treatments, respectively.

In this study, concentrations of other nutrients in plant tissues were also determined,
including P, K, calcium (Ca), magnesium (Mg), boron (B), iron (Fe), manganese (Mn),
copper (Cu), and zinc (Zn). Various soil properties were also assessed, such as organic C,
pH, extractable P and K, base saturation, cation exchange capacity, and the micronutrients
mentioned for plant tissue analysis. Overall, the variables analyzed showed limited sensi-
tivity to the treatments and contributed minimally to the interpretation of the results and,
therefore, are not presented.

4. Discussion
4.1. Dry Matter Yield Increased Significantly with Soil-Applied N and to a Much Lesser Extent
with the Inoculant Application

In the field trial, no significant differences in DMY were observed between plots
with and without the inoculant. However, the plots with the inoculant generally yielded
higher average values, particularly in the 2021 trial. In the pot experiment, no significant
differences existed between inoculated and non-inoculated plants in 2021. However, in
2022, the inoculated plants exhibited significantly higher DMY. In the pot experiment, the
response to soil-applied N was striking in both years, with highly significant differences
observed among the various N levels applied. N is a major ecological factor limiting plant
productivity and, as it generally does not accumulate in soils in forms usable by plants,
it is typically necessary to apply it annually to crops [48,49]. Thus, providing mineral
N to the plants resulted in a strong productivity response (Figures 2 and 3), which was
also facilitated by pot cultivation where root expansion and access to soil N are more
constrained [50,51]. However, in a study where plants showed a strong response to N
fertilization, the effect of applying an inoculant containing a N-fixing microorganism was
modest in comparative terms.

The use of N-fixing inoculants in agriculture is a well-established practice, with
commercial development primarily focused on the use of specific rhizobial strains for
legume inoculation [21–23]. Some attempts to use other N-fixing microorganisms (Azoto-
bacter sp., Azospirillum sp., Herbaspirillum sp., Bacillus sp., etc.) have been made, though
with much more limited success compared to the application of inoculants in nodulated
legumes [32,39,52]. In maize cultivation, Alves et al. [34] applied the endophytic diazotroph
H. seropedicae strain ZAE94. The authors observed that the amount of N found in the plants
increased, indicating that biological N fixation had occurred. However, the practical signifi-
cance of using these inoculants under field conditions remains uncertain and continues to
be a topic of ongoing debate [32,34].

4.2. Indicators of N Nutritional Status Increased with Soil-Applied N but Did Not Change
Significantly with the Inoculant Application

The plant greenness did not vary significantly with the inoculant application, but it
increased significantly with each level of soil-applied N. SPAD values measure the light
absorbed by leaf chlorophyll, with higher values indicating greater chlorophyll content [53].
Chlorophyll content, in turn, reflects the N content in the plant [48,49], and SPAD readings
are commonly used as an indicator of the plant’s N nutritional status [54,55]. This result
highlights the high effectiveness of supplying N to the plant through soil-applied N and
the lower effectiveness of the inoculant used for the same purpose.

The total N concentration in the plant, as measured in the field trial, did not vary
significantly with the inoculant application. In the pot experiment, the effects of inoculant
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application and N rate on N concentration in plant tissues were difficult to interpret due
to the separate analysis of straw and grain. For instance, some plants in the N0 treatment
did not produce grain, resulting in higher total N concentrations in straw compared to
some treatments that received N. Substantial remobilization of photosynthates occurs in
mature plants from the leaves to the developing reproductive organs, as these organs are
prioritized sinks for these resources [56,57]. Regarding N, there is a noticeable reduction in
leaf N concentration throughout the growing season as the nutrient is remobilized to the
seeds, where it tends to accumulate in the form of protein [49,58]. In the N0-treated plants,
N deficiency was so severe that the plants did not produce ears, leading to generally higher
N concentrations in the straw compared to the fertilized treatments.

4.3. The Inoculant Application Was Inconsistent in N Fixation

When evaluating the N recovery in plants during the field trial, no significant dif-
ferences were observed between treatments, although the mean values were higher in
inoculated plants. In the 2022 pot experiment, plants treated with the inoculant showed
significantly higher total N recovery (grain + straw) than untreated plants. However, the re-
sults from the mineral N treatments demonstrated a pronounced effect on the amount of N
recovered in the whole plant, indicating that the additional N accessible to inoculated plants
was relatively modest by comparison. On average, the field trial estimated N fixed through
inoculant application at 57.7 and 14.5 kg ha−1 in 2021 and 2022, respectively, while in the
pot experiment, the values were −49.2 and 199.2 mg pot−1 in 2021 and 2022, respectively.
These N fixation values resulting from inoculant application can be considered modest,
especially compared to the increase in N recovery with soil-applied N. These findings align
with the results of other recently published studies using the same inoculant [51,59].

The capacity for biological N fixation by N-fixing microorganisms is highly dependent
on the systems in which they are integrated. High N fixation capacities can be achieved
in symbiotic systems associated with nodulated legumes. Microorganisms invade the
host tissues after the plant secretes secondary metabolites called flavonoids, which are
recognized by the bacteria, prompting the release of lipochitooligosaccharides known
as nodulation factors, which are then recognized by the host plant [60]. Once inside
the plant tissues, the microorganisms transform into bacteroids through the synthesis of
leghemoglobin, which regulates oxygen flow within the nodules. This process, combined
with the supply of photosynthates via the phloem, ensures a high N fixation capacity, which
under certain conditions can exceed 400 kg ha−1 year−1 [21–23].

In other N-fixing systems, such as the relationship between the aquatic fern Azolla
filiculoides and the cyanobacterium Anabaena azollae, N fixation can exceed 100 kg ha−1

year−1 [21,23,24,61]. This fern is often used as an intercrop with rice to reduce the need for N
fertilization [24,25]. Numerous cavities on the fern’s leaf surfaces house the cyanobacterium,
protecting it from predation and facilitating access to exudates, which allows for high levels
of N fixation to be achieved [24,61,62].

It is also well documented that some tropical grasses, such as sugarcane can establish
endophytic associations with N-fixing microorganisms like Gluconoacetobacter diazotrophicus
and Azospirillum brasilense, which can satisfy more than half of the plant’s N needs [26,27,62].
H. seropedicae is also considered a true endophytic diazotroph predominantly associated
with tropical grasses, capable of invading the roots, stems, and leaves of the host plant, par-
ticularly the apoplastic compartments, although the quantities of N fixed by this bacterium
are less well documented [31–34].

In all high-capacity N-fixing systems, highly specific symbiotic relationships are
established between symbionts, resulting from millions of years of coevolution [23,61].
However, this does not preclude numerous free-living N fixers, which do not depend
on a host, from accessing atmospheric N. These microorganisms can inhabit water as
autotrophs, live on leaf surfaces, or exist in the soil as heterotrophs. However, excluding the
photoautotrophs, N fixation capacities are generally reduced due to the lack of protection
for nitrogenase from excess oxygen and substrate limitations [21,23,63].
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The Blue N inoculant was isolated from Glomus iranicum var. tenuihypharum spores [35].
It is known that other bacteria of the genus Methylobacterium (e.g., M. nodulans and M.
radiotolerans) are capable of fixing N in interaction with plants by forming nodules on
legume roots [40]. However, the Blue N inoculant, which contains M. symbioticum, was
developed for foliar application, allowing it to thrive on the phyllosphere of cultivated
plants. Some N-fixing microorganisms can live on the phyllosphere of higher plants, where
they have access to various plant-released products such as methanol, which they use as
a C source, as well as soluble carbohydrates, amino acids, organic acids, and many other
compounds. This access may enhance their N fixation capacity compared to free-living
microorganisms [39–41].

According to studies conducted by the team that developed the commercial product,
applying the inoculant to maize and strawberries resulted in a 50% and 25% reduction
in the required N, respectively, accompanied by an increase in productivity compared
to treatments that received the same amount of soil-applied N but without the inoculant
application [38]. However, the Blue N inoculant is generally recommended for all cultivated
species, and as is well known, each species harbors a diverse microbiome, with different
species competing for photosynthates and space [39,64,65]. Furthermore, the phyllosphere
is subject to variable environmental conditions, which can be either hostile or favorable
to specific microorganisms [39,64,65]. Although studies quantifying these effects are still
lacking [39,42], this environmental variability may account for the considerably different
outcomes observed in the four trials reported in this study. This variability makes it
highly unlikely that the product could be universally effective, as high N fixation capacities
typically result from highly specific relationships between N-fixing microorganisms and
their host plants [21–23]. Consequently, the variation in results across the four trials
underscores the urgent need for additional research to better establish the conditions under
which a commercial inoculant can provide more consistent and predictable outcomes for
farmers, depending on plant species and cultivation conditions.

In the pot experiment, a significant interaction was observed between the inoculant
application and the soil N application. This means that the N recovered in the inoculant-
treated plants depended on the level of mineral N applied and vice versa. Consequently,
the 2021 results showed that inoculant application tended to be more negative at higher
levels of soil-applied N; meanwhile in 2022, the results tended to be more positive. The
commercial product information suggests that this inoculant is more effective when plants
have a moderate N nutritional status than when N levels are very low [38,66]. It is be-
lieved that plants with a moderately favorable nutritional status release more substrates
that microorganisms can utilize. The results from the second year seem to support this
hypothesis, although the first-year results tend to complicate the overall interpretation.
On the other hand, although the environmental variables reported for this study, namely
average air temperature and precipitation (Figure 1), do not clearly establish the cause of
the differences observed in the various trials, and considering that the soil was the same
in both years of this study, it is evident that the efficacy of the inoculant is sensitive to the
conditions of application. Therefore, these conditions must be better understood to ensure
greater reliability in the efficacy of the results when the inoculant is used by farmers.

5. Conclusions

The commercial inoculant Blue N demonstrated limited consistency in fixing N when
applied to maize crops in field and pot experiments. The limitations of the inoculant were
more evident in the pot experiment, where plants showed a strong response to various N
rates applied to the soil. To date, high N fixation capacity has been observed in biological
systems with a high specificity between the N-fixing microorganism and the host plant,
resulting from a coevolutionary process spanning millions of years. To ensure that the
use of this commercial inoculant is more effective and yields more reliable results for
farmers, further studies are necessary to optimize application conditions. We should not
overlook that in a global context, where access to industrial N remains linked to very high
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energy costs and the use of synthetic fertilizers can have significant negative environmental
impacts, alternative or supplementary fertilization methods are particularly important on
the path toward more sustainable agriculture.

Author Contributions: M.A.: funding acquisition, investigation, methodology, and writing—original
draft preparation; C.M.C.: methodology; writing—review and editing; M.Â.R.: conceptualization,
funding acquisition, project administration, investigation, methodology, data curation, writing—
review and editing. All authors have read and agreed to the published version of the manuscript.

Funding: The authors are grateful to the Foundation for Science and Technology (FCT, Portugal) for
financial support from national funds FCT/MCTES, to CIMO (UIDB/AGR/00690/2020), SusTEC
(LA/P/0007/2020), and CITAB (UIDB/04033/2020).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References
1. FAOSTAT. Production: Crops and Livestock Products. 2024. Available online: https://www.fao.org/faostat/en/#data/QCL

(accessed on 4 August 2024).
2. Erenstein, O.; Jaleta, M.; Sonder, K.; Mottaleb, K.; Prasanna, B.M. Global maize production, consumption and trade: Trends and

R&D implications. Food Sec. 2022, 14, 1295–1319. [CrossRef]
3. Heuzé, V.; Tran, G.; Edouard, N.; Lebas, F. Maize Green Forage. INRAE, CIRAD, AFZ and FAO, 2017a. Available online:

https://www.feedipedia.org/node/358 (accessed on 15 August 2024).
4. Heuzé, V.; Tran, G.; Edouard, N.; Lebas, F. Maize Silage. INRAE, CIRAD, AFZ and FAO, 2017b. Available online: https:

//www.feedipedia.org/node/13883 (accessed on 15 August 2024).
5. Grassini, P.; Cassman, K.G. High-yield maize with large net energy yield and small global warming intensity. Proc. Natl. Acad.

Sci. USA 2012, 109, 1074–1079. Available online: www.pnas.org/cgi/doi/10.1073/pnas.1116364109 (accessed on 15 August 2024).
[CrossRef]

6. Nasielski, J.; Grant, B.; Smith, W.; Niemeyer, C.; Janovicek, K.; Deen, B. Effect of nitrogen source, placement and timing on the
environmental performance of economically optimum nitrogen rates in maize. Field Crop. Res. 2020, 246, 107608. [CrossRef]

7. Arrobas, M.; Chiochetta, J.C.; Damo, L.; Júlio, A.C.; Hendges, I.P.; Wagner, A.; Godoy, W.I.; Cassol, L.C.; Rodrigues, M.A.
Controlled-release and stabilized fertilizers are equivalent options to split application of ammonium nitrate in a double maize-
oats cropping system. J. Plant Nutr. 2022, 46, 996–1008. [CrossRef]

8. Jiang, Y.; Nyiraneza, J.; Khakbazan, M.; Geng, X.; Murray, B.J. Nitrate leaching and potato yield under varying plow timing and
nitrogen rate. Agrosyst. Geosci. Environ. 2019, 2, 190032. [CrossRef]

9. Hina, N.S. Global meta-analysis of nitrate leaching vulnerability in synthetic and organic fertilizers over the past four decades.
Water 2024, 16, 457. [CrossRef]

10. Tian, D.; Zhang, Y.; Mu, Y.; Liu, J.; He, K. Effect of N fertilizer types on N2O and NO emissions under drip fertigation from an
agricultural field in the North China Plain. Sci. Total Environ. 2020, 715, 136903. [CrossRef]

11. Pan, S.-Y.; He, K.-H.; Lin, K.-T.; Fan, C.; Chang, C.-T. Addressing nitrogenous gases from croplands toward low-emission
agriculture. NPJ Clim. Atmos. Sci. 2022, 5, 43. [CrossRef]

12. Smreczak, B.; Ukalska-Jaruga, A. Dissolved organic matter in agricultural soils. Soil Sci. Annu. 2021, 72, 132234. [CrossRef]
13. Findlay, S.E.G.; Parr, T.B. Dissolved organic matter. In Methods in Stream Ecology, Ecosystem Function; Lamberti, A.G., Hauer, F.R.,

Eds.; Academic Press: London, UK, 2017; Volume 2, pp. 21–35.
14. Xenopoulos, M.A.; Barnes, R.T.; Boodoo, K.S.; Butman, D.; Catalán, N.; D’Amario, S.C.; Fasching, C.; Kothawala, D.N.; Pisani,

O.; Solomon, C.T.; et al. How humans alter dissolved organic matter composition in freshwater: Relevance for the Earth’s
biogeochemistry. Biogeochemistry 2021, 154, 323–348. [CrossRef]

15. Zhou, P.; Tian, L.; Graham, N.; Song, S.; Zhao, R.; Siddique, M.S.; Hu, Y.; Cao, X.; Lu, Y.; Elimelech, M.; et al. Spatial patterns and
environmental functions of dissolved organic matter in grassland soils of China. Nat. Commun. 2024, 15, 6356. [CrossRef]

16. Ray, P.P.; Jarrett, J.; Knowlton, K.F. Effect of dietary phytate on phosphorus digestibility in dairy cows. J. Dairy Sci. 2013, 96,
1156–1163. [CrossRef]

17. Sharma, S.; AnandKumar, L.H.D.; Tyagi, A.; Muthumilarasan, M.; Kumar, K.; Gaikwad, K. An insight into phytic acid biosynthesis
and its reduction strategies to improve mineral bioavailability. Nucleus 2022, 65, 255–267. [CrossRef]

18. Kokulan, V.; Ige, D.; Akinremi, O.O. Agri-environmental implications of N- and P-based manure application to perennial and
annual cropping systems. Nutr. Cycl. Agroecosyst. 2022, 122, 205–218. [CrossRef]

19. Wang, H.; Zhang, S.; Peng, C.; Chi, G.; Chen, X.; Huang, B.; Lu, C.; Li, J.; Xu, L. Quantifying Phosphorus Leaching Loss from
Mollisol with Organic Amendments. Agronomy 2022, 12, 2490. [CrossRef]

https://www.fao.org/faostat/en/#data/QCL
https://doi.org/10.1007/s12571-022-01288-7
https://www.feedipedia.org/node/358
https://www.feedipedia.org/node/13883
https://www.feedipedia.org/node/13883
www.pnas.org/cgi/doi/10.1073/pnas.1116364109
https://doi.org/10.1073/pnas.1116364109
https://doi.org/10.1016/j.fcr.2019.107686
https://doi.org/10.1080/01904167.2022.2046061
https://doi.org/10.2134/age2019.05.0032
https://doi.org/10.3390/w16030457
https://doi.org/10.1016/j.scitotenv.2020.136903
https://doi.org/10.1038/s41612-022-00265-3
https://doi.org/10.37501/soilsa/132234
https://doi.org/10.1007/s10533-021-00753-3
https://doi.org/10.1038/s41467-024-50745-8
https://doi.org/10.3168/jds.2012-5851
https://doi.org/10.1007/s13237-021-00371-2
https://doi.org/10.1007/s10705-021-10187-w
https://doi.org/10.3390/agronomy12102490


Plants 2024, 13, 2909 14 of 15

20. Steinman, A.D.; Duhamel, S. Phosphorus Limitation, Uptake, and Turnover in Benthic Stream Algae. In Methods in Stream Ecology,
Ecosystem Function; Lamberti, A.G., Hauer, F.R., Eds.; Academic Press: London, UK, 2017; Volume 2, pp. 197–218.

21. Russelle, M.P. Biological dinitrogen fixation in agriculture. In Nitrogen in Agricultural Systems; Schepers, J.S., Raun, W.R., Eds.;
Agronomy Monograph No. 49; ASA, CSSA, SSSA: Madison, WI, USA, 2008; pp. 281–359.

22. Ohyama, T. The role of legume-rhizobium symbiosis in sustainable agriculture. In Legume Nitrogen Fixation in Soils with Low
Phosphorus Availability Adaptation and Regulatory Implication; Sulieman, S., Tran, L.-S.P., Eds.; Springer: Cham, Switzerland, 2017;
pp. 1–20. [CrossRef]

23. Hungria, M.; Nogueira, M.A. Nitrogen fixation. In Marschner’s Mineral Nutrition of Plants, 4th ed.; Rengel, Z., Cakmak, I., White,
P.J., Eds.; Elsevier, Ltd.: Chennai, India, 2023; pp. 615–650. [CrossRef]

24. Bhuvaneshwari, K.; Singh, P.K. Response of nitrogen-fixing water fern Azolla biofertilization to rice crop. Biotech 2015, 5, 523–529.
[CrossRef]

25. Buragohain, S.; Sharma, B.; Nath, J.D.; Gogaoi, N.; Meena, R.S.; Lal, R. Effect of 10 years of biofertiliser use on soil quality and rice
yield on an Inceptisol in Assam, India. Soil. Res. 2018, 56, 49–58. [CrossRef]

26. Ohyama, T.; Momose, A.; Ohtake, N.; Sueyoshi, K.; Sato, T.; Nakanishi, Y.; Asis, C.A., Jr.; Ruamsungsri, S.; Ando, S. Nitrogen
fixation in sugarcane. In Advances in Biology and Ecology of Nitrogen Fixation; Ohyama, T., Ed.; AvE4EvA MuViMix Records,
Intechopen: London, UK, 2014; pp. 49–70. [CrossRef]

27. Dwivedi, M. Gluconobacter. In Beneficial Microbes in Agro-Ecology: Bacteria and Fungi; Amaresan, N., Kumar, M.S., Annapurna, K.,
Kumar, K., Sankaranarayanan, A., Eds.; Academic Press: London, UK; Elsevier: Amsterdam, The Netherlands, 2020; pp. 521–544.

28. Hoffmann, M.P.; Swanepoel, C.M.; Nelson, W.C.D.; Beukes, D.J.; van der Laan, M.; Hargreaves, J.N.G.; Rötter, R.P. Simulating
medium-term effects of cropping system diversification on soil fertility and crop productivity in southern Africa. Eur. J. Agron.
2020, 119, 126089. [CrossRef]

29. Ton, A. Advantages of grain legume-cereal intercropping in sustainable agriculture. Turk. J. Agric. Food Sci. Technol. 2021, 9,
1560–1566. [CrossRef]

30. Dimande, P.; Arrobas, M.; Rodrigues, M.Â. Intercropped maize and cowpea increased the land equivalent ratio and enhanced
crop access to more nitrogen and phosphorus compared to cultivation as sole crops. Sustainability 2024, 16, 1440. [CrossRef]

31. Chebotar, V.K.; Malfanova, N.V.; Shcherbakov, A.V.; Ahtemova, G.A.; Borisov, A.Y.; Lugtenberg, B.; Tikhonovich, I.A. Endophytic
bacteria in microbial preparations that improve plant development (review). Appl. Biochem. Microbiol. 2015, 51, 271–277.
[CrossRef]

32. Matteoli, F.P.; Olivares, F.L.; Venancio, T.M.; Rocha, L.O.; Irineu, L.E.S.S.; Canellas, L.P. Herbaspirillum. In Beneficial Microbes in
Agro-Ecology: Bacteria and Fungi; Amaresan, N., Kumar, M.S., Annapurna, K., Kumar, K., Sankaranarayanan, A., Eds.; Academic
Press: London, UK; Elsevier: Amsterdam, The Netherlands, 2020; pp. 493–508.

33. Monteiro, R.A.; Balsanelli, E.; Wassem, R.; Marin, A.M.; Brusamarello-Santos, L.C.C.; Schmidt, M.A.; Tadra-Sfeir, M.Z.; Pankievicz,
V.C.S.; Cruz, L.M.; Chubatsu, L.S.; et al. Herbaspirillum-plant interactions: Microscopical, histological and molecular aspects.
Plant Soil 2012, 356, 175–196. [CrossRef]

34. Alves, G.C.; dos Santos, C.L.R.; Zilli, J.E.; dos Reis Junior, F.B.; Marriel, I.E.; Breda, F.A.F.; Boddey, R.M.; Reis, V.M. Agronomic
evaluation of Herbaspirillum seropedicae strain ZAE94 as an inoculant to improve maize yield in Brazil. Pedosphere 2021, 31,
583–595. [CrossRef]

35. Pascual, J.A.; Ros, M.; Martínez, J.; Carmona, F.; Bernabé, A.; Torres, R.; Lucena, T.; Aznar, R.; Arahal, D.R.; Fernández, F.
Methylobacterium symbioticum sp. nov., a new species isolated from spores of Glomus iranicum var. tenuihypharum. Curr. Microbiol.
2020, 77, 2031–2041. [CrossRef]

36. Leducq, J.-B.; Sneddon, D.; Santos, M.; Condrain-Morel, D.; Bourret, G.; Martinez-Gomez, N.C.; Lee, J.A.; Foster, J.A.; Stolyar,
S.; Shapiro, B.J.; et al. Comprehensive phylogenomics of methylobacterium reveals four evolutionary distinct groups and
underappreciated phyllosphere diversity. Genome Biol. Evol. 2022, 14, evac123. [CrossRef]

37. Palberg, D.; Kisiała, A.; Jorge, G.L.; Emery, R.J.N. A survey of Methylobacterium species and strains reveals widespread
production and varying profiles of cytokinin phytohormones. BMC Microbiol. 2022, 22, 49. [CrossRef]

38. Vera, R.T.; García, A.J.B.; Álvarez, F.J.C.; Ruiz, J.M.; Martín, F.F. Application and effectiveness of Methylobacterium symbioticum as a
biological inoculant in maize and strawberry crops. Folia Microbiol. 2024, 69, 121–131. [CrossRef]

39. Barrera, S.E.; Sarango-Flóres, S.-W.; Montenegro-Gómez, S.-P. The phyllosphere microbiome and its potential application in
horticultural crops. A review. Rev. Colomb. Cienc. Hortíc. 2019, 13, 384–396. [CrossRef]

40. Jinal, H.N.; Amaresan, N.; Sankaranarayanan, A. Methylobacterium. In Beneficial Microbes in Agro-Ecology: Bacteria and Fungi;
Amaresan, N., Kumar, M.S., Annapurna, K., Kumar, K., Sankaranarayanan, A., Eds.; Academic Press: London, UK; Elsevier:
Amsterdam, The Netherland, 2020; pp. 509–519.

41. Srivastava, A.; Dixit, R.; Chand, N.; Kumar, P. Overview of methylotrophic microorganisms in agriculture. Bio Sci. Res. Bull. 2022,
38, 65–71. [CrossRef]

42. Abanda-Nkpwatt, D.; Müsch, M.; Tschiersch, J.; Boettner, M.; Schwab, W. Molecular interaction between Methylobacterium
extorquens and seedlings: Growth promotion, methanol consumption, and localization of the methanol emission site. J. Exp. Bot.
2006, 57, 4025–4032. [CrossRef]

43. IPMA (Instituto Português do Mar e da Atmosfera). Normais Climatológicas [Climate Normals]. 2024. Available online:
https://www.ipma.pt/pt/oclima/normais.clima/ (accessed on 15 August 2024).

https://doi.org/10.1007/978-3-319-55729-8_1
https://doi.org/10.1016/B978-0-12-819773-8.00006-X
https://doi.org/10.1007/s13205-014-0251-8
https://doi.org/10.1071/SR17001
https://doi.org/10.5772/56993
https://doi.org/10.1016/j.eja.2020.126089
https://doi.org/10.24925/turjaf.v9i8.1560-1566.4481
https://doi.org/10.3390/su16041440
https://doi.org/10.1134/S0003683815030059
https://doi.org/10.1007/s11104-012-1125-7
https://doi.org/10.1016/S1002-0160(21)60004-8
https://doi.org/10.1007/s00284-020-02101-4
https://doi.org/10.1093/gbe/evac123
https://doi.org/10.1186/s12866-022-02454-9
https://doi.org/10.1007/s12223-023-01078-4
https://doi.org/10.17584/rcch.2019v13i3.8405
https://doi.org/10.5958/2320-3161.2022.00009.8
https://doi.org/10.1093/jxb/erl173
https://www.ipma.pt/pt/oclima/normais.clima/


Plants 2024, 13, 2909 15 of 15

44. WRB. World Reference Base for Soil Resources 2014, Update 2015. In International Soil Classification System for Naming Soils and
Creating Legends for Soil Maps; World Soil Resources Reports No. 106; FAO: Rome, Italy, 2015.

45. Meier, U. Growth Stages of Mono and Dicotyledonous Plants; Federal Biological Research Centre for Agriculture and Forestry: Berlin,
Germany, 2018.

46. Van Reeuwijk, L.P. Procedures for Soil Analysis, Technical Paper 9, 6th ed.; ISRIC: Wageningen, The Netherlands; FAO of the United
Nations: Rome, Italy, 2002.

47. Temminghoff, E.E.; Houba, V.J. Plant Analysis Procedures, 2nd ed.; Temminghoff, E.E., Houba, V.J., Eds.; Kluwer Academic
Publishers: London, UK, 2004. [CrossRef]

48. Weil, R.R.; Brady, N.C. The Nature and Properties of Soils, 15th ed.; Pearson Education Limited: Edinburg, UK, 2017.
49. Hawkesford, M.J.; Cakmak, I.; Coskun, D.; De Kok, L.J.; Lambers, H.; Schjoerring, J.K.; White, P.J. Functions of macronutrients. In

Marschner’s Mineral Nutrition of Plants, 4th ed.; Rengel, Z., Cakmak, I., White, P.J., Eds.; Elsevier, Ltd.: Chennai, India, 2023; pp.
201–281. [CrossRef]

50. Arrobas, M.; Andrade, M.; Raimundo, S.; Mazaro, S.M.; Rodrigues, M.A. Lettuce response to the application of two commercial
leonardites and their effect on soil properties in a growing medium with nitrogen as the main limiting factor. J. Plant Nutr. 2023,
46, 4280–4294. [CrossRef]

51. Rodrigues, M.Â.; Raimundo, S.; Correia, C.M.; Arrobas, M. Nitrogen Fixation and Growth of Potted Olive Plants through Foliar
Application of a Nitrogen-Fixing Microorganism. Horticulturae 2024, 10, 604. [CrossRef]

52. Razmjooei, Z.; Etemadi, M.; Eshghi, S.; Ramezanian, A.; Mirazimi Abarghuei, F.; Alizargar, J. Potential role of foliar application of
azotobacter on growth, nutritional value and quality of lettuce under different nitrogen levels. Plants 2022, 11, 406. [CrossRef]

53. Maxwell, K.; Johnson, G.N. Chlorophyll fluorescence—A practical guide. J. Exp. Bot. 2000, 51, 659–668. [CrossRef] [PubMed]
54. Afonso, S.; Arrobas, M.; Ferreira, I.Q.; Rodrigues, M.A. Assessing the potential use of two portable chlorophyll meters in

diagnosing the nutritional status of plants. J. Plant Nutr. 2018, 41, 261–271. [CrossRef]
55. Wicharuck, S.; Suang, S.; Chaichana, C.; Chromkaew, Y.; Mawan, N.; Soilueang, P.; Khongdee, N. The implementation of the

SPAD-502 chlorophyll meter for the quantification of nitrogen content in Arabica coffee leaves. MethodsX 2024, 12, 102566.
[CrossRef]

56. Kirkby, E.A.; Nikolic, M.; White, P.J.; Xu, G. Mineral nutrition, yield, and source-sink relationships. In Marschner’s Mineral
Nutrition of Plants, 4th ed.; Rengel, Z., Cakmak, I., White, P.J., Eds.; Elsevier, Ltd.: Chennai, India, 2023; pp. 131–200. [CrossRef]

57. Bell, R. Diagnosis and prediction of deficiency and toxicity of nutrients. In Marschner’s Mineral Nutrition of Plants, 4th ed.; Rengel,
Z., Cakmak, I., White, P.J., Eds.; Elsevier, Ltd.: Chennai, India, 2023; pp. 477–495. [CrossRef]

58. Kawakatsu, T.F.; Takaiwa, F. Proteins. In Encyclopaedia of Applied Plant Sciences, 2nd ed.; Thomas, B., Murray, B.G., Murphy, D.J.,
Eds.; Academic Press: Cambridge, MA, USA, 2017; pp. 100–105. [CrossRef]

59. Arrobas, M.; Correia, C.M.; Rodrigues, M.Â. Methylobacterium symbioticum applied as a foliar inoculant was little effective in
enhancing nitrogen fixation and lettuce dry matter yield. Sustainability 2024, 16, 4512. [CrossRef]

60. Montejano-Ramírez, V.; Valencia-Cantero, E. The importance of lentils: An overview. Agriculture 2024, 14, 103. [CrossRef]
61. de Vries, S.; de Vries, J. Azolla: A Model System for Symbiotic Nitrogen Fixation and Evolutionary Developmental Biology. In

Current Advances in Fern Research; Fernández, H., Ed.; Springer: Cham, Switzerland, 2018. [CrossRef]
62. Chanway, C.P.; Anand, R.; Yang, H. Nitrogen fixation outside and inside plant tissues. In Advances in Biology and Ecology of

Nitrogen Fixation; Ohyama, T., Ed.; AvE4EvA MuViMix Records, Intechopen: London, UK, 2014; pp. 3–21. [CrossRef]
63. Reed, S.C.; Cleveland, C.C.; Townsend, A.R. Functional ecology of free-living nitrogen fixation: A contemporary perspective.

Annu. Rev. Ecol. Evol. Syst. 2011, 42, 489–512. [CrossRef]
64. Copeland, J.K.; Yuan, L.; Layeghifard, M.; Wang, P.W.; Guttman, D.D. Seasonal community succession of the phyllosphere

microbiome. Mol. Plant Microbe Interact. 2015, 28, 274–285. [CrossRef]
65. Laforest-Lapointe, F.; Messier, C.; Kembel, S. Tree phyllosphere bacterial communities: Exploring the magnitude of intra- and

inter-individual variation among host species. PeerJ 2016, 4, e2367. [CrossRef]
66. Corteva. BlueN—Bioestimulante. Corteva Biologicals, Agriscience. 2024. Available online: https://www.corteva.pt/content/

dam/dpagco/corteva/eu/pt/pt/files/folletos/DOC-BlueN-Folheto-Corteva_EU_PT.pdf (accessed on 12 March 2024).

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.

https://doi.org/10.1007/978-1-4020-2976-9
https://doi.org/10.1016/B978-0-12-819773-8.00019-8
https://doi.org/10.1080/01904167.2023.2225557
https://doi.org/10.3390/horticulturae10060604
https://doi.org/10.3390/plants11030406
https://doi.org/10.1093/jexbot/51.345.659
https://www.ncbi.nlm.nih.gov/pubmed/10938857
https://doi.org/10.1080/01904167.2017.1385798
https://doi.org/10.1016/j.mex.2024.102566
https://doi.org/10.1016/B978-0-12-819773-8.00015-0
https://doi.org/10.1016/B978-0-12-819773-8.00008-3
https://doi.org/10.1016/B978-0-12-394807-6.00161-1
https://doi.org/10.3390/su16114512
https://doi.org/10.3390/agriculture14010103
https://doi.org/10.1007/978-3-319-75103-0_2
https://doi.org/10.5772/57532
https://doi.org/10.1146/annurev-ecolsys-102710-145034
https://doi.org/10.1094/MPMI-10-14-0331-FI
https://doi.org/10.7717/peerj.2367
https://www.corteva.pt/content/dam/dpagco/corteva/eu/pt/pt/files/folletos/DOC-BlueN-Folheto-Corteva_EU_PT.pdf
https://www.corteva.pt/content/dam/dpagco/corteva/eu/pt/pt/files/folletos/DOC-BlueN-Folheto-Corteva_EU_PT.pdf

	Introduction 
	Materials and Methods 
	Experimental Conditions 
	Experimental Designs 
	Preparation and Management of Field and Pot Experiments 
	Measurements During the Growing Season 
	Sample Collection and Preparation for Laboratory Analysis 
	Soil and Plant Analysis 
	Data Analysis 

	Results 
	Maize Growth Performance 
	Plant N Nutritional Status, N Recovery and Apparent N Fixation 

	Discussion 
	Dry Matter Yield Increased Significantly with Soil-Applied N and to a Much Lesser Extent with the Inoculant Application 
	Indicators of N Nutritional Status Increased with Soil-Applied N but Did Not Change Significantly with the Inoculant Application 
	The Inoculant Application Was Inconsistent in N Fixation 

	Conclusions 
	References

