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Abstract: Nitrogen (N) is a limiting ecological factor for plant growth in most agroecosystems.
Biological N fixation, especially from nodulated legumes, has been promoted in recent decades as
an alternative or complement to industrially synthesized N fertilizers. The possibility of utilizing
N-fixing organisms from the phyllosphere that demonstrate effectiveness across a wide range of
crops is particularly exciting. In this study, we examined the N-fixing capacity and the impact on
lettuce growth of an inoculant recently introduced to the market, which contains the microorganism
Methylobacterium symbioticum and is recommended for various cultivated species. A pot experiment
was conducted using a factorial design, which included the inoculant (No and Yes) and four N rates
(0 (N0), 25 (N25), 50 (N50), and 100 (N100) kg ha−1 of N), with four replicates, over four lettuce
growing cycles. The inoculant had a significant effect on dry matter yield (DMY) only during the
second of the four growing cycles. The mean values of the four growing cycles ranged from 9.9 to
13.7 g pot−1 and 9.9 to 12.6 g kg−1 in pots that received and did not receive the inoculant, respectively.
On the other hand, plants exhibited a robust response to N applied to the soil, showing significant
increases in both DMY and tissue N concentration across all growing cycles. Mean values of DMY in
the treatments N0 and N100 ranged from 5.6 to 8.9 g pot−1 and 12.5 to 16.1 g pot−1, respectively. N
concentration in tissues varied inversely with DMY, indicating a concentration/dilution effect. The
difference in N concentration between treated and untreated plants, used as an estimate of fixed N,
was very low for each of the soils’ applied N rates, assuming average values for the four growing
cycles of −1.5, −0.9, 2.4, and 6.3 kg ha−1 for N0, N25, N50, and N100, respectively. This study
emphasized the low amount of N supplied to lettuce by the inoculant and its limited effect on DMY.
Generally, in biological systems with N-fixing microorganisms, achieving high fixation rates requires
a high level of specificity between the microorganism and host plant, a condition that seems not to
have been met with lettuce. Considering the importance of the subject, is imperative that further
studies be conducted to determine more precisely in which crops and under what growing conditions
the inoculant proves to be a valuable input for farmers and an effective method for reducing N
mineral fertilization.

Keywords: plant biostimulant; beneficial microorganism; foliar spray; biological nitrogen fixation;
apparent nitrogen recovery

1. Introduction

Nitrogen (N) is an ecological factor that determines plant productivity in natural and
agricultural ecosystems. In the second half of the 20th century, the widespread use of N
as a fertilizer was an important component of the green revolution, along with the use of
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improved varieties and advances in irrigation techniques and crop protection [1]. Further-
more, the costs of using industrially synthesized N in agriculture have been increasing,
mainly because the energy consumption in its manufacture remains high [2]. In addition,
the use of N fertilizers tends to have low N-use efficiency. On a global scale, it is estimated
that no more than 50% of N applied to crops is recovered in harvests, with the remainder
lost to the environment [3]. N loss from agricultural fields in its inorganic form has a
major impact on water contamination, contributing to its eutrophication with harmful algal
blooms [4,5]. Significant amounts of N can also be lost from the soil through denitrification,
contaminating the atmosphere with important greenhouse gases such as N oxides [5,6].

Organic amendments, in turn, were, for centuries, the main way to maintain soil
fertility. In addition to supplying N and other nutrients after their mineralization by soil
microorganisms, organic amendments have the potential to enhance overall plant growth
conditions by promoting aeration in clay soils, water holding capacity in sandy soils, and,
in general, soil biological activity, which is the driving force behind nutrient cycling [7,8]. In
recent decades, the specialization of agricultural activity and the mechanization of farming
practices have greatly reduced the availability of animal manure in vast regions of the
world [5,9]. In addition, waste from agro-industrial activities, municipal solid waste, and
other organic materials, although they have been valued as organic amendments [10,11],
are available for agriculture also in limited quantities, which leads farmers to find other
ways to fertilize their crops.

Biological N fixation has the potential to enhance soil fertility and decrease the require-
ment for external inputs. Organisms capable of fixing N from the atmosphere, collectively
called diazotrophs, are those possessing a nitrogenase complex, which allow them to
separate the two N atoms of the dinitrogen molecule (N2) with the formation of ammo-
nia [12,13]. N-fixing organisms can live in terrestrial or aquatic ecosystems, be aerobic or
anaerobic, heterotrophic, or photosynthetic, and can be found free-living or in association
with higher plants, sometimes forming a highly specific symbiotic relationship with the
host plant [12,13].

Regarding biological N fixation, symbiotic associations play a major role in N fixation
in agricultural fields, accounting for about 50% of total biological fixation in terrestrial
ecosystems [3]. Nodulated legumes, in association with bacteria belonging to the Rhizo-
biaceae family, may have access to atmospheric N in sufficient quantities so that they do
not need to receive N fertilizers to reach high productivity levels. In addition, N fixed
by legumes can be available for other non-legume crops when integrated in intercrop-
ping [9,14,15] or in rotation with legumes [16,17]. The symbiotic relationship between the
aquatic fern of the genus Azolla and the cyanobacterium Anabaena azollae is also a system
with a high capacity for N fixation, with the fern commonly used as green manure in
rice (Oryza sativa L.) cultivation [18–20]. High N fixation in agricultural fields can also be
achieved from the relationship between some tropical grasses and N-fixing microorganisms,
which may or may not be endophytic associations; perhaps the most striking example is
the relationship between sugarcane (Saccharum officinarum L.) and some N fixers, such as
Gluconoacetobacter diazotrophicus and Azospirillum brasilense, which are able to satisfy almost
all sugarcane N requirements [18,21,22].

Even so, in agricultural fields, access to relevant amounts of atmospheric N is restricted
to nodulated legumes and few other species, as mentioned above. Many important crops,
such as lettuce (Lactuca sativa L.), do not have access to biologically fixed N. Recently, a
commercial plant biostimulant (BlueN®, SYMBORG BUSINESS DEVELOPMENT S.L.U.,
Murcia, Spain), containing a N-fixing microorganism (Methylobacterium symbioticum) that
promises to be able to thrive in the phyllosphere of most plants, was launched on the
market. The bacterium M. symbioticum sp. Nov. (strain SB0023/T) was isolated from
Glomus iranicum var. tenuihypharum spores [23]. Species of the genus Methylobacterium
are ubiquitous in nature and can be present in a wide range of environments, including
soil, air, water, and plants [24–26]. Other bacteria of the genus Methylobacterium have
been recognized as capable of fixing N in interactions with plants. M. nodulans and M.
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radiotolerans, for instance, are reported to be N-fixing bacteria, but by forming nodules on
legume roots [27]. Regarding M. symbioticum, a recent study showed that the application
of the inoculant resulted in decreases of 50% and 25% in the amount of N that would be
required for maize and strawberry, respectively, accompanied by an increase in production
compared to treatments of equivalent rates of nitrate-N applied, but without the application
of the inoculant [28].

In fact, the possibility of a microorganism having the ability to fix N living in the
phyllosphere of most plants, without an apparent specific relationship with the host plant,
and being able to be applied as a foliar spray, gives it an unlimited potential for use in
agriculture. Thus, it is of extraordinary importance that more studies emerge to evaluate the
fixation capacity of this inoculant across a wide range of crops and cultivation conditions.
The objective of this study was to evaluate the capacity of N fixation by M. symbioticum,
commercial inoculant BlueN®, when applied to lettuce, measuring DMY, and estimating
the apparent N recovery and apparent N fixation from four lettuce growing cycles. The
hypotheses raised were about whether the bacterium can supply N to the crop in relevant
amounts during its cropping cycle and whether the amount of fixed N depends on the
nutritional status of lettuce, for which the commercial product was applied to plants
subjected to different rates of mineral N-fertilizer.

2. Materials and Methods
2.1. Establishment of Pot Experiments

Four independent pot experiments were conducted during the 2021 and 2022 spring/summer
seasons in Bragança, northeastern Portugal. The region benefits from a Mediterranean
climate, concentrating its precipitation in winter (October to March) and presenting hot and
dry summer months (June to September). The average air temperature is 12.3 ◦C, and the
annual precipitation is 758.3 mm [29]. The four growing seasons began and ended in June–July
2021, August–October 2021, May–June 2022, and August–October 2022, respectively.

The experiment was arranged as a factorial, with the application of plant biostimulant
(Yes and No) and four N rates (0, 25, 50, and 100 kg ha−1 of N) and four replicates (4 pots)
of each treatment. N was split into two applications, half the rate at planting and the other
half at phenological stage 43, with “30% of expected head size reached” [30]. Each pot
received the fertilization corresponding to a single plant, assuming a typical commercial-
lettuce planting density of 140,000 plants ha−1. Thus, each pot received 0, 0.179, 0.357, or
0.714 g N, which corresponds to the field applications of 0, 25, 50, or 100 kg ha−1 of N.
Ammonium nitrate 27% N (50% NH4

+, 50% NO3
–) was the fertilizer used. The pots also

received phosphorus (P) and potassium (K) applied at planting, at rates corresponding
to 50 kg ha−1 of P2O5 (as superphosphate, 18% P2O5) and K2O (as potassium chloride,
60% K2O). The plant biostimulant was applied at the time of N side-dressing application.
The commercial product (Blue N®) contains 3 × 107 colony-forming units (CFUs g−1) of
M. symbioticum. The leaf spray was prepared at the concentration recommended by the
manufacturer, 333 g ha−1, diluted in 80 to L of water. Once again, it was considered that
1 ha represents 140,000 lettuces, with each lettuce receiving a fraction corresponding to
the individual dose (2.37 mg, 1.5 mL water). The foliar spray was applied with a small
household sprayer used to care for indoor plants, wetting the adaxial and abaxial sides of
the leaves.

The pots (0.160 m mean diameter, 0.135 m height) were filled with 3 kg of dried (40 ◦C)
soil, sieved through a 2 mm mesh, and obtained from the 0–0.20 m layer of a plot that had
been fallow for a year. The soil was a Regosol [31] of colluvial origin, with a sandy clay
loam texture (soil separates: 242, 217, and 541 g kg−1 clay, silt, and sand, respectively). It
contained 11.7 g kg−1 of organic carbon (C) (Walkley–Black), had a pH (H2O) of 6.8, and P
and K levels (Egnér–Riehm) of 85.7 mg kg−1 (P2O5) and 94.0 mg kg−1 (K2O), respectively.
The cation exchange capacity (ammonium acetate) was 17.9 cmol+ kg−1. The pots, both
treated and untreated with the inoculant, were kept at 50 m from each other to prevent any
potential cross-contamination.
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2.2. Crop Management

The seedlings of lettuce (cv. Summer Wonder) were prepared in propagation trays
with a square top measuring 0.025 × 0.025 m2 and 0.04 m deep. A suitable commercial
substrate for seed germination (Siro Agro 1®) (Leal e Soares, S.A., Mira, Portugal) was used.
It was prepared with pine bark, blond peat (Sphagnum sp.), coconut peat, and NPK fertilizer
(13:40:13) (1 kg m3). The substrate had a granulometry of 0–8 mm, pH (CaCl2) 5.0–6.0, and
a conductivity of 150 to 200 µs cm−1. The seedlings were transplanted approximately three
weeks after sowing, at phenological stage 13, with the 3rd true leaf unfolded [30].

After planting the lettuces, the pots were surrounded with a wooden plank structure
to prevent solar radiation from falling directly on the sides of the pots and excessively
increasing the temperature at the level of the rhizosphere. The spatial arrangement of the
pots was regularly changed to ensure they received uniform radiation exposure.

During the growing season, the lettuces were watered as many times as necessary.
Considering that the treatments resulted in different lettuce growth, leading to different
amounts of water transpired, and that some environmental variables, namely temperature
and radiation, also lead to different water consumption, the amounts of water applied to
each pot were managed daily by observing the apparent hydration level of the soil and the
lettuces. After planting, the emergence of weeds was also monitored, which were promptly
eliminated in the cotyledonary phase.

2.3. Crop Harvest, Sampling, and Laboratory Analysis

The plants were harvested by cutting them close to the ground. Some dirt on basal
leaves was removed by gently washing them with water. Then, lettuces were dried in
an oven at 70 ◦C until a constant weight was reached and ground (1 mm mesh) for
laboratory analysis.

Lettuce tissues were subjected to elemental chemical analysis and a determination of
nitrate concentration. Elemental tissue analyses were performed by Kjeldahl (N), colorime-
try (B and P), flame emission spectrometry (K), and atomic absorption spectrophotometry
(Ca, Mg, Cu, Fe, Zn, and Mn) methods after the nitric digestion of the samples [32]. Nitrate
concentrations in lettuce tissues were determined according to Baird et al. [33] by UV-vis
spectrophotometry in a water extract (dry matter/water, 1:50 m/v).

Initial soil samples were analysed for pH (soil: solution, 1:2.5), cation-exchange ca-
pacity (ammonium acetate, pH 7.0), organic C (wet digestion, Walkley–Black method) and
extractable P and K (Egner–Riehm method, ammonium lactate extract). Soil separates
(clay, silt, and sand) were determined by the Robinson pipette method. These analytical
procedures are described in detail in Van Reeuwijk [34].

2.4. Data Analysis

Statistical analysis was performed using SPSS Statistics software (version 25, IBM
SPSS, Armonk, NY, USA). The data were firstly tested for normality and homogeneity
of variances using the Shapiro–Wilk test and Bartlett’s test, respectively. After ANOVA
examination, the means of the N treatments with significant differences (α < 0.05) were
separated by a Tukey HSD test (α = 0.05).

Apparent N recovery (ANR) was used as an index of the N-use efficiency of the soil-
applied N. The ANR was estimated according to the following equation: ANR (%) = 100 ×
[(N recovered in the fertilized treatments—N recovered in the control treatment)/N applied
as a fertilizer].

Apparent N fixation (ANF) was used as an index of the effectiveness of N fixation
by the microorganism. The 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 treated plants—N recovered in
untreated plants.
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3. Results
3.1. Lettuce Dry Matter Yield

The DMY was minimally influenced by the application of the inoculant (Figure 1).
Nonetheless, in four lettuce growing cycles, significant differences among treatments
occurred in the second cycle, with the highest average values recorded in pots receiving the
microorganism. The lettuce’s response to N applied to the soil was clear and unequivocal,
with significant differences in any of the growing cycles and an increase in average values
from N0 to N100, although the results tended to show a saturation curve with an increasing
N rate. Comparing treatments N0 and N100, the average values varied between 8.4 and
12.9 g plant−1, 8.9 and 15.5 g plant−1, 6.3 and 16.1 g plant−1, and 5.9 and 12.5 g plant−1,
respectively, in the first, second, third, and fourth growing cycles. In general, there was
no significant interaction between the factors. Only in the fourth growing cycle was the
probability of interaction slightly lower than 0.05 (p = 0.0499). Indeed, the overall results
suggest a substantial impact of N application as a fertilizer and a constrained effect of the
inoculant on lettuce DMY.
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Figure 1. Lettuce dry matter yield (DMY) in the first, second, third, and fourth growing cycles
(GCs) within a factorial experiment involving microorganism application (Micro, No or Yes) and
nitrogen rates [0 (N0), 25 (N25), 50 (N50), and N100 (N100) kg ha−1 of N]. PM, PN, and PI represent
the probability of the two-way ANOVA associated with microorganism application, N rate, and
interaction, respectively. Error bars indicate standard errors. Within Micro or Nitrogen means
followed by the same letter are not signficantly different at p < 0.05.

3.2. Nitrogen and Nitrate Concentration in Plant Tissue

The N concentration in lettuce tissues varied significantly with inoculant application
in two out of the four lettuce growing cycles (Figure 2). However, the average values were
significantly lower in the lettuces that received the microorganism in the second growing
cycle, and significantly higher in the third growing cycle. Another noteworthy aspect is
that the average tissue N concentration varied in the opposite direction compared to DMY
in response to inoculant application.
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Figure 2. Tissue nitrogen (N) concentration in the first, second, third, and fourth growing cycles
(GCs) within a factorial experiment involving microorganism application (Micro, No or Yes) and
nitrogen rates [0 (N0), 25 (N25), 50 (N50), and N100 (N100) kg ha−1 of N]. PM, PN, and PI represent
the probability of the two-way ANOVA associated with microorganism application, N rate, and
interaction, respectively. The means of the N rate factor were separated using the Tukey HSD test
(α = 0.05). Error bars indicate standard errors. Within Micro or Nitrogen means followed by the same
letter are not signficantly different at p < 0.05.

The N concentration in tissues varied significantly with the N application in all four
lettuce growing cycles (Figure 2). Except for the first growing cycle, the N25 treatment re-
sulted in significantly higher values than the control, the N50 treatment significantly higher
values than N25, and N100 significantly higher values than N50. This result highlights the
strong response of tissue N concentration to N applied to the soil, contrary to what was
observed with the application of the inoculant. On the other hand, significant interaction
occurred only in the second growing cycle of the lettuce.

The nitrate concentration in tissues varied significantly with the application of the
inoculant in only one out of the four sampling dates, the second one (Figure 3). The values
from the treatment without the microorganism were significantly higher than those from
the treatment with the microorganism.

The nitrate levels in tissues varied significantly with the application of mineral N to
the soil in all lettuce growing cycles (Figure 3). However, the increase in average nitrate
values in tissues with the application of mineral N to the soil was not as striking as the total
N concentration in tissues.
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Figure 3. Tissue nitrate (NO3
−) concentration in the first, second, third, and fourth growing cycles

(GCs) within a factorial experiment involving microorganism application (Micro, No or Yes) and
nitrogen rates [0 (N0), 25 (N25), 50 (N50), and N100 (N100) kg ha−1 of N]. PM, PN, and PI represent
the probability of the two-way ANOVA associated with microorganism application, N rate, and
interaction, respectively. The means of the N rate factor were separated using the Tukey HSD test
(α = 0.05). Error bars indicate standard errors. Within Micro or Nitrogen means followed by the same
letter are not signficantly different at p < 0.05.

3.3. Apparent Nitrogen Recovery and Apparent Nitrogen Fixation

The apparent N recovery is an indicator of N-use efficiency, and, therefore, in this
study, it was calculated from the results of the pots that did not receive the inoculant.
Although the result is not clear in all lettuce growing cycles, there was a tendency for lower
N-use efficiency as the N rate increased (Table 1). The result became clear when observing
the average values of the four growing cycles, where the apparent N recovery values were
73.5%, 66.4%, and 54.0% in the N25, N50, and N100 treatments, respectively.

Table 1. Apparent nitrogen recovery of soil-applied N (±standard deviation, n = 4) by treatment
[25 (N25), 50 (N50), and 100 (N100) kg ha−1 of N] and growing cycle (GC).

Apparent Nitrogen Recovery (%)
N Treatment 1st GC 2nd GC 3rd GC 4th GC Average

N25 31.3 ± 26.7 81.7 ± 10.5 88.7 ± 22.9 92.1 ± 5.4 73.5
N50 33.4 ± 12.9 60.6 ± 17.5 91.1 ± 7.0 80.5 ± 14.3 66.4

N100 32.8 ± 11.8 43.9 ± 8.4 86.7 ± 9.2 52.4 ± 3.3 54.0
Apparent N recovery (%) = 100 × [(N recovered in the fertilized treatments − N recovered in the control
treatment)/N applied as a fertilizer].

The apparent N fixation was calculated by the difference between the values of the
treatments receiving and not receiving the inoculant for each of the N rates applied to
the soil. The values expressed in kg ha−1 were consistently very close to zero, although
there was a slight tendency for positive average values in treatments that received more
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N applied to the soil (Table 2). This is a result that should be emphasized, as it clearly
demonstrated the reduced capacity of the inoculant to fix atmospheric N.

Table 2. Apparent nitrogen fixation (±standard deviation, n = 4) by treatment [0 (N0), 25 (N25),
50 (N50), and 100 (N100) kg ha−1 of N] and growing cycle (GC).

Apparent Nitrogen Fixation (kg ha−1)
N Treatment 1st GC 2nd GC 3rd GC 4th GC Average

N0 −5.4 ± 2.7 −3.2 ± 1.1 1.0 ± 0.7 1.4 ± 0.9 −1.5
N25 2.5 ± 6.1 −2.0 ± 1.4 2.4 ± 5.4 −6.4 ± 3.6 −0.9
N50 9.9 ± 6.5 10.2 ± 7.8 −1.6 ± 6.5 −8.9 ± 4.7 2.4

N100 7.0 ± 10.3 16.9 ± 5.7 −5.2 ± 6.8 6.5 ± 6.7 6.3
Apparent N fixation = N recovered in treated plants − N recovered in untreated plants.

3.4. Concentration of Other Nutrients in Lettuce Tissues

In the first lettuce growing cycle, no significant differences were observed with the
application of the inoculant or between rates of mineral N application for any of the
macronutrients, P, K, Ca, or Mg (Table 3). On the other hand, the B concentration in tissues
varied with the application of mineral N to the soil, with average values decreasing as the
applied N rate increased. Among the metallic micronutrients, only the Zn concentration in
tissues varied significantly with the application of the inoculant, with the highest average
value observed in treated pots. The Mn concentration varied significantly with the treat-
ments of mineral N application to the soil, but without a clear trend with the N rate, with
the lowest average value observed in the N25 treatment.

Table 3. Tissue nutrient concentration in the first growing cycle within a factorial experiment
involving microorganism application (Micro, No or Yes) and nitrogen rate [0 (N0), 25 (N25), 50 (N50),
and N100 (N100) kg ha−1 of N]. PM, PN, and PI represent the probability of the two-way ANOVA
associated with microorganism application, N rate, and interaction, respectively.

P K Ca Mg B Fe Mn Zn Cu

g kg−1 mg kg−1

Micro No 5.8 a 94.2 a 8.0 a 4.4 a 51.1 a 730.8 a 62.2 a 102.7 b 14.5 a
Yes 5.8 a 89.9 a 7.6 a 4.1 a 50.4 a 696.1 a 58.9 a 129.9 a 13.6 a

N rate N0 5.6 a 89.7 a 7.6 a 3.9 a 54.6 a 673.2 a 61.5 ab 115.8 a 13.3 a
N25 5.8 a 92.4 a 8.0 a 4.6 a 50.5 b 759.5 a 50.0 b 124.5 a 13.8 a
N50 5.9 a 93.5 a 7.3 a 4.1 a 51.3 b 775.8 a 65.2 a 122.3 a 14.2 a
N100 5.9 a 92.6 a 8.2 a 4.4 a 46.5 c 645.4 a 65.5 a 102.5 a 14.9 a

PM 0.7644 0.4179 0.2804 0.1244 0.3644 0.6523 0.3188 0.0041 0.0920
PN 0.3760 0.9595 0.3415 0.1085 <0.0001 0.5558 0.0079 0.2864 0.1693
PI 0.9950 0.8899 0.9205 0.8595 0.0039 0.0435 0.3236 0.0236 0.0222

In columns, separated by microorganism application and N rate; means followed by the same letter are not
significantly different by Tukey HSD test (α = 0.05).

In the second lettuce growing cycle, among the macronutrients, only the K levels in
tissues varied with the application of the inoculant and with the N rate (Table 4). Pots
treated with the inoculant showed significantly lower K levels in tissues than untreated
pots. Regarding the mineral N rate, the K levels in tissues decreased with the increase in
the applied N. The B levels in tissues, like those of K, also exhibited a significant decreasing
trend with the application of mineral N rates to the soil. Among metallic micronutrients,
significant differences were only observed in Mn levels in tissues when comparing the
results of pots that received the microorganism and those that did not, with higher levels in
the former.
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Table 4. Tissue nutrient concentration in the second growing cycle within a factorial experiment
involving microorganism application (Micro, No or Yes) and nitrogen rate [0 (N0), 25 (N25), 50 (N50),
and N100 (N100) kg ha−1 of N]. PM, PN, and PI represent the probability of the two-way ANOVA
associated with microorganism application, N rate, and interaction, respectively.

P K Ca Mg B Fe Mn Zn Cu

g kg−1 mg kg−1

Micro No 5.3 a 72.8 a 6.3 a 3.9 a 42.6 a 624.2 a 56.8 a 184.5 a 13.3 a
Yes 5.1 a 66.7 b 6.1 a 3.7 a 41.7 a 592.0 a 50.4 b 132.7 a 12.3 a

N rate N0 5.2 a 75.4 a 6.1 a 3.6 a 47.5 a 622.4 a 59.0 a 160.7 a 12.5 a
N25 5.3 a 76.6 a 6.1 a 3.9 a 43.8 b 645.0 a 52.4 a 213.4 a 12.3 a
N50 5.4 a 68.8 b 6.0 a 3.7 a 39.0 c 554.2 a 50.0 a 127.9 a 13.4 a
N100 5.1 a 58.1 c 6.7 a 4.0 a 38.4 c 610.9 a 53.1 a 132.4 a 13.1 a

PM 0.1509 0.0004 0.3792 0.2765 0.2814 0.6004 0.0379 0.2077 0.0601
PN 0.5827 <0.0001 0.0668 0.1139 <0.0001 0.7494 0.1868 0.4234 0.3990
PI 0.6720 0.0022 0.3373 0.4840 0.0010 0.4956 0.5370 0.2222 0.9338

In columns, separated by microorganism application and N rate; means followed by the same letter are not
significantly different by Tukey HSD test (α = 0.05).

In the third lettuce growing cycle, among macronutrients, significant differences were
only observed for K levels in tissues when comparing the response to the applied mineral,
N (Table 5). The K levels in tissues were significantly lower in the treatment that received
the highest N rate. Among micronutrients, significant differences were observed in the
concentration of Zn and Cu in tissues. Zn values were significantly higher in the treatment
that did not receive the microorganism and tended to be higher in treatments corresponding
to higher rates of N applied to the soil (N50 and N100). Cu values differed significantly
depending on the N rate, showing a tendency to be significantly higher as the applied N
rate increased.

Table 5. Tissue nutrient concentration in the third growing cycle within a factorial experiment
involving microorganism application (Micro, No or Yes) and nitrogen rate [0 (N0), 25 (N25), 50 (N50),
and N100 (N100) kg ha−1 of N]. PM, PN, and PI represent the probability of the two-way ANOVA
associated with microorganism application, N rate, and interaction, respectively.

P K Ca Mg B Fe Mn Zn Cu

g kg−1 mg kg−1

Micro No 3.6 a 48.9 a 7.8 a 4.4 a 33.6 a 746.2 a 62.4 a 103.0 a 7.4 a
Yes 3.5 a 48.3 a 7.6 a 4.5 a 34.1 a 711.0 a 62.6 a 85.1 b 7.9 a

N rate N0 3.3 a 49.6 a 7.4 a 4.3 a 35.3 a 725.7 a 60.7 a 70.4 b 6.6 c
N25 3.6 a 50.9 a 7.5 a 4.3 a 33.8 a 739.7 a 63.7 a 72.1 b 6.6 bc
N50 3.7 a 49.1 a 7.8 a 4.6 a 34.0 a 699.4 a 65.3 a 113.5 a 8.2 ab
N100 3.6 a 44.8 b 8.1 a 4.7 a 32.3 a 749.6 a 60.3 a 120.2 a 9.1 a

PM 0.2150 0.4803 0.6653 0.5821 0.6390 0.2976 0.9510 0.0019 0.2153
PN 0.0911 0.0007 0.3795 0.0873 0.1612 0.7285 0.5424 <0.0001 <0.0001
PI 0.0588 0.0822 0.5948 0.0205 0.0007 0.0143 0.8321 0.6639 0.2491

In columns, separated by microorganism application and N rate; means followed by the same letter are not
significantly different by Tukey HSD test (α = 0.05).

In the fourth lettuce growing cycle, K levels in tissues were higher in the treatment that
received the inoculant compared to the treatment that did not, and were significantly lower
in the treatment corresponding to the highest N rate compared to the other treatments
(Table 6). Among macronutrients, Mg values were significantly lower in the N0 and N25
treatments compared to treatments receiving more N, N50 and N100. Mn concentrations in
tissues varied significantly among soil N treatments, tending to be higher in treatments
corresponding to higher N rates. The Cu values also exhibited significant variation among
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N fertilization treatments, although no clear trend was observed with respect to the applied
rates. In this growing cycle, a significant interaction was observed between the factors for
P, Fe, and Mn. However, this result was not consistent with what was observed in previous
growing cycles, in which significant interactions also occurred, but not always involving
the same nutrients.

Table 6. Tissue nutrient concentration in the fourth growing cycle within a factorial experiment
involving microorganism application (Micro, No or Yes) and nitrogen rate [0 (N0), 25 (N25), 50 (N50),
and N100 (N100) kg ha−1 of N]. PM, PN, and PI represent the probability of the two-way ANOVA
associated with microorganism application, N rate, and interaction, respectively.

P K Ca Mg B Fe Mn Zn Cu

g kg−1 mg kg−1

Micro No 2.7 a 35.8 b 7.8 a 5.3 a 31.1 a 841.4 a 61.4 a 61.7 a 7.8 a
Yes 2.8 a 38.6 a 7.5 a 5.4 a 32.6 a 797.6 a 64.3 a 69.2 a 8.8 a

N rate N0 2.6 a 39.7 a 7.9 a 5.0 b 30.8 a 992.7 a 56.9 b 65.2 a 8.6 ab
N25 2.8 a 39.7 a 7.4 a 4.9 b 31.9 a 720.1 a 57.7 ab 65.8 a 6.9 b
N50 3.0 a 37.1 a 7.3 a 5.7 a 32.8 a 865.6 a 68.5 a 66.2 a 8.3 ab
N100 2.8 a 32.3 b 8.1 a 5.9 a 31.8 a 699.6 a 68.4 a 64.8 a 9.4 a

PM 0.3527 0.0188 0.1972 0.5517 0.1008 0.6219 0.4170 0.1055 0.0516
PN 0.0638 0.0002 0.1053 0.0002 0.4816 0.0892 0.0404 0.9960 0.0059
PI 0.0117 0.6067 0.5319 0.9850 0.8389 0.0205 0.0066 0.1076 0.0576

In columns, separated by microorganism application and N rate; means followed by the same letter are not
significantly different by Tukey HSD test (α = 0.05).

4. Discussion
4.1. Effect of the Inoculant on Dry Matter Yield and Apparent Nitrogen Fixation

The application of the biological inoculant significantly increased DMY in the second
lettuce growing cycle (Figure 1). However, considering all four growing cycles, the effect
was inconsistent, as in some cycles the average values were higher in lettuce that did
not receive the microorganism. Additionally, the application of the inoculant did not
consistently increase leaf N concentration, with values even being significantly lower in
untreated lettuce in the second growing cycle (Figure 2). Nitrate levels in lettuce tissue
did not increase with the inoculant application. In the second growing cycle, the values
were even significantly lower than those in the untreated control. A concentration/dilution
effect seems to have occurred, where, when DMY was lower, N levels in the tissues
were higher, and vice versa. The phenomenon of concentration/dilution has long been
established [35,36] and has continued to be observed in more recent studies [11,37]. In this
study, it seems that the small fluctuations observed in DMY due to the application of the
microorganism were poorly related to N availability for the plant. Also, the nitrate content
in the tissues, sometimes seen as an indicator of high sensitivity to N availability because it
is an unmetabolized form that accumulates in tissues [38], varied similarly to the total N
concentration in the leaves (Figure 3). Thus, this variable also did not reveal any influence
on the plant’s N nutritional status due to the microorganism application, perhaps because
in biological fixation, the plant accesses N in the form of ammonia [12,13,28].

The average value of apparent N fixation was consistently very low, slightly negative
for lower mineral N rates, and slightly positive for higher mineral N rates (Table 2). This
inoculant is presented to farmers as having the potential to be used for all crops [39],
supported by the fact that microorganisms of the Methylobacterium genus are ubiquitous
in nature and colonize most plants [24,26]. However, the N-fixing capacity typically
depends on highly specific relationships between diazotrophic microorganisms and host
plants, reaching its maximum exponent in endophytic relationships that occur in nodulated
legumes [12,13]. In the case of legumes, it is well established that in N-poor soils, the plant
secretes secondary metabolites called flavonoids, which are recognized by the bacteria,
eliciting the release of lipochitooligosaccharides known as nodulation factors. These
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nodulation factors, in turn, are recognized by the legume [40]. Subsequently, the bacteria
penetrate the root cells, preferably through the root hairs. As the bacteria advance within
the root hair, their multiplication occurs along with that of the cortical cells, initiating
nodule growth. The bacteria transform into bacteroids as nitrogenase and leghemoglobin
synthesis takes place, enabling N fixation at high rates due to the supply of photosynthates
to the nodule via the phloem and the protection conferred by leghemoglobin to nitrogenase
activity [12,13].

The type of specificity established with M. symbioticum and plants is not sufficiently
clear. It is known that some Methylobacterium species are involved in N fixation during
interactions with plants and have been reported as putative endophytes, maintaining a
symbiotic relationship with plants [27]. The microorganism used in this study, although
isolated from soil, from an arbuscular mycorrhizal fungus [23], appears in a commercial
product for application to the shoots [39]. Supposedly, the microorganism invades the
phyllosphere, where it will have privileged access to various products released by the
plant such as methanol, which it uses as a C source, but also soluble carbohydrates, amino
acids, organic acids, and many other compounds, which may increase its fixation capacity
compared to free-living microorganisms [20,24,27,41].

However, the phyllosphere microbiome exerts effects on the plant that can be neutral,
negative, or positive, and in the latter case, may result from N fixation or other interactions,
such as the production of plant hormones [24,25,42]. On the other hand, the phyllosphere
is a potentially hostile environment influenced by biotic and abiotic factors. This causes the
microbiome at the phyllosphere level to vary significantly with the cultivated species and
within the same species, with the prevailing environmental conditions in each region, due
to the strong competition for nutrients and space [20,43,44]. Although quantified effects of
the microbiome on plants are poorly understood [20,24,45], it does not seem very plausible
that a given microorganism remains strongly competitive in the phyllosphere of a wide
diversity of plant species and environmental growth conditions.

Being ubiquitous in nature, the presence of microorganisms of the Methylobacterium
genus in the phyllosphere can be expected regardless of their external application. It
remains to be better clarified whether the selected strain of M. symbioticum used in this
study is more effective in N fixation than others under such diverse conditions. The results
of this study showed that in lettuce, under these cultivation conditions, the N fixed by
the microorganism was very modest, not matching the very favourable results reported
in maize and strawberries by the team that developed the commercial product [28,39].
The observed N fixation values in this study were so low (<6.3 kg ha−1 at the highest N
rate) that they would hardly justify farmers’ application of this commercial product. The
observed values appear to align more closely with the N fixation capacity observed in
free-living phyllosphere N-fixing microorganisms [18,46–48].

4.2. Effect of Nitrogen Applied to the Soil on Dry Matter Yield and Apparent Nitrogen Recovery

The application of N to the soil significantly influenced DMY, following a saturation
curve (between 0 and 100 kg ha−1 of N), as typically occurs when increasing the applied
N rate [5]. The N concentration in the tissues increased even more sharply than DMY,
showing a direct relationship with the N applied to the soil. This occurs because N can be
taken up by plants in luxury consumption, that is, in quantities above immediate metabolic
needs, accumulating in tissues as reserves for future use [5].

Although with some variation between growing cycles, the apparent N recovery
decreased with N application. The reduction in N-use efficiency by plants as the applied
rate increases is one of the main aspects to consider in N fertilization management in
crop fields [49,50]. It is estimated worldwide that no more than 50% of the applied N is
used by growing plants [3]. The remaining N is lost from agricultural ecosystems, mainly
through nitrate leaching into water bodies [4,5] and through denitrification, leading to
atmospheric contamination with greenhouse gases such as N oxides [5,6]. In this study,
the apparent N recovery values, considering the average of the four growing cycles, were
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73.5%, 66.4%, and 54.0% for the applications corresponding to 25, 50, and 100 kg ha−1 of
N, respectively (Table 1). These values can be tendentially higher than those frequently
observed in field trials [49,50], and they are due to the better control of N losses through
leaching and denitrification that can be achieved in pots compared to field trials.

4.3. Concentration of Other Nutrients in Lettuce Tissues

The application of the inoculant had a reduced effect on the concentration of other
nutrients in plant tissues besides N. When there was an occasional significant difference,
the result was not consistent with the other growing cycles. If the microorganism had any
effect on the plant, it was not sufficient to affect the concentration of nutrients in its tissues.

The strong effect of N applied to the soil on DMY and N concentration in plant tissues
exerted various synergistic and antagonistic interactions with other nutrients (Tables 4–6).
A consistent reduction in K concentration in tissues was observed with increasing N rate,
and, consequently, with the increase in N concentration in tissues and DMY. Since K is a
nutrient taken up by plants in very high amounts, with sufficiency range values for most
types of lettuce being higher than those of N [51], the likely cause for the reduction in K
concentration in tissues with N applied was a dilution effect, due to the strong increase in
biomass production [35,36].

In the case of B, a similar trend of decreasing concentration with increasing N rate
seems to have been observed. Soluble B in the soil is primarily in the form of boric
acid (H3BO3), which is the main form taken up by plants at pH levels between 5 and
9 [49,52], making it less likely for antagonistic or synergistic interactions to occur with N in
absorption. On the other hand, soils low in organic matter and clay have a very limited
capacity to supply B to plants [5,52], as has been demonstrated in many other studies
in the region [53,54]. It was likely the limitation in B supply to plants that facilitated the
occurrence of the dilution effect, as the N rate stimulated an increase in biomass production.

In the case of micronutrient metals, there were occasionally significant differences,
but without clear consistency within the treatments. The bioavailability of these metals is
highly dependent on the soil redox potential [55,56]. It is always challenging to maintain
the same soil moisture conditions in pots, as treatments can cause some plants to grow
more than others and transpire different amounts of water. Although efforts were made
to maintain equivalent soil moisture levels in all pots during watering, it is likely that
irrigation created small differences in soil redox potential throughout the growing cycle,
which is the likely the cause for the sometimes-observed differences in metal concentrations
in tissues.

Significant interactions were observed between factors in almost all growing cycles,
particularly concerning the concentration of nutrients in tissues. However, consistency
across results was lacking, as different nutrients exhibited varied responses in different
growing cycles. The influence of one factor on another may be attributed to several factors:
N fixation, which varied with the N applied to the soil; concentration/dilution phenomena,
mentioned earlier; and environmental factors such as wetting/drying cycles in the pot.
These environmental dynamics affect nutrient bioavailability, particularly that of micronu-
trients, for which significant interactions between factors were more frequently observed.

5. Conclusions

In a study where a strong response to applied N to the soil occurred, as typically
observed in N fertilization trials, and where the response to applied N reduced N-use
efficiency, the plant’s response to the application of M. symbioticum to the shoots was weak
for any of the N rates applied to the soil, but particularly for N0 and N25 treatments,
even considering that four lettuce growing cycles were conducted. In biological systems,
high N fixation typically occurs when there is a high degree of specificity between the
microorganism and the host plant. Therefore, achieving a high capacity for fixation across
a wide range of plant species is unlikely.
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Certainly, the inoculant has the potential to be used in agriculture, providing benefits
to farmers, but likely not across all crops. It seems necessary to establish a much better
understanding of more specific conditions under which the benefits can be quantitatively
more effective, reducing the risk of failure in agricultural fields. This is because it is an
input factor with associated acquisition and application costs. Moreover, if the technology
fails, it can lead to a loss of crop productivity due to N deficiency, reducing farmers’ profits.

As far as we know, these are the first independent results of the use of this inoculant. It
is important that more studies emerge in the coming years for a more accurate assessment
of the potential use of this commercial product.

Author Contributions: M.A.: funding acquisition, investigation, methodology, and writing—original
draft preparation; C.M.C.: methodology; writing—review and editing; M.Â.R.: conceptualisation,
funding acquisition, project administration, data curation, and 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
the financial support from national funds FCT/MCTES, to CIMO (UIDB/AGR/00690/2020), SusTEC
(LA/P/0007/2020), and CITAB (UIDB/04033/2020).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

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

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

References
1. Ritchie, H. Yields vs. Land Use: How the Green Revolution Enabled Us to Feed a Growing Population. Our World in Data. 2017.

Available online: https://ourworldindata.org/yields-vs-land-use-how-has-the-world-produced-enough-food-for-a-growing-
population (accessed on 28 March 2024).

2. Kyriakou, V.; Garagounis, I.; Vourros, A.; Vasileiou, E.; Stoukides, M. An electrochemical Haber-Bosch process. Joule 2020, 4,
142–158. [CrossRef]

3. Havlin, J.L.; Beaton, J.D.; Tisdale, S.L.; Nelson, W.L. Soil Fertility and Fertilizers: An Introduction to Nutrient Management, 8th ed.;
Pearson, Inc.: Chennai, India, 2017.

4. Mulla, D.J.; Strock, J.S. Nitrogen transport processes in soil. In Nitrogen in Agricultural Systems; Schepers, J.S., Raun, W.R., Eds.;
Agronomy Monographs; ASA, CSSA, SSSA: Madison, WI, USA, 2008; Volume 49, pp. 361–400.

5. Weil, R.R.; Brady, N.C. The Nature and Properties of Soils, 15th ed.; Pearson Education Limited: Edinburg, UK, 2017.
6. Coyne, M.S. Biological denitrification. In Nitrogen in Agricultural Systems; Schepers, J.S., Raun, W.R., Eds.; Agronomy Monograph;

ASA, CSSA, SSSA: Madison, WI, USA, 2008; Volume 49, pp. 201–253.
7. Obriot, F.; Stauffer, M.; Goubard, Y.; Cheviron, N.; Peres, G.; Eden, M.; Revallier, A.; Vieublé-Gonod, L.; Houot, S. Multi-criteria

indices to evaluate the effects of repeated organic amendment applications on soil and crop quality. Agric. Ecosyst. Environ. 2016,
232, 165–178. [CrossRef]

8. Bhanwaria, R.; Singh, B.; Musarella, C.M. Effect of organic manure and moisture regimes on soil physicochemical properties,
microbial biomass Cmic:Nmic:Pmic turnover and yield of mustard grains in arid climate. Plants 2022, 11, 722. [CrossRef]

9. Rodrigues, M.A.; Dimande, P.; Pereira, E.; Ferreira, I.Q.; Freitas, S.; Correia, C.M.; Moutinho-Pereira, J.; Arrobas, M. Early-
maturing annual legumes: An option for cover cropping in rainfed olive orchards. Nutr. Cycl. Agroecosyst. 2015, 103, 153–166.
[CrossRef]

10. Murtaza, B.; Zaman, G.; Imran, M.; Shah, G.M.; Amjad, M.; Ahmad, N.; Naeem, M.A.; Zakir, A.; Farooq, A.; Ahmad, S.; et al.
Municipal solid waste compost improves crop productivity in saline-sodic soil: A multivariate analysis of soil chemical properties
and yield response. Commun. Soil Sci. Plant Anal. 2019, 50, 1013–1029. [CrossRef]

11. Arrobas, M.; Carvalho, J.T.N.; Raimundo, S.; Poggere, G.; Rodrigues, M.A. The safe use of compost derived from municipal solid
waste depends on its composition and conditions of application. Soil Use Manag. 2022, 38, 917–928. [CrossRef]

12. Russelle, M.P. Biological dinitrogen fixation in agriculture. In Nitrogen in Agricultural Systems; Schepers, J.S., Raun, W.R., Eds.;
Agronomy Monograph; ASA, CSSA, SSSA: Madison, WI, USA, 2008; Volume 49, pp. 281–359.

13. Cooper, J.; Scherer, H. Nitrogen fixation. In Marschner’s Mineral Nutrition of Higher Plants, 3rd ed.; Marschner, P., Ed.; Academic
Press: London, UK, 2012; pp. 389–408.

https://ourworldindata.org/yields-vs-land-use-how-has-the-world-produced-enough-food-for-a-growing-population
https://ourworldindata.org/yields-vs-land-use-how-has-the-world-produced-enough-food-for-a-growing-population
https://doi.org/10.1016/j.joule.2019.10.006
https://doi.org/10.1016/j.agee.2016.08.004
https://doi.org/10.3390/plants11060722
https://doi.org/10.1007/s10705-015-9730-5
https://doi.org/10.1080/00103624.2019.1603305
https://doi.org/10.1111/sum.12737


Sustainability 2024, 16, 4512 14 of 15

14. Galanopoulou, K.; Lithourgidis, A.S.; Dordas, C.A. Intercropping of faba bean with barley at various spatial arrangements affects
dry matter and N yield, nitrogen nutrition index, and interspecific competition. Not. Bot. Horti Agrobot. Cluj-Napoca 2019, 47,
1116–1127. [CrossRef]

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

16. Ojiem, J.; Franke, A.; Vanlauwe, B.; de Ridder, N.; Giller, K.E. Benefits of legume–maize rotations: Assessing the impact of
diversity on the productivity of smallholders in Western Kenya. Field Crops Res. 2014, 168, 75–85. [CrossRef]

17. Li, Z.; Yang, X.; Cui, S.; Yang, Q.; Yang, X.; Li, J.; Shen, Y. Developing sustainable cropping systems by integrating crop rotation
with conservation tillage practices on the Loess Plateau, a long-term imperative. Field Crops Res. 2018, 222, 164–179. [CrossRef]

18. 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 Limited: London, UK, 2014; pp. 3–21. [CrossRef]

19. Bhuvaneshwari, K.; Singh, P.K. Response of nitrogen-fixing water fern Azolla biofertilization to rice crop. 3 Biotech 2015, 5,
523–529. [CrossRef]

20. 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]

21. 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 Limited: London, UK, 2014; pp. 49–70. [CrossRef]

22. 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; Elsevier: London, UK, 2020; pp. 521–544.

23. 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]

24. 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]

25. 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 underappre-
ciated phyllosphere diversity. Genome Biol. Evol. 2022, 14, evac123. [CrossRef]

26. 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]

27. 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; Elsevier: London, UK, 2020;
pp. 509–519.

28. 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]

29. IPMA (Instituto Português do Mar e da Atmosfera). Normais Climatológicas. 2024. Available online: https://www.ipma.pt/pt/
oclima/normais.clima/ (accessed on 15 April 2024).

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

31. 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.

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

33. Baird, R.B.; Eaton, A.D.; Rice, E.W. Nitrate by ultraviolet spectrophotometric method. In Standard Methods for the Examination of
Water and Wastewater; American Public Health Association: Washington, DC, USA; American Water Works Association: Denver,
CO, USA; Water Environment Federation: Alexandria, VA, USA, 2017.

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

35. Jarrell, W.M.; Beverly, R.B. The dilution effect in plant nutrition studies. Adv. Agron. 1981, 34, 197–224.
36. Römheld, V. Diagnosis of deficiency and toxicity of nutrients. In Marschner’s Mineral Nutrition of Higher Plants; Marschner, P., Ed.;

Elsevier: London, UK, 2012; pp. 299–312.
37. 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]

38. Conversa, G.; Bonasia, A.; Lazzizera, C.; La Rotonda, P.; Elia, A. Reduction of nitrate content in baby-leaf lettuce and Cichorium
endivia through the soilless cultivation system, electrical conductivity and management of nutrient solution. Front. Plant Sci. 2021,
12, 645671. [CrossRef]

https://doi.org/10.15835/nbha47111520
https://doi.org/10.24925/turjaf.v9i8.1560-1566.4481
https://doi.org/10.1016/j.fcr.2014.08.004
https://doi.org/10.1016/j.fcr.2018.03.027
https://doi.org/10.5772/57532
https://doi.org/10.1007/s13205-014-0251-8
https://doi.org/10.17584/rcch.2019v13i3.10503
https://doi.org/10.5772/56993
https://doi.org/10.1007/s00284-020-02101-4
https://doi.org/10.1093/jxb/erl173
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://www.ipma.pt/pt/oclima/normais.clima/
https://www.ipma.pt/pt/oclima/normais.clima/
https://doi.org/10.1007/978-1-4020-2976-9
https://doi.org/10.1080/01904167.2023.2225557
https://doi.org/10.3389/fpls.2021.645671


Sustainability 2024, 16, 4512 15 of 15

39. Corteva Biologicals, Agriscience. BlueN—Bioestimulante. 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).

40. Montejano-Ramírez, V.; Valencia-Cantero, E. The importance of lentils: An overview. Agriculture 2024, 14, 103. [CrossRef]
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. Vimal, S.R.; Singh, J.S.; Kumar, A.; Prasad, S.M. The plant endomicrobiome: Structure and strategies to produce stress resilient

future crop. Curr. Res. Microb. Sci. 2024, 6, 100236. [CrossRef]
43. 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]
44. 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]
45. Fürnkranz, M.; Wanek, W.; Richter, A.; Abell, G.; Rasche, F.; Sessitsch, A. Nitrogen fixation by phyllosphere bacteria associated

with higher plants and their colonizing epiphytes of a tropical lowland rainforest of Costa Rica. ISME J. 2008, 2, 561–570.
[CrossRef]

46. Freiberg, E. Microclimatic parameters influencing nitrogen fixation in the phyllosphere in a Costa Rican premontane rain forest.
Oecologia 1998, 17, 9–18. [CrossRef]

47. Moreira, J.C.F.; Brum, M.; Almeida, L.D.; Barrera-Berdugo, S.; Souza, A.A.; Camargo, P.B.; Oliveira, R.F.; Alves, L.F.;
Rosado, B.H.P.; Lambais, M.R. Asymbiotic nitrogen fixation in the phyllosphere of the Amazon forest: Changing nitrogen cycle
paradigms. Sci. Total Environ. 2021, 773, 145066. [CrossRef]

48. Zhu, Y.-G.; Peng, J.; Chen, C.; Xiong, C.; Li, S.; Ge, A.; Wang, E.; Liesack, W. Harnessing biological nitrogen fixation in plant leaves.
Trends Plant Sci. 2023, 28, 1391–1405. [CrossRef]

49. Ferreira, I.Q.; Arrobas, M.; Moutinho-Pereira, J.M.; Correia, C.M.; Rodrigues, M.A. The effect of nitrogen applications on the
growth of young olive trees and nitrogen use efficiency. Turk. J. Agric. For. 2020, 44, 278–289. [CrossRef]

50. Rodrigues, M.Â.; Torres, L.N.D.; Damo, L.; Raimundo, S.; Sartor, L.; Cassol, L.C.; Arrobas, M. Nitrogen use efficiency and crop
yield in four successive crops following application of biochar and zeolites. J. Soil Sci. Plant Nutr. 2021, 21, 1053–1065. [CrossRef]

51. Bryson, G.M.; Mills, H.A.; Sasseville, D.N.; Jones, J.J., Jr.; Barker, A.V. Plant Analysis Handbook II: A Guide to Sampling, Preparation,
Analysis, Interpretation and Use of Results of Agronomic and Horticultural Crop Plant Tissue; Micro-Macro Publishing, Inc.: Athens,
GA, USA, 2014.

52. Wimmer, M.A.; Eichert, T. Review: Mechanisms for boron deficiency-mediated changes in plant water relations. Plant Sci. 2013,
203–204, 25–32. [CrossRef] [PubMed]

53. Portela, E.; Ferreira-Cardoso, J.; Louzada, J.; Gomes-Laranjo, J. Assessment of boron application in chestnuts: Nut yield and
quality. J. Plant Nutr. 2015, 38, 973–987. [CrossRef]

54. Arrobas, M.; Raimundo, S.; Conceição, N.; Moutinho-Pereira, J.; Correia, C.M.; Rodrigues, M.Â. On sandy, boron-poor soils,
liming induced severe boron deficiency and drastically reduced the dry matter yield of young olive trees. Plants 2023, 12, 4161.
[CrossRef] [PubMed]

55. Sparrow, L.A.; Uren, N.C. Manganese oxidation and reduction in soils: Effects of temperature, water potential, pH and their
interactions. Soil Res. 2014, 52, 483–494. [CrossRef]

56. Afonso, S.; Arrobas, M.; Rodrigues, M.A. Twenty-years of hop irrigation by flooding the inter-row did not cause a gradient along
the row in soil properties, plant elemental composition and dry matter yield. Horticulturae 2021, 7, 194. [CrossRef]

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://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
https://doi.org/10.3390/agriculture14010103
https://doi.org/10.5958/2320-3161.2022.00009.8
https://doi.org/10.1016/j.crmicr.2024.100236
https://doi.org/10.1094/MPMI-10-14-0331-FI
https://doi.org/10.7717/peerj.2367
https://doi.org/10.1038/ismej.2008.14
https://doi.org/10.1007/s004420050625
https://doi.org/10.1016/j.scitotenv.2021.145066
https://doi.org/10.1016/j.tplants.2023.05.009
https://doi.org/10.3906/tar-1905-26
https://doi.org/10.1007/s42729-021-00421-3
https://doi.org/10.1016/j.plantsci.2012.12.012
https://www.ncbi.nlm.nih.gov/pubmed/23415325
https://doi.org/10.1080/01904167.2014.963116
https://doi.org/10.3390/plants12244161
https://www.ncbi.nlm.nih.gov/pubmed/38140487
https://doi.org/10.1071/Sr13159
https://doi.org/10.3390/horticulturae7070194

	Introduction 
	Materials and Methods 
	Establishment of Pot Experiments 
	Crop Management 
	Crop Harvest, Sampling, and Laboratory Analysis 
	Data Analysis 

	Results 
	Lettuce Dry Matter Yield 
	Nitrogen and Nitrate Concentration in Plant Tissue 
	Apparent Nitrogen Recovery and Apparent Nitrogen Fixation 
	Concentration of Other Nutrients in Lettuce Tissues 

	Discussion 
	Effect of the Inoculant on Dry Matter Yield and Apparent Nitrogen Fixation 
	Effect of Nitrogen Applied to the Soil on Dry Matter Yield and Apparent Nitrogen Recovery 
	Concentration of Other Nutrients in Lettuce Tissues 

	Conclusions 
	References

