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Abstract: Given the importance of biological nitrogen (N) fixation in agroecosystems, using inoculants
with phyllosphere N fixers effective across various crops would revolutionize agriculture. In this
study, the application of an inoculant prepared from Methylobacterium symbioticum was tested on
young olive trees. The pot experiment was arranged in a factorial design, with inoculant (Yes and
No) and mineral N applied to the soil [0 (NO), 25 (N25), 50 (N50), and 100 (N100) kg ha—1], and
four replicates. The inoculant application did not increase plant dry matter yield (DMY), whereas
the application of mineral N had a significant and pronounced effect. The inoculant also did not
significantly increase N concentration in tissues, unlike the strong increase observed with N applied
to the soil. The inoculant significantly increased plant N recovery, a cumulative effect resulting from
small increases in DMY and N concentration in tissues. This increase represented 5.2% more N in
plants receiving the inoculant compared to untreated ones. However, only treatments receiving
mineral N recorded positive values of fixed N, with the highest value observed in the N50 treatment
(12.4%), whereas a negative value (—7.7%) was observed in the NO treatment. Overall, these low
values of fixed N question the economic rationale of using this inoculant by farmers and especially
render it unsuitable for organic farming systems, where plants tend to have lower N levels in tissues.

Keywords: Methylobacterium symbioticum; Olea europaea; biological nitrogen fixation; phyllosphere;
apparent nitrogen recovery; apparent nitrogen fixation

1. Introduction

Olive tree (Olea europaea L.) is one of the most important crops in the Mediterranean
basin. In addition to its importance as food, due to the quality of both the oil and the
fruit [1,2], olive oil has been used ancestrally as fuel and lubricant and in several medicinal
applications [3]. In 2022, the area planted in olive tree was 10,948,521 ha, with a world olive
production of 21,449,868 t [4]. Although olive cultivation has spread to various parts of the
world, more than 80% of world olive production is still concentrated in the Mediterranean
basin, in countries in southern Europe and North Africa [4].

In recent years, there has been a progressive intensification of the cropping system, par-
ticularly through increased planting density [5,6]. High-density olive groves are invariably
associated with high farming intensification, where low-sized canopy and high-yielding
cultivars are used, one of the most emblematic of the Mediterranean basin being Arbe-
quina [3,7].

The intensive cultivation of olive groves is associated with a high consumption of
water, phytosanitary products, and fertilizers. The excessive use of N fertilizers, for in-
stance, is one of the main environmental problems associated with intensive agriculture.
Firstly, there is an energy problem, which makes the use of these fertilizers expensive and
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environmentally unsustainable, since obtaining industrial N through the Haber-Bosch
process continues to require large amounts of energy [8]. Furthermore, once applied, N
is very dynamic in the soil and can be lost in large amounts by nitrate leaching, contami-
nating water bodies, or by denitrification in volatile forms, which include some important
greenhouse gases such as N oxides [9,10]. So, whenever more sustainable farming practices
are advocated, reducing mineral N use is always a key component.

However, finding alternative methods to mineral N fertilizers is a challenging en-
deavour. Most olive growers in the Mediterranean basin specialize in this crop, which
constitutes a true monoculture, where animal manure and other organic amendments are
not available in relevant quantities [11]. A realistic possibility of increasing the availability
of N in the soil is from the use of legume cover crops, taking advantage of these plants’
access to atmospheric dinitrogen, due to the symbiotic relationship that legumes establish
with N-fixing microorganisms [12-14]. Several studies have shown the high potential of
legume cover crops to supply N to olive trees [15]. However, these techniques are also ex-
pensive and not easy to implement, making it difficult to achieve the long-term persistence
of sown species [16,17].

Currently, in agricultural systems with high agricultural intensification, an increasing
number of producers use plant biostimulants, mainly those that can be applied as foliar
sprays, such as seaweed extracts and amino acids [18]. Plant biostimulants can be products
of a very different nature, currently also including those that contain beneficial microor-
ganisms [19]. A high diversity of microorganisms, namely bacteria and fungi, can have
beneficial interactions with plants, helping them to deal with several biotic and abiotic
stresses and/or facilitating the acquisition of nutrients [20,21]. Microorganisms capable
of fixing atmospheric N are diverse and have been used for a long time in agriculture,
especially rhizobia (Rhizobium and related genera) applied to legume species that develop
nodules in the root system [12-14]. The application of N-fixing microorganisms to shoots
in non-legume species (Azotobacter sp., Azospirillum, sp., Bacillus sp., etc.) has also been
studied [22-24], but commercial inoculants are much less widespread than rhizobia.

Recently, a new bacterium was isolated from Glomus iranicum var. tenuihypharum
spores, capable of fixing atmospheric N, having been classified as Methylobacterium symbi-
oticum sp. nov. (strain SB0023/3T) [25]. This bacterium can live in the phyllosphere and
supply N to the host plant. Soon after, a commercial plant biostimulant named BlueN®
containing this bacterium appeared on the market. The possibility of applying a microor-
ganism in a foliar spray with the ability to thrive in the phyllosphere of a non-legume crop
and fix N that can be used by the plant is very exciting because of the ease of operation. In
the case of the olive tree, especially in intensive cultivation, it would be, above all, a way of
reducing the rates of N applied as a fertilizer, which would be an important step towards a
more sustainable agriculture. However, as far as we know, no independent studies have
yet been conducted to test its efficacy. Thus, the objective of this study was to evaluate the
effectiveness of the commercial product BlueN® in stimulating growth and supplying N to
young potted-grown olive trees of the Arbequina cultivar. The hypotheses put forward
were as follows: (i) whether, as an N-fixing microorganism, this bacterium can supply
measurable amounts of N to the plants and stimulate their growth; and (ii) whether the
nutritional status of the plants influences the effectiveness of the process, with the product
being applied to plants subjected to different rates of mineral N-fertilizer.

2. Materials and Methods
2.1. Establishment of Pot Experiment and Experimental Design

A pot experiment was carried out for two consecutive years (2021-2022) in Braganca
(41°47'49.974" N, 6°45'43.168" W; altitude 686 m), northeastern Portugal. The trial was initi-
ated on 5 June 2021 and ended on 4 October 2022. The region benefits from a warm summer
Mediterranean climate (Csb), according to Képpen—Geiger classification. The mean annual
temperature and annual precipitation are 12.3 °C and 758.3 mm, respectively [26]. Mean
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monthly temperatures and accumulated monthly precipitation during the experimental
period are presented in Figure 1.
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Figure 1. Average monthly temperature and precipitation during the experimental period and
regional normal (Bragangca).

The experiment was arranged as a factorial: N fertilization, with four N rates (0, 25,
50 and 100 kg ha~! of N) applied to the soil; and application of a plant biostimulant (Yes
and No), and four replicates (4 pots) of each treatment. The annual rate of N was split
into two applications, half the rate at planting and the other half at mid-summer. Each pot
received 0, 0.208, 0.417 or 0.833 g year ! of N. These values were estimated considering a
planting density of 120,000 plants ha~! (considering the canopy size of the young potted
olive trees similar to that of herbaceous crops), and intending to simulate an application
of 0,25, 50 or 100 kg ha~! of N. Ammonium nitrate 27% N (50% NHy*, 50% NO5;~) was
the fertilizer used. Thus, the pots received 0, 0.770, 1.544, and 3.085 g pot’1 of ammonium
nitrate. In the first year, at planting the pots also received phosphorus (P) and potassium
(K) at rates corresponding to 100 kg ha—! as P,Os and K,O (21.8 and 41.5 kg ha=!of P
and K). Micronutrients, magnesium (Mg), and sulphur (S) were also applied once a year,
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 0.08 g pot~! year—!. The plant biostimulant (commercial product Blue N®, containing
3 x 107 colony-forming units (CFU g~ ') of M. symbioticum) was applied on 30 June 2021
and 15 June 2022. The leaf spray was prepared at the concentration recommended by the
manufacturer, 333 g ha~1, diluted in 100 L of water. Once again, it was considered that 1 ha
represents 120,000 young olive plants, with each plant receiving a fraction corresponding
to the individual dose. 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.

Pots with a height of 0.36 m and a mean diameter of 0.17 m were filled with 10 kg of
dried (40 °C) and sieved (2 mm mesh) soil, taken at the 0-0.20 m layer in a plot that had been
lying fallow for a year. The soil was a Regosol of colluvial origin [27], sandy—clay-loam
textured (550 g kg~ ! sand, 208 g kg~ ! silt, and 242 g kg ! clay). Some other properties of
the soil used in the pot experiment were as follows: organic carbon (C) (Walkley—Black)
9.3 g kg~ !; pH (H,0, 1:2.5) 6.5; extractable P (P,0s) and K (K,0) (Egnér-Riehm) 67.2 and
81.2 mg kg, respectively; and cation exchange capacity 14.1 cmol. kg~

2.2. Planting and Crop Management

Three-month-old pre-rooted olive cuttings, cv. Arbequina, ~20 cm in height, were
used in this experiment. The soil was well mixed with the pre-planting fertilizers and
placed in the pots at the same time as the plants.
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The experiment was carried out in outdoor conditions. After planting the olive
cuttings, 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 in
the rhizosphere.

After planting, the pots were divided into two groups: those that would receive the
inoculant application and those that would not receive the microorganism, and placed 50 m
apart to avoid any contamination of untreated plants. Throughout the entire experimental
period, the young olive trees were watered as needed, with water requirements depending
on the phenological stage of the plants and environmental variables. During each watering,
a maximum of 500 mL of water was applied. Any weeds that germinated after planting
were manually removed. After the inoculant application, all practices began with the pots
without inoculant, and only then moved on to the treated plants.

2.3. Crop Harvest and Laboratory Analysis

On 4 October 2022, the plants were removed from the pots, and a homogeneous soil
sample was recovered per pot. The roots were then separated from the aboveground
biomass, placed on a 2 mm mesh sieve, and washed with water under gentle pressure to
remove soil particles. The aboveground biomass was, in turn, separated into leaves and
stems. In the laboratory, all plant tissues were dried in an oven at 70 °C until constant
weight and ground (1 mm mesh).

Tissue N was analysed by the Kjeldahl method following sample digestion with
sulfuric acid and selenium as a catalyst. B determination involved sample incineration in
calcium oxide, with subsequent ash dilution using sulfuric acid. B was quantified in the
extract via colorimetry utilizing the azomethine-H method. Other nutrients were digested
in nitric acid using microwave. P was determined through colorimetry employing the blue
ammonium molybdate method with ascorbic acid as a reducing agent. Cations (K, Ca,
Mg, Cu, Fe, Zn, and Mn) were analysed via atomic absorption spectrophotometry. Further
details on these analytical procedures can be found in Temminghoff and Houba [28].

Soil samples were analysed for pH (H,O and KCI) (soil: solution, 1:2.5), cation-
exchange capacity (ammonium acetate, pH 7.0), organic C (wet digestion, Walkley—Black
method) and extractable P and K (Egner-Riehm method, ammonium lactate extract). Soil B
was extracted by hot water and determined by the method of azomethine-H. Soil separates
(clay, silt, and sand) were determined by the Robinson pipette method. All of these
analytical procedures are described in detail in Van Reeuwijk [29]. The availability of other
micronutrients (Cu, Fe, Zn, and Mn) in the soil was determined by atomic absorption
spectrometry after extraction with diethylenetriaminepentaacetic acid (DTPA) buffered at
pH 7.3 [30].

2.4. Data Analysis

The data underwent testing for normality and homogeneity of variances using the
Shapiro-Wilk test and Bartlett’s test, respectively. Following ANOVA examination (two-
way ANOVA), the means of the N treatments with significant differences («x < 0.05) were
separated by the Tukey HSD test (« = 0.05).

Apparent N recovery (ANR) served as an index of the efficiency of soil-applied N.
ANR was calculated using the following equation: ANR (%) = 100 x [(N recovered in the
fertilized treatments — N recovered in the control treatment)/N applied as fertilizer].

Apparent N fixation (ANF) was used as an index of the efficiency of N fixation
by the microorganism. ANF was determined by calculating the difference between the
N recovered by plants treated with the N-fixing microorganism and those untreated,
separately for each rate of N applied to the soil: ANF (%) =100 x [N recovered in inoculated
(Yes) plants — N recovered in non-inoculated (No) plants]/N recovered in inoculated plants.
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3. Results
3.1. Dry Matter Yield

The application of the inoculant did not result in an increase in the total dry matter
yield (DMY) of the plants or any of their parts, including roots, stems, or leaves (Figure 2).
In contrast, N applied to the soil significantly influenced the total DMY of the plants.
Increases in DMY were observed with N application in all plant parts: roots, stems, and
leaves. The N50 and N100 treatments showed significant differences compared to the NO
treatment in the production of dry matter in stems, leaves, and total, indicating a robust
response of the plant to N applied to the soil.

Total
Pm=0.3587
Pn <0.0001
Pi=0.4282

Roots B Stems OLeaves

MO

H W

A A

——

Leaves

a a = _ Pm = 0.0627
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o
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AR a Stems
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Pn <0.0001
Pi=0.2023

Roots

Pm = 0.1886

No Yes NO ‘ N25 ‘ N50 ‘ N100 Pn=0.0052

. Pi=0.7719
Micro N rate

Figure 2. Total dry matter yield (DMY) and DMY in roots, stems, and leaves in response to the
application (Yes) or not (No) of the nitrogen (N)-fixing microorganism (Micro) and the N rate (N rate)
applied to the soil [0 (NO), 25 (N25), 50 (N50), and 100 (N100) kg ha~1]. Pm, Pn, and Pi represent
the probabilities associated with the factors Micro, N rate, and interaction, respectively. Different
lowercase letters within columns indicate significant differences between treatments for the DMY of
that plant tissue. Different capital letters at the top of the bars indicate significant differences for the
total plant DMY. Error bars represent the standard error.

3.2. Nitrogen in Plant Tissues

The N concentration in plant tissues did not vary significantly with the application of
the inoculant (Table 1). However, the N concentration in roots, stems, and leaves increased
significantly with the application of N to the soil.

The application of the inoculant did not significantly influence the N recovery in
roots and stems (Table 1). However, the leaves of the inoculated plants showed increased
amounts of N compared to the non-inoculated plants. N recovery in all plant parts (total)
was also significantly higher in inoculated plants than in non-inoculated ones. N recovery
varied significantly with the N applied to the soil. The values increased from NO to N100,
often with significant differences between each of the different N rates applied, as observed
for N recovery in leaves and total.
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Table 1. Nitrogen (N) concentration and N recovery in roots, stems and leaves, and total N recovery
in response to the application (Yes) or not (No) of the N-fixing microorganism (Micro) and the N
rate (N rate) applied to the soil [0 (NO), 25 (N25), 50 (N50), and 100 (N100) kg ha=1]. Pm, Pn, and Pi
represent the probabilities associated with the factors Micro, N rate, and interaction, respectively.

N Concentration (g kg~1) N Recovery (g plant—1)
Roots Stems Leaves Roots Stems Leaves Total
Micro No 9.7a 5.1a 13.2a 0.27 a 0.35a 0.76 b 1.38b
Yes 10.3 a 53a 13.2a 0.27 a 0.38 a 0.82a 147 a
N rate NO 8.2d 43¢ 99d 0.18 ¢ 024 c 045d 0.87d
N25 94c¢ 49b 119 ¢ 0.25b 0.30 ¢ 0.60 ¢ 1.15¢

N50 10.3b 52b 13.3b 0.28b 0.38b 0.84Db 1.50b
N100 122 a 6.3a 17.7 a 0.37a 0.54 a 1.26 a 217 a

Prob. Pm 0.1040 0.1527 0.9020 0.6895 0.1373 0.0467 0.0017
Pn <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Pi 0.0004 0.0535 0.5106 0.8937 0.0336 0.3465 0.0533

In columns, separated by experimental factor (Micro and N rate), means followed by the same letter are not
significantly different by the Tukey HSD test (« = 0.05).

The plants that received soil fertilization (N25, N50, and N100) and were not inoculated
with the N-fixing microorganism (No) exhibited lower N recovery in their tissues compared
to the plants that also received soil fertilization (N25, N50, and N100) and were inoculated
(Yes) with the microorganism (Table 2). The former showed average values ranging from
51.4% to 71.9% relative to the N applied to the soil, while the latter ranged from 81.7% to
91.2%. On the other hand, the apparent N fixation in plants that received inoculant showed
a negative value (—7.7%) in plants that did not receive soil fertilization and positive values
in plants that received mineral fertilizer, with the highest average value recorded in the
N50 treatment (12.4%).

Table 2. Mean (+standard deviation, n = 4) apparent nitrogen recovery (ANR) of soil-applied N, and
apparent N fixation (ANF) by treatment [0 (NO), 25 (N25), 50 (N50) and 100 (N100) kg N ha~1].

N Rate 1 ANR (%) 2 ANR (%) 3 ANF (%)
NO —7.7 £ 543
N25 51.4 +7.72 81.7 + 13.57 52 4 5.01
N50 60.2 + 5.54 91.2 +228 12.4 +2.04

N100 719 + 6.91 83.3 £2.79 58+ 3.78

12 Apparent N recovery (%) = 100 x [(N recovered in the fertilized treatments — N recovered in the control
treatment) /N applied as a fertilizer], estimated from 1 inoculated (Yes) and 2 non-inoculated (No) plants. 3
Apparent N fixation (%) = 100 x [N recovered in inoculated (Yes) plants — N recovered in non-inoculated (No)
plants]/N recovered in inoculated plants.

3.3. Nutrient Concentration in Plant Tissues

Table 3 presents the concentration of other macronutrients besides N and micronutri-
ents in the leaves. Overall, the application of the inoculant had no significant effect on the
concentration of any of the macro or micronutrients. However, the concentrations of some
nutrients, such as P, K, Ca, and B, were significantly influenced by the N rate applied to
the soil. Additionally, the concentrations of these four nutrients followed a similar pattern,
showing a decreasing trend with the applied N rate, with values tending to be higher in
the control and lower in the N100 treatment.
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Table 3. Leaf nutrient concentration in response to the application (Yes) or not (No) of the nitrogen
(N)-fixing microorganism (Micro) and the N rate (N rate) applied to the soil [0 (NO), 25 (N25), 50
(N50), and 100 (N100) kg ha~1]. Pm, Pn, and Pi represent the probabilities associated with Micro and
N rate factors and interaction, respectively.

Macronutrients (g kg—1) Micronutrients (mg kg—1)
P K Ca Mg B Fe Mn Zn Cu

Micro No 20a 109 a 51a 1.0a 23.8a 199.7a 19.2a 160a 55a
Yes 21a 11.0a 50a 1.0a 242 a 1579a 221a 16.8a b57a
N rate NO 22a 11.1 ab 54a 09a 26.0 a 141.4a 188a 154a 48a
N25 22a 114 a 5.1a 1.0a 248ab 1979a 192a 164a b56a
N50 20ab 109ab 5.1a 1.0a 231ab 2359a 244a 168a 59a
N100 19b 104 b 47b 1.0a 221b 1399a 20.1a 168a 6.1a

Prob. Pm 02399 09663 0.1319 0.8301 0.6670 0.2707 0.0616 0.1402 0.7291
Pn  0.0124 0.0410 0.0003 0.2240 0.0229 0.2183 0.0507 0.2306 0.2582
Pi 09979 0.1731 0.0185 0.7472 0.1656 0.1277 0.1126 0.1137 0.7054

In columns, separated by experimental factor (Micro and N rate), means followed by the same letter are not
significantly different by the Tukey HSD test (« = 0.05).

The nutrient concentration in the stems exhibited a response pattern similar to that of
the nutrient concentration in the leaves (Table 4). No significant differences were recorded
in the nutrient concentrations in the stems between plants treated and untreated with the
inoculant. Similarly to the leaves, the concentrations of certain nutrients varied significantly
with the N rate applied to the soil, showing lower values in the N100 treatment compared
to the control. In this case, significant differences between treatments were observed for K,
Ca, B, and Zn.

Table 4. Stem nutrient concentration in response to the application (Yes) or not (No) of the nitrogen
(N)-fixing microorganism (Micro) and the N rate (N rate) applied to the soil [0 (NO), 25 (N25), 50
(N50), and 100 (N100) kg ha~1]. Pm, Pn, and Pi represent the probabilities associated with Micro and
N rate factors and interaction, respectively.

Macronutrients (g kg—1) Micronutrients (mg kg—1)
P K Ca Mg B Fe Mn Zn Cu

Micro No 13a 94a 51a 0.8a 196a 2159a 244a 25.7 a 56a
Yes l4a 96a 50a 0.8a 196a 2769a 255a 26.9 a 6.1a
N rate NO l4a 99a 55a 0.8a 205a 2238a 256a 283 a 49a
N25 1.4a 96ab 52ab 09a 19.7ab 2975a 265a 283a 6.2a
N50 1.3a 93ab 48bc 08a 189b 2633a 25.1a 257ab 59a
N100 13a 9.1b 4.7 ¢ 0.8a 193b 2009a 225a 231b 6.2a

Prob. Pm 02950 0.5084 0.0752 0.6662 09783 0.0514 03099 0.1147 0.1653
Pn 01682 0.0075 <0.0001 0.3032 0.0024 0.1318 0.0975 <0.0001 0.0577
Pi 0.0038 0.3970 0.0550 0.4745 0.4497 05372 04869 0.0023 0.6764

In columns, separated by experimental factor (Micro and N rate), means followed by the same letter are not
significantly different by the Tukey HSD test (« = 0.05).

The inoculant treatment did not influence the concentration of macronutrients in the
roots (Table 5). Regarding metallic micronutrients, the inoculant application appears to
have increased the concentration of Zn in the roots. The application of mineral fertilizer
tended to significantly decrease P levels in the tissues. Conversely, Cu levels also varied
with mineral fertilizer treatments, but inconsistently with applied N rate.
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Table 5. Root nutrient concentration in response to the application (Yes) or not (No) of the nitrogen
(N)-fixing microorganism (Micro) and the N rate (N rate) applied to the soil [0 (NO), 25 (N25), 50
(N50), and 100 (N100) kg ha~1]. Pm, Pn, and Pi represent the probabilities associated with Micro and
N rate factors and interaction, respectively.

Macronutrients (g kg=1) Micronutrients (mg kg—1)
P K Ca Mg B Fe Mn Zn Cu

Micro No 2.7a 14.6 a 73a 31a 26.1a 7803.7a 156.6 a 415a 98.7 b
Yes 2.8a 143 a 7.7 a 35a 26.8 a 8465.5a 201.1a 43.7 a 142.5a

N rate NO 3.0 ab 143 a 74 a 35a 26.2a 8367.4a 151.6a 45.0a 107.2b
N25 32a 14.1a 82a 34a 258 a 8881.8a 226.6a 47.0a 151.5a
N50 2.6ab 14.0a 72a 3.1a 27.0a 7598.8a 199.0a 404a 121.5 ab
N100 22b 153 a 73a 33a 26.7 a 7690.3a 1382 a 38.1a 102.1b

Prob. Pm 04142 0.5587  0.4953 0.0590  0.5267 0.0812 0.1568  0.3112 0.0004
Pn 0.0177  0.3041  0.6063  0.3955  0.8558 0.0776 0.1798  0.0575 0.0052
Pi 0.1430 0.0942 0.5325 0.1410 0.9739 0.7654 0.1983  0.0690 0.0396

In columns, separated by experimental factor (Micro and N rate), means followed by the same letter are not
significantly different by the Tukey HSD test (« = 0.05).

3.4. Soil Properties

The application of the inoculant to the plants had no significant effect on any of the
soil properties evaluated (Table 6). However, some relevant soil properties were influenced
by the application of mineral fertilizer to the soil. Organic matter showed an increasing
trend, with significantly higher values for higher rates of N applied to the soil. Conversely,
some nutrients, such as Ca and Mg, and consequently the CEC, showed a decreasing trend
with increasing N rate. The soil B level also decreased with higher rates of N applied to
the soil.

Table 6. Soil organic carbon (C), pHo, extractable phosphorus (P), exchangeable potassium (K),
calcium (Ca) and magnesium (Mg), cation exchange capacity (CEC), and extractable boron (B), in
response to the application (Yes) or not (No) of the nitrogen (N)-fixing microorganism (Micro) and the
N rate (N rate) applied to the soil [0 (NO), 25 (N25), 50 (N50), and 100 (N100) kg ha~!]. Pm, Pn, and Pi
represent the probabilities associated with Micro and N rate factors and interaction, respectively.

Organic C pH P (P,05) K Ca Mg CEC B
gkg1! H,0 mg kg1 cmol, kg1 mg kg1
Micro No 23.06 a 711a 327.2a 131a 16.12 a 529 a 23.6a 1.69 a
Yes 2291 a 714 a 3178 a 130 a 16.04 a 5.27 a 235a 1.74 a
N rate NO 22.33b 7.09 a 3172 a 1.33a 16.93 a 5.49 ab 247 a 1.84a
N25 22.69 b 712a 329.6 a 1.34a 16.92 a 570 a 249 a 1.86a
N50 2323 a 7.16a 320.4 a 1.31a 15.13b 491b 22.2b 1.60 b
N100 23.68 a 714 a 322.7 a 1.24 a 15.33b 5.00b 22.5b 1.55b
Prob Pm 0.2169 0.2117 0.2012 0.7109 0.8799 0.8973 0.8762 0.3822
Pn <0.0001 0.2201 0.6664 0.1041 0.0292 0.0068 0.0073 0.0012
Pi 0.0550 0.0102 0.5804 0.0009 0.8682 0.5795 0.8571 0.0001

In columns, separated by experimental factor (Micro and N rate), means followed by the same letter are not
significantly different by the Tukey HSD test (« = 0.05).

4. Discussion

The application of the inoculant did not significantly influence the DMY of roots, stems,
or leaves, nor the total DMY of the plant. Conversely, the application of mineral N to the
soil had a significant effect on all plant parts, particularly on the total DMY. This experiment
was conducted in pots, an environment that restricts root expansion, thereby creating a
greater dependency on external N supply than agricultural soil. This justifies the strong
plant response to N applied as mineral fertilizer to the soil, a result typically observed under
similar growing conditions [31]. However, since N has been identified as an important
limiting factor for plant growth, as evidenced by the response to mineral N applied to
the soil, the DMY results represent the first poor indication about the effectiveness of this
inoculant in fixing relevant quantities of N.
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The application of the inoculant did not significantly influence the N concentration in
roots, stems, or leaves, while the application of mineral N to the soil strongly influenced the
N concentration in all tissues. The N concentration in tissues directly reflects N availability
to the plant, whether in the soil solution, in the phyllosphere (solutes, N gases), or through
biological N fixation [9,13,32]. Nevertheless, the N recovered in the leaves and the total N
recovery were significantly higher in plants that received the inoculant compared to those
that did not. N recovery results from the combined effect of DMY and its N concentration.
This suggests that although the inoculant application had a minor effect on DMY and
nitrogen concentration in the leaves, its impact became significant due to the combined
effect of these two variables. This result suggests that there may have been a contribution
from the inoculant to plant N nutrition, albeit modest, and well below the values reported
by the team responsible for introducing the inoculant to the market [33,34].

The apparent N recovery is the main indicator used to assess N use efficiency by
plants [31,32,35], while apparent N fixation is an indicator of biological N fixation capacity
commonly used in nodulated legume fixing systems [12]. In this study, apparent N recovery
showed higher values in inoculated plants. Apparent N recovery compares the N recovered
in fertilized treatments with the control treatment (Table 2). This suggests that in inoculated
plants, there were greater differences between plants that received N to the soil and those
in the control treatment compared to non-inoculated plants. Furthermore, in plants that
received the inoculant, the apparent N fixation was negative in the control and positive in
plants that received mineral fertilization. Thus, the application of the inoculant seems to
have been more effective in plants receiving mineral fertilizer to the soil than in unfertilized
plants, which caused the observed differences in apparent N recovery.

However, in this study, the crucial aspect was to determine whether the application
of the inoculant is effective in biological N fixation and to what extent the plant utilizes
this N. In fixing systems supported by endophytic microorganisms, the plant provides
photosynthates from the phloem, giving the fixing microorganisms a high fixation capacity,
especially when the plants are in good photosynthetic conditions [12-14]. Also, fixers living
in the rhizosphere, apoplast, or in close contact with plants may have privileged access
to plant exudates and a competitive advantage over free-living fixing microorganisms,
thereby increasing their fixation capacity [22,36,37]. In this study, it seems that supplying
some N to the soil (N25, N50, and N100 treatments) favoured N fixation conditions by the
microorganism, perhaps by facilitating metabolic interactions related to C and N exchange.
Some species of the genus Methylobacterium are known to live in the phyllosphere using C1
compounds, such as methanol, as a source of C and energy [22,37,38]. Plants emit large
amounts of methanol through the stomata, as a by-product of pectin metabolism during cell
wall synthesis [36]. Therefore, improved plant growth conditions may have favoured the
release of more exudates, thereby increasing the N fixation capacity of the microorganism.

In this study, the application of the inoculant to plants under deficient nutritional
conditions seemed to further reduce the plant’s access to N, indicating competition rather
than any mutual benefit. This result corroborates some commercial information, which
recommends the product as more effective in plants that have received moderate N fertilizer
rates, with the effect of the inoculant complementing overall N fertilization [33]. However,
this approach diminishes the advantages of using the commercial product in organic
farming systems, where low N levels in the soil are expected. It is difficult to recommend
this product as an alternative to green manuring with nodulated legumes. Finally, the
N fixed amounts, even under the best conditions of this experiment (N50), indicated a
modest value of 12.4% of N in the plant, which is more consistent with values published
for Klebsiella spp. or Beijerinckia spp., and many other free-living fixers in rice fields and
humid tropical environments [22,39-41] and not for a commercial product.

The concentrations of other nutrients, apart from N, in plant tissues did not vary
significantly with the application of the inoculant. However, some nutrients did vary sig-
nificantly with the N applied to the soil. With the application of the inoculant, there was no
significant variation in DMY, unlike what occurred with N application to the soil (Figure 2).
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Soil N application significantly increased DMY, resulting in a reduction in the concentration
of some nutrients in the tissues, due to a dilution effect. A concentration/dilution effect
occurs when plant growth conditions vary without change in the availability of a given
nutrient in the soil [42,43]. In this case, the increased availability of N, through soil applica-
tion, stimulated biomass production and led to lower concentrations of other nutrients in
the tissues whose availability in the soil was limited. Concentration/dilution effects are
even more commonly observed in pot experiments due to restrictions on root expansion
and nutrient access [11].

The soil organic matter increased with mineral fertilization. This is a result that may
not seem intuitive but is attributed to the effect of N application on plant growth, including
root system development, leading to greater deposition of organic substrate in the soil.
This outcome has been observed in other studies [44,45] and is justified by the increased
input of photosynthesis products into the soil through root growth, as well as through
the mycelium of mycorrhizal fungi, which is the dominant pathway for C entering soil
organic matter [45,46]. Some important nutrients, such as Ca and Mg, as well as CEC, and
B, decreased in the soil with mineral N application. Once again, this observation suggests
a scenario in which the stimulation of plant growth by N resulted in enhanced uptake of
other nutrients. Given the limited volume of the pots, the increased nutrient uptake likely
depleted their levels in the soil solution. In practice, this outcome reflects the principle of
nutrient mining, where nutrient removal in harvests progressively reduces soil fertility,
thereby requiring the supplementation of nutrients through fertilizer application [9,47].

5. Conclusions

The application of the inoculant prepared from Methylobacterium symbioticum sp. nov.
(strain SB0023/3T) to the phyllosphere as a foliar spray did not significantly increase the
DMY of roots, stems, and leaves of young olive plants compared to untreated plants. The
inoculant did not increase the N concentration in leaves, stems, or roots. However, it
significantly increased the total N recovered in the plant, as a result of small cumulative
effects on DMY and N concentration in tissues. Considering all soil N applied treatments,
the apparent N fixation (measured as the difference between N recovered in inoculated and
non-inoculated plants) increased by 5.2%, with a negative value in the control treatment
(=7.7%) and the highest value in the N50 treatment (12.4%). Although a global increase in
fixed N due to the inoculant application was detected, the values obtained are of similar
magnitude to those observed in other studies for free-living N-fixing microorganisms and
would hardly justify the use of this commercial product by farmers.
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