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Abstract: High rates of fertilizer applications potentially have significant environmental consequences,
such as soil and water contamination and biodiversity loss. This study aimed to compare the
use of biofertilizers and inorganic fertilizers in a broccoli crop to determine their impact on soil
microorganism abundance, microbial community structure, functional gene diversity, yield, and
greenhouse gas emissions. Four different fertilization treatments were designed: (i) inorganic
fertilizers applied at a rate to cover the nutritional demands of the crop (F100); (ii) 50% of the rate of
inorganic fertilizers added in F100 (F50); (iii) F50 + the application of a formulation of various bacteria
(BA); and (iv) F50 + the application of a formulation of bacteria and non-mycorrhizal fungi (BA + FU).
The results showed that reduced fertilization and the addition of both biofertilizer products had no
significant effect on soil nutrients, microbial population, microbial activity, or yield when compared
to conventional inorganic fertilization. Thus, microbial inoculants were ineffective in enhancing
soil microbial abundance and activity, and there were no changes in GHG emissions or crop yields.
Nonetheless, crop yield was positively related to total soil N, microbial activity, and CO2 emissions,
confirming the positive effect of soil biodiversity on production. The application of biofertilizers can
help reduce mineral fertilization in a broccoli crop with no negative effect on yield.

Keywords: CO2; N2O; CH4; biofertilizers; enzyme activities; PLFAs; Brassica oleracea var italica
Plenck; nutrients

1. Introduction

Agricultural soils act both as a source and sink for greenhouse gases (GHGs) such as
carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) [1,2]. N2O and CH4 are
potent greenhouse gases, with a global warming potential that is, respectively, 296 times and
23 times greater than that of CO2 [3]. Soil management practices (such as land use, nutrient
application, tillage, and reduction in soil compaction) can indirectly influence these fluxes [4].
Furthermore, emission flux rates largely depend on soil water content, soil temperature,
nutrient availability, organic matter quantity and quality, and pH [5]. Inorganic fertilizers
play an essential role in enhancing crop productivity and soil fertility. However, N fertilizer
can also directly influence GHG emissions [6]. Land use influences GHG emissions, which
are increasingly higher in agricultural soils [7,8]. The use of nitrogen fertilization [9–11],
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irrigation [12–14], soil temperature [12,15], changes in microbial biomass [16], and nutrient
availability [2] can explain an important part of the temporal variation of GHG fluxes in
agroecosystems. Soil GHG emissions are therefore a key issue for climate research and
agricultural management [17].

Soils and plants generate CO2 fluxes through plant aboveground respiration, root
respiration, and anaerobic and aerobic microbial respiration processes, with root respiration
accounting for 50% of total soil respiration [2]. In the soils, possible sources of NO and N2O
include nitrification by autotrophic and heterotrophic nitrifiers, denitrification by nitrifiers
and denitrifiers, nitrate respiration by fermenters, and chemodenitrification [18]. These
processes can occur simultaneously, in different microsites of the soil, with consequent
increases in N2O production [19], although this is dependent on the N rate and type [20].
Understanding the responses of N2O-producing microorganisms to changes in environ-
mental conditions or input handling is the key to regulating gaseous N2O losses [21].
The production of CH4 is the result of the anaerobic activity of different groups of mi-
croorganisms, including zymogenic bacteria, acetic acid and hydrogen producers, and
methanogens [22]. Normally, when the oxygen supply is adequate, most of the C in de-
composing organic matter converts to CO2. Furthermore, under aerobic conditions, CH4
that has been produced in anaerobic soil microsites and atmospheric CH4 can be oxidized,
resulting in soils “absorbing” CH4 [4]. In addition to high GHG emissions, the excessive
use of inorganic fertilizers has been associated with soil and water pollution by leaching
and runoff [23].

An alternative to inorganic fertilizers in agriculture to reduce pollution and GHG
emissions is the use of biofertilizers. These are substances that contain living plant growth-
promoting rhizobacteria (PGPR) [24] and plant growth-promoting fungi (PGPF) [25], which,
when applied to seed, plant surfaces, or soil, colonize the rhizosphere or the interior of
the plant and encourage development by improving the supply or availability of primary
nutrients to the host plant, as well as providing indirect biological control of plant dis-
eases [26–28]. According to numerous studies, they improve soil fertility by fixing the
atmospheric N [29], solubilizing insoluble phosphates [30] and potassium [31], and pro-
ducing plant growth-promoting substances in the soil [32]. With plant growth-promoting
microorganisms (PGPMs), plant growth can be stimulated, and so more C can be allocated
to plant biomass, which is a prominent option for climate change mitigation. Furthermore,
by enhancing the production of glomalin in the rhizosphere by increasing mycorrhizal
colonization, PGPM creates important reservoirs of C and N in the soil [33]. The net
transfer of biologically fixed N directly from the bacteria to the host plant occurs concur-
rently with a significant transfer of photosynthetically fixed plant carbon to the N-fixing
bacteria [34]. According to various studies, the inoculation of PGPM significantly reduces
GHG emissions depending on the inoculation dose, the different humidity levels of the
growth substrate, and the C and N availability of the soil [35–37]. This could be critical in
evaluating and mitigating the environmental impacts of various agricultural management
practices. Other compounds responsible for indirect stimulation of plant growth and pro-
duced by microorganisms, and which may be enhanced by the use of biofertilizers (PGPR
and/or PGPF), include enzymes, nitric oxide, osmolytes, siderophores, organic acids, and
antibiotics [38,39]. Moreover, plants exude ethylene into the soil, especially during stressful
events, which inhibits oxidation of the methane present in the soil. The biosynthesis of
ethylene can be interrupted by the activity of the enzyme ACC deaminase. The use of
biofertilizers with microorganisms able to express this enzyme is perhaps the simplest and
most effective way to reduce the inhibitory effect of ethylene on CH4 oxidation and plant
growth while reducing the CH4 emissions [40].

Although the exact mechanisms of plant growth stimulation are vastly complicated, it
is known that they differ between fungal and bacterial strains, environmental conditions,
crops, and cultivated genotypes, and most certainly depend on the various compounds
released by the different microorganisms [38,39]. Soil microbiota and their activity are
crucially important and actively involved in soil fertility, sustainability, and crop produc-
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tion [41,42]. Assessing soil microorganism abundance and structure following biofertilizer
application is critical for optimizing the sustainability and fertility of both soils and crops,
as well as determining how the biofertilizer may affect native microbial communities [43].
Along with microbial abundance, their functionality is also of great importance. Some of
the major microbial gene clusters in soil are related to C and N cycles because they are
involved in the supply of utilizable nutrients to the crops. Most important genes are related
to ammonia-oxidizing enzymes (amoA) [44], nitrite reductases encoding for denitrifying
process (nirK) [45], N2-fixing microbial gene clusters such as nifH [46], CO2-fixing microbial
genes such as cbbL [47], or cellulose-breaking activity through cellobiohydrolase coding
genes (GH7) [48]. Related to soil microbial functioning, soil enzymes, mainly produced
by the cellular metabolism of soil microorganisms, catalyze processes of decomposition
of organic matter and influence the cycle of nutrients [49,50]. Soil enzymes such as β-
glucosidase, cellulase, urease, and arylesterase are involved in the C and N cycle [51–53].
The sensitivity of soil microbial indicators to soil management has been reported to be
higher than that of soil physicochemical properties, and so is more suited to explaining
changes in soil GHG emissions [54,55]. Several studies have demonstrated significant
changes in soil indicators such as enzymes and microbial community structure and abun-
dance [56–58], and the abundance of functional genes [59,60], after inoculation with PGPR
or PGPF.

We designed an experiment comparing the use of inorganic fertilizers in a broccoli
crop with the use of two types of biofertilizers: bacteria and bacteria + fungi, associated
with a decrease of 50% in the inorganic fertilization rate. Broccoli is a crop with high
demand for soil fertilizers, with potential negative environmental impacts in the regions
where it is produced, mostly related to soil and water pollution and low biodiversity [61].
Thus, the partial substitution of mineral fertilizers by a microbial inoculant may contribute
to reducing the negative impacts of high fertilization. Thus, we expected that BA and BA
+ FU treatments in a broccoli crop would increase soil GHG emissions due to increased
microbial metabolism. The abundance of soil organisms may increase with the addition
of biofertilizers owing to the incorporation of new microbes into the soil, although the
release of allelopathic compounds by broccoli, as a Brassicaceae species, may restrain these
increases. Furthermore, the microbial community structure might differ due to lower
nutrient availability as a consequence of a lower rate of fertilizer application and the
addition of external beneficial organisms. The activity of soil microorganisms may enhance
crop yield by solubilizing soil nutrients, and increase plant protection, associated with
lower CO2 equivalent emissions per unit of crop production. Furthermore, GHG emissions
may be related to higher soil organic carbon content, bioavailable soil nitrogen forms, and
microbial activity measured as enzyme activities and functional genes. The objectives of
this study were to: (i) assess whether the use of biofertilizers may modify the abundance of
soil microorganisms, the soil microbial community structure, and the diversity of functional
genes related to the C and N cycles and yield in a broccoli crop, compared to a broccoli crop
fertilized only with inorganic fertilizers; (ii) assess if the use of biofertilizers may modify
soil GHG emissions owing to a more active soil microbiota; and (iii) elucidate if soil GHG
emissions are related to soil chemical and biological properties and crop yield.

2. Materials and Methods
2.1. Study Site and Experimental Design

This study was carried out in Cartagena, southeastern Spain, at the Tomás Ferro
Experimental Field of the Polytechnic University of Cartagena (UPCT), Spain (37◦41′16.6′′

N 0◦56′55.6′′ W). The climate is semiarid Mediterranean with a total annual precipitation
of 275 mm and a mean annual temperature of 18 ◦C. Annual potential evapotranspiration
surpasses 900 mm. Soil is classified as Haplic Calcisol (loamic, hypercalcic) [62], with clay
loam texture, organic matter content of 1.80%, and pH of 8. Soil analyses were performed
in the laboratories of the research group of GARSA (Management, Use and Recovery
of Soils and Water), UPCT. The experiment was performed on a broccoli crop (Brassica
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oleracea var italica Plenck, cultivar Parthenon), (Sakata Seed Iberica—Murcia, Spain) grown
from 5 October 2021 to 10 January 2022. Prior to our experimental setup, there was a
crop of potato from December 2020 to May 2021. A 1-year field experiment aimed to
evaluate the impact of biofertilizers on broccoli, a crop that requires crop rotation to avoid
soil and biodiversity issues. As a common practice in this area, farmers tend to rotate
crops every year to avoid negative effects of monocultures. The experiment focused on
the effectiveness of biofertilizers on Brassicaceae, which release allelopathic compounds.
Treatments, including reduced mineral fertilization and fertilizer addition, began in January
2021 with a potato crop. However, no data on microbial abundance, activity, or GHG
emissions were collected until the establishment of the broccoli crop in October 2021.
Following the local practices, the crop was established under drip irrigation and inorganic
fertilization. The separation of seedlings at planting was 100 cm × 20 cm. Thus, the density
of the broccoli plants was 50,000 plants ha−1. Four different fertilization treatments were
designed: (i) inorganic fertilizers applied at the nutritional demands of the crop (F100);
(ii) 50% of the rate of inorganic fertilizers added in F100 (F50); (iii) F50 + the application
of a formulation of nitrogen-fixing and phosphorus- and potassium-solubilizing bacteria
(BA); and (iv) F50 + the application of a formulation of bacteria and non-mycorrhizal
fungi (BA + FU). The formulation of nitrogen-fixing and phosphorus- and potassium-
solubilizing bacteria was mostly based on plant growth-promoting rhizobacteria (PGPR)
such as Azospirillum, Pseudomonas, and Bacillus (Bactoneco®); the formulation of bacteria
and non-mycorrhizal fungi was mostly based on a mix of PGPR and beneficial fungi such
as Bacillus, Azotobacter, and non-mycorrhizal fungi (Nuve®). These products were provided
by Fertilizantes y Nutrientes Ecológicos, S.L. (Spain), and the exact compositions were
not shared due to the protection of intellectual property rights of the providers. The field
experiment was established as a completely randomized design with four replications,
and each plot had a size of 700 m2. All treatments received the same quantity of irrigation
(1100 m3 ha−1). The irrigation was scheduled according to the climatic conditions, crop
coefficient, and evapotranspiration rate. Meteorological data were measured using an
automatic weather station located on the experimental farm (Figure 1A1). In all treatments,
the soil was tilled at a 25 cm depth and a preparatory herbicide application (Metazachlor
50% (SC) p/v) was carried out; subsequently, the crop was kept free from weeds by manual
hoeing when necessary. The inorganic fertilization rate in F100 consisted of 158 kg ha−1 of
N, 68 kg ha−1 of P2O5, and 255 kg ha−1 of K2O applied by fertigation through the lifespan of
the crop [63]. The used fertilizers included ammonium nitrate (34.5% N), monoammonium
phosphate (61% P2O5, 12% N), and potassium nitrate (46% K2O, 13% N). Biofertilizers were
applied by drip irrigation according to the producer’s recommendations. The product dose
used in the BA treatment consisted of two applications (30 November 2021; 9 December
2021) of Bactoneco N®, Bactoneco P®, and Bactoneco K® at a total dose of 6 L ha−1. The
BA + FU treatment was 30 L ha−1, divided into three applications (30 November 2021;
9 December 2021; 14 December 2021) of Nuve® product. An insecticide (1.5% p/v Lambda-
cyhalothrin) and fungicide (25% p/v Azoxistrobin) were applied as a single preventative
treatment on 2 November 2021.
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Figure 1. Environmental conditions over the course of the experiment (A1,A2), soil CO2 emission 
rates (B), soil N2O emission rates (C), and CH4 emission rates (D) in broccoli cultivation with differ-
ent fertilization treatments. Vertical bars denote the standard error. P: precipitation; T: soil temper-
ature.; M: soil moisture; TMAX and TMIN: maximum and minimum temperature, respectively; 
HMED: relative humidity; BA + FU (F50 + the application of a formulation of bacteria and non-
mycorrhizal fungi), BA (F50 + the application of a formulation of nitrogen-fixing and phosphorus- 
and potassium-solubilizing bacteria), F50 (50% of the rate of inorganic fertilizers added in F100), 
F100 (inorganic fertilizers applied at the rate to cover the nutritional demands of the crop). Blue and 
yellow icons indicate the days of applications of biofertilizers. Arrows indicate the days of harvest. 
For repeated measures ANOVA data: significant at *** p < 0.001; ** p < 0.01; ns: not significant (p > 
0.05). 

2.2. Soil Greenhouse Gas Measurements 
Measurements of CO2, N2O, and CH4 were made every 7 days in all replicated treat-

ments from 15 October 2021 to 10 January 2022, between 9:00 and 12:00. Moreover, we 
measured the GHGs 24 h after a fertigation episode or the addition of biofertilizers. This 
procedure was established because microorganisms are considered to bioactivate after 24 

Figure 1. Environmental conditions over the course of the experiment (A1,A2), soil CO2 emission
rates (B), soil N2O emission rates (C), and CH4 emission rates (D) in broccoli cultivation with different
fertilization treatments. Vertical bars denote the standard error. P: precipitation; T: soil temperature.;
M: soil moisture; TMAX and TMIN: maximum and minimum temperature, respectively; HMED:
relative humidity; BA + FU (F50 + the application of a formulation of bacteria and non-mycorrhizal
fungi), BA (F50 + the application of a formulation of nitrogen-fixing and phosphorus- and potassium-
solubilizing bacteria), F50 (50% of the rate of inorganic fertilizers added in F100), F100 (inorganic
fertilizers applied at the rate to cover the nutritional demands of the crop). Blue and yellow icons
indicate the days of applications of biofertilizers. Arrows indicate the days of harvest. For repeated
measures ANOVA data: significant at *** p < 0.001; ** p < 0.01; ns: not significant (p > 0.05).
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2.2. Soil Greenhouse Gas Measurements

Measurements of CO2, N2O, and CH4 were made every 7 days in all replicated
treatments from 15 October 2021 to 10 January 2022, between 9:00 and 12:00. Moreover, we
measured the GHGs 24 h after a fertigation episode or the addition of biofertilizers. This
procedure was established because microorganisms are considered to bioactivate after 24 h
of application in soil [64]. The basic experimental procedure used in this study was the
dynamic gas chamber technique [65]. The chamber was made of non-oxidizable steel, with
a diameter of 7.5 cm and a height of 20 cm, with one inlet and one outlet connected to a
photoacoustic infrared spectroscopy multi-gas analyzer with an ultra-sensitive cantilever
pressure sensor (Gasera One, Gasera Ltd., Helsinki, Finland). The dynamic system with an
inlet and outlet in the chamber permits a continuous flow and avoids pressure fluctuations.
The chambers were inserted into the bare soil to a depth of 10 cm, within two broccoli
plants. CO2, N2O, and CH4 were quantified every 1 min for a period of 5 min to assess the
linear trend. CO2, N2O, and CH4 emission rates were expressed as the difference between
the quantification at the end and the beginning of the measurement period divided by
the time. CO2, N2O, and CH4 cumulative emissions for each treatment were estimated
using numerical integration [66]. GHG emissions were converted into CO2 equivalent
(CO2e), and then cumulative emission data (g m−2) were also expressed on a production
basis (g kg−1) for the experimental period to assess the emissions per product of each
treatment. Soil temperature (T) and soil moisture (M) were measured using ProCheck and
5TM sensors (Decagon Devices Inc., Pullman, WA, USA), introduced at a 15 cm depth
adjacent to the place where GHG measurements were made.

2.3. Soil and Plant Sampling

Soil sampling was carried out on 17 December 2021, after the end of the fertigation
schedule in all treatments. All plots were sampled at a 0–25 cm depth (Ap horizon). One
composite soil sample derived from four sampling points per plot was collected, thereby
avoiding the border effect. Soil was collected in the crop line between two plants. Each
sample was divided into two aliquots in the field. The first aliquot was air dried for
7 days, sieved <2 mm, and stored at room temperature for chemical analyses and enzyme
activities [67]. The other aliquot was stored in a cool box with ice to be taken to the lab
immediately and stored at 4 ◦C for nitrate and ammonium analysis, and at −20 ◦C for
molecular and phospholipid fatty acid (PLFA) analysis. Harvesting was performed on
5 January 2022 and 10 January 2022, collecting the heads that were formed with the buds of
the head firm and tight. Broccoli crop yield was determined by weighing the heads when
they reached the marketable size.

2.4. Soil Chemical and Biochemical Analyses

Soil organic carbon (SOC) and total nitrogen (Nt) were analyzed using an elemental
CHN (CHN 628, Leco). The soluble carbon (Csol) and soluble nitrogen (Nsol) were ex-
tracted with 0.5 M K2SO4 (1:5 ratio w/v) [68] and measured using a CN analyzer for liquid
samples (Multi N/C 3100 Analytic Jena). Soil NO3− was extracted with deionized water in
a 1:10 ratio (w/v) [69] and measured via ion chromatography (Metrohm 861). The NH4

+

was extracted with 2 M KCl in a 1:10 ratio (w/v) and colorimetrically measured [70]. The
β-glucosidase activity (Glu) was measured based on the determination of p-nitrophenol
released after incubation at 37 ◦C with β-D-glucopyranoside [71]. The arylesterase activity
(Aryl) was determined based on the production of p-nitrophenol released after incubation
with p-nitrophenyl acetate at 37 ◦C [67]. The cellulase activity (Cls) was assessed via the de-
termination of gearbox sugars using amorphous cellulose as a substrate [72,73]. The urease
activity (Urs) was based on the determination of the ammonium released after incubation
of the soil with urea at 37 ◦C [74]. All analyses are reported on an air-dry weight basis.
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2.5. DNA Extraction and Quantitative PCR (qPCR) Gene Analysis

Quantitative PCR (qPCR) analysis was used to quantify the copy number of the
microbial functional genes amoA (ammonium-oxidizing, nitrifying bacteria), nirK (nitrite
reductase, denitrifying bacteria), and nifH (nitrogenase, N-fixing bacteria) involved in the
nitrogen cycle, and cbbL red-like (ribulose-1,5-bisphosphate carboxylase/oxygenase in
autotrophic bacteria) and GH7 (cellulose degradation) involved in the carbon cycle. Soil
DNA was extracted from 0.25 g (wet weight) of soil using the DNeasy PowerSoil Pro
Kit (Qiagen, Hilden, Germany), following the manufacturer’s protocol. The DNA was
eluted in a final volume of 60 µL. The quantity and quality of the DNA extracts were
quantified using a Qubit 3.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA) and a Nano Photometer N60 (Implen Scientific Inc., Germany), respectively.
Subsequently, extracts were purified with magnetic beads (AMPure XP beads (Beckman
Coulter, High Wycombe, UK). For the construction of the qPCR standards, the DNA
extracted from soil samples as described above served as the template of PCR reactions.
Amplification was performed in a MultiGene OptiMax Thermalcycler (Labnet International
Inc., New York, NY, USA) and conducted using the primer pairs listed in Supplementary
Table S1. The expected size of the PCR products was verified by electrophoresis on a 1.5%
(w/v) agarose gel in 1× Tris-acetate-EDTA (TAE) buffer stained with ethidium bromide.
Triplicate amplicons were pooled and purified using the QIAquick PCR Purification Kit
(Qiagen, Hilden, Germany), and quantified with a Qubit® 2.0 Fluorometer and Qubit®

dsDNA HS Assay Kit (Invitrogen, Merelbeke, Belgium). The purified PCR product was
ligated into the pGEM®-T Easy Vector Systems kit (Promega, Madison, WI, USA), and the
resulting ligation products were used to transform into Escherichia coli JM109 competent cells
(Promega, Madison, WI, USA) following the manufacturer’s instructions. Transformants
were grown on LB plates containing ampicillin (100 µg mL−1), IPTG (0.5 mM), and X-Gal
(80 µg mL−1). Individual white colonies were randomly selected and cultured overnight at
37 ◦C in 5 mL of LB broth medium (Lennox) supplemented with ampicillin (100 µg mL−1),
and the plasmids were extracted and purified (QIAprep Spin Miniprep Kit, Qiagen, Hilden,
Germany). Cloning screening was performed with reamplification using the vector-specific
M13F and M13R primers (Table S1 [46,75–78]) and the PCR products were examined via
electrophoresis (1.5% (w/v) agarose gel in 1× TAE buffer). All plasmid standards were
digested with Ndel restriction enzyme (New England BioLabs, Ipswich, MA, USA) with
a restriction enzyme reaction composed of 20 µL of plasmid DNA, 5 µL NEBuffer (New
England Biolabs, Ipswich, MA, USA), and 1 µL/100 U Ndel in a final volume of 50 µL.
The enzymatic reaction was carried out for 1 h at 37 ◦C and the linearized plasmid DNA
was purified (QIAquick PCR Purification Kit, Qiagen, Hilden, Germany), checked on an
agarose gel (1.5% (w/v) 1× TAE), and quantified (Qubit® 2.0 Fluorometer and Qubit®

dsDNA HS Assay Kit, Invitrogen, Merelbeke, Belgium). The copy numbers of each of
the genes of interest were calculated from the known concentration of the extracted DNA
plasmid. Ten-fold serial dilutions of linearized plasmids (107 to 101) containing the gene
fragment of interest were run in each qPCR assay in triplicate to generate a standard curve.
Gene abundances were determined by qPCR in replicated samples using the Rotor-Gene
Q (Qiagen, Hilden, Germany) employing the same primers as for cloning. Each reaction
was performed in a 20 µL volume containing 10 µL of PowerUp SYBR Green Master Mix
(Applied Biosystems, Waltham, MA, USA), 0.56 µL of bovine serum albumin (0.56 mg mL−1,
Invitrogen, Merelbeke, Belgium), 400 nM (cbbL, GH7, amoA, and nirK genes) or 500 nM
(nifH gene) of each primer, 5 µL of DNA template, and nuclease-free water. Amplification
conditions are described in Tables S2–S6. A final dissociation stage, melt curve analysis
with continuous fluorescence acquisition from 65 to 95 ◦C at a rate of 0.25 ◦C per 5 s, was
performed to detect nonspecific amplification. qPCR products were also checked via 1.5%
(w/v) agarose gel electrophoresis to check the specificity of the amplification.
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2.6. Phospholipid Fatty Acid (PLFA) Analysis

The abundance of microbial groups was estimated by phospholipid fatty acid (PLFA)
analysis [79]. Briefly, lipids were extracted from soils by weighing 2 g (dry weight) of
soil with a chloroform/methanol/citrate buffer mixture (1:2:0.8 v/v/v) and separated into
neutral lipids, glycolipids, and phospholipids using a prepacked silica column. Phospho-
lipids were then subjected to a mild alkaline methanolysis, and the resulting fatty acid
methyl esters were identified via gas chromatography. A total of 32 different PLFAs were
identified and quantified. The PLFAs were designated in terms of the total number of
carbon atoms and double bonds, followed by the position of the double bond from the
methyl end of the molecule. Furthermore, cis and trans configurations are indicated by “c”
and “t”, respectively. The prefixes “a” and “i” indicate anteiso- and iso-branching positions,
“br” indicates the unknown methyl group branching position, “Me” indicates a methyl
group on the tenth carbon atom from the carboxyl end of the molecule, and “cy” refers
to cyclopropane fatty acids. The abundance of different microbial groups was estimated
following Joergensen [80]: Firmicutes: i14:0, i15:0, i16:0a, i17:0, i18, a15:0, a16:0, a17:0,
a18:0, a19:0; Actinobacteria: 10Me16:0, 10Me17:0, 10Me18:0; Gram positive (G+) bacteria:
Firmicutes + Actinobacteria; Gram negative (G−) bacteria: cy17:0, cy19:0, 16:1ω7, 16:1ω9,
17:1ω8, 18:1ω7; Bacteria: G+ plus G−; Arbuscular mycorrhiza fungi (AMF): 16:1ω5c;
Zygomycota: 18:1ω9c; Ascomycota and Basidiomycota: 18:2ω6c; Unspecific fungal PLFA:
18:3ω6,9,12; Fungi: AMF + Zygomycota + Ascomycota and Basidiomycota + unspecific
fungal; Unspecific microbial PLFA: 14:0, 15:0, 16:0, 17:0, 18:0, 20:0, 20:4ω6,9,12,15; Total
microbial PLFA: bacterial + fungal + unspecific microbial.

2.7. Statistical Analysis

Data were checked to ensure normal distribution using the Kolmogorov–Smirnov test
at p < 0.05. GHG emission data were submitted to two-way repeated measures ANOVA,
with measurement date as the within-subject factor, and treatment (F100, F50, BA and
BA + FU) as the between-subject factor. GHG data were also submitted, independently for
each date, to one-way ANOVA and Tukey’s post-hoc test (p < 0.05) to compare significant
differences between treatments. Crop yield, soil chemical and biological properties, and
cumulative GHG emission values for the experimental period were submitted to a one-way
ANOVA and Tukey’s post hoc test (p < 0.05) to compare significant differences between
treatments. Relationships among properties were studied using Pearson correlations.
Multiple linear regression analysis (Y = m1 × 1 + m2 × 2 +···+mnXn +b) was carried out
using the stepwise method, with cumulative values of GHG as independent variables,
and soil chemical and biological properties and crop yield as dependent variables. The
standardized coefficient (β) and partial correlation values were used for the analysis. The
β coefficient compares the intensity of the effect of each independent variable with that of
the dependent variable. The higher the absolute value of the beta coefficient, the stronger
the effect. The partial correlation measures the correlation between two variables, while
controlling for the effect of one or more other variables. The unstandardized coefficients
(m) were used to interpret the effect of each independent variable on the outcome of the
regression model. Data from all soil properties were subjected to a principal component
analysis (PCA) to examine dependency and correlation structures. Statistical analyses were
performed with the software IBM SPSS for Windows, Version 26.

3. Results
3.1. Soil Greenhouse Gas Emission Rates

Soil CO2 emission rates followed the trend of soil temperature, with a significant posi-
tive correlation (R = 0.61; p ≤ 0.01) (Figure 1A1–B). On the contrary, the CO2 emission rates
showed a slightly negative correlation to soil moisture (R = −0.30; p ≤ 0.01) (Figure 1A1–B).
Hence, the highest CO2 emission rates were related to the highest soil temperatures and the
lowest soil moisture levels. There were no significant differences in terms of soil tempera-
ture and moisture regarding treatments (Figure 1A1,A2). Soil CO2 emission rates showed
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no significant differences between treatments (Figure 1B). On average, CO2 emission rates
during the crop cycle were 117 mg m−2 h−1 for all treatments.

Soil N2O emission rates had a flat trend with small oscillations around 0 mg m−2 h−1,
and they were not correlated with either soil temperature or soil moisture (Figure 1A1,A2,C).
Soil N2O emission rates were not significantly different between treatments at any given
time. On average, N2O emission rates were 0.029 mg m−2 h−1 for all treatments during the
experimental period.

Soil CH4 emission rates followed the trend of soil temperature, with a significant posi-
tive correlation (R = 0.39; p ≤ 0.01). However, CH4 emission rates were not correlated with
soil moisture. CH4 emission rates showed no significant differences between treatments
(Figure 1D), with an average value of 1.08 mg m−2 h−1.

Thus, for all GHGs, there was no significant effect of fertilization treatment, and
emissions were only affected by sampling dates, showing a slight time variability (Figure 1).
The interaction between treatment and sampling time was not significant for any GHG.

3.2. Overall Cumulative Soil Emissions

The estimation of cumulative CO2, N2O, CH4, and CO2e released during the exper-
imental period showed no significant differences between the treatments (Table 1). The
cumulative CO2 emission was positively correlated with crop yield (R = 0.633; p ≤ 0.05)
and Csol (R = 0.560; p ≤ 0.05) (Table S7). Cumulative N2O and CH4 had no significant
correlations with soil properties or crop yield.

Table 1. Cumulative values of soil CO2, N2O, CH4, and total CO2 equivalent emissions, crop yield,
and cumulative CO2 equivalent emission data expressed on a production basis released from the soil
in the broccoli crop with different fertilization treatments. The values shown are mean ± standard
error (n = 4).

Treatment
Cumulative

CO2

Cumulative
N2O

Cumulative
CH4

CO2e Crop Yield CO2e

g m−2 kg ha−1 g kg−1 of Crop Yield

BA + FU 261.5 ± 19.7 0.0 ± 0.0 3.0 ± 0.3 351.3 ± 14.4 15,082.3 ± 894.3 225.0 ± 12.6
BA 242.8 ± 24.4 0.1 ± 0.1 2.1 ± 0.4 327.7 ± 36.7 14,928.3 ± 886.4 203.3 ± 18.4
F50 233.8 ± 16.7 0.1 ± 0.1 3.0 ± 0.7 360.0 ± 43.6 15,622.7 ± 1736.2 262.3 ± 27.6
F100 250.3 ± 8.1 0.0 ± 0.0 3.1 ± 0.4 347.2 ± 22.3 16,797.3 ± 650.3 204.3 ± 24.9

F-ANOVA 0.744 ns 0.336 ns 0.518 ns 0.903 ns 0.649 ns 0.260 ns

BA + FU (F50 + the application of a formulation of bacteria and non-mycorrhizal fungi), BA (F50 + the application
of a formulation of nitrogen-fixing and phosphorus- and potassium-solubilizing bacteria), F50 (50% of the rate of
inorganic fertilizers added in F100), F100 (inorganic fertilizers applied at the rate to cover the nutritional demands
of the crop), ns: not significant (p > 0.05).

3.3. Crop Yield, Soil Enzyme Activities, and Chemical Properties

Broccoli yield showed no significant differences between treatments, with an average
value of 16,797 kg ha−1 for F100, 15,621 kg ha−1 for F50, 14,928 kg ha−1 for BA, and
15,082 kg ha−1 for BA + FU (Table 1). Enzyme activities and chemical properties showed
no significant differences between treatments (Table 2). We found a positive correlation
between crop yield and Nt (R = 0.618; p ≤ 0.05) and Cls (R = 0.620; p ≤ 0.05) (Table S7).
SOC was positively correlated with Nt (R = 0.662, p ≤ 0.01) and negatively with Csol
(R = −0.701; p ≤ 0.01) (Table S7).



Horticulturae 2024, 10, 42 10 of 22

Table 2. Soil enzyme activities and chemical properties in terms of fertilization treatments in the
broccoli crop. Values are mean ± standard error (n = 4).

BA + FU BA F50 F100 F-ANOVA

Cls µmol gearbox sugars g−1 h−1 36.3 ± 6.0 20.3 ± 11.1 30.1 ± 10.3 31.0 ± 3.45 0.649 ns
Urs µmol NH4

+ g−1 h−1 4.9 ± 1.4 4.7 ± 0.8 4.1 ± 0.7 7.2 ± 2.1 1.049 ns
Aryl µmol PNP g−1 h−1 13.3 ± 1.8 15.4 ± 1.9 14.4 ± 1.2 15.6 ± 0.9 0.490 ns
Glu µmol PNP g−1 h−1 0.3 ± 0.0 0.3 ± 0.0 0.3 ± 0.1 0.3 ± 0.0 0.505 ns
M % 14.4 ± 0.6 15.5 ± 0.9 15.4 ± 0.8 13.6 ± 0.5 0.254 ns

SOC % 1.0 ± 0.0 1.0 ± 0.1 1.1 ± 0.0 1.0 ± 0.1 0.656 ns
Nt % 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.411 ns

Csol mg kg−1 1405.8 ± 71.4 1255.5 ± 136.4 1080.5 ± 52.3 1129.5 ± 56.6 0.082 ns
Nsol mg kg−1 94.6 ± 8.3 78.2 ± 7.2 98.1 ± 16.8 95.0 ± 4.4 0.534 ns

NO3
− mg kg−1 47.2 ± 13.6 33.2 ± 5.5 40.4 ± 6.1 79.8 ± 19.0 0.088 ns

NH4
+ mg kg−1 1.7 ± 0.0 1.8 ± 0.1 1.7 ± 0.0 1.8 ± 0.0 0.293 ns

BA + FU (F50 + the application of a formulation of bacteria and non-mycorrhizal fungi), BA (F50 + the application
of a formulation of nitrogen-fixing and phosphorus- and potassium-solubilizing bacteria), F50 (50% of the rate of
inorganic fertilizers added in F100), F100 (inorganic fertilizers applied at the rate to cover the nutritional demands
of the crop). Cls: Cellulase activity; Urs: Urease activity; Aryl: Arylestrerase activity; Glu: β-glucosidase activity;
M: Soil moisture; SOC: soil organic carbon; Nt: Total nitrogen; Csol: Soluble carbon; Nsol: Soluble nitrogen; PNP:
p-nitrophenol; ns: not significant (p > 0.05).

3.4. PLFA Biomarkers and Functional Genes

Microbial biomass, assessed as total PLFAs, and microbial groups based on PLFA
biomarkers, showed no significant differences between the fertilization treatments. Total
PLFA averaged 15.4 nmol g−1, bacteria and fungi averaged 7.63 nmol g−1 and 2.64 nmol g−1,
respectively, and G+ were more abundant (4.97 nmol g−1) than G− (2.66 nmol g−1) (Table 3).
Total PLFAs were positively correlated with SOC and amoA (R = 0.728; p ≤ 0.01; R = 0.648;
p ≤ 0.01) and negatively with Csol (R = −0.512; p ≤ 0.05) (Table S7).

Table 3. Microbial biomass and microbial groups based on PLFA biomarkers (nmol g−1). Values are
mean and standard error (n = 4).

Microbial Groups BA + FU BA F50 F100 F-ANOVA

nmol g−1

Total PLFA 15.6 ± 1.0 15.8 ± 1.1 15.6± 1.1 14.6 ± 0.7 0.834 ns
Firmicutes 3.6 ± 0.2 3.5 ± 0.3 3.4 ± 0.3 3.1 ± 0.2 0.523 ns

Actinobacteria 1.8 ± 0.1 1.7 ± 0.1 1.4 ± 0.1 1.5 ± 0.1 0.097 ns
Gram-positive 5.4 ± 0.3 5.2 ± 0.4 4.7 ± 0.2 4.6 ± 0.3 0.265 ns
Gram-negative 2.5 ± 0.2 2.7 ± 0.2 2.9 ± 0.2 2.6 ± 0.2 0.729 ns

Bacteria 7.9 ± 0.5 7.8 ± 0.6 7.6 ± 0.4 7.2 ± 0.5 0.763 ns
AMF bdl bdl bdl bdl

Zygomycota 2.0 ± 0.2 2.1 ± 0.1 2.2 ± 0.2 1.9 ± 0.1 0.558 ns
Ascomycota and Basidiomycota 0.5 ± 0.0 0.6 ± 0.0 0.6 ± 0.0 0.6 ± 0.0 0.194 ns

Total fungi 2.6 ± 0.2 2.7 ± 0.1 2.8 ± 0.3 2.5 ± 0.1 0.530 ns
Unspecific microbial PLFA 5.1 ± 0.4 5.3 ± 0.4 5.1 ± 0.4 4.9 ± 0.2 0.922 ns

ns: not significant; bdl: below detection limit.

None of the C- and N-cycle gene abundances showed significant differences between
treatments (Figure 2a–e). The amoA was positively correlated with SOC, NH4

+, Csol, nifH,
and Csol (R = 0.644, p < 0.01; R = 0.603, p < 0.01, R = 0.636, p < 0.05; R = 0.618, p < 0.05
respectively) (Table S7). The abundance of the nifH gene was correlated with SOC and
NH4

+ (R = 0.519; p ≤ 0.05; R = 0.557, p ≤ 0.05) (Table S7). cbbL was correlated with nirK
and GH7 (R = 0.713; p ≤ 0.01; R = 0.567 p ≤ 0.01, respectively), while no other significant
correlations were detected (Table S7).
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Figure 2. Boxplots show abundance of N- and C-cycle genes: amoA (a), nifH (b), nirK (c). GH7 (d), 
cbbL (e) in soils under the different fertilization treatments. BA + FU (F50 + the application of a for-
mulation of bacteria and non-mycorrhizal fungi) in green, BA (F50 + the application of a formulation 
of nitrogen-fixing and phosphorus- and potassium-solubilizing bacteria) in red, F50 (50% of the rate 
of inorganic fertilizers added in F100) in purple, F100 (inorganic fertilizers applied at the rate to 
cover the nutritional demands of the crop) in blue. Values are mean ± standard error (n = 4). 
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Multiple linear regression analysis (Table 4) showed that the cumulative CO2 emis-
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Figure 2. Boxplots show abundance of N- and C-cycle genes: amoA (a), nifH (b), nirK (c). GH7 (d), cbbL
(e) in soils under the different fertilization treatments. BA + FU (F50 + the application of a formulation
of bacteria and non-mycorrhizal fungi) in green, BA (F50 + the application of a formulation of
nitrogen-fixing and phosphorus- and potassium-solubilizing bacteria) in red, F50 (50% of the rate of
inorganic fertilizers added in F100) in purple, F100 (inorganic fertilizers applied at the rate to cover
the nutritional demands of the crop) in blue. Values are mean ± standard error (n = 4).

3.5. Interrelationship between GHGs, Soil Properties and Microbial Abundance and Functioning

Multiple linear regression analysis (Table 4) showed that the cumulative CO2 emissions
were positively related to crop yield, and negatively to nifH (R2 = 0.70; F = 10.34; p ≤ 0.01).

Table 4. Multiple linear regression model for cumulative CO2 emissions in a broccoli crop.

Y X m Partial
Correlation β R2 R2 adj F Value

Cumulative CO2
(mg m−2)

Constant 422.86
0.70 0.63

10.34
(p < 0.01)nifH (Log copies g−1 dry weight) −57.51 −0.70 −0.56

Crop yield (kg ha−1) 0.01 0.68 0.52
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The PCA performed on soil chemical properties, cumulative values of GHG emissions,
enzyme activities, functional genes, and PLFA showed that 64.19% of the total variability
of data can be explained by four PCs (Table 5). None of the PCs were able to show separa-
tions between treatments, with all samples clustering together. Therefore, the structure of
dependence and correlation between soil properties has not been significantly influenced
by the fertilization treatments (Figure 3). PC1, which explained 33.98% of the data vari-
ability, was associated with most of the PLFA indicators, including total PLFA, bacteria,
Firmicutes, Zygomicota, fungi, G− and G+, SOC, amoA, and β-glucosidase activity. Thus,
most variability in data is related to microbial community structure, which is associated
with higher SOC content and higher ammonification and degradation of oligosaccharides
(Table 5). PC2, which explained 11.50% of data variability, was associated with cumulative
CO2e, N2O and CH4 emissions, and nirK, indicating that GHG emissions are the second
set of variables contributing to explain data variability, with a negative relationship with
denitrification processes. The rest of the properties explained <10% of the data variability.

Table 5. Matrix of PCA obtained with all soil properties, including cumulative values of GHG emissions.

Variance Explained PC1 (33.98%) PC2 (11.50%) PC3 (10.01%) PC4 (8.70%)

Total PLFA 0.98 0.06 0.01 −0.01
Bacteria 0.95 0.02 0.15 0.03

Unspecific microbial
PLFA 0.95 0.16 −0.08 0.05

Firmicutes 0.91 −0.04 0.05 −0.05
Zygomycota 0.90 0.01 −0.20 −0.23

Gram-negative 0.90 0.21 0.15 0.07
Fungi 0.88 −0.01 −0.19 −0.22

Gram-positive 0.85 −0.10 0.13 0.00
Soil organic C 0.78 0.04 0.41 0.16

amoA gene 0.69 0.11 −0.12 0.60
β-glucosidase 0.68 −0.05 0.05 0.34

Soluble C −0.57 0.01 −0.21 −0.22
CO2e 0.16 0.89 0.02 −0.17
N2O 0.27 0.73 0.07 0.05

nirK gene 0.04 −0.71 0.38 0.00
CH4 0.26 0.59 0.25 −0.08

GH7 gene 0.24 0.08 0.89 −0.15
cbbL gene 0.29 −0.24 0.61 0.15

NO3
− 0.07 −0.12 0.60 0.06

Urease −0.42 0.44 0.50 0.15
NH4

+ 0.05 −0.08 −0.12 0.89
nifH gene 0.45 −0.18 0.21 0.68

Actinobacteria 0.43 −0.15 0.23 0.09
Ascomycota and
Basidiomycota 0.41 −0.11 −0.14 −0.16

Moisture 0.35 0.09 −0.01 0.11
Total N 0.50 0.04 0.38 0.33

Soluble N 0.02 0.12 −0.18 −0.07
CO2 −0.19 0.39 −0.23 −0.25

Cellulase 0.23 −0.03 −0.18 −0.54
Arylesterase 0.02 0.18 0.05 0.08
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fertilization strategies. BA + FU (F50 + the application of a formulation of bacteria and non-mycor-
rhizal fungi), BA (F50 + the application of a formulation of nitrogen-fixing and phosphorus- and 
potassium-solubilizing bacteria), F50 (50% of the rate of inorganic fertilizers added in F100), F100 
(inorganic fertilizers applied at the rate to cover the nutritional demands of the crop). 
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under the irrigation conditions of the broccoli crop, when water is always available for 
crop development, slight increases in water supply can contribute to decreased CO2 emis-
sions. This is likely because of the presence of anaerobic microsites in the soil in irrigated 
systems. When O2 supply is adequate, most of the organic C is converted to CO2 by rhizo-
spheric and heterotrophic soil respiration, which is highly affected by temperature [83,84]. 
Due to the limitation of gas permeability and O2 availability, the CO2 fluxes tend to de-
crease, and organic C is converted anaerobically to CH4 [84,85]. However, no effect of ir-
rigation or water availability was observed in terms of CH4 emissions, and so, no overall 
anaerobic conditions were present in the field. Thus, it is likely that an excessive water 
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mycorrhizal fungi), BA (F50 + the application of a formulation of nitrogen-fixing and phosphorus-
and potassium-solubilizing bacteria), F50 (50% of the rate of inorganic fertilizers added in F100), F100
(inorganic fertilizers applied at the rate to cover the nutritional demands of the crop).

4. Discussion

Results showed no significant changes in soil properties and GHG emissions when
applying two different types of biofertilizers in a broccoli crop, consequently partially
rejecting our initial hypotheses: there was no increase in GHG owing to a higher microbial
activity caused by the addition of fertilizers, there was no increase in microbial abundances
with the addition of microorganisms, and there was no decrease in the emission of CO2e
per unit of product. Nonetheless, we can partially confirm our hypothesis since GHG
emissions were related to soluble organic C and microbial activity assessed by functional
genes and enzyme activities.

4.1. GHG Emissions

Soil temperature exhibited a positive correlation with soil CO2 emissions (Figure 1),
aligned with previous studies, and confirming that soil temperature is the most important
factor controlling CO2 emissions when water is not the limiting factor [14,81,82]. However,
under the irrigation conditions of the broccoli crop, when water is always available for crop
development, slight increases in water supply can contribute to decreased CO2 emissions.
This is likely because of the presence of anaerobic microsites in the soil in irrigated systems.
When O2 supply is adequate, most of the organic C is converted to CO2 by rhizospheric
and heterotrophic soil respiration, which is highly affected by temperature [83,84]. Due
to the limitation of gas permeability and O2 availability, the CO2 fluxes tend to decrease,
and organic C is converted anaerobically to CH4 [84,85]. However, no effect of irrigation or
water availability was observed in terms of CH4 emissions, and so, no overall anaerobic
conditions were present in the field. Thus, it is likely that an excessive water supply has
reduced the aeration and thus respiration by aerobic CO2-producing microorganisms and
roots [86,87], without reaching the level to increase methanogenesis and methanogenic
populations [88]. As observed with CO2, CH4 emissions showed a significant positive
correlation with soil temperature, confirming again that temperature is the most important
factor controlling emissions, as previously reported in other studies [12,89].

In terms of fertilization treatments, the reduction in fertilizer rates or the addition
of biofertilizers did not contribute to changes in CO2 or CH4 emissions, contrary to our
initial hypothesis. This might be attributed to the lack of an effect of fertilization treatments
on microbial abundance and activity in the short term [90], implying that fertilization
modifications had no direct influence on microbial communities and their functioning [91]
during the broccoli crop. Soil type, weather conditions, and seasonal differences, along with
soil moisture and pH, are considered the most influential drivers of microbial community
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structure [92]. The use of microorganisms can either reduce or have no effect on CO2
emissions, depending on a variety of abiotic (moisture conditions, C and N substrates,
SOM, fertilization, etc.) and biotic (microbial strains, soil enzymes, and microbial activity)
factors [37,93,94]. Previous studies have also reported no effect of fertilization rates on CH4
emissions [93,95,96].

The cumulative CO2 emission is positively correlated with crop yield. This may be
explained by the fact that soil respiration is strongly linked to plant metabolism, autotrophic
respiration, and photosynthesis, thus promoting plant growth [86]. The respiration of the
plant and the metabolism associated with soil microbial biomass can explain this corre-
lation, including a positive correlation with Csol. Csol is a substrate for microorganisms
(heterotrophic respiration) that could support CO2 fluxes, and so an important pool for
microbial activity, rather than the total stock of soil organic carbon measured as SOC [97,98].
The negative correlation between cumulative CO2 and the nifH gene may indicate the
highest efficiency in C use when there is high biological N fixation, leading to lower CO2
emissions. This is because diazotrophs use large amounts of soil C and energy to produce
bioavailable soil N [99]. Consistent with other studies, the nifH gene abundance is gener-
ally associated with higher organic carbon levels [54]. PGPR addition can also decrease
C-cycling enzyme activity and stimulate N-cycling enzyme activity in the soil, reducing
CO2 emissions from soil [94], although this effect was not observed in our study.

Most research has reported that N fertilization influences N2O emissions [10,11,89],
something also not found in our experiment. Furthermore, most of the increases in N2O
emissions happen after irrigation events in previous studies [13]. However, in our experi-
ment, fertilization was always accompanied by irrigation and soil moisture was always
maintained at the appropriate levels to ensure crop development, so moisture was not a
limiting factor. This may explain the lack of a relationship between N2O emissions and soil
moisture in our study. Production of N2O primarily occurs through microbially mediated
nitrification and denitrification [100]. Under aerobic conditions, ammonium (NH4

+) is
oxidized in soil to nitrite (NO2−) and nitrate (NO3−), resulting in N2O production, whereas
under anaerobic conditions, NO3− can be reduced to N2O and/or dinitrogen (N2) [101].
The fact that changes in fertilization regime or addition of biofertilizers did not affect
these processes may be related to the lack of modification of microbial communities with
the treatments, as assessed by PFLA analysis, enzyme activities, and functional genes.
Huang et al. [36], contrary to our results, found that application of PGPM in a cucumber
crop reduced soil N2O emissions by 22.6–33.5%, depending on the inoculation dose, and
was associated with the enrichment of the nitrifier AOB gene and the denitrifiers nirK and
nosZ gene abundances. Wu et al. [60] carried out a biofertilizer treatment in an oil-seed rape
crop (Brassica campestris) and reported increased relative abundances of bacteria involved
in denitrification and increased numbers of nosZ gene copies, which led to the increased
reduction of N2O to N2.

4.2. Soil Chemical Properties, Microbial Abundance, and Potential Activity

Many studies showed that SOC is critical for maintaining the soil microbial commu-
nity. SOC concentration, composition, and dissolving rate drive soil respiration, which is
significantly correlated with the shifts in bacterial community compositions [97,98]. Thus,
the lack of differences in SOC, Csol, or available N under the different treatments may have
contributed to maintain the same microbial activity, and therefore the same GHG emissions.
The significant correlations between SOC and some functional genes suggest that, in our
experiment, SOC is controlling microbial functioning rather than external fertilization or
the addition of exogenous microorganisms. In this sense, SOC exerts a strong influence
on the abundance and diversity of the N-cycling genes [102,103], as it is considered more
limiting to free-living microbial activity than nutrient availability [104]. The nifH gene that
fixes atmospheric N, plus the mineralization of organic N, leads to the formation of NH4

+

(ammonification) moving on to nitrification by the amoA gene, which is also positively
correlated with SOC and microbial abundance [103]. The cbbL gene (RubisCO) was also
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significantly positively correlated with SOC, confirming its key role in CO2 fixation and
sequestration in soils [105]. The cbbL gene was also positively correlated with the GH7 gene,
which explains how microorganisms simultaneously contribute to the processes involved
in the C cycle [106]. Several authors have identified different bacteria and fungi with
cellulolytic and nitrogen-fixing attributes [107–109]. These bacteria and fungi play a crucial
role in plant nutrient accessibility, sustaining soil fertility, plant growth, and, proportionally,
crop yield [110]. In this line, we observed a positive correlation between crop yield, Nt,
and cellulase activity. A wide range of soil enzymes have been identified as being strongly
associated with soil organic matter (SOM) decomposition [111]. Urease plays a significant
role in N cycling, and this explains the correlation in our study between the urease enzyme
and the N-cycle genes (amoA, nifH).

As confirmed by the correlation and multivariate analyses, the abundance of mi-
croorganisms was mostly controlled by SOC and Csol, as highlighted in previous stud-
ies [112–114], but not affected by fertilization regimes. SOC and Nt may have promoted
the increase in bacterial biomass until a peak was reached, after which some other biotic
factors, such as competition, may have prevented bacterial growth even if nutrient levels
increased [115]. This may explain the lack of significant differences in microbial biomass
in our study, and also how the application of external microorganisms did not affect the
stock of microorganisms [115,116]. However, other research described how different N
fertilization strategies and the application of PGPM increased the content of various PLFAs
markers [56,57] and, in general, microbial abundance and biodiversity [117] and crop
yields [118]. These controversial results may suggest that the effect of microbial inoculants
is soil-, climate-, crop-, and management-dependent. In this line, conventional practices
(tillage and pesticide addition) could weaken the effect of inoculants [119]. Additionally, it
is also known that bacterial species decline after inoculation in soil, mainly due to competi-
tion with native communities and the hostility of biotic or abiotic interactions [120]. These
conditions may have greatly affected the microbial life in our applications. Furthermore,
Brassicaceae are known to release allelopathic compounds, such as glucosinolates, that may
have contributed to limiting the growth of microbial inoculants, explaining the differences
in all the properties measured [121,122].

Increased activity of soil enzymes after the inoculation with PGPR strains has been
reported in other studies [56,58,123], contrary to our results. In a greenhouse experiment,
the legume Hedysarum carnosum was sown using a loamy soil collected from southern
Spain, observing that the inoculation with Bacillus subtilis increased dehydrogenase, β-
glucosidase, urease, and alkaline phosphatase activities compared to the non-inoculated
control [124]. However, other studies have also reported no effects on microbial properties
after inoculation of soil with PGPR. For instance, Chaudhary et al. [56] reported that
reduced fertilization and PGPR application in a peanut field had no significant effect on
microbial biomass, β-glucosidase, and urease activities. They consider it a positive result
because inoculation with beneficial bacteria, which had a significant effect by influencing
and improving the availability of nutrients (N, P, K, and Fe) in the soil, does not perturb the
natural microbial community of the soil. Angelina et al. [119] reported in barley cultivation
that the use of microbial inoculants (Bacillus subtilis and Pseudomonas fluorescens) led to an
increase in microbial biomass only in the organic system, while no differences were detected
in the conventional system, as we have reported. Moreover, the activity of β-glucosidase
was not affected, indicating the independence of the carbon cycle on inoculation.

4.3. Crop Yield

It is known that PGPM inoculation could compensate for nutrient deficiency and
improve plant development through the production of plant growth regulators, stimulating
the development of plant roots and leading to better absorption of water and nutrients
from the soil [125]. Various studies consider that the most significant effect of biofertilizers
on crops occurs in poor soils or in conditions of stress [125,126]. However, in our study, the
reduction in nutrients did not affect the production in the treatment without biofertilizers.



Horticulturae 2024, 10, 42 16 of 22

It is possible that nutrients already present in the soil compensated for the lack of NPK
fertilizer in each treatment where a reduction in fertilizer was applied (see Supplementary
Table S8). Two microbial biofertilizer preparations were applied in an organic arable crop
rotation in central Europe, and the results showed no effect on crop yield, soil microbial
biomass, activity parameters, substrate turnover, or soil microbial community structure [88].
Nuzzo et al. [127] tested different formulations of plant growth-promoting bacteria (Lacto-
bacillus, Rhizobia, etc.), yeasts, and mycorrhizal fungi on a tomato crop under greenhouse
conditions and found no significant effect on plant growth. Biofertilizers tested in a pot
experiment of Lolium perenne L. crop did not affect N mineralization or plant growth, but
may have suppressive effects on the zymogenic microbial biomass of the soil due to the
substrate of the biofertilizer suspensions [128].

Application methodologies, doses, and inoculation times of microorganisms vary be-
tween studies, and can thus affect the results; for example, inoculation efficacy depends on
the rhizosphere competence of the bacteria for the particular crop type [129]. Thus, the fact
that in our study no significant differences were found between treatments may be a result
of the type or crop being less compatible with the applied PGPM. Fiorentino et al. [121]
showed that different botanical families have different cultural performances when treated
with Trichoderma-based biostimulants, with improvements in lettuce (Asteraceae), but
not in broccoli (Brassicaceae), consistent with our study. Another explanation could be
that Brassicaceae species have an allelopathic effect on soil microbes, bacteria, and fungi
due to the production of numerous inhibitory compounds, such as glucosinolates, that
are released into the soil of the rhizosphere [121,122]. Due to limited knowledge of the
ecological factors that determine the survival of inoculants, such as competition with in-
digenous bacteria for available growth substrates [129], a general assumption regarding the
exogenous microorganism survival applied in the soil cannot be determined in our study.
Some variables such as soil type, crop type, natural selection, and agricultural management,
including pesticide use, may be among the factors influencing colonization with preselected
beneficial microorganisms [38].

In our case, when a 50% reduction in the conventional dose of N fertilizer was ap-
plied (158 kg ha−1), we found no significant difference in crop production. A study of
broccoli fertilization regime carried out in Italy under a Mediterranean climate suggested
that the most effective dose of fertilizer N was 75 kg ha−1 and each unit of N above
75 kg ha−1 produced about 41% less fresh weight of the head [61]. However, according to
Conversa et al. [61], an application rate of 150 kg ha−1 of N is the advisable rate to enhance
overall production and is currently being used in the study region. According to Mourão
and Brito [126], who performed an experiment with different rates of N fertilizers (0, 60, 120,
180, and 240 kg N ha−1) in a broccoli crop, the yield increases were not significant above
120 kg N ha−1. Similarly, Kim et al. [130] conducted a comprehensive simulation-based
study of broccoli and concluded that the amount of N fertilizer does not significantly alter
the crop yield above 75 kg ha−1 N input. Thus, even if the N supply was reduced compared
to the dose conventionally applied by farmers in the area, plants did not suffer from lack of
nutrients, and the microorganisms applied had no significant impact on crop yield, soil
microbial biomass, soil microbial activity parameters, soil microbial community structure,
or greenhouse gas emissions.

5. Conclusions

The reduction in fertilization and the addition of biofertilizers did not significantly
affect the yield, soil chemical properties, or biological properties, compared to the conven-
tional inorganic fertilization, applied to a broccoli crop in this area. Thus, the addition
of microbial inoculants was not effective in increasing soil microbial abundance and ac-
tivity, and so no changes were observed in emissions of GHGs such as CO2, N2O, and
CH4. GHG emissions responded to soil organic C content (mostly the soluble fraction),
available N, and microbial activity assessed by enzyme activities and functional genes,
which were not different between fertilization regimes. This may be related to the crop
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type (Brassicaceae, with release of allelopathic compounds), the lack of nutrient limitation,
and the conventional management with use of tillage and pesticides. Crop yield responded
positively to total N, microbial activity, and CO2 emissions, suggesting that the active soil
microbial community is related to high yields. Nevertheless, these positive correlations
were observed under short-term experiments and an overall statistical difference was not
observed. In our experiment, it was concluded that, following a 50% reduction in fertilizer
compared to conventional practices in a farm location in SE Spain, total crop yield was not
affected. Specifically for the location of this study, the crop type and cultivar, the climatic
conditions, and the crop management used, it is possible to reduce the amount of fertilizer
and still obtain optimal production. This may contribute to reducing production costs and
possible water pollution by leaching and runoff, and eventually improve farm profitability.
The present study is based on a single inoculation of a product based on microorganisms in
a short-term experiment. Therefore, long-term application of biofertilizers under different
soil and climate conditions and crop types would be needed to fully assess their effect on
GHG emissions and soil microbial communities along with their effect on soil microbial
activity and final crop yield.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae10010042/s1. Table S1. Primers used in this
study [46,75–78]; Table S2. amoA PCR cycling conditions; Table S3. nirK PCR cycling conditions;
Table S4. cbbL PCR cycling conditions; Table S5. GH7 PCR cycling conditions; Table S6. nifH
PCR cycling conditions; Table S7. Pearson correlation results of the properties analyzed; Table S8.
Main soil characteristics. Values mean ± standard error (n = 4). References [126–130] are cited in
Supplementary Materials.
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