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Abstract

Current horticultural practices typically require high demands of fertilizers,
leading to significant environmental impacts and increased production costs.
Alternatives based on microbial inoculants have garnered considerable interest
owing to their potential to enhance soil quality whilst reducing external inputs
and costs, all without compromising productivity. This study aimed to compare
the impact of four fertilizer application strategies, including mineral fertilizers
and microbial inoculants, on crop yield, soil fertility and functionality and soil
greenhouse gas emissions in potato production in Southern Spain. Four treat-
ments were tested: (i) mineral fertilizers added to meet the crop's nutritional
needs (F100); (ii) a 50% reduction of the F100 rate (F50); (iii) a 50% reduction
of the F100 rate combined with the application of a formulation containing
nutrient-solubilizing bacteria, nitrogen-fixing bacteria and non-mycorrhizal
fungi (BAI+FU) and (iv) a 50% reduction of the F100 rate combined with a for-
mulation of N, P and K solubilizing bacteria (BAII). Results showed that crop
yield was unaffected by the different fertilizer application treatments. However,
the mean tuber weight and firmness were significantly higher under the BAI+FU
treatment, indicating improved product quality. CO, release rates decreased by
25%, 34% and 42% with F50, BAI+FU and BAII treatments, respectively, com-
pared with F100. The N,0 and CH, emissions or soil nutrient contents were not
affected by treatments, except for ammonium content, which was highest under
the BAI+FU treatment. Additionally, whilst overall soil bacterial and fungal
abundance was not significantly affected, the BAI+FU treatment resulted in a
higher number of nirK (denitrification) and cbhbL (carbon fixation) gene copies.
Therefore, combining biofertilizers with reduced chemical fertilizer rates could
represent a sustainable strategy for mitigating climate change whilst enhancing

crop quality in potato production.
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1 | INTRODUCTION

Greenhouse gas (GHG) emissions, including CO,,
N,O and CH,, are key contributors to global climate
change, which is expected to increase by 50% between
2000 and 2030 (Kumar et al., 2024; Vergé et al., 2007).
Soils from croplands are a significant source of GHGs,
though this varies with specific soil management prac-
tices (Eggleston et al., 2006). CO, is released from soils
and plants through root respiration and microbial ac-
tivity during soil organic matter mineralization (Oertel
et al., 2016). N,0O emissions arise primarily as a by-
product of the microbial processes of nitrification and
denitrification in soils (Lazcano et al., 2021). CH, is
produced through anaerobic microbial activities (Hou
et al., 2000).

A significant portion of the EU's total net GHG,
ca. 13.2%, is attributed to the agricultural sector, ex-
cluding those from agricultural fuel usage (European
Commission, Directorate General for Climate Action,
and Trinomics, 2023). From 2005 to 2018, land use in
agriculture was a major contributor to these emissions,
representing about 37.8% of the sector's total emissions
(Mielcarek-Bocheniska & Rzeznik, 2021). Particularly,
intensive agriculture can significantly impact GHG emis-
sions and environmental sustainability through inten-
sive tillage, excessive use of fertilizers and pesticides and
monoculture practices (Scuderi et al., 2021). However, ag-
riculture does not inherently have to be a source of GHG
emissions and environmental degradation (Bennetzen
et al., 2016; Snyder et al., 2009); rather, it can help mitigate
and counteract climate change through the implementa-
tion of appropriate management practices (Horowitz &
Gottlieb, 2010).

The addition of inorganic fertilizers is commonly re-
lated to higher soil GHG emissions and reduced CO, fix-
ation owing to the activation of soil decomposers (Liao
et al., 2020). To promote sustainable agriculture, a grad-
ual decrease in synthetic agrochemicals is imperative.
Microbial-based products, such as biofertilizers contain-
ing plant growth-promoting bacteria (PGPB) and fungi
(PGPF), can increase soil fertility and mitigate the negative
effects of agrochemicals (Adesemoye & Kloepper, 2009;
Basu et al., 2021). Biofertilizers, such as those containing
PGPB (Gupta et al., 2015) and PGPF (Hossain et al., 2017),
may offer the advantage of limiting synthetic fertilizers in
agriculture (Adesemoye et al., 2009; Singh et al., 2016),

with the associated decrease in energy consumption
and costs (Helsel, 1992). Plant growth-promoting mi-
croorganisms (PGPM) (El-Saadony et al., 2022) can fix
N (Xu et al., 2018), solubilize minerals such as P (Khan
et al., 2009; Wani et al., 2007) and K (Ali et al., 2021;
Jaiswal et al., 2016), produce phytohormones and main-
tain the nutritional balance (Gnanamanickam, 2007),
thereby enhancing crop growth and development (Calvo
et al., 2014), and decrease the dependence on synthetic
fertilizers (Singh et al., 2016). In fact, PGPM inoculation
has been efficient in enhancing the efficiency of carbon
and nitrogen utilization (Di Benedetto et al., 2017; Imran
et al., 2021). In this line, the diazotrophic community,
which consists of N-fixing microorganisms, contributes
to soil C availability by increasing N availability, thus
promoting the degradation of soil organic matter (Chen
et al., 2019; Sun et al., 2021). Fungi aid in organic matter
decomposition, providing plant nutrients and extractable
dissolved organic carbon, which is beneficial for other mi-
crobes (Frac et al., 2018). Additionally, PGPB inoculation
has been shown to enhance the ability of soil to seques-
ter N,O in conditions where denitrifying microorganisms
have enough C sources (Florio et al., 2019). PGPB can
also directly promote plant growth, allocating more car-
bon to plant biomass, which is crucial for carbon recycling
(Sarfraz et al., 2019). Moreover, CO, sequestration by au-
totrophic bacteria is an important process in the biogeo-
chemical cycle of C in soils (Yousuf et al., 2012).

Soil microorganisms are essential for crop production
in agricultural systems, as they enhance soil multifunc-
tionality and maintain soil health (Cuartero et al., 2022).
For instance, the analysis of functional genes representing
specific functional capacities to micro-organisms has been
recommended as a method for assessing soil functionality
(Zhang et al., 2022). These include enzymes that catalyse
various stages of the nitrogen and carbon cycles, provid-
ing insights into potential soil functionality (Levy-Booth
et al., 2014; Liao et al., 2020; Zhang et al., 2022).

After cereals, potato (Solanum tuberosum L.) is the
most important crop in the Globe, following rice and
wheat (FAO, 2023). Potatoes are classified as a sta-
ple food, meaning they are consumed regularly and in
sufficient quantities to constitute the majority of the
diet and provide a considerable share of its total en-
ergy (FAO, 2023). Current potato cultivation practices
rely heavily on fertilizers and pesticides, which are
both costly and detrimental to production, whilst also
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being widely recognized as contributors to environmen-
tal issues (Abou El-Yazied & Selim, 2007). Potatoes re-
quire high amounts of fertilizer (especially nitrogen)
to preserve plant health, reduce susceptibility to infec-
tions and pathogen insects and increase tuber quality
(Hopkins et al., 2008). These high nitrogen fertilizer
inputs, frequently provoke high N,O emissions com-
pared with those of other typical arable crops (Dandie
et al., 2008). Potato plants also face challenges in soil
phosphate uptake because of their shallow root system,
resulting in excessive fertilizer application by farm-
ers, to meet peak crop demands (Hopkins et al., 2014).
Potato tubers are rich in starch, so they require relatively
higher potassium than any other vegetable crop (Bista &
Bhandari, 2019). Thus, research must focus on the envi-
ronmental impacts of excessive nutrient use and finding
solutions to reduce and improve crop nutrient efficiency
(Hopkins et al., 2014; Powlson et al., 2011).

The main objectives of this study were (1) to assess
the effects of different fertilizer application practices,
including the use of commercial biofertilizers and/or a
reduced dose of inorganic fertilizer (compared with con-
ventional applications), on crop yield, soil fertility and
overall soil functionality; (2) to investigate the effects
of these fertilizer application strategies on soil GHG
emissions and (3) to elucidate the relationships between
soil GHG emissions, crop yield and soil properties, in-
cluding biodiversity indicators. The underlying hypoth-
eses of the study were (a) PGPMs improve crop yield,
soil fertility and soil functionality by increasing nutri-
ent availability to meet the nutritional requirements
of potato crops whilst reducing reliance on inorganic
fertilizers and (b) incorporation of PGPMs into the soil
can mitigate GHG emissions from potato production by
improving carbon and nitrogen use efficiency, thereby
minimizing losses associated with over-application of
fertilizers. To test these hypotheses, a field experiment
was conducted, comparing conventional fertilizer appli-
cation practices with treatments receiving half the fer-
tilizer amount. Additionally, two commercial products
containing a consortium of PGPB and non-mycorrhizal
PGPF were applied. This research provides new insights
into optimizing potato farming practices to reduce envi-
ronmental impacts and enhance soil multifunctionality
by activating microbial communities.

2 | MATERIALS AND METHODS

The study area, cultivation management practices and
the use of biofertilizer products described herein are
part of a single growing season within a crop rotation
project. Detailed information on Materials and Methods

and Management

can be consulted in Ollio et al. (2024), which addresses
a previous growing season within the same rotation
sequence.

2.1 | Study site and experimental design
This experiment was performed at the Toméas Ferro
Experimental Farm, belonging to the Polytechnic
University of Cartagena (UPCT), located in Cartagena,
Southeast Spain (37°41'16.6"N, 0°56'55.6”W). The region
experiences a semiarid Mediterranean climate, with an
average annual precipitation of 300mm and an average
annual temperature of 18°C. The potential evapotranspi-
ration in this area exceeds 1200 mm per year. Soil is classi-
fied as Haplic Calcisol (loamic and hypercalcic) according
to the IUSS World Reference Base (WRB, 2022), charac-
terized by a clay loam texture, 1.8% organic matter, 25.2%
CaCO; and a pH of 8.2. The experiment was conducted
on a potato crop (S. tuberosum var. Spunta) sourced from
HZPC, Netherlands, and was grown from 16 December
2022 to 16 May 2023, spanning 151days post-sowing.
Prior to the potato experiment, a melon crop was culti-
vated on the same field from March to July 2022. As part
of the common agricultural practice in this region, crop
rotation with vegetables is employed annually to mitigate
the adverse effects of monoculture. The potato crop was
established using drip irrigation and received mineral fer-
tilizer application according to local practices. Four differ-
ent fertilizer application treatments were implemented:
(1) F100 involves the addition of inorganic fertilizers to
meet the complete nutritional needs of the crop; (2) F50
entails applying 50% of the inorganic fertilizer rate used
in F100; (3) BAI+FU consists of using the F50 doses along
with a biofertilizer formulation containing PGPB and
non-mycorrhizal fungi and (4) BAII involves applying the
F50 doses along with a biofertilizer formulation contain-
ing N-fixing bacteria and P and K solubilizing bacteria.
The BAI+FU formulation (Nuve™) primarily con-
sisted of a mix of PGPB like Bacillus, Azotobacter and
beneficial non-mycorrhizal fungi. The BAII formulation
(Bactoneco™) is composed of PGPB such as Azospirillum,
Pseudomonas and Bacillus. Fertilizantes y Nutrientes
Ecoldgicos, S.L. (Spain) supplied biofertilizers, the exact
composition of which was confidential. However, the
company reports that it developed these products using
endemic strains of plant growth-promoting rhizobacteria
(PGPR) specific to the region to avoid problems of com-
petition and incompatibility with native microorganisms.
In addition, the formulations are stabilized at the
peak of their growth activity, allowing almost immediate
action when applied in the field. The bacteria in these
products have the potential to fix atmospheric nitrogen
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and solubilize phosphorus and potassium, making these
nutrients readily available for plant uptake. They also
synthesize growth-promoting substances such as phy-
tohormones and provide protection through substances
such as antibiotics and siderophores that inhibit the
growth of pathogens.

We designed an experiment with complete random-
ized blocks with four treatments, each covering an area
of 740 m?, and replicated four times. All treatments re-
ceived equal irrigation volumes (1700 m>ha™"), with ir-
rigation schedules based on local weather conditions,
crop coefficients and evapotranspiration rates. Weather
data were recorded using an automatic weather station
located at the study site. Soil tillage was performed to
a depth of 25cm across all treatments. The F100 min-
eral fertilizer application included 96.6kgha™ of N,
45kgha™' of P,O5 and 190.3kgha™" of K,O, applied
weekly through fertigation between 16 February 2023
and 19 April 2023. The start of fertilizer application
and irrigation of the plot was determined when all tu-
bers had reached the final stage of germination and
had entered the full vegetative development phase. The
doses, which were applied weekly, were distributed ac-
cording to the needs of the plant based on its stage of
development. Fertigation was completed on 19 April,
coinciding with the onset of senescence in the plants.
During this phase, we began to reduce both the dura-
tion and quantity of irrigation to facilitate the final pro-
cess of tuber skin hardening and to prepare the soil for
harvesting. The Fertilizers used were N-P-K (13% N,
40% P,05 and 13% K,0O), magnesium nitrate (13.5% N
and 15.60% Mg) and potassium nitrate (46.5% K,0O and
13.6% N). Biofertilizers were administered via drip ir-
rigation following the manufacturer's guidelines. The
BAII treatment received two applications of Bactoneco
N¢®, Bactoneco P® and Bactoneco K® on 1 March and
15 March 2023, with a total dosage of 6Lha"!. The
BAI+FU treatment was applied at a rate of 30Lha™"
over three applications on 1 March, 15 March and 29
March 2023. The manufacturer has specified the dose,
frequency and time between applications for both treat-
ments. On 14 April 2023, targeted pesticide treatments
were administered to control Alternaria spp., moths
and potato beetles using Carial Top (Mandipropamide
25%+ Difenoconazole 25% [SC]) and Coragen 20SC
(Chlorantraniliprole 20% [SC]). Initially, Alternaria spp.
caused notable crop damage, raising concerns about
yield, but the treatment effectively contained the disease,
and the crop gradually recovered because of favourable
weather and the successful application of control mea-
sures. The doses applied following the product registra-
tions outlined by the Ministry of Agriculture, Fisheries
and Food of Spain, as listed in Annex II of the Council

of the European Union (2020). Meteorological data
were continuously monitored using the on-site weather
station, which recorded precipitation, air temperature,
global radiation, relative humidity and wind speed and
direction, following UNE 176.101: 2010 standards.

2.2 |
quality

Soil sampling and crop yield and

Soil sampling for physicochemical analysis was conducted
on 12 April 2023, following the completion of the fertiga-
tion schedule across all treatments, coinciding with the
phenological flowering stage. The sampling for molecular
analyses was carried out on 15 March 2023 before harvest.
The sampling methods are described by Ollio et al. (2024).
Harvest of tubers was performed on 16 May 2023 as early
potatoes. A mechanized harvester lifted the tubers with
chisels, after which the potatoes were hand-harvested and
placed in special bags with a capacity of ca. 25kg. The col-
lection area consisted of a region in the centre of the plots,
with an area of 280 m? for each treatment. All the bags
collected were then weighed and the yield was expressed
as tha™*. Then, one bag was randomly chosen per plot for
evaluation of firmness, density, starch content, weight and
size. The firmness analysis was carried out using a pen-
etrometer (Brezmes Llecha et al., 2001). Tuber weight, di-
mensions and density were determined with a laboratory
balance and a Vernier calliper (Glasbey et al., 1988). The
content of the tuber starch was estimated through the spe-
cific weight (Widmann et al., 2008).

2.3 | Soil greenhouse gas measurements
The dynamic closed gas chamber method was used in this
experiment. Measurements of CO,, N,0, CH,, soil tem-
perature (T) and soil moisture (M) were made every 7 days
in all plots from 16 February 2023 to 11 May 2023, between
9:00 and 12:00h according to Ollio et al. (2024), using
photoacoustic infrared spectroscopy multi-gas analyser
with an ultra-sensitive cantilever pressure sensor (Gasera
One, Gasera Ltd., Helsinki, Finland). CO,, N,O and CH,
were quantified every 1 min for 5min to confirm a linear
tendency. Numeral integration was used to calculate the
cumulative values of CO,, N,O and CH, emissions. GHG
emissions were transformed into CO, equivalent (CO,e),
and then cumulative emission data (gm~%) were also ex-
pressed on a production basis (gkg ™) for the experimental
period to assess the emissions per product of each treat-
ment. Soil moisture (M) and soil temperature (T) were
measured using a ProCheck and 5TM sensors (Decagon
Devices, USA) inserted at 15cm depth.
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2.4 | Soil chemical analyses

Exchangeable cations and cation exchange capacity were
measured using BaCl,, following the international stand-
ard method (ISO 13536) (Quality, 1995). Soil pH and elec-
trical conductivity (EC) were measured in a soil/water
ratio of 1:5 (w/v). Total organic carbon (TOC) and total
nitrogen (TN) were measured with an elemental CHN
analyser (EA-1108, Carlo Erba, Barcelona, Spain). The
particulate organic carbon (POC) was measured following
Cambardella and Elliott (1992). Soil NHI was extracted
with 2M KClI in a 1:10 ratio (soil/extractant), and spec-
trophotometrically measured (Kandeler & Gerber, 1988;
Keeney & Nelson, 1983). Soil NO7 was measured by
ion chromatography (Metrohm 861) and extracted 1:10
(soil:deionized water) (Keeney & Nelson, 1983; Sempere
et al.,, 2006). Available P measurement was conducted
using the Olsen method (Olsen, 1954). Available Fe, Mn,
Cu and Zn were extracted through chelation with DTPA
(1:2w/v ratio) (Kabata-Pendias, 2000; Reichman, 2002).
The soluble B content was determined by extraction with
deionized water at a 1:5w/v ratio and a temperature of
50°C (Porta Casanellas et al., 1986). The concentrations of
the available nutrients were quantified using inductively
ICP-MS (7500CE, Agilent, Santa Clara, CA, USA).

2.5 | DNA extraction and quantitative
PCR (qPCR) gene analysis

A quantitative PCR (qPCR) analysis was carried out to
measure the copy number of selected functional genes
related to C and N cycles, according to Ollio et al. (2024).
Briefly, soil DNA was extracted and purified. Gene copy
numbers were determined by calculating the concentra-
tion of the extracted DNA plasmid containing the gene
fragment. Tenfold serial dilutions of linearized plasmids
were run in each qPCR assay in triplicate to generate a
standard curve. Gene copy numbers were quantified by
employing the same primers as for cloning (see Table S1).
The genes cycling conditions are shown in Tables S2-S6.

2.6 | Statistical analysis

The study utilized statistical methods to assess crop yield,
soil properties, functional genes and GHG emissions. A
one-way ANOVA with Tukey's and Duncan's post hoc
tests was used for treatment comparisons, whilst the
Kruskal-Wallis test followed by Dunn's test was applied
for non-normally distributed data. GHG emissions were
analysed using two-way repeated measures ANOVA,
considering measurement date and treatment as factors.

™ WILEY "
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Additionally, one-way ANOVA with post hoc tests was
applied to GHG data for each date to detect significant
differences. A stepwise multiple linear regression (Y=
m X, +myX,+...+m,X,+b) was performed with GHG
emissions as independent variables and soil properties,
functional genes analyses and crop yield as dependent
variables. Standardized coefficients () identified the
most influential independent variables, whilst partial
correlations assessed relationships controlling other
variables. Unstandardized coefficients (m) were used to
compare observed GHG values with model predictions.
All analyses were performed using IBM SPSS Version 26.

3 | RESULTS

3.1 | Weather conditions during the
trial period

During the crop period from December 2022 to May 2023,
the mean temperature was 14.1°C, and the rainfall was
34.8 mm, with a mean daily evapotranspiration of 2.5mm
and a mean relative humidity of 65.7%. January regis-
tered the highest amount of rainfall, measuring 17.20 mm
of precipitation. Meanwhile, February was the coldest
month, with the lowest temperature reaching 0°C and
a mean minimum temperature of around 6°C. April re-
corded the highest temperatures, with an average of 22°C
and daily peaks reaching around 30°C, making it warm
and sunny (Figure S1).

3.2 | Cropyield and quality

There were no significant differences in crop yield between
treatments although BAI+FU exhibits a higher value. The
total yield was 39.2 tha™! for BAI+FU, 36.7tha™" for BAIL,
36.6tha™! for F50 and 36.9tha™! for F100, respectively
(Table 1). Concerning quality parameters, tuber volume
and starch content showed no significant differences be-
tween fertilizer application strategies. However, BAI+FU
was the treatment with the highest mean weight and flesh
firmness of tubers, with 244g and 16 kgcm'2 values, re-
spectively, whilst F100 showed the lowest values with
158 g and 13kgcm ™2, respectively.

3.3 | Soil greenhouse gas emission rates

During the measurement period, 5 out of the 15 CO, emis-
sion rate measures were significantly higher in F100 than in
the rest of the treatments. CO, emission rates were, as an
average, 37.90mgm ™ >h™" in F100, 28.97mgm*h~" in F50,
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TABLE 1 Cropyield and tuber quality

Crop Mean Starch
yield weight Volume Firmness content parameters.
Treatment tha™' g Veltipsoid) cm>  kgcm ™ %
BAI+FU 39.2+04  2443+24.4a  224.7+39.8 16.0+0.3a 21.4+0.8
BAII 36.7+0.7 171.6+4.5b 163.0+32.8 15.4+04ab  20.9+4.1
F50 36.6+1.8 205.8+17.4b  179.1+20.8 14.8+0.4b 20.3+0.3
F100 36.9+14  158.2+7.7c 142.9+12.8 13.1+0.0c 21.0+£0.7
F ANOVA 1.04ns 6.14** 1.48ns 14.23%* 0.05ns

Note: Values mean +standard error (n=4). F100, inorganic fertilizers applied at a rate to meet the crop's
nutritional demands; F50, a 50% reduction in the F100 rate; BAI+FU, a 50% reduction in the F100 rate
plus the application of a formulation of bacteria and non-mycorrhizal fungi; BAII, a 50% reduction in the

F100 rate plus the application of nitrogen-fixing and phosphorus- and potassium-solubilizing bacteria.
Values followed by different lowercase letters in the same column indicate significant differences
between the four treatments (Duncan's test); ns, non-significant differences between cultivation systems

(p>.05).
**p<.01.

24.68mgm™*h~'in BAII and 25.99mgm *h™" in BAI+FU
for the entire experimental period. There was no direct ef-
fect of the application of the biofertilizers on CO, emission
peaks. Soil CO, rates followed the soil temperature trend,
with a positive significant correlation between both param-
eters (R=0.454; p<.01). Nonetheless, there was a significant
negative correlation between soil moisture and CO, emis-
sion rate (R=—-0.450; p<.01) (Figure 1a,b). Soil moisture
level tended to be lower in F100 in comparison to the other
treatments, especially to the BAI+FU, despite receiving the
same quantity of irrigation. Soil moisture was, as an aver-
age, 16.1% in F100, and 18.6% in BAI+FU. Soil CO, emission
showed significant differences between treatments, with
higher emissions in F100, and lower in BAIl and BAI+FU
(Figure 1b). The emission rates of N,O in the soil remained
constant with minor fluctuations around 0.05mgm™>h™"
(Figure 1c). These rates were not correlated by either soil
moisture or soil temperature. On 05 March 2023 (4days
after the fertigation and the first application of the bioferti-
lizer in the BAI+FU and BAII plots), BAII showed a peak
in N,0 (0.030mgm *h™"). As an average, CH, emission
rates were 0.25mgm ™ >h™" in F100, 0.42mgm~h~" in F50,
0.29mgm™>h™" in BAII and 0.41mgm™>h™" in BAI+FU.
Soil CH, rates went with the tendency of soil moisture and
temperature, with higher emissions and higher soil moisture
content after rainfall episodes at high temperatures. There
were no significant differences between fertilizer application
strategies in terms of CH, emission rates (Figure 1d).

3.4 | Overall cumulative soil emissions

The was a significantly highest overall cumulative CO, and
CO,e emissions in F100. During the experiment, the F100
treatment emitted significantly higher levels of CO, and
CO,ethanthe BAIland BAI+FU treatments, which emitted

less (42% and 34% compared with F100, respectively). The
F50 treatment showed 25% less cumulative CO, than
F100 (Table 2). There were no significant differences
regarding cumulative N,O and CH, amongst treatments.
The average cumulative CO,e emission expressed on a
production basis was 56.05gkg™" for BAI+FU, 50.03 gkg ™
for BAII, 74.17 gkg ™" for F50 and 93.42gkg ™" for F100. The
cumulative CH, emission was positively correlated with
crop yield (R=0.640; p <.05), and there was no significant
correlation between cumulative CO, and CH, and either
crop yield or other soil properties.

3.5 | Soil fertility and functionality

The fertilizer application strategies significantly differ in
soil EC, pH and NH;r content (Table 3). The treatments
did not significantly affect the rest of the soil properties
(TOC, POC, TN and available nutrients). Specifically, EC
was significantly lower in F100 and higher in BAII, whilst
pH followed the opposite trend. BAI+FU showed the
highest NH;; content.

Concerning the content of bacteria (16S rRNA),
fungi (ITS region) and functional genes, only nirK and
cbbL showed significant differences between treatments
(Table 4). F50 showed a significantly lower number of
copies of nirK and cbbL than the other treatments, with
BAI+FU showing the highest number of copies.

3.6 | Interrelationship between crop
yield, soil properties and GHGs

Cumulative CO, emissions could be estimated by different
variables such as a soil macronutrient (P), pH, microbial
activity involved in N cycle (nifH), fungal abundance (ITS)
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l Addition of biofertilizers in fertigation

FIGURE 1 Soil temperature and moisture during the experimental period (a), soil CO, emission rates (b), soil N,O emission rates (c)
and CH, emission rates (d) in potato cultivation with different fertilizer application treatments. Vertical bars denote the standard error.

P, precipitation; T, soil temperature.; M, soil moisture; F100, inorganic fertilizers applied at a rate to meet the crop's nutritional demands;
F50, a 50% reduction in the F100 rate; BAI+FU, a 50% reduction in the F100 rate plus the application of a formulation of bacteria and
non-mycorrhizal fungi; BAIL a 50% reduction in the F100 rate plus the application of nitrogen-fixing and phosphorus- and potassium-
solubilizing bacteria. Red arrows indicate the days of applications of biofertilizers. Red asterisks indicate significant differences in soil
moisture, black asterisks indicate significant differences in GHG emissions. For repeated measures ANOVA data: significant at ***p <.001;

ns, not significant (p>.05).

and crop yield (R*=0.95; F=34.19; p<.01) (Table 5). It is
important to highlight that only pH and P were positively
related to cumulative CO,, whilst the other variables were
negatively related. Thus, the lower fungal abundance and
N-fixing activity, the higher the CO, emissions, associ-
ated with lower yields. Cumulative CH, emissions could
be estimated by crop yield (R* adj=0.92; F=11.03; p <.01)
(Table 5). Cumulative N,O could not be estimated with
the studied properties.

4 | DISCUSSION

4.1 | Cropyield and tuber quality

Numerous studies have confirmed that combining bi-
ofertilizers with organic or mineral fertilizers improves
various aspects of plant development, including growth,

photosynthesis, dry matter accumulation, starch con-
tent and tuber yield (Abdeldaym et al., 2019; Samet
et al., 2022; Yao et al., 2002). In our study, a treatment in-
volving a 50% reduction in mineral fertilizer application,
associated with PGPB and PGPF (BAI+FU), resulted in
significantly better tuber quality, particularly in terms
of increased tuber weight and flesh firmness. Several
reports have highlighted the beneficial effects of differ-
ent PGPB strains on tuber weight under various fertilizer
application regimes. For example, Velivelli et al. (2015)
observed that bacterial inoculants consistently boosted
tuber yield, even when fertilizer levels were reduced.
Similarly, Abou El-Yazied and Selim (2007) reported a
steady increase in tuber weight when mineral nitrogen
levels were reduced, and seed potatoes were inoculated
with biofertilizers. They noted that plants receiving half
the recommended doses of N and P, along with biofer-
tilizer inoculation, achieved the highest average tuber
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TABLE 2 Cumulative values of soil CO,, N,0O, CH, and total CO, equivalent emissions, crop yield and cumulative CO, equivalent
emission data expressed on a production basis released from the soil in the potato crop with different fertilizer application treatments.

Cumulative CO, Cumulative N,0 Cumulative CH, CO,e CO,e

gkg™' of crop

Treatment gm 2 yield
BAI+FU 201+16b —0.06+0.09 1.25+0.18 219+36b 56.05+9.40b
BAII 176 +21b —0.04+0.02 0.67+0.19 182+25b 50.03+7.52b
F50 231+27ab 0.03+0.05 1.07+0.24 269 +18ab 74.17+6.97ab
F100 306 +23a 0.05+0.02 0.81+£0.16 343 +14a 93.42+6.49a
F ANOVA 6.300%* 0.917ns 1.742ns 7.566%* 6.502%*

Note: Values mean +standard error (n=4). F100, inorganic fertilizers applied at a rate to meet the crop's nutritional demands; F50, a 50% reduction in the F100
rate; BAI+FU, a 50% reduction in the F100 rate plus the application of a formulation of bacteria and non-mycorrhizal fungi; BAII, a 50% reduction in the F100
rate plus the application of nitrogen-fixing and phosphorus- and potassium-solubilizing bacteria. Values followed by different lowercase letters in the same
column indicate significant differences between the four treatments (Tukey's post hoc test); (ns) non-significant differences (p-value >.05).

**p<.01.

TABLE 3 Main soil properties measured in the different treatments.

BAI+FU BAII F50 F100 FANOVA

EC pScm™ 250+ 16ab 291+18a 275+ 5ab 245+7b 2.629*

pH 9.01+0.03ab 8.93+0.02¢ 8.96+0.01bc 9.04£0.02a 4.937**
TOC gkg™ 11.39+0.13 11.37+0.58 11.97+0.47 11.18+0.39 0.652ns
POC gkg™! 0.84+0.10 0.72+0.07 0.76 +£0.03 0.71+0.07 0.689ns
TN gkg™ 1.18+0.06 1.18+0.02 1.17+0.03 1.16+0.03 0.036ns
NH; mgkg ™ 4.45+0.82a 2.99+0.07ab 2.67+0.03b 2.65+0.08b 4.300*

NO; mgkg™ 38.85+13.96 66.97 +£21.03 60.70£4.93 38.39+6.42 1.243ns
Ca cmol kg™! 11.76 +£0.47 12.25+0.25 12.52+0.4 11.94+0.43 0.711ns
Mg cmol kg™ 4.68+0.14 4.9+0.07 4.95+0.17 4.76 £0.17 0.730ns
K cmol kg™! 0.28 £0.02 0.32+0.02 0.36+0.04 0.29+0.02 1.651ns
Na cmol kg ™! 0.70+£0.03 0.75+0.03 0.73+0.03 0.77+0.03 1.103ns
Fe mgkg™ 0.77+0.06 0.79+0.05 0.80+0.02 0.74+0.02 0.379ns
Mn mgkg ™' 2.60+0.36 3.06+£0.42 3.06+£0.08 2.75+0.18 0.628ns
Cu mgkg ™ 0.52+£0.02 0.50+0.02 0.50+0.01 0.47+0.01 1.732ns
Zn mgkg™! 1.54+£0.23 1.31+£0.03 1.33+0.02 1.24+0.03 1.142ns
P mgkg ™" 88.20+3.90 95.53+3.76 93.50+3.83 93.75+5.00 0.580ns
B mgkg ™ 0.87+£0.02 0.90+0.05 0.92+0.00 0.89+0.04 0.450ns

Note: Values mean +standard error (n=4). F100, inorganic fertilizers applied at a rate to meet the crop's nutritional demands; F50, a 50% reduction in the F100
rate; BAI+FU, a 50% reduction in the F100 rate plus the application of a formulation of bacteria and non-mycorrhizal fungi; BAII, a 50% reduction in the F100
rate plus the application of nitrogen-fixing and phosphorus- and potassium-solubilizing bacteria. Values followed by different lowercase letters in the same row

indicate significant differences between the four treatments (Duncan's post hoc test); ns, not significant (p>.05).

Abbreviations: EC, electrical conductivity; POC, particulate organic carbon; TN, total nitrogen; TOC, total organic carbon.

*p<.05. *p<.01.

weight. Furthermore, studies by Tahir et al. (2019) and
Maslennikova et al. (2023) showed that inoculating po-
tato plants with a consortium of Bacillus spp. significantly
enhanced plant biomass, tuber number and weight com-
pared with uninoculated controls. PGPB are known to
colonize potato roots, enhancing plant growth and tuber
quality by solubilizing nutrients, fixing nitrogen, pro-
moting nutrient uptake, producing plant hormones and

providing protection against plant pathogens (Nagrale
et al., 2023; Orhan et al., 2006; Vessey, 2003).

4.2 | Soil GHG emissions

The CO, fluxes exhibit an evident dependence on soil
moisture and temperature (Bezyk et al., 2023). It has been
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TABLE 4 Copy number per gram of soil of 16S, ITS and functional genes (amoA, nirK, ureC, nifH, cbbL and GH7).

Kruskal-Wallis

test

F ANOVA

F50 F100

BAII

BAI+FU

2.33ns
0.84ns

1.37E+406 + 3.66E+05
8.86E+05+1.27E+05

1.46E+406 + 5.21E4+05
1.13E+06 + 3.27E+05

2.91E+06 +6.06E+05
1.36E+06 + 5.52E+05

2.35E4+06 +3.97E+05
6.16E+05 +2.44E+05

Copy number g~

amoA

ureC

11.49%*

1.38E+06 +2.25E+05ab

1.42E+06 +1.98E+05b

9.86E+05 + 3.34E+05b

1.14E+06 + 3.16E+05b

2.17E+406 +4.69E+05ab

6.16E+06 +2.13E+06ab

7.27E+06 +2.37E+06a

nirk
cbbL
GH7
nifH

ITS

2.91*

3.58E+04 +1.43E+04
7.67E+05 +3.35E4+05
7.98E+06 +4.39E+06
3.81E4+07 +4.75E+06

1.12E+05 + 3.30E+04
4.94E405 +2.20E4+05
8.89E+06 +4.33E4+06
4.08E+07 +7.73E+06

2.12E4+05+1.20E+05
5.50E+06 +4.11E4+06
8.49E+06 + 3.89E+06
5.15E+07 +8.81E+06

2.56E+06 + 5.69E+05a

1.24ns
0.94ns
0.67ns
0.80ns

1.39E+05 + 3.86E+04
3.62E+06 +2.73E406
6.85E+06+1.21E+06
4.99E+07 +7.79E+06

16S

4). F100, inorganic fertilizers applied at a rate to meet the crop's nutritional demands; F50, a 50% reduction in the F100 rate; BAI+FU, a 50% reduction in the F100 rate plus the

(n
application of a formulation of bacteria and non-mycorrhizal fungi; BAIL, a 50% reduction in the F100 rate plus the application of nitrogen-fixing and phosphorus- and potassium-solubilizing bacteria. Values followed by

different lowercase letters in the same row indicate significant differences between the four treatments (Duncan's post hoc test, or Dunn's Kruskal-Wallis multiple comparison tests), ns, not significant (p>.05). The (—)

symbol indicates the test did not proceed.

*p<.05. **p<.01.

Note: Values mean + standard error

WILEY- 22

previously observed that CO, emissions are positively cor-
related with soil temperature, whilst negative with soil
moisture (Ollio et al., 2024; Zornoza et al., 2018), which in
our study mostly increased after rainfall episodes. These
events could have partially limited the oxygen diffusion
between water-filled pore spaces, further limiting aero-
bic respiration, and ultimately resulting in a decreased
CO, flux (Fairbairn et al., 2023). During potato growth,
the F100 treatment showed the greatest CO, emissions
compared with other treatments. This is because differ-
ent fertilizer application methods have a significant im-
pact on soil CO, emissions, as reported by Wang, Zhang,
et al. (2021). Previous studies have also shown that CO,
emissions increase after mineral fertilizer application
in farmlands (Lamptey et al., 2019; Yan et al., 2021).
Furthermore, Gong et al. (2012) suggested that mineral
fertilizer application can accelerate the soil organic mat-
ter decay by supplying available nutrients and substrates
to microbes, which are essential for microbial cell synthe-
sis and activity. When more mineral fertilizers are used,
the amount of CO, emitted from the soil normally in-
creases; this happens because mineral fertilizers provide
nutrients that stimulate the growth of microorganisms,
which results in more respiration and more CO, being
released from soil organic matter mineralization (Chen
et al., 2018; Lai et al., 2017). Thus, we hypothesized that
if the amount of fertilizer is reduced by half, the amount
of soil CO, emitted should also decrease, as the microor-
ganisms will have fewer nutrients to consume. Our study
confirmed this hypothesis and showed that reducing min-
eral fertilizer application by 50% resulted in a 25% reduc-
tion in CO, emissions in F50. Furthermore, the BAI+FU
and BAII treatments, resulted in even greater reductions
in CO, emissions compared with F100, with decreases of
34% and 42%, respectively. Previous research has high-
lighted the significant influence of the community com-
position of soil bacteria in regulating soil CO, emissions
(Chen, Hao, et al., 2021; Liu et al., 2018; Wang et al., 2022)
and that fertilizer inputs, particularly N, can modify mi-
crobial taxonomy and shift it toward a population that
has similar levels of respiration (Allison et al., 2008; Zeng
et al., 2016). According to Nannipieri et al. (2003), there is
an important link between microbial activity and micro-
bial diversity. Indeed, one might expect that the addition
of microbes will increase soil respiration, for example, be-
cause of an increase in biomass. In our case, we observed
the opposite trend. The decrease in total CO, emissions
observed in BAI+FU and BAII could be attributed to a
shift in microbial diversity that results in the establish-
ment of a community that respires less than the com-
munity found in F100, where respiration is significantly
increased with fertilizer inputs. Some reports are showing
that certain bacterial strains can help reduce CO, levels in
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TABLE 5 Multiple linear regression models for cumulative GHG emissions.
Partial
Y X m correlation p R R? adj Fvalue
Cumulative CO, Constant —3701.42 0.88 0.83 19.77%*
(mgm™) ITS (copies g ") —5.773E—6 ~0.79 —0.51
nifH (copies g) —7.32E—6 —0.84 —0.57
Crop yield (kgha™)  —0.01 —0.80 -0.52
pH 501.47 0.75 0.45
Cumulative CH, Constant —3.42 0.44 0.40 10.74**
(mgm™) Crop yield (kgha™)  1.17E-04 0.67 0.67

**p<.01. ***p <.001.

the atmosphere by contributing to C sequestration (Han
& Lee, 2005; Nie et al., 2015; Thirumalai, 2014). By add-
ing more efficient bacteria that consume C, we can stim-
ulate plant growth (Nie et al., 2015). Examples of such
bacteria include those that fix atmospheric CO, (Noviana
et al., 2024), or convert CO, to CaCO; (Xiao et al., 2019).
BAI+FU had higher values of cbbL, a gene present in au-
totrophic CO,-fixing organisms. In fact, by shifting the
soil microbial community to autotrophic or facultative
autotrophic species that possess the cbbL gene, the soil
becomes more effective in CO, fixation and sequestering
organic carbon (Liao et al., 2020; Wang, Xie, et al., 2021).

We observed that the BAI+FU and BAII treatments
had higher soil moisture values than F100, throughout the
cropping cycle. With this regard, Zheng et al. (2018) re-
ported that the use of PGPB can increase soil water reten-
tion because bacteria produce biofilms and mucilage that
retain water and change soil porosity, which could explain
this finding in our study.

We registered a significant release of N,O in the BAII
treatment 4 days after the application of the first dose of the
PGPB-based product. BAII treatment showed the highest
N,O emission compared with F50. The observed increase
in N,O emissions following the first BAII application may
be attributed to the activity of nitrifying and denitrifying
bacteria, which can elevate N,O emissions as a byprod-
uct of these biochemical processes (Ding et al., 2023; Lin
et al., 2023). Notably, the BAII treatment involved the
application of a bacterial consortium comprising species
from the genera Bacillus, Azobacter and Pseudomonas.
The latter two genera are known for their ability to per-
form nitrification and denitrification activities, amongst
other processes (Chéneby et al., 2000; Kalkowski &
Conrad, 1991; Kim et al., 2005). Previous studies have in-
dicated that nitrous oxide emission rates can be influenced
by microbial activity, N availability and high moisture
rates (Abbasi & Adams, 2000; Dandie et al., 2008; Lazcano
et al, 2021). In fact, the first fertigation application

together with PGPM-based products (in the BAII+FU and
BAII treatments), coincided with a major rainfall event,
which may have contributed to the increased N,O emis-
sion in the BAII treatment. Agricultural soil often emits
sharp and explosive increases of N,O after heavy rains
owing to waterlogging (Wang et al., 2017). However, treat-
ment F50, which received half the dose of fertilizer and
did not receive PGPM, had significantly lower emissions.
This adds to the evidence that microbial activity and N
availability are important determinants in influencing
N,O emission rates (Calvo et al., 2013; Fudjoe et al., 2023;
Snyder et al., 2009). However, in this system, N,O emis-
sions were minimal, with values close to Omgm™>h™".
The results are consistent with prior studies conducted
in the same location, associated with an adjusted N fertil-
izer application rate (Ollio et al., 2024; Sdnchez-Navarro
et al., 2022; Zornoza et al., 2018). CH, emissions are gen-
erated by variations between CH, production and oxida-
tion. The former is more temperature-dependent than the
latter (Li et al., 2023). However, we recorded an increase
in CH, emission, which was similar across all treatments,
following an important rainfall event, on the same date as
we observed a significantly high N,O emission in BAII.
This provides additional evidence that, as a result of the
intense precipitation, anoxic conditions were developed
in the soil, resulting in predominantly anaerobic activities
performed by microorganisms (Hou et al., 2000; Khalil
& Baggs, 2005; Xu et al., 2004). Methane emissions are
in line with previous investigations that have monitored
emissions in semi-arid Mediterranean soils (Fernandez-
Ortega et al., 2024; Tellez-Rio et al., 2015).

Our data confirmed a significant reduction in soil cu-
mulative CO, emissions and the cumulative CO, equiv-
alent associated with the use of biofertilizers. These
findings align with previous studies that have highlighted
the remarkable potential of inoculation of beneficial
microorganisms to decrease GHG emissions from soils
(Galindo et al., 2024; Nie et al., 2015).
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4.3 | Soil fertility and functionality

We found a significantly higher EC and lower pH in the
soil where plants were grown with the BAII treatment in
comparison with the F100 treatment. This is aligned with
previous research that have employed PGPB and explain
how bacterial colonization in soil decreases pH as a result
of their organic acid production as a secondary metabolite
(Orhan et al., 2006; Turan et al., 2006), which is essential
to increase nutrient availability in basic soils (Abbaszadeh-
Dahaji et al., 2020; Ipek & Esitken, 2017). A decrease in
soil pH leads to the breakdown of phosphorus and potas-
sium, increasing available nutrients in the rhizosphere
and raising the EC value (Li et al., 2020). A more efficient
uptake of nutrients by plants can elucidate the strong cor-
relation observed between the effectiveness of biofertiliz-
ers and the response in crop yields (Li et al., 2022). Thus,
in the BAII treatment, the higher EC may indicate an in-
crease in soluble nutrients resulting from microbial activ-
ity. In addition, we found higher NHJ levels in BAI+FU.
Thus, microbial populations in this soil may be related
to higher NH;r production, by active ammonification
(Arce et al., 2015) or by N fixation, an important feature
in some bacteria such as Rhizobium spp. or Azotobacter
spp. (Strock, 2008). According to various authors, PGPB's
production of NHI is crucial for plant growth promotion,
as it supplies N to host plants, promoting root and shoot
elongation and increasing their biomass (Bhattacharyya
et al., 2020; Hyder et al., 2020).

Higher abundances of the nirk and the cbbL genes in
soils that received microorganism-based products, mostly
for those receiving bacteria and fungi. The nirK gene (en-
coding copper nitrite reductase) is part of a biochemical
pathway called denitrification, which consists of four re-
action steps that reduce nitrate to dinitrogen gas (Henry
et al., 2006). This gene is critical because it inhibits the
accumulation of NO, a cytotoxic byproduct of the denitri-
fication pathway (Giles et al., 2012). Denitrification can
either produce N,O or generate N,, depending on the en-
vironmental conditions, the composition and the genetic
capabilities of the denitrifying microbial community (via
nitrous oxide reductase) (Hagemann et al., 2016). High
nitrite reductase activity could suggest a higher potential
for producing N,0, an intermediate in the denitrification
process. The process can be stopped at this point or con-
tinue until N, is produced (Pinto et al., 2021). Our study
did not investigate genes involved in the final stage of de-
nitrification. However, cumulative N,O emission was not
increased in soils treated with biofertilizers, with no signif-
icant difference between the four treatments. According
to recent studies, several bacterial strains of Bacillus and
Pseudomonas, which are included in the biofertilizers used
in this experiment, are denitrifying organisms capable of
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reducing nitrate or nitrite whilst producing nitrous oxide
or molecular nitrogen (Chen et al., 2018). So, it was ex-
pected that the treatments to which microorganisms have
been added had a higher denitrification activity. There
is general agreement that the primary factor influencing
denitrification in soils, especially in cultivated soils, is C
availability (Florio et al., 2019). Potato plants may pro-
vide root exudates which can serve as C sources for fungi
and bacteria (Dandie et al., 2008). Microorganisms inoc-
ulation could increase the soil's ability to act as an N,0O
sink in soils where denitrifiers are not severely limited by
C (Chen et al., 2018; Florio et al., 2019). Thus, we may
assume that BAI+FU may be contributing to decreasing
the availability of mobile nitrates that may be leached
after rainfall. As reported by other authors, PGPB helps
reduce N loss through leaching by decreasing the loss of
NH;r and NO3 (Gallart et al., 2021; Paungfoo-Lonhienne
et al., 2019). According to these authors, PGPB can en-
hance N acquisition and assimilation by plants owing to
their growth-promoting effect, which increases the plant
absorption of nutrients.

The increased abundance of the cbbL gene in BAI+FU
and BAII one of the key functional genes involved in the
biochemical pathways of autotrophic C fixation in bacte-
ria (RuBisCO) (Yousuf et al., 2012), may suggest that the
introduction of microorganisms into the soil significantly
increased CO, fixation, and thus C availability for other
biochemical processes.

The abundance of fungi and archaea/bacteria was sim-
ilar regardless of the fertilizer application strategy. The
literature presents conflicting evidence regarding the im-
pact of various fertilizer application regimes on soil fungal
and bacterial abundances (Dong et al., 2014). For instance,
Tian et al. (2015) reported no significant changes in bac-
terial abundance after 3years of chemical fertilizer ap-
plication compared with an unfertilized control, a result
aligned with He et al. (2007), which reported that nitrogen
fertilizer application did not affect total bacterial abun-
dance in a wheat-maize rotation system. Similarly, Gallart
et al. (2021) found no significant differences in 16S rRNA
gene copy numbers when evaluating different nitrogen
fertilizer sources, with or without PGPB inoculation, on
macadamia tree growth. Yaghoubi Khanghahi et al. (2022)
confirmed no variation in 16S rRNA abundance under
various stress conditions and fertilizer application man-
agement in a wheat-legume rotation. Conversely, some
studies, such as that by Chen, Hao, et al. (2021), demon-
strated that inoculating maize crops with different PGPB
strains significantly increased 16S rRNA gene copy num-
bers compared with the non-inoculated control.

Also, Wang, Xue, et al. (2016) and Wang, Zhang,
et al. (2016) showed how bacterial abundance is not con-
stant and may or not vary significantly depending on
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different conditions such as fertilizer application regime,
depth, seasonality or plant growth stage. Similarly, there
are contradictory results in the literature concerning
fungal abundance at different fertilizer application treat-
ments. For instance, Bei et al. (2018) showed that fungal
abundance did not change when comparing inorganic
fertilizers alone or combined with other amendments in
a summer maize and winter wheat rotation. Contrarily,
Shen et al. (2013) showed significant differences in the
abundance of fungi when different fertilizer application
regimes and amendments, including a bioorganic fertil-
izer based on Trichoderma spp., were applied to a banana
monoculture.

4.4 | Interrelationship between
crop yield, GHG emissions, soil
characteristics and microbial activity

The linear regression analysis demonstrated a reverse
relation between CO, emissions and the abundance of
ITS and nifH genes. Soil bacteria and fungi are inte-
gral to carbon and nutrient cycling, aiding in the fixa-
tion of atmospheric N, and CO, and contributing to
carbon sequestration. For example, fungal endophytes
may enhance plant photosynthesis by modulating CO,
concentrations within plant tissues (Suryanarayanan
et al., 2022). Additionally, processes such as sclerotia
formation, fungal melanin production and soil aggre-
gate formation play a significant role in the long-term
storage and stabilization of carbon in soils (Husain
et al., 2024; Mason et al., 2023). Biological N fixation,
performed by diazotrophs is a key aspect of the terres-
trial N cycle (Sepp et al., 2023). The observed negative
correlation between the nifH gene and cumulative CO,
emissions and suggests that increased biological nitro-
gen fixation enhances carbon use efficiency, thereby
reducing CO, emissions (Ollio et al., 2024). This may
occur because diazotrophs require substantial soil car-
bon and energy to produce bioavailable nitrogen, which
in turn reduces microbial processes that generate CO,
(Tang et al., 2019).

On the contrary, as noted by Wang et al. (2017), N fer-
tilizer application can suppress the abundance of N-fixing
bacteria, as excess bioavailable N such as solubilized NH,"
and NO;™ can inhibit biological N fixation without nec-
essarily impacting the abundance of the diazotrophic
population (Cheng et al., 2023; Ramond et al., 2022). This
implies that whilst fertilizer application may increase mi-
crobial abundance and respiration, it can simultaneously
reduce nitrogen fixation.

The analysis also identified a positive correlation be-
tween cumulative CO, emissions and soil pH, aligning

with previous findings that indicate higher soil pH and
nitrogen fertilizer application contribute to increased CO,
emissions, primarily driven by heterotrophic microbial
respiration (Sauze et al., 2017; Wang et al., 2010). Finally,
the negative correlation between cumulative CO, emis-
sions and crop yield suggests that systems with higher
carbon use efficiency, and consequently lower soil organic
matter mineralization, tend to have higher productivity.
This is likely because of a more efficient microbial com-
munity (Manzoni et al., 2012).

5 | CONCLUSION

This study investigated the synergistic effects of using
biofertilizers based on PGPMs alongside reduced doses
of conventional chemical fertilizers in potato cultiva-
tion. Various aspects such as crop yield and quality, soil
fertility dynamics, soil functionality and GHG emissions
were examined. The study confirmed that incorporating
PGPM into the soil significantly enhances potato quality
by increasing tuber weight and firmness whilst reducing
CO, emissions during the growing season. The bioferti-
lizers employed also induced changes in soil properties,
including an increase in electrical conductivity and a
decrease in pH. These alterations suggest a heightened
microbial activity, leading to enhanced production of
organic acids and increased solubilization of nutrients,
compared with conventional fertilizer application meth-
ods. Higher NH,* production in the soil with the biofer-
tilizer treatment indicated increased ammonification
or nitrogen fixation activity, which is crucial for plant
growth. Increased functional gene abundance related
to carbon and nitrogen cycles suggested improved soil
functionality.

These findings support prior research, highlighting
the benefits of inoculating beneficial bacteria and fungi
to combat climate change impacts. Incorporating bio-
fertilizers into agricultural practices can enhance crop
productivity and quality, reducing the reliance on chemi-
cal fertilizers and mitigating their environmental impacts.
However, further research is necessary to fully understand
how PGPMs impact indigenous soil microbial commu-
nities and to determine the exact mechanisms through
which they improve soil fertility, reduce GHG emissions
and promote crop yield and quality.
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