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Abstract 
Background and aims The use of root-associated 
microorganisms emerge as a sustainable tool to 
enhance crop tolerance and productivity under cli-
mate change, particularly in drought-affected areas. 
Here, the impact of an inoculum based on arbuscular 
mycorrhizal fungi (AMF)  was evaluated on pepper 

(Capsicum annuum L.) cultivation at varying water 
irrigation treatments (well-watered, reduced irriga-
tion and rain-fed) under open-field conditions.
Methods Agronomic and ecophysiological param-
eters, as well as biochemical analyses on stress mark-
ers and phytohormones in leaves and on fruit quality 
traits, were evaluated, along with the shifts in soil- 
and root-associated microbial communities.
Results Rain-fed water treatment caused reduced 
fruit sizes, while no differences were detected among 
well-watered and reduced irrigation. Reduced irriga-
tion did not cause a reduction in stomatal conduct-
ance. The highest AM fungal colonization rates were 
observed under reduced irrigation, and the enhanced 
flavonoid content and reduced oxidative stress mark-
ers in AMF-inoculated plants suggested a synergistic 
effect of AM fungal inoculation in boosting plant tol-
erance against stress. A shift in microbial community 

Responsible Editor: Gaowen Yang.

Alice Calvo and Thomas Reitz contributed equally to this 
work.

Supplementary Information The online version 
contains supplementary material available at https:// doi. 
org/ 10. 1007/ s11104- 024- 06806-4.

A. Calvo · F. Sillo · E. Zampieri · L. Giovannini · 
M. Centritto 
Institute for Sustainable Plant Protection (IPSP), National 
Research Council of Italy, Turin, Italy

A. Calvo 
Department of Agriculture and Desertification Research 
Centre, University of Sassari, Sassari, Italy

T. Reitz 
Department of Soil Ecology, Helmholtz Centre 
for Environmental Research GmbH – UFZ, Halle, 
Germany

T. Reitz 
German Centre for Integrative Biodiversity Research 
(iDiv), Halle-Jena-Leipzig, Germany

V. Montesano · A. Conte 
Institute for Sustainable Plant Protection, National 
Research Council of Italy, Metaponto di Bernalda, MT, 
Italy

E. Cañizares · M. González-Guzmán · V. Arbona 
Departament de Biologia, Bioquímica i Ciències Naturals, 
Universitat Jaume I, Castelló de La Plana, Spain

R. Mahmoudi · G. Gohari · V. Fotopoulos 
Department of Agricultural Sciences, Biotechnology 
and Food Science, Cyprus University of Technology, 
Limassol, Cyprus

http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-024-06806-4&domain=pdf
http://orcid.org/0000-0001-7958-7681
https://doi.org/10.1007/s11104-024-06806-4
https://doi.org/10.1007/s11104-024-06806-4


 Plant Soil

1 3
Vol:. (1234567890)

composition in the different irrigation treatments, asso-
ciated with different enzymatic activity, highlighted 
the potential role of microbial dynamics in plant stress 
response under water-limited conditions.
Conclusion The study suggests that a reduced irri-
gation comes along with beneficial impacts on pep-
per root associated microbes, while not impairing 
crop performance and yields, indicating a potential of 
saving water. All together, our results imply that opti-
mization of irrigation and beneficial plant–microbe 
interactions, such as AM  fungal symbiosis, can 
improve pepper physiological and productivity fea-
tures under climate change.

Keywords Pepper · AM symbiosis · AM fungal 
inoculation · Drought · Irrigation · Tolerance

Introduction

Drought is one of the most impactful abiotic stresses, 
significantly affecting crop yield and production, 
thereby posing risks to global food security (Food 
Insecurity 2022). In addition, as a consequence of 
global climate change, drought is expected to inten-
sify in the near future, representing a further signifi-
cant threat to agricultural areas increasing the risks of 
crop production decline. This underscores the urgent 
need to explore novel sustainable practices aimed at 
improving water use efficiency in agroecosystems 
(Bhattacharyya et  al. 2021). Over the last decades, 
plant responses occurring during drought and recov-
ery phases have been largely studied at many levels, 
from cell signaling to the whole ecophysiological 

traits for both herbaceous and woody crops (Zia 
et  al. 2021). However, it is worth noting that plants 
share their environment with several soil microbes 
that live associated to the roots and in the rhizos-
phere, establishing with their hosts a complex net-
work of exchanges crucial for the maintenance of 
plant health (Berendsen et  al. 2012). These intimate 
associations between plants and their inhabiting 
microbes allow mutual responses with the surround-
ing environment e.g., tolerance to abiotic stresses 
and improved nutrient uptake (Sandrini et  al. 2022; 
Zhang et al. 2021). Beyond the well-known detrimen-
tal effects of drought on plants, including reductions 
in photosynthetic and stomatal conductance rates as 
a consequence of hydraulic impairment (Haworth 
et  al. 2021), as well as metabolic (e.g., abscisic 
acid – ABA production and oxidative burst by reac-
tive oxygen species – ROS) (Marino et al. 2017) and 
nutritional imbalances, stressed plants, in turn, acti-
vate responses to cope with stress (e.g., osmoprotect-
ants and antioxidant accumulations) (Ahluwalia et al. 
2021; Mahmood et  al. 2021; Sandrini et  al. 2022; 
Tang et al. 2023). These responses span from molecu-
lar signaling to phenotypic adaptation characteris-
tics (Naseem et al. 2018; Nerva et al. 2023). Among 
these traits, root traits play key roles in protecting 
plants from desiccation. This involves root apparatus 
growth to explore a larger soil volume and the release 
of exudates, whose composition has been reported 
to change during stress, influencing the shifting of 
rhizospheric microbiome structure and dynamics (de 
Vries et  al. 2020). Drought alters both the quantity 
and quality of root exudates, exerting selective pres-
sure on favorable rhizospheric microbiomes capable 
of mitigating drought-induced damages in stressed 
plants (Williams and de Vries 2020). Beneficial soil 
microorganisms have the capacity to mitigate the 
effects of water deficit in plants by influencing sev-
eral processes (Fadiji et al. 2022) e.g., via osmolyte, 
antioxidant and phytohormone production (Brunetti 
et al. 2021). Beneficial soil bacteria can enhance soil 
micropores through the secretion of various com-
pounds, such as exopolysaccharides. This phenom-
enon results in increased water retention in the soil, 
thereby fostering plant resilience against water deficit 
conditions (Philippot et  al. 2024). Soil microbiome 
can have a positive effect also on nutrient uptake, 
facilitating the availability of elements that are not 
accessible in other forms or producing molecules able 
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to mitigate water stress (Ali et al. 2022; Caddell et al. 
2023; Philippot et al. 2024). In addition to soil bacte-
ria, numerous studies have demonstrated that Arbus-
cular Mycorrhizal Fungi (AMF) can improve plant 
growth as they facilitate the absorption of nutrients 
and water, particularly in challenging environmental 
conditions such as drought (Augé et  al. 2015). The 
fungal hyphae of AMF have the capability to explore 
soil pores that are beyond the reach of root hairs, 
thus enhancing the plant water uptake and ultimately 
boosting crop productivity under water deficit condi-
tions (Chitarra et  al. 2016; Kakouridis et  al. 2022). 
Currently, both AMF and beneficial soil bacteria are 
representing promising bio-based tools to improve 
plant tolerance to stresses (Abdelkhalik et  al. 2023; 
Sandrini et al. 2022; Zhang et al. 2022a).

Pepper (Capsicum annuum L.), a member of the 
Solanaceae family, is a globally grown crop (typically 
annual cycle) with an estimated production exceeding 
40 million tons per year and cultivated over 3.6 mil-
lion hectares, making it the second most cultivated 
vegetable after tomato (FAOSTAT 2021; Olmstead 
et  al. 2008). Additionally, pepper berries are known 
for their high nutritional value as a source of antioxi-
dant and nutraceutical chemicals (Soare et  al. 2017). 
Due to a wide transpiring leaf surface and high stoma-
tal conductance, as well as to the high-water require-
ments needed during its growing period, pepper is 
considered as a drought susceptible crop (Alvino et al. 
1994; Delfine et  al. 2001). The application of differ-
ent AM fungal inocula has proved to alleviate water 
and salt stresses by triggering various molecular (e.g., 
aquaporin and dehydrin genes) and biochemical (e.g., 
antioxidant enzymes) pathways in several crops (Chi-
tarra et al. 2016), including different pepper cultivars, 
i.e., the commercial Sera Demre 8 and the Polish 
sweet pepper hybrid Roberta F1 (Güneş et  al. 2023; 
Nurzyńska-Wierdak et  al. 2021). Under water defi-
cit conditions, an increase in root width, length, and 
weight due to the application of AM  fungal inocula 
has been observed in pepper plants, enabling them 
to deeply explore larger volumes of soil (Tang et  al. 
2023; Türkmen et al. 2008).

Interestingly, it has been already reported that nat-
ural soil microbiota seems to be affected by AM fun-
gal inoculation (Jing et al. 2022; Nerva et al. 2022). A 
study on Cucurbita pepo L. rhizosphere has recently 
revealed a higher presence of plant growth-promot-
ing microorganisms in presence of a Funneliformis 

mosseae inoculation, compared to not-inoculated 
plants (Wang et  al. 2022). A similar scenario was 
observed in C. annuum rhizosphere after F. mosseae 
inoculation (Tang et  al. 2023). Hence, it is evident 
that a deeper understanding of plant–microbe and 
microbe-microbe interactions during water deficit, 
with a specific emphasis on the rhizosphere com-
partment, is essential. This knowledge is pivotal for 
enhancing crop tolerance to drought (Santos-Medellín 
et al. 2021).

Here, by using C. annum “Locale di Senise” plants 
as a typical crop of Mediterranean area, a study in 
small plots under open-field condition was conducted, 
providing a realistic representation of production 
environments. The study aimed to investigate the 
impact of AM fungal inoculation on pepper plants, 
subjected to different irrigation treatments consider-
ing plant physio-chemical responses and AM fungal 
interaction with the natural soil microorganisms.

Materials and methods

Experimental design

The open-field experiment took place at the Lucan 
Agency of Innovation and Development in Agricul-
ture (ALSIA) research center “Azienda Pantanello”, in 
Metaponto di Bernalda, Southern Italy (40°23′031.4″ 
N, 16°47′010.9″ E). Early growth stage pepper plants 
(cv “Locale di Senise”, 3–4 expanded leaves) were 
transplanted on June 18, 2022. For approximately 
40  days after transplantation, till the plant architec-
ture was completely formed, water was supplied with 
amounts equivalent to 100% of the effective crop 
evapotranspiration (ETc). After that stage (from July 
22, 2022) a plot was kept in well-watered conditions 
(100% of ETc—R1), a second plot was kept under 
reduced water conditions (75% of ETc—R2), while 
the third plot was kept in rain-fed condition (R3). The 
daily ETc was calculated according to the formula 
ETc = ET

0
× Kc , where  ET0 is the reference evapo-

transpiration according to Penman–Monteith equation 
(Allen et al. 1998) and Kc is the crop coefficient, based 
on recommendations for bell pepper production and 
adjusted for the environmental conditions (Ávila-Dávila 
et  al. 2021; Rodríguez Padrón et  al. 2015). The water 
supply was monitored by three MultiJet water meters 
RMM DN40 (Raphael Valves Industries Ltd, Isr.). 
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From transplantation to end of the experiment, well-
watered parcels (R1) received 50.2  m3 of water, parcels 
subjected to reduced irrigation (R2) received 35.3  m3 of 
water, while the R3 treatment received 9.5  m3 of rain-
fall water. Well-watered parcels and parcels subjected 
to reduced irrigation received both irrigation and rain-
fall water. Meteorological data from a weather station 
positioned at the Azienda Agricola Pantanello were 
recorded to follow the climatic conditions during the 
crop growth (Table S1 and Fig. S1). Irrigation was per-
formed using an in-line drip irrigation system (1.3 L/h; 
16  mm inside diameter; 20  cm spacing) designed to 
ensure full water coverage and uniform distribution.

Each single main plot was subsequently divided 
into two sub-plots, assigned to two different inocula-
tion treatments (I and NI) of AM fungal mixed inocu-
lum (INOQ GmbH, Germany), thus resulting in the 
following six treatments: IR1, IR2, IR3, NIR1, NIR2 
and NIR3. Each single sub-plot was replicated three 
times (I, II and III) for a total of 18 parcels (six for 
each irrigation level) spaced 1  m apart. Each parcel 
consisted of 54 plants, arranged in 5 lines, 4.8 m long 
for a total of 19.5 square meters (Fig. S2).

For the treatments involving AM fungal inoculation 
(IR1, IR2 and IR3), a commercial AM fungal inocu-
lum was applied during the transplantation. In detail, 
each plant was dipped in a water suspension of the 
AM fungal inoculum provided as wettable powder at 
recommended doses (INOQ ADVANTAGE; INOQ 
GmbH, Schnega, Germany). The inoculum contained 
Rhizoglomus irregulare, Funneliformis mosseae, Fun-
neliformis geosporum with a minimum of 150,000 
mycorrhiza units, i.e., propagules composed by spores, 
hyphae, and root residues (per gram). Not-inoculated 
treatments were named NIR1, NIR2 and NIR3. Weed-
ing was carried out by hand and integrated production 
agronomic management for sweet pepper was applied. 
In detail, the total amount of applied NPK fertilization, 
corresponding to 70, 45 and 160  kg/ha, respectively, 
was split into five rates during the crop cycle: 30% at 
transplanting (as ammonium sulfate and urea phos-
phate), 10% at 30 and 50 days after transplanting (as 
urea phosphate, ammonium nitrate, and calcium nitrate 
for fertilization), 30% at full fruit set and 20% during 
fruit development (as 20/20/20 fertilizer and potassium 
nitrate). Plant protection was carried out according 
to the standard cultivation protocols of the Basilicata 
Region (Italy) for integrated production, using different 
commercial products, applied at different times, at the 

recommended doses on the product labels: oil-based 
suspension of Beauveria bassiana, suspension concen-
trate of Bacillus thuringiensis subsp. kurstaki, suspen-
sion concentrate of Azadirachtin, and water-dispersible 
granules of Bacillus amyloliquefaciens.

Sampling procedure

At the beginning of the experiment, after transplanting, 
a representative soil sample for each parcel was col-
lected. Samples collected from the same inoculation 
treatment were pooled (one for I and one for NI treat-
ment) and were analyzed for chemical-physical proper-
ties. During and at the end of the experiment, two soil 
sampling time points were established, in August and 
in October 2022, respectively. For chemical-physical 
analysis, three replicates for each treatment were pooled 
to obtain 12 soil samples (six collected in August and 
six collected in October). Thirty-six bulk soils sam-
ples (approximately 800 g per sample), collected twice 
(August and October 2022), were analyzed for soil 
enzymatic activity, soil moisture content and assess-
ment of fungal and bacterial community through meta-
barcoding. In October, at the end of the experiment, 
roots were sampled for both assessment of mycor-
rhizal colonization and metabarcoding analysis (three 
replicate for each treatment, for a total of 18 samples). 
Leaves (three replicates for each treatment) were col-
lected in August to perform biochemical markers and 
phytohormones analysis. Fruits (three replicates for 
each treatment) were collected during both sampling 
times to perform antioxidant and nutritional analysis.

Soil moisture and extracellular enzyme activities

Moisture content was evaluated using a halogen 
moisture analyzer on the 36 bulk soil samples (Met-
tler Toledo, Gießen, Germany). A modified fluoro-
metric assay of Sinsabaugh et al. (2003) was used to 
determine extracellular enzyme activities of the 36 
soil samples. The activity potentials of six hydrolytic 
soil enzymes, involved in the degradation and acqui-
sition of carbon, nitrogen, phosphorous, and sulfur 
(β-glucosidase, xylosidase and cellobiohydrolase, 
N-acetylglucosaminidase, acid phosphatase and sul-
fatase), were measured as turnover rate of 4-methyl-
umbelliferon (MUF)-coupled substrates. The amount 
of released MUF was directly related to enzymatic 
activity potentials. A comparable high concentration 
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of 300 μM was used for all substrates, to prevent an 
underestimation of activity due to substrate limita-
tion. For each sample, a black 96-well microplate was 
used. The plates contained the six enzyme substrates, 
MUF dilutions to calculate quench and extinction 
coefficients (1.25 and 2.5  μM), as well as substrate 
and soil suspension controls. Approximately 250 mg 
of fresh soil was suspended in 50 ml of 50 μM acetate 
buffer (pH 5) and sonicated for 5 min to break up soil 
aggregates. Afterwards, the soil suspensions were 
transferred to the prepared microplates and incubated 
at 25 °C for 60 min. After the addition of 30 μl 1 M 
NaOH to stop the enzymatic reactions, fluorescence 
was measured for eight replicates using a Tecan Infi-
nite 200 PRO plate reader (Tecan Group, Männedorf, 
Switzerland) at 360 nm excitation and 465 nm emis-
sion wavelengths. Enzyme activities were calculated 
as turnover rate of substrate in nmol per gram dry 
soil and hour (nmol/gsoil h) (German et al. 2011).

Ecophysiological measurements and agronomic 
parameters

During the phenological stage corresponding to ‘vis-
ible pepper berry’, non-destructive measurement was 
performed using a steady-state Licor LI-600 Porom-
eter/Fluorometer apparatus (LI-COR Biosciences, 
Lincoln, NE, United States) to assess stomatal con-
ductance  (gs). The measurements were taken on five 
randomly selected plants for each parcel, measured 
on the newly fully expanded leaves, in sunny days at 
noon (between 10:00 and 12:00). At the end of the 
experiment, ten randomly selected plants from each 
parcel were selected to determine: plant height (cm), 
fruit dry matter (g/100  g), fruit length (cm), width 
(cm) and thickness (mm), fruit number (n) and weight 
(g) per plant. Yield (t/ha) was evaluated by summing 
up the two fruit harvests, in August and October.

Assessment of mycorrhizal colonization in roots

Collected roots were decolored with KOH 10% for 
30 min at 80 °C, then stained with 0.1% cotton blue 
in lactic acid overnight and 1-cm-long root portions 
were used. Fifty-four slides (three slides for repli-
cate of each treatment, for a total of 54 slides) were 
prepared and analyzed according to the Trouvelot 
system (Trouvelot 1986) to evaluate the frequency 

of mycorrhization (F%), the intensity of mycorrhizal 
colonization in the root system (M%) and the arbus-
cule abundance in the whole root system (A%).

Biochemical markers and phytohormones 
quantification in leaves

A total of 17 samples of leaves, corresponding to 
three replicates for each of the six treatments, except 
for the replicate III of NIR3, were used to perform 
the biochemical analyses. The evaluated biochemical 
markers included malondialdehyde (MDA), hydrogen 
peroxide  (H2O2), and proline. Lipid peroxidation was 
determined in leaves from the measurement of MDA 
content resulting from the thiobarbituric acid (TBA) 
reaction (Christou et al. 2013; Heath and Packer 1968) 
using an extinction coefficient of 155   mM−1   cm−1. 
Hydrogen peroxide content was quantified using the 
KI method (Velikova et al. 2000), while free proline 
levels were determined using the ninhydrin reaction 
(Bates et  al. 1973). Concerning phytohormones, the 
concentration of abscisic acid (ABA), jasmonic acid 
(JA), salicylic acid (SA), indole-3-acetic acid (IAA) 
and 12-oxophytodienoic acid (OPDA), was deter-
mined by targeted LC/MS approach as previously 
reported (De Ollas et  al. 2021). Briefly, prior the 
extraction, samples were spiked with 50 ng of the fol-
lowing surrogate analytes to correct for analyte loses 
and potential analytical drift in the mass spectrom-
eter (ABA-2H6, IAA-2H5, dihydrojasmonic acid, SA-
13C2). Extraction was carried out in 1  mL ultrapure 
water for 10 min in a ball mill at room temperature 
using 2  mm glass beads. Homogenates were centri-
fuged at 10,000 rpm for 10 min at 4 °C and superna-
tants recovered and partitioned twice against an equal 
volume of diethyl ether after adjusting pH to 3.0 with 
30% acetic acid. The combined organic layers were 
evaporated under vacuum in a centrifuge concentra-
tor (Jouan, Sant Germaine Cedex, France) and the dry 
residues reconstituted in 0.5  mL of a 10% aqueous 
methanol solution. Prior to injection, extracts were 
filtered through 0.20  μm PTFE syringe membrane 
filters and filtrates recovered in chromatography 
amber glass vials. Samples were analyzed by tandem 
LC/MS in an Acquity SDS UPLC system (Waters 
Corp., USA) coupled to a TQS triple quadrupole 
mass spectrometer (Micromass Ltd., UK) through an 
electrospray ionization source. Separations were car-
ried out on a C18 column (Luna Omega Polar C18, 
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50 × 2.1  mm, 1.6  μm particle size, Phenomenex, 
USA) using a linear gradient of ultrapure acetonitrile 
and water, both supplemented with formic acid to a 
0.1% (V/V) concentration, at a constant flow rate of 
0.3 mL  min−1. During analyses, column temperature 
was maintained at 40 °C and samples at 10 °C to slow 
down degradation. Plant hormones were detected in 
negative electrospray mode following their specific 
precursor-to-product ion transitions and quantified 
using an external calibration curve with standard 
samples of known amount.

Antioxidant and nutritional analysis on pepper fruits

A total of 18 fruit samples from the six experimental 
treatments, with three replicates per treatment, were 
chopped and analyzed for antioxidant compounds 
and nutritional content. For antioxidant compound 
analysis, about 500  mg (fresh weight) per sample 
were used. Antioxidant compounds included antho-
cyanin (mg/100 g FW), ascorbic acid (g/kg FW), fla-
vonoid (mg/100  g FW), phenol (mg/100  g FW) and 
2,2-difenil-1-picrylidrazyl (DPPH, radical scaveng-
ing activity – RSA%). The anthocyanin content was 
measured spectrophotometrically according to Giusti 
and Wrolstad (2001). Ascorbic acid content was evalu-
ated with the oxidation of ascorbic acid by 2,6-dichlo-
rophenol-indophenol sodium salt dihydrate (103,028 
Merck, Germany) that, in acidic conditions, combined 
returned a yellow-orange color according to Suntorn-
suk et  al. (2002). Total flavonoid content was deter-
mined according to the method of Zhishen et al. (1999) 
with some modifications, and phenol quantification 
was assessed with Folin-Ciocalteu reagent (Singleton 
et  al. 1999). The DPPH radical scavenging activity 
was determined according to the method described by 
Dehghan and Khoshkam (2012). Concerning micronu-
trients analysis, the remaining fruit samples were col-
lected and oven-dried at 65 °C for 4 days to perform 
micronutrient analysis. Fruits were analyzed for N%, 
P%, K%, Ca%, Mg%, Na%, Fe (ppm), Mn (ppm), Cu 
(ppm), Zn (ppm) and B (ppm) content.

Metabarcoding analysis

Thirty-six soil samples and 18 root samples, cor-
responding to the six experimental treatments, three 
replicates each, were used for the assessment of 
microbial communities via metabarcoding analysis. 

Each soil sample was homogenized by using bead-
beating tubes provided by the DNeasy PowerSoil 
Pro Kit (Qiagen) and a Vortex Genie ® 2 (Scien-
tific Industries) for 20 min. Total DNA was isolated 
from approximately 250  mg of soil for each sample 
using the same kit and quantified with a Nanodrop 
2000 (Thermo Scientific). For metabarcoding analy-
sis, 16S rDNA fragment (for Prokaryotes) and ITS2 
region (for fungi) were amplified using the KAPA 
HiFi DNA Polymerase and primers (515f: GTG YCA 
GCMGCC GCG GTAA, 806r: GGA CTA CHVGGG 
TWT CTAAT for16S rDNA and ITS4: TCC TCC GCT 
TAT TGA TAT GC and fITS7: GTG ART CAT CGA 
ATC TTT G for ITS2 region). The PCR-amplification 
was conducted in triplicates for each sample and tar-
get region (40 ng DNA template used per PCR reac-
tion). The temperature profile for prokaryotic ampli-
con PCR was the following: initial denaturation at 
95 °C for 3 min, 25 cycles of denaturation at 98 °C 
for 20  s, annealing at 55  °C for 15  s, and extension 
at 72  °C for 15  s, followed by the final extension at 
72  °C for 5  min. The temperature profile for fungal 
amplicon PCR was: initial denaturation at 95  °C for 
3  min, 30 cycles of denaturation at 98  °C for 20  s, 
annealing at 56  °C for 20  s, and extension at 72  °C 
for 20 s, followed by the final extension at 72 °C for 
5 min. Success of PCR was checked with agarose gel 
electrophoresis. Amplicons from the PCR-triplicates 
were pooled and purified with AmpPure XP Beads, 
indexed in an additional PCR (Illumina Nextera XT 
v2 index primers) and purified again with Amp-
Pure XP Beads. Concentration of indexed and puri-
fied PCR-products was determined with NanoDrop 
ND-8000 spectrophotometer. DNA of fungal and 
prokaryotic amplicons were equimolarly pooled. 
Exact concentrations of the final pools were deter-
mined with Qubit dsDNA-HS Assay and fragment 
length and quality were additionally checked with 
Agilent 2100 Bioanalyzer (Agilent Technologies, 
Palo Alto, CA, USA). The prokaryotic and fungal 
amplicon pools were combined for Illumina MiSeq 
paired-end sequencing. Sample libraries and the con-
trol library were diluted and denatured following the 
MiSeq Illumina kit instructions and injected into an 
Illumina MiSeq flow-cell for paired-end sequencing. 
Metabarcoding data were analyzed with QIIME 2 
(Bolyen et  al. 2019). Sequences were trimmed with 
cutadapt v3.4, denoised through dada2 v2021.8.0, and 
assembled into Amplicon Sequence Variants (ASVs). 
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The Greengenes2 2022.10 (McDonald et  al. 2023) 
and UNITE v8-99 (Kõljalg et  al. 2013) databases 
for bacteria and fungi, respectively, were utilized to 
train Naive Bayes classifier on ASVs (99% identity) 
sequences for taxonomic assignment. Chloroplast and 
mitochondrial sequences were removed by filtering 
from the resulting ASV table with the “filter-features” 
parameter of QIIME 2. The output was elaborated to 
obtain a relative abundance (%) of each ASV in the 
total amounts of the entire sample. Raw reads from 
metabarcoding of soil and root samples were submit-
ted to NCBI SRA under BioProject PRJNA1024920 
for bacteria and fungi, respectively. The ASV tables 
were generated for fungal and bacterial communities 
detected in soil collected in August, as well as root 
and soil collected in October. The tables were used 
as input for Microbiome Analyst (Chong et al. 2020; 
Dhariwal et al. 2017) for data visualization and statis-
tical assessment. Diversity within samples at feature 
level (alpha diversity) was calculated using the Chao1 
index, while diversity among samples at feature level 
(beta diversity) was calculated with the Bray–Curtis 
index and reported in a two-dimensional principal 
coordinates analysis. Taxon abundance was visual-
ized through stacked barplots at the phylum level. 
Core microbiome heatmap was generated at phy-
lum level for each ASV table. Taxon abundance was 
investigated specifically for root bacterial communi-
ties, to assess roots-microbiome interactions under 
water-deficit conditions. A single-factor comparison 
was performed for each analysis at family level, using 
DESeq2 method embedded in Microbiome Analyst 
(Love et  al. 2014), considering the different condi-
tions separately (inoculation, irrigation treatment, 
source and sampling period) and their interaction, to 
evaluate statistical differences of fungal and bacterial 
communities associated to each sample.

Statistical analysis

R software (version 4.3.1) was used to perform sta-
tistical analysis. Two-way ANOVA was employed 
to examine the impact of the irrigation treatment, 
inoculation, and their interaction on agronomic and 
ecophysiological parameters, biochemical marker 
content and hormones in pepper leaves, levels of 
antioxidant compounds and micronutrients in fruits, 
and data of soil enzyme activity. Post-hoc statistical 

analysis was conducted using the Tukey Honestly 
Significant Difference (HSD) test, with a signifi-
cance level of p ≤ 0.05.

Results

Soil chemical-physical characteristics

Soil chemical-physical characteristics did not show 
any relevant differences at the beginning of the exper-
iment between I and NI treatments (Table S2). Both 
soil samples showed high sand content (78–82%) 
and low clay content (9–10%). The organic mat-
ter content was rather low (around 1.37–1.44%) and 
the pH of both soils was neutral (7.5–7.6). Both soil 
samples showed a slight level of salinity, as well as 
low levels of nitrogen and organic matter (Table S2). 
Similarly, soil chemical-physical characteristics dur-
ing and at the end of the experimental period did 
not significantly differ among treatments (Table S3). 
In IR1 samples, both in August and October, the 
exchangeable P levels (21.4–20.5 ppm, respectively) 
were slightly higher compared to all the other treat-
ments (17.88–17.78 ppm, on average, in August and 
October, respectively), although not significantly. In 
addition, both nitrogen and organic matter percent-
ages showed a slight decrease in August and October 
compared to the beginning of the experiment (Table   
S2-S3). Soil moisture was affected by the irrigation 
treatment at both sampling times (August and Octo-
ber). Additionally, R3 was always associated to a sig-
nificantly lower moisture content (Table S4).

Soil enzyme activities

Results on collected soils showed no significant effect 
of inoculation and inoculation x irrigation interaction 
on enzyme activity (Table S4). However, a significant 
effect of irrigation conditions was detected on enzyme 
activity in samples collected during both sampling 
times i.e., bulk soils collected in August and in October 
(Table S4). Particularly, in August, a differential activ-
ity of cellobiohydrolase, β-glucosidase and N-acetyl 
glucosaminidase was detected (Table S4). For all these 
enzymes, a significant difference was found comparing 
R1 and R2 to R3, with the R3 samples showing a lower 
enzymatic activity compared to the others. The same 
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analysis performed on bulk soils collected in October 
highlighted that most of the enzymes (i.e., xylosidase, 
cellobiohydrolase, β-glucosidase, N-acetyl glucosa-
minidase and acid phosphatase) showed a variation 
in their activity and, as observed in the first sampling 
time, the enzymatic activity was significantly lower in 
R3 (Table S4). Sulfatase did not show any variation in 
its activity in both times. A higher phosphatase activ-
ity was obtained from the samples collected in Octo-
ber compared to those collected in August, whereby 
the increase was particularly evident for the R1 and R2 
irrigation treatments. As stated before, the inoculation 
showed no impact on soil enzyme activities in the two 
sampling months. However, although not significant, 
an increased β-glucosidase activity was observed in I 
samples when compared to NI ones during both sam-
pling points (Table S4).

Ecophysiological measurements, plant development 
and production

Stomatal conductance was significantly affected by 
irrigation, with plants under R1 and R2 showing  gs 
values that were significantly higher compared to R3 

ones. However, no significant difference was observed 
between R1 and R2 themselves (Table S5 and Fig. 1). 
Conversely, interaction between inoculation and irriga-
tion did not significantly affect stomatal conductance 
(Table  S5). Concerning the agronomic parameters, 
inoculation, irrigation and the interaction between 
these two factors did not result in significant differ-
ences in plant height, which ranged between 63.2 ± 8.8 
and 73.2 ± 6.2  cm. By contrast, fruit length, fruit 
width, fruit dry matter, and fruit fresh weight per plant 
were significantly affected by the irrigation treatment 
(Fig. 2a-d and Tables S6-7). Under R3, these param-
eters were significantly reduced. Additionally, also the 
total estimated yield (Fig.  2e) significantly decreased 
in R3 condition. On the other hand, fruit thickness and 
fruit number per plant were not significantly different 
among treatments (Table S6-7).

AM fungal colonization in pepper roots

In pepper roots, AM fungal colonization was observed 
independently from the inoculation (Fig.  S3). On 
the other hand, the irrigation treatment significantly 
affected M% (intensity of the mycorrhizal colonization 

Fig. 1  Stomatal conductance  (gs, mol  m−2   s−1) of pepper 
leaves. All results are reported as mean ± standard devia-
tion. Analysis of variance on the single variables is reported 
in Table S5. Dark grey bars represent not-inoculated samples 
(NI) and grey bars inoculated ones (I), each subjected to three 

irrigation treatments (R1 well-watered condition, R2 reduced 
irrigation, and R3 rain-fed condition, respectively). ns, * , ** , 
and *** : non-significant or significant at p ≤ 0.05, p ≤ 0.01, and 
p ≤ 0.001, respectively. Ir: irrigation treatment, In: inoculation, 
Ir x In: interaction between irrigation treatment and inoculation
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in the root system) and A% (arbuscule abundance in 
the root system), with A% also affected by the irriga-
tion x inoculation interaction (Table S8). The mycor-
rhizal assessment revealed that both treatments IR3 
and NIR3 showed a lower M% and a decreased A% 
compared to the other treatments (IR1, IR2, NIR1, 
and NIR2), suggesting a negative impact of the water 
deficit on the root colonization by the AMF. Specifi-
cally, M% was significantly higher in the IR2 treatment 
than in the NIR3 and IR3 treatments (p-value 0.007), 
whereas A% was significantly higher in the IR2 treat-
ment compared to all other treatments (p-value 0.001). 
No significant differences were observed among 

treatments regarding F% (frequency of mycorrhiza in 
the root system), although F% was higher in the IR2 
treatment compared to the other treatments (Table S8).

Analysis on biochemical markers and phytohormones 
in leaves

The results highlighted a significant difference among 
samples in  H2O2 considering irrigation x inoculation 
interaction (Fig. 3, Table S9). Additionally, MDA con-
tent and proline were significantly affected by the irri-
gation and inoculation factors, as well as by the irriga-
tion x inoculation interaction (Table S9). Specifically, 

Fig. 2  Agronomic parameters and pepper production. Pep-
per fruit length (a), fruit width (b), fruit dry matter (g/100 g) 
(c), fruit weight/plant (g) (d), estimated total yield (t/ha) (e). 
All results are reported as mean ± standard deviation. Analy-
sis of variance on the single variables is reported in Tables 
S6-S7. Dark grey bars represent not-inoculated samples (NI) 

and grey bars inoculated ones (I), each subjected to three irri-
gation treatments (R1 well-watered condition, R2 reduced 
irrigation, and R3 rain-fed condition, respectively). ns, * , ** , 
and *** : non-significant or significant at p ≤ 0.05, p ≤ 0.01, and 
p ≤ 0.001, respectively. Ir: irrigation treatment, In: inoculation, 
Ir x In: interaction between irrigation treatment and inoculation
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the MDA content was significantly lower in IR2 
and NIR1 compared to NIR2 and NIR3 treatments 
(Fig. 3a), while  H2O2 content was significantly lower 
in IR2 and NIR1 treatments compared to the others 
(Fig.  3b). The highest level of proline content was 
detected in IR1 and NIR1 (Fig. 3c). However, proline 
content was also significantly higher in IR2 compared 
to IR3, NIR2 and NIR3 samples (Fig. 3c). It was pos-
sible to observe an inverse trend in proline content 
with increasing water stress, i.e., samples subjected to 
R1 showed a higher proline level compared to samples 
under R2 and R3, both in inoculated and not-inocu-
lated plants. Analysis of plant phytohormones, with a 

putative role in tolerance and defense against stress-
ful factors, showed that IAA (indole-3-acetic acid), 
OPDA (12-oxo-phytodienoic acid) and jasmonic 
acid (JA) concentrations were significantly affected 
by inoculation x irrigation interaction (Fig. 4), while 
abscisic acid (ABA) and salicylic acid (SA) did not 
show any significant differences considering all the 
variance factors (Table S10). Considering IAA, a sig-
nificant difference was found between NIR1 and NIR2 
treatments (Fig.  4a). The OPDA concentration was 
significantly higher in IR2 compared to IR1 and NIR3 
(Fig. 4b), while JA content was significantly higher in 
IR1 compared to all the other treatments (Fig. 4c).

Fig. 3  Biochemical mark-
ers (hydrogen peroxide 
–  H2O2, malondialdehyde 
– MDA, proline) content 
in leaves of the different 
treatments. MDA content 
(nmol/g) (a),  H2O2 content 
(μmol/g  H2O2) (b) and 
proline content (μmol/g) 
(c) in pepper leaves. All 
results are reported as 
mean ± standard deviation. 
Different letters represent 
significant differences 
according to Tukey HSD 
test (p < 0.05), considering 
the inoculation x irrigation 
interaction. Analysis of var-
iance on the single variables 
is reported in Table S9. 
Dark grey bars represent 
not-inoculated samples (NI) 
and grey bars inoculated 
ones (I), each subjected to 
three irrigation treatments 
(R1 well-watered condi-
tion, R2 reduced irrigation, 
and R3 rain-fed condition, 
respectively). ns, * , ** , 
and *** : non-significant 
or significant at p ≤ 0.05, 
p ≤ 0.01, and p ≤ 0.001, 
respectively. Ir: irrigation 
treatment, In: inoculation, 
Ir x In: interaction between 
irrigation treatment and 
inoculation
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Analysis of antioxidant compounds and 
micronutrients in fruits

In fruits, all the considered antioxidant compounds 
were significantly affected by the irrigation x inocula-
tion interaction (Fig. 5, Table S11). In the inoculated 
condition, anthocyanin content increased in IR2 and 
IR3 treatments compared to IR1 one (Fig. 5a). On the 
other hand, under the not-inoculated condition, fruits 
from NIR3 showed the highest content, followed by 
NIR1, with NIR2 having the least. Concerning ascor-
bic acid content (Fig. 5b), NIR3 showed a significantly 
higher content compared to all the other treatments. 
Flavonoid content (Fig. 5c) showed a trend considering 

the irrigation and the inoculation. Indeed, in the inoc-
ulated condition, samples subjected to R1 treatment 
showed a lower flavonoid content, compared to both 
R2 and R3 treatments. In fruits of the not-inoculated 
plants, the lowest flavonoid content was observed in 
NIR2, while the highest content was recorded in NIR3 
treatment. Phenol content (Fig. 5d) increased progres-
sively from IR1 to IR3, and the same trend was also 
observed in the not-inoculated samples. Overall, the 
inoculated samples showed a lower phenol content 
compared to the not-inoculated ones. The DPPH assay 
results (Fig.  5e) highlighted that, under identical irri-
gation treatments, both inoculated and not-inoculated 
samples showed a similar pattern. Indeed, samples 

Fig. 4  Hormonal content 
in pepper leaves (Indole-
3-acetic acid – IAA, 
12-oxo-phytodienoic acid – 
OPDA, jasmonic acid – JA). 
IAA content (ng/g DW) 
(a), OPDA content (ng/g 
DW) (b) and JA content (c). 
All results are reported as 
mean ± standard deviation. 
Different letters represent 
significant differences 
according to Tukey HSD 
test (p < 0.05), considering 
the inoculation x irrigation 
interaction. Analysis of var-
iance on the single variables 
is reported in Table S10. 
Dark grey bars represent 
not-inoculated samples (NI) 
and grey bars inoculated 
ones (I), each subjected to 
three irrigation treatments 
(R1 well-watered condi-
tion, R2 reduced irrigation, 
and R3 rain-fed condition, 
respectively). ns, * , ** , 
and *** : non-significant 
or significant at p ≤ 0.05, 
p ≤ 0.01, and p ≤ 0.001, 
respectively. Ir: irrigation 
treatment, In: inoculation, 
Ir x In: interaction between 
irrigation treatment and 
inoculation
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subjected to R2 treatment showed a lower DPPH radi-
cal scavenging activity compared to samples under R1 
and R3 treatments. Moreover, the highest DPPH radi-
cal scavenging activity content was found in R3. Over-
all, a difference between inoculated and not-inoculated 
condition was identified. A significant lower DPPH 
radical scavenging activity was found in inoculated 
samples in all water treatments compared to the not-
inoculated ones (Fig. 5e).

Regarding the analysis of fruit micronutrients, the 
potassium content was influenced by the irrigation 

condition, with significantly higher levels observed in 
samples under R1 compared to those under R3. All 
the other fruit micronutrients did not significantly dif-
fer among treatments (Table S12).

Fungal and bacterial communities in bulk soil and 
roots over time

The total number of reads obtained from metabarcod-
ing analysis of bulk soil samples were 1,326,631 for 
fungi and 6,121,663 for bacteria. On the other hand, 

Fig. 5  Antioxidant compounds (anthocyanin, ascorbic acid, 
flavonoid, phenol, 2,2-difenil-1-picrylidrazyl – DPPH) in pep-
per fruits. Anthocyanin content (mg/100  g FW) (a), ascorbic 
acid content (g/kg FW) (b), flavonoid (mg/100 g FW) (c), phe-
nol content (mg/100  g FW) (d) and DPPH content (RSA%) 
(e) in fruits. All results are reported as mean ± standard devia-
tion. Different letters represent significant differences accord-
ing to Tukey HSD test (p < 0.05), considering the inoculation 
x irrigation interaction. Analysis of variance on the single 

variables is reported in Table  S11. Dark grey bars represent 
not-inoculated samples (NI) and grey bars inoculated ones (I), 
each subjected to three irrigation treatments (R1 well-watered 
condition, R2 reduced irrigation, and R3 rain-fed condition, 
respectively). RSA: radical scavenging activity. ns, * , ** , 
and *** : non-significant or significant at p ≤ 0.05, p ≤ 0.01, and 
p ≤ 0.001, respectively. Ir: irrigation treatment, In: inoculation, 
Ir x In: interaction between irrigation treatment and inoculation
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in roots, 564,933 and 3,598,961 reads were obtained 
for fungi and bacteria, respectively. In total, 710 fun-
gal ASVs and 1330 bacterial ASVs were identified 
and reported in Tables S13 and S14, respectively.

For fungal community, the predominant phyla of 
bulk soils were represented by phyla Ascomycota, 
Mortierellomycota, Chytridiomycota and Basidiomy-
cota. In bulk soils collected in August, alpha diver-
sity was affected by the irrigation (p-value 0.043) and 
by the interaction between the irrigation treatment 
and the inoculation (p-value 0.029, Fig.  6a). The 
inoculated samples showed a higher alpha diversity 
under R1 and R2, while no differences were found 
comparing the inoculation treatments under R3. 
Moreover, an increased diversity in terms of taxon 
abundance from R1 to R3 condition, as well as in I 
condition compared to NI, was observed (Fig.  6a). 
Comparative analysis of single factors highlighted 
that the Ascomycota families Sarocladiaceae and 
Onygenales were more prevalent in inoculated sam-
ples (Table  S15). In bulk soils collected in August, 
beta diversity revealed significant difference in the 
fungal communities among different irrigation treat-
ments (p-value 0.026, Fig. S4a) with changes in the 
relative abundance of the phyla Basidiomycota, Mor-
tierellomycota, Chytridiomycota, and Mucoromy-
cota in relation to the irrigation condition (Fig.  6a). 
Particularly, the relative abundance of the phylum 
Chytridiomycota increased from R1 to R3, showing 
a trend towards dryer conditions (Fig. 6a). Similarly, 
the relative abundance of Ascomycota was related to 
the irrigation treatment (Sporormiaceae associated to 
R1), while relative abundance of Basidiomycota i.e., 
Piskurozymaceae was  associated to R3 (Table S15). 
Moreover, a difference in relative taxon abundance for 
Chaetomiaceae and Glomerallaceae (Ascomycota), 
Calcarisporiellaceae (Mucoromycota), Filobasidi-
aceae (Basidiomycota) and Chytridiaceae (Chytridi-
omycota) was observed among specific treatments 
(Table S15).

Fungal alpha diversity of bulk soil samples col-
lected in October did not reveal any differences 
between treatments (Fig.  6b), while beta diversity 
highlighted a significant difference among R1, R2 and 
R3 (p-value 0.001, Fig. S4b). In bulk soils collected 
in October, among Ascomycota, Pezizaceae family 
was relatively more abundant in samples subjected 
to R1 condition, while Microdochiaceae was rela-
tively more abundant in samples subjected to R2 and 

R3 condition (Table S16). On the other hand, among 
Basidiomycota, Symmetrosporaceae, Holtermanni-
ales (family incertae sedis) and Chrysozymaceae 
were uniquely associated to samples subjected to R3 
condition (Table S16). A different taxon composition 
among treatments was also identified (Table S16).

The core microbiome of fungal community associ-
ated to pepper root samples was represented by phyla 
Ascomycota, Basidiomycota, and Mortierellomycota 
(Fig.  6c). Additionally, phylum Mortierellomycota 
was associated only with NI samples. Alpha diver-
sity showed a significant difference between I and 
NI condition (p-value 0.033; Fig.  6c). A decreasing 
trend in the taxon abundance considering the differ-
ent irrigation treatments was observed (Fig. 6c). Beta 
diversity revealed a significant difference inside the 
fungal communities at different irrigation treatments 
(p-value 0.008; Fig. S4c). In addition, the inoculated 
samples showed an overall higher taxon abundance 
compared to the NI ones, and the irrigation treat-
ment showed a selective effect, i.e., taxa progres-
sively decreased from R1 to R3. In particular, NIR3 
treatment was characterized by the lowest associated 
fungal diversity mostly represented by Basidiomycota 
(Fig. 6c). The families Microdochiaceae of Ascomy-
cota and Filobasidiaceae of Basidiomycota showed a 
higher taxon abundance in NI samples (Table S17). A 
trend was observed in relation to the irrigation treat-
ments. Ascomycota as Glomeraceae and Didymos-
phaeriaceae were less abundant in R3, while Chaeto-
miaceae and Didymellaceae were more abundant. 
Similarly, Glomerellaceae were associated to R1. The 
lowest abundance of Mucormomycota i.e., Mortierel-
laceae was detected in NIR3 treatment. The different 
treatments significantly affected taxon distribution, as 
reported in Table S17.

Concerning bacterial communities, both bulk soils 
collected in August and October showed diverse 
abundances of different phyla i.e., Proteobacteria, 
Bacteroidota, and Actinobacteriota, except for Fir-
micutes uniquely associated to samples collected 
in October (Fig.  7a-b). In August, beta diversity 
highlighted a significant difference between I and 
NI, while no significant differences were detected 
in samples collected in October (p-value 0.004, 
Fig.  S5a-b). The NIR1 treatment showed the higher 
number of taxa compared to the other treatments, 
mainly due to the abundance of members of the phyla 
Thermoproteota, Acidobacteriota, Chloroflexota and 
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Fig. 6  Assessment of fungal diversity within samples. Taxon 
bar plot and alpha diversity of bulk soils collected in August 
(a), bulk soils collected in October (b) and roots collected in 
October (c). Taxon bar plots were produced at phylum level 
considering the inoculation treatment (inoculated samples 
– I and not-inoculated samples – NI, each subjected to three 
irrigation treatments (R1 well-watered condition, R2 reduced 

irrigation, and R3 rain-fed condition, respectively). Alpha 
diversity was performed considering all treatments i.e., IR1- 
inoculated samples in well-watered condition, IR2—inocu-
lated samples in reduced irrigation, IR3—inoculated samples 
in rain-fed condition, NIR1—not-inoculated samples in well-
watered condition, NIR2—not-inoculated samples in reduced 
irrigation, NIR3—not-inoculated samples in rain-fed condition
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Gemmatimonadota, while in I samples, members 
of the phylum Bacteroidota were more abundant 
(Fig.  7a). The Rhizobiaceae family within Proteo-
bacteria was the most abundant one in all I samples 
(Table S18). Bulk soils collected in October showed 
a higher abundance of Proteobacteria and Bacteroi-
dota in NI samples and a higher abundance of Firmi-
cutes and Acidobacteriota in I ones. Notably, Bacte-
roidota was more abundant in IR3 compared to IR1 
and IR2 (Fig. 7b). In October, the inoculation signifi-
cantly changed taxon distribution among treatments 
(Table  S19). Geodermatophilaceae family  (Actino-
bacteria) was more abundant in inoculated samples. 
On the contrary, Marinilabiliaceae (Bacteroidota) 
and Lacipirellulaceae (Planctomycetota) were more 
abundant in NI. Notably, Marinilabiliaceae were 
also abundant in IR3 treatment. The irrigation treat-
ment had a significant effect on the bacterial com-
munities for both sampling times (Table S18-19). In 

August, the highest abundance of Burkholderiaceae, 
Azospirillaceae and Xanthobacteraceae was observed 
in R3 (Table S18). In October, a family within Act-
inobacteria, i.e., Gaiellaceae, was more abundant 
in R1 and R2, while a family within  Proteobacteria 
i.e., Beijerinckiaceae was associated to R3 condition 
(Table  S19). Moreover, a shift in taxon distribution 
among treatments was observed in samples collected 
in October (Table S19).

The core microbiome at phylum level of bacterial 
communities in roots was represented by Proteobac-
teria, Actinobacteriota, Firmicutes, and Acidobacte-
riota. Bacteroidota were more abundant in NI, while 
Acidobacteriota, Actinobacteriota, Gemmatimon-
adota, Chloroflexota and Firmicutes were more abun-
dant in I samples (Fig. 7c). Beta diversity showed a 
significant difference in taxon abundance among 
treatments (p-value 0.009; Fig. S5c). Both the inocu-
lation and the irrigation resulted in a significant effect 

Fig. 7  Assessment of 
bacterial diversity within 
samples. Taxon bar plot 
and alpha diversity of bulk 
soils collected in August 
(a), bulk soils collected in 
October (b) roots collected 
in October (c). Taxon bar 
plots were produced at 
phylum level considering 
the inoculation treatment 
(inoculated samples – I and 
not-inoculated samples – 
NI, each subjected to three 
irrigation treatments (R1 
well-watered condition, R2 
reduced irrigation, and R3 
rain-fed condition, respec-
tively). Alpha diversity 
was performed consider-
ing all treatments i.e., 
IR1- inoculated samples 
in well-watered condition, 
IR2—inoculated samples 
in reduced irrigation, 
IR3—inoculated samples in 
rain-fed condition, NIR1—
not-inoculated samples in 
well-watered condition, 
NIR2—not-inoculated sam-
ples in reduced irrigation, 
NIR3—not-inoculated sam-
ples in rain-fed condition
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on taxon distribution (Table  S20). Solirubrobacte-
raceae family (Actinobacteria) was more abundant in 
R3. Marinilabiliaceae (Bacteroidota), Rhizobiaceae 
and Cellvibrionaceae (Proteobacteria) were more 
abundant in NI, while Gaiellaceae family (Actinobac-
teria) was associated to I samples (Table S20).

Discussion

The impact of the irrigation treatments on pepper 
ecophysiological and agronomic parameters

Our field trial study provided a comprehensive under-
standing on the responses of pepper to water deficit 
and AM fungal inoculation. The study revealed that 
 gs was not affected by reduced irrigation (R2), while 
it declined significantly in rain-fed pepper (R3). 
Results of the agronomic parameters showed that fruit 
length and width were significantly impacted by the 
irrigation treatment, as previously observed in pep-
per (Feng et al. 2019; Khazaei et al. 2020), highlight-
ing that the water treatment is one of the key drivers 
affecting pepper growth and yield features. Indeed, 
the reduction in fruit size and weight under rain-fed 
(R3) compared to well-watered conditions (R1) or 
reduced irrigation (R2) underscores the reported 
responses of pepper plants to limited water availabil-
ity (Ali et al. 2022; Khazaei et al. 2020). It has been 
reported that bell pepper cv Aristotle irrigated at 67% 
ETc had similar fruit yield and quality compared to 
plants at 100% ETc (Kabir et al. 2021). Interestingly, 
our results showed no significant differences in pep-
per production between R1 and R2 condition, thus 
suggesting a potential application of a reduced water 
supply to cultivate pepper plants.

The role of the AM fungal inoculum on plant 
responses to irrigation treatments

In addition to exploring the effects of water treatments 
in pepper physiology, the main aim of this study was 
to investigate the interactions between AMF and the 
colonized pepper plants in response to diverse levels of 
water availability, including the structure and dynamics 
of root- and bulk soil-associated microbiomes. In our 
experimental field, not-inoculated plants also showed 
root colonization by native AMF. This is in line with 
a recent comparative analysis on barley and sorghum 

AMF-inoculated plants showed no significant differ-
ences in fungal colonization by native soil AM fungal 
communities and commercial inoculum (Frew 2021). 
However, a combined effect of the native and exter-
nally applied AM fungal inoculum was detected for 
some measured plant parameters, probably due to a 
boost by the commercial inoculum. It is worth noting 
that although AM fungal inoculation has been reported 
to have a positive impact on plant growth and produc-
tivity in diverse species, including several crops, the 
effect of field inoculations with AMF is highly unpre-
dictable and variable (Lutz et al. 2023). The results of 
the assessment of AM fungal colonization in root sam-
ples revealed that the IR2 treatment exhibited the high-
est colonization levels. This finding is in keeping with 
the agronomic and ecophysiological results, suggesting 
that the reduced irrigation applied in this study (i.e., 
75% of the well-watered treatments—R2) may be con-
sidered optimal also for AM fungal colonization. Con-
versely, plants subjected to the R3 treatment showed 
lower level of AM fungal colonization, with a reduced 
presence of arbuscules.

Despite the negative effect that water deficit may 
have on AM fungal colonization (Wu and Zou 2017), 
results demonstrated that AM fungal inoculation 
improved several plant parameters. Notably, flavonoid 
content in pepper leaves was higher in inoculated (I) 
condition, indicating a potential enhancement in the 
plant stress response and production of secondary 
metabolites, such as flavonoids, due to the symbiotic 
relationship with AMF, as previously reported (Castel-
lanos-Morales et al. 2010; Pal et al. 2024). The analy-
sis of stress markers MDA,  H2O2, and proline showed 
variations based on the interaction between irrigation 
and inoculation. Based on our proline data, we can 
hypothesize that the well-watered treatment (100% of 
ETc—R1) may result in excess water retention in the 
considered soil. Consequently, plants might perceive a 
mild excess of water in the rhizosphere and activate 
responses to water stress, leading to proline accumula-
tion in R1 leaves (particularly in IR1 and NIR1 treated 
plants). This is coupled with slightly lower  gs rates 
compared to R2 treated plants, similarly to previous 
observations in green sweet pepper plants subjected 
to both drought and flooding stresses (Masoumi et al. 
2021). These findings, in agreement with the suscepti-
bility of pepper to both water deficit and water excess 
(Masoumi et  al. 2021), suggest that precise estima-
tion of ETc for a specific crop is a critical issue for 
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effective irrigation management in soils with diverse 
water storage capacities. This highlights the necessity 
of defining tailored crop coefficients (Kc) for particu-
lar climatic areas (Miranda et al. 2006). Notably, the 
higher proline content in IR2 treatment compared to 
NIR2 may suggest the ability of AMF in improving 
plant stress response, as previously observed (Zheng 
et al. 2020; Zou et al. 2021). In this line, the signifi-
cant high content in IR2 of the phytohormone OPDA, 
a precursor of JA, known to have a key role in trig-
gering signaling pathways that regulate JA-responsive 
genes (Liu and Park 2021), may also suggest a role of 
AMF in the observed OPDA increase. Additionally, 
IAA content in IR1 treatments can also be linked to 
the presence of AMF. It has been previously reported 
that inoculation with F. mosseae can induce the pro-
duction of OPDA and IAA in tomato plants and in 
trifoliate orange, respectively (Liu et al. 2018; López-
Ráez et al. 2010).

Fruit antioxidant compounds were affected both 
by irrigation and inoculation. Plants grown in the 
R3 treatment showed a higher antioxidant com-
pounds abundance compared to R1 and R2. Moreo-
ver, considering the inoculation, a common trend 
was observed: NI samples showed a higher content 
of antioxidant compounds, compared to I samples. 
Despite several studies have tried to correlate AM 
fungal inoculation and antioxidant content in fruits 
(Abdelhalim et al. 2022; Grozić et al. 2021), there is 
not a definitive answer, because the presence of anti-
oxidants may depend on multiple parameters (e.g., 
exposure to extreme temperatures, drought, salinity) 
(Baslam and Goicoechea 2012; Mishra et  al. 2023; 
Torres et al. 2018). In our case, it is worth noting that 
anthocyanin and ascorbic acid increased in IR2 treat-
ment compared to NIR2, suggesting a pivotal role of 
the irrigation treatment combined with AM fungal 
inoculation in pepper plants. This relation is inverted 
for phenol and DPPH content: IR2 treatment showed 
a lower content compared to NIR2. The DPPH radi-
cal scavenging activity indicates the antioxidant plant 
capacity and is activated under abiotic stresses, as 
water deficit conditions (Abdalla et  al. 2019), there-
fore its reduction under AM fungal inoculation may 
suggest a reduced stress level in inoculated samples. 
A similar role has been proposed for phenol (Rosa-
Martínez et  al. 2023), suggesting that, in our condi-
tions, pepper plants in IR2 treatment produced more 
anthocyanin and ascorbic acid and less DPPH and 

phenol, compared to NIR2, shaping their response in 
relation to the different conditions. Flavonoid content 
highlighted a similar trend among the irrigation treat-
ments and between the two inoculation treatments. 
In this case, there were no significant differences 
between IR2 and NIR2, but it is noteworthy that: i) 
IR2 is associated to the highest flavonoid abundance 
among the inoculated samples, and ii) NIR2 is asso-
ciated to the lowest flavonoid abundance among the 
not-inoculated ones. These data suggest that IR2 may 
be the optimal condition to boost flavonoid content in 
pepper fruits and the associated antioxidant potential 
(Hernández-Pérez et  al. 2020). Concerning pepper 
fruit nutrients, the only nutrient showing significant 
variation was potassium, with a decreasing content 
from well-watered (R1) to rain-fed conditions (R3). 
This could indicate that water availability plays a cru-
cial role in nutrient uptake, especially for potassium. 
It has been reported that the potassium content can be 
related to water availability in pepper plants, showing 
a significant decrease under water deficit conditions 
(Kabir et al. 2021). Overall, our results suggested that 
antioxidant compound production may vary depend-
ing on multiple factors, and that AM fungal inocula-
tion might trigger specific compound production, as 
recently documented (Shalaby and El-Sayed Rama-
dan 2024). Further studies are needed to understand 
how application of AM fungal inoculation may shape 
pepper fruit quality.

The impact of the irrigation and the AM fungal 
inoculum on the soil and root-associated microbial 
communities

Metabarcoding analysis revealed that Chytridiomycota 
phylum  was more abundant in bulk soils collected in 
August mainly in R3 treatment and, in agreement with 
this result, this phylum is known to include members 
showing the ability to cope with water deficit condition 
(Dacal et al. 2022). Moreover, R3 bulk soils collected 
in August revealed an enrichment in Burkholderiaceae, 
Azospirillaceae and Xanthobacteraceae. Burkholde-
riaceae family was also detected in bulk soil collected 
in October in NIR2 and NIR3, as well as Azospiril-
laceae in R3 samples. These data are in line with pre-
vious studies (Jang et  al. 2020; Maestro-Gaitán et  al. 
2023; Munoz-Ucros et  al. 2022; Yasuda et  al. 2022). 
Burkholderiaceae and Xanthobacteraceae are reported 
to increase under water deficit condition, resulting in 
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improving plant in carbon cycling and nitrogen fixation 
and plant response to phytopathogen (Jang et al. 2020; 
Maestro-Gaitán et al. 2023; Munoz-Ucros et al. 2022). 
Conversely, Azospirillaceae family  has been reported 
as a plant growth promoting bacteria (PGPB) able to 
improve nitrogen mineralization under water deficit 
conditions (Yasuda et  al. 2022). A high abundance of 
Myxococcaceae was detected in IR1 and IR3, both in 
bulk soils and in root samples collected in October. 
Myxococcaceae are known to be able to survive in 
adverse environments, producing antibiotics and impor-
tant secondary metabolites, such as carotenoids, able 
to improve plant tolerance against several phytopatho-
gens (Zhou et al. 2021). The order Myxococcales seems 
to be associated to AM fungal hyphae (Emmett et  al. 
2021), and our results showed that this order was more 
abundant in inoculated samples. Notably, pathogenic 
fungal taxon Didymellaceae (Chen et  al. 2017) was 
detected in roots of R3 and IR3 plants. The concurrent 
detection of Myxococcales and fungal pathogen taxa, 
specifically Didymellaceae, in the roots of inoculated 
plants, may suggest that AMF can recruit biological 
control agents. Interestingly, according to Lutz et  al. 
(2023), the presence of plant pathogens may be used to 
assess AMF potential in restoring plant health, as it has 
been documented that AM fungal inoculation has a rel-
evant impact on pathogen-infected soil, enhancing the 
plant response to pathogens and overall performance 
compared to not-inoculated soils. In our experiment, in 
addition, it is worth noting that bulk soil from inocu-
lated plants showed a high abundance of Geodermat-
ophilaceae, a bacterial family that has been identified as 
a component of the mycorrhizosphere and hyphosphere 
microbiome of AMF (Zhang et al. 2022b).

Results on soil enzyme activity suggested that irri-
gation treatments are the primary determinant of the 
enzyme activity, as previously reported in other field 
experiments with maize (Muhammad et al. 2022) and 
alfalfa (Deng et al. 2022). The consistently lower enzy-
matic activity observed in R3 across both sampling 
times for most of the enzymes studied is of particular 
note. This trend suggested that the R3 irrigation treat-
ment may not be favorable in increasing microbial 
activity and enzyme production, as instead observed in 
R1 and R2. The high fungal alpha diversity in R1 and 
R2 could be associated to an enhanced enzyme activity, 
putatively linked to organic matter decomposition and 
nutrient cycling. The differential activity of cellobiohy-
drolase, β-glucosidase, and N-acetyl glucosaminidase 

in August, with the addition of xylosidase, cellulase, 
and acid phosphatase in October, suggested that soil 
enzyme activities are also subjected to fluctuations 
influenced by a range of factors, including soil mois-
ture levels and climatic changes. Overall, soil enzy-
matic activity was significantly affected by irrigation 
treatments, while AM fungal inoculation has no rel-
evant effect, with the exception of β-glucosidase activ-
ity. Hence, we cannot exclude that the strong effect of 
water regime may have potentially masked the effects 
mediated by AM fungal inoculation. It is worth noting 
that not-inoculated treatments also showed the presence 
of native AM fungal communities, resulting in simi-
lar soil enzymatic activity in comparison with inocu-
lated ones. Nevertheless, inoculation predominantly 
affected β-glucosidase activity. This outcome could be 
explained by the presence of bacteria of the Rhizobi-
aceae family being more abundant in inoculated treat-
ments than in not-inoculated and known for a high pro-
duction of β-glucosidase (Duan et al. 2022). Lastly, an 
increased phosphatase activity was observed in Octo-
ber compared to August, especially under the R1 and 
R2 treatments. Members of Firmicutes, often associ-
ated with high phosphatase activity (Cui et al. 2019; Li 
et al. 2020), and exclusively found in October samples, 
may be indicative of the enhanced enzymatic activity 
recorded in this period.

Looking at the roots, our results showed that rain-fed 
condition (R3) was associated with an enrichment in 
plant-beneficial taxa such as Firmicutes and Gemma-
timonadota, as already reported in other crops (Faghi-
hinia et al. 2023; Santos-Medellín et al. 2021). In addi-
tion, Actinobacteria phylum was abundant in inoculated 
roots under R3 treatment, underlining a hypothetical role 
of AMF in recruiting beneficial taxa as PGPB under 
stressed conditions, as previously reported (Garbaye 
1991; Sbrana et  al. 2022). Concerning fungal com-
munities, mycorrhizal assessment in roots showed that 
IR2 was the most AMF-colonized treatment. Focusing 
on AM  fungal communities, metabarcoding analysis 
showed that the Glomeraceae family (Spatafora et  al. 
2016) was found to be abundant in inoculated roots, 
although its presence was significantly affected by the 
irrigation treatment, with the lowest abundance detected 
in R3, in agreement with previous results reporting that 
drought negatively affects AM fungal colonization (Wu 
and Zou 2017). On the other hand, samples subjected 
to R1 and R2 irrigation treatments showed no statistical 
differences in Glomeraceae abundance, highlighting that 
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R2 may be similar to R1 (well-watered), especially from 
a sustainability point of view where saving water is con-
sidered as a key approach.

In conclusion, our results contribute to enhance 
the understanding of pepper plant traits affected by 
AM  fungal inoculation and water deficit conditions. 
Our findings confirmed a positive impact of the appli-
cation of an AM fungal inoculum on pepper plants and 
suggested that, at least for the considered pepper geno-
type, reduced irrigation (75% of ETc) could not cause 
stress conditions, ensuring significant water savings. 
Additionally, our study sheds light on the intricate inter-
actions among bacteria, fungi (AMF and non-AMF), 
and pepper roots under water limited conditions. Over-
all, our study underlines the interconnected nature of 
these factors, emphasizing the need to consider their 
interdependence rather than evaluating them alone.
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