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Introduction: The aim of this study was the evaluation of bacterial profiles and
diversity in the rhizosphere of durum wheat, Triticum turgidum subsp. durum, in
two different crop management types (organic vs. conventional) and at two
sampling times. We investigated the links of rhizosphere bacteria with crop
management and other variables, including soil nematodes and
physicochemical profiles.

Methods: Metabarcoding samplings were carried out in organic and conventional
durum wheat fields at Gravina (Italy), before (March) and after (May) heading,
including adjacent uncultivated controls. Bacterial amplicon sequence variants
(ASVs) were obtained by RNA extraction from rhizosphere soil, followed by NGS
sequencing of the V3-V4 regions of the 16S rRNA ribosomal gene. The
nematodes were classified as herbivores, fungivores/moss feeders, bacterivores,
and omnivores/predatory.

Results: Crop fertilization and sampling time were effective drivers interacting
with soil physicochemical traits and nematode guilds. Spearman’s correlation
showed, in March, an inverse relationship of herbivores with all other guilds. In
May, the herbivores were inversely correlated with the fungal/moss feeders. The
sampling season affected the correlations among nematode guilds as well as ASV
profiles, in both the control and cultivated samples. ASV diversity indexes did not
vary significantly among treatments, except for the Menhinick index in the organic
wheat control. In general, a shift toward a richer ASV metabarcoding profile was
observed in May for both crop types, with a higher diversity and abundance in the
organic wheat. Crop management type, sampling time, and soil physicochemical
properties significantly affected the rhizosphere microbiota, with
Alphaproteobacteria (Methylobacteriaceae and Sphingomonadaceae) as the
most represented in both wheat crops. Positive or inverse correlations linked
nematode groups and ASV, with profiles almost specific for each guild. Bacteria
inversely correlated with herbivores included Bacillus sp., Methylorubrum sp.,
uncl. Lactobacillales, Cyanobacteria, and other taxa. Positive correlations included
plant growth promoters and bacteria involved in N, and nutrient cycling.
Conclusions: The ASV profiles differed by management type and sampling time,
as the sampling season affected the bacterial community, with the organic wheat
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always characterized by a higher richness and service redundancy. The
occurrence of bacteria selectively associated with each nematode guild
suggests the presence of multiple functional services deployed at the
nematode—bacteria—rhizosphere interface.
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Introduction

Services such as functional diversity, plant nutrition, and pest
regulation contribute to the long-term stability and resilience of soil
ecosystems and microbial communities (Brussaard, 2013; Baer and
Birge, 2018; Xun et al., 2024). Most crop practices exert direct or
indirect effects on soil microorganisms and, ultimately, on plant
productivity. In particular, the microbial communities associated
with plants include beneficial rhizosphere species such as plant
growth-promoting rhizobacteria (PGPR), biocontrol agents, or-
ganic matter decomposers, and nutrient mobilizers (Schippers
et al,, 1987; Kokalis-Burelle et al., 2006; Anderson and Habiger,
20125 Giannelli et al., 2024; Xun et al., 2024). Field experimental
data highlighted their involvement in the productivity of crops
fundamental for food production and security such as cereals and
wheat, Triticum spp. (Anderson and Habiger, 2012; Curtis and
Halford, 2014; Grote et al., 2014; Kavamura et al., 2021; Chen et al.,
2022; Fouad et al., 2025).

Wheat grains represent a top food commodity, and issues
affecting their production and trade become special economic,
political, and social concerns (Enghiad et al,, 2017; Erenstein
et al., 2022). Wheat genotypes have been the object, for many
years, of intense genetic pressure and selection. However, in the last
century, the broad genetic diversity of wheat progressively de-
creased due to the selection and adoption of a few cultivars with
enhanced intensification and productive traits. Moreover, most
modern genotypes highly depend on farming inputs such as
chemical fertilizers and become more susceptible to biotic and
abiotic stress factors (Acufia et al., 2023; Azarbad et al., 2022;
Kinnunen-Grubb et al.,, 2020). The actual levels of wheat intensi-
fication, coupled with market and policy-related demands for safe
practices and circular economy goals, require the identification and
exploitation of sustainable tools, including beneficial microbial taxa,
to maintain crop health and yields (Anikwe and Ife, 2023). For this
purpose, more information is needed at the regional and field scales,
as the mechanisms underlying wheat microbiota profiles, and
related services, are locally variable, depending on factors such as
plant genotype, growth stage and compartment, climate, and time
of cropping (Schiro et al., 2019; Azarbad et al., 2022; Quiza et al,,
2023; Schmidt et al., 2024).

Recent studies focusing on the microbiota of the wheat rhizo-
sphere, a highly metabolically active and dynamic plant microen-
vironment, highlighted the effect of domestication and selection on
microbial diversity (Kinnunen-Grubb et al., 2020; Reid et al., 2024).
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Reports include PGPR and beneficial species underpinning plant
resistance or tolerance toward various stress sources, including
drought and salinity (Timmusk et al., 2014; Schmidt et al., 2024;
Fouad et al., 2025). Wheat genotype and related phenotypic
plasticity are crucial factors affecting the rhizosphere microbiota,
together with chemical inputs (Jacquiod et al., 2022; Quiza et al.,
2023). The wheat rhizosphere microbiota also depends on seed-
associated bacteria, owing to a sequence of microbial competition
and cooperation processes involving early root colonization, trophic
niche partitioning, and facilitation processes (Garrido-Sanz and
Keel, 2025). Seed bacteria that first colonize the root at germination
appear favored during this process and better outcompete with
other soil bacteria. The metabolism of taxa specialized on root
exudates eventually facilitates their enrichment in the community,
owing to specialized microorganisms feeding on root exudates. A
defined series of events hence favors the dominance, within the
rhizophere microbiota, of seed-born vs. soil-born bacteria, high-
lighting a potential of beneficial taxa colonizing seeds (Garrido-
Sanz and Keel, 2025).

Factors external to the seed—soil interaction that affect the wheat
rhizosphere microbiota include, apart from plant genotype, crop
management practices, soil type, and pests. Wheat-associated PGPR
profiles showed a dependence on the rhizosphere/rhizoplane com-
partment and on anthropic factors such as plant fertilization and
domestication (i.e., diploid vs. allopolyploid genotypes). In partic-
ular, chemical fertilizers showed a major impact on the abundance
of PGPR, but mostly in modern wheat genotypes (Reid et al., 2024).

Given the diversity of rural environments and wheat intensifi-
cation levels, any evaluation of the interactions of crop practices and
rhizosphere microbiota requires farm-scale investigations. For this
purpose, basic approaches include field surveys and monitoring, to
identify mechanisms affecting microorganisms involved in plant
nutrition, pest regulation, and conservation of soil functional
diversity. The assessment of these services, leading to the protection
or enhancement of best practices, should also consider crop
management type (i.e., organic vs. conventional or locally tradi-
tional systems) due to the different inputs they rely on, including the
use, in conventional cropping, of synthetic fertilizers, pesticides,
and/or herbicides.

The beneficial effects of soil microbial communities on plant
productivity, and their eventual adaptation to stress, also require
sampling at different time scales, as well as increasing resolution by
analyzing whole microbial communities through advanced, DNA-
based techniques (Sudermann et al., 2024). This approach is crucial
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when investigating the distribution, diversity, and effects of micro-
bial communities in relation to environmental variables
(Sudermann et al, 2024). Metabarcoding has been successfully
applied, in various crops, to determine and evaluate the links
between symbionts and roots, to study root biology, or to identify
the effect of limiting factors such as pathogens or pests (Reinhold-
Hurek et al., 2015; Piombo et al., 2021; Kawasaki et al., 2021; Djotan
et al., 2023; Giannelli et al., 2024). This approach has also been
helpful to test the impact of pesticides, fertilizers, or plant manage-
ment, in field or semi-controlled conditions (Xue et al., 2015;
Kavamura et al.,, 2021).

Nematodes show several interactions with the surrounding
bacteria in soil and are involved in crucial ecosystem processes. In
particular, the rhizosphere microbiota includes biocontrol agents
with different specialization levels, characterized by mechanisms of
action ranging from direct nematode parasitism to antibiosis,
exerted through metabolic by-products. Nematodes are involved
in many processes, including regulation or dispersal of soil bacteria,
pests, or pathogens, as well as organic matter decomposition and
nutrient mobilization. Consequently, conservation efforts should
aim at preserving natural resources such as soil microorganisms and
invertebrates, as they are directly or indirectly involved in
crop production.

We herein report the results of a metabarcoding study evalu-
ating bacterial profiles and diversity in the rhizosphere of durum
wheat, Triticum turgidum subsp. durum (Dest.) Husn., under two
different crop types. The study was carried out, at two sampling
times, in two wheat fields with either an organic or a conventional
management, planted with the same cv. Adjacent uncultivated sites
were included as background controls. Our aim was to determine
whether changes occur in rhizosphere bacteria communities by
comparing both fields and the practices therein applied, eventually
assessing the correlation between rhizosphere taxa with crop
management and other factors, including soil nematode commu-
nities and chemical profiles.

Materials and methods
Samplings

Rhizosphere soil samples were collected from plants of the mid-
late, modern durum wheat cv Beltorax (AABB, resistant to rust and
Septoria tritici blotch, with a medium-early heading time), culti-
vated in two fields at Gravina (Italy). The fields were selected due to
the same genotype and seeds therein used, to exclude differences
related to the seed microbiota. The first field (40° 52’ 50.5” N, 16°
20’ 13.3” E) was managed following an organic crop protocol
(Regulation EU 2018/848) for at least 5 years, including an
annual rotation with Vicia sativa L. Foliar fertilization was per-
formed between the end of the tillering stage and the beginning of
the stem extension stage using a commercial fertilizer, allowed in
organic agriculture, containing hydrolyzed protein, and
microelements (B, Mn and Zn; Ambition® Aktivator, Bayer,
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Italy). The second field (40° 49* 48.0” N, 16° 26’ 43.3” E) followed
alocal, traditional management herein indicated as “conventional”,
including a bi-annual rotation with V. sativa, soil fertilization with
NH,NOj3, weed control through the application of synthetic herbi-
cides, and the use of fungicides. The multi-annual average yields
were 2.5 and 4.0 ton/ha for the organic and conventional wheat,
respectively. The fields were sampled twice in the year 2023, before
flowering (March) and after heading (May), collecting five repli-
cated 2-L samples of soil and roots, at an average depth of 15-20
cm, from plants located at approximately a 10-m interval along a
North-South diagonal field transient. Five replicated background
control samples were also collected for each field and sampling time
from adjacent wheat-free sites, placed at 10-20 m from the sampled
crops, at the field entrance and in uncultured edge areas, collecting
soil and weed roots as for the wheat plants. The sampled weeds
included mixed assemblages of spontaneous species such as Malva
sylvestris L., V. sativa L., Trifolium repens L., Cirsium arvense L.
(Scop.), Echium plantagineum L., Rumex obtusifolius L., Galium
aparine L., and other members of Apiaceae and Poaceae. A total of
40 samples were collected for this study. After collection,
subsamples (approximately 300 g of mixed soil and roots) were
stored at —80°C, for collection of rhizosphere soil and subsequent
processing for metabarcoding analyses. The remaining soil was used
for nematode or soil analyses.

The samples were classified by variables such as cultivation
method, description (crop or control), fertilization applied (or not),
type of plant (wheat/weed), time of sampling (March/May),
number of nematode taxa, and levels of herbivores, bacterivores,
fungal/moss feeders, and omnivorous-predatory nematodes, classi-
fied as density (nematodes/100 mL soil) and prevalence (percentage
within total nematodes). The densities were classified, based on the
sample observed values, as L = low density (<25% of the total
mean), M = medium density (within 25%-75% of mean), and H =
high density (=75% of mean). The samples were classified, for guild
prevalence, as L = low (<20% of the mean), M = medium (20%-
50%), and H = high (=50%).

The nematodes were extracted from each soil sample using the
sieving and decanting technique, suspending a 200-mL soil sub-
sample in tap water followed by filtering through a set of 500- and
75-pm sieves, with subsequent decanting. The filtered suspension
was then examined for nematode identification and density count-
ing with light microscopy, using a Hawksley counting chamber at
40x. Herbivores (Helicotylenchus sp. and other tylenchids) were
identified at the species/genus level using available taxonomic data
with a Leitz-Orthoplan light microscope, at 312-500x. The
bacterivores (Rhabditida and Cephalobidae), the fungal/moss feed-
ers (ie., Tylenchus, Filenchus, and Aphelenchoides spp.), and the
omnivore-predatory nematodes (Mononchida and non-plant par-
asitic Dorylaimida) were classified during counting, using a
Hawksley counting chamber at 40-100x or temporary water
mount slides, and available taxonomic descriptions.

The samples collected in March were air-dried and passed
through a 2-mm sieve, and analyzed to determine physicochemical
variables such as soil texture, pH, electric conductivity (EC), and C,
N, P, and exchangeable cation content.
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The particle size distribution was determined using a grain size
analyzer (Gibertini, Italy) in accordance with the ISO 17892-
4:2016". The textural class of each soil was determined using the
USDA soil texture calculator (https://www.nrcs.usda.gov/resources/
education-and-teaching-materials/soil-texture-calculator).

The total inorganic carbon (TIC), total organic carbon (OC),
and total nitrogen content of the soils were determined through
automated combustion analysis (Elementar soli TOC cube,
Germany) according to the ISO 10694:1995” standard.

The remaining soil parameters were determined in accordance
with the analytical methods of Sparks et al. (1996). In detail, the
pHic was measured suspending 10 g of each soil in 25 mL of 1 M
KCl solution, while EC was measured in filtrates with a soil-to-water
ratio of 1:2.

The available P (AP) was extracted with a 0.5 M NaHCO;
solution and determined spectrophotometrically at 650 nm.

The exchangeable bases (K, Mg, Ca, and Na) were extracted
with a 10% (w/v) BaCl, solution containing 22.5 mL of L-1
triethanolamine buffered at pH 8.2, and determined using an
inductively coupled plasma optical emission spectrometry (iCAP
6000, Thermo Electron, USA).

Metabarcoding analyses

A total of 40 rhizosphere soil samples were analyzed for
bacterial profiles through a metabarcoding sequencing approach.
For each sample and sampling time, 2 g of soil was collected from
roots of wheat or control weeds, using a steel spatula washed and
sterilized in 95% ethanol before each root processing. Total RNA
was extracted with the RNeasy PowerSoil® Total RNA Kit
(Qiagen®, UK), following the manufacturer’s instructions. The
RNA concentration was determined with a NanodropTM spectrom-
eter at 260 nm. The extracted material was subjected to reverse
transcription according to the sequencing protocol, using
SuperScript IV (Invitrogen, USA). The material obtained was
then purified using the PCR Purification Kit (Norgen, Biotek,
UK). The nucleic acid integrity was checked by electrophoresis on
1.5% agarose gel.

The cDNA obtained was then subjected to PCR amplification of
the bacterial V3-V4 hypervariable region in the 16S ribosomal RNA
gene that was considered sufficient to yield information allowing
taxonomic classifications (Yang et al., 2002; Liu et al, 2008;
Caporaso et al,, 2011). Libraries were prepared by following the
Mumina 16S Metagenomic Sequencing Library Preparation proto-
col in two amplification steps: an initial 35-cycle PCR amplification
using locus-specific PCR primers, and a subsequent amplification
integrating relevant flow-cell binding domains and unique indexes
(NexteraXT Index Kit, FC-131-1001/FC-131-1002). Both ends of
the V3-V4 region were used for amplification using the primer
sequences: 16S_341F (5'-CCTACGGGNGGCWGCAG-3’) and
16S_805R (5'-GACTACHVGGGTATCTAATCC-3’) (Van de
Peer et al., 1996; Takahashi et al., 2014; Clarridge, 2004).

1 ISO 17892-4:2016. Geotechnical investigation and testing — Laboratory
testing of soil — Part 4: Determination of particle size distribution.

2 1SO 10694:1995. Soil quality — Determination of organic and total carbon
after dry combustion (elementary analysis)
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Libraries were sequenced by a commercial service (IGA-
Technology, Services, Udine, Italy) on an AVITI instrument
(Element Biosciences, San Diego, CA) using 300-bp paired-end
mode. The raw data generated were deposited at National Center
for Biotechnology Information (NCBI) Sequence Read Archive
(BioProject acc. n. PRINA1257288, available at https://
www.ncbi.nlm.nih.gov/sra). The sequences were imported in the
Galaxy online platform (https://usegalaxy.eu/ and https://
usegalaxy.org/) (Jalili et al., 2020) and data were analyzed with
QIIME2 (Bolyen et al., 2019). Reads were de-noised and merged
through DADA?2 pipeline analysis, based on amplicon sequence
variants (ASVs) (Callahan et al,, 2016). DADA2 produced a
feature table containing high-resolution ASV whose taxonomy
was assigned in the next step, based on the exact correspondence
between ASV and reference strains present in the SILVA
database (Quast et al.,, 2013). All retained taxonomies were finally
checked, and eventually emended when needed, using the online
DSMZ “Official List of Prokaryotic Names with Standing in
Nomenclature” as a standard reference, available at https://
lpsn.dsmz.de/ (accessed on 9 June 2025) (Goker et al.,, 2025). A
few (<10) taxonomies were emended using the MIDAS database
(Dueholm et al., 2024).

Data analysis

The ASV.biom table and the related mapping file with samples
description were used for further analyses with R ver. 0.1.1.2 (R
Core Team, 2013). The library mctoolsr (Left and Fierer, 2013) was
used to produce the Bray—Curtis dissimilarity matrices and NMDS
samples plots, using the whole dataset or sample groups, as well as
for the Kruskal-Wallis t-test and PERMANOVA (permutational
analysis of variance) analyses. Further R libraries included ggplot2
(Wickham, 2016) for graphics. Correlations for ASV and/or nem-
atode variables were calculated with R using library psych (Revelle,
2017), or using PAST (Hammer et al., 2001). PAST was also used to
calculate and compare o-diversity indices of samples. Venn dia-
grams were produced online at http://bioinformatics.psb.ugent.be/
webtools/Venn/ (Heberle et al., 2015).

Sample ASV data grouped by different variables were also
analyzed using STAMP (Statistical Analysis of Metagenomic
Profiles, ver. 2.1.3; http://kiwi.cs.dal.ca/Software/STAMP), applying
an equal variance two-sided t-test (p < 0.05) with a 95% confidence
interval and a ratio of proportions < 2 as effect size filter
(Parks et al., 2014). Comparisons included sample groups identified
by mapping variables, ie., crops vs. controls, management type
and sampling time, conventional vs. organic wheat, and density or
percentage of herbivores or other nematode groups. The entire
samples were used as parent level, applying a two-tailed Student’s ¢-
test at different taxonomic levels, with other comparative statistics.
The unclassified taxa, and higher levels, were identified in the
analyses (and eventually represented in STAMP plots) by using
the lowest ASV classification or code as a tag for higher hierarchies.
Heatmaps or bar plots of significantly different ASV (ANOVA, with
0.95 post-hoc Tukey-Kramer test, filtering threshold: p < 0.05) were
shown with trees produced with average neighbor UPGMA and a
0.65 dendrogram clustering threshold.

frontiersin.org


https://www.nrcs.usda.gov/resources/education-and-teaching-materials/soil-texture-calculator
https://www.nrcs.usda.gov/resources/education-and-teaching-materials/soil-texture-calculator
https://www.ncbi.nlm.nih.gov/sra
https://www.ncbi.nlm.nih.gov/sra
https://usegalaxy.eu/
https://usegalaxy.org/
https://usegalaxy.org/
https://lpsn.dsmz.de/
https://lpsn.dsmz.de/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://kiwi.cs.dal.ca/Software/STAMP
https://doi.org/10.3389/fpls.2026.1869384
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Colagiero et al.

Results
Soil physicochemical traits

The texture of both field samples was clay or clay loam with
similar amounts of sand (means range = 26.5%-31.4%). The
conventional wheat samples showed a significantly higher silt
content when compared with the organic wheat and its adjacent
control (37.18% vs. 29.9% and 29.3%, respectively, Student’s ¢ test p
< 0.01 and < 0.05). The organic wheat soil and its control also
showed a clay content significantly higher than the other conven-
tional treatments (p < 0.001 to 0.05, Supplementary Table 1A).

Principal component analysis (PCA) based on correlation
matrix of all variables showed close sample coordinates and
groups. The PCA plan allowed sample aggregation along the
first and second axes in relation to the field (organic vs.
conventional) and origin (cropping vs. uncultivated control,
respectively). Both axes accounted for >60% of total variance
(Supplementary Figure 1).

Soil pH values were close to neutral across all groups (range =
6.97-7.18), with conventional crop showing significantly higher values
than organic wheat field (7.18 vs. 6.97, respectively, p < 0.05). No
significant difference was found among samples for soil AP content,
although this variable was higher in both conventional treatments.
The conventional wheat samples also showed total inorganic C
contents significantly higher than in the organic wheat (1.34% vs.
0.89%, respectively, p < 0.001). The conventional controls also showed,
when compared with the organic controls, higher values of organic C
(1.99% vs. 1.38%, p < 0.01) and N (0.23 vs. 0.15%, p < 0.05). The
conventional wheat samples had lower C/N values compared to the
organic wheat (8.8 vs. 9.9, p < 0.05) (Supplementary Tables 1B-D).
They were also characterized by a higher mineral content, as shown by
the EC values, which were the highest and differed from all other
groups (p < 0.05). No difference was found between the organic wheat
and its control for the exchangeable cation contents (Ca*™", Mg™, K7,
and Na"). The conventional wheat showed instead a Ca** content
significantly lower than the organic crop (p < 0.01), whereas Mg and
K" levels were significantly higher (p < 0.01 and 0.05, respectively).
Compared to its control, the conventional wheat samples also showed
higher Mg™ and lower K" contents (p < 0.05) (Supplementary
Tables 1E, F).

Nematodes

Nematode populations showed, at both sampling times, the
presence of different herbivore taxa including Helicotylenchus
tunisiensis, Histotylenchus sp., Paratylenchus sheri, Pratylenchus
neglectus, Merlinius sp., a criconematid, and, in one conventional
control sample only, Xiphinema pachtaicum and Heterodera sp.
The groups of fungivores and moss feeders included tylenchids such
as Tylenchus sp., Psilenchus sp., Aphelenchoides sp., and small
dorylaims, such as Crassolabium sp. Bacteria-feeding nematodes
included Rhabditidae, Cephalobidae, Acrobeles sp., Tobrilus sp., a
plectid, and other aquatic taxa. Omnivore and predatory nematodes
included species of Thonus, Discolaimus, Belondira, Ecumenicus
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monohystera, a mononchid, and two other dorylaims, differentially
represented among the samples.

The feeding groups showed consistent trends, when considering
the sample types and seasons. The herbivores, considered as both
densities and population prevalence, were always higher in the
control samples than the corresponding wheat crops, irrespective of
management types and sampling times. In contrast, fungal feeders
were abundant in organic wheat, in both density and prevalence.
Similarly, the bacterivores and omnivores/predators showed, at
both sampling times, the highest densities in the organic wheat.
However, the bacterivore prevalence peaked in the conventional
wheat, at both sampling times (Figure 1).

The Spearman’s ranking correlations showed that nematode
feeding groups occurred at the first sampling time with mutually
exclusive trends. The herbivore densities were inversely correlated
with the prevalence (%) of fungal/moss feeders, bacterivores (p <
0.05), and omnivore/predatory species (p < 0.01). This trend was
also significant when considering the prevalence of herbivores in
the populations. The samples collected in May confirmed an inverse
relationship of herbivores, but only with the numbers of fungal/
moss feeders (p < 0.05) and bacterivores (p < 0.01), and their
population prevalence (p < 0.001 and p < 0.01, respectively). The
herbivore densities in May, however, showed positive correlations
with those of bacterivores (p < 0.05) and omnivores (p < 0.001),
both also positively correlated (p < 0.01). At this sampling time, a
general trend toward increased nematode multiplication rates was
observed, as shown by the higher densities and the almost double
mean number of taxa found per sample (6.4 in March vs. 12.6 in
May). This variable reflected the appearance of rare or less repre-
sented species, correlated to the numbers of herbivores, bacterivores
(p < 0.05), and omnivores/predators (p < 0.001), with the only
exception of the fungal and moss feeders (Table 1).

ASV diversity

A total of 38,038,540 sequences were produced by Qiime2
accounting for 2,363 ASVs, reduced to 37,826,130 after eliminating
718 singletons. To remove low-frequency artifacts, the 1,555 ASV
table was further filtered applying a total % method (Drake et al.,
2022), eliminating the entries with less than 0.01% of total dataset
(using a threshold of 350 total sequences per ASV, as sum of all
samples), vielding a final ASV table with 1,469 entries. A final
dataset of 1,202 ASVs (including Bacteria and Archaea) was finally
produced for subsequent metabarcoding analyses, filtering the taxa
showing > 36 null values, to keep the ASV that appeared at least in
one sampling time and treatment only (4/5 of replicates). The
taxonomic profiles of these samples yielded a total of 47 phyla for
Bacteria (including Candidatus phyla) and 3 for Archea
(Methanobacteriota, Nanobdellota, and Thermoproteota).
Including unclassified taxa, the ASV represented 109 classes (106
Bacteria and 3 Archea), 217 orders (4 Archea), 359 families (4
Archea), and 648 genera (4 Archea). The majority of ASVs were
unclassified, with only 104 (8.6%) identified at the species level,
whereas 373 were “uncultured” or “unclassified” and 34 showed a
“Candidatus” status at the genus or higher taxonomic levels.
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FIGURE 1

The diversity indexes, based on ASV sequence abundance at the
species level, were calculated for all sample types and compared.
Consistently with the similarity between fields, most indexes did not
show significant variations by treatments and at both sampling
times. However, a lower diversity could be ascribed to the conven-
tional crop. The evenness and equitability indexes (range: 0.0-1.0),
were lower in March for the conventional crop when compared
with both controls (evenness value = 0.26, vs. 0.47 and 0.48 in the
conventional and organic controls, respectively, p < 0.05). These
indexes account for the distribution of individuals among the
sample taxa, with lower levels in the conventional wheat, indicating
a higher dominance of a few taxa. However, the significant
differences found in March for the conventional crop were not
observed again in May (Supplementary Tables 2A, B). In March, the
conventional wheat crop also showed a higher Berger-Parker index
(numerical dominance = proportion of most abundant taxon
individuals on total, range: 0.0-1.0) than all other treatments, and
significantly different from both controls (p < 0.05), consistent with
a lower diversity present in the conventional wheat. In May, these
indexes were still higher in conventional samples than in organic
samples, but the differences were not significant. An effect was
found in May only for the Menhinick richness index, which
accounts for the richness of species, significantly higher in the
organic field when comparing wheat crop vs. the organic control
(Supplementary Table 2B). Menhinick richness index and
Equitability_J showed a significant (p < 0.05) decrease between
the two sampling times, but only in the organic wheat controls, with
lower means in May (Supplementary Table 2C).

Metabarcoding profiles

Venn plots of organic, conventional wheat and related control
samples showed a common core bacterial community accounting,
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in March and May, for 57.8% and 47.5% of ASV, respectively.
Considering the core taxa, 492 ASVs were in common between the
two sampling times, with 195 unique to March and 61 unique to
May core groups. The ASV distributions showed a progressive
decrease in May for all combinations that included the conventional
wheat samples, whereas the taxa in the organic wheat and its control
groups, and related combinations, increased (Figure 2). At both
sampling times, each wheat group showed more than 800 core taxa
in common with its control, except for the conventional field
samples in May, which showed only 634 ASVs. A general reduction
in taxa that were unique, per season and treatment, was observed in
May, except for the conventional control that showed a 2.5-fold
increase (Supplementary Figure 2A). Similarly, the effect of the
sampling season showed a reduction in the taxa unique per group,
between March and May, with a minor increase observed in May in
the conventional control (Supplementary Figure 2B). When the
data were pooled together and compared by sampling times, a large
ASV fraction (96.9%) was found in common between the two
samplings, with 23 unique ASVs appearing in March and 14 in May
(Supplementary Figure 2C).

Partial linear correlations of samples based on ASV abundance
(filtered at a total sum of 10,000 sequences per taxon) showed
significant coefficients (p < 0.05) both within the same sample
groups and when comparing replications from different fields and
groups, consistent with a similarity between the two fields for the
most abundant taxonomic profiles and repartitions (Supplementary
Table 3). Whittaker’s B-diversity indexes, calculated by sampling
groups and times, showed low values confirming the high homo-
geneity of samples (Table 2). NMDS plots also confirmed homo-
geneity and consistently showed partial overlapping of sample
clusters, for most variables examined (Supplementary Figure 3).
PCA and cluster analysis based on ASV abundance, however,
showed a separation of the organic from the conventional samples,
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TABLE 1 Spearman'’s ranking correlations (p) among nematodes feeding groups in the rhizosphere of conventional and organic wheat cv Belthorax, based on density and prevalence data collected in two fields at

Gravina and at two sampling times (March and May).

Herbivores Fungal / moss Bacterivores  Omnivores. N. of  Herbivores Fungal / moss feeders Bacterivores
(density?) feeders (density) (density) predators (density) taxa (prevalence?) (prevalence) (prevalence)

Fungal / moss feeders (density) 0.0053

Bacterivores (den.) -0.0877 0.1418

Omnivores. predators (den.) -0.4192 0.1221 0.2583

N. of taxa 0.1750 0.1212 0.0324 0.2573

Herbivores (prevalence) 0.9711 *** -0.1432 -0.1977 -0.4900 0.1006

Fungi & moss feeders (prev.) -0.4686 * 0.7209 *** -0.1686 0.0329 -0.1099 -0.4866 *

Bacterivores (prev.) -0.4948 * -0.4356 0.6852 ** 0.2486 -0.0971 -0.4621 * -0.2658

Omnivores/ predators (prev.) -0.6075 ** -0.1111 0.0474 0.8766 *** 0.1426 -0.6271 *** -0.0011 0.3274

May

Fungal / moss feeders (den.) 0.38299

Bacterivores (den.) 0.5203 * 0.5206 *

Omnivores / predators (den.) 0.7606 *** 0.6395 ** 0.6392 **

N. of taxa 0.5533 * 0.4068 0.5358 * 0.6876 ***

Herbivores (prev.) 0.6674 * -0.1949 -0.0843 0.1274 0.0670

Fungal / moss feeders (prev.) -0.5488 * 0.3183 -0.1849 -0.2021 -0.2613 -0.7035 ¢

Bacterivores (prev.) -0.6548 ** -0.4168 0.0709 -0.4629 * -0.2321 -0.5671 ** 0.0945

Omnivores / predators (prev.) 0.1875 0.2616 0.2264 0.6649 ** 0.5599 * | -0.3306 0.1324 -0.0873

1 Density = number of nematodes / 100 ml soil, from five replicated samples for each treatment and sampling time (total observations = 40).
2 Prevalence = % within total nematode population.
3 In bold are reported the statistical significance (* = p<0.05; ** = p<0.01; *** = p<0.001).
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more evident in May, with a tendency for conventional samples to
form separate clusters (Supplementary Figure 4).

The most abundant (top 10) bacterial classes per field and
sampling time are shown in Figure 3A. The Alphaproteobacteria
were the most represented in the wheat samples, showing abun-
dance higher than the controls in March, and almost equivalent in
May, in both organic and conventional fields. In May, the
Alphaproteobacteria increased in the conventional controls and
remained stationary in the organic controls, but decreased between
the two sampling times in both wheat fields. At the family level,
most differences of Alphaproteobacteria were observed in March
for members of Methylobacteriaceae and Sphingomonadaceae,
most represented in the conventional and organic wheat sam-
ples (Figure 3B).

Significant (p < 0.05) PERMANOVA pairwise comparisons
revealed discernible effects when comparing conventional with
organic samples (including controls), and by sampling times,
presence of fertilization, herbivore density, and the fungal/moss
feeders (as percentage). No difference was observable when com-
parisons were based on soil variables. An effect was also evident
when comparing the samples, classified as wheat or controls, for
each sampling time (Supplementary Table 4).

Based on PERMANOVA results, we compared the ASVs
differentially represented between the organic and the conventional
managements. The more represented taxa in the organic field in
March were members of orders OM190 (p_Planctomycetes), C0119
(p_Chloroflexi), and ¢_Vicinamibacteria (p_Acidobacteriota), with

TABLE 2 Whittaker's diversity indexes for samples groups and times®.

B diversity March May
Organic wheat 0.8825 0.5166
Organic controls 0.6373 0.4903
Conventional wheat 0.9517 0.7648
Conventional controls 0.6189 0.9786
Global (all samples) 1.1526 1.0423

ICalculated with PAST, total ASV dataset (1,202 ASV).
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Venn diagrams showing ASV abundance by groups of samples and sampling times, in the conventional ("CONV.") and organic ("ORG.") wheat fields and
background control samples. Values show the number of taxa present in five replicated samples per group, after dataset filtering (total ASV = 1,202).

Saprospirales (p_Bacteroidota) more abundant in the conventional
field (Figures 4A, B).

In general, a shift towards a richer metabarcoding profile was
observable in May for both fields, with a higher number of ASVs
that were more abundant in organic samples, both at the genus and
family levels (Figures 5C, D), showing distinct clusters separated by
sampling time in the conventional field (Figures 5A-D). When the
sampling time was not considered in the comparisons,
Cellvibrionales, Saprospirales, Abditibacteriales, and PB019 were
more represented in the conventional crop, with remaining orders,
including uncl. Alphaproteobacteria, again more abundant in the
organic field samples (Figure 6).

As shown by PERMANOVA, a significant effect was also
observed when comparing ASV metabarcoding profiles by season,
in both the control and cultivated sample sets. The taxa clustered, at
the order or family levels, in distinct groups, congruent with the two
sampling times, with the organic wheat showing again a higher
number of taxa (Figures 7A-D). This richness was also reflected at
the genus level, with the organic crop showing more than twice the
differentially represented ASVs found in the conventional field
(Supplementary Figure 5).

PERMANOVA showed few significant effects for the nematode
abundance when classifying the samples by feeding groups, except
for the population prevalence of fungal/moss feeders (p = 0.042,
Supplementary Table 4). The bacterial taxa most represented in
samples with low prevalence of these nematodes were Pirellula sp.,
with other unclassified members of Pedosphaeraceae,
Acidimicrobiia, or TRA3-20 (Supplementary Figure 6).

Significant differences in ASV abundance and profiles were also
found when comparing samples grouped by each cultivation type
with their corresponding controls. The two management types
showed distinct groups of differentially represented ASV, together
with a seasonal effect, as shown by the distinct profiles observed
between the two sampling times. The differentially represented
ASVs were, at both sampling times, mostly more abundant in the
controls. Moreover, the profiles differed between the two cultivation
types, with the only exception of uncl. Pedospherae
(p_Verrucomicrobia) in common between the two systems
(Supplementary Figures 7A, B).
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fields and related controls, by sampling times.

ASV and nematodes

We also investigated the relationships of bacteria with nematodes,
in order to highlight any potential for nematode regulation or other
possible services carried out in the rhizosphere. Pooled sample data
showed that the ASV responses to nematodes were specific for each
guild, as shown by significant Spearman’s correlations of bacteria
originating groups, characterized by variable compositions. Venn
diagrams showed that these associations, when ordered for each
variable by decreasing p-values, originated groups of correlated ASV
specific for each guild (Figure 8). If in common between two guilds,
the ASV often showed opposite correlations. The most significant
(top 10) correlations with herbivores were shown in March by ASVs
that were mostly unclassified, including a member of

A
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Relative abundance and distribution of dominant (top 10) ASV taxa at the class (A) and family (B) levels, found in the conventional and organic wheat

Pedosphaeraceae. The most significant negative correlations were
shown in March by members of Cyanophyceae, Cylindrospermum
sp., Methylobacterium/Methylorubrum, Sphingomonas paucimobilis,
and a Candidatus member of Saccharimonadales. The top 10
correlations observed in May were mostly negatives, involving, i.e.,
unclassified members of Pirellulaceae; Chryseolinea sp.; members of
Sphingobacteriaceae, Microscillaceae, and Geminicoccaceae; and
Nitrospira japonica (Supplementary Table 6).

ASV and soil profiles

After filtering the ASV with >30 null values, main linear
correlations showed a community subset of bacteria with sensitivity
to the number of nematode taxa (124 ASV with negative
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correlations vs. 6 positive) and the soil electric conductivity (124
negative correlations vs. 19 positive). Most significant links of ASV
occurred with the total inorganic C (146 positive correlations vs. 7
negative) and the AP content of soil (237 positive correlations vs. 7
negative). The remaining variables (pH, organic C, C/N, and N
content) showed positive and negative correlations in the same
order of magnitude (range = 7-80) (Supplementary Table 7).

The top 10 most abundant ASV showed lineages with multiple
or specific metabolic properties, including an uncl.
Methylobacterium/Methylorubrum sp., Sphingomonas paucimobilis,
with unclassified or uncultured members of Vicinamibacterales,
Gemmatimonadaceae, Entotheonellaceae, Comamonadaceae, and
Blrii_41 (Table 3).

Frontiers in Plant Science

Discussion

Soil profiles and nematodes

Our study aimed to evaluate, at two sampling times, the effects
of organic and conventional wheat crop types on the diversity of
nematodes and rhizosphere bacteria, considering non-cultivated
background controls as reference, and soil physicochemical prop-
erties. The soil and climate similarities and the plant genotype
identity reduced the source of variability among samples and
allowed focusing on wheat cultivation and cropping systems.
Fertilization and sampling time appeared as the most effective
drivers, affecting some soil physicochemical traits, with changes in
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Differential representation of most abundant ASV profiles comparing the conventional with the organic wheat fields (all samples).

nematode populations. This effect was also shown by PCA, which
separated samples according to cultivation and soil management
type. Fertilization appeared as the main factor accounting for the
differences among treatments. Different studies reported the effect
of NH4NO; fertilization on soil through nutrient and element
enrichment, also affecting soil physicochemical properties
(Bouman et al., 1995; Wei et al., 2012; Cui et al., 2024). However,
the organic wheat soil, relying only on foliar fertilization, showed a
pH that is slightly but significantly lower than the conventional field
(6.97 vs. 7.18, respectively; p = 0.013, Supplementary Table 1b), an
effect likely due to the application method of fertilizers since
organically cultivated wheat plants could not rely on a basal
application of fertilizer as in conventional farming; they have had
to increase the acidification of the rhizosphere to recover nutrients.

Consistent with our observations, nitrogen fertilization also
negatively affected the number of plant parasitic nematodes, an
effect observed for NH,NOj3 and grassland nematode communities,
and ascribed to ammonia toxicity (Zhou et al,, 2021; Wei et al,,
2012). The lower herbivore densities found in both the conventional
and organic wheat fields, compared with the uncultivated controls
(Figure 1), also reflected the monoculture cropping intensification.
In general, the nematode guilds showed specific and consistent
trends in time, with the herbivores most represented in both
controls. Plant richness and diversity, as those found in the control
samples, are known to increase the densities and diversity of
nematodes, owing to a higher diversity of food sources. A higher
plant biomass, as found in the wheat monocultures, may have
instead reduced the numbers of herbivores, because of regulation
effects (Dietrich et al., 2021).

The nematode population compositions also reflected the differ-
ences in the cropping technologies applied. In the organic wheat field,
and at both sampling times, the numbers of fungal/moss feeders were
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higher than the herbivores, with an opposite situation found in the
conventional crop, likely indicating an effect of the fungicides applied
in the conventional system. Seasonal changes were also detected
among nematode feeding groups, mostly characterized by the inverse
relationship of herbivores with the other groups in March, with a shift
between sampling times. In May, herbivores switched toward a
positive relationship with bacterivores, also showing a stronger
correlation with the omnivores/predators, reflecting factors such as
regulation and/or links to higher multiplication rates (i.e., due to
higher root biomass availability and milder temperatures), including
the appearance of less represented nematode taxa.

ASV metabarcoding profiles

Sampling on the same wheat variety allowed us to identify crop
management type, sampling time, and soil physicochemical traits as
significant factors affecting the rhizosphere microbiota. Plant geno-
type, together with field spatial variability, was reported to affect the
rhizosphere microbiota. In particular, when comparing modern
with ancient wheat varieties, a higher bacterial diversity was
reported in modern genotypes, with qualitative changes in micro-
biota and PGPR profiles (Reid et al., 2024). An effect of crop inputs
on microbial diversity was also reported for, i.e., the application of
fertilizers and herbicides (Jacquiod et al., 2022). Consistent with
these reports, the conventional wheat in our study showed a low
diversity in March (as shown by Berger-Parker and evenness
indexes), compared with both uncultivated controls, and associated
with a higher dominance of a few taxa. However, this effect was not
evident in May, when only the organic crop showed a higher
richness of species but only when compared with the organic
control, likely due to the wheat biomass (Supplementary Table 2).
The four treatments also showed similar B-diversity levels, as
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Differential representation of most abundant ASV metabarcoding profiles observed, shown at the order and family levels and by sampling time, in the

indicated by the large fraction of ASV in common between the two
samplings, that decreased between the two sampling times, with the
only exception of the conventional control, which in May was
enriched in unique taxa (Table 2, Figure 2).

Alphaproteobacteria, including members of Methylobacteriaceae
and Sphingomonadaceae, were the most represented lineages in the
wheat crops (Figure 3B). Methylotrophic bacteria include diverse and
partially described lineages of plant-associated and phyllosphere taxa,
common in soil and fresh waters, that metabolize single, C; sources
(Leducq et al, 2022). They are known for several beneficial services
deployed in their microhabitats, with three distinct phyllosphere
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groups characterized by plant growth stimulation and protection,
sequestration of contaminants, and N, fixation capabilities
(Madhaiyan et al., 2007; Leducq et al., 2022). Methylobacterium spp.
play effective roles in the phyllosphere, including the degradation and
demethoxylation of lignin and related aromatic compounds, such as
vanillate, present in the root exudates. These bacteria are also involved
in root signaling and nodulation processes (Lee et al., 2022; Ehinmitan
et al, 2025). Taxa reported as phyllosphere-associated include
Methylobacterium adhaesivum, known for adhesive and biofilm-pro-
duction properties, enriched in unfertilized wheat when compared with
fertilized plants (Cui et al.,, 2024).
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Venn diagrams indicating the number of ASV with a significant Spearman’s correlation (p < 0.05) of sequence abundance with the densities of
nematodes classified in four different guilds, at both sampling times (pooled samples).
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Members of Sphingomonadaceae include various PGPR or
endophytic species characterized by key metabolic capabilities
such as the degradation of phenolic compounds and P metabolism.
In our study, Sphingobium sp. and further unclassified taxa were
correlated with the P content of soil. Novosphingobium sp. inverse
correlations with the soil N content and EC likely reflected the
growth capability of these bacteria in low N and nutrient conditions
(Supplementary Table 7).

The ASV profiles also differed by management type and
sampling times. When comparing samples by system management,
the differences indicated the occurrence of a higher level of
redundancy in the organic field. Different ASVs were involved, in

the two systems, in services such as organic matter decomposition
and nutrient recycling. However, the organic field showed in March
a higher number of taxa, including the more represented members
of OM190, C0119, and Vicinamibacteria, whereas the conventional
field showed only a higher representation of Saprospirales in March
(Figure 4A), and Euzebyales in May (Figure 4B). Members of
OMI190 are involved in polysaccharides and organic matter degra-
dation. They were reported as dominant in straw-enriched, unfer-
tilized cereal systems, as well as in association with microalgae
(Behnke et al.,, 20215 Lage and Bondoso, 2014). Similarly, C0119
taxa, also active in organic matter degradation, became dominant in
paddy rice soil emended with biochar (Tang et al, 2021). In

TABLE 3 Pearson’s correlations of the top 10 most abundant ASV with soil variables and main properties *.

Taxa Variable? r P-value Main traits
Phyllosphere- iated, soil and water inhabitant, lignin and ti

Methylobacterium/Methylorubrum sp. TIC -0.3921 0.01 yrosphiere assoc1a. ech soff and water I ? Han 1gr‘un and aromatic
compound degradation, nematode antagonism (Grossi et al., 2025)

Sphingomonas paucimobilis TIC 04135 0.01 In low-nutrient enviromr'lents, soil' anc% water, opPortunistic clinical
pathogen, hetero- and oligo-trophic, biofilms (Steinberg and Burd, 2015)

uncult. Vicinamibacterales_4 P 0.4180 0.001 | Organic matter decomposers (Huber and Overmann, 2019)
N hilic, hrotol hilic chemoh hs (H:

undl. Vicinamibacteraceae_ 1 P 04827 0.001 eutrophilic, psychrotolerant to mesophilic chemoheterotrophs (Huber and
Overmann, 2019)

uncl. Vicinamibacteraceae._2 p 03774 0.05 Neutrophilic, psychrotolerant to mesophilic chemoheterotrophs (Huber and
Overmann, 2019)

uncl_Gemmatimonadaceae P 0.3308 0.05 | Polyphosphate-accumulating (Zhang et al., 2003)

uncl. Entotheonellaceae_1 N. taxa —0.3456 0.05 | Marine symbionts, producers of anticancer metabolites (Briick et al., 2008)

uncl. Entotheonellaceae_1 oC —-0.3744 0.05

uncl. Entotheonellaceae_1 N -0.3560 0.05

uncl. Entotheonellaceae_1 CE -0.4723 0.001

uncl. Entotheonellaceae_1 pH -0.3614 0.05
Organotrophs, anaerobic denitrifiers, iron-reducing, hydrogen oxidizers,

uncl. Comamonadaceae TIC 0.5289 0.001 | photoautotrophic and photo-heterotrophic, fermentative bacteria (Willems,
2014)

uncl. Comamonadaceae P 0.4210 0.001

Blrii 41_3 (Pol iales, M: ta, . . .

rii 41.3 (Po yarfgl €5, Myxococeota CE -0.3693 0.05 | A lineage of predatory bacteria (Dai et al., 2023)
Deltaproteobacteria)

"March, all samples. Calculated with PAST, filtered ASV dataset (619 ASV).
2TIC, total inorganic C; N. taxa, nematode taxa per sample; CE, soil electric conductivity.
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addition, some Vicinamibacteria, considered as beneficial soil
species utilizing complex C sources and involved in soil health
and balance, contribute to the organic matter decomposition
(Huber and Overmann, 2019). Finally, a number of Saprospirales
are involved in the hydrolysis and degradation of organic matter
and complex organic compounds (Mcllroy and Nielsen, 2014). The
higher diversity found in the organic field was hence reflected in a
higher redundance of species available for the same (or similar)
services provided, with a benefit derivable for the organic crop in
terms of soil stability and system resilience.

Sampling time also affected the ASV profiles. The metabarcoding
composition of both fields changed in May, showing a higher
functional diversity of species, including predatory bacteria
(Myzxococcota), PGPR (Armatimonadota, Alphaproteobacteria, and
Cryptosporangiales), and taxa involved in nutrient cycling (RCP2-
54), cellulose, carbohydrate, and amino acid metabolism
(Kallotenuales and Jatrophihabitantales). Together with photoauto-
trophs (Chloroflexales), these taxa were more represented in the
organic system (Figures 5C, D). The shift toward a higher number of
ASVs in May originated distinct clusters separating the two systems
also at lower taxonomic levels, with a consistent, higher abundance of
Alphaproteobacteria in the organic field (Figures 5, 6).

In conclusion, the sampling season induced significant changes
in the bacterial community, with the organic wheat always charac-
terized by a higher richness and redundancy. This is consistent with
other studies reporting seasonal variations of environmental vari-
ables, such as temperature, moisture, and nutrient availability, as
the main drivers of microbial profiles (Robinson et al., 2016; Kim
et al., 2022; Yin et al., 2024).

Crops vs. controls

Differences between the two management types were reflected
in the differentially represented ASVs found when comparing the
wheat crops with their respective controls. This comparison also
confirmed the occurrence of a seasonal effect, as shown by the
changes observed between the two sampling times. Controls
showed a higher ASV abundance at both sampling times, with
metabolic traits of the bacteria involved that differed between the
two cultivation types (Supplementary Figures 7A, B). In March, the
ASV more represented in the organic control differed from those of
the conventional control, being characterized by taxa with a
metabolic versatility including oligotrophic metabolism, production
of bioactive secondary metabolites, or degradation of aromatic
compounds. The ASV more represented in the conventional field
control showed instead specialized taxa involved in processes such
as polysaccharide degradation and glycolysis, together with preda-
tion (ie., o_Nannocystales). The differentially represented ASV
found in May in the organic field, differing from the March
samplings, showed taxa involved in C; methylotrophic metabolism,
N, fixation (Hyphomicrobiales), and lignin and carbohydrate
decomposition (Sphingobacteriales). Chitin-degrading bacteria
(Ca. “Sumerlaeales”), sugar/carbohydrate polymer users
(Trueperales and Acidobacteriae), and rare taxa (Euzebiales) were
the more represented taxa in the conventional field (Supplementary
Figures 7A, B).
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ASV and nematodes

The most significant interaction of ASV with nematode feeding
groups involved the fungal/moss feeders, with Pirellula sp., uncl.
Pedosphaeraceae, Acidimicrobiia, or TRA3-20 as enriched in samples
with a low prevalence of these nematodes. Although these taxa are not
previously known to be directly involved in nematode regulation, their
higher ASV representation may reflect direct or indirect interactions
with the nematode’s rhizosphere activity and/or with other bacteria or
microfaunal taxa. However, more information on the links between
bacteria and nematodes could be retrieved by analyzing Spearman’s
correlations between ASV sequence abundance and nematode densi-
ties, classified in the four guilds. The ASV-guild associations appeared
specific, with groups of bacteria showing significant correlations that
were unique for a specific guild. The herbivores and the fungal feeders
were the groups showing the highest numbers of significant correla-
tions, in March and May, respectively. In May, most ASV correlations
with herbivores or bacterivores were negative (68.9% and 95.4%,
respectively). Bacteria negatively correlated with herbivores included
taxa known for nematode antagonism such as Bacillus sp. or
Methylorubrum sp., a PGPR also reported as antagonistic vs. root-
knot nematodes (Prhabu et al., 2009; Zhao et al., 2023). Further taxa
included unclassified Lactobacillales, Cyanobacteria, Mycoplasma spp.,
and other pathogenic bacteria. Positive correlations included PGPR,
and taxa involved in N, and nutrient cycling, denitrification, and
ammonia oxidation, such as Rhizobium, Nitrospira, and
Nitrosomonas. The occurrence of bacteria selectively associated with
each feeding guild is consistent with studies on nematodes—bacteria
associations in tropical and subtropical crops (Colagiero et al., 2025)
and with the occurrence of a complex web of functional services acting
at the nematode-bacteria—rhizosphere interface (Trejo-Melendez and
Contreras-Gardufo, 2025).
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