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Abstract

Roots can recruit beneficial microorganisms to suppress plant pathogens. However, conventional and organic practices differ-
ently shape the soil microbiome and consequently the root protection. Here, we investigated the suppressive activity of soil
microbiome against the root-knot nematode (RKN) Meloidogyne incognita in horticultural areas under organic or conven-
tional practices and the microbiome profiles in non-inoculated (RKN-absent) and inoculated (RKN-present) rhizospheres.
Soils were collected from neighboring areas under long-term conventional or organic practices, but physicochemically similar.
After a set of bio-tests in autoclaved and non-autoclaved soils, we concluded that the soil suppressiveness was of biological
origin. However, plant growth, RKN suppression and defense induction were higher in organic soils. Also, RKN was highly
suppressed when the organic soil microbiome was transferred to infested substrates. We used Illumina MiSeq platform to
determine bacterial and fungal profiles in organic and conventional tomato rhizospheres, inoculated or not with M. incog-
nita. Our data suggest that despite the higher bacterial abundance in the conventional RKN-absent rhizosphere, the organic
RKN-present rhizosphere recruited more efficiently antagonistic bacteria and fungi. Microbiome a-diversity increased in
the organic RKN-present rhizosphere. Antagonistic bacterial genera Pseudomonas, Serratia, Bradyrhizobium, Burkholderia
and Azospirillum and fungal genera Beauveria, Clonostachys, Metarhizium, Purpureocillium and Arthrobotrys were highly
abundant only in the organic RKN-present rhizosphere. This work suggests the organic and conventional practices interfere
in the rhizosphere microbiome composition and consequently in the suppression of RKN, where organic practices intensified
the assembly of bacterial and fungal antagonists in the presence of M. incognita.
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Introduction

The most widespread plant—parasitic nematode species
in agricultural soils is the sedentary endoparasite root-
knot nematode (RKN) Meloidogyne incognita (Jones et al.
2013). RKNs infect thousands of crops and cause annual
losses of billions of dollars around the globe (Abad et al.
2003). Practices to reduce RKN populations are usually
based on sustainable soil management combined or not
with the conventional use of chemicals (Forghani and
Hajihassani 2020). Consequently, differential practices
affect the soil microbiome, leading to fluctuations in
plant-pathogen populations, which are classified as levels
of soil suppressiveness (Mendes et al. 2011; Topalovié
et al. 2020b; Weller et al. 2002).

Soil suppressiveness against RKN is measured by a
simple comparison between different densities of their
populations in different areas. In this case, soils with
similar physicochemical conditions, but a wide fluctua-
tion in RKN density, suggest a relevant involvement of
the soil microbiome in RKN establishment (Elhady et al.
2018; Harkes et al. 2020; Mendes et al. 2013; Silva et al.
2018). For instance, some species of fungi, bacteria and
free-living nematodes have been found in suppressive
soils antagonizing RKNss, either directly by metabolites
and parasitism, or indirectly by inducing plant defense
and plant growth (Bakker et al. 2012; De Medeiros et al.
2017; Terra et al. 2018; Topalovi¢ et al. 2020a). Further-
more, plants have developed a strategy that involves the
selective stimulation and enrichment of the antagonistic
microorganisms in the rhizosphere (Hannula et al. 2019;
Hussain et al. 2018). Knowledge concerning the plant’s
ability to recruit antagonists under different soil manage-
ment practices will improve the basis for novel profitable
and sustainable microbiome-based strategies for crop pro-
duction (Liu et al. 2020).

Horticultural farming usually favors RKN establish-
ment by using susceptible plants and providing conveni-
ent soil properties for nematode movement and infection
(Tarig-Khan et al. 2017). At the same time, these condi-
tions are propitious to an antagonistic microbiome devel-
opment (Giné et al. 2013; Verdejo-Lucas et al. 2013).
Most horticultural farmers apply toxic chemicals to reduce
soilborne pathogens, whereas organic farmers overcome
this situation by conservative practices that keep the soil
biodiversity and stimulate the RKN antagonistic micro-
biome (Babin et al. 2021; Giné et al. 2013; Giné et al.
2016). Recently, researchers have demonstrated varia-
tions in the rhizosphere microbiome under different crop
practices, where impressive low levels of plant pathogens
were registered under long-term organic farming (Crowder
et al. 2010; Giné et al. 2016; Harkes et al. 2020; Lupatini
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et al. 2017). Additionally, the microbial shifts in rhizo-
spheres after RKN inoculation indicate that soil can be
managed to recruit beneficial microorganisms (Topalovié
et al. 2020a; Zhou et al. 2019). The combined efforts of
multiple mechanisms by the recruited microbiome should
reduce RKN performance on plant roots. Consequently,
the dynamics of the plant—-microbiome relationship should
be verified in the presence of M. incognita to investigate
how RKN presence influences microbial recruitment in
the rhizosphere (Elhady et al. 2021; Harkes et al. 2020;
Yergaliyev et al. 2020).

Microbial communities in soil play an essential role in
RKN suppression. However, the current understanding of
how the microbiome is shaped in the soil to suppress RKN is
limited for horticultural areas. Therefore, this study hypoth-
esized that the microbiota structure and diversity are deter-
mined by the adoption of conventional or organic systems,
which directly influence the suppression of RKN. In this
work, we aimed to investigate plant-mediated effects of the
microbiome from the RKN non-infested, organic or conven-
tional horticultural soils against M. incognita. We also tested
whether the soil suppressiveness could be transferred to the
conducive (nematode-infested) soil. Finally, we determined
the nematode communities in organic and conventional soils
by their trophic levels and unraveled which bacterial and
fungal taxa associated with the tomato roots grown in differ-
ent soil systems with and without M. incognita by combin-
ing 16S rRNA and ITS amplicon sequencing.

Methods
Horticultural sites and soil sampling

The soils were collected from horticultural areas cropped
under plastic greenhouses at Universidade Federal de Lavras
(UFLA)—Hortagro Property in Ingai, Minas Gerais—Bra-
zil. At this property, greenhouses have been using conven-
tional or organic practices side by side, cropping sweet pep-
per (Capsicum annuum cv. ‘Magali’) for 4 years (2-3 cycles
per year). Although the cultivar of sweet pepper is suscep-
tible to M. incognita, the areas are not affected by RKNs.
Each greenhouse consisted of three rows of sweet pepper
plants spaced 30 cm from each other. Soil physicochemical
analyses were performed at the Laboratory of Soil Analysis
of UFLA. The areas presented clay loam soils, where the
pH were 6.9 and 7.2 for organic and conventional areas,
respectively (Supplementary Table S1). The final compos-
ite samples collected from organic and conventional areas
were separated and stored at cold chambers (6 °C) until
further use in the experiments. Soil samples were collected
after harvesting, before planting and new soil practices. The
samples were collected twice at the end of two consecutive
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sweet pepper cycles to repeat the experiments. More details
of practices, soil sampling (number and collection of sub-
samples and other details) and soil properties can be found
in the supplementary methods and results (Supplementary
Information).

Root-knot nematode acquisition and nematode
community evaluation

The second-stage juveniles (J,) and eggs used in all experi-
ments were obtained from pure populations of M. incognita
race 3 multiplied in tomato plants maintained in a green-
house at the Laboratory of Nematology—UFLA. The eggs
were obtained according to the Hussey and Barker tech-
nique (Hussey and Barker 1973). For nematode community
estimation, we used the centrifugation technique (Jenkins
1964) to extract the nematodes and the number of nematodes
in each trophic level was estimated according to the eco-
logical classification of Yeates (Yeates et al. 1993). Details
are described in supplementary methods (Supplementary
Information).

Beneficial effects of soil microbiome
against Meloidogyne incognita

Growth promotion and M. incognita suppression

The sampled soil was placed in plastic cups (200 mL). Soil
from each system (i.e., conventional and organic) was used
to fill the cups in two different ways. Each soil was repre-
sented by cups with natural soil and control cups containing
soil sterilized by autoclaving three times (200 °C for 25 min,
three following days). For both organic and conventional
samples, natural and sterilized soils were used. In each cup,
a 15-day-old tomato seedling (Solanum lycopersicum cv.
‘Regina’) was transplanted. The tomatoes grew for 45 days
in a greenhouse and received water according to technical
recommendations (Terra et al. 2018). Then, 45-day-old
tomato plants were removed from the cup, washed and dried
at room temperature. Thereafter, the roots were separated
from the shoots (whole above-ground part) placed in paper
bags and transferred to an oven at 70 °C. The material was
left in the oven until it reached a constant dry weight (about
3 days). Finally, the material was weighed to obtain the dry
weight of the shoots and roots.

Similar to the growth promotion experiment, we used
the natural soils and sterilized soils from conventional and
organic greenhouses. The soils were transferred to 200-mL
plastic cups, where 20-day-old seedlings (to provide young
roots enough for J, infection) of tomato cv. ‘Regina’ were
transplanted. Three days after transplanting, an aqueous
suspension containing 200 J, of M. incognita was inocu-
lated to the soil of each cup. The tomato plants received

irrigation and fertilization for 45 days. Then, the root sys-
tem was removed and weighed. The galls were counted, and
the eggs were extracted (Hussey and Barker 1973) and also
counted in an inverted microscope using Peter’s chamber.
The numbers of galls and eggs were estimated per gram of
the root system.

Defense induction and enzymes activity estimation

The capability of the rhizosphere microbiome to induce sys-
temic resistance was verified in a split-root assay (De Medei-
ros et al. 2017). Two neighboring cells of a Styrofoam tray
(90 cm’ each cell) were arranged as one inducer cell and one
responder cell. A 20-day-old tomato seedling cv. ‘Regina’
was transplanted between cells and fixed by a sterilized
toothpick as a seedling tutor. Half of the root system was
placed inside the inducer cell and the other half inside the
responder cell. Each inducer cell was filled with the natural
soils from the organic or conventional greenhouses, and the
responder cell was filled with a sterilized artificial substrate
(60% pine bark, 15% vermiculite and 25% humus; Terra do
Paraiso, Holambra, SP, Brazil). The control consisted of
plants with sterilized soil in the inducer cell and sterilized
artificial substrate in the responder cell. Despite being dif-
ferent than sampled soils, the substrate in the responder cells
is a good alternative to bioassays with tomato, as it provides
an optimal environment for J, movement and infection (De
Medeiros et al. 2017; Gomes et al., 2020). After 3 days, the
responder cell was inoculated with 200 J,. The plants were
watered daily according to recommendations (Terra et al.
2018). After 45 days, the roots were weighed and the number
of galls and eggs was determined in the responder cell.

Five extra seedlings of each treatment and control were
used to estimate the activity of defense-related enzymes at
different periods. In this case, roots of the responder cell
were collected: before transplanting the seedlings in the Sty-
rofoam (day 0); just before the J, inoculation (day 3); 4 days
after inoculation to provide enough time for J, infection (De
Medeiros et al. 2017; Shukla et al. 2018) (day 7) and 10 days
after inoculation (day 17). Roots from the responder cell
were gently washed by distilled water to remove any sub-
strate residue and promptly immersed in liquid nitrogen and
kept frozen in a deep freezer (—80 °C) until the extraction
of the enzymes phenylalanine ammonia-lyase (PAL, EC
4.3.1.5) and guaiacol peroxidase (POX, EC 1.11.1.7). More
details are described in supplementary methods (Supple-
mentary information).

Microbiome transference to M. incognita infested substrate
To extract soil microbiomes, we applied the techniques

of Zhou et al. (2019) and Elhady et al. (2018) with minor
modifications. Fifteen grams of each natural soil sample
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was blended three times with 150 mL sterile NaCl water
solution (0.85%) at the highest speed of an electric blender
for 60 s to break up soil aggregates and mix adequately
the solution. In each extraction, soil particles were sedi-
mented and the microbial suspensions of the supernatant
were passed through a 200-mesh screen sieve (0.07 mm)
to remove remaining particles, macro-organisms, and root
debris. The extracted microbiome was pelleted for 10 min at
2000 rpm and resuspended in 45 mL sterile water providing
the soil slurry. Then, a 100-mL plastic cup was filled with
the sterilized artificial substrate and a 20-day-old tomato
seedling cv. ‘Regina’ was transplanted to it. The day after
transplanting, each cup received 0.0, 5.0, 10.0 or 15.0 mL
of the soil slurries per cup (0, 5, 10 or 15%). The concentra-
tion of 0% consisted of 15 mL sterile water, representing the
control. The transplanted microbiomes were established for
three days. Then, a suspension with 200 J, of M. incognita
was inoculated to the soil of each cup. The tomato plants
received irrigation and fertilization according to technical
recommendations for 45 days. The galls were counted, and
the eggs were extracted and also counted. The number of
galls and eggs was estimated per gram of the root system.

Statistical analyses

All the previous experiments contained five replicates
and were repeated twice. The experiment repetitions were
submitted to analyses of variance (ANOVA; experiment
1 X experiment 2), and if there was no difference between
them, a combined analysis was performed with 10 repli-
cates. All data were previously submitted to normality (Sha-
piro—Wilk) and homogeneity (Bartlett) tests. Differences in
sterilized and natural soil variables were tested by pairwise
t-tests (P <0.05) and between soil systems by a normal #-test
(P <0.05). Defense-related enzyme activity (PAL and POX)
was distinguished through the days according to post hoc
Tukey test (P <0.05). The microbiome slurry applied in dif-
ferent concentrations was evaluated by nonlinear regression
chosen by the model’s best fit.

Microbiome assembly in conventional and organic
rhizosphere inoculated or not with Meloidogyne
incognita

To analyze the total DNA of the bacterial and fungal com-
munities, we used part of the composite sample collected
either from organic or conventional systems (sampling
details in supplementary methods—Supplementary infor-
mation). Only natural soils of the last sampling were used.
A 20-day-old tomato seedling was transplanted into each
cup (200 mL). After 5 days, a 100 pL suspension with 200 J,
of M. incognita was inoculated in three of the cups through
a pipette tip buried 5 cm in the soil, as near as possible of
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the roots (RKN-present rhizosphere). The suspension was
applied very carefully inside the buried tip to avoid spread-
ing the J, to other parts of the rhizosphere. Immediately after
inoculation, we removed the tips to be sure that any suspen-
sion was retained inside the tips. In the other three cups, the
tomato was transplanted to the soils without J, inoculation
(RKN-absent rhizosphere). The seedlings were placed in a
greenhouse and watered by spraying the soil surface with
enough amounts of water (+ 10 mL every 2 days) to keep
the moisture at 60% field capacity without spreading J, in
the inoculated cups. Fifteen days after inoculation, the roots
were removed, and the attached rhizosphere soil was sam-
pled. Inoculated samples were obtained from rhizosphere
parts above and far enough from the inoculated spot to avoid
any J, in the samples. All inoculated cups exhibited fresh
galls, indicating J, infection.

Total soil DNA extraction

From the attached rhizosphere soil, the DNA was extracted
from RKN-absent and RKN-present tomato rhizospheres.
This region corresponds to the first line of defense against
J, by the activity of the antagonistic microbiome (Silva et al.
2018; Topalovié et al. 2020b). The DNA was extracted from
0.5 g of each sample using the PowerSoil DNA Isolation Kit
(MO BIO Laboratories Inc.; Carlsbad, CA, USA) following
the protocols suggested by Marty et al. (2012) and de Car-
valho et al. (2016). Details are described in supplementary
methods (Supplementary Information).

Fungal and bacterial DNA sequencing and metataxonomic
analyses

There were three replicates of RKN-absent and three of
RKN-present for both organic and conventional rhizo-
spheres. The microbial community’s structure in the soil
samples was monitored using a metataxonomic approach.
The 16S rRNA genes encoding bacteria and archaea were
amplified via PCR using Bact_341F (5’ CCTACGGGNGGC
WGCAG 3') and Bact_806R (5'-GACTACHVGGGTATCTA
ATCC-3") recommended by the Brazilian Microbiome Pro-
ject (Pylro et al., 2014), using the BMP Operating System
(BMPOS) (Pylro et al., 2016), as this pair provides high
coverage of the domain bacteria and good representation of
the bacterial diversity down to genus. The fungal encoding
intergenic region was amplified via PCR using the ITS1F (5’
CTTGGTCATTTAGAGGAAGTAA 3') and ITS2 (5" GCT
GCGTTCTTCATCGATGC 3") primers (Schoch et al. 2012)
in an [llumina MiSeq sequencing platform (paired 2 X 250
pb) (Illumina; San Diego, CA, USA). Briefly, the OTU table
was built using the UPARSE pipeline (Edgar 2013). The
reads were truncated at 300 bp and quality filtered using a
maximum expected error of 0.5 (meaning that on average
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one nucleotide in every two sequences is incorrect). Filtered
reads were dereplicated, and unique sequences (singletons)
were removed. These sequences were clustered into OTUs
with a 97% similarity cutoff. After clustering, the sequences
were aligned and classified using the SILVA reference data-
base (release SSU_Ref_132) using Qiime (Caporaso et al.,
2010). Microbiome analyses were conducted by meta-analy-
sis approaches using the MicrobiomeAnalyst platform based
on QIIME and R replications, starting from marker gene
abundance data (MDP) (Chong et al. 2020). The a-diversity,
demonstrated for the adopted management system (conven-
tional or organic) and nematode inoculation (RKN-absent
or RKN-present), was calculated by Shannon index to rep-
resent community diversity and by the number of observed
OTUs to represent community richness. The B-diversity
was used to verify clusters and variances of communities in
both organic and conventional rhizospheres by using prin-
cipal coordinate analysis (PCoA), while the dissimilarity
of the systems was measured by the Bray—Curtis method.
The statistical significance of the samples was evaluated by
PERMANOVA (P <0.05). The differences in the abundance
of genera were evaluated by performing a Gaussian fit test
(P<0.05, FDR <0.05). All steps were applied to both 16S
and ITS to verify bacterial and fungal abundance and diver-
sity. Additional analyses are described in supplementary
methods (Supplementary Information).

Results

Physicochemical and nematode profiles
of conventional and organic soils

The physicochemical properties of the soils differed slightly,
but not strongly in general (Supplementary Table S1).
Briefly, the organic soils had more organic matter, while
conventional had more available potassium, phosphorus and
calcium amounts. Both systems had pH near to 7 and clay
loam texture. The total number of nematodes (all trophic lev-
els) was higher in organic soils than conventional (#=3.66;
P=0.02), as well as the number of only bacterivorous
(t=5.168; P <0.001) and only predators (r=4.71; P <0.001)
(Supplementary Fig. S1).

Plant growth promotion and suppressiveness of soil
microbiomes against Meloidogyne incognita

The growth promotion in tomatoes planted in organic or con-
ventional soils without RKN was significantly higher in nat-
ural than sterilized soils (¢ values >2.08, P=0.03) (Fig. 1a).
But the weights of shoots and roots from organic soils
were higher than those from conventional soils (#> 3.00;
P=0.01). The natural organic soil provided a 20% increase
in shoot weight and 30% in root weight compared to natural
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Fig.1 Growth promotion and suppression of Meloidogyne incog-
nita in tomatoes cultivated on sterilized or natural soils from organic
and conventional horticultural areas. a Growth promotion of tomato
shoots and roots by grams. b Infectivity of M. incognita is repre-
sented by the mean number of galls per gram of roots. ¢ Reproduction
of M. incognita is represented by the mean number of eggs per gram
of roots. The evaluation of plant growth was made in M. incognita-

free soils, while the suppression was evaluated in inoculated soils.
Asterisks represent significant paired z-test values (P <0.05) between
sterilized and natural soils of each system. Different letters indicate
significance (P <0.05, n.s.: not significant) of 7-test between means of
organic and conventional systems. Bars show =+ standard errors of the
means. Results came from two combined experiments (a) or by each
experiment repetition b and ¢
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conventional soil. Similarly, the number of galls (Fig. 1b)
and eggs (Fig. 1c) in tomato roots from soils inoculated with
RKN was both reduced in natural soils compared to steri-
lized ones in the two repetitions (¢ values < —3.50; P <0.01).
The number of galls in natural organic soils was significantly
lower than in natural conventional soils (z values < —3.08;
P <0.01) only in one experiment, with 67% fewer galls
(Fig. 1b). However, egg formation was reduced by 80% in
natural organic soils in both experiments (¢ values < —2.32;
P<0.01) (Fig. 1¢).

Defense induction against Meloidogyne incognita
and defense-related enzymes activity in tomato

To explore whether the rhizosphere microbiome was associ-
ated with defense-inducing mechanism, we used split-root
bioassays (Fig. 2a). First, the defense was measured by esti-
mating the galls and eggs formation and later by the activity
of defense-related enzymes (PAL and POX). Despite that the
number of galls and eggs of the conventional soils did not
differ between natural and sterilized in the first experiment
(t value=1.28; P=0.08) (Experiment 1), the galls and eggs
in both experiments were lower in natural soils from the
organic greenhouses (¢ values <3.2; P<0.01) (Fig. 2 b and

(a) J;

¢). The natural organic soils significantly induced defense
(t values < —3.0; P <0.01) by reducing the number of galls
by 40% of (Fig. 2b) and eggs by 52% (Fig. 2c) compared to
natural conventional soils. However, in the second experi-
ment, the natural organic and conventional soils induced
defense against M. incognita resulting in fewer galls and
eggs compared to sterilized soils (z values <2.0; P<0.01)
(Fig. 2b and c). In consequence, there was a significant
increase in the activity of defense-related enzymes when
the tomato seedlings were transplanted to both natural soils
(Fig. 2d and e). The PAL activity increased significantly by
transplanting the seedlings to natural organic (P <0.01) and
conventional (P <0.01) soils, even before inoculating the
J, (Fig. 2d). However, POX activity only increased before
inoculation in natural organic soils (P <0.01), while in natu-
ral conventional soils the POX activity increased only after
nematode inoculation (P =0.02) (Fig. 2e). Organic and con-
ventional soils exhibited lower enzyme activity in sterilized
soils than natural ones.

Microbiome transfer into the infested substrate

To guarantee an exclusive effect of the microbiome against
RKN, we applied four different amounts of slurry (0-10%)
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Fig.2 Defense induction in tomato roots against Meloidogyne incog-
nita. a Roots of tomatoes were transplanted in natural and sterile soil
of organic and conventional greenhouses under the split-root tech-
nique. b Nematode infectivity by the mean number of gall per gram
of roots. ¢ Nematode reproduction by the mean number of eggs per
gram of root. Activity of defense-related enzymes d phenylalanine
ammonia-lyase (PAL) and e peroxidase guaiacol (POX). The activ-
ity was determined for each enzyme unit (U). Black arrows indicate
second-stage juveniles (J,) inoculation moment in the responder
cell filled with substrate, while soil treatments were applied in the

@ Springer

neighbor inducer cell. b and ¢ Asterisks represent significant paired
t-test values (P <0.05) between means of sterilized and natural soils
from each system. Different letters indicate the significance of r-test
(P<0.05, n.s.: not significant) between means of organic and con-
ventional systems within the natural or sterilized condition. d and e
Asterisk indicates means that are significantly different from day zero
according to the Tukey test at 5% probability. Bars show + standard
errors of the means. The results came from two experiment repeti-
tions, where enzyme activity results were joined
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extracted from organic and conventional soils in steri-
lized substrates. By increasing the amount, the number
of galls and eggs was significantly reduced by applying
either organic (P <0.01) or conventional (P <0.01) slurries
(Fig. 3). The numbers of galls and eggs were significantly
more reduced by using organic slurry than conventional
slurry. The number of galls was reduced by 85% when 10%
of the organic slurry was applied, while 10% of the conven-
tional slurry reduced the number of galls by 40% (Fig. 3b).
The number of eggs was reduced by 88% when 10% of the
organic soil slurry was applied, while 10% of conventional
soil slurry reduced the number of eggs by 70% (Fig. 3b).

Bacterial and fungal diversity in organic
and conventional rhizosphere inoculated
or not with Meloidogyne incognita

For rhizosphere samples, 1.31 million reads were recov-
ered after quality filtering for 16S and more than 1.64 mil-
lion were recovered for ITS (Supplementary Table S2),
representing 10 877 bacterial operational taxonomic units
(OTUs) and 1594 fungal OTUs at 97% sequence similar-
ity. For a-diversity, species-area curves were obtained for
species richness (Supplementary Fig. S2). The bacterial
diversity (F=7.71; p<0.01), represented by the Shannon
index, was higher in the conventional rhizosphere than the
organic rhizosphere. Bacterial richness (r=6.41; P <0.01),
represented by the observed OTUs, was similar between the
horticultural adopted systems in RKN-absent rhizospheres
(Supplementary Fig S3a). However, in the organic RKN-
present rhizosphere, there was an increment in both richness
(F=45.7, P<0.01) and observed OTUs (F=27.7; P<0.01),
while in the conventional rhizosphere they remained similar

50
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-
] (]
o 1
£
Y= 301
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Fig.3 Slurry containing the microbiome of organic and conven-
tional soils in different concentrations applied against Meloidogyne
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to RKN-absent samples (Fig. 4a). The richness of the fungal
community was similar between organic and conventional
rhizospheres (=0.22, p=0.14) but with a different diver-
sity, where the conventional rhizosphere presented a higher
Shannon index (P=0.003; r=4.0655) in RKN-absent sam-
ples (Supplementary Fig. 3b). However, similar to bacteria,
in the organic rhizosphere there was an increment in fungal
diversity (F=22.3; P<0.01) and observed OTUs (F=5.37;
P=0.02), in RKN-present samples (Fig. 4b). Regarding the
B-diversity, PCoA revealed a significant effect of the adopted
system for both bacterial and fungal communities, even in
the RKN-absent rhizosphere (Supplementary Fig. S3).
In general, only the kind of horticultural adopted system
(organic or conventional) explained 89.6% and 74.8% of
the total variability in the community composition of bac-
teria (PERMANOVA, P <0.001) (Fig. 4c) and fungi (PER-
MANOVA, P <0.001), respectively (Fig. 4d). Furthermore,
organic and conventional samples were dissimilar from each
other by Bray—Curtis analysis for both bacterial and fungal
communities (Supplementary Fig. S4). However, the bacte-
rial community (16S) in the organic RKN-present and RKN-
absent rhizospheres was less similar (1.5 dissimilarity level)
than in conventional soils (Supplementary Fig. S4a).

A total of 22 phyla of Bacteria were identified in all the
samples, where Actinobacteria, Acidobacteria, Proteo-
bacteria and Gemmatimonadetes accounted for more than
75% of the relative abundance (Supplementary Fig. S5a).
Biocontrol genera of plant diseases as Bacillus, Rhizobium,
Acidovorax and Bradyrhizobium were equally found in both
conventional and organic rhizospheres, while Burkholderia,
Pseudomonas and Serratia were only found in the organic
rhizospheres (Supplementary Figs. S7 and S8). Excluding
Bacillus, the abundance of all the biocontrol genera found
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microbiomes and were applied in sterilized substrates, where 20-day-
old tomato seedlings were transplanted. Second-stage juveniles were
inoculated in the tomato roots. Bars show +standard errors of the
means. The results came from two combined experiments
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Fig.4 Comparative analysis of the alpha («) and beta () diversity of
16S and ITS rRNA sequences of the bacterial and fungal community
from organic and conventional rhizosphere inoculated (RKN-present)
or not (RKN-absent) with Meloidogyne incognita. a-Diversity met-
rics of a bacterial 16S rRNA and b fungal ITS gene fragments of
tomato rhizosphere in four treatments shown by Shannon index and

in the organic rhizosphere has increased in the RKN-present
rhizosphere (Fig. 5a). For the conventional soil, there was
a significant change in bacterial abundance in the RKN-
present rhizosphere only for Proteobacteria, Patescibacte-
ria and Bacteroidetes (Supplementary Table S3; Fig. 5b),
where only the abundance of biocontrol agents Acidovorax
and Rhizobium significantly increased (Fig. 5b).

There was a significant difference in 20 fungi orders
between the organic and conventional samples in RKN-
present rhizospheres, including orders with important
biological control agents of RKN, such as Eurotiales,
Hypocreales and Orbiliale, which were higher in organic
rhizospheres (P < 0.01) (Supplementary Fig. S9b). There-
fore, the 20 most abundant orders increased in organic
RKN-present rhizospheres, while any increment hap-
pened at the order level in the conventional rhizosphere
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observed OTUs. Rarefaction curves were done in 5 steps. p-Diversity
metrics of ¢ bacterial 16S rRNA and d fungal ITS genes fragments
from tomato rhizosphere in four treatments by using PCoA. Distances
of PCoA were measured by Bray—Curtis method. Three samples of
RKN-present or RKN-absent were used for each soil system

(Supplementary Table S4). The genera usually involved
with biocontrol of RKN Trichoderma, Clonostachys, Pur-
pureocillium and Arthrobotrys were found in both organic
and conventional samples, but at higher abundance in
organic rhizospheres (Supplementary Fig. S10). However,
Beauveria and Metarhizium genera, which are also bio-
control agents, were only found in the organic rhizosphere
(Supplementary Fig. S10). Yet, in the organic RKN-pre-
sent rhizospheres, there was a significant increase in five
RKN biological control genera of fungi (Fig. 6a), while
for the conventional RKN-present rhizospheres, there was
a significant increase in abundance only for Trichoderma
(Fig. 6b).

Additional results are given in Supplementary
Information.
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Fig.5 Relative abundance at phylum level (%) and taxonomic dis-
tribution of bacterial OTUs, when assessed by 16S rRNA gene frag-
ment sequencing from the rhizosphere of soils inoculated or not inoc-
ulated with Meloidogyne incognita. a Organic rhizosphere samples. b
Conventional rhizosphere samples. The 15 most abundant phyla were
shown for all genera of biocontrol agents with differentially abundant
are shown. The differences in the abundance of genera were evaluated
by metagenomeSeq performing Gaussian fit test (P <0.05) after nor-
malizing the data through CSS

Discussion

In this work, we used RKN-free soils under long-term hor-
ticultural systems with crops susceptible to M. incognita
and consolidated the hypothesis of the whole soil micro-
biome as the major driver in those soils’ suppressiveness.
We provided novel insights regarding the activity of the
microbiome as a whole against the M. incognita from both
organic and conventional horticultural soils. By evaluating
mechanisms of growth promotion and defense induction
in comparison with sterilized soils, we noticed the major
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Fig.6 Relative abundance at order level (%) and taxonomic distribu-
tion of fungal OTUs, when assessed by ITS gene fragment sequenc-
ing from the rhizosphere of soils inoculated or non-inoculated with
Meloidogyne incognita. a Organic rhizosphere samples. b Conven-
tional rhizosphere samples. Only the 20 most abundant orders were
shown for each system. All genera of biocontrol agents with signifi-
cantly different abundances are shown. The differences were evalu-
ated by metagenomeSeq performing Gaussian fit test (P <0.05) after
normalizing the data through CSS

relevancy of the microbiome in supporting the suppres-
siveness against M. incognita, as previously reported in
other crop systems (Adam et al. 2014; Elhady et al. 2018;
Tian et al. 2015; Topalovié et al. 2020a; Weller et al.
2002). Usually, a wide range of organisms and biocontrol
mechanisms are simultaneously antagonizing the RKN in
the soil (Silva et al., 2018; Topalovi¢ and Heuer, 2019).
However, the complexity of bacterial and fungal diver-
sity in the rhizosphere of different horticultural systems
was for the first time compared with RKN presence and
absence.
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Suppressiveness of the soil microbiome
against Meloidogyne incognita

The long-term horticultural systems of this work were
established in the same area, which provided similar soil
physicochemical conditions, but a differential level of sup-
pressiveness against the RKN. Physicochemical properties
of the soils could be involved in the suppressiveness against
RKN as we found loam clay soils and reasonable organic
matter content in both soils. These physicochemical condi-
tions are involved in plant-parasitic nematodes suppressive-
ness (Silva et al., 2018). However, both organic and conven-
tional soil microbiomes were capable of promoting tomato
growth, inducing systemic defense and directly affecting
the M. incognita infection and multiplication by comparing
to sterilized soils. Long-term conservative practices under
similar conditions provide soil co-adaptation between the
root and its associated microbiome, which may lead to more
beneficial plant feedback (Babin et al. 2021; Goss-Souza
et al. 2020). Under these circumstances, the establishment
of antagonistic organisms is likely to be maximized because
sufficient time has passed for adaptation among members
of the microbiome (Qiu et al. 2014). Furthermore, when
we transferred the soil microbiome in different concentra-
tions to a sterile substrate, an increase of antagonistic effects
was noticeable, turning a conducive soil into a suppressive
one that was able to reduce the number of galls and eggs in
tomato roots by about 90% (Fig. 3). Despite the suppres-
siveness of organic and conventional soils, the galls and
eggs were reduced by more than 50% in the organic soil
compared to the conventional soil (Fig. 1). The activity of
defense-related enzymes increased in organic soils even
before inoculation with M. incognita (Fig. 2). This evidence
points to the most effective microbiome of organic soils in
the specific suppressiveness against M. incognita for hor-
ticultural crops. Remarkably low levels of the RKN under
prolonged organic practices have been described in the lit-
erature (Giné et al. 2016; Harkes et al. 2020). Additionally,
the agrochemicals applied in the conventional system may
interfere with the whole microbial community by inhibit-
ing or eliminating certain groups of organisms and selecting
members adapted to conventional practices (Lupatini et al.
2017; Stagnari et al. 2014). Antagonistic recruitment and
establishment in the rhizosphere may explain the success of
increasing suppressiveness by increasing microbial abun-
dance (Qiu et al. 2014).

Microbiome patterns in organic and conventional
horticultural soils

In contrast to free-living nematodes (see supplementary

discussion in Supplementary Information), the diversity
of the bacterial community was higher in the RKN-absent
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conventional rhizosphere than in the organic rhizosphere,
while fungal diversity diverged between the horticultural
systems. However, the a-diversity of bacteria and fungi has
increased by introducing the RKN in the organic rhizos-
phere, while in the conventional rhizosphere remained at
the same level. Nevertheless, f-diversity distinguished both
fungal and bacterial communities in different groups, which
was highly explained by the kind of adopted system (more
than 70% of the total variability). The modified rhizobi-
ome after a pathogen attack protects the plant via multiple
mechanisms in a ‘crying for help’ model (Rolfe et al. 2019).
Therefore, the recruitment of microorganisms in infested
soils selected antagonists of RKN more efficiently in organic
horticultural soils, as already demonstrated in previous
works (Adam et al. 2014; Elhady et al. 2017; Hussain et al.
2018; Topalovi€ et al. 2020a). The impact of the practices in
each horticultural system interferes with the bulk soil com-
munity and consequently in the capability of rhizosphere
recruitment, where areas that adopt organic systems seem
to respond better than conventional adopted areas (Bakker
et al. 2018; Crowder et al. 2010).

Bacterial and fungal assembly in RKN-present
or RKN-absent rhizospheres

The bacterial phyla Actinobacteria, Acidobacteria, Proteo-
bacteria and Gemmatimonadetes were the most abundant in
both organic and conventional soils and are usually abundant
in RKN suppressive soils (Harkes et al. 2020; Zhou et al.
2019). Biocontrol and growth promoter bacteria, such as
Bacillus, Rhizobium, Acidovorax and Bradyrhizobium, were
found in both soil systems. These groups have been found
in the resident community (bulk soil) of suppressive areas
against RKN (Harkes et al. 2020). Despite that the conven-
tional rhizosphere presented higher bacterial abundance,
the number of exclusive bacterial genera was higher in the
organic RKN-present rhizosphere (Supplementary Fig. S7,
S8). Works suggest that bacterial shifts in inoculated soils
may provide novel weapons for the attacked rhizosphere
(Wolfgang et al. 2019). Additionally, chemical applications
in conventional horticultural areas indirectly interfere with
the shifts in the bacterial community, which is less affected
in organic conservative systems (Lupatini et al. 2017). The
increase of genera Burkholderia, Pseudomonas and Serra-
tia was partly responsible for the enrichment of the bac-
terial abundance in the organic rhizosphere. These genera
have been found in soils with significant suppressiveness
to soilborne disease biocontrol including plant-parasitic
nematodes (Bakker et al. 2018; Castillo et al. 2017; Elhady
et al. 2017; Tao et al. 2020; Topalovi¢ et al. 2020b; Wolf-
gang et al. 2019; Zhou et al. 2019). Particularly, the Pseu-
domonas genus is often related to RNK antagonism by mul-
tiple mechanisms including plant defense induction (Nguyen
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et al. 2010; Silva et al. 2018; Zhai et al. 2018). Further-
more, Pseudomonas and Bradyrhizobium can synergize and
increase nutrient uptake, which promotes plant growth and
defense against RKN (Khan et al. 2016). The recruitment of
Pseudomonas and Burkholderia in the organic rhizosphere,
in association with other bacteria found in both rhizosphere
systems, may also improve the soil suppressiveness against
RKN (Topalovié et al. 2020a; Wolfgang et al. 2019). Despite
the evaluation of resistance induction by enzyme activities
in this work supporting such evidence, more mechanisms
should be investigated to fully understand the involvement
of the whole microbiome in RKN suppression.

Most of the fungi identified in this work were distributed
in the phyla Ascomycota (Supplementary Fig S5b). Orders
containing important biological control agents, such as
Eurotiales, Hypocreales and Orbiliales, were found in both
systems, but similar to the bacterial community, the organic
soil presented an increasing number of fungal OTUs in the
RKN-present rhizosphere. In contrast to bacteria, chemical
applications in conventional systems directly interfere with
the fungal community (Crowder et al. 2010; Lupatini et al.
2017). The fungicides azoxystrobin + difenoconazole and
copper hydroxide, applied in the conventional greenhouses
sampled in this work, disturb any of those Ascomycota. The
genera Trichoderma, Clonostachys, Purpureocillium and
Arthrobotrys, usually involved with biocontrol of RKN,
were found in both systems but were usually more abundant
in organic RKN-present rhizosphere (Supplementary Fig.
S10 and Fig. S11). The Trichoderma had increased in abun-
dance in both RKN-present rhizospheres and might strongly
assist the plant against the infection of RKN (De Medeiros
et al. 2017; Kiriga et al. 2018; Pocurull et al. 2020). Arthro-
botrys, Trichoderma and Purpureocillium prey on juveniles
and eggs by producing chitinase and usually increase in
the presence of nematodes (Topalovi¢ and Heuer 2019).
Organic soils usually preserve these nematophagous fungi
(Harkes et al. 2020). Furthermore, the genera Beauveria
and Metarhizium, only found in the organic rhizosphere,
are also chitinase producers, growth promoters and plant
defense inducers (Chairin and Petcharat 2017; Raad et al.
2019). Therefore, these genera are certainly involved in the
advantages of organic soil suppressiveness over conventional
soils in RKN-present rhizospheres.

Concluding remarks

The soil microbiome was the major responsible for the sup-
pressiveness against M. incognita in the organic and con-
ventional soils of the horticultural areas sampled for this
work. Suppressiveness changed between the crop systems.
Effects in growth promotion, galls and egg formation and
defense induction were better performed in the organic than

conventional soils. The microbiomes’ major influence was
confirmed when their transference to a sterile substrate sup-
pressed M. incognita in tomato roots. Free-living nematodes
were most abundant in organic soil, while a higher diversity
in the bacterial community was found in the conventional
rhizosphere. However, the organic rhizosphere recruits
antagonistic bacteria and fungi more efficiently in the pres-
ence of M. incognita. Therefore, we provided evidence of
the organic practices efficiently suppressing the M. incognita
and intensifying the assemblage of the antagonistic microbi-
ome in the presence of RKN in horticultural soils.

Data deposition

The sequenced amplicon libraries were deposited in the
National Center for Biotechnology Information (NCBI)
and are publicly accessible under the accession bioproject
number PRINA624777.

Author contributions

JCPS, FHVM and VPC conceived the study. JCPS, TCSN,
RAG and RZ conducted the experiments. JCPS, VP and
LSASA analyzed data. All authors read and approved the
manuscript.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10340-021-01417-9.

Acknowledgements We acknowledge the financial support provided by
the Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico
(CNPq) Grant 409611/2018-2 and also the support by the Brazilian
Microbiome Project (http://brmicrobiome.org).

Declarations

Conflict of interest The authors declare that they have no conflict of
interest.

Human and animal participants This article does not contain any stud-
ies with human participants or animals (vertebrates) performed by any
of the authors.

References

Abad P, Favery B, Rosso MN, Castagnone-Sereno P (2003) Root-
knot nematode parasitism and host response: molecular basis of
a sophisticated interaction. Mol Plant Pathol 4:217-224. https://
doi.org/10.1046/j.1364-3703.2003.00170.x

Adam M, Westphal A, Hallmann J, Heuer H (2014) Specific micro-
bial attachment to root knot nematodes in suppressive soil. Appl
Environ Microbiol 80:2679-2686. https://doi.org/10.1128/ AEM.
03905-13

Babin D et al. (2021) Distinct rhizomicrobiota assemblages and plant
performance in lettuce grown in soils with different agricultural

@ Springer


https://doi.org/10.1007/s10340-021-01417-9
http://brmicrobiome.org
https://doi.org/10.1046/j.1364-3703.2003.00170.x
https://doi.org/10.1046/j.1364-3703.2003.00170.x
https://doi.org/10.1128/AEM.03905-13
https://doi.org/10.1128/AEM.03905-13

720

Journal of Pest Science (2022) 95:709-721

management histories. Microbiol Ecol 97:fiab027. https://doi.org/
10.1093/femsec/fiab027.

Bakker MG, Manter DK, Sheflin AM, Weir TL, Vivanco JM (2012)
Harnessing the rhizosphere microbiome through plant breeding
and agricultural management. Plant Soil 360:1-13. https://doi.org/
10.1007/s11104-012-1361-x

Bakker PA, Pieterse CM, de Jonge R, Berendsen RL (2018) The soil-
borne legacy. Cell 172:1178-1180. https://doi.org/10.1016/j.cell.
2018.02.024

Caporaso JG et al (2010) QIIME allows analysis of high-throughput
community sequencing data. Nat Methods 7:335-336. https://doi.
org/10.1038/nmeth.f.303

Castillo JD, Vivanco JM, Manter DK (2017) Bacterial microbiome and
nematode occurrence in different potato agricultural soils. Microb
Ecol 74:888-900. https://doi.org/10.1007/s00248-017-0990-2

Chairin T, Petcharat V (2017) Induction of defense responses in
longkong fruit (Aglaia dookkoo Griff.) against fruit rot fungi by
Metarhizium guizhouense. Biol Control 111:40-44. https://doi.
org/10.1016/j.biocontrol.2017.05.012

Chong J, Liu P, Zhou G, Xia J (2020) Using MicrobiomeAnalyst for
comprehensive statistical, functional, and meta-analysis of micro-
biome data. Nat Protoc 15:799-821

Crowder DW, Northfield TD, Strand MR, Snyder WE (2010) Organic
agriculture promotes evenness and natural pest control. Nature
466:109-112. https://doi.org/10.1038/s41596-019-0264-1

De Carvalho TS, Jesus EdC, Barlow J, Gardner TA, Soares IC, Tiedje
JM, Moreira FMdS (2016) Land use intensification in the humid
tropics increased both alpha and beta diversity of soil bacteria.
Ecology 97:2760-2771. https://doi.org/10.1002/ecy.1513

De Medeiros HA, de Aratjo Filho JV, De Freitas LG, Castillo P, Rubio
MB, Hermosa R, Monte E (2017). Tomato progeny inherit resist-
ance to the nematode Meloidogyne javanica linked to plant growth
induced by the biocontrol fungus Trichoderma atroviride. Sci Rep
7:1-13. srep40216.

Edgar RC (2013) UPARSE: highly accurate OTU sequences from
microbial amplicon reads. Nat Methods 10:996-998. https://doi.
org/10.1038/nmeth.2604

Elhady A, Adss S, Hallmann J, Heuer H (2018) Rhizosphere microbi-
omes modulated by pre-crops assisted plants in defense against
plant-parasitic nematodes. Front Microbiol 9:1133. https://doi.org/
10.3389/fmicb.2018.01133

Elhady A, Topalovi¢ O, Heuer H (2021) Plants specifically modu-
late the microbiome of root-lesion nematodes in the rhizosphere,
affecting their fitness. Microorganisms 9:679. https://doi.org/10.
3390/microorganisms9040679

Elhady A, Giné A, Topalovic O, Jacquiod S, Sgrensen SJ, Sorribas FJ,
Heuer H (2017) Microbiomes associated with infective stages of
root-knot and lesion nematodes in soil. PloS one 12. https://doi.
org/10.1371/journal.pone.0177145

Forghani F, Hajihassani A (2020) Recent advances in the development
of environmentally benign treatments to control root-knot nema-
todes. Front Plant Sci 11. https://doi.org/10.3389/fpls.2020.01125

Giné A et al (2013) Natural occurrence of fungal egg parasites of
root-knot nematodes, Meloidogyne spp. in organic and integrated
vegetable production systems in Spain. Biocontrol 58:407-416.
https://doi.org/10.1007/s10526-012-9495-6

Giné A, Carrasquilla M, Martinez-Alonso M, Gaju N, Sorribas FJ
(2016) Characterization of soil suppressiveness to root-knot
nematodes in organic horticulture in plastic greenhouse. Front
Plant Sci 7:164. https://doi.org/10.3389/fpls.2016.00164

Gomes VA, Campos VP, da Silva JC, de Jesus SF, de Freitas SM,
Pedroso MP (2020) Activity of papaya seeds (Carica papaya)
against Meloidogyne incognita as a soil biofumigant. J Pest Sci
93:783-792. https://doi.org/10.1007/s10340-020-01192-z

Goss-Souza D, Mendes LW, Rodrigues JLM, Tsai SM (2020) Eco-
logical processes shaping bulk soil and rhizosphere microbiome

@ Springer

assembly in a long-term amazon forest-to-agriculture con-
version. Microb Ecol 79:110-122. https://doi.org/10.1007/
$00248-019-01401-y

Hannula SE, Hk Ma, Pérez-Jaramillo JE, Pineda A, Bezemer TM
(2019) Structure and ecological function of the soil microbiome
affecting plant-soil feedbacks in the presence of a soil-borne
pathogen. Environ Microbiol 22:660-676. https://doi.org/10.
1111/1462-2920.14882

Harkes P, Van Steenbrugge JJM, Van Den Elsen SJJ, Suleiman AKA,
De Haan JJ, Holterman MHM, Helder J (2020) Shifts in the
active rhizobiome paralleling low Meloidogyne chitwoodi densi-
ties in fields under prolonged organic soil management. Front
Plant Sci 10:1697. https://doi.org/10.3389/fpls.2019.01697

Hussain M et al (2018). Bacterial community assemblages in the
rhizosphere soil, root endosphere and cyst of soybean cyst
nematode-suppressive soil challenged with nematodes. FEMS
Microbiol Ecol 94:fiy142. https://doi.org/10.1093/femsec/
fiy142.

Hussey RS, Barker KR (1973) A comparison of methods for collecting
inocula of Meloidogyne spp. including a new technique. Plant Dis
Reports 57:1025-1028

Jenkins WR (1964) A rapid centrifugal floatation technique for separat-
ing nematodes from soil. Plant Dis Reports 48:692-711

Jones JT et al (2013) Top 10 plant-parasitic nematodes in molecular
plant pathology. Mol Plant Pathol 14:946-961. https://doi.org/
10.1111/mpp.12057

Khan MR, Mohidin FA, Khan U, Ahamad F (2016) Native Pseu-
domonas spp. suppressed the root-knot nematode in in vitro and
in vivo, and promoted the nodulation and grain yield in the field
grown mungbean. Biol Control 101:159-168. https://doi.org/10.
1016/j.biocontrol.2016.06.012

Kiriga AW, Haukeland S, Kariuki GM, Coyne DL, Beek NV (2018)
Effect of Trichoderma spp. and Purpureocillium lilacinum on
Meloidogyne javanica in commercial pineapple production in
Kenya. Biol Control 119:27-32. https://doi.org/10.1016/j.bioco
ntrol.2018.01.005

Liu H, Brettell LE, Qiu Z, Singh BK (2020) Microbiome-mediated
stress resistance in plants. Trends Plant Sci 25:733-743. https://
doi.org/10.1093/nar/gks808

Lupatini M, Korthals GW, de Hollander M, Janssens TK, Kuramae EE
(2017) Soil microbiome is more heterogeneous in organic than in
conventional farming system. Front Microbiol 7:2064. https://doi.
org/10.3389/fmicb.2016.02064

Marty F, Ghiglione J-F, Paissé S, Gueuné H, Quillet L, van Loosdrecht
MC, Muyzer G (2012) Evaluation and optimization of nucleic
acid extraction methods for the molecular analysis of bacterial
communities associated with corroded carbon steel. Biofouling
28:363-380. https://doi.org/10.1080/08927014.2012.672644

Mendes R et al (2011) Deciphering the rhizosphere microbiome for
disease-suppressive bacteria. Science 332:1097-1100. https://doi.
org/10.1126/science.1203980

Mendes R, Garbeva P, Raaijmakers JM (2013) The rhizosphere
microbiome: significance of plant beneficial, plant pathogenic,
and human pathogenic microorganisms. FEMS Microbiol Rev
37:634-663. https://doi.org/10.1111/1574-6976.12028

Nguyen HP et al (2010) Methods to study PAMP-triggered immunity
using tomato and Nicotiana benthamiana. Mol Plant Microbe
Interact 23:991-999. https://doi.org/10.1094/MPMI-23-8-0991

Pocurull M et al (2020) Commercial formulates of Trichoderma induce
systemic plant resistance to Meloidogyne incognita in tomato and
the effect is additive to that of the Mi-1.2 resistance gene. Front
Microbiol 10:3042. https://doi.org/10.3389/fmicb.2019.03042.

Pylro VS, Roesch LFW, Morais DK, Clark IM, Hirsch PR, Tétola MR
(2014) Data analysis for 16S microbial profiling from different
benchtop sequencing platforms. J Microbiol Methods 107:30-37.
https://doi.org/10.1016/j.mimet.2014.08.018


https://doi.org/10.1093/femsec/fiab027
https://doi.org/10.1093/femsec/fiab027
https://doi.org/10.1007/s11104-012-1361-x
https://doi.org/10.1007/s11104-012-1361-x
https://doi.org/10.1016/j.cell.2018.02.024
https://doi.org/10.1016/j.cell.2018.02.024
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1007/s00248-017-0990-2
https://doi.org/10.1016/j.biocontrol.2017.05.012
https://doi.org/10.1016/j.biocontrol.2017.05.012
https://doi.org/10.1038/s41596-019-0264-1
https://doi.org/10.1002/ecy.1513
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.3389/fmicb.2018.01133
https://doi.org/10.3389/fmicb.2018.01133
https://doi.org/10.3390/microorganisms9040679
https://doi.org/10.3390/microorganisms9040679
https://doi.org/10.1371/journal.pone.0177145
https://doi.org/10.1371/journal.pone.0177145
https://doi.org/10.3389/fpls.2020.01125
https://doi.org/10.1007/s10526-012-9495-6
https://doi.org/10.3389/fpls.2016.00164
https://doi.org/10.1007/s10340-020-01192-z
https://doi.org/10.1007/s00248-019-01401-y
https://doi.org/10.1007/s00248-019-01401-y
https://doi.org/10.1111/1462-2920.14882
https://doi.org/10.1111/1462-2920.14882
https://doi.org/10.3389/fpls.2019.01697
https://doi.org/10.1093/femsec/fiy142
https://doi.org/10.1093/femsec/fiy142
https://doi.org/10.1111/mpp.12057
https://doi.org/10.1111/mpp.12057
https://doi.org/10.1016/j.biocontrol.2016.06.012
https://doi.org/10.1016/j.biocontrol.2016.06.012
https://doi.org/10.1016/j.biocontrol.2018.01.005
https://doi.org/10.1016/j.biocontrol.2018.01.005
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1093/nar/gks808
https://doi.org/10.3389/fmicb.2016.02064
https://doi.org/10.3389/fmicb.2016.02064
https://doi.org/10.1080/08927014.2012.672644
https://doi.org/10.1126/science.1203980
https://doi.org/10.1126/science.1203980
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1094/MPMI-23-8-0991
https://doi.org/10.3389/fmicb.2019.03042
https://doi.org/10.1016/j.mimet.2014.08.018

Journal of Pest Science (2022) 95:709-721

721

Pylro VS, Morais DK, de Oliveira FS, dos Santos FG, Lemos LN,
Oliveira G, Roesch LFW (2016) BMPOS: a flexible and user-
friendly tool sets for microbiome studies. Microb Ecol 72:443—
447. https://doi.org/10.1007/s00248-016-0785-x

Qiu M et al (2014) De-coupling of root—microbiome associations fol-
lowed by antagonist inoculation improves rhizosphere soil sup-
pressiveness. Biol Fertil Soils 50:217-224. https://doi.org/10.
1007/s00374-013-0835-1

Raad M, Glare TR, Brochero HL, Miiller C, Rostas M (2019) Tran-
scriptional reprogramming of Arabidopsis thaliana defence path-
ways by the entomopathogen Beauveria bassiana correlates with
resistance against a fungal pathogen but not against insects. Front
Microbiol 10:615. https://doi.org/10.3389/fmicb.2019.00615

Rolfe SA, Griffiths J, Ton J (2019) Crying out for help with root exu-
dates: adaptive mechanisms by which stressed plants assemble
health-promoting soil microbiomes. Curr Opin Microbiol 49:73—
82. https://doi.org/10.1016/j.mib.2019.10.003

Schoch CL et al (2012) Nuclear ribosomal internal transcribed spacer
(ITS) region as a universal DNA barcode marker for Fungi. Proc
Nat Acad Sci 109:6241-6246. https://doi.org/10.1073/pnas.11170
18109

Shukla N et al (2018) Transcriptome analysis of root-knot nematode
(Meloidogyne incognita)-infected tomato (Solanum lycopersicum)
roots reveals complex gene expression profiles and metabolic net-
works of both host and nematode during susceptible and resist-
ance responses. Mol Plant Pathol 19:615-633. https://doi.org/10.
1111/mpp.12547

Silva JCP, Medeiros FHVd, Campos VP (2018) Building soil suppres-
siveness against plant-parasitic nematodes. Biocontrol Sci Tech-
nol 28:423-445. http://orcid.org/0000-0002-1961-6695.

Stagnari F et al (2014) Long-term impact of farm management and
crops on soil microorganisms assessed by combined DGGE and
PLFA analyses. Front Microbiol 5:644. https://doi.org/10.3389/
fmicb.2014.00644

Tao C et al (2020) Bio-organic fertilizers stimulate indigenous soil
Pseudomonas populations to enhance plant disease suppression.
Microbiome 8:1-14. https://doi.org/10.1186/s40168-020-00892-z

Tarig-Khan M, Munir A, Mukhtar T, Hallmann J, Heuer H (2017)
Distribution of root-knot nematode species and their virulence
on vegetables in northern temperate agro-ecosystems of the
Pakistani-administered territories of Azad Jammu and Kash-
mir. J Plant Dis Prot 124:201-212. https://doi.org/10.1007/
s41348-016-0045-9

Terra WC et al (2018) Volatile organic molecules from Fusarium
oxysporum strain 21 with nematicidal activity against Meloido-
gyne incognita. Crop Prot 106:125-131. https://doi.org/10.1016/j].
cropro.2017.12.022

Tian BY, Cao Y, Zhang K-Q (2015) Metagenomic insights into commu-
nities, functions of endophytes and their associates with infection

by root-knot nematode, Meloidogyne incognita, in tomato roots.
Sci Rep 5:1-15. srep17087.

Topalovi¢ O, Heuer H (2019) Plant-nematode interactions assisted
by microbes in the rhizosphere. Curr Issues Mol Biol 30:75-88.
https://doi.org/10.21775/cimb.030.075.

Topalovi¢ O, Bredenbruch S, Schleker ASS, Heuer H (2020a) Microbes
attaching to endoparasitic phytonematodes in soil trigger plant
defense upon root penetration by the nematode. Front Plant Sci
11:138. https://doi.org/10.3389/fpls.2020.00138

Topalovi¢ O, Hussain M, Heuer H (2020b) Plants and associated soil
microbiota cooperatively suppress plant-parasitic nematodes.
Front Microbiol 11:313. https://doi.org/10.3389/fmicb.2020.
00313

Verdejo-Lucas S, Blanco M, Talavera M, Stchigel A, Sorribas F (2013)
Fungi recovered from root-knot nematodes infecting vegetables
under protected cultivation. Biocontrol Sci Technol 23:277-287.
https://doi.org/10.1080/09583157.2012.756459

Weller DM, Raaijmakers JM, Gardener BBM, Thomashow LS (2002)
Microbial populations responsible for specific soil suppressive-
ness to plant pathogens. Annu Rev Phytopathol 40:309-348.
https://doi.org/10.1146/annurev.phyto.40.030402.110010

Wolfgang A, Taffner J, Guimardes RA, Coyne D, Berg G (2019) Novel
strategies for soil-borne diseases: exploiting the microbiome and
volatile-based mechanisms towards controlling Meloidogyne-
based disease complexes. Front Microbiol 10:1296. https://doi.
org/10.3389/fmicb.2019.01296

Yeates GW, Bongers T, De Goede R, Freckman DW, Georgieva S
(1993) Feeding habits in soil nematode families and genera—an
outline for soil ecologists. J Nematol. 25:315. PMC2619405.

Yergaliyev TM, Alexander-Shani R, Dimerets H, Pivonia S, Bird
DM, Rachmilevitch S, Szitenberg A (2020) Bacterial community
structure dynamics in meloidogyne incognita-infected roots and its
role in worm-microbiome interactions. Msphere 5:600306—e320.
https://doi.org/10.1128/mSphere.00306-20

Zhai Y et al (2018) Multiple modes of nematode control by volatiles of
Pseudomonas putida 1A00316 from Antarctic soil against Meloi-
dogyne incognita. Front Microbiol 9:253. https://doi.org/10.3389/
fmicb.2018.00253

Zhou D et al (2019) Rhizosphere microbiomes from root knot nema-
tode non-infested plants suppress nematode infection. Microb
Ecol 78:470-481. https://doi.org/10.1007/s00248-019-01319-5

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s00248-016-0785-x
https://doi.org/10.1007/s00374-013-0835-1
https://doi.org/10.1007/s00374-013-0835-1
https://doi.org/10.3389/fmicb.2019.00615
https://doi.org/10.1016/j.mib.2019.10.003
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.1111/mpp.12547
https://doi.org/10.1111/mpp.12547
http://orcid.org/0000-0002-1961-6695
https://doi.org/10.3389/fmicb.2014.00644
https://doi.org/10.3389/fmicb.2014.00644
https://doi.org/10.1186/s40168-020-00892-z
https://doi.org/10.1007/s41348-016-0045-9
https://doi.org/10.1007/s41348-016-0045-9
https://doi.org/10.1016/j.cropro.2017.12.022
https://doi.org/10.1016/j.cropro.2017.12.022
https://doi.org/10.21775/cimb.030.075
https://doi.org/10.3389/fpls.2020.00138
https://doi.org/10.3389/fmicb.2020.00313
https://doi.org/10.3389/fmicb.2020.00313
https://doi.org/10.1080/09583157.2012.756459
https://doi.org/10.1146/annurev.phyto.40.030402.110010
https://doi.org/10.3389/fmicb.2019.01296
https://doi.org/10.3389/fmicb.2019.01296
https://doi.org/10.1128/mSphere.00306-20
https://doi.org/10.3389/fmicb.2018.00253
https://doi.org/10.3389/fmicb.2018.00253
https://doi.org/10.1007/s00248-019-01319-5

	Organic practices intensify the microbiome assembly and suppress root-knot nematodes
	Abstract
	Key messages
	Introduction
	Methods
	Horticultural sites and soil sampling
	Root-knot nematode acquisition and nematode community evaluation
	Beneficial effects of soil microbiome against Meloidogyne incognita
	Growth promotion and M. incognita suppression
	Defense induction and enzymes activity estimation
	Microbiome transference to M. incognita infested substrate
	Statistical analyses

	Microbiome assembly in conventional and organic rhizosphere inoculated or not with Meloidogyne incognita
	Total soil DNA extraction
	Fungal and bacterial DNA sequencing and metataxonomic analyses


	Results
	Physicochemical and nematode profiles of conventional and organic soils
	Plant growth promotion and suppressiveness of soil microbiomes against Meloidogyne incognita
	Defense induction against Meloidogyne incognita and defense-related enzymes activity in tomato
	Microbiome transfer into the infested substrate
	Bacterial and fungal diversity in organic and conventional rhizosphere inoculated or not with Meloidogyne incognita

	Discussion
	Suppressiveness of the soil microbiome against Meloidogyne incognita
	Microbiome patterns in organic and conventional horticultural soils
	Bacterial and fungal assembly in RKN-present or RKN-absent rhizospheres

	Concluding remarks
	Data deposition

	Author contributions
	Acknowledgements 
	References




