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• The diversity of protist was stable at or-
ganic and conventional farming sys-
tems.

• The diversity of fungal community in-
creased in organic farming.

• Organic farming increased the
population of free-living nematodes
and suppressed Meloidogynidae and
Pratylenchidae plant parasitic
nematodes.
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Soilmicrobiome andmulti-trophic relationships are essential for the stability and functioning of agroecosystems.
However, little is known about how farming systems and alternative methods for controlling plant pathogens
modulate microbial communities, soil mesofauna and plant productivity. In this study, we assessed the compo-
sition of eukaryoticmicrobial groups using a high-throughput sequencing approach (18S rRNA genemarker), the
populations of parasitic and free-living nematodes, plant productivity and their inter-relationships in long-term
conventional and organic farming systems. The diversity of the fungal community increased in the organic farm-
ing system compared to the conventional farming system, whereas the diversity of the protist community was
similar between the two farming systems. Compared to conventional farming, organic farming increased the
population of free-living nematodes and suppressed plant parasitic nematodes belonging to Meloidogynidae
and Pratylenchidae. Fungal diversity and community structure appeared to be related to nematode suppression
in the system receiving organic fertilizer, which was characterized by component microbial groups known to be
involved in the suppression of soil pathogens. Unraveling the microbiome and multi-trophic interactions in dif-
ferent farming systemsmay permit themanagement of the soil environment towardmore sustainable control of
plant pathogens.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The interaction and feedback of the microbiome with the soil biota
regulate ecosystem functioning and primary productivity in soil
agroecosystems (Carrascosa et al., 2015; Tedersoo et al., 2016). Fungi
play an important role in soil ecosystems as obligate root symbionts, de-
composers or soil-borne pathogens (Penton et al., 2014; Schneider et al.,
2010; Xu et al., 2012). Soil mesofauna and protists fulfill diverse func-
tions in soil ecosystems as well as in grazing by living organisms,
decomposing organic matter and determining nutrient cycling
(Paungfoo-Lonhienne et al., 2015). Top-down relationships may also
regulate soil ecosystem processes and functioning. Greater community
diversity and the presence of certain component species may promote
soil services and enhance ecosystem stability by suppressing plant path-
ogens and reducing interspecific competition and promoting higher
plant productivity (Saleem et al., 2013; Vivant et al., 2013).

Soils are managed with organic and inorganic fertilizers to increase
crop yields (Tilman et al., 2002). Although the positive effects of con-
ventional farming systems on nutrient availability and plant productiv-
ity are well described (Alaru et al., 2014), there is increasing concern
that intensive agricultural management leads to ecosystem degrada-
tion, soil pollution and diversity loss (Reganold and Wachter, 2016).
Compared with conventional systems, organic farming reduces the
use of synthetic fertilizers and pesticides andmitigates the negative im-
pacts of intensive management to promote sustainable production
(Bonilla et al., 2012). Positive effects of organic farming include in-
creased microbial diversity and heterogeneity (Kamaa et al., 2011;
Lupatini et al., 2017), promotion of beneficial microorganisms (Postma
et al., 2008), enhanced nutrient cycling (Mader et al., 2002), and re-
duced plant pathogens (Krauss et al., 2011). However, the understand-
ing of the long-term benefits and limitations of organic farming systems
remains incomplete (Schneider et al., 2014).

In addition to organic farming, non-chemical alternatives for
inhibiting plant pathogens are gaining importance (Krauss et al., 2011;
Mader et al., 2002). Methods based on biofumigation, Marigold treat-
ment, chitin and compost efficiently suppress disease caused by plant-
parasitic nematodes (Hooks et al., 2010; Oka, 2010; Piedrabuena et al.,
2006; Sarathchandra et al., 1996). However, this disease suppression
has been linked to factors other than direct effects on the target organ-
isms (Topp et al., 1998). These methods can modulate the soil
microbiome and promote the presence of microbial groups that are
able to interact with each other and control pathogens in the soil
(Cretoiu et al., 2013). Soil management might also affect free-living
soil nematodes, which play an important role in soil functioning
through food webs by regulating decomposition and mineralization
processes (Quist et al., 2016). Promoting the broad application of alter-
native methods for pathogen control requires a better understanding of
their impacts on the soil microbiome and soil mesofauna and themech-
anisms involved in specific interactions (Bengtsson et al., 2005; Reilly
et al., 2013; van Diepeningen et al., 2006).

Cultivation-based studies have shown that fungi and protists are
abundant and ecologically important for soil processes (Saleem et al.,
2013). Many taxonomic groups comprise species of potential and vary-
ing ecological importance that remain undetected by traditional
morphology-based methods for determining community composition
(Lentendu et al., 2014). To elucidate the relationships and functioning
of these groups in agroecosystems, the responses ofmulti-trophic levels
to agricultural management should be assessed simultaneously (Luo
et al., 2015). Next-generation sequencing approaches allow the soil
microbiome to be harvested at different taxonomic resolutions, thereby
permitting the identification of microbial taxa associated with specific
management practices in agricultural soils (Hartmann et al., 2015).

In this context, we simultaneously identified multiple organism
groups in a long-term Soil Health Experiment (SHE) model system fea-
turing a conventional farming system and an organic farming system.
The organic and conventional farming systems were further divided
into component parts, namely soil health treatments (SHTs; non-
chemical methods for plant pathogen control). We disentangled the ef-
fects of farming system and SHT on multiple taxonomic groups and
their relationships via high-throughput sequencing of the 18S rRNA
gene marker to determine the fungal and protist microbiomes and as-
sessments of soil mesofauna and plant yield. We postulated the follow-
inghypotheses: (i) organic farming systems have a positive effect on the
diversity of the fungal and protist microbiomes; (ii) organically man-
aged systems increase the population of free-living nematodes and sup-
press the population of plant-parasitic nematodes by affecting their
relationships with the fungal and protist groups; and (iii) multi-
trophic components shift in concordance primarily due to similar re-
sponses to agricultural management. In the long-term, identifying mi-
crobial taxa and monitoring the collection of components in
agroecosystems will facilitate the sustainable management of agricul-
tural soils to improve ecosystem health.

2. Material and methods

2.1. The agricultural Soil Health Experiment (SHE) model system

The long-term Soil Health Experiment (SHE) located atWageningen
University Research (WUR) station in Vredepeel, in the southeast of the
Netherlands (51° 32′ 27.10″ N and 5° 51′ 14.86″ E) was used to test our
hypotheses. The site has been in agricultural cultivation since 1955. The
SHE field (~6 ha) was established in 2006, and contains 160 plots (6 m
× 6 m) arranged in a randomized block design and continuously man-
aged according to conventional and organic farming systems. Conven-
tional and organic systems only differ in fertilizer application and
plant protection strategies. Both conventional and organic systems re-
ceived similar amount of N, P, K nutrients per hectare/year according
to fertilizer recommendations for the crops. Initially, all plots were fer-
tilized with cattle slurry (38 m3 ha−1). After that, the conventional sys-
tem received mineral fertilizer (250 kg ha−1 of mineral fertilizer) and
common chemical plant protection (300 L ha−1 Metam sodium -
Monam 510 g a.i. L−1) was carried out. The organic system exclusively
received organic fertilizers (25,000 kg ha−1 of farm yard manure) and
when necessary was mechanical weeded. Each year between 2006
and 2013, a crop was grown on the entire experimental field: 2006:
Wheat (Conv) or barley (Org); 2007: potato (Conv, Org); 2008: lily
(Conv, Org); 2009: wheat (Conv) or barley (Org); 2010: potato (Conv,
Org), 2011: carrot (Conv, Org), 2012: maize (Conv, Org), 2013: maize
(Conv, Org).

2.2. The soil health treatments (STH)

The soil health treatments (SHTs) used in this study was selected
based on literature information regarding the efficiency in plant patho-
gen control. Nine SHTs were applied twice since 2006 until 2013 (from
the end of July 2006 till May 2007 and from July 2009 till December
2009) within conventional and organic farming systems with four rep-
licates per treatment: Compost (CO) - 50 t ha−1 of mature compost
(65% wood, 10% leaves and 25% grass and inoculated with Trichoderma
harzianum - Orgapower) was incorporated in the 20 cm soil surface;
Chitin (CH) - 20 t ha−1 of chitin based on shrimp waste material
(Gembr, Ecoline) was incorporated in the 20 cm soil surface; Marigold
(MA) - Tagetes patula (cv. Ground Control) grown from July 2006 till
January 2007 and incorporated in the 20 cm soil surface; Grass-clover
(GC) - a combination of four grass species (4 kg ha−1 cv. Tetraflorum,
7 kg ha−1 cv. Miracle, 2 kg ha−1 cv. Pomposo and 1 kg ha−1 cv. Tomaso)
and two clover species (1 kg ha−1 cv. Riesling and 7 kg ha−1 cv. Maro)
was grown from 27 July 2006 till 12 March 2007 and incorporated in
the 20 cm soil surface; Soil Anaerobic Disinfestation (AD) - 50 t ha−1

of fresh organic matter (a mixture of different rye-grass species)
was incorporated in the 20 cm soil surface on August 2006,
irrigated with 20 mm and covered with a virtually impermeable film
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(VIF - 0.035 mm thick HyTibarrier delivered by Hyplast) till November
2006; Physical Control (PH) - the soil was treated with hot air (Cultivit;
720–780 °C) into rotavating humid soil; Biofumigation (BF) - Brassica
juncea (cv. Energy) was grown from 27 July till 20 September 2006,
replenished with 117 t ha−1 Broccoli (cv. Montop) and then incorpo-
rated in the 20 cm soil surface; Combination (CB) - three soil health
treatments (MA, CO, and CH) were subsequently combined; and
Caliente (CL), only applied in organic system - a byproduct of mustard
production (70 L ha−1) was applied in the 20 cm soil surface. Two con-
trol treatments were also applied: Chemical control (CC), only in con-
ventional system - 300 L ha−1 Metam sodium (Monam 510 g a.i. L−1)
was applied with a rotary spading injector on September 2006; and
Control treatment (CT) - the soil was given no extra treatment and
left fallow after wheat harvest till next growing season. For a complete
description of the experimental field, fertilization scheme and details
about soil health treatments see Korthals et al. (2014).

2.3. Soil sampling for microbiome analysis and DNA isolation

In order to obtain a picture of eukaryotic microbiome, in May 2013,
60 soil samples (top-layer 0 to 10 cm), and representing 3 replicates per
soil health treatment within conventional and organic farming systems
were collected. Soil sampleswere stored in−20 °C untilmolecular anal-
yses. The DNAwas extracted from 2 g of soil using the MoBio PowerSoil
DNA extraction kit (MoBio laboratories, Inc.) following themanufactur-
er's instructions and the yield and quality was determined using
NanoDrop 1000 spectrophotometer (Thermo scientific, USA).

2.4. 18S rRNA gene amplification and sequencing

The eukaryotic microbiome was analyzed based on amplicon se-
quencing of 18S ribosomal marker gene using the primers FR1 (Vainio
and Hantula, 2000) and the modified version of forward primer
FF390w (5′-CGWTAACGAACGAGACCT-3′) (Verbruggen et al., 2012) de-
signed for Ion Torrent™ technology sequencing. PCR was performed
using the FastStart™ High Fidelity PCR System (Sigma-Aldrich) in 25 μL
reaction containing a final concentration of 0.056 U (5 U/μL) of FastStart
High Fidelity Enzyme Blend, 10× FastStart High Fidelity Buffer with
1.8 mM MgCl2 (Roche Diagnostics Ltd., Burgess Hill, UK), 200 μM of
each dNTP (Promega UK Ltd. Southampton, UK), 0.1 μM of each primer
and 50 ng of DNA. The conditions used were a hot start of 95 °C for
5 min, followed by 35 cycles of 95 °C for 30 s, 58 °C for 30 s and 72 °C
for 1 min, with a final extension at 72 °C for 10 min. Each sample was
amplified in triplicate in a C1000 Touch thermal cycler (Bio-Rad,
Hemel Hempstead, UK), visualized on a 1% (w/v) TBE agarose gel and
subsequently pooled for purification using QIAquick gel extraction kit
(Qiagen). Total PCR products were quantified using Quant-iT Broad-
Range DNA Assay Kit (Invitrogen) in conjunction with BioTek Synergy
HTmicroplate reader, and then combined in equimolar ratios. Template
preparation was performed using Ion OneTouch 2 System and Ion PGM
Template OT2 400 Kit, and the amplicon library was sequenced using
one Ion 318™ Chip and Ion PGM Sequencing 400 kit on Ion PGM™ se-
quencer. The sequences are available at the European Nucleotide Ar-
chive (ENA) (http://www.ebi.ac.uk/ena/data/view/PRJEB10908), study
accession no. PRJEB10908 (ERP012207). The complete list of samples
and accession numbers are available in Supplementary Table S1.

2.5. Processing of sequencing data and taxonomic affiliation

Sequence data was analyzed using vsearch 1.4.0 (Torbjørn et al.,
2015) combined with a Snakemake pipeline (Koster and Rahmann,
2012). The multiplexed reads were filtered for perfectly matching
primer, quality score N25 and length of 150 bp on flexbar (Dodt et al.,
2012). After trimming, the reads were de-replicated, sorted by abun-
dance, clustered into OTUs at 97% sequence similarity cut-off using
USEARCH (Edgar, 2010) and chimera filtered using the UCHIME
(Edgar et al., 2011) on UPARSE package (Edgar, 2013). The representa-
tive OTU sequences were taxonomically assigned against The Protist Ri-
bosomal Reference database (PR2) (http://ssu-rrna.org/) (Guillou et al.,
2013) through BLAST search using QIIME (max E value 0.001, min per-
centage identity 90.0) (Altschul et al., 1990; Caporaso et al., 2010). The
representative sequences were aligned using the Silva rRNA database
(release SSU_Ref_119) (Quast et al., 2013) and the phylogenetic tree
was constructed using a distance matrix with MUSCLE algorithm
(Edgar, 2004) available in QIIME. The biom file was created using the
biom-format package version 2.1.5 (McDonald et al., 2012). The pipe-
line and commands used for sequence processing are available online
(https://gitlab.bioinf.nioo.knaw.nl/amplicon-metagenomics/
iontorrent-vsearch/commits/vredepeel/).

2.6. Soil sampling for nematode counting and maize yield

To analyze how farming systems and soil health treatments affect
the population of plant-parasitic and non-parasitic nematodes, in April
2013, 60 soil samples (25 cm depth, 3 replicates per soil health treat-
ment within conventional and organic systems) were collected and
nematode extraction were performed according (Korthals et al.,
2014). In summary, nematodes were extracted from 100 mL soil using
a modified Oostenbrink elutriator (Verschoor and De Goede, 2000).
Nematode numbers were determined based on counting of two 10 mL
aliquots from the suspension after Oostenbrink elutriator, identified at
family level and expressed as total numbers per 100 mL. In the same
month, maize plants were harvested mechanically from the center
(1.5m× 2.67m) of each plot using an experimental field-corn combine
harvester (De Kemper bek, type Champion) and a subsample of 700 g
was dried for 48 h at 70 °C to determine the dry weight of maize.
With these data, the total maize yield was calculated and expressed in
kg ha−1.

2.7. Data analysis

All statistical analyses were performed using the R package, version
3.2.3 (R.C. Team, 2015). The statistical tests performed were considered
significant at P b 0.05 unless indicated otherwise when smaller signifi-
cance was obtained. To analyze the microbiome, the biom file was
imported to R using “phyloseq” package (McMurdie and Holmes,
2013). The Good's coverage (Good, 1953) was calculated to evaluate
the sequencing depth per sample at OTU level (97% similarity cutoff)
for entire eukaryotic community and for fungi, protist and others eu-
karyotic taxa separately.

The alpha-diversity was evaluated based on observed number of
OTUs, estimated compositional OTU diversity (Shannon index diversity,
H′) and phylogenetic diversity (Faith's phylogenetic diversity index -
Faith's PD (Faith, 1992)) and evenness (Pielou's evenness (Pielou,
1966)) using two different data sets: (1) the diversity of total
microbiome was calculated with the complete data set rarefied to
9405 sequences; (2) the diversity of the fungal and protist microbiome
was constructed separately and calculated based on the data set rarefied
to 1610 sequences. The observed number of OTUs and Shannon index
were calculated using estimate_richness function in “phyloseq” package,
the Faith's index was calculated using pd function in “picante” package
(Kembel et al., 2010) and Pielou's evenness was calculated using diver-
sity function on “vegan” package (Oksanen et al., 2015).

The effects of farming systems and soil health treatments on fungal
and protist microbiomes diversity, on parasitic and free-living nema-
todes and on plant productivity were tested using two-way analysis of
variance (ANOVA) after checked for homogeneity of variance following
the Fligner-Killeen Test using the fligner.test function on “stats” package
(R.C. Team, 2015). When the effects were significant, they were further
analyzed using a post-hoc pairwise.t.test (for pairwise comparison be-
tween farming systems) in the “stats” package or HSD.test (for pairwise

http://www.ebi.ac.uk/ena/data/view/PRJEB10908
http://ssu-rrna.org/
https://gitlab.bioinf.nioo.knaw.nl/amplicon-metagenomics/iontorrent-vsearch/commits/vredepeel/
https://gitlab.bioinf.nioo.knaw.nl/amplicon-metagenomics/iontorrent-vsearch/commits/vredepeel/
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comparison between treatments) in the “agricolae” package (de
Mendiburu, 2015).

Overall farming systems and soil health treatments effect on fungal
and protist communities was examined using PCoA combined with
multivariate PERMANOVA of Bray-Curtis distances based on relative
abundance data. The association among structure and diversity of the
fungal and protist communities (at OTU level) and soil mesofauna
were analyzed using coinertia analysis (CIA) computed with “ade4”
package in R (Dray et al., 2003). To further test the statistical signifi-
cance of the associations, a randomization test based on Monte-Carlo
method with 999 permutations using the function randtest on ade4
package was calculated.

For the in-depth ecological analysis, we identify the component mi-
crobial taxa associated with farming systems and soil health treatments
responsible for the patterns observed on structure of microbial commu-
nities by performing the indicator species analysis (De Caceres and
Legendre, 2009). Based on the evidence that an microbial species (at
OTU-level) can prevail (in abundance and frequency) in a certain
niche provided for agricultural management considering all possible
combinations, is important to obtain that information for elucidate
their ecological rules in agroecosystems (De Cáceres et al., 2010). The
OTUs associated with farming systems and soil health treatments
were identified using the multipatt function available in “indicspecies”
package using 999 permutations (De Caceres and Legendre, 2009).
Fig. 1. Average composition of fungal and protist communities. The phyla are represented in p
between soil health treatments and farming systems. The relative abundances are represen
different treatments are in Supporting Table S1. The class of fungal and protist are represented
The representative sequences were used to construct a maximum like-
lihood dendrogram what was displayed using iTOL (Letunic and Bork,
2007) tool.
3. Results

3.1. Sequencing and coverage

Our analysis of 60 samples yielded a total of 2,983,755 sequences
(average of 49,729 ± 502.52 per sample) after quality filtering and chi-
mera removal. The sequences remaining for community analysis
corresponded to 2,299,226 fungal (average of 38,320±798.86 per sam-
ple), 675,428 protist (average of 11,257± 103.60 per sample) and 9101
other eukaryotic taxa (average of 151 ± 14.11 per sample) sequences
with an average of 302 bp (±38.17). Sequence clustering yielded a
total of 1074 (average of 510± 98.38 per sample) OTUs, corresponding
to 422 (average of 225± 41.48 per sample) fungal, 611 (average of 270
± 55.39 per samples) protist and 41 (average of 15 ± 4.46) other eu-
karyotic taxa OTUs. The average Good's coverage was 0.99 ± 0.04,
0.99 ± 0.03, 0.98 ± 0.016 and 0.93 ± 0.07 for the total community
and fungal, protist and other eukaryotic taxa, respectively. The number
of quality-filtered sequences and the coverage are provided in Supple-
mentary Table S1.
ie charts and class are represented in bar plots showing the relative abundance variation
ted on y-axis (left) and soil health treatments are represented on x-axis. Details of the
by different colors on y-axis (right panel). (u) = unclassified.
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3.2. Clustering and taxonomic compositions

Fungal and protist OTUs were classified and clustered at each taxo-
nomic level (i.e., kingdom, supergroup, division, class, order, family,
genus and species) based on the RP2 database (Guillou et al., 2013), a
curated taxonomy reference providing access to eukaryotic small sub-
unit (SSU) ribosomal sequences. A full list of the eukaryotic taxa, from
Kingdom to species (OTU level), e-value accession numbers (PR2 and
NCBI) and number of sequences are provided in Supplementary
Table S1. Of the fungal OTUs, 90%were classified at the kingdom and di-
vision levels, 89.8% at the division level, 55% at the genus level and 39%
Fig. 2. Fungal and protist operational taxonomic units (OTU, 97% cut-off level) richness, diversi
systems. Details of the different treatments are in Supporting Table S1. Conventional system is r
axis and soil health treatments on x-axis. Components of the boxes: bottom and top of box (25
interquartile range from the 25th and 75th percentiles). P-value and the significance of farming
non-significative. Anaerobic SD= anaerobic soil disinfestation. PD= phylogenetic distance. (Fo
web version of this article.)
at the species level; the latter three classifications accounted for 98%,
70% and 61.5% of the total fungal sequences, respectively. Overall, the
fungal community was dominated by the phyla Ascomycota (48%),
Mucoromycota (15%) and Basidiomycota (8%), whereas
Zoopagomycota, Kickxellomycota and Entomophthoromycota had rela-
tive abundances of b0.01% (Fig. 1). Of the OTUs belonging to the protist
community, 100% were classified at the division level, 41% at the genus
level, and 18% at the species level; the latter two classifications
accounted for 58% and 31% of the total protist sequences, respectively.
The protist community mainly belonged to Cercozoa, with dominance
of flagellates belonging to the classes Filosa-Sarcomonade (62%) and
ty and evenness in soil health treatments (SHT) within conventional and organic farming
epresented in blue and organic in green color. The diversity index values are showed on y-
th and 75th percentiles), center lines (medians), bottom and top whiskers (1.5 times the
systems based on two-way ANOVA are represented by * (P b 0.1) and *** (P b 0.001). ns=
r interpretation of the references to color in this figure legend, the reader is referred to the
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Filosa-Thecofilosea (25%). Dinophyta (0.9%) Choanoflagellida (0.08%),
Mesomycetozoa (0.05%) and Lobosa (0.03%) also occurred in high abun-
dance. By contrast, Apicomplexa, Ciliophora, Hilomonadea, and Radio-
laria had relative low abundances of b0.01% (Fig. 1). A total of 73% of
the OTUs belonging to other eukaryotic taxa were assigned at the divi-
sion level, 63% at the genus level and 9% at the species level, accounting
for 75.5%, 75.3% and 17.6% of the total ‘other’ eukaryotic sequences, re-
spectively. The other eukaryotic taxa are shown in Supplementary
Table S1.

3.3. Diversity and structure of the fungal and protist communities

The farming system significantly impacted fungal richness (Ob-
served OTU; P-value = 0.0353) and fungal taxonomic diversity (Shan-
non P-value = 0.000379; Pielou P-value = 0.000211) but not fungal
phylogenetic diversity (Fig. 2). Comparedwith the conventional system,
organic management had a positive effect on both fungal diversity (Ob-
served OTU: 95.8 for organic vs. 90.8 for conventional, t-test, P-value =
0.026; Shannon: 2.9 for organic vs. 2.6 for conventional, t-test, P-value
= 9.3e−05) and fungal evenness (Pielou: 0.64 for organic vs. 0.59 for
conventional, t-test, P-value = 4.2e−05). By contrast, the richness, di-
versity and evenness of the protist community were similar between
the two farming systems (no significant effect was detected) (Fig. 1).
The differences in richness, diversity and evenness among the SHTs
and the interaction ‘farming system × SHT’ were not significant for
both the fungal and protist communities.

The eukaryotic microbial structure responded to the farming system
and SHT (Fig. 3). The farming system significantly altered the microbial
structure, with the most pronounced effect on the fungal community
(Fig. 3). The fungal communitywas also affected by the SHTs, in contrast
to the protist community,whichwas not influenced by the SHTs (Fig. 3).

3.4. Nematode composition and maize yield

The abundances of parasitic nematodes belonging to
Meloidogynidae and Pratylenchidae were higher in the conventional
system than in the organic system (Meloidogyne, 64.2 in conventional
vs. 8.4 in organic, t-test, P-value = 0.00011; Pratylenchidae, 1263.7 in
conventional vs. 647.1 in organic, t-test, P-value=4e−07). The popula-
tions of plant parasitic nematodes belonging to Tylenchorhynchus and
Trichodoridae were not affected by the farming system or SHTs
(Fig. 4). Only the population of nematodes of Pratylenchidae were
Fig. 3. Ordinated community structure based on OTU-level and explained variances of farm
according to the left panel in conventional (represented by square) and in organic (represente
analysis of variance (PERMANOVA) based on a distance matrix created using Bray-Curtis met
and soil health treatments are represented by **P b 0.01 and ***P b 0.001.
affected by the SHTs, with higher abundance in the Chitin treatment
and lower abundance in the Marigold treatment (1347.0 vs. 430.0, re-
spectively, t-test, P-value= 0.0116). By contrast, free-living nematodes
had higher abundance in the organic system than in the conventional
system (2383.8 in organic vs. 1876.8 in conventional, t-test, P-value =
0.0015) (Supplementary Table S2). The difference in maize yield was
largely due to the influence of farming system, and no effect of SHTs
was observed; the maize yield was higher in the conventional than in
the organic system (18,684.10 kg ha−1 in conventional vs.
15,406.0 kg ha−1 in organic, t-test, P-value= 5.7e−08) (Fig. 4; Supple-
mentary Table S2).

3.5. Inter-relationships between fungal and protist microbiomes and soil
mesofauna

To assess the dependent effects among the fungal and protist diver-
sities, structures and soil mesofauna, we performed co-inertia andMan-
tel test analyses. Our results suggested that the farming system drives
the community composition at different taxonomic levels convergently,
with no causal relationship. A link between the fungal and protist com-
munities was observed, but no relationship between protists and soil
mesofauna was detected (Table 1). Fungal diversity and structure
were significantly correlated with the soil mesofauna population
(Table 1).

3.6. Associations of microbial taxa with farming system and soil health
treatment

Given the effects of farming system and SHTs on the soil fungal and
protist microbiomes, we performed indicator species analysis to deter-
mine which taxonomic groups (OTU level) differed between farming
systems or SHTs. A total of 119 (29%) fungal and 105 (17%) protist
OTUs were significantly (P b 0.05) associated with a specific farming
system or SHT. The main findings for significant influences of farming
system or SHT on fungal and protist OTUs are presented in Figs. 5 and
6, respectively. Fungal and protist indicators were identified at the spe-
cies level when possible; otherwise, OTUs were identified at the lowest
possible taxonomic level. The fungal and protist OTUswere broadly dis-
tributed across the taxonomic phylogenetic trees, and none of the
higher taxonomic groups (e.g., phyla, order) exhibited a consistent re-
sponse to farming system or SHT.
ing system and soil health treatments. Soil health treatments are represented by colors
d by circle) farming systems. The variances were assessed by permutational multivariate
hod. R2 indicate the estimation of the variance and significance levels of farming systems



Table 1
Strength and significance of the association (covariance) between structure and diversity
of fungi and protist community and population of parasitic and non-parasitic nematodes.

RVa P-value

Community structure
Fungi × protist 0.80 0.001
Fungi × nematode 0.25 0.046
Protist × nematode 0.22 0.21

Diversity
Fungi × nematode 0.09 0.047
Protist × nematode 0.04 0.27

a The RV coefficient (coinertia analysis) range between 0 and 1, which are indicative of
global similarity; higher numbers indicate stronger association between twodata sets. The
P-values were obtained by randomization procedure to indicate significance levels of the
association (in bold).

Fig. 4.Nematode abundance belonging to parasitic and non-parasitic nematodes andmaize yield (t ha−1) in soil health treatments in conventional and organic farming systems. Organic
system is represented in green and conventional in blue color. Average densities (n / 100 mL soil or expressed as log(n + 1) / 100 mL soil) of nematodes are showed on y-axis and soil
health treatments on x-axis. Different uppercase letters indicate significant differences between systems and different lowercase letters significant differences between treatments. The
significance of farming systems and soil health treatments based on two-way ANOVA are represented by *P b 0.05, **P b 0.01, ***P b 0.001 and ns = non-significative. n = number of
nematodes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Overall, most of the indicator fungal OTUs were identified as puta-
tive parasitic species (52%); the remainder were putative saprobes
(23%), putativemycorrhizal species (9%) or unknown (16%). Themajor-
ity of the parasitic and decomposer species (for example, members be-
longing to Rhizophydium, Hyaloraphidium, Zoopagomycotina and
Cryptomycotina) were associated with the organic farming system and
were consistently reduced in the conventional system (Fig. 5). The sig-
nificantly associated mycorrhizal species included only one putative
ectomycorrhizal species and seven arbuscular mycorrhizal species (be-
longing to the order Glomeromycota), which were mainly increased in
the conventional system (Fig. 5) and associated with the Control and
physical control treatments. Several protist taxa significantly responded
to farming system or SHT (Figs. 5 and 6). However, most of the protist
OTUswere only classified at higher taxonomic levels, thus providing lit-
tle information to infer the putative ecological roles of the taxa. Thema-
jority of protist OTUs associated with farming system or SHT belonged
to the orders Filosa-Sarcomonadea, Filosa-Thecofilosea and Filosa-
Granofilosea of the phylum Cercozoa, the most abundant phylum.

4. Discussion

Straightforward conclusions about the effects of agricultural man-
agement on multi-trophic components and their responses to farming
systems are difficult to obtain (Harrier and Watson, 2004; Schneider
et al., 2010). Studies of single components of an ecosystem, such as di-
versity or soil biota, have revealed effects of agricultural management
(Lu et al., 2016; Sugiyama et al., 2010), but explorations of the relation-
ships among these components have been limited, with few studies
comparing agriculturalmanagement strategies over an extended period
of time (Reilly et al., 2013). The long-termSoil Health Experiment (SHE)
has been continuously managed according to conventional and organic
farming systems (N8 years) and represents a suitable model system for
comparing the long-term effects of farming systems and non-chemical
treatments (SHTs) on multi-trophic components in an agroecosystem.
Determining whether the composition of organisms in one trophic
level affects the surrounding components is an interesting subject for
future study to explore how farming systems shape the community of
interacting organisms and to exploit agroecosystem scenarios that
favor the control of plant pathogens (Carrascosa et al., 2015).

Farming system was the best predictor of the soil fungal and protist
microbiomes and had the strongest effect on the diversity and structure
of the fungal community. The organic system increased fungal richness,
diversity and evenness compared with conventional farming. By
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contrast, protist diversity did not exhibit a response to farming system
management. Although the fungal community appeared to be strongly
structured by the farming system, the effect on the protist community
was minor. Organically managed systems have been reported to in-
crease microbial diversity by influencing resource availability and
niche differentiation (Kamaa et al., 2011). However, the responses of
microbial diversity and structure to farming systems are not completely
clear (Schneider et al., 2014), and different phylogenetic groups might
Fig. 5.Dendrogram showing the taxonomic information of fungal and protist taxa (OTU level, 97
The circles outside the tree indicate the associationwith conventional (in blue) and organic (in
Table S1). (For interpretation of the references to color in this figure legend, the reader is refer
respond in different ways (Reganold and Wachter, 2016). Basal differ-
ences in the physiology and ecology of fungal and protist communities
suggest that their patterns of diversity and structure are controlled by
distinct conditions. For example, the large differences in fungal commu-
nity structure and low diversity in the conventional system may indi-
cate that the high spatial variability of fungal populations increases
their susceptibility to disturbances compared to protozoa (Vucetich
et al., 2000).
% cutoff) associatedwith farming systems. The color ranges within the tree identify phyla.
green) systems. The diameter of the circles represents the relative abundance (square-root
red to the web version of this article.)
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We found that soil mesofauna was driven by conventional and or-
ganic systems over the long term, but no effects of the SHTs on soil
mesofauna were detected. The decline in plant-parasitic nematodes in
the organic system may stem from detrimental relationships with fun-
gal and protist groups and the release of nematicidal compounds during
the degradation of organicmaterial (Oka, 2010; Reilly et al., 2013). Free-
living nematodes are important for regulating the populations of other
organisms and act as biological control agents (Postma-Blaauw et al.,
2012), and the increase in free-living nematodes in the organic system
suggests that theymay benefit from the conditions promoted byorganic
practices due to nutrient availability in soil (Quist et al., 2016). In a pre-
vious study of the SHE, suppression of plant parasitic nematodes during
the first years of the experiment was observed among the SHTs
(Korthals et al., 2014). However, we detected a subsequent recovery
(2 years after the last application of the treatments) of the nematode
population, suggesting short-term effects of the SHTs on pathogen con-
trol (Carrascosa et al., 2014). These results are in accordance with other
studies suggesting that the soilmesofauna possesses a high potential for
resilience or tolerance following intensive disturbances (Mocali et al.,
2015).

Consistent with our hypothesis, the results suggest that the farming
system determines the community composition of multiple taxonomic
levels in context-dependent relationships. The effects on multi-trophic
levels are in agreement with studies of agroecosystems showing that
the conditions promoted by different farming systems determine the
abundance of individuals or the taxonomic richness of groups of
Fig. 6. Dendrogram showing the taxonomic information of fungal and protist species (OTU lev
within the tree identify phyla. The fungal phyla are colored by tons of blue and protist phyla by to
(their corresponding colors are showed on the left legend). The diameter of the circles represen
the references to color in this figure legend, the reader is referred to the web version of this ar
mesofauna both aboveground and belowground (Zavaleta et al.,
2010). The observed dependent effects of the fungal community and
nematode population might be one factor promoting the reduced pres-
ence of pathogenic populations in this system (Sarathchandra et al.,
1996). The increase in fungal diversity might promote the formation
of a barrier against soil-borne pathogen proliferation in soil and plant
root invasion (Vivant et al., 2013). Furthermore, the structure of the fun-
gal community in organic systems may favor detrimental relationships
with plant-parasitic nematodes by increasing the abundance or pres-
ence/absence of certain taxa (Paungfoo-Lonhienne et al., 2015). A link
between the fungal and protist communities was observed by co-
inertia analysis, but no relationship was detected between protists and
mesofauna.

High-throughput DNA sequencing offers new ways to explore the
soil microbiota at higher taxonomic resolution and accelerate the eluci-
dation of microbial functioning in agroecosystems (Penton et al., 2014).
Sequencing circumvents major biases associated with cultivation stud-
ies, but significant gaps in composition and taxonomic information re-
main for all microbial groups, especially the protist community (Bates
et al., 2013). The lack of knowledge of soil protist communities ismainly
due to the difficulty of cultivation (Scherber et al., 2010) and micro-
scopic observation and the lack of SSU rRNA reference sequences (Bik
et al., 2012). Although the use of 18S rRNA gene sequences allowed us
to recover several groups of eukaryotes and identify them at different
taxonomic levels using the most recent taxonomy reference database
for protist communities (Guillou et al., 2013), the assignment success
el, 97% cutoff) associated with soil health treatments in farming systems. The color ranges
ns of green. The circles outside the tree indicate the associationwith soil health treatments
ts the relative abundance (square-root transformed) of the species. (For interpretation of
ticle.)
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at lower taxonomic levels, such as genus or species, was lower for pro-
tist than for fungal sequences.

In addition to diversity and structure, certain component microbial
species may determine key soil ecosystem processes (Harrier and
Watson, 2004). Although several OTUs associatedwith farming systems
and SHTswere only classified at higher taxonomic levels, thus providing
limited biological information about their ecology rules, we based our
conclusions on putative lifestyle based on information on closest ances-
tors and the literature. Symbiotic, parasitic and saprobic fungal species
appear to be the most susceptible microbial groups to farming systems
and are potential indicators for monitoring relationshipswith other tro-
phic levels (Scherber et al., 2010). The mechanisms by which microbial
taxa regulate soil mesofauna are not completely understood, and some
studies suggest that the magnitude and directionality of the effects of
component microbial species are system specific (Tedersoo et al.,
2016). For example, the increase in soil pathogen-suppressingmicrobial
groups, such as taxa belonging to Cryptomycotina (Stirling, 1991) and
Zoopagomycotina (Benny et al., 2014) might explain the reduction of
plant parasitic nematodes in the organic system.Microbial taxa belong-
ing to Basidiomycota and Ascomycota appeared to be associated with
farming system, consistent with the reported susceptibility of saprobic
fungi belonging to these two phyla to soil disturbances (Hartmann
et al., 2012). Contrary to our expectations, more mycorrhizal fungi
taxa were associated with the conventional than the organic farming
system. More diverse communities of mycorrhizal fungi could promote
plant productivity as these fungi aremainly responsible for nutrient up-
take (Gosling et al., 2006; Harrier andWatson, 2004) andmediate plant
defense against soil-borne pathogens (Veresoglou and Rillig, 2012).
Consequently, the higher mycorrhizal fungal diversity might explain
the higher maize yield in conventional compared to organic farming.

Although several protist taxa were associated with farming system
and SHT, the majority of taxa were identified at shallow taxonomic
levels, providing little information on their specific ecology rules.
Cercozoa, themost abundant eukaryotic group, showed a clear accumu-
lation of taxa in association with farming system and SHT. Although we
cannot exclude the possibility that some groups were misrepresented
due to preferential PCR amplification and the primers used in this
study, our results are in line with other studies showing that Cercozoa
represent the numerically dominant group of protists in soil, although
Rhizaria and Amoebozoa dominate in forest and grassland soils
(Geisen et al., 2016). Soil protists are commonly suggested to be
bacterivorous, serving together with bacterivorous nematodes as the
main controllers of bacteria in soil food webs. By contrast, the fungal
community is assumed to be controlled by arthropods and mycopha-
gous nematodes. However, functional studies have revealed a range of
mycophagous protists; flagellate species of the genus Cercomonas and
naked amoebae (Acanthamoeba sp., Leptomyxa sp., Mayorella spp. and
Thecamoeba spp.) have been shown to feed and grow on yeasts and
thrive on spores of the plant pathogen Fusarium culmorum (Geisen
et al., 2016). Cercozoa include a variety of groups that mainly specialize
in predation of other taxonomic groups, such as fungi and nematodes,
suggesting a potential role in structuring soil food webs in
agroecosystems (Harder et al., 2016).

5. Conclusions

Our results indicate that long-term farming systems have context-
dependent effects on the diversity and structure of fungal and protist
microbiomes, soil mesofauna and plant yield that far exceed any differ-
ences observed among SHTs. The organic system promoted higher fun-
gal diversity and the presence of free-living nematodes, whereas the
population of plant parasitic nematodes and plant yield increased in
the conventional system. Although fungal diversity appears to be re-
lated to soil mesofauna, the population of plant parasitic nematodes
may bemore related to the presence of certain component species asso-
ciated with organic farming. The ability to detect shifts in individual
microbial taxa in an agroecosystem can provide information on the po-
tential direction that a sustainable farming system should follow to pro-
mote soil health. The corresponding changes observed at multi-trophic
levels explained by convergent effects of the organic and conventional
farming systems indicate that these parameters must be determined
to address community relationships and changes in ecosystem pro-
cesses in agroecosystems.
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