Elsevier Editorial System(tm) for Science of
the Total Environment
Manuscript Draft

Manuscript Number:

Title: Land use as a driver for protist community structure in soils
under agricultural use across Europe

Article Type: Research Paper

Keywords: arable
grassland

protist microbiomes
land use intensity
metagenomics

V4 region of 18S rRNA

Corresponding Author: Dr. Anne Winding, Ph.D.
Corresponding Author's Institution: Aarhus University
First Author: Susana S Santos, PhD

Order of Authors: Susana S Santos, PhD; Anne Schdéler, PhD; Tue K Nielsen,
PhD; Lars H Hansen, PhD; Michael Schloter, PhD; Anne Winding, Ph.D.

Abstract: Soil biodiversity is threatened by intensification of land use.
The consequences of different land use on belowground biodiversity remain
insufficiently explored for soil protists. Alongside being abundant and
extremely diverse in soil, protists provide a large range of ecosystem
services, as key players in the microbial loop, turnover of organic
matter and in the stimulation of plant growth-promoting rhizobacteria.
However, we lack knowledge of effects of site, land use and management
intensity on diversity of soil protist communities. Here we assessed
protist communities in four European arable sites with contrasting land
use intensities at each site: Lusignan, France; Moskanjci, Slovenia;
Castro Verde, Portugal and Scheyern, Germany as well as two grassland
sites: Hainich, Germany and Lancaster, UK. Each site have consistent
agricultural management history of low and high land use intensities
quantified in terms of land use index (LUI). We employed high-throughput
sequencing of environmental DNA, targeting the V4 region of the 18S rRNA
gene. By assigning the protist composition to trophic groups, we
inspected for effects of management, and other biotic and abiotic
variables. While overall protist richness was unaffected by LUI within
sites, specific trophic groups was affected. Effects on protist biome
across land uses and sites were observed. LUI sensitive taxa were
taxonomically diverse in each plot, and their trophic groups responded in
specific patterns to specific practices. The most abundant trophic group
was phagotrophs (73%), followed by photoautotrophs (16%), plant pathogens
(4%) and animal parasites (2%). Community compositions and factors
affecting the structure of individual trophic groups differed between
land uses and management systems. The agricultural management selected
for distinct protist populations as well as specific functional traits,
and the protist community and diversity were indeed affected by site,
land use and management intensity, which indicates the ecological
significance of protists in the soil food web.



Suggested Reviewers: Mathilde Borg
University of Greifswald
mathildeborg.dahl@uni-greifswald.de
Soil protist expert

Enrique Lara

Real Jardin Botanico CSIC
enrique.lara@rijb.csic.es
Soil protist ecologist

David Singer

University of Sao Paulo
david.singer.bio@outlook.com

Biologist specialised into protistology

Alexandre Jousset

Utrecht University, NL

A.L.C.Jousset@uu.nl

Microbial biotechnology for sustainable agriculture

Stefan Geisen

Wageningen University, NL

s.geisen@nioo.knaw.nl

Expert in soil protistology and ecosystem services

Opposed Reviewers:



Cover Letter

Cover letter for submitted manuscript “Land use as a driver for
protist community structure in soils under agricultural use across
Europe”

Roskilde, December 3™ 2019.
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We are submitting the manuscript entitled “Land use as a driver for protist community
structure in soils under agricultural use across Europe” to be considered for publication in
Science of the Total Environment Journal.

The work presented for publication studied the impact of different land uses, soil
managements and intensities on protist community diversity and structure in soils across
Europe. Protists are important components of trophic chains and nutrient cycles in
terrestrial environments, where their relationships and functional roles may vary from
parasitic to phagotrophic or saprotrophic, influencing the overall soil community dynamics.
However, broad surveys of protists in agricultural environments are scarce.

Protist microbiomes were highly differentiated across environments and network analysis
and functional profiling demonstrated that land use management and intensities have
functionally consistent effects. The results of this study identified specific protist taxa and
protist trophic groups that can be used to track community patterns that are linked to land
use intensification. Our snapshot study of protist diversity (living or dead) provides a
baseline of protist diversity in different European areas that can help to characterize and
understand the agricultural protist microbiome.

The field studies summarized in our manuscript are related to the biosphere, lithosphere
and anthroposphere: concerning the effects of anthropogenic activities (agricultural
management) on soil structure and in consequence on protist biodiversity and general
ecosystem services. Hence, we feel the manuscript covers the interest of the readers of
Science in the Total Environment Journal.

We confirm that the manuscript describes original work and has not been published
elsewhere nor is it currently under consideration for publication elsewhere. All authors
approved the manuscript submission and they have no competing interests.

We hope this manuscript meets the journal requisites and is suitable for publication in
Science of the Total Environment Journal and look forward to the reviewers comments.
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Abstract

Soil biodiversity is threatened by intensification of land use. The consequences of different
land use on belowground biodiversity remain insufficiently explored for soil protists.
Alongside being abundant and extremely diverse in soil, protists provide a large range of
ecosystem services, as key players in the microbial loop, turnover of organic matter and in
the stimulation of plant growth-promoting rhizobacteria. However, we lack knowledge of
effects of site, land use and management intensity on diversity of soil protist communities.
Here we assessed protist communities in four European arable sites with contrasting land
use intensities at each site: Lusignan, France; Moskanjci, Slovenia; Castro Verde, Portugal
and Scheyern, Germany as well as two grassland sites: Hainich, Germany and Lancaster, UK.
Each site have consistent agricultural management history of low and high land use
intensities quantified in terms of land use index (LUI). We employed high-throughput
sequencing of environmental DNA, targeting the V4 region of the 18S rRNA gene. By
assigning the protist composition to trophic groups, we inspected for effects of
management, and other biotic and abiotic variables. While overall protist richness was
unaffected by LUI within sites, specific trophic groups was affected. Effects on protist biome
across land uses and sites were observed. LUl sensitive taxa were taxonomically diverse in
each plot, and their trophic groups responded in specific patterns to specific practices. The
most abundant trophic group was phagotrophs (73%), followed by photoautotrophs (16%),
plant pathogens (4%) and animal parasites (2%). Community compositions and factors
affecting the structure of individual trophic groups differed between land uses and
management systems. The agricultural management selected for distinct protist populations
as well as specific functional traits, and the protist community and diversity were indeed
affected by site, land use and management intensity, which indicates the ecological

significance of protists in the soil food web.

Keywords: Arable, grassland, protist microbiomes, land use intensity, metagenomics, V4

region of 185 rRNA
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1. Introduction

Understanding the response of the soil microbiome to changes in land use and
environmental drivers has become an important research focus, as microbes are important
drivers of soil quality (George et al., 2019). While the dramatic implications of land use and
management strategies at the landscape level are apparent and well recognized for the
biodiversity of plants and animals, these patterns are less obvious for soil microbial
communities. Most datasets available furthermore focus on bacteria and fungi, (Szoboszlay
et al., 2017a; Malik et al., 2018; Peters et al., 2019). However, the effects of land use on
microbial community composition and diversity may depend on the taxa being studied.

Soil microeukaryotes, including protists, are an extremely diverse group of unicellular
organisms that underpin globally important ecosystem services (Geisen et al., 2018). The
functional role of protists in soils is diversely linked to nutrient cycling and includes
phagotrophy, phototrophy, symbiosis, saprotrophy, or a mix of these strategies (Geisen,
2016b; Seppey et al., 2017; Geisen et al., 2018). Soil protist communities can be shaped by a
number of factors such as the presence and composition of prey, a range of biotic and
abiotic factors (such as plant species) and soil properties, such as pH and humidity (Gao et
al.,, 2019). The ecological key role of protists contrasts with the lack of understanding of
their diversity and structure in different land use management strategies.

When analysing protist communities by qualitative and quantitative methods in German
grasslands, Glaser et al. (2015) and Fiore-Donno et al. (2016) observed that land use was of
minor importance, while site appeared to be the main factor shaping protist communities.
However, Lentendu et al. (2014) showed that changes in soil pH, moisture and organic
nutrient availability caused by different land management strategies were responsible for
shifts in the composition of different eukaryotic communities, including protists.
Additionally, a recent study demonstrated that protists are the most susceptible component
of the soil microbiome to the application of nitrogen fertilizers (Zhao et al., 2019).
Nevertheless, it still remains to clarify how the impacts of land use at the field scale
compare to continental scale drivers of microbial diversity such as climate and soil type,
affect the protist microbiomes. Therefore, identifying the factors driving the abundance and

the protist microbiome structure will provide fundamental knowledge on the maintenance
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of ecosystems services in agricultural systems and the prediction of their responses to
environmental disturbance.

Therefore, the main goal of this study was to determine the differences in the protist
diversity and community structure resulting from diverging land use and management
strategies at different sites. The studied sites are a series of long term observatories (LTOs)
representing arable and grassland habitats across Europe. The LTOs have a consistent
agricultural management history of several years and are composed of three independent,
replicated plots of two contrasting treatments, with low and high land use intensity (LUI)
that was previously calculated on the basis of the LUl index by Griffiths et al. (2016). The LUI
index corresponds to a specific regime of mowing, grazing and fertilization, which have been
qguantified and combined to create a uniform land use intensity value (Griffiths et al., 2016).
This classification allows simultaneous comparisons between all experimental plots.

We used an amplicon sequencing approach to assess the community structure of protists
based on soil DNA, partial amplification of the 18S rRNA gene and MiSeq sequencing of the
amplicons. The obtained reads were assigned to five broad trophic groups of protists
(phagotrophs, phototrophs, animal parasites, plant pathogens, and saprotrophs) (Seppey et
al. 2017, Schulz et al. 2019) to compare community composition between land uses and
intensities, across and within sites. Finally, we analysed the importance of potential abiotic
environmental factors as drivers for the distribution of the trophic groups. We hypothesized
that (i) in response to LUI, distinct protist communities will develop in arable and grassland

soils; and (ii) LUl shapes the protist microbiomes, with lower protist richness under high LUI.

2. Materials and Methods

2.1 Site, soil sampling and soil properties

Soil samples from six countries belonging to four different climatic zones were collected
from six long-term observatories (LTO) in collaboration with the EU FP7 EcoFINDERS
(#264465) project during fall 2013 as described by Griffiths et al. (2016) (Figure 1A). The
LTOs were four arable sites: Lusignan, France; Moskanijci, Slovenia; Castro Verde, Portugal
and Scheyern, Germany; in addition two grassland sites: Hainich, Germany and Lancaster,

UK were sampled. The sites covered a broad range of soil physical-chemical characteristics
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to ensure a contrast in the soil microbiological properties. At each site, we sampled top soil
(0-15 cm) in three replicate plots of both low and high LUl management. Samples were kept
in an insulated box containing frozen ‘cool blocks’ until they could be stored at 4°C in a
laboratory. Additional information related to the LTQO’s characteristics can be found in
Griffiths et al. (2016) and Table 1. Soil chemical properties varied with land use type (Table
1). Grassland soils had a significantly higher moisture content, total C and N, organic matter
and clay content, but lower silt content than arable soils. Within the arable soils, Castro
Verde soils were more acidic and had lower moisture content, organic matter and total C
and N content. In terms of soil texture, all arable soils exhibited internal significant
differences. Within the grassland soils, Hainich showed the highest pH values, lowest
moisture and organic matter content and highest clay percentage. Significant differences in
soil parameters between low and high LUI within each site were not observed (ANOVA, p >
0.5). Biologically relevant climatic variables, such as mean average precipitation (MAP) and
mean average maximum temperature (MAmT) for October 2013 were retrieved from the

WorldClim project (Hijmans et al., 2005) for each site.

2.2 DNA extraction and quantitative PCR (qPCR) analysis

Total genomic DNA was extracted from 0.25 g (wet weight) of soil samples using the
Power Lyzer™ PowerSoil®DNA Isolation Kit (MoBio laboratories Inc, USA), following the
manufacturer’s instructions. DNA from three soil replicates per plot were each extracted
three times, and the three extraction replicates were pooled for further analysis. The
guantity and quality of the extracted DNA were checked using a NanoDrop ND-2000c UV-Vis
Spectrophotometer (NanoDrop Technologies, Thermo Scientific, Naerum, Denmark). The
abundance of 18S rRNA genes was determined by 18S rRNA gene gPCR assay using the
primers Euk345f/Euk499r, and a separate specific assay to amplify a 130 bp fragment on
free-living amoeba 18S rRNA gene using the primers Amo1400F/Amo1540R, as described in
Santos et al. (2015). gPCR analysis were performed in a 7300 Real-Time PCR System (Applied
Biosystems) with a final volume of 20 ul, using the Power SYBR® Green PCR Master Mix
(Applied Biosystems, UK) that contained 10 pl of SYBR® Green PCR Master Mix, 0.4 uM of
each primer, 0.6 mg ml™ of BSA and 2 pl of 1:50 dilutions of soil DNA as template. The final
mix was added to 96-well PCR plate (4titude® Ltd, Surrey, UK) and fluorescence

measurements were done at the end of cycle at the elongation step. The dissociation curve
6
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from 60°C to 95°C was measured after the last qPCR cycle. Data were analysed using SDS
v1.4.1 (Applied Biosystems). The amplification efficiency was determined using a standard
curve for ten-fold serial dilutions of defined DNA amounts of Acanthamoeba castellannii.
The initial DNA amount in each reaction was approximately 40 ng pl™. For each cycle, the C;
(cycle threshold) was calculated, the standard curves (C; values vs DNA concentration) were
constructed and the corresponding slope was used to calculate PCR amplification efficiency
(E) according to the equation of E = 10°°P®) _1_ Standard curves were linear from 2.95x10°

to 20 copies, with R* values higher than 0.98 and PCR efficiencies from 86 to 105%.

2.3 Amplicon library preparation

The hypervariable V4 region of the 18S rRNA gene was amplified using the general
eukaryotic primers TAReukV4F/TAReukREV (5'-CCAGCASCYGCGGTAATTCC-3'/5'-
ACTTTCGTTCTTGATYRA-3’) following the procedure described by Stoeck et al. (2014).
Forward and reverse primers were tagged at the 5’ end with Illumina overhang adapters,
following the manufacturer’s instructions. PCR reactions were run in duplicate using a
peqSTAR 96X Universal Thermal Cycler (PEQLAB, VWR International GmbH, Germany) with
the proof-reading DNA polymerase, NEB Next High Fidelity 2X (BiolLabs, Frankfurt,
Germany), 0.5 uM of each primer and 10 ng pl™ of template DNA in a final reaction volume
of 25 ul. The PCR runs was initiated with a first denaturation phase of 98°C for 30 sec,
followed by eight cycles with a denaturation temperature of 98°C for 10 seconds, an
annealing temperature of 55°C for 30 seconds and an elongation temperature of 72°C for 30
seconds, and terminated by a final incubation at 72°C for 5 minutes. Amplicons were gel-size
selected for the appropriate length of 450-500 bp and purified (QIAquick Gel Extraction Kit,
Qiagen, Germany). PCR products were multiplexed using Nextera® XT Index adapters
(Ilumina) in a subsequent PCR and purified using a magnetic bead capture kit (Ampure-
Agencourt, Beckman Coulter, Krefeld, Germany). Library quality was assessed using the
Bioanalyzer 2100 with the Agilent DNA 1500 DNA kit (Agilent, Santa Clara, CA).
Subsequently, all samples were quantified using a Quant-iT™ PicoGreen® dsDNA Assay Kit
(Invitrogen, Schwerte, Germany) and pooled equimolarly. Sequencing was performed with
an lllumina MiSeq® Reagent Kit v3 (600 cycles) for paired end sequencing on a MiSeq®

sequencing machine.
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2.4 Sequencing processing, taxonomic assignment and phylogenetic analysis

Recovered sequences were processed by using the UPARSE pipeline (Edgar 2013; 2016)
with USEARCH v10, as suggested by (Xiong et al., 2019). The clustering of operational
taxonomic units (OTUs) was based on the following workflow: (i) quality filtering of the
sequences using a “maxee” (i.e., maximum per sequence expected error frequency) value of
1; (ii) dereplication of identical sequences performed via the fastx_uniques command; (iii)
OTU clustering with -cluster_otus that combines a chimera removal step; (iv) and generating
OTU abundance table by mapping the total reads to representative sequence with -otutab
command. Taxonomic annotation was assigned to representative sequence of each OTU by
UCLUST (Edgar, 2010) in QIIME (-assign_taxonomy.py) against PR2 database (version 4.11.1)
(Guillou et al., 2013). All sequences unassigned were removed, retaining a total of 3,978,906
sequences for the 36 samples (average 110,525 reads per sample). Furthermore, we
discarded plant (Streptophyta), animal (Metazoa), and fungi sequences to generate the
retained and conservative protist OTU table. To avoid sampling size effects on the alpha
diversity analysis, the number of reads per sample was normalized by randomly
subsampling to the lowest number of protist reads across all samples (Figure S1,

supplementary information).

2.5 Statistical analysis

All statistical analyses were conducted in R v3.6.1 (R Core Team, 2013). Briefly, rarefaction
analyses were performed on the filtered OTU tables with QIIME1. Rarefaction curves were
built based on the observed OTUs with rarecurve function of the vegan package (v.2.5-6;
Oksanen et al., 2019). Rarefaction analysis showed that all samples were approaching
saturation with the achieved number of reads. It is, therefore, reasonable to infer that the
obtained sequences covered the majority of the entire protist microbiome (Figure S1). Alpha
diversity (Richness, and Shannon index) was calculated per sample based on randomly
subsampled read count data to compensate for variation in read numbers across samples,
using the vegan package (Oksanen et al.,, 2018). The aov function was used to calculate
pairwise ANOVA p-values for alpha diversity measures between samples. The effects of land
use and LUl were tested on alpha diversity within and among each site, respectively.

The relationship between protist OTUs that derived from different land uses (arable and

grassland sites) was first visualized using Venn diagrams (limma package, Smyth 2005). The
8
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soil protist microbiome composition was ordinated by NMDS analysis using Bray-Curtis
dissimilarity distance at an OTU level with the phyloseq package (McMurdie and Holmes,
2013). Differences among microbiome composition of the different sites and plots were
calculated using permutational analysis of variance (PERMANOVA) using the functions
adonis in the vegan package with 10* permutations (Oksanen et al., 2019). One-way analysis
of variance (ANOVA corrected by Benjamini—-Hochberg FDR) was used to compare mean
differences between the sites and treatments using STAMP (Parks et al., 2014). For each
trophic group, the top 10 genera were further represented along with the combined local
contribution to beta diversity (LCBD, with default Hellinger dissimilarity distance) using the
MicrobiomeSeq package (http://www.github.com/umerijaz/microbiomeSeq).

To explore the most discriminant OTUs between LUI systems (LUl sensitive OTUs, hereafter
LUIs-OTUs), only OTUs with more than 2 sequences (avoiding single-count OTUs) and
present in at least three samples (the number of replicates per treatment) were considered.
For that, negative binomial linear discriminant analysis and generalized linear models were
performed using the likelihood ratio test (FDR-corrected p < 0.05) with the R package edgeR
(Robinson et al., 2009). However, our analysis included only OTUs that played a key role and
had a high discrimination power in explaining the protist community composition at each
soil plot. These were assessed previously, by indicator species analysis with the R package
indicspecies (De Caceres et al., 2010). The IndVal indices (“multipatt” function; indicspecies
package) combines the species relative abundance with its relative frequency of occurrence
to statistically determine species associated to one or several particular plots. The
significance of the indicator value of each species was assessed by a randomization
procedure with 9999 permutations (De Cdaceres et al., 2010). The significant OTU
associations to one or more of the different LUl systems were visualized using bipartite
networks. The networks were constructed using the Fruchterman-Reingold layout with 10*
permutations as implemented in the R package igraph (Csardi and Nepusz, 2006) and
described in (Hartman et al., 2018). Moreover, mean relative abundances of LUIs-OTUs were
plotted using the function heatmap.2 from gplots package (Warnes et al., 2019).

To estimate the source of variation for protist communities and to compare the effects of
the biotic and abiotic factors we used variation partitioning (“varpart” function in vegan

package). Thus, models were constructed containing four groups of predictors: LUI, soil

9
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structure (clay, sand and silt content), climatic variables (MAP and MAmMT) and soil
properties (pH, moisture, organic matter, carbon and nitrogen). To examine the
relationships among the different trophic groups (hellinger transformation) and
environmental variables, redundancy analysis (RDA) was performed using the vegan

package, and significance was tested using the “envfit” function using 999 permutations.

3. Results

3.1 Structure of the soil protist microbiome

The 18S rRNA gene abundance was in the range of 1.35x10° to 2.58x10* copies per g'1 of
soil with Lusignan and Castro Verde values being significantly lower than Hainich and
Sheyern (Figure 1B). The amoeba-specific 185 rRNA gene was up to 10-fold lower in
abundance than total 18S rRNA gene with soil from Moskanjci having significantly higher
abundances (p < 0.05, Tukey’s test).

Sequencing and quality filtering resulted in a total of 5,140,865 high-quality 18S rRNA gene
sequences for all samples. After removal of singletons, fungi, metazoa, streptophyta and the
unclassified sequences, the protist dataset comprised 7,111 OTUs and 2,932,711 high
quality sequences (57% of the retained eukaryotic sequences and 36% of the OTUs) with an
average read length of 425 bp and an average of 82,105 + 22,492 (Mean % SD) reads per
sample. Arable and grassland sites present different microbial habitats with specific sets of
protist OTUs (Figure S2). The grassland sites shared 34% of OTUs with the arable sites
(Figure S2A) with only 14%, and 26% of the OTUs being shared among the arable and
grassland sites, respectively (Figure S2B-C).

Protist richness was significantly higher in arable sites compared to grassland sites
(ANOVA, p < 0.05). The only exception was the very dry agricultural site in Castro Verde,
where also low diversity pattern of protists were observed (Figure 2A). Shannon index
indicated significantly higher protist diversity for Moskanjci and Lancaster sites (Figure 2A).
Additionally, significant differences were observed for protist diversity between low and
high LUI at Moskanjci site (Figure 2A). Non-metric multidimensional scaling (NMDS) using
Bray—Curtis distances showed consistent differences in B-diversity between sites and across
land uses. Plots show tight clustering of the arable sites, whereas the grassland sites form a

more dispersed assemblage (Figure 2B). Within site, a separation between low and high LUI
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can be observed for the Castro Verde and Hainich plots. PERMANOVA analysis of the total
dataset corroborated the trend observed in the ordination plot, with site explaining 50% of
the protist variation observed (p < 0.001), and a smaller but significant impact of LUI
explaining 12% of the variation (Figure 2B).

Rhizaria was by far the protist group with the highest relative abundance (38% of total
reads) at all sites, followed by Amoebozoa (31%), Alveolata (12%), Archaeplastida (10%),
and Stramenopiles (4%) (Figure 2C). In addition, five rare groups remained: Opisthokonta
(0.4% of the assigned protist sequences), Hacrobia (0.3%), Excavata (0.1%), Apusozoa
(0.04%) and Protalveolata (0.02%) (data not shown). However differences in relative
abundance pattern for the different groups between sites and in response to LUl were
observed. Rhizaria OTUs were more abundant in Castro Verde and Lancaster compared to
the other sites and were entirely comprised of Cercozoa (ANOVA, p < 0.05; Benjamini—
Hochberg FDR). Among Amoebozoa, proportions of Conosa were relative constant across
sites, while Lobosa was significantly less abundant in Castro Verde. Ciliates were the most
common Alveolates and were most abundant in Hainich site, whereas the proportion of
Apicomplexa was higher at Castro Verde. While the most abundant Archaeplastida taxa,
Chloroplastida (green algae), was in relative lower abundance in Lancaster, Rhodophyta (red
algae) was in higher relative abundance in Castro Verde. The proportions of Stramenopiles,
Ochrophyta were reduced in Hainich site, while those of Oomycetes and Bicosoecida were
relatively constant across sites (ANOVA, p < 0.05; Benjamini—-Hochberg FDR, data not

shown).

3.2 Richness and community composition of trophic groups

Based on the different trophic groups, overall the relative abundance of protists decrease
in the order of phagotrophs (73% of the assigned protist sequences), phototrophs (16%),
plant pathogens (4%), animal parasites (2%), saprotrophs (1%) and unassigned (4%). The
relative OTU richness of phagotrophs was higher at Moskanjci and Scheyern, followed by
Lusignan, whereas Castro Verde and Lancaster sites did not show significant differences in
OTU richness. Hainich samples recovered the lowest richness for phagotrophs (Figure 3).

Unclassified Variosea taxa (Amoebozoa, Conosa), were dominant in arable samples, with
exception of Castro Verde that revealed a phagotrophic composition similar to the Lancaster

site, with dominance of Rhogostoma-lineage (Rhizaria, cercozoa) (Figure S3A). Hainich also
11
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showed a distinct community pattern with Oxytrichidae (Alveolata, Ciliophora) and AND16-
lineage (Amoebozoa, Conosa) being the dominant taxa (Figure S3A).

The grassland phototrophic community composition was significantly different from the
arable sites and the Castro Verde site showed significant differences from all the other plots
investigated (Figure 3). While Cryptodesmus (Archaeplastida, Chlorophyta) and Muriella
(Archaeplastida, Chlorophyta) were more relative abundant in the three arable sites,
unclassified Cyanidiales (Archaeplastida, Rhodophyta) dominated at Castro Verde and at
both grassland sites (Figure S3B). Additionally, Castro Verde site showed a higher relative
abundance of unclassified Chlamydomonadales (Archaeplastida, Chlorophyta) when
compared to the other sites (Figure S3B). Hainich showed a higher relative abundance of
unclassified Watanabea-Clade (Archaeplastida, Chlorophyta) taxa, while Chlorochytrium
(Archaeplastida, Chlorophyta) was more abundant in Lancaster.

Plant pathogen richness was significantly increased at Lancaster and reduced at Lusignan
(Figure 3). Moreover, at Moskanjci and Castro Verde, differences between high and low LUI
richness were observed, with low LUl showing higher richness in Moskanjci, but the
opposite occurring in Castro Verde (ANOVA, p < 0.05). The most abundant plant pathogen in
all sites was the cercozoan Polymyxa (Rhizaria, Plasmodiophorida) with exception of
Lusignan where oomycota taxa were the most abundant (Figure S3C). Other unclassified
Plasmodiophorida were higher in relative abundance in Castro Verde and Lancaster (Figure
S30C).

The relative OTU richness of animal parasites was high in grassland sites, followed by
Moskanjci and other arable sites, with gregarines (Alveolata, Apicomplexa) being the most
abundant taxa at all sites (Figure 3, Figure S3D). While Lancaster showed a higher relative
abundance of unclassified Apicomplexa, and Anurofeca (Opisthokonta, Mesomycetozoa),
the rest of the sites were rich in Colpodellidae (Alveolata, Apicomplexa) and other
unclassified Pseudoperkinsidae (Opisthokonta, Mesomycetozoa) (Figure S3D).

The lowest richness for saprotrophs protists was found at Lusignan and Scheyern (Figure
3). Moreover, both grassland sites showed a higher richness at low LUI treatment plots,
when compared to the high LUI treatments (ANOVA, p < 0.05) (Figure 3). The community of
saprotrophs was mostly constituted of Thraustochytriaceae (Stramenopiles, Labyrinthulea)

(Figure S3E).
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In each land use system the unassigned protists were dominated by different Cercozoa,
Stramenopiles and Amoebozoa that could not be further specified and showed a significant

higher richness in the grassland sites and Castro Verde (Figure 3, Figure S3F).

3.3 Effect of land use intensity and other biotic and abiotic factors

Discriminant analysis was used to identify those protist OTUs that differed significantly
among the different LUIs by implementing indicator species analysis and likelihood ratio
tests in edgeR. We defined OTUs that were supported by both methods as LUIs-OTUs
(Figure 4A) and found a total of 512 and 86 LUIs-OTUs in arable and grassland sites,
respectively (Figure 4A and 4B). While the arable sites shared LUIs-OTUs among them, the
grassland sites did not have any LUIs-OTU shared between them. There was little overlap
(12 OTUs) between arable and grassland LUIs-OTUs (Figure S4). Despite the majority of the
LUIs-OTUs being associated to a combination of ecosystems and treatments, OTUs with a
high probability of being found only at low or high intensity LUI, within each site were
observed (Figure 4). These LUIs-OTUs, drive the differences in community membership and
abundance within each site (Figure 4A,B). The LUIs-OTUs covered a broad range of phyla
and none of the higher taxonomic groups (e.g., supergroup, division, order) exhibited a
consistent response to management (Figure S5). Nevertheless, within the arable sites,
Castro Verde and Lusignan the highest proportion of LUIs-OTUs were shared (Figure 4A).
Even though animal parasites and saprotrophs were in relative higher abundance in Castro
Verde (Figure 3), they were not selected as indicator species, as they are not significantly
different between treatments (Figure 4A,C). For Lusignan a higher relative abundance of
unassigned taxa in the lower LUl plots was observed. Scheyern showed the highest
difference in LUIs-OTUs composition between treatments, with lower LUl having a higher
number and relative abundance of saprotrophs (Figure 4A,C). LUIs-OTUs classified as
phagotrophs were most abundant in the high LUl treatments at Moskanjci, whereas for low
LUl a higher abundance of plant pathogenic taxa was observed (Figure 4A,C). For both
grassland sites, LUIs-OTUs identified as saprotrophs were present only at low treatment
plots, while animal parasites and phototrophs were only observed at high LUl treatment
plots (Figure 4B,D).

LUI explained about 19% of the variance in arable sites and 22% in the grassland sites

(separate PERMANOVA,; p < 0.05) and was the best predictor of B-diversity for both land
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uses (Table 2). pH was the second most important variable, followed by soil moisture in
arable sites and carbon content in grassland sites. Moreover, organic matter and mean
annual precipitation also appear to affect the protist microbiome at arable sites.
Redundancy analysis (RDA) indicated that LUI, soil chemical properties (soil pH, moisture
and organic matter) and climatic variables were the main drivers for the trophic groups,
explaining 50% of the total variation (Figure 5A). Lusignan, Moskanjci and Scheyern were
separated from Castro Verde and Lancaster by the first component (RDA1: explaining 65.2%
of the total variation). Hainich samples, on the other hand, did not show any particular
clustering based on the protist trophic groups. Accordingly, phototrophs were mostly
present in the arable sites and were related with soil moisture, organic matter and
precipitation. Moreover, pH seems to affect mostly the protist trophic groups at Scheyern
and Lusignan sites, while LUI influences the grassland sites and Castro Verde site and is
negative correlated with pH. Similarly, variance partitioning analysis showed that the largest
part of the community variation was explained by plot-related variables such as LUI, soil
physicochemical properties and soil structure (13%), with climate variables explained a small

but significant fraction of the variation observed (Figure 5B).
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4. Discussion

Land use intensity (LUI) and agriculture management system are important factors for the
composition and structure of eukaryotic microbial communities across Europe. However,
identifying consistent effects of land management on the soil microbiomes is difficult as LUI
and their impacts on edaphic properties like soil pH, bulk density and moisture content are
often site-specific and context-dependent (Malik et al., 2018). In order to understand long-
term agricultural management effects on soil protists under field conditions, we
investigated soil samples from different LTOs with different LUI. We hypothesized that LUI
can shape protist communities but contrasting this hypothesis, the overall OTU richness of
protists was not significantly different between the different LUl within each site.
Nevertheless, as seen before for bacteria and fungi, protist richness was influenced by land
use (arable vs. grassland), increasing along a productivity gradient across heterogeneous
ecosystems at a European scale (Tardy et al., 2015; Thomson et al., 2015; Szoboszlay et al.,
2017; George et al., 2019). In contrast, Seppey et al. ( 2017) and Schulz et al. (2019)
observed little to no differences on protist richness between different land use types,
including different arable systems. The conditions promoted by the different land uses, such
as lower fertility, soil moisture and organic matter, in the grasslands compared to the arable
sites, determined the abundance and composition of soil protist microbiomes. Besides,
consistent with studies of bacteria and fungi, the results showed that protist diversity and
composition differed more among the contrasting locations across Europe than between
the treatments within each location (Thomson et al., 2015; Szoboszlay et al., 2017; Schops
et al., 2018; George et al., 2019). In agreement with Grossmann et al. (2016) and Schulz et
al. (2019), the community composition of protists differed significantly between land use
types, with grassland communities being more distinct from the ones in the arable systems,
supporting the notion that community patterns of protist are highly consistent within a
given habitat type.

High-throughput amplicon sequencing of 18S rRNA genes revealed the dominance of
Rhizaria, Amoebozoa and Alveolata taxa in grassland and arable environments (Geisen et al.,
2015; Dupont et al., 2016; Mahé et al., 2017; de Araujo et al., 2018). The phylum Cercozoa is
of high ecological importance in soils, and our results confirmed the dominance of small
bacterivore flagellates in the group of Glissomonadida and in Cercomonadida in soil
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(Degrune et al., 2019). Amoebozoa comprise a wide variety of amoebae and flagellates and
were mostly represented by variosean and tubulean species, many of which are key
inhabitants of soil (Voss et al., 2019). Contrary to our study, most environmental studies
using general eukaryotic primers reported a dominance of Alveolata (ciliates and
apicomplexan) in soils. This is usually assigned to an amplification artefact or to biases
towards the most represented taxa in the databases (Bates et al., 2013; Mahé et al., 2017,
Shen et al., 2014; Fiore-Donno et al., 2016).

The protist microbiomes differed strongly among sites with LUI significantly affecting the
protist community as indicated by NMDS, PERMANOVA and differential abundance analysis
(LUIs-OTUs). Due to the fact that protists comprise phylogenetically diverse groups with very
different ecological traits, we considered the individual trophic groups community structure,
to uncover the changes associated with land use and LUI. Despite the possibility that some
groups were misrepresented due to erroneous trophic classification or PCR amplification
biases, and the existing risk of inferring function based on phylogenetic position, soil protists
are commonly suggested to be bacterivorous, serving together with bacterivorous
nematodes as the main controllers of bacteria in soil food webs (Dupont et al., 20163;
Geisen, 2016a; Schulz et al., 2019). Indeed, phagotrophic protists were the most abundant
and predominantly, they function as grazers of bacteria, fungi and microfauna including
other protists, driving the elemental cycle (Trap et al., 2015; Geisen, 2016b; Geisen et al.,
2016). Relative abundance of phagotrophic protists was lower at sites with higher pH
(Moskanjci and Hainich), contrasting other studies focussing more on land use and bacterial
communities (Schulz et al.,, 2019). Phototrophic protists (i.e. eukaryotic algae) in soils
include mostly exclusive free-living phototrophs (e.g. Bacillariophyta, Chrysophyceae,
Xanthophyceae) and photosymbionts as in lichens (e.g. Trebouxiophyceae) (Seppey et al.,
2017). Phototrophs showed higher richness at arable sites as seen previously, where
phototroph protists increased in richness and abundance in plantation systems benefitting
from the more open canopy (Schulz et al., 2019). Also the distribution of animal parasites
and saprotrophs follows the different land use characteristics. The deceasing abundance of
arthropod parasites (Mesomycetozoa and Gregarines) from grassland to arable fields is in
line with the corresponding decline in habitat complexity and diversity of ecological niches

for their hosts (Bates et al., 2013; Mahé et al., 2017; Seppey et al., 2017; Geisen et al., 2018;
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Schulz et al., 2019). Moreover, the pesticide use is highest in arable sites reducing the insect
diversity and biomass (Seppey et al., 2017). Also, the lower richness of saprotrophs protist in
more intensively managed grassland systems (fertilised and grazed; high LUI treatment),
when compared with a traditionally managed system (unfertilised, extensively grazed and
cut; low LUI treatment) can be explained by the soil management regime that allowed a
higher abundance of dead tissue available to specialized saprotrophs. Plant pathogen
richness did not vary according to the land use but it was less rich at Lusignan probably due
to an incorporation of a grass ley in the arable rotation, making the two treatments at this
site very similar (Griffiths et al., 2016). Nevertheless, plant pathogen richness was
significantly affected by LUI, being reduced at fallow systems (low LUI treatment) and at
conventional tillage plots (high treatment), when compared to the cereal crops (high LUI
treatment) and minimum tillage (low LUl treatment) at Castro Verde and Moskanjci sites,
respectively. This can be explained by the site's historical soil management regime and the
limited range of plants grown on the fallow site at Castro Verde. Indeed, tillage was
previously observed to influence protist communities when compared with untilled soil (Adl
et al., 2006). Moreover, for the plant pathogens our study recovered a variety of disease
agents, such the Plasmodiophorida taxa, responsible for clubroot disease in Brassicaceae;
Spongospora spp., responsible for powdery scab in potatoes; Polymyxa taxa that can
function as carriers of viruses in beets and cereals; and other Oomycota crop disease taxa
(Aphanomyces and Pythium) (Geisen et al., 2018).

Protists essentially depend on the water layer connecting soil pores to move, feed and
multiply, and hence the habitat size will increase or shrink with changes in moisture (Geisen
et al., 2014). In line with this, data showed that a combination of multiple abiotic factors
drive protist communities, with pH, moisture, organic matter, carbon content and annual
precipitation being the principle factors (Bates et al., 2013; Dupont et al., 2016; de Araujo et
al.,, 2018; George et al., 2019). Notably, the most influential factors driving differences in
protist communities in arable and grassland soils were not the same. However,
disentangling such related variables is difficult since soil carbon is often co-correlated with
other soil properties including bulk density, organic matter, elevation, and mean annual

precipitation (Blanco-Moure et al., 2016).
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5. Conclusions

Our barcoding analyses provide detailed insights into the diversity and community
structure of a broad range of protist groups, and expands our understanding of how land
use intensity and edaphic properties can shape soil protist communities, across different
agricultural systems in Europe. The data suggests that Rhizaria was the dominant protistan
lineage in the agricultural systems. At a functional level, the protistan assemblage in
agricultural systems was dominated by phagotrophs and phototrophs with animal parasites
and plant pathogens constituting only 6% of the overall sequences. We observed that each
management system has context-dependent effects on the diversity and structure of protist
microbiomes, and that diversity studies based solely on taxonomy are not sensitive enough
to depict effects of LUl in such homogeneous ecosystems. The arable plots promoted higher
protist richness and diversity, and their richness can be related to the presence of certain
environmental variables specific to the plots. The LUI sensitive taxa appeared dependent on
local soil and climatic effects, and on the type of land use management and intensity.
Moreover, within trophic groups, individual taxa generally responded in a similar way,
suggesting that trophic groups of protists might reflect the general patterns in different
population structures. To efficiently conserve biological diversity and maintain ecosystem
functions, it is crucial to monitor diversity changes and investigate the underlying processes
related to land use changes. Follow-up studies need to identify the beneficial traits of LUI
sensitive protists in order to define the microbiome functions that can be manipulated

through agricultural management.
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List of tables:

Table 1: Edaphic properties and climatic variables among different land uses and LTOs (median + SE). MAP: Mean average precipitation;

MAMT: Mean average maximum temperature. Moisture values are based on residual water content measurements, and all other data

calculated on a dry weight basis (g kg'1 soil). Significant differences between arable and grassland sites (the values denoted in grey shadow) are

indicated by asterisks, while the differences among sites, within each land use, are indicated by lowercase letters according to ANOVA (p <

0.05).
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MAP MAmMT | Moisture pH Total N Total C Organic Clay Silt Sand
Land use / Site LUI October | October | (mLg™) | (CaCly) | (g kg™ (g kg™ matter (%) (%) (%)
(mm) (°C) (gkg™)
iArable sites (n=24) 154 + 3.6 169+0.7 | 64+01 0.1+0.01 1.2+0.1 206 +1.1 19.1+09 |47.4+26 [33.6+3.2
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Iinimum tillage
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9 i ) 186 + 0.1 62+01 0.1 +0.02 11+09 188 + 15 189 + 11 627 £ 3.7 184 + 28
............................ Conventional tillage | e SO A SR Y A
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Minimum tilage 183+ 03 70+03 0.2 + 001 16+01 283+18 212+05 419+ 02 369 + 0.3
Moskanjci (MO) Hich 22:'9. b 80 155 & b b b b b b b
9 i ) 188 + 04 67 +01 01+0.01 15+01 251 +09 213 +£03 431+ 02 355+ 05
............................. Conventional tillage | @ e e
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Eallow 123+ 01 58 +0.1 0.1+ 001 0801 13.5+ 05 124 + 0.4 309 + 11 56.7 + 1.5
Castro Verde (CV) Hich - 10.8 < 63 229 b ‘ < B ‘ < ¢ <
gc | : 102 +13 58+01 01 +0.01 0901 147 £+ 04 127 + 04 295+ 20 578 +£23
erea
""""""""""""""""" Low-15.4 | T e
) 192+ 03 67+01 01+001 14 +01 250+19 244 £ 15 519+ 09 237 +£25
Organic b b ! I b d d d
Sheyern (SH) High - 35.4 52 128 a b b
d o 189 + 03 67 +01 0.1+ 001 15+01 200+ 29 235+ 11 546 +14 |219+15
Conventional
Grassland sites (n=12) 33+15 33+0.7 |64+03/04+003" [52+0.3" |88.5+55 |426+49 | 347+25 [22.7+6.0
Low - 3
bt ow 293 +25 73+02 04 + 0.06 46 +06 79.2 + 109 50.5 + 5.3 459 + 54 36401
xtensive grass
Hainich (HA) on - 7e | S8 12 » : » » ,
g‘ ) 290+ 18 75+01 0.5 +0.08 52+07 86.7 + 139 628 + 14 32815 45+04
.............................. Intensive grass | ]
Low - 0.4
) 361+ 21 51+03 04 +0.10 50+08 85.6 + 14.3 266+ 43 263 +24 |471+67
Extensive grass b I b b L L
Lancaster (LA) High - 2 114 133 b b b
9 376 +17 58+01 0.5 +£0.05 59+01 1026 + 34 306 + 31 339+ 14 355+ 42
Intensive grass
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Table 2: The most influential environmental factors affecting protist OTU community

composition in arable and grassland sites, as determined by permutational multivariate

analysis of variance (PERMANOVA). Significant factors are shown in bold (p < 0.05).

Arable Grassland
PERMANOVA PERMANOVA
R2? p R2 p

LUI 0.19 0.0001 LUI 0.22 0.0002
pH 0.16 0.0001 pH 0.15 0.0034
Moisture 0.11 0.0006 Carbon 0.10 0.0256
Organic matter 0.05 0.0375  Moisture 0.09 0.0552
MAP 0.05 0.0404 Organic matter 0.09 0.0514
Silt 0.04 0.0515 Silt 0.09 0.0605
Clay 0.04 0.0697 Clay 0.07 0.1886
MAMT 0.03 0.1463 MAP 0.06 0.2691
Nitrogen 0.03 0.1872 Nitrogen 0.04 0.5523
Carbon 0.02 0.3662 MAmMT 0.00 0.6572
Residual 0.28 Residual 0.10
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706  Figure 1: A) European sites used in this study. (B) Quantification of eukaryotic 185 rRNA
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708  topped by the same letter are not significantly different at p < 0.05 (Tukey). Asterisk

709 indicates significant differences in 18S rRNA gene for free-living amoeba gPCR data.
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A) Protist OTU richness and Shannon diversity of rarefied protist dataset (the thick horizontal line is the median sample value while the box

shows the interquartile range). Statistically significant differences among sites by pairwise ANOVA (p < 0.05) are shown above the plot with small case
letters. Capital letters show differences among arable and grassland land uses. For Moskanijci site, the asterisk below the box indicates significant
differences between high and low agricultural management systems (LUI). B) Beta diversity analysed by non-metric multidimensional scaling (NMDS)
based on Bray-Curtis dissimilarities at OTU level and displayed in scatter diagram. The variances were assessed by permutational multivariate analysis
of variance (PERMANOVA) based on a distance matrix created using Bray-Curtis method. C) Taxonomic profiles of soil protist communities at super-
group level. Protist groups with relative abundances lower than 1% were summarized in the category ‘other’. The x-axis sample order reflects a
clustering by Bray-Curtis dissimilarities using the hclust function in R with method “average”.
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723 Figure 3: Relative OTU richness of trophic groups of soil protists per site. Box-plots sharing the same letter do not differ significantly (ANOVA, p <
724  0.05). Asterisk indicates significant differences between high and low LUI treatments within site (ANOVA, p < 0.05). Pie-charts show the most
725  abundant taxa per trophic group.
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Figure 4: Networks display protist LUIs-OTUs per site in the arable (A) and grassland (B) soils (determined using indicator species analysis and

likelihood ratio tests with edgeR). Dots represent OTUs positively and significantly associated (p < 0.05). Dot colour represent the different trophic

groups. Connections are given by connecting lines. Heatmaps showing the mean relative abundances of LUIS-OTUs for arable sites (C) and grassland

sites (D). OTUs are labelled by their trophic group.

32



732

733

734

735

736

737

A 1.0

05 e

Soil
properties

Climatic
variables

1%*

Soil
structure

* %k sk
a% LUI

1% 1%
% % %
5% 1%

0 k% %
8%

Phagotrophs

- T K]
Sa -~ Or.gamc matter

ophs a
Phototrophs

8%
. 13% 2%

Plant pathogéns
. o
Animal parasites

RDA2 (17.5%)
o
o

2%
(]
LUI

05 Silty Site: 6%
Castro Verde

e Hainich
Lancaster

e Lusignan
Moskanijci

e Scheyern

Residuals = 49%

04 00 04
RDAL (65.2%)

Figure 5: Redundancy analysis (RDA) on Hellinger-transformed data (A) with variance partitioning of the protist functional groups with soil and climatic
variables for individual samples (B). The proportion of variance explained by the environmental factors shown is = 50%. The position of trophic groups
represents their centroid. The variance partitioning p-values are from permutation tests (1000 permutations) assessing if the partial effect of a factor

is significantly different from zero (ANOVA, p < 0.05). Values show the fraction of variation explained by each parameter, as well as the shared

contribution of each of the parameters.
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