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Abstract
Oomycetes are a ubiquitous protistan lineage including devastating crop parasites. Although their ecology in
agrosystems has been widely studied, little is known of their distribution in natural and semi-natural ecosystems and
how they respond to edaphic and environmental factors. We provide here a baseline of the diversity and distribution of
soil oomycetes, classified by lifestyles (biotrophy, hemibiotrophy and saprotrophy), at the landscape scale in temperate
grassland and forest. From 600 soil samples, we obtained 1148 operational taxonomy units representing ~ 20 million
Illumina reads (region V4, 18S rRNA gene). We found a majority of hemibiotrophic plant pathogens, which are
parasites spending part of their life cycle as saprotrophs after the death of the host. Overall both grassland and forest
constitute an important reservoir of plant pathogens. Distance-based RDA models identified soil type and mineral soil C/
N ratio as the most influential factors in shaping oomycete communities in grassland and forest. Edaphic conditions and
human-induced management intensification in forest triggered opposite responses in the relative abundances of obligate
biotrophs and hemibiotrophs, suggesting different ecological requirements of these two lifestyles.
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Introduction

Oomycetes are protists (phylum Stramenopiles or
Heterokonta) ubiquitous and widespread in terrestrial
(Geisen et al. 2015; Lara and Belbahri 2011; Singer et al.
2016), freshwater (Duffy et al. 2015) and marine ecosys-
tems (Garvetto et al. 2018). In terrestrial ecosystems,
oomycetes occur as pathogens of plants and other eukary-
otes and, less commonly, as saprotrophs (Marano et al.

2016), with plant pathogens representing more than 60%
of the oomycete taxa (Thines and Kamoun 2010). Well-
known examples are the soil-borne downy mildews with gen-
era like Phytophthora and Pythium and the white rusts
(Albugo) on plant leaves (Savory et al. 2015). The genus
Pythium is one of the most important soil-borne plant patho-
gens, being ubiquitous and with an extremely wide host range,
attacking the roots of thousands of different plant species
(Beakes and Thines 2016). Phytophthora, the “plant destroy-
er”, is responsible for the widespread rapid tree decline
(Hayden et al. 2013) and for damages to important crops like
soybean, tomato, grapevine and tobacco (Lebeda et al. 2008).
Because of their negative economic impact, oomycetes are
well-studied in silico and as many as 67 species have their
genome available in public databases (https://www.ncbi.nlm.
nih.gov/genome, last accessed 28 March 2020). Although
they affect forest ecosystems worldwide (Packer and Clay
2000) and are also common pathogens in grasslands (Foley
and Deacon 1985), their occurrence in natural habitats and
their ecological role in maintaining plant species diversity
(Bever et al. 2015) is still poorly explored compared to
agroecosystems.
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Oomycota is not a functionally homogeneous group, since
it includes lifestyles as diverse as saprotrophy, biotrophy and
hemibiotrophy—the two latter being two forms of parasitism.
Free-living saprotrophs live on organic matter or dead tissues.
Lifestyles of pathogens include obligate biotrophy which re-
quires living plant tissue (e.g. Lagena, Peronospora and
Plasmopara) and hemibiotrophy (e.g. Phytophthora and
Pythium) characterised by an initial biotrophic infection,
followed by necrotrophy on killed host tissue (Ah-Fong
et al. 2019; Pandaranayaka et al. 2019). It is important to note
that these categories describe life phases rather than the mi-
croorganisms themselves (Lorang 2019) . Many
hemibiotrophic intermediate states between biotrophy and
necrotrophy are recognised (Spanu and Panstruga 2017),
varying in the length of the latent period, the degree of
inflicted damage and the susceptibility of the host (Précigout
et al. 2020). In addition, most species of hemibiotrophs can
live as saprotrophs in the soil, even in the absence of the host
plant (Lifshitz and Hancock 1983), and recently, species of
Pythium have been shown to play an important role in litter
degradation (Kramer et al. 2016). We did not expect that such
fundamentally different lifestyles would unequivocally re-
spond to environmental shaping forces, nor displaying homo-
geneous biogeographies: whenever functional traits are con-
sidered, protistan taxa show differential distributions accord-
ingly (Faure et al. 2019; Fiore-Donno et al. 2019, 2020; Jassey
et al. 2016). We hypothesised that hemibiotrophs would be
more abundant in the habitats studied than the more
specialised obligate biotrophs. In addition, we expected that
soils rich in organic carbon would harbour less plant parasites
(Hayden et al. 2013), while fertilisation would increase them
(Löbmann et al. 2016).

Recent large-scale studies, using next-generation sequenc-
ing, have revealed that Oomycota represented c. 5–10% of the
protistan metatranscriptomics in forest and grassland soils and
to a lesser extent in peatlands (Geisen et al. 2015). A study
conducted only on peat bogs, using ad hoc primers, revealed
nevertheless the occurrence of 34 phylotypes, most of which
could not be assigned to known species (Singer et al. 2016).
Few plant-associated oomycetes were found in the roots of
oaks (Sapp et al. 2019), in that of Arabidopsis thaliana
(Sapp et al. 2018) and in various other plant roots along a
glacier chronosequence (Dickie et al. 2019). Their complex
life cycle, including a stage with large, mycelium-like struc-
tures protected by cell walls, the occurrence of motile cells for
dispersion and thick-walled resting stages (Beakes and Thines
2016), may explain their adaptability and dispersal potential.
This suggests that a wider diversity of Oomycetes should be
detectable by large-scale metabarcoding (taxon identification
using a short fragment of a gene from environmental DNAs)
studies in soil than the currently known c. 2000 species, of
which 95% belong to the two crown groups, the
Saprolegniales and Peronosporales (Thines and Choi 2016).

Our aim was to assess: (i) the biodiversity of oomycetes in
a large-scale environmental survey in grasslands and forests of
the Biodiversity Exploratories, Germany; (ii) the influence of
edaphic, environmental and anthropogenic factors on the
composition of oomycete communities classified according
to their lifestyle (obligate biotrophy, hemibiotrophy or
saprotrophy) and substrate preference (animal- or plant-asso-
ciated). Providing such a detailed baseline is an important
contribution to assess the roles of plant pathogens for ecosys-
tem functioning.

Materials and methods

Study site, soil sampling and DNA extraction

Our study took place in three German Biodiversity
Exploratories, i.e. the Biosphere Reserve Schorfheide-
Chorin in the State of Brandenburg, the National Park
Hainich and its surroundings in the State of Thuringia and
the Biosphere Reserve Schwäbische Alb in the State of
Baden-Württemberg (Fischer et al. 2010). Each exploratory
comprises 50 grassland sites from extensive pastures to highly
fertilised meadows and 50 differently managed forest sites,
composed mainly of beech (Fagus sylvatica) sometimes
mixed with spruce (Picea abies) (detailed information, maps
and photos at https://www.bexis.uni-jena.de/PublicData/
About.aspx, last accessed July 2020). Each site contains a
study plot of 20 × 20 m. From all study plots, 300 soil
samples were collected in a coordinated joint sampling
campaign within 14 days in April 2011 and a second one in
April 2017. From each plot, 14 soil cores of 5 cm diameter
were taken every 3 m along two transects of 20 m (grassland)
and 40 m (forest) each, oriented north-south and east-west,
employing a soil corer. The surface layer (0–10 cm) was col-
lected, after removing plants, pebbles and conspicuous roots.
Soil cores from each plot were sieved (2-mm mesh size),
mixed, homogenised and immediately frozen for further anal-
ysis of edaphic properties. Soil DNA was extracted from
400 mg of soil (in 2011 and 2017), 3 to 6 times, using the
DNeasy PowerSoil Kit (Qiagen GmbH, Hilden, Germany)
following the manufacturer’s protocol, to obtain a sufficient
amount to be shared between research groups of the
Biodiversity Exploratories. Edaphic properties were deter-
mined by the Biodiversity Exploratories core project and are
available at https://www.bexis.uni-jena.de/PublicData/About.
aspx (last accessed July 2020). Briefly, they were determined
as follows: pH with a soil:solution (0.01 M CaCl2) ratio of 1:
2.5; total C and N concentrations using an elemental analyser;
inorganic C was determined with the same elemental analyser
after removal of organic carbon by ignition at 450 °C for 16 h;
soil texture by the percentage of sand (particles of 2–0.063
mm), silt (0.063–0.002 mm) and clay (< 0.002 mm) by
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sieving and sedimentation, after removal of soil organic matter
with hydrogen peroxide.

Primer and barcode design—amplification

We designed primers to target the ITS1, because it better al-
lows to distinguish between species (although not in the close-
ly related species of some groups of the polyphyletic Pythium)
(Steciow et al. 2014), and its reference database is rich (c. 600
species). Potential problems with the ITS1 marker are the
variation in length (216–534 bp, the longest sequences in
Plasmopara). Because Oomycota is a large and diverse as-
semblage, we could design primers to match the two major
clades (in number of species and ecological importance), the
Saprolegniales and the Peronosporales, missing the small bas-
al lineages, i.e. the marine Eurychasmales, Haliphthorales and
Olpidiopsidales and partially the nematode infecting
Haptoglossales. We discarded other potential markers such
as the V4 region of the small subunit of the ribosomal RNA
gene because it does not display enough intraspecific varia-
tion, and the mitochondrial cytochrome oxidase COX2 be-
cause it has a very high AT-rich content, which could nega-
tively interfere with the quality of the Illumina run.

Primers were designed using an alignment of 2941
Oomycetes ITS1 sequences. To build it, we downloaded all
ITS sequences > 500 bp from GenBank RefSeq (accessed
24.08.2017), clustered them at 96% similarity using cd-hit
454 (Beifang et al. 2010). This database was then used for
Blast purposes and is provided (Supplementary information
S1). For primer design, we removed sequences with ambigu-
ities, aligned them with MAFFT (Katoh and Standley 2013);
the alignment was refined by hand using Bioedit (Hall 1999)
and cut to the fragment of interest. Our forward primers were
located at the very end of the SSU (a bit downstream the
widely used ITS6) (Foster et al. 2020; Sapkota and
Nicolaisen 2015) and similar to several primers overlapping
the beginning of the ITS1, e.g. ITS1-ofw (Liebe et al. 2016),
ITS1oo (Riit et al. 2016) and OOMUP18Sc (Lievens et al.
2004). The reverse primer in the 5.8S gene was partially over-
lapping the primers ITS1-orw (Liebe et al. 2016) and ITS-3oo
(Riit et al. 2016). The widely used reverse primer ITS4 (Foster
et al. 2020; Lievens et al. 2004; Riit et al. 2016; Sapkota and
Nicolaisen 2015) is located in the LSU after the ITS2, and thus
not suitable for targeting only the ITS1; in addition, the am-
plified fragment is too long for Illumina sequencing. We de-
signed three primers (two forward primers partially overlap-
ping) to be used in two successive semi-nested PCRs. The
primers did not form any hairpin, primer-dimers with them-
selves or with each other, and their hybridisation temperatures
were similar. The length of the targeted fragment varied from
206 to 534 bp. The first PCR was conducted with the primers
S1777F (non-specific - 5′ GGTGAACCTGCGGAAGGA 3′,
located at the end of the 18S gene) (1777 is the starting

position in the SSU sequence Saccharomyces cerevisiae
Z75578) and 58SOomR (oomycete-speci f ic - 5 ′
TCTTCATCGDTGTGCGAGC 3′). The second PCR was
conducted with barcoded primers S1786StraF (specific for
Stramenopiles - 5′ GCGGAAGGATCATTACCAC 3′) and
the 58SOomR as before. The barcodes consisted of eight-
nucleotide-long sequences appended to the 5′-ends of both
the forward and the reverse primers, because tagging only
one primer leads to extensive mistagging (Esling et al.
2015). To design the barcodes, we first used barcrawl (Frank
2009) to obtain a list of barcodes with a balanced nucleotide
content (no homopolymers), not folding on themselves and to
themselves and the attached primer (no “hairpin”), not
forming heteroduplexes with the corresponding primer and
having at least 3 bases differences between them. In addition,
using custom R scripts, we selected from the previous list the
barcodes that did not match the consensus of the reference
al ignment f lanking the pr imer region (forward:
GTGAACCT, reverse: VCGCTGCG) and without cross-
dimerisation between each combination of primer+barcodes.
We designed 18 barcoded versions for the forward and the
reverse primers allowing for 324 possible combinations to
label samples of which only 150 were used, since it is advis-
able to leave a proportion of unused combinations to decrease
mistagging (Esling et al. 2015). Barcoded primers were spe-
cifically ordered for NGS application to Microsynth (Wolfurt,
Austria) (Table S1).

For the amplification, we incorporated 1 μl of 1:10 soil
DNA template for the first PCR and 1 μl of the resulting
amplicon as a template for a following semi-nested PCR.
We employed the following final concentrations: GreenTaq
polymerase (Fermentas, Canada) 0.01 units, buffer 1×, dNTPs
0.2 mM and primers 1 μM. The thermal programme consisted
of an initial denaturation step at 95 °C for 2 min, 24 cycles at
95 °C for 30 s, 52 °C for 30 s, 72 °C for 30 s; and a final
elongation step at 72 °C for 5 min. The number of PCR cycles
was kept at 24 since chimera formation arises dramatically
after 25 cycles (Michu et al. 2010). All PCRs were conducted
twice to reduce the possible artificial dominance of few
amplicons by PCR competition (2 × 10 μl for the first and 2
× 27 μl for the second PCR), and the two amplicons were
pooled after the second PCR.

Library preparation and sequencing

The amplicons were checked by electrophoresis and 25 μl of
each were purified and normalised using SequalPrep
Normalization Plate Kit (Invitrogen GmbH, Karlsruhe,
Germany) to obtain a concentration of 1–2 ng/μl per sample,
which were then pooled, totalling four libraries (forest 2011
and 2017 and grassland 2011 and 2017). During the library
preparation, amplicons were end-repaired, small fragments
were removed, 3′-ends were adenylated and Illumina adapters
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and sequencing primers were ligated (TruSeqDNA PCR-Free,
Illumina Inc., San Diego, CA, USA). The library was quanti-
fied by qPCR, performed following the manufacturer’s in-
s t r u c t i o n s (KAPA SYBR® FAST qPCR K i t ,
Kapabiosystems, Wilmington, MA, USA) on a CFX96 Real
Time System (Bio-Rad, Hercules, CA, USA). Sequencing
was performed with a MiSeq v3 Reagent kit of 600 cycles
on a MiSeq Desktop Sequencer (Illumina Inc., San Diego,
CA, USA) at the University of Geneva (Switzerland),
Department of Genetics and Evolution. Four runs were con-
ducted in total.

Sequence processing

In each run, paired reads were assembled using mothur v.3.7
(Schloss et al. 2009) (which was also used in the following
steps) allowing no difference in the primers and barcodes, no
ambiguities and removing assembled sequences < 200 bp,
with an overlap < 100 bp or with any mismatch in the overlap
(Table 1). The quality check and removal/cutting of low-
quality reads was conducted with the default parameters.
Reads were sorted into samples via detection of the barcodes
(Table S1), renamed and then the four runs were assembled.
Sequences were clustered using vsearch v.1 (Rognes et al.
2016) in mothur, with abundance-based greedy clustering
(agc) and a similarity threshold of 97% (Table 1). Rare
OTUs (< 0.001% of the total sequences, in this case < 368
reads) were deleted, since we observed that they mostly rep-
resented artifactual reads (Fiore-Donno et al. 2018).

Using BLAST+ (Camacho et al. 2008) with an e value of
1e−1 and keeping only the best hit, sequences were identified
on a custom ITS database (Supplementary information S1)
and non-oomycetes sequences were removed (Table 1).
Since the ITS sequences were too variable to be aligned, we
performed the chimera check using UCHIME (Edgar et al.
2011) as implemented in mothur by taking into account the
abundance of the OTUs and the OTUs identified as chimeric
were removed. The results are shown as a table with the OTU
abundance/site, their taxonomic assignment according to the
best hit by Blast and their functional assignment (Table S2).
The relative abundance of each oomycete taxonomic level
was illustrated using Sankey diagram generator V1.2 (http://
sankey-diagram-generator.acquireprocure.com/, last accessed
Jan. 2020) and refined with the open-source vector graphic
editor Inkscape (https://inkscape.org/en/, last accessed Jan.
2020).

Functional guilds

We compiled a table with functional traits of ecological im-
portance, i.e. lifestyle and substrate. Oomycete lifestyles that
are traditionally distinguished are saprotrophs—living on
dead organic matter (e.g. decaying plants, insect exuviae),

biotrophs (obligate parasites or pathogens) and hemibiotrophs
(facultative parasites, switching from a parasitic to a
saprotrophic lifestyle). We also collected information about
the substrate—plant or animal—for saprotrophs as well as
for pathogens (Table S2). We could only attribute functional
traits to the level of the genus, since we clustered the OTUs at
97% similarity, and because the uncertainty of the attribution
in the database increases at the species level. We attributed
traits by searching in the relevant literature, providing all
consulted references (Table S3). We could not find sufficient
information about the dispersion mode—aerial, or solely
through water and soil.

Statistical analyses

All statistical analyses were carried out within the R environ-
ment (R v. 3.5.1) (R Development Core Team 2014), on the
OTU abundance/site table (Table S2), and the environmental
parameters (Table S4 and Table S5), the latter normalised by
the K-nearest neighbours. Unless otherwise specified, com-
munity analyses were performed with the package vegan
(Oksanen et al. 2013). Alpha diversity: To evaluate if more
sampling and sequencing effort would have revealed more
OTU richness, we carried out an analysis based on OTU ac-
cumulation curves, function specaccum, method rarefaction
and 1000 random permutations; species richness was extrap-
olated using the function specpool. Alpha diversity estimates
were based on the relative abundances of OTUs (function
decostand, method total); Shannon diversity and Pielou’s
evenness were obtained with the function diversity. Beta
diversity: Variation partitioning (function varpart applied to
the Hellinger-transformed OTU dataset and using RDA, func-
tion rda) was performed to assess the proportion of explained
beta diversity by the factors region, year of collection (2011,
2017) or ecosystem (grassland vs forest). Beta diversity be-
tween regions and ecosystems was inferred by principal coor-
dinate analysis (PCoA, function cmdscale), using Bray-Curtis
dissimilarities (function vegdist, method “bray”) on the rela-
tive abundances of OTUs, then plotted with the package
ggplot2. A distance-based redundancy analysis (dbRDA) on
Bray-Curtis dissimilarities (function dbrda) was used to inves-
tigate the effect of environmental factors on the beta diversity
of oomycete communities. Parsimonious models were select-
ed by the function ordistep with default parameters based on
999 permutations, and only significant results were shown in
dbRDA. All available parameters were tested for co-
correlation according to variance inflation factors (function
vif.cca). The effects of environmental parameters on the rela-
tive abundances of the lifestyles were tested with general lin-
ear models (function glm, core package). They were then sub-
jected to the general linear hypothesis test (function glht, pack-
age multcomp) with Tukey’s test for multiple comparisons of

248 Biol Fertil Soils (2021) 57:245–256

http://sankeyiagramenerator.acquireprocure.com/
http://sankeyiagramenerator.acquireprocure.com/
https://inkscape.org/en/


means and a heteroskedasticity-consistent covariance matrix
estimation (function vcovHC, package sandwich).

Results

Sequencing

We obtained more than 22 million reads per run. During
the sequencing, the overall quality was good, between 84
and 92% ≥ Q30. The reads had on average a length of c.
240 bp, and the overlap during assemblage was of c. 200
bp. In total , we obta ined 1148 oomycete OTUs
representing 20,501,201 sequences (Table 1) in 600
grasslands and forest sites, with on average 34,168
reads/site (minimum 460, maximum 108,910). Our
primers also amplified c. 28% of sequences that could
not be identified in the database. Because of the high
variability of the ITS 1 region, no satisfactory automated
alignment could be obtained, and the chimera check had
to be performed with non-aligned sequences, a somewhat
less stringent method, probably leaving a proportion of
undetected chimeras in our database, although c. 7% were
deleted (Table 1). The 1148 OTUs represented 319
unique Blast best hits. Only 31% of the OTUs were 97–
100% similar to any known sequence (Fig. S1). The 30
most abundant OTUs (> 10,000 sequences) accounted for
73% of the total sequences, while 526 OTUs of < 1000
sequences contributed only to 1.6% of all sequences
(Table S2). A database with the OTU abundance per sam-
ple, taxonomic assignment and estimated functional traits
is provided (Table S2 and Table S3). Our sequencing and
sampling efforts were sufficient, since the actual richness
was reached after only 310,000 sequences (Fig. S2A) and
at 200 samples (Fig. S2B), so that the observed distribu-
tion patterns would not have been influenced by
undersampling.

Diversity of oomycetes

At a high taxonomic level, the majority of the OTUs could be
assigned to the Peronosporales (73%) and only 21% to the
Saprolegniales, with Leptomitales (5%) and Haptoglossales
(1%) only marginally present, the latter probably because
our primers did not match all of them (Fig. 1). We did not
use the family rank because the traditional classification is not
supported by most phylogenies and varies between authors.
Among the 32 identified genera, the most common was by far
Pythium (50%), followed by Saprolegnia (10%),
Aphanomyces (6%), Phytophthora (5%) and Apodachlya
(5%). The Haptoglossales (1%) contain only a dozen species,
all of which are parasites of rotifers and bacterivorous nema-
todes (Beakes and Thines 2016). Representatives of the orderTa
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Rhipidiales (largely saprotrophic and aquatic) are missing
from the reference database (Supplementary information S1)
and were thus not being found in our samples.

Functional guilds

A majority of hemibiotrophs was found (75–76%, 860
OTUs). The most abundant genera were pathogens of plants,
i.e. Pythium (67% of the hemibiotrophs) and Phytophthora
(6%). Abundant genera of animal pathogens were
Saprolegnia (14%), Lagenidium (5%), Myzocytiopsis (3%)
and Atkinsiella (2%) (Fig. 1, Fig. 2 and Table S2). The obli-
gate biotrophs (10–11%) were less represented and were
mostly parasites of plants. For example, Lagena (34% of the
obligate biotrophs) is a root-infecting parasite of grasses, in-
cluding cereals (Blackwell 2011), Peronospora (28%) is a
downy mildew which parasitises a wide range of flowering
plants, Plasmopara (14%) has a wide host spectrum in
eudicots (Thines and Choi 2016) and Hyaloperonospora
(9%) infects Brassicaceae. The saprotrophs, e.g. Apodachlya
(70% of the saprotrophs) and Leptolegnia (14%), counted
only for 6–8% of all OTUs. The relative proportions of each
lifestyle were quite similar between forest and grassland (Fig.
2). Most oomycetes depended on plants (65%), more in grass-
land (69%) than in forest (66%). Animal-dependent
oomycetes (21% in total) were slightly more abundant in for-
est (21%) than in grassland (17%) (Fig. 2).

Alpha and beta diversity

A total of 1007 and 1072 oomycete OTUs were retrieved in
grassland and forest sites, respectively. The great majority of
the OTUs (931, 81%) were shared between ecosystems, with

only 76 unique to grassland and 141 to forest. Most OTUs
were shared between regions, only 37 were missing in
Schorfheide, five in Hainich and eight in Alb (Table S2).
Alpha diversity, as revealed by Shannon indices, was signifi-
cantly higher in grassland than in forest, while at the regional
level, only Schorfheide had a significantly lower alpha diver-
sity. Evenness of oomycete OTUs was higher in grassland
than in forest, and higher in Alb and Hainich than in
Schorfheide (Fig. S3). Despite the almost ubiquitous presence
of oomycete OTUs in grasslands, PCoA revealed differences
in beta diversity between communities, which can be ex-
plained by differences in the relative abundance of taxa.
Both PCoA components, explaining 34% and 13% of the
variance in Bray-Curtis distances, showed gradients from
grassland to forest, although with some overlap (Fig. 3). The
grassland communities weremore similar between themselves
than the forest communities, where the effect of the region
was more pronounced, with Schorfheide standing out, espe-
cially its forest communities (Fig. 3).

Major drivers structuring oomycete communities

Variation partitioning among the three predictors indicated
that ecosystem (grassland vs forest), region (Alb, Hainich
and Schorfheide) and year of sampling (2011 and 2017) to-
gether accounted for 28.6% (adjusted R2) of the total variation
in oomycete beta diversity. Ecosystem explained 16.3% of the
variation, region 10.0%, and the year of sampling only 2.2%.
Among the soil parameters which were measured in the
framework of the Biodiversity Exploratories (Table S4 and
Table S5), carbon content (total, organic and inorganic) and
nitrogen (total N) were all co-correlated; they were tested sep-
arately, and based on a slightly higher significance in the

Fig. 1 Sankey diagram showing
the relative contribution of the
OTUs to the taxonomic diversity.
Taxonomical assignment is based
on the best hit by BLAST. From
left to right, names refer to phyla,
orders (ending -ida) and genera.
Numbers are percentages of
OTUs abundance—OTUs
representing < 1% are not shown
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models, organic carbon was kept. Among the three co-
correlated soil components, sand was preferred over clay or
silt, because of its recognised importance for oomycete occur-
rence. The soil and ecological parameters included in our
analyses could explain more variance in forests (R2 10.5–
25.3) than in grasslands (R2 2.6–5.9) (Table S6).

Edaphic properties: The most parsimonious models iden-
tified an influence of soil type in grassland as well as in forest
(Table S6). In addition, in grassland, the soil C/N ratio and the
organic C content were influential, but only for specific life-
styles or regions. In addition to soil type, soil pH and sand
content were identified as explanatory factors in forest.
Anthropogenic influences in grassland were the land use in-
tensity (LUI) index and the mowing intensity. In forest, the

main tree species and the forest management intensity were
selected by the models. Other factors, selected by a minority
of the models in forest, were forest developmental stage, or-
ganic C content, and C/N ratio (Table S6).

We further investigated the effects of these selected envi-
ronmental parameters on each of the oomycete lifestyles, by
comparing their relative abundances in the two ecosystems.
Hemibiotrophs and biotrophs (and to a lesser extent, also
saprotrophs) showed opposite responses to environmental pa-
rameters, both in grassland (Fig. S4) and forest (Fig. S5). Less
significant differences were found in grassland than in forest,
since the OTUs in the former communities were more evenly
distributed (Fig. 3). The oomycete communities in grasslands
of Schorfheide stood out with respect to Hainich, with slightly
decreasing biotrophs and increasing saprotrophs (Fig. S4A), a
tendency also partially reflected by the communities of spe-
cific soil types that were either only present in Hainich or in
Schorfheide (Fig. S4B). Hemibiotrophs decreased at a higher
LUI index (Fig. S4C). An increasing soil C/N ratio led to a
relative decrease of hemibiotrophs and an increase of
biotrophs (Fig. S4D). In soils with high organic carbon con-
tent, biotrophs decreased and saprotrophs increased (Fig.
S4E).

In forest, hemibiotrophs and biotrophs together with
saprotrophs showed opposite shifts in relative abundances
patterns. At the regional scale, Schorfheide differed from
Hainich and Alb by a decrease of hemibiotrophs and an in-
crease of biotrophs and saprotrophs (Fig. S5A), a trend mir-
rored by the soil types unique to each region (Fig. S5B) and
further by the tree species unique to Schorfheide, i.e. pine and
oak (Fig. S5C). Hemibiotrophs were reduced, while biotrophs
and saprotrophs slightly increased with increasing forest man-
agement intensity and increasing sand content (Fig. S5D and

Fig. 2 Histograms showing the relative abundance of each oomycete
functional guild. Total number of OTUs: all = 1148; grassland = 1007;
forest = 1072. Lifestyle and substrate are determined according to
Tables S2-S3. OTUs representing < 1% are not shown

Fig. 3 Principal component
analysis of the Bray-Curtis dis-
similarity indices between
oomycete OTUs, showing grass-
land sites clustering together,
while forest sites are more region-
driven, especially Schorfheide
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E). With an increasing soil C/N ratio in forests, hemibiotrophs
decreased and biotrophs increased (as in grasslands) but also
saprotrophs increased (Fig. S5F). Hemibiotrophs decreased in
more acidic soils (mostly present in Schorfheide), while
biotrophs and saprotrophs increased (Fig. S5G).

Discussion

Our data stemmed from a thorough sampling across
three regions spanning a south-north gradient in
Germany using taxon-specific primers. Based on the
high sequencing depth (saturation was reached) (Fig.
S2), we could detect detailed responses of each lifestyle
to the ecological and edaphic factors involved in shap-
ing oomycete distribution. The high percentage of OTUs
not closely matching any published sequence (Fig. S1)
suggests a significant hidden species richness not yet
taxonomically recorded or sequenced in the ITS1 data-
base. Consistently with previous studies on protists, a
high alpha diversity and a low beta diversity were
found (Fiore-Donno et al. 2019, 2020; Lentendu et al.
2018): almost all OTUs were shared between ecosys-
tems and regions. This implies that community assem-
bly of oomycetes is not limited by dispersal over coun-
trywide distances. As a corollary, the remarkable differ-
ences in beta diversity are probably explained by
contrasted responses of lifestyles (assigned to taxa) to
environmental selection (Fiore-Donno et al. 2019).

Plant-associated hemibiotrophs are abundant in
natural and semi-natural ecosystems: differences be-
tween grassland and forest and significance for
agriculture

We found that plant-associated hemibiotrophic oomycetes, in
particular Pythium and Phytophthora, the two most infamous
destructive oomycete plant pathogens, dominated in natural
and semi-natural ecosystems, which thus constitute a reservoir
of plant pathogens with the potential to spread to
neighbouring agroecosystems. The high abundance of the ge-
nus Pythium (Fig. 1), is in line with previous oomycete com-
munity studies (Riit et al. 2016; Sapkota and Nicolaisen 2015;
Venter et al. 2017), and with Peronosporales being by far the
largest order in Oomycota, comprising more than 1000 spe-
cies (Thines 2014). Hemibiotrophs most probably benefit
from their ability to alternate between saprotrophy and para-
sitism, while obligate biotrophs (e.g. Peronospora,
Plasmopara), being more host-dependent, were less abundant
(Fig. 2). Our study, in assessing the biogeography of
oomycete pathogens across Germany, also contributes to a
better understanding of the mechanisms of dispersal from nat-
ural reservoirs to agrosystems, and perhaps could contribute to
better reveal the evolutionary processes leading to the emer-
gence of new pathogens.

Grassland soils hosted more diverse and more evenly dis-
tributed oomycete communities than forest soils (Fig. S3).
This is in accordance with a study comparing ecotypes across
Wales, where the relative abundance of oomycetes decreased
from crops and grasslands to forests and bogs (George et al.

Fig. 4 Schematic illustration
showing the positive or negative
influences of the most influential
ecological and edaphic
parameters in forests (selected by
the models in Table S5) and the
relative abundances of the
oomycetes lifestyles. For numeric
parameters, minimum, average
and maximum values are given.
Forest developmental stage was
estimated by the mean of the di-
ameter of 100 trunks of well-
developed trees of the dominant
species
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2019). In this study and ours, Oomycetes do not follow the
general pattern of soil microbes, that is a higher richness in
forest compared to grassland, as it has been reported for bac-
teria and fungi in the Biodiversity Exploratories (Birkhofer
et al. 2012; Foesel et al. 2014; Kaiser et al. 2016; Nacke
et al. 2001) and for protists (Ferreira de Araujo et al. 2018;
Zhao et al. 2018). In particular, in the same sites of the
Biodiversity Exploratories, Cercozoa and Endomyxa were
more diverse and more evenly distributed in forest than in
grassland, except for the endomyxan plant parasites, which
were absent from forest (Fiore-Donno et al. 2020). This sug-
gests that temperate grasslands may be a more favourable
environment for parasitic protists.

Obligate biotrophs and hemibiotrophs showed
opposite responses to environmental and edaphic
factors in forest

In forests, hemibiotrophs and obligate biotrophs showed op-
posite responses to a number of environmental factors, sug-
gesting different ecological requirements of both functional
groups. Nitrogen-poor, sandy and acidic soils, planted with
pines and oaks, which are the type of soils common in
Schorfheide, favoured biotrophs and saprotrophs and de-
creased hemibiotrophs (Fig. S5). The same combination of
edaphic and ecological factors which led to a reduced abun-
dance of hemibiotrophs favoured biotrophs and saprotrophs.
This was a surprising result: we expected hemibiotrophs to
show intermediate responses, while obligate parasites and
saprotrophs would each represent opposite extremes of the
response gradient. This assumption was based on the evolu-
tionary distance—saprotrophy being the ancestral stage and
biotrophy the last to evolve—and the substrate preferences.
Our data clearly show that environmental factors differentially
influence hemibiotrophs, obligate biotrophs and saprotrophs.

Soil texture is well known to influence the abundance and
disease development of oomycetes. Waterlogging conditions
that have been shown to strongly benefit oomycete pathogens
(Gómez-Aparicio et al. 2012) occur less in sandy than in clay-
ey soils. Accordingly, we found that hemibiotrophs strongly
decreased in forest soils with a high sand content (Figs. 4
and S5E) and were more abundant in soils periodically inun-
dated (Stagnosols) (Fig. S5B). Soils with high organic con-
tent, or soils amended with compost, have long been known to
suppress a number of Pythium and Phytophthora species
(Hayden et al. 2013), but the reason is not precisely known.
One hypothesis is that carbon-rich soils harbour a wide diver-
sity of microbes that may outcompete oomycetes, especially
hemibiotrophic species with saprotrophic capacities, like
some Pythium (Hayden et al. 2013). Not only carbon but also
nitrogen content has an effect on soil suppressiveness, which
occurs less frequently under high-nutrient conditions
(Löbmann et al. 2016). Accordingly, relative abundances of

hemibiotrophs, both in grassland and forest, decreased in
nitrogen-poor soils with a high carbon content (but not that
of biotrophs) (Figs. 4, S4D and S5F), while saprotrophs, being
carbon-dependent, increased with C/N ratio in forest (Fig.
S5F) and with organic C content in grassland (Fig. S4E).
Thus, in order to successfully enhance soil suppressiveness,
it is necessary to understand how particular management prac-
tices will differentially influence each key component of bio-
diversity (Löbmann et al. 2016; Schlatter et al. 2017). Here,
we show that a more intensive forest management, as recorded
in the Biodiversity Exploratories (including estimation of har-
vested trunks, invasive tree species and cut dead wood) will
not increase the abundance of hemibiotrophs (Fig. 4).

Concluding remarks

Studies on the ecology of microbial eukaryotes suffer from a
lack of systematic basic information on the community com-
position and the factors shaping it which hampers predicting
the effects of anthropogenic environmental changes.
Providing a detailed baseline data on the occurrence of
oomycete taxa, the ecology and the distribution of their life-
styles is an important contribution to the understanding of
ecological processes and ecosystem functioning, a prerequi-
site for subsequent analyses linking them to the distribution
and diversity of potential plant hosts.
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