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Abstract
As a model for genetic studies, Arabidopsis thaliana (Arabidopsis) offers great potential to unravel plant genome-related
mechanisms that shape the root microbiome. However, the fugitive life history of this species might have evolved at the
expense of investing in capacity to steer an extensive rhizosphere effect. To determine whether the rhizosphere effect of
Arabidopsis is different from other plant species that have a less fugitive life history, we compared the root microbiome of
Arabidopsis to eight other, later succession plant species from the same habitat. The study included molecular analysis of
soil, rhizosphere, and endorhizosphere microbiome both from the field and from a laboratory experiment. Molecular analysis
revealed that the rhizosphere effect (as quantified by the number of enriched and depleted bacterial taxa) was ~35% lower
than the average of the other eight species. Nevertheless, there are numerous microbial taxa differentially abundant between
soil and rhizosphere, and they represent for a large part the rhizosphere effects of the other plants. In the case of fungal taxa,
the number of differentially abundant taxa in the Arabidopsis rhizosphere is 10% of the other species’ average. In the plant
endorhizosphere, which is generally more selective, the rhizosphere effect of Arabidopsis is comparable to other species,
both for bacterial and fungal taxa. Taken together, our data imply that the rhizosphere effect of the Arabidopsis is smaller in
the rhizosphere, but equal in the endorhizosphere when compared to plant species with a less fugitive life history.

Introduction

Over the past decade, the number of studies on plant-
associated microbial communities has increased sub-
stantially aiming to understand how plant microbiomes
support plant growth and health [1, 2]. The composition of
microbial communities in the rhizosphere and to a greater
extent in apoplastic spaces inside the root (here defined as
the “endorhizosphere”) is markedly different from that in
bulk soil. This phenomenon is referred to as the “rhizo-
sphere effect” [3, 4]. Numerous studies have shown that the
strength of the rhizosphere effect depends on a number of
factors. One of these factors is the plant genotype, which
suggests that the capacity of plants to shape the root
microbiome has differentially evolved [5–11]. How this
evolution works, and what the underlying mechanisms are
is largely not known and studying this is challenging
because the root microbiome comprises thousands of taxa
among which are commensals, pathogens, and beneficial
microorganisms. For example, whether plants can establish

* Xu Cheng
xu.cheng@wur.nl

* Ton Bisseling
ton.bisseling@wur.nl

1 Department of Plant Sciences, Laboratory of Molecular Biology,
Wageningen University, Droevendaalsesteeg 1, 6708 PB
Wageningen, The Netherlands

2 Department of Terrestrial Ecology, Netherlands Institute of
Ecology (NIOO-KNAW), Droevendaalsesteeg 10, 6708 PB
Wageningen, The Netherlands

3 Laboratory of Nematology, Wageningen University,
Droevendaalsesteeg 1, 6708 PB Wageningen, The Netherlands

4 Institute of Biology, Section Plant Ecology and Phytochemistry,
Leiden University, P.O. Box 9505, 2300 RA Leiden, The
Netherlands

Supplementary information The online version of this article (https://
doi.org/10.1038/s41396-020-0695-2) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-020-0695-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-020-0695-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-020-0695-2&domain=pdf
http://orcid.org/0000-0003-0693-7147
http://orcid.org/0000-0003-0693-7147
http://orcid.org/0000-0003-0693-7147
http://orcid.org/0000-0003-0693-7147
http://orcid.org/0000-0003-0693-7147
http://orcid.org/0000-0002-3553-9482
http://orcid.org/0000-0002-3553-9482
http://orcid.org/0000-0002-3553-9482
http://orcid.org/0000-0002-3553-9482
http://orcid.org/0000-0002-3553-9482
http://orcid.org/0000-0002-6444-7608
http://orcid.org/0000-0002-6444-7608
http://orcid.org/0000-0002-6444-7608
http://orcid.org/0000-0002-6444-7608
http://orcid.org/0000-0002-6444-7608
http://orcid.org/0000-0001-9852-1020
http://orcid.org/0000-0001-9852-1020
http://orcid.org/0000-0001-9852-1020
http://orcid.org/0000-0001-9852-1020
http://orcid.org/0000-0001-9852-1020
http://orcid.org/0000-0002-9341-4442
http://orcid.org/0000-0002-9341-4442
http://orcid.org/0000-0002-9341-4442
http://orcid.org/0000-0002-9341-4442
http://orcid.org/0000-0002-9341-4442
http://orcid.org/0000-0002-2878-3479
http://orcid.org/0000-0002-2878-3479
http://orcid.org/0000-0002-2878-3479
http://orcid.org/0000-0002-2878-3479
http://orcid.org/0000-0002-2878-3479
http://orcid.org/0000-0001-5494-8786
http://orcid.org/0000-0001-5494-8786
http://orcid.org/0000-0001-5494-8786
http://orcid.org/0000-0001-5494-8786
http://orcid.org/0000-0001-5494-8786
mailto:xu.cheng@wur.nl
mailto:ton.bisseling@wur.nl
https://doi.org/10.1038/s41396-020-0695-2
https://doi.org/10.1038/s41396-020-0695-2


interactions with beneficial microbes in such complex set-
tings, depends on their ability to promote these while not
favoring pathogens in the root microbiome. Gaining insight
into the molecular mechanisms underlying these processes
requires deeper understanding of the plant genetic proper-
ties that can influence microbial preference, colonization,
and performance.

Molecular plant-microbiome interaction studies can
benefit greatly from working with a molecularly well-
studied model plant species, such as Arabidopsis thaliana
(Arabidopsis). For example, a study using hypo- and
hyperimmune Arabidopsis mutant plants showed that sal-
icylic acid plays a role in shaping the root microbiome [12],
while another study on Arabidopsis revealed that the
phosphate stress response alters the root-associated micro-
bial community [10]. One of the major criteria to select
Arabidopsis as a model for genetic studies, is its short life
span, which is a general characteristic of fugitive plant
species from early succession habitats [13]. However, this
fugitive life history of Arabidopsis [14] might be a dis-
advantage when considering its rhizosphere effect as a
blueprint to understand how other plant species may steer
their rhizosphere microbiome composition. Ecological stu-
dies have shown that plant species with fugitive life his-
tories invest in growth over defense, while slower growing
species may invest more in defense mechanisms, as well as
interactions with soil microbes [15–19]. This might imply
that pioneer plants have a relatively small rhizosphere
effect. However, very few, if any studies have compared the
rhizosphere effect of Arabidopsis with that of plant species
with a longer life history.

In the present study, we tested the hypothesis that Ara-
bidopsis has a smaller rhizosphere effect than species with a
longer life history. We measured the changes from bulk soil
to the two plant “compartments”: rhizosphere and endor-
hizosphere—for both the bacterial and fungal community of
Arabidopsis. We compared this with eight other plant spe-
cies that occur in the same ecosystem, but that become more
prominent in later stages of vegetation succession. We made
the comparisons using plant and soil materials from both a
field and a laboratory experiment under controlled
conditions.

Results

Study site and experimental setup

We made use of an old field grassland ecosystem in the
Veluwe area in The Netherlands, where Arabidopsis grows
on spots that have opened up and it is surrounded by other
plant species with distinct life histories. In this area, named
“Mossel” (Figure S1A), ecological studies have been

carried out following the initial transition from arable land
to semi-natural grassland and the subsequent succession of
the plant community [20, 21]. This involved intensive
monitoring of the abundance of plant species over time
(Fig. 1a). During this secondary successional trajectory,
annuals are replaced by perennials and the various com-
ponents of the soil community become increasingly corre-
lated [18]. For a comparison with Arabidopsis, we selected
eight plant species representing a diverse range of taxo-
nomic clades (Figure S1) and of which the relative abun-
dance was recorded over a 20-year time period (Fig. 1a).
Immediately after stopping agricultural practices, the
populations of the annual field forget-me-not (Myosotis
arvensis) and the biannual smooth hawksbeard (Crepis
capillaris) quickly increase and then decline with time since
cessation of agriculture, while the perennials such as ox-eye
daisy (Leucanthemum vulgare) and tansy (Tanacetum vul-
gare) gradually become more abundant during the first 20
years of succession. For four other species abundance pat-
terns fluctuate over time (Fig. 1a). The cover of Arabidopsis
has not been recorded in this long-term study, since the
yearly measurements were done in July, almost 2 months
after Arabidopsis completes its lifecycle and hence it is no
longer detectable in the vegetation. Although Arabidopsis
would be expected to disappear soon after land abandon-
ment, the plant species can still be found mostly on bare soil
patches created by burrowing animals like wild pigs, hares,
and smaller organisms such as ants, which bring up subsoil
to the soil surface (Figure S1A). In Spring 2018, we
examined the relative area cover of Arabidopsis at plots in a
fenced part of the Mossel area, where the experimental field
is located. We found that there is a positive relationship
between the cover of Arabidopsis in the vegetation and the
percentage of bare soil (R2= 0.72, p < 0.01; Fig. 1b). The
fact that Arabidopsis stays in the grassland system even
after more than 20 years of secondary succession, enables
comparison of the rhizosphere effect of the pioneer Arabi-
dopsis with that of perennial species such as T. vulgare and
L. vulgare.

On an experimental plot in a recently fenced part of
Mossel, where also the long-term field experiments are
situated, the local Arabidopsis accession Msl [22] was
grown alongside the other eight locally co-occurring plant
species (Figure S1C). Bulk soil, rhizosphere, and the
endorhizosphere were harvested 6 weeks after planting. The
nine plant species yielded different quantities of rhizosphere
soil; however, the ratio of fresh root weight and rhizosphere
soil weight was comparable in all cases (Fig. 1c). We
analysed the bacterial communities by 16 S rDNA amplicon
sequencing using the HiSeq 2500 platform (Illumina). We
were unable to isolate DNA from the Taraxacum officinale
endorhizosphere samples, and therefore excluded these
from further analysis. Clustering Operational Taxonomic
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Units (OTUs) by ≥97% sequence identity and removing low
abundant OTUs, produced a dataset with over 25 million
reads divided over 142 samples and 3187 OTUs.

Arabidopsis shows a relatively low yet significant
bacterial rhizosphere effect

The rhizosphere effect is generally known to result in
decreased evenness and richness (alpha diversity) of
microbial species [23]. To test whether this is the case for
Arabidopsis and the other species in our experimental setup,
we calculated the Shannon diversity index of the soil
samples and the plant rhizosphere and endorhizosphere
samples. We did not find large decreases in alpha diversity
in the rhizosphere samples (Fig. 2a), which is in contrast to
most, but not all reports on alpha diversity of soil and rhi-
zospheric soil studies [23]. The endorhizosphere of all the
plant species reveals a substantial decrease in alpha diver-
sity, indicating an increase in dominant bacterial species.

We further explored the shifts in the taxonomic com-
position due to the rhizosphere effect, by calculating the
relative abundance of the major phyla in each individual
sample. In line with published literature, we observed an
increase of Proteobacteria in the rhizosphere of all the plant
species [23–25]. In the endorhizosphere, Proteobacteria as
well as Actinobacteria showed a considerable increase,
while Acidobacteria were reduced. These shifts suggest that
there are bacterial taxa that show relative enrichment and
depletion in the rhizosphere and the endorhizosphere of all
studied plant species (Fig. 2b).

To explore how the rhizosphere microbiome commu-
nities differ among plant species, we performed Principal
Coordinate Analysis (PCoA). Using the Bray-Curtis dis-
similarity measure on a rarefied OTU table, soil and rhi-
zosphere samples were plotted along the first two principal
coordinates (PCs). This revealed that the nine plant species
tested established distinct bacterial rhizosphere commu-
nities in this field experiment (Fig. 3a, left panel).
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Fig. 1 Species relative abundances change over time. a The vege-
tation cover of the plant species changes over time. The total cover of
these eight plant species in (A) represent 59% of the total cover of all
species in 2017. The annual M. arvensis and the biannual C. capillaris
(solid lines) are declining after an presence immediately following land
abandonment, while the perennials fluctuate or increase in percentage
cover (dashed lines). b Cover of Arabidopsis (y-axis) measured in
patches of a fixed size, in relation to the percentage bare soil present in
those patches. Measurements were done in Spring 2018 and only plots

where Arabidopsis was present were included in the analysis. When
Arabidopsis is present, there is a positive relationship between the
cover of Arabidopsis in the vegetation and the percentage bare soil.
c The ratio of rhizosphere soil / fresh root weight is comparable for all
plant species. Plant species are abbreviated as follows: AT Arabidopsis
thaliana, CC Crepis capillaris, HP Hypericum perforatum, LC Lotus
corniculatus, LV Leucanthemum vulgare, MA Myosotis arvensis, PL
Plantago lanceolata, TO Taraxacum officinale, TV Tanacetum
vulgare.
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According to the results of pair-wise permutation analysis,
the differences are significant (PERMANOVA, p-FDR <
0.01, see Table S1). Compared with the other plant species,
the Arabidopsis rhizosphere samples cluster closest to the
soil samples. This implies that the bacterial community in
the Arabidopsis rhizosphere is less different from soil than
that of the other eight plant species. In line with this, the
soil-Arabidopsis rhizosphere comparison yielded the lowest
R2-value (0.42 for Arabidopsis versus 0.55 for the average
of the other plant species, see Fig. 3a). Although the
separation on the first PCs and the corresponding R2-value
of the Arabidopsis rhizosphere samples illustrate a lower
rhizosphere effect, the separation between bulk soil and
rhizosphere along the first PC axis was in the same direction
for all plant species. This suggests that to a certain extent,
the bacterial communities in the rhizosphere are established
in a similar manner.

The PCoA analysis describes differences at the whole-
community level. We next investigated whether these dif-
ferences were also reflected in the number of differentially
abundant (affected) OTUs between bulk soil and rhizo-
sphere samples. In principle, the more OTUs that are sig-
nificantly different from soil (enriched or depleted), the
larger the rhizosphere effect. We counted the number of
bacterial OTUs that were significantly different (according
to the metagenomeSeq package in R) between rhizosphere
and bulk soil for a range of log2-fold thresholds (−6 to 6,
Fig. 3b). At a threshold of absolute log2-fold change of 2,
we found that on average 350 out of 8782 tested OTUs
were affected. A strong decline in affected OTUs is
recorded when increasing the threshold to absolute log2-
fold change of 3, indicating that a majority of the affected
OTUs show a moderate change in abundancy (Fig. 3b,
dotted lines).

a

b

Fig. 2 Alpha diversity and
phylum-level taxonomy
indicate a rhizosphere effect in
all plant species. a The alpha
diversity of the rhizosphere does
not decrease considerably in the
rhizosphere, while the
endorhizosphere samples all
show a significant decrease,
indicating the presence of highly
abundant species. b The relative
abundance of the dominant
(more than 1% of the total reads
in at least one sample) phyla are
shown for each plant species.
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In line with the multivariate analysis, the number of
bacterial OTUs significantly affected in the Arabidopsis
rhizosphere was lower than in any of the other species,
along the whole gradient of fold-changes tested (Fig. 3b,
dotted lines). This was the case for both depleted and
enriched OTUs. However, at a log2-fold change of 2, it was
still ~65% of the average of all other species, and 44% of
bird’s-foot trefoil (Lotus corniculatus), which was the spe-
cies with the highest number of affected bacterial OTUs
(539 affected OTUs, see Fig. 2c and Table S2). Since L.
corniculatus is the only species in our dataset with the
ability to form nitrogen-fixing nodules, we checked the
abundance of the taxonomic order Rhizobiales and parti-
cularly the genus Mesorhizobium as this is a widely
accepted microsymbiont of Lotus species [26]. However,
we did not find an overrepresentation of these taxa (See
Table S3).

We confirmed our findings by using another statistical
method (EdgeR [27]; as implemented by [7]) and by using p
values ranging from 0.05 to 0.001 and different abundance
filtering cut-offs. This revealed similar trends (Figure S2),
indicating that the results were not dependent on the sta-
tistical method used. Based on these findings, we conclude
that the effect of Arabidopsis on the composition of its
rhizosphere bacterial microbiome is substantial, albeit
~ 35% lower when compared with the average value of the
other eight plant species.

Arabidopsis is comparably selective to bacterial
endophytes

We next examined the difference between the bulk soil and
the endorhizosphere microbiomes. All species had estab-
lished distinct bacterial endorhizosphere microbiomes and

Fig. 3 The Arabidopsis bacterial rhizosphere is substantially
changed. a Principal coordinate analysis of soil and rhizosphere
samples (left panel) or soil and endorhizosphere samples (right panel).
The Arabidopsis rhizosphere samples are less dissimilar from bulk soil
than other rhizosphere samples, while the endorhizospheres of all
species are very distinct from bulk soil. Data were rarefied to 150,000
reads/sample (rhizosphere and soil data set) and 11,000 reads/sample
(endorhizosphere and soil data set). Only samples with more than
11,000 reads were included. Colored numbers indicate the results of
the pair-wise PERMANOVA results. Due to a technical issue, endo-
phytic DNA of Taraxacum offcininale could not be isolated, and hence
the results for the endorhizosphere are missing. b Number of affected

OTUs. For log2-fold changes from up to six (x-axis), the number of
differentially abundant OTUs are plotted as a dotted line (rhizosphere)
or solid line (endorhizosphere). Significance was determined by the
metagenomeSeq package in R. Enriched OTUs are on the right panel,
depleted OTUs on the left. Arabidopsis has the lowest number of
differentially detected OTUs in the rhizosphere, while the endorhizo-
sphere values are relatively high. Results are shown for a p value cut-
off of 0.01 and only OTUs are included which have a log2-normalized
average read count of at least four per sample. c For log2-fold changes
equal to or higher than 2 indicated by dotted lines in (b), absolute
number of affected OTUs are given.

Quantitative comparison between the rhizosphere effect of Arabidopsis thaliana and co-occurring plant. . . 2437



these were different from the bulk soil (Fig. 3a, right panel).
Along the first PC axis (41% of variance), all endorhizo-
sphere samples separated far from the bulk soil samples in
the same direction, while individual species separated along
the second PC axis (9% of variance). The R2 values
resulting from the pair-wise PERMANOVA between bulk
soil and all individual species only varied between 0.74 and
0.80 (p-FDR < 0.01) and the Arabidopsis R2 was 0.80
(Fig. 3a, right panel). The strong separation of soil and
endorhizosphere samples was also reflected in the number
of affected OTUs. At a log2-fold change threshold of 2, the
number of affected OTUs ranged from 1116 (L. cornicu-
latus) to 1293 (P. lanceolate; see Fig. 3c and Table S2).
Furthermore, the number of affected OTUs dropped at high
fold-changes relative to the rhizosphere-affected OTUs
(Fig. 3b, solid lines). This shows that bacterial colonization
of the endorhizosphere is far more restrictive than coloni-
zation of the rhizosphere. Arabidopsis exhibited a number
of differentially abundant OTUs that were very similar to
the other plant species (1244 at log2-fold change 2 Fig. 3c),
indicating that the Arabidopsis root is comparably different
from bulk soil in its endorhizosphere bacterial microbiome.

A majority of plant-enriched bacterial OTUs is
shared with Arabidopsis

Plants can affect the composition of the microbiomes in a
plant genotype-specific manner [24]. However, they also
share affected OTUs [6, 9, 28]. We therefore studied to
what extent the Arabidopsis-affected bacterial microbiome
includes OTUs shared with the microbiomes of the other
plant species. This is a crucial addition for evaluating
Arabidopsis as a model, since it could be that the rhizo-
sphere effect of the other plant species are not covered by
that of Arabidopsis in terms of affected OTUs. We did this
analysis in two different ways. First, we compared all
OTUs and then we focused on the top 10 OTUs of the eight
species. In both cases this was done for rhizo- and endor-
hizosphere. We determined for each OTU the log2-fold
change between soil and (endo-)rhizosphere for Arabi-
dopsis and each of the other plant species and used pair-
wise correlation analysis. We reasoned that a significant
correlation and high correlation coefficient would show
that, in general, OTUs that are affected in Arabidopsis are
also affected in other species. Based on log2-fold changes,
we found a strong correlation between Arabidopsis and
other plant rhizospheres (on average r= 0.71, p < 0.01) and
a very strong correlation between Arabidopsis and other
plant endorhizospheres (on average r= 0.93, p < 0.01;
Table S4).

The correlation of the fold changes gives similar weight
to high and low abundant OTUs, regardless of whether they
are affected by the rhizosphere effect. To examine whether

Arabidopsis is also similar to the other plant species in the
highly abundant and significantly changed OTUs, we chose
the ten most abundant significantly enriched OTUs (“top
10”) of each plant species and tested whether they were
enriched in Arabidopsis. The rhizosphere top 10 s of the
eight (non-Arabidopsis) plant species together yielded 30
enriched OTUs, because a number of the OTUs were shared
among species. For each plant species, at least 5 of the 10
enriched rhizosphere OTUs were also significantly enriched
in Arabidopsis (Fig. 4, upper panel). Furthermore, 16 out of
the total of 30 abundant OTUs are also enriched in the
Arabidopsis rhizosphere. Of these 16, five bacterial OTUs
were also present in the top ten of enriched OTUs in
Arabidopsis.

In the endorhizosphere, a high number of OTUs are
enriched in multiple species, and the top 10 s of most
abundant enriched OTUs were encompassing 22 OTUs, of
which 17 were shared with Arabidopsis. In line with this,
the number of abundant enriched OTUs in the endorhizo-
sphere that are shared with the Arabidopsis top 10 OTUs
was higher than in the rhizosphere (Fig. 4, lower panel; on
average 7.4 out of 10 in the endorhizosphere versus 5.4 out
of 10 OTUs in the rhizosphere). Eight of these 17 shared
OTUs were also present in the top 10 of enriched OTUs in
Arabidopsis. Noteworthy, while most of the OTUs were
indeed shared, the fold change was not the same in the
different plant species and in several cases the top 10
enriched OTUs of the other plant species were less enriched
in Arabidopsis.

We also used the top ten most abundant enriched bac-
terial OTUs in the Arabidopsis compartments and compared
their abundance with that of the other plant species. (Fig-
ure S3). We found that in the rhizosphere, 9 of the 10 OTUs
that were abundant and enriched in Arabidopsis were also
enriched in at least one other plant species, but these OTUs
were not necessarily present in their top 10. Five out of the
10 OTUs that were most enriched in Arabidopsis were also
present in the top 10 enriched rhizosphere OTUs of at least
one other plant species. Only OTU_1357 (associated with
the genus Agrobacterium) was only enriched in Arabidopsis
and not in any of the other plant species. In the endorhi-
zosphere, all top 10 enriched OTUs in Arabidopsis were
shared with at least one other plant species. One OTU
(associated with the family order Actinomycetales) was not
present in any of the other species’ top 10, but this OTU
was nonetheless significantly enriched in all the plant
endorhizospheres. The strong correlations of log2-fold
changes, and the overlap in the 30 most abundant enri-
ched OTUs suggests that the Arabidopsis rhizosphere effect
to a large extent represents that of the other plant species
tested.

Arabidopsis and the other plants also displayed plant
species-specific enrichments in the rhizosphere and
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endorhizosphere. We next investigated whether and how the
plant-specific rhizosphere effects differed between the plant
species. In order to do so, we determined for each OTU in
how many species (frequency) it was enriched and plotted
the number of those OTUs per frequency. As shown in
Fig. 5a, the number of enriched OTUs in the rhizosphere
decreased with increasing frequency. The number of unique
(plant specific) OTUs varies between the plant species, with
the lowest number of enriched OTUs for P. lanceolata (4,
representing <0.1% of the rhizosphere reads; see Fig. 5a and
Table S3) and the highest number for L. corniculatus (77,
representing 5.0% of the rhizosphere reads). The taxonomic
profile of the L. corniculatus-specific enriched OTUs was
again not dominated by taxa that can nodulate legumes,
when we compared this to the taxonomic profile of the other
plant species (Table S3). Arabidopsis had 15 plant-specific
enriched OTUs, which represented 1.1% of the total

rhizosphere reads. OTUs that were enriched in all species
represented on average 1.7% of the rhizosphere community.
In the endorhizosphere, the number of enriched OTUs per
frequency increased after an initial decrease, and the highest
number of enriched OTUs shared between all plant species
(Fig. 5b). The lowest number of plant-specific enriched
OTUs was found in T. vulgare (only one OTU with an
endorhizosphere relative abundance of <0.1%; Fig. 5b and
Table S3), whereas P. lanceolata showed the largest num-
ber and cumulative proportion of plant-specific enriched
OTUs (37% and 6.0%, respectively). For Arabidopsis, there
were 15 species specific enriched OTUs with a total relative
abundance of 1.1%. The 156 OTUs that were enriched in all
plant species represented on average 38% of the endorhi-
zosphere communities (Table S3), indicating that a large
group of bacteria is generally enriched in the plant
endorhizosphere.
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OTU_177; Actinoplanes

OTU_191; Unclassified Micromonosporaceae

OTU_20; Unclassified Comamonadaceae

OTU_24; Unclassified Chitinophagaceae

OTU_265; Uliginosibacterium

OTU_40; Unclassified Ktedonobacteraceae

OTU_48; Unclassified Streptomycetaceae

OTU_509; Unclassified Comamonadaceae

OTU_510; Niastella

OTU_67; Cellvibrio

OTU_7; Bradyrhizobium

OTU_70; Unclassified Cytophagaceae

Not shared with Arabidopsis

Shared with Arabidopsis

Bulk soil

Fig. 4 A majority of highly abundant plant-enriched bacterial
OTUs is shared with Arabidopsis. For each plant species (“y-axis”),
the top 10 most abundant enriched bacterial OTUs from the rhizo-
sphere (circles) and the endorhizosphere (squares) are plotted
according to their mean relative abundance (x-axis). Colored filled
shapes indicate OTUs also enriched in Arabidopsis, either in the rhi-
zosphere (R), endorhizosphere (E), or both. Black open shapes
represent OTUs not significantly enriched in Arabidopsis. The relative

abundance of the shared OTUs in the soil is presented in the bottom
row of each panel. Numbers inside each plot indicate how many OTUs
in the top 10 are shared between the respective plant species and
Arabidopsis. Arrowheads in the legend panel indicate OTUs that are
also part of the Arabidopsis top 10 enriched OTUs. AT A. thaliana,
CC C. capillaris, HP H. perforatum, LC L. corniculatus, LV L. vul-
gare, MA M. arvensis, PL P. lanceolata, TO T. officinale, TV T.
vulgare.
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The fungal communities in the rhizosphere and
endorhizosphere

Using a similar sequencing approach, based on the ITS2
region, we then analysed the fungal communities of all the

samples of the field experiment. As shown in Fig. 6a, the
rhizosphere samples separated from the bulk soil, but in
contrast to the bacterial dataset, not all in the same direction
along the first two PC axes. According to a PERMANOVA,
we found that there is a large spread in R2 values of the pair-
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wise comparisons between bulk soil and individual rhizo-
sphere samples (ranging from 0.19 for Arabidopsis to 0.79
for L. corniculatus, p-FDR < 0.05). As reflected by the rela-
tively low R2 value, the Arabidopsis fungal rhizosphere
samples cluster closest to the soil in a PCoA.

In line with this, the number of OTUs that differed
between bulk soil and rhizosphere soil varied greatly
between species (Fig. 6b). Arabidopsis and Crepis capil-
laris show a remarkable low number of affected fungal
OTUs in the rhizosphere (for Arabidopsis, 11% of the
average of the other plant species at log2-fold 2, and less
than 1% of T. vulgare and T. officinale, the two species with
the highest fungal rhizosphere effect; Table S2). The spread
in both the PCoA and the number of enriched and depleted
fungal OTUs indicates that plants are highly diverse in
establishing the fungal microbiome.

A PCoA on the fungal microbiome in the soil and the
endorhizosphere showed that at the community level, the
endorhizosphere of individual species—including Arabi-
dopsis—was comparably different from bulk soil (Fig. 6b).
This was also evident from pairwise R2 values, which ran-
ged from 0.37 to 0.46 (PERMANOVA, p-FDR < 0.01;
Table S1) and the number of affected fungal OTUs (ranging
from 143 to 211 at log2-fold 2; Table S2). When comparing
the nine species, Arabidopsis ranked slightly above average,
both in R2 value (0.43 versus 0.41 average) and in affected
OTUs (172 versus 166 average) indicating that the Arabi-
dopsis endorhizosphere is comparably different from bulk
soil (see Fig. 6c). As a Brassicaceous species, Arabidopsis
is not able to form symbiosis with arbuscular mycorrhizal
fungi (AMF), while the other plant species are able to do so
[29, 30]. Interestingly, we found for all endorhizosphere
samples comparable relative abundances of the phylum
Glomeromycota, which encompasses mainly AMF (on
average 0.8%, see Table S3).

A lab experiment reconstitutes the findings of the
field experiment

As most studies on mechanisms underlying the rhizosphere
effect are performed under controlled conditions, we also
performed a laboratory experiment. We grew the same plant
species under conditions optimized for Arabidopsis and
grew them in soil collected from the Mossel field one year
earlier than the above described field experiment. First, we
analysed the bacterial community in the rhizosphere and
endorhizosphere samples as separate sample sets using
PCoA. We found again that plant-specific microbiomes are
established (65% of variance explained by constrained
PCoA, p < 0.001, result not shown) and that the Arabidopsis
rhizosphere samples cluster closest to the bulk soil (Fig-
ure S4A, left panel). The numbers of affected OTUs are in
line with the PCoA: the species that cluster closer to bulk

soil—namely Arabidopsis and M. arvensis—are also the
species with a lower number of affected OTUs in the rhi-
zosphere (Figure S4B). For example, at a log2-fold change
of 2, Arabidopsis has ~50 affected OTUs, while the species
with the highest number (L. vulgare) has ~150 (Figure S5).
In contrast, analysing the endorhizosphere of Arabidopsis
showed that both the clustering in a PCoA and the number
of affected bacterial OTUs were similar to that of the other
plant species (Figure S5A, B). This shows that also under
laboratory conditions, the selectivity of the Arabidopsis
endorhizosphere compartment is comparable to that of the
other plant species tested.

To determine whether, and if so how, the lab experiment
differs from the field experiment, we analysed the bacterial
communities of all samples using PCoA (Fig. 7a). The first
PC axis explained 36% of the variance and separated the
samples according to compartment, but not according to
field and lab experiment. Along the second PC axis, the two
experiments were separated, but this separation explained a
relatively low amount of variance (7%). This indicates that
based on whole communities, the bacterial microbiomes of
all compartments in the lab and the field experiment are
comparable. Interestingly, the communities in the endorhi-
zosphere and to a lesser extent in the rhizosphere differed
more between the experiments than the starting soils did.
This indicates that the plant-related bacterial communities
established, to some extent, differently in the field and lab
experiment and that the starting soils in these experiments
are not the main determinant for this difference.

To obtain more quantitative insight in the differences
between the field and lab study, we examined whether the
OTUs that changed in the field experiment also changed in
the lab experiment. For this, we compared each affected OTU
in the field experiment with the same OTU in the lab
experiment (Fig. 7b). For a range of log2-fold changes we
counted the absolute number of OTUs that were affected in
the field experiment (colored numbers in Fig. 7b) and plotted
the fraction that is also affected in the lab experiment.
Especially at higher log2-fold changes, the majority of
affected OTUs are captured by the lab experiment. This is
especially the case in the endorhizosphere, where at a log2-
fold change of 6, almost all OTUs that changed in the field
experiment also changed in the lab experiment. This indicates
that – despite the subtle differences at the community level
shown by the PCoA – the plants in the field and under lab
conditions appeared to enrich largely the same microbial taxa.

Discussion

This study aimed to quantify the rhizosphere effect of
Arabidopsis and to compare this effect with that of other
plant species that occur in the same grassland ecosystem.

Quantitative comparison between the rhizosphere effect of Arabidopsis thaliana and co-occurring plant. . . 2441



Comparative microbiome studies on plant species origi-
nating from the same ecological site have been performed
before [28, 31] but to the best of our knowledge, there has
not yet been made an explicit comparison between the
rhizosphere effect of Arabidopsis with that of plant species
that have a less fugitive life history. Based on comparative
analysis in the field as well as under controlled conditions,
we conclude that the Arabidopsis rhizosphere microbiome
significantly differed from soil, albeit to a lesser extent than
that of plant species with a longer life history (as

summarized in Fig. 8). Enriched bacterial taxa that are
highly abundant in the rhizosphere of other plant species are
for the larger part also enriched in Arabidopsis. The lower
rhizosphere effect was not observed in the endorhizosphere,
where a similar number and phylogenetic profile of bacterial
taxa was enriched in all plant species, including Arabi-
dopsis. The changes that were observed in the field
experiment, broadly corresponded to what was observed in
the laboratory experiment, especially for highly enriched
bacterial taxa.
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Fig. 7 The rhizosphere effect can be reconstituted in a laboratory
experiment. a Principal coordinate analysis of soil, rhizosphere and
endorhizosphere samples of all the plant species (not per species
indicated). The first PC axis separates the compartment. The second
axis separates the lab and the field experiment with a relatively low
amount of variance explained. b Each significantly affected OTU from
the field experiment (see Fig. 3b, c) was tested for significance in the
lab experiment. The absolute number of affected OTUs in the field
experiment is indicated by the colored numbers at the bottom, and

overlap with the laboratory experiment is plotted as a percentage of the
total number of affected OTUs. The percentage of overlapping OTUs
increases with log2-fold thresholds (1–8, x-axis), indicating that
strongly affected OTUs are more likely to be affected in the lab
experiment as well. Colors represent different plant rhizospheres
(dotted lines) or endorhizospheres (solid lines). AT A thaliana, CC C.
capillaris, HP H. perforatum, LC L. corniculatus, LV L. vulgare, MA
M. arvensis, PL P. lanceolata, TO T. officinale, TV T. vulgare.
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The composition of the belowground microbiome of a
plant is determined by a hierarchy of events. The first
determinant is the initial microbial composition and het-
erogeneity of the soil. Then, plant species properties
including root morphology, developmental stage, and rhi-
zodeposition, determine which microbial species out this
reservoir will be present in the root microbiomes [2].
Although part of the rhizosphere effect (as measured by
enriched microbial taxa) seemed to be conserved for all the
plant species investigated, we did in our study observe
rhizosphere effects that varied between the plant species.
This was especially the case for the fungal rhizosphere
microbiome, where the magnitude of the rhizosphere effect
had a broad range. Other studies have also shown that host
properties have a stronger influence on plant-fungal com-
munities than plant-bacterial communities [32, 33]. In the
endorhizosphere, we did not observe differences in fungal
reads affiliated to the phylum Glomeromycota (encom-
passing AMF) between Arabidopsis and the other species
(Table S3). It could be that in general AMF are not highly
abundant in the endorhizosphere of the tested plant species,
due to relatively high phosphate levels [34] in the soil (926
mg/kg total phosphorus; based on a single measurement,
results not shown), which are a remnant of the agricultural
practices. In addition, it has been shown that AMF are
capable of colonizing Arabidopsis roots [35], which could
also in part explain the equal amounts of Glomeromycota in
the roots of all plant species.

Of the bacterial and fungal rhizosphere communities,
Arabidopsis was the closest to bulk soil and showed
therefore by definition the smallest rhizosphere effect.
Arabidopsis is a small plant and carbon release from the
roots (e.g., low-molecular weight carbohydrates) is believed
to be a largely passive process [36, 37] that depends on
plant size. However, it is unlikely that only carbon release
explains the differences between the strengths of the rhi-
zosphere effect among the plant species. This is supported

by a study showing that Pseudomonas cell numbers in
rhizosphere soil of both small Arabidopsis plants and large
Tobacco plants are 10- to 100-fold higher than those in bulk
soil [38]. More likely, active secretion of phytochemicals is
a factor by which the observed differences can be explained
[39–41]. It has been shown that Arabidopsis secretes phy-
tochemicals (triterpenes) that to a certain extend shape the
rhizosphere composition [11]. Our results suggest that other
plant species may invest more in the secretion of such
phytochemicals, although this remains to be demonstrated.

Notably, Arabidopsis and the other eight plant species
used in this study have different life histories and grow
during different time periods of the year. For example, at the
Mossel area, Arabidopsis is present during a period of
~6 weeks in the vegetation during early April and late
September (personal observations), while the field experi-
ment was conducted in July. Thus, the timing of the
experiment is not “optimal” for all species, and the condi-
tions were not optimised for any of the plant species,
including Arabidopsis. Given the unpredictable conditions
inherent to a field experiment, and the high probability of a
changing soil community, we chose to grow them simul-
taneously under the same field conditions. However, due to
their different life histories, not all species were at the same
developmental stage at the time of harvesting. To alleviate
some of those concerns, we decided to grow the plants also
under conditions more optimal for Arabidopsis, i.e. in a lab.
In addition, most studies on genetic mechanisms (e.g.,
mutant analyses) influencing the Arabidopsis (bacterial)
root microbiome, are carried out under controlled condi-
tions [10–12, 42–44]. Because we grew the plant species in
both a field and laboratory setting, we were able to directly
compare significantly affected bacterial taxa in the field
setting, with the same OTUs in the laboratory setting. We
found differences on the community level as well as dif-
ferentially abundant OTUs (see Fig. 7a, b), indicating that
lab studies cannot completely substitute field studies
[45, 46]. However, the majority of OTUs in the bacterial
data set showed similar trends in the field and the lab
experiment, and this was the case for all the plant species.
This suggests that our experimental setup did not play a
major role in determining the strength of the rhizosphere
effect. Furthermore, since the starting soil and growth
conditions were different, our data indicate robust plant
species-related rhizosphere effects for the plant species
tested, including Arabidopsis. Interestingly, although the
magnitude (number of enriched OTUs) in endorhizosphere
is larger, the number of OTUs that were uniquely affected
versus the number of OTUs affected in all species was
higher in the rhizosphere (see Fig. 5). This is remarkable,
because we would expect that plant-specific effects would
be most pronounced in the endorhizosphere [28, 47]. This
could be an indication that in our experimental system

Fig. 8 Quantitative comparison of the Arabidopsis rhizosphere
effect. Arrows from soil to either rhizosphere or endorhizosphere
indicate the change in the community as measured by affected OTUs,
i.e., the rhizosphere effect. Percentages indicate the number of affected
OTUs relative to the average of the other plant species.
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where plants are naturally occurring in the ecosystem, the
rhizosphere effect is relatively specific. To investigate this
further, growing the different plant species in varying soil
types (with different “initial microbiomes”) would be a
valuable future addition to our research.

In addition to shared plant-enriched OTUs we also found
plant-specific effects, both in the rhizosphere and the
endorhizosphere. L. corniculatus shows the highest number
of plant-specific enriched OTUs, but we did not find known
L. corniculatus root nodule symbionts that were specifically
high in L. corniculatus. This is most likely due to the fact
that we removed the nodules from the roots before we
sequenced the endorhizosphere samples. A study by
Zgadzaj et al. (2016) also showed a relatively high rhizo-
sphere effect for Lotus species, and that study also excluded
symbiotic structures [7]. The relatively high number of L.
corniculatus specific OTUs could be indirectly related to its
ability to fix nitrogen. Being better supplied with nitrogen,
more nutrients or phytochemicals might be secreted by roots
and this could drive niche occupation by more bacterial
species.

An emerging follow up question is whether there is a
phylogenetic signal which determines microbial composi-
tion, and whether Arabidopsis would follow this plant
related signal. Previous work has shown a significant effect
of plant lineage, especially on the composition of the
endorhizosphere [28, 48] while other studies have shown
the predictive value of specific plant traits such as root
exudation profiles and root morphology [49]. In general,
such studies require a broad, but congenic set of plant
species and this goes beyond the scope of this study. Future
work could include such a set of plants to explore the effect
of plant lineage or life history. As an example, in Fig. 6, we
saw a clear split along the first PC, separating the fungal
communities of L. corniculatus and L. vulgare, but also
such a split was observed between replicates of M. arvensis
and H. perforatum. Because of the limited number of plant
species, we were unable to link this separation to life history
characteristics or other plant properties. For now, the
underlying reason why samples from different plant species
– and replicates of a single plant species—separate in such a
rigorous manner, remains unclear.

In conclusion, our data show that there is a substantial
rhizosphere effect in a diverse group of plant species grown
in their native soil in a field setting. A laboratory setup
could for the larger part repeat these findings, indicating a
robust rhizosphere effect, and therefore lab experiments are
a powerful setup to investigate the mechanisms by which
microbiomes are established. According to our data, Ara-
bidopsis has a relatively small though significant effect in
the rhizosphere, whereas the effect on the endorhizosphere
is similarly strong compared with the eight other species
investigated. Therefore, we argue that many questions

related to the rhizosphere effect can be addressed in Ara-
bidopsis. Notably, Arabidopsis does not represent a com-
mon, shared fungal microbiome in the rhizosphere soil. The
variation in composition of all the fungal rhizosphere
communities suggest that it could be challenging to find an
accurate model in general, and that it will be highly
dependent on the research questions. Arabidopsis does have
the advantage of being a well-studied model system with
optimal molecular genetic tools available. In this respect,
the relative low number of fungi in its rhizosphere might in
some specific cases even be an advantage, as studies on
molecular mechanisms underlying the interactions with the
rhizosphere community can benefit from such relatively low
complexity. Our data are a valuable addition to evaluate
Arabidopsis as a model system, since it is widely used when
(genetic) mechanisms are studied in relation to root
microbiome establishment.

Materials and methods

Relative area cover measurements

We used an ex-arable field at the Veluwe area in the
Netherlands (coordinates: “N52°03'35.5” “E5°45'06.4”).
This area is a former agricultural site. Agricultural practices
were ceased in 1996, and subsequently the area was
restored as natural grassland. Part of this area is fenced.
Annually, since 1997 the% cover of each species was
recorded in 12 1 × 1 m permanent quadrates in each of five
10 × 10 m plots as described previously [50]. Only “NC”
plots (plots that were naturally colonized, and not sown
initially) were included. Arabidopsis cover was measured in
mid-April 2018 as follows: in five NC replicate plots [50],
ten vegetation recordings (25 × 25 cm) were taken along a
diagonal line through each plot. Bare soil percentage as well
as percentage Arabidopsis cover was scored.

Soil collection and preservation

Soil was collected at two time points, one for the lab
experiment (April 2015) and one for the field experiment
(May 2016) to pre-germinate seeds. Samples were taken
from four spots within a radius of 100 m. When any
vegetation was present, the top 5–10 cm was removed.
Soil was sieved (2.5 mm), homogenized and stored at 4 °C
until use.

Seed collection and treatment

Seeds of Arabidopsis Msl accession originate from wild
plants at the Mossel location. Msl seeds used in this study
originate from a single wild Arabidopsis thaliana plant after
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two rounds of propagation (F3). T. vulgare and L. vulgare
seeds were collected at the Mossel field site. Seeds from the
other species were obtained from De Cruydt Hoeck v.o.f in
Abbendijk, the Netherlands, a provider of seeds of wild
plants. All seeds were sterilized in 4x diluted household
bleach for 10 min, washed seven times with sterile MQ
water, transferred to plates with a wet filter paper, placed at
4 °C for 48 h and then moved to a 21 °C incubator in the
dark for germination. In advance to the bleach treatment, the
seeds of Arabidopsis Msl seeds got a short rinse with 70%
ethanol and the seeds of L. corniculatus were treated 2 min
with H2SO4. Seeds of T. officinale, T. vulgare, L. vulgare,
and M. arvensis did not undergo the cold treatment and
were placed directly in the 21 °C incubator.

Experimental set-up and plant growth conditions in
the field

Field experiments were conducted in July 2016 at the
Mossel area. Prior to growth in the field, plants were pre-
germinated on collected Mossel soil under controlled con-
ditions as follows: large particles such as dead roots and
stones were removed from collected Mossel soil by hand.
Soil was placed in pots (3 × 3 cm) within a tray (96 pots).
To remove the endogenous seed population, the tray was
watered and placed in the greenhouse for 2 days. After
weeding, sterile 3-day-old seedlings on plates were trans-
planted into the tray. Seven days post transplantation, plants
including the soil were planted into to the Mossel field. The
experiment was set up as a semi-randomized design (Fig-
ure S1). In total, we planted 9 plant species, with 32 indi-
vidual plants per species. The 32 plants per species were
divided over 4 different blocks (8 per block), within an
experimental plot of 2 × 5 meters as in Figure S1C. After
6 weeks of growth in the field, plants were harvested by
digging 3–4 cm around the base of the plant and 10 cm
deep. Plants (including attached soil) were transported to
the laboratory for further processing. Four plant individuals
were pooled into one sample.

Experimental set-up and plant growth conditions in
the laboratory

All plants were grown in triplicate in a laboratory setting at
the Wageningen University in May 2015. Pots (12 cm in
diameter) were filled with Mossel soil, watered, and left in a
growth chamber prior to transplanting of the seeds, to allow
endogenous seed population to germinate. After weeding
these seedlings, the 3-days-old seedlings from the sterile
plates were transplanted, except for the Arabidopsis seeds,
which were sown as seeds directly on the soil. The number
of seedlings per pot varied from three for large species and
five for small species. Pots were arranged a growth chamber

(Temperature: 21.0 °C, humidity: 70.0%; 10.06 gr/kg, light
intensity: 120 μMol/m2) and the position of the pots was
regularly changed. Soil humidity was maintained at ~70%
of the maximum water holding capacity by weighing the
pots and watering three times a week. All plants were grown
for 4–5 weeks until flowering, or until the moment that
roots were seen through the holes in the bottom of the pot.
Soil samples were collected from pots that contained
unplanted Mossel soil and were harvested after 4 weeks.

Soil, rhizosphere, and endorhizosphere harvesting

Pots containing the plants were turned upside down which
removed to plant including soil. Loose soil was removed
from the roots by kneading and shaking by hand and by
patting the roots on the back of a gloved hand. The soil that
was sticking tightly to the roots was defined as rhizosphere
soil. The harvesting protocol closely followed the proce-
dures described previously [5, 6], with minor modifications,
as described here. The entire root including the rhizosphere
soil was put into a 50 mL Falcon tube containing 25 mL
phosphate buffer (PB, per litre: 6.33 g NaH2PO4.H2O,
10.96 g Na2HPO4.2H2O and 200 μL Silwet L-77) and
vortexed for 15 s. Next, the root was transferred to a new
Falcon tube containing PB, and briefly vortexed. This
procedure was repeated twice, until the PB stayed clear.
Roots were sonicated for 10 cycles of 30 s bursts and 30 s
pause. After vortexing briefly, roots were placed on filter
paper and brown particles that remained within the root
knot after the cleaning procedure was removed as much as
possible. Meanwhile, rhizosphere from the first vortexing
step was filtered through a 100 μm cell strainer (Falcon) and
spun down for 10 min at 4000 × g. Supernatant was quickly
poured off, and the pellet was transferred to a 2 mL tube.
Endorhizosphere and rhizosphere samples were then
weighed, frozen in liquid nitrogen and stored at −80 °C.

DNA isolation and 16 S rDNA amplicon sequencing

DNA from soil and rhizosphere samples was isolated using
the Mo Bio PowerSoil kit (Qiagen) according to manu-
facturer’s instructions. According to the procedures
described by Lundberg et al. (2012) DNA from the
endorhizosphere samples was isolated using Fast DNA
Spin Kit for Soil (MP Biomedicals). Quality and quantity
of the DNA was checked by nanodrop and gel electro-
phoresis. Per sample, around 400 ng was sent for 16 S
rDNA sequencing at Beijing Genomics Institute. Using
primers 515 F and 806 R, the V4 region of the 16 S gene
was sequenced. The laboratory experiment was sequenced
using the MiSeq platform, while the field experiment
samples from 1 year later were sequenced using the HiSeq
sequencing platform.
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Processing of the sequencing results (bacterial
sequences)

Paired-end reads were merged into contigs using the RDP
extension to PANDASeq [51], named Assembler [52] with
a minimum overlap of 50 bp, Phred score of 25, and contig
length of 100 bp. Contigs were converted to FASTA format
using the fastx-toolkit and combined in a single file. Then,
contigs were clustered into operational taxonomic units
(OTUs) according to the UPARSE pipeline [53] imple-
mented in VSEARCH 1.1.3 [54]. In short, the pipeline
consisted of de-replication, sorting by abundance, and dis-
carding singletons before clustering them into OTUs using
the UPARSE algorithm [53], discarding chimeric sequences
using the UCHIME algorithm [55] and mapping contigs to
the OTUs using the usearch_global algorithm. The resulting
OTU table was then converted into BIOM format using
QIIME 1.9.1 [56]. Finally, we added taxonomic information
for each OTU based on the GreenGenes database release
13_8 97 [57] using the RDP classifier 2.10.1 [58]. All
processing steps were implemented in a SnakeMake
workflow [59].

Processing of the sequencing results (fungal
sequences)

Paired-end reads were quality trimmed to Q25 using the
Phred algorithm with BBDuk [60]. Primers were removed
with Cutadapt 1.18 [61] and reads without flanking primers
or a length below 100 bp were discarded. The following
steps were carried out with the software package PIPITS 2.4
[62]. First, reads were merged into contigs using
VSEARCH 2.13.6 [54] with a minimum overlap length of
20 bp and contig length of 100 bp. Contigs were converted
to FASTA format using the fastx-toolkit 0.0.14 and com-
bined into a single file. Next, reads were dereplicated with
VSEARCH [54]. The fungal ITS2 regions were extracted
from the dereplicated sequences and reoriented with the tool
ITSx 1.1b [63]. Singletons were removed and the extracted
ITS2 regions were clustered at 97% identity. Chimeras were
removed from the OTUs by screening against the UCHIME
28.06.2017 reference dataset [55]. The reinflated fungal
ITS2 sequences were mapped to the non-chimeras. The
preceding steps were all carried out with VSEARCH [54].
A custom PIPITS script was used to generate an OTU table.
Taxonomy was assigned with the RDP classifier 2.0.2 [58]
and the UNITE (02.02.2019) database [64]. All processing
steps were implemented in a SnakeMake workflow [59].

Filtering of the OTU table

All analyses were executed in the R environment. The
bacterial dataset (field and lab experiment) was processed as

follows: first, OTUs related to mitochondrial and chlor-
oplast sequences were removed, as were the OTUs that did
not have 25 reads in at least 5 samples. This significantly
reduced the read count of most endorhizosphere samples
(due to plastid ribosomal RNA amplification). Therefore,
we rarefied the OTU table to 11,000 reads for the field
experiment and 2,480 for the lab experiment. This resulted
in the exclusion of four M. arvensis endorhizosphere sam-
ples of the field experiment, and one T. officinale and one L.
vulgare endorhizosphere sample of the lab experiment. The
fungal dataset of the field experiment was processed in a
similar way: the dataset was also rarefied to 10,000 reads
per sample, resulting in the exclusion of two H. perforatum
rhizosphere samples and two M. arvensis endorhizosphere
samples. The number of discarded reads are given in
Table S5.

Multivariate analysis and pairwise adonis

For each experiment, the OTU table was split into a
“Rhizosphere” en “Endorhizosphere” dataset, both includ-
ing the bulk soil samples. Using Bray-Curtis dissimilarity
matrix, PCoA was executed, using a custom implementa-
tion of the publicly available scripts [7], largely based on
the vegan package. Using the function adonis, multiple
pairwise comparisons were done and corrected by the FDR
method.

Differential abundance testing

Using a standard pipeline as implemented in the metagen-
omeSeq package in R [65], all OTUs were tested for dif-
ferential abundance between soil and rhizosphere, and soil
and endorhizosphere. We used the default settings to create
the normalized measurable OTU table, resulting in 8782
OTUs that were tested for differential abundance using the
fitZig function and default settings in the metagenomeSeq
package. Next to that, we tested for differential abundance
using the EdgeR package in R [27] based on custom scripts
of a previously published pipeline (Zgadzaj et al., 2016). In
this analysis, OTUs were included that were observed in
5 samples with at least 25 reads. (resulting in 3187 OTUs).
Both analysis pipelines showed similar trends (Figure S2).
Because of the low number of replicates, the metagen-
omeSeq package was not used for the lab experiment.
Instead, we used the EdgeR implementation by Zgadzaj
et al. (2016).

Data availability

The raw sequencing reads are available online under
accession number PRJNA605923. The OTU table and
custom R scripts are available upon request.
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