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Abstract

Plant and soil microbial diversity are linked through a range of interactions, including the exchange of
carbon and nutrients but also herbivory and pathogenic effects. Over time, associations between plant
communities and their soil microbiota may strengthen and become more specific, resulting in stronger
associations between plant and soil microbial diversity. We tested this hypothesis in a 4-year long field
experiment in which we factorially combined plant community history and soil legacy with plant
diversity (1, 2, 4, 8, 60 species). Plant community history and soil legacy refer to the presence (“old”)
or absence (“new”) of a common history of plants and soils in 52 different plant species compositions
during 8 years in a long-term biodiversity experiment in Jena, Germany. After 4 years of growth, we
took soil samples in the new field experiment and determined soil bacterial and fungal composition in
terms of operational taxonomic units (OTUs) using 16S rRNA gene and ITS DNA sequencing. Plant
community history did not affect overall soil community composition but differentially affected
bacterial richness and abundances of specific bacteria taxa in association with particular plant species
compositions. Soil legacy markedly increased soil bacterial richness and evenness and decreased fungal
evenness. Soil fungal richness increased with plant species richness, regardless of plant community
history or soil legacy, with the strongest difference between plant monocultures and mixtures.
Particular plant species compositions and functional groups were associated with particular bacterial
and fungal community compositions. Grasses increased and legumes decreased fungal richness and
evenness. Our findings indicate that as experimental ecosystems varying in plant diversity develop over
8 years, plant species associate with specific soil microbial taxa. This can have long-lasting effects on
belowground community composition in re-assembled plant communities, as reflected in strong soil
legacy signals still visible after 4 years of growing new plant communities. Effects of plant community
history on soil communities are subtle and may take longer to fully develop.
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Introduction

Soil biota are critical drivers of soil processes such as nutrient cycling, thereby supporting primary
productivity and diversity (Haines-Young & Potschin, 2010; van der Heijden et al., 2008; Wagg et al.,
2019). Soil microbial communities interact with plants in the plant rhizosphere as plants grow, and,
more indirectly, via plant litter, which provides habitat and resources for a vast diversity of soil
organisms. Plant—soil interactions can be positive or negative but, more importantly, are dynamic and
may take time to develop (Kardol et al., 2013; Lau & Lennon, 2011, 2012; terHorst et al., 2014).
Knowing how soil microbial communities co-assemble with plant communities over time and how
plant diversity loss influences this co-assembly is crucial for understanding how above- and
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belowground biodiversity affect ecosystem processes (Bardgett & van der Putten, 2014; Wardle et al.,
2004).

When plant biodiversity decreases (Schweitzer et al., 2014), microbial communities may change in
abundance distributions or by evolution of taxa contained within them. Such altered microbial
community compositions can in turn modify the composition and productivity of plant communities
(Bartelt-Ryser et al., 2005; Kardol et al., 2007; Klironomos, 2002; Petermann et al., 2008; van der
Putten et al., 2013). Plant—soil feedbacks can drive co-adaptation (Lau & Lennon, 2011; Schweitzer et
al., 2014; Wagg et al., 2014) and may incur selection for plant individuals able to reduce antagonistic
and improve beneficial associations with soil organisms (van der Putten et al., 2013; Wagg et al.,
2014). The commonly negative plant—soil feedback (van der Putten et al., 2013) could, therefore, also
over time switch to positive effects of the soil microbial community on plant growth (Zuppinger-
Dingley et al., 2016).

A previous study in the Jena Experiment, a long-term grassland biodiversity experiment, showed
positive relationships between plant diversity and bacterial and fungal diversity (Lange et al., 2015),
whereas a later study in the same experiment found a positive relationship only for fungal diversity and
an overruling impact of soil abiotic variables and plant functional group identity on bacterial and fungal
community composition (Dassen et al., 2017). These contrasting results from the same biodiversity
experiment at two different time points suggest that relations may change over time (yet may also
depend on the methodology used, in the above case T-RFLP vs. Illumina sequencing of 16 S and 18 S
rRNA fragments). This led us to test how co-evolution between plant and soil communities, i.e., plant
community history and soil legacy (“age”), may affect the diversity and composition of soil bacterial
and fungal communities. In addition, we asked whether plant diversity modifies the effects of plant
community history and soil legacy. We use the term “plant community history” to refer to the co-
occurrence history of plants in different species compositions in the Jena Experiment from its
establishment in 2002 to 2010; and we compare these plant communities with plant communities
without such a co-occurrence history. During these eight years, plant communities may have developed
associations with a specific suite of soil microbes (M. W. Schmid et al., 2019). We therefore use the
term “soil legacy” to refer to soil communities that developed under these plant communities.

In a new field experiment we re-created the same plant species compositions as those used in the
“training” phase (being the Jena field experiment) and planted them adjacent to those old communities
in the Jena Experiment. For this, we factorially combined plant and soil communities with or without
plant community history and soil legacy, respectively. The different combinations of plant community
history (old vs. new plant communities) by soil legacy (old vs. new soil), for each plant species
composition, were grown for 4 years as re-assembled communities (see Fig. S1). At harvest, we took
soil samples and assessed microbial diversity and composition in terms of operational taxonomic units
(OTUs) by sequencing the small subunit ribosomal RNA markers of both bacteria and fungi (16S and
ITS fragments, respectively).

We hypothesized (1) that a history of interactions between plants and soil microbes in old communities
leads to more diverse soil bacterial and fungal communities, as the co-occurrence may have allowed for
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the development of more specific associations between plants and soil microbes (Gravel et al., 2011;
Lau & Lennon, 2011). This could be due to both plant community history (we found increased niche
separation between plants with a co-occurrence history (Zuppinger-Dingley et al. 2014) or to soil
legacy. Furthermore, we hypothesized (2) that bacterial and fungal diversity increase along a gradient
of plant diversity, because there are more plant species to associated with, and that this may modify
effects of plant community history and soil legacy. Finally, we hypothesized (3) that each plant
community composition (even within a species richness level) would assemble its own particular
microbial community.

Methods

Study site and experimental design

The experiment was carried out at the Jena Experiment field site (Jena, Thuringia, Germany, 51 °N, 11
°E, 135 m a.s.l.) from 2011 to 2015. The Jena Experiment is a long-term biodiversity experiment in
which 60 grassland species have been grown in different combinations since 2002 (Roscher et al.,
2004; Weisser et al., 2017). This study was conducted in experimental plots established within the
larger plots of the Jena Experiment (van Moorsel et al., 2018).

We used a split-split plot design with the three factorially crossed treatments (Fig. S1) plant species
richness (1, 2, 4, 8, 60 species), soil legacy (old soil vs. sterilized soil inoculated with legacy soil vs.
sterilized soil inoculated with neutral soil, for details see next section) and plant community history
(present vs. absent, for details see section after the next one). Plant species composition and thus plant
species richness was constant within plots, i.e., manipulated at plot level. There were 12 monocultures,
12 two-species mixtures, 12 four-species mixture and 12 eight-species mixtures; and plant species
belonged to four plant functional groups (legumes, grasses, and tall and short herbs; Roscher et al.,
2004). There were also four replicates of the full 60-species mixture containing all species used in the
experiment. Soil legacy was manipulated at the split-plot level and had the three levels described above
and explained in detail below and plant community history was manipulated at the split-split-plot level
and had the two levels described above and described in detail below. Some treatment combinations
were removed because the wrong plant species was planted (van Moorsel et al., 2018) or DNA
extraction from soil samples failed. Hence, the final design included 11 to 12 plant species
compositions as replicates for plant species richness levels and within each plant species composition
the six factorial combinations of plant community-history x soil-legacy treatments, except for the 60-
species plant richness level, for which we only tested new communities without plant community
history and without soil legacy; Fig. S1). These 60-species mixtures were only included in some of the
analyses.

Soil legacy treatments

In 2010, 8 years after the beginning of the Jena Experiment, we established the plots used in this study
within the larger experimental plots of the Jena Experiment. Each plot contained four 1 m? quadrats
(split-plots) with different soil treatments in each. One quadrat was used for a different experiment and
is therefore not included in this study. To create the soil treatments, within each of these 2 x 2 m plots,
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we removed the original plant cover in September 2010, excavated the 0—35 cm topsoil and sieved the
soil (2 cm mesh). To minimize the exchange of soil components between the four 1 m? quadrats and
the surrounding soil, we separated the quadrats with plastic frames. Two 5-cm layers of sand, separated
by a 0.5-mm mesh net, were added to the bottom.

Half of the excavated soil (around 600 kg per plot) was gamma-sterilized with a dose of 50 kGy to kill
soil biota (McNamara et al., 2003). Half of the sterilized soil was then inoculated with 4 % (by weight)
of sugar beet soil and 4 % of sterilized soil to create the “new” soil. However, using a small inoculum
volume relative to the same bulk soil is necessary to create soil treatments that minimize potential
abiotic feedback effects by the inoculum (Brinkman et al., 2010). Similar amounts of soil inoculum
also produced significant soil-legacy effects in previous experiments, even though those were not
directly assessed at the level of soil microbial diversity (Bartelt-Ryser et al., 2005; Dudenhéffer et al.,
2018). Sugar beet soil was added to create a natural soil community of an arable field because the Jena
Experiment was established on an arable field and was collected in a near sugar beet field not
associated with the Jena Experiment, but with comparable soil abiotic properties. The second half of
the sterilized soil was inoculated with 4 % sugar beet soil and 4 % unsterilized, plot-specific legacy soil
from the Jena Experiment to create the intermediate soil-legacy treatment which we term “native
inoculated” soil (a variant of old soil). The majority of the unsterilized soil was used to create the
“native old” soil-legacy treatment (another variant of old soil) and was returned to its original location
in the Jena Experiment (same plot) without any inoculation. Soil legacy thus comprised three soil
treatments: native old soil, inoculated old soil and inoculated new soil.

Plant species richness and plant community history treatments

We used two plant community history treatments: “old plant communities” (with eight years of co-
occurrence history in the Jena Experiment) vs. “new plant communities” (plant communities
established form plants without such co-occurrence history). Seeds for the new communities were
obtained from the original seed supplier of the Jena Experiment (Rieger Hofmann GmbH, in
Blaufelden-Raboldshausen, Germany). To produce seeds for the old communities, cuttings made after
eight years (2010) in the Jena Experiment were transferred and planted in the original species
combination in plots of an experimental garden in Zurich, Switzerland. Plots were surrounded by nets
to reduce pollination between communities and only left open on top to allow pollinator access
(Zuppinger-Dingley et al., 2014). Seeds for the old communities were thus offspring of plant
populations that had been sown in 2002 and grown until 2010 in plots of the Jena Experiment.

All seeds were germinated in potting soil (BF4, De Baat, Holland) in mid-January 2011 in a glasshouse
in Zurich. In March 2011, the seedlings were transferred to the field site of the Jena Experiment and
planted within the 2 x 2 m plots described above. Each 1 x 1 m quadrat was further divided into two
equally sized halves (split-split-plots). The seedlings of old communities were transplanted into one
half and seedlings of new communities into the other half of each quadrat at a density of 210 plants per
m? (Fig. S1). Species were planted in equal proportions with a total of 105 individuals per split-split-
plot. Species that were no longer present in the original plot of the Jena Experiment were excluded
from both planted communities. Five out of 60 plant species were excluded because they had gone
extinct in the sampled communities from the Jena Experiment. The plant communities were grown
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from 2011-2015 and maintained by weeding three times a year and by cutting twice a year in late May
and August, which are typical grassland harvest times in central Europe.

Soil sampling and soil microbial biomass and activity

Once the old and new plant communities and their associated soil microbial communities had been
allowed to develop for four years, soil samples were collected (early October 2015) in each of the six
split-split-plots (two in case of the 60-species mixtures). Several soil samples of 5-10 cm depth were
collected per split-split-plot and pooled. This yielded in a total of (6 x 48) + (2 x 4) — 9 missing = 287
samples (see Fig. S1). Soil samples were then sieved to 2 mm and divided into two sub-samples of
which one was used for soil chemical analysis and the other one for DNA extraction and subsequent
16S/ITS sequencing. For the DNA extraction, we weighed approximately 0.5 g of fresh soil per
sample, added buffer and froze the samples at —80 °C.

Gravimetric soil water content was determined by oven-drying (105 °C for 24 h). Soil microbial carbon
and nitrogen were determined by chloroform-fumigation extraction (Brookes et al., 1985; Vance et al.,
1987). In brief, 10 g of soil were extracted with 25 mL 0.5 M K>SO4 (45 min, 150 rpm), the suspension
filtered (MN 615, Macherey-Nagel AG, Oensingen, Switzerland) and dissolved organic carbon and
nitrogen in the filtrate quantified with a TOC analyzer (Dimatoc 2000; Dimatec Analysentechnik
GmbH, Germany). A second sample was processed similarly after fumigation with ethanol-free
chloroform. Microbial C and N were calculated assuming an extraction efficiency of kEC = 0.45
(Vance et al., 1987) and kEN = 0.54 (Brookes et al., 1985), respectively.

Potential nitrogen mineralization was determined in laboratory incubations under anaerobic conditions.
Soil samples (20 g fresh weight) were incubated for 7 days at 40 °C in 30 ml centrifuge tubes
containing 20 mL of extra water, leaving minimal headspace. After incubation, the tubes were
vortexed, samples transferred to 100 ml polypropylene cups and 40 ml of 3M KCI added, yielding a
concentration of 2M KCl in the suspension. The suspension was extracted on a table shaker for 30 min.
After sedimentation and filtration of the supernatant, the now soil-free extract was stored frozen (—
18°C) until determination of NH4" concentrations (Skalar SAN+ segmented flow analyzer, Skalar
Analytical B.V., Breda, The Netherlands).

Available phosphorus was determined using the method of Olsen (Olsen et al., 1954). 2 g of fresh soil
were extracted with 40 ml 0.5 M NaHCO3 (pH 8.5, table shaker, 30 minutes) and the supernatant
filtered as described above. Phosphate in the extract was determined colorimetrically using the
molybdate blue method (Watanabe & Olsen, 1965) on the same segmented flow analyzer.

Bacterial 16S rDNA and fungal ITS sequencing

We used Illumina sequencing markers of both bacteria and fungi (16S and ITS fragments, respectively)
to determine the community structure and diversity of bacteria and fungi in bulk soil. Bacterial and
fungal OTU richness, effective species richness and evenness as well as OUT abundances were used as
target measures. In June 2016, DNA was isolated from 500 mg of bulk soil using the FastDNA SPIN
Kit for Soil (MP Biomedicals, Illkirch-Graffenstaden, France) following the manufacturer’s
instructions. We used the primer pair ITS1-F_ KYO2 (5’-TAGAGGAAGTAAAAGTCGTAA) and
ITS2 KYO2 (5’-TTYRCTRCGTTCTTCATC) to amplify the internal transcribed spacer subregion 1
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(ITS1, Toju et al. 2012) and the primer pair S-D-Bact-0341-b-S-17 (5’-CCTACGGGNGGCWGCAG)
and S-D-Bact-0785-a-A-21 (5’-GACTACHVGGGTATCTAATCC) to amplify the variable regions V3
and V4 of the prokaryotic ribosomal RNA gene (Herlemann et al., 2011). 16S/ITS specific sequences
were fused to generic adapters (forward: 5’~ACACTGACGACATGGTTCTACA, reverse: 5°-
TACGGTAGCAGAGACTTGGTCT) for the first round of PCR. The PCR conditions for the
amplification of the 16S and ITS regions consisted of an initial denaturation at 94 °C for 15 min, 30
cycles of denaturation at 94 °C for 40 s, an annealing at 58 °C for 40 s, and an elongation at 72 °C for 1
min followed by a final elongation at 72 °C for 10 min. The PCR products were purified according to
the manufacturer’s instructions (NucleoSpin Gel and PCR Clean-up) and amplicon concentrations were
measured with Qubit (Tecan Spark M 10 plate reader with Pico Green). All samples were diluted to a
concentration of 0.5 ng/pl and shipped to GenomeQuebec (Montréal, Canada) for library preparation
and sequencing. Samples were paired-end sequenced (2 x 250 bp) on the [llumina HiSeq system
(GenomeQuebec, Montréal, Canada). Short-reads were deposited at SRA (accession number
PRINAG639013).

Identification and annotation of OTUs

Bacterial and fungal OTUs were identified with UPARSE (version 10.0.024, Edgar, 2013) following
the example given for paired-end Illumina data (driveS.com/uparse/). Reads were first quality-checked
with FastQC (bioinformatics.babraham.ac.uk/projects/fastqc). Following removal of adapter sequences
and low-quality bases with Trimmomatic (version 0.33 with the parameters
ILLUMINACLIP:adapterSeqs:2:30:10 SLIDINGWINDOW:5:15 MINLEN:100; Bolger et al. 2014),
paired-end reads were merged using “usearch” (with the parameters -fastq maxdiffs 25 -
fastq_maxdiffpct 10 for merging; (Edgar, 2013).

Data normalization and identification of differentially abundant OTUs

Normalized OTU counts were calculated with DESeq2 and log2(x+1)-transformed to obtain
approximately normally distributed OTU abundances. Sequencing data were not rarefied (McMurdie &
Holmes, 2014). Variation in relative abundances of individual OTUs was analyzed with the same
models as those used for the biodiversity indices and community compositions described below, i.e.,
using analysis of variance (ANOVA) and linear model functions in R (R Development Core Team,
2017), but after excluding the plots with 60 plant species. For a given term in the model, P-values from
all OTUs were adjusted for multiple testing (Benjamini & Hochberg, 1995). OTUs with an adjusted P-
value (false discovery rate, FDR) below 0.01 and explaining more than 1 % of the variation in relative
abundances of individual OTUs were considered to be differentially abundant.

Assessment of microbial community structure

Divergence in microbial community composition between all samples in relation to the environmental
factors was visualized with a redundancy analysis (RDA). The RDA was conducted in R with the
package vegan (version 2.4-4, function rda(); Oksanen et al., 2017). Input data were log-transformed
and normalized OTU counts used as response variables. The treatment factors with all interactions
were used as constraints for the RDA.
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We analyzed the variation in dissimilarities between microbiomes with a multivariate ANOVA in R
with the package vegan (version 2.4-4, function adonis(); Oksanen et al. 2017). Because of the large
number of OTUs involved, we used the Manhattan distance as a dissimilarity measure (Aggarwal et al.,
2014). For the differences in phylogenetic composition of the bacterial communities we used a
multivariate ANOVA with UniFrac distances (Lozupone et al., 2011).

ANOVA models

The structure of all ANOVA models followed general design principles that have been applied in other
biodiversity experiments (B. Schmid et al., 2002, 2017). For all models, factors were fitted sequentially
(type I sum of squares) as shown in Table 1 and 2. Significance tests were based on F tests using
appropriate error terms and denominator degrees of freedom (B. Schmid et al., 2017). The fixed terms
of the models were spatial variation across the field site (composed of five directional contrasts, see Le
Roux et al. (2013), plant species richness and composition contrasts comparing monocultures with
mixtures, assessing log-linearized species richness (logSR) and comparing plots with
legumes/grasses/herbs with others, soil legacy (composed of two contrasts, new vs. old followed by
native vs. inoculated within old), plant community history (CH) and two- and three-way interactions
between treatment terms. The random terms were plot and its two-way interaction with soil legacy
(split-plots) and the three-way interaction with soil legacy and plant community history (split-split-
plots).

Structural Equation Modeling

To test whether the effect of the treatments were direct or indirect due to differences in soil chemistry,
we used the package lavaan (Rosseel, 2012). To account for spatial variation of the soil chemistry in
the field (Le Roux et al., 2013), we first fitted a model with the plot coordinates and used the residuals
for further analyses. We tested the direct and indirect effects of soil legacy or plant species richness on
microbial diversity measures in separate models. Plant community history had not significant effects
and therefore this analysis is not presented.

Results

Of 14,469 16S-OTUs, 11,672 were classified as bacteria (including 8 OTUs of Archaea) and 2,797
remained unknown. Within the bacterial domain, the ten most frequent phyla accounted for 96.3 % of
all 16S-OTUs. Of the 5,214 ITS-OTUs, 2,258 were classified as fungi and 2,956 remained unknown.
The ten most frequent phyla accounted for 99.8 % of all ITS-OTUs.

The first two RDA axes explained 19.4 % and 6.4 % of the total variation in bacterial and fungal
OTUs, respectively (Fig. 1). The first axis separated the bacterial and fungal communities according to
soil-legacy and the second axis according to plant species richness.

Effects of soil legacy and plant species richness, composition and community history on the
diversity of soil bacterial and fungal communities

Bacterial effective OTU richness and evenness were highest in the native old soil and lowest in the new
soil (Table 1, Fig. 2). Furthermore, bacterial OTU richness was higher, and evenness lower when plant
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species compositions contained grasses (irrespective of the identity of other plant functional groups
present) than when they did not. Bacterial richness and evenness varied significantly among the
different plant species compositions (plots, after correction for spatial covariates) within plant diversity
levels (note that plant diversity terms were tested against this variation among species compositions,
see Schmid et al., 2017). Bacterial diversity was also affected by a significant interaction between plant
species composition and plant community history (“Plot x CH” interaction in Table 1).

In contrast to bacteria, fungal richness was not affected, and fungal evenness was reduced by soil
legacy (Table 1; Fig. 2). Also, in contrast to bacteria, fungal species richness and effective species
richness were larger in plant mixtures than in plant monocultures. The presence of grasses in plant
communities significantly increased all three indices of fungal diversity (Table 1), whereas the
presence of legumes significantly decreased effective fungal species richness and evenness (P = 0.033
and P <0.001, respectively, in ANOVA including a contrast for legumes instead of grasses). Fungal
diversity and evenness varied significantly among plant species compositions within plant diversity
levels, but without interaction with plant community history.

Effects of soil legacy and plant species richness, composition and community history on the
composition of soil bacterial and fungal communities

In addition to the RDA analysis presented at the beginning of this Results section, we used multivariate
ANOVAs to test treatment effects on bacterial and fungal community compositions. The overall pattern
of significances was similar for the two groups of microbes (Table 2, Table S1 using phylogenetic
community composition). There were clear effects of soil legacy, the presence of grasses and large
variation among plant species composition within plant diversity levels. Furthermore, the presence of
legumes significantly affected fungal community composition (P = 0.015 and P = 0.033, respectively,
for legume instead of grass contrasts in multivariate ANOV As with or without phylogenetic
community composition).

Because the above multivariate analyses could only detect whether compositions of bacterial or fungal
communities overall differed between treatments, but not how they differed, we additionally tested
each 16S-/ITS-OTU for differential abundance with the models used for the biodiversity indices and
community composition (Table 3). Of the 11,883 and 4,219 16S- and ITS-OTUs tested, 7,804 (65.6 %)
and 2,489 (59.0 %) showed one or several significant treatment effects. For both bacterial (16S) and
fungal (ITS) OTUs soil legacy (Fig. 3), plant species composition (plot after correction for spatial
covariates) and their interaction were often significant (Table 3). Among the different plant species
compositions, especially those containing grasses or legumes clearly had different patterns of OTU
abundances than compositions without grasses or legumes (Table 3). In particular, plant communities
containing grasses often had increased bacterial or fungal abundances (Fig. S2). However, the presence
of the two other plant functional groups, small or tall herbs, which combined species form different
plant families and orders, only had weak effects on OTU abundances. Similarly, plant species richness
did not strongly affect the pattern of OTU abundances.

More detailed results about significant responses of particular taxonomic groups of bacteria and
taxonomic and functional groups of fungi to plant community history, soil legacy and plant species
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2 ¢

richness are presented in Supporting Information (“Supporting Methods: Taxonomy”, “Supporting
Methods: Enrichment and depletion of bacterial taxa” and “Supporting Results: Taxonomy of
differentially abundant soil-microbial OTUs with Table S3”°). Furthermore, contrasts for the
aboveground biomass of every plant species within species compositions showed that in particular the
biomass of the grasses Alopecurus pratensis (fungal OTUs), Arrhenatherum elatius (fungal OTUs),
Bromus erectus (fungal OTUs), Dactylis glomerata (fungal OTUs), Festuca pratensis (fungal OTUs),
F. rubra (bacterial and fungal OTUs), Poa trivialis (bacterial OTUs), Phleum pratense (fungal OTUs)
and Trisetum flavescens (fungal OTUs) and the biomass of the legumes Lathyrus pratensis (bacterial
OTUs) and Medicago varia (bacterial and fungal OTUs) had significant effects on the abundance of
large numbers of microbial taxa, often in interaction with soil legacy, plant community history or both
(Supporting Information “Supporting Results: Effect of biomass proportions of each plant species with
Table S4”).

Lastly, we assessed whether plant community history, soil legacy and plant species richness affected
soil chemistry and soil microbial biomass and activity (Table S2), and whether these covariates were
related to microbial diversity and community composition. Soil legacy contrasts and interactions with
species composition (plot, after correction for spatial covariates) were significant for microbial C and
N, Olsen’s P and mineral N. Old soils had higher microbial C and N and mineral N but lower P than
did new soil. The monoculture contrast and its interaction with soil legacy was significant for the levels
of soil mineral N and microbial N, respectively. That is, plant mixtures had accumulated or retained
more soil mineral nitrogen than plant monocultures, in particular in old soils. Plant communities
containing grasses had higher soil mineral N than plant communities not containing grasses.

The path analysis (Fig. S3) showed that indirect effects of soil-legacy treatments on soil microbial
communities often canceled each other out. For example, there were positive indirect effects of soil
legacy on bacterial and fungal evenness via microbial C but negative ones via microbial N, i.e., old
soils had a positive effect on microbial C, which then positively affected bacterial and fungal evenness.
Old soils also had a positive effect on microbial N, but this was negatively related to bacterial and
fungal evenness. Total indirect effects of soil legacy were only observed for fungal richness and these
were positive. No specific indirect effects of plant richness via soil variables on soil bacterial or fungal
diversity could be observed, even though overall there was a positive indirect effect of plant richness
on bacterial effective richness (Fig. S3). These results suggest that most of the above-described
treatment effects on soil microbial communities were direct effects of these treatments and not
mediated by the measured soil covariates.

Discussion

Effects of soil legacy on soil microbial communities are strong and long-lasting but those of plant
community history are weak (hypothesis 1)

As expected, old soil had significantly higher bacterial richness and evenness than new soil. In contrast
to bacterial richness, soil legacy did not increase fungal richness and even decreased fungal evenness.
The different responses of bacterial and fungal diversity in our study are in line with previous findings
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in the Jena Experiment (e.g., Dassen et al., 2017; Lange et al., 2015) and may indicate different
specificity of interactions between plants and soil bacteria and fungi or competition between taxa of
bacteria and fungi (Bahram et al., 2018; Koorem et al., 2020). The fungal communities in old soils
could have represented specialized subsets of fungal species particularly suited for the corresponding
plant community (Semchenko et al., 2018; Sosa-Hernandez et al., 2018). The co-assembly of plant and
soil-microbial communities may be more strongly reflected in different taxonomic compositions of the
soil community rather than their diversity (see Fig. 3). But even here, a greater proportion of bacterial
(ca. 30%) than fungal OTUs (less than 10%) were affected by soil legacy (see Table 3).

Plant—soil microbial community assembly can be highly dynamic (Kardol et al., 2013; Lau & Lennon,
2011 and 2012; terHorst et al., 2014). Here, we found that 4 years of soil microbial community re-
assembly under identical plant species compositions was not enough to remove the strong soil legacy
effect that had developed under these same plant species compositions for 8 years previous to the
experiment. The differences between soil treatments were even maintained through a severe natural
flood at the field site in spring 2013 (van Moorsel et al., 2020); during which the plots were completely
submerged by standing water. We found much faster adjustments of rhizosphere microbiomes in an
associated experiment with the same soil legacy from the Jena Experiment (M. W. Schmid et al.,
2019). It is conceivable that further away from plant roots soil microbial communities change more
slowly so that different results are apparent for bulk vs. rhizosphere soil, with rhizosphere soils
changing fast but with less-long lasting legacy and changes in bulk soil being slower but becoming
apparent as longer-lasting soil legacy effects.

In contrast to the strong effects of soil legacy on soil microbial communities, effects of plant
community history were much weaker. This was unexpected because those same plant community
history treatments led to significant plant evolutionary responses, including changes in plant—plant
interactions (Zuppinger-Dingley et al., 2014; van Moorsel et al., 2018 and 2020) and even altered
plant—soil feedbacks (Hahl et al., 2020; Zuppinger-Dingley et al., 2016). These evolutionary changes in
the plant communities may have been too small to become influential on the diversity and composition
of soil microbial communities that may need more time to develop or are too subtle to detect. Indeed,
there were several subtle but significant effects of plant community history on bacterial and fungal taxa
(see Table 3), partly in interaction with soil legacy (on the abundance of particular fungal taxa, see
Table S3B) or in interaction with plant species composition (on bacterial richness, see Table 1A).

The influence of an even longer plant community history on soil organismal communities is currently
being studied in a longer-term new experiment at the Jena field site (Vogel et al., 2019). Effects of
plant evolution on microbial communities so far are mainly being studied in model plants and for
microbiomes directly associated with plants root or leaves (Bergelson et al., 2019; Thiergart et al.,
2020). We believe that the importance of the co-evolution between plants and their associated
microbial communities in natural plant and soil communities is worthwhile investigating because they
may both affect the maintenance of biodiversity in an ecosystem and the resulting effects of
biodiversity on ecosystem functioning(van Moorsel et al., 2018, 2020).
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Plant diversity increases fungal diversity but otherwise has weak effects on soil microbial
communities (hypothesis 2)

Plant species richness, in particular the contrast between plant monocultures and mixtures, significantly
increased fungal, but not bacterial richness. A previous study conducted on bulk soil also reported a
marginally positive effect of plant species richness on fungal diversity in the Jena Experiment (Dassen
et al., 2017). Contrary to our findings, others previously found that plant species richness increased
bacterial diversity in the Jena Experiment (Lange et al., 2015), as well as in other grassland biodiversity
experiments (Bartelt-Ryser et al., 2005; Stephan et al., 2000). Different experimental and sampling
procedures may in part explain these different findings.

In terms of bacterial and fungal community composition our samples tended to cluster along a plant
species richness gradient from monocultures to 60 species-mixtures (see Fig. 1), indicating that plant
diversity led to “directed” microbial species turnover, as has been found in previous biodiversity
experiments (Griiter et al., 2006; LeBlanc et al., 2015; Schlatter et al., 2015). However, another study
with bulk soil from a grassland ecosystem in Texas found that fungal community composition was not
influenced by plant diversity but rather by the addition of a single exotic plant species (Checinska
Sielaff et al., 2018). Overall, these studies suggest bulk soil microbial communities are less strongly
influenced by plant species richness than rhizosphere microbial communities.

In addition to the weak main effects of plant species richness on soil microbial communities,
interactions with the soil-legacy and plant community history treatments were also weak.

Consequently, we could not support the hypothesis that in more diverse plant communities soil legacy
and plant community history would more strongly influence soil microbial communities (second part of
hypothesis 2). Although such interactions would be expected based on general knowledge about the co-
assembly of plant—soil communities (Schweitzer et al., 2014; van der Putten et al., 2013; Wagg et al.,
2014; Wardle et al., 2004) our experimental approach might have been too crude to detect them. A
limitation of our study was that for most of the detected OTUs we could not find specific matches with
previously described microbial species (Brunel et al., 2020). We hope that we or others will re-analyze
our data once this limitation has been overcome.

Specific plant communities co-assemble with their specific soil communities (hypothesis 3)

Plots with different plant species compositions in our experiment considerably varied in overall
bacterial and fungal community diversity and structure. In part this was due to the spatial position of
the plots within the field site, which meant different abiotic soil conditions (i.e. sand, silt and clay
content) depending on the plots’ positions relative to the nearby river Saale (Le Roux et al., 2013;
Weisser et al., 2017; Dassen et al., 2017). Still, large variation among plots remained after accounting
for this spatial variation in the field site. We interpret this as a sign of the influence of particular plant
community compositions, which were unique for each plot (except the four replicate 60-species plots).

Although the particular plant community compositions were only replicated within plots for the
different soil-legacy and plant community history treatments, we could assess the importance of the
presence or absence of particular plant functional groups or species with replicated plant communities
between plots. Thus, variation among plots was partly due to the presence vs. absence of grasses, which
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affected both soil bacterial and fungal communities, and to the presence vs. absence of legumes, which
here we found affected soil fungal communities. The presence of grasses in a community increased all
fungal diversity indices and bacterial richness (see Fig. S2). In addition to the presence of grasses in
general, the biomass contribution of several particular grass species to their plant communities also
affected fungal and less often bacterial taxa, often in interaction with soil legacy, plant community
history or both (see Table S4). We note that plots with grasses had significantly higher soil microbial
and mineral nitrogen than plots without grasses, a finding also reported by Lama et al. (2020).

Effects of the presence of legumes on soil microbial communities, especially fungi, have been reported
in previous studies (Dassen et al., 2017; Konig et al., 2010). In the present experiment, in addition to
the presence of legumes it was the biomass contribution of two legume species (Lathyrus pratensis,
Medicago varia) that affected a large number of microbial OTUs, either directly or (more often) in
interaction with soil legacy, plant community history or both. This may be related to the potential of
legumes to produce strigolactones as root exudates that promote the development of microbial
symbionts (Peldez-Vico et al., 2016). Compared with grasses and legumes, the taxonomically more
diverse small or tall herb plant functional groups had no consistent effects on soil microbial
communities. This is not surprising, because it is difficult to envision a mechanism that would link the
abundance of an individual microbe to the presence or absence of a diverse set of plant species. Instead,
specific microbial OTUs may commonly associate with specific plant species, for which some
candidates can be found in Table S4, but further analysis would be necessary once better annotations
for our microbial OTUs become available.

Overall, these findings suggest that specific plant communities do associate with specific soil microbial
communities and that this process is mediated at least in part by soil legacy and plant community
history, as predicted by our third hypothesis in the introduction.

Direct vs. indirect effects of soil legacy and plant diversity on soil microbial communities

We currently lack mechanistic explanations for the observed effects of plant community history, soil
legacy and plant diversity and composition on soil microbial communities. As suggested by Dassen et
al. (2017), plant species richness could increase fungal diversity through changes in soil properties such
as increased root and litter availability in plots with more diverse plant communities. To assess the
potential of soil biochemical variables to mediate indirect effects of our treatments, we used path
analysis. We found indirect effects of soil legacy via microbial C and N (both higher in old than in new
soil) on almost all diversity indices of soil bacterial and fungal communities (see Fig. S3B). However,
for bacterial indices the indirect effects canceled out (two indices positive via C and negative via N);
and for both bacterial and fungal indices direct effects remained. This suggests that soil legacy had
created different soil microbial communities prior to the experiment and that soil covariates may have
been a consequence rather than a cause of the different soil microbial communities.

The higher soil fungal richness with increasing plant diversity could not be explained by the measured
soil biochemical variables, even though plots with plant mixtures had had more soil nitrogen than plots
with plant monocultures, which was in line with previous studies showing a positive effect plant

species richness on N mineralization (Rosenkranz et al., 2012; Zak et al., 2003). Previously, Niklaus et
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al. (2007) argued that plant diversity could only affect the diversity and activity of soil organisms via
soil biochemical variables in a grassland diversity experiment. Here, the lack of indirect effects of plant
diversity via soil biochemical variables suggests that treatment effects on soil microbial communities
were not a correlate of soil environmental conditions. Instead, soil microbial communities were shaped
by the soil legacy and the diversity and composition of the particular plant communities, with
additional subtle effects of plant community history.
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Table 1. Analysis of variance of bacterial (A) and fungal (B) richness (number of OTUs), effective
richness (exp(Shannon Index)) and Pielou’s evenness. Significant P-values are highlighted in bold.
isMonoculture: a contrast to compare plant monocultures with plant species mixtures, logSR: log2 of

plant species richness, hasGrass: contrast for presence/absence of grasses, AGE: new soil compared
with the two other soils (native and native inoculated soils), INO: inoculated compared with native soil,
CH: plant community history. df: degrees of freedom, F: F-value, P: P-value, %-SS: percentage of
total sum of squares (corresponding to increases in multiple R? * 100 with addition of the particular
term to the model). Non-significant interaction terms (P > 0.05 for all three variables) are not listed in
the table, unless they are part of a contrast formation (“Plot x AGE” in B).

A Bacteria (16S)

Source of variation

Spatial variation
isMonoculture

logSR

hasGrass

Species composition (Plot)
Soil old vs new (AGE)

Soil inoculated vs native (INO)
Plot x AGE

Plot x INO

Plant community history (CH)

Plot x CH

Species richness

df F P %-SS
5 2.13 0.083 6.0
1 1.33 0.256 0.8
1 0.06 0.806 0.0
1 6.11 0.018 34
39 2.03 0.003 22.0
1 7.59 0.009 2.5
1 11.3 0.002 2.5
43  1.25 0.239 14.2
43  1.17 0.310 9.7
1 0.11 0.747 0.0
43 171 0.019 16.78

Effective richness

F

2.92

2.65

0.04

2.79

0.99

99.1

82.1

2.04

2.37

0.17

1.81

P

0.025

0.111

0.852

0.103

0.507

<0.001

<0.001

0.012

0.003

0.680

0.011

%-SS

3.5

0.6

0.0

0.7

9.4

27.0

17.7

11.7

9.3

0.0

8.72

F

1.31

0.01

0.02

4.86

1.73

208

209

3.14

1.64

0.07

1.25

Evenness

P

0.279

0.909

0.881

0.033

0.018

<0.001

<0.001

<0.001

0.057

0.799

0.188

22

%-SS

1.7

0.0

0.0

1.3

10.3

43.9

19.6

9.1

4.0

0.0

3.36
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B Fungi (ITS) Species richness Effective richness Evenness

Source of variation df F P %-SS F P %-SS F P %-SS
Spatial variation 5 5.43 0.001 8.1 6.12  <0.001 12. 1.57 0.191 4.7
isMonoculture 1 20.7  <0.001 6.1 245  <0.001 9.7 1.94 0.171 1.2
logSR 1 1.08 0.306 0.3 1.96  0.170 0.8 0.77 0.386 0.5
hasGrass 1 7.54 0.009 2.2 17.8  <0.001 7.0 7.63 0.009 4.6
Species composition (Plot) 39 0.95 0.554 11.6 1.64 0.029 15.4 1.82 0.011 23.4
Soil neutral vs others (AGE) 1 0.08 0.785 0.0 1.86  0.180 0.5 11.9 0.001 39

Soil inoculated vs native (INO) 1 0.31 0.581 0.1 1.30 0.260 0.2 7.88 0.007 2.6
Plot x AGE 43 1.25 0.245 16.6 1.22 0.267 12.8 1.31 0.197 14.1
Plot x INO 43 0.71 0.864 10.2 0.81 0.747 8.0 1.85 0.027 14.2

Plant community history (CH) 1 0.49 0.487 0.2 0.21 0.646 0.06 0.02 0.879 0.0

23


https://doi.org/10.1101/2020.07.08.193409
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.08.193409; this version posted January 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Table 2. Multivariate analysis of variance of dissimilarities (Manhattan distance) between bacterial (A)
and fungal (B) community compositions. Significant P-values are highlighted in bold. isMonoculture: a
contrast to compare plant monocultures with plant species mixtures, logSR: log2 of plant species
richness, hasGrass: contrast for presence/absence of grasses, AGE: new soil compared with the two
other soils, INO: inoculated compared with native soil, CH: plant community history. df: degrees of
freedom, F: F-value, P: P-value, %-SS: percentage of total sum of squares (corresponding to increases
in multiple R? * 100 with addition of the particular term to the model). Interaction terms are not listed
in the table because none of them were significant.

A Bacteria (16S) Community composition
Source of variation df F P % SS
Spatial variation 5 2.97 0.023 7.2
isMonoculture 1 1.44 0.237 0.7
logSR 1 1.23 0.274 0.6
hasGrass 1 5.53 0.024 2.7
Species composition (Plot) 39 1.76 0.016 18.8
Soil new vs others (AGE) 1 26.9 <0.001 7.3
Soil inoculated vs native (INO) 1 24.7 <0.001 6.9
Plant community history (CH) 1 1.1 0.312 0.2
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B Fungi (ITS)

Source of variation

Spatial variation
isMonoculture

logSR

hasGrass

Species composition (Plot)
Soil new vs others (AGE)

Soil inoculated vs native (INO)

Plant community history (CH)

df

Community composition

F

2.21

1.55

1.58

9.44

2.34

13.5

9.83

1.08

P

0.073

0.221

0.216

0.004

<0.001

<0.001

0.003

0.304

% SS
7.2
1.0
1.0
6.2

25.5
4.2
24

0.2
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Table 3. The number of bacterial (A) and fungal (B) operational taxonomic units (OTUs) showing
significant differential abundance (FDR < 0.01 and %-SS explained > 1 %) and the average percentage
sum of squares (%-SS) of either all OTUs or only the OTUs significant for the corresponding term.
isMonoculture: a contrast to compare plant monocultures with plant species mixtures, logSR: log2 of
plant species richness, AGE: new soil compared with the two other soils, INO: inoculated compared
with native soil, CH: plant community history. The term “hasFunctionalGroup” corresponds to a factor
testing for either presence of grasses / legumes / small herbs / tall herbs. For example, for the bacterial
16S-OTUs, 741 were significantly influenced by the presence of grasses and 46 were significantly
influenced by the presence of legumes in plant communities. Interaction terms with no significantly
affected OTUs are not listed in the table, unless they are part of a contrast formation (AGE interactions
in B).

A Bacteria (16S)
Number of

Source of variation significant Average %-SS (all Average %-SS

OTUs OTUs) (significant OTUs)
Spatial variation 1,321 5.53 14.8625
isMonoculture 0 0.60 -
logSR 0 0.53 -
hasFunctional Group 741/46/0/0 1.82/1.20/0.67/0.60 12.23/13.7/-/-
Species composition (Plot) 2,032 18.66 29.98
Soil new vs others (AGE) 4,035 3.91 10.02
Soil inoculated vs native (INO) 3,362 3.89 11.83
Plot x AGE 238 13.50 17.00
Plot x INO 118 13.72 18.56
Plant community history (CH) 0 0.29 -
Plot x CH 6 11.72 18.04

26


https://doi.org/10.1101/2020.07.08.193409
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.08.193409; this version posted January 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

B Fungi (ITS)
Number of

Source of variation significant Average %-SS (all Average %-SS

OTUs OTUs) (significant OTUs)
Spatial variation 156 4.73 18.56
isMonoculture 0 0.69 -
logSR 0 0.70 -
hasFunctionalGroup 296/109/0/0 2.50/1.69/0.77/0.68 14.58 /13.28/-/ -
Species composition (Plot) 1,173 22.60 35.79
Soil new vs others (AGE) 389 1.69 9.74
Soil inoculated vs native (INO) 224 1.12 8.81
isMonoculture x AGE 0 0.41 -
isMonoculture x INO 5 0.26 0
logSR x AGE 0 0.37 -
logSR x INO 6 0.35 0
hasFunctionalGroup x AGE 2/4/0/0 0.53/0.42/0.36/0.34 11.37/6.13/-/ -
hasFunctionalGroup x INO 6/6/5/6 0.37/0.35/0.32/0.32 0/1.18/0/0
Plot x AGE 408 15.46 20.92
Plot x INO 471 13.44 20.11
Plant community history (CH) 0 0.27 -
Plot x CH 62 11.65 21.39
AGE x CH 0 0.30 -
INO x CH 10 0.25 0.01
logSR x SL x CH 1 0.58 9.06
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Fig. 1. Redundancy analysis (RDA) using the normalized operational taxonomic unit (OTU) abun-
dances of all samples analyzed. For the bacterial 16S-OTUs (left) the first two RDA axes explained
19.4 % of the variance (all RDA axes together: 24.7 %). For the fungal ITS-OTUs (right) the first two
axes explained 6.4 % of the variance (all RDA axes together: 13.1 %). In the upper two panels points
indicate different soil legacy and plant community history and in the lower two panels points indicate
different plant species richness (darker purple higher richness).
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Fig. 2. Effects of soil legacy, plant community history and plant species richness on soil bacterial (16S-
OTUs, left side) and fungal (ITS-OTUs, right side) communities. (A) Microbial richness (number of
OTUs with more than 0 reads), (B) microbial effective OTU richness and (C) Pielou’s evenness. In a
series of four panels, the left-most shows the biodiversity indices within each combination of plant
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community history and soil legacy (averaged across plant species richness). The three other panels
show the indices within each combination of soil legacy and plant species richness (averaged across the
two levels of plant community history). The ANOVA results are given in Table 1. Boxplots: the bottom
and top of the boxes correspond to the lower and upper quartiles and the centerline marks the median.
Whiskers extend to the lowest/highest values unless these values are lower/higher than the first/third
quartile minus/plus 1.5 times the inner quartile range (IQR), which equals the third minus the first
quartile.
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Fig. 3. Difference in abundance of individual OTUs between native/inoculated soils and new soil (log2
fold-changes, see soil legacy contrast "new vs old (OLD)" in Table 3). (A) Bacterial OTU’s, (B) fungal
OUT’s. Significant OTUs in red, others in black. Only phyla with at least 10 OTUs found in this study
are shown. The number of significant and total number of OTUs are given in parentheses.
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