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Abstract

The potential of soils to maintain biological productivity, defined as soil health, isstrongly
influenced by human activity, such as agriculture. Therefore, soil management has always
been a concern for sustainable agriculture and new methods that accountfor both soil health
and crop yield must be found. Biofertilization using microbial inoculants emerges as a
promising alternative to conventional interventions such as excessive mineral fertilization and
herbicide use. Biodynamic preparations used as“a ¢entral part of biodynamic agriculture have
various effects on soil properties, such as microbial biomass and respiration. We conducted
several biomarker experiments to infer the effect of biodynamic preparations on soil
prokaryotic and fungal communities and compared results to organic management. Potential
plant growth promoting Amplicon Sequence Variants (ASVs) were quantified using a
commercial database. based on their taxonomic identity. We found significantly higher
numbers of putative plant growth promoting ASVs in biodynamically compared to organically
treated soils. Furthermore, prokaryotic ASVs enriched in biodynamic preparations were found
in higher numbers in biodynamically treated soils, indicating successful colonization after
treatment. Experiments were conducted at three locations in Germany and 21 locations in
France covering different crops and soil types. Altogether, our results indicate that
biodynamic preparations can act as biofertilizers that promote soil health by increasing the

abundance of plant growth promoting microorganisms.
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Introduction

Large-scale ecosystem degradation is a consequence of agricultural intensification due to
the application of pesticides, consumption of water storages, and soil degradation, which is
a rising issue with an increasing global population (1,2). To counter this development, low-
input systems such as organic or biodynamic farming emerged as sustainable alternativesito
conventional farming strategies (3). Both farming strategies share similar principles;such as
refraining from the use of synthetic fertilizers or pesticides. However, biodynamic
agriculture favours the use of composts, the integration of livestock and‘the reduction of
external inputs to a greater extent than organic agriculture. One essential-difference
between organic and biodynamic crop farming is the application of,so-called biodynamic
preparations that were proposed in the beginning of the 20" century by Rudolf Steiner (4),
the founder of biodynamic agriculture. These preparations are either applied in the field on
soil or crops (“field preparations”) or on stable manure (“compost preparations”). The
compost preparations consist of different wild plants fermented in combination with
different organs of ruminants. The field preparations consist of fermented manure or silica
flour (preparation BD500; horn manure and preparation BD501: horn silica) stored in cow
horns and burrowed for six months in soils. After fermentation, the highly diluted products
are sprayed on the fields where they showed an improvement of multiple parameters: soil
aggregate stability (5), higher soil activity and nutrient availability (6,7), higher vegetable or
cereal grain yield (6-9), higher content of secondary plant compounds (10,11) and
promotion of the germination of seeds in the following generation (12). Despite numerous
crop beneficial effects that could be associated with the use of biodynamic preparations,
some cases report no significant differences between agricultural managements with and

without biodynamic preparations (13,14). Long-term observations from several
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experimental sites by Raupp and Konig (15) indicate that biodynamic preparations have a
system regulating effect: They found that under unfavourable growth conditions crop yield
was increased, whereas under good growth conditions with high to very high nutrient
supplies crop yield was not affected or even reduced when treated with biodynamic
preparations.

Biodynamic preparations have as low application rates as 100 g ha! of fermented manurefor
horn manure and 4 g ha of quartz powder for horn silica, hence their effect,cannotisimply
be attributed to nutrient supply. Horn manure is applied to moist soil in autumn,and spring in
large drops. Horn silica is sprayed onto the leaves in a fine mist during,the growing season.
Both are applied one to four times a year. There are different explanatory models to describe
the effect of the preparations on crop management. For.example, in the production of horn
manure preparations, the microbially mediated slow fermentation under oxygen-deficient
conditions in the soil can produce signalling'molecules such as carbohydrates and peptides to
which microbes respond even at very low concentrations (16). This could lead to increased
microbial activity in the rhizosphere)(17—-19) or stimulate natural plant defences (20,21).
Another complementary explanation for the potential mode of action of the preparations
could be microbially'mediated plant growth promoting effects. For example, bacterial strains
that produceé indole acetic acid (IAA) were detected in horn manure preparations (22).
According to Spaccini et al. (16), horn manure also contains lignin residues with 1AA-like
activity."Besides that, auxin-like and gibberellic acid-like effects were found in horn manure
and horn silica preparations, respectively (17).

It is hypothesized that plant beneficial effects of biodynamic preparations can be induced by
an enhancement of the symbiosis between plants and microbes either via the successful

colonization of beneficial microbes present in the preparations (23), or by stimulating
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microbial activity in the soil with biolabile compounds (16). Significant positive effects of horn
manure and horn silica preparations on microbial respiration in soils (24) support the
hypothesis of microbially mediated effects on plants. Furthermore, a recent analysis of soil
microbiomes managed under different agricultural practices revealed a strong connection
between management practice and microbial interaction structure, where especially
biodynamic management increased microbial community stability by promoting maore
densely connected communities (25). Hence, there is evidence that biodynamic preparations
impact soil microbial communities that promote the observed effects on plant'growth.

In the present study, we aimed to infer changes in the prokaryotic and fungal community
compositions of agriculturally used soils associated with_biodynamic field preparations
(BD500 or BD500P (“P”: treated with additional preparation, see below) & BD501). We
tracked the occurrence of Amplicon Sequence Variants (ASV) enriched in biodynamic
preparations in microbial communities of biodynamically managed soils to observe successful
microbial colonization. Further, we infer potential plant beneficial effects associated with the
observed community changes. To do)that, we assigned potential plant beneficial effects to
taxonomic identities of micrebial’/ASVs using a commercial database (Biome Makers) that we
validated with an“in-house database based on peer-reviewed publications. We aimed to
analyse the following hypotheses:

1) Biodynamic field preparations affect the microbial community composition of soils
either via successful colonization of microorganisms enriched in field preparations or
via biostimulation.

2) The application of biodynamic field preparations increases the number of plant

growth promoting microorganisms in soils.
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3) Biodynamic field preparations contain high proportions of plant growth promoting
microorganisms.
4) The increase of plant growth promoting microorganisms induced via biodynamic field
preparations is transient.
We applied our approach to four different experimental setups to test our hypotheses, where
we used a block design to analyse the effect of the biodynamic preparations on_a bread
spectrum of soils with various crops, at different locations in central Germany/and France at
two timepoints, and at selected locations also in a 15-week time series to/follow'the dynamics

of soil colonization and potential plant beneficial effects.

Methods

Experimental sites and setups

In total, we took 254 soil samples from three agticultural or viticultural experimental sites in
Germany (Frankenhausen, Geisenheim;, Darmstadt) and 21 practical agricultural or viticultural
farms in France throughout the vegetation period in 2021. We covered a broad range of
different farming setupspincluding various crops, soil types and climatic conditions in central
Germany and in France. The rational of this experimental design was to analyse the effect of
the biodynamic field preparations on soil microbial communities under realistic settings in a
range of.typical agroecosystems in central Europe.

Since biodynamic crop farming differs from organic crop farming mainly in the application of
biodynamic preparations, we used organic crop management (BD-) as control at
Frankenhausen, Geisenheim, and France. At Darmstadt we analysed the effect of increased
application intensity and used extensive biodynamic management (BD+) as control. That is,

we compared the typical practice of three spray treatments of horn manure and horn silica

7

20z Aeniged g1 uo 3senb Aq G001 09/ Z09B2A/008WSEE0 |0 |/I0P/3|21B-80UBAPE/UNLILIOISWS]/WO09 dNo-olWapeoe//:sdiy WoJj papeojumod



161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

(BD++) each with an extensive setting where we used only one treatment per preparation
(supplementary table S1).

At all sites, application of the biodynamic field preparations vs. a control was tested,
integrated into various experimental setups which are described in Fig. 1a and in the
supplementary material. At Frankenhausen and Darmstadt, application of biodynamic field
preparations was integrated into running field experiments. We implemented a two_factorial
split-plot design with four different organic farming systems (Frankenhausen) or four
different precrops (Darmstadt) as main plot. The application of the biodynamic\preparations
was compared within subplots. Fields from practical farms or vineyards.infrance were split
in half with one half being treated with biodynamic preparations and the other as control (Fig.
1a). Setup and management of all sampled sites are described in Table 1 and with more detail
in the supplementary information.

Treatments with biodynamic preparations*varied between farms in terms of preparations
used and timepoints of spraying (Fig«1b, Table 1). Soil communities were sampled twice per
location (except Frankenhausen and) both timeseries) at different timepoints during the
growth period, from one day before spray treatment up to 21 weeks after first spray
treatment. First soilysamples were taken between March and June (T0), whereas second
sampling was done in'August (T1). Biodynamic soil samples were taken at Frankenhausen only
in August due to logistic reasons. We further conducted a timeseries at three locations in
France and one in Germany, where we sampled right before first spray treatment and 2, 4, 6,
8,11 & 15 weeks thereafter. A detailed description of each experimental setup is provided in
Table 1 and in the supplementary material. For each soil sample we mixed 8 punctures of soil

down to a depth of 13 cm.
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We also sampled biodynamic preparations from various farms in Germany (Darmstadt, Bad
Vilbel, Velden, Zilpich) and commercial preparations from BioDynamie Services (Chateau,
France). The latter were applied at Frankenhausen and at all locations in France, the
preparations from Bad Vilbel were applied at Geisenheim and are therefore denoted as
“Geisenheim” throughout this article, and at Darmstadt the own preparations were used. The
preparations from Velden and Ziilpich were not applied at the experimental sites_butiwe
included them in our analysis to increase the variety of preparations and make our

conclusions more generalizable.

Biodynamic preparations

Biodynamic preparations are typically produced and ‘applied locally. However, as their
formulation follows complex recipes they are often produced and distributed by specialised
manufacturers. To cover both scenarios, the experimental sites received their biodynamic
preparations either from a manufacturer (BioDynamie Services, Chateau, France) or were
produced locally: All experimental soils in France and the soils at Frankenhausen (Germany)
were treated with preparations from BioDynamie Services, whereas soils at Geisenheim and
Darmstadt were treated with locally produced preparations.

Horn manure (BD500): Cow dung is put into a cow horn, buried in the soil in autumn and
extracted after six months in spring. 100 g ha? of the fermented dung is stirred in 37 °C water
for_.one“hour. The amount of water used depends on the liquid used per ha by the spraying
technique and ranges from 50 - 100 L ha. Horn manure is applied in large drops, especially
in spring at the start of the growing season and applied directly onto the moist soil, if possible.
Horn manure prepared (BD500P): Production is the same as for horn manure (BD500), except

it is further treated with the biodynamic compost preparations. After the horn manure has
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been taken out of the horn in spring, it is placed in approx. 50 litre containers. These
containers with horn manure are treated like compost with biodynamic compost preparations
that contain fermented medicinal herbs (e.g., yarrow, chamomile).

Horn silica (BD501): Crystalline quartz is pulverised to a fine powder. The quartz flour is filled
into cow horns with approx. 30 mL water. Once the quartz flour has settled the water-is
removed. The cow horn is subsequently buried in the soil in spring and dug out in.autumn
after six months. Of the quartz flour, 4 g ha is stirred in 37 °C warm water for/one hour. The
amount of water used depends on the spraying technique and its liquid.requirement per ha.
Horn silica is sprayed onto the leaves in a fine mist. The time of application can therefore start
at the time when the leaves are fully developed, and application can be continued throughout
the entire vegetation period. For more information on biedynamic preparations see Masson

(2014).

DNA Extraction and library preparation

All samples were sent to the Biome Makers laboratory in Valladolid, Spain for DNA extraction.
The DNeasy PowerlLyzer PowerSail kit from Qiagen was used for nucleotide extraction using
the BeCrop® platform (patent publication number: W02017096385, Biome Makers). The V4
region of the 16S rRNA gene and the ITS1 region (BeCrop custom primers: patent
W02017096385) were analysed to retrieve prokaryotic and fungal microbial communities
from bulk soils, including roots and associated rhizosphere. The libraries for ITS and 16S rRNA
were prepared using a two-step PCR protocol as described by Liao et al. (26) and Gobbi et al.
(27). All samples were sequenced on an lllumina MiSeq instrument (lllumina, San Diego, CA,

USA) using 2x251 paired-end reads.
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Bioinformatics

After sequencing, reads were processed by first removing primers from paired end reads
using Cutadapt (28) and trimmed reads were merged with a minimum overlap of 100
nucleotides. Next, sequences were quality filtered with an Expected Error threshold of 1.0
(29). Quality filtered reads were iteratively clustered into ASVs using Swarm (30). De novo
chimeras and remaining singletons were removed by applying the USearch pipeline (31)and
taxonomy was assigned for each ASV using a global alighment with 97% identity against

SILVA138.1 for 16S rRNA sequences and UNITE8.3 for ITS sequences (32,33):

Potential plant growth promoting effects

Abundance data on plant growth promoting prokaryotesiand,fungi were inferred by Biome
Makers Inc. (California, USA) who patented a.method called BeCrop® indices to infer
agronomically relevant functional information from taxonomies, comparable to Tax4Fun2
(34) and FAPROTAX (35). BeCrop indices are patented indicators to assess health status of
soils based on metagenomic data as described by Acedo et al. (36). Briefly, these indicators
assess relevant traits related to soil health ranging from metabolic potential to biocontrol and
hormones estimations. Detailed descriptions of a subset of BeCrop indices relevant to this
study are provided‘in Supplementary Table S4. The underlying databases infer stress
adaptation based on several mechanisms: Abscisic acid, ACC deaminase, exopolysaccharide
production, heavy metal solubilization, salicylic acid, salt tolerance, and siderophore
production. Additionally, they deliver potential hormone production based on cytokinin,
gibberellin and IAA production. All potential mechanism abundances are based on the
combination of relevant prokaryotic and fungal abundances and scaled to an index from 1 to
6 with 1 indicating low abundance and 6 indicating high abundance in the respective soil

11
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sample. Biome Makers supplied us also with unscaled relative abundances of microbes that
have potential plant growth promoting effects in the biodynamic preparations.

To verify their databases, we created an additional database based on a literature review
about plant growth promoting effects induced by prokaryotes and fungi (Supplementary Data
- Excel sheet “Literature Review Prokaryotes/Fungi”). We inferred relative abundances of all
potentially plant growth promoting organisms based on taxonomic level of genus, as‘the
phylogenetic resolution of amplicon studies often struggles with delineation/on species or
even sub-species level (37). We created a linear model based on ITS and 16S"abundances to
predict index-values using least squares regression. The models were inferred for hormone
production and stress adaptation and yielded good fits (hormone production: Adj. R? = 0.353;
stress adaptation: Adj. R = 0.346) (Fig. S1). These results showed how the workflow of Biome
Makers index inference works, but also that their databases are superior to the limited
literature review that we conducted for“their verification. Therefore, we continued our

analyses with the Biome Makers indices as described below.

Assessing colonization fromimicrobes enriched in biodynamic preparations

We defined ASVs“to be,associated with biodynamic preparations if they had relative
abundancesabove 0.5% in the biodynamic preparation samples, because we assume that the
preparations contain relevant numbers of soil associated ASVs as they are fermented within
the soil"We tested several abundance thresholds to define enriched organisms (0.1%, 0.5%,
1%) and picked an intermediate value of 0.5% as there was no large difference in the outcome
of colonization success in the tested range of thresholds. We assume that higher values will
strongly decrease detection sensitivity, whereas lower values might increase the proportion

of soil-associated organisms in this analysis. A colonization success was apparent when soils

12
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treated with biodynamic preparations had higher abundances of ASVs associated to

biodynamic preparations compared to the untreated soil samples of the same block.

Statistical analysis

All statistical analyses were conducted in R (version 4.2.2). For the statistical analysis of the
Biome Makers index-values we tested the dataset for normal distribution with “the
Kolmogorov-Smirnov test and for homogeneity of variances with the Levene test. Datajypoints
falling above three times the interquartile range, above or below the ‘highest or lowest
quartile of the outlier box plot, were removed as outliers. We used paired t-test to infer
significant differences between treatments for normally distributed data and paired
Wilcoxon-test for not normally distributed data. Treatment and control for each block were
analyzed as paired measurements. All test-statistics are mentioned in the text or in the
supplementary data. For NMDS count tables were/transformed to relative abundances and
Hellinger transformed using the “decostand function before computing Bray-Curtis
dissimilarities between samples using the vegdist function from the vegan package (version
2.6-4). We used the pheatmap package (version 1.0.12) to create a heatmap of relative

abundances of putative PGP microbes in biodynamic preparations.

Results

Distinct soil microbiomes across experimental setups

We sequenced prokaryotic (16S rRNA gene) and fungal (ITS) communities of 254 soil samples
and 20 biodynamic preparations (of which 6 ITS samples did not yield sufficient read counts),
resulting in a total of 532 samples (254 x 16S rRNA + 254 x ITS soil samples and 14 x 16S rRNA

+ 10 x ITS biodynamic preparation samples). 16S rRNA gene samples were sequenced to an
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average of 32,616 counts (s.d. 23,875 counts) and ITS samples to an average of 53,899 counts
(s.d. 40,995 counts) after bioinformatic processing. Fungal communities had much lower
average number of ASVs per sample (63 ASVs/sample of total 2,025 ASVs in the dataset) than
prokaryotic communities (1,434 ASVs/sample of total 55,679 ASVs in the dataset).

The taxonomic composition of prokaryotic communities on class level was highly similar
between locations, timepoints, and farming practices (Fig. S2a). Most ASVs belonged, to
Actinobacteria, Alphaproteobacteria, and Nitrososphaeria, comprising together more than
50% of community composition. Prokaryotic samples differed more_distinctly on higher
taxonomic levels, and their ASV compositions clustered strongly according/to locations (Fig.
S3a). Farming practice and sampling time had only minor effects on community differences.
Fungal communities, however expressed higher variability between locations and sampling
time (Fig. S2b). Variability between farming practices waslow even on ASV level compared to
the community differences associated withtocation’and sampling time (Fig. S3b). Even though
samples from France were taken from different farms in different regions (Table 1 and
Supplementary Table S2), their prokaryotic and fungal communities were very similar and did

not express the same variability as samples located in Germany.

Colonization of microorganisms through biodynamic preparations

The prokaryotic communities differed strongly between preparations with and without
manure. While communities associated with preparations of manure were highly enriched in
organisms from the taxonomic class Clostridia, horn silica preparations were enriched in
various genera of Gammaproteobacteria. The different locations also showed clear
differences in prokaryotic community composition that even varied within the same

preparation type and the same location (e.g., horn manure preparation from Zilpich,

14
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Germany) (Fig. 2a & Fig. S4). Similar to the soil communities, prokaryotic communities in the
biodynamic preparations also contained high relative abundances of Alphaproteobacteria but
were enriched in different genera compared to the soil samples. This was true for genera from
all classes: the ASVs that we defined to be enriched in biodynamic preparations were only
marginally abundant in the soil samples themselves.

However, we found significantly higher abundance of prokaryotic ASVs that were enriched in
the preparations in biodynamically treated soils as compared to the control (non-parametric
paired test: 16S rRNA p-value < 1073, V = 5401) but not of fungal ASVs (ITS'p=value = 0.083, V
= 4640). To assess their colonization patterns in the soil communities after/'spray treatment,
we calculated the difference between their abundance in the biodynamically treated and the
untreated soils. Positive abundances indicate a successful eolonization on treatment, whereas
an abundance of zero or below indicates unsuccessful,colonization. As soil samples were
taken at different time intervals in each experimeéntal trial, we analysed the colonization
success for each timepoint, displayedias weeks after first spray treatment (Fig. 2b).

The results generally showed| a positive trend with increasing time, especially in the
Geisenheim and Darmstadt trials, with 0.5 and 3% higher relative abundances of prokaryotic
ASVs enriched inbiodynamic preparations in treated compared to untreated soils at T1.
Samples from France, however, did not show substantial abundance differences between
treatments and increased little with time. Soils in Frankenhausen were sampled 16 weeks
after first spray treatment, at this time prokaryotes enriched in biodynamic preparations
expressed no abundance differences between treatments.

The time series data showed a distinct pattern of colonization success with increasing
differences between biodynamically and organically managed soils until 8 weeks after first

spray treatment and declining afterwards. Even though we found the strongest effect in the
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time series 8 weeks after first spray treatment, the trials in Geisenheim and Darmstadt had
increased abundance of biodynamic preparation enriched prokaryotic ASVs 21 respectively
19 weeks after treatment. Fungal communities varied much stronger between treatments
and locations, expressing abundance differences between treated and untreated soils of up
to 57% of fungal communities (Fig. S5). As described before, fungal ASVs were not significantly
enriched in treated soils as compared to untreated soils and we did not observe_ a clear
pattern associated with weeks after the first spray treatment (Fig. S5b).

The prokaryotic communities enriched in biodynamic preparations showedyonly a weak
difference between samples from different countries, whereas“thexfungal communities
expressed strong country specific differences. The differentiation between preparations with
and without manure was still prominent in fungal communities, but not as strong as in
prokaryotic communities. Generally, prokaryotic and fungal communities both expressed
higher variability between different preparations than within preparations (Fig. S4).

Fungal communities that were enriched)in biodynamic preparations expressed high
abundances of ASVs that werepresent in soil samples, such as organisms from the genera
Mortierella and Pseudeurotium (Fig. S5a). They had a relatively low richness of only 17-45
ASVs per sample,-Whereas prokaryotic communities enriched in biodynamic preparations
comprised 85-169 ASVs per sample and a high number of ASVs that were below the 0.5%

abundance threshold.

Potential plant growth promoting effects increased in biodynamically treated soils
We evaluated 10 different PGPE that could be grouped in either microbial hormone
production, such as cytokinin and auxin, or stress adaptation mechanisms, such as increased

salt tolerance and heavy metal solubilization (Fig. 3). We describe these effects as potential
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PGPE to highlight that taxonomy based analyses have limitations: Taxonomy based inference
would fail when only certain strains of a taxon possess the functional genes for the assigned
effects (38). We define an increase in the individual effects as induced by the biodynamic
preparations in soil if the biodynamic treatment expressed significantly higher PGPE values
than the control treatment (Supplementary Table S3).

The horn manure and horn silica preparations (BD500P & BD501) that were used in‘the
Frankenhausen trial led to significantly higher values of potential PGPEs for/ 10 out.of 12
parameters (Fig. 3, Supplementary Table S3). The strongest effect was found‘in heavy metal
solubilization, but also distinct differences in potential auxin and cytokinin production.
Treatments with the biodynamic spray preparations (BD500P & BD501) in the 21
experimental plots in France led to significantly higher values'of potential PGPEs for 8 out of
12 parameters and for 10 effects the increase was greaterthan 5%. Here, the strongest effects
were detected for 1-aminocyclopropane-1-carboxylate (ACC) deaminase and
exopolysaccharides (EPS), both grouped inte stress adaptation mechanisms that generally
showed a highly significant effect.

The Darmstadt trial in whichiwe/investigated the spray frequency showed that three spray
treatments of horn"manure and horn silica resulted in 9 out of 12 significantly higher potential
PGPEs compared to the control with one spray treatment and 9 effects were increased by
more than 5%. The strongest difference of potential PGPEs between treatment and control
was also found for EPS and hormone production (mostly auxin).

The Geisenheim trial stood out in this analysis as it yielded no significant differences, or even
trends, in potential PGPEs between control and treatment. Even though no significant
differences were found for potential PGPEs in Geisenheim, it is noteworthy that all 12 effects

were lower in the preparation treatment.
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All p-values and test statistics are reported in the Supplementary Data.

Relative abundance of potential plant growth promoting organisms in preparations

We sequenced several biodynamic preparations used in the experimental trials (Cluny,
Geisenheim, Darmstadt), but also additional preparations from other biodynamically
managed farms in Germany (Zllpich, Velden) to account for location specific variation, in
microbiomes. We sequenced several preparations of the same kind (BD500, BD500P, BD501)
for which we estimated relative abundances of prokaryotes and fungi thatsinduce potential
PGPEs based on the databases of Biome Makers (Fig. 4). The potential PGPEs were
differentially abundant between the two major preparation types-with and without manure,
similar to their community differentiation. The highest relative-abundance of potential PGPE
promoting organisms was found in preparations based on horn silica (BD501), whereas
preparations that used manure (BD500“& BD500P) exhibited generally lower relative
abundances. Especially the abundance of potentially hormone producing microorganisms was
considerably high: up to 47% ‘of the microbiome in the preparation from Velden could
potentially synthesize auxini This sample exhibited generally high relative abundances of
organisms that potentially perform PGPEs. Overall, potentially hormone producing
prokaryotesand fungi were enriched in horn silica preparations and to a lesser extent also in
the manure preparations. Potentially stress adaptation promoting microorganisms were on
average rarer than hormone producing organisms. Their most prominent effects were
increased salt tolerance, ACC deaminase, and EPS production. Abscisic acid (ABA) and salicylic
acid producing microorganisms were nearly absent from the preparations and constituted

only minor community proportions, regardless of location and preparation type.
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Time dependent plant growth promoting effects of biodynamic preparations

The time series analysis conducted at two different locations (in Germany and France, see
Table 1) yielded similar potential PGPEs that were enriched in treatments as found in the
other experiments. We analysed the difference of potential PGPEs between control and
treatment for the individual locations with positive values indicating an enrichment and
negative values indicating a depletion of potential PGPE conducting microorganisms. (Figa5).
The three fields in France were sprayed only once with horn manure and horn silica, whereas
the field in Germany was sprayed four times with horn manure in the<béginning of the
experiment and twice with horn silica thereafter. Several indices showed a strong increase in
biodynamic treatments compared to the controls in the field trials, such as auxin, cytokinin,
and EPS production (Fig.5), while others did not exhibit significant differences between
control and treatment in the field trials (gibberellin and\SA production) (Fig. 5a). Altogether,
plant growth promoting functions expressed a recurrent mean pattern with increasing values
at the start of the treatment with the biodynamic preparations until 8 weeks after spray
treatment. Thereafter, the mean values of potential PGPEs decreased again, indicating that
control and treatment indices converged (Fig. 5b). This pattern was similar to the pattern of

colonization successireported earlier (Fig. 2b).

Discussion

Our. results indicate that the application of biodynamic preparations on agriculturally used
soils has implications on the resident soil microbiota. Our experimental design to assess the
impact of management practice on microbial soil communities covered a broad range of
regions within France and central Germany, crops, timepoints and farms, each offering

different soil properties. Our data consistently support our initial hypotheses across diverse
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setups, underlining their validity. We found that 1) the application of biodynamic
preparations has an effect on the microbial community composition, and that 2) communities
are mainly affected by an increase of ASVs that were also enriched in the biodynamic
preparations. Further, 3) biodynamic preparations were composed to a high extent of
putative plant growth promoting organisms and its application increased the abundance of
putative PGPM in soil communities. However, 4) our time series analyses show that putative
PGPM are enriched with a maximum after 8 weeks and decreasing values thereafter in

biodynamically treated soils compared to organically treated soils.

Microbial variability in agriculturally used soils

The prokaryotic and fungal communities sequenced showed a highly similar taxonomic
composition on genus level among all experimental‘sites. However, ASVs of the same
taxonomic groups strongly differed betweenusamples, indicating species or sub-species
diversification. Taxonomic composition of” fungi varied much stronger compared to
prokaryotes, which is in agreement with previous studies that found neutral (i.e., stochastic)
processes to be more important for fungal community assembly as compared to prokaryotic
communities (39,40). The-variability of ASVs followed mainly farm location and sampling
timepoints, whereas’agricultural management and crops had a much lower impact on the
resident soil communities. Marginal differences between microbial community composition
of-organically and biodynamically treated soils relative to other factors were also found by
other studies (25,41). Microbial soil communities are highly diverse, with thousands of
different organisms found within a single sample (42) and whose composition and diversity
are strongly shaped by climate (43,44) or pH (45). Nonetheless, cropping practice has a

measurable impact on microbial community composition, driven e.g. by tillage (46) or type of
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fertilizer (41), but its effect on the microbial biogeography in soils is minor compared to the
beforementioned drivers (46). Therefore, we traced mainly those ASVs enriched in
biodynamic preparations to minimize variation induced by other factors. We found an overall
significant increase of ASVs in soil communities enriched in biodynamic preparations,
revealing a direct effect of management practice on the studied soil communities. Increasing
the spray-frequency of biodynamic preparations further enhanced the abundance_of these
ASVs, indicating that biodynamic preparations can act as vessels for biological soil
amendments (47). Our time series analyses showed that biodynamic preparation associated
ASVs were most abundant 8 weeks after first inoculation, declining‘afterwards. Survival time
of so called biofertilizers typically ranges in the order of weeks and-is highly dependent on soil

properties (48) and biotic interactions with the resident soil community (49).

Plant growth promoting microorganisms in biodynamic preparations

As stated before, it is assumed that biodynamic preparations influence microbial soil
communities via two independent ymechanisms: 1) microbial activation via signalling
molecules that accumulate in the fermented products (16), and 2) successful colonization of
plant growth promoting organisms that reside in communities associated to the biodynamic
preparations. Ourresults indicate high abundances of putative PGP fungi and prokaryotes in
the biodynamic preparations that produce phytohormones such as auxin, but also perform
stress Tteducing actions, such as solubilization of heavy metals or production of
exopolysaccharides. We detected higher abundances of putative PGP organisms in the
preparations containing silica powder (preparation BD501) instead of manure (preparation
BD500) represented by high abundances of Gammaproteobacteria, Actinobacteria, and

Eurotiomycetes. Generally, horn silica preparations harboured different communities
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compared to horn manure preparations, that were dominated by Clostridia and
Alphaproteobacteria on 16S rRNA gene level and Morteriellomycetes on ITS level. Our results
match the results of other studies (22,23), that also found high abundances of potentially
plant growth promoting genera in manure and plant based biodynamic preparations, such as
Morteriella, Penicillium, and Aspergillus. The fermentation and ripening of biodynamic
preparations in soils leads to the accumulation of biolabile components and undecomposed
lignin compounds (16). Similar growth promoting effects have been found for composted tea
preparations (50) and water extractable organic matter from different compost\preparations
(51). Hence, we hypothesize that the effect of biodynamic preparations on soils might be
similar to biological amendments such as compost, straw or biochar, that have a direct impact
on microbial soil communities. They increase microbial ‘enzyme activity, biomass, and soil
respiration (52). Based on our results, we assume that biodynamically managed soils differ
from organically managed soils due to higher abundances of putative plant growth promoting
microorganisms that are introducedivia biedynamic preparations, together with biolabile

compounds that can have stimulating)effects on resident communities.

Effect of biodynamic preparations on soil microbial communities

We found evidence that biodynamic preparations increase the abundance of organisms that
potentially promote biostimulation of plants via production of phytohormones (auxin,
cytokinin, and gibberellin). Further, organisms that protect crops from biotic and abiotic
stressors via mechanisms such as siderophore production or increasing salt tolerance were
also increased in biodynamically treated soils. Biodynamic preparations seem to enhance the
abundance of microbial organisms that act on such a broad functional spectrum. Organisms

that are known to have plant growth promoting properties often perform multiple beneficial
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functions, such as strains of the species Bacillus subtilis whose plant growth promoting
activity has been intensively studied (53). This bacterial group enhances plant growth by
improving nutrient availability, altering plant growth hormone homeostasis and reducing
drought and salt stress (53). Therefore, a simultaneous increase of multiple PGP effects is
likely, especially because we inferred putative microbial functions based on taxonomic
identities. We conclude that the general trend of increased PGP functions in biodynamically
managed soils reflects high abundances of putative PGP organisms.

The time series data showed increased PGP functions in soil communitiesthat\matched the
beforementioned colonization patterns of microbes. We further identified low colonization
success of microbes associated with biodynamic preparations in-soils from Frankenhausen
that were sampled 16 weeks after first spray treatment: Assuming the strongest effect of
biodynamic preparations 8 weeks after first treatment, our sampling strategy in
Frankenhausen might have missed significant changes in microbial community composition.
Microbial soil inoculants face strongiselective pressure after colonization, especially in the
rhizosphere (54). Inoculation of microbes directly on the field can affect the resident soil
communities (49) and is therefore used in commercial products to enhance crop yield (55) or
protect plants fromidisease outbreaks (56,57). Such biofertilizer typically affect microbial
communities in timeframes of weeks after which the inoculated strains decline in abundance
(58,59).

Microbially mediated plant growth promotion through application of biodynamic
preparations has been assumed in other studies that detected putative PGP organisms in
biodynamic preparations (22,23). However, this study provides first evidence that such
mechanisms will be enhanced through biodynamic crop management compared to organic

crop management due to successful colonization of plant growth promoting organisms via
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biodynamic preparations. The fact that our results were derived from field studies stresses
their relevance for decisions in agriculture, but further experiments are necessary to identify
which PGP effects are enriched on a genomic level and how they affect plant growth.

Geisenheim stood out in our field trials as it was the only setup that did not express increased
PGP effects in soil microbial communities that were biodynamically managed. Instead, the
trend was vice versa with generally lower abundances of putative PGP organisms. The
vineyard in Geisenheim has every second year high leguminous cover crops/that promote
higher nitrogen availability for plants in organically and biodynamically thansin‘conventionally
managed soils (60) and therefore stands out from the other experimental setups. A generally
high nutrient availability might reduce the enrichment of PGP organisms via selective
colonization at the plant-soil interface (61), since the, plant will less likely select for
biofertilizing symbionts (62,63). This is in accordance with the previously mentioned study
that found increased crop vyield after “application of biodynamic preparations under
unfavourable growth conditions, whereas ‘under high nutrient supply crop yield was not
affected or even reduced (15). Hence, we assume that biodynamic preparations are
compensatory with strongest positive effects on plant growth under unfavourable conditions,

consistent with seléective colonization at the plant-soil interface.

Biodynamic preparations as biological amendments of soils

Studiesthat analysed microbial soil properties with respect to agricultural management found
the highest soil microbial biomass and the lowest ratio of microbial respiration to biomass in
biodynamically managed soils (5,64). Further, biodynamic management promotes densely
connected co-occurrence networks in soil microbial communities that represent collaborative

communities (25). How biodynamic preparations work and under which circumstances
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remains elusive, alike other microbial inoculants (57). Previous studies found varying effects
of inoculated PGP microorganisms, depending e.g., on soil nutrient availability (65) or organic
matter content (66). Similarly, the application of biodynamic preparations led to significant
increases in soil activity and crop yield (6) but in some cases yielded no significant effects
(13,14). Plant growth beneficial effects of biodynamic preparations have been detected
before and were most pronounced under unfavourable plant growth conditions (11,15)."We
found evidence for plant beneficial changes in microbial community composition in various
soil types (haplic luvisol, clay, loam, sandy loam) in Germany and France and-<forarious crops
(grapevine, oats, spelt, wheat, chickpeas, rye, barley, garlic, flax, sunflower). Since the plant
beneficial effects are microbially mediated, we assume that further.insight into bacteria-plant
interactions is required to improve our understanding ‘under which conditions biological
amendments have measurable beneficial effects. Also, while the sum of these effects might
promote soil health, their implications on crop yield and quality remain uncertain (67).
Therefore, further studies should focus on the phyllosphere and rhizosphere where microbes
from spray treatment can establish)and interact with plants and promote their growth
(68,69). Metagenomic and metatranscriptomic analyses are necessary to verify not only the
genomic potential“of inoculated strains, but also whether their plant growth promoting

functions are expressed and under which conditions.

Acknowledgements

We would like to thank Meinhard Simon for proof reading the manuscript. We further thank
Yannick Lemut of BioDynamie Services and Jean-Philippe Weber of Val de Gascogne
Cooperative for their assistance in sampling in France. We would like to thank all the farmers

who set up trial plots for our investigation.

25

20z Aeniged g1 uo 3senb Aq G001 09/ Z09B2A/008WSEE0 |0 |/I0P/3|21B-80UBAPE/UNLILIOISWS]/WO09 dNo-olWapeoe//:sdiy WoJj papeojumod



592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

Competing Interests
A. Acedo is co-founder and currently employed at Biome Makers. V. Masson is founder and
currently employed at BioDynamie Services. The remaining authors declare no competing

interests.

Data Availability Statement

The 16S rRNA gene and ITS reads have been deposited at ENA under“accession nr.
PRJEB65929. Associated sample meta-data and BeCrop indices, are provided as
supplementary data. All R scripts to reproduce analyses "are uploaded to Github

(https://github.com/dermilke/Biodyn).

Author Information

Contributions

FM analysed the data and wrote the manuscript. JF analysed the data and designed the
experiment together with MA. GM, VM, MO, MM, HRG and YW performed the experiments.
BK supported they statistics. AA performed nucleotide extraction, sequencing and
bioinformatic sequence processing. All authors supported manuscript writing by critically

reviewing theymanuscript.

26

20z Aeniga4 g1 uo 1senb Aq G001 09./1LZ02BIA/008WSI/EE0 L 01 /10P/2[0IB-80UBAPE/UNWIIOISWSI/WOD dNo olWapeoe//:sdny woJj papeojumoq



612

613
614

615
616
617

618
619

620
621
622

623
624
625

626
627
628

629
630
631

632
633
634

635
636
637

638
639
640

641
642
643

644
645
646

References

10.

11,

12.

Foley JA, DeFries R, Asner GP, Barford C, Bonan G, Carpenter SR, et al. Global
Consequences of Land Use. Science. 2005 Jul 22;309(5734):570-4.

Tilman D, Fargione J, Wolff B, D’Antonio C, Dobson A, Howarth R, et al. Forecasting
Agriculturally Driven Global Environmental Change. Science. 2001 Apr
13;292(5515):281-4.

Gomiero T, Pimentel D, Paoletti MG. Is There a Need for a More Sustainable
Agriculture? Crit Rev Plant Sci. 2011;30:6-23.

Steiner R. Geisteswissenschaftliche Grundlagen zum Gedeihen der Landwirtschaft
[Spiritual Foundations for a Renewal of Agriculture: a Series of Lectures]. Koberwitz bei
Breslau: RUDOLF STEINER ONLINE ARCHIV; 2010.

Fritz J, Lauer F, Wilkening A, Masson P, Peth S. Aggregate stability and-visual evaluation
of soil structure in biodynamic cultivation of Burgundy vineyard soils. Biol Agric Hortic.
2021 Jul 3;37(3):168-82.

Jukneviciené E, Danilcenko H, Jariené E, Fritz J. The effect of horn-manure preparation
on enzymes activity and nutrient contents in soil as well as great pumpkin yield. Open
Agric. 2019 Jan 1;4(1):452-9.

Vaitkeviciené N, Jariené E, Ingold R, Peschke\J. Effect of biodynamic preparations on the
soil biological and agrochemical properties and coloured potato tubers quality. Open
Agric. 2019 Feb 1;4(1):17-23.

Sharma SK, Laddha KC, Sharma RK, Gupta PK, Chatta LK, Pareeek P. Application of
biodynamic preparations and‘erganic manures for or- ganic production of cumin
(Cuminum cyminum L.).\Int J Seed Spices. 2012;2(1):7-11.

Spiess H. Konventionelle und biologisch-dynamische verfahren zur steigerung der
bodenfruchtbarkeit.[PhD thesis]. Darmstadt-Land: Forschungsring fuer Biologisch-
Dynamische Wirtschaftsweise; 1978.

Jariené E, Vaitkeviciené N, Danilc¢enko H, Tajner-Czopek A, Rytel E, Kucharska A, et al.
Effect of biodynamic preparations on the phenolic antioxidants in potatoes with
coloured-flesh. Biol Agric Hortic. 2017 Jul 3;33(3):172-82.

Jukneviciené E, Danil¢enko H, Jariené E, Zivatkauskiené V, Zeise J, Fritz J. The effect of
biodynamic preparations on growth and fruit quality of giant pumpkin (Cucurbita
maxima D.). Chem Biol Technol Agric. 2021 Dec;8(1):60.

Fritz J, Kbpke U. Einfluss von Licht, Diingung und biologisch-dynamischem Spritzpraparat
Hornkiesel bei Buschbohne (Phaseolus vulgaris L. var. Nanus) auf die Keimeigenschaften
der neu gebildeten Samen. Pflanzenbauwissenschaften. 2005;9(2):55-60.

27

20z Aeniged g1 uo 3senb Aq G001 09/ Z09B2A/008WSEE0 |0 |/I0P/3|21B-80UBAPE/UNLILIOISWS]/WO09 dNo-olWapeoe//:sdiy WoJj papeojumod



647
648
649

650
651

652
653

654
655
656

657
658
659

660
661
662

663
664
665

666
667
668

669
670
671

672
673

674
675
676

677
678
679

680
681
682
683

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Bacchus GL. AN EVALUATION OF THE INFLUENCE OF BIODYNAMIC PRACTICES
INCLUDING FOLIAR-APPLIED SILICA SPRAY ON NUTRIENT QUALITY OF ORGANIC AND
CONVENTIONALLY FERTILISED LETTUCE (LACTUCA SATIVA L.). J Org Syst. 2010;5(1):4-13.

Jayasree P, George A. Do biodynamic practices influence yield, quality, and economics of
cultivation of chilli (Capsicum annuum L.)? J Trop Agric. 2006;44(1-2):68-70.

Raupp J, Kénig UJ. Biodynamic Preparations Cause Opposite Yield Effects Depending
Upon Yield Levels. Biol Agric Hortic. 1996 Jan;13(2):175-88.

Spaccini R, Mazzei P, Squartini A, Giannattasio M, Piccolo A. Molecular properties of.a
fermented manure preparation used as field spray in biodynamic agriculture. EnViron Sei
Pollut Res. 2012 Nov;19(9):4214-25.

Giannattasio M. Microbiological Features and Bioactivity of a Fermented Manure
Product (Preparation 500) Used in Biodynamic Agriculture. J Microbiol Biotechnol. 2013
May;23(5):644-51.

Goldstein W, Jaradat AA, Hurburgh C, Pollak LM, GoodmanM=Breeding maize under
biodynamic-organic conditions for nutritional value and\N efficiency/N ; fixation. Open
Agric. 2019 Jan 1;4(1):322-45.

Reeve JR, Carpenter-Boggs L, Reganold JP, York AL Brinton WF. Influence of biodynamic
preparations on compost development and resultant compost extracts on wheat
seedling growth. Bioresour Technol. 2010Jul;101(14):5658-66.

Botelho RV, Roberti R, Tessarin P, GarciasMina JM, Rombola AD. Physiological responses
of grapevines to biodynamic management. Renew Agric Food Syst. 2016 Oct;31(5):402—-
13.

Schneider S, Ullrich WR. Differential induction of resistance and enhanced enzyme
activities in cucumberand‘tobacco caused by treatment with various abiotic and biotic
inducers. Physiol Mol\PlantPathol. 1994 Oct;45(4):291-304.

Radha TK, Rao.DLN. Plant Growth Promoting Bacteria from Cow Dung Based Biodynamic
PreparationssIndian J Microbiol. 2014 Dec;54(4):413-8.

Olimi’E, Bickel'S, Wicaksono WA, Kusstatscher P, Matzer R, Cernava T, et al. Deciphering
the'microbial composition of biodynamic preparations and their effects on the apple
rhizosphere microbiome. Front Soil Sci. 2022 Nov 16;2:1020869.

Fritz J, Jannoura R, Lauer F, Schenk J, Masson P, Joergensen RG. Functional microbial
diversity responses to biodynamic management in Burgundian vineyard soils. Biol Agric
Hortic. 2020 Jul 2;36(3):172-86.

Ortiz-Alvarez R, Ortega-Arranz H, Ontiveros VJ, de Celis M, Ravarani C, Acedo A, et al.
Network Properties of Local Fungal Communities Reveal the Anthropogenic Disturbance
Consequences of Farming Practices in Vineyard Soils. Mackelprang R, editor. mSystems.
2021 Jun 29;6(3):e00344-21.

28

20z Aeniged g1 uo 3senb Aq G001 09/ Z09B2A/008WSEE0 |0 |/I0P/3|21B-80UBAPE/UNLILIOISWS]/WO09 dNo-olWapeoe//:sdiy WoJj papeojumod



684
685

686
687
688
689
690

691
692

693
694

695
696

697
698

699
700
701

702
703
704

705
706
707

708
709

710
711
712

713
714
715

716
717
718

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Liao J, Xu Q, Xu H, Huang D. Natural Farming Improves Soil Quality and Alters Microbial
Diversity in a Cabbage Field in Japan. Sustainability. 2019 Jun 3;11(11):3131.

Gobbi A, Santini RG, Filippi E, Ellegaard-Jensen L, Jacobsen CS, Hansen LH. Quantitative
and qualitative evaluation of the impact of the G2 enhancer, bead sizes and lysing tubes
on the bacterial community composition during DNA extraction from recalcitrant soil
core samples based on community sequencing and qPCR. Lopes AR, editor. PLOS ONE.
2019 Apr 11;14(4):e0200979.

Martin M. Cutadapt removes adapter sequences from high-throughput sequencing
reads. EMBnet.journal. 2011;17(1):10-2.

Edgar RC, Flyvbjerg H. Error filtering, pair assembly and error correction for next=
generation sequencing reads. Bioinformatics. 2015 Nov 1;31(21):3476—82.

Mahé F, Czech L, Stamatakis A, Quince C, De Vargas C, Dunthorn M,et al. Swarm v3:
towards tera-scale amplicon clustering. Birol |, editor. Bioinformatics. 2022;38(1):267-9.

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R. UCHIME-improves sensitivity and
speed of chimera detection. Bioinformatics. 2011 Aug 15;27(16):2194-200.

Glockner FO, Yilmaz P, Quast C, Gerken J, Beccati A, Ciuprina A, et al. 25 years of serving
the community with ribosomal RNA gene reference.databases and tools. J Biotechnol.
2017 Nov;261:169-76.

Nilsson RH, Larsson KH, Taylor AFS, Bengtsson-Palme J, Jeppesen TS, Schigel D, et al. The
UNITE database for molecular identification of fungi: handling dark taxa and parallel
taxonomic classifications. Nucleic/Acids'Res. 2019 Jan 8;47(D1):D259-64.

Wembheuer F, Taylor JA, Daniel R, Johnston E, Meinicke P, Thomas T, et al. Tax4Fun2:
prediction of habitat-specific:functional profiles and functional redundancy based on
16S rRNA gene sequences: Environ Microbiome. 2020 Dec;15(1):11.

Louca S, Parfrey LW;Doebeli M. Decoupling function and taxonomy in the global ocean
microbiome.Science. 2016 Sep 16;353(6305):1272—-7.

Acedo Aj Ortega-Arranz H, Almonacid D, Ferrero A. METHODSANDSYSTEMSFOR
GENERATINGAND APPLYING AGRONOMIC INDICES FROM MICROBIOME-DERIVED
PARAMETERS. US202/0268756A1, 2022. p. 9.

Stackebrandt E, Goebel BM. Taxonomic Note: A Place for DNA-DNA Reassociation and
16S rRNA Sequence Analysis in the Present Species Definition in Bacteriology. Int J Syst
Evol Microbiol. 1994 Oct 1;44(4):846-9.

Vétrovsky T, Baldrian P. The Variability of the 16S rRNA Gene in Bacterial Genomes and
Its Consequences for Bacterial Community Analyses. Neufeld J, editor. PLoS ONE. 2013
Feb 27;8(2):e57923.

29

20z Aeniged g1 uo 3senb Aq G001 09/ Z09B2A/008WSEE0 |0 |/I0P/3|21B-80UBAPE/UNLILIOISWS]/WO09 dNo-olWapeoe//:sdiy WoJj papeojumod



719
720
721

722
723
724

725
726

727
728

729
730
731

732
733

734
735

736
737
738

739
740
741

742
743
744

745
746
747

748
749
750

751
752
753

39.

40.

41.

42.

43,

44.

45.

46.

47.

48.

49.

50.

51.

Rousk J, Baath E, Brookes PC, Lauber CL, Lozupone C, Caporaso JG, et al. Soil bacterial
and fungal communities across a pH gradient in an arable soil. ISME J. 2010
Oct;4(10):1340-51.

Bahram M, Hildebrand F, Forslund SK, Anderson JL, Soudzilovskaia NA, Bodegom PM, et
al. Structure and function of the global topsoil microbiome. Nature. 2018
Aug;560(7717):233-7.

Hartmann M, Frey B, Mayer J, Mader P, Widmer F. Distinct soil microbial diversity under.
long-term organic and conventional farming. ISME J. 2015 May;9(5):1177-94.

Bardgett RD, Van Der Putten WH. Belowground biodiversity and ecosystem functioning.
Nature. 2014 Nov;515(7528):505-11.

Bay SK, McGeoch MA, Gillor O, Wieler N, Palmer DJ, Baker DJ, et al. Soil'Bacterial
Communities Exhibit Strong Biogeographic Patterns at Fine Taxonomic Resolution.
Gilbert JA, editor. mSystems. 2020 Aug 25;5(4):e00540-20.

Tedersoo L, Bahram M, PGlme S, Kdljalg U, Yorou NS, Wijesundera-R, et al. Global
diversity and geography of soil fungi. Science. 2014 Nov28;346(6213):1256688.

Fierer N, Jackson RB. The diversity and biogeography. of soil bacterial communities. Proc
Natl Acad Sci. 2006 Jan 17;103(3):626—31.

Hartman K, Van Der Heijden MGA, Wittwer RA, Banerjee S, Walser JC, Schlaeppi K.
Cropping practices manipulate abundance ‘patterns of root and soil microbiome
members paving the way to smart farming. Microbiome. 2018 Dec;6(1):14.

Bashan Y, de-Bashan LE, Prabhu SR;Hernandez JP. Advances in plant growth-promoting
bacterial inoculant technology: formulations and practical perspectives (1998—2013).
Plant Soil. 2014 May;378(1-2):1-33.

Bashan Y, Puente ME; Rodriguez-Mendoza MN, Toledo G, Holguin G, Ferrera-Cerrato R,
et al. Survival of Azospirillum brasilense in the Bulk Soil and Rhizosphere of 23 Soil
Types. Appl EAviron Microbiol. 1995 May;61(5):1938-45.

Trabelsi D, Mengoni A, Ben Ammar H, Mhamdi R. Effect of on-field inoculation of
Phaseolus.wvulgaris with rhizobia on soil bacterial communities: Effect of inoculation on
soil'bacterial communities. FEMS Microbiol Ecol. 2011 Jul;77(1):211-22.

Pane C, Palese AM, Spaccini R, Piccolo A, Celano G, Zaccardelli M. Enhancing
sustainability of a processing tomato cultivation system by using bioactive compost teas.
Sci Hortic. 2016 Apr;202:117-24.

Monda H, Cozzolino V, Vinci G, Spaccini R, Piccolo A. Molecular characteristics of water-
extractable organic matter from different composted biomasses and their effects on
seed germination and early growth of maize. Sci Total Environ. 2017 Jul;590-591:40-9.

30

20z Aeniged g1 uo 3senb Aq G001 09/ Z09B2A/008WSEE0 |0 |/I0P/3|21B-80UBAPE/UNLILIOISWS]/WO09 dNo-olWapeoe//:sdiy WoJj papeojumod



754
755
756
757

758
759

760
761
762

763
764
765

766
767

768
769

770
771
772
773

774
775
776
777

778
779
780

781
782
783
784

785
786
787

788
789
790

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62,

63.

Siedt M, Schaffer A, Smith KEC, Nabel M, RoR-Nickoll M, Van Dongen JT. Comparing
straw, compost, and biochar regarding their suitability as agricultural soil amendments
to affect soil structure, nutrient leaching, microbial communities, and the fate of
pesticides. Sci Total Environ. 2021 Jan;751:141607.

Blake C, Christensen MN, Kovacs AT. Molecular Aspects of Plant Growth Promotion and
Protection by Bacillus subtilis. Mol Plant-Microbe Interactions®. 2021 Jan;34(1):15-25.

Tkacz A, Cheema J, Chandra G, Grant A, Poole PS. Stability and succession of the
rhizosphere microbiota depends upon plant type and soil composition. ISME J. 2015
Nov;9(11):2349-59.

Luo G, Li L, Friman VP, Guo J, Guo S, Shen Q, et al. Organic amendments increaseicrop
yields by improving microbe-mediated soil functioning of agroecosystems: A meta-
analysis. Soil Biol Biochem. 2018 Sep;124:105-15.

Berendsen RL, Vismans G, Yu K, Song Y, De Jonge R, Burgman WPj.et al.\Disease-induced
assemblage of a plant-beneficial bacterial consortium. ISME J. 2018 Jun;12(6):1496-507.

Compant S, Samad A, Faist H, Sessitsch A. A review on the plant microbiome: Ecology,
functions, and emerging trends in microbial application. J AdvRes. 2019 Sep;19:29-37.

Lioussanne L, Perreault F, Jolicoeur M, St-Arnaud M. The bacterial community of tomato
rhizosphere is modified by inoculation with arbuscular mycorrhizal fungi but unaffected
by soil enrichment with mycorrhizal root exudates or inoculation with Phytophthora
nicotianae. Soil Biol Biochem. 2010 Mar;42(3):473-83.

Chowdhury SP, Dietel K, Randler M, Schmid M, Junge H, Borriss R, et al. Effects of
Bacillus amyloliquefaciens FZB42 on,Lettuce Growth and Health under Pathogen
Pressure and Its Impact on the Rhizosphere Bacterial Community. Van Overbeek L,
editor. PLoS ONE. 2013 Jul 23;8(7):e68818.

Mazzoncini M, SapKota TBjBarberi P, Antichi D, Risaliti R. Long-term effect of tillage,
nitrogen fertilizationiand cover crops on soil organic carbon and total nitrogen content.
Soil Tillage Res. 2011 Aug;114(2):165-74.

Edwards J, Johnson C, Santos-Medellin C, Lurie E, Podishetty NK, Bhatnagar S, et al.
Structure,variation, and assembly of the root-associated microbiomes of rice. Proc Natl
Acad Sci [Internet]. 2015 Feb 24 [cited 2023 May 24];112(8). Available from:
https://pnas.org/doi/full/10.1073/pnas.1414592112

Da Costa PB, Granada CE, Ambrosini A, Moreira F, De Souza R, Dos Passos JFM, et al. A
Model to Explain Plant Growth Promotion Traits: A Multivariate Analysis of 2,211
Bacterial Isolates. Daffonchio D, editor. PLoS ONE. 2014 Dec 26;9(12):e116020.

Vejan P, Abdullah R, Khadiran T, Ismail S, Nasrulhaq Boyce A. Role of Plant Growth
Promoting Rhizobacteria in Agricultural Sustainability—A Review. Molecules. 2016 Apr
29;21(5):573.

31

20z Aeniged g1 uo 3senb Aq G001 09/ Z09B2A/008WSEE0 |0 |/I0P/3|21B-80UBAPE/UNLILIOISWS]/WO09 dNo-olWapeoe//:sdiy WoJj papeojumod



791
792

793
794
795

796
797
798

799
800
801

802
803
804

805
806

807

64.

65.

66.

67.

68.

69.

Maeder P, Fliessbach A, Dubois D, Gunst L, Fried P, Niggli U. Soil Fertility and Biodiversity

in Organic Farming. Science. 2002 May 31;296(5573):1694-7.

Fan X, Zhang S, Mo X, Li Y, Fu Y, Liu Z. Effects of Plant Growth-Promoting Rhizobacteria
and N Source on Plant Growth and N and P Uptake by Tomato Grown on Calcareous
Soils. Pedosphere. 2017 Dec;27(6):1027-36.

Cakmakgi R, Donmez F, Aydin A, Sahin F. Growth promotion of plants by plant growth-
promoting rhizobacteria under greenhouse and two different field soil conditions. Soil
Biol Biochem. 2006 Jun;38(6):1482-7.

Doring J, Collins C, Frisch M, Kauer R. Organic and Biodynamic Viticulture Affect
Biodiversity and Properties of Vine and Wine: A Systematic Quantitative Review."Am"J
Enol Vitic. 2019 Jul 1;70(3):221-42.

Richardson AE, Barea JM, McNeill AM, Prigent-Combaret C. Acquisition of phosphorus
and nitrogen in the rhizosphere and plant growth promotion by microorganisms. Plant
Soil. 2009 Aug;321(1-2):305-39.

Vorholt JA. Microbial life in the phyllosphere. Nat Rev Microbiol..2012 Dec;10(12):828—
40.

32

y20z fienige g1 uo 1senb Aq G001 09./1 Z208E2A/008WSI/SE0 L 0 | /I0P/3]01IB-80UBAPE/UNWIWOI8WSI/WOo9 dno olwapese//:sdiy Wol) papeojumod



808
809

810

Table 1: Detailed description of experimental sites and applied biodynamic preparations. Additional information on experimental sites in
France can be found in Supplementary Table S2.

Sampling dates/ Biodynamic preparation~ Sample-
Location Crop Soil type weeks after first spray  type and origin number BD since
T0:01.03.2021
Darmstadt Oat, rye, 0 weeks BD500 Darmstadt 16x2
Sandy . . 2019
(Germany) tall fescue T1:03.08.2021 BD501 Darmstadt timepoints
19 weeks
T0: 10.05.2021
Geisenheim . 7 weeks BD500 Geisenheim 4x2
(Germany Vine Sandy loam T1:18.08.2021 BD501 Geisenheim timepoints 2006
21 weeks
Frankenhausen T1:25.08.2021 BD500P Cluny 16x1
(Germany) Wheat, spelt, oat Loess 16 weeks BD501 Cluny timepoint 2021
13x vine, rye, 13x clay T0: 07.06.2021
France 2x chickpeas, barley, Ix Ioam’ approx. 7 weeks BD500P Cluny 21x2 2001-
garlic, wheat, ! T1:04.08.2021 BD501 Cluny timepoints 2021
4x sandy loam
flax, sunflower approx. 15 weeks
24.04.2021.(0 weeks)
10.05.2021 (2 weeks)
24.05:2021 (4 weeks)
TS France Vine Clay 07.06.2021 (6 weeks) gg?gg"cﬂ:cy fi:quoints 2021
23.06.2021 (8 weeks)
12.07.2021 (11 weeks)
08.08.2021 (15 weeks)
27.04.2021 (0 weeks)
11.05.2021 (2 weeks)
TS Frankenhausen 25.05.2021 (4 weeks) BD500P Cluny 1x7
(Germany) Cereals Loess 08.06.2021 (6 weeks) BD501 Cluny timepoints 2021
22.06.2021 (8 weeks)
13.07.2021 (11 weeks)
10.08.2021 (15 weeks)
33
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Figure 1: a) Block design of experimental fields. Each field in Darmstadt, Geisenheim and
Frankenhausen was split into four bloeks. InGeisenheim and Frankenhausen a block was
treated half with biodynamic-preparations (BD++) and half without as control (BD-). In
Darmstadt we analysed-the effect of application intensity using single application (BD+)
compared to three, applications of biodynamic preparations (BD++). In France and
timeseries experiments (TS) fields contained only one block that was split in half without
and with BD (BD- vs. BD+) . b) Timeline of experiments, including timepoints of biodynamic
preparation treatments (brown: spray-event with hornmanure preparation, green: spray-
event with hornsilica preparation) and timepoints of soil sampling (red triangle).
Timeframe between first and last spray-event is highlighted with a blue line. German cities

are displayed by names, whereas France cities were grouped into the France experiment
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Figure 2: Prokaryotic communities enriched in biodynamic preparations and their abundance
in soils. a) Composition of prokaryotes enriched in biedynamic preparations from various
locations and preparation types. ASVs are defined to be enriched in biodynamic
preparations if they have relative abundance higher than 0.5 %. Taxonomic assignment is
displayed at genus level and colour ‘coded according to the legend. b) Abundance
difference of prokaryotic ASVs enriched in biodynamic preparation between treatment

and control soils. Positive values indicate higher abundance of ASVs in treated soils.
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Figure 3: Quantitative analysis of putative plant growth promaeting-functions performed by
soil microbial communities. Functional abundance is represented by the BeCrop index
from Biome Makers and ranging from 1 to 6. Micrebial functions that promote plant
growth are separated by hormone production and stress adaptation. Individual functions
are shown in light colours and functional groups are displayed in dark colours. Red bars
denote index values of BD++ treated soils, blue bars for BD+ treated soils, and green bars
show untreated (BD-) soils(see"Table 1 for more details). Error bars represent standard
errors and bar height-shows average values. Symbols above bars represent statistical
significance: T =p-value < 0.1, * = p-value <0.05, ** = p-value < 0.01. Barplots are separated
by experimentlocation into Darmstadt, France (various), Frankenhausen and Geisenheim.

See Supplementary Table S2 for more details about locations in France.
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Figure 5: Time series analysis of putative plant growth promoting functions performed by soil

microbial communities. Functional abundance is represented in ‘the barplots by the

difference of the BeCrop index from Biome Makers between biodynamically and

organically treated soils. Positive values denote higher index values in the biodynamic

treatment and negative values vice versa. The BeCroptindex scales with abundance of

microbial organisms that promote individual'plant growth promoting functions and varies

from 1 to 6. Weeks after first spray.dreatment in the time series are shown on x-axes.

Microbial functions that promote plant’growth are grouped into hormone production

(phytohormones) and stress adaptation. Functional groups are displayed in bold text. Time

series of all plant inferred growth promoting functions are denoted in a) and the mean

index differences/of.all functions are displayed in b). Error-bars denote standard error.

Table 1: Detailed description of experimental sites and applied biodynamic preparations.
Additional information on experimental sites in France can be found in Supplementary Table

S2.
Sampling
dates/ Sam
weeks Biodynamic ple-
Soil after first preparation type num BD
Location Crop type spray and origin ber since
Darmsta
TO: 16 x
dt Oat, rye, BD500 Darmstadt
(German tall fescue Sandy  01.03.2021 BD501 Darmstadt 2 2019
0 weeks time

y)
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T1:
03.08.2021
19 weeks

point

Geisenh
eim
(German
y

Sandy

Vine
loam

TO:
10.05.2021
7 weeks
T1:
18.08.2021
21 weeks

BD500 Geisenheim
BD501 Geisenheim

4x2
time

. 2006
point

Franken
hausen
(German

y)

Wheat, spelt, oat Loess

T1:
25.08.2021
16 weeks

BD500P Cluny

BD501 Cluny

16 x

. 2021
time

point

France

13x
13x vine, rye, clay,
2x chickpeas, 4x
barley, garlic, loam,
wheat, 4x
flax, sunflower sandy

loam

TO:
07.06.2021
approx. 7
weeks

T1:
04.08.2021
approx. 15
weeks

BD500P Cldny

BD501.Cluny

21 x

2 2001
time -
point 2021

TS
France

Vine Clay

24.04.2021
(0 weeks)
10.05.2021
(2. weeks)
24.05.2021
(4weeks)
07.06.2021
(6 weeks)
23.06.2021
(8 weeks)
12.07.2021
(11 weeks)
08.08.2021
(15 weeks)

BD500P Cluny

BD501 Cluny

3x7
time

. 2021
point

TS
Franken
hausen
(German

y)

Cereals Loess

27.04.2021
(0 weeks)
11.05.2021
(2 weeks)
25.05.2021
(4 weeks)
08.06.2021
(6 weeks)
22.06.2021
(8 weeks)
13.07.2021
(11 weeks)

BD500P Cluny

BD501 Cluny

1x7
time

. 2021
point
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