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The assembly of root-associated microbes during the seedling stage has strong impact on subsequent perfor
mance of crops. Major factors influencing this assembly are crop species identity and composition of potential
root-colonizing microbes in the bulk soil. The latter can be modified by soil management, such as organic
amendments. The incorporation of residues of cover crops before the start of the growing season of cash crops
presents an interesting option for steering of root-associated seedling microbiomes as there is a wide range of
cover crops species with different properties available for farmers.
In a greenhouse study, we examined the effect of soil amendments with milled shoot and root materials of
seven cover crop species (niger seed, phacelia, rapeseed, radish, vetch, black oat and buckwheat) on the assembly
of root-associated bacteria and fungi of seedlings of four cash crop species (asparagus, carrot, onion and sugar
beet). Field-grown cover crops material used for the study was collected at two time points (before and after
winter) which had strong impact on plant elemental composition. The soil used for the study was a mixture of
sandy arable soils with a history of soil-borne fungal diseases (Fusarium and Rhizoctonia). Within the context of a
strong selection of root-associated microbes by cash crop species, we found significant modifying effects by cover
crop materials. We show that cover crop elemental composition had a stronger effect than cover crop species
identity. High quality residues (with low C/N ratio) caused profound shifts within root-associated Proteobacteria
and increases in relative abundance of certain microbial groups such as Bacillaceae and Mortierellomycetes.
These changes coincided with differences in establishment and survival of cash crop seedlings. Tolerance of sugar
beet seedlings against the fungal pathogen Rhizoctonia solani was correlated with residues causing increases of
root-associated Oxalobacteraceae, Bacillaceae and Mortierellaceae. However, the same residues increased
Fusarium-induced failure of asparagus seed germination. This indicates that fine-tuning of cover crops amend
ments for different cash crops is required to realize enhanced functioning of root microbiomes.

1. Introduction
Root-associated micro-organisms live on the outside (rhizoplane)
and inside (endosphere) of roots. In these root habitats, microbiota
perform various activities that have a strong impact on plant perfor
mance. Beneficial relationships have been well characterized for rootinhabiting mycorrhizae and rhizobia which improve the acquisition of
phosphorus and nitrogen by plants (Kristin and Miranda, 2013;

Reinhold-Hurek et al., 2015). On the other hand, pathogenic root in
vaders can cause growth reduction in crops or even kill them. The
impact of mutualistic and pathogenic microorganisms on plant perfor
mance does not only depend on their presence in roots but also on in
teractions with each other and with other microbial root inhabitants
(reviewed in (Sessitsch et al., 2019)). Indeed, it is known that several
microbial endophytes can have antagonistic activities against fungal
pathogens via production of extracellular cell wall-degrading enzymes
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(i.e., chitinase and β-1,3-glucanase) and antimicrobial compounds
(Compant et al., 2005; Carrión et al., 2019), induction of induced sys
temic resistance (ISR) in host plants (Berendsen et al., 2018) and
competition for space and resources (Philippot et al., 2013).
The infection of germinating seeds and seedlings of crops by fungal
pathogens causing damping-off (e.g. Fusarium spp. and Rhizoctonia spp.)
is one of the biggest disease problems in agriculture and horticulture
(Lamichhane et al., 2017). Likewise, the root microbiome assembly
during the early stages of crop development is important for develop
ment of damping off diseases (Edwards et al., 2015). Root inhabiting
microbiota can be inherited vertically via seeds or horizontally via the
pool of bulk soil microbes (Vandenkoornhuyse et al., 2015; Muller et al.,
2016). Furthermore, plant species-dependent selection of soil microbes
has been indicated as a major factor for the assembly of root-inhabiting
microbiota (Hartmann et al., 2009; Bulgarelli et al., 2013; Gaiero et al.,
2013; Afzal et al., 2019). The pool of bulk soil microbes from which crop
seedlings select root-inhabiting microbes, can be influenced by agri
cultural management. For instance, recent studies showed that the use of
plant-derived amendments (e.g. green manure composts) coincides with
changes in bulk soil and crop rhizosphere microbial community struc
ture (Tao et al., 2017; Zhang et al., 2017). Therefore, agricultural
management practices could modify the composition of soil microbes in
such a way that selection of beneficial root-inhabiting microbes is
enhanced. Possibilities for such “steering” approaches are increasingly
being explored (Ma et al., 2020).
Use of cover crops represents an interesting option for modifying soil
microbial communities (Larkin et al., 2010; Vukicevich et al., 2016;
Nevins et al., 2018; Schmidt et al., 2019). In temperate climatic zones,
cover crops are grown during the autumn and winter season and
ploughed into the soil before the next growing season of cash crops. The
most important reasons for farmers to grow cover crops are to prevent
nitrogen leaching (Kanders et al., 2017) or soil erosion (Reganold et al.,
1987), improve soil organic matter content (Nascente et al., 2013),
decrease weeds (Kruidhof et al., 2008) or reduce densities of soil-borne
pathogens and parasites (Larkin, 2015; Wen et al., 2017). The quantity
and quality of cover crop residues can have a strong impact on the
growth and performance of subsequent cash crops (Barel et al., 2018;
Manici et al., 2018). This impact is not always positive. Suppression of
soil-borne disease by decomposing organic residues can be highly var
iable and even stimulation of disease can occur (Termorshuizen et al.,
2006; Bonanomi et al., 2010; Vukicevich et al., 2016). Such variation is
also seen for cover crop residues (Larkin, 2015). For example, rye cover
crops have a potential to increase corn seedling pathogen densities
(Bakker et al., 2016), whereas residues of Brassica plants can help to
alleviate apple replant disease (Mazzola et al., 2015). Bonanomi et al.
(2013, 2018b) indicated that quality (decomposability) and chemical
composition (phytoxicity) of organic amendments as well as pathogen
life history traits (saprotrophic ability) are important factors influencing
the effects on disease development. It is to be expected that this will also
be the case for amendments with cover residues. In addition, modifi
cation of the composition of root-associated microbes of cash crops
seedlings by cover crop residues could help explain effects on soil-borne
diseases. However, so far it is unknown if decomposing cover crops
impact the assembly of root-inhabiting microbiota of cash crop
seedlings.
Here we report the results of a greenhouse study, in which we
examined root microbiome assembly of four cash crop seedlings
(asparagus, carrot, onion, and sugar beet) exposed to different fieldcollected decomposing cover crops. We hypothesized (1) that decom
posing cover crop residues impact the assembly of microbial commu
nities colonizing cash crops roots and (2) that this is dependent on the
quality (elemental composition) of cover crop material and the identity
of both the cash- and cover crop species. We included seven cover crop
species from six taxonomic families to study the effects of cover crop
species identity. These cover crops were collected in field plots in
autumn and late winter representing time points with strong differences

in elemental composition. Since the soil we used to grow the cash crops
is naturally infested with pathogens for asparagus and sugar beet, we
also examined whether decomposing cover crop residues had an influ
ence on the severity of damping-off diseases.
2. Materials and methods
2.1. Soil, plants and experimental design
A mixed soil was prepared with sandy arable soils which were
sampled (0–20 cm) in October 2016 at two sites near the village Kessel,
the Netherlands (51.2917oN, 6.0542oE). One of the fields showed
symptoms of Fusarium crown and root rot of asparagus, whereas the
other one had patches of wilted sugar beet plants caused by Rhizoctonia
solani. Soil from the asparagus field was mixed in 2:1 ratio with soil from
sugar the beet field. The mixed soil had a sandy texture (>50 μm, 95%),
pH 5.8 and organic matter content of 2.79%.
The cover crops used in this study were collected on November 8th,
2016 and February 27th, 2017 from field plots of Joordens Zaden
Company situated near Kessel, the Netherlands, where they had been
sown on September 7th, 2016. The cover crop species used included
niger seed (Guizotia abyssinica, Nig), phacelia (Phacelia tanacetifolia,
Pha), rapeseed (Brassica napus, Rap), radish (Raphanus sativus, Rad),
vetch (Vicia sativa, Vet), black oat (Avena strigosa, Bla) and buckwheat
(Fagopyrum esculentum, Buc). Collected cover crop material, including
shoots and roots, were dried and cut into fragments smaller than 0.5 cm
using a Retch cutting mill SM100 (Retsch GmBh, Haan, Germany).
Seeds of 3 cash crops asparagus (Asparagus officinalis), carrot (Daucus
carota subsp. sativus) and, onion (Allium cepa) were obtained from Bejo
Seeds, Warmenhuizen, The Netherlands. Seeds of sugar beets (Beta
vulgaris subsp. vulgaris) were obtained from SESvanderHave, Tienen,
Belgium. Germination capacity of the seeds was tested on moist filter
paper for 10 days at 21/16 ◦ C (day/night) and a photoperiod of 16 h
light and 8 h dark.
Experiments were carried out with pots in a controlled greenhouse.
Soil was mixed with cover crop material (0.75 g plant material per 100 g
dry weight soil) (Bending and Lincoln, 1999) and transferred to 7 × 7 ×
6.5 cm polypropylene pots. Next, 12, 20, 20 and 12 seeds of asparagus,
carrot, onion and sugar beet, were sown per pot at 1-cm depth,
respectively. For each cash crop species 4 replicate pots were established
for 14 cover crop amendments (7 cover crops species and 2 cover crop
collection times) and for unamended controls. The plants were grown in
a greenhouse at 21/16 ◦ C (day/night) and a photoperiod of 16 h light
and 8 h dark and watered daily to maintain 65% soil water holding
capacity.
2.2. Cover crop elemental composition and soil mineral nitrogen
measurements
For elemental analyses, sub-samples of dried plant tissues (shoots
and roots) were milled into fine powder using a Qiagen TissueLyser II
(Qiagen, Hilden, Germany). The C and N content of cover crop materials
was determined using a FLASH 2000 organic element analyzer (Inter
science, Breda, Netherlands) and contents of K, P, S, Ca, Mg, Fe, Zn and
Mn were determined using inductively coupled plasma optical emission
spectrometry (ICP-OES; Thermo Scientific iCAP 6500 DUO, Thermo
Fisher Scientifc, Waltham, MA, USA) after HNO3/H2O2 microwaveassisted acid digestion (Hansen et al., 2009). Due to the relatively
high content of sulfur in the family Brassicacea, half the amount of plant
materials (10 mg instead of 20 mg) was used when performing ICP-OES.
Similar to the procedure described in 2.1, soil mixed with cover crop
material was incubated in the greenhouse in polystyrene pots but
without sowing of cash crops. After three-week incubation, the mineral
soil nitrogen pool (NO−3 , NO−2 and NH+
4 ) was determined in 1M KCl
extracts as described in (Malý et al., 2000).
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2.3. Cash crop disease and biomass measurements

analyzed. Around 0.5 g of root tissue was frozen in liquid nitrogen and
homogenized using mortar and pestle and subsequently 0.1 g of the
powdered samples was used for DNA extraction.
DNA extraction from the roots was done using PowerSoil DNA
isolation kit according to the manufacturer’s instructions with an
additional incubation step at 35 ◦ C for 10 min to improve the yield. DNA
quality and concentration were evaluated by Nanodrop (NanoDrop
2000, Thermo Fisher, Waltham, MA, USA). DNA extracts were stored at
− 20 ◦ C until further use.
Amplification of the V4-region of the bacterial 16S rRNA gene was
performed using primers 515F and 806R (Bergmann et al., 2011).
Fungal ITS2 regions were amplified using primers ITS4 and ITS9 (Ihr
mark et al., 2012). Details for the PCR procedure are described in the
supplementary info. The amplicons were equally combined to produce
two separate DNA pools (keeping bacterial and fungal amplicons sepa
rate) that were sent to BGI (Shenzhen, China) for 250-bp paired-end
sequencing on an Illumina MiSeq platform in two separate runs. The
16S rRNA and ITS sequence data are available at the European Nucle
otide Archive (ENA) (https://www.ebi.ac.uk/ena/) under the study
accession number PRJEB37146.
Bacterial and fungal raw reads were processed using the Hydra
pipeline version 1.3.3 (https://doi.org/10.5281/zenodo.597131)
implemented in Snakemake (Köster and Rahmann, 2012), and the
PIPITS pipeline version 2.2 (Gweon et al., 2015), respectively. For the
taxonomic information, bacterial sequences were aligned to the SILVA

Seedlings with symptoms of damping off and/or black root rot were
recorded 9, 18, 21 and 29 days after sowing sugar beet, onion, carrot and
asparagus, respectively. In addition, the amount of germinated seedlings
was scored at the same time periods to determine pre-emergence
damping-off. Together, the sum of pre-emergence and post-emergence
damping-off represented the amount of unsuccessful seedlings. The
identification of root pathogens was done for a number of seedlings
showing post-emergence damping off systems (supplementary info).
Shoots and roots of surviving, apparently healthy seedlings were
collected for fresh biomass determinations. The plants were washed
three times to remove all adhering soil particles and excess water was
removed using sterilized filter paper.
2.4. DNA extraction and sequencing processing
To ensure comparable conditions for all treatments, only roots
without apparent disease symptoms were used for DNA extraction. In
order to include only root-associated microbes, root samples were
cleaned with sterile water three times and air dried on sterile filter pa
pers for 30 s. Next, the roots were transferred into a sterile 15-ml tube,
and stored at − 20 ◦ C until DNA extraction (within 1 week). Accidently,
the fourth replicate of asparagus grown in soil amended with autumnrapeseed was not included. Therefore, in total 239 root samples were

Fig. 1. Mineral nitrogen contents (mean ± SE, N = 4) in unplanted soil amended with milled cover crop material and incubated for 21 days. Bars with * indicate that
the total mineral nitrogen content in the respective treatments are significantly different from the control based on the Dunnett test (*, p < 0.05; **, p < 0.01; ***, p
< 0.001). Summary of ANOVA results on effects of cover crop collection time (Time) and cover crop identity (Species) on the mineral nitrogen contents in the cover
crop amendment treatments are given in the top right corner.
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database (release 128) (Quast et al., 2013) using SINA (Pruesse et al.,
2012) while the RDP Classifier re-trained on the UNITE database release
7.2 (Köster and Rahmann, 2012) was used for fungal sequences.

3. Results

2.5. Statistical analyses

In autumn (November) all cover crops had green leaves, whereas at
the end of the winter (February) only shoots of three winter-hardy crops
(radish, rapeseed and vetch) were still green. Shoots of other cover crops
were brown and partly decayed. With the exception of iron, the
elemental content of cover crops was lower in winter than in autumn
(Table S1-A). The decrease in nutrient contents was strongest for cover
crops that had turned brown, and in particular for N, P, K and S
(Table S1-A). However, the nitrogen-fixing legume vetch had a high
nitrogen content (3.96–5.22 %N) at both sampling times. Two members
of the Brassicaceae family, rapeseed and radish, contained relatively
high amounts of sulfur, whereas vetch was accumulating the highest
amounts of zinc.
A 21-day incubation of soil with cover crop materials showed that
the release of mineral nitrogen from autumn samples was higher than
that from winter samples (Fig. 1; F1,40 = 124.17, p < 0.001). Wintercollected vetch did still release a high amount of mineral nitrogen.
Accumulation of mineral N was mostly in the form of nitrate.

3.1. Characteristics of cover crops

All statistical analyses were performed in R version 4.0.2 with R
Studio (R Core Team 2020). Significant differences between cover crop
treatments and controls in mineral nitrogen contents (Fig. 1) and seed
ling growth (Fig. 2 and S2) were assessed by one-way ANOVA followed
by post-hoc Dunnett test, using ‘aov’ function in the stats package and
‘glht’ function in the multcomp package. Moreover, significant differ
ences among cash crops in damping-off disease incidence (Table S2)
were assessed by one-way ANOVA followed by post-hoc Tukey’s HSD
test, using the function ‘TukeyHSD’ in the package stats, and those in dry
weight biomass (Table S5) across cover crop collection time were
determined by independent-sample t-test, using the function ‘t.test’ in
the package stats.
For the microbiome analyses, we got 4,863,871 reads (251 nt mean
length) that mapped to 4236 operational taxonomic units (OTUs,
considering an evolutionary distance of 97%) in bacteria and 893,089
reads (394 nt mean length) that mapped to 1016 OTUs for fungi. All
OTUs annotated as Chloroplast, Mitochondria or Eukaryota in the bac
terial taxa file and Protista, Chromista or Plantae in the fungal taxa file
and unclassified or unidentified phylum were removed from the OTU
table, and any sample that had fewer than 50 useable reads was dis
carded. At this point, 235 samples with total of 3223 OTUs for bacteria
and 224 samples with total of 721 OTUs for fungi remained for microbial
alpha-diversity analyses. A frequency table was created normalized by
transforming the data into relative abundance (Total Sum Scaling
normalization, TSS; (Lundberg et al., 2012)). To reduce low-abundance
and spurious OTUs, only OTUs with relative abundance of at least 1e-05
and that occurred in at least five samples were kept using the ‘kOverA’
function in the genefilter package. As a result, 2284 OTUs (bacterial) and
403 OTUs (fungal) remained for microbial community analyses.
Alpha-diversity (within-sample species richness) estimates were
determined with the ‘estimate_richness’ function in the phyloseq pack
age. Significant differences in richness and diversity across cover crop
collection time and controls were assessed by one-way ANOVA followed
by the post-hoc Bonferroni test, using function ‘LSD.test’ in the agricolea
package.
To investigate differences in community composition, principal co
ordinate analyses were performed with the ‘ordinate’ function in the
package vegan using Bray-Curtis distance. Permutation multivariate
analysis of variance (PERMANOVA) was used to determine overall sig
nificant differences in terms of cash crop identity, cover crop identity
and cover crop collection time, carried out in the package vegan with the
function ‘adonis’. Pairwise tests between each treatment for each cash
crop (Table S7, S8 and Figure S9) were performed with the function
‘pairwise.adonis’ in the package pairwiseAdonis. Relative abundance of
most abundant bacterial families and fungal classes in each treatment
were compared to those in control samples and then log10 transformed
and shown as heatmaps (Figure S6 and S11) with the function ‘pheat
map’ in the package pheatmap. Differences in relative abundance of
phyla/classes/families between different cover crop collection times
were assessed by one-way ANOVA followed by post-hoc Tukey’s HSD
test and differences between treatments and control were assessed by
one-way ANOVA followed by post-hoc Dunnett test. Correlation tests
(Table 1, S6 and S12) were performed with the function ‘cor.test’ and
out coming p values were corrected with ‘FDR’ adjustment method using
the function ‘p.adjust’ in the package stats.

3.2. Germination and growth of cash crop seedlings in soil amended with
cover crop materials
Of the cash crop seeds sown in the unamended soil, the percentage of
unsuccessful (pre- and post-emergence damping-off) seedlings was
higher for asparagus (56.25%) and sugar beet (52.08%) than for onion
(37.50%) and carrot (31.25%) (Fig. 2 and Table S2). The amount of postemergence damping-off in sugar beet seedlings was higher than for other
cash crops (F3,12 = 12.07, p < 0.001). Comparison with germination
data under optimal conditions confirmed that a large part of the failed
germination may be attributed to pathogen activity, known as preemergence damping off (Table S3). Sequencing of fungal isolates
retrieved from roots of diseased seedlings revealed mostly strains
belonging to the genera Fusarium and Rhizoctonia (Table S4). These
strains were confirmed to be phytopathogenic with bioassays for the
crops from which they were isolated (results not shown).
For the soil amended with cover crop materials, pre-emergence
damping-off (unsuccessful germination) was observed for all cash
crops, and was highest for asparagus (F3,219 = 21.87, p < 0.001) (Fig. 2,
S1A and Table S2), post-emergence damping-off occurred mostly in
sugar beet (F3,219 = 35.72, p < 0.001) (Fig. 2, S1B and Table S2). The
overall percentage of unsuccessful seedlings with cover crop amend
ments varied with cover crop collection time (asparagus, carrot and
sugar beet, p < 0.001; onion, p < 0.05) (Fig. 2). Negative effects of
autumn-collected cover crops were seen for establishment of asparagus,
onion and carrot seedlings, whereas the reverse was found for sugar beet
seedlings (Fig. 2 and S1). Cover crop species identity was affecting
seedling survival of all cash crops except carrot. Pairwise comparisons
between cover crop treatments with unamended controls indicated
significant suppression of damping-off by vetch and autumn-collected
radish for sugar beet (Fig. 2).
Significant effects of cover crop collection time, – species identity
and their interactions on the biomass of apparently healthy seedlings
were found for carrot, onion and sugar beet but not for asparagus
(Figure S2). Moreover, a reduction in growth of carrot, onion and beet
seedlings was seen for the amendment with cover crops that had not
survived the winter period, namely niger seed, phacelia, black oat, and
buckwheat (Figure S2 and Table S5). This was not the case for the
winter-hardy cover crops. Overall, the growth of carrot, onion and sugar
beet seedlings was found to be negatively correlated with the C/N ratio
of cover crop material and positively correlated with P and S content
(Table S6).
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Fig. 2. Percentage of unsuccessful cash crop seedlings (mean ± SE, N = 4) in soil amended with milled cover crop materials and unamended controls. Bars with *
indicate that the result of that amendment was significantly different from the control as based on the Dunnett test (*, p < 0.05; **, p < 0.01). Summary of ANOVA
results for cover crop collection time (Time) and cover crop species (Species) are given in the top right corners.
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3.3. Effects of cover crops on assembly of bacteria colonizing crop roots

Comamonadaceae (17.04%) in the unamended control to that of
Enterobacteriacea (49.63 ± 8.04%) in autumn cover crop - amended soil
treatments (Figure S5 and Table S9). For onion roots, the decrease in
relative abundance of Betaproteobacteria (Oxalobacteraceae (35.49%)
and Comamonadaceae (22.89%)) was compensated by an increase in
Gammaproteobacteria (Xanthomonadaceae (8.44 ± 0.61%)) and
Alphaproteobacteria (Rhizobiaceae (8.60 ± 1.15%), Sphingomonada
ceae (6.46 ± 0.72%) and Caulobacteraceae (6.26 ± 0.56%)). For sugar
beet roots, the response was different from the other cash crops as
autumn cover crop amendments resulted in an increase of Betaproteo
bacteria (Oxalobacteraceae (54.23 ± 4.95%)), at the expense of Gam
maproteobacteria (Pseudomonadaceae (6.93 ± 1.11%)) and
Alphaproteobacteria (Rhizobiaceae (3.98 ± 0.41%), Sphingomonada
ceae (2.36 ± 0.36%) and Caulobacteraceae (1.54 ± 0.11%)). In addition
to these shifts, autumn-collected cover crops increased the relative
abundance of Bacillaceae in carrot and onion roots (Fig. 4 and Table S9).
Next, to these general collection-time related effects, specific effects of
cover crop species were observed (Figure S5 and S6). For instance,
consistent stimulation of Bacillaceae was detected as a result of
amending the soils with rapeseed, vetch and autumn-collected radish.

The effect of cover crop amendments on the composition of rootinhabiting bacteria of cash crops was strongly influenced by the
collection time of the cover crops and the identity of both cash and cover
crops (Table S7). Of these factors, cash crop identity had the largest
effect on bacterial community composition (R2 = 0.25, p < 0.001),
followed by cover crop collection time (R2 = 0.08, p < 0.001) and cover
crop identity (R2 = 0.07, p < 0.001; Table S7). These factors were not
acting independent as can be seen from significant interactions
(Table S7). In general, strongest effects of decomposing cover crops on
cash crop root bacterial species composition were seen for autumncollected materials (Fig. 3). This effect of collection time of cover
crops was less pronounced for bacterial species richness and diversity
(Figure S3). Cover crop species effects on root-associated bacterial
communities were seen for all cash crops seedlings, in particular for
autumn-collected cover crops (Figure S4 and Table S8).
Proteobacteria was the dominant phylum of root-inhabiting bacteria
of all cash crop species for both amended soils and controls. The relative
abundances of different classes within phylum Proteobacteria, such as
Betaproteobacteria, were affected by cash crop identity (F3, 175 =
43.608, p < 0.001) and cover crop amendments (cover crop identity, F7,
175 = 7.163, p < 0.001; and cover crop collection time, F1, 175 = 47.390,
p < 0.001), in particular by the materials collected in autumn (Fig. 4A).
For asparagus and onion and to a lesser extent for carrot, amendment
with autumn-collected cover crops resulted in a decrease in the relative
abundance of Betaproteobacteria, when compared with non-amended
controls. For asparagus roots, a clear shift was seen from dominance
of Betaproteobacteria (68.31%) in the unamended control to that of
Gammaproteobacteria (59.46 ± 7.10%, Mean ± SE) in the treatment
with autumn cover crop amendments. More specifically, at the family
level, we observed a shift from Oxalobacteraceae (41.51%) and

3.4. Effects of cover crops on assembly of fungi colonizing cash crop roots
Similar to the composition of bacterial communities, all main treat
ment factors (cash crop species, cover crop species, and cover crop
collection time) had significant main and interacting impacts on the
community structure of root-inhabiting fungi (Table S7). Of these fac
tors, cash crop identity had the greatest effect (R2 = 0.29, p < 0.001). In
contrast to what was found for bacteria, amendments with cover crops
collected in winter caused the strongest increase in species richness and
-diversity of fungi colonizing roots of cash crop seedlings (Figure S7).
Strong effects of cover crops collection time on the composition of root-

Fig. 3. Principal coordinate plots showing the effects of amendment with milled cover crop materials on composition of bacterial communities associated with roots
of cash crop seedlings (A, Asparagus; B, Carrot; C, Onion; and D, Sugar beet) as based on Bray-Curtis distances.
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Fig. 4. Relative abundance of the top ten most abundant classes of bacteria (A) and fungi (B) inhabiting roots of cash crop seedlings grown in soil amended with
milled cover crop materials. Autumn and Winter: cover crop collected in November and February, respectively; CK: non-amended controls.

Fig. 5. Principal coordinate plot showing the effects of amendment with milled cover crop materials on composition of fungal communities associated with roots of
cash crops seedlings (A, Asparagus; B, Carrot; C, Onion; and D, Sugar beet) as based on Bray-Curtis distances.
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associated fungi were only seen for sugar beet (R2 = 0.163, p < 0.001;
Fig. 5). Effects of cover crop identity were apparent for all cash crops
(Figure S8 and Table S10). Yet, the number of significant differences in
cash crop root associated fungal communities between unamended
controls and cover crop amendments was lower than for bacteria
(Figure S9).
Ascomycota was the dominant phylum of root-inhabiting fungi of
asparagus and sugar beet seedlings for both amended treatments and
controls, while Olpidiomycota was the most abundant phylum in the
roots of carrot and onion in the unamended controls (Fig. 4B, S10 and
Table S11). Dominant ascomycete classes for asparagus and sugar beet
in the unamended controls were Sordariomycetes (72.86%) and Leo
tiomycetes (26.36%), respectively (Fig. 4B and Table S11). Interestingly,
there was a consistent enrichment of Mortierellomycetes in the roots of
cash crops after amendment with cover crop materials collected in
autumn (Fig. 4B and S10). Likewise, a stimulation of Agaricomycetes
could be clearly seen after cover crop amendments in the roots of all cash
crops seedlings except asparagus. This stimulation of Agaricomycetes
was particularly strong for sugar beet (Fig. 4B, S11 and Table S11). In
addition to the general effects of cover crop amendments, there were
species specific effects of cover crops (Figure S11 and S12). For instance,
Mortierellomycetes was also strongly stimulated by vetch collected in
winter. Furthermore, there were differences in the extent of stimulation
of Agaricomycetes in cash crops seedling roots by different cover crop
species.

et al., 2019). In particular, decomposability and elemental composition
of cover crop residues are of importance for cash crop biomass pro
duction. In our study the total biomass of carrot, onion and sugar beet
seedlings was stimulated by amendment with milled material of
autumn-collected cover crops, whereas this was only the case for three of
the cover crops collected in winter, namely the ones that were still green
(radish, rape seed, vetch). These winter-hardy cover crops still had
relatively high concentrations of N, P and K.
Contents of major plant nutrients in organic amendments are an
important indicator for their value as fertilizer during decomposition
(Finney et al., 2016). Here this was confirmed by high mineral N
accumulation in unplanted soil after incorporation of autumn-collected
cover crop residues. Indeed, the average weights of carrot, onion and
sugar beet seedlings grown with cover crop amendments were nega
tively correlated with cover crop C/N ratio. Yet, the correlation of
mineral N accumulation from cover crop residues was only significant
for carrot seedlings (Table S1-B). Cover crop C/N ratio was strongly
correlated with other elements, in particular P and S (Table S1-B).
Hence, other nutrients may have been more important in growth pro
motion. Growth stimulating effects of high-quality cover crop materials
were not seen for asparagus seedlings. Seeds of asparagus are the largest
among the studied cash crops and can, therefore, supply more nutrients
to their seedlings (Milberg et al., 1998).
Legacy effects of soil-borne pathogens of the soils used to prepare the
soil mixture on which the cash crops were sown, were clearly seen in the
development of seedlings. Highest incidence of pre-emergence damping
off was seen for asparagus and was likely caused by Fusarium oxysporum.
The most known fungal pathogen of asparagus, F. oxysporum f.sp.
asparagi, attacks asparagus plants at any stage in their life, although
susceptibility is highest during early stages of development (Elmer,
2015). High quality cover crop materials (autumn-harvest) increased
the severity of asparagus pre-emergence damping off. Increase of
severity of soil-borne diseases after amendments with easily degradable
organic materials may be attributed to direct stimulation of pathogens or
lowered competitive pressure by other soil microbes (Termorshuizen
et al., 2006; Bakker et al., 2016; Bonanomi et al., 2010, 2018). In
addition, slight decrease of soil pH due to nitrification of mineralized
ammonium from low C/N residues may have increased the virulence of
F. oxysporum (Elmer, 2015). Deleterious allelopathic compounds
released from fresh cover crops residues may have contributed to spe
cific effects of cover crops in case they directly harm the seed germi
nation and root growth, thereby increasing the chances of pathogen
attacks (Kunz et al., 2016).
A completely different pattern of effects of cover crop quality was
seen for sugar beet where damping-off disease was reduced by low C/N
residues. As indicated in 4.3 the increase of microbial antagonists of
Rhizoctonia solani may have played a major role here.

3.5. Correlations between microbial taxa and disease tolerance of sugar
beet seedlings
Since post-emergence damping-off occurred mainly with sugar beet
seedlings, we calculated the correlations of root-inhabiting microbial
taxa with survival of established sugar beet seedlings. At the family
level, relative abundances of both Oxalobacteraceae (R = 0.720, p =
0.007) and Bacillaceae (R = 0.570, p = 0.046) were significantly posi
tively correlated with the number of apparently healthy sugar beet
seedlings (Table 1). At the genus level, these correlations were found for
Massilia, Janthinobacterium and Bacillus (Table 1). The relative abun
dance of root-inhabiting Mortierellomycetes was also positively corre
lated (R = 0.670, p = 0.015) with surviving sugar beet seedlings.
Negative correlations with the number of surviving sugar beet seedlings
were seen for Comamonadaceae (R = − 0.820, p < 0.001), Rhizobiaceae
(R = − 0.829, p < 0.001) and Pseudomonadaceae (R = − 0.601, p =
0.036) (Table S12).
4. Discussion
4.1. Effects of decomposing cover crops on the performance of cash crop
seedlings

4.2. Effects of decomposing cover crops on the assembly of cash crop root
microbiomes

Decomposition of incorporated cover crops in arable soils affects the
nutrient availability for the next cash crops (Dias et al., 2015; Abdalla

To our knowledge, this represents the first investigation on the role
of decomposing cover crop species quality and identity on the compo
sition of root-associated microbes of different species of cash crop
seedlings. The microbial composition of the root surface (rhizoplane)
and root interior (endosphere) depends on many variables, including the
plant (i.e. the host genotype and developmental stage) and the compo
sition of bulk soil microbiomes from which most root-associated mi
crobes originate (Hardoim et al., 2015). Plant specific composition of
root exudates is an important factor in selecting a subset of soil micro
organisms colonizing the rhizoplane and the inner parts of roots (Hai
char et al., 2014; Lugtenberg et al., 2016; Afzal et al., 2019). Indeed, our
results confirm that cash crop identity is a major factor determining
composition of both bacterial and fungal root-associated communities.
Yet, within the context of selection of microbes by cash crop species, we
found a significant modifying effect of the presence of decomposing

Table 1
Significant pearson’s correlations between relative abundances of taxonomic
microbial groups and disease tolerance of sugar beet seedlings towards postemergence damping-off.
Selected taxa

Disease tolerance

p-value

Bacteria
Oxalobacteraceae
Massilia
Janthinobacterium
Bacillaceae
Bacillus

0.720
0.722
0.558
0.570
0.570

0.007
0.007
0.049
0.046
0.046

Fungi
Mortierellomycetes
Mortierellaceae

0.670
0.669

0.015
0.015
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cover crops. Previous studies already showed that the presence of
decomposing cover crop residues can alter the composition of microbial
communities in the bulk soil (Finney et al., 2017; Nevins et al., 2018;
Schmidt et al., 2019; Kim et al., 2020). In a study by Lupwayi et al.
(2018), it was shown that these changes in bulk soil microbial com
munity composition also affect the rhizosphere microbiome of wheat. In
addition, it has been shown that changes in bulk soil community
composition and soil properties caused by fertilizer amendments can
have impact on the root microbiome of cash crops (Caradonia et al.,
2019). In our study, we found an impact of decomposing cover crop
residues on root-associated microbiomes of crop seedlings and this effect
was strongly dependent on the collection time of cover crops. This is
likely due to differences in chemical composition of autumn- and
winter-collected cover crops leading to differences in communities of
residue decomposers (see 1st section of discussion). For instance, a
consistent increase in Mortierellomycetes among root-inhabiting fungi
was seen for amendments with high quality (i.e. autumn-collected cover
crops). Mortierellomycetes are known to respond strongly to the pres
ence of easily degradable, nitrogen-rich organic materials (Kjøller and
Struwe, 2002; Clocchiatti et al., 2020).
Our results indicated that interacting effects of cover crop quality
and cash crop identity should be considered. A clear example of such
interactions is the consistent increase of Enterobacteriaceae in asparagus
with autumn cover crops. Quality related effects of cover crop – cash
crop interactions on root-associated microbes have been reported for the
intensity of cash crop root colonization by arbuscular mycorrhizal fungi
(Higo et al., 2019; Hontoria et al., 2019). Besides quality-related effects,
we found that individual cover crop species favored particular
root-associated microbial groups during the decomposition. For
example, consistent stimulation of Bacillaceae in roots of cash crops
seedlings was found in soil amended with rapeseed and vetch. This is in
line with earlier studies reporting that PLFA profiling of soil bacterial
communities indicated dominance of Gram-positive bacteria after
growing rapeseed and vetch cover crops soils (Mackie et al., 2014;
Finney et al., 2017).

which gave the highest suppression of disease in sugar beet seedlings,
were actually stimulating growth and infectivity of R. solani. We did not
quantify this here, but several studies have shown that cover crop resi
dues can stimulate growth of R. solani (Rickerl et al., 1992; Larkin et al.,
2010).
Antagonistic activity of root-associated Massilia and Janthinobacte
rium against R. solani may be related to their ability to produce chiti
nases (Gleave et al., 1995; Faramarzi et al., 2009). In previous studies, it
has been shown that chitin amendment can increase Rhizoctonia sup
pression (Postma and Schilder, 2015). Recently, Rhizoctonia-induced
activation of chitinase production by root endophytic bacteria in sugar
beet seedlings was reported by Carrión et al. (2019). In that study, the
major chitinase producers were Bacteroidetes (families Chitinophaga
ceae and Flavobacteriaceae). In our study, only Flavobacteriaceae were
detected among the 12 most dominant bacterial families but they did not
correlate with disease-tolerance of sugar beet seedlings. Since, chitinase
production is widespread among bacterial taxa, environmental factors
such as soil type may determine which groups of chitin producers are
dominant and are triggered by pathogens (Bai et al., 2016).
Although the relative abundance of the family Bacillaceae was not
high in roots of sugar beet seedlings, there was a strong positive corre
lation between Rhizoctonia tolerance of sugar beet seedlings and relative
abundance of Bacillaceae in their roots. Bacilli are well-known as mi
crobial biocontrol agents (Cawoy et al., 2011). Interestingly, the afore
mentioned study of Carrión et al. (2019) did also indicate a possible
involvement of endophytic bacilli in protection of sugar beet seedlings
against R. solani.
Next to the aforementioned bacterial groups, the relative abundance
of root-associated Mortierellomycetes was also positively correlated
with disease tolerance in sugar beet seedlings. A recent study showed
suppression of the plant pathogenic fungus Alternaria brassica in Arabi
dopis caused by a root colonizing Mortierella species (Johnson et al.,
2019). Mortierellomycetes are known as vigorous producers of
extra-cellular chitinases and this may contribute to the control of
pathogens infecting roots, similar as indicated for bacteria (Swiontek
Brzezinska et al., 2014).

4.3. Correlations between root microbiome composition and disease
tolerance of beet seedlings

4.4. Perspective to enhance root microbiome functioning with cover crop
residues

Correlation analysis can give a first indication of root-associated
microbial groups that are involved in protection of seedlings against
damping off pathogens. This will be especially the case for postemergence damping-off as pathogen-antagonist interactions in and on
roots can have a major impact (Lamichhane et al., 2017). Here
post-emergence damping-off occurred mainly with sugar beets and was
most likely caused by R. solani.
In our study, the relative abundance of root-associated bacteria of the
families Oxalobacteraceae and Bacillaceae was found to be significantly
correlated with disease tolerance of sugar beet seedlings. Of these two
families, Oxalobacteraceae was by far the most abundant one, with
Massilia and Janthinobacterium as the major genera. Both genera were
positively correlated with survival of sugar beet seedlings. Interestingly,
Bonanomi et al. (2018a) reported that Massilia was enriched in the let
tuce soil suppressive towards R. solani. In another study, Janthino
bacterium isolated from wheat soil with increased suppresiveness against
R. solani showed strong antagonism against this pathogen. (Yin et al.,
2021). Earlier, the abundance and activity of Oxalobacteraceae have
been shown to increase in the rhizosphere of sugar beet seedlings in
disease-suppressive soil when exposed to R. solani (Chapelle et al.,
2016). This pathogen-induced triggering of Oxalobacteraceae in the
rhizosphere was proposed to be caused by direct (due to pathogen ex
udates such as oxalic acid) or indirect (caused by different root exudates
as a consequence of pathogen stress) selective effects. A similar mech
anism may explain the observed positive correlation of root-associated
Oxalobacteraceae and disease-tolerance of sugar beet seedlings. How
ever, this would imply that the high-quality cover crops amendments,

Effects of incorporation of cover crop residues on performance of
cash crops has been extensively examined, including both nutrient
supply and disease-suppression studies (Larkin, 2015; Finney et al.,
2016; Barel et al., 2018). For disease-suppression, this has been attrib
uted to stimulation of pathogen-suppressing activities and microbes in
soil and rhizosphere microbial communities (Klein et al., 2013; Larkin,
2015; Vukicevich et al., 2016). Our study extends this to the effect of
cover crop decomposition on root-associated microbial communities.
Root-associated microbes are of high importance in sustainable agri
culture as they form the last microbial barrier for the plants against
pathogens that have escaped suppressive activities of bulk and rhizo
sphere microbes (Liu et al., 2017). The effects of cover crop residue
quality and to a lesser extent of cover crops species on composition of
root-associated microbes in cash crop seedlings, indicate that steering
towards a more protective root microbiome is possible. However,
several hurdles have to be taken before reliable advice can be given on
the use of cover crops for enhancing disease control by root micro
biomes. Most important are: fine-tuning towards the major pathogen
constraint for the planned cash crop cultivation, determination of
optimal concentration and fragment size of cover crop residues, timing
of the incorporation of cover crops and understanding of possible
interfering effects of differences in soil properties.
5. Conclusions
Our results showed that decomposing cover crop residues have an
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impact on the assembly of microbial communities inhabiting cash crops
roots. Cover-crop induced shifts in the root-associated microbial com
munities of cash crops, were largely determined by the quality
(elemental composition) of cover crop residues and to a lesser extent by
cover crop species identity. Yet, the impacts of decomposing cover crop
residues are within the context of cash crop specific selection of rootassociated microbes. This implies that steering of cash crop root
microbiomes by cover crop residue incorporation to enhance func
tioning is possible but should be optimized for different cash crop spe
cies. The perspectives for application are promising as indicated by the
relationship between increased disease-tolerance and cover crop
induced modification of microbiomes of sugar beet seedlings. Controlled
experiments as done in our study do give insight in the steering possi
bilities offered by cover crops. However, these findings should be
confirmed in field trials.

Bonanomi, G., Incerti, G., Giannino, F., Mingo, A., Lanzotti, V., Mazzoleni, S., 2013.
Litter quality assessed by solid state 13C NMR spectroscopy predicts decay rate better
than C/N and Lignin/N ratios. Soil Biology and Biochemistry 56, 40–48.
Bonanomi, G., Lorito, M., Vinale, F., Woo, S.L., 2018b. Organic amendments, beneficial
microbes, and soil microbiota: toward a unified framework for disease suppression.
Annual Review of Phytopathology 56, 1–20.
Bulgarelli, D., Schlaeppi, K., Spaepen, S., Ver Loren van Themaat, E., Schulze-Lefert, P.,
2013. Structure and functions of the bacterial microbiota of plants. Annual Review of
Plant Biology 64, 807–838.
Caradonia, F., Ronga, D., Catellani, M., Giaretta Azevedo, C.V., Terrazas, R.A.,
Robertson-Albertyn, S., Francia, E., Bulgarelli, D., 2019. Nitrogen fertilizers shape
the composition and predicted functions of the microbiota of field-grown tomato
plants. Phytobiomes Journal 3, 315–325.
Carrión, V.J., Perez-Jaramillo, J., Cordovez, V., Tracanna, V., de Hollander, M., RuizBuck, D., Mendes, L.W., van Ijcken, W.F.J., Gomez-Exposito, R., Elsayed, S.S.,
Mohanraju, P., Arifah, A., van der Oost, J., Paulson, J.N., Mendes, R., van Wezel, G.
P., Medema, M.H., Raaijmakers, J.M., 2019. Pathogen-induced activation of diseasesuppressive functions in the endophytic root microbiome. Science 366, 606–612.
Cawoy, H., Bettiol, W., Fickers, P., Ongena, M., 2011. Bacillus-based biological control of
plant diseases. In: Stoytcheva, M. (Ed.), Pesticides in the Modern World—Pests
Control and Pesticides Exposure and Toxicity Assessment. InTech, pp. 273–302.
Chapelle, E., Mendes, R., Bakker, P.A., Raaijmakers, J.M., 2016. Fungal invasion of the
rhizosphere microbiome. The ISME Journal 10, 265–268.
Clocchiatti, A., Hannula, S.E., van den Berg, M., Korthals, G., de Boer, W., 2020. The
hidden potential of saprotrophic fungi in arable soil: patterns of short-term
stimulation by organic amendments. Applied Soil Ecology 147, 103434.
Compant, S., Duffy, B., Nowak, J., Clement, C., Barka, E.A., 2005. Use of plant growthpromoting bacteria for biocontrol of plant diseases: principles, mechanisms of
action, and future prospects. Applied and Environmental Microbiology 71,
4951–4959.
Dias, T., Dukes, A., Antunes, P.M., 2015. Accounting for soil biotic effects on soil health
and crop productivity in the design of crop rotations. Journal of the Science of Food
and Agriculture 95, 447–454.
Edwards, J., Johnson, C., Santos-Medellin, C., Lurie, E., Podishetty, N.K., Bhatnagar, S.,
Eisen, J.A., Sundaresan, V., 2015. Structure, variation, and assembly of the rootassociated microbiomes of rice. Proceedings of the National Academy of Sciences of
the United States of America 112, E911–E920.
Elmer, W.H., 2015. Management of Fusarium crown and root rot of asparagus. Crop
Protection 73, 2–6.
Faramarzi, M.A., Fazeli, M., Yazdi, M.T., Adrangi, S., Ahmadi, K.J.A., Tasharrofi, N.,
Mohseni, F.A., 2009. Optimization of cultural conditions for production of chitinase
by a soil isolate of Massilia timonae. Biotechnology 8, 93–99.
Finney, D.M., Buyer, J.S., Kaye, J.P., 2017. Living cover crops have immediate impacts
on soil microbial community structure and function. Journal of Soil and Water
Conservation 72, 361–373.
Finney, D.M., White, C.M., Kaye, J.P., 2016. Biomass production and carbon/nitrogen
ratio influence ecosystem services from cover crop mixtures. Agronomy Journal 108,
39–52.
Gaiero, J.R., McCall, C.A., Thompson, K.A., Day, N.J., Best, A.S., Dunfield, K.E., 2013.
Inside the root microbiome: bacterial root endophytes and plant growth promotion.
American Journal of Botany 100, 1738–1750.
Gleave, A.P., Taylor, R.K., Morris, B.A., Greenwood, D.R., 1995. Cloning and sequencing
of a gene encoding the 69-kDa extracellular chitinase of Janthinobacterium lividum.
FEMS Microbiology Letters 131, 279–288.
Gweon, H.S., Oliver, A., Taylor, J., Booth, T., Gibbs, M., Read, D.S., Griffiths, R.I.,
Schonrogge, K., 2015. PIPITS: an automated pipeline for analyses of fungal internal
transcribed spacer sequences from the Illumina sequencing platform. Methods in
Ecology and Evolution 6, 973–980.
Haichar, F.E., Santaella, C., Heulin, T., Achouak, W., 2014. Root exudates mediated
interactions belowground. Soil Biology and Biochemistry 77, 69–80.
Hansen, T.H., Laursen, K.H., Persson, D.P., Pedas, P., Husted, S., Schjoerring, J.K., 2009.
Micro-scaled high-throughput digestion of plant tissue samples for multi-elemental
analysis. Plant Methods 5, 12.
Hardoim, P.R., van Overbeek, L.S., Berg, G., Pirttila, A.M., Compant, S., Campisano, A.,
Doring, M., Sessitsch, A., 2015. The hidden world within plants: ecological and
evolutionary considerations for defining functioning of microbial endophytes.
Microbiology and Molecular Biology Reviews 79, 293–320.
Hartmann, A., Schmid, M., van Tuinen, D., Berg, G., 2009. Plant-driven selection of
microbes. Plant and Soil 321, 235–257.
Higo, M., Tatewaki, Y., Gunji, K., Kaseda, A., Isobe, K., 2019. Cover cropping can be a
stronger determinant than host crop identity for arbuscular mycorrhizal fungal
communities colonizing maize and soybean. PeerJ 7, e6403.
Hontoria, C., Garcia-Gonzalez, I., Quemada, M., Roldan, A., Alguacil, M.M., 2019. The
cover crop determines the AMF community composition in soil and in roots of maize
after a ten-year continuous crop rotation. The Science of the Total Environment 660,
913–922.
Ihrmark, K., Bodeker, I.T., Cruz-Martinez, K., Friberg, H., Kubartova, A., Schenck, J.,
Strid, Y., Stenlid, J., Brandstrom-Durling, M., Clemmensen, K.E., Lindahl, B.D., 2012.
New primers to amplify the fungal ITS2 region–evaluation by 454-sequencing of
artificial and natural communities. FEMS Microbiology Ecology 82, 666–677.
Johnson, J.M., Ludwig, A., Furch, A.C.U., Mithofer, A., Scholz, S., Reichelt, M.,
Oelmuller, R., 2019. The beneficial root-colonizing fungus Mortierella hyalina
promotes the aerial growth of Arabidopsis and activates calcium-dependent responses
that restrict Alternaria brassicae-induced disease development in roots. Molecular
Plant-Microbe Interactions 32, 351–363.

Declaration of competing interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Acknowledgements
We thank Dr. Mattias de Hollander (NIOO-KNAW) for his help in
sequence data analysis and Dr. Kristof Brenzinger (NIOO-KNAW) for his
assistance in collecting cover crops. We thank Joordens Zaden for
allowing us to take samples of cover crops from their fields. This
research was supported by the Chinese Scholarship Council (No.
201606990035), the Key Project of China National Tobacco Corporation
(SYC202010)
and
Southwest
University
Research
Project
(XDJK2020C068). This is publication number 7224 of the Netherlands
Institute of Ecology (NIOO-KNAW).
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.soilbio.2021.108343.
References
Abdalla, M., Hastings, A., Cheng, K., Yue, Q., Chadwick, D., Espenberg, M., Truu, J.,
Rees, R.M., Smith, P., 2019. A critical review of the impacts of cover crops on
nitrogen leaching, net greenhouse gas balance and crop productivity. Global Change
Biology 25, 2530–2543.
Afzal, I., Shinwari, Z.K., Sikandar, S., Shahzad, S., 2019. Plant beneficial endophytic
bacteria: mechanisms, diversity, host range and genetic determinants.
Microbiological Research 221, 36–49.
Bai, Y., Eijsink, V.G., Kielak, A.M., van Veen, J.A., de Boer, W., 2016. Genomic
comparison of chitinolytic enzyme systems from terrestrial and aquatic bacteria.
Environmental Microbiology 18, 38–49.
Bakker, M.G., Acharya, J., Moorman, T.B., Robertson, A.E., Kaspar, T.C., 2016. The
potential for cereal rye cover crops to host corn seedling pathogens. Phytopathology
106, 591–601.
Barel, J.M., Kuyper, T.W., de Boer, W., Douma, J.C., de Deyn, G.B., 2018. Legacy effects
of diversity in space and time driven by winter cover crop biomass and nitrogen
concentration. Journal of Applied Ecology 55, 299–310.
Bending, G.D., Lincoln, S.D., 1999. Characterisation of volatile sulphur-containing
compounds produced during decomposition of Brassica juncea tissues in soil. Soil
Biology and Biochemistry 31, 695–703.
Berendsen, R.L., Vismans, G., Yu, K., Song, Y., de Jonge, R., Burgman, W.P.,
Burmolle, M., Herschend, J., Bakker, P., Pieterse, C.M.J., 2018. Disease-induced
assemblage of a plant-beneficial bacterial consortium. The ISME Journal 12,
1496–1507.
Bergmann, G.T., Bates, S.T., Eilers, K.G., Lauber, C.L., Caporaso, J.G., Walters, W.A.,
Knight, R., Fierer, N., 2011. The under-recognized dominance of Verrucomicrobia in
soil bacterial communities. Soil Biology and Biochemistry 43, 1450–1455.
Bonanomi, G., Antignani, V., Capodilupo, M., Scala, F., 2010. Identifying the
characteristics of organic soil amendments that suppress soilborne plant diseases.
Soil Biology and Biochemistry 42, 136–144.
Bonanomi, G., Cesarano, G., Antignani, V., Di Maio, C., De Filippis, F., Scala, F., 2018a.
Conventional farming impairs Rhizoctonia solani disease suppression by disrupting
soil food web. Journal of Phytopathology 166, 663–673.

10

X. Liu et al.

Soil Biology and Biochemistry 160 (2021) 108343
Muller, D.B., Vogel, C., Bai, Y., Vorholt, J.A., 2016. The plant microbiota: systems-level
insights and perspectives. Annual Review of Genetics 50, 211–234.
Nascente, A.S., Li, Y.C.C., Crusciol, C.A.C., 2013. Cover crops and no-till effects on
physical fractions of soil organic matter. Soil and Tillage Research 130, 52–57.
Nevins, C.J., Nakatsu, C., Armstrong, S., 2018. Characterization of microbial community
response to cover crop residue decomposition. Soil Biology and Biochemistry 127,
39–49.
Philippot, L., Raaijmakers, J.M., Lemanceau, P., van der Putten, W.H., 2013. Going back
to the roots: the microbial ecology of the rhizosphere. Nature Reviews Microbiology
11, 789–799.
Postma, J., Schilder, M.T., 2015. Enhancement of soil suppressiveness against Rhizoctonia
solani in sugar beet by organic amendments. Applied Soil Ecology 94, 72–79.
Pruesse, E., Peplies, J., Glockner, F.O., 2012. SINA: accurate high-throughput multiple
sequence alignment of ribosomal RNA genes. Bioinformatics 28, 1823–1829.
Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J.,
Glockner, F.O., 2013. The SILVA ribosomal RNA gene database project: improved
data processing and web-based tools. Nucleic Acids Research 41, D590–D596.
Reganold, J.P., Elliott, L.F., Unger, Y.L., 1987. Long-term effects of organic and
conventional farming on soil erosion. Nature 330, 370–372.
Reinhold-Hurek, B., Bunger, W., Burbano, C.S., Sabale, M., Hurek, T., 2015. Roots
shaping their microbiome: global hotspots for microbial activity. Annual Review of
Phytopathology 53, 403–424.
Rickerl, D.H., Curl, E.A., Touchton, J.T., Gordon, W.B., 1992. Crop mulch effects on
Rhizoctonia soil infestation and disease severity in conservation-tilled cotton. Soil
Biology and Biochemistry 24, 553–557.
Schmidt, R., Mitchell, J., Scow, K., 2019. Cover cropping and no-till increase diversity
and symbiotroph:saprotroph ratios of soil fungal communities. Soil Biology and
Biochemistry 129, 99–109.
Sessitsch, A., Pfaffenbichler, N., Mitter, B., 2019. Microbiome applications from lab to
field: facing complexity. Trends in Plant Science 24, 194–198.
Swiontek Brzezinska, M., Jankiewicz, U., Burkowska, A., Walczak, M., 2014. Chitinolytic
microorganisms and their possible application in environmental protection. Current
Microbiology 68, 71–81.
Tao, J., Liu, X., Liang, Y., Niu, J., Xiao, Y., Gu, Y., Ma, L., Meng, D., Zhang, Y., Huang, W.,
Peng, D., Yin, H., 2017. Maize growth responses to soil microbes and soil properties
after fertilization with different green manures. Applied Microbiology and
Biotechnology 101, 1289–1299.
Termorshuizen, A.J., van Rijn, E., van der Gaag, D.J., Alabouvette, C., Chen, Y.,
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