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Abstract
Crop residues are a crucial ecological niche with a major biological impact on agricultural ecosystems. In this study, we used a
combined diachronic and synchronic field experiment based on wheat-oilseed rape rotations to test the hypothesis that plant is a
structuring factor of microbial communities in crop residues, and that this effect decreases over time with their likely progressive
degradation and colonisation by other microorganisms. We characterised an entire fungal and bacterial community associated
with 150 wheat and oilseed rape residue samples at a plurennial scale by metabarcoding. The impact of plant species on the
residue microbiota decreased over time and our data revealed turnover, with the replacement of oligotrophs, often plant-specific
genera (such as pathogens) by copiotrophs, belonging to more generalist genera. Within a single cropping season, the plant-
specific genera and species were gradually replaced by taxa that are likely to originate from the soil. These changes occurredmore
rapidly for bacteria than for fungi, known to degrade complex compounds. Overall, our findings suggest that crop residues
constitute a key fully-fledged microbial ecosystem. Taking into account this ecosystem, that has been neglected for too long, is
essential, not only to improve the quantitative management of residues, the presence of which can be detrimental to crop health,
but also to identify groups of beneficial microorganisms. Our findings are of particular importance, because the wheat-oilseed
rape rotation, in which no-till practices are frequent, is particularly widespread in the European arable cropping systems.
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Background

Crop residues are an essential living element of agricultural
soils. Smil [1] stressed that they ‘should be seen not as wastes
but as providers of essential environmental services, assuring
the perpetuation of productive agrosystems’. When left in the
field in the period between two successive crops, rather than

being buried immediately, crop residues contribute to the for-
mation of soil organic carbon, improve soil structure, prevent
erosion, filter and retain water, reduce evaporation from the
soil surface and increase the diversity and activity of microor-
ganisms in the ground [2]. No-till practices are becoming in-
creasingly widespread, as they take advantage of these attri-
butes [3]. However, such practices are often considered likely
to increase the risk of disease epidemics [4–6]. Indeed, several
leaf-, stem-, head- and fruit-infecting microorganisms, classi-
fied as ‘residue-borne’ or ‘stubble-borne’ pathogens, are de-
pendent on host residues for survival during the period be-
tween successive crops and for the production of inoculum
for their next attack [7, 8]. The epidemiological contribution
of residues as an effective source of inoculum is well
established but difficult to quantify [e.g. 9] and generalise,
because the nature of survival structures depends on the biol-
ogy of the species. The situation is rendered even more com-
plex by the presence of several species reported to act as crop
pathogens in plants as endophytes, without symptom devel-
opment in the plant, and in the soil and plant residues as
saprophytes. Taking into account the inoculum from stubble-
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borne pathogens and possible competition with other micro-
organisms, it appears likely that the expression of a disease is
the consequence of an imbalance between a potentially path-
ogenic species and the rest of the microbial community, rather
than the consequence of the mere presence of this species [10].

Residues constitute a crucial ecological niche, not only for
pathogenic species, but also for non-pathogenic and beneficial
species. Residues can be viewed as both a fully-fledged matrix
and a transient compartment, because they originate from the
plant (temporal link), are in close contact with the soil (spatial
link) and degrade over the following cropping season, at rates
depending on the plant species, the cropping practices used
[11], and the year (climate effect). It remains unknown wheth-
er the succession of microbial communities in residues is driv-
en primarily by plant tissue degradation or edaphic factors
[12]. Many studies have investigated the structure of the mi-
crobial communities present during the life cycle of the plant
[e.g. 13–15], but few have investigated the microbiota associ-
ated with plant residues. Several ecological studies have in-
vestigated the impact of the residue compartment on the struc-
ture of soil microbial communities [2, 16–19], but not the
impact of the soil compartment on structure of the residue
communities. The detritusphere, defined as the part of the soil
attached to residues [12, 20, 21], is the most extensive and
broad hotspot of microbial life in the soil [22]. The residue
compartment and the detritusphere are located in close phys-
ical proximity but are considered by microbiologists to be
separate trophic and functional niches [23]. A description of
the residue communities and the specific changes in these
communities over time might, therefore, help agronomists to
understand the impact of cropping practices on crop produc-
tivity. Fungi and bacteria play important roles in the degrada-
tion of plant tissues in debris (cellulose, hemicellulose, lignin),
but the interactions between them within the microbial com-
munity remain unclear, due to the lack of information about
their origins (air-borne, soil-borne or plant-borne), their indi-
vidual functions and the drivers of community structure in
residues.

Crop rotation induces changes in the composition of the
soil microbial community and usually reduces pathogen pres-
sure [e.g. 18]. For instance, wheat yields benefit from ‘break
crops’ such as oilseed rape or other non-host crops to break the
life cycle of wheat-specific pathogens [24]. We focused here
on the wheat-oilseed rape rotation, one of the most widely
used cropping systems in Europe. In 2017, the areas under
bread wheat and oilseed rape in France were 5.0 million ha
and 1.4 million ha [25], respectively. As oilseed rape usually
recurs every 3 years in the rotation and is used almost system-
atically either directly before or directly after wheat, we esti-
mate that this classical rotation is used on almost 4.2 million
ha every year. Half the area occupied by these two crops is
now grown without tillage, with at least some of the residues
of the preceding crop left on the soil [26]. The issue addressed

here is thus directly relevant to more than 2 million ha, or
about one-tenth of the total arable area in France.

In this study, we deliberately focused on crop residues as a
neglected, transient, but fully-fledged half-plant/half-soil
compartment without describing the soil microbial communi-
ties, considering that it has been already performed in several
studies [e.g. 27, 28]. We tested the specific hypothesis that
plant is a structuring factor of bacterial and fungal communi-
ties in residues, and that this effect decreases over time, as
contact with the soil induce progressive colonisation of resi-
dues by other microorganisms. Over the last few years, high-
throughput metabarcoding has become an indispensable tool
for studying the ecology of such complex microbial commu-
nities [29], partly due to the difficulties in isolating fungal and
bacterial species and growing them in axenic conditions. We
used this approach to describe and compare changes in the
microbial community of wheat and oilseed rape residues left
on the soil surface of three cultivated fields during two
cropping seasons. We investigated whether the three main
determinants of the diversity of fungal and bacterial
communities—plant species, cropping season and cropping
system (monoculture vs. rotation, focusing on wheat resi-
dues)—affected the microbiota of crop residues.

Methods

Experimental Design

Field Plots and Rotations

An extensive field experiment based on a wheat (W)-oilseed
rape (O) rotation cropping systemwas carried out during the
cropping seasons of 2015–2016 and 2016–2017 at the
Grignon experimental station (Yvelines, France; 48° 51’
N, 1° 58’ E). This area is characterised by an oceanic climate
(temperate, with no dry season and a warm summer). A
combined diachronic and synchronic strategy [30] was used
to investigate the dynamics of the residue microbial com-
munities both over a 2-year period on the same plot and
along a chronosequence substituting spatial differences
(three plots) for time differences. A first monoculture plot
(WWW) was sown with the winter wheat cultivar Soissons.
This plot had been cropped with wheat since 2007 and was
used in previous epidemiological studies focusing on the
impact of wheat residues on the development of Septoria
tritici blotch [e.g. 31–33]. Two other plots were cropped
with oilseed rape cv. Alpaga and wheat cv. Soissons in ro-
tation (OWO, adjacent to the WWW plot, and WOW, locat-
ed 400 m away; Fig. 1). The size of the three plots was
identical (20 m × 100 m). The OWO and WWW plots are
characterised by a silty clay loam soil and plot WOW is
characterised by a silty loam soil. Soil texture of the three
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plots is presented in Additional Table S1. The three plots
were not tilled during the two cropping seasons. The wheat
and oilseed rape residues were left on the soil surface after
harvest. Soil was superficially disturbed to a depth of 10 cm
with a disc harrow 6 weeks later (late September), leaving a
large portion of residue on the surface. Crops were managed
in a conventional way following local practices (nitrogen
fertilisation, insecticide and herbicide treatments). No fun-
gicide was sprayed on the leaves during the study.

Residue Sampling

Wheat and oilseed rape residues from the previous crop were
collected over the two cropping seasons. The changes in the
microbial communities during residue degradation were de-
scribed on the basis of four sampling periods each year
(October, December, February, and May). Sampling dates
are presented in Additional Table S2. A supplementary sample
was taken in July 2016, and a posteriori in July 2017, to

Fig. 1 Experimental layout of the experiment. a Plots (WWW,WOWand
OWO) used during the two cropping seasons of the experiment at the
INRA Grignon experimental station (Yvelines, France). WWW, plot
cropped with winter wheat since 2007. WOW and OWO, plots cropped
with a wheat-oilseed rape rotation since 2014.Wheat straw and oilseed rape

residues were chopped at harvest and a large portion of these residues was
then left on the surface. The dashed line indicates the sampling transect. b
Oilseed rape residues in a plot cropped with wheat (OWO or WOW). c
Wheat residues in a plot cropped with oilseed rape (WOW or OWO). d
Wheat residues in the wheat monoculture crop (WWW)
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characterise the plant microbiota before the residues came into
contact with the soil. For each sampling period, residues sam-
ples were collected at soil surface from five points in each plot,
20 m apart, along a linear transect (Fig. 1). Each sample was
composed of twelve pieces of wheat residue or four pieces of
oilseed rape residue. The five sampling points were located at
the same place in the plots during the 2 years of the experiment.

DNA Extraction

Residues were cut to take off remaining roots, rinsed with
water to remove the soil and air dried in laboratory condi-
tions. They were then cut into small pieces, pooled in a
50-mL bowl and crushed with a Retsch™ Mixer Mill MM
400 for 60 s at 30 Hz in liquid nitrogen, in a zirconium
oxide blender. The crushed powder was stored in 50-mL
Falcon tubes at − 80 °C until DNA extraction. We trans-
ferred 40 mg of crushed residues to a 2.0-mL Eppendorf
tube, which was stored to − 80 °C. Total environmental
DNA (eDNA) was extracted according to the TriZol®
Reagent protocol (Invitrogen, according to the manufac-
turer’s instructions). Two independent extractions were per-
formed per sample, giving a total of 300 eDNA samples.
The two extractions were considered as technical replicates.

PCR and Illumina Sequencing

Fungal and bacterial community profiles were estimated by
amplifying ITS1 and the v4 region of the 16S rRNA gene,
respectively. Amplifications were performed with the ITS1F/
ITS2 [34] and 515f/806r [35] primers. All PCRs were run in a
reaction volume of 50 μL, with 1× Qiagen Type-it Multiplex
PCRMasterMix (Type-it®Microsatellite PCR kit Cat No./ID
206243), 0.2 μM of each primer, 1× Q-solution® and 1 μL
DNA (approximately 100 ng). The PCRmixture was heated at
95 °C for 5 min and then subjected to 35 cycles of amplifica-
tion (95 °C (1 min), 60 °C (1 min 30 s), 72 °C (1 min)) and a
final extension step at 72 °C (10 min). PCR products were
purified with Agencourt® AMPure® XP (Agencourt
Bioscience Corp., Beverly, MA). A second round of amplifi-
cation was performed with 5 μL of purified amplicons and
primers containing the Illumina adapters and indexes. PCR
mixtures were heated at 94 °C for 1 min, and then subjected
to 12 cycles of amplification (94 °C (1 min), 55 °C (1 min),
68 °C (1 min)) and a final extension step at 68 °C (10 min).
PCR products were purified with Agencourt® AMPure® XP
and quantified with Invitrogen QuantIT™ PicoGreen®.
Purified amplicons were pooled in equimolar concentrations
in five independent batches, and the final concentration of
each batch was determined with the qPCR NGS library quan-
tification kit (Agilent). The five independent batches were
sequenced in five independent runs with MiSeq reagent kit
v3 (300 bp PE).

Sequence Processing

Fastq files were processed with DADA2 v1.6.0 [36], using the
parameters described in the workflow for ‘Big Data: Paired-
end’ [37]. The onlymodificationmade relative to this protocol
was a change in the truncLen argument according to the qual-
ity of the sequencing run. Each run was analysed separately.
Taxonomic affiliations for amplicon sequence variants (ASV)
generated with DADA2 were assigned with a naive Bayesian
classifier on the RDP trainset 14 for bacteria [38] and the
UNITE 7.1 database for fungi [39].

Only ASV detected in both technical replicates were con-
served to ensure robustness [40] and were then added together.
ASV classified as ‘Cyanobacteria/chloroplast’, or not classi-
fied at the phylum level, were discarded from the datasets.
This resulted in suppression of 1.2% of reads for fungi
(4.2% of unclassified ASV), and 1.5% of reads for bacteria
(4.9% of unclassified ASV and 1.3% of ASV affiliated to
Cyanobacteria/chloroplast). The remaining ASV were nor-
malised according to the proportion of reads within each sam-
ple [41].

Microbial Community Analyses

Microbial community profiles were obtained for 100 wheat
residue samples and 50 oilseed rape residue samples. The
alpha-diversity was estimated for each sample by calculating
the Shannon index [42], completed by Faith’s phylogenetic
diversity (PD) [43, 44] for bacterial communities. The com-
positional dissimilarity between samples (beta diversity) was
estimated by the Bray-Curtis dissimilarity index.

Factors taken into account in the microbial community
analyses were plant (wheat, oilseed rape), cropping system
(monoculture, rotation), cropping season (2015–2016, 2016–
2017), sampling period (July, October, December, February,
May) and sampling plot (WWW, WOW, OWO, Fig. 1). We
used a model to test these effects on each aforementioned
index in a general way, and then conducted post hoc contrasts
to characterise the differences. A complete model combining
all the factors could not have been used because the experi-
mental design did not include an oilseed rape monoculture
field plot. Of note, oilseed rape monoculture is considered as
an agronomic nonsense. Thus, a first model including the
plant effect but not the cropping system effect (plant ×
cropping season × sampling period × sampling plot) was ap-
plied using the dataset from plots in rotation only (WOWand
OWO). The effect of the cropping system (monoculture, rota-
tion) was estimated separately using a second model
(cropping system × cropping season × sampling period) ap-
plied on the dataset from wheat residues only; the sampling
plot factor was not included in this second model as it would
have been confounding with the cropping system factor.
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The Shannon index was calculated for both bacterial and
fungal communities with the ggpubr package in R [45], and
Faith’s phylogenetic diversity was calculated for bacterial
communities with the picante package [46]. The effect of each
factor on the Shannon index was assessed with two comple-
mentary ANOVA. A Kruskal-Wallis test also performed to
assess significant differences in microbial diversity with time
for each cropping season and sampling plot. Wilcoxon
pairwise tests were also performed to compare the effects of
sampling periods. Divergences were considered significant if
p < 0.05.

The effect of each factor on the Bray-Curtis dissimilarity
index was assessed with two complementary PERMANOVA
using the adonis2 function of the vegan R package (version
2.4-4 [47] with ‘margin’ option, used to determine the effect
of each term in the model, including all other variables, to
avoid sequential effects. They were visualised by multidimen-
sional scaling (MDS) on the Bray-Curtis dissimilarity index
with the phyloseq package in R (version 1.22.3) [48] and
completed for bacterial communities by incorporating phylo-
genetic distances using the UniFrac distance matrix. After the
aggregation of ASV for each sampling condition ‘sampling
period/cropping year × crop within a rotation’, the betapart R
package [49] was used to determine whether temporal chang-
es in community composition were due to turnover (i.e. re-
placement of ASV between two sampling periods) or
nestedness (gain or loss of ASV between two sampling pe-
riods). The effect of the plant on the microbial communities
associated with residues during degradation was also assessed
with PERMANOVA on each sampling period, for each
cropping season.

The genus composition of fungal and bacterial communi-
ties was analysed with a cladogram based on genus names.
Only genera observed in three biological samples harvested
on the same plot were incorporated into the cladogram. A
cladogram representing the number of ASV for each genus,
read percentage, occurrence and distribution for each sample,
was constructed with the Interactive Tree Of Life (iTOL) [50]
online tool for phylogenetic trees.

To illustrate taxonomic changes over time, especially be-
tween plant-derived communities and communities involved
later in the colonisation of the residues, we focused on sea-
sonal shifts (increase, decrease or stability) in the relative
abundance of a selection of some fungal and bacterial genera
and tested their statistical significance (Wilcoxon tests be-
tween sampling periods).

Results

The bacterial and fungal communities associated with wheat
(W) and oilseed rape (O) crop residues were characterised on
three plots: the wheat monoculture (WWW) and two oilseed

rape wheat rotation plots (WOW and OWO) (Fig. 1). We
assessed the composition of these microbial communities four
times per year, during two consecutive cropping seasons (in
October, December, February and May). An additional time
point (in July) was also included for identification of the mi-
croorganisms present on the plant before contact with the soil.
The analysis of raw sequence datasets for the 150 samples of
wheat and oilseed rape residues collected over the two
cropping seasons resulted in the grouping of 14,287,970 bac-
terial and 9,898,487 fungal reads into 2726 bacterial and 1189
fungal amplicon sequence variants (ASV). ASV not detected
in both technical replicates (5.4% of bacterial reads and 1.5%
of fungal reads) were removed from the datasets. A total num-
ber of reads remaining after ASV filtering are presented in
Additional Table S3.

Alpha Diversity of Microbial Communities

Diversity dynamics, assessed by calculating the Shannon in-
dex, differed between the two cropping seasons and between
fungi and bacteria. The diversity was significantly impacted
by most of factors, including cropping system (monoculture,
rotation) for wheat residues (Table 1; Fig. 2). Oilseed rape
residues supported less fungal diversity and as much bacterial
diversity than wheat residues in rotation. In addition, the di-
versity was significantly higher in wheat grown in monocul-
ture than in wheat grown in rotation for both bacteria and
fungi.

Fungal diversity increased over time in 2015–2016, where-
as the differences between the samples in 2016–2017 did not
reflect a gradual increase as the minimum was reached in
December. Bacterial diversity followed a quite similar trend

Table 1 Results of the ANOVA performed to assess the effects of plant
(wheat, oilseed rape), cropping season (2015–2016, 2016–2017),
sampling period (July, October, December, February, May) and
sampling plot on the Shannon index of the fungal and bacterial
communities present in oilseed rape and wheat residues from the plots
in rotation (OWO, WOW). The effect of the cropping system
(monoculture, rotation) was estimated separately with a second
ANOVA performed on the wheat residue samples dataset only (wheat
in monoculture, i.e. in WWW; wheat in rotation, i.e. in WOW and in
OWO)

Fungi Bacteria

Tested factors F value p value F value p value

Plots in rotation Plant 22.42 < 0.001 0.33 0.567

Cropping season 14.19 < 0.001 35.28 < 0.001

Sampling period 14.25 < 0.001 37.73 < 0.001

Sampling plot 31.06 < 0.001 61.57 < 0.001

Wheat residues Cropping system 46.42 < 0.001 23.66 < 0.001

Cropping season 51.43 < 0.001 33.34 < 0.001

Sampling period 6.72 < 0.001 13.89 < 0.001
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Fig. 2 Fungal (a) and bacterial (b) diversity in plants (July) and residues
(October, December, February, May), as assessed with the Shannon
index, according to sampling period, the crop within a rotation (oilseed
rape in WOW and OWO, wheat in WWW, wheat in WOW and OWO)
and the cropping season (2015–2016, 2016–2017). Each box represents
the distribution of the Shannon index for five sampling points. Kruskal-

Wallis tests were performed for each ‘crop within a rotation × cropping
season’ combination (p values are given under each graph). Wilcoxon
tests between sampling periods were performed when the Kruskal-Wallis
test revealed significant differences. Samples not sharing letters are
significantly different
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with however a significant decreased from February to May,
more pronounced for wheat residues than for oilseed rape
residues during the first cropping season; this trend was also
illustrated by the Faith’s phylogenetic diversity (Additional
Fig. S1). The climatic conditions during residue degradation
(Additional Table S4) or differences in initial diversity on the
plant before harvest may explain the less marked trends ob-
served between the two cropping seasons.

Comparison of Microbial Communities Associated
with Residues (Beta Diversity)

We analysed the effects of plant, cropping system,
cropping season and sampling period on communities
us ing the Bray-Cur t i s d i s s imi la r i ty index and
PERMANOVA. There was remarkably little heterogeneity
between the five samples collected in the same sampling
plots (Fig. 3) and the number of biological samples was,
therefore, sufficient to assess differences due to the vari-
ables of interest (i.e. plant cropping season, sampling pe-
riod and cropping system). This result was confirmed by
the structure of bacterial communities visualised by

incorporating phylogenetic distances using the UniFrac
distance matrix (Additional Fig. S2).

The Structure of Bacterial and Fungal Communities Is
Influenced by Plant Species and Cropping System

Oilseed rape and wheat residues presented different sets of
ASV, for both bacterial and fungal communities (Fig. 3).
Plant species was the main factor explaining differences be-
tween the communities, accounting for 38.4% for fungi and
26.6% of the variance for bacteria, as established with
PERMANOVA (Table 2). For wheat, the cropping system
(rotation, monoculture) accounted for 10.5% of the variance
for fungal community composition and 6.6% of the variance
for bacterial community composition.

The percentage of variance explained by the plant de-
creased over time for fungal community structure (e.g. from
75% in October 2016 to 40% in May), whilst for bacteria, the
decrease of the percentage of variance explained by the plant
was less pronounced (from 65 to 50%). The percentages of
variance associated with the plant for each date are presented
in Additional Table S5.

Crop within a rota�on

Cropping season

July 2017

Oilseed rape in rota�on

Wheat in monoculture

Wheat in rota�on

a

b

Fig. 3 Structure of the fungal (a) and bacterial (b) communities present in
oilseed rape and wheat residues, according to compositional dissimilarity
(Bray-Curtis dissimilarity index), after multidimensional scaling (MDS).
The two MDS were performed on the overall dataset and faceted
according to the sampling period. Each point represents one sample

corresponding to a cropping season (shape 2015–2016, 2016–2017,
July 2017) and crop within a rotation (colour, oilseed rape in rotation,
i.e. in WOW and OWO; wheat monoculture, i.e. in WWW; wheat in
rotation, i.e. in WOWand OWO)
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Community Structures Change Over Time

Cropping season was the main temporal factor underlying
changes in community structure, accounting for 11.8% of
the variance for bacteria when considering only the plots in
rotation (or 24.8% when considering only the wheat resi-
dues without sampling plot effect), and 13.1% of the vari-
ance for fungi when considering only the plots in rotation
(or 29.2% when considering the wheat residues without
sampling plot effect) (Table 2). Sampling period had also
a significant impact on community composition, account-
ing for 14.9% of the variance for bacteria when considering
only the plots in rotation (or 20.4% when considering only
the wheat residues without sampling plot effect) and 6.8%
of the variance for fungi when considering only the plots in
rotation (or 12.3% when considering the wheat residues
without sampling plot effect). Theoretically, changes in
ASV composition result from turnover (replacement of
ASV between two sampling periods) and nestedness (gain
or loss of ASV between two sampling periods [49]). We
found that the dissimilarity between sampling periods was
smaller for bacterial than for fungal ASV structure. By
decomposing the dissimilarity between sampling periods,
we found that, for fungi, 94% (± 5%) of dissimilarity was
explained by turnover for oilseed rape, 89% (± 15%) for
wheat in monoculture and 80% (± 13%) for wheat in rota-
tion. For bacteria, 69% (± 17%) of dissimilarity was ex-
plained by turnover for oilseed rape, 61% (± 19%) for
wheat in monoculture and 80% (± 16%) for wheat in rota-
tion. Decomposition of dissimilarity between sampling pe-
riods is presented in Additional Table S6.

Changes in Communities, by Genus

We characterised potential taxonomic differences in commu-
nities over time by analysing wheat and oilseed rape residues
separately. ASV were aggregated together at genus level,
resulting in 84 fungal and 184 bacterial genera for wheat,
and 63 fungal and 186 bacterial genera for oilseed rape. For
the sake of clarity, the 60 most prevalent genera of fungi and
bacteria were presented in Figs. 4 and 5, respectively. All
detected genera and their evolution over time were presented
in Additional Fig. S3, S4, S5 and S6. For both plant species,
we identified genera that disappeared or displayed a signifi-
cant decrease in relative abundance over time. The seasonal
shifts of some genera and their significance are presented in
Additional Fig. S6. Among these genera, some are known to
be associated with plants, such as Alternaria, Acremonium
[14, 51, 52], Cryptococcus [53], Sarocladium [54] and
Cladosporium [13, 51–54].

Some of the fungal species detected on wheat, such as
Oculimacula yallundae (all ASV of Oculimacula genera),
Zymoseptoria tritici and Pyrenophora tritici-repentis,
(Fig. 4; Additional Fig. S3) are known to be pathogenic.
Some of the species detected on oilseed rape, such as
Verticillium spp., Leptosphaeria maculans (= Plenodomus
maculans) and Leptosphaeria biglobosa (= Plenodomus
biglobosa), are also known to be pathogenic. Strikingly,
L. maculans and L. biglobosa predominated over the other
taxa. Verticillium longisporum, V. dahlia and V. albo-atrum
were mostly detected during the second sampling year
(Fig. 4; Additional Fig. S4). As samples were collected in
two different fields, it was not possible to determine whether
the occurrence of Verticillium spp., a soil-borne pathogen
complex causing Verticillium wilt [55], was affected more
by year or by the soil contamination. Acremonium,
Clonostachys and Alternaria genera, which have also been
described as associated with plants [56], were detected in the
early sampling periods. Their relative abundances decreased
over time (Additional Fig. S7). Most of the genera that were
not present at early sampling points and with relative abun-
dances increasing over time (e.g. Coprinellus, Psathyrella,
Torula, Tetracladium and Exophiala) were common to wheat
and oilseed rape residues (Fig. 4). These genera can thus be
considered as probably derived primarily from the surround-
ing soil.

For bacteria, the difference in the genera detected between
the two plants species was less marked than for fungi, as 146
genera were common to wheat and oilseed rape residues
(Fig. 5). These 146 genera corresponded to the 98.7% most
prevalent reads for wheat and 97.5% most prevalent genus
reads for oilseed rape. Proteobacteria was the predominant
phylum the first year. The most prevalent proteobacterial sub-
group was Alphaproteobacteria, with a high prevalence of
Rhizobiales and Sphingomonadales. Rhizobium and

Table 2 Results of the PERMANOVA performed to assess the effects
of plant (wheat, oilseed rape), cropping season (2015–2016, 2016–2017),
sampling period (July, October, December, February, May) and sampling
plot on the Bray-Curtis dissimilarity index of the fungal and bacterial
communities present in oilseed rape and wheat residues from the plots
in rotation (OWO, WOW). The effect of the cropping system
(monoculture, rotation) was estimated separately with a second
PERMANOVA performed on the wheat residue samples dataset only
(wheat in monoculture, i.e. in WWW; wheat in rotation, i.e. in WOW
and in OWO). PERMANOVAs were performed using the adonis2
function with ‘margin’ option

Fungi Bacteria

Dataset Factors R2 p value R2 p value

Plots in rotation Plant 0.384 < 0.001 0.266 < 0.001

Cropping season 0.131 < 0.001 0.118 < 0.001

Sampling period 0.068 < 0.001 0.149 < 0.001

Sampling plot 0.100 < 0.001 0.053 < 0.001

Wheat residues Cropping system 0.105 < 0.001 0.066 < 0.001

Cropping season 0.292 < 0.001 0.248 < 0.001

Sampling period 0.123 < 0.001 0.204 < 0.001
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Neorhizobium, two major genera from Rhizobiales, decreased
in abundance between October and May in both wheat and
oilseed rape (Additional Fig. S7). Sphingomonadales genera
were much more abundant on wheat than on oilseed rape,
especially Sphingomonas (Fig. 5). Bacteroidetes genera, in-
cluding Pedobacter in particular, were frequently detected and
their prevalence tended to be stable for oilseed rape residues
and to decrease for wheat residues (Additional Fig. S7). In
parallel, an increase in Actinobacteria, particularly
Nocardioides, was observed. Major differences between July
and October were observed for oilseed rape, consistent with
the beta-diversity analysis, in which the percentage dissimilar-
ity between July and October was high, due to both species
extinction and turnover. Gammaproteobacteria were highly

abundant on oilseed rape in July. Their frequency then de-
creased rapidly from October to May, due largely to the de-
crease in Pseudomonas (Fig. 5; Additional Fig. S7). In paral-
l e l , we obse rved an inc r e a s e i n t he l eve l s o f
Alphaproteobacter ia , especia l ly Rhizobium and
Sphingomonas, between July and October. A small decrease
in levels ofGammaproteobacteriawas observed between July
and October for wheat in rotation, whereas the percentage of
reads associated with this class increased between July and
December for wheat in monoculture, due largely to the de-
crease in Pantoea and Enterobacteria (Fig. 5; Additional Fig.
S7). The abundance of Bacteroidetes, especially Pedobacter
and Flavobacterium, also increased between July and
October.
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Discussion

Most studies on crop residues have focused on their impact on
soil microbial communities [16], and the rare studies investi-
gating the impact of soil on residue communities focused ex-
clusively on bacteria [27, 28] or fungi [57]. Most of these
studies were conducted on residues from a single year.
Bastian et al. [12] established an extensive description of the
species present in the soil, detritusphere and wheat residues,
using sterilised residues and soil in a microcosm. In this study,
we showed, under natural conditions, that three main factors
(plant species, cropping season, rotation) simultaneously in-
fluence the composition of both fungal and bacterial commu-
nities present on residues. This study is the first to investigate
the total fungal and bacterial communities associated with

wheat and oilseed rape residues by a metabarcoding approach
over two consecutive years. The very low variability of the
communities for the five replicates is remarkable and shows
that our strategy would be appropriate for comparing the ef-
fects of different treatments on microbial communities.

Crop Residues Should Be Viewed as a Shifting
Platform for Microbial Meeting Strongly Affected
by Plant Species

Oilseed rape and wheat residues contained different sets of
microorganisms before soil contact and during the firsts sam-
pling periods after harvest. Similar results were previously
obtained for the bacterial communities of buried crop residues
[28]. Consistent with the findings of this previous study, the
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divergence between wheat and oilseed rape bacterial commu-
nities was probably due to differences in the chemical com-
pounds present in the plants. The rapid change in the commu-
nity observed at early stages of residue degradation for oilseed
rape may be explained by the modification of simple com-
pounds (sugars, starch, etc.), whereas wheat is composed of
more complex compounds (lignin) and is, therefore, broken
down less quickly, resulting in a slower change in the micro-
bial community [28]. Overall, the change in bacterial commu-
nity composition highlights turnover between copiotrophs and
oligotrophs. Although copiotrophy and oligotrophy are phys-
iological traits, several attempts have been made to classify
microorganisms as oligotrophs and copiotrophs based on phy-
logeny [58]. According to this generalisation, bacterial and
fungal taxa whose relative abundances are significantly de-
creased during succession belong mainly to copiotroph.
These taxa include for instance Alternaria, Cladosporium,
Massilia and Pseudomonas (Additional file Fig. S5). In con-
trast, the relative abundances of oligotrophic taxa such as
Coprinellus or Nocardioides increased during residues degra-
dation, which could be indicative of the superior abilities of
these microorganisms to degrade complex polymers.

The initial fungal communities were structured mostly by
the presence of species originating from the plant, several of
which were highly specialised on the host plant. These species
were gradually replaced by more generalist species, which
colonised the residues of both plants. Most of these general-
ists, such as Exophiala, Coprinellus and Torula, are known to
be soil-borne [59, 60], or involved in degradation, such as
Coprinopsis [61]. The host-specific fungi identified in our
study included a large number of ascomycetes known to be
foliar pathogens (O. yallundae, Fusarium sp. and Gibberella
sp., Z. tritici, P. tritici-repentis, Parastagonospora nodorum,
Monographella nivalis, L. biglobosa and L. maculans). The
lifestyles of some pathogens are well documented, as for
Z. tritici, P. tritici-repentis and L. maculans. The decrease with
time in levels of Z. tritici and other pathogens in wheat resi-
dues contrasts with the persistence of L. maculans and
L. biglobosa in oilseed rape residues. These three pathogens
are all known to reproduce sexually on the residues of their
host plant [31, 62], but the life cycle of L. maculans is
characterised by systemic host colonisation through intracel-
lular growth in xylem vessels [63], whereas the development
of Z. tritici is localised and exclusively extracellular [64].
Oilseed rape residues thus provide L. maculans with greater
protection than is provided to Z. tritici by wheat residues. This
likely explains differences in the persistence of the two path-
ogens and in the temporal dynamics of ascospore release: over
up to 2 years for L. maculans [65, 66] but only a few months
for Z. tritici [31, 67]. The predominance of L. maculans on
oilseed rape residues was not surprising given that the oilseed
rape cultivar Alpaga is known to be susceptible to
L. maculans, but the high abundance of L. biglobosa was

much more remarkable. One surprising finding of our study
was the constant association of L. maculanswith L. biglobosa
on residues. Indeed, L. biglobosa is known to be more asso-
ciated with upper stem lesions [68], and its presence in large
amounts on residues has never before been reported.

Our findings are consistent with current epidemiological
knowledge of emblematic wheat and oilseed rape diseases,
but they highlight our lack of knowledge concerning the life-
styles of many other fungal pathogens present on residues. A
key point to be taken into account is that the trophic status of
many species known to be principally pathogenic or non-
pathogenic is not definitive [69]. For instance, Alternaria
infectoria is sometimes described as a pathogen of wheat
[13, 70], sometimes as an endophyte [71], and has even been
tested as a potential biocontrol agent against Fusarium
pseudograminearum on wheat [72]. Crop residues, half-
plant/half-soil, should be the focus of future studies aiming
to disentangle the succession of microbial species with differ-
ent lifestyles and to characterise their relative impacts on the
development of currently minor, but potentially threatening
diseases.

The Residue Microbiota Should Be Analysed
in a Dynamic Manner, BothWithin and Between Years

The results of our study highlight the importance of
conducting multi-year studies focusing on ecological dynam-
ics both within and between years in natural conditions. Year
had a strong effect on both bacterial and fungal communities.
Fluctuations of climatic conditions (temperature, rainfall,
wind) have a major impact on pathogenesis (disease triangle
concept [73]) and on the saprophytic survival of plant patho-
gens during interepidemic periods [74]. The 2 years of our
study were marked by similar means of 10-day mean temper-
atures, but large differences in rainfall: mean 10-day cumula-
tive rainfall in the first year was almost twice that in the second
(Additional Table S5). The colonisation of residues by late
colonisers may be affected by such climatic differences: in
wheat, most prevalent degrading fungi (like Coprinellus,
Psathyrella, Coprinopsis) were almost absent in the second
year of the study. There was also considerable dissimilarity
between the bacterial communities associated with each of the
2 years. For example, genus Enterobacter, which was highly
abundant in the second year, was barely detectable in the first
year.

Crop Rotation Has Little Impact on Residue Microbial
Communities

Oilseed rape is never grown in monoculture, so the effect of
crop rotation was assessed only for wheat. The effect of rota-
tion on residue microbial communities was much smaller than
the effect of year (cropping season). It was more marked for
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fungi, for which diversity was greater in monoculture than in
rotation. The use of a rotation may prevent the most strongly
specialised species, in this case fungi, from becoming
established, regardless of their pathogenicity. This finding is
consistent with the greater development of some diseases in
monoculture conditions, which promote the maintenance of
pathogens through the local presence of primary inoculum.
For instance, the presence of P. tritici-repentis, agent of tan
spot disease, in the wheat monoculture plot and its absence
from wheat-oilseed rape plots is consistent with epidemiolog-
ical knowledge indicating that this disease can be controlled
by leaving a sufficient interval between consecutive wheat
crops in the same field [75].

Lesson to Be Learned from the Residue Microbial
Communities for the Sustainable Management
of Residue-Borne Diseases: a Delicate Balance
Between Pathogenic and Beneficial Microorganisms

The maintenance of crop residues at the surface of the
cultivated soil increases the microbial diversity of the soil
and, in some ways, helps to maintain good functional
homeostasis [76]. However, conservation practices tend
to increase the risk of foliar diseases [4–6]. Most disease
management strategies focus on epidemic periods, during
which the pathogen and its host are in direct contact.
Interepidemic periods are also crucial for pathogen devel-
opment, although during these periods, the primary inoc-
ulum is not directly in contact with the new crop whilst
not present in the field. Indeed, by carrying the sexual
reproduction of several fungal pathogens, residues con-
tribute to the generation and transmission of new virulent
isolates potentially overcoming resistance genes, during
monocyclic epidemics, as described for oilseed rape can-
ker caused by L. maculans [77], but also polycyclic epi-
demics, as described for Septoria tritici blotch caused by
Z. tritici [78].

However, the results of our study suggest that residues
should not only be considered as a substrate for pathogens
and a potential source of inoculum. Indeed, we detected
several fungi identified as beneficial or even biocontrol
agents in previous studies, such as Clonostachys rosea,
Aureobasidium pullulans, Chaetomium globosum and
Cryptococcus spp. C. rosea, which was detected in both
oilseed rape and wheat residues, has been reported to limit
the sexual and asexual reproduction of Didymella rabiei
on chickpea residues by mycoparasitism [79]. It has also
been reported to be effective against Fusarium culmorum
on wheat plants, through antibiosis during the epidemic
period [80], and on wheat residues, through antagonism
during the interepidemic period [81]. Cladosporium sp.,
which was abundant in our study, has also been reported
to inhibit the development of P. tritici-repentis on wheat

plants [82] and of Fusarium sp. on wheat residues [81].
The presence of these fungal species on wheat and oilseed
rape residues is of potential interest for future analyses of
interactions. Due to the use of a low-resolution marker for
bacterial characterisation, we were unable to identify sim-
ilarly the bacteria potentially interacting with pathogenic
fungi. For instance, the presence of Pseudomonas spp.
suggests possible interactions both with other microbial
species and with the host plant [83], but the nature of
the potential interactions is indeterminate: species of the
Pseudomonas fluorescens group are known to be benefi-
cial to plants, whereas Pseudomonas syringae and
Pseudomonas aeruginosa are known to be pathogens of
plants and even humans.

Although our study reveals the presence of genera or spe-
cies reported in the literature as biocontrol agents, it has not
yet shown any interaction between them and the pathogens.
This experimental study (sampling effort, residue treatments,
etc.) was not designed to characterise such interactions. A
strategy involving the inference of microbial interaction net-
works from metabarcoding datasets might help to identify the
species beneficial against pathogens, through competition, an-
tagonism or parasitism. This however requires a more analyt-
ical, comparative experimental approach that goes beyond the
only description of shifts in natural communities composition,
for example using different ‘treatments’ in a broad sense (e.g.
artificial inoculation with a species or a group of species,
change of biotic or abiotic environmental conditions, etc.) in
order to modify interaction networks and so highlight the im-
pact of some groups of microorganisms on the whole commu-
nity or a given species.

Conclusion

This study shows that crop residues, which can be seen as
half-plant/half-soil transient compartment, constitute a pivotal
fully-fledged microbial ecosystem that has received much less
attention than the phyllosphere and rhizosphere to date. This
study therefore fills a gap in knowledge of the communities
present on crop residues under natural conditions. It confirms
that the microbiote of crop residues should be taken into ac-
count in the management of residue-borne diseases. Taking
into account this ecosystem is essential, not only to improve
the quantitative management of crop residues, but also to
identify groups of beneficial microorganisms naturally pres-
ent. The beneficial elements of the microbial community
should be preserved, or even selected, characterised and used
as biological control agents against the pathogens that com-
plete their life cycle on the residues. These results are partic-
ularly important in that wheat-oilseed rape rotations are
among the most widespread arable cropping systems in
France and Europe.
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