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Abstract

Modern plant breeding and agrosystems artificialization could have altered plants’ ability to filter and recruit beneficial microor-
ganisms in its microbiota. Thus, compared to modern cultivars, we hypothesized that root-endosphere microbiota in modern
wheat cultivars are less resistant to colonization by fungi and bacteria and thus more susceptible to also recruit more pathogens.
We used an in-field experimental design including six wheat varieties (three ancient vs. three modern) grown in monoculture
and in mixture (three replicates each). Endospheric microbiota of wheat roots were analyzed on four individuals sampled
randomly in each plot. Composition-based clustering of sequences was then characterized from amplicon mass-sequencing. We
show that the composition of bacteria and fungi microbiota in wheat roots differed between in ancient and modern cultivars.
However, the responses observed varied with the group considered. Modern cultivars harboured higher richness of bacterial and
fungal pathogens than ancient cultivars. A synergistic effect was identified in mixtures of modern cultivars with a higher root
endospheric mycobiota richness than expected from a null model. The present study shows the effect of plant breeding on the
microbiota associated plant roots. The results call for making a diagnosis of the cultivar’s endospheric-microbiota composition.
These new results also suggest the importance of a holobiont-vision while considering plant selection in crops and call for better

integration of symbiosis in the development of next-generation agricultural practices.
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Abstract

Modern plant breeding and agrosystems artificialization could have altered plants’ ability to filter
and recruit beneficial microorganisms in its microbiota. Thus, compared to modern cultivars, we
hypothesized that root-endosphere microbiota in modern wheat cultivars are less resistant to
colonization by fungi and bacteria and thus more susceptible to also recruit more pathogens.

We used an in-field experimental design including six wheat varieties (three ancient vs. three
modern) grown in monoculture and in mixture (three replicates each). Endospheric microbiota of
wheat roots were analyzed on four individuals sampled randomly in each plot. Composition-
based clustering of sequences was then characterized from amplicon mass-sequencing.

We show that the composition of bacteria and fungi microbiota wheat roots differed between in
ancient and modern cultivars. However, the responses observed varied with the group
considered. Modern cultivars harboured higher richness of bacterial and fungal pathogens than
ancient cultivars. A synergistic effect was identified in mixtures of modern cultivars with a higher
root endospheric mycobiota richness than expected from a null model.

The present study shows the effect of plant breeding on the microbiota associated plant roots.
The results call for making a diagnosis of the cultivar’'s endospheric-microbiota composition.
These new results also suggest the importance of a holobiont-vision while considering plant
selection in crops and call for better integration of symbiosis in the development of next-

generation agricultural practices.
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INTRODUCTION

There is increasing awareness of the opportunity to exploit biodiversity to ensure sustainable
livelihoods, food security and nutrition. Biodiversity increases resilience to shocks and stresses.
Diversified farming systems provide opportunities to mitigate emerging challenges, and to
increase production in a sustainable way (FAO 2019). Current monocultural agriculture faces a
key challenge: the need for sustainability despite limited inputs and fewer environmental impacts
and at the same time, for agriculture to be highly productive to limit deforestation in the tropics
(Tilman et al. 2011). Yields in conventional agriculture are plateauing (Ray et al. 2013),
particularly those of wheat (Oury et al. 2012). Among the possible strategies to reach this goal is
to make a better use of symbioses in agriculture (e.g. Andreote and Silva 2017; Bender et al.
2016; Duhamel and Vandenkoornhuyse 2013). Plants rely to a large extent on the functional
efficiency of several symbiotic microorganisms with which they are associated, not only limited
to arbuscular mycorrhizal fungi, and which together comprise plant-microbiota (e.qg.
Vandenkoornhuyse et al. 2015). For instance, arbuscular mycorrhizal fungi play a tremendous
role in crop production because of their importance for plant mineral nutrition (Marx 2004).
Members of the plant microbiota provide a variety of beneficial services that enable plant
survival and growth. These include nutrient acquisition, buffering of environmental stresses
including drought, protection against soil-borne pathogens by eliciting plant immune responses
(e.g. Berendsen et al. 2012; Vandenkoornhuyse et al. 2015; Vannier et al. 2019), together
providing what is termed soil fertility ecosystem services (Guo et al. 2020). However, these
microorganisms have not often been incorporated in agricultural management strategies
(Bender et al. 2016).

One predicted threat in current agriculture is plant breeding (Duhamel and Vandenkoornhuyse
2013). The main aim of current breeding is to select the plants that are best adapted to current
agricultural practices (Duhamel and Vandenkoornhuyse 2013). The consequences of this
strategy for plant microbiota are poorly documented (Pérez-Jaramillo et al. 2017), but are
expected to impact a plant’s ability to select for the most beneficial microorganisms (Valente et
al. 2020). Studies have shown that plants can enforce cooperation with microbiota by
preferential C allocation to the best symbionts (Kiers et al. 2003, 2011). However, in modern
soybean crops, it has also been shown that the ability to filter the good from the bad cooperators
has been reduced; modern crops are no longer able to sanction Bradyrhizobium cheaters (i.e.
defective in nitrogen fixation) (Kiers et al. 2007). This was interpreted as a consequence of
considering plants as standalone entities in breeding approaches (Duhamel and

Vandenkoornhuyse 2013) leading to the selection of plants that are less dependent on the
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efficiency of their microbiota (Martin-Robles et al. 2018; Valente et al. 2019). In addition,
conventional agricultural practices have led to a strong genetic homogenization of crops in
agricultural landscapes (e.g. Haudry et al. 2007). For nearly 20 years, plant breeding strategies
have been engaged in recovering crop diversity using on-farm and participatory projects in
response to the need for the agroecological transition (Chable et al. 2020). Increasing crop
diversity, including mixing different cultivars in the same field, has been identified as a key to
ensuring crop resistance to environmental stresses including herbivore and pathogen damage
(Cheatham et al. 2009). However, the importance of such diversity for conservation of the
microbial compartment has so far been overlooked. If different genotypes correspond to partially
different microbiota, increasing diversity in crop production at local scale (i.e. within a field)
should enrich the total pool of recruitable microorganisms in the soil. This potential enrichment
may interact with the ability of plants to filter for their symbionts as this would correspond to a
larger number of both pathogens and beneficial microorganisms available for selective

recruitment.

In this study, we used wheat as a model crop to investigate the effect of modern plant
breeding strategies on the endophytic microbiota associated with wheat roots: pure lines fulfilling
DUS (Distinct, Uniform, Stable) criteria, called “modern varieties” vs populations/landraces
traditionally bred on-farm, called “ancient”). If modern crops have lost their ability to filter good
and bad symbionts, we predict (hypothesis 1) an enrichment of microbiota diversity in modern
crops because ancient cultivars may be more prone to select a restricted pool of
microorganisms compared to recent cultivars and (hypothesis 2) the possibility that mixed
diversity in cultivars in the field increases microbiota species richness for both types of cultivars,
modern and ancient. Knowing that microbiota can contain unwanted microorganisms including
pathogens, (hypothesis 3) less pathogens in ancient wheat cultivars are expected than in
modern cultivars if ancient cultivars better filter the composition of its endospheric community.
To address these hypotheses, an outdoor field experiment was conducted with farmers based
on a set of ancient and modern wheat cultivars currently used in agriculture, grown as

monoculture and as mixtures.
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MATERIAL AND METHODS

Experimental design

Six cultivars were chosen in collaboration with the farmers who were part of a participatory
project. The wheat cultivars used presented interesting agronomical features and are commonly
found in organic farming (‘Bladette de Provence’, ‘Saint Priest et le Vernois Rouge’, ‘Redon
Roux Pale’, ‘Pireneo”Renan’ and ‘Chevalier’). Based on Roussel et al. (2005), ‘Chevalier’,
‘Renan’ and ‘Pireneo’ are considered as modern cultivars and ‘Bladette de Provence’, ‘Saint
Priest’ and ‘Redon Roux Pale’ are considered as ancient cultivars due to their registration date
on the wheat catalog, i.e. after 1970 for modern cultivars and before 1970 for ancient ones. The
intensive use of the same ‘strain’ in breeding programs in Europe from 1960 on had a bottleneck
effect and resulted in modern cultivars with less genetic diversity (Roussel et al. 2005). The
seeds of the ancient cultivars used in our study were previously obtained from the wheat
Biological Resources Center of Clermont-Ferrand, France, and were multiplied on farm for
several years.

One farm in Le Rheu, Brittany, France was chosen for the experiment to limit the possibility of
blurring results because of farming-practices related variance mainly. The soil was characterized
as loamy, with a pH of 6.2, a low organic matter rate (2.1%) and rich in magnesium (164 mg/kg).
This study is part of a participatory research project that brings together researchers and
farmers. The experimental plan was consequently adapted to the machines the farmer in the
project used to sow their seeds and the number of cultivars used in the study was limited by the
space available for the study in the farmer’s fields. The design comprised three blocks with eight
treatments corresponding to each of the three modern and three ancient cultivars alone and a
mix of the three modern and of the three ancient cultivars. The three modern cultivars were
sown in adjacent plots. Each treatment was sown in October 2016 on a 30m x 3m plot. The

same agricultural management was performed accross the plots before and during.

Root sampling

In each of the 24 plots, four wheat plants aged five months were randomly sampled in April
2017. The roots were immediately thoroughly washed first using tap water to remove any
remaining soil, and then in a 0.5% (w/v) Triton X100 solution for ten minutes to remove all
microorganisms adhering to the surface of the roots (root epiphytes) (i.e. validated protocole in

Lé Van et al., 2017). We did not noticed differences in apparent root traits between cultivars.
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The roots were then rinsed in pure water and cut into ~1 cm pieces. From each individual root
sample, we then carefully removed 1-1.5 g of wet roots to represent the whole sample. The root
pieces selected, all of low diameter, were chosen similarly accross all the samples. The samples

were stored in a 2mL microtube at -20 °C until root total DNA extraction.

DNA extraction and amplicon sequencing

Roots were ground to powder in liquid nitrogen using a sterile pestle and mortar. DNA samples
were extracted using the DNeasy Plant Mini kit 250 (Qiagen) according to the manufacturer’s
instructions. Fungi and bacteria were targeted using 18S rRNA and 16S rRNA primers
respectively.

The 18S rRNA amplifications were carried out using fungal primers NS22b (5'-
AATTAAGCAGACAAATCACT-3") and SSU817 (5'-TTAGCATGGAATAATRRAATAGGA-3') (Lé
Van et al., 2017) which enabled us to specifically amplify the fungal DNA of the different known
phyla while not amplifying the plastid 18S rRNA (Lé Van et al. 2017). These primers have
already been amplified to describe a 530-bp region of the 18S rRNA gene including the V4 and
V5 regions of the 18S rRNA (Borneman & Hartin, 2000). The 16S rRNA amplifications of the
V5V6V7 region were done using bacterial primers 799F (5-AACMGGATTAGATACCCKG-3)
and 1223R (5'-CCATTGTAGTACGTGTGTA-3) (Vannier et al.,, 2018). All the primers were
modified to include unigue sample tag and Illlumina® adaptors. The PCR were performed with
lllustra™ PuReTaq Ready-to-go beads (GE Healhcare®).

Fungal PCR conditions consisted of an initial denaturation step at 95 °C for 4 min followed by 35
cycles at 95 °C for 30 s, 54 °C for 30 s, 72 °C for 1 min and a final extension step at 72 °C for 7
min. Bacteria PCR conditions consisted of an initial denaturation step at 94 °C for 4 min followed
by 35 cycles of 94 °C for 30 s, 53.5 °C for 30 s, 72 °C for 1 min and a final extension step at
72°C for 10 min. All PCR products were then purified with AMpureXP magnetic beads
(Agencourt®) using an automated liquid platform (Bravo-Agilent®) and quantified (Quant-iT
PicoGreen™ dsDNA Assay Kit) to allow normalization at the same concentration.

A second PCR was performed using the Smartchip-Real Time PCR machine (Takara) to
achieve multiplex tagging (up to 384 amplicons in one step PCR), the resulting tagged-amplicon
pool was purified (AMpureXP, Agencourt®) and quantified using Kapa Library Quantification Kit-
lllumina® platforms (KAPABIOSYSTEMS®) on a LC480 LightCycler gPCR instrument (Roche®).
Pair-End 2x250 and 2x300 cycle sequencing runs (MiSeq instrument, lllumina) were performed
on bacterial and fungal sequencing libraries respectively. Both library preparation and sequence

production were performed by the EcogenO Platform (Rennes, France).
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Sequence data preparation

Preliminary data trimming consisted in several bioinformatics steps: base-calling to get reads
(fastq), primer removal using Cutadapt software and deletion of reads containing unidentified
bases. The FROGS pipeline was used to analyze the quality of the filtered sequences, (Escudié
et al. 2018) with a particular pre-processing step for fungi (Kozich et al. 2013) and the standard
protocol for bacteria reads. The FROGS pipeline produces sequence clusters using SWARM
(Escudié et al. 2018) which enables group reads without using identity threshold and is thus
closer to ASV analysis than to standart OTUs. A contingency matrix was produced using highly
stringent processes as recommended by Escudié et al. (2018). SILVA 123 databases (16S and
18S) (Quast et al. 2013) were used for sequence clustering. Sequence clusters were filtered
using the quality of the affiliations with a threshold of at least 95% coverage and 95% BLAST
identity.

Datasets were normalized at 20,000 and 15,000 sequences per sample for bacteria and fungi
respectively. A diversity index (Pielou’s evenness and sequence-cluster richness) was
calculated using the R package “vegan” (Oksanen 2019). Pearson's correlation between the two
indices was calculated and was below 0.70 (Dormann et al. 2013). Sequences are available
from the ENA accession number PRJEB37900.

Pathogen identification

Known plant fungal pathogens in the root-fungal microbiota were identified from the literature
and MycoBank (MycoBank, http://www.mycobank.org) (Crous et al. 2004) and double checked
in the FUNGuild database (Nguyen et al., 2016). Only Families including widespread plant
pathogen species as Helicobasidium, Magnaporthaceae, Microascales (lllanna et al. 2013) were

taken into account.

Statistical analyses

Analyses were performed of whole bacteria and fungi matrixes and also on subsets of the whole
dataset corresponding to the most abundant groups of sequence clusters (i.e. Proteobacteria,
Bacteroidetes, Actinobacteria, Acidobacteria, Firmicutes for the bacteria; Ascomycetes,
Basidiomycetes, Glomeromycetes and Chytridiomycetes for the fungi).

To test hypothesis 1, enrichment of microbiota diversity in modern crops in comparison to
ancient, we used Partial Least Square-Discriminent Analyses (PLS-DASs) to analyze the effect of

the type of cultivar (ancient versus modern) on sequence-cluster composition (i.e. B-diversity
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analysis). We then calculated the percentage of sequence-clusters shared by ancient and
modern cultivars based on a presence threshold of 100, 95, 90 and 50% of the samples. We
finaly used linear mixed models to analyze the effect of variety and of the type of cultivar
(ancient versus modern) on sequence-cluster richness and evenness both for fungi and bacteria
and at the phylum level. These analyses were only performed on varieties that were grown
alone.

The linear models were chosen to account for nested random factors induced by the
experimental patterns. The random factors used for models to test the variety effect were bloc
cultivar type (i.e. ancient vs modern) / replicate / position of the cultivar. The random factors
used for models to test the effect of cultivar type were replicate / position of the cultivar. Each
model was analyzed using ANOVA. The distribution of residual normality was checked
graphically for each model to respect ANOVA normality conditions, R* was calculated to
determine the amount of variance explained by the different models, and a significance
threshold of p < 0.05 was chosen. Marginal (R2m ) and conditional (R2c) R2 values were
calculated, corresponding to variance explained by fixed effect or fixed and random effects
respectively. Mixed linear models were performed with the Ime4 (Bates et al. 2015), nime
(Pinheiro et al. 2020), car (Fox and Weisberg 2019), MuMiIn (Barton 2019), and Imer
(Kuznetsova et al. 2017) packages.

To test hypothesis 3 (i.e. less pathogens in root-endosphere of ancient cultivars) similar models
were used on plant pathogens in the total fungi and bacterial communities. The same analysis
was done on the richness and relative abundance of plant pathogens found in the matrix. These
analyses were only performed on varieties that were grown alone and not mixed with other
cultures.

To test hypothesis 2, the possibility that mixed diversity in cultivars in the field increases
microbiota species richness for both types of cultivars, modern and ancient, we calculated the
values for sequence-cluster richness and evenness, for each mixture while expecting an
additive effect of the three cultivars mixed evenly grown together. The expected value was the
mean of the sequence-cluster richness or the sequence-cluster evenness of the cultivars from
the monocultures. Expected values were calculated by random sampling within the values
among each type of treatment. We tested if observed sequence-cluster richness or evenness in
mixtures differed from expected values using a t-test (12 observed values compared to 12
randomly chosen expected values). If significant, positive difference demonstrated a synergistic

effect while negative difference demonstrated an antagonistic effect of the mixture of cultivars.

All statistical analyses were conducted using R Studio Version 1.3.959 (R Core team 2016).
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At the y-diversity scale (i.e. total microbiota diversity), the wheat root endospheric bacterial
community was mainly composed of Proteobacteria (571 sequence-clusters, 28% of the
sequences) and the Bacteroidetes (406 sequence-clusters, 65% of the sequences) phyla
(Figure 1). Firmicutes, Actinobacteria and Acidobacteria were less represented with a richness
of 59, 53 and 30 sequence-clusters respectively (Figure 1). Considering fungi, the wheat
endospheric microbiota was composed of 70.0% of Ascomycota (195 sequence-clusters),
12.8% of Basidiomycota (48 sequence-clusters) and 17.3% of Chytridiomycota and
Glomeromycota (65 sequence-clusters) (for more details on the community composition, see
Figure 1).

Effect of wheat cultivar type on root-endospheric microbiota assemblages
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Fig. 2 Partial Least Squares Discriminant Analysis (PLS-DA) ordination of the bacterial (a) and
fungal (b) community in ancient (A) and modern (M) cultivars tested on the total community

(1,159 sequence-clusters for the bacteria and 308 for the fungi)

The microbiota community composition was compared in samples of ancient and modern
cultivars. The PLS-DA ordinations revealed significant modification of the bacterial and fungal
community composition colonizing the roots betweenancient and modern wheat cultivars (Figure

2; Table S1). This analysis was also performed at the phylum level for fungal and bacterial

11
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communities. Except for Actinobacteria, the same significant pattern was observed at the level
of the phyla (Table S1).

Table 1 Rate of common sequence-clusters (%) between ancient and modern wheat cultivars
within all groups of bacteria and fungi and for the most abundant phyla. This rate was calculated
for different thresholds (100, 95, 90 and 50%). Rates at 100% correspond at sequence-clusters
that are common for 100% of replicates between ancient and modern wheat cultivars. Rates at
50% correspond at sequence-clusters that are common for at least 50% of replicates among

ancient and modern wheat cultivars.

Group 100% 95% 90% 50%

All bacteria 3.3 30.7 49.4 99.1
Proteobacteria 31 28.5 48.3 99.5
Bacteroidetes 4.2 37.8 55 99.5
Actinobacteria 3.8 17 34 98.1
Firmicutes 0 254 42.4 93.2
Acidobacteria 0 13.3 40 100
All fungi 3.6 4.2 5.8 11.7
Ascomycetes 3.6 4.1 5.6 12.8
Basidiomycetes 6.3 8.3 8.3 14.6
Other fungi 1.5 15 3.1 6.2

The microbiota composition differed considerably between ancient and modern wheat cultivars.
Less than 4% of the bacterial or fungal sequences were shared between the ancient and
modern cultivars (i.e. 3.3% of bacteria and 3.6% of the fungi) considering all the samples (Table
1). When considering less stringent thressholds, these differences decreased rapidly for bacteria
to nearly 100% of similarity among ancient and modern cultivars when considering only 50% of
the samples. On the contrary, the differences between ancient and modern cultivars in fungi

composition were maintained even at the 50% threshold.

Table 2 Effect of the type of wheat cultivar; Ancient (A) or Modern (M); and of the wheat cultivar
Bladette de provence (BL), Redon Roux Pale (RD), Saint Priest et le Vernois Rouge (SP),
Renan (“RE)”, Pireneo (PIl), and Chevalier (CH) on the number of bacterial and fungal sequence

clusters measured with a linear mixed model. R’m and R?c are marginal and conditional R2

12



effects

values, corresponding to variance explained by fixed effect or fixed and random
respectively.
Linear mixed model
on the sequence-
cluster richness
matrix of : Variable R2m R2c Chisq P Output
All Bacteria Cultivar type 0.018 0.141 0.98 0.322 -
Cultivar 0.101 0.372 8.99 0.109 -
Proteobacteria Cultivar type 0.032 0.176 1.74 0.187 -
Cultivar 0.084 0.361 6.14 0.293 -
Bacteroidetes Cultivar type 0.0002 0.254 0.0002 0.98 -
Cultivar 0.096 0.47 11.66 0.039 * BL>RD
Acidobacteria Cultivar type 0.048 0.048 3.38 0.066 -
Cultivar 0.19 0.36 15.36 0.0089 ** RD>PI
Actinobacteria Cultivar type 0.19 0.19 16.01 <0.001 *** A>M
Cultivar 0.206 0.345 6.51 0.2597 -
Firmicutes Cultivar type 0.15 0.21 10.27 0.0013 ** M>A
Cultivar 0.18 0.37 7.46 0.1884 -
All Fungi Cultivar type 0.11 0.2 9.91 0.002 ** M>A
Cultivar 0.12 0.34 411 0.53 -
Ascomycota Cultivar type 0.08 0.13 6.77 0.01** M>A
Cultivar 0.13 0.28 6.41 0.27 -
Basidiomycota Cultivar type 0.02 0.02 0.28 0.28 -
Cultivar 0.03 0.22 1.55 0.91 -
Other fungi Cultivar type 0.19 0.37 17.24 <0.001*** M>A
Cultivar 0.21 0.46 7.85 0.16 -

345

The effect of cultivar types was only detected for two phylums out of 5 while total bacteria

richness was independent of it. The number of sequence clusters was significantly higher in the

ancient cultivars for Actinobacteria (P<0.001), while higher in the modern cultivars for the

Firmicutes phylum (P=0.0013) (Table 2). The cultivar ‘Bladette de Provence’ provided a higher

350 richness of Bacteroidetes than the cultivar ‘Redon Roux Pale’. The cultivar ‘Redon Roux Pale’

provided a higher richness of Acidobacteria than the cultivar ‘Pireneo’.The effect of cultivar types

on sequence-cluster richness was detected in two out of the three classes studied, and also for

the richness of all fungi. Considering the fungal microbiota, apart from the Basidiomycota (NS),

the number of sequence clusters was higher in the roots of modern cultivars (‘All fungi’ P=0.002;

355 ‘Ascomycota’ P=0.01; ‘other phyla’ P<0.001) (Table 2).

13
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Table 3 Effect of the type of wheat cultivar Ancient (A) or Modern (M) and of the wheat cultivar
‘Bladette de provence’ (BL), ‘Redon Roux Pale’ (RD), ‘Saint Priest and Vernois Rouge’ (SP),
‘Renan’ (RE), ‘Pireneo’ (PI), and ‘Chevalier’ (CH) on bacterial and fungal sequence-clusters
evenness measured with a linear mixed model. R?m and R?c are marginal and conditional R2
values, corresponding to variance explained by fixed effect or fixed and random effects
respectively.

Linear mixed model
on the evenness

matrix of : Variable R2m R2c Chisg P Output

All Bacteria Cultivar type 0.081 0.085 5.86 0.0155 * M>A
Cultivar 0.134 0.292 7.18 0.207 -

Proteobacteria Cultivar type 0.16 0.28 10.22 0.0014 ** A>M
Cultivar 0.149 0.37 3.37 0.64 -

Bacteroidetes Cultivar type 0.17 0.17 13.96 0.0002 *** M>A
Cultivar 0.25 0.45 15.78 0.0075 ** -
Acidobacteria Cultivar type 0.004 0.004 0.26 0.61 -
Cultivar 0.037 0.21 2.8 0.73 -

Actinobacteria Cultivar type 0.203 0.241 15.38 8.77e-05 *** A>M

Cultivar 0.275 0.453 14.75 0.0115* RE>PI
Firmicutes Cultivar type 0.012 0.051 0.82 0.3628 -
Cultivar 0.075 0.24 5.88 0.3176 -

All Fungi Cultivar type 0.17 0.31 10.8 <0.001*** M>A

Cultivar 0.29 0.43 19.8 0.001 ** BL<PI

Ascomycota Cultivar type 0.28 0.47 15.74 <0.001*** M>A
Cultivar 0.31 0.55 8.68 0.12 -

Basidiomycota Cultivar type 0.17 0.2 13.77 <0.001*** A>M
Cultivar 0.15 0.34 341 0.6366 -

Other fungi Cultivar type 0.14 0.25 8.51 <0.01** M>A
Cultivar 0.13 0.39 2.63 0.76 -

Microbial community structure differed among cultivars. The evenness of total bacteria was
significantly higher (P=0.0155) and of the Bacteroidetes phylum (P<0.001) in modern cultivars,
while the ancient varieties had a higher Pielou’s index of Proteobacteria (P=0.0014) and
Actinobacteria (P<0.001) (Table 3). The structure of the fungal community also differed among
cultivars. The evenness descriptor of Basidiomycota was significantly higher in ancient varieties
(p<0.001) but that of total fungi was significantly higher (P<0.001), Ascomycota (P<0.001) and
the other phyla (P<0.01) in the roots of modern cultivars (Table 3).

If obvious differences are found among root-endosphere microbiota composition (Figure 2,

Table 2, Table 3), this effect could not be attributable to a particular cultivar displaying a
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divergent microbiota (Table 2, Table 3). If little effects are detected at the cultivar level, this is
likely related to both heterogeneity in the microbiota composition for a given cultivar and more

limited statistical power (i.e. number of corresponding replicates).

Additive effect of the mixture

By comparing the expected and observed richness and evenness of the wheat root-microbiota
either mixing the three ancient or the three modern cultivars, we aimed to test the null
hypothesis of additivity of each cultivar independently.

Considering bacteria, the null hypothesis of additivity of both microbiota compaosition and
microbiota community structure cannot be rejected (NS) for the ancient cultivars. Conversely,
the observed fungal microbiota richness in modern cultivars was higher than just an additivity
phenomenon, for most of the fungi (Table 4). Apart from Proteobacteria, the observed bacterial
community structure measured by Pielou’s evenness did not differ from the expected results
under the null hypothesis of additivity in the roots of modern cultivars. The evenness pattern

within fungi varied in ancient and modern cultivars depending on the fungal phyla (Table 4).
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Table 4 Comparison of expected richness and evenness in a mixed culture under the null model

of additivity (Exp) and observed richness and evenness when the three cultivars were grown

together (Obs). The microbiota in the ancient and modern cultivars are compared at different

levels (rows in the table). The p-values were obtained using a t-test

Null model additivity on sequence-clusters Richness

Null model additivity on sequence-clusters Evenness

Modern Ancient Modern Ancient
Df P Variable Df P Variable Df P Variable Df P Variable
All Bacteria 23.9 0.17 - 21.29 0.39 - 18.5 0.58 - 23.9 0.63 -
Proteobacteria 22 0.059 - 21.3 0.53 - 21.2 0.0031 ** Exp > Obs 21.9 0.1682 -
Bacteroidetes 21.2 <0.001 *** Obs > Exp 17.3 0.8799 - 179 0.9322 - 21.8 0.9955 -
Acidobacteria  21.9 0.0285* Exp > Obs 13.9 0.5895 - 17.4  0.5598 - 21.9 0.7976 -
Actinobacteria 21.9  0.4198 - 20.8 0.2839 - 16.3 0.2618 - 12.5 0.0576 -
Firmicutes 14.7 0.2564 - 21.3 0.8284 - 219 0.1754 - 20.7 0.1996 -
Other bacteria 20.3 0.002 ** Obs > Exp 19.8 0.9049 - 18.7 0.8539 - 21.3 0.7726 -
All Fungi 17.67 <0.001 *** Obs > Exp 18.02 0.847 - 18.03 0.27 - 14.42 0.25 -
Ascomycota 20.76 <0.001 *** Obs > Exp 14.42 0.287 - 20.64 0.0025 ** Exp > Obs 13.92 0.0017 ** Obs > Exp
Basidiomycota 15.53 0.004 ** Obs > Exp 20.35 0.7066 - 19.97 <0.001 *** Obs > Exp 16.04 0.143
Other fungi 21.99 0.126 - 18.2 0.338 - 19.13 0.117 - 15.84 0.0034 ** Obs > Exp

Effect of the type of cultivar on pathogens

Table 5 Effect of the type of wheat cultivar Ancient (A) or Modern (M)and of the wheat cultivar

on the pathogenic bacterial and fungal richness and relative abundance detected in the host-

plant microbiota. The results were obtained from a linear mixed model.

Richness Relative abundance
Group Variable R2m R2c Chisq P Output R2m R2c Chisq P Output
Bacteria  Cultivar type 0.13  0.22 8.47 0.0036 ** M>A 0.13 039 24.74 <0.001 *** M>A
Cultivar 0.19 043 1054 0.0613 - 0.28 045 535 0.3751 -
Fungi Cultivar type  0.11  0.28 5.81 0.015* M>A 0.045 0.36 1.71 0.1912 -
Cultivar 0.12 045 4.18 0.5234 - 0.13 048 5.66 0.3406 -

16



The modern cultivar types had a significantly higher number of pathogenic bacteria and fungi in

their root microbiota endosphere (respectively P=0.004 and P=0.015 respectively, Table 5),

415 higher pathogenic bacteria relative abundance (P<0.001, Table 5). Strikingly, the pathogenic
bacteria richness was higher than expected when the ancient cultivars were mixed with modern
cultivars (Table 6).

Table 6 Comparison of both expected pathogen richness and evenness in a mixed culture

420 under the null hypothesis of additivity (Exp) and observed richness or evenness of each
pathogen when the three cultivars were grown together (Obs), in ancient and modern types of
wheat. The p-values were obtained using a t-test

Richness Abundance
Modern Ancient Modern Ancient

Group Df P Output Df P Output Df P Output Df P Output
All bacteria 16.9 0.003 ** Obs > Exp 14.49 0.92 17.86 0.94 21.29 0.44
Proteobacteria 21.95 <0.001*** Obs>Exp | 17.63 0.33 20.9 0.64 19.02 0.76

Fimicutes 21.88 0.37 15.08 0.79 17.16 0.13 18.07 0.88 -
Actinobacteria 18.12 0.74 18.05 0.28 17.64 0.66 1394 | 0.002** | Obs >Exp
All fungi 20.22 0.67 16.10 0.84 21.51 0.85 11.64 0.36

425
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DISCUSSION

A total of respectively 1,159 and 308 sequence-clusters of bacteria and fungi were detected in
wheat roots sampled in the field experiment. We demonstrated major changes in sequence-
cluster composition associated with wheat depending on the type of cultivar (Fig 2: PLS-DA).
Less than 4% of the sequence-clusters were present in all the samples of ancient and modern

cultivars but the bacteria were more similar among wheat types than fungi.

Microbiota in ancient wheat cultivars differed from those in recent ones

Validating our first hypothesis, we demonstrated that the microbial composition of both bacteria
and fungi differed between ancient and modern cultivars (Table 3, Fig 2). Modern cultivars
displayed a significantly higher number of fungal sequence-clusters and a more equitable
mycobiota compared to ancient cultivars (Tables 2 & 3) and a more equitable bacterial
microbiota (Table 3). However, we cannot exclude the possibility that very fine scale
heterogeneity among the experimental sites could have influenced our results.
As expected, ancient cultivars had a smaller pool of root-endosphere microbiota than modern
cultivars, probably due to their increased ability to filter the recruited microorganisms. Such an
effect has also been reported in other crops (Bulgarelli et al. 2015). The filtering effect probably
results from exudates (rhizodeposits) actively released by plants, and that affect the composition
of microorganisms in the rhizosphere (Pérez-Jaramillo et al. 2016; Sasse et al.,, 2018).
Assuming that the root microbiota endosphere mainly results from the recruitment of
rhizosphere microorganisms, a filtering effect would be expected for both bacteria and fungi. We
observed that the filtering effect of the root-endospheric microbiota in ancient wheat cultivars
was stronger for fungi than for bacteria (Tables 2 & 3). In ancient cultivars, the observed higher
Actinobacteria richness together with lower Firmicutes richness likely blurred the filtering they
imposed on the recruitment of their microbiota at the whole bacterial scale. Changes in wheat
root microbiota endosphere were also recorded but to a lesser extent among genotypes in both
ancient and modern cultivars, especially bacteria, which differed in the richness of particular
phyla among genotypes. Such intra-group variability could be linked to the breeding history of
each cultivar both in terms of age and of the selection objective. Breeding is not linear over time
and may thus result in complex patterns (Van de Wouw et al. 2010) that are difficult to link to a
given footprint of domestication.

Despite the limited number of cultivars used in this study, our work provides evidence for
differentiation among microbial communities colonizing roots of ancient vs modern cultivars.

This may indirectly determine the presence and abundance of pathogens in plant microbiota.
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Assuming that crop yield performance is the main objective of farming, selection by breeders for
this aim has led to modern crops that invest less in resource harvesting than ancient cultivars of
wild ancestors (Anten and Vermeulen 2016). If selection is only based on the grain yield trait, an
individual in a population that is disease resistant would likely emerge as better than the others if
it reduced its investment to the cost of defense. Thus, it has been hypothesized that this
selection strategy leads to selection for lower defense (Anten and Vermeulen 2016). If this is
true, this defense payoff could explain why the modern wheat cultivars in our study displayed
reduced ability to filter the microorganisms that comprise its microbiota. Thus, an important
prospect to develop the understanding of the process at work is to test the possibility that the
wheat cultivars have different secreted exudate composition. Another prospect related to the
wheat-cultivars differential microbiota recruitment would be to analyze in addition to the root-
microbiota endosphere, other host-plants microhabitats including rhizosphere, stem, leaves and

seeds.

More pathogens in modern wheat cultivars than in ancient cultivars

In agreement with our working hypothesis (i.e. hypothesis 3), we showed that ancient cultivars
had fewer pathogenic bacterial microorganisms than modern cultivars both in terms of species
richness and abundance while only an effect on fungal richness was detected. We identified
three limitations to this important result. First, the differential effect observed between bacterial
and fungal pathogens is likely related to our ability to detect the pathogens and sequence
databases. Second, one of the three modern cultivars (i.e. ‘Renan’) was assumed to be
‘resistant’ to Fusarium, Puccina and Tapesia under certain environmental conditions (Dedryver
et al. 2009, Gervais et al. 2003). However intuitively, we would expect to detect fewer pathogens
in the root endospheric microbiota of this ‘resistant’ cultivar, which was not the case. Third, a
larger pool of cultivars would have to be tested to confirm our results. Even considering these
limitations, the results concerning the pathogen guild confirm the fact that modern cultivars have
less ability to filter the microorganisms they recruit within their endosphere (Table 5). This is
most likely one result of the said plant defense payoff resulting from the breeding strategy which
seems to be a parsimonious explanation for the observation. If this is true, the susceptibility of
modern crops to recruit pathogens and parasites is likely widely shared. Because plants leave a
footprint of their microbiota in soils (Bittebiere et al. 2019), modern crops, even those assumed
to be resistant - as was the case in our study- can enrich the pool of soil-borne pathogens. As
already emphasized by Denison (2011), it is important to grow plants that reduce this soil-borne

pathogen pool in agricultural soils.
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Is there a synergistic effect of mixing cultivars on microorganisms?

Starting from the idea of synergy, we hypothesized that mixing different wheat cultivars in the
field would increase both the richness and diversity of the wheat root microbiota endosphere
(i.e. hypothesis 2). This null hypothesis was not rejected in the case of ancient cultivars grown in
a mixture considering both bacteria and fungi. Conversely, the synergistic effect is true in the
case of the fungal microbiota since the observed richness of the mixed modern cultivars
displayed was higher than expected (Table 4). Furthermore, in the parcels of mixed cultivars, a
significantly higher number of bacterial pathogens was observed in the roots of modern cultivars
(Table 6) but not in the root of ancient ones.

On one hand, an increase in the microbial and fungal reservoir would be expected when ancient
cultivars are mixed. On the other hand, because of the reduced ability of modern wheat to filter
their root microbiota, a mixture of modern cultivars would increase the total pool of
microorganisms but would also inadvertently increase the pool of pathogens and likely that of
bad cooperators. Given the fact that neighboring plants directly affect the microbiota of the focal
plant (Bittebiére et al. 2019; Mony et al. 2019), if ancient wheat cultivars make it possible to
mitigate the pool of recruitable pathogens, a mixture of modern/ancient cultivars could limit the
increase in the number of pathogens in wheat microbiota communities. However, this kind of
mixture has not yet been tested in the field because it was argued that such a mixture would
lead to competition between tall and short wheat, not between ancient and modern. More
widely, there is growing interest in designing mixtures of cultivars (e.g. Barot et al. 2017), but
little has been done with respect to the crop microbiota.

The payoff from investment in resources for filtering pathogens and rewarding/punishing good
and bad symbionts could be re-allocated to grain production if farming practices compensate for
the damaged ecological functions. As a result, breeding has unintentionally selected cultivars
that could damage the microbial reservoir by not efficiently filtering their microbial colonizers. To
our knowledge, this has never been tested to date even though it is highly relevant for

agriculture.

Collateral damage caused by current agriculture and the need for more sustainable

agriculture

To date, little attention has been paid to symbioses and microorganisms in agriculture
despite their fundamental importance for plant survival and reproduction (Vandenkoornhuyse et
al. 2015, Wille et al. 2019). Even worse, conventional agriculture is likely damaging key

ecological processes including soil fertility ecosystem services (Guo et al. 2020). For instance, a
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recent study demonstrated that diazotrophy, the ability to breakdown N2 into NH4, is drastically
reduced after long term nitrogen amendment of agricultural soils (Fan et al. 2019). It is also
known that current agricultural practices have damaged both the functional efficiency and
diversity of arbuscular mycorrhizal fungi (Verbruggen et al. 2011). It has also been emphasized
in soybean that modern cultivars are no longer able to stop defective nitrogen fixers from
forming nodules (Kiers et al. 2007). In the same line of thought, here we showed in the field that
modern wheat cultivars are less efficient in filtering the microorganisms colonizing roots and are
more prone to recruiting pathogens. This pathogen enrichment in modern wheat crops as
observed herein might negatively impact (i) other cultivars eventually cultivated/grown in the
same area and (ii) the next crops by the legacy on the soil microorganisms reservoir of this
pathogen-enrichment. As far as we know, these hypotheses have never been tested.

The examples developed above show how urgent it is to perform diagnoses to get a clearer
picture of the consequences of current agricultural practices, breeding, GMOs and genome
edited crops, for symbiotic and pathogenic reservoirs, not only in terms of microbial richness and
diversity, but also in terms of functions. Our results also offer new opportunities but need to be
confirmed using different wheat cultivars, sampling dates, locations, experimental designs and

using other crops than wheat.

Conclusions

The root-endospheric wheat microbiota, the most intimate fraction of the plant-interacting
microorganisms, clearly differs among modern and ancient wheat cultivars (Fig 2). Despite the
limited wheat cultivar used herein, is clear that modern wheat cultivars filter less the
microorganisms colonizing their roots and seem more prone to recruit pathogens than ancient
cultivars. Because these results are new, the study will need to be confirmed for wheat and also
possibly for other crops and mechanisms of microbial recruitment to form the root-microbial
endosphere have to be studied.

The idea that ‘Plant breeding has to go microbial’ has been developed in a recent paper by Wei
& Jousset (2017). Our findings lead to the conclusion that a modification of the current plant-
breeding paradigm is likely necessary with plant-symbiotic microorganisms to be considered. In
Agreement to Duhamel & Vandenkoornhuyse (2013), our findings also lead to the conclusion
that an exhaustive diagnosis of cultivars used in agriculture for their ability to interact with
efficient symbionts is needed.

If we are to achieve sustainable agriculture, breeding strategies will need to be rethought in
depth (e.g. Chable et al. 2020, Denison 2011, Déring et al. 2011, Duhamel and

Vandenkoornhuyse 2013, Wei and Jousset 2017; Hohman and Messmer 2018, Lammerts van
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bueren et al. 2018,), and plants and crops can no longer be regarded as standalone entities but
rather as holobionts (the host plus its microbiota) that together form the individual
(Vandenkoornhuyse et al. 2015). Far from the prevailing school of thought in mainstream
agriculture and plant sciences, we call for a more holistic vision, and the design of new

frameworks to search for more sustainable crop and food production.
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