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Plant-Microbiota interactions

Microbiota is crucial for plant health and thereby for plant growth and survival,

due in large part to the presence of beneficial microbes.
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Environmental effects on plant-microbiota interactions

Abiotic Biotic
W Climate Insects |
(Fitzpatrick et al. Annual (Humphrey & Whiteman
Rev Microbiol 2020) Nat Ecol Evol 2020)
—

Neighbouring plants

(Meyer et al. ISME 2022)

Soil physical-
chemical properties

(Bulgarelli et al. Annual Rev Plant Biol 2013)




Host genetic effects on microbiota

Very few GWA studies = polygenic architecture
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How to establish a genomic map of local adaptation?

l. Setting up of GWA study in a common garden
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How to establish a genomic map of local adaptation?

l. Setting up of GWA study in a common garden

A. In which growing conditions?
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No common QTLs between greenhouse and more ecologically realistic

conditions for the highly heritable phenotypic trait flowering time.

OPEN a ACCESS Freely available online PLOS

Linkage and Association Mapping of Arabidopsis
thaliana Flowering Time in Nature

Benjamin Brachi', Nathalie Faure', Matt Horton?, Emilie Flahauw', Adeline Vazquez', Magnus
Nordborg?, Joy Bergelson?, Joel Cuguen’, Fabrice Roux'*



How to establish a genomic map of local adaptation?

l. Setting up of GWA study in a common garden

B. Using which soil/SynCom? Soil microbiota variation

| at the scale of few meters
i 3?' Strong geographic structuring of

(168 populations — SW France)

—

the soil biome at the European

scale.
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How to establish a genomic map of local adaptation?

l. Setting up of GWA study in a common garden

C. When planting seeds?

Main germination cohort
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QTL effects can largely depend on sowing
date.



How to establish a genomic map of local adaptation?

Il. Setting up of Genome-Environment Association (GEA) study
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How to establish a genomic map of local adaptation?

Main drawback of GEA: need for controlling for confounding ecological factors
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Setting up a Genome-Environment Association study

Working on 168 natural populations in the south-west of France




Large range of habitats




Setting up a Genome-Wide Association study

Working on 168 natural populations in the south-west of France

== Climate (n =6)

==fp SOil (n = 14)

== plant communities (n = 49)

== bacterial communities (gyrB):
in situ, leaf & root (n = 194) A,

== * PoolSeq approach: allele frequencies of ~ 4.8 million SNPs across the
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genome for each population => genomic information for 2,776 plants.

* Individual genome sequencing of 458 accessions: 5,386,423 bi-allelic

SNPs



Setting up a Genome-Wide Association study

Working on 168 natural populations in the south-west of France

== Climate (n =6)
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Detection of a polygenetic architecture associated with microbiota
descriptors

Combining a Bayesian hierarchical model with a local score approach

presence/absence OTU3

Lindley process

Chr. | Chr. 1l Chr. 1l Chr. IvV Chr. v

Microbiota composition (PCoA 2" axis)

Lindley process

Chr. | Chr. 1l Chr. Il Chr. IV Chr. V



Common QTLs between microbiota descriptors and non-microbial ecological
factors

Presence/absence OTU6

Lindley process

Chr. | Chr. 1l Chr. 11l Chr. IV Chr. V

Presence/absend¢ Cardamine hirsuta
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Common QTLs between pathobiota descriptors and non-microbial ecological
factors

Pathobiota composition (PCoA 2" axis)

Lindley process

Chr. | Chr. 1l Chr. 11l Chr. IV Chr. V

Plant community richness

35

30

25—

20—

Lindley process

Chr. | Chr. 1l Chr. 1ll Chr. IV Chr. V



The Genetic Architecture of Adaptation to Leaf and Root
Bacterial Microbiota in Arabidopsis thaliana

Fabrice Roux @,*" Léa Frachon @, and Claudia Bartoli"?>  Molecular Biology & Evolution 2023

ey
S

* A higher proportion of microbiota variance is explained by the cumulative

effects of QTLs rather than the cumulative effects of ecological factors




The Genetic Architecture of Adaptation to Leaf and Root
Bacterial Microbiota in Arabidopsis thaliana

Fabrice Roux ®,*' Léa Frachon ®,"* and Claudia Bartoli'"?>  Molecular Biology & Evolution 2023
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* A higher proportion of microbiota variance is explained by the cumulative

effects of QTLs rather than the cumulative effects of ecological factors

* The candidate genes are highly dependent on the identity of

microbiota - pathobiota descriptors - _ i f
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The Genetic Architecture of Adaptation to Leaf and Root
Bacterial Microbiota in Arabidopsis thaliana

Fabrice Roux ®,*' Léa Frachon ®,"* and Claudia Bartoli'"?>  Molecular Biology & Evolution 2023

A higher proportion of microbiota variance is explained by the cumulative
effects of QTLs rather than the cumulative effects of ecological factors
The candidate genes are highly dependent on the identity of
microbiota - pathobiota descriptors o j F

Stronger signatures of local adaptation on candidate genes '
for root microbiota than on candidate genes for leaf microbiota
> ATMYB15 [} o ATICLES A
=== 3 % % w®oaf =R
Coordination of microbe-host homeostasis by ( t°° m) m) , [,

crosstalk with plant innate immunity

Ka-Wai Ma®'4, Yulong Niu'¢, Yong Jia®®, Jana Ordon®', Charles Copeland @',
Aurélia Emonet®?, Niko Geldner®?, Rui Guan', Sara Christina Stolze ©*, Hirofumi Nakagami®*,
Ruben Garrido-Oter 5= and Paul Schulze-Lefert &=



Significant overlapping with candidate genes from GWAS

GEA in south-west GWAS in Sweden GWAS in the south-west of France
of France native habitats field conditions
in situ characterization common garden common garden
microbiota - gyrB microbiota — 16S response to 13 commensal strains

Roux et al. MBE 2023 Brachi et al. PNAS 2022 Ramirez-Sanchez, Duflos et al. Phytobiomes 2024
Duflos et al. in prep

Daniela Ramirez-Sanchez Rémi Duflos




Significant overlapping with candidate genes from GWAS

GEA in south-west GWAS in Sweden GWAS in the south-west of France
of France native habitats field conditions
in situ characterization common garden common garden
microbiota - gyrB microbiota — 16S response to 13 commensal strains

Roux et al. MBE 2023 Brachi et al. PNAS 2022 Ramirez-Sanchez, Duflos et al. bioRxiv 2022
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Short list of 50 genes common between GWAS and GEA

At5g46330 FLAGELLIN-SENSITIVE 2 (FLS2) with 39 top SNPs identified by GEA



Significant overlapping with candidate genes from GWAS

At5946330 FLAGELLIN-SENSITIVE 2 (FLS2) with 39 top SNPs identified by GEA
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Genetic effects on plant-microbiota interactions

Exploring natural genetic variation of commensal bacteria?




ldentifying genes at the interspecific and intraspecific levels

Bacterial collection based
on a CBC approach
(> 7,000 strains)

Interspecific level Intraspecific level
942 bacterial species e 74 strains of Pseudomonas siliginis
Genome & epigenome Nanopore sequencing * PacBio genome sequencing
(>90%)
Development of a GWA mapping method Rémi Duflos

adapted to interspecific genomic diversity




Why Pseudomonas siliginis?

6t most abundant and prevalent OTU across 168 natural populations of A.

thaliana (Bartoli et al. ISME 2018)

A biostimulant effect on A. thaliana (Ramirez-Sanchez et al. Front. Microbiol. 2022)

Used in a biostimulant associated with another bacteria: NUELLO® iN

Potential biocontrol agent (Bartoli et al. ISME 2018)




Extensive genomic plasticity within P. siliginis

Number of orthogroups
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Identification of 10,189 genes

Core genome
~43%

J

Accessory genome
I ~36%
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1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41

Number of strains

43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73



Absence of saturation of the pan-genome size

Mean number of genes

6000

40001

20001

Dispensable genome

(accessory and private)

Core genome

20 40 60

Number of strains



A very high density of genetic markers

Mapped on the longest genome of our collection by LIPME Biolnformatics
Considering only bi-allelic positions on the core genome
- Complete matrix : 656,256 genetic markers

= Around 1 SNP every 9 bp



Small effect of the demographic history

Weak link between phylogenetic distance

and geographic distance
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The extent of linkage disequilibrium is really short

0.8-
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0.4-

r2 - Median

0.21

0 250 500 750 1000

Distance between SNPs (bp)



The strain effect depends on the genotype of A. thaliana
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The strain effect depends on A. thaliana genotype & the growth conditions
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Successful detection of QTLs of the effect of P. siliginis

GWA mapping: mixed model correcting for the effect of the demographic history +

local score approach

Projected leaf surface area 10dai - MONTB-A-10 — in vitro

40 50}

o
Lindley process

W

o

401




The genetic architecture depends on the genotype of A. thaliana

Projected leaf surface area 10dai - MONTB-A-10 — in vitro
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The genetic architecture depends on the growth conditions

Projected leaf surface area 10dai - MONTB-A-10 — in vitro
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Main conclusions

Host genotype

Identification of adaptive QTLs for many descriptors of bacterial communities

}

diversity and composition

|

Benefits of exploring biotic diffuse interactions and considering higher-order interactions

Similar conclusions reached on plant-plant interactions

(Baron et al. Funct Ecol 2015, Frachon et al. MBE 2019, Libourel et al. Front Plant Sci 2021, The international PLANTCOM network Trends Plant Sci 2023)



Main conclusions

Microbial genotype

Genomic variation within a commensal bacterial species + short LD +

phenotypic variation 1
Successful GWA mapping

|

The genetic architecture of the effects of P. siliginis depends on

the growth conditions and the genotype of A. thaliana

}

Signatures of selection?



Performing free-phenotyping co-GWAS

Identifying genetic polymorphisms in strong LD across paired genomic data across space.
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Innovative breeding schemes for plant-microbiota co-selection?

Bartoli & Roux et al. 2017 FiPS
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How to predict complex biotic interactions?

ERC Synergy ‘Understanding and predicting pathogen communities’

Natural patterns

<
Community |
membership )

Detlef Joy
Weigel Bergelson

Three 3-year post-doc positions starting in April 2025:

- Testing the effects of microbiota genetics on
pathogen-pathogen interactions

- Testing the effects of host genetics on pathogen-

pathogen interactions (N = 2)






Performing GEA analyses on P. siliginis

Lindley process

74 strains from 45 populations
== Climate (n =6) ' .i

==fp SOil (n = 14)

== plant communities (n = 49)

mean annual temperature soil nitrogen content

k-

Lindley process

Duflos et al. in prep




Setting up a Genome-Wide Association study

Whole-genome sequence for 22 strains

Genus/ Species

OTU 2 Paraburkholderia fungorum

162 accessions x 13 strains*

OTU 3 Oxalobacteraceae bacterium
OTU 4 Comamonadaceae bacterium
OTU 5 Pseudomonas moraviensis
OTU 6 Pseudomonas siliginis

OTU 13  Methylobacterium sp.

OTU 29  Sphingomonadaceae
bacterium

GWAS in field conditions / mono-infection

Daniela Ramirez-Sanchez Rémi Duflos

*isolated from 7 out of the 12 most abundant
and prevalent non-pathogenic bacterial species
in the south-west of France

Ramirez-Sanchez et al. Front Microb 2022



Phenotyping of reproductive traits
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tion observed in response to commensals
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Negative trade-off between the response to a commensal
strain and total seed production in absence of inoculation
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A polygenic and flexible genetic architecture
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A polygenic and flexible genetic architecture
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A polygenic and flexible genetic architecture
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|dentification of candidate genes with two contrasted haplotypes
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|dentification of candidate genes with two contrasted haplotypes
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