
Structure, diversification, 

and function(s)  of the 

bacterial root microbiota



How can plants discriminate between 
beneficial and pathogenic microbes?

Bulgarelli et al. 2013

Healthy, asymptomatic plants in
nature host a rich diversity of
microbes and have important
roles in plant health and plant
growth

How can healthy plants establish
intimate associations with
microbial communities?

How do plant-associated microbial 
communities promote plant health?



Fractionation of the Arabidopsis root-associated 
bacterial microbiota



16S rRNA gene: the most widely used DNA 
sequence for taxonomic assignments of bacteria

Yusupov et al; 2001 Modified from Neffs et al;  1990

799F 1193R

799F2 1193R

PCR amplicons are  

subjected to pyrosequencing



Processing of 16S rRNA gene sequences retrieved from bulk 
soil, rhizosphere and root compartments by 

pyrosequencing

Reads quality cut-off (>10,000 reads/sample, only
reads >315 bp and high quality)

Reads 
alignment 

Complete linkage cluster (>97% sequence 
identity threshold for definition of 
operational taxonomic units (OTUs)) 

Bacterial richness
Multivariate statistic 

analysis



 soil type is the main determinant of root microbiota composition and 

host genotype contributes limited variation

Bulgarelli et al. 2012 Lundberg et al., 2012

root-enriched OTUs
operational taxonomic units (OTUs)

of bacteria revealed by 16S rRNA gene

sequencing   

Structure of the A. thaliana root microbiota

of plants grown in natural soil



Microbiota diversification within a phylogenetic 
framework of hosts

Klaus Schläppi et al., PNAS 2014



Dümpelfeld

May 1st 2012

Root microbiota evolution in Arabidopsis relatives: 

natural site and greenhouse experiments

Replicates of natural Cologne soil batches

Arabidopsis relatives

Replicate natural sites

A. thaliana and

Cardamine hirsuta grow side-by-side

Widdersdorf

April 5th 2012

Pulheim

April 10th 2012

MPIPZ greenhouse: SD conditions, 6 weeks

Klaus Schläppi



Most root-associated OTUs are shared 

between C. hirsuta and A. thaliana 

microbiota at both natural sites

Klaus Schläppi et al., 2014

• only quantitative variation in the abundance of root microbiota members in all three 

tested A. thaliana relatives, grown in the field or under controlled conditions



Ruben Garrido Oter, Davide Bulgarelli et al., in revision





Microhabitat (26%) and host genotype (6%) 

explain variation in community profiles



Diversification of barley and Arabidopsis root microbiota 
profiles: shared and unique bacterial taxa

relative abundance

(log-transformed)

o differences in microbiota composition might result from the diversification of an ancient 
core microbiota present in the last common ancestor of monocots and dicots

o microbe-microbe and host-microbe interactions appear to contribute to root microbiota  
differentiation



9.6 Gbp of metagenome 
DNA were assembled
and annotated as bacterial
ORFs

Pearson correlation coefficient between

16S rRNA metagenome abundance

16S rRNA amplicon abundance estimates

ρ = 0.95 (P <2.2 10E-16)



Specific bacterial functions enriched in root and

rhizosphere-associated bacterial taxa

in comparison to the surrounding soil bacteria

suggests both host-microbe and microbe-microbe interactions contribute to root microbiota differentiation 



Protein families related to plant-microbe AND microbe-microbe 
interactions exhibit strong signatures of positive selection 

protein families and functional processes

related to pathogenicity, phage interactions and

secretion are affected by co-evolutionary arms

races with the host as well as with other

microbes

first evidence that the type III secretion system,

which is crucial for host colonization by

pathogenic bacteria, is also involved in

the differentiation of the root microbiota from

the soil biota

Ruben Garrido Oter, Davide Bulgarelli et al., in revision



How can we better explore plant 
microbiota functions?



Large-scale isolation and establishment of a reference 

culture collection of the Arabidopsis root microbiota

Entire roots 3x wash in 5 ml

10 mM MgCl2

smash

dilution

limiting dilutioncolony picking

9,000 isolates3,500 isolates

Yang Bai and Girish Srinivas

determine bacterial 16S rRNA gene sequence

of 12,500 isolates

sequence-indexed rhizobacterial

library (IRL) stored at -80 C 



A reference culture collection of the Arabidopsis root microbiota

Actinobacteria
Kineosporiaceae
Mycobacteriaceae
Nocardiaceae
Cellulomonadaceae
Intrasporangiacea
Streptomycetaceae
Nocardioidaceae
Microbacteriaceae

Proteobacteria
Moraxellaceae
Pseudomonadaceae
Xanthomonadaceae
Burkholderiaceae
Alcaligenaceae
Oxalobacteriaceae
Comamonadaceae
Erythrobacteraceae
Sphingomonadaceae
Caulobacteraceae
Methylobacteriaceae
Methylophilaceae
Phyllobacteriaceae
Bradyrhizobiaceae
Hyphomicrobiaceae
Rhizobiaceae
Xanthobacteraceae

Bacteroidetes
Flavobacteriaceae

Firmicutes
Bacillaceae
Paeniballicaceae

(4 phyla, 28 families, 65 genera, 202 isolates) 

202 isolates representing
102 rOTUs (63% of root-enriched
OTUs detected by culture-independent
16S rRNA profiling)

species exemplars with ≥97%
16S rRNA gene sequence
similarity (585 bp Sanger
sequences)

whole-genome
sequencing of
reference culture
collection nearing
completion

Yang Bai and Girish Srinivas



• 102 rOTUs validated as pure 
cultures by Sanger 
sequencing in comparison to 
454 pyrosequencing-based 
culture-independent rOTUs
(Bulgarelli et al., 2012; 
Schläppi et al., 2014) 

• very few clades are 
seemingly ‘unculturable’,  
including Sinobacteraceae, 
Myxococcales

Captured versus non-captured root-enriched OTUs 
(=rOTUs) 



Exploring root microbiota functions
using bottom-up approaches

• indirect pathogen protection by 

root microbiota members



Fusarium oxysporum (F. ox), a fungal pathogen, 
severely inhibits Arabidopsis growth

Mock F. ox 20 dpi



Fusarium oxysporum (F. ox) is a vascular 

pathogen and infects Arabidopsis roots 

colonization of vasculature

Lectin staining 22 dpi



Fusarium oxysporum (F. ox) is a soil-borne fungal 

pathogen colonizing Arabidopsis roots 

Plants growing on 1/2 MS plates Plants growing on 1/2 MS plates with F. ox spores

F. ox spores 106/ml

24 days post inoculation

Yang Bai and Kei Hiruma

F. ox + B1 bacterium

Bacteria 106/ml

co-inoculation of roots with

F. ox and individual 

root microbiota members

F. ox + F2 bacterium F. ox + H5 bacterium
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Arabidopsis growth inhibited by F. oxysporum is rescued by 

taxomically diverse root microbiota members

Bacterial isolates

Controls

Mock

Fusarium

Yang Bai and Kei Hiruma

F. ox spores 106/ml

Bacteria 106/ml

24 days post inoculation

rhizobacterial strains
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Bacterial isolates

Controlsunrestricted

Fusarium hyphae

growth

undetectable

Fusarium hyphae

growth

Arabidopsis growth inhibited by F. oxysporum is rescued by 

taxomically diverse root microbiota members

Yang Bai and Kei Hiruma

F. ox spores 106/ml

Bacteria 106/ml

24 days post inoculation

Mock

Fusarium

intermediate

Fusarium hyphae

growth

rhizobacterial strains
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highly root-enriched

root-inhabiting

controls

Arthrobacter

Pseudomonas 

Acidovorax

Mesorhizobium

Evolutionary selection might

have favored root microbiota

members with strong protective

activity against soil-borne

pathogenic fungi

Yang Bai and Kei Hiruma

F. ox spores 106/ml

Bacteria 106/ml

24 days post inoculation

Arabidopsis growth inhibited by F. oxysporum is rescued by 

taxomically diverse root microbiota members

rhizobacterial strains

Mock

Fusarium

Rhizobium

unrestricted

Fusarium hyphae

growth

undetectable

Fusarium hyphae

growth

intermediate

Fusarium hyphae

growth



Specific taxonomic lineages of the bacterial root microbiota exert 

direct inhibitory activity against a wide range of soil-borne 

pathogenic root-colonizing fungi

Colletotrichum tofieldiae

Fusarium oxysporum

Plectosphaerella

cucumerina

Verticillium dahliae
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Root enriched 

Not root enriched 

Controls 

Arthrobacter 

Pseudomonas  

Acidovorax 

Mesorhizobium 

Mock 

Fusarium 

Rhizobium 

root-inhabiting

highly root-enriched

controls

co-inoculation of roots with pathogenic F. ox. and 

individual root microbiota members

rhizobacterial strains

Arthrobacter

Streptomyces

Pseudomonas

Mesorhizobium

Acidovorax

Rhizobium
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F. ox. inhibition F. ox. promotion

...suggests indirect protection against soil-borne fungal pathogens

is a major physiological function of the Arabidopsis bacterial root microbiota
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