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INTRODUCTION: All living organisms have
evolved homeostatic mechanisms to control
their mineral nutrient and trace element con-
tent (ionomes). In plant roots and animal
guts, these mechanisms involve specialized
cell layers that function as a diffusion barrier
to water, solutes, and immunoactive ligands.
To perform this role, it is essential that the
cells forming these layers are tightly sealed
together. Additionally, these cells must perform
their homeostatic function while interacting
with the local microbiota. In animals, resident
microbes influence the function of intestinal
diffusion barriers and, in some cases, miscoor-
dination of this interplay can cause dysbiosis.
In plants, two types of extracellular root dif-

fusion barriers have been characterized at the
endodermis: Casparian strips, which seal cells
together, and suberin deposits, which influence
transport across the cell plasma membrane.
Whether and how these root diffusion bar-

riers coordinatewith themicrobiota inhabiting
the root is unknown. Such coordination could
influence plant performance, agronomic yields,
and the nutritional quality of crops.

RATIONALE: We explored and characterized
the interplay between the regulatory networks
controlling the performance of the root diffu-
sion barrier and the functionally complex and
metabolically dynamic microbiota inhabiting
the root. To address this, we explored the pre-
sumptive reciprocal nature of this interaction
using two complementary approaches.
First, we profiled the microbiome of a col-

lection of plants with a range of specific
alterations to the root diffusion barrier to
determine whether the regulatory network
controlling the synthesis and deposition of
the barrier components also controls the
structure of the root microbiome. Second, we
deployed a collection of bacterial strains iso-

lated from the shoots and roots of plants grown
in natural soils to establish the influence of the
microbiome over root barrier function. Last, we
coupled both approaches to identify themolec-
ular links between the root diffusion barrier
and their associated microbiota.

RESULTS: We analyzed a nonredundant and
diverse collection of 19 root diffusion barrier
mutants and overexpression lines to reveal the
influence of the root diffusion barrier regu-
latory network on the assembly of the plant
microbiota. We screened 416 individual bacte-
rial strains for their ability to modify the func-
tion of the Casparian strip and suberin deposits
in the endodermis and uncovered a new role
for the plant microbiota in influencing root
diffusion barrier functions with an impact
on plant mineral nutrient homeostasis. We
designed and deployed a bacterial synthetic
community combined with ionomics and
transcriptomics to discover the molecular
mechanisms underlying the coordination be-
tween root diffusion barriers and the plant
microbiota.
Our research has threemain findings: (i) The

regulatory network controlling the endodermal
root diffusion barriers also influences the com-
position of the plant microbiota; (ii) individual
members of the plant microbiome, bacterial
synthetic communities, or natural microbial
communities control the development of endo-
dermal diffusion barriers, especially suberin
deposition, with consequences for the plant’s
ionome and abiotic stress tolerance; and (iii)
the capacity of the plant microbiome to influ-
ence root diffusion barrier function is mediated
by its suppression of signaling dependent on
the phytohormone abscisic acid.

CONCLUSION: Our findings that the plant mi-
crobiome influences root diffusion barrier
function generalizes the role of the micro-
biome in controlling cellular diffusion barriers
across kingdoms. In addition, we defined the
molecular basis of how diffusion barriers in
multicellular organisms incorporate microbial
function to regulate mineral nutrient balance.
This discovery has potential applications in
plant and human nutrition and food quality
and safety. Microbial-based strategies to con-
trol suberization of plant roots presents new
opportunities to design more resilient crops,
new biofortification strategies, and carbon-
sequestration approaches.▪
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The microbiota influences root diffusion barriers. (A) Model showing the interplay between the microbiota
and root diffusion barriers. Microbes influence Casparian strip synthesis and co-opt plant-based abscisic
acid signaling to control endodermal suberization. (B) Schematic representation of suberin accumulation in
plants grown under axenic conditions or with the root microbiota. Root-inhabiting microbes reduce endodermal
suberization optimizing mineral nutrient homeostasis and abiotic stress responses in the plant.
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Niokhor Bakhoum3,4‡, Tristan P. Dew3,4, Kiran Suresh6, Rochus Benni Franke6, Jeffery L. Dangl1,2,
David E. Salt3,4, Gabriel Castrillo3,4§

Plant roots and animal guts have evolved specialized cell layers to control mineral nutrient homeostasis.
These layers must tolerate the resident microbiota while keeping homeostatic integrity. Whether and how the
root diffusion barriers in the endodermis, which are critical for the mineral nutrient balance of plants,
coordinate with the microbiota is unknown. We demonstrate that genes controlling endodermal function
in the model plant Arabidopsis thaliana contribute to the plant microbiome assembly. We characterized
a regulatory mechanism of endodermal differentiation driven by the microbiota with profound effects on
nutrient homeostasis. Furthermore, we demonstrate that this mechanism is linked to the microbiota’s
capacity to repress responses to the phytohormone abscisic acid in the root. Our findings establish the
endodermis as a regulatory hub coordinating microbiota assembly and homeostatic mechanisms.

P
lant roots, analogous to animal guts,
selectively absorb mineral nutrients
and water from the environment and
transport them into the vascular sys-
tem for long-distance transport to other

tissues and organs (1, 2). These processes are
tightly controlled by specialized cell layers, the
root endodermis and exodermis (when pres-
ent) in plants and the intestinal epithelium in
animals. These cells act as control points for
the diffusion of water, solutes, and immune
ligands. Diffusion barriers must permit the
presence of the metabolically active resident
microbiota and still protect homeostatic in-
tegrity. In animals, the mechanisms by which
the intestinal epithelium functions with the
microbiota present have been partially eluci-
dated (2), and serious diseases caused by
their malfunction have been described (3). By
contrast, in plants, the mechanisms control-

ling the deposition of root diffusion barriers
have been described only under axenic con-
ditions (4), and the integration of the micro-
biota into their function is unknown. The
endodermis has two types of root diffusion
barriers, the Casparian strips, consisting of
fine bands of lignin that encircle endodermal
cells, and the deposition of suberinwithin the
space between the cell wall and the plasma
membrane of endodermal cells. Endodermal
suberization follows a defined program in
which a few cells first suberize in a “patchy”
manner that later expands into a zone of
continuous suberization (5). Suberin depo-
sition changes in response to nutritional
stress and is regulated by the plant hormones
ethylene and abscisic acid (ABA) (5). The
activation of a surveillance system to check
the integrity of the Casparian strips, con-
trolled by the Schengen pathway, induces
lignification and suberization of the endo-
dermis (6). The discovery that the endodermis
restricts the diffusion of microbe-associated
molecular patterns (7) important for the es-
tablishment of the root microbiome (8) sug-
gests its role as a regulatory hub coordinating
the plant ionome, plant mineral nutrient and
trace element composition (9), and assembly
of the microbiota. This coordination might
influence plant performance under changeable
environments,with consequences on agronomic
yields and food nutritional quality.

Genes controlling endodermal function
influence microbiome assembly

We compared the bacterial community com-
position of wild-type Arabidopsis thaliana
(hereafter Arabidopsis) (accession Col-0) plants

with five groups of root diffusion barrier mu-
tants and transgenic lines mis- or over-
expressing relevant genes (fig. S1A and table
S1). Arabidopsis plants lack an exodermis, so
this collection of genotypes represents clean
combinatorial impairments in different sectors
of the endodermal root diffusion barrier net-
work (fig. S1A). We grew plants in natural soil
and determined their shoot area, as well as root,
shoot, and soil bacterial community profiles,
using 16S rRNA amplicon sequencing. We
observed that genotypes with strong impair-
ment in the root diffusion barriers (groups 5
and 6) showed a significant reduction in shoot
area (fig. S1B) that might be the result of com-
plex interactions among soil properties, the
microbiome presence, and the root diffusion
barriers.
General microbiome characteristics were

consistent with previous findings (10, 11) (fig.
S1, C and D). Canonical analysis of principal
coordinates (CAP) showed significant differ-
ences in bacterial community compositions
across the root diffusion barrier genotypes
(Fig. 1A and fig. S1E). As expected from a
plant-derived mechanism, we consistently ob-
served these differences in root and shoot but
not in the soil fraction [root and shoot per-
mutational multivariate analysis of variance
(PERMANOVA), p< 1 × 10−4; soil PERMANOVA,
p = 0.25] (Fig. 1A and fig. S1, E and F).
Genotypes bearing significantly different bac-
terial communities represented most of the
root diffusion barrier plant groups analyzed
(Fig. 1A and fig. S1, E to G), indicating that
certain genes broadly distributed across the
root diffusion barrier regulatory network
contribute to the composition of the plant
microbiome.
To further understand the interaction be-

tween root diffusion barriers and the plant
microbiome, we built a bacterial synthetic
community consisting of 41 taxonomically
diverse bacteria isolated from the roots and
shoots of Arabidopsis grown in natural soils
(12, 13). This synthetic community approxi-
mates the endophytic compartment community
composition observed in natural Arabidopsis
populations (fig. S2A). We inoculated seedlings
of wild-type plants and a selection of seven
root diffusion barrier genotypes representing
the different functional groups grown on agar
plates. We recapitulated, in all genotypes, mi-
crobiome composition differences observed
in natural soil (Fig. 1B and fig. S2, B to D)
regardless of the differences observed in the
root metabolome (fig. S2, E and F) and the
root diffusionbarrier hormonal control in some
of them (fig. S2G). Thus, we confirmed that
plants with atypical root diffusion barriers
assemble an altered microbiota even on agar
plates that minimize developmental and phys-
iological differences among the root diffusion
barrier genotypes (fig. S2, H and I).
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We determined the leaf ionomic profiles of
the different genotypes grown in natural soil
and on agar plates. We observed that some of
the genotypes with an atypical shoot ionome
also assembled a distinct root and shoot mi-
crobiome (Fig. 1, C andD, and fig. S3, A and B).
We found a significant correlation (Mantel
test p < 0.05) between the root bacterial com-
munity dissimilarity and the shoot ionome
dissimilarity (Fig. 1, E and F) in both natural
soil and agar systems. This correlationwas less
obvious in the shoot microbiome of plants
grown in natural soil (fig. S3C) and did not
exist in the case of the soil microbiome (fig.
S3C) and the shoot and agar microbiome of
plants grown on agar plates (fig. S3D). As a
control, we repeated the same analysis with
soil elemental profiles that were different from
the plant shoot ionome (fig. S3, E and F) and
did not detect a significant correlation with
the microbiome (fig. S3G).
Our results (Fig. 1) indicate that endodermal

root diffusion barrier components regulate
plantmicrobiome configuration inArabidopsis
plants. This effect suggests that the same
mechanisms that maintain mineral nutri-
ent homeostasis also contribute to micro-
biome composition.

Individual bacterial strains modify root
diffusion barriers

To explore the interplay between root diffu-
sion barriers and the plant microbiome, we

analyzed the microbiota’s ability to influence
the deposition of root diffusion barriers in the
endodermis. We determined how the depo-
sition of the Casparian strips and suberin
synthesis changed in response to a collection
of 416 individual bacterial strains (fig. S4, A
and B) isolated from the roots and shoots of
Arabidopsis grown in natural soil (12, 13). We
individually screened the bacterial strains
for their ability to modify the function of
the Casparian strip in blocking the diffusion
of propidium iodide, a fluorescent apoplastic
tracer, into the root tissue layers (14) (fig. S4C).
We found that 25 and 1.9% of the isolates
analyzed induced a significant early and late
block in the diffusion of propidium iodide,
respectively (Fig. 2A). Using a representative
subset (n= 41) of the bacterial strains (Fig. 2B),
we showed that these effects were not a mere
consequence of root growthmodification (Fig.
2A and fig. S5, A to D). Indeed, we observed
that some bacteria had the capacity to induce
changes in the endodermal lignification inde-
pendently of the appearance of the first root
hair, a marker of root development (fig. S5, C
to F). These results indicate that members
of the root microbiome have the capacity to
modify Casparian strip formation.
To test whether this bacterial effect also oc-

curs in the deposition of endodermal suberin,
we analyzed the expression of the suberization
reporter pGPAT5::mCITRINE-SYP122 (15) in
plant roots in response to 416 individual bac-

terial isolates (fig. S4, A to C). Most of the
bacteria analyzed (71%) significantly expanded
the root zone whereGPAT5 expression follows
a patchy pattern (Fig. 2A). Accordingly, the
root zonewith continuous activation ofGPAT5
was reduced (Fig. 2A). We ruled out that the
bacterial effect on endodermal suberization
was exclusively linked to the bacterial capacity
to induce changes in root growth (Fig. 2A and
fig. S5, A, G, and H). This suberin deposition
phenotype showed a strong phylogenetic signal
(Pagel’s l = 0.78, p = 4.3 × 10−40), highlighting
that closely related strains exhibit similar ef-
fects on root suberization (Fig. 2A).
We demonstrated that the bacterial effects

on Casparian strip function and endodermal
suberization are not linked because we found
no correlation (r = –0.07, p = 0.13) between
these two parameters (fig. S5I). The small
variation found in Casparian strip function
does not explain the large effect detected in
the case of suberin deposition in response
to the bacterial collection (fig. S5J). These re-
sults indicate that Casparian strip synthesis
is more resilient to the effect of individual
bacteria than endodermal suberization, and
that members of the plant microbiome can
modify suberin deposition independently of
the Casparian strip.
Next, we used the representative subset (n =

41) of the bacterial strains in plant-association
assays to testwhether their effect on suberization
regulates plant mineral nutrient homeostasis
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Fig. 1. Plants with modified root diffusion barriers assemble a distinct
microbiome. (A and B) CAP analysis of root microbiome composition showing
the projected microbiome assembly of the root diffusion barrier genotypes
(numbers) in plants grown in (A) natural soil and (B) agar plates inoculated with
a bacterial synthetic community (SynCom). (C and D) CAP analysis of shoot
mineral nutrient composition (ionome) showing the projected ionomic profiles of

plant genotypes (numbers) in plants grown in (C) natural soil and (D) agar plates
inoculated with a bacterial SynCom. Numbers in red are statistically significant
compared with Col-0 (q < 0.05). (E and F) Pairwise correlation analysis between
the shoot ionome and the root microbiome composition in plants grown in (E)
natural soil and (F) agar plates inoculated with a bacterial SynCom. Panel shows
the Mantel r statistic and its P value.
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(Fig. 2B and fig. S6, A and B). We observed
that root suberin, stained with Fluorol yellow
(16) and quantified as the distance from the
root tip to the continuously suberized zone,
recapitulated the gradient of suberization
found in our previous screening (Fig. 2C and
fig. S6, A, C, D, and E). We identified strains
that increased deposition of suberin (Fig. 2C
and fig. S6C) and strains that inhibited suber-
ization to levels found in the line pCASP1::
CDEF1 expressing the cuticle destructing fac-
tor1 (CDEF1) that degrades endodermal suberin
(16) (Fig. 2C and fig. S6C). This suggests that
members of the plant microbiota might inter-
fere with the mechanisms controlling endoder-
mal suberization, such as hormonal control (5) or
immune system activation (17). Several controls
validated that, in general, the bacterial effect
on suberization is not due to an indirect effect
on plant development (figs. S5G and S6, D to F).
These results indicate that strains from the plant
microbiome canmodify suberin accumulation in
the endodermis over a wide accumulation range.

We also investigated whether bacterially
induced changes in the root diffusion bar-
riers function affect plant mineral nutrient
homeostasis. Analyses of shoots from plants
inoculated with the selected strains showed
strong perturbation in the ionome (Fig. 2D).We
identified clusters of mineral nutrients with
concentrations that significantly increased, de-
creased, or were not changed across the bac-
terial strain treatments (Fig. 2D). The variations
in suberin accumulation induced by single iso-
lates were highly correlated with the accumula-
tion of a significant number of nutrients in the
shoot (Fig. 2E and fig. S7A). Various controls
excluded that the differences observed were an
indirect fertilizing effect caused by the bacteria
present in the leaves (fig. S7, B to D). These
findings strongly suggest that the mechanisms
that influence suberin deposition mediated by
members of the plant microbiota also influence
mineral nutrient homeostasis in the plant.
We next investigatedwhether bacterial abun-

dance could explain the observed suberin

phenotypes and found a positive correlation
between root bacterial colonization capacity
and suberin deposition in the plant (figs. S6D
and S7E). This correlation suggests that bac-
terial colonization might be a predictor of a
positive bacterial effect on suberin deposition.

A bacterial synthetic community modifies
suberin plasticity

To investigate the role of a more complex
plant microbiome in regulating suberin de-
position, we used a bacterial synthetic com-
munity consisting of 41 taxonomically diverse
bacteria (Fig. 2B and figs. S2A and S4A) able
to colonize the rhizoplane and the endophytic
compartment of the root (fig. S8A). We grew
wild-type plants axenically or inoculated with
the synthetic community under nutritional
stresses known to induce obvious perturba-
tions in suberin deposition (5) (fig. S6B). We
recapitulated the suberin plasticity found in
response to nutritional stresses in plants grow-
ing axenically (5) (Fig. 3, A and B, and fig. S8B).
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By contrast, nutrient-stressed plants inoculated
with the synthetic community showed sig-
nificant reductions in the levels of plasticity
of suberin deposition, as evidenced by a longer
distance to the continuous zone (Fig. 3, A and
B, and fig. S8B). This was particularly evident
in the case of low K and high NaCl (Fig. 3, A
and B, and fig. S8B). This effect was robust over
a wide range of synthetic community inoculum
concentrations (fig. S8C). We confirmed, using

direct chemical quantification, that the syn-
thetic community reduces the suberin content
in the root and introduces minor changes in
the suberin polyester composition (fig. S8D).
Thus, we hypothesize that this microbiome
effect on root suberization could be a regu-
latory component of the root diffusion bar-
riers with consequences for mineral nutrient
homeostasis and plant performance during
nutritional stress. Indeed, we found that plants

inoculated with the synthetic community
coped better with nutritional stresses (Fig. 3,
A and C, and fig. S8E). Inoculated stressed
plants had larger rosettes with a significantly
greater dry weight compared with axenically
stressed plants (Fig. 3, A and C, and fig. S8E).
We linked this beneficial microbiome effect
to endodermal suberization. Different CDEF1-
expressing lines lacking the ability to accumu-
late suberin were insensitive to the microbiome
effect (fig. S8, F and G).
We then analyzed elemental profiles of

plant leaves grown under nutritional stresses
(fig. S6B). All tested stress conditions induced
significant changes in the plant ionome (Fig.
3D and fig. S9, A and B). In accordance with
our previous results (Fig. 2D), plants inocu-
lated with the synthetic community exhibited
distinct ionomes compared with axenic plants
(Fig. 3D and fig. S9, A and B), indicating a
bacterial effect on mineral nutrient homeosta-
sis. We confirmed that the ionomic differences
observed were not due to a bacterial fertilizing
effect (fig. S9, A and B). The bacterial synthetic
community induced a significant reconfigu-
ration of the plant ionome even under replete
nutrient conditions (Fig. 3D). We verified that
this bacterial effect on the plant ionome is
linked to root suberization. Consistentwith our
previous results (fig. S8, F and G), we observed
that lines expressing CDEF1 grown axenically
with a constitutively lower amount of endoder-
mal suberin produced changes in a sector of
the plant ionome that recapitulated the syn-
thetic community effect on wild-type plants
(fig. S9C). Furthermore, the synthetic commun-
ity’s ability to induce changes in this sector of
the plant ionome was reduced in these lines
(fig. S9C). This finding, in conjunction with the
beneficial microbiome effect (Fig. 3, A and C),
indicates that microbiome-mediated suberin
deposition optimizes a sector of the plant
ionome facilitating plant acclimation to nutri-
ent stresses.

The microbiome modulates suberization
through ABA response repression

To understand how the microbiota modulates
suberin deposition, we analyzed the tran-
scriptome of plants grown with the synthetic
community. We contrasted sets of differen-
tially expressed genes in roots of wild-type
plants and the mutant myb36-2, which dis-
plays an enhanced accumulation of suberin
because of the constitutive activation of the
Schengen pathway (18). We identified differ-
entially expressed genes that responded to
the synthetic community, to the Schengen
pathway, or to both (Fig. 4A and fig. S10A).
We found that clusters C1 and C2 contained
genes with a synthetic community effect (Fig.
4A and fig. S10A). Consistent withmicrobiome
influence on suberization, these clusters are
enriched with genes related to defense, ion
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transport, and nutrient responses (fig. S10B).
Consistent with previous observations (Fig. 3,
A and B), genes related to phenylpropanoid
metabolism and fatty acid elongation, which
are critical for the synthesis of suberin (19),
were repressed by the synthetic community
(fig. S10, C and D). Further, the synthetic com-
munity suppressed the transcriptional response
toABA (cluster C2), a hormoneknown to induce
suberin accumulation (5) (Fig. 4, A and B, and
fig. S10, E and F). We therefore hypothesized
that the microbiome modulates suberization
through an ABA-dependent pathway. Indeed,
we found that the ABAmutants aba2-1 (20) and
abi4-1 (21) mimicked the bacterially induced
reduction in suberin observed in wild-type
plants (Fig. 4C and fig. S10, G and H) and did
not respond to the microbiome effect on
suberization and plant growth (Fig. 4C and
fig. S10, G and H). We observed similar
results when we used the line pCASP1::abi1-1,
which is impaired in endodermal ABA sig-
naling (5) (fig. S10I). Furthermore, we found
that the synthetic community suppressed fluo-
rescence in the root of the two ABA reporter
lines 6xABRE_A::erGFP and 6xABRE_R::erGFP
(22) in two different nutritional conditions (fig.

S10, J and K). Therefore, we conclude that the
microbiome controls endodermal suberiza-
tion through the inhibition of the ABA sig-
naling pathway in the plant and locally in the
endodermis. Reinforcing this conclusion, we
did not observe a synthetic community effect
on the transcriptional response to ethylene,
another hormone controlling suberization (5),
and the ethylene mutants analyzed did re-
spond to the microbiome’s effect on suberiza-
tion (Fig. 4C and fig. S10, E to H).
We found that ABA mutants had different

leaf ionomes than plants grown axenically
(fig. S11A). This supports the idea that the
microbiota also controls other non–suberin-
based ionomic mechanisms (10, 23). We hy-
pothesized that the microbiome effect on
suberization could represent an uncharacter-
ized regulatory branch of endodermal suber-
ization that is independent of the Schengen
pathway. Indeed, the sgn3-3 mutant, which
has an impaired Schengen pathway (24), is
responsive to the synthetic community (figs.
S10H and S11, A and B). We confirmed these
results in the sgn3-3 myb36-2 doublemutant,
in which we observed less suberization and
larger rosettes in synthetic community–inoculated

plants compared with axenic plants (figs. S10H
and S11, A and B). Therefore, the root micro-
biota’s effect on suberin is a signaling branch
of endodermal suberization that affects ABA
signaling and is independent of the Schengen
pathway (Fig. 4D).
We observed that the Schengen pathway

exerted an epistatic effect on the microbiome-
controlled branch of suberization (Fig. 4D).
We identified genes with repression by the
synthetic community that could be overridden
by Schengen pathway activation in myb36-2
(fig. S11, C and D). We also observed that the
transcriptional response to ABA in myb36-2
was not repressed by the synthetic community
(Fig. 4B). The synthetic community failed
to reduce the suberin levels in the mutants
myb36-2 and esb1-1, both expressing consti-
tutive activation of the Schengen pathway
(25) (figs. S10H and S11B).
Finally, we tested whether the synthetic

community’s control over suberization trans-
lates to a natural microbial community.Wild-
type plants inoculated with both synthetic
and natural microbiomes had larger leaves
(fig. S12, A and B) and less suberin compared
with axenic plants in response to salinity
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stress (Fig. 4E and fig. S12C). We did not
observe any microbiome effect on the ABA
mutant aba2-1 (Fig. 4E and fig. S12, A to C).
These results demonstrate that the plant
microbiota is an essential component of the
root diffusion barrier regulatory network in
natural conditions.

Conclusions

We demonstrate that the genes regulating root
diffusion barriers influence the composition
of the plant microbiota and, reciprocally, that
microbes colonizing the root influence root
diffusion barrier function. We also establish
that suberization of the endodermis, which is
important for plant adaptation to nutritional
stresses under axenic conditions (5), is re-
duced by the root microbiome by repression
of the plant’s ABA transcriptional response.
We reveal that coordination between root dif-
fusion barriers and the microbiome leads to a
balancing of the plant ionome that allows the
plant to successfully absorb environmental
perturbations such as low iron or high salinity.
Our findings define a mechanism that allows
plants to cope with fluctuations in themineral
nutrient supply in nature and generalize the
role of themicrobiome in controlling diffusion
barrier functions across kingdoms. These re-
sults improve our understanding of how dif-
fusion barriers in multicellular organisms
integrate microbial function to maintain min-
eral nutrient homeostasis (Fig. 4D). We en-
vision future applications of microbial-based
strategies for the modulation of suberin pro-
duction in crops. We anticipate the opening of
unexplored avenues leading to the develop-
ment of plants more adapted to extreme en-
vironmental conditions, withmore capacity for
carbon sequestration, higher content of beneficial
mineral nutrients, and fewer toxic elements.

REFERENCES AND NOTES

1. M. Barberon, N. Geldner, Radial transport of nutrients: The
plant root as a polarized epithelium. Plant Physiol. 166,
528–537 (2014). doi: 10.1104/pp.114.246124; pmid: 25136061

2. J. M. Allaire et al., The intestinal epithelium: Central coordinator
of mucosal immunity. Trends Immunol. 39, 677–696 (2018).
doi: 10.1016/j.it.2018.04.002; pmid: 29716793

3. M. Coskun, Intestinal epithelium in inflammatory bowel
disease. Front. Med. 1, 24 (2014). doi: 10.3389/
fmed.2014.00024; pmid: 25593900

4. I. C. R. Barbosa, N. Rojas-Murcia, N. Geldner, The Casparian
strip-one ring to bring cell biology to lignification?
Curr. Opin. Biotechnol. 56, 121–129 (2019). doi: 10.1016/
j.copbio.2018.10.004; pmid: 30502636

5. M. Barberon et al., Adaptation of root function by nutrient-
induced plasticity of endodermal differentiation. Cell 164,
447–459 (2016). doi: 10.1016/j.cell.2015.12.021;
pmid: 26777403

6. V. G. Doblas et al., Root diffusion barrier control by a
vasculature-derived peptide binding to the SGN3 receptor.
Science 355, 280–284 (2017). doi: 10.1126/science.aaj1562;
pmid: 28104888

7. F. Zhou et al., Co-incidence of damage and microbial patterns
controls localized immune responses in roots. Cell 180,
440–453.e18 (2020). doi: 10.1016/j.cell.2020.01.013;
pmid: 32032516

8. K. Yu et al., Rhizosphere-associated pseudomonas
suppress local root immune responses by gluconic acid-
mediated lowering of environmental pH. Curr. Biol. 29,
3913–3920.e4 (2019). doi: 10.1016/j.cub.2019.09.015;
pmid: 31668625

9. D. E. Salt, I. Baxter, B. Lahner, Ionomics and the study of the
plant ionome. Annu. Rev. Plant Biol. 59, 709–733 (2008).
doi: 10.1146/annurev.arplant.59.032607.092942;
pmid: 18251712

10. G. Castrillo et al., Root microbiota drive direct integration of
phosphate stress and immunity. Nature 543, 513–518 (2017).
doi: 10.1038/nature21417; pmid: 28297714

11. O. M. Finkel et al., The effects of soil phosphorus content on
plant microbiota are driven by the plant phosphate starvation
response. PLOS Biol. 17, e3000534 (2019). doi: 10.1371/
journal.pbio.3000534; pmid: 31721759

12. A. Levy et al., Genomic features of bacterial adaptation to
plants. Nat. Genet. 50, 138–150 (2017). doi: 10.1038/s41588-
017-0012-9; pmid: 29255260

13. Y. Bai et al., Functional overlap of the Arabidopsis leaf and root
microbiota. Nature 528, 364–369 (2015). doi: 10.1038/
nature16192; pmid: 26633631

14. J. Alassimone, S. Naseer, N. Geldner, A developmental
framework for endodermal differentiation and polarity.
Proc. Natl. Acad. Sci. U.S.A. 107, 5214–5219 (2010).
doi: 10.1073/pnas.0910772107; pmid: 20142472

15. T. G. Andersen et al., Diffusible repression of cytokinin
signalling produces endodermal symmetry and passage cells.
Nature 555, 529–533 (2018). doi: 10.1038/nature25976;
pmid: 29539635

16. S. Naseer et al., Casparian strip diffusion barrier in Arabidopsis
is made of a lignin polymer without suberin. Proc. Natl. Acad.
Sci. U.S.A. 109, 10101–10106 (2012). doi: 10.1073/
pnas.1205726109; pmid: 22665765

17. A. Emonet et al., Spatially restricted immune responses allow
for root meristematic activity during bacterial colonisation.
bioRxiv 233817 [Preprint]. 3 August 2020. https://doi.org/
10.1101/2020.08.03.233817. doi: 10.1101/2020.08.03.233817

18. T. Kamiya et al., The MYB36 transcription factor orchestrates
Casparian strip formation. Proc. Natl. Acad. Sci. U.S.A. 112,
10533–10538 (2015). doi: 10.1073/pnas.1507691112;
pmid: 26124109

19. J. Liu, A. Osbourn, P. Ma, MYB transcription factors as
regulators of phenylpropanoid metabolism in plants. Mol. Plant
8, 689–708 (2015). doi: 10.1016/j.molp.2015.03.012;
pmid: 25840349

20. M. González-Guzmán et al., The short-chain alcohol
dehydrogenase ABA2 catalyzes the conversion of xanthoxin to
abscisic aldehyde. Plant Cell 14, 1833–1846 (2002).
doi: 10.1105/tpc.002477; pmid: 12172025

21. E. M. Söderman, I. M. Brocard, T. J. Lynch, R. R. Finkelstein,
Regulation and function of the Arabidopsis ABA-insensitive4
gene in seed and abscisic acid response signaling networks.
Plant Physiol. 124, 1752–1765 (2000). doi: 10.1104/
pp.124.4.1752; pmid: 11115891

22. R. Wu et al., The 6xABRE synthetic promoter enables the
spatiotemporal analysis of ABA-mediated transcriptional

regulation. Plant Physiol. 177, 1650–1665 (2018). doi: 10.1104/
pp.18.00401; pmid: 29884679

23. K. Hiruma et al., Root endophyte colletotrichum tofieldiae
confers plant fitness benefits that are phosphate status
dependent. Cell 165, 464–474 (2016). doi: 10.1016/
j.cell.2016.02.028; pmid: 26997485

24. S. Fujita et al., SCHENGEN receptor module drives localized
ROS production and lignification in plant roots. EMBO J. 39,
e103894 (2020). doi: 10.15252/embj.2019103894;
pmid: 32187732

25. P. Wang et al., Surveillance of cell wall diffusion barrier
integrity modulates water and solute transport in plants.
Sci. Rep. 9, 4227 (2019). doi: 10.1038/s41598-019-40588-5;
pmid: 30862916

26. L. Song et al., A transcription factor hierarchy defines an
environmental stress response network. Science 354, aag1550
(2016). doi: 10.1126/science.aag1550; pmid: 27811239

27. K. N. Chang et al., Temporal transcriptional response to
ethylene gas drives growth hormone cross-regulation in
Arabidopsis. eLife 2, e00675 (2013). doi: 10.7554/eLife.00675;
pmid: 23795294

ACKNOWLEDGMENTS

We thank K. Swarup and R. Pérez-Torres for technical assistance;
P. Ramakrishna for her help in the soil extraction; P. Schulze-Lefert,
MPIPZ, Germany, and J. Vorholt, ETH Zurich, Switzerland, for
their strain collections; and M. Bennett, C. Fitzpatrick, and
O. M. Finkel for critical comments on the manuscript. Funding:
This work was supported by Deutsche Forschungsgemeinschaft
(DFG) grant no. FR1721/2-1 to R.B.F. I.S.-G. and J.L.D. are
supported by funds from the Howard Hughes Medical Institute
(HHMI) and from National Science Foundation grant no. IOS-
1917270 awarded to J.L.D. J.L.D. is an investigator of the HHMI.
G.R. and D.E.S. are supported by UK BBSRC grant no. BB/
N023927/1, Biological Sciences Research Council grant no. BB/
L027739/1, and the University of Nottingham Future Food
Beacon of Excellence. G.C. is supported by a Nottingham
Research Fellowship, Royal Society grant no. RGS\R1\201229,
and the Future Food Beacon of Excellence, University of
Nottingham. Author contributions: Conceptualization: I.S.-G.,
G.R., P.F., D.E.S., and G.C.; Data curation: I.S.-G. and G.C.; Formal
analysis: I.S.-G.; Investigation: I.S.-G., G.R., P.F., V.C., D.G., N.B.,
T.P.D., K.S., R.B.F., and G.C.; Methodology: G.C.; Project
administration: G.C.; Software: I.S.-G.; Supervision: G.C.;
Visualization: I.S.-G., G.R., and G.C.; Writing – original draft:
I.S.-G. and G.C.; Writing – review & editing: G.R., P.F., V.C., D.G.,
N.B., J.L.D., and D.E.S. Competing interests: The authors declare
no competing interests. Data and materials availability: DNA
sequence data are available at the NCBI bio-project repository
under identification no. PRJNA630964. RNA-Seq raw sequence
data and read counts are available at the NCBI Gene Expression
Omnibus under accession no. GSE151376. All data and code
needed to reproduce all analyses can be found at https://github.
com/isaisg/rootbarriersmicro. All other data are present either
in the main paper or the supplementary materials.

SUPPLEMENTARY MATERIALS

science.sciencemag.org/content/371/6525/eabd0695/suppl/DC1
Materials and Methods
Figs. S1 to S12
Tables S1 and S2
References (28–69)
MDAR Reproducibility Checklist

View/request a protocol for this paper from Bio-protocol.

29 May 2020; accepted 2 November 2020
Published online 19 November 2020
10.1126/science.abd0695

Salas-González et al., Science 371, eabd0695 (2021) 8 January 2021 6 of 6

RESEARCH | RESEARCH ARTICLE
on M

arch 2, 2021
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://dx.doi.org/10.1104/pp.114.246124
http://www.ncbi.nlm.nih.gov/pubmed/25136061
http://dx.doi.org/10.1016/j.it.2018.04.002
http://www.ncbi.nlm.nih.gov/pubmed/29716793
http://dx.doi.org/10.3389/fmed.2014.00024
http://dx.doi.org/10.3389/fmed.2014.00024
http://www.ncbi.nlm.nih.gov/pubmed/25593900
http://dx.doi.org/10.1016/j.copbio.2018.10.004
http://dx.doi.org/10.1016/j.copbio.2018.10.004
http://www.ncbi.nlm.nih.gov/pubmed/30502636
http://dx.doi.org/10.1016/j.cell.2015.12.021
http://www.ncbi.nlm.nih.gov/pubmed/26777403
http://dx.doi.org/10.1126/science.aaj1562
http://www.ncbi.nlm.nih.gov/pubmed/28104888
http://dx.doi.org/10.1016/j.cell.2020.01.013
http://www.ncbi.nlm.nih.gov/pubmed/32032516
http://dx.doi.org/10.1016/j.cub.2019.09.015
http://www.ncbi.nlm.nih.gov/pubmed/31668625
http://dx.doi.org/10.1146/annurev.arplant.59.032607.092942
http://www.ncbi.nlm.nih.gov/pubmed/18251712
http://dx.doi.org/10.1038/nature21417
http://www.ncbi.nlm.nih.gov/pubmed/28297714
http://dx.doi.org/10.1371/journal.pbio.3000534
http://dx.doi.org/10.1371/journal.pbio.3000534
http://www.ncbi.nlm.nih.gov/pubmed/31721759
http://dx.doi.org/10.1038/s41588-017-0012-9
http://dx.doi.org/10.1038/s41588-017-0012-9
http://www.ncbi.nlm.nih.gov/pubmed/29255260
http://dx.doi.org/10.1038/nature16192
http://dx.doi.org/10.1038/nature16192
http://www.ncbi.nlm.nih.gov/pubmed/26633631
http://dx.doi.org/10.1073/pnas.0910772107
http://www.ncbi.nlm.nih.gov/pubmed/20142472
http://dx.doi.org/10.1038/nature25976
http://www.ncbi.nlm.nih.gov/pubmed/29539635
http://dx.doi.org/10.1073/pnas.1205726109
http://dx.doi.org/10.1073/pnas.1205726109
http://www.ncbi.nlm.nih.gov/pubmed/22665765
https://https://doi.org/10.1101/2020.08.03.233817
https://https://doi.org/10.1101/2020.08.03.233817
http://dx.doi.org/10.1101/2020.08.03.233817
http://dx.doi.org/10.1073/pnas.1507691112
http://www.ncbi.nlm.nih.gov/pubmed/26124109
http://dx.doi.org/10.1016/j.molp.2015.03.012
http://www.ncbi.nlm.nih.gov/pubmed/25840349
http://dx.doi.org/10.1105/tpc.002477
http://www.ncbi.nlm.nih.gov/pubmed/12172025
http://dx.doi.org/10.1104/pp.124.4.1752
http://dx.doi.org/10.1104/pp.124.4.1752
http://www.ncbi.nlm.nih.gov/pubmed/11115891
http://dx.doi.org/10.1104/pp.18.00401
http://dx.doi.org/10.1104/pp.18.00401
http://www.ncbi.nlm.nih.gov/pubmed/29884679
http://dx.doi.org/10.1016/j.cell.2016.02.028
http://dx.doi.org/10.1016/j.cell.2016.02.028
http://www.ncbi.nlm.nih.gov/pubmed/26997485
http://dx.doi.org/10.15252/embj.2019103894
http://www.ncbi.nlm.nih.gov/pubmed/32187732
http://dx.doi.org/10.1038/s41598-019-40588-5
http://www.ncbi.nlm.nih.gov/pubmed/30862916
http://dx.doi.org/10.1126/science.aag1550
http://www.ncbi.nlm.nih.gov/pubmed/27811239
http://dx.doi.org/10.7554/eLife.00675
http://www.ncbi.nlm.nih.gov/pubmed/23795294
https://github.com/isaisg/rootbarriersmicro
https://github.com/isaisg/rootbarriersmicro
https://science.sciencemag.org/content/371/6525/eabd0695/suppl/DC1 
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/science.abd0695
http://science.sciencemag.org/


homeostasis
Coordination between microbiota and root endodermis supports plant mineral nutrient
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perturbations in environmental nutrient availability, thus enhancing plant stress tolerance.
composition. Microbes tap into the plant's abscisic acid hormone signals to stabilize the root diffusion barrier against
the Perspective by Busch and Chory). Plants with modified root diffusion barriers show altered bacterial community 

 influence diffusion barrier formation, which affects the balance of mineral nutrients in the plant (seeArabidopsis thaliana
 found that microbes living on and in roots of the model plant et al.internal water and nutrients. Salas-González 

The root provides mineral nutrients and water to the plant. Diffusion barriers seal the root, preventing the loss of
Microbes modify plant root permeability
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