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In nature, roots of healthy plants are colonized by multikingdom
microbial communities that include bacteria, fungi, and oomy-
cetes. A key question is how plants control the assembly of these
diverse microbes in roots to maintain host–microbe homeostasis
and health. Using microbiota reconstitution experiments with a
set of immunocompromised Arabidopsis thaliana mutants and a
multikingdom synthetic microbial community (SynCom) represen-
tative of the natural A. thaliana root microbiota, we observed that
microbiota-mediated plant growth promotion was abolished in
most of the tested immunocompromised mutants. Notably, more
than 40% of between-genotype variation in these microbiota-
induced growth differences was explained by fungal but not bac-
terial or oomycete load in roots. Extensive fungal overgrowth in
roots and altered plant growth was evident at both vegetative
and reproductive stages for a mutant impaired in the production
of tryptophan-derived, specialized metabolites (cyp79b2/b3).
Microbiota manipulation experiments with single- and multiking-
dommicrobial SynComs further demonstrated that 1) the presence
of fungi in the multikingdom SynCom was the direct cause of the
dysbiotic phenotype in the cyp79b2/b3 mutant and 2) bacterial
commensals and host tryptophan metabolism are both necessary
to control fungal load, thereby promoting A. thaliana growth and
survival. Our results indicate that protective activities of bacterial
root commensals are as critical as the host tryptophan metabolic
pathway in preventing fungal dysbiosis in the A. thaliana root
endosphere.

plant innate immunity j microbial homeostasis j microbial interactions j
root microbiome j plant holobiont

Roots of healthy plants are colonized by a staggering diver-
sity of microbes, including bacteria, fungi, and oomycetes,

forming complex multikingdom microbial communities that
affect plant productivity [i.e., the root microbiota (1–4)]. Para-
doxically, plants have evolved a complex multilayer immune sys-
tem that detects microbial invasion and discriminates self from
nonself (5–8). A first line of defense, referred to as pattern-
triggered immunity (PTI), comprises membrane-localized recep-
tors and associated coreceptors, which coordinately detect
microbe/damage-associated molecular patterns (8) and initiate
downstream defense responses (9), leading to the biosynthesis
of phytohormones (10) and plant-specialized metabolites that
restrict pathogen growth in planta (11).

Although the plant innate immune system has been exten-
sively studied under laboratory conditions, typically in leaves
upon inoculation with particular host-adapted microbial patho-
gens, our understanding of this complex machinery in accom-
modating commensal microbes in roots and in maintaining
host–microbe homeostasis remains fragmented (12–14). Earlier
studies indicated that 1) specific sectors of the plant innate
immune system, namely phytohormones, have a role in sculpt-
ing root microbiota assemblages (15–17); 2) host responses to
the root microbiota and environmental stresses are connected

through the innate immune system to promote plant health
(18–20); and 3) innate immune outputs are needed for accom-
modation and beneficial activities of model rhizobacterial
strains and fungal root symbionts (21–25). Particularly, trypto-
phan (Trp)-derived, specialized metabolites were previously
shown to represent key molecules necessary for microbe-
mediated plant growth promotion in monoassociation experi-
ments with A. thaliana (23–25).

The interplay between the plant innate immune system and
the plant microbiota recently emerged as a key mechanism that
maintains host–microbe homeostasis for plant health (13,
26–30). Dysbiosis is characterized by a disruption of this equi-
librium caused by an imbalance in the microbiota, which in
turn directly affect plant health. For instance, A. thaliana
mutants simultaneously defective in PTI and the MIN7 vesicle-
trafficking pathway (involved in modulating an aqueous micro-
environment in the apoplast) or the membrane attack complex/
perforin domain protein were shown to harbor abnormal, dys-
biotic endosphere bacterial leaf microbiota assemblages. These
host genetic networks, therefore, represent key molecular com-
ponents controlling bacteria–host homeostasis in the phyllo-
sphere (31, 32). In roots, however, the extent to which PTI also
contributes to the maintenance and the regulation of the
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symbiotic homeostasis remains unclear, especially in the context
of complex multikingdom microbiomes.

Recent evidence indicates that microbial interactions, involv-
ing secretion of antimicrobial compounds or competition for
nutritional resources dictate pathogen success in plant roots
(33–36) and leaves (37, 38). Furthermore, microbiota reconsti-
tution experiments with germ-free plants and diverse micro-
biota members isolated from roots of healthy A. thaliana
revealed that cross-kingdom interactions in a synthetic root
microbiome were critical for controlling diversity and composi-
tion of filamentous eukaryotes at the root interface, thereby pro-
moting plant survival (39). Taken together, a current hypothesis
is that microbial homeostasis in plant roots is controlled by both
host–microbe and microbe–microbe interactions (40). However,
the relative contribution of these two distinct outputs in main-
taining homeostatic relationships between the plant and its root
commensals needs to be determined.

Here, we tested the extent to which various A. thaliana
immune sectors affect diversity, structure, and beneficial out-
comes of a synthetic yet representative multikingdom root
microbiome. We hypothesized that this machinery has not
exclusively evolved as a surveillance system that terminates
pathogen growth but rather as a microbial management system
that maintains host–microbiota homeostasis for plant health.
We provide evidence that at least one branch of the A. thaliana
innate immune system involving Trp-derived, specialized
metabolites is necessary for selectively controlling fungal load
in plant roots, thereby preventing dysbiosis and maintaining
growth-promoting outcomes of the multikingdom root micro-
biota. We also report that bacterial commensals are equally
as important as these immune outputs in preventing fungal
dysbiosis, underlining the importance of host- and bacterium-
encoded mechanisms for maintaining homeostatic plant–
microbiota interactions in roots, where bacteria and fungi
cooccur.

Results
Intact Innate Immune System Is Needed for BFO-Mediated Plant
Growth Promotion. We hypothesized that specific, host immune
sectors might be necessary for beneficial, growth-promoting
activities of microbial root commensals. In the gnotobiotic
FlowPot system (39, 41), we recolonized germ-free A. thaliana
Columbia-0 (Col-0, referred to as wild type [WT]) as well as a
wide range of immunocompromised mutants with a synthetic
multikingdom microbial community representative of naturally
occurring root microbiomes (183 bacteria [B], 25 fungi [F], and
6 oomycetes [O]; BFO synthetic microbial community [Syn-
Com], SI Appendix, Fig. S1 and Dataset S1) (3). The mutants
include bak1/bkk1 (42), bak1/bkk1/cerk1 (31), efr/fls2/cerk1 (43),
lyk5 (44), apex (45), and two other mutants (hub1 and hub2)
lacking hub proteins in the Leucine-rich repeat receptor kin-
ases network with putative immunomodulatory functions (45),
wrky33/40 (46), dde2/ein2/pad4/sid2 - deps (47), pad4 (48),
cyp79b2/b3 (49), 35S::BRI1 (50), bri1-301 (51), and rar1 (52)
(Fig. 1A and Dataset S2). Consistent with previous work (39),
the BFO SynCom significantly promoted shoot fresh weight
(FW) compared to germ-free control plants 5 wk post-BFO
inoculation in the FlowPot system (t test, P = 1.2e to 10;
Fig. 1B). Notably, living microbes were needed for this plant
growth–promoting activity, since heat-killed BFO SynCom
members no longer promoted plant growth in this gnotobiotic
system (SI Appendix, Fig. S2A). To analyze mutant-specific
growth changes induced by the presence of the root microbiota,
we first calculated the amplitude of the BFO effect between
colonized and sterile plants for each genotype (mutants and
WT; SI Appendix, Fig. S2B) and then normalized these differ-
entials to that observed for WT (relative growth promotion,

Kruskal–Wallis and Dunn control test with Bonferroni correc-
tion, Fig. 1C, see Materials and Methods). Remarkably, the vast
majority of tested immunocompromised mutants (i.e., 64%)
lost the ability to benefit from the multikingdom BFO SynCom
(bak1/bkk1, bak1/bkk1/cerk1, lyk5, wrky33/40, wrky33, pad4,
cyp79b2/b3, 35S::BRI1, rar1; Fig. 1C), indicating that several
immune sectors were necessary for plant growth–promoting
activities of microbial root commensals. It is noteworthy that
several of these mutants also showed a growth defect relative to
the WT control when grown in the Cologne agricultural soil
(CAS) under greenhouse conditions, whereas this effect was
not observed under sterile conditions (5 wk, bak1/bkk1, wrky33/40,
cyp79b2/b3, 35S::BRI1, and rar1; SI Appendix, Figs. S2B and
S3A). The results indicate a link between plant innate immune
pathways and maintenance of beneficial plant–microbiota
interactions.

Root Microbiota Composition Does Not Explain Variation in BFO-
Mediated Plant Growth Promotion across Genotypes. We hypothe-
sized that lack of BFO-mediated plant growth promotion in
several of the immunocompromised mutants observed in the
FlowPot system was associated with abnormal signatures in
root microbiota composition. We harvested peat bulk soil, as
well as roots of WT and mutant plants 5 wk post-BFO inocula-
tion and monitored microbial community diversity and compo-
sition using amplicon sequencing of the bacterial 16S ribosomal
RNA (rRNA) gene (B, 799F-1192R primers) and the fungal
and oomycete internal-transcribed spacer (ITS, F: ITS1F-ITS2
primers, O: ITS1O-5.8sO primers). Alpha diversity analyses
based on different metrics (Shannon index, Chao index, and
observed ’operational taxonomic units’ [OTUs]) did not reveal
major effects of the different immune sectors on bacterial, fun-
gal, and oomycete diversity in root samples (Fig. 2A and SI
Appendix, Fig. S4). Constrained principal coordinate analysis
(cPCoA) based on Bray–Curtis dissimilarities between samples
revealed an overall significant yet subtle effect of the genotype
on bacterial and fungal community composition in roots (B:
5.89%, P = 0.001; F: 7.62; P = 0.001, O: P = 0.145; Fig. 2 D and
E), which was corroborated by permutational ANOVA (PER-
MANOVA, B: R2 = 0.033; P = 0.013; F: R2 = 0.078. P = 0.002;
O: R2 = 0.084, P = 0.03; Dataset S3). Further inspection of
pairwise differences between WT and individual, immunocom-
promised mutants using cPCoA revealed significant differences
in community composition for 6 out of 15 genotypes for bacte-
ria (hub1, hub2, bri1-301, wrky33, bak1/bkk1/cerk1, and cyp79b2/
b3) and only 1 out of 15 genotypes for fungi (bri1-301) and
oomycetes (wrky33) (ANOVA, P < 0.05; Fig. 2 D–F and
Dataset S4). Consistent with this, a genotype effect was only
significant for bacterial community composition when the same
mutants were grown in the CAS soil under greenhouse condi-
tion (B: 8.82%, P = 0.001; F: P = 0.525, O: P = 0.051), with
bacterial assemblages in roots of the hub1, cyp79b2/b3, efr/fls2/
cerk1, wrky33/40, deps, rar1, and pad4 mutants differing signifi-
cantly compared to the WT control (ANOVA, P < 0.05; SI
Appendix, Fig. S3 B–D). We next tested whether differentiation
in root microbiota composition detected across the different gen-
otypes in the FlowPot system could explain the observed varia-
tion in BFO-mediated plant growth promotion (SI Appendix, Fig.
S5). Using linear regression models, we did not detect significant
associations between relative growth promotion indices (mean
relative FW of colonized versus sterile genotypes; see Fig. 1C)
and community differentiation measured along the first and sec-
ond axis of the principal coordinate analysis (n = 15, P > 0.05 for
bacteria, fungi, and oomycetes; SI Appendix, Fig. S5). Consis-
tently, genotype-dependent changes in microbial assembly with
respect to WTwere only subtle at strain-level resolution (edgeR,
generalized linear model, P < 0.05; SI Appendix, Fig. S6). Our
results suggest that inactivation of specific immune sectors mildly
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sculpt microbial assemblages in roots and that genotype-specific
differences in the composition of the root microbiota are unlikely
the primary cause driving variation in BFO-mediated plant
growth promotion across mutants.

Fungal Load in Roots Explains Variation in BFO-Mediated Plant
Growth Promotion across Genotypes. We hypothesized that total
microbial abundance in roots, rather than shifts in microbial
community composition, might explain variation in BFO-
mediated plant growth promotion in the FlowPot system. Using
the same root samples used for microbial community profiling,
we quantified bacterial, fungal, and oomycete load relative to
the plant DNA marker gene UBQ10 by qPCR (Fig. 3 A–C and
Dataset S5). Specificity of all primer pairs was tested and cross-
kingdom primer amplification was only observed between
bacterial and plant DNA for the 799F-1192R primer pair. How-
ever, dilution series of pure bacterial DNA mixed with a fixed
concentration of plant DNA indicated a linear amplification of
the bacteria 16S rRNA gene, therefore suggesting a limited
influence of plant DNA on bacterial quantification measure-
ments (Materials and Methods and SI Appendix, Fig. S7). We
detected significant, mutant-specific differences in bacterial and
fungal but not oomycete load in plant roots with respect to WT
(Kruskal–Wallis and Dunn control test with Bonferroni correc-
tion, P < 0.05; Fig. 3 A–C). Roots of the bak1/bkk1 mutant had
a significantly higher bacterial load than WT control plants
(Fig. 3A), whereas those of the efr/fls2/cerk1, wrky33, and
cyp79b2/b3 mutants showed extensive fungal colonization
(Fig. 3B). Inspection of fungal load in roots of the mutants
grown in the CAS soil under greenhouse conditions revealed
that the fungal load was the highest in the efr/fls2/cerk1,
cyp79b2/b3, and lyk5 mutants, although the differences were
not significant among genotypes (SI Appendix, Fig. S3 E and F).
To determine whether total microbial load can more precisely

explain variation in BFO-mediated plant growth promotion
across mutants observed in the FlowPot system (see Fig. 1C),
we employed a similar linear regression model as described
above (Fig. 3 D–F). Remarkably, increase in fungal, but not bac-
terial or oomycete load in plant roots, was significantly corre-
lated with lack of BFO-mediated plant growth promotion (n =
15, R2 = 0.4196, P = 0.005374; Fig. 3E). Notably, these differ-
ences in fungal load measured across genotypes explained 42%
of the between-genotype variation in BFO-mediated plant
growth promotion (Fig. 3E). The results suggest that control of
fungal load in plant roots by independent immune sectors is key
for maintaining the beneficial activity of the multikingdom
BFO SynCom.

Trp-Derived Camalexin, Indole Glucosinolates, and IAA Are Individually
Dispensable for Preventing Fungal Dysbiosis in Roots. Based on
above-mentioned experiments, we observed that inactivation of
two functionally redundant genes required to convert Trp into
indole-3-acetaldoxime (IAOx, CYP79B2 and CYP79B3) (49)
was sufficient to shift a beneficial plant–microbiota association
from a homeostatic state into a dysbiotic state (Fig. 1C). IAOx
is precursor of several types of known Trp derivatives, including
indole glucosinolates (IGs), with their hydrolysis products, and
camalexin and indole-3-carboxylic acids (ICAs), whose accumu-
lation was strongly compromised in roots of cyp79b2/b3 plants
grown in the FlowPot system, as compared with WT plants (SI
Appendix, Fig. S8A). We also observed that levels of free
indole-3-acetic acid (IAA, auxin) were significantly reduced
with respect to WT, partly recapitulating reductions observed
for CYP79B2/B3-dependent metabolites (SI Appendix, Fig.
S8B). This is consistent with previous results observed for the
same mutant but in leaves and at temperatures that were higher
[26 °C (49)] than those measured inside our FlowPot system
(i.e., oscillating between 18.9 °C, light phase, and 24.3 °C, dark
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phase; SI Appendix, Fig. S9). In contrast, levels of CYP79B2/
B3-independent metabolites, such as aliphatic glucosinolates,
flavonoids, coumarins, and phenolic acids did not vary signifi-
cantly between cyp79b2/b3 and WT in root samples (SI
Appendix, Fig. S8C), confirming the specific impact of cyp79b2/
b3 mutations on Trp derivatives in roots of plants used in our
experiments. We tested the extent to which the different
branches of Trp metabolism could contribute to the mainte-
nance of fungal homeostasis in roots and the BFO-mediated
plant growth promotion using a set of mutants that, according
to the literature, should be defective in the accumulation of
camalexin [pad3 (53), cyp71a27 (25), and cyp71a12/a13 (54)],
ICAs [cyp71a12/a13 (54)], IGs [myb34/51/122 (55)], and some
of their hydrolysis products [pen2 (56) and pyk10/bglu21 (57)]
(SI Appendix, Fig. S10A and Dataset S2). By repopulating these
mutants and WT plants with the BFO SynCom in the gnotobi-
otic FlowPot system, we observed that none of the tested
mutants phenocopied plant growth (SI Appendix, Fig. S10 B
and C) and fungal load (SI Appendix, Fig. S10 D–F) phenotypes
observed in the context of the cyp79b2/b3 mutant. To validate
deficiency of tested lines in the accumulation of particular

metabolites, we analyzed their accumulation in roots of these
mutants inoculated with the fungal pathogen Plectosphaerella
cucumerina, a species that is widespread in A. thaliana roots (3)
and present in our fungal SynCom. This analysis proved lack of
camalexin in roots of pad3 and cyp71a12/a13 lines as well as IG
deficiency in myb34/51/122 mutant (SI Appendix, Fig. S11);
however, it did not confirm partial ICA deficiency observed
earlier in infected leaves of cyp71a12/a13 plants (58). Strikingly,
we also found a cyp79b2/b3-like reduction in free IAA levels in
roots of myb34/51/122 plants, which indicated that in A. thali-
ana roots significant amounts of this hormone can be derived
from IAOx through IGs, as already postulated (59). Collec-
tively, our metabolic analysis, combined with results on fungal
load (SI Appendix, Fig. S10 D–F) and plant growth promotion
(SI Appendix, Fig. S10 B and C), excluded individual contribu-
tions of IAA, IGs, and camalexin but not of ICAs to fungal
overgrowth in cyp79b2/b3 plants.

Dysbiotic Phenotype of the cyp79b2/b3 Mutant Is Retained at the
Reproductive Stage. To test the robustness of the dysbiotic phe-
notype (i.e., increased fungal load and altered plant growth)
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during the plant life cycle, we adapted our gnotobiotic FlowPot
system to accommodate plant growth for up to 8 wk until
reproductive stage and production of the first siliques (see
Materials and Methods and SI Appendix, Fig. S12). By repopu-
lating roots of WT and cyp79b2/b3 genotypes with the BFO
SynCom, we observed that plant dry weight of the cyp79b2/b3
mutant was significantly reduced compared to sterile plants
8 wk post-BFO inoculation (Kruskal–Wallis and Dunn test with
Bonferroni correction), which was not the case for WT plants
(Fig. 4A; see BFO WT versus BFO cyp79b2/b3). Consistent
with the aforementioned results obtained at the vegetative stage
(Figs. 1C and 3B), variation in BFO-induced differential growth
between WTand cyp79b2/b3 at the reproductive stage was asso-
ciated with increased root fungal but not bacterial load (Fig. 4
D–F; see BFO WT versus BFO cyp79b2/b3) and changes in
bacterial but not fungal community composition between the
two genotypes (Fig. 4 G and H; see BFO WT versus BFO
cyp79b2/b3). These results were validated by PERMANOVA
(Dataset S6; see model BFO, genotype effect, B: R2 = 0.1685,
P = 0.001, F: R2 = 0.068, P = 0.249). Our results indicate that
the striking dysbiotic phenotype observed for the cyp79b2/b3
mutant at the vegetative stage was retained at the reproductive
stage, irrespective of difference in residence time (vegetative
stage: 5 wk and reproductive stage: 8 wk) and growth

conditions (vegetative stage: light cabinet and reproductive
stage: greenhouse). Notably, high fungal load and BFO-
induced growth penalty observed in this mutant, compared to
WT control plants, were not associated with significant differ-
ences in bolting time, number of first siliques produced per liv-
ing plant (Fig. 4 B and C; see BFO WT versus BFO cyp79b2/
b3), or other tested parameters (SI Appendix, Fig. S13),
suggesting that the living plants harvested 8 wk post-BFO inoc-
ulation showed penalty on growth rather than on these initial
indicators of reproductive fitness.

Trp Metabolism and Bacterial Root Commensals Control Fungal
Load to Promote Plant Survival. We previously showed that bac-
terial root commensals modulate fungal diversity and com-
position at the root interface, thereby promoting A. thaliana
survival in the gnotobiotic FlowPot system (39). Therefore, we
also tested the extent to which bacterial commensals and host
Trp metabolism act in concert to modulate fungal growth in
plant roots to promote A. thaliana health.

In the above-mentioned experiment conducted at the repro-
ductive stage, we also recolonized roots of WT and cyp79b2/b3
genotypes with all possible combinations of single- and multi-
kingdom microbial consortia (B, F, O, BO, BF, and FO). We
observed that F, O, and FO communities negatively impacted
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the dry weight of WT plants (Fig. 4A) and triggered, in most
cases, early bolting and silique production compared to the
sterile control condition (Fig. 4 B and C). Dramatic

consequences on growth, survival, and reproductive fitness
were observed for the cyp79b2/b3 mutant since none of the
plants survived in the absence of the bacterial community (see
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crosses in Fig. 4 A–C and SI Appendix, Fig. S13). In contrast,
bacterial root commensals alone were not detrimental for the
growth of both WT and cyp79b2/b3 genotypes (B WT and B
cyp79b2/b3) and were able to fully rescue cyp79b2/b3 rosette
dry weight to control level in the presence of oomycetes
(cyp79b2/b3, O versus BO condition) but not when fungi were
present in the SynComs (cyp79b2/b3, B versus BF and B versus
BFO conditions, P < 0.05, ANOVA and Tukey’s post hoc test)
(Fig. 4A). These results indicate that the presence of fungi
rather than oomycetes or bacteria in the BFO SynCom was
likely the cause of the dysbiotic phenotype observed for this
mutant (Fig. 4A). Importantly, a similar experiment conducted
at the vegetative stage with individual microbial groups or their
combinations showed the same results, thereby strengthening
this conclusion (SI Appendix, Fig. S14). Furthermore, we also
assembled a second independent fungal SynCom using strains
that were previously isolated from roots of A. thaliana har-
vested in a natural population in Saint-Di�e, France (39), for
repopulation experiments in the FlowPot system (Fsd: 23 mem-
bers; Dataset S1). Although Fsd was less detrimental on plant
growth than the original F SynCom, the fungal effect on WT
and cyp79b2/b3 significantly differed in the absence of bacterial
root commensals (P < 0.05, Kruskal–Wallis test and Dunn test;
SI Appendix, Fig. S15), validating the hypersusceptibility of the
cyp79b2/b3 mutants to at least two independent fungal commu-
nities isolated from geographically distant environments.

To determine how bacterial commensals supplement Trp
metabolism to prevent fungal dysbiosis, we next inspected
microbial load (qPCR; Fig. 4 D–F), as well as microbial diver-
sity and microbial community composition in plant roots
(amplicon sequencing; Fig. 4 G and H and SI Appendix, Fig.
S16). Given that the cyp79b2/b3 mutant did not survive treat-
ments with fungi only, we inspected these signatures in the con-
text of WT plants. We observed that the presence of bacterial
commensals led to a significant reduction in fungal load in
plant roots (Kruskal–Wallis and Dunn test with Bonferroni cor-
rection, P < 0.05; Fig. 4E) but not diversity (Kruskal–Wallis
and Dunn test, P > 0.05; SI Appendix, Fig. S16 A–C), as well as
a dramatic shift in fungal community composition (Fig. 4H and
SI Appendix, Fig. S16E) compared to conditions in which these
fungi were inoculated in the absence of bacteria (see F versus
BF conditions). These differences in fungal community compo-
sition in the presence of bacteria were corroborated by PER-
MANOVA (Dataset S6; global model, Treatment: F: R2 = 0.
287, P = 0.001). Taken together, the results indicate that modu-
lation of fungal load by the host Trp metabolism and of fungal
composition and fungal load by bacterial root commensals are
both necessary and act additively to prevent fungal dysbiosis in
A. thaliana roots.

Discussion
Here, we observed that maintenance of fungal–host homeosta-
sis in A. thaliana roots is needed for microbiota-induced plant
growth promotion in a community context. Plant innate
immune outputs and bacterial biocontrol capabilities were iden-
tified as key factors acting in concert to maintain homeostatic
relationships between plant roots and their multikingdom
microbial commensals. Our results suggest that fungal growth
suppression by immune outputs in roots is necessary for A.
thaliana health but is nonetheless insufficient to fully prevent
fungal burden in the absence of bacterial root commensals.
Our results illustrate that host-encoded immune functions and
bacterium-encoded protective activities have likely comple-
mented each other’s over evolutionary time to promote bal-
anced root colonization by beneficial multikingdom microbial
communities.

Consistent with previous reports (15–17, 20), we observed
that the composition of root-associated bacterial communities
was significantly altered in several immunocompromised mutants,
validating that diverse immune sectors differentially sculpt root
bacterial assemblages in nature (13, 14). However, we observed
that these differences were subtle and that genotype-specific dif-
ferences in bacterial community composition were not sufficient
to explain variation in microbiota-induced differences in growth
phenotypes. These results suggest that the plant innate immune
system is robust and that functional redundancies and compensa-
tory mechanisms likely occur to prevent bacterial dysbiosis in
plant tissues (60). Consistent with that, recent studies reported
that coinactivation of several host genetic components was
needed to cause dysbiosis in the A. thaliana phyllosphere (31, 32).
These results nonetheless indicate that the plant innate immune
system is a key machinery that links phyllosphere microbial com-
munity composition to plant health.

Although we used a set of mutants impaired in responses to
both bacterial and fungal pathogens, we observed that the com-
position of the bacterial root microbiota was affected by inacti-
vation of diverse immune sectors more extensively than that of
fungal communities. In sharp contrast, the relative fungal load
in roots was modulated by innate immune outputs more exten-
sively than the bacterial load. We speculate that the differential
control of microbial load and assembly by the host immune
system is relevant for the accommodation of multikingdom
microbial consortia. This result might reflect the fact that phy-
logenetically diverse, A. thaliana root–colonizing fungi display
higher pathogenic potential than that of root-derived bacteria
in monoassociation with the host (27, 39, 61–63) and show
more extensive, site-specific associations with A. thaliana roots
than bacteria in nature (3). Furthermore, the reciprocal and
complex interplay between bacterial root commensals and PTI
reported recently corroborated that PTI outputs selectively
modulate bacterial assembly, which in turn instructs the host
immune system (13, 14, 64, 65). Notably, a subset of bacterial
root commensals was found to suppress a specific and evolu-
tionarily conserved sector of the A. thaliana immune system,
and cooccurrence of suppressive and nonsuppressive isolates in
the root microbiome appears to be critical for the maintenance
of host–microbial homeostasis (27, 29).

By screening several immunocompromised plants in a gnotobi-
otic plant system, we observed that a large majority of the
mutants showed a significant reduction in BFO-mediated plant
growth promotion compared to the WT control. Therefore, an
intact immune system is needed for the plant growth–promoting
outcome of multikingdom microbial root commensals. A link
between fungal load in roots and plant performance has been
previously suggested in monoassociation experiments with fungal
root endophytes (23, 62). Inspection of a diverse set of A. thaliana
root mycobiota members revealed that fungal colonization aggres-
siveness and detrimental effect on plant performance are corre-
lated and suggested that the most beneficial fungi are less
abundant than detrimental fungi in roots of natural A. thaliana
populations (62). Furthermore, A. thaliana mutants impaired in
Trp-derived, specialized metabolites were shown to be unable to
control growth and accommodation of beneficial fungal root
endophytes, which likely contributed to the altered plant growth
phenotypes (23, 24, 66). Our results obtained in a community
context are consistent with this previous work, since inactivation
of two redundant genes encoding cytochrome P450 enzymes,
required to convert Trp into IAOx (CYP79B2 and CYP79B3), was
sufficient to induce fungal dysbiosis in a microbial community
context, thereby turning a beneficial multikingdom SynCom into
a detrimental SynCom.

The prominent effect of Trp-derived on fungal load rather
than on fungal community composition is consistent with the
observation that growth of the cyp79b2/b3 mutant was
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previously shown to be impaired upon colonization by phyloge-
netically diverse beneficial and pathogenic root–colonizing
fungi (23, 24, 67–71). Our observation that two fully indepen-
dent fungal SynComs containing unrelated fungal taxa (F and
Fsd) having both detrimental effect on the growth and survival
of the cyp79b2/b3 mutant further corroborates this conclusion.
However, a targeted screen with additional mutants impaired
specifically in the production of camalexin or IGs did not reveal
a causal link with fungal dysbiosis. We were not able to validate
putative contribution of ICAs, because of the fact that, unlike
reported in infected leaves, cyp71a12/a13 mutant appeared to
accumulate WT-like levels of these compounds in roots. Lack
of cyp79b2/b3-like phenotypes in tested metabolic mutants is
potentially explained by the observation that known Trp deriva-
tives form a redundant multilayer system (58) and that only
simultaneous removal of all of them might result in a clear dys-
biosis phenotype. Notably, our metabolic analysis of cyp79b2/b3
and myb34/51/122 mutants indicated that considerable pools of
free IAA in A. thaliana roots can be derived from IAOx via
indol-3-ylmethyl glucosinolate. However, despite the fact that
impaired auxin signaling and reduced auxin levels in A. thaliana
leaves were shown to associate with increased susceptibility to
necrotrophic fungal pathogens (72), phenotypes of myb34/51/
122 mutant excluded that fungal load and associated dysbiotic
state observed in roots of the cyp79b2/b3 mutant is dependent
exclusively on IAA deficiency. This is in line with a recent
report on A. thaliana and the beneficial fungal root endophyte
Colletotrichum tofieldiae, which indicated that the IG-dependent
route for auxin biosynthesis was dispensable for the outcome of
this mutualistic interaction (73). Additional work is needed to
identify the exact molecular components downstream CYP79B2
and CYP79B3 that modulate fungal homeostasis in A. thaliana
roots and to determine the extent to which this pathway is evolu-
tionarily conserved beyond A. thaliana and related Brassicaceae
species.

It remains difficult to experimentally test whether bacterial
commensals and Trp-derived secondary metabolites, identified
here as key factors preventing fungal dysbiosis in our gnotobi-
otic plant system, remain important under natural conditions.
Our results from the greenhouse experiment using the natural
CAS soil indicate important, quantitative differences in the out-
puts measured across genotypes (plant growth, community
composition, and microbial load) but also notable similarities.
The growth penalty and the high fungal load observed for
cyp79b2/b3 mutant, as well as the significant difference in bacte-
rial, but not fungal community composition observed in roots
of the cyp79b2/b3 versus WTwere highly consistent, irrespective
of differences in soil matrix, microbiota diversity/composition,
and growth conditions. However, although the fungal load was
high in roots of the cyp79b2/b3 mutant, differences with the
other genotypes were less pronounced than that observed in
the FlowPot system, suggesting that biotic or abiotic factors
other than those manipulated in the FlowPot system might also
contribute the maintenance of fungal–host homeostasis when
plants are grown in the CAS soil under seminatural conditions.

We conclude that control of fungal homeostasis in A. thali-
ana roots is key for host health in a gnotobiotic plant system,
and we provide evidence that the maintenance of a symbiotic
homeostasis is not only controlled by plant-encoded mecha-
nisms but also by bacteria-encoded functions that likely supple-
ment the host innate immune system in nature.

Materials and Methods
All experiments were performed at least three times independently, except
experiments at the reproductive stage that were performed two times inde-
pendently because of the longer timeframe (9wk).

A. thaliana Mutant Lines. In this study, a total of 23 A. thaliana lines were
used. A. thaliana Col-0 was used as aWT, together with 22mutants in the Col-
0 background (Dataset S2).

Greenhouse Experiment. Natural soil experiment was performed in the green-
house in short day conditions (8-h light) in 9 × 9 cm square potsfilledwith nat-
ural CAS soil. Plants were grown for 5 wk, and the pots were randomized
weekly within biological replicates. Around ∼2 wk after sowing, the extra
seedlings were removed and onlyfive plants were left per pot.

Preparation of Synthetic Microbial Communities. A total of 183 bacterial
strains isolated from healthy A. thaliana roots (20, 74) were grown for 7 d in
600 μL 50% tryptic soy broth liquid media from a glycerol stock. A total of
100 μL of each strain was taken, combined together, centrifuged, and the pel-
let was resuspended in 10 mM MgCl2. A total of 25 fungal and 6 oomycetes
strains were grown individually on potato glucose agar media for 2 wk and
harvested 1 d before the experiments (20). Harvested F and O mycelium (aver-
age of 50 mg/strain) was suspended in 1 mL 10mMMgCl2 inside a sterile 2-mL
screwcap tube containing one stainless steel bead (3.2-mm diameter) and left
at 4 °C overnight. On the day of the experiment, the mycelium was crushed
for 10 min in a paint shaker (SK450, Fast & Fluid Management). A similar pro-
tocol was used to prepare the second fungal SynCom. Bacterial, fungal, and
oomycete strains used in this study can be found in SI Appendix, Fig. S1 and
Dataset S1. Note that over the course of experiments two oomycetes strains
(namely 210 and 29) did not survive, and so, they were only used in the initial
screen of innate immunity mutants.

FlowPot Preparation and Growth Conditions.
Vegetative stage experiment. FlowPots were prepared as described before
(39, 41) with six FlowPots per microbox (SacO2, TD3000 + TPD3000, 3 L vol-
ume). Each FlowPot was repopulated with 200 μL bacterial, 200 μL fungal, and
80 μL oomycete pools, and each sterile FlowPot was mock inoculated with 480
μL 10 mM MgCl2 (to account for the solution used to resuspend microbial cul-
tures) and placed in light cabinets (Versatile Environmental Test Chamber
MLR-352, Panasonic) with 10 h light (luminous flux per unit area inside the
growth chamber average 9627.929, inside Microboxes average 6992.714).
Temperature was set at 21 °C during the light period and 19 °C during the
dark period. Seeds were sterilized by rotating at 40 rpm for 15min in 70% eth-
anol, centrifuged for 1 min at 1,000 rpm in order to remove 70% ethanol,
quickly washed with 100% ethanol, and immediately followed by another
centrifugation step (1 min, 1,000 rpm). Afterward, the seeds were dried under
the sterile bench, suspended in sterile water, and left in the dark at 4 °C for 2
to 3 d. Around 1 wk after sowing six seeds per FlowPot, extra seedlings were
removed under sterile conditions, leaving a maximum of four plants per Flow-
Pot. Plants were harvested after 5 wk of growth. All sterile soil samples were
plated on 50% tryptic soy agar plates to check for possible contaminations. If
a true contamination was discovered, the samples originating from the con-
taminated box were removed from further analysis. All treatments lacking
bacteria were also checked to confirm the lack of bacterial contamination.
Note that sterile controls for the bri1-301 mutant always showed contamina-
tion resulting from an endophytic bacterium residing in the seeds, and, there-
fore, no sterile FW data were shown for this mutant. This mutant was there-
fore excluded from the analyses shown in Figs. 1C and 3 D–F and SI Appendix,
Fig. S5.
Reproductive stage experiment. The general procedure of FlowPots prepara-
tion is the same as for vegetative stage, with few main differences. FlowPots
were prepared from the same 50/60-mL syringes but cut at the 45-mL mark
instead of 25 mL. FlowPots were placed in a custom-made metal rack, instead
of a plastic one inside a big microbox (SacO2 category No. TP 5000 + TPD
5000, 5 L volume) that was covered with a lid for the first 5 wk of growth (SI
Appendix, Fig. S12). Afterward, the lid was exchanged with another 5l micro-
box placed upside down to allow accommodation of the flowering stem in
the last 4 wk of growth (SI Appendix, Fig. S12). Two boxes were held together
with 5-cm–wide micropore tape (3 M, category No. 1530–2). Plants were
grown in the greenhouse: first, in short day conditions (8-h light) for 3 wk and
then, on an open table supplemented with light (16-h light) for another 6 wk,
resulting in 9 wk of growth in total. Around 2 wk after sowing, germination/
early survival rate was scored, and extra seedlings were removed under sterile
conditions, leaving one plant per FlowPot. During that time, individual Flow-
Pots were watered with ∼4 mL one-half Murashige and Skoog (MS) media.
After 5 wk of growth (during an exchange of the lid), plants were watered
again with the same amount of sterile one-half MS media. Boxes were
randomized on a weekly basis within their respective biological replicates
and dates of bolting, and first flower and silique formation were scored on a
daily basis for each plant individual. Similar to vegetative stage experiment,
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soil samples from sterile treatments were taken to validate sterility. All treat-
ments lacking bacteria were also checked to confirm the lack of bacterial
contamination.

Calculation of Relative Growth Promotion across Mutants in the FlowPot
System. To calculate the relative growth promotion index (Fig. 1C and SI
Appendix, Fig. S10C), the first step was to compute the difference in shoot
FW between BFO and sterile conditions per genotype (i.e., FWBFO – mean
FWsterile). This allows to account for genotype-specific differences in vegeta-
tive growth. In this first step of the calculation, values will be above zero if
there is a growth promotion and below if the growth is restricted compared
to sterile conditions. Because the experiment was done in two batches, these
differential growth values measured for WT and mutants were all normalized
to that of WT by dividing them with the mean differential, observed in the
WT context. For WT, this normalization resulted in a mean relative growth
promotion value of 1. However, note that in the boxplots depicted in Fig. 1C
and SI Appendix, Fig. S10C, themedian is shown, not the mean.

Heat-Kill FlowPot Control Experiment. Methodology of this experiment was
the same as for vegetative stage experiment, with the use of only WT and
an addition of “heat-kill” treatment. Heat-kill treatment was performed by
taking the fully assembled BFO SynCom (prepared as described above) and
subjecting it to two subsequent rounds of autoclaving (20 min at 121 °C for
each round). Each FlowPot from heat-kill treatment was inoculated with
200 μL heat-killed bacterial, 200 μL heat-killed fungal, and 80 μL heat-killed
oomycete communities.

Harvesting.
Greenhouse. Rosettes of all plants (maximum of 5) were cut and their FW
measured. Roots were washed in sterile MQ water three times, then once in
detergent (1%Tris-EDTA [TE] + 0.1% Triton X-100), once in 70% ethanol, once
in 3% bleach, and again three times in sterile MQ water, following the frac-
tionation protocol described before (39). Afterward, the roots were dried
shortly on the paper filter and frozen in Lysing E matrix tubes (MP Biomedi-
cals) in liquid nitrogen. Soil samples were taken from unplanted pots: First, a
top 2-cm layer of soil was removed, and ∼1 g soil was taken from the middle
of the pot into Lysing Ematrix tube and immediately frozen in liquid nitrogen.
Samples were stored in�80 °C until further processing.
Vegetative stage experiment. Rosettes of all plants were cut and their FW
was measured. Four representative FlowPots were chosen from each box, and
their roots were harvested for microbiome analysis in the following way.
Roots werewashed four times in sterile MQwater, dried shortly on a paper fil-
ter, and flash frozen in Lysing E matrix tubes (MP Biomedicals) in liquid nitro-
gen. Samples were stored in �80 °C until further processing. Experiment was
repeated at least three times independently, giving a total of up to 12 repli-
cates per treatment.
Reproductive stage experiment. First, the chlorophyll content index (CCI)
(Opti-Sciences Chlorophyll Content Meter CCM-200) was measured. For each
plant, three randomly selected leaves from the middle of the rosette were
measured, and each of these leaves was measured twice to account for possi-
ble measurement variation. Two technical measurements per leaf were aver-
aged, and later, three averaged values from each plant were averaged again
in order to obtain a single, representative CCI value per plant. Next, the stem
was cut, taped to a white sheet of A4 paper, had a picture taken, and then
placed for 7 d in a bag in the 80 °C oven for dry weight measurements. Sepa-
rately, rosette FW was measured and, similarly to stem, placed in the oven for
dry weight measurements. Stem pictures were later used to count the total
number and length of the main stem, number of branching points, and num-
ber of siliques. Experiment was repeated twice, with up to five technical repli-
cates per experiment (one replicate being an individual plant), giving a total
of up to 10 replicates per genotype × treatment combination.

DNA Extraction and Library Preparation. DNAwas isolated with FastDNA Spin
Kit for Soil (MP Biomedicals) following the manufacturer’s instructions. Library
for sequencing followed the protocol described in ref. 39. In short, after DNA
isolation, DNA samples were diluted to 5 ng/μL based on PicoGreen measure-
ments (Quant-iT PicoGreen dsDNA Assay-Kit, Invitrogen) and amplified in a
two-step PCR with primers amplifying the bacterial 16S rRNA V5-V7 region
(799F-1192R) and the fungal and oomycete ITS1 (fungi: ITS1F-ITS2 and oomy-
cetes: ITS1O-5.8sO) (see ref. 39). Amplified bacterial products were purified on
1.5% agarose gel with QIAquick Gel Extraction Kit (Qiagen, category No.
28704) and fungal and oomycetes products with Agencourt AMPure XP beads
(Beckman Coulter, category No. A63882). After purification, single bacterial,
fungal, and oomycetes samples were pooled together within their respective
microbial groups in equimolar concentrations, cleaned again with Agencourt
AMPure XP beads, and finally pooled together into one final microbial library

sample. Final pooling of bacterial, fungal, and oomycetes samples varied
between 300 and 850 ng per microbial group, depending on the availability
of the samples.

Sequencing Data Analysis. Prepared libraries were sequences on a MiSeq
machine with pair-end Illumina sequencing (MiSeq reagent Kit v3, 600 cycle,
category No. MS-102-3003). Primers used for sequencing are as described pre-
viously in ref. 39. Quality filtered and demultiplexed sequencing reads were
mapped at 98% identity to the reference sequence database for bacteria,
fungi, and oomycete using usearch (75). Unmapped reads were discarded.
Count tables were derived from this mapping. Samples used for further analy-
sis were filtered with the threshold of minimum 1,000 reads per sample for all
microbiota-dependent analysis.

Measurement of Microbial Load in Plant Roots. Primers tested for specificity
are listed in Dataset S5. Tests for specificity were performed with the same
PCR protocol used for amplicon library preparation [PCR I (39)]. Primers ampli-
fying the A. thaliana UBQ10 showed the highest-primer efficiency and no
signs of cross-amplification. Primers amplifying the bacterial 16S rRNA gene
(V5-V7 region, 799F-1192R), and the fungal and oomycete ITS1 (fungi: ITS1F-
ITS2, oomycetes: ITS1O-5.8sO) were chosen with the main advantage of being
the same primer pairs used for microbial community profiling (Dataset S5).
Subsequent PCR tests revealed that fungal and oomycetes primers are fully
specific to their respective synthetic communities. Bacteria primers, although
cross-amplifying the plant 16S rRNA gene, show a strong preference for bacte-
rial DNA, since Cq readout was highly correlated with increase of bacterial
load, regardless of the varying presence of plant DNA (SI Appendix, Fig. S7).
Note that at least one oomycete strain used in our SynComwas colonized by a
hyphae-associated bacterium, causing an unspecific cross-amplification with
the primers used to amplify the bacterial 16S rRNA gene. The qPCR protocol as
follows: 95 °C for 3 min, 40 cycles (95 °C for 15 s, 60 °C for 30 s, and 72 °C for
30 s), 95 °C for 10 s, and melting curve measurement from 55 °C to 95 °C with
an increment of 0.5 °C. The total microbial load (relative to UBQ10) was calcu-
lated with the use of the following formula. Analysis includes one reference
sample present on each plate in technical triplicates, serving as an interpolate
normalization (named ref. in below formula).

x ¼ ðð2^ð�CqlTS1Þ=2^ð�CqUBQ10ÞÞÞ=2^ð�CqrefÞ:

P. cucumerina Infections Assay. MS medium with 1% Agar (BioShop) and
0.5 mM MES, pH 5.7, was poured into 120 × 120 mm square GREINER plates,
and a 2-cm slide was cut out of the plates. Stratified sterile Arabidopsis seeds
were imbibed in 10 mM MgCl2 for 48 h in and transferred on the edge of the
removed agar slide (10 seeds/plate). The plates were kept under short day con-
ditions in PANASONIC MLR-352-PE phytochamber, as described earlier (73).
Roots of 4-wk-old seedlings were spray inoculated with spore suspension
(4 × 106 spores/mL) of adapted Brigitte Mauch-Mani (BMM) isolate of P. cucu-
merina BMM. Around 48 h after inoculation, root samples (about 100 mg)
were collected and frozen immediately in liquid nitrogen.

Liquid Chromatography–Mass Spectrometry Analysis. Frozen root samples
were extracted with DMSO (Sigma-Aldrich) containing 0.5 mM camphorsul-
fonic acid and 0.5mM lidocaine (Sigma-Aldrich), as described earlier (58). Sam-
ples were subjected to liquid chromatography–mass spectrometry (LC-MS)
analyses performed using the UltiMate 3000 RS (Dionex, Thermo Fisher Scien-
tific) attached to a TIMS-TOFmass spectrometer (Bruker Daltonics). Chromato-
graphic separation was carried out on a BEH RP C18 column (2.1×150mm,
1.7-μm particle size) at 30 °C with a mobile phase flow rate of 0.30mL/min.
The elution was conducted using water containing 0.1% formic acid (Sigma-
Aldrich) (Solvent A) and acetonitrile (VWRChemicals) containing 0.01% of for-
mic acid (Solvent B) in the following gradient: 0 to 5min from 10 to 30% B, 5
to 12min to 100% B, 12 to 15min maintained at 100% B, and up to 15.5min
the system was returned to starting conditions and reequilibrated for 5min.
The spectrometer was calibrated with sodium formate salt clusters prior to
each analysis. MS was operated using the following settings: ion source volt-
age of �4.5kV, nebulization of nitrogen at a pressure of 2.2 bar, and a gas
flow rate of 10L/min. Ion source temperature was 220 °C. The spectra were
scanned in positive and negative ionization in fragmentation mode (data-
dependent tandem mass spectrometry, ddMSMS) at a range of 95 to 1,000m/z
at a resolution >30,000 full width at half maximum (Dataset S7). Data acquisi-
tion was supervised by Compass HyStar version 5.1 software (Bruker Daltonics).
Data were analyzed by Compass DataAnalysis version 5.3 (Bruker Daltonics).
Data from both experiments, FlowPot and agar-based system, were processed
separately by MS-Dial ver 4.24. Processing steps included conversion of raw
LC-MS file to format suitable for MS-Dial software, transformation from profile
to centroid data, peak detection, annotation to spectral MSMS public
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metabolomic library, adduct elimination, alignment, and gap filling by compul-
sion (Dataset S8). IAA, camalexin, and ICA peaks were identified based on
LC-MS analysis of respective standard compounds. Other metabolites were
putatively identified based on their mass-to-charge ratio (m/z value) and frag-
mentation spectra.

Statistical Analyses. All statistical analyses were performed in R. Differences
were considered as statistically significant when P < 0.05. For Kruskal–Wallis
and Dunn test, FSA package was used, and for Dunn control test, PMCMR
package was used. When the variables were normally distributed, the effect
of the treatments and genotypes were assessed using linear models with
ANOVA. Whenever necessary the response variable was root square or log
transformed to ensure a normal distribution of the model’s residuals.

The models were constructed as follows: lm log bolttoflowerdays
� �

∼
�

genotype � treatmentÞ.
Generalized linear models (GLMs) were used when the transformation did

not successfully normalize the variable. An example of GLM model with
gamma distribution is presented below:

mod ¼ glm daystobolting ∼ treatment � genotype,ð
family ¼ Gamma link ¼ €log€

� ��

Differential abundance of strains between WT and Mutants was calculated by
normalization of raw sequencing counts (TMMnormalization, “calcNormFactors”
from R package “EdgeR”) and fitting a generalized linear model (“glmFit”)
including the replicate effects. Significantly different microbial taxa were
then determinedwith a likelihood ratio test (“glmRT,” P < 0.05).

Variance partitioning between experiments, biological replicates, geno-
types, and treatments were tested with a PERMANOVA approach with the
Adonis function (R package vegan) in all experiments. For the root microbiota
differentiation across mutants experiment, the effect of the genotype, the
biological replicate, and the experimental replicate onmicrobial communities’
composition were tested in a global model, including the soil samples and a
secondmodel without soil samples. These models were constructed separately

on each of the bacterial and fungal datasets using Bray–Curtis dissimilarity
matrices between pairs of samples produced with the vegdist function (R
package vegan). For the WT versus cyp79b2/b3 experiment, the effect of the
genotype and treatment factors on microbial communities’ composition were
tested in a global model. The effect of the genotype was then tested in
separated models for each treatment separately and for bacteria and fungi
separately. These models where constructed using Bray–Curtis dissimilarity
matrices between pairs of samples produced with the vegdist function (R
package vegan).

Data Availability. Sequencing reads from microbiota reconstitution experi-
ments (MiSEq. 16S rRNA and ITS reads) have been deposited in European
Nucleotide Archive (ENA) PRJEB45520 for bacteria, PRJEB45521 for fungi, and
PRJEB45522 for oomycetes. Sequencing reads from the greenhouse experi-
ment (MiSEq. 16S rRNA and ITS reads) are also available at ENA (PRJEB47599
for bacteria, PRJEB47600 for fungi, and PRJEB47601 for oomycetes). All scripts
for computational analysis and corresponding raw data are available at
GitHub (https://github.com/ththi/Wolinska-et-al.-2021). All other study data
are included in the article and/or supporting information.
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