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Abstract

Growth—defense tradeoffs are a major constraint on plant evolution. While the genetics of resource allocation is well
established, the regulatory role of plant-associated microorganisms is still unclear. Here, we demonstrate that plant-
associated microorganisms can reposition the plant phenotype along the same growth—defense tradeoff that determines
phenotypic effects of plant mutations. We grew plants with microorganisms altering ethylene balance, a key hormone
regulating plant investment into growth and stress tolerance. Microbial ethylene reduction had a similar effect to mutations
disrupting ethylene signaling: both increased plant growth but at the cost of a strong stress hypersensitivity. We conclude
that microbial impact on phenotype can offset the effects of mutations and that apparent plant growth promotion has strong
pleiotropic effects. This study confirms that plant life history should be addressed as a joint product of plant genotype and its

associated microbiota.

Introduction

Plants face multiple stressors during their life cycle. Bal-
ancing resource allocation between growth and stress
resistance is therefore critical for optimizing ultimate fitness
[1]. In plants, resource allocation into stress resistance is to
a large extent coordinated by ethylene signaling [2]. Plants
react to stress by upregulating ethylene, which triggers a
range of physiological adaptations [3, 4]. These adaptations
can help the plant cope with stressors, but they are also
costly to implement. Direct metabolic costs or pleiotropic
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effects may cause tradeoffs between stress resistance and
growth rate [1, 5]. Optimal ethylene homeostasis is there-
fore important to reach an optimal phenotype that max-
imizes fitness under the given environmental constrains.

Mutations affecting hormonal signaling can have strong
effects on the whole plant life history and can rapidly
generate novel phenotypes. For instance, mutation of a
single gene responsible for hormone-sensing can dramati-
cally affect several traits ranging from germination to
flowering and biomass production [2]. In addition to the
plant genome, there is an increasing awareness that several
plant traits are co-regulated by plant-associated micro-
organisms [6]. Given their impact on plant hormonal bal-
ance, microbe-mediated alterations of plant phenotype can
be expected to generate fitness effects constrained by the
same tradeoffs as plant mutations. However, to date, most
research on such plant-microbe interactions has focused on
single-trait approaches or on final plant productivity, often
in the search for “beneficial” microbial traits. We propose
that alterations of plant hormonal balance by microorgan-
isms should not be considered inherently as beneficial or
deleterious, but rather as ways to generate a new phenotype,
whose success will depend on the given environmental
conditions. The current study seeks to test this hypothesis
by examining how microbial alterations in plant ethylene
levels impact plant growth under stress versus nonstress
conditions.

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-019-0501-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-019-0501-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-019-0501-1&domain=pdf
http://orcid.org/0000-0002-4330-6080
http://orcid.org/0000-0002-4330-6080
http://orcid.org/0000-0002-4330-6080
http://orcid.org/0000-0002-4330-6080
http://orcid.org/0000-0002-4330-6080
mailto:m.ravanbakhsh@uu.nl
mailto:a.l.c.jousset@uu.nl
https://doi.org/10.1038/s41396-019-0501-1
https://doi.org/10.1038/s41396-019-0501-1

3094

M. Ravanbakhsh et al.

Microorganisms impact plant ethylene signaling
via several different mechanisms. For instance, auxin-
producing microorganisms cause an increase in ethylene
levels [7], while other microbes can reduce ethylene levels
by producing the enzyme ACC (1-aminocyclopropane-1
carboxylic acid), which cleaves the direct precursor of
ethylene [8]. Plant growth and stress tolerance are nega-
tively correlated [9], and both are under the regulation of
ethylene [4]. Given the core role of ethylene signaling
and priming for stress resistance in plants [3, 4, 10], we
propose that bacteria increasing ethylene will shift
plant resource allocation toward more stress resistance,
while those reducing it will lead to more relative invest-
ment into growth.

We examined the effect of microbial alteration of ethy-
lene on plant growth along a gradient of cadmium stress, a
heavy metal widespread in soil [11], that causes already at
low concentration oxidative stress, photosynthesis crisis,
and ultimately severe yield declines [10, 12]. We inoculated
Arabidopsis thaliana with Pseudomonas putida UW4, a
model bacterium able to degrade the ethylene precursor
ACC, or an AcdS’ isogenic mutant of this strain, lacking
the ability to reduce ethylene. We tracked plant growth in
the absence or presence of cadmium stress, allowing us to
define growth and stress resistance in each treatment. We
then compared the effect of the inoculated microorganisms
with the impacts of plant mutations that alter ethylene sig-
naling: using the same growth conditions, we followed
the development of wild-type A. thaliana Col-0 ecotype
compared with an ethylene overproducer (etol) and an
ethylene-insensitive mutant (ein3eill). Finally, we validated
the importance of ethylene as underlying mechanism by
treating plants with chemicals stimulating or blocking
ethylene synthesis.

We examined the hypothesis that microbial modification
of ethylene levels in plants shifts plant phenotype along the
same growth—stress tolerance tradeoffs as caused by genetic
variation in the plant genome. We expected that plant life
history will be driven as much by the variation caused by
root-associated microorganisms than by mutations in the
plant genome itself.

Method and materials
Plant materials

We used Arabidopsis thaliana (L.) Heynh., ecotype
Columbia (hereafter referred to as “Col-0”) as a model
plant. To validate the importance of ethylene signaling, we
further used the ethylene overproducer mutant efol [13] and
the ethylene-insensitive mutant ein3eill [14], two isogenic
mutants of Col-0. All seeds were obtained from the Plant
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Ecophysiology research group, Utrecht University, the
Netherlands.

Bacterial strains

Pseudomonas putida UW4 wild-type strain (later “wild-
type”) and an isogenic ACC (1-aminocyclopropane-1-car-
boxylate) deaminase-deficient mutant (later “AcdS™) were
obtained from Prof. Glick, Department of Biology, Uni-
versity of Waterloo, Canada. Pseudomonas putida UW4 is
as a model organism that has been used to study the role of
ACC deaminase production in plant—microbe interactions
[15]. The ACC deaminase-deficient mutant (AcdS™) was
obtained by insertion of a tetracycline resistance gene into
the ACC deaminase gene coding region [16]. Bacterial
strains were kept as frozen stocks at —80°C. Prior to
experiments, one single colony was grown overnight on
TSB medium (wild-type) or TSB and 100 ugmL ™" tetra-
cycline (AcdS™). Bacteria were harvested by centrifugation
(6000 x g, 10 min), washed three times with 10 mM MgSO,4
and adjusted to a density of 10% cells mL™'. Fifty micro-
liter of bacterial suspension was inoculated to the base of
each plant after transferring the seedling to a new pot
(describe in “Pot experiment” section) or new agar plate
medium (describe in “Agar plate assay” section).

Model abiotic stressor

We used cadmium to generate moderate to severe abiotic
stress. Plants induce ethylene production and active signal
transduction in response to cadmium stress [4, 10, 17]. The
levels of cadmium for stress treatments were selected based
on literature [18] to approximately match those commonly
encountered in cadmium-contaminated agricultural soils.

Experimental design

We used two complementary experiments. In the main
experiment, we used a pot experiment to evaluate the effects
of bacterial modulation of ethylene signaling on plant
growth and cadmium stress resistance at different levels of
cadmium. To validate the results as product of ethylene
signaling manipulation in the first complementary experi-
ment, we selected a moderate level of cadmium (50 uM)
and compared the effects of bacterial inoculation on growth
and stress resistance of Arabidopsis thaliana Col-0 with the
effects of mutation in ethylene overproducing mutant (etol)
or an ethylene perception impaired mutant (ein3eill). In a
second experiment, we performed another validation of
ethylene-induced life history strategy by growing axenic
plants with or without cadmium on agar plates supple-
mented with chemicals stimulating or inhibiting ethylene
synthesis.
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Pot experiment

Seeds were sterilized in an open microcentrifuge tube placed
for 4 h under an airtight desiccator jar. A 250 ml backer
containing 100 ml bleach and 3 ml concentrated HCI solution
placed in desiccator jar before seal it. After sterilization and
stratification for 4 days at 4 °C in the dark, plant seeds were
sown on 12 cm square petri dishes containing agar-solidified
Murashige and Skoog medium supplemented with 0.5%
sucrose. Petri dishes were transferred and positioned vertically
in a growth chamber (20°C; 70% relative humidity, 9-h
photoperiod; 200umol m~2s~! PPFD). For the pot experi-
ment, 10-day-old seedlings were transferred to pots contain-
ing a mixture of fine sand and perlite (both pasteurized for
45 min at 90 °C), saturated by a modified Hoagland nutrient
solution [19] and placed in the same walk-in growth chamber.
Atday 21, 180 seedlings were selected based on uniformity of
developmental stage and inoculated with bacterial strains
(see the previous section). Pots were drenched with 50 ml of
deionized water or different amounts of cadmium from a
stock solution (1 mM CdSOy salt stock solution), resulting in
approximately 0, 10, 50, 100, and 250 uM water-extractable
cadmium in the soil solution. We used a full factorial
experimental design with twelve replicates per treatment (six
replicates were used for ethylene measurement and six for
other plant parameters). Plants were grown for an additional
14 days and the pots were randomized every 3 days.

Root colonization by the inoculated bacteria

We assessed the density of wild-type Pseudomonas putida
UWA4 and its isogenic AcdS™ mutant strain on plant roots
immediately after harvest. Roots were gently shaken to
remove adhering soil, after which bacteria were recovered by
shaking the roots in 10 mM MgSO, for 30 min at 200 min ™",
sonicating them for 20 s and vortexing for 30 s prior to serial
dilution on appropriate culture medium: the density of the
wild-type strain was enumerated on DF agar (Table SlI,
composition of medium) [20] supplemented with ACC as the
sole nitrogen source [21]. The AcdS™ mutant strain was
enumerated on DF agar supplemented with (NH,4),SO, as the
nitrogen source and 100 ug ml ™! tetracycline.

Shoot ethylene measurements

We measured the ethylene levels in plant shoots 24 h after
cadmium exposure (on day 25). Six plant replicates were used
for this assay. Shoots were carefully separated from the roots
with a razor blade and aerial parts placed in serum vials
(50ml). After 2h, a 1 ml of gas sample was taken from
each vial and injected into a Chrompack Packard gas chro-
matograph model 438 A with a Poropack Q column (length
100 cm, packed to 0.34 g cm ) at 60 °C to measure ethylene

concentration. Ethylene levels were expressed in pL g
(fresh Weight)_1 h™! (see [22]). Plants were then collected to
measure bacterial colonization and plant biomass.

Comparison of bacterial and mutation effects on
plant phenotype

In order to benchmark the effect of microorganisms on
ethylene signaling, we repeated the pot experiments at two
stress level (0 and 50 uM Cd), including functional mutants
of A. thaliana. At each stress level, we used five plant
treatments: A. thaliana Col-0, the ethylene overproducer
mutant efol [13], the ethylene-insensitive mutant ein3eill
[14], Col-0 inoculated with WT bacteria, and Col-0 inocu-
lated with mutant bacteria. Pots were drenched with cad-
mium solution as described above at the four full leaves
stage (25 days post germination). Plants were grown for an
additional 14 days, after which plants were harvested, and
shoot dry weight was measured as indicator of plan biomass
production. Eight replicates were set up per treatment.

Agar plate assays using Col-0, eto1, ein3eill1, and
chemical inhibitor of ethylene oxidase

To evaluate in detail the effects of ethylene production and
signaling on plant growth, we transfer the 10-day-old seedling
(seedling preparation as describe in “Pot experiment” section)
of Arabidopsis thaliana Col-0, etol, and ein3eill genotypes
on cadmium-treated solidified agar without the addition of
bacteria. We evaluated the effects of ethylene biosynthesis
inhibitor (10 uM a-aminoisobutyric acid, AIB; ACC oxidase
inhibitor), ethylene precursor (SuM ACC), and ethylene
pretreatment (with 1 pL. L™! ethylene—air gas mixture) [23] on
plant biomass in the cadmium-treated or cadmium-free soli-
dified agar. Uniform 10-day-old seedlings (prepared as
mentioned above) were transferred to new agar-solidified
Hoagland medium [24] containing either O (control) or 10 pM
cadmium. Eight plants were grown on each square plate and
at least five replicate plates were assessed for each treatment.
Plants were positioned vertically in a walk-in growth chamber
for an additional 10 days, after which plant shoot and root
biomass were measured.

Growth and stress resistance of wild-type plants
inoculated with bacteria

Plant tolerance to cadmium was defined as the biomass ratio
between stress and control treatments (Normalized stress
resistance). A tolerance index of 1 means that the plant is
not affected by cadmium, an index of 0 indicates no growth
in presence of cadmium.

The relative growth of plant mutants, bacterial treat-
ments, and ethylene chemical modifiers (see next section)
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was all related to the normalized growth of Col-0 (i.e., with
Col-0 growth at a value of 1, Fig. 4). We considered the
biomass reduction by cadmium as an indication of a stress
response in plant genotypes (Col-0, efol, and ein3eill) in
both soil and agar plate experiment. The same calculations
were done for plant growth and stress tolerance in Col-0
inoculated with bacterial treatment (no bacteria, wild-type
bacteria, or AcdS™ mutant bacteria) or Col-0O treated with
ethylene chemical modifier (ACC oxidase inhibitor (AIB),
ACC treatment, or ethylene pretreatment). This data nor-
malization allowed us to compare all the results by asses-
sing how different treatments shifted plant phenotype along
the growth—stress tolerance tradeoff.

Statistical analyses

We used two-way ANOVAs to evaluate the interactive
effects of cadmium concentration (factors; five levels in pot
experiment and two levels on the in vitro experiments) and
plant treatment by bacteria (three levels: non-bacterized
control, wild-type, and AcdS™ mutant bacterial treatment)
on shoot ethylene level, shoot and root dry weight for dif-
ferent experimental setups. For the experiment on the plant
genetic background, we evaluated the interactive effects of
plant genotypes (three levels: Col-0, efol, and ein3eill) and
cadmium treatments (0 and 50 uM) on shoot dry weight.
When necessary, plant growth data were square-root
transformed prior to analysis to meet the assumptions of
normality and homoscedasticity. Similar statistical analyses
were also performed for the in vitro plant assays for
ethylene-modulating chemical treatments. We assessed the
correlation between root dry weight and shoot ethylene
level using separate one-way ANOVAs (separate in control
and cadmium-treated condition). In order to dive deeper
into the effect of ethylene reduction on plant stress toler-
ance, we calculated for each stress level the weight differ-
ence between plants treated with wild-type and AcdS™
bacteria (which we used as a proxy for the net effects of
ACC deaminase enzyme).

In order to summarize the results of these three experi-
ments and show the general interplay between growth and
stress tolerance in the presence and absence of cadmium, we
normalized plant growth in each treatment to the one of
uninoculated and chemically untreated Col-O plants sub-
jected to the corresponding stress treatment. This allowed us
to examine if all results fit within a unified, overarching
growth—stress resistance tradeoff (Fig. 4). All analyses were
performed in SPSS (V. 22).

Results

Effects of bacterial inoculation and cadmium level
on plant ethylene level

Both bacterial treatment (F,75=52.65, p<0.0001) and
cadmium concentration (F475=88.80, p<0.0001) sig-
nificantly impacted ethylene levels in Arabidopsis thaliana.
Ethylene concentrations increased with increasing cadmium
level in the soil. However, it decreased for the most extreme
cadmium contamination treatments (100 and 250 pM)
(Fig. S1). The effect of cadmium on plant ethylene level was
further modulated by bacterial inoculation and the genetic
background of the introduced bacteria (Bacterial treatmentx
cadmium level; Fg75=12.96, p<0.0001). Inoculation
with the wild-type bacterial strain on average reduced shoot
ethylene significantly from 401 to 351 pL g™ fresh weight
h™' compared with the no-bacteria control in cadmium-
spiked soils. However, inoculation with the AcdS™ mutant
bacteria increased ethylene concentration, resulting in 524
pL g~ ! fresh weight h™! in this treatment (Fig. S1).

Shoot and root fresh weight and dry weight in
gradient assay

Fresh and dry weight of A. thaliana significantly decreased
with increasing cadmium (Table 1, main effects of cadmium
levels). At the highest cadmium concentration (250 uM), the

Table 1 Two-way ANOVA table

. . . Fresh weight Dry weight Ethylene Conc.
summarizing the interactive
effects of cadmium treatment Df F P F P F P
levels (0, 10, 50, 100, and
250 mM), bacterial treatment Shoot  Cadmium levels 4 244.144  <0.0001 78.34  <0.0001 33577  <0.0001
(wild-type ACC deaminase- Bacteria 2 0.104  0.90 448 0.002 55.04  <0.0001
producing bacteria, its isogenic . .
ACC deaminase-deficient mutant, Cadmium x Bacteria 8 4.115  <0.0001 0.75 0.61 8.38  <0.0001
and no-bacterial control), and Error 75
their interaction on plant fresh, Root  Cadmium levels 4 12122 <0.0001 21033  <0.0001
dry weight, and shoot ethylene .
concentration in A. thaliana. One Bacteria 2 2.92 0.06 6.31 0.003
linear model was fitted separately Cadmium x Bacteria 8 2.75 0.01 6.97 <0.0001
for each dependent variable Error 75

SPRINGER NATURE
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plants showed serious symptoms of toxicity, even in the
presence of bacteria. The effects of bacterial inoculation on
the shoot and root dry weight were significant (Table 1,
main effects of bacteria inoculation). The effects of bacteria
on plant growth were further modulated by the cadmium
concentration (Cadmium x Bacteria interaction, Table 1).
As bacteria may influence plants in several ways, we used
the dry weight difference between plants inoculated with the
wild-type versus the AcdS™ mutant bacteria as a measure of
the effect of ACC deaminase enzyme: in the absence of
stress, ACC deaminase-producing bacteria increased plant
weight compared with the AcdS™ mutant (Fig. 1). However,
this effect switched to become negative under cadmium

stress (Fig. 1). This result is in line with plant physiology
studies demonstrating the importance of ethylene as a stress
response-regulating hormone [3, 10]. It further shows that
ACC deaminase-producing bacteria may increase plant
growth in the absence of stress, but decrease it in the pre-
sence of abiotic stressors such as cadmium.

Analysis of resource allocation further revealed a nega-
tive correlation between shoot ethylene concentration and
root dry weight (£} 17 =5.01, p =0.04, R?=0.24) and total
plant dry weight (marginally significant, F; ;7 =3.94, p=
0.06, R>=0.22) in the absence of stress (Fig. 2a). This
result is in line with previously described effects of ethylene
[25] and points to a central role of ethylene as a global
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Fig. 1 Net effects of ethylene reduction by root-associated microbiota
on plants growth along a stress gradient. The net effect was defined as
the difference in shoot (a), root (b), and total dry weight (c) between
Arabidopsis thaliana Col-0 plants inoculated with wild-type Pseudo-
monas putida UW4 or an isogenic ACC deaminase-deficient mutant.
A positive net effect indicates that ACC deaminase-mediated reduction
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Fig. 2 Ethylene reduction by microorganisms impairs plant growth
under abiotic stress. a High ethylene level is positively correlated with
biomass production in A. thaliana under cadmium stress, but not in
stress-free control, highlighting the importance of this hormone for
stress tolerance. b Reduction of ethylene levels by ACC deaminase-
producing rhizosphere bacteria is correlated with a reduction of plant
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of plant ethylene increases plant biomass; a negative effect indicates an
inhibition. Differences between treatments were analyzed using one-
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based on Tukey multiple range tests (p <0.01). Error bars show + SE.
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Pseudomonas putida UW4, and its isogenic AcdS~ mutant. The
numbers of replicates were 6
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regulator of plant resource allocation in addition to its role
as a stress response regulator. Under cadmium stress con-
ditions, shoot ethylene level in A. thaliana was positively
correlated with both root dry weight (F;7; =65.42, p<
0.0001, R* = 0.49) and total plant dry weight (F 171 = 66.62,
p<0.0001, R>= 0.48; Fig. 2a). Further, reduction of ethy-
lene levels by ACC deaminase-producing rhizosphere bac-
teria showed the same effects on plant biomass under
cadmium stress and cadmium-free condition (Fig. 2b),
indicating that differences in plant growth observed
between the different bacterial and plant genetic back-
grounds could be explained by variations in ethylene
concentration.

Bacterial colonization

The density of recovered root-associated bacteria per g root
fresh weight decreased slightly along with cadmium gra-
dient (F4q75=2.17, p=0.08). The densities of recovered
wild-type ACC deaminase-producing bacteria and ACC
deaminase-deficient mutant (AcdS™) were similar (F75 =
1.59, p =0.21), indicating that the lack of ACC deaminase
did not affect bacterial fitness under the tested conditions.

Effect of mutations altering ethylene signaling on
growth and stress tolerance in Arabidopsis thaliana

In order to confirm the importance of ethylene reduction as
a mechanism linking ACC deaminase to plant growth and
hypersensitivity to stress, we assessed the biomass pro-
duction of sterile A. thaliana Col-0 (WT, normal ethylene
signaling), etol (ethylene overproducer) and ein3eill
(ethylene insensitive) growing at 0 (no stress) and 50 uM

=
o
o

D [00]
o o
No-Cadmium

N
o

Stress tolerance (percent fresh
weight reduction under Cd stress)
D
o

Cd-treated

o

Col-0
eto1

-
=
o)
o)
£
[

Fig. 3 Cadmium stress tolerance in Col-0, efol, and ein3eill genotypes
growing in 50 pM cadmium compared with a no-cadmium treatment.
ein3eill mutant showed 38% reduction in dry weight compared with
14% reduction in Col-0, and 9% in efol. The Differences between Col-0,
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water-soluble cadmium in soils (stress) (Fig. 3; Table S2,
supporting information).

In the absence of stress, the ein3eill mutant showed
higher biomass production compared with Col-0 (Relative
growth of ein3eill compared with Col-0, Fig. 4). This
mutant also harbored a higher sensitivity to stress, with
cadmium causing a biomass reduction of 38% relative to the
no-stress treatment, in comparison with a 14% reduction for
Col-0, and a 9% reduction for etol (Fig. 3; Table S2,
supporting information). In contrast, ethylene overproducer
mutant efol show a lower biomass production compared
with Col-0 and ein3eill under the no-cadmium condition,
but showed a higher tolerance to cadmium stress (Fig. 3).
Together, these results indicate the importance of ethylene
signaling as switch for resource allocation from growth to
stress resistance.

Effects of chemical ethylene manipulation on plant
growth and stress resistance

Shoot and root dry weight of A. thaliana significantly
decreased in cadmium-treated agar plates, and the different
chemical ethylene modifiers significantly altered these fac-
tors in plants (Table S3, supporting materials). Under the
control condition (no-cadmium treatment), the ein3eill
mutant and Col-O treated with the ethylene biosynthesis
inhibitor AIB both showed a significantly higher shoot
(Fig. 4) and root dry weight compared with the untreated
Col-0 (S2, supporting materials). Treatment of plants with
ACC or pretreatment with ethylene decreased Col-0 dry
weight in the control treatment but increased tolerance to
cadmiums stress. Overall, the untreated Col-O0 plants
showed an intermediate phenotype, both in terms of growth

ein3eil1

etol, and ein3eill genotypes were analyzed by two-way ANOVA of
plants and cadmium treatment (0 and 50 uM) (Table S2). Significant
effects are shown by asterisks (*p <0.05, **p <0.01). Error bars show +
SE. The numbers of replicates were 8
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Fig. 4 Alterations of plant ethylene levels by microorganisms shifts
Arabidopsis thaliana along growth—stress resistance tradeoffs. Growth
and stress resistance in each treatment were normalized to Col-0
without microbial or chemical amendment as baseline. The X-axis
shows plant growth, defines as shoot dry weight in the control, stress-
free treatment. The Y-axis shows plant stress tolerance, defined as the
ratio of shoot dry weight under cadmium stress relative to the control,
stress-free treatment. Black line and closed symbols: pot experiment:
Arabidopsis thaliana wild-type (Col-0) was inoculated with the ACC
deaminase-producing Pseudomonas putida UW4, which reduces

and stress resistance, relative to the treatments resulting in
increased or decreased ethylene levels.

The growth-stress tolerance tradeoff in A. thaliana
is the same for mutations- and microorganism-
induced phenotypic changes

In order to visualize whether phenotypic changes induced
by ethylene manipulation by microbes, mutations, and
chemicals are constrained by the same tradeoffs, we plotted
for each treatment (two bacteria, three genotypes, and four
chemicals) biomass production versus stress resistance.
Inhibition of ethylene oxidase in Col-O0 by AIB, or insen-
sitivity as in the ein3eill mutant, showed the same response
on solidified agar medium, namely increasing the biomass
under control conditions, but leading to hypersensitivity to
cadmium-induced stress. In contrast, ein3eill and the AIB
treatment yielded greater a reduction of plant biomass under
cadmium stress (Fig. 4). The same trends were observed for
plant root weight in agar plate medium (Fig S2).

Discussion

Plants resource allocation between growth and stress resis-
tance is a major evolutionary constrain on plants. As stress
adaptation is costly, plant fitness will be constrained by
growth—stress resistance tradeoffs [1]. In plants, resource
allocation to stress resistance is to a large extent coordinated

ethylene (Col-0 and AcdS™) or its isogenic ACC deaminase-deficient
mutant, which causes an increase in plant ethylene (Col-0 and AcdS™).
The effects of bacteria on plant growth and stress resistance are
benchmarked to the most extreme available plant mutants leading to
ethylene overproduction (efol) or in the opposite virtually complete
ethylene insensitivity (ein3eill). Open symbols and dashed lines:
results of an axenic experiment in which plant ethylene was manipu-
lated by pretreatment with ethylene, its precursor ACC or the inhibitor
AIB. Error bars show + SE

by ethylene signaling. As this hormone is strongly affected
by plant-associated microorganisms [26], we postulated that
microbes and genetic mutations may have similar effects on
plant life history. In this study, we demonstrate that phe-
notypic effects of bacteria altering plant ethylene levels are
of the same magnitude as those caused by mutation in the
plant genome. Further, phenotypes caused by mutations,
microorganisms, or direct chemical alteration of ethylene
levels in plants were all placed along the same
growth—stress resistance tradeoff.

This study contributes to resolving an important paradox
related to current paradigms in plant—microbe interactions
and plant physiology: bacteria harboring ACC deaminase
have widely been proposed as beneficial to plants
[8, 27, 28], yet plant physiology studies consistently predict
that lower ethylene levels will make plants more sensitive to
stress [4, 10]. We propose that this apparent contradiction
can be harmonized if one takes plant life history tradeoffs
into account. Tradeoffs emerge when investment in one
potentially adaptive trait reduces the ability to develop
alternative potentially adaptive traits. It has been well
established that investment into growth diverts resources
from defense mechanisms and vice versa [1]. In this con-
text, any change in hormonal balance will not be beneficial
or deleterious per se, but will instead cause a shift along
existing tradeoffs.

We show that ethylene reduction by mutation, chemical
inhibitors, or microbiota increases plant growth under
stress-free conditions (Fig. 4), but also comes at a cost of a
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hypersensitive response to stress. This effect was directly
proportional to the stress level imposed. In absence of
stress, ethylene concentrations negatively correlate with
plant biomass production, suggesting that plants with a
higher ethylene concentration invest less into vegetative
growth. Accordingly, reduction of ethylene leads to an
increase in biomass. In the presence of a moderate stress,
however, the situation is reversed. In this case, ethylene
levels positively correlate with biomass, highlighting the
importance of this hormone as a coordinator of physiolo-
gical adaptations that allow the plant to cope with stressors.
In line with this observation, the reduction of ethylene
levels under stressful conditions causes a decrease in plant
performance. Finally, as stress intensity increases and goes
beyond the physiological adaptation potential of plants,
ethylene ceases to be relevant. Plants are inhibited in all
cases, and alterations of ethylene signaling no longer sig-
nificantly impact plant growth.

A key finding of this study is that ACC deaminase
production by bacteria outside the plant create such a strong
sink for ACC that it reduces ethylene concentration and
plant stress tolerance to a similar degree as the complete
shutdown of ethylene signaling by mutations in the plant
genome (einleil3) or the chemical inhibition of ethylene
synthesis (AIB). In contrast, the AcdS™ bacterial mutant,
which indirectly induce ethylene production by producing
auxin [7], can shift the plant toward a similar stress-
tolerance level achieved by the ethylene overproducer plant
mutant efol. It is important to note that the enzyme ACC
deaminase enzyme directly contributes to bacterial fitness
by allowing them to use ACC as a source of nitrogen. This
may cause a potential conflict of interest between plants,
who depend on high ethylene levels for their survival under
adverse conditions, and microbes, who have a direct interest
in consuming ACC. This may have broad implications for
plant evolution: as the effect of mutations in the plant
genome may be smaller than the effects due to variation in
the plant microbiome, microbial co-regulation of ethylene
may either block evolution or in contrast generate novel
evolutionary trajectories [26].

We conclude that microbial manipulation of plant ethy-
lene signaling (and potentially of other hormones) is not a
plant growth-promoting trait per se, and we call for a
reconsideration of the standard plant—microbe interactions
concept. Instead of being “beneficial” or “deleterious”, we
propose to approach microbiota as modulators of plant
phenotype, helping plants to explore the potential pheno-
typic space offered by their genetic background. Microbiota
may thus have an effect on plant phenotype that bears
strong similarities with breeding, creating new phenotypes
by reshuffling existing traits. The idea of an holobiont-level
regulation of plant phenotype has been proposed to drive
plant fitness [6, 26] but was to date difficult to demonstrate
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experimentally. Here, we prove that single mutations in
root-associated microorganisms are as much a driver of
plant phenotype as mutations in the plant genome. We,
therefore, conclude that both plants and the microbiome
should include in the future studies in plant ecology and
evolution.
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