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Abstract

Jasmonic acid (JA) signalling plays a central role in plant defences against necrotrophic pathogens and herbivorous insects,
which afflict both roots and shoots. This pathway is also activated following the interaction with beneficial microbes that
may lead to induced systemic resistance. Activation of the JA signalling pathway via application of methyl jasmonate (MeJA)
alters the composition of carbon containing compounds released by roots, which are implicated as key determinants of
rhizosphere microbial community structure. In this study, we investigated the influence of the JA defence signalling
pathway activation in Arabidopsis thaliana on the structure of associated rhizosphere bacterial communities using 16S rRNA
gene amplicon pyrosequencing. Application of MeJA did not directly influence bulk soil microbial communities but
significant changes in rhizosphere community composition were observed upon activation of the jasmonate signalling
pathway. Our results suggest that JA signalling may mediate plant-bacteria interactions in the soil upon necrotrophic
pathogen and herbivorous insect attacks.
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Introduction

During their lifecycle, plants are exposed to a wide-range of top-
down selection pressures such as pathogen attack and herbivory.
Abiotic and biotic stresses including necrotrophic pathogen
infection, wounding and insect attack elicit signals that trigger a
phosphorylation cascade leading to jasmonic acid (JA) biosynthe-
sis. JA is then detected by receptors which activate a signal
transduction pathway involved in the expression of JA-responsive
genes, resulting in the formation of chemical and physical barriers
against the pathogen or herbivore [1], but also reduced overall
growth. JA signalling is effective against necrotrophic pathogens
[2], but the same pathway is also activated when plants interact
with beneficial microbes that lead to induced systemic resistance
(SR; [3]). Arabidopsis thaliana mutants that are impaired in the
production of the JA precursor linolenic acid are more attacked
than wild-type plants by the root chewing fungus gnat Bradysia
impatiens. Exogenous application of JA on leaves, however, reduces
the susceptibility of these mutants to attack, which implies that the
JA signalling pathway is involved in the induction of below-ground
plant defences [4], [5]. Activation of JA signalling by exogenous
supply of methyl jasmonate (MeJA) has also been shown to
increase the release of signalling compounds such as flavonoids
and indoles from plant roots [6], [7], [8], [9]. Given that the
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quantity and composition of carbon-containing compounds
released by roots is known to influence rhizosphere bacterial
community structure [10], activation of the JA signalling pathway
1s likely to enrich for certain populations over others. Nonetheless,
a DDGE-based investigation of this phenomenon did not detect
any influence of JA signalling pathway activation on the diversity
of rhizosphere bacterial communities [11].

The root microbiome of Arabidopsis thaliana was recently
characterised using 16S rRNA gene amplicon pyrosequencing
[12], [13]. This approach enabled detailed inventories of
rhizosphere microbial communities to be collected in parallel. In
this study, we used the same method to test the hypothesis that
rhizosphere bacterial diversity is influenced by the activation of the
JA signalling pathway in A. thaliana. Operational Taxonomic Unit
(OTU) lists and their relative abundances derived from MeJA-
treated and control plant rhizospheres were used to assess changes
in composition, richness, and evenness of bacterial communities.

Materials and Methods

Plant growth conditions, experimental treatments and
rhizosphere soil sampling

Soil was collected in March 2011 from the Michigan Extension
Station, Benton Harbor, MI, USA (N42°05'34", W86°21'19",
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elevation, 192 m above sea level), from an area of fallow land
where A. thaliana had been growing naturally for several years. A
total of 60 wild-type Arabidopsis thaliana (Col-0) plants were grown
in homogenised soil within a controlled environment chamber
(Percival Scientific, Boone, IA, USA) at 24°C with a light intensity
of 150 pumol m 2 s~ ', At the 8-12 leaf stage, plants were treated
with 0.5% (v/v) methyl jasmonate (MeJA) dissolved in ethanol as
described previously [14], [15]. Control plants were mock-treated
with the solvent ethanol. Following a 72 h incubation period,
plants were harvested and roots with attached rhizosphere soil
(that closely attached to roots) were stored in LifeguardTM Soil
Preservation Solution (MO BIO Laboratories, Carlsbad, CA) at
—20°C until they were processed. Plants were cultivated in two
trays, whose positions within the growth chamber were changed
daily throughout the experiment. Three biological replicates were
used per treatment by combining soil attached to roots collected
from 10 plants per replicate. Six pots of soil were also placed in the
growth chamber as part of a control experiment aimed at
determining whether MeJA application had a direct influence on
soil microbial diversity. Three pots were treated with MeJA and
three were mock-treated with ethanol, as described above. After
72 h, two grams of soil was sampled from each pot and stored at
—20°C until further processing.

Samples DNA extraction, PCR amplification, sequencing
and data processing

Total DNA was extracted from two grams of soil per sample
using the PowerSoil® DNA Isolation kit (MO BIO Laboratories,
Carlsbad, CA). The quality of the extracted DNA was verified on a
1% agarose gel. DNA concentrations were determined using a
Qubit'™ fluorometer with Quant-iT dsDNA BR Assay Kits
(Invitrogen) and then normalised to 10 ng pl~'. Eubacterial and
Archaeal 16S rRNA genes were amplified by PCR in 50 ul
volumes containing 20 ng DNA, molecular biology grade water,
1x PCR Buffer minus Mg”" (Invitrogen), 50 nM of each of the
dNTPs (Invitrogen), 1.5 mM MgCl, (Invitrogen), 0.3 mg BSA
(New England Biolabs), 0.02 U Taq DNA Polymerase (Invitro-
gen), and 8 UM each of the primers: 803F (5'-ATTAGA-
TACCCTGGTAGTC-3") and 1392wR (5'-
ACGGGCGGTGWGTRC-3") modified on the 5’ end to contain
the 454 FLX Titanium Lib L adapters B and A, respectively. The
reverse primer contained a 5-6 base barcode sequence positioned
between the primer sequence and the adapter. This primer pair
amplifies preferentially archaeal and bacterial DNA and avoided
amplification of host (plant) eukaryotic DNA. A unique barcode
was used for each sample. Thermocycling conditions were as
follows: 95°C for 3 min; then 30 cycles of 95°C for 30 s, 55°C for
45 s, 72°C for 90 s; then 72°C for 10 min. Amplifications were
performed using a Veriti® 96-well thermocycler (Applied Biosys-
tems). Amplicons were purified using a QIAquick PCR purifica-
tion kit (Qiagen), quantified using a Qubit™ fluorometer with a
Quant-iT dsDNA BR Assay Kit and then normalised to
25 ng ul~" and pooled for 454 pyrosequencing. Sequencing was
performed by the Australian Centre for Ecogenomics at the
University of Queensland (Brisbane, Australia).

Sequence data were processed as described previously [16].
Briefly, sequences were quality filtered and dereplicated using the
QIIME script split_libraries.py with the homopolymer filter
deactivated [17] and then checked for chimeras against the
GreenGenes database using UCHIME ver. 3.0.617 [18]. Homo-
polymer errors were corrected using Acacia [19]. Sequences were
then subjected to the following procedures using QIIME scripts
with the default settings: 1) sequences were clustered at 97%
similarity, 2) a representative sequence was randomly selected

PLOS ONE | www.plosone.org

Jasmonate Signalling Affects Rhizosphere Bacteria

within each cluster, 3) GreenGenes taxonomy was assigned to the
cluster representatives using BLAST, 4) tables with the abundance
of different operational taxonomic units (OTUs) and their
taxonomic assignments in each sample were generated. The
number of reads was then normalised to 1,550 per sample by re-
sampling the OTU table to allow comparisons of diversity without
the bias of uneven sampling effort. The mean number of OTUs
(observed richness) and Simpson’s Diversity Index values [20]
corresponding to 1,550 sequences per sample were calculated
using QIIME. The observed richness and Simpson’s Diversity
Index wvalues reflect the richness (number of OTUs) and
equitability (evenness of population abundances within a sample)
of microbial communities, respectively. The effect of Me¢JA
treatment on the richness and equitability of bulk soil and
rhizosphere bacterial communities was investigated using GLM.
The effect of MeJA treatment on the composition of bacterial
communities was investigated using Redundancy Analysis (RDA)
with subsequent Monte-Carlo permutation tests (999 permuta-
tions) for significant testing. RDA was performed using Hellinger
transformed OTU abundances [21]. All analyses were imple-
mented using R (version 2.12.0).

Results and Discussion

Activation of the JA signalling pathway significantly influenced
the composition of rhizosphere bacterial communities (Fig. 1;
P<0.001, Redundancy Analysis (RDA)), but the richness and
evenness of communities were unaffected (Table 1; P>0.05,
GLM). MeJA treatment did not significantly influence the richness
and evenness (P>0.05, GLM) or the composition (P>0.05, RDA)
of bulk soil microbial communities (Fig. S1). This indicates that
MeJA did not directly affect soil microorganisms and that the
observed changes in rhizosphere community composition are
related to the activation of the JA signalling pathway in plants. The
composition of rhizosphere bacterial communities was also more
variable for control plants than for MeJA-treated plants (Fig. 1).
This suggests that JA-activated defence mechanisms culminate in a
selective pressure on rhizosphere bacteria. Sixteen OTUs, all of
which were representatives of the Firmicutes and Gammaproteo-
bacteria, were present at more than 1% relative abundance in any
of the control or MeJA-treated samples (Fig. 2). All of these
bacteria are commonly detected in Arabidopsis thaliana rhizosphere
soil [12], [13]. Interestingly, bacterial populations that were
enriched upon activation of JA signalling were closely related to
organisms that are reported to be involved in plant defence. OTUs
that were observed at higher abundance in MeJA-treated relative
to control plants included: 1) a Bacillus population from the
Planococcaceae family, 2) a relative of the Bacillales, 3) a
Paemibacillus amylolyticus-like representative and 4) a Lysinibacillus-
related population (Figs. 1 & 2). The Bacillus population is a close
relative of the strain MHS022, which is known to produce the
antifungal volatiles acetamide and benzothiazole [22]. Further-
more, the Bacillales population is closely related to Bacillus cereus and
Bactllus thuringiensis, which are known to produce toxins that are
associated with biological control of insects (Cry, Cyt and Vip;
[23]; [24]; [25]). Paemibacillus amylolyticus can suppress disease
caused by Fusarium oxysporum infection in tomato [26], and a closely
related species, Paenibacillus alvey protects Arabidopsis against leaf
pathogens by triggering ISR [27]. The Lysintbacillus population was
closely related to Lysintbacillus sphaericus, which has been reported to
produce insecticidal toxins [28], [29]. Plants rely heavily on
chemical defences against herbivorous insects. Constitutive and
inducible expression of defence-related compounds occurs in both
roots and shoots, which suggests that they are equally a target of
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Figure 1. Redundancy analysis summarising variation in the composition of rhizosphere bacterial communities that can be
attributed to the activation of the JA signalling pathway. White circles represent control samples and grey circles represent MeJA treated
samples. The dotted lines connect each of the control and MeJA-treated samples to their respective group centroid, which is labelled and marked as
a small grey dot along the primary axis. OTUs are represented by black crosses, and the taxonomic affiliation of the most discriminating of these

populations is labelled.
doi:10.1371/journal.pone.0056457.g001

attack [30]. Certain strains of B. thurnngiensis are very efficient
biocontrol agents against a number of leaf-eating insects [31],
despite being found mostly in soils [24]. It is noteworthy that,
although only 17% of insect families with herbivorous species
include root-attacking gall makers, chewers, or sap suckers, they
account for considerable agricultural losses [30]. Consequently,
plants may have evolved mechanisms to recruit insecticide-
producing rhizosphere bacteria when challenged by root-attacking
herbivore insects.

On the other hand, populations that were suppressed were
related to bacteria that are associated with other mechanisms of
plant growth promotion, such as the production of phytohor-

thaliana plants.

mones, plant growth regulators and other biologically active
substances, or by modulating the availability of nutrients or toxic
elements. For example, an OTU most closely related to Bacillus
niacini was strongly suppressed upon activation of the JA signalling
pathway (Figs. 1 & 2). B. nmiacini is implicated to enhance plant
growth by: 1) mobilising phosphorus, 2) producing indoles, NHs
and proteases, as well as 3) conferring resistance to heavy metals
[32], [33]. OTUs related to a Pseudomonas sp. and a Paenibacillus sp.
were also suppressed upon activation of the JA signalling pathway
(Figs. 1 & 2). A BLAST comparison of the corresponding
sequences against the GreenGenes database has shown that these
OTUs are most closely related to Pseudomonas putida and

Table 1. Richness and equitability of rhizosphere bacterial communities associated with control and MeJA treated Arabidopsis

Observed OTU (richness)

Simpson’s Diversity Index (equitability)

Control 1 3195
Control 2 288.0
Control 3 282.0
MeJA 1 3159
MelJA 2 251.8
MeJA 3 259.6

0.905
0.892
0.768
0914
0.928
0.923

doi:10.1371/journal.pone.0056457.t001
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Values are rarefied means based on 50 re-samplings of 1550 individual sequences per sample.
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Figure 2. Heatmap summarising the percent relative abundances of bacteria that were present at more than 1% in any of the
control or MeJA-treated samples. The relative similarity of each sample in terms of bacterial community composition as determined by complete
linkage cluster analysis of OTU abundances is represented at the top of the heatmap.

doi:10.1371/journal.pone.0056457.9002

Pseudomonas wynnit/ graminis, respectively. P. putida strains have been
reported to enhance plant growth by: 1) producing 1-aminocy-
clopropane-1-carboxylic acid (ACC) deaminase, siderophores and
phytohormones, 2) mobilising phosphorus, and 3) fixing nitrogen
[34], [33], [36], [37]. Pseudomonas wynnit and Pseudomonas graminis
are also known to fix nitrogen and Paenibacillus spp. are often
implicated as plant growth promoters [38], [39]. As plant roots
and rhizosphere are colonised by soil bacteria which are attracted
by rhizodeposits [40], [10], it is possible that roots manipulate the
composition of microbial communities when they need to allocate
resources for plant defence. The diversity of rhizosphere bacterial
communities has been previously shown to differ between
Arabidopsis  thaliana salicylic acid-mediated systemic acquired
resistance mutants [41]. Our results demonstrate that the diversity
of rhizosphere bacterial communities is also influenced by JA
signalling, which suggests that inducible plant defences may
represent important mechanisms by which plants influence their
associated microbial communities. Bacteria that are mostly
involved in plant growth promotion may be suppressed, while
bacteria that mainly act as biological control agents, such as
insecticidal toxin- and antimicrobial-producing bacteria may be
enriched. Possible candidates of signalling compounds modulating
these interactions are secondary metabolites such as the phenol
kaempferol-3-0--d-glucopyranoside-7- O-o-I-rhamnoside, ~which
has been shown to be released at higher rates when roots were
subjected to MeJA treatment [6]. Future work should focus on
confirming the roles of representative isolates of microbes found to
be affected by plant JA signalling. As most bacteria cannot be
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cultured at present, metagenomics and metatranscriptomics [42]
approaches represent complementary culture-independent alter-
natives as they would allow assessing rhizosphere microbial
functions associated with the activation of the JA signalling
defence pathway.

Conclusions

Due to their sessile lifestyle, plants have developed a wide range
of chemical defences against biological threats [30]. Maintenance
of plant defences is costly; therefore, plants have evolved
mechanisms that enable them to switch the allocation of resources
to defence or growth [43], [44]. Our study indicates that activation
of the JA signalling pathway alters the composition of rhizosphere
microbial communities. This shift was associated with populations
that are closely related to bacteria that are known to suppress plant
pathogens and herbivore attacks. Although in several instances the
same bacterial species/strain can have several plant beneficial
attributes that are not mutually exclusive, it appears that when
plants are not under attack, dominant rhizosphere bacterial
populations are likely to be more directly related to plant growth.
These observations indicate that plants may recruit a range of
disease-suppressive microbes on an as-needed basis.

Supporting Information

Figure S1 Principal component analysis summarising
variation in the composition of bulk soil microbial
communities that were MeJA or mock (control) treated.
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White circles represent control samples and grey circles represent
MeJA treated samples. OTUs are represented by black crosses,

and the taxonomic affiliation of the most discriminating
populations is labelled.
(TIF)
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