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Plant hormones and their functional analogues are used in agriculture to combat plant diseases and pests.
These chemicals are generally targeted at shoots, but soils inevitably receive a dose during application. In
this study, we used 16S rRNA gene amplicon pyrosequencing to determine whether the diversity of
bacterial communities in a potting mix (referred here as ‘model soil’) is influenced by exposure to salicylic
acid (SA), methyl jasmonate (MeJA), ethylene (ET) and abscisic acid (ABA). The number of operational
taxonomic units (OTUs; richness) and Simpson's Diversity Index values (evenness) associated with each

Ié?c’ gf&' sample was not influenced by the hormone treatments, but changes in community composition were
Diversity observed. Relative to the control, all hormones more than doubled the abundance of a Limnobacter
Jasmonic acid population, ABA led to a four-fold increase in a Cellvibrio population, ET led to a c. 70% decrease in an
Salicylic acid Algoriphagus population, and MeJA and ABA applications halved the abundance of a Massilia population.
Ethylene These changes may influence plant productivity.

Abscisic acid
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1. Introduction

Plant diseases are estimated to cause up to 42% yield losses for
the eight most commonly grown crops worldwide (Oerke et al.,
1994; Fletcher et al., 2006; Fisher et al., 2012). The causal agents of
these diseases are typically combatted with pesticides, breeding
techniques for the development of resistant crops, and chemicals
that induce systemic plant resistance (Tamm et al., 2011; Ghimire
and Woodward, 2013). The latter approach enhances the plant's
innate defence mechanisms (Tamm et al., 2011), which can be
induced by chemicals such as salicylic acid (SA; (Lee et al., 2009;
Vlot et al., 2009), functional analogues of SA (e.g Bion®™; Friedrich
et al., 1996; Gorlach et al., 1996; Sparla et al., 2004; Bokshi et al.,
2008), ethylene (ET; van Loon et al., 2006), abscisic acid (ABA;
Mauch-Mani and Mauch, 2005) and jasmonic acid (JA; Cohen et al.,
1993). SA and ABA can be applied in solution by spraying; however,
ET and JA (in the form of methyl-JA, MeJA) are mostly applied as
gases or volatiles (Jin et al., 2009; Nahar et al.,, 2011). These
chemicals are generally targeted at shoots, but, during application,
the soil typically receives a dose.
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Previously we demonstrated that treatment of Arabidopsis
plants with MeJA alters the composition of rhizosphere bacterial
communities via activation of the jasmonic acid signalling
pathway, but direct effects of MeJA on the diversity of bacteria
associated with bulk soil were not detected (Carvalhais et al.,
2013a). Effects of SA, ABA, and ET on soil microbial communities
have not been investigated; however, ethylene has been shown to
strongly influence the composition of bacterial communities
associated with zeolite biofilters in air treatment systems (Fu
et al., 2011). Given the important roles performed by soil bacteria
in plant nutrition, disease suppression and other soil ecosystem
functions (Carvalhais et al., 2013b,c; Nannipieri et al., 2003), it is
important to improve understanding of the effects of plant
hormones on soil bacterial diversity.

In this study, we investigated changes in bacterial diversity of a
model soil (potting mix) in response to the plant hormones SA,
Me]JA, ABA, and ET using 16S rRNA gene amplicon pyrosequencing.
Although bacterial richness and evenness were unaffected, distinct
changes in bacterial community composition were revealed.

2. Materials and methods
2.1. Plant hormone amendment of a model soil
After three weeks incubation at 24°C with a light intensity of

150 wmolm~2s~! in a controlled environment chamber (Percival
Scientific, Boone, IA, USA), a potting mix (Greenfingers B2, Nerang,
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Australia) was amended with salicylic acid (SA), abscisic acid
(ABA), methyl jasmonate (Me]A), and ethylene (ET). We opted to
use a potting mix as a ‘model soil’ as it is routinely used in
horticulture as a plant-supporting substrate. SA and ABA were
applied as liquid sprays, while MeJA and ET were delivered in the
volatile/gaseous form. Briefly, SA and ABA treatments were applied
by spraying a 5mM solution of SA and a 100 wM solution of ABA
dissolved in 5% and 0.1% ethanol, respectively. For the Me]A
treatment application, a cottonwool ball containing 300 L of a
0.5% MeJA solution in ethanol was taped to the inner wall of the
plastic lid of a 20 L container and then the tray was wrapped with
two transparent plastic bags. The ET treatment was applied by
injecting a 4 mL volume of ET gas into a 20 L container where the
model soil was kept in an air-sealed system. The control model soil
as well as each treatment were treated in exactly the same way as
the other hormone treatments, but MeJA, SA, ABA, or ET was not
added. This included a cotton ball with ethanol taped onto the wall
of the chamber as well as spraying with 5% ethanol. These mock
treatments were applied to all experiments to allow direct
comparisons. A total of three biological replicates were analysed.
Each biological replicate comprised a pool of two model soil
samples collected from different locations within the tray where
the treatments were applied. During liquid spray applications,
eight-twelve leaf shoots of Arabidopsis thaliana ecotype Col-0 were
placed on the model soil surface to ensure that the exposed area
would mimic incidental spraying. Shoots were then removed
immediately after the application of treatments.

2.2. Sample collection, DNA extraction and amplification of 16S rRNA
genes

Samples of the model soil were collected with a 12 mm borer
72h after hormonal treatments and stored in Lifeguard™ Soil
Preservation Solution (MO BIO Laboratories, Carlsbad, CA) at
—20°C. Total DNA was extracted from these samples using the
PowerSoil® DNA Isolation kit according to the manufacturer's
instructions (MO BIO Laboratories, Carlsbad, CA). The quality of the
extracted DNA was assessed on a 1% agarose gel. Extracted DNA
concentrations were determined using a Qubit™ fluorometer with
Quant-iT dsDNA BR Assay Kits (Invitrogen, Carlsbad, CA) and then
normalised to 10 ng wl~'. Universal 16S rRNA genes were amplified
by PCR in 50 p.l volumes containing 20 ng DNA, molecular biology
grade water, 1X PCR buffer minus Mg, 50 nM of each of the dNTPs,
1.5 mM MgCl,, 0.3 mg BSA, 0.02 U Taq DNA Polymerase, 8 wM each
of the primers 803F and 1392R modified on the 5’ end to contain
the 454 FLX Titanium Lib L adapters B and A, respectively
(Engelbrektson et al., 2010). These primers amplify both bacteria
and archaea. The reverse primers also contained a 5-6 base
barcode sequence positioned between the primer sequence and
the adapter. A unique bar-code was used for each sample.
Thermocycling conditions were as follows: 95°C for 3 min; then
30 cycles of 95°C for 30s, 55°C for 455, 72°C for 90s; and then
72°C for 10 min. Amplicons were purified using a QIAquick PCR
purification kit (Qiagen, Hilden, Germany), quantified using a
Qubit™ fluorometer with a Quant-iT dsDNA BR Assay Kit and then
normalised to 25ngul~! and pooled for 454 pyrosequencing.
Sequencing was performed by the Australian Centre for Ecoge-
nomics at the University of Queensland (Brisbane, Australia).

2.3. Data analyses

Sequence data were processed as described in (Dennis et al.,
2013). Briefly, sequences were quality filtered and dereplicated
using the QIIME script split_libraries.py with the homopolymer
filter deactivated (Caporaso et al.,, 2010) and then checked for
chimeras against the GreenGenes database (De Santis et al., 2006)

using UCHIME ver. 3.0.617 (Edgar et al., 2011). Homopolymer
errors were corrected using Acacia (Bragg et al., 2012). Sequences
were then subjected to the following procedures using QIIME
scripts with the default settings: (1) sequences were clustered at
97% similarity, (2) cluster representatives were selected, (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 1950 per sample by re-sampling the OTU table. The mean
number of OTUs (observed richness) and Simpson's Diversity Index
values (Simpson, 1949) corresponding to 1950 sequences per
sample were calculated using QIIME. Differences in these diversity
metrics were investigated using one-way ANOVA (P<0.05)
followed by Tukey's post-hoc tests. Differences in the composition
of microbial communities were investigated using principal
component analysis. The most discriminating OTUs between
treatments were subjected to separate one-ways ANOVAs with
post-hoc Tukey tests to determine whether they differed between
treatments. All OTU abundances were Hellinger transformed prior
to analysis and all analyses were implemented using R (Legendre
and Gallagher, 2001).

2.4. Confirmation that the hormone concentrations were adequate to
induce plant defence signalling pathways

Chemical concentrations were chosen based on previous
studies (Schenk et al., 2000; Campbell et al., 2003). To confirm
that these concentrations were sufficient to induce plant MeJA, SA,
ET, and ABA signalling, we conducted an independent experiment
in which the expression levels of marker genes characteristic of
each pathway were quantified using real-time PCR. Plant growth
conditions as well as MeJA, SA, ABA, and ET treatments were
carried out as described previously. A total of 160 wild-type
Arabidopsis thaliana (Col-0) plants were cultivated in potting mix
within a controlled environment chamber (Percival Scientific,
Boone, IA, USA) at 24 °C with a light intensity of 150 wmolm2s~ .
Treatments were applied when plants developed 8-12 leaves,
which were then harvested 72 h later, except for the ET treatment,
in which plants were harvested 24 h later. Two trays containing 60
plants each were used per treatment. As for the plantless
experiment, the tray positions within the growth chamber were
also changed daily throughout the experiment. Three biological
replicates containing a pool of approximately 40 plant shoots each
were used. Expression of VSP2 and PDF1.2 was measured for JA; PR1
and PR5 for SA; ERF1, PR4, CHI-B, and ORA59 for ET; as well as RD22
and RD29B for ABA. Transcript levels were normalised to the
expression of a mixture of three genes encoding 3-ACTIN2, ACTIN7,
and ACTINS8 (Schenk et al., 2005). A list of primer sequences and
target genes can be found in the Supplementary Table S1. Results
for the gene expression analysis were included as Supplementary
Fig. S1.

3. Results and discussion

At the phylum level, all samples were dominated by Proteobac-
teria, Bacteroidetes and Firmicutes, which represented 65 + 5.8%,
22.2+5.3% and 8.4+2.1% of the community (mean + standard
deviation), respectively (Fig. 1). No archaeal sequences were
detected. At the operational taxonomic unit (OTU) level, the
proteobacterial populations included representatives of the alpha-,
beta-, delta- and gammaproteobacterial classes, while the
Bacteroidetes and Firmicutes were dominated by members of the
Sphingobacteria and Bacilli, respectively (Fig. 1). The most
dominant OTUs in all samples were a Pseudomonas, a Limnobacter,
a Comamonadaceae and an Algoriphagus population (Fig. 1). These
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Fig. 1. Heatmap summarising the abundance of operational taxonomic units (OTU) that were present at more than 1% relative abundance in at least one sample. OTUs that
were significantly different relative to the control are highlighted in bold font. All data were Hellinger transformed prior to analysis. MeJA = methyl jasmonate, SA = salicylic

acid, ABA = abscisic acid, ET = ethylene.
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Fig. 2. Principal component analysis summarising differences in the composition of bacterial communities associated with control and hormone treatments. The OTUs
highlighted in bold were significantly influenced by at least one hormone treatment. MeJA = methyl jasmonate, SA=salicylic acid, ABA = abscisic acid, ET =ethylene.
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bacteria have been observed in association with plant and soil
environments and, with the exception of the Algoriphagus
population, have been implicated in plant growth promotion
(Vyas and Gulati, 2009; Stout et al., 2010; Li et al., 2012; Ubalde
etal, 2012; Liu et al.,, 2013; Shen et al., 2013). The number of OTUs
and Simpson's Diversity Index values associated with each sample
was not influenced by the hormone treatments (Supplementary
Table S2); however, principal component analysis (PCA) revealed a
number of OTUs that differed in abundance between samples
(Fig. 2). An Algoriphagus, a Limnobacter, a Cellvibrio and a Massilia
population were significantly influenced by the hormone appli-
cations (P<0.05, ANOVA). Other populations, however, were
associated with individual samples only (Figs. 1 and 2).

Relative to the control, all hormones treatments more than
doubled the abundance of a Limnobacter population (Fig. 3). Within
this genus, Limnobacter thiooxidans has been shown to inhibit the
growth of A. thaliana via an unidentified mechanism (Blom et al.,
2011). An enrichment of Limnobacter populations in soil resulting
from inadvertent plant hormone treatment could, therefore,
negatively influence plant growth.

In contrast, Cellvibrio populations have been reported to be
positively associated with wheat shoot biomass (Anderson and
Habiger, 2012). ABA application led to a four-fold increase in a
Cellvibrio population (Fig. 3). This suggests that hormone
treatment of soil can induce changes in microbial community
composition that may influence plant productivity in both positive
and negative ways.

We observed a c. 70% decrease in an Algoriphagus population in
response to ET treatment of a model soil. Previous studies have
shown that ET influences soil microbial processes such as
methanotrophy and nitrification (Porter, 1992; Jackel et al,
2004); however, our results are the first to demonstrate effects
on specific bacterial populations in a potting mix. In air
biofiltration systems, ethylene appears to enrich specific bacterial
populations that may degrade ethylene (Fu et al., 2011). Our results
indicate that ET does not enrich specific bacterial populations in
the model soil used in our experiments.

MeJA and ABA application halved the abundance of a Massilia
population (Fig. 3). Members of this genus have been shown to
colonise plant seeds, leaves and roots (Ofek et al., 2012;
Bodenhausen et al., 2013). Their influence on plant productivity,
however, remains unclear. A lower abundance of Massalia
populations has been observed in disease-suppressive relative to
non-suppressive soils (Klein et al., 2013). Nonetheless, an increase
in soil suppressiveness has been achieved upon addition of chitin
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Fig. 3. Relative abundances of bacterial OTUs that were significantly influenced by
plant hormones. The error bars represent standard deviations and the asterisks
indicate that a particular treatment was significantly different to the control
according to Tukey's Honest Significant Differences tests, where P<0.05 (*),
P<0.01 (**) and P<0.001 (***). MeJA=methyl jasmonate, SA=salicylic acid,
ABA = abscisic acid, ET =ethylene.

to soil despite a concomitant increase in the abundance of Massilia
species (Cretoiu et al., 2013). There is mixed evidence, therefore,
concerning the relationship between plant productivity and the
prevalence of Massilia populations.

In conclusion, our study demonstrates in principle that plant
hormones can influence the composition of bacterial communities
in a model soil. These changes may influence plant productivity
and other ecosystem services and as such require further
investigation.
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