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SUMMARY

Interactions with the (a)biotic environment play key roles in a plant’s fitness and vitality. In addition to direct
surface-to-surface contact, volatile chemicals can also affect the physiology of organism. Volatiles of Serratia
plymuthica and Stenotrophomonas maltophilia significantly inhibited growth and induced H,0, production in
Arabidopsis in dual culture. Within 1 day, transcriptional changes were observed by promoter-GUS assays
using a stress-inducible W-box-containing 4xGST1 construct. Expression studies performed at 6, 12 and 24 h
revealed altered transcript levels for 889 genes and 655 genes in response to Se. plymuthica or St. maltophilia
volatiles, respectively. Expression of 162 genes was altered in both treatments. Meta-analysis revealed that
specifically volatile-responsive genes were significantly overlapping with those affected by abiotic stress. We
use the term mVAMP (microbial volatile-associated molecular pattern) to describe these volatile-specific
responses. Genes responsive to both treatments were enriched for W-box motifs in their promoters, and were
significantly enriched for transcription factors (ERF2, ZAT10, MYB73 and WRKY18). The susceptibility of
wrky18 mutant lines to volatiles was significantly delayed, suggesting an indispensable role for WRKY18 in
bacterial volatile responses.
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INTRODUCTION

Plants have to cope with various (a)biotic stresses, both
aboveground and underground. The soil close to plant roots
(rhizosphere) is highly attractive for a vast number of
organisms because of the presence of carbon-rich root
exudates (Barber and Martin, 1976). Consequently, plants
have to interact in a complex manner with soil-dwelling
organisms (e.g. nematodes, amoeba and bacteria). Diverse
elicitors are used for multiple communications under-
ground. The phenomenon of volatile-dependent interaction
is still not very well understood, but some studies support a
role for volatile signals emitted by plant roots, soil fungi and
rhizobacteria (reviewed by Wenke et al., 2010). Bacteria in
particular are a rich source of various volatile compounds
(Schulz and Dickschat, 2007). As volatile synthesis con-
sumes energy and carbon, interesting questions arise
regarding possible functions of airborne compounds. In
1972, Stall et al. demonstrated that ammonia produced by
Xanthomonas vesicatoria played a role in necrosis forma-
tion in inoculated pepper (Stall et al., 1972), and bacterial
cyanide and ethylene have been shown to influence plant
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growth and physiology negatively (Alstrom and Burns, 1989;
Weingart and Volksch, 1997; Fukuda et al., 1993). Butanediol
and acetoin emitted by plant growth-promoting rhizobacte-
ria were shown to be sufficient for positive growth effects on
Arabidopsis (Ryu et al., 2003). The antagonistic potential of
bacterial volatiles against the pathogenic fungus Rhizocto-
nia solani was demonstrated for various rhizobacteria, with
Serratia plymuthica HRO-C48 and Stenotrophomonas
maltophilia R3089 being the most effective (Kai et al., 2007).
This inhibition of plant pathogens by volatiles may lead to
indirect promotion of plant fitness. In contrast, dramatic
growth-inhibitory effects of airborne microbial metabolites
were observed for Arabidopsis thaliana and Physcomitrella
patens (Kai et al., 2009; Vespermann et al., 2007; Kai and
Piechulla, 2010).

Se. plymuthica HRO-C48 and St. maltophilia R3089
volatiles also have growth-inhibitory effects on A. thaliana.
The initial phase of plant responses triggered by volatiles of
these bacteria are not understood. Appropriate signal
processing is indispensable for fine-tuned modulation of
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inputs to achieve a specific output (Dietz et al, 2010).
In planta, this fine-tuning is achieved by complex protein
interaction in extensive signaling networks such as WRKY
dependent signaling (Euglem and Somssich, 2007). In
Arabidopsis, 74 members of the WRKY family have been
identified (Eulgem et al., 2000; Dong et al., 2003). Several
appear to play pivotal roles in regulating plant disease
resistance by amplification and modulation of pathogen-
induced signals, leading to specific and efficient responses.
In order to obtain insight into transduction networks
activated by bacterial volatiles, we performed microarray
analysis of A. thaliana co-cultivated with Se. plymuthica
HRO-C48 and St. maltophilia R3089.

RESULTS
Growth inhibition of Arabidopsis by rhizobacterial volatiles

We used split-dish plates for co-cultivation of seedlings
with Se. plymuthica HRO-C48 or St. maltophilia R3089 (Kai
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Figure 1. Phenotype of wild-type plants in dual-culture.
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et al., 2007, 2008) (Figure 1a). Visual inspection of these
seedlings revealed obvious phenotypic alterations com-
pared to non-treated controls: within a few days, volatiles
caused significantly decreased growth of cotyledons and
primary roots (Figure 1b-d) as well as leaf yellowing
(Figure 1b). To quantify chlorosis, we measured chlorophyll
and carotenoid content (Figure 1e,f) and found a significant
loss of total chlorophyll after 3 days of co-cultivation with
Se. plymuthica (Figure 1e), while carotenoid content sig-
nificantly decreased within 2 days of co-cultivation.
St. maltophilia volatiles also affected chlorophyll and car-
otenoid contents but with a delayed response. Chlorophyll
and carotenoid contents decreased significantly about 1
day after visible growth inhibition. To rule out the possi-
bility that the observed differences originated from differ-
ing bacterial growth, we plated defined titers of bacteria on
plates (4 and 1 x 107 colony-forming units of Se. plymuth-
ica and St. maltophilia, respectively) and analyzed their
growth. At the start of co-cultivation, Se. plymuthica grew
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(a) Schematic top and side views of dual-culture of A. thaliana and rhizobacteria. The arrow indicates free exchange of volatiles above the plastic barrier between
seedlings and bacteria. The barrier separates the different media in the two compartments.

(b) Representative example of co-cultivation of A. thaliana with St. maltophilia compared to control.

(c) Leaf length of cotyledons of control plants and seedlings co-cultivated with Se. plymuthica (n = 6) and St. maltophilia (n = 3).

(d) Length of primary roots of seedlings in dual-culture with Se. plymuthica (n = 6) and St. maltophilia (n = 3) or untreated.

(e,f) Relative chlorophyll a and b and carotenoid contents in seedlings co-cultivated with Se. plymuthica or St. maltophilia compared to untreated controls (100%)

(n = 6).

Asterisks and hash symbols in (c-f) indicate P < 0.01 (paired Student's t test).
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little faster than St. maltophilia. However, after 24 h of co-
cultivation, both bacterial strains displayed equivalent cell
numbers (Figure S1).

Volatile-induced H,0, synthesis and promoter activities

H,0, functions in many, if not all, stress responses as a
rather non-specific second messenger (Neill et al., 2002).
Therefore, we examined volatile-induced H,0, accumula-
tion using diaminobenzidine (Thordal-Christensen et al.,
1997). After 48 h of co-cultivation with Se. plymuthica, a
long-lasting presence of H,0, was detected (Figure 2a). In
accordance with previous findings on growth inhibition, we
observed a delay of 1 day for H,0, accumulation in response
to St. maltophilia volatiles (Figure 2a).

To further dissect possible signaling cascades, we used
A. thaliana lines expressing the uidA (GUS) gene controlled
by synthetic plant promoters containing defined stress-
responsive cis-regulatory DNA elements (Rushton et al.,
2002). Use of 4xGST1 reproducibly resulted in strong GUS
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Figure 2. Physiological responses in A. thaliana seedlings in dual-culture.
(a) Diaminobenzidine staining of cotyledons after co-cultivation with Serratia
plymuthica or Stenotrophomonas maltophilia compared to controls. H,0,
reacts with diaminobenzidine to form a brownish precipitate.

(b) Relative GUS reporter activity of 4xGST1::GUS seedlings in response to
Se. plymuthica and St. maltophilia volatiles compared to control plants
(100%). The GUS reporter assay was performed using 4-methyl umbelliferyl
glucuronide (MUG). Asterisks indicate P < 0.001 for comparison with time
zero (Student'’s ttest, n = 3).
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activation within 18 h of co-cultivation for both of the
treatments (Figure 2b).

Specific gene expression changes in response to
rhizobacterial volatiles

To obtain a comprehensive understanding of underlying
signaling processes, we performed a transcriptome anal-
ysis for Se. plymuthica and St. maltophilia volatile-
triggered responses at 6, 12 and 24 h of co-cultivation. We
used the ATH1 GeneChip array (Hennig et al., 2003) and
monitored transcript levels for two biological replicates for
both rhizobacteria independently. Plant material was
pooled from several plates for each replicate. The data
were verified by quantitative RT-PCR using selected
marker genes. A total of 889 and 655 genes were regu-
lated in response to Se. plymuthica and St. maltophilia
volatiles, respectively (Figure 3a,b; Tables S1, S2 and S3).
In both of the treatments, more genes were repressed
compared to the untreated control plants, but with dif-
ferent kinetics: Se. plymuthica volatiles induced major
changes at 24 h of co-cultivation (Figure 3a), but the
highest number of responsive genes was detected after
6 h of co-cultivation with St. maltophilia (Figure 3b). Only
162 genes were commonly responsive to the volatile
profiles emitted by the two bacterial species (Table S1):
these may contain signaling elements that cause plant
growth inhibition and chlorosis in response to both
rhizobacteria (Figure 3c and Figure S2).

To enable easier data visualization and comparison, we
next processed volatile-responsive genes using MapMan
(Thimm etal, 2004). The expression patterns for
Se. plymuthica volatiles were characteristic of expression
patterns of known responses to pathogen attack (Fig-
ure 3d,e): up-regulated genes included At5g45070 and
At1965390, which encode two TIR-NBS-LRR-like receptors,
and down-regulated genes included genes encoding perox-
idases or glutathione-S-transferases or products involved in
secondary metabolism or hormone signaling (salicylic acid,
abscisic acid and auxin). Activated signal pathways involve
ethylene synthesis and the corresponding ERF class of
transcription factors (Figure 3d). There is also involvement
of some pathogenesis-related (PR) genes, including seven
TIR-NBS-LRR class proteins. St. maltophilia volatiles did not
induce regulation of biotic stress-related genes other than
some PR genes, e.g. four TIR-NBS-LRR class proteins
(Figure 3e). Nonetheless, both responses involve alteration
of cell-wall metabolism and proteolysis, and induction of
members of the ERF, bZIP, MYB and WRKY transcription
factor families (Figure 3d,e).

The ‘'metabolism overview’ underlined the importance of
processes at the cell wall (Figure S3). Cell wall-modifying
enzymes are regulated in response to both rhizobacteria,
and more were up-regulated in response to St. maltophilia
volatiles. St. maltophilia volatiles led to repression of genes
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Figure 3. Volatile-induced gene expression response during co-cultivation.
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(a,b) Total number of genes down- or up-regulated in wild-type seedlings in response to Se. plymuthica (a) or St. maltophilia (b) volatiles. The bacterial titer was 107

colony-forming units at the onset of the experiment.

(c) Expression changes after exposure to Se. plymuthica and St. maltophilia volatiles. The Venn diagrams depict specific and intersecting responses between the
two rhizobacteria. The total number of responsive genes at 6, 12 and 24 h of dual-culture, and over all time points are shown.

(d,e) Genes responsive to Se. plymuthica (d) and St. maltophilia (e) volatiles are visualized using the ‘biotic stress overview' in MapMan. Induced (red) or repressed
(blue) genes with at least a twofold difference from controls are represented by individual squares.

encoding components of the mitochondrial electron trans-
port chain and photosystems.

Functional classification of volatile-responsive genes

To determine whether differentially expressed genes corre-
lated with functional activities, they were functionally clas-
sified using gene ontology (GO) terms at the Arabidopsis
Information Resource (Swarbreck et al., 2008; Berardini et
al., 2004). Expression of genes in the categories ‘biological
process’, ‘cellular component’ and ‘molecular function’ is
shown in Figure 4(a—c). Functional categorization was per-
formed independently for the 727 and 493 specific genes and
the 162 commonly regulated genes (Tables S1-S3).

The Se. plymuthica-specific genes were significantly
depleted in GO terms associated with ‘DNA, RNA and
protein metabolism’ and ‘cell organization or biogenesis’,
but were enriched in ‘transcription’ and ‘general responses
to stress’ (Figure 4a). Consistently, more genes had tran-
scription factor (TF) activity than expected (Figure 4c). In
contrast, genes encoding proteins with function in
‘extracellular processes’ were significantly enriched, while
responses in the categories ‘mitochondria’, ‘cytoplasm’ and
‘plasma membrane’ appear to be depleted (Figure 4b).

Interestingly, in respect of GO terms the genes that
responded specifically upon St. maltophilia volatiles exhib-
ited only little overlap with Se. plymuthica volatile

© 2011 The Authors
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w*

Number of genes for each particular gene ontology (GO) category as a percentage for all probe sets on the ATH1 chip, all responsive genes specific for Serratia
plymuthica or Stenotrophomonas maltophilia, and the subset of genes that was involved in both responses. Categorization was performed with the web interface at
The Arabidopsis Information Resource TAIR (Berardini et al., 2004) using the keyword categories ‘biological process’ (a), ‘cellular component’ (b) and ‘molecular
function’ (c). Asterisks indicate significant over- or under-representation of functional categories (P < 0.005).

responses. The St. maltophilia volatile-responsive genes
were significantly enriched in functions for ‘cell organization
or biogenesis’ and processes located inside the ‘mitochon-
dria’ or ‘cytosol’, while Se. plymuthica volatile-responsive
genes were depleted in these processes (Figure 4). Fewer
genes responding to St. maltophilia volatiles were linked to
‘transport’, ‘kinase activity’, ‘nucleic acid binding’, ‘transfer-
ase activity’ and ‘developmental processes’.

The 162 commonly responsive genes were enriched for
general ‘responses to abiotic and biotic stress’ and ‘tran-
scription factor activity’, but were depleted for ‘transport
activity’ and ‘protein metabolism’ (Figure 4). Indeed, 21 TF
genes were contained in the dataset, which is significantly
more (P < 1.3 x 107*?) than expected (Table 1). Several of
these genes have functions in developmental processes, e.g.
BT2 and BT4 (BTB domain scaffold proteins; Robert et al.,
2009), or in stress responses, e.g. CoHo-type ZAT10 family
protein or WRKY18 (Sakamoto et al., 2000; Rossel et al.,
2007; Wang et al., 2008).

© 2011 The Authors

Meta-data analysis

To obtain a better insight into the nature of plant’s response
to bacterial co-cultivation, we compared our datasets with
publically available microarray datasets of (a)biotic stress
responses, hormone treatments and response to growth-
promoting Bacillus subtilis volatiles (Figure 5) (Kilian et al.,
2007; Goda et al., 2008; Wanke et al., 2009; Zhang et al.,
2007). Specifically and commonly regulated genes (Tables
S1-S3) were matched independently against reference
genes. To determine significance for pairwise comparisons,
we calculated P (hypergeometric probability) for intersecting
sets (Figure 5b).

To our surprise, the datasets for stress, hormone and
volatiles followed similar trends. In accordance with the
MapMan results (Figure 3d,e), there is only little overlap
between volatile and biotic stress responses (Figure 5).
Only some Se. plymuthica-specific genes were involved in
responses to biotic interactions and gene-for-gene resis-

The Plant Journal © 2011 Blackwell Publishing Ltd, The Plant Journal, (2012), doi: 10.1111/j.1365-313X.2011.04891.x
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Table 1 Transcription factor genes that are responsive to Se.
plymuthica HRO-C48 and St. maltophilia R3089 volatiles

AGI Description

At1921910  AP2 domain-containing transcription factor family
protein

At5g61590  AP2 domain-containing transcription factor family
protein

At2g44940  AP2 domain-containing transcription factor TINY

At1g13260  DNA-binding protein RAV1

Atbg47220  Ethylene-responsive element-binding factor 2 (ERF2)

At3g24500  Ethylene-responsive transcriptional co-activator,
putative

At3g61890  Homeobox-leucine zipper protein 12 (HB-12)/HD-ZIP12

At2g44910  Homeobox-leucine zipper protein 4 (HB-4)/HD-ZIP4

At1g01520  Myb family transcription factor

At3g50060  Myb family transcription factor

At2923290  Myb family transcription factor

At1g18330  Myb family transcription factor

At4g37260  Myb family transcription factor (MYB73)

At1g56650  Myb family transcription factor (MYB75)

At2g02710  PAC motif-containing protein

At3g48360  Speckle-type POZ protein-related (BT2)

Atbg67480  TAZ zinc finger family protein/BTB/POZ domain-
containing protein (BT4)

At4g31800  WRKY family transcription factor (WRKY18)

At3g21890  Zinc finger (B-box type) family protein

At1927730  Zinc finger (C,H, type) family protein (ZAT10)

At3g55980  Zinc finger (CCCH-type) family protein

tance. Similarly, other than abscisic acid (ABA) and methyl
jasmonate responses, there was no significant overlap
between hormone-responsive genes and volatile-respon-
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Figure 5. Meta-data analysis.
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sive genes. In contrast, a significant portion of genes
overlapped with abiotic stress responses (Kilian et al.,
2007; Wanke etal., 2009), for which hypergeometric
probabilities were highest (Figure 5b). Many genes
involved in response to cold, osmotic or salt stress and
UV-B light were also differentially regulated in volatile
datasets. Only a few genes that respond to Bacillus subtilis
volatiles were also affected by Se. plymuthica or St. malto-
philia volatiles.

Analysis of cis-regulatory promoter elements

The 162 commonly responding genes contain a high num-
ber of genes encoding TFs (Table 1). Therefore, analysis of
already known functional cis-regulatory elements was per-
formed using Athena (O'Connor et al., 2005). Only 12 TF
binding motifs were significantly enriched (P< 1073
(Table 2). Other than the TATA box motif, all other elements
are known to regulate stress-responsive genes, mostly
involved in adaptation to (a)biotic signals, ABA or light
responses. Interestingly, the W box consensus TTGACY was
present in 124 of the 162 promoters (Table 2).

Response of WRKY mutants to rhizobacterial volatiles

Significant enrichment of W boxes in the promoters of the
162 commonly responding genes and its presence in the
4xGST1 element suggested a possible role for WRKYs in
responses to volatiles. However, AtWRKY18 (At4g31800)
was the only gene that was significantly induced in both
co-cultivation experiments (Figure 6¢). AtWRKY18 is a
member of the group lla WRKY proteins and act partially
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(a) The number of genes regulated specifically in response to Serratia plymuthica or Stenotrophomonas maltophilia volatiles or both were compared with datasets
for biotic or abiotic stress-, hormone- or volatile-responsive genes. The total number of genes contained in datasets is given in parentheses above columns.

(b) Hypergeometric probabilities as a measure of significant overlap.
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Table 2 Significantly enriched cis-regulatory elements in the promoters of the 162 commonly responsive genes

Number of Number of

promoters TF sites
Motif Description P with TF sites
TATAAA TATA-box motif (promoter element at approximately -30 from transcription start) ~ <10° 147 684
WAACCA MYB1AT (stress response) <107% 142 424
CWWWWWWWWG  CARGCWSGAT (light and circadian cycle motif) <107 125 540
TTGACY W-box promoter motif (WRKY class binding site, senescence and plant defense) <107% 124 278
GATAAG Ibox promoter motif (light-responsive element) <107* 87 144
CATGTG MYCATERD1 (water stress) <10 87 148
CACATG AtMYC2 binding site in RD22 (transcriptional activators in abscisic acid signaling) <107 87 148
BACGTGKM ABRE-like binding site motif (ABA regulation) <10® 63 110
RCCGAC DRE core motif (dehydration- and low-temperature stress-inducible) <10 55 77
CACGTG CACGTGMOTIF (light) <107 44 118
RCCGACNT DREB1A/CBF3 (cold stress response) <107* 28 32
AAAATATCT EveningElement promoter motif (circadian control) <107% 27 37

The number of promoters containing the DNA motif consensus and the total number of transcription factor binding sites are given. The
hypergeometric probability Pis provided for the -1500 bp sequence upstream of the translation start site (ATG).
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Figure 6. Comparison of volatile-induced gene expression with genes that are up- or down-regulated in the wrky18/40 double mutant.
(a) Venn diagram of volatile-responsive genes and genes that are up- or down-regulated in the wrky18/40 double mutant (Pandey et al., 2010).
(b) Phylogenetic tree of paralogous group lla WRKY protein sequences and more distantly related proteins.

(c) Expression profile of WRKY18, WRKY40 and WRKY60 upon co-cultivation with Se. plymuthica or St. maltophilia in the microarray experiment.

(d) Expression profiles of the 19 genes (Table 3) that were differentially expressed in the microarray experiments under all three conditions (see Figure 6a).

redundant with its paralogs AtWRKY40 and AtWRKY60

(Figure 6b) (Xu et al., 2006).

Of the 165 genes up- or down-regulated in the wrky18/40
double mutant compared to wild-type (Pandey et al., 2010),
70 were also volatile-responsive (Figure 6a): 41 genes were

© 2011 The Authors
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shared

for

the

Se. plymuthica-specific

response

(P<1.4%x107%) and ten for the St. maltophilia-specific

response (P<3.0 x 107"} (Figure 6a and Tables S4 and
S5). Interestingly, ten of the 41 genes shared with the
Se. plymuthica response were associated with ethylene
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biosynthesis, signal transduction and signal integration
(shown in red in Table S5).

Nineteen of the 162 commonly responding genes were
also mis-expressed in the wrky18/40 double mutant (Fig-
ure 6d). To determine whether these 19 genes are under the
direct control of either WRKY18 or WRKY40, we examined
the occurrence of W boxes in promoter sequences upstream
of the genes and found a total of 54 W boxes (a mean of 2.8
per promoter) (Table 3).

We next tested wrky18, wrky40 and wrky60 single
mutant lines in triple culture with wild-type plants. Only
wrky18 displayed significant differences compared to wild-
type (Figure 7): its fresh weight was almost twofold higher
(Figure 7b) and the mutants were much less chlorotic after
7 days of co-cultivation (Figure 7a,c). The relative fresh
weight of wrky18 mutants increased to more than three
times their starting weight after 10 days of co-cultivation
(Figure S4). However, wrky18 plants could not be rescued
by transferring to MS plates after 10 days of co-cultivation
and chlorophyll was hardly detectable (Figure 7a). The
wrky40 and wrky60 mutants did not exhibit significant
phenotypic differences compared to wild-type in co-culti-
vation with either bacteria (Figure 7b,c and Figure S5). As
wrky18 mutants were less affected by the bacterial
volatiles, we investigated whether its H,0, accumulation
was impaired. That, however, was not the case (Figure 7d
and Figure S5).

DISCUSSION

Plants’ responses to inhibiting volatiles emitted by
Se. plymuthica HRO-C48 and St. maltophilia R3089 were

studied by transcriptomic analysis and verified by quanti-
tative RT-PCR for selected marker genes (Tables S6 and
S7). The impact of microbial volatiles on plant physiology
has been underestimated for a long time (Wenke et al.,
2010), but it appears that volatiles may play a role in plant-
pathogen interactions. In dual-culture, volatiles from both
strains significantly decreased plant growth within 2-3
days, resulting in chlorosis and cell death (Wenke
et al., 2012). Removal of Se. plymuthica within 36 h of
dual-culture, before H,0, accumulated, resulted in a clear
decrease in volatile-induced symptoms and plants were
able to recover (Wenke et al., 2012). At present, it is unclear
whether reactive oxygen species (ROS) are directly or
indirectly responsible as a signal leading to chlorosis.
Microarray analysis was performed at 6, 12 and 24 h of
dual-culture before induction of irreversible damage.
Compared to classical (a)biotic stress experiments, these
time points are considered late. However, plants are not
immediately exposed to volatiles after application of bac-
teria, as the volatiles have to disperse within Petri dishes.
Furthermore, the volatiles do not activate the GST7 box
before 18 h of dual-culture, whereas this element is rapidly
responsive to pathogens (Rushton et al., 2002). Transcrip-
tion and translation of factors downstream of an immedi-
ate early signaling cascade are considered to be
responsible for activation of this reporter gene. Therefore,
we assumed that such signaling must occur prior to GST1
dependent reporter activation, and thus timed our experi-
ments accordingly.

The experimental system used is a simple standardized
system to determine the effect of volatiles on plants.

Table 3 Genes that were up- or down-regulated in the wrky18/40 double mutant and responded to both Se. plymuthica and St. maltophilia

volatiles

AGI Description Number of W boxes
At1921910 AP2 domain-containing transcription factor family protein 3
At5g56870 B-galactosidase, putative/lactase, putative 5
Atbg47220 Ethylene-responsive element-binding factor 2 (ERF2) 4
At3g19680 Expressed protein 2
At1g80440 Kelch repeat-containing F-box family protein 1
At1g02660 Lipase class 3 family protein 0
At5g48850 Male sterility MS5 family protein 9
At1g01520 Myb family transcription factor 0
Atdg37260 Myb family transcription factor (MYB73) 3
At1g35140 Phosphate-responsive protein, putative 2
At4g08950 Phosphate-responsive protein, putative (EXO) 2
At5g20230 Plastocyanin-like domain-containing protein 2
At1g57990 Purine permease-related 3
At3g48360 Speckle-type POZ protein-related 0
Atbg67480 TAZ zinc finger family protein/BTB/POZ domain-containing protein 2
At4g31800 WRKY family transcription factor 4
At5g57560 Xyloglucan endotransglucosylase TOUCH 4 (TCH4) 3
At1g27730 Zinc finger (C,H, type) family protein (ZAT10) 4
At3g55980 Zinc finger (CCCH-type) family protein 5

The number of W boxes is given for the —1500 bp sequence upstream of the translation start site (ATG).

© 2011 The Authors
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(a) Wild-type and wrky18 mutant plants co-cultivated with Serratia plymuthica and Stenotrophomonas maltophilia compared to control after 7 and 10 days of co-

cultivation.

(b) Relative fresh weight of wrky mutants relative to wild-type plants in the same triple culture after 7 days of co-cultivation (n = 9-12).
(c) Relative chlorophyll a and b content in wrky mutants relative to wild-type plants in the same triple culture after 7 days of co-cultivation (n = 3).
(d) Diaminobenzidine staining of cotyledons of wrky18 mutants co-cultivated with Se. plymuthica or St. maltophilia compared to control. H,0, reacts with

diaminobenzidine to form a brownish precipitate.

Asterisks in (b) indicate P < 0.01; asterisks in (c) indicate P < 0.05 (paired Student's t test).

Importantly, dual-cultures (unsealed) allow gas exchange
with the ambient air (Kai and Piechulla, 2009). In dual-
culture, bacteria and plants communicate only via vola-
tiles, in contrast to direct physical contacts. In other
studies, Se. plymuthica HRO-C48 exhibits antagonistic
properties against soil-borne plant pathogens and plant
growth-promoting effects (Kalbe et al., 1996; Berg, 2000),
and St. maltophilia R3089 produces the anti-fungal agent
maltophilin (Jakobi and Winkelmann, 1996). To fully
understand the complex interactions between bacteria
and plants, all aspects of this interplay need to be
studied.

The nature of bioactive volatiles is still elusive (Stall et al.,
1972; Lovrekovich et al., 1969; Etschmann et al., 2002). For
microarray analysis, we decided to use volatiles emitted by
living rhizobacteria rather than synthetic compounds for
three reasons: (i) it is more similar to nature, (ii) only few bio-
effective volatiles have been identified and are presently
available, and (iii) synergistic or additive effects are expected
to occur as it has been speculated for dimethyldisulfide and

© 2011 The Authors

ammonia emitted by Serratia odorifera 4Rx13 (Kai et al.,
2010).

The only volatile commonly emitted by Se. plymuthica
and St. maltophilia identified to date is 2-phenylethanol (Kai
et al., 2007; Kai and Piechulla, 2008). It has been described as
affecting biological membranes (transport systems for
sugars and amino acids, permeability) (Ingram and Buttke,
1984; Seward et al., 1996; Etschmann et al., 2002). Applica-
tion of 2-phenylethanol led to significant growth inhibition
of Arabidopsis, with 50% inhibition at a concentration of
20 pmol (Figure S6). Whether such amounts are emitted in
dual-culture with Se. plymuthica and St. maltophilia cannot
be answered at present. Sodorifen (Von Reuss et al., 2010)
was shown to be the major component emitted by Serratia
spp. (Kai et al., 2007), but had no effect on Arabidopsis (Kai
et al., 2010). Other than 2-phenylethanol, the volatile profiles
of Se. plymuthica and St. maltophilia are quantitatively/
qualitatively different. Thus, the strain specificity of the
kinetics of growth inhibition and transcriptional changes
comes as no surprise. The different cell numbers at 6 and

The Plant Journal © 2011 Blackwell Publishing Ltd, The Plant Journal, (2012), doi: 10.1111/j.1365-313X.2011.04891.x
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12 h of dual-culture (Figure S1) contribute to a presumably
neglible extent. Volatile emission is partly dependent on
bacterial growth stage (Bunge et al., 2008; Kai et al., 2010),
but both bacteria simultaneously enter the stationary phase
after 24 h of dual-culture with almost the same number of
colony-forming units.

Most of the St. maltophilia volatile-responsive genes
were regulated at 6 h of dual-culture but the main transcrip-
tional response to Se. plymuthica was detected at 24 h of
dual-culture. These results conflict to an extent with mor-
phological and physiological observations. Repression of
genes encoding components of the mitochondrial electron
transport chain and photosystems by St. maltophilia vola-
tiles may partially explain the delayed ROS activation and
may be the characteristics of a specific response. At 18 h of
dual-culture the GST1 element was induced with compara-
ble kinetics by both rhizobacteria. Interestingly, the GST71
element contains a W box and an S box, which are essential
for pathogen responsiveness and during senescence (Rush-
ton etal, 2002), such that the 4xGST71 GUS reporter
construct is under the control of WRKY and presumably
AP2/ERF TFs (Rushton et al., 1996, 2002). Therefore, we
conclude that activation of putative downstream target
genes by WRKY or AP2/ERF TFs also occurs within 18 h of
dual-culture, or less (Figure 2b). Activation of GST7 within
18 h of dual-culture indicates that sensing of the volatile
signal was probably mediated via either the W box or the
S box more than 1 or 2 days prior to ROS accumulation in
response to Se. plymuthica and St. maltophilia volatiles,
respectively. ROS are one of the earliest signals produced in
response to pathogens (Lamp and Dixon, 1997). The late and
long-lasting volatile-induced ROS accumulation highlights
clear differences in biotically induced H,0, production, as
confirmed by the limited overlap between volatile- and
oxidative stress-regulated genes. As H,0, also accumulates
during various abiotic stresses (Neill et al., 2002; Mittler
et al., 2004), ROS production is considered to be a non-
specific alarm signal. Therefore, it cannot be determined
which route of reaction (biotic or abiotic) is activated by
bacterial volatiles. However, microarray analysis indicates
the involvement of several hormones in ROS production:
auxin (Schopfer, 2001), ethylene (Mehlhorn, 1990), gibber-
ellic acid and ABA (reviewed by Kwak et al., 2006). Cross-talk
between auxin and ethylene has been proposed to lead to
ABA-mediated H,0, production (Kraft et al., 2007; Gross-
mann et al., 2001).

Several results have suggested that volatile sensing and
signal transduction involves WRKY18 function. First, the
affected genes are enriched for W boxes, the cis-element
target of WRKYs (Table 2). Second, the 4xGST1 element
responded to volatiles and contains W boxes (Figure 2b).
Third, WRKY18 was significantly regulated by both bacterial
volatiles (Figure 6¢c and Table S6). Indeed, the wrky18
mutant showed a more volatile-tolerant phenotype

than wild-type, wrky40 or wrky60 at 7 and 10 days of co-
cultivation for both bacteria (Figure S4). WRKY18is known to
be involved in pathogen responses (Pandey et al., 2010), but
transgenic plants with high transcript levels of WRKY18
showed stunted growth (Chen and Chen, 2002). WRKY18
acts redundantly with its paralogs WRKY40 and WRKY®60 (Xu
et al., 2006). Due to their high similarity, all three WRKY
factors display genetic, physiological and physical intera-
ctions, and possibly control expression of the same down-
stream target genes (Xu et al., 2006; Wang et al., 2006; Shen
et al., 2007; Chen et al., 2010). More recently, transcriptional
reprogramming by WRKY18 and WRKY40 after powdery
mildew infection has been successfully investigated (Shen
et al., 2007; Pandey et al., 2010). WRKY18 and WRKY40 are
known to work antagonistically at times (Xu et al., 2006; Chen
et al.,, 2010). In dual-culture, wrky18 mutants exhibited
delayed growth inhibition and chlorosis; however, all
wrky 18, wrky40 and wrky60 mutant plants ultimately died,
suggesting that WRKY18-dependent resistance is only par-
tially responsible for the phenotype.

Previous studies on WRKY18 focused on a role in defense.
WRKY 18 was found to play a role in activation of systemic
acquired resistance, with NPR1 as its direct target (Wang
et al., 2006). This interaction led to greater resistance to
Pseudomonas syringae in lines over-expressing wrky 18 (Xu
et al., 2006). In contrast, WRKY18/40 function was indepen-
dent of the NPR1/salicylic acid (SA) pathway during powdery
mildew infection (Pandey et al., 2010). Similarly, we did not
detect any changes in NPR1 or other SA marker gene
expressions (Figure S7), as confirmed by the limited overlap
in meta-analysis with patterns obtained after infection with
avirulent (avrRpm1) and virulent (DC3000) strains of P. sy-
ringae (Grant et al., 2006) (Figure 7) and by the lack of
regulation (St. maltophilia) or down-regulation (Se. ply-
muthica) of SA signaling (Figure 5).

Our meta-analysis revealed strong overlap with ABA and
methyl jasmonate treatments, both of which have been
shown to involve WRKY18 (Chen et al., 2010; Shang et al.,
2010; Wang et al., 2008; Pandey et al., 2010), but no typical
ABA or methyl jasmonate marker genes were regulated in
response to the volatiles (Figure S7). To identify possible
target genes of WRKY 18, we compared genes affected in the
WRKY18/40 double mutant relative to wild-type (Pandey
et al,, 2010) and the 162 commonly regulated genes. We
found 19 candidates, nine of which are TFs, that were
generally enriched in W boxes (Table 3). WRKY40 has been
shown to bind to the promoters of the AP2-type TF gene
RRTF1 and JAZS, a JA signaling repressor (Pandey et al.,
2010), whereas WRKY 18 was identified as positive regulator
of JA (Wang et al., 2008). We did not observe a response of
RRTF1or JAZ8 due to volatiles (Figure S8). However, the 21
TFs in the 162 commonly regulated genes included three
AP2 domain-containing proteins, six MYB domain-contain-
ing proteins and WRKY18 (Table 1). These three protein

© 2011 The Authors
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families have been shown to contain interacting members
that work together in diverse signaling pathways during
common stress responses (Ma and Bohnert, 2007). It would
be interesting to test whether these genes are directly
involved in volatile responses.

Finally, we have summarized our findings to provide an
overview of the time frame of responses to Se. plymuthica
and St. maltophilia volatiles (Figure 8). We found that
volatile-triggered responses common to both rhizobacteria
and strain-specific processes show different kinetics. Micro-
array analysis provided evidence of the involvement of
ethylene, ABA and JA, as well as upstream regulators such
as ERFs and WRKY40, at later time points of Se. plymuthica
co-cultivation. In contrast, relatively rapid changes in redox
potential and electron transport occurred during the
St. maltophilia response. Although cell-wall modifications
specifically accompanied the early St. maltophila response,
expression changes of individual genes, such as the stress
responsive xyloglucan endotransglucosylase TOUCH 4
(TCH4) gene, were common to both strains. Different
responses can be explained by the mixtures of volatiles
released, while responses common to both strains were
possibly induced by identical or highly similar classes of
volatile metabolites (Wenke et al., 2012).

Given that WRKY18 functions as a repressor of gene
expression and acts antagonistically on WRKY40 expression
(Xu et al., 2006; Shen et al., 2007; Chen et al., 2010; Pandey

© 2011 The Authors

et al., 2010), the significantly reduced growth inhibition of
the wrky 18 mutant allowed us to propose a double-negative
signaling cascade. This type of cascade would require an as
yet unknown factor that putatively represses cell death.
Candidates for such a repressor function could be the
sulphate deficiency-induced SULPHATE DEFICIENCY-
INDUCED 1 (SID1, Atbg48850) or MYB (At1g01520) genes,
which were up- or down-regulated in the wrky18/40 double
mutant (Pandey et al., 2010) and repressed by volatiles from
both species (Figure 6d). In the wrky 18 mutant, suppression
of this factor is lifted, resulting in de-repression of cell death.
Apparently, this derepression prolonged the plant’s vital
phase. Interestingly, ROS accumulated in both mutants and
wild-type (Figure Sb), implying that rhizobacteria-specific
processes also induced ROS in a separate signaling cascade
that finally triggered non-specific cell death in Arabidopsis in
a WRKY18-independent manner.

This study focused on a new type of plant stress elicitors
that are derived from microbes and are transmissible
through airspace. Previous studies on stress responses
have investigated direct physical plant-pathogen contact
or (a)biotically induced damage. Sensitively balanced and
coordinated mechanisms induced by exo/endogenous
elicitors, such as pathogen-associated molecular patterns
(PAMPs), microbe-associated molecular pattern (MAMPs),
effectors or more general damage-associated molecular
pattern (DAMPs), result in local and/or systemic pathogen
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resistance and wound healing (reviewed by Chisholm
et al., 2006; Lotze et al, 2007; Boller and Felix, 2009).
Importantly, meta-analysis uncovered much greater simi-
larities between volatile responses and direct pathogen
contact (avrRpm1, DC3000, HrcC, Psph, Pi) compared to
PAMPs/MAMPs (Flg22, HrpZ, LPS, NPR1). This suggests
the involvement of bacterial volatiles during pathogen
attack. Consequently, aspects of pathogen-responsive sig-
naling (e.g. the WRKY18-dependent pathway) may be due
to volatile action. To differentiate, microbial volatiles from
known PAMPs/MAMPs, we propose the term ‘microbial
volatile-associated molecular pattern’ (mVAMP) for this
type of volatile elicitor emitted by microbes. Based on
ongoing experiments, we propose that bacterial volatiles
have multiple effects in dual-culture and under natural
conditions (e.g. Kai et al., 2008). The use of volatiles from
two rhizobacteria confirmed the strain specificity of early
reactions, and underlined the importance of microbial
volatiles as elicitors of responses to pathogens.

EXPERIMENTAL PROCEDURES

Co-cultivation of Arabidopsis with rhizobacteria

Arabidopsis thaliana seeds were surface-sterilized (2 min in 70%
ethanol, 5 min in 1% calcium hypochlorite), rinsed four times in
sterile dH,0, and placed on half-strength Murashige and Skoog salt
(MS) solid medium. Experiments with wild-type (Col-0) and 4xGST1
GUS reporter lines (Rushton et al., 2002) were performed in dual
culture with plants being grown on MS medium and bacteria being
grown on nutrient broth solid medium (Figure 1a). wrky mutants
(Xu et al., 2006) were analyzed in triple cultures with wild-type
plants. After stratification (3 days at 4°C), plants were grown at
22 + 2°C and 100 + 10 pE m~2 sec™" (16 h light and 8 h dark) at a
relative humidity of 50 + 10%. Three-day-old seedlings at equal
developmental stages were selected, and the rest of the seedlings
were removed from the split-dish plates. On the same day, the
nutrient broth medium was inoculated with St. maltophiliaR3089 or
Se. plymuthica HRO-C48, which were originally isolated from the
rhizosphere of Brassica napus L. ssp. oleifa (Berg and Ballin, 1994;
Kalbe et al., 1996).

At 4 days after germination, co-cultivation was started by adding
107 colony-forming units of rhizobacteria in liquid NBII medium or
the same amount of liquid NBIl medium (control) to solid NBII
medium for dual-culture. The number of colony-forming units was
determined by measuring the optical density at 600 nm before
starting co-cultivation and by performing serial dilutions.

Plant phenotype and statistics

Seedlings from one plate were pooled to create one biological
replicate. Biological replicates were performed in independent
experiments. Plant growth of the wild-type, mutant and transgenic
reporter lines was quantified on the basis of the length of cotyle-
dons and primary root within 5 days of co-cultivation. At the 7th and
10th days of co-cultivation, the fresh weight of mutants and wild-
type from triple cultures was determined. Additionally, photo-
graphs of seedlings were taken using an Olympus C-3030 digital
camera (http://www.olympus-global.com/). Chlorophyll content
was quantified as described by Porra et al. (1989). Relative values
and paired t test-based significances were calculated using Micro-
soft Excel (http://www.microsoft.com/). Conditions for the t tests

were checked by ANOVA using MeV software (Saeed et al. 2003,
2006).

Detection of hydrogen peroxide

H,0, was detected using 3,3"-diaminobenzidine (Thordal-Christen-
sen et al., 1997) in three independent experiments. Cotyledons were
cut and vacuume-infiltrated in diaminobenzidine buffer. After 2 h,
chlorophyll was extracted in boiling ethanol (96%) for 10 min.
Samples were stored in 96% ethanol and examined by light
microscopy (Olympus BX41).

Promoter GUS assay

In two independent experiments, each performed in duplicate,
seedlings were harvested and used for histochemical GUS staining
by X-Gluc (Jefferson et al., 1987). Additionally, cotyledons of three
dual-cultures were pooled to create one biological replicate, and
triplicate samples were prepared for fluorometric assays (Jefferson
et al., 1987).

Microarray hybridization

For each of two biological replicates, seedlings of five Petri dishes
were treated, harvested and immediately frozen in liquid nitrogen.
RNA was extracted using a Qiagen RNeasy plant mini kit (http:/
www.giagen.com/) according to the manufacturer’s instructions.
Precipitation of nucleic acids was performed using 8 ul 3 M sodium
acetate (pH 5.2), 2 pl glycogen (5 mg/ml) and ethanol (100%). After
storing at -80°C and centrifugation (30 min, 13 000 g, 4°C), the
pellet was rinsed twice with 500 pl ethanol (70%). The purified RNA
was dissolved in diethyl pyrocarbonate-treated water. RNA quantity
and integrity were assessed using an RNA 6000 Nano LabChip kit
and BioAnalyzer software (Agilent Technologies, http:/www.
agilent.com).

Independent duplicates of 1 ug total RNA were used for cRNA
synthesis (MessageAmp™ [I-Biotin Enhanced single-round aRNA
amplification kit, Ambion http:/www.invitrogen.com/site/us/en/
home/brands/ambion.html). The cRNAs were fragmented using
RNA fragmentation reagent (Ambion), and hybridized to an Ara-
bidopsis ATH1 chip (Affymetrix, http:/www.affymetrix.com/).
Hybridization, staining and scanning were performed according to
the manufacturer’s instructions.

Data processing and statistics

The Affymetrix CEL files were imported into GeneSpring software
version 7 (Agilent Technologies). Per-chip normalization to the
median was applied to achieve comparability. Arrays were adjusted
for background optical noise using robust multiarray averaging
(RMA) software, and normalized using quantile normalization (Wu
et al., 2004). Genes for which signal intensities in both treatment
replicates were at least twofold higher or lower than signal inten-
sities for both control replicates were classified as up- or down-
regulated, respectively.

The data discussed here have been deposited in the National
Centre for Biotechnology Information Gene Expression Omnibus
(Edgar et al., 2002), and are accessible through Gene Expression
Omnibus series accession number GSE35325 (http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE35325).

Functional categorization using gene ontology (GO) terms was
performed using http://www.arabidopsis.org/tools/bulk/go/ jsp
(Swarbreck et al., 2008) with Arabidopsis thaliana genome re-
lease 9. Percentages of all functional categories in the various gene
lists were calculated using Excel. For significant over-representation
or under-representation of a particular GO category, P values were
calculated using hypergeometric distribution in Microsoft Excel
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(http://www.microsoft.com). GO categories of the universe (all
genes present on the ATH1 array) were compared with the sampling
distribution of respective gene lists.

MapMan software version 3.0.0 (http://gabi.rzpd.de/projects/
MapMan/) was used with default settings to visualize functional
BINs of volatile-responsive genes. Background-corrected RMA data
for the 1382 differentially expressed probe sets were normalized to
controls under the following conditions: Se. plymuthica at 6, 12 and
24 h, or St. maltophilia at 6, 12 and 24 h. Adjusted values were
imported into the R software package (http://cran.r-project.org/) to
produce MapMan-compatible inputs. Default settings were used to
import data.

Meta-data analysis and statistics

For comparison of expression information with other microarray
experiments provided by AtGenExpress (Wanke et al., 2009),
Affymetrix CEL files ME00325 (cold), ME00326 (genotoxic stress),
MEO00327 (osmotic stress), ME00328 (salt stress), ME00329 (UV-B
stress), ME00330 (wounding), MEO00338 (drought), ME00339
(heat), ME00340 (oxidative stress), ME00332 (response to bacterial
and oomycete-derived elicitors), ME00331 (response to virulent,
avirulent, type Ill secretion system-deficient and non-host bacte-
ria), ME00333 (response to abscisic acid), ME00334 (response to
1-aminocyclopropane-1-carboxylic acid), ME00335 (response to
brassinolides), ME00336 (response to indole-3-acetic acid),
MEO00337 (response to methyl jasmonate), ME00343 (response to
gibberellic acid) were retrieved from the Arabidopsis Information
Resource (http://www.arabidopsis.org) (Swarbreck et al., 2008).
Cell culture results were excluded from heat stress data
(ME00339). Data were evaluated as described by Kilian et al.
(2007). Definition of differentially expressed genes required at
least a threefold difference from mean expression under at least
one condition. Data for growth-promoting Bacillus subtilis GB03
volatile-responsive genes were taken from Zhang et al. (2007).
Data for wrky18/40 double mutants were taken from Pandey et al.
(2010).

The resulting datasets were subsequently compared to the
volatile-responsive genes identified here. Significant overlaps
between datasets of various sizes were calculated using a hyper-
geometric distribution.

cis-element analysis

Analysis of elements in promoters of differentially regulated genes
was performed using Athena (O’Connor et al., 2005). Significant
enrichment of motifs was calculated using hypergeometric distri-
bution in 1500 bp upstream of the ATG codon. Promoter sequences
were retrieved from the RSA (Regulatory Sequence Analysis, http://
rsat.scmbb.ulb.ac.be/rsat/) tools webpage (Thomas-Chollier et al.,
2008).

Phylogenetic tree

The amino acid sequences of the depicted WRKY proteins
(Figure 6b) were retrieved from the Arabidopsis Information
Resource (http://www.arabidopsis.org), and were used to create a
multiple protein sequence alignment-based phylogram using
default settings in ClustalW (http:/www.ebi.ac.uk/clustalwy/)
(Thompson et al., 1994).

Quantitative RT-PCR

In an independent experiment, for each of two biological replicates,
seedlings from five dual-culture were treated, harvested and
immediately frozen in liquid nitrogen. RNA was extracted using a
Qiagen RNeasy plant mini kit according to the manufacturer’s
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instructions. RNA samples were reversed-transcribed into cDNA
using SuperScript reverse transcriptase (Invitrogen, http://www.in-
vitrogen.com/) and oligo(dT) primers. cDNA was quantified using
gene-specific primers (Bio-Rad Laboratories, http://www.bio-rad.-
com/) (Table S8). PCR was performed on an iQ5 real-time PCR
detection system (Bio-Rad Laboratories). Actin7 (At5g09810) and
Ubiquitin10 (At4G05320) served as internal controls. Data were
analysed by the 2241 method (Livak and Schmittgen, 2001).
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