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Summary

� Plants are colonized by a variety of bacteria, most of which are not pathogenic. Currently,

the plant responses to phyllosphere commensals or to pathogen infection in the presence of

commensals are not well understood.
� Here, we examined the transcriptional response of Arabidopsis thaliana leaves to coloniza-

tion by common commensal bacteria in a gnotobiotic system using RNA sequencing and con-

ducted plant mutant assays.
� Arabidopsis responded differently to the model bacteria Sphingomonas melonis Fr1 (S.Fr1)

and Methylobacterium extorquens PA1 (M.PA1). Whereas M.PA1 only marginally affected

the expression of plant genes (< 10), S.Fr1 colonization changed the expression of almost 400

genes. For the latter, genes related to defense responses were activated and partly overlapped

with those elicited by the pathogen Pseudomonas syringae DC3000 (Pst). As S.Fr1 is able to

mediate plant protective activity against Pst, we tested plant immunity mutants and found

that the pattern-recognition co-receptor mutant bak1/bkk1 showed attenuated S.Fr1-

dependent plant protection.
� The experiments demonstrate that the plant responds differently to members of its natural

phyllosphere microbiota. A subset of commensals trigger expression of defense-related genes

and thereby may contribute to plant health upon pathogen encounter.

Introduction

In nature, plants are colonized by a variety of organisms such as
bacteria and fungi. Bacteria represent the highest fraction of plant
colonizers in the phyllosphere, the aboveground parts of plants
(Lindow & Brandl, 2003; Vorholt, 2012; Bulgarelli et al., 2013;
Leveau, 2015). These plant-associated organisms might influence
plants in various ways and it is increasingly clear that the phyllo-
sphere microbiota has beneficial effects for plants including
growth promotion or protection against biotic and abiotic stress
(Innerebner et al., 2011; Penuelas & Terradas, 2014; Schlaeppi
& Bulgarelli, 2015; Ritpitakphong et al., 2016).

Studies on plant responses to bacterial colonization historically
have focused mainly on phytopathogens, looking at the short-
term response to treatment with virulent, avirulent or nonhost
pathogens (e.g. Tao et al., 2003; Thilmony et al., 2006; Truman
et al., 2006). Upon pathogen encounter, plants elicit an immune
response to limit pathogen growth. Whereas biotrophic and
hemibiotrophic pathogens are combatted mainly by salicylic acid
(SA)-dependent defense responses, necrotrophic pathogens are
generally sensitive to jasmonic acid (JA) and ethylene (ET)-
dependent defense responses (Glazebrook, 2005; Jones & Dangl,
2006; Pieterse et al., 2012). Pathogens are first perceived by

pattern-recognition receptors (PRRs) that bind pathogen- or
microbe-associated molecular patterns (PAMPs or MAMPs), ini-
tiating a layer of basal defense called pattern-triggered immunity
(PTI). To cause disease, pathogens inject effectors into plant cells
that interfere with PRR complexes or downstream signaling to
overcome PTI. Plants have in turn evolved resistance genes whose
products recognize these effectors either directly or indirectly,
resulting in effector-triggered immunity (ETI), a more specific
defense response often accompanied by a hypersensitive response
(HR) (Jones & Dangl, 2006; Boller & Felix, 2009; Dodds &
Rathjen, 2010; B€ohm et al., 2014).

Most bacteria colonizing plants in the wild are not pathogenic
(e.g. Vorholt, 2012). Many of these are predicted to produce
MAMPs, raising the question of how plants distinguish between
pathogens and nonpathogens in the first place. In several studies,
responses of Arabidopsis to colonization by different root-
colonizing bacteria able to induce a systemic resistance effective
against Pseudomonas syringae and other pathogens were investi-
gated (Cartieaux et al., 2003, 2008; Verhagen et al., 2004; Wang
et al., 2005b; van de Mortel et al., 2012; Weston et al., 2012). In
most of these, only few transcriptional changes were observed in
systemic leaf tissues after root colonization. Verhagen et al.
(2004), for example, did not find any differentially expressed
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genes in the leaves upon root colonization by P. fluorescens
WCS417r, but observed gene expression changes in the roots,
with most genes downregulated. Cartieaux et al. (2003) found
differential expression for 63 genes in shoots and only few gene
expression changes in the roots of P. thivervalensis-colonized
plants. Both of these strains induce a systemic resistance response
that is dependent on JA- and ET-signaling. By contrast, many
more regulated genes were found in another study (van de Mortel
et al., 2012), in which the transcriptional long-term response to
colonization by P. fluorescens SS101 was examined. This strain
induces systemic resistance by a different, SA-signaling depen-
dent mechanism.

Here, we analyzed the transcriptional response of Arabidopsis
thaliana to colonization by indigenous phyllosphere isolates. The
two genera Methylobacterium and Sphingomonas can be found
abundantly in the phyllosphere of plant species including Ara-
bidopsis (Delmotte et al., 2009). Members of both genera have
been identified as phyllosphere community members in several
other plant species and are thought to constitute part of the core
phyllosphere community (Kim et al., 1998; Knief et al., 2010a,b;
Vorholt, 2012; Bodenhausen et al., 2013; Bulgarelli et al., 2013).
The two genera have adapted differently to the plant environ-
ment. While Methylobacterium are benefiting from a methy-
lotrophic lifestyle with the utilization of methanol released by
pectin metabolism, Sphingomonas produce a vast array of trans-
porters such as TonB-dependent transporters that are associated
with the scavenging of the few carbon sources available in the
phyllosphere (Delmotte et al., 2009). Several members of the
genus Sphingomonas originally isolated from plants conferred
plant protection against P. syringae DC3000 and Xanthomonas
campestris in a gnotobiotic model system, whereas no plant pro-
tection was observed by colonization with members of the genus
Methylobacterium (Innerebner et al., 2011). We therefore chose
to use two well-studied model strains as representatives,
Methylobacterium extorquens PA1 and Sphingomonas melonis Fr1
that both have been isolated from Arabidopsis (Knief et al.,
2010a; Innerebner et al., 2011). We describe here the transcrip-
tional response of Arabidopsis leaves to colonization by these
model strains under gnotobiotic conditions and compare it to the
response elicited by the plant pathogen P. syringae DC3000. In
addition, we included plants colonized by commensals and chal-
lenged by P. syringae to determine whether the presence of com-
mensals influences the transcriptional response to P. syringae.

Materials and Methods

Plant material and growth conditions

Plants (Arabidopsis thaliana Col-0) were cultivated in full-gas
microboxes (Combiness) as described (Innerebner et al., 2011).
The mutants eds1-2/pad4-1 and jar1-1 were provided by Philippe
Reymond (University of Lausanne, Switzerland), bak1-5/bkk1-1
and fls2c/efr-1/cerk1-2 were obtained from Cyril Zipfel (The
Sainsbury Laboratory, Norwich, UK), sid2-1 from Christiane
Nawrath (University of Lausanne, Switzerland) and sobir1-12,
rlp23-1 and rlp23-2 seeds were provided by Thorsten N€urnberger

(University of T€ubingen, Germany). With the exception of
rlp23-1 and rlp23-2, all plant mutants were tested at least twice
with similar results. Results of one representative experiment are
shown. After inoculation of seeds (see later), the boxes were trans-
ferred to a climate chamber with the temperature set to 22°C.
After 1 wk of cultivation, the photoperiod was changed from long
day (16 h) to short day (9 h photoperiod). One day before infec-
tion with Pseudomonas syringae DC3000 lux (Pst, Fan et al.,
2008) or mock-treatment, 30 holes were punched into microbox
walls with a canula (diameter 1.2 mm) to reduce relative humid-
ity within the box.

Plant inoculation

Plants were seed-inoculated with suspensions of the commensals
Sphingomonas melonis Fr1 (S.Fr1) or Methylobacterium
extorquens PA1 (M.PA1) as described (Innerebner et al., 2011).
After 3 wk, plants were spray-infected with Pst or mock-treated
with 10 mM MgCl2. A lawn of Pst was grown on King’s B
(King et al., 1954) plate overnight at 28°C. The infection sus-
pension was prepared from cells collected in 10 mM MgCl2
and the concentration was adjusted to an optical density at
600 nm of 0.001. Plants were infected by spraying four times
with a chromatographic TLC reagent sprayer under sterile con-
ditions just before the start of the light period.

Bacterial growth determination

Bacterial colonization on the aerial plant parts was determined as
described previously (Innerebner et al., 2011). For axenic plants,
50–100 ll of the solutions were additionally plated on nutrient
broth plates and incubated at 28°C for 1 wk to check for contam-
inations. Only leaves from confirmed axenic plants were used for
RNA extraction of this treatment.

Plant sampling for RNASeq

Four independent experiments were conducted to collect plant
material for transcriptome analysis, with each corresponding to
one biological replicate. The samples consisted of leaves from
seed-inoculated plants (with S.Fr1, M.PA1 or 10 mM MgCl2
(axenic control), treated with Pst and a spray of 10 mM MgCl2
(CTL), respectively). Leaves for RNA extraction were collected at
2 and 7 d post spray-infection (T1 and T2) at midday. For each
treatment, single leaves were removed from 18 plants (out of
three microboxes), directly frozen in liquid nitrogen and then
stored at �80°C. Total RNA was extracted from 18 pooled
leaves using the RNeasy mini Plant kit (Qiagen) including
the on-column DNaseI digest according to the manufacturer’s
recommendations.

Illumina sequencing

RNA quality assessment and sequencing using an Illumina
HiSeq2000 is described in Supporting Information Methods S1.
Counts of mapped reads are given in Table S1.
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Differential expression analysis

Genes containing at least 0.5 counts per million in at least four
samples (in total 19 476 genes) were considered for differential
expression analysis using the Bioconductor software package
EDGER (v.3.6.4) (Robinson et al., 2010) within the R environment
(v.3.1.0; R Development Core Team, http://www.R-project.org).
The normalization factors were calculated by trimmed mean of M
values (TMM) method. The gene-wise dispersions were estimated
by Cox–Reid approximate conditional maximum-likelihood and
an empirical Bayes procedure was used to shrink the dispersions
towards trended values based on expression level and the differen-
tial expressions were assessed at both time points using likelihood
ratio tests on a fitted generalized linear model with accounted
batch effect, using the appropriate contrasts (McCarthy et al.,
2012).

Genes showing an absolute fold change (FC) > 2 with an
adjusted (Benjamini and Hochberg method) P-value (false dis-
covery rate, FDR) < 0.05 were considered as differentially
expressed. Genes with an FDR < 0.05 at both time points and
showing absolute FC > 2 at one time point and FC > 1.5 at the
other time point were considered as consistently regulated by a
given treatment.

Moderated log2-transformed counts per million were used for
cluster analysis and heatmaps. To avoid taking the log of 0
counts, a prior count of 2 was added first. Euclidian distances
were calculated and clustered with the function hclust in the R
environment using the method ‘WARD.D2’. For heatmaps, sam-
ples were clustered based on Pearson correlation using the func-
tion HEATMAP.2. Multidimensional scaling (MDS) plots were
made using the EDGER package.

Genes identified as differentially expressed were subjected to GO
over-representation analysis within the plugin BiNGO (v.2.44)
within CYTOSCAPE (v.2.8.3) (Maere et al., 2005; Smoot et al., 2011).
GO associations with evidence code inferred from electronic anno-
tation were discarded before analysis using a hypergeometric test
and Benjamini–Hochberg false discovery correction (FDR < 0.05).
Lists of regulated genes were tested for over-representation against
the whole GO annotation of biological processes (Table S2). In
addition, all GO-terms with FDR < 0.05 were used as input for
REVIGO (Supek et al., 2011), which summarizes the GO-terms by
clustering based on semantic similarities to reduce the list to the
most representative GO-terms (Tables S3, S4).

Validation of sequencing data

Quantitative reverse transcription polymerase chain reaction
(Table S5) performed in dynamic arrays were used to confirm the
findings of RNA sequencing on a subset of genes as described in
Methods S2 with primers shown in Table S6.

Accession number

RNA sequencing data are available in the ArrayExpress database
(http://www.ebi.ac.uk/arrayexpress) under accession number E-
MTAB-4683.

Results

M.PA1 and S.Fr1 colonization induce Arabidopsis gene
expression changes to different extent

We first analyzed to what degree the plants responded to colo-
nization by the commensals M.PA1 and S.Fr1 in comparison to
axenically grown plants using RNA-Seq technology. In addition,
the changes triggered by the commensals were contrasted with
the response provoked by the pathogen Pst. We collected leaf
material from four independent experiments for transcriptome
analysis. Plants were grown in a gnotobiotic model system, in
which the commensals were seed-inoculated ensuring uniform
leaf colonization. Samples for transcriptome analysis were taken
at 23 and 28 d post sowing (T1 and T2; Fig. 1a). Both commen-
sals colonized Arabidopsis leaves in the range of 108 colony form-
ing units (CFU) per gram fresh weight (Fig. 1c). We chose a low
Pst inoculation titer corresponding to a c. 100 times lower colo-
nization compared to S.Fr1 and M.PA1 at T1 (corresponding to
2 d post spray-infection with Pst) to mimic a sporadic pathogen
infection, which, however, increased to 109CFU g�1 at T2 (7 d
post spray-infection with Pst) in axenic plants (Fig. 1c,e). The
axenic plants infected with the pathogen showed pheno-
typic differences, whereas commensal-colonized plants looked
healthy (Figs 1b,d, S1), as expected (Innerebner et al., 2011).

Hierarchical clustering of the Arabidopsis leaf transcriptomes
separated the treatments into three main clusters: one containing
axenic and M.PA1-colonized plants, one comprising S.Fr1-
colonized plants and one comprising plants infected with Pst
(Fig. 2a), indicating that the plant response to these organisms
differed. An MDS plot separated in the first dimension mainly
Pst-infected plants and in the second S.Fr1-inoculated plants
from all other treatments (Fig. 2b). High reproducibility of the
transcriptome of axenic and M.PA1-inoculated plants, as well as
Pst-infected plants was evident at T1, whereas for S.Fr1-
inoculated plants and Pst-infected plants at T2 the variation was
higher. The analyses also indicated that differentially expressed
genes (DEGs) compared to axenic controls can be found for
S.Fr1-inoculated and Pst-infected plants rather than for M.PA1-
inoculated plants. Colonization with M.PA1, S.Fr1 and Pst
resulted in 37, 617 and 416 DEGs at T1 and in 6, 421 and 1809
at T2, respectively (Tables 1, S7; FDR < 0.05 and absolute
FC > 2). The majority of regulated genes were induced in
response to bacterial colonization. For Pst, 99% and 71% of
genes were induced at T1 and T2, whereas 89% of genes were
induced by the commensal S.Fr1.

At T1, most DEGs were specific to one treatment (Figs 3a,c,
S2a,c), revealing distinct responses with little overlap. However,
as pointed out above, Pst cell numbers increased between the first
and second time point approaching those of the commensals by
7 d post spray-infection (Fig. 1c,e). Notably, at T2, the number
of S.Fr1 DEGs shared with the DEGs in response to Pst
increased to 245, with 12 showing opposite directions of regula-
tion (Fig. S2b). Four of six DEGs in response to M.PA1 at T2
were also differentially expressed in at least one of the other treat-
ments (Fig. S2b).
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Consistent gene regulation in response to commensal
colonization vs dynamic pathogen-induced transcriptional
responses

In order to examine how consistent the changes in gene expres-
sion patterns of the treatments were between the two time points,
the log2FCs for these two-group contrasts were compared against
each other. Because the Arabidopsis transcriptome is expected to
vary to some extent between the two time points (see also Baeren-
faller et al., 2012), we plotted the relative expression ratios
between colonized and axenic plants (Fig. S3). Changes induced
by S.Fr1 colonization showed a good correlation between the two
time points with 376 genes being consistently regulated
(FDR < 0.05, FC > 2 at one time point and > 1.5 at the other
time point; Fig. S3a; Table S7-1). Therefore, we conclude that
S.Fr1 colonization induced stable gene expression changes. In
contrast to S.Fr1, M.PA1 colonization hardly influenced the Ara-
bidopsis transcriptome. Over 30 genes were differentially
expressed at T1 but only five genes were consistently regulated at
both time points (Fig. S3b; Table S7-2).

For Pst-infected plants, the majority of DEGs at T1 (93%) were
also regulated at T2, with many more genes additionally regulated
at T2. A fraction of these (194) were also weakly induced at T1
(FC > 1.5, FDR < 0.05), indicating that the response to Pst was
further augmented between T1 and T2 (Fig. S3c; Table S7-3).
This shift in the gene expression profiles of Pst-infected plants can
be explained by the massive proliferation of the pathogen between
the two time points (Fig. 1e). Higher pathogen titers as well as
higher concentrations of pathogen-associated molecular patterns
(PAMPs) can induce a stronger transcriptional response
(Thilmony et al., 2006; Denoux et al., 2008). Also, by T2 pheno-
typic differences are evident between Pst-infected and axenic
plants (Fig. S1), suggesting that some of the regulated genes are
the consequence of pathogen reprogramming.

Changes in response to M.PA1 colonization are related to
oxidative stress and possibly copper homeostasis

Among the few upregulated genes in response to M.PA1 colo-
nization were genes encoding two copper/zinc dismutases CSD1

(a)

(b)

(d)

(c)

(e)

Fig. 1 Arabidopsis thaliana colonization by
Sphingomonas melonis Fr1 (S.Fr1),
Methylobacterium extorquens PA1 (M.PA1)
and Pseudomonas syringae DC3000 (Pst). (a)
Schematic of the experimental design of one
biological replicate; in total, four independent
experiments were conducted. Suspensions of
S.Fr1, M.PA1 or 10mMMgCl2 (Ax) were
applied to seeds. Twenty-one-day-old plants
were spray-infected with Pst (d, e) or mock-
treated with 10mMMgCl2 (b, c).
Photographs were taken at 21 d post spray-
infection (b, d). At T1 and T2, single leaves
were sampled from plants and pooled for
RNA extraction. Bacterial phyllosphere
colonization of the different strains was
enumerated on the remainder and is
depicted as log10-transformed colony-
forming units (CFU) per gram fresh weight
(c, e). Shown are the mean� 1SE of one
representative experiment. Significantly
different Pst cell numbers compared to
control plants (ANOVA, post-hoc Tukey HSD
test): *, P < 0.05. nd, not detected.
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and CSD2 and the corresponding chaperone CCS which are
important for oxidative stress tolerance (Sunkar et al., 2006). All
three genes are targets of the microRNA miR398 (Sunkar et al.,
2006; Bouche, 2010) the expression of which is downregulated
by biotic and abiotic stresses (Jagadeeswaran et al., 2009) result-
ing in induction of CSD1 and CSD2. Moreover, miR398 is also
responsive to copper levels (Yamasaki et al., 2007). Interestingly,
MIR398c was downregulated in M.PA1-colonized plants
(Table 2).

Other genes for which a downregulation in the presence of
M.PA1 could be shown are responsive to copper levels as well

and encode for YLS2, a transporter with homology to the maize
metal-nicotianamine transporter ZmYS1 (DiDonato et al., 2004;
Schaaf et al., 2005) and the copper transporter COPT2
(DiDonato et al., 2004; del Pozo et al., 2010). Together, gene
expression changes in M.PA1-colonized plants are associated with
oxidative stress; however, only a small number of genes was
affected and these might be responsive to high copper levels. A
few of these genes were also responding to S.Fr1 colonization at
one time point (or in the opposite direction to Pst infection)
(Table 2), which may indicate that these responses to M.PA1 col-
onization are not specific. Whether or not M.PA1 or other leaf
bacteria trigger oxidative stress or affect copper levels in plants
remains currently unknown.

S.Fr1 alters expression of genes involved in signaling and
defense response

In contrast to M.PA1 colonization, many more genes were found
to be responsive to S.Fr1 colonization. In total, 376 genes were
consistently responding to S.Fr1 colonization with 342 up- and
34 downregulated compared to axenic controls (Table S7-1).
The Arabidopsis Information Resource functional categorization
tool was used to analyze S.Fr1 DEGs (Fig. 4). In the biological
process category, many genes were associated with GO-terms
response to abiotic or biotic stimulus, response to stress, transport and
signal transduction. In the molecular function category, genes
associated with the terms kinase activity and transferase activity as
well as nucleotide binding and other binding were enriched. Other
functional categories included cellular compartments cell wall,
plasma membrane, nucleus and other membranes. For the upregu-
lated genes, among the most significantly enriched GO-terms
were plant responses to pathogen infection and intra- and inter-
cellular communication (Table S3). Together, the DEG response
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Fig. 2 Leaf transcriptomes of Arabidopsis thaliana colonized by Sphingomonas melonis Fr1 (S.Fr1) form a cluster distinct from axenic and
Methylobacterium extorquens PA1 (M.PA1)-colonized plants and from plants infected with Pseudomonas syringae DC3000 (Pst). (a) Hierarchical
clustering of moderated log2-transformed counts per million (cpm) for all genes with at least 0.5 cpm in at least four samples. Samples were clustered
according to Ward’s method based on Euclidian distances. Sample names correspond to seed-inoculation_spray-infection_time point_replicate. (b)
Multidimensional scaling plot of axenic plants and plants colonized by single bacterial species. Colors reflect seed-inoculation with gray corresponding to
10mMMgCl2 (Ax), blue to S.Fr1 and green to M.PA1. Shapes depict spray-infection after 21 d with circles corresponding to mock-treatment with 10 mM
MgCl2 (CTL) and triangles to infection with Pst. Fillings depict the time points with empty corresponding to T1 and filled to T2.

Table 1 Number of genes differentially regulated in Arabidopsis thaliana

leaves in response to bacterial colonization

Comparison

T1 T2

Total Up Down Total Up Down

S.Fr1_CTL vs Ax_CTL 617 552 65 421 374 47
M.PA1_CTL vs Ax_CTL 37 33 4 6 2 4
Ax_Pst vs Ax_CTL 416 411 5 1809 1285 524

Comparison Total Up Down Total Up Down

S.Fr1_Pst vs S.Fr1_CTL 65 63 2 398 388 10
S.Fr1_Pst vs Ax_CTL 779 656 123 1193 1060 133
M.PA1_Pst vs M.PA1_CTL 332 328 4 1041 924 117
M.PA1_Pst vs Ax_CTL 422 396 26 1007 831 176

Samples were taken at T1 and T2 corresponding to 2 and 7 d post spray-
infection with Pseudomonas syringae DC3000 (Pst) or mock-treatment
(CTL). Sphingomonas melonis Fr1 (S.Fr1) andMethylobacterium

extorquens PA1 (M.PA1) were seed-inoculated. Genes were considered
differentially expressed in a comparison when the fold change was > 2 and
the false-discovery rate was < 0.05. Ax corresponds to seed-inoculation
with 10mMMgCl2.
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(a) (b)

(c) (d)

Fig. 3 Comparison of Arabidopsis thaliana leaf transcript profiles of commensal-colonized plants to plants infected with Pseudomonas syringae DC3000
(Pst). Transcript profiles of Sphingomonas melonis Fr1 (S.Fr1)-colonized (a, b) orMethylobacterium extorquens PA1 (M.PA1)-colonized (c, d) plants
compared to plants infected with Pst. Expression ratios relative to control plants were calculated using EDGER and are plotted against each other at time
point T1 (a, c) and T2 (b, d), corresponding to 2 and 7 d post spray-infection with Pst or mock-treatment with 10mMMgCl2 (CTL). Black dots, genes that
did not show changes in gene expression; blue dots, significantly regulated in both comparisons (false discovery rate (FDR) < 0.05, absolute fold change
(FC) > 2); purple dots, significantly regulated in response to commensal colonization (FDR < 0.05, absolute FC > 2) and slightly in response to Pst-
infection (FDR < 0.05, absolute FC > 1.5); red dots, significantly regulated in Pst-infected plants and slightly regulated in commensal-colonized plants;
magenta dots, significantly regulated in commensal-colonized plants; orange dots, significantly regulated in Pst-infected plants. The simplified Venn
diagrams depict the number of genes in each category.
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of Arabidopsis to S.Fr1 colonization is strikingly different from
M.PA1 colonization and resembles a response to pathogenic bac-
teria.

S.Fr1 colonization induced many possible receptors The num-
ber of DEGs and the association of >40% of them with the GO-
term response to biotic stimulus indicated that the presence of
S.Fr1 is detected by the plant. Among the genes induced at both
time points, 29 encode members of the transmembrane receptor-
like kinase family (RLK) (Table S8). Mainly RLKs belonging to
the family DUF26, called cysteine-rich receptor like kinases
(CRK), responded to S.Fr1 colonization. The Arabidopsis
genome encodes over 40 CRKs (Chen, 2001; Wrzaczek et al.,

2010) and 14 of these were consistently upregulated in S.Fr1-
colonized plants. Several members of the CRK group are induced
by reactive oxygen species, salicylic acid (SA) or pathogen infec-
tion (Chen et al., 2003, 2004; Wrzaczek et al., 2010). The signa-
ture tool of Genevestigator (Hruz et al., 2008) was used to find
experiments showing similar induction of S.Fr1-responsive
CRKs. Among these were several microbe-associated molecular
pattern (MAMP) treatments (e.g. elf18, flg22), plant pathogen
and other treatments known to induce SA-associated responses
(e.g. G. orontii, P. syringae, imidacloprid) as well as direct treat-
ment with SA or SA-analogs and treatments inducing oxidative
stress (e.g. ozone treatment, iron deficiency) (Fig. S4). Notably,
effects on plant health have been described for several

Table 2 Selected genes of Arabidopsis thaliana responding to colonization by single bacteria discussed in the text

AGI Name

S.Fr1_CTL vs Ax_CTL M.PA1_CTL vs Ax_CTL Ax_Pst vs Ax_CTL

log2FC T1 log2FC T2 log2FC T1 log2FC T2 log2FC T1 log2FC T2

M.PA1-regulated
AT1G08830 CSD1 0.5 1.2 *** 1.7 *** 1.1 ** 0.0 0.1
AT2G28190 CSD2 0.5 1.3 ** 2.2 *** 1.5 ** �0.5 �1.3 ***

AT1G12520 CCS 0.5 0.9 ** 1.7 *** 0.9 * �0.5 �0.5 *

AT5G14565 MIR398c 0.0 �0.8 �1.8 *** �1.4 * 0.4 0.5
AT3G46900 COPT2 0.1 �0.8 * �1.2 �1.2 ** 0.0 0.0
AT5G24380 YSL2 0.1 �0.6 �1.9 *** �1.4 *** 1.2 ** 2.0 ***

RLKs
AT4G23130 CRK5 2.8 *** 2.1 *** 0.5 �0.3 0.1 0.9
AT4G23210 CRK13 2.2 ** 1.8 ** �0.2 �0.4 0.8 0.3
AT2G31880 SOBIR1 1.3 ** 1.4 ** 0.0 �0.2 0.3 1.5 ***

AT2G19190 FRK1 3.1 *** 1.7 ** 0.1 0.5 0.7 �0.6
AT1G51890 AT1G51890 3.9 *** 3.2 *** 0.6 0.1 �0.2 0.4
Defense-related genes
AT2G14610 PR1 8.1 *** 4.3 ** 2.8 �4.8 �1.8 2.5 *

AT3G57260 PR2 7.0 *** 5.7 *** 1.2 0.4 3.6 *** 6.2 ***

AT3G04720 PR4 2.8 *** 2.1 ** 0.3 0.4 1.1 0.6
AT1G75040 PR5 1.4 *** 1.7 *** 0.1 �0.1 0.0 �0.5
AT5G44420 PDF1.2 6.1 *** 5.2 *** 1.9 3.4 3.8 * �0.1
AT2G43570 CHI 3.6 *** 3.8 *** 0.7 0.9 0.4 2.7 ***

AT1G19250 FMO1 7.6 *** 5.9 ** 1.6 �1.2 0.0 6.5 ***

SA-biosynthesis and signaling
AT1G73805 SARD1 3.4 *** 2.6 *** 0.0 �0.9 0.6 2.1 ***

AT5G26920 CBP60G 2.4 *** 2.2 ** �0.2 0.0 0.8 2.0 **

AT3G56400 WRKY70 1.6 *** 0.9 �0.2 �0.4 0.7 1.5 ***

AT1G74710 ICS1 0.4 0.5 * 0.0 0.1 0.1 0.4 *

AT4G39030 EDS5 1.1 * 1.4 * �0.2 0.1 1.7 ** 2.4 ***

Camalexin biosynthesis
AT4G39950 CYP79B2 0.6 ** 0.3 �0.1 �0.2 1.5 *** 1.3 ***

AT2G22330 CYP79B3 0.3 0.0 �0.2 0.0 1.9 *** 1.6 ***

AT2G30750 CYP71A12 6.0 *** 3.5 *** 1.2 �0.7 2.6 * 2.6 **

AT2G30770 CYP71A13 3.3 *** 1.1 �0.1 �0.9 0.6 1.8 **

AT3G26830 PAD3 6.1 *** 5.7 *** 2.4 0.1 1.1 6.6 ***

JA-biosynthesis and signaling
AT5G42650 AOS �0.2 �0.1 0.0 0.1 2.0 *** 2.9 ***

AT3G25760 AOC1 0.3 0.2 0.1 0.3 3.8 *** 5.0 ***

AT3G45140 LOX2 1.0 *** 0.7 0.1 0.0 3.3 *** 3.9 ***

AT1G32640 MYC2 0.2 �0.1 0.0 0.0 2.0 *** 2.8 ***

AT5G24780 VSP1 0.9 ** 2.1 * 0.0 �0.8 7.6 *** 8.0 ***

AT2G30770 VSP2 3.3 *** 1.1 �0.1 �0.9 0.6 1.8 **

AT1G72260 THI2.1 2.2 0.5 1.1 �2.1 9.5 *** 5.9 ***

Shown are the log2-transformed fold changes (log2FC) for the different comparisons at T1 and T2. Asterisks denote whether the difference in gene
expression was significant (FDR < 0.001:***, < 0.01:**, < 0.05*). Absolute log2FC > 1 and FDR < 0.05 are bold. AGI codes in bold: qPCRs were performed
(see Supporting Information Table S5). For a complete list of all genes see Table S7.
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S.Fr1-induced CRK genes (Chen et al., 2003, 2004; Acharya
et al., 2007; Yeh et al., 2015). In addition, 13 genes for LRR-type
RLKs, as well as several WAK-like RLKs potentially involved in
pattern recognition, were induced upon S.Fr1 colonization
(Table S8).

The induction of RLK genes in response to PAMPs and
pathogens has been described before (Zipfel et al., 2004;
Thilmony et al., 2006) and some of these genes (i.e. FRK1,
AT1G51890, AT5G25930 and AT4G18250) also were consis-
tently found to respond to colonization with P. fluorescens SS101
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Fig. 4 Functional categorization of
Arabidopsis thaliana genes consistently
regulated by Sphingomonas melonis Fr1
(S.Fr1). Genes consistently differentially
expressed in leaves of plants colonized by
S.Fr1 compared to axenic plants (false
discovery rate (FDR) < 0.05, absolute fold
change (FC) > 2 at one time point and FC
> 1.5 at the other time point) were subjected
to functional categorization at
www.arabidopsis.org. Shown are the
percentages of genes annotated to the
different categories in the whole genome
(light gray) and in S.Fr1-regulated genes
(dark gray).
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(van de Mortel et al., 2012). In addition to the induction of sev-
eral RLK genes, ACD6 showed increased expression as well. It
was shown previously that SA affects the abundance of pattern-
recognition receptors (PRRs) and the responsiveness to PAMPs
(flg22 and elf18) in a positive feedback loop with ACD6 (Tateda
et al., 2014). The increased expression of both ACD6 and several
RLK genes encoding potentially functional PRRs could indicate
a higher PRR abundance at the plasma membrane and poten-
tially higher responsiveness to MAMP-triggering in S.Fr1-
colonized plants. In addition to direct binding to RLKs and sig-
nal transduction via co-receptor binding, receptor-like proteins
(RLPs) that lack the cytoplasmic kinase domain of RLKs are
involved in pathogen recognition (Liebrand et al., 2013; Zhang
et al., 2013; Fradin et al., 2014; Gust & Felix, 2014). Several
RLP genes as well as the gene encoding the co-receptor SOBIR1
(Liebrand et al., 2014) were induced in S.Fr1-colonized plants
(Tables S7-1, S8).

S.Fr1 colonization induces ‘defense response genes’ Several
genes encoding pathogenesis-related (PR) proteins and potential
antimicrobial proteins were induced by S.Fr1 colonization.
Among them were marker genes for SA signaling and systemic
acquired resistance (SAR) PR1, PR2 and PR5, ethylene (ET)-
responsive proteins PR4 and PDF1.2, and several chitinases
(Tables 2, S7-1). Three vacuolar sorting receptors (VSR5–7) were
also among the induced genes in S.Fr1-colonized plants. VSR6
and VSR7 are transcriptionally induced by NPR1 (Wang et al.,
2005a) and were suggested to be involved in sorting of NPR1-
dependent induced antimicrobial proteins upon pathogen chal-
lenge or SA accumulation (Zouhar et al., 2010). Because several
genes encoding PR proteins and antimicrobials were induced in
S.Fr1-inoculated plants, this might suggest an increased exuda-
tion of these. Additional known SA-responsive genes were differ-
entially regulated in S.Fr1-colonized plants as well, including
genes in the significantly enriched GO-term SA biosynthetic genes
such as the transcription factors CBP60G, SARD1 and the SA-
transporter EDS5 (Zhang et al., 2010; Serrano et al., 2013).

Genes for other transcription factors were differentially regu-
lated in S.Fr1-colonized plants, too, and many of these belong to
families that previously have been found to be implicated in stress
responses such as the WRKY, ERF, MYB and NAC transcription
factor families (Table S9). Some of these showed differential
expression at both time points whereas others such as WRKY70,
which is as a positive regulator of SA-mediated signaling and a
negative regulator of jasmonic acid (JA)-mediated signaling (Li
et al., 2004), were significantly induced at T1.

Camalexin biosynthetic genes are induced in S.Fr1-colonized
plants Phytoalexins such as camalexin are low molecular weight
antimicrobial peptides produced in response to several biotic and
abiotic stresses (Hagemeier et al., 2001; Ahuja et al., 2012). Sev-
eral genes implicated in camalexin biosynthesis showed higher
expression in S.Fr1-colonized plants compared to axenic plants at
both time points (CYP71A12, GSTF6 and PAD3) and T1 only
(CYP71A13) (Tables 2, S7-1). Consistent with our transcriptome
data, camalexin was detected on S.Fr1-colonized Arabidopsis

leaves in an independent study (Ryffel et al., 2016), indicating
that the pathway is at least locally active in leaves. The impor-
tance of camalexin in plant resistance to different pathogens
varies. Although camalexin has not been found to be a determi-
nant of resistance in the P. syringae–Arabidopsis interaction, it is
effective in resistance to a range of other pathogens (Glazebrook
& Ausubel, 1994; Zhou et al., 1999; Ferrari et al., 2007; Ahuja
et al., 2012).

Pst infection shows a strong JA response reminiscent of a
COR-induced response

Next, we analyzed Arabidopsis leaves spray-infected with a low
dose of the foliar pathogen Pst to mimic natural infection.
Because we expected to have fewer plant cells in direct contact
with the pathogen, we followed the response to the pathogen at 2
and 7 d post infection, which is in contrast to most other studies
where transcriptional responses to Pst were studied after shorter
pathogen exposure and usually after infiltration. Despite the vari-
ation in the output observed between the two time points, which
can be explained by the different stages of infection (see above),
we found 589 DEGs consistently regulated (Fig. S3c). The terms
most significantly enriched for genes upregulated after Pst infec-
tion were related to immune system process and JA (Tables S2,
S4). P. syringae produces the phytotoxin coronatine (COR),
which influences several aspects of infection such as the reopening
of stomata to facilitate invasion, bacterial growth and disease
symptom development (Mittal & Davis, 1995; Brooks et al.,
2004, 2005; Melotto et al., 2006) and represents a mimic of the
JA conjugate JA-Ile (Zhao et al., 2003; Uppalapati et al., 2005;
Thilmony et al., 2006; Katsir et al., 2008). The large fraction of
JA-responsive genes induced by Pst is therefore consistent with
coronatine production by the pathogen (Thilmony et al., 2006).
Among them are genes for the transcription factor MYC2, VSP1/
2, THI2.1 as well as JA biosynthetic genes (e.g. LOX2-4, AOS,
AOC1-4) (Tables 2, S7-3). The increased JA signaling is thought
to antagonize SA-dependent defense responses, which are effec-
tive mainly against biotrophic and hemibiotrophic pathogens
(Glazebrook, 2005).

Also strongly induced by Pst infection were anthocyanin
biosynthetic genes and regulators thereof (Table S7-3). Antho-
cyanins are stress pigments and production in response to JA or
application of COR has been described (Bent et al., 1992; Feys
et al., 1994), further hinting towards a strong coronatine
response.

Transcriptional responses to S.Fr1 colonization show
overlap with progressed Pst infection

Next, we compared the responses of Arabidopsis to S.Fr1 colo-
nization and Pst infection. A heatmap of the constitutive DEGs
revealed that most genes responding to S.Fr1 colonization were
also responding to Pst-infected plants at T2 (Fig. 5, Tables S7,
S10). The DEGs were separated into six clusters. Clusters 1 and
2 contain DEGs responding only to S.Fr1 colonization: Cluster
1 comprises 23 genes with lower expression in S.Fr1-colonized
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plants as opposed to axenic, M.PA1- and Pst-colonized plants,
whereas Cluster 2 (52 genes) contains genes induced specifically
in response to S.Fr1 colonization. More than half of the genes in
Cluster 2 belong to the GO-term response to stimulus, including
genes for the pathogenesis-related proteins PR5, LTP2 and
LTP4, a chitinase family protein and MLO12 as well as some
RLKs such as FRK1 (Tables S7-1, S11-1). A third cluster con-
tains 191 genes (Cluster 3) higher expressed in S.Fr1-colonized
plants but induced at a low level by Pst at T2 compared to the
other two treatments, although with some variation. This cluster
contains 105 genes annotated to the GO-term category response
to stimulus and 72 of these were annotated defense response
(Table S11-2). Many genes for RLKs and some RLPs are in this
category as well as genes related to SA biosynthesis, metabolism
or signaling. In contrast to Cluster 3, genes in Cluster 4 showed
higher expression in S.Fr1-colonized plants and in Pst-infected
plants at T2. In this cluster (68 genes), the most significantly
enriched GO-terms are systemic acquired resistance and defense
response, incompatible interaction (Table S11-3). Cluster 5 genes
(31) are more strongly induced in response to Pst infection than
in response to S.Fr1 colonization. This cluster contains, among
others, some JA-responsive genes (Table S11-4). Cluster 6 con-
tains 11 genes downregulated in response to S.Fr1 and at T2 in
response to Pst as well. In conclusion, the heatmap confirmed
that some DEGs responded solely to S.Fr1 colonization, whereas
the majority of DEGs were also affected in Pst-infected plants, in
particular at T2.

The effect of S.Fr1 colonization on expression changes in
response to Pst infection

In order to understand how commensal colonization may affect
the plant response to pathogen infection, we investigated the
transcriptome response of Arabidopsis to Pst infection as a func-
tion of prior colonization by S.Fr1 or M.PA1. Plant colonization
by several Sphingomonas members has been shown to protect Ara-
bidopsis from infection by Pst, whereas colonization with repre-
sentatives of Methylobacterium did not (Innerebner et al., 2011).
As expected, seed-inoculation with S.Fr1 but not with M.PA1
reduced pathogen proliferation and disease symptoms of plants
upon challenge with Pst compared to uninoculated plants
(Fig. 1). Differences were also evident in the transcriptional
response. Clustering of the 1000 most variable genes indicated
three main clusters, one comprising axenic and M.PA1-colonized
plants, one comprising axenic and M.PA1-colonized plants
infected with Pst, and one comprising S.Fr1-colonized plants
with and without Pst (Fig. S5a). An MDS plot encompassing all
of the samples separated in the first dimension axenic and
M.PA1-colonized plants not challenged by Pst from S.Fr1-
inoculated and from Pst-infected plants, whereas the second
dimension separated S.Fr1-inoculated plants with and without
Pst challenge from all others, similar to the single bacterial treat-
ments (Fig. S5b).

Colonization by some rhizobacteria or local infection have
been found to trigger induced systemic resistance (ISR) and SAR,
two forms of systemic resistance that depend on JA/ET and on

SA, respectively (Fu & Dong, 2013; Pieterse et al., 2014).
Whereas almost no transcriptional reprogramming is observed in
systemic tissue in unchallenged ISR plants, SAR-induced plants
show transcriptional induction of different defense genes such as
the marker genes PR1, PR2, PR5 or FMO1 before secondary
pathogen challenge (Fu & Dong, 2013). Both ISR and SAR lead
to stronger and/or faster induction of defense responses and
enhanced pathogen resistance. We therefore tested whether the
presence of S.Fr1 amplifies induction of defense responses after
Pst challenge. We first identified genes induced by Pst infection
in S.Fr1-colonized plants. As observed in axenic plants challenged
with Pst, the response to Pst was also increased in S.Fr1-
colonized plants at T2 compared to T1, although the overall
response to Pst was lower than in plants that were axenic before
Pst infection (control plants; Tables 1, S12; Fig. S6). We then
scored genes that showed significantly different induction after
Pst infection in S.Fr1-colonized plants compared to the induc-
tion in control plants (Table S12). At T2, 12 genes showed a
stronger response to Pst compared to control plants and these
were induced by Pst in S.Fr1-colonized plants only (Table S13).
Several of these genes are known to be induced by pathogen treat-
ment and represent interesting candidate genes that might con-
tribute to plant protection. Overall, however, most genes
responding significantly different to Pst showed no induction in
S.Fr1-colonized plants after pathogen challenge by T2, which is
probably due to the lower pathogen titer in S.Fr1-colonized
plants and reduced infection (Fig. 1d,e). It is also noteworthy that
a portion of the genes induced by Pst at T2 is already induced in
the S.Fr1 background and thus might not undergo additional
induction.

bak1/bkk1mutant plants are affected in plant protection
by S.Fr1

As described above, plants apparently detect the presence of S.Fr1
and increased expression of defense-related genes might be
involved in plant protection by S.Fr1. To test for impaired
S.Fr1-mediated plant protection we chose plant mutants affected
in known defense signaling pathways. We analyzed whether plant
protection by S.Fr1 depends on SA or JA signaling because these
plant hormones are required for plant-mediated resistance in
other beneficial plant–microbe interactions (e.g. Pieterse et al.,
1998; van de Mortel et al., 2012). Neither the SA biosynthesis
(sid2) nor the SA signaling (eds1/pad4, npr1) or JA-signaling
(jar1) mutants tested showed defects in plant protection by S.Fr1
(Figs 6, S7a), indicating that either a combination of several hor-
mone pathways or different signaling mechanisms are involved in
the plant-mediated response. It is noteworthy that induced resis-
tance to different pathogens upon elicitor treatment is also not
affected in SA- and JA-signaling mutants (Zipfel et al., 2004; Fer-
rari et al., 2007).

We also tested FLS2 as the best studied PRR that recognizes
flagellin as a MAMP/PAMP (Gomez-Gomez & Boller, 2000)
but did not observe impaired plant protection by S.Fr1 (data not
shown). This result might not be surprising, however, because we
could not detect flagellin from Sphingomonas spp. in proteomics
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studies in planta in contrast to flagellin from Pseudomonas spp.
(Delmotte et al., 2009; D. B. M€uller and J. A. Vorholt, unpub-
lished). Next, we tested a triple PRR mutant (Gimenez-Ibanez
et al., 2009) that in addition to FLS2 is impaired in EFR recog-
nizing the bacterial elongation factor Tu (Zipfel et al., 2006) and
in CERK1 perceiving chitin and involved in responses to pepti-
doglycan (Miya et al., 2007; Willmann et al., 2011). We found
no impaired plant protection by S.Fr1 in the fls2/efr/cerk1 triple
mutant (Fig. 6), suggesting that none of these PRRs is essential
for the plant protection phenotype. We also tested T-DNA inser-
tion mutant lines of RLP23, one of the strongest induced genes
in S.Fr1-colonized plants (Table S7-1). An elicitor fragment
found in Nep1-like proteins has recently been shown to bind to
this RLP and mediate defense activation in vivo (Albert et al.,
2015). Plant protection was not affected in these mutants either
(Fig. S7b,c).

SOBIR1 and BAK1 have been identified as co-receptors of sev-
eral RLPs or RLPs and RLKs, respectively, and are required for
induction of PTI signaling upon recognition of the cognate
ligands (Roux et al., 2011; Schwessinger et al., 2011; Liebrand
et al., 2013, 2014; Zhang et al., 2013, 2014; Albert et al., 2015).
We therefore also used the PRR co-receptor mutants sobir1 and
bak1/bak1-like-1 (bkk1) to test whether plant protection by S.Fr1

requires functional PRR signaling. Plant protection by S.Fr1 was
comparable in sobir1 and wild-type (WT) plants (Fig. 6). In
bak1/bkk1 plants colonized by S.Fr1, pathogen colonization
levels and disease symptoms upon pathogen infection were also
reduced compared to uninoculated control plants (Figs 6, S7).
However, pathogen titers in S.Fr1-colonized plants were higher
in bak1/bkk1 plants compared to WT plants and bak1/bkk1
plants developed disease symptoms (Figs 6, S7), indicating atten-
uated plant protection by S.Fr1 in this mutant.

Discussion

Plants in nature are not axenic but instead are colonized by a vast
array of microorganisms, raising the question of how plants
respond to these commensals and distinguish between pathogenic
and beneficial microorganisms. In this study, we investigated
responses of Arabidopsis leaves to colonization by bacterial phyl-
losphere commensals, focusing on representatives of two com-
monly and abundantly found genera in the phyllosphere. The
gene expression changes in response to the commensal bacteria
showed strong and unexpected differences. Plant colonization by
Methylobacterium extorquens PA1 (M.PA1) did not cause signifi-
cant transcriptional reprogramming, whereas colonization by
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Fig. 5 Heatmap of moderated log2-
transformed counts per million for genes
consistently regulated by Sphingomonas

melonis Fr1 (S.Fr1) colonization (false
discovery rate (FDR) < 0.05, absolute fold
change (FC) compared to axenic controls > 2
at one time point and > 1.5 at the other time
point) in Arabidopsis thaliana leaves. The
rows were scaled by subtracting the row
median. The samples were clustered
according to Ward’s method using as a
distance measure 1 minus Pearson’s
correlation. The colors of the columns
represent the different treatments. Plants
were seed-inoculated with S.Fr1,
Methylobacterium extorquens PA1 (M.PA1)
or 10mMMgCl2 (Ax) and sprayed after 3 wk
with a suspension of Pseudomonas syringae

DC3000 (Pst) or 10mMMgCl2 (CTL).
Names of the samples correspond to seed-
inoculation_spray-infection_time
point_replicate. The row colors represent the
six clusters obtained. The cluster numbers are
given on the right. The color scale was fixed
to �4.5 to 4.5.
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Sphingomonas melonis Fr1 (S.Fr1) resulted in differential expres-
sion of several hundreds of genes. Our data indicate that Ara-
bidopsis perceives S.Fr1 colonization and triggers gene expression
changes similar to those observed during an immune response to
a pathogen encounter. It remains unclear how Arabidopsis
detects S.Fr1. It is possible that the differences in the response to
M.PA1 and S.Fr1 might be due to different microbe-associated
molecular patterns (MAMPs) or their accessibility to pattern-
recognition receptors (PRRs) as infiltration with some MAMPs
evokes a stronger transcriptional response than spray application
(Denoux et al., 2008). Both S. melonis and M. extorquens share a
mainly epiphytic lifestyle although apoplastic colonization was
described for both of them also, albeit at lower levels (Sy et al.,
2005; Innerebner et al., 2011). Therefore, it is unlikely that bac-
terial localization and hence different access to PRRs in leaves per
se would be the driving force for the difference in transcriptional
responses between M.PA1- and S.Fr1-colonized plants. It is also
not known whether S.Fr1 detection is limited to leaves or extends
to roots. Under our experimental conditions, root colonization
could be observed for both commensal strains. It has been shown
that some rhizosphere bacteria can induce transcriptional changes
in distal parts of the plant and thereby protect plants from infec-
tion (van de Mortel et al., 2012; Pieterse et al., 2014).

Strong induction of pattern-triggered immunity (PTI) as well
as effector recognition may lead to long-lasting induction of
defense genes (Mishina & Zeier, 2007; Tsuda & Katagiri, 2010).
Genes for a type III secretion system, a well-described delivery
system for effectors, are absent in the genome of S.Fr1, which is
in contrast to Pseudomonas fluorescens SS101 that also caused
transcriptional reprogramming after 10–18 d of plant coloniza-
tion (van de Mortel et al., 2012). Genes for type IV secretion sys-
tems, which is another effector delivery system (Wallden et al.,
2010), are present in S.Fr1. However, how far such a transport
system contributes to S.Fr1 detection remains unclear.

The nature of plant protection by S.Fr1 is not known so far,
but it has been suggested that several mechanisms might act in
concert (Innerebner et al., 2011; Vogel et al., 2012). Possible
mechanisms include microbial interactions (e.g. via competition
for nutrients or antibiosis), or induction of a plant-mediated
response helping the plant to defend itself. Our finding that the
bak1/bkk1 mutant results in a stronger pathogen infection in the
presence of S.Fr1 (Figs 6, S7) supports the importance of the
plant immune system, in general, and PTI signaling, in particu-
lar, for full protection by S.Fr1. Future work will focus on under-
standing the detection of S.Fr1 by plants, identifying plant
receptors as well as their ligands and the signaling pathways

(a) (b)

(c) (d)

Fig. 6 Arabidopsis thaliana bak1/bkk1mutants show an altered plant protection phenotype by Sphingomonas melonis Fr1 (S.Fr1). Suspensions of S.Fr1 or
10 mMMgCl2 (Ax) were applied to Col-0, sobir1, bak1/bkk1, fls2/efr/cerk1, eds1/pad4 or npr1 seeds. Twenty-one-day-old plants were spray-infected
with Pseudomonas syringae DC3000 (Pst) or mock-treated with 10mMMgCl2. Bacterial phyllosphere colonization of the pathogen depicted as log10-
transformed colony-forming units (CFU) per gram fresh weight at 6 (a) or 7 (b) d post infection. Shown are the mean� 1SE of 8–9 (a) or 12 plants (b).
Significantly different Pst cell numbers between comparisons (ANOVA, post-hoc Tukey HSD test): *, P < 0.05. Photographs were taken at 17 (d) or 18
(c) d post spray-infection.
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employed. The finding of increased expression for several recep-
tor-like kinases (RLKs) and receptor-like proteins (RLPs) in
S.Fr1-colonized leaves provides an interesting starting point for
the identification of PRRs involved in S.Fr1 detection and possi-
bly plant protection. On the ligand side it is worth mentioning
that several S.Fr1 mutants with impaired but not complete loss
of plant protection against Pseudomonas syringae DC3000 lux
(Pst) have been identified (Vogel et al., 2012). Some of the targets
might indeed represent promising candidates for potential
MAMPs recognized directly by the plant or for enzymes, whose
activity could trigger plant responses. Whether and in how far
the attenuated plant protection phenotype in these S.Fr1 mutants
is indeed caused by altered recognition on the plant side remains
to be tested. Interestingly, Sphingomonas differ from other Gram-
negative bacteria in that they contain glycosphingolipids in their
cell envelopes (Yabuuchi et al., 1990; Takeuchi et al., 2001),
which may also represent surface exposed potential targets for
plant recognition.

Our study clearly shows that colonization by commensal bac-
teria can have a profound effect on the plant transcriptome. As
for most transcriptome studies of Arabidopsis to biotic or abiotic
stress, one has to keep in mind that a true ‘untreated’ control
plant is difficult to obtain as a consequence of commensal colo-
nization. Because the presence of commensals such as S.Fr1 or
P. fluorescens SS101 potentially affects the expression of hundreds
of plant genes, the phyllosphere and rhizosphere microbiota in
any transcriptome study could strongly influence the plant tran-
scriptome in plants denominated as untreated control.

In conclusion, colonization by different commensal bacteria
showed distinct effects on the plant transcriptional response.
Whereas colonization by M.PA1 seemed to be ‘invisible’ to the
plant in the long term and may have evolved a strategy of MAMP
recognition evasion, S.Fr1 triggered substantial plant responses.
It will be interesting to identify the drivers of these differing
responses and to determine whether plant responses to other
common commensals are similar to the responses to M.PA1 colo-
nization or to S.Fr1 colonization. Moreover, such studies might
further increase the notion that many of the previously described
pathogen-related gene responses are triggered more broadly by
bacteria, which may be commensal or pathogens and are thus
interesting also from an evolutionary perspective.
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