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Plant pathogens can cause serious diseases that impact global
agriculture. The plant innate immunity, when fully activated, can
halt pathogen growth in plants. Despite extensive studies into the
molecular and genetic bases of plant immunity against pathogens,
the influence of plant immunity in global pathogen metabolism to
restrict pathogen growth is poorly understood. Here, we developed
RNA sequencing pipelines for analyzing bacterial transcriptomes in
planta and determined high-resolution transcriptome patterns of
the foliar bacterial pathogen Pseudomonas syringae in Arabidopsis
thaliana with a total of 27 combinations of plant immunity mutants
and bacterial strains. Bacterial transcriptomes were analyzed at 6 h
post infection to capture early effects of plant immunity on bacterial
processes and to avoid secondary effects caused by different bacterial
population densities in planta. We identified specific “immune-
responsive” bacterial genes and processes, including those that are
activated in susceptible plants and suppressed by plant immune acti-
vation. Expression patterns of immune-responsive bacterial genes at
the early time point were tightly linked to later bacterial growth
levels in different host genotypes. Moreover, we found that a bacte-
rial iron acquisition pathway is commonly suppressed by multiple
plant immune-signaling pathways. Overexpression of a P. syringae
sigma factor gene involved in iron regulation and other processes
partially countered bacterial growth restriction during the plant im-
mune response triggered by AvrRpt2. Collectively, this study defines
the effects of plant immunity on the transcriptome of a bacterial
pathogen and sheds light on the enigmatic mechanisms of bacterial
growth inhibition during the plant immune response.

plant immunity | type III effector | microbiome | plant hormone |
iron response

Photosynthate-rich plants provide an important growth niche
for microbes including bacterial pathogens. In most cases, the

plant immune system can effectively monitor microbial coloni-
zation and restrict the growth of a great majority of them (1).
Excessive proliferation of evolved pathogenic microbes, how-
ever, can lead to plant diseases. Understanding how plant dis-
eases occur and how the plant immune system effectively
monitors and restricts pathogen infection represents one of the
most important research areas in plant science.
Molecular genetic studies have revealed a repertoire of plant

immune receptors and downstream immune-signaling components
and their mode of actions within plant cells. As the first layer of the
plant immune surveillance system, cell-surface pattern-recognition
receptors recognize conserved molecular features of microbes such
as bacterial flagellin and fungal cell wall components (chitin) to
activate pattern-triggered immunity (PTI) (2, 3). To cause disease
in plants, bacterial pathogens have evolved a battery of virulence
molecules including type III effectors (T3Es) to subvert PTI (4).
Plants, in turn, have evolved intracellular nucleotide-binding do-
main and leucine-rich repeat (NLR)-containing receptors, which
recognize individual T3Es, as a second layer of the plant immune
surveillance system, leading to effector-triggered immunity (ETI)
(5). Although PTI and ETI receptors show distinctive cellular

locations and biochemical properties, they share some downstream
signaling components, such as signaling pathways mediated by the
defense hormones salicylic acid (SA), jasmonate (JA), and ethylene
(ET) (6). Despite extensive studies on the molecular, biochemical,
and transcriptomic reprogramming within plant cells during immune
activation, little is known about how plant immunity influences bac-
terial cellular processes and ultimately suppresses bacterial growth.
Previous studies have revealed bacterial processes that are

important for their growth in planta. These include siderophores,
exopolysaccharides, quorum sensing, multidrug resistance efflux
pumps, plant hormones and their mimics, and toxins as well as
T3Es secreted into the plant cell via the type III secretion system
(T3SS) (4, 7–12). A number of T3Es suppress plant immune
signaling as an important mechanism of bacterial virulence (13).
T3Es have also been shown to manipulate plant intercellular
(apoplastic) conditions to favor their proliferation. For instance,
Xanthomonas oryzae uses T3Es, which function as transcriptional
activators, to directly induce sugar-transporter genes, thereby
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establishing sugar-rich apoplastic conditions (14). Some Pseudo-
monas syringae T3Es establish an aqueous apoplast in a humidity-
dependent manner to promote bacterial proliferation (15).
It has been shown that PTI, if sufficiently activated, suppresses

T3E translocation into plant cells, and this is associated with
suppressed bacterial growth (16, 17). Also, a recent study showed
that plants sequestrate sugars from the apoplast by activating
sugar importers at the plasma membrane upon PTI activation,
and this is associated with lowered T3E translocation and bac-
terial growth (18). These results suggest that suppressing T3E
translocation is a way by which PTI inhibits bacterial growth.
However, this mechanism does not fully explain the impact of
PTI on bacterial growth restriction because PTI suppresses the

growth of bacterial pathogens that do not possess T3SS (19).
Similarly, ETI does not always affect T3E translocation even
when ETI effectively suppresses bacterial growth (20). These
results suggest the existence of immune targets other than T3SS.
There is a need for a comprehensive and unbiased catalog of
bacterial cellular changes influenced by plant immunity to gain
insight into how PTI and ETI affect the biological processes of
bacterial pathogens and inhibit their growth.
One approach to gain insight into bacterial cellular changes

during plant immunity is in planta genome-wide transcriptome
profiling. However, in planta bacterial transcriptome profiling is
challenging due to low abundance of bacterial RNA compared
with plant RNA, and it is particularly difficult to obtain a sufficient
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Fig. 1. Establishment of in planta Pto transcriptome analysis. (A) Workflow of in planta bacterial transcriptome analysis based on bacterial isolation (see
Materials and Methods for further information). (B) Workflow of in planta bacterial transcriptome analysis based on selective depletion of plant-derived
transcripts (see Materials and Methods for further information). (C) The ratio of sequenced reads mapped on the bacterial (Bac) CDS, bacterial noncoding
sequence, A. thaliana (Plant) genome, and sequence reads that mapped to neither the Pto nor the A. thaliana genome (Else) in all samples, including samples
without bacterial enrichment and in vitro samples. (D) Validation of RNA-seq data by RT-qPCR. Four-week-old A. thaliana leaves were pretreated with 1 μM
flg22 or water (Mock) 1 d before infection with Pto (OD600 = 0.5) and were harvested at 6 hpi. The samples were split into two. One sample was subjected to
direct RNA extraction followed by RT-qPCR analysis, and the other was subjected to bacterial enrichment followed by RNA-seq. RT-qPCR results were nor-
malized with the Pto 16S or gyrA expression (mean ± SEM; n = 4 biological replicates from four independent experiments). RNA-seq data were processed as
described in Materials and Methods (mean log2 count per million ± SEM; n = 4 biological replicates from four independent experiments). Pearson correlation
coefficients (R2) are shown. (E) Comparison of log2 fold changes in Pto gene expression in flg22-pretreated plants and mock-pretreated plants based on RNA-
seq data independently obtained by two different approaches in two different laboratories: The method based on bacterial isolation from infected plants
[Max Planck Institute Cologne (MPI), x axis] and on bacterial mRNA enrichment using customized oligonucleotides to remove abundant plant RNA without
bacterial isolation [Michigan State University (U), y axis]. The Pearson correlation coefficient is shown. See Materials and Methods for detailed experimental
procedures.
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amount of bacterial RNA at an early stage of infection. Several
previous studies profiled in planta bacterial transcriptomes by
using microarrays and RNA sequencing (RNA-seq) (21–24).
However, the impact of plant immunity on the entire bacterial
transcriptome remains unknown.
Here, we established two RNA-seq methods for profiling the

transcriptome of P. syringae in naive and immune-activated plant
leaves at an early infection stage, 6 h post infection (hpi), when
bacterial population density remained unchanged from 0 hpi.
We reasoned that sampling at this time point could avoid sec-
ondary effects caused by different bacterial population den-
sities in planta. Our methods greatly enriched bacterial transcripts
from infected leaves, allowing us to uncover specific “immune-
responsive” bacterial processes and genes that are altered during
PTI and ETI. Using various combinations of P. syringae strains
and immune-compromised plant genotypes, we showed that ex-
pression patterns of the immune-responsive genes at the early
infection stage had a high predictive power for later bacterial
growth at 48 hpi. Importantly, we found that overexpression
of pvdS, a global iron regulator belonging to the immune-
responsive gene sector, could partially counter bacterial growth
inhibition during ETI triggered by AvrRpt2.

Results
Establishment of in Planta Bacterial Transcriptome Methods. To an-
alyze the transcriptome of the model foliar bacterial pathogen P.
syringae pv. tomato DC3000 (Pto) in Arabidopsis thaliana, we
initially attempted RNA-seq using total RNA extracted from A.
thaliana leaves infected by Pto. This approach failed to capture
sufficient bacterial sequences, being masked by overwhelmingly
abundant plant RNA sequences (Fig. S1 A and B). To overcome
this limitation, we established a method in which bacterial cells
are first isolated from infected leaves before RNA extraction
(Fig. 1A). Infected leaves were harvested, coarsely crushed, and
incubated in bacterial isolation buffer, which fixes and stabilizes
bacterial RNA (Fig. S1C; see Materials and Methods for the es-
tablishment of a bacterial isolation buffer). After incubation,
large plant debris was removed by filtering, and the flow-through
was centrifuged to separate bacterial cells from plant tissues.
Total RNA was extracted from the layer containing bacterial
cells, followed by rRNA depletion of both plants and bacteria to
enrich mRNA, library preparation, and RNA-seq. This method
successfully enriched for bacterial sequences (Fig. 1C and Fig. S1
A and B), allowing us to profile high-quality in planta bacterial
transcriptomes with as few as 10 million total RNA-seq reads
using the Illumina HiSeq platform (Figs. S1 C and D and S2 A–
C). RNA-seq results were highly reproducible among in-
dependent biological replicates and were sensitive enough to
capture bacterial transcriptome differences between biologi-
cally distinct samples (Fig. S2 B and C). Gene-expression
data obtained by this RNA-seq strategy strongly correlated
with RT-qPCR measurements using total RNA extracted di-
rectly from Pto-infected leaves (Fig. 1D), indicating the accuracy
of our RNA-seq data. To further assess the validity of our RNA-
seq data, we compared our data with that from a more costly
alternative approach in which bacterial mRNA was isolated di-
rectly from infected plants without prior bacterial separation
from the plant tissue, but, instead, highly abundant plant mRNA
as well as plant and bacterial rRNAs were removed by custom-
ized probes to enrich bacterial mRNA during cDNA library
preparation (Materials and Methods and Fig. 1B). Note that these
experiments were done completely independently in two labo-
ratories with different growth conditions and pretreatments for
plants, different preparations of bacterial inocula, and different
kits for RNA extraction and cDNA library preparation (Materials
and Methods). Strikingly, these two methods led to highly similar
results (Fig. 1E), providing further proof of concept for both

methods. Collectively, our methods enabled reliable profiling of
in planta bacterial transcriptome with RNA-seq.

Pto Transcriptome Signatures Influenced by Plant Immune Activation.
We profiled in planta Pto transcriptomes under 27 conditions
and in vitro Pto transcriptomes under five conditions using the
method shown in Fig. 1A (114 samples in total), Fig. 2A, and Fig.
S3; see Dataset S1 for the full sample list with the number of
replicates. Four Pto strains were employed. The wild-type Pto
strain has T3Es that effectively suppress plant immunity in A.
thaliana wild-type Col-0, resulting in effector-triggered suscep-
tibility (ETS). Pto strains that ectopically express a T3E, i.e.,
AvrRpt2 or AvrRps4 (hereafter Pto AvrRpt2 or Pto AvrRps4),
trigger ETI dependent on the presence of cognate plant in-
tracellular immune receptors, RPS2 or RPS4, respectively (25–
27). The Pto D36E mutant lacks all 36 known Pto T3Es (28). In
our conditions, bacterial proliferation was observed at 9 hpi, but
not at 6 hpi (Fig. S4), in both ETS and ETI in WT Col-0 plants
and in highly immune-compromised dde2 ein2 pad4 sid2 mutant
plants (29). Thus, we decided to profile the in planta Pto tran-
scriptome at 6 hpi because bacterial population density affects
bacterial gene expression patterns, e.g., through quorum sensing
(30). All four Pto strains showed similar transcriptome patterns
in nutrient-rich King’s B bacterial growth medium; these pat-
terns were distinct from that of Pto grown in T3E-inducible
minimal medium (MM) (Fig. 2B and Fig. S5A) (31). As expec-
ted from the previous studies (32), genes related to the T3SS and
T3Es were globally induced in MM compared with King’s B
medium (Fig. 2C). Gene ontology (GO) analysis revealed that
genes related to the T3SS and coronatine biosynthesis (12) were
induced in plants compared with King’s B medium (Fig. 2C and
Dataset S3), consistent with the crucial roles of T3SS and cor-
onatine for Pto virulence (33, 34).
Pretreatment with a PTI elicitor derived from bacterial fla-

gellin, flg22, triggers strong plant transcriptional reprogramming
and resistance against bacterial pathogens (35). However, the
impact of flg22 treatment on any bacterial transcriptome remains
unknown. We found that pretreating plants with flg22 affected a
substantial number of Pto genes and globally suppressed the in
planta-activated bacterial processes (Fig. 2C). The transcriptome
patterns of Pto D36E in planta resembled that of Pto in flg22-
pretreated plants (Fig. 2 B and C and Fig. S5A). This supports
the notion that effectorless PtoD36E lacks the ability to suppress
PTI and that preactivation of PTI with flg22 can overcome
effector-mediated immune suppression by wild-type Pto. Im-
portantly, these results revealed that PTI suppresses not only
bacterial virulence-associated mechanisms such as the T3SS and
siderophore and coronatine biosynthesis but also fundamental
housekeeping processes for organisms. For instance, genes re-
lated to translation (mostly ribosomal proteins) were induced in
Pto in planta but were suppressed by PTI (Fig. 2C), implying that
the bacterial protein synthesis activity may also be targeted
by PTI.
During ETI triggered by AvrRpt2 or AvrRps4, several hun-

dred genes (199 genes for AvrRpt2 and 317 genes for AvrRps4)
were differentially expressed compared with ETS (Pto infection;
Fig. 2C), although the effect was not as dramatic as for PTI (Fig.
2B). In particular, we found that ETI triggered by AvrRpt2 and
AvrRps4 specifically led to down-regulation of genes associated
with siderophore and coronatine biosynthesis (Fig. 2C). How-
ever, T3SS genes were not globally affected during ETI, in
contrast to PTI-inducing conditions, suggesting that PTI and ETI
share only a subset of Pto transcriptomic changes despite their
overlapping downstream immune-signaling components and
their common ability to inhibit bacterial growth in planta. In
addition, within the genes differentially expressed among the
different conditions, 658 genes were annotated as “hypothetical
proteins” (Fig. S5B), suggesting that a substantial number of Pto
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genes likely playing roles during the interaction with A. thaliana
have yet to be characterized. Taken together, our data revealed
previously unknown transcriptomic responses of P. syringae
during the activation of two major forms of plant immunity, PTI
and ETI.

In Planta Bacterial Transcriptome Patterns at an Early Time Point Are
Tightly Linked to Later Bacterial Growth During Infection. Plant
signaling pathways mediated by defense hormones SA, JA, and
ET contribute to bacterial growth suppression in a redundant
manner (6). However, it is not known whether these hormone-
signaling pathways affect the bacterial transcriptome similarly
or differently. To address this question, we investigated tran-
scriptome patterns of Pto or Pto AvrRpt2 in seven different A.
thaliana mutants lacking one or more of these hormone defense
pathways (Fig. 2A). Host genotype effects were observed more
clearly for Pto AvrRpt2 infection than for Pto infection at 6 hpi;
321 genes of Pto AvrRpt2 were differentially expressed between
Col-0 plants and at least one of the defense-signaling mutants,
while only 26 genes of wild-type Pto were differentially
expressed. We focused on the differentially expressed genes
(DEGs) of Pto AvrRpt2 (Fig. 3A, Left; blue/yellow heatmap) for
further analysis. Comparisons between Col-0 and the immune-
compromised mutants revealed that the effects of distinct hor-
mone pathways were qualitatively similar (Fig. 3A, Center; green/
magenta heatmap). For example, the genes suppressed by the SA
pathway were also suppressed by the JA/ET pathway. This im-
plies that different immune pathways may converge on a com-
mon impact on the global gene expression of Pto. In addition, the
expression patterns of the DEGs at 6 hpi, when bacterial pop-
ulation density remained unchanged compared with that ob-
served at 0 hpi (Fig. S4), strongly correlated with bacterial
growth at 48 hpi in different plant genotypes (R2 = 0.94) (Fig.
3B), suggesting that bacterial transcriptome patterns at the early
phase of infection could explain future bacterial growth.
CYP79B2 andCYP79B3 encode enzymes required for tryptophan-

derived defense secondary metabolites including camalexin and
4-hydroxyindole-3-carbonyl nitrile (36, 37). STP1 and STP13 encode
sugar transporters, which were shown to sequester sugars from the
extracellular space where foliar bacterial pathogens colonize (18).
Previous studies showed that tryptophan-derived defense secondary
metabolite production and sugar sequestration contribute to re-
sistance against Pto (18, 38). In the present study, Pto and Pto
AvrRpt2 transcriptomes in cyp79b2 cyp79b3 and stp1 stp13 mutants
were similar to those in Col-0 (Fig. 3A).

The System of Bacterial Iron Acquisition Is Influenced by Plant Immunity.
The host genotype-dependent DEGs in Pto AvrRpt2 could be
separated into six clusters based on the expression patterns, which
were then subjected to GO analysis (Fig. 3 A and C and Datasets
S4 and S5). In cluster II, genes related to siderophore biosynthesis,
which is known to be induced under iron-deficient conditions and
to scavenge iron from the environment, were induced in planta
and suppressed by both PTI and ETI (Fig. 3C). Because both PTI
and ETI impact the expression of iron-related genes, we investigated
the link between bacterial responses to iron and plant immunity. Of
the 133 previously reported iron-responsive genes in in vitro-grown
Pto (39), a significant number (69 genes) were differentially regu-
lated by plant immunity (4.8-fold over-enriched; P = 1.89e−37;
hypergeometric test) (Fig. 4A; overlap between the red and green
bars). More strikingly, of the 69 genes coregulated by iron and
plant immunity, iron-repressive genes were almost exclusively
suppressed by plant immunity, whereas iron-inducible genes
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medium; vitro, Pto in King’s B medium; vivo, Pto infection in Col-0. For the
list of differentially expressed genes and complete enriched GO terms, see
Datasets S2 and S3, respectively.
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involved both immune-inducible and immune-repressive genes
(Fig. 4A). Thus, plant immunity modulates a part of the bacterial
iron responses.

pvdS and Its Regulatory Targets Are Commonly Suppressed by PTI
and ETI. We investigated the promoter region of iron-responsive
genes for the binding motifs of Fur and PvdS, both of which are
known to be involved in iron responses (Fig. 4A) (40). Fur is the
primary regulator of iron homeostasis and, in the presence of
iron, typically functions as a repressor of the downstream iron
responses (40). PvdS, an extracytoplasmic function sigma factor,
regulates the biosynthesis of pyoverdine, a siderophore enriched
in cluster II (Fig. 3A and Dataset S4). pvdS is negatively regu-
lated by Fur and is derepressed under iron-deficient conditions
(39). The Fur or PvdS motif was enriched in the promoter region
of the genes suppressed by both plant immunity and iron (Fig.
4A; the cluster of genes marked with red in the dendrogram),
including the pvdS gene itself (Fur: 17.4-fold over-enriched, P =
6.22e−9; PvdS: 15.2-fold over-enriched; P = 1.85e−9; hyper-
geometric test) (Fig. 4A). RT-qPCR analysis confirmed our
RNA-seq data that pvdS expression was suppressed by AvrRpt2-
triggered ETI (Fig. 4B). These results pinpointed the Fur–PvdS
pathway as a potential target of plant immunity for impeding
bacterial growth. Moreover, three of five bacterial sigma factors
directly regulated by Fur (41) were strongly induced in planta
and were suppressed by both flg22-PTI and AvrRpt2-ETI (Fig.
S6), suggesting that plant immunity might broadly target iron-
related sigma factors to manipulate bacterial iron metabolism.

pvdS Has a Causal Impact on Bacterial Growth in Planta. We found
suppression of the PvdS pathway by both PTI and ETI striking
(Figs. 2C and 3 A and C). To examine whether the manipulation
of the PvdS regulatory pathway has causal effects on bacterial
growth in planta, we generated a Pto AvrRpt2 strain that con-
stitutively expresses pvdS (AvrRpt2 pvdS-ox) to counteract the
suppression of pvdS expression by ETI (Fig. 4B). AvrRpt2 pvdS-
ox grew 12-fold more than Pto AvrRpt2 (AvrRpt2 EV) in Col-
0 plants, whereas these two strains grew at a similar level in
rps2 rpm1-mutant plants, which do not trigger ETI (Fig. 4C and
Fig. S7). Thus, high pvdS expression confers Pto tolerance
against AvrRpt2-triggered ETI.

Regulation of pvdS in Plants Is Independent of Iron Concentration.
Since pvdS suppression occurs under iron-rich conditions in vitro,
we tested the possibility that ETI suppressed pvdS expression by
increasing apoplastic iron. By coinoculating bacteria with Fe-
citrate, we showed that iron did not influence pvdS expression
even at a concentration detrimental for bacterial growth in plants
(Fig. 5 A and B). Furthermore, iron content in apoplastic and in-
tracellular fluid did not change upon flg22 treatment or ETI trig-
gered by bacterial infection (Fig. 5 C and D). Collectively, these
data suggest that altered iron availability is unlikely to be the cause
of changes in pvdS expression resulting from plant immunity and
that plant immunity influences pvdS expression by means other
than directly regulating iron concentrations.

Discussion
Studies of plant disease resistance in the past few decades have
revealed two major forms of plant innate immunity, PTI and
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ETI. PTI and ETI are highly effective in restricting pathogen
growth. However, how PTI and ETI halt pathogen growth re-
mains an outstanding question that has been difficult to eluci-
date. In this study, using in planta bacterial RNA-seq analysis, we
were able to link the activation of various immune-signaling
pathways to specific changes in global bacterial gene expres-
sion, thereby defining the immune-responsive sector of the Pto
transcriptome (Figs. 2 and 3). We found that the expression
pattern of the immune-responsive sector genes at an early time
point of infection is tightly linked to bacterial growth at a later
time point (Fig. 3B). Importantly, among the immune-responsive
sector genes is pvdS (Fig. 4), a transcriptional regulator pre-
viously known for its role in regulating iron responses (34). We
found that overexpression of pvdS partially counters AvrRpt2-
triggered ETI (Fig. 4C), exemplifying a causal role of the immune-
responsive sector genes in mediating bacterial growth inhibition
during plant immunity.
The T3SS and T3Es have long been known as essential viru-

lence factors of bacterial pathogens (4). Suppression of T3E
translocation and T3SS expression by PTI has been proposed to
be an attractive mechanism of attenuating pathogen virulence
capacity during plant immunity (16). Remarkably, however, our
in planta transcriptome analysis revealed that PTI has a much
broader impact on bacterial metabolism beyond the T3SS, in-
cluding fundamental processes of life, such as protein translation
(Fig. 2C), suggesting that bacterial growth inhibition during PTI
may be caused by the alteration of multiple bacterial processes
other than or in addition to T3SS suppression. Because our
bacterial transcriptome profiling was conducted at an early time
point before bacterial population densities diverged in different
samples (Fig. S4), these broad effects are not a consequence of
differential bacterial population densities per se. Furthermore,
although ETI also can effectively halt bacterial growth, our data
suggested that ETI has a narrower impact on the bacterial
transcriptome. Most notably, ETI did not markedly affect the
expression of T3SS genes (Figs. 2C and 3A; see Pto vs. PtoAvrRpt2

in Col-0 plants or Col-0 vs. rps2 rpm1 plants in Pto AvrRpt2)
(20). This is consistent with the notion that PTI, but not ETI,
invariably blocks T3Es translocation into host plant cells (16, 20).
It should be pointed out that, due to the cost of profiling a large
number of tissue samples, we had to restrict sampling to a single
time point in this study. Therefore, our study cannot exclude the
possibility that the different effects observed between PTI and
ETI could be partially due to different kinetics of immune ac-
tivation during PTI and ETI. Transcriptome analyses at multiple
time points would be an important future direction to under-
stand the dynamic transcriptome responses of bacteria in plants.
Plant defense hormone pathways (e.g., the SA, JA, and ET

pathways) are known to contribute redundantly to plant tran-
scriptional reprogramming and bacterial growth suppression (29,
42). Our RNA-seq data showed that these hormone pathways
also redundantly affect the Pto bacterial transcriptome (Fig. 3A).
How different hormone pathways converge on a similar impact
on bacterial gene expression remains to be investigated. One
possibility is that different hormone pathways lead to the same
immune output/signal that ultimately affects the bacterial tran-
scriptome. Another possibility is that different immune pathways
have distinct immune outputs/signals, but they ultimately affect the
bacterial transcriptome in a similar fashion. The identity of such
immune outputs/signals (i.e., changes in apoplastic environments)
remains obscure and is a subject for future experimentation.
Our bacterial transcriptome data provided some clues for the

changes in apoplastic environments during immune activation.
We found that both PTI and ETI commonly suppress the ex-
pression of bacterial iron-associated genes, and this was associ-
ated with bacterial growth inhibition (Fig. 2C). This finding
enabled us to uncover that the bacterial sigma factor gene pvdS
plays a causal role in mediating part of bacterial growth inhibi-
tion during AvrRpt2-triggered ETI (Fig. 4C). PvdS is a widely
conserved global iron-response regulator in plant/animal path-
ogenic and commensal bacteria (43), implying that the sup-
pression of bacterial iron-acquisition pathways may be a general
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strategy for plant immunity to control bacterial growth in planta.
Besides the interesting ability of pvdS overexpression to partially
counter AvrRpt2-triggered ETI, future research should examine
whether PvdS and related sigma factors are also required for basic
Pto virulence in plants. Pto has four other sigma factor genes that
are responsive to iron starvation (41), at least two of which,
PSPTO_1203 and PSPTO_1209, were suppressed by plant im-
munity (Fig. S6). Understanding the roles of these sigma factors in
basic bacterial virulence is an important future direction.
Iron is a two-faced element for bacterial growth: It is essential

for biological processes, but in excess iron is toxic (44). It is well
studied that animal hosts regulate iron availability in both di-
rections, iron sequestration and intoxication, to inhibit pathogen
growth (45). It is also known that some bacterial pathogens have
evolved mechanisms to avoid host-mediated iron regulation (45).
Thus, regulation of iron homeostasis seems to be under selective
pressure during coevolution between hosts and bacteria. How-
ever, this study could not establish whether and how plant im-
munity modulates Pto iron homeostasis during infection.
Because PvdS-target genes may function in cellular processes
beyond iron homeostasis (43), it is possible that bacterial pro-
cesses regulated by PvdS other than iron homeostasis may also
be critical for in planta Pto growth. A previous study suggested
that the iron concentration of A. thaliana apoplast was not a
limiting factor for bacterial growth (46). It was also shown that a
PvdS-regulated siderophore, pyoverdine, and other high-affinity
iron-scavenging systems are dispensable for Pto pathogenesis
(47). Taking these findings together with our observation that iron
coinfiltration did not promote Pto growth in plants (Fig. 5A), we
infer that iron limitation in the apoplast unlikely explains poor Pto
growth under ETI. On the other hand, PTI and ETI clearly sup-
pressed Pto genes that are known to be suppressed by iron sup-
plementation in vitro (Fig. 4A), suggesting that plant immunity
causes an iron-rich–like response in bacteria. However, our data
suggested that PTI and ETI do not change the iron content in the
plant apoplast (Fig. 5), indicating that plant immunity likely in-
fluences bacterial iron-responsive genes independently of iron
content. In this regard, it is tempting to speculate that plants may
secrete an iron-mimicking compound that misregulates the Fur–
PvdS regulon to trick bacteria into an iron-starved state without
drastically changing the apoplastic iron content, which otherwise
might cause collateral damage in plant growth and reproduction.
Future research is needed to test the hypothesis that production of
iron-mimicking compounds to perturb bacterial iron response
might be an antibacterial strategy in plant immunity.
Beyond uncovering an enigmatic transcriptome response of Pto

to plant immunity, our in planta bacterial RNA-seq pipeline opens
an exciting possibility to study the in planta transcriptomes of a
variety of bacterial species and bacterial communities naturally
associated with plants. Healthy plants are colonized by multitudes
of microorganisms, and plant immunity has been shown to be
important for modulating commensal or beneficial relationships
with microbial colonizers (48). How plant immunity shapes the
transcriptomic and metabolic dynamics of diverse plant-associated
bacterial species to maintain microbiome homeostasis remains an
outstanding question. Combined with other methodologies, the in
planta bacterial transcriptome approach reported here has po-
tential to provide untapped opportunities to holistically un-
derstand the interactions between host immunity and microbiota.

Materials and Methods
Plant Materials and Growth Conditions. The A. thaliana accession Col-0 was
the background of all A. thaliana mutants used in this study. The A. thaliana
mutants rpm1-3 rps2-101C (49), cyp79b2 cyp79b3 (37), npr1-1 (50), and
stp1 stp13 (51) and combinatorial mutants (29) of the A. thaliana mutants
dde2-2 (52), ein2-1 (53), pad4-1 (54), and sid2-2 (55) were described pre-
viously. The double mutant sid2-2 pmr4-1 was generated by standard ge-
netic crosses (56). Plants were grown in a chamber at 22 °C with a 10-h light

period and 60% relative humidity for 24 d and then in another chamber at
22 °C with a 12-h light period and 60% relative humidity. For all experi-
ments, 31- to 33-d-old plants were used.

Bacterial Strains. Pto DC3000 carrying empty vector (pLAFR), avrRpt2 (pLAFR)
(57), and avrRps4 (pVSP61) (58) and effector-deficient mutant Pto D36E (28)
were described previously.

Accession Numbers. The accession numbers for the genes discussed in this article
are as follows: AtACTIN2 (At2g18780), AtPR1 (AT2G14610), AtDDE2 (AT5G42650),
AtEIN2 (AT5G03280), AtPAD4 (AT3G52430), AtSID2 (AT1G74710), AtNPR1
(AT1G64280), AtPMR4 (AT4G03550), AtSTP1 (AT1G11260), AtSTP13 (AT5G26340),
AtCYP79B2 (AT4G39950), AtCYP79B3 (AT2G22330), AtRPS2 (AT3G03600),
AtRPM1 (AT3G07040), pvdS (PSPTO_2133), hrpL (PSPTO_1404), avrPto
(PSPTO_4001), cmaA (PSPTO_4709), gapA (PSPTO_1287), katB (PSPTO_3582),
katG (PSPTO_4530), gyrA (PSPTO_1745). A. thaliana and Pto accession
numbers were based on The Arabidopsis Information Resource and The
Pseudomonas Genome Database, respectively.

In Vitro Bacterial Cultures for RNA-Seq. Bacteria were grown in either King’s B
medium (1% proteose peptone, 1.5% glycerol, 8.6 mM K2HPO4, 5 mM
MgSO4, pH 6.9) or type III-inducible medium (31) [50 mM KH2PO4, 7.6 mM
(NH4)2SO4, 1.7 mM NaCl, 1.7 mM MgCl26H2O, 10 mM fructose, pH 5.7] to
OD600 = 0.65 (exponential phase) at 28 °C. Upon harvesting bacterial cells,
0.1 volumes of 5% phenol and 95% ethanol were added to the culture,
which was then resuspended and centrifuged, followed by total RNA ex-
traction for RNA-seq of the bacterial pellet.

Elicitor Pretreatment.One day before bacterial infection, leaves were sprayed
with H2O (mock treatment), 1 μM flg22 (EZBiolab), 100 μg/mL chitosan
(Sigma), or 50 μM SA (Duchefa Biochemie).

Bacterial Infection and Sampling. Pto stains were cultured in King’s B medium
at 28 °C. Bacteria were harvested by centrifugation and resuspended in
sterile water to an OD600 of 0.5 (∼2.5 × 108 cfu/mL). In total, 80–100 A.
thaliana leaves (four leaves per plant) were syringe-inoculated with bacterial
suspensions using a needleless syringe. The infected leaves were harvested
at 6 hpi, immediately frozen in liquid nitrogen, and stored at −80 °C.

Establishment of a Bacterial Isolation Buffer. The bacterial isolation buffer
needs to be able to fix bacterial metabolism, protect bacterial RNA from
degradation, and separate bacterial cells from plant cells. We first tested a
commonly used solution containing 9.5% ethanol and 0.5% phenol. This
could protect bacterial RNA when bacteria were incubated alone but not
when mixed with crushed plant leaves (Fig. S1C). Adding the reducing agent
Tris(2-carboxyethyl)phosphine (TCEP; Sigma) to a final concentration of
25 mM protected bacterial RNA in the mixed condition in a pH-dependent
manner: Buffers with lower pH protected bacterial RNA better (Fig. S1C). We
determined pH 4.5 as an optimal condition, where both RNA protection and
bacterial enrichment could be sufficiently accomplished. Incubating bacterial
cells in this buffer did not affect bacterial transcriptome patterns, suggesting
that this buffer fixed bacterial metabolism (Fig. S1D).

Bacterial Isolation. Frozen infected leaves (80–100 leaves) were crushed with
8–10 metal beads (4 mm) by manually shaking the tube. To isolate bacterial
cells, 30 mL of fresh bacterial isolation buffer was added to the crushed
leaves and mixed thoroughly by vigorous manual shaking and vortexing. All
subsequent processes were done on ice or in a cold room (4 °C). The sample
was incubated for 20 h with mild shaking. After 20 h of incubation, the
sample was passed through a 6-μm filter to remove large plant debris. The
flowthrough was centrifuged at 3,200 × g for 20 min to pellet plant and
bacterial cells. The supernatant was carefully removed, and the pellet was
resuspended in 900 μL of a buffer containing 9.5% EtOH and 0.5% phenol.
The suspension was centrifuged at 2,300 × g for 20 min to obtain a two-
layered pellet (a white layer on the top and a green layer on the bottom).
The top layer of the pellet (bacterial cells) was resuspended by pipetting
while keeping the bottom layer (plant cells) intact. Then, the liquid phase, in
which the top layer was suspended, was transferred to a new tube. Bacterial
cells were collected by centrifuging at 10,000 × g for 2 min and were
resuspended in 1 mL of TriFast (Peqlab).

RNA Extraction. The TriFast solution was mixed with 200 μL of chloroform,
and the aqueous phase was isolated by centrifugation (typically 400 μL). The
aqueous phase was mixed with 200 μL (half volume) of ethanol and then

E3062 | www.pnas.org/cgi/doi/10.1073/pnas.1800529115 Nobori et al.

D
ow

nl
oa

de
d 

at
 M

-P
 In

st
 fu

r 
zu

ch
tu

ng
sf

or
 o

n 
Ja

nu
ar

y 
29

, 2
02

0 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1800529115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1800529115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1800529115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1800529115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1800529115


applied to the column of RNAqueous kit (Ambion). RNA was eluted in 30 μL
of RNase-free water following the manufacturer’s protocol and treated with
2 U of TURBO DNase (Ambion) for 30 min at 37 °C. Then, plant rRNA was
removed using the Ribo-Zero plant kit (Epicentre) following the manufac-
turer’s protocol. Input RNA amount ranged from 2.5–5 μg depending on the
yield of RNA after DNase treatment. Plant rRNA-depleted RNA was purified
and concentrated with the RNeasy MinElute kit (Qiagen).

cDNA Library Generation and RNA-Seq. cDNA libraries were generated with
the Ovation Complete Prokaryotic RNA-seq kit 1-8 (NuGEN), following the
manufacturer’s protocol with some modifications. Ten nanograms of plant
rRNA-depleted RNA was used as input. DNA fragmentation was conducted
with a Covaris S-Series instrument. cDNA libraries were subjected to RNA-seq
at the Max Planck Genome Centre Cologne using an Illumina HiSeq
3000 system with 150-bp strand-specific single-end read, resulting in
∼10 million reads per sample. The Illumina CASAVA pipeline (version 1.8.2)
was used for base calling, and cutadapt (59) was used for discarding reads
containing the Illumina adaptor sequences. The resulting reads were
mapped onto the Pto DC3000 genome/coding sequence (CDS) (Pseudomo-
nas Genome Database) and the A. thaliana genome (TAIR10) using Bowtie2
(60) and TopHat2 (61), respectively. Mapped reads were counted with the
Python package HTSeq. (62). The RNA-seq data used in this study are de-
posited in the National Center for Biotechnology Information Gene Ex-
pression Omnibus database (accession no. GSE103442).

Differential Gene-Expression Analysis. The statistical analysis of the RNA-seq
data was performed in the R environment. Genes with zero counts in at
least one of the samples were excluded. The count data of the remaining
geneswere normalized and log-transformed by the function calcNormFactors
[trimmed mean of M-values (TMM) normalization] in the package edgeR (63)
and the function voomWithQualityWeights in the package limma (64), re-
spectively. Density plot analysis, carried out with the function plotDensities
in the package limma, showed that TMM normalization successfully nor-
malized the read-count distribution of each sample (Fig. S2C). To each gene,
a linear model was fit by using the function lmFit in the limma package with
the following terms: Sgtr = GTgt + Rr + egtr, where S is the log2 count per
million, GT is the host genotype:Pto strain interaction and the random fac-
tors, R is the biological replicate, and e is the residual. The eBayes function in
the limma package was used for variance shrinkage in the calculation of the
P values, which was then used to calculate the false discovery rate (FDR; the
Storey’s q-values) using the qvalue function in the qvalue package (65). All
normalized mean expression values (log2 counts per million) of bacterial
genes are shown in Dataset S6. To extract genes with significant expression
changes, the cutoff of q-value <0.01 and jlog2 fold changej > 2 was applied.
The prcomp function was used for principal component analysis. The mul-
tidimensional scaling (MDS) plot was created with the plotMDS function in
the package edgeR. Hierarchical clustering was done using the dist and
hclust functions in the R environment or using Cluster3.0 software (66).
Heatmaps were created with the heatmap3 function in the R environment
or using TreeView (67). For the distance heat map, the distances were cal-
culated using the dist function in R environment after estimating a mean-
dispersion relationship of the data using the estimateDispersions function
with method = ‘blind’ and transforming the variance with the varianceSta-
bilizingTransformation function in the DESeq2 package (68). Enriched GO
terms were identified using the BiNGO plugin for Cytoscape (69).

Quality Assessment of RNA-Seq Data. There was certain variation in the
bacterial enrichment rate among samples, and some sequence reads were
mapped to neither the Pto nor the A. thaliana genome due to low quality or
contaminations (“Else” in Fig. 1C). However, hierarchical clustering of RNA-
seq data showed that the bacterial enrichment rate and the sequence depth
did not explain the transcriptome pattern (Fig. S2A), suggesting that there
are no systematic biases caused by our enrichment method.

In Planta Bacterial Transcriptome Method Based on Customized Probes. Pto
DC3000 was grown in King’s B medium at 30 °C. Plants were grown in a chamber
with a 12-h light period, 23 °C temperature during the day and 21 °C at night.

Two leaves from 3- to 4.5-wk-old A. thaliana plants were infiltrated with
either 0.005% DMSO (mock treatment) or 500 nM flg22 using a needleless
syringe. Plants were inoculated with a bacterial suspension at an OD600 of
0.75 (∼109 cfu/mL) of Pto DC3000 at 20 h post infiltration. Seven hours after
Pto DC3000 inoculation, leaves were collected for RNA extraction.

RNA was extracted using the TRIzol reagent (Thermo Fisher Scientific) and
the Direct-zol RNA Miniprep kit (Zymo Research). Purified RNA was treated
with 10U of RNase-free DNase I (Roche Applied Science), after which RNAwas

purified a second time with the Direct-zol RNA Miniprep kit. Nonorganellar
18S and 28S rRNAs, and poly(A) mRNAs were depleted using the
MICROBEnrich kit (Thermo Fisher Scientific). RNA quality was evaluated using
the Agilent 2100 BioAnalyzer, and RNA concentration was determined using
the Qubit RNA HS assay kit (Thermo Fisher Scientific).

RNA-seq libraries were prepared using the Ovation Arabidopsis RNA-seq
system 1-16 (NuGEN) with two modifications to the manufacturer’s protocol.
First-strand cDNA synthesis used only the first-strand primer random mix
(the oligo dT primer mix was omitted), while on strand selection II, custom
insert-dependent adapter cleavage probes (InDA-C; currently referred to as
“AnyDeplete”) with specificity to highly abundant A. thaliana chloroplast
and nuclear transcripts (361 probes) and Pto DC3000 rRNAs (65 probes; 1 μL
of each 2-μM probe mixture was used; Dataset S7) were added to the mix-
ture of A. thaliana cytoplasmic, chloroplast, and mitochondrial rRNA custom
probes that are included with the kit.

Libraries were pooled and sequenced in the Illumina HiSeq. 2500 system
using HiSeq SBS reagents (version 4) to obtain 50-bp single reads. Base calling
was done by the Illumina Real Time Analysis software (RTA version 1.18.64).

Primer Information. The list of primers used in this study is provided in
Dataset S8.

RT-qPCR Analysis. RT-qPCR was performed using the SuperScript One-Step RT-
PCR system kit (Invitrogen). As inputs, 3 ng and 300 ng of DNase-treated RNA
extracted from infected leaves were used for analyzing plant and bacterial
genes, respectively.

Generation of pvdS-Overexpressing Pto. The pvdS CDS was amplified from Pto
genomic DNA by PCR with the primers pvdS_F and pvdS_R. The amplified
fragment was linked with the DNA amplified from pLMB426 plasmid (70)
with the primers pLMB426_F and pLMB426_R under the Ptac promoter,
using an in-fusion cloning kit (Clontech) to make the circular plasmid. The
DNA amplified from pLMB426 plasmid with the primers pLMB426_F2 and
pLMB426_R2 was digested with XhoI and ligated to generate the empty
vector. The resulted plasmid was transformed into Pto AvrRpt2 by a tripar-
ental mating using the helper strain carrying pRK600 and was selected with
40 μg/mL rifampicin, 10 μg/mL tetracycline, and 50 μg/mL gentamycin.

Bacterial Growth Assay. Bacterial growth assays were performed as described
previously (29). Bacteria-infected plants were kept in a chamber at 22 °C with
a 12-h light period and 60% relative humidity. For the Fe coinfiltration
study, Na-citrate or Fe-citrate (Sigma) was dissolved in a bacterial suspension
at the desired concentration before syringe infiltration.

Extraction of Apoplastic and Intracellular Fluids and Iron Measurement. Extraction
of apoplastic and intracellular fluid was performed following a previous
publication with slight modifications (71). Leaves from 4-wk-old plants
were washed and vacuum infiltrated with cold water twice for 2 min.
Apoplastic fluids were collected by centrifugation at 3,000 × g for 5 min
in 50-mL tubes. The leaves were then frozen at −80 °C overnight and
thawed at room temperature for 20 min. Intracellular fluids were col-
lected from the frozen leaves by centrifugation at 12,000 × g for 10 min.
For iron measurement, HNO3 and H2O2 were added to the apoplastic and
intracellular fluids for final concentrations of 1% (vol/vol), followed by
heating at 95 °C for 10 min. The precipitate was removed by centrifuga-
tion at 12,000 × g for 5 min. The remaining solutions were filtered through
5-μm filters (Millex-SV syringe filter unit; Millipore), followed by mea-
surement with an inductively coupled plasma mass spectrometer (ICP-MS).
The concentration of the different elements was determined using an
Agilent 7700 ICP-MS (Agilent Technologies), strictly following the manufacturer’s
instructions.
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