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ABSTRACT The auxin indole-3-acetic acid (IAA) is a plant hormone that not only
regulates plant growth and development but also plays important roles in plant-
microbe interactions. We previously reported that IAA alters expression of several vir-
ulence-related genes in the plant pathogen Pseudomonas syringae pv. tomato strain
DC3000 (PtoDC3000). To learn more about the impact of IAA on regulation of
PtoDC3000 gene expression, we performed a global transcriptomic analysis of bacte-
ria grown in culture, in the presence or absence of exogenous IAA. We observed
that IAA repressed expression of genes involved in the type III secretion (T3S) system
and motility and promoted expression of several known and putative transcriptional
regulators. Several of these regulators are orthologs of factors known to regulate
stress responses and accordingly expression of several stress response-related genes
was also upregulated by IAA. Similar trends in expression for several genes were
also observed by quantitative reverse transcription PCR. Using an Arabidopsis thali-
ana auxin receptor mutant that accumulates elevated auxin, we found that many of
the P. syringae genes regulated by IAA in vitro were also regulated by auxin in
planta. Collectively the data indicate that IAA modulates many aspects of PtoDC3000
biology, presumably to promote both virulence and survival under stressful condi-
tions, including those encountered in or on plant leaves.

IMPORTANCE Indole-3-acetic acid (IAA), a form of the plant hormone auxin, is used by
many plant-associated bacteria as a cue to sense the plant environment. Previously,
we showed that IAA can promote disease in interactions between the plant pathogen
Pseudomonas syringae strain PtoDC000 and one of its hosts, Arabidopsis thaliana.
However, the mechanisms by which IAA impacts the biology of PtoDC3000 and
promotes disease are not well understood. Here, we demonstrate that IAA is a signal
molecule that regulates gene expression in PtoDC3000. The presence of exogenous
IAA affects expression of over 700 genes in the bacteria, including genes involved in
type III secretion and genes involved in stress response. This work offers insight into
the roles of auxin-promoting pathogenesis.

KEYWORDS Arabidopsis, type III secretion, auxin, gene expression, indole-3-acetic acid,
pathogenesis, plant pathogen, virulence

P seudomonas syringae pv. tomato strain DC3000 (PtoDC3000) is a pathogen of
tomato and crucifers that also causes disease on Arabidopsis thaliana (1). The

PtoDC3000-A. thaliana interaction serves as a model system for studying plant-patho-
gen interactions and for understanding molecular mechanisms involved in pathogene-
sis. During its life cycle, PtoDC3000 initially grows epiphytically, colonizing the surface
of healthy plants before entering into leaf tissue through stomata or wounds. Once in
the apoplast, it suppresses basal defense responses utilizing a variety of strategies,
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including type III secretion (T3S), to deliver virulence proteins (also called effector pro-
teins) directly into host cells. Many T3S effector proteins suppress host immune path-
ways, while others alter host cell signaling and physiology in other ways to render
plant tissue more amenable for pathogen growth (2–4). PtoDC3000 can then obtain
water and nutrients, grown to high levels in the apoplast, and ultimately cause visible
disease symptoms that include chlorosis and water-soaked or necrotic lesions (1, 5).

Transcription of genes encoding the T3S system in PtoDC3000 is induced early dur-
ing the infection process (6) and is dependent on HrpL, an extracytoplasmic function
(ECF) family alternative sigma factor (7). Studies aimed at elucidating the mechanisms
governing expression of the T3S system and other virulence factors of PtoDC3000 have
revealed that regulation of pathogenicity is complex (8–13). For example, several dif-
ferent plant-derived compounds, including sugars, organic acids, amino acids, and the
plant hormone auxin, have been shown to modulate expression of T3S genes, and it
has been proposed that one or more of these molecules may serve as signals to coordi-
nate virulence gene expression during infection (11, 12, 14).

Auxins represent a major class of phytohormones that is involved in the coordina-
tion of plant growth and development (15, 16). There is growing evidence that auxin
can also play a role in plant–pathogen interactions, often acting to promote host sus-
ceptibility and disease symptom development (17–19). Several plant pathogens,
including PtoDC3000, manipulate the auxin physiology of their hosts using a variety of
strategies, including synthesis of the auxin indole-3-acetic acid (IAA) and production of
virulence factors that alter auxin signaling in the host (20). We recently demonstrated
that in interactions between PtoDC3000 and A. thaliana, IAA plays two different roles
in promoting pathogen growth and disease development: as a plant hormone to sup-
press salicylic acid (SA)-mediated basal host defenses (21) and as a microbial signal
that regulates virulence gene expression (14). The latter finding is consistent with pre-
vious studies showing that IAA serves as a signaling molecule that regulates gene
expression in several plant-associated microbes. For example, application of IAA stimu-
lates changes in gene expression in the plant pathogens Agrobacterium tumefaciens
(22) and Dickeya dadantii (23) as well as in the beneficial rhizobacteria Rhizobium etli
(24) and Azospirillum brasilense (25). These studies revealed that IAA regulates genes
involved in a variety of biological processes, including stress tolerance, antibiotic pro-
duction, adaptation to growth in new environments, and pathogenesis (20). However,
as these previous studies were carried out in culture, auxin-regulated gene expression
in the context of plant hosts has not been explored.

Given our recent discovery that IAA acts as a signaling molecule to modulate
PtoDC3000 virulence-related genes (14), we were interested in determining if IAA has
broader impacts on PtoDC3000 gene expression. Thus, we initiated a global transcrip-
tomic study using RNA sequencing (RNA-seq) and quantitative reverse transcription
PCR (RT-qPCR) to monitor bacterial gene expression in culture in the presence and ab-
sence of exogenously administered IAA. We also tested the expression of several IAA-
responsive genes in planta, taking advantage of an A. thaliana auxin receptor mutant
that accumulates elevated IAA levels. Our results provide important insights into the
impact of IAA on PtoDC3000 gene expression and suggest that IAA modulates many
aspects of PtoDC3000 biology, including downregulation of T3S, and induction of
genes implicated in stress tolerance.

RESULTS AND DISCUSSION

We recently discovered that IAA can act as a signaling molecule to regulate viru-
lence gene expression in PtoDC3000 (14). However, this was deduced based on the
analysis of a few known virulence-related genes (avrPto, hrpL, and tvrR). To investigate
the broader impacts of IAA on gene expression of PtoDC3000, we used transcriptome
sequencing (RNA-seq) to explore the global changes in transcription in bacteria grown
in culture in response to IAA treatment.
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Analysis of RNA-seq data sets of PtoDC3000 following IAA treatment. To investi-
gate the contribution of IAA in the regulation of PtoDC3000 gene expression, we cul-
tured PtoDC3000 in rich medium (NYG) for several hours and then transferred cells to
Hrp-derepressing medium (HDM), a minimal medium that mimics some conditions in
the apoplastic space of the leaf. Important virulence genes, such as those encoding com-
ponents of the T3S apparatus, are expressed in HDM (6, 12, 26). Duplicate mid-log-phase
PtoDC3000 cultures growing in HDM or HDM supplemented with IAA (HDM1 IAA) were
collected for RNA extraction at 30, 60, and 90 min after addition of IAA. cDNA libraries
for two biological replicates were constructed for each time point and sequenced. The
RNA-seq produced high genome coverage and revealed that IAA treatment resulted in
many transcriptional changes in PtoDC3000, and that the biological replicates showed a
very high level of correlation (r$ 0.95) within each time point (data not shown). DeSeq2
was then used as previously described to identify statistically significant differences in
gene expression between bacteria grown in HDM and HDM1 IAA (9, 27). At 30 min after
IAA addition, we observed a total of 740 differentially expressed genes (DEGs; 376 upreg-
ulated and 364 downregulated by IAA); at 60 min, we observed a total of 447 DEGs (284
upregulated and 163 downregulated by IAA); and at 90 min, we observed a total of 360
DEGs (219 upregulated and 141 downregulated by IAA) (Fig. 1A and B; see also Table S1
in the supplemental material). The large number of genes differentially expressed
between PtoDC3000 grown in HDM and HDM 1 IAA confirms our earlier finding that
PtoDC3000 responds to IAA (14).

To better visualize the changes across the three time points, we generated a heat
map, portions of which are shown in Fig. 1C and D. The heat map shows that transcript
levels of many genes were reduced in the presence of IAA at two or more time points,
including several genes encoding proteins involved in T3S (e.g., hrp, hrc, and hop
genes). The heat map also reveals several genes whose transcript levels were increased
in the presence of IAA at all three time points (Fig. 1D). Although some genes show
more complex patterns of expression (e.g., up- or downregulated at only two of three
time points), we do not know if this is biologically relevant, as transcript levels can be
influenced by many factors, such as transcript stability. Given the dramatic changes
observed by 30 min posttransfer to HDM 1 IAA, we focused our analysis on the 30 min
data set.

To gain insight into the function of PtoDC3000 IAA-responsive genes, the DEGs
were annotated using the Pseudomonas genome database (https://www.pseudomonas
.com) (Table S1) and grouped accordingly into various functional categories using
Clusters of Orthologous Groups (COG) analysis (28) (Fig. 2). The functional categories
with the largest number of genes whose expression was influenced by IAA included
energy production and conversion, metabolism, secretion, transcription, translation,
defense mechanisms, cell wall structure and cell wall, biogenesis, and outer mem-
brane. Genes encoding virulence factors such as T3S components and effectors were
placed in COG V. Approximately 200 DEGs predicted to encode hypothetical proteins,
proteins of unknown function, or proteins that do not fit a defined category were not
included in the summary diagram. The data show that most of the functional catego-
ries of PtoDC3000 contain genes both induced and repressed by IAA and indicate that
IAA modulates many aspects of PtoDC3000 biology. Below we discuss the expression
patterns of specific categories of genes, especially those known or predicted to be
involved in pathogenesis.

Genes regulated by IAA. (i) T3S system and T3E genes. PtoDC3000 uses the Hrp/
Hrc T3S system to deliver virulence (also called effector) proteins into the cytoplasm of
host cells to promote disease (3, 5). As expected, we found that genes encoding both
components of the T3S system and T3S effectors (T3Es), together with hrpL, which enc-
odes the RNA polymerase sigma factor HrpL, responsible for initiating transcription of
T3S-related genes, were expressed in HDM. We observed a significant reduction in
transcript levels for almost all T3S-related genes in cultures treated with IAA (Table 1,
Table S1). These findings are consistent with our previous observations for expression
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of avrPto and hrpL in PtoDC3000 growing in the presence of IAA (14). We also observed
the downregulation of several genes encoding T3E chaperones (Table 1). Interestingly,
a single effector gene, hopAH1, was induced following IAA treatment. The observation
that hopAH1 does not appear to be regulated by HrpL (29) may explain, in part, why
the expression of this gene in response to IAA is different than that of other T3S sys-
tem-related genes.

FIG 1 Summary of transcriptional profiling of PtoDC3000 genes regulated by IAA in culture. (A) Venn
diagram showing overlapping differentially expressed genes downregulated in response to auxin
treatment compared to the control (DMSO) at 30, 60, and 90 min after transfer to HDM. (B) Venn
diagram showing overlapping differentially expressed genes upregulated in response to auxin compared
to DMSO at 30, 60, and 90 min after transfer to HDM. (C) Heat map of a subset of differentially expressed
genes that were downregulated following treatment with auxin. (D) Heat map of a subset of differentially
expressed genes that were upregulated following treatment with auxin. The heat maps show the
normalized log2 fold change of the genes across all three time points. Genes of interest referred to in the
text are indicated to the right of each heat map. chp, small conserved hypothetical protein.
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Flagellum-, motility-, and chemotaxis-related genes. We observed that several
genes encoding components of the flagellum or that are involved in motility and che-
motaxis, such as the flgBCDE operon, flgF, motA-1, and fleQ, were downregulated by
IAA (Tables 2 and 3). The downregulation of flagellar genes is hypothesized to be a
strategy to evade pattern-triggered immunity (PTI) (30), as it is well-documented that
flagellin acts as microbial associated molecular pattern (MAMP) to trigger basal defenses

FIG 2 Functional categories of PtoDC3000 genes regulated by IAA in culture 30 min after addition of
IAA. (A) Functional categories (COG) of PtoDC3000 genes upregulated by IAA. (B) COG categories of
PtoDC3000 genes downregulated by IAA. COGs were assigned manually by following functional
categories established by Tatusov et al. (28). COG categories S (no functional prediction, 71 up, 41
down) and “unknown” (no COG listed for this gene, 64 up and 28 down) are not included in the pie
charts. Full COG category descriptions are the following: A, RNA processing and modification; C,
energy production and conversion; D, cell division and chromosome partitioning; E, amino acid
metabolism and transport; F, nucleotide metabolism and transport; G, carbohydrate metabolism and
transport; H, coenzyme metabolism; I, lipid metabolism; J, translation, including ribosome structure
and biogenesis; K, transcription; L, replication, recombination and repair; M, cell wall structure and
biogenesis and outer membrane; N, secretion, motility, and chemotaxis; O, molecular chaperones and
related functions; P, inorganic ion transport and metabolism; Q, secondary metabolite biosynthesis,
transport, and catabolism; T, signal transduction; U, intracellular trafficking and secretion; and V,
defense mechanisms (includes genes involved in virulence, such as T3S genes).
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in plants (31). Thus, the observation that IAA inhibits expression of flagellar genes is con-
sistent with previous observations that IAA promotes virulence in P. syringae. Our findings
are also consistent with reports that IAA appears to inhibit motility in other P. syringae
strains (32). A possible mechanism for this downregulation is via downregulation of FleQ,
a master regulator of flagellar genes (33), in response to IAA (Table 3).

TABLE 1 Selected T3S genes and T3E genes (COG V) regulated by IAA

Locus no. Known or predicted function Gene name Fold changea

T3S system regulator: PSPTO_1404e RNA polymerase sigma factor HrpL hrpL 23.09b

T3S systemmachinery
PSPTO_1373 Type III helper protein HrpW1 hrpW1 22.01
PSPTO_1378 Membrane-bound lytic murein transglycosylase D hrpH 22.87
PSPTO_1381 Hrp pilus protein HrpA1 (TTSS pilin HrpA) hrpA1 22.49
PSPTO_1389e Type III secretion protein HrcC hrcC 22.82
PSPTO_1403c Type III secretion protein HrpJ hrpJ 22.68
PSPTO_1405 Type III helper protein HrpK1 hrpK1 23.59
PSPTO_4101 Type III helper protein HopAK1 hopAK1 22.42

T3S system effectors
PSPTO_1370 Type III effector HopN1 hopN1 22.75
PSPTO_1406 Effector protein HopB1 hopB1 22.54
PSPTO_1568 Type III effector HopAF1 hopAF1 22.21
PSPTO_4001e Type III effector AvrPto1 avrPto1 22.51
PSPTO_4331 Type III effector HopE1 hopE1 25.91
PSPTO_4727 Type III effector HopG1 hopG1 23.94
PSPTO_4776 type III effector HopI1 hopI1 22.40
PSPTO_5354 Type III effector HopA1 hopA1 22.20
PSPTO_0905e Type III effector HopAH1 hopAH1 3.09d

T3S system chaperones
PSPTO_0503 Type III chaperone ShcF shcF 23.43
PSPTO_1369 Type III chaperone ShcN shcN 23.58
PSPTO_4721 Type III chaperone ShcV shcV 22.27
PSPTO_5353 Type III chaperone ShcA shcA 22.10

aFold change at 30 min posttransfer to HDM, unless otherwise noted.
bFold change at 60 min posttransfer to HDM. Differential gene expression was not observed at 30 min for this gene.
cPSPTO_1403 is the first gene in the 12-gene hrpJ-hrcV-hrpQ-hrcN-hrpO-hrpP-hrcQaQbRSTU operon. Other genes in this operon show the same pattern of differential
expression.
dPSPTO_0905 (hopAH1) is the only known type III effector gene up regulated by IAA.
eAnalyzed by RT-qPCR in culture. Genes in boldface were also analyzed in planta.

TABLE 2 Selected motility genes (COG N) regulated by IAA

Locus no. Known or predicted function
Gene
name

Fold
changea

Flagellar motility
PSPTO_1933b Flagellar hook-basal body complex protein FlgB flgB 22.61
PSPTO_1939 Flagellar basal body rod protein FlgF flgF 22.17c

PSPTO_1949 Flagellin fliC 21.95c

PSPTO_1957 Basal-body rod modification protein FliE fliE 22.02
PSPTO_1984 Flagellar motor protein MotA-1 motA-1 22.17c

PSPTO_4953 Flagellar motor protein MotA-2 motA-2 22.02

Chemotaxis
PSPTO_0117 Methyl-accepting chemotaxis protein 22.25
PSPTO_0911d Chemotaxis protein CheW cheW-1 3.39

aFold change at 30 min posttransfer to HDM, unless otherwise noted.
bPSPTO_1933 is the first gene in the 4 gene flgBCDE operon. The other genes in this operon show a similar
pattern of differential expression (see Table S3 in the supplemental material).

cFold change at 90 min posttransfer to HDM. Differential gene expression was not observed at 30 min for these
genes.
dPSPTO_0911 is the only known motility and chemotaxis gene upregulated by IAA.
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Genes encoding TFs and transcriptional regulators. Transcription factors (TFs)
play key roles in bacteria by activating or repressing transcription, typically in response
to environmental or cellular signals. We found that approximately 30 known and puta-
tive TFs and transcriptional regulators were induced in PtoDC3000 following IAA treat-
ment (Fig. 2; Table 3). Some families of TFs we observed to be regulated by IAA are
known to be involved in a variety of biological functions. For example, MarR-type tran-
scriptional regulators constitute a prominent family of TFs critical for bacterial cells to
respond to chemical signals and are involved in the reprogramming of gene expres-
sion in response to stress (34). Notably, the transcript level of PSPTO_3749, encoding a
MarR family member, was the most highly induced TF regulated by IAA in our study
(Table 3).

TetR-family transcriptional regulators are implicated in the regulation of many proc-
esses involved in virulence and stress tolerance (e.g., biofilm formation and efflux gene
expression), metabolism, and cell division (35). Of particular interest here are two TetR
family regulators, AefR (acyl homoserine lactone [AHL] and epiphytic fitness regulator)
(36) and PmeR (Pseudomonas multidrug efflux regulator) (37), whose expression was
enhanced by IAA (Table 3). AefR regulates many virulence-associated traits, including
epiphytic fitness, production of AHL quorum-sensing molecules in P. syringae (36, 38–
41), and transcription of the mexEF-oprN operon encoding a resistance-nodulation-divi-
sion (RND) efflux system (13, 40, 41). Similarly, PmeR regulates expression of an RND
efflux pump encoded by the mexAB-oprM operon (42, 43). As is discussed below,
expression of these RND efflux systems is also affected by IAA. Additionally, the PmeR
ortholog in P. fluorescens, EmhR, has been described as an indole-sensing transcription
factor, and Han et al. (43) showed that, similar to EmhR, PmeR can also respond to
indole. This finding raises the possibility that PmeR responds to other indole deriva-
tives, such as IAA.

TABLE 3 Selected transcription factor/regulator genes (COG K) regulated by IAA

Locus no. Known or predicted function Gene name Fold changea

Downregulated
PSPTO_1299 Hex regulon repressor hexR 23.08
PSPTO_1954 Transcriptional regulator FleQ fleQ 21.99
PSPTO_2128 Response regulator 23.33
PSPTO_2130 LuxR family DNA-binding response regulator 23.03
PSPTO_5669 Noncoding small RNA psr2-crcX psr2 22.97

Upregulated
PSPTO_0157 Transcriptional activator TrpI (regulates trpBA) trpI 2.08
PSPTO_0365 AraC family transcriptional regulator 2.21
PSPTO_0570 Transcriptional regulator PrtN 2.17
PSPTO_0749 Heavy metal-dependent transcriptional regulator 2.46
PSPTO_1336b ArsR family transcriptional regulator 2.05
PSPTO_1483b Response regulator/EAL domain protein 2.94
PSPTO_1565 RNA polymerase sigma factor RpoS rpoS 2.56
PSPTO_1873b GntR family transcriptional regulator 4.42
PSPTO_2395 Transcriptional regulator 2.22
PSPTO_2743 MerR family transcriptional 3.36
PSPTO_3076 TetR family transcriptional regulator 3.34
PSPTO_3547 LysR family transcriptional regulator 2.01
PSPTO_3549b TetR family transcriptional regulator AefR aefR 4.67
PSPTO_3617b MarR family transcriptional regulator 7.75
PSPTO_3749b MarR family transcriptional regulator 24.4
PSPTO_4302 TetR family transcriptional regulator PmeR pmeR 3.46
PSPTO_4539 LuxR family transcriptional regulator 2.21
PSPTO_5116 RpiR family transcriptional regulator 2.60
PSPTO_5660 Noncoding small RNA P16/rgsA rgsA 9.13
PSPTO_5671 Noncoding small RNA rsmX rsmX 6.59
PSPTO_5674 Noncoding small RNA rsmY rsmY 17.9

aFold change at 30 min posttransfer to HDM.
bAnalyzed by RT-qPCR in culture. Genes in boldface were also analyzed in planta.
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The rpoS gene was also induced by IAA (Table 3). This gene encodes an alternative
RNA polymerase sigma factor that plays a central role in adaptation to suboptimal
growth conditions by regulating expression of many genes that protect the cell from
stress (44). Consistent with the increased expression of rpoS, we also observed an
increase in the expression of the small RNA rgsA-P16 (PSPTO_5660), which has been
shown to be regulated by RpoS (45). This suggests that IAA stimulates global changes
in gene expression to facilitate PtoDC3000’s ability to adjust to growth under a variety
of potentially stressful environmental conditions.

Small ncRNAs may provide an additional layer of regulation in response to IAA.
Small noncoding RNAs (ncRNAs) are important regulators of bacterial gene expression.
We observed a decrease in expression of the ncRNA psr2-crcX (PSPTO_5669) when
PtoDC3000 was exposed to IAA. crcX acts by sequestrating the carbon catabolite
repression protein Crc (46). A decrease in expression of this ncRNA would thus impact
the function of Crc, which has been shown to promote survival of PtoDC3000 in plant
tissue (47). Our data suggest that the presence of auxin reduces expression of crcX,
allowing Crc to act to help protect cells from stressful conditions in the plant environ-
ment. We also observed an increase in the expression of two additional ncRNAs, rsmX
(PSPTO_5671) and rsmY (PSTO_5674), in the presence of IAA (Table 3). These and sev-
eral other ncRNAs are regulated by the master regulator GacA and act by sequestering
the Rsm RNA binding proteins, which have been shown to play different roles in mod-
ulating virulence in PtoDC3000 (48). Thus, our data suggest that IAA impacts this regu-
latory cascade (49, 50).

Stress response-related genes regulated by IAA. Several additional PtoDC3000
stress response-related genes were induced following IAA treatment (Table 4). Two of
these genes, PSPTO_1767 (ohr) and PSPTO_4530 (katG), are likely involved in protection
against oxidative stress. For example, ohr1, which is predicted to encode a thiol-depend-
ent peroxidase, plays a central role in bacterial response to stress induced by organic
peroxides (51). Likewise, katG encodes a catalase that detoxifies hydrogen peroxide (52,
53). Two genes, PSPTO_0443 (betA) and PSPTO_1243 (algD), that encode enzymes
involved in the synthesis of the osmoprotectants glycine betaine and alginate, respec-
tively, are also upregulated by IAA; these genes might help protect the bacteria from os-
motic stress (54, 55). The induction of these stress response-related genes by IAA sug-
gests that IAA serves as a signal to PtoDC3000 to upregulate genes that help them
adjust to stressful conditions.

Genes encoding efflux pumps and other transport-related proteins.
Phytopathogens, like other microorganisms, have developed various mechanisms to
resist the toxic effects of antimicrobial compounds, including using efflux pumps (56,
57). Plants produce a wide range of secondary metabolites with antimicrobial activity
(58, 59), and the ability to efflux these compounds likely contributes to a pathogen’s
ability to colonize host tissue. Bacteria have evolved five different structural groups of
multidrug resistance (MDR) efflux pump transporters: the RND, the small multidrug re-
sistance (SMR), the multiantimicrobial extrusion (MATE), the major facilitator superfam-
ily (MFS), and the ATP-binding cassette (ABC) superfamilies (56, 60). Our RNA-seq data

TABLE 4 Stress response-related genes (COG V) regulated by IAA

Locus no. Known or predicted function Gene name Fold changea

PSPTO_0443 Choline dehydrogenase (glycine betaine synthesis) betA 3.33
PSPTO_0484 Stress response kinase A srkA 22.58
PSPTO_1243 GDP-mannose 6-dehydrogenase AlgD algD 2.06
PSPTO_1667 Universal stress protein family 2.57
PSPTO_1767b Organic hydroperoxide resistance protein ohr 3.81
PSPTO_4530b Catalase/peroxidase HPI katG 2.41
PSPTO_4844 DNA-damage-inducible protein F dinF 2.56
aFold change at 30 min posttransfer to HDM.
bAnalyzed by RT-qPCR in culture. Genes in boldface were also analyzed in planta.
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revealed that expression of several genes encoding efflux pumps was altered in
PtoDC3000 following IAA treatment (Table 5). Perhaps the most interesting of these
are the multidrug RND family efflux transporters (encoded by mex-sax genes). Previous
findings revealed that RND efflux pumps can extrude various antimicrobial compounds
and/or transport virulence factors and, thus, may play a role in plant-bacterium interac-
tions (56, 60). For example, the RND efflux pump encoded by the mexAB-oprM operon
contributes to in planta growth of several P. syringae strains, including PtoDC3000, pre-
sumably by protecting them from the toxic effects of host antimicrobial compounds
(37, 42). Likewise, the mexF-saxF gene confers resistance to aliphatic isothiocyanates
produced by A. thaliana and contributes to virulence in plant tissue (61, 62). Our obser-
vation that these genes are upregulated by IAA in culture is intriguing and suggests
another mechanism by which IAA could promote PtoDC3000 virulence. We also
observed that several other transport-related genes, primarily in the ABC transporter
family, were downregulated by IAA (Table 5).

Transcriptomic profiling through RT-qPCR in culture. To verify the general effect
of IAA on bacterial gene expression, 19 DEGs were selected for further analysis by RT-
qPCR. These selected genes included four genes downregulated by IAA, PSPTO_0371
(iaaL), PSPTO_1389 (hrcC), PSPTO_1404 (hrpL), and PSPTO_4001 (avrPto) and 15 genes
upregulated by IAA, PSPTO_0905 (hopAH1), PSPTO_1336, PSPTO_1483, PSPTO_1767
(ohr), PSPTO_1873 (gntR), PSPTO_3100 (mexF), PSPTO_3549 (aefR), PSPTO_3617,
PSPTO_3749, PSPTO_4233, PSPTO_4530 (katG), and PSPTO_4851. We included in these
experiments three genes predicted to encode small conserved hypothetical proteins
that were strongly induced by IAA at all three time points assayed (PSPTO_1824,

TABLE 5 Selected efflux pump (COG U)- and transport (COG E, G, P and Q)-related genes regulated by IAA

Locus no. Known or predicted function Gene name Fold changea

Downregulated
PSPTO_0370 MATE efflux family protein 21.93
PSPTO_1133 Amino acid ABC transporter permease 23.22
PSPTO_1134 Amino acid ABC transporter substrate-binding protein 22.70
PSPTO_2766 ABC transporter ATP-binding protein 22.22
PSPTO_3716 ABC transporter substrate-binding protein 22.55
PSPTO_3719 ABC transporter permease 22.61
PSPTO_3882 Polyamine ABC transporter 22.95

Upregulated
PSPTO_0062 Putative citrate transporter 2.46
PSPTO_0068 TonB system transport protein ExbD exbD-1 2.09
PSPTO_0489 ABC transporter ATP-binding protein 2.37
PSPTO_1217 Outer membrane efflux protein 11.79
PSPTO_1260 Cyanate MFS transporter 2.43
PSPTO_1292 Glucose ABC transporter 2.00
PSPTO_1826 Arginine/ornithine ABC transporter 2.36
PSPTO_1830 Histidine ABC transporter ATP-binding protein hisP 2.37
PSPTO_2557 Phosphonates ABC transporter permease phnE 3.39
PSPTO_2640 L-Arabinose transporter permease protein araH 2.19
PSPTO_2705 Mannitol ABC transporter permease 2.03
PSPTO_2990 Branched-chain amino acid ABC transporter ATP-binding protein 92.80
PSPTO_3099 Efflux transporter, RND family, MFP subunit MexE mexE 3.54
PSPTO_3100c Efflux transporter, RND family MexF/SaxF mexF 5.95
PSPTO_3101 Outer membrane efflux protein OprN oprN 8.41
PSPTO_3490 Sugar ABC transporter periplasmic sugar-binding protein 2.21
PSPTO_3621 Outer membrane efflux protein 5.04
PSPTO_3748 Multidrug resistance protein 14.70
PSPTO_4303c Efflux transporter, RND family, MFP subunit MexA mexA 3.17
PSPTO_4304b Efflux transporter, RND family, MexB mexB 2.24
PSPTO_4305 Outer membrane efflux protein OprM oprM 2.51
PSPTO_5306 Putrescine ABC transporter protein 2.25

aFold change at 30 min posttransfer to HDM.
bThemexAB-oprM designation for this RND efflux transporter (37) is used to avoid confusion with saxAB (PSPTO_1858/1859) described in reference 61.
cAnalyzed by RT-qPCR in culture. Genes in boldface were also analyzed in planta.
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PSPTO_2683, and PSPTO_4297) (Fig. 1D; Table S1). PtoDC3000 was grown as described
for the cultures analyzed in the RNA-seq experiment. For the majority of the genes
tested, the patterns of changes in expression levels in response to IAA observed by
RT-qPCR were consistent with the results from RNA-seq in the RNA-seq experiments
(Fig. 3 and 4). Specifically, the genes involved in T3S (avrPto, hrpL, and hrcC) were
strongly induced in HDM, and this induction was significantly inhibited by IAA (Fig. 3A
to C). Likewise, we confirmed that expression of iaaL was repressed by IAA (Fig. 3D).
iaaL encodes an IAA amino acid-conjugating enzyme demonstrated to play a role in
PtoDC3000 virulence (63).

The results of the RT-qPCR experiments were consistent with the RNA-seq results
for 11 out of the 15 IAA upregulated genes tested. We observed that the transcripts
levels for these 11 genes were present at low levels in HDM, and at significantly higher
levels in HDM containing IAA (Fig. 4). Four genes, PSPTO_1336, hopAH1, katG, and ohr,
did not follow the same expression pattern as that seen in the RNA-seq experiment
(Fig. S1). Thus, with the exception of these four genes, the RT-qPCR results are in agree-
ment with the RNA-seq data, demonstrating the high degree of reliability of the RNA-
seq expression data obtained for PtoDC3000 in this study.

Expression of IAA-regulated genes in PtoDC3000 growing in leaf tissue. To
begin to investigate the biological relevance of the effect of IAA on PtoDC3000 gene
expression, we analyzed transcripts of the selected DEGs described above in bacteria
growing in planta, both in wild-type (WT) A. thaliana plants and in mutant plants that
accumulate elevated levels of IAA. The tir1-1 afb1-3 afb4-8 afb5-5 (tir1 afb1 afb4 afb5)
mutant line, in which four out of six TIR1/AFB family auxin coreceptors have been
mutated, was previously shown to accumulate elevated levels of IAA and exhibit

FIG 3 Expression of selected genes downregulated by IAA in culture using RT-qPCR. Shown is RT-
qPCR analysis of expression of genes (A) PSPTO_1401 (hrpL), (B) PSPTO_4001 (avrPto), (C) PSPTO_1389
(hrcC) and (D) PSPTO_0371 (iaaL) 30 min after being transferred from NYG to HDM or to HDM
containing 100 mM IAA (HDM 1 IAA). The expression levels in cells growing in NYG was used as a
calibrator of relative expression. The relative expression was calculated using the reference genes
rpoD and recA. Each data point represents the average from 3 biological replicates from one
experiment, and error bars represent the standard errors of the means (SEM) between biological
replicates. Results were analyzed using analysis of variance (ANOVA), followed by a Tukey’s posttest.
Different letters indicate significant difference between samples with a P value of ,0.05.
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FIG 4 Expression of selected genes upregulated by IAA in culture. Shown is expression, quantified by RT-qPCR, of genes PSPTO_1336 (A), PSPTO_1483 (B),
PSPTO_1824 (C), PSPTO_1873 (gntR) (D), PSPTO_2683 (E), PSPTO_3100 (mexF) (F), PSPTO_3549 (aefR) (G), PSPTO_3617 (H), PSPTO_3749 (I), PSPTO_4233 (J),

(Continued on next page)
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increased susceptibility to PtoDC3000. The increased susceptibility in these plants is
due, at least in part, to the suppression of salicylic acid-dependent defenses by IAA
(14). Total RNA from infected leaves was isolated at 6, 12, 24, and 48 h postinoculation
(hpi), and bacterial gene expression monitored using RT-qPCR as previously described
(14). In general, we observed that genes observed to be IAA-responsive in culture
exhibited similar patterns of altered expression in the tir1 afb1 afb4 afb5 plants.

As expected, expression of genes involved in T3S (avrPto, hrpL, and hrcC) was
strongly induced within 6 h after inoculation onto wild-type plants (Fig. 5). These
observations are similar to those reported in a recent study of Nobori et al. (6) and con-
sistent with the observation that delivery of T3E can be observed in planta by 3 hpi
(64). Consistent with our in-culture results, expression of these genes was significantly
reduced in tir1 afb1 afb4 afb5 mutant plants for at least one time point, suggesting

FIG 4 Legend (Continued)
PSPTO_4297, (K), and PSPTO_4851 (L) 30 min after being transferred from NYG to HDM or HDM containing 100 mM IAA (HDM 1 IAA). The expression
levels in cells growing in NYG were used as a calibrator of relative expression. The relative expression was calculated using the reference genes rpoD and
recA. Each data point represents the average from 3 biological replicates from one experiment, and error bars represent the SEM between biological
replicates. Results were analyzed using ANOVA, followed by a Tukey’s posttest. Different letters indicate significant difference between samples with a
P value of ,0.05.

FIG 5 Expression in planta of selected genes downregulated by IAA in culture. Shown is expression of bacterial genes hrpL (A), avrPto (B),
hrcC (C), and iaaL (D) in PtoDC3000 growing in A. thaliana WT Col-0 or tir1 afb1 afb4 afb5 mutant plants. Infected leaves were harvested 6,
12, 24, and 48 h after inoculation, and total RNA was isolated and used for RT-qPCR to quantify bacterial gene expression. RNA prepared
from the PtoDC3000 cell suspension used for the inoculum was used as the calibrator for relative expression. The data shown were compiled
from 2 (A and C) or 3 (B and D) independent experiments, carried out on different days. The relative expression was calculated using the
reference genes recA and rpoD. Each data point is the average from 6 or 9 biological replicates, and error bars represent the SEM between
biological replicates. Results were analyzed using ANOVA, followed by a Tukey’s posttest. Different letters indicate significant difference
between samples with a P value of ,0.05.
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that IAA also downregulates expression of these genes in planta (Fig. 3 and 5). These
results are consistent with our previous observation that genes involved in T3S are
downregulated by IAA during growth in planta and suggest that IAA acts as a micro-
bial signal to turn down expression of T3S-related genes at an intermediate stage of
infection. Presumably, by this stage the majority of bacteria inhabiting the apoplastic
space do not require the T3S system, as they are not in direct contact with plant cells
(14, 65, 66). It is important to note that although transcripts for hrpL and hrcC are
reduced by 6 hpi in the tir1 afb1 afb4 afb5 mutant (Fig. 5), PtoDC3000 grows to high
levels in these plants. Thus, sufficient expression of the T3S apparatus and effector pro-
teins to support full virulence has occurred by this time. Surprisingly, we found that
one T3S-associated gene, hopAH1, was induced by IAA, both in culture (Table 1) and in
planta (Fig. 6D). We also observed that iaaL was expressed at lower levels in tir1 afb1
afb4 afb5 plants (Fig. 5D). One possible role for downregulation of iaaL by IAA during
infection is as a mechanism for increasing free IAA levels in infected tissue.

Our in-culture expression experiments demonstrate that IAA enhances the expression

FIG 6 Expression in planta of selected genes upregulated by IAA in culture. Shown is expression of bacterial genes PSPTO_4297 (A), PSPTO_3749 (B),
PSPTO_1824 (C), PSPTO_0905 (hopAH1) (D), PSPTO_1767 (ohr) (E), PSPTO_1483 (F), PSPTO_3100 (mexF) (G), PSPTO_4303 (mexA) (H), and PSPTO_3549 (aefR) (I)
in PtoDC3000 growing in A. thaliana WT Col-0 or tir1 afb1 afb4 afb5 mutant plants. Infected leaves were harvested 6, 12, 24, and 48 h after inoculation,
and total RNA was isolated and used for RT-qPCR to quantify bacterial gene expression. RNA prepared from the PtoDC3000 cell suspension used for the
inoculum was used as the calibrator for relative expression. The data shown were compiled from 2 (C, E, F, and I) or 3 (A, B, D, G, and H) independent
experiments, carried out on different days. The relative expression was calculated using the reference genes recA and rpoD. Each data point is the average
from 6 or 9 biological replicates, and error bars represent the SEM between biological replicates. Results were analyzed using ANOVA followed by a Tukey’s
posttest. Different letters indicate significant difference between samples with a P value of ,0.05.
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of many PtoDC3000 genes hypothesized to be involved in pathogenesis. Consistent with
these findings, we observed that all but two of the IAA-upregulated genes tested,
PSPTO_3549 (aefR) and PSPTO_1483, are significantly induced during growth in WT plants
(compared to expression levels in rich medium) and that induction of the majority of
these genes occurred within ;6 to 12 h after infiltration (Fig. 6; Fig. S2). Approximately
half of the PtoDC3000 genes confirmed to be upregulated by IAA in culture also exhib-
ited elevated levels of expression during growth in the tir1 afb1 afb4 afb5 mutant plants
(Fig. 6; Fig. S2). Elevated IAA levels in planta accelerated or enhanced the expression of
several genes, as induction of PSPTO_3749, PSPTO_0905 (hopAH1), and PSPTO_1767 (ohr)
(Fig. 6B, D, and E) was detected earlier in tir1 afb1 afb4 afb5 mutant plants than in WT
plants. Further, expression of PSPTO_1483 (Fig. 6F), which was not significantly induced
in WT plants, was strongly enhanced in tir1 afb1 afb4 afb5 mutant plants (Fig. 6F). The
observation of elevated expression at early time points may not be surprising given that
tir1 afb1 afb4 afb5 plants have constitutively elevated IAA, whereas during PtoDC3000
infection IAA levels accumulate over time (67, 68).

Unexpectedly, we observed that expression of several genes, including PSPTO_3100
(mexF), PSPTO_4303 (mexA), and PSPTO_3549 (aefR), was not significantly affected by
increased IAA levels in planta (Fig. 6G to I; Fig. S2B to E). These may represent genes
that are regulated by IAA at a different stage in PtoDC3000’s life history, for example,
when growing epiphytically. This hypothesis is consistent with studies in other P. syrin-
gae strains that demonstrate AefR contributes to epiphytic colonization and survival
(36, 39). Further, the fact that the NDR efflux pump encoded by the mexEF-oprN operon
is regulated by AefR in P. syringae tabaci (40, 41) may explain the lack of IAA induction
of these genes observed inside the leaf (Fig. 5G).

Final observations. Our global transcriptomic analysis provides a broader view of the
impact of IAA on gene expression in PtoDC3000 and suggests that IAA modulates many
aspects of PtoDC3000 biology. The general functional categories of genes we observed to
be regulated by IAA provide insight into the possible roles IAA may play to promote viru-
lence. (i) One role is downregulation of T3S, which is consistent with the hypothesis that
IAA acts as a microbial signal for bacteria to switch from expressing virulence genes
required early during the infection process to expressing genes required at intermediate
stages of pathogenesis (14). This pattern of downregulation of T3S-related genes was con-
firmed in plants that accumulate elevated levels of IAA. (ii) Another role is downregulation
of flagellum-related genes, which could be part of a strategy to evade induction of basal
host defenses (e.g., PTI). (iii) A third role is stimulating expression of transcription factors and
regulators that control expression of genes implicated in stress tolerance and promoting
expression of several stress response-related genes. Enhancing expression of this category
of genes suggests that IAA serves as a signal to upregulate factors that promote survival of
PtoDC3000 under stressful conditions, including those encountered in or on plant leaves.
Interestingly, our finding that several of these genes (aefR, mexE, and mexA) were upregu-
lated by IAA in culture but not in the leaf apoplastic space suggests that IAA influences
PtoDC3000 gene expression in a variety of different environments. Further analysis of these
genes and their expression patterns, including mutational studies, will provide further
insight into the roles auxin plays in plant-pathogen interactions.

Although many of the genes identified as IAA responsive in our in-culture experi-
ment exhibit similar patterns of expression in plants with elevated IAA, this was not
the case for all genes. Likewise, not all genes expressed in plant tissue are induced in
HDM, indicating that HDM is not a perfect mimic of the environment within the apo-
plast. These observations highlight the importance of performing transcriptional analy-
sis of pathogen gene expression in planta. In the future, we will carry out global tran-
scriptomic analysis of bacteria growing in plant tissue to gain better insight into the
regulation of PtoDC3000 genes by IAA during pathogenesis.

MATERIALS ANDMETHODS
Bacterial growth and culture conditions. Pseudomonas syringae pv. tomato DC3000 (PtoDC3000)

was routinely grown on rich medium (nutrient yeast glycerol [NYG] [69]) agar. For RNA-seq experiments,
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bacteria were grown overnight in NYG broth. The next day bacteria were subcultured into fresh NYG
broth and grown to mid-exponential phase (optical density at 600 nm, ;0.3). Bacterial cells were col-
lected by centrifugation and resuspended in Hrp-derepressing medium (HDM) (12) containing 50 mM
fructose and 20 mM citrate at 28°C. Indole-3-acetic acid (IAA; Sigma) in dimethyl sulfoxide (DMSO) at a
concentration of 100 mM or DMSO alone was added to the cultures, and samples were collected at the
indicated times.

Bacterial total RNA extraction for sequencing and RNA-seq library preparation. Bacterial cell cul-
tures were collected at 0, 30, 60, or 90 min after resuspension into HDM or HDM 1 IAA, and RNA was
extracted using the Direct-zol kit (Zymo, Irvine, CA, USA) with on-column DNase treatment. Two biologi-
cal replicates were included for each treatment and time point. RNA was treated again with Ambion
DNase I RNase-free enzyme and purified using Zymo Research RNA Clean & Concentrator (Zymo, Irvine,
CA, USA). Purity and quality of the samples were analyzed on an Agilent Bioanalyzer. rRNA was removed
using Ribo-zero for Gram-negative bacteria (Illumina, Madison, WI) and purified using Zymo RNA Clean
& Concentrator. RNA-Seq libraries were prepared from 50 ng of each rRNA-depleted sample using
Scriptseq V2 library preparation kit (Illumina, San Diego, CA) according to the manufacturer’s instruc-
tions. Single-end barcodes were added to each sample for multiplexing using Illumina’s index set 1
primer set. Libraries were purified using the Zymo Research DNA Clean & Concentrator. The libraries
were sequenced on a NextSeq 500 at the Genomics Facility at the Institute for Biotechnology, Cornell
University. Two libraries representing biological replicates were prepared for each condition (IAA treated
and DMSO control cultures). Eight libraries were multiplexed and sequenced in a lane of a flow cell.

Analysis of bacterial RNA-seq data. Sequenced reads were first trimmed using Trimmomatic 0.38
(70) and then aligned to the PtoDC3000 genome (GenBank accession no. NC_004578; downloaded 23
April 2018) using Bowtie 2.2.6. Reads that aligned to multiple genomic locations were removed. Sinister
and naive profiles for RNA-seq sequence data were made as described in Filiatrault et al. (71). DESeq2
1.20.0 (27) was used as previously described to analyze the magnitude and significance of the fold
change between conditions (72). A false discovery rate (FDR) of 0.05 and a log2 fold change of 0.9 to
20.9 was used to generate the final list of differentially expressed transcripts.

Functional categorization of genes. The web-based tool EggNOG 4.5 (http://eggnog-mapper.embl
.de), which assigns genes to functional categories based on orthologous groups, was used to categorize
differentially expressed genes by COG. Eggnog mapper was downloaded and used to annotate the
PtoDC3000 genome. Lists of differentially expressed genes were categorized by COG. Further functional
classification of genes was also determined by manual curation using Pseudomonas.com (73) and/or af-
ter review of the literature, especially for genes that were initially assigned to multiple distinct functional
categories.

Clustering. Gene expression clustering was carried out based on log2 fold change. A gene expres-
sion clustering map was generated by Gene Cluster 3.0 (74) using default parameters and visualized by
Java TreeView (75). The data were clustered using complete linkage with uncentered correlation dis-
tance method.

Confirmation of gene expression in culture by RT-qPCR. To confirm the effect of IAA on bacterial
gene expression in culture observed in the RNA-seq experiment, we determined differential expression
of a select set of genes by reverse transcriptase quantitative PCR (RT-qPCR) using total RNA isolated
from bacterial cells grown in culture as previously described and harvested at 30 min after transfer to
HDM or HDM 1 IAA (14). RNA isolated from bacteria grown in NYG was used as a calibrator of relative
expression (14). Bacterial growth of these cultures was monitored prior to and for ;12 h after the
treatment.

For each PtoDC3000 sample, RNA was extracted using the RNeasy RNA isolation kit (Qiagen,
Germantown, MD, USA). Bacterial samples stored at 280°C were thawed, the cells were lysed enzymati-
cally by treatment with 0.1 ml lysozyme (1 mg/ml in TE buffer), and RNA was extracted by following the
manufacturer’s instructions using the RNase-free DNase I set for on-column DNase treatment (Qiagen,
Germantown, MD, USA).

For each sample, approximately 1 mg of purified RNA was used for cDNA synthesis using RevertAid
premium first-strand cDNA synthesis kit (Thermo Scientific, Waltham, MA, USA) and random hexamers
as primers. The primers used in this study are provided in Table S3 in the supplemental material. Control
reaction mixtures lacking RT were included to confirm that the samples were not contaminated with
genomic DNA. qPCR was then used to monitor the expression of the following genes: PSPTO_0371
(iaaL), PSPTO_0905 (hopAH1), PSPTO_1336, PSPTO_1389 (hrcC), PSPTO_1404 (hrpL), PSPTO_1483,
PSPTO_1767 (ohr), PSPTO_1824, PSPTO_1873 (gntR), PSPTO_2683, PSPTO_3100 (mexF), PSPTO_3549 (aefR),
PSPTO_3617, PSPTO_3749, PSPTO_4001 (avrPto), PSPTO_4233, PSPTO_4297, PSPTO_4851, and PSPTO_4530
(katG), using ig SYBR green qPCR 2� master mix (Intact Genomics, St. Louis, MO, USA) on a CFX Connect
real-time PCR detection system (Bio-Rad, Hercules, CA, USA). The cycling conditions were 15 min at 95°C,
followed by 40 cycles of 95°C for 5 s and 58°C for 30 s. In each experiment, gene expression analysis was
performed on three biological replicates with three technical replicates for each. The relative expression
was determined using the relative quantitation method of Pfaffl et al. as described previously (76, 77).
RT-qPCR data were normalized to the reference genes PSPTO_4033 (recA) and PSPTO_0537 (rpoD), whose
expression levels are not significantly altered by IAA (14). The bacterial gene expression in NYG was
used as a calibrator of relative expression.

Plant material and growth conditions. All Arabidopsis thaliana wild-type (WT) and mutant lines
used in this study were in the Columbia (Col-0) background. The tir1-1 afb1-3 afb4-8 afb5-5 quadruple
auxin receptor mutant used in this study has been previously described (78). Plants were grown on soil
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in a growth chamber with a short-day photoperiod (8 h light/16 h dark) at 21°C and 75% relative humid-
ity, with a light intensity of;130 microeinsteins s21 m22.

To quantify bacterial growth in the plant, whole leaves were sampled 2 to 3 h after inoculation (day
0) and 3 days after inoculation, weighed to determine leaf mass, ground in 10 mM MgCl2, and then
plated in serial dilutions on NYG medium with rifampin. Four to six leaves were sampled per treatment,
depending on the experiment and time point.

Monitoring bacterial gene expression in planta. Arabidopsis WT Col-0 and tir1-1 afb1-3 afb4-8
afb5-5 mutant plants were inoculated at approximately 4 to 5 weeks of age. Whole leaves were syringe
infiltrated with PtoDC3000 (106 CFU ml21) in 10 mM MgCl2 prepared from freshly growing bacterial cul-
tures or treated with 10 mM MgCl2 (mock treatment for in planta gene expression). Approximately
100 mg of leaves were collected for RNA isolation at 6, 12, 24, and 48 h after inoculation, frozen immedi-
ately in liquid nitrogen, and stored at 280°C. A combination of protocols from the RNAprotect bacterial
reagent kit (Qiagen, Germantown, MD, USA) and RNeasy plant minikit (Qiagen, Germantown, MD, USA)
was used to isolate and enrich for bacterial RNAs from the samples as described by Djami-Tchatchou et
al. (14). For comparison, 1.0 ml of the initial inoculum was collected by centrifugation and total RNA
extracted by following the protocol described above for bacteria grown in culture. RT-qPCR was used to
monitor the expression in planta of all the selected bacterial genes with the subsequent steps exactly as
mentioned above for the validation in culture. In each experiment, gene expression analysis was per-
formed on three biological replicates with three technical replicates for each. The relative expression
was determined using a relative quantitation method of Pfaffl et al. as described previously (76, 77). RT-
qPCR data were normalized using PSPTO_4033 (recA) and PSPTO_0537 (rpoD). The bacterial gene expres-
sion in the inoculum sample was used as a calibrator of relative expression.

Data availability. The RNA-seq data are available in Table S1.
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