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The type III secretion system (T3SS) of plant-pathogenic
Pseudomonas syringae is essential for virulence. Genes encod-
ing the T3SS are not constitutively expressed and must be in-
duced upon infection. Plant-derived metabolites, including
sugars such as fructose and sucrose, are inducers of T3SS-
encoding genes, yet the molecular mechanisms underlying
perception of these host signals by P. syringae are unknown.
Here, we report that sugar-induced expression of type Il secre-
tion A (setA), predicted to encode a DeoR-type transcription
factor, is required for maximal sugar-induced expression
of T3SS-associated genes in P. syringae DC3000. From a Tn5
transposon mutagenesis screen, we identified two independent
mutants with insertions in sefA. When both sefA::Tn5 mutants
were cultured in minimal medium containing fructose, genes
encoding the T3SS master regulator HrpL and -effector
AvrRpml were expressed at lower levels relative to that of a
wild-type strain. Decreased hrpL and avrRpml1 expression also
occurred in a sefA::Tn5 mutant in response to glucose, sucrose,
galactose, and mannitol, demonstrating that setA is genetically
required for T3SS induction by many different sugars. Expres-
sion of upstream regulators hrpR/S and rpoN was not altered
in setA::Tn5, indicating that SetA positively regulates hrpL
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expression independently of increased transcription of these
genes. In addition to decreased response to defined sugar signals,
a setA::Tn5 mutant had decreased T3SS deployment during
infection and was compromised in its ability to grow in planta
and cause disease. These data suggest that SetA is necessary for
P. syringae to effectively respond to T3SS-inducing sugar signals
encountered during infection.

Keywords: bacterial pathogenesis, DeoR-type regulator, metabolism,
plant pathogens, Pseudomonas syringae, type 11l secretion, virulence
regulation

Pseudomonas syringae are gram-negative bacteria that cause
diseases on a wide variety of economically valuable crops, in-
cluding tomato, bean, and tobacco (O’Brien et al. 2011).
P. syringae can infect most aerial tissues of plants, yet are
primarily studied based on their ability to cause disease on
leaves (Getz et al. 1983; Hirano and Upper 2000). During the
initial stages of infection, P. syringae move from the leaf
surface into the apoplast, or interior space, through wounds or
natural openings such as stomata (Xin and He 2013). Once in
the apoplast, P. syringae can grow to high levels within a few
days, ultimately causing visible disease symptoms that in-
clude necrotic lesions and chlorosis of leaf tissue (Abramovitch
et al. 2006).

Like many host-adapted pathogens, P. syringae evades host
defenses through the action of multiple specialized virulence
mechanisms, including the type III secretion system (T3SS), a
syringe-like apparatus that directly injects proteins termed ef-
fectors into host cells (Abramovitch et al. 2006; Grant et al.
2006). Once inside, type III effectors function primarily to
suppress signaling pathways downstream of immune receptors,
thereby allowing the bacteria to escape host defenses induced
during infection (Cui et al. 2009). Consistent with their role in
virulence, genes encoding T3SS structural proteins as well as
effectors are not expressed in the absence of a host and must be
induced at early stages of infection (Tang et al. 2006). A key
regulator of type III secretion (T3S) by P. syringae is HrpL, an
ECF family alternative o factor that binds a consensus hrp box
motif found within the promoters of T3SS-associated genes
(Nissan et al. 2005; Tang et al. 2006; Xiao et al. 1994). Ex-
pression of hrpL itself is induced by HrpR and HrpS, two NtrC-
like proteins that bind to the hrpL promoter and recruit the ¢
factor RpoN (054) (Grimm and Panopoulos 1989; Hutcheson
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et al. 2001; Jovanovic et al. 2011; Rahme et al. 1991; Tang et al.
2006). HrpR and HrpS are encoded by a single ArpRS operon
(Hutcheson et al. 2001) and function as a heterohexameric
complex to regulate hrpL expression (Jovanovic et al. 2011).
Both HrpR and HrpS proteins lack receiver domains found in
most NtrC family proteins, suggesting that promoter-binding
activities of these proteins may not be directly regulated by
cellular signals (Tang et al. 2006).

Early experiments to define the environmental conditions
that induce T3SS deployment revealed that slightly acidic
minimal media containing simple sugars and lacking complex
nitrogen and carbon sources could induce the expression of
T3SS-associated genes (Huynh et al. 1989; Rahme et al. 1992;
Salmeron and Staskawicz 1993). Based on these results, it was
hypothesized that these minimal media mimic the relatively
nutrient-poor conditions encountered by P. syringae on the leaf
surface and within the leaf apoplast during infection (Tang et al.
2006). Building from this, specific organic acids and amino
acids exuded from plant tissues were identified as potent in-
ducers of hrpL expression in P. syringae pv. tomato DC3000, a
commonly used strain for investigating T3SS regulation
(Anderson et al. 2014). These bioactive metabolites included
primary metabolites such as citric acid and aspartic acid, as
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Fig. 1. Tn5 insertion in PSPTO_0362 decreases avrRpml expression in
Pseudomonas syringae pv. tomato DC3000. A, Schematic of PSPTO_0362
locus in DC3000. Triangles show Tn5 insertions in mutant strains m325 and
m17. B, Green fluorescent protein (GFP) fluorescence from DC3000, m325
(PSPTO_0362::Tn5), and a PSPTO_0362-complemented m325 strain
(PSPTO_0362"), each carrying an avrRpmlyomorer:gfp reporter plasmid.
Bacteria were incubated in a minimal medium supplemented with or without
10 mM fructose and 200 puM aspartic acid (asp), as indicated. EV = empty
complementation vector. Graphed are means + standard error of GFP fluores-
cence intensity from cultures 8 h posttreatment, n = 11. Data were pooled from
three independent experiments, n = 3 to 4 per experiment. Lowercase letters
denote significance groupings based on analysis of variance with pairwise ¢
tests and Tukey’s honestly significant difference posthoc test, P < 0.05.
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well as compounds such as hydroxybenzoic acid that are more
closely associated with secondary metabolic pathways. Im-
portantly, the bioactivity of these compounds required the
presence of a simple sugar such as fructose or mannitol in the
inducing medium, suggesting that multiple distinct classes of
metabolites may coordinately regulate T3SS deployment by
P. syringae. However, the genetic bases that link plant-derived
metabolite signals to activation of the T3SS remain unresolved.

We report here that a gene encoding a previously uncharac-
terized deoxyribonucleoside regulator (DeoR)-type transcrip-
tional regulator, sugar-induced expression of T3S A (SetA), is
required for P. syringae DC3000 to maximally express its
T3SS-encoding genes in response to sugars in culture media.
We further show that sefA is required for T3SS deployment and
virulence of DC3000 during infection of Arabidopsis, sug-
gesting that SetA plays an important role in regulating how
P. syringae senses and responds to the host environment.

RESULTS

SetA is required for maximal fructose-induced expression
of type III effector gene avrRpmlI.

We screened a population of Tn5-mutagenized DC3000 for
mutants that express decreased levels of the T3SS effector-
encoding gene avrRpmI in response to fructose and aspartic acid.
The mutagenized strain carried a transcriptional reporter plasmid
consisting of avrRpmI fused to gfp (Yan et al. 2019). We mea-
sured the amount of green fluorescent protein (GFP) fluores-
cence from individual Tn5-mutant colonies as a proxy for levels
of avrRpm1 expression (see Materials and Methods for details of
screen). From this screen, we isolated two independent mutant
strains, m17 and m325, with Tn5 insertions in PSPTO_0362
(Fig. 1A), a gene predicted to encode a 28-kD DeoR-type tran-
scriptional regulator with an N-terminal helix-turn-helix DNA-
binding domain and a C-terminal metabolite-sensing domain.
We used PCR-based genotyping and Sanger sequencing of the
interrupted PSPTO_0362 locus in m17 and m325 to confirm the
locations of the Tn5 insertions (Supplementary Fig. S1; data not
shown). The Tn5 insertions in m17 and m325 occurred at nu-
cleotides +662 and +13, respectively, relative to the predicted
translation start site of PSPTO_0362.

To confirm decreased expression of T3SS-associated genes
in m17 and m325, we cultured each mutant in a minimal me-
dium supplemented with fructose (MMF) or with fructose and
aspartic acid (MMFA), and measured avrRpml expression
based on levels of GFP fluorescence from the aviRpmI yromoter:
gfp reporter plasmid carried by each strain. Bacteria cultured in
the same minimal medium (MM) without additional metabo-
lites served as a negative control. Expression levels of avrRpmI
in both mutants were significantly lower relative to levels in
DC3000 8 h posttreatment with MMFA (Fig. 1B; Supplemen-
tary Fig. S2). We also detected a significant reduction in
avrRpml expression in each mutant cultured in MMF (Fig. 1B;
Supplementary Fig. S2). To confirm that decreased avrRpmI
expression was due to disruption of PSPTO_0362, we introduced
into m325 and m17 a plasmid containing PSPTO_0362 under
the control of a constitutive promoter. For both metabolite
treatments, the plasmid carrying PSPTO_0362 restored avrRpm1
expression in m325 and m17 to levels measured in DC3000
(Fig. 1B; Supplementary Fig. S2). We also measured the
growth of DC3000 and m325 in King’s B (KB) broth, and
observed similar growth rates between these strains (Supple-
mentary Fig. S3). Thus, loss of setA does not affect DC3000
fitness when grown in rich KB medium. Together, these data
suggest that PSPTO_0362 is a positive regulator of fructose-
induced T3SS expression in DC3000. We named this gene
setA. Because sugar is required for aspartic acid to induce



T3SS genes (Anderson et al. 2014), we could not discern
whether decreased avrRpml expression in strains m325 and
ml7 is a phenotype specific to perception of aspartic acid,
fructose, or possibly a combination of both metabolites.
Therefore, we elected to primarily use only fructose and other
sugars as inducing metabolites in all subsequent analyses.

SetA positively regulates hArpL expression independently
of altered hrpRS or rpoN expression.

To place serA in the signaling cascade that regulates the T3SS
of P. syringae, we next determined whether setA is required
for expression of hrpL, hrpRS, or rpoN. We fused the pro-
moter sequences of these genes to gfp within a broad host
range plasmid, and introduced each of the reporter plasmids
into DC3000, as well as m325 cured of the avrRpm1 yromoter:&fP
reporter. We then cultured these reporter strains in KB broth
and measured GFP fluorescence of each culture as a proxy for
reporter gene expression. Expression of ArpRS and rpoN was
detected in both DC3000 and m325 cultured in KB broth, and
no significant difference in expression of these genes was
measured between strains (Fig. 2A). In comparison, hrpL ex-
pression was much lower than ArpRS and rpoN expression in
both DC3000 and m325 (Fig. 2A). Nevertheless, we detected a
significant reduction in ArpL expression in m325 compared with
DC3000 under this treatment condition (Fig. 2A, inset). We then
inoculated the same GFP reporter strains into MMF and mea-
sured GFP fluorescence of these cultures over a course of 12 h.
Expression of hrpL was strongly induced in DC3000 cultured in
MMF (Fig. 2B). Expression of hrpL was also induced in m325
cultured in MMF yet was significantly lower compared with
levels of hrpL expression in DC3000 at all time points (Fig. 2B)
(two-sample ¢ tests, P < 0.01). In contrast to hrpL, GFP fluo-
rescence from ArpRSpromoter-&fP and rpoNpromoter-&fP Strains
initially declined prior to showing slight increases over the
remainder of the time course (Fig. 2C and D). The initial de-
cline was likely due to the turnover of GFP as cells acclimated
to the MMF medium. No significant decrease in hrpRS or rpoN
expression was observed between DC3000 and m325 at all time
points (Fig. 2C and D) (P > 0.05 for all comparisons based on ¢
tests). Based on these results, we conclude that sefA is required
for maximal hrpL expression in both KB and in MMF but is not
required for hrpR or rpoN expression under the same treatment
conditions.

setA is required for maximal avrRpml1 and hrpL
expression induced by multiple distinct sugars.

In addition to fructose, multiple simple sugars can induce
T3SS gene expression, including the sugar alcohol mannitol,
the disaccharide sucrose, and the monosaccharides galactose and
glucose (Huynh et al. 1989). To assess whether setA is broadly
required for sugar-induced expression of T3SS-encoding genes,
we inoculated DC3000 and m325 avrRpml yromoter-gfp TEPOIter
strains into MM supplemented with either fructose, sucrose,
glucose, galactose, or mannitol. All sugars significantly induced
avrRpmI expression in DC3000 over an 8-h time course, albeit
with different kinetics (Fig. 3; Supplementary Fig. S4). Sucrose,
galactose, and glucose induced higher levels of avrRpml ex-
pression relative to fructose and mannitol. These data suggest
that sugar-specific differences may exist in cellular uptake,
perception, or response pathways. Compared with DC3000, ex-
pression of avrRpmlI in m325 was significantly reduced in re-
sponse to all sugars tested (Fig. 3; Supplementary Fig. S4).
However, a significant increase in avrRpml expression was
nonetheless detected in m325 in response to all sugars, indicating
that setA-independent responses to sugar also contribute to in-
creased expression of avrRpml (Supplementary Fig. S4). We
also inoculated DC3000 and m325 hrpLyromoter:gfp TepOrter

strains into MM supplemented with the same panel of sugars,
and measured a similar reduction in ArpL expression in m325 in
response to all sugars tested (Supplementary Fig. S5). We con-
clude from these data that setA is required for maximum ex-
pression of avrRpml and upstream regulator hrpL in response
to multiple inducing sugars. No decrease in growth of m325
relative to DC3000 was observed in any of the sugar-
supplemented media (Supplementary Fig. S6). Thus, loss of
SetA does not negatively impact the ability of DC3000 to use
T3SS-inducing sugars as nutrients.

Expression of setA is induced by T3SS-inducing
metabolites and is conditionally dependent on ArpL.

We next investigated the regulation of sefA expression by
making a setApromoter:&fp reporter plasmid and introduced this
plasmid into DC3000 and m325. We first cultured these re-
porter strains in KB broth for 24 h. Based on GFP fluorescence,
setA was highly expressed in both DC3000 and the m325 mu-
tant (Fig. 4A). No significant difference in setA expression
between strains was measured. We also introduced the same
setApromoter-&fP reporter plasmid into a DC3000 hrpL™ strain
(Zwiesler-Vollick et al. 2002). No significant difference in
levels of GFP fluorescence was measured from this hrpL™ re-
porter strain compared with levels of fluorescence from
DC3000 setApromoter-gfp- These data indicate that neither HrpLL
nor SetA is required for setA expression in DC3000 cultured in
rich medium (Fig. 4A).

We then inoculated the DC3000 setApromoter:gfp rEpOrter
strain into MMF or MMFA. MM lacking any inducing me-
tabolites was also inoculated. Time course analysis of GFP
fluorescence from these cultures revealed that expression of
setA initially decreased from the high levels observed in KB
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Fig. 2. Disruption of setA decreases hrpL expression but does not alter hrpR
or rpoN expression in DC3000. A, Expression of hrpL, hrpR, and rpoN in
DC3000 and m325 (setA::Tn5) cultured in King’s B medium for 24 h.
Graphed are means + standard error (SE) of green fluorescent protein (GFP)
fluorescence from strains carrying hrpLyromoter:€fP> M1PRpromoter:&fP OF
rpONpromoter:&fp reporter plasmids, n = 9. Data were pooled from three
experiments, n = 3 per experiment. Inset shows the same hrpL data graphed
with a smaller Y-axis scale. Asterisks denote statistical significance based
on pairwise ¢ test comparison, P < 0.001. Abbreviation ns = not significant.
B, C, and D, Bacteria from KB cultures (A) were washed and then in-
oculated directly into minimal medium containing 50 mM fructose.
Graphed are means + SE of GFP fluorescence from cultures at time points
indicated, n = 13. Data in each panel were pooled from three independent
experiments, n = 3 to 6 per experiment.
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broth (Fig. 4B). However, after approximately 4 h, setA ex-
pression levels increased in DC3000 cultured in MMF com-
pared with levels in bacteria cultured in the no-metabolite
control medium (two-sample 7 test at time [T] = 8 h and all
subsequent time points, P < 0.01) (Fig. 4B). In comparison,
setA was induced more rapidly and to higher levels in DC3000
treated with MMFA (two-sample ¢ test at T = 6 h and all sub-
sequent time points, P < 0.01) (Fig. 4B). We conclude from
these data that setA expression is responsive to both fructose
and aspartic acid signals.

With the hrpL™ setAyromorer:gfp reporter strain, we detected
no significant difference in GFP fluorescence compared with
DC3000 in response to fructose alone (two-sample ¢ test com-
parison of response by genotype at T = 6 h and subsequent time
points, o = 0.05) (Fig. 4C). However, in response to both fructose
and aspartic acid, we detected a significant yet partial reduction in
GFP fluorescence from this strain (two-sample 7 test of responses
by genotype at T =6 h, P < 0.001), indicating that ArpL is required
specifically for maximal aspartic acid-induced expression of setA
(Fig. 4C). No reduction in GFP fluorescence was measured from
the m325 setApromoter:gfp Strain in response to either metabolite
treatment condition (Fig. 4D). Therefore, SetA is not required for
its own expression under these conditions.

Genes encoding transcription factors are often located near
their target promoters. Genes near setA include a predicted sor-
bitol dehydrogenase (polS, PSPTO_0363), a sorbitol/mannitol
ABC transporter substrate-binding protein (PSPTO_0364), an
AraC-type transcriptional regulator (PSPTO_0365), and typA
(PSPTO_0361) encoding a ribosome-binding GTPase. PSPTO_
0363 and PSPTO_0364 are in a predicted operon, whereas the
other two genes are predicted to be monocistronic (Pseudomonas

genome database) (Winsor et al. 2016) (Fig. 1A). To investigate
whether these genes may be regulated by SetA, we individually
cloned approximately 500 bp of sequence upstream of each gene
as a fusion with gfp, and tested expression of these GFP reporter
constructs in DC3000 and m325. Based on GFP fluorescence,
both PSPTO_0364 and polS reporter constructs were expressed
in bacteria cultured in MMFA. However, no difference in the
expression of these genes between DC3000 and m325 was de-
tected (Supplementary Fig. S7). We did not detect above-
background levels of GFP fluorescence from strains carrying
typA:gfp, suggesting that this gene is not expressed under this
treatment condition (Supplementary Fig. S7).

SetA is required for DC3000 T3SS deployment
and virulence during infection of Arabidopsis.

To assess whether setA regulates the expression of T3SS-
encoding genes in planta, we syringe infiltrated DC3000 or
m325, each carrying either an hrpLyomoiwer:&fp plasmid or
promoterless gfp negative control plasmid, into leaves of
Arabidopsis Col-0 plants. After 6 h, we measured GFP fluo-
rescence of leaf disks isolated from the infiltrated tissue. A
significant increase in fluorescence was measured from tissue
infiltrated with DC3000 hrpLyomoter:&fP compared with tissue
infiltrated with the DC3000 empty vector control strain, in-
dicating that hrpL expression during leaf infection can be de-
tected with this GFP reporter (data not shown). In comparison
with DC3000-infiltrated tissue, hrpL expression in m325-
infiltrated tissue was significantly reduced (Fig. 5A). We
measured bacteria levels in the same infected tissue at 6 h
postinfection and observed no difference in the number
of bacteria at this early time point (Supplementary Fig. S8).
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Fig. 3. DC3000 setA is required for maximum avrRpml expression induced by multiple distinct sugars. Time course analysis of avrRpml expression in
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aviRpml yromorer:&fp reporter, n = 4. Data are representative of three independent experiments.
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Therefore, differences in hrpL expression are not due to dif-
ferences in bacterial populations. To confirm the observed de-
crease in T3SS gene expression, we used immunoblotting to
detect levels of type III effector AvrPto in protein extracts
prepared from infected leaf tissue. We observed reduced levels
of AvrPto in m325-infiltrated tissue relative to DC3000-
infiltrated tissue 6 h postinfection (Fig. 5B), whereas no de-
crease in AvrPto abundance was observed in protein extracts
from tissue infiltrated with m325 carrying a plasmid containing
setA. These data show that setA positively regulates the ex-
pression of T3SS-associated genes during DC3000 infection of
Arabidopsis leaves.

To investigate whether SetA is required for DC3000 viru-
lence, we syringe infiltrated DC3000, m325, or m325 car-
rying a setA-expressing plasmid into Arabidopsis leaves. At
3 days postinfection, we observed a decrease in chlorotic dis-
ease symptoms on m325-infected leaves relative to DC3000
and the setA-complemented m325 strain (Fig. 6A). We used
serial dilution plating of leaf tissue extracts to measure bacteria
populations in infected leaves. Similar to disease symptoms,
bacteria levels in m325-infected tissue were significantly re-
duced relative to DC3000-infected tissue at 3 days post-
infection, and this decrease in bacteria levels was not
observed with a setA-complemented m325 strain (Fig. 6B).
Based on these data, we conclude that sefA is required for
full virulence of DC3000 during infection of Arabidopsis
leaves.
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Fig. 4. Expression of setA is induced by type III secretion-inducing me-
tabolites and is conditionally dependent on 4rpL. Measurements of green
fluorescent protein (GFP) fluorescence from DC3000, m325, and hrpL
setApromoter-gfp reporter strains under different treatment conditions. A,
GFP fluorescence from reporter strains cultured in King’s B medium for
21 h. EV = empty vector. Graphed are means + standard deviation, n = 3.
Data are representative of three independent experiments. B, Time course
analyses of GFP fluorescence from DC3000 sefApromoter:gfP reporter
strain cultured in minimal medium supplemented with 200 uM aspartic
acid (asp) or 50 mM fructose (fru), as indicated. Graphed are means +
standard error (SE), n = 10. C and D, Time-course analyses of GFP
fluorescence from DC3000 and m325 cultured in minimal medium sup-
plemented with 200 uM aspartic acid or 50 mM fructose, as indicated.
Graphed are means + SE, n = 10. Data in B to D were pooled from three
independent experiments, n = 3 to 4 per experiment. Data for DC3000 are
the same in B and D.

DISCUSSION

In this work, we investigated the genetic basis of plant
metabolite-induced expression of T3SS-associated genes in
P. syringae DC3000. We discovered that setA is required for
maximal sugar-induced expression of ArpL (Fig. 2; Supple-
mentary Fig. S4), placing SetA genetically upstream of this
master regulator. Although the molecular connection between
SetA and hrpL expression is unknown, our results show that
SetA is not required for DC3000 to achieve wild-type levels of
growth in media supplemented with sugars as the sole carbon
source (Supplementary Fig. S6), or in rich KB medium (Sup-
plementary Fig. S3), suggesting that the role of SetA in me-
diating expression of hrpL is genetically separable from sugar
catabolism processes necessary for growth. We further dem-
onstrate that setA is required for maximal ArpL expression (Fig.
5A) and virulence (Fig. 6) during infection of Arabidopsis by
DC3000. Therefore, SetA also functions in the response of
DC3000 to virulence-inducing signals encountered within the
host environment.

SetA is predicted to belong to the DeoR class of tran-
scriptional regulators, a large family of proteins conserved in
both gram-negative and gram-positive bacteria, as well as the
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Fig. 5. Disruption of setA decreases expression of type III secretion system-
associated genes in DC3000 during infection of Arabidopsis leaves. A,
Five-week-old Arabidopsis leaves were syringe infiltrated with 5 x 10°
CFU/ml of DC3000 or m325 (setA::Tn5) carrying a hrpLpromoter:&fP Plas-
mid or empty vector (EV) control plasmid. Graphed are means + standard
error of green fluorescent protein (GFP) fluorescence from tissue infected
with hrpLyromoter:fp reporter strains relative to fluorescence from tissue
infected with strains carrying EV, n = 12. Asterisks denote statistical sig-
nificance based on pairwise ¢ test comparison, P < 0.01. B, Immunoblot
analysis of AvrPto in Arabidopsis leaf tissue syringe infiltrated with 5 x 10°
CFU/ml of DC3000, m325 (setA::Tn5), or m325 carrying pME6010::setA
(setA"). EV = empty vector pME6010. Tissue was collected 6 h post-
infection. Upper panel is immunoblot detection with anti-AvrPto antibody
and lower panel is Coomassie Brilliant Blue (CBB)-stained blot for loading
control. Data in both panels are representative of three independent
experiments.
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domain Archaea (Elgrably-Weiss et al. 2006; Martin et al.
2018). The founding member of this family is the DeoR
protein of Escherichia coli. DeoR is a transcriptional re-
pressor of deo genes that encode for enzymes required for
catabolism of deoxyribonucleosides (Hammer and Dandanell
1989; Hammer-Jespersen and Munch-Peterson 1975). The N
terminus of DeoR is a DNA-binding helix-turn-helix domain,
whereas the C terminus is a sensor domain that binds deoxyribose-
5-phosphate, an intermediate of deoxyribonucleoside catab-
olism (Ge et al. 2016; Hammer and Dandanell 1989). In the
presence of deoxyribonucleosides, deoxyribose-5-phosphate
accumulates in the cell and binds to the C terminus of DeoR,
resulting in structural changes that decrease DeoR binding to
its operators, thereby allowing transcription of the deo operon
to occur (Hammer-Jespersen 1983; Mortensen et al. 1989).
Additional DeoR-like transcriptional regulators include LacR,
GIpR, and IoIR that regulate genes encoding catabolic en-
zymes for lactose, glycerol-phosphate, and inositol, re-
spectively, in a diversity of bacteria (Freedberg and Lin 1973;
Oskouian and Stewart 1990; Yoshida et al. 1997). In several
cases, DeoR-type proteins have been shown to be necessary for
virulence or environmental stress responses. In plant-pathogenic
Agrobacterium tumefaciens, AccR regulates the expression of
genes necessary to catabolize agrocinopines, sugar-phosphate
conjugates produced in plant cells by enzymes encoded in the
Agrobacterium T-DNA (Beck von Bodman et al. 1992; Sub-
ramoni et al. 2014). AccR constitutively binds to and represses
the activity of target promoters in free-living bacteria. During
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Fig. 6. DC3000 setA mutant is less virulent during infection of Arabidopsis.
DC3000 and m325 carrying pME6010::setA plasmid (setA+) or empty
pPME6010 were syringe infiltrated into leaves of 5-week-old Arabidopsis
plants. EV = empty vector. A, Photograph of disease symptoms on leaves 3
days postinfection. B, Leaf bacteria populations enumerated 0 and 3 days
postinfection by serial dilution plating of leaf tissue extracts. Graphed are
means * standard error of bacteria from four infected plants, n = 4 for day
0 and n = 8 for day 3. Lowercase letters denote significance groupings based
on pairwise ¢ tests, P < 0.001. Results are representative of three in-
dependent experiments.

day 0
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infection, the accumulation of agrocinopines relieves the re-
pressive activity of AccR, allowing for opine catabolic genes to
be expressed (Subramoni et al. 2014). In the animal pathogen
Brucella melitensis, loss of deoRI attenuates expression of
virulence-promoting virB operon, and in the opportunistic
pathogen P. aeruginosa, loss of glmR, encoding a DeoR ho-
molog, results in increased outer membrane permeability and
hypersusceptibility to a broad range of antibiotics, mostly
likely due to loss of GImR repression of genes involved in
peptidoglycan and LPS biosynthesis (Haine et al. 2005;
Ramos-Aires et al. 2004).

Our data show that SetA is required for DC3000 to maxi-
mally express ArpL in T3SS-inducing synthetic media and
during infection of Arabidopsis leaf tissue. However, the
mechanistic link between SetA and hrpL is still not clear. A
potential clue is that expression of hrpRS and rpoN was not
altered in serA::Tn5 m325, suggesting that SetA regulates
hrpL independently of altered transcription of these upstream
regulators. If SetA functions as a transcriptional repressor
similar to many DeoR-type regulators, a parsimonious hy-
pothesis is that SetA represses the transcription of a negative
regulator of hrpL. The abundance of HrpR is negatively reg-
ulated by Lon protease-mediated degradation (Bretz et al.
2002), whereas HrpS activity is repressed by direct binding of
an antiactivator protein HrpV (Preston et al. 1998; Wei et al.
2005). Therefore, SetA may be involved in regulating the
production or activity of these proteins, or may negatively
regulate the expression of a yet-unknown negative regulator of
hrpL expression. Alternatively, SetA may function as a tran-
scriptional activator and regulate the expression of a gene
encoding a yet-unknown positive regulator of hrpL, or directly
regulate the hrpL promoter itself. These hypotheses are not
mutually exclusive, because decreased hrpL expression in
m325 may reflect the combined activity of SetA acting as both
an activator and repressor at multiple distinct promoters.
Further experiments to identify potential target promoters and
binding motifs of SetA will be necessary to further define the
molecular function of SetA in regulating T3SS genes. It is
important to note that the loss of setA did not completely
eliminate sugar-induced expression of hrpL (Supplementary
Fig. S4). Therefore, additional SetA-independent pathways
must exist that contribute to hrpL induction in response to
sugar signals.

Expression of serA itself was induced in response to fructose
and aspartic acid, indicating that sefA is regulated by signaling
pathways activated by these metabolites (Fig. 4B). Our genetic
analyses show that sefA expression in response to fructose is not
dependent on HrpL or SetA (Fig. 4C and D). However, setA
expression induced by fructose and aspartic acid was partially
hrpL dependent (Fig. 4C). These data provide several insights
into regulation of setA and the nature of fructose- and aspartic
acid-induced responses in DC3000. First, because seftA ex-
pression remains at least partially intact in hrpL™ and setA™
strains, one or more transcriptional regulators in DC3000 other
than SetA and HrpL must regulate setA, both in response to
fructose alone and in response to fructose and aspartic acid. We
analyzed 500 bp of DNA sequence upstream of setA using
BPROM (Solovyev and Salamov 2011) and identified putative
o'°-dependent —10 and —35 elements upstream of the predicted
translation start site (data not shown) but failed to identify any
known transcription-factor binding sites. Second, because hrpL
is required for maximal setA expression in response to fructose
and aspartic acid, and vice versa, this suggests that an in-
terdependence exists between SetA and HrpL regulons under
this specific treatment condition. We did not identify an hrp
box necessary for HrpL binding (Tang et al. 2006) upstream of
setA (data not shown). Therefore, the partial hrpL-dependent



expression of sefA in response to aspartic acid and fructose is
likely indirect and may be mediated by the products of genes
regulated by HrpL. Several genes encoding predicted tran-
scription factors are regulated by HrpL (Lam et al. 2014), and
these proteins are candidates for setA regulators. Finally, con-
ditional dependence of setA expression on ArpL in response to
aspartic acid suggests that perception of aspartic acid does not
simply amplify fructose-induced responses in DC3000 but,
rather, elicits transcriptional outputs that are distinct from those
induced by sugar alone. The perception and integration of
distinct metabolic signals may be a way for P. syringae to fine-
tune virulence responses based on host exometabolome profiles
that may vary spatially or temporally during infection.

Multiple simple sugars as well as the sugar alcohol mannitol
increased the growth of DC3000 in culture (Supplementary Fig.
S6). Therefore, in addition to acting as signals to induce T3S,
all of these metabolites can be internalized and catabolized by
DC3000. An important issue related to SetA is the mechanism
by which sugars induce expression of T3SS-associated genes.
Signaling likely occurs through physical interaction between a
sugar molecule (or a metabolite derived from sugar catabolism)
and a corresponding protein that translates this interaction into
a signaling output. Perception could occur extracellularly,
possibly through cell surface receptors that detect sugars or
sugar derivatives in the periplasm (Daddaoua et al. 2014). Al-
ternatively, sugar perception could occur intracellularly. Fruc-
tose is imported by pseudomonads through a phosphoenolpyruvate
transport system (PTS), whereas all other sugars are transported
through dedicated non-PTS transport systems (Lessie and
Phibbs 1984). Once inside the cell, simple mono- and disac-
charides are converted into 6-phosphogluconate and are me-
tabolized to pyruvate through the Entner-Doudoroff pathway, or
enter the pentose phosphate pathway (Morris et al. 1995, Nikel
et al. 2015). Because multiple distinct sugars induce T3SS de-
ployment by DC3000, it is plausible that increased levels of a
common catabolic pathway intermediate, or increased abundance
or activity of an enzyme within these pathways, is a signal to
induce T3S. In P. aeruginosa, the regulators PtxS and PtxR and
two-component system GtrS/GItR control the expression of
genes encoding sugar catabolism enzymes in response to
specific glucose catabolites (Daddaoua et al. 2010, 2014;
Udaondo et al. 2018). Both PtxR and GtrS/GItR also directly
regulate the expression of the exotoxin A-encoding gene foxA,
providing a direct link between sugar metabolism and virulence
gene expression (Daddaoua et al. 2014; Hamood et al. 1995;
Udaondo et al. 2018). Based on our data, we propose that SetA
functions in a signaling pathway from intermediates of sugar
catabolism to hrpL expression. In support of this model, setA was
not required for DC3000 growth on all sugar substrates tested
(Supplementary Fig. S6), suggesting that SetA is involved in
sensing the metabolic status of the cell rather than maintaining
metabolic flux through catabolic pathways necessary for growth.
Also, the presence of a predicted metabolite-binding domain
on SetA suggests that its activity may be regulated directly by
specific intracellular metabolites, possibly phosphorylated sugar
intermediates. Experiments are underway to identify possible
small-molecule ligands for the SetA sensor domain and to assess
the functional requirements of both the sensor and DNA-binding
domains for setA-dependent phenotypes.

MATERIALS AND METHODS

Bacteria culture media.

Strains of Pseudomonas syringae were cultured in a modified
KB (King et al. 1954) broth (1% [wt/vol] peptone, 1% tryptone,
0.1% MgSO, : TH,0, 0.1% K,HPO,, and 1% [vol/vol] glycerol),
or on KB agar (1.5%) plates. Strains of E. coli were cultured

in lysogeny broth (LB) (Luria and Burrous 1957) or on LB
agar (1.5%) plates. For expression of T3SS-associated genes,
P. syringae were cultured in a modified hrp-inducing MM
(10 mM K,HPO4/KH,PO, [pH 6.0], 7.5 mM (NH,4),SO,,
3.3 mM MgCl,, and 1.7 mM NaCl) (Anderson et al. 2014)
supplemented with 10 to 50 mM of fructose, galactose, glucose,
sucrose, or mannitol alone or with 200 uM aspartic acid. Sugars
were prepared as 1-M stocks in water, and 0.2 um was filtered.
and stored at room temperature. Aspartic acid was prepared as a
20-mM stock in water, filtered through a 0.2-um membrane and
stored at —20°C.

Tn5 transposon mutagenesis and identification
of Tn5 insertion sites.

DC3000 carrying pBBR1-MCS2::avrRpmI:gfp (Chang et al.
2005; Rogan and Anderson 2019) was cultured overnight in 3 ml
of KB medium at 28°C with shaking. A 1.5-ml aliquot of this
culture was centrifuged at 16,000 x g for 1 min, and the resulting
bacterial pellet was resuspended in 1 ml of KB medium without
antibiotics. The centrifugation and resuspension steps were re-
peated twice. E. coli carrying pUT::mini-Tn5 Sm/Sp (De Lorenzo
et al. 1990) and E. coli carrying the helper plasmid pRK600
(Kessler et al. 1992) were cultured overnight at 37°C in 3 ml of
LB medium containing appropriate antibiotics. A 1.5-ml aliquot
of each E. coli culture was washed three times with LB lacking
antibiotics. For each conjugation, a 100-ul aliquot of washed
DC3000 culture was combined with 10 ul of each washed E. coli
culture. The mixed culture was centrifuged at 16,000 x g for
1 min to pellet the bacteria, resuspended in 30 pl of KB medium,
and spotted onto the surface of a sterile nitrocellulose membrane
placed on KB agar. After 12 h at 28°C, the bacteria were scraped
from the nitrocellulose membrane, resuspended into 200 pl of
KB medium, and spread evenly onto the surface of a circular
100-mm-diameter nitrocellulose filter placed on the surface of a
KB agar (1.5%) plate containing spectinomycin (150 pg/ml),
rifampicin (50 pg/ml), and kanamycin (30 pg/ml). The plate was
incubated at room temperature for 3 days. To remove residual
KB medium from the nitrocellulose, the filter was transferred to
the surface of an agar plate consisting of 1.5% agar solidified in
water. After 24 h, the nitrocellulose membranes were transferred
to the surface of a 1.5% agar plate containing 50 mM fructose
and 5 mM aspartic acid and incubated at 23°C. After 6 h, GFP
fluorescence of each colony was visually scored using a Leica
MZFLIII stereomicroscope. Approximately 20,000 colonies
were screened for decreased GFP fluorescence, and 400 were
selected for further study. Colonies with reduced fluorescence
were picked from the filter and grown overnight in KB media
containing spectinomycin (50 pug/ml), rifampicin (50 pg/ml), and
kanamycin (30 pg/ml) at 28°C in an incubated shaker. Glycerol
was added to each overnight culture at a final concentration of
20% and the cultures were stored at —80°C.

Genomic DNA (gDNA) was isolated from Tn5" mutants
using the DNeasy Blood and Tissue DNA extraction kit (Qia-
gen). The isolated gDNA was quantified with the Qubit fluo-
rometric DNA assay (Thermo Fisher Scientific), processed into
sequencing libraries using the Nextera XT kit (Illumina), and
sequenced using the Illumina Hiseq 3000 platform at The
Center for Genomics and Research Biocomputing at Oregon
State University. Bowtie2 with optional settings “-I 0-X 1500—
local-no-unal” (Langmead and Salzberg 2012) was used to
map the resulting reads to the mini-Tn5 transposon sequence
(de Lorenzo et al. 1990). Soft clipped reads that mapped to
mini-Tn5 (clipped CIGAR string containing ‘S’) were then
mapped to the DC3000 reference genome (NCBI assembly ID
GCF_000007805.1) (Buell et al. 2003) using the Bowtie2 op-
tion “-local.” to identify Tn5 insertion sites. To confirm Tn5
insertions in setA, oligonucleotides 0362Up and Tn5 Sp/Sm_R
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(Supplementary Table S1) that anneal upstream of PSPTO_0362
or 461 nucleotides from the 5" end of Tn5 Sp/Sm (de Lorenzo
et al. 1990), respectively, were used in PCR to amplify Tn5:
gDNA junctions of expected size from gDNA. A strain of m325
cured of the avrRpmlomorer:gfp plasmid was generated by
serial culturing of m325 in KB broth followed by isolation of
kanamycin-sensitive colonies on KB agar.

Construction of GFP transcriptional reporter
and setA-complementation plasmids.

Construction of transcriptional reporter plasmids pBBR1-MCS2::
aviRpmI yromoier-gfp and pProbe-NT::hipLyomorer-gfp Was described
previously (Yan et al. 2019). To complement the setA::Tn5
mutation, the Gibson assembly method (Gibson et al. 2009) was
used to construct a pME6010 vector carrying setA under the
control of a constitutive kanamycin promoter. Sequences of
oligonucleotides used for vector construction are provided in
Supplementary Table S1. Briefly, oligonucleotides setA_F and
setA_R were used to PCR amplify setA from DC3000 gDNA. In
order to generate a linear vector for Gibson assembly, oligonu-
cleotides pME6010_F1 and pME6010_R were used to amplify a
5,466-bp fragment from pME6010a, and pMEG60I0_F2 and
PMEG60OIO_R2 were used to amplify a 2,798-bp fragment of
pMEG6010a. NEBuilder HiFi reaction mix (NEB) was used to as-
semble the resulting sefA and pME6010 PCR products. The se-
quence of the setA insert in pME6010 was confirmed by Sanger
sequencing. To construct transcriptional reporter plasmids,
oligonucleotide pairs rpoNpro_F/rpoNpro_R, setApro_FlsetApro_
R, 0361pro_Fl0361pro_R, 0364pro_F/0364pro_R, and 0365pro_
F/0365pro_R were used to PCR amplify approximately 500 bp
of DNA upstream of their respective genes from the DC3000
genome. NEBuilder HiFi reaction mix (NEB) was used to sub-
clone the resulting PCR products into Smal-digested pPROBE-
NT. Triparental mating was used to mobilize GFP reporter
plasmids and the sefA-complementation plasmid into P. syringae.

Measurements of GFP fluorescence and growth
of P. syringae cultured in synthetic media.

P. syringae strains were streaked from —80°C glycerol stocks
onto KB agar plates containing appropriate antibiotics and
grown for 2 to 3 days at room temperature prior to use. Bacteria
were scraped from the surface of the plate, washed twice with
sterile water, adjusted to an optical density at 600 nm (ODggp) =
1.0, and inoculated into wells of a 96-well microplate con-
taining MM supplemented with 10 or 50 mM fructose, glucose,
galactose, mannitol, or sucrose, as indicated. The final bacteria
density in each well was ODg( = 0.1, and total well volumes of
100 or 200 pl were used. GFP fluorescence was measured using
a Spark 10M plate reader (Tecan). For automated time-course
experiments, the 96-well plate was shaken at 216 rpm between
measurements and a humidity cassette was used to prevent
sample evaporation. GFP fluorescence of bacteria in each well
was measured using excitation and emission wavelengths of 485
and 535 nm, respectively. Growth of bacteria in 96-well plates was
monitored by measuring the ODg, of cultures in each well (ab-
sorbance at A = 600 nm) using default settings, with a 1,000-ms
settle time. GFP fluorescence values were normalized to ODggyg
and to background fluorescence from cultures of the same strain
carrying a promoterless gfp control plasmid. Data were normal-
ized and averaged using the Tecan Magellan control software and
Microsoft Excel. All normalized fluorescence values were divided
by 10,000 to simplify graphing of data.

To measure gene expression in P. syringae cultured in KB
broth, bacteria were grown for 1 day on KB agar, then in-
oculated into 3 ml of KB broth. Cultures were incubated at
28°C with shaking for 21 h. Plate reader measurements of GFP
fluorescence were done as described above.
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Measurements of P. syringae growth in Arabidopsis leaves.

Arabidopsis Col-0 seed were surface sterilized, stratified, and
plated onto Murashige-Skoog agar as described previously
(Anderson et al. 2014). After 2 weeks, seedlings were trans-
ferred to Sunshine mix soil and maintained at 22°C in a 10-h-
day growth chamber. For infection experiments, P. syringae
were streaked onto KB agar from —80°C glycerol stocks. After
2 to 3 days at room temperature, bacteria were scraped from the
surface of the plate, resuspended in 1 ml of water, and washed
twice with 1 ml of water, using a centrifuge to pellet bacteria
between washes. After washing, the suspensions of bacteria
were adjusted to an ODgoo = 0.001 (1 x 10° CFU/ml) and
syringe infiltrated into fully expanded leaves of 5-week-old
Arabidopsis Col-0 plants. Infected plants were maintained in a
22°C growth room set to a 10-h day length. Leaf bacterial
populations were enumerated by spotting serial dilutions of leaf
tissue extracts on KB agar plates as described previously
(Anderson et al. 2014).

Detection of hrpL expression and AvrPto
in P. syringae-infected Arabidopsis leaves.

Fully expanded leaves of 5-week-old Arabidopsis plants
were syringe infiltrated with inoculum at 5 x 10® CFU/ml
(ODgpo = 0.5) of DC3000 or m325 prepared as described above.
After 6 h, a cork borer was used to remove 0.2-cm? leaf disks
from the infected tissue. To detect AvrPto, five leaf disks were
placed into a single 1.5-ml microcentrifuge tube and frozen in
liquid nitrogen. Total proteins were extracted from each sample
using Trizol reagent (Ambion) and separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Immuno-
blotting using anti-AvrPto antibody was performed as pre-
viously described (Anderson et al. 2014). For detection of hrpL
expression, individual leaf disks that were inoculated with
DC3000 and m325 containing ArpLyomoter:gfp::pProbe-NT
were floated on 200 pl of water within wells of a black 96-
well plate (Greiner Bio-One) and a Tecan Spark 10M plate
reader used to measure GFP fluorescence at excitation and
emission wavelengths of 485 and 535 nm, respectively, from
each well.
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