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Physiological and Transcriptional Responses to Osmotic Stress of Two
Pseudomonas syringae Strains That Differ in Epiphytic Fitness and
Osmotolerance

Brian C. Freeman,* Chiliang Chen, Xilan Yu, Lindsey Nielsen,* Kelly Peterson, Gwyn A. Beattie
Department of Plant Pathology & Microbiology, lowa State University, Ames, lowa, USA

The foliar pathogen Pseudomonas syringae is a useful model for understanding the role of stress adaptation in leaf colonization.
We investigated the mechanistic basis of differences in the osmotolerance of two P. syringae strains, B728a and DC3000. Consis-
tent with its higher survival rates following inoculation onto leaves, B728a exhibited superior osmotolerance over DC3000 and
higher rates of uptake of plant-derived osmoprotective compounds. A global transcriptome analysis of B728a and DC3000 fol-
lowing an osmotic upshift demonstrated markedly distinct responses between the strains; B728a showed primarily upregulation
of genes, including components of the type VI secretion system (T6SS) and alginate biosynthetic pathways, whereas DC3000
showed no change or repression of orthologous genes, including downregulation of the T3SS. DC3000 uniquely exhibited im-
proved growth upon deletion of the biosynthetic genes for the compatible solute N-acetylglutaminylglutamine amide (NAGGN)
in a minimal medium, due possibly to NAGGN synthesis depleting the cellular glutamine pool. Both strains showed osmoreduc-

tion of glnA1 expression, suggesting that decreased glutamine synthetase activity contributes to glutamate accumulation as a
compatible solute, and both strains showed osmoinduction of 5 of 12 predicted hydrophilins. Collectively, our results demon-
strate that the superior epiphytic competence of B728a is consistent with its strong osmotolerance, a proactive response to an
osmotic upshift, osmoinduction of alginate synthesis and the T6SS, and resiliency of the T3SS to water limitation, suggesting
sustained T3SS expression under the water-limited conditions encountered during leaf colonization.

acteria vary greatly in the ability to tolerate osmotic stress.
Large differences in osmotolerance may be associated with
highly divergent adaptation strategies, such as the maintenance of
low versus high cytoplasmic salt levels. Similarly, small differences
in osmotolerance may reflect subtle differences in osmoadapta-
tion mechanisms, with these differences influencing the relative
fitness of individual species and strains. In most terrestrial envi-
ronments, water stress tolerance is an important component of
bacterial fitness and is therefore relevant to understanding, pre-
dicting, and manipulating the ecological success of target organ-
isms, such as for biocontrol (1, 2). Pseudomonas syringae is a foliar
pathogen, as well as a common resident on leaves. It has been used
extensively as a model to understand bacterial strategies of plant
surface colonization and how they are impacted by water-medi-
ated processes (e.g., references 3 to 5). Here, we explore how two
of these well-studied strains, B728a and DC3000, differ in their
responses to osmotic stress and in the ability to colonize leaves.
General osmotolerance mechanisms are similar across diverse
bacteria and include the accumulation of compatible solutes by de
novo synthesis and uptake. The compatible solutes synthesized de
novo by Pseudomonas spp. vary among species and even strains
but include the dipeptide N-acetylglutaminylglutamine amide
(NAGGN), the disaccharide trehalose, and glutamate in P. syrin-
gae, P. aeruginosa, and P. putida (6-8); mannitol in P. putida (9);
and glucosylglycerol, ectoine, and hydroxyectoine in halotolerant
and halophilic species (10-12). Pseudomonas spp. can also import
exogenous compounds, including glycine betaine and its precur-
sor choline (6, 13, 14). Additional mechanisms of water stress
tolerance include cellular aggregation (15) and the production of
exopolymeric substances that encapsulate bacterial cells, as shown
for alginate in P. putida and P. syringae cells subjected to matric,
i.e., low water content, stress (16).
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Low water availability is among the most significant obstacles
faced by resident microbes on leaf surfaces. This prediction is
supported by the identification of a P. syringae locus required for
both fitness on leaves and osmotolerance in culture (17), the con-
tribution of alginate to P. syringae fitness on leaves (18), the pref-
erential survival of highly aggregated over nonaggregated P. syrin-
gae cells on drying leaf surfaces (15), and the strong induction of
water stress tolerance genes in P. syringae cells on and in leaves
(19). Interestingly, following leaf infiltration by P. syringae, endo-
phytic population sizes were directly correlated with the availabil-
ity of water in the leafintercellular spaces (20), indicating a need to
tolerate low water availability even at endophytic sites. Further-
more, P. syringae encountered particularly low water availability
during a hypersensitive response (21), indicating a possible role
for water limitation as a component of plant defense (5).

At present, we have little understanding of how P. syringae
strains vary in the ability to cope with water limitation. P. syringae
strains share many genes involved in osmoadaptation, including
transporters for the uptake of osmoprotectants and putative bio-
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TABLE 1 Strains and plasmids used in this study

Strain or
plasmid Description or relevant genotype Reference
Strains
DC3000 Wild-type P. syringae pv. tomato; Rif" 54
B728a Wild-type P. syringae pv. syringae; Rif" 55
1448A Wild-type P. syringae pv. phaseolicola; Rif* 56
PAO1 Wild-type P. aeruginosa; Rif* 57
DCAtre DC3000 with deletions APSPTO_2760-2762 7
and APSPTO_3125-3134; Rif"
DCAggn DC3000 APSPTO_1630-1633; Rif" This work
B7Aggn B728a APsyr_3747-3748 (AggnAB); Rif" 28
Plasmids
pTOK2T Broad-host-range plasmid with functional 58
lacZ activity; Tet"
pKD4 Template for kan cassette flanked by FRT 59
sites; Ap" Km"
pFlp2Q) Flp recombinase-encoding plasmid; Ap* Sp* 60

synthetic loci for compatible solutes and alginate. P. syringae
strains B728a, DC3000, and 1448A, which all have a complete
genome sequence available, represent three distinct pathovars,
namely, syringae, tomato, and phaseolicola, respectively. These
pathovars have been classified into distinct genomospecies based
on whole-genome DNA-DNA hybridization (22) and into dis-
tinct phylogroups based on the sequences of four housekeeping
genes (23). B728a is thought to be better adapted for epiphytic
survival than DC3000 and 1448A (24), which is suggestive of su-
perior osmotolerance of B728a over the other strains. Here, we
confirm the roles of several genes in P. syringae osmoadaptation
and correlate a greater osmotolerance of strain B728a with supe-
rior epiphytic survival. By specifically comparing B728a to
DC3000, we correlate the greater osmotolerance of B728a with
greater activation of alginate genes and alginate production and
higher osmoprotectant uptake activity. A comparison of the
global transcriptomes of the two strains in response to an osmotic
upshift shows primarily upregulation of genes in B728a but down-
regulation of genes in DC3000, with strain-dependent effects on
transcripts for the type III secretion system (T3SS) and T6SS.

MATERIALS AND METHODS

Bacterial strains and cultivation conditions. The bacterial strains and
plasmids used in this study are shown in Table 1. Bacteria were grown at
28°C in King’s B medium (25) containing rifampin (KB-Rif), in the low-
osmolarity medium %21C (13) or ¥221C amended with 25 mM succinate
(1221CS) to evaluate bacterial osmotolerance or in MinAS medium (7),
when indicated, to enable comparison with %221CS medium in the eval-
uation of bacterial osmotolerance. Experiments evaluating the role of N in
osmotolerance involved modified ¥221CS medium that had the N content
of MinAS medium [7.6 mM (NH,),SO,] rather than that of %221CS me-
dium (9.4 mM NH,CI), as well as ¥221CS medium amended with glu-
tamine to a final concentration of 4.7 mM. Antibiotics were added to the
growth media as needed at the following concentrations (pg/ml): ampi-
cillin (Ap), 100; kanamycin (Km), 50; rifampin (Rif), 100; spectinomycin
(Sp), 60; tetracycline (Tet), 20; cycloheximide, 100.

Characterization of bacterial responses to osmotic stress and sur-
vival and growth on plants. Bacterial growth in culture was evaluated
spectrophotometrically in microtiter plates as described by Chen et al.
(13). Bacterial uptake of osmoprotectant compounds was evaluated by
measuring the rates of uptake of [methyl-'*C]choline and [methyl-
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'4C]betaine at a final concentration of 10 uM in cells grown in 1421C. The
sources of the radiochemicals and the transport assays were as described
by Chen et al. (13). Bacterial production of polysaccharides was evaluated
by growing cells in %21CS or MinAS to an optical density at 600 nm
(ODgqp) 0f 0.2 to 0.3, precipitating the polysaccharides with cold ethanol
(ethanol/supernatant ratio, 4:1) at —20°C, and subjecting them to a meta-
hydroxydiphenyl assay in which the absorbance at 520 nm was measured
and p-glucuronic acid was used as the standard (26).

Bacterial survival following an osmotic upshift and an 8-h incubation
with shaking was assessed by enumeration on KB-Rif medium. Bacterial
survival following inoculation onto plant surfaces in the laboratory was
evaluated by diluting ¥21C-grown bacteria to a density of 108 CFU/ml in
phosphate buffer (10 mM, pH 7) (PB) containing 0.01% Silwet L-77
(Lehle Seeds, Round Rock, TX), inoculating soybean (Glycine max culti-
var Williams 82) and maize (Z. mays subsp. mays L. inbred B73) plants by
leaf immersion in a bacterial suspension, and incubating the plants in a
mist tent. Epiphytic bacterial populations were enumerated on individual
leaves as described by Li et al. (27). Bacterial survival under field condi-
tions was evaluated on tomato (Solanum lycopersicum cultivar Rio Grande
PtoS), soybean Williams 82, and bean (Phaseolus vulgaris cultivar Bush
Blue Lake 274) plants grown at the Horticultural Research Farm of Iowa
State University near Gilbert, IA, with four replications of each strain-
plant species combination arranged in a randomized complete block de-
sign. KB-Rif-grown bacteria were suspended in PB containing 0.01% Sil-
wet L-77 (107 CFU/ml) and introduced onto plants with a handheld spray
bottle with subsequent sampling and bacterial enumeration as described
previously (7).

Mutant construction. A DC3000 deletion mutant lacking the ggn lo-
cus (PSPTO_1630-1633) was constructed by amplifying two 1- to 2-kb
fragments flanking this locus from the DC3000 genome and a kanamycin
resistance-encoding (kan) cassette with flanking FLP recombination tar-
get (FRT) sites from pKD4 with the primer pairs listed in Table S1 in the
supplemental material. The three fragments were ligated together by
splice overlap extension PCR with the F1 and R2 primers. The resulting
fragment was cloned into Smal-digested pTOK2T and introduced into
DC3000 by transformation; deletion mutants were identified as Rif Km*
Tet®. The pFlp2() plasmid was introduced to excise the kan cassette and
later cured with 20% sucrose for counterselection. This DCAggn mutant
was confirmed to be deficient in the production of NAGGN by "*C nu-
clear magnetic resonance analysis (see Fig. S1 in the supplemental mate-
rial). We also used a B728a deletion mutant lacking ggnAB that was pre-
viously constructed (28) and confirmed to be deficient in the production
of NAGGN (27).

Preparation of osmotically stressed cells for RNA extraction. To pre-
pare RNA for transcriptome studies, B728a and DC3000 cells were each
grown in %21CS broth with three sequential subcultures. Mid-log-phase
cells were harvested from the final subculture by centrifugation at 5,000 X
g for 10 min, and the pellets were resuspended in 3.6 ml of prewarmed
1521CS to a final ODy, of 0.4 (approximately 8 X 10° cells/ml). Aliquots
of 0.3 ml were transferred to 10-ml tubes, incubated at 28°C with shaking
for 15 min, and then amended with 0.8 ml of prewarmed %221CS medium
lacking NaCl (—0.2 MPa) or supplemented with NaCl to a final concen-
tration of 219 mM NaCl (—1 MPa). The cells were incubated at 28°C with
shaking for 15 min, at which time 2 ml of RNA-stabilizing agent
(RNAProtect Bacteria Reagent; Qiagen Inc., Valencia, CA) was added.
This procedure was performed with two replicate cultures of each strain
on a single day, and the cells from the two cultures were combined and
harvested by centrifugation at 5,000 X g for 10 min. The supernatants
were removed, and the cell pellets were stored at —20°C. The same pro-
cedure was repeated on a second day. The RNA isolated from each of the
two cell pellets was pooled, and this pooled RNA, which was therefore
derived from four independent cultures, served as a single biological rep-
licate. In this manner, two independent biological replicates were pre-
pared for each strain-treatment combination.
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RNA extraction, hybridization, and microarray design. RNA was
purified with a Qiagen RNeasy minikit, and DNA was removed by on-
column DNase I digestion, with subsequent DNase I removal with the
RNeasy column purification kit (Qiagen Inc.). RNA integrity was evalu-
ated with an Agilent 2100 bioanalyzer. RNA samples were sent to Roche
NimbleGen Inc. (Madison, WI) for conversion into cDNA, labeling with
U-CYA-3 fluorophore, and hybridization to the appropriate microarrays.
Open reading frame (ORF)-based microarrays were designed by using
complete genome sequence information for DC3000, including both plas-
mids (accession numbers NC_004578, NC_004632, and NC_004633), and a
draft-phase sequence for B728a (accession numbers NZ_AABP02000001 to
NZ_AABP02000026), as this microarray was generated before the sequence
was finalized. Two complete microarrays were present on each slide and were
considered technical replicates. Each gene was represented by a minimum of
17 (DC3000) or 19 (B728a) 24-mer nucleotide probes, with each technical
replicate containing a complete set of perfect-match and mismatch probes.
The fluorescence intensity of each probe was measured, and the fluorescent
intensities were subjected to robust multiarray averaging, which included
adjustment for the background intensity, quantile normalization, and me-
dian polishing. A robust estimated mean value for each gene in the array was
determined for each technical replicate, and the two values for each gene were
averaged.

Although the data are not included here, the microarray experiment
with DC3000 included three additional treatments and the results of these
treatments were included in the analysis. The microarray data were ana-
lyzed as described previously (19). Briefly, linear models for microarray
data analysis (29) were applied to share information across genes when
estimating error variances. The adjusted variance term was used to calcu-
late Welch ¢ statistics for pairwise comparison of the osmotic stress versus
basal medium treatments, and Q values, and thus the associated false-
discovery rates (FDRs), were estimated from the corresponding distribu-
tion of P values (30). Average fold changes across selected genes were
calculated by exponentiating the arithmetic average of the estimated log
fold changes of the individual genes.

Identification and annotation of orthologs in B728a, DC3000, and
PAOL. Previous work identified putative orthologs in B728a, DC3000,
and PAOL1 by applying Ortholuge analysis (31) to the genomes of these
strains (32). For B728a or DC3000 genes with multiple predicted or-
thologs, orthology was evaluated on the basis of synteny; orthologs were
assigned only for genes with a single probable ortholog in both strains.
Orthologs in PAO1 were not assigned when different PAOI genes were
predicted as orthologs to orthologous genes in B728a and DC3000. Gene
annotation was checked manually by comparing gene names and func-
tions among the orthologs of all of the Pseudomonas sp. strains subjected
to the Ortholuge program in the Pseudomonas Genome Database (32).

qRT-PCR. Quantitative reverse transcription-PCR (qRT-PCR) anal-
ysis of selected genes in DC3000 was performed for comparison to the
microarray data. Bacterial cells were grown in %221CS medium containing
0.22 M NaCl (=1 MPa) and 0.44 M NaCl (—1.9 MPa). Cells were har-
vested after 15 and 60 min of incubation with hyperosmolarity, and RNA
extraction and purification were performed as described above. One-step RT
conversion of RNA to cDNA and amplification of selected targets was per-
formed with SYBR green I-based Stratagene Full Velocity master mix (Strat-
agene, Cedar Creek, TX) in an Opticon thermocycler (Opticon Inc., Orange-
burg, NY). The housekeeping gene hemD (PSPTO_0129) was used as an
internal control to normalize the induction values of all genes. The fold
change for each ORF was calculated by the 222" method (33) by using
two replicate samples for each treatment per time point. The sequences of the
primers used are shown in Table S1 in the supplemental material.

RESULTS

P. syringae B728a exhibited superior osmotolerance and epi-
phytic survival compared to two other P. syringae strains. Three
P. syringae strains were examined for tolerance to osmotic stress
during growth, with P. aeruginosa strain PAO1 included for com-
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FIG 1 Impact of NaCl on the growth of three P. syringae strains, B728a,
1448A, and DC3000, and one P. aeruginosa strain, PAO1. Bacteria were grown
in ¥221C medium amended with 0 to 1 M NaCl at 0.1-M intervals (see Fig. S2
in the supplemental material). The time required for each strain to reach its
maximal growth rate at a given NaCl concentration was determined, and these
values were fitted into a modified Gompertz model.

parison. The strains, B728a, DC3000, and 1448A, differed greatly
in their growth dynamics in media amended with NaCl, with
B728a exhibiting shorter lag periods than the other P. syringae
strains prior to growth (see Fig. S2 in the supplemental material).
When osmotolerance was evaluated on the basis of the time re-
quired to attain a maximal growth rate, a term that reflected a
combination of the growth rate and the length of the lag period, P.
aeruginosa PAOlwas more osmotolerant than B728a, which in
turn was more osmotolerant than 1448A and DC3000 (Fig. 1).
DC3000, 1448A, and B728a did not grow at NaCl concentrations
greater than 0.7, 0.8, and 0.9 M, respectively (see Fig. S2).

The ability of the strains to tolerate an osmotic upshift, as well as a
period of drying on leaves, was examined. Following an upshift to
NaCl concentrations greater than 0.2 M, a greater number of B728a
cells than DC3000 and 1448A cells remained viable (Fig. 2A). Simi-
larly, a greater proportion of B728a than DC3000 and 1448A cells
survived on leaves of the two nonhost plant species soybean and
maize under conditions that promoted drying of leaf surfaces (Fig. 2B
and C). When B728a and DC3000 were examined on plants in a field
environment, B728a established and maintained larger populations
than DC3000 on the nonhost and host plant species during a 10-day
period of monitoring (Fig. 2D). B728a and DC3000 were selected for
further studies on the basis of their large difference in osmotolerance
in culture (Fig. 1) and their fitness on leaves (Fig. 2).

B728a exhibited higher rates of glycine betaine and choline
uptake than DC3000 at high osmolarities. We have previously
reported that choline and glycine betaine provide high levels of
osmoprotection for B728a, DC3000, and 1448A (28). To evaluate
if these strains differ in the rate at which they transport these two
osmoprotectants, we measured the rate of uptake of '*C-labeled
derivatives (Fig. 3). DC3000 and 1448A exhibited higher glycine
betaine uptake rates than B728a at NaCl concentrations of =0.6
M, but B728a exhibited a much higher uptake rate at 0.8 M NaCl
(Fig. 3A). Similarly, B728a exhibited higher rates of choline
uptake than the other strains at osmolarities of >0.4 M NaCl
(Fig. 3B).

B728a consistently benefited from de novo synthesis of the
compatible solute NAGGN, whereas DC3000 surprisingly did
not. In the absence of exogenous osmoprotectants, these P. syrin-
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FIG 2 Survival of P. syringae strains following 8 h of exposure to hyperosmotic stress (A), during exposure to drying on soybean leaves (B) and maize leaves (C)
in a growth chamber, and on leaves of host and nonhost plant species in the field (D). For panel A, strains were grown in %21C medium and exposed to 0 to 1
M NacCl for 8 h; the survival rate was calculated as the proportion of cells that were present at 0 M NaCl. For panel B, strains were grown in ¥21C medium and
introduced onto plant leaves; cells were enumerated by plating, and the proportion of cells present at 0 h was determined. For panel D, strains were grown in King’s B
medium, DC3000 cells were introduced onto tomato (host) and soybean (nonhost) leaves, and B728a cells were introduced onto bean (host) and soybean (nonhost)
leaves; plants for panel D were grown and inoculated under field conditions. The values shown are means * standard errors (1 = 6 [A to C] or 12 [D]).

gae strains accumulated NAGGN, trehalose, and glutamate in re-
sponse to osmotic stress (see Fig. S3 in the supplemental material)
(7). A B728a mutant that lacked the ggnAB genes required for
NAGGN synthesis (27, 34), designated B7Aggn, exhibited im-
paired osmotolerance but only at high NaCl concentrations (>0.6
M) (Fig. 4A and B). A DC3000 mutant that lacked the ggn operon,
designated DCAggn, exhibited reduced osmotolerance in the low-
osmoticum medium MinAS but also only at high NaCl concen-
trations (=0.4 M) (Fig. 4C; see Fig. S4A); the operon contained
two putative genes downstream of ggnAB that are not required for
NAGGN synthesis (34). A trehalose-deficient DC3000 mutant,
designated DCAtre (Table 1), showed a much greater growth de-
lay than DCAggn in MinAS medium, with a mutant that lacked the
loci for both NAGGN and trehalose production showing the most

_

A -—B728a
=O= DC3000

I
I
\
SO
N
&
>

1
\
)
\
\
e
el

1
\
\
4
-

C-Betaine uptake rate
(nmol/min/mg protein)
\
\
td
td

14

- N W b OO0 O ONDIOOOOOON BN
1
g
-

C-Choline uptake rate

(nmol/min/mg protein)

14
o

00 02 04 06 08 10
NaCl conc (M)
FIG 3 Effect of NaCl on the initial rates of radiolabeled glycine betaine (A) and
choline (B) uptake by P. syringae strains. Glycine betaine and choline were each

provided at a final concentration of 10 wM. The values shown are means *
standard errors (n = 3) and are representative of two replicate experiments.
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severe reduction in osmotolerance (Fig. 4C; see Fig. S4A). These
results demonstrate that trehalose and NAGGN perform comple-
mentary protective roles in promoting osmotolerance in DC3000,
with trehalose contributing more under these conditions.

Interestingly, the DCAggn mutant showed enhanced growth
under high osmolarity in ¥%221CS medium, demonstrating that the
ggn locus detrimentally impacted DC3000 osmotolerance in this
medium (Fig. 4D; see Fig. S4B). The magnitude of the growth
benefit of DCAggn was similar in the presence and absence of the
loci for trehalose production (Fig. 4D). In contrast, B7Aggn
showed reduced growth in both MinAS and %221CS media (Fig.
4A and B). Since NAGGN synthesis is a nitrogen-demanding pro-
cess, we hypothesized that the 1.6-fold lower N content of %221CS
than MinAS may have caused a depletion of cellular N reserves in
DC3000 during NAGGN synthesis. Modifying the N content of
1521CS to that of MinAS by amending it with (NH,),SO,, how-
ever, did not increase the growth of DC3000 at high osmolarity
(data not shown), but interestingly, amending ¥21CS with glu-
tamine dramatically increased the growth of DC3000 and DCAtre
at high osmolarity while having little to no impact on the growth
of DCAggn and DCAggnAtre (see Fig. S5 in the supplemental ma-
terial).

B728a and DC3000 differed in their responses to NaCl at the
transcriptional level. We characterized the global transcriptome
of these strains following a 15-min exposure to a water potential of
—1 MPa imposed by NaCl (0.22 M). The treatments included not
only B728a and DC3000 with and without exposure to osmotic
stress but also DC3000 exposed to three additional treatments
that, although not discussed here, provided greater statistical
power to the DC3000 analysis. Consequently, to assess if compen-
sation for the lower statistical power of the B728a analysis was
needed, we evaluated the B728a data set at 1% and 10% FDRs and
evaluated the DC3000 results only at a 1% FDR. We found that
using FDRs of 1% for DC3000 and 10% for B728a yielded similar
proportions of differentially expressed genes in both strains. In
DC3000, 5,582 genes were analyzed and 551, or 10%, differed in
transcript abundance in response to NaCl (FDR, =1%). In B728a,
4,418 genes were analyzed and 411, or 9%, differed in transcript
abundance in response to NaCl (FDR, =10%). Greater than 60%
of the differentially expressed genes in B728a were increased in
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FIG 4 Contribution of compatible solute biosynthetic loci to growth of wild-type and mutant strains of B728a (A, B) and DC3000 (C, D) at high osmolarity in
MinAS (A, C) and ¥221CS (B, D) media. The B728a cultures were grown in media amended with various NaCl concentrations, as indicated, whereas the DC3000
cultures were grown in media amended with 0.4 M NaCl. Values represent the mean ODy,, = the standard error (n = 4) and are representative of three

independent experiments.

transcript abundance regardless of the selected FDR cutoff; in
contrast, 58% of the differentially expressed genes in DC3000
were decreased in transcript abundance. We used ortholog pre-
dictions (32) and synteny to identify 3,861 genes that had single
orthologs in B728a and DC3000. Among these 3,861 genes, the
majority with altered transcript abundance showed increased
abundance in B728a and decreased abundance in DC3000 (Fig. 5).

We assigned Gene Ontology (GO) terms to the P. syringae
strains based on the GO terms assigned in P. aeruginosa PAOL. By
using ortholog predictions and synteny to identify P. syringae or-
thologs of PAO1 genes, we were able to assign GO terms to 2,034
genes in B728a and 2,060 genes in DC3000. Fisher’s exact test was
used to identify the GO functions that were overrepresented
among the genes exhibiting differential transcript abundance
compared with their representation in the genome (see Fig. S6 in
the supplemental material). In this analysis, individual genes
could belong to multiple GO categories. Only two GO categories
of differentially abundant transcripts were shared by the strains,
betaine biosynthetic processes and betaine metabolic processes,
both of which relate to the potential to accumulate the compatible

Increased Decreased

) G«

B728a DC3000 B728a DC3000

FIG 5 Numbers of B728a and DC3000 genes that were increased or decreased
in transcript abundance in response to NaCl among the 3,861 genes that had
orthologs in both strains (FDR, =1%). The use of an FDR of =<10% to identify
B728a transcripts that were altered in abundance changed the values in the
diagram, from left to right, to 135, 99, and 66 for those that were increased and
to 85, 65, and 168 for those that were decreased.
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solute betaine. The NaCl-responsive stimulon of B728a fell into 30
GO categories that were overrepresented, with 26 containing
mostly genes with increased transcript abundance and 15 involv-
ing cell wall and/or polysaccharide metabolic processes. In con-
trast, the NaCl-responsive stimulon of DC3000 fell into 50 GO
categories that were overrepresented, with 45 containing mostly
genes with decreased transcript abundance and 46 involving pri-
marily cytosolic processes. Thus, the two strains responded differ-
ently to the osmotic stress, with these differences suggesting that
B728a was active in modifying cell envelope components whereas
DC3000 slowed some of its metabolic processes, which generally
dominate the cytoplasm.

We classified the 3,861 orthologous genes in B728a and
DC3000 into functional groups based on the primary function
predicted for each gene. Genes with multiple primary functions
were not classified, and each gene was assigned to only one func-
tional group. A chi-square test was performed to compare the
proportion of differentially expressed genes in each of these func-
tional groups to those in the genome, with a permutation test
performed when the groups were small. Similar results were ob-
tained whether an FDR of 1% (Fig. 6) or 10% (data not shown)
was used to identify differentially expressed transcripts in B728a.
Both strains exhibited increases in the abundance of transcripts
involved in the transport and metabolism of quaternary ammo-
nium compounds such as betaine and choline (13, 14) and the
synthesis of compatible solutes (see Table S2 in the supplemental
material), supporting known mechanisms of osmoadaptation and
the results of the gene ontology analysis described above. We did
not observe strain specificity in the changes in the abundances of
the transcripts for compatible solute synthesis but did find that the
increases in the NAGGN transcripts were larger than those in the
trehalose transcripts. The B728a ectC gene encodes an enzyme that
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FIG 6 Number of genes in each of the functional categories that were significantly overrepresented in the NaCl-responsive transcriptome compared to the
genome (FDR, =5% for the overrepresentation analysis). The values shown are the total number of genes in each category and the number genes that were
increased or decreased in transcript abundance, with differential expression based on an FDR of =1%. QAC, quaternary ammonium compound.

is functional in the synthesis of the compatible solute ectoine but
requires ectAB, which are missing from B728a (8). We found no
evidence of ectC induction by osmotic stress; thus, if ectC is a
remnant of a prior osmoresponsive ectoine synthetic pathway in
B728a, it no longer exhibits osmoresponsiveness. DC3000 lacked
orthologs to these ectoine synthetic genes. The strains also showed
variable changes in outer membrane proteins, showing decreases
for at least a third of the 12 porin-encoding genes (see Table S2),
consistent with the outer membrane as a major site of alteration by
osmotic stress. Lastly, both strains had decreased transcript levels
of 22 to 44% of the genes involved in flagellar synthesis and mo-
tility (see Table S2), consistent with reduced movement as a re-
sponse to water limitation. Functional groups that differed be-
tween the strains included polysaccharide synthesis and
regulation, the T6SS and T3SS, and nitrogen metabolism (Fig. 6).
We further discuss differences within these groups below.

Polysaccharide synthesis and regulation. Transcripts for the
alginate regulatory genes were increased in both strains, as dem-
onstrated by average increases for mucB, algR, and algZ of 3.2- and
2.3-fold for B728a and DC3000, respectively (see Table S2 in the
supplemental material). However, transcripts for the alginate bio-
synthetic genes were strongly increased only in B728a, as demon-
strated by average increases of 6.4- and 1.4-fold for these genes in
B728 and DC30000, respectively (see Table S2). Given the impor-
tance of alginate to water stress tolerance (16), greater alginate
production by B728a under hyperosmolarity may contribute to its
greater osmotolerance. In support of this prediction, we found
that B728a produced a uronic acid-containing polysaccharide that
resembled alginate (see Fig. S7 in the supplemental material), pro-
duced more with increasing osmolarity (Fig. 7), and lost its pro-
duction upon the inactivation of algD (see Fig. S7). DC3000, in
contrast, did not show osmotic stimulation of a uronic acid-con-
taining polysaccharide resembling alginate (see Fig. S7).

T6SS. The genes encoding T6SSs have been shown to fall into
three distinct clusters, designated Hcp secretion islands (HSI) be-
cause of the ability of the T6SS to secrete an Hep protein. Of these
clusters, B728a has only HSI-I whereas DC3000 has both HSI-I
and HSI-II gene clusters (35). None of the genes in either of the
DC3000 clusters were impacted by osmotic stress, whereas 10 of
the 21 genes in the B728a T6SS HSI-I cluster were induced, and 9
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of these 10 had orthologs in DC3000 (see Table S2). These 10
genes include impK, clpV, and icmF, which are predicted to encode
components of the secretion system itself (36), but not hepl
(Psyr_4965), which was not induced although it encodes a se-
creted protein (36).

T3SS. Genes categorized as T3SS associated included those for
the T3SS components, as well as the secreted helper proteins, ef-
fectors, and their chaperones. None of the 52 T3SS-associated
genes in B728a exhibited altered transcript levels in response to
osmotic stress. In contrast, 41% of the 66 T3SS-associated genes in
DC3000 exhibited altered levels, with all of these showing a de-
crease in transcript abundance (see Table S2). The ¥421CS me-
dium selected for these studies was not designed as an inducing
medium for the T3SS genes; however, the average transcript level
of these genes in this medium was higher than 25% of the genes in
B728a and 54% of the genes in DC3000, suggesting that there was

300 600

a A B _

O 250 - 500

=

3200 A 400

()

% 150 300 -

©

.g 100 200 -

o

3 50 - |=| H 100 -

3

O o 0
0 0204 06 0 0204 06
[M NaCl] [M NaCl]

FIG 7 Effect of osmolarity on the production of uronic acid-containing poly-
saccharides by B728a with cells grown in ¥221CS (A) and MinAS (B) media.
Media were amended with the molar concentrations of NaCl indicated on the
x axis, and the ethanol-precipitated polysaccharides were quantified by the
meta-hydroxydiphenyl assay and expressed as micrograms of glucuronic acid
equivalent per ODg,, unit. The polysaccharide from B728a resembled the
uronic acid-containing polysaccharide alginate on the basis of its color and
absorption spectrum, whereas the polysaccharide from DC3000 did not (see
Fig. S7 in the supplemental material). The values are means = standard errors
(n =5 [A] or 2 [B]); the error bars are present but not visible for all samples.
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TABLE 2 Osmotic-stress-induced changes in transcript levels of genes predicted to encode hydrophilins

B728a” DC3000”
Gene Locus AA Gly Hyd Fold change” Locus AA Gly Hyd Fold change”
hfnA Psyr_3782 63 12.7 0.89 8.83¢ PSPTO_1596 63 12.7 0.95 2.85¢
hfnB Psyr_0768 51 3.9 1.74 2.43° PSPTO_0891 76 6.6 1.14 1.76¢
hfnC Psyr_0858 135 10.4 0.97 2.07¢ PSPTO_0993 135 8.1 0.96 2.52¢
hfnD Psyr_3971 156 20.5 1.22 M PSPTO_4237 152 19.7 1.16 2507
hfnE Psyr_0128 121 8.3 0.99 1.81° PSPTO_0281 121 9.1 0.99 1.57¢
hfnF Psyr_3320 49 8.2 1.97 Me PSPTO_3546 47 6.4 1.93 (1.17)
hfnG Psyr_1879 51 8.9 1.83 1.70 PSPTO_2069 61 8.2 1.91 (1.10)
hfnH Psyr_1972 103 7.8 1.64 (1.27)¢ PSPTO_2162 164 4.9 1.38 (1.19)
hfnl Psyr_4518 183 10.4 1.14 (1.13) PSPTO_0656 189 10.1 1.12 (—1.24)
hfn] Psyr_0132 82 11.0 1.29 M PSPTO_0274 84 9.5 1.09 (1.11)
hfnK Psyr_0032 176 16.5 0.98 (1.09) PSPTO_0161 171 17.0 1.00 (—1.03)
hfnL Psyr_4262 117 9.4 0.95 (—1.15) PSPTO_4600 117 9.4 0.99 (1.02)

@ Hydrophilins were predicted on the basis of protein size (<200 amino acids), glycine content (=6% of amino acid content), and estimated hydrophilicity (=0.95) based on
ExPASy’s ProtScale (61). Values that did not meet a selection criterion in one of the two strains are in italics. The orthologs of HfnB exhibit distinct sizes because of the absence of
an N-terminal domain in Psyr_0768. AA, number of amino acids; Gly, percent glycine content; Hyd, estimated hydrophilicity.

® The fold change values in bold had significantly different transcript levels in the presence of NaCl versus in its absence on the basis of an FDR of 1%. For B728a, the fold changes
not in bold had significantly different transcript levels on the basis of an FDR of 10%. Values in parentheses did not show significant differences in their transcript levels in response

to NaCl and are included for comparison. M, the gene is missing from the B728a microarray.
¢ This gene showed increased transcript abundance in response to osmotic stress in a subsequent transcriptome analysis (19).
“ This gene showed increased transcript abundance in response to a matric stress (polyethylene glycol [molecular weight, 8,000]), which represents a distinct form of water stress (62).

a sufficient level of transcription in both strains in the medium to
detect reductions in transcript abundance.

Nitrogen metabolism. Out of approximately 55 genes classi-
fied as N metabolism genes in the two strains, 9 genes in B728a and
3 genes in DC3000 showed changes in transcript abundance in
response to osmotic stress. Among these, only one, a glutamine
amidotransferase-encoding gene, was increased under stress, and
it was increased only in B728a (see Table S2). Although the sub-
strate of this glutamine amidotransferase is not known, this en-
zyme could potentially supplement the glutamine amidotrans-
ferase activity of GgnA during NAGGN synthesis. In contrast,
both strains showed decreased levels of the glutamine synthetase-
encoding ginAl transcript (see Table S2), no change in the tran-
scriptlevels of four other putative glutamine synthetase genes, and
decreased levels of the glnK transcript, which encodes a regulator
of glutamine synthetase (see Table S2). The reduced glnA1l levels
may indicate a pathway by which glutamate is accumulated in re-
sponse to osmotic upshock, namely, by reducing glutamate depletion
due to glutamine synthesis; this is consistent with the lack of induc-
tion of the gltD and gltB genes involved in glutamate synthesis.

The B728a and DC3000 genomes encode 12 putative hydro-
philins. Hydrophilins are a class of small, highly hydrophilic pro-
teins that can enhance tolerance to water limitation (37, 38). We
identified 12 putative hydrophilin orthologs in both B728a and
DC3000 on the basis of the criteria of small size, high glycine
content, and high hydrophilicity. We designated these hfn (hydro-
philin function) genes (Table 2). Transcripts for five of these pu-
tative hydrophilins were increased by osmotic stress. The proteins
encoded by Psyr_3782, its DC3000 ortholog PSPTO_1596, and
the putative hydrophilin-encoding, osmoinduced PAOI gene
PA4738 (39) exhibit 40, 36, and 55% amino acid identity to the
Escherichia coli hydrophilin YjbJ, respectively. The hydrophilin
YjbJ has been demonstrated to rescue enzymatic activity from the
negative effects of osmotic stress in vitro (37).

Transcript levels of selected genes exhibited similar qualita-
tive changes by qRT-PCR and microarray analyses but were dif-
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ferentially influenced by osmotic stress level and exposure time.
The transcript levels of selected genes were evaluated by qRT-PCR
following osmotic upshock with a moderate stress level similar to
that used for the microarray, namely, —1 MPa osmotic upshock
for 15 min, as well as for a longer time (60 min) and at a higher
stress level (—1.9 MPa) for 15 and 60 min for comparison. The
changes in transcript level, as evaluated by qRT-PCR, were quali-
tatively similar to those from the microarray for all of the genes
examined (Table 3), although the quantitative fold change values
were not correlated. Whereas the transcript levels of many genes
such as ggnA were not strongly impacted by either stress level or
exposure time, the glgA gene in the trehalose synthesis operon
showed increased expression with increased stress and exposure
time, whereas the hydrophilin gene hfnA showed the opposite
(Table 3). The gInA1I gene was affected by stress and exposure time
but in a more complex manner (Table 3).

DISCUSSION

In this study, we demonstrated markedly different survival of two
related foliar bacterial pathogens in water-stressed environments,
and these differences were correlated with gene expression profiles
that suggest differences in their coping strategies and responses to
osmotic stress. P. syringae strain B728a exhibits strong epiphytic
competency and is thought to be better adapted to epiphytic sur-
vival than other P. syringae strains, including DC3000 (24, 40).
Our side-by-side comparison of the fitness of B728a with that of
DC3000 confirmed the superior fitness of B728a on nonhost plant
species (Fig. 2B to D), where all or a majority of the bacteria reside
in epiphytic sites (41), and on host species (Fig. 2D), where at least
some of the growth occurs endophytically (41). Moreover, the
greater osmotolerance of B728a than DC3000 is consistent with a
contribution of osmotolerance to epiphytic survival. In a global
transcriptome analysis, we found that B728a exhibited a proactive
response to osmotic stress based on primarily increases in gene
expression, whereas DC3000 exhibited primarily decreases in
gene expression. This response of DC3000 was not due to a general
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TABLE 3 Comparison of osmoinduced changes in transcript levels based on microarray versus qRT-PCR analyses for selected DC3000 genes

Fold change in transcript level® after:

15-min osmotic upshock

60-min osmotic upshock

Locus Gene® Microarray Moderate NaCl”® High NaCl® Moderate NaCl® High NaCl”
PSPTO_1633 ggnA 5.4 3.2(0.7) 3.8 (0.4) 2.3 (0.1) 4.8(2.3)
PSPTO_4578 opuCD 4.68 3.1(0.2) 1.5 (0.1) 4.7 (0.7) 7.0 (2.6)
PSPTO_4906 4.62 5.8 (3.7) 2.5(1.7) 8.5(0.7) 4.2 (1.7)
PSPTO_1596 hfnA 2.85 9.3 (1.1) 4.2 (0.4) 5.8 (3.7) 2.2(0.3)
PSPTO_3125 glgA 2.16 1.6 (0.0) 2.9(1.2) 2.7 (0.5) 7.5 (4.6)
PSPTO_0359 glnAl —2.94 —8.3(1.7) —2.9(0.7) —2.4(0.9) —25.3(2.2)
PSPTO_1274 cspC —3.29 —25(1.2) —1.3(0.4) —2.0 (0.4) —7.6 (0.4)

“ Fold change in transcript level relative to conditions without hyperosmolarity, as described in Materials and Methods. The values are averages of two replicates (standard

deviation).

v DC3000 cells in 1521CS were subjected to a 15- or 60-min osmotic upshock with a moderate (0.22 M) or high (0.44 M) NaCl concentration.
¢ The gene functions are as defined in Table 2 (see also Table S3 in the supplemental material), with the addition of PSPTO_4906, which encodes a putative ferritin/DPS gene, and

PSPTO_1274, which encodes a putative cold shock protein.

reduction in transcriptional activity because only 233 of the 3,861
genes examined were detectably decreased in expression (Fig. 5).

B728a and DC3000 differ in their osmoprotectant uptake
properties (Fig. 3). The higher rates of uptake of choline and gly-
cine betaine by B728a at high osmolarities may have resulted from
higher expression of genes for the glycine betaine/choline trans-
porter OpuC in B728a than in DC3000 (see Table S2 in the sup-
plemental material) and/or from greater osmotic activation of the
BetT and OpuC transporters (13, 14). High osmoprotectant up-
take rates under water-limited conditions on leaves may provide a
particularly strong fitness benefit because of the presence of plant-
derived choline (28) coupled with the significant energy savings of
compatible solute accumulation via uptake rather than synthesis.

NAGGN synthesis contributed to the osmotolerance of B728a,
as expected, but only at a much higher NaCl concentration than in
a previous study (8). This difference was probably because of the
added stress imposed by the presence of glycerol in the medium in
that study. NAGGN synthesis also contributed to the osmotoler-
ance of DC3000 but surprisingly did so in a medium-specific man-
ner, with loss of NAGGN synthesis associated with a dramatic
increase in DC3000 osmotolerance in 221CS medium. NAGGN
requires nitrogen from three glutamine molecules per NAGGN
molecule (34); thus, the detrimental impact of NAGGN synthesis
may be due to its depletion of glutamine reserves in DC3000 in
1521CS medium. This prediction is supported by the ability of
exogenous glutamine to restore strong growth to DC3000 and a
trehalose-deficient DC3000 mutant in this medium while not af-
fecting the growth of NAGGN-deficient DC3000 mutants. The
basis for the distinct impact of the loss of NAGGN synthesis on
DC3000 growth in the two media remains unclear, however, be-
cause neither medium contains glutamine.

Changes in the transcript levels of genes involved in nitrogen
metabolism suggested a mechanism by which glutamate accumu-
lates as a compatible solute. In osmotically stressed E. coli and
Salmonella enterica cells, glutamate accumulates through path-
ways other than direct synthesis, presumably through small
changes in reactions involving glutamate, but these have not been
identified (42, 43). Osmotic stress decreased the expression of the
glutamine synthetase gene glnAl in B728a and DC3000, thus en-
abling the accumulation of glutamate by reducing the rate at
which it is converted to glutamine. Although reduced glutamine
synthesis could interfere with the glutamine requirement for
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NAGGN, glutamate may accumulate early following an osmotic
upshift, thus allowing it to function as a counterion to K* prior to
a transition to greater glutamine synthesis. Our data on the dy-
namics of glnAl expression at two time points following an os-
motic upshift support this model at a moderate osmotic stress but
suggest a sustained repression of glnAl at a high osmotic stress
(Table 3).

We previously identified the loci for trehalose biosynthesis in
DC3000 and demonstrated that trehalose synthesis contributes to
osmotolerance in DC3000 (7). Here, we found that trehalose was
a much larger contributor to DC3000 osmotolerance than
NAGGN; that is, trehalose synthesis could fully or nearly fully
compensate for the loss of NAGGN synthesis, but the reverse was
not true. Unfortunately, we did not have pyramided deletion mu-
tants to perform a similar analysis of B728a, but the reduced
growth of the B728aAggn mutant only at high osmotic stress sug-
gests that trehalose was similarly a large contributor to B728a os-
motolerance.

We were surprised to find evidence of osmoinduction of the
alginate biosynthesis genes in B728a but not in DC3000 and for
increased production of a uronic acid-containing polysaccharide,
likely alginate, with increasing osmolarity in B728a but not in
DC3000 (Fig. 7; see Fig. S7 in the supplemental material). Alginate
production is stimulated by high osmolarity in many Pseudomo-
nas spp. (44) and contributes to the epiphytic fitness of P. syringae
(18). Alginate production, however, has not yet been shown to
protect cells from osmotic stress. In fact, Chang et al. (16) recently
provided the first clear demonstration that alginate protects bac-
terial cells against water stress, although the protection was effec-
tive against matric but not osmotic stress for P. putida and B728a.
Their use of a yeast extract-containing medium, however, may
have suppressed an osmotic response due to exogenous choline,
which suppresses the induction of osmoregulated genes (28). The
identity of the B728a uronic acid-containing polysaccharide as
alginate was confirmed on the basis of its loss in an algD inser-
tional mutant (see Fig. S7). This mutant was not altered in its
osmotolerance when grown in %221CS or MinAS at NaCl concen-
trations of up to 0.75 M (data not shown), suggesting that alginate
did not contribute to B728a osmotolerance under these condi-
tions; however, this result does not exclude the possibility of com-
pensatory osmoadaptation mechanisms in B728a. If alginate is in-
volved in osmoadaptation, then the lack of osmoinduction of the
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alginate biosynthesis genes and alginate production in DC3000 may
be associated with the lower osmotolerance of this strain.

Protein translocation machinery, including the T3SS and
T6SS, is used by diverse bacterial species to deliver protein effec-
tors to plant host cells or bacterial prey cells, respectively. An un-
expected finding was the osmoinduction of transcripts involved in
the T6SS in B728a but not in DC3000. Hcp secretion provided
evidence of functionality of the T6SS of B728a (45). The T6SS of
DC3000 has not been shown to be functional and may not func-
tion given the presence of an ISPssy transposase in both the HSI-I
and HSI-II gene clusters (35). On the basis of the role of T6SSs in
protein transfer during antagonistic bacterial cell-cell interactions
(46, 47), osmoinduction of the core T6SS machinery may be rel-
evant to the interaction of B728a with other epiphytic organisms
rather than to B728a osmoadaptation per se and may contribute to
epiphytic fitness by antagonizing other microbes. Although os-
moinduction may signal the presence of the cell in a phyllosphere
habitat (19), the ecological benefit of osmotic stress as a T6SS-
inducing signal is not clear.

The decreased abundance of T3SS transcripts during osmoad-
aptation in DC3000 but not in B728a is consistent with the down-
regulation of several T3SS-associated genes observed in P. syringae
pv. phaseolicola (48) and P. aeruginosa (39) by hyperosmolarity.
The lack of such downregulation in B728a may reflect the greater
resilience of T3SS expression when confronted with water-limited
conditions. Previous studies have shown that DC3000 expresses
the T3SS mainly inside leaves (49) and that following invasion,
DC3000 eventually encounters water-limited conditions in the
leaf intercellular spaces, with the kinetics and extent of water lim-
itation dependent on the nature of the DC3000-host interaction
(20, 21). Osmoregulation of the T3SS may therefore reflect the
integration of signals influencing the interaction of DC3000 with
plants rather than a role for the T3SS in DC3000 osmoadaptation
per se.

Both strains decreased transcripts encoding porins and flagel-
lar proteins in response to osmotic stress. Although osmotic stress
did not alter porin gene expression in P. aeruginosa cells (39), it
decreased the levels of porin protein in P. fluorescens (50), includ-
ing three proteins encoded by genes that were downregulated in
B728a and DC3000, OprD, OprE, and OprQ (see Table S2 in the
supplemental material). The fact that at least half of the porin-
encoding genes and most of the outer membrane protein-encod-
ing genes were not altered by an osmotic upshift in the two P.
syringae strains supports a directed effect on a few porins, poten-
tially reducing permeability to specific molecules, rather than a
nonspecific effect on outer membrane proteins due to osmoin-
duced membrane perturbations. Similar to the porins, osmotic
stress did not alter flagellar gene expression in P. aeruginosa cells
(39) but reduced the expression and protein levels of the flagellar
subunit FliC and reduced the motility of P. fluorescens cells (50).
Whereas osmotic stress reduced many flagellar gene transcripts in
P. syringae (see Table S2) and matric stress reduced at least flgC
and fliE in P. putida (51), suggesting reduced motility of pseu-
domonads in response to water stress, osmotic stress did not affect
flagellar gene transcripts in Desulfovibrio vulgaris (52), indicating
that this is not a generalized bacterial response to water limitation.

The accumulation of small, glycine-rich hydrophilic proteins
can enhance cellular tolerance to water limitation (38). Such pro-
teins were first identified in plants and called late embryogenesis
abundant (LEA) proteins but were later discovered in a range of
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prokaryotes and eukaryotes and renamed hydrophilins (38).
These proteins share a highly unstructured state but little se-
quence similarity (38). Their intrinsic disorder is thought to be
central to their abilities to physically interfere with protein aggre-
gation (53) and provide hydrophilic surfaces that order water
molecules around other proteins, thus stabilizing them (37). In
contrast to LEA proteins in plants, relatively little is known of
hydrophilins in bacteria. The few putative hydrophilins that have
been identified include 14 from among the bacterial proteins in
the Swiss Protein Database and 5 predicted from the E. coli ge-
nome (38); genes for four of the E. coli proteins were induced by
osmotic stress (38). The other bacterial hydrophilins identified to
date are three P. aeruginosa proteins that were identified on the
basis of similarity to the E. coli hydrophilins and induction by
osmotic upshock (39). Here, we identified 12 P. syringae proteins
as putative hydrophilins. Genes for five of these were induced by
osmotic stress in both P. syringae strains, providing good evidence
that they are hydrophilins. Interestingly, only 1 of these 12 was an
ortholog of the predicted hydrophilins in P. aeruginosa, and the
gene encoding this hydrophilin, designated hfnA, exhibited the
greatest increase in transcript abundance in response to osmotic
stress of the 12 putative hydrophilin-encoding genes; further-
more, hfnA encodes an ortholog of the only hydrophilin shown
thus far to have hydrophilin activity, E. coli Yjb]J (37).

In summary, these results provide a detailed model of P. syrin-
gae osmoadaptation and insight into strain differences that are
correlated with osmotolerance. Collectively, the results suggest
that following exposure of P. syringae to a moderate osmotic up-
shift, P. syringae upregulates genes not only for compatible solute
synthesis and osmoprotectant transport but also for hydrophilin
proteins, which may provide an additional mechanism for osmo-
adaptation. A comparison of P. syringae strains B728a and
DC3000 showed that superior osmotolerance and epiphytic fit-
ness were associated with (i) higher osmoprotectant transport
rates; (ii) stronger metabolic support for NAGGN production;
(iii) global upregulation of genes, suggesting a proactive response
to osmotic stress; (iv) osmotic induction of the alginate biosyn-
thetic genes and alginate production; (v) osmotic induction of the
T6SS, a system whose ecological role is not yet fully understood;
and (vi) greater resiliency of the T3SS upon water limitation, a
property that could ensure continued expression of this critical
secretion system in the face of water limitation during leaf coloni-
zation and infection.
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