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ABSTRACT Plant pathogenic bacteria encounter a drastic increase in apoplastic pH during the 

early stages of plant immunity. The effects of alkalization on pathogen-host interactions 

have not been comprehensively characterized. Here, we used a global transcriptomic 

approach to assess the impact of environmental alkalization on Pseudomonas syringae pv. 

tomato DC3000 in vitro. In addition to the Type 3 Secretion System, we found expression of 

genes encoding other virulence factors such as iron uptake and coronatine biosynthesis to 

be strongly affected by environmental alkalization. We also found that the activity of AlgU, 

an important regulator of virulence gene expression, was induced at pH 5.5 and suppressed 

at pH 7.8, which are pH levels that this pathogen would likely experience before and during 

pattern-triggered immunity, respectively. This pH-dependent control requires the presence 

of periplasmic proteases, AlgW and MucP, that function as part of the environmental sensing 

system that activates AlgU in specific conditions. This is the first example of pH-dependency 

of AlgU activity, suggesting a regulatory pathway model where pH affects the proteolysis-

dependent activation of AlgU. These results contribute to deeper understanding of the role 

apoplastic pH has on host-pathogen interactions. 

IMPORTANCE Plant pathogenic bacteria, like Pseudomonas syringae, encounter many 

environmental changes including oxidative stress and alkalization during plant immunity, but 

the ecological effects of the individual responses are not well understood. In this study, we 

found that transcription of many previously characterized virulence factors in P. syringae pv. 

tomato DC3000 is downregulated by the level of environmental alkalization these bacteria 

encounter during the early stages of plant immune activation. We also report for the first 

time the sigma factor AlgU is post-translationally activated by low environmental pH through 

its natural activation pathway, which partially accounts for the expression Type 3 Secretion 

System virulence genes at acidic pH. The results of this study demonstrate the importance 

of extracellular pH on global regulation of virulence-related gene transcription in plant 

pathogenic bacteria. 
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athogen-host interactions are naturally antagonistic with both parties employing 

adaptive strategies to optimize their probability of survival. Plants manage infections 

using a distributed, non-adaptive immune system in which infections are dealt with 

locally, with plant cells near the infection site sensing and responding to suppress the growth 

and spread of pathogens. Several temporally predictable physiological and structural 

changes mark distinct phases during the infection and immunity process (1, 2). The early 

stages of infection are critical for determining the outcome of the interaction because the 

speed of detection and initial efforts to eliminate the pathogens significantly affect the 

progress of the infection (3). While many of the host responses have been identified (4–11), 

there is a lack of the understanding of the specific functions of the components as individual 

factors rather than in combination with the full set of early-stage responses. Understanding 

the individual effects of early-stage response components would aid optimization of plant 

immune outputs in disease-resistance breeding programs. 

Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) is a model plant pathogenic 

bacterium (12). When infecting leaves of host plants, Pst DC3000 cells multiply in and deploy 

their infection strategies from the intercellular space, known as the apoplast (8), near where 

they enter the leaf tissue. Pst DC3000 infection strategies include the production of 

coronatine to manipulate stomata opening (13), downregulating  flagellin synthesis and 

motility through extracytoplasmic function sigma factor AlgU (14) and reprograming host 

immunity and physiological response through HrpL-regulated type 3 secretion system (T3SS) 

and translocated protein effectors (4, 10). In addition, PvdSmediated iron stress responses 

including siderophore-related functions also contribute to survival under host immunity (3). 

On the host side, plants have a two-tiered immune system: PAMP (pathogen-associated 

molecular patterns)-triggered immunity (PTI) and effector-triggered immunity (ETI). PTI 

utilizes pattern-recognition receptors on the cell surface to recognize conserved molecular 

features of microbes such as bacterial flagellin subunits in the apoplast. After kinase-

mediated signaling, PTI-triggered cells modify the apoplastic environment and plant cell 

walls to interfere with infection progress (15). These modifications include increased 

reactive oxygen species (ROS) burst (5), closure of stomata (9), thickening of cell walls with 

callose deposition (16), and alkalization of apoplastic fluids (6). Adapted bacterial pathogens 

attempt to avoid PTI detection and/or suppress PTI responses using the T3SS to inject type 

3 secreted effectors (T3Es) into the host cells (2). These effectors (17) or T3E-modified host 

proteins (18) can stimulate ETI in plants, providing pathogenspecific immunity. During ETI, 

there is a cascade of events leading to programed cell death and restriction of resources 

from affected host cells, which work together to limit pathogen growth (1). 

Pst DC3000-associated PAMPs can be perceived by the host plant within 1 hour post 

inoculation (hpi) (13), and T3Es delivery can be detected from about 1.5 hpi (19). The timing 

of these events suggests that PTI is likely the first system to sense the infection, and PTI-led 

modifications of the apoplast are the earliest responses to interfere with pathogen growth 

and virulence. The three earliest PTI-specific modifications of the apoplast are temporally 

ordered as follows: removal of calcium, alkalization, and then ROS burst (2). The ecological 

functions of the PTI-generated ROS burst are the best understood among the three. While 

ROS can be lethal for pathogens without adequate extracellular peroxidase activities, the 

ROS burst also serves as an intercellular signal for activating transcription of plant immunity 

genes (20, 21). AlgU activity can be induced by ROS, and the timing of AlgU-dependent 

expression during P. syringae infection correlates with this ROS burst (22, 23). The 

concentration of calcium estimated in leaf apoplast is sufficient to activate the expression of 

virulence genes in Pst DC3000 through the CvsRS two-component system (24); however, it 

remains unknown whether the PTI-triggered removal of extracellular calcium can effectively 

impact disease progression. Alkalization negatively affects fungal colonization (25–27), but 

its effects during bacterial infection have not been systemically examined. The apoplast of 

healthy plants prior to PTI (i.e., naïve apoplast) is acidic, with the pH value fluctuating around 

5.0 (28–30). Alkalization process starts once PTI is elicited by PAMPs like flagellin or chitin, 

and the effect can last up to 50–60 hours, raising the apoplastic pH by 0.5–1 unit within the 

first hour and over 2 units by 24 hours post elicitation (6, 31–33). 

Bacterial pathogens, including Pst DC3000, respond to environmental pH via various 

signaling pathways (34–37); however, it remains difficult to infer a complete picture of the 
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role pH has in pathogen-plant interactions. We, therefore, set out to capture the full 

transcriptomic landscape of Pst DC3000 with environmental pH as the single variable in vitro. 

We hypothesized that alkalization alone can de-activate deployment of Pst DC3000 infection 

strategies, and our data reveal that multiple virulence systems are impacted simultaneously 

by in planta-relevant degrees of alkalization. 

RESULTS 

Apoplastic pH of mock-treated and PTI-elicited Arabidopsis thaliana Col-0 leaves 

We first set out to identify the in planta pH values relevant to a Pst DC3000-host interaction. 

We induced PTI in A. thaliana Col-0 leaves using commercially available flagellin peptides 

(Flg22) and measured the pH of apoplastic wash fluid (AWF) after 24 hours (38). We 

estimated the apoplastic pH by multiplying our measurements with either recently 

published dilution factors (DFs) associated with the AWF preparation protocol or dilution 

factors determined by tracking dye dilution (30, 39). We found the naïve apoplastic pH to be 

around 5.54, close to the previously reported leaf apoplastic pH of A. thaliana Col-0, while 

the PTI-elicited leaves have estimated pH over 8.0 (Table 1) (28–30). 

Transcriptome analysis of Pst DC3000 response to PTI-mimicking alkalization 

We used the observed apoplastic pH values to examine the impact of alkalization on the Pst 

DC3000 transcriptome in vitro. We exposed log-phase Pst DC3000 cultures to three pH 

levels: 5.5, 6.5, and 7.8, which correspond to the pH of the apoplast before PTI elicitation 

(naïve), an intermediate level of alkalization, and 24 hours post PTI elicitation, respectively. 

This was achieved by replacing the King’s B (KB) broth of mid-log cultures with pH-adjusted 

KB media. The exposure lasted 3 hours, over which time we saw slightly more growth at 

higher pH (Fig. S1). We performed RNA-seq to determine the transcriptomes of these cells 

and found 423 out of 4,673 total annotated genes to be differentially expressed by strong 

alkalization (comparing pH 5.5 vs pH 7.8) and about half of the differentially expressed genes 

(DEGs) also responded to weak alkalization (pH 5.5 vs pH 6.5; Fig. 1A; Table S1). We 

examined the functional annotations of these DEGs to look for potential ecological 

implications. We used both Gene Ontology (GO) and Comprehensive Microbial Resource 

(CMR) annotations for function enrichment analysis and found results from the two 

annotation databases showed strong agreement (Fig. 1B and C). We found pathogenesis-

related functions to be enriched [Fisher’s exact test, false discovory rate (FDR) P < 0.001] in 

the set of genes that displayed strong suppression because of alkalization (Fig. 1B and C). 

Alkalization affects expression of pathogenesis functions in rich and apoplast 

mimicking media 

More than 75% of the DEGs in the strongly suppressed pathogenesis functional categories 

(CMR annotation) encode functions related to T3SS or siderophores (Fig. 2A). Even under 

non-inducing conditions for T3SS (i.e., low baseline expression), the master pathogenicity 

regulator, hrpL, and over half of the known hrp regulon, including genes encoding 

intermediate regulators HrpRS, chaperones, injectosome components, and effectors, were 

significantly upregulated by low pH and suppressed as a result of alkalization (Fig. 2; Table 

S1). We confirmed this pattern of regulation for PSPTO_4001 TABLE 1 Measurement of AWF pH 

and estimation of A. thaliana Col-0 apoplastic pHc 

Treatment AWF pH measurement 

(Mean ± SEM, N = 6) 
Estimate apoplastic pH 

(dilution factor F = 18.25a) 

Estimate apoplastic pH 

(dilution factor F = 2.1466b) 

Mock 6.80 ± 0.04 5.54 6.47 

Flg22 7.38 ± 0.07 8.64 7.71 
aValue calculated using dilution factor by Borniego et al. (30). 

pH =is −calculated == as − following: × − − =− × −  for acidic AWF pH and bValue calculated using dilution factor determined 

in this work. Pre-dilution apoplastic  

 for basic AWF pH. 
cDilution factor  . 

Downloaded from https://journals.asm.org/journal/jb on 01 April 2025 by 198.137.20.116. 



Full-Length Text Journal of Bacteriology 

November 2024 Volume 206  Issue 11 10.1128/jb.00086-24 

 

FIG 1 Overview of pH-responsive DEGs in Pst DC3000 in modified KB media. (A) pH-responsive DEGs make up less than 10% of the Pst DC3000 genome. (B) GO-term 

enrichment analysis results suggest that alkalization causes a reduction in the expression of virulence-related functions in Pst DC3000 (BinGO ver. 3.03; Fisher’s exact 

test, P-values adjusted by FDR). (C) Similar results were found with functional category enrichment analysis using CMR functional annotations [downloaded from the 

J. Craig Venter Institute (JCVI) on or about 8 July 2013]. The complete set of CMR functional annotations for Pst DC3000 is available in reference (7). Fisher’s exact 

test, P-values adjusted by FDR (7). 

(encoding effector AvrPto), which was suppressed 20-fold by alkalization in RNA-seq data 

and quantitative real-time polymerase chain reaction (qRT-PCR) quantification, as well as 

PSPTO_0588 (encoding effector HopH1), which was reduced threefold in RNA-seq data and 

ninefold by qRT-PCR (Fig. 2B). We observed similar trends for both of these genes in 

apoplast-mimicking hrp-inducing minimal media (HMM), where PSPTO_4001 was 110-fold 

suppressed by alkalization, and PSPTO_0588 was 15-fold suppressed (Fig. 2B) (40). 

Over 50% of TonB-dependent siderophore receptor genes with annotated function in 

pathogenesis are strongly suppressed in the alkalized conditions (Fig. 2A). In addition to the 

annotated pathogenesis-related siderophore genes, we found expression of more genes 

with functions related to iron stress to be strongly (i.e., more than fourfold) suppressed by 

alkalization, including four iron starvation sigma factors: PSPTO_0444, PSPTO_1203, 

PSPTO_1286, and PSPTO_2133 (pvdS) (41–43). Surprisingly, the expression of PSPTO_4508 

(fur), the primary iron homeostasis regulator (44) in Pst DC3000, was affected less than 

twofold by pH (Table S1). Iron stress sigma factor, PvdS, helps Pst DC3000 survive ETI and is 

suppressed during leaf infection (3). We found that the expression of 13 out of 16 validated 

PvdS-regulated genes (41) was suppressed by alkalization, 11 of which were suppressed over 

fourfold by elevated pH (Table 2; Table S1). Consistent with this, expression of pvdS itself 

was suppressed more than 10-fold in alkalized KB medium (Fig. 2C). However, expression of 

pvdS was induced rather than suppressed in alkalized HMM (Fig. 2C), suggesting nutrient-

sensitive co-regulation. 

Coronatine was another virulence factor affected by alkalization, but unlike T3SS or iron 

uptake functions, coronatine synthesis genes (cfa genes, cma genes, and cfl) were 

suppressed by alkalization to pH 7.8 but appeared to maintain robust expression even at pH 

6.5 (Table 3). We used qRT-PCR to confirm that expression of both cfl and cmaE was 

suppressed more than 10-fold under strong alkalization in KB-based media (Fig. 2C).  

However, similar to pvdS, both genes were induced by alkalization in HMM (Fig. 2C). 
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FIG 2 Environmental alkalization strongly suppresses expressions of genes encoding virulence and iron uptake functions. (A) Counts of alkalization-suppressed genes 

in indicated functional categories. Color-coded responses for weak (5.5 → 6.5) and strong alkalization (5.5 → 7.8). Suppression was determined by both displaying 

more than twofold change in standardized read numbers and FDR-adjusted P-value passing significance threshold of 0.05. (B) qRT-PCR expression fold-change results 

for representative T3SS genes avrPto (PSPTO_4001; student’s t-test P < 0.001, N = 9) and hopH1 (PSPTO_0588; student’s t-test P < 0.01, N = 9) in HMM and KB media. 

Expression of avrPto and hopH1 was 110- and 15-fold higher at pH 5.5 than pH 7.8 in HMM, respectively, and 21- and 9-fold higher in modified KB medium. (C) qRT-

PCR expression fold change of representative iron-stress gene pvdS (student’s t-test P < 0.001, N = 9), coronatine synthesis gene cmaE (student’s t-test P < 0.01, N = 

9), and cfl (student’s t-test P < 0.001, N = 9) in HMM and KB media. Expression of cfl, cmaE, and pvdS was 3-, 32-, and 71-fold lower at pH 5.5 than pH 7.8 in HMM, 

respectively. In contrast, cfl, cmaE, and pvdS was 12-, 10-, and 15-fold more expressed at pH 5.5 than pH 7.8 in modified KB medium. All reads were standardized to 

expression of housekeeping gene gyrA (PSPTO_1745). Error bars represent SEM. 

AlgU contributes to Pst DC3000 pH responses 

We examined the pH-dependent transcriptome data for evidence of potential 

environmental sensing systems that might be capable of transducing information about the 

external pH into the gene expression responses that we observed. We found that 

PSPTO_4381 expression, an established reporter of AlgU activity (7), was reduced at 

elevated pH (Table S1). AlgU is an extracytoplasmic function sigma factor that is  

TABLE 2 Expression response of PvdS regulon to alkalization 

Locus ID Description Log2 fold change (5.5 

→ 6.5) 
Log2 fold change 

(5.5 → 7.8) 

PSPTO_0753 Bcr/CflA family multidrug-resistance transporter −2.0 −3.2 

PSPTO_2134 Pyoverdine synthetase and thioesterase component −4.1 −4.9 

PSPTO_2137 MbtH-like protein −3.3 −4.8 

PSPTO_2146 Pyoverdine biosynthesis regulatory gene −4.0 −4.9 

PSPTO_2147 Pyoverdine sidechain peptide synthetase I, epsilon-Lys module −3.7 −4.7 

PSPTO_2149 Pyoverdine sidechain peptide synthetase III, L-Thr-L-Ser component −3.9 −4.0 

PSPTO_2152 TonB-dependent siderophore receptor −3.2 −3.7 

PSPTO_2156 Renal dipeptidase family protein −3.4 −4.0 

PSPTO_2161 Penicillin amidase family protein −3.5 −4.1 

PSPTO_2175 3-Isopropylmalate dehydrogenase −0.4 −0.2 

PSPTO_2982 Hypothetical protein −3.0 −2.8 

PSPTO_3172 Membrane protein 0.0 −0.1 

PSPTO_3290 Outer membrane porin, OprD family −2.5 −3.2 

TABLE 3 Expression responses of known coronatine synthesis genes to alkalization 
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Locus ID Description Log2 fold change (5.5 

→ 6.5) 
Log2 fold change 

(5.5 → 7.8) 

PSPTO_4680 Coronafacic acid synthetase and ligase component Cfl 0.0 −3.0 

PSPTO_4681 Coronafacic acid synthetase and acyl carrier protein component −0.4 −3.1 

PSPTO_4682 Coronafacic acid synthetase and dehydratase component 0.0 −2.7 

PSPTO_4687 Coronafacic acid polyketide synthetase II −0.1 −1.2 

PSPTO_4689 Crotonyl-CoA reductase −0.1 −2.5 

PSPTO_4707 Coronamic acid synthetase CmaD 0.3 −3.4 

PSPTO_4708 Coronamic acid synthetase CmaE −0.2 −3.3 

PSPTO_4711 Coronamic acid synthetase CmaC −0.1 −2.4 

PSPTO_4712 Coronamic acid synthetase and thioesterase component 0.1 −2.3 

PSPTO_4714 CmaU protein 0.1 −1.3 

activated in planta and has an important role in activating virulence gene expression in the 

early stages of infection (7, 14, 45). Activation of AlgU in response to environmental 

conditions involves several proteases that sequentially cleave MucA, the membrane-bound 

anti-sigma factor controlling AlgU activity. This process of regulated intermembrane 

proteolysis (RIP) relies on the function of AlgW and MucP to sense stimulatory 

environmental cues and post-translationally de-inhibit AlgU (45, 46). We compared our pH-

dependent transcriptome results with the AlgU regulon (7) and found that 126 AlgU-regulon 

members were also differentially expressed. In this set of pH-responsive AlgU-regulated 

genes, 67 were downregulated by alkalization and included the majority of virulence-related 

genes (Fig. 3A; Table S1). However, we also found that 59 of pH-responsive AlgU-regulated 

genes were upregulated by alkalization, including those for alginate production and NADH-

related functions. This suggested that the pH-responsive AlgU-regulated genes are possibly 

controlled by other regulators in addition to AlgU. It is worth noting that expression of algW 

(PSPTO_4435) was affected by environmental pH in HMM similarly to PSPTO_4381, showing 

high expression at pH 5.5 and reduced expression at pH 7.8 (Fig. 3B; Table S1), while the 

expression of mucP (PSPTO_1541) did not appear altered between the two pH levels. We 

also found that the expression of algU (PSPTO_4224) and mucA (PSPTO_4223) was increased 

at pH 7.8 (Table S1); however, this is unlikely to have significant effects because AlgU-

dependent expression is primarily controlled by post-translational regulation of AlgU activity 

(7). 

We attempted to address the question of whether acidic pH is capable of stimulating 

AlgU activity by focusing on expression of PSPTO_4381. The PSPTO_4381 gene was chosen 

because its expression previously showed a complete dependence on AlgU, and we found 

no evidence that it is affected by other regulators (7). In contrast, other AlgU-regulated 

genes like algD show complex expression patterns that involve other regulators (47–50). We 

used qRT-PCR and a PPSPTO_4381:: lux promoter fusion to test AlgU activity in wild-type and 

algU-deleted Pst DC3000 strains after 3-hour incubation in KB at 5 pH levels, ranging from 

pH 5.4 to 7.0 (Fig. 3B and C) (7). We found that AlgU-dependent lux expression was highest 

at pH 5.4 (Fig. 3C) and was reduced by twofold as pH increases from 5.4 to 7.8 (Fig. 3C). This 

pattern of expression was confirmed using qRT-PCR to monitor PSPTO_4381 expression from 

its native location (Fig. 3B). 

AlgU activity is controlled post-translationally by a membrane bound anti-sigma factor 

(MucA) and conditionally activated proteases (i.e., AlgW and MucP) located in the periplasm. 

These proteases are activated by membrane stress and ensuing misfolded proteins in the 

periplasm to cleave the MucA anti-sigma factor and eliminate its ability to inhibit AlgU 

activity. We tested whether components of this RIP cascade were necessary for pH-

stimulated AlgU activity by comparing PPSPTO_4381:: lux reporter activity in wild-type, algU, 

and algW mucP deletion strains. We found that reporter expression in the algW mucP 

double deletion strain was indistinguishable from the algU deletion mutant (Fig. 3C), 

indicating that the activation of AlgU by acidic pH requires a function  
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of these RIP sensory components. These results indicate that AlgU activity is  affected  by  

environmental pH and likely through the natural RIP pathway. 

FIG  3  AlgU activity is sensitive to pH  in vitro . ( A )  Graphic summary of intersections between alkalization stimulon and previously  identified  AlgU-regulon. Genes  

from the AlgU regulon that did not have normalized counts after trimming and quality check from the analysis pipeline were labeled as missing data. ( B )  qRT-PCR  

results of  effects  of alkalization on  algW  and PSPTO_4381 expression in HMM. Expression of  algW  and PSPTO_4381 was 1.9- and 1.75-fold higher at pH 5.5 than  

pH 7.8, respectively. Error bars represent SE. ( C  Activity of PSPTO_4381 promoter is suppressed by alkalization in  ) modified  KB media, and this suppression is  

dependent on the presence of AlgU as well as its natural proteolysis activation pathway. Standardized Lux activity was calculated as the luminescence/OD 600   
after 3-hour incubation (see Materials and Methods). Error bars represent SEM, and group letters were assigned by Tukey post-hoc test ( N  = 9). 
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AlgU has a massive regulon spanning 20% of Pst DC3000 genome, many of these genes 

are also controlled by additional regulators that serve to adjust the extent of the regulon 

expressed to meet the needs of specific conditions (7, 24, 50–55). To identify the set of genes 

that require AlgU to respond to alkalization, we used RNA-seq to compare the 

transcriptomes of wild-type Pst DC3000 and an algU deletion mutant at pH 5.5 and 7.8. The 

algU deletion mutant showed similar growth patterns to that of wild type in pH-adjusted KB 

media (Fig. S1). We found 155 DEGs that require AlgU for differential expression between 

pH 5.5 and pH 7.8. This set was enriched for genes encoding functions related to 

pathogenesis, siderophore biosynthesis and uptake, and electron transport-related genes 

(Fig. 4; Fisher’s exact text, FDR-adjusted P < 0.001 for each functional category). Many 

pathogenesis and siderophore genes showed complete or partial reduction in their response 

to pH in the absence of AlgU (Fig. 4A; Table S1). We confirmed that the expression of 

representative T3SS genes also required AlgU for pH-dependent regulation in apoplastic-

mimicking HMM. Expression of avrPto, hrpL, and hopH1 was 110-, 35-, and 15-fold higher in 

HMM at pH 5.5 than pH 7.8, with AlgU accounting for 95-, 32-, and 15-fold difference in 

expression between the two pHs, respectively (Fig. 4B). These results are consistent with the 

hypothesis that AlgU activity in response to environmental pH contributes to the 

transcriptomic difference of Pst DC3000 between pH 5.5 and pH 7.8. 

DISCUSSION 

In this study, we conducted a series of RNA-seq experiments to characterize Pst DC3000 

responses to strong alkalization in vitro and to identify that the AlgU extracytoplasmic 

sensing system contributes to pH-responsive gene regulation. Our results show that even in 

rich media conditions, which are not typically thought to be favorable for inducing virulence 

gene expression, many pathogenesis genes show detectable differences in expression 

between low- and high-pH environments. We confirmed that T3SS and T3E genes were 

similarly regulated in pH-adjusted HMM, which was designed to mimic conditions bacteria 

experience in plant apoplast during infections. Coronatine synthesis and iron stress 

responses are impacted by alkalization, but the relationship is more intricate. Specifically, 

the nutrient condition of the media influences whether alkalization leads to increased or 

decreased expression. These results suggest that environmental pH is an important cue 

affecting all major virulence systems of Pst DC3000. 

We found that pH-dependent expression of two representative T3SS genes (avrPto and 

hrpL) was regulated by AlgU, and alkalized conditions do not support AlgU-dependent 

expression of these functions. We found that AlgU activity is induced at low pH, and this 

occurs through the native extracytoplasmic sensing system that controls AlgU activity by 

intermembrane proteolysis (Fig. 3). Expression of major AlgU-regulated virulence genes is 

induced at pH 5.5, which is equivalent to the conditions bacteria experience when they enter 

naïve apoplast. These same virulence systems are downregulated at pH 7.8, which is 

equivalent to the pH of immune-activated conditions that occur during PTI. We hypothesize 

that alkalization of plant apoplast during PTI is an adaptation to prevent systems regulated 

by AlgU (particularly those involved with virulence) from being expressed properly and could 

explain how PTI-activated plants become immune to normally virulent Pst DC3000 and block 

translocation of Pst DC3000 T3Es (3, 56, 57). We attempted to test this idea by modifying 

apoplastic pH of A. thaliana Col-0 leaves with MOPS and MES buffer immediately after 

infecting with wild-type Pst DC3000. However, the results were inconclusive because we 

were not able to maintain the pH modification throughout the time needed to span from 

inoculation through symptom appearance (data not shown). 

Our results show that many genes, especially those encoding functions related to 

pathogenesis, are dependent on AlgU to be expressed in response to low pH. However, only 

a portion of the previously identified AlgU regulon was found to be controlled by pH (Fig. 

3A). This might be attributable to differences between induction of AlgU  
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FIG  4  AlgU contributes to pH-dependent transcriptomic changes. ( A )  Overview of  Pst  DC3000 alkalization-induced (5.5  →  7.8) transcriptomic responses  

and  effects  of  algU  deletion on each of the major  alkalization-affected  functional categories. Response was considered weakened when the change in DEG  

expression was reduced from at least fourfold in wild type to not less than twofold in the  algU  deletion strain. (i), (ii), and (iii) Number of genes dysregulated 

( Continued on next page ) 

Downloaded from https://journals.asm.org/journal/jb on 01 April 2025 by 198.137.20.116. 



Full-Length Text Journal of Bacteriology 

November 2024 Volume 206  Issue 11 10.1128/jb.00086-24 

Fig 4 (Continued) 

by algU deletion in the three major alkalization-suppressed functional categories. Genes and detailed fold-change data are listed in Table S2. (B) Effects of alkalization 

and algU deletion on expression of representative T3SS genes in HMM at 3 hpi. Error bars represent SEM. Deletion of algU resulted in reduced expression of all three 

genes (avrPto, hopH1, and hrpL) at pH 5.5, but hopH1 was also affected at pH 7.8. Expression of avrPto, hrpL, and hopH1 was 110-, 35-, and 15-fold higher in HMM at 

pH 5.5 than pH 7.8, with AlgU accounting for 95-, 32-, and 15-fold difference in expression between the two pHs, respectively. 

activity through its natural extracytoplasmic sensing system compared to overexpression of 

AlgU in a mucAB deletion background as was used to define the AlgU-regulon. Alternatively, 

additional regulators may modulate AlgU-dependent expression (50) to limit expression to 

only the functions needed for specific conditions (Table S1). For example, the effect of 

alkalization on T3SS gene expression is greater in HMM and in planta (58) compared to what 

we observed in KB. Furthermore, only a subset of the complete AlgU regulon shows AlgU-

dependent expression in Pst DC3000 exposed to naïve and PTI-elicited plants (59) (Table S2). 

Transcription of algU (PSPTO_4224) and mucA (PSPTO_4223) was significantly 

upregulated at higher pH levels, which appear contradictory to our hypothesis that AlgU 

activity is suppressed at elevated pH. However, regulation of algU gene expression is not the 

predominate mechanism controlling expression of AlgU-regulated gene in Pst DC3000. Our 

previous work showed that expression of AlgU-regulated genes is undetectable in non-

inducing conditions even with algU overexpression, and mucAB must be deleted to detect 

AlgU-dependent gene expression in non-inducing condition (7). Therefore, our result 

suggests that the acidic environments, as found in naïve apoplast, stimulate post-

translational activation of AlgU, adding to the set of environmental conditions known to 

activate P. syringae AlgU (22, 45, 60). We also note that no evidence of activation was found 

when P. aeruginosa AlgU was tested for activation by HCl (61). 

AlgW and MucP are both proteases in the proteolysis pathway that carries out the natural 

de-inhibition of AlgU (45, 62, 63). We do not yet know how AlgW or MucP are involved in 

activating AlgU in response to low pH conditions. Environmental pH can potentially affect 

the abundance of misplaced outer membrane proteins and lipopolysaccharide in the 

periplasm, which are detected by AlgW through protein binding  

(64). We found that the algW gene was expressed at higher level at pH 5.5 than 7.8, which 

could potentially increase the pH sensitivity by altering the abundance of AlgW proteins 

available to trigger AlgU activation. Acid shock activates σE, the AlgU homolog in Salmonella 

enterica, but this only requires DegP, the MucP homolog (65). However, unlike algW, mucP 

expression was not altered between two environmental pHs in our RNA-seq results. In these 

experiments, we used the algW/mucP deletion mutant, which was useful to test whether 

this environmental sensing system was involved in pH-dependent activation of AlgU. 

However, we cannot conclude if either or both AlgW and MucP are needed for acidic 

activation of AlgU in Pst DC3000. 

It is necessary to use an acidic pH medium to detect P. syringae T3SS activity in vitro, 

which mimics the virulence-inducing environment of the apoplast (4, 66, 67). Our results are 

consistent with the notion that T3SS transcription is minimal at neutral to alkalized pH, and 

acidification alone is sufficient to induce T3SS expression regardless of nutrient composition 

of the media. Acidic pH is also an important cue for inducing T3SS expression in other 

bacterial pathogens via various mechanisms. In human pathogenic Shigella sp., 

environmental pH is monitored by CpxAR, a two-component system that can de-inhibit 

expression of transcriptional regulator, VirF (68, 69). Environmental pH affects Shigella T3SS 

activity through modification of functional protein complexes such as T3SS injectisome (70). 

Similarly, in S. enterica, environmental pH affects T3SS post-transcriptionally, through 

translation regulation, protein oligomerization, and protein-complex formation (71, 72). 

Iron starvation is a vital component of host-pathogen interactions as well as microbial 

competition (73, 74). Interfering with iron uptake by suppressing the expression of the PvdS-

regulated iron uptake system under conditions where iron is scarce may help limit bacterial 

growth for the host. Similar strategies are a part of host defense mechanisms in other host-

pathogen interactions such as heme in animal intestinal infections (74–76). Our data show 

that in a rich medium, alkalization can significantly suppress expression of genes related to 

iron stress response, and the opposite occurs in HMM. This reversal of expression patterns 
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on pvdS suggests that in addition to environmental pH, iron stress genes (and similarly 

coronatine biosynthesis genes) are likely co-regulated in response to abundance of 

environmental nutrients. 

Finding that alkalization eliminated AlgU activity and hrp gene expression poses an 

interesting question: is the pH of naïve apoplast one of the major cues to activate virulence 

upon P. syringae entry into the host? While we do not yet know the magnitude of the pH 

change bacteria experience when moving from plant surfaces into the apoplast, previous 

studies in Pst DC3000 T3SS have shown that apoplast-mimicking environments contain cues 

such as pH, metabolites, and temperature that can activate virulence gene expression (4, 34, 

77). Our data further suggest that major Pst DC3000 virulence systems appear most 

transcriptionally active when environmental pH is closer to the naïve apoplastic pH than PTI-

induced conditions of the plant host. This is consistent with the observation that small 

organic acids from the plant host can help induce T3SS in Pst DC3000 (77). Evolutionarily, 

tuning the AlgU extracytoplasmic sensing system to have maximal activity at near-naïve 

apoplastic pH seems to support the goal of host-evasion as it would allow AlgU-mediated 

downregulation of flagellar biosynthesis and upregulation of virulence genes to begin 

immediately after Pst DC3000 enters the host apoplast. It is likely worthwhile to investigate 

in the future how the periplasmic sensory system detects environmental pH in Pst DC3000, 

and whether maintaining high environmental pH can be used for bacterial disease 

management. 

MATERIALS AND METHODS 

Bacteria strains and growth conditions 

Pst DC3000 strains (Table 4) were grown at 28°C in KB medium (78) and on KB medium 

solidified with 1.5% (wt/vol) agar. Escherichia coli TOP10 (Invitrogen) strains were grown at 

37°C in LB medium and on LB medium solidified with 1.5% (wt/vol) agar (79). Kanamycin was 

supplied at 50 µg/mL, and gentamycin was supplied at 10 µg/mL. Plasmid DNAs were 

isolated using Qiagen Miniprep Kit (Qiagen) from overnight cultured E. coli TOP10 cells and 

subsequently used to transform Pst DC3000 and mutant derivatives by electroporation (80). 

pH altered KB medium was prepared according to the standard recipe (78) except for the 

addition 11% (vol/vol) of 1 M potassium phosphate buffer for a final concentration of 0.11 

M phosphate buffer. One molar potassium phosphate buffer at pH 5.4, 5.5, 5.8, 6.3, 6.5, 6.8, 

and 7.8 was prepared by adjusting the ratios of the mono- and dibasic potassium phosphate 

solutions, so all buffers had the same osmolarity. pH-altered HMM  

TABLE 4 Strains and plasmids used 

Strain or plasmid Relevant characteristic(s) Reference 

Strains 

   PS1 P. syringae pv. tomato DC3000 wild type (12) 

   PS554 P. syringae pv. tomato DC3000 ΔalgU (7) 

   PS1382 P. syringae pv. tomato DC3000 ΔalgW ΔmucP This work 

Plasmids 

   pEM63 PPSPTO_4381::lux Kmr (7) 

   pEM64 PPSPTO_1417::lux Kmr (7) 

   pEM65 PalgD::lux Kmr (7) 

   pEM66 PPSPTO_1185::lux Kmr (7) 

pDONR1K18ms  (81) 

was prepared similarly by making the standard recipe media (40) without phosphate buffer 

and later adding in 11% (vol/vol) 1 M potassium phosphate buffer to achieve  final 

concentration of 0.11 M phosphate buffer. 
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Extraction of apoplastic wash fluid 

AWF was extracted using vacuum infiltration as described by O’Leary et al. with slight 

modifications (39). Leaves from 4.5-week-old A. thaliana Col-0 were treated with either 1 

µM Flg22 elicitor (GenScript) in 0.1% dimethyl sulfoxide to induce PTI or the 0.1% dimethyl 

sulfoxide mock buffer as control via blunt-end syringe infiltration. Leaf samples were 

collected at 20-hour post-treatment and submerged in cold distilled water. Repeated cycles 

of vacuum at 95 kPa on ice for 2 min followed by slow release of pressure were applied until 

leaves were fully infiltrated. Excess water was blotted from plant tissue before leaves were 

rolled into Saran wrap which were placed into 50 mL conical tubes. Tubes were centrifuged 

at 1,000 rpm for 10 min at 4°C, and the fractions were pooled and centrifuged at 16,000 × g 

for 10 min at 4°C to separate the supernatant from insoluble debris. DF of the extracted AWF 

was estimated using indigo carmine infiltration in parallel. Briefly, the dilution factor was 

calculated by the OD610infiltrate/ (OD610infiltrate − OD610AWF) as described by O’Leary et al. 

(39). 

Pst DC3000 algW mucP double mutant construction 

We used standard marker exchange mutagenesis to sequentially produce a Pst DC3000 

strain with both the algW (PSPTO_4435) and mucP (PSPTO_1541) genes deleted (82). 

Deletion constructs for each gene were made using synthetic linear DNA fragments from 

Twist Bioscience that contained ~500 bp flanking each gene joined together with an XmaI 

(cccggg) site and attB sites added to the 5′ and 3′ ends (Table S3). The DNA fragments were 

incorporated into pDONR1K18ms (81) by Gateway cloning (Thermo Fisher Scientific). The 

plasmid carrying the algW deletion construct was transformed into wild-type Pst DC3000 

strain, and merodiploids were selected for kanamycin resistance. Sucrose counter selection 

was used to select for recombinants that had subsequently eliminated the deletion 

construct plasmid backbone and confirmed to be sensitive to kanamycin. We confirmed 

deletions by sequencing PCR products amplified with primers that annealed to sequences 

flanking the deleted algW locus. This process was repeated using the algW deletion strain 

to introduce the mucP deletion. 

In vitro bacteria culture for RNA-seq and growth curve measurement 

Both wild type and ΔalgU mutant of Pst DC3000 strains were grown overnight in standard 

KB and then resuspended in 5 mL of pH-altered KB media at OD600 value of 0.4 from 

NanoDrop oneC (Theromo Fisher). We set aside 1 mL from each of these cultures to record 

their growth curves. The remaining cultures were incubated for 3 hours at 28°C with shaking 

and subsequently collected for RNA extraction. For each combination of strain and media 

pH, we allocated 200 µL of that culture per well in triplicate into a 96-well plate and 

monitored OD600 values over a 3-hour incubation period at 28°C with shaking with a Synergy 

2 plate reader (BioTek). 

RNA extraction and quality control 

Pst DC3000 cultures were pelleted by centrifugation and resuspended in TriZol reagent 

(Invitrogen). RNA was subsequently extracted from each sample using the Direct-Zol RNA 

MiniPrep kit (Zymo Research, Irvine, CA) following the manufacturer’s instructions. An 

additional DNAse treatment was performed with Ambion DNase I (Invitrogen) before final 

elution. Three samples were collected for each combination of strain and media pH. RNA 

sample quality was confirmed using a Qubit (RNA HS kit; Thermo Fisher) to determine 

concentration and with a Fragment Analyzer (Agilent) to determine RNA integrity at Cornell 

Biotechnology Resource Center. 

RNA-seq library preparation and sequencing and analysis 

Total RNA samples were treated with a NEBNext rRNA depletion kit (NEB) to remove rRNA. 

Unique dual indexes (UDI)-barcoded RNAseq libraries were generated with the NEBNext 

Ultra II RNA Library Prep Kit (NEB). Each library was quantified with a Qubit (dsDNA HS kit; 

Thermo Fisher), and the size distribution was determined with a Fragment Analyzer (Agilent) 
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prior to pooling. Libraries were then sequenced on an Illumina instrument, and we 

generated 10 M reads per library. 

RNA-seq analysis 

Low-quality and adaptor sequences were trimmed with TrimGalore (v0.6.0), a wrapper for 

cutadpt and fastQC, with the parameters as following: -j 1 -e 0.1 –nextseq-trim = 20 -O 1 -a 

AGATCGGAAGAGC –length 50 –fastqc. Remaining reads were mapped to reference genome 

(12) with STAR (v2.7.0e). Normalized counts of reads and following statistical analysis of 

differential gene expression were then carried out with SARTools and DESeq2 (v1.26.0). 

Subsequent analyses and plotting were performed in R (4.3.2) using package ggplot2 

(v.3.4.2), ggbreak (v.0.1.2), and tidyr (v.1.3.0). We used the conservative cut-off threshold 

and considered only genes with adjusted P-value of <0.05 and more than twofold expression 

change as differentially expressed genes. 

Quantitative real-time PCR 

We carried out reverse transcription with RNA prepared for transcriptome analysis using 

iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). The cDNA product was diluted 10-fold with 

water, and we used 1 µL per technical replicate for quantitative PCR analysis. The qRT-PCR 

was run with Bio-Rad CFX Connect real-time PCR detection system in combination with 

SsoAdvanced universal SYBR green (Bio-Rad) following manufacturer-provided instructions. 

Cycling protocol was set as follows: 95°C for 3 minutes for initial denaturing, then 40 cycles 

of 15 seconds at 95°C, 30 seconds at 52°C, and 30 seconds at 60°C. Housekeeping gene gyrA 

was used for baseline standardization (83, 84). All primer sequences of Pst DC3000 genes 

are listed in Table S3. 

Lux reporter assay and analysis 

Pst DC3000 strains harboring reporter plasmids were recovered from glycerol stocks stored 

at −80°C by streaking and growing overnight at 28°C on KB agar plates. Cells from these 

plates were used to inoculate liquid KB and grown overnight at 28°C with shaking. Overnight 

cultures were washed with fresh KB media and resuspended in pH-altered KB media and 

adjusted to an OD600 of 0.6. For each reporter strain, 200 µL of adjusted culture was loaded 

to each of three replicate wells on 96-well plates. Two hundred microliter of each pH-

adjusted KB medium was loaded in triplicate as sterile media controls. The luminescence 

(Lux) and OD600 were monitored at 10 minutes interval for each well throughout 7.5 hours 

of incubation at 28°C using a BioTek2 plate reader. The whole process was repeated three 

times. 

For each non-control well within the same biological replicates, standardized Lux signal 

was calculated with the following formula (Control lux and control OD600 reads are taken 

from sterile media). 

 StdLux = ODLux −− CtrlLuxMeanCtrlOD Mean 

All nine reads of standardized Lux for each strain and pH were then pooled for 

subsequent ANOVA and Tukey post-hoc analysis in R (v.4.3.2). 
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