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ABSTRACT Erwinia amylovora is a plant-pathogenic bacterium that causes fire blight
disease in many economically important plants, including apples and pears. This bacte-
rium produces three exopolysaccharides (EPSs), amylovoran, levan, and cellulose, and
forms biofilms in host plant vascular tissues, which are crucial for pathogenesis. Here, we
demonstrate that ProQ, a conserved bacterial RNA chaperone, was required for the viru-
lence of E. amylovora in apple shoots and for biofilm formation in planta. In vitro experi-
ments revealed that the deletion of proQ increased the production of amylovoran and
cellulose. Prc is a putative periplasmic protease, and the prc gene is located adjacent to
proQ. We found that Prc and the associated lipoprotein NIpl negatively affected amylo-
voran production, whereas Spr, a peptidoglycan hydrolase degraded by Prc, positively
regulated amylovoran. Since the prc promoter is likely located within proQ, our data
showed that proQ deletion significantly reduced the prc mRNA levels. We used a ge-
nome-wide transposon mutagenesis experiment to uncover the involvement of the bac-
terial second messenger c-di-GMP in ProQ-mediated cellulose production. The deletion of
proQ resulted in elevated intracellular c-di-GMP levels and cellulose production, which
were restored to wild-type levels by deleting genes encoding c-di-GMP biosynthesis
enzymes. Moreover, ProQ positively affected the mRNA levels of genes encoding c-di-
GMP-degrading phosphodiesterase enzymes via a mechanism independent of mRNA
decay. In summary, our study revealed a detailed function of E. amylovora ProQ in coor-
dinating cellulose biosynthesis and, for the first time, linked ProQ with c-di-GMP metabo-
lism and also uncovered a role of Prc in the regulation of amylovoran production.

IMPORTANCE Fire blight, caused by the bacterium Erwinia amylovora, is an important
disease affecting many rosaceous plants, including apple and pear, that can lead to dev-
astating economic losses worldwide. Similar to many xylem-invading pathogens, E. amy-
lovora forms biofilms that rely on the production of exopolysaccharides (EPSs). In this
paper, we identified the RNA-binding protein ProQ as an important virulence regulator.
ProQ played a central role in controlling the production of EPSs and participated in the
regulation of several conserved bacterial signal transduction pathways, including the
second messenger c-di-GMP and the periplasmic protease Prc-mediated systems. Since
ProQ has recently been recognized as a global posttranscriptional regulator in many
bacteria, these findings provide new insights into multitiered regulatory mechanisms for
the precise control of virulence factor production in bacterial pathogens.
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blight, one of the most devastating diseases of rosaceous plants such as apples Published 13 April 2022
and pears (1, 2). This pathogen initiates infection predominantly through flowers or
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the shoot tips of branches of susceptible host plants, and infection occurs through nat-
ural openings in flower nectaries or leaves (3). In the apoplast, E. amylovora transits to
the endophytic infection stage. Bacterial cells move through cortical parenchyma cell
layers and can also form biofilms in the plant vascular tissue xylem, resulting in the
restriction of water transport and, eventually, the death of the host plant (1, 4-7).

A wide range of pathogenicity and virulence factors are required for endophytic
infection by E. amylovora (4, 8). The hypersensitive response and pathogenicity (hrp)
type lll secretion system (T3SS) and the exopolysaccharide (EPS) amylovoran are essen-
tial pathogenicity factors as T3SS- or amylovoran-deficient mutants of E. amylovora are
nonpathogenic (9-11). The T3SS is a well-studied protein secretion/translocation sys-
tem that is known to deliver effector proteins from bacterial cells directly into the plant
cell cytoplasm where these proteins then manipulate host responses (12, 13). The
mechanism of amylovoran as a pathogenicity factor of E. amylovora continues to be
enigmatic; however, several studies have demonstrated that amylovoran is the main
EPS produced by E. amylovora and a critical component of biofilms formed in vitro (6,
14, 15). Other EPSs produced by E. amylovora are levan and cellulose. Levan is a homo-
polymer of fructose synthesized extracellularly from sucrose by levansucrase (16), and
cellulose, a homopolymer of glucose (17), is synthesized by enzymes encoded within
the bcs operon (18). Both levan and cellulose are virulence factors of E. amylovora
because mutants unable to produce either of these EPSs are defective in in vitro and in
planta biofilm formation and are reduced in virulence in host plants (6, 18).

To coordinately modulate the expression of virulence-related genes, E. amylovora utilizes
a sophisticated regulatory network, including two-component signal transduction systems,
nucleotide signaling, transcriptional and posttranscriptional regulators, and small regulatory
RNAs (sRNAs) (4). Of these, the ubiquitous bacterial second messenger bis-(3'-5')-cyclic di-
meric GMP (c-di-GMP) is one of the most critical nodes. c-di-GMP is a global regulator in
many bacteria that is best known for its role in promoting motile-to-sessile lifestyle transi-
tions (19-21). In E. amylovora, c-di-GMP represses flagellum-based motility mechanisms and
the expression of T3SS regulon genes while promoting biofilm formation and the produc-
tion of the EPSs amylovoran and cellulose (22, 23). c-di-GMP activates cellulose biosynthesis
via allosteric binding to the PilZ domain of the cellulose catalytic subunit BcsA in E. amylo-
vora (18), which has also been reported in other bacteria (24-26). Intracellular levels of
c-di-GMP are controlled by two kinds of enzymes exerting opposing functions. The GGDEF
domain-containing diguanylate cyclases (DGCs) synthesize c-di-GMP from guanosine-5'-tri-
phosphate, and the EAL or the HD-GYP domain-containing phosphodiesterases (PDEs)
degrade c-di-GMP into 5’-phosphoguanylyl-(3'-5’)-guanosine or GMP, respectively (19, 27—
29). At least eight proteins containing EAL, GGDEF, or both domains have been identified in
E. amylovora (22, 23); however, little is known about the environmental stimuli that trigger
the enzymatic activities of these proteins or the regulators that control the expression of
their protein-encoding genes.

The regulation of virulence in E. amylovora is also known to be affected at the post-
transcriptional level by sRNAs such as ArcZ that are dependent on the sRNA chaperone
Hfq (30, 31). To date, this sSRNA-mediated regulation in E. amylovora has been shown
to be controlled by effects on the translation of mRNAs of other regulatory genes such
as flhDC or effects on the stability of the mRNA of the leucine regulatory protein Lrp
(32, 33). While the role of Hfg in controlling a global posttranscriptional network that is
of particular importance in virulence regulation has been known for some time (34),
the RNA-binding protein ProQ has been more recently discovered (35-37). ProQ was
shown to associate with a class of highly structured sRNAs that is distinct from Hfg-de-
pendent sRNAs, and the expression of approximately 16% of the Salmonella enterica
genome was altered in a proQ deletion mutant (35). ProQ has subsequently been
shown to be an important regulator of virulence in S. enterica serovar Typhimurium
(38), and the RNA interactome of ProQ overlaps Hfq in Escherichia coli (39).

We hypothesized that ProQ would function in virulence regulation in E. amylovora
by impacting EPS biosynthesis and biofilm formation. In this work, we demonstrated
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FIG 1 Impact of ProQ on Erwinia amylovora virulence and in planta biofilm formation. (A) The virulence of wild-type (WT) E. amylovora strain Ea1189 and
Ea1189 AproQ was examined in apple shoots at 5 and 10 days postinoculation (dpi), respectively. The ratio of lesion length to shoot length for disease
severity was calculated. Shoots treated with phosphate-buffered saline (PBS) were used as negative controls. All results are from one representative
experiment. Three independent experiments were conducted, and three replicates were used for each experiment. Error bars indicate standard errors of
the means. Asterisks indicate statistically significant differences in the means (P < 0.01 by Student’s t test). (B to G) Micrographs of xylem vessels infected
by WT Ea1189 (B to D) or Ea1189 AproQ (E to G). Images were taken using a scanning electron microscope at 7 dpi.

that proQ is essential for E. amylovora virulence in an apple shoot assay and is required
for in planta biofilm formation. We also determined that the production of amylovoran
and cellulose was significantly affected upon the deletion of proQ and identified dis-
tinct mechanisms underlying the regulation of these EPSs. Furthermore, ProQ was
found to repress intracellular c-di-GMP levels, and the regulatory roles of ProQ on the
c-di-GMP metabolic enzymes were elucidated.

RESULTS

Deletion of proQ inhibits E. amylovora virulence in an apple shoot assay. To
determine whether ProQ is involved in E. amylovora virulence, we generated a proQ
deletion mutant in E. amylovora strain Ea1189 and assessed its ability to cause disease
in the host plant apple. Cells of wild-type (WT) Ea1189 or the Ea1189 AproQ mutant
were inoculated into actively growing shoots of apple through wounding. At 5 days
postinoculation (dpi), we observed a significant reduction in disease progression in
shoots inoculated with Ea1189 AproQ, with an average ratio of lesion/shoot length of
approximately 7%, relative to a 28% ratio in shoots inoculated with WT Ea1189 (Fig.
1A). At 10 dpi, Ea1189 AproQ-inoculated shoots continued to exhibit minor necrosis,
whereas those inoculated with WT bacteria further extended their lesion lengths to
>60% of the total shoot length (Fig. 1A).

Since the formation of biofilms in the host plant vascular system plays an important
role for E. amylovora pathogenesis in apple shoots (40), we investigated the impact of
the deletion of proQ on biofilm formation in planta by visualizing cross sections of the
midrib of apple leaves inoculated with WT Ea1189 or Ea1189 AproQ at 7 dpi.
Micrographs captured using scanning electron microscopy (SEM) showed that biofilms
formed by Ea1189 were present in almost all xylem vessels (Fig. 1B). The production of
a fibrillar material was found, likely contributing to the colonization of bacterial cells
on the xylem wall (Fig. 1C), bacterial biofilm development, as well as the further expan-
sion of the biofilm inward, spanning xylem vessels (Fig. 1D). Interestingly, xylem vessels
of leaf midribs infected by Ea1189 AproQ were mostly empty (Fig. 1E). The Ea1189
AproQ mutant bacteria could form biofilms, as shown in Fig. 1F, but only on one side
of the xylem wall and failed to occupy the entire xylem vessels, unlike WT Ea1189 (Fig.
1C and D). In a small number of Ea1189 AproQ-infected xylem vessels (approximately
5% of the total xylem vessels examined), we observed a unique cellular matrix blocking
the xylem vessels (Fig. 1G), which appeared to be structurally different from the WT
Ea1189-formed biofilms (Fig. 1D). Further investigation is needed as these could be
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FIG 2 Impact of the deletion of proQ on various virulence determinants of Erwinia amylovora.
(A) Promoter activities of hrpL and hrpN were determined in wild-type (WT) Ea1189 and Ea1189 AproQ,
respectively. All results are from one representative experiment. Three independent experiments were
conducted, and three replicates were used for each experiment. Error bars indicate standard errors of the
means. ns (not significant), P > 0.05 by Student’s t test. (B) Amylovoran production was determined in
WT Ea1189 harboring the empty vector pCL1920, Ea1189 AproQ harboring pCL1920, Ea1189 AproQ
harboring pCL1920-proQ, Ea1189 Aams, Ea1189 AproQ Aams, and Ea1189 Aams harboring pCL1920-proQ.
(O) Cellulose production was determined in WT Ea1189 harboring pCL1920, Ea1189 AproQ harboring
pCL1920, Ea1189 AproQ harboring pCL1920-proQ, and Ea1189 AproQ AbcsD. The image was captured at
24 h postinoculation. Relative cellulose production was calculated as described in Materials and Methods.
Values are representative of results from three independent experiments. Three replicates were used in
each experiment. Error bars indicate standard errors of the means. Different lowercase letters above the
bars indicate statistically significant differences between treatments (P < 0.05 by Fisher's least significant
difference test). (D) Levansucrase activity was determined in WT Ea1189 and Ea1189 AproQ. One
representative experiment was chosen, and three independent experiments were performed. Error bars
indicate standard errors of the means. ns, P > 0.05 by Student’s t test.

bacterial biofilms formed by Ea1189 AproQ or could be plant secretions that act as a
defense mechanism. No visible biofilm structures were observed in xylem vessels from
apple plants treated with phosphate-buffered saline (PBS) buffer as a negative control
(data not shown). Taken together, our data suggest that a functional proQ gene is
required for biofilm formation and successful infection by E. amylovora in a host plant.
The deletion of proQ enhances the production of two EPSs, amylovoran and
cellulose. To investigate whether and which pathogenicity or virulence factors were
affected by the deletion of proQ in E. amylovora, we examined the expression of T3SS reg-
ulon genes and the production of three EPSs, amylovoran, levan, and cellulose, in Ea1189
AproQ, and compared them with those of WT Ea1189. The promoter activities of two T3SS
regulon genes, hrpl (encoding the master regulator) and hrpN (encoding the harpin pro-
tein), were not significantly different in Ea1189 AproQ compared to WT Ea1189 (Fig. 2A),
suggesting that ProQ is likely not involved in the transcriptional regulation of the T3SS. In
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FIG 3 Amylovoran production is controlled by the Prc-Nlpl-Spr pathway in Erwinia amylovora. (A) Schematic
drawing of the genomic content, including genes EAM_1972, prc, proQ, msrC, and EAM_1976. (B) Amylovoran
production was measured in wild-type (WT) Ea1189, Ea1189 AmsrC, Ea1189 Aprc, Ea1189 Aprc harboring the
empty vector pBBR1-MCS5, Ea1189 Aprc harboring pBBR1-MCS5-prc, Ea1189 AproQ harboring pBBR1-MCS5,
Ea1189 AproQ harboring pBBR1-MCS5-prc, Ea1189 Anlpl, Ea1189 Aspr, and Ea1189 Aprc Aspr. (C) RNA levels of
prc were measured in WT Ea1189 and Ea1189 AproQ, while RNA levels of proQ were measured in WT Ea1189
and Ea1189 Aprc. Three independent experiments were performed with three replicates in each experiment.
Values are from one representative experiment. Error bars indicate standard errors of the means. Asterisks
indicate statistically significant differences in the means (P < 0.05 by Student’s t test). ns, not significant.

contrast, the production of amylovoran was significantly increased when proQ was deleted
(Fig. 2B). We failed to complement this phenotype in Ea1189 AproQ because the in trans
expression of proQ from the low-copy-number plasmid pCL1920 further elevated the pro-
duction of amylovoran by 1.4-fold relative to that of Ea1189 AproQ harboring the empty
vector (Fig. 2B). Meanwhile, the deletion of the ams operon responsible for amylovoran
biosynthesis led to the complete abolishment of amylovoran production in either the
proQ deletion or overexpression strain (Fig. 2B).

The production of cellulose was assessed by qualitatively evaluating the color of E.
amylovora cells grown on plates containing a red dye, Congo red, that binds to cellu-
lose (18). As shown in Fig. 2C, WT Ea1189 exhibited a pink colony, whereas Ea1189
AproQ developed a red colony with a calculated redness >2.5-fold higher than that of
WT Ea1189, suggesting that ProQ represses cellulose production in E. amylovora. We
confirmed this regulation via the in trans expression of proQ (pCL1920-proQ) and the
deletion of the essential cellulose biosynthesis gene bcsD in the proQ mutant back-
ground, respectively, and found white colonies for both strains (Fig. 2C). Finally, the
activities of levansucrase responsible for levan production (16) were comparable
between WT Ea1189 and Ea1189 AproQ (Fig. 2D). Collectively, our data suggest that
the production of two EPSs, amylovoran and cellulose, was significantly affected when
proQ was deleted in E. amylovora.

Prc inhibits amylovoran production via the Prc-Nlpl-Spr regulatory pathway.
Genomic analysis showed that proQ is located between msrC (also known as yebR, a methi-
onine sulfoxide reductase-encoding gene) and prc (a periplasmic protease-encoding gene)
in E. amylovora (Fig. 3A); this gene synteny is conserved in other enterobacteria such as
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Dickeya dadantii and Escherichia coli (41, 42). Furthermore, Kerr et al. (42) reported that a
putative prc promoter was located within the coding DNA sequence (CDS) of proQ in
Escherichia coli. This led us to hypothesize that the phenotypic changes that we observed
in the E. amylovora proQ mutant (Fig. 2) were due to a putative reduction in the expression
of prc due to the deletion of the prc promoter. To validate this hypothesis, two independ-
ent deletion mutants were constructed, Ea1189 Aprc and Ea1189 AmsrC, and the ability of
each mutant to produce amylovoran was examined. Indeed, the deletion of msrC had no
impact on amylovoran production, whereas the deletion of prc resulted in a significant
increase in amylovoran production by approximately 2.5-fold relative to Ea1189 (Fig. 3B).
More importantly, unlike the above-described results showing that complementation of
proQ failed to restore the phenotype in Ea1189 AproQ (Fig. 2B), complementation of prc
lowered amylovoran production in both Ea1189 Aprc and Ea1189 AproQ to nearly WT lev-
els (Fig. 3B), suggesting that Prc negatively controls the production of amylovoran in E.
amylovora. In addition, our data showed that the mRNA levels of prc were reduced by 2-
fold in Ea1189 AproQ compared with those in Ea1189, while the mRNA levels of proQ
were comparable with or without the presence of gene prc (Fig. 3C).

In Escherichia coli, the Prc homolog has been well studied in the synthesis of the
bacterial cell wall, as Prc interacts with the outer membrane lipoprotein Nlpl, and these
proteins together degrade the peptidoglycan (PG) hydrolase Spr (also known as MepS)
(43-45). We found that the deletion of nipl/ in E. amylovora Ea1189 greatly enhanced
the production of amylovoran (Fig. 3B). In contrast, the deletion of spr abolished amy-
lovoran production in both the WT and Ea1189 Aprc backgrounds (Fig. 3B). Together,
these data imply that the Prc-Nlpl-Spr regulatory pathway is conserved in E. amylovora
and is involved in the regulation of amylovoran production.

Genome-wide transposon mutagenesis reveals that c-di-GMP signaling is
involved in the ProQ-mediated regulation of cellulose production. We excluded
the possibility that Prc contributes to ProQ-mediated cellulose production because
complementation of prc in Ea1189 AproQ did not influence cellulose production (see
Fig. S1 in the supplemental material). We also showed that ProP, a homolog of the
Escherichia coli osmoregulatory transporter known to be controlled by ProQ (46, 47), is
not required for the regulation of cellulose since the deletion of proP had a negligible
impact on cellulose production in Ea1189 (Fig. S1). Therefore, to further understand
the molecular mechanism of the regulation of cellulose by ProQ, we conducted a trans-
poson mutagenesis screen in the Ea1189 AproQ mutant background using the mariner
transposon miniHimar RB1 (48). We aimed to identify the regulatory components
involved in ProQ-mediated cellulose production by comparing the colony morphology
of individual transposon insertion mutants on Congo red plates with that of Ea1189
AproQ in a high-throughput manner. In total, 7,000 transposon insertion mutants (an
average of 2 transposon insertions per gene) were generated, and 50 mutants were
found to form colonies with reduced red color relative to Ea1189 AproQ (Table S1).
Among them, 22 transposon mutants were shown to contain the transposon insertion
within one of several genes of the bcs operon, including bcsA, besB, besC, besE, and
bcsQ (Fig. 4A), validating our transposon mutagenesis and screening method. Four
mutants had transposons inserted in lon (Fig. 4A), encoding a protease (49), and two
mutants had transposons inserted upstream of lon in clpX1 (Fig. 4A), which encodes an
ATPase associated with the protease ClpP and plays a pleiotropic role in E. amylovora
(50). In addition, four mutants had a transposon insertion in edcB (Fig. 4A), which enco-
des a DGC necessary for c-di-GMP biosynthesis in E. amylovora (23). To validate the cel-
lulose phenotype observed in the transposon mutants, we deleted edcB in Ea1189
AproQ and confirmed that the double mutant Ea1189 AproQ AedcB exhibited WT lev-
els of cellulose production (Fig. 4B).

ProQ represses intracellular c-di-GMP levels in E. amylovora. Previous studies
demonstrated that at least four DGC-encoding genes, including edcB, are actively
involved in c-di-GMP signaling in E. amylovora (18, 23). To address the question of
whether EdcB functions as the sole DGC in ProQ-mediated cellulose production, the
regulation of the cellulose biosynthesis of two additional DGCs was evaluated in
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FIG 4 c-di-GMP plays a key role in ProQ-mediated cellulose production. (A) Schematic drawing of the selected
transposon insertions. Black arrows indicate the transposon insertion sites. (B) Cellulose production was
determined in wild-type (WT) Erwinia amylovora strain Ea1189, Ea1189 AproQ, Ea1189 AedcB, Ea1189 AproQ
AedcB, Ea1189 AedcC, Ea1189 AproQ AedcC, Ea1189 AedcE, Ea1189 AproQ AedcE, Ea1189 AproQ harboring the
empty vector pBBR1-MCS5, Ea1189 AproQ harboring pBBR1-MCS5-pdeA, Ea1189 AproQ harboring pBBR1-MCS5-
pdeB, and Ea1189 AproQ harboring pBBR1-MCS5-pdeC. (C) Intracellular c-di-GMP levels were measured in WT
Ea1189, Ea1189 AproQ, Ea1189 AedcB, Ea1189 AproQ AedcB, Ea1189 AedcC, Ea1189 AproQ AedcC, Ea1189
AedcE, and Ea1189 AproQ AedcE. One representative experiment was chosen, and three independent
experiments with three replicates were performed. Error bars indicate standard errors of the means. Different
lowercase letters above the bars indicate statistically significant differences between treatments (P < 0.05 by
Fisher's least significant difference test).

Ea1189 AproQ. As shown in Fig. 4B, cellulose production was significantly reduced in
the double mutants Ea1189 AproQ AedcC and Ea1189 AproQ AedcE, highlighting the
importance of c-di-GMP signaling in the regulation of cellulose by ProQ. We also meas-
ured the intracellular levels of c-di-GMP in WT Ea1189, Ea1189 AproQ, and several
DGC-derived single- and double-deletion mutants using ultraperformance liquid chro-
matography coupled with tandem mass spectrometry (UPLC-MS/MS). In agreement
with the data from cellulose production assays (Fig. 4B), the deletion of proQ increased
c-di-GMP levels relative to WT Ea1189 (Fig. 4C), which could be complemented by
pCL1920-proQ (Fig. S2). Also, the deletion of either edcB, edcC, or edcE reduced the ele-
vated c-di-GMP levels observed in Ea1189 AproQ (Fig. 4C); however, we observed dras-
tic reductions in c-di-GMP levels in single and double mutants of edcC or edcE but not
edcB compared with those in WT Ea1189 (Fig. 4C). Among the three PDEs responsible
for the degradation of c-di-GMP, only pdeC overexpression significantly lowered cellu-
lose production in Ea1189 AproQ, whereas pdeA or pdeB overexpression did not (Fig.
4B). Taken together, these data suggest that ProQ negatively modulates intracellular c-
di-GMP levels to control cellulose biosynthesis in E. amylovora.

Impact of ProQ on transcriptional and posttranscriptional regulation of
cellulose biosynthesis and c-di-GMP metabolism genes. A recent study demon-
strated that a ProQ homolog represses the level of bcsA transcripts in the soft rot phy-
topathogen D. dadantii (41). To better understand how ProQ controls cellulose biosyn-
thesis in E. amylovora, promoter activities and RNA levels of cellulose biosynthesis
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FIG 5 Impacts of ProQ on cellulose- and c-di-GMP-related genes in Erwinia amylovora. (A) Promoter activities of bcsA and besO were
determined in wild-type (WT) Ea1189 and Ea1189 AproQ. (B) RNA levels of bcsA, pdeA, pdeB, and pdeC were measured in WT Ea1189
harboring the empty vector pCL1920, Ea1189 AproQ harboring pCL1920, and Ea1189 AproQ harboring pCL1920-proQ. (C and D) The
transcript stabilities of bcsA (C) and pdeC (D) were measured in WT Ea1189 and Ea1189 AproQ following the addition of rifampin at
time zero. All experiments were conducted at least three times with three replicates in each experiment. Values are from one
representative experiment. Error bars indicate standard errors of the means. ns (not significant), P > 0.05 by Student’s t test.

genes were compared between WT Ea1189 and Ea1189 AproQ. Our data showed that
the deletion of proQ did not affect the promoter activities of bcsA or besO (Fig. 5A),
indicating that ProQ is likely not controlling the transcription of cellulose biosynthesis
genes. However, the levels of bcsA mRNA were elevated by approximately 50% when
proQ was deleted, which was restored by the in trans complementation of proQ (Fig.
5B). Given that ProQ was found to predominantly bind the 3’ untranslated regions
(UTRs) of target RNAs (38, 39, 51) and that our data showed that ProQ reduced bcsA
transcript levels without affecting transcription, we examined the effect of the deletion
of proQ in Ea1189 on the stability of the bcsA transcript. Interestingly, no significant dif-
ferences in bcsA transcript stability were found between WT Ea1189 and Ea1189 AproQ
(Fig. 5C), suggesting that ProQ affects bcsA via a mechanism that is not through desta-
bilizing the bcsA transcript.

We also assessed the consequences of proQ deletion on the mRNA levels of three
DGC-encoding genes, edcB, edcC, and edcE, and found no impact (data not shown). On
the other hand, slight reductions in the mRNA levels of two PDE-encoding genes, pdeB
and pdeC, in the absence of proQ were observed (Fig. 5B), which supports the cellulose
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FIG 6 Working model for ProQ/Prc-mediated regulation of amylovoran production and cellulose
biosynthesis in Erwinia amylovora. ProQ controls cellulose biosynthesis in a c-di-GMP-dependent
manner. In brief, ProQ positively contributes to the expression of two PDE-encoding genes, pdeB and
pdeC. The function of PDEs is to degrade c-di-GMP that is synthesized by DGCs. c-di-GMP binds to BcsA
and activates its catalytic activity to produce cellulose. ProQ also inhibits the mRNA levels of bcsA, but
the underlying mechanism remains unknown. The regulation of amylovoran is dependent on Prc. Prc,
whose transcriptional initiation requires proQ, is a periplasmic protease. Prc interacts with a lipoprotein,
Nlpl, and degrades a peptidoglycan hydrolase, Spr. Spr positively regulates amylovoran production, and
the mechanism needs further investigation. L represents the negative control; — represents the
positive control. The dotted lines indicate regulatory mechanisms identified in this study.

production and intracellular c-di-GMP level data (Fig. 4). A complementation experi-
ment restored the mutant phenotype (Fig. 5B). In an attempt to evaluate the impact of
ProQ on the stability of RNAs of PDE-encoding genes, we tested pdeC as our data
showed that the overexpression of pdeC alone could complement the cellulose pro-
duction in Ea1189 AproQ (Fig. 4B). However, no significant difference in pdeC transcript
stabilities was observed in the presence or absence of proQ (Fig. 5D).

DISCUSSION

In this study, we characterized the biological and molecular functions of the global
RNA-binding protein ProQ in E. amylovora. Our findings revealed a novel regulatory
cascade where ProQ acts as a hub that controls cellulose biosynthesis via c-di-GMP sig-
naling. In addition, we uncovered a previously uncharacterized role of Prc, a periplas-
mic protease whose promoter is located within proQ, in the negative regulation of
amylovoran production (Fig. 6).

Global posttranscriptional regulators that participate in the modulation of c-di-GMP
have been discovered in several bacterial species. For example, Bellows et al. (52)
reported that Hfq negatively regulates intracellular c-di-GMP levels in the plague patho-
gen Yersinia pestis, which has also been reported in the plant pathogen D. dadantii (53).
Moreover, in Escherichia coli, CsrA, a well-studied carbon storage regulator and an RNA-
binding protein (54), directly binds to mRNAs of DGC-encoding genes, and the deletion
of ¢srA leads to modestly increased intracellular levels of c-di-GMP (55). Similarly, we
found that ProQ negatively regulates c-di-GMP levels likely by maintaining the expression
of PDE-encoding genes in E. amylovora (Fig. 4 and 5). This result emphasizes the influence
of RNA-binding proteins on c-di-GMP metabolism and implies cross talk between differ-
ent posttranscriptional regulatory processes in bacteria. In support of this, Silva-Rohwer et
al. (56) recently proposed a multitiered regulation in controlling c-di-GMP metabolism in

May 2022 Volume 88 lIssue 9

Applied and Environmental Microbiology

10.1128/aem.00239-22

9


https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.00239-22

ProQ Represses c-di-GMP Signaling in Erwinia amylovora

Y. pestis that requires both Hfg and CsrA. Unlike Hfq and CsrA, which bind target RNAs via
defined sequence motifs, ProQ predominantly recognizes highly structured RNAs and, in
most cases, stabilizes them (37, 39, 57). However, our data indicated that this might not
be true for pdeC because ProQ did not interfere with the stability of the pdeC mRNA (Fig.
5D). Thus, further investigation is needed to better understand the mechanism of ProQ-
mediated c-di-GMP signaling in E. amylovora.

The multiplicity and redundancy of the c-di-GMP metabolic enzymes raise the ques-
tion of their respective functions in various aspects of c-di-GMP signaling. In E. amylo-
vora, high intracellular levels of c-di-GMP achieved by the overexpression of DGC-encod-
ing genes led to hyper-biofilm-forming phenotypes and the enhanced production of
both amylovoran and cellulose (18, 23). In line with this, our results showed that the de-
letion of either edcC or edcE abrogated cellulose production and significantly reduced c-
di-GMP levels in E. amylovora in a ProQ-independent manner (Fig. 4). These results are
particularly intriguing and indicate that several functionally redundant DGCs coopera-
tively contribute to cellulose production in E. amylovora. Since c-di-GMP promotes cellu-
lose via allosteric binding to BcsA (18), it is likely that both EdcC and EdcE are required to
synthesize c-di-GMP to maintain its binding affinity for BcsA, and EdcB, whose overex-
pression was previously found to increase cellulose but not amylovoran production (18),
functions as a cellulose-specific DGC allowing further inductions of this EPS when
needed. Why and how we identified only EdcB but no other DGCs in our transposon mu-
tagenesis study remain unknown, which could be due to insertion bias of the transposon
(58). Finally, a recent study reported that all three PDEs, PdeA, PdeB, and PdeC, are active
in E. amylovora (22). However, our data demonstrated that only pdeC overexpression
restored the cellulose phenotype in Ea1189 AproQ (Fig. 4B). As an increasing number of
studies have demonstrated the temporal and spatial regulation of c-di-GMP signaling in
the cell (19, 26, 59), the expression patterns and localization of different DGCs and PDEs
for the regulation of diverse cellular behaviors of E. amylovora are currently being investi-
gated as a follow-up to this study.

Prc is a soluble periplasmic protease that belongs to the large family of C-terminal
processing proteases (60). In Escherichia coli, a group of studies reported that Prc and its
lipoprotein adaptor Nlpl participate in PG biosynthesis by degrading Spr, a PG hydrolase
responsible for maintaining overall PG turnover (43, 45, 61). PG, a highly cross-linked sac-
culus comprising alternating N-acetylglucosamine and N-acetylmuramic acid, is an im-
portant structural element in the bacterial cell wall, and the main function of PG is to
preserve cell integrity (62). We found that the inactivation of Prc or Nlpl significantly
enhanced the production of amylovoran in an Spr-dependent manner (Fig. 3), and simi-
lar observations have also been reported for Escherichia coli as two penicillin-binding
proteins involved in hydrolyzing PG are also required for EPS production and biofilm for-
mation (63). These results, collectively, lead to an interesting question: How does PG
affect EPS? A recent study conducted in Pseudomonas aeruginosa provided a possible ex-
planation: Gheorghita et al. (64) discovered that AlgL, a periplasmic lyase (65), functions
as a homeostasis enzyme for the production of the EPS alginate by clearing the periplas-
mic space of accumulated polymers. Therefore, it is likely that active PG metabolism is
required to modulate the overall production of amylovoran in E. amylovora.

Another explanation for Prc-Nlpl-Spr-mediated amylovoran production is associated
with the Rcs phosphorelay system, a conserved two-component signal transduction sys-
tem among enterobacteria (66). In line with our observations (Fig. 3), Huang et al. (67)
identified Prc as a major virulence regulator in extraintestinal pathogenic Escherichia coli
and further demonstrated that the accumulation of Spr due to prc deletion could be
sensed as a signal to trigger the Rcs system. Given that the Rcs system transcriptionally
activates the expression of amylovoran biosynthesis genes (68), Prc could repress amylo-
voran production by inactivating the Rcs system in E. amylovora.

Besides c-di-GMP, our transposon mutagenesis study identified several known E. amy-
lovora virulence regulators such as Lon and ClpXP (see Table S1 in the supplemental ma-
terial). Interestingly, these proteins are highly conserved cytosolic ATP-dependent
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proteases and are known for their ability to degrade damaged or misfolded proteins (69,
70). Lee and Zhao (50) reported that CIpXP, consisting of an AAA* ATPase, ClpX, and a
proteolytic chamber, ClpP, is intimately involved in the regulation of amylovoran produc-
tion, T3SS gene expression, and motilities, and Lee et al. later characterized Lon in con-
trolling the same virulence determinants of E. amylovora (49). However, direct evidence
demonstrating that CIpXP or Lon regulates E. amylovora cellulose production is lacking.
In addition, Lon as a c-di-GMP effector protein has been reported in several bacterial spe-
cies but not yet in E. amylovora (71, 72). In the facultative human pathogen Vibrio chol-
erae, for example, Joshi and colleagues showed that under conditions of high c-di-GMP
levels, c-di-GMP directly binds to Lon to inhibit its protease activity, resulting in a dere-
pression of the Lon-mediated repression of motility and type VI secretion system-de-
pendent killing (72). Our findings indicated that Lon is required for elevated cellulose
production in Ea1189 AproQ. Since c-di-GMP positively contributes to the biosynthesis
of cellulose (18), it is unlikely that the putative c-di-GMP-dependent repression of the
protease activity of Lon plays a dominant role in regulating ProQ-mediated cellulose
production.

In summary, this work provides novel insights into the roles of ProQ, a newly
defined RNA-binding protein, in E. amylovora. We showed that ProQ was a virulence
factor of E. amylovora in the host plant apple and that the deletion of proQ positively
affected the production of amylovoran and cellulose under in vitro conditions. Using
transposon mutagenesis, we established a link between c-di-GMP signaling and ProQ-
mediated cellulose production. Further experiments demonstrated that ProQ had a
mild negative regulatory effect on BcsA and repressed intracellular c-di-GMP levels in
E. amylovora. Taken together, the data in this study highlight the importance of post-
transcriptional and posttranslational regulators and nucleotide signaling in the regula-
tion of key bacterial virulence factors, and to our knowledge, this is the first report
implicating ProQ in manipulating the c-di-GMP signaling network required for the bio-
synthesis of cellulose.

MATERIALS AND METHODS

Bacterial strains, plasmids, primers, and media. The bacterial strains and plasmids used in this
study are listed in Table 1. The E. amylovora or Escherichia coli strains were grown in Luria-Bertani (LB)
broth medium at 28°C and 37°C, respectively. Modified basal medium A (MBMA) [KH,PO, at 3 g/L,
K,HPO, at 7 g/L, (NH,),SO, at 1 g/L, citric acid at 0.5 g/L, MgSO, at 0.03 g/L (23)] containing 1% (wt/vol)
sorbitol was used to determine amylovoran production. The expression of T3SS genes of E. amylovora
was measured in Hrp-inducing minimal medium (73). Antibiotics were added as needed to media at the
following concentrations: ampicillin (Ap) at 100 wg/mL, chloramphenicol (Cm) at 10 wg/mL, gentamicin
(Gm) at 15 wg/mL, kanamycin (Km) at 30 ng/mL, and spectinomycin (Sp) at 100 wg/mL. The E. amylovora
strain Ea1189 chromosome and plasmid sequences were retrieved from the National Center for
Biotechnology Information database under the accession numbers CP055227 and CP055228 (74).
Oligonucleotide primers used for cloning are listed in Table 2.

Mutant construction and complementation assays. The proQ, prc, msrC, nipl, spr, edcB, and proP
genes were deleted from the genome of E. amylovora Ea1189 using the red recombinase method (75).
In brief, specific primers (Table 2) were designed to include 50-nucleotide homology sequences of flank-
ing regions upstream and downstream of each target gene and sequences of flanking regions of the
short flippase recognition target (FRT) sites of the Cm or Km resistance cassette from the plasmid pKD3
or pKD4, respectively. PCR was performed to amplify recombination fragments, which were then puri-
fied using the QIAquick PCR purification kit (Qiagen, Hilden, Germany). Purified PCR fragments were
then electroporated into E. amylovora containing the helper plasmid pKD46, and the resulting recombi-
nants were plated onto LB plates supplemented with Cm or Km for the selection of strains with chromo-
somal deletions. Mutations validated via PCR confirmation using outside primers were further confirmed
by sequencing.

To generate complementation strains, the putative promoter and open reading frame (ORF) regions
of target genes were amplified and cloned into the plasmids pBBR1-MCS5 and pCL1920, respectively
(Table 1). The resulting plasmids were then confirmed by sequencing and electroporated into E. amylo-
vora cells.

Virulence assay in apple shoots. For apple shoot assays, bacterial cells were first cultured in LB me-
dium and then resuspended in 0.5x PBS buffer (Thermo Fisher Scientific, Waltham, MA, USA) at a den-
sity of 2 x 108 CFU/mL. Actively growing shoots from 1-year-old potted apple trees (Malus x domestica
cv. Gala on M9 rootstock) were inoculated with E. amylovora by cutting with scissors dipped in a bacte-
rial suspension (6). The necrotic lesion length was measured with a ruler from the point of inoculation
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TABLE 1 Strains and plasmids used in this study

Applied and Environmental Microbiology

Strain or plasmid

Relevant characteristic(s)?

Reference or source

Strains
Erwinia amylovora

Ea1189 Wild type 87

AproQ AproQ:Cm; Cm"; EAM_1974 deletion mutant in Ea1189 This study

Aprc Aprc:Cm; Cm"; EAM_1973 deletion mutant in Ea1189 This study

AmsrC AmsrC::Cm; Cm"; EAM_1975 deletion mutant in Ea1189 This study

Aams Aams; clean mutant; deletion of the 12-gene ams operon in Ea1189 87

AproP AproP::Cm; Cm'"; EAM_3312 deletion mutant in Ea1189 This study

Anlpl Anlpl::Cm; Cm"; EAM_3066 deletion mutant in Ea1189 This study

Aams AproQ Aams AproQ::Cm; Cm"; deletion mutant of the 12-gene ams operon and EAM_1974 in Ea1189 This study

AproQ AbcsD AbcsD AproQ::Cm; Cm'; EAM_3384 and EAM_1974 deletion mutant in Ea1189 This study

Aspr Aspr:Km; Km"; EAM_2227 deletion mutant in Ea1189 This study

Aprc Aspr Aprc:Cm Aspr:Km; Km"and Cm'"; EAM_1973 and EAM_2227 deletion mutant in Ea1189 This study

AedcB AedcB::Cm; Cm"; EAM_0564 deletion mutant in Ea1189 This study

AproQ AedcB AproQ AedcB::Cm; Cm'; EAM_1974 and EAM_0564 deletion mutant in Ea1189 This study

AedcC AedcC; clean mutant; EAM_1504 deletion mutant in Ea1189 23

AedcE AedcE; clean mutant; EAM_2435 deletion mutant in Ea1189 23

AproQ AedcC AedcC AproQ:Cm; Cm"; EAM_1504 and EAM_1974 deletion mutant in Ea1189 This study

AproQ AedcE AedcE AproQ::Cm; Cm"; EAM_2435 and EAM_1974 deletion mutant in Ea1189 This study
Escherichia coli

DH5«a supE44 AlacU169 (¢ 80lacZAM15) hsdR17 recAT endA1 gyrA96 thi-1 relA1 Lab stock

S17-1 Apir A(pir) hsdR pro thi; chromosomally integrated RP4-2 Tc:Mu Km:Tn7 Lab stock

Plasmids

pKD4 Template plasmid for kanamycin cassette; Km” 75
pKD3 Template plasmid for chloramphenicol cassette; Cm* 75
pKD46 Arabinose-inducible lambda red recombinase; Ap" 75
pBBR1-MCS5 Broad-host-range plasmid; Gm' 88
pCL1920 Low-copy-no. plasmid; lac promoter; Sp* 89
p1920-proQ proQ cloned into pCL1920; Sp* This study
pBBR1-prc prc cloned into pBBR1-MCS5; Gm" This study
pBBR1-pdeA pdeA cloned into pBBR1-MCS5; Gm’ 22
pBBR1-pdeB pdeB cloned into pBBR1-MCS5; Gm' 22
pBBR1-pdeC pdeC cloned into pBBR1-MCS5; Gm" 22
pPROBE-NT Promoter-probe vector; promoterless gfp; Ap” 77
pNT-hrpN pPROBE-NT containing a putative hrpN promoter-gfp transcriptional fusion; Ap" 15
pNT-hrpL pPROBE-NT containing a putative hrpL promoter-gfp transcriptional fusion; Ap" 15
pNT-bcsO pPROBE-NT containing a putative bcsO promoter-gfp transcriptional fusion; Ap” This study
pNT-bcsA pPROBE-NT containing a putative bcsA promoter-gfp transcriptional fusion; Ap" This study

aAp", ampicillin resistance; Cm", chloramphenicol resistance; Km', kanamycin resistance; Gm', gentamicin resistance; Sp', spectinomycin resistance.

regularly for up to 2 weeks. Two independent experiments were conducted, with a minimum of three
shoots per tree and three trees per treatment in each experiment.

In planta biofilm formation assay. Biofilms formed by E. amylovora WT strain Ea1189 or Ea1189
AproQ in planta were visualized using SEM. Briefly, bacterial cells were inoculated into actively growing
shoots of 1-year-old potted cv. Gala apple trees using the scissor dip method. At 7 dpi, the midrib of
infected apple leaves was sectioned into 1-cm sections. Samples were then fixed in paraformaldehyde/
glutaraldehyde, followed by tissue dehydration, critical point drying, sectioning, mounting, and osmium
coating. SEM analyses were performed as described previously (6, 76).

Green fluorescent protein-based transcriptional activity assay. To determine the transcriptional
activities of hrpL, hrpN, bcsO, and bcsA, putative promoter regions of each target gene were amplified
and cloned into the pPROBE-NT vector. pPROBE-NT is a promoter-probe vector that contains a promo-
terless green fluorescent protein (GFP) gene, whose transcription is fully reliant on the integrated pro-
moters (77, 78). The resulting plasmids, including pNT-hrpL, pNT-hrpN, pNT-bcsO, and pNT-bcsA, were
transferred into E. amylovora by electroporation. Bacterial cells containing the reporter plasmid pNT-
hrpL or pNT-hrpN were first cultured in LB medium overnight and then inoculated at 1:100 into Hrp-
inducing minimal medium at 28°C for 16 h. Cells containing pNT-bcsO or pNT-bcsA were first grown in
LB medium and then inoculated at 1:100 into fresh LB medium at 28°C for 16 h. To measure the GFP in-
tensity, bacterial cells washed with 0.5x PBS buffer were assayed in a Tecan (Mdnnedorf, Switzerland)
Spark plate reader with excitation at 488 nm and emission detection at 435 nm. GFP fluorescence was
normalized to the optical density at 600 nm (ODy,,) values of bacterial cultures.

Amylovoran production and levansucrase activity assays. An amylovoran production assay was
conducted via a cetylpyridinium chloride (CPC)-based turbidity assay (79). Cells of E. amylovora from LB
cultures grown overnight were inoculated 1:100 into MBMA supplemented with 1% sorbitol at 28°C for
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TABLE 2 Oligonucleotide primers used in this study®

Applied and Environmental Microbiology

Primer Sequence (5'-3’) Use
proQ-mut1 GTAATCAGGAAATTTCATGGAAAATCAACCTAAGTTGAATAGCACTAAAGgtgtaggctggagctgcttc  proQ deletion
proQ-mut2 CTGTTCATGCCCTGATTAGCCTCCGTATCAGAACTGCAAGTGTTCTGCGCcatatgaatatcctcctta

msrC-mut]1 CAACTATGGTTAAACAATGACTAAAGCAGAATTTTATACTGAACTCAATCgtgtaggctggagctgcttc msrC deletion
msrC-mut2 CAGGCGACATTATAATGACCCCTTCAGCAATTGCTACGTGATCAAACACTcatatgaatatcctectta

prc-mutl CCGTTCTCATTACCGTCAGTTCGATCTCAATAAAGAATTCTCCGCTAAAAgtgtaggctggagctgcttc prc deletion
prc-mut2 GCGGATGCTGTGCCTGTTGGGCTGACTAAGCTATTGAGCGGGGTTGAAAAcatatgaatatcctcctta

nlpl-mut1 CAAGCGGGTAACAGGATGTTATTCCCAATGTTTG CGGGAGTGGTACgtgtaggctggagctgcttc nlpl deletion
nlpl-mut2 C CGAAATTCGGGCAATAAAAGTTCGTCAGCTATTGCTGGTCAGATTcatatgaatatcctcctta

spr-mut1 CCA CTAACGACTTCGTCGTTAAGGACTTCAAGGGATCACACATATAgtgtaggctggagctgcttc spr deletion
spr-mut2 CACAGGCAGCG CTCGATTTCGCAGAGTTCAAGGGATTGAAAcatatgaatatcctectta

edcB-mut1 CTTAACGGTGCTGGCACGTTGATATTTCAGGGCAGTCACGAGTAAATATAgtgtaggctggagctgcttc  edcB deletion
edcB-mut2 CCCCGGC AGCCAGATACAATGCCCGGTCAGCATGGGCCAGCGCCTTcatatgaatatcctectta

proP-mut1 CAGATAATGACAGGGTATTCTATATGAAATTACGTAGGAAGCGTGTTAAGgtgtaggctggagctgcttc  proP deletion
proP-mut2 AGATGTGAGCGTTTGGCTTCAAGCTCAGCAAGCTGCTGGTTAATATCTGCcatatgaatatcctectta

proQ-F-pCL1920
proQ-Rc-pCL1920

prc-F-MCS5
prc-Rc-MCS5

bcsA-p1
bcsA-p2

bcsO-p1
bcsO-p2

bcsA-q1
besA-q2

pdeA-q1
pdeA-q2

pdeB-q1
pdeB-q2

pdeC-q1
pdeC-q2

proQ-q1
proQ-q2

prc-q1
pre-g2

LAD1-1
LAD1-2
LAD1-3
LAD1-4
AC-1
SP-1
SP-2
Himar1

AAATTCTAGATTATATGAACGGCTTGAAGG
AAGCTTAGACTGTTCATGCCCTGATT

AAAATCTAGACACTTGCAGTTCTGATACGGAGGC
GGATCCTGCCTGTTGGGCTGACTAAGCTAT

cgactctagaggatccccATTAAAGGCAATGACGGCGCTTGCTGATTTG
aattcgagctcggtacccGACTTTATTCATGAGTCATCCTGGAAAGCATA

cgactctagaggatccccCAGGACGAAGGTCGGTTACCCTGAATGCTGCC
aattcgagctcggtacccCATCATAAC CATCAGTATGATCCCCAAG

AACCACGCCATGCAAATCAC
AGTAGTGCGGCGTCTGTAAC

CCAACAGCGCTCAACCTTTC
AATCAGGTTCTGCCCTTCGG

CCGCAAA CACAGGGCA
CAACACAGCCAGCTTATGCG

CACCAGGGCAAGAACCAGAT
CTCTGCCAGCCCCTGTAAAA

TCAAAGTCACCGCGGGTAAA
TATCATTGCCAGGCCGGAAG

AGGCCTGTTTATTCCCGGTG
CCAGCGGGCCTTTGTAGTAA

ACGATGGACTCCAGAGCGGCCGCVNVNNNGGAA
ACGATGGACTCCAGAGCGGCCGCBNBNNNGGTT
ACGATGGACTCCAGAGCGGCCGCVVNVNNNCCAA
ACGATGGACTCCAGAGCGGCCGCBDNBNNNCGGT
ACGATGGACTCCAGAG
GACCGAGATAGGGTTGAGTGTTGTTCC
ATCTGGGAATCATTTGAAGGTTGGTAC
CATTTAATACTAGCGACGCCATCT

proQ expression from pCL1920

prc expression from pBBR1-MCS5

bcsA promoter in pPROBE-NT

bcsO promoter in pPROBE-NT

bcsA qRT-PCR

pdeA qRT-PCR

pdeB qRT-PCR

pdeC gRT-PCR

proQ qRT-PCR

prc qRT-PCR

Transposon mutagenesis

aUnderlining sequences are restriction sites recognized by restriction enzyme Xbal, Hindlll, or BamHlI; lowercase sequences are flanking sequences of the Cm in pKD3, the
Km in pKD4, or the multiple cloning site in pPROBE-NT.
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48 h. The supernatants of bacterial cultures were then mixed with 0.1 volumes of CPC (50 mg/mL) and
incubated at 28°C for 10 min. To determine amylovoran production, turbidity values of mixtures at the
ODy,, Were measured and normalized to the OD,,, values of the cultures grown in MBMA.

Levansucrase activity assays were performed as previously described (80). The supernatants of bacte-
rial cultures in LB medium were mixed 1:1 with 2 M sucrose in PBS buffer. Mixtures were then incubated
with shaking (220 rpm) at 28°C for 24 h, and the resulting turbidity, due to the catalyzation of sucrose by
levansucrase, was measured at the ODy,,. Levansucrase activity was calculated by normalizing the ODy,
values of turbidity to the ODy,, of the bacterial culture.

Cellulose production assay. To determine the production of cellulose in E. amylovora, a total of
5 pulL (approximately 2.5 x 107 cells) of bacterial cultures grown overnight in LB medium was spotted
onto LB agar plates lacking sodium chloride and amended with Congo red (40 wg/mL) and Coomassie
brilliant blue (20 wg/mL). Plates were then incubated at 28°C and photographed at 24 h postinoculation.
To measure the redness of colonies representing the production of cellulose, images were split into 3
RGB (red, green, and blue) channels using ImageJ (81), and the resulting green images were chosen to
quantify the redness. Color densities of the entire bacterial colonies were measured using the default
settings of ImagelJ, with lower values representing higher redness.

Transposon mutagenesis assay. Transposon mutagenesis was performed by conjugating the
Ea1189 AproQ:Cm mutant strain with Escherichia coli S17-1 Apir containing the transposon miniHimar
RB1 (48). Conjugates were plated onto LB agar plates containing Km and Cm and incubated at 28°C for
2 days. Mutants grown on plates were then picked and inoculated into LB broth for cellulose production
assays. Those that exhibited reduced redness compared to Ea1189 AproQ:Cm were preserved. To iden-
tify the transposon insertion sites, a previously described thermal asymmetric interlaced PCR method
was used, with a few modifications (82). In brief, genomic DNA of transposon mutants was purified using
the phenol-chloroform method (83) and used as the template for PCR. Four individual PCRs were con-
ducted per mutant using a transposon-specific primer, SP-1, and one of four random primers, LAD1-1,
LAD1-2, LAD1-3, and LAD1-4 (Table 2), followed by the following program: 1 cycle of 93°C for 2 min and
95°C for 1 min; 11 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min 20 s; 1 cycle of 94°C for 30's,
25°C for 2 min, and 72°C for 3 min; 26 cycles of 94°C for 20 s, 58°C for 30 s, and 72°C for 1 min 20 s; and
1 cycle of 72°C for 5 min. Four individual secondary PCRs were conducted per mutant using the primary
PCR products as the template and primers AC-1 and SP-2 (Table 2), followed by the following program:
2 cycles of 94°C for 2 min, 65°C for 30 s, and 72°C for 40 s; 14 cycles of 94°C for 1 min, 68°C for 30 s, 72°C
for 40 s, 94°C for 1 min, 68°C for 30 s, 72°C for 40 s, 94°C for 1 min, 50°C for 30 s, and 72°C for 40 s; and
1 cycle of 72°C for 5 min. The resulting PCR products were validated via gel electrophoresis and
sequenced using transposon-specific primer Himar1 (Table 2).

Isolation of RNA and quantitative real-time PCR. Total RNAs of E. amylovora cultured in LB broth
were extracted using the RNeasy minikit method (Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. Genomic DNA was removed using Turbo DNA-free DNase (Ambion, Austin, TX, USA),
and cDNA was synthesized using TagMan reverse transcription (RT) reagents (Applied Biosystems, Foster
City, CA, USA). To evaluate the mRNA levels of proQ, prc, thiO, and thiG, quantitative real-time PCR (qRT-
PCR) was conducted using cDNA as the template. Levels of cDNAs from different samples were quanti-
fied using SYBR green PCR master mix (Applied Biosystems, Foster City, CA, USA), and the relative
expression levels of each target gene were calculated using the 272" method (84), with the recA gene
as the internal control (85). Primers used for qRT-PCR are listed in Table 2.

RNA stability assay. For RNA stability assays, bacterial cultures grown overnight were inoculated
into fresh medium at a ratio of 1:100 at 28°C for 16 h, followed by rifampin treatment at a final concen-
tration of 500 wg/mL. Total RNAs were isolated from samples immediately after rifampin treatment and
at subsequent time points thereafter, including 2, 5, 10, 15, and 30 min. cDNAs were synthesized using
total RNAs as the template, and qRT-PCR was performed to determine RNA stability. The gene-specific
primers bcsA-q1 and besA-g2 (Table 2) were used to amplify the targeted region, bp 595 to 736, within
the bcsA coding sequence, and primers pdeC-q1 and pdeC-q2 (Table 2) were used to amplify the tar-
geted region, bp 1171 to 1272, within the pdeC coding sequence. Cycle threshold values of the sample
taken immediately upon the addition of rifampin were used to set 100% mRNA remaining.

Quantification of intracellular c-di-GMP concentrations. Intracellular levels of c-di-GMP were
quantified using UPLC-MS/MS as described previously (86). Bacterial cultures grown overnight were ino-
culated 1:100 into fresh LB medium and incubated at 28°C until the ODy,, reached approximately 0.8,
corresponding to the mid- to late exponential growth phase. Bacterial cells from 1-mL cultures were
then collected by centrifugation at 1,500 x g for 30 min, resuspended in 100 ulL of extraction buffer
(40% acetonitrile and 40% methanol in 0.1 N formic acid), and incubated for 15 min at —20°C. After cen-
trifugation for 5 min at 21,000 x g to pellet insoluble debris, 10 uL of the supernatant containing c-di-
GMP was analyzed by UPLC-MS/MS on a Quattro Premier XE instrument. Intracellular levels of c-di-GMP
were quantified by comparison against a standard curve generated by using chemically synthesized c-
di-GMP (Axxora Life Science Inc., San Diego, CA).

Statistical analysis. Means and standard deviations of experimental results were calculated using
Excel, and mean comparisons were performed using two-tailed Student’s t test (Microsoft, Redmond, WA).
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