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1 | INTRODUCTION

Abstract

Erwinia amylovora is an economically devastating plant pathogen that causes fire
blight disease in members of the Rosaceae family, most notably in apple and pear.
The exopolysaccharide amylovoran is a pathogenicity determinant in E. amylovora and
a major component of the extracellular matrix of biofilms formed within the xylem
vasculature of the host plant. The second messenger cyclic-di-GMP (c-di-GMP) has
been reported to positively regulate the transcription of amsG (the first gene in the
12-gene amylovoran [ams] biosynthetic operon), thus impacting amylovoran produc-
tion. However, the regulatory mechanism by which this interaction occurs is largely
unknown. Here, we report that c-di-GMP can bind to specific residues in the EAL
domain of the E. amylovora protein CsrD. CsrD and RNase E regulate the degrada-
tion of the sRNA CsrB in E. amylovora. When CsrD is bound to c-di-GMP, there is an
enhancement in the level of RNase E-mediated degradation of CsrB, which then alters
amsG transcription. Additionally, csrD was also found to positively contribute to viru-
lence and biofilm formation. We thus present a pathway of conditional regulation of
amylovoran production mediated by changing intracellular levels of c-di-GMP, which

impacts disease progression.
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c-di-GMP signalling has been shown to regulate several viru-

The bacterial second messenger molecule bis-(3',5')-cyclic digua-
nosine monophosphate (c-di-GMP) is a key regulator of the bidi-
rectional transition between a motile and a sessile lifestyle (Jenal
et al., 2017). Diguanylate cyclases (Dgc enzymes), marked by the
presence of a GGDEF domain, dimerize GTP molecules to form c-di-
GMP, and phosphodiesterases (Pde enzymes), characterized by the
presence of an EAL or HD-GYP domain, hydrolyse c-di-GMP into
5'-phosphoguanylyl-(3’,5')-guanosine (pGpG) or GMP, respectively
(Jenal et al., 2017).

lence factors at different levels in various plant-pathogenic bacte-
ria. In Dickeya dadantii 3937, multiple c-di-GMP effectors including
two Pdes, EcpC and EGcpB, regulate the type Il secretion system
through hrpA expression at a transcriptional level (Yuan et al., 2015).
Similarly, in Pseudomonas syringae pv. tomato DC3000, the Dgc
protein PleD can negatively regulate hrpL and hrpA transcription
(Perez-Mendoza et al., 2014). In Xanthomonas oryzae PX099 and in
Xylella fastidiosa Temecula, the negative regulation of extracellular
polysaccharide (EPS) formation and flagellar motility are channelled
through specific Dgc enzymes as well (Chatterjee et al., 2010; Yang
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et al., 2016) The regulatory effect of c-di-GMP in plant-pathogenic
bacteria is predominantly understood through the phenotypic ef-
fect resulting from the loss of a dgc or pde gene and the subsequent
changes in intracellular c-di-GMP levels.

CsrA (carbon storage regulator A) (alternatively annotated as
RsmA; regulator of secondary metabolism) is a global bacterial reg-
ulator that can modulate genes at a transcriptional or a posttran-
scriptional level (Kusmierek & Dersch, 2018). CsrA activity and
availability are regulated by the small RNAs (sRNAs) CsrB and CsrC
though binding and functional sequestration of CsrA (Liu et al., 1997,
Suzuki et al., 2002). Additionally, in Escherichia coli K-12, CsrD is an
RNase E specificity factor that can enhance the degradative activity
of RNase E towards the sSRNAs CsrB and CsrC (Suzuki et al., 2006). A
proteomic approach used to identify the regulatory network of CsrA
in Xanthomonas citri Xcc306 revealed that this network includes
several proteins involved in flagellar biosynthesis and chemotaxis
as well as type Il and type IV secretion (Andrade et al., 2021). In
P. syringae DC3000, CsrA was found to be a global regulator of vir-
ulence, EPS synthesis, motility, and growth (Ferreiro et al., 2018). In
Xanthomonas campestris pv. campestris, RsmA can negatively regu-
late c-di-GMP levels by binding to and posttranscriptionally regulat-
ing multiple dgc genes (Lu et al., 2012). In general, CsrA has primarily
been found to regulate Dgc and/or Pde enzyme-encoding genes,
affecting their function and resulting in alterations to the existing
levels of intracellular c-di-GMP. However, an inverse regulatory cor-
relation entailing the indirect c-di-GMP dependent control of CsrA
sequestration, resulting in phenotypic variation, has not yet been
reported.

Erwinia amylovora is a plant-pathogenic bacterium, causal
agent of fire blight disease in apple and pear, and member of the
Enterobacteriaceae clade (Smits et al., 2017). The EPS amylovoran
is a pathogenicity factor in E. amylovora Eal189 and is a critical
component of the biofilm matrix within the xylem (Koczan et al.,
2009). Amylovoran biosynthesis is functionally dependent on the
ams operon, comprising 12 genes, amsG being the first (Bernhard
et al., 1993; Bugert & Geider, 1995). c-di-GMP is a strong positive
regulator of amylovoran production as well as amsG transcription
(Edmunds et al., 2013; Kharadi et al., 2019). However, the pathway
by which c-di-GMP regulates amsG expression is not fully under-
stood. The RcsBCD phosphorelay is a critical positive regulator of
amsG expression (Wang et al., 2009, 2012). Feeding into this RcsB-
mediated control, CsrA (functionally antagonized by CsrB binding)
was found to affect RcsB in E. amylovora at a posttranscriptional
level, thus indirectly regulating amsG transcription (Ancona et al.,
2016; Lee et al., 2019; Liu et al., 1997).

We hypothesized that we could decipher the pathway through
which c-di-GMP-mediated transcriptional regulation of amsG occurs
by using an independent transposon mutagenesis approach to iden-
tify mutants that were reduced in amsG expression under elevated
intracellular levels of c-di-GMP. Our results highlight a unique role of
CsrD in the c-di-GMP-mediated transcriptional regulation of amsG

as well as in virulence and biofilm formation.
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2 | RESULTS

2.1 | The functional loss of CsrD, under high
intracellular c-di-GMP levels, negatively affects amsG
promoter activity and amylovoran production

The region upstream of amsG comprises a predicted transcriptional
start site at the -500 bp position (Figure 1a) (Bernhard et al., 1993;
Bugert & Geider, 1995). Upstream of the transcriptional start site,
an RcsB binding box is located at the -533 to -555 bp position
(Figure 1a) (Bernhard et al., 1993; Bugert & Geider, 1995). We cloned
a region from E. amylovora Ea1189 (2,333,719 to 2,334,519) that in-
cludes the amsG transcriptional start site, the RcsB binding box, and
the sequence upstream of the RcsB box that ends preceding the
next consecutive open reading frame (ORF) on the chromosome into
the green fluorescent protein (GFP) reporter transcriptional fusion
vector pPROBE-NT, generating the construct pPROBE-NT::pamsG
(Figure 1a). In our previous study, we reported that the combined de-
letion of all three enzymatically active Pde-encoding genes in E. am-
ylovora Ea1189, namely, pdeA, pdeB, and pdeC, resulted in significantly
elevated intracellular c-di-GMP levels, amylovoran production, and
amsG expression levels in vitro (Kharadi et al., 2019). Expression
of gfp from pPROBE-NT::pamsG was significantly elevated in
Eal1189ApdeABC (Figure 1d), and we used this system to find positive
regulators of amsG transcription via transposon mutagenesis. Tn5-
based transposon mutants of Ea1189ApdeABC harbouring pPROBE-
NT::pamsG were sorted via fluorescent-activated cell sorting with
the goal of isolating mutants with an approximately 10- to 100-fold
reduction (representative of a graded deviation from the recorded
median fluorescence level) in amsG promoter activity measured via
GFP signal (Figure 1b). Among the sorted mutants, we found three
mutants with insertions in the csrD ORF, EAM_3136 (Figure 1c).

To study the effect of disrupting CsrD in E. amylovora, we deleted
csrD in Eal189ApdeABC. amsG promoter activity was significantly
reduced in Ea1189ApdeABCAcsrD, and complementation of this mu-
tant with csrD restored amsG promoter activity and amylovoran pro-

duction to the basal levels (Figure 1d,e).

2.2 | csrD positively regulates virulence in
immature pear and apple shoots

To examine the impact of CsrD on virulence in planta, csrD mutants
in both wild-type (WT) Ea1189 and Ea1189ApdeABC backgrounds
were assessed for their virulence intensity in immature pear fruitlets
and apple shoots. Inimmature pear fruitlets at 5 days postinoculation
(dpi), Ea1189AcsrD showed a significant reduction in necrosis relative
to WT Eal1189, and the complementation of the mutant with csrD
restored WT levels of virulence (Figure 2a). Ea1189ApdeABCAcsrD
was similar to Ea1189ApdeABC in terms of virulence. However, as
previously reported, the significantly elevated levels of c-di-GMP

in Ea1189ApdeABC severely down-regulates expression of type Il
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FIGURE 1 (a)A graphical representation of the chromosomal region upstream of amsG, including the regulatory components. The
amsG promoter region comprises a predicted transcriptional start site (TSS) at =500 bp, and the RcsB binding box is located just upstream
of the predicted TSS. (b) A collective batch of about 3 x 10° cellular instances of Ea1189ApdeABC/pPROBE-NT::pamsG was obtained
using fluorescent-activated cell sorting to screen for mutants with a significant relative reduction in amsG promoter activity. The sorting
chart depicts the relative distribution of the overall sorted population in terms of relative fluorescence units (RFU), along with the sorting
gate set to select mutants in the screening for a reduction in amsG promoter activity. (c) A representative map of the Tn5 insertion sites
(vertical arrows) located on csrD, relative to the overall chromosomal location of csrD. (d) amsG promoter activity for Ea1189ApdeABC and
csrD mutants and complemented strains (reported via pPROBE-NT::pamsG) in both backgrounds determined via flow cytometry 6 h after
induction in modified basal medium-A (MBMA) medium. Data presented in the form of RFU for an average of 10,000 cellular instances.
(e) Normalized turbidimetric determination of amylovoran production for Eal1189ApdeABC and Eal189AcsrD mutants, and complemented
strains. All error bars represent standard error of the means. Statistical differences denoted by letters above the bars were calculated based

on Tukey's HSD test (p < 0.05)

secretion system genes, resulting in reduced necrosis on pear fruit-
lets (Kharadi et al., 2019). This might account for the lack of a sig-
nificant reduction in the virulence level of Eal189ApdeABCAcsrD
relative to Ea1189ApdeABC (Figure 2a).

In apple shoots, both Ea1189AcsrD and Ea1189ApdeABCAcsrD
showed a reduction in virulence measured as shoot necrosis length
at 8 dpi relative to WT Ea1189 and Eal189ApdeABC, respectively
(Figure 2b). Complementation of both forms of csrD mutants re-
stored virulence levels to those of the background strains that the

mutants were constructed in (Figure 2b).

2.3 | csrD positively regulates biofilm formation
under the presence of high intracellular levels of
c-di-GMP, but does not itself contribute to
c-di-GMP metabolism

To assess the downstream effect of the reduction in amylovoran
production due to the deletion of csrD, we examined the relative

levels of biofilm formation in csrD mutants in both WT Ea1189
and Eal189ApdeABC backgrounds. It should be noted that the
quantitative decline in biofilm formation levels in Ea1189ApdeABC
relative to Eal189 has been attributed to the high levels of au-
toaggregation and the consequential impact on physiological and
structural changes in cell division and cellular spatial organization
observed in Eal1189ApdeABC; we have characterized this occur-
rence in our previous studies, and the dependence of autoaggre-
gation on the peptidoglycan hydrolase/metallopeptidase EagA
(Kharadi et al., 2019; Kharadi & Sundin, 2019, 2020). With this
stipulation, to accurately derive conclusions from this metric, the
strainwise comparison of biofilm levels within flow cells has been
segregated based on the level of c-di-GMP occurring within WT
Eal1189 and Eal189ApdeABC. Biofilm formation was not signifi-
cantly affected in Ea1189AcsrD relative to Ea1189 (Figure 3a,b).
However, under high intracellular c-di-GMP conditions, as present
in Ea1189ApdeABC, the deletion of csrD resulted in a significant
reduction in biofilm formation under flow-based conditions rela-
tive to Ea1189ApdeABC (Figure 3a,b). Additionally, Eal189AcsrD
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FIGURE 2 Virulence of wild-type Erwinia amylovora Ea1189, Ea1189ApdeABC, and Ea1189csrD mutants and complemented strains in
both backgrounds on (a) immature pears determined via measuring the diameter of circular necrotic lesions at 5 days postinoculation (dpi)
and (b) apple shoots measured in the form of lesion length from the site of inoculation at 8 dpi. All error bars represent standard error of the
means. Statistical differences denoted by letters above the bars were calculated based on Tukey's HSD test (p < 0.05)

and Eal1189ApdeABCAcsrD did not show significant differences in
terms of intracellular levels of c-di-GMP relative to WT Eal1189
and Eal189ApdeABC, respectively (Figure 3c).

2.4 | CsrD binds to c-di-GMP at critical residues
within the EAL motif, affecting amsG transcription

The domain architecture of CsrD revealed the presence of a GAPES4
(Bobrov et al., 2005) sensory domain in the N-terminal end, flanked
by two transmembrane helices, and the C-terminal end contains
both a GGDEF and EAL motif (Figure 4a). Aligned CsrD residues
from E. amylovora (Eal1189) and E. coli K12 revealed differences in
conserved residues in the GGDEF and EAL motifs (Figure 4a). The
amino acid sequence of the E. amylovora CsrD EAL motif (highlighted
in Figure 4a) contains residues that have been shown to be critical
for c-di-GMP binding in other proteins with degenerate EAL do-
mains (Riley et al., 2006; Yu et al., 2020).

CsrD orthologs are present in several members of the
Enterobacteriaceae, but are not universally distributed (Suzuki et al.,
2006). Aligned residues from a subset of these orthologs revealed
that the EXLXR motif, critical for c-di-GMP binding, within the EAL
domain of these proteins was not entirely conserved, with the L
(Leu) residue being the most variable, conserved only in E. amylo-
vora and Photobacterium profundum (Figure 4b) (Chou & Galperin,
2016). A phylogenetic analysis indicated that the full-length CsrD
from E. amylovora was most closely related to orthologs from E. coli,

Shigella flexneri, Salmonella typhimurium, and Pectobacterium caroto-
vorum (Figure 4c).

Pull-down assays using biotinylated c-di-GMP and 6xHis-CsrD
from E. amylovora Ea1189 revealed that c-di-GMP could bind to CsrD
with a dissociation constant (Kp) value of c.4 uM (Figure 5a,b,c), as
verified by incremental changes to both bait protein and ligand
(Figure 5a i, ii). c-di-GMP binding to CsrD was found to be highly
specific, as shown in competition experiments. Loss of binding signal
was observed on the introduction of unlabelled c-di-GMP as a spe-
cific competitor, and was not observed on the introduction of GTP as
a nonspecific competitor (Figure 5aiii, iv). While site-directed substi-
tution of critical residues in CsrD (Figure 4a) within the GGDEF motif
(residues 308-312, FRSDFAAAAA) did not affect binding to c-di-
GMP, substitutions to the EAL motif (combined residues 433-435,
EILAAA, and L435A) eliminated c-di-GMP binding in the pull-down
assays (Figure 5b) under the conditions tested in the experimental
pull-down assays. Both the WT CsrD protein and a truncated version
of CsrD that consisted of only the WT EAL domain exhibited binding
to c-di-GMP in this assay, but the 6xHis-CsrD from E. coli K12 did
not bind to c-di-GMP (Figure 5b).

Expression levels of amsG (normalized by recA expression) were
elevated, as expected in Ea1189ApdeABC relative to WT Eal1189
(Figure 6). The deletion of csrD in Ea1189ApdeABC resulted in a sig-
nificant drop in amylovoran production, which could be restored
through the complementation of the native version of csrD, as well
as the site-directed mutant in the GGDEF domain (pcsrD308-312A).
However, the complementation of Ea1189ApdeABCAcsrD with the
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FIGURE 3

(a) Biofilm formation within flow cells determined for wild-type (WT) Ea1189, ApdeABC, and csrD mutants in both backgrounds

using green fluorescent protein (GFP)-labelled cells assessed under confocal microscopy. (b) The level of green fluorescence in the flow cell
biofilms quantified via ImageJ using the RBG quantification plug-in (Schneider et al., 2012). (c) Intracellular c-di-GMP levels assessed via
LC-MS/MS for WT Eal1189, Ea1189ApdeABC, and Ea1189AcsrD mutants in both backgrounds. All error bars represent standard error of the
means. Statistical differences denoted by letters above the bars were calculated based on Tukey's HSD test (p < 0.05)

site-directed mutant version of csrD in the EAL motif (pcsrD433-
435A) did not restore Ea1189ApdeABC levels of amsG transcription
(Figure 6). In conjunction with the effects observed on virulence and
amylovoran production, the deletion of csrD in WT Ea1189 and the
complementation of the csrD mutant with an unmodified version of
csrD, as well as the modified version of csrD with site-directed muta-
tions within the GGDEF domain (pcsrD308-312A) and the EAL motif
(pcsrD433-435A), did not lead to any significant changes in amsG
expression (Figure 6).

2.5 | CsrD canregulate CsrB degradation in a
c-di-GMP dependent manner

In E. coli, CsrD has been demonstrated to be a specificity factor for
RNase E, which can direct RNase E towards the targeted degra-
dation of the sSRNA CsrB (Suzuki et al., 2006). In E. amylovora, we
found that the loss of RNase E (encoded by rne) and csrD resulted
in a significant increase in CsrB transcript levels relative to WT
Ea1189 (Figure 7a). While complementation of the mutants with rne
and csrD, respectively, was able to restore transcript levels compa-
rable to WT, Ea1189AcsrD complemented with the EAL motif mu-
tated version of csrD (433-435A) retained the high levels of CsrB
transcripts (Figure 7a). In Ea1189ApdeABC, a significant decrease in
CsrB transcripts was observed relative to Ea1189. The loss of both
csrD and rne in Eal189ApdeABC resulted in a significant increase in

CsrB transcript levels compared to Eal189ApdeABC, and comple-
mentation of these mutant strains with csrD and rne, respectively,
enabled the recovery of CsrB levels comparable to Eal1189ApdeABC
(Figure 7a). However, Ea1189ApdeABCAcsrD complemented with
the EAL motif mutated version of csrD (433-435A) still had high lev-
els of CsrB transcripts (Figure 7a). To study the effect of both CsrD
and c-di-GMP on the degradation of CsrB, we used the E. amylovora
strain Ea1189A12, which lacks all the functionally active/inactive
Dgc and Pde enzyme-encoding genes, including csrD, and does not
produce any intracellular c-di-GMP (Kharadi et al., 2021). We con-
firmed that csrD expression was not significantly different in WT
Eal1189 as compared to Eal189A12 complemented with csrD and
csrD (433-435A) (Figure S1). Thus, using Ea1189A12, we were able
to selectively control for the presence or absence of c-di-GMP to
then study the interactive effect with CsrD.

Prior to investigating the degradation dynamics of CsrB, we de-
termined the basal levels of CsrB transcripts in our strains. Levels
of CsrB were significantly lower in Ea1189A12/pcsrD/pdgcOE com-
pared to in Eal189A12, whereas Eal189A12/pcsrD(433-435A)/
pdgcOE and Eal189A12/pcsrD had CsrB levels that were similar
to Ea1189A12 (Figure 7b). It must be noted that we used actively
growing subcultures for all the strains that were grown in media
amended with isopropyl p-D-1-thiogalactopyranoside (IPTG) as ap-
propriate, which would then be reflected in the ongoing process
of CsrB generation and degradation, resulting in differences in the
transcript levels of the sRNA at any given time. Next, independent
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FIGURE 4 (a) The domain architecture of CsrD comprises an N-terminal GAPES4 periplasmic sensory domain flanked by transmembrane
helices. CsrD also comprises GGDEF and EAL motifs (Finn et al., 2014). Critical residues for each domain are highlighted to denote the
variations present in Erwinia amylovora Ea1189 versus Escherichia coli K12 when aligned. (b) Aligned CsrD orthologs from a diverse subset
of Enterobacteriaceae species indicate that the EXLXR motif within the EAL domain of CsrD is only conserved in the Glu (E) and Arg (R)
residues. The Leu (L) residue was found to be highly variable among the evaluated species. Alignment was conducted using Clustal Omega
(Sievers & Higgins, 2014). (c) A maximum-likelihood tree (Schmidt et al., 2002) revealed three distinct lineages within the evaluated CsrD
orthologs from various Enterobacteriaceae species. The functionally active PdeC from E. amylovora was used as an out-group. MEGA v. 7.0

was used as a platform to conduct both analyses (Agbo et al., 2003)

of the basal levels of CsrB present in the strains, we tracked the rela-
tive levels of CsrB degradation at various time points after rifampicin
was added to cultures to inhibit RNA polymerase and found that,
relative to Eal189A12, Eal189A12/pcsrD exhibited significantly
reduced CsrB transcript levels at the 30 min time point, but not at
earlier time points (Figure 7c). The overexpression of a Dgc from
Vibrio cholerae in Eal189A12/pcsrD/pdgcOE led to a consistently
significant decrease of CsrB transcript levels, as quantified by both
reverse transcription-quantitative PCR (RT-qPCR; 5, 20, and 30 min
samples) and northern blot analyses (30 min sample), relative to all
other sample types (Figure 7d). Use of a modified version of csrD
to complement Eal189A12 in the strain Ea1189A12/pcsrD(433-
435A)/pdgcOE did not result in increased CsrB degradation relative
to Ea1189A12 (Figure 7c,d).

3 | DISCUSSION

In this study, we demonstrated that the binding of c-di-GMP within
the EAL domain of E. amylovora CsrD enhances the degradation
of the sRNA CsrB mediated by RNase E, thus potentially alleviat-
ing the sequestration of CsrA, enabling CsrA to function with the
RcsBCD phosphorelay in the positive regulation of the amylovoran
biosynthetic operon mediated through RcsB binding at the amsG
promoter (Ancona et al., 2016; Wang et al., 2012). While the Csr and
Rsm systems have been reported to manipulate intracellular levels
of c-di-GMP via regulating the expression of Dgc and Pde enzymes
involved in the synthesis and degradation of c-di-GMP (Jonas et al.,
2010), CsrD in E. amylovora represents an evolutionary divergence

in function in which the Csr system is responsive to c-di-GMP, re-
sulting in regulation that increases the expression of a critical EPS
biosynthetic operon.

In E. coli, it has been demonstrated that CsrD can regulate turn-
over of the sSRNAs CsrB and CsrC by directing RNase E target spec-
ificity (Suzuki et al., 2006). While the activity mediated by CsrD was
not linked to c-di-GMP metabolism, the GGDEF and EAL domains
were found to be essential for enzymatic activity towards the sSRNA
CsrB/C and in directing RNase E specificity (Suzuki et al., 2006). The
degenerate EAL domain of CsrD has emerged as a key site for post-
translational stimulation of CsrD activity. In E. coli, this domain can
specifically bind unphosphorylated EIAC'C linking CsrD activity to
the presence of the preferred carbon source glucose (Leng et al.,
2016). Binding of the CsrD homolog MshH to unphosphorylated
EIIA®'C has also been demonstrated in V. cholerae, although the ef-
fect of this binding on MshH function has not been fully assessed
(Pickering et al., 2012). Distinct from this regulatory structure pres-
ent in E. coli, we found that the ellA mutant in E. amylovora did not
exhibit any significant changes in amylovoran production or amsG
expression (data not shown). We hypothesize that this lack of link-
age of CsrD with glucose availability may be because E. amylovora is
rarely exposed to glucose during its life cycle. During most of its life
cycle, E. amylovora is located within the interior of its Rosaceae fam-
ily plant host, where cells are mainly exposed to sorbitol and sucrose,
the two predominant sugars present in these hosts (Petanidou,
2005).

This current study and our previous study involving the over-
all analysis of all c-di-GMP metabolic enzymes in E. amylovora have
consistently indicated that the GGDEF and EAL domains in CsrD
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FIGURE 5 (a) A panel depicting the overall results of pull-down assays with multiple variations analysed to determine the specifics of
CsrD binding to c-di-GMP. (i) Biotinylated c-di-GMP (100 uM) immobilized to streptavidin beads shows binding to increasing concentrations
(0,0.003,0.03, 0.3, 1.7 uM) of His-tagged CsrD. (ii) Binding between 1.7 uM of CsrD and increasing concentrations (0, 5, 25, 50, 100 uM)
of biotinylated c-di-GMP. (iii) Binding between 1.7 uM CsrD and 100 uM biotinylated c-di-GMP with increasing concentrations (0, 5, 25, 50,
100 uM) of unlabelled c-di-GMP as a competitor. (iv) Binding between 1.7 uM CsrD and 100 uM of biotinylated c-di-GMP with increasing
concentrations (0, 5, 25, 50, 100 uM) of GTP as a nonspecific competitor. (b) Binding between truncated and site-directed substituted
versions of Erwinia amylovora CsrD as well as CsrD from Escherichia coli K12 (1.7 uM of all proteins) and biotinylated c-di-GMP (100 uM). (c)
The dissociation constant (Ky) for CsrD binding to c-di-GMP determined at the half-maximal binding level (Chambers & Sauer, 2017). The
graph compares the binding level in the form of pixel density from the immunoblot (generated using Imagel) involving a pull-down of the
interaction between 1.7 uM of CsrD with increasing concentrations of biotinylated c-di-GMP (Schneider et al., 2012)

are not functionally active in c-di-GMP metabolism (Kharadi et al.,
2021). However, proteins in other systems that contain degener-
ate GGDEF or EAL domains have been found to bind c-di-GMP and
serve as c-di-GMP receptors, which can impact their functional ac-
tivity (Romling et al., 2013). The EXLXR motif within the EAL domain
is a critical target site for monomeric c-di-GMP binding (Barends
et al., 2009; Minasov et al., 2009; Tchigvintsev et al., 2010). Proteins
with functionally degenerate EAL domains have been found to re-
tain the EXLXR motif for the purpose of c-di-GMP binding (Guzzo
etal., 2013; Navarro et al., 2009, 2011). For example, in X. oryzae, the
FimX-like protein FilP was shown to be able to bind c-di-GMP within
a degenerate EAL domain, and c-di-GMP binding was linked to its

ability to interact with a PilZ domain-containing protein PXO_02715
and affect virulence through the type Il secretion system (Yang
et al., 2014).

Within the EXLXR motif, the central Leu residue (L) is critical to
stabilize the overall binding with the ribose-phosphate ring struc-
ture. A comparison of the CsrD orthologs in a diverse subset of
Enterobacteriaceae also indicated that this Leu residue is highly vari-
able (Figure 4b). Our results indicate that the truncated version of
CsrD comprising the EAL domain retains c-di-GMP binding, thus im-
plicating this domain in the locational binding specificity of c-di-GMP
towards CsrD. Also, the L435 residue, located within the canonical
EXLXR motif (located at residues 433-437) in E. amylovora CsrD,
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was critical for c-di-GMP binding. Mutations to another subregion
of this motif (433-435A) also functionally abolished both binding
to c-di-GMP as well as the downstream impact of c-di-GMP-bound
CsrD on amsG transcription. To conduct a comparative analysis, we
changed the L435 residue to Met (M) because the CsrD originating
from E. coli K12 had this substitution at the position. Both E. amylov-
ora CsrD (with L435M) as well as CsrD from E. coli K12 did not show
any detectable binding to c-di-GMP. We determined that the dissoci-
ation constant for c-di-GMP binding to CsrD was about 4 uM. In a bi-
ological context, c-di-GMP levels recorded in WT Ea1189 are below
this binding threshold. However, this does not preclude binding of
c-di-GMP by CsrD during E. amylovora infection and is probably a
reflection of our inability to measure c-di-GMP levels in E. amylov-
ora during disease progression within the host, compounded by the
potential of localized c-di-GMP signalling within the cell for specific
functionality (Christen et al., 2010; Hengge, 2021).

The controlled modulation of intracellular c-di-GMP levels en-
ables E. amylovora to transition from using the type Ill secretion
system to biofilm formation as the primary virulence strategy in

planta (Kharadi & Sundin, 2021). However, there are limited tools
available to resolve c-di-GMP concentrations at a cellular level in
planta during disease occurrence (Hengge, 2021; Jenal et al., 2017).
Developing tools to track the variation in c-di-GMP levels in E. amy-
lovora during disease progression will be critical to fully understand
the functional relevance of CsrD regulation. We hypothesize that
the deviation from the dependence on the GGDEF domain for CsrD
function, as is the case in E. coli, is due to the structural implications
of ¢c-di-GMP binding to the EXLXR motif in terms of the overall func-
tional complex of CsrD, RNase E, and the target sSRNA. However,
further research into the thermodynamic differences in the function
of such a complex in the presence and absence of, as well as modu-
lating levels of c-di-GMP will be needed to gain clarity in this regard.

Our findings indicate that even under conditions where c-di-
GMP is absent from the cell, CsrD improves the efficiency of CsrB
degradation mediated by RNase E. However, the additional pres-
ence of c-di-GMP significantly improves the efficiency of CsrB
degradation. We also found that this additive effect of c-di-GMP
in terms of downstream CsrB degradation did not result from any

FIGURE 7 (a)Relative fold change in SRNA CsrB expression for Erwinia amylovora wild-type Ea1189, Eal1189ApdeABC, csrD, rne mutants,
and mutant strains complemented with native and modified versions of csrD in Ea1189 and Ea1189ApdeABC backgrounds 6 h after induction
in MBMA medium. Error bars represent standard error of the means. Statistical differences denoted by letters above the bars were
calculated based on Tukey's HSD test (p < 0.05). (b) Relative transcript levels of CsrB (prior to the addition of rifampicin for the degradation
assay) determined via reverse transcription-quantitative PCR (RT-gPCR) for Ea1189A12 transformed with native and modified forms of
pcsrD and/or pdgcOE relative to Ea1189A12. Error bars represent standard error of the means. Statistical differences denoted by asterisks
above the bars were calculated based on Student's t test relative to Ea1189A12 for all strain variants (p < 0.05). (c) Transcript degradation
study over time for csrB in E. amylovora Ea1189A12 and Ea1189A12 transformed with native and modified forms of pcsrD and/or pdgcOE,
conducted via RT-gPCR and (d) northern blot analysis. For the RT-qPCR results, error bars represent standard error of the means. Statistical
differences denoted by asterisks at datapoints were calculated based on Student's t test relative to Ea1189A12 at each time point for all

strain variants (p < 0.05)
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transcriptional impact of c-di-GMP on csrD itself, rather from the
interaction between c-di-GMP and CsrD. In other systems, c-di-
GMP can bind to proteins at degenerate EAL domains, such as in
the protein FimX in X. campestris, and this enables the protein to
interact with PilZ, which would otherwise not be possible due to
variations in the molecular size and structure of these two pro-
teins (Chin et al., 2012; Guzzo et al., 2013). RNase E-mediated
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degradation of sRNAs is understood to occur through two sep-
arate mechanisms for Hfg-dependent and -independent sRNAs.
RNase E cleavage sites on CsrB (RsmZ) have been identified in
Pseudomonas fluorescens (Duss et al., 2014). Both CsrD and RapZ
are thought to function through specifically binding to sSRNAs and
modifying their structure to make them vulnerable to degradation
by RNase E (Gonzalez et al., 2017; Suzuki et al., 2006; Vakulskas
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et al., 2016). While our study did not focus on the functional dy-
namics of CsrA due to the pleiotropic effects resulting from csrA
deletion in E. amylovora, further research will be needed to un-
derstand if c-di-GMP binding to CsrD changes the dynamics of
the interaction of CsrD with RNase E or if this process changes
the susceptibility to cleavage of the CsrA-CsrB bound complex
(Suzuki et al., 2006; Vakulskas et al., 2016).

The EPS amylovoran is a critical pathogenicity determinant in
E. amylovora in both the initial type Il secretion system-mediated
phase of infection that manifests within the apoplast region in flow-
ers and in leaves at shoot tips, as well as during the biofilm formation
phase in the xylem vasculature of the apple host (Koczan et al., 2009;
Zhao et al., 2009). The physical and quantitative elevation in amylov-
oran production is evident in the apoplast-xylem transition (Koczan
et al., 2009; Smits et al., 2017). Our results suggest that c-di-GMP-
elevation-based modification of CsrB levels result in elevated amsG
transcription, which primarily coincides with the apoplast-xylem
transition because this particular transition has also been correlated
with increased c-di-GMP production to initiate biofilm formation
(Kharadi et al., 2021; Kharadi & Sundin, 2019). Furthermore, because
amylovoran production is constitutive in E. amylovora, the threshold
of amylovoran levels needed to facilitate biofilm maturation might be
significantly higher (Koczan et al., 2009). Thus, we hypothesize that
a targeted increase in amylovoran production has evolved due to the
presence of elevated levels of available c-di-GMP substrate, which
allows for binding to CsrD. This dichotomy is reflected in our observa-
tions in the form of reduced virulence on the loss of csrD under both
native and elevated levels of c-di-GMP (occurring within WT Ea1189
and ApdeABC, respectively) in apple shoots (and not in the pear fruit-
let system) wherein the shift towards the biofilm formation is critical
for disease progression. This indicates that the temporal elevation
in c-di-GMP levels during the shift to biofilm formation channelled
through the effect of CsrD on amylovoran production is present in
WT Eal1189 and exacerbated in Ea1189ApdeABC due to its inability
to efficiently degrade intracellular c-di-GMP, as corroborated through
in vitro biofilm development within flow cells as well as virulence in
planta. In an evolutionary context, minor modifications can result
in the development of c-di-GMP binding affinity in a protein and, in
many cases, spatial separation and the dissociation constant and ac-
tivation constant of the protein towards c-di-GMP can help regulate
signalling activity (Chou & Galperin, 2016; Hengge, 2021; Jenal et al.,
2017). However, due to limitations in being able to visually track bac-
terial movement and intracellular c-di-GMP changes during infection
in planta, we are currently unable to directly document this mode of
EPS regulation dependent on c-di-GMP in E. amylovora.

A collective analysis of the role of EPS biosynthesis in other
bacterial pathogens, including Pseudomonas aeruginosa, E. coli,
V. cholerae, and S. typhimurium, suggests that EPS production often
enhances host colonization, but is not strictly a pathogenicity fac-
tor, or has a constitutive presence, as amylovoran does in E. amylo-
vora (Amarasinghe et al., 2013; Ebel & Trempy, 1999; Gervais et al.,
1992; Hentzer et al., 2001; Koczan et al., 2009; Ledeboer & Jones,
2005; Nadell & Bassler, 2011; Zhang et al., 2008). Additionally, the
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level of diversity in the multifactorial control of amylovoran is also
unique to E. amylovora. This indicates that the need to consistently
maintain and specifically modify/elevate amylovoran production is
a limiting factor in terms of successful host colonization.

Overall, the regulatory model that can be inferred through our
findings includes two conditional variants (Figure 8). In the presence of
low intracellular levels of c-di-GMP, the efficiency of the degradation
of CsrB mediated through CsrD (in conjunction with RNase E) is greatly
diminished. This potentially allows for the elevated sequestration of
CsrA by increased levels of CsrB, resulting in the potential decline of
CsrA-mediated posttranscriptional interaction with rcsB, as well as its
suppressive activity towards Lon protease (which can target RcsB),
eventually leading to reduced amsG transcription. Our evidence cor-
roborates this through the demonstration of the correlation of CsrD
presence (with high and low levels of c-di-GMP) with CsrB degrada-
tion. In the other conditional variant, the generation of elevated levels
of c-di-GMP within the cell can lead to CsrD being bound to c-di-GMP,
which enhances CsrB degradation through RNase E. The reduced lev-
els of CsrB allow for a potential increase in efficient posttranscriptional
interaction between CsrA and rcsB owing to the presence of elevated
levels of unbound CsrA as well as the restoration of CsrA-based de-
crease of Lon protease activity towards RcsB (Ancona et al., 2016; Lee
et al.,, 2018, 2019). Together, this can result in elevated levels of amsG
transcription, with a downstream impact on amylovoran biosynthesis.

We thus present evidence of a novel, evolutionarily divergent
function of CsrD in its ability to bind c-di-GMP through critical resi-
dues in its otherwise enzymatically inactive EAL domain. This prop-
erty allows for the timed control of EPS generation through CsrB/
CsrA to facilitate virulence progression in E. amylovora.

4 | EXPERIMENTAL PROCEDURES

4.1 | Bacterial strains, plasmids, and growth
conditions

All bacterial strains and vectors used in this study and their relevant
characteristics are listed in Table 1. Relevant primer descriptions
and sequences are listed in Table S1. E. amylovora and E. coli strains
were grown in Luria-Bertani (LB) medium unless otherwise noted.
Strains were grown in MBMA amended with 1% sorbitol (Edmunds
et al., 2013) when measuring amylovoran production, amsG expres-
sion, and treating cells for cell sorting or flow cytometry. Media were
amended with ampicillin (Ap; 100 pg/ml), chloramphenicol (Cm;
10 pg/ml), gentamicin (Gm; 10 ug/ml), kanamycin (Km; 100 ug/ml), or
tetracycline (Tc; 10 ug/ml), and with 1 mM IPTG for any overexpres-
sion vectors, as appropriate.

4.2 | Bioinformatics

The E. amylovora Eal1189 and E. coli K12 genome sequences along
with annotations were acquired from the National Center for
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FIGURE 8 A schematic overview of the multicomponent regulatory cascade that affects amsG transcription in Erwinia amylovora. Under
relatively low intracellular levels of c-di-GMP, reduced degradation of CsrB can lead to increased availability to bind to and sequester CsrA,
thereby potentially reducing its interaction with rcsB (at a posttranscriptional level), as well as its suppressive activity towards Lon protease,
thus hindering the positive transcriptional regulation of amsG mediated by RcsB. With increasing intracellular levels of c-di-GMP, CsrD
bound to c-di-GMP can positively affect RNase E degradative activity towards CsrB. This could result in elevated levels of unbound CsrA
freely interacting with rcsB and suppressing Lon protease, thus leading to a positive impact on amsG transcription

Biotechnology Information (NCBI) (Riley et al., 2006; Yu et al., 2020).
Artemis (Java) was used to browse the genome (Carver et al., 2012).
The NCBIBLAST (Johnson et al., 2008) tool was used to detect trans-
poson insertion sites in E. amylovora. Pfam v. 32.0 (Finn et al., 2014)
was used for motif annotation in the proteins of interest. MEGA v.
7.0 (Agbo et al., 2003) was used for protein/DNA alignments.
Previously characterized CsrD ortholog amino acid sequences
from specific Enterobacteriaceae species were acquired from NCBI
(Suzuki et al., 2006). Sequence alignment was conducted using
Clustal Omega in MEGA v. 7.0 (Sievers & Higgins, 2014). Maximum-
likelihood (1000 bootstrap replicates) phylogenetic tree construc-
tion with PdeC from E. amylovora as an outgroup representing a

functionally active Pde enzyme was conducted using MEGA v. 7.0.

4.3 | Genetic manipulations and analysis

DNA manipulations were conducted using standard protocols
(Sambrook et al., 2001). The A-red recombinase system was used
to generate chromosomal deletion mutants (Datsenko & Wanner,
2000). The promoter region of amsG was cloned into pPROBE-NT
(Miller et al., 2000) to generate a GFP-based transcriptional fu-
sion reporter used for both cell sorting and flow cytometry-based

relative gene expression measurements. csrD, along with its native
promoter, was cloned into pPBBR1-MCS5 and/or pACYCDuet-Sitel
(Novagen) for complementation studies. The ORF for csrD (trun-
cated) was cloned into pET21-a (Novagen) for protein extraction via
induced overexpression. Site-directed substitutions on both these
vector constructs were conducted using a QuickChange kit (Agilent).

4.4 | Transposon mutagenesis and
mutant screening

Transposon mutagenesis was conducted using biparental mating
with E. amylovora Ea1189ApdeABC (with pPROBE-NT::pamsG) and
E. coli S17 carrying Tn5-B30, as previously described (Erickson
et al., 2016; Simon et al., 1989). Transposon mutants were sus-
pended in MBMA for 6 h and were processed via an influx cell
sorter (BD Biosciences) fitted with a 530/40 nm filter for GFP.
Selected mutants (based on assigned channel gates) were sorted
into individual wells in a 96-well plate containing LB medium.
Mutants were grown for 24 h at 28°C. An arbitrary PCR-based
approach, as previously described (Lauro et al., 2008), was used
to locate the transposon insertion sites, confirmed by Sanger
sequencing.
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TABLE 1 Bacterial strains, plasmids, and their relevant characteristics

Bacterial strain or plasmid Relevant characteristics References

Erwinia amylovora strains

Eal189 Wild type Edmunds et al. (2013)
Eal1189AcsrD csrD deletion mutant This study
Ea1189ApdeABC pdeA, pdeB and pdeC deletion mutant Kharadi et al. (2019)
Eal1189ApdeABCAcsrD csrD, pdeA, pdeB, and pdeC deletion mutant This study
Ea1189A12 Total c-di-GMP systemic deletion mutant Kharadi et al. (2021)

Escherichia coli strains

S17-1

Strain carrying transposon Tn5-B30 which confers tetracycline resistance to the
recipient strain; TR

Simon et al. (1989)

BL21(DE3) Strain for IPTG-induced expression of T7 promoter-based vectors for Invitrogen
recombinant proteins

Plasmids

pKD3 CmR cassette flanked by FRT sites; Cm® Datsenko and Wanner

(2000)
pKD46 L-Arabinose-inducible lambda red recombinase; Ap? Datsenko and Wanner
(2000)

pTL18 IPTG-inducible FLP recombinase; TcR Long et al. (2009)

pMP2444 pBBR1MCS-5 with gfp under lac promoter; GmR® Stuurman et al. (2000)

pPROBE-NT Broad-host range GFP-reporter transcriptional fusion cloning vector pBBR Miller et al. (2000)
backbone ori; KmR

pBBR1-MCS5 Broad-host range cloning vector pBBR ori; GmR Kovach et al. (1995)

pACYC-Duet-1 Expression vector containing two multiple cloning sites: P15A ori; CmR Novagen

pET28-a Bacterial expression vector with T7 lac promoter with Lacl repressor site; KmR Novagen

pEVS143 Broad-host-range, IPTG-inducible (ptac) cloning vector; inducible Cm® and GFP; Dunn et al. (2006)
KmR

pPROBE-NT::pamsG Promoter region of amsG (ending at =765 bp upstream of amsG) in pPROBE-NT; This study
KmR

pcsrD csrD with native promoter in pBBR1-MCS5; GmR This study

pcsrD2 csrD with native promoter in pACYC-Duet1; CmR This study

pcsrD 308-312A pcsrD backbone with site-directed mutations in CsrD residues 308-312 This study
FRSDFAAAAA; GmR

pcsrD 433-435A pcsrD backbone with site-directed mutations in CsrD residues 433-435 EILAAA; This study
GmR

pRRK13 csrD open reading frame (ORF) excluding transmembrane motifs (from residue This study
153) with an N-terminal 6xHis-tag cloned in pET28-a; KmR

pRRK14 pRRK13 backbone with site-directed mutations in CsrD residues 308-312 This study
FRSDFAAAAA; KmR

pRRK15 pRRK13 backbone with site-directed mutations in CsrD residues 433-435 This study
EILAAA; KmR

pRRK16 PRRK13 backbone with site-directed mutations in CsrD residues L435M; KmR This study

pRRK17 csrD ORF truncated to include the EAL domain (residues 403-633) with an N- This study
terminal 6xHis-tag cloned in pET28-a; KmR

pRRK18 csrD (E. coli K12) ORF excluding transmembrane motifs (residue 153) with an N- This study

pdgcOE

terminal 6xHis-tag cloned in pET28-a; KmR
Vibrio cholerae gene VCA0956 in pEVS143; KmR

Waters et al. (2008)
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4.5 | Flow cytometry

Strains were grown overnight in LB medium at 28°C, followed by a
6-h induction in MBMA. Relative promoter activity for amsG (using
pPROBE-NT::pamsG) was measured in the strains using an LSRII in-
strument (BD Biosciences) fitted with an FL3 filter at 530/30 nm for
GFP measurement. An average of 10,000 cellular instances was meas-
ured for each strain. Analysis was conducted using Flowing software v.
2.5.1 (University of Turku, Finland).

4.6 | Amylovoran production measurement
Amylovoran production was measured using a turbidometric
assay, as previously described (Edmunds et al., 2013). Overnight
cultures grown at 28°C were normalized (OD,,) and subcultured
in MBMA for 48 h. The relative amylovoran concentration in the
culture supernatants was measured using cetylpyridinium chlo-
ride (CPC) (50 mg/ml) with an incubation time of 10 min. The data
has been presented in the form of the OD,,, of CPC binding nor-
malized by the cell density. Statistical analysis, including Tukey's
honestly significant difference (HSD), was conducted using JMP
statistical software.

4.7 | Virulence assays

Immature cv. Bartlett pear fruitlets were stab-inoculated as previ-
ously described (Kharadi et al., 2019). Strains were grown over-
night and adjusted to a concentration of 10* cfu/ml. Following
inoculation, the pear fruitlets were incubated for 5 dpi at 28°C.
Infection levels were quantified in the form of the diameter of
circular necrotic lesions surrounding the point of inoculation.
Apple (Malus x domestica ‘Gala’) shoots were cut-inoculated as
previously described (Kharadi et al., 2019). Strains were grown
overnight and normalized to an OD,, of 0.8. Young shoot tips on
apple trees were cut using scissors dipped in bacterial inoculum.
Relative measurement of virulence was collected in the form of
necrotic tissue/shoot blight length from the point of inoculation at
8 dpi. Statistical analysis, including Tukey's HSD, was conducted
using JMP statistical software.

4.8 | Biofilm formation in flow cells

Relative levels of biofilm development were assessed using flow
cells (Kharadi & Sundin, 2019). Strains expressing GFP via vector
pMP2444 (Table 1) were grown overnight and normalized at an
OD,, of 0.5. Flow cell chambers in a p-Slide VI (Ibidi) were inocu-
lated with the cultures and incubated for 1 h at 24°C. Following this,
a flow of 0.5 x LB medium was applied to the flow chambers using
a peristaltic pump (Ismatec REGLO; Cole-Parmer) for 5 h. Biofilms
were visualized using a FluoView 1000 confocal laser-scanning

microscope (Olympus). z-Stacked images of the flow cell channels
were processed by ImageJ and compared for the green fluorescence
value using the RBG assessment plug-in (Schneider et al., 2012).
Three replicates conducted in the study were statistically compared
using Tukey's HSD on JMP statistical software.

4.9 | Intracellular c-di-GMP concentration
measurement

Intracellular levels of c-di-GMP were determined via ultraper-
formance liquid chromatography/tandem mass spectrometry (UPLC-
MS-MS) as previously described (Edmunds et al., 2013). Strains were
grown in LB medium overnight at 28°C. Cells were collected and
lysed (using 40% acetonitrile and 40% methanol vol/vol) at -20°C
for 15 min. Samples were processed on a Quattro Premier XE instru-
ment (Waters Corp.) against a gradient established with synthetic
c-di-GMP (Axxora Life Sciences Inc.). Three replicates conducted
in the study were statistically compared using Tukey's HSD on JMP
statistical software.

4.10 | Ligand binding assays

Native and site-directed mutated versions of CsrD were extracted
using E. coli BL21(DE3) transformed with the appropriate pET21-a
(Novagen) vectors harbouring the target genes. Overnight cultures
grown in LB medium at 37°C were subcultured until they reached
an OD,q, of 0.5. Induction of expression was conducted using
1 mM IPTG for 12 h at 25°C. Following this, cells were collected
and lysed by sonification on ice for 60 s in Tris-buffered saline
(TBS). HisPur Ni-NTA Resin (ThermoFisher Scientific) was used to
purify the 6xHis-tagged proteins under native conditions with TBS
as per manufacturer's instructions and dialysed against TBS using
the Slide-A-Lyzer MINI dialysis device (ThermoFisher Scientific) as
per manufacturer's instructions. Initial protein concentration was
determined using Pierce BCA Protein Assay Kit (ThermoFisher
Scientific) as per manufacturer's instructions. Protein aliquots
were stored in TBS at -20°C. Binding to c-di-GMP was assessed as
in a previously described protocol, using the buffers and reagents
mentioned by Chambers and Sauer (2017). Extracted proteins
were treated with biotinylated c-di-GMP (Biolog Life Sciences)
and/or unmarked c-di-GMP (Axxora Life Sciences) or GTP com-
petitor (ThermoFisher Scientific), all at specific concentrations for
30 min at room temperature. Streptavidin magnetic beads (NEB)
were used to pull down the bound c-di-GMP-protein complex. The
eluted contents from the pull-down assay were blotted on a poly-
vinylidene difluoride (PVDF) membrane, followed by blocking with
1% (wt/vol) bovine serum albumen in TBS with 0.1% Tween 20
(vol/vol). Anti-His-horseradish peroxidase (HRP) (ThermoFisher
Scientific) was used for antigen detection at a dilution of 1:10,000
as per manufacturer's instructions, visualized using the Clarity ECL
substate (Bio-Rad) and imaged on a Chemidoc MP imager system
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(Bio-Rad). ImageJ was used to process images to calculate binding
Kp (dissociation constant) based on half maximal binding, as previ-
ously described (Chambers & Sauer, 2017).

4.11 | Relative gene expression using RT-gPCR

To measure amsG, csrD, and CsrB transcript levels, using RT-gPCR
and northern blotting, overnight cultures grown at 28°C were in-
duced with MBMA for 6 h at 28°C. RNA was extracted from the
samples using the Direct-zol RNA kit (Zymo Research). A High-
Capacity cDNA reverse transcription kit (ThermoFisher Scientific)
was used to generate cDNA from the RNA extracts. Quantitative
PCR was conducted using SYBR Green PCR master mix (Applied
Biosystems). recA was used as an endogenous control. Relative
fold change in expression levels were calculated based on the
AC, method (Rao et al., 2013). Three biological replicates were in-
cluded in the experiments.

4.12 | Relative measurements of CsrB transcript
abundance using RT-qPCR and northern blotting

To measure the relative levels of transcript degradation of csrB over
time, strains grown overnight were transferred to MBMA for 6 h with
IPTG as necessary (for dgc overexpresssion). At this stage, samples
were taken from the strains and immediately processed to extract
RNA. RNA (100 ng) was used to generate cDNA. Using recA as an en-
dogenous control during RT-qPCR, the basal levels of CsrB (prior to
beginning the transcript degradation experiment) were determined
for the strains via the AAC, method (Rao et al., 2013). Strains were
treated with rifampicin (500 pg/ml) and incubated for the appropri-
ate experimental times before being immediately processed for total
RNA extraction. RNA (100 ng) was used to generate cDNA. The
C, values (for csrB) for the control samples (O min for each variant)
were used to set the 100% relative mRNA threshold. Biotinylated
RNA probes for northern blotting were generated by Sigma-Aldrich.
The NorthernMax-Gly Kit, streptavidin-HRP-conjugated antibodies
(ThermoFisher Scientific), and Clarity ECL substate (Bio-Rad) were
used for blot processing and visualization via a ChemidocMP sys-
tem (Bio-Rad). Statistical analysis included the comparison of the
means via a Student's t test that compared the degradation metric
for Eal189A12 at each time point to all other strain variants at the
respective time points. This analysis was conducted using JMP sta-

tistical software.
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