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ABSTRACT

ROLES OF HFQ-DEPENDENT SRNAS IN E. AMYLOVORA REGULATION OF
VIRULENCE

By
Jeffrey Kent Schachterle

Erwinia amylovora is the causative agent of fire blight disease of apple and pear trees, causing
annual losses of over 100 million USD in the USA. E. amylovora cells are disseminated to new hosts by
insects, wind, and rain, and then invade susceptible tissues and migrate systemically throughout the host,
requiring coordinate regulation of several virulence factors, including production of the
exopolysaccharides amylovoran and levan, biofilm formation, flagellar motility, and type 111 secretion.
Complex regulatory mechanisms have evolved in E. amylovora that occur at the transcriptional, post-
transcriptional, and post-translational levels to control these virulence factors. In my work, | analyze the
role of small RNAs (SRNAS) as post-transcriptional regulators of virulence-associated traits in
E. amylovora.

The Hfqg chaperone protein stabilizes SRNAs in the cell, allowing them to interact with and
regulate mRNA targets. An hfg mutant differs from wild-type cells in several virulence-associated
phenotypes including production of the exopolysaccharides amylovoran and levan, biofilm formation,
flagellar motility, and type 111 secretion. E. amylovora encodes at least 40 Hfg-dependent sSRNAs; in my
work, | have systematically made deletion mutants of each SRNA singly, as well as constructed inducible
expression vectors for each SRNA. Screening of this SRNA library has shown that several SRNAs
contribute to regulation of each virulence phenotype, indicating complex regulation of the traits assessed.
Of particular interest, the ArcZ sSRNA regulates several of the virulence-associated traits we have
assessed, and an arcZ deletion mutant loses virulence in both immature pear and apple shoot infection
models.

Flagellar motility, which enables E. amylovora cells to swim through flower nectar to invade

natural openings in host flowers, is regulated by ArcZ. We have shown that ArcZ regulates motility by



regulating the flagellar transcription factor FIhD at both the transcriptional and post-transcriptional levels.
Because the ArcZ regulation of FIhD at the transcriptional and post-transcriptional levels has a
contradiction in sign, we searched for additional layers of regulation between ArcZ and FIhD. We did so
by conducting a transposon screen in the arcZ mutant background for suppressor mutants that restored
flagellar motility. This screen yielded as the most common suppressor mutation the leucine responsive
regulator protein (Lrp), a global transcription factor known for regulation of amino acid metabolism. We
have found that Lrp not only acts as a regulator of flagellar motility between ArcZ and FIhD, but that it
also reverses the regulatory effects of arcZ deletion on amylovoran and levan production, as well as
biofilm formation. Our work shows that Lrp is a novel virulence regulator that plays an important role in
regulating several virulence-associated traits in conjunction with the SRNA ArcZ.

Transcriptomic comparison between the arcZ mutant and wild-type cells confirmed that ArcZ
regulates several genes known to also be regulated by Lrp, and also indicated that ArcZ regulates several
genes involved in mitigating the threat of reactive oxygen species, including genes encoding a catalase, a
thiol-peroxidase, and a peroxiredoxin. We found that catalase makes the greatest contribution to
diminishing the threat of exogenous hydrogen peroxide. Additional analysis suggests that ArcZ
participates in regulation with an oxidative sensing transcription factor network that includes the
transcription factors ArcA, Fnr, and Fur.

This work shows that several SRNAs make small contributions to virulence trait regulation, and
that a few sSRNAs, like ArcZ, make major contributions to E. amylovora virulence. ArcZ regulates
several virulence-associated traits through the global transcription factor Lrp, which we have found to be
a novel virulence regulator. ArcZ also regulates genes involved in mitigating the threat of reactive
oxygen species, which can protect E. amylovora cells from host defenses during infection. Thus, ArcZ
plays an integral role in modulating phenotypic expression during fire blight disease progression that
enables E. amylovora to successfully colonize and infect host plants. Mechanistic understanding of E.
amylovora gene regulation moves us closer to understanding weaknesses that can be exploited for

development of novel disease control strategies.
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CHAPTER 1

The roles of SRNAs as post-transcriptional regulators in phytopathogenic bacteria



. Post-transcriptional control in bacteria

The ever-changing arms race between phytopathogenic bacteria and their hosts requires
pathogens to have rapidly evolving mechanisms for regulation of virulence traits that allow them
to overcome host defenses, acquire nutrients, and disseminate to new hosts (1-3). Although
traditional views of gene regulation focused on transcription factors that regulate transcription of
target genes through protein-nucleic acid interactions, more recent work has shown that in
addition to transcription factor control of these traits, additional layers of control are present that
regulate the phenotypic output after transcription has occurred. In recent years, both post-
transcriptional and post-translational control have grown as fields of studies. One set of
regulatory molecules that regulates these host-pathogen interactions is that of small non-coding
RNAs (sSRNASs) (4). There has been much recent attention to the roles of microRNAs in
eukaryotic systems and their role in mediating interactions between pathogens and hosts.
MicroRNAs play important roles in host regulation of defense and microRNAs are also used by
some fungal pathogens as effector molecules to manipulate host defenses (5). However, the role
of SRNAs in bacterial pathogens has grown in recent years and concise reviews summing up the
current state of research on SRNAs and their roles in phytopathogenic bacteria are lacking. Itis
the intent of this review to outline the current status of SRNA research in phytopathogenic
bacteria, discuss the many sRNAs that have been identified, the characterization of these SRNAs,
and the state of research into the molecular mechanisms of these SRNAS in regulation of their
target genes.
Mechanisms of post-transcriptional control in bacteria

Once an RNA has been transcribed, additional factors that influence how long it persists

in the cytoplasm as well as how quickly and how many times it is translated if it is protein



coding. These post-transcriptional regulatory mechanisms can be grouped into three main
classes based on the molecule interacting on the RNA molecule: protein-RNA interactions, small
molecule-RNA interactions, and RNA-RNA interactions.

Post-transcriptional control through protein-RNA interactions can be exerted by a protein
sequestering, stabilizing, or degrading a target RNA molecule. The RNA binding protein CsrA
(or RsmA) binds to target RNAs harboring appropriate motifs and sequesters the ribosome
binding site preventing translation. The ability of CsrA to regulate target RNAs is modulated by
the antagonizing small RNAs CsrB and CsrC (6). RNA degrading ribonucleases (RNases)
hydrolyze the phosphodiester backbone of RNA molecules in a sequence-signal dependent
manner (7). Although bacterial genomes typically encode several RNAses, it is typical that 3 of
these are essential: RNase E, RNase P, and oligoribonuclease (Orn) (8). RNase E is typically
associated with SRNAs (9), but studies are limited due to its essentiality. Additional post-
transcriptional regulatory interactions between protein complexes and RNAs include the role of
ribosome translational rate on nascent RNA secondary structure and the inhibition or formation
of termination or anti-termination structures in the target RNA (10). This type of regulation is
impacted by nutritional status of the cell as based on charged tRNA abundance as in the case of
the tryptophan leader peptide (11), and can also be impacted by rare codon usage in the coding
region (12).

In addition to protein-RNA interactions, several small molecules can impact RNA
molecules post-transcriptionally by affecting the secondary structure of the RNA molecule. In
riboswitches, small molecules bind directly to specific structural motifs or aptamers to alter the
folding or conformation of the RNA molecule, resulting in altered stability or translation. Small

molecules with known binding aptamers include metals, such as manganese (13), amino acids,



such as glycine (14), and other small metabolites, such as cyclic-di-GMP (15). In addition to
small molecules binding directly to aptamers, RNA structure and folding can be affected by
changes in ionic availability and general stress (16), as well as by changes in temperature (17).
These changes to RNA secondary structure can all play a role in affecting RNA interactions with
ribosomes, other proteins, and other cell components leading to post-transcriptional regulation of
RNAs containing specific structures. Although such regulatory roles may be unpredictable using
current computational approaches, patterns suggest that the roles of these conditions in post-
transcriptional regulation have evolved to maximize bacterial fitness (16).

RNA molecules regulate each other through base-pairing interactions that are often
imperfect and interrupted. However, the secondary structure of each RNA molecule in the
interaction could allow for regions of the RNA molecules that are distant to each other in the
primary sequence of the RNA molecule to be close together in three-dimensional space (18).
Similar to RNA-protein interactions and small molecule-RNA interactions, RNA-RNA
interactions exert regulatory effects by altering secondary structure or by altering RNA
interactions with protein structures such as ribosomes or RNAses. Because of the short and
imperfect base-pairing between SRNAs and target RNAs, chaperone proteins often play critical
roles in stabilizing SRNAs and sRNA-target complexes (19-22).

1. Small RNAs of phytopathogenic bacteria and their roles

Phytopathogenic bacteria use small RNAs to regulate several diverse phenotypes.
Efforts, primarily in the past decade, have been made to identify and characterize non-coding
RNA elements in phytopathogenic bacteria, with particular emphasis on SRNAs that are

transcribed from intergenic regions and act in trans on target RNAs and proteins.



One of the most studied SRNA systems in plant pathogenic bacteria is the Csr/Rsm
system in which the protein CsrA (or RsmA) acts as a global post-transcriptional regulator, and
one or more SRNAs (CsrB and CsrC or RsmB and RsmC) act to sequester CsrA and prevent it
from binding to target MRNAs (6). The virulence-associated phenotypes regulated by Csr/Rsm
systems, including underlying mechanisms, have been studied in detail in many plant pathogens
and reviews of this work are available (23, 24), and thus will not be considered in detail here, but
rather the focus will be recent efforts to identify and characterize the roles of other sSRNAs and
SRNA systems in phytopathogenic bacteria.

Identification of novel SRNAs

SRNA identification studies have resulted in the identification of thousands of putative
SRNAs in phytopathogenic bacteria. These SRNAs are identified using a variety of methods, and
a summary of SRNA identification studies in phytopathogenic bacteria is found in Table 1.1.
Early identification methods relied heavily on computational prediction (25-29)and in some
cases microarray signal data from probes matching intergenic regions (30). Additionally,
generation and sequencing of cDNA libraries was also used. More recent studies utilize
variations of high-throughput sequencing to acquire deep sequencing data from ribosomally
depleted total RNA (RNAseq), size-selected small RNAs (SRNAseq), or enzymatically treated
differential RNAs (dRNAseq; for transcription start site mapping). The number of SRNAs
identified by any one study ranges from seven SRNAs (31); when cDNA library sequencing was
the approach) to 1108 sRNAs (32); using an RNAseq approach), which is illustrative of the wide
range in the sensitivity of these methods. However, even in studies that utilize RNAseq, several

studies identified fewer than 50 SRNAs (33-36), which is further indicative of additional



variations including differences in stringency utilized in each study for selection of thresholds
that distinguish putative SRNAs from noise or artefacts (37).

Some sRNA identification studies were limited to certain classes of SRNAs and ignored
all others. For example, of two SRNA identification studies in E. amylovora one utilized a
computational approach and identified 10 SRNAs based on similarity to previously identified
SRNAs in other organisms (38), and the other utilized an SRNAseq approach and identified 40
SRNAs (39). Both studies, however, limited their identification to intergenic SRNAs dependent
on the chaperone protein Hfg. These numbers of identified SRNAs contrast starkly with the
hundreds of SRNAs identified in studies that are inclusive of any class of SRNA.

In SRNA identification, some genera are well studied, and others are quite limited. For
example, both Agrobacterium and Xanthomonas have had multiple high-throughput sequencing
studies conducted identifying more than one thousand putative SRNAs in each of these genera
(32, 40-44). However, on the understudied end, Ralstonia and Xylella have only had
computational searches for putative SRNAs conducted and lack experimental discovery and
validation (45, 46). For these, and other phytopathogenic bacteria lacking SRNA identification,
experimental work to identify and validate SRNAs is certainly warranted. Additional
phytopathogenic genera lacking SRNA identification include Pantoea, Clavibacter, and Dickeya.
Although Pseudomonads are well studied in general, the diversity of plant pathogenic
Pseudomonads merits further experimental work to identify SRNAs in this genus, as the only
SRNA identification completed was tangentially noted in a transcriptomic study (47). Other
phytopathogenic bacteria that have experimentally identified SRNAs do not at present require

further identification but now need characterization of the roles of the identified SRNAs.



Initial characterization of SRNAs is often computational to separate SRNAs into different
classes. The broadest separation is between antisense SRNAs and intergenic SRNAs. In this
separation it is typically assumed that antisense SRNAs are cis-acting with a single target, and
that intergenic SRNAs are trans-acting with potential to interact with one or up to several RNA
targets (48, 49). In phytopathogenic bacteria, SRNA identifications (that differentiate between
antisense and intergenic SRNAs) have ranged from three to 83 percent of SRNAs identified being
classified as antisense, with median of 39 percent (Table 1.1). Additional common
characterization of SRNAs include characterization of SRNA length, GC content, and free-energy
of predicted secondary structure (34). Itis clear that these metrics can be easily generated for all
identified SRNAs, but until further work is conducted to associate these metrics with functional
characteristics of SRNAs, they are of limited utility. Additional classifications can be predicted
based on SRNA sequence and structure, such as ability to interact with RNA binding proteins or
chaperones.

An initial limitation following computational characterization of SRNAs is validation of
SRNAs. No standardized criteria are followed, leading to SRNA identification studies using
validation methods that are limited to comparison to other studies/species, comparison to the
Rfam database (50), reverse-transcriptase PCR validation, and northern
blot validation. In most SRNA studies, far fewer SRNAs are validated than are identified,

resulting in an initial bottleneck in SRNA research (Figure 1.1).



Table 1.1 Studies to identify sSRNAs in phytopathogenic bacteria

SRNAs

Genus Organism Method identified Reference
Acidovorax

A. avenae RNAseq 118 (37)
Agrobacterium

A. fabrum RNAseq 1108 (32)

A. tumefaciens dRNAseq 228 (41)

A. tumefaciens sRNAseq 16 (36)

A. tumefaciens RNAseq 475 (40)
Burkholderia

B. cenocepacia Microarray 91 (30)

B. cenocepacia Hfg-pull down 24 (67)

B. cenocepacia RNAseq 41 (33)

B. cenocepacia Computational 17 (26)

B. cenocepacia Computational 213 (25)

Burkholderia spp. Computational 29 (46)
FErwinia

E. amylovora sRNAseq 40 (39)

E. amylovora Computational 10 (38)
Pectobacterium

P. carotovorum Computational 26 (27)

P. carotovorum Computational 27 (28)

P. atrosepticum RNAseq 31 (34)
Pseudomonas

P. syringae (DC3000) RNAscq 140 47
Ralstonia

R. solanacearum Computational 193 (46)
Xanthomonas

X campestris (Xcc) Computational 176 (29)

X. campestris (Xcc) RNAseq 24 (35)

X. campestris (Xcc) c¢DNA library 7 (€25)]

X. campestris (Xcc) dRNAseq 907 (42)

X. campestris (Xcv) dRNAseq 23 (8L)

X. oryzae (Xoo) cDNA library 856 (43)

X. oryzae (Xoo) sRNAseq 601 (44)
Xylella

X. fastidiosa Computational 34 (45)



Functional characterization of SRNAs

The identification of thousands of SRNAs in phytopathogenic bacteria suggests that
SRNAs must be playing critical roles for bacteria to invest in their transcription. Although
certain SRNAs have been validated, such as CsrB/RsmB, that play major roles, most identified
SRNAs are not validated and even fewer have any known function. This presents a further
constriction of the bottleneck between sRNA identification and biological roles for SRNAs
(Figure 1.1). Despite the limited number of functionally characterized SRNAs, several of those
tested play important roles in regulation of virulence and virulence-associated traits.
SRNAs that bind to protein targets

In Pseudomonas syringae pv. tomato DC3000, the Crc protein acts as a post-
transcriptional regulator playing an important role in catabolite repression (51). Two small
RNAs, CrcX and CrcZ, will bind to Crc to sequester it and inhibit its post-transcriptional
regulatory effects (52, 53). Double deletion mutants lacking crcX and crcY have growth defects
compared to wild-type and the defects are most dramatic with arabinose or mannitol as carbon
source. This suggests that the SRNA regulation of Crc and its post-transcriptional regulatory
activity are very similar to the Csr/Rsm system in that SRNAs sequester a protein to have

ultimate effects on carbon metabolism.



sRNAs Identified

:

sRNAs Validated

sRNAs Characterized

sRNA Targets Predicted

sRNA Targets Confirmed

Figure 1.1: High-throughput sequencing and computational power have led to
identification and/or prediction of thousands of SRNAs in phytopathogenic bacteria.
A conceptual representation of the challenging bottlenecks in current SRNA research. To
date, over 3500 sRNAs have been identified across all phytopathogenic bacteria.
Depending on the study, up to 25 percent of identified sSRNAs are validated but only 31
sRNAs (less than 1%) have reported phenotypic roles. For each sSRNA, hundreds of SRNA
targets may be predicted computationally, with most being false-positives. Identifying true
sRNA targets and thus beginning to link sSRNAs mechanistically to phenotype is far more
difficult. The two main bottlenecks being faced in SRNA research for phytopathogenic
bacteria are currently SRNA phenotypic characterization and mechanistic characterization
(target confirmation).
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Another unique interaction between an SRNA and a protein is in the case of the ToxIN
toxin-antitoxin system of Pectobacterium carotovorum (54). In this system the SRNA ToxI will
bind to the ToxN toxin protein and act as an antitoxin. In this way the Toxl SRNA acts as a post-
translational repressor of the ToxN toxin activity. Although toxin-antitoxin systems are known
to have pleiotropic effects with poorly understood mechanisms (55), this type of interaction
suggests that anti-toxin SRNAs like ToxlI regulate a single target to modulate activity, but do not
play roles as global regulators.

SRNAs that interact by base-pairing

Most identified SRNAs act as post-transcriptional regulators by RNA-RNA base-pairing
interactions. Despite the imperfections in base-pairing between sSRNAs and cognate targets,
several attempts have been made to computationally predict targets of specific SRNAs (56-59).
These approaches are usually based only on genome sequence, with more advanced prediction
tools utilizing sequence data for related organisms to compare conservation of the SRNA and
putative targets to inform prediction of conserved targets. Although improvements have been
made, attempts to predict SRNA base-pairing targets result primarily in generation of a list of
putative targets, most of which are false-positives, each of which must be validated
experimentally (60). For this reason, SRNA prediction may result in several candidate targets,
but the number of specific targets identified is quite limited (Figure 1.1). Because of this
challenge, specific SRNAs of interest are typically first characterized for the phenotypes affected
by deletion or over-expression of the SRNA, and further experimentation is necessary to identify
and validate targets one by one. Here, the current status of SRNA functional characterization in
phytopathogenic bacteria is presented by phytobacterial genus, and a summary of characterized

sRNAs is found in Table 1.2.
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Agrobacterium

Some of the most advanced characterizations of specific SRNAs have been conducted in
the genus Agrobacterium. In A. fabrum, the RNA1111 sRNA transcribed from the Ti plasmid
has been identified, which when knocked out results in formation of fewer tumors compared to
wild-type (32). No such effect on aggressiveness was observed when RNA1111 was over-
expressed in wild-type A. fabrum cells. Comparative transcriptomics between wild-type and
RNA1111 mutant cells, coupled with SRNA target predictions have identified several candidate
targets of RNA1111, but these have yet to be confirmed. In A. tumefaciens, the SRNAs AbcR1
and PmaR have been well characterized. Infection with a pmaR deletion mutant resulted in more
tumors per plant relative to wild-type (61). In addition to its role as a negative regulator of
virulence, PmaR also acts as a negative regulator of motility. Proteomic comparison between
wild-type and pmaR mutant cells identified 10 proteins with altered abundance, whose
transcripts were confirmed to be direct targets of PmaR. Site-directed mutagenesis identified key
bases in PmaR important in direct binding to distinct targets involved in growth and motility.
The sRNA AbcR1 was initially identified for its similarity to known sRNAs in Sinorhizobium
meliloti (62). In A. tumefaciens, AbcR1 acts as a regulator of ABC-transport systems (63, 64).
Initially characterized for its role in regulating uptake of the plant defense signaling molecule
GABA (65), AbcR1 has since been confirmed to bind directly to mRNAs of 14 different ABC
transporter operons (63). AbcR1 has also been demonstrated to rely on the chaperone protein
Hfq for stability, as the half-life of AbcR1 is reduced four-fold in hfg mutant cells. For both
PmaR and AbcR1 which both have known direct targets, the candidate direct targets were

initially identified using a proteomic approach and then subsequently confirmed.
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Burkholderia

In Burkholderia, all efforts to characterize specific SRNAs have been conducted in B.
cenocepacia, which can behave as an opportunistic human pathogen or as an onion pathogen
(66). Thus far, phenotypic effects have been shown for MtvR, h2cR, ncS27, and ncS35. MtvR,
a trans-acting SRNA, and h2cR, an antisense SRNA, were both reported to affect virulence by
regulating hfgql or hfg2, respectively (67-69). However, two of these studies have since been
retracted and the effects of these SRNAs have yet to be confirmed in subsequent studies (70, 71).
The sSRNAs ncS27 and ncS35 both act as repressors of growth (33, 72). Target predictions for
ncS27 suggest its effects on growth are likely due to regulation of carbon metabolism and iron
homeostasis (33). Transcriptomic comparison of an ncS35 mutant to wild-type indicated that
several metabolic genes are affected by ncS35, but more details and specific targets have yet to

be determined (72). No reports have been made as to whether ncS27 or ncS35 affect virulence.
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Table 1.2 sSRNAs of phytopathogenic bacteria with characterized phenotypes

Genus  Organism sRNA Role Conﬁrmid References
Targets
Agrobacterium
A. fabrum RNATI11 Virulence N (32)
A. tumefaciens AbcR1 ABC transporter regulation Y (63), (64), (65)
PmaR Cell Wall, Motility Y (61)
Burkholderia
B. cenocepacia MivR Vlrulen.ce, regulation of hfg v (69)
translation
h2cR Virulence Y (68)
ncS27 Growth, carbon metabolism N (33)
ncS35 Growth, general metabolism N (72)
Dickeva
D. dadantii ArcZ Virulence, type III secretion, Y (76)
pectate lyase
Erwinia
) Virulence, Amylovoran (EPS),
E. amylovora ArcZ Biofilm, Motility Y (38), (39)
Hrs21 Virulence N (39)
OmrAB Amylovoran (EPS), Motility N 39
RmaA Amylovoran (EPS), Motility N 39
RprA Virulence N (38)
Pectobacterium
P. atrosepticum RyhB2 sdhCDAB inverse correlation N (34)
P. carotovorum ArcZ Virulence N (28)
RprA Protease,‘ c.ellulase, and pectate N (78)
lyase activity
SraG Virulence N (78)
ToxI Antitoxin of ToxN Y (54)
Pseudomonas
Regulate carbon metabolism and
P. syringae CreX/Z catabolite repression by binding Y (53)
to Crc
PrrF1/2 Iron and T3SS associated N 47)
Xanthomonas
‘ . _, sRNAXce-15, 16, Virulence (triple deletion
X. campestris (Xec) 73 mutant) N (35)
X. campestris (Xcv) sX12 Virulence N (81)
sX13 Virulence and T3SS Y (82)
X oryzae (Xoo) ;R;;I?-Xool, Xoo3, Protein abundance by 2-DGE N (43)
trans217 Virulence and T3SS N 44)
trans3287 Virulence N (44)

“Targets are only considered confirmed if experimental evidence indicates a directly interaction
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Dickeya

Although sRNA studies in Dickeya spp. are primarily focused on the Csr/Rsm system, a
comparative genomics study in Dickeya solani found that a low-virulence strain had a point-
mutation in arcZ (73). The authors of the study speculated that the mutation in arcZ could
contribute to virulence because ArcZ is known to regulate virulence-associated traits in several
species (38, 39, 74, 75). A recent study in D. dadantii also found that an arcZ mutant lost
virulence (76). Furthermore, the arcZ mutant had reduced expression of type 1l secretion
system genes and reduced pectate lyase activity. It was determined that ArcZ directly interacts
with mRNA of the transcription factor PecT, and the authors suggest that this interaction with
PecT explains the observed effects of ArcZ on virulence-associated traits.
Erwinia

In Erwinia amylovora specific phenotypes have been associated with the Hfg-dependent
SRNAs ArcZ, Hrs21, OmrAB, RmaA, and RprA (38, 39). Deletion of arcZ, omrAB, or rmaA
reduced motility (39). Loss of omrAB or rmaA resulted in increased production of the
exopolysaccharide amylovoran. The arcZ deletion mutant produced less amylovoran, yet had
increased crystal violet staining in a biofilm assay, which was shown to be due to surface hyper-
attachment and not formation of mature biofilm. ArcZ was also found to be critical for
elicitation of hypersensitive response in non-host tobacco. Loss of arcZ, hrs21, or rprA resulted
in a reduction in virulence on immature pears (38, 39). Because virulence is a complex trait and
only ArcZ has been found to affect known virulence-associated traits, this suggests that Hrs21
and RprA must affect virulence through some yet to be characterized mechanism. It is
noteworthy that prior to the work contained herein, none of these SRNAS have confirmed direct

targets linking them to the associated phenotypes.
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Pectobacterium

The soft-rot pathogens of the genus Pectobacterium have had SRNAs characterized. The
P. atrosepticum SRNA RyhB2 is induced under starvation conditions and its abundance has an
inverse correlation with abundance of transcripts from the sdhCDAB operon (34). In other
Enterobacteriaceae, RyhB directly interacts with transcripts of the sdhCDAB operon (77), and
the inverse correlation between RyhB2 and sdhCDAB abundance suggests that a similar
relationship may exist in P. atrosepticum. In P. carotovorum, the Toxl SRNA is known to
interact directly with ToxN protein as a post-translational antitoxin molecule (54). Furthermore,
in P. carotovorum, deletion mutants of the SRNAs arcZ and sraG have reduced virulence
compared to wild-type (28, 78). In Yersinia, the mRNA of a protein of unknown function is a
direct target of SraG, but no phenotypic role has been assigned (79). Thus, the role of SraG in
virulence in P. carotovorum represents the only known phenotypic function, although the
mechanism remains uknown. RprA of P. carotovorum is regulated by the global regulator RcsB,
and acts as an activator of extracellular enzyme activity, including protease, cellulase, and
pectate lyase activities (78). RprA activation of protease activity requires functional flagellar
master regulators FIhD and FIhC, suggestive of the fact that RprA has flagellar-associated
targets, as has been found in other Enterobacteriaceae (80).
Pseudomonas

Although much work has been conducted on the roles of SRNAs in animal pathogenic
Pseudomonads, studies in plant pathogenic Pseudomonads remain quite limited. The iron
associated sSRNAs PrrF1 and PrrF2 (homologs of RyhB and RyhB2 of the Enterobacteriaceae)
are expressed in association with genes harboring binding motifs for the ferric uptake regulator

(Fur) transcription factor. In transcriptome analysis, PrrF2 clustered closely with transcripts
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coding for the type Il secretion system (47). This is consistent with findings that RyhB is
associated with type I11 secretion system. Although these correlations have been found, no
studies have specifically characterized the roles of these or other SRNAs in phytopathogenic
Pseudomonads.

Xanthomonas

In Xanthomonas campestris pv. campestris, the SRNAs SRNAXcc-15, SRNAXcc-16, and
SRNAXcc-28 were found to be regulated by the RpfF/RpfC system (35). Single deletion
mutants of these SRNAs had no effect, but a triple SRNA deletion lacking all three lost virulence
in a Chinese radish model of infection, suggesting that these SRNAs may have similar or
overlapping sroles allowing for functional redundancy.

In Xanthomonas campestris pv. vesicatoria, two SRNAs with roles in virulence have been
identified, sX12 and sX13 (81, 82). Transcription of sX12 is dependent on the transcription
factor HrpX, a regulator of the type 111 secretion system. An sX12 mutant has reduced symptom
development when inoculated on a susceptible pepper line (81). Additionally, the sX12 mutant
elicited a reduced hypersensitive response on resistant pepper leaves, suggesting a role in
regulation of the type I11 secretion system, but no differences were detected in abundance of
T3SS apparatus proteins in sX12 cells compared to X. campestris pv. vesicatoria wild-type cells.
Mutants lacking the SRNA sX13 also exhibit reduced virulence on susceptible pepper and
reduced hypersensitive response on resistant pepper (82). An sX13 mutant has reduced
expression of several type Il secretion system components, suggesting that sX13 is a general
regulator of the T3SS. It was determined that sX13 does not depend on the chaperone protein
Hfq for stability nor function. The SRNA sX13 has 3 stem-loops structures in the predicted

secondary structure, each of which is C-rich in the loop region that would be free for base-
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pairing. Introduction of point-mutations to these loops had severe effects on sX13 function,
suggesting these accessible loops are critical for sX13 interaction with regulatory targets.

In Xanthomonas oryzae pv oryzae (Xo00), the small RNAs sRNA-Xo01, SRNA-Xo003, and
SRNA-X004 have been characterized by proteomic comparison of single SRNA deletion strains
to X. oryzae oryzae wild-type by two-dimensional gel electrophoresis (43). Excision of protein
spots with altered abundance and subsequent identification by mass spectrometry resulted in the
identification of several proteins with abundance affected by each SRNA, but further work is
needed to determine whether these proteins represent direct targets of these SRNAs, or whether
the altered abundance is due to indirect effects. Similarly, phenotypic or physiological roles for
these SRNAs remain unknown. Additional SRNAs have been identified in Xoo that have
significant virulence phenotypes resulting from deletion (44). These SRNAs, trans217 and
trans3287, when knocked out result in a losses of virulence, hypersensitive response and effector
secretion, as well as altered HrpX/Y expression. However, these SRNAs overlap protein-coding
genes with structural roles in the type Il secretion system, rendering knockout mutant analysis
ineffective for differentiating between roles of the SRNA and roles of the overlapping protein-
coding genes. Further work is needed to positively connect these SRNAs with the type IlI
secretion and virulence phenotypes.

Challenges to SRNA characterization

A major challenge that continues to face SRNA characterization is that efforts are
typically focused on few sRNAs because time- and labor-intensive approaches are being utilized.
In this way, some sSRNAs are selected for screening and are utilized until an SRNA affecting
virulence or pathogenicity is found, at which point research efforts are focused on that single

SRNA. In order to fully understand the overall roles of SRNAs in phytopathogenic bacteria,
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development of high-throughput methods is needed to accelerate this work. This will require
both improved methods for generating strains for testing (mutants or expression strains) and
higher-throughput methods for assessment of phenotypes of interest. In such efforts, research on
sRNAs will be aided by other studies in virulence regulation as SRNASs are better incorporated to
existing genome annotations so that other genetic screens and transcriptomic studies will begin
to correlate identified SRNAs with traits of interest.

Characterization of RNA chaperone proteins

One way to accelerate characterization of SRNAs is to be able to test whole classes of
mutants at once. This is being completed in several phytopathogenic bacteria by targeting the
chaperone protein Hfg. Because Hfq acts to stabilize its interacting SRNAs, an hfq deletion
mutant should result in the phenotype of a functional knockout or knock-down of all Hfg-
dependent SRNAs. Thus, any phenotype affected by loss of hfq should be affected by at least
one Hfg-dependent SRNA. In this way, several SRNA-regulated phenotypes are being identified,
leaving the responsible SRNA to be identified.

For nearly all bacterial strains tested, deletion of hfq results in loss of virulence with the
exception of Xanthomonas campestris (Xcv) and Xanthomonas oryzae (Xoo) (Figure 1.2) (43,
82). Because virulence is a complex phenotype with contributions from multiple virulence-
associated traits, several additional traits have been linked to hfg. Loss of hfq results in reduced
motility and exopolysaccharide production for all phytopathogenic bacteria for which these
phenotypes have been tested in the hfq mutant (Figure 1.2). Several plant pathogenic bacteria
rely on secretion systems to manipulate host cells, and Hfg has been found to be important for
type Il secretion in Dickeya dadantii (76) and Erwinia amylovora (39) and type VI secretion in

Pectobacterium carotovorum (28) but Hfg was found to have no effect on the A. tumefaciens
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type 1V secretion system (63). In E. amylovora, loss of hfq resulted in increased crystal violet
staining compared to wild-type in a biofilm assay, which was determined to be due to surface
hyper-attachment by hfq mutant cells, and not formation of mature biofilms (39). In P.
carotovorum, however, an hfqg mutant has reduced crystal violet staining compared to wild-type
cells in a biofilm assay (28).

In several species, loss of hfg results in an in vitro growth defect. Phytopathogenic
bacteria with growth defects in the hfqg mutant included A. tumefaciens (63), X. oryzae (Xo00) (43)
and B. glumae (83). Deletion mutants lacking hfg in E. amylovora and X. campestris (Xcc) had
no growth defects under the conditions tested (38, 84). For A. tumefaciens and B. glumae, the
growth defect may explain a portion of the reduction in virulence. Interestingly X. oryzae (X00)
had a growth defect in one media type (PSA), but not another (MMX), and loss of hfq does not
reduce virulence (43). This suggests that the MMX media type may be a better representation of
in planta growth, or that compensatory mechanisms prevent growth defects in the hfq mutant
from resulting in reduced virulence.

Because each phytopathogenic bacteria infects distinct hosts and occupies distinct niches,
each pathogen has its own specially evolved repertoire of virulence factors that enables it to
succeed. Hfq plays an important role in regulating several of these specialized virulence traits.
In Xanthomonas campestris (Xcc), loss of hfq affected several secreted extracellular enzymes
including protease, amylase, and cellulase (84). Similarly, the ability of the hfg mutant to cope
with salt stresses was compromised. In the soft-rot pathogens Dickeya dadantii and
Pectobacterium carotovorum, loss of hfq also reduced secreted cell-wall degrading enzyme

activity (28, 76). In Burkholderia glumae, secreted enzymes, such as metalloprotease were
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unaffected by loss of hfql or hfg2, but production of the phytotoxin toxoflavin was lost in the
hfgl mutant (83). Virulence-associated traits affected by hfq are summarized in Figure 1.2.

In addition to Hfq, an additional SRNA chaperone protein, ProQ has been recently
described, and more SRNA chaperones likely exist (49). Although these additional RNA
chaperones are functionally uncharacterized to date in any phytopathogenic bacteria, the
approach of knocking out the chaperone has thus far identified several phenotypes regulated by
Hfq (and Hfg-dependent SRNAs). This same approach promises to be an effective and efficient
starting point for characterizing the functional roles of SRNAs associated with these novel RNA

chaperones.
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Figure 1.2: Traits known to be affected by Hfq in plant pathogenic bacteria. Green
indicates that the trait was tested and Afg deletion resulted in an impact on the trait
compared to wild-type. Yellow indicates that the trait was tested but that Afg deletion had
no effect. Black indicates that the indicated trait was not tested or not reported.
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1.  Characterization of Hfg-dependent sSRNAs in Erwinia amylovora

Because of the large number of SRNAs identified in phytopathogenic bacteria, the
objective of this research is to characterize virulence-associated phenotypes associated with
many identified SRNAs and to elucidate underlying mechanisms of regulatory control by
identifying targets and uncovering regulatory pathways involved in SRNA regulation of
virulence traits.

Rationale for use of E. amylovora as study model

Erwinia amylovora, the fire blight pathogen, is an ideal model for the functional study of
SRNAs, as it is an economically important problem. Each year, fire blight causes losses of
greater than $100 million USD in the United States alone (85). Despite more than a century of
research into pathogen biology and control strategies, it persists as an ongoing challenge to
growers. Increased understanding of the genetic mechanisms underlying disease development
and regulation is essential for development of novel fire blight control strategies (86). In this
way, SRNA research can provide a more complete understanding of how E. amylovora cells fine-
tune regulation in response to the host environment.

As a pathogen, E. amylovora utilizes several well characterized virulence factors to
successfully infect hosts. Motility enables the bacterial cells to migrate to susceptible host
tissues (87, 88). E. amylovora produces three main exopolysaccharides, amylovoran (89), levan
(90), and cellulose (91), which facilitate biofilm formation and protection from host defenses and
other environmental threats (92, 93). To suppress host defenses, E. amylovora utilizes a type 111
secretion apparatus to deliver effector proteins directly to the host cell cytoplasm (94-96).

Appropriate expression and control of these virulence-associated traits during disease
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development are critical for bacterial success across the cell- and tissue-types encountered during
systemic infection of a host.

For research on characterization of Hfg-dependent SRNAs as virulence regulators, E.
amylovora is an ideal model because several roles for Hfg have been determined already (38,
39). An E. amylovora hfq mutant is impacted in each of the major virulence traits, including
production of the exopolysaccharides amylovoran and levan, biofilm formation, flagellar motility
and type 111 secretion. Additionally, SRNA identification studies in this pathogen have
specifically sought to identify Hfg-dependent SRNAs, rather than all SRNAs. Of the 42 Hfg-
dependent sSRNAs identified in E. amylovora, 26 SRNA deletion mutants have been generated
and have been partially characterized (38, 39). This resulted in the finding of 5 SRNAs with
roles in virulence or modulation of virulence-associated traits. As not all SRNA deletion mutants
have been generated, there remain additional SRNAs to be characterized by chromosomal
deletion, and none of the Hfg-dependent SRNAs have been analyzed for phenotypic effects upon
overexpression (Figure 1.3). This suggests that several previously unknown relationships
between Hfg-dependent SRNAs and virulence associated traits may be uncovered by

systematically studying deletion and overexpression of each SRNA.
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Figure 1.3: E. amylovora is an ideal system for testing the roles of sSRNAs. 62% of
known Hfg-dependent sSRNAs have been phenotypically tested using deletion mutants. Of
these 19% affect virulence or virulence associated traits. None of these SRNAs have been
tested for phenotypic effects when over-expressed. If the rate of 19% is representative of
all, by screening the remaining SRNAs we expect to find an additional 11 sSRNAs
phenotypically linked to virulence-associated traits.
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Because E. amylovora is closely related to other Enterobacteriaceae (including important
plant pathogens and human/animal pathogens), there are several benefits to using E. amylovora
as a model. It is possible that for conserved SRNAs, regulatory roles and mechanisms may also
be conserved. For this reason, the findings from studying SRNA regulation of virulence in E.
amylovora may also contribute to understanding of virulence regulation in several other enteric
pathogens. Additionally, like other Enterobacteriaceae, E. amylovora is genetically tractable
and many genetic manipulation methods are effective. In contrast to human or animal
pathogenic members of Enterobacteriaceae, study of infection by E. amylovora can be
conducted using the primary host without the concern of using animals for testing.

The main aim of this study is to characterize virulence-associated roles of Hfg-dependent
SRNAs in E. amylovora and elucidate mechanisms underlying how sSRNAs are regulating
associated phenotypes. Critical to this aim is leveraging high-throughput approaches and
technologies such as high-throughput phenotyping and sequencing, and for the discovery and
characterization of novel SRNA-phenotype and SRNA-target relationships.

Goals of this study

To characterize the virulence associated roles of Hfg-dependent SRNAs in E. amylovora
efforts are focused on accomplishing the following goals.

Goal 1: Functionally characterize E. amylovora sSRNAs and their roles in virulence-
associated trait regulation. To accomplish this goal, a library of SRNA single-deletion mutants
and overexpression strains has been generated and assessed for several phenotypes.

Goal 2: Determine mechanisms of regulation for select SRNA-virulence-trait combinations.
A focus on flagellar motility and the SRNA ArcZ has uncovered several novel post-

transcriptional regulatory roles for this SRNA.
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Goal 3: Utilize transcriptomic analysis for discovery of novel SRNA-virulence trait
associative relationships. High-throughput RNA sequencing of the E. amylovora wild-type and
AarcZ mutant strains has revealed novel virulence roles of this SRNA and putative underlying
molecular mechanisms.
The work to accomplish these goals through the characterization of virulence-associated
phenotypic and mechanistic roles of SRNAs in E. amylovora and resultant findings are herein
presented and discussed.
Conclusion

Although extensive work has been conducted to identify SRNAS in phytopathogenic
bacteria, work to characterize the roles and mechanisms of the identified SRNAs has only begun
and presents a major bottleneck to understanding post-transcriptional regulation and the role it
plays in disease development. In this work, Hfg-dependent SRNAs have been evaluated for
phenotypic effects and molecular mechanisms using E. amylovora as a model for this study. In
this undertaking, high-throughput phenotyping and sequencing approaches have been utilized.
The findings of this work provide insights into roles of SRNAs in post-transcriptional regulation
and how that regulation fits into virulence regulatory networks. Furthermore, these studies can

serve as a model for similar studies in other phytopathogenic bacteria.
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CHAPTER 2
Systematic study of the roles of Hfg-dependent sSRNAs in regulation of virulence-associated

traits in Erwinia amylovora
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. Abstract
Erwinia amylovora, the causative agent of fire blight disease of apple and pear trees, coordinates
gene expression as it passes through several host environments, overcomes host defenses and
emerges to disseminate to new hosts. E. amylovora has evolved to precisely regulate distinct
virulence processes to be expressed during critical points in infection. Here we report a
systematic study of the roles of Hfg-dependent small RNAs as post-transcriptional regulators of
virulence-associated traits that play important roles in fine-tuning the regulation of critical
virulence factors. In our study we systematically screened each identified SRNA by generating
single-sRNA deletion mutants and overexpressing each SRNA singly in the wild-type genetic
background. Several virulence-associated phenotypes were assessed in our library of SRNA
mutants and overexpression strains, and we identified novel virulence functions for several
sRNAs. Of note, we found that deletion of the SRNA Hrs1 led to a reduction in virulence, and
we found that the SRNA Hrs21, previously associated with virulence by an unknown mechanism,
is linked to multiple virulence-associated phenotypes. This work increases our understanding of
the essential roles that SRNAs are playing during disease development in E. amylovora and
highlights the importance of post-transcriptional regulation in the evolution of this pathogen.
1. Introduction

In recent years, research on plant-microbe interactions has seen great emphasis placed on
riboregulation, in which RNA molecules play a major role in controlling cellular processes. In
Eukaryotes, this emphasis has been observed in RNA mediated silencing and their role in
mediating host defense processes (4, 97-99), as well as in genome editing, where small guide
RNAs guide CRISPR complexes to target nucleic acids (100, 101). In Prokaryotes,

technological advances, especially in high-throughput sequencing, have enabled discovery of
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thousands of transcribed, yet non-coding small RNA (SRNA) molecules. Many of these
prokaryotic SRNAs exert regulatory effects through base-pairing with target RNA molecules and
can be classified as cis-coded antisense SRNAs (102, 103), trans-coded intergenic SRNAs (18),
and extended 5’ and 3’ UTRs with regulatory functions (104). A major challenge following
identification and initial classification of these SRNAs is the characterization of their biological
functions. Prokaryotic SRNAs that are studied are those that are dependent on the chaperone
protein Hfq (20, 21). As a chaperone, Hfq typically binds to AU rich RNAs and has stabilizing
effects (20, 105). Hfg forms homohexamers, and each homohexameric complex can bind to an
SRNA and its mMRNA target to facilitate interactions (106, 107). Estimates in Escherichia coli
suggest that in each cell there may be 5,000 to 10,000 hexameric Hfq complexes at once,
allowing Hfq to interact with multiple different SRNAs and participate in their regulatory roles
(107). Global studies of Hfg-RNA interactions indicate that Hfq interacts with dozens of
SRNAs, each with its own set of cognate RNA targets (48, 49, 104).

Because Hfg-dependent SRNAs are dependent on Hfq for their stability and function, hfq
deletion mutants presumably represent bacteria deficient in all Hfg-dependent SRNAs,
suggesting that study of hfg deletion mutants is a potential method for identifying roles of Hfg-
dependent SRNAs. Studies of the roles of Hfg-dependent SRNAs in plant pathogenic bacteria
have found several virulence-associated phenotypes affected in hfg deletion mutants.
Determinations of roles of Hfg through deletion of hfq have been conducted in Agrobacterium
tumefaciens (63, 108), Burkholderia glumae (83), Dickeya dadantii (76), Erwinia amylovora (38,
39), Pectobacterium carotovorum (28), Xanthomonas campestris (84), and Xanthomonas oryzae
(43). Inall species and strains tested in these studies, deletion of hfq results in altered motility,

exopolysaccharides, and biofilm formation. In some but not all species, Hfg also affects growth
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(43, 83, 108), type Il secretion (28, 39, 76), and stress response (83, 84). From this body of
work, it is evident that in phytopathogenic bacteria, Hfq plays a critical role as a global regulator.
However, it is unclear which Hfg-dependent SRNAs mediate these effects, which is a major
limiting factor in the advancement of research in this area.

Erwinia amylovora, causative agent of fire blight disease of apple and pear trees, utilizes
several virulence mechanisms to successfully colonize and infect susceptible hosts (109). For
example, E. amylovora uses flagellar motility to swim through nectar and move to susceptible
tissues (87, 88, 110). Catalases, exopolysaccharide production, and biofilm formation provide
protection and favorable microenvironments to guard against host defense responses and build
large cell densities (92, 93, 111). E. amylovora cells suppress host defenses through delivery of
effector proteins via the type Il secretion apparatus (94-96). Because E. amylovora systemically
infects host flowers, leaves, shoots, and woody tissues, there is a high degree of complexity in
the variety of cell types and structures with which the bacteria must successfully interact to infect
and cause disease (112, 113). Critical to such success is effective control of expression of the
virulence traits. Although transcriptional control plays a major role in this, post-transcriptional
and post-translational regulations are required for maximal fitness.

E. amylovora is an effective model for the study of the roles of individual Hfg-dependent
SRNAs because of its several virulence-associated phenotypes (109) and genetic tractability
(114). Hfg-dependent SRNAs have been identified as well (39). Additionally, the roles of
several transcription factors and associated regulatory networks are well characterized in control
of virulence-associated traits. Examples of these transcriptional regulatory networks include:
Rcs phosphorelay control of the amylovoran biosynthetic gene cluster (115), the HrpX/Y-HrpS-

HrpL signaling cascade control of type Il secretion system genes (116, 117), and the RISA,
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RIsB, RIsC proteins as transcriptional regulators of the levansucrase gene, Isc (118). The
conservation of several transcription factor regulons among Enterobacteriaceae provides
additional insight into the transcriptional regulatory modules (119). The current understanding
of transcriptional control of several traits in E. amylovora enables SRNA research to place the
effects of specific SRNAs within the context of specific regulatory modules with which they may
interact.

Efforts to characterize the roles of Hfg-dependent SRNAs in control of virulence-
associated phenotypes were partially completed in the deletion of 26 Hfg-dependent SRNAs (38,
39); however, this characterization was incomplete in that deletion mutants of an additional 16
Hfg-dependent SRNAs were not constructed, and only mutants were studied. In this work we
generated a library of Hfg-dependent SRNA single mutants in E. amylovora, as well as a library
of expression plasmids of Hfg-dependent SRNAs in E. amylovora wild-type strain Ea1189. We
have tested these strains for a variety of phenotypes, including several virulence-associated
phenotypes and have identified several novel relationships between E. amylovora Ea1189 Hfq-
dependent SRNAs and virulence-associated traits, and we observed that deletion of the SRNA
hrsl results in reduced virulence in an immature pear infection model.

I11.  Materials and methods
Culture conditions, media types, growth, and plasmids

Strains and plasmids generated and used in this study can be found in Table A.1 and
Table A.2, respectively. E. amylovora strains were cultured in LB (10 g L™ tryptone, 5g L™
yeast extract, 5 g L sodium chloride) media at 28°C, except where noted for specific assays.
Escherichia coli strains were routinely cultured in LB media at 37°C. When appropriate, the

antibiotics ampicillin (100 pg mL™) and/or chloramphenicol (10 pg mL™*) were added to culture
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media. For induction of SRNA overexpression strains, isopropyl-p-D-1-thiogalactopyranoside
(IPTG) was added to a final concentration of 1 mM.

Single sSRNA deletion mutants were generated using a lambda-red recombinase approach
as described (120). Expression plasmids were generated using traditional cloning methods into
vector pHM-tac (121). Oligonucleotides used for generation of deletion mutants and
overexpression constructs are found in Table A.3.

Swimming motility assay

For swimming motility assay, cells from overnight cultures were collected and adjusted
to an ODgoo Of 0.2. Cell suspensions were stab inoculated into soft agar media (0.25% w/v agar;
10 g L™ tryptone, 5 g L™ sodium chloride) and incubated at 28°C for 24 hours. Plates were
imaged and the halo area covered by swimming cells was quantified using ImageJ (122).
Determinations of exopolysaccharides and biofilm assays

Assessment of production of the exopolysaccharide amylovoran was conducted as
described (123), using reduced volumes to facilitate completion of the assay in a 96-well
microtiter plate. Briefly, overnight cultures grown in LB were resuspended in MBMA (per liter,
3 g KH2PO4,7g KoHPO4, 1 g (NH4)2S04, 2 ml glycerol, 0.5 g citric acid, 0.03 g MgSO4) with 1%
(wt/vol) sorbitol to an ODego of 0.2 and grown for 48 hr at 28°C, as appropriate IPTG was added
to a final concentration of 1ImM. Culture supernatants were mixed in a 20:1 ratio with 50 mg
mL* cetylpyridinium chloride and mixed well. Resulting turbidity measured as ODgoo and
values were normalized to the final ODeoo Of the cells grown in MBMA to account for any
variation in growth in the MBMA media.

Determination of levansucrase activity secreted into culture supernatants was completed

as described (124). Briefly, supernatants from overnight cultures grown in LB or LB with IPTG
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were mixed in a 1:1 ratio with phosphate buffered sucrose (2 M sucrose, 0.5x PBS), and
incubated for 24 hrs at 37°C. The ODeoo (turbidity) of the resulting solution was measured and
normalized to the cell density of the culture from which the supernatants originated to account
for any variation in growth.

Biofilm formation was assessed using a 96-well microtiter plate assay as described (125).
Briefly, cells were adjusted to an ODeoo of 0.2 and grown for 48 hrs at 28°C in wells of a
microtiter plate. Planktonic cells were removed by inverting and draining the plate. Adherent
cells were heat fixed to the microtiter plate by drying at 85°C and then staining with 1% crystal
violet. Excess stain was rinsed away using excess distilled water. Once dry, the stain in each
well was resolubilized using a 4:1 (vol/vol) mix of ethanol and acetone and the ODsgs was
measured.

Catalase assay

Catalase activity was assessed as described (126). Briefly, cells grown overnight were
collected and suspended in phosphate buffered saline at an ODegoo 0f 0.4. Cells were mixed in a
1:1:1 ratio with 1% (vol/vol) Triton X-100 and 8M hydrogen peroxide. Catalase activity resulted
in evolution of gaseous bubbles, which were stabilized by the Triton X-100 detergent and
subsequently measured and normalized relative to the catalase activity of wild-type cells. To
qualitatively assess catalase activity in culture supernatants, supernatants from overnight cultures
were mixed in a 1:1 ratio with 8M hydrogen peroxide and monitored for formation of bubbles.
Heat shock transformation and reporter fusion assay

Chemically competent cells were prepared using the TSS method as described (127).
Briefly, cells grown to exponential phase were collected and resuspended in 0.1 volumes of ice-

cold TSS buffer (5 g PEG8000, 1.5 mL 1M MgCl, 2.5 mL DMSO, adjust volume to 50 mL with
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liquid LB). Cells (50 pL) were added to a chilled tube containing 2 pL of purified plasmid.
Following incubation on ice for 30 minutes, cells were heat-shocked by transferring tubes
containing cells to a heat block held at 42°C for 50 seconds and returning the cells to ice for 2
minutes. To recover the cells, 150 pL of liquid LB were added and cells were incubated at 28°C
for 1.5 hrs with agitation. Successful transformants were selected on solid media containing
appropriate antibiotics. Strains carrying reporter plasmids were grown overnight in LB, then
induced in hrp-inducing minimal media (HIMM, 128) and induced with IPTG. Fluorescence of
the green fluorescent protein reporter was measured using a Spark microplate reader (Tecan,
Mannedorf, Switzerland) with 488 nm excitation and 535 nm emission wavelengths.
Immature pear virulence assay

Twenty-six mutant strains were previously tested for virulence using an immature pear
model (38, 39). In this work, the remaining mutants were assessed for virulence on immature
pears using the same method as previously. Briefly, immature pears were wounded and
inoculated with 1 x 10*cells from overnight cultures and incubated at 28°C with high relative
humidity. Necrotic and water-soaking symptoms were measured 4 days post-inoculation.
Overexpression strains were not tested for virulence due to concerns regarding ability to IPTG-
induce and select for plasmid maintenance during infection, especially if the induction resulted in
a severe fitness defect, which would create high pressure for plasmid loss or instability.
Computational and statistical analyses

Generation of virulence trait heatmap and principal component analysis were conducted
using ClustVis software (129). For analyses, data were not scaled because observations were
already normalized to the E. amylovora Ea1189 wild-type phenotypes. For each virulence trait,

each strain was tested with at least four biological replicates. In assessment of statistical
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differences in all traits, a conservative Bonferroni multiple hypothesis correction was applied
(130) because of the high number of strains and traits being tested.
IV.  Results

A library of SRNA deletion mutants was generated for all E. amylovora Ea1189 Hfg-
dependent sSRNAs previously identified, with the exceptions of hrs3 and hrs26, for which we
were unable to successfully obtain mutants after several attempts. Subsequent analysis indicated
that hrs3 has experienced a tandem duplication and two copies of the SRNA are present in the E.
amylovora genome, which we hypothesize to be the reason we were unable to delete this SRNA.
The sRNA hrs26 is located between pepT and EAM_1768, encoding an uncharacterized
hypothetical protein. Using the SRNA expression plasmid pHM-tac (121), we constructed an
expression plasmid for each E. amylovora Hfg-dependent SRNA, and transformed each plasmid
singly into wild-type E. amylovora strain Ea1189. We selected 9 SRNA expression strains and
evaluated the SRNA overexpression upon treatment with IPTG by quantitative real-time PCR.
We found that IPTG treatment increased expression of each of these SRNAs (Figure 2.1).

We assessed the E. amylovora Hfg-dependent SRNAs for simple parameters and found a
wide length distribution and a pattern of low GC content. SRNAs ranged from 54 to 244
nucleotides, with a mean length of 115.5 nucleotides (Figure 2.2A). In GC content, Hfg-
dependent sSRNAs ranged from 33.3 % GC content to 60 % GC content, with an average of 43.9
% GC content (Figure 2.2B). Only one of the Hfg-dependent SRNAs in E. amylovora, hrs4, had

GC content greater than the genome-wide average of 53.6 % GC content.
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Figure 2.1: qPCR confirmation of sSRNA overexpression plasmids. Total RNA was
isolated from cells grown in LB for 6 or 18 hrs, with and without IPTG to induce SRNA
expression. Quantitative real-time PCR was conducted with cDNA synthesized from
total RNA as template with recA4 used as an endogenous control. Asterisks indicate
significant increase (P < 0.05) relative to uninduced cells by student’s t test.
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Figure 2.2: Hfq-dependent SRNAs have a broad size distribution and in general
have low GC content. Histograms of sSRNA lengths (A) and percent GC content (B).
Vertical line in panel B indicates genome-wide average GC content.
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In a general assessment of the strains in our mutant and overexpression libraries, we did
not observe any differences in gross colony morphology when grown on LB solid media.
Similarly, we stained cells for each strain in our SRNA mutant and expression libraries with
crystal violet and observed cell morphology at 400X magnification and did not find any strains
in our libraries that differed from wild-type morphology when grown in LB media (data not
shown).

Flagellar motility

We observed six SRNA deletion mutants with altered swimming motility and nine SRNAs
that affected swimming motility when overexpressed (Figure 2.3). Among the sSRNAs that
affected swimming motility were three SRNAs ArcZ, OmrAB, and RmaA, previously reported to
affect swimming motility in E. amylovora (39, 131). In addition to these three mutants, deletion
of hrs25 or hrsl decreased swimming motility relative to wild-type E. amylovora Ea1189 cells.
The sRNA hrs7 was the only SRNA that increased swimming motility when deleted. Hrs7 is
similar to the SRNA FnrS of Escherichia coli and other members of the Enterobacteriaceae
(Figure 2.4). Overexpression of the SRNA Spot42 increased swimming motility, and induction
of Hrs10, Hrs12, Hrs13, Hrs32, or Hrs33 reduced swimming motility relative to wild-type cells

carrying empty vector.
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inoculated in soft-agar (0.25% w/v agar). sRNA deletion mutants, Ahfg deletion mutant, and
40

wild-type cells were compared (A). sRNA overexpression strains were compared to wild-
type carrying empty pHM-tac under inducing conditions (B). Asterisks indicate significant

Swimming motility was assessed following 24 hrs of incubation after strains were stab
differences (P, < 0.05) by student’s t test with Bonferroni correction.

Figure 2.3: E. amylovora Eal1189 Hfq-dependent sSRNAs modulate flagellar motili
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Figure 2.4: E. amylovora hrs7 is similar to, yet distinct from fnrS of other
Enterobacteriaceae. Multiple sequence alignment between E. amylovora
hrs7, and fnrS of Escherichia coli, Salimonella Typhimurium, and Dickeya
dadantii.
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Amylovoran production

To assess production of exopolysaccharides, we grew strains on minimal medium with
sorbitol as the sole carbon source and monitored growth and morphology. We observed that the
Ahfg mutant was non-mucoid compared to wild-type E. amylovora Ea1189 cells, and that the
Ahrs21 mutant was unable to grow on this minimal medium (Figure 2.5). To verify if this was
due to use of sorbitol as the carbon source, we tested glucose, fructose, and sucrose as carbon
sources and observed that the Ahrs21 mutant is unable to grow on this minimal medium
regardless of the carbon source (data not shown). When tested in liquid culture, eight SRNA
deletion mutants exhibited altered amylovoran production, and 15 sSRNAs affecting amylovoran
production when overexpressed (Figure 2.6). Of the 15 sRNAs affecting amylovoran when
overexpressed, 12 had negative effects on amylovoran and only 3 had positive effects,
suggesting that amylovoran is subject to tight regulation and is closely tied to SRNA regulation.
The sSRNAs ArcZ and OmrAB, previously shown to affect amylovoran production, were

confirmed for this activity.
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Figure 2.5: sSRNAs regulate colony morphology when mutant strains are grown on
minimal media. Wild-type E. amylovora Eal189 forms mucoid colonies on minimal
media with sorbitol as the carbon source, but the Aifg deletion mutant forms non-mucoid
colonies, and the Ahrs21 mutant is unable to grow.
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Figure 2.6: E. amylovora Eal1189 Hfq-dependent sSRNAs affect amylovoran production.
For assessment of amylovoran production, cells were grown in MBMA media for 48 hrs and
acidic exopolysaccharides in culture supernatants were precipitated by addition of
cetylpyridinium chloride. Resulting turbidity was measured via absorbance at 600 nm.
sRNA deletion mutants, and the Ahfg deletion mutant were compared (A) relative to wild-
type strain Eal189 amylovoran production. sSRNA overexpression strains were compared
(B) relative to amylovoran production by wild-type cells carrying empty pHM-tac under
inducing conditions. Asterisks indicate significant differences (P,; < 0.05) by student’s t
test with Bonferroni correction.
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Levan production

To assess the roles of E. amylovora Ea1189 Hfg-dependent SRNAs in production of the
exopolysaccharide levan through levansucrase activity, we first grew each strain in our library of
mutant and overexpression strains on LB amended with 5% sucrose (wt/vol). Although several
strains demonstrated subtle differences in colony morphology compared to the wild-type E.
amylovora strain Ea1189, the MicA- and ArcZ-overexpressing strains exhibited quite dramatic
phenotypes, with colonies displaying visually reduced viscosity and a spreading morphology,
resulting in poorly defined colony boundaries (Figure 2.7).

For each strain, we determined the amount of levansucrase activity secreted into culture
supernatants. We found five SRNA deletion mutants with increased levansucrase activity and
five deletion mutants with reduced levansucrase activity (Figure 2.8A). Overexpression of seven
SRNAs resulted in lower secreted levansucrase activity, whereas overexpression of two SRNAs
led to increased secreted levansucrase activity (Figure 2.8B). Overexpression of MicA, which
resulted in colonies with visually reduced viscosity when grown in the presence of sucrose, had
the lowest levels of secreted levansucrase activity. In contrast, overexpression of ArcZ, which
also resulted in spreading colonies on media containing sucrose, resulted in increased secreted
levansucrase activity. Additionally, deletion of omrAB, a known regulator of amylovoran (39)
and motility (39, 131) resulted in dramatically higher levels of secreted levansucrase relative to

E. amylovora wild-type strain Ea1189.
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Figure 2.7: sSRNAs regulate colony morphology when grown on sucrose.
Wild-type E. amylovora Eal189 forms domed colonies on LB media amended with
5% sucrose, but the Akfg deletion mutant forms low, non-spreading colonies.
Overexpression of MicA or ArcZ results in reduced viscosity and a spreading colony
morphology.
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Figure 2.8: E. amylovora Eal189 Hfq-dependent sSRNAs affect levansucrase activity.
Secreted levansucrase activity was assessed in culture supernatants following overnight
growth in LB media. Culture supernatants were mixed in a 1:1 ratio with phosphate
buffered sucrose (2 M) and incubated at 37°C for 48 hrs to allow the enzymatic reaction to
proceed. Resulting turbidity was measured as absorbance at 600 nM. sRNA deletion
mutants, and the Aifg deletion mutant were compared (A) relative to wild-type strain
Eal189 levansucrase activity. sSRNA overexpression strains were compared (B) relative to
levansucrase activity in wild-type cells carrying empty pHM-tac under inducing conditions.
Asterisks indicate significant differences (P,,; < 0.05) by student’s t test with Bonferroni
correction.
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Biofilm formation

Biofilm formation is a complex trait that is a product of several other traits such as
exopolysaccharide formation, attachment, and motility (91-93). We assessed biofilm formation
by the SRNA deletion and overexpression strains using a crystal violet staining approach. We
found that six SRNA deletion mutants had higher crystal violet staining than wild-type E.
amylovora Eal1189 cells, but only one SRNA deletion mutant, gcvB, had reduced crystal violet
staining (Figure 2.9A). Overexpression of six SRNAs led to reduced crystal violet staining
whereas overexpression of three SRNAs increased crystal violet staining (Figure 2.9B). Deletion
of gcvB reduced crystal violet staining, and overexpression of GevB increased crystal violet
staining. In contrast, deletion of hrs21 increased crystal violet staining, while overexpression of
Hrs21 decreased crystal violet staining. Although our microscopy analysis of cells grown in
agitated liquid culture did not reveal any differences between these strains, further microscopy
work is needed to reveal whether these effects on crystal violet staining are due to differences in
formation of mature biofilm or differences in other traits such as exopolysaccharide production
or attachment, because the Ahfq mutant exhibits high crystal violet staining without forming

mature biofilms due to a hyper-attachment phenotype (39).
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Figure 2.9: E. amylovora Eal189 Hfq-dependent sSRNAs contribute to regulation of
biofilm formation. Crystal violet staining of adherent cells was used as a proxy for
biofilm formation following 48 hs of growth in MBMA media in a 96-well microtiter
plate. sSRNA deletion mutants, and the Ahfg deletion mutant were compared (A) relative
to wild-type crystal violet staining. sSRNA overexpression strains were compared (B)
relative to crystal violet staining of wild-type cells carrying empty pHM-tac under
inducing conditions. Asterisks indicate significant differences (P,,; < 0.05) by student’s t
test with Bonferroni correction.
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Catalase activity

Because several SRNAs are involved in stress response pathways (77), we tested the
effect of SRNAs on catalase activity, which is involved in the mitigation of oxidative stress from
hydrogen peroxide. Determination of catalase activity in cell pellets showed that three SRNA
deletion mutants had altered catalase activity relative to wild-type E. amylovora Ea1189 cells
(Figure 2.10A). The AarcZ mutant had reduced catalase activity and the AgImZ and ArmaA
deletion mutants had increased catalase activity relative to wild-type strain Ea1189. Upon
overexpression, six SRNAs decreased catalase activity relative to wild-type Ea1189 cells
carrying empty pHM-tac (Figure 2.10B). During our testing, we observed that some SRNA
deletion and overexpression mutants released significant amounts of catalase activity to the
culture supernatant, but the wild-type cells only released a small amount of catalase activity to
culture supernatants (Figure 2.10). Deletion of ryeA or hrs24 led to increased catalase activity in
culture supernatants and overexpression of ArcZ, GImZ, Hrs10, Hrs13, Hrs19, Hrs27, Hrs32,
Hrs33, or MicA each resulted in increased catalase activity in culture supernatants. Because
several of these strains exhibited lower catalase activity in cell pellets, but increased catalase
activity in supernatants, it is possible that these SRNAs are regulating some type of secretion,

rather than regulating production of catalase enzymes.
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Figure 2.10: The effects of Hfq-dependent SRNAs on catalase activity in E.
amylovora Eal1189. Catalase activity was assessed following overnight growth by
mixing cell suspension with 1% Triton X-100 and 8 M H,O,1in a 1:1:1 ratio and
monitoring formation of bubbles, demonstrating evolution of gas. sRNA deletion
mutants, and the Akfg deletion mutant were compared (A) relative to wild-type catalase
activity. sRNA overexpression strains were compared (B) relative to catalase activity of
wild-type cells carrying empty pHM-tac under inducing conditions. Asterisks indicate
significant differences (P,,; < 0.05) by student’s t test with Bonferroni correction. §
indicates strains with qualitatively increased amounts of catalase activity in culture
supernatants relative to wild-type E. amylovora strain Eal189.
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hrpA promoter activity

In order to assess effects of regulators on type 111 secretion, cells are typically infiltrated
into leaves of non-host Nicotiana species (tobacco) and then monitored for cell death indicative
of a hypersensitive response (132). The elicitation of a hypersensitive response is dependent on
translocation of type I11 effector proteins and thus is representative of a fully functional pathogen
type 111 secretion system (133, 134). However, this system is also sensitive to cell density and
typically only provides binary observations because testing is typically only carried out at a
single cell density. Because of these limitations, we generated a promoter fusion for hrpA, the
structural pilin of the type I11 secretion system, which includes a binding site for the alternative
sigma factor HrpL and green fluorescent protein as a reporter. We transformed this reporter
construct into each of the SRNA overexpressing strains to assess fluorescence as a proxy for
transcriptional activation of type Il secretion system genes. Although only assessing expression
of the hrpA pilin gene rather than a fully functional type 111 secretion system, this approach
provides a high-throughput method with high sensitivity to quantitatively assess subtle
differences in promoter activity in response to manipulation of Hfg-dependent sSRNAs. When
assessed for hrpA promoter activity, we found that overexpression of five SRNAs, Hrs8, Hrs11,
ArcZ, Hrs24, and OmrAB all resulted in increased fluorescence compared to wild-type Ea1189
cells carrying empty pHM-tac (Figure 2.11). Overexpression of only one SRNA, Hrs4, reduced

hrpA promoter activity relative to wild-type E. amylovora Eal1189 cells carrying empty pHM-tac.
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Figure 2.11: E. amylovora Eal1189 Hfq-dependent sSRNAs affect expression of type
ITI secretion pilin, #rpA. Cells grown overnight were induced in HIMM for 16 hrs,
after which fluorescence was measured as a proxy for hrpA promoter activity. sSRNA
overexpression strains were compared relative to fluorescence of wild-type cells
carrying empty pHM-tac with IPTG added at the time of transfer to HIMM. Asterisks

indicate significant differences (P,,; < 0.05) by student’s t test with Bonferroni
correction.
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Testing SRNA overexpression strains with a single reporter required transformation of
several strains. Because of the large effort and materials required to transform over 40 strains by
the electroporation methods routinely used in E. amylovora (135), we sought to utilize a method
with higher throughput for the generation of these strains. As previously reported (136), we
found that calcium/magnesium chloride competent cell preparation with heat shock approaches
were highly variable and had unsuitably low transformation efficiency. However, we observed
that TSS chemically competent cells (127) with heat shock at 42°C produced satisfactory and
useful transformation rates, albeit less efficiently than electroporation (data not shown).
Virulence

Because several E. amylovora Ea1189 sRNA deletion mutants were previously assessed
for virulence on immature pears (38, 39), we assessed the remainder of the SRNA deletion
mutants for effects on virulence using the same immature pear infection model. Overexpression
strains were not assessed because of an inability to consistently induce and select for plasmid
maintenance in planta. Virulence of select strains is shown in Figure 2.12. In addition to AarcZ,
Ahrs21, and ArprA, previously found to have reduced virulence in immature pears (38, 39), we
found that the Ahrsl deletion mutant had reduced virulence compared to wild-type E. amylovora
strain Ea1189. Although several other Hfg-dependent SRNAs had significant effects on
virulence-associated phenotypes, no other SRNA deletion mutants displayed reduced symptom
development on immature pears. This is consistent with the observation that during infection of
immature pears, some critical virulence traits are sufficient for full virulence even when

expressed at low levels, as shown in Chapter 4.
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Figure 2.12: Screening of E. amylovora Eal189 Hfq-dependent sSRNAs reveals a
novel SRNA deletion mutant with virulence defects. Immature pears were
inoculated with indicated strains and monitored for water soaking or necrotic
symptom development. Measurements shown were made 4 days post-inoculation.
Groups with shared letter designation did not differ significantly (P > 0.05) from each
other by Tukey’s honest significant difference (HSD) test.
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Multidimensional analysis

Because each SRNA was tested for impacts on several virulence-associated traits, we
analyzed our dataset using a multidimensional analysis. A heatmap was generated, clustering
phenotypes and SRNAs based on our data (Figure 2.13). This clustering resulted in 28 SRNAs
that clustered with wild-type, and 13 SRNAs that did not cluster with wild-type. We further
conducted principal component analysis of our multidimensional dataset (Figure 2.14). Similar
to the clustering in the heatmap, principal component analysis revealed that a majority of the
SRNAs cluster closely to the wild-type strain, which is indicated by a light blue dot in Figure
2.14. However, with principal component analysis several strains stand out that are not part of
the cluster with wild-type strain Ea1189, indicating that these SRNAs are likely playing
important roles in coordinating virulence-associated phenotypes. Some of the SRNAs that stand
out are SRNAs with known effects on virulence using the immature pear model of infection and
are indicated by dark blue dots in Figure 2.14. Other SRNAs suggested to have strong regulatory
roles based on principal component analysis include OmrAB, GevB, Hrs10, Hrs17, Hrs27,
GImZ, Hrs18, Hrs8, and MicA. A high degree of complexity in our data was demonstrated by
the fact that principal components 1 and 2 together only explained 46% of the variance in the
data. This observation further suggests that each virulence-associated trait assessed is primarily
regulated independently of the other virulence traits. This is consistent with each virulence trait

playing a unique role during distinct stages of fire blight disease development.
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Figure 2.13: Multidimensional analysis of interactions between E. amylovora
Eal189 Hfq-regulated sRNAs and assessed virulence-associated traits.
Aggregate data from virulence-trait assessments were utilized to generate this
heatmap using ClustVis software. Rows designated with A represent data from
deletion mutants, and rows designated OE represent data from overexpression
strains. Rows and columns were unscaled and were clustered by Euclidean
distance. Color scale from blue to white to red represents relative measurements.
As data observations are relative to wild-type, blue represents values lower than
wild-type, red represents values higher than wild-type, and white represents
values similar to wild-type E. amylovora strain Eal189.
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Figure 2.14: Principal component analysis of multidimensional virulence data
reveals E, amylovora Eal189 sRNAs with strongest effects on virulence-associated
traits. Each dot represents an sSRNA or strain tested in this study. The light blue dot
(near the origin) represents the wild-type strain. Dark blue dots indicate 4fg and sSRNAs
that have virulence defects when deleted from the genome. Additional labels indicate
other outlying sSRNAs of interest for deviation from wild-type phenotypes for the tested
virulence-associated traits.
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V. Discussion

In this work, we generated a library of single-deletion mutants and overexpression
plasmids for the known Hfg-dependent SRNAs in E. amylovora Ea1189. We used this library to
characterize the effects of Hfg-dependent SRNAs on critical virulence-associated traits. Most
SRNAs assessed had only weak effects on phenotypes, and few SRNAs had strong effects under
the conditions tested in our experiments. Although several Hfg-dependent SRNAs were
observed to have only subtle effects on virulence-associated phenotypes, it is likely that these
SRNAs play important roles in maximizing bacterial fitness through fine-tuning of other
physiological processes or may play important roles under other environmental conditions. Our
multidimensional analysis of these data supports the idea that most Hfg-dependent SRNAs do not
dramatically affect virulence-associated phenotypes, but that some of them do play major roles in
the expression of these traits. This is consistent with the findings of a similar SRNA library
screen in Escherichia coli in which most SRNAs had only modest effects (121).

We identified Ahrsl as a new E. amylovora sSRNA deletion mutant with effects on
virulence, as the deletion of hrsl resulted in strongly reduced symptom development during
infection of immature pears. The SRNA hrsl is located in the genome between cpxP and fieF
and is relatively abundant (39). In our work, we found hrsl affecting production of the
exopolysaccharide amylovoran and conferring a small but significant effect on swimming
motility, which provides potential mechanisms whereby this SRNA could be linked to virulence.
Future work to determine the specific targets and mechanisms by which this SRNA is affecting
virulence is needed to determine its specific regulatory roles. In E. amylovora Eal189, deletion
of arcz, hrsl, hrs21, or rprA results in reduced virulence in immature pears. Of these, arcZ and

rprA are well conserved in Enterobacteriaceae, whereas hrs21 is unique to pathogenic members
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of the genus Erwinia (39). The sRNA hrs1 is unique to pathogenic Erwinia, but similar
sequences also occur in Pantoea agglomerans, however it is not known whether it is expressed
as an SRNA in other species.

The sSRNA Hrs21 was previously found to play a role in virulence through an unknown
mechanism (39). Through the characterization of our SRNA library, we have found multiple
virulence traits affected by Hrs21. We found that the Ahrs21 mutant was unable to grow on
minimal media independent of the carbon source. Despite this growth defect in minimal media,
we did not observe any growth or morphological differences from wild-type strain Ea1189 when
grown on LB media. One potential explanation of this observation is that the Ahrs21 mutant
could be an auxotroph. Regardless, this growth defect indicates that nutrient availability plays a
critical role for the Ahrs21 mutant, suggesting that the virulence defect in immature pears may be
due to some nutrient that is lacking in the pears that the Ahrs21 mutant needs for growth. In
addition to this growth defect, we found that Hrs21 affected production of the exopolysaccharide
amylovoran, secreted levansucrase activity, and biofilm formation. Although we did not observe
a growth defect in the media used for these assays, it is possible that the observed effects of
Hrs21 on these virulence-associated traits is due to indirect effects through control of metabolic
processes. Further work to characterize the nutritional requirements of the Ahrs21 mutant as
well as its growth in pears is necessary to clarify the role of this SRNA in regulating
physiological and virulence processes.

Several phenotypic roles for the SRNA ArcZ have previously been reported which have
been confirmed in this work including effects on flagellar motility (131), amylovoran production
(39), levansucrase activity (Chapter 4), and expression of the type 111 secretion system (39). The

phenotypic similarities between the AarcZ mutant and the Ahfq deletion mutant were also
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confirmed by the clustering together of ArcZ and Hfq through both the multidimensional
heatmap clustering as well as in the principal component analysis. Recent studies have linked
ArcZ to transcriptional regulators and pathways that connect to flagellar motility, production of
the exopolysaccharides amylovoran and levan, and biofilm formation, (131); Schachterle and
Sundin 2019). However, further work is needed to uncover the mechanism connecting ArcZ to
expression of the type Il secretion system.

The SRNA OmrAB, which is well conserved in Enterobacteriaceae (131), has previously
been characterized for its roles in regulating amylovoran production and flagellar motility (39).
In our SRNA library screen, we confirmed those roles and expanded the characterization of
OmrAB to include the findings that it affects secreted levansucrase activity as well as expression
of the type 11 secretion pilin hrpA. These effects agree with the result that clustering and
principal component analysis showed OmrAB as unique from other SRNAs in its effects on
virulence-associated traits. Together our data suggest that OmrAB may be an important
virulence regulator under specific environmental conditions. To date, no direct targets of
OmrAB have been demonstrated in E. amylovora. Future studies are needed to identify direct
targets and better understand the role OmrAB is playing in E. amylovora expression of
virulence-associated traits.

The sSRNA hrs4 is located in the genome between mtr, encoding a tryptophan transporter,
and fur, encoding ferric uptake regulator, the iron responsive transcription factor (39). In our
study we observed that Hrs4 is the only E. amylovora Hfg-dependent SRNA with GC content
greater than the genome-wide average. In our SRNA library screen of phenotypes,
overexpression of Hrs4 increased secreted levansucrase activity and Hrs4 was the only SRNA to

reduce promoter activity of the type I11 secretion pilin hrpA upon overexpression. Because of the
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effects of Hrs4 on type 111 secretion, future work to determine the mechanisms underlying this
effect may uncover regulatory functions that are important to disease development.

The MicA overexpression strain demonstrated reduced viscosity and a spreading colony
morphology when grown on LB media amended with sucrose, but not when sucrose was absent.
Although mucoid morphologies are typically associated with elevated exopolysaccharide
production (137), overexpression of MicA resulted in a strong reduction in the production of the
exopolysaccharides amylovoran and levan. We hypothesize that reduced exopolysaccharide
production results in a lack of structure for colony formation but why this only occurs when
grown on sucrose as opposed to on LB is unclear. Because we only assessed secreted
levansucrase activity, this may represent an alteration of secretion by MicA rather than as a
direct regulator of exopolysaccharides. This hypothesis is supported by the finding that
overexpression of MicA reduced intracellular catalase activity but increased secreted catalase
activity. However, additional experiments are needed to directly test this hypothesis.

The sRNA Hrs7 is homologous to Escherichia coli FnrS with 65.6 % identity. In our
library screen, we observed that Hrs7 is a negative regulator of flagellar motility. Escherichia
coli FnrS affects biofilm formation, but not motility (121), suggesting that although similar, and
likely of shared evolutionary origin, these SRNAs have divergent roles and mRNA targets.

In all, our work in generating and screening a library of E. amylovora Hfg-dependent
SRNAs has resulted in discovery of several SRNA-phenotype interactions. Furthermore, the
amount of data that is now generated in increased-throughput phenotyping methods has also
enabled multi-dimensional analysis of the data that has further facilitated determination of the
SRNAs with the strongest and most important effects. Increased throughput and ability to

generate and utilize such libraries will help to overcome the SRNA characterization bottleneck
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that has developed in the wake of deep-sequencing studies to identify SRNAs. With developing
technologies to determine SRNA targets in a high-throughput manner (48, 49, 138, 139), such
SRNA libraries will help to bridge the gap between sSRNA identification and target determination
by characterizing the roles of the identified SRNAs in specific phenotypes. Continued work to
characterize E. amylovora SRNAs and their regulatory mechanisms will improve understanding
of how this pathogen rapidly adapts to and succeeds in the many environmental niches

encountered during systemic infection.
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CHAPTER 3
Three Hfg-dependent small RNAs regulate flagellar motility in the fire blight pathogen

Erwinia amylovora

This chapter has been accepted for publication and is accessible in its entirety at:
Schachterle, J.K.; Zeng, Q.; Sundin, G.W. (2019). Three Hfg-dependent small RNAs regulate
flagellar motility in the fire blight pathogen Erwinia amylovora. Mol. Microbiol.

doi:10.1111/mmi.14232
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. Abstract

Erwinia amylovora, the causative agent of fire blight disease of apple and pear trees,
causes disease on flowers by invading natural openings at the base of the floral cup. To reach
these openings, the bacteria use flagellar motility to swim from stigma tips to the hypanthium
and through nectar. We have previously shown that the Hfg-dependent SRNAs ArcZ, OmrAB,
and RmaA regulate swimming motility in E. amylovora. Here we tested these three SRNAs to
determine at what regulatory level they exert their effects and to what extent they can
complement each other. We found that ArcZ and OmrAB repress the flagellar master regulator
fInD post-transcriptionally. We also found that ArcZ and RmaA positively regulate flhnD at the
transcriptional level. The role of ArcZ as an activator of flagellar motility appears to be unique
to E. amylovora and may have recently evolved. Our results suggest that the Hfg-dependent
SRNAs ArcZ, OmrAB, and RmaA play an integral role in regulation of flagellar motility by

acting primarily on the master regulator, FIhD, but also through additional factors.
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CHAPTER 4
The leucine-responsive regulatory protein Lrp participates in virulence regulation

downstream of small RNA ArcZ in Erwinia amylovora

This chapter has been accepted for publication in an open-access format and is accessible in its
entirety at:

Schachterle JK, Sundin GW. 2019. The leucine-responsive regulatory protein Lrp participates in

virulence regulation downstream of small RNA ArcZ in Erwinia amylovora. mBio 10:e00757-

19. https://doi.org/10.1128/mBi0.00757-19.

Copyright © Schachterle and Sundin 2019
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. Abstract

Erwinia amylovora causes the devastating fire blight disease of apple and pear trees.
During systemic infection of host trees, pathogen cells must rapidly respond to changes in their
environment as they move through different host tissues that present distinct challenges and
sources of nutrition. Growing evidence indicates that small RNAs (SRNAs) play an important
role in disease progression as post-transcriptional regulators. The SRNA ArcZ positively
regulates the motility phenotype and transcription of flagellar genes in E. amylovora Ea1189 yet
is a direct repressor of translation of the flagellar master regulator, FInD. We utilized transposon
mutagenesis to conduct a forward genetic screen and identified suppressor mutations that
increase motility in the Eal189AarcZ mutant background. This enabled us to determine that the
mechanism of transcriptional activation of the fIhDC mRNA by ArcZ is mediated by the leucine-
responsive regulatory protein, Lrp. We show that Lrp contributes to expression of virulence and
several virulence-associated traits including production of the exopolysaccharide amylovoran,
levansucrase activity, and biofilm formation. We further show that Lrp is regulated post-
transcriptionally by ArcZ through destabilization of Irp mRNA. Thus, ArcZ regulation of FIhDC
directly and indirectly through Lrp forms an incoherent feed-forward loop that regulates
levansucrase activity and motility as outputs. This work identifies Lrp as a novel participant in
virulence regulation in E. amylovora and places it in the context of a virulence-associated

regulatory network.
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CHAPTER 5

Small RNA ArcZ regulates oxidative stress response genes and regulons in
Erwinia amylovora
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l. Abstract

Erwinia amylovora, causative agent of fire blight disease of apple and pear trees, has
evolved to use small RNAs for post-transcriptional regulation of virulence traits important for
disease development. The SRNA ArcZ regulates several virulence traits, and to better
understand its roles, we conducted a transcriptomic comparison of wild-type and AarcZ mutant
E. amylovora. We found that ArcZ regulates multiple cellular processes including expression of
enzymes involved in mitigating the threat of reactive oxygen species, and that the AarcZ mutant
has reduced catalase activity and is more susceptible to exogenous hydrogen peroxide. We
quantified hydrogen peroxide production by apple leaves inoculated with E. amylovora and
found that while the wild-type E. amylovora cells produce enough catalase to cope with defense
peroxide, the AarcZ mutant is likely limited in virulence because of its inability to cope with
peroxide levels in host leaves. We further found that the ArcZ regulon overlaps significantly
with the regulons of transcription factors involved in oxidative state sensing including Fnr and
ArcA. In addition, we show that ArcZ regulates arcA at the post-transcriptional level suggesting
a role for this system in mediating adaptations to oxidative state, especially during disease
development.

1. Introduction

When pathogenic microbes arrive on a host plant, the plant perceives the arrival of a
threat through recognition of pathogen associated molecular patterns (PAMPS) (1). The
recognized patterns include conserved molecules associated with pathogenic microbes, such as
chitin (140), flagellin (141), and translation elongation factor Tu (142). The binding of these
PAMPs to surface receptors triggers a complex signaling cascade that activates defense

responses (1). Host plant defense responses are diverse and include actions such as stomatal
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closure (143), hormone signaling (144), callose deposition (145), and production of reactive
oxygen species (146). Plant pathogenic microbes have responded to these host defenses through
the evolution of effector proteins that act to suppress and subvert host defense signaling and
activity (147). In the case of bacterial pathogens, the effectors are often translocated directly into
the host cytoplasm via the type Il secretion system, a needle-like protein structure (148). In an
ongoing biochemical arms race, hosts and pathogens alike have evolved numerous effector-target
relationships that affect disease outcomes (1-3). For many bacterial pathogens, this has resulted
in a number of effector proteins that are essential for full virulence (149, 150). In addition to
effector proteins, bacterial pathogens have evolved additional virulence strategies that allow
them to flourish in the environment of a host plant and avoid host defenses. For example,
Erwinia amylovora, causative agent of fire blight disease of apple and pear trees, utilizes several
virulence strategies to avoid, suppress, and cope with host defenses (92-94, 96, 151, 152). For
pathogenesis, E. amylovora requires effective translocation of the type 111 effectors DspE and
AVIRpt2ea into host cells to suppress host defenses and induce necrosis (94, 153). Additional
virulence traits that play a key role for E. amylovora include exopolysaccharide production and
biofilm formation (89, 91, 92, 123), motility (87, 88), ability to mitigate the threat of reactive
oxygen species (111), and ability to acquire and utilize essential nutrients (154, 155).

Production of the exopolysaccharides amylovoran (89, 123), levan (90, 92), and cellulose
(91) along with proteinaceous attachment structures (93) contribute to biofilm formation.
Biofilm formation provides protective layers that can serve to both prevent host defense
molecules, like reactive oxygen species, from reaching the bacteria (156), and to conceal the
bacteria from host detection, reducing the degree of host defense response (157). Motility

enables bacteria to use flagella or pili to migrate and move to more favorable locations where
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host defenses may be reduced or nutrient availability may be more favorable (87, 151).
Although E. amylovora can be concealed through some virulence traits, move away from host
defenses, and even directly reduce the host defense response through type 111 effectors, the
bacteria will still have to cope with host defense compounds and responses as well as acquire
sufficient nutrients to maintain growth during infection (158). Thus, the ability to face host
defenses and mitigate the threat of reactive oxygen species is also critical for full virulence (111).
To coordinately express each virulence-associated trait under the precise conditions, E.
amylovora has evolved elaborate environmental sensing and signal transduction cascades (119).
Efforts to characterize these regulatory pathways have successfully linked several regulatory
systems with virulence associated traits.

Recent work has revealed the importance of small non-coding RNAs (SRNAS) in the
regulation of virulence and virulence-associated traits in E. amylovora (38, 39). SRNAs are
typically involved in post-transcriptional regulation. One class of SRNAs that affects virulence
in E. amylovora includes those that are dependent on the chaperone protein Hfq (38). The Hfq
chaperone stabilizes a family of trans-acting SRNAs that regulate targets by RNA-RNA base-
pairing (19-21). In E. amylovora, 42 Hfg-dependent SRNAs have been identified, and the Hfg-
dependent SRNA ArcZ in particular is critical for virulence and several virulence-associated
traits including production of the exopolysaccharides levan and amylovoran, normal biofilm
formation, flagellar motility and translocation of type Il effectors to plant cells (39). We have
recently shown that ArcZ regulates flagellar motility through a direct interaction with the
flagellar master regulator FIhD in E. amylovora (131) and that ArcZ impacts exopolysaccharide

production and biofilm formation through the leucine responsive regulator protein Lrp (Chapter
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4). However, it is not known how ArcZ regulates type 111 secretion, nor is it known if there are
further virulence-associated traits being regulated by ArcZ.

Because of the breadth of phenotypes ArcZ regulates, we conducted a transcriptomic
comparison of the AarcZ mutant relative to wild-type to gain additional insights into the breadth
and mechanisms of ArcZ regulation of virulence-associated traits. In addition to previously
known interactions between ArcZ and Lrp, we found that ArcZ regulates several genes involved
in mitigating the threat of reactive oxygen species, and present evidence that this regulation is
critical for in planta survival. We also found a significant amount of overlap between the ArcZ
regulon and regulons of global transcription factors associated with oxidative state signaling,
including the ArcBA two-component system. We further present evidence that ArcZ regulates
arcA post-transcriptionally, indicating that ArcZ plays a major role in the oxidative status
responsive regulatory pathways.

1. Materials and methods
Strain growth and culture conditions

Bacterial strains were routinely grown using LB culture media. E. amylovora strains were
cultured at 28°C and Escherichia coli strains were cultured at 37°C. When appropriate,
antibiotics were used in the following final concentrations: ampicillin 100 pg mL™, kanamycin
30 pug mL?, chloramphenicol 20 pg mL™. Bacterial strains and oligonucleotides used in this

study are found in Table A.4 and Table A.5, respectively.
RNA extraction and sequencing

RNA was isolated from cells induced in hrp-inducing minimal medium (HIMM, 128) using the
approach of Rivas et al. (159), with modifications specified in Chapter 4. RNA was quantified

using the Qubit fluorescence method (ThermoFisher Scientific, Waltham, MA, USA). RNA
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quality was ensured by visualization of ribosomal RNA bands in agarose gel and by LabChipGX
HS RNA analysis (Caliper Life Sciences, Waltham, MA, USA). Total RNA was depleted of
ribosomal RNA using bacterial Ribo-Zero kits (lllumina, San Diego, CA, USA) and remaining
RNA was used for library preparation with the lllumina TruSeq Stranded Total RNA Library
Preparation Kit on a Perkin Elmer Sciclone G3 robot using manufacturer’s recommendations
(Perkin Elmer, Waltham, MA, USA). Completed libraries were quality checked and quantified
using a combination of Qubit RNA HS (ThermoFisher Scientific, Waltham, MA, USA) and
Caliper LabChipGX HS RNA assays. All libraries were combined in equimolar amounts and
pools were quantified using the Kapa Biosystems Illumina Library Quantification gPCR Kit.
Sequencing was performed in a single-end 50bp read format using HiSeq 4000 SBS reagents and
base calling was done by Illumina Real Time Analysis (RTA) v.2.7.6. Output of RTA was

demultiplexed and converted to FastQ format with Illumina Bcl2fastq v2.19.0.
Differential gene expression analysis

Reads obtained from RNA sequencing were trimmed of adapter sequences and filtered to remove
low-quality reads using Trimmomatic (160). Trimmed and filtered reads were mapped to the E.
amylovora ATCC49946 genome (161) using bowtie2 (162). The resulting SAM file of mapped
reads was sorted for downstream applications using SAMTools (163). The E. amylovora
ATCC49946 genome annotation file was used in conjunction with HTSeq (164) to count the
number of reads mapping to each annotated feature. Read counts by feature across all samples
were analyzed using the R package DESeq (165) to determine statistically differentially
expressed genes between wild-type and AarcZ mutant samples with a false-detection rate of

0.05.
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Quantitative real-time PCR

For gRT-PCR validation of select differentially expressed genes, RNA samples were collected in
the same manner as for RNA sequencing. 500 ng of total RNA was used as template for reverse
transcriptase reactions using the High-Capacity Reverse Transcriptase kit (Applied Biosystems,
Foster City, CA, USA) following prescribed protocols. Resulting cDNA was utilized as template
in qRT-PCR reactions set up using SYBR green 2X master mix (Applied Biosystems, Foster
City, CA, USA) according to manufacturer’s protocols and run on an Applied Biosystems
StepOnePlus instrument. The housekeeping gene recA was included as an endogenous control,

and relative mRNA abundance was calculated using the 2-99t method (166).
Catalase activity, zone of inhibition, and minimum inhibitory concentration assays

Catalase activity assays were conducted as described (126), using cells grown overnight in liquid
LB. Zone of inhibition was assayed by spread-plating bacteria cultures with an ODgoonm 0f 0.2
onto agar plates and then placing a filter paper disk in the center of the plate. A total of 10 pL of
8M H>0, was dripped onto the filter paper, and plates were incubated for 24 hrs at 28°C, after
which the plate was imaged and the area of the zone of clearing around the filter paper disk was
quantified using ImageJ image analysis software (122). For determination of the minimum
inhibitory concentration (MIC) of H20, LB or minimal media (4 g L L-asparagine, 2 g L™
K2HPQ4, 0.2 g L™t MgSO47H0, 3 g L™t NaCl, 0.2 g L nicotinic acid, 0.2 g L™ thiamin
hydrochloride, 10 g L sorbitol) were prepared with varying concentrations of hydrogen
peroxide. Cells were inoculated into this media at an initial density of 1x10” cfu mL* and
incubated with shaking at 28°C overnight. The MIC was determined to be the lowest

concentration of hydrogen peroxide at which bacterial growth was inhibited.
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Survival in tobacco apoplast

The ability of bacterial cells to survive in the apoplast of Nicotiana tabacum leaves was assessed
as described (111), with the modification that surviving bacterial populations were enumerated at

5 days post-inoculation by dilution plating, rather than across a time-course.
Quantitation of hydrogen peroxide in apple leaves

Hydrogen peroxide levels in apple leaves were determined using a potassium iodide method
(167). For the assay, apple leaves were inoculated as described (92) with a cell suspension of
wild-type E. amylovora cells at a density of 5 x 10® cfu mL™, or inoculated with phosphate
buffered saline. Inoculated leaves were sampled at indicated time points and 1 cm diameter
disks were punched from the leaves, homogenized in potassium iodide buffer, and supernatants
from homogenates were incubated in the dark for 30 minutes. Following incubation, 345 nm
absorbance was measured, and background color from leaf tissue was subtracted by using leaf
disks homogenized in water without any potassium iodide. Absorbance values were converted to

concentrations of hydrogen peroxide using a standard curve.
Reporter fusion generation and testing

For translational fusions, the 5’ untranslated region (UTR) of each gene of interest was amplified
from the transcriptional start site through 20 amino acids into the coding region and cloned in-
frame with gfp in plasmid pXG20 (168) using an in-vivo assembly approach (169). For the katA
promoter fusion, the 500 bases upstream from the katA start codon were amplified and cloned
into plasmid pPROBE-NT (170). Strains harboring the reporter fusions were assessed for GFP
fluorescent output using a Tecan Spark plate reader (Tecan, Mannedorf, Switzerland) with

excitation wavelength of 488 nm and emission wavelength of 535 nm. Relative fluorescence
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was determined by normalizing arbitrary fluorescence units to cell density, and relative to the

wild-type strain.
Regulon analysis

Known Escherichia coli transcription factor regulons were obtained from RegulonDB (171) and
corresponding gene sequences were extracted from the Escherichia coli K-12 genome (172).
Escherichia coli gene sequences were used as queries to search for presence in E. amylovora
using tblastx from BLAST+ (173). If a BLAST hit had an e-value of less than 0.001, that gene
from Escherichia coli was considered present in E. amylovora. Using the assumption that if a
transcription factor and its regulated genes are conserved across Escherichia coli and

E. amylovora, regulatory relationships are likely to be similar, we used this assessment to
generate putative E. amylovora regulons for several transcription factors. Putative E. amylovora
regulons were tested for significant overlap with the ArcZ regulon determined herein using
Fisher’s exact test with adjustment for multiple hypothesis testing.

IV. Results
Transcriptomic characterization of the E. amylovora AarcZ mutant relative to wild-type

We sequenced the E. amylovora Eal1189 transcriptome using RNA from wild-type and
AarcZ mutant cells induced for six or eighteen hrs in HIMM (128). Our sequencing resulted in a
total of 128.4 million reads generated, of which 96.9 percent had per-base quality scores greater
than 30. Of these reads, 97.2 percent mapped to the E. amylovora ATCC49946 genome.
Following normalization and statistical analysis, we found a total of 342 differentially expressed
genes between wild-type and AarcZ mutant cells. Of these, 62 genes were differentially
regulated after six hours of induction (27 up-regulated, 35 down-regulated) and 302 were

differentially expressed after eighteen hours of induction (176 up-regulated, 126 down-regulated)
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with 22 genes differentially expressed at both time points (19 down-regulated, 3 up-regulated).
Principal component analysis, based on differentially expressed genes showed that samples

clustered by strain and time point (Figure 5.1).

Visualization of differentially expressed genes across samples is provided as a heatmap in
Figure 5.2. Genes clustered into four main groups by strain and time point differences,
designated groups I, 11, 111, and IV. Group I genes are characterized by higher expression in the
AarcZ mutant after 6 h of induction in HIMM, but no dramatic differences between wild-type
and AarcZ at 18 h. Genes of interest in group I include the aerotaxis receptor, aer, and the
leucine responsive regulatory protein, Irp, which, as demonstrated in Chapter 4, is destabilized
post-transcriptionally by ArcZ. Group Il genes are characterized by higher expression in wild-
type samples at 6 hrs of induction relative to 18 h of induction in HIMM and reduced expression
in general in the AarcZ mutant at both time points. This is the largest cluster of differentially
expressed genes and includes genes involved in several metabolic and virulence processes.
Examples of virulence associated genes include flagellar motility genes (flnC, motB, and flgE)
and type Il secretion genes (hrpA, hrpW, and hrpJ). Examples of metabolic genes include crp
encoding the global regulator catabolite repressor protein, and other genes involved in
metabolism such as argD, cysD, gcvP, livM, and metB. Group 11 genes are characterized by
higher expression in wild-type at 18 hrs in HIMM compared to wild-type after 6 hrs of induction
in HIMM, but not elevated in the AarcZ samples after 18 h of induction in HIMM. Many of
these genes are also general metabolism genes and include tktA and rpsS. Group IV genes have
elevated expression in the AarcZ mutant cells after 18 h of induction in HIMM. Most of these
genes are uncharacterized, but multiple genes in this group are likely involved in reactions with

phospho-sugars, such as pgsA and EAM_1622.
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Pathway enrichment in ArcZ regulon

We tested for enrichment of specific cell pathways as annotated by the Kyoto
Encyclopedia of Genes and Genomes (KEGG) (174). We found no pathways significantly
enriched in the set of genes differentially expressed in the six hour time point, however at the
eighteen hour time point we found several pathways that were significantly enriched in
differentially expressed genes (Figure 5.3). Several pathways that were enriched were involved
in carbon metabolism and amino acid biosynthesis and metabolism. Because we observed that
crp mRNA was affected by deletion of arcZz, it is possible that the carbon metabolism related
pathway effects are due to this regulation, but it remains unknown if these are direct or indirect
effects. The several genes and pathways involved in amino acid biosynthesis and metabolism
are likely targets of the transcription factor Lrp, which is regulated by ArcZ and which we found
to be differentially regulated in the AarcZ mutant in our transcriptomic analysis. The type IlI
secretion system was also significantly enriched for differentially expressed genes, the function
of which is known to be affected by deletion of arcZ (39). Other affected KEGG pathways
included sulfur metabolism, selenocompound metabolism, monobactam biosynthesis, RNA
polymerase, and quorum sensing. Some of these pathways, although annotated in the KEGG

database, may not be functional in E. amylovora as experimental evidence is lacking.
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Figure 5.3: KEGG pathways significantly enriched in differentially-expressed
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When analyzing the KEGG pathway for glycolate/glyoxylate metabolism, we found that
E. amylovora has neither genes coding for enzymes that generate glycolate nor glyoxylate. In
other organisms, glycolate oxidase, which converts glycolate to glyoxylate, generates hydrogen
peroxide as a byproduct of this enzymatic reaction (175), and catalase is considered to be a part
of this pathway for the detoxification of the peroxide. Although E. amylovora does not code for
a glycolate oxidase enzyme, plants do, and have been shown to use this enzyme for generating
hydrogen peroxide as a pathogen defense mechanism (176, 177). This led us to search for other

genes differentially regulated by ArcZ that may play a role in coping with oxidative stress.
ArcZ regulates oxidative stress response genes

In our search of differentially expressed genes that have links to the oxidative stress
response, we found katA, encoding a catalase, tpx, encoding a thiol-peroxidase, and osmC,
encoding an osmotically inducible peroxiredoxin. katA and osmC were both down-regulated in
the AarcZ mutant, and tpx mRNA was more abundant (Figure 5.4A). Although recent work has
indicated that another catalase, KatG, plays a role in E. amylovora mitigation of oxidative stress
(111), katG was not differentially expressed in the AarcZ mutant relative to wild-type.
Nonetheless, as an additional oxidative stress mitigation enzyme, we have included katG in
several of our experiments to better understand its role with the other ArcZ-regulated oxidative
stress mitigation enzymes. We independently verified by quantitative real-time PCR that katA
and osmC are down-regulated in the AarcZ mutant, and that tpx is up-regulated (Figure 5.4B).
Consistent with our RNAseq data, there was no difference in relative abundance of katG mRNA

between wild-type and the AarcZ mutant.
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Figure 5.4: Oxidative stress mitigation enzymes are differentially expressed in E.
amylovora Eal189 AarcZ mutant relative to wild-type. Relative expression of katA,
katG, tpx, and osmC based on (A) RNAseq (AarcZ/wt) or (B) quantitative real-time PCR
Asterisks indicate significant difference (£ < 0.05) from wild-type by negative binomial
distribution (RNAseq; through DESeq) or Student’s t-test (QPCR data).
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ArcZ regulated oxidative stress response genes are critical for survival of exogenous

hydrogen peroxide

Because KatA and KatG have been shown to play a role in E. amylovora response to
exogenous hydrogen peroxide, we tested the AarcZ mutant, along with the AkatA, AkatG, Atpx,
and AosmC mutants for their catalase activity and survival after treatment with excess hydrogen
peroxide. We found that the AkatA mutant had no detectable catalase activity (Figure 5.5A) and
exhibited increased susceptibility to hydrogen peroxide in a disk diffusion assay (Figure 5.5B).
The catalase activity of the AarcZ mutant was reduced nearly 10-fold relative to wild-type and
the mutant also showed an increase in sensitivity to hydrogen peroxide in a disk-diffusion assay.
The Atpx mutant had a reduction in catalase activity of about 3-fold and increased sensitivity to
hydrogen peroxide in the disk diffusion assay. The AkatG and AosmC mutants had only a slight
decrease in overall catalase activity, and the AkatG mutant had increased susceptibility in the
disk diffusion assay. It is likely that the AkatG mutant did not show decreased catalase activity
in the catalase activity assay but does have increased susceptibility in the disk-diffusion assay
because of the differences in growth in liquid culture for the catalase activity assay and growth
on solid media for the disk-diffusion assay, as it is known that katG expression is growth phase
dependent (111). The sensitivity of the AosmC mutant was not different from wild-type in the
disk-diffusion assay.

During our determination of catalase activity in E. amylovora, we observed that a small
amount of catalase activity is secreted into the culture medium. To determine whether the
secreted catalase is KatA or KatG, we concentrated culture supernatants from overnight cultures
of the AkatA and AkatG mutants. Concentrated supernatants were mixed with hydrogen peroxide

and monitored for evolution of gas through formation of bubbles. Catalase activity was observed
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in the AkatG culture supernatants, but not in the AkatA culture supernatants, indicating that KatA
is responsible for the secreted catalase activity (data not shown). Because secreted catalase
activity has not been reported in other Enterobacteriaceae, we conducted a multiple sequence
alignment of KatA and KatE protein sequences from phylogenetically diverse bacteria. This
analysis revealed that E. amylovora KatA is more similar to KatA from Bacillus subtilis and
Pseudomonas aeruginosa than to KatE from Escherichia coli (Figure 5.6). Protein BLAST
(173) further showed that the most similar hits for a search with E. amylovora KatA as query

came from the genera Erwinia, Pantoea, and Pseudomonas.
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Figure 5.5: E. amylovora Eall189 AarcZ mutant has reduced catalase activity and
increased susceptibility to exogenous hydrogen peroxide. Relative catalase
activity (A), determined from cells grown overnight in LB broth. Zone of clearing
(B) around a filter paper disk treated with 10 uL of 8M hydrogen peroxide on LB
solid media. Assays were repeated at least 4 times. Asterisks indicate significant (P
< 0.05) difference from wild-type by Student’s t-test.
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Figure 5.6: KatA from E. amylovora is more similar to KatA from Bacillus subtilis and
Pseudomonas aeruginosa than KatE from Escherichia coli. (A) Multiple sequence
alignment of KatA and KatE protein sequences generated using MUSCLE and visualized
using MVIEW. (B) Percent identity matrix based on multiple sequence alignment in (A).
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Mutation of arcZ can be complemented by katA

Because AarcZ has reduced catalase activity relative to wild-type and is more susceptible
than wild-type to exogenous hydrogen peroxide both on solid media and in liquid media, we
wanted to determine if any of the oxidative stress mitigation enzymes would be able to restore
wild-type phenotypes in these tests. To test this, we complemented the AarcZ mutant with katA,
katG, tpx, or osmC, each on a plasmid with the respective native promoter. When tested for
catalase activity, we found that introduction of any of these genes on a plasmid led to increased
catalase activity relative to the AarcZ mutant (Figure 5.7A). However, providing katG, tpx, or
osmC in the AarcZ mutant still resulted in catalase activity well below that of wild-type cells.
Only providing katA on a plasmid restored catalase activity to greater than wild-type levels.
When we tested the AarcZ mutant complemented with katA in the disk-diffusion assay for
susceptibility to exogenous hydrogen peroxide, we found that katA restored wild-type levels of

growth in the AarcZ mutant (Figure 5.7B).
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Figure 5.7: Providing katA on a plasmid restores catalase activity and resistance to
exogenous hydrogen peroxide in the E. amylovora Eal189 AarcZ mutant. Relative
catalase activity (A) of wild-type or AarcZ mutant carrying empty plasmid (-) or the
indicated gene with its corresponding native promoter. Groups with shared letter
designation do not differ from each other significantly (P < 0.05) by Tukey’s HSD test.
Zone of clearing (B) around a filter paper disk treated with 10 puL of 1M hydrogen
peroxide on LB solid media. Tests were conducted at least 4 times and asterisks denote
significant differences (P < 0.05) from wild-type by Student’s t-test.
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Hydrogen peroxide produced by inoculated apple shoots

In order to relate the difference in hydrogen peroxide susceptibility of our various strains
to the interactions between E. amylovora and host apple shoots, we quantified hydrogen peroxide
levels in apple leaves over the course of infection with wild-type E. amylovora cells. We
detected a baseline of approximately 1 mM hydrogen peroxide in uninfected apple leaves (Figure
5.8A). One day post-inoculation, before visual disease symptoms developed, hydrogen peroxide
levels doubled to nearly 2 mM. After two days post-inoculation, when visual symptoms had
developed in the main vein of the leaf, hydrogen peroxide levels had doubled again, to over 4
mM. After three and four days post-inoculation, as visual fire blight symptoms spread from the
main vein to the rest of the leaf, hydrogen peroxide levels decreased again to below 2 mM

(Figure 5.8A).

In order to determine the hydrogen peroxide concentration to which E. amylovora wild-
type and AarcZ mutant cells are susceptible, we tested for the minimum inhibitory concentration
(MIC) of hydrogen peroxide. We found that the MIC of hydrogen peroxide for wild-type cells is
5 mM whether tested in minimal medium or rich LB medium (Figure 5.8B). The MIC of
hydrogen peroxide for AarcZ mutant cells was found to be 1 mM in minimal medium and 2 mM
when tested in LB medium. This is consistent with the finding that metabolism of specific
amino acids available in rich media can help to mitigate oxidative threats (178) The MIC of
hydrogen peroxide to the AarcZ mutant was complemented back to wild-type levels by providing
arcZ on a plasmid under control of its native promoter. The AarcZ mutant with katA on a
plasmid grew uninhibited at concentrations of hydrogen peroxide up to 10 mM. It is noteworthy
that the hydrogen peroxide MIC for wild-type cells was determined to be 5 mM, but in planta

hydrogen peroxide levels peaked at just over 4 mM.
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Figure 5.8: Erwinia amylovora Eal1189 elicits hydrogen peroxide production
response from apple leaves and has evolved to cope with high levels of exogenous
hydrogen peroxide. (A) Levels of hydrogen peroxide in apple leaves inoculated with
wild-type E. amylovora or mock-inoculated with phosphate buffered saline (PBS),
across time following inoculation. Dotted line indicates the H,O, minimum inhibitory
concentration (MIC) of wild-type E. amylovora Eal189. (B) The MIC of hydrogen
peroxide for wild-type or AarcZ mutant carrying empty plasmid (-) or the indicated gene
with its native promoter. MIC was tested in LB and minimal media with sucrose as the
carbon source (MM).
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ArcZ and KatA are critical for survival of E. amylovora during the hypersenstitive

response in tobacco

Because the hydrogen peroxide MIC for wild-type and AarcZ mutant cells and our
quantification of hydrogen peroxide levels in apple leaves suggested that the inability of the
AarcZ mutant to cope with oxidative stress may play an important role in ability of the bacteria
to survive and successfully infect host plants, we wanted to test the impact of catalase activity on
bacterial survival in planta. Because loss of arcZ leads to decreases in several virulence-
associated traits, we also wanted to uncouple survival during the in planta oxidative burst from
other virulence defects. To accomplish this, we assessed survival in non-host Nicotiana tabacum
(tobacco) which will undergo a hypersensitive response, including an oxidative burst (179), in
response to type Il effector translocation when E. amylovora cells are infiltrated into the tobacco
apoplast (134). We infiltrated tobacco leaves with E. amylovora Ea1189 wild-type and AarcZ
mutant cells at a density of 10° CFU mL™ and assessed survival five days post-infiltration by
sampling a 1 cm? leaf disk. We found that on average 10’ CFU/cm? wild-type cells survived but
only 10° CFU/cm? of AarcZ mutant cells survived (Figure 5.9). The survival defect in the AarcZ
mutant could be rescued by providing katA on a plasmid, suggesting that the survival defect in
the AarcZ mutant is due to increased susceptibility to reactive oxygen species, and not just to
other pleiotropic effects of ArcZ. To verify whether provision of katA on a plasmid in the AarcZ
mutant would be sufficient to complement the AarcZ virulence defect, we inoculated immature
pears and monitored symptom development. We found that providing katA on a plasmid did not

increase virulence of the AarcZ mutant on immature pears (data not shown).
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Figure 5.9: Survival of E. amylovora Eall89 cells in tobacco leaves
following elicitation of the hypersensitive response. Leaf disks were sampled
5 days post-infiltration. Each strain was tested at least 6 times. Error bars
represent standard deviation and groups with shared letter designation do not
differ significantly from each other (P > 0.05) by Tukey’s HSD test.
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ArcZ regulates katA transcriptionally and tpx post-transcriptionally

Because ArcZ is a post-transcriptional regulator and modulates katA transcript
abundance, we assessed whether ArcZ regulates katA at the transcriptional or post-transcriptional
level. To do so, we constructed a promoter fusion with the katA promoter upstream of a
promoter-less gfp in plasmid pPROBE-NT (170), and a translational fusion with the 5> UTR of
katA and first 18 amino acids in-frame with gfp in plasmid pXG20 (168). We observed reduced
katA promoter activity in the AarcZ mutant relative to wild-type but no difference on the katA

translational fusion between wild-type and AarcZ (Figure 5.10).
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Figure 5.10: ArcZ of E. amylovora Eal189 regulates kat4 promoter activity and
regulates fpx post-transcriptionally. Relative fluorescence of indicated reporter
fusions tested in AarcZ mutant cells and relative to fluorescence of wild-type cells
carrying the same construct. Asterisks indicate significant difference (P < 0.05) by
Student’s t-test between AarcZ and wild-type carrying the same construct.
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Because ArcZ is known to post-transcriptionally repress tpx mMRNA in Salmonella
Typhimurium through a direct interaction (75), we tested whether ArcZ repression of tpx also
occurs through post-transcriptional regulation in E. amylovora. We generated a translational
fusion with the 5 UTR of tpx and first amino acids in-frame with gfp in plasmid pXG20 (168),
and compared relative fluorescence between wild-type and AarcZ mutant cells. We found
increased GFP fluorescence in the AarcZ mutant relative to wild-type (Figure 5.10), suggesting
that the ArcZ-tpx interaction is likely conserved between Salmonella Typhimurium and E.
amylovora. To determine if this interaction is likely to occur between the same bases in these
two organisms, we predicted the interaction between ArcZ and tpx using RNAhybrid (180), and
found that the same region is predicted to interact in E. amylovora as in Salmonella
Typhimurium (Figure 5.11). Because the same interaction is predicted, and the fact that ArcZ
has a high degree of conservation in the interacting region (131), it is likely that the post-
transcriptional repression of tpx mMRNA in E. amylovora occurs through the same interaction as

in Salmonella Typhimurium.
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Figure 5.11: ArcZ predicted interaction with #px as predicted by RNAhybrid.
Orange box indicates fpx start codon, green boxes indicate bases predicted to be involved
in base-pairing in Sa/monella Typhimurium, and asterisk indicates a base that reduced
ArcZ-tpx interaction when mutated in S. Typhimurium.
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ArcZ regulon overlaps with known transcription factor regulons

Because ArcZ regulates katA at the transcriptional level, we utilized our RNAseq data to
search for candidate regulators that could explain the ArcZ regulation of katA. We analyzed the
ArcZ regulon for overlap with known transcription factors with known regulons. We inferred
E. amylovora transcription factor regulons on the assumption that if a transcription factor and its
target gene are conserved between Escherichia coli and E. amylovora then the target is also a
part of the regulon in E. amylovora. We acquired Escherichia coli regulon information from
regulondb.com and utilized BLAST+ to search for transcription factor and target homologs in
E. amylovora. Using this approach, we found 38 conserved regulators with conserved targets in
those regulons, with an average of 48.5% of targets conserved in each regulon. When we tested
these putative regulons for overlap with our determined E. amylovora ArcZ regulon, we found
six regulons with a significant (Padj < 0.05; Fisher’s exact test) amount of overlap (Figure 5.12).
The six transcription factors with overlapping regulons are ArcA, Fnr, IHF, Lrp, NarL, and PurR.
We note also that the overlap between the ArcZ and Fur regulons was nearly significant
(Pagj =0.069). Of these regulons, ArcA, Fnr and Fur all form a network of interactions and are
known to have impacts on oxidative sensing and response (including catalase) in Escherichia
coli (181-184). Furthermore, this core set ArcA, Fnr, and Fur also has known interactions with
IHF (185), NarL (186), and PurR (187), three of the remaining regulators with ArcZ regulon

overlap. Additionally, Chapter 4 reported that Lrp is regulated post-transcriptionally by ArcZ.
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Figure 5.12: The E. amylovora Eal189 ArcZ regulon overlaps with several
putative transcription factor regulons. Transcription factor regulons were
inferred in E. amylovora based on documented regulons in Escherichia coli and
tested for significant (P,,; < 0.05; indicated by asterisks above bars) overlap with
the ArcZ regulon by Fisher’s exact test. Transcription factor regulons with no
overlap with the ArcZ regulon are not shown.
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ArcZ regulation is recapitulated by arcA and arcB mutants

To determine the regulatory roles that the ArcBA two-component system, along with Fnr
and Fur may share with ArcZ, we generated single-gene deletion mutants for each of the genes
encoding these transcriptional regulators. We determined the effect of these mutations on
swimming motility and susceptibility to exogenous hydrogen peroxide, two phenotypic traits
affected by deletion of arcZ. We found that the AarcA mutant had reduced swimming motility
compared to wild-type, but that deletion of arcB, fnr, or fur had no effect (Figure 5.13A).
Similarly, we found increased susceptibility to exogenous hydrogen peroxide in the AarcA and
AarcB mutants compared to wild-type, but no difference in susceptibility to hydrogen peroxide

in the Afnr and Afur mutants (Figure 5.13B).
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Figure 5.13: The E. amylovora Eal189 ArcBA two-component system affects
swimming motility and hydrogen peroxide susceptibility. (A) Swimming motility
area of indicated strains 24 hours after stab inoculation into soft agar (0.25% w/v)
plates. (B) Zone of clearing around a filter paper disk treated with 8 M hydrogen
peroxide on LB solid media. Asterisks indicate significant difference (P < 0.05) from
wild-type strain.
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ArcZ regulates ArcA post-transcriptionally

Because deletions in arcA or arcB of the ArcBA two-component system had similar
effects to AarcZ on the motility and susceptibility to hydrogen peroxide phenotypes, we
generated translational fusions for arcA and arcB to test whether ArcZ regulates these genes
post-transcriptionally. We additionally generated a fur translational fusion to determine if ArcZ
regulates fur post-transcriptionally because Fur is a transcriptional regulator of the catalase katE
in Escherichia coli (184). The arcA, arcB, and fur translational fusions with gfp reporter were
tested in an Escherichia coli strain carrying arcZ under control of an IPTG-inducible tac
promoter. Upon induction of arcZ expression, we found no difference in the strain carrying the
arcB or fur translational fusion constructs but did find increased fluorescence in the strain
carrying the arcA construct (Figure 5.14A). To confirm this result, we tested the arcA
translational fusion in E. amylovora wild-type and AarcZ mutant cells and found a 20 percent
reduction in fluorescence in the AarcZ mutant compared to wild-type (Figure 5.14B). Together
these results indicate that ArcZ regulates arcA post-transcriptionally in E. amylovora. We
predicted candidate interactions between ArcZ and arcA mRNA using RNAHybrid (180) and
found a strong candidate interaction 50 bases upstream of the ArcA start codon (Figure 5.15).
Consistent with the idea that ArcZ is affecting katA at the transcriptional level through post-
transcriptional regulation of arcA, we found three direct repeats of the ArcA binding motif
upstream of katA in the E. amylovora genome (Figure 5.16). These three direct repeats of the
ArcA binding motif represent a common arrangement of binding motifs in ArcA regulated genes

(188).
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Figure 5.14: ArcZ of E. amylovora Eal189 regulates arcA post-transcriptionally. (A)
Escherichia coli carrying E. amylovora arcZ on a plasmid under control of the IPTG-
inducible tac promoter, with the indicated translational fusions comparing relative
fluorescence between un-induced and induced cells. (B) Relative fluorescence of E.
amylovora wild-type or AarcZ mutant cells carrying the arcA translational fusion.
Asterisks indicate significant difference (P < 0.05) from wild-type or un-induced cells
carrying the same reporter plasmid by Student’s t-test.
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mfe: -50.1 kcal/mol
p-value: 1.000000e+00

Position: 62 -172 -50

target S°' U CAUAUUGG UG C UUGUUGAAGGUACA A UACCAAUAACAUA UUCU U UGUUGUUAUUUUCUG UUAAUACCAGGUUQU c cp
GUGACCUC G C AGGCCG GGG UGC CG A G ACUGC GCCG CGCCAGGG AA
UACUGGGG C G UUCGGC CCC ACG GC U C UGACG CGGU GUGGUCCC UU

miRNA 3' UUUUUUU UG C c U U U AAS'

Figure 5.15: ArcZ predicted interaction with arcA as predicted by RNAhybrid, with
indication of accessible ArcZ bases typically involved in target interaction.
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hgttccattgtgapaacaagcatcgocagetagecgtadggttgatgttatdecaaagetgcgattaatcttatttatccachtgctgtcaggtgfataaaaggccattgatte
ad awnn af T T T T T P haak ak ke ’k EAk ok k P

agtatctctccecttecagec

Figure 5.16: ArcA predicted binding motifs upstream of kazA in E. amylovora genome.
The katA promoter has 3 ArcA motif direct repeats with good agreement with consensus
motif at 21-22 bp intervals. Asterisks indicate bases that match the ArcA binding motif.
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V. Discussion

Here we present transcriptomic analysis of the SRNA ArcZ regulon, providing evidence
that in E. amylovora, ArcZ is a global regulator with a regulon of at least 342 genes, or 9.8% of
the genome, based on the culture conditions used in our study. Furthermore, analysis of the
ArcZ regulon identified an important role for ArcZ in regulation of genes involved in coping
with oxidative stress. We found that ArcZ regulates katA at the transcriptional level and while it
affects tpx transcript abundance, ArcZ represses tpx post-transcriptionally.

In addition to transcriptional regulation of katA and post-transcriptional regulation of tpx,
we found that ArcZ regulates arcA post-transcriptionally. In Escherichia coli, ArcA is the
response regulator of the ArcBA (anoxic redox control) two-component system, which is
responsive to oxidative status of the cell (189). This two-component system is activated in a
sigmoidal response pattern in response to oxidative state of quinones (190). The SRNA ArcZ has
received this Arc acronym for its position adjacent to arcB in the genome as an arc-associated
SRNA (75). Although arcB and arcZ are distal to arcA in the genome, it has been found in
Escherichia coli that arcZ is transcriptionally regulated in response to oxygen levels in an ArcA
dependent manner (74). Because we are reporting that ArcZ regulates arcA post-
transcriptionally in E. amylovora, this suggests that if these regulatory relationships are
conserved between E. amylovora and Escherichia coli, ArcZ and ArcA may form a feedback
loop to reinforce cellular responses in response to oxygen availability and oxidative status.

Given our findings that ArcZ regulates katA at the transcriptional level and arcA and tpx
post-transcriptionally, we propose a regulatory model in which the ArcBA two-component
system acts as an oxygen sensor to transcriptionally regulate arcZ and katA, and that ArcZ in

turn activates arcA post-transcriptionally, providing positive feedback on catalase activity
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(Figure 5.17). ArcA regulates transcription of arcZ in Escherichia coli in an oxygen dependent
manner (74), but further work is necessary to confirm that this same regulation occurs in E.
amylovora. We hypothesize that this proposed regulatory loop is significant during infection of
host tissue, because of variations in oxygen accessibility across tissues. For example, in tissues
with high oxygen availability such as leaves and flowers, E. amylovora cells are interacting with
living host cells that are the most prone to mount defense responses including production of
reactive oxygen species. It has been shown previously that E. amylovora cells trigger defense
mechanisms including generation of an oxidative burst during compatible interactions (i.e.
successful infection) (191-193). Indeed, we demonstrate here that concentrations of hydrogen
peroxide in infected apple leaves peak at levels of 4 to 5 mM at two days post-inoculation
(Figure 5.8A). In contrast, host cells are dead in mature xylem vessels, and host-produced
reactive oxygen species are likely to be scarce. Furthermore, in woody xylem, it has been shown
that oxygen levels are typically reduced to half of atmospheric oxygen with ample water flow,
but that when xylem flow is restricted, oxygen levels can drop to anaerobic levels (194). The
oxygen-responsive nature of the proposed ArcZ-ArcA-KatA feedback loop suggests that oxygen
and oxidative state may play an essential role in proper expression of genes for coping with
reactive oxygen species during disease progression. Future work to determine the specific roles
of oxygen availability as an environmental signal modulating virulence gene expression shows
great promise to provide novel insights into how E. amylovora integrates environmental signals
to determine virulence behaviors. Such insights are of great importance in understanding the
basic biology of this pathogen to guide development of strategies that can limit its devastating

effects.
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Figure 5.17: Proposed model of ArcZ regulation of katA. In this proposed model, ArcZ
positively regulates ArcA post-transcriptionally through a predicted direct interaction, and
ArcA regulates katA by binding directly to predicted sites in the katA promoter.
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In support of the importance of ability to cope with reactive oxygen species during
infection, we found that provision of katA on a plasmid in the AarcZ mutant background not only
restored catalase activity and wild-type susceptibility to exogenous hydrogen peroxide in in vitro
tests, but also restored survival in non-host tobacco during hypersensitive response. This
suggests that although AarcZ mutant cells are deficient in several virulence factors (39), coping
with reactive oxygen species is a major limiting factor for this mutant in planta independent of
other virulence-associated traits.

We found that ArcZ regulation of katA occurs at the transcriptional level and not at the
post-transcriptional level. However, we did find that ArcZ regulates arcA and tpx post-
transcriptionally. Interaction predictions between ArcZ and the arcA 5’UTR indicate a likely
interaction that could explain the effect of ArcZ on the arcA 5’ UTR, but further work is needed
to provide experimental confirmation that these bases participate in direct interactions. The
presence of three sequential ArcA binding sites upstream of katA suggests that the ArcZ
regulation of katA is through the observed post-transcriptional effects on arcA. Again, future
experimentation is necessary to confirm that ArcA directly regulates katA transcription.

The determined ArcZ regulon had significant overlap with the inferred regulons of ArcA,
Fnr, PurR, Lrp, IHF, and NarL. Work in Chapter 4 indicated that ArcZ regulates Irp, and that
finding was confirmed in this work in the significant amount of overlap between the ArcZ and
Lrp regulons. In Escherichia coli, the remaining transcription factors with regulon overlap with
ArcZ form a complex web of inter-regulation, which is also involved in transcriptional regulation
of catalases and thiol peroxidase (181-184, 195). The finding that ArcZ regulates arcA post-
transcriptionally provides a connection between this SRNA and this transcription factor network,

although additional links may exist. Although ArcZ affected abundance of osmC transcripts,
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deletion of osmC had little effect on the oxidative stress phenotypes we tested. Because osmC is
a part of the Irp regulon (196), it seems possible that ArcZ is regulating osmC through its post-
transcriptional regulation of Irp. Because we found weak effects in the AosmC mutant when
testing with hydrogen peroxide, it is possible that in E. amylovora a peroxiredoxin OsmC
functions to reduce the threat of organic peroxides but has little activity against inorganic
hydrogen peroxide. Future work to understand the role of osmC and additional interactions
between ArcZ and the transcription factors with overlapping regulons will help to uncover the
contributions of these regulatory networks to E. amylovora physiology and virulence.

In this study, we observed catalase activity present in culture supernatants, and
determined that katA is responsible for this activity. This suggests that during infection E.
amylovora may be secreting catalase preemptively to reduce damage done to cellular structures
when peroxide production is elicited as a part of host-defense responses. Additionally, because
the protein sequence of E. amylovora KatA is more similar to catalases from gram-positive
Bacillus subtilis than it is to KatE from Escherichia coli, E. amylovora may have acquired this
gene during its evolution as a plant pathogen. Indeed, KatA from E. amylovora is most similar
to catalases from Pantoea and Pseudomonas species, suggesting it may have been horizontally
acquired from one of these species during evolution as bacteria from these genera all colonize
apple flowers (197). Because katA does not encode a secretion signal peptide, further work will
be needed to determine how KatA is being secreted, as well as further elucidation of the role that
secretion plays during disease development.

In E. amylovora, ArcZ has been shown to directly interact with fInDC mRNA (131) and
to post-transcriptionally regulate Irp. In Salmonella Typhimurium, ArcZ is known to regulate

and interact with sdaCB, tpx, and a gene encoding a horizontally acquired methyl-accepting
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chemotaxis protein (75). In Escherichia coli, ArcZ is also known to interact with and post-
transcriptionally regulate rpoS (74). Herein we provide additional evidence that in E. amylovora
ArcZ post-transcriptionally represses tpx similar to S. Typhimurium, and also acts as a post-
transcriptional regulator of arcA. These interactions explain several of the phenotypes observed
in the E. amylovora AarcZ mutant, however additional phenotypes remain unexplained, such as
the effects of arcZ on type Il secretion. This transcriptomic and molecular analysis of the ArcZ
regulon will serve to guide and inform future studies to more fully understand the mechanisms
and specific roles that ArcZ plays as a global regulator in coordinating virulence-associated traits

in E. amylovora.
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CHAPTER 6

Conclusions
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. Summary of Work

A growing body of evidence indicates that Hfg-dependent SRNAs are playing critical
roles in the regulation of virulence traits in phytopathogenic bacteria. However, in most cases, it
remains unknown through which sRNAs these effects are mediated. In this work, | have utilized
Erwinia amylovora as a model for the study of Hfg-dependent SRNAs and their roles in
regulation of virulence and virulence-associated traits.

Through generation of a library that includes single SRNA deletion mutants and single
SRNA overexpression strains for each identified Hfg-dependent SRNA in E. amylovora, this
work has demonstrated that several Hfg-dependent SRNAs are playing important roles in the
regulation of all virulence-associated traits tested. These traits include flagellar motility,
exopolysaccharide production, biofilm formation, catalase activity, type Il secretion, and overall
virulence. Although several SRNAs affect various virulence-associated traits, | observed
virulence defects in only four deletion mutants, arcZ, hrsl, hrs21, and rprA, of which Hrs1 was
not previously known to affect virulence.

Three sSRNAs previously known to affect flagellar motility, ArcZ, OmrAB, and RmaA,
were further investigated to better understand the mechanisms by which they exert control over
motility. Experimentation demonstrated that all three of these SRNAs regulate flagellar motility
by regulating the master regulator, flhD at the transcriptional and/or post-transcriptional levels. 1
observed that ArcZ and RmaA affect flnD promoter activity, whereas ArcZ and OmrAB affect
fInD post-transcriptionally. Neither ArcZ nor OmrAB affected stability of flnD mRNA,
suggesting that their post-transcriptional effects are due to altered mMRNA accessibility to

ribosomes.
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The sSRNA ArcZ, which regulates flhD transcriptionally and post-transcriptionally, poses
a contradiction as the transcriptional control is positive, but the post-transcriptional control is
negative. Through a forward genetic screen, the leucine responsive regulatory protein Lrp was
determined to act as an intermediate between ArcZ and flhD. ArcZ regulates Irp post-
transcriptionally by destabilizing Irp mRNA, and in addition to transcriptional control of flhD,
Lrp regulates additional virulence-associated traits. In addition to its strong effects on motility,
deletion of Irp has effects on production of the exopolysaccharides amylovoran and levan,
biofilm formation, and overall virulence.

Transcriptional analysis of the arcZ mutant uncovered a further role for the SRNA ArcZ
as a regulator of enzymes involved in coping with oxidative stress. Experimental evidence
suggests that this role is linked to the ArcBA two-component system suggesting that the ArcZ
SRNA plays critical roles in mediating response to oxidative state, supporting the model
proposed in Figure 6.1. This proposed model places the SRNA ArcZ at the intersection between
a feedback loop with ArcA and a feed-forward loop involving Lrp and FIhDC. Through this role
as a hub between global regulatory systems provides a potential explanation for how ArcZ is
behaving as a global regulator affecting gene expression of more than 300 genes in Erwinia

amylovora.
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Figure 6.1: Proposed model of ArcZ virulence regulation. Erwinia amylovora sRNA
ArcZ acts in the intersection between a proposed feedback loop with ArcA, and a feed-
forward loop involving Lrp and FIhDC. Together these loops integrate ArcZ with
regulation of biofilm formation, production of the exopolyaccharides amylovoran and
levan, flagellar motility, and protection against host defense derived hydrogen peroxide.
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1. Future Directions

Altogether this work provides evidence that several SRNAs are playing important roles in
the virulence regulation of E. amylovora. The arcZ deletion mutant exhibits similar phenotypes
to the hfg deletion mutant and ArcZ modulates several traits through multiple mRNA targets. In
this work, flnD mRNA is shown to be a direct target of ArcZ, and evidence is provided that Irp
and arcA are post-transcriptionally regulated by ArcZ, although further work is needed to
confirm these as direct targets. Furthermore additional work is needed to clarify the link
between the SRNA ArcZ and expression of the type 111 secretion system.

Because the screen of SRNA deletion mutants and overexpression strains indicated that
several SRNAs are playing important roles in virulence regulation, future efforts to apply
methods to in vivo determine global SRNA-target interactions are warranted. While such
methods are continuing to be developed to allow for consistent and repeatable results, follow-up
work on OmrAB and Hrs4 is of great importance as data herein indicate that overexpression of
these SRNAs affects expression of the type 111 secretion system pilin hrpA. Although no
virulence defect was observed upon deletion of either omrAB or hrs4, the affected phenotype
upon overexpression suggests that these SRNAs may have low background expression, but
increased expression under specific environmental stimuli could result in important virulence
regulation.

In addition to in-depth studies of the downstream effects of Hfq-dependent SRNAs, future
work is needed to characterize how sRNAs are being regulated. The studied SRNAs were
identified for dependence on Hfq for their abundance, presumably primarily through direct
interactions to stabilize the SRNAs post-transcriptionally. However, no specific transcriptional

regulators are known in E. amylovora for any of these SRNAs. To better understand the
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physiological and virulence roles that these SRNAs are playing, transcriptional studies utilizing
small RNA sequencing during distinct stages of growth or during disease progression are needed.
These studies can aid to guide further studies to specifically link SRNAs to known regulatory
networks, as well as their roles and mechanisms during fire blight disease development. Coupled
with such transcriptomic approaches, computational prediction of sigma factor and transcription
factor binding sites can leverage the power of discovery to accelerate increased understanding of

the roles Hfg-dependent SRNAs are playing in virulence.
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Table A.1 List of strains generated and used in CHAPTER 2

Strains

Relevant Characteristics

Source or Reference

Erwinia amylovora

Eal189
Eall189 Ahfq
Eall89 AarcZ
Eal189 Arprd
Eal189 Aspf
Eal189 AmicA
Eal189 AomrAB
Eall189 AryhB
Eal189 AmicM
Eal189 AryeA
Eall189 AgimZ
Eal189 Ahrs31
Eal189 ArmaA
Eal189 Ahrs20
Eal189 Ahrs5
Eall89 AhrsiS
Eall189 Ahrs29
Eall189 Ahrs27
Eall189 Ahrs34
Eal189 Ahrs21
Eal189 Ahrs8
Eal189 Ahrsi0
Eal189 Ahrsil
Eall189 Ahrsi3

Eall189 Ahrsi2
Eal189 AgcvB
Eal189 Ahrsl
Eal189 Ahrsi3
Eal189 Ahrsl6
Eal189 Ahrsi7
Eall89 Ahrsl8
Eal189 Ahrs19
Eal189 Ahrs2
Eal189 Ahrs23
Eal189 Ahrs24

wild-type

hfg deletion mutant
arcZ deletion mutant
rprA deletion mutant
spf deletion mutant
micA deletion mutant
omrAB deletion mutant
ryhB deletion mutant
micM deletion mutant
ryeA deletion mutant
glmZ deletion mutant
hrs31 deletion mutant
rmaA deletion mutant
hrs20 deletion mutant
hrs5 deletion mutant
hrs15 deletion mutant
hrs29 deletion mutant
hrs27 deletion mutant
hrs34 deletion mutant
hrs21 deletion mutant
hrs8 deletion mutant
hrs10 deletion mutant
hrs11 deletion mutant
hrs13 deletion mutant

hrs12 deletion mutant
gcvB deletion mutant
hrs1 deletion mutant

hrs13 deletion mutant
hrs16 deletion mutant
hrs17 deletion mutant
hrs18 deletion mutant
hrs19 deletion mutant
hrs2 deletion mutant

hrs23 deletion mutant
hrs24 deletion mutant
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GSPB?
(38)

(38)

(38)

(38)

(38)

(38)

(38)

(38)

(38)

(38)

(39)

(39)

(39)

(39)

(39)

(39)

(39)

(39)

(39)

(39)

(39)

(39)

(39)

(39)

This work
This work
This work
This work
This work
This work
This work
This work

This work
This work



Table A.1 (cont’d)
Eal189 Ahrs25
Eal189 Ahrs28
Eal189 Ahrs30
Eall189 Ahrs32
Eal189 Ahrs33
Eall189 Ahrs4
Eal189 Ahrs7
Eal189 Ahrs9

Escherichia coli
DH5a

hrs25 deletion mutant
hrs28 deletion mutant
hrs30 deletion mutant
hrs32 deletion mutant
hrs33 deletion mutant
hrs4 deletion mutant
hrs7 deletion mutant
hrs9 deletion mutant

This work
This work
This work
This work
This work
This work
This work
This work

Invitrogen

3GSPB, Gottinger Sammlung phytopathogener Bakterien, Gottingen, Germany.
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Table A.2 List of plasmids generated and used in CHAPTER 2

Plasmids Notes Source
pHM-tac SRNA overexpression, IPTG inducible tac promoter (121)
pPROBE-hrpA hrpA promoter fusion This work
pHM-tac::arcZ arcZ overexpression (131)
pHM-tac::rmaA rmaA overexpression (131)
pHM-tac::omrAB omrAB overexpression (131)
pHM-tac::gcvB gcvB overexpression This work
pHM-tac::glmz glmZ overexpression This work
pHM-tac::hrsl hrs1 overexpression This work
pHM-tac::hrs10 hrs10 overexpression This work
pHM-tac::hrs11 hrs11 overexpression This work
pHM-tac::hrs12 hrs12 overexpression This work
pHM-tac::hrs13 hrs13 overexpression This work
pHM-tac::hrs15 hrs15 overexpression This work
pHM-tac::hrs16 hrs16 overexpression This work
pHM-tac::hrs17 hrs17 overexpression This work
pHM-tac::hrs18 hrs18 overexpression This work
pHM-tac::hrs19 hrs19 overexpression This work
pHM-tac::hrs2 hrs2 overexpression This work
pHM-tac::hrs20 hrs20 overexpression This work
pHM-tac::hrs21 hrs21 overexpression This work
pHM-tac::hrs23 hrs23 overexpression This work
pHM-tac::hrs24 hrs24 overexpression This work
pHM-tac::hrs25 hrs25 overexpression This work
pHM-tac::hrs26 hrs26 overexpression This work
pHM-tac::hrs27 hrs27 overexpression This work
pHM-tac::hrs28 hrs28 overexpression This work
pHM-tac::hrs29 hrs29 overexpression This work
pHM-tac::hrs3 hrs3 overexpression This work
pHM-tac::hrs30 hrs30 overexpression This work
pHM-tac::hrs31 hrs31 overexpression This work
pHM-tac::hrs32 hrs32 overexpression This work
pHM-tac::hrs33 hrs33 overexpression This work
pHM-tac::hrs34 hrs34 overexpression This work
pHM-tac::hrs4 hrs4 overexpression This work
pHM-tac::hrs5 hrs5 overexpression This work
pHM-tac::hrs7 hrs7 overexpression This work
pHM-tac::hrs8 hrs8 overexpression This work
pHM-tac::hrs9 hrs9 overexpression This work
pHM-tac::micA micA overexpression This work
pHM-tac::micM micM overexpression This work
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Table A.2 (cont’d)
pHM-tac::rprA rprA overexpression This work
pHM-tac::spf spf overexpression This work
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Table A.3 Oligonucleotides used in CHAPTER 2

Oligonucleoti

de Sequence

Eal189gcvB  ATTATAAATTGTCCGTTGAGGAACTGCCAGCAAATACCTATAGTTGCGCCGTGTAGGCTGGAGCT
551:89 gcvB g%@?GATGTGAAAGAGATGGTCGAAATGGATCAATAGTAAAATTCAGGCCATATGAATATCCT
EaO11F§39 hrs1 igg;geCAGCACCGATAGCACCCCTTAGTCACCAGTAACACGGTCAGCAGGTGTAGGCTGGAGC
Ez?ll:89 hrsl Lci;,i;g\gcGCTGCTCACCTGATTTAGTTGATCAAGTATACTGGATCTCCGGCATATGAATATCCTC
52101539 hrs13 g-(l;ll:éGTGATTCCAGTATGTGGTTCGGCAACGCCGAGATCTTCCGCTAAGTGTGTAGGCTGGAGCT
521011:89 hrs13 i,i-l'l:-l(;((::ACGCCTGAAATCGTTAAGTTATGTAATTTTTGTCGAAGGGGGCATCATATGAATATCCTC
E;EQ hrs16 'CIEEE'ET"GATATACAAGAACGTTCCCAGCAGGATTGATTTTAAGTATATCGAGGTGTAGGCTGGAGC
Ealolf89 hrs16 LiC(:ILTC%TCAACAGGTGTTTTTTTCGTTTACAGAGCCGGAGATGACGCCCGCATATGAATATCCTC
Ea%lI:\;Q hrs17 i‘:[l-"Tl'éTAAAATTTTTCTTTAAGATTAATCTGCTTTCTGGTAAAAAAATAGCGTGTAGGCTGGAGCT
Ea%fBQ hrs17 SKLTF(,:AGGCGTAAACGTTTCTTTGAATGAGAATGAACTAGCCATATAATCCCATATGAATATCCTC
|E<6101F89 hrs18 gg}éATAGATAGCGGCAAAGACGACAAGAAGTTCTGGTACTAACATATTGGTGTAGGCTGGAGC
|E<alolf89 hrs18 ;(C;;?I'XE%CAGAGCCAACGCATCTGCCGCTTAAGCATAAAGGAGTATTTAAGCATATGAATATCCT
Ea%lI:\;Q hrs19 igp:rAACATTTCATCGTTTATCCTGCCAACGTGCCTGGGTTATTTTATTGTGTGTAGGCTGGAGCTG
Ea%fBQ hrs19 'CI':EISE:FACCAACCAACTTATTGTTAGCAAAATAATGACCCTGTGATGCAAGGCATATGAATATCCTC
|E<6101F89 hrs2 XELAI'GGTTAAAGCGGCGCAAAACTTGCGAAATGCACAAAAAGCTTAAATATGTGTAGGCTGGAG
|E<aolf89 hrs2 '(IE:II:'?'I(':'IT;'?GCTGCCGGCGTCACGCCATACTGCCTGAACCATGCCAGCATTCCATATGAATATCCTC
Ea.ilF\;Q hrs23 gTC?T-'iTTGTGCTTTAAGTTCCAGGAAGCGTTGATAGCGTGCAATCATTTTTGGTGTAGGCTGGAGC
Ea.ﬂ:BQ hrs23 gicc:;TC-TACGCGGGCCGCTGCCGTTGATAGCCGTTTTTAATTGACCGGACTGCCCATATGAATATCCTC
5551311:89 hrs24 '(I;(-IB"IC-Z'(ABATCTGGCGCTGAATTTTTTCTACAGTACTCATAAATGCCTTCCTCAGTGTAGGCTGGAGCT
5551311:89 hrs24 8g$gcﬁ:\TGAGAAAATGTTATTTTGTTATCATCTTCTGACCGCAAAGCGGGTCATATGAATATCCTC
Ea.ilF\;Q hrs25 ELTT-%AAGCATGATGAGTTCCTTGCTTTTTTCTGTTCATTTAAGATCAAACGTGTAGGCTGGAGCT
5631:89 hrs25 %g{ZiACTGCGGAAAATCATCAAGATAGCTTTAACAGCCCGTATCGCTTACATATGAATATCCTC
Ef?llRBQ hrs28 g;-x\ACACCCCAAATGCAGAATAAAATGCCAGTCAATATGATTGGTTCAGGGTGTAGGCTGGAGC
KO F TGCTTC

Eal1189 hrs28
KOR
Ea1189 hrs30
KO F
Ea1189 hrs30
KOR
Eal1189 hrs32
KOF
Eal1189 hrs32
KOR
Ea1189 hrs33
KO F

AATGCCGTGTTGCGGGGTGGCAACTTCTCACCCCGCTTTATGAATAATTGCATATGAATATCCTC

'(IE'-I[:I'F¢ATGAAATGGCCTCTTTTTCTTCATGCCTGTCACCCGCATAATCTGGGTGTAGGCTGGAGCTG

ZCFZL(':I'TCCGAGCCAGCGCTAAGGTTCTCTTCAGCGCTGGCAATGCACCCCTCATATGAATATCCTC

gTF;':AAAG GAGTTACGAACGACGTGTAATGCTGTAATACATTACGGTTAAGTGTAGGCTGGAGC

I\g((::;-l:l'((::ACGTTTCGCCTGCCTGAGTAGGTCTCTGCGGCTGGCAACTTTCACATATGAATATCCTC

EZ;AEI’GG(;I'GATGTCAGCCAATAAAAGTGCCCGCAAGGGTTGTCGGGGGACAGTGTAGGCTGGAG
TGCTT
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Table A.3 (cont’d)

Ea1189 hrs33
KOR
Eal1189 hrs4
KOF
Eal1189 hrs4
KOR
Ea1189 hrs7
KOF
Ea1189 hrs7
KOR
Eal1189 hrs9
KOF
Eal1189 hrs9
KOR

pHM-
tac::gcvB F
pHM-
tac::gcvB R
pHM-
tac::gimZ F
pHM-
tac::gimzZ R
pHM-
tac::hrs1 F
pHM-
tac::hrs1 R
pHM-
tac::hrs10 F
pHM-
tac::hrs10 R
pHM-
tac::hrs11 F
pHM-
tac::hrsl1 R
pHM-
tac::hrs12 F
pHM-
tac::hrs12 R
pHM-
tac::hrs13 F
pHM-
tac::hrs13 R
pHM-
tac::hrs16 F
pHM-
tac::hrs16 R
pHM-
tac::hrs1l7 F
pHM-
tac::hrsl7 R
pHM-
tac::hrs18 F
pHM-
tac::hrs18 R
pHM-
tac::hrs19 F
pHM-
tac::hrs19 R
pHM-
tac::hrs2 F

CATGACGCGAGTTTGACATCGCCTGTTTCCATCACAATGATGCAAAAGGGCATATGAATATCCTC
ggcriéGAGAAAATGAGACGCTCCACGACAAATAATCTGCACTTGATAACCGGTGTAGGCTGGAGC
$82;TI'((:ZATTTCTTACGGTGG CTGGCTGCCGGTTTATGCTCAGTAGCAGGGCATATGAATATCCTC
'(IEEIQTACGGATAAAAGCCTGTG CAGATAAACTTCTTTTCGCAGGTGAATGGTGTAGGCTGGAGC
LCI';CCZ:;I'I—;;I— gCCTCCGGCACATACTCACAG GCTATACTCTCACTTGATAATGAGCATATGAATATCCTC
,iTFg?ACCATTTTCATTAGTTTTCATAAAATGCGAATGATATAATTCATACGTG TAGGCTGGAGCT
'CI'BCC‘,:'IT:I'I—'(I':AATTGAGGTTAAGATG GGAAGCGGAGAAGGTAAGGTCATTCTCATCATATGAATATCCTC
CTTA

GACGAATTCACTTCCCGAGCCGGAACGAAAA
GACTCTAGAACCGTTCTGATGTGAAAGAGATGG
GACGAATTCTAGATGCTCATTCCATCTCTTAT

GACTCTAGATATGCTGCTATAAACCGACG

GACGAATTCAAACACATTATCCCTGTTTACCTT

GACTCTAGACAAGTATACTGGATCTCCGG

GACGAATTCTTTCCTGCCAGAATTCACAGG

GACTCTAGAATCGGCGGTAAAGGGAGGTTCG

GACGAATTCTGTTACGCCTGAGCATTGTAAGC

GACTCTAGACCCTTGAACTCTGCGAAATCGAG

GACGAATTCCATTTTTATTTCATAATTACC

GACTCTAGAGAAATATCTGACTCAGTCATTG

GACGAATTCCACGCCCCTCTTTGACTGC

GACTCTAGAGTAATTTTTGTCGAAGGGGGCAT

GACGAATTCGTTAACGGCTACGATCCCTTTAT

GACTCTAGACGTTTACAGAGCCGGAGATGA

GACGAATTCGTGGGATGAACAACTCACTT

GACTCTAGAGAGAATGAACTAGCCATATAATCC

GACGAATTCCTTTCCTTTATATATTGCTAAC

GACTCTAGAAAGCATAAAGGAGTATTTAAG

GACGAATTCTATATTATAACGCCTTTCAAAGG

GACTCTAGAAACCAACTTATTGTTAGCAAAAT

GACGAATTCCTTAAATATCTGTGTTGTTGTGTTTTGAT
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Table A.3 (cont’d)

pHM-
tac::hrs2 R
pHM-
tac::hrs20 F
pHM-
tac::hrs20 R
pHM-
tac::hrs21 F
pHM-
tac::hrs21 R
pHM-
tac::hrs23 F
pHM-
tac::hrs23 R
pHM-
tac::hrs24 F
pHM-
tac::hrs24 R
pHM-
tac::hrs25 F
pHM-
tac::hrs25 R
pHM-
tac::hrs27 F
pHM-
tac::hrs27 R
pHM-
tac::hrs28 F
pHM-
tac::hrs28 R
pHM-
tac::hrs29 F
pHM-
tac::hrs29 R
pHM-
tac::hrs30 F
pHM-
tac::hrs30 R
pHM-
tac::hrs31 F
pHM-
tac::hrs31 R
pHM-
tac::hrs32 F
pHM-
tac::hrs32 R
pHM-
tac::hrs33 F
pHM-
tac::hrs33 R
pHM-
tac::hrs34 F
pHM-
tac::hrs34 R
pHM-
tac::hrs4 F
pHM-
tac::hrs4 R
pHM-
tac::hrs5 F

GACTCTAGATAAAAAAAGGGGCGCTAAGC
GACGAATTCGCTATCTTTTGGTCGAACAGGA
GACTCTAGACAGATACCCGTTGCAACACC
GACGAATTCAGATTATCCAAACTCTCAGGTATT
GACTCTAGAGTAATCAACTCTGTGGCATCTT
GACGAATTCTTTTTGTAGTCCTTACAAAGAGGT
GACTCTAGATTTTTAATTGACCGGACTGC
GACGAATTCATACGATACTTCGTGTATAGCTGTA
GACTCTAGATTATCATCTTCTGACCGCAAA
GACGAATTCGTTAAGATAAAAGCATTGAAAATCA
GACTCTAGATTTAACAGCCCGTATCGCTTA
GACGAATTCCGATTAAAAATGTTAATACCGC
GACTCTAGAAGTTACAAAAGGGAATATCCC
GACGAATTCTTTAACCTTGTCATCATGAGGAT
GACTCTAGAACCCCGCTTTATGAATAATTG
GACGAATTCTTTTCCCTTTATAAAGAGCAGG
GACTCTAGACTAAAGGGTCAATGCTCAG
GACGAATTCCGACAGGCCAGGTTTTACCTGT
GACTCTAGATCTCTTCAGCGCTGGCAATG
GACGAATTCCCAAAGCGGATCATAATCTCAAG
GACTCTAGAGCGAGAGGCATTTTATTTTTGGT
GACGAATTCCTCATTACGGCAGAGATATCAGGGCAAC
GACTCTAGATCTCTGCGGCTGGCAACTTTCA
GACGAATTCTTTTCAATGGCATGTTTGACAG
GACTCTAGACATCACAATGATGCAAAAGGG
GACGAATTCGTCAGGAACTATTTTTAAAGATATCG
GACTCTAGACTGTAATCGACCGCTTATCA
GACGAATTCAATATGGCGCGCTGCGGGAA
GACTCTAGATGCCGGTTTATGCTCAGTAGCAGGG

GACGAATTCAATTTAAGCCTGCGCCGAACTT
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Table A.3 (cont’d)

pHM-
tac::hrs5 R
pHM-
tac::hrs7 F
pHM-
tac::hrs7 R
pHM-
tac::hrs8 F
pHM-
tac::hrs8 R
pHM-
tac::hrs9 F
pHM-
tac::hrs9 R
pHM-
tac:micAF
pHM-
tac:micAR
pHM-
tac::micM F
pHM-
tac::micM R
pHM-
tac::rprA F
pHM-
tac::rprAR
pHM-tac::spf
F

pHM-tac::spf
R

gPCR arcZ F

gPCR arcZR

gPCR hrs21 F
gPCR hrs21 R
gPCR hrs1 F

gPCR hrs1 R
gPCR omrAB
F
gPCR omrAB
R

gPCR rprA F

gPCR rprAR

gPCR rmaA F
gPCR rmaA R
gPCR gImZ F
gPCR gImMZ R
gPCR micAF
gPCR micAR

gPCR micM F
gPCR micM
R

pHM-
tac::hrs3 F

GACTCTAGACAGGGGGGGAACTGTATGTG
GACGAATTCAAACGTCAAGCGATGGACGTT
GACTCTAGAGCCTCCGGCACATACTCACAGGC
GACGAATTCTCTTTGTATGCCTTGCTGTTT
GACTCTAGATTTTGTCAGTTATCGCCTGTTCG
GACGAATTCTTGGCTTACCAGTAAGTGGCTGTT
GACTCTAGAGAGGTTAAGATGGGAAGCGGA
GACGAATTCCTTTCTCGATCGCCAGACGT
GACTCTAGATTACAAAGCAAAAGCTAGCGCC
GACGAATTCACCCGTTTCAGCTTAATGCTT
GACTCTAGATATGGTGAGGGTAACCTTCCCG
GACGAATTCAGGATTTGAAATCTTCCCACTGA
GACTCTAGACCGATCGTCCTTTTTTAAGGGC
GCGCGAATTCAATTAACTATAAAAAACCCTTTTGAGCACC

GCGCTCTAGACGGCACGACAGAAACCA
ACCCAATACCAAACCTGTGC
CCAGGGAAATTGGTAACCTG
GCCATATTCATACCGGATCG
GTGCAGGGTACAGAGTGACG
CACATTATCCCTGTTTACCTTGC
GCCATAAGGGCAGGGGTAG

CCAGAGGTATTGATGGGTGAA

GCGCAGGTTGGTGAAATAAA
TGAAATCTTCCCACTGATTTTG
AGGGGATGGGCAAAGACTAC
GGCGTGTTTACATGGGTTTT
CTGGAACCAACCTCTTCCTG
ATCTCTTATGTGGGCGCAAG
AACCATATTGGCTGGTTGGA
GATCGCCAGACGTCTCAGTA
GAAAAAGGCCACGTCACTGT
CAGCTTAATGCTTAAACGATAACTAAA

CAATATCGCTATCGGCCATT

GACGAATTCGATTTATCGCCGGGGGAGAAAA
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Table A.3 (cont’d)

pHM-
tac::hrs3 R
pHM-
tac::hrs15 F
pHM-
tac::hrs15 R
pHM-
tac::hrs26 F
pHM-
tac::hrs26 R

GACTCTAGAGTCAGCACAGTCATGATGCTTTTG

GACGAATTCGCTTTACAACTGCGAATGATAATGA

GACTCTAGAGTTCAAATTATTCGACGTAACGGG

GACGAATTCATCTTTAATCTATCTGCCCGGT

GACTCTAGAGATATTAGTTTGAAAGTTACCCTGG
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Table A.4 List of strains and plasmids used in CHAPTER 5

Strains and Plasmids

Relevant Characteristics

Source or Reference

Escherichia coli

DHS5a Invitrogen
Erwinia amylovora
Eal189 wild-type GSpPB?
Eall89 AarcZ arcZ deletion mutant (38)
Eal189 AkatA katAdeletion mutant This work
Eal189 AkatG katGdeletion mutant This work
Eal189 Apx tpxdeletion mutant This work
Eal189 AosmC osmCdeletion mutant This work
Eal189 AarcA arcAdeletion mutant This work
Eal189 AarcB arcB deletion mutant This work
Eal189 Afur fnrdeletion mutant This work
Eal1189 Afur furdeletion mutant This work
Plasmids
pML-ArcZ arcZ complementation (38)

arcZ Over-expression, IPTG inducible tac
pHM-tac::ArcZ promoter (131)
pBBR1::katA katA complementation This work
pBBR1::katG katG complementation This work
pBBR1::tpx tpxcomplementation This work
pBBR1::0smC osmC complementation This work
pXG20-KatA katAtranslational fusion This work
pPROBE-KatA katA promoter fusion This work
pXG20-Tpx tpx translational fusion This work
pXG20-ArcA arcA translational fusion This work
pXG20-ArcB arcB translational fusion This work
pXG20-Fur fur translational fusion This work

aGSPB, Gottinger Sammlung phytopathogener Bakterien, Gottingen, Germany.
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Table A.5 List of oligonucleotides used in CHAPTER 5

Identifier Sequence

katA gPCR F TGGACGCTTCACATGCAGAT
katA gPCR R TGCGGCCAGACTTTAGTGAG
katG qPCR F AACGTGGCGCTGGAAAATTC
katG gPCR R CGTCAGCCACTCTTTCTCGT
tpx gQPCR F AAAGACTATGGCGTGGCGAT
tpx gPCR R GCTGGCTATGAATGACCCGA
osmC gPCR F TAAGCAGGGTAAAGGCACGG
osmC gPCR R CAGCGCCGATCAACTCTTCC

katA Knockout F
katA Knockout R
katG Knockout F
katG Knockout R
tpx Knockout F

tpx Knockout R

osmCKnockout F

osmC Knockout R
pBBR1 MCS F
pBBR1 MCS R
katA complement F
katA complement R
katG complement F
katG complement R
tpx complement F
tpx complement R
osmC complement F
osmC complement R
pXG20 F

pXG20 R

pPROBE F
pPROBE R

katA promoter F
katA promoter R

katA UTR F

katA UTR R

GTACTACACTTATCGTCGAAAATAACCATTTTAACATGGAGAGTATAG
CGGTGTAGGCTGGAGCTGCTTC
GGGTGCCGCATGCTCAAAAAAAAGCGCCTTGCAGGCGCTTTATTCTGA
GGCATATGAATATCCTCCTTA
ATTGGCGACAGTTAAGCTGGCTTTGTCAATATGAGTGATGGAGTCCGA
AAGTGTAGGCTGGAGCTGCTTC
CAGCCTTTAGCCAAATAAAAACCCGGTAAGTTATCCTTACCGGGTTTA
GCCATATGAATATCCTCCTTA
CGACCGACACTGAAAACGATAAATCATCATAAACAATAAAAGGATAG
CTTGTGTAGGCTGGAGCTGCTTC
CGGCCAGCCAGCTAAGGCGCGCTCCAGACAAGGAGCGCACCACAGAA
GAGCATATGAATATCCTCCTTA
CAATACAGCGGCTATAATGGTAGCTGATGTTAAACAACCGGAGAACAA
CAGTGTAGGCTGGAGCTGCTTC
TCCTTAACAGTTTCCTGACTTAACCAGAACATCATCATCTTCAACCGGA
GCATATGAATATCCTCCTTA

CACTGCCCGCTTTCCAGTCGGG

CCATGCACCGCGACGCAAC

CCCGACTGGAAAGCGGGCAGTG TGACCATCGCCTTCAGTTAC
GTTGCGTCGCGGTGCATGG ATTCAGCACTCAACAAAGGC
CCCGACTGGAAAGCGGGCAGTG GGGACTTGTTGCGGTTGACC
GTTGCGTCGCGGTGCATGG GAGAGCTTTATGGATTCGCCG
CCCGACTGGAAAGCGGGCAGTG CTCAATTCCTTAACGGGTTCG
GTTGCGTCGCGGTGCATGG CTGCGTGAGTATGGCATCAG
CCCGACTGGAAAGCGGGCAGTG GTCTCTCAAACCTTACGCCTG
GTTGCGTCGCGGTGCATGG CCTAAAGCAGAAGGATTAGTGCG

TGTGCTCAGTATCTCTATCACTGATAGGGATGTCAATCTC
GGTTCTGGCGAATTCATGAGCAAAGGAGAAGAACT
GAGGATCCCCGGGTACCGAGCTC
GCCGGCTTCCATTCAGGTCG

GAGCTCGGTACCCGGGGATCCTCCGCTATACTCTCCATGTTAAAATG

GAGCTCGGTACCCGGGGATCCTCCGGACTCCATCACTCATATTGAC
GAGATTGACATCCCTATCAGTGATAGAGATACTGAGCACAGTCGAAAA
TAACCATTTTAACATGG
AGTTCTTCTCCTTTGCTCATGAATTCGCCAGAACCGACCGTTAAGGAAT
GCTCATC
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Table A.5 (cont’d)
tpx UTR F

tpx UTR R
arcAKnockout F
arcAKnockout R
arcB Knockout F
arcB Knockout R
fur Knockout F
fur Knockout R
fnrknockout F
fnr Knockout R
arcAUTRF
arcAUTRR
arcB UTR F
arcB UTRR

fur UTR F

fur UTRR

GAGATTGACATCCCTATCAGTGATAGAGATACTGAGCACACGATAAAT
CATCATAAACAATAAAAGG
AGTTCTTCTCCTTTGCTCATGAATTCGCCAGAACCTTTGGCTACCAGAG
TAAACGG
AGCCGTATGTCCTGTTTCGATTTTTGTTGGCAATTTTAGGTAGCGATCA
CGTGTAGGCTGGAGCTGCTTC
GAGGTAAGCCGTGGGACGGGCAGCTCAACAGCGCCCGTCCCGCCGAG
ACATATGAATATCCTCCTTA
TTTAAACAAATCCGGTATGATTGCGGCTATCAGGCTGAAAGGGACATT
ATGTGTAGGCTGGAGCTGCTTC
TCATTTTTTTTCAGCGTCTGTTACCCATTGCCGTAAAACTTCCATATCAT
CATATGAATATCCTCCTTA
GAGATTGACATCCCTATCAGTGATAGAGATACTGAGCACACATTGCGC
TTTAGCGTCGAC
AGTTCTTCTCCTTTGCTCATGAATTCGCCAGAACCATGGCCTTCGGGTT
CCTGAAG
TAACTAAAATATGTAAATTAATGCGAGTCATTTATCATCGAGCGTAGA
TTGTGTAGGCTGGAGCTGCTTC
AAAAAGTGGTAAACGAATCAATCAACTAAAAATATCGATCCGGCCCG
GTTCATATGAATATCCTCCTTA
GAGATTGACATCCCTATCAGTGATAGAGATACTGAGCACAGCATCATC
TGGCACTAACCCAG
AGTTCTTCTCCTTTGCTCATGAATTCGCCAGAACCAACCATGTAGCCTT
CGGCTTC
GAGATTGACATCCCTATCAGTGATAGAGATACTGAGCACACCGGTATG
ATTGCGGCTATCA
AGTTCTTCTCCTTTGCTCATGAATTCGCCAGAACCCGCTGAAGCCAGCA
GCAACGA

GAGATTGACATCCCTATCAGTGATAGAGATACTGAGCACA
CATTGCGCTTTAGCGTCGAC
AGTTCTTCTCCTTTGCTCATGAATTCGCCAGAACC
ATGGCCTTCGGGTTCCTGAAG
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