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ABSTRACT
Ralstonia solanacearum Secretion Systems: Critical virulence factors and points of
vulnerability
Connor G. Hendrich
Under the supervision of Dr. Caitilyn Allen

University of Wisconsin-Madison

Ralstonia solanacearum (Rs) is a Gram-negative Betaproteobacterium that causes
bacterial wilt disease on hosts like tomato, potato, and banana. Once established, it can be
exceedingly difficult to treat. This, combined with its exceptionally wide host range, makes Rs a
problem for agriculture around the world. Rs persists in the environment in the soil and enters
the host through wounds and natural openings in the roots. From there, it travels to its
preferred in-host niche, the xylem. Although Rs is slow-growing and sensitive to stress in vitro,
Rs is well adapted to the xylem environment, where it grows to extremely high densities.
Eventually, water flow is blocked, the host wilts, and Rs returns to the soil.

The xylem is not an especially nutrient-rich environment, and to thrive in this niche, Rs
must influence its host. Secretion systems are essential virulence factors that allow bacteria to
export virulence factors into their surroundings or into nearby host cells. While Rs relies on
secretion systems, they can also be vulnerabilities, as when secreted effectors are recognized
by the host immune system. This thesis examines the benefits and drawbacks of Rs secretion

systemes. First, | show how Rs links its virulence-promoting Type Il Secretion System (T3SS) to



denitrifying respiration, which is important in the low-oxygen xylem sap. Because the T3SS is
one of the most important Rs virulence factors, its regulation has been the subject of intense
study. However, significant gaps remain in our understanding of how Rs coordinates the
expression of the T3SS. Here, | show that a byproduct of denitrification, nitric oxide, activates
the T3SS. My results indicate that Rs can use denitrification activity, to recognize that it is inside
a host and turn on a key virulence factor. This result sheds light on the ongoing mystery of how
Rs detects its in host environment.

| then describe a drawback to Rs secretion systems. Rs secretes several important
virulence factors in through the Type Il Secretion System (T2SS) and T2SS-defective Rs mutants
cause little disease. We found that Rs-infecting phage phiAP1 uses the Type Il Secretion System
(T2SS) to enter cells of the bacterial host. Spontaneous phage-resistant mutants generally had
inactivated T2SS. Further, | showed that the phage required T2SS activity, as targeted mutants
that produce the T2SS complex, but cannot export cargo, were also resistant to the phage. This
is useful because T2SS- Rs are avirulent, imposing a severe fitness cost on Rs that evolve
resistance to the phage and suggesting that lytic phage phiAP1 has potential as a biocontrol
agent to manage bacterial wilt disease. It also deepens our understanding of phage biology, and

suggests a novel mechanism of phage infection using the T2SS.
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Chapter 1

Introduction to virulence mechanisms and potential disease management strategies for

bacterial wilts caused by the Ralstonia solanacearum species complex

Portions of this chapter will appear as:
Hendrich, C. G., Hamilton, C., MacIntyre A., Truchon, A. N., Allen, C. (2020). Metabolic strategies

and adaptations of the Ralstonia solanacearum species complex. MMBR.

Contributions: CA contributed text related to Rs diversity and genome structure, ANT
contributed text related to denitrification, AM contributed text related to cell wall breakdown

products, CGH wrote the remainder of the text.



Ralstonia solanacearum diversity and life cycle

Members of the Ralstonia solanacearum (Rs) species complex (RSSC) cause bacterial
wilt disease on a wide variety of plant hosts. A wide host range, an ability to persist in the
environment, and a tremendous impact on crop yields make Rs is one of the most destructive
bacterial plant pathogens in the world (1). Collectively, Rs strains can infect over 50 plant
families and over 250 known plant species, many of which are economically important crops
(2—4). These include a large number of solanaceous crops like tomato, potato, and eggplant, but
also a diverse array of hosts from other families such as geranium, blueberry, peanut, and
banana (5, 6). In addition, Rs can infect and persist in weeds and native plants. The RSSC
encompasses a great deal of diversity. Rs strains have been categorized into four Phylotypes,
each roughly corresponding to their geographic origin. Phylotype | strains originated in Asia,
Phylotype Il strains in the Americas, Phylotype Il strains from Africa, and Phylotype IV strains
are from Indonesia and Japan. While no individual Rs strain can infect the entire known
diversity of RSSC hosts, individual strains can infect and cause disease on multiple hosts,
sometimes plants as distantly related as tomato (a dicot) and banana (a monocot) (7). The Rs
genome is composed of two circular replicons, with a chromosome of about 3.7 Mb and a
megaplasmid that is roughly 2.1 Mb (8). Rs is naturally competent, and genomic analyses
suggest that this group undergoes frequent gene losses, rearrangements, and horizontal gene
transfer (9).

Despite the heterogeneity of both the RSSC and its known host range, most Rs-plant
interactions follow a similar life cycle (Figure 1). Rs exist in the environment primarily in the soil

and infested water. The bacteria can sense root exudates and travel using swimming motility



towards potential hosts (10). Once it encounters a host root, an Rs cell can enter through
wounds or natural openings, such as the ones produced by the emergence of lateral roots (11).
After entering the root cortex, the Rs makes its way to its major in-host niche, the water-
transporting xylem tissue (12). By traveling through xylem vessels, Rs can spread throughout
the host and grow to extremely high densities (13—15). Inside the xylem, Rs is able to extract
nutrients from the host, evade host defenses, and thrive (16). Through the sheer mass of
bacteria, the copious extracellular polymeric substances (EPS), and the action of cell wall
degrading enzymes, the flow of water through infected xylem ceases, and the host wilts (14, 17,
18). Rs then escapes from the dying plant into the soil, where it is free to find other hosts and
repeat the cycle. While most Rs strains follow this general life cycle, some Phylotype IV banana

and clove strains are transmitted by insect vectors (19).

Rs transitions between two distinct metabolic states during disease

As for any organism, pathogenic or otherwise, the acquisition of nutrients is key to Rs
success. The transition between a low cell density state in the rhizosphere and a high-density
state during disease in the xylem shapes how Rs uses available nutrients. Density dependent
guorum sensing (QS) regulates these processes by means of the regulator PhcA, which
responds to the quorum signaling molecules 3-OH-MAME or 3-OH-PAME (20-22). Many Rs
virulence factors, such as EPS, are metabolically expensive, so to conserve resources, Rs cells
only produce these virulence factors after they have reached a threshold population size
corresponding to around 1x107 CFU/ml in broth culture, when PhcA is activated by accumulated

QS signal. Additionally, a wide swath of metabolic genes respond to PhcA-dependent QS (23,



24). Transcriptomic analyses of AphcA mutants that are unable to transition into a high cell
density state showed that the metabolic capacity of Rs is substantially greater at a low cell
density than a high cell density. This means that Rs are highly adaptive scavengers in the soil
and early in disease. However, once the cells reach a quorum in the xylem, they switch
priorities from producing many enzymes to consume a wide array of nutrients to catabolizing a
limited set of nutrients that are readily available in planta. This strategy conserves energy to

invest in producing metabolically costly virulence factors that ensure success in the host.

Nitrogen metabolism plays an important role in the xylem

The xylem environment provides several challenges for microbial growth. One of these
is a low availability of oxygen (13). However, the xylem does contain high levels of nitrate (13).
Although Rs was initially described as an obligate aerobe, if nitrate is available Rs can grow
anaerobically (25-27). Like many soil-dwelling proteobacteria, Rs can respire on nitrate, and
some strains can completely denitrify NOs™ to N2 gas (28). Denitrification is the stepwise
reduction of inorganic nitrate (NOs’) to nitrite (NO3’), then to nitric oxide (NO), followed by
nitrous oxide (N20), and finally to di-nitrogen gas (N2). In this process, the N molecule serves as
a terminal electron acceptor to generate a proton gradient across the cytoplasmic membrane,
which can be used to synthesize ATP. Rs gains most of the energy from this process from the
reduction of nitrate to nitrite, and the remaining dissimilatory enzymes may function primarily
to reduce the toxic cellular byproducts of previous reductions (13, 28). However, deletions of
each enzyme in the denitrification pathway led to only minor virulence defects on tomato,

suggesting that Rs has alternative means of producing energy in low-oxygen conditions (13).



During denitrification, Rs produces NO, a highly diffusible free radical that is the most
consequential Reactive Nitrogen Species (RNS) (13, 29). NO reacts readily with transition
metals, but NO itself is not particularly reactive (29, 30). However, NO can be activated by the
presence of ROS, especially the radical superoxide (O;). NO reacts extremely rapidly with (O2)
to form peroxynitrite (ONOO") which, while not a radical, is a potent oxidant that can attack
many cellular targets and is responsible for many of the toxic effects of RNS. In addition, NO can
interact directly with O; to form nitrogen dioxide (N20O), which can combine with another NO or
N,O molecule to form higher-order, more reactive nitrogen compounds like N203 or N204,
which can readily attack free thiols. Nitrite can also be converted to N;Os in acidic conditions
(30). These byproducts of Rs denitrification, when combined with host-produced ROS and RNS,
can destroy cell walls, enzymes, nucleic acids, and other vital cellular machinery. (29). This
chemistry is significant for Rs behavior in planta for two reasons: the endogenous NO-
producing denitrification pathway is highly expressed when the bacterium grows in the xylem,
and Rs must manage exogenous host-produced ROS stress during infection (13, 31-33). To
protect themselves from these destructive metabolites, Rs needs protective measures to
export, breakdown, or otherwise neutralize the destructive threat created by denitrification. Rs
encode multiple NO-detoxifying enzymes, including the NO reductase NorB (NO to NOs™) and
the oxido-reductase HmpX, which can convert NO to NOs using O3 or, under anaerobic

conditions, to N,O.



Rs secretion systems are key virulence factors

While Rs are well-adapted to acquiring nutrients from their surroundings both inside a
host and in the environment, additional virulence factors are required for disease. Gram-
negative bacteria are defined by their complex cell wall, consisting of an inner and outer lipid
bilayer membrane enclosing the periplasm and a thin layer of peptidoglycan (34). To influence
their environment, bacteria have evolved sophisticated machinery to transport materials from
the cell interior across the cell wall. These secretion systems are often key virulence factors for
bacterial pathogens (35). All RSSC strains characterized to date encode both Type Il and Type I
secretion systems, which have been extensively studied with respect to their effects on
virulence. Rs strains additionally encode a Type VI Secretion System and numerous Type |

Secretion loci (36, 37).

Type Il Secretion

The Type Il Secretion System (T2SS) transports folded protein cargo from the
periplasmic space across the outer membrane (38, 39). The T2SS is a complex structure,
composed of linked inner and outer membrane complexes that form a channel across the outer
membrane. Periplasmic cargo is loaded into the complex through interactions with the inner
membrane protein GspC and the periplasmic domain of the outer membrane secretin GspD
(40, 41). Once inside the complex, the cargo is pushed out of the cell by the extension of a
pseudopilus. The pseudopilus is created by the action of the members of the inner membrane
complex, with the cytoplasmic ATPase GspE providing the energy to add pseudopilin monomers

to the growing pseudopilus (38).



Rs strain GMI1000 encodes two predicted T2SS loci. One of these, on the main
chromosome, has been well studied and is critical for virulence. Although the complete
repertoire of T2SS enzymes is not known, the complex is known to secrete plant cell wall
degrading enzymes (pCWDEs) (42). pCWDEs are a common virulence factor of plant pathogens,
allowing invading pathogens to break down the thick cell walls of host cells in order to invade,
spread within the host, or to acquire nutrients (Figure 2). Rs encode six known pCWDEs: a
cellobiohydrolase (cbhA), a pectin methylesterase (pme), three polygalacturonases (pehABC),
and an endogluconase (eg/) (42). PehABC and Pme all degrade pectin, whereas Egl and CbhA
degrade cellulose (42—44). Of these, single mutants lacking cbhA, pehB, pehA, and egl all have
slightly reduced virulence, with the eg/ and chhA mutants having the largest defects. The
virulence reductions caused by mutating multiple pCWDEs is generally additive, with the
greatest effect seen in a mutant lacking all six genes. However, a completely T2SS negative
mutant is significantly less virulent than the mutant lacking all six pPCWDEs, suggesting that the
T2SS secretes additional unknown virulence factors (42).

Curiously, pCWDEs that are secreted via the Rs T2SS do not seem to be used to generate
nutrition for Rs. Galacturonic acid, the main sugar component of pectin, can be used as a sole
carbon source by Rs, but a mutant that cannot import galacturonic acid or grow on this sugar as
sole carbon source retains full virulence on tomato (45). Cellobiose, the main degradation
product of cellulose, cannot be used as a sole carbon source by many Rs isolates, despite the
fact that it is relatively abundant in xylem sap from infected tomatoes (16, 42, 46). Instead, the
pCWDEs seem to be primarily used to facilitate pathogen spread within the stem. Degrading

cell wall components may also help the bacteria escape detection by the plant. Many plant cell



wall breakdown components are potent Damage Associated Molecular Patterns (DAMPS) (47).
A triple PehABC mutant was more virulent than a PehAB double mutant, suggesting that the
product of PehC, an exo-polygalacturonase that releases mono- and di- galacturonate may
trigger a host response (45).

In addition to the well-studied T2SS locus found on the main chromosome, Rs encodes a
second T2SS locus on the megaplasmid. It is not unknown for bacteria to use multiple copies of
secretion systems. For example, P. aeruginosa encodes two separate T2SS that have non-
overlapping functions, as one cannot complement mutants lacking the other (48). These
systems secrete different cargo, and the T2SS proteins responsible for loading cargo cannot
interact with enzymes secreted by the other system (40). The function of the second Rs T2SS is
not known. It contains clear homologs for the outer membrane secretin, GspD, multiple
pseudopilins, the inner membrane protein GspD, and the intracellular ATPase GspE. However,
the locus does not contain obvious homologs for GspC, GspM, and GspL, three inner membrane
proteins that help link inner and outer membrane complexes (38). Instead, the operon includes
four predicted hypothetical membrane proteins that have only weak similarity to known T2SS
proteins. It is unknown if these four genes function in the same way as GspC, GspM, and GspL.
Published Rs transcriptomes suggest that the system is not well expressed in planta, is
negatively regulated by the transcriptional virulence and host invasion regulators HrpG and
HrpB, and is strongly repressed in the low-cell density mimicking AphcA mutant (23, 24, 49—
53). The locus appears to be well-conserved in genomes of strains from all four phylotypes,

including insect vectored strains causing banana blood disease and Sumatra disease of cloves. It



is unclear what function is driving the retention and conservation of this locus, although its lack

of expression in planta could suggest it contributes to Rs survival in the environment.

Type lll Secretion

The Type Il Secretion System (T3SS) acts as a molecular syringe, injecting protein
effectors directly into the cytoplasm of a neighboring eukaryotic cell through a modified pilus
structure (35). The T3SS is a common virulence factor in many Gram-negative bacterial plant
pathogens (54). Through a combination of in silico predictions, gene expression studies of T3SS
regulator mutants, and secretion assays, over one hundred T3Es have been identified in the
RSSC (8, 55-57). The number of T3E’s encoded by individual strains vary, but the average
number of effectors encoded is around 70 (58). Of these, only 16 are found in 95% of
sequenced Rs genomes (59). This large repertoire of effectors may explain the very wide host
range of most RSSC strains.

Rs mutants lacking a T3SS are avirulent, demonstrating that collectively T3Es are
essential for successful plant infection (60). Even when T3SS- mutants are introduced in high
numbers directly into the host xylem, they are unable to cause disease and their populations
slowly drops below detectable levels (16). The function of T3Es has thus been a topic of intense
study. However, because most Rs T3Es do not have known homologs and because many T3Es
have redundant functions, determining their activity is challenging. The effectors whose
functions have been elucidated generally have been shown to either interfere with host

defense signaling pathways or alter host metabolism to favor the pathogen (58).
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Because the T3SS is a complex and energetically expensive molecular machine, its
expression is tightly controlled, with the major determinate of its expression being the
presence of a host (See Chapter 2, Figure 1a) (52). Expression of most T3SS structural genes and
effectors are directly activated by the AraC-type transcriptional regulator HrpB (53). HrpB
expression is in turn controlled by two more transcriptional regulators, HrpG and PrhG (61).
HrpG integrates at least three environmental factors. It is activated by a signaling cascade
initiated by the cell surface receptor PrhA, which responds to the presence of plant cell wall
material (62). Puzzlingly, a PrhA mutant retains full virulence, suggesting complex and possibly
redundant regulatory mechanisms. However, HrpG also responds to an unknown soluble signal
produced by plant cells, which was demonstrated by showing that HrpG is activated by plant
cells even in the absence of PrhA (63). Finally, HrpG is repressed by the Rs QS regulator PhcA,
but only in vitro (64). Outside of the plant, T3SS genes are repressed in rich media (52). This has
led to the use of low-cell density Rs in minimal media as so-called “hrp inducing media” when
studying the T3SS in vitro, although it is not known why rich media represses T3SS expression.
Because of the QS-dependency of HrpG, it was predicted that the T3SS may be important only
early in disease. However, the first transcriptomic studies of Rs in planta revealed that T3SS
genes were highly expressed in planta even during late disease, when the cells were at a high
density (49). This discrepancy was explained in part by the discovery of PrhG, which is a close
homolog of HrpG that is activated by PhcA-dependent QS (61). The combined action of HrpG
and PrhG may ensure sustained expression of the T3SS throughout disease. Several additional
factors are required for T3SS gene expression. These include the three-gene operon prhKLM,

which encodes two subunits of a predicted allophonate hydrolase and a LamB/YcsF family
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protein (65). PrhKLM act via PrhG and is required for T3SS gene expression (65). Two other
transcription factors, PrhO and PrhN, also positively regulate T3SS genes in Rs (66, 67). Despite
intense study, many key questions remain about how the Rs T3SS is regulated. These include
the identity of the cell wall component recognized by PrhA, the identity of the unknown soluble
signal that activates HrpG in the presence of a host, the specific metabolic cues that affect T3SS
gene expression in culture, and the exact function of PrhKLMNO during disease.

Despite their importance for virulence, T3Es can also represent vulnerabilities for the
pathogen. Because they are injected directly into the host cytoplasm, they cannot be easily
hidden from the host’s system. Many plants have evolved resistance genes (R genes) that
specifically recognize T3Es (68). Once an R gene product recognizes its cognate effector, the
plant initiates an immediate and powerful counterattack, inducing a rapid targeted cell death
response that kills host cells around the pathogen and limits their spread. This process is called
the Hypersensitive Response (HR) and is a factor that limits the host range of individual Rs
species (69). As discussed below, the speed and specificity of HR makes R genes an attractive
way to design strategies to combat bacterial wilt disease, and some R genes specific to Rs have

been discovered and employed in the field.

Type | and VI Secretion

In addition to Type Il and Type Il secretion systems, Rs also encodes a Type VI secretion
system (T6SS). The T6SS is found in a wide array of Gram-negative bacteria and transports
protein effectors from the cytoplasm directly into a neighboring bacterial or eukaryotic cell

(35). T6SS loci are composed of at least thirteen different genes and may have evolved from a



12

T4-like bacteriophage (70). Because the T6SS can inject proteins across both prokaryotic and
eukaryotic membranes, the T6SS can contribute to both virulence of pathogens and also to
competition with other microbes. Both of these functions have been demonstrated for T6SSs of
plant pathogenic bacteria (71). While the functions of T6SS secreted cargo in Rs have not yet
been described, a few studies have begun to examine the role the system play in the Rs life
cycle. Zhang, et al. showed that the predicted T6SS genes are active and that T6SS- mutants had
reduced motility and biofilm production (72). These deficiencies were enough to delay disease
development on tomato. T6SS components were also overproduced by two cold-tolerant Rs
strains while they grew on tomato seedlings at the cool temperature of 18°C (73). It is not clear
what role the T6SS might play during cool virulence, although a similar temperature-
dependence was seen in the T6SS of the root nodulating bacterium Rhizobium leguminosarum
(74). However, a transcriptomic study of the cool-virulent strain UW551 did not find any
significant difference in T6SS gene expression between 20°C and 28°C when the strain grew in
either rich media or tomato stems (75). In the same study, the non-cool virulent strain GMI11000
had lower expression of three T6SS genes at cool temperatures in rich media. Examining the
potential roles of the T6SS in both virulence and inter-microbe competition in Rs may be a
fruitful area of future study.

Type | Secretion Systems (T1SS) are a diverse category of exporters that span both
membranes and export a variety of different cargo into the extracellular space, including small
molecules like antibiotics and divalent cations (35). Rs encode multiple copies and types of
these secretions systems, most of which have not been specifically studied (37). Brown, et al.

examined the role of the RND MDR exporter AcrAB-TolC in the Phylotype Il strain K60. This
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efflux pump system is highly expressed in planta, and mutants lacking the exporter had slightly
reduced virulence on tomato (76). The authors found that the AacrA mutant had increased
sensitivity to several chemicals including plant-produced antimicrobial compounds such as
caffeic acid, esculentin, tomatine, and berberine. Other T1SS loci may provide Rs with the

ability to resist other chemical stressors and may be a promising area of future study.

Current management strategies for bacterial wilt disease

The destructiveness and global distribution of BWD means that effective control of Rs is
an important goal. A range of management techniques have been employed, with various
degrees of efficacy. Cultural practices such as preventing the introduction of the pathogen to a
field or greenhouse, the proper disinfection of farm equipment, and the production of clean
seed are important first steps for combating the disease (77). If a field or region is already
infested, more direct approaches can include chemical treatment, genetic resistance, and

biocontrol.

Chemical control of BWD

Chemical pesticides have long been studied and used to combat BWD (77). One
technique is soil fumigation, where large areas of soil are treated with toxic compounds to
directly kill a pathogen (78). Fumigants included methyl bromide, metam sodium, chloropicrin,
and sodium azide (78, 79). The effectiveness of these treatments varied widely, and often did
not lead to complete control of the disease. Besides incomplete effectiveness, many of these

chemical treatments have negative environmental and human health effects (80, 81). Methyl
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bromide was widely banned through the Montreal Protocol because it degrades the
stratospheric ozone layer (82). Other concerns over effects on the native soil microbiota and
the potential for resistant pathogen isolates are also drawbacks to chemical fumigation (77).
Less toxic pesticides such as phosphorous acid or the heat treatment of soil by solarization have
also been studied for their ability to control Rs in the soil (77, 83).

Rather than directly attacking the pathogen, recent attempts to chemically control BWD
have focused on priming the host and rhizosphere to fight against Rs. A range of chemicals
including acibenzolar-S-methyl, silicon, the chitin derivative chitosan, and Validamycin A can all
induce host resistance to Rs (84—87). Typically these chemicals trigger plant systemic acquired
resistance, which primes the plant to respond more quickly to invading pathogens (77).
Validamycin A may also have direct antibacterial activity due to its ability to inhibit the Rs
trehalase enzyme, which make a potential carbon source unavailable to Rs (86). While induced
resistance can be effective, its use should be weighed against the yield cost of maintaining a
constant low-level immune response, although these drawbacks depend on the identity of the
host and abundance of the pathogen (88).

Long-term cultivation of susceptible crops in regions where Rs is endemic has allowed
researchers to examine the interplay between bulk soil properties and BWD incidence. Two
long-term studies of soil chemistry in tomato and tobacco fields in southern China found a link
between a lower soil pH and increased BWD severity (89, 90) Li et al. further showed that soil
amendments that increase soil pH, like wood ash and lime, significantly reduced BWD incidence
(89). However, the exact mechanism of this interaction is unclear, as pH can be both a cause

and consequence of a variety of biological factors. Altered soil pH was associated with different
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rates of Rs growth, different rates of expression of both bacterial virulence genes and host
resistance genes, nutrient availability in the soil, and different compositions of non-pathogenic
soil microbes (89, 90). Teasing apart these interactions could facilitate development of more
specific BWD treatments. Other attempts to modify bulk soil properties have increased
available carbon in the soil through soil amendments like biochar and other organic matter such

as plant waste (77, 91).

Host resistance

One of the most common and most effective strategies for combating plant pathogens
is planting genetically resistant hosts. Farmers have selected for genetic disease resistance for
thousands of years, long before we had any knowledge of the mechanisms involved. The plant
immune system has two main layers. The first layer, called pattern triggered immunity (PTI),
depends on the detection of conserved Microbial Associated Molecular Pathogens (MAMPs)
(92). Common bacterial MAMPs include surface exposed components like flagellin or LPS and
cytoplasmic components like EF-Tu. After a host pattern recognition receptor detects a
microbial MAMP, several innate immune responses are triggered, such as reinforcement of cell
walls with callose or production of antimicrobial compounds like ROS. While this first layer of
immunity is sufficient for the vast majority of microbes, successful pathogens can overcome
these defenses, either by disguising or hiding potential MAMPs or by deploying secreted
effectors that specifically block parts of the PTI signaling cascade. Rs, for example, encodes a
modified version of flagellin that does not elicit host responses and also deploys several T3Es

such as RipAD and RipAR that are known to suppress innate immunity (93-95). Host genes
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involved in triggering PTI have been successfully manipulated to create transgenic crop lines
that are more resistant to Rs. For example, the Ef-Tu receptor EFR from Arabidopsis thaliana
can be introduced into tomato to significantly reduce the severity of both BWD and bacterial
spot caused by Xanthomonas spp (96).

The second layer of plant defense often takes advantage of the same secreted effectors
that help pathogens colonize their hosts. As described above, products of plant resistance
genes (R genes) recognize specific pathogen effectors (68). Once recognition occurs, the HR is
rapidly induced to kill tissue around the pathogen and isolate it. This highly effective way of
controlling pathogen growth is called Effector Triggered Immunity (ETI). Because of the
specificity of the recognition, the speed of the response, and the severity of the response, R
genes have been an area of intense study for combating plant diseases. R genes from several
hosts can recognize Rs. Tobacco, for example, can recognize three Rs effectors: RipAA, RipP1,
and RipB; both wild and cultivated eggplant can recognize the effector RipAX2; and Arabidopsis
can recognize RipP2 (97-100). As with EFR, the transfer of R genes between hosts either by
conventional breeding or using biotechnology can be an effective way of creating new resistant
crop varieties. For example, it was recently shown that the tobacco R gene Roqgl, which
recognizes the Rs effector RipB, can expressed in tomato to significantly reduce BWD symptoms
(101).

Although gene for gene resistance mediated by R genes is effective for controlling Rs,
many important crop hosts lack this type of immunity. For example, tomato, one of the world’s
most important vegetable crops, has no known R genes against Rs. Instead, tomato bacterial

wilt resistance is quantitative, depends on several different loci, and may rely on PTI (69). The
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presence of multiple loci involved in resistance can make it hard to introduce these traits into
commercially viable varieties (102). For example, one Rs resistance locus in the widely used
tomato breeding line Hawaii7996 is so tightly linked to small fruit size that breeders have been
unable to separate the two traits. These problems can be circumvented by grafting a resistant
rootstock to the aboveground portion (scion) of a commercially desirable but susceptible
variety (103). Although these grafted plants are more expensive to produce, this process is
commonly used around the world, and can be an economically viable way of growing crops in

areas with high pressure from BWD (104).

Biocontrol

Biocontrol is a less environmentally destructive way to control Rs. It offers several
potential benefits, including a reduced danger of toxicity to farm workers and ecosystems,
reduced need for repeated applications when agents can replicate in the field, and high
specificity (77). As with chemical treatments, the exact mechanism of control depends on the
particular biocontrol agent (BCA), but can include passively increasing host health, priming host
innate defenses, competition for niches in the rhizosphere or inside the host, or direct
bactericidal effects (77, 105-108). Many bacterial and fungal BCAs have been proposed and
tested against Rs, including non-pathogenic Ralstonia species (77).

Bacteriophages are promising BCAs. The appeal of these viruses lies in their diversity
and abundance, their high degree of specificity and lethality against Rs and the fact that they
replicate in the environment only if the target pathogen is present (109). Phage-based

biocontrol products have already been registered and produced to combat other plant
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diseases, including bacterial speck, fire blight, and potato soft rot (109, 110). Although many
attempts have been made to isolate Rs-specific phages, there are as yet no commercially
available products to combat BWD (111). Several factors must be considered in choosing
phages and designing biocontrol protocols. For example, while a phage isolate may be effective
at killing Rs in vitro, its activity in the field may be reduced or altered due to factors such as
limited spread due to adsorption to soil particles or damage from the UV radiation in sunlight
(109). In addition, bacteria have an arsenal of immune mechanisms to combat phages, including
restriction enzymes, abortive infection systems, toxin-antitoxin systems, CRISPR, and the ability
to mutate surface receptors of phages (109, 112). Although most Rs strains do encode a CRISPR
system, a recent study found it is not functional in culture (113). However, the choice of
antiphage-mechanism depends on external environmental pressures, and CRISPR could play a
role when Rs must compete with diverse microbial competitors in the environment (112).
Otherwise, it is not clear how Rs evades phages in the environment.

Regardless of the mechanism, treating Rs with phages in the laboratory quickly drives
evolution of resistant mutants (113, 114). Wang et al. tested the ability of a cocktail of up to
four phages to control bacterial wilt on tomato in greenhouse and field experiments (115).
While the cocktail significantly reduced disease and Rs density in the rhizosphere, resistant
mutants were easily isolated even from soil treated with combinations of phages. Interestingly,
these isolates had broad resistance to the phage cocktail, but they also had a significantly
slower growth rate, so the implication of anti-viral resistance for long-term use of phage

therapy to control BWD in the field remains unclear.
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The dynamics and infection mechanisms may also affect the utility of specific phages as
BCAs. Fujiwara et al. studied a panel of lytic Rs-infecting phages both in culture and on tomato
seedlings. One phage had a significantly slower replication cycle and did not completely
suppress Rs growth in culture (116). Other, more aggressive phages isolates exerted strong
selection pressure that led to Rs phage resistance and eventually allowed rapid bacterial
growth. In contrast the less aggressive isolate kept bacterial populations at a consistent, low
level over a period of 150 hours. The slow-growing isolate was effective at reducing Rs infection
of tomato seedlings, suggesting that the lower aggression of the isolate kept Rs populations low
enough to reduce disease while not providing enough selection pressure to allow resistance to
take over the population.

An additional aspect of phage biology to consider is the choice of a lytic vs lysogenic
phage (Figure 3). In general, studies have focused on lytic phages that killing their host (109).
Yet Rs is readily infected by lysogenic phages, and temperate phages from the genus Inoviridae
can be found in the genomes of Rs isolates (117, 118). Some of these may be useful in
controlling BWD because they reduce the expression of virulence factors like motility and T3SS
(119, 120). However, an opposite dynamic is equally possible, and Addy et al. found that the
presence of a prophage actually increased virulence by altering the regulation of density
dependent QS and allowing the infected strain to grow more aggressively in planta (121).

It is clear that while phages are promising biocontrol candidates, more work is needed
to understand the complex dynamics between phage, bacteria, host, and the environment.
While several phages have been patented for use against BWD, none are commercially

available (111). In the future, they may play a vital role in a BWD control regimen, perhaps
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combined with other strategies. For example, combining phages with another BCA, an avirulent
strain of Rs, was more effective at controlling disease on tobacco than the bacterial BCA alone
(122). Gaining a nuanced understanding of phage biology and modes of resistance may help us

design long-lasting phage biocontrol strategies.

Summary

Members of the RSSC are effective pathogens on a wide variety of plant hosts due to
their arsenal of virulence factors and their metabolic adaptation to the xylem environment.
While these adaptations are vital to the pathogen’s ability to cause disease, their very
importance makes them points of vulnerability. Secreted T3Es can be recognized by the host,
triggering powerful immune responses, and phages can co-opt different molecular machinery in
Rs, subverting the bacterium from the inside. Humans can take advantage of these interactions
to design resilient BWD management practices. In this thesis, | will describe two advances in
our knowledge of Rs virulence factors.

In Chapter 2, | describe a previously unknown link between nitrogen metabolism and
the T3SS, adding to the complex picture of T3SS regulation in Rs. We showed that NO produced
as a byproduct of denitrifying metabolism induced the expression of the T3SS. In culture, we
found that increasing NO levels either through chemical NO donors or using a Rs mutant that
overproduces NO increased the expression of T3SS genes. In planta, a Rs mutant that cannot
produce NO had reduced T3SS gene expression. This additional layer of regulation, tied to a

foundational element of Rs metabolism, highlights the importance of the T3SS for Rs fitness.
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Chapter 3 describes the mechanism of infection of the an Rs-specific bacteriophage
phiAP1. Our experiments show that phiAP1 requires a functioning T2SS to infect Rs. This means
that evolving phage resistance can force the pathogen to give up a major element of its
virulence arsenal. | will be co-first author of a paper describing this work, which is the product
of a collaboration with phage biologists.

These chapters demonstrate both the importance of bacterial secretion systems for Rs
during BWD and how they can be used by humans to combat BWD. The appendix describes an
initial genetic characterization of seven new Rs-infecting phages and how transcriptomics can

be used to better understand genetic resistance to Rs in tomato.

In addition, during my Ph.D. | also contributed work that earned me authorship on the following

papers:

Lowe-Power TM, Hendrich CG, von Roepenack-Lahaye E, Li B, Wu D, Mitra R, Dalsing BL, Ricca
P, Naidoo J, Cook D, Jancewicz A, Masson P, Thomma B, Lahaye T, Michael AJ, Allen C.
2018. Metabolomics of tomato xylem sap during bacterial wilt reveals Ralstonia
solanacearum produces abundant putrescine, a metabolite that accelerates wilt disease.

Environ Microbiol 20:1330-1349.

Thomas, N. C., Hendrich, C. G., Gill, U. S., Allen, C., Hutton, S. F., Schultink, A. (2020) ‘Roqg1l
confers resistance to Xanthomonas, Pseudomonas syringae and Ralstonia solanacearum

in tomato’, Frontiers in Plant Science, 11(463).



Hamilton, C.D., Steidl, O.R., Macintyre, A.M., Hendrich, C.G. and Allen, C. (2020) Ralstonia
solanacearum depends on catabolism of myo-inositol, sucrose, and trehalose for

virulence in an infection stage-dependent manner. MPMI.

Truchon, A. N., Dalsing, B. D., Khokhani, D., Lowe-Power, T., Maclntyre, A., Hendrich, C. G,,
McDonald, B., Ailloud, F., Anex, R., Klassen, J., Gonzalez-Orta, E., Currie, C., Prior, P.,
Allen, C. Subgroups in the Ralstonia solanacearum species complex use divergent

respiratory strategies to grow in tomato xylem
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Figure 2. Cross-section of tomato stems infected with green fluorescent protein (GFP)-
expressing Rs strain GMI1000, visualized by fluorescence microscopy. Lateral spread out of
xylem vessels is enabled by pathogen-produced plant cell wall-degrading enzymes. Photo

credit: Connor G. Hendrich.
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Chapter 2

Nitric Oxide Regulates the Ralstonia solanacearum Type 3 Secretion System

This chapter is a modified version of the following manuscript submitted to Molecular Plant
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Abstract

Ralstonia solancearum causes bacterial wilt disease on diverse plant hosts. R.
solanacearum cells enter a host from soil or infested water through the roots, then multiply
and spread in the water-transporting xylem vessels. Despite the low nutrient content of xylem
sap, R. solanacearum grows extremely well inside the host, using denitrification to respire in
this hypoxic environment. R. solanacearum growth in planta also depends on the successful
deployment of protein effectors into host cells using a Type Il Secretion System (T3SS). The
T3SS is absolutely required for R. solanacearum virulence, but it is metabolically costly and can
trigger host defenses. Thus, the pathogen’s success depends on optimized regulation of the
T3SS. We found that a byproduct of denitrification, the toxic free-radical nitric oxide (NO),
positively regulates the R. solanacearum T3SS both in vitro and in planta. Using chemical
treatments and R. solanacearum mutants with altered NO levels, we show that the expression
of a key T3SS regulator is induced by NO in culture. Analyzing the transcriptome of R.
solanacearum responding to varying levels of NO both in culture and in planta revealed that the
T3SS and effectors were broadly upregulated with increasing levels of NO. This regulation was
specific to the T3SS and was not shared by other stressors. Our results suggest that R.
solanacearum experiences an NO-rich environment in the plant host and may use this NO as a

signal to activate T3SS during infection.
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Introduction

Ralstonia solancearum (Rs) is a Gram-negative soil-borne betaproteobacterium that
causes bacterial wilt disease on a wide range of plant hosts, including important crops like
tomato, potato, and banana (1). The bacteria survive in and are spread through infected soil
and water, infecting host roots through wounds and natural openings (2). Once inside, R.
solanacearum cells move to the xylem, where they can grow and spread throughout the plant.
Although this bacterium is slow growing and sensitive to stress when grown in vitro, in plant
xylem vessels R. solanacearum is a formidable force. R. solanacearum quickly grows to high cell
densities in xylem even though this habitat is low in oxygen and nutrients, and accessible to
host defenses (3). As it grows, R. solanacearum produces an arsenal of virulence factors,
including highly mucoid extracellular polymeric substances (EPS), a consortium of cell wall
degrading enzymes, and dozens of protein effectors that are injected into host cells via the
Type lll Secretion System (T3SS) (3). Water transport in infected plants is eventually blocked by
a combination of host-produced gels and tyloses, degradation of vessel walls, EPS, and the
sheer mass of bacterial cells. Without sufficient water, plants wilt and die while R.
solanacearum cells escape back into the soil, where they can find another host (4).

The lethality of bacterial wilt disease combined with its wide host range and a lack of
effective treatments make R. solanacearum an important agricultural problem around the
world (1, 5). Successful disease management depends on understanding R. solanacearum
biology, but the pathogen behaves very differently in culture than it does in its natural
environment (6). In particular, the T3SS, which is absolutely essential for virulence and subject

to a complex regulatory cascade, is affected by the plant environment in ways that remain
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poorly understood (7). The PhcA quorum sensing system upregulates T3 secretion in culture,
but not in planta (6, 8—10). An unidentified ‘diffusible factor’ increases T3SS expression in
planta via the HrpG global regulator (3).

We have discovered that the diffusible free radical nitric oxide (NO) plays a role in R.
solanacearum life inside plants. Xylem sap is rich in nitrate, which R. solanacearum uses as an
alternate electron acceptor to respire in the hypoxic xylem environment (11). The R.
solanacearum strain GMI1000 reduces nitrate completely to dinitrogen gas by means of
denitrifying respiration. The genes required for this process are highly expressed during
infection (6, 10). However, denitrifying respiration produces NO as an intermediate. In large
guantities, NO is toxic and strongly inhibits R. solanacearum growth. The pathogen manages
this threat by detoxifying NO with the nitric oxide reductase NorB and the flavohemoglobin
HmpX, which are both highly expressed in planta and required for full virulence (6, 11). Plants
use NO extensively for both signaling and defense, and can produce NO through multiple
different pathways (12—-16). Thus, R. solanacearum likely encounters NO during plant
pathogenesis.

In this study, we identify a link between NO and regulation of the R. solanacearum T3SS.
We first show that T3SS gene expression increases when R. solanacearum is actively
denitrifying. We then show that this effect depends specifically on the presence of NO. Based
on these results, we conducted a transcriptomics experiment to determine the effects of NO on
R. solanacearum gene expression in culture and in planta and show that levels of many

transcripts, including 107 T3SS-related genes, are altered by changes in NO levels.
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Results
Nitric oxide changes expression of the R. solanacearum T3SS

Regulation of the T3SS in R. solanacearum is multi-layered and incompletely understood
(Figure 1a). Because R. solanacearum actively denitrifies in planta, we wondered if this pathway
or its products affect T3SS expression during plant infection (6, 11). To test this hypothesis, we
used an R. solanacearum reporter strain carrying a fusion of the /ux operon to the promoter of
hrpB, which encodes a key T3SS regulator (3). Transcription of hrpB increased >3-fold when the
bacterium was denitrifying in culture (Figure 1b). We therefore further explored how
denitrification and NO specifically affect hrpB expression. We incubated a hrpB::lux cell
suspension with tomato seedlings for 24 hours with or without the NO scavenger cPTIO (17). As
expected, the presence of a host plant activated hrpB gene expression but adding cPTIO to the
mixture completely reversed this effect (Figure 1c). This indicated that the denitrifying
respiration-dependent increase in hrpB expression that we observed in culture is specifically
triggered by NO. Further, this result suggests that NO could be the unknown soluble signal that

increases hrp regulon expression in planta.
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Figure 1. Nitric oxide affects expression of the R. solanacearum T3SS. (a) Summary of known
T3SS regulation in R. solanacearum strain GMI1000. Arrows indicate positive regulation, barred

lines indicate repression, dashed lines indicate an unknown or uncharacterized mechanism,
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green text indicates plant-derived signals, and blue text indicates metabolites. T3SS genes, such
as the T3 effector ripX, are controlled by the transcriptional regulator HrpB. HrpB is
transcriptionally activated by HrpG and PrhG, which are themselves controlled by the quorum-
sensing regulator PhcA, but only in vitro. PrhG activity also depends on three uncharacterized
proteins, PrhK, PrhL, and PrhM, through an unknown mechanism. HrpG is activated by the
contact-dependent plant cell wall sensor PrhA as well as by an unknown soluble signal present
during plant infection. (b) Expression of a bacterial luciferase transcriptional reporter of HrpB.
R. solanacearum strain GMI1000 hrpB::lux was grown in denitrification-inducing conditions with
or without 30 mM nitrate. Both culture density (ODeoo) and luminescence were measured every
30 min, and luminescence was normalized to culture density. Error bars represent standard
error of the mean. Cultures grown with nitrate had significantly increased hrpB expression (2-
way ANOVA, P=0.0003). (c) The NO scavenger cPTIO decreased T3SS activity in the presence of
a host. Luminescence of R. solanacearum hrpB::lux was measured after 24 h incubation in
water with or without five day-old tomato seedlings, and with or without 1 mM cPTIO, an NO-
scavenger. Exposure to tomato seedlings induced hrpB::lux expression (P=0.004, students T
test). R. solanacearum cells exposed to both tomato seedlings and cPTIO had luminescence
indistinguishable from that of cells without tomato seedlings. Error bars represent standard

error of the mean.
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Denitrifying metabolism causes broad changes in R. solanacearum gene expression.

To better understand the effects of NO on Rs biology, we sequenced the transcriptomes
of R. solanacearum cells grown with varying levels of NO both in culture and in infected tomato
plants (Figure 2a). In culture, we grew the cells in 0.1% O, in a modified Van den Mooter
medium (VDM), which promotes denitrifying respiration (11). We manipulated intracellular R.
solanacearum NO levels genetically by using mutants lacking either the NarG nitrate reductase
(the AnarG mutant cannot denitrify and does not produce NO), or the NorB nitric oxide
reductase (the AnorB mutant accumulates NO, see Supplementary Figure 1). Exogenous NO
levels were manipulated by treating cells with CysNO, a nitrosothiol NO donor. Because high
NO levels are toxic to R. solanacearum, we controlled for general stress responses by also
profiling transcriptomes of cultures treated with H202, a non-NO source of stress. After about
18 h, growth of the AnorB mutant was inhibited by accumulating NO, so we sampled cultures
16 hpi, when AnarG, AnorB, and the wild-type strain were at similar densities (Supplementary
Figure 1). CysNO or H,O; treatments were added 4 h before sampling, at the highest
concentrations that did not significantly alter culture growth (Supplementary Figure 2a). Total
RNA was extracted from bacteria in planta 3 days after tomato plants were inoculated with
~2000 CFU of R. solanacearum through a cut petiole (10). This method synchronized the
infection process better than root inoculation. Bacterial colonization in sampled tissue was
standardized by extracting RNA only from stems containing between 5x107 and 10° CFU/g stem,
as determined by dilution plating a ground stem section (Supplementary Figure 2B). Each of the

three biological replicates contained pooled RNA from 4 or 5 plants.
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Figure 2. Nitric oxide causes broad changes in R. solanacearum gene expression. (a) Design of
RNA-seq experiment. We extracted RNA from R. solanacearum grown with altered NO levels
from stems of infected tomato plants (in planta) and from denitrifying VDM medium (in

culture) and NO levels were increased chemically by adding the NO donor CysNO to wild type
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(WT) and increased genetically by using a NO-accumulating AnorB mutant. The AnarG mutant
has reduced levels of NO. H,0; -treated WT was included as a control for non-nitrosative
general stress responses. (b) Whole-transcriptome datasets were used for principal component
analysis; plot created in R with the package Vegan (18). Each data point represents one
biological replicate, with three replicates per condition. Ellipses represent a 95% confidence

interval for each condition (some ellipses are so small that they appear as lines).

Around 97% of RNA-seq reads from in vitro samples mapped to the R. solanacearum
genome (Supplementary Figure 3A). Because tomato stem slices also included host RNA, only
9.2% of the in planta RNA reads mapped to the R. solanacearum genome. However, the
absolute number of bacterial transcripts from the in planta samples still exceeded 10° reads per
replicate. Principal component analysis clustered the in vitro samples together based on
treatment, and the in planta samples were even more tightly clustered, reflecting less variation
in gene expression than the culture samples (Figure 2b). Genes were considered differentially
expressed if they had an adjusted P-value <0.05. A full list of gene expression values can be
found in the supplementary materials.

We validated our transcriptomic results by using gRT-PCR to measure the expression of
two regulators of T3SS, hrpB and hrpG, and one well-expressed T3E, ripX. Expression levels of
each of these genes in the AnarG and AnorB mutants closely matched those obtained from
RNA-seq analysis (Figure 3). As with hrpB expression, hrpG and ripX were both activated by NO,

whether it was produced endogenously or exogenously.
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Figure 3. Expression analysis of selected T3SS-related genes by gRT-PCR validated RNA-seq
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results. RNA was extracted from R. solanacearum cultured in VDM media at 0.1% oxygen for 16

hours for both qRT-PCR and RNA-seq analysis. R. solanacearum samples were: wild type strain

GMI1000 (WT, untreated control reference), non-denitrifying low-NO mutant (AnarG) and NO-

accumulating mutant (AnorB), and WT treated for 4h with exogenous NO (CysNO). Gene

expression levels in all samples were normalized using serC (6). Error bars indicate standard

error of the mean. Black bars, log,fold-change expression of T3SS regulatory gene hrpB; green

bars, log, fold-change expression of T3SS regulatory gene hrpG; blue bars, log, fold-change

expression of Type 3-secreted effector gene ripX. * P<0.05, for gRT, student’s t-test compared

to gene expression level in untreated WT bacteria; for RNA-seq, FDR using Benjamini-Hochberg.
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Denitrifying conditions in culture do not replicate in planta conditions

Because xylem fluid contains relatively small amounts of nutrients, minimal media has
often been considered to mimic the xylem environment (19, 20). Because VDM is a minimal
medium and R. solanacearum experiences low-oxygen conditions and uses denitrifying
respiration during tomato infection, we asked if anaerobic growth in VDM would better mimic
the tomato xylem environment than rich media (11). However, when we examined expression
of R. solanacearum genes in tomato stems compared to in VDM, we found a total of 1038
genes were differentially regulated in these conditions (Supplementary materials). Most genes
involved in denitrification were expressed at a higher level in VDM than in planta. Other broad
categories that were altered include sugar metabolism, flagellar motility, amino acid
transporters, iron uptake genes, and ribosomal proteins. In line with previous results, T3SS-
related genes were among the most highly upregulated genes in planta (6). Overall, growth in
VDM did not closely replicate the in planta environment and the bacterium seemed more

reliant on denitrifying metabolism in VDM.

Altering denitrification and NO levels changes expression of denitrification and virulence-
related genes in planta

To determine if the effects of NO on the T3SS were specific or a part of a general
response, we examined genes differentially regulated by altering NO levels genetically in
planta. In the stem, 187 genes were significantly altered by blocking denitrification and NO
production in AnarG while only 49 genes were altered in the NO accumulating AnorB. In AnarG,

nine of the most significantly upregulated genes were directly involved in nitrate sensing and
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uptake or were components of the nitrate reductase protein, though expression of sulfur
metabolic and flagellar assembly genes and the alkanesulfonate uptake protein ssuB were also
decreased (Supplementary materials). When the AnorB mutant grew in planta, expression of
ssuB and some genes involved in chemotaxis and flagellar assembly were decreased relative to
the wild-type strain. This muted response highlights the robust regulatory state of R.
solanacearum growing in planta and shows that even changes in fundamental aspects of its
biology can tolerated (21).

Consistent with the observation that the entire transcriptome of WT R. solanacearum
was very different in planta than in culture (Figure 2a) the transcriptomic profiles of the
denitrification mutants grown in culture were much more divergent, with 3,145 significantly
altered genes in AnarG and 3,976 altered in AnorB. In the non-denitrifying AnarG, the
bacterium showed changes in many metabolic pathways, some of which suggested reduced
growth and metabolic activity. Down-regulated genes were enriched in KEGG pathways like
purine and pyrimidine metabolism, oxidative phosphorylation, and tRNA synthetases
(Supplementary materials). As also observed in planta, AnarG had reduced expression in genes
involved in sulfate and alkanesulfonate uptake and sulfate reduction. AnarG also had increased
expression of flagellar assembly and chemotaxis genes and decreased expression of genes
associated with the Sec-dependent secretion and the Type Il secretion systems.

Genes up-regulated in the NO-accumulating AnorB mutant were enriched in the KEGG
pathways of flagellar assembly, sulfur relay system and fatty acid degradation (Supplementary
materials). Downregulated genes were enriched in central metabolic KEGG pathways like

oxidative phosphorylation, pyrimidine metabolism, biosynthesis of amino acids, and fatty acid
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biosynthesis. Many of the most highly induced genes were annotated as being involved in
either siderophore synthesis or iron uptake, a trend that was also observed in CysNO-treated
cells. CysNO-treated R. solanacearum cells and AnorB also saw reduction in expression of Types

I, Il, and VI secretion systems.

R. solanacearum encounters more nitrosative stress in VDM than in planta

To determine the overlap between oxidative and nitrosative stress responses, we
examined the expression of genes known to be involved in ROS and RNS responses in R.
solanacearum and E. coli. General ROS-responsive genes included oxyR, katEG, sodBC, groElL,
groEsS, dnak, recA, ahpF and ahpC1, ndh, icsA, zwf, trxA, and gor (22, 23). To search for a purely
nitrosative response, we looked at the expression of norB and hmpX, which directly detoxify NO
in R. solanacearum (11, 24). Transcriptomes of R. solanacearum cells grown in tomato stems
indicated increased oxidative stress in planta relative to when growing in VDM. Expression of
the katE catalase increased 35-fold in wild type bacteria growing in tomato, but norB and hmpX
expression decreased 5-fold and 20-fold, suggesting lower nitrosative stress levels. In planta,
neither the non-denitrifying AnarG strain nor the NO overproducing AnorB strain showed
significant changes any known oxidative stress response genes or in norB or hmpX expression.
In culture, our oxidative stress control treatment with H,O; increased expression of katE. The
H,0, treated cells also had increased expression of NO detoxifying genes hmpX and norB. The
non-denitrifying AnarG mutant showed changes in most oxidative stress response genes, with
decreased expression of a few key genes, such as superoxide dismutase. The NO accumulating

AnorB saw an overall similar trend to AnarG in its expression of oxidative stress response genes,
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except it had decreased expression of the chaperones groES and groEL and increased
expression of the iron-sulfur protein sufA. As expected, the AnorB mutant transcriptome
suggested NO stress, with an 11-fold up-regulation of the NO-detoxifying hmpX. Overall, these
results showed some overlap in the response to ROS and RNS stress in culture and suggested
that R. solanacearum in planta experienced less nitrosative stress in tomato xylem than

denitrifying in VDM.

Nitric oxide induced expression of T3SS-related genes both in vitro and in planta.

To determine if in addition to hrpB, other T3SS-associated genes are induced by NO in
culture, we measured relative expression of all 107 known R. solanacearum T3SS genes under
each tested condition. These genes encode T3SS structural elements, regulators, secreted
effectors, and chaperones (Figure 4) (8, 25-35). Cells of the NO-accumulating AnorB mutant
grown in culture had broadly increased T3SS gene expression relative to wild type, with nine of
sixteen structural elements significantly increased. Only one structural element, hrpF, trended
non-significantly towards reduced expression (Figure 4a). Five out of thirteen known regulators
of T3SS were significantly upregulated in AnorB, although expression of the prhA, prhG, prhO,
and the prhKLM operon were all reduced. Two out of the four T3E chaperones had significantly
elevated expression in AnorB, as did most T3Es. The differential expression of effectors did not
seem to correlate with their known interactions with chaperones (Supplementary materials).
The expression of T3SS genes in CysNO-treated cells largely mirrored that of norB, with 80% of
tested genes having a similar trend. However, the magnitude of the effect was lower. T3SS gene

expression in AnarG was more varied, with fewer significantly differentially regulated genes
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than AnorB. In contrast to AnorB, AnarG, and CysNO-treated cultures, H,O»-treated cultures

had only eight significantly changed T3SS genes (Figure 4a). Overall, we saw a greater induction

of T3SS genes in culture by our high-NO conditions than low-NO conditions.
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Figure 4. Nitric oxide alters expression of T3SS-related genes both in vitro and in planta. (a)
Heatmap showing relative expression levels of 107 T3SS-associated genes in R. solanacearum
cells growing in rich medium with varying NO levels. All fold-change numbers are compared to
levels in untreated wild-type (WT) cells. Gene annotations, fold change, and significance levels
can be found in the supplementary materials. NO levels were modified genetically using
mutants lacking narG (deleting this nitrate reductase reduces endogenous NO) and norB
(deleting this nitric oxide reductase increases endogenous NO). NO levels were increased
chemically by adding 1 mM CysNO. Cells treated with 100 uM hydrogen peroxide (H,02) were a
non-NO control to show general stress responses. (b) Relative expression levels of 107 T3SS-
associated genes in R. solanacearum cells growing in planta. About 2000 CFU of WT R.
solanacearum, AnarG, or AnorB were introduced into 17-day old Bonny Best tomato plants
through a cut petiole and RNA was harvested from a stem slice 3 days after inoculation. (c)
Expression of most T3SS-associated genes in R. solanacearum strain GMI1000 was enhanced
when the bacterium grew in tomato plants relative to when R. solanacearum cells multiplied in

vitro under denitrifying conditions (VDM medium, 0.1% O3).

To determine if altering NO levels affects R. solanacearum T3SS gene expression in a
biologically relevant environment with all natural T3SS regulating inputs, we examined changes
in T3SS gene expression in AnarG and AnorB in planta. Compared to R. solanacearum grown in
culture, wild type R. solanacearum in planta had much higher expression of almost every T3SS-
associated gene (Figure 3c). When growing in tomato stems, AnorB grown in planta had no

significantly differentially regulated T3SS genes, possibly because relatively high levels of NO
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are already present in the plant environment (Figure 3b). In contrast, the non-denitrifying
AnarG mutant showed an overall trend of lower T3SS gene expression, with expression of nine
genes significantly reduced (Figure 3b). These included two components of the T3SS structure,
hrpF and hrcN, the regulators hrpB and prhG, the effector chaperone hpaG, and four T3SS
effectors. Even in the highly T3SS-inducing in planta environment, reducing R. solanacearum-

produced NO was sufficient to reduce T3SS gene expression in tomato xylem.

Discussion

The T3SS is essential for R. solanacearum virulence, as it is for many Gram-negative
pathogenic bacteria. Involving at least 16 structural proteins, this secretion system is
metabolically expensive to synthesize and operate, so the bacterium is under strong selection
pressure to express it only when it increases fitness (36, 37). Many factors contribute to the
regulation of T3SS in R. solanacearum, including the presence of undefined host cell wall
materials, unknown soluble factors, unknown metabolic cues, and (in culture) quorum sensing
(3, 33-35, 38—40). While many T3SS regulators have been described, open questions remain,
such as why T3SS is repressed in rich media and whether specific host cell wall components
activate PrhA. In addition, many genes that affect T3SS gene expression do so via unknown
mechanisms (32—34). The results presented here suggests that NO participates in this complex
regulatory network.

Despite its toxicity at high concentrations, NO is widely used as a signaling molecule in
all domains of life (41-43). Many effects of NO are mediated by NO-dependent protein post-

translational modifications, including binding transition metals, S-nitrosylation of cysteine, and
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tyrosine nitration (16, 43—48). While most well-characterized mechanisms of NO signaling have
been described in eukaryotes, examples of NO signaling in bacteria have also been identified.
Species in Legionella, Shewanella, Vibrio, and Silicibacter have been shown to use H-NOX
proteins to sense NO and regulate biofilm formation (49-53). NO also contributes to biofilm
regulation in Pseudomonas aeruginosa via the protein NosP (54). Both H-NOX proteins and
NosP bind NO using iron centers, but no orthologues of these genes are apparent in the R.
solanacearum genome. The first example of S-nitrosylation in bacteria was the oxidative stress
response protein OxyR in E. coli (55). OxyR regulates a distinct set of genes when a key cysteine
is nitrosylated rather than oxidized. In addition to this, nitrosative stress damage triggers S-
nitrosylation of the Salmonella enterica redox sensor SsrB and affects the S-nitroso proteome of
Mycobacterium tuberculosis (56, 57). Although we show NO activates a key virulence factor in
R. solanacearum, its specific mechanism of action is not yet known. Using in silico predictions of
NO-dependent post-translational modifications, we could identify and selectively modify
potentially important residues in T3SS regulatory proteins to determine the mechanism of NO-
dependent T3SS activation (58, 59).

To explore the possibility that the up-regulation by NO of T3SS-associated genes in R.
solanacearum is mediated by S-nitrosylation, we searched for potential S-nitrosylation sites in
T3SS regulatory proteins using GPS-SNO (58). The strain GMI1000 HrpB protein contains a
predicted S-nitrosylation site at cysteine 112 that is conserved across the RSSC and in the
corresponding regulatory protein HrpX in plant pathogenic Xanthomonads. However, we were
unable to conclusively test this hypothesis since mutating this residue yield ambiguous results

(as might be expected for a function regulated by many factors), and we were unable to purify
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sufficient HrpB protein to chemically measure S-nitrosylation. Thus, this mechanism remains
possible but unproven.

We found that expression of T3SS-associated genes was enhanced by the presence of a
plant host and by exogenous NO released by the NO donor CysNO, and the plant-mediated
induction was suppressed by the NO scavenger cPTIO (Figure 1c). T3SS gene expression also
increased in response to nitric oxide produced by R. solanacearum itself, both at natural levels
generated by denitrifying respiration and at enhanced levels caused by deleting norB. As
previously reported (6, 9, 10), R. solanacearum cells infecting tomato plants highly expressed
most T3SS genes, but reducing R. solanacearum-produced NO by preventing denitrifying
respiration with a AnarG mutation significantly decreased expression of some T3SS-related
genes in planta. These included genes encoding structural components, HrpF and HrcN, key
regulators HrpB and PrhG, the chaperone HpaG, and four T3-secreted effectors (Figure 4b). This
was especially striking because overall gene expression in AnarG was otherwise very similar to
that of wild type. These results raise the possibility that R. solanacearum uses the presence of
NO as an indirect indicator of the host xylem environment. There was no increase in T3SS gene
expression in the NO-overproducing AnorB mutant, which may indicate that T3SS genes are
already so highly expressed in planta that the addition of more NO does not further increase
this elevated level of expression.

Besides its effects on the T3SS, altering NO concentrations in culture elicited broad
changes in gene expression. We reduced NO levels using the non-denitrifying mutant AnarG.
However, preventing the cells from using the denitrification pathway has significant effects on

the biology and metabolic state of the cells, making the interpretation of these results
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challenging. For example, the AnarG cells grown in culture showed evidence of decreases in
growth rate and metabolic activity, indicated by decreased expression in the biosynthetic
pathways of nucleotides, reduced expression of the oxidative phosphorylation system, and
decreased production of many tRNAs. Treating the cells with NO, either with exogenously
applied CysNO or with the NO-overproducing AnorB, caused similar changes in many metabolic
pathways in culture. However, a primary force in culture was the stress caused by increased NO
concentrations. This manifested in decreased expression of denitrification and nitrate uptake
functions and an increased expression of the NO-detoxifying enzyme hmpX. This stress was
associated with decreased expression of most R. solanacearum secretion systems. However,
expression of the T3SS showed the opposite trend, indicating the specificity of NO-dependent
T3SS regulation.

When denitrification mutants grew in planta they had far fewer alterations in gene
expression relative to wild type than when the mutants grew in culture. This suggests that
inputs from the plant host help R. solanacearum control its metabolism and behaviors. Overall,
the cells grown in planta seem to encounter less nitrosative stress than cells grown in
denitrifying conditions in culture. This could mean that NO stress is not as important in planta
than in culture, but it does not take into account differences in the microenvironments of the
xylem environment. Bacteria grown in culture experience a uniform environment with
consistent NO stress. In contrast, R. solanacearum cells colonizing plant stems occupy multiple
different microenvironments, which likely contain varying NO levels.

A previous study compared gene expression between R. solanacearum grown in rich

media and R. solanacearum living in tomato xylem (6). Although there were methodological
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differences between that experiment and this one, we saw many similarities in the DEGs
present between in culture and in planta R. solanacearum. In both experiments, many of the
most highly upregulated genes are involved in the T3SS. Of the genes that were upregulated in
planta in both experiments, 31 out of 141 (~22%) encoded structural components, regulators,
or effectors of the T3SS. Three exceptions to this trend were prhKLM. Mutating any of these
genes leads to a loss of T3SS gene expression, yet all three were highly downregulated in planta
compared to either CPG or VDM (Supplementary materials) (6, 34). Several other genes that
were highly upregulated in planta in both experiments encode metabolism of sucrose or myo-
inositol, two carbon sources important for R. solanacearum during infection (60-62).
Additionally, genes involved in flagellar motility were upregulated in both experiments. A
similar number of genes (137) were downregulated in planta in both experiments. These
included several genes predicted to be involved in amino acid transport and metabolism and
the superoxide dismutase genes sodB and sodC.

Components of the denitrification pathway were among the most highly upregulated R.
solanacearum genes in planta compared to in rich medium. Consistent with this observation, R.
solanacearum mutants unable to denitrify were reduced in growth in planta and in bacterial
wilt virulence (11). However, the same genes were around 20-fold more highly expressed in
denitrifying culture than in planta. Further, the RNS-responsive NO-detoxifying genes norB and
hmpX were upregulated in planta compared to rich media but were expresses much less in
planta than in denitrifying conditions in culture. This indicates that Rs experiences more
nitrosative stress when growing in denitrifying culture conditions than when growing in the

plant host, which in turn is more nitrosatively stressful than aerobic growth in rich media. These
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data add to the strong evidence that R. solanacearum gene expression and metabolism are very
different in the biologically realistic host environment than in culture. This may be due to the
complex structure of the xylem environment, where host inputs modulate R. solanacearum
gene expression, the ability to form defensive biofilms and multiple microenvironments with
different nutrient or oxygen concentrations, or because the xylem is a flowing environment,
constantly bringing new nutrients into the bacterial habitat. The bacterium’s behavior in culture
should be regarded as artifactual unless proven otherwise.

We attempted to directly measure the concentrations of NO in healthy and infected
tomato xylem collected from fluid pooling on a cut stem using the NO-reactive fluorescent dye
DAF-FM, electro paramagnetic resonance (EPR), and an NO-sensitive microsensor (63—66).
While a fluorescent signal was observed when DAF-FM was added to xylem sap, no signal was
detected through EPR using the NO spin trap cPTIO or with the microsensor (Unisense, Aarhus,
Denmark), suggesting that the DAF-FM fluorescence was not specific to NO. These results
highlight the need to measure NO using multiple methods in biological systems (67). This failure
to detect NO in tomato xylem may not reflect true levels of NO in an intact plant. We collected
xylem sap by de-topping tomato plants just above the cotyledons and allowing root pressure to
force xylem fluid to pool on the cut stem. Any material exuded in the first two minutes after
cutting was removed in an attempt to limit the amount of cellular debris and phloem in the
collected material. This method, while useful for obtaining sap to analyze for stable metabolites
may not work with a transient metabolite like NO (20). Cutting the stems stimulates production
of reactive oxygen species, which quickly react with NO to form other reactive nitrogen species,

potentially diluting any NO signal (68—70). Furthermore, this approach can only measure NO
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levels in bulk xylem sap. The xylem is a dynamic and physically heterogenous environment.
Xylem flow, xylem structure, and R. solanacearum-produced biofilms may all create gradients
or microenvironments with altered NO concentrations in the xylem of intact plants
(Zimmermann, 1983; Kim et al., 2016; Tran et al., 2016; Lowe-Power, Khokhani and Allen,
2018). These factors complicate direct measurement of xylem NO. Confocal microscopy of
intact infected stems using fluorescent markers to visualize R. solanacearum, biofilms, and NO
may eventually give a more complete understanding of this challenging landscape.

Overall, these results reveal a strong connection between NO levels and expression of
the R. solanacearum T3SS. They suggest that R. solanacearum regulates virulence in part by
using denitrifying metabolism and the resulting NO as a signal of the hypoxic high-nitrogen host
xylem environment. Ongoing work is exploring how R. solanacearum manages nitrosative stress

and identify additional effects of NO on biology of both host plant and bacterial pathogen.

Materials and Methods

Bacterial strains and culture conditions.

All strains, plasmids, and primers used in this study are listed in Supplementary Table 1.
R. solanacearum was cultured in either CPG or a modified VDM medium at 28°C (11, 74). E. coli
was grown in Luria-Bertani (LB) media at 37°C. As needed, cultures were supplemented with

antibiotics: 25 pug/mL kanamycin or 15 pug/mL gentamicin.
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Strain construction.

An R. solanacearum GMI1000 mutant lacking hrpB (RSp0873) was created using a
modified sacB-dependent positive selection vector, pUFR80 (75). The regions directly upstream
and downstream of hrpB were amplified using the AhrpBup/dwn primer pairs. These fragments
were then inserted into pUFR80 digested with Hindlll using Gibson assembly (76). The resulting
plasmid, pUFR80-AhrpB was transformed into R. solanacearum GMI1000 and successful
plasmid integrations were selected for kanamycin resistance. The resulting colonies were then
counter selected on CPG + 5% w/v sucrose. Successful deletions were confirmed using PCR,
sequencing, and a functional screen for the ability to induce HR on the incompatible host N.
tabacum (77).

The AhrpB mutation was complemented by inserting a DNA fragment encoding hrpB
and hrcC with the ~600 bp upstream containing their native promoter into the selectively
neutral att site in the R. solanacearum chromosome using pRCK (78). The fragment was
amplified using hrpBcomp_F/R and inserted into AvRII/Xbal-digested pRCK using Gibson

assembly. This vector was then transformed into AhrpB and selected on CPG+kan.

Plant growth conditions.

Wilt-susceptible tomato cv. Bonny Best were germinated and grown in BM2 all-purpose
germination and propagation mix (Berger, Saint-Modeste, QC). Plants were grown at 28°C with
a 12 hr photoperiod. Seedlings were transplanted after 14 days. After transplanting, plants
were watered on alternate days with 1/2 strength Hoagland solution. Tomato seeds for axenic

seedling production were sterilized by washing with 10% bleach for ten minutes, followed by
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two five-minute washes in 70% ethanol, then rinsed five times with water and germinated on

water agar plates.

Lux reporter assays.

To test the effect of denitrification on T3SS gene expression, R. solanacearum strain
GMI1000 carrying a hrpB::lux reporter gene fusion was grown in denitrifying conditions as
follows (9). Overnight cultures grown in CPG were resuspended in VDM with or without 30 mM
potassium nitrate to an initial ODggo of 0.001. These cultures were grown in 200 pL volumes in
clear-bottomed white-walled 96 well plates at 28°C in 0.1% O, with shaking. Every half hour,
the Absgoo and luminescence was measured using a BioTek SynergyHT microplate reader
(BioTek, Winooski, VT, USA). To determine the effects of the NO scavenger cPTIO on T3SS gene
expression, hrpB::lux cultures were resuspended in 24-well plates in 1 mL of water, either with
or without two five day-old sterile tomato seedlings. As appropriate, cPTIO was added to a final
concentration of 1 mM. The plates were incubated at 28°C with shaking for ~24 hours. The
pigmented liquid was removed from the seedlings and transferred to 1.5 mL Eppendorf tubes,
after which the bacteria were pelleted by centrifugation. The pigmented supernatant was
removed, and the pellets resuspended in 200 pL of water. These suspensions were transferred

to a new plate and the Abssoo and luminescence was measured as detailed above.

RNA extraction for sequencing.
To profile gene expression of R. solanacearum at various levels of NO stress, we

extracted RNA from R. solanacearum grown in culture and in planta. For each in condition, we
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used R. solanacearum from three separate overnight cultures as biological replicates. For the in
vitro samples, overnight cultures grown in CPG were resuspended to a final ODggo of 0.01 in 50
mL of VDM + 30 mM potassium nitrate in conical tubes. These cultures were incubated without
shaking for 12 hours at 28°C in 0.1% O,. Four hours before harvesting, CysNO or H,0, were
added to the relevant cultures to a final concentration of 1 mM and 100 uM, respectively.
CysNO was synthesized by adding HCl to a solution containing 200 mM L-cysteine and 200 mM
sodium nitrite. The solution was incubated in the dark for ten minutes before it was neutralized
by adding sodium hydroxide to a final concentration of 200 mM. The molarity of the solution
was determined using the absorbance at 334 nm and the extinction coefficient 90/M*cm. After
16h total incubation, sub-samples were collected for dilution plating to determine CFU/ml and
the tubes were capped and centrifuged at room temperature for 5 min at 8000 rpm. The
supernatant was removed and pellets were frozen in liquid nitrogen. RNA extractions were
carried out using a modified version of the Quick-RNA™ MiniPrep kit (Zymo Research, Irvine,
CA, USA), as follows. Pellets were resuspended in 400 pL of ice cold TE pH 8 with 1 mg/mL
lysozyme, 0.25 pL Superase Inhibitor (Ambion, Austin, TX, USA), and 80 uL of 10% SDS, vortexed
for 10s, transferred to a new 2 mL tube, and shaken at ~300 rpm for 2 min. 800 uL of RNA-Lysis
lysis buffer was added, the tubes were vortexed again for 10 s, cleaned according to the kit
manufacturer’s instructions, and eluted in 100 pL of water. Nucleic acid concentrations were
estimated using a nanodrop, normalized to 200 ng/ulL, and cleaned using the DNA-free DNAse
kit (Invitrogen, Carlsbad, CA, USA). Samples were incubated at 37C for 1 hour, with 2 uL more of
DNAse added at 30 min. After DNAse inactivation, samples were further cleaned by chloroform

extraction, then precipitated overnight at -20°C with 100 uM Sodium Acetate pH 5.5 and 66 %
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ethanol. Samples were checked for concentration on a Nanodrop, for DNA contamination by
PCR using the gRT-PCR primers serC_F/R, and for RNA integrity (RIN) using an Agilent
Bioanalyzer 21000 (Agilent, Santa Clara, CA, USA). All samples had RIN values above 7.3.

The in planta samples were harvested after 21 day old Bonny Best tomatoes were
inoculated with ~2000 CFU of each bacteria strain through the cut petiole of the first true leaf.
At 3 dpi, approximately 0.1 g of stem tissue was collected from the site of inoculation,
immediately frozen in liquid nitrogen, and stored at -80°C. Another ~0.1 g of tissue was
collected from directly below the inoculation site and was ground in bead beater tubes using a
Powerlyzer (Qiagen, Hilden, Germany) for two cycles of 2200 rpm for 90 s in each with a 4 min
rest between cycles. This material was then dilution plated to measure bacterial colonization.
From each biological replicate, we chose six plants with the most similar level of colonization.
RNA was extracted from these using a modified hot phenol-chloroform method (6). Between 4
and 5 individual plants were pooled per biological replicate. Nucleic acid sample quality was
checked using a nanodrop, Agilent bioanalyzer, and qRT-PCR primers Actin_F/R. All samples had

RIN values of above 7.2.

RNA sequencing and data analysis.

All RNA was sent to Novogene (Beijing, China) for library preparation, sequencing, and
analysis. rRNA depletion, fragmentation, and library construction were done using NEBNext®
pLtra™ Directional RNA Library Prep Kit for lllumina® (NEB, Ipswitch, MA, USA) following the
manufacturer’s recommendation and starting with 3 pug of RNA per sample. After the libraries

were constructed, their quality was assessed using an Agilent Bioanalyzer 21000 system and
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sequenced using an lllumina platform to generate paired-end reads. Between 19,000,000 and
40,000,000 reads were produced per sample. Raw reads were converted to FASTQ files using
Illumina CASAVA v1.8, and then filtered for quality, removing reads with adaptor
contamination, greater than 10% uncertain nucleotides, or more than 50% of nucleotides with
a Qpred less than or equal to 5. Over 95% of reads were of good quality, and were mapped to the
R. solanacearum GMI1000 genome
(https://www.ncbi.nlm.nih.gov/assembly/GCF_000009125.1) using Bowtie2 -2.2.3 (79). From
this, gene expression was calculated using HTseq v0.6.1 and differential gene expression was
calculated using DESeq 1.18.0. P-values calculated by DESeq were adjusted to control for the
false discovery rate (FDR) using the Benjamini-Hochberg approach. Gene Ontology enrichment
was analyzed using GOseq Release2.12 and KEGG enrichment was calculated using KOBAS v2.0

software.

Measuring T3SS expression with gRT-PCR.

Expression of T3SS genes was measured in denitrification mutants grown in 40 mL of
VDM + 30 mM nitrate grown in GasPak™ EZ microaerobic pouches (BD, Franklin Lakes, NJ, USA)
at 28°C with shaking for 18 hours starting from an ODggo of 0.001. RNA extractions were carried
out using a hot phenol-chloroform method(6). Extractions were carried out using the Quick-
RNA™ MiniPrep kit (Zymo Research, Irvine, CA, USA). cDNA synthesis was done using the
Superscript VILO cDNA synthesis kit (Invitrogen, Carlsbad, CA, USA). qPCR reactions were
carried out in 10 pL volumes using 5 ng of total template using PowerUp Syber Green Master) in

a QuantStudio 5 Real-Time PCR System Mix (Applied Biosystems, Foster City, CA, USA).
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locus: RSp0873-RSp0874

Strains Relevant characteristics Reference

R. solanacearum

GMI1000 Phylotype | seq 18 strain isolated from tomato in French (37)
Guyana

hrpB::lux GMI1000 expressing the bacterial /ux reporter controlled (9)
by the hrpB promoter, Kan®

AnarG GMI1000 lacking narG, a nitrate reductase. Cannot (12)
denitrify and does not produce NO, Gm®

AnorB GMI1000 lacking norB, a nitric oxide reductase. Can (12)
denitrify, but accumulates NO, GmF®

AhrpB GMI1000 lacking hrpB. Avirulent and does not express a This study
T3SS

hrpB comp AhrpB complemented.,Kan® This study

E. coli

DH5a dlacZ, Delta M15 Delta(lacZYA-argF) U169 recAl endAl (80)
hsdR17(rK-mK+) supE44 thi-1 gyrA96 relAl

Plasmid Description Reference

pUFR80 Positive sucrose selection vector, Suc®, Kan® (75)

pRCK-GWY Gateway destination vector that integrates into the (78)
GMI1000 genome at the neutral att site; Kan®

pUFR80-AhrpB Vector used to make unmarked R. solanacearum AripB, This study
Suc®, Kan®

pRCK-hrpBcomp | Complementation vector containing WT hrpB and hrcC, This study
Kan®R

Cloning Primers

Primer Sequence? Reference

AhrpBup_F 5’ — cgacggccagtgccaGTTCGATACCAGCGAAAGC target This study
locus: RSp0873

AhrpBup_R 5’ — cggagggcGGCAATGCTCCTGAAGCG target locus: This study
RSp0873

AhrpBdwn_F 5’ — gcattgccGCCCTCCGGCGGACCGCC target locus: This study
RSp0873

AhrpBdwn_R 5’ — acctgcaggcatgcaGCTGTTGCCGACGTATTGACCGGTGC This study
target locus: RSp0873

hrpBcomp_F 5’ — tgcgcgagcaggggaattgcGACAACGTCTCCGGGTTC target | This study
locus: RSp0873-RSp0874

hrpBcomp_R 5’ — cgaccctagtctaagatcttCTTCGGCATTCGGCAATG target This study
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qRT-PCR
Primers

Primer Sequence Reference

hrpB_F 5’ — CCTGCCCGAATACGCAAATG target locus: RSp0873 This study

hrpB_R 5’ — CGAATGGCGGATCAGGCGCT target locus: RSp0873 This study

hrpG_F 5’ — GCAGAACGTGGAATGTGTCC target locus: R. This study
solanacearump0852

hrpG_R 5’ — AGACTGAATGCCTCGGTACG target locus: RSp0852 This study

ripAA_F 5’ — GGAATACAGCAACTGCGTGC target locus: RSc0608 This study

ripAA_R 5’ —TTGTAGTTGCGGACCCTCAGtarget locus: RSc0608 This study

serC_F 5’ — CGCGCAAATACGGTGAAGTG target locus: R. This study
solanacearumc0903

serC_R 5’ — GTGCACAGATGCACGTAAGC target locus: RSc0903 This study

Actin_F 5’ — TCAGCAACTGGGATGATATG target locus: BT013524 (68)

Actin_R 5 —TTAGGGTTGAGAGGTGCTTC target locus: BT013524 (68)

@ Capitalized bp anneal to the target locus, non-capitalized bp anneal to other fragments in a

Gibson assembly reaction
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Supplementary Figure 1. Growth and NO levels of R. solanacearum strains under denitrifying

conditions in culture. Cultures were started at a concentration of 10° CFU/mL in VDM

containing the NO-detecting fluorescent dye DAF-FM DA at 10 uM. Cultures were incubated in

in clear-bottomed, white-walled 96-well plates at 30C for 24 h at [02] =0.1%. Culture growth

(dotted lines) is shown as absorbance at 600 nm. NO concentration (solid lines) was measured

as DAF-FM fluorescence at 495/515 nm. The AnorB mutant strain accumulates NO, which

significantly impairs its growth.
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Supplementary Figure 2. In vitro cell densities and tomato stem colonization of samples used
in RNA-seq. (a) Cell densities of culture samples as measured by dilution plating. One H;0,-
treated plate was uncountable due to plate contamination. ODeoo values of each culture were
also collected and had comparable values. (b) Colonization of tomato plants used for

transcriptome sequencing. Roughly 0.1 g of stem tissue was collected from directly below the



sample used for sequencing. The tissue was ground and dilution plated to enumerate CFU/g

stem.
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Supplementary Figure 3. General RNA-seq quality (a) Total and mapped reads per RNA-seq

sample. The in planta samples had lower percentage of mapped reads due to the presence of
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host RNA. (b) Hierarchical clustering and expression heat map of the 1000 most variable genes
in the dataset. Blue indicates higher expression and brown indicates lower expression. All genes
were normalized to the mean gene expression across all conditions. Samples collected from R.
solanacearum grown in planta are denoted with the prefix “p”. Heatmap created using iDEP.90

(81).

Supplementary Materials including a complete list of gene expression and log; fold change
values for all conditions included in this study, KEGG enrichment of genes altered in each
condition, and annotations, Log; fold change relative to wild-type and adjusted p-values for R.

solanacearum T3SS related genes can be found online at:

Nitric Oxide Regulates the Ralstonia solanacearum Type 3 Secretion System

Connor G. Hendrich, Alicia N. Truchon, Beth L. Dalsing, Caitilyn Allen

bioRxiv 2020.10.26.355339; doi: https://doi.org/10.1101/2020.10.26.355339

https://www.biorxiv.org/content/10.1101/2020.10.26.355339v1
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Chapter 3

A two-way street: the use of the Ralstonia solanacearum Type Il Secretion System during

infection by the phage phiAP1

This chapter will be submitted as the following publication:

Xavier, A. S., de Melo, A. G., Hendrich, C. G., Tremblay, D. M., Rousseau, G. M., Plante, P., de
Almeida, J. C. F,, Forest, K. T., Zerbini, P. A., Allen, C., & Moineau, S. Driving the wrong way: the
use of Ralstonia solanacearum Type Il secretion system during phage infection and the

consequences on phage-host arms race

Contributions: ASX, AGM, and CGH all conducted experiments, wrote the text, and created the
figures. ASX, DMT, GMR, and PP sequenced and assembled the BIM4 and BIM30 genomes. CGH
sequenced and assembled the T2SS/Tfp positive BIM genomes. JCFA wrote text and
contributed to experimental design. KTF provided experimental ideas regarding T2SS structure

and mutations. PAZ, CA, and SM all contributed to the design and analysis of experiments.
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Abstract

Microbial populations have evolved a wide variety of mechanisms to resist viruses.
These mechanisms provide adaptive advantages in the presence of viral pressure and promote
the survival and evolution of the host species. Here, we studied the resistance mechanism of
the bacterial wilt pathogen Ralstonia solanacearum (Rs) to the lytic phage phiAP1 using a
library of 28 Rs spontaneous Bacteriophage Insensitive Mutants (BIMs). Phenotypic and genetic
evidence suggest that phiAP1 requires the Type Il Secretion System (T2SS) to infect Rs, as most
BIMs no longer had Type Il secretion activity. Because Rs uses its T2SS to secrete several key
virulence factors, giving up T2SS to gain resistance to phiAP1 imposed a significant fitness
penalty on this pathogen. Using a mutation that inactivates the Rs T2SS GspE ATPase but
allowed the T2SS complex to assemble normally, we found that phiAP1 requires a functional
T2SS to enter Rs. However, 6 BIMs retained T2SS function and full virulence on tomato plants,
indicating other pathways to phiAP1 resistance are possible. Our results provide insight into
phage biology, the function of the Rs T2SS, and show how pathogen virulence factors can be

exploited to develop effective and durable phage biocontrol therapies.

Introduction

In the dynamic arms race between viruses and bacteria, virus-mediated selection plays a
central role in the maintenance of bacterial diversity (1, 2). This selective pressure drives rapid
molecular evolution due to natural cycles of adaptation and counter adaptation (3-5). Faced
with these pressures, the prevalence of particular bacterial genotypes depends on the balance

between adaptive advantages and biological sacrifice of cognate functions (6).
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Many bacterial innate mechanisms contribute to their survival, including CRISPR-Cas
systems (7), Restriction-Modification systems (8), and abortive infection (9). Additionally, viral
resistance phenotypes arise from specific mutations that alter critical host factors required for
steps in the viral life cycle like adsorption and DNA injection (10-12).

Ralstonia solanaccearum (Rs) are Gram-negative plant pathogenic bacteria that belong
to a heterogeneous group with global distribution and an unusually wide host range. They
cause bacterial wilt disease on more than 200 species, including economically important crops
such as potato, eggplant, banana, and tomato (13—17). The diverse array of Rs strains have
been classified into four phylotypes, each with a distinct geographic origin (18). Although Rs
have been targeted by phage therapy approaches, they often have antiphage resistance (19—
21), apparently using multiple strategies to escape infection (22, 23). Although some Rs isolates
carry canonical CRISPR loci, the locus has not been observed to acquire new targets (24).
However, phage insensitive Rs mutants arise with high frequency, indicating the existence of
other evasion strategies (24).

To expand our knowledge of Rs defense viral strategies, we studied a spontaneous
library of Bacteriophage Insensitive Mutants (BIMs) generated by exposing the phylotype Il Rs
strain CFBP2957 to the virulent podophage phiAP1. Two of these BIMs, BIM4 and BIM30, were
previously characterized with respect to viral adsorption, phage DNA replication and CRISPR
spacer acquisition. The CRISPR-Cas system of Rs is not responsible for the resistance phenotype
of these variants (24).

Here we determine the molecular basis of antiviral resistance in a larger set of Rs

CFBP2957 BIMs. We identify the genetic determinants of phage insensitivity by sequencing
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genomes of several BIMs. We show that the activity of the Rs T2SS is used by phiAP1 during
infection. We additionally showed that phage resistance imposes a fitness cost on Rs by
reducing its virulence on tomato. Finally, we demonstrated that the Rs prepilin peptidase is
required for both Type IV pili and in the T2SS. To the best of our knowledge, this is the first

study in the literature showing the utilization of the T2SS in phage infection.

Results
Identification of genetic determinants involved in phage resistance.

To understand the mechanism of Rs resistance to phiAP1, we performed whole genome
sequencing of two resistant BIMs and their WT parent strain, CFBP2957. Several polymorphisms
were identified in the BIMs that were absent in the parental WT CFBP2957. To map candidate
mutations potentially involved in phage resistance, we focused on non-synonymous SNPs and
INDELS because most synonymous SNPs were shared among the BIMs (Supplementary Table 4).
Supplementary Table 3 presents a summary of the non-synonymous mutations or INDELS
unique to the BIMs. Both BIM4 and BIM30 had unique insertions in membrane proteins. In
BIM4, a mutation occurred in the membrane protein GspL, which is a part of the Type Il
secretion system (T2SS) inner membrane complex and participates in the formation of the
pseudopilus (Figure 1a, Figure 1b) (25). The INDEL of BIM30 occurred in the prepilin peptidase
(PilD) that processes prepilins prior to their addition to the Type IV pilus (Tfp). These INDELs
caused frameshift mutations near the beginning of the ORFs of both genes, significantly

truncating the primary sequence of the resulting protein.



84

gspD gspM gspK gspl ~ gspG
Pl pilcC pilB
BIM30
Cell Outer CFBP2957
Exterior Membrane WT
BIM4
BIM4
complement
Inner
Membrane
BIM30
Cell
Interior BIM30

complement

\

b c

Figure 1. Mutations in gspL and pilD confer resistance to phiAP1. (a) Genomic location of the

unique mutations of Rs mutants BIM4 and BIM30. BIM4 contains a mutation in gspL, an inner
membrane protein of the T2SS. BIM30 contains a mutation in pilD, a prepilin peptidase. (b) The
structure of the T2SS. The inner membrane complex is composed of the cytoplasmic ATPase

GspE (shown in red) and the inner membrane proteins GspC, GspL, GspM, and GspN. GspC
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(shown in grey) links the inner membrane complex to the outer membrane complex, which is
composed of the outer membrane secretin GspD (shown in blue). GspE uses the energy from
ATP hydrolysis to assemble the pseudopilus, which is a polymer of the major pseudopilin GspG
(shown in dark green) capped with the minor pseudopilins GspH, Gspl, GspJ, and GspK (shown
in shades of light green). The growth of the pseudopilus pushes T2SS cargo (shown in yellow)
out of the cell. (c) Both BIM4 and BIM30 are resistant to phiAP1 infection and complementing
the mutants with gspl and pilD restores their susceptibility. Ten-fold dilutions of a phiAP1

suspension were spotted onto a lawn of each strain.

Complementation of BIM4 and BIM30 restored phage susceptibility.

To test the hypothesis that the mutations in gsplL and pilD were responsible for phage
resistance, we complemented Rs CFBP2957 BIM4 and BIM30 with a wildtype copy of gspl and
pilD, respectively. To do so, we used Gibson assembly (26) to introduce each gene to the low-
copy plasmid pUFJ10 to be expressed under the control of the kanamycin resistance gene
promoter (27). When we transformed this construct into E. coli DH5a, the only positive clone in
E. coli containing gspl had the 3’-region past codon 220 deleted, suggesting that this full-length
gene might be toxic in E. coli. The plasmids pgspL and ppilD containing 5° region partial gene
(gspl) or the complete gene (pilD) were transformed in R. solanacearum BIM4 and BIM30,
respectively. Spot tests were used to verify the ability of phage phiAP1 to infect the
BIM4::pgspl and BIM30::ppilD (Figure 1c). Genetic complementation restored phiAP1
sensitivity, indicating that the loss of GspL or PilD is responsible for phiAP1 resistance in these

two mutants.
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BIM4 and BIM30 are defective for Type Il Secretion, Type 4 pili, or both.

Because the proteins encoded by gspl and pilD are involved in the T2SS and in the Tfp,
we tested the function of these systems in BIM4 and BIM30. We assessed twitching motility by
spotting each Rs strain on low percentage agar plates and observing the colony margins
microscopically after 24 hours (28). The colony edges of BIM4 and WT displayed the diffuse,
reticulate margins typical of Rs strains with functional twitching motility Tfp (Figure 2a) (28). In
contrast, BIM30 coalesced into thick, defined colony edges more rapidly, *. These results

indicated that the loss of pilD in BIM30 impairs Rs twitching motility.
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Figure 2. Rs mutants BIM4 and BIM30 are both deficient in T2SS, but only BIM30 is deficient

in Tfp-mediated twitching motility. (a) Colony margins of CFBP2957 WT, BIM4, and BIM30
grown on low percentage agar plates. A Tfp deficient mutant, ApilA, made in the phylotype |
strain GMI1000 is included as a control. The colony margins of WT and BIM4 at low cell
densities were diffuse and undefined. In contrast, microcolonies of BIM30 and ApilA coalesced
earlier, forming compact, defined masses even at low densities. BIM30 was deficient in
twitching motility but BIM4 was not. Scale bars represent 0.1 mm. (b) Secretion of the T2SS

exported polygalacturonase enzymes by WT Rs CFBP2957, BIM4, and BIM30. Strains were
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plated on minimal media plates containing polygalacturonic acid. After 24 hours of growth, the
colonies were rinsed away, and the plates were flooded with HCI to reveal zones of clearing
made by polygalacturonase activity. Both BIM4 and BIM30 were unable to export

polygalacturonase, indicating they have defects in the T2SS.

As an indicator of T2SS functionality, we tested BIM4 and BIM30 for extracellular activity
of polygalacturonase, a Type Il secreted enzyme. When grown on agar plates containing
polygalacturonic acid, T2SS-positive Rs produce a zone of clearing due to the excretion of this
enzyme (29). Neither BIM4 nor BIM30 produced a zone of clearing when grown on
polygalacturonic acid plates, indicating that neither mutant has a functional T2SS (Figure 2b). In
P. aeruginosa, PilD not only processes pilins for the Type IV Pilus, but also processes
pseudopilins for the T2SS, and loss of PilD abolishes both twitching motility and the T2SS (30).

The loss of both systems in BIM30 indicates that PilD plays a similar role in Rs.

phiAP1 does not require Rs Tfp during infection.

The phage resistance of BIM4 and BIM30 suggests that the T2SS and Tfp may be
required for phiAP1 infection. However, while both BIMs are defective in Type Il secretion and
fully resistant to phage phiAP1, only BIM30 had impaired twitching motility. These results
suggest that the loss of the Tfp might be irrelevant for phiAP1 infection. We tested this
hypothesis by asking if phiAP1 could lyse a previously-constructed ApilA mutant of the phiAP1-

sensitive phylotype | strain GMI1000. Despite lacking the major pilin subunit of the T4p and
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consequently twitching motility, the GMI1000 ApilA mutant retained its sensitivity to phiAP1,

indicating that the Tfp is not required for phiAP1 infection (Figure 3a).

We measured the twitching motility and T2SS phenotypes of 26 additional BIMs. Of the

tested BIMs, only six displayed T2SS activity (Table 1). Of the 22 T2SS-deficient BIMs, three

more were also deficient in twitching motility. Sequencing the pilD genes from these three

double-phenotype BIMs, revealed that all had either a frameshift near the 5’ end of the pilD

sequence or premature stop codons predicted to result in truncated PilD proteins. Taken

together, these results indicate that the T2SS, but not the Tfp, is required for phiAP1 infection.

Table 1. Strain phenotypes

Strain PhiAP1 Twitching | Type ll Virulence | Mutation site
infection | motility® | Secretion® | )

WT + + + + N/A

CFBP2957

WT + + + + N/A

GMI1000

ApilA + - + - pilA (RSc0558) (Pilin)

(GMI11000)

GspG OE - Untested + @ Untested | CFBP2957 gspG expressed

(GMI1000) with rp/M promoter at the

Rs GMI1000 att site (31)

GspE - Untested - - gspE (RCFBP_10322) (T2SS

mutant ATPase)

BIM6 - - - - pilD (RCFBP_10633)
(prepilin peptidase)®

BIM14 - - - - pilD (RCFBP_10633)

(prepilin peptidase)®
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BIM19 - pilD (RCFBP_10633)
(prepilin peptidase)®
BIM30 - pilD (RCFBP_10633)
(prepilin peptidase)
BIM1 +@ GspF (RCFBP_10320)
(T2SS inner membrane
protein)
BIM3 + RCFBP_10793 (putative
extracellular subtilisin-like
protease precursor)
BIM9 + No mutation detected
BIM17 + RCFBP_10792 (conserved
membrane protein of
unknown function)
BIM25 + GspD (RCFBP_10323) (T2SS
outer membrane pore)
BIM29 + RCFBP_21001 (predicted
glutamate/aspartate
transporter)
BIM2 - Untested
BIM4 - GspL (RCFBP_10326) (T2SS
structural)
BIMS5 - Untested
BIM7 - Untested
BIM11 - Untested
BIM12 - Untested
BIM13 - Untested
BIM15 - Untested
BIM16 - Untested
BIM18 - Untested
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BIM20 - + - - Untested
BIM21 - + - - Untested
BIM22 - + - - Untested
BIM23 - + - - Untested
BIM24 - + - - Untested
BIM26 - + - - Untested
BIM27 - + - - Untested
BIM28 - + - - Untested

1. Twitching motility was assessed by observing the colony margins of Rs colonies grown on
low-percentage agar plates

2. T2SS was assessed by growing each strain on minimal media plates containing
polygalacturonic acid, a polymer that is broken down by a T2SS exported enzyme. T2SS positive
colonies produce a zone of clearing when plates are flooded with HCI.

3. Virulence on tomato of Rs BIM strains was assayed by inoculating ~200 CFU of bacteria
through a cut leaf petiole and visually rating bacterial wilt disease for 7 days. Five plants were
inoculated per strain.

4. RsBIM1 and GspG overexpression strains had reduced, but not completely abolished T2SS
activity. In each case, T2SS activity was reduced ~ ten-fold (Figure 3c, Supplementary Figure 1)
5. Only the pilD gene was sequenced for BIM6, BIM14, and BIM19, all other mutations were

identified by whole genome sequencing
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GMI1000 WT

GMI1000 ApilA

CFBP2957 GMI1000
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Figure 3. phiAP1 infection depends on an active T2SS, but not the Tfp. (a) An Rs GMI1000

ApilA mutant is susceptible to phiAP1. Ten-fold serial dilutions of phiAP1 suspension were

spotted onto a lawn of either GMI1000 WT or GMI1000 ApilA. The ApilA mutant was as
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susceptible to phiAP1 as WT, indicating that the Tfp is not required for phiAP1 infection. (b)
Predicted effects of two T2SS deficient mutants. The Rs strain CFBP2957 gspE mutant contains
a single point mutation in the ATP binding domain of the inner membrane ATPase GspE, shown
in red. When GspE is unable to bind and hydrolyze ATP, it cannot add pseudopilins to the
pseudopilus, and the system cannot export any cargo. The GMI1000 gspE OE mutant contains
an additional copy of the major pseudopilin gene gspG (dark green) under the control of an
active promoter. This strain expresses gspG roughly ten-fold more than WT (Supplementary
Figure 2) and produces an overextended pseudopilus that is predicted to reduce cargo export.
In both mutants, the T2SS complex is still predicted to form. (c) Polygalacturonase export by
T2SS mutants. Ten-fold serial dilutions of a suspension of each Rs strain were spotted onto
minimal media containing polygalacturonic acid. Rs strain CFBP2957 BIM1 and the Rs GMI1000
gspE OE mutant both had roughly ten-fold lower secretion of polygalacturonase compared to
WT. The Rs CFBP2957 gspE mutant did not export detectable polygalacturonase. (d) Both the Rs
CFBP2957 gspE mutant and Rs GMI1000 gspG OE mutants are resistant to phiAP1. Phage

suspensions were spotted onto a lawn of each mutant.

phiAP1 requires a functional T2SS for infection.

The T2SS exports protein complexes by using a dynamic pseudopilus, whose growth and
retraction pushes cargo from the periplasm out of the external pore complex into the
extracellular space (25). To test if phiAP1 requires a functional T2SS for infection, we made two
mutants predicted to interfere with the secretion process while still allowing the T2SS complex

to form. In the first, we made a point mutation in the ATP-binding domain of GspE, the inner
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membrane ATPase that adds pseudopilins to the T2SS pseudopilus (25). Without ATP binding
and cleavage, GspE is unable to grow a functional pseudopilus (Figure 3b) (32, 33). As predicted,
this mutant was deficient in the export of both polygalacturonase and pectin methylesterase,
two Type |l secreted enzymes (Figure 3c, Supplementary Figure 1). Second, we constructed an
Rs strain GMI1000 mutant that overexpresses gspG, the main pseudopilin, under the control of
a highly active ribosomal peptide promoter (34). Because the formation of the T2SS complex is
dependent on the stoichiometry of gene expression (35, 36), increasing the number of available
GspG subunits is predicted to increase the length of the pseudopilus, potentially interfering
with normal T2SS function (Figure 3b). Semi-quantitative RT-PCR confirmed that expression of
gspG in this mutant was roughly ten-fold higher than in wild type (Supplementary Figure 2).
While this mutant retained some T2SS activity, its secretion of polygalacturonase and pectin
methylesterase was decreased about ten-fold (Figure 3c, Supplementary Figure 1). Both these
targeted mutants were resistant to phiAP1 infection (Figure 3d). These results suggest that to
infect Rs, phiAP1 requires not just an assembled T2SS complex, but the system must be

functional as well.

Phage-resistance imposes a fitness cost by reducing Rs virulence.

Because twitching motility and the T2SS contribute to virulence, we hypothesized that
the BIMs may have to give up fitness in planta to escape phiAP1. To determine if the BIM4 and
BIM30 mutations reduce Rs fitness in planta, we quantified the virulence of each BIM on
bacterial wilt-susceptible tomato plants using a naturalistic soil soak inoculation that mimics the

pathogen’s infection process. BIM4 and BIM30 caused little or no disease compared to the WT
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parent strain CFBP2957 (Figure 4). Adding back gspL and pilD on the low-copy number plasmid
pUFJ10 partially complemented the mutations, leading to intermediate virulence phenotypes
that were lower than wild-type (37). However, the complemented BIMs were more virulent

than the BIMs.

4-

Disease Index
N

0 5 10 15
dpi
<+ CFBP2957= BIM4 = BIM4 comp + BIM30 = BIM30 comp

Figure 4. BIM4 and BIM 30 have reduced virulence on tomato. Unwounded 17-day old Bonny
Best tomato plants were inoculated by pouring 50 mL of a 108 CFU/mL solution of each Rs
strain onto the soil. Both BIM mutants caused very little disease compared to Rs CFBP2957 WT.
This virulence defect could be partially complemented by adding back a copy of gspL or pilD on
the low-copy number plasmid pUFJ10. Each disease curve represents an average of three assays
with ten plants per assay and results were analyzed using repeated measures ANOVA. Rs WT

strain CFBP2957 was more virulent than BIM4 or BIM30 (P< 0.0005). BIM4 comp was more
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virulent than BIM4 (P=0.024) and BIM30 comp was more virulent than BIM30 (P=0.0016). The

wildtype strain was more virulent than either complemented BIM strain (P< 0.001 ).

The virulence of the remaining 22 BIMs on tomato was measured in a rapid assay that
places ~200 CFU of each strain ton a cut leaf petiole. This inoculation method introduces the
bacteria directly into the xylem of the plant, leading to quicker, more consistent disease. After a
week of growth in planta, the amount of disease correlated directly with the T2SS capability of
the BIM (Table 1, Supplementary Figure 3). The only BIMs that were able to cause disease on
tomato were the five of the phage-resistant strains that still had a functional T2SS (BIM3, BIM9,
BIM17, BIM25, BIM29). BIM1, which did have a functional T2SS, had substantially reduced
virulence on tomato. We sequenced the genome of BIM1 and found it contained a 15 bp
insertion in the T2SS inner membrane protein, GspF. This insertion added a set of five
hydrophobic amino acids (VLAAI) near the midpoint of the protein. In order to test how this
mutation might affect T2SS function, we tested the secretion of two Type |l secreted products
by BIM1. For both polygalacturonase and pectin methylesterase, BIM1 had a level of secretion
roughly ten-fold lower than WT (Figure 3c, Supplementary Figure 1). This indicated that while
BIM1 retained some T2SS activity, the mutation in GspF both reduced its virulence and

provided resistance to phiAP1.

Type |l Secretion-positive BIMs had mutations in diverse Rs genes.
We sequenced the genomes of the other five T2SS positive BIMs. After aligning the

assembled reads to the WT parent CFBP2957 genome, we found at least one unique variant for
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each T2SS positive BIM (Supplementary Table 3). Mutations shared among multiple BIMs are
listed in Supplementary Table 4. Among these BIMs, BIM25 had two unique mutations. The first
mutation was a four base pair deletion in the cell-wall remodeling protein AmiC
(RCFBP_10858). A previously constructed Rs strain GMI1000 AamiC mutant was still sensitive to
phiAP1 (data not shown), indicating that this mutation cannot explain the phiAP1 resistance of
BIM25. The second mutation was a G to T mutation at codon 130 of GspD, an outer membrane
protein in the T2SS complex. This mutation converts an alanine to aspartate near the N-
terminal end of the protein. This mutation is likely in the periplasmic region of the protein, near
where it interacts with the inner membrane machinery. Although BIM25 appears to have a
functional T2SS and corresponding wild-type virulence, the phage-resistant phenotype of this
GspD mutant is consistent with an important role of the Rs T2SS for phiAP1 infection.

The other four T2SS positive BIMs had mutations that were difficult to interpret and in
non-T2SS genes. BIM3 had a single base deletion roughly midway through RCFBP_10793, which
is predicted to encode an extracellular subtilisin-like protease precursor. BIM9 had only one
unique predicted variant, an A to G mutation in a predicted transposon that did not change the
amino acid sequence. BIM17 contained a C to T mutation in RCFBP_10792, leading to a
premature stop codon near the end of this gene encoding a conserved membrane protein of
unknown function. BIM29 encoded a G to A mutation in RCFBP_21001, a predicted

glutamate/aspartate transporter, which created a premature stop codon early in the protein.
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Discussion

The T2SS is a complex, highly dynamic molecular machine that bacteria use to transport
folded protein cargo from the periplasm to the exterior of the cell. This system is composed of
an outer secretin complex made of fifteen GspD subunits and a hexameric inner membrane
complex formed by the transmembrane proteins GsplL, GspM, and GspF and the cytoplasmic
ATPase GspE (25, 38). ATP hydrolysis by GspE provides energy that drives assembly of the
pseudopilus, a structure homologous to the Type IV pilus. It is composed of a polymer of the
major pseudopilin GspG with a terminal cap composed of four minor pseudopilins (25). The
growth of the pseudopilus forces cargo through the outer membrane pore and out of the cell.
The inner and outer complexes are anchored together by the periplasmic transmembrane
protein GspC, which also may also bind to specific cargo and load them into the T2SS complex
(39, 40). Pseudopilins are transported across the inner membrane by the sec secretion system,
and prior to their addition to the growing pseudopilus, charged leader peptides must be
removed from prepseudopilins by a prepilin peptidase (41). In P. aeruginosa, this prepilin
peptidase is PilD, which also processes prepilins for the Type IV pilus (30). The Rs homolog of
PilD was mutated in phage-resistant strain BIM30. This mutant was deficient in both T2SS and
in Tfp, indicating PilD process Rs pseudopilins like it does in P. aeruginosa.

The whole genome sequences of two phiAP1 resistant BIMs gave the first hint that
phiAP1 may exploit the Rs T2SS for its infection cycle. BIM4 and BIM30 had acquired mutations
in gspl and pilD, which are both key components of the T2SS. As expected, these mutations
were sufficient to abolish the secretion of known T2SS-dependent enzymes and also to render

the mutants nearly avirulent on tomato plants. Screening a larger library of BIMs largely
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supported the correlation between phage sensitivity and a functional T2SS. Of the twenty-five
BIMs screened, only six retained the ability to secrete the T2SS enzyme polygalacturonase.
Three BIMs were also deficient in twitching motility, but they all had mutations in pilD, a
peptidase required for both Type Il secretion and T4p function. This suggests that twitching
motility is unrelated to phiAP1 infection. This conclusion is supported by the phenotypes of a Rs
strain GMI1000 ApilA mutant, which remains susceptible to phiAP1 despite lacking twitching
motility.

To test if the T2SS complex is a passive receptor for phiAP1 attachment or if its activity is
required for phage entry, we designed T2SS mutants that would have reduced secretion activity
but still assembled the T2SS complex. First, we mutated a conserved lysine to alanine in the
Walker A motif ATP binding motif of GspE. An analogous mutation in EspE of Vibrio cholerae
was shown in vitro to have reduced ATPase activity both alone and when copurified with other
T2SS inner membrane subunits (32, 33). This mutant was unable to export key T2SS enzymes.

Interfering with the stoichiometry of T2SS subunits can also alter the structure and
function of the T2SS complex. Overexpressing the entire gsp operon can lead to the production
of extended pseudopili in E. coli (42). This effect can also be achieved by overexpressing just the
major pseudopilin (35, 36). We predicted that the formation of these extended pseudopili in Rs
would interfere with the proper export of T2SS enzymes, despite the presence of a fully
assembled T2SS structure. We created a Rs construct expressing gspG under the control of the
promoter of the ribosomal protein rp/M, which has previously been shown to be highly
expressed in culture conditions like those found in our T2SS and phiAP1 infection assays (34). In

this construct, gspG expression was increased roughly tenfold, which corresponded to about a
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ten-fold decrease in secretion of certain T2SS substrates. This was similar to the secretion
decrease in BIM1, which had reduced, but not completely abolished, secretion of
polygalacturonase. In both strains, a decrease in T2SS activity was associated with resistance to
phiAP1. Taken together, the phenotypes of these three mutants demonstrate that the T2SS is
not a passive binding site for phiAP1, and that some aspect of T2SS activity, whether it be the
conformational changes that occur during secretion or the export of particular T2SS targets, is
required for successful phiAP1 infection.

While our results indicate that a functional T2SS is necessary for phiAP1 infection, they
also demonstrate that Rs resistance to phiAP1 is not entirely dependent on a functional T2SS.
The majority of tested BIMs were deficient in T2SS, but six BIMs retained both T2SS activity and
virulence. Two of these, BIM1 and BIM25 had mutations in known T2SS components. The BIM1
mutation was an in-frame 15 bp insertion in the T2SS inner membrane protein GspF, adding
five hydrophobic amino acids after leucine 230. GspF, along with GspE, forms the inner
membrane complex of the T2SS (25). The protein is composed of an N-terminal cytoplasmic
domain followed by two transmembrane regions, a second cytoplasmic domain, and a third
transmembrane domain (43). The two cytoplasmic domains interact with GspF and GspL to
form the inner membrane complex. Aligning the Rs GspF protein with its homologs in P.
aeruginosa and V. cholerae suggest that the BIM1 insertion occurs in the second
transmembrane region (43, 44). Given that the BIM1 mutation is probably buried in the inner
membrane, it seems unlikely that the mutated region interacts directly with phiAP1. The

mutation more likely affects phiAP1 invasion through its detrimental effects on the T2SS.
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The BIM25 mutation maps to the T2SS protein GspD, an outer membrane secretin
whose structure creates the exit pore for T2SS cargo (25). In addition to the secretin domain,
GspD has four periplasmic domains, NO to N3, which interact with the inner membrane
complex component GspC as well as with secreted products (38, 39). The interaction between
GspD and GspC is likely required for proper T2SS formation and function and is thought to
involve the NO, N1, and N3 domains of GspD (40, 45). In BIM25, alanine 130 of GspD is mutated
to an aspartate. Aligning the Rs GspD sequence with its P. aeruginosa homologue, XpcQ,
suggests that this residue is near the C terminal end of the NO domain (46). Unfortunately, the
structure of the NO domain is difficult to determine, perhaps because it forms the linkage points
between the pentadecameric outer membrane pore and the hexameric inner membrane
complex (47). In 2011, Korotkov et al. identified the specific residues of the V. cholerae NO that
interact directly with GspC, but all of these residues are upstream of the BIM25 mutation in Rs
(40). In P. aeruginosa, both XcpC (GspC) and the NON1 subdomains of XcpQ (GspD) interact
with the T2SS substrate LasB (39). However, they do not interact with LapA, which is exported
by a separate T2SS, suggesting that GspC and GspD help determine substrate specificity of the
T2SS. As of now, it is difficult to predict if the BIM25 mutation affects GspD binding to the inner
membrane complex, to the profile secreted protein substrates, or if it directly interacts with
viral factors. If phiAP1 needs a secreted factor to modify either a Rs extracellular cell wall
component or a viral protein prior to invasion, altering the secreted protein profile could
promote resistance. Further experiments could test for the interaction of the NO domain of
GspD with viral factors in vitro or to examine the secreted protein profile of BIM25. Additional

experiments could also test the phiAP1 sensitivity of mutants in the Tat secretion system, which
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delivers a subset of T2SS substrates into the periplasm prior to export (48). These experiments
would not only provide insight into phiAP1 biology but would also allow us to learn more about
the structure and function of GspD both in Rs and other Gram-negative bacteria.

Three BIMs did not have mutations in genes known to be directly involved in T2SS. BIM3
and BIM17 had mutations in two neighboring genes, RCFBP_10792 and RCFBP_10793,
suggesting that these two genes could be necessary for the phiAP1 life cycle. RCFBP_10792 is
predicted to encode a membrane protein of unknown function and RCFBP_10793 is predicted
to encode an extracellular subtilisin-like precursor protein. RCFBP_10792 is found directly
downstream of g/nE, a predicted Glutamate-ammonia-ligase adenylyltransferase which in E. coli
is involved in the regulation of glutamate synthesis (49). RCFBP_10793 is located downstream
of this pair on the opposite strand of the genome. BIM29 contains a mutation in
RCFBP_21001, a predicted glutamate-aspartate transporter. Our data do not indicate which
stage of the phiAP1 life cycle these mutations impact. A Bordetella pertussis subtilisin-like
protein, SphB1, was found to process secreted proteins prior to their export, suggesting the
testable hypothesis that RCFBP_10793 acts on T2SS cargo to prepare it for export (50).

Disrupting the T2SS or twitching motility of Rs caused significant defects in bacterial wilt
virulence (28, 29). By secreting substrates like plant cell wall degrading enzymes, the T2SS
contributes to bacterial movement between xylem vessels and the disruption of water flow
through the host plant xylem vessels (29). These contributions to virulence and the fact that the
T2SS and pilD are a hotspot for mutations conferring phage resistance explain why most phiAP1
BIMs have significant virulence defects. The tradeoff between phiAP1 resistance and virulence

could improve the durability of phiAP1 as a Rs biocontrol agent. However, while the T2SS is an
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important component in successful phiAP1 infections, a few BIMs had mutations which either
permitted some degree of T2SS function (BIM1 and BIM25) or that may be completely
unrelated to the T2SS (BIMs 3, 9, 17, and 29). These BIMs also retained their virulence on
tomato. However, we do not currently know if they would produce any fitness defects in the
rhizosphere or early in infection. A durable control regime would have to account for these less-
detrimental pathways to resistance. Recent reports indicate the importance of studying the
evolution of parasite resistance in ecologically relevant environments (51). Virus-mediated
biocontrol of bacterial wilt disease might be most durable if based on a cocktail of different
phages with distinct targets that reduced the probability of resistance, especially when

considering the phenotypic segregation of virulence in the progeny of Rs BIMs.

Methods
Bacterial isolates, virus and growth conditions.

Rs CFBP2957 WT and its virus-resistant derivative lines (BIMs) were cultured in CPG
containing casein (g/l), peptone (10g/1) and glucose (5g/1) (52) at 28°C with shaking at 250 rpm.
Ralstonia virus phiAP1, a recently characterized phikmvvirus (23), was propagated on Rs strain

GMI1000 as described elsewhere (20) with modifications (23).

BIM4, BIM30 and CFBP2957 WT whole genome sequencing.
Genomic DNA of the Rs BIM strains and of the virus sensitive parental CFBP2957 WT
was extracted as described (53), with exception of the lysozyme step. Libraries were prepared

using the Nextera XT kit, Nextera XT Index kit, and a MiSeq Reagent kit v2 (lllumina, San Diego,
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CA) according to the manufacturer’s instructions. The whole genome sequencing (2x250 nt)
was performed on an lllumina MiSeq system at the Plateforme de Séquencage et de
Génotypage des Génomes at the CHUL/CHUQ Research Center for sequencing (Quebec, QC,
Canada). The CFBP2957 WT genome was assembled with Ray Assembler (54) version 2.3.1
using a k-mer size of 31 and compared to CFBP2957 reference sequence (GenBank accession
PRJEA50685). The BIM genome sequence reads were aligned to the CFBP2957 reference
sequence updated using Burrows-Wheeler Alignment tool (BWA) version 0.7.10 (55). The SNPs
and INDELs were found using a pipeline consisting of BAM file manipulation (merging, adding
header) with Picard (version 1.123) (56), indexing with Samtools (version 1.1) (57) and
SNPs/INDELs searching with GATK (version 3.3-0) (58). The resulting vcf files were compared

manually.

Creation of Rs BIM4 and BIM3 complemented strains

All primers and strains used in this study are listed in Supplementary Tables 1 and 2. To
complement phiAP1 resistance and restore phage sensitivity, the CFBP2957 WT GspL and PilD
genes were introduced into BIM4 and BIM30 using the low-copy replicative plasmid, pUFJ10
(37). The empty vector was linearized using BsrGl, which cuts downstream of Kan®. Terminators
were searched using ARNold to verify if the cloned genes would be expressed under the control
of the promoter of the Kan® gene (59). pilD was amplified using PilDF/R and GspL amplified
using GspLF/R. The genes were placed under the control of the promoter of the Kan® gene
using Gibson assembly (26). The final constructs were transformed into Rs using

electroporation and confirmed using PCR.
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Creation of gspE mutant and gspG overexpression.

gspE was replaced in its native locus with an ATPase mutant using the positive selection
suicide vector pUFR80 (60). The WT version of the gene was amplified from CFBP2957 gDNA
using gspE region_F/R and inserted into pUFR80 digested with Xbal and EcoRl using Gibson
assembly (26). A mutated version of pUFR80-gspE was made using a QuickChange mutagenesis
protocol with the primers gspEmutation_F/R (Agilent, Santa Clara, CA, USA). pUFR80-
gspEmutant was then transformed into WT CFBP2957 using a natural transformation.
Transformants were first screened on CPG + kanamycin and then counter selected on CPG + 5%
w/Vv sucrose. Sucrose resistant colonies were screened for T2SS on Pgl plates and then
confirmed by sequencing gspE.

To create an Rs strain overexpressing gspG, gspG and the rp/M promoter were amplified
from WT CFBP2957 gDNA using gspG_F/R and rpIM_F/R, respectively. Resulting fragments were
added to pRCK-GWY digested with Avrll and Xbal using Gibson Assembly (31). The correct
construction of the resulting plasmid was confirmed with sequencing, and then transformed
into GMI1000 and selected on CPG + kanamycin. gspG overexpression was confirmed using
semi-quantitative RT-PCR. RNA was extracted from roughly 10° CFU of cells from an overnight
CPG culture. The cells were pelleted and resuspended in 400 pL ice cold TE pH 8 with 1 mg/mL
Lysozyme, 80 uL of 10% SDS, and 0.25 uL of SUPERase IN RNAse Inhibitor (Invitrogen, Carlsbad,
CA, USA) and incubated room temperature with shaking for two minutes. RNA was extracted
from this lysate using the Zymo Quick-RNA Miniprep Kit (Zymo Research, Irvine, CA, USA). DNA

was removed using the DNA-Free DNA removal kit (Invitrogen, Carlsbad, CA, USA).
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Phage-sensitivity assays.

The sensitivity assay to phiAP1 was performed using the BIMs, complemented BIMs, and
the WT sensitive Rs strains CFBP2957 or GMI1000. Serial dilutions of phiAP1 crude lysate were
performed up to 10”7, 250 uL of an overnight Rs bacterial culture was added to 3 mL of CPG soft
agar (CPG 0.75% agar) and poured over solid CPG agar plates to create a bacterial lawn. 5 uL of
phage dilutions were spotted onto the soft agar layer. The plates were then incubated at 30°C
for 24 hours. Phage sensitivity of two other mutants with deletions of other components of the

T2SS (CFBP2957AgspE) or in the Tfp (GMI1000ApilA::tetAR) was performed as described above.

Tomato disease assays.

The virulence of BIM mutants was measured on wilt-susceptible tomato plants (cv.
Bonny Best) as described previously (61). For soil soak inoculations, overnight cultures of each
Rs strain were resuspended in water to a final concentration of 108 CFU/mL. Fifty mL of this
suspension was poured directly onto soil of each pot containing one unwounded 17-day old
plant in a 28°C growth chamber with a 12-hour photoperiod. Disease was rated daily for two
weeks on a 0-4 Disease Index scale where 0 = no leaflets wilted, 1 = 1-25% wilted, 2 = 26-50%
wilted, 3 = 51-75% wilted, and 4 = 76-100% wilted (62). Soil soak assays were replicated in 3
independent experiments containing 10 plants per strain (total N=30 plants per strain). For
petiole inoculations, roughly 200 CFU of each strain suspended in water were introduced to 21-
day old plants through a cut petiole. Disease was rated daily for one week. Five plants were

inoculated per strain.
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Twitching motility test.

Twitching motility assays were conducted as described previously (28). Briefly, ten-fold
serial dilution of bacterial suspensions in water were spotted onto CPG plates with 0.75% agar.
Colonies were allowed to grow for 24 hours, after which the colony margins were imaged under

a light microscope.

Type Il Secretion system assays.

Activity of the Type Il Secretion System was tested as described in Liu, 2005 (29).
Bacterial cultures suspended in water to 10> CFU/mL were spotted on modified BMM plates
with 0.1% yeast extract, 0.5% glycerol, and 1.6% agar. Polygalacturonic acid was added to Pgl
media to a final concentration of 0.5% (w/v), and to Pme media was added 0.1 mM CaCl; 1 mM

MgSQ4, and 0.5% pectin. After 24 hours of growth at 28C, the plates were flooded with 2N HCI.

Whole genome sequencing of Type Il Secretion positive BIMs.

Genomic DNA was extracted from BIM1, BIM3, BIM9, BIM17, BIM25, and BIM29 using
the Epicentre MasterPure gDNA extraction kit (Epicentre Technologies, Madison, WI). Whole
genome sequencing was conducted by the Microbial Genome Sequencing Center (MIGS,
Pittsburgh, PA) using an lllumina NextSeq 550 platform. Reads were cleaned using Trimmomatic
version 0.39 using a sliding window of 4 and trimming bases with a phred score below 20 (63).
Trimmed reads were then assembled to the CFBP2957 genome using BWA version 0.7.17 (55).

The assemblies were then indexed using Samtools version 1.9 and variants were detected and
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vcf file produced using bcftools version 1.9. Afterwards, variants were compared manually, as

described above.
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CFBP2957 gspE mutant

BIM1
BiM4

WT GMI1000

GMI1000 gspG overexpression

Supplementary Figure 1. Targeted mutations in the T2SS reduce the export of pectin
methylesterase. Ten-fold serial dilutions of each strain were spotted on minimal media plates
containing pectin. After 24 hours of growth, the colonies were rinsed off and the plates were
washed with HCI. BIM1 and a GspG overexpression strain produced a zone of clearing at ten-
fold higher dilution than WT. A point mutation in GspE led to a loss of pectin methylesterase

excretion.
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WT GMI1000 serC GspG OE-1serC~ WT GMI1000 gspG

e B

GspG OE-1 gspG GspG OE-2 serC  GspG OE-2 gspG

Supplementary Figure 2. Introducing gspG under the control of the rp/M promoter increases
gspG expression roughly ten-fold. Semi-quantitative RT-PCR was used to measure expression
of two independent clones of GspG OE. The stably-expressed serC transcript is used as an

endogenous control.
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Supplementary Figure 3. Only T2SS-positive BIMs retain virulence. 21 day-old Bonny Best

tomato plants were inoculated through a cut leaf petiole with 200 CFU of each BIM. Five plants

were included per treatment. BIMs that have both functional T2SS and twitching motility are

shown in red, those that are deficient in both T2SS and twitching motility are shown in grey,

and BIMs that are deficient in T2SS but have WT levels of twitching motility are shown in blue.
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Plasmid Description Citation

pUFJ10 GMR, KanR, stable cosmid in R. solanacearum (27)

pGsplLG1 pUFJ10 carrying CFBP2957 gspL under the control of the Kan® | This study
promoter

pGspLRG1 pUFJ10 carrying CFBP2957 gspL under the control of the This study
native gsp promoter

pPilDG1 pUFJ10 carrying CFBP2957 pilD under the control of the Kan® | This study
promoter

pPilDRG1 pUFJ10 carrying CFBP2957 pilD under the control of the native | This study
pil promoter

pUFR80 Suc’, KanR, positive selection suicide vector (60)

pUFR80-gspE pUFR80 carrying WT gspE This study

pUFR80-gspE pUFR80 carrying gspE with k274 replaced with alanine This

mutant study

pRCK-GWY KanR®, contains recombination regions matching a neutral (31)
region in the GMI1000 chromosome

pPRCK-gspG pPRCK-GWY carrying CFBP2957 gspG under the control of the This

overexpression | rp/M promoter study

Strain Description Reference

CFBP2957 WT, Phylotype IIA, isolated from tomato in Martanique (64)

GMI1000 WT, Phylotype |, isolated from tomato in French Guyana (65)

BIM4 Spontaneous CFBP2957 mutant resistant to PhiAP1, frameshift | (24)

in gsplL
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BIM30 Spontaneous CFBP2957 mutant resistant to PhiAP1, frameshift | (24)

in pilD
BIM4 comp BIM4 complemented with pGspLG1, Kan® This study
BIM4+pUFJ10 BIM4 carrying pUFJ10, Kan® This study
BIM30 comp BIM30 complemented with pPilDG1, Kan® This study
BIM30+pUFJ10 | BIM30 carrying pUFJ10, Kanf This study
CFBP2957 gspE | CFBP2957 with gpsE replaced in its native locus with gspE | This study
mutant K274A
ApilA GMI1000 lacking pilA, Tet? This study
GMI1000 gspG | GMI1000 expressing CFBP2957 gspG under the control of the | This study
overexpression | rp/IM promoter, Kan®
E. coli DH5alpha | F- ®80/acZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17 | Invitrogen

(rK—, mK+) phoA supE44 \— thi-1 gyrA96 relAl

Supplementary Table 1. Strains and plasmids
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Primer Sequence Reference
pilD_F 5’- This study
gttttcatggcttgttatgactgtttttttCGATCATCATCGTGATCCTGGGCGTG
pilD_R 5’-cttgctgcttggatgecccgaggcatagactGCCGTTCCTTACCGCGCCAGC | This study
gspL_F 5’-gttttcatggcttgttatgactgtttttttGCCTTCGCCGTATTGTCATC This study
gspL_R 5’cttgctgcttggatgcccgaggcatagactCGATCGTTATTGCGCGATGG This study
gspEregion_F 5’-tgcatgcctgcaggtcgact CCTGGGCGATATTCCCATC This study
gspEregion_F 5’-cagctatgaccatgattacgCGCATTGATGAAGAGCACGG This study
gspEmutation_F | 5'-GACCGGGTCGGGCGCGACCACCACGCTG This study
gspEmutation_R | 5'-CAGCGTGGTGGTCGCGCCCGACCCGGTC This study
rplM_F 5’-tgcgcgagcaggggaattgc ATTCTTTTCCTTGTGTCAAG This study
rplIM_R 5’-cttgcatcatGATTTTTCCAAATTTGAGTCAG This study
gspG_F 5’-tggaaaaatcATGATGCAAGGCCAACTTC This study
gspG_R 5’-cgaccctagtctaagatcttTCAATTGTCCCAGTTGCC This study
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serC_F

5’-CGCGCAAATACGGTGAAGTG

(66)

serC_R

5’-GTGCACAGATGCACGTAAGC

(66)

Supplementary Figure 2. Primers
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Supplementary Table 3. Unique BIM mutations. * indicates gene in the antiparallel strand
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Supplementary Table 4. Shared BIM mutations. * indicates gene in the antiparallel strand. **

indicates that the mutation matches the published CFBP2957 genome
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Chapter 4

Conclusions and future directions

Contributions: Beth Dalsing analyzed the Rs proteome for S-nitrosylated proteins. Lucas
Frungillo attempted to purify HrpB in vitro and provided technical advice about the biotin
switch technique. Yigeng Tan designed the cloning plan to inactivate the czcABC and RSp0528-
30 operons in Rs. Derrick Grunwald created yeast strains producing RipAX1 and RipAX2,
analyzed the response of those strains to stress, and contributed to writing, experimental
planning, and analysis of the proposed RipAX study. Raka Mitra, Sasha Kyrysyuk, and Nina
Denne transformed RipAX expression vectors into Agrobacterium and performed the initial GFP
localization experiments for RipAX in tobacco leaves. Connor Hendrich did the remaining

experimental work, produced the figures, and wrote the text.



126

In this thesis, | examined two Ralstonia solanacearum secretion systems that are
required for Rs virulence. In Chapter 2, | showed that the Type Il Secretion System (T3SS) is
activated by a byproduct of denitrifying metabolism, nitric oxide (NO). Because NO is produced
by both the host and by Rs denitrification during tomato infection, we think that the bacterium
uses NO as a signal of the in-host environment (1, 2). In Chapter 3, | examined the role of the
Type |l Secretion System (T2SS) during Rs infection by the lytic phage phiAP1. The T2SS is
required for Rs virulence, and it is exploited by phiAP1 as an entry point into the bacterial cell
(3). Taken together, these studies demonstrate the integral roles that secretion systems play in
Rs virulence, even to the point that expression of the T3SS is tied to a foundational metabolic
pathway. However, these secretion systems can also be significant weaknesses, as
demonstrated by the exploitation of the T2SS by phiAP1. The data produced in these two
studies suggest a variety of further questions. In this chapter, | will describe several future
experiments to answer those questions. In addition, | will summarize findings on several related

guestions that | have explored during my doctoral studies.

Future directions

What is the mechanism of NO-mediated T3SS induction?

While Chapter 2 demonstrated that NO activates the expression of T3SS-related genes, |
was not able to conclusively discover the mechanism of this regulation. Future research could
build on my attempts to determine the biochemical details of NO-dependent T3SS gene

induction. One likely mechanism is the NO-dependent post-translational modification of a T3SS
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gene or regulator. Although these types of modification have not been well studied in bacteria,
they are often used in plants and other eukaryotes (4, 5). Three major categories of
modification include the nitrosylation of reduced cysteine, the nitration of tyrosine, and the
binding of transition metals like iron (6—12). These modifications occur as a natural result of
reactive nitrogen species (RNS), and are known to play an important role in many plant
developmental and defense signaling pathways (13).

S-nitrosylation occurs in bacteria, although it is not always known if the modifications
are adaptive. Under certain conditions, NO will bind to any available reduced thiol (14).
Proteomics has been used to describe the full repertoire of S-nitrosylated proteins in some
bacterial species. For example, Xue et al. isolated S-nitrosylated proteins from Mycobacterium
tuberculosis following treatment with an exogenous source of NO. They identified a total of 29
S-nitrosylated proteins involved in a variety of metabolic and stress response pathways (15).
However, because this study focused on finding antimicrobial effects of RNS, it did not
determine if S-nitrosylation provides an adaptive function. Seth et al. described the first known
example of functional S-nitrosylation in bacteria when they showed that the activity of E. coli
oxidative stress response regulator OxyR is changed by S-nitrosylation. This modification shifted
the regulatory targets of OxyR to trigger a distinct reactive nitrogen species response (16).
Given the diversity and adaptability of bacteria, it is likely that other bacterial species use these
types of modification. Even among plant-associated bacteria, there are examples of NO
signaling and S-nitrosylation. S-nitrosylated proteins can be detected in the developing root
nodules of nitrogen-fixing Rhizobium species, and NO may play a regulatory role in nodule

development (17). Given the degree of nitrosative stress experienced by Rs in tomato xylem, it
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is plausible that S-nitrosylation or other NO-responsive modifications regulate key virulence
pathways like the T3SS.

A program that predicts S-nitrosylated residues based on primary sequence similarity to
known S-nitrosylated proteins suggested many potentially modified cysteines in the Rs
proteome (18). Among the predicted targets were the T3SS-regulators hrpB and hrpG (19).
HrpB contained three predicted S-nitrosylation sites, one of which, cys112, was extremely well-
conserved across Rs phylotypes and also in the HrpB-type T3SS transcriptional regulators of
other plant pathogens (Figure 1). To test the hypothesis that S-nitrosylation at this conserved
site affects HrpB function, | created a mutant version of the protein by replacing the cysteine at
position 112 with a serine. This modification is commonly used to disrupt S-nitrosylation
without radically altering protein structure (20). | used this C112S mutant to indirectly test T3SS
activity using two assays. First, | tested the ability of the mutant to cause disease on tomato.
T3SS activity is required for virulence, so a decrease in T3SS gene expression leads to a
reduction in virulence. The cysteine swap mutant had reduced virulence in a biologically
realistic soil-soak assay, although the mutant did still cause some disease (Figure 2a). | also
infiltrated the HrpB C112S mutant into tobacco leaves. Tobacco is an incompatible host for Rs
GMI1000 because it has a resistance (R) protein that recognizes the GMI1000 T3SS effector
RipAA (formerly AvrA) (21). If Rs GMI1000 cells have a functional T3SS that injects RipAA into
tobacco cells, recognition of RipAA by this R gene product triggers a programmed cell death
known as the hypersensitive response (HR) that quickly kills the bacterium. When the cysteine
swap mutant was introduced into tobacco, it caused a delayed HR, as measured by the

increased survival of the mutant compared to WT in the tobacco leaf over time (Figure 2b).



Together, the tomato virulence and tobacco HR results suggested that the Rs HrpB C112S

mutant, which cannot be S-nitrosylated at position 112, had reduced but not abolished T3SS

activity. This result is consistent with, but does not prove, a role for S-nitrosylation in HrpB

function.
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I lYEFAVQAG I NRLLEHAFWQSAEMGANLLAHHGGRNG- - - -WAPTASQEASMPAL | LRRAEYLSLLRRMADGDRAAIDPLMATLN
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Figure 1. The predicted S-nitrosylation site Cys112 of Rs GMI1000 hrpB is well conserved

among many HrpB homologues. Alignment of hrpB and its homologues in Xanthomonas,
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Collomonas, and Burkholderia. Rs phylotypes are denoted in parentheses next to their name.

Predicted nitrosylated residues are boxed (18). Cys112 is marked with *. Only the N-terminal

half of HrpB is shown. Alignment created with Clustal Omega, and shading created using

JalView (22, 23).
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Figure 2. Mutating Cys112, a predicted S-nitrosylation (SNO) site, in hrpB alters Rs behaviors
in planta. (A) The C112S mutant had reduced virulence on tomato. 2000 CFU of Rs were
introduced through a cut petiole into 21-day old wilt-susceptible Bonny Best tomato plants.
Disease was then rated on a 0-4 scale over the course of the next week. Each data point

represents the average of three independent replicate experiments per strain, with 10-20
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plants in each biorep. Error bars represent the standard error of the mean. The C;:,S mutant
had significantly reduced virulence (Friedman test with multiple comparisons, P<0.05). (B) The
C112S mutant survives for longer in leaves of the incompatible host Nicotiana tabacum, which
responds to Rs strain GMI1000 in a T3SS-dependent manner. Tobacco leaves (cv. Bottom
Special) were infused with a 108 CFU/mL suspension of bacteria using a blunt syringe. At 18 and
24 hpi, a roughly 1.8 cm? circle of tissue was collected, ground, and dilution plated to measure
the surviving bacterial population. Each symbol indicates the bacterial population size in one
leaf sample, N= 10 samples per treatment. Bars indicate the geometric mean and the dotted
line indicates the limit of detection. * indicates that a population is significantly different from
that of WT GMI1000 at the same time point, P<0.05 (One-way ANOVA with multiple

comparisons).

These assays could not determine if the reduction of T3SS activity occurred because the
modified HrpB could not be S-nitrosylated at position 112 or because the mutation changed
HrpB structure in ways that otherwise interfered with its function. Two alternate methods
could be used to confirm S-nitrosylation. The first would biochemically determine if HrpB can
be modified in vitro or in planta using the biotin switch technique. This process involves
specifically biotinylating nitrosylated cysteine residues (24). This allows multiple downstream
applications, such as the purification of S-nitrosylated proteins using streptavidin (25). | created
his-tagged versions of both WT and cysteine swap hrpB. | introduced these tagged versions of
the protein into Rs and into an E. coli expression vector. Using this vector, we could purify WT

HrpB, subject it to an exogenous source of NO, and use the biotin switch method to test if it can
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be S-nitrosylated in vitro. If it can, we would also determine if the cysteine swap mutant can be
modified. However, an experienced collaborator found in repeated attempts that HrpB is
challenging to purify in sufficient quantities for use in the biotin switch assay. Its stability and
solubility could be increased by using a different tag, such as GFP. Alternatively, we could infect
tomato with the Rs strain encoding his-tagged HrpB. Then, bulk protein from the tomato stem
could be subjected to the biotin switch technique, biotinylated proteins could be purified, and
the resulting mixture could either be used for proteomics to identify all of the S-nitrosylated
proteins, or used for a western blot using an anti-his tag probe to determine if HrpB was S-
nitrosylated. As before, the cysteine swap mutant would be included to determine if the loss of
cys112 prevents the S-nitrosylation of HrpB. If it is shown that HrpB can be nitrosylated at
cys112 and that this modification is required for NO regulation, this result could also provide
insight into the structure and function of hrpB-type regulators. HrpB is an AraC-type regulator,
a family of proteins which share a conserved, DNA-binding C-terminal domain (26). However,
the central and N-terminal regions of these proteins are not well conserved and are typically
thought to play roles in regulating the activity of the protein. Cys112 is in the HrpB N-terminal
domain of unknown function, and understanding its role would add to our knowledge of the
function of this region of the protein.

An alternate approach would combine a hrpB::lux reporter strain with a cysteine swap
mutant. In Chapter 2, | used a hrpB::lux reporter to show that the presence of tomato seedlings
induced hrpB expression in an NO-dependent manner. A similar approach could determine if
the loss of T3SS activity seen in the cysteine swap mutant depends on NO. To do this, we could

create a strain encoding both the Lux operon under the control of the hrpB promoter and the
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cysteine swap mutant of HrpB. The strain would be incubated alongside tomato seedlings with
and without the NO-scavenger cPTIO (27). Previously, | found the presence of tomato seedlings
activated expression of hrpB::lux expression in wild type Rs cells, but this induction was
significantly reduced when NO was removed by cPTIO. If NO contributes to the induction of
hrpB gene expression via the nitrosylation of HrpB cys112, the cysteine swap mutant will not be
affected by cPTIO.

Should cys112 of HrpB not be clearly nitrosylated, we could use untargeted techniques
to find potential regulators. For example, we could use SNOSID, which combines the biotin
switch technique with mass spectrometry to identify all S-nitrosylated proteins in a sample (25).
S-nitrosylated proteins could be isolated from Rs grown in conditions with known NO-
dependent T3SS gene induction, such as treatment with CysNO or using a AnorB mutant. The
results of such a screen could be compared with the predictions made by GPS-SNO and a list of
known T3SS-regulators to find prospective proteins and residues for further study. A similar
approach could identify potential nitrated tyrosine using commercial anti-3-nitrotyrosine
antibodies to isolate nitrated targets (28). An even more unbiased approach would be a genetic
screen for mutants unable to induce T3SS gene expression in response to NO. This could be
accomplished with the use of a positive selection marker like SacB, which produces a toxic
product in the presence of sucrose (29). This gene could be placed under the control of a
promoter that is extremely responsive to NO, for example the promoter for ripG8, the most
highly upregulated T3SS-related gene in our RNA-seq dataset. This construct could be
mutagenized using the mariner transposon (30). The mutant library could be grown in liquid

rich media, which suppresses Rs T3SS gene expression, and then treated with the exogenous
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NO donor CysNO and sucrose. Any cells whose T3SS was induced by NO would be killed by
SacB, and the surviving cells would be isolated and their transposon insertion sites determined
by sequencing. This approach should identify known T3SS regulators, and it may reveal other

putative NO-dependent regulators of T3SS gene expression.

How do T2SS positive BIMs evade phiAP1?

Chapter 3 describes how the bacteriophage phiAP1 infects Rs using the activity of the
T2SS. While the majority of the spontaneous Rs bacteriophage insensitive mutants (BIMs) were
deficient in T2SS, we found that six BIMs were still capable of secreting pCWDEs via the T2SS.
The mechanism of resistance of these BIMs was outside of the scope of the paper but does
provide a good opportunity to study other stages of the phiAP1 life cycle.

Two T2SS positive BIMs had mutations in genes encoding T2SS proteins. One of these,
BIM1, had reduced T2SS activity, but the other, BIM25, appeared to have full activity.
Intriguingly, BIM25 contained a single alanine to aspartate mutation in the T2SS outer
membrane secretin GspD. If we could understand how this change provides resistance to
PhiAP1, we could gain a better understanding of exactly how phiAP1 uses the T2SS activity
during infection. Because the mutated region of GspD is periplasmic and may be involved in the
selection and loading of T2 secreted cargo, altering this residue could affect the substrate
specificity of the T2SS complex (31, 32). If phiAP1 must bind a secreted protein or if a secreted
protein modifies an extracellular cell wall component required for phiAP1 binding, altering the

profile of T2SS cargo could interfere with phiAP1 infection. One way to test this hypothesis
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would be to suspend BIM25 cells in filtered supernatant from a culture of WT Rs. If the WT
supernatant contains a secreted factor that BIM25 is unable to export but that is required for
PhiAP1 infection, it may restore PhiAP1 susceptibility to BIM25. Potential candidate restoration
factors could be characterized by using mass spectrometry to identify proteins found in the
supernatants of WT Rs and BIM25. If a candidate appears in WT supernatant but not in BIM25
supernatant, we could create a mutant deficient in that gene and confirm its resistance to
PhiAP1.

Four other T2SS positive BIMs had mutations in unrelated genes or did not have any
identifiable mutations, as was the case for BIM9. BIM3 and BIM17 had mutations in two
neighboring genes: RCFBP_10792, a membrane protein of unknown function, and
RCFBP_10793, a predicted extracellular subtilisin-like precursor protein. BIM29 had a mutation
in a predicted glutamate-aspartate transporter. The first step to finding the mechanism of
phage resistance for these BIMs would be to determine which step in the phiAP1 life cycle is
blocked. BIM4 and BIM30 allow phiAP1 to bind to Rs but prevent it from inserting its DNA (33).
We could test the ability of phiAP1 to bind the T2SS positive BIMs by incubating phiAP1 with
the mutant, removing the BIM cells with centrifugation, and then measuring the concentration
of phage in the resulting supernatant using a plagque assay (33). If the phage is able to bind the
bacteria, the phage concentration in the supernatant will be reduced. We can then examine the
ability of phiAP1 to inject its DNA into the mutants. To do this, we can treat phiAP1 with a
fluorescent DNA-binding dye, challenge BIM cultures with the labeled phiAP1, and then
counter-stain the mixture with a fluorescent dye that binds to the outer membrane. If phiAP1 is

able to successfully inject its DNA, we will be able to detect the DNA-binding dye inside the
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bacterial cell; otherwise, it should be relegated to the exterior (34). If phiAP1 can successfully
inject its DNA into the T2SS positive mutants, we can test for formation of phage particles in the
mutants. This could be accomplished by raising an antibody to a phage coat protein. Mutant
cultures could be infected with phiAP1, and then samples of the culture could be collected over
time, their proteins extracted, and the concentration of phage coat protein measured at each
time point using a Western blot. If the mutant prevents phiAP1 from replicating its proteins, we
will not see an increase in phage protein over time. If we do see an increase, it might indicate

that the phages are unable to lyse and exit the mutants.

Do divalent metal cation transports contribute to Rs survival in the xylem?

During the research described in Chapter 2, | profiled transcriptomes of Rs grown in
anaerobic denitrifying conditions in culture and of Rs growing in tomato stems. Comparing this
dataset to other published transcriptomes of Rs grown in planta vs. Rs grown in culture
revealed that some of the most highly upregulated genes in planta are predicted to encode two
RND-type heavy metal efflux pumps (HME-RND), czcABC and an unnamed operon spanning
RSp0528 to RSp0530 (35). This was striking because the other genes that consistently shared a
similar pattern of expression were mostly involved in the T3SS or sugar utilization, two traits
that have been conclusively shown to be important during infection (36, 37). | hypothesize that
these transporters contribute to Rs success in the host plant xylem. Further, they are well-
conserved across the RSSC, with both transporter gene clusters being found in strains from all

four phylotypes.
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HME-RND type exporters are Type | Secretion Systems composed of three proteins: an
inner membrane component, an outer membrane component, and a periplasmic linker protein
(38). Based on their homology to well characterized transporters in the soil-dwelling bacterium
Cupravidus necator (formerly Ralstonia eutrophus), it is predicted that CzcABC and RSp0528-30
export divalent cations such as zinc, copper, cobalt, or cadmium (39). Equivalent systems in
other species have varying substrate specificity, with some being generalists, like those found in
C. necator and in Caulobacter crescentus; and others having a more limited substrate range, like
the CzcABC system of Marinobacter adhaerens, which can only export zinc (39—41). While these
systems have mainly been studied in soil and environmental microbes, the Czc system of the
xylem-dwelling plant pathogen Xylella fastidiosa has been characterized. Interfering with the
regulation of zinc export in X. fastidiosa not only reduced this pathogen’s zinc tolerance but
also reduced the mutant’s ability to form biofilm and cause disease (42). This observation, along
with the fact that minerals like zinc and copper are transported in plant xylem, suggests that Rs
may require heavy metal resistance to survive and cause disease in plant xylem (43).

To test this hypothesis, mutants lacking either CzcABC, RSp0528-30, or both could be
created in Rs GMI1000. These mutants would be subjected to a panel of serially diluted metal
stressors to determine the minimum inhibitory concentrations (MIC) of each metal. By
examining potential changes in MIC between the mutants and WT, we could determine the
substrates for each transporter. We could then measure the concentrations of these metals in
both healthy and Rs-infected tomato xylem using inductively coupled plasma with optical
spectroscopy (ICP-OES), as has been done previously with X. fastidiosa (44). This experiment

would require finding a collaborator with access to and experience with this equipment. Finally,
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we could test the ability of the metal transport mutants to cause disease on tomato plants. If
our hypothesis is correct, the transport mutants will be reduced in virulence. The importance of
this trait can be further examined by using two inoculation methods, a naturalistic soil soak or
the direct inoculation of bacteria into the xylem through a cut petiole. As petiole inoculation
bypasses the soil and root stages of infection, comparing these two methods could help us

determine if metal resistance is required those parts of the Rs life cycle.

What are the in planta targets of the Rs Type lll effectors RipAX1 and RipAX2?

A recent large-scale genomic survey for genes with sequence similarity to the
Clostridium botulinum neurotoxin (BoNT) found a family of homologs in plant pathogenic
Proteobacteria (45). These included predicted proteins in Xanthomonas and Acidovorax
species, the Type Il effector HopH1 in Pseudomonas syringae, and the Type Ill effectors RipAX1
and RipAX2 in Rs. None of these effectors are well studied, although RipAX2 has been shown to
induce HR in the wild eggplant relative Solanum torvum and a cognate resistance gene has been
found in cultivated eggplant, Solanum melongena (46—48). Like BoNTs, RipAX1 and RipAX2 have
a predicted zinc-dependent protease motif and mutating the active site of this domain in
RipAX2 prevents HR induction in S. torvum, although, puzzlingly, not in S. melongena. BoNTs in
Clostridium species act by cleaving soluble N-ethylmaleimide-sensitive factor attachment
protein receptors (SNAREs), which are membrane-bound proteins involved in vesicle fusion in
eukaryotic cells (49). SNAREs located in the membranes of both the vesicle and the target

membrane bind tightly together, bringing the two membranes close enough to fuse. BoNTs act
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on SNAREs in the synapses of animal neurons, preventing the release of neurotransmitters, and
stopping the synapse from firing (49).

Plant cells also use SNAREs for vesicular trafficking and they play a role in pathogen
defense (50). For example, a screen for Arabidopsis mutants lacking resistance to the fungal
pathogen Blumeria graminis discovered the SNARE PEN1 (51). Although the cargo that PEN1
helps secrete is unknown, PEN1 mutants induce delayed deposition of callose, a polysaccharide
that helps strengthen plant cell walls in response to pathogen attack (50). Similarly, the defense
protein PR1a did not accumulate in the cell wall of tobacco plants when the SNARE SYP132 was
silenced (52). Some pathogen effectors may also interact with host vesicular trafficking. A
SNARE-like protein secreted from the esophageal gland of the soybean cyst nematode (SCN)
Heterodera glycines physically interacts with an aberrant a-SNAP encoded by the soybean SCN
resistance locus rhgl (53). a-SNAPs normally facilitate the dissociation and re-use of SNARE
complexes, and the atypical a-SNAP encoded in multi-copy Rhg1 contributes to SCN resistance
in soybean (54, 55). Mutating two soybean SNARE proteins that were identified as binding
partners to the atypical a-SNAP increased the SCN susceptibility of a resistant soy variety,
suggesting that the nematode needs to control an aspect of vesicular trafficking for successful
infection (56). Plant vesicular trafficking may also be an attractive target for Rs, and the
similarity of RipAX1 and RipAX2 to BoNT suggests a potential mechanism for Rs to interfere
with host vesicular trafficking.

Working collaboratively with Derrick Grunwald, | created expression vectors encoding
Myc-tagged RipAX1 or RipAX2 and His-tagged versions of two tomato SNAREs, SNAP30 and

VAMP7b, which have high conservation to known BoNT cut sites in mammalian SNAREs (57).
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Future work would express the two tagged constructs both individually and together in E. coli.
After induction of expression, the E. coli could by lysed and their proteins could be run on an
SDS-PAGE gel. A Western blot using anti-his antibodies could be used to probe for the presence
and size of the tomato SNARE. If the SNARE is cleaved by the Rs effector, its band will be shifted
or reduced in intensity. Similar experiments are used to study Clostridium BoNTs (58). As a
control, the tomato SNAREs could be co-expressed with a tagged version of RipAX containing a
point mutation in the predicted zinc binding motif that should prevent protease activity. If the
SNARE cleavage is dependent on RipAX protease activity, the protease negative mutant will not
affect the SNARE’s integrity in vitro.

We found that expressing ripAX1 in yeast increases their sensitivity to both sorbitol and
caffeine. Yeast, as unicellular eukaryotes that are easy to experimentally and genetically
manipulate, have provided an excellent platform to study the function of plant pathogen
effectors (59). Effectors that target conserved eukaryotic pathways can inhibit yeast growth
either alone or when combined with stressors that force the yeast cell to rely on pathways
targeted by the effector (60—62). Sorbitol and caffeine cause osmotic and cell wall stresses,
respectively, and responses to these stressors involve many pathways (63—65). Targeted
deletions in key pathways could be combined with effector expression to narrow down how
RipAX1 counteracts yeast stress responses. First, however, a control experiment using the
protease negative RipAX1 mutant will confirm if this increased sensitivity is due to the
enzymatic activity of the effector. Further, we can use invertase export assays to examine if the

expression of RipAX1 causes defects in vesicle-mediated protein export (66).
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Should we find a promising result in either E. coli or S. cerevisiae, we can examine the
activity of RipAX1 and RipAX2 in planta. We examined the localization of GFP-tagged versions of
each effector when expressed in tobacco leaves using Agrobacterium. We found that RipAX1
and RipAX2 are primarily cytoplasmic proteins, but they form discrete foci scattered around the
cell (Figure 3). We could use fluorescently tagged organelle markers to determine if RipAX1 and
RipAX2 colocalize with any known cellular compartments (67). Of particular interest might be
ER markers, which could provide a good benchmark for involvement with vesicular trafficking.
Finally, we can delete RipAX1 and RipAX2 both individually and dually from Rs strain GMI1000

and determine if their loss causes any virulence defects.

B

Figure 3. RipAX1 and RipAX2 form discrete foci when expressed in tobacco leaves.

Fluorescence microscopy showing localization of GFP-tagged RipAX1 (a) and RipAX2 (b) when
transiently expressed in tobacco leaves using Agrobacterum. Images were taken 48 hours after

Agrobacterium infiltration.
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Do Rs dehydrogenases contribute to anaerobic growth?

Rs can growing anaerobically using the denitrification pathway with nitrate as an
alternate electron acceptor (2). This ability is widely (but not universally) distributed throughout
Rs phylotypes. In tomato, xylem oxygen levels are depleted late in BWD but xylem sap is rich in
nitrate, so it is unsurprising that denitrification contributes to tomato infection (2). However,
mutants unable to use the denitrification pathway retain some virulence, suggesting that Rs is
not wholly reliant on denitrifying respiration for energy inside the plant. Further, a mutant
lacking AnarG, the first enzyme in the pathway, can grow in anaerobic conditions, albeit to a
lesser extent than WT (19). These results indicate that Rs has one or more alternate energy-
generating metabolic strategies that allow it to persist and survive in low oxygen conditions
when it cannot use nitrate for denitrification. However, the identity of any such alternate
pathways is unknown.

The Rs in planta transcriptome study described in Chapter 2 provides a way to address
this question. We compared transcriptomes of Rs AnarG to wildtype grown in tomato stems
and in low oxygen denitrifying conditions in culture. In planta, only 187 genes were
differentially expressed in AnarG compared to WT. Among these were two predicted
dehydrogenases: a lactate dehydrogenase encoded by /dhA and an alcohol dehydrogenase
encoded by adhA. The activity of these two enzymes, which respectively reduce pyruvate to
lactate or acetaldehyde to ethanol, could allow anaerobically growing Rs cells to ferment as an
alternative to respiration (68, 69). As such, these genes are candidates for non-denitrifying

anaerobic metabolism in Rs.
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While both genes are upregulated in AnarG in planta, in denitrifying conditions in
culture IdhA has slightly lower and adhA has unchanged expression in AnarG relative to WT.
However, the absolute expression of both genes is much higher in anaerobic denitrifying
conditions in culture compared with in Rs growing in tomato. In another transcriptomic study
comparing Rs growing in aerobic rich medium and in tomato, both genes were highly
upregulated in planta (36). This pattern of expression, with the lowest level of expression seen
in rich medium, the highest in anaerobic conditions in culture, and tomato xylem between the
two, matches the expression of most genes involved in denitrification. This pattern suggests
that the /dhA lactate dehydrogenase and the adhA alcohol are similarly involved in anaerobic
growth. Another interesting comparison can be seen in a study examining the transcriptome of
two closely related Rs strains grown in rich media, in their preferred host (either banana or
melon), or in tomato (35). While adhA is upregulated in both strains in tomato and in the melon
adapted strain in melon, it is significantly downregulated in the banana-adapted strain grown in
banana. The authors found that the banana-adapted strain had higher expression of genes
involved in low-oxygen metabolism in tomato compared to in banana; this included
denitrification genes and a high-affinity oxidase involved in microaerobic metabolism. Based on
this, the authors predicted that banana xylem contains higher oxygen levels than tomato during
Rs pathogenesis. All of these gene expression studies point to AdhA and LdhA as important for
low-oxygen growth.

To test if AdhA or LdhA allow for anerobic growth in the absence of denitrification, we
could delete them singly, together, and in combination. These mutations could be made in both

WT and a AnarG background. These mutants could then be grown in aerobic rich media and in
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anaerobic denitrifying conditions. If they do provide a backup to denitrification, the mutants
lacking the dehydrogenases and narG will be unaffected in aerobic rich media but will grow
poorly or not at all in denitrifying conditions without oxygen. We could then infect tomato with
the mutants to determine if they have additional virulence defects compared to a AnarG single
mutant. Additionally, we could test the virulence of AnarG and the AnarG dehydrogenase
double mutants on banana. If banana xylem does contain higher levels of oxygen than tomato
xylem, any virulence defects seen in the mutants will be lower in banana than compared with
tomato. Further, we could use an oxygen sensitive microsensor to measure the oxygen levels of
banana xylem both with and without Rs infection to directly compare its oxygen levels to

tomato.

Conclusions

The work presented in this thesis demonstrate the complex roles that virulence factors
like secretion systems play in the biology of an important agricultural pathogen. These virulence
factors are inexorably tied to basic biology and metabolism. Investigating these virulence
factors leads to better understanding both of how the pathogen adapts to its in planta

environment and also can provide clear routes to combatting bacterial diseases.
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Decoding tomato resistance to bacterial wilt disease using metatranscriptomics
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extracted and prepared RNA for sequencing. ANT, VM, and KR are performing further wet-lab

experiments to validate predictions from the bioinformatic analysis. CGH wrote the text.
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Abstract

Tomato is one of the most important vegetable crops in the world. Bacterial wilt disease
caused by Ralstonia solanacearum (Rs) can be devastating for tomato production. The breeding
line Hawaii 7996 is a source of genetic resistance to Rs. However, the mechanism of resistance
in Hawaii 7996 is not completely understood, in part because it is governed by multiple loci
scattered throughout the genome. Transcriptomics provides a useful tool for studying complex
phenotypes like Hawaii 7996-mediated resistance by allowing us to view broad gene expression
changes in resistant compared to susceptible plant host lines. Unfortunately, the breadth
provided by RNA-seq comes with the drawback of reduced clarity. Sifting through the resulting
large datasets can be challenging. Further, RNA-seq studies usually reveal gene expression in
specific tissue types at one or a few time points, limiting their interpretation. We tried to more
broadly understand tomato resistance to BWD by simultaneously analyzing three independent
transcriptome studies of tomato during Rs infection. This meta-analysis allows us to make novel
predictions about the biology of tomato resistance to Rs and distinguish consistent, broadly

meaningful signals from the experimental noise of individual experiments.

Introduction

Genetic resistance produced through conventional breeding or biotechnology is one of
the most important tools for combating plant diseases and improving crop yields (1, 2). Plants
have two layers of immunity. The first, pattern triggered immunity (PTI), relies on the
recognition of conserved molecular patterns found in microbes and provides a general defense

against invaders (3). The second immunity layer, which is much more rapid and intense than
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PTI, relies on recognition of individual pathogen effectors by resistance genes (R genes), and is
called effector triggered immunity (ETI) (4). Both systems can be manipulated to create
resistant crop varieties, although R genes have received more attention because of their ability
to target and completely exclude specific pathogens (5, 6).

In many plant-pathogen interactions, gene-for-gene immunity mediated by R genes
plays a only minor role. One example is bacterial wilt disease (BWD) caused by the Ralstonia
solanacearum (Rs) species complex on tomato and other hosts. Rs is a soil-borne pathogen that
infects hosts through their roots and spreads through the xylem, eventually clogging xylem
vessels and preventing water transport (7-9). There is considerable diversity in the Rs species
complex, which is divided into four phylotypes with distinct geographic origins (10). Although
this pathogen is known for its extremely wide host range, tomato is one of the most important
Rs hosts, and is often used as a model organism in the study of BWD (9, 11). Tomato has only
one known R gene against Rs, Ptrl, which was found in the tomato relative Solanum
lycopersicoides and recognizes RipBN, a Type lll-secreted effector found in the phylotype I
strain CMR15 (12, 13). Although transferring R genes from other plant families like tobacco or
Arabidopsis can confer Rs resistance to tomato, most naturally occurring Rs resistance in
tomato is dependent on multiple loci, all with small contributions to resistance (2, 5, 14). One
source for such quantitative (QTL-mediated) resistance is the breeding line Hawaii 7996 (HA)
(15). The bacterial wilt resistance provided by HA is broad but complex, delaying colonization or
restricting movement of Rs in both roots and stems and involving multiple physiological and
enzymatic barriers (8, 16). Deciphering the multitude of loci and mechanisms underlying HA

defenses has proved challenging (2).
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In the past two decades, transcriptomic analysis using RNA-seq has emerged as a
powerful tool to study such complex biological processes (17). By allowing researchers to
measure the expression of almost every gene in a sample simultaneously, RNA-seq greatly
expands the number of biological process that can be examined in a single experiment
compared to older gene expression methods like gRT-PCR. Further, as RNA-seq is untargeted, it
can be used to generate hypothesis where the exact gene targets underlying a biological
process are not known. This technique has been employed in various ways to understand host
gene expression during BWD (18—25). However, this breadth of RNA-seq studies comes with
drawbacks. Hundreds or thousands of genes might be differentially regulated in a given study,
and sifting through the data to find relevant observations is challenging, and requires further
analyses like GO enrichment (17). Yet even the extraordinarily wide perspective provided by
RNA-seq does not cover the full complexity of biology. Most RNA-seq studies can only capture a
snapshot of gene expression at a few time points in a few conditions. Comparing
transcriptomes from multiple published datasets can help expand our view, but the
comparisons come with their own set of challenges. Different studies have found completely
different results, such as divergent changes in expression of salicylic acid and jasmonic acid-
related genes in different experiments (19-21, 23, 24, 26-29). Weighing the evidence provided
by different studies is challenging. Additionally, direct comparisons of differentially expressed
genes found by two experiments, even in the same system, often reveal little overlap (30).

To better understand resistance to BWD in tomato we used meta-analysis, a powerful
computational tool that combines results of multiple independent studies to increase statistical

power and identify consistent results (30). Using the metaRNASeq R package, we analyzed
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three RNA-seq datasets from tomato plants responding to Rs infection. These derived from a
range of experimental conditions, included a previously published comparison of gene
expression in the roots of susceptible and HA tomato plants and two new RNA-seq
experiments. This analysis identified new potential components of HA resistance, including
novel pattern recognition receptors involved in PTI. The data provides a foundation for further

targeted studies of HA resistance in tomato.

Results

We analyzed RNA-seq data from a total of twelve experimental conditions described in
Table 1. Experiments by French et al. (26), examined responses to the phylotype IIA Rs strain
K60 in the roots of resistant HA and susceptible West Virginia 700 (WV) tomato plants at two
time points. A new transcriptional analyses of tomato challenged with Rs compared root
responses of resistant HA seedlings to the susceptible variety Bonny Best (BB). Sterilized seeds
were germinated on water agar plates and then grown on 0.5x Murashige-Skoog (MS) agar
plates for four days. The seedlings were inoculated with the phylotype | Rs strain GMI1000 by
dripping a bacterial suspension onto the roots. Root tissue was harvested 24 hpi. Based on
comparable studies, seedlings inoculated at this stage would have a colonization level of
roughly 10° CFU/mL (31). RNA was extracted using Trizol, and library creation and sequencing
was conducted at the UW Biotechnology Center (UWBC, Madison, USA). A second experiment,
extracted from the same samples as used in Chapter 2, we collected RNA from the stem tissue
of susceptible adult BB plants petiole-inoculated with either Rs strain GMI1000 or with water.

After 72 hours, we extracted RNA using a hot-phenol chloroform method from stems that were



colonized with between 102 and 10° CFU/g of tissue (32). cDNA library construction and

sequencing were conducted by Novogene (Beijing, China). Reads were trimmed for quality
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control and mapped to the S. lycopersicum genome, followed by differential expression analysis

compared to uninoculated WT using DESeq2 (33). The expression and P-values produced by

DESeqg2 were then used in the meta-analysis using metaRNASeq.

Table 1. Experiment metadata

Experiment Samplin Approximate Rs
P 1 Tomato . Inoculation . PUNE | Tissue | Plant Age at population at
& Sample ) Rs Strain 3 time . ) :
Reference host method point type inoculation sampling
(CFU/g)
M1 N/A 0 hpi N/A
R1 Hawaii 7996 K60 24 hpi 1x10°
Resistant Phylot
Group A R2 ( bl ‘I’Iz)ype 48 hpi 1x107
F h et 14-17d
alrer;‘i)lgz bl West N/A 0 hpi ” N/A
” s1 o K60 24 hpi 1x10°
Virginia 700 (Phylotype
S2 (Susceptible) IA) Soil soak 48 hpi Root 1x107
M2 Hawaii 7996 Gl\/'l\ll/lgoo N/A
Group B R3 (Resistant) (Phylotype I ~5x10° 4
This study M4 sonmy Bt N/A 24 hpi Seedlings N/A
GMI1000
Susceptible ~ S 4
S3 (Susceptible) (Phylotype | 5x10
T?urso fff,g = Bonny Best lell\:/;(\)oo Petiole 72hpi | Stem | 21days .
¥ S4 (Susceptible) inoculation P y 1x108
(Phylotype 1)
E i t RNA . . .
xperimen 1 . Minimum RNA clean- cDNA Sequencing Sequencing
& Sample extraction RIN value u synthesis type facilit Platform
Reference method P ¥ s ¥
M1 Trizol lllumina
R1 i
Group A (Irllwtrogen) . Truseq Purdue lllumina
R2 with Nortek Ribo- stranded . ) .
French et M3 Column 7.8 depletion MRNA Paired end Genomics HiSeq
al., 2018 P . Center 2500
51 (Norgen preparation
2 BioTek Corp) kit
Group B v lllumina uw Illumina
roup R3 Trizol PolyA TruSeq . . .
This study . nd . Paired end | Biotechnology HiSeq
M4 (Invitrogen) enrichment stranded
Center 2000
$3 mRNA
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preparation
kit

NEBNext
M3 Ultra
Phenol- Ribo- Directional .
Chloroform® 7.4 depletion | RNA Library Paired end
>4 Prep Kit for

Illumina

Group C
This study

Novagene

lllumina
NovaSeq

1 — Blue samples are uninoculated controls, red samples are inoculated

2 — Green cultivars are resistant, yellow are susceptible

3 — Reference: Khokhani, D. et al. (2018) ‘Plant Assays for Quantifying Ralstonia solanacearum
Virulence’, Bio-Protocol, 8(18).

4 — Reference: Hamilton, C.D., Steidl, O.R., Macintyre, A.M., Hendrich, C.G. and Allen, C. (2020)
Ralstonia solanacearum depends on catabolism of myo-inositol, sucrose, and trehalose for
virulence in an infection stage-dependent manner. MPMI.

5 — Reference: Jacobs, J. M. et al. (2012) ‘The in planta transcriptome of Ralstonia
solanacearum: conserved physiological and virulence strategies during bacterial wilt of tomato’,

mBio, 3(4)

MetaRNASeq reveals more differentially expressed genes than DESeq2

We first examined the number of differentially expressed genes (DEGs) to see if
metaRNASeq could make predictions that were not found in comparing DEG lists directly.
Overall, DESeqg2 found a similar number of DEGs in each condition (Figure 1a). The wilt-resistant
HA tomato genotype had between 645 and 1720 upregulated genes compared to between 438
and 1837 in the susceptible tomato genotypes. Slightly fewer genes were downregulated, with

between 600 and 1207 found in the resistant HA genotype and between 571 and 1777 found in
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the susceptible genotypes. Comparing the overlap in DEGs found by DESeq2 between
conditions identified a small number of shared genes within resistant and susceptible
genotypes (Figure 1b). A total of 98 up- and downregulated DEGs were found in the resistant
genotype, and only 32 were found in the susceptible genotypes. The meta-analysis using
metaRNASeq increased this number substantially. metaRNASeq predicted a total of 629 shared
DEGs in the resistant genotypes and 383 DEGs in the susceptible genotypes. This suggested that
the meta-analysis increases sensitivity to identify signals and make predictions that would
otherwise be lost by examining only DEGs shared between individual analyses of separate

experiments.



a. Resistant Genotypes Susceptible Genotypes
RI:HA  R2HA  R3:HA SLIWV  S2WV  S3:BB S4:8B
Root Root Root-Seedlings Root Root Root-Seedlings Stem
K60 K60  GMI1000 K60 K60  GMI1000 GMI1000
24hpi 48hpi 24hpi 24hpi 48hpi 24hpi 72hpi

Up
regulated 645 1120 1720 438 1554 1554 1837
Down g9 1207 600 571 1777 824
b. @ R1: HA_Root_K60_24hpi R2

R2: HA_Root_K60_48hpi
R3: HA_Root_GMI1000_24hpi

C. @ S1: WV_Root_K60_24hpi
$2: WV_Root_K60_48hpi

$3: BB_Root-Seedlings_GMI1000_24hpi
S4: BB_Stem_GMI1000_72hpi
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Figure 1. Individual experiments identified similar numbers of DEGs, and the meta-analysis
revealed more DEGs than comparing individual analyses. (a) Number of up and downregulated
DEGs within each resistant and susceptible tomato genotype. There were no large differences
between experiments in the number of DEGs. (b & c) Venn diagrams of up- and downregulated
DEGs showing overlap from pairwise comparisons between plant tissues, Rs strains and
timepoint after inoculation within the responses of resistant and susceptible genotypes
respectively. Up and down arrows indicate the up and down regulated DEGs, respectively. Black
and red numbers show the overlap of DEGs identified with DESeq2 and metaRNASeq packages
respectively. MetaRNASeq revealed more shared DEGs than comparing individual DESeq2
analyses. DEGs were filtered with a fold change cutoff of |1.5|. Abbreviations: HA, wilt-resistant
tomato breeding line Hawaii7996; WV, wilt-susceptible tomato line West Virginia 700; BB, wilt-

susceptible tomato cultivar ‘Bonny Best'.

The largest effect on gene expression was the individual experimental conditions

To determine the effect on overall gene expression of experimental differences such as
plant age, genotype, inoculation method, etc., we compared numbers of common DEGs
between experimental conditions. As expected, there was a great deal of variation between
samples (Figure 2). Indeed, comparing the overlap in DESeq2-predicted DEG’s between samples
revealed that the experimental conditions were the greatest predictor of the pattern of
expression (Table 2). For example, when comparing the DEGs upregulated in resistant HA
tomato, sample R1 (resistant roots 24 hours after inoculation with K60) shared the greatest

number of DE genes with other datasets from the same experiment, R2, S1, and S2 (41.96%,
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57.99%, and 23.49% respectively) but it shared only 4.30% of DEGs with R3 (resistant seedling
roots 24 hours after inoculation with GMI1000) (Table 2a). Similarly, susceptible seedling roots
shared many more DEGs with resistant seedling roots (70.99% of DEGs) than with susceptible
adult roots (13.24% and 19.11% of DEGs) or susceptible adult stem tissue (28.91% of DEGs).
This effect was also observed for the downregulated genes (Table 2b). This finding underscores
the importance of experimental variables like age, tissue type, inoculation method, or growth
conditions for gene expression. However, it also suggests that the DEGs that our meta-analysis
identified as shared in resistant and susceptible genotypes are more likely to be important for
the tomato response to BWD, as they rise above the large amount of noise between

experimental conditions.
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Susceptible genotypes Resitant genotypes

S1 S2 S3 S4 R1 R2 R3

Figure 2. Samples correlated more closely within experiments than within genotypes.
Heatmap illustrating the log2-fold change (Log2 FC) of differentially expressed genes (FDR <
0.05) within each resistant and susceptible genotypes. Heatmap was constructed with R

package pheatmap.
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R1 R2 R3 S1 S2 S3 S4

R2 51.95

R3 6.50

S1 59.02

S2 24.70 41.64 6.64 22.51

S3 5.34 14.32 56.07 5.95 23.06

S4 9.48 15.04 3.41 4.22 22.22 6.96

Table 2. Percentage of differentially expressed genes shared between samples. Values
represent the percentage of total DEGs upregulated (a) and downregulated (b) from each

sample in the columns shared by the samples in each row.

MetaRNASeq revealed a potential role of PTIl in HA resistance

To better understand tomato defense responses to BWD, we looked for potential
immune-related genes shared between the resistant and susceptible responses. One broad
category of gene that was highly represented in both groups encode predicted transmembrane
pattern recognition proteins (PRRs). PRRs are a class of outer membrane proteins that initiate
PTI by recognizing microbe-associated molecular patterns (MAMPs) and transmitting the signal

across the membrane, sometimes using an intracellular kinase domain (34). A total of 83
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predicted PRRs were differentially regulated in the resistant or susceptible genotypes (Figure 3).
Of these, 7 were differentially regulated in all resistant samples, but not in all susceptible
samples (Figure 3a), 34 were differentially regulated in all samples (Figure 3b), and 42 were
differentially regulated in all susceptible samples but not in all resistant samples (Figure 3c). Of
particular interest are 19 predicted PRRs whose response was more intense in the resistant
genotypes than in the susceptible genotypes (Figure 3d). These PRR genes may be candidates
for further study to understand how resistant tomato varieties overcome Rs infection. Thus, our
meta-analysis generated specific testable hypotheses to identify mechanisms used by the
tomato immune system to recognize and resist Rs, as well as the differences between a

successful and failed response.
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Figure 3. MetaRNASeq revealed membrane-bound Pattern Recognition Receptors that may
be involved in tomato defense against bacterial wilt disease. Heatmaps showing the log; fold
change (LFC) (a., b. and c.) and boxplot showing the counts (d.) of the expression of genes
coding for transmembrane putative receptors. Tomato gene locus tags are from the Tomato
Genome Consortium 2012 (44). According to the metaRNASeq analysis, genes grouped into 3
clusters. (a) shows the genes induced in every resistant sample, but not in every susceptible
sample. (b) shows the genes altered in all resistant and susceptible samples. (c) shows genes
altered in every and susceptible sample, but not in every resistant sample. (d) The list of genes
selected from the heatmap corresponds to the gene locus tags in panel (a) and the genes in
panel (b) labeled with an asterisk. These selected genes show a greater response, either up or

down, in the resistant than in the susceptible genotypes.

MetaRNASeq corroborated a role of trehalose and ABA regulation in the tomato response to
bacterial wilt disease

If the predictions made by our meta-analysis are valid, the shared resistant and
susceptible responses should identify altered expression of pathways that have been
independently shown to contribute to tomato responses to BWD. Recent studies found a
significant overlap between the physiological and hormonal responses of tomato to BWD and
to drought stress (35). The disaccharide trehalose and the hormone abscisic acid (ABA) mediate
plant responses to both stressors. Consistent with these functional results, our meta-analysis
identified changes across experimental datasets in expression of genes encoding trehalose

metabolism, responses to ABA signaling, and plant responses to water stress. For example, five
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trehalose-6-phosphate phosphatase genes were significantly downregulated in resistant H7996
under every experimental condition and three predicted ABA-responsive transcription factors
were upregulated in all plants in all experimental conditions. In addition, in all conditions the
expression of seven genes predicted to encode aquaporins was consistently downregulated.
Aquaporins, transmembrane water channel proteins that mediate water homeostasis, play
critical roles in plant drought tolerance (36). These observations demonstrate that our meta-

analysis can identify independently validated biological responses to BWD.

Discussion

Here, we used a computational method for analyzing multiple transcriptome
experiments together to better understand tomato responses to Rs infection. Although the
three experiments we used had widely varying protocols, covering a range of plant ages, tissue
types, inoculation methods, and two different susceptible tomato varieties, metaRNASeq
identified common transcriptional changes across both susceptible and resistant varieties as
well as changes unique to susceptible or resistant tomato responses (30). That these responses
were discerned despite significant experiment-to-experiment noise suggests that they may
represent more conserved and possibly more biologically meaningful responses. These results
identified a manageable number of potential gene targets for further study.

As a first validation of this analysis, we examined the response of trehalose, ABA, and
drought-responsive genes in our analysis. In line with recent work showing that elevated levels
of trehalose may help tomato respond to both drought stress and BWD, we found multiple

trehalose metabolic genes and ABA responsive genes in our combined resistant and susceptible
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responses (35, 37). Interestingly, genes encoding five trehalose-6-phosphate phosphatases,
which produce trehalose, were significantly downregulated in resistant HA plants. Future work
could measure trehalose levels in root tissue or xylem fluid of HA plants before and after
infection to see if this change in gene expression leads to a real change trehalose
concentration. Curiously, applying trehalose to susceptible tomato roots increased their
resistance to BWD (35). Why resistant plants would downregulate a trehalose synthesis gene in
response to Rs is unclear, and future experiments could determine if HW resistance is altered
by the application of trehalose.

We found a large number of putative PRR genes that respond to Rs infection. A subset
of these genes had increased expression or induction in the resistant varieties, making them
attractive targets for future research. PTI can be an extremely powerful tool for plants
responding to pathogens (38). Transferring PRRs between plant families is a useful way of
increasing resistance to many pathogens, including Rs (39). Transferring the Arabidopsis PRR
gene EFR, which recognizes the bacterial translation factor Ef-Tu, to tomato not only increased
plant recognition of a variety of bacterial pathogens in the lab, but also increased the
marketable yield in response to pressure from BWD and bacterial spot disease in the field (6). If
experiments show that one or more of the nineteen putative PRRs that respond to Rs more
strongly in resistant than susceptible tomatoes contribute to HA resistance, these will be
promising candidates for future biotechnology applications. However, their function and utility
must be validated. First, we can transiently express the putative PRRs in tobacco leaves using
Agrobacterium. Following expression, we can then test for their ability to produce a ROS burst

indicative of PTI after challenge with Rs. Should any of the nineteen produce strong responses
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to Rs in tobacco leaves, we can create composite tomato plant roots overexpressing one or
more of the PRRs of interest (40). These plants will can be challenged with Rs to see if
increasing the expression of the PRR increases their resistance to Rs.

Finally, we show that meta-analysis of multiple transcriptomic datasets has the potential
to simplify design of future RNA-seq experiments. Increasing the predictive power of individual
transcriptomic studies by combining them with existing analyses could be a better use the time
and resource costs of each experiment. For example, it would be interesting but resource-
intensive to compare the responses of HA plants to resistance-breaking Rs strains (such as
CMR15 or UW551) to the responses elicited by Rs strains that cannot overcome HA resistance
(such as GMI1000 and K60). Combined RNA-seq datasets could even reduce the number of
samples required in a single experiment, especially if experimental conditions are held

constant.

Materials and methods
Plant growth and inoculation

Group A plants were grown and infected as described by French, et al. (26), inoculating
14-17 day old plants by drenching the roots with a suspension of Rs strain K60. Group B
seedlings were grown and inoculated on agar plates as described by Hamilton, et al. (31),
dripping a suspension of Rs strain GMI1000 on the seedling root tissue. Group C plants were
grown and inoculated as described in Chapter 2 of this thesis by introducing ~2000 CFU of Rs
strain GMI1000 directly into the xylem of 21-day old tomato plants through a cut petiole. A full

list of experimental conditions is detailed in Table 1.
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RNA extraction and sequencing

Group A RNA was extracted and sequenced as described by French et al. (26)and Group
C RNA was extracted as described in Chapter 2 of this thesis. For Group B, seedling root tissue
was ground and used for total RNA extraction using Trizol (Invitrogen, CA). mRNA enrichment,
cDNA synthesis, and sequencing on an Illlumina HiSeq 2000 were all done by the University of
Wisconsin-Madison Biotechnology Center. For all samples, RNA quality was tested using a
nanodrop and Agilent Bioanalyzer. A full list of extraction and sequencing conditions can be

found in Table 1.

Transcriptome analysis

Raw fastq files from each individual experiment were used in the same analysis pipeline.
First, RNA quality was checked using FastQC (v. 0.11.9) and low-quality reads and Illumina
sequencing adaptors (TruSeq3-PE-2) were removed using Trimmomatic (v. 0.39). Reads were
then mapped onto the S. lycopersicum genome using STAR (v. 2.7.4.a) (41). Gene expression
was determined using HTSeq (v. 0.11.1) and Samtools (v. 1.10) (42). EdgeR (v. 3.28.0) was used
to filter for low counts. Differential gene expression was first calculated using DESeq2 (v. 3.11)
using Benjamini-Hochberg FDR multiple testing correction with a P value of 0.05 (33, 43). The P
values calculated by DESeq2 were then used in the meta-transcriptomic analysis using

metaRNASeq (v. 1.0) with Fisher and inverse normal techniques and a P value of 0.05 (30).
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Appendix 2

Characterization of seven new phages infecting Ralstonia solanacearum from Brazil

The material presented in this appendix will be used for the following manuscript in

preparation:

Carrion, Y. L. L., Hendrich, C. G., Steidl O., Allen, C. Xavier, A. S. Isolation and characterization of

seven novel phages from Brazil.

Contributions: YLLC and ASX isolated the phages. ASX and CGH performed host range
experiments and ASX extracted gDNA for sequencing. OS and CGH assembled the genomes. All

authors participated in experimental design and data analysis. CGH wrote the text
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Abstract

We isolated eight phages that can infect the soil dwelling plant pathogen Ralstonia
solanacearum (Rs) from tomato fields in the Espirito Santo State of Brazil. All eight phages were
able to infect multiple Rs strains but were especially virulent on Brazilian Rs strains. We
sequenced the genomes for seven of the eight isolates and found them to be in the family

Myoviridae related to the genus Vidavervirus.

Introduction

Bacterial wilt disease caused by members of the Ralstonia solanacearum (Rs) species
complex is a global problem for the production of major crops like potato, tomato, and banana
(1, 2). The diversity of the species complex is categorized into four phylotypes, with phylotype |
strains originating from Asia, phylotype Il strains from the Americas, phylotype Il strains from
Africa, and phylotype IV strains from Indonesia and Japan (3). While cultural practices like good
hygiene and planting resistant varieties can be used to mitigate the damage caused by the
disease, there are no viable options for combating the disease once Rs has become established
in a field (4). Chemical controls like soil fumigation or antibiotic treatment are environmentally
destructive, expensive, and generally ineffective (4).

Biocontrol using bacteriophages may provide a method to control bacterial wilt disease.
Although many Rs-infecting phages have been isolated, none are currently commercially
available for use as a biocontrol agents (4, 5). Phage treatment use in real-world settings is
often complicated by problems like the evolution of resistance (6, 7). Using a cocktail of

multiple phages in a single treatment to reduce the potential for the resistance development
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could lead to longer lasting control schemes (6). Isolating and characterizing more Rs-infecting
phages will provide more options for the choice of biocontrol agents.

Here, we describe the isolation and characterization of eight new phages from the
Espirito Santo state of Brazil. We sequenced the genomes of seven of the isolates and found

them to be related to the genus Vidavervirus.

Results and Discussion

We isolated phages from the soil of tomato fields in the Espirito Santo state of Brazil.
We sampled rhizosphere soil from tomato fields known to have high incidence of bacterial wilt
disease. Both symptomatic and asymptomatic plants were sampled. Prospective phage isolated
from individual plagues formed when filtered soil suspension was applied to a lawn of the Rs
strain RSB70PC. Plaques were extracted and passaged through RSB70PC three times, each time
infecting from a new single plague to ensure phage purity. We isolated a total of eight phages,
and named them F29, F32.2, P36.2, F31, P34.1, F38, and P41.

We characterized the host ranges of these eight phages using a panel of Rs isolates from
Brazil and around the world, including strains from all four phylotypes (Figure 1). This overlay
screen included five phylotype Il Brazilian strains that were isolated from the same region of
Brazil as the phages. All eight phages were highly virulent on the five Brazilian Rs strains, as
indicated by large cleared lysis zones on overlay plates at all three phage dilutions (Table 1). We
tested these phages ability to lyse four other phylotype Il strains. In general, all eight phages
were able to infect most of these Phylotype Il strains, but to a lesser extent than the Brazilian

Rs isolates. The only exception was the phylotype IIA strain UW576, originally isolated in the
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United States, which was fully resistant to lysis by four of the eight phages (Table 1). Two
phylotype | strains were included, GMI1000 and UW672, originally isolated in French Guyana
and Cameroon, respectively. While all eight phages could infect GMI1000, UW672 was resistant
to four phages. Phylotype Ill and IV strains were generally more resistant to the Brazilian
phages than the other Rs test strains. We tested two phylotype Ill and five phylotype IV
isolates. Of these, only one phylotype IV isolate from Japan, UW653, was susceptible to the
phages. Overall, these eight phages appeared best adapted to infect and lyse Rs phylotype Il
strains, consistent with the fact that they were isolated from a field in the Americas infested

with phylotype Il strains.

Spot test map Phage suspension dilutions
F29 P31
042 | [0 2]
F32.2| P34.41 ||
42 | 042 |
P36.2| F38 |
012 | 041 -2
F41 P41
A2
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Figure 1. Host range assay. Each test Rs strain was grown in a lawn for 24h on rich CPG media

plates. Three ten-fold dilutions of each phage were spotted onto the plate in the order shown

in the top left. Phylotype identity and origin of each Rs candidate host strain is found in Table 1.

Strain Phylotype | Country of | F29 | F32.2 | P36.2 | F41 | F31 | P34.1 | F38 | P41
origin

B67 I Brazil +++ | +++ +++ +H+ | | +++ | +++

B68 I Brazil ++H+ |+t +++ 4+ | | +++ |+t

B69 I Brazil ++H+ |+t +++ 4+ | | +++ |+t

B70 I Brazil +++ | +++ +++ +H+ | | +++ | +++

B73 I Brazil +++ | +++ +++ +H+ | | +++ | +++

CFBP2957 | IIA Martinique, | ++ +++ +++ ++ +++ | +H++ ++ | ++

WT W. Indies

CFBP2957 | IIA + +++ +++ + ++ ++ + +

T2SS-

GMI1000 || French + +++ +++ + +++ | 4 ++ | ++

WT Guyana

GMI1000 || + +++ +++ - +++ | +H++ + +

T2SS-

Uuwi157 Peru + ++ ++ - ++ ++ + +
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UWS550 1B The ++ + + ++ + + ++ |+
Netherlands
UW551 1B Kenya ++ ++ ++ ++ ++ ++ ++ | ++
UWe672 I Cameroon |+ - - - + + + -
UW576 A USA + - - - + + + -
UW653 v Japan + + + + + + + +
UW652 v Japan - - - - - - - -
UW386 1] Nigeria - - - - - - - -
UW?703 \% Indonesia - - - - - - - -
UW658 \% Indonesia - - - - - - - -
CMR15 1] Cameroon - - - - - - - -
Uw702 \Y - - - - - - - -

Table 1. Host range panel details. +++ indicates that all three phage dilutions produced a zone

of clearing, ++ the two higher concentrations produced a zone of clearing, + only the highest

dilution produced a zone of clearing, and — indicates that no zone of clearing was seen at any

concentration.

A previously characterized Rs-killing phage from Brazil named phiAP1 requires a

functional Type Il Secretion System (T2SS) to infect Rs (see Chapter 3). To see if any of the eight

newly-isolated phages also T2SS-dependent, we tested their ability to lyse two Rs mutants that

have defective versions of this large cell surface complex. One mutant, CFBP2957 GspE k274a,

contains a lysine to alanine mutation in the T2SS inner membrane protein GspE that prevents
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GspE from hydrolyzing the ATP that drives the export cargo from the complex. The other
mutant, GMI1000 OEgspE, overproduces the major T2SS pseudopilin, GspG, thereby reducing
T2SS activity roughly ten-fold. Interestingly, two phage isolates, F29 and F41, had reduced
virulence on the GspE mutant (Figure 1). Phage F41 also may be less virulent on the gspG
overexpression mutant. Although we have not yet quantified this effect, this suggests that
phages F29 and F41 may use the host T2SS during Rs infection.

To genetically characterize the phage isolates, we extracted and sequenced their
genomes. We were unable to extract sufficient quantities of gDNA from phage F38, so we
excluded it from further analysis. We sequenced and assembled the genomes of the other
seven. The sizes of the assembled and polished draft contigs ranged from 80 and 130 kb. All
seven contigs were closely related, and each contained over 97.99% bp identity to all other
samples (Table 2). Genomes of tailed viruses are linear while in the capsid head, but are often
circularized inside their host, often leading to artificially duplicated regions in the sequenced
genome (8). Our draft genome sequences contained the same roughly 50 kb sequence repeated
twice, suggesting that the true genome size for each phage is much smaller. Further analyses
will use restriction digests to determine the true size of the genome, targeted PCR to find

potential linearization points, and will predicted ORFs in the draft genomes.



F29

F32.2

P36.2

F41

F31

P34.1

P41

F29

F32.2

P36.2

98.96 98.01

98.79

F41

98.82

F31

P34.1

P41

Table 2. Bp identity between phage genomes. Values represent percent base pair identity

between the two genome sequences as measured by BLAST.

Methods

Bacterial isolates and culture conditions
Rs were routinely cultured in CPG (1g/L casamino acids, 10g/L peptone, 5g/L glucose,
1g/L yeast extract) (9). Unless used for soft agar, 1.6% agar was included for solid plates. Rs

were cultured at 28 C. All phages were cultured and propagated as described in (10).

Detection, isolation and propagation of bacteriophages

184

Soil samples were collected from tomato fields in Venda Nova do Imigrante and Afonso

Claudio municipalities, Espirito Santo state, Brazil. The samples were collected in areas with

known incidence of bacterial wilt, sampling rhizosphere soil of both symptomatic and
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asymptomatic plants. To detect the presence of bacterial viruses, approximately one gram of
soil was resuspended in 2 mL of distilled water. The suspension was then centrifuged at 12,000
rpm for 5 min and then filtered through a 0.22 um PVDF membrane filter (Analitica). 100 uL of
the filtrate were Spot tested using standard soft agar overlay method (11) with the capsule-
defective Rs strain RSB70PC used as host. A single lysis plaque was picked and amplified in the
presence of RSB70PC in CPG. The bacterial cells were centrifuged, the supernatant filtered, and
isolated lysis plaques were obtained using the soft agar overlay method. This procedure was
repeated three times to ensure bacteriophage purity. For bacteriophage propagation, 1 L of a
RSB70PC culture (optical density at 600 nm of 0.2) was infected at a multiplicity of infection
(MOI) of 1.0 and incubated until clear lysis. After incubation cell debris were removed by
centrifugation at 4 C for 5 min. The supernatant was passed through a 0.22 um PVDF
membrane filter followed by an overnight precipitation with polyethylene glycol 6000 (5%
wt/vol) and 0.5M NaCl. The pellet was recovered by centrifugation at 12,000 rpm at 4 C for 30
minutes and resuspended in SM buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 10 mM MgSOa,

0.01% gelatin). Partially-purified particles were stored at 4 C.

Phage host-range

Phage susceptibility was determined as described previously (10). Overlay plates were
created with top layers of soft CPG containing 0.75% agarose and each Rs strain. Then, 4 ul of
three ten-fold phage dilutions were spotted onto the top agar. Plaque formation was observed

after a 24-hour period of growth at 28°C.
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Genomic DNA extraction and sequencing

Cultures of Rs strain CFBP2957 grown in CPG were inoculated with each phage as
described previously (10). Once lysis was visible, the solution was passed through a 0.2 um filter
to remove live bacterial cells. 1 mL of filtered lysate was used for gDNA extraction with the
Norgen Phage DNA Isolation Kit according to the manufacturer’s instructions (Norgen, Thorold,
ON, Canada). DNA concentration and purity were assessed spectrophotometrically, and the
sequencing was done at the lowa State DNA Sequencing Facility. Quality and fragment size
were determined using AATI Fragment Analyzer (Agilent, Santa Clara, CA, USA), and smaller
fragments were removed using an AmPure cleanup (Beckman Coulter, Indianapolis, IN, USA).
Genome sequencing was done using an Oxford Nanopore GridIONx5 sequencing machine
(Oxford Nanopore, Oxford, UK). Sequences were read and bases called using the GridlION
programs MinKNOW (v 3.6.5), Bream (v 4.3.16), and Guppy (3.2.10). Read quality was assessed
using FastQC, and the reads were assembled using Canu (v2.0) (12). The predicted genome size
was set to 100 kbp, the corrected error rate set to 0.13, and the corrected output coverage set
to 190, with the exception of P41, whose output coverage was set to 250. The assembly was

then further refined using Nanopolish (13).
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