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ABSTRACT OF THE DISSERTATION

Structural and Functional Characterization of the Xylella fastidiosa O Antigen:
Contribution to Bacterial Virulence, Insect Transmission, and Modulation of Innate
Immune Recognition in Grapevine

by

Jeannette Nicole Rapicavoli

Doctor of Philosophy, Graduate Program in Plant Pathology
University of California, Riverside, August 2016
Dr. M. Caroline Roper, Chairperson

Xylella fastidiosa is a xylem-limited, insect transmitted bacterium that causes fatal
diseases in economically important crops, most notably, Pierce’s disease of grapevine.
Due to its unique dual lifestyle, X. fastidiosa utilizes different mechanisms to facilitate
colonization of its plant and insect hosts. While research has focused heavily on the role
of surface-associated proteins, we establish the major cell surface carbohydrate,
lipopolysaccharide (LPS), as an important bacterial virulence factor and modulator of
innate immunity in grapevine.

We focused our attention on the terminal O antigen moiety of the LPS molecule,
which serves as a key point of contact between potential hosts and the environment.
Biochemical and structural analysis identified the major O antigen polysaccharide as a
linear a1-2 linked rhamnan polymer. By targeting an O antigen polymerase (Wzy), we
found that loss of the rhamnose-rich O antigen considerably altered bacterial adhesion

dynamics in the blue-green sharpshooter vector. Scanning electron microscopy confirmed
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that this defect in initial attachment compromised subsequent biofilm formation within
vector foreguts, thus impairing pathogen acquisition. During the plant host-pathogen
interaction, successful pathogens must overcome plant immune responses to establish and
cause disease. Due to the fact that X. fastidiosa lacks the quintessential type III secretion
system, and its arsenal of effectors, we sought to determine the contribution of O antigen
to this complex biological process. Using RNAseq, we found that in intact cells, O
antigen functions as a shield; this allows X. fastidiosa to delay early recognition by the
grapevine immune system, thus promoting bacterial survival and the establishment of
infection.

The results presented in this dissertation provide a comprehensive understanding
of the composition and structure of this major cell surface polysaccharide and offer
valuable insight into its diverse functions. Specifically, the studies detailing the
implication of O antigen in the evasion of basal defense responses in grapevine present a
novel and unprecedented mechanism employed by this unique xylem-dwelling bacterial

pathogen.
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GENERAL INTRODUCTION

Xylella fastidiosa is a Gram-negative, xylem-limited bacterium belonging to the
Xanthomonadaceae family (1). This destructive agricultural pathogen is obligately
transmitted by sharpshooter insect vectors and causes diseases in several economically
important crops, namely Pierce’s disease (PD) of grapevine and Citrus Variegated
Chlorosis (CVC). It has also recently been implicated in Olive quick decline syndrome in
Italy (2, 3). Many studies exploring X. fastidiosa biology have utilized the X. fastidiosa
subsp. fastidiosa strain, the grapevine host, and Homalodisca vitripennis (the Glassy-
winged sharpshooter) and/or Graphocephala atropunctata (the Blue-green sharpshooter).
Thus, most of what we know about the plant- and vector-microbe interactions are in the
context of the PD pathosystem, so the majority of this introduction will focus on PD and
its impact in California. It is likely that many of the findings in grape can be extrapolated
to other plant systems; however, we must be mindful that there are likely important

differences in X. fastidiosa interactions with different plant hosts and insect vectors.

Host Ranges and Strain Differences. X. fastidiosa has an incredibly broad host range,
comprising 309 different plant species in 63 plant families (4), which includes
economically important hosts such as coffee, citrus, and grapevine. X. fastidiosa also
causes diseases in almond, peach, plum, and oleander and in ornamental trees such as
elm, sycamore, and maple (5). While X. fastidiosa is often referred to as a generalist, due
to the large numbers of plant species in which the bacterium resides, very few plants

actually sustain long-term infections and become symptomatic (6). The bacterium can



reside in a wide range of plants as a harmless endophyte and has been detected in
hundreds of asymptomatic plant species (3, 7, 8). Fortunately, most X. fastidiosa strains
do not move systemically in symptomless hosts (9, 10), but these plants can still serve as
sources of inoculum for vectors to acquire the bacterium (11).

There are distinct differences in the host ranges of the different strains of X.
fastidiosa. Although all X. fastidiosa isolates were assigned to the same species, they
have been further classified to the subspecies level, which correlates strongly with host
specificity (12, 13). Three distinct clades of X. fastidiosa have been identified in North
America, corresponding to the different subspecies: X. fastidiosa subsp. fastidiosa, which
is found in grapevines, almond, and alfalfa; X. fastidiosa subsp. multiplex, which is found
predominantly in trees (e.g. almond, peach, plum, and oak); X. fastidiosa subsp. sandyi,
which thus far has only been found in oleander; and X. fastidiosa subsp. pauca, which is
primarily found in citrus and coffee in South America (12), although a recent strain
associated with olive quick decline syndrome in Italy was found to be genetically related
(14). It is important to note that there is significant plant host-pathogen specificity among
the subspecies, i.e. the oleander strain cannot infect grapevine and vice versa. However,

the mechanisms dictating this specificity remain unknown.

Disease symptoms. Most X. fastidiosa-related diseases appear as leaf scorch symptoms
concentrated around the leaf margin. In the context of PD, X. fastidiosa can also cause
raisining of grape clusters, irregular periderm development (termed “green islands™),

abnormal abscission of petioles (termed “matchstick petioles™), and general stunting of



vines. PD symptoms generally appear in late spring and begin with leaf-scorching. As the
infection progresses, additional symptoms (e.g. green islands, matchstick petioles, and
berry desiccation) increase into the late summer. Interestingly, in some host interactions,
X. fastidiosa does not cause leaf scorch. For example, symptoms of citrus variegated
chlorosis (CVC) include foliar wilt and interveinal chlorosis on the upper surfaces of
leaves (similar to Zn deficiency), which correspond with necrotic, gum-like regions on
the undersides of the leaves. Additional symptoms of CVC include defoliation, dieback,
and hardening of fruits (15). Another example is phony peach disease, which exhibits
flat, dark green leaves, earlier bloom, shortened internodes, delayed leaf senescence, and
reduced fruit size. Some occlusions occur in the xylem vessels, but there is no foliar

wilting, chlorosis, or necrosis symptoms (5).

Insect transmission. The X fastidiosa life cycle is unique in that it involves both plant
and insect hosts. X. fastidiosa is obligately transmitted by xylem sap-feeding insects
belonging to the hemipteran family Cicadellidae, primarily sharpshooters; additional
vectors, such as spittlebugs (Hemiptera, Cercopidae), have also been reported (7, 16). X.
fastidiosa is the only known insect-transmitted plant pathogen that is persistent within the
vector but non-circulative (17). It is semi-persistent in nymphs, i.e. the bacterium is lost
after each vector molt, but persistent in adult vectors (which do not molt) (7, 17). X.
fastidiosa is also propagative within vectors, allowing the insects to inoculate the
pathogen for months after acquisition from an infected plant (7). There is no evidence of

transstadial or transovarial transmission, meaning there is no pathogen transfer through



insect life stages or to offspring, respectively (16). Native vectors in California include
the blue-green sharpshooter, Graphocephala atropunctata (Signoret); the green
sharpshooter, Draeculacephala minerva (Ball); and the red-headed sharpshooter, Xyphon
fulgida (Nottingham) (16, 18). Invasive vectors include the glassy-winged sharpshooter,
Homalodisca vitripennis (Say) (19). Both the blue-green sharpshooter (BGSS) and the
glassy-winged sharpshooter (GWSS) are important vectors of PD in California. CVC and
additional X. fastidiosa-related diseases in other parts of the world have their own distinct
vectors. In contrast with X. fastidiosa strain specificity in plant hosts, there is a lack of
vector-X. fastidiosa strain specificity. For example, the glassy-winged sharpshooter is
capable of transmitting a South American isolate of X. fastidiosa, albeit with variable
efficiency (20).

Transmission of X. fastidiosa consists of three main steps: pathogen acquisition
from an infected host plant, retention of the pathogen within the vector, and inoculation
of the pathogen into a susceptible plant host (21). Vectors can acquire X. fastidiosa and
immediately inoculate it into a new host, indicating there is no latent period required for
transmission (22). Upon acquisition during the ingestion of xylem sap, X. fasitidiosa
attaches to and forms biofilms within the functional foregut of the insect in a manner
similar to its biofilm formation in plants (21, 23). Cells initially attach laterally, which
increases cell surface area in contact with the insect cuticle. Interestingly, in the later
stages of biofilm formation, the cells become polarly attached to the foregut cuticle,
presumably to allow for maximal exposure to the nutrient dilute xylem sap (7, 23, 24). X.

fastidiosa colonizes two major regions of the foregut: the precibarium and the cibarium.



Colonization of these regions were first shown microscopically (22, 25) and later
correlated with inoculation of X. fastidiosa to plant hosts during feeding. While the
cibarium has been suggested to act as a reservoir for bacterial inoculum within the
foregut (17), colonization of the precibarium, specifically, has been associated with
transmission of X. fastidiosa to plants (24).

The vector foregut is an extremely turbulent environment, as xylem sap flow rates
have been estimated to reach nearly 8 cm/s (26). Therefore, attachment is not a trivial
process, and it relies on numerous factors at the vector-pathogen interface. Several
surface-associated bacterial components, such as type I pili, hemagglutinin adhesins, and
fimbriae contribute to the adhesive properties of X. fastidiosa that are imperative for
colonization in insect vectors (7, 23, 27-29). These traits are regulated by the rpf cell-cell
signaling system (29-31). In addition, cell surface polysaccharides, namely
lipopolysaccharide (LPS) and exopolysaccharide (EPS), also play a role in the
transmission process. Rapicavoli et al. (2015) demonstrated that LPS contributes to the
early stages of acquisition of X. fastidiosa by the BGSS (32). A mutant strain exhibiting
LPS structural alteration was impaired in attachment to the insect foregut cuticle lining,
and thus acquisition of the pathogen was disrupted. EPS has also been implicated in the
transmission of X. fastidiosa by the BGSS, as mutants impaired in EPS production were

not transmitted efficiently (33).

Disease cycle. X. fastidiosa is found exclusively in the xylem vessels of plant hosts and

the mouthparts of its insect vectors. In both environments, it forms biofilms that are



important for plant infection and insect transmission processes. While disease cycles will
vary slightly depending on the specific disease, the progression of disease follows the
same trend. X. fastidiosa cells are delivered directly into xylem vessels through vector
feeding, which differs from other bacterial plant pathogens (e.g. species and pathovars of
Xanthomonas) that enter the host through natural openings or wounds (7, 34). In
susceptible hosts, such as grapevine, X. fastidiosa multiplies and systemically colonizes
the xylem tissue through active degradation of xylem pit membranes: a process that is
facilitated by cell wall-degrading enzymes and Type IV pili-mediated motility (35, 36).
In many hosts, the bacterium multiplies to high titers within the vessels, and bacterial
populations are heterogeneously distributed throughout the plant. Insects can then acquire
X. fastidiosa from plants harboring the bacterium and transmit them to a new plant. As
previously mentioned, both symptomatic and asymptomatic hosts are important
reservoirs of the bacteria. The development of disease relies on the ability of the
pathogen to spread from the point of infection and establish itself systemically in the
xylem tissue (7, 35, 37). For some perennial hosts (e.g. grapevine), in which bacterial
concentrations are high in symptomatic leaf veins and petioles, populations typically

decline in the fall as the plant enters dormancy and defoliates (38).

Geographic Distribution. Historically, X. fastidiosa has been limited to North America
where the first epidemic of PD occurred in Los Angeles, California in the late 1880s (16).
It has since spread throughout the United States but is most prominent in California and

the southern United States. Diseases caused by X. fastidiosa are rare or absent in parts of



North America with cold winters, with an exception being the occurrence of leaf scorch
on landscape trees in Canada (39, 40). There have been experimental observations that
freezing can be therapeutic for PD (41, 42), which suggests that winter climates limit
where PD can occur. X. fastidiosa also causes important disease of fruit trees, such as
almond leaf scorch, which is prevalent in the San Joaquin Valley of California (43, 44).
In the coastal regions of California, PD persists mainly in “PD hot spots” along
parts of the vineyard adjacent to riparian areas (e.g. streambeds). The dominant vector in
this region is the native BGSS, which enters vineyards from these riparian areas in the
spring and summer, following overwintering, to feed and reproduce. PD incidence is the
highest in these hot spots, creating what is known as the PD “edge effect” (3), meaning
that infection remains primarily along the edges of the vineyard. In addition, BGSS prefer
to feed on succulent, new growth, so any X. fastidiosa cells that have not reached the
vines’ permanent arms or trunk will likely be pruned out when vines enter dormancy in
the winter. Thus, PD does not typically persist from year to year in these areas
(monocyclic disease). The introduction of the invasive GWSS into Southern California in
the 1990s, however, drastically changed the epidemiology of PD in California to a
polycyclic disease. Compared with California-native vectors, adult GWSS are
polyphagous (feeding on over 100 species of plants), highly mobile, and they feed on a
greater variety of plant parts (40, 45). GWSS have a strong tendency to feed at the bases
of new shoots, even through the scaly bark of branches on grapevines, and they will also

feed on dormant canes. This difference in feeding behavior can increase the



establishment of chronic infections, persisting from year to year, as these portions of the
vine are permanent and not pruned annually (3).

In South America, CVC was first observed in Brazil in 1987 (26). Since its
discovery, CVC has become widely distributed in the major citrus-growing regions of
Brazil (46), where it also causes a leaf scorch disease on coffee (47). Following the
resurgence of PD in California, in the 1990s, there has also been an emergence of new X.
fastidiosa-related diseases in other parts of the world. For example, X. fastidiosa
appeared in Taiwan in pear trees and grapevines (48, 49) and was more recently
identified in olive trees in Italy that are affected with olive quick decline syndrome,
representing the first confirmed detection of X. fastidiosa in the European Union (50).
The introduction of X. fastidiosa into Italy is an important and significant change in the
geographical distribution of this pathogen, where, to our knowledge, the plant

communities have not been exposed.

Economic Impact. X. fastidiosa causes economic losses in many agriculturally important
crops, but here we will focus primarily on PD and CVC, as the economic impacts of these
diseases have been the most extensively studied. PD represents a significant threat to the
California table, raisin, and winegrape industries, which were valued at over $5 billion in
2014 (51). Following the introduction of GWSS into Southern California, and
subsequently, the Pierce’s disease epidemic in Temecula in the late 1990s, production
losses resulted in an estimated $37.9-million-dollar reduction in California state income

(52). Despite the presence of the PD Control Program (PDCP), established by the



California Department of Food and Agriculture in 2001, PD still costs producers over
$100 million dollars per year in crop loss and efforts to mitigate the disease. This amount
excludes an additional $50 million per year spent on preventative measures, including
vector control. (45). Alston et al. (2013) evaluated the costs and benefits of PD research
in the winegrape industry, and they estimated that PD would cost an additional

$189 million per year if the PDCP ended (53). Therefore, the benefits of PD research
clearly outweigh the costs in terms of preventing another major outbreak.

The potential for GWSS to spread to other parts of California has caused great
concern for growers as this could change the epidemiology of existing X. fastidiosa-
related diseases or cause an emergence of new diseases. For example, the presence of
GWSS in Southern California caused the appearance of a new, lethal leaf scorch disease
of oleander (Nerium oleander). Due to its low maintenance and drought tolerant nature,
oleander is an important shrub to California's landscape industry. In addition, the
California Department of Transportation (Caltrans) maintains oleander in over 2,100
miles of freeway median (54). Damage to these freeway plantings, caused by OLS, has
cost an estimated $52 million (55). In California, almond leaf scorch is a relatively minor
problem in the San Joaquin Valley that could become a major problem if GWSS
establishes itself, as this could lead to a rapid increase in disease severity and spread (54).

Citrus is another important host of X. fastidiosa in South America. CVC was first
described in Brazil in 1987, and affects all major commercial sweet orange cultivars (56).
It is considered one of the most important diseases affecting the Brazilian citrus industry,

which accounts for 30% of sweet orange production and 85% of exports of frozen orange



juice concentrate worldwide (57, 58). Currently, 40% of citrus plants in Brazil are
affected by CVC, and economic losses due to the disease can reach $120 million annually

(56, 58).

Virulence Factors

Adhesins. Biofilm formation plays an essential role in the plant and insect lifestyles of X.
fastidiosa, and relies on the ability of the bacteria to attach to host surfaces and to each
other (31). These biofilm-related behaviors are facilitated by several bacterial cell surface
proteins and structures, including fimbrial and afimbrial adhesins, type IV pili, outer
membrane proteins, and exopolymers (59).

X. fastidiosa Type I fimbrial adhesins are pilliform structures encoded by the fim
operon. Knockout mutations of fimA, which encodes the major subunit, and fimF, which
encodes the anchor protein, affected fimbriae production and failed to induce biofilm
formation at the air-liquid interface in liquid culture (27, 60). Furthermore, these mutants
failed to attach to a glass surface and form aggregates. These mutations also affected X.
fastidiosa virulence, as disease severity was significantly reduced in Cabernet Sauvignon
grapevines (27). With respect to afimbrial adhesins, X. fastidiosa possesses
hemagglutinin proteins, HxfA and Hx{B (61). Knockout mutations in /xf4 and hxfB
resulted in hypervirulent phenotypes after inoculation into Chardonnay, Chenin Blanc,
and Thompson Seedless grapevines. However, research done by Feil et al (2007)
determined that A/xfB had reduced virulence when inoculated into Cabernet Sauvignon
grapevines (27). This discrepancy could be caused by the physiological differences that

exist between red and white grape varieties, which could affect how the pathogen
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interacts with its host in the xylem (62). Both 4xf4 and AxfB mutants also displayed
significantly decreased cell-cell aggregation but retained the ability to adhere to surfaces
(61, 63). Interestingly, in addition to their location on the bacterial outer membrane,
HxfA and HxfB are also found in outer membrane vesicles, which have been implicated
in mediating biofilm formation and colonization (63, 64).

Additional surface proteins have been implicated in facilitating attachment of
bacteria to host cells. A knockout mutation in the outer membrane protein XadA resulted
in reduced adhesion to glass surfaces, but the mutation did not appear to affect cell-cell
aggregation (27). The AxadA mutant strain also failed to produce biofilm, which is likely

a consequence of defects in cell-cell aggregation: a key step in biofilm formation.

Motility. The process by which X. fastidiosa moves within plants differs substantially
from closely related Xanthomonas pathovars and other prominent bacterial pathogens,
which utilize flagellar-driven motility. Although X. fastidiosa is non-flagellate, it is able
to migrate upstream through the use of Type IV-mediated twitching motility (65), which
provides the means for long-range systemic movement in planta. Twitching motility
occurs through the extension, attachment, and then retraction of Type IV pili, which are
approximately 1-6 um in length (66). This type of motility has also been observed in
other xylem-dwelling bacterial plant pathogens, such as Ralstonia solanacearum (66).
Knockout mutations in pilB and pilQ in X. fastidiosa, which are involved in the assembly
of Type IV pili, increased the production of biofilm; however, basipetal movement in

planta was significantly reduced (65).

11



In addition to motility, Type IV pili also contribute to autoaggregation in X.
fastidiosa. Cell-cell aggregation is a critical step in microcolony formation and
constructing a mature biofilm, and X. fastidiosa has a high propensity to aggregate in
culture. Using a pi/B mutant, De La Fuente et al. (2008) demonstrated that cells lacking
type IV pili do not form spherical or compact aggregates. Instead, these cells were
loosely attached to each other. Under flow conditions, these cells were eventually

displaced downstream (67).

Cell surface polysaccharides. Like many other plant pathogenic bacteria, cell surface
polysaccharides, namely lipopolysaccharide (LPS) and exopolysaccharide (EPS), play
important roles in X. fastidiosa pathogenesis and virulence. LPS and EPS are among the
predominant macromolecules found on the cell surface and thus contribute to the cell’s
interaction with the environment and potential hosts. In addition to facilitating adhesion,
these polysaccharides perform a diverse array of functions for the cells (e.g. providing
structural integrity and protection against host defense responses and toxic substances)
(68-70), and thus greatly influence pathogen biology.

LPS occupies more than 75% of the bacterial cell surface and is comprised of a
conserved lipid A-core oligosaccharide component and a variable O antigen (71). The O
antigen of an X. fastidiosa subsp. fastidiosa (PD) isolate has been characterized as a high
molecular weight heteropolymer consisting predominantly of a1-2 linked rhamnose
subunits (Chapter II). Incorporation of rhamnose into the O antigen is mediated

specifically by the Wzy polymerase, which catalyzes the polymerization of the individual
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O-units that comprise the long chain (72). Targeted mutation of the X. fastidiosa Wzy
polymerase resulted in a truncated O antigen that was primarily depleted of rhamnose.
This structural alteration to the O antigen affected the net surface charge of the bacterial
cell, disrupting surface attachment and cell-cell aggregation. The wzy mutant
hyperattached to a glass surface but was deficient in cell-cell aggregation, consequently
resulting in a thinner and rougher biofilm. Furthermore, the wzy mutant was severely
impaired in virulence and colonization in grapevine, demonstrating that the O antigen is
an important virulence factor in the development of PD in grapevine (73). More recently,
Rapicavoli et al (2015) established a role for the O antigen in the early stages of
acquisition of X. fastidiosa by the BGSS (32). Loss of the rhamnose-rich O antigen
caused a consistent change in the net surface charge of the cell, which impaired cell
attachment to vector foreguts. This severely compromised biofilm formation and thus
impaired pathogen acquisition. In efforts to further determine its role in the host-pathogen
interactions of the X. fastidiosa pathosystem, comprehensive investigations into the
structural characterization of the O antigen are ongoing.

X. fastidiosa also produces a novel EPS, termed fastidian gum (74). In silico
analysis revealed the presence of an operon closely related to the xanthan gum operon of
Xanthomonas campestris pv campestris, minus three genes (gumG, I, and L), which are
all involved in the assembly and decoration of the terminal mannose residue of the
repeating oligosaccharide subunit in the polymer (33, 74, 75). Thus, X. fastidiosa EPS is

predicted to be similar to xanthan gum but is likely missing the terminal mannose residue

13



found on the repeating side chains. Secretion of both polymers is also predicted to be
similar (33).

Antibodies raised against a modified xanthan gum polymer (structurally similar to
X fastidiosa EPS) revealed that X. fastidiosa produces relatively small amounts of EPS in
vitro compared with X. campestris pv campestris, which produces an abundance of EPS
in culture (75). Furthermore, this EPS was shown to be associated with the cells in a
loose slime layer, with smaller amounts present as a tightly bound capsule.
Spatiotemporal localization of EPS during the different stages of biofilm formation
indicated that there is very little EPS associated with initial microcolony formation but
can be seen intercalating the mature biofilm structure. Thus, EPS seems to contribute
more to three-dimensional architecture and stability of the mature biofilm, as opposed to
initial surface attachment of the cells (75). Findings by Souza et al (2006) corroborate
this, as EPS mutants in the CVC strain of X. fastidiosa were not affected in surface
attachment but showed a reduced capacity to form biofilms (76). Immunolocalization in
PD-infected grapevines showed that an EPS matrix was associated with X. fastidiosa cell
aggregates in the plant xylem vessels, where it also contributed to vessel occlusions (75).

The creation of mutants compromised in EPS production has confirmed the role
of EPS in plant and insect colonization in X. fastidiosa. Mutations in gumD (putatively
encoding a glycosyltransferase that initiates the synthesis of the tetrasaccharide) and gum
H (putatively encoding a glycosyltransferase) significantly affected EPS production in X.
fastidiosa. These mutants were also deficient in biofilm formation, sustained lower

populations in planta, and were impaired in systemic colonization of grapevine.
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Furthermore, both mutants were poorly transmitted by the blue-green sharpshooter, and
results indicated that these cells are likely not retained within the vector over time (33).
Indeed, Almeida and Purcell indicated the presence of cells embedded in an EPS matrix
during the initial stages of colonization of the insect foregut, implicating EPS in the
transmission process (24). Gene expression was also impacted in both mutants. Mutation
of gumD and H resulted in an up-regulation of genes belonging to the X. fastidiosa rpf
cell-cell signaling system (activated by a diffusible signaling factor, DSF), which
regulates the expression of genes involved in motility and attachment. Killiny et al (2013)
speculate that EPS may facilitate the accumulation of DSF near the cell surface or aid in

signal binding to receptors (33).

Cell wall-degrading enzymes. X. fastidiosa maintains an array of cell wall-degrading
enzymes (CWDE) in its genome that are critical for systemic colonization of plant hosts
(e.g. polygalacturonase (PG), endoglucanases, xylanases) (31, 77). The xylem network is
comprised of many interconnected vessels that are finite but variable in length (78, 79).
Xylem vessels are connected to each other by bordered pits and separated by porous
primary cell wall membranes; these are comprised of cellulose microfibrils embedded in
a meshwork of hemicellulose and pectin (80, 81). Pit membranes allow for the exchange
of water and small solutes between vessels and also serve as a barrier against air
embolisms and pathogen movement (79, 82). X. fastidiosa is too large to passively move
through the small pores of pit membranes (83). Therefore, it must enzymatically degrade

the membrane (62, 84).
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Endo-PGs facilitate the hydrolytic cleavage of polygalacturonic acid, which is a
critical component of xylem pit membranes (80, 85). X. fastidiosa possesses only one
endo-PG, encoded by the gene pg/A, which is critical for pathogenicity in grapevine (86).
A pglA- mutant failed to systemically colonize Chardonnay grapevines. Furthermore, the
pglA- mutant did not induce Pierce’s disease symptoms, indicating this enzyme is
necessary for pathogenicity. However, pgl4 alone is not sufficient for pit membrane
degradation, and requires the cooperation of endoglucanases (7).

In addition to the roles of these CWDE in plant hosts, there is also evidence that
X fastidiosa may secrete similar enzymes in the foreguts of its insect vectors. Killiny et.
al. (2010) discovered a functional chitinase (ChiA) in the X. fastidiosa genome (87).
Chitin is the primary polysaccharide constituent of the insect cuticle. The authors
demonstrated that X. fastidiosa could utilize chitin as a carbon source, and bacterial
populations increased in the presence of chitin. Furthermore, the presence of chitin in
growth media induced phenotypic and transcriptional changes in X. fastidiosa, such as an

increase in adhesiveness, that that would be conducive to life in the insect.

Secretion systems. In contrast with other prominent bacterial pathogens, X. fastidiosa
does not possess a Type III secretion system or its arsenal of effectors to suppress plant
innate immune responses (88). However, X. fastidiosa is able to produce components of
the Type I, II, and V secretion systems (84, 89). The Type I secretion system is a general
secretory pathway that has many functions, including multidrug resistance efflux and

secretion of various proteases, hydrolases, and toxins (90). Often called the Type I
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translocator, this sealed channel is ATP-dependent and is comprised of two inner
membrane proteins that attach to TolC, a periplasm/outer membrane protein that is highly
conserved among many phytopathogenic bacteria (91). X. fastidiosa maintains only a
single copy of the #0/C gene in its genome. An X. fastidiosa tolC mutant stain did not
induce any PD symptoms (92). However, bacteria could not be isolated from these
mutant-inoculated grapevines, suggesting that the mutation is lethal. The mutant strain
also displayed a high level of sensitivity to several phytochemicals, detergents, and crude
plant extracts, highlighting the importance of TolC-mediated multidrug efflux in the
viability of X. fastidiosa.

The Type II secretion system (T2SS) is a general secretory pathway that is
comprised of 12-15 different proteins, depending on the bacterial species (93). X.
fastidiosa maintains a 12-protein T2SS that is closely related to those found in
Xanthamonas campestris pv. campestris and Xanthomonas oryzae pv. oryzae (94). The
T2SS is made up of three parts: (i) the outer membrane pore, (ii) the inner membrane
complex, and (iii) the pseudopilin complex (95). XpsD forms the outer membrane pore,
which is connected to the inner membrane complex (XpsF, L, M, E) by XpsN. The
pseudopilin complex in comprised of XpsG, H, I, and K, which have their protein leader
sequences removed by XpsO before pseudopilin assembly (96). X. fastidiosa proteins
secreted through this pathway are transported into the periplasm via the Sec-dependent
pathway and loaded into the T2SS. Pseudopilin formation is driven by XpsE: an ATPase
that facilitates the stacking of additional pseudopilin subunits that push the loaded protein

out into the extracellular environment (94). While the T2SS is defined as a general
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secretory pathway, the proteins secreted by this system are often proteases and CWDE
and typically have a variable sequence signal that directs their transport (95). It has been
hypothesized that the T2SS facilitates the secretion of X. fastidiosa proteases and cell
wall-degrading enzymes. However, a definitive connection has yet to be established.

The Type V secretion system is comprised of a family of autotransporter proteins
(97). Autotransporter proteins typically contain three domains: (i) an N-terminal leader
domain that initiates transport across the inner membrane via the Sec-dependent pathway,
(i1) a variable passenger domain that acts as the virulence determinant, and (iii) a C-
terminal helper domain that is required for transport across the outer membrane (98). X.
fastidiosa maintains six genes predicted to encode members of the AT-1 autotransporter
family, one of which is xat4 (99). Its C-terminal helper domain interacts with the
bacterial outer membrane, and also outer membrane vesicles, and its passenger domain is
released into the extracellular environment. An X. fastidiosa mutant strain lacking a
functional xatA4 gene formed smaller bacterial aggregates and subsequently, smaller
biofilms compared to the wild type Temeculal strain. When inoculated into grapevines,
the xat4 mutant strain did not induce Pierce’s disease symptoms and was significantly

impaired in host colonization.

Regulation of virulence factors. X. fastidiosa is able to coordinate gene expression in a
cell density-dependent fashion, primarily through the production of a fatty acid diffusible
signaling factor (DSF), which is synthesized by the rpf gene cluster. The synthesis of

DSF modulates the production of virulence mechanisms in both the plant and insect
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environments (29). The rpfF gene, which functions as a DSF synthase, is required for
DSF production in X. fastidiosa and in species of its close relative Xanthomonas (31). In
addition to signal production, signal reception is also critical for the coordination of
virulence factors. The rpfC gene serves as a DSF receptor and is involved in the
autoregulation of DSF production.

X fastidiosa rpfF mutants were impaired in colonization of an insect vector,
which resulted in significantly reduced transmission rates. Interestingly, this same mutant
exhibited hypervirulence in grapevines, maintaining higher populations in planta and
producing more intense PD symptoms (29). X. fastidiosa rpfC mutants exhibited a
phenotype opposite to that of DSF-deficient 7pfF’ mutants (29, 31). The »pfC mutants of
X. fastidiosa were deficient in systemic colonization and virulence and maintained lower
populations in planta than the wild-type strain. Furthermore, the rpfC mutants were
acquired by insects feeding on infected plants but were somewhat deficient in
transmission (31). The current model for DSF-mediated gene regulation indicates that
DSF promotes the expression of genes in a manner opposite that of other prominent
bacterial pathogens. That is, at high cell densities, accumulation of DSF induces the
expression of adhesins and gum production, which contribute to the insect acquisition
phase. Conversely, at lower cell densities, reduction in DSF abundance increases the
expression of Type IV pili and extracellular enzymes, which contribute to motility and
systemic colonization of the plant host. Because traits optimal for each environment are

in conflict with each other, it has been proposed that X. fastidiosa maintains a mixed
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population of cells in the plant (that are likely spatially and temporally separated), and
DSF serves as the switch to coordinate each lifestyle (7).

In addition to the well-characterized rpf regulon, additional two-component
regulatory systems have been implicated in the regulation of quorum sensing processes
contributing to X. fastidiosa pathogenicity. For example, Pierce and Kirkpatrick (2015)
investigated the role of the PhoP/PhoQ system, which consists of a response regulator
and sensor kinase, respectively. Single knockout mutations of either phoP or phoQ
caused a significant reduction in biofilm formation and cell-cell aggregation compared
with wild type. Furthermore, these mutants were avirulent in grapevines, showing no PD
symptoms (100). Additionally, mutation of a response regulator, XhpT, caused a
significant reduction in surface attachment, an increase in exopolysaccharide production,

and a reduction in virulence in a susceptible grapevine host (101).
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CHAPTER I. O antigen modulates insect vector acquisition of the bacterial plant
pathogen Xylella fastidiosa

Reprinted with permission from:

Rapicavoli, J. N., Kinsinger, N., Perring, T. M., Backus, E. A., Shugart, H. J., Walker, S.,
& Roper, M. C. (2015). Applied and Environmental Microbiology, 81(23), 8145-8154.

ABSTRACT

Hemipteran insect vectors transmit the majority of plant pathogens. Acquisition of
pathogenic bacteria by these piercing/sucking insects requires intimate associations
between the bacterial cells and insect surfaces. Lipopolysaccharide (LPS) is the
predominant macromolecule displayed on the cell surface of Gram-negative bacteria and
thus mediates bacterial interactions with the environment and potential hosts. We
hypothesized that bacterial cell surface properties mediated by LPS would be important
in modulating vector-pathogen interactions required for acquisition of the bacterial plant
pathogen Xylella fastidiosa, the causative agent of Pierce’s disease of grapevine.
Utilizing a mutant that produces truncated O antigen (the terminal portion of the LPS
molecule), we present results that link this LPS structural alteration to a significant
decrease in the attachment of X. fastidiosa to blue-green sharpshooter foreguts. Scanning
electron microscopy confirmed that this defect in initial attachment compromised
subsequent biofilm formation within vector foreguts, thus impairing pathogen
acquisition. We also establish a relationship between O antigen truncation and significant
changes in the physiochemical properties of the cell, which in turn affect the dynamics of
X. fastidiosa adhesion to the vector foregut. Lastly, we couple measurements of the

physiochemical properties of the cell with hydrodynamic fluid shear rates to produce a
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Comsol model that predicts primary areas of bacterial colonization within blue-green
sharpshooter foreguts, and we present experimental data that support the model. These
results demonstrate that, in addition to reported protein adhesin-ligand interactions, O
antigen is crucial for vector-pathogen interactions, specifically in the acquisition of this

destructive agricultural pathogen.

INTRODUCTION

Insect vectors transmit numerous pathogens to a wide range of animal and plant
hosts. Hemipteran vectors, such as aphids, leathoppers, and whiteflies, are an
economically important group of insects because they are the dominant vectors of plant
pathogens (1). The molecular determinants of transmission have been explored for only a
few phytopathosystems (compared to mammalian systems), with virus-vector interactions
being the most extensively studied. Surface entities, such as virion capsid components,
have been shown to be important for the retention and transmission of plant viruses (2),
indicating the importance of pathogen surface properties in mediating these interactions.
However, we have much less information regarding the molecular mechanisms of insect
transmission of bacterial pathogens, specifically those infecting plants.

Xylella fastidiosa is a Gram-negative bacterium that causes diseases in several
economically important crops, including Pierce’s disease (PD) of grapevine, citrus
variegated chlorosis, and almond leaf scorch. X. fastidiosa forms biofilms within the
xylem vessels of plant hosts, which occludes vessels and impedes water flow within the

vine (3). Symptoms of PD include marginal leaf necrosis, premature leaf abscission, fruit
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desiccation, and ultimately plant death (3). X. fastidiosa is obligately transmitted by
xylem-feeding insects primarily belonging to the hemipteran family Cicadellidae,
subfamily Cicadellinae, termed sharpshooters (3). The association of X. fastidiosa with its
insect vectors is unique, in that it is the only known insect-transmitted plant pathogen that
is persistent but non-circulative (4). X. fastidiosa is semi-persistent in nymphs (i.e. the
bacterium is lost after each vector molt) but persistent in adult vectors (which do not
molt) (3, 4). Because X. fastidiosa is also propagative within vectors, the insects are able
to inoculate the pathogen for months after acquisition from an infected plant (3).
Transmission of X. fastidiosa consists of three main steps, namely, pathogen acquisition
from an infected host plant, multiplication and retention of the pathogen within the
vector, and inoculation of the pathogen into a susceptible plant host (5). Upon
acquisition, X. fastidiosa colonizes the vector foregut by attaching to and forming robust
biofilms within the cibarial and precibarial regions of the foregut (5, 6). Cells initially
attach laterally and begin to colonize the foregut cuticle seemingly following the
developmental steps of canonical biofilm formation, although the kinetics of biofilm
development within vector foreguts are not well understood (6). Interestingly, in the later
stages of biofilm formation, the cells become polarly attached to the foregut cuticle,
presumably to allow for maximal surface area exposure to the nutrient-dilute xylem sap
that is ingested by the insect (3). Several bacterial components, such as type I pili,
hemagglutinin adhesins, and fimbriae, contribute (in various capacities) to different
stages of X. fastidiosa colonization in sharpshooter vectors (3, 6). Killiny and Almeida

examined the contribution of hemagglutinin adhesins HxfA and HxfB to the transmission
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process and found that the adhesins were impaired in attachment to nitrocellulose coated
with blue-green sharpshooter (BGSS) foregut extracts and transmission rates were low.
Interestingly, 4xfA4 and AxfB mutants multiplied to similar levels, compared with wild
type, in vector foreguts. (6). In addition, overall transmission rates for a fimA4 knockout
mutant (lacking the type I pilus) were lower than wild type rates (5). Exopolysaccharide
(EPS) has also been implicated in the insect transmission of X. fastidiosa by the BGSS
Graphocephala atropunctata (Signoret) (7). EPS mutants were transmitted at
significantly lower rates than wild type X. fastidiosa but were not impaired in attachment
to nitrocellulose coated with BGSS foregut extracts. This suggests that lack of EPS does
not impair initial attachment to the insect foregut cuticle but may impair subsequent steps
in the insect colonization process (6, 7). Interestingly, mutations in any of these
fimbrial/afimbrial adhesins or changes in EPS production never fully compromised the
transmissibility of the pathogen, indicating that vector transmission is a complex process
that relies on many factors involved in the acquisition, retention, or inoculation of the
pathogen. To date, little attention has been given to the predominant bacterial cell surface
polysaccharide, i.e. lipopolysaccharide (LPS), and its role in this complex biological
process, for any bacterial pathogen-vector relationship.

LPS is a tripartite macromolecule located in the outer membranes of all Gram-
negative bacteria (8, 9). There are approximately 3.5 million LPS molecules on the
bacterial outer membrane (10), occupying more than 75% of the bacterial cell surface (9,
11). LPS is comprised of three parts, i.e. lipid A, which anchors the molecule to the outer

membrane, core oligosaccharide, and a terminal O antigen consisting of polysaccharide
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chains (9, 12). While the lipid A and core portions of the molecule are highly conserved,
the O antigen can vary greatly in composition and structure, even within strains of the
same bacterial species (11, 13, 14). The O antigen is assembled in the cytoplasm and
delivered independently to the periplasm, where it is ligated onto the lipid A-core
complex and then translocated to the outer membrane (13). This process is mediated in
part by the Wzy polymerase, which catalyzes polymerization of the individual O units
that make up the O antigen chain (13). Our research group demonstrated previously that
the O antigen of wild type X. fastidiosa is a high-molecular-weight polymer consisting of
rhamnose-rich O units. In addition, targeted mutation of the Wzy polymerase resulted in
a truncated O antigen that was primarily depleted of rhamnose. The wzy mutant strain
was significantly impaired in production of the O antigen component of LPS, compared
with wild type, which was clearly visible when purified LPS was analyzed on a
discontinuous 12% Tricine-polyacrylamide electrophoretic gel (O antigen production was
restored in the complemented wzy/wzy+ strain) (15).

The location of the O antigen on the cell surface places it at the interface of the
bacterium and its environment (13). Furthermore, the O antigen can extend as far as 30
nm into the surrounding milieu and exhibits some flexibility (12). Because of its
prominence and extension into the environment, LPS (more specifically, the O antigen)
has been implicated in various stages of microbial pathogenesis in both mammalian and
plant systems (11, 14, 15). It can also play a protective role by acting as a barrier against

antimicrobial substances and shielding the pathogen from host recognition (16, 17).
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Furthermore, it acts as a key contributor to bacterial adhesion to host cells (i.e. plant and
mammalian cells) or surfaces (10).

In general, bacterial cell surfaces are negatively charged; the magnitude of the
charge depends on structures on the cell surface, including LPS (10, 18). In this study, we
demonstrate that truncation of the X. fastidiosa O antigen causes the cell surface to
become significantly more negatively charged than the wild type when cells were grown
in defined X. fastidiosa medium (XFM) with 0.01% pectin. This change in charge was
also observed in a previous study in which the cells were grown in rich PD3 medium (14,
15). In terms of relating O antigen structure and cell surface charge to function,
truncation of the O antigen caused by a mutation in wzy led to a phenotype of
hyperattachment to a glass surface in vitro. However, the wzy mutant was significantly
compromised in the cell-cell aggregation phase of biofilm formation, which resulted in
marked changes in the topography and roughness of the mature biofilm in vitro. The wzy
mutant formed a thinner and rougher biofilm than did the wild type parent, indicating that
it could initiate surface attachment but could not build on itself to form a mature biofilm.
Consequently, the wzy mutant was severely defective in virulence in a susceptible
grapevine host (15).

In this study, we demonstrate that the wzy mutant is significantly defective in
attachment to the insect foregut cuticle, which is essentially the opposite of the hyper-
attaching phenotype observed in planta and in vitro. This provides further evidence that
the dynamics of biofilm formation are markedly different in the insect environment than

in the plant environment, and we establish that the O antigen chain of LPS is a critical
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modulator of X. fastidiosa attachment to the cuticular surface of the BGSS foregut.
Furthermore, this defect in attachment halts biofilm formation in the foregut, thus
compromising the overall acquisition and retention of X. fastidiosa by the BGSS. This
highlights LPS as an important mediator of vector acquisition and as a potential target for

disruption of X. fastidiosa transmission as a means of disease control.

RESULTS

O antigen chain length modulates vector acquisition of X. fastidiosa. After insects
were fed on artificial diet sachets containing wild type bacteria, BGSS foreguts contained
large flocculent microcolonies of bacteria. In wzy mutant-fed insects, however, bacterial
aggregates were strikingly absent. A few sparse cells were observed throughout the
foregut of wzy mutant-fed insects, but overall these insects showed almost no visible
bacterial colonization in the cibarial and precibarial regions of the foregut and were
nearly identical to insects that were exposed to the artificial diet solution control (Fig. 1.1
and 1.2).

Quantitatively, sharpshooters that were fed suspensions of the wzy mutant
harbored significantly fewer (F 5,39 = 18.29, P <0.01) cells than those that were fed wild
type bacteria (Fig. 1.3). Numbers of bacterial cells were significantly different between
insects fed wild type X. fastidiosa and those exposed to the wzy mutant or the artificial
diet solution control; the latter two groups were not significantly different. We found that
previously designed quantitative PCR (qPCR) primer sets were not able to detect the low
X. fastidiosa titers within the insects at such an early time point after acquisition. This, in

combination with the inhibitory effects of chitin, made initial attempts at X. fastidiosa
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quantification unsuccessful. Therefore, we developed a new TagMan-based protocol for

this study that eliminated laborious removal of inhibitors from insect tissues; instead, we
constructed our standard curve using a mixture of BGSS genomic DNA and X. fastidiosa
genomic DNA to account for inhibitors inherent to the insect samples (see Fig. S1.1 in

the supplemental material).

In vivo impaired attachment phenotype is mimicked ex vivo on BGSS hindwings.
The sharpshooter foregut is an internal structure, making it difficult to perform
quantitative measurements on the physiochemical properties of the foregut cuticle.
Several studies from other laboratories have deemed sharpshooter hindwings a suitable
proxy for both qualitative and quantitative measures of X. fastidiosa interactions with the
sharpshooter foregut (6, 19). Using BGSS hindwings, we quantified attachment of X.
fastidiosa cell suspensions to wings by using qPCR. Both wild type and wzy mutant X.
fastidiosa cells attached to the hindwings, but the wzy mutant was critically impaired in
attachment. Significantly fewer (i.e., 10 times fewer) cells of the wzy mutant attached,
compared with wild type cells; this phenotype was restored in the complemented
wzy/wzy+ strain (F 1124 = 13.25, P <0.0001) (Fig. 1.4). Thus, the significant impairment
that we observed both quantitatively and qualitatively in vivo was replicated ex vivo with
BGSS hindwings, supporting the value of hindwings as a suitable proxy for the foregut

cuticular surface (6,19).
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Figure 1.1. Truncation of the O antigen compromises colonization of the cibarium

The wzy mutant had notably reduced ability to attach to the cibarium. Scanning electron
micrographs of the hypopharyngeal surface of the cibarium of BGSS fed on artificial
diets containing wild type X. fastidiosa (A), wzy mutant (B), or artificial diet only (C) for
6 h are represented. Images are oriented so that the stylet food canal is at the bottom and
the pharynx at the top; thus ingested fluid would flow inward from bottom to top. Images
are representative of 30 total replicates per treatment. Arrow, bacterial aggregates. Diet-
fed insects represent negative controls. Bar, 20 um.
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Figure 1.2. Truncation of the O antigen compromises colonization of the

precibarium.

The wzy mutant had notably reduced ability to attach to all structures within the
precibarium, including the distal sensilla, pit, precibarial valve, epipharyngeal basin, and
precibarial trough. Scanning electron micrographs of the epipharyngeal surface of the
precibarium of BGSS fed on artificial diets containing wild type X. fastidiosa (A), wzy
mutant (B), or artificial diet only (C) for 6 h are represented. The stylet food canal is
oriented toward the bottom and the pharynx at the top; thus, ingested fluid would flow
inward from bottom to top. Images are representative of 30 total replicates per treatment.
Arrows, bacterial aggregates. Diet-fed insects represent negative controls. DS, distal
sensilla; P, pit; PV, precibarial valve; EB, epipharyngeal basin; PT, precibarial trough.
Bar, 5 pm.
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Figure 1.3. O antigen chain length modulates acquisition by BGSS
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Sharpshooters that were fed on suspensions of the wzy mutant had significantly fewer
cells adhering to the cuticle than did those that were fed on wild type bacteria. Inclusion
of the BGSS DNA in the standards reduced standard amplification so that the sample
amplification curves fell within the range of the standards. No X. fastidiosa cells were
detected in insects fed solely on diet solution. Graph represents the means of 40, 36, and
33 insects for wild type, wzy mutant, and artificial diet treatments, respectively.
Treatments with different letters over the bars were statistically different (P < 0.01).
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Figure 1.4. The O antigen mutant is compromised in attachment to BGSS hindwings
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The wzy mutant cells attached 10-fold less to BGSS hindwings than did wild type cells.
Wild type cells, wzy mutant cells, cells of the wzy complemented strain, or a negative
control (insect diet solution) were incubated on individual hindwings for 6 h at 28°C.
Attached bacterial cells were enumerated using qPCR. The graph represents the mean +
standard error of the mean of nine samples per treatment. Treatments with different
letters over the bars were statistically different (P < 0.0001).

42



O antigen truncation alters the bacterial cell surface charge. The zeta potential, a
measure of cell surface charge, indicated that the wzy mutant surface was significantly
more negatively charged (-28.6 = 1.6 mV) than the wild type surface (-20.6 = 2.2 mV) (P
< 0.05), when propagated in XFM with 0.01% pectin (Table 1.1), which follows the same
trend observed in other growth media (15). The complemented wzy/wzy+ strain had a
surface charge (-22.9 = 1.5 mV) similar to that of wild type X. fastidiosa (statistically
insignificant, P > 0.05). Using classic Derjaguin — Landau — Verwey — Overbeek
(DLVO) theory, which describes the force between charged surfaces interacting through
a liquid medium, we estimated the attractive and repulsive forces between X. fastidiosa
and the insect cuticle surface. For use in the construction of DLVO profiles, static contact
angle (SCA) measurements of immobilized BGSS hindwings were obtained. The SCA of
the hindwings was 134 + 7°. Compared to SCA measurements of other hydrophobic
surfaces, such as Teflon (SCA of 110°) (20), this indicated that the hindwing surface is
extremely hydrophobic. We made several attempts to calculate the hydrophobicity of the
X fastidiosa cells, but their extremely aggregative nature made these experiments
difficult to perform. Streaming potential measurements indicated that BGSS hindwings
are also negatively charged (-27.4 + 1.7 mV at pH 7.0) (Table 1.1). The energy barrier
(repulsive force) experienced by wzy mutant cells (190.8 kT) was nearly double the
barrier experienced by wild type cells (94.4 kT) (Fig. 1.5A). Secondary minimum depths
(representing a dip in repulsive force) (Fig. 1.5B, arrow) and separation distances
between BGSS hindwings and the different X. fastidiosa strains were calculated (Fig.

1.5C). The secondary energy minimum for wild type cells (-5.34 kT) was nearly a full 1
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Table 1.1. Surface charge of X. fastidiosa strains and BGSS hindwings, as

determined by zeta potential

Sample type Zeta potential (mV)*
Wild type X. fastidiosa -20.6 +£2.20 A°
wzy mutant X. fastidiosa -28.6+1.64B
wzy/wzy+ X. fastidiosa -229+1.50 A
BGSS hindwings -27.4+£1.67

*Mobility values were determined by electrophoresis and converted to zeta potentials. All
measurements were taken at pH 7. For bacterial strains, values represent the mean +
standard error of the mean for 15 samples per treatment. For BGSS hindwings, values
represent the mean + standard error of the mean for four biological replicates.

®Values followed by different letters are statistically different (P < 0.01).
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Figure 1.5. DLVO profiles of wild type and wzy mutant X. fastidiosa strains
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(A and B) Profiles display primary maximum curves (repulsive force) and secondary
minimum curves (dip in the repulsive force) (boxed area in A and enlarged in B,
indicated by the arrow) for wild type and wzy mutant cells. The energy barrier
experienced by wzy mutant cells (190.8 kT) was nearly double the barrier experienced by
wild type cells (94.4 kT). (C) Calculated secondary minimum depths and separation
distances between BGSS hindwings and the different X. fastidiosa strains. The secondary
energy minimum for wild type cells (-5.34 kT) was nearly a full 1 kT deeper than that for
wzy mutant cells (-4.67 kT), indicating a stronger dip in repulsive force.
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kT deeper than for wzy mutant cells (-4.67 kT) (Fig. 1.5C), indicating that the wild type
cells have a higher propensity to stably attach to the vector foregut cuticular surface than

do wzy mutant cells.

Comsol model of velocity magnitude in BGSS foreguts. During ingestion of xylem
sap, the cibarial diaphragm (located at the posterior end of the foregut) exhibits a
rhythmic motion, powering the piston-like cibarial pump. For convenience, we show the
diaphragm in a semicontracted position within the cibarium (Fig. 1.6). Figure 6
represents a two-dimensional simulation of the fluid flow within the foregut. The bulk
fluid flow of xylem sap through the precibarium is reported to exceed 100 to 500 mm/s
during active ingestion, depending on the sharpshooter species (21-23). Here we show
that the maximal velocity (Vmax) Within the precibarium of BGSS exceeds 70 mm/s,
exhibiting significant shear force that reduces the probability of bacterial attachment.
Due to the significant expansion within the cibarium, the Viax rapidly drops to nearly 5
mm/s. At 15 um proximal to the opening of the cibarium, the shear rate decreases
approximately 1,000-fold from that within the precibarium, indicating that the cibarium

has areas of stagnation (Fig. 1.6, blue areas) that would favor initial bacterial attachment.

Areas of X. fastidiosa localization within the cibarium support predicted
colonization sites determined by the Comsol model. Scanning electron micrographs of
BGSS foreguts following artificial feeding of wild type X. fastidiosa and a 6-day clearing

and multiplication period revealed the presence of robust X. fastidiosa biofilms localized
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along the outer regions of the cibarium, which supports our Comsol model indicating that
bacterial cells could more easily attach to the outer areas of the cibarium, compared to

other regions of the foregut (Fig. 1.7).
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Figure 1.6. Comsol model representing the hydrodynamics of xylem sap flow during

ingestion
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The precibarial trough and the central regions of the cibarium experience the greatest
sheer hydrodynamic forces, as indicated by the gradient. Dark red areas, flow rates
greater than 50 mm/s. Blue areas, areas of stagnation, occurring primarily in the outer
regions of the cibarium. Arrow, direction of fluid flow. The figure represents a
longitudinal section of the pharynges and is oriented so that the stylet food canal would
be to the left and the esophagus to the right. The cibarial diaphragm is shown in a
semicontracted position. The model focused specifically on the areas proximal to the
epipharyngeal basin, as indicated by the dotted red outline in the left panel. Pt, precibarial
trough; Cib, cibarium; Cd, cibarial diaphragm; Es, esophagus. Bar, 200 um. The x and y-
axes are in micrometers.
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Figure 1.7. Localization of X. fastidiosa in the cibarium supports the Comsol model

of predicted areas of colonization

As indicated in the Comsol model, scanning electron micrographs confirm that the
ultimate site of X. fastidiosa retention is in the cibarium, specifically in the outer regions
where stagnation occurs. The figure represents a longitudinal section of the pharynges
and is oriented so that the stylet food canal would be to the left and the esophagus to the
right. The image is a representative of 15 total replicates. Arrows, wild type X. fastidiosa
biofilm. Pt, precibarial trough; Cib, cibarium. Bar, 200um.
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DISCUSSION

Acquisition of bacteria by insect vectors depends heavily on the properties of the
bacterial cell surface, because it is the first surface to interact with the surrounding
environment and thus plays an important role in cell-cell and host-microbe interactions
(10, 12). Bacteria have evolved surface-associated polysaccharides, namely LPS and
EPS, that aid in attachment, protection, and survival under pressures exerted by specific
host environments. In insect and plant hosts, X. fastidiosa seemingly follows the
canonical steps involved in biofilm formation, i.e. initial attachment to the surface
followed by aggregation/microcolony formation, macrocolony formation, and biofilm
maturation. For X. fastidiosa, immunologically-based microscopy studies indicated that
very sparse amounts of EPS are associated with the cells during the initial attachment
phase, with the bulk of the EPS being produced during the late phase of biofilm
maturation; substantial amounts can be seen intercalating the biofilm matrix of a mature
biofilm (24). This effectively places LPS as the most prominently exposed
polysaccharide during the early phases of biofilm formation (15). Therefore, LPS (more
specifically, O antigen), likely functions as the first point of contact in attachment to a
surface, effectively acting as a primary liaison between X. fastidiosa and its hosts. Thus,
the structure of the O antigen can exert a powerful influence on the critical early stages of
attachment. It is known that O antigen plays a role in plant and animal host colonization
in bacterial pathosystems (15, 25-28). However, the role of O antigen in insect vector-

pathogen interactions has been largely unexplored. In this study, we link O antigen
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structure to function in the context of attachment to the foregut cuticle and insect
acquisition in the X. fastidiosa pathosystem.

Our study focused on the role of the O antigen in the initial attachment steps of
biofilm formation, which is crucial to the acquisition of X. fastidiosa by BGSSs. In vivo,
wild type X. fastidiosa adhered to the foregut in titers of approximately 450 cells/BGSS,
following a 6-h AAP on an artificial diet sachet and a 48-h multiplication and clearing
period on basil plants (a non-X. fastidiosa host). In contrast, the wzy mutant was
compromised in initial adherence to the insect foregut and was present with titers of
approximately 45 cells/BGSS. Electron micrographs of the foreguts of BGSS fed on the
artificial diet sachets indicated that the wzy mutant sparsely colonized both the cibarial
and precibarial areas of the foregut, whereas, the wild type had thoroughly colonized both
of these areas. Thus, based on both quantitative and qualitative data, we demonstrated
that truncation of the O antigen results in poor adherence of the bacterium to insect
foreguts during the early stages of the acquisition process. This defective attachment
phenotype was also replicated on BGSS hindwings, which is an established tool used to
mimic the X. fastidiosa binding sites within the insect foregut. Our findings corroborate
data from other laboratories that have deemed sharpshooter hindwings a suitable proxy
for both qualitative and quantitative measures of X. fastidiosa interactions with the
sharpshooter foregut (6, 19, 29). In addition, Killiny and Almeida confirmed the
specificity of the X. fastidiosa-sharpshooter hindwing interaction, because only X.

fastidiosa was capable of binding to the hindwings and other Gram-negative bacterial
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plant pathogens, such as Pseudomonas syringae pv. syringae, Erwinia herbicola, and
Xanthomonas campestris pv. campestris did not attach to the hindwings (6).

Little is known about the influence of electrostatic interactions on bacterial
attachment to vector surfaces. This prompted us to characterize both the X. fastidiosa cell
surface and the insect cuticular surface. For in vitro attachment and electrokinetic studies,
we used BGSS hindwings as a proxy system to determine how the wild type and the wzy
mutant interact with the foregut cuticle. From those measurements, we extrapolated the
electrostatic repulsive and attractive forces between those two entities using DLVO
theory. By performing zeta potential and static contact angle measurements, we found
that BGSS hindwings have an overall negative charge and are extremely hydrophobic
(even more hydrophobic than Teflon). X. fastidiosa is negatively charged, as are most
pathogenic bacteria (15). Interestingly, truncation of the X. fastidiosa O antigen
significantly affected the zeta potential of the bacterial cell surface, in the XFM-pectin
growth medium and caused the wzy mutant to become significantly more negatively
charged than the wild type parent. In relation to the zeta potential of the hindwings (-27.4
mV), there is a stronger electrostatic repulsion between the wzy mutant (-28.6 mV) and
the insect cuticle surface (due to the similarity in charge) than between wild type X.
fastidiosa (-20.6 mV) and the insect cuticle. Therefore, on the basis of attractive
electrostatic interactions, the wild type cells (containing a fully polymerized O antigen)
have a greater propensity to attach to the cuticle.

Bacterial attachment to surfaces can be further modeled using classic DLVO

theory, which serves to model particle (bacterial cell) stability (30). It describes the forces
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between charged surfaces as they interact in a liquid environment (31). Specifically, the
overall long-range interaction between two surfaces is composed of two additive forces,
namely, electrostatic interactions and van der Waals attraction (31). The Hamaker
constant was developed, as discussed previously, to account for the specific bacterium-
water-insect cuticle interactions for our environmental conditions and interacting
constituents. Hamaker constant calculations define the strength of the attractive van der
Waals forces between a particle and a specific surface, and specific constants can be
calculated based on the individual constituents of an interaction (32). Using these
variables, the resulting DLVO profiles (presenting the magnitude of interaction energy
[KT] between the surfaces, versus separation distance [nm]) for wild type and wzy mutant
X. fastidiosa strains revealed the existence of a substantial energy barrier between the wzy
mutant and the insect cuticle (190.8 kT), which was approximately double the energy
barrier experienced between wild type X. fastidiosa and the insect cuticle (94.4 kT) (as
indicated by the primary maxima curves in Figure 5A). This demonstrates that truncation
of the O antigen notably increases the repulsion between the cell and the insect cuticular
surface, indicating that wzy mutant cells would a greater challenge in overcoming this
energy barrier to allow the attractive van der Waals forces to dominate for attachment to
the foregut cuticle. Consequently, less force is also required to remove or dislodge these
cells, compared with wild type, which supports our findings that wzy mutant cells have
difficulty binding to the insect cuticle, both quantitatively and qualitatively.

Overall, the large energy barriers for both the wild type and wzy mutant strains

suggest that bacterial attachment is unlikely in the primary maxima. Specifically, the
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maximal height of the primary maximum curves indicates that X. fastidiosa cells, in
general, have a considerable energy barrier to overcome to connect to and attach to the
insect cuticular surface, yet they can still do this effectively. A closer inspection of the
DLVO profiles indicated the presence of a substantial secondary energy minimum curve
(Fig. 5B), representing a reversible dip in the repulsive force, for the wild type cells that
was nearly a full 1 kT deeper than that for the wzy mutant cells (Fig. 5C). Bacterial cells
can associate with and adhere to a surface while experiencing the relatively low-level
interaction force within the secondary energy minimum (10). This dip in the overall
repulsive force, although representing a weak interaction, likely allows the long-chain O
antigen of wild type cells to approach and to interact with the insect surface and act as a
tether, thereby facilitating stable deposition of the X. fastidiosa cell onto the cuticle. The
strength of the interaction in this secondary energy minimum may be weak, but it is
sufficiently stable to allow for initial attachment via the O antigen and subsequently for
other proteinaceous bacterial adhesins and EPS to reinforce attachment to the foregut
surface as the biofilm develops (10).

In order to understand more comprehensively the O antigen-modulated process of
vector acquisition of X. fastidiosa, we combined information gleaned from the
quantification of electrostatic interactions (and particle stability) with fluid flow
throughout the BGSS foregut, using a Comsol model. Using this model, we estimated
that the wall shear rate within the precibarium, or the rate at which progressive shearing
deformation is applied to the fluid (measured in reciprocal seconds), can exceed 25,000 s

! during active ingestion, with the maximum velocity exceeding 70 mm/s at a cross-flow
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velocity of 5 mm/s. Because the velocity increases rapidly, the shear rate is high.
Interestingly, the model predicted prominent areas of stagnation within the outer regions
of the cibarium (Fig. 6, indicated in blue). During ingestion, the strong shear
hydrodynamic forces occurring in the precibarium significantly reduce the initial
probability that the cells will attach to the precibarium before they are washed away,
during either swallowing (fluid flow through the precibarium and past the cibarium into
the pharynx) or egestion (expulsion of fluid back out the stylets). Thus, in accordance
with our model, the cibarium would be an easier site in which to attach initially (via the O
antigen tether) and to remain attached within the foregut, in contrast with the
precibarium, which is extremely turbulent.

We speculate that X. fastidiosa initially attaches to the cibarium, and as the
bacteria multiply and migrate across the cibarial surface to form microcolonies and
mature biofilms, the bacteria push into the precibarium, from which they can then
become dislodged and inoculated into plants. The mechanism of migration from the
cibarium to the precibarium is unknown but could be partially attributed to type IV pilus-
driven twitching motility, which facilitates the migration of X. fastidiosa against fluid
flow in planta (44). In research investigating spatial colonization patterns of X. fastidiosa
over typical acquisition access periods, Backus and Morgan demonstrated that the initial
site of colonization likely occurs in the cibarium, which then acts as a stable reservoir
from which X. fastidiosa can load progressively into the distal portions of the precibarium
(4). Indeed, the presence of X. fastidiosa in the precibarium is highly correlated with

inoculation of grapevines 33). Our scanning electron micrographs (of BGSS foreguts fed
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solely on wild type X. fastidiosa) further substantiated our model, because robust biofilms
were more often associated with the outer regions of the cibarium, where less shear force
is predicted to occur (Fig. 7). We acknowledge that this initial model is a simplified
anatomical representation of the BGSS foregut, and the results presented here are
representative of insects that have fed on artificial diets. In future studies, we will focus
on fine-tuning the model to further our understanding of the fluid dynamics in the
foregut. Expanding the studies to other sharpshooter species that serve as vectors for X.
fastidiosa, as well as allowing insects to acquire directly from infected plants, is also

warranted.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. We used wild type X. fastidiosa Temeculal
(34) and a wzy mutant strain (15). X. fastidiosa Temeculal wild type and wzy mutant
strains were grown for 7 days at 28°C on solid PD3 medium, with or without kanamycin
at 5 pg/mL. For acquisition tests, strains were prepared as described previously (35), with
slight modifications. In brief, wild type and wzy mutant X. fastidiosa cells were harvested
from PD3 plates and suspended in liquid XFM medium. Bacterial cell suspensions were
adjusted to ODggo of 0.25 (approximately 10® cells/mL); 20-uL aliquots of cell
suspensions were striped onto XFM with 0.01% pectin. Cells were incubated at 28°C for
an additional 7 days and suspended in artificial insect diet solution (containing 0.7 mM
L-glutamine, 0.1 mM L-asparagine, and 1 mM sodium citrate [pH 6.4]) (35), and

suspensions were adjusted to 10° cells/mL (ODggo 0.25).

Insect source and maintenance. Adult blue-green sharpshooters (BGSS),
Graphocephala atropunctata (Signoret) (Hemiptera, Cicadellidae), were collected in
Laguna Beach, CA. Insects were reared on sweet basil (Ocimum basilicum L.) under
greenhouse conditions (22 + 5°C). Prior to the assays, subsets of second-generation adults
were tested using the quantitative PCR (qPCR) protocol described below, to confirm that
the insects were free of X. fastidiosa. Only second-generation adults were used in the

acquisition tests.
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Insect acquisition experiments. Acquisition experiments using artificial diets were
performed as described previously (35), with slight modifications. Insects were caged
individually in artificial sachets constructed from the base of a 5-mL pipette tip and
sealed with a moist cotton ball. Each replicate consisted of 35 puL of bacterial cell
suspension loaded onto a layer of stretched Parafilm, with the drop later being covered
with another layer of Parafilm. Insects were given a 6-h acquisition access period (AAP)
at 20°C. To remove any unbound cells present in the ingested solutions, insects were
transferred to healthy basil plants for a 48-h clearing and multiplication period.
Immediately following the 48-h clearing and multiplication period at room temperature,
30 insect heads per treatment were placed in 4% glutaraldehyde fixative for scanning
electron microscopy or whole insects were immediately stored at -20°C until DNA
extraction and qPCR analysis. For qPCR analysis, 40 insects were exposed to the wild

type bacteria, 36 were exposed to the wzy mutant, and 33 were exposed to diet only.

Quantification of X. fastidiosa. Following the 48-h clearing and multiplication period,
insects were immediately stored at -20°C until further analysis. Genomic DNA
extractions were performed on individual BGSS heads using the Qiagen DNeasy blood
and tissue kit (Qiagen, Valencia, CA), with the addition of liquid nitrogen pretreatment.
Using a disposable microtube pestle, individual heads were ground to a fine powder with
liquid nitrogen. Samples were then processed according to the standard DNeasy protocol,
and the resulting DNA was concentrated using a SpeedVac concentrator, prior to use in

qPCR. For use in quantification of X. fastidiosa in the insect samples, standard curves

58



were created using a BGSS genomic DNA/X. fastidiosa genomic DNA concentration
ratio of 2:1 (see Fig. S1 in the supplemental material). To prepare the DNA for
determination of the insect sample standard curve, cultured X. fastidiosa cells were
adjusted to an ODg of 0.25, corresponding to approximately 1 x 10° cells/mL (1 x 10
cells/uL), and genomic DNA was extracted using the Qiagen DNeasy blood and tissue kit
(Qiagen, Valencia, CA). The resulting DNA was mixed with insect DNA in a 2:1
concentration ratio. From this mixture, 10-fold serial dilutions were made to create a
range of standards from 10,000 — 10 X. fastidiosa cells/uL (see Fig. S1 in the
supplemental material). Quantitative PCR was performed using a C1000 thermal cycler
fitted with a CFX96 real-time PCR detection system (Bio-Rad, Hercules, CA). TagMan
primers and probe targeting the ITS region of the X. fastidiosa Temeculal genome were
as follows: XfITSF6, 5> — GAGTATGGTGAATATAATTGTC - 3’; XfITSR6, 5* —C
AACATAAACCCAAACCTAT - 3’; and XfITS6-probel, 5’ — 6 — FAM —
CCAGGCGTCCTCACAAGTTA - black hole quencher 1 (BHQ1) — 6 — FAM — 3’
(BHQI was obtained from Eurofins MWG Operon, Huntsville, AL. PCRs were
performed in triplicate in a volume of 25 pL and contained 2.5 pL of 10x buffer mix
(Qiagen, Valencia, CA), 2.5 uL of MgCl, buffer (Qiagen, Valencia, CA), 200 uM of each
deoxynucleoside triphosphate (ANTP) (Qiagen, Valencia, CA), 400 nM of each primer,
250 nM probe, 1.25 units of Tag DNA polymerase, and 1 pL of sample or standard
template. PCRs were performed using an initial denaturation step at 94°C for 5 min
followed by 38 cycles of denaturation at 94°C for 20 s, primer annealing at 63°C for 30 s,

and primer extension at 72°C for 30 s, with a final extension step at 72°C for 2 min.
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Scanning electron microscopy. Using a series of ethanol dilutions, BGSS heads were
dehydrated and critical point dried using the Tousimis Autosamdri-815B critical point
dryer (Tousimis, Rockville, MD). Foreguts were gently dissected from insect heads and
mounted onto copper tape attached to aluminum stubs. Samples were coated in a
platinum — palladium mixture using the Cressington 108 Auto Sputter Coater
(Cressington Scientific Instruments Ltd., Watford, England) and imaged using a Philips

XL30 field emission gun (FEG) scanning electron microscope (FEI, Hillsboro, OR).

Hindwing attachment assay. The attachment assay was conducted according to
previously established protocols (19), with slight modifications. Using BGSS adults from
the same source colony, hindwings were removed and gently washed in distilled water.
Wings were immobilized on water agar plates (1.5%; Becton, Dickinson, and Co.,
Franklin Lakes, NJ). X. fastidiosa wild type and wzy mutant strains were grown as
described above. Suspensions were adjusted to ODggo of 0.25, and 2 pL of each
suspension was loaded onto individual wings. Hindwings were incubated at 28°C for 6 h,
after which suspensions were removed and wings were gently rinsed with distilled water.
Each wing was used in a separate DNA extraction, using the Qiagen DNeasy blood and
tissue kit (Qiagen, Valencia, CA), and bacterial titers were determined using the gPCR
method described above. Experiments consisted of three independent assays with three

replicates per strain, totaling nine insects per treatment.
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Zeta Potential measurements of bacterial cells and sharpshooter hindwings. Zeta
potential measurements on X. fastidiosa cells were determined using a ZetaPALS
analyzer (Brookhaven Instruments Corporation, Holtsville, NY). Zeta potential
measurements on X. fastidiosa cells were performed as described previously (15). All
bacterial strains were grown on solid PD3 medium for 7 days, harvested, and suspended
in liquid XFM (without filter-sterilized supplement containing L-asparagine, L-cysteine,
L-glutamine, and bovine serum albumin). Cell suspensions were adjusted to an ODggp of
0.25 (approximately 10® cells/mL); 20-uL aliquots of cell suspensions were striped onto
XFM with 0.01% pectin. Cells were incubated at 28°C for an additional 7 days,
harvested, washed once with 10mM KClI, and resuspended in 10 mM KCl to a final
ODygoop of 0.2. The electrophoretic mobility of the bacterial cells was determined at 20°C
using a ZetaPALS analyzer (Brookhaven Instruments Corporation, Holtsville, NY).
Experiments consisted of three independent assays with five replicates per strain.
Mobility values determined by electrophoresis were converted to zeta potential values
(36).

To determine the relative surface charge of BGSS foreguts, streaming potential
measurements were conducted on BGSS hindwings. A streaming potential analyzer
(SurPASS, Anton Paar, Graz, Austria) with an adjustable gap cell was used to measure
the electrokinetic properties of BGSS hindwings (in streaming current mode). Hindwings
were immobilized on the sample supports (20 mm by 10 mm) within the cell, and the gap
was adjusted to approximately 100 um. Measurements were made at 25°C using 10 mM

KCI (without initial pH adjustment), with a maximum pressure difference of 50 kPa. At
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each pH increment, measurements were repeated four times. Acid titration (0.05 M HCI)

was used to evaluate the surface charge at pH 7.

Hydrophobicity measurements of sharpshooter hindwings. Static contact angle (SCA)
measurements of immobilized hindwings were performed using a drop shape analyzer
(DSA25; KRUSS, Hamburg, Germany). Average contact angles were obtained from
measurements at four different points. Using the instrument software, SCA values were
calculated using the tangential curve-fitting method, at 10 s after a drop of water (10 pL)

had been dropped onto the surface.

DLVO profiles. The Derjaguin — Landau — Verwey — Overbeek (DLVO) theory was
applied to further evaluate the relative contribution of electrostatic and van der Waals
interactions between the foregut surface and bacteria within the insect (37-39). The van
der Waals attraction is governed by a constant, i.e. the Hamaker constant (4), which
depends on the material properties. The Hamaker constant used to evaluate the van der
Waals interactions between chitin, water, and X. fastidiosa was A3, of 3 x 102, This
constant (4,3;) was calculated using the geometric mean (39) of known constants for
water (39) and bacteria (40), and the Hamaker constant was determined using the contact
angle of the BGSS hindwings (41, 42). Using this information, interaction profiles were

developed assuming sphere-plate geometry (37-39, 43).
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Comsol model. Using a commercial finite element package (Comsol Multiphysics v4.3),
a computational model was developed to evaluate fluid flow through the sharpshooter
foregut. The computational domain used was a two-dimensional longitudinal section
through the pharynges. The two-dimensional model provides valuable insights into the
dynamic process of sharpshooter feeding and fluid stagnation, which may promote
bacterial attachment. However, it is representative of flow conditions only under steady-
state laminar flow. The velocity field is described by the equations of motion for an
incompressible fluid and the continuity equation. The following boundary conditions
were imposed. At the inlet, a fully developed laminar velocity profile was specified,
while the out flow boundary was set to constant (atmospheric) pressure. At the foregut
surfaces (the upper and lower boundaries), the tangential velocity was set to zero (no-slip
conditions). The computational domain was meshed using a structured, boundary-layer
type mesh, with an increasing mesh density near the spacer and membranes surface. This
enabled efficient computation while retaining accuracy where the largest concentration
variations in the system were expected. Mesh refinement was carried out to ensure the
independence of the solution on the mesh. In all simulations, the solution was assumed to
be water, with fluid density and dynamic viscosity taken as 1000 kg/m™ and 10” Pa - s,

respectively.

Statistical Tests. All experiments were analyzed by one-way analysis of variance
(ANOVA), using PROC GLM (SAS Institute) to deal with unequal class sizes. Prior to

the ANOVA, data were checked for normality and homogeneity of variance using PROC
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UNIVARIATE (SAS Institute). All experiments met these criteria. Differences among
treatment means were determined by Tukey’s honestly significant difference (HSD) test

at P =0.05.
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Supplemental Figure S1.1. Quantitative PCR standard curve for detection of X.

fastidiosa in BGSS
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(A) Standard curve showing amplification efficiency of the qPCR assay. (B) Real-time
amplification curves of standards. RFU, relative fluorescence unit. 1-4: 10-fold dilution
series of a 2:1 mixture of BGSS genomic DNA and X. fastidiosa genomic DNA (1 =10,000
cells, 2 = 1,000 cells, 3 = 100 cells, and 4 = 10 cells per 1uL of template). The specificity
of the assay allowed for consistent and efficient detection of X. fastidiosa in sharpshooter
foreguts, with a detection threshold of 10 cells.
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CHAPTER I1. O antigen acts as a shield to delay early plant immune recognition of
the pathogenic bacterium Xylella fastidiosa

ABSTRACT

PAMP-triggered immunity (PTI) is the first line of plant defense against invading
organisms. Initiated through the perception of conserved pathogen-associated molecular
patterns (PAMPs), such as lipopolysaccharide or flagellin, PTI can provide early
protection against a broad range of pathogens. Active suppression of PTI by microbial
effector proteins, particularly those secreted by the Type III secretion system (T3SS), is a
well-known strategy employed by bacterial plant pathogens that enables them to subvert
PTI and successfully colonize their hosts. In this study, we demonstrate that the xylem-
limited bacterium, Xylella fastidiosa, which lacks a T3SS, utilizes an alternative strategy
to delay elicitation of innate immune responses. By decorating its LPS PAMP molecule
with a high molecular weight O antigen, this bacterium physically masks itself from early
recognition by the grapevine innate immune system. We have elucidated the chemical
structure of the O antigen and found that it is primarily an al,2-linked rhamnan polymer.
X fastidiosa cells lacking O antigen elicited hallmarks of PTI such as ROS production,
specifically in the plant xylem tissue compartment, which is comprised primarily of non-
living cells. By coupling histological and genome-wide transcriptional profiling, we
demonstrate that X. fastidiosa lacking its O antigen shield activates defense related genes
in grapevine. This includes a stronger and more prolonged oxidative burst at
concentrations high enough to inhibit pathogen proliferation. To begin exploring

translational applications of our findings, we also demonstrate that purified X. fastidiosa

70



LPS elicitor can prime grapevine defenses, thereby conferring host tolerance to

subsequent challenge with X. fastidiosa.

INTRODUCTION

Plants are continuously faced with threats from pathogenic microbes. Unlike
mammals, plants are sessile, unable to use mobility as a means to evade infection, and
they lack mobile defender cells and an adaptive somatic immune system. Alternatively,
they rely on the innate immunity of each individual cell and on intricate signal
transduction pathways emanating from infection sites (1). The first tier of the immune
system functions through recognition of pathogen- (or microbe-) associated molecular
patterns (PAMPs/MAMPs) by extracellular pattern recognition receptors (PRRs). This
results in PAMP-triggered immunity (PTI), also known as basal disease resistance, which
aims to halt pathogen invasion (1). Activation of PRRs leads to intracellular signaling and
transcriptional reprogramming, resulting in numerous pathogenesis-related changes that
follow PAMP perception, such as rapid influxes of cytosolic Ca'* and reactive oxygen
species (ROS) (2). Additional downstream responses that occur within hours of PTI
initiation are stomatal closure and cell wall modifications such as callose deposition (2).
There has been great progress in elucidating the molecular mechanisms underlying PTI,
but the focus has been primarily on foliar pathogens that enter through epiphytic means
(e.g. Pseudomonas syringae pathovars and Xanthomonas spp.) (3). However, there is

little information on the initiation of PTI in the vascular tissue, particularly in the xylem
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where microorganisms come into contact with mostly non-living tissue that cannot mount
a defense response on its own.

Vascular pathogens cause some of the most destructive diseases affecting
commercial agriculture, in both annual and perennial crops (4). These pathogens colonize
the xylem vessels where they proliferate and occlude the transportation of water and
minerals throughout the plant (4). While many bacterial vascular pathogens enter host
tissues passively (via wounds, cracks, or natural openings such as stomata and
hydathodes) (4), some are delivered directly into the plant vascular system by insect
vectors that feed on xylem sap (5-7). Plant hosts can deploy defense responses following
infection with xylem-dwelling pathogens (4, 8-10). These responses comprise both
physical (e.g. tyloses) and chemical defenses (e.g. ROS, phenolics, and antimicrobial
compounds) that aim to halt pathogen spread or inhibit/kill pathogen growth,
respectively. However, xylem cells undergo programmed cell death and are non-living at
maturity and, thus, do not mount these defense responses on their own. Vascular
pathogens are presumably recognized by receptors in the living parenchyma cells
surrounding the xylem vessels (4, 11), which can undergo significant metabolic changes
induced by infection. Perception of the xylem-dwelling bacterial pathogens Xanthomonas
oryzae and Ralstonia solanacearum via receptor-mediated detection of secreted Type III
effectors is well-documented (11), but the mechanisms of PAMP perception in the xylem,
particularly in regards to PTI, are unclear. In addition to the xylem, these pathogens also
have a leaf apoplastic phase as well, making it difficult to tease apart plant defense

responses that are elicited strictly as a result of colonization of the xylem tissue.
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Xylella fastidiosa is a Gram-negative, xylem-limited phytopathogen that is
obligately transmitted by leathopper vectors, mainly sharpshooters (6). In contrast with
other vascular pathogens, which may simultaneously colonize xylem, phloem, and
cambium tissue compartments, X. fastidiosa exclusively occupies the xylem, making it a
robust model system for understanding xylem specific plant-microbe interactions (5).
This destructive agricultural pathogen causes diseases in several economically important
crops, namely Pierce’s disease (PD) of grapevine, Citrus Variegated Chlorosis, and
Almond Leaf Scorch and has recently been implicated in Olive Quick Decline Syndrome
in Italy (12, 13). The bacteria form biofilms within the xylem vessels of plant hosts and
elicits production of prolific host-derived xylem occlusions (i.e., tyloses) that reduce
hydraulic conductivity of the plant (6, 14-16). In grapevine, symptoms of PD include
marginal leaf necrosis, premature leaf abscission, fruit desiccation, and ultimately plant
death (6), which all manifest at the very late stages of infection. In addition, there are
significant transcriptional changes during the late stages of the infection process that
include a pronounced impact on physiological responses to drought stress (17). However,
details regarding the molecular basis of the X. fastidiosa-plant host interaction, including
identification of specific PAMPs and the elicitation of basal defense responses in the very
early phases of host infection, remain largely unknown. X. fastidiosa resides in many
plant species as an endophytic commensal (18). However, there are numerous examples
of specific X. fastidiosa-plant interactions where the bacterium behaves as a destructive
pathogen. In either lifestyle, X. fastidiosa must actively overcome or avoid triggering

initial host defense responses, such as PTI, to successfully colonize the plant. Many plant
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and animal bacterial pathogens overcome PTI by secreting Type III effectors that disrupt
or suppress PTI responses (19-21). Interestingly, genes encoding a Type III secretion
system are strikingly absent in the X. fastidiosa genome (22, 23). Therefore, it must
utilize another mechanism to avoid elicitation of PTI in its plant hosts.

Lipopolysaccharides (LPS) are structural components located in the outer
membrane of all Gram-negative bacteria (24, 25). There are approximately 3.5 million
LPS molecules on the bacterial outer membrane (26), making them the most dominant
macromolecules on bacterial cell surfaces (25, 27). LPS are comprised of three parts: (i)
lipid A that anchors the molecule to the outer membrane, (ii) a core oligosaccharide (OS),
and (ii1) a terminal O antigen consisting of polysaccharide chains (25, 28). The O antigen
is the most surface-exposed portion of the LPS molecule and can extend up to 60 nm
away from the surface of the bacterial cell (26, 29-31). While the lipid A and OS portions
of the molecule are highly conserved, the O antigen can exhibit considerable structural
variation (27, 29, 32). The O antigen is assembled in the cytoplasm and independently
delivered to the periplasm, where it is ligated onto the lipid A/OS complex and then
translocated to the outer membrane (29). This process is mediated, in part, by the Wzy
polymerase, which catalyzes the polymerization of the individual O-units that make up
the O antigen chain (29). Because of its prominence and extension into the environment,
LPS, and more specifically the outermost exposed O antigen, have pleiotropic roles in
bacterial pathogenesis in both mammalian and plant systems (e.g. adhesion and

promotion of biofilm), which relate to bacterial fitness in vivo (27, 32-34).
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LPS are also well-characterized PAMPs that are perceived by a wide range of
plant species and initiate PTI (20, 35). Purified LPS from diverse bacterial pathogens
induce a rapid burst of nitric oxide, a hallmark of the elicitation of PTI, in suspension
cultures and leaves of Arabidopsis thaliana (36). In addition, Desaki et al (2006)
demonstrated that LPS from various plant and animal pathogens can induce defense
responses in rice cells, which suggests that the machinery recognizing LPS is
evolutionarily conserved (37). Plant host perception of LPS can also induce callose
deposition and up-regulation of PR gene expression (38, 39). We hypothesize that during
the interaction between X. fastidiosa and a susceptible grapevine host, the bacterium's
long chain, rhamnose-rich O antigen shields the conserved lipid A and OS regions of the
LPS molecule, and likely additional PAMPs located on the cell surface, from being
recognized by the plant immune system, providing an opportunity for X. fastidiosa to
avoid early elicitation of defense responses and establish itself in the host. A similar
scenario occurs in Escherichia coli, where truncation of the O antigen caused an
increased sensitivity to serum, suggesting the full length O antigen provides a masking
effect towards the host immune system (40). Salmonella enterica subsp. enterica sv. (S.)
Typhimurium also possesses an O antigen that aids in evasion of the murine immune
system (41).

In previous studies, we have demonstrated that truncation of the O antigen
compromised X. fastidiosa’s ability to colonize the grapevine xylem and elicit PD
symptoms (33). Here we demonstrate that altering the molecular architecture of the X.

fastidiosa cell surface by truncating the O antigen also drastically affects plant host
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recognition of the pathogen at both the genetic and phenotypic levels. Interestingly, wild
type X. fastidiosa-initiated gene expression cascades associated primarily with responses
to abiotic stresses, such as decreases in hydraulic conductivity beginning very early in the
infection process, while cells lacking the O antigen shield elicited a significant up-
regulation of genes enriched in ROS production and defense-related genes. Although
transcriptional profiles of wild type-inoculated plants eventually displayed immune-
related responses as compared to the wzy-inoculated plants, this effective delay in
recognition allowed wild type cells to establish a compatible interaction and cause
disease. Based on these data, we establish that O antigen serves as a shield to delay

recognition of X. fastidiosa by the plant innate immune system.

RESULTS

PD symptoms are attenuated in grapevines primed with purified LPS. Pre-treatment
of plants with LPS can prime the defense system, resulting in an enhanced response to
subsequent pathogen attacks. This defense-related "memory" stimulates the plant to
initiate a faster and/or stronger response against future invading pathogens (42). In
grapevine (Vitis vinifera), previous studies have demonstrated defense priming for the
protection against the foliar pathogens Botrytis cinerea and Plasmopara viticola, which
have markedly different lifestyles and infection routes than X. fastidiosa (43-46). We
sought to establish if purified LPS could be used to prime grapevines against subsequent
challenge with the vascular pathogen, X. fastidiosa. LPS can prime plant defense

responses in as little as 4-24 h post-treatment. Therefore, we verified if the innate
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immune response in grapevine follows similar kinetics observed in previous studies (47,
48). Grapevines that were pre-treated with either form of LPS (wild type or wzy mutant)
prior to X. fastidiosa challenge exhibited significantly fewer PD symptoms over the
course of the experiment. However, grapevines that were pre-treated for 4 h showed the
most significantly attenuated symptoms. Even after 12 weeks post-inoculation, symptoms
of these LPS-treated plants rated a 1 on the PD rating scale, reflecting only 1 or 2 leaves
just beginning to show marginal necrosis (49). Buffer pre-treated controls were fully
symptomatic, rating around 3 on the PD rating scale (49) (Fig. 2.1). This indicated that a
4 h and 24 h pre-treatment with purified LPS from either wild type or the wzy mutant
confers tolerance to PD. The priming effect appears to be transient because plants pre-
treated with LPS 24 h prior to challenge showed a slight increase in the severity of PD
symptoms, but they were still significantly attenuated compared with buffer pre-treated

control vines.

LPS induces an oxidative burst in grapevine. Because of the significant decrease in PD
symptom development following pre-treatment with both forms of LPS, we proceeded to
compare the activity of wild type and wzy mutant LPS elicitor. Treatment of plants with
purified LPS induces an oxidative burst in both monocots and dicots (20, 35, 37, 50).
Using a luminol-based assay, both wild type and wzy mutant purified LPS induced an
oxidative burst of similar amplitude in grapevine leaf discs (Fig. 2.2A), and total ROS

production (expressed as area under the curve) was not significantly different between the
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Figure 2.1. Pierce’s Disease symptom severity in grapevines primed with purified X.

fastidiosa LPS
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Average disease ratings of V. vinifera ‘Cabernet Sauvignon’ grapevines pre-treated with
wild type or wzy mutant LPS (50pg/mL), then challenged at 4 h or 24 h post-LPS
treatment with live X. fastidiosa cells. Disease ratings were taken at 12 weeks post-
challenge. The LPS pre-treated plants are significantly attenuated in symptom
development, compared with plants that did not receive pre-treatment. Graph represents
the mean of 24 samples per treatment. Bars indicate standard error of the mean.
Treatments with different letters over the bars are statistically different (P < 0.05).
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treatments (Fig. 2.2B). It’s possible that the potent elicitor is actually the conserved lipid
A-core portions of the LPS molecule, which would be equally exposed in both wild type
and wzy purified LPS. This likely explains why wild type and wzy purified LPS elicited
similar responses in terms of an oxidative burst. In the context of whole cells, however,

these conserved regions would likely be shielded by the O antigen in wild type cells.

Structural characterization of the LPS O antigen shield. DOC-PAGE analysis of
purified LPS indicated a severe change in the electrophoretic profile of wzy mutant LPS,
compared with the wild type LPS (Fig 2.3A lanes 1 and 2). Silver staining indicated the
presence of a high molecular weight O antigen in wild type LPS (Fig. 2.3A lane 1, arrow)
that was notably absent in wzy mutant LPS (Fig. 2.3A lane 2). In addition, staining
intensity of the wild type LPS bands at the bottom of the gel was weaker compared to
that of the wzy mutant. In wzy mutant LPS, the O antigen band was absent, and the lower
bands on the gel were more pronounced, which is indicative of reduced or no O antigen
production. This observation was supported by comparative chemical analysis and
subsequent structural studies. In wild type LPS, we observed the presence of Rhamnose
(Rha), Xylose (Xyl), Mannose (Man), Glucose (Glc), Galacturonic Acid (GalA), 3-
deoxy-D-manno-2-octulosonic acid (Kdo), methylated deoxy hexose, N-
acetylglucosamine (GlcNAc), and hydroxyl fatty acids 10:0(30H), 10:0(20H) and

12:0(30H), 12:0(20H) characteristic for lipid A of LPS (Table S2.1). Interestingly, in the
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Figure 2.2. Purified LPS-induced ROS production ex vivo
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Discs of V. vinifera ‘Cabernet Sauvignon’ leaves were treated with 20uL of purified LPS
(50pg/mL) from X. fastidiosa wild type or wzy mutant cells, or a water negative control.
(A) The amplitude of ROS production remained similar for both wild type and wzy
mutant LPS, reaching max production at approximately 4 minutes, and plateaued starting
around 30 minutes. (B) Total ROS production is reported as area under the curve (AUC)
for plot of luminescence intensity over time. Treatments with different letters over the
bars are statistically different (P < 0.05).
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wzy mutant, we observed a reduction in the amounts of Rha and Xyl, relative to the other
glycosyl constituents and to the content of hydroxyl fatty acids. These data, combined
with DOC-PAGE observation, indicated that the wild type O antigen polymer is
composed predominantly of rhamnose and xylose, while the wzy mutant is likely
producing LPS with a severely truncated O antigen polymer. The remainder of identified
glycosyl residues likely originated from core oligosaccharide and lipid A moieties.

In order to describe structural properties of O antigen in wild type and wzy mutant
LPS, the polysaccharide moiety (O antigen + core) was liberated from lipid A and
resolved based on molecular size (Fig. 2.3B). Comparative analysis of SEC profiles
indicated different distributions of polysaccharides in both strains. In the wild type strain,
a majority of polysaccharide (40.8% total column load) was eluted in Fraction III
(average molecular mass of approximately 10-20kD) and a remainder (24.8% of total
column load) in Fraction IV. In contrast, a majority of wzy polysaccharide (55.0% total
PS column load) was eluted in Fraction IV (average molecular mass below 10kDa),
which was only present in low quantity in the wild type parent. This fraction likely
represented different molecular size forms of core oligosaccharide or truncated core-O
antigen polysaccharide. Fraction I that was eluted in void (Vo) column was due to traces
of unhydrolyzed, intact LPS.

Monosaccharide analysis, including the determination of absolute configurations
of O antigen polysaccharides from the wild type strain (SEC fraction III), confirmed the
presence of L-rhamnose and D-xylose in an 8:1 molar ratio. Methylation analysis

demonstrated the presence of terminal Xylp, 2-substituted Rhap, 3-substituted Rhap, 2,3-
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disubstituted Rhap. 'H and >C NMR analysis demonstrated two series of anomeric
signals with a ratio of integral intensities ~ 4:1, indicative of at least two different
polysaccharide chains. These results suggest that isolated fraction III consisted of at least
two different polysaccharide chains. The 1D 'H NMR spectrum showed six minor
anomeric signals of equal intensity in the anomeric region (6 4.4-5.2), named from A to
G, according to decreasing chemical shifts values, and one major signal named H (Table
S2.2). The & values of residues A, B, C, D, E and H suggest the presence of a-
configurations (singlets), and the d values of residues of F and G indicate the occurrence
of B-configurations (broadened doublets, J; » ~8). The spectrum presented one broad
high-filed signal at ~ 8 1.30, arising from the methyl groups of Rha residues. The
complete assignments of the 'H and "°C chemical shifts of the OPS were possible based
on 2D TOCSY (mixing times, 30-150 ms), NOESY (200 ms), and HSQC experiments
(Table S2.2). Comparison of TOCSY spectra with increasing mixing time allowed the
assignments of sequential order of the chemical shifts belonging to the same spin system.
Residues A, B, C, D, E and H, with short H-1 tracks (only H-2 is seen) and the typical H-
6 signals for 6-deoxyhexoses, represent the Rha residues. The complete spin system of
residues F and G was indicative of a xylo-configuration. In addition, the 2D TOCSY (150
ms), NOESY (200 ms) and 'H-">C HSQC spectra showed the predominant signals for H
residue (Fig. S2.1A). The TOCSY H H-1 track (& 5.10) showed cross-peak with H H-2,
whereas the resonances for H H-2,3,4,CH; were found via H-2 track. The *C NMR data
demonstrated a downfield position of H C-2 at 6 79.3, suggesting 2-substituted a-Rhap

(51). The NOESY inter-residue cross-peak of H H-1, with another H H-2, indicated a
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H(1-2)H linkage. Based on methylation analysis and 1D/2D NMR data, the major
polysaccharide present in fraction III is a linear a1-2 linked rhamnan (Fig. 2.3C1).

In addition to homopolymer (H) NMR signals, five minor anomeric signals
belonging to a-Rhap (residues A-E) and B-Xylp (residues F and G) were identified.
Residues A and C were assigned to 2-substitituted a-Rhap (downfield shift of A C-2 at §
79.3 and C C-2 8 79.6), and the residue D was identified as 3-substitituted a-Rhap
(downfield shift of D C-3 at § 76.2). The signals for C-2 (6 79.6) and C-3 (6 76.2) of
residues B and E were both shifted downfield indicating the presence of 2,3-disubstituted
o-Rhap. °C chemical shifts of residues G and F were consistent with terminal f-Xylp
(51). The 2D NOESY inter-residue cross-peaks (Fig. S2.1B) allowed assignment of the
glycosyl sequence of second polymer. In particular, 2-substitution of A and C residues
was reflected by D H-1/A H-2 and E H-1/C H-2, cross-peaks, respectively. Furthermore,
NOE cross-peaks between C H-1/ B H-3, A1 H-1/B H3, G H-1/B H-2 and B H-1/ E H-3,
F H-1/E H-2 provided information about the location of branching positions of residues
B and E. The 3-substitution of residue D was observed by the inter-residue connectivity
of B H-1/D H-3. The absence of downfield glycosylation shift at C-2 carbon of residue D
(6 69.7) supports the occurrence of 3-substituted residue D. Combining all analytical
data, a repeat unit of the second polymer consists of -a-L-rhamnan backbone substituted
with either two or one B-D-Xyl residues (Fig. 2.3C2 and C3). This penta-/tetra-repeat
lacks the strict regularity owning to nonstoichiometric substitution with a side terminal

Xyl.
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Figure 2.3. O antigen composition and structure analysis
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(A) DOC-PAGE analysis of LPS isolated from X. fastidiosa wild type and wzy mutant.
Lane S = Salmonella enterica s. Typhimurium, smooth LPS; Lane 1 = Wild type; Lane 2
= wzy mutant. Red arrow indicates the presence of high molecular weight O antigen that
is not observed in the wzy mutant LPS. (B) SEC chromatograms of polysaccharides
liberated from LPS of X. fastidiosa wild type (black) and wzy mutant (red). Standard
dextrans of 40,000, 10,000 and 1,000 Da were used for calibration of the Superose 12.
(C1) The structure of X. fastidiosa wild type O antigen polymer is composed primarily of
a linear a1-2 linked rhamnan. A repeat unit of the second polymer consists of -a.-L-
rhamnan backbone substituted with either one (C2) or two (C3) B-D-Xyl residues. O
antigen from the wzy mutant is predicted to contain a single rhamnose residue.
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O antigen structural alterations modulate the intensity of the oxidative burst. In the
intact bacterial cells, much of the lipid A-core complex is embedded in the outer
membrane. Thus, to explore the effects of O antigen structural alterations on the
elicitation of PTI in the biological context of intact cells, we evaluated X. fastidiosa cell-
induced production of ROS in grapevine leaves ex vivo. Although both wild type and wzy
mutant cells induced oxidative bursts in the leaf discs, the mutant triggered a more
intense oxidative burst, with ROS production peaking around 10 min and persisting
nearly 80 min (Fig. 2.4A). The wild type bacteria failed to produce a sharp peak of ROS
as compared to the wzy bacteria, and production plateaued around 60 min. In addition,
total ROS production (expressed as area under the curve) was significantly larger in
response to wzy mutant cells as compared with wild type (Fig. 2.4B). This result
substantiates our hypothesis that lack of the O antigen shield modifies perception of X.
fastidiosa cells upon introduction into the host, resulting in swifter and more intense PTI

responsces.

The O antigen-modulated oxidative burst is largely localized within xylem vessels in
vivo. To determine where ROS production was localized in situ, we performed DAB

(3,3 ~diaminobenzidine)-mediated tissue printing of grapevine petioles that were
inoculated with wild type X. fastidiosa, wzy mutant, or 1 X PBS buffer as a control. DAB
reacts with H,O,, which is the major ROS associated with the oxidative burst in plants
(52), to produce a reddish-brown color. Grapevines inoculated with the wzy mutant

exhibited more intense H,O, production prominently localized in the xylem vessels (Fig.
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2.5A), indicating that these vines are actively responding to the changes occurring in the
xylem. Further quantitative comparison of staining intensity amongst the treatments,
using ImagelJ, indicated that, indeed, wzy elicits more intense production of ROS in the
xylem than does the wild type X. fastidiosa (Fig. 2.5B).

Because the intensity of the wzy-induced ROS burst in the xylem may have a
direct antimicrobial activity against X. fastidiosa, we performed an H,O; survival assay.
We chose a final concentration of 100uM H,O; based on the lower threshold of ROS
detected by the DAB staining method (DAB staining detects H>O, in the range of 100uM
— 10mM) (53). In addition, to mirror the kinetics of peak ROS production seen in vivo,
we exposed the cells to H,O; for ten minutes. Both wild type and wzy mutant cells were
affected by treatment with hydrogen peroxide, but significantly fewer wzy mutant cells

survived (10.1%), compared with wild type cells (50.2%) (Fig. 2.5C).

Tylose formation in response to wild type and wzy mutant infection. Tyloses are
vascular occlusions that are outgrowths of the xylem parenchyma cell into the vessel
lumen. These are commonly initiated by X. fastidiosa infection. Tylose formation occurs
later in the infection process, and the abundant tyloses observed in PD-infected vines
exacerbates symptoms (15). We examined PD symptoms and tylose formation in
grapevines at 18 weeks post-inoculation with wild type or wzy mutant X. fastidiosa cells,
compared with 1X PBS control vines. Wzy mutant-inoculated vines rated a 2 or below,
representing a few leaves exhibiting marginal necrosis; wild type-inoculated vines rated

over 3, representing over half of the vine exhibiting foliar necrosis; and 1X PBS controls
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Figure 2.4. O antigen-modulated ROS production ex vivo by intact bacterial cells
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Discs of V. vinifera ‘Cabernet Sauvignon’ leaves were treated with 20pL of a 10°
CFU/mL suspension of X. fastidiosa wild type or wzy mutant cells, or a 1X PBS control.
(A) Wzy mutant cells induced a significantly stronger oxidative burst that persisted nearly
20 minutes longer than leaves inoculated with wild type bacteria (which contained fully
polymerized O antigens). Graph represents the mean of 24 replicates per treatment +
standard error of the mean. (B) Total ROS production is reported as area under the curve
(AUC) for plot of luminescence intensity over time. Treatments with different letters over
the bars are statistically different (P < 0.05).
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Figure 2.5. In situ localization of O antigen-modulated ROS production in the xylem
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(A) DAB-mediated tissue printing at 15 minutes post-inoculation revealed a strong
production of H,O, specifically in the xylem vessels of grapevines inoculated with wzy
mutant cells. Vines inoculated with wild type X. fastidiosa exhibited H,O, production
predominantly in peripheral collenchyma tissue, with some production in the xylem
vessels. Vines inoculated with 1X PBS buffer served as negative controls. (B) Mean gray
value of DAB-stained images, representing differences in staining intensity. Grayscale
intensities vary from 0 to 255; 0 = black, 255 = white, and the values in between are
shades of gray. The mean gray value of DAB-stained images from wzy mutant-inoculated
plants is significantly lower than wild type or 1X PBS-inoculated plants, indicating a
darker, or more intense stain, and thus higher amounts of H,O,. Treatments with different
letters over the bars are statistically different (P < 0.05). (C) Suspensions of X. fastidiosa
wild type or wzy mutant cells were incubated with 100uM H,O, for 10 min, followed by
dilution plating and enumeration. Survival percentages of wzy mutant cells were
significantly lower than X. fastidiosa wild type cells (P < 0.0001). Following treatment
with H,O3, 10.1% and 50.2% of wzy and wild type cells survived, respectively. Data are
means of three biological replications.
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rated 0, showing no PD symptoms (Fig. 2.6 panel A). We observed marked differences in
the abundance of tyloses in response to wild type vs wzy mutant-inoculated plants. In
wild type-inoculated vines, tyloses were present in nearly all xylem vessels (Fig. 2.6
panel B), and vessels were often completely occluded with multiple tyloses (Fig. 2.6
panel C). In contrast, wzy mutant-inoculated vines contained very few tyloses. In the case
where a tylose was present, it was often one large tylose that only partially occluded the

vessel. All control vines, inoculated with 1X PBS, were free of occlusions.

Callose and suberin deposition in response to wild type and wzy mutant infection. In
addition to tyloses, the plant vascular tissue can initiate additional reinforcement of the
cell walls to limit bacterial growth in infected plants. This includes callose and suberin
deposition (54). Light microscopy of infected stems revealed widespread deposition of
callose in the phloem tissue of X. fastidiosa wild type-infected plants (Fig. 2.7, arrow),
suggesting communication between the xylem and phloem regarding the presence of X.
fastidiosa. In addition, there was a pronounced deposition of suberin associated
specifically with tylose-occluded vessels (Fig. 2.7*). In contrast, wzy mutant-infected
plants showed little to no evidence of either callose or suberin deposition in the vascular

tissue, and these plants looked similar to 1X PBS control plants.
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Figure 2.6. Tylose development in PD-infected grapevines

wzy mutant Wild type

1X PBS

Images represent grapevines at 18 weeks post-inoculation, inoculated with wild type X.
fastidiosa cells, wzy mutant cells, or 1X PBS buffer. (A) Representative images of PD
progress prior to histological examination. (B) Micrograph showing tylose production in
cross sections of grapevine xylem (brightfield stained with Toluidine Blue O). (C) Close-
up of xylem vessels showing complete occlusion with multiple tyloses (*) in wild type-
inoculated vines. A few small tyloses also occurred in these vines (closed arrowheads).
Tyloses were largely absent in the xylem vessels of wzy mutant-inoculated vines. No
tyloses were present in the stems of 1X PBS-inoculated vines.
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Figure 2.7. Callose and suberin deposition are more prevalent in wild type-infected

vines

wzy mutant

TR

Images represent grapevines at 18 weeks post-inoculation, inoculated with wild type X.
fastidiosa cells, wzy mutant cells, or 1X PBS buffer. Wild type-inoculated plants
exhibited widespread callose deposition in the phloem tissue (appears as blue color,
indicated by arrow). In addition, there was pronounced deposition of suberin in xylem
vessels (indicated by gold color), especially in vessels with multiple tyloses (*). No
callose or suberin was present in the stems of wzy or 1X PBS-inoculated vines.
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Transcriptomic analyses of early grapevine responses to X. fastidiosa wild type and
wzy mutant strains. To elucidate the early plant immune responses to X. fastidiosa at the
transcriptional level, we performed an RNAseq experiment on grapevines inoculated with
wild type, wzy mutant, or 1 X PBS buffer (controls). Our initial priming study indicated
that the O antigen-modulated response was most active at 4 h post-inoculation and
tapered at 24 h post-inoculation. Previous studies investigating laminarin-induced defense
genes in grapevine demonstrated that transcript accumulation of specific PR genes was
not detectable until 10 h post-treatment, with some genes not reaching peak expression
until 20 h post-treatment (46). Thus, in an effort to encompass a range of potential
grapevine defense responses, RNAseq analyses were conducted using petioles collected
at 8 h and 24 h post-inoculation. A total of 4,559 grape genes presented significant
differential expression (DE, P < 0.05) as a result of X. fastidiosa challenge, when their
expression in X. fastidiosa-inoculated vines (i.e. wild type or wzy mutant) was compared
against that in the 1X PBS controls. DE genes that represent up-regulations were further
classified into groups I to IX according to their patterns of expression (Fig. 2.8A).
Significant correlation (» = 0.71, P = 1.37x10™) between RNAseq and gqRT-PCR data
was detected when we examined the expression of a subset of genes from all groups that
showed up-regulation in response to wild type and wzy mutant cells (Table S2.3).
Functional pathways induced as a result of inoculations with wild type or wzy mutant
cells were determined by enrichment analysis (P < 0.05) of functional categories in the

groups of up-regulated genes (Fig. 2.8B,C).
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Group I corresponded to 200 genes significantly up-regulated only in response to
the wzy mutant at 8 h post-inoculation, but not to inoculation with wild type cells.
Notably, genes associated with plant responses to biotic stresses were predominantly
enriched in this group. This included the enhanced expression of several pathogenesis
related (PR) genes, including two PR-1 precursors (VIT 03s0088g00700,

VIT 03s0088200710), B-1,3 glucanase (PR-2) (VIT 08s0007g06040), a class 4 chitinase
(PR-3) (VIT 0550094g00330), PR-4 (chitinase) (VIT 14s0081g00030), PR-10

(VIT 0550077g01530) and PR-10.3 (VIT 0550077g01530) (55). Additional PR genes
included three genes involved with the production of thaumatin and a polygalacturonase-
inhibiting protein, PGIP 1 (VIT 13s0064g01370). The expression of genes performing
antioxidant functions (e.g., thioredoxins and glutaredoxins) and ROS-scavenging
enzymes (e.g., peroxidases and catalases) were also induced early in response to wzy.
Specifically, there were three Class III peroxidases (VIT 18s0001g06840;

VIT 18s0001g06850; VIT 18s0001g06890). These enzymes are among the enzymes that
accumulate in abundance in xylem sap during colonization by vascular pathogens (4, 56).
Their functions include specific roles in defense against pathogen infection, such as
enhanced production of ROS (as signal mediators and antimicrobial agents) and
enhanced production of phytoalexins (57). Most importantly, the up-regulation of these
peroxidase genes corroborates our phenotypic data of an enhanced and dynamically
different production of ROS in wzy-inoculated plants. Group I was also enriched in plant
secondary metabolic pathways, which produce a variety of antioxidants and/or

phytoalexins. There was an increase in the expression of enzymes contributing to
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phenylpropanoid biosynthesis, such as a stilbene synthase (VIT 16s0100g01200) and a
chalcone reductase (VIT 05s0077g02150) connected with production of flavonoids.
Genes associated with Salicylic Acid (SA)-mediated defense pathways were enriched,
indicating that the wzy mutant is activating distinct phytohormone signaling pathways
beginning at 8 h post-inoculation. In addition, the up-regulation of PR-/ genes (which are
known markers of SA) further supports the role of SA in activating defenses against X.
fastidiosa attack. These enriched pathways were strikingly absent in wild type-inoculated
vines at this time point (Fig. 2.8B).

There were over 800 genes in group IV, which corresponded to transcripts
specifically up-regulated at 8 h post-inoculation in response to wild type X. fastidiosa
cells. Interestingly, these genes were enriched (P < 0.05) primarily in responses to abiotic
or general stresses (i.e., drought, oxidative, temperature, and wounding stresses) rather
than biotic stresses and were not directly related to immune responses, as was observed in
the wzy mutant-inoculated plants. Group IV included numerous genes functioning in
plant cell wall modification and metabolism, including pectinesterases,
polygalacturonases (PGs), expansins, and a xyloglucan endotransglucosylase/hydrolase
(XTH). The up-regulation of a PG-coding gene (VIT 01s0127g00400) at 8 h post-
inoculation with the wild type strain was further validated by qRT-PCR (Table S2.3).
XTH enzymes have been implicated in the early events of abiotic stress responses,
including induction by drought and in response to the stress hormone ethylene, whereas
PGs have been shown to be involved in tylose formation (58). Enrichment of genes

associated with ethylene biosynthesis and signaling as well as numerous ethylene-
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responsive transcription factors (ERF1, ERF003, ERFO11, ERF related to APETALA2)
were also observed in wild type-inoculated plants 8 h post-inoculation. In the context of
PD, ethylene has also been linked to tylose production, which requires extensive
reorganization of plant cell walls (59). Up-regulation of these genes supports our
phenotypic data indicating an increase in tylose formation in wild type-inoculated plants.
The concomitant up-regulation of cell wall modification enzymes and ethylene
biosynthetic genes indicates that the transcriptional cascade leading to tylose production
likely initiates very early in the infection process, while phenotypic evidence of abundant
tylose production occurs later in the infection process (60). There was also an enrichment
of genes encoding components of the lignin (e.g. laccases) and suberin biosynthetic
pathways that were unique to wild type-inoculated plants at this time point. Both lignin
and suberin are important for wound healing and fortification of the xylem walls.
Suberization can also help prevent unnecessary water loss during drought stress (61). Up-
regulation of these genes supports our phenotypic data indicating an increase in suberin
deposition in wild type-inoculated plants. There were also genes enriched in general
stress responses and responses related to dehydration, indicating that the plant is, in part,
initially perceiving wild type X. fastidiosa infection as water stress (abiotic) rather than
pathogen (biotic) stress (17).

At 24 h post-inoculation, 164 genes were significantly up-regulated specifically in
response to the wzy mutant (Group II), and there were 746 genes that showed significant
up-regulation in response to wild type cells at this time point (Group V). Grapevines

inoculated with wild type cells continued to express a number of genes related to plant
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cell wall modification/metabolism, including pectinesterases and expansins. Interestingly,
enrichment of polysaccharide metabolism pathways included 2 genes functioning
specifically in callose biosynthesis (callose synthase, VIT 13s0156g00210 and 1,3-beta-
glucan synthase, VIT 19s0138g00120). This demonstrates that the production of callose
is initiated very early in the infection process and supports our phenotypic data indicating
a pronounced deposition of callose in the phloem of wild type-inoculated plants heavily
infected with PD. In addition to continued responses to abiotic stress, there were a large
number of genes enriched in responses to biotic stress at this time point, indicating that at
this later time point of 24 hr, grapevines are now perceiving and responding to X.
fastidiosa as a biotic invader, as opposed to solely an abiotic stress. Enriched pathways
included those specific to plant-pathogen interactions, i.e. NBS-LRR superfamily genes.
An abundance of genes enriched in secondary metabolic pathways, such as
phenylpropanoid and flavonoid biosynthesis pathways, were also present at this time
point. There was consistent enrichment of genes belonging to ethylene-mediated
signaling pathways, in addition to JA, auxin, and ABA signaling pathways. All of these
pathways, including those related to biotic and abiotic stress, were distinctly enriched in
wild type-inoculated vines and were not enriched in wzy-inoculated vines at the 24 hr
time point (Fig. 2.8C).

These data indicate that grapevines differentially perceive wzy mutant cells
compared to wild type cells. Perception of the wzy mutant activates early defense

networks associated with biotic stresses involved in the swift activation of PTI responses,
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in particular a robust production of ROS and downstream SA-mediated defense pathways

that were not observed in plants inoculated with wild type X. fastidiosa.

Temporal dynamics of transcriptional responses to X. fastidiosa wild type or wzy
mutant strains in local and systemic tissue. To characterize trends of gene expression
over time, and in local (POI) and systemic tissue following infection by wild type and
wzy bacteria, we performed additional RNAseq analyses on petioles collected at 48 h, 1
week, and 4 weeks post-inoculation, in addition to 1X PBS controls. Grape genes with
significant DE (P < 0.05) at distinct time points post-inoculation were determined by
pair-wise comparisons between each type of inoculation, time point, and tissue type
(local or systemic) against the respective PBS-inoculated control. We then defined 26
clusters based on the patterns of expression of the DE grape genes across the three time
points (Fig. 2.9A). For example, C05 (Cluster 5) contains DE genes that are up-regulated
at 48 hours post-inoculation, but then have steady expression at 1 week and 4 weeks post-
inoculation as compared to the 1X PBS negative control. By performing enrichment
analysis in the gene clusters (P < 0.05), we identified over-represented functions related
to plant immune responses that were distinct to each inoculation and tissue types (Fig.
2.9A,B).

Genes encoding key facets of SA-mediated signaling pathways (Enhanced
disease susceptibility 1 (EDSI) genes, VIT 17s0000g07370 and VIT 17s0000207420)

were uniquely expressed in local tissue of wzy-inoculated plants; these genes had steady
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Figure 2.8. Grapevine responses to early infection by wzy mutant or wild type X.
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the other at each time point.
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expression at 48 h and 1 week post-inoculation and then were up-regulated at 4 weeks
post-inoculation (C25). EDS genes encode proteins associated with the SA pathway and
have been implicated in grapevine defenses against powdery mildew (62). Furthermore, a
PR-1 gene (VIT 11s0052g01620) was up-regulated at 48 h post-inoculation and then
steadily expressed in systemic tissue. Consistent up-regulation of SA-associated genes in
both local and systemic tissues at these later time points of inoculation with the wzy
mutant, as well as very early time points (8 h) as described above, suggests that induction
of SA-mediated pathways is not only maintained over time, but also systemically
activated throughout the plant in response to X. fastidiosa lacking its O antigen shield.
Systemic induction of the SA-mediated defense pathways was not evident in wild type
inoculated plants. Instead, wild type cells induced genes associated with JA-mediated
defense pathways in local tissue. This included 9 genes encoding proteins functioning in
the metabolism of alpha-linolenic acid, which serves as an important precursor in the
biosynthesis of JA (63). These genes had steady expression at 48 h and 1 week post-
inoculation and then were up-regulated at 4 week post-inoculation (C25).

Enrichment analyses of wzy-responsive genes that were unique to systemic tissues
revealed genes associated with drought stress response pathways, namely 14 genes
enriched in ABA signaling (C05). Genes enriched in lignin metabolism exhibited peak
expression levels at 1 week post-inoculation with wzy mutant, but remained steady at 4
weeks post-inoculation (C20). Lignin metabolism has been linked to coping with drought
stress (64). This is in contrast with what was observed in wild type-inoculated vines

where drought stress-related and lignin metabolism pathways were up-regulated much
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earlier in the infection process (8 h post-inoculation). This suggests that perception of the
abiotic stresses that accompany X. fastidiosa infection occur much later in plants
inoculated with the wzy mutant.

Enrichment analysis of wild type-responsive genes in systemic tissue revealed
genes encoding ERF transcription factors that were up-regulated at 4 weeks post-
inoculation (C25), demonstrating that activation of ethylene-mediated signaling occurs
throughout the infection process (early at 8 hpi and also later time points) in both local
and systemic tissue. Similar to the trend seen with SA in response to wzy mutant cells,
this consistent up-regulation of ethylene-related genes in response to wild type cells
suggests that induction of ethylene-mediated signaling pathways is not only maintained
over time, but also systemically activated throughout the plant in response to X. fastidiosa
containing its O antigen shield. Stimulation of ethylene-mediated signaling may promote
the prolific production of tyloses formed in wild type-inoculated vines (Fig. 2.6) (15, 65).
At 1 week post-inoculation, genes enriched in JA-mediated signaling pathways were
uniquely up-regulated in systemic tissue of wild type-inoculated vines, and expression
continued to increase at 4 weeks post-inoculation (C19). This consistent enrichment and
up-regulation provides further support for the role of JA in grapevine responses to wild
type X. fastidiosa (17). Our findings established that this phytohormone pathway is
initiated within the first 24 h of the infection process and that stimulation of the JA
pathway is consistently maintained in both local and systemic tissues of wild type
inoculated plants. In addition, 7 genes enriched in callose biosynthesis were uniquely up-

regulated at 1 week post-inoculation with wild type cells (C20), and expression remained
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steady at 48h and 4 weeks post-inoculation. This is over half of the total callose-related
genes in the genome. These results confirmed our phenotypic data indicating that callose

deposition in the phloem occurs late in the infection process (Fig. 2.7).
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Fig 2.9. Temporal dynamics of transcriptional responses to X. fastidiosa wild type or

wzy mutant strains in local and systemic tissue
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DISCUSSION

Xylem-limited pathogens occupy a highly specialized ecological niche. For X.
fastidiosa, this specialization is further compounded by the fact it resides solely in two
unique environments: in its plant hosts and in the mouthparts of its insect vectors.
Therefore, it utilizes distinct mechanisms to maintain its dual lifestyle. Successful
pathogens must contend with the plant immune system, and despite the fact that X.
fastidiosa lacks Type IlI-secreted effectors to combat plant basal defense responses, it
succeeds in causing several destructive diseases in commercial agriculture. However, the
molecular basis of this has yet to be explored. Plants have evolved to recognize the
molecular architecture of the bacterial cell surface, specifically through the perception of
conserved PAMPs. Alterations in these conserved microbial signatures, and thus
alterations in the structure and composition of the bacterial cell surface, can significantly
alter plant host perception of pathogens. LPS is the most dominant macromolecule on the
surface of Gram-negative bacteria. Due to its abundance, it has been implicated in many
bacteria-host interactions. Previous studies have demonstrated the role of LPS, and more
specifically O antigen, in bacterial evasion of innate immune responses in mammals (66,
67), but this mechanism is rarely observed in the context of plant pathogens. In this study,
we demonstrate that O antigen is a novel mechanism used by X. fastidiosa to delay
immune recognition in a susceptible grapevine host, thus contributing to the
establishment of a compatible interaction and pathogenesis.

Structural analysis of the X. fastidiosa O antigen in wild type cells revealed that it

is a linear a1-2 linked L-rhamnan polymer. The production of this polymer was abolished
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in wzy mutant cells. Although mutations in LPS can often affect the production of other
cell surface polysaccharides, namely exopolysaccharide (EPS), we did not observe any
differences in EPS production between the wzy mutant and wild type X. fastidiosa. Thus,
we are confident that we can attribute the observed phenotypes solely to presence or lack
of O antigen. Many phytopathogenic bacteria display O antigens that consist primarily of
oligorhamnans, which can vary in D or L configuration (68). However, the heterogeneous
population of O antigen, demonstrated by the presence of additional minor polymers
containing B-D-xylose substitutions on the main a-L-rhamanan backbone in wild type
cells, was unexpected. Some mammalian bacterial pathogens, namely Pseudomonas
aeruginosa, are able to concomitantly synthesize two types of O antigen, termed A and B
band, which serve different functions for the cell. The A band consists of a conserved
homopolymer, while B band structure varies among the several different serotypes of P.
aeruginosa (69, 70). Further analysis is currently underway to determine if these
polymers are autonomous on the cell surface (i.e. attached to separate lipid A-core) or if
they are attached to the same core as the primary a-L-rhamanan backbone.

The oxidative burst is a critical, early plant response to pathogen infection (52)
and contributes to resistance by inhibiting bacterial growth. It consists of a rapid, intense
production of ROS (e.g. superoxide anions and H,O,), which are toxic compounds with
antimicrobial properties (52). In response to cells lacking the O antigen, grapevines
induced a robust oxidative burst that was prominently localized within the xylem tissue
compartment, while wild type cells (containing a long chain O antigen) elicited a

significantly muted oxidative burst. We reason that wild type X. fastidiosa has evolved
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this long chain O antigen to successfully shield itself (namely PAMPs on the cell surface)
from the grape innate immune system, thus attenuating these responses. The production
of ROS localized specifically in the xylem was very striking.

Xylem vessels are non-living at maturity. Therefore, the oxidative burst is
presumably originating from the adjacent living, metabolically active, parenchyma cells
that are sensing the changes in the xylem vessels (9, 71). To obtain quantitative and
temporal data regarding the kinetics of the oxidative burst elicited by the mutant, we
conducted an ex vivo luminol-based assay using whole cells. The data mirrored those
from the in vivo DAB staining assay; specifically, the cells of the wzy mutant induced a
significantly stronger and more prolonged burst of ROS from leaf discs than those from
the wild type strain. In addition, total ROS production was significantly larger in
response to the mutant, compared with the wild type parent. The detection threshold for
DAB stain is 100uM H»0O,, thus, giving a rough estimate of the lower limit of H,O,
present in the xylem vessels of vines inoculated with the wzy mutant. Remarkably, 90%
of wzy mutant cells did not survive treatment with 100uM H,0O,, indicating that the
production of ROS induced by the O antigen mutant is at a concentration high enough to
significantly reduce bacterial populations in planta. The wzy mutant is compromised in
xylem colonization and is more sensitive to exogenous oxidative stress than wild type.
However, these cells still reach a population threshold to be isolated from local tissue
(not systemic) (33). Taken together with the transcriptomic and phenotypic data from the
study presented here, we establish that elicitation of a robust oxidative burst plays a

critical role in killing large numbers of invading wzy bacteria that are lacking the
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camouflage of the long chain O antigen. We hypothesize that this, combined with the
production of additional defense responses and the activation of specific phytohormone
signaling pathways (which can initiate resistance in systemic tissues), significantly
impairs colonization attempts by these mutant cells. Conversely, the weak production of
ROS shown during the compatible wild type X. fastidiosa-grapevine interaction is
ineffective at preventing pathogen ingress.

Grapevines responded very differently to wild type X. fastidiosa cells during the
early stages on infection. Rather than eliciting hallmarks of responses to biotic stresses as
the wzy mutant did, wild type cells elicited physiological responses related to abiotic
stresses, namely drought stress. Specifically, there was induction of a wide range of genes
whose products are known to function in drought stress tolerance, including the induction
of genes associated with the biosynthesis of abscisic acid (ABA), an important mediator
of water-stress adaptation (72). Choi et al (2013) demonstrated the upregulation of ABA-
associated genes in grapevines at 4 weeks post-inoculation with X. fastidiosa, prior to the
onset of PD symptoms (17). Our results further corroborate their hypothesis that X.
fastidiosa has a strong impact on physiological parameters related to drought stress, and
we demonstrate that these transcriptional changes are initiated within 8 h post-
introduction. Furthermore, beginning at 8 h post-inoculation, wild type-inoculated vines
induced a range of transcripts related to plant cell wall modification, including the
production of numerous cell wall-degrading enzymes such as polygalacturonases (PGs),
expansins, and a xyloglucan endotransglucosylase/ hydrolase (XTH). XTH enzymes have

been implicated in the early events of abiotic stress responses, and in addition to
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expansins, their expression has been shown to be strongly enhanced by ethylene (73, 74).
Perez-Donoso et al (2007) established that PD-infected vines produce more ethylene than
healthy vines, and exposing grapevines to ethylene mimicked some of the hallmark plant
responses associated with X. fastidiosa infection (59). These included host-derived
vascular occlusions, such as tyloses, the formation of which requires extensive plasticity
and reorganization of the plant cell wall. It has been hypothesized that X. fastidiosa-
induced ethylene plays a role in the signaling process that initiates the formation of host-
derived vascular occlusions, which are implicated in exacerbating PD symptoms (59).
Tyloses are the predominant type of occlusion that forms in grapevines with differing PD
resistances. Sun et al (2013) demonstrated that tyloses formed throughout PD-susceptible
grapevines, with over 60% of vessels becoming fully occluded, whereas tyloses occurred
in less than 20% of vessels in PD-resistant vines (15). Histological examination of tylose
formation in wild type and wzy mutant treatments further confirmed this observation,
with the majority of xylem vessels in the susceptible, wild type-inoculated vines
exhibiting complete occlusion with multiple tyloses. In contrast, wzy mutant-inoculated
vines, which exhibited fewer PD symptoms, contained very few tyloses, which only
partially occluded vessels.

We observed the formation of additional physical defenses in response to wild
type cells, which were not present in wzy mutant-inoculated vines, such as a pronounced
deposition of suberin in vessels occluded with multiple tyloses. Suberin deposition is an
established plant defense response to vascular wilt pathogens (75). Interestingly, this is

the first evidence of suberin deposition associated with the X. fastidiosa-grapevine
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interaction. The primary role of suberization is linked to water retention (76). This is
based on knowledge that (i) suberization involves the deposition of a significant amount
of waxes (the removal of which results in an increase in water permeability) (77, 78) and
(i1) that suberization occurs primarily in tissues that do not form a cuticle (79, 80).
Beginning at 8 h post-inoculation, X. fastidiosa wild type-inoculated vines expressed
numerous APETELA2-domain and ethylene response element binding proteins, which
have been shown to influence wax levels and permeability (61). Suberin has also been
implicated specifically in antimicrobial defenses, preventing lateral colonization of other
vascular pathogens such as Verticillium spp. (81). Therefore, in the context of PD
development, it is likely that suberization serves to mitigate unnecessary water loss from
the xylem and may act as an additional physical barrier, attempting to block systemic
spread of X. fastidiosa.

We also present the first visual evidence of callose deposition associated with the
X. fastidiosa-grapevine interaction. Interestingly, callose deposition was observed in the
phloem, indicating there is likely communication between the xylem and phloem in the
context of a xylem-limited X. fastidiosa infection. In addition to tyloses and lignin,
callose is an important defense mechanism in plants. One callose synthase
(VIT 13s0156g00210) was upregulated at 24 h post-inoculation, in response to wild type
X fastidiosa. As the infection progressed, we observed nearly 60% of the total callose-
related genes in the genome uniquely up-regulated in systemic tissue in response to wild
type cells. The resulting differences in deposition between the treatments were further

confirmed histologically. Callose deposition has been documented in grapevine in
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response to foliar pathogens, such as powdery mildew (Erysiphe necator) (82), but has
not been demonstrated to be part of the grapevine’s response to X. fastidiosa infection. It
has long been hypothesized that sharpshooter discrimination against PD-infected,
symptomatic vines is due largely to vector preference: that is, sharpshooters perceive
symptomatic vines as poor quality hosts (83). Because sharpshooters must process
enormous amounts of xylem sap to meet their nutritional needs, it has been speculated
that sharpshooters associate PD symptoms with increased xylem tension and disruption in
hydraulic conductivity, which impinges on their ability to effectively pump xylem sap.
Indeed, Daugherty et al. demonstrated that sharpshooters do not discriminate between
healthy and infected (asymptomatic) vines, which would likely contain low populations
of X. fastidiosa. However, sharpshooters were less likely to alight on vines exhibiting PD
symptoms (83). Our results demonstrate the presence of callose when wild type-
inoculated vines exhibited significant levels of leaf scorching. Therefore, we speculate
that callose deposition also contributes to sharpshooter discrimination against
symptomatic vines, because they would encounter additional obstructions during stylet
penetration. Although many additional experiments would need to be performed to
confirm this event, this may contribute to the model of X. fastidiosa vector preference.
Overall, the RNAseq data indicated that grapevines readily perceive wzy mutant
cells lacking the O antigen shield as a biotic stress to the system and activate specific
defense responses (primarily those contributing to ROS production, phytoalexin
biosynthesis, and PR gene induction) within 8 hours upon recognition. These responses

were not observed in response to wild type cells at this time point. In contrast, grapevines
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responded to wild type X. fastidiosa cells containing the long chain O antigen as a general
or abiotic stress as early as 8 h post-inoculation, particularly related to a disruption in
hydraulic conductivity. This suggests that even at these very early stages of infection, the
plant perceives vascular invasion by wild type X. fastidiosa as a threat to hydraulic
function and is preparing itself for drought stress. This is further supported by the
deposition of suberin later in the infection process. Notably, at 24 h post-inoculation,
grapevines began responding to wild type cells as a biotic threat and initiated defense
responses such as the production of phytoalexins and other antimicrobial compounds.
Furthermore, these vines were actively trying to prevent systemic spread of the pathogen
through the production of structural barriers, such as tyloses and callose. This indicates
that wzy infection fails to elicit the sectors of the immune system related to initiation of
tylose formation as compared to wild type X. fastidiosa. We speculate that this occurs
because the wzy mutant is arrested during the early infection stages via a PTI-mediated
mechanism and, thus, does not proliferate within the xylem as successfully as wild type
X fastidiosa. In fact, wzy populations are significantly lower (2.3 x 10° CFU/g tissue)
than wild type populations at 14 weeks post-inoculation (33). Therefore, the biological
kinetics of disease progress are altered in wzy-infected plants, providing the plant an
opportunity to reduce bacterial titer. We propose that in wild type cells, O antigen shields
the underlying PAMPs located on the cell surface, therefore altering early plant host
recognition of X. fastidiosa and thus avoiding the production of a potentially lethal

oxidative burst. This, combined with the ability of cell surface polysaccharides to act as a
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permeability barrier (preventing the entry of toxic ROS into the cell) (84), allows the wild
type bacteria to colonize to high population levels without detrimental impediment.
Vascular pathogens live deep in the interior of their host plants, studies into their
biology are complicated. However, understanding the biology of vascular pathogens and
the molecular mechanisms underlying plant defense against these pathogens is crucial for
the design of novel management strategies. Plant defenses are triggered by a variety of
elicitors (85, 86), and pre-treatment of plants with purified LPS elicitor can potentiate the
defense system resulting in an enhanced response to subsequent pathogen attack (20, 47,
87). This defense-related memory is called defense priming and stimulates the plant to
initiate a faster and/or more aggressive response against future invading pathogens (42).
Priming often results in an oxidative burst, nitric oxide synthesis and expression of
defense-related genes, which resemble the induced defenses we observed in plants treated
with the wzy mutant (35, 87). An LPS PAMP has been specifically implicated in priming
in the X. campestris pv. vesicatoria pathosystem. Pepper leaves pre-treated with the LPS
isolated from an incompatible (non-virulent) xanthomonad had enhanced expression of
several PR proteins after being challenged with virulent X. campestris pv. vesicatoria
(35). The rapid release of H,O, is generally assumed to be a key event in the
orchestration of various cellular defense responses and is a well-described response of
plant cell suspensions to molecules with eliciting activities (88). In our study, pre-
treatment of vines with either wzy or wild type LPS primed grapevines to be more
tolerant to X. fastidiosa. We employed a ROS assay to further examine the activity of the

elicitor. When LPS was liberated from wild type and wzy mutant cells and purified, there
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was little difference in the degree of elicitation of the oxidative burst between the
treatments, which could explain why the priming results were similar. It is possible that
the potent elicitor is actually the lipid A-core portions of the molecule, which would be
exposed in both wild type and wzy mutant LPS in this situation, as the molecule has been
liberated from the cells. However, in the context of intact cells, O antigen would serve to
shield these portions in wild type cells. In the context of perennial plants such as
grapevines, a primed state can persist across multiple growing seasons, which is
commonly referred to as delayed induced resistance (89, 90). In grapevine, the LPS-
mediated primed state is transient and appears to be lost following 24 h pre-treatment.
We plan to explore repeated applications of LPS to determine if we can extend the
primed state. Through understanding the molecular basis of innate immune resistance, we
are exploiting the power of ROS induction by the LPS elicitor to reveal novel therapeutic
targets for the creation of more sustainable methods of PD protection. Genetic resistance
is the best strategy for controlling vascular wilt pathogens (4). This study has provided
the starting point from which we can begin to unravel the mechanisms that contribute to
the primed state, and identifying these defense genes could be an important step towards

obtaining grapevine resistant varieties through breeding or genetic engineering.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. We used the wild type X. fastidiosa strain
Temeculal (91) and a wzy mutant strain (33). X. fastidiosa wild type and wzy mutant
strains were grown for 7 days at 28°C on solid PD3 medium without or with kanamycin

at Spg/mL, respectively.

Isolation and purification of LPS and core-O-specific polysaccharide. Crude LPSs
were isolated from X. fastidiosa wild type and wzy mutant bacterial cell pellets via the hot
phenol-water extraction procedure (92). Dialyzed phenol and water phases (3500
MWCO) were freeze-dried and washed with 9:1 (v/v) ethanol in water at 4°C. Nucleic
acids and proteins were removed by overnight treatment with RNase and DNase (37°C),
followed by overnight incubation with Proteinase K (37°C) and dialysis (2000 MWCO)
at 4°C against several exchanges of dH,O. Dialysate of LPS was ultracentrifuged at
100,000 x g at 4°C for 18 h and recovered from the pellet. Intact LPS was dissolved in
0.1M EDTA H4/ 0.3M TEA (pH7) and resolved on Superose 12 10/300 GL (GE
Healthcare Life Sciences) FPLC column assembled with AKTA system (Amersham
Biosciences) with 50 mM ammonium acetate buffer (pH6.7) used as eluent with 0.5
ml/min flow. Eluted fractions were recorded with a refractive index (RID-10A,
Shimadzu) and multiple wavelength (A=210, 254 and 280 nm; AKTA system) detectors,
respectively. LPS fractions were LPS was resolved on 18% acrylamide using deoxycholic
acid (DOC) detergent (93), followed by silver staining using the Bio-Rad Silver Staining

Kit (Bio-Rad). Optionally, gel was stained with alcian blue (94), followed by silver
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staining. Void volume LPS fraction was used for O-chain separation and comparative
chemical and structural studies. Carbohydrate moiety of LPS was liberated from lipid A
by 1.5 hour mild hydrolysis in 1% HOAc (v/v) at 100°C and recovered from supernatant
after 20min centrifugation at 5000xg, at 30°C. Similarly to LPS, free O antigen moiety
was dissolved in 50 mM ammonium acetate buffer (pH6.7) and chromatographed on
Superose 12 10/300 GL (see description above). Fractions were collected based on

response from refractive index detector.

Glycosyl composition of LPS and linkage analysis of O-chain polysaccharides
(OPS). The glycosyl and fatty acid composition of the LPS was determined by the
preparation of trimethylsilyl (TMS) methylglycosides after methanolysis with 1M
methanolic HCI at 80 °C for 18 h, in the presence of an internal standard of inositol and
analyzed by GLC-MS (95, 96). Obtained derivatives were analyzed on Hewlett-Packard
HP5890 gas chromatograph equipped with mass selective detector 5970 MSD using EC-
1 fused silica capillary column (30m x 0.25 mm [.D.) and the following temperature
program: 80°C for 2 min, then increased to 160°C at 20°C/min, and to 200°C at 2°C/min
followed by an increase to 250 °C at 10°C/min with an 11 min hold.

OPS polysaccharides were hydrolyzed with 2M TFA (120°C, 2 h) and converted
to alditol acetates (A As) by conventional methods (97) . Glycosyl linkage of OPS was
determined after hydrolysis with 2M TFA at 121°C, overnight reduction with NaBD4 and
conversion to partially methylated alditol acetates (PMAA) (97, 98). GLC-MS analysis

was performed on an HP-5890 GC interfaced to a mass selective detector 5970 MSD
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using a Supelco SP2330 (30mx 0.25 mm ID) capillary column with temperature
program: 80°C for 2 min, then increased to 170°C at 30°C/min, and to 235°C at 4°C/min
with a 20 min hold. Absolute configuration of O-chain monosaccharides were determined
by comparative GLC analysis of the trimethylsilylated (-)-2-butyl glycosides with that of
authentic monosaccharide standards (99, 100) using an Equity-1 fused silica capillary

column and GC-MS condition similar with analysis of TMS methyl glycosides.

1D and 2D nuclear magnetic resonance spectroscopy. Polysaccharide samples were
exchanged twice with 99.9% D,0 and finally dissolved in 100% D,O (Cambridge
Isotope Laboratories, Andover, MA) to a final concentration of approximately 2.5 mg/mL
(for main recovered fractions from wild type and wzy mutant). 1D proton and 2D ('H -'H
TOCSY, 'H-">C-HSQC, -HMBC ) spectra were acquired at 25°C with standard “Presat”
solvent signal suppression on a Varian 600 MHz spectrometer equipped with a 3 mm
cold probe (Varian, Inova Palo Alto, CA) . The NMR acquisitions were processed using
MNova software (Mestrelab Research, Santiago de Compostela, Spain). The spectra were

referenced relative to the DSS signal (dy=0 ppm; 5¢=0 ppm).

LPS extractions for ROS assays and plant defense priming. LPS extractions were
performed based on the method of Marolda et al. (101), with some modification. Briefly,
X. fastidiosa cells were grown on solid PD3 medium for 7 days at 28°C. Following
incubation, cells were harvested with 1X PBS buffer and spun down to form dense

pellets. Cell pellets were stored at -80°C until LPS extractions. Prior to LPS extractions,
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cell pellets were washed 2x with 1X PBS buffer and suspended in 300uL Solution A
(0.05M Na,HPO4 x 7H,0, 0.005M EDTA; pH 7) + 40uL Proteinase K (Qiagen #19131).
Suspensions were incubated overnight at room temperature. LPS was extracted from cell
pellets using a hot phenol/water method and resulting LPS was further purified using
dialysis (MWCO 1 kD). Following purification, LPS was quantified using the Purpald

Assay (102).

ROS assays. Leaf discs (1/8) were punched from Vitis vinifera ‘Cabernet Sauvignon’
grapevines. Discs were placed into individual wells of a 96-well microtiter plate (Costar;
Fisher Scientific, catalog #3912), with each well containing 200puL H,O. Discs were
allowed to sit overnight at room temperature, in the dark. The following day, 200uL.
reactions were performed within each well and contained 2pL of a 100nM stock of
luminol and 20pL of a 10° CFU/mL suspension of X. fastidiosa cells or 20uL of purified
LPS (50ug/mL final concentration). Water or 1X PBS negative controls were used for
LPS or cell suspensions, respectively. Reactions were initiated by the addition of 1uL of
Img/100uL stock of horseradish peroxidase, and relative luminescence was measured in
a Tecan Infinite F200 plate reader. Assay was performed in triplicate. Total ROS
production was determined by calculating the area under the curve for each treatment,
and data was analyzed using the Kruskal-Wallis test for nonparametric one-way
ANOVA. Prior to the test, data were checked for normality and homogeneity of variance
and did not meet these criteria. Post hoc comparisons amongst the treatments used Mann-

Whitney U tests at P = 0.05.
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In situ localization of X. fastidiosa-induced H;O;. This procedure was adapted from the
methods of Liu et al. (103). Briefly, nitrocellulose membrane (0.45um in pore size) was
soaked in Smg/mL DAB-HCL solution (pH 3.8) and then dried at room temperature for
30 min in the dark. Tissue printing was performed at ~20°C. At 15 min post-inoculation
with wild type X. fastidiosa, wzy mutant cells (40uL of 10° CFU/mL suspension), or a 1X
PBS buffer control, petioles were removed, and freehand sections were made of
approximately 1mm thickness using a razor blade (completed within 5 sec). The sections
were gently pressed onto the impregnated nitrocellulose membrane for 10 sec. The
membrane was washed with 100% EtOH to remove any possible inhibitors and
photographed under a stereomicroscope (M165C, Leica Microsystems CMS GmbH,
Wetzlar, Germany) after 5 min at room temperature. Image analysis was conducted using
the NIH program, ImagelJ, according to the methods of Bunderson, et al (2004) (104).
Briefly, the DAB stained images were converted to grayscale and then minimum and
maximum threshold values were established to remove background staining. Finally,
mean gray values for each treatment were calculated and analyzed by one-way ANOVA.
Prior to the test, data were checked for normality and homogeneity of variance and met
these criteria. Post hoc comparisons amongst the treatments used Tukey’s honestly

significant difference (HSD) test at P = 0.05.

H,O0; survival assay. X. fastidiosa wild type or wzy mutant cells were grown on solid
PD3 medium, without or with kanamycin at Sug/mL, for 7 days at 28°C. Following

incubation, cells were harvested with 1X PBS buffer and adjusted to ODgg 0.25 (10

117



CFU/mL). Treatments consisted of 500uL of cell suspension and 500uL of 1X PBS, with
or without the addition of SuL. of 100uM H,O; (final concentration). Suspensions were
incubated at 28°C at 100rpm for 10 min and then immediately placed on ice. The
resulting suspension was diluted and plated onto solid PD3 medium according to standard
methods. Percent survival was determined as the number of CFU/mL in treated cells
divided by the number of CFU/mL in untreated cells (without H,O,), multiplied by 100.
Prior to the test, data were checked for normality and homogeneity of variance and did
not meet these criteria. Comparisons amongst the treatments used Mann-Whitney U tests

at P =0.05.

Histology

Tylose development in PD-infected grapevines. Stem sections of Vitis vinifera
‘Cabernet Sauvignon’ were harvested at 18 weeks post-inoculation with X. fastidiosa
wild type, wzy mutant culture, or a 1X PBS negative control. Tissue was fixed in 80%
ethanol prior to histological examination. Freehand sections were made of approximately
100pm, stained with Toluidine Blue O (0.05%), and observed using a brightfield

microscope (DM4000, Leica Microsystems CMS GmbH, Wetzlar, Germany).

Suberin and callose deposition in PD-infected grapevines. Stem sections of Vitis
vinifera ‘Cabernet Sauvignon’ were harvested at 18 weeks post-inoculation with X.
fastidiosa wild type, wzy mutant culture, or a 1X PBS negative control. Tissue was fixed

in 80% ethanol prior to histological examination. Freehand sections were made of
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approximately 100um and stained with Sudan III (0.2%), followed by Aniline Blue
(0.05%), and observed using a brightfield microscope (DM4000, Leica Microsystems

CMS GmbH, Wetzlar, Germany).

Plant inoculations. Vitis vinifera ‘Cabernet Sauvignon’ vines were needle-inoculated
(105) with either X. fastidiosa wild type, wzy mutant, or 1X PBS buffer control. Cells of
X. fastidiosa strains were harvested from plates of PD3 media in 1X PBS buffer, and
suspensions were adjusted to ODggp 0.25. Each vine was inoculated twice (with a 20uL
drop) on the main stem. For RNAseq experiments, petioles were harvested at each time
point and then immediately placed into liquid nitrogen. Petioles were stored at -80°C, and
before RNA extraction, the frozen tissue was ground to a fine powder using stainless

steel beads in a TissueLyser II (QIAGEN Inc., USA) for 30 s at a frequency of 30/s.

RNA extraction and sequencing. Total RNA was extracted from 0.1g of ground tissue
per sample. The frozen tissue was homogenized by inversion in 500 pl of extraction
buffer (PureLink Plant RNA Reagent, Ambion cat# 12322-012) for 5 min at room
temperature. After homogenization, 100ul of Plant RNA isolation Aid (Ambion cat#
AM9690) was added to the suspension and mixed by inversion for 5 min at room
temperature. Samples were centrifuged at top speed for 5 min at room temperature to
pellet insoluble debris and other contaminants. The supernatant was transferred to a new
tube and then 100ul of 5SM NaCl and 300pl chloroform were added and mixed for 5 min

by inversion. Samples were centrifuged at 12,000 xg for 10 min at 4°C to separate the
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phases, and the upper aqueous phase was transferred to a new tube. Samples were treated
with DNase RNase-free (5 U) and incubated for 20 min at 37°C. After DNase treatment,
500ul of chloroform was added and mixed for 5 min as described above. To separate the
phases, the samples were centrifuged again at 12,000 xg for 10 min at 4°C, and the upper
aqueous phase was transferred to a new tube. An equal volume of isopropyl alcohol was
added, after the samples were mixed by inversion and incubated at room temperature for
10 min. Precipitated RNA was centrifuged at 12,000 xg for 10 min at 4°C, and the
supernatant was discarded. The RNA pellets were washed with ImL of 80 % ethanol and
centrifuged at 12,000 xg for 2 min at room temperature. Then the pellets were air-dried at
room temperature and re-suspended in 30ul RNase-free water. RNA quality was
evaluated by gel electrophoresis, and quantity was determined using the Qubit
fluorometer.

cDNA libraries were generated from mRNA and sequenced using an Illumina
HiSeq 3000 platform. The sequencing of four HiSeq lanes generated a total of 763
million 50 bp single-end reads. Reads were trimmed and filtered to retain high-quality
sequence information only (Q > 20). An average of 24.5 + 3 millions of reads per sample
(87.6x1.7% of the total) were unambiguously mapped on the reference PN40024
transcriptome. Counts were normalized to control for technical variation using DESeq2
(106), which was also used for statistical testing. Functional annotations and biological
processes associated to the differentially expressed grape genes were obtained from
VitisNet (https://www.sdstate.edu/ps/research/vitis/pathways.cfm) (107). The

differentially expressed genes were classified according to inferred biological process and
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molecular function, using the terminology and hierarchical relationships of the Gene
Ontology (GO) consortium. Eighteen different GO categories were sufficient to describe
our results. Enrichment analyses of grape biological processes were performed in R using

a hypergeometric test with a significant cut-off of P <0.05.

Quantitative reverse transcription PCR (qRT-PCR). cDNA was synthetized from
500ng of total RNA using M-MLV Reverse Transcriptase (Promega). qRT-PCR was
performed on a StepOnePlus PCR System using Fast SYBR Green Master Mix (Applied
Biosystems). The qRT-PCR conditions were as follows: 95°C for 10 min, followed by 40
cycles of 95°C for 3 s and 60°C for 30 s. VvActin (VIT 04s0044g00580) (108), was
selected as reference gene to linearize the transcript levels for all genes of interest using
the formula 2(Reference gene CT-Gene of interest CT) (1 9y Three biological replicates were tested
per inoculated X. fastidiosa strain (wild type and wzy mutant) and each of the time points.
The specificity was confirmed by analyzing the melting curves at temperatures ranging

from 60-95 °C.
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Supplemental Figure S2.1. 1D and 2D nuclear magnetic resonance spectroscopy

PO~

Bl

.
“C Cromce o om

“*C Coomca 2 go~

323 hd

.o s

e [¥) o - - . “r v " o 1. ¥
R L I )

The 1D "H NMR and 2D TOCSY-150 ms (A), NOESY-200 ms (B) and HSQC spectra
(C) of OPS, recorded in DO at 25°C. The CHj signals were observed at ~ ¢ 1.30, but
were not included in the figure. Cross-peaks belonging to the same scalar-coupling
network are indicated near dotted lines starting from the corresponding diagonal peaks.

122



Supplemental Table S2.1. Composition analysis of LPS isolated from wild type and

wzy mutant X. fastidiosa cells

Glycosyl! Residues (Mol %)

GlcNAc . | O-Me- | 10:0(30H) | 12.0(30H)
Wild type - 822 | 120 15 16 23 03 + + . .
wzy mutant - 190 10 41 151 | 526 82 . ndtr . .

Not all glycosyl residues were quantified due to lack of unique standard. *Identified but not
quantified; tr = trace; nd = non detected
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Supplemental Table S2.2. 'H and *C NMR chemical shifts of the O-

polysaccharides, recorded in D,0, at 25°C

Residue "H/7C chemical shifts (8)
1 2 3 4 5 6
A —2)w-L-Rha-(1— 5.20 305 392 351 3.74 131
102.0 79.3 710 733 705 18.0
B —23)e-L-Rha-(1— 516 415 395 355 378 1.29
101.2 79.6 762 732 705 180
C  —2)aL-Rha(1- 5.13 ERE 392 346 37 1.28
102.0 79.6 70.7 70.7 705 18.0
D —s3)-e-L-Rha-(1— 5.10 4.08 3.95 348 34 1.30
102.0 69.7 76.2 733 70.5 180
E —20wL-Rha(l— 508 an 396 358 378 1.29
102.0 79.6 76.2 732 70,8 180
F oo pD-Xyl(l— 445 328 140 3.62 398326 -
104.5 74.0 76.9 704 66.3
G DXyl 438 328 140 162 398326 -
104.7 740 769 704 66,3
H  <o2)te-L-Rha-(1-» 5.10 409 390 148 374 1.28
101.2 791 711 733 708 150
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Supplemental Table S2.3. Quantitative reverse transcription PCR (qRT-PCR)

validation of RNAseq data

RNAseq qPCR
Group Gene Annotation Comparison Timepoint | Fold change Fold change
(log, ) (log,)
| VIT_11s0052g01780 1-deoxy-D-xylulose-5-phosphate synthase wt/Control 8h 0.23 5.41E-01 0.16 7.09E-01
| VIT_11s0052g01780 1-deoxy-D-xylulose-5-phosphate synthase wzy/Control 8h 1.64 9.79E-04 1.78 2.29e-01
| VIT_11s0052g01780 1-deoxy-D-xylulose-5-phosphate synthase wt/Control 24 h 0.05 8.30E-01 0.30 3.09E-01
| VIT_11s0052g01780 1-deoxy-D-xylulose-5-phosphate synthase wzy/Control 24h 0.36 2.00E-01 0.33 1.95E-01
Il VIT_00s0253g00040 Monocopper oxidase SKS17 (SKUS Similar 17) wt/Control 8h 0.42 5.01E-02 0.16 5.83E-01
1l VIT_00s0253g00040 Monocopper oxidase SKS17 (SKU5 Similar 17) wzy/Control 8h 0.16 5.17E-01 -0.17 8.14E-01
1l VIT_00s0253g00040 Monocopper oxidase SKS17 (SKU5 Similar 17) wt/Control 24 h 0.35 1.53E-01 -0.35 1.21E-01
1l VIT_00s0253g00040 Monocopper oxidase SKS17 (SKU5 Similar 17) wzy/Control 24 h 0.53 9.84E-03 0.06 8.70E-01
1] VIT_08s0040g02200 Peroxidase ATP2a wt/Control 8h 0.34 2.92E-01 -0.24 7.12E-01
1 VIT_08s50040g02200 Peroxidase ATP2a wzy/Control 8h 0.83 9.22E-01 0.78 4.03e-01
1 VIT_08s50040g02200 Peroxidase ATP2a wt/Control 24h -0.07 3.93€-02 -0.87 3.06E-01
n VIT_08s0040g02200 Peroxidase ATP2a wzy/Control 24h 0.76 2.02€-03 -0.46 3.26€-01
v VIT_01s0127g00400 Polygalacturonase GH28 wt/Control 8h 5.33 3.41E-07 2.77 3.68E-02
v VIT_01s0127g00400 Polygalacturonase GH28 wzy/Control 8h 2.48 6.83E-02 0.78 3.16E-01
v VIT_01s0127g00400 Polygalacturonase GH28 wt/Control 24 h 2.19 5.50E-02 2.50 1.62E-01
\" VIT_01s0127g00400 Polygalacturonase GH28 wzy/Control 24 h 0.36 3.66E-01 0.94 1.19€-01
\ VIT_14s0060g00480 S-adenosylmethionine synthetase 1 (SAM1) wt/Control 8h -0.51 2.35E-03 -1.01 1.12€-01
\Y VIT_14s0060g00480 S-adenosylmethionine synthetase 1 (SAM1) wzy/Control 8h -0.09 5.91E-01 -0.78 1.91E-01
\' VIT_14s0060g00480 S-adenosylmethionine synthetase 1 (SAM1) wt/Control 24h 0.25 5.00E-02 0.21 4.14€-02
\ VIT_14s0060g00480 S-adenosylmethionine synthetase 1 (SAM1) wzy/Control 24h 0.02 8.21E-01 0.12 7.01E-01
Al VIT_13s0067g02360 Peroxidase, class Il wt/Control 8h 1.75 7.37E-11 1.53 8.26E-02
4 VIT_13s0067g02360 Peroxidase, class Il wzy/Control 8h 1.25 2.02E-02 1.37 2.31E-01
Vi VIT_13s0067g02360 Peroxidase, class Il wt/Control 24h 1.64 4.55E-03 0.62 1.78E-01
Vi VIT_13s0067g02360 Peroxidase, class Il wzy/Control 24 h 0.61 6.08E-02 0.34 4.45E-01
Vil VIT_11s0052g01650 Pathogenesis-related protein 1 precursor (PRP 1) wt/Control 8h 2.56 7.47E-11 1.77 1.13€-01
Vil VIT_11s0052g01650 Pathogenesis-related protein 1 precursor (PRP 1) wzy/Control 8h 1.39 9.12E-03 1.51 3.35E-01
Vil VIT_11s0052g01650 Pathogenesis-related protein 1 precursor (PRP 1) wt/Control 24h -0.04 9.45E-01 0.23 5.56E-01
Vil VIT_11s0052g01650 Pathogenesis-related protein 1 precursor (PRP 1) wzy/Control 24h -0.03 9.74E-01 0.66 5.90E-02
Vil VIT_04s0008g00420 Clavatal receptor kinase (CLV1) wt/Control 8h 0.19 5.95E-01 1.50 2.25E-01
Vil VIT_04s0008g00420 Clavatal receptor kinase (CLV1) wzy/Control 8h 0.05 9.15E-01 0.63 4.58E-01
Vil VIT_04s0008g00420 Clavatal receptor kinase (CLV1) wt/Control 24h 0.97 1.44E-08 1.82 1.59€-01
Vil VIT_04s0008g00420 Clavatal receptor kinase (CLV1) wzy/Control 24 h 0.79 9.98E-06 1.12 1.38E-01
IX VIT_11s0052g01150 Nicotianamine synthase wt/Control 8h 1.99 1.84€-07 0.40 3.78E-01
IX VIT_11s0052g01150 Nicotianamine synthase wzy/Control 8h 1.22 8.84E-03 0.10 8.90E-01
IX VIT_11s0052g01150 Nicotianamine synthase wt/Control 24h 1.77 1.03E-08 0.72 1.83€-01
IX VIT_1150052g01150 Nicotianamine synthase wzy/Control 24h 1.15 5.83E-03 0.14 7.91E-01

qRT-PCR validation of a subset of genes from the RNAseq study on early grapevine
responses to wild type and wzy mutant X. fastidiosa. The results are shown as fold
changes (log2), and the corresponding P values are provided.
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CHAPTER III: Disruption in the biosynthesis of L-rhamnose precursors modifies
cell surface polysaccharide production and virulence for the bacterial
phytopathogen Xylella fastidiosa

ABSTRACT

L-rhamnose is a naturally occurring deoxy sugar commonly found in bacterial
polysaccharides, which are essential virulence factors for many bacterial pathogens. The
role of L-rhamnose production in the bacterial plant pathogen Xylella fastidiosa was
investigated by knocking out the dTDP-L-rhamnose biosynthetic operon, rm/B;ACD. The
mutation affected the production and assembly of the major cell surface polysaccharides,
lipopolysaccharide (LPS) and exopolysaccharide (EPS). Specifically, LPS O antigen
assembly was altered, and the Arm/B;ACD mutant produced less EPS compared with
wild type. Furthermore, the Arm/B;ACD mutant strain was affected in critical biofilm-
associated behaviors, such as attachment to host surfaces. Biologically, the mutant strain
was significantly impaired in plant host colonization, including systemic movement, and
these plants exhibited fewer Pierce’s disease symptoms. Taken together, these results
establish diverse roles for L-rhamnose biosynthesis in X. fastidiosa biology and host-

pathogen interactions.

INTRODUCTION

Xylella fastidiosa is a destructive xylem-limited bacterial plant pathogen that is obligately
transmitted by xylem-feeding sharpshooters (1). It is the causal agent of several
economically important diseases on agricultural and ornamental crops, notably Pierce’s

disease of grapevine. X. fastidiosa colonizes the vector foregut by attaching to and
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forming robust biofilms within the insect mouthparts. Cells are subsequently inoculated
into plant xylem vessels during insect feeding on xylem sap (2). X. fastidiosa attaches to
vessel walls and develops into biofilms that colonize the xylem tissue network, leading to
the occlusion of water flow throughout the plant. This is followed by water stress
symptoms, such as severe leaf scorching, and ultimately plant death (3). In the case of
Pierce’s disease of grapevine, additional symptoms include irregular periderm
development, premature leaf abscission, and raisining of grape clusters (1). In both the
insect and plant host environments, biofilm formation is important for the dissemination
of inoculum and progression of infection. X. fastidiosa cell surface components, such as
the proteinaceous adhesins HxfA and HxfB and types I and IV pili, were demonstrated to
contribute to various stages of biofilm formation and host colonization (4-8), but more
recently, cell surface polysaccharides have been implicated in this biological process (9-
11).

We demonstrated previously that the lipopolysaccharide (LPS) O antigen of X.
fastidiosa is composed primarily of L-rhamnose. L-rhamnose is a common component of
bacterial cell surface polysaccharides and glycoproteins, and it is ubiquitous in both
Gram-negative and Gram-positive bacteria. Many notable mammalian and plant bacterial
pathogens, e.g. Salmonella enterica and Xanthomonas campestris, possess L-rhamnose-
containing polysaccharides (12, 13). In addition to pathogenic microbes, rhamnose-rich
polysaccharides are also found in plant growth-promoting rhizobacteria (e.g. Rhizobium
spp. and Azospirillum spp.) where they contribute to establishing an effective plant-

microbe association (14, 15). Loss of the rhamnose-rich O antigen significantly altered X.
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fastidiosa adhesion dynamics within plant and insect hosts, consequently affecting
biofilm formation and virulence (9, 10). Furthermore, this mutation also compromised
cell membrane integrity, increasing sensitivity of the cells to oxidative stress. Thus, the
focus of our study was to elucidate the specific contributions of L-rhamnose
monosaccharide precursors in X. fastidiosa pathology.

Genes involved in the biosynthesis of dTDP-L-rhamnose (the activated
monosaccharide form of L-rhamnose) have been identified in several bacteria. However,
the gene order varies from species to species, and in some cases, the genes are not always
located together (12). Using comparative genomics, we have identified four X. fastidiosa
genes that encode proteins which putatively catalyze the synthesis of dTDP-rhamnose
from glucose-1-phosphate (map order): rm/B; (XP0208), rmlA (XP0209), rmIC
(XP0210), and rmID (XP0211) (13, 16). These genes are located together in an operon.
We also identified an additional, unlinked copy of rm/B, designated rmiB, (XP1617). The
first enzyme of the pathway, RmlA (glucose-1-phosphate thymidylyltransferase),
converts glucose-1-phosphate to dTDP-glucose; RmIB (dTDP-D-glucose-4,6-
dehydratase) catalyzes the dehydration of dTDP-d-glucose to form dTDP-4-keto 6-
deoxy-D-glucose; RmIC (dTDP-6-deoxy-D-xylo-4-hexulose 3,5-epimerase) catalyzes a
double epimerisation reaction at positions C3 and C5; and RmID (dTDP-6-deoxy-L-lyxo-
4-hexulose reductase) reduces the C4 keto function to generate the final product, dTDP-
L-Rhamnose (12, 13).

Mutations in the rm/ locus in Xanthomonas campestris pv. campestris (Xcc), a

close relative of X. fastidiosa, affected O antigen biosynthesis and caused a reduction in
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EPS production (13). EPS, which is a major component of the extracellular matrix
surrounding mature biofilms (17), was also shown to be essential for X. fastidiosa
transmission and virulence in planta. Mutants disrupted in EPS biosynthesis were
severely affected in biofilm formation, resulting in avirulence in grapevines and reduced
transmission rates by blue-green sharpshooters (Graphocephala atropunctata) (11).
Similar defects in the production of surface polysaccharides, and consequently reductions
in bacterial virulence, were also seen in m/ mutants in the enteric pathogens Escherichia
coli and Salmonella enterica. Additionally, loss of rhamnose production in rhizobial
symbionts inhibited establishment and nodule formation in planta, suggesting that the
production and utilization of rhamnose monosaccharides is highly conserved across
diverse microbial lifestyles (14, 18, 19). In this study, we demonstrate that the production
of dTDP-L-rhamnose precursors in X. fastidiosa contributes to the production and
assembly of the prominent bacterial surface polysaccharides, LPS and EPS. Furthermore,
we show that these alterations in LPS and EPS affect biofilm-associated behaviors and
increase sensitivity of the cells to exogenous stress, which consequently impacts the
ability of X. fastidiosa to successfully colonize and cause Pierce’s disease in a susceptible

grapevine host.
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RESULTS

Genetic organization of dTDP-L-rhamnose biosynthetic genes in Xylella fastidiosa
and a close relative, Xanthomonas campestris pv campestris. The X. fastidiosa
rmlB;ACD gene cluster is orthologous to L-rhamnose biosynthetic genes in X. campestris
pv campestris (73% identity). In addition to putative functions in LPS biosynthesis, the
genomic context of the rm/B;ACD operon implies possible coordination of LPS/EPS
biosynthesis via regulation of the rm/B;ACD operon. Two xanthan biosynthesis genes,
xanA and xanB, are located immediately downstream (85% identity) (Fig. 3.1) but do not
appear to be part of the rmlB;ACD operon. xanA and xanB genes are implicated in
fastidian gum production in a different strain of X. fastidiosa causing Citrus Variegated

Chlorosis (20).

Deletion of the rmIB;ACD operon affects the production and assembly of cell surface
polysaccharides. To determine whether rm/B;ACD contributes to the assembly of LPS,
deoxycholate polyacrylamide gel electrophoresis (DOC-PAGE) analysis was performed
with purified LPS from wild type, ArmIB;ACD, and rml/rml+ X. fastidiosa cells. The
wild type LPS profile exhibited a diffuse, high molecular weight O antigen (Fig. 3.2A,
arrow) which is consistent with what has been demonstrated previously (9). No diffuse O
antigen was observed in Arm/B;ACD mutant LPS, similar to the wzy mutant described in
Chapter II. Restoration of O antigen occurred in the 7ml/rml+ complemented strain (Fig.
3.2A). These results suggest that rm/B;ACD contributes to the incorporation of rhamnose

into the high molecular weight O antigen, and lack of L-rhamnose production disrupts
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Figure 3.1. Genetic organization of the Xylella fastidiosa dATDP-L-rhamnose

biosynthetic operon
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Genetic organization of the rm/ operon of X. fastidiosa (Xf) Temeculal isolate (causing
Pierce’s disease of grapevine) and Xanthomonas campestris pv. campestris (Xcc), a close
relative. The rml locus is composed of four open reading frames (ORFs) designated
rmlB; rmlA, rmIC, and rmID (map order). These genes are contiguous, transcribed in the
same direction, and arranged in the same manner as those in Xcc. Comparisons of the
deduced amino acid sequences of Xf RmlB;, RmlA, RmIC and RmID with those of Xcc
revealed strong amino acid sequence identity (73%). Furthermore, similarity of the
downstream xanthan biosynthesis enzymes (XanA, XanB, 85% amino acid sequence
identity) suggests a putative role for these enzymes in EPS production in the Temeculal
isolate.
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this process. Because similar sugar precursors are utilized in the synthesis of both LPS
and EPS, mutations in one biosynthetic pathway can often have pleiotropic affects, thus
altering the production of multiple polysaccharides. The ArmiB;ACD mutant produced
less EPS compared with wild type, when grown on EPS-inducing media, suggesting that
the production of rhamnose precursors may also play a role in X. fastidiosa EPS
biosynthesis (Fig. 3.2B). However, we did not observe differences in EPS production
when cells were grown on standard PD3 medium, which was used for all of the

remaining assays.

Rhamnose biosynthesis contributes to cell attachment and formation of a mature
biofilm. To quantify the contribution of L-rhamnose production in cell attachment and
cell-cell aggregation (two critical steps in biofilm formation), we evaluated the ability of
wild type and ArmIB;ACD X. fastidiosa cells to attach to a solid surface and to each
other. The ArmiB;ACD mutant showed a significant increase in attachment to glass tubes
compared with the wild type strain (P < 0.05) (Fig. 3.3A). Taken together, these results
suggest that changes in cell surface properties have consequently affected the adhesive
properties of the cell. Cell-cell aggregation was also significantly reduced in A
rmlB;ACD cells, compared with the wild type parent (P < 0.0001) (Fig. 3.3B). Because
surface attachment and cell-cell aggregation are the first steps in biofilm formation, we

qualitatively analyzed biofilm formation in liquid cultures of wild type and A rm/B;ACD

X. fastidiosa strains, where biofilm is visualized as a ring of cells at the air-liquid
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Figure 3.2. LPS and EPS profiles of Xylella fastidiosa strains

B Wild type  ArmiB,ACD  rmlfrml+

(A) Purified LPS analyzed on an 18% deoxycholate—polyacrylamide electrophoretic gel
demonstrated that O antigen production is affected in the ArmlB;ACD mutant strain. Lane
1 = Escherichia coli 055:B5 standard; 2 = Wild type X. fastidiosa; 3 = ArmIB,;ACD;, 4 =
rml/rml+. Arrow indicates the production of O antigen seen in wild type and rml/rml+
LPS. (B) Alcian Blue 8GX staining of cell lawns printed onto nitrocellulose membrane.
Qualitative analysis demonstrated that Arm/B;ACD mutant cells were impaired in EPS
production, compared with wild type and the rml/rml+ complemented strain.
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interface. Following 7 days of incubation in PD3 liquid medium, both strains were
capable of attaching to the glass surface and initiating biofilm formation. However, the

wild type biofilm was visually thicker than the Arm/B;ACD mutant biofilm (Fig. 3.3C).

Depletion of rhamnose biosynthesis affects cell tolerance to oxidative stress. Bacterial
cell surface polysaccharides serve as important barriers to antimicrobial compounds and
host-derived toxins. Utilizing a disk diffusion assay, we evaluated the contribution of
rhamnose to the protection against exogenous oxidative stress. The ArmlB;ACD mutant
was significantly more sensitive to HO, compared with the wild type and complemented
strains, indicating that disruption in the biosynthesis of rhamnose affects the integrity of

the outer membrane (P < 0.01) (Fig. 3.4A,B).

Loss of rhamnose biosynthesis affects virulence and plant host colonization.
Grapevines inoculated with ArmlB;ACD mutant cells showed significantly fewer PD
symptoms over the course of the study, compared with wild type and rml/rml+
complemented strains (Fig. 3.5A). Grapevines inoculated with wild type and rm//rml+
strains began eliciting noticeable leaf scorch symptoms beginning around 5 weeks post-
inoculation. However, grapevines inoculated with ArmiB;ACD mutant cells did not
exhibit significant leaf scorch symptoms until around 9 weeks post-inoculation, and
overall, these vines exhibited significantly less disease severity than wild type and

rml/rml+ X. fastidiosa strains (P < 0.05) (Fig. 3.5B). By 18 weeks post-inoculation, over
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Figure 3.3. Contribution of rhamnose to biofilm formation
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The ArmiB;ACD mutant attached significantly more to a glass surface than wild type X.
fastidiosa cells (A). Data are means of three independent assays with 9 total replicates.
Bars with different letters are significantly different (P < 0.05). The ArmiB;ACD mutant
was significantly reduced in cell-cell aggregation (B) and biofilm formation (C). Biofilm
formation was visualized at the air-liquid interface. Biofilms of wild type X. fastidiosa
cells were consistently thicker than ArmlB;ACD mutant cells (arrow). The reduction in
cell-cell aggregation could also be seen as turbidity in the liquid culture (*). Data are
means of three independent assays with 9 total replicates. Bars with different letters are
significantly different (P < 0.0001).
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Figure 3.4. The production of rhamnose protects Xylella fastidiosa against oxidative

stress
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A disk inhibition assay was performed using 100 mM hydrogen peroxide (A,B). The
ArmlB;ACD mutant was significantly less tolerant, qualitatively and quantitatively, to
oxidative stress than the wild type and rml/rm/+ complemented strains. Data are means
of three independent assays with 9 total replicates. Bars with different letters are
significantly different (P < 0.01).
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half of the leaves on wild type and rml/rml+ complemented strains exhibited scorching
(rating a 3.5 and 3, respectively). In contrast, only one or two leaves on ArmlB;ACD
plants exhibited marginal necrosis (rating of 1.7) (Fig. 3.5C). To quantify the contribution
of rhamnose to host colonization, we performed bacterial isolations at 5 weeks post-
inoculation from local petioles (point of inoculation, POI) and again at 12 weeks post
inoculation from local and systemic petioles (25 cm above the POI). At 5 weeks post-
inoculation, the average number of ArmiB;ACD mutant cells recovered from petioles was
significantly less than wild type and rm//rml+ average populations (P < 0.05) (Table 3.1).
At 12 weeks post-inoculation, the average number of Arm/B;ACD mutant cells recovered
from local petioles was significantly less than wild type plants (data not shown). In
systemic petioles, the average number of Arm/B;ACD mutant cells recovered from
petioles remained significantly less than wild type and rmi/rml+ plants (P < 0.05) (Table
3.1). Furthermore, we recovered wild type X. fastidiosa from 95% of vines inoculated
with that strain, in contrast with only 19% recovery of the mutant strain from

ArmiB;ACD-inoculated vines.

Tylose development in ArmlB;ACD-inoculated vines is attenuated. Vascular
occlusions are commonly produced by plants in response to infection by vascular
pathogens. Tyloses are outgrowths of the xylem parenchyma cell into the vessel lumen
and are abundant in PD-susceptible grapevines (21). We examined tylose formation at 18
weeks post-inoculation in vines inoculated with wild type, Arm/B;ACD or rml/rml+ X.

fastidiosa cells or 1X PBS control. We observed pronounced differences in the
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Figure 3.5. The production of L-rhamnose contributes to host colonization and

virulence in a susceptible grapevine variety
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(A) PD symptom progression over the course of the assay. Arrows indicate sampling time
points for bacterial isolations. (B) Average disease rating at 18 weeks post-inoculation.
The A4rmiB;ACD mutant-inoculated plants exhibited a significantly lower degree of PD
symptoms overall, compared with wild type and rml/rml+-inoculated plants. Data are
means of three independent assays with 21 total replications. Bars with different letters
are statistically different (P < 0.05).
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Table 3.1. Xylella fastidiosa populations in Chardonnay leaf petioles

Distance® Weeks®  Wild type (CFU)  ArmiB,ACD (CFU)  rmlrmi+ (CFU)

POl S 9.11E+OBA’ I.SIE+O7TB 2.25E+09A

25 cm 12 4.23E+07A 200E405B 2.79E+07A

*Point of ineculation (POI) or distance above POI in centimeters
® Time post-inoculation
" Values with different letters are statistically different (£ < 0.05).
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Figure 3.6. ArmlB;ACD-inoculated vines contain fewer tyloses

Micrographs display tylose production in cross sections of grapevine xylem (brightfield
Toluidine Blue O). Images represent grapevines at 18 weeks post-inoculation treated with
wild type (A), 4rmlB;ACD (B), or rml/rml+ X. fastidiosa cells (C) or 1X PBS buffer (D).
Arrows point to xylem vessels completely occluded with multiple tyloses seen in wild
type and rml/rml+-inoculated vines. Tyloses were largely absent in the xylem vessels of
ArmlB;ACD mutant-inoculated vines. No tyloses were present in the stems of 1X PBS-
inoculated vines.
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abundance of tyloses in response to wild type vs ArmiB;ACD mutant-inoculated plants. In
wild type-inoculated vines, tyloses were present in nearly all xylem vessels (Fig. 3.6A),
and vessels were often completely occluded with multiple tyloses. In contrast,
ArmlB;ACD mutant-inoculated vines contained very few tyloses (Fig. 3.6B). In the case
where a tylose was present, it was often one large tylose that only partially occluded the
vessel. Rml/rml+ vines complemented the level of tylose production seen in wild type-
inoculated vines (Fig. 3.6C), and all 1X PBS control vines were free of occlusions (Fig.

3.6D).

DISCUSSION

Polysaccharides are important components of the bacterial cell surface that greatly
contribute to cell survival and interactions with potential hosts. In both pathogenic and
symbiotic plant-bacteria interactions, the biosynthesis of monosaccharide precursors,
particularly rhamnose, plays an important role in the production of the polysaccharides
LPS and EPS, which contribute to successful host associations. Thus far, there is little
evidence implicating these rhamnose precursors in X. fastidiosa biology and host-
pathogen interactions. L-rhamnose is synthesized as an activated nucleotide sugar (e.g.
dTDP-L-rhamnose) by the enzymes RmIA, RmlB, RmlIC, and RmID. Sequence analysis
of the X. fastidiosa genome identified four ORFs, which showed high homology to the
rhamnose biosynthetic operon (rm/B;ACD) in Xcc, a close relative. To assess the role of
L-rhamnose biosynthesis in LPS and EPS production and assembly in X. fastidiosa, an

ArmIB;ACD mutant strain was constructed in the Temeculal, Pierce’s disease isolate.
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LPS serves as an important barrier to toxic compounds and for maintaining cell
function and integrity (22). To determine whether L-rhamnose precursors contributed to
LPS biosynthesis, DOC PAGE analysis of purified LPS was performed. Wild type X.
fastidiosa produced a diffuse O antigen-containing LPS (9), but no O antigen-containing
LPS was observed in Arm/B;ACD mutant cells. This mirrors the phenotype of the wzy
mutant in Chapter II. This implicates the »m/ operon in the incorporation of rhamnose
monomers into the O antigen. Therefore, we propose that the m/ operon should be
included in LPS biosynthesis gene clusters, specifically genes involved in production and
assembly of O antigen, for future studies. In many bacterial pathogens, the same sugar
precursors are utilized in the synthesis of both LPS and EPS. Consequently, mutations in
LPS biosynthetic genes typically affect EPS production as well (23, 24). X. fastidiosa is
predicted to produce an EPS that is similar to xanthan gum. This is supported by the fact
that X. fastidiosa has an operon with high homology to the Xcc gum operon (25), which
encodes the enzymes involved in the biosynthesis of xanthan gum (11, 30). Based on
genomic analysis, rhamnose is not predicted to be a constituent of X. fastidiosa EPS. Yet,
the ArmlB;ACD mutant produced smaller amounts of EPS than wild type cells, when
grown on EPS-inducing media, indicating that disruption of the »m/ operon also affects
the biosynthesis of this polysaccharide. EPS also contributes to the ability of X. fastidiosa
to colonize and cause disease in grapevine (11), but for all other experiments in this
study, X. fastidiosa strains were grown on standard PD3 medium, which does not induce

EPS production. Furthermore, cells were subjected to rinses and OD adjustments in
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buffer prior to inoculation. Thus, we do not attribute the observed phenotypic differences
to defects in EPS production.

LPS and EPS play important roles in the construction of bacterial biofilms, where
they contribute to initial cell attachment and biofilm maturation, respectively (26).
Mature biofilm formation on a glass surface by the Arm/B;ACD mutant strain was
severely impaired, compared with wild type cells. We attribute this to significant
alterations in cell attachment and cell-cell aggregation. The ArmlB;ACD mutant cells
exhibited enhanced attachment to a glass surface, which is similar to the phenotype of the
X. fastidiosa wzy mutant and is consistent with reports in other bacteria containing O
antigen mutations (9, 27, 28). The hyperattachment phenotype exhibited by the
ArmlB;ACD mutant, combined with reduced cell-cell aggregation and EPS production,
likely locks these cells in the initial attachment stages of biofilm formation and hinders
the subsequent steps of microcolony formation and construction of a 3-dimensional
biofilm. Although biofilm formation contributes to the occlusion of xylem vessels, the
development of disease also depends on the ability of X. fastidiosa to spread systemically
from the point of infection (3). Grapevines inoculated with the Arm/B;ACD mutant
contained significantly fewer populations in systemic tissue, and Pierce’s disease
symptoms were significantly reduced in these plants, compared with wild type and
rml/rml+-inoculated vines. We speculate that the hyperattachment phenotype likely
hinders ArmlIB;ACD cells from moving effectively through the xylem network.

Cell surface polysaccharides serve important protective functions for bacterial

cells (29-31), such as increasing tolerance to antimicrobial compounds, desiccation, and
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host defense responses. We demonstrate that the production of rhamnose-rich
polysaccharides protects the cells against oxidative stress, which is likely encountered by
X. fastidiosa as it colonizes the plant. This may partially explain why ArmiB;ACD mutant
cells were impaired in host colonization, as these cells were significantly more sensitive
to hydrogen peroxide treatment. Both LPS and EPS have been implicated specifically in
the protection against hydrogen peroxide (9, 32-36), which is a type of toxic reactive
oxygen species produced during the oxidative burst, a hallmark of plant basal defense
responses. We have evidence demonstrating that the rhamnose-rich O antigen serves to
shield wild type X. fastidiosa cells from recognition by the grapevine immune system,
allowing them to evade early recognition by the grapevine host (Chapter II). A similar
scenario occurs in Salmonella enterica subsp. enterica sv. (S.) Typhimurium where the O
antigen aids in evasion of the murine immune system (37). We speculate that O antigen
alterations in ArmlB;ACD mutant cells hastens detection by the grapevine immune
system, resulting in the swift deployment of defense responses that effectively reduce
bacterial populations in planta. The reduction in tyloses seen in these vines corroborates
this hypothesis. Plants produce tyloses in an effort to block systemic movement of
vascular pathogens, and it has been established that PD-infected vines produce an
abundance of tyloses. Specifically, tyloses can occur in over 60% of the vessels in a
transverse section of vascular tissue (21). Since the Arm/B;ACD mutant is impaired in
virulence and host colonization, it is likely that the plant does not deem it necessary to

allocate resources towards building these structural barriers.
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In this study, we demonstrate the importance of L-rhamnose production in the
biosynthesis of X. fastidiosa cell surface polysaccharides that are critical to virulence in
the grapevine host. Future studies investigating the functional characterization and
regulation of the rm/ operon would greatly contribute to our understanding of
polysaccharide biosynthesis and assembly in this bacterial pathogen. Strains of X.
fastidiosa exhibit incredible host specificity, but presently, the determinants of this
specificity are unknown. Previous reports comparing the genomes of two Xanthomonas
spp. with differing host specificities implicated rm/-linked O antigen biosynthesis in
pathogen host-range selection (38). We demonstrated in Chapter II that the rhamnose-rich
O antigen is critical for the X. fastidiosa-grapevine interaction. However, there has been
little focus on O antigen structural and functional characterization in other prominent X.
fastidiosa strains, which exhibit strict host specificity. Comparison of the rm/ operons in
these other prominent strains is warranted, as specific O antigen composition and
structure may play crucial roles in the creation of successful X. fastidiosa-host

adaptations.
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MATERIALS AND METHODS
Bacterial strains, plasmids, and primers. All bacterial strains, plasmids, and primers

used in this study are listed in Table 3.2.

Media and growth of bacterial strains. X. fastidiosa strains were grown at 28°C in PD3
liquid and solid medium. E. coli strains were grown at 37°C in liquid and solid Luria-
Bertani medium. When appropriate, kanamycin and chloramphenicol were added at
Sug/mL for X. fastidiosa strains. For selection of E. coli transformants, spectinomycin

and kanamycin were added at 100 and 30pg/mL, respectively.

DNA Manipulations. Genomic DNA was extracted using the Qiagen DNeasy Blood and
Tissue Kit (Qiagen, Valencia, CA, U.S.A.). Plasmid DNA was extracted using the
Zyppy'"™" plasmid miniprep kit (Zymo Research Corporation, Irvine, CA, U.S.A.). DNA
fragments were amplified using Takara Ex-Taq DNA polymerase (Takara Bio USA,
Madison, WI, U.S.A.). Synthetic oligonucleotide primers were ordered from Integrated
DNA Technologies (Coralville, IN, U.S.A.). Restriction enzymes were purchased from

New England Biolabs (Ipswich, MA, U.S.A.).
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Table 3.2. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristics

Reference, source

Plasmids
pCR8/GW/TOPO

TOPO XL
pAX1Cm
pJR8

pJR15

pIR12

pIR13

Xylella fastidiosa
Temeculal

Temecula ArmIB,ACD
(JR16)

Temecula rmlB,ACD/
rmiB,ACD+(JR17)

Escherichia coli
Top 10

Gateway TA cloning vector, Sp’
TA cloning vector, Km', Zeo'

pAX1 with cat and multiple cloning site, Cm'

pCR8/GW/TOPO with 5.48kb rmIB,ACD operon
(including flanking regions), Sp'

pJR8 digested with restriction enzymes BsiWi and
BspEl, with Tn-5 EZ Tn5 <kan-2> marker, creating
A,rmIB,ACD, Km', Sp'

TOPO XL with wild type rmlB,ACD operon, including
native promoter, Km', Zeo"

pAX1Cm with wild type rmIB,ACD operon, including
native promoter, Cm'

subsp. fastidiosa, wild type isolated from grape
Km', knockout in rmIB,4CD operon

Km', Cm', knockout in rm/B,;ACD complemented by
chromosomal integration of wild type rm/B,ACD
operon, including native promoter, between
PD0702/PD0703 (NS1)

F—endAl recAl galE15 galK16 nupG rpsL AlacX74
D80lacZAM1S5 araD139 A(araleu)7697 merA A(mrr-
hsdRMS-mcrBC)

Invitrogen
Invitrogen

Matsumoto et al.
2009
This study

This study

This study

This study

Guilhabert et al.
2001
This study

This study

Invitrogen

’Sp', Km', Amp', Zeo" and Cm'" indicate resistance to Spectinomycin, Kanamycin,
Ampicillin, Zeocin, and Chloramphenicol, respectively. NS1 represents a neutral site
located between the two pseudogenes PD0702 and PD0703 in the X. fastidiosa Temeculal

genome.
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Mutagenesis and Complementation. The primer pair Rml LF for 5°-
ACCATCCAAGTGTTCGGCGATGATA-3’ and Rml RF rev 5’-
GTTCCTATTCCGCGCCTCACGCTAC-3" was used to amplify a 5.48 kb genomic
DNA fragment containing the 7m/B1ACD operon and its flanking regions, which was
cloned into pCR8/GW/TOPO (Life Technologies, Grand Island, NY, U.S.A.) to create
pJRS. This resulting plasmid was digested with BspEI and BsiWi (New England Biolabs,
Ipswich, MA, U.S.A.), removing most of the ORF of rm/B;ACD. The Ez-Tn5 <kan-2>
transposon was introduced using the Ez-Tn5 in vitro transposome kit (Epicentre
Technologies, Madison, WI, U.S.A.). All transformants were screened for appropriate
antibiotic resistance and a plasmid with the <kan-2> cassette inserted into Arm/B;ACD
was confirmed by polymerase chain reaction (PCR) amplification and sequence analysis
to create pJR15. To create the ArmlB;ACD mutant, 200 ng of pJR15 DNA was
electroporated into electrocompetent X. fastidiosa Temeculal cells, as previously
described (39). Transformants were plated onto PD3 solid media supplemented with
kanamycin at 5 pg/mL. Genomic DNA was extracted from putative mutants and
confirmation of recombination was performed by amplification of the regions to the left
and right flank of the disrupted rm/ operon using primers Rml del F 5'-
TTAACGCGACCTCTTGACGATCTCG -3" and Rml_del R 5'-
GATGGAGAATGGGATTGGCAACGTG-3', followed by sequence analysis.

For the construction of the rm/B;ACD/rmlB;ACD+ complemented strain (denoted
as rml/rml+), a 3.73kb genomic DNA fragment containing the wild type rm/B;ACD

operon and its upstream regulatory region was PCR amplified and cloned into TOPO XL
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(Life Technologies, Grand Island, NY, U.S.A.) to create pJR12. The cloned DNA
fragment was digested with restriction enzymes Xhol and Spel and ligated into the Xbal
site of the chromosomal complementation plasmid pAX1Cm (Matsumoto et al. 2009) to
create pJR13. Confirmation of sequence fidelity of the cloned region was performed via
sequencing. Following transformation into Arm/B;ACD mutant electrocompetent cells,
homologous recombination was confirmed by amplification of the flanking regions of the
cloning site: PW-For 5'-AGAAGAGCGCGAGATT GAGTTGGA-3" and PW-Rev 5'-

AAACAGGCTTCACATGG CTCAACG-3'.

LPS extraction and analysis. LPS extractions were performed based on the method of
Marolda et al. (40), with some modification. Briefly, X. fastidiosa cells were grown on
solid PD3 medium for 7 days at 28°C. Following incubation, cells were harvested with
1X PBS buffer and spun down to form dense pellets. Cell pellets were stored at -80°C
until LPS extractions. Prior to LPS extractions, cell pellets were washed 2x with 1X PBS
buffer and suspended in 300 pL Solution A (0.05M Na,HPO4x 7H,0, 0.005M EDTA;
pH 7) + 40 pL Proteinase K (Qiagen #19131). Suspensions were incubated overnight at
room temperature. LPS was extracted from cell pellets using a hot phenol/water method,
and resulting LPS was further purified using dialysis (MWCO 1 kD). Following
purification, LPS was quantified using the Purpald Assay (41). LPS profiles were
analyzed using an 18% deoxycholate—polyacrylamide electrophoretic gel (DOC PAGE)

(42), and visualized with the Bio-Rad Silver Stain kit (Bio-Rad, Hercules, CA).
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EPS production. To visualize EPS production, Wild type, ArmIB;ACD, or rml/rml+ X.
fastidiosa cells were blotted onto dry nitrocellulose membrane, according to the methods
of Killiny and Almeida (43). Briefly, X. fastidiosa strains were grown on solid PD3 at
28°C for 7 days. Following incubation, cells were harvested and adjusted to an ODgg of
0.25, and then 20 pL aliquots were striped onto XFM with 0.01% pectin. Plates were
incubated for an additional 7 days at 28°C. Small strips of NCM membrane (0.45 pum;
Bio-Rad, Hercules, CA) were overlaid onto the cell stripe and blotted for 1 h. The lifted
prints were stained for 15 min with 1% Alcian blue 8GX in 3% acetic acid and then

rinsed once in 3% acetic acid for 15 min.

Cell attachment and aggregation assays. X. fastidiosa strains were tested for their
ability to attach to a glass surface according to a previously published protocol (44).
Briefly, wild type or 4rmilB;ACD X. fastidiosa strains were grown on solid PD3 media
(with or without antibiotics) at 28°C for 7 days. Following incubation, cells were
harvested in liquid PD3 medium and adjusted to an ODgg of 0.25 (1x10® CFU/mL).
Subsequently, 500 pL of each cell suspension was added to 5 mL of liquid PD3 medium
in a 13 x 100 mm glass test tube and incubated at 28°C for 7 days at 100 rpm. Following
incubation, 500 pL of filtered, 1% crystal violet stain was added to the liquid medium and
allowed to incubate for 20 min. The medium was discarded, and the tube was rinsed three
times with deionized water. The stained, attached cells were dissolved in 2 mL of 95%
ethanol, and absorbance of the eluent was measured at 600 nm. A pairwise analysis of

variance (ANOVA) was used to determine significance among the treatments. Prior to
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the test, data were checked for normality and homogeneity of variance and met these
criteria. Post hoc comparisons amongst the treatments used Tukey’s honestly significant
difference (HSD) test at P = 0.05.

Using established protocols (5, 45), we quantified the ability of cells to aggregate
to one another. Briefly, X. fastidiosa strains were grown and prepared in glass tubes as
described above. Tubes were incubated at 28°C, without agitation, for 10 days. Following
incubation, the cells were gently dispersed and any formed aggregates were allowed to
settle for 20 min. The turbidity of the upper culture medium, consisting primarily of
planktonic cells, was measured at 540 nm. This measurement was termed “OD of the
upper culture” (ODUC). The upper culture medium was returned to the original tube,
thoroughly homogenized by vortexing, and 1 mL was measured at 540 nm. This
measurement was termed “OD of the total culture” (ODTC). The percentage of
aggregated cells was calculated according to the methods of Burdman et al (45). A
student’s t-test (P = 0.01) was used to determine significance among the treatments. Prior
to the test, data were checked for normality and homogeneity of variance and met these

criteria.

Biofilm formation. Wild type or ArmIB;ACD X. fastidiosa strains were grown on solid
PD3 media (with or without antibiotics) at 28°C for 7 days. Following incubation, cells
were harvested in liquid PD3 medium and adjusted to an ODego of 0.25 (1x10° CFU/mL).

Subsequently, cell suspensions were added to 100 mL of liquid PD3 medium in glass
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flasks and incubated at 28°C for 7 days at 180 rpm. Biofilm was visualized at the air-

liquid interface.

Disk inhibition assay. X. fastidiosa strains were tested for their sensitivity to oxidative
stress (via exogenously applied H,0O,). Briefly, wild type, ArmIB;ACD, or rml/rml+ X.
fastidiosa strains were grown on solid PD3 medium (with or without antibiotics) at 28°C
for 7 days. Following incubation, small agar squares containing colonies were excised
from the plates and added to individual Falcon tubes containing 30 mL of liquid PD3.
The liquid cultures were incubated at 28°C and 150 rpm for 4 days. Following
incubation, cell suspensions were adjusted to an ODggp of 0.1 and diluted 1:10 in 3 mL of
PD3 containing 0.8% agar. The suspension was gently vortexed and immediately
overlaid onto solid PD3 medium. Following incubation at 28°C for two days, a Whatman
paper disk saturated with 10 uL of 100 mM H,O, was placed in the center of the plate.
After 7 days of incubation at 28°C, the zone of inhibition was measured. Data was
analyzed using the Kruskal-Wallis test for nonparametric one-way ANOVA. Prior to the
test, data were checked for normality and homogeneity of variance and did not meet these
criteria. Post hoc comparisons amongst the treatments used Mann-Whitney U tests at P =

0.01.

Pathogenicity assays. Vitis vinifera ‘Chardonnay’ vines were needle-inoculated (46)
with wild type, A4rmIB;ACD, or rml/rml+ X. fastidiosa cells or a 1X PBS buffer control.

Cells of X. fastidiosa strains were harvested from plates of PD3 media in 1X PBS buffer,
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and suspensions were adjusted to an ODgoo of 0.25 (1x10° CFU/mL). Each vine was
inoculated twice (with a 20 pL drop) on the main stem. Three independent trials of 7
plants were used. Upon the appearance of PD symptoms, vines were rated weekly on an
established PD rating scale of 0 to 5, with 0 representing a healthy plant and 5
representing a dead plant. Scores of 1-4 represent an increase in the severity of PD-
related leaf scorching and vine decline (5).

We quantified wild type, ArmlB;ACD, or rml/rml+ X. fastidiosa populations per
gram of tissue by isolating cells from the point of inoculation and from systemic tissue
(25 cm above the point of inoculation). Isolations were performed twice: at 5 and 12
weeks post-inoculation. Petioles were surface sterilized and ground in 2 mL of sterile 1X
PBS. The resulting macerate was diluted and plated onto solid PD3 medium according to
standard methods. Total CFU/g tissue was determined, and data was analyzed using the
Kruskal-Wallis test for nonparametric one-way ANOVA. Prior to the test, data were
checked for normality and homogeneity of variance and did not meet these criteria. Post

hoc comparisons amongst the treatments used Mann-Whitney U tests at P = 0.05.

Tylose formation. Stem sections of Vitis vinifera ‘Chardonnay’ vines were harvested at
18 weeks post-inoculation with wild type, ArmiB;ACD, rml/rml+or 1X PBS negative
control. Tissue was fixed in 80% ethanol prior to histological examination. Freehand
sections were made of approximately 100 pum, stained with Toluidine Blue O (0.05%),
and observed using a brightfield microscope (DM4000, Leica Microsystems CMS

GmbH, Wetzlar, Germany).
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