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O Antigen Modulates Insect Vector Acquisition of the Bacterial Plant
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M. Caroline Roper?

Department of Plant Pathology and Microbiology, University of California, Riverside, California, USA% Department of Chemical and Environmental Engineering, University
of California, Riverside, California, USA®; Department of Entomology, University of California, Riverside, California, USAS; USDA, Agricultural Research Service, USDA-ARS San
Joaquin Valley Agricultural Sciences Center, Parlier, California, USA Department of Entomology, Citrus Research and Education Center, University of Florida, Lake Alfred,

Florida, USA®

Hemipteran insect vectors transmit the majority of plant pathogens. Acquisition of pathogenic bacteria by these piercing/suck-
ing insects requires intimate associations between the bacterial cells and insect surfaces. Lipopolysaccharide (LPS) is the pre-
dominant 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 impor-
tant in modulating vector-pathogen interactions required for acquisition of the bacterial plant pathogen Xylella fastidiosa, the
causative agent of Pierce’s disease of grapevines. 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. fas-
tidiosa to blue-green sharpshooter foreguts. Scanning electron microscopy confirmed that this defect in initial attachment com-
promised subsequent biofilm formation within vector foreguts, thus impairing pathogen acquisition. We also establish a rela-
tionship 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 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, specifi-

cally in the acquisition of this destructive agricultural pathogen.

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 patho-
gens (1). The molecular determinants of transmission have been
explored for only a few phytopathosystems (compared to mam-
malian systems), with virus-vector interactions being the most
extensively studied. Surface entities, such as virion capsid compo-
nents, 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, specif-
ically those infecting plants.

Xylella fastidiosa is a Gram-negative bacterium that causes dis-
eases in several economically important crops, including Pierce’s
disease (PD) of grapevines, citrus variegated chlorosis, and al-
mond 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 desiccation, and ulti-
mately plant death (3). X. fastidiosa is obligately transmitted by
xylem-feeding insects primarily belonging to the hemipteran fam-
ily 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 noncirculative (4). X. fastidiosa is
semipersistent in nymphs (i.e., the bacterium is lost after each
vector molt) but is persistent in adult vectors (which do not molt)
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(3,4). Because X. fastidiosa is also propagative within vectors, the
insects are able to inoculate the pathogen for months after acqui-
sition 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 patho-
gen within the vector, and inoculation of the pathogen into a
susceptible plant host (5). Upon acquisition, X. fastidiosa colo-
nizes the vector foregut by attaching to and forming robust bio-
films within the cibarial and precibarial regions of the foregut (5,
6). Cells initially attach laterally and begin to colonize the foregut
cuticle by seemingly following the developmental steps of canon-
ical biofilm formation, although the kinetics of biofilm develop-
ment within vector foreguts are not well understood (6). Interest-
ingly, in the later stages of biofilm formation, the cells become
polarly attached to the foregut cuticle, presumably to allow for
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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, contrib-
ute (in various capacities) to different stages of X. fastidiosa colo-
nization in sharpshooter vectors (3, 6). Killiny and Almeida ex-
amined the contributions of the hemagglutinin adhesins HxfA
and HxfB to the transmission 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, hxfA and hxfB mutants multiplied to
similar levels, compared with the wild type, in vector foreguts (6).
In addition, overall transmission rates for a fimA knockout mu-
tant (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 atropunc-
tata (Signoret) (7). EPS™ mutants were transmitted at signifi-
cantly lower rates than wild-type X. fastidiosa but were not im-
paired in attachment to nitrocellulose coated with BGSS foregut
extracts. This suggests that a lack of EPS does not impair the initial
attachment to the insect foregut cuticle but may impair subse-
quent 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 polysac-
charide, 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 mem-
branes of all Gram-negative bacteria (8, 9). There are approxi-
mately 3.5 million LPS molecules on the bacterial outer mem-
brane (10), occupying more than 75% of the bacterial cell surface
(9,11). LPSis composed 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 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 demon-
strated 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 re-
sulted 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
the wild type, which was clearly visible when purified LPS was
analyzed on a discontinuous 12% Tricine-polyacrylamide electro-
phoretic gel (O antigen production was restored in the comple-
mented wzy/wzy™ strain) (15).

The location of the O antigen on the cell surface places it at the
interface between the bacterium and its environment (13). Fur-
thermore, the O antigen can extend as far as 30 nm into the sur-
rounding milieu and exhibits some flexibility (12). Because of its
prominence and extension into the environment, LPS (more spe-
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cifically, 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). 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 trunca-
tion of the X. fastidiosa O antigen causes the cell surface to become
significantly more negatively charged than the wild type when cells
are 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 defec-
tive in virulence in a susceptible grapevine host (15).

In this study, we demonstrate that the wzy mutant is signifi-
cantly defective in attachment to the insect foregut cuticle, which
is essentially the opposite of the hyperattaching phenotype ob-
served 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 estab-
lish that the O antigen chain of LPS is a critical 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 reten-
tion of X. fastidiosa by the BGSS. This highlights LPS as an impor-
tant mediator of vector acquisition and as a potential target for
disruption of X. fastidiosa transmission as a means of disease con-
trol.

MATERIALS AND METHODS

Bacterial strains and growth conditions. We used wild-type X. fastidiosa
Temeculal (19) 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 (20), with slight mod-
ifications. In brief, wild-type and wzy mutant X. fastidiosa cells were har-
vested from PD3 plates and suspended in liquid XFM. Bacterial cell sus-
pensions were adjusted to an optical density at 600 nm (ODy,) of 0.25
(approximately 10® cells/ml); 20-pl 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 (contain-
ing 0.7 mM 1-glutamine, 0.1 mM L-asparagine, and 1 mM sodium citrate
[pH 6.4]) (20), and suspensions were adjusted to 10% cells/ml (ODy,, of
0.25).

Insect source and maintenance. Adult blue-green sharpshooters
(BGSSs), Graphocephala atropunctata (Signoret) (Hemiptera, Cicadelli-
dae), were collected in Laguna Beach, California. 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
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that the insects were free of X. fastidiosa. Only second-generation adults
were used in the acquisition tests.

Insect acquisition experiments. Acquisition experiments using arti-
ficial diets were performed as described previously (20), with slight mod-
ifications. 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 ul 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 mul-
tiplication period at room temperature, 30 insect heads per treatment
were placed in 4% glutaraldehyde fixative for scanning electron micros-
copy or whole insects were immediately stored at —20°C until DNA ex-
traction 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 mul-
tiplication period, insects were immediately stored at —20°C until further
analysis. Genomic DNA extractions were performed with individual
BGSS heads by 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 pow-
der 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 gPCR. For quantification of X.
fastidiosa in the insect samples, standard curves 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 determi-
nation of the insect sample standard curve, cultured X. fastidiosa cells were
adjusted to an ODy,, of 0.25, corresponding to approximately 1 X 10%
cells/ml (1 X 10° cells/pl), 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 to 10 X. fastidiosa cells/pl (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). The TagMan primers and probe targeting the ITS region of the X.
fastidiosa Temeculal genome were as follows: XfITSF6, 5'-GAGTATGG
TGAATATAATTGTC-3"; XAITSR6, 5'-CAACATAAACCCAAACCTAT-
3’; XAITS6-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, Valen-
cia, CA), 2.5 pl of MgCl, buffer (Qiagen, Valencia, CA), 200 pM each
deoxynucleoside triphosphate (ANTP) (Qiagen, Valencia, CA), 400 nM
each primer, 250 nM probe, 1.25 units of Tag DNA polymerase, and 1 p.l
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.

Scanning electron microscopy. Using a series of ethanol dilutions,
BGSS heads were dehydrated and critical point dried using a Tousimis
Autosamdri-815B critical point dryer (Tousimis, Rockville, MD). Fore-
guts were gently dissected from insect heads and mounted onto copper
tape attached to aluminum stubs. Samples were coated in a platinum-
palladium mixture using a Cressington 108 auto sputter coater (Cressing-
ton 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 (21), with slight modifica-
tions. Using BGSS adults from the same source colony, hindwings were
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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 de-
scribed above. Suspensions were adjusted to an ODg, 0f 0.25, and 2 pl of
each suspension was loaded onto individual wings. Hindwings were incu-
bated at 28°C for 6 h, after which suspensions were removed and wings
were rinsed gently 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 qPCR
method described above. Experiments consisted of three independent
assays with three replicates per strain, totaling nine insects per treatment.

Zeta potential measurements with bacterial cells and sharpshooter
hindwings. Zeta potential measurements on X. fastidiosa cells were deter-
mined using a ZetaPALS analyzer (Brookhaven Instruments Corp., Holts-
ville, NY). Zeta potential measurements on X. fastidiosa cells were per-
formed 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 ODy, of 0.25 (approximately 10® cells/ml); 20-p.l aliquots of cell
suspensions were striped onto XFM with 0.01% pectin. Cells were incu-
bated at 28°C for an additional 7 days, harvested, washed once with 10
mM KCl, and resuspended in 10 mM KCl to a final ODy, of 0.2. The
electrophoretic mobility of the bacterial cells was determined at 20°C
using a ZetaPALS analyzer (Brookhaven Instruments Corp., Holtsville,
NY). Experiments consisted of three independent assays with five repli-
cates per strain. Mobility values determined by electrophoresis were con-
verted to zeta potential values (22).

To determine the relative surface charges of BGSS foreguts, streaming
potential measurements were conducted on BGSS hindwings. A stream-
ing potential analyzer (SurPASS; Anton Paar, Graz, Austria) with an ad-
justable 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 wm. Measurements were made at 25°C
using 10 mM KCl (without initial pH adjustment), with a maximal pres-
sure difference of 50 kPa. At 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 with sharpshooter hindwings.
Static contact angle (SCA) measurements of immobilized hindwings were
performed using a drop shape analyzer (DSA25; Kriiss, Hamburg, Ger-
many). Average contact angles were obtained from measurements at four
different points. Using the instrument software, SCA values were calcu-
lated 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 contributions of elec-
trostatic and van der Waals interactions between the foregut surface and
bacteria within the insect (23-25). The van der Waals attraction is gov-
erned by a constant, i.e., the Hamaker constant (A), which depends on the
material properties. The Hamaker constant used to evaluate the van der
Waals interactions between chitin, water, and X. fastidiosa was A 5, of 3 X
1072' J. This constant (A,;,) was calculated using the geometric mean
(25) of known constants for water (25) and bacteria (26), and the Ha-
maker constant was determined using the contact angle of the BGSS hind-
wings (27, 28). Using this information, interaction profiles were devel-
oped by assuming sphere-plate geometry (23-25, 29).

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
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FIG 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 BGSSs fed on artificial diets containing wild-type X. fastidiosa (A), the wzy mutant (B), or artificial diet only
(C) for 6 h are presented. 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 pm.

under steady-state laminar flow. The velocity field is described by the
equations of motion for an incompressible fluid and the continuity equa-
tion. The following boundary conditions were imposed. At the inlet, a
fully developed laminar velocity profile was specified, while the outflow
boundary was set to constant (atmospheric) pressure. At the foregut sur-
faces (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 membrane surface. This enabled efficient computa-
tion 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 of 1,000
kg/m? and 1077 Pa - s, respectively.

Statistical tests. All experiments were analyzed by one-way analysis of
variance (ANOVA), using PROC GLM (SAS Institute) to deal with un-
equal class sizes. Prior to the ANOVA, data were checked for normality
and homogeneity of variance using PROC 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.

RESULTS

O antigen chain length modulates vector acquisition of X. fasti-
diosa. After insects were fed on artificial diet sachets containing
wild-type bacteria, BGSS foreguts contained large flocculent mi-
crocolonies of bacteria. In wzy mutant-fed insects, however, bac-
terial 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 coloniza-
tion 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 and 2).

Quantitatively, sharpshooters that were fed suspensions of the
wzy mutant harbored significantly fewer cells (F, 5 = 18.29, P <
0.01) than did those that were fed wild-type bacteria (Fig. 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 de-
signed quantitative PCR (qPCR) primer sets were not able to de-
tect the low X. fastidiosa titers within the insects at such an early
time point after acquisition. This, in combination with the inhib-
itory effects of chitin, made initial attempts at X. fastidiosa quan-
tification unsuccessful. Therefore, we developed a new TagMan-
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FIG 2 Truncation of the O antigen compromises colonization of the
precibarium. The wzy mutant had notably reduced ability to attach to all struc-
tures within the precibarium, including the distal sensilla, pit, precibarial
valve, epipharyngeal basin, and precibarial trough. Scanning electron micro-
graphs of the epipharyngeal surface of the precibarium of BGSSs fed on artifi-
cial diets containing wild-type X. fastidiosa (A), the wzy mutant (B), or artifi-
cial diet only (C) for 6 h are presented. 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 treat-
ment. Arrows, bacterial aggregates. Diet-fed insects represent negative con-
trols. DS, distal sensilla; P, pit; PV, precibarial valve; EB, epipharyngeal basin;
PT, precibarial trough. Bar, 5 pm.
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FIG 3 O antigen chain length modulates acquisition by BGSSs. 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. The graph
presents 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).

based protocol for this study that eliminated the 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 in the supplemental material).

In vivo impaired attachment phenotype is mimicked ex vivo
on BGSS hindwings. The sharpshooter foregut is an internal
structure, which makes it difficult to perform quantitative mea-
surements of the physiochemical properties of the foregut cuticle.
Several studies from other laboratories have deemed sharpshooter
hindwings a suitable proxy for both qualitative and quantitative
measurements of X. fastidiosa interactions with the sharpshooter
foregut (6, 21). 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 hind-
wings, 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 re-
stored in the complemented wzy/wzy ™ strain (F,, ,, = 13.25, P <
0.0001) (Fig. 4). Thus, the significant impairment that we ob-
served 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, 21).

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),
which follows the 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 insignif-
icant, P > 0.05). Using classic Derjaguin-Landau-Verwey-Over-
beek (DLVO) theory, which describes the forces between charged
surfaces interacting through a liquid medium, we estimated the
attractive and repulsive forces between X. fastidiosa and the insect
cuticular surface. For use in the construction of DLVO profiles,

December 2015 Volume 81 Number 23

Applied and Environmental Microbiology

O Antigen and the Vector-Pathogen Interface

600 1

A A
500
400
300
200
100 1 B
0 . —

Wild type  wzy mutant wzy/wzy+ Diet only

# of X. fastidiosa cells/wing

FIG 4 The O antigen mutant is compromised in attachment to BGSS hind-
wings. 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 comple-
mented 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 presents 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).

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°) (30), 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 were also negatively charged (—27.4 = 1.7 mV at pH
7.0) (Table 1). The energy barrier (repulsive force) experienced by
wzy mutant cells (190.8 kT) was nearly double the barrier experi-
enced by wild-type cells (94.4 kT) (Fig. 5A). Secondary minimum
depths (representing a dip in the repulsive force) (Fig. 5B, arrow)
and separation distances between BGSS hindwings and the differ-
ent X. fastidiosa strains were calculated (Fig. 5C). 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) (Fig. 5C),
indicating that the wild-type cells have a greater propensity to
attach stably to the vector foregut cuticular surface than do wzy
mutant cells.

Comsol model of velocity magnitude in BGSS foreguts. Dur-
ing ingestion of xylem sap, the cibarial diaphragm (located at the
posterior end of the foregut) exhibits a rhythmic motion, power-
ing the piston-like cibarial pump. For convenience, we show the

TABLE 1 Surface charges 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*150A
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.

b Values followed by different letters are statistically different (P < 0.01).
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FIG 5 DLVO profiles of wild-type and wzy mutant X. fastidiosa strains. (A and B) Profiles displaying 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 exper

ienced 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 the repulsive force.

diaphragm in a semicontracted position within the cibarium (Fig.
6). Figure 6 presents 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 (31-33).
Here we show that the maximal velocity (V,,,) within the
precibarium of BGSSs exceeds 70 mm/s, exhibiting significant
shear force that reduces the probability of bacterial attachment.
Due to the significant expansion within the cibarium, the V.
rapidly drops to nearly 5 mm/s. At 15 pm 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. 6, blue areas) that would favor initial
bacterial attachment.

Areas of X. fastidiosa localization within the cibarium sup-
port predicted colonization sites determined by the Comsol
model. Scanning electron micrographs of BGSS foreguts follow-
ing artificial feeding of wild-type X. fastidiosa and a 6-day clearing
and multiplication period revealed the presence of robust X. fas-
tidiosa biofilms localized 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, com-
pared to other regions of the foregut (Fig. 7).

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,
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LPS and EPS, that aid in attachment, protection, and survival
under pressures exerted by the specific host environments. In in-
sect 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, macro-
colony formation, and biofilm maturation. For X. fastidiosa, im-
munologically 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
(34). 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 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, 35-38). However, the role of O antigen in insect
vector-pathogen interactions has been largely unexplored. In this
study, we link O antigen 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 O antigen in the initial attach-
ment 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 with titers of approximately 450 cells/BGSS, following
a6-h AAP on an artificial diet sachet and a 48-h multiplication and
clearing period on basil plants (a non-X. fastidiosa host). In con-
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FIG 6 Comsol model representing the hydrodynamics of xylem sap flow during ingestion. 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 pm. The x and y axes are in micrometers.

trast, 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 BGSSs 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 thoroughly colonized both of these areas.
Thus, based on both quantitative and qualitative data, we demon-
strated that truncation of the O antigen resulted in poor adherence
of the bacterium to insect foreguts during the early stages of the
acquisition process. This defective attachment phenotype was
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 quali-
tative and quantitative measurements of X. fastidiosa interactions
with the sharpshooter foregut (6, 21, 39). In addition, Killiny and
Almeida confirmed the specificity of the X. fastidiosa-sharp-
shooter hindwing interaction, because only X. fastidiosa was capa-
ble of binding to the hindwings and other Gram-negative bacterial
plant pathogens, such as Pseudomonas syringae pv. syringae, Er-
winia 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 cutic-
ular 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 the-
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ory. By performing zeta potential and static contact angle mea-
surements, we found that BGSS hindwings have an overall
negative charge and are extremely hydrophobic (even more hy-
drophobic 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 stronger electrostatic re-
pulsion between the wzy mutant (—28.6 mV) and the insect cu-
ticular 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 fully polymerized O antigen) have a greater propen-
sity 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 (40). It describes the forces between charged surfaces
as they interact in a liquid environment (41). Specifically, the
overall long-range interaction between two surfaces is composed
of two additive forces, namely, electrostatic interactions and van
der Waals attraction (41). The Hamaker constant was developed,
as discussed previously, to account for the specific bacterium-
water-insect cuticle interactions for our environmental condi-
tions 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 cal-
culated based on the individual constituents of an interaction
(42). Using these variables, the resulting DLVO profiles (present-
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FIG 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 representative of 15 total replicates. Arrows, wild-type X. fastidiosa
biofilm. Pt, precibarial trough; Cib, cibarium. Bar, 200 pm.

ing the magnitude of interaction energy [kT] between the surfaces
versus the separation distance [in nanometers]) for wild-type and
wzy mutant X. fastidiosa strains revealed the existence of a sub-
stantial energy barrier between the wzy mutant and the insect
cuticle (190.8 kT), which was approximately double the energy
barrier between wild-type X. fastidiosa and the insect cuticle (94.4
kT) (as indicated by the primary maximum curves in Fig. 5A).
This demonstrates that truncation of the O antigen notably in-
creases the repulsion between the cell and the insect cuticular sur-
face, indicating that wzy mutant cells would have a greater chal-
lenge 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 required to remove or to dislodge these
cells, compared with wild-type cells, which supports our findings
that wzy mutant cells have difficulty binding to the insect cuticle,
both quantitatively and qualitatively.
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Opverall, 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 maximal height of the pri-
mary maximum curves indicates that X. fastidiosa cells, in general,
have a considerable energy barrier to overcome to connect to and
to attach to the insect cuticular surface but 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 kKT 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 in-
teraction 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 second-
ary 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 at-
tachment 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 com-
bined 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 esti-
mated 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 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, blue areas). 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 swallow-
ing (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 to
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 sur-
face 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 facil-
itates the migration of X. fastidiosa against the fluid flow in planta
(43). In research investigating spatial colonization patterns of X.
fastidiosa over typical acquisition access periods, Backus and Mor-
gan 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
(44). 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 simpli-
fied anatomical representation of the BGSS foregut and the results
presented here are representative of insects that have fed on arti-
ficial 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 the bacteria directly from infected plants, is also war-
ranted.
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