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ABSTRACT

Regulation of Xylella fastidiosa Virulence Factors by
c-di-GMP Phosphodiesterases. (August 2011)
Veronica Ancona-Contreras, B.S., Universidad Autonoma de Nuevo Leon;
M.S., Texas A&M University-Kingsville

Chair of Advisory Committee: Dr. Paul de Figueiredo

Xylella fastidiosa is an important bacterial plant pathogen that colonizes the
xylem of hundreds of plant species. X. fastidiosa cause Pierce's disease in grapevine by
occlusion of the xylem by extensive bacterial colonization, extracellular polysaccharides
and the formation of a biofilm. These traits are mediated in a cell-density manner by a
cell-to-cell signaling system that transduces a diffusible signaling factor (DSF). This
dissertation demonstrates that PD1994, PD1617 and RpfG regulate important traits for
bacterial virulence such as cell-cell signaling, biofilm formation and cell aggregation.
X. fastidiosa strains harboring mutations in pd1994 (which encodes for a defective
GGDEF- EAL-domain protein) and in pd1617 (which encodes for a EAL-domain
protein) have increased growth rate, increased biofilm formation, increased plant
colonization and decreased cell aggregation. Gene expression analysis of the pd1994
mutant strain showed overexpression of rpfF, which is a DSF synthase, suggesting that
PD1994 regulates DSF signaling by repressing rpfF expression. Additionally, the

pd1994mutant showed overexpression of pd1617 and rpfG (with EAL and HD-GYP



domains respectively, that may be responsible for c-di-GMP turnover), which suggested
that this mutant may have low c-di-GMP levels and that PD1994 regulates c-di-GMP
turnover by repression of RpfG activity and PD1617 gene expression. X. fastidiosa
harboring a mutation on rpfG exhibited decreased biofilm formation while it had no
effect in growth or cell aggregation. Together, these results suggest that PD1994,
PD1617 and RpfG regulate the DSF regulatory network by controlling the turnover of

the second messenger c-di-GMP.
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CHAPTER |

INTRODUCTION

Xylella fastidiosa is a rod shaped, non-flagellated, Gram-negative bacterium
which colonizes the xylem of hundreds of plant species (26). X. fastidiosa strains are
recognized as being responsible for dozens of plant diseases in the Americas, including
phony peach disease (X. fastidiosa subsp. multiplex) (27), citrus variegated chlorosis (X.
fastidiosa subsp. pauca) (30) and the notorious Pierce’s Disease (X. fastidiosa subsp.
fastidiosa) of grapevine (27), which poses a grave threat to the U.S. grape and wine
industries (26, 27, 39).

Sap-feeding insect vectors, including many species of leafhoppers and
spittlebugs, are responsible for the transmission and spread of X. fastidiosa (38). The
bacterium is acquired by insects when they feed on infected grapevines, becoming
immediately infective since there is no latent period required for transmission (38) .
Because X. fastidiosa attaches and multiplies in the mouthparts (foregut) of the vectors,
nymphs will lose the pathogen when they molt, but adult insects will remain infective for
life (1, 38). Although these characteristics are general for all vectors, they differ in their
transmission efficiencies (39). For example, the glassy winged sharpshooter
(Homalodisca vitripennis) was introduced into southern California relatively recently

(1989) (51), and due to its ability to transmit X. fastidiosa very efficiently, Pierce’s

This dissertation follows the style of Journal of Bacteriology.



disease has become an important agricultural problem with epidemic proportions in this
region (1, 39) .

Pierce’s disease causes leaf scorching, leaf abscission, and depending on cultivar
susceptibility, plant death within a few years (26). These symptoms have been
associated with water stress due to occlusion of the plant’s xylem by extensive bacterial
colonization, extracellular polysaccharide production, biofilm formation and cell
aggregation (8, 26, 27). However, some researchers suggest that secreted proteins and
outer membrane components of X. fastidiosa are responsible for symptom development
in grapevines and not water stress (6, 40). Additional studies have also found that there
is no correlation between pathogen population and symptom development, which
suggests that xylem blockage is not necessary for disease to occur (18). Nevertheless,
the formation of a biofilm is important for plant colonization and lifetime infectivity of
insect vectors (38).

The process of biofilm development has been divided into five sequential stages:
(i) reversible cell attachment to a surface; (ii) irreversible attachment; (iii) maturation
onset; (iv) mature biofilm; and, (v) biofilm dispersion (46). X. fastidiosa attachment to
host surfaces is promoted by type | pili (or short pili) (36). A fimA mutant, which lacks
type | pili, exhibits decreased attachment, decreased biofilm formation, and increased
translocation in grapevines (36). In contrast, genetic mutations of type 1V pili (or long
pili) precursors exhibit the opposite phenotypes, through increased adhesion to surfaces,
increased biofilm formation and decreased translocation in grapevines (13, 36). The

ability of X. fastidiosa to migrate away from the point of inoculation to spread



throughout the plant is important for virulence (19). In this case, type IV pili play an
important role since they are required for pathogen dissemination through means of
twitching motility (36).

Afimbrial adhesins (HxfA and HxfB) are hemagglutinin-like proteins that
attenuate X. fastidiosa virulence by contributing to biofilm maturation within xylem
vessels (19). X. fastidiosa harboring mutations on hxfA and hxfB genes are impaired in
cell-to-cell aggregation in vitro and exhibit increased virulence in planta. These
bacterial cells were still able to attach to the xylem, but formed a single monolayer on it,
suggesting that afimbrial adhesins are not involved in initial surface attachment but in
cell aggregation, an important contributor to biofilm maturation in X. fastidiosa (19).
Type | and type 1V pili also influence cell aggregation in vitro (12). Together these
studies suggest that the ability of X. fastidiosa to form cell aggregates in vitro is related
to the capability of the pathogen to form a mature biofilm within xylem vessels.

Other pathogenicity factors that promote virulence in X. fastidiosa include cell
wall degrading enzymes such as glucanases, xylanases and polygalacturonases (41).
The X. fastidiosa genome encodes one polygalacturonase (pglA). This enzyme
contributes to degrading the pit membranes that separate xylem vessels, which aids X.
fastidiosa’s systemic colonization of grapevines and virulence (41). Expression of pglA
is repressed at high cell density, restricting bacterial movement through the plant (8),
contrary to fimA, hxfA and hxfB that are up-regulated to promote biofilm formation (10).

Therefore the regulatory networks that control the interplay of type I and type IV pili,



afimbrial adhesins, and cell wall degrading enzymes are induced in a population density
manner (10).

Bacterial cell-to-cell communication systems, often referred to as quorum
sensing, allow bacteria to assess their population density by the use of small diffusible
signals (7, 55). These systems allow bacteria to coordinate the expression of certain traits
only when a population density has been reached. For bacterial pathogens, this
communication aids in synchronizing the expression of virulence factors giving
advantage in colonizing their host (55). Quorum sensing involves the diffusion of low
molecular weight signals that accumulate as the bacterial population increases (7).
When the signal reaches a threshold it activates receptor proteins that trigger signaling
cascades to change gene expression (55).

Studies of the plant pathogen Xanthomonas campestris pv. campestris (Xcc)
indicate that quorum sensing plays a critical role in mediating the synthesis of virulence
factors by transduction of Xcc Diffusible Signal Factor (DSF) (23). The sensor protein
RpfC of a two-component system recognizes DSF and triggers a cascade of
phosphorylation events resulting in the activation of RpfG (16, 17). RpfG is a response
regulator that contains an HD-GYP domain that recent studies have demonstrated to
degrade the second messenger cyclic diguanylate (c-di-GMP) (44). This signaling
network leads to motility and activation of virulence factors (17).

Cyclic di-GMP is a bacterial second messenger that regulates diverse behaviors
in several Gram—negative bacteria, including biofilm formation, motility, cell-cell

aggregation and expression of virulence factors in pathogenic species (53). This



signaling molecule was discovered in 1987 by Benziman et al. (42) as a cellulose
synthase activator in the bacterium Gluconacetobacter xylinus. In a subsequent study
(52) they described genes that synthesized and hydrolyzed c-di-GMP in G. xylinus.
Diguanylate cyclase activity (DGC) resides in the GGDEF (Gly-Gly-Asp-Glu-Phe)
domain of these proteins, while phosphodiesterase (PDE) activity resides in proteins
containing EAL (Glu-Ala-Leu) (52) or HD-GYP (His-Asp, Gly-Tyr-Pro) domains (44).
The ubiquitous presence of GGDEF and EAL domain-containing proteins in
bacteria suggests that c-di-GMP signaling modules are conserved in these
microorganisms (47). These c-di-GMP signaling modules consist of DGC and PDE
enzymes that are activated in response to environmental or cellular signals to synthesize
and hydrolyze c-di-GMP. The interplay of DGC and PDE proteins affects the
intracellular concentration of c-di-GMP. Depending on c-di-GMP concentrations
effector proteins will be allosterically activated or inhibited by direct interaction with the
second messenger. Then, a target component will produce a molecular output in
response to the activation or inhibition of the effector protein (Fig. 1.1) (24). In many
bacteria accumulation of c-di-GMP is associated with increased biofilm formation and
inhibition of motility. Therefore, c-di-GMP regulates of the transition between the

motile and sessile lifestyles of several bacterial species (53).
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FIG. 1.1. Schematic representation of c-di-GMP signaling module. This molecule is
synthesized by diguanylate cyclase enzymes (DGCSs) and is hydrolyzed by
phosphodiesterases (PDEs). DGC activity resides in the GGDEF-domain and PDE
activity in EAL or HD-GYP domains of proteins. Effector proteins are allosterically
activated or inhibited by the interaction with c-di-GMP, which in turn produces a
response.

Recent studies have described a RpfC/RpfG two-component system mediated by
a DSF molecule produced by X. fastidiosa (49). Although this molecule is structurally
similar to Xcc DSF, the regulation of virulence (and virulence factor synthesis) by this
system differ between these bacterial species (16). For instance, a mutation on Xcc’s
rpfF gene (DSF synthase) leads to reduced production of exopolysaccharides and
extracellular enzymes, reducing Xcc virulence. However, mutations in the rpfF gene of
X. fastidiosa increase grapevine colonization and virulence (10). This same mutation

causes the overexpression of a GGDEF-domain containing protein (PD0279), which



suggests that c-di-GMP is dependent on DSF signaling and its over expression could be
responsible for the corresponding X. fastidiosa hypervirulent phenotype that is observed
in the rpfF mutant strain (8). A new report from Chatterjee et al. (9) in which this
GGDEF-domain containing protein (CgsA) in X. fastidiosa was studied showed that its
expression is necessary for virulence in grapevine and insect transmission. These data
suggest that DSF accumulation reduces c-di-GMP intracellular levels and leads to the
transition from motile to sessile growth of the pathogen (9).

An analysis of the X. fastidiosa genome revealed the presence of five genes that
are predicted to encode proteins containing the conserved GGDEF, EAL and/or HD-
GYP domains (3) . PD1617 and PD1671 contain EAL domains, PD0405 (RpfG)
contains an HD-GYP domain, PD1994 contains both GGDEF and EAL domains, and
the previously described CgsA contains only a GGDEF domain. Based on this analysis,
| hypothesized that the interplay of CgsA with RpfG PD1994, PD1617 and PD1671
regulate the expression of virulence factors in (X. fastidiosa) such as biofilm formation,
cell aggregation, plant colonization and gene expression. Therefore, the objectives of
this dissertation are to (i) introduce mutations on genes encoding EAL, HD-GYP and
GGDEF domain-containing proteins in X. fastidiosa; (ii) to assess the contribution of
these proteins to biofilm formation and cell aggregation by measuring these behaviors in
mutant strains; (iii) to determine bacterial translocation in grapevine, and; (iv) to
evaluate changes in gene expression of virulence factors in mutant strains.

Dissecting the signaling pathways regulating virulence in X. fastidiosa is needed

to increase our understanding of Pierce’s disease development and for the development



of possible control methods. The genes involved in expression networks as well as
signaling molecules are potential targets for manipulating bacterial behaviors such as
decreasing bacterial virulence or insect transmission. Control strategies targeting DGC
or PDE to change c-di-GMP concentration may provide potential approaches to Pierce’s

disease management and control.



CHAPTER II
C-DI-GMP PHOSPHODIESTERASES CONTRIBUTE
IN REGULATION OF CELL-CELL AGGREGATION, BIOFILM FORMATION

AND GENE EXPRESSION IN X. fastidiosa

INTRODUCTION

Xylella fastidosa is an important bacterial plant pathogen that has been
recognized as the causal agent of several plant diseases including citrus variegated
chlorosis, phony peach disease and Pierce’s disease of grapevine (26, 27). X. fastidiosa
is a xylem limited plant pathogen that is transmitted by insect vectors (26, 39). The
characteristic disease symptoms of Pierce’s disease include leaf scorching, leaf
abscission, uneven maturation of canes (often referred as green islands), and plant death
within a few years of infection (26). These symptoms are associated with water stress
caused by blockage of xylem vessels by a bacterial biofilm composed of extensive
bacterial colonization, extracellular polysaccharide (EPS) and plant’s gums and tyloses
(26). Several studies in X. fastidiosa support the hypothesis that virulence is related to
the ability of the pathogen to migrate away from the biofilm to colonize new xylem
vessels (19, 26, 41). Therefore, understanding the regulatory networks controlling
motility and biofilm dispersal in X. fastidiosa could potentially offer alternatives to the
control and management of Pierce’s disease.

In several plant pathogenic bacteria, biofilm formation, biofilm dispersal,

motility, EPS production, and the expression of virulence factors are controlled by cyclic
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di-GMP concentration (15, 47, 53). This molecule is synthesized by enzymes possessing
diguanylate cyclase activity (DGC) which resides in the GGDEF (Gly-Gly-Asp-Glu-
Phe) domain of these proteins. Degradation of c-di-GMP is performed by
phosphodiesterases (PDE) containing EAL (Glu-Ala-Leu) (52) or HD-GYP (His-Asp,
Gly-Tyr-Pro) domains (44). The interplay of DGC and PDE enzymes alters
intracellular concentrations of c-di-GMP which in turn, depending on the species, affects
the bacterial behaviors mentioned above (53).

PDE and DGC activities, and hence c-di-GMP concentration, are tightly
regulated by different mechanisms (53). Allosteric interactions, phosphorylation,
cellular localization, and cell-to-cell communication systems, are some mechanisms by
which PDE and DGC enzymes may be regulated (7, 53, 55). Domains that frequently
appear in combination with GGDEF, EAL and HD-GYP-domain proteins include REC,
PAS, PAC, and transmembrane domains among others (2, 4, 21, 44). These domains
may sense a wide variety of environmental and intracellular signals and regulate the
PDE and DGC activity of these proteins (53). For example, Xanthomonas campestris
pv. campestris, a pathogen of crucifers, utilizes a two component communication system
to detect a diffusible signal factor (DSF) that regulates xanthan production, biofilm
dispersal and virulence (23). These virulence factors are regulated by the rpf (regulation
of pathogenicity factors) regulon, where rpfF encodes a DSF synthase (5), rpfC encodes
a histidine-kinase sensor and rpfG a response regulator (14). Together, these proteins
form the RpfC/RpfG two-component system that recognize and transduce the DSF

signal (14, 44). When DSF accumulates in the environment and reaches a threshold it is
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recognized by the RpfC sensor, that in turn activates RpfG by phosphorylation of its
receiver domain REC (43). Phosphorylation of the REC domain of RpfG activates the
HD-GYP domain also present in this protein, which recent studies have demonstrated
that hydrolyses the second messenger c-di-GMP (44). Changes of c-di-GMP
concentration by RpfG plays an important role in transduction of the DSF signal in X.
campestris pv. campestris affecting the expression of virulence factors, EPS production
and biofilm dispersal (44).

A similar two-component system has been described for X. fastidiosa where an
rpf operon encodes a cell-to-cell signaling system mediated by DSF accumulation (10,
37). This system regulates EPS production, biofilm formation, insect transmission,
enzyme secretion and type 1V pili production, all of which are important for X. fastidiosa
pathogenicity (28, 36, 41). Although this system is predicted to work similarly to the
one in X. campestris pv. campestris, the virulence outcomes controlled by DSF
transduction are different. For instance, mutations on rpfF, rpfC or rpfG in X.
campestris pv. campestris, exhibit reduced virulence, and are deficient in extracellular
enzyme and EPS production (5, 14, 50). Although, mutation of rpfC in X. fastidiosa is
reduced in virulence (8, 10) the rpfF mutant strain, impaired in DSF production, has the
opposite phenotype, exhibits enhanced virulence in grape when needle-inoculated (37).

Additional analysis of the X. fastidiosa rpfF mutant revealed that this mutation
causes increased expression of a GGDEF-domain protein (PD0279) (8, 10). Chatterjee et
al. (9) recently reported that a mutation of this GGDEF-domain containing protein

(CgsA) leads to increased biofilm formation, more EPS production, less virulence in
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grapevine and less insect transmissibility, presumably by synthesizing c-di-GMP (9).
This report also finds that mutation of cgsA regulates the same traits as DSF, suggesting
that c-di-GMP plays a role in transduction of DSF signaling in X. fastidiosa (9).

In Pseudomonas aeruginosa, a bacterial system where c-di-GMP has been
studied extensively (20, 29, 31), DGC and PDE enzymes regulate biofilm formation by
promoting exopolysaccharide production (29, 31). The P. aeruginosa genome encodes
several GGDEF and EAL domain containing proteins, which are also associated with
other signal receiving or transmembrane domains, suggesting activation by multiple
signals (29). For example, the PDE protein RbdA that regulates biofilm dispersal in P.
aeruginosa is composed of PAS-PAC-GGDEF-EAL domains (2). This multidomain
protein only possesses PDE activity and its GGDEF domain works as an allosteric
activator of the EAL domain (2). The PAS domain seems to act as an oxygen sensor and
it is required for RbdA activity, which under anaerobic conditions, degrades c-di-GMP
promoting biofilm dispersal (2).

Sequence analysis of X. fastidiosa genome revealed that this pathogen encodes
one diguanylate cyclase (CgsA described above) and four putative c-di-GMP
phosphodiesterase enzymes (Fig.2.1) (54). NCBI conserved-domain analysis revealed
that these phosphodiesterases contain EAL or HD-GYP domains together with signal
receiver domains like REC and PAS (Fig. 2.1). One of these proteins, RpfG (PD0405),
contains both REC and HD-GYP domains and shares 76% identity with RpFG from X.
campestris pv. campestris, suggesting that it may be responsible for transduction of X.

fastidiosa DSF signaling by c-di-GMP hydrolysis (8). Another putative two-component
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response regulator is PD1671 which contains an EAL and REC domains (Fig 2.1) (54).
Two-component systems can sense and transduce environmental signals different from
DSF (22). PD1617 is a conserved hypothetical protein containing an EAL-domain.
PD1994 is also a hypothetical protein with GGDEF, EAL and PAS domains. It is
relatively common to find EAL and GGDEF domains in the same protein, although
usually one of the domains is inactive (53). The PAS domain that has been implicated in

sensing environmental signals such as low oxygen conditions (Fig 2.1) (2, 54) .

RpfG
(PD0405)

1 100 200 300 400 500 600 700
as | | | | | | | |

FIG. 2.1. Schematic representation of X. fastidiosa putative c-di-GMP
phosphodiesterases. RpfG is a 385 amino acid predicted protein with HD-GYP domain
and a response regulator receiver domain (REC). PD1671 is a predicted two component
response regulator of 567 amino acids containing EAL and REC domains (54). PD1617
and PD1994 are hypothetical proteins of 530 and 690 amino acids respectively, both
containing the EAL domain. PD1994 contains additionally a GGDEF domain and a PAS
domain which has been described as oxygen level sensor (2). Domain organizations
were predicted using the NCBI conserved-domain search
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The scale bar represents the
length of the proteins in amino acid residues. AA: amino acids.
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In this study | made mutations on putative c-di-GMP phosphodiesterases to
determine their role in modulating biofilm formation, cell aggregation and grapevine
colonization. Additionally, | examined the expression profiles of virulence genes in
these mutant strains to assess if their expression was altered. Furthermore, | assessed if

these putative phosphodiesterases are related to the transduction of the DSF signal.

MATERIALS AND METHODS
Bioinformatic analysis

Analysis of X. fastidiosa genome by BLAST and the NCBI conserved-domain
search tools were used to identify four genes encoding putative c-di-GMP
phosphodiesterases with EAL and HD-GYP-domains
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (Fig. 2.1). The predicted
proteins were aligned to the consensus domain sequences to identify the
phosphodiestarase active sites. Additionally, a search in the database for prokaryotic
operons (DOOR) was performed to check if these genes were predicted to be
polycistronic (35).
Bacterial strains and growth conditions

The bacterial strains and plasmids used in this work are listed in Table 2.1.
Escherichia coli TOP10 (Invitrogen) was used for general cloning cultured in Luria-
Bertani (LB) broth or agar medium supplemented with the appropriate antibiotics. X.
fastidiosa strains were routinely grown at 28°C in PD-3 liquid or agar medium (11).

Antibiotics were added accordingly to the following concentrations: Kanamycin 50 pg
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mL™ (Kan50) and Ampicillin 100 ug mL™ (Amp100). Bacteria were stored in 20%
glycerol at -80°C.
Construction of plasmids

The double-joint-polymerase chain reaction (PCR) method (57) was used to
construct gene insertion cassette for generation of APD1617 disruption mutant of X.
fastidiosa. Gene replacement cassettes were constructed for generation of ArpfG,
APD1994, APD1671, and AcgsA deletion mutants of X. fastidiosa. The kanamycin
resistant gene was obtained from pBBR1MCS-2. Double-joint PCR products where
cloned into a pGEM-T vector (Promega Co., Madison, WI). To confirm that plasmids
carried gene replacement and gene disruption cassettes they were sent for sequencing
(Table 2.1).
Construction of X. fastidiosa mutant strains

X. fastidiosa electrocompetent cells of strain Temecula 1 were prepared as
previously described (40). One pg of pGemT vectors carrying gene replacement and
gene disruption cassettes were electroporated into the cells utilizing previously described
conditions (40). Electroporated cells were suspended in 500 pL of PD3 media without
antibiotics and grown overnight without shaking before distributing into five PD3-
Kan50 PD3 agar plates. Following 10 days of incubation in PD3-Kan50 agar plates,
single colonies were tested by colony PCR for double crossover recombination events.
DNA of candidate mutant strains was isolated using the 10% CTAB/NaCl method as
previously described (56). Gene replacement was confirmed by Southern blot as

previously described (45) utilizing kanamycin and the target gene as probes.



Table 2.1. Bacterial strains and plasmids.

16

Strain or Plasmid  Relevant genotype description Source
Strains
Escherichia coli
TOP10 Invitrogen®
X. fastidiosa
WT Wild type C. Gonzalez”
APD1994 PD1994 gene replaced with Kanamycin This study
resistance gene
APDI1617 PD1617 gene replaced with Kanamycin This study
resistance gene
APDI1671 PD1671 gene replaced with Kanamycin This study
resistance gene
AcgsA PDO0279 gene replaced with Kanamycin This study
resistance gene
ArpfG PDO0405 gene replaced with Kanamycin This study
resistance gene
Plasmids
pBBR1IMCS-2  Kan'"; broad range plasmid
pGEM-T Amp'"; pUC ori, lacZ cloning vector Promega®
pPGT-APD1994 Kan"; pGem-T carrying PD1994 deletion This study
construct
pGT-APDI1617 Kan'; pGem-T carrying PD1617 insertion This study
construct
pGT-APDI1671 Kan"; pGem-T carrying PD1671 deletion This study
construct
pGT-AcgsA Kan'; pGem-T carrying PD0279 deletion This study
construct
pGT-ArpfG Kan'; pGem-T carrying PD0405 deletion This study

construct

a. Invitrogen, Carlsbad, CA.
b. Carlos Gonzalez. Texas A&M University. Plant Pathology and Microbiology
Department. College Station, TX 77843.
c. Promega Co., Madison, WI.

Phenotypic analyses: Growth curves and cell aggregation

The growth of mutant strains was compared with that of wild type X. fastidiosa.

Growth rates were determined by growing bacterial strains in glass tubes with 3 ml of
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PD3 media and measuring optical density at 600 nm (ODgqo) every day for 6 days.

Initial ODgqo Of bacterial cultures was adjusted to an absorbance of 0.1 nm and incubated
on a rotating shaker at 28°C. Because of the aggregative nature of this pathogen, cell
cultures were mixed by vortex before measuring cell concentration at ODggg (48).

For cell aggregation analysis bacterial cultures were prepared as described for
growth rate. To calculate the percentage of aggregated cells the ODgqo 0f bacterial
cultures was measured immediately after vortex to obtain total OD. Then, cells were
incubated 1 hr without shaking to allow cell aggregates to sediment at the bottom of the
tube. The ODgqo Of the supernatant in the tube was then measured, and relative
percentage of aggregated cells was calculated (32, 48). This procedure was done 6 days
after initial incubation. Three independent experiments performed in triplicate were
prepared for all the bacterial strains using X. fastidiosa wild type and un-inoculated PD3
media as controls. Statistical differences were calculated using Student’s t-test.

Biofilm formation

Biofilm formation of X. fastidosa wild type and mutant strains were compared by
measuring bacterial surface attachment. X. fastidiosa strains were suspended at an initial
ODggo of 0.1 nm in PD3 media and then 100uL aliquots were distributed into 96 well
polystyrene plates. After 6 days incubation at 28°C without agitation, surface
attachment was determined by crystal violet staining method as previously described
(32). Three independent experiments performed for all the bacterial strains using un-

inoculated PD3 media as negative control.
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RNA isolation for quantitative RT-PCR (QRT-PCR)

For gene expression analysis of X. fastidiosa WT and mutant strains, bacterial
cultures were harvested by centrifugation after growing for 3 days in PD3 broth with the
appropriate antibiotics. Cell pellets were suspended in Trizol reagents and RNA
isolations were performed according to manufacturer’s instructions (Invitrogen,
Carlsbad, CA). RNA samples were treated with DNAse | (Ambion, Austin, TX) to
remove any residual DNA according to manufacturer’s instructions. RNA concentration
was measured using a nanodrop 1000 spectrophotometer (Thermo scientific,
Wilmington, DE) and the integrity of RNA samples was assessed by gel electrophoresis.
Three independent experiments performed in duplicate were used to collect samples for
RNA extraction.
gRT-PCR analysis

To determine the effects of pd1994, pd1617, pd1671, rpfG and cgsA mutations
on the expression of genes involved in c-di-GMP biosynthesis, biofilm formation,
virulence and the RpfC/RpfG-two component system, gRT-PCR was performed.
Primers specific for cgsA, rpfG, PD1994, PD1671, PD1617, rpfF, rpfC, fimA, pilB,
hxfA, pglA were designed for qRT-PCR. As an internal control the 16S ribosomal RNA
was used to normalize loading. Reverse transcription (RT) of samples was done using
Omniscript kit (Qiagen, Germantown, MD). gRT-PCR was performed by utilizing
SYBR green PCR master mix in a ABI-7500 system from Applied Biosystems

(Carlsbad, CA) according to manufacturer’s instructions. Melting curves after the
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program finished were analyzed to confirm that a single product was produced. Fold
change was calculated using the 29" method (34).
Bacterial colonization in grapes

To study the effect of pd1994, pd1617, pd1671, rpfG and cgsA mutations on
motility in grapevine 10 two-month-old grapevines (Vitis vinifera cv. Chardonnay) were
needle inoculated per mutant strain between the third and fourth internode (25).
Bacterial suspensions of wild type X. fastidiosa and mutant strains were prepared in SCP
buffer (disodium succinate, 1.0 g/L; trisodium citrate, 1.0 g/L; K;HPO,4, 1.5 g/L;
KH,POy4, 1.0 g/L; pH 7.0) at an ODgg 0f 0.25. Plants were maintained in the greenhouse
at 25°C and 12 hrs of light/dark periods. After 8 weeks, petiole samples were taken at 0,
20, 40, 60 cm from the point of inoculation and real time PCR analysis was performed to

assess if they were positive for X. fastidosa.

RESULTS
RpfG and PD1617 have the conserved c-di-GMP phosphodiesterase domains
Degradation of c-di-GMP is performed by phosphodiesterases containing
EAL(52) or HD-GYP domains (44). Analysis of X. fastidiosa genome by BLAST and
the NCBI conserved-domain search tools were used to identify 4 genes that encode
putative phosphodiesterases. PD1617 and PD1671 predicted proteins contain EAL-
domains, PD1994 contains both, GGDEF and EAL domains and RpfG contains an HD-
GYP-domain (http://www.ncbi.nIm.nih.gov/Structure/cdd/wrpsb.cgi). Domain

alignments using the NCBI conserved-domain tool revealed that X. fastidiosa’s RpfG
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predicted protein contained the conserved amino acid residues HD-GYP and that
PD1617 also contained the conserved amino acids for PDE activity, EAL. However, the
key amino acids for enzymatic activity are different in PD1994 with QIY (Glu-lle-Pro)
instead of EAL and CETRF (Cys-Glu-Thr-Arg-Phe) instead of GGDEF. Also, PD1671
amino acid residues are QVL (Glu-Val-Leu) instead of EAL, which raises the question if
these proteins have phosphodiesterase or diguanlylate activity.

Additionally, a search in the database for prokaryotic operons (DOOR) was
performed to check if these genes were predicted to be polycistronic (35). None of them
were polycistronic.

Confirmation of gene replacement by homologous recombination

To study the possible role that putative c-di-GMP phoshodiesterase proteins have
on X. fastidiosa biology, mutations on genes encoding putative EAL domains PD1994,
PD1617, PD1671, and HD-GYP domain rpfG (PD0405) were performed (Fig.2.1). For
comparison, I also performed a mutation on the gene cgsA (PD0279) which encodes a
GGDEF-domain containing protein (9). All these genes had the target gene deleted by
homologous recombination, except PD1617 that had an insertion of a kanamycin
resistant gene (Fig. 2.2). Mutant strains were confirmed by PCR (Fig. 2.2) and Southern
blot analysis (Fig. 2.3). These results demonstrate that the wild type target genes were

deleted or disrupted in APD1994, APD1617, APD1671, ArpfG and AcgsA.
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Fig. 2.2. Construction of X. fastidiosa Apd1617 mutant strain. A) Diagram of gene
disruption cassette utilized for mutagenesis of pd1617 by double recombination. pGemT
vector carried a kanamycin gene flanked with about 0.7 Kb base pairs that were
homologous to pd1617. Numbers 1to 6 represent approximate locations of primers used
to identify mutant strains. X. fastidiosa WT would produce a 385 bp PCR product while
Apd1617 would produce 1,485bp PCR product utilizing primers 5and 6. B) PCR of X.
fastidiosa WT and Apd1617 showing PCR products of the expected sizes.
Kan:kanamycin gene, M: DNA molecular marker, bp: base pairs, Kb: kilobases.
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Fig.2.3. Southern blot of X. fastidiosa DNA from wild type and mutant strains. Wild type X.
fastidiosa is located in lane 1 and putative mutant strains were in the other lanes. EcoRI and
Xhol restriction enzymes were used to cut ArpfG DNA. Sequential restriction digestion of
Apd167 was performed with Spel and Sall enzymes. Apd1994 restriction digestion was
performed with Hindlll and AcgsA restriction digestion was done with EcoRI. Restriction
digestion of WT DNA was performed for every set of enzymes used for mutant strains. The

membranes were probed with P* label using both target gene and kanamycin gene as probes.
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X. fastidiosa growth is enhanced in APD1994 and APD1617

Growth curves were performed to determine whether mutations in putative c-di-
GMP phosphodiesterases had an effect on bacterial growth. In vitro growth curves over
the course of 6 days were not significantly different among the wild type, APD1671,
ArpfG and AcgsA (Fig 2.4). APD1994 and APD1617strains reached stationary phase at
day 3 compared to wild type that reached it around day 4. Also, their cell densities were
higher when they reached stationary phase. This difference was calculated by Student’s
t-test with a p value < 0.05 (average of three independent experiments).
APD1994, APD1617 and AcgsA failed to form cell aggregates in vitro

To determine if cell aggregation was affected by c-di-GMP biosynthesis proteins
sedimentation percentages of mutant strains was calculated. APD1994, APD1617, and
AcgsA exhibited more planktonic growth when cultured in PD3 broth media and were
impaired in forming bacterial aggregates (p < 0.0001). However, ArpfG and APD1671

did not exhibit differences with X. fastidiosa wild type (Fig. 2.5).
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FI1G.2.4. Growth curve of X. fastidiosa WT and mutant strains. Cell density was
determined by measuring optical density at 600 nm (ODgg) daily for 6 days. No
statistical differences were found between WT, APD1671, ArpfG and AcgsA by
Student’s t-test. APD1994 and APD1617strains reached stationary phase by day 3
compared to wild type which reached stationary phase at day 4. Additionally, APD1994
and APD1617strains had higher ODgg than that of wild type. Differences were
statistically significant with p <0.05.
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FIG. 2.5. Cell-cell aggregation assay of X. fastidiosa WT, APD1994, APD1617,
APD1671, AcgsA and ArpfG strains. A) Cell cultures showing cell aggregates of WT,
APD1671and ArpfG strains and planktonic growth of APD1994, APD1617, and AcgsA
strains. B) Sedimentation percentages of bacterial strains after 6 days of growth. Vertical
bars represent the standard deviations of three independent experiments. * represent
significant difference with a p value < 0.0001.
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APD1994, APD1617 and AcgsA have enhanced biofilm in vitro
APD1994, APD1617 and AcgsA showed a significant increase in biofilm
formation (p< 0.001) while ArpfG had reduced biofilm formation (Fig 2.6). APD1671

strain did not have any effect on biofilm development.
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FIG. 2.6. Biofilm formation assay of X. fastidosa WT, APD1994, APD1617, APD1671,
AcgsA and ArpfG strains. Absorbance at 590 nm was measured on the elution of crystal
violet with ethanol. APD1994, APD1617, AcgsA had increased biofilm whereas ArpfG
exhibited decreased surface attachment. No significant difference was found with
APD1671. Vertical bars represent the standard deviations of three independent
experiments. * represent significant difference with a p value < 0.01.



27

Movement in grapevine is not dependent on cell-cell aggregation

Mutant strains Apd1617, ArpfG and AcgsA were able to colonize xylem vessels
in grapevines at a longer distance from the point of inoculation (POI) than wild type.
90% of grapevines inoculated with ArpfG (which aggregates in vitro) were positive by
real-time PCR at 40 cm above the POI (Table 2.2). Apd1994 colonized 60% of
grapevines at 40 cm from the POI but only 30% at 60 cm. Only 80% of grapevines were
positive for Apd1671 at the POI and half of the grapevines were positive for this mutant

at 40 and 60 cm above the POI.

Table 2.2. Bacterial colonization assay in grapevines. Percentage of positive petioles at
point of inoculation (POI), 20, 40 and 60 cm above POI for X. fastidiosa by real time
PCR. Results from 1 experiment inoculating 10 grapevines with each bacterial strain. 4
petioles were collected from each grapevine at the different distances from the POI.

Distance above Point of Inoculation
(POI)

Genotype POI 20cm 40 cm 60 cm
Wild type 100% 70% 30% 10%
ArpfG 90% 90% 90% 60%
APD1994 90% 60% 60% 30%
APD1617 90% 80% 70% 60%
APD1671 80% 60% 40% 40%
AcgsA 100% 100% 80% 80%
SCP buffer 0% 0% 0% 0%
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APD1994, APD1617 and AcgsA mutations induce up-regulation of DSF synthase
gene

The RpfC/RpfG two-component signaling system is directly related in regulation
of gene expression of factors involved in virulence (10). Therefore, quantitative real-
time PCR (gRT-PCR) studies were performed to test how Apd1994, Apd1617, Apd1671,
ArpfG and AcgsA mutations regulate changes in expression of rpfC (DSF receptor), rpfF
(DSF synthase) and rpfG (putative DSF transducer with HD-GYP domain). APD1994,
APD1617 and AcgsA mutations induce up-regulation of rpfF, suggesting that their gene
products may be repressing its expression. Also, rpfG expression is upregulated in
Apd1994 and AcgsA mutant strains. Interestingly, rpfC expression was not altered in any

of these mutant strains. Results of the gRT-PCR study are summarized in Table 2.3.

Table 2.3. Quantitative real-time PCR analysis of expression of RpfC/RpfG two-
component system genes as influenced by ArpfG, Apd1994, Apd1617, Apd1671 and
AcgsA.

Fold Change* + SD

Strains
Gene ArpfG A1994 A1617 A1671 AcgsA
rpfG n.d. 38.1+5.08 1.84£0.3 0.4+ 0.078 97.8+10.13
rpfF 0.8+ 0.19 43.7£5.73 3.610.35 0.63+ 0.15 6+0.17
rpfC 0.7+£0.31 3.4+0.6 0.9+0.14 1.2+0.44 2+0.31

* 2799 \vas used to measure relative quantification of genes. 16S rRNA was used as

internal control and everything is compared to WT equals to 1. SD: standard deviation
from the mean of three independent experiments.
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APD1994, APD1617, ArpfG and AcgsA mutations induce expression changes in
genes involved in biofilm formation, cell-cell aggregation and virulence

To test how APD1994, APD1617, ArpfG and AcgsA regulate changes in biofilm
formation, cell-cell aggregation and movement, expression analysis of genes involved in
these phenotypes was performed.

Biofilm formation and attachment to surfaces is promoted by type I pili and
hemagglutinin adhesins (19, 36), therefore, expression of fimA, an essential gene for type
I pili function and hxfA, necessary for biofilm maturation were analyzed. Expression of
fimA and hxfA were up-regualted in Apd1994 and AcgsA strains, which may explain the
increased attachment to surfaces in these mutant strains. However, in Apd1671 these
two genes were up-regulated (although not in the same amounts) and did not exhibit any
changes in biofilm formation. Also, in the Apd1617 mutant strain only the expression of
fimA was up-regulated but not hfxA, suggesting that besides fimA and hxfA other factors
might influence surface attachment and biofilm formation.

Type IV pili as well as cell wall degrading enzymes are important for grapevine
colonization and movement of X. fastidiosa (33, 41), therefore, expression of pilB, a type
IV pili precursor and pglA, a functional polygalacturonase, was assessed. Expression of
pglA was up-regulated in Apd1994 and Acgs4 mutant strains suggesting that expression
of genes involved in biofilm formation and motility are up-regulated under the same
conditions in X. fastidiosa. However, Apd1617 mutant had reduced expression of pglA.
Also, pglA was down regulated in ArpfG mutant strain although pilB was up-regulated,

which may explain why this mutant had reduced biofilm and was able to move further in
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grapevines compared to wild type X. fastidiosa. Results of the gRT-PCR study are

summarized in Table 2.4.

Table 2.4. Quantitative real-time PCR analysis of expression of genes involved in
biofilm formation, cell-cell aggregation and motility in grapevine in response to ArpfG,
Apd1994, Apd1617, Apd1671 and AcgsA mutations.

Fold Change* + SD

Strains
Gene ArpfG A1994 A1617 AI671 AcgsA
fimA 2.1+ 0.11 0.8+0.11 3.5+0.42 29+0.14 8+1.0
hfxA 1.4+ 0.48 9.6+1.26 1.3+0.40 4,7+0.18 53.846.68
pilB 4+1.19 3.6+0.47 0.1+0.66 3.2+0.508 2.8+0.49
pglA 0.1+0.02 7.2£0.95 0.1+0.48 0.6 +0.12 19.2+1.86

* 2799 \vas used to measure relative quantification of genes. 16S rRNA was used as

internal control and everything is compared to WT equals to 1. SD: standard deviation
from the mean of three independent experiments.
APD1994 and APD1617 mutations reduce cgsA gene expression

To test if Apd1994, Apd1617, Apd1671, ArpfG and Acgs4 mutations are
involved in regulating each other’s expression, qRT-PCR of pd1994, pd1617, pd1671,
rpfG and cgsA was performed.

X. fastidiosa genome encodes for one GGDEF-domain containing protein CgsA
(9). Expression of cgsA was down regulated in Apd1994 and Apd1617 mutant strains
suggesting that these mutants may have lower c-di-GMP levels than wild type X.
fastidosa. This also may explain why these mutant strains have similar phenotypes as
AcgsA. Interestingly, Acgs4 mutant had over 200-fold increase in expression of pd1994

and over 20-fold increase in pd1617. Also, pd1617 expression was up-regulated 22-fold
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in Apd1994. Although Apd1671and ArpfG mutations did not influence the expression of
cgsA, pd1994 and pd1617, their expression was up-regulated in Apd1994 and AcgsA.
Together these results suggest that these genes are related and influenced by each other

(Table 2.5).

Table 2.5. Quantitative real-time PCR analysis of expression of putative diguanylate
cyclase and c-di-GMP phosphodiesterases genes as response to ArpfG, Apd1994,
Apdl1617, Apd1671 and AcgsA mutations.

Fold Change* + SD

Strains
Gene ArpfG A1994 Al617 A1671 AcgsA
CgsA 1+0.48 0.3+£0.04 0.2+0.09 0.8+0.42 n.d.
PD1994 1.3+ 0.47 n.d. 0.4+0.12 2.2+0.43 203.4+25.29
PD1617 0.5+ 0.07 22.6+£2.96 n.d. 1+0.47 21.4+2.65
PD1671 1.1+0.04 5.7+0.74 0.1+0.11 n.d. 10.7+£1.77

* 279%CT\vas used to measure relative quantification of genes. 16S rRNA was used as

internal control and everything is compared to WT equals to 1. SD: standard deviation
from the mean of three independent experiments. n.d. : non-detected.
DISCUSSION

Cyclic di-GMP is a cytoplasmic second messenger that regulates cell
aggregation, biofilm formation, EPS production and virulence in several bacterial
pathogens (15, 47, 53). This molecule is synthesized by diguanylate cyclase enzymes
that contain GGDEF domains and is hydrolyzed by phosphodiesterases containing EAL
or HD-GYP domains (15, 47, 53). The X. fastidiosa genome carries three genes which

encode for EAL-domain proteins, and one gene for an HD-GYP domain protein.

Alignment of the amino acid sequences revealed that PD1994 and PD1671, EAL-
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domain containing proteins, do not have the conserved residues needed for enzymatic
activity, therefore these proteins may lack PDE activity. However, they may still
conserve c-di-GMP binding capacity and be biologically active. In this dissertation, |
studied the effect of putative PDEs in regulation of biofilm formation, cell aggregation
and gene expression of virulence factors in X. fastidiosa. Additionally, the effect on
mutation of putative PDEs in bacterial translocation in grapevine was assessed.

| have shown that putative PDEs regulate biofilm formation in X. fastidiosa.
Biofilm formation is regulated by the action of genes such as type | pili (fimA) and
hemagglutinins (hxfA) that aid in the attachment of surfaces (19, 33). Mutation on
putative PDE’s Apd1617 and Apd1994 have enhanced biofilm formation and low cell
aggregation as well as the AcgsA strain, which is a DGC (9) (Fig 2.6). Moreover,
APD1994, APD1617 and AcgsA have increased expression of genes fimA and hxfA,
which suggests that molecular changes in these mutants affect the same regulatory
network. Additionally, expression of cgsA in Apd1617 and Apd1994 was down-
regulated and overexpression of pd1617 was detected in Apd1994. Therefore, these three
mutants may have low c-di-GMP levels and PD1994 may be a repressor of PD1617.
Interestingly, expression of pd1994 increased by 200-fold in AcgsA mutant strain. AcgsA
mutant is without a functional DGC, which will induce over expression of pd1994.
Although PD1994 has a GGDEF domain without the conserved amino acids for
enzymatic activity, it may still bind GTP.

Cyclic di-GMP is important component for transduction of RpfC/RpfG two-

component system in X. campestris (16). RpfC is a sensor kinase predicted to perceive a
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DSF signal. RpfG is a response regulator with a receiver domain (REC) and HD-GYP
domain which hydrolyzes c-di-GMP (44, 50). In this two-component system, DSF
activates RpfC which in turn activates RpfG leading to low c-di-GMP levels (44). X.
fastidiosa has a similar RpfC/RpfG two-component system (10). A mutation of rpfG is
expected to have higher c-di-GMP levels and decreased biofilm formation in X.
fastidiosa. This phenotype is observed in ArpfG, suggesting that this protein has PDE
activity.

PD1994, PD1617 and CgsA are involved in the expression of RpfC/RpfG two-
component system. rpfG expression is up-regulated in APD1994 and AcgsA by 97-fold
and 38-fold respectively. Also, rpfF (DSF synthase) expression increased 43-, 6-, 3.6-
fold in APD1994, AcgsA, and APD1617strains respectively. Previous studies have
shown that DSF down-regulates cgsA (10), which explains the reduced levels of
expression of cgsA in APD1994 and APD1617strains. Additionally, these results suggest
that PD1994 may suppress DSF production repressing the expression of rpfF. The
complex relation between PD1994, PD1617 and CgsA contributes to the regulation of
RpfC/rpfG signal transduction likely by altering c-di-GMP intracellular levels.

X. fastidiosa RpfG may act downstream of CgsA, PD1994 and PD1617. ArpfG
strain has no effect on gene expression of cgsA, pd1617 and pd1994. Conversely rpfG
expression is affected in AcgsA, and Apd1994. Whether this regulation is related to c-di-
GMP concentrations or direct protein-protein interaction remains to be tested. ArpfG

mutation didn’t affect the expression of rpfC or rpfF either. Therefore, RpfG controls
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factors downstream of the RpfC/RpfG two-component system, like biofilm formation,
but does not produce feedback regulation of the system.

The ability of X. fastidiosa to migrate away from the point of inoculation and
spread throughout the plant is important for virulence (19). Grapevines inoculated with
wild type X. fastidiosa and ArpfG, Apd1994, Apd1617, Apd1671 and AcgsA mutant
strains exhibited different migration rates throughout the plant. Although, Apd1994,
Apdl617 and AcgsA had similar biofilm formation, cell aggregation and gene
expression their translocation in grapevine differed. These results suggest that it is too
simplistic to say that in planta motility can be assessed in vitro by measuring biofilm
formation and cell aggregation. Although increased biofilm formation and adhesiveness
is related to decreased virulence in grapevine, fine tuning of the signals that trigger
biofilm dispersal are key for bacterial translocation and disease development.

PD1671 is not involved in regulation of X. fastidiosa biofilm formation and cell
aggregation. A mutation of pd1671 in X. fastidiosa did not alter growth, cell
aggregation or biofilm formation patterns. Additionally, gene expression analysis
revealed that A1671 strain did not affect the expression of genes from the RpfC/RpfG
two-component system, and other putative PDE’s or DGCs. Therefore, PD1671 is not
involved in transduction of DSF signaling or in controlling biofilm or cell aggregation
by a different gene network.

This dissertation demonstrates that biofilm formation, aggregation and
expression of virulence factors are regulated in part by putative PDE proteins PD1994,

PD1617, and RpfG. These putative proteins are likely to act synergistically with
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RpfC/RpfG two-component system to transduce DSF signaling by altering c-di-GMP
intracellular concentration. Whether the regulation of biofilm formation and aggregation
IS obtained by direct protein-protein interaction with their target or if it is through c-di-

GMP remains to be studied.
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CHAPTER 111
CONCLUSIONS

X. fastidosa virulence is a complex process that depends on the development of a
biofilm that restricts water flow in the plants xylem and the ability of the pathogen to
migrate away from the biofilm and colonize more xylem vessels is important for
virulence (19, 41). In addition, this pathogen needs to colonize insects in order to spread
to new plants (39). Interestingly, for this bacterial pathogen, characteristics that aid in
insect colonization oppose those that are needed for plant colonization (8). In this study,
| addressed the question of how putative c-di-GMP phosphodiesterase proteins regulate
virulence associated traits in the bacterial pathogen X. fastidiosa.

In several bacterial pathogens c-di-GMP regulates the transition from a sessile
state in a biofilm to a motile lifestyle (24, 53), activities that are important for X.
fastidiosa virulence (8). The X. fastidiosa genome encodes for four genes that contain
the domains that control c-di-GMP turnover. Two of these genes, pd1617 and rpfG have
the conserved amino acid residues responsible for PDE enzymatic activity which
supports the assumption that they are functional PDEs. PD1994 and PD1671 have
EAL domains but neither contains the conserved amino acids for enzymatic activity.
However, proteins lacking PDE or DGC enzymatic activities can be biologically active
(24).

This dissertation confirms that two EAL-domain containing proteins (PD1994
and PD1617) and the HD-GYP-domain containing protein (RpfG) from X. fastidiosa

contribute in the regulation of cell-to-cell signaling, biofilm formation, cell aggregation
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and gene expression of traits important for bacterial virulence. It also suggests that
PD1994 regulate DSF signaling by repressing rpfF expression and c-di-GMP turnover
by repression of RpfG and PD1617 gene expression. Whether these regulations are
obtained by direct protein-protein interaction with their target or if it is through c-di-
GMP turnover remains to be studied. However, the interplay of PD1994, PD1617 and
RpfG with CgsA and the DSF regulatory network are likely to regulate c-di-GMP
intracellular concentration and thus the phenotypes regulated by it.

This dissertation contributes to our understanding of the signaling pathways that
control Pierce’s disease development. These findings also suggest that control strategies
utilizing c-di-GMP concentration to manipulate bacterial behaviors, such as decreasing
bacterial virulence or insect transmission, may provide potential approaches to Pierce’s

disease management and control.
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