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Abstract

Huanglongbing (HLB) or citrus greening is the most devastating citrus disease worldwide and it
severely affects the US citrus industry with millionaire losses annually. The phloem limited,
insect vectored and uncultivable nature of its causal agent, ‘Candidatus Liberibacter asiaticus’,
makes this disease to be incurable and unmanageable to the date by conventional methods. In
this work, the in vitro antimicrobial activity of Zinkicide™, a novel ZnO based nano-
formulation, was evaluated in batch cultures and under flow conditions, using Liberibacter
crescens (Lcr) as a biological model for Liberibacter spp.

Initially, cultural factors to obtain Lcr in biofilms in vitro were studied. Media optimization was
performed by manipulating concentrations of methyl-B-cyclodextrin (mfc) and fetal bovine
serum (FBS) in media BM7. The use of the alamarBlue® cell proliferation kit confirmed mpc
stimulates Lcr viability and showed Lcr forms more biofilm in response to adverse
environments. Cell adhesion force assays in microfluidic chambers (MC) and biofilm
quantification in batch cultures confirmed that the BSA contained in the FBS fraction of the
BM7 medium, prevents cell-surface attachment and demonstrated that Lcr-surface attachment
does not rely on protein synthesis. Cell-cell aggregation assays showed Lcr aggregates more in
the optimized media formulation than in BM7. Microscopic characterization of floating and
attached Lcr biofilms showed both structures are embedded in an EPS extracellular matrix and
that surface-attached biofilms are formed mainly on the flask bottom. Optimum conditions to

assess Lcr growth and cell viability in microfluidic chamber systems were also determined.



Zinkicide™ minimum inhibitory concentration in microtiter assays was 52ppm, while the
minimum bactericidal concentration was 183ppm. When used at 104ppm, the compound
inhibited more than the 96% of the biofilm formation. Zinkicide™ was not effective disrupting
preformed biofilms in 96 well plates. In MC, Zinkicide™ did not disrupt initially Lcr adherent
cells or disrupted preformed biofilms, but the occurrence of massive cell membrane damage on
the Zinkicide™ treated main channels for both experiments was revealed by using the
DEAD/LIVE Bactlight viability kit. The spatial antimicrobial activity assessment of Zinkicide™
in MC, showed this compound acts in gradients in fluidic vessels according to structural splits,
flow direction, and cell concentration.

In summary, in this work we described by the first time the biofilm formation process for the
Liberibacter genus, and identified the cultural factors that trigger this phenome in vitro. We also
evaluated the capacity of Zinkicide™ to inhibit Lcr growth and biofilm formation and discovered

an unexpected resilience of Lcr biofilms against this antimicrobial compound.
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Chapter 1: A literature review linking Liberibacter spp., biofilms and ZnO nanoparticles.

The Liberibacter genus

The Liberibacter genus is comprised by non-motile gram-negative bacterial rods that are phloem
limited inside their plant hosts and vectored by insects (1). Phylogenetic analysis suggest the
Liberibacter genus evolved from the Rhizobiaceae family through reductive evolutionary
processes that occurred during host adaptation (2). As a result of living on this close dependence
of their hosts, these species exhibit a reduced genome of 1.5 Mb or less, display a DNA G+C
content of 31-37 %, similar to many insect symbionts, and in most of cases are yet unculturable
in vitro (2, 3). Some of the Liberibacter spp. characteristics as well as the diseases associated to

these species are shown in Table 1-1.

Plant diseases caused by Liberibacter spp.

Liberibacter spp. are causal agents of old and newly emergent plant diseases (2). HLB or Citrus
greening is caused by ‘Candidatus Liberibacter asiaticus’ (CLas) and ‘Candidatus Liberibacter
americanus’ (CLam), which are transmitted by the Asian citrus psyllid (ACP) Diaphorina citri
and a third species, ‘Candidatus Liberibacter africanus’ (CLaf) that is transmitted by the African
citrus psyllid Trioza erytreae (2). HLB is a centenary citrus disease, that was first reported under
several names in different Asian locations in the 19" an early 21 centuries (4). The insect-
vectored nature of this disease was noticed early (4), but its bacterial etiology was not confirmed
until 1984, when Garnier et al. demonstrated the presence of peptidoglycan on the membrane of
these microorganisms (5). Nowadays, HLB is still as a major problem in the places where it was
first described (6) and represent the most serious threat to the citrus industry worldwide (4).
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Table 1-1. Characteristics of Liberibacter spp.

Species Plant hosts  Insect vector = Disease = Geographic  Genome  References
distribution size (Mpb)
Candidatus Rutaceae Asian citrus HLB Asia, 1.23 (2, 7-10)
Liberibacter psyllid Africa,
asiaticus (Diaphorina Oceania and
(CLas) citri) the
Americas
Candidatus Rutaceae Asian citrus HLB Brazil 1.17 (3,9, 11)
Liberibacter psyllid
americanus (Diaphorina
(CLam) citri)
Candidatus  Rutaceae and African citrus HLB Africa 1.19 (3,9, 12,
Liberibacter ~Apocynaceae psyllid (Trioza 13)
africanus erytreae)
(CLaf)
Candidatus  Solanaceous Tomato/potato Zebra chip  Central and 1.26 (3,9, 14)
Liberibacter and psyllid in potato, North
solanacearum  Apiaceous  (Bactericera America,
crops s+pp.) ’ Vegetative ~ EUrope
(CLso) rioza disorders
apicalis
Candidatus Rosaceae Arytainilla ~ Endophyte Italy, unknown (3, 15)
Liberibacter plants spartiophila Hungary
europaeus
(CLeu)
Liberibacter Carica Unknown Papaya  Puerto Rico, 1.5 (9, 16)
crescens stipulataxC. bunchy
(Lcr), pubescens, top (PBT)
Citrus HLB-like United
japonica, symptoms States
Bergera
koenigii




The second most relevant disease caused by Liberibacter spp. in agriculture, is a vascular
disorder in potato named Zebra chip (ZC). Zebra chip has been described associated with CLso
(3,17, 18). This bacterium was first described by Hansen et al. (18) and Liefting et al. (17) in
New Zealand and the US respectively, associated with a debilitating yellowing plant condition in
tomato and potato called “psyllid yellows”. Since its first detection, CLso has been reported
associated with vegetative disorders in pepper (19), tobacco (20), carrot (21), celery (22),
bittersweet (23), Silverleaf Nightshade (Solanum elaeagnifolium) (24), and more recently in
chervil, fennel, parsley, and parsnip (25). This pathogen is especially harmful in the potato
industry where it can reduce yields in ~60% (17) and decreases the marketable value of
remaining tubers by the antiesthetic discoloration pattern observed in the potato chips after
frying (26). In 2009 this disease was prevalent in most potato-producing states in the US, and

reached epidemic levels in 2011 in the Pacific Northwest states (27).

Another Liberibacter species, ‘Candidatus Liberibacter europacus’ was described in New
Zealand, causing symptoms of stunted growth of shoots, shortened internodes, leaf dwarfing and
leaf tip chlorosis in Cytisus scoparius, an invasive leguminous exotic shrub (15). This bacterium
was later detected in high titers in multiple Rosaceae plants, including apple, blackthorn,
hawthorn, and pear, however, the absence of symptoms in these cultivars attributed and

endophytic behavior for this species (3).

Liberibacter crescens, the only culturable species of the genus, was found in high titers in the
phloem sap of a mountain papaya plant (Carica stipulataxC. pubescens) in Puerto Rico,

showing symptoms of a disease known as papaya bunchy top (PBT) (1). The lack of fulfilment



of Koch’s postulates for this species led to the initial classification of Lcr as an endophyte (9).
However, a recent report based in the multilocus sequence analysis of four housekeeping genes,
identified a new ‘Candidatus Liberibacter crescens’ associated with HLB-like symptoms in
plants of the Rutaceae family, including kumquat (Citrus japonica) and curry (Bergera koenigii)
in the US (16). Even though no Koch’s postulates have been fulfilled for this possibly emergent
species, it is opening questions about Lcr pathogenicity and adds relevance to the only cultivable

species of the genus.

General life cycle of pathogenic Liberibacter spp.

This section will describe a general life cycle common for CLas and CLso because of their major
impact in worldwide agriculture. Both CLas and CLso multiply in the plant and their psyllid host
(28). Once a healthy plant is infected, there is a latency period that last between 6 and 12 months
for HLB (29) and from 21 to 28 days for ZC (30), in which no evident symptoms are observed
but the plant may act as a source of the bacterium. During this time, Liberibacter spp. move
systemically following the translocation of the phloem sap, and accumulates and multiplies in the
sieve tubes of sink organs such as young leaves, seed coat, and roots (3). Liberibacter spp. are
then acquired by their vectors during their feeding from the phloem of infected plants, specially
from fresh flushes, and in some cases may immediately be transmitted into healthy host plants
(31). In other cases, around a two weeks latency period is necessary before the psyllids are able
to transmit the bacterium (32, 33). Inside their insect vectors, Liberibacter spp. extensively
multiplies and colonize salivary glands, hemolymph, filter chamber, midgut, fat and muscle
tissues, and ovaries (34), reaching up to 10* genome copies per psyllid for CLso (35), and up to

107 bacteria per insect for CLas (36). After reaching a threshold level of infective bacteria, any



psyllid can then spread the pathogen during their phloem feeding to surrounding healthy plants in

a stochastic manner (36).

Biofilm formation as an important step in Liberibacter spp. life cycle

Microscopic analyses in planta show that CLas and CLso cells growth planktonically in the plant
phloem sap without attaching to the sieve tube cell walls or forming cell-cell aggregates (3).
Same growth mode is displayed in the insect hemolymph, where Liberibacter spp. cells growth
dispersed and individually (31). However, studies based in fluorescent in-situ hybridization
techniques, demonstrate that Liberibacter spp. form extensive biofilms in cells of the salivary
glands, midgut and salivary psyllid organs (37-39). These results were supported by the
comparison of healthy and infected African and Asian citrus psyllids gene expression profiles,
that showed an overexpression of bacterial genes involved in motility, cell-surface attachment
and biofilm formation (28, 40). Overall scientific evidence suggests biofilm formation plays an
important role during Liberibacter spp. psyllid life stage, whether by providing an adaptable
status for efficient insect transmission, or by offering shelter from the insect immune system or
unfavorable conditions (2, 37). Therefore, the study of the biofilm formation process of
Liberibacter spp. may disclose new mechanisms involved in the transmission and persistence of
these organisms in their insect vectors and may provide targetable spots in the life cycle of these

harmful pathogens.

Liberibacter crescens: A culturable proxy to study unculturable Liberibacter spp.

Comparative genomics analysis between Lcr, CLas and CLso revealed the presence of several
genes involved in the synthesis of aromatic amino acids, several vitamins, histidine, cysteine,
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lipopolysaccharides, and fatty acids in Lcr, that are absent in the unculturable species (41). These
previous findings may explain why this species can be grown in pure culture in vitro despite its
still fastidious nature (9). Liberibacter crescens displays an average nucleotide identity (ANI) of
77 and 78% with CLas and CLso respectively, and as its near unculturable relatives, it was
described as a phloem-limited bacterium. The close phylogenetic relationship of Lcr with
unculturable Liberibacter spp., its common habitat origin, and its capacity to growth in pure
culture in vitro, makes of this species the best biological model to predict unculturable
Liberibacter spp. behavior in vitro. As a result, Lcr has been used as a valuable tool for studies in
Liberibacter spp. comparative genomics (1, 14, 41, 42), heterologous expression of CLas genes

(43-45) and was used in this work as a surrogate for unculturable Liberibacter spp.

HLB: The most serious disease caused by Liberibacter spp. in the US

In the US, HLB is caused by the pathogenic system of CLas and the ACP Diaphorina citri.
Diaphorina citri was first detected in the US in 1998 limited to dooryard host plantings on the
east coast of Florida; by September 2000, the insect was already spread to 31 Florida counties
(46). Five years later, in 2005, HLB was reported by the first time in the US, in South Miami-
Dade county, and 3 years later, a Federal order was issued to quarantine the entire state of
Florida (47). At the present time, HLB is prevalent in the state of Florida leaving an almost
collapsed citrus industry (3) and it has already spread, with potential similar consequences, to

other important citrus producing states such as California and Texas (48).



HLB Symptomatology

HLB early development is characterized by vein yellowing and an asymmetrical chlorosis in
leaves known as “blotchy mottle”, symptom easily confused with mineral deficiencies such as
those of zinc, iron, and manganese (2). Early symptoms of yellowing may appear on a single
shoot or branch. As the disease develops, infected shoots are stunted, and the branches gradually

die (2).

Infected trees are generally stunned, display twig dieback and have a sparse yellow foliage. The
yellowing usually spreads throughout the tree over a year, especially on young trees, causing the
productivity to decline within a few years (2). Root systems of infected trees are often poorly
developed and new root growth may be suppressed (3). Infected fruit are small, lopsided, and
have a bitter taste. Many fruits fall prematurely, while those that keep on the tree do not color
properly, remaining green on the shaded side (49). Inside the fruits, the seeds are aborted, have a

smaller size and show a dark coloration (4).

At the histological level, HLB symptoms are observed as a middle lamella swelling between cell
walls surrounding sieve elements, and the deposition of amorphous callose in the sieve elements
(50). This callose deposition lead to a reduction of the size of the sieve pore that interferes with
photo assimilates transport from the leaves to the sink organs, and results in a starch
accumulation in the chloroplasts (51). Thus, overall HLB symptoms are attributed to this
disruption of the phloem function, that results in plant root decline, reduced photosynthesis, and

reduced nutrient transportation (3).



Economic impact of HLB in the US

HLB economically impacts the citrus production by increasing the tree mortality rate, reducing
the marketable yield per tree and by rising cost production (52). Just in Florida, HLB associated
estimated losses rounded the 1.7 billion losses in the first five years, while the value of Florida
citrus production decreased by $4.51 billion between 2006-07 and 2010-11 (53). From 2006 to
2011, more than 6611 people have lost their jobs in orange juice manufacturers due to HLB, with
total losses in revenue of $3.63 billion (53). A recent report of the National Academies of
Sciences, Engineering, and Medicine declared an effective management program for HLB in the
next future is improbable and estimated a cumulative loss of 374 million per year in grower

revenues from 2007 to 2014 (54).

HLB disease Management

The control of this disease is especially difficult due to the high dependence of it causal agents
on both, their vector insect and plant hosts (48). In places where HLB is not present, the
implementation of quarantine measures is the best way to avoid the introduction and
dissemination of the pathogen (3). After the initial detection of the pathogen and at low incidence
levels the use of insecticides and the eradication of the infected trees is the most effective way to
eliminate HLB (55). However, factors such as the occurrence of asymptomatic infections, the
long incubation period of the disease, and the fact that infected mature trees can still produce

marketable fruits for several years, made this measure economically inefficient (52).

Several initiatives have been taken in order to cure HLB infected trees. One of the most widely
tested has been the application of antimicrobials (52). Antibacterial compounds such as f3-
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lactams, Tetracyclines and Aminoglycosides have been tested with more or less efficacy to
control the disease, but these methods faced issues such as phytotoxicity, the presence of
antibiotic residues in the fruit and a high cost labor (56). Other chemical compounds that
stimulate the plant vigor and the plant response to CLas have been used to mitigate HLB caused
symptoms, however an extensive study performed by Gottwald et al. (57) demonstrated the
failure of these methods to reduce CLas titers in infected plants, and showed no significant

increases in plant health and fruit quality after these treatments.

Thermotherapy has been extensively tested in order to reduce CLas titers in HLB infected trees
(48). In this method, infected plants are exposed to temperatures above 40°C with differences in
duration and treatment repetition, and has been used in combination with antimicrobial
compounds (58). Heat treatments were effective reducing CLas titers in infected citrus plants in
potted plants (59) and in green house trials (48). However, when applied in mature plants the
field, this method did not eradicate CLas population (59), and its generalized use outside the

greenhouse is still economically inviable (21).

The situation in Florida is critical, the pathogen has already spread to other major citrus
production areas, and an effective management program for HLB seems improbable (54). In the
specific scenario of high incidence of Florida, it is imperative the application of methods that
effectively reduce CLas population on mature infected trees, and subsequently reduce the

transmission of the pathogen to new planted healthy trees.



Zinc oxide nanoparticles as antimicrobial compounds

In the last couple of decades, nanoparticles (NPs) have been extensively studied and have found
practical applications in a variety of areas that include chemistry, engineering, physics, biology,
and medicine (60). In drug delivery systems, the use of nanomaterials have brought a wide
spectrum of forms with improved physicochemical characteristics and curative properties (61).
Among them, Zinc oxide (ZnO) NPs represent an important class of commercially material and
has been widely applied in diagnostics, therapeutics, drug-delivery systems, and food additives,
among other fields, due to their magnetic, catalytic, semiconducting, antimicrobial, and binding

properties (62).

The antimicrobial activity of these compounds rely on new characteristics that result from the
reduction of their particle size (61). As the dimensions of the metal oxide is reduced, the specific
surface area in contact with the solution is increased (63), and a greater number of radicals

groups remain located on the NP surface which induce biochemical catalysis (64).

The most important antibacterial mechanisms for ZnO nanoparticles is the production of
reactive oxygen species (ROS) (65). Radicals hydroxyl (OH"), peroxide (H202) and superoxide
(02% ) adsorbed in the ZnO nanoparticle surface, are a main source of oxidative stress for
bacterial cells (66). Hydrogen peroxide is the only cell permeable of these species and can
penetrate to the cell where it binds and destroys nucleic acids, lipids and proteins (67).
Superoxide and hydroxyl radicals, on the other side, cannot penetrate into the membrane due to
their negative charges, but accumulate in the bacterial outer membranes from where can enhance

cell permeability, disrupt proton motive force and generate cell wall damage due to ZnO

10



localized interaction, among other processes (67). Another proposed mode of action for ZnO NP
is the production of cell membrane damage due to the direct contact of the harsh surface of the
NP with the bacterial surface. The presence of uneven surface texture due to rough edges and
corners makes ZnO NP more abrasive than bulk ZnO (66). Thus, the interaction of ZnO NP and
bacterial cell surfaces result in cell deformation and in most of the cases in disruption of the cell
membrane, triggering morphological changes and membrane leakage (68). Other discussed
mechanisms include the poisoning of bacteria due to the release of Zn ions in the media, and the
reduction of bacterial growth due to the increase of electrostatic forces in the cell membrane

(69).

Zinkicide™ as a chemical control candidate for HLB

Zinkicide™, is a novel nano-formulated ZnO compound designed with the goal to control
bacterial citrus diseases (70). This compound was already tested in vitro against other model
bacterial species such as Xanthomonas citri subsp. citri, Escherichia coli and X. alfalfae subsp.
citrumelonis and it displayed a twofold lower minimum inhibitory concentration in vitro (MIC)
than copper-based compounds (70). In initial field trials, the application of Zinkicide™ caused
a significate reduction on Citrus Canker incidence compared with the untreated control plants
and traditional copper based compounds (70). The market value of Zinkicide™ is estimated to be
similar as regular copper-based antimicrobial compounds, therefore the inclusion of this
compound in HLB management programs will not imply and additional cost for growers. All

these characteristics make of this compound a promising product to test against CLas.

11



Overall hypothesis:

Zinkicide™ causes a significative reduction in the planktonic growth and biofilm formation of

Liberibacter crescens.

Main objective:

To evaluate the effect in vitro of the commercial formulation of Zinkicide™ on growth, viability,

and biofilm formation of Liberibacter crescens.

Specific objective 1: To identify the cultural factors that induce Liberibacter crescens biofilm

formation in vitro, in batch cultures and microfluidic chambers.

Specific hypothesis 1: Lcr biofilm formation in vitro depends on the culture media formulation.

Specific objective 2: To evaluate the preventive and curative activity of the commercial
formulation of Zinkicide™ against the planktonic growth and biofilm formation of Liberibacter

crescens, in batch cultures and microfluidic chambers.

Specific hypothesis 2: The commercial formulation of Zinkicide™ significantly reduces the

planktonic growth and the biofilm formation of Liberibacter crescens.

12
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Chapter 2: Liberibacter crescens, the only culturable member of its genus, forms

biofilm under specific culture conditions
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Abstract

Biofilm formation by pathogenic Liberibacter spp. have been observed in insect vectors,
but not in planta so far. In order to assess the ability of Liberibacter crescens (Lcr), as a
biological model for the genus, to form biofilms in vitro, media optimization was
performed by manipulating concentrations of methyl-p-cyclodextrin (mpc) and fetal
bovine serum (FBS) in media BM7. An initial modified medium (mBM7) where FBS was
replaced by mpc at 1g/1 was conducive for cell attachment to surfaces and biofilm
formation, but yield lower overall growth in comparison to BM7. FBS concentration was
positively correlated with total and planktonic growth and negatively correlated with
biofilm formation. mPc concentration was positively correlated with biofilm formation
when cells were pre-grown in mBM?7 but no trend was observed when Lcr was pre-grown
in BM7. The use of the alamarBlue® cell proliferation kit confirmed that mpc stimulates
Lcr viability regardless of the initial medium used and showed Lcr viability was inversely
correlated with biofilm formation. Cell adhesion force assays in microfluidic chambers
(MC) confirmed that the BSA contained in the FBS fraction of the BM7 medium,
prevents cell-surface attachment, and demonstrated that Lcr-surface attachment does not
rely on protein synthesis. Cell-cell aggregation assays showed Lcr aggregated more in the
optimized media formulation for biofilm formation (mBM7) than in BM7. Microscopic
characterization of floating and attached Lcr cell aggregates showed Lcr biofilms are
embedded in an EPS extracellular matrix, and that surface-attached biofilms are formed
on the flask bottom. Time-lapse microscopy assays in microfluidic chambers showed Lcr

cells divide more actively on the center of the microcolony than on the edges. Based in
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our observations, we hypothesize Lcr biofilm formation is triggered by stress, as a
survival response mechanism to unfavorable environmental conditions. This may explain
why pathogenic Liberibacter spp. only form biofilms in the unique extracellular stage of

their life cycle.

Introduction

Liberibacter species are the causal agents of devastating plant diseases worldwide that
include Huanglongbing (HLB) or citrus greening and Zebra Chip of potato (1, 2). HLB is a
centenary disease that was officially first described in the coastal Chaoshan Plain of
Guangdong Province, China in the late 19th century and is currently a serious threat to
major citrus producing area worldwide (1, 3). In the US, the disease was first detected in
2005 in Florida and since then it has seriously impacted US citrus industry with around
$300 million loses per year, the elimination of dozens of thousands of commercial citrus
trees and the loss of more than 8,000 jobs (4). HLB is associated with three different
species that include ‘Candidatus Liberibacter asiaticus’ (CLas) and ‘Candidatus
Liberibacter americanus’ (CLam), which are vectored by the Asian citrus psyllid (ACP)
Diaphorina citri, and a third species, ‘Ca. L. africanus’ (CLaf), transmitted by the African
citrus psyllid Trioza erytreae (2). Zebra Chip is a newly emerged disease associated with
‘Candidatus Liberibacter solanacearum’ (CLso) (5, 6). Since its first detection in tomato
and potato, CLso has been reported causing vegetative disorders in pepper (7), tobacco (8),
carrot (8), celery (9), bittersweet (10), Silverleaf Nightshade (Solanum elaeagnifolium)
(11), and more recently in chervil, fennel, parsley, and parsnip (12). In 2009 this disease

was prevalent in most potato-producing states in the US, and reached epidemic levels in
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2011 in the Pacific Northwest states (13). These major pathogenic species share specific
features that makes them difficult to study: first, all pathogenic Liberibacter spp. are insect-
vectored, and second, all of them have a phloem-limited and intracellular lifestyle inside
their plant hosts. These characteristics make these pathogens strictly dependent on their

hosts, hitherto unculturable in vitro, and difficult to control by conventional methods. (14).

Liberibacter crescens (Lcr) is the only culturable species of the Liberibacter genus. This
bacterium was isolated from the phloem sap of a defoliating mountain papaya in Puerto
Rico in 2008 (15). The lack of fulfilment of Koch’s postulates, or even infecting specific
plant hosts, precludes the classification of Lcr as a plant pathogen, but it has been described
as a phloem limited bacterium as its pathogenic close relatives (15). Interestingly, a recent
report based in a multilocus sequence typing approach, identified a new “Candidatus Lcr
infecting several hosts of the Rutaceae family including kumquat (Citrus japonica) and
curry (Bergera koenigii) showing blotchy mottle symptoms (16). Despite the lack of proof
Lcr pathogenicity, the ability to cultivate Lcr in vitro makes of this species the best
biological model to study and predict unculturable Liberibacter spp. biology. Hence, Lcr
has been used as a valuable tool for studies in Liberibacter spp. comparative genomics (15,

17, 18, 6) and heterologous expression of CLas genes (19-21).

Biofilms are assemblages of microorganisms attached to a solid surface and encased in an
extracellular polymeric matrix (22). These surface-associated bacterial biofilm
communities are widespread in all types of natural environments, and are more abundant in
nature than the individualized planktonic bacteria (23). To date, no biofilm formation has
been described for pathogenic Liberibacter spp. inside their plant host. However,

fluorescence in-situ hybridization studies targeting CLas cells on the digestive system of
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infected psyllids, have shown this pathogen undergoes an extensive surface colonization
forming cell aggregates previous to intracellular movement and circulative transmission
(24, 25). Confirming these observations, gene expression profile comparison between
infected and uninfected Diaphorina citri and Trioza eritreae insects, demonstrated an
overexpression of cell adhesion and biofilm formation-related genes during vector insect
midgut colonization, suggesting the biofilm formation process is a critical step during

vector colonization and subsequent circulative transmission (26).

In this study we demonstrated the capacity of Lcr to attach to surfaces, form cell-cell
aggregates and produce an EPS extracellular matrix in batch cultures and under flow
conditions, all main features of a natural biofilm forming bacteria. Based in previous
studies and in our observations, we suggest Lcr biofilm formation is triggered as a
mechanism to cope with unfavorable environmental conditions, hypothesis that may
explain why Liberibacter spp. only forms biofilms in the unique extracellular stages of
their life cycles. The study of biofilm formation process in Lcr as a model for Liberibacter
spp., has a remarkable importance to better understand the biological interactions on these
insect vectored-plant pathogenic systems with their environment and consequently, for the

design of novel strategies to mitigate the impact of these deleterious organisms.
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Materials and Methods

Bacterial strains

Liberibacter crescens strain BT-1 (27) was used for this study. BT-1 Lcr strains were
grown on BM7 agar solid medium at 28°C from cryo-conservation vials for 7-8 days and
then streaked in a second passage in BM7 for another 6 days, previous to conduct each
experiment. A GFP-Lcr BT1 strain, gently donated by Dr. Dean Gabriel, from the
Institute of Food and Agricultural Sciences, University of Florida, was used for
microscopic analysis of Lcr floating cell aggregates. GFP-Lcr strains were grown on BM7
agar solid medium supplemented with 4.5ug/ml of kanamycin, at 28°C from cryo-
conservation vials for 7-8 days, and then streaked in a second passage in the same

medium formulation for another 6 days, previous to experiment performance.
Media formulations

Main media formulation recipes tested in this work are summarized in the Table 2-1. A
basal medium consisting on BM7 (27) without the fetal bovine serum (FBS) fraction and
completed to the final volume with sterile deionized water (0BM?7, of basal BM7), was
used for used for Lcr bacterial suspension preparation and designated as a blank for
subsequent media optimization. An initial conducive modified media (mMBM7) was
prepared by supplementing the bBBM7 with 1g/l of methyl-B-cyclodextrin (mpc) (SIGMA-
ALDRICH, St. Louis, MO. USA). The selection of this concentration value was based in
previous studies that demonstrated the effective replacement of FBS by this compound

when culturing other intracellular fastidious bacteria (28). FBS (Hyclone, South Logan,
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Utah. USA) concentration gradients where prepared by manipulating the volume fractions
of this compound and water added to the bBM7 formulation, while mBc gradients were
prepared by increasing the mass of this reagent on the same basal medium. The final
mBM?7 formulation, with 0.75g/1 of mc, resulted from the optimum Lcr cell viability and
biofilm formation determined for this media. A last formulation, bBM7+BSA, resulted

from adding 3.5g of bovine serum albumin (BSA) to the bBM7 media.

Table 2-1. Formulation for 1L of the main media used in this work.

Reagent bBM7 BM7 mBM7 bBM7+BSA
Molecular-grade water 700ml 550ml 700ml 700ml
Alpha-ketoglutaric acid 29 29 29 29
ACES buffer 10g 10g 10g 10g
Potassium hydroxide 3.759 3.759 3.750 3.759
TNM-FH insect medium 300ml 300ml 300ml 300ml
FBS - 150mi - -
methyl-B-cyclodextrin - - 0.759 -

BSA - - - 3.59

bBM7: basal BM7; mBM7: modified BM7

Media optimization for biofilm formation

Optimal mBc and FBS concentration values for total, planktonic and biofilm growth were
determined in polystyrene 96 well plates (COSTAR®, Kennebunk, ME. USA) starting
from both BM7 and mBM?7 agar plates. Wells placed at the plate edges of the 96 well
plates were initially filled with 250p of sterile deionized water to avoid the effect of
desiccation. Then, 10pl of the Lcr bacterial suspension in bBM7 (ODsoonm=1) was
inoculated onto 190ul of bBBM7 supplemented with mBc concentration gradient from 0 to
1g/1 (0.25g/I increments). Similarly, in an independent experiment, BM7 media without
the FBS fraction, was completed to the final volume with increasing FBS concentration

values to reach final concentration values of 3, 6, 9, 12 and 15% on each media
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formulation. Treatments were inoculated with Lcr bacterial suspensions as described
above. Six blank wells and six Lcr cultures replicates were included for each treatment.
The experiments were repeated 2 times independently. Plates were wrapped with parafilm
and incubated at 28°C and 150rpm for 8 days. Total growth curves for each treatment
were built by daily turbidity assessment at 600nm (ODsoo), using a Cytation 3 Image
Reader spectrophotometer (BioTek Instruments Inc, Winooski, Vermont, USA). In a
second set of experiments, late exponential phase cultures (6dpi) in the same treatments
described above were used for total, planktonic and biofilm growth quantification. Total
and planktonic growth were determined by turbidity as described above, while biofilm
formation was quantified using a crystal violet assay (29). Blank absorbance values were
subtracted from absolute total and biofilm growth values for each treatment. Significant
differences in planktonic growth for the mpc concentration gradient assays started from
BM7 were determined by a Student-Newman-Keuls Method. For the biofilm fraction the
statistical analysis was performed by a Fisher-LSD method, while differences for the total
growth were calculated by a multiple comparison using a Dunn’s method. Differences in
planktonic and total growth for mpc gradients started from mBM7 were determined by a
Fisher-LSD method. For the biofilm fractions the differences between the treatments were
calculated using a Student-Newman-Keuls Method. Differences on the total, biofilm and
planktonic growth of the all FBS gradient assays were determined by a Fisher-LSD
method. All the statistical analyses were performed using the SIGMA Plot Software,

Version 11.0 at a significance level of P <0.05.
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Cell viability assay

Due to inconsistencies in Lcr culture turbidity in absence of FBS in polystyrene 96 well
plates caused by Lcr cell attachment to the side walls, the alamarBlue® cell proliferation
and viability reagent (Bio-Rad Laboratories Inc, Hercules, CA. USA.) was used as a
complementary method to assess Lcr total growth/viability for each mBc concentration
value. The alamarBlue® cell viability kit allows colorimetric detection of cellular
metabolic reduction and is suitable for eukaryote and prokaryote cells. Its chromophore
active compound is cell diffusible and detects cell proliferation for both the suspended
and attached cell fractions, hence we selected it to quantify overall Lcr cell proliferation
in a unified value. Briefly, Lcr cultures were inoculated in a mBc concentration gradient as
previously described and incubated for six days at 28°C, 150rpm. Then, 20ul of
alamarBlue® was added to Lcr cultures and allowed to incubate for four additional hours
under the same growth conditions. To avoid cell interference with the absorbance
readings, each plate was centrifuged at 4000 rpm for 10 min and 150pl of the cell free
supernatant was transferred to a fresh plate. Absorbance measurements were performed at
600 and 570nm wavelengths for each replicate using a Cytation 3 Image Reader
spectrophotometer (BioTek Instruments Inc, Winooski, Vermont, USA). Lcr viability on
each mpPc concentration value was assessed as the average alamarBlue® percentage
reduction (ABPR) for four replicates per treatment, following the absorbance-based
method as described in the manufacturer instructions. Experiments were repeated twice
independently. Significant differences among treatments cell viability values were
determined using an Fisher Least Significant Difference (LSD) method for the assays pre-

cultured in mBM7, and by the Kruskal-Wallis One Way Analysis of VVariance on Ranks
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for the assays started from BM7, at a significance level of P <0.05 for both tests, using the
SIGMA Plot Software, Version 11.0. The medium formulation with the mfc
concentration value that displayed the optimum Lcr biofilm formation and cell viability,

was used as the modified culture (mBM7) for subsequent experiments.
Strength of bacterial surface attachment in microfluidic chambers

Lcr cell attachment force for bBM7, BM7, mBM7 and bBM7+BSA media was assessed
in MC as previously described (30). In order to determine if Lcr cell attachment relies on
active protein synthesis, the mBM7 media formulation was supplemented with 100ug/ml
of the protein synthesis inhibitor agent tetracycline (SIGMA-ALDRICH, St. Louis, MO.
USA) and was also assessed for attachment force as beforehand tested (31). Significant
differences between cell attachment registered for each media formulation was
determined calculated by the Fisher LSD One Way ANOVA method, at the significance

level P <0.05, using the SIGMA Plot Software, Version 11.0.

Microscopic characterization of Lcr cell-cell aggregates and surface attached

biofilms

Microscopic Lcr biofilm characterization was performed in 24 well plates (VWR
International, LLC, PA. USA). As described for other non-motile facultative anaerobes, it
was expected that Lcr will form biofilms at the bottom of the culture flasks (32-34). In
order to collect biofilms from the bottom of the cultures, 0.8 x 0.8 cm glass pieces were
cut from borosilicate cover glass slides (Fisherbrand®, Pittsburng, PA. USA), autoclave-
sterilized for 15min and dried for 30 min at 80°C. After cooling, the glass pieces were

aseptically placed at the bottom of sterile polystyrene 24 well. Then, 2ml of Lcr cultures
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in BM7 and mBM7 (ODe0onm=0.5), were inoculated by quadruplicate for each media
formulation and incubated at 28 °C and 150 rpm for eight days. In another experiment set,
2ml of GFP-Lcr cultures in BM7 and mBM7 (ODgoonm=0.5), were inoculated by
quadruplicate for each media formulation and incubated under the same conditions. After
the incubation time, 1ml of the liquid of both experiment sets cultures was carefully
removed without disturbing the settled cell aggregates and all the cultures were observed
under a Zeiss Stemi 508 stereo microscope (Gottingen, Germany) at 10X magnification.
Images were captured with a Carl Zeiss GmbH microscopy camera (Gottingen, Germany)
controlled by the ZEN lite software (Carl Zeiss Microscopy GmbH, Jena. Germany).
Then, 1ml pipette tip was cut in the thinner extreme and cell clumps formed in the bottom
of the cultures of the GFP-Lcr strain, were carefully transferred altogether with 1ml of
culture medium to a well in a fresh plate. Then, 10ul of Calcofluor white (St. Louis, MO.
USA) and 10 pl of KOH 10% was added and incubated for 5 minutes in the dark. After
staining, the cell clumps were recovered with sterile tweezers without disrupting them,
and sandwiched between two borosilicate coverslips. Image analysis was performed using
a Nikon Eclipse Al confocal laser scanning microscope (Nikon, Melville, NY) using a
60X oil immersion objective. To detect cells and EPS, excitation wavelengths of 528 and
590nm were used, respectively. To characterize attached biofilms, each glass slide-
containing well with the wild-type Lcr strain, was gently washed three times and finally
resuspended in 2ml of sterile deionized water. Then 6ul of an equal volume mix of both
reagents of the LIVE/DEAD® BactLight Bacterial Viability Kit (Invitrogen, Eugene, OR.
USA) were added, 24 well plates were wrapped in aluminum foil and incubated at
150rpm at 28°C for 15min. After incubation time, 10ul of Calcofluor white (St. Louis,

MO. USA) and 10ul of KOH 10% were added and incubated for additional 5 minutes
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under the same conditions. Then each slide piece was placed on top of a borosilicate slide
with the biofilm facing up. A drop of water was added over the attached biofilms to
maintain the three-dimensional (3D) structure and to avoid desiccation. Image analysis
was performed using a Nikon Eclipse Al confocal laser scanning microscope (Nikon,
Melville, NY) using a 40X distance objective. To detect all three of the dyes used,
(propidium iodide, SYTO 9, and calcofluor white), excitation wavelengths of 528, 590,
and 370 nm, respectively, were used. To analyze the 3D structure of the biofilm, 1um
interval z-series were automatically captured in a deep range of 25um. Images were
acquired with a CoolSnap HQ2 camera (Photometrics, Tucson, AZ) and processed with

NIS-Elements AR software, version 3.0 (Nikon, Melville, NY).
Lcr biofilm formation in microfluidic chambers (MC).

Pathogenic Liberibacter spp. live under flow conditions inside their plant hosts and vector
insects, for this reason, the Lcr biofilm formation process was assessed in a microfluidic
chamber system resembling their natural habitat (30). Microfluidic chamber design and
fabrication was performed as previously described (30). The channels were initially filled
with mBM7 using an automated syringe pump (Pico Plus; Harvard Apparatus, Holliston,
MA\). Lcr bacterial suspensions in mBM7 (ODesoonm=0.5) were injected for one hour to
obtain attached cells. After a critical number of attached cells was observed (>10
cells/100um?), bacterial cultures inlets were clamped with surgical scissors, and the flow
rate of the media was maintained constant at 0.25ul/min for two weeks. The MC was
mounted onto a Nikon Eclipse Ti inverted microscope (Nikon, Melville, NY) and
observed with a 40X objective using phase contrast and Nomarski differential interference

contrast (DIC) optics. Cell division over time was recorded using time-lapse video
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imaging microscopy. Image acquisition was performed automatically every 10min using a
Nikon DS-Q1 digital camera (Nikon, Melville, NY) controlled by NIS- Elements software
version 3.0 (Nikon, Melville, NY). At least three independent experiments were
performed. Lcr cell viability inside MC was assessed the LIVE/DEAD® BactLight
Bacterial viability kit. Briefly, 3ul of each reagent of the kit was added to 1ml of mBM?7,
loaded into a 1ml plastic syringe (BD Becton Dickinson, Utah, USA), aseptically
interchanged by the culture media in the microfluidic chamber and inoculated at the same
flow rate used above overnight. To detect both dyes used, (propidium iodide and SYTO

9), excitation wavelengths were used as described above.

Results
Cultural factors influencing Lcr growth viability and biofilm formation

FBS concentration positively correlated with Lcr total and planktonic growth regardless
of the initial growth media used (Table 2-2). The optimum FBS value for Lcr total and
planktonic growth was observed at 15% of the serum in the experiments started from
BM7 and no significant differences were observed between 12 and 15% for experiments
started from mBM7 (Fig 2-1-A, C). The presence of FBS drastically suppressed Lcr
biofilm growth at all the concentration tested with no significant differences among the
concentration values tested (Fig 2-1-C, D). mPBc concentration slightly increased
planktonic growth in experiments starting from mBM?7, with optimum values between 0.5
and 0.75g/l with no significant differences between the treatments (Fig 2-2-B). For the

biofilm fraction growth, a marked numerical and statistically significant difference was
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observed at 0.75 g/l of mPc for experiments started from mBM7 (Fig 2-2-D), while
variable and mostly no significant differences are observed for treatments started from
BM7 (Fig 2-2-C). A similar trend for the total and planktonic Lcr growth was observed

for mPc concentration gradients for cultures started from BM?7.

Cell viability assays showed that ABPR was positively correlated with mBc concentration
below 0.75¢/1 regardless the media formulation where Lcr was previously grown (Fig 2-3)
(Table 2-4). No significant differences were observed for ABPR values above 0.25¢/l for
trials started from BM7 (Fig 2-3-A) while for assays started from mBM?7 significant
differences for all the concentration tested with an optimum value at 0.75g/l, and a
significant decrease was recorded at 1g/l (Fig 2-3-B). The representation of the ratios for
each growth fraction showed the biofilm growth/planktonic growth ratio was the highest
at the lowest ABPR values for both experiments while the planktonic growth/biofilm

growth ratio followed a similar trend that the viability values.

Adhesion force experiments showed Lcr attached strongest in absence of FBS and mfc in
the bBM7 medium (Fig 2-4-A, B). Average adhesion force vales were 740.25 +11 pN for
bBM7, 715.03 =+ 15pN for mBM7 and 714.80 + 23pN for mBM?7 supplemented with
tetracycline, with no significant differences between the treatments (Fig 2-4-B). No Lcr
attached cells were obtained with the lowest flow rate when inoculated in BM7 or

bBM7+BSA confirming BSA blocks Lcr cell-surface attachment (Fig 2-4-A, B).
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Figure 2-1. Lcr growth in FBS concentration gradients. A) and B) Lcr growth curves on
FBS concentration gradients started from BM7 and mBM?7 agar plates respectively. C)
and D) Lcr total, planktonic and biofilm growth values (n=6) on each FBS concentration
value at 6dpi started from BM7 and mBM?7 agar plates respectively. Different letters on
bars correspond to statistical significant differences at P < 0.05. Error bars: standard
deviations. Experiments were repeated 2 times, and one representative experiment is

shown.
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Figure 2-2. Ler growth in mPc concentration gradients. A) and B) Lcr growth curves on

mfc concentration gradients started from BM7 and mBM?7 agar plates respectively. C)

and D), Lcr total, planktonic and biofilm growth values (n=6) on each mpc concentration

value at 6dpi started from BM7 and mBM?7 agar plates respectively. Different letters on

bars correspond to statistical significant differences at P < 0.05. Error bars: standard

deviations. Experiments were repeated 2 times, and one representative experiment is

shown.
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Table 2-2. Pearson r coefficient values for the linear regression analysis between each
culture fraction quantified at 6dpi and FBS concentration values.

Initial growth media Variables Pearson r coeff.
Total growth/FBS conc. 0.87
BM7 Planktonic growth/FBS conc. 0.82
Biofilm growth /FBS conc. -0.66
Total growth/FBS conc. 0.94
mBM7 Planktonic growth/FBS conc. 0.99
Biofilm growth/FBS conc. -0.54

Table 2-3. Pearson r coefficient values for the linear regression analysis between each
culture fraction quantified at 6dpi and mpc concentration values from 0 to 0.75g/I.

Initial growth media Variables Pearson r coeff.
Total growth/mBc conc. 0.77
BM7 Planktonic growth/mfc conc. 0.79
Biofilm growth/mfc conc. -0.50
Total growth/mPc conc. 0.78
mBM7 Planktonic growth/mfc conc. 0.55
Biofilm growth/mfc conc. 0.91
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Figure 2-3. Lcr cell viability and culture fraction ratios variation in response to different
mfc concentrations. A) Cultures started from BM7. B) Cultures started from mBM7.
Right axes: alamarBlue® percentage reduction (ABPR) values. Left axes: Ratio values.
The bar chart represents the average ABPR values (n=4) for each culture condition at
6dpi. The different letters on the bar chart shown in A) correspond to statistical significant
differences according to a Kruskal-Wallis One Way Analysis of Variance on Ranks test
results (P < 0.05). The different letters on the bar chart shown in B) correspond to
statistical significant differences according to LSD test results (P < 0.05). Lcr
biofilm/planktonic ratio were obtained by dividing the average biofilm growth by the

average planktonic growth for each mfc concentration. Lcr planktonic/biofilm ratio were
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obtained by dividing the average biofilm growth by the average planktonic growth for

each mfc concentration.

Table 2-4. Pearson r coefficent values for the linear regresion analysis between each
culture fraction quantified at 6dpi and the ABPR obtained for each mpBc concentration value
from 0 to 0.75g/I.

Initial growth media Variables Pearson r coeff.
ABPR/mfc conc. 0.95

BM7 ABPR/Total growth 0.68
ABPR/Planktonic growth 0.65
ABPR/Biofilm growth -0.74
ABPR/mfc conc. 0.94

mBM7 ABPR/Total growth 0.92
ABPR/Planktonic growth 0.75
ABPR/Biofilm growth 0.73

The characterization of Ler cell-cell aggregates showed qualitative differences on each
media formulation. After a week of incubation, Lcr formed cloud-like cell aggregates in
the bottom of the wells of all the mBM7 treatments that were visible with the naked eye
(Fig 2-5-B), while a fine layer of settled cells was observed in BM7 (Fig 2-5-A). The
staining of these cell aggregates from both cultures (BM7 and mBM?7) with Calcofluor
white showed the presence of EPS in both media formulations, but displayed Lcr formed
bigger and more compact cell aggregates in mBM?7 (Fig 2-5-D). In BM7, EPS stained by
calcofluor white seemed more diffuse and cells easily dislodge from the cell aggregates
when covered with the coverslip (Fig 2-5-C). On the other hand, cell aggregates collected
from mBM7 medium showed a more compact structure after placing them in a glass
sandwich, and EPS and cells were forming a gel-like compact structure (Fig 2-5-D).
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Figure 2-4. Lcr attachment force assessment in MC. A) Average numbers of Lcr cells
attached to the microfluidic chamber surface (n>5) as a function of the flow rate for each
culture treatment. B) Adhesion force of Lcr for each media formulation. The different
letters on the bars correspond to statistical significant differences according to a Fisher-

LSD test results (P < 0.05). Error bars: standard deviations.
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Figure 2-5. Characterization of GFP-Lcr floating biofilms in batch cultures by CLSM at
7dpi. Macroscopic appearance of Lcr cultures in BM7 (A) and mBM7 (B). Microscopic
appearance of Lcr cultures in BM7 (C) and mBM7 (D). GFP-Lcr cells are emitting green

fluorescence; EPS are stained in blue.
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Lcr biofilm characterization in batch cultures

The 3D characterization of 7-day old biofilms in mBM7 revealed a cake-like structure
(Fig 2-6-A) formed by cells attached to the lower surface better observed from the bottom
view (Fig 2-6-E) and an EPS layer covering and popping out from the cell aggregates (Fig
2-6-A, B). EPS-naked small cell clusters of live cells were also observed isolated in a
minor proportion than EPS embedded biofilms (Fig 2-6-A). Live cells were predominant
in Lcr biofilm at this time (Fig 2-5-C), while dead cells whether extracellular DNA, where
mostly found in clusters localized in small amounts the cell-EPS interface (Fig 2-5-A, D).
Lcr biofilms scored a maximum deep higher than 25um in the EPS popping areas (Fig 2-

5-F).

Lcr biofilm formation in MC

In MC assays, Lcr cells were observed mostly in pairs after initial cell attachment. After
24-48hrs microcolonies started growing in several directions by an initial cell elongation
followed by and incomplete cell division keeping cells closely attached. After the initial
surface expansion cells divided more actively from the center of the microcolony, shown
by more refractory cell aggregates in the center of the microcolony, while a lower activity
was observed in the cells growing at the edges (Fig 2-7-A). No visible extracellular matrix
was observed using the bright field during the two weeks of culture under flow
conditions, but big cell aggregates were formed from the lateral inlets (Fig 2-7-B) after 10
days. The visual screening of cell viability revealed a high proportion of live cells in Lcr
biofilms formed under flow conditions in the microfluidic chamber (Fig 2-6-C). For more

details please refer to the supplementary Video 1.
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Figure 2-6. Three-dimensional characterization of Lcr attached biofilms by CLSM. A)
Merged image of the top view B) EPS stained in blue (DAPI filter). C) Live cells stained
green (FITC filter). D) Dead cells stained in red (TRITC filter). E) Merged image of the

bottom view. F) Depth heat map.
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Figure 2-7. Microscopic characterization of Lcr biofilms in MC. A) Lcr microcolony
development under flow conditions. Scale bar, 20um. B) Lcr floating cell aggregate rising
from the lateral inlet of the microfluidic chamber 15dpi. Scale bar, 80um. C) Viability of
Lcr cells in microfluidic chambers determined with the Live/Dead cell viability kit and

examination by inverted fluorescence microscopy at 7dpi. Scale bar, 20pum.
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Discussion

Biofilm formation in Liberibacter spp. has been suggested inside their vector insect
supported by culture independent methods such as fluorescent in-situ hybridization of the
target Liberibacter species inside the vector insect (35, 36), and predictions based in gene
expression analysis (26). However, no fulfillment for the biofilm definition has been
completed for these microorganisms, due to the destructive nature of these methods and
culturable limitations. In this work, we demonstrated that Lcr i) attaches to solid surfaces,
i) forms cohesive cell aggregates and iii) these cells aggregates are embedded in a
polymeric extracellular matrix. At the same time, we observed an inverse correlation
between changes in cell viability and biofilm formation that suggest that general stress
induces Lcr biofilm formation. Finally, we evaluated and optimized this process in
microfluidic chambers, bringing a valuable approach for future studies in a system that

better resemble the natural environment where these pathogens inhabit.

Initial cell-surface attachment is the first step in the biofilm development cycle, and is
essential for subsequent colonization and biofilm formation (37-39). In this work we
demonstrated that the presence of the globular protein BSA in the culture media blocked
Lcr cell-surface attachment and therefore suppressed biofilm formation. Several authors
have exploited this dependence on the media composition to avoid the initial adhesion
process in bacteria (40). For instance, Privet et al. (41) exponentially reduced the adhesion
of Staphylococcus aureus and Pseudomonas aeruginosa to surfaces by coating a
hydrophobic xerogel as antiadhesive agent, while Alugupalli & Kalfas (42) demonstrated
lactoferrin inhibit the adhesion of Actinobacillus actinomycetemcomitans, Prevotella

intermedia and P. nigriscens to fibroblast monolayers and reconstituted basement
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membranes. Specifically BSA, is a well-known blocking agent used in enzyme-based
immunoassays to avoid non-specific interactions between biomolecules and solid surfaces
(43, 44) and it is proved it reduces the biofilm formation of Pseudomonas aeruginosa on
plastic surfaces and intravenous catheters (45) and blocks the bacterial surface adhesion of
Staphylococcus aureus and S. intermedius to impedimetric gold electrodes (46). Since the
BSA is one of the predominant compounds in the FBS, and we proved its antiadhesive
properties in MC assays and batch cultures at the concentration expected in the BM7
medium formulation, we conclude it is the main compound interfering with Lcr cell-

surface attachment in this medium.

After media formulation modification, Lcr avidly adhered to several materials that include
polystyrene, polycarbonate and polydimethylsiloxane (PDMS). In adhesion force assays
in MC, Lcr recorded the highest adhesion force registered to the date using this method,
for the three treatments we tested in absence of blocking agents. Previous studies in
Xylella fastidiosa adhesion force in MC, reported the highest adhesion force for pilB
mutants (strains with only Type | pili and no presence of Type IV pili) at 204 + 22 pN
(30) which is more than three-fold lower than Lcr adhesion force values registered in our
assays. The overnight exposure of Lcr to 100pug/ml of the protein synthesis inhibitor
tetracycline did not influence on Lcr cell-surface attachment force. Lcr sensibility to
tetracycline was determined around 15ug/ml (15), therefore the exposure to such dose
should disrupt the protein synthesis and subsequently the processes that rely on it.
Previous experiments using this method for X. fastidiosa showed a significant reduction in
cell-surface adhesion force when exposed to the same concentration of the antibiotic (31).

For the model of X. fastidiosa, the cell-surface attachment process is mainly mediated by
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surface appendages of proteinaceous nature such as type | and 1V pili (29), therefore is
expected the disruption of protein synthesis negatively impacts this process. However,
and contrary to CLas and CLso also, Lcr genome does not codify for any known
proteinaceous molecule involved in tight adherence (27). Based in the previous genomic
data and the results we obtained in these experiments, we infer Lcr cell-surface
attachment is not mainly governed by a protein surface interaction, and suggest that other
cell membrane surface compounds such as lipopolysaccharides and/or EPS (47) may be

mediating this process for this species.

Cultures started from BM7 showed a higher total, planktonic and biofilm growth for all
the treatments tested in comparison to cultures comparisons started from mBM7 (Fig 2-1).
Growth curves for each trial showed the use of mMBM7 as initial culture medium severely
modified Lcr growth dynamics by extending the lag phase, shortening the exponential
phase and by a prematurely entrance in the stationary phase in all the treatment tested (Fig
2-1, 2-2). FBS is a complex chemical formulation that influences cell growth and
proliferation by supplying transport proteins, essential nutrients, trace elements, and
stabilizing and detoxifying factors needed for maintaining a favorable growth
environment (48). The replacement of FBS with mfc mitigates in some extent, but does
not fulfill, all the nutritional requirements for Lcr growth as the FBS does. Hence, Lcr
grows nutritionally stressed in absence of FBS, and therefore, it requires a longer lag
phase and shows a lower growth rate when transferred to a medium with optimum

conditions.

AlamarBlue® cell viability assays showed mpc positively correlated with Lcr overall cell

viability with an optimum concentration at 0.75g/l. A similar effect was already
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demonstrated for this compound by Sandoz et al. who showed an increased viability over
time and a reduction in the oxidative stress in axenic cultures of the intracellular pathogen
Coxiella burnetii (28). Despite the effect of mPc on Ler growth is not as marked as the
FBS or BSA, its effect on Lcr viability stimulation, and its low cost compared to BSA,
may be exploited for future attempts to bring unculturable Liberibacter spp. to pure

culture in vitro.

Lcr biofilm formation at 6dpi was positively correlated with mBc when Lcr cultures where
started from mBM?7 agar plates but no clear trend was observed when cultures were
started from BM7. However, the high biofilm formation levels registered, and the lack of
significant differences between most of the treatments for biofilm formation on the
experiments started from BM7, may indicate Lcr saturated its biofilm formation capacity
at this time point, and probably entered in the final detachment phase. Sampling at earlier
time may address the question if mBc is positively correlated with the biofilm formation at
low cell densities or if the initial nutritional stage of the cells influences mpc effect in Ler
biofilm formation. Is also noticeable that cultures started from mBM7 registered the
highest biofilm growth/planktonic growth ratios than those started from BM7. Apparently,
nutritionally stressed Lcr cells grown in mBM7 are more prone to adhere to surfaces and

form biofilm than nutritionally replete Lcr cells, pre-grown in BM7.

In this work we found that Lcr has higher cell aggregation when grown in mBM?7 broth at
7dpi, which is the media that allows biofilm formation by this organism. When compared
to other plant pathogens known to produce biofilm, such as X. fastidiosa, that aggregates
in hours, Ler aggregates in a lower rate and in a slower fashion (49). Factors as the

absence of functional genes for motility in the reduced genome of Lcr (27) that speeds
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cell-cell interaction and/or the absence of a chemical signal, may be the cause of this
delay in cell-cell aggregation. Nevertheless, Lcr can form a measurable biofilm, which is

accompanied by cell aggregation, a typical phenotypic characteristic of this structure.

The inspection of Lcr biofilms by CLSM, showed these structures are mostly formed at
the bottom of the flasks. Lcr cell settling feature as result of cell-cell aggregation and it is
non-motile nature combined with its high cell-surface attachment activity may contribute
to biofilm formation in the lowest surfaces of the flaks. This characteristic is typical of
nonmotile or motility defective bacteria (50) and has been described in well characterized
biofilm forming bacteria such as S. aureus (32, 51) and Clostridium perfringens (33). The
staining of Lcr biofilms and cell aggregates with Calcofluor white also showed Lcr cells
are embedded in an EPS extracellular matrix. This structure protects the embedded cells
against environmental stressing factors such as mechanical shear, predation, invasion, and
antibiotics (52-55) and improves bacterial cell-cell and cell-surface adhesion (46). CLSM
analysis of Lcr biofilms also showed Lcr dead cells are localized in clusters in the cell-
EPS interface, while the bottom side is plenty formed by live cells. These dead cells are
the main source of extracellular DNA for biofilm matrices, and the last, acts as a
structural stabilizer, improves microbial adhesion and promotes bacterial horizontal gene
transfer (56). This predominance of live cell in the bottom and the localization of dead
cells close to the EPS matrix, together with and the more active cell division observed in
the center of microcolonies may reflect a growth pattern for Lcr biofilms. In this growth
model, Lcr youngest cells are generated in the center of the microcolony, while older and
dead cells are displaced to the outer layers of the structure. Factors such as a more

favorable environment in the sheltered interior of the biofilm and/or the production of a
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cell density dependent chemical signal may be responsible for this active growth in the

center of the microcolonies.

In our study, Ler planktonic growth was higher in all mBc supplemented formulations
compared with in the non-supplemented medium (Fig 2-2). Lcr cultures were always
displaced to the biofilm formation under low viability conditions (Fig 2-4) and the biofilm
growth/planktonic growth ratio was quite higher for cultures started from mBM7 (a
nutritional depleted medium), compared to cultures pre-grown in BM7. This link between
a stressing factor and biofilm formation in Lcr, suggest this process is triggered as a
defense response to adverse conditions and may explain why Liberibacter spp. forms
biofilm in the insect digestive system but not in the insect hemolymph of the plant
phloem. Unculturable Liberibacter spp. thrive planktonically inside intracellular
environments in both the plant host and the vector insect (1). In these systems, products of
anabolism are predominant and degradative processes are minimized. On the other side, in
the digestive system of the insect, enzymatic degradative processes are active and biofilm
formation represents an adaptive advantage to cope with these catabolic processes in the
surroundings. At the same time, the close interactions between insect cells and
Liberibacter spp. facilitated by cell-surface attachment and cell-cell aggregation, alone
with the microenvironment created inside the biofilm, may facilitate the endocytosis

process necessary for the subsequent circulative transmission.

In summary, Lcr biofilm formation is a complex phenome that requires of the conjunction
of several factor on each developmental stage. The study of this process in this species as

a biological model for the entire genus, opens a new research field for these pathosystems,
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and will help to better understand the interaction between these pathogens and their hosts,

their vectors and the environment.
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Chapter 3: In vitro antimicrobial activity of a zinc-based nanoparticle compound,
Zinkicide™, against Liberibacter crescens, as a biological model for pathogenic

Liberibacter spp.
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Abstract

HLB is the most devastating citrus disease worldwide and severely impacts the US citrus
industry with millionaire losses annually due to the lack of an effective management
approach (1). In this study, the in vitro antimicrobial activity of a Zinkicide™, a ZnO
based nano-formulation, was evaluated in batch cultures and under flow conditions, using
Liberibacter crescens (Lcr) as a biological model for Liberibacter spp. Zinkicide
minimum inhibitory concentration in microtiter assays was 52ppm, while no colonies
were recovered in BM7 agar plates from Lcr cultures treated with Zinkicide™
concentrations above 183ppm. The application of 104ppm of the compound inhibited
more than the 96% of Lcr planktonic and biofilm fraction growth. Zinkicide™ was not
effective against Lcr preformed biofilm in batch cultures in the minimum bactericidal
concentration range. In microfluidic chambers (MC), Zinkicide™ did not remove Lcr
cells adhered to the surface nor disrupted preformed biofilms, but the use of the
LIVE/DEAD BactLight® cell viability kit inside these devices, revealed the occurrence of
massive cell membrane damage in single cells and biofilms present on the Zinkicide™
treated channels. The spatial antimicrobial activity assessment of Zinkicide™ in MC also
showed the influence of the cell numbers, structural channel splits and flow direction, on
the antimicrobial activity of Zinkicide™ in a system mimicking ‘Candidatus Liberibacter
asiaticus’ (CLas) natural environment. The exposure of Lcr to different doses of the
antimicrobial compound for two hours, showed that Lcr ROS production is positively
correlated with Zinkicide™ concentration. These results demonstrate that Zinkicide™ is a
suitable candidate for chemical control of CLas if it can reach phloem system as predicted

for this nanoparticle.
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Introduction

Citrus greening or Huanglonbing (HLB) is one of the most relevant plant disease for
citrus-producing areas worldwide (2). The disease is associated with three different
species that include ‘Candidatus Liberibacter asiaticus’ (CLas) and ‘C. L.
americanus’(CLam), which are vectored by the Asian citrus psyllid (ACP) Diaphorina
citri, and a third species, ‘Ca. L. africanus’(CLaf), transmitted by the African citrus
psyllid Trioza erytreae (3). In the US, HLB is caused by CLas and transmitted by ACP,
and compromised the citrus industry with annual losses of more than 300 million dollars
and the collateral elimination of thousands of citrus trees and more than 8,000 jobs lost
(4).

The control of this disease is especially difficult due to the high dependence of its causal
agents on both their vector insect and plant hosts (5). These pathogens are spread by
highly mobile vector insects which difficult its contention in the initial infection focus and
rapidly expand it to new areas (2). Inside their vector insect, these pathogens undergo a
circulative transmission, reaching their major multiplication levels in the sheltered niche
of the insect hemolymph (6, 7). Then, these bacterial pathogens are re-inoculated during
the insect feeding from the insect salivary glands to another secluded intracellular
environment, the plant phloem (8).

The phloem-limited habitat of these pathogens in their plant hosts makes conventional
chemical control methods to fail or being economically inviable (2). Copper-based
compounds have shown low efficacy at regular concentrations and are phytotoxic at
effective concentrations (9). The injection of antibiotics such as oxytetracycline and

penicillin has also been explored with relative effectiveness (10, 11), but this method has
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been time consuming and expensive; applications need of trained personal to perform the
activity, and requires trunk injections to deliver these antimicrobials in the plant phloem.
The selective pressure applied to the microbial communities by the continued release of
antibiotics in the environment also increases the risk of apparition of microbial resistance
in animal, plant and human pathogens (5), limiting the use of this control method.
Evolving in this close dependence with their hosts, has possibly caused pathogenic
Liberibacter spp. to lose several genes required for free living behavior, resulting in very
particular nutritional and environmental requirements that have not been elucidated yet,
therefore precluding its growth in pure culture in vitro (12). The only culturable species of
the genus is Liberibacter crescens (Lcr) (13). Despite the fact that no pathogenicity in any
host has been proved for this member of the genus, Lcr displays more than the 77% of
average nucleotide identity (ANI) with pathogenic Liberibacter spp. (14), and is
described as a phloem inhabitant bacteria (13). These characteristics make of Lcr the best
biological model to study the Liberibacter genus in vitro.

In the last couple of decades, nanoparticles have been extensively studied and have found
practical applications in a variety of areas that include chemistry, engineering, physics,
biology, and medicine (15). In drug delivery systems, the use of nanomaterials have
brought a wide spectrum of forms with improved physicochemical characteristics and
curative properties (16). Among them, zinc oxide (ZnO) nanoparticles represent an
important class of commercially-available material and has been widely applied in
diagnostics, therapeutics, drug-delivery systems, and food additives, among other fields,
due to their magnetic, catalytic, semiconducting, antimicrobial, and binding properties

(17).
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Zinkicide™, is a novel nano-formulated zinc oxide compound designed with the goal to
control bacterial citrus diseases. This compound showed a two-fold lower minimum
inhibitory concentration in vitro (MIC) against Xanthomonas citri subsp. citri,
Escherichia coli and X. alfalfae subsp. citrumelonis than copper-based compounds (9).
When applied to citrus plants in the field, Zinkicide™, was more effective at reducing
incidence of citrus canker than traditional copper-based compounds (9).

The potential of this compound to control pathogenic Liberibacter spp. relies on its small
particle size, that allows this compound to ionize faster increasing its antimicrobial
properties and its metallic zinc based nature (an essential nutrient for the plant), that
improves overall plant performance and reduces phytotoxicity (18). All these features
point at Zinkicide™ as a promising chemical control of diseases caused by pathogenic
Liberibacter spp. In this work we evaluated the antimicrobial effect and studied the mode
of action of Zinkicide™ in vitro, using Liberibacter crescens type strain BT-1 (Lcr) as a
biological model for the Liberibacter genus. As main findings, we observed that
Zinkicide™ effectively inhibit growth and biofilm formation of this bacterium, while it
was not effective against Lcr preformed biofilms. These features make this compound
feasible for chemical control of HLB, but its impact on CLas biology and insect

transmission require of further testing under field conditions.
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Materials and Methods

Bacterial strains and culture conditions

Liberibacter crescens strain BT-1 (13) was used in this study. BT-1 Lcr strains were
grown on BM7 agar solid medium at 28°C. Stocks of Lcr cultures were stored in BM7
broth plus 20% glycerol at -80°C. Lcr cultures in BM7 broth were used for minimum
inhibitory concentration (MIC) and minimum bactericidal concentration assays (MBC).
For biofilm formation inhibition and microfluidic chambers assays, Lcr strains where
initially grown from glycerol stocks in BM7 agar plates and then the mBM7 medium, the

formulation previously optimized in Chapter 1 for Lcr biofilm formation.

MIC and MBC determination

Zinkicide™ MIC and MBC assays were performed in polystyrene 96 well plates
(COSTAR®, Kennebunk, ME. USA). Wells placed at the edges of the 96 well plates were
initially filled with 250ul of sterile deionized water to avoid desiccation. Then, 10ul of
Lcr bacterial suspension in BM7 (ODeoo=1, for a final ODgo0o=0.07), were inoculated onto
190ul of BM7 supplemented with a Zinkicide™ concentration gradient from 0 to 104ppm
for MIC determination and from 131 to 209ppm for MBC. Six blank wells and six well
treatment replicates were included for each treatment. Plates were wrapped with parafilm
and incubated at 28°C, 150rpm for 7 days. At the end of the incubation time, the
absorbance at 600nm of each treatment and blank was read using a Cytation 3 Image

Reader spectrophotometer (BioTek Instruments Inc, Winooski, Vermont, USA). Total
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growth was calculated by subtracting each blank absorbance value from the inoculated
culture turbidity. Significant differences among treatments ODeoo, Were determined using
ANOVA and Fisher Least Significant Difference (LSD) method, at a significance level of
P < 0.05 using the SIGMA Plot Software (Version 11.0). MIC was determined as the
lower Zinkicide™ treatment were no increase in initial culture turbidity (ODeoo< 0.07)
was observed. For MBC, 100pl of three well replicates for each concentration from 131 to
235ppm were dropped in BM7 agar plates, extended with sterile cell spreaders and
incubated in a moisture chamber at 28°C for one month. The MBC was determined as the
treatment were no colonies were recovered in BM7 agar plates after one month of

incubation period. The experiments were repeated two times independently.

Biofilm formation inhibition and biofilm disruption assays in batch cultures

For biofilm formation inhibition and biofilm disruption assays, mBM7 was used for Lcr
bacterial suspension preparation and biofilm formation in 96 well plates. For biofilm
inhibition assays, treatments were inoculated and incubated as described above for MIC
determination. Total and planktonic growth were determined by ODsoo readings at 8dpi
while biofilm formation inhibition was assessed using the crystal violet biofilm staining
protocol (19). For biofilm disruption assays, Lcr cultures were inoculated as described
above in mBM7, and allowed to form biofilm for 7 days. At this time, entire culture
volumes were aseptically removed, including blanks and Lcr inoculated wells, and were
resuspended in 200pl of MBM7 and a Zinkicide™ concentration gradient in the range
used for the MBC (131-209ppm). Resuspended cultures were incubated for 8 additional

days under the same conditions. Then, Lcr cultures were assessed for total, planktonic and
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biofilm formation as described above. Blank absorbance values were subtracted from
biofilm growth values for each treatment. Significant differences in turbidity readings
between the total and the biofilm growth for each treatment were calculated by ANOVA
and Fisher Least Significant Difference (LSD) method. Significant differences between
the planktonic growth for each treatment was determined using a Kruskal-Wallis One
Way Analysis of Variance on Ranks. All the statistical analyses were performed at the

significance level P <0.05, using SIGMA Plot Software (Version 11.0).

Biofilm formation inhibition and biofilm disruption assays in microfluidic chambers

Microfluidic chamber design and fabrication was performed as previously described (20).
For biofilm formation inhibition assays the upper channel was initially filled with mBM7
in the lower channel and mBM7 supplemented with Zinkicide™ 78ppm using an
automated syringe pump (Pico Plus; Harvard Apparatus, Holliston, MA). Lcr bacterial
suspensions in MBM?7 (ODeoonm=0.5) were injected for one hour to obtain attached cells.
After a critical number of attached cells was observed (~ 5 cells/20um?), bacterial cultures
inlets were clamped with surgical scissors, and the flow rate was maintained constant at
0.25ul/min for 7 days. For biofilm disruption assays, both channels were initially filled
with mBM?7 and Lcr cells were inoculated as described above and allowed to form biofilm
for 10 days. After this time, the culture media in one of the channels was replaced by
mBM?7 supplemented with 131ppm of Zinkicide™ and allowed to flow at the same rate
for 10 additional days. MC were mounted onto a Nikon Eclipse Ti inverted microscope
(Nikon, Melville, NY) and observed with a 40X objective using phase contrast and

Nomarski differential interference contrast (DIC) optics. Cell division over time was
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recorded using time-lapse video imaging microscopy. Image acquisition was performed
automatically every 10min using a Nikon DS-Q1 digital camera (Nikon, Melville, NY)
controlled by NIS- Elements software version 3.0 (Nikon, Melville, NY). At the end time
point of the experiments Lcr cell viability inside the MC was assessed using the
LIVE/DEAD® BactLight Bacterial viability kit. Briefly, 3ul of each reagent of the kit was
added to 1ml of the same treatments running in the MC, loaded into a 1ml plastic syringe
(BD Becton Dickinson, Utah, USA), aseptically interchanged by the treatment running in
the MC, and inoculated under the dark at the same flow rate used above. To detect both
dyes used, propidium iodide and SYTO 9, excitation wavelengths of 528 (FITC) and 590
(TRTC), respectively, were used. Image capture and analysis was performed using a
Nikon Eclipse Ti inverted microscope (Nikon, Melville, NY) fitted with a Nikon DS-Q1
digital camera (Nikon, Melville, NY) controlled by NIS- Elements software version 3.0

(Nikon, Melville, NY). At least two independent experiments were performed.

Reactive oxygen species (ROS) formation quantification

L. crescens ROS production in response to Zinkicide™ was determined using the general
oxidative stress indicator CM-H>DCFDA (ThermoFisher Scientific). Briefly, 6 days-old
Lcr cells in BM7 agar plates were scrapped and suspended in pre-warmed (28°C)
phosphate buffer saline (PBS) (ODeoo= 1) with a 5iM dye concentration and incubated
for 15 min at 28°C at 150rpm. Then, Lcr cells were centrifuged at 4,000rpm for 5min, the
excess of dye was removed with the buffer and the cells were resuspended and
homogenized in fresh PBS. Then 10pl of the resuspended cells where inoculated in a

Zinkicide™ concentration gradient form 0 to 78ppm. To quantify the effect of
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Zinkicide™ in the emission intensity of the dye in absence of cells, additional treatments
of the same Zinkicide™ concentrations, where inoculated with the dye at a final
concentration of 0.5uM. Three replicates were tested for each cell free and cell inoculated
treatment. Fluorescence intensity was read with excitation/emission wavelengths of 492
and 517 nm, respectively, using a using a Cytation 3 Image Reader spectrophotometer
(BioTek Instruments Inc, Winooski, Vermont, USA). To normalize the data as a function
the dye emission for each Zinkicide™ concentration value, the emission with the cell
free-Zinkicide™ free treatment (BM7 plus 0.5uM of CM-H2DCFDA), was divided by the
emission obtained for each cell free treatment, including itself, and these values were
saved as the signal inhibition factor for each treatment. Then, each signal inhibition factor,
was multiplied by the emission of its corresponding cell inoculated replicates and were
averaged to obtain the final ROS production values for each cell inoculated treatment.
Significant differences among treatments ROS production, were determined using
ANOVA and Fisher Least Significant Difference (LSD) method, at a significance level of

P < 0.05 using SIGMA Plot Software (Version 11.0).

Results

MIC and MBC determination assays

Zinkicide™ significantly inhibited Lcr growth for all the concentration tested (Fig 3-1).
No significant increase in Lcr total growth and close average turbidity values were
observed for Zinkicide™ concentrations from 52 (MIC) to 104ppm. In this range,
Zinkicide™ inhibited the 85.6% of Lcr growth (as assessed by turbidity at 600nm). The

MBC assay showed Zinkicide™ totally suppressed Lcr growth in BM7 agar plates at
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concentration values above 183ppm. An average of 170 CFU/mIl was recovered from the
157ppm Zinkicide™ treatment and more than 300 colonies were recovered from lower

concentrations (Table 3-1).
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FIGURE 3-1. Lcr total growth inhibition from 0 to 104ppm of Zinkicide™ in BM7
medium. Lcr culture ODsoo are represent as mean values + standard deviations (SD) in
single bars for each treatment (n=6). Different letters represent significant differences
calculated by a Fisher-LSD method at the significant level of P < 0.05. * Minimum

inhibitory concentration.

Table 3-1. Colony forming units per ml (CFU/mI) recovered in BM7 agar plates for each

Zinkicide™ concentration value tested in the MBC concentration range.

Zinkicide™ (ppm) 131 157 183 209

CFU/ml in BM7 >300 170+39 0 0
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Biofilm formation inhibition and biofilm disruption activity of Zinkicide™

The planktonic culture fraction showed no significant differences in growth inhibition for
all the Zinkicide™ concentrations tested in this assay with inhibition percentages above
96%. The biofilm growth fraction showed no significant differences between the
Zinkicide™ treated samples but progressively inhibited Lcr biofilm formation from 71.5
to 96.1%. Finally, the total growth displayed a balance between these two previous culture

fractions, with inhibition values from 86.7 to 94.2% (Fig 3-2).
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Figure 3-2. Biofilm formation inhibition activity of Zinkicide™ against Lcr. Total,
planktonic and biofilm growth for the untreated cultures (Oppm) and the Zinkicide™-
treated cultures are represented as mean values + SD in three different bars for each
treatment (n=6). Different letters for the total and the biofilm growth represent significant
differences calculated by a Fisher-LSD method. Different letters for the planktonic growth
represent significant differences determined by a Kruskal-Wallis One Way Analysis of

Variance on Ranks. All statistical analyses were performed at a significance level of P <
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0.05. Two independent experiment were performed, and one representative experiment is

shown.

Zinkicide™ did not disrupt Lcr preformed biofilms. No significant differences were
observed between the untreated control and the treatments from 131 to 183ppm, while the

biofilm formation was significantly higher in the 209ppm Zinkicide™ treatment (Fig 3-3).

0 131 157 183 209

Zinkicide™ (ppm)

OTotal growth B Biofilm growth Planktonic growth

Figure 3-3. Zinkicide™ effect on Lcr preformed biofilms 8 days after application. Total,
planktonic and biofilm growth for the untreated cultures (Oppm), and the Zinkicide™
treated cultures are represented as mean values + SD in three different bars for each
treatment (n=6). Different letters for the total and the biofilm growth, represent
significant differences calculated by Fisher-LSD method. Different letters for the
planktonic fraction represent significant differences determined by a Kruskal-Wallis One

Way Analysis of Variance on Ranks. All statistical analyses were performed at a
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significance level of P < 0.05. Two independent experiments were performed, and one

representative experiment is shown.

Biofilm formation inhibition and disruption by Zinkicide™ in microfluidic
chambers

Time-lapse images in MC captured during biofilm formation assays showed Lcr stopped
cell division in the Zinkicide™-treated channel, meanwhile an active cell division that
resulted in a final increased biofilm formation was observed in the untreated control
channel. No evidence of cell detachment was observed during this experiment in the
Zinkicide™-treated channel (Fig 4-A, left panel). The use of the LIVE/DEAD® BactLight
Bacterial viability Kit, revealed that the remaining attached cells in the Zinkicide™ treated
channel had compromised cell membranes because of their staining with the cell
impermeable DNA intercalant agent propidium iodine (Fig 4-A, right panel). The biofilm
disruption assay showed Zinkicide™ did not cause a significant qualitative biofilm
disruption in Lcr preformed biofilms during the time tested (Fig 4-B, left panel), however,
the LIVE/DEAD® BactLight Bacterial viability kit also revealed the occurrence of
massive membrane damage and very few viable cells in the remaining attached biofilm
(Fig 4-B, right panel).

A more general view of the spatial antibacterial activity of Zinkicide™ against Lcr in MC
was obtained by merging the images obtained from different sections of the MC device
after staining with the LIVE/DEAD® BactLight Bacterial viability kit. As shown in the
Fig 5, there is a gradient in the proportion of dead and live cells, with a decrease in the

number of dead cells in areas farther from the main channel where the Zinkicide™ was
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applied, and a decrease in live cells in areas farther from the lateral inlet used for bacterial

inoculation (Fig 5).

A

Time-lapse microscopy Cell Viability

Zinkicide™
(78ppm)

Control

Time-lapse microscopy Cell Viability
Ohr 90hr 189hr 213hr

Zinkicide™
(131ppm)

Control

Figure 3-4. Biofilm formation inhibition and biofilm disruption assays in microfluidic
chambers. A) Biofilm formation inhibition assay. B) Biofilm disruption assay. Left panel:

Time-lapse (DIC) microscopy. Right panel: cell viability assessing with the

LIVE/DEAD® BactLight Bacterial viability kit. Scale bar: 20um.
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Figure 3-5. Spatial antibacterial activity of Zinkicide™, against Lcr in microfluidic chambers (MC) assessed by the LIVE/DEAD®
BactLight Bacterial viability kit. The red section marked in the diagram in white background shows the area of the MC represented in

the image. Scale bar: 20um.

68



Lcr ROS production in response to Zinkicide™

As was expected from its chemical properties, Zinkicide™ interfered in a dose manner
with the general oxidative stress indicator CM-H>DCFDA fluorescence emission (Fig 6-
A). As result of this interference, no clear trend in Lcr ROS production was observed in
the Zinkicide™ cell inoculated treatments, in comparison with the untreated control
replicates (Fig 6-C). After fluorescence emission normalization, an increase in ROS
formation was observed in response to Zinkicide™ concentration increase (Fig 5-C). A
linear regression analysis showed Lcr ROS production was positively correlated with

Zinkicide™ concentration in the tested range (Fig 6-D).

Discussion

Zinkicide™ has a lower MIC compared with ZnO based nanoparticles tested in other
studies and therefore a more potent antimicrobial activity. The MIC for Zinkicide™
against Lcr determined in this study was as low 52ppm. This value is approximately more
than five-fold lower than MIC values determined for different metal nanoparticles,
comprising ZnO, CuO and AgTiOz, against several human and fish pathogens such as
Staphylococcus aureus, Pseudomonas aeruginosa, Vibrio spp. and Flavobacterium,
Branchiophylum and fungus of the genus Penicillium and Mucor (21). Lower MIC
values have been reached in other studies were Catechin-Cu nanoparticles had MIC
values of 20 and 10ppm for Echerichia coli and S. aureus, respectively (22) and another
report were silver nanoparticles were tested against S. aureus, E. coli, Bacillus cereus and

Pseudomonas putida, showing MIC values above 2-4ppm (23).
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Figure 3-6. L. crescens ROS formation in response to Zinkicide™. A) CM-H.DCFDA
fluorescence relative units (FRU) emission in each Zinkicide™ treatment in cell free
assays. B) Total FRU values obtained for cell inoculated assays. C) Normalized FRU
values for cell inoculated treatments. Different letters represent significant differences
determined by Fisher-LSD method at the significance level of P < 0.05. Error bars:
standard deviations. D) Lineal regression between the normalized FRU for the cell

inoculated treatments and Zinkicide™ concentration.

Zinkicide™ concentration value of 104ppm inhibited more than the 96% Lcr biofilm
formation. However, as was expected, the biofilm fraction showed a lower sensitivity to
Zinkicide™ than the planktonic phase. Biofilms are well known as persistent multicellular
structures wherein several microbial resistance mechanisms can occur (24, 25).
Insufficient antimicrobial compound diffusion can be reached inside the biofilm due to the

mechanical and physicochemical properties of the biofilm matrix leading to bacterial
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survival due to the low dose of antimicrobial inside the biofilm (26). Antimicrobial
compounds can also be inactivated by chemical reaction with the extracellular
components of the biofilm or by attaching to the anionic polysaccharides without reaching
to the target bacterial cells (27). The differential distribution of nutrients and oxygen
inside the biofilm also cause a heterogeneity in growth rate and metabolism, and makes
less active cells more resilient to antimicrobial compounds (10). In this regard,
Zinkicide™ was ineffective against Lcr preformed biofilms and caused a numerical
increase of biofilm formation by Lcr. These results are in consistence with previous
studies in Xylella fastidiosa that showed that the exposition of this pathogen to high doses
of the metallic compound, reduced the pathogen cultivability but increased the
exopolysaccharides production and biofilm formation as a resistance mechanism, likely
induced by the stress response of Zinkicide™ exposure (28). Wu et al. described similar
results when testing the biofilm disruption activity of Zn against bacterial swine
pathogens (29). It has been described that positively charged molecules, such as Zn ions,
are prone to be captured by the overall negative charge of biofilm extracellular matrix,
conferred by their EPS chemical groups (30). For X. fastidiosa, it was theorized that Zn
ions accumulate the extracellular matrix, delaying Zn ions penetration to the sessile cells,
and consequently, reducing Zn intracellular levels and toxicity (28).

MC assays showed the effect of Zinkicide™ against Lcr biofilms under flow conditions
that more closely resemble the natural environment of Liberibacter spp. Zinkicide™ did
not reduce Lcr attachment to surfaces in any of the assays performed in MC. Considering
knowledge in other nanoparticles, it is expected that Zinkicide™ affects protein activity
by direct binding and inactivation, or by the collateral protein damage caused by the

increase in intracellular ROS (31, 32). However, and how we described in Chapter 1,
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protein synthesis disruption does not impact on Lcr cell-surface attachment, therefore may
be expected Zinkicide™ does not detach Lcr cell from the surfaces.

On the other hand, Zinkicide™ was able to cause death to Lcr cells adhered to surfaces
inside MC and 10-days old preformed biofilms in the MC, showing its penetration
capacity inside Lcr biofilms. Improvements in nanoparticle size and shape have been
carried out in order to enhance the penetration of these compounds into bacterial biofilms
(27).

The use of the LIVE/DEAD® BactLight Bacterial viability kit to assess Lcr viability
inside MC also helped to understand the distribution of Zinkicide™ in an interconnected
tubular niche with different flow rates, Zinkicide™ concentrations and cell densities.
Since the lateral inlets are clamped and Zinkicide™ treatments flow through the main
channel, just sub-inhibitory concentrations of the compound penetrate the lateral inlets
and a concentration gradient of the antimicrobial compound is formed from the main
channel to the end of the inlet for bacteria (Fig 5). At the same time, the lateral inlets for
bacteria are more highly occupied by bacteria because they receive the initial bacterial
inoculum at a high cell density. As result, a decrease in Lcr cell viability is observed from
the end of the lateral inlet for bacteria, where more viable attached cells and/or biofilms
are observed, to the connection with the main channel where the Zinkicide™ is mostly
flowing at inhibitory concentrations. It has been described an increase in E. coli viability
when these are treated with ZnO nanoparticles at sub-inhibitory concentration (33).
Previous works also demonstrated cell density also influences the antimicrobial activity of
ZnO nanoparticles with a negative correlation between the bacterial density and the

antimicrobial activity of the compound (34, 35). These results have relevance to

75



understand the spatial distribution of the Zinkicide™ in relation with the initial
application point and the influence of cell density on its antibacterial activity.
Zinkicide ™ significantly interfered with CM-H.DCFDA fluorescence emission when
added to cell free treatments. This process is called photobleaching and results from the
conversion of fluorescent dye molecules into fluorophores that are unable to fluoresce
(36). As result of this process the Zinkicide ™ cell inoculated treatments displayed a lower
emission than the untreated cell inoculated samples. Zinkicide™ formulation contains
hydrogen peroxide, which is known it can directly bind and destroy the fluorescent dyes
(37). Therefore, we attributed the effect we observed in the cell free treatments to a
reduction of the fluorescence emission caused by this interaction. Since the fluorescence
emission of our cell inoculated treatments was biased by this process, we first quantified
the influence of Zinkicide™ formulation in the dye emission as factors, and later we used
these factors to normalize the data obtained from the cell inoculated treatments.

After data normalization, Lcr exposure to increasing Zinkicide™ concentrations resulted
in an increase on ROS production in a dose-dependent manner. ROS formation has been
described as the main mode of action of metal nanoparticles (31, 38, 39). In contact with
water in solution, ZnO nanoparticles trigger a series of chemical reactions that produces
peroxide, superoxide and hydrogen peroxide species (40, 41). The two first reactive
species are cell impermeable and remain attached to the membrane, but the hydrogen
peroxide penetrates and acts intracellularly (42). The consequent change on the oxidative
status inside the cell and of the surroundings, causes severe cell structural and functional
injury that includes cell wall damage due to ZnO-localized interaction, internalization of

nanoparticles due to loss of proton motive force, increased membrane permeability and
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intake of toxic dissolved zinc ions, among others effects that eventually lead to cell death
(31).

The reduced genome of CLas in comparison with Lcr (14) and the lack of free living
genes of this pathogen, especially those to cope with oxidative stress (12), suggest a
similar or higher antimicrobial activity can be achieved by Zinkicide™ against CLas.
However, factors such as CLas intracellular nature, its irregular distribution on the plants
and the unknown plant detoxification mechanisms influence in Zinkicide™
concentrations, can modulate this activity, therefore, they need to be fully addressed in
order to obtain better results with Zinkicide™ as a chemical control agent. In this sense,
the observed influence of Zinkicide™ on Lcr preformed biofilms may serve as a warning
about the collateral impact that the application of this compound may have in CLas
biofilms formed in the insect digestive system. Field trials testing the efficacy of
Zinkicide™ against CLas on infected citrus plants and studies to assess the distribution
and persistence of the compound in the treated plants are being carried on currently (43).
Factors such as application method, time between product applications and the evaluation
of the environmental impact resulting of its use, are the next steps to make of Zinkicide™
and effective and safe therapeutic method to reduce CLas populations in the critical
situation of Florida. At the same time, and no less important, this work should be
complemented by assessing the influence of the application of this compound on CLas
populations in the insect vector, as inseparable part of CLas life cycle. The combined
application of this and other management methods, as part of an integrated disease
management, will help to reduce the economic and collateral impact of this devastating

citrus disease.
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