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Abstract

Xylella fastidiosa is a bacterial plant pathogen that infects numerous plant hosts. Disease develops when the bacterium
colonizes the xylem vessels and forms a biofilm. Inductively coupled plasma optical emission spectroscopy was used to
examine the mineral element content of this pathogen in biofilm and planktonic states. Significant accumulations of copper
(30-fold), manganese (6-fold), zinc (5-fold), calcium (2-fold) and potassium (2-fold) in the biofilm compared to planktonic
cells were observed. Other mineral elements such as sodium, magnesium and iron did not significantly differ between
biofilm and planktonic cells. The distribution of mineral elements in the planktonic cells loosely mirrors the media
composition; however the unique mineral element distribution in biofilm suggests specific mechanisms of accumulation
from the media. A cell-to-surface attachment assay shows that addition of 50 to 100 uM Cu to standard X. fastidiosa media
increases biofilm, while higher concentrations (>200 uM) slow cell growth and prevent biofilm formation. Moreover cell-to-
surface attachment was blocked by specific chelation of copper. Growth of X. fastidiosa in microfluidic chambers under flow
conditions showed that addition of 50 uM Cu to the media accelerated attachment and aggregation, while 400 uM
prevented this process. Supplementation of standard media with Mn showed increased biofilm formation and cell-to-cell
attachment. In contrast, while the biofilm accumulated Zn, supplementation to the media with this element caused
inhibited growth of planktonic cells and impaired biofilm formation. Collectively these data suggest roles for these minerals
in attachment and biofilm formation and therefore the virulence of this pathogen.
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Introduction

Metals are required for the myriad of functions within all cells
with almost half of all enzymes requiring a metal cofactor [1]
Trace elements such as copper, manganese, zinc and iron are used
as cofactors in proteins for structural and/or enzymatic processes.
Redox active Cu and Fe cofactors are critical for photosynthesis in
plants, and for the utilization of oxygen in eukaryotes. These
metals are under tight homeostatic control because although
required they also have the potential to be toxic at high
concentrations. Multi-cellular organisms need to regulate the
concentration and distribution of all metals at a cellular level to
provide sufficient metals for the developing tissues [2]. The metal
quota of an organism is defined as the total concentration of
mineral elements required for cell viability [3]. The composition of
the elements required for survival for bacteria is essentially the
same as that required for a plant or human host [3]. The
similarities in requirements mean that microbial pathogens face a
unique challenge for survival inside the host organism, where they
need to recruit the same essential cofactors and metabolites that
the host carefully guards. Therefore pathogens must develop
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strategies to bypass host defenses and to ‘outcompete’ the host for
certain elements.

Xylella fastidiosa is a Gram-negative bacterial plant pathogen that
is found in more than 30 different plant hosts, causing disease in
economically important plants including citrus and grapes [4,5].
After infection via leathopper insects the bacterium colonizes the
xylem vessels and forms biofilm aggregates that block the passage
of water and nutrients from the roots to the leaves [6,7]. Visual
symptoms of X. fastidiosa infection include leaf scorch, dwarfing,
matchsticking and chlorotic spots [6]. Scorched tissues in infected
leaves are water deficient [8] while some research argues that
water-deficit symptoms in grapes differ from symptoms caused by
X. fastidiosa infection [9,10]. Regardless of the rate of transpiration
to symptomatic leaves, minerals elements are important compo-
nents of xylem sap, and are potential nutrients affected by, or
affecting X. fastidiosa infection.

A number of in witro and i planta experiments have revealed
important roles for mineral elements in X. fastidiosa. The growth
rate of the planktonic X. fastidiosa in xylem fluid has been
correlated to the concentration of inorganic ions such as Cu, Mg,
P and Zn, among other components such as amino acids and citric

January 2013 | Volume 8 | Issue 1 | 54936



LE+02 5

Xylem Sap
HPD2 ‘

LE+01 +

1.E+00

1.E-01

1E-02

[Mineral Elements]
Molar

1.E-05

Cu Zn  Mn Ca K Fe Mg

a1 l l

lonome of Xylella fastidiosa

P S Ni B

Figure 1. lonome of X. fastidiosa synthetic medium (PD2) versus field-collected grape xylem sap. PD2 batches (n=4) and xylem sap from
different grape varieties (n=6) were analyzed via ICP-OES. Values are presented as molar concentrations and represent average and standard errors

of the mean (SEM).
doi:10.1371/journal.pone.0054936.g001

acid [11]. Iron regulates the expression of several X. fastidiosa
pathogenicity factors e.g. type IV pilus and bacteriocins [12] and
studies examining the toxicity of copper suggested that biofilm cells
are more resistant to this metal than planktonic cells [13].
Additionally Ca can act as an ionic stabilizer of the biofilm matrix
[14,15,16]. Xylella fastidiosa biofilm in planta has increased
concentration of divalent cations suggesting a model where Ca
and Mg bridge between the negatively-charged xylem vessels and
the negatively-charged bacterial exopolysaccharides (EPS) [15].
In a recent investigation we demonstrated that m witro
supplementation of the standard growth medium with calcium
concentrations closer to those found in xylem sap of susceptible
hosts (in grape approximately 2-3 mM) promoted X. fastidiosa
enhanced adhesion, biofilm formation and twitching motility, all
critical virulence determinants [17]. Intracellular concentrations
and metabolic activity were required for triggering Ca-enhanced
attachment, and increases in total Ca concentrations were
correlated to thicker biofilms and increased cell-to-cell aggrega-
tion. Therefore our results demonstrated a role for Ca as an
mtracellular trigger for aggregation and adhesion and supported
the previous role as extracellular ‘glue’ in biofilms [15,17]. In the
communication by Cruz et al., initial experiments testing the effect
of supplementation of mineral elements on attachment of X.
Jastidiosa [17], indicated that other specific elements promote or
prevent biofilm formation. However that study did not address the
levels of mineral elements found in the biofilm compared to
planktonic cells. Based on previous observations, we hypothesized
that mineral elements differentially accumulated in X. fastidiosa
biofilm are required for cell attachment and aggregation. To test
this hypothesis we measured the ionome in the biofilm and
planktonic states. The ionome is defined as a snapshot of the total
mineral element content of cells regardless of chemical form
[18,19]. We then tested the significance of mineral element
accumulation in biofilm using  wvitro assays of attachment and
aggregation. Determining the ionome of X. fastidiosa is a step
towards understanding the roles of mineral elements in virulence.
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Experimental

Bacterial strains and culture conditions

Xylella fastidiosa subsp. fastidiosa strain Temecula (ATCC 700964)
was used in this study and was grown in PD2 [20] liquid medium
at 28°C. Stocks of X. fastidiosa cultures were stored in PD2 broth
plus 20% glycerol at —80°C.

Biofilm quantification in 96-well plates

Biofilm formation by X. fastidiosa was assessed by a crystal violet
(GV)-based assay according to Cruz et al. [17] with cells grown in
PD2 supplemented with metals and chelators at different
concentrations. PD2 was supplemented with CuSO, MnCly,
ZnCl, in a range of concentration from 0.01 mM to 2.5 mM. To
limit Cu availability the cell-impermeant copper chelator bath-
ocuproine sulfate (BCS) was added to PD2 media in a range of
concentration from 0.01 mM to 0.15 mM. For all experiments
using CV assay, each plate included a control row (n = 12) of cells
grown in non-supplemented PD2. All experiments were replicated
at least three times.

lonome quantification

Glass culture tubes containing 5 ml of liquid cultures of X.
Jastidiosa in PD2 medium were incubated with shaking (150 rpm)
at 28°C for 7 days before harvesting planktonic and biofilm cells.
Planktonic samples were removed from the liquid by centrifuga-
tion 5 minutes at 3500 X g then washed twice in ultra-pure water
MilliQ), Millipore, MA) and once in 0.05 M EDTA to remove
non-specifically associated mineral elements. The biofilm cells
attached to the glass surface at the air-liquid interphase were
removed by vortexing the culture tubes with ultra-pure water.
Cells were then collected by centrifugation and washed as per the
planktonic cells.

Samples were digested for at least 1 hour at 100°C in 200 pL of
metal-free concentrated nitric acid (OPTIMA, Fisher Scientific).
After dilution with ultra-pure, metal-free water (MilliQ), Millipore,

January 2013 | Volume 8 | Issue 1 | 54936



lonome of Xylella fastidiosa

1000 1 1000 1
o T A o
g 100 g 100
= I=
&) N
2 10 } g 10
=< 3
1 ; 1
100 1 10000 1
w C w
g 101 2 1000 -
= ®
= él O
[s i © i
2 1 g 100
= =
0.1 . ] 10
1000 - 10000 1
E o
® = 1000 1
= £
£ 100 - E
2 2 100 1
° S
£ i
5 1 E 10-
1 . . 1
1000 1 10000 ~
(7)) G w
= = 1000
£ 100 - $ $ E
B >
L = 100 A
© ©
10
] 2 ol
1 i 1

Biofilm Planktonic

Biofilm

Planktonic

Figure 2. Box-plot representation of mineral element concentrations in X. fastidiosa biofilm or planktonic cells. The box represents the
interquartile range for the samples and the whiskers the total range (n=40) A) Cu B) Zn C) Mn, D) Ca, E) K, F) Na, G) Fe, and H) Mg. Significant
differences are observed in Cu, Zn, Mn, Ca and K (t-test p<<0.05, see Table 1).

doi:10.1371/journal.pone.0054936.g002

MA) and centrifugation at 13,000 x g to remove any particulates,
samples were analyzed by Inductively Coupled Plasma with
Optical Emission Spectroscopy (ICP-OES, Perkin Elmer
7100 DV, Waltham, MA) with simultaneous measurement of B,
Ca, Co, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, S, Zn. Mineral element
concentrations were determined by comparing emission intensities
to a standard curve created from certified standards (SPEXCerti-
prep, Metuchen, NJ). Standard curves were confirmed by re-
analysis of standard solutions diluted in a matrix equivalent to the
sample as required. Individual readings (average of two intensity
measurements) and repeated analysis of individual samples showed
less the 5% variation.
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Each ionome experiment consisted of 10 individual cultures
grown in a set, and this experiment was repeated independently
four times to generate the average ionome. Sulfur concentration
was assessed as a function of cell number measured by optical
density (ODggp) in 40 independent cultures to establish a
correlation. The linear correlation (data not shown: for planktonic
(y=2.2457 x—0.5508, R? = 0.87) and biofilm (y = 2.6508 x—0.0484
R?=0.93)) suggests sulfur can be used as an internal control for
potential loses occurring in the preparation or reading of the
samples.
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Table 1. Mineral element concentration in Xylella fastidiosa in the planktonic and biofilm physiological states.

Planktonic Biofilm Biofilm vs. Planktonic Fold Difference?®

Mean + SEM' Mean + SEM pvalue?

(umol/mol S) (umol/mol S)
Cu 6.6+0.8 208+47 <0.0001 30
Zn 19*3 97£19 0.0002 5
Mn 4+1 23+8 0.02 6
Ca 218=*61 491+96 0.03 2
K 9021 230+24 0.03 2
Na 113£35 481£134 0.07 4
Fe 666 8610 0.13 1
Mg 690+213 261+49 0.13 0.4

1. SEM = Standard error of the mean.

doi:10.1371/journal.pone.0054936.t001

Assessment of biofilm formation in microfluidic

chambers

The formation of biofilm was evaluated in microfluidic
chambers in PD2 and PD2 supplemented with either 50 or
400 uM CuSOy. The fabrication of the chambers was performed
as previously described [21].A two parallel channels chamber
design was used for the experiments (80 um wide by 3.7 cm long
by 50 um deep), each channel has two inlets to allow the separate
entry of media and bacteria and an outlet to allow media to flow
out the other end. For biofilm assessment eight-day-old bacterial
cultures were scraped from PD2, suspended in PD2 or PD2 + Cu
(50 or 400 uM). Bacterial suspensions were introduced into the
microfluidic chamber through tubing connected to the chamber.
The chamber flow controlled by an automated syringe pump (Pico
Plus; Harvard Apparatus, Holliston, MA) was kept at 0.25 ul
min~". Microfluidic chamber was mounted onto a Nikon Eclipse
Ti inverted microscope (Nikon, Melville, NY) and observations

2. p-values <0.05 indicate significant difference between concentration of the element in biofilm versus planktonic states, according to Student’s t-test.
3. Fold differences represent mean value for biofilm divided by mean value for planktonic cells.

were made at 40X with phase-contrast optics. Time lapse
microscope images were acquired every 2 min during 5 days with
a Nikon DS-Q)] digital camera (Nikon, Melville, NY) controlled by
NIS-Elements software (Nikon, Melville, NY).

Bacterial cell-to-cell aggregation assessment using VIS-

spectroscopy

Bacterial aggregation was examined in X. fastidiosa from 5 ml of
PD2 liquid cultures incubated with shaking at 28°C for 7 days.
Cells were harvested and suspended in ultra-pure water. Cell-to-
cell aggregation was established via “settling rate” [17] using a
UV-Vis spectrophotometer (Model 2450, Shimadzu scientific
instruments, Columbia, MD). Cell suspension was homogenized
vigorously by pipetting and placed in the spectrophotometer
where ODggp was continuously measured for 1 minute. The
“settling rate” was calculated as the slope of the linear portion of
decreasing change in ODgg over time.
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Figure 3. Quantification of attachment using crystal violet detection assay with variable Cu concentrations. Biofilm is assessed using
absorbance at 600 nm of crystal violet staining after washing of the microtiter plate. Biofilm fraction is compared to the average biofilm content in
PD2 media. A) Cu added up to 200 uM resulted in increased surface attachment, while attachment decreased when 200-600 uM Cu was added.
Planktonic growth was unaffected by copper addition across the complete range 0-600 uM. The experiment was repeated three times, and each
experiment contained three replicates. Asterisks indicate significant difference between copper supplemented and non-supplemented PD2
according to t-test (p<<0.05). B) Copper chelation by the extracellular only chelator, bathocuproine sulfate, BCS, inhibits attachment at concentrations
greater than ~70 uM. The experiment was repeated three times, and one representative experiment is shown. In both panels solid lines represent
biofilm quantification, while dotted line planktonic cells quantification. Copper or BCS concentrations are in uM.
doi:10.1371/journal.pone.0054936.9003
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Figure 4. Evaluation of cell-to-cell aggregation of X. fastidiosa at different Cu concentrations. Time-lapse micrographs showing cell
attachment and the formation of cell aggregates inside microfluidic chambers. Images were captured at 1, 2, 3, and 5 days post inoculation. PD2 or

PD2 supplemented with 50 uM or 400 uM Cu was used as growth media.

doi:10.1371/journal.pone.0054936.9g004

Collection of xylem sap

Xylem fluid (sap) was collected from six different grape varieties
growing in Montaluce Winery and Vineyards near Dahlonega,
Georgia, using a protocol previously described [22]. One to three
vines per variety (~3 years old) were tapped, including Vitis “Vidal’
and ‘Petite Vidal’, and Vitis vinifera ‘Cabernet Sauvignon’, ‘Merlot’,
‘Malbec’, and “Sangiovese’. Collection occurred in April 2010 and
was performed by cutting canes and allowing the xylem contents
to drip into 50 ml conical tubes for 1-2 h. Samples of the same
variety were pooled, and the amount of sap collected per variety
ranged from 2 to 19 ml. Samples were kept cold in an iced cooler
until return to the laboratory, where they were filter-sterilized
using a 0.22 um-membrane filter, and frozen at —80°C: for further
use. For mineral element composition analysis, samples were
defrosted and 1 ml used for ICP-OES analysis. No specific permits
were required for the described field studies. Montaluce Winery
via Oliver Asberger provided permission to sample and granted
access to privately owned land.

Statistical analysis

Data from the ionome characterization and attachment assay
were analyzed by two-tailed Student’s t-test using the Microsoft
Excel for Mac 2011 software and values of p<<0.05 were
considered significant.

Results and Discussion

lonome differences between biofilm and planktonic cells

As a comparison between the media used for bacterial growth
vitro and the natural environmental conditions where the bacteria
survives, we measured the average mineral element content of
PD2 media compared to the concentrations of mineral elements in
xylem sap of susceptible grape varieties. We observed that
standard PD2 media compared to xylem sap has relatively low
levels of Cu, Zn, Mn and Ca (Fig. 1). On the other hand, K and P
were more concentrated in PD2 than in xylem sap, while Fe, Mg,
S, Ni and B had similar levels in both media types (Fig. 1).
Culturing X. fastidiosa in xylem sap improves biofilm formation
[22], therefore we put an emphasis on those elements that are
more concentrated in sap. When Xylella fastidiosa cultures were

PLOS ONE | www.plosone.org

analyzed, nine mineral elements (Ca, Cu, Fe, Mg, Mn, Na, K, Zn,
S) were reliably detected in biofilm and planktonic cells under our
conditions, while B, Co, Mo, Ni were undetectable on the amount
of cells available for analysis. We used sulfur content as a
denominator in these studies that could account for losses in the
digest or internal errors in the ICP-OES readings. Significant
changes were observed in the levels of multiple mineral elements in
comparisons of biofilm compared to planktonic cells (Table 1).
Copper was found at 30-fold higher concentrations (p<<0.001), Mn
found at 6-fold higher concentrations (p = 0.02) and Zn found at 5-
fold higher concentrations ($<<0.001), while Ca (=0.03) and K
(p=0.03) were at 2-fold higher concentrations in biofilm versus
planktonic cells (Table 1). With the exception of K, all these
elements were less concentrated in PD2 than in grape xylem sap
(Fig. 1). No significant differences were observed for Fe (p=0.13),
Na (p=0.07), and Mg (p = 0.13) comparing planktonic and biofilm
cells (Table 1). To show the variability in these data (n=40) the
range of mineral elements concentrations detected and the median
values are shown in box plots (Fig. 2). The relative distribution of
mineral elements in planktonic cells Mg>Ca>Fe>Zn>Cu>Mn
is identical to that found in PD2 media, however biofilm undergo
significant changes that creates profile Ca=-
Cu>Zn>Mg>Fe>Mn.

The specific minerals found accumulating in biofilm compared
to planktonic cells (Cu, Zn, Mn and Ca) are also lower in PD2
media compared to xylem sap (Fig. 1). So we focused on the
potential roles on cell attachment and biofilm formation of Cu, Zn,
and Mn. Calcium was also accumulated in the biofilm compared
to planktonic cells (Table 1). Our previous study [17] showed a
role for calcium in aggregation and attachment of X. fastidiosa. This
suggested that the other mineral elements that accumulated in the
biofilm compared to planktonic cells might also enhance, or be
required for, different aspects of aggregation and attachment.
Since calcium was the focus of our previous work [17], it will not
be discussed further here. Also even though a 2-fold accumulation
was observed in biofilm for K we did not pursue this element as it
did not show any clear positive or negative affects on biofilm
formation (data not shown and [17]).

a unique
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Figure 5. Cu addition to PD2 affects biofilm formation and cell-to-cell interactions. Cells grown in PD2 (n=3) were compared to cells
grown in 50 pM CuSO, (n=3) or 400 uM CuSO, (n = 3). The planktonic cells (A, C, E) were separated from biofilm (B, D, F) and measured by ICP-OES
for copper content (log 10 scale)(A, B), total optical density as a measure of cells in different states (C, D) and settling rate as a measure of cell-to-cell
aggregation (E, F). N.D. not detectable due to low cell numbers. Data presented as mean and standard error of the mean.

doi:10.1371/journal.pone.0054936.9g005

Copper and biofilm

Given the unusually high concentration of copper in biofilm we
further investigated the role of copper in biofilm of X. fastidiosa.
Copper is an essential and toxic element and therefore requires
careful homeostatic control. Copper has been used in agriculture
as an important antimicrobial and fungicide particularly in
vineyards [23]. To interrogate the role of copper in biofilm
formation we used a C'V assay that assesses X. fastidiosa attachment
to a surface. Using incremental additions of copper we observed a
significant increase in biofilm at initial concentrations of copper (0
to 200 pM), while biofilm was reduced at higher concentrations
(200 to 600 uM) (Fig. 3A). To complement these data we cultured
X. fastidiosa in the presence of the cell-impermeant copper(I)
chelator bathocuproine sulfate (BCS, extracellular only). This
deprivation of copper resulted in decreased biofilm formation
(Fig. 3B) suggesting that Cu acquisition, or association of
extracellular Cu, is required for some aspect of forming or
maintaining biofilm. We do note that the addition of BCS to
grown cells did not affect cell-to-cell aggregation as measured by

PLOS ONE | www.plosone.org

settling rate (data not shown). This suggests that if extracellular Cu
is required for cell-to-cell aggregation, acting as a cross-linker, it is
inaccessible to this chelator due to binding partners or redox state.

These observations in CV assays were corroborated by visual
observation of the attachment in microfluidic chambers. The
addition of 50 uM copper to PD2 resulted in increased number of
cells attached and cell aggregation occurred 1-2 days earlier
compared to PD2 alone (Fig. 4). On the contrary no cell
aggregates were formed when 400 uM Cu was added, possibly
due to growth inhibition (Fig. 4).

To determine the levels of copper required to enhance
attachment and aggregation or to induce toxicity we cultured X.
Jastidiosa in PD2 with supplemental addition of Cu. The
concentrations used were based on observations from the crystal
violet assay and microfluidic chambers (addition of 50 pM copper
for enhanced attachment and 400 uM to prevent biofilm
formation). Xylella fastidiosa grown in test tubes in PD2+Cu
50 uM accumulated 10-fold higher concentrations of copper in
planktonic cells compared to PD2 alone, and accumulated only
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doi:10.1371/journal.pone.0054936.9006

1.5-fold higher concentrations of copper in biofilm compared to
PD2 alone (Fig. 5A, B). It should be noted that in this experiment
X. fastidiosa biofilm in PD2 had a 15-fold accumulation of copper
compared to PD2 planktonic cells. The addition of 50 uM Cu
improved the growth of planktonic cells and increased the level of
biofilm formed when measured by optical density (Fig. 5C, D). In
a cell-to-cell aggregation assay, measured by the settling rate of
suspended cells, planktonic cells from the PD2+Cu 50 uM cultures
had faster settling rates relative to untreated cells suggesting
enhanced cell-to-cell aggregation (Fig. 5E). However, biofilm cells
of PD2+Cu 50 pM showed decreased cell-to-cell aggregation
compared to PD2 alone. The addition of 400 pM Cu inhibited
growth of X. fastidiosa, decreased cell-to-cell aggregation (in
planktonic cells compared to PD2+Cu 50 uM) and prevented
biofilm formation (Fig. 5C, E). These results in test tubes
confirmed the observations from microtiter plates (Fig. 3A, B),
where cells form more cells aggregates (measured in CV assays) at
an optimal Cu concentration (around 50 pM added Cu), but
biofilm is inhibited at higher concentrations (400 uM).

PLOS ONE | www.plosone.org

The levels of copper in biofilm of untreated (PD2) cells did
fluctuate significantly especially when compared to planktonic cells
(Fig. 2A). Currently we cannot determine if the accumulation of
copper happens before or after biofilm formation, and we see no
obvious correlation between amount of copper in the biofilm and
the amount of attached cells. Observations by others suggest that
X. fastidiosa cells in the biofilm state are significantly more resistant
to copper [13] and our data might suggest that the ability to
accumulate copper in this physiological state may provide part of
the protection. We speculate that the observation that copper does
not dramatically increase in the biofilm of PD2+Cu 50 uM
(Fig. 5B) may suggest that the level of copper accumulated is close
to the maximum to allow for successful biofilm formation. Beyond
this concentration presumably the loss of the ability to self-
aggregate due to growth inhibition prevents biofilm formation.

Gene expression changes in X. fastidiosa induced by transient
treatment of cells with sub-inhibitory and inhibitory concentra-
tions of Cu were recently reported [24]. Genes implicated in
biofilm formation, such as hemagglutinins that contribute to cell-
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Figure 7. Mn addition to PD2 affects biofilm formation and cell-to-cell interactions. Cells grown in PD2 (n=3) were compared to cells
grown in 0.25 mM MnCl; (n=3) or 2.5 mM MnCl, (n = 3). The planktonic cells (A, C, E) were separated from biofilm (B, D, F) and measured by ICP-OES
for manganese content (log 10 scale)(A, B), total optical density as a measure of cells in different states (C, D) and settling rate as a measure of cell-to-
cell aggregation (E, F). Data presented as mean and standard error of the mean.

doi:10.1371/journal.pone.0054936.9007

to-cell adhesion [25], were induced by the sub-inhibitory levels of
copper [24]. While these experimental conditions differ from ours,
the increased availability of copper (PD2+Cu 50 uM) may induce
similar increase in expression of hemagglutinins to facilitate the
faster settling rate and increase in biofilm formation observed here.

Copper detoxification systems have been recognized previously
as resistance genes in Xanthomonas and  Pseudomonas  sp.
[26,27,28,29]. In addition to anthropogenic challenges, pathogens
must also evade the host defense mechanisms. Oxidative killing is a
major route of pathogen clearance by the immune system and
metals such as Cu, Fe, Zn and Mn are all used as prokaryotic
antioxidant defenses [30]. Therefore specific metal requirements
exist for sustained pathogenicity of various organisms. The
pathogenesis of Xanthomonas oryzae the causal agent of bacterial
blight in rice, has been linked to one susceptibility locus, Xal3
[31]. Xal3 encodes for a membrane protein that can affect the
activity of Cu transporters that can remove Cu from the xylem
[31]. The increased activity of the Cu transporters, leads to

PLOS ONE | www.plosone.org

decreased Cu concentrations in the xylem and allows X. orpzae to
multiple, resulting in severe bacterial blight [31]. The depletion of
Cu in the xylem leading to increased pathogen survival suggests
Cu is part of the host response to mediate pathogen removal.

Here we show an accumulation and a requirement for certain
mineral elements in the formation of X. fastidiosa biofilm. It has
been shown that X. fastidiosa ability to mediate cell-to-cell
aggregation and therefore biofilm is a critical factor in the
planta survival [25]. Exopolysaccharides (EPS) production by
Erwinia amylovora, the causative agent of fire blight in apples and
pears, is increased during Cu stress [32]. The main constituents
amylovoran and levan are able to bind Cu and therefore decrease
its toxicity [32]. Therefore, it is possible that the accumulation of
Cu in X. fastidiosa biofilm serves a similar protective role.

Zinc, manganese and biofilm

In addition to copper accumulation we observed that zinc and
manganese levels were significantly higher in biofilm compared to
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planktonic cells. Zinc is a structural and catalytic cofactor in a
variety of proteins including Zn-metalloproteases important in
digesting plant components for the nutrition of the bacterium
[33,34,35,36]. Based on observations that supplemental Zn
inhibited biofilm formation in microtiter plates [17] we chose to
supplement PD2 media with zinc at 0.25 mM and at 2.5 mM. Zn
added at 0.25 mM resulted in 20-fold accumulation in planktonic
cells with a 50% reduction in growth and 90% decrease in biofilm
while addition of 2.5 mM Zn (resulted in 5000-fold accumulation
in planktonic cells) reduced biofilm to undetectable levels (Fig. 6A—
D). The addition of 0.25 mM Zn to the media actually increased
cell-to-cell aggregation in both planktonic and biofilm cells
(Fig. 6E-F). Zinc has been implicated in EPS production in the
plant pathogen Xanthomonas campestris pv. campestris with mutants
lacking a Zn-regulated repressor producing less EPS and therefore
decreased virulence [37]. Zn has also been linked to adhesion of
bacteria to surfaces in animal pathogens but no reports of similar
role in plant pathogen are known [38].

Manganese like other mineral elements has been linked to EPS
production adhesion and biofilm organization but these studies
have been limited [39,40]. Manganese has most commonly been
linked to virulence by its role as a protectant against oxidative
stress [41]. Manganese is a cofactor for many enzymes required for
protection of the pathogen against oxidative stress, a host defense
mechanism. X. fastidiosa infection in Arabidopsis thaliana induces
gene expression of host oxidative stress protection [42]. Manga-
nese levels increase in biofilm approximately 6-fold (Table 1). As
expected, the addition of Mn to our test tube cultures did result in
significant increases in the levels of Mn associated with both
planktonic and biofilm cells, 3—4 orders of magnitude higher
(Fig. 7A, B). These accumulations resulted in an increase in biofilm
and cell-to-cell aggregation rates (Fig. 7C-F). The large accumu-
lation may be consistent with a non-proteinaceous accumulation
similar to that observed for Neisseria sp. isolates that produce Mn-
oxide that is required for virulence to protect against oxidative
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stress [30,43,44]. By analogy we speculate that either proteina-
ceous or non-proteinaceous Mn may be important for protection
of the X. fastidiosa in biofilm when in the xylem of the host plant.

Conclusions

Pathogens must adapt to changing environments as they move
from their reservoir to a host. A number of animal and plant
pathogens induce large scale transcriptional remodeling in metal-
related genes during the initial infection. Transcriptional activa-
tion of iron acquisition systems in pathogenic bacteria is often
associated with establishment of infection in the host [45,46].
These changes in transcription reflect the need to capture essential
elements from the host. Some pathogens even cause metal
remodeling of the host to enhance survival [31]. For some plant
pathogens these changes may be in part a response of protection
due to the widespread use of metal-based antimicrobials.

Further investigations will be required to identify the exact
molecular roles of these metals in the pathogen-host interaction.
This study reinforces the roles of mineral elements have in
aggregation and biofilm formation, and therefore roles in
establishment of infection and may suggest strategies for the
design of treatments for X. fastidiosa infected crops based on
inducing changes in homeostasis of these elements.

Acknowledgments

We would like to thank Montaluce Winery for allowing us the opportunity
to collect xylem sap from their vineyards and Jennifer Parker for providing
her expertise and assistance.

Author Contributions

Conceived and designed the experiments: PAC LDLF. Performed the
experiments: PAC LDLF LFC FN DD MT. Analyzed the data: PAC
LDLEF. Wrote the paper: PAC LDLF.

14. Fletcher M (1988) Attachment of Pseudomonas-Fluorescens to Glass and Influence of
Electrolytes on Bacterium-Substratum Separation Distance. Journal of Bacte-
riology 170: 2027-2030.

15. Leite B, Ishida ML, Alves E, Carrer H, Pascholati SF, et al. (2002) Genomics
and X-ray microanalysis indicate that Ca2+ and thiols mediate the aggregation
and adhesion of Xylella fastidiosa. Brazilian Journal of Medical and Biological
Research 35: 645-650.

16. Rose RK (2000) The role of calcium in oral streptococcal aggregation and the
implications for biofilm formation and retention. Biochimica Et Biophysica
Acta-General Subjects 1475: 76-82.

17. Cruz LF, Cobine PA, De La Fuente L (2012) Calcium increases Xylella fastidiosa
surface attachment, biofilm formation, and twitching motility. Applied and
Environmental Microbiology 78: 1321-1331.

18. Salt DE, Baxter I, Lahner B (2008) Ionomics and the study of the plant ionome.
Annual Review of Plant Biology 59: 709-733.

19. White PJ, Broadley MR, Thompson JA, McNicol JW, Crawley MJ, et al. (2012)
Testing the distinctness of shoot ionomes of angiosperm families using the
Rothamsted Park Grass Continuous Hay Experiment. The New phytologist.

20. Davis MJ, Purcell AH, Thomson SV (1980) Isolation Media for the Pierce’s
Disease Bacteria. Phytopathology 70: 425-429.

21. De La Fuente L, Montanes E, Meng Y, Li Y, Burr T]J, et al. (2007) Assessing
adhesion forces of type I and type IV pili of Xylella fastidiosa bacteria by use of a
microfluidic flow chamber. Applied and Environmental Microbiology 73: 2690
2696.

22. Zaini PA, De La Fuente L, Hoch HC, Burr TJ (2009) Grapevine xylem sap
enhances biofilm development by Xylella fastidiosa. FEMS Microbiology Letters
295: 129-134.

23. Mackie KA, Muller T, Kandeler E (2012) Remediation of copper in vineyards—a
mini review. Environmental Pollution 167: 16-26.

24. Muranaka LS, Takita MA, Olivato JC, Kishi LT, de Souza AA (2012) Global
expression profile of biofilm resistance to antimicrobial compounds in the plant-
pathogenic bacterium Xylella fastidiosa reveals evidence of persister cells. Journal
of Bacteriology 194: 4561-4569.

25. Guilhabert MR, Kirkpatrick BC (2005) Identification of Xylella fastidiosa

antivirulence genes: hemagglutinin adhesins contribute to X. fastidiosa biofilm

January 2013 | Volume 8 | Issue 1 | 54936



26.

27.

28.

29.

30.

33.

34.

maturation and colonization and attenuate virulence. Molecular Plant-Microbe
Interactions: MPMI 18: 856-868.

Ryan RP, Ryan DJ, Sun YC, Li FM, Wang Y, et al. (2007) An acquired efflux
system is responsible for copper resistance in Xanthomonas strain 1G-8 isolated
from China. FEMS Microbiology Letters 268: 40-46.

Behlau F, Canteros BI, Minsavage GV, Jones JB, Graham JH (2011) Molecular
characterization of copper resistance genes from Xanthomonas citri subsp. citri and
Xanthomonas alfalfae subsp. citrumelonis. Applied and Environmental Microbiology
77: 4089-4096.

Cha JS, Cooksey DA (1991) Copper resistance in Pseudomonas syringae mediated
by periplasmic and outer membrane proteins. Proceedings of the National
Academy of Sciences of the United States of America 88: 8915-8919.
Cooksey DA, Azad HR, Cha JS, Lim CK (1990) Copper resistance gene
homologs in pathogenic and saprophytic bacterial species from tomato. Applied
and Environmental Microbiology 56: 431-435.

Wu HJ, Seib KL, Srikhanta YN, Kidd SP, Edwards JL, et al. (2006) PerR
controls Mn-dependent resistance to oxidative stress in Newseria gonorrhoeae.
Molecular Microbiology 60: 401-416.

. Yuan M, Chu Z, Li X, Xu C, Wang S (2010) The bacterial pathogen

Xanthomonas oryzae overcomes rice defenses by regulating host copper
redistribution. The Plant Cell 22: 3164-3176.

. Ordax M, Marco-Noales E, Lopez MM, Biosca EG (2010) Exopolysaccharides

favor the survival of Frwinia amylovora under copper stress through different
strategies. Research in Microbiology 161: 549-555.

Andersen PC, Brodbeck BV, Oden S, Shriner A, Leite B (2007) Influence of
xylem fluid chemistry on planktonic growth, biofilm formation and aggregation
of Xylella fastidiosa. FEMS Microbiology Letters 274: 210-217.

Guerinot ML, Eide D (1999) Zeroing in on zinc uptake in yeast and plants.
Current Opinion in Plant Biology 2: 244-249.

. Fedatto ML, Silva-Stenico ME, Etchegaray A, Pacheco FT, Rodrigues JL, et al.

(2006) Detection and characterization of protease secreted by the plant pathogen
Xylella fastidiosa. Microbiological Research 161: 263-272.

PLOS ONE | www.plosone.org

10

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

lonome of Xylella fastidiosa

Silva MS, De Souza AA, Takita MA, Labate CA, Machado MA (2011) Analysis
of the biofilm proteome of Xylella fastidiosa. Proteome Science 9: 58.

Tang DJ, Li XJ, He YQ, Feng JX, Chen BS, et al. (2005) The zinc uptake
regulator zur is essential for the full virulence of Xanthomonas campestris pv.
campestris. Molecular Plant-Microbe Interactions 18: 652-658.

Lewis DA, Klesney-Tait J, Lumbley SR, Ward CK, Latimer JL, et al. (1999)
Identification of the znuA-encoded periplasmic zinc transport protein of
Haemophilus ducreyi. Infection and Immunity 67: 5060-5068.

Arirachakaran P, Benjavongkulchai E, Luengpailin S, Ajdic D, Banas JA (2007)
Manganese affects Streptococcus mutans virulence gene expression. Caries Research
41: 503-511.

Srinandan CS, Jadav V, Cecilia D, Nerurkar AS (2010) Nutrients determine the
spatial architecture of Paracoccus sp. biofilm. Biofouling 26: 449-459.

Hood MI, Skaar EP (2012) Nutritional immunity: transition metals at the
pathogen-host interface. Nature Reviews Microbiology 10: 525-537.

Rogers EE (2012) Evaluation of Arabidopsis thaliana as a Model Host for Xylella
Jastidiosa. Molecular Plant-Microbe Interactions: MPMI 25: 747-754.

Veyrier FJ, Boneca IG, Cellier MF, Taha MK (2011) A novel metal transporter
mediating manganese export (MntX) regulates the Mn to Fe intracellular ratio
and Neisseria meningitidis virulence. PLoS pathogens 7: ¢1002261.

Wu HJ, Seib KL, Srikhanta YN, Edwards J, Kidd SP, et al. (2010) Manganese
regulation of virulence factors and oxidative stress resistance in Neusseria
gonorrhoeae. Journal of Proteomics 73: 899-916.

. Wilks A, Burkhard KA (2007) Heme and virulence: How bacterial pathogens

regulate, transport and utilize heme. Natural Product Reports 24: 511-522.

Torres V], Attia AS, Mason W], Hood MI, Corbin BD, et al. (2010)
Staphylococcus aureus fur regulates the expression of virulence factors that
contribute to the pathogenesis of pneumonia. Infection and immunity 78:

1618-1628.

January 2013 | Volume 8 | Issue 1 | 54936



