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ARTICLE OPEN

Controlled spatial organization of bacterial growth reveals key
role of cell filamentation preceding Xylella fastidiosa biofilm
formation
Silambarasan Anbumani 1, Aldeliane M. da Silva1, Isis G. B. Carvalho 2, Eduarda Regina Fischer2, Mariana de Souza e Silva2,
Antonio Augusto G. von Zuben1, Hernandes F. Carvalho 3, Alessandra A. de Souza2, Richard Janissen 4✉ and Monica A. Cotta 1✉

The morphological plasticity of bacteria to form filamentous cells commonly represents an adaptive strategy induced by stresses. In
contrast, for diverse human and plant pathogens, filamentous cells have been recently observed during biofilm formation, but their
functions and triggering mechanisms remain unclear. To experimentally identify the underlying function and hypothesized cell
communication triggers of such cell morphogenesis, spatially controlled cell patterning is pivotal. Here, we demonstrate highly
selective cell adhesion of the biofilm-forming phytopathogen Xylella fastidiosa to gold-patterned SiO2 substrates with well-defined
geometries and dimensions. The consequent control of both cell density and distances between cell clusters demonstrated that
filamentous cell formation depends on cell cluster density, and their ability to interconnect neighboring cell clusters is distance-
dependent. This process allows the creation of large interconnected cell clusters that form the structural framework for macroscale
biofilms. The addition of diffusible signaling molecules from supernatant extracts provides evidence that cell filamentation is
induced by quorum sensing. These findings and our innovative platform could facilitate therapeutic developments targeting
biofilm formation mechanisms of X. fastidiosa and other pathogens.
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INTRODUCTION
Bacteria have evolved diverse surface adhesion mechanisms to
enable biofilm formation on biotic and abiotic substrates in a
variety of natural, medical, and industrial settings1–4. The virulence
of pathogenic bacteria strongly depends on their capability to
attach to biotic surfaces and form multicellular assemblies5–9. Such
pathogenic biofilms are highly resistant to diverse antimicrobial
compounds due to their encapsulation within a matrix of hydrated
extracellular polymeric substances (EPS)8,10,11. A better under-
standing of the mechanisms of bacterial adhesion and biofilm
formation is thus vital to reveal potential vulnerabilities that can
lead to their prevention and disruption2,12–16. In our previous work
we characterized all individual stages in the process of biofilm
formation in Xylella fastidiosa17, a vascular phytopathogen that
causes large economical damage worldwide by inducing diseases
in a range of important crops (e.g. citrus, grape, coffee, almond,
olives, among others)18,19 and further shares genetic traits with
human biofilm-forming pathogens20,21. With respect to the vital
question of how large-sized biofilms are formed by this pathogen,
we previously observed that cells during biofilm growth elongated
up to 10-fold their typical size when connected with neighboring
bacterial clusters, which we describe as a biofilm framework17. In
this scenario, the extreme elongation of cells represents a central
feature of biofilm formation, rather than simply a consequence of
stresses such as starvation and DNA damage as commonly
observed in other bacteria22–26. While similar filamentous cells
have also been observed in Vibrio cholerae7,14, Caulobacter
crescent24 and Pseudomonas aeruginosa27 during biofilm forma-
tion, solid evidence that such elongated cells are necessary for

triggering and for the progression of biofilm formation remains
fragmentary.

Whether filamentous cell growth of X. fastidiosa is the trigger
rather than a consequence of biofilm formation remains a central
question. Earlier results revealed that only a small fraction of cells
undergo morphogenesis to filamentous cells17, which emanate
from bacterial clusters. In this scenario, a stress-based trigger for
filamentation does not seem to be present since such a stress
would likely be shared by most cells in the cluster, and would
therefore promote the morphogenesis of a majority of cells22,23.
Another potential mechanism of triggering morphogenesis poses
cell–cell communication via diffusible signaling factors (DSF) as
part of the quorum sensing system. In particular, X. fastidiosa
regulates its cell–cell adhesion, biofilm formation, and virulence in
a cell density-dependent manner via DSF-based signaling28–31. A
prime example of such quorum sensing regulation, the expression
of adhesins as well as the secretion of outer membrane vesicles
(OMVs), which contain biologically active biomolecules associated
with cell functions linked to cell adhesion and virulence, occurs in
a DSF-dependent, apparently cell density-dependent fashion32–34.
Both adhesin expression and OMVs secretion in X. fastidiosa
modulate its systematic dissemination in the host34,35. Therefore,
since filamentous cells have been associated with biofilm
formation, which itself is regulated by cell–cell communication17,
we hypothesize that their formation is also a DSF-dependent
process.

Since signaling molecules can strongly affect bacterial physiol-
ogy and virulence, several methods for their in vitro and in vivo
detection have been previously developed36,37. The majority of
these methods rely on chromatographic and mass spectrometric
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techniques, or biosensor systems using genetically modified
reporter bacteria36. However, such approaches include important
limitations, particularly for signaling molecules used by X.
fastidiosa. The detection of DSF molecules secreted by a small
number of cells, such as when clusters are comprised of only a few
cells, is difficult and requires methods capable of reliably detecting
very low DSF concentrations. As such, assessing spatial gradients
associated with filamentous cell formation poses an extreme
challenge.

In this work, we circumvented these bottlenecks and elucidated
the triggering mechanisms for X. fastidiosa cell filamentation
during biofilm formation. Since the local DSF concentration
produced by bacterial clusters decreases gradually and isotropi-
cally with distance, controlled spatial separation of bacterial
adhesion is critical to ascertain its role in any process involving
quorum sensing. Our previous works have suggested that X.
fastidiosa has a higher adhesion affinity to gold than to other
abiotic and biotic chemical substrates5,17,38. Here, we confirmed
the high adhesion affinity of X. fastidiosa to gold and demon-
strated that its spatial organization can be controlled by using
lithographically defined gold patterns, therefore enabling the
modulation of the size and distance between bacterial clusters.
Exploiting its strong adhesion on gold, we were able to probe the
formation of filamentous cells over an 18-h period and determine
the effect of cell aggregate sizes and distance between spatially
separated bacterial clusters. We demonstrated that the formation
of filamentous cells is induced by local bacterial density; more-
over, they are able to connect neighboring cell clusters in a
distance-dependent manner, which eventually creates a network
of interconnected cell clusters. The addition of supernatant
extracted from highly dense cell cultures, which is abundant with
diverse DSF39,40, demonstrated a significant increase in filamen-
tous cell formation and cluster interconnections. Our results
provide evidence that filamentous cell formation depends on a
quorum sensing process. Likewise, the resulting formation of
large-size biofilm frameworks composed of multiple intercon-
nected cell clusters is also governed by quorum sensing, which

may further represent an alternative mechanistic target for
antimicrobials inhibiting biofilm-forming pathogens.

RESULTS
X. fastidiosa preferentially adheres to gold surfaces patterns
on silicon dioxide (glass)
Since our previous work5,17 indicated that X. fastidiosa adheres
more efficiently to gold than to diverse other biotic and abiotic
surfaces, we first compared the propensity of X. fastidiosa to
adhere to Au rather than to SiO2 as a function of time using
quantitative assays. We fabricated Au micropatterns on SiO2

surfaces with different shapes and dimensions using direct-write
laser (DWL) photolithography, followed by deposition of a 20 nm-
thick Au coating using e-beam evaporation (Fig. 1a). After photo
resist lift-off and cleaning, the substrates were sterilized with
oxygen plasma prior to bacterial growth experiments.

On large Au areas with dimensions of 80 µm × 12 mm (Fig. 1b,
top), we incubated GFP-expressing X. fastidiosa strain 1139917,41

for 8 and 18 h, after which non-attached bacteria were removed
by gentle rinsing. Strikingly, widefield fluorescence microscopy
(WFM) images revealed (Fig. 1b, bottom) that cells predominantly
adhered to Au surfaces, even after 18 h of growth. The
quantification of the bacterial coverage of equal areas of SiO2

and Au (Fig. 1c) revealed that significantly more (10–20-fold) cells
adhered to Au as compared to SiO2, independent of growth
duration. While cell adhesion to SiO2 was comparably low (<2%
surface coverage) at both growth durations, a 2-fold higher
bacterial coverage was observed after 18 h growth on Au
compared to 8 h. These results not only support the previous
finding that X. fastidiosa predominantly adhere to Au but also
provide the means to create spatial patterns of bacterial colonies
with controlled spatial separation.

With respect to potential variations in cell adhesion affinity to
different surface pattern geometries, previous studies reported
that rounded, circular shapes provide higher cell adhesion
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Fig. 1 Fabrication of Au micropatterns and substrate-selective bacterial adhesion. a Stepwise schematic representation of Au pattern
fabrication on SiO2 substrate. b Representative � uorescence images of selective bacterial adhesion to Au line patterns and SiO2 substrate after
18 h growth. c Bacteria coverage (mean ± s.d.) on SiO2 and Au line patterns after 8 and 18 h of growth. d Representative � uorescence and
corresponding laser re� ection images of bacterial adhesion on circular-shaped (11 µm diameter) and square-shaped (11 µm edge length) Au
arrays, separated by 14 µm, after 18 h growth; scale bar denotes 20 µm. e Ratio (mean ± s.d.) of Au to SiO2 bacterial coverage on circular and
square-shaped Au arrays after 18 h growth. Asterisks indicate statistical signi� cance (**p < 0.01; ***p < 0.001; n.s. = non-signi� cant) resulting
from two-tailed, unpaired t-tests. See also Supplementary Fig. S1.
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affinities for Pseudomonas putida, Staphylococcus aureus, and
Escherichia coli42,43. Since a high cell adhesion affinity to the Au
pattern is an important parameter for the intended goal of using
this platform, we assessed whether particular Au pattern
geometries also have an influence on the X. fastidiosa cell
adhesion efficacy. To do so, cell adhesion affinity was tested with
circular-shaped and square-shaped Au micropatterns (Fig. 1d, left),
which were incubated with X. fastidiosa for an extended time of
18 h. Importantly, the formation of elongated, filamentous cells
was readily observable on both Au pattern geometries (Fig. 1d). In
order to quantitatively determine the cell-adhesion propensity on
circular and squared Au shapes, either confocal laser scanning
microscopy (CLSM) reflective images or WFM bright field images,
together with their corresponding fluorescence microscopy
images, were processed into binary images (Supplementary Fig.
S1a–d) and subtracted from each other to determine the cell
coverage on Au and SiO2 separately. We then calculated the cell
coverage ratios of Au to SiO2 (Fig. 1e) from the cell coverages
measured for each shape pattern (Supplementary Fig. S1e). The
results (Fig. 1e) clearly show a 2-fold higher cell coverage ratio for
circular-shaped than for square-shaped Au arrays. Circular-shaped
Au arrays were thus used to probe distance-dependent and
density-dependent formation of filamentous cells.

Optimizing Au disk diameter, distance, and bacteria growth
time to probe filamentous cell formation process
The effect of growth duration, Au disk diameter, and distance on
both the cell adhesion efficiency and substrate-dependent cell
adhesion specificity was assessed. We probed samples grown for
longer than that of the typical X. fastidiosa division time17 of ~6 h,
namely 6, 8, 14, and 18 h. Using an Au disk diameter of 11 µm, as
used in our substrate-selectivity experiments (Fig. 1d, e), we
simultaneously examined the effect of different growth durations
and Au pattern distances. Here, we used 9 and 14 µm separation
distances, representing values larger than approx. 2-fold and
3-fold the typical length of X. fastidiosa cells (~3–4 µm)18,
respectively. We reasoned by this approach to be able to readily
discriminate between normal cell lengths and those of filamen-
tous cells. Remarkably, independent of growth durations and Au

pattern distances, the propensity of cells to adhere to Au rather
than SiO2 remained (Fig. 2a).

However, when the typical X. fastidiosa division time of ~6 h was
largely exceeded (14 and 18 h incubation), a considerable number
of � 3rd generation daughter cells were encountered on the SiO2

substrate, and the substrate selectivity seemed reduced. Since the
cell adhesion ratios of Au relative to SiO2 between 6 and 8 h, and
between 14 and 18 h, were statistically comparable for both Au
pattern distances, subsequent experiments were carried out using
6–8 and 18 h growth durations. We reasoned that the 6–8 h
growth duration may resemble the initial stages of biofilm
formation dictated primarily by adhesion of planktonic cells,
whereas 18 h reflected the detection of slow-growing filamentous
cells as the cell mass adhering to SiO2 (e.g. Fig. 1d).

Yet another possibility causing X. fastidiosa cells adhering to
SiO2 could result from a limiting Au area for further planktonic and
daughter cell adhesion, resulting in increased adherence to SiO2.
To verify this possibility, we varied the Au disk diameter in our
arrays, ranging from 6 to 21 µm in increasing steps of 5 µm (which
corresponds to the upper limit for typical cell lengths18). Indeed,
while Au disks with diameters � 11 µm exhibited similar cell
coverage (~370 µm2), smaller disks with a diameter of 6 µm
(Fig. 2b) showed a 4-fold lower cell coverage (~90 µm2). Although
expected from the different disk areas, this result also indicated
that small Au disk areas can limit bacterial coverage; we
proceeded with 11 µm disk diameters for all subsequent experi-
ments, since this limiting effect was not observable for Au disk
diameters � 11 µm.

If indeed potential cell–cell communication via quorum sensing
mediates the formation of filamentous cells8,44,45, we reasoned
that variations in distance between Au disks should affect this
process. Following this idea, the formation of filamentous cells was
monitored via fluorescence imaging of cells clusters separated
over various distances. Therefore, X. fastidiosa was incubated on
Au disk patterns with distances ranging from 3 to 29 µm (Fig. 2c).
As observed before, the cell adhesion propensity was higher on
Au than on the SiO2 substrate, but, in turn, the cell coverage ratio
of Au to SiO2 also increased with separation distance. This result
indicates that the cell mass adhering to SiO2 between the Au
disks, which predominantly consists of both elongated and

Fig. 2 Substrate-selectivity of bacterial adhesion in dependency of growth time, Au disk diameter, and Au pattern distance. a Bacterial
adhesion ratio (mean ± s.d.) of Au to SiO2 of circular Au disks arrays with 11 µm diameter, separated by 9 and 14 µm spacing for different
growth times (6, 8, 14, 18 h). b Bacterial coverage (mean ± s.d.) on different Au disk diameters (6, 11, 16, 21 µm) with 9 µm spacing for 8 h
growth time. c Bacterial adhesion ratio (mean ± s.d.) of Au to SiO2 of circular Au disks arrays with 11 µm diameter, separated by different
spacing (3, 9, 14, 19, 29 µm) for 8 h growth time. d Representative � uorescence images of X. fastidiosa cells adhering to circular Au disks arrays
with 11 µm diameter, separated by 9 µm (left) and 29 µm (right) spacing for 8 h growth time; scale depicts 20 µm. Asterisks indicate statistical
signi� cance (*p < 0.05; **p < 0.01; ***p < 0.001; n.s. = non-signi� cant), resulting from two-tailed, unpaired t-tests. See also Supplementary
Fig. S2.
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filamentous cells (Fig. 2d), decreased with distance. A distance of
3 µm between Au disks was unusable in the study of the
formation of filamentous cells since the typical cell size of
3–4 µm18 already bridged the SiO2 area between neighboring Au
disks upon cell adherence (Supplementary Fig. S2). More strikingly,
significant differences in the Au to SiO2 ratios were encountered
between 9 and 14 µm disk separation, but not in the case of larger
distances (19 and 29 µm). This observation rendered Au disk
distances of 9 and 14 µm ideal for systematic investigation of
bacterial cluster proximity and size in the formation of
filamentous cells.

The formation of filamentous cells depends on bacterial
cluster density and distance
To evaluate whether the density of cell aggregates or their proximity
is the decisive parameter for filamentous cell formation, we analyzed
all X. fastidiosa cell lengths in samples with 9 and 14 µm Au disk
distances and grown over 6 and 18 h. Notably, the cell length
distribution over all samples (Fig. S3a) revealed the existence of
three distinct cell length populations. The cell length distributions
for each of the four tested conditions (Fig. 3a) exhibited a similar
picture with three populations of comparable average length values.
After 6 h of cell growth (Fig. 3a, top graphs), where predominantly
planktonic cells adhere and at most one cell division occurs, the
dominant population exhibited an average cell length of ca. 3–4 µm,
independent of the Au disk distance (Fig. 3b, left).

While this average cell length is comparable to that of a typical
X. fastidiosa cell12, a minor secondary population of filamentous
cells was found with an average cell length of ~10 µm (Fig. S3c,

center). The increase in cell length was more distinct after 18 h cell
growth (Fig. 3a, bottom): while the subpopulation with average
cell lengths ~10 µm strongly increased in proportion, a third
population of filamentous cells with an average cell length of
~15–16 µm appears (Fig. 3b). This third subpopulation exhibited a
4-fold increase in cell length compared to a typical X. fastidiosa cell
of 3-4 µm (Fig. S3c, right).

Interestingly, the average cell length after 18 h growth exhibited
strong distance-dependent increase, with significantly larger cells
observed for samples separated by 14 µm (Fig. S3c). Under this
condition, an additional small subpopulation of very long
filamentous cells with lengths >22 µm emerged (Fig. 3a, bottom
right; Fig. 3b). Given that 14 µm pattern distance results in a
diagonal distance between the Au disks of ~20 µm, the
appearance of filamentous cells of such lengths were to be
expected. Both the increase in filamentous cell length and the
appearance of very long cells >20 µm in case of 14 µm pattern
distance might imply that the growth of filamentous cells,
predominantly emanating from cluster boundaries, might be
directed towards and connect adjacent clusters, as we indeed
observed in fluorescence images (Supplementary Fig. S3b).

We next sought out to determine whether the formation of
filamentous cells depends on growth duration and spatial distance
between cell clusters. For this analysis, it was necessary to define a
cell length that allows discriminating cells as being filamentous or
not. Since the dominant cell length population after only 6 h of
cell growth predominantly represents non-elongated cells with
sizes typically encountered for X. fastidiosa18, the second
population, which increases in relative abundance after extended
growth duration, was deemed to consist largely of filamentous

Fig. 3 Bacterial cluster distance-dependent and density-dependent formation of filamentous cells. a Cell length distributions for 9 and
14 µm spacing, grown over 6 and 18 h (6 h: 9 µm, N = 183; 14 µm, N = 213; 18 h: 9 µm, N = 249; 14 µm, N = 191). Gaussian � ts (red) resulting
from the applied Gaussian mixture exhibit three distinct cell length populations (see also Supplementary Fig. S3a); the � t values (±s.d.) are
denoted within the plot. b Fractions (integral of Gaussian � ts from (a)) of the different populations observed in all tested conditions. c Number
of � lamentous cells detected in the proximity of-or emanating from-bacterial clusters for all tested conditions (from N = 9 � uorescence images
each). Legend for box and whisker plot: the center line denotes the median value (50th percentile), the cross the mean average, the bounds of
the box contain the 25th to 75th percentiles, the whiskers mark the 1.5 interquartile range. d Number of � lamentous cells in dependency of
cluster density after 18 h growth (inset for 6 h growth), calculated from the bacterial cluster � uorescence intensity and normalized to the
number of � lamentous cells for all tested conditions. Lines represent linear � ts and the corresponding Pearson correlation coef� cients (r) are
denoted for each � t. Asterisks indicate statistical signi� cance (***p < 0.001), resulting from two-tailed, unpaired t-tests. See also Supplementary
Fig. S3.
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cells. We thus defined cells with lengths of 9 µm or larger,
corresponding to the one-sigma lower bound of the second
population distribution (Supplementary Fig. S3a), as filamentous
cells. Upon quantifying the number of filamentous cells in all
tested conditions, we found up to a 5-fold higher abundance of
filamentous cells after 18 h growth than we observed after 6 h
growth (Fig. 3c). Importantly, while longer growth duration
increased the occurrence of filamentous cells independent from
spatial separation, the number of filamentous cells notably
decreased with the spatial distance between cell clusters.

Since extended growth duration led to an increase of
filamentous cell formation, we questioned whether the cell
density that increases with time, rather than growth duration
itself, is the decisive parameter. To address this question, we
estimated the bacterial cluster densities by integrating their
fluorescence intensity by taking into account that integrated
fluorescence intensity scales linearly with cell density. This method
was also deemed appropriate since the long X. fastidiosa cell-
division time of ~6 h17 allows the observation of the horizontal
expansion of cells within our observation times before the
formation of large 3D biofilm architectures. Interestingly, our
results revealed (Fig. 3d) a strong correlation (Pearson correlation
coefficient r ~ 0.9) between the abundance of filamentous cells
and the abundance of cells within clusters. However, and more
importantly, while there was no effect of growth duration on
filamentous cell formation observable, we detected that the
distance between clusters had a significant effect (Fig. 3d) on
filamentous cell formation. Larger distances between clusters (14
vs. 9 µm) resulted in significantly less filamentous cells, even at
high cell densities. These results confirm our hypothesis that

filamentous cell formation depends on both cell density and their
spatial separation.

Filamentous cells interconnect bacterial clusters to form a
biofilm framework
Our previous work had raised the concept that the underlying
function of filamentous cells is to connect spatially separated cell
aggregates to form the macroscale network that is required for
the formation of subsequent large-scale mature biofilms17. Our
observation of filamentous cells that interconnect adjacent
bacterial clusters (Fig. 4a) supports this model. We reasoned that
the growth of filamentous cells might be directed towards
adjacent bacterial clusters and is potentially governed by a
quorum-sensing mechanism, triggered by locally high concentra-
tions of DSF in the surrounding environment of clusters. If this
model is true, we would expect that both cell cluster size and the
distance between clusters would drive filamentous cells to
connect adjacent cell aggregates. To verify this model, we
differentiated between formed filamentous cells (originating from
single-cell clusters) and interconnecting (bridging two or more cell
clusters) filamentous cells. Since we found that filamentous cell
formation depends on cell cluster size and separation distance, we
determined the occurrence of the two classes of filamentous cells
as a function of these two parameters.

In agreement with our prior observation, the formation of
filamentous cells predominantly depends on a minimal bacterial
cluster size, independent of growth time or cluster distance
(Supplementary Fig. S4a), with ~35 µm2 coverage in average. More
strikingly, the formation of interconnecting filamentous cells also
exhibits a strong cluster-size dependency, since we only observed
those in much larger cell clusters (� 80 µm2). Upon discriminating

Fig. 4 Filamentous cell growth is directed to adjacent bacterial clusters and interconnect cell clusters to a large network. a Example
� uorescence images of bacterial cluster pairs interconnected by � lamentous cells, indicated by arrows; scale bar depicts 10 µm. b Bacterial
cluster area-dependent formation of � lamentous cells and � lamentous cells that interconnect adjacent clusters for 9 and 14 µm spacing, grown
for 6 and 18 h. Cluster size is normalized to the number of � lamentous cells. Legend for box and whisker plot: the centerline denotes the
median value (50th percentile), the cross the mean average, the bounds of the box contain the 25th-75th percentiles, the whiskers mark the
1.5 interquartile range. c Fractions (mean ± s.d.) of interconnecting cells of all � lamentous cells observed for 9 and 14 µm distances, grown for 6
and 18 h. d Example � uorescence image of an Au disk array with 9 µm spacing after 18 h growth shows multiple interconnected bacterial
clusters; scale bar depicts 20 µm. e Degree of interconnected clusters (N = 446 for 9 µm, N = 372 for 14 µm distances) and f average number
(mean ± 95% con� dence interval) of cluster interconnections of 9 and 14 µm distances arrays after 18 h growth. g In-vitro CLSM � uorescence
image of growing bio� lm, originating from clusters interconnected with multiple � lamentous cells; scale bar depicts 20 µm. Asterisks indicate
statistical signi� cance (*p < 0.05; **p < 0.01; ***p < 0.001; n.s. = non-signi� cant), resulting from two-tailed, unpaired t-tests. See also
Supplementary Fig. S4.
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